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Zusammenfassung

DNA Nanotechnologie nutzt die quaternäre Logik der Watson-Crick Basenpaarung von
DNA und ihre damit einhergehende, molekulare Programmierbarkeit für die Selbstassem-
blierung von Objekten auf Nano-Ebene. Basierend auf einer Auflösung von 6 nm, zeichnen
sich diese durch ihre strukturelle Komplexität und chemische Adressierbarkeit aus. Eine
große Anzahl an bereits demonstrierten Hochpräzisions-Anwendungen zeigt die Vielfältig-
keit des Forschungsgebietes. Die sogenannte DNA-Origami Faltung ist eine etablierte
Technik des Fachgebietes, um DNA-Nanostrukturen zu designen und zu synthetisieren.
Dabei wird ein langer DNA-Einzelstrang als Gerüst für die Anlagerung vieler kurzer
Oligonukleotide verwendet. Die Anlagerung kann auf Grund der Watson-Crick Basen-
paarung so programmiert werden, dass die kleinen DNA Fragmente an lokal entfernten
Stellen entlang des Gerüststrangs binden und diesen damit in 2D- und 3D-Formen brin-
gen. Durch gesteuerte DNA-Strangmigration, ein Prozess der in der Fachliteratur als
DNA strand displacement bekannt ist, können den DNA-Origami Strukturen dynamische
Eigenschaften verliehen werden.

Über die letzten Jahrzehnte demonstrierten verschiedene Formen des 3D-Drucks den revo-
luzionären Charakter einer solchen Technologie und deren gewinnbringenden Anwendun-
gen für Forschung und Industrie. Dies motiviert Ideen zu entwickeln, um zum Zwecke
eines ähnlich positiven Einflusses, eine Form der schnellen Prototypenentwicklung auf die
Nano-Ebene zu übertragen.

Die vorliegende Arbeit präsentiert Machbarkeitsnachweise, die zeigen, dass sich die Tech-
niken der DNA-Selbstassemblierung, wie die DNA-Origami Technik, für diese Heraus-
forderung besonders gut eignen.
Sich am Beipiel des 3D-Drucks orientierend, wird sich dieser Idee aus zwei Richtungen
angenähert. Es bedarf erstens Plattformen, die die Koordination einer Vielzahl von In-
teraktionen zur selben Zeit erlauben und zweitens reversible und repetierende Transport-
Mechanismen, die die benötigten molekularen Bausteine an die gewünschten Zielorte brin-
gen.
Dies zum Ziel, präsentiert der erste Teil dieser Arbeit die Entwicklung und Validierung
dreier, neuer Design-Strategien zur Oberflächenmaximierung von DNA-Origami Struk-
turen, um deren Kapazitäten für Funktionalisierungen und Wechselwirkungen zu steigern.
Die neuen Ansätze wurden dabei auf sogenannten quadratischen (square-), hexagonalen
(honeycomb-) und quadratisch-löchrigen (square-holey-) DNA-Gittern implementiert. Her-
ausforderungen bezüglich der Stabilität der generierten Strukturen werden diskutiert und
Lösungen präsentiert. Eine Reihe von definitiven Design-Empfehlungen als auch verfein-
erte Aufreinigungsprotokolle für die Erstellung von Strukturen mit bis zu 200 individuell
adressierbaren, funktionalen Anlagerungstellen wurden in diesem Zusammenhang entwick-
elt.
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Im zweiten Teil der Arbeit wird gezeigt, dass die entwickelten DNA-Strukturen polyva-
lent miteinander wechselwirken und gesteuert werden können. Dies wird erreicht durch
einen neuartigen Mechanismus, der im Zuge dieser Arbeit entwickelt wurde. Eine zyk-
lische Aktivierung und Deaktivierung eines Sets bestehend aus sechs orthogonalen DNA-
Einzelsträngen wird benutzt, um eine kontrollierte Vorwärts- und Rückwärtsbewegung der
großen DNA-basierten Plattformen auf festen DNA-Origami Straßen zu induzieren. Der
Mechanismus wurde mittels Gelelektrophorese und Transmissionselektronenmikroskopie
validiert. Die Validierung der implementierten, kleinen Schrittgröße von 3.4 nm steht
dabei noch aus und wird durch die Anwendung höher-auflösender Detektionsmethoden
angestrebt.
Eine Rapid-Prototyping-Technologie auf Nano-Ebene wird als vielversprechender Ansatz
zur Entwicklung zukünftiger, atomisch-präziser Herstellungsprozesse für die Industrie ange-
sehen und ist einer der Hauptmotivatoren der vorliegenden Arbeit.



Abstract

DNA nanotechnology exploits the quaternary logic of DNA and uses its molecular pro-
grammability for the directed self-assembly into nanoscale objects. Those exhibit out-
standing structural complexity and chemical addressability with a resolution down to
about 6 nm. Launching a vast number of high-precision applications has demonstrated
the versatility of the field. DNA origami folding is a popular technique to design and as-
semble DNA nanostructures using a long single DNA scaffold strand that is brought into
2D and 3D shapes by programming hundreds of short oligonucleotides to bind at locally
distant regions on the scaffold based on Watson-Crick base-pairing. Programmed DNA
strand displacement reactions are a useful tool to render DNA origami structures dynamic.

Witnessing the great achievements of the 3D printing technology on the macroscale mo-
tivates one to explore ideas of how to transfer the concept of rapid prototyping to the
nanoscale to achieve a similar impact.
This thesis presents proof-of-concept data showing that the techniques of DNA self-
assembly provide a demand-meeting toolbox for this challenge.
The idea is approached from two sides. Implementation of rapid prototyping requires
platforms for the simultaneous coordination of numerous interactions as well as reversible
and repetitive mechanisms to transport material to designated locations.

The first part of the thesis thus presents three new design strategies for the assembly of
multi-layer DNA-origami architectures with maximized surface areas for a high number
of functional sites. The approaches are implemented on square-, honeycomb-, and square-
holey lattices and challenges with respect to the stability of the structures are addressed.
This resulted in a considerate set of definite design recommendations as well as refined
purification protocols. Structures with up to 200 individually addressable, functional sites
are going to be presented.
The second part of the thesis shows that these architectures can undergo polyvalent in-
teractions and a novel mechanism to displace their surfaces with respect to each other is
implemented. Data will be discussed showing the promotion of large DNA arrays along
rigid DNA origami tracks based on the cyclic activation and deactivation of a set of six, or-
thogonal fuel strands for a controlled forward and backward motion. The mechanism was
validated using gel electrophoresis and transmission electron microscopy. The small step
size of 3.4 nm remains to be confirmed by deploying higher-resolution detection methods.
Rapid prototyping on the nanoscale is believed to be a promising pathway toward future
technologies for atomically precise manufacturing which is one of the main incentives for
the presented studies.
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1. Introduction

The impact of climate change on everyday life manifests in many different ways rang-
ing from rising temperatures and sea levels, unusual weather phenomena, and decreased
biodiversity to food and water shortages [1]. Approaches to address the causes of climate
change demand re-thinking the ways of producing goods, approaching mobility, generating
energy, and managing waste [2].
According to the World Resource Institute, about 76% of greenhouse gas emissions origi-
nate from energy consumption, of which 12.6% are ascribed to the manufacturing industry.
Notably, emissions from manufacturing grew by 56% since 1990. Electricity and heat gen-
eration, on the other hand, which owes for the largest contribution within the energy
sector, grew by 78% between 1990 and 2013, but the increased use of renewable energy
sources and abandoning of coal have managed to reduce the growth to 2.3% between 2013
and 2016. [3]
Rendering current manufacturing techniques, as one of the fastest-growing contributions
to greenhouse gas emissions, more energy efficiency thus plays a critical role to succeed
with the goal to reach net-zero towards the middle of the century.

Besides the constant praising for renewable energies, electric vehicles and food alternatives
that, undeniably, are powerful measures that will be decisive for the next 20 years, it is
crucial to understand that our manufacturing techniques have reached an intrinsic limit in
terms of energy conservation even though renewable energy sources such as wind or solar
power will be introduced.
This limit reveals, in particular, reflecting upon the manufacturing flagship - the semi-
conductor industry. Gordon Moore extrapolated in 1965 that the number of transistors
implemented on a chip is going to double every 12-24 months [4]. This prediction is known
as Moore’s law and became the defining trajectory of how the semiconductor industry
economized.
In 1983, Norio Taniguchi predicted that commercial manufacturing precision will have
increased by a factor of 100 000 by the end of 1999 with regard to the past 100 years. His
chart (shown in figure 1.1) thereby already included correct predictions for ultra-precise
machinery which he anticipated to have reached atomic accuracy of about 0.3 nm by the
end of 2020. His predictions can be seen as the machinery complement to Moore’s law [5].
It is important to realize that both predictions are closely related in the sense that the
fulfillment of Moore’s law strongly relies on ever-increasing manufacturing precision. This
encourages the hypothesis that the next stage in Taniguchi’s chart, which is the control
of manufacturing on the atomic level, offers an interesting pathway to increase not only
the performance efficiency of our manufacturing techniques but also their energy efficacy.

However, atomically precise manufacturing (APM) was not approached in the semicon-
ductor industry for long due to the outdated persuasion of handling endlessly divisible
matter. Matter is quantized and simply does not provide further orders of magnitude for
an improvement of precision following the classical approaches. [6]

3



4 1. Introduction

Figure 1.1.: The development of machine accuracy according to Norio Taniguchi [5].

Photolithography, like many other manufacturing techniques, has reached its maximal spa-
tial resolution due to the diffraction limit and quantum effects arising from ever-smaller
length scales, which render it even more sensitive to structural defects. Trying to find
ways around the quantized nature of matter has resulted in energy- and cost-intensive
casting or subtractive processes that dissipate a lot of heat and often involve highly pro-
cessed base materials. An APM technology that could place each atomic building block at
designated locations is proposed to hold the potential of greatly reducing energy costs in
manufacturing mainly due to the fact that addressing individual atoms offers an immense
reduction of and control about generated waste products [7].
Reducing the energy costs of manufacturing processes, such as in the semiconductor indus-
try, goes hand-in-hand with reduced financial costs. This can have game-changing effects
on the production of devices such as photovoltaics or technical units for carbon dioxide
removal, but also innovative fuel cells and new materials.

The discussion so far leaves no doubt about the feasibility of such a technology that
is capable to arrange individual atoms on a large-scale manufacturing level. However,
scientists are trained to think critically and should consider this as a duty. Thus, this
introduction should not end without a critical thought about APM and its disruptive
character before the proof-of-concept studies presented within this thesis are outlined.
It should be mentioned that there is a controversy about whether APM is at all possible.
Advocates of APM are mainly convinced by the example set out by nature’s complex
machines such as ribosomes. Also, the first technological demonstrations of APM, such
as scanning tunneling or atomic force microscopy, are considered convincing forerunners.
Assuming APM is feasible, it is thought to revolutionize everyday life to a similar extent
as the industrial and digital age. As with every new technology, this disruptive character
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comes along with the potential of being misused. In general, a major reduction in man-
ufacturing costs is not only beneficial for the environmental sector but could also boost
advances in the production of high-precision weapons or surveillance devices impacting
societal security. These trains-of-thoughts can lead in many different directions and a
proper, overarching debate about them is pivotal to responsible decision-making and to
ensure the development of APM in the right direction. Umbrello et al. attempted to
analyze the potential benefits and harms of APM on our society. They conclude that it
remains hard to predict the impact of APM since it has not been developed so far but,
based on their analysis, however, they express their mild tendency toward APM having a
net beneficial impact on our society. Learning how to hold proper debates about futuristic
technologies like APM is key to enable early guidance of their development. Inducing
these debates early can be crucial to a reduction of the potential risks. [7]

We are at the very early stages of incorporating APM into prototype systems. To hold its
promises, an implementation of APM needs to address the following requirements:
APM needs an easily accessible building material, a mechanism for the exact addressing
of the building blocks and an implemented ability to perform repetitive actions to realize
processes such as error correction.
This thesis suggests DNA and DNA self-assembly as a prototype system to implement
APM. DNA is a biomolecule whose synthesis itself is atomically precise. The synthesis of
DNA was made possible thanks to studies of Caruthers et al. in 1985 [8] and has developed
into a technological standard that, nowadays, it is easy to generate any desired sequence
up to certain lengths commercially. The quaternary logic of Watson-Crick base pairing
places the molecule into a computation-like context where it is not seen as the molecule
of heritage but as a highly programmable building material.
These are key premises that enabled DNA nanotechnology, a field that explores the pro-
grammed and directed DNA self-assembly. The field has launched many techniques that
can generate nanostructures with an outstanding level of accuracy and addressability.
DNA origami folding, the technique of choice in this thesis, uses a long, single-stranded
DNA strand ("scaffold") that can be brought into any desired shape by the complementary
binding of hundreds of short oligonucleotides ("staples") to locally distant regions on the
scaffold. DNA origami structures are highly tolerant of structural defects. [9]
The folding process exhibits an intrinsic error correction pathway since non-complementary
binding or sequences with secondary structures are kinetically and thermodynamically
outcompeted by the binding of the complementary strand [10].
Each strand is specifically addressable at a resolution of around 6 nm. The production of
the self-assembled objects is highly scalable since it produces a trillion copies at the same
time as long as enough building blocks are present to be recruited from the solution [9].

Thesis’ objectives:

This thesis aims to show that DNA combined with the available techniques of nanoscale,
controlled self-assembly provide a demand-meeting toolbox to implement APM in the long
run. The presented strategies are ground on the understanding that molecular additive
manufacturing is a promising approach for this implementation.
Besides subtractive manufacturing and material forming, additive manufacturing is one
of the three main techniques to produce goods where the individual building blocks are
transported and placed at designated positions to build the desired shape layer by layer.
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The best-known example for additive manufacturing on the macroscale is 3D printers. [5]
This thesis presents first data on how the concept of rapid prototyping could be transferred
to the nanoscale by developing a DNA-origami based 1D symmetric, three-phase actuator
with the potential to be extended into a further dimension. Thereby, three new ideas
are explored that make it outstanding compared to already reported stepper systems.
It is novel that the presented system manages to actuate whole DNA arrays along rigid
DNA-origami tracks, that the actuation relies on the cyclic activation and de-activation
of a symmetric set of signal DNA strands and the relatively short step size that will be
particularly interesting for high precision applications in the future.
The main research question was whether it is possible to generate DNA-based platforms
that allow multiple interactions between DNA origami surfaces to happen in tandem for
the purpose of high cooperativity stepping.
Cooperativity thereby should be understood as the degree to which intermediate stepping
states are disfavored and is suggested to support high operation efficiency and tolerance
toward defects.
This question was explored by testing different design innovations for the self-assembly of
large DNA arrays. In total, 13 different designs and their experimental realization will be
presented, four of which are used to implement the proposed stepping mechanism.
The thesis presents proof-of-concept data aiming to inspire further studies on the imple-
mentation of APM to DNA self-assembly as it believes in such a technology’s potential
to bring the required, revolutionizing change to our manufacturing industry in the long
run. Thereby it is clear that this is only the beginning of a long trajectory toward this
goal, but at the same time understands the urge to get started with the development of
prototype systems.

Thesis’ structure:

The thesis starts reviewing a considerate selection of biochemical and physical topics in
chapter 2 and presents the state-of-the-art research on structural as well as dynamic DNA
nanotechnology in chapters 3 and 4. This should ensure that the reader is equipped
to understand the research presented in the subsequent chapters. Chapter 5 gives an
overview of the key methods used to study the developed systems. Chapter 6 presents
new design strategies for the self-assembly of large DNA arrays using the DNA origami
folding technique and suggests design rules that can provide helpful guidance for other
researchers approaching DNA origami design with a focus on square lattices. Chapter 7
shows how some of these structures can be used to realize stepping based on multi-leg
coordination. The final summary will provide insight into ongoing research to extend the
presented 1D stepper system from chapter 7 into 2D and how the concept of cooperativity
could have an interesting impact on the steppers’ performance.
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2.1. Reaction kinetics and rates
Thermodynamic and kinetic properties can contribute to the understanding of the pro-
cesses in a system under study. Although thermodynamics provide powerful insights about
a system, a discussion of the kinetics and reaction rates is inevitable for a proper predic-
tion and design of the involved processes under study. This section provides a distinct
differentiation of the terms thermodynamics and kinetics before introducing the concept
of chemical reaction rates. It should be mentioned that thermodynamics and kinetics are
both highly diverse and rich research fields. The following discussions focus on a subset of
aspects helpful to the understanding of the research contents presented within this thesis.

2.1.1. Thermodynamics vs. kinetics

Non-equilibrium systems favor to transition to states of lower free energy in order to maxi-
mize entropy. Thermodynamics thereby determine whether this transition is energetically
allowed or even favorable by describing the involved energy transfers, while the kinetics of
a system predict how fast a reaction will proceed. Some important quantities to describe
the difference between thermodynamics and kinetics are the free energy ∆G and the ac-
tivation energy ∆EA, whereby ∆G is a thermodynamic quantity and ∆EA a kinetic one.
The difference can be explained by considering the following reaction:

A
 B (2.1)

where a reactant A is converted to a product B and vice versa. The energy profiles of both
the forward and backward reaction are shown in figure 2.1, with the free energy G plotted
on the y-axis, and the reaction time t plotted on the x-axis. The energy levels of reactant
A and product B are indicated as horizontal bars. Let us start with the forward reaction
(2.1 (i)) where we assume that the reactant A has a higher free energy G compared to the
product B. The reactant could thus reduce its free energy through the transition to the
product. By definition, the difference between both energy levels ∆G is negative. This
type of reaction is called a spontaneous reaction since it proceeds without the addition of
further energy. The energy stored in A is released throughout the process of the reaction.
Reactants involved in the reverse, non-spontaneous reaction (2.1 (ii)) are at lower energy
levels compared to their products. Here ∆G is positive and energy has to be added to
come back to the initial state A.
Indicated in purple, figure 2.1 shows the different activation energies EA for the two
reactions. In general, every chemical reaction needs an initial energy input. This energy
is called the activation energy EA and imposes a kinetic energy barrier to the system.
Once added for example in the presence of pressure or heat, this energy lifts the system
to a higher, unstable transition state T from which the system quickly drops to the next
available level. This activation energy is analogous to a push a ball needs to roll down a hill,
or a topological configuration a molecule must form before chemical bonds can be broken.

7
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Figure 2.1 shows that in non-spontaneous reactions (ii) the energy barrier that has to be
overcome is much higher compared to spontaneous reactions (i). Activation energy directly
determines reaction speed, with lower EA resulting in faster reactions. Thus it is very
important to consider not only the thermodynamic energy transfers involved in a reaction
but also its kinetic energy barriers. A system’s transition could be thermodynamically
favored but kinetically trapped, which is why a consideration of both is necessary to
understand and predict the processes of a macroscopic system [11].

Figure 2.1.: Energy profiles of spontaneous vs. non-spontaneous reactions. y-axis refers to
the free energy, x-axis refers to the time. (i) A spontaneous reaction is characterized by a
negative change in free energy ∆G (red) and proceed without further energy input, while non-
spontaneous reactions (ii) exhibit a positive change in free energy ∆G and require additional
energy to proceed. Activation energies (purple) impose kinetic energy barriers that need to be
overcome first before reactions can proceed. High-energy, unstable transition states (pink) are
reached through the addition of the activation energy from which the systems quickly drop to
the next available energy level. [11]

2.1.2. Reaction rates

The previous section explained that kinetics introduce a time quantity to the thermody-
namic discussion of a system’s energy landscapes and can predict the speed of a chemical
conversion. In chemistry, this speed is described by reaction rates. They are expressed
using an intensive variable, very often the concentration of the involved substances, that
changes over time. The mathematical description of rates is the time derivative of the
concentrations. Given the above scenario where A is converted to B (2.1), the rates can
be written as follows:

RateA = d[A]
dt

RateB = d[B]
dt

Here, the square brackets indication the concentrations of A and B.
So called rate laws are used to describe the relation between the rates and changes in
concentrations. For the given example the rate laws for the forward and backward reaction
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are as follows:

Rate = d[A]
dt

= −k+[A] + k−[B] (2.2)

Rate = d[B]
dt

= −k−[B] + k+[A] (2.3)

Here, k+ and k− are the so called reaction rate constants. They are characteristic quantities
for the description of biological processes. In combination with the so called Arrhenius
equation (see equation 2.4), an empirical law that describes the dependency of the rate
constant on temperature and activation energy, valuable information about the actual
reaction mechanism can be extracted.

k = Afexp(−EA/RT ) (2.4)

with EA the activation energy, R the gas constant, T the temperature and Af the frequency
factor describing the frequency of collision of molecules that have the required orientation
to trigger the chemical reaction. Note that higher T yields higher rate constants. Also
the equation confirms the initial statement that at lower activation energies the rates are
higher and thus the reactions proceed faster [12]. Rate constants can only be determined
experimentally and are specific to each reaction.

2.1.3. Reaction orders

The above definition of reaction rates shows that rates in general depend on changes of
the concentration of a reactant or product and that this change can be captured by rate
laws. Reaction orders give slightly more details on that dependency. Most common orders
are first-order and second-order reactions. The above discussion is an example for a first-
order reaction. Another example would be radioactive decay. The central characteristic of
first-order reactions is that the reaction rates change in the same way as the concentration
of the reactants do. Meaning, if for example the concentration of reactant A is doubled,
the reaction rate would also double. Thereby, it can happen that a second-order reaction
is first-order with respect to a subset of involved substances. The unit of a first-order
reaction is s−1, for second-order reactions it is M−1s−1.

Fist-order reactions

2.1 is a typical first-order reaction. The derived set of differential equations 2.2 and 2.3
can be solved by separating the variables and integration. Considering that the forward
reaction is typically much faster, it can be claimed that k+ � k−. This results in the
following expression:

[A] = [A]0 exp−k+t (2.5)

with A0 refers to the concentration of [A] at the beginning of the reaction. The solution
shows that A decays exponentially. The half-life is another quantity that can be deter-
mined from this solution. It states the time required for half of the initial concentration
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of A to have reacted and is defined as follows:

t1/2 = ln 2
k+

(2.6)

It is interesting to see, that the half-life only depend on the forward rate [12].

Second-order reactions

To give an example for a second-order reaction, let us consider a reaction as follows:

A+A→ B

A rate law can be found as follows:

−1
2
d[A]
dt

= k[A]2 (2.7)

Similar to first-order reaction rate laws, one can find a solution to this equation via inte-
gration.

1
[A] = 1

A0
+ 2kt (2.8)

where A0 is the concentration of A at t = 0.
2.5 and 2.8 are fundamental equations to judge whether a process under study follows the
laws of a first- or second-order reaction.
If the natural logarithm of [A] is linear in t, one can conclude that the reaction is first-
order with respect to A. The experimental data should follow a graph with a slope of −k.
In contrast, if the ln 1

[A] is linear in t, the reaction is second-order in A and the slope can

be determined as double the second-order reaction rate constant. [12]

2.1.4. Kinetics of DNA duplex formation

DNA hybridization follows the law of a second-order reaction and is an interesting appli-
cation of what has been described above. Since this thesis heavily relies on concepts of
DNA hybridization, this section aims to provide some details about the reaction kinetics
of duplex formation.
A DNA helix (H) forms upon the interaction of two complementary, DNA single strands
A and B:

A+B → H

The appropriate rate-law for this type of reaction can be described as follows:

d[A]
dt

= −k[A][B] (2.9)

Assuming that there is only one copy of each complementary species one can equate [A]
with [B] and 2.10 reduces to

d[A]
dt

= −k[A]2 (2.10)
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yielding the same equation as in 2.7 and which can be solved with the only difference
being the factor of 2 that cancels out. An expression for the fraction of strands that is
hybridized, gives valuable insights for the interpretation of DNA hybridization reactions.
The fraction bound f can be defined as follows:

f = [A]
A0

(2.11)

where A0 is the total amount of strand A. Using the solution for second-order reactions
2.8, f can be rewritten as

f = 1
1 +A0kt

(2.12)

Another important aspect is that one can apply the pre-equlibirum approximation to the
mechanism of DNA hybridization that helps to eliminate a first approximation for its rate
constant. Doing so, one has to acknowledge that hybridization starts with the formation
of an unstable complex of two base pairs. These two base pairs prefer to dissociate rather
then grow into a larger complex, meaning that k−1 > k2. As a consequence, the formation
of the unstable, two base pair stretch happens more frequently before the critical nucleus
consisting of three or more base pairs is formed to initiate the actual growth. Figure 2.2
illustrates this process and highlights the involved reaction rates.

Figure 2.2.: Kinetics of DNA duplex formation. Two complementary DNA single strands A
and B interact with each other at a rate k1 to form an unstable product connected via two
base pairs. Rates to dissociate k−1 at this point is smaller than rate k2 leading to a stable
nucleus. Thus pre-equilibrium assumption holds true for the initial step. Once the rate-limiting
step of adding a third base is overcome, growth into the whole product is continued. Although
simplified, this picture of DNA hybridization can be used to approximate the rate constant for
base-pairing k2. [12]

The process can be described via a bimolecular rate law:

d[P ]
dt

= k2[unstable helix] (2.13)

where P is the the unstable double-helical product.
Following the pre-equilibrium approximation one can obtain an expression for the rate
constant K1:

K1 = [unstable helix]
[A][B] (2.14)

Combining 2.13 and 2.14 results in the following expression for the rate at which the DNA
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helix is produced:

d[P ]
dt

= k2K1[A][B] (2.15)

This is a central finding that allows to conclude that rate constant for DNA hybridization
is k = k2K1. Experimentally it has been found that k ' 106M−1s−1 and K1 ' 10−1M−1

[12] which can be used to calculate the rate constant for base pairing k2 ' 107s−1.

2.2. DNA according to Watson-Crick

DNA (deoxyribose nucleic acid) is well known as the molecule that stores and passes
on the genetic information of all living organisms on Earth. Its chemical properties and
associated functionalities of storing and processing information are unique and crucial for
the existence, evolution, and diversity of life.
This chapter provides background on the chemical nature of DNA and how its chemistry
conveys thermodynamic properties. The basics described in this chapter will later be
consulted for the introduction of the concepts of DNA nanotechnology and will thus focus
on the structural and physical properties of DNA rather than its biological meaning.

2.2.1. Chemical structure of nucleotides

Key to understanding the presented content within this work is that DNA is a charged,
linear and most importantly directional polymer [13].
In general, polymers are materials composed of multiple periodically repeated subunits
[14].
In the case of DNA these subunits are the nucleotides (nt). They are made of a phosphoric
acid coupled to a sugar molecule (β-D-2-Deoxyribose) that binds to one of the four existing
chemical bases: adenine (A), guanine (G), thymine (T) and cytosine (C). Since their
structures chemically originate in purines and pyrimidines, all bases share a characteristic
planar aromatic ring (see figure 2.3 A). Purine bases such as A and G have an additional
imidazole group attached to the main ring and incorporate four instead of two nitrogen
atoms compared to pyrimidine bases such as T and C [13].
The numbering (red) of the carbon atoms in figure 2.3 A shows that carbon atoms at
positions 2 and 5 are the only positions shared in purines and pyrimidines. The numbering
becomes important when describing the creation of nucleosides, an intermediate compound
consisting of the base and the deoxyribose molecule. Figure 2.4 explains how purine bases
connect their nitrogen at position 9 to the deoxyribose’s carbon at position 1. Pyrimidine
bases on the other hand connect their nitrogen 1 atom to the desoxyribose. The connection
between bases and sugar molecules is a β-glycosidic bonds.
A nucleotide is characterized by a phosphoric acid that connects to the nucleoside through
esterification of the hydroxyl group at the carbon 5 site of the deoxyribose. [15]
Multiple nucleotides are connected to each other via their phosphate groups that establish
ester bonds between the deoxyribose’s carbon 5 of one nucleotide and the desoxyribose’s
carbon 3 of the following nucleotide. This results in two chemically different ends of a
nucleotide chain. Figure 2.4 shows that the chain starts with the so called 5’-end at the
top which exhibits a free phosphate group and ends with the 3’-end at the bottom with
the hydroxyl group at the carbon 3 of the last deoxyribose. This generates directionality
in the nucleic acid chain. [15]
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Figure 2.3.: Chemical structure of the four DNA bases and their binding partners. A DNA
bases chemically originate in purines and pyrimidines. Characteristic to these structures is
the planar, aromatic carbon ring. Purines and pyrimidines only share carbon position 2 and
5 indicated by the red numbering. B A and G are purine bases. They have an additional
imidazole group attached to the main aromatic ring and incorporate four nitrogen atoms.
Pyrimidine bases such as T and C hold two nitrogen atoms. Red dashed arrows indicate
the hydrogen bonds between the bases. The arrow heads point toward the direction of the
hydrogen acceptor. In the context of Watson-Crick base pairing adenine connects to thymine
via two hydrogen bonds, while guanine pairs with cytosine via three hydrogen bonds. [15]

In summary, the varying component of nucleotides are the incorporated bases A, T, C,
and G. Nucleotides form a single DNA strand upon the interaction of their sugars and
phosphate groups. A chain of connected nucleotides is known as the primary structure of
DNA. The primary structure is conventionally represented as a string of the base letters
A, T, C and G and reads from the 5’ to the 3’ end [15].

2.2.2. The generation of the DNA double helix

The Watson-Crick model describes DNA under physiological conditions where it adopts a
double helical structure. The following explains the assembly of a DNA double helix with
a focus on the involved molecular forces.
In general, two complementary and antiparallel DNA single strands are required to as-
semble the DNA double helix. The natural configuration of DNA is the so called B-form.
It is the configuration of DNA in living cells and characterized by a clockwise rotation of
the double helix and a well distinguishable major and minor groove.
In the context of Watson-Crick base pairing, the four bases have a designated partner
each, to whom they establish hydrogen bonds. A pairs with T and G pairs with C. This
binding affinity is due to three reasons. First, it manifests in the chemical structure of the
bases themselves that cause directed hydrogen bonds between them. Second, the sugar-
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Figure 2.4.: Sugar-phosphate backbone of DNA. Nitrogen 1 of purine bases (here: adenine)
form a β-glycosidic bond with the carbon 1 of the deoxyribose. A compound consisting of a
nitrogenous base and a deoxyribose is called a nulceoside. This becomes a nucleotide when
the hydroxyl group on carbon 5 of the sugar esterifies with a phosphoric acid. Nucleotides
assemble into a polymer chain via ester bonds established by the phosphate groups bridging
from the deoxyribose’s carbon 5 of one nucleotide to the desoxyribose’s carbon 3 of the
following nucleotide. This results in two chemically different ends of the chain. One end
exhibits a free phosphate group (5’-end), the other end displays the hydroxyl group at carbon
3 of the last deoxyribose. [15]

phosphate backbone of the DNA aligns the bases toward each other and third, the sizes
of the purine and pyrimidine bases and the space available in the helical geometry limits
the possible combinations of the bases. [16]

Hydrogen bonds

Hydrogen bonds are non-covalent bonds. They form if two electronegative atoms interact
with each other over a hydrogen atom. Typical examples for electonegative atoms that
interact via hydrogen bonds are nitrogen and oxygen atoms.
Figure 2.5 A(i) revises the location of nitrogen and oxygen within the periodic table
and the associated values of their electronegativity of 3.04 and 3.44, respectively. The
elements listed in the periodic table exhibit increased electronegativity going from left to
right. Nitrogen and oxygen are placed on the far right of the periodic table, to the left of
fluorine, known as the element with the highest electronegativity. [17]
Figure 2.5 B(ii) explains the partial charge distribution in a hydrogen bond demonstrated
for the most common cases. It shows how the electronegative atoms on the left of the
chemical equations act as hydrogen donators (orange) by withdrawing the electron from
the covalently bound hydrogen (black line). The hydrogen atom gains a positive partial
charge σ+ upon this interaction and is thus available for an interaction with the electron
acceptor (green) which is the electronegative atom on the right. This establishes the
hydrogen bond between the two atoms (green dashed lines). [13] With this in mind, a
second look at figure 2.3 B reveals that the chemical structure of the DNA bases offer an
ideal setting for hydrogen bonds. The red dashed arrows indicate the directionality of the
hydrogen bonds pointing toward the direction of the electron acceptor atoms that provide
the required free electron pair. The two base pairs AT and GC share the central hydrogen
bond N-H→N, however they point in opposite directions for each base pair. The N-H→O
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bond is pointing toward the carboxyl group in both cases, always opposite to the central
N-H→N bond. Compared to the AT base pair, GC establishes a third hydrogen bond (see
figure 2.3 C).
While the directionality of the hydrogen bonds carry information about the specific bind-
ing affinity of the four bases, that alone is not enough to determine selectivity. The size
difference between purines and pyrimidine bases combined with the limited space within
a double helix favors the combination of a purine with a pyrimidine base since the combi-
nation of two purines or two pyrimidines would either take up too much or too little space
within the helical gap. This reinforces the binding affinity of A to T and G to C. [16]
Compared to covalent interactions, hydrogen bonds are only weak with a binding energy
of 4–20 kJ mol−1. However, in a chain of multiple nucleotides the amount of hydrogen
bonds sums up and results in a stable polymer. The distance between the electronegative
atoms that contribute to a hydrogen bond is around 0.24− 0.35 nm. Hydrogen bonds do
not contribute too much to the formation of the double helix itself, but as described above
are a key contributor to the specific binding affinity of the bases to each other. The fact
that A only pairs with T and G only with C is a defining propriety of Watson-Crick base
pairing and is called base complementarity. [13]
A DNA double helix consists of two complementary DNA single strands. If the DNA
sequence of one of the two strands is known, the sequence of the second DNA strand can
easily be predicted based on the rules of complementarity.

Glycosidic bond

Glycosidic bonds in DNA are established between the bases and their sugar molecules.
Each base pair exhibits two glycosidic bonds on opposite sites integrating the bases into
both sites of the sugar-phosphate backbone. Thereby the glycosidic bonds are not perfectly
aligned with respect to each other due to the different sizes of the purine and pyrimidine
bases. This causes the base pairs to have asymmetric sites that globally result in a so
called major and minor groove.
Figure 2.5 C(i) shows an atomic model of a DNA double helix. Major grooves are high-
lighted orange, minor gooves are shown in yellow. Figure 2.5 C(ii) depicts the position
where the glycosidic bonds connect the bases to the deoxyribose for the two base pairs AT
and GC. The orange part of the outlining ellipse highlights the larger distance between
the two gycosidic bonds, the yellow part corresponds to the smaller distance. It also shows
that major and minor grooves exhibit nitrogen and oxygen atoms (colored pink) that are
available for potential hydrogen bonds with other molecules. The latter is important since
it offers attachment sites for proteins or other molecules. [13]

Van-der-Waals interaction

Van-der-Waals (VdW) interactions are present between the stacked bases and additionally
stabilize the double helix. In general, VdW interactions arise due to fluctuations in the
electron distributions of an atom. An asymmetric electron cloud can disturb the electron
clouds of adjacent atoms through ion interactions and leads to a similarly asymmetric
electron distributions in the neighbor atoms. These distributions result in attractive forces
between the two atoms as long as their distance is larger then the so called Van-der-Waals



16 2. Biochemical and -physical background

contact distance. Once distances become smaller then the contact distance, the electron
clouds of the adjacent atoms overlap and repulsion forces predominate. Similar to hydrogen
bonds, the binding energy of an individual VdW interaction is small ( 2-4 kJ mol−1). In a
large molecular complex however, these small binding energies sum up and make a decent
contribution to the molecule’s stability. Figure 2.5 C(i) shows how the attractive energy
of VdW interaction predominates the repulsive energy with increasing distances between
two neighboring atoms. Repulsive forces however predominate at distances smaller than
the VdW-contact radius. Figure 2.5 C(ii) depicts how bases stack on top of each other
due to VdW forces between them. [13]

Hydrophobic effect

The hydrophobic effect becomes important during the alignment of the bases within the
double helix. Due to the non-polar nature of the bases, they prefer to point toward the
inner of the double helix and adapt the dense base stacking to avoid as much contact
with water as possible. The sugar-phosphate backbone builds the outer shell of the double
helix. [13]

Ionic interactions in DNA

Each phosphate group of the DNA backbone exhibits a negative charge at neutral pH.
During DNA hybridization, the process where two DNA single strands form a double
helix, these negative charges lead to repulsive forces between the single strands. Under
physiological conditions these repulsive forces can be counterbalanced with the high di-
electric constant of water and present cations such as Na+ and Mg2+. When working
with synthetic DNA strands it is thus of great importance to buffer the reactions to help
the DNA strand to anneal with their binding partners. [13]
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Figure 2.5.: The DNA double helix - involved forces and geometry. A Concept of hydrogen
bond formation. i Nitrogen and oxygen exhibit a high electronegativity suitable to contribute
to hydrogen bond formation. Electronegativity values in the periodic table increase from left
to right [18]. ii Examples for prominent hydrogen bond formations. Hydrogen donators are
indicated orange, hydrogen acceptors in green. The high electronegativity of nitrogen or oxygen
induce a partial, positive charge in the covalently bound hydrogen atom. Thus, the hydrogen
atom can interact with the electronegative hydrogen acceptor atom. Red dashed lines indicate
the established hydrogen bonds. B Major and minor groove formation in DNA. i Atomic
model of the DNA double helix highlighting major (orange) and minor (yellow) grooves. ii
Chemical structure of the base pairs AT and GC and the glycosidic bond location. Asymmetric
alignment of the bonds result in a larger distance between the bonds causing the major groove
(orange) while the smaller distance causes the minor groove (yellow). Pink atoms are available
for the interaction with molecules.C Van-der-Waals interactions between DNA base pairs. i
Potential energy between two atoms plotted against the distance. Potential energy is repulsive
at distances closer than the VdW contact distance. At distances larger than the VdW contact
distance atoms attract each other. ii Side view of the DNA double helix showing the VdW
interactions between the basepairs that leads to base pair stacking.D 3D model of the DNA
double helix highlighting some key geometric features. [13]
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Geometric properties of the DNA double helix

The chemical structure of the bases and the interaction forces result in a DNA double helix
with characteristic geometric parameters. While there are three known configurations
of DNA (B-form, A-form, and Z-form) [13], the following discussion addresses the B-
configuration.
Figure 2.5 D(i) despicts the side view of a DNA double helix with the key parameters
of B-DNA highlighted. A DNA double strand (dsDNA) consists of two antiparallel and
complementary single strands - strand 1 and strand 2. Bases are aligned in a way that
they point inward and are stacked on top of each other in an almost 90° angle. The sugar-
phosphate backbone faces outward. The inter-base distance is 0.34 nm. The double helix
completes a full turn after 10.5 basepairs (bps) which corresponds to roughly 3.6 nm. The
rotational angle of the double helix is visualized in figure 2.5 D(ii). With each base the
double helix turns -36°. The diameter of B-DNA is around 2 nm. [13]

2.3. Non-canonical base pairing
So far, the presented discussions have focused on the Watson-Crick base pairing mech-
anism. Non-canonical base pairing are interactions of DNA bases beyond the standard
model of Watson-Crick base complementarity. This widens opportunities to work with
DNA as a programmable building material and will thus be explained briefly in the fol-
lowing sections. Although non-canonical base pairing mainly occurs in RNA [19], there
are some phenomena in DNA used in DNA nanotechnology that are worth mentioning at
this point.

Twelve basic geometric families

To access non-canonical base pairing, it is worth taking a second look at the chemical
structure of nucleotides. Figure 2.6 shows that each nucleotide has three faces available
for interaction with other bases via hydrogen bonds. Besides the standard Watson-Crick
binding site, purine bases exhibit a so called hoogsteen edge and the sugar edge. Pyrim-
idine bases as well have those three faces for potential interaction, the hoogsteen edge
however is really a C-H edge but is commonly called hoogsteen edges as well. This con-
figuration space expands with further possible configurations originating from the cis and
trans forms of the sugar molecules within a nucleotide. Cis and trans configurations refer
to the orientation of the glycosidic bond of the bases shown in figure 2.7. Combining
the three edges for possible interactions with the two available configurations of the sugar
molecules results in a total amount of 12 possible ways for bases to pair with each other.
These are known as the "twelve basic geometric families" which are listed in 2.1. [20]
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Figure 2.6.: Bases can interact with other bases via three faces: The standard Watson-Crick
edge, the Hoogsteen edge and the sugar edge. A Three possible faces for a nucleotide with
the purine adenine (A). B Three possible faces for a nucleotide with the pyrimidine cytosine
(C). The hoogsten edge for pyrimidine bases is the C-H edges but generally called hoogsten
edge as well. [20]

Figure 2.7.: Cis and trans orientation of the glycosidic bond in DNA base pairs. The orange,
dashed line parallel to the hydrogen bonds is used to visualize the different orientations. Arrows
point toward the direction of the glycosidic bonds. A In cis-orientation the glycosidic bond is
oriented in a way that both phosphate-sugar groups are pointing in the same direction below
the parallel line. B Glycosidic bonds in trans orientation force the phosphate-sugar goups to
face opposite directions, one above and one below the orange line. [20]
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No. Glycosidic bond
orientation Interacting edges

1 Cis Watson–Crick/Watson–Crick
2 Trans Watson–Crick/Watson–Crick
3 Cis Watson–Crick/Hoogsteen
4 Trans Watson–Crick/Hoogsteen
5 Cis Watson–Crick/Sugar Edge
6 Trans Watson–Crick/Sugar Edge
7 Cis Hoogsteen/Hoogsteen
8 Trans Hoogsteen/Hoogsteen
9 Cis Hoogsteen/Sugar Edge
10 Trans Hoogsteen/Sugar Edge
11 Cis Sugar Edge/Sugar Edge
12 Trans Sugar Edge/Sugar Edge

Table 2.1.: List of the "twelve basic geometric families". Bases can interact with each other
via three faces. The sugars of the nucleotides can adapt cis or trans configuration. This adds
up to twelve possible geometries for a base pair. [20]

Hoogsteen base pair

The purine bases rotate 180° around their glycosidic bond to be able to engage over their
hoogsteen edge with other bases. This is one central characteristic for hoogsteen (H) base
pairs. In general, the hoogsteen base arrangement employs the standard Watson-Crick
(WC) pairing mechanism (A-T, C-G) but occurs in different geometries. Figure 2.8 shows
the hoogsteen base pairs H-AT on the left and H-GC on the right. Thereby, the glycosidic
bonds are in cis configuration in both cases (indicated by the orange arrow). There are
further variations of hoogsteen base pairs where the bonds are in trans configuration.
Figure 2.8 shows that the A of the H-AT pair has rotated and uses its imidazole group to
accept a hydrogen bond. The second hydrogen bond is established via the NH2 group of
the main aromatic ring. [16]
Compared to the standard WC-GC pair, the H-GC pair forms two instead of three hy-
drogen bonds. WC-GC pairs and H-GC pairs share the hydrogen bond between guanine
O6 and cytosine N4. The second hydrogen bond of the H-GC pair however establishes
between guanine N7 and cytosine N3 [21]. The cytosine in a H-GC pair is protonated and
thus properly termed G-C+. The protonation causes the H-GC pair to prefer a lower pH.
[16]

DNA motifs

It is the hoogsteen base pairing that allows the formation of secondary structures in DNA
such as the so called G-quadruplex and the intercalated-motif (i-motif) [16]. They can arise
if longer, continuous strings of G or C bases are incorporated within a DNA sequence. The
G-quadruplex is a symmetric structure formed upon the presence of G-rich regions on a
DNA strand. It can involve one to four strands arranged in G-tetrads and adopts a helical
geometry. Typically, mono- or divalent cations gather in the center of the G-tetrads [22].
Figure 2.8 A illustrates the structural features of a G-quadruplex. The i-motif requires
continuous runs of C bases. It is characterized by a hemi-protonation where the N-atoms
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of two C bases highlighted in red in figure 2.8 B interact over one proton. Multiples of
these CC+ base pairs come together in a 90° angle [16] and form an i-motif. The majority
of investigated i-motifs have been found to be most stable at low pH [23]. Both motifs have
been exploited for the development of DNA switches in DNA nanotechnology due to their
sensitivity toward certain pH. Chapter 4 will explain how DNA motifs are implemented
to realize configurational changes in DNA nanostructures.

Figure 2.8.: A Hoogsteen base pairs (AT and GC+) (cf. text) [21]. B G-quadruplex formed
by consecutive repetition of G bases. G-tetrads are arrangend in a helical configuration and
capture mono-or divalent cations in their center. B I-motifs are formed upon C-rich DNA
sequences. CC base pairs hemi-protonate and stack on top of each other in 90° angles. [24]

2.4. Holliday junctions and branch migration
Holliday junctions are intermediate structural motifs formed during DNA recombination
[25, 26]. There are many conformers exhibiting different coaxial stacking phenomena that
fall under the term Holliday junctions and whose existence depend on buffer conditions
and the level of complementarity around the crossing point. In general however, a Holliday
junction is characterized by four double-stranded arms as shown in figure 2.9.
Sequence symmetry around the crossing point (indicated in pink) can cause the Holliday
junction to travel along the horizontal or vertical axis resulting in different conformers.
This dynamic feature is called branch migration. The fact that nucleic acids can assemble
dynamic junctions is heavily exploited in the field of DNA nanotechnology. [16]
Its applications are discussed in chapter 3.
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Figure 2.9.: Holliday junctions and branch migration. A A Holliday junction is characterized
by four double-stranded DNA arms. Base pairs can be interchanged around the crossing point
depending on the sequence symmetry in the center (pink dot) and thus forming conformers
with growing vertical and shrinking horizontal arms shown in B and C. [16]

2.5. Thermodynamic and mechanical stability of DNA

Denaturation of DNA

Denaturation describes the process of unwinding and separating a DNA duplex. In its
natural habitat, DNA is a stable polymer held together by the intermolecular forces de-
scribed above. However, external triggers such as heat, basic or acidic buffers, and chemi-
cal reagents such as formamide or urea can lead to denaturation of the double helix. The
hyperchromic effect is used to observe and study this process. The effect describes the
decreased absorption of double stranded DNA compared to the individual single strands
when measured at a wavelength λ of 260 nm, which is the wavelength of maximal absorpo-
tion capacity for DNA. A sigmoidal curve is characteristic when measuring the absorption
of a DNA double strand under heating conditions and thus allows indirect observation
of the denaturing process. Once the strand is fully separated, the curve plateaus. This
spectro-photometrical method also showed that DNA denaturation is a reversible process.
The DNA single strands find their complementary counterparts again upon cooling. [15]
Another important parameter that should be mentioned in the context of thermodynamic
stability is the melting temperature. It is the quantity describing the temperature at which
half of the DNA strands are denatured while the other half is still in its double-stranded
configuration. It can be determined using the sigmoidal curves provided by the absorption
measurements at λ = 260nm or alternatively calculated using the following formula:

Tm = ∆H0 · 1000
∆S0 +R · ln(CT

4 )
− 273.15, (2.16)

where ∆H0 is the change in enthalpy in [kcal/mol], ∆S0 is the change in entropy in
[cal/mol ·K], CT is the total molar strand concentration in [M ] and R is the gas constant
in [cal/mol ·K] [27].
It is interesting that for synthetic DNA sequences the resistance to denaturation can be
tuned by targeted insertion of GC-base pairs. This is because the three hydrogen bonds in
a GC base pair stores more binding energy, thus leading to higher melting temperatures.
Conversely, the sigmoidal curves as well as experimentally obtained melting temperatures
can be used to judge the GC-content of a give DNA samples. [15]
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Persistence length and worm-like chain model

The persistence length is a quantity that describes the mechanical properties of polymers
such as their bending stiffness. The flexibility of a polymer is closely related to its me-
chanical stability and thus crucial for its function. Polymers with a higher persistence
length are more rigid compared to polymers with a lower persistence length. Very often,
the individual subunits of polymers are quite rigid themselves and could be described as
single rods. Especially for DNA however, once multiples of these subunits join together to
form the polymer, the system gains flexibility and in order to maximize entropy adopts a
random coil conformation. [28]
Theoretical models that exclusively focus on non-interactive, single rods are not sufficient
anymore to describe the behavior of the polymer as a whole. The worm-like chain model
(WLC model) is so far the most suitable way to describe a semi-flexible polymers such as
single-stranded (ss) and double-stranded (ds) DNA. It extends simpler models by treating
the polymer as an elastic continuum (see figure 2.10) that is inextensible with a linear
bending energy and is subject to thermal fluctuations. [28]

Figure 2.10.: The WLC-model describes polymers as continuum which can be parameterized
using the tangent vector t̂(s) = ∂−→r (s)/∂s along the contour length of the polymer. Thereby,
−→r (s) is the position vector for any point along the contour. [29]

The ability to bend comes with an energy cost. To find a simple description for the bending
energy, one first introduces an arc length s spanning a certain distance L which is also
known as the contour length of the polymer. The tangent vector t̂(s) = ∂−→r (s)/∂s can
be chosen as parametrization along the polymer’s contour, with −→r (s) being the position
vector for any point along the contour. ∂t̂(s)/∂s is the mathematical description of the
tangent vector’s change which is an analogue to the curvature of the polymer. [28]
In a scenario of only small bends and forces that are linear, one can follow Hooke’s law
and results in the following description for the free energy:

H = κ

2

∫ L

0

(
∂t̂(s)
∂s

)2

ds (2.17)

Thereby, κ is the bending stiffness of the polymer that can be defined as follows:

κ = Lp · kbT,

with Lp being the persistence length, kb the Boltzmann constant and T the temperature.
A more intuitive definition of the persistence length can be obtained looking at the corre-
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lation of the tangent vectors at the polymer’s coordinates t(s) and t(s′):

〈
t̂(s) · t̂(s′)

〉
=
〈

cos(Θs′ −Θs)
〉

= e
− s−s

′
Lp (2.18)

Thereby, s−s′ can be interpreted as the polymer contour length. The correlation between
the two tangent vectors, which is determined by the cosines of the angles between them,
decreases exponentially. Thus, the persistence lengths can also be described as the measure
that quantifies the length scale over which the correlation between the two tangent vectors
exists. The WLC model allows us to determine the persistence length for DNA. Under
physiological conditons the persistence length of dsDNA and ssDNA is LdsDNA

p = 50nm
and LssDNA

p = 1.3nm. [28]
To get a clearer picture about the size of the polymer, the mean square end-to-end distance
can be derived from the WLC-model. The derivation begins with the calculation of the
end-to-end distance of the polymer which is done via the integral of the tangent vector
along the contour length:

−→
R =

∫ L

0
t̂(s)ds (2.19)

Based on this, the means squared end-to-end distance can be stated as follows:

〈
R2〉 =

∫ L

0
ds

∫ L

0
ds′
〈
t̂(s) · t̂(s′)

〉
(2.20)

The integrand is the previously derived correlation 2.18 between the two tangent vectors
and can be inserted in 2.20. With this the integral can be performed and leads to:

〈
R2〉 = 2Lp

( L
LP
− 1 + e

−L
Lp

)
(2.21)

In the case of L >> Lp the mean square end-to-end distance reduces to
〈
R2〉 ≈ 2LLp.

[28]

2.6. DNA as building source material
The quaternary logic implemented through Watson-Crick base-pairing, coupled with the
physical and thermodynamic properties of DNA, make this biological molecule an ideal
building material. It is a flexible polymer that can bend while maintaining enough stability
to retain structure. Further, the denaturation of DNA is a reversible process, and rates
of re-annealing can be tuned by varying the length of single strands, GC content, and
presence of repetitive sequences of bases. [15]
In addition, the studies by Caruthers et al. [8] in 1985 presented a new and cost-effective
technique to produce synthetic DNA strands at high yields based on the use of phospho-
ramidites. The following chapter will show why these properties are crucial and how they
can be exploited for the programmed self-assembly of DNA nanostructures.



3. Design strategies of structural DNA
nanotechnology

DNA nanotechnology is the research field that investigates and develops the programmed
and controlled self-assembly of nanoscale objects made from DNA. Thereby, it deprives
DNA from the established context as the molecule of heredity and instead focuses on
its programmabitily offered by the Watson-Crick base pairing mechanism. This chapter
outlines some of the most prominent design strategies that have evolved throughout the
early years of the discipline and that belong to the state-of-the-art techniques of the field.

3.1. Branched DNA molecules
In the 1980s, Nadrian Seeman laid the theoretical groundwork for DNA nanotechnology
and performed pioneering, experimental work. He employed the concept of Holliday junc-
tions (HJs) to create the first synthetic DNA nanostructures. To recapitulate, figure 3.1
A (i) shows the typical outline of the four-arm junction that can adapt various conforma-
tions by branch migrating around the junction’s node. Seeman and coworkers proposed
a modified HJ that could be immobilized [30] and extended with further arms [31] (see
figure 3.1 A (ii) and B). Sequence symmetry minimization of the involved DNA strands
was thereby key to halt branch migration within the HJ that usually would enable the
junctions’ node to travel in all directions [30].
These synthetic DNA junctions serve as excellent building blocks. Complementary single-
stranded overhangs, so called "sticky ends", on the HJ tiles allow them to interact with
each other and form higher-order structures. [16]
Chen at al. have been the first to show that the HJ tiles can be used to form a 3D
cube made from six DNA strands for each face and whose vertices rely on immobilized
three-arm junctions [32]. These concepts inspired the development of further DNA motifs
yielding diverse geometries. Variations of the HJ tiles achieved the more rigid double-
crossover (DX) and triple crossover (TX) motifs shown in figure 3.1 D that were used to
assemble µm sized, 2D periodic patterns [33, 34]. Further examples for motifs are cross
motifs [35, 36] and 3-point-star motifs [37] that also are capable to assemble lattices whose
structural properties have been studies in more detail by He et al. [38].
Further studies showed that the different motifs could also be used for the creation of 3D
objects such as 3D lattices [39] and different polyhedral structures [40–42].
Overall, early DNA nanostructures worked with only a few short oligonucleotides (typically
around 100 nt) whose sequences were highly tuned and that generated the basic building
blocks for higher-order assemblies. [16]
However, researchers also pursued ideas of a templated assembly. Shih et al. used a
long DNA single strand as a scaffold that only requires five 40mer DNA "helper" strands
capable of shaping the template into an octahedron [43]. Yan et al. demonstrated that
they can program DX DNA tiles to attach to a long DNA scaffold strand to form an
information carrying lattice [44]. Typically the scaffold strands used for such templated

25
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assemblies were generated via the enzymatic ligation of shorter oligonucleotides. The most
prominent example for templated assembly of DNA nanostructures is the DNA origami
technique developed in 2006 by P. Rothemund [9]. As this is the main method used within
this work, the following chapter explains its basic concepts and some of the main design
rules that have been empirically eliminated for this approach so far.

Figure 3.1.: A (i) HJs adapt different conformations upon branch migration at the junction
node. (ii) HJs can be immobilized through sequence symmetry minimization [16]. B Extension
of a four-arm junction to 8-12 arm junctions [31]. C (i) Sticky ends at the arms of a HJ enable
the junctions to interact with each other and (ii) turn them into ideal building blocks for
higher-order assembly such as the assembly of a cube [32]. D Double and triple crossovers
are examples for DNA junction motifs with higher rigidity [16]. E Use of the DX motif for the
construction of lattices [33]. F 3D crystal based on a DNA tensegrity triangle motif [39]. G
Templated assembly of an DNA octahedron based on a 1.7kb long scaffold strand [43].

3.2. The DNA origami technique

DNA origami structures are generated using a circular, 8 kb long viral genome extracted
from the M13 bacteriophage. The scaffold is complemented with hundreds of 20-60 bp
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long oligonucleotides ("staples") that are designed complementary to locally distant bind-
ing sites on the scaffold. They mould the scaffold strand into large arrays of antiparallel
DNA helices as shown in figure 3.2 B. Helices are connected by staple or scaffold crossovers
that adapt junction motifs similar to the ones described in the previous section. Figure
3.2 C shows that the structural complexity of DNA origami is not restricted to rectangular
arrays of antiparallel helices but instead can be designed to yield numerous shapes. [9]

Key to DNA origami is that single stranded extensions, or in technical jargon "handles",
can be incorporated at a spatial resolution of 6 nm [9]. Handles can either contribute to a
specific pattern on top of the structure [9] as shown in the last row in figure 3.2 C, serve
as attachment sites for functional units such as gold particles [45], proteins [46, 47] or dye
molecules [48] or can be addressed by other incoming DNA sequences that initiate further
chemical processes [49]. Crossovers can only occur at locations where adjacent helices are
in closest proximity [9].

Figure 3.2 illustrates the folding process of an origami structure over the course of a tem-
perature ramp. Scaffold strand and staples are usually mixed at a fixed stoichiometry
such as in a 5×to 20×excess with respect to the scaffold. Because DNA is a negatively
charged polymer, origami folding usually needs to include cations such as magnesium
chloride (MgCl2) to screen the repulsion forces that originate from the negatively charged
backbones. [9]
It is so far best practice to start the ramp with a high temperature at around 95°C to
make sure all individual strands are separated and potentially present secondary struc-
tures that would hamper the folding process are dissolved. The reaction volume then is
subjected to an incremental decrease in temperature down to around 20°C. Among other
design-specific and experimental parameters, the temperature ramp is key to successful
folding at appropriate yields. [10]

Figure 3.2.: Folding of DNA origami structures. A A long, circular scaffold strand (black)
is complemented by staples - short oligonucleotides - that mold the scaffold into a desired
shape based on their complementarity to different regions on the scaffold. B DNA arrays are
generated by connecting multiple, adjacent DNA helices via scaffold and staple crossovers. C
The DNA origami method yields a vast portfolio of different structures with a spatial resolution
of 6 nm. The structures can be precisely addressed. Patterns can be generated using handles
extruding from the plane. [9]
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It has been shown that the folding of DNA origami structures is a highly cooperative
process. This means that starting the folding ramp at high temperatures lets staples with
highest melting temperatures, such as staples with a high GC content, to hybridize with
the scaffold first. It was found that they then act as seeds promoting the hybridization of
adjacent staples with a lower melting temperature. The cooperative nature of the process
is also an explanation for the hysteretic trend observed for cooling and heating curves.
[50–52]

Several techniques to extend DNA origami into three dimensions have been reported [53–
57]. These include the combination of several 2D sheets to form a cube with a controllable
lid [53], the honeycomb-like [54] and square-lattice like [55] arrangement of DNA double
helices, gridiron structures [56] as well as helices packed on hexagonal and hybrid lattices
[58]. Liedl et al. realized a highly stable 3D architecture implementing the concept of
tensegrity into the designs [57]. Using triangulated DNA origami structures has proven
to assemble polyhedral shapes of various geometries [59–61]. Curved 3D DNA origami
structures have been achieved by the combination of concentric DNA rings [62] or by the
controlled incorporation of basepair insertions and deletions in the origami designs [63].

Figure 3.3.: Methods to extend DNA origami into 3D. A Combination of multiple 2D DNA
origami sheets to a 3D cube with a switchable lid component [53]. B Gridiron folding of DNA
strands generates meshes that can be assembled into spheres and tubes [56]. C Arrangement
of DNA helices on a honeycomb-lattice [54] and D square lattice [55] to fold into 3D objects.
E 3D tensegrity structures made from 13 helix bundles [57]. F 3D meshes can generate
polyhedral shapes of different geometries [59]. G Curved DNA origami structures assemble
upon the combination of multiple concentric rings [62]. H Explicit curvature is introduced by
targeted basepair deletions and insertions [63].
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This thesis implies a profound understanding of the honeycomb- and square-lattice design
concepts and as such the following subsections will provide a more detailed description
of these ideas. By the end, some of the main definite design rules are summarized, that
have been accumulated by the field throughout years of empirical and theoretical data
acquisition. This will serve as basis for the discussions of experiments presented in chapter
6.

Honeycomb-pleat-based vs. square-lattice DNA origami structures

The honeycomb-pleat based [54] and square-lattice designs [55] are the two main strategies
to generate 3D DNA origami. The main difference is the helix arrangement each of which
comes with its own design challenges. Both approaches exploit the helicity of the helices
and that shifting crossover patterns can force them to arrange in space rather than within
one plane (see figure 3.4 A and C). In a honeycomb-lattice, helices are placed in a 120°
angle with respect to its three nearest neighbors while in a square-lattice design helices
are placed in 90° angles toward each other resulting in a rectangular unit cell with four
nearest neighbors. [54, 55]
Proper DNA origami design requires the knowledge about the geometric parameters of B-
DNA presented in chapter 2 which impose constraints on the possible crossover positions.
The general rule is that antiparallel crossovers can connect two neighboring helices only
at positions where the respective peaks of the helices’ backbones are facing towards each
other. Additionally, one has to take into consideration that the distance between two
crossover positions can only be an integer number of bases. Since natural B-DNA helices
complete one full turn after 10.5 bps, finding proper crossover positions that would allow
attachment of helices to each other without straining them is challenging. This can be
approached however by arranging the helices at suited angles with respect to each other
as is going to be explained in the following paragraphs. [64]
In honeycomb-lattices one typically uses every seventh bp on a staple helix as possible
crossover positions as this allows the addition of an adjacent helix at an angle of 120°
without straining the helices (see figure 3.6) [54].
Crossover positions that do not induce strain will be referred to as "relaxed" and are
basically positions where the bases of two adjacent helices align [64].
Aiming for crossovers at relaxed distances, eliminates three specific sets of crossover po-
sitions that repeat every 0 + 21n bps shown in figure 3.4 B. These allow the helices to
maintain their preferred, natural twist of 10.5 bps per turn. [54]

This is a major difference to the square-lattice approach [55]. A square-lattice arrangement
of helices imposes strain onto the helices to make them fit into the square-like assembly
(see figure 3.4 C). Relaxed crossover positions in a square-lattice staple helix would arise
every 7.88 bps as shown in figure 3.6. Since crossovers can only be placed after an integer
number of bases one chooses 8 bps as crossover distance in square-lattices. A shared set of
crossovers for the connection of adjacent helices in square-lattices occurs every 0+32n bps
as shown in figure 3.4 D. Rounding up the relaxed crossover distance leads to a deviation
from the helices’ natural geometric parameters and forces the average helical twist to
33.75° per bp instead of the naturally arising 34.3° per bp. A full turn adds to a total
number of 10.67 bps instead of the 10.5 bps which causes an underwinding of the helices.
Interestingly, the structures still assemble but exhibit a right-handed global supertwist
that needs to be counteracted via a specific pattern of bp deletions to re-establish the 10.5
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bp per turn. [55]
Intentional increase or decrease of bps per helical turn can also be used to the benefit of
achieving curved structures [63].

Figure 3.4.: Honeycomb-pleat-based vs. square-lattice design. A Shifting the crossover po-
sitions within a single layer DNA origami sheet can force it to adopt a three dimensional
arrangement with a honeycomb-pleated unit cell. Helices can align in a 120° angle with re-
spect to each other. [54] B At intervals spaced apart every 7 bps, possible crossover patterns
occur. This results in three distinct sets of crossover positions patterns (i)-(iii) that repeat
after 21 bps [54]. C In square-lattice designs helices of a single layer DNA origami sheet are
arranged at 90° angles with respect to each other and exhibit possible crossover positions every
8bp [55]. D A set of four distinct crossover patterns (i)-(vi) repeats every 32 bps [55].

Figure 3.5 demonstrates the impact of deviating from the natural 10.5 bps per turn with
a single-layer, square-lattice sheet. Red elements in the schematic view in the top row
refer to right-handed twist, blue to left-handed. If no measures are taken to correct the
accumulated 10.66 bp per turn in a crude square-lattice design, structures will be massively
twisted as shown in panel A by CanDo simulations. Reducing the amount of bps per turn
to 10.33 by alternating bp deletions as shown in B, results in the opposite, left-handed
twist. Deleting every fourth bp in a regular pattern as shown in C manages to re-establish
the natural 10.5 bps per turn and results in a flat sheet as predicted by canDo. [64]
As a side note, CanDo is a modeling software specifically developed for the prediction of
DNA origami folding. It is based on a finite-element approach and provides quick insights
into the flexibility and thermal stability of the structures that can be submitted online.
[65]
The above example of the bending sheet shows how delicately square-lattice designs are
influenced by changes on the single bp-level. Although the design process as well as the
experimental fine-tuning requires more effort, square-lattice structures offer the advantage
of a higher resolution of spatial addressing and a different geometry for placing functional
handles compared to honeycomb-lattices [55].
This is and incentive to study square-lattice structures in more detail and find definite
design rules to render their folding processes more reliable and robust. Extracting definite
design rules however, can be challenging, since they very often are architecture-dependent
and not trivial to generalize.
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Figure 3.5.: Crossovers between adjacent helices need to be placed after an integer number
of bps. Due to the helicity, this number dictates a certain set of angles between the helices to
result in a relaxed assembly. Figure based on [64]

Ke et al. systematically analyzed the effects of bp insertions close to crossover positions,
as well as the foothold length with which staples attach to the scaffold. They found that
these features had effects on the folding yields of honey-comb designs with helix bundles
of varying sizes [66]. The effect on folding yields by adjusting the staple length at the
seam of honeycomb-based structures was studied by Dunn et al. [52].
Analogous studies on the effect of design tweaks on square-lattice architectures however are
almost none existent. Reported square-lattice designs so far are quite delicate structures,
highly-tuned for the desired application. The lack of generalized design recommendations
concerning square-lattice designs was one incentive to systematically study the effect of
varying crossover densities, helix length and aspect ratios on the assembly of square-lattice
structures presented in chapter 6 of this thesis.

Advantages of the DNA origami assembly technique

DNA origami structures do not only stand out with their highly resolved addressability.
Another key advantage of DNA origami compared to the previously presented methods
to assemble DNA nanostructures is that DNA origami folding is highly tolerant toward
variations in strand stoichiometry. Staple strands are added in excess and successful
folding can still be achieved if individual staple strands are missing within the structure.
Additionally, purification of DNA strands may only be required for those that should bind
to a target or perform another functional task which further facilitated the experimental
process. [16]
Finally, natural branch migration serves as an error correction mechanism within DNA
origami meaning that non-complementary binding or sequences with secondary structures
are kinetically and thermodynamically outcompeted by the binding of the complementary
strand [10].
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Figure 3.6.: Counteracting twist in a single-layer, square-lattice DNA origami sheet. A Un-
compensated square-lattice structures result in 10.66 bp/turn and a pronounced right-handed
twist. B Inducing alternating skips leads to 10.33 bp/turn and reduced twist. C Skipping
every fourth bp re-establishes the natural geometry of 10.5 bp/turn and results in flat sheets.
Figure based on [64]

The dependency on a present scaffold on the one hand limits the assembly to a finite
number of structures but on the other hand also provides a neat control over the nucleation
process.
Together, all these properties render DNA origami folding exceedingly labor- and time-
efficient as well as robust compared to non-scaffolded assembly approaches and enabled
the elevation of structural complexity.

3.3. Scaffold-free DNA nanostructures

The previous section outlined the advantages of DNA origami. However for some purposes,
DNA origami presents drawbacks that have been tackled by alternative design approaches.
DNA origami tile [67] and brick [68] assembly offer a far more modular design procedure.
This means that instead of designing a completely new set of staple strands for each new
design, tile and brick assembly relies on a set of a few unique building blocks that can be
combined to build up structures. [68]
The concept of tile assembly was used to generate a huge amount of versatile structures
both in 2D [69] and 3D [70]. The concept revived with the published data from Wei et al.
[67] who managed to extend to larger scales the concept of uniquely addressed tiling that
was first introduced by Rothemund and Winfree in 2000 [71].
Wei et al. [67] designed tiles, single-stranded DNA segments of 42 nt, in a way that their
four unique binding sites bind four further tiles themselves presenting further binding sites
(see figure 3.7 A). Combining a certain amount of tiles can be designed to assemble rectan-
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gular, 2D lattices. By skipping specific binding regions those 2D lattice can be sculptured
to different 2D outlines. This design concept allows for the generation of a variety of
different shapes based on a very restricted amount of unique, single-stranded tiles. The
robustness and complexity of the presented structures were astonishing to the scientific
community since earlier approaches of tiling were highly sensitive to strand stoichiometry.
It was a prevailing opinion that assembly of tile-structures would halt once a certain set
of tile strands had been exhausted. The reasons for the success of the technique are still
under investigation but can be most likely attributed to deviating kinetics of the nucle-
ation and growth phase during assembly. [67]

The same research group developed DNA brick assembly. Here they used 32 nt-components
with again four binding sites that assemble to a 3D cube that can act as canvas from which
various shapes can be carved (see figure 3.7 B) [68]. By increasing the binding domains
to 13 nts the DNA brick approach was able to generate structures of giga-dalton size (see
figure 3.7 C) and demonstrated one of the main advantages compared to DNA origami
whose size is limited by the scaffold length [72].

Figure 3.7.: Scaffold-free assembly of DNA nanostructures. A Assembly of 2D shapes using
DNA tiles [67]. B Assembly of 3D structures from DNA bricks [68]. C Assembly of giga-dalton
3D structures from DNA bricks [72]. D Crisscross assembly of DNA slats into micrometer sized
ribbons [73].
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Many years of research on different approaches how to direct the assembly of DNA strands
has shown that each approach, whether it be scaffold-based or scaffold-free, has its advan-
tages and drawbacks.
A very recent study by Minev at al. [73] combines the advantages of DNA origami folding
having tight control over nucleation and the DNA tile or brick approach being capable to
grow infinitely. They introduce what is called crisscross polymerization using DNA slats,
single-stranded DNA, capable to bind not only to their nearest neighbors which results in
an assembly with high coordination numbers (see figure 3.7 D). This is key to implement
a strict control over nucleation. Slats are recruited from solution exclusively upon the
introduction of a DNA origami seed that they show is essential to overcome the intrinsic
kinetic energy barrier to induce fast growth of ribbons on the order of microns. By fine-
tuning the assembly pathways they achieved an implementation of cooperative behavior
resulting in a switch-like behavior of structure growth. [73]
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Continuous structural refinement using the methods of structural nanotechnology outlined
in the previous chapter led to an immense pool of DNA nanostructures with intricate ge-
ometries and highly organized sites for functional attachments. Dynamic nanotechnology
takes on the challenge introducing dynamic features to these DNA nanostructures to
render them responsive to the environment. This opens up many, new avenues for the
applications of DNA nanostructures including DNA switches and artifical DNA motors.

4.1. DNA switches

One of the first examples for configurational switching was demonstrated by Pohl et al.
[74] who demonstrated rotary motion of a DNA double strand by switching from con-
ventional B-DNA to Z-DNA configuration. This behavior was achieved with (CG)n runs
in the sequences that adopt Z-DNA configuration upon high salt concentration and low
temperatures [74].
Salt and temperature dependent switching was also implemented into DNA origami struc-
tures that are capable of changing between open and cross-like configurations [75]. Using
the pH responsiveness of G or C-rich DNA sequences inspired a large variety of switches
that cyclically contract and extend i-motif sequences [76–78] or circular DNA constructs
[79]. In order to increase the range of pH-sensitivity the parallel Hoogsteen-motif has been
used to induce switch-like transition from duplex to triplex DNA conformations [80].
pH-switches also have been studied in vivo where they could indirectly detect endosomal
pathways based on the pH variations in the different endosomal states [81]. Through the
incorporation of azobenzenes in DNA duplexes reversible separation of the duplexes was
achieved once configurational change of the azobenzenes from cis to trans states has been
introduced upon exhibition to UV, and visible light [82]. This photo-induced mechanism
of conformational change was implemented among others in DNAzyme for the controlled
cleavage of RNA [83].

DNA as fuel

In 2000 Yurke et al. demonstrated that DNA molecules can not only be designed to re-
spond to chemical changes but that DNA strands themselves can act as fuel to induce
motion to DNA nanostructures [49]. Their proof-of-concept system was a DNA tweezer
that was actuated from open to closed states based on toehold mediated strand displace-
ment (TMSD) reactions.
The concept of this DNA tweezer is explained in figure 4.1 A. It illustrates the system
made of three strands. Two of them partially hybridize with the main strand forming
double-stranded regions but still exhibiting single-stranded extensions at their other end.
This is referred to as the open state of the system. The tweezer can be closed by an
incoming "set" strand that hybridizes to the single-stranded regions forcing the double
strand into a denser configuration. A toehold sequence on the "set" strand can then be
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addressed with an "unset" strand whose hybridization with the toehold induces strand
displacement. This re-establishes the open state.
Each cycle of opening and closing produces double-stranded waste. The tweezer can be
actuated as long as unbound set and unset strands are available. [49] This study initiated

Figure 4.1.: Using DNA as fuel for nanodevices. A DNA tweezer actuated between open and
closed states through toehold mediated strand displacement. Fuel strand binds to incorporated
toehold sequences highlighted in yellow and blue. [49] B The kinetic energy barriers involved
in switching mechanisms can be finetuned by including hairpin structures, secondary structures
that interact at lower reaction rates. An incoming DNA strand complementary to one of the
loops of the hairpins can act as a catalyst to open the hairpin. [84]
Images from [85]

a cascade of further investigations including theoretical considerations to understand the
reaction kinetics of the tweezer [86], modified tweezers with different ground states [87]
as well as three state tweezers [88]. Ouldridge et al. [86] used a coarse-grained model to
simulate hybridization, stacking, as well as hairpin formation of two single DNA strands.
Thereby, they considered key physical properties of DNA in their model which helped to
generate a suitable representation of both, single- and double-stranded DNA molecules
and could then be used to determine the free energy landscape of the DNA tweezer. They
found that the closing "set" strand would complete its hybridization to one arm of the
tweezer first before it hybridizes to the second one. For the opening "unset" strand they
found that it interacts much slower with the first arm than it does with the second one.
Their study also suggests that potential hairpin formation of the long signaling DNA strand
slows down the process of strand displacement. Such studies provide better understanding
of the variables that influence the performance of DNA switches. [86]
Besides the tweezer there have been many other examples of dynamic nanostructures that
use DNA as a fuel for their motion.
Yan et al. managed to twist connecting links of a linear string of DNA tiles by 180° through
the introduction of appropriate removal and replacement DNA strands causing a transition
of the string’s subunits from cis to trans states [89]. This switch has later been included in
the assembly of a 2D DNA lattice that then could be similarly actuated to achieve larger
scale switching [90]. Similar actuation of a 2D array was achieved by Feng and coworkers
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[91] who designed an array made from three-arm HJ molecules equipped with a stem loop.
With the aid of an appropriate "unset" strand the stem loop can be released which leads
to an increased lattice spacing [91]. TMSD was also applied to generate DNA logic gates
for biosensing applications [92].

4.2. DNA stepper motors

Non-autonomous walkers

Early demonstrations of DNA walker architectures have been provided by Sherman et al.
[93] as well as Shin et al. [94] and will be explained in the following. Their systems relied
on toehold mediated strand displacement to promote a biped as the dynamic module with
two, single-stranded legs along linear, double-stranded DNA tracks that exhibited single-
stranded extensions as anchor points (see figure 4.2 A). Set strands that bound the bipeds
to the track exhibited a toehold region that could be addressed by an unset strand to
induce TMSD. This liberated one leg at a time that then became available to bind to the
subsequent binding site. In that way they showed that the biped legs alternatingly acted
as locked and forward stepping leg. Their walkers remained attached to the track by at
least one leg at all times. While the architecture and strategy for actuation of both their
walker modules were quite similar the execution of the stepping was different. Sherman
et al. demonstrated an inchworm-like stepper with one leg being the forward stepping leg
and the other being dragged. Shin et al. realized a hand-over-hand stride where the rear
leg is pulled forward with each step that is taken. These walkers were limited to a few
steps due to the flexibility of the tracks. [93, 94]

Autonomous walkers

Different approaches have been presented throughout the last decade to render DNA
nanodevices autonomous meaning independent of an external energy source. The following
will give a brief overview on what has been achieved to that regard.
The stored energy of a single stranded loop domain of a DNA hairpin was determined to be
1.4 kcal mol−1 at 20°C [95]. Based on this finding, DNA hairpins have been demonstrated
as suitable energy sources to power nanodevices [84, 96–98].
Hairpins are secondary structures of DNA single strands with a double-stranded neck and
single-stranded loop domain (see figure 4.1 B). Two hairpin loop domains interacting with
each other form a so called kissing loop [97].
It was found that the topological constraints imposed by hairpins or kissing loops cause
DNA systems to reside in a state away from the global energy minimum but can be forced
to transition to their equilibrium state by catalyst strands that resolve the topological
constraint (see figure 4.1 B) [84, 96].
Turberfield et al. [84] exploit this mechanism that is described in the following, to render
their device autonomous. Two hairpin structures whose neck sequences are the same (blue)
and loop sequences are complementary (red) are able to slowly form a double stranded
end product by spontaneous hybridization. Introducing a catalyst strand however that is
complementary to one half of the hairpins’ neck and to some non-hybridized bases within
the loop renders the reaction much faster. In fact, they found that reaction rates can be
up to 104×faster for catalyzed reactions than for spontaneous reactions. [84]
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Figure 4.2.: DNA strand displacement and enzymatically driven DNA walkers. A Biped
walking along double-stranded DNA tracks driven by toehold mediated strand displacement
[93, 94]. B Biped walker driven by nicking enzymes and based on the "burnt-bridge" approach
[99]. C DNA walker powered by enzymatic restriction and ligation [100]
Images from [85]

Green et al. [98] provided a detailed study on the kinetics and thermodynamics of spon-
taneous interactions of two hairpins versus the catalyzed reaction. They have shown that
spontaneous reactions can be further suppressed by a decrease in hairpin loop length and
simultaneous increase in neck length. This provides even more control over the kinet-
ics of the system. Additionally, they found that the location of the toehold sequence is
crucial. According to their data, external toeholds increase the opening reaction rates
by 10-100×while internal toeholds impose an entropic activation barrier that drastically
slows down the reaction speed. [98]
These insights have been used to develop further bipedal DNA walkers [70, 101, 102].

Other ideas to render DNA-based stepping autonomous involved using the energy liberated
through enzymatic reactions such as with nicking enzymes [99], restriction and ligation
enzymes [100] (see figure 4.2 B and C, respectively) as well as DNAzymes [103].
Common among enzyme-based DNA walkers is that they rely on the “burnt-bridge ap-
proach” which describes a walking mechanism that damages the track and makes the
motion irreversible [99, 104].
To implement reversibility of the performed motion, researchers have investigated chemi-
cally [105, 106] and photo- [107, 108] controlled DNA-walkers.

Increasing efficiency of walkers

The thusfar reviewed bipedal walkers are limited to short travel distances usually taking
no more than 3-4 steps. This motivated further studies to increase the efficiency of walkers.

Tomov et al. [109] showed that the number of steps taken could be increased to 32 steps
if bipedal walkers are actuated along a DNA origami surface that exhibits the appropriate
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single-stranded footholds and is embedded in a microfluidic chamber that can be flushed
with 64 individual fuel strands in sequence (see figure 4.3 C). The microfluidic device
allowed them to study the walkers’ efficiency and found that removing used DNA strands
from the system positively impacts the overall performance of the walker with respect to
its speed and travel distance. [109]
Shortly after, Khara et al. [110] analyzed the same system in detail using coarse-grained
computer simulation. Förster resonance energy transfer measurements (FRET) were ad-
ditionally performed and showed that the simulated data is in good agreement with the
experiments. They were able to determine a maximum step length of 40 nm for their
walker, a sensitivity of the walker toward its surrounding such as the DNA origami tem-
plate as well as information on the kinetics of the walker. [110]

Another interesting pathway toward longer travel distances is based on so called DNA
spiders constructed by Pei et al. [111]. These exhibit a core component made from strep-
tavidin and three DNAzyme-legs and were shown to move across a substrate decorated
with DNA. [111]
This behavior was exploited by Lund et al. [112] to promote the DNA spiders accross a 2D
DNA origami sheet (see figure 4.3 A). Walking was achieved by a diffusion-based random
walk along the origami sheet that provides anchor sites in the form of single-stranded
DNA substrates that can be cleaved through the enzymatic activity of the spiders. They
have shown that based on this mechanism spiders can traverse 100 nm from one end to
the other end of the DNA origami sheet. Thereby, the directionality of the movement is
not controlled. The movement was characterized by multiple back stepping and revisiting
of anchor sites. Nevertheless, the net movement toward the end of the tracks manages
to push 70% of the spiders to the end of the tracks. They used AFM and fluorescence
microscopy to detect the spiders, the resolution however was only sufficient enough to
capture three distinguished positions of the spiders on their way to the end of the track.
[112]

Wickham et al. [113] developed a walker that can, as in the case of the spiders, traverse
100 nm but in a directed fashion. Thereby, nicking enzymes cut footholds that are ar-
ranged on a 2D DNA origami sheet. The footholds are hybridized to a DNA single strand
that reveals a toehold after the cutting process. The toehold enables the single strand to
interact with the next available anchor site and eventually completely engages with it after
a completed cycle of branch migration (see figure 4.3 B). Using real-time AFM imaging
and fluorescence microscopy they were able to show that the walker can be promoted in
the programmed direction at constant stepping rates. [113]

Studies by Bazrafshan et al. [114] recently reported on a DNA origami motor that manages
to combine many of the desired motor features such as autonomy, directionality, long travel
distances and high speed. However, the motor goes back to the burnt-bridge approach and
thus lacks the feature of reversibility. Their presented motor is based on a DNA origami
tube that is functional with multiple DNA single/strand that can connect to a substrate
that is covered with RNA single strands. Once connected, a RNase enyzme recognizes
the double/stranded regions and exclusively cuts the legs from their footholds and induces
a rolling motion of the DNA origami tube. Their DNA origami motor offered an ideal
platform to study the impact of the motor form and the leg pattern, amount and density.
They found that motors with a high structural rigidity and leg density perform longest



40 4. Dynamic DNA nanotechnology

and fastest. These motors have traveled up to micron distances with up to 100 nm/min.
[114]
By replacing the DNA origami tube with a 50 nm gold nanoparticle they managed to
increase the previously discussed motor performance up to speeds of 50 nm/sec [115].
Without the need of labeling the motor for detection it was possible for them to elucidate
that this motor architecture performs Lévy-like motion. According to their data, more
legs in close proximity result in higher travel speed while longer legs favor traveling in one
set direction. Still the motion of this motor is irreversible. [115]

Reverse rolling of plasmonic constructs, but with the sacrifice of lower speed, was shown
by Zhou et al. [116]. Here, two gold nanorods are organized in a 90° angle to each other
and separated by a multi-layer DNA origami structure that exhibits six anchor sites. Their
rods were functionalized with DNA single-strands complementary to the anchor sites. Only
one of the two nanorods performs the motion and thus changes its orientation toward the
fixed nanorod. They detected this conformational change via circular dichroism (CD)
measurements and thus indirectly tracked the motion. Based on TMSD, their system is
capable of walking across 2D and 3D geometries without destroying the tracks. [116]
Following the same approach, the movement of two individual nanorods on a DNA origami
template could be directed and detected via CD measurement [117].
Additionally, very recently the same group extended this system so that both a rotary and
straight motion are executed within the same motor complex. Multiple of these complexes
could be combined to achieve large scale motion. [118]

Walkers for molecular cargo transport and synthesis

Transporting cargo using a DNA-based walker is one of many interesting applications that
have been reported. The following will describe two representative examples.
Gu et al. [119] demonstrated a system that allows a DNA walker to collect gold nanopar-
ticles from designated sites and transport them across a DNA origami track (see figure
4.4 A). Their walker component consisted of four DNA single strands that were supposed
to perform the motion along the track, and three DNA single strands that were rendered
capable to interact with the gold nanoparticles. Thereby, they programmed their walker
to proceed in a rotary motion completing 120° rotation with each taken step, reaching the
cargo site after two steps. The rotation thereby is responsible to bring the cargo accept-
ing strands in close proximity to the cargo sites. Both the cargo transfer as well as the
promotion are mediated through DNA strand displacement reactions. They implemented
a mechanism that allowed to control the cargo site in a way that the walker does not have
to accept a cargo each time the cargo site is visited. This control allowed them to produce
eight different states at the end of the track. [119]

He et al. [120] used a DNA walker to collect molecules from a track for the synthesis of a
higher-order molecular complex (see figure 4.4 B). Thereby they used a DNAzyme based
walker architecture that carried an amine group that could chemically interact with a sub-
strate distributed on a single DNA strand. Each time the walker reaches the substrate,
the amine group is close enough to interact with the substrate, generating a product that
is transported to the next interaction site and used for the further synthesis. In this way
they managed to autonomously produce an oligoamide in a single-pot reaction which they
argue is more efficient compared to other synthesis techniques using DNA-templates. [120]
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Another interesting realization of nanoparticle transport was presented by Cha et al.
[121]. Based on a DNAzyme motor they demonstrate walking along a carbon nanotube
and achieved travel distances of 3 µm at speeds of 1nm/min (see figure 4.4). [121]

Figure 4.3.: Boosting DNA walkers toward higher efficiency. A DNA spiders executing a
diffusion-based random walk on a 2D DNA origami sheet [112]. B Directed motion of a
DNA walker across a 2D DNA origami sheet [113], C Bipedal DNA walkers embedded in a
microfluidic chamber [109], D DNA origami tube traveling micron distances on a depletable
RNA substrate [114]. E Irreversible rolling of gold nanoparticle based on interactions between
RNA substrate and DNA functionalizations on the gold particle [115]. F Rolling of gold
nanorod across a multi-layer DNA origami structure [116]. G Coordinating the movement
of two nanorods across a multi-layer DNA origami structure [117]. H Combining rotary and
straight motion of nanorods within the same DNA origami complex [118].
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Figure 4.4.: DNA walkers for cargo transport. A A DNA walker tranporting gold nanoparticles
across a DNA tile [119]. B DNAzyme driven walker collecting components for the synthesis
of a complex consisting of multiple amides [120]. C Nanoparticle transport along a carbon
nanotube [121].

4.3. Current challenges of DNA walker systems and how to
address them

Research on DNA walker systems conducted throughout the past years and partially re-
capitulated in this chapter has helped to define the central requirements imposed on the
architectures and mechanisms to render them suited for a versatile spectrum of applica-
tions. These requirements can be summarized as follows: DNA stepper systems should
be able to ensure that the dynamic modules stay bound to the track during the promo-
tion, perform autonomous and directed locomotion, travel long distances at high speed
and should traverse without damaging their tracks to establish reversibility of the motion
[122].
However, it has been challenging so far to develop mechanisms that meet all requirements
at once. Rather the walkers are tuned for the application of interest.
Thereby, it is notable that the two features most demanding to combine seem to be long
travel distances with a mechanism for reverse action.
Additionally, the majority of the presented walkers provide limited room for the attach-
ment of cargo since the systems most of the time rely on single DNA molecules as dynamic
components that can hold only one functional unit. Displacement of larger surfaces such
as the DNA origami tube [114] or gold nanoparticles [115] so far have only been demon-
strated to perform a rolling motion which makes use of all functional sites along their
surfaces for the locomotion and thus cannot be exploited for functional attachments.
In the case of strand displacement driven motors another challenge is that for each step
taken a new orthogonal sequence has to be introduced (i.e. sequences that are unique and
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only bind to the designated target). This imposes a design challenge for everyone who
pursues to promote the motors for a high number of steps.
These are challenges that, if resolved, can further increase the efficiency of present DNA
motors and open up a new scope of applications.
Aiming to transfer the concepts of rapid prototyping to the nanoscale, as initially set
out as incentive for the present thesis, requires confronting these challenges. The work
presented within this thesis addresses these with a new stepping mechanism that is capable
to displace DNA origami surfaces with respect to each other and that based on its design
innovation gets on with only six orthogonal sequences that are applied in cycles for a
controlled forward and backward motion.
Using DNA origami structures as both - the walking component and the track - provides
a surface with numerous attachment sites.
Multiple leg interaction can improve the walker efficiency in terms of speed and travel
distance as confirmed by studies of Bazrafshan et al. [115]. The stepping mechanism
suggested in this thesis is based on a fourfold leg interaction which is also believed to render
the stepping more reliable in the sense of a higher tolerance toward missing footholds along
the DNA origami surface due to the backup-legs.
Although the approach presented within the scope of this thesis addressed many challenges
outlined above the fact that it is based on strand displacement will cause it to fall short on
stepping speed. This remains to be addressed by using approaches such as microfluidic-
devices or by rendering the steppers purely fuel strand concentration based. The latter is
explained in more detail in the final summary of this work.





5. Theoretical and experimental
methodology

The following sections provide an overview about software tools and biochemical methods
that have been primarily used to generate and analyze the results presented in chapter 6
and chapter 7. First, methods for designing sequences and testing design efficacy using
the DNA origami simulation tool oxDNA will be briefly discussed. The rest of the chapter
is dedicated to describing theoretical and practical aspects of the central experimental
methods employed in the context of the presented studies.

5.1. Tools supporting the design process

5.1.1. Sequence generation with caDNAno

All core sequences for the DNA nanostructures presented within this thesis are generated
with the aid of caDNAo version 1. Thereby, "core" refers to the DNA sequences required to
build up the main body of the DNA architectures. Functional sequences such as handles
have been partly generated with python scripts or were manually designed.
CaDNAo is a computer software with a graphical user interface developed by Douglas et
al. [123] in 2009. In their paper they describe how caDNAo can be used and which design
rules are implemented. This will be briefly recapitulated in the following paragraphs.
CaDNAo helps researchers find appropriate scaffold routing and corresponding staple
strands for their desired DNA structures. Thereby, it can be individually chosen whether
to arrange DNA helices on a honeycomb- or square-lattice. Depending on the chosen
outline, the appropriate design constraints imposed by the geometry and arrangement of
DNA double helices are already implemented in the software to avoid topological traps in
the designs.
The user interface of caDNAno is divided into three panels as shown in figure 5.1 A: the
slice panel displacing the cross-section of the desired structure on the far left, the path
diagram in the middle, and a 3D view of the final structure on the far right. The de-
sign process starts with the slice panel. Here, the designer can sketch an outline of the
structure by adding or removing helices that are represented as orange circles (see figure
5.1 A). The neighboring path diagram can then be consulted for a rolled-out view of the
helices with all strand details shown. This is the panel where most of the design work is
performed. The designer first performs the scaffold routing, which sets how the scaffold
passes through the structure. Subsequently, staple helices are added and adjusted and the
appropriate crossover positions are implemented. [123]

Staple crossovers, which are connections between staple helices, are shown in red in figure
5.1 B, while scaffold crossovers, which are connections between scaffold helices, are shown
in blue. An empirical rule of the field is that one should ensure that staples have at least 8
bps long footholds that attach to the scaffold. This will provide sufficient binding energy
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for stable incorporation into the structure. [123]

Figure 5.1.: CaDNAno user interface and path diagram for caDNAno version 1. A Slice panel
(left) showing the cross-section of the target structure, path diagram (middle) and 3D view
of target structure. B Close-up of path diagram showing staple and scaffold helices as well as
staple and scaffold crossovers. [123]

CaDNAno offers a pre-selected variety of possible crossover positions between helices that
would maintain the prescribed geometry of B-DNA. Although crossover positions can be
manually forced, it is recommended to either stick with the options suggested by caDNAno
or to make considerate choices to avoid a deviation from the natural geometry of DNA,
which may otherwise lead to strained and twisted structures. [123]

The general rule is that antiparallel staple strand crossovers are only allowed at posi-
tions where the backbones peaks of two neighboring DNA helices face each other. On a
honeycomb-lattice this is true every 7 bps, generating three crossover patterns that re-
peat every 21 bps assuming a helical turn of 10.5 bps. These geometric parameters are
slightly different for a square-lattice arrangement. Once the square-lattice is selected as
a template in caDNAno, crossovers can be implemented every 8 bps resulting in the first
crossover patterns that reoccurring after 32 bps. There are four possible crossover patterns
for square lattice designs. [54]
More details on DNA origami design considerations are described in chapter 3.
Scaffold crossovers are allowed every 5 bps away from staple crossover of the respective
staple helix in order to avoid kinetic traps. CaDNAno also allows users to add base pair
deletions or insertions. [123]
CaDNAno has been further developed to caDNAno 2 (see https://cadnano.org/) and
most recently scadnano, an online software with many upgrades facilitating the user ex-
perience [124].

https://cadnano.org/


5.1 Tools supporting the design process 47

5.1.2. OxDNA

oxDNA is a coarse-grained model that simulates DNA origami structures [125]. It is a
helpful tool for gaining initial insights into the designs prior to experimental investigation.
oxDNA simulates nucleotides as rigid bodies that are influenced by various factors. Those
include the backbone potential, which is the potential caused by the hydrogen bonds
between bases, the stacking forces between the bases, the electrostatic repulsion between
the backbones of the helices, and cross-stacking interactions between bases that are placed
diagonally from each other. [126]
Figure 5.2 illustrates the points of action of the considered forces. Implementing these
interactions enables to simulate among others the actual structure of the DNA origami
design, the twisting and bending phenomena and the elasticity of the structures [126].

Figure 5.2.: Nucleotides as rigid bodies and with various sites for interactions. b is the "base"
vector that aligns with the stacking and hydrogen-bond directions, n is the normal vector to
the base plane. Illustration on the right marks all centers of interaction that are considered in
oxDNA simulations. [126]

Doye et al. outline some pitfalls related to oxDNA simulations that need to be considered
when interpreting the results. First, they point out that oxDNA prioritizes an accurate
model of the bending and twisting behavior of the simulated structure over the extensional
modulus. This could impact the predictions concerning the mechanical response of DNA
origami structures. Second, the electrostatic potential is approximated via a simple Debye-
Hückel relation and is strongly connected to the presence of ions in reaction buffers. The
basis of the fit used in oxDNA simulations is the Na+ concentration that is needed to drive
hybridization of DNA duplexes.
However, DNA origami structures are typically folded in the presence of MgCl2. Both
NaCl and MgCl2 impact duplex stability, thus affecting the stability of DNA origami in
different ways. Although it is known that the ionic strength of MgCl2 is much higher
compared to NaCl, there is no straightforward conversion from a given MgCl2 concentra-
tion to a comparable NaCl concentration. Thus experimental results could deviate from
oxDNA simulations because of different buffer conditions. [126]

oxDNA simulations shown within this work have been performed by Dr. Erik Benson
using the following set of parameters: 500 mM Na+ at 20° C and for 100 M timesteps,
corresponding to around 1.5 µs.



48 5. Theoretical and experimental methodology

5.2. Experimental methods

5.2.1. Toehold mediated strand displacement

Early studies investigated DNA strand displacement primarily in the context of genetic
recombination [127–131]. The demonstration of a switchable DNA tweezer by Yurke et al.
in 2000 [49] based on toehold mediated strand displacement (TMSD) initiated a cascade
of studies showing strand displacement based locomotion of DNA walkers [131].
As the stepper system presented in this thesis relies on TMSD, the following section
describes the overall working mechanism to provide the required background knowledge
for the discussions in chapter 7.
TMSD broadly speaking is the externally induced exchange of one binding single strand

Figure 5.3.: Working principle of toehold mediated strand displacement. Image based on
[131]

within a DNA duplex. This process is based on DNA branch migration [131], a mechanism
that has been described in chapter 2. Figure 5.3 displays the working mechanism of TMSD.
TMSD, as the name already suggests, involves a DNA double strand (S) (pink and green)
that exhibits a toehold sequence (b* on the pink strand), meaning an unpaired region that
extrudes from the DNA double strand and is available for an initiator strand (blue) to bind
to via a complementary region (b on the blue strand) (shown in A). The initiator strand
(I) attaching to the toehold initiates branch migration where the blue and green strands
are competing to bind to the pink template (shown in B). Eventually, the green strand
is completely displaced and the reaction results in the unbound, green single strand (O)
and a new duplex (W) consisting of the pink and blue strand (shown in C). This forward
reaction Simmel et al. [131] state the ratio of strand concentrations as follows:

[W ]
[S] =

√
kf

kr
= exp(−∆G°/2RT ), (5.1)

with kf being the rate constant for the forward reaction S + I → W + O, kr being the
rate for the reverse reaction, ∆G° the free energy for the binding of the toehold b* to its
complement b, R the gas constant and T the temperature. This expression assumes that
all involved strands are at equal concentrations. Longer toeholds result in more negative
values for the free energy ∆G° and based on the above expression 5.1 this predicts a bias
of the reaction to proceed toward the end state shown in figure 5.3 C.
The two latter statements suggest that TMSD reactions can be tuned via the integrated
toehold length and concentration of the involved DNA strands. Figure 5.4 is an assembly
of data on forward reaction rates of TMSD with respect to the used toehold length. It
shows that reaction rates increase with increasing toehold length before plateauing at a
length of around 8-10 bps. [131]
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Theoretical [132] and computational [86, 133] studies of TMSD show how the reaction
kinetics of strand displacement may be leveraged to generate more efficient reactions.

Figure 5.4.: Dependency of toehold mediated strand displacement reaction rates on the toe-
hold length. Data is assembled from different studies experimentally investigating displacement
reaction rates for different toehold lengths. [131]

5.2.2. Gel electrophoresis

Gel electrophoresis is one of the most established biochemical analysis tools. In brief,
gel electrophoresis exploits the fact that charged molecules of different molecular weight
exhibit different mobility when traveling through a porous gel once an electric force is
applied. As a negatively charged molecule, DNA fragments can be separated using the
methods of electrophoresis. [13]
Gel electrophoresis is a key method of this work, thus a slightly more elaborated view on
the specifics of the working principle is included at this point. An overview about the
physical basics as well as the abilities and limits of the method will be given.

Much of the following discussion is based on a detailed article written by J-L. Viovy [134],
which describes the working mechanisms underlying electrophoresis.
At first glance, the theory behind gel electrophoresis can appear rather challenging. A com-
prehensive theory of electrophoresis requires profound understanding of polyelectrolytes
and their dynamics in ionic solutions. This topic is itself subjected to ongoing polymer
physics research and in some areas still not completely understood. It will become evi-
dent however, that gel electrophoresis is very often conducted in scenarios that allow to
drastically reduce the complexity of the theoretical framework. [134]
First the physical forces exerted on a charged molecule that is surrounded by an ion-
containing solution are considered. Upon entering the solution, the charged molecule will
disturb the distribution of ions, resulting in layers of counterions that gather around the
molecule. Thereby, one generally differentiates between what is called the Stern layer
and the diffuse layer. The stern layer refers to counterions that are subjected to higher
attraction forces by the molecule’s charge simply because they are closer to the molecule.
The stern layer is thus the contiguous layer around the molecule’s surface. Its counterions
are considered immobile. The diffuse layer adjoins the stern layer and consists of ions
that are still capable of moving. Stern and diffuse layers are also known as the electric
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double layer The stern layer can be characterized by its thickness which is described via
the Bjerrum length:

lb = e2

4πεbε0kT
, (5.2)

with e being the elementary charge, εb being the dielectric constant of the fluid, ε0 being
the vaccum permittivity, k being the Boltzmann constant and T being the temperature.
A general description of mobile ions and their equilibrium distribution in solutions is
provided by the Poisson-Boltzmann equation:

εbε0∇2Vp = −e
∑

k

ZkCk exp
(−ezkVp

kT

)
, (5.3)

where k refers to the ions and ezk and Ck describe their charge and bulk concentration.
The Gouy-Chapman model provides a valid solution to the Poisson-Boltzmann equation.
The diffuse layer however, is sufficiently described by the linearized version of 5.3, also
know as the Debye-Hückel theory which provides a description for the screening potential
Vp(x) that affects the external fields within a electrolyte as follows:

Vp(x) = Vs exp(−κX). (5.4)

This expression is associated with a Debye-screening length κ−1 which is defined as:

κ−1 =
√

εbε0kT

e2∑
k z

2
kCk

, (5.5)

with zk being the ionic valency. [134]

So far, we have seen that an electric double layer is generated once a charged object is
embedded in a solution of ions. The presence of such an electric double layer and the
changes induced to it by an external electric field are key to describe electrophoresis (see
figure 5.5). This force generated by the electric field causes a displacement of both the
counter-ion cloud surrounding the molecule and the molecule itself. However, the ion cloud
will be displaced in the opposite direction of the molecule which affects the hydrodynamic
motion of the molecule. Calculating this motion is quite sophisticated, but solutions can be
obtained in the limits of the Debye- length κ−1. Assuming a sphere-like molecule of radius
R, one finds that for κ−1 >> R at equilibrium the electric force equals the Stokes’sche
friction and one can find an expression for the drift velocity as follows:

v = qE

6πηR, (5.6)

with q being the charge and R the radius of the molecule, E the strength of the electric
field and η the viscosity of the medium. Based on this, one can state the electrophoretic
mobility:

µ = v

E
= q

6πηR. (5.7)
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In the case of κ−1 << R it is necessary to solve the Navier-Stokes equation:

η∆Vp = −ρE, (5.8)

with ρ being the solution of the Debye-Hückel model for cases within the Debye-layer, that
cancels out in cases outside the layer. [134]
Calculations by Smoluchowski in 1903 [135] showed that this velocity is independent of the
size and shape of the molecule and the expression for the electrophoretic mobility reduces
to:

µ = εbε0ζ

η
, (5.9)

where one introduces a ζ-potential describing the potential at which friction causes individ-
ual ions to shear off the layer. A more intuitive approach to modeling the electrophoretic
velocity stated in 5.9 can be generated by expressing the electrophoretic mobility using
the surface charge density:

µ = σ

4πηκ (5.10)

Figure 5.5.: Schematic representation of the involved forces on a negatively charged sphere in
an ionic solution subjected to electrophoresis. It is assumed that the spheres radius R is larger
than the Debye-length κ−1. [134]

The key message of the previous discussions is that according to Smoluchowski, the elec-
trophoretic mobility of a charged object is independent of its size and shape [135].

Viovy highlights the implications of this size-independence in the electrophoretic separa-
tion of charged molecules as summarized below:



52 5. Theoretical and experimental methodology

Once the Smoluchowski limit is reached, which is the case for small κ−1, the screening
effects imposed by counterions are larger than the Debye-length. This results in shearing
forces that can only affect a cylinder-like object of diameter d + 2κ−1 and the resulting
mobility is again described by equation 5.9. This together with the size-independency
predicts that electrophoresis for long and flexible polyelectrolytes such as DNA molecules
is impossible in free solutions, but instead requires a medium such as a gel that limits its
freedom to move. [134]

To describe the limited mobility of DNA molecules in gels one can refer to the biased
reptation model [136] that provides the following expression:

u

u0
≈ 1

3( 1
N

+ ε2

3 ), (5.11)

with u0 being the mobility in free solution and N the length of the polymer. ε is the
quantity describing a reduced, electric field that depends on parameters such as the gel-
pore size.
According to Slater et al. [136] the reptation model allows the following central conclu-
sions. For small molecules, Brownian motion dominates over the motion generated by an
applied electric field. For large molecules however, the electric field has the higher impact
on the mobility compared to Brownian motion. Fine-tuning the pore size of the gel as well
as the applied field strengths determines the diffusion-dependent term of biased reptation
in such a way that polymers of constant charge density can be separated based on their
lengths. Hence, molecules that are smaller travel faster through a gel than molecules that
are larger. [136]

Common materials used to separate DNA via gel electrophoresis include agarose or poly-
acrylamide (PAGE). The latter is a flexible and neutral polymer and requires a bi-
functional cross-linker such as bis-acrylamide to polymerize. [134]

Bio-Rad Laboratories provides useful manuals on gel casting and running [137]. The cross-
linking reaction needs to be induced by a free-radical source such as ammonium persulfate
(APS) and a stabilizing reagent such as tetramethylethylene-diamine (TEMED). The gel is
usually cast vertically between two glass plates. The concentration of acrylamide applied
typically ranges between 5-25% , with higher acrylamide concentrations better suited for
resolvingsmaller molecules.
In general, PAGE gels are used to separate smaller DNA (up to 500 bps). PAGE gels are
appreciated for their ability to detect size differences as low as 1 bp. [137]

Agarose (AGE) is a rigid polysaccaride with lower resolution but is suitable for separating
larger DNA samples such as DNA origami structures. To prepare an AGE gel one typically
dissolves agarose in a buffered solution at percentages between 0.5 - 2% and heats it up
to dissolve it. AGE gels are poured in horizontal casting systems while they are still in a
liquid phase, where they polymerize upon cooling. [134]

For both gel types, combs are used during the casting process to generate wells where
samples are loaded. An electric field is then applied causing the negatively charged DNA
samples to travel to the anode of the system. During the running process, the gels are
placed in an electrophoresis chamber that is filled with a suitable buffer.
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Although the gel percentage is the general, determining factor for the separation of the
samples, one knows that there are many more parameters that can influence the gel mo-
bility of DNA. Interpretation of gel electrophoresis results thus needs to be performed
carefully and under consideration of all possible influences. The mobility of DNA for in-
stance is influenced by its adapted conformation. It is known that, although of the same
size, linear DNA runs at different speeds compared to circular DNA of the same sequence
length. Applied voltage, temperature, and ionic strength of the buffer are other param-
eters that influence migration speed. Since single-stranded DNA is especially prone to
adapting various conformations, it is common lab technique to dissolve these secondary
structures using denaturing agents such as urea or formamide prior to gel loading. [137]
As an assembly of multiple DNA double helices, DNA origami structures are subjected
to the same influences when run on gels and an estimate of their migration speed only
makes sense in reference to a control of well-known behavior. Denaturing conditions to
overcome the lack of predictability are not worth considering since the structures would
disassemble. This means that there is always a slight chance that the detected signal on
the gels does not necessarily correspond to the DNA origami with the predicted structural
conformations. Thus it is recommended to always include a second route of verification
such as electron microscopy for the very initial assessment of a new DNA origami design.
In general, the readout of a gel electrophoresis experiment is performed through judging
the sharpness, intensity and purity of so called gel bands - horizontal bars on gels each
referring to species of the same size.
To make DNA gel bands visible, intercalating fluorescent dyes that render DNA visible
upon excitation at the appropriate wavelength are most commonly used. One of the most
widely used dyes is ethidium bromide (EtBr). The limits of detection are usually directly
correlated to the sensitivity of the dyes. [138]

In this work agarose gel electrophoresis is used to analyze the feasibility of different pro-
posed DNA origami designs. A sharp and intense gel band indicates a DNA origami design
that behaves well and is capable of generating the desired structures. Once design success
is confirmed via another technique such as electron microscopy, gel bands can also be used
to estimate the purity and structural stability of DNA origami structures. Meanwhile, a
lack of bands, smeared backgrounds, or higher order bands in sample containing only one
DNA origami structure indicate unsuitable folding conditions or failed designs.
The buffers used in gel electrophoresis were complemented with 10-11 mM MgCl2 to
maintain the reaction conditions required for the stability of the analyzed DNA origami
structures. The analysis of single-stranded DNA was based on gel casting and running
buffers that contained 8.3 M urea to denature the samples. Besides AGE gel electrophore-
sis, this work relies on electrophoresis using PAGE gels to purify DNA single strands. This
method will be discussed in more detail in section 5.2.3. More details on the experimental
parameters of the performed electrophoreses are stated in the captions of respective gel
data in the upcoming chapters as well as in appendix A.3.

5.2.3. Purification methods

Within the context of this work, purification is not only used for the obvious reason of
purifying the structures from residual strands that have been applied in excess, but also
serve as an indicator for the structural stability of new DNA origami architectures. The
following explains the different purification techniques and which task they perform. It



54 5. Theoretical and experimental methodology

should be mentioned that successful purification of DNA origami structures can be highly
architecture-dependent, and often it is necessary to finetune the individual protocols for
the individual structures. Wagenbauer et al. provides a suitable guide to get started
with the many different techniques and can serve as a good starting point for parameter
finetuning.

PAGE purification

PAGE purification was used to purify functional handles that extrude from DNA origami
structures with their 5'-end and are designed to fullfill a certain task such as binding
a specific target. The main motivation to perform PAGE purification only on 5'-end
extruding oligonucleotides is to remove all truncated sequences which is a common left-
over product from the synthesis [139]. Since synthesis is performed from the 3'- to the
5'-end, truncations - if present - appear on the 5'-end. These sequences would interfere
with the interactions that the handles are designed to undergo. PAGE gels are used
to separate single-stranded handles according to their size. Thereby, 2 nmol of each
individual sequence was applied across multiple gel pockets of a 15% denaturing PAGE
gel. Denaturing conditions were established with gel casting and running buffers containing
8.3 M urea as well as formamide containing sample buffer. The gel bands of interest have
been cut under UV-shadowing and extracted from the gel using ethanol precipitation.
Details on the protocol can be found in appendix A.3.

Agarose gel purification

Native AGE gel electrophoresis is used in DNA nanotechnology mainly to separate excess
staple strands from the folded DNA origami structures. Staple strands are on the order
of around 30-60 nt and thus run much faster through the gel compared to the folded
structures. Once the gel is imaged, staples appear as dark clouds on the bottom of the
gel. The different gel mobilities make it easy to cut the gel band that is ascribed to the
structures of interest. Samples are then usually extracted from the gel by squeezing the
sample though a glass slide or through centrifugation. Gel purification is a suitable method
to achieve a homogeneous sample containing only the desired species of structures such as
only the monomers or dimers. One drawback of gel purification is the low recovery yields
that is, if performed correctly and with diligence, around 30%.
Gel purification in the context of this thesis was mainly used to generate a homogeneous
sample for TEM imaging. It turned out that for some structures it was crucial to gel
purify them before imaging to achieve suitable image contrast. This will be explained in
more detail in chapter 7. Information on the protocol can be found in appendix A.3.

Amicon filtration

Amicon filtration uses commercially available molecular weight cut-off filter units that
consist of a microcentrifuge tube and a vertical membrane made from regenerated cel-
lulose (see figure 5.6). It can be used for various purposes such as purification, sample
concentration or buffer exchange. Filters are chosen such that their pore size is not larger
than the samples to be purified. The sample is placed in the filter membrane, usually
complemented with buffer, and is then centrifuged. All particles that are smaller than the
pore size will travel through the membrane and collected at the tube bottom as shown in
figure 5.6. This process can be repeated as needed. In the last step the sample is eluted
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from the membrane by centrifuging the inverted filter placed on a fresh microcentrifuge
tube once more.

Amicon filtration can be an efficient way to purify DNA origami structures from excess
staple strands and usually results in higher yields compared to gel purification. However,
parameters such as the dilution buffer, centrifugation time, temperature, membrane size,
and membrane pre-treatment can significantly affect the outcome. [140]
In case of low recovery yields, it is a good measure to analyze the flow-through. Samples
detected in the flow-through indicate that the pore size was not chosen correctly or that
other parameters require further finetuning. If the flow-through does not contain sam-
ples but the recovery yields are low then this suggests samples interacted with the filter
membrane in a manner that prevented their eventual elution.
More details on amicon purification and how the parameters can be tuned are presented
in chapter 6 and appendix A.3.

Figure 5.6.: Amicon®Ultra filter system and the process of sample filtration. [141]

PEG purification

PEG purification is another method for separating DNA origami structures from the excess
staple strand and can also be used to concentrate the samples. It is based on precipitating
DNA with the aid of polyethylenglykol (PEG). The structures are subjected to a PEG
precipitation buffer that is the buffer of the structures of interest complemented with up to
20% w/v PEG-8000 as well as sodium chloride. Through centrifugation the structures are
collected in a pellet at the tube bottom whereas the supernatant contains single-stranded
DNA. Analyzing both the pellet and the supernatant can be useful to judge how much
sample material got lost in the supernatant. Recovery yields are usually higher compared
to gel purification. One drawback of this purification method is that final products exhibit
PEG residues from the precipitation protocol.

5.3. Transmission electron microscopy
Compared to conventional light microscopy, transmission electron microscopy (TEM) pro-
vides much higher image resolution with magnifications in the range of 103 to 106. The
key difference is exposing a thin specimen to an electron beam instead of visible light. To
understand the reason for the increased resolution, one needs to go back to the theoretical
work of two scientists that majorly contributed to the field of optics. Right after Einstein
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proposed the wavelike character of electrons, Louis de Broglie was able to come up with
the mathematics to calculate their wavelength using:

λ = }
p

= }
(mv) , (5.12)

with } = 6.626x10−34 being the Planck constant and p, m, and v being the momentum,
mass and velocity of the electron. Assuming electrons are released from a heat source
and accelerated by a difference in the electric potential of around 50 V, the velocity v
and wavelength λ calculates to v ≈ 4.2 · 106 m

s and λ ≈ 0.17 nm. This assumes the
processes are executed in vacuum. This is a drastic decrease in wavelength compared to
visible light spectrum of 300 - 700 nm. [142] The powerful consequences for microscopy
only become clear when looking at Abbe’s formula for the diffraction limit that defines
the maximum resolution. Resolution refers to the minimal possible distance d between
points that still allows them to be individually detectable. According to Abbe this minimal
distance depends on the wavelength λ of light and the aperture NA of the optical lens
used in the microscope. The latter itself depends on the refractive index of the medium
used between specimen and objective and half of the opening angle α. This leads to the
following definition:

d = λ

2n sin(α) = λ

2NA (5.13)

A maximum resolution of 0.3 µm for a wavelength in the middle of the visible light spec-
trum (≈ 500 nm) can be calculated assuming a large aperture lens where sin(α) = 1 and
imaging on air with n = 1. Using the reduced wavelength of electrons for the calculation
of the minimal distance d results in much higher resolution values. [142]
In a TEM, electron are usually emitted from a V-shaped filament through the process of
thermionic emission. A common material used for the filament are tungsten wires that
can be heated up to 2500 K by a direct current before it starts releasing electrons. Based
on the fact that electrons can also be regarded as negatively charged particles they are
thus responsive to electric and magnetic fields. This is exploited to accelerate and focus
the electron beam once subjected to an electric field. Thereby, higher acceleration voltages
can tune the electron wavelengths to even higher resolution. The electron beam is typi-
cally focused via a system of at least three lenses before it penetrates the specimen. As
the name suggests, only electrons that have transmitted through the probe are detected.
Detection is usually done on a CCD camera. [142]

Although TEM ensures a certain level of resolution, image quality by itself is highly
impacted by the way the probe is prepared. In general, samples of interest suspended on a
mesh grid. Thereby, grids of various mesh sizes and coatings are available and have to be
chosen according to the specific needs of the probe. Many biological probes such as DNA
exhibit a low contrast when imaged and require specific staining with heavy metals such
as uranylformate or -acetate. The staining procedure is another factor that can influence
the image quality to a large extent. As TEM is the second main technique used to study
the developed DNA origami architectures, staining procedures have been studied in more
detail and results are presented in chapter 7. Further, appendix A.3 can be consulted for
the specific parameters involved in staining and imaging.
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5.4. Methanol-responsive polymer PCR
Methanol-responsive polymer PCR (MeRPy-PCR) was recently developed by the Shih
laboratory and extends the method of standard polymerase chain reaction (PCR) to gen-
erate high-purity, single-stranded DNA of various lengths and at high yields. Commercial
synthesis of DNA strands larger than 200 bps are typically associated with high costs and
poor purity. [143]

The following explains the working mechanism of classic PCR before MeRPy-PCR will be
explained.
PCR is used to amplify a given DNA sequence of interest that is embedded in a double-
stranded DNA probe. This requires that the sequences of the regions adjacent to the
section of interest are known, as well as the presence of a thermostable polymerase and
sufficient nucleoside triphosphates (dNTPs), the building blocks for the DNA amplifica-
tion. Based on the known flanking regions one designs complementary primers that then
hybridize adjacent to the section of interest. This helps the polymerase find its starting
point for synthesis. The typical length of the primers is between 20-30 nts. A PCR-cycle

Figure 5.7.: First cyle of a standard PCR. Image based on [13]

consists of three main steps (see figure 5.7). First the double-stranded probe is heated to
around 95°C to induce disassembly of the double strand. Second, the probes are cooled
down to around 54°C to allow the primers to hybridize with the 3'-ends of the section of
interest. This implies that the primers do not attach to the same single strand, but due
to the directionality of the strands there is one primer for each individual single strand of
the duplex. This provides the right conditions for the taq-DNA-polymerase to start syn-
thesizing from the primer toward the section of interest. Synthesis proceeds from the 5'-
to 3'-end at around 72°C and does not stop once the section of interest is synthesized but
continues till the ends of the templates. Thus, after the first cycle the sections of interest
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are still incorporated within a longer DNA single strand (see pink and green strands in
figure 5.7). After the second cycle, four double-strands will be generated, two of which
exhibit the shorter sequence of interest hybridized to a longer DNA segment. This process
can be repeated as needed and leads to the exponential amplification of the short, desired
sequence. It is important to note that PCR always amplifies the target sequence but in a
double strand configuration. [13]

For many applications however it is of interest to separate the double-stranded PCR
end-product and instead have two single-stranded DNA sequences ready to use. Minev
et al. addressed this need by MeRPy PCR that manages to isolate the single DNA
strands from PCR duplexes. The key invention of MeRPy-PCR is to incorporate a linear
polyacrylamide-co-acrylate tag into one of the two primers that are subsequently used in
standard PCR (shown in figure 5.8 A). This way the PCR end-product is equipped with
a tag that is responsive toward methanol and allows users to separate the two strands
through precipitation (shown in figure 5.8 B first step). Tagged primers can additionally
include deoxyuridine (dU) which can be used to create an abasic site. This can later be
cleaved and allows the recovery of the reverse strand (see figure5.8 B second step). The
MeRPy-PCR technique takes advantage of robust DNA amplification through standard
PCR that is also applicable to long DNA strands and succeeds in eliminating both single
DNA strands from the PCR duplexes at high yields. [143]

Figure 5.8.: Working principle of MeRPy-PCR. [143]



6. DNA-based platforms for multivalent
interactions

The scaffold in DNA origami folding limits its growth to a certain size and thus to a
finite number of possible functional sites. Hence, for many applications the amount of
interactions possible along a DNA origami surface is too low to induce the desired effects.
This chapter presents three novel design strategies to maximize the surface areas of DNA
origami structures for an increased number of functional sites and to minimize the distance
between them. These three design approaches all come with their own set of challenge
questions and working hypotheses as outlined below. Definite design recommendations
are going to be eliminated and insights are provided to support other researchers in their
design processes.

6.1. Overview of the studied design approaches

Design approach 1: Diagonal-cut arrangement of helices on a
square-lattice for a reduced functional site-distance

The first design approach investigates multi-layer DNA-origami architectures with helices
bundled in a diagonal-cut arrangement on a square-lattice. This arrangement displays the
ends of alternating helices with a 3.4 nm spacing as shown in figure 6.1. Compared to
a 4.8 nm spacing in conventional square-lattice arrangements, the diagonal-cut yields a
reduction of that spacing by 1.3 nm. The above considerations only take helices sharing
the same scaffold directionality (i.e. parity) into account. Scaffold parity and the resulting
functional-site distances are visualized in figure 6.1. The scaffold starts routing through
the structure by going into the plane, jumping to the next adjacent helix and returning
out of the plane as illustrated by the red arrows in figure 6.1 and the grey loops.
Challenge question: Does a deviation from the square-lattice norm result in properly
folded nanostructures?
Working hypothesis: The diagonal arrangement does not impact the helix density and
thus does also not change the charge density imposed by the helices’ backbones. Thus,
it is expected that this kind of helix arrangement is not increasing the repulsion forces
within the design and should lead to properly folded structures.

Design approach 2: Shortened DNA helix depth

The goal of design approach 2 is to minimize the scaffold used per helix to a minimum of
50 bps for the benefit of assembling it into further helices that contribute to a maximiza-
tion of the surface area. The helix density within the arrays is thereby increased which is
desired in the context of surface maximization. However, the short helices and the high
density impose the following design challenges.

59
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Figure 6.1.: A diagonal-cut arrangement of helices on a square-lattice reduces the distance
between functional sites. Thereby, helices that share the same scaffold direction (indicated by
red arrows) are considered as potential functional sites. Arrows pointing in the same direction
refer to shared scaffold directionality. A Conventional arrangement of helices on a square-
lattice yields a distance of 2 ·2R = 4.8 nm with R being the radius of a DNA double helix (1.2
nm). B Diagonal-cut arrangement of helices on a square-lattice exhibit a reduced distance of√

2 · 2R = 3.4 nm between functional sites with R being 1.2 nm.

As such, dense arrays of 50 bps short helices exhibit a high density of staple crossovers that
generates two problems given that they are incorporated every 8 bps to follow the baseline
design rule of the field. First, the short foothold of the staple strand is not able to generate
sufficient binding energy to interact with the scaffold leading to inefficient incorporation of
the staple strand into the middle of the structure. Staple strand incorporation will have a
high risk of failure. Second, the short foothold will cause staples to be also weakly bound
along the edges of the structure rendering the overall complex highly unstable. In general,
one can predict that the densely packed arrangements will not assemble if no measures
are taken to reduce the staple crossover density by replacing them with higher energy
interactions.
Baked into the very foundation of DNA nanotechnology, it is the recommendation to con-
nect two adjacent helices in a DNA origami structure via two crossovers. The reason can
be understood quite intuitively. Helices connected via a single crossover, have a much
higher degree of freedom and result in a much more dynamic construct compared to a
double crossover connection. The latter will result in a much stiffer complex and is thus
regarded crucial to the structural integrity of DNA origami structures. This led to another
baseline design rule in the field according to which a staple crossover should be incorpo-
rated every three helical turns and traverse to the adjacent helix at least 2 x. A helical
depth of only 50 bps makes satisfying this convention difficult. In essence, the challenge
for design approach 2 lies with the question how to reduce the staple crossover density
and whether structures with only one crossover per interface will result in proper folding.
The chapter will present two design innovations to address this challenge. First, a subset
of staple crossovers are replaced with scaffold crossovers which introduces a scaffold seam
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within the structures. Second, mini-scaffold strands (mini-scafs) are introduced that are
around 80 bps long and incorporate mainly along the edges of the structures. This saves
additional staple crossovers and is hypothesized to further stabilize the structures’ out-
line. The design innovations are implemented on diagonal-cut, square-lattices as well as
on honeycomb-lattices.
Challenge questions: Is it possible to reduce the staple crossover density by the sug-
gested design innovations and does a deviation from the established design rule of having
at least two crossovers per helical interface result in proper folding?
Working hypothesis: Global twist inherent to designs on square-lattices is hypothesized
to become more prominent with shorter helices and reducing crossover density might desta-
bilize the structures. This needs to be counterbalanced with specific bp deletion patterns
throughout the whole design, considerate choice of crossover positions and/or potential
adaptation of the aspect ratios. Honeycomb-lattice based designs are predicted to behave
better since the helix arrangement better matches the natural, geometric properties of B-
DNA helices and the staple crossover density is inherently lower compared to square-lattice
designs.

Design approach 3: Square-holey lattices and the combination of
multiple scaffolds for a larger design space

Design approach 3 introduces so called square-holey (SH) lattice architectures as another
strategy to establish a larger design space. SH lattices designs yield multi-layer DNA
origami structures assembled on a conventional square-lattice and are characterized by a
regular pattern of skipping every second helix on the grid. This approach conserves scaf-
fold that can be deployed in a longer helix length. In contrast to design approach 2 where
structures grow exclusively perpendicular to the helical axes, maximization of surface area
in design approach 3 is realized along the helical axis through increased helix lengths and
perpendicular to the helical axis through the addition of further DNA layers. The latter
is realized by the incorporation of a medium sized scaffold ("midi-scaf") that complements
the standard, M13 derived scaffold. Midi-scaffolds are typically in the size range of 3000
bps and are synthesized using the MeRPy-PCR protocol described in chapter 5.
Challenge question: Does the square-holey lattice design strategy result in stable struc-
tures and can multiple scaffolds be combined to result in structures exceeding the size limits
of conventional DNA origami?
Working hypothesis: There will be a balance number between fully occupied DNA lay-
ers and holey layers to result in stable structures and it is predicted that further stabilizing
layers can be added to the main body through the incorporation of midi-scaffold strands.
Overall, the helix density in a square-holey lattice is reduced compared to conventional
square-lattices. Thus global twist phenomena should be much less of a concern compared
to architectures from design approach 2.
The following presents the DNA architectures that have been developed to study the three
individual design approaches described above. A graphical overview on all designs that
are going to be discussed within this chapter is given in figure 6.2.
Two key features have been the focus of the attention to evaluate the feasibility of the
architectures: First, the overall folding yields and related question about experimental
parameters that would maximize the yields and purity of the folding. Yield and purity
of the folded structures are accessed using gel electrophoresis and TEM imaging. Second,
the stability of the structures toward changes in reaction conditions. The tool of choice to
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test the stability has been either amicon or PEG purification. oxDNA simulations have
been additionally used to support decision making in the re-design cycles for the struc-
tures. Finally, it may be pointed out that providing efficient purification protocol is key
when introducing novel DNA architectures, not only to access their stability but also to
generate pure starting material for further applications. Purification of DNA structures
becomes especially challenging, the larger the surfaces are. Not only do these surfaces al-
low multi-site interactions with desired binding partners, but also hold a higher potential
for unspecific interactions among each other. It is thus inevitable to evaluate a potential
tendency of these structures to unspecifically interact with each other and come up with
strategies to avoid this. Only if these questions are addressed, novel design strategies are
a valuable addition to the pool of expertise of the field. Two final comment to the follow-
ing discussions. First, indications on the DNA origami dimensions can only be estimates.
Distances between the helices can vary due to different inter-helical gap measurements
that depend on the helix arrangement, buffer conditions and temperature [144]. In the
following discussions the helical radius (R) is fixed at 1.2 nm.
Second, TEM images were generated following the protocol provided in appendix A.3
unless otherwise stated.

Figure 6.2.: Overview of the designed and evaluated architectures presented within this chapter
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6.2. Design approach 1: Diagonal-cut, square-lattice designs
for a decreased functional-site distance

6.2.1. Design and folding of diagonal-cut architectures

Design features of DC-v0

For design approach 1, structures exhibited a diagonal-cut (DC) helix placement pattern
based on the square-lattice. Figure 6.3 explains how the diagonal-cut arrangement is
implemented. It shows one candidate of the developed DC-v0 structures that consists of
84 helices with a length of 118 bps. Instead of growing the DNA-array into east direction
as is done in conventional square-lattice designs, the helices are added into north-east
direction.
The DC pattern is also reflected in the scaffold routing between the helices. The blue areas
in figure 6.3 B highlight the helices that are connected by scaffold crossovers. Additional,
non-highlighted helices are connected to the main body via staple crossovers. Figure 6.3 C
displays a subsection of the path diagram from cadnano highlighting the scaffold crossovers
(blue) as well as the bp-deletion patterns (red dashed boxes). The latter are crucial for
any design based on square-lattices to counteract the global twist that originates from the
dense packing of helices. Here, two bp-deletions are included at a distance of 53 bps on
each helix.
DNA origami monomers in general can exhibit a tendency to stick to each other due to the
freely exposed and hydrophobic helical ends. This unintended interactions are approached
by including either extruding scaffold loops at the sites of the structures or extruding staple
strands. [64]
Thus the structures do not exhibit blunt ends but single stranded overhangs (black dashed
boxes in figure 6.3 C). This was implemented for all designs presented in this chapter and
are supposed to act as steric brushes to prevent DNA origami monomers from sticking to
each other.
Two versions of DC-v0 have been investigated, a slightly smaller version based on the p7308
scaffold (DC-v0-1) equipped with 18 handles and a larger one based on the p8064 scaffold
(DC-v0-2) and equipped with the maximum amount of 48 possible handles. Handles are
distributed along the edge-helices of shared scaffold parity (see red indications in figure
6.3). The handles consisted of 21 bps with a 2T linker acting as a spacer between the
structure and the handle. It was found that the number of attached handles plays a role
in purification protocols for these structures which is why the experiments presented were
performed with the maximal number of handles attached to detect the effect they have on
folding and purification. The following presents the folding procedure and the key steps
on the way to a proper purification protocol of the structures.

Folding of DC-v0

Folding of DC-v0 follows the protocol provided in the appendix A.3. A final MgCl2
concentration of 10 mM and the 6025-18h temperature ramp was used. The structures
have been analyzed using native AGE gel electrophoresis and TEM imaging. The native
AGE gel analysis shown in figure 6.4 A resulted in sharp product bands for both DC-v0-1
and v0-2. These have been further confirmed with TEM using the standard TEM protocol
described in appendix A.3. TEM images in 6.4 B show overview TEM images as well as
a close-ups of the top and side view of DC-v0-1 and v0-2. Both observed configuration
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match the expectations toward the designed dimensions of the structures.

Figure 6.3.: Design approach 1: Diagonal-cut architectures based on a square-lattice (DC-v0).
A 3D view DC-v0-2 showing the amount and length of the helices. B Top view outlining the
dimensions (left) and the scaffold routing through the helices in blue (right). The scaffold
routes through the middle layer of the structure. The structure offers room for 42 handle
attachments in total (red dots). C Path diagram shows a rolled out view on the helices
highlighting the positions of the scaffold crossovers by arrows. The number next to the arrows
indicates the helix destination. Red crosses indicate bp deletions. The structure is streaked by
a regular pattern of bp deletions. Dashed black boxes indicate the single stranded overhangs
at the edges that are used to reduce the risk of multimerization.

6.2.2. Stability of diagonal-cut architectures

Typically, staple strands are applied to the folding mixture in a 10-20×excess with respect
to the used scaffold concentration to avoid early growth termination. Although for many
applications it is not necessary to purify the structures from the staple strand excess,
there are applications where freely diffusing staple strands especially functional ones such
as handles, could interfere with a proper execution of the designed task. As described in
the introduction, structures presented within this thesis, are developed to realize multi-
valent interaction along their surfaces. Thus it is crucial at this point to provide proper
protocols for purification that eliminate the excess of functional handles. Hence, rather
than focusing on eliminating body staple, the focus lies on removing handles that lend
function to the structure.

Purification of DC-v0 structures turned out to be challenging. It was hypothesized that
the more functional handles extruded from the structures, the stickier the become. This
made especially DC-v0-2 (48 handles) prone to multimerization and aggregation, a char-
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Figure 6.4.: Folding evaluation of diagonal-cut arrangement of helices on a square-lattice. A
2% native AGE gel: (1) 1kb ladder, (2) p7308 scaffold control for DC-v0-1, (3) Raw DC-v0-
1, (4) empty, (5) p8064 scaffold control for DC-v0-2, (6) Raw DC-v0-2. B TEM images of
DC-v0-1 (left) and DC-v0-2 (right) showing different orientations of the structures. Scale bars
TEM (left, right, inset): 50 nm, 200 nm, 50 nm.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 65V for 2h at RT.

acteristic that complicates the search for a proper purification protocol. Investigations
of different purification methods have eliminated filtration through a molecular cut-off
membrane as the one with the highest potential for successful purification.

It is important to point out at this point that the cut-off filter system used within this
work is designed and sold by Merck Millipore. The type of filter system used here is
sold under the name Amicon®Ultra-0.5 mL Centrifugal Filters. The following filtration
procedures using the filter units from Merck Millipore will be referred to as "amicon pu-
rification/filtration".

The following presents the milestone experiments along the route to an efficiently working
purification protocol for the DC-v0 structures. Purification protocols were tested with
the maximum number of functional handles attached to the structures. The following
discussions are based on the standard protocol for amicon purification (see appendix A.3)
and present the findings that resulted from slight parameter adaptions in the standard
procedure.

Tween in dilution buffer reduces multimerization

Figure 6.5 A shows the results for an amicon purification of DC-v0-2 using the standard
protocol. It was found in separate experiments that it is necessary for the DC structures
to repeat the amicon filtration 4 x in order to result in a decent removal of staple strand
excess. After each spin an aliquot has been collected and analyzed on native 2% AGE gels
(see figure 6.5 A and B, lanes (4)-(7)). The smeared background in the product bands
on lane (7) on the gel is an indication for a high degree of impurity. These impurities
can be misfolded structures, freely diffusing DNA strands or multimerized structures.
Additionally, one observes a prominent multimer band when comparing the raw sample
with the amicon purified sample. This effect increased with each performed spin. It is
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important to note that the concentrations of the loaded samples on the gels in figure 6.5
are not normalized to the raw folding control in lane (3) on both gels. 3.3×more amicon
purified product has been loaded on the gels compared to the raw sample control. This
has to be taken into consideration when judging the recovery yields. The gel band of
amicon purified and raw sample are of almost equal intensity. If the sample volumes
would have been normalized one could conclude a 100% recovery yields. However, since
3.3×more amicon purified samples have been loaded this estimate has to be scaled down
to a recovery yield of around 30%. This means that almost 70% of the structures are lost
throughout the purification procedure. In order to identify the origin of the material loss,
the flow through samples that have been collected during amicon purification have been
analyzed. Gel analysis of the flow-through samples did not result in a product band. This
suggested that most of the structures got caught in the filter membranes. This motivated
using TWEEN 20, a common, membrane-detaching reagent used in the lab, to rinse the
membranes of the filter units first before applying the sample. It was hypothesized that
this would decrease the affinity of the structures to stick to the membranes.
It was found that pre-rinsing the amicon filter membrane with TWEEN 20 does avoid
aggregation of the sample in the membrane. It seemed though, that the TWEEN 20
washes out over the course of the four spins and the sample quality decreases in the 3rd
and 4th spin. For this reason, instead of just pre-rinsing the membranes with TWEEN 20,
the dilution buffer was complemented with 0.05% TWEEN 20 so that membranes were
subjected to TWEEN in each spin. This approach showed a drastic increase in the purity
of the product bands as shown by much cleaner product bands in figure 6.5 B in lanes (4)-
(7). Adjusting the MgCl2 in the dilution buffer to a final concentration of 20mM further
improved the purity and performed better compared to lower MgCl2 concentrations.
These findings suggest in general that the structures are quite sensitive toward the dilution
buffer applied and that they can not be treated with the standard amicon purification
protocol. Also MgCl2 seems to have a profound influence on the recovery yields. Despite
resulting in much cleaner product bands when a combined buffer of TWEEN 20 and MgCl2
is applied, the recovery yields are still much lower compared to the standard protocol. Also,
staple strands are removed less efficiently compared to the standard protocol judging by
the staple clouds that reduce much slower for samples treated with TWEEN 20. This
motivated further investigations of parameters that potentially influence the purification
efficacy.

Lower magnesium concentrations in dilution buffers increase recovery yields

The fact that experiments showed that 20mM MgCl2 included in the dilution buffer helped
to reduce the multimerization motivated a systematic investigation of the effect of different
MgCl2 concentrations in the dilution buffers on the recovery yields. MgCl2 concentrations
in dilution buffers have been varied from 6 mM up to 17 mM in steps of 1 mM. Final
MgCl2 concentrations slightly vary due to the fact that the dilution buffers are added to
the samples that themselves are buffered in 10 mMMgCl2. Native AGE gel electrophoresis
was used to detect the impact of the different MgCl2 concentrations on the recovery yields.
ImageJ was used to measure the gel band intensities of teh individual gel bands and plotted
against the respective MgCl2 concentration (see figure 6.6). The complete dataset used
to generate figure 6.6 can be found in appendix B.1. In general, yields decrease with
increasing MgCl2 concentration in dilution buffers. 6 mM MgCl2 resulted in highest
recovery yields close to 30%, while the yields start to collapse at 10 mM MgCl2 with
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Figure 6.5.: Effect of TWEEN 20 and MgCl2 on recovery yields of DC-v0-2 in amicon purifica-
tion evaluated with 2% native AGE gels. Concentrations of loaded samples are not normalized.
Sample amounts in lanes (4)-(7) are 3.3×higher compared to the controls p8064 and the raw
folding samples. A (1) 1 kb ladder, (2) p8064 scaffold control, (3) Raw DC-v0-2, (4)-(7)
Sample aliquots collected after subsequent spins with amicon filters. B Amicon purification of
the same samples but including 0.05% TWEEN 20 and 20mM MgCl2 in the dilution buffer.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 65V for 2h at RT

yield of 17.8% down to only 1.9% for 17mM MgCl2. As a result the standard amicon
protocol was adjusted to use dilution buffers with a reduced MgCl2 concentration of 6
mM. TWEEN 20 was excluded from dilution buffers at the cost of a less pure product but
at much higher yields.

Masking strands

Although it was found that there is an optimal MgCl2 concentration, recovery yields
remained at a low level of around 30%. This was incentive to develop a strategy that
could increase the yields. One approach to do so, was to introduce so called "masking"
strands, strands that could bind to the handles of the DC structures and later be removed
via strand displacement. The hypothesis is that double-stranded handles would render
the structures less accessible for unspecific interactions and less sticky supporting a better
elution from the filter membranes. Masking strands of different lengths (i.e. 19, 22 and
24 bps) covering different subsets of the handle sequences have been tested. Thereby,
masking strands have been added in a 2x excess over the staple strands right after folding
and incubated for 1h at room temperature (RT).
Figure 6.7 shows the result of the native AGE gel analysis. Again, aliquots have been taken
after each spin and analyzed in comparisons to the raw folding sample. The far left of the
gel shows results for samples that have been purified using the updated amicon purification
protocol with 6 mM MgCl2 in the dilution buffer. The monomer bands are populated at
yields that have been typically observed using this protocol. Still there is a decent degree
of multimerization and smeared background that, as presented above, can be treated with
TWEEN 20 for the sacrifice of lower yields. The question was whether masking strands
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Figure 6.6.: Magnesium screening for dilution buffers in amicon purification. 2% native AGE
gels have been used to analyze the effect of different MgCl2 concentrations. Gel band intensities
have been measured and plotted against the respective MgCl2 concentration revealing a distinct
dependency of the recovery yields on the MgCl2 concentration.

can combine both, the desire to have clean product and reasonably high yields. Looking
at the gel in figure 6.7 shows that this approach failed to meet these challenge. The
level of multimerization drastically increased upon addition of the masking strands and
led to aggregation of the structures in the gel pockets. 19mer masking strands thereby
caused almost all monomers to either multimerize or aggregate whereas 22mer and 24mers
did have a slightly less drastic impact. It was not possible at this point to draw a hard
conclusion from this data. Possible reasons for this behavior however could be that either
multimerization is not caused by the stickiness of the handles or that the masking strand
induce some unspecific binding of the structures to each other. Masking the handles does
not lead to the desired output and the approach was thus set aside.

Core strands added back

The previous experiment did not result in an improvement of multimerization. However,
it allows one tentative conclusion that is that the reason for multimerization could not
arise from the stickiness of the handles alone. If that would be the case, masking the
handles would have resulted in less multimers on the gel. This indicates that there are
other reasons why the structures tend to interact with each other. One hypothesis is, that
the harsh reaction conditions of the amicon purification destabilizes the structure in a way
that individual staple strand might leave the assembly and the structures become holey
and exhibit open binding regions for mutual interaction. To evaluate this hypothesis,
100nM of core staple strands - strands that are only incorporated into the main body and
do not carry additional function - have been added to 25uL of DC-v0-1 and v0-2 right
after amicon purification and incubated at 37°C for 1h. The goal was to fill up potential
holes within the structures that might have been created during purification. Adding core
staples after amicon purification further reduced the final MgCl2 concentration which is
why the MgCl2 concentration was first adjusted to 12mM again before core staples were
added. Thereby it was assumed that the samples are at 6mM MgCl2 concentration after
amicon purification.
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Figure 6.7.: 2% native AGE gel showing the impact of handle masking on recovery yields
and purity in amicon purification of DC-v0-2. (1) 1 kb ladder, (2) p8064 scaffold control,
(3) Raw DC-v0-2, (4)-(7) Sample aliquots collected after subsequent spins with amicon filters
using the updated standard protocol. No masking strand applied. (8)-(11) Sample aliquots
collected after subsequent spins with amicon filters using the updated standard protocol, but
with 19mer masking strands, (12)-(15) with 22mer masking strands, (16)-(19) with 24mer
masking strands applied.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 65V for 3h at RT

Figure 6.8 A and B show the gel characterization of this approach for DC-v0-1 and DC-
v0-2, respectively. Comparing the raw folding sample in lane (1) with the amicon purified
version in lane (2) exhibits the usual degree of multimerization and smeared bands. Inter-
estingly, adding back core staple strands to the structures right after amicon purification
drastically improves the purity of the gel product bands and was capable to eliminate
the creation of multimers completely. TEM imaging (see figure 6.8 C) was used to verify
that the observed product bands for core supported structures indeed correspond to the
expected structures. These first indications that adding back core staples strands after
amicon purification is a highly effective measure to protect the structures from multimer-
ization and aggregation raised the question whether the situation gets similarly improved
when including more core staple strands in the folding reaction already. Thus, structures
have been folded at a 20×staple strand excess instead of 10×and the amount of added
core strands was reduced to 50nM for 25uL amicon purified samples. Amicon purification
of structures folded with a 20×staple strand excess and subsequent addition of 50nM core
staples strands resulted in best yields for both the DC-v0-1 and v0-2.
Minimum recovery from amicon purification can be observed for samples folded with a
10×staple strand excess and without subsequent core strand addition. This was again
true for both the DC-v0-1 and v0-2.

6.2.3. Conclusion

Large-scale, high-precision, nanoscale applications require precisely addressable platforms
for multivalent interactions and pure base material. This requirement imposes special de-
mands on the developed DNA nanostructures and explains why it is not only important to
develop new design strategies that work on a proof-of-principle basis but structures that
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Figure 6.8.: 2% native AGE gel to evaluate the effect of added back core strand on recovery
yield and purity in amicon purification of DC-v0-1 and v0-2. A Gel for DC-v0-1 (18 handles):
(1) Raw DC-v0-1, (2) amicon purified DC-v0-1 (A), (3) core supported, amicon purified DC-
v0-1 (A+). B Gel for DC-v0-2 (48 handles): (1) Raw DC-v0-2, (2) amicon purified DC-v0-2
(A), (3) core supported, amicon purified DC-v0-2 (A+). C TEM images of DC-v0-1 (top)
amd DC-v0-2 (bottom), scale bars for the 50nm.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 65V for 3h at RT

are stable and can be purified.

It was possible to develop DNA nanostructures with a close packing of functional sites by
deviating from conventional square-lattice arrangements and establishing a diagonal-cut
arrangement of helices on a square-lattice. This reduced the distance between functional
sites from 4.8 nm to 3.4 nm. The well defined assembly of DC structures confirms the work-
ing hypothesis of design approach 1. Additionally, work has been presented that addressed
the challenge of multimerization and aggregation of the structures during purification. It
was observed that large surface areas are prone to unspecifically interact with each other
once subjected to harsh reaction conditions. This effect increases the more handles are in-
cluded which is why the effect was most pronounced with DC-v0-2 structures that carried
a maximum amount of 42 handles. Amicon filtration has been chosen as the method of
purification. Systematic investigation of reaction parameters, such as the composition of
the dilution buffer and stabilizing the structures with additional core staples resulted in a
proper purification protocol.
In conclusion, amicon purification is able to remove excess interacting, functional handles
from DC structures. It is crucial to use 6 mM MgCl2 in the dilution buffer, to adjust
the MgCl2 concentration to 12 mM after amicon purification and to complement the
structures with 2.5 pmol of core staple strands. It is recommended to fold DC structures
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with a 20×staple strand excess. This way it is only necessary to complement amicon
purified structures with 1.25 pmol core staples strand instead of 2.5 pmol.
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6.3. Design approach 2: Maximized surface areas through
reduced helical depth

Aiming for a maximization of the surface area, design approach 2 investigates whether it is
possible to minimize the assigned scaffold per individual helix to 50 bps in order to provide
more scaffold material for the assembly of further helices. Such a high density of short
helices however, comes with certain design challenges. As described in the introduction of
this chapter, one major challenge that needs to be addressed is the high number of staple
crossovers. Figure 6.9 illustrates the axes along which crossovers need to be established in a
square-lattice (A) versus a honeycomb-lattice design (B). Helix 0 in a square-lattice design
has four surrounding helices to connect to while in a honeycomb-lattice those reduce to
three. This also means that switching to honeycomb designs inherently reduces the amount
of required staple crossovers by a factor of two.
Switching to another lattice however, should not be the only presented solution to reduce
staple crossover density. Different applications require different geometries and spacing
between functional sites. This motivates developing high density arrays and addressing
the challenge of high staple crossover densities, not only on honeycomb-lattices but also
on square-lattices.
One of the design innovations for a reduced staple crossover density is to satisfy two
of the above mentioned axes by scaffold crossover. For square-lattices this means that
staple crossovers only have to address the two residual axes. In case of the honeycomb-
lattice staple crossovers are only established in one direction. Additionally, so called mini-
scaf strands are introduced at the edges of the structures which replace further staple
crossovers.
The short depth of the helices imposes the second design challenge. Contradicting the
baseline rule to have a crossover every three helical turns, there is only room for one
crossover per interface within 50 bp short arrays.

Figure 6.9.: Axes of crossover connections and nearest neighbors in square- vs. honeycomb-
lattices. A On square-lattices each helix has four nearest neighbors and establishes crossovers
in four different directions. B On honeycomb-lattices each helix has three nearest neighbors
and thus only three axes along which crossovers are established. This leads to an inherently
lower crossover density compared to square-lattice architectures.

6.3.1. Design and folding of flat DC-DNA arrays with a high aspect
ratio

Design features of DC-v1-1

Design approach 2 was implemented for DC-v1-1 shown in figure 6.10. The previous design
DC-v0 was used as starting point. By shortening the helix length from 118 bps to 50 bps,
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scaffold becomes available to fold into 60 more helices for DC-v1-1 compared to DC-v0.
The additional helices have been added in a third layer resulting in a 24×3 array (see figure
6.10 A). Figure 6.10 B includes a top view of the array showing the expected dimensions
as well as a close-up of a subsection of the array on the far right with the scaffold routing
highlighted blue and the staple routing highlighted pink. The whole array is divided
into scaffold domains (gray) meaning that helices within gray domains are exclusively
connected via scaffold crossovers. Staple crossovers connect between the domains. A 12
nt flexible scaffold linker additionally connects between gray and white domains. The path
diagram in figure 6.10 C shows that DC-v1-1 exhibits two scaffold crossovers per interface
but only one staple crossover per interface. This is not to confuse with the fact that all
four crossover directions of the square-lattice are addressed. Demonstrated with helix 2
in 6.10 C one can see that the scaffold traverses via a double crossover to helix 2 and
3, while staples traverse via a single crossover to helix 7 and 9. This pattern is repeated
throughout the whole structure. Crossovers are highlighted by arrows, the number next to
the arrows indicates the targeted helix. Due to the short helix length, the deletion pattern
from DC-v0 reduced to only one bp deletion per helix in DC-v1 indicated as cross in the
red, dashed box.

Folding of DC-v1-1

DC-v1-1 is based on the p8064 scaffold. Figure 6.11 summarizes the data on initial folding
experiments. 6.11 A shows a 2% native AGE gel that was used to analyze the optimal
MgCl2 concentration for the folding reaction and to compare two folding ramps 6025-18h
and 5040-18h. From the gel one can conclude that a MgCl2 concentration of 10 mM results
in best folding judging from a clean, monomeric product band. Any MgCl2 concentration
above that results in aggregated material indicated by the black bands in the gel pockets.
The gel does not depict a difference between the folding ramps. Both ramps yield similarly
clean products. Overall, the product bands appear sharp and distinct which are indications
for a proper folding of the structure. oxDNA simulations of the structures have predicted
a pronounced, global, right-handed twist as shown in figure 6.11 C (i). TEM imaging
confirmed these predictions as DC-v1-1 structures looked highly twisted on TEM grids
and, also predicted by simulations, exhibit partially dissolved ends (figure 6.11 B and C
(ii), (iii)). It is important to note, that oxDNA might not result in a correct prediction for
the 12 nt flexible scaffold linker that also might have impact on the structures’ twisting
behavior. Thus the oxDNA predictions for these structures have to be interpreted carefully
and can only serve as a rough guidance for design decisions.
In general, the experiments allow the conclusion that twist inherent to square-lattice de-
signs seems to become even more pronounced when helices are shortened to 50 bps. Sub-
sequent efforts focused on the evaluation of design changes to counteract the global twist
and are going to be described in the following subsection.

6.3.2. Redesign cycle of high aspect ratio-arrays for less supertwisting

The path diagrams in figure 6.12 shows how the crossover positions have changed in DC-
v1-2 compared to the previous design DC-v1-1. The overall crossover density is kept
constant but half of the total amount of crossovers are swapped to result in an alternating
offset. For explanatory purposes this is demonstrated for helix 2 in figure 6.12. Instead of
having the staple crossing over to helix 7 and then helix 9 as in DC-v1-1, staple crossovers
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Figure 6.10.: Design approach 2: Helices shortened to 50 bps in a 24×3 array (DC-v1-1).
A 3D view DC-v1-1 showing the amount and length of the helices. B Top view outlining
the dimensions (left), scaffold and staple routing through the helices in blue and pink (right).
The design is divided into gray and white domains. The far right close-up of the helices
shows that scaffold crossovers (blue) connect within gray domains, staple crossovers (pink)
connect between domains. Additionally, a 12 nt flexible scaffold linker connects between
domains. C Path diagram highlighting the scaffold and staple crossovers with blue and pink
arrows, respectively. Numbers next to the arrows indicate the helix targeted by the respective
crossover. Demonstrated for helix 2, there are two scaffold crossovers for each of the interfacing
helices 1 and 3 and only one staple crossover for the interfacing helices 7 and 9. This pattern
is repeated throughout the whole structure.

in DC-v1-2 first jump to helix 9 and then to 7. Also the bp deletion pattern is slightly
changed. Bp deletions are placed with an offset of 12 bps on each helix (see red, dashed
boxes).

Folding of DC-v1-2

As all DC-v1 designs, DC-v1-2 is also based on the p8064 scaffold. Figure 6.13 shows
a 2% native AGE gel analyzing the magnesium screening that has been again tested for
two folding ramps, 6025-18h and 5040-18h. The same screening has been included for
DC-v1-1 on the far left on the gel to have a direct comparison between both designs.
MgCl2 concentrations were varied from 10 mM to 16 mM in steps of 2 mM. In general,
DC-v1-2 exhibits a higher level of multimerization as indicated by higher-order bands on
the gel that get more pronounce with increasing MgCl2 concentrations. The monomer
gel bands for DC-v1-2 are also slightly broader compared to the 6025-18h gel bands in
lanes (3)-(6) for DC-v1-1. A broader gel band could be an indication for a larger variety of
partially folded structures. Overall, gel bands seem to be slightly broader for the 5040-18h
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Figure 6.11.: Folding evaluation of DC-v1-1. A 2% native AGE gel for the analysis of a MgCl2
screening from 10 mM to 16 mM final concentration tested for the two folding ramps 6025-18h
and 5040-18h. (1) p8064 scaffold control, (2)-(5) DC-v1-1 folded with the 6025-18h ramp at
increasing MgCl2 concentrations starting from 10mM (2) up to 16 mM (5) in steps of 2mM.
(6)-(9) DC-v1-1 folded with the 5040-18h ramp at increasing MgCl2 concentrations starting
from 10mM (6) up to 16 mM (9) in steps of 2mM; B Overview TEM image of DC-v1-1. Scale
bar at 100 nm; C (i) oxDNA simulation of DC-v1-1 showing pronounced, right-handed twist
(Data courtesy: Dr. Erik Benson); (ii), (iii) Close-up TEM images of DC-v1-1. Scale bars at
100 nm. TEM images show gel purified DC-v1-1 folded at 12mM MgCl2 with 5040-18h.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 60V for 4h at RT

ramp for both designs that suggests a tentative preference for the 6025-18h in both cases.
Figure 6.13 B (i) is an oxDNA simulation of DC-v1-2 and predicts significantly less twisted
structures compared to the predictions given on DC-v1-1 above. Figure 6.13 B (ii)-(iv)
provides some representative TEM images of the DC-v1-2. In (iii) one can see a close-up
TEM image of structures that seem to be much less twisted compared to the previous
design. However, a second population of structures that looked very different (see (iv))
was observed. Those exhibited a "horseshoe"-like outline. At this point it is not clear
whether this is a matter of how the structures are landing on the TEM grid or whether
we observed topologically different structures. Further investigations revealed that these
"horseshoe" structures also appear for DC-v1-1 but are much more populated for DC-v1-2.
Overall, swapping half of the crossover positions helped to drastically reduce the supertwist
and results in a straighter structural outline. However, the fact that there are structures
that tend to bend into "horseshoe" like configurations motivates to further investigate a
way to render the structures even straighter.

Folding of DC-v1-3

To further reduce the twist observed for the previous DC-v1 candidates, DC-v1-3 ex-
plores whether an increased staple crossover density for a higher structural stability. The
crossover density was increased to an average of 1.7 staple crossovers per interface. This
means that some helices connect to their neighbors via two staple crossovers instead of
one. Additionally, the average staple strand length is increased compared to the previous
designs. The increased crossover density reduces supertwisting in the oxDNA simulation
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Figure 6.12.: Swapping crossover position for less supertwisting (DC-v1-2). A Cadnano path
diagram of DC-v1-1 highlighting the staple crossover positions (pink) and their respective helix
destination. Bp deletions are marked in red, dashed boxes. B Cadnano path diagram for DC-
v1-2 showing how the crossover positions are swapped. Instead of crossing over to helix 7, the
first staple crosses over to helix 9. This swapping has been performed for half of the crossovers
of the structures as a measure to counteract the global twist.

shown in figure 6.14 B (i). Most intense gel product bands have been observed for 16 mM
final MgCl2 concentration for both temperature ramps (see figure 6.14 A). Samples folded
with the 5040-18h ramp however, resulted in broader gel bands for the higher magnesium
range and suggest that the 6025-18h ramp might be a better fit for this design. Despite
promising product bands on the gel, TEM imaging revealed that the structures did not
fold into the desired geometries. Misfolded structures and aggregated material has mainly
been observed on the TEM grids (figure 6.14). Approaches to fold structures at even
higher MgCl2 concentration and with an extended ramp over the course of three days did
not improve the folding of DC-v1-3 structures. The experiments performed for DC-v1-3
allow to conclude that an increased crossover density seems to deeply impact the stability
of the structures and is thus not a suitable measure to reduce supertwisting.

6.3.3. Conclusion

Studies on design approach 2 have shown that in general it is possible to reduce the
helix length of DNA origami structures to a minimum of 50 bps and still result in folded
structures despite having only one staple crossover per interface. The working hypothesis
that global twist that is inherent to square-lattice designs will be even more pronounced
for these designs is something that has been indeed observed. As study platforms for new
design rules, DC-v1 structures exhibited a global, right handed twist that can be slightly
decreased by swapping half of the existing staple crossover positions in the design and by
introducing a 12 bps offset of bp deletions. Increasing the staple crossover density does
not - as initially hypothesized - support the stability of the structures or counteract the
global twist, but sabotages the folding completely.

6.3.4. Design and experimental evaluation of flat DC-DNA arrays with
a low aspect ratio

The second part of the design approach 2-working hypothesis stated above was that global
twist could be balanced by adjusting the aspect ratio of the structures. It was of interest
to find out whether global twisting across lower aspect ratios would be reduced compared
to higher aspect ratios. This motivated the development of DC-v2 structures.
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Figure 6.13.: Folding evaluation of DC-v1-2. A 2% native AGE gel for the analysis of a MgCl2
screening from 10 mM to 16 mM final concentration tested for the two folding ramp 6025-18h
and 5040-18h. (1) 1kb ladder, (2) p8064 scaffold control, (3)-(6) DC-v1-1 folded with the
6025-18h ramp at increasing MgCl2 concentrations starting from 10 mM (3) ranging up to 16
mM (6) in steps of 2mM. (7)-(10) DC-v1-1 folded with the 5040-18h ramp at increasing MgCl2
concentrations starting from 10mM (7) ranging up to 16 mM (10) in steps of 2mM, (11)-(14)
DC-v1-2 folded with the 6025-18h ramp at increasing MgCl2 concentrations, (15)-(18) DC-
v1-2 folded with the 5040-18h ramp at increasing MgCl2 concentrations (Data courtesy: Dr.
Bhavik Nathwani). B (i) oxDNA simulation of DC-v1-2 predicting a drastic decrease in twist
(Data courtesy: Dr. Erik Benson). (ii) and (iii) Close-up TEM images of DC-v1-2 folded at
12mM MgCl2 with 5040-18h. Scale bars indicate 50 nm.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, SYBR safe 0.5 µg/mL, 60V for 4h at RT

Design features of DC-v2-1 and DC-v2-2

As for DC-v1 structures, DC-v2 also consists of 144 helices that are 50 bps short and
arranged on a diagonal-cut square-lattice. The main difference is, that instead of a 24×3
array, helices will assemble in a 12×6 array. DC-v2 thus exhibits a lower aspect ratio
compared to the previously discussed DC-v1 structures.

Figure 6.15 A provides a 3D model of DC-v2. The top view in figure 6.15 B outlines
the expected dimensions of DC-v2 as well as the scaffold and staple routing through the
domains. The design features are equal to those already introduced for DC-v1. Two
scaffold crossovers per interface connect helices within the gray domain, while one staple
crossover connects helices between gray and white domains.

It has been shown for DC-v1-2 that swapping half of the crossover positions is an efficient
way to reduce supertwisting. This design lesson was directly implemented for DC-v2 struc-
tures as well. DC-v2-2, a second DC-v2 candidate, exhibits half of the staple crossovers
shifted by 10.5 bps to the left and right (see figure 6.15 C on the right). Also following
the design strategies of DC-v1-2, an offset in the bp deletion pattern was incorporated for
DC-v2-2 structures indicated in the dashed, red boxes aiming to reduce the strain of the
structures.
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Figure 6.14.: Folding evaluation of DC-v1-3. A 2% native AGE gel for the analysis of a MgCl2
screening from 10 mM to 16 mM final concentration tested for the two folding ramp 6025-18h
and 5040-18h. (1) 1kb ladder, (2) p8064 scaffold control, (3)-(6) DC-v1-3 folded with the
6025-18h ramp at increasing MgCl2 concentrations starting from 10 mM (3) ranging up to 16
mM (6) in steps of 2mM. (7)-(10) DC-v1-3 folded with the 5040-18h ramp at increasing MgCl2
concentrations starting from 10mM (7) ranging up to 16 mM (10) in steps of 2mM (Data
courtesy: Dr. Bhavik Nathwani); B (i) oxDNA simulation of DC-v1-2 predicting a drastic
decrease in twist (Data courtesy: Dr. Erik Benson). (ii) Overview TEM image of DC-v1-3
folded at 16mM MgCl2 with 5040-18h. Scale bar at 100 nm. (iii) Close-up TEM images of
DC-v1-3 folded at 16mM MgCl2 with 6025-18h. Scale bar at 50 nm.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, SYBR safe 0.5 µg/mL, 60V for 4h at RT

Folding of DC-v2-1 and DC-v2-2

Figure 6.16 A shows the results for DC-v2-1 and v2-2 folded at a 12mM final MgCl2
concentration and with the 5040-18h ramp. The folding parameters have been eliminated
in prior standard experiments that included a magnesium screening and the comparison
of different temperature ramps. Further experimental data for DC-v2-1 and DC-v2-2 are
shown in figure 6.16 B and C, respectively.
The design process for DC-v2-2 was supported by oxDNA simulations that predicted a
decent decrease of the global twist for DC-v2-2 structures. Screenshots taken from the
oxDNA simulations for DC-v2-1 and DC-v2-2 in figure 6.16 B (i) and C (i) show a bottom
(left) and front view (right) of the structures. DC-v2-1 exhibits a pronounced right-
handed twist across the whole array. This is particularly visible looking at the front view
where instead of having all helices aligned within one plane, one observes the back helices
being tilted to the right compared to the front helices. It is remarkable how this global
twist reduces for DC-v2-2 where the simulated front view of the structure is an almost
perfect square meaning that all helices have the same orientation within the array. Gel
electrophoresis can inform about the homogeneity of the sample and give indications of
the overall structural stability. However, it is not possible to extract information about
the twisting behavior of the structures from the gel. Thus, TEM images are included in
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Figure 6.15.: Design approach 2: Lowering the aspect ratio for less supertwisting (DC-v2).A
3D view DC-v2 showing the amount and length of the helices. B Top view outlining the
dimensions (left), scaffold and staple routing through the helices (right). It is divided into gray
and white domains. The far right close-up of the helices shows that scaffold crossovers (blue)
connect within domains, staple crossovers (pink) connect between domains. Additionally, a 12
nt flexible scaffold linker connects between domains. C Path diagram for DC-v2-1 on the left
and DC-v2-2 on the right. Staple crossover positions for DC-v2-2 are shifted by 10.5 bps. For
DC-v2-2 structures an offset in the bp deletion pattern (red, dashed boxes) is incorporated.

figure 6.16 B (ii) and C (ii).
Analyzing a larger amount of TEM images for DC-v2-1 and DC-v2-2 revealed that DC-
v2-1 exhibits a higher population of misfolded or bent structures compared to DC-v2-2.
Some examples of bent DC-v2-1 structures are shown in the close-up images in 6.16 B
(iii). DC-v2-1 tends to kink close to its middle axis (indicated by the red arrow). This
is something that has been observed less frequently for DC-v2-2 structures. Overall, DC-
v2-2 structures seem to result in slightly straighter structures (see 6.16C (iii)) and appear
less flexible on TEM images. The analysis of TEM images concerning the global twist of
the structures is only an empirical one. So far, these TEM images serve as first indications
that DC-v2-2 seems to be less twisted as predicted by the simulations. However, further
investigations using a visualization technique that allows more insight into the twisting
behavior of the structures will be necessary to draw a definite conclusion. Such a technique
could be Cryo-EM imaging.

Purification of DC-v2-1 and DC-v2-2

New architectures are only of interest for further applications if they can maintain their
structural integrity over time while subjected to purification procedures. Purification of
the structures acts as an indirect tool to test the structures’ stability. PEG purification
was the method chosen for DC-v2 structures. For explanatory purposes, the following
discussion on purification is split into two parts individually dealing with DC-v2-1 and
v2-2.
Figure 6.17 is dedicated to DC-v2-1. A shows a 2% native AGE gel comparing the raw
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Figure 6.16.: Experimental data on DC-v2-1 and v2-2 folding. A 2% native AGE gel for the
analysis of DC-v2-1 and v2-2 folding at 12 mM final MgCl2 concentration and the 5040-18h
ramp. (1) 1kb ladder, (2) p8064 scaffold control, (3) DC-v2-1 raw product, (4) DC-v2-2 raw
product. B Screenshots were taken from oxDNA simulations and TEM analysis of DC-v2-1. (i)
Simulated bottom (left) and front (right) view (Data coutesy: Dr. Erik Benson), (ii) Overview
TEM image with scale bar at 100 nm, (iii) Close-up TEM image with scale bar at 50 nm. Red
arrow pointing to the position at which DC-v2-1 structures tend to bend. C Screenshots were
taken from oxDNA simulations and TEM analysis of DC-v2-2. (i) Simulated bottom (left) and
front (right) view (Data courtesy: Dr. Erik Benson), (ii) Overview TEM image with scale bar
at 100 nm, (iii) Close-up TEM image with scale bar at 50 nm (Data courtesy: Dr. Bhavik
Nathwani)
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 65V for 2.5 h at RT

folding sample in lane (3) with a sample that has been PEG purified using the standard
protocol listed in appendix A.3. The gel confirms that the excess staple strands have been
properly removed however the recovery yield is very low. This motivated the search for
the optimal parameters for the PEG precipitation of DC-v2 structures that would result
in high and pure yields. Thereby it has been found that the structures are highly sensitive
toward the final magnesium concentration used in the PEG ppt buffer. Best results have
been obtained when the final MgCl2 concentration have been matched with the MgCl2
used for folding which has been 12mM in this case. Lower or higher MgCl2 concentrations
led to a decent and up to a complete loss of structures in the supernatant.
Strategies such as titrating the percentage of PEG 8000 in the PEG precipitation (ppt)
buffer or diluting the samples before being applied to the PEG buffer neither improved
the recovery yield. Yields increased when PEG ppt buffers have been prepared fresh right
before usage. Also it was found to impact the recovery yields when the MgCl2 was added
to the PEG ppt buffer first, followed by the addition of another equal amount of ppt buffer
to balance the added magnesium. Only after that, the folding solution was added to the
ppt buffer. Recovery yields were also found to be sensitive toward the sample volumes.
For the refined protocol, the sample volumes that have been precipitated were fixed at
200 µL Mixing and equilibration time impacted the outcome as well. More details on the
standard and refined PEG purification protocols are listed in appendix A.3.
Judged by the gel band intensity, figure 6.17 shows a pronounced increase in recovery yield
for samples treated with the refined protocol. Image J analysis of the gel band intensities
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in figure 6.17 B indicated a 53% recovery yield. However, samples that have been PEG
purified using the refined protocol seem to be unstable over time. Lane (4) in figure 6.17
C contains the same sample as in lane (4) in B but having rested at 4°C over a week.
One observes a high level of multimerization and aggregation for the rested sample which
indicates a instability of the structures. Another reason subsequently hypothesized for the

Figure 6.17.: Experimental evaluation of approaches to enhance the stability of DC-v2-1
structures toward PEG purification. 2% native AGE gels to analyze recovery yields of DC-v2-1
structures in different PEG ppt protocols, (1) 1kb ladder, (2) p8064 scaffold control, (3) raw
DC-v2-1 folding sample. A (4) DC-v2-1 purified using the standard PEG ppt protocol. B (4)
DC-v2-1 purified using a refined PEG ppt protocol. C (4) DC-v2-1 has have been purified
with the refined PEG ppt protocol but analyzed after one week at 4°C, (5) DC-v2-1 purified
with the refined PEG ppt protocol but purified right after folding. D (4) DC-v2-1 with 56 bps
mini-scafs and purified with refined PEG ppt protocol, (6) DC-v2-2 with 96 bps mini-scafs and
purified with refined PEG ppt protocol.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 65V for 2.5 h at RT

instability was that the folding of the structures might not have gone to completion and
that some staples have not been incorporated quite yet. This could be one explanation for
the observed instability of PEG purified samples. The hypothesis was validated twofold.
First, it was tested whether some amount of equilibration time after folding could render
the structures more tolerant toward purification. This would imply that freshly folded
structures generally result in lower or less pure recovery yields.
The last lane in figure 6.17 C shows the results testing this hypothesis. PEG purified,
fresh DC-v2-1 structures result in lower and less pure yields compared to "aged" DC-v2-1
that have had some time to equilibrate after folding shown in lane (4) in 6.17 B.
These experiments conclude that there is a rather small time window in which the struc-
tures have completely settled for their equilibrium after folding and purified structures
start to multimerize.
The second approach to evaluate the above-stated hypothesis, was to fold DC-v2-1 and v2-
2 structures over a longer folding ramp of 66h and investigate whether this affects recovery
yields in PEG purification. The results for this experiment, however, did not show any
indication that longer folding ramps would make the structures more stable. The samples
have been run on 2% native AGE gels right next to PEG purified samples that have
been folded using the standard 18h folding ramp. Gels can be found in the appendix
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B.3. Another idea tested to support the stability of the structures toward purification
was to include longer mini-scaf strands along the structures’ edges. Lane (4) and lane
(6) in figure 6.17 D contain PEG purified structures with either short (56 bps) or long
(96 bps) mini-scaf strand, respectively. The same multimer bands show as in previous
gels indicating that the length of mini-scaf strands does not influence the stability of the
structures. Also, PAGE purification of the mini-scaf strand prior to use in folding did not
improve the stability of the structures in PEG precipitation.
The same experiments have been performed for DC-v2-2 and are shown in 6.18. The
trends are almost the same, but much more pronounced. Unlike with DC-v2-1, refined
PEG purification protocols did not result in better yields. Also, DC-v2-2 seem to be
unstable over time and different lengths of mini-scaf strands did not benefit the stability
of the DC-v2-2 structures.

Figure 6.18.: Experimental evaluation of approaches to enhance the stability of DC-v2-2
structures toward PEG purification. 2% native AGE gels to analyze recovery yields of DC-v2-2
structures in different PEG ppt protocols, (1) raw DC-v2-2 folding sample. A(2) DC-v2-2
purified using the standard PEG ppt protocol. B (2) DC-v2-2 purified using a refined PEG
ppt protocol. C (2) DC-v2-2 that has been purified with the refined PEG ppt protocol but
again analyzed after one week at 4C, (3) DC-v2-2 purified with the refined PEG ppt protocol
but purified right after folding. D (left) (2) DC-v2-1 with 56 bps mini-scafs and purified with
refined PEG ppt protocol, (right) (2) DC-v2-2 with 96 bps mini-scafs and purified with refined
PEG ppt protocol. General note: Only a subset of the gels is shown for a better overview of
the key samples. Appendix B.4 and B.5 provides the whole data set.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 65V for 2.5 h at RT

6.3.5. Conclusion

Studies on DC-v2 structures confirmed the initially proposed hypothesis that global twists
across shallow arrays of densely packed helices can be reduced by a reduction of the as-
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pect ratio. Compared to 24×3 arrays (DC-v1 structures) that lead to highly supertwisted
structures, 12×6 arrays (DC-v2 structures) exhibited a drastic decrease in global twists
both in simulation and experimentally observed on TEM images. This is going to be fur-
ther validated through higher resolution visualization techniques in the future. However,
the data presented allows us to say that the twist decrease can presumably be attributed
to a higher moment of torsional inertia that results from a smaller aspect ratio. Recov-
ery yields in PEG precipitation were low for the standard protocol but can be increased
through delicate changes in the purification procedure and the preparation of fresh PEG
buffer. Despite an improvement of the recovery yield, the fact that the structures re-
spond so sensitively to changes in the purification protocol is concerning. Purified DC-v2
structures also revealed an instability as they start to multimerize with time. Despite
fine-tuning of the purification protocols and slight adaptations of the design, structures
remained unstable.
Motivated by these results, a new re-design cycle was initiated aiming for more stable
structures. The lesson learnt from studies on DC-v2 structures that lower aspect ratios
are indeed a valid strategy to reduce global twists was thereby taken into consideration.

6.3.6. Design and folding of square-shaped DC-DNA arrays

Design features of DC-v3

Now that strategies have been found to reduce the internal twist of shallow structures,
the challenge addressed in this design cycle was to find suitable design features that could
stabilize these structures and render them tolerant toward purification. This is approached
by going back to the baseline rule of having two staple crossover positions per interface,
by an even lower aspect ratio compared to the previously discussed DC-v2 architectures
as well as by a slight increase of the helical depths.
DC-v3 structures are square-shaped, 9×9 arrays and consist of 200 helices as illustrated in
figure 6.19 A. Hence they exhibit a 38% larger surface area compared to DC-v2 structures.
Within the DC-v3 category, two design strategies have been evaluated. The scaffold
routing thereby remained the same as well as the bp deletion pattern. However, they
differ in staple crossover patterns, scaffold length, and helix depth.
DC-v3-1 is 50 bps short and relies on the p8064 scaffold that is not completely used up
for the main body of the structure. The residual 595 nt of the p8604 scaffold are thus
designed to fold into a six-helix bundle that is 33 nm long.
DC-v3-1 uses both of the two possible crossover directions. To understand the cross-
sectional view in 6.19 B should be consulted. As an example, helix 2 has two remaining
axes for staple crossovers pointing to helix 21 and helix 23. The main characteristic of
DC-v3-1 is that it crosses over both helices via two staple crossovers per interface. This
is highlighted for helix 2 in the path diagram in figure 6.19 C. As a consequence, DC-v3-1
exhibit four staple crossovers per interface. DC-v3-2, on the other hand, only uses one
of the two possible directions for staple crossovers and relies on the larger scaffold p8634.
Figure 6.19 B shows which one is used by the non-opaque, pink connections. In the case of
helix 2, staples only crossover to helix 23 via two crossover positions. This is hypothesized
to lead to a slight deviation from the square-shaped outline. The fact that DC-v3-2 only
uses three axes for crossovers turns it into an intermediate architecture between a square-
and honeycomb-lattice.
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Figure 6.19.: Re-design cycle of DC-v2 for higher stability: Design features of DC-v3. A 3D
model of DC-v3-1 and v3-2. Both are 9x9 arrays consisting of 200 helices. DC-v3-1 is 50 bps
short, DC-v3-2 is 55 bps short. B Top view of the sqaure-shaped architecture. Close-up view
on a subset of the structure showing the scaffold and staple pattern. Two of the four possible
crossover axes are occupied by scaffold crossovers (blue routing in gray domain). DC-v3-1 is
using both remaining axes for staple crossovers while DC-v3-2 is only using one axis (non-
opaque, pink). C Subset of the path diagram for DC-v3-1 (left) and DC-v3-2 (right) showing
four crossover positions for DC-v3-1 (two per possible direction) and two crossover positions
for DC-v3-2 (two for only one possible direction). Bp deletion pattern is unchanged and no
offset is incorporated.

Folding of DC-v3-1 and DC-v3-2

Figure 6.20 displays the result of a magnesium screening and TEM analysis for the DC-v3-
1 architecture. Folding was performed at different final MgCl2 concentrations ranging from
6 mM to 18 mM and using the two folding ramps 5040-18h and 6025-18h. The different
folding conditions were analyzed and compared on a 2% native AGE gel. A sharp and
intense monomer band is typically an indication for successful folding at high yields. Gel
band intensities dropped for both temperature ramps at MgCl2 concentrations of 14 mM
to 18 mM. The product bands for the 6025-18h ramp overall exhibited a decent gel shift
which usually is an indication of incomplete folding. The p8064 scaffold control in lane (2)
displays higher order bands that most likely originate from a pipetting error that caused
some material of the 1kb ladder in lane (1) to leak to the second gel pocket. DC-v3-1 is
a good example to show how important it is to consult a second technique for verification
such as TEM imaging. Although the folding of DC-v3-1 resulted in sharp gel bands, TEM
imaging of the 10 mM MgCl2 sample for both ramps revealed that those gel bands did
not correspond to properly folded structures. Instead one observes lumps of aggregated
material. This is evidence enough to conclude that the DC-v3-1 design strategy does not
assemble into well-behaved structures. Thus DS-v3-1 was set aside and studies continued
with the DC-v3-2 architecture.
Figure 6.21 summarizes experimental data on the folding of DC-v3-2. As before, a 2% na-
tive AGE gel was used to analyze a magnesium screening and to compare the performance
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Figure 6.20.: Experimental data on DC-v3-1 folding. A 2% native AGE gel analysis of the
MgCl2 screening for DC-v3-1.MgCl2 concentrations range from 6 mM to 18 mM in steps of 2
mM. (1) 1 kb ladder, (2) p8064 scaffold control, (3)-(9) DC-v3-1 folding using the 5040-18h
temperature ramp and at increasing MgCl2 concentrations ranging from 6 mM to 18 mM
in steps of 2 mM, (10)-(16) DC-v3-1 folding using the 5040-18h temperature ramp and at
increasing MgCl2 concentrations ranging from 6 mM to 18 mM in steps of 2 mM. B TEM
imaging of DC-v3-1 folded with 5040-18h at 10 mM MgCl2 concentration (top), TEM imaging
of DC-v3-1 folded with 6025-18h at 10 mM MgCl2 concentration (bottom); scale bars at 100
nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h 20min cooled in ice bath

of the two folding ramps 5040-18h and 6025-18h. Two controls of DC-v3-1 were included
to have a direct comparison between the two designs. The gel ran a day after the one for
DC-v3-1. The fact that the gel band intensity of DC-v3-1 controls on this gel dropped
remarkably, shows again that the structures are not well-behaved and probably keep on
dissolving or forming higher-order complexes. The gel bands for DC-v3-2 are quite diffused
for all conditions tested except for the 6025-18h ramp at MgCl2concentrations of 14 mM
and 16 mM (red arrows). Here, one observes gel bands that are of low intensity, however
quite sharp. Figure 6.21 B shows TEM images of DC-v3-2 folded at 14 mM final MgCl2
concentration and over the course of 66h. The particles exhibit the expected outline, how-
ever they appear more diamond-shaped than square-shaped. This effect is attributed to
using only one of the two possible crossover directions that might cause strain along the
unoccupied crossover axis. However, the effect does not conflict with the design goals and
can thus be left uncorrected.

Purification of DC-v3-2

The stability of the structures has been again accessed via PEG purification. Section 6.3.4
presented a refined PEG purification protocol with conditions that are more suited for the
square-lattice structures in question. Thus, the following experiments are based on the
refined protocol. Details can be found in appendix A.3 Testing longer folding ramps like
66h was motivated fourfold. First, the low folding yields observed on the gel in 6.21 A were
thought to be improved by 66h folding. Second, it was interesting to investigate whether
one could spot a difference in the purification recovery yield. Since it has been found in
studies on DC-v2 structures that higher recovery yields do not necessarily correlate with
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Figure 6.21.: Experimental data on DC-v3-2 folding. A 2% native AGE gel analysis of the
MgCl2 screening for DC-v3-2. (1) 1 kb ladder, (2) p8064 scaffold control, (3) Raw folding of
DC-v3-1 at 10 mM MgCl2 using the 5040-18h temperature ramp, (4) Raw folding of DC-v3-1
at 10 mM MgCl2 using the 6025-18h temperature ramp, (5)-(11) DC-v3-2 folded with the
5040-18h temperature ramp and at increasing MgCl2 concentrations ranging from 6 mM to
18 mM in steps of 2 mM, (12)-(18) DC-v3-2 folded with the 6025-18h temperature ramp and
at increasing MgCl2 concentrations ranging from 6 mM to 18 mM in steps of 2 mM. B TEM
imaging of DC-v3-2 folded at 14 mM MgCl2 with the 6025-66h folding ramp. Illustrated top
view in the upper left corner. Overview image (top) with scale bar at 100 nm and close-up
image (bottom) with scale bar at 50 nm. Comparison of the TEM results with the illustration
shows the expected deviation of the observed particles from the square-shaped outline due to
the crossovers that are only going in one direction.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2.5h cooled in ice bath

the long-term stability of the DC structures it was a third question whether the DC-v3
structures gain higher stability toward PEG purification when folded over longer time
scales and fourth whether this stability is time-sensitive. Results of the PEG purification
for DC-v3-2 have been analyzed on a 2% native AGE gel shown in figure 6.22. The gel
pieces shown originate from two large gel that have been cut for a better presentation of
the key findings. For the complete data set, the reader is forwarded to the appendix B.6.
The gel band intensities for the raw samples in lanes (3) and (5) are equally low meaning
that with respect to folding yields there is not detectable difference between 18h and 66h
folding ramps. However, the gel does show a higher recovery yield for DC-v3-2 structures
that have been folded over the course of 66h. The monomer band for the PEG purified
sample in lane (4) is less intense compared to the monomer band in lane (6). Both
PEG purified samples however, do show slight multimerization and aggregation in the
gel pockets whereby the trend was more pronounced for 66h folded samples. The main
improvement of this design approach compared to earlier described architectures is that
this multimerization does not increase over time as indicated by the last four lanes in 6.22.
These gel lanes correspond to the same samples shown in lanes (3)-(6), but have rested
at 4°C overnight before they have been analyzed again on the gel. Previous designs have
shown a drastic increase in multimerization and aggregation once rested overnight. This
seems not to be the case with DC-v3-2 structures which is an overall indication for better
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Figure 6.22.: Gel evaluation of PEG purification of DC-v3-2. 2% native AGE gel comparing
the recovery yields of PEG purified DC-v3-2 folded over the course of 18h vs. 66h. (1) 1kb
ladder, (2) p8634 scaffold control, (3) Raw DC-v3-2 folded at 14 mM MgCl2 with the 6025-18h
ramp, (4) PEG purified DC-v3-2 that had been folded at 14 mM MgCl2 with the 6025-18h,
(5) Raw DC-v3-2 folded at 14 mM MgCl2 with the 6025-66h, (6) PEG purified DC-v3-2 that
had been folded at 14 mM MgCl2 with the 6025-66h, (7)-(10) Same samples as in (3)-(6) but
rested at 4°C overnight.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 65V for 2h cooled in ice bath

stability of the structures once PEG purified. It is to note that the last four lanes originate
from a separate gel meaning that one has to be cautious about a direct comparison of the
overall yields. Deviations in gel band intensity could have many reasons related to the
fact that the last samples ran on a different gel. However, in terms of multimerization,
it is indeed possible to say that the degree of multimerization did not increase with the
resting time of the sample.

6.3.7. Conclusion

The DC-v3 architectures exemplify how crucial it is to fine tune crossover density within
DNA origami structures and show how this design parameter can even cause a complete
failure of the folding performance. Figure 6.23 summarizes again the design difference be-
tween DC-v3-1 and v3-2 in terms of the occupied crossover axes. While DC-v3-1 uses two
axes for staple crossovers, DC-v3-2 only uses one of the possible two directions. Addition-
ally, these designs come back to the baseline rule of having at least two crossover positions
per interface. Using both possible crossover axes thus results in four staple crossovers per
interface for DC-v3-1. Efforts to design the staple toeholds as long as possible to generate
enough binding energy generates less straightforward staple paths compared to the ones
in DC-v3-2 structures. It was found that these design choices led to an all-or-nothing
response in terms of folding. The DC-v3-1 design did not achieve any proper assembly,
while DC-v3-2 resulted in the expected structures. The refined PEG purification protocol
that has been optimized for the DC-v2 architectures and discussed in the previous section
resulted in reasonable recovery yields for DC-v3-2 structures. Longer folding ramps did
not improve the folding yields of DC-v3-2 structures but did have a positive impact on
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Figure 6.23.: Crossover density is crucial for shallow square-lattice based, diagonal-cut struc-
tures. Four staple crossover positions per interface leads to a complete failure of the folding
process. Reducing this density down to two crossovers per interface helps to re-establish proper
folding.

the recovery yields in PEG purification. The degree of multimerization observed for PEG
purified structures remained constant over time which is a sign for a much more stable
architecture compared to previously studied DC-v2 structures. These studies conclude
the following for square- lattice, diagonal-cut arrays. It is indeed possible to shrink the
helical depth down to 50 bps. However, it is recommended to slightly increase this depth
to around 55 bps to provide enough room for two crossover positions per interface as this
drastically improves the stability of the structures.

6.3.8. Implementation of design approach 2 into hexagonal-shaped
honeycomb-lattices

Design features of HC-v0-1 and HC-v0-2

The DC-v3 architectures, despite being designed on a square-lattice, can be understood as
an intermediate between square- and honeycomb-lattices since it is not using all four axes
for possible crossovers offered by the square-lattice. Rather they are using three of them
two axes are occupied by scaffold crossovers and one is reserved for staple crossovers. This
is one way to reduce staple crossover density which we have seen in section 6.3.6 is crucial
for successful folding. Honeycomb-lattices, per definition, only have three axes for possible
crossovers thus reducing the staple crossover density by the factor of two compared to
square-lattice designs. Since the subject of reducing staple crossover density by addressing
only three axes has shown promising results in section 6.3.6, the goal of further design work
was to transfer the design challenge of maximizing surface areas to honeycomb-lattices.
The following presents three honeycomb-based architectures that investigate strategies to
assemble large and stable arrays consisting of helices with a minimum depth of 55-56 bps
and three staple crossovers per interface but restricted to one of the three axes.
Figure 6.24 A illustrates the overall outline of the honeycomb-lattice architecture HC-v0.
It is made from 182 helices with a depth of 55 bps arranged to a hexagonal disc. A top
view of the disc in 6.24 B on the left shows its dimensions. Shifting from diagonal-cut
arrangements to a honeycomb-lattice increased the functional site-distance to 4.2 nm.
Along the north-south axis the disc measures around 33.0 nm, along the east-west axis is
44.4 nm. Scaffold and staple routings are shown in the close-up illustration next to the top
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view in 6.24 B. Two of the three axes of the honeycomb unit cell are occupied by scaffold
crossovers shown in blue, while the vertical axis is reserved for staple crossover highlighted
in pink. A 12 nt, flexible scaffold linker shown in yellow connects the individual layers.
Figure 6.24 C shows the path diagrams for two candidates of HC-v0. Both exhibit three
crossover positions per interface. Demonstrated for helix 1, one can see that in the first
version HC-v0-1 the middle staple of the three staples is circular, meaning it comes back to
helix 1 once it visited helix 14. This is the main and only difference to the second candidate
HC-v0-2 where all three staples are linear. The second candidate is hypothesized to lead
to faster and more robust folding compared to the first version. No specific bp deletion
pattern is necessary for honeycomb-lattice structures since this arrangement of helices per
se better fits the natural geometry of B-DNA.

Figure 6.24.: Design approach 2 on a honeycomb-lattice: Design features of HC-v0-1 and v0-
2. A 3D illustration of HC-v0. 182 helices assemble into a 55 bps short hexagonal disc. B Top
view of the hexagonal disc outlining the dimensions. The functional-site distance is 4.2 nm,
the north-south axis measures 33.0 nm, the east-west axis 44.4nm. Two of the three available
axes per helix for crossovers are occupied by the scaffold (blue) and one by the staples (pink).
The routing is depicted in the close-up illustration next to the top view. A 12 nt, flexible
scaffold linker connects the layers.C Path diagram for HC-v0-1 on the left and HC-v0-2 on
the right highlighting the different staple paths for the middle staple. On each helix three
crossovers are realized in one direction. The middle one follows a circular path for HC-v0-1
and a linear path for HC-v0-2.

Folding of HC-v0-1 and HC-v0-2

Figure 6.25 shows experimental data of the folding and TEM imaging of the HC-v0-1
candidate which is the one with the circular staple path. A 2% native AGE gel was used
to analyze the magnesium screening and compare the two temperature ramps 5040-18h
and 6025-18h. Judging from band sharpness and brightness, the best folding conditions
have been achieved for 5040-18h ramps at MgCl2 concentrations between 10-14 mM and
for 6025-18h at MgCl2 concentrations of 12 and 14 mM. TEM images in 6.25 B verify that
the observed gel band indeed correspond to properly folded monomers.
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Figure 6.25.: Experimental data on HC-v0-1 folding. A 2% native AGE gel analysis of different
folding conditions. (1) 1 kb ladder, (2) p8064 scaffold control, (3)-(9) Raw HC-v0-1 folded
with the 5040-18h ramp at MgCl2 concentrations ranging from 6 to 18 mM in steps of 2 mM,
(10)-(16) Raw HC-v0-1 folded with the 6025-18h ramp at MgCl2 concentrations ranging from
6 to 18 mM in steps of 2 mM. B (top) TEM image of HC-v0-1 folded with the 6025-18h ramp
at 14 mM MgCl2 concentration; (bottom) TEM image of HC-v0-1 folded with the 5040-18h
ramp at 10 mM MgCl2 concentration; scale bars at 50 nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h 20min cooled in ice bath

The same folding parameters were tested for HC-v0-2 and are shown in figure 6.26. Similar
to HC-v0-1 but more pronounced, this design revealed a distinct preference for the 6025-
18h folding ramp and MgCl2 concentrations between 10-14 mM. At these conditions,
folding resulted in very sharp and intense gel bands running at the same height as the
HC-v0-1 controls in lanes (2) and (3). Control 1 refers to HC-v0-1 folding with the 5040-
18h ramp at 10 mM MgCl2 concentration. Control 2 refers to HC-v0-1 folding with the
6025-18h ramp at 14 mM MgCl2 concentration. Ran side by side shows that ctrl 2 exhibits
a sharper gel band compared to ctrl 1 which again confirms that also HC-v0-1 seems to
fold better using the 6025-18h folding ramp. HC-v0-2 folded at 6 mMMgCl2 concentration
ran with a pronounced gel shift which is a general indication for misfolded or incomplete
structures. Gel bands for the 5040-18h folding ramp are very diffuse and broad. TEM
imaging shown in 6.26 B shows HC-v0-2 folded over the course of 66h and confirm that the
design results the in proper assembly of the hexagonal disc. The top TEM image shows
a top view of the disc, the bottom TEM image shows a side view. Both views match the
theoretical expectations according to shape and dimension.

Purification of HC-v0-1 and HC-v0-2

Purification of HC-v0-1 and v0-2 was performed with the refined PEG ppt protocol de-
veloped in section 6.3.4. Details can be found in A.3. As it was shown that 66h folding
ramps have the potential to render the large square-lattice arrays more stable toward PEG
purification, it was interesting to see whether this heolds true for honeycomb-based archi-
tectures as well. Figure 6.27 shows the 2% native AGE gel analysis of the purified HC-v0-1
and v0-2 folded over the course of 18h vs 66h. Lanes (3)-(10) refer to the purification of
HC-v0-1. Lanes (11)-(18) refer to the purification of HC-v0-2. Lanes labeled as "PEG"
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Figure 6.26.: Experimental data on HC-v0-2 folding. A 2% native AGE gel analysis of different
folding conditions. (1) 1 kb ladder, (2) p8064 scaffold control, (3) Control 1: HC-v0-1 folded
with 5040-18h at 10mM MgCl2 concentration, (4) Control 2: HC-v0-1 folded with 6025-18h at
14mM MgCl2 concentration, (5)-(11) Raw HC-v0-2 folded with the 5040-18h ramp at MgCl2
concentrations ranging from 6 to 18 mM in steps of 2 mM, (12)-(18) Raw HC-v0-2 folded
with the 6025-18h ramp at MgCl2 concentrations ranging from 6 to 18 mM in steps of 2 mM.
B TEM images of HC-v0-2 folded with the 6025-66h ramp at 14 mM MgCl2 concentration,
scale bars at 100 nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h 20min cooled in ice bath

refer to the PEG purified samples and are normalized to the "raw" samples with respect to
the loaded sample amount. Lanes labeled as "PEG-2" also contain PEG purified samples
but double the amount compared to the raw samples. This was done as a precautionary
measure in case yields of PEG purification would be so low that they are hard to resolve
on the gels. Since the normalized "PEG" lanes are all detecable, "PEG-2" lanes can be
ignored for this discussion. Overall, one has to point out that PEG purified samples for
both designs show no or very little multimerization, though some aggregation in the gel
pockets. Recovery yields for both designs are improved with a preceding 66h folding ramp.
It is noticeable that for all conditions there is a detectable amount of structure lost in the
supernatant ("SN"). This could be caused by a less efficient capturing mechanism in the
pellet during PEG precipitation and could be tackled by further fine tuning of the PEG
ppt protocol. These samples were separately investigated on a native AGE gel after rest-
ing at 4°C overnight to see whether PEG purified structures remain stable. Results show
that this is the case and can be found in appendix B.7.

TEM imaging was performed for both designs, HC-v0-1 and v0-2, before and after PEG
purification to first judge whether gel bands observed in figure 6.27 correspond to distinct,
monomeric structures and second to see whether structures maintain their structural in-
tegrity after PEG precipitation. Figure 6.28 shows TEM images of HC-v0-1 on the left
and HC-v0-2 on the right. Top view shows a distinct honeycomb-lattice. Structures before
and after PEG ppt did not look different which concludes that structure are well-behaved
and stable upon PEG ppt.
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Figure 6.27.: Gel evaluation of PEG purification of HC-v0. 2% native AGE gel comparing
the recovery yields of the two PEG purified HC-v0 candidates folded over the course of 18h
vs. 66h. (1) 1kb ladder, (2) p8064 scaffold control, (3) Raw HC-v0-1 folded at 14 mM MgCl2
with the 6025-18h ramp, (4) PEG purified HC-v0-2 that had been folded at 14 mM MgCl2
with the 6025-18h, sample volume normalized to lane (4), (5) PEG purified HC-v0-2 that had
been folded at 14 mM MgCl2 with the 6025-18h, double the sample amount compared to lane
(4), (6) supernatant from PEG ppt of HC-v0-1, (7)-(10) Same conditions as in lane (3)-(4)
but with HC-v0-1 folded over the course of 6025-66h, (11)-(14) Same conditions as in lane
(3)-(4) but with HC-v0-2 folded over the course of 6025-18h, (15)-(18) Same conditions as in
lane (3)-(4) but with HC-v0-2 folded over the course of 6025-66h.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h cooled in ice bath

6.3.9. Conclusion

Studies on HC-v0 architectures have shown that it is possible to implement design ap-
proach 2 of having short helices for the benefit of larger surface areas on honeycomb-
lattices, too. Honeycomb-lattices, by definition, tackle one of the major design challenges
imposed by design approach 2 which is the reduction of staple crossover density. Since
there are only three instead of four axes of possible crossover directions, honeycomb-based
structures reduce the crossover density by a factor of 2 simply caused by the hexagonal
arrangement of the helices and the three nearest neighbors that arise from that. This in-
herent reduction of crossover density and the arrangement of helices that lines up with the
natural geometry of B-DNA is also the reason why HC-structures require less attention
concerning twist compensations compared to the previously discussed DC structures.
Since the conclusion on DC structure was that sticking to the baseline rule of having at
least two staple crossover positions per interface, HC structures exhibited three staple
transitions along the north-south axis. It was found through gel and ImageJ analysis that
the single crossover junctions in HC-v0-2 perform slightly better in PEG precipitation
compared to the circular staple path of HC-v0-1.
Folding works similarly well for both architectures. HC-v0-1, however, falls short recovery-
wise in PEG purification when folded over the course of 18h. Only 6% were recovered from
the original sample. Longer folding ramps slightly increase the recovery yields for HC-v0-
1. For Hc-v0-2 no difference in folding or stability was detected when comparing 18h vs.
66h folding ramps. Recovery yields for PEG ppt remained stable at around 35%. These
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Figure 6.28.: TEM imaging of HC-v0 structures before and after PEG precipitation. The left
side refers to HC-v0-1, the right side refers to HC-v0-2 structures.

results enable a clear recommendation for HC-v0-2 as a design strategy to implement
design approach 2 on honeycomb-lattices. These results enable a clear recommendation
for HC-v0-2 as design strategy to implement design approach 2 on honeycomb-lattices.

6.3.10. Implementation of design approach 2 into square-shaped
honeycomb-lattices

Design features of HC-v1

The promising results on the previously discussed honeycomb-based arrays motivated the
development of further architecture. Thereby, the same design rules as already presented
for HC-v0 have been applied but the overall geometry has been adjusted. HC-v1 assembles
200 helices into a square-shaped array that is 56 bps deep. Figure 6.29 A shows a 3D
illustration of HC- v1. Dimensions are shown in 6.29 B. The array is around 42 nm
wide and exhibits the functional-site distance of 4.2 nm that is allowed by the honeycomb
arrangement. The scaffold and staple routing is shown in the close-up view on the right
in 6.29 B and is very similar to that applied for HC-v0 architectures. The main difference
is that HC-v1 structures rely on the larger p8634 scaffold and that 10 helices (labeled as
"x" in 6.29) are constituted by mini-scaf strands alone. A 12 nt, flexible scaffold linker is
included to connect the layers with each other. Figure 6.29 C shows the path diagram
with the three crossover positions per interface, whereby only one of the three possible
directions for staple transitions is addressed. This means, demonstrated for helix 1, that
there are three crossovers to helix 20. Staple paths are kept linear.
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Figure 6.29.: Design approach 2 on a honeycomb-lattice: Design features of square-shaped
HC-v1. A 3D illustration of HC-v1. 200 helices assemble into a 56 bps short square-shaped
array. B Top view of the array outlining the dimensions. The functional-site distance is 4.2
nm. HC-v1 arrays are 42 nm wide. Two of the three available axes per helix for crossovers are
occupied by the scaffold (blue) and one by the staples (pink). The routing is depicted in the
close-up illustration next to the top view. A 12 nt, flexible scaffold linker connects the layers.
C Path diagram for HC-v1. Staples per helix are only using one of the possible three directions
and crossover 3 x per helix. Staple paths are linear.

Folding of HC-v1

2% native AGE gel was used to eliminate optimal folding conditions. A magnesium screen-
ing revealed the sharpest gel bands for MgCl2 concentrations of 12-14 mM. Anything lower
or higher lead to pronounced gel shifts or a complete loss of product bands, respectively.
Analyzing samples that have been subjected to different temperature ramps shows a clear
preference for 6025-18h. Lanes (15)-(17) in figure 6.30 yielded the sharpest product bands
among all other tested conditions. HC-v1 was also imaged with TEM. 6.30 B depicts
images collected from HC-v1 samples folded over the course of 66h. It was possible to
resolve a crisp honeycomb pattern when structures landed on the TEM grids with the
helices standing up.

Purification of HC-v1

PEG purification was used to access the structural stability of HC-v1 architectures. Figure
6.31 shows experimental data collected. A 2% native AGE gel shown is used to analyze
PEG purified samples and compare them with the raw folding sample. Lanes labeled with
"PEG-2" contain double the amount of sample compared to the raw folding sample. Lanes
labeled "PEG" contain a sample amount normalized to the raw folding sample and can
thus be used to draw direct conclusions on the recovery yields in comparison with the gel
band intensity yielded by raw folding samples. The recovery yields for HC-v1 overall are
outstanding compared to what has been observed for all the other architectures so far.
Again, recovery yields could be further increased by folding the samples over the course of



6.3 Design approach 2: Maximized surface areas through reduced helical depth 95

66h. The amount of multimerization or aggregation in the gel pockets seems to remain at a
constant and low level for both temperature ramps tested. Structures remained stable also
after resting at 4°C overnight as can be observed in data presented in the appendix B.7. It
is to note that almost no sample amount got lost in the supernatant which indicates that
HC-v1 are better captured in a pellet during PEG ppt compared to HC-v0 structures.

Figure 6.30.: Experimental data on HC-v1 folding. A 2% native AGE gel analysis of different
folding conditions. (1) 1 kb ladder, (2) p8634 scaffold control, (3) Control 1: HC-v0-1 folded
with 5040-18h at 10mM MgCl2 concentration, (4) Control 2: HC-v0-1 folded with 6025-18h
at 14mM MgCl2 concentration, (5)-(11) Raw HC-v1 folded with the 5040-18h ramp at MgCl2
concentrations ranging from 6 to 18 mM in steps of 2 mM, (12)-(18) Raw HC-v1 folded with
the 6025-18h ramp at MgCl2 concentrations ranging from 6 to 18 mM in steps of 2 mM. B
TEM images of HC-v1 folded with the 6025-66h ramp at 14 mM MgCl2 concentration, (top)
overview image with scale bar at 100 nm, (bottom) Close-up image with scale bar at 50 nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h cooled in ice bath

6.3.11. Conclusion

HC-v1 shows that the design lessons learnt can be applied for the design of other geome-
tries that might be more beneficial as well depending on the intended application of the
structures. Folding of HC-v1 works best with the 6025-18h temperature ramp at MgCl2
concentrations of 12- 14 mM. Using the refined protocol for PEG purification resulted
in decent recovery yields and multimerization or aggregation phenomena remained at a
constant, low level. Recovery yields could be further increased by folding the samples over
the course of 66h. However, this is the first architecture that does not necessarily require
longer folding ramps to result in a reasonable amount of purified sample.
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Figure 6.31.: Gel evaluation of PEG purification of HC-v1. 2% native AGE gel comparing
the recovery yields of HC-v1 folded over the course of 18h vs. 66h. (1) 1kb ladder, (2) p8634
scaffold control, (3) Raw HC-v1 folded at 14 mM MgCl2 with the 6025-18h ramp, (4) PEG
purified HC-v1 that had been folded at 14 mM MgCl2 with the 6025-18h, sample volume
normalized to lane (4), (5) PEG purified HC-v1 that had been folded at 14 mM MgCl2 with
the 6025-18h, double the sample amount compared to lane (4), (6) Supernatant from PEG
ppt of HC-v1, (7)-(10) Same conditions as in lane (3)-(4) but with HC-v1 folded over the
course of 6025-66h. Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2h cooled in

ice bath

6.4. Design approach 3: Square-holey lattices and the
combination of multiple scaffolds for a larger design
space

This section discusses an alternative way to approach the goal of surface maximization
for multi-layer DNA nanostructures. In contrast to design approach 2 from the previous
section where helices were shortened to release scaffold material, design approach 3 inves-
tigates a whole new design strategy called the square-holey lattice. The design technique
is still based on a square-lattice, however, DNA origami structures exhibit an alternating
pattern of fully occupied and holey layers. Skipping every second helix on the square-
lattice releases a scaffold that can be deployed for the helix length. Thus, the surface
maximization this time is not realized perpendicular to the helical axes but along their
axes. It will be discussed how square-holey lattices can be implemented demonstrated
with two SH-candidates, SH-v1 and SH-v2. Additionally, it will be shown how the incor-
poration of medium-sized scaffold strands and further mini-scaf strands extend the design
space and have an additional stabilizing effect on the square-holey lattice architectures.

6.4.1. Square-holey lattice architecture

Figure 6.32 illustrates the overall outline of a square-holey lattice compared to a conven-
tional square-lattice. Instead of visiting every helix lattice point with the scaffold routing,
layers are incorporated where every second helix is skipped. Typically, the SH structures
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include one or two fully occupied layers that act as a stabilizing core body. Through
the alternation of fully occupied and holey layers, it is possible to generate multi-layer
structures such as in design approach 2, but with an overall reduction of the helix density.
This inherently solves two design challenges that otherwise need to be addressed. First, it
circumvents the problems arising from a high crossover density in densely packed square-
lattice designs that required intricate solutions as shown in the previous section. Second,
the lower helix density should lead to a reduction of global twist phenomena that are
typically the main concern when designing on a square-lattice.

Figure 6.32.: A Helix arrangement conventional square-lattice architectures. Each lattice
point of the individual DNA layer is occupied. B Helix arrangement in square-holey-lattices.
Alternating patterns of fully occupied DNA layers and layers that skip every second lattice
point.

Design and experimental evaluation of square-holey lattice structures

Figure 6.33 depicts a first SH candidate: SH-v1. 6.33 A shows a 3D model of the assembled
structure. It consists of five DNA layers. The first layer is fully occupied and is followed
by a layer with only every second lattice point occupied. To avoid potential stability issues
the proceeding layer is fully occupied again before two further, holey layers are introduced
(see figure 6.33C).
The scaffold used is the p8064 and is used to assemble 89 nm long helices on the top and 67
nm long helices at the base. Layers add up to a 12 nm depth. With 11 helices assembled
next to each other, the surface of SH-v1 calculates to a total of 2314 nm2.
Folding of SH-v1 was performed at a final MgCl2 concentration of 10 mM and using the
5040-18h temperature ramp. The folded samples have been analyzed on a 2% native AGE
gel shown in 6.34 A. SH-v1 resulted in a sharp monomer band at a high yield. TEM
imaging verified that the observed gel band corresponds to SH-v1 monomers. Figure
6.34 B shows an overview TEM image at the top and close-up images of the two landing
positions of SH-v1. The left one observes SH-v1 that landed on its side, the rightTEM
image depicts top views of the structure with a crisp outline of the individual helices
(white). Dark lines in between the helices refer to the holey areas in the design.
A subsequent design effort aimed for an increase of the 89 nm surface of SH-v1. It was
also of interest whether 5 layers are needed to result in stable structures. To study these
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Figure 6.33.: Design approach 3: Square-holey lattice architecture SH-v1. A 3D rendering of
SH-v1. B Side view of SH-v1 showing the 89 nm surface and the 67 nm base of the structure.
C Front view of SH-v1 illustrating the five layers. Two of them are fully occupied whereas the
residual ones skip every second helix lattice point. The helices add up to a width of 12 nm
and are assembled with the p8064 maxi-scaffold. 11 adjacent helices result in 26 nm width of
SH-v1.

questions a second SH candidate was designed (SH-v2). More scaffold material was made
available by switching to the longer scaffold p8634. Also, reducing the number of layers
provided scaffold material that could contribute to the length of the surface helices. Figure
6.35 provides a 3D illustration of SH-v2 in A, a side view in B and a front view in C. p8634
is designed to assemble in a three-layered structure that has only one fully occupied layer
at the bottom, followed by two layers that skip every second helix. This adds up to a
7nm width. Surfaces are now 138 nm long, whereas the base is 93 nm long. SH-v2 has
a surface area of around 4002 nm2. Overall this is an increase in surface area of around
58%.
Folding of SH-v2 has been evaluated with a 2% native AGE gel and TEM imaging. Figure
6.36 A shows results for the MgCl2 screening subjected to two different temperature ramps,
5040-18h and 6025-18h. Folding performed much better for the 6025-18h ramp as indicated
by sharper and more intense gel product bands. MgCl2 concentrations ranged from 8-
12mM in steps of 2 mM. TEM images in 6.36 B show SH-v2 folded with the 6025-18h
ramp at 12 mM MgCl2. Although particles have been observed matching the expectations
with respect to shape and dimensions, it is to emphasize that a decent population of
particles was present that adapted a curled up and distorted configuration.
This indicated that the three-layered structures are quite flexible and lack the required
rigidity to adapt a straight outline. This motivated to go back to five layered structures
as it has been shown with SH-v1 that five layers seem to provide the necessary rigidity to
avoid the curling of the structures.

6.4.2. Incorporation of MeRPy-strands for the addition of further DNA
layers

In order to maintain the maximized surface area of SH-v2 also for SH-v3, besides the
p8634 maxi-scaffold, a 3158 nt, DNA single-stranded scaffold as well as further 40-48 nt
mini-scaf strands were incorporated into the design. This combination of multiple scaffolds
allowed the addition of two further DNA layers without having to reduce the surface of
the DNA origami structure. Figure 6.37 provides an overview of the geometric properties
of SH-v3. 6.37 A shows a 3D model of the structure. In B one can see that the surface
of the DNA origami structure remained the same. 6.37 C shows how the three DNA
layers from SH-v2 are extended by two further DNA layers. The blue layer thereby is
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Figure 6.34.: Experimental data on SH-v1 folding. A 2% native AGE gel analysis of the
folding of SH-v1 was performed at 10 mM MgCl2 final concentration and using the 5040-18h
temperature ramp. (1) 1kb ladder, (2) p8064 scaffold control used for SH-v1 folding, (3)
p8634 scaffold, (4) Raw folding of SH-v1. B TEM imaging of SH-v1. (top) overview image of
SH-v1, (bottom left) Close-up image of SH-v1 landing on their sides, illustration of the landing
configuration on the left, (bottom right) Close-up image of SH-v1 facing up, illustration of the
top view on the left; scale bars at 100 nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR gold pre-staining 1:10 000 dilution, 70V for 2.5h cooled in ice bath

constituted by 36 mini-scaf strands that have a length between 40 and 48 nts. The white
layer refers to the one assembled by a 3158 nt long midi-scaffold that is synthesized using
the MeRPy-protocol described in chapter 5. The additional scaffold strands are connected
to the p8634 maxi-scaffold by additional 148 staple strands. For the assembly of the first
three layers (shown in gray in figure 6.37 C), the same set of handles can be used as for
SH-v2 which makes this design highly modular.
The results for the magnesium screening and the comparison of the two folding ramps
5040-18h and 6025-18h have been analyzed using a 2% native AGE gel and TEM imaging.
The results are depicted in figure 6.38 A. SH-v3 structures show a clear preference for
the 6025-18h folding ramp. A gel product band for the 5040-18h at 8 mM MgCl2 is
pretty much non-existent and for higher MgCl2 concentrations bands are quite diffuse.
Folding with the 6025-18h achieves much better results. Gel product bands appear for all
three MgCl2 concentrations, however, 10 mM MgCl2 seems to work best. Figure 6.38 B
shows some TEM images of SH-v3 folded with the 6025-18h ramp at 10 mM MgCl2. The
structures observed on the TEM grids all appeared much more rigid compared to SH-v2.
No population of curled or distorted looking particles has been observed.
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Figure 6.35.: Design approach 3: Square-holey lattice architecture SH-v2. A 3D rendering of
SH-v2. B Side view of SH-v2 showing the 138 nm surface and the 93 nm base of the structure.
C Front view of SH-v2 illustrating the three layers. One is fully occupied whereas the residual
ones skip every second helix lattice point. The helices add up to a width of 7 nm and are
assembled with the p8634 maxi-scaffold. 12 adjacent helices result in 29 nm width of SH-v2.
This leads to a 58% increase in surface area compared to SH-v1.

6.4.3. Conclusion

The data collected on SH-v3 folding allows us to conclude that introducing two more layers
to SH-v2 stabilizes the structure and prevents it from curling. The results are preliminary
indications that it is possible to extend the design space through the combination of
multiple scaffolds. These insights provide interesting future perspectives for further designs
that could exceed the size limitation of DNA origami that exclusively rely on the common
maxi-scaffolds. The MeRPy-technique provides the basis for those as it allows to generate a
variety of medium-sized single strands whose commercial synthesis has yet to be addressed.
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Figure 6.36.: Experimental data on SH-v2 folding. A 2% native AGE gel to analyze the
magnesium screening for SH-v2 folding and to compare the two temperature ramps 5040-18h
and 6025-18h. MgCl2 concentrations ranged from 8-10 mM MgCl2 in steps of 2 mM. (1) 1kb
ladder, (2) p8634 scaffold control, (3)-(5) SH-v2 folded with 5040-18h ramp at MgCl2 ranging
from 8-12 mM, (6)-(8) SH-v2 folded with 6025-18h ramp at MgCl2 ranging from 8-12 mM.
B TEM images for SH-v2 folded with the 6025-18h ramp at 12 mM MgCl2, scale bars at 100
nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR safe 0.5 µg/mL, 65V for 4h at RT

Figure 6.37.: Design approach 3: Square-holey lattice architecture SH-v3. A 3D rendering of
SH-v3. B Side view of SH-v3 showing the same surface area measurements as for SH-v2. C
Front view of SH-v3 illustrating extension of the original three layers to five layers. In SH-v3
two layers are fully occupied, the residual ones skip every second helix lattice point. The
original three layers from SH-v2 are consituted by the p8634 maxi-scaffold. The blue layer is
made from 36 mini-scaf strands that are 40-48 nt long. The white, base layer is made from a
3158 nt long midi-scaf strand. The helices add up to a width of 12 nm. 12 adjacent helices
result in 29 nm width.
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Figure 6.38.: Experimental data on SH-v3 folding. A 2% native AGE gel to analyze the
magnesium screening for SH-v3 folding and to compare the two temperature ramps 5040-18h
and 6025-18h. MgCl2 concentrations ranged from 8-10 mM MgCl2 in steps of 2 mM. (1) 1kb
ladder, (2) p8634 scaffold control, (3)-(5) SH-v3 folded with 5040-18h ramp at MgCl2 ranging
from 8-12 mM, (6)-(8) SH-v3 folded with 6025-18h ramp at MgCl2 ranging from 8-12 mM;
B TEM images for SH-v3 folded with the 6025-18h ramp at 10 mM MgCl2, scale bars at 100
nm.
Gel running parameters: 1×TAE buffer with 11 mM MgCl2, SYBR safe 0.5 µg/mL, 65V for 4h at RT
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6.5. Summary

The studies presented within this chapter aimed to develop platforms for multi-site inter-
actions. These architectures provide a solid base to implement the ever-growing com-
plexity of ideas on how to engineer processes on the nanoscale. Defining the reasons and
motivation to pursue these studies was guided by the inspiring processes brought forward
by nature that show extraordinary efficiency when multiple components are orchestrated
to achieve large-scale effects. Nanoscale engineering is often strongly focused on the imple-
mentation of isolated processes in one prototype system. The power of the DNA origami
technique per se is that it allows to finetune the individual components in a theoretical de-
sign framework and once completed to generate a trillion copies of these prototypes at the
same time through the process of programmed self-assembly. Boosting the functionality of
these prototype systems as well as the efficacy with which processes can be realized within
the designed frameworks thus promotes the powerful concepts of DNA nanotechnology
even further and extends the scope of possible applications.
However, multi-site interactions are only possible if a structural framework for it is given.
This chapter introduced three novel design approaches based on the DNA origami tech-
nique to maximize the surface areas of DNA origami structures to increase the number
of addressable functional sites for the realization of multi-site interactions. Through a
systematic study of various design features of square-lattice and honeycomb-pleated based
architectures, it was possible to eliminate definite design recommendation that provide
helpful support for the development of future DNA nanostructures. The studied ap-
proaches and associated results manage to transform empirical knowledge of the field into
certain guidelines.

Design approach 1 introduced an alternative arrangement of helices on a square-lattice for
a reduced functional site-distance of 3.4 nm given that only helices of shared scaffold parity
are considered. This corresponds to a 1.4 nm shorter functional site distance compared to
conventional square-lattice architectures and is particularly interesting for high-precision
applications where the close proximity of attachment sites is required.

Results associated with design approach 2 provide meaningful insights into the impor-
tance of crossover densities as well as the deliberated choice of crossover and bp deletion
positions.
The goal of design approach 2 was to generate DNA arrays of even higher helix density
that can provide more functional sites. Minimizing the scaffold to 50 bps per individual
helix supplies released scaffold for the assembly of further helices. The main challenge
imposed by this approach is a problematic increase of staple crossover density that would,
if remaining untreated, result in unstable structures due to low binding energies of the
staples. Developing strategies to reduce the high staple crossover density within these
shallow structures has been the focus of the studies associated with design approach 2.
Two design innovations to do so have been introduced and evaluated. First, a scaffold
seam was introduced that would traverse the structure in two of the four directions that
are present in square-lattice designs. That way half of the total amount of available
crossover directions are covered by the longer scaffold with toeholds of higher binding
energy. Second, so-called mini-scaf strands are designed along the edges of the structures
for more stabilization and to save further staple crossovers. It has been additionally tested
whether neglecting the baseline rule of having at least two crossover positions along one
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helical interface would be a further way to save crossover positions.
The implementation of these design premises in architectures of high aspect ratios fails.
These structures exhibit pronounced supertwisting that can be partially balanced by the
deliberated choice of crossover positions but overall does not fulfill the desired require-
ments.
Reducing the aspect ratios of these structures does enable proper assembly based on
the suggested design innovations which are attributed to the higher moment of torsional
inertia that results from a smaller aspect ratio. However, these structures turned out to be
unstable over time once purified which is a sign for some unspecific interactions between
the structure, such as domain swapping.
Investigation of further designs revealed that shortening helices to a minimum depth are
possible nevertheless, by implementing an intermediate representation of a square- and
honeycomb-lattice. These designs use only three of the four crossover axes of the square-
lattice and thus mimic the conditions of a honeycomb-lattice although helices are arranged
in 90° angles. Also, these designs go back to having at least two crossovers per interface.
Based on these adjustments of the initially-posted design strategies, it was possible to
successfully implement the original idea of design approach 2 and assemble stable DNA
arrays with 200 individually addressable helices of 55 bps depth.
To generate a greater selection of geometries, design approach 2 has been applied to
honeycomb-based architectures too. Applying the design rules that have been thoroughly
investigated, enabled the development of two further 55-56 bps deep architectures consist-
ing of 182-200 helices. Thereby the helices were assembled into stable hexagonal discs as
well as into square-shaped arrays.

Design approach 3 presents another strategy to achieve large surface areas on DNA
origami. It shows that multi-layer structures fold well although every second helix lattice
point is unoccupied. It turned out that these structures however need at least two fully
occupied layers to result in rigid outlines. Structures with only one fully occupied base
layer exhibited extensive curling. It was shown that most of the maxi-scaffold can be used
for surface maximization, and the additional layers required for stabilization can be assem-
bled through the incorporation of a medium-sized scaffold and multiples of mini-scaffolds.
This combination of scaffolds is an interesting design approach with the potential to yield
even larger assemblies.

In summary, it should be pointed out that shortening helices to a minimum is indeed a
possible strategy to maximize the surface area of DNA origami structures. However, it is
recommended to use slightly longer helices than 50 bps if it is the desire to stick to square-
lattice architectures. Honeycomb-lattices seem to be more tolerant toward such a short
helix length and are thus supposed to be more suitable for this approach. Although many
different architectures have been presented within this chapter, none of them can really
be treated as superior to one to the others. The choice for a particular design is subjected
to the targeted application. The studies discussed present a variety of geometries that
themselves provide many opportunities to address the functional sites. It is also possible
to address only every second or third of the functional site which results in different spacing
and could be preferred in one or the other applications. The following chapter will use
some of the presented architectures to implement a multi-leg stepping mechanism - an
application that hugely benefits from structural features developed here.



7. Symmetric, three-phase DNA origami
stepper

This chapter demonstrates how the platforms discussed in the previous chapter can be
used to elevate current demonstrations for nanoscale stepping based on DNA. With the
developed DNA arrays at hand, the possibility to realize multi-site interactions will be used
to implement three novel ideas for a stepping mechanism, making it stand out from already-
reported ones. It is novel in the approach that stepping will be performed by a marching
formation through coordinating multiple legs along large and rigid tracks, stepping is
promoted by a three-phase actuation of short bridge strands for a controlled forward and
backward motion and the relatively short step size of 3.5 nm. Two DNA origami-based
motor candidates - the mini-stepper and the falcon-stepper - will be discussed. Thereby,
mini-steppers rely on the DC-v0-1 and v0-2 architectures discussed in section 6.2.1, while
falcon-steppers will use the SH-v1 designs from section 6.4.1. It has been shown that DC-
v0 structures are prone to multimerization under certain reaction conditions. This was the
main motivation to shift the focus of the work to the falcon- stepper. However, some of the
most central challenge questions have been investigated with the mini-stepper system. The
associated findings have a direct impact on the falcon- stepper system and helped guide
the route of investigation. Thus, a considerate selection of results on the mini-steppers
system will be presented despite the fact that stepping has never been realized with the
mini-stepper system. Prior to describing the experimental findings of the steppers, key
design considerations will be discussed.

7.1. General design considerations

7.1.1. Architectural premises

Monomeric stability and high yield

The motion of the steppers is driven by DNA strand displacement reactions. Thereby,
stepping relies on a cyclic activation and deactivation of incoming unset and set strands
that lift the stepping legs and establishes bonds at the designated binding sites, respec-
tively. With each step taken, the addition of unset and set strands further dilutes the
reaction solution. Stepping across longer distances will highly dilute the concentration
of the steppers, which conflicts with the detection limits of gel electrophoresis and TEM
imaging, the detection tools of choice for this work. Measures are necessary to meet the
detectable concentrations.
An excellent monomer folding yield is thus desirable to already start the stepping process
at high concentrations. Additionally, it holds interest to work with structures that do not
need extensive purification as these protocols typically come with a loss of material and
harsh reaction conditions that might affect structural integrity. Monomers should also be
stable in the presence of multiple DNA single strands and other DNA origami structures.
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Dimeric stability

It is equally important that the monomers are able to interact with their designated
binding partners and form stable dimeric complexes. There are several factors that can
support dimerization of DNA origami structures, including the buffer conditions, final
magnesium concentration, the amount of unused waste material in the reaction mix, the
set strand design as well as the axis of interaction. The latter is strongly influenced by
the charge distribution of DNA double helices, which is crucial to take into account when
designing the DNA monomers and their platforms of interactions.
This stability is influenced by the repulsion forces becoming increasingly critical for a
larger number of combined helices. It is interesting to see that successful dimerization can
be realized along as well as perpendicular to the helical axis.

Sufficient room for handle incorporation

The stepper components need to provide sufficient room for the incorporation of handles.
The motivation for this is three-fold. First, the steppers developed within this work are
based on a multi-leg approach and are supposed to move a whole DNA array instead of
simply a biped DNA molecule. This per se requires more than just one or two handles.
Second, once stepper mechanisms like the one investigated here are fully developed, it
will hold central interest to integrate additional functional units for various applications,
e.g. molecular cargo such as proteins or print-heads for nanoscale patterning of surfaces.
Thus, the slider — as the dynamic component of the system — should not only incorporate
the functional handles required for the stepping mechanism itself but should also provide
sufficient room for further attachments. Third, the rail determines the number of steps
that could be taken and thus the operating range of the stepper. A rail architecture that
allows a periodic repetition of handles is desirable to achieve long travel distances.

Small step size

Another central goal is to develop an architecture that allows a small step size. This is in
particular interesting for high-precision applications in the future. In the context of 3D
printing on the nanoscale, a small step size is key to the degree of operational accurateness
of material deposition.
The step size is determined by the proximity of DNA helices in the DNA origami assembly
as well as the positions allowed for handles to extrude from the helix. Figure 7.1 shows
ways to arrange helices on a square-lattice (A), on a honeycomb-lattice (B) and a diagonal-
cut square-lattice (C). The latter is introduced in chapter 6 which should be consulted for
further information on this particular design style. DNA double helices are represented
as cylinders. The black arrows show the directionality of the scaffold routing through
the design space. Although it is possible to embed handles extruding from the structures
on each helix, it is more common using only helices that share the same scaffold parity.
Consequently, all handles extruding from the structures will have the same directionality,
which makes addressing them with their complementary counterparts much easier. The
distances considered in figure 7.1 thus refer to the distances of helices with shared scaffold
parity.
For the mini-stepper, interacting handles are designed to extrude from the ends of the
helices. Thus, the step size is determined by the distance between even or odd parity
helices arranged on the diagonal-cut square-lattice. On the other hand, falcon-stepper
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Figure 7.1.: Variations in step size depending on chosen lattice designs. The step size refers to
the distance between two helices that share the same scaffold parity indicated by black arrows.
Step sizes decrease going from left to right. R refers to the radius of B-DNA of 2.4 nm.
A Square-lattice designs allow a step size of 4.8 nm. B The geometry of honeycomb-lattice
arrangement of helices results in a step size of 4.2 nm, C step sizes on diagonal-cut square
lattices reduce to 3.4 nm.

interacting handles extrude along the sides of the helices. Step size is thus determined by
the helical turn.

7.1.2. Functional mechanism

The steppers divide into two functional units: the component that performs the actual
stepping ("slider") and the platform of stepping ("rail"). Both are equipped with interacting
handles, staples that extrude from the surfaces of the origami structures in a regular
pattern and that can interact with complementary sequences. So-called clip and clip-
removal strands act as the set and unset strands, respectively. They are designed to be
complementary to the extruding parts of the handles on the sliders and rail and mediate
a connection between the DNA origami surfaces.

Multi-leg coordination

As reviewed in chapter 4, there are many examples in the literature showing the actuation
of single-stranded DNA molecules along a track. The approaches presented within this
work aim to extend those mechanisms to realize stepping of DNA arrays through the
control of multiple legs. Each state of the system relies on a fourfold binding of sliders to
rails via four clip strands that bind simultaneously.
It is hypothesized that this renders the artificial DNA motor more tolerant towards assem-
bly defects, or towards missing interacting handles. From other studies, it is known that
handle incorporation is successful in up to 80% of the cases [145]. Relying on four handles
for each step provides an efficient backup in case handles are left out during the folding
process of sliders and rails. We believe that the multi-leg approach makes the stepping
mechanism less error prone and more robust.
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Sequence symmetry

Key to the design and function of the stepper system is the underlying sequence symmetry
of interacting handle and clip strand sequences. The design involves three groups of
handles and clip strands that are highlighted red (R), green (G) and blue (B) in figure
7.2. Each group comprises two unique sequences that add up to six sequences required for
stepping. This is innovative compared to other approaches that require a new sequence
for every step taken.
Figure 7.2 shows a side view of engaged sliders and rails and explains how the three
handle/clip strand groups mediate stepping. It is important to note that the RGB handle
patterns for the slider and rail are different. While both structures start off with the
red handle group in state 1, the subsequent handle group for rail structures is the blue
one, whereas it is the green one for the slider. The pattern deviation is key to enabling
movement of the slider on the rail. Strand displacement reactions applied to an equal
alignment of handle groups would only result in an interchanging of RGB bonds rather
than forward movement. State 1 in figure 7.2 is achieved once red clip strands are applied
to a solution containing sliders and rails. The slider binds to the rail occupying the first
four attachment points on the rail. Applying the green clip strands and red clip-removal
strands subsequently causes the sliders to proceed to state 2. Thereby, the system reaches
an intermediate state 1-2, in which both the red and green clip strands are mediators of
the slider-rail connection, until red-removal strands cause the slider to completely engage
with the green handles. Sliders can reach state 3 in the same way, but with blue clip
strands and green clip-removal strands. Intermediate states occur with each step. In the
case of stepping to state 3, sliders will reside on the rail in an intermediate state 2-3 with
green and blue clip strands engaged simultaneously. Once sliders have reached state 3
with the aid of green clip-removal strands, they have completed the three phases of the
first RGB stepping cycle. The RGB cycle is repeated by adding the same red clip strands
but blue-removal strands. This forces the slider to proceed to the second red handle set on
the rail and allows continuing with a second cycle of three-phase actuation. Continuous
progression of the slider on the rail is thus realized by the recurring addition of the set of
six unique RGB clip and clip-removal strands and it eliminates the need to introduce a
new sequence for every step taken.

7.1.3. Clip strand design for forward and backward control

Clip strands are key components of the system in two ways: first, they are the mediators
of the connections between slider and rail components, and second they are the driving
force of the actuation itself. Considerate design and a thorough investigation of the clip
and clip-removal strand interactions are thus crucial for a successful implementation of
the mechanism described above.
One central requirement that the clip strands need to fulfill is a balanced length. They
should be sufficiently long to master the implemented step size while at the same time
providing enough rigidity to hold the sliders and rails in place. A suited clip strand length
is additionally important to embed a bias of the steppers towards shorter bridging distances
as a control element for forward and backward motion. This concept is explained in figure
7.3, which depicts that a slider and rail that are originally engaged via red clip strands and
subsequently subjected to green clip strands have the choice to attach to the green handles
placed in front of the original red attachment site or the one behind. f and b in figure 7.3
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Figure 7.2.: Schematic explaining the symmetric, three-phase stepping mechanism. The slider
proceeds on the rail upon the symmetric cycling of RGB clip strand engagement and removal.
One cycle comprises the three phases of consecutive addition of red, green, blue clip and
clip-removal strands and is repeated upon completion of the three phases. After the initial
heterodimerization of the slider and rail via purple initialization handles and clip strands, the
slider starts in state 1, where it is engaged via the set of red clip strands. To proceed, the
green clip strands are applied, which force the slider into an intermediate state 1-2 of red and
green clip strands engagement. Followed by a red clip-removal strand displacement reaction,
the slider fully engages with the green handles. This scheme is repeated for the transition from
green to blue (i.e. state 2 to state 3). The slider-rail systems can step into a second cycle
of three-phase actuation after purifying from left over clip-removal strands and applying the
same RGB clip strands (i.e. state 3-4).

refer to the distance that sliders have to travel in case of a forward or backward promotion,
respectively. The systems are designed in such a way that displacement is controlled by
a bias towards lower energetic cost that the system needs to invest when it overcomes
shorter distances. This bias helps to control the directionality of the displacement and
works similarly for the backward motion. Backward stepping follows a BRG pattern
instead of the RGB pattern for the forward stepping.

Figure 7.3.: Illustration showing the slider bound to the rail via red clip strands (shown grayed
out). Once green clip strands are applied, the system has two choices to step to the next green
attachment site crossing either the distance f or b. Based on the clip strand design, the system
will favor overcoming the shorter distances. In this demonstrated case of forward stepping, the
shorter distance is f , which will trigger the system to step to the right.
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7.2. Mini-stepper

7.2.1. Design and functionalization

For the mini-stepper system, DC-v0-1 has been chosen as the slider and DC-v0-2 as the
rail component. Both architectures are described in detail in chapter 6 and from now
onwards they are referred to as the mini-slider and mini-rail, respectively.
Figure 7.4 provides an overview on how the above described stepping mechanism is imple-
mented into the architecture. A mechanism for initial hybridization of the two monomers
is programmed to occur via six purple clip strands shown in the 3D model in figure 7.4 A.
It is also shown that handles extrude from the main body along the helical axes. Helices
that carry the interacting RGB handles are highlighted correspondingly. Figure 7.4 B
is a top view of the slider and rail showing more details about the handle distribution.
Sliders exhibit twelve RGB interacting handles where each color quartet comprises two
unique sequence. Rails comprise the same quartets but repeated multiple times along the
surface. Looking closely, one can see that handles on the slider follow a RGB pattern
while rails follow a RBG pattern. This is key to enable proper displacement of the slider
as described above. For explanatory reasons, figure 7.4 A also includes engaged red clip
strands whose connection to the handles is further described in 7.4 C. Slider as well as rail
handles are 21 nt long single strands extruding from the main body with their 5'-ends or
3'-ends, respectively.
The close-up in figure 7.4 C shows that unlike a standard vertical handle-antihandle inter-
action, the clip strands bind to the rail handles with their 5'-end (indicated as a square)
and cross over to the slider handle. The 3'-end of the clip strand – illustrated as an arrow
– holds a 10nt long toehold sequence for strand displacement reactions.
The system is designed to generate dimers that interact along the helical axes of the
monomers. Through the diagonal-cut arrangement of the helices, it is possible to imple-
ment a step size of 3.4 nm.

7.2.2. Dimerization of mini-stepper monomers

Titrating clip strand final concentration

Successful folding of mini-stepper monomers has been shown in section 6.2.1. The first
trials to dimerize mini-stepper monomers have been performed with slightly varied rail
architectures, MR-v0-6. These were based on the same scaffold as mini-sliders (MS-v0),
thus exhibiting the same molecular weight and running at the same height on agarose gels.
Moreover, only a subset of six interacting handle pairs have been included for MR-v0-6.
The highlighted helices in figure 7.5 A refer to the handle set that has been included for
sliders and rail.
Rail interacting handles have been PAGE purified and included in the folding mixture
at a 4×excess with respect to the scaffold. In this case, final handle concentrations were
at 80 nM. Appendix A.3 can be consulted for more details on the folding protocol. The
material was folded using the 5040-18h ramp and 12 mM final MgCl2 concentration.
The experiment focused on one isolated clip strand interaction, in this case interactions
mediated by the green clips. The clip strands have been included in the slider folding
mixture at varying concentrations. The structures used for the dimerization experiment
were amicon purified prior to use following the standard amicon purification protocol
provided in appendix A.3. Since MR-v0-6 did not exhibit all possible handles, the rails
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Figure 7.4.: Mini-stepper design and functionalization. A 3D model of engaged mini-slider
and mini-rail via red clips stands. A program for very initial heterodimerization is programmed
to occur via six purple handles extruding at one end of the structures. B Interacting, RGB
handle distribution on the slider (top) and the rail (bottom). CDetailed illustration of the
handle-clip strand interaction demonstrated for the red engagement. Slider and rail handles
are 21 nts long and extrude with their 5'- or 3'-end, respectively. 5'-ends are indicated with a
square, and 3'-ends with an arrow. Complementary clip strands bind antiparallel to the handles
and include a 10 nt toehold sequence for DNA strand displacement reactions.

were much less sticky and could thus be treated with the standard amicon purification
protocol. The reduced number of handles on the rail limited the possible attachment point
for the slider and thus allowed predicting where the slider attaches on the rails.
The handle-clip interactions result in a configuration where the end of the slider attaches
to the beginning of the rail. A 3D render of the expected configuration is shown as an
inset in figure 7.5 D.
Concentrations of clip strands and monomers after the respective purification have been
accessed with nanodrop measurement. Sliders and rails have been mixed in a 1:1 ratio
at increasing concentrations of green clip strands. Lower clip strand concentrations were
tested within a range of 2-14 nM in steps of 2 nM (see figure 7.5 B), and upper clip strand
concentrations ranged from 10-40 nM in steps of 5 nM (see figure 7.5 C). Dimerization
was performed at 10 µL final reaction volumes and incubated at 37°C overnight. The
results have been analyzed on a 2% native AGE gel. Negative controls were included
where the slider and rail have been combined but no clip strands were included in the
reaction mixture (ctrl (-)). The experiment resulted in distinct dimer bands with the
highest gel band intensities for clip strand concentrations between 6-15 nM. Figure 7.5
B shows that for clip strand concentrations higher than 15 nM, dimer band intensities
continuously decline. The same trend is observable for clip strand concentrations lower
than 6 nM. Another phenomenon detected on the gels is a higher-order band appearing
above the dimer band. This multimer band was also most pronounced for clip strand
concentrations between 6-15 nM. TEM images were taken from raw dimerization samples,
showing constructs with the expected dimeric configuration (see figure 7.5 D top and bot-
tom). However, other configurations have also been observed. The first two TEM images
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in figure 7.5 E show constructs that have been observed besides the dimers, which could
provide an explanation for the higher-order bands. The encircled complexes on the first
image of figure 7.5 E are higher-order assemblies containing up to four slider and rail
monomers, while the second image shows an assembly made from three monomers. The
TEM image on the far right in figure 7.5 E shows another population observed. Thereby,
perfectly aligned sliders and rails are stacked on top of each other, which does not corre-
spond to the configuration that the designed clip strand interaction aims for. It should
be highlighted that this configuration was also observed in the negative control samples,
which explains the faint dimer band that is already visible in the negative control sample
in lanes (5) on the gels. The negative controls do not contain clip strands and should
thus not result in any dimerization. One hypothesis for the fact that one does observe
dimeric structures in the control sample is that sliders and rail have a tendency to interact
unspecifically. This would coincide with the experiences on the multimerization of DC
structures described in 6.2.2.

Finally, a comment should be made about the monomer bands in the dimerization sam-
ples, which are of higher intensity compared to the monomer bands of the raw folding
samples. This indicates that the two types – the slider and rail – have been combined.
However, it is not possible to judge whether one of the monomers is depleted more or
whether one monomer is underrepresented. The latter would lead to a premature stop
of the dimerization and would be a reason for low dimerization yields. This motivated
implementing a mini-rail with a slightly larger molecular weight to distinguish the two
monomers on a gel.
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Figure 7.5.: Clip strand titration for mini-monomer dimerization. A Top view on mini-slider
(MS-v0) and mini-rail (MR-v0-6) a reduced set of six handle pairs for MR-v0-6 and the common
six handle pairs for MS-v0. Both rely on the p7308 scaffold. B 2% native AGE gel to analyze the
results of dimerization at varying clip strand concentrations, (1) 1kb ladder, (2) p7308 scaffold
control, (3) amicon purified MS-v0, (4) amicon purified MR-v0-6, (5) Negative control sample
with combined MS and MR but without clip strands, (6)-(12) dimerization of MS-v0 with
MR-v0-6 at increasing clip strand concentrations from 10-40 nM in steps of 5 nM, (13) empty,
(14) 1kb ladder. C 2% native AGE gel to analyze the results of dimerization at varying clip
strand concentrations, (1) 1kb ladder, (2) p7308 scaffold control, (3) amicon purified MS-v0,
(4) amicon purified MR-v0-6, (5) Negative control sample with combined MS and MR but
without clip strands, (6)-(12) dimerization of MS-v0 with MR-v0-6 at increasing clip strand
concentrations from 2-14 nM in steps of 2 nM. D TEM imaging of raw dimerization sample
that wass bjected to 10 nM clip strand concentration, scale bars at 50 nm, E TEM images of
higher-order assemblies observed in the same sample as in D, scale bars at 50 nm. E TEM
images of higher order assemblies observed in the same sample as in D, scale bars at 50 nm.
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Titrating the monomer ratio

In order to better estimate depletion rates and ratios, the slightly larger DC-v0-2 intro-
duced in 6.2.1 has been used for the mini-rail candidate MR-v1 to result in a distinguish-
able doublet gel band once the mini-slider and -rails are combined and analyzed on a gel.
MR-v1 exhibits a larger molecular weight compared to the mini-slider since it is based
on the p8064 scaffold. Moreover, in MR-v1 all 48 possible attachment sites have been
occupied with interacting handles. The larger MR-v1 structures have been analyzed on
a 2% native AGE gel. Furthermore, it was investigated how the ratios between applied
mini-sliders and -rails influence the dimerization yields. The top view of MR-v0 and the
adjusted version MR-v1 in figure 7.6 A outline the handle distribution. Since MR-v1 now
exhibits multiples of the handle sets, purple handles have been included at the beginning
of the rail and slider structures for an initial heterodimerization via six purple clip strands
of a unique sequence. Figure 7.6 B shows a 2% native AGE gel analyzing dimerization
yields via these purple initialization handles when purple clip strand concentrations were
varied from 6-10 nm and the ratios between MS-v0 and MR-v1 were titrated in ratios of
1:1, 2:1, and 1:2, respectively.
It is to note that this investigation used mini-sliders and -rails that have been purified using
a glycerol gradient and ultra-centrifugation instead of amicon purification. The gel in 7.6
clearly shows the expected gel shift between MS-v0 and MR-v1. Purified monomers in
lane (4) and (7) exhibited a pronounced higher-order band. These higher-order bands also
appear in the negative control in lane (8) where MS-v0 and MR-v1 have been combined
but not subjected to purple clip strands. The distinct separation between slider and rails
becomes even more evident in the control since one observed the expected doublet band for
the monomers as well as the higher-order bands. Multimerization of the monomers makes
it difficult to argue that the higher-order bands in dimerization samples indeed correspond
to dimers. However, one can observe that the higher-order double in lane (7) dissolves
upon dimerization and is replaced with a more intense single gel band in all following lanes
(8)-(16). This indicates that the higher-order bands observed for the samples that have
been dimerized are not a product of the unspecific multimerization of sliders and rails
observed in lane (4) and (7).
One can conclude that the intensity of the dimer bands remains constant independent of
the titrated ratios. Looking at the monomer doublet band in lane (8)-(16) reveals that
the titration worked well. Gel band intensities of the individual bands within the doublet
are equal for the 1:1 ratio. Moreover, the 2:1 and 1:2 ratios coincide with expectations.
The 2:1 ratios show a higher band intensity for the slider band matching the fact that the
slider has been applied in a 2x excess compared to the slider. Lane (14)-(16) correspond to
samples that contain double the number of rails compared to the slider, which is also de-
picted by the much more intense rail band within the doublet. However, multimerization
and aggregation are much more pronounced compared to the other samples. This might
originate from the fact that the rail always tends to multimerize to a stronger extent com-
pared to the sliders. Now that the rail is in excess, this effect increases. Purple clips were
added after folding and not – as before – included in the folding mixture. Dimerization
was performed at 20 mM final MgCl2 at 37°C overnight.

Conclusively, it can be said that the deviations from a 1:1 ratio of applied monomers are
not the reason for limited dimerization yields. However, the problem of multimerization of
the monomer that conflicts with an induced dimerization remains present. The following
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approach tests whether shortening the interacting handle length would be able to reduce
unwanted multimerization and – if so – whether it would further increase the dimerization
yields.

Figure 7.6.: Titration of the ratio between mini-sliders and -rails in dimerization. A Top view
of MS-v0 (left) and MR-v1 (right) showing the RGB handle pattern for sliders and the RBG
handle pattern for the rail. Purple handles are included at the beginnings of the structures
for a initial hybridization and to designate the slider to a fixed position on the rail. B 2%
native AGE gel to analyze the gel shift between MS-v0 and MR-v1 and the effect of different
ratios between sliders and rail on the dimerization yield. (1) 1kb ladder, (2) p7308 scaffold
control for MS-v0, (3) Raw MS-v0, (4) Glycerol gradient purified MS-v0, (5) p8064 scaffold
control for MR-v1, (6) Raw MR-v1, (7) Glycerol gradient purified MR-v1, (8) MS-v0 and MR-
v1 combined without addition of purple clip strands, (9)-(11) MS-v0 and MR-v1 combined
in a 1:1 ratio at different clip strand concentrations ranging from 6-10 nM in steps of 2 nM,
(12)-(14) MS-v0 and MR-v1 combined in a 2:1 ratio of slider to rail at different clip strand
concentrations ranging from 6-10 nM in steps of 2 nM, (15)-(17) MS-v0 and MR-v1 combined
in a 1:2 ratio at different clip strand concentrations ranging from 6-10 nM in steps of 2 nM.

Investigation of different interacting handle lengths

MS-v0 and MR-v1 have been purified with the refined amicon purification protocol listed
in A.3. This included folding the monomers using the 6025-18h temperature ramp, 12
mM MgCl2 concentration, a 20x staple strand excess and adding back core staple strands
after amicon purification. Eight different monomers have been folded exhibiting different
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handle lengths of either 12, 13, 16 or 21 nts. The latter was thereby the standard handle
length used thus far and it serves as a control. The following combinations have been
tested. Sliders equipped with 21 nt handles have been incubated with rails exhibiting
either 12, 14, 16 or 21 nt handles (see lanes (7), (9), (11), (13) 7.7 respectively).
Additionally, sliders that were equipped with 16 nt handles incubated with rails exhibiting
16 nt handles and following the same scheme for the 12 nt and 14 nt handles (see lanes
(15), (17), (19)). Purple clip strands had been included in the folding mixture at a 40x
excess compared to the scaffold. Clip strands as well as interacting handles of the rail
have been PAGE purified prior to use. Dimerization was performed at 20 mM final MgCl2
concentration and at 37°C overnight.
Figure 7.7 shows the 2% gel analysis of dimerization yields for mini-sliders and -rails
that interacted via differently long handles. As introduced above, samples that contain
both sliders and rails appear as a doublet band on gels. However, the doublet band is not
visible in 7.7. One explanation could be the slight sample overloading of the gel pocket that
results in a signal overlapping of the individual monomer gel bands. Lanes labeled with a
minus correspond to samples that did not contain clip strands, and thus are expected not
to result in a dimer band. Lanes labeled with a plus contained clip strands and should
exhibit dimer bands. The gel detects dimer bands for all conditions, whereas the dimer
bands for samples that contained clip strands are more pronounced, indicating that the
clip strand reinforced the dimerization. Thereby, it is quite evident judging from the dimer
band intensity that the combination S21+R12 results in the highest dimerization yields.
Combinations that included rails with a 14 nt handle (lane (10) and (16)) resulted in the
lowest yields.
Although the negative controls exhibit dimerization, it can be concluded very generally
that interacting handle length influences the dimerization behavior. If a careful conclu-
sion can be made, then it is that the sliders with a 21 nt handle react best with rails
exhibiting 12 nt handles. However, one cannot conclude whether the different handle
length counteract the tendency of the monomers to go through unspecific multimeriza-
tion. Additional data showing the amicon purification of each individual slider and rail
candidate is included in appendix B.2. No reduction in multimerization could be detected.
In conclusion, different handle lengths do not reduce unwanted multimerization, but show
potential to increase the dimerization yields of mini-sliders and -rails.

7.2.3. Conclusion

Overall, it was possible to show that despite the repulsion forces exerted due to densely
packed DNA arrays, monomers can interact with each other along helical axes.
The mini- stepper system was a suitable platform to learn that there are parameters
and reaction conditions that influence the dimerization behavior and once fine-tuned they
can increase the dimerization yields. It was found that there is an optimal clip strand
concentration and that deviating from it can lead to almost complete suppression of the
dimerization process. The optimal range for the mini-slider to -rail dimerization was
constrained to 60- 150 fmol. In general, it is helpful to design the stepper components
with slightly different molecular weights to distinguish them on a gel. This helps to
estimate the level of depletion of the individual components, which has practical benefits
such as easier predictions about what to expect on TEM grids and whether one of the
two monomers had been underrepresented and thus leads to a premature termination of
the reaction. The binding length of the interacting handles has been found to influence
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Figure 7.7.: 2% native AGE gel showing the effect of different interacting handle length on
dimerization yields for mini-stepper. (1) 1kb ladder, (2) p7308 scaffold control for MS-v0,
(3) p8064 scaffold control for MR-v1, (4) raw MS-v0 (21nt handles), (5) raw MR-v1 (21 nt
handles), MS-v0 (21 nt handles) combined with MR-v1 (21 nt handles) without (6) and with
(7) clip strands, MS-v0 (21 nt handles) combined with MR-v1 (16 nt handles) without (8) and
with (9) clip strands, MS-v0 (21 nt handles) combined with MR-v1 (14 nt handles) without
(10) and with (11) clip strands, MS-v0 (21 nt handles) combined with MR-v1 (12 nt handles)
without (12) and with (13) clip strands, MS-v0 (16 nt handles) combined with MR-v1 (16 nt
handles) without (14) and with (15) clip strands, MS-v0 (14 nt handles) combined with MR-v1
(14 nt handles) without (16) and with (17) clip strands, MS-v0 (12 nt handles) combined with
MR-v1 (12 nt handles) without (18) and with (19) clip strands.

the dimerization yield and thus is a parameter that needs to be re-accessed for all new
designs. For the mini-stepper system, slider handles length of 21 nt in combination with
a rail handle length of 12 nt resulted in the highest yields.
Despite the fact that a proper purification protocol was developed for mini-sliders and
-rails, multimerization that has been observed and successfully treated in section 6.2.2,
kicked in again once the mini-sliders and -rail were combined for dimerization. It was
not possible to suppress the constant level of multimerization despite many more design
and experimental efforts that have been made but not shown here. Ambiguous results
caused by multimerization of the structure render it challenging to derive meaningful
conclusions and forced stopping further investigating mini-stepper systems. Instead, it
was important to switch to an architecture that provides more robust monomers, shows
less unspecific interactions and allows a higher and more precise external control of the
interactions involved. The upcoming section shows how this is possible by switching to an
SH-structure as stepper components.
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7.3. Falcon-stepper

The falcon-stepper comprises two DNA origami monomers, called the falcon- slider ("FS")
and falcon-rail ("FR"). Thereby, the five-layered, square-holey architecture presented in
section 6.4.1 is used as falcon-rails. Based on the square-holey lattice design approach,
falcon-sliders have been designed to be slightly larger compared to the rails and they
exhibited two wing-like overhangs from the main body. This satisfies what has been found
to be useful in the previous section, namely having different molecular weights for sliders
and rails to render them distinguishable on the gel. Moreover, for TEM imaging it is
helpful to dimerize structures that do not completely resemble each other but instead have
some distinguishable features. The following section introduces the design features of the
falcon-stepper and shows how the symmetric, three-phase stepping mechanism described
above is successfully implemented in this architecture.
To support the comprehensibility of the discussions below, the following terminology is
introduced. Dimers and dimerization that are mediated through purple clip strands will
be called purple dimers and purple dimerization. This will be handled in the same way
for interactions mediated via any other type of the red, green and blue clip strands, which
will be often abbreviated as with the letters "R", "G" and "B". Disassembly reactions upon
the addition of clip-removal strands will be termed accordingly.

7.3.1. Design and functionalization

Figure 7.8 summarizes the architectural features of the falcon-stepper. The falcon-slider
and -rail rely on different DNA scaffold strands (p8634 and p8064), which fold into a core
structure comprising 40 helices. The residual 570 unpaired bases of the slider scaffold
are used for the addition of a wing part to the slider’s core structure. This extends the
slider structure to 90 helices in total. This is illustrated in 7.8 A by cross-sections of the
falcon-slider (top), and a cross-section of the falcon-rail (bottom). The assembly generated
falcon-sliders that are 75 nm wide and 39 nm long, while falcon-rails are only 27 nm wide
but 89 nm long.
The helices that are designed to interact with each other and carry the RGB handles are
highlighted in red, green an blue. Handle distribution patterns are shown in the roll-out
out view below the cross-sections. Due to the completely different architecture compared
to the mini-steppers, the layer of interaction is extended from two adjacent helices to six
helices. Through the SH design style, the helices on the highlighted layer in figure 7.8 A
share scaffold parity and thus can be equipped with uni-directional, interacting handles
placed at a step size of 3.4 nm. As shown, the handle distribution pattern is spread out
to six adjacent helices. Looking from the bottom to the top, sliders again follow a RGB
pattern, while rails follow a RBG pattern.
Eighteen handles for the slider and 48 handles for the rail extrude perpendicular to the
helical axis on the fifth layer of the core structures. The 3D model in 7.8 B shows how
the design and functionalization of the individual components assemble to a multi-origami
complex. B shows the falcon-rail and -slider attached to each other via the purple initial-
ization handles and clips – designed to define a designated starting point for the stepping
– and via the red clip strands. Details on the handle-clip strand interaction are provided
in figure 7.8 C.
Slider handles are 21 nt long single strands extruding from the core structure with their
5'ends. Rail handles are 12 nt long single strands extruding with their 3'ends. Studies
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that eliminated the optimal handle lengths will be presented in the following. Clip strands
interact with the handles in the same way as described for the mini-stepper system. A 10
nt toehold sequence is attached to the 3'end of the clip strand for later strand displacement
reaction.

Figure 7.8.: Falcon-stepper design and functionalization. A Cross-section of falcon-slider
(top) and -rail (bottom) showing the architectural outline and measurements of the structures.
Helices that carry interacting handles are highlighted in red, green and blue. Rolled-out view
(middle) showing the distribution of 18 interacting, RGB handles on the slider and 48 for the
rail. B 3D model of engaged falcon-slider and -rail via red clips stands. A program for initial
heterodimerization is programmed to occur via six purple handles extruding at the ends of the
structures. C Detailed illustration of the handle-clip strand interaction demonstrated for the
red engagement. Slider handles are 21 nts long and extrude from the main body with their
5'-ends, while rail handles are 12 nts long and extrude with their 3'-ends. 5'-ends are indicated
with a square, 3'-ends with an arrow. Complementary clip strands bind antiparallel to the
handles and include a 10 nt toehold sequence for DNA strand displacement reactions.

7.3.2. Folding and purification of falcon-stepper monomers

Successful folding of falcon-rails has been shown in 6.4.1. Falcon-sliders folding was also
performed at a final MgCl2 concentration of 10 mM and using the 50-40-18h ramp. How-
ever, slider folding slightly varied from rail folding in the sense that all interacting handles
have been PAGE purified before including them in the slider folding solution. Further-
more, PAGE purified purple clip strands have been included in the slider folding mixture
in a 40x excess with respect to the scaffold used. Folding was analyzed on a 2% native
AGE gel as well as with TEM imaging. Lane (5) in figure 7.9 A shows a distinct and clean
product band for falcon-sliders that had been folded with purple clip strands. The inset in
figure 7.9 B is an illustration of the slider showing what the slider monomers are expected
to look like when facing up. Indeed, this is what was observed with TEM imaging. An
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overview TEM image as well as a close-up image of the sliders are provided in 7.9 B.
It was noticed that the middle section of the slider appears darker compared to the wing
portions. One reason for this could be that the core body of the sliders is made from five
DNA layers compared to the wings, which are built from three layers only. In this way,
sliders accumulate more staining solution in the middle area that thus appears darker.
This will be important later when TEM staining protocols are studied in detail to achieve
suitable image contrast.
Figure 7.9 C shows that falcon-monomers are much less challenging to purify. The purifica-
tion technique tested was amicon filtration. Thereby, the refined amicon purification pro-
tocol that has been developed during the studies on DC-v0 structures in section 6.2.1,was
used as a base to start with. The step of adding back core staple strands has been excluded
since this was a measure specifically addressing the multimerization behavior of DC-v0
structures. In a first trial of falcon monomer amicon purification, it was assumed that the
structures should be more tolerant towards purification and that additional support by
added back core staple strands is not required. Indeed, this procedure led to successful
purification of falcon-monomers. Lanes (6) and (7) in figure 7.9 show the results of 2%
native AGE gel analysis of amicon purified falcon-rail and -sliders, respectively. The pu-
rification resulted in sharp and clean monomer bands for both structures. No aggregation
in the gel pockets has been observed as well as yields at reasonable levels judging from
gel band intensities and their comparison with the raw folding samples in lane (4) and
(5). Recovery yields for sliders were higher compared to the rail. Staple strands have
been removed to a strong extent. Only a slight staple cloud on the bottom remains after
purification.

Figure 7.9.: Falcon monomer folding and purification. A 2% native AGE gel analysis of falcon-
rail and -slider folding at 10 mM MgCl2 concentration and using the 5040-18h temperature
ramp. (1) 1kb ladder, (2) p8064 scaffold control for falcon-rail, (3) p8634 scaffold control for
falcon-slider, (4) Raw falcon-rail, (5) Raw falcon-slider, B TEM overview image of raw falcon-
sliders (top). Close-up view of falcon-sliders (bottom), inset in the top left corner illustrating
the expected geometry of the falcon-sliders, scale bar at 100 nm.
Gel running parameters: (A) 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2h 20min in ice bath; (B) 0.5x TBE buffer with 10

mM MgCl2, SYBR safe staining 0.5 µg/mL; 70V for 4h at RT.
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7.3.3. Dimerization of falcon-stepper monomers

Similar to the mini-stepper system, a mechanism for initial heterodimerization was pro-
grammed to occur via six purple clip and handle strands extruding from the end of falcon-
sliders and -rails. This initial heterodimerization was found to be influenced by various
parameters, as already implied by studies on the mini-steppers from the previous section.
The parameter tuning for the initial heterodimerization of falcon-slider and -rails was
partly conducted with amicon purified monomers. Later, it will be shown that the same
findings also hold true for unpurified monomers, rendering the falcon-architecture even
more favorable for the desired stepping application.

Length of handle binding regions

First, different lengths of the binding region on sliders’ and rails’ interacting handles have
been investigated. Initially, the handles for both monomers were 21 nts long. The goal was
to ascertain whether a shorter handle length – meaning a reduced binding region between
the slider and rail handles – would influence the dimerization yields and – if so – to what
extent. For this purpose, four handle length variations for the rail monomer have been
tested. Slider handles remained at 21 nt, as it was found for the mini-stepper system that
shortening the handle length for both monomers tends to reduce the dimerization yields.
This results in the folding of one slider candidate with 21 nt long handles and four rail
candidates, each of which exhibit either 21 nt, 16 nt, 14 nt or 12 nt handles. It should be
highlighted again that this refers to purple initialization handles. Purple clip strands have
been included in the slider folding mixture at a 40x excess with respect to the scaffold
used. As negative controls, sliders have also been folded without purple clip strands to
observe whether the interactions between the sliders and rails upon purple clip strand
addition are specific. Dimerization reaction has been performed at 20 mM final MgCl2
concentration and at 37°C overnight. The results have been analyzed with a 2% native
AGE gel shown in figure 7.10.
The raw sliders ("S21") and rails ("R21") with the standard 21 nt handle length were
analyzed in lane (4) and (5). The amicon purified versions are shown in lane (6) and (7).
The gel band intensity for amicon purified R21 was lower than for S21. This corresponds
to a slightly lower recovery yield for rail monomers, which provides an explanation for a
slightly less intense rail monomer band within the doublet band in the subsequent lanes.
The gel lanes labeled with a minus ("-") correspond to the negative controls meaning these
samples lack purple clip strands. For these samples, it is expected that besides the two gel
bands for the respective monomers, nothing else should be detected. This is the case for all
negative controls and confirms that falcon-sliders and -rails do not interact unspecifically
with each other, as has been the case for the mini-stepper monomers. This is a huge
improvement compared to the previous stepper system. It allows concluding that dimer
bands that appear for the other conditions tested on the gel in figure 7.10 are a product
of specifically induced interactions.
It is interesting to observe the drastic differences in dimerization yields once different
handle lengths are involved. Successful dimerization was judged upon an appearing dimer
band running above the monomer bands. While an equal handle lengths of 21 nt shown in
lane (9) resulted in almost no dimerization, the combination of sliders with 21 nt handles
("S21") and rails with 12 nt handles ("R12") led to a complete depletion of rails. The
rail monomer band for the S21+R12 sample in lane (15) vanished completely and the
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Figure 7.10.: 2% native AGE gel to analyze the effect of handle length variations on the
heterodimerization of falcon-sliders and -rails. (1) 1kb ladder, (2) p8064 scaffold control for
falcon-rails, (2) p8634 scaffold control for falcon-sliders, (3) Raw falcon-rail exhibiting 21
nt handles (R21), (4) Raw falcon-slider exhibitin 21 nt handles and with purple clip strands
included in the folding (S21+), (5) Amicon purified R21, (6) Amicon purified S21+, S21+ R21
without clip strand (7) and with clip strands (8), (9) S21 without purple clip strands incubated
with rails that exhibit 16 nt handles (R16), (10) S21+ incubated with R16, (11) S21 without
purple clip strands incubated with rails that exhibit 14 nt handles (R14), (12) S21+ incubated
with R14, (13) S21 without purple clip strands incubated with rails that exhibit 12 nt handles
(R12), (14) S21+ incubated with R12.
Gel running parameters: 0.5x TBE buffer with 10 mM MgCl2, SYBR safe pre-staining 0.5 µg/mL; 60V for 4h at RT.

appearing dimer band had the highest intensity compared to all other conditions. The gel
shows an increasing dimerization yield with a decreasing rail handle length.
These findings motivated switching to a 12 nt rail handle length and keeping 21 nt for the
slider handle for all subsequently-presented experiments.
It remained to be shown whether different handle lengths also influence the clip strand
removal reaction. To investigate this, the same samples from the above discussion have
been subjected to purple clip-removal strands that could initiate DNA strand displacement
upon binding to the toehold region of the clip strands. Clip strand removal reactions have
been performed at 37°C for 1h applying 1 pmol of purple clip-removal strands to the
reaction volume. The results have been analyzed on a 2% native AGE gel. Successful
DNA strand displacement of purple clip strands would lead to disassembly of the dimers.
An indication for disassembled dimers is a vanishing dimer band on the gel in a sample that
had previously shown a dimer band and was combined with the appropriate clip-removal
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strands. This was indeed observed for all samples on the gel shown in figure 7.11.
It should be highlighted again that the samples analyzed on the gel in 7.11 are the same
as in 7.10. They rested for some days at 4C. A subsection of those were then used for the
removal reactions. The negative controls shown in lanes labeled with ("-") showed very
minor higher-order bands. This could be attributed to the fact that these samples already
rested for some time and might have formed some complexes that are not detectable.
However, the overall trend that dimerization yields increase with decreasing rail handle
length was reproducible looking at lanes (4), (5), (8), (9), (12), (13), (16) and (17). The
effect of the removal strands is thus most pronounced in the samples where dimerization
yields were highest and dimer bands were quite intense. Thus, one observes a vanishing
dimer band especially for the samples S21+R14 and S21+R12. It can also be shown that
the structures successfully adopt a monomeric state upon clip strand removal, as indicated
by increasing monomer band intensities in lanes (15) and (19) compared to lanes (13) and
(17).
These experiments allow concluding that purple clip-removal strands are capable of dis-
solving the dimers that had been formed using purple clip strands. Together with the
negative controls that did not include any clip strands, these results indicate a second
time that the interaction between the falcon-monomers is specific.

Figure 7.11.: 2% native AGE gel to analyze the effect of handle length variations on purple
clip strand removal reactions. (1) 1kb ladder, (2) Raw falcon-rail exhibiting 12 nt handles
(R21), (3) Raw falcon-slider exhibiting 21 nt handles and with purple clip strands included
in the folding (S21+), S21+R21 dimerization without (4) and with (5) purple clip strands,
(6)-(7) Purple clip-removal strands applied to samples from lane (4) and (5), respectively,
S21+R16 dimerization without (8) and with (9) purple clip strands, (10)-(11) Purple clip-
removal strands applied to samples from lane (8) and (9), respectively, S21+R14 dimerization
without (12) and with (13) purple clip strands, (14)-(15) Purple clip-removal strands applied
to samples from lane (12) and (13), respectively, S21+R12 dimerization without (15) and with
(17) purple clip strands, (18)-(19) Purple clip-removal strands applied to samples from lane
(15) and (17), respectively.
Gel running parameters: 0.5x TBE buffer with 10 mM MgCl2, SYBR safe pre-staining 0.5 µg/mL; 60V for 4h at RT.
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Dimerization without pre-purification of monomers

It was suspected that even though falcon-monomers have tested much more robust towards
purification, amicon purification was the reason why the negative controls in 7.11 showed
slight indications for multimerization over time. This motivated testing whether falcon-
monomers could be dimerized without pre-purification.
Figure 7.12 shows results on the purple dimerization of unpurified falcon-rails and -sliders
at 37°C overnight. One can observe a complete depletion of the rail monomers indicated by
a vanishing rail monomer band in lane (6) and an appearing sharp dimer band. Successful
heterodimerization of falcon-monomers can thus be achieved without the need for their
pre-purification. Purification is thus no longer a concentration-limiting step, which is
especially helpful for the upcoming stepping experiments. For all upcoming experiments,
purification has been left out and falcon-monomers were used unpurified.

Figure 7.12.: 2% native AGE gel to analyze heterodimerization of unpurified falcon-sliders and
-rails. (1) 1kb ladder, (2) p8064 scaffold control for falcon-rails, (2) p8634 scaffold control
for falcon-sliders, (3) Raw falcon-rail exhibiting 12 nt handles (R21), (4) Raw falcon-slider
exhibiting 21 nt handles and with purple clip strands included in the folding (S21+), (5)
Heterodimerization of unpurified R12 and S21+.
Gel running parameters: 0.5x TBE buffer with 10 mM MgCl2, ethidium bromide 0.5 µg/mL, 60V for 210 min at RT

Time and temperature dependency of dimerization yield

The presented purple dimerization experiments have shown that falcon-monomers can be
specifically triggered to attach and detach by the introduction of appropriate clip or clip-
removal strands. Slight changes in the handle length have shown a dramatic impact on
the heterodimerization yields. The reaction kinetics of the interaction between two com-
ponents is generally subjected to environmental parameters. It is known that temperature
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and time can be crucial to the efficacy of the reaction. Thus, it was important to study
the extent to which the heterodimerization yields of falcon-monomers are influenced by
the temperature and time.
Thus far, falcon-monomers have incubated overnight at 37°C. Figure 7.13 presents results
found on different incubation times and temperature. Thereby, dimerization yields asso-
ciated with an overnight incubation at 37°C were compared with 2h and 1h incubation.
Lane (6) on the 2% native AGE gel in 7.13 A shows that the overnight incubation results in
a dimer band with the highest band intensity compared to the dimer bands corresponding
to the 2h and 1h incubation in lanes (7) and (8), respectively. The fact becomes even more
evident when inspecting the monomer bands of the samples. Rail monomers are almost
completely depleted when incubated overnight while the doublet gel band is still clearly
visible for the shorter incubation times.
Figure 7.13 B investigates whether the yields for an overnight incubation change with
temperatures of 37, 45 and 50°C. Higher temperatures were not tested to avoid disassembly
of the origami structures. Lanes (6)-(8) show that the temperature does not have a huge
impact on dimerization yields judges by an almost equal dimer band intensity for all three
conditions. Lanes (10)-(12) test the clip strand removal reactions for the samples that had
been incubated at different temperatures. Removal reactions were performed at 37°C for
1h and show that that although samples had been dimerized at different temperatures,
they can be efficiently disassembled. Since all purple dimers were dissembled equally well
upon the addition of purple clip-removal strands, one can assume that the observed dimers
generated at different temperatures do not exhibit differently strong interactions. Lane
(13) shows again that a 1h incubation is not capable of driving the dimerization reaction
to completion even at a higher temperature of 50°C.

7.3.4. Conclusion

The studies presented thus far on falcon-sliders and -rails have shown that the falcon design
is a much more robust architecture compared to the mini-sliders and -rails. This became
particularly evident when first amicon purification of the falcon-monomers resulted in clean
and stable products without the need for fine-tuning of the protocol, and second when it
was found that purification of the falcon-monomers is not required for good dimerization
yields. The 21 nt handle length for mini-stepper monomers has also been implemented
into the falcon design and thus served as a starting point for handle length variations.
Deviations from 21 nt handle length showed a drastic impact on purple dimerization yields.
The best dimerization yields have been achieved for a 12nt overlap between interacting
handles of the falcon-sliders and -rails. The design thus settled for a 12 nt handle length of
rail monomers and a 21 nt handle length for the sliders. Purple dimerization that involves
six clip strand interactions requires overnight incubation to reach completion. Thereby,
the yields seem to be independent of the temperature applied.
In any case, clip strand removal reactions at 37°C for 1h achieved proper disassembly
of the purple dimers upon the addition of 1 pmol of purple clip-removal strands. Slider
handles as well as purple clip strands have been PAGE purified prior to use. It should be
emphasized that these findings simply refer to the very initial heterodimerization mediated
via six purple clip strands.
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Figure 7.13.: A 2% native AGE gel analyzing the impact of an overnight incubation of falcon
monomers versus a 2h and 1h incubation. (1) 1kb ladder, (2) p8064 scaffold control for falcon-
rails, (3) p8634 scaffold control for falcon-sliders, (4) Raw falcon-rail exhibiting 12 nt handles
(R21), (5) Raw falcon-slider exhibiting 21 nt handles and with purple clip strands included in
the folding (S21+), Heterodimerization of unpurified R12 and S21+ at 37°C overnight (6), for
2h (7) and for 1h (8); B 2% native AGE gel analyzing the impact of different temperatures
on the overnight heterodimerization of falcon-monomers. (1) 1kb ladder, (2) p8064 scaffold
control for falcon-rails, (3) p8634 scaffold control for falcon-sliders, (4) Raw R21, (5) Raw
S21+, Overnight heterodimerization of unpurified R12 and S21+ at 37°C (6), at 45°C (7)
and at 50°C, (8) Combination of R12 + S21 without clip strands (9), clip strand removal
reactions for R12+S21+ that were incubated at 37°C (10), at 45°C (11) and at 50°C (12),
purple heterodimerization of R12 and S21+ at 50°C over the course of 1h (Data courtesy for
gel in B: Dr. Bhavik Nathwani)
Gel running parameters: (A) 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2h 20min in ice bath; (B) 0.5x TBE buffer with 10

mM MgCl2, SYBR safe staining 0.5 µg/mL; 70V for 3h at RT.

7.3.5. Three-phase actuation of falcon-steppers

The following section covers key experiments investigating whether it is possible to actu-
ate the falcon-sliders along the rails through symmetric, three-phase RGB cycles by the
subsequent addition of red, green and blue clip and clip-removal strands. Native AGE
gel electrophoresis as well as TEM imaging have been used again to detect the reactions.
Thereby, it should be reminded that falcon-steppers that transit from one clip strand en-
gagement to the subsequent one reach an intermediate state where both of the clip strands
are engaged. The removal of the previous clip strand is only then induced once the system
has reached the intermediate state. This ensures that dimers that are detected are not a
product of a detaching and re-attaching process, but an actual forward actuation. Each
clip engagement and clip-removal reaction was performed at 37°C over the course of 2h
and 1h, respectively. Clip strands were thereby applied at a final concentration of 800 nM,
and clip-removal strands at a final concentration of 2 µM.

At the beginning of this chapter in section 7.1.3 it has been proposed that clip strands
need a balanced length to fulfill the designed functions. They should be sufficiently long
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to overcome the 3.4 nm distance between the RGB attachment sites, but short enough to
ensure rigid attachment of the sliders to the rails. If clip strands are too long, they can
easily skip attachment sites and the control over forward and backward motion is lost. Too
short clip strands will not be able to stretch sufficiently to induce motion. The length and
concomitant flexibility of the clip strands were fine-tuned through implementing stretches
of T-bases – so-called T-linkers – within the transition space between the slider and rail
handles. In the following, the effect of different T-linker lengths embedded in clip strands
on the performance of RGB actuation is investigated. Thereby, clip strands with a T-
linker of 2T and 6T have been compared to clip strands without a T-linker (0T).

For purple heterodimerization, it has been found that the best results were achieved with
clip strands that included no T-linker. The corresponding data can be found in appendix
B.9. This is different to what has been found for RGB clip strands, which exhibit best
stepping performance for a clip strand-linker length of 6T. Figure 7.14 displays one gel for
each individual state of the RGB cycle analyzing the efficacy of stepping upon different
linker lengths. Details on the individual states have been provided in section 7.1.2. As
a reminder, after heterodimerization of the falcon-sliders to the rails via six purple clip
strands, the dimers are first subjected to red clip strands that bind the red slider handles
to the first for red attachment points along the rail leaving the system engaged via both
the purple and red clip strands. This is referred to as "state 0-1", highlighted in purple-red
in figure 7.14 A. The addition of purple clip-removal strands dissolves the purple slider
handles from the purple rail handles, resulting in a dimer that is purely engaged via the
four red clip strands that still appear as a dimer band on an agarose gel. By that time,
the slider has completed one 3.4 nm step along the rail. The same process is repeated
for states 2 and state 3, which are achieved by green and blue clip strand interactions. A
RGB cycle refers to two steps along the rail completed by a slider, from red to green and
from green to blue.

The gels in figure 7.14 visualize this process by detecting the dimer bands for each state.
Figure 7.14 A starts with a proper heterodimerized falcon-stepper shown in lane (6). Lane
(7) and (8) are control samples corresponding to a purple dimer disassembled upon the
addition of a purple clip-removal strand and rails and sliders that have been mixed without
a clip strand present, respectively. These controls confirm that the dimer band in lane
(6) originates from a specific interaction of sliders and rails upon the addition of purple
clip strands. This sample has been subjected to red clip strands exhibiting no T-linker
(0T) in lane (9), a 2T-linker in lane (10) and a 6T-linker in lane (11). The dimer band
was maintained for all three clip strand variations. The subsequent gel lanes (12) to
(14) correspond with the same samples subjected to purple clip-removal strands. ImageJ
analysis of the gel band intensities revealed an average decrease in gel band intensity of
57%, whereby the intensity for the 0T sample in lane (12) showed the highest decrease.
This indicates that clip strands without T-linkers provide the least stable binding via the
four clip strands compared to clip strands that include T-linkers. Moreover, the sample
shows an increasing population of the rail monomer band, meaning that some rails have left
the assembly with the sliders due to insufficiently strong binding. This trend also continues
for the other states. While clip strands with a 2T- and 6T-linker result in consistent dimer
band intensities through the whole RGB cycle, 0T-linker samples continue to disassemble
especially once the removal of the preceding clip strand is induced. It should be noted
that the overall intensity of all dimer bands drops down to an average of 25% when more
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steps are taken. In case the clip strands exhibit a 6T-linker (see lane (13) in figure 7.14
C), around 35% of the original dimer material is able to step all of the way through the
RGB cycle. By contrast, only 13% of the dimers that are based on clip strands without
T-linkers (see lane (11) in figure 7.14 C) make it through one RGB cycle. All generated
dimers can be specifically disassembled upon the addition of the appropriate clip-removal
strand shown in the last three lanes of each gel. It should be noted that the clip-removal
strands do not include T-linkers. ImageJ analysis of the gel band intensities as well as the
gels of figure 7.14 with the uncut staple clouds can be found in appendix B.2. The analysis
of different T-linker length within clip strands has shown that a 6T-linker included in the
RGB clip strands achieves the best responses to the three-phase actuation and is thus
implemented in the clip strand design.
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Figure 7.14.: 2% native AGE gel analysis of the effect of T-linker length in clip strands on the
performance of RGB stepping. Shared lanes across all gels: (1) 1kb ladder, (2) p8064 scaffold
control for falcon-rails, (3) p8634 scaffold control for falcon-sliders, (4) Raw R12, (5) Raw
S21+, (6) R12+S21+ heterodimers. A Analysis of 0T- vs. 2T- vs. 6T-linkers embedded in red
clip strands. (7) Disassembled heterodimers R12+S21+ upon addition of purple clip-removal
strands (ctrl(−)), (8) Combined R12 and S21 without clip strands, (9)-(11) Dimers mediated
via purple and red clip strands (state 0-1). Red clip strands exhibit 0T-, 2T- and 6T-linkers,
(12)-(14) Dimers from lanes (9)-(11) but treated with purple clip-removal strands (state 1),
(15)-(17) Dimers from lanes (9)-(11) treated with red clip-removal strands (ctrl−). B Analysis
of the effect of 0T-, 2T- and 6T-linkers embedded in green clip strands on state 1-2- and state
2-dimers. C Analysis of the effect of 0T-, 2T- and 6T-linkers embedded in blue clip strands
on state 2-3- and state 3-dimers.
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 65V for 2h 30min in ice bath

7.3.6. Symmetric actuation across two RGB cycles

The mechanism for the three-phase actuation was experimentally verified with gel elec-
trophoresis in the previous section. However, symmetric actuation remains to be con-
firmed. Symmetric within this context means that sliders can step into a second cycle of
RGB actuation relying on the same clip and handle sequences. Reaction solutions with
falcon-steppers that have reached state 3 via one RGB cycle contain all four flavors of
clip-removal strands. Since the same clip strands are used to promote the slider even fur-
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ther, it is necessary to first purify the solutions from the clip-removal strands that would
otherwise interfere with a second engagement of the slider and rail with the clip strands.
For this purpose, clip-removal strands have been equipped with a biotin-modification that
could interact with streptavidin-coated magnetic beads. In this way, the beads can bind all
biotinylated clip-removal strands on their surfaces. The magnetic beads can be separated
from solution by subjecting it to a magnetic field. Beads carrying clip-removal strands are
collected at the tube bottom and form a pellet. The supernatant solution thus contains
falcon-stepper residing in state 3 and can be further processed. The purification technique
using magnetic beads is illustrated in figure 7.15 E. Details on the protocol are listed in
the appendix A.3.

For native AGE gel evaluation of two-cycle stepping, the dimer band is the indicator for
successfully-induced interactions between the falcon-slider and -rails. Observing dimer
bands of intermediate states in which a falcon-slider is attached to the rail via two clip
strand flavor right before it can fully engage with the subsequent anchor point ensures
that the detected steppers are not a result of the slider detaching and re-attaching to the
rail, but rather it is dragged along the rails’ surfaces by the RGB clip strands. Thus,
it is expected to see dimer bands for both the intermediate states and the actual states.
These dimer bands should be specifically dissolvable upon the addition of the clip-removal
strands. Thereby, one should keep in mind that with each introduced component, the
reaction volume further dilutes, which reduces the concentration of the flacon-steppers. In
order to compare gel band intensities and thus the efficiency of the stepping, it is important
to normalize the sample concentration loaded onto the gel. This is achieved by estimating
the concentration of falcon-steppers in the reaction solution. These prediction can be
more precise for the first RGB cycle since it is known that the stepping starts with raw
falcon-monomers right after their folding, which provides 20nM of material given that the
folding yields are close to 100%. However, the second stepping cycle starts with purified
falcon-steppers that have reached state 3. One can only provide a rough estimate on how
much material can be retrieved from the purification protocol. A 50% recovery yields
was assumed. Based on this assumption, the sample volumes loaded on to the gel were
adjusted accordingly. The aspects explained above are important to keep in mind when
inspecting figure 7.15.
To summarize, native AGE gels can verify the suggested stepping mechanism to a certain
extent, as follows. Intact dimer bands for the intermediate and completed states through-
out both cycles together with the controls where dimer bands are specifically dissolved by
clip-removal strands are the indicators for proper stepping that can be provided by gels.
Certainly, this cannot serve as the only way to prove the principle, which is why TEM
imaging will be discussed later as a second route of verification.
For a better overview, figure 7.15 A and B provide illustrations of the falcon-rail with
the addressed anchor points highlighted and matched to the appropriate states on the 2%
native AGE gels that analyze samples from each state. Lanes (9)-(17) on the gel in 7.15
A refer to samples that have been actuated by the subsequent addition of red, green and
blue clip and clip-removal strands. Intermediate states 0-1, 1-2 and 2-3 are highlighted
with the colors of the according clip strands involved. For example, state 0-1 corresponds
to falcon-monomers that are engaged via the purple clip strands from the previous state
0, and via red clip strands for the upcoming state 1. The other intermediate states can
be understood analogously. Completed states are highlighted with only one color since
they rely on only one class of clip strands. The expectations for these samples and their
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appearance on the gel that have been described above have been confirmed. Intermediate
states as well as completed states 1, 2, and 3 exhibit distinct dimer bands. The controls
(ctrl − x with x = 0, 1, 2, 3) show that the dimer band dissolve once the appropriate clip
strand is applied. To give an example, the fact that ctrl− 1 reveals no dimer band verifies
that state 1 dimers can be specifically disassembled with red clip-removal strands. Sections
7.3.10 provides an additional verification for the specificity of the clip strand interactions.
In summery, figure 7.15 A shows that state 3 dimers can be purified using magnetic bead
purification, upon which they successfully transit into the red state of the second RGB
cycle. This can be judged by dimer bands that are present for intermediate state 3-4 and
state 4 in lanes (18) and (19), respectively.
Following the same argumentation, figure 7.15 B shows that falcon-steppers promote
through a whole second cycle of RGB actuation. Lanes (6)-(11) refer to the same sample
as shown in the gel above and are included as controls at this point. Any multimer band
that appears in the following higher-order states and that runs at the same height as the
dimer bands present in the controls can thus BE associated with a dimer band. Dimer
band intensities decrease especially for the state 4 dimers shown in lane (11) in 7.15 B.
These are the dimers that have been subjected to blue clip-removal strands. Since the
monomer bands in lane (11) are of similar intensities compared to state 3-4 dimers in
lane (10), one cannot argue that the concentration estimate was off and thus too little
sample volume was loaded onto the gel. One reason could be that some dimers miss out
on some of the four bonds between the monomer and thus fall apart more easily upon
clip-removal strand addition. Consequently, fewer steppers can be actuated onto state 5.
However, lane (12) and (13) still exhibit a dimer band. Further falling apart for states
4-5 and state 5 can be excluded since the monomer band intensities remain the same. In
the case of the rail monomer band, one can say that the rails remain completely depleted.
Since the bands become more faint for state 4-5 and state 5, it is easier to understand the
undergoing processes by including the monomer bands into the discussion. The relevant
ones are indicated by red arrows in figure 7.15 B, C and D. State 4-5 in B still exhibits
a dimer band and rail monomers are completely depleted. On the other hand, for state
5 a rail monomer band appears, meaning that a portion of dimers has fallen apart upon
the addition of green clip-removal strands. At this stage, it is not possible to completely
understand why the dimers fall apart. Further investigations need to be pursued to eluci-
date possible reasons for this. However, one can conclude that steppers successfully reach
state 4-5. All controls (ctrl−) again verify the specificity of the interactions. Figure 7.15
C and D refer to the same areas highlighted in green and red on the gel in 7.15 B. For
a better visibility of the dimer and monomer bands, the contrast and brightness of these
sections have been adjusted accordingly. Finally, it is to note that staple strand clouds
have been cut as they do not add important information to the discussion. The complete
gels can be found in appendix B.2.
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Figure 7.15.: 2% native AGE gels to analyze RGB stepping across two, symmetric cycles. A
Gel evaluation for PRGBR-stepping. Falcon-monomers heterodimerized via purple clip strands
(state 0 in lane (6)) and subsequently actuated through the cyclic addition of red, green and
blue clip and clip-removal strands. Intermediate states 0-1, 1-2, 2-3 and 3-4 refer to dimers
that are engaged via two types of clip strands highlighted with the according colors. Falcon-
steppers reach states 1, 2, 3, and 4 through the addition of the clip-removal strand displacing
the clip strand from the previous state. Controls (ctrl− x, with x = 0, 1, 2, 3, 4) refer to
state x-dimers subjected to the clip-removal strand that addressed the remaining engaged clip
strands. Vanishing dimer bands in the control samples indicate that interactions are specific.
B After magnetic bead purification that eliminate removal strands from state 3-dimers, they
can be actuated further into a second cycle of RGB stepping relying on the same clip and
clip-removal sequences as in the previous cycle.C, D Contrast enhanced sections from gel in B
highlighted in green and red accordingly for a better visibility of the dimer and monomer bands.
E Illustration of magnetic bead purification. Clip-removal strands are functionalized with biotin
and can be captured by streptavidin-coated magnetic beads. Subjected to a magnetic field
the beads that are covered with the clip-removal strands can be collected in a pellet on a
Eppendorf tube bottom. the supernatant contains purified state 3 dimers that can be further
processed.
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2h 30min in ice bath
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7.3.7. Backward stepping

Backward motion of the falcon-steppers can be achieved by a reverse addition of clip and
clip-removal strands. The 2% native AGE gel in figure 7.16 shows that reverse actuation of
state 3 dimers is possible. Again, this is confirmed by dimer bands that remain intact over
the course of clip and clip-removal strand addition. Backward stepping is also symmetric,
meaning that the functional strands have the same sequences. Magnetic bead purification
was performed again for state 3 dimers before clip strands were applied in reverse order.
Dimer bands for revisited state 2 and 1 are present but very faint.
Figures 7.16 B and C provide contrast enhanced gel sections to better visualize the dimer
bands in lanes (11) and (12) as well as (14) and (15). The controls did not reveal any
dimer bands as expected. The fact that the gel evidence for backward stepping coincides
with what has been seen for previous stepping evaluations indicates that falcon-steppers
are also able to step backward.

Figure 7.16.: A 2% native AGE gel analysis for the backward actuation of state 3 dimers (cf.
text). B, C Contrast enhanced sections from gel in A highlighted in green and red accordingly
for a better visibility of the dimer and monomer bands.
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2h 30min in ice bath
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7.3.8. Optimization of the TEM staining protocol for a higher image
contrast

It has been shown that falcon dimers can be specifically addressed with clip and clip-
removal strands. Those are designed to drag the slider along the rail through visiting the
appropriate anchor point exhibited by the rail. Up to this point, gel electrophoresis was
the tool to investigate whether falcon-monomers remain dimerized over the course of the
actuation. It has been shown that two cycles of forward stepping as well as backward
stepping are achievable with the system under study. However, gel electrophoresis can
only confirm the addressability and intactness of the falcon dimers. For full proof of
programmable motion, a second route of verification is needed. One approach is to use
TEM to resolve the slider motion on the rail by taking snapshots of each state. Since
the step size of the falcon-stepper is quite small, it is challenging to resolve the motion
of each step. It is more suitable to image the dimers at their starting position – which
is state 0 – after they were treated with red clip strand the first time (state 1) and after
they have completed the first RGB cycle and have stepped one step ahead into the second
RGB cycle (state 4).
Figure 7.17 illustrates the expected outlines of falcon dimers at the different stages. State
0 sliders are expected to be consecutively aligned with the rails. Introducing red clip
strands would cause the slider to flip over and stack on top of the rail, as indicated by the
red arrow in figure 7.17. This should lead to a decrease of the overall construct length.
While a length of 128 nm would be expected for state 0 dimers, state 1 dimers exhibit
only a length of 50 nm. The area that is uncovered by the slider – also referred to as the
"rail tail" – decreases with each step taken up until the point where the construct exhibits
two tails in state 4.
In order to detect the rail tail, it is crucial that the wing portions of the sliders are well
distinguishable from the background. The edges of the wings are the geometric feature
that are changing their position upon actuation. It emerged that it is challenging to
resolve the slider wings from the grid background using the standard staining protocol.
A systematic study on achieving ideal conditions for a high image contrast and good
population of falcon dimers from different states was thus performed.

Challenge with TEM imaging of RGB dimers

The standard protocol to stain DNA origami structures for TEM imaging enabled properly
imaging falcon-sliders and -rails as well as purple dimers. Thereby, samples are usually
diluted down to 1 nM and 3 µL raw sample are added to the grid, incubated for 2 minutes
(deposition time) and absorbed by filter paper before another 3 µL of negative staining
solution is added and again absorbed into filter paper after several seconds of incubation.
Negative staining solution was 2% uranylformate (UFO), which has been complemented
with 1 µL 5M sodium hydroxide (NaOH). This protocol usually results in an even dis-
tribution of stain across the whole grid and is capable of resolving the desired level of
structural detail in most cases. It was remarkable that falcon-sliders especially exhibited
a rather uneven distribution of the stain across the structures. Figure 7.18 shows TEM
images of raw sliders when stained using the standard protocol. The TEM image on the
left shows that sliders tend to accumulate more staining solution in the middle area, which
make the wing parts to appear much more faint compared to the rest of the structure.
This is one way in which sliders appeared on gels. The TEM image on the right shows
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Figure 7.17.: Falcon-sliders are expected to consecutively align with the rails in state 0, which
adds up to a total construct lengths of 128 nm. Introducing red clip strands to the system
should cause the slider to flip over and stack on top of the rail. Thereby the slider covers a
part of the rail. The distance from the lower wing edge of the slider to the end of the rail
should measure 50 nm and be used as indicator of properly assembled slider-rail complexes.
This rail tail length decrease with each taken step. Sliders in state 4 will reveal 40 nm rail tail
in front of them and a shorter rail portion behind them.

that sliders also sometimes appear very faint in general.
These effects do not disrupt imaging of the falcon-monomers or purple dimers, although
they become troubling once sliders are stacked on top of the rails. Stacked falcon-
monomers form an area of ten DNA layers in the middle while slider wings are still based
on three layers only. The middle part of the falcon dimers thus accumulated more stain
leading to a much higher staining signals that overloads the signal coming from the slider
wings.

Figure 7.18.: TEM imaging of falcon-sliders with standard staining protocol. Sliders either
exhibit an uneven distribution of the staining solution leading to dark areas in the middle, or
sliders that are stained even but appear quite faint.

As a result, very often falcon-steppers – once RGB stepping was initiated and higher-order
dimers have been formed – appear as dark spots on TEM grids with a low resolution of
structural details. Additionally, the standard staining protocol was unsuited to achieve
a decent population of falcon-steppers for the higher-order states since the sample con-
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centration dropped with each taken step. Especially state 2-4 dimers very often were not
detectable on the TEM grid.
Both described situations motivated testing techniques to improve the image contrast by
first purifying the falcon-steppers from residual staples and functional handles through gel
electrophoresis, second longer depositions times of the samples on the grid and third differ-
ent techniques to apply the staining solution for the purpose of a better suited distribution
of the stain across the constructs.
The following presents representative TEM images referring to different staining tech-
niques. The investigations were performed with state 3 dimers. An important side note
is that images taken from this particular sample refer to state 3 dimers with a mistaken
handles design. However, this does not influence the results associated with TEM image
quality.

TEM images of RGB dimers requires longer depositions times and gel
purification

In order to detect any higher-order dimers on TEM grids, it was crucial to gel purify the
dimers first using a 1% native AGE gel and ROTI-GelStain and deposit the samples on
the grid for 30 min before staining. Details on gel purification can be found in appendix
A.3.
After staining was completed, it was important to let the grids dry for no longer than 10
min. Figure 7.19 show the overview and close-up images resulting from different sample
deposition times and compares the grid population of unpurified structures in A and
purified structures in B and C. TEM images in figure 7.19 A show unpurified state 3
dimers that have been stained using the standard protocol described above. This involves
a deposition time of 2 min. During imaging, a huge amount of time had to be invested
to screen the grid for structures and very often nothing was detectable. If structures
have been detected, most of the them were falcon-monomers and only a few among these
were identified as dimers (encircled in red). Those displayed the problematic behavior
being almost completely overloaded by the signal coming from the middle area of the
dimer. Sliders are almost non-visible. In the rare cases that the dimer displayed an even
distribution of stain, as shown in the close-up image in A, the sliders are still so faint that
one cannot determine the location of the sliders on the rails.
The situation slightly improves once the sample volume applied to the TEM grids is
increased from 3 to 7 µL combined with a prolonged deposition time of 15 min. Moreover,
it was tested whether increasing the amount of UFO applied from 3 to 5µL would render
the dimers less faint than in A and thus easier to detect. In general, the introduced
adjustments of the standard staining protocol helped to increase the detectable number of
dimers within the same field of view as shown in A. However, dimers are embedded in a
sea of falcon-monomers (encircled black) and although they appeared less faint, they still
accumulate more stain in the critical area, as shown by the close-up images in B. Figure
7.19 C shows that if the adjusted staining protocol is performed with gel purified state
3 dimers, it is possible to drastically increase the number of detectable dimers (encircled
red). Furthermore, it was easier to identify the sliders due to an improved image contrast.
This could be attributed to the absence of the staple strand excess that often render the
grid background quite fuzzy. It is not a novel finding that gel purification helps to improve
the image quality for DNA origami structures on TEM grids. However, gel purification
prior staining is usually performed due to aesthetic reasons. It should be emphasized that
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here the combination of gel purification, longer sample deposition times as well as higher
volumes of sample and staining solutions is crucial to get from an almost undetectable
sample to an even distribution of the construct of interest on the grid. Deviations from
the suggested protocol adjustments lead to no or very little detection on the TEM grid.
Gel purification of higher-order dimers was not trivial since the concentrations are quite
low when more steps are performed. Thus effort had been made to increase the yields
of higher-order dimers to achieve a suited concentration on gels. During the process of
yield optimization, it has been found that functional staple strands result in slightly better
yields when purchased from the company IDT exclusively. This helped to boost the yields
to an extend where it was possible to purify the higher-order dimers from a gel.

Figure 7.19.: Longer sample deposition times and gel purification help to populate the con-
struct of interest on TEM grids. Scale bars indicate 100nm. A TEM images of unpurified
state 3-dimers, deposited on TEM grids for 2 min prior staining with the standard protocol, B
TEM images of unpurified state 3-dimers that have been deposited for 15 min on TEM grids.
Increased sample and staining solution volumes have been applied to the grid, C TEM images
of gel purified state 3-dimers that have been deposited for 30 min on TEM grids. Increased
sample and staining solution volumes have been applied to the grid.

Different techniques to apply the staining solutions to the grids effect the
image contrast

It has been shown that adjusting the involved volumes of both the sample and staining
solution, the sample deposition times as well as the purity of the sample can lead to an all-
or-nothing response with respect to the detection of the sample on TEM grids. Although
the adjustments to the standard staining procedure enabled detecting higher-order dimers,
the image contrast was still unsuited to verify the actual stepping. Sliders were visible
but the uneven distribution of the stain across the structures still made it challenging to
extract information about the exact location of the slider. However, the latter is crucial to
be able to access the rail tail length quantitatively by measuring the distance between the
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slider edge and the end of the rail. This motivated investigating different techniques to
apply and remove the stain to and from the grid and the effect on its distribution. Thereby,
the previously-described adjustments to the protocol have been included. Staining and
imaging has been performed on state 3 dimers.

Figure 7.20 presents two methods to apply the stain onto the grid and two to remove it.
The standard staining protocol is a combination of release mode and a gentle absorption
of the staining solution into the filter paper, as shown in panel 2 and 3. For a systematic
study on the effect of different ways to handle the stain, either the technique of how to
apply the stain was kept unchanged while the stain removal was adjusted or vise versa.
Panel 1 illustrates one way to alter the way to apply stain to the grid. Instead of releasing
the droplet form the pipette directly onto the grid, UFO droplets are pipetted on to a
piece of parafilm and absorbed by the grid holding it upside down, gently touching the
surface of the UFO droplet. For stain removal, the grid holding the UFO droplet was
gently held against a filter paper that immediately took up the solution. A TEM image
representing the typical outcome of this staining procedure is included below panel 1. The
majority of the detected structures were highly overstained and no structural details could
be detected. Panel 2 and the TEM image shown for it refer to the standard procedure
that has been described in the previous section and was included as frame of reference to
study the differences induced by the adjustment in the staining protocol.

Comparing the TEM image of panel 1 and 2 prompts the conclusion that releasing the
staining solution from the pipette is a much more suited technique to apply the stain to
the grid than the tapping mode. Panel 3 and 4 present variations of the stain removal
process. In a gentle approach, staining solution was removed from the grid by holding
it in a 90° angle against a filter paper. A method that could be described as harsh uses
a filter paper that has been folded in such a way that grids can be pushed against from
the bottom, as shown in panel 4. The filter paper and grid thereby align in parallel to
each other. The TEM image shown for the gentle method in panel 3 goes back to the
same combination of stain application and removal as shown in panel 2, namely the gentle
release. Image contrasts are fairly similar, although the representative TEM image for
the harsh release shows a drastic improvement in image contrast compared to all other
techniques. This technique manages to clearly resolve the slider onto the rails. It seems
like the stain permeates the rail, causing them to be much darker compared to the sliders,
which are stained a bit lighter. This contrast may be aesthetically less pleasing but is
ideal to exactly locate the slider wings and verify their moving edge upon actuation. In
general, it is challenging to define the exact reasons for the different outcome of different
staining techniques. Researchers strongly rely on empirical knowledge when it comes to
TEM sample staining. One possible explanation why the harsh release results in a more
uniform distribution of stain could be that the whole grid touches the uranylformate at
once with equal forces present between the surface of the grid and the droplet. Soaking the
solution from the site as done in panel 3 involves a force implied by the droplet moving to
the left, which might not be uniform across the whole grid, resulting in uneven distribution
of the stain. The following section presents some TEM images taken from different states
of the stepper and shows how the optimized staining can be used to quantitatively verify
the motion of the slider on the rail.
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Figure 7.20.: The effect of different staining techniques on the TEM image contrast. A and B
Two techniques to apply staining solution to the grid. A (top) Illustration of "tapping mode":
Stain solution is applied by holding the grid upside down and tapping into a UFO droplet that
it pipetted on parafilm. (bottom) Representative TEM image of state 3 dimers. Scale bars
indicate 100 nm. B (top) Illustration of "release mode": UFO is released on to the grid by
pipetting from the top. (bottom) Representative TEM image of state 3 dimers. Scale bars
indicate 100 nm. C and D Two techniques to remove the staining solution form the grid.
C (top) Illustration of the "gentle" removal. Grid with the UFO droplet is held against filter
paper in 90° angle. (bottom) Representative TEM image of state 3 dimers. Scale bars indicate
100 nm. D (top) Illustration of the "harsh" removal. Grid with the UFO droplet is pushed
against the filter paper from the bottom. (bottom) Representative TEM image of state 3
dimers. Scale bars indicate 100 nm.

7.3.9. TEM verification of PRGBR-stepping

A systematic investigation of different staining techniques eliminated parameters providing
a suited image contrast for verifying the dimer bands observed on gels in previous sections.
Figure 7.21 presents a gallery of TEM images taken from different states of the falcon-
stepper system such as the state 0 in A, state 1 in B, state 3 in C and state 4 in D. Due to
the small step size of 3.4 nm, the difference between state 2 and state 1 dimers is almost
non-detectable and thus left out in the gallery. All samples shown on the TEM images
have been gel purified and staining followed the already slightly optimized procedure of
prolonged sample deposition times and increased sample/stain volumes.
Figure 7.21 A shows TEM images of state 0 dimers. They show the consecutive alignment
of the slider and rail that was initially hypothesized. The close-up images even display
the gap between slider and rail where purple initialization handles mediate a connection
between the monomers illustrated on the top. It is to note, that the illustration shown in
A is an exploded view on the purple dimers to show how the connection between falcon-
slider and -rail is realized. The gap consists of the 12 nt handles from the rail and the 21
nt handle from the slider. This adds up to around 11 nm distance between slider and rail.
The TEM images provided in B confirm the hypothesis that sliders start to flip over once
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red clip strands are introduced. The particle observed on TEM grids are more compact
and exhibit a reduced rail tail length. Panel B also includes a direct comparison between
images obtained with the standard staining protocol and the optimized protocol. The
standard protocol thereby refers to the "release-gentle remove" mode described above,
while the optimized protocol refers to the "release-harsh-remove" mode. The latter allows
observing where the slider is located on top of the rail.
Panel C shows the same, albeit for state 3 dimers. Here, the optimized staining also
established an ideal image contrast that allows detecting the edges of the slider wings.
Panel D provides proof that falcon-steppers are able to be actuated with a symmetric set
of clip and handle strands. State 4 refers to the first step of a second RGB actuation.
Dimers from this state are expected to exhibit a second rail tail behind them since they
have overcome 10.2 nm by taking three steps. Panel D shows some candidates of state 4
dimers that match these expectations. However, it should be highlighted that gel purified
state 4 dimers are a mixture of three populations. One is the one depicted in panel D,
a population that seems to have stepped forward into the center of the rails. The other
population seems to have stepped backwards and thus looks similar to what one can
observe in panel B. The third population seems to have half of the forward red anchor
points engaged, while the other half are engaged with the backward red anchor points,
leading to diagonal placement of the slider on top of the rail.
The concentration of gel purified state 4 dimers is too low to generate sufficient data for a
statistic evaluation of the occupancy of the three possible population, but their existence
should be included in the discussions here. Panel D also only displays TEM images gen-
erated with the optimized staining protocol. The reason for this is that all other staining
protocols failed to detect state 4 dimers, highlighting the importance of delicate tuning
of the staining once again. Overall, these TEM images are proof that the dimer bands
on the gels indeed correspond to dimeric structures and that the slider is moving forward
upon the cyclic addition of clip and clip-removal strands.

A quantitative analysis of the rail tail length is provided in figure 7.22. Rail tails refer to
the longer parts of the rail that is uncovered by the slider. For the presented analysis, only
falcon-steppers that landed on the grids facing up – exhibiting the typical T-shape – have
been taken into account (see 3D-renders in figure7.22). Dimers that landed on their sides
or that looked distorted were excluded from the analysis (see appendix B.2). In total,
50 particles for each state 0, 1 and 4 have been analyzed. Analysis was performed using
the measure tool provided by the ImageJ software. As previously highlighted, state 4
reveals a mixture of different dimer populations due to sequence symmetry of applied clip
strands. For tail length measurement of dimers in state 4, only forward stepping dimers
were included in the analysis. The measured rail tail lengths and their distribution are
represented as histograms in figure 7.22 D. The x-axis refers to the lengths in nm starting
with the highest measured tail length, while the y-axis refers to the counted particles at
a particular length starting with the lowest number of particles. Since state 0 dimers
correspond to the initial heterodimerization and sliders are aligned consecutively to the
rail, the dimers of state 0 have the longest tail length. This explains the accumulation
of data points for state 0 at highest lengths on the very left in the graph of figure 7.22
D. This is followed by the tail lengths of state 1 and state 4 dimers. Despite the length
distributions of state 1 and state 4 bordering each other, the peaks of the histograms
are well separable in general. A clear cut is observed between state 0 and state 1, which
corresponds well to the drastic configurational change caused by the slider flipping over
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and terminating the consecutive alignment with the rail. Figure 7.22 D shows that the
average of tail length measured for state 1 dimers peaks at 41 ± 4 nm whereas the average
tail length for state 4 dimers is at 22 ± 4 nm. These values do not coincide with out
theoretical expectations that predict a tail length of around 50 nm for state 1-dimers and
39 nm for state 4 dimers. This deviation can be attributed to image artifacts originating
from the fact that DNA origami structures can appear shorter on TEM girds compared to
theory due to unavoidable dehydration effects occurring during the drying process on TEM
grids. Additionally, we need to consider an error that arises from manually measuring
the particles. Approaches like fluorescence microscopy or FRET analysis would be an
alternative and appropriate tool to resolve the step size of 3.5 nm. However, at this point
of the study we are more broadly interested in whether the stepper can be actuated with
a symmetric set of clip strands at all and whether this leads to forward progression of the
slider. An overall reduction in tail length of the dimers provides first evidence suggesting
that the systems work as hypothesized.
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Figure 7.21.: TEM verification of falcon- sliders stepping into a second RGB cycle. Structures
have been gel purified for TEM imaging. A 3D illustration of state 0-dimers showing the
expected dimensions and TEM images. Scale bars indicate 100 nm. B 3D illustration of state
1-dimers. Comparison of TEM images of state 1 dimers based on the standard staining protocol
(left) and the optimized protocol (right). Scale bars indicate 50 nm. C 3D illustrations of state
3-dimers. TEM images based on the standard staining (left) and the optimized staining (right).
Scale bars indicate 100 nm. D 3D illustration of state 4 dimers. State 4 dimers have been
achieved by re-applying red clip strands after red clip-removal strands have been eliminated
from the solution using magnetic beads. TEM images based on the optimized staining. Scale
bars indicate 50 nm.
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Figure 7.22.: TEM image evaluation of a symmetric, three-phase actuation of falcon dimers.
A State indicator. Rail-tail lengths of state 0, 1 and 4 have been analyzed, B 3D-renders
displaying the theoretically expected values of the rail-tail lengths, C Representative TEM
snapshots of dimers from different states including top- and side-views of state 1 and 4 dimers.
Scale bars indicate 50 nm. D Histograms showing the distribution of measured rail-tail lengths
of 50 particles for the states 0, 1 and 4. The X-axis refers to the lengths in nm starting with
the highest measured tail length, y-axis refers to the counted particles at a particular length
starting with the lowest number of particles. The overall trend is a reduction in rail-tail length
with upon actuation of the slider. The accumulation of data points starts with rail-tail lengths
of state 0 dimers (purple), followed by the tail lengths of state 1- and state 4 dimer. The
lengths peak at 73 ± 4 nm for state 0 dimers (purple), at 41 ± 4 nm for state 1 dimers (dark
red) and at 22 ± 4 nm for state 4 dimers (light red).
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7.3.10. Strand interaction specificity

A usual control to show that an interaction between falcon-slider and -rail is specific
was to show that the falcon-steppers could be disassembled once the appropriate clip-
removal strand was applied. Specific thereby means that the interaction between the
falcon- monomers is exclusively mediated by the present and intentionally-applied clip
strands. All control samples that have been included in the discussions above showed this
kind of exclusive response. For instance, falcon dimers that reside in a state mediated
by red clip strands disassembled once red clip-removal strands were applied. This also
held true for all other states. Intermediate states that relied on two flavors of clip strands
remained intact as long as only one flavor of clip strand has been removed at a time.
This already verifies that the dimer bands detected on the gels are a product of specific
interactions between the monomers. However, clip strands that have been applied in excess
to the amount that is actually binding to falcon-monomers and that have not turned into
double-stranded waste products throughout the process of strand displacement might still
be in solution and available to mediate interactions between the sliders and rails. This
should be a quite unlikely event since the clip-removal strands were applied in a 2.5 excess
to the clip strands and should occupy all of them. Nonetheless, the following experiment
has been designed to exclude this or other sources of interactions that have not been
specifically induced.

Falcon dimers have been subjected to a mixture of removal strands that contained all the
removal strand-types, except from the one that is designed to disassemble the complex. If
the dimer band is maintained, it implies that the removal strands have no impact on the
dimers. In a subsequent step, these dimers are subjected to the appropriate clip-removal
strand. This leading to a disassembly of the dimer band suggests that the dimers must
have been attached exclusively via the designated clip strand. Figure 7.23 shows the
native AGE gel analysis of the experiment. Lanes (8) and (12) in 7.23 correspond to state
0 and 1, respectively, which have been treated with a mixture of clip-removal strands not
matching their present clip strand. Both samples maintain a distinct dimer band. These
disassembled once the appropriate clip strand is applied as shown in lanes (9) and (13).

The same is true for state 2 and state 3 dimers shown in lane (9) and (13) in 7.23 B. Their
dimer bands remain unaffected by the addition of the off-target clip-removal strands (see
lanes 10 and 14) but are disassembled upon addition of the correct clip-removal strand (see
lanes (11) and (15). It should be noted that due to a pipetting error the sample volume
for lanes (6) and (10) were much lower compared to the other lanes and thus exhibit a low
band intensity signal. However, the dimer bands for both are still visible when boosting
the contrast of the image. Their low intensity does not affect the conclusion about the
specificity of the interactions.

These results enable assuming that the dimer bands observed on the previous gels are
indeed a product of highly specific interactions based on the controlled attachment and
de-attachment of clip and clip-removal strands. This also confirms that, despite the dis-
crepancy of measured and theoretically-predicted displacement values, the displacement of
the slider observed on TEM grids can indeed be traced back to the implemented stepping
mechanism.
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Figure 7.23.: 2% native AGE gel showing the clip strand interaction specificity. Colors refer to
interactions mediated by purple ("P"), red ("R"), green ("G") and blue ("B") clip strands. A
State 0- and state 1 dimers have been subjected to either a mixture of off-target clip-removal
strands or the appropriate clip strand-removal. Disassembly is only detected for the target
clip-removal strand. B State 2 and state 3 dimers subjected to off-target clip-removal strands
or target clip-removal strand.

7.3.11. Conclusion

It has been shown that the suggested design for the falcon-slider and -rail successfully folds
and that the incorporated functionalities such as the handles can be specifically addressed
with appropriate clip and clip-removal strands. Thereby, it has been found that falcon-
sliders and -rails are much more robust compared to the previously-approached mini-slider
and -rail architecture. It was not necessary to purify the monomers upon dimerization or
for the actual actuation, which provides a major benefit compared to mini-steppers.
Moreover, this enabled starting the stepping cycles at a high yield of monomers which –
as stated in the very initial premises – combines well with the chosen tools of detection.
The monomeric and dimeric stability of the falcon design as well as the high yield allowed
testing the proposed symmetric, three-phase stepping mechanism.
First, it was shown that interactions between falcon-sliders and rails are best mediated if
the red, green and blue clip strands exhibit a flexible linker comprising six T-bases.
Magnetic bead purification proved to be a valid technique to purify falcon-steppers from
residual clip-removal strands and allowed the stepper to be actuated into a second cycle
of RGB stepping. Gels confirmed that dimers remain intact over the course of actuation.
Imaging the higher-order dimers with TEM has been challenging and required the devel-
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opment of a specific staining protocol to make especially the higher-order dimers visible on
TEM grids. Through a considerate study of different staining parameters, it was possible
to detect the systems of interest. The data collected provides sufficient evidence that a
slider displacement is indeed achievable. Together with strand interaction specificity tests
provided by the end of the chapter, the displacement observed by TEM can be traced
back to the programmed clip and clip-removal strand interactions. In combination, both
data sets allow concluding that the sliders are indeed actuated by the cyclic addition of
symmetric clip strand sequences.
It is very important to realize that at this point TEM imaging can solely prove that a
controlled actuation of the slider is induced, as the level of detail resolvable with TEM is
too low to detect the proposed step size of 3.4 nm.
The rail parts detected on TEM grids that are not covered by the slider – the so-called
rail tails – served as a measure to show a displacement of around 19 ± 4 nm from state
1 to state 4. This does not coincide with the theoretical expectations of a displacement
of around 10 nm. In general, the measured rail tail-lengths show an increased deviation
from the theoretically expected values when more steps are taken. The next step of this
project will be to investigate the falcon-stepper with alternative detection methods such
as with FRET measurements or super-resolution microscopy with DNA-paint to resolve
the designed step size of 3.4 nm.

7.4. Summary

This chapter has presented a novel concept for an artificial, nanoscale stepper whose archi-
tecture and mechanism is completely based on DNA. Through the systematic investigation
of two stepper candidates – the mini- and the falcon-stepper – it was possible to find an
architecture that fulfilled all architectural premises stated initially for the successful im-
plementation of the proposed stepping mechanism.
DNA strand displacement driven steppers that promote individual DNA molecules have
been shown many times in the literature. The approaches presented within this thesis
extend these established concepts by increasing the scale at which stepping is realized.
Instead of single molecule promotion, multi-site interactions are programmed between the
surfaces of large DNA arrays.
This is believed to boost the tolerance of the stepper systems towards structural defects
and towards missing anchor points. The proposed steppers do not induce a new DNA
sequence for each taken step. Instead, an innovative stepping mechanism was developed
that relies on only six different fuel strands that are externally applied in regular cycles.
The design of the fuel strands as well as the anchor points have been optimized to meet
requirements such a balanced length of the fuel strands that would keep the directional
bias of the stepper while maintain the rigidity of the system and sufficient binding en-
ergy between fuel strands and anchor strands to hold the DNA arrays together. It was
possible to show DNA arrays can interact along and perpendicular to their helical axes
despite present repulsion forces arising from the negatively charged, densely packed helical
backbones.
Based on optimized strand displacement reactions, controlled forward and backward mo-
tion has been shown. Gel electrophoresis and TEM imaging were the methods of choice to
detect and verify the proposed architectures. Using those in combination confirmed that
symmetric cycling of fuel strands is able to promote the DNA origami structures across
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each other. However the resolution of these techniques is too low to confirm the step
size of 3.4 nm. To resolve the small step size of 3.4 nm, it is intended to use detection
methods such as FRET measurements or super-resolution microscopy with DNA-paint in
the future.





8. Summary and outlook

The thesis is part of a project that aims to develop a device for rapid prototyping of
nanoscale objects as a promising pathway toward atomically precise manufacturing. Di-
rected DNA self-assembly is especially suited for this implementation since it is highly
parallelized allowing to create a trillion copies at the same time within short design cycles.
It holds great potential to fulfill the main requirements set out to achieve a similar impact
of the 3D printing technology observed on the macroscale. These requirements are:

• Easy accessible building materials

• Transport mechanisms

• Mechanisms for repetitive action

DNA is a readily accessible building material. Methods such as DNA origami folding, and
DNA strand displacement allow to construct dynamic DNA nanostructures. Nanoscale
stepping based on DNA strand displacement has been shown many times in literature.
However, the steppers presented so far are often restricted to irreversible single-molecule
interactions and thus limited in terms of travel distances and directions. The latter has
been discussed in detail in chapter 4.

This thesis presents a new stepping mechanism extending the functionality of current DNA
steppers toward the fulfillment of the above-stated requirements. A central achievement
thereby was to show the feasibility of repetitive, multisite interactions between large DNA
origami surfaces.
To do so, the first part of the thesis is a systematic study of different design approaches
generating DNA origami structures with a high number of functional sites. These studies
have been performed for square, honeycomb, and square-holey lattice designs. It was
possible to develop stable architectures of different geometries that exhibit up to 200
individually addressable, functional sites with close packing of the nearest neighbors.
In the second part of the thesis, four of these architectures have been used to demon-
strate multi-site interactions via a novel stepping mechanism. The stepping mechanism
investigated enables a large DNA- array to promote along rigid DNA origami tracks based
on the coordination of four legs at the same time. The rigidity of the individual stepper
components is given as they are based on multi-layer structures. Stepping relies on a
cyclic activation and deactivation of fuel DNA strands that induce strand displacement
at designated binding sites. It has been shown that the promotion of the stepper does
not require a new sequence for each step but it is possible using a set of six orthogonal
sequences as fuel strands that are applied in repetitive cycles. Optimizing the design of
the fuel strands allowed control over forward and backward motion.

The main methods to detect and study the systems were gel electrophoresis and transmis-
sion electron microscopy. They allow the analysis of the folding and purity of the designed

149



150 8. Summary and outlook

architectures, the impact of differently designed binding sites as well as fuel strands, and
different parameters of the DNA strand displacement reactions. It has been shown that
steppers can be promoted based on the proposed, symmetric stepping mechanism. How-
ever, insufficient resolution of TEM so far prohibited the verification of the designed step
size of 3.4 nm. The steppers are currently equipped with further design features to enable
the characterization of step size, speed, and failure rates using alternative detection meth-
ods such as FRET measurements or super-resolution fluorescence microscopy with DNA
paint.

The results achieved in this thesis are the basis for further ongoing research trajectories
of the project. The 1D falcon-steppers presented are currently extended into 2D by intro-
ducing a third stepping canvas to the stack architecture of the falcon-stepper. Thereby,
1D falcon-steppers are implemented in a way that one of them performs an up and down
motion, while the other promotes from the left to the right. Preliminary data exists, show-
ing that this is a promising approach to realize 2D stepping. Once bidirectional stepping
is fully characterized and optimized, molecular analogues to a printhead are aimed to be
developed and implemented into the molecular steppers. Ideas are to render the print-
head able to recruit DNA "ink" strands from solution and catalyze the hybridization of
that ink strand to a DNA origami surface. Patterns could be created by using ink strands
that themselves carry a fluorescent dye molecule or metal nanoparticles. As an alternative,
one could think about using RNases as printheads that carve out a certain pattern on an
RNA covered canvas.
The speed of the steppers remains to be investigated. Since the reaction rates of DNA
strand displacement cannot be infinitely boosted by increasing the concentration of the
fuel strands, falcon-stepper systems are planned to be integrated into micro-fluidic setups.
Switching to such a single-molecule detection method should help to get more insights into
the speed and the number of achievable stepping cycles the system can go through. This
is hypothesized to support the development of the falcon-steppers toward higher operation
rates.

Desirable applications for molecular 2D steppers are, for example, to replace excessive
manual pipetting steps currently required to functionalize DNA origami structures. In-
stead one could imagine mixing the DNA origami structures with the developed molecular
2D steppers that could then decorate the DNA origami structures with the desired func-
tionalizations. Patterning a non-organic canvas such as semiconductor surfaces could be
a further long-term application.
In the future, the current mechanism of external stepping control is planned to be replaced
with purely concentration-based cycles of activation and de-activation of fuel strands. The
design of the fuel strands is going to be modified so that attachment of a certain fuel strand
is only energetically stable if the close surrounding provides a high enough concentration
of them. Designing the fuel strands much shorter, on the order of 7 bps, will render them
to have weak binding energy so that they would easily fall off once concentrations are
reduced or once they are under competition with other strands at higher concentrations.
This amounts to a hyper-sensitivity of the systems toward changes in concentrations. The
fact that stepping is based on multi-site interactions is key to such a hyper-sensitivity as
in that way subtle changes in fuel strand concentrations will trigger a multiplied response
of the system.
Cycling the concentration of the fuel strands is hypothesized to induce a switch-like be-
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havior of strands attaching and detaching. This all-or-nothing response reminds of the
concepts of cooperativity and is believed to be a powerful approach to increase the relia-
bility, robustness, and efficiency of the stepper systems. It should be empathized again,
that the implementation of such cooperative processes hugely depends on the availability
of platforms that allow multivalent interactions and motivates the studies presented in
chapter 6 once more.
High-cooperative stepping is currently investigated with the SH-v3 architectures presented
in chapter 2. Preliminary data on high-yield dimerization of the SH-v3 structures already
exist.
Currently, fuel strands are cycled through manual and external addition. However, a
project has been initiated to develop depot systems that could release and capture the
required strands upon excitation with light. Gold nanorods for example exhibit a sensitive
correlation between their size and their excitation wavelength and thus can be specifically
addressed. Studies are available that nanorods can be decorated with DNA strands and
release those upon light-induced heat spots [146]. Gold nanorod depot systems of various
sizes and strand decoration could thus enable precise and efficient control over the released
strand types.

To summarize, the studies pursued within the scope of this thesis are able to positively
answer the initially stated research question which was about the feasibility of DNA-
based platforms allowing multiple interactions between DNA origami surfaces to happen
in tandem for the purpose of high cooperativity stepping. In this context, cooperativity
is implemented to the presented systems by disfavoring intermediate states of the step-
pers through optimized fuel strand design. It is argued that cooperativity could have an
even more direct realization by implementing a hyper-sensitivity of the steppers toward
changes in fuel strand concentrations. The DNA-based platforms and the 1D symmetric,
three-phase stepper system presented in this thesis demonstrate very early approaches to
implement nanoscale rapid prototyping and show the potential of DNA self-assembly to
be an interesting pathway toward first generation APM prototypes.
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A.1. Buffers
Raw buffers Composition
10×TE 50 mM Tris-base, 10 mM EDTA-Na2, pH 8.0
50×TAE 2 M Tris, 1M Acetic acid, 50 mM EdTA-Na2
5×TBE 445 mM Tris-base, 445 mM Boric acid, 8.6 mM EDTA-Na2
2×PPB 15% (w/v) PEG-8000, 510 mM NaCl, 5 mM Tris-base, 1 mM EDTA-Na2; pH 8.0
2×B&W 10 mM Tris-HCL, 1 mM EDTA, 1 mM NaCl, 0.01 M EDTA-Na2
2x FLB 95% deionized formamide, 5 mM EDTA-Na2, 0.025% Orange G
6x AGLB 15 % Ficoll 400, 60 mM Tric-HCL, 6 mM EDTA-Na2, 0.025% Orange G

Table A.1.: Composition of raw buffers
Raw buffers Diluted to Used for
10×TE 1× Folding buffer
50×TAE 1× Native AGE gel running buffer - No. 1
5×TBE 0.5×, 1× Native AGE gel running buffer - No. 2, denaturing PAGE gel running buffer
2×PPB 1× PEG precipitation
2×B&W 1× Magentic bead purification for falcon steppers
2x FLB 1× Denaturing PAGE gel sample loading buffer
6x AGLB 1× Native AGE gel sample loading buffer

Table A.2.: Buffer compositions and application

• Native AGE gel buffer: 1×TAE with 11mM MgCl2, 0.5×w 10mM MgCl2,

• Native AGE gel sample loading buffer: 6x AGLB with MgCl2 (adjusted to MgCl2
conc. of the analyzed sample)
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A.2. Reagents

Company Reagents
Agarose Biozym Scientific GmbH
Deionized formamide Fisher Scientific GmbH
DNA sequences IDT Integrated Technologies
SYBR gold Invitrogen
Dynabeads™MyOne™Streptavidin T1 Invitrogen
1 kb ladder New England BioLabs GmbH
Tris-base Roth
Tris-HCL Roth
EDTA-Na2 Roth
Ficoll 400 Roth
Polyethylene glycol-8000 Roth
Acetic acid Roth
NaCL Roth
ROTIPHORESE®DNA sequencing system Roth
RotiGelstain Roth
TEMED Roth
Orange G Sigma-Aldrich
Ammonium persulfate (APS) Sigma-Aldrich
1M MgCl$_{2}$-solution Sigma-Aldrich

Table A.3.: Information on purchased reagents
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A.3. Methods

DNA and DNA origami synthesis

DNA sequences have been purchased from Integrated DNA Technologies (desalted oligos,
dissolved in ddH2O). The scaffolds have been produced in house following published pro-
tocols [147]. Except for DC-v0-1 that relies on the p7308 scaffold and DC-v3-2, HC-v1,
SH-v2 and -v3 that rely on the p8634 scaffold, all other structures presented within this
work rely on the p8064 scaffold. DNA origami folding was performed in 1×TE buffer
including MgCl2. The MgCl2 concentrations vary for each structure and are indicated
within the main text. The folding solutions contained 20nM scaffold and 200 nM core
staple strands, unless stated differently.
For falcon-stepper interacting slider and rail handles have been applied at 400 nM. Falcon-
sliders were folded with purple clip strands (except for negative controls) at a concentration
of 800 nM.
For mini-stepper monomers all staples including interacting handles have been applied at
200nM final concentration.
Folding was performed at 50 µL reaction volume.
The following folding ramps were used:

• 5040-18h: 80°C for 15 min →; 50° to 40° over 18h in equal temperature and time
steps

• 6025-18h: 80°C for 15 min →; 60° to 25° over 18h in equal temperature and time
steps

• 5040-66h: 80°C 15 min →; 50°C to 40°C over 66h in equal temperature and time
steps

• 6025-66h: 80°C 15 min →; 60°C to 25°C over 66h in equal temperature and time
steps

Gel electrophoresis

Native AGE gel electrophoresis was used to analyze folding yield, purity and stability of
the DNA origami designs presented in chapter 6. AGE gels were also used to validate the
heterodimerization and stepping performance of mini- and falcon-steppers in chapter 7 as
well as to purify structures from different falcon-stepper states.
PAGE gels were used to purify falcon-stepper clip stands as well as falcon slider handles
that extrude with their 5'-end.

Native agarose Gels

Analysis of DNA origami structures was performed on 2% native AGE gels, purification
was performed on 1% AGE gels. Gels were cast by dissolving agarose (1 g/cm3 density)
in 1×TAE or 0.5×TBE buffer and heating it in a microwave. Once dissolve the agarose
was complemented with either 11 or 10 mM MgCl2, respectively, and the appropriate gel
stain. Samples were prepared with native AGE gel sample loading buffer that contained
MgCl2 adjusted to the MgCl2 concentration of the sample.
Analysis gels were stained with the higher sensitive stain SYBR gold (1: 10,000), purifi-
cation gels were stained with Roti®GelStain (7µL/150 mL buffer). Gels were run on an
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Owl™EasyCast™B2 gel casting system (ThermoFisher Scientific). Information on applied
voltages and run times can be found in the captions of the respective gel images included in
the main text. Gels were imaged using a UVP BioImaging System (EpiChemi3 Darkroom)
with a Canon EOS 1200D camera (EF-S 18-55 mm IS objective)

Denaturing polyacrylamide gels

Single-stranded DNA handles and clip strands for the falcon-stepper were purified with
15% denaturing PAGE gels. These were cast using the ROTIPHORESE®DNA sequencing
system (25% acrylamide/bisacrylamide (19:1) in 50% urea (8,3 M), 10×TBE) as well as
10% APS (0.05% final percentage) and TEMED. The gels were run at 150 V for 1h on the
Mini-PROTEAN Tetra Vertical electrophoresis system (BioRad). Samples were prepared
with denaturing PAGE gel sample loading buffer (2×FLB) and heated with the buffer to
90° C for 2 min prior loading on the gel.

Purification

Gel purification

Gel purification was performed with 1% native AGE gels, pre-stained with Roti®GelStain
(see A.3). 12×14 cm gels were cast with four gel pockets that were loaded with 0.5 pmol
of sample. Gel bands of interest were cut under UV-shadowing. Samples were recovered
from the gel by pushing a parafilm (Roth) wrapped glass slide on top of the gel band until
the liquid is released.

PAGE purification

Interacting handles extruding with the 5'-end and clip strands of the falcon-stepper were
purified by loading 2 nmol of individual strand sequences across multiple lanes on a 15%
denaturing PAGE gel. Bands of interest were cut under UV-shadowing and crushed in
a 2 mL eppendorf tube using a pestle. Crushed gel bands were covered with 1×TE
buffer and shaken at 1500 rpm overnight at RT. Subsequently, samples were centrifuged
in freeze n’squeeze spin columns (BioRad) for 20 min at 10,000 rpm. Eluded solution
was then prepared for an ethanol precipitation. Therefore, samples were combined with
3 vol. 100% EtOH and 1/10 vol. 3M NaOAc and incubated at -20°C for 2h, followed by
a 2h centrifugation at 20,000 rpm at 4°C. Centrifugation helps to collect the precipitated
material in a pellet. Supernatant is discarded and pellets are washed with 200µL of 70%
EtOH spinning them another 20 min at 20,000 rpm at 4°C. Pellets were air dried before
dissolved in 30µL ddH2O.
NanoDrop 1000 (ThermoFisher Scientific) was used to measure the concentration of the
recovered single strands.

Amicon purification - Standard protocol

Amicon purification was used for DC-v0-1 and v0-2 structures discussed in chapter 6,
section 6.2.1. Amicon purification was performed using the Amicon Ultra-0.5 Centrifu-
gal Filter Unit system (Merck, Millipore) consisting of vertical membranes made from
regenerated cellulose. 50 kDa and 100 kDa cut-off filters have been tested. The standard
procedure was to use 50 µL of sample and dilute it 10×with 450 µL dilution buffer (1x
TE with 10 mM MgCl2). Filters were centrifuged at 10,000 rcf for 5 min at RT. The flow
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through collected in the tube bottom was discarded and the samples in the filter were
combined with further 450 µL dilution buffer. This was repeated four times. Sample was
released in a fresh collection tube by spinning the system a fifth time with an inverted
filter.

Amicon purification - Refined protocol

The refined amicon purification protocol proceeds similar to the standard protocol de-
scribed above. For DC-v0 however it has been found that the following changes need to
be applied to the standard protocol in order to achieve reasonable yields:

• 25 µL sample volume per filter membrane topped up with 225 µL dilution buffer.

• Dilution buffer: 1x TE with 6 mM MgCl2 concentration.

Typically, the protocol resulted in 25 µL of retrieved sample volume. Filter units thus
do only purify away the staple strand but do not additionally concentrated the sample.
This is why one can assume that the structures maintain their initial concentration. For
gel analysis, recovery yields were judged based on gel band intensity which have been
measured using the ImageJ software ([148]). Thereby, it was crucial to load equal volumes
on the gel for unpurified and purified structure or take non-normalized concentrations into
account.

PEG precipitation protocol - Standard

PEG precipitation was used to purify DC-v2-1 and v0-2 in chapter 6, section 6.3.4. In
the standard protocol 200 µL sample was first adjusted to 30 mM MgCl2 concentration
before mixed in a 1:2 ration with 2×PPB buffer. The prepared sample was then subjected
to a spin at 16,000 rcf for 25 min at RT. Supernatants were either discarded or kept for
further analysis. Sample containing pellets were resuspended in 100 µL 1×TE buffer with
12 mM MgCl2 concentration. To equilibrate the samples incubated at RT for 2-3 h before
the concentration was measured with the NanoDrop 1000 (ThermoFisher Scientific).

PEG precipitation protocol - Refined

To increase the recovery yields the standard PEG precipitation protocol needs to be ad-
justed as follows: 2×PPB was prepared fresh each time and pH has been checked prior
use with pH indicator strips (Roth). MgCl2 has to be added to the 2×PPB first and an
equal amount of 2×PPB was subsequently added to this solution to make sure the MgCl2
was balanced with an equal amount of 2×PPB. This was thoroughly mixed by pipetting
up and down and inverting the tubes. THe tubes weres spun for 5 sec with a tabletop
centrifuge to collect the rather viscous solution on the tube bottom. Only after then, the
folding solution was added and mixed with the buffer by inverting the tubes and pipetting
up and down. This was incubated for 30 min before spun at 16,000 rcf for 25 min at RT.
Supernatants were either discarded or kept for further analysis. Pellets were dissolve in
100 µL 1×TE buffer with 12 mM MgCl2 concentration but not yet mixed. The samples
incubated for 1h at RT covered with a light protection before mixing.
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Magnetic bead purification

Magnetic bead purification was used to eliminate residual clip-removal strand from falcon-
steppers after one RGB cycle was completed. Therefore, streptavidin coated, magnetic
Dynabeads™MyOne™Streptavidin T1 were combined with 2×B&W buffer in a 1:1 ratio,
thoroughly mixed and placed on a magnet. Supernatant was discarded and magentic
beads were resuspended in the same amount of fresh 2×B&W. This was mixed with
state 3 dimers at a 1:1 ratio and incubated for 15 min, slowly rotating on a 360° rotor.
Subsequently, magnetic beads were separated from solution by placing the sample on a
magnet and waiting 2 min until the beads have completely gathered on the tube bottom.
The supernatant was then used to proceed with the stepping experiment.

TEM imaging and standart staining protocol

TEM imaging was performed with a JEM-1011 microscope (JEOL) that was operated at
80 kV and uses a camera from TVIPS (FastScan F114-B). Carbon/Formvar Cu-Grids,
300 mesh for TEM imaging were purchased from Plano GmbH. Grids have been glow
discharged prior staining in an argon environment using a the Femto low pressure plasma
system from Diener electronic.
Unpurified samples are diluted to 1 nM for imaging. 3 µL of sample is deposited on to
the grid for 2 min before adsorbed in a 90° angle into a filter paper. 3 µL of 2% aqueous
uranyl formate containing 50 mM NaOH is applied to grid and immediately adsorbed in
a 90° angle into a filter paper followed y a second 3 µL of 2% aqueous uranyl formate that
rested on teh grid for several seconds before adsorbed again. Grids dried for 10 min before
imaging.

ImageJ

ImageJ [148] (ImageJ 1.53c) was used to analyze gel band intensities on agarose gels to
judge the folding yields of designed DNA structures, their sample recovery yields after
purification as well as their dimerization and stepping yield in case of the falcon-stepper.
Thereby, the gel analysis-tool of the software was used.
Folding yields were accessed by comparing the measured band intensity of the respective
scaffold control with the raw folding sample. To enable a direct comparison, the sample
concentrations loaded onto the gels have been normalized with respect to each other
i.e. sample volume have been adjusted to the 20nM scaffold controls. Stepping and
dimerization yields were analyzed by comparing dimer band intensities of different stepper
states with the gel band intensity of state 0 dimers.
Additionally, ImageJ was used to measure rail-tail lengths to the different stepper states.
Therefore, ImagesJ was first calibrated to the images scale bars before the free-hand
measure-tool of the software was used to measure the rail-tails.
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B.1. DNA-based platforms for multivalent interactions -
Additional Data

Magnesium screening for amicon purification of DC-v0

The following data refers to section 6.2.2 in chapter 6.

Figure B.1.: 2% native AGE gel analyzing the effect of different magnesium concentrations in
the dilution buffers on the recovery yields of DC-v0-2 in amicon filtration. After each spin an
aliquot was taken from the sample in the cut-off filters for analysis. 1×-4×refers to the spin
number. Sample volumes are not normalized. MgCl2 regime ranging in steps of 1 mM from 6
to 8 mM shown in A and 9, 10mM shown in B.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 65V for 2h at RT

159
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Figure B.2.: 2% native AGE gel analyzing the effect of different magnesium concentrations in
the dilution buffers on the recovery yields of DC-v0-2 in amicon filtration. After each spin an
aliquot was taken from the sample in the cut-off filters for analysis. 1×-4×refers to the spin
number. Sample volumes are not normalized. MgCl2 regime ranging in steps of 1 mM from
10 to 13 mM shown in A and 14-17mM shown in B.
Gel running parameters: 0.5×TBE buffer with 10 mM MgCl2, EtBr 0.5 µg/mL, 65V for 2h at RT
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Gel evaluation of longer folding ramps for DC-v2-1 and v2-2 and
associated PEG purification yields

The following data refers to section 6.3.4 in chapter 6.

Figure B.3.: Gel evaluation of longer folding ramps for an enhanced stability of DC-v2-1 and
v2-2 structures toward PEG purification. sc refers to 20 nM p8064 scaffold control, P indicates
PEG purified sample, P2 is the same sample as P but double the volume was loaded on the
gel.
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Purification of DC-v2-1 and DC-v2-2 - Complete data Set

The following data refers to section 6.3.4 in chapter 6.

Figure B.4.: 2% native AGE gels to analyze recovery yields of DC-v2-1 and v2-2 structures in
different PEG ppt protocols. A PEG and amicon purification of DC-v2-1 and v2-2 using the
standard protocols. Key: SN: supernatant, final: samples that have gone through one round
of PEG precipitation and three rounds of amicon filtration, final 2: Same sample as final but
double the volume was loaded onto the gel. B PEG purification of DC-v2-1 and v2-1 using
the refined PEG ppt protocol. Increasing sample volumes of PEG purified DC-v2-1 in lanes
(4)-(7) and PEG purified DC-v2-2 in lanes (10)-(13).
Gel running parameters: (A) 1x TAE + 11 mM MgCl2 + SYBR safe staining 0.5 µg/mL; 65V for 2.5 h at RT, (B) 1x TAE + 11 mM MgCl2 + SYBR gold

pre-staining 1:10 000 dilution; 65V for 2.5 h at RT
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Figure B.5.: 2% native AGE gels to analyze recovery yields of DC-v2-1 and v2-2 structures in
different PEG ppt protocols. A DC-v2-1 and v2-2 that were purified with the refined PEG ppt
protocol but again analyzed after one week at 4C in lane compared to freshly purified DC-v2-1
and v2-2 loaded at increasing sample volumes. B DC-v2-1 and v2-2 folded with 56 bps and 96
bps mini-scafs (mini-sc-1 and 2) and purified with refined PEG ppt protocol. Key: P indicates
PEG purified sample, P2 is the same sample as P but double the volume was loaded on the
gel.
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 65V for 2.5 h at RT
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Purification of DC-v3-2 - Complete data set

The following data refers to section 6.3.6 in chapter 6.

Figure B.6.: A 2% native AGE gels to analyze PEG purification of DC-v3-2 that were folded
over 18h vs. 66h (see red boxes), Key: P indicates PEG purified sample, P2 is the same
sample as P but double the volume was loaded on the gel, SN refers to the supernatant. B
Same samples as in A but rested at 4°C overnight (see red box).
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2 h in ice bath
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Stability of PEG purified HC-v0-1 and v0-2, HC-v1, DC-v3-2

The following data refers to section 6.3.8 in chapter 6.

Figure B.7.: 2% native AGE gels analyzing stability of PEG purified HC-v0-1 and v0-2, HC-v1,
DC-v3-2 that have rested at 4°C overnight. Thereby 18h and 66h folding ramps are compared.
Key: raw refers to the sample right after folding, P refers to PEG purified sample.
Gel running parameters: 1x TAE + 11 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 70V for 2.5 h at cooled in ice bath
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B.2. Symmetric, three-phase DNA origami stepper -
Additional Data

Mini-stepper: Investigation of different interacting handle lengths -
Amicon purification of monomers

The following data refers to section 7.2.2 in chapter 7.

Figure B.8.: 2% native AGE gel for the analysis of amicon purified mini-monomers bearing
handles of different lengths. Key: Mini-slider (MS), mini-rail (MR), raw folding samples (raw),
amicon purified samples following the standard protocol (A), amicon purified samples following
refined protocol and additional core staple strands added (A(+)).
Gel running parameters: 2% native AGE gel; 0.5x TBE + 10 mM MgCl2 + SYBR gold pre-staining 1:10 000 dilution; 65V for 3h at RT
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Falcon-stepper: Accessing T-linker length for purple clip strands

The following data refers to section 7.3.5 in chapter 7.

Figure B.9.: Heterodimerization of falcon-monomers at different ratios and using clip strands
with 6T- or 12T-linkers vs. clip strand without T-linkers. (1) 1kb ladder, (2) p8064 scaffold
control for falcon-rails, (3) p8634 scaffold control for falcon-sliders, (4) Raw falcon-rails with
12 nt handles, (5) Raw slider with 21 nt handles and clip strands included in the folding, (6)
Combination of falcon-rails and -sliders without clip strands, (7)-(9) Combination of falcon-
rails and -sliders with purple clip strands that exhibit no T-linker, sliders and rails have been
combined at a 1:1, 1:2 and 1:3 ratio, respectively. (10)-(12) Combination of falcon-rails and
-sliders with purple clip strands that exhibit 6T-linkers, sliders and rails have been combined at
a 1:1, 1:2 and 1:3 ratio, respectively. (13)-(15) Combination of falcon-rails and -sliders with
purple clip strands that exhibit 12T-linkers, sliders and rails have been combined at a 1:1, 1:2
and 1:3 ratio, respectively.
Gel running parameters: 2% agarose gel; 0.5x TBE + 10 mM MgCl2 + ethidium bromide 0.5 µg/mL; 60V for 3.5 h at RT
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Falcon-stepper: ImageJ analysis of RGB dimers based on different
T-linker length within clip strands

The following data refers to section 7.3.5 in chapter 7.

Figure B.10.: (Left) 2% native AGE gel analysis of the effect of T-linker length in clip strands
on the performance of RGB stepping. Same gels as in 7.14 but staple clouds are shown.
(Right) Intensity peaks of gel bands referring to RGB dimers analyzed with the gel-analysis-
tool provided by ImageJ

Lane Sample Area under band peak Percentage [%]
6 state 0 11173.53 100
9 state 0-1_0T 10233.045 92

10 state 0-1_2T 12127.359 109
11 state 0-1_6T 11465.217 103
12 state 1_0T 5954.095 53
13 state 1_2T 6662.217 60
14 state 1_6T 6466.874 58

Table B.1.: ImageJ analysis of dimer gel band intensities for intermediate state 0-1, and state
1
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Lane Sample Area under band peak Percentage [%]
6 state 0 15319.359 100
8 state 1-2_0T 8717.945 57
9 state 1-2_2T 8000.702 52
10 state 1-2_6T 7772.51 51
11 state 2_0T 3851.418 25
12 state 2_2T 6870.338 45
13 state 2_6T 6891.51 45

Table B.2.: ImageJ analysis of dimer gel band intensities for intermediate state 1-2, and state
2
Lane Sample Area under band peak Percentage [%]

6 state 0 15220.451 100
8 state 2-3_0T 4465.803 29
9 state 2-3_2T 5584.853 37
10 state 2-3_6T 8395.51 55
11 state 3_0T 1966.79 13
12 state 3_2T 3992.66 26
13 state 3_6T 5339.439 35

Table B.3.: ImageJ analysis of dimer gel band intensities for intermediate state 2-3, and state
3
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Falcon-stepper: Symmetric actuation across two RGB cycles - Complete
data set

The following data refers to section 7.3.6 in chapter 7.

Figure B.11.: 2% native AGE gels to analyze RGB stepping across two, symmetric cycles.
Same gels as in 7.15 but staple clouds are shown.
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Falcon-stepper: TEM verification of PRGBR-stepping - ImageJ analysis
of rail-tail lengths

The following data refers to section 7.22 in chapter 7.
The measure-tool of ImageJ (ImageJ 1.53c) was used to analyze the rail-tail length of the
dimers. Images have been calibrated to the appropriate scales. The following figures are
a collection of the images used for analysis. Yellow boxes highlight the chosen particles,
labels are shown on the sides of the respective boxes and can be matched with the according
lengths listed in the tables at the end of this section. Only particles that landed in a top
vied on the grids have been used for analysis. Particles that landed on their sides or that
looked distorted have been excluded from analysis. The tables list the obtained lengths in
nm, the calculated mean values as well as the necessary quantities to calculate standard
deviations. To calculate the standard deviation the following formula was used:

σ =

√√√√ 1
n

n∑
i=1

(xi − µ)2,

with n being the total particle number (here: 50), xi being the measured length in nm of
the ith particle and µ being the average length.



172 B. Additional data

Figure B.12.: Collection of images for state 0 dimers (initial heterodimerization via purple
clip strands) used for analysis. Yellow boxes highlight the picked particles. Labels can be used
to assign the obtained tail lengths listed in the tables below to the particles.
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Table B.4.: Measured tail length xi in nm for state 0 dimers. Average tail length has been
calculated from 50 particles as well as additional quantities necessary to calculate standard
deviation.
Std. Deviation – State 0 – Dimers: σ = 4.10 nm
Image Label Measured length x(i) [nm] Average µ x(i)− µ (x(i)− µ)2 n

3 73.63 73.55 0.08 0.01 50
4 59.86 73.55 -13.70 187.57 50
5 74.91 73.55 1.36 1.86 50
6 77.36 73.55 3.80 14.47 50
7 73.43 73.55 -0.12 0.02 50
8 66.06 73.55 -7.50 56.19 50
9 74.40 73.55 0.85 0.72 50

01

10 75.51 73.55 1.96 3.83 50
3 76.89 73.55 3.34 11.16 50
4 70.42 73.55 -3.13 9.79 50
5 65.73 73.55 -7.82 61.21 50
6 69.62 73.55 -3.94 15.50 50
7 81.27 73.55 7.71 59.49 50
8 80.92 73.55 7.36 54.22 50
9 74.70 73.55 1.15 1.33 50
10 80.79 73.55 7.23 52.33 50

02

11 71.93 73.55 -1.62 2.62 50
3 72.17 73.55 -1.38 1.90 50
4 76.03 73.55 2.48 6.13 50
5 68.56 73.55 -4.99 24.95 50
6 72.78 73.55 -0.77 0.60 50

03

7 71.98 73.55 -1.58 2.48 50
3 74.33 73.55 0.78 0.61 5004 4 71.88 73.55 -1.67 2.79 50
3 69.92 73.55 -3.63 13.16 50
4 78.45 73.55 4.90 23.97 5005
5 77.33 73.55 3.77 14.24 50
3 81.62 73.55 8.07 65.05 50
4 73.46 73.55 -0.10 0.01 50
5 72.14 73.55 -1.41 1.98 5006

6 71.17 73.55 -2.38 5.65 50
3 70.94 73.55 -2.61 6.81 50
4 72.29 73.55 -1.27 1.60 5007
5 71.76 73.55 -1.79 3.22 50
3 73.51 73.55 -0.04 0.00 50
4 73.46 73.55 -0.10 0.01 50
5 73.27 73.55 -0.28 0.08 50
6 72.61 73.55 -0.94 0.88 50
7 73.83 73.55 0.27 0.08 50
8 72.44 73.55 -1.11 1.23 50
9 73.85 73.55 0.30 0.09 50

08

10 74.94 73.55 1.39 1.92 50
3 77.42 73.55 3.87 14.94 50
4 78.29 73.55 4.74 22.42 50
5 75.63 73.55 2.08 4.34 50
6 79.96 73.55 6.40 41.01 50
7 70.61 73.55 -2.94 8.65 50
8 69.56 73.55 -4.00 15.97 50
9 69.12 73.55 -4.43 19.63 50

09

10 74.90 73.55 1.34 1.80 50
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Figure B.13.: Collection of images for state 1 dimers (purple clip strands removed, red clip
strand engaged) used for analysis. Yellow boxes highlight the picked particles. Labels can be
used to assign the obtained tail lengths listed in the tables below to the particles.



B.2 Symmetric, three-phase DNA origami stepper - Additional Data 175

Table B.5.: Measured tail length xi in nm for state 1 dimers. Average tail length has been
calculated from 50 particles as well as additional quantities necessary to calculate standard
deviation.
Std. Deviation – State 1 – Dimers: σ = 4.33 nm
Image Label Measured length x(i) [nm] Average µ x(i)− µ (x(i)− µ)2 n

3 37.05 41.37 -4.32 18.66 50
4 39.49 41.37 -1.88 3.53 50
5 42.18 41.37 0.81 0.65 50
6 42.88 41.37 1.51 2.29 50
7 36.89 41.37 -4.48 20.07 50

01

8 41.80 41.37 0.43 0.19 50
3 46.53 41.37 5.16 26.63 50
4 35.97 41.37 -5.40 29.13 50
5 44.65 41.37 3.29 10.79 5002
6 32.74 41.37 -8.63 74.45 50
3 42.66 41.37 1.29 1.65 50
4 47.43 41.37 6.07 36.79 50
5 48.15 41.37 6.78 45.96 50
6 39.02 41.37 -2.35 5.52 50
7 38.70 41.37 -2.67 7.14 50
8 36.91 41.37 -4.46 19.87 50

03

9 42.31 41.37 0.95 0.89 50
3 40.58 41.37 -0.79 0.62 50
4 38.59 41.37 -2.78 7.73 50
5 47.39 41.37 6.03 36.30 50
6 39.17 41.37 -2.20 4.83 50

04

7 52.39 41.37 11.02 121.40 50
3 36.04 41.37 -5.33 28.42 50
4 41.79 41.37 0.42 0.17 5005
5 44.18 41.37 2.82 7.93 50
3 40.84 41.37 -0.53 0.28 50
4 43.11 41.37 1.74 3.04 50
5 37.11 41.37 -4.26 18.17 50
6 44.20 41.37 2.83 8.02 50
7 44.43 41.37 3.06 9.38 50
8 32.34 41.37 -9.03 81.55 50
9 44.10 41.37 2.73 7.47 50
10 41.06 41.37 -0.31 0.10 50

06

11 42.73 41.37 1.37 1.86 50
3 33.98 41.37 -7.38 54.53 50
4 42.15 41.37 0.78 0.61 50
5 44.51 41.37 3.14 9.85 50
6 46.17 41.37 4.80 23.03 50
7 42.12 41.37 0.75 0.56 50
8 41.47 41.37 0.10 0.01 50
9 43.26 41.37 1.89 3.58 50
10 45.48 41.37 4.11 16.89 50

07

11 45.02 41.37 3.65 13.32 50
3 46.36 41.37 4.99 24.88 50
4 45.09 41.37 3.72 13.81 50
5 36.14 41.37 -5.23 27.36 50
6 41.67 41.37 0.30 0.09 50
7 40.08 41.37 -1.29 1.66 50
8 37.73 41.37 -3.64 13.25 50

08

9 31.82 41.37 -9.55 91.27 50
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Figure B.14.: Part 1 of the images collection for state 4 dimers (purple clip strands removed,
red clip strand engaged) used for analysis. Yellow boxes highlight the picked particles. Labels
can be used to assign the obtained tail lengths listed in the tables below to the particles.
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Figure B.15.: Part 2 of the images collection for state 4 dimers used for analysis.
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Figure B.16.: Part 3 of the images collection for state 4 dimers used for analysis.
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Figure B.17.: Part 4 of the images collection for state 4 dimers used for analysis.
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Table B.6.: Measured tail length xi in nm for state 4 dimers. Average tail length has been
calculated from 50 particles as well as additional quantities necessary to calculate standard
deviation.
Std. Deviation – State 4 – Dimers: σ = 3.81 nm
Image Label Measured length x(i) [nm] Average µ x(i)− µ (x(i)− µ)2 n
01 3 19.27 22.32 -3.05 9.28 50

3 24.04 22.32 1.72 2.98 5002 5 26.60 22.32 4.29 18.38 50
03 3 20.38 22.32 -1.94 3.77 50

3 18.34 22.32 -3.97 15.78 5004 5 20.34 22.32 -1.98 3.91 50
05 3 18.65 22.32 -3.67 13.48 50

3 24.68 22.32 2.36 5.58 5006 5 20.41 22.32 -1.90 3.62 50
07 3 28.61 22.32 6.30 39.64 50
08 3 28.04 22.32 5.72 32.73 50
09 3 15.53 22.32 -6.78 46.01 50
10 3 15.08 22.32 -7.24 52.42 50

3 25.62 22.32 3.30 10.90 5011 5 27.46 22.32 5.14 26.44 50
12 3 24.59 22.32 2.28 5.18 50

3 16.99 22.32 -5.33 28.40 5013 5 16.73 22.32 -5.59 31.25 50
14 3 20.80 22.32 -1.52 2.31 50
15 3 16.81 22.32 -5.50 30.28 50

3 21.689 22.32 -0.63 0.39 5016 5 23.494 22.32 1.18 1.39 50
17 3 23.06 22.32 0.74 0.55 50
18 3 19.913 22.32 -2.40 5.78 50
19 3 21.964 22.32 -0.35 0.12 50

4 23.72 22.32 1.41 1.98 5020 5 22.63 22.32 0.31 0.10 50
3 23.64 22.32 1.33 1.76 5021 6 18.79 22.32 -3.53 12.46 50

22 3 24.67 22.32 2.36 5.55 50
23 3 21.01 22.32 -1.31 1.71 50
24 3 18.77 22.32 -3.55 12.60 50
25 4 19.89 22.32 -2.43 5.91 50
26 3 31.14 22.32 8.83 77.90 50
27 3 28.98 22.32 6.66 44.37 50
28 4 19.63 22.32 -2.68 7.19 50
29 3 24.41 22.32 2.09 4.36 50

4 29.00 22.32 6.68 44.61 50
6 20.69 22.32 -1.63 2.65 5030
7 20.62 22.32 -1.69 2.87 50

31 4 23.80 22.32 1.48 2.19 50
3 20.61 22.32 -1.70 2.90 5032 5 24.99 22.32 2.68 7.16 50

33 3 29.68 22.32 7.36 54.20 50
3 20.35 22.32 -1.97 3.87 5034 5 26.16 22.32 3.84 14.78 50

35 3 20.90 22.32 -1.42 2.01 50
36 3 22.75 22.32 0.43 0.19 50
37 3 22.21 22.32 -0.10 0.01 50
38 3 17.71 22.32 -4.61 21.24 50
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Scaffold sequences

p7308

AATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAA
ATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGG
TCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAAT
GAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGTTGAGCTAC
AGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTA
TCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTGCT
TCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTT
TCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAA
TAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAA
CTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACGATTCCGCAG
TATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCTGGCAAAAC
TTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAAC
GAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTT
ATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATCT
TTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTT
TCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAG
GTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGCCCAATTTACT
ACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGC
TTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCT
TGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCC
TCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCG
TTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGG
CGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGG
GGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTAGGTT
GGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTC
ATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTC
CGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAA
CTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTT
GTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAAATTCACCT
CGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTT
TTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGT
TCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCC
CATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATC
GTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTG
TACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCT
ATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGC
GGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTC

181
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CGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCGCCTGGTACTGA
GCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAAT
ACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTG
TTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCA
GTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAA
TTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTG
AATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGG
CGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGG
TGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTC
TGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCT
ATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAAC
TTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGA
CGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCT
AATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATA
ATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTT
GTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAA
ACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTA
TGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGC
CAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGT
AACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATA
GCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCT
TGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAG
GGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTC
TCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTC
TTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAAATT
AGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTA
GCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGC
AAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCC
TTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATTCCTACGATGAA
AATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACCC
GTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACATGC
TCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCTATTGTT
GATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTC
TGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGG
CTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGAT
TCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGT
ATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGT
TTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTA
AATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTC
GCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATAT
AACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCAGACCTATGATTTT
GATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATG
TTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCA
AGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCATTAAAAAAGGT
AATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTT
TCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCG
ATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCC
CGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGTTAAACCTGAAAAT
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CTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAG
GTTCTAACCCTTCCATTATTCAGAAGTATAATCCAAACAATCAGGATTATAT
TGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCT
TCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTTTTAAAA
TTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAA
GTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTA
TTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTT
CAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGA
GGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGCGT
GGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTT
CTGCTGGTGGTTCGTTCGGTATTTTTAATGGCGATGTTTTAGGGCTATCAGT
TCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATT
CTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTT
TTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCA
GACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCA
ATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGA
GTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCTAC
AACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGGTGGCCTCACTGAT
TATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTT
TAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTT
ATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAG
CGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCC
CTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGG
CTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGT
GCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTA
GTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCAC
GTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATC
TCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCAT
CAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAA
CTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGG
TGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC
GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGC
GGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCC
CAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCG
GATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCT
CGGTACCCGGGGATCCTTATACGGGTACTAGCCATGCGTATACGGTCGCTAG
CGGACTTGCCTCGCTATCAAAGGTCTAGAGTCGACCTGCAGGCATGCAAGCT
TGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTAC
CCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGC
GAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCG
AATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCT
GGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAG
ATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGG
TCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCAC
ATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTT
GATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAATGC
GAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATC
TTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGTACATATGATTGACA
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TGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGCTCCAGACTCTC
AGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCC
GGCATTAATTTATCAGCTAGAACGGTTGAATATCATATTGATGGTGATTTGA
CTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGC
ATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAA
TAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAAC
CGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAATTTTGCTAATTCTTTG
CCTTGCCTGTATGATTTATTGGATGTT

p8064

ACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTA
TCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACC
ATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGC
AACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACT
GGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGC
GCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAA
GCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCAC
CCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAG
CGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAG
CTCGGTACCCGGGGATCCTCAACTGTGAGGAGGCTCACGGACGCGAAGAAC
AGGCACGCGTGCTGGCAGAAACCCCCGGTATGACCGTGAAAACGGCCCGCCG
CATTCTGGCCGCAGCACCACAGAGTGCACAGGCGCGCAGTGACACTGCGCTG
GATCGTCTGATGCAGGGGGCACCGGCACCGCTGGCTGCAGGTAACCCGGCA
TCTGATGCCGTTAACGATTTGCTGAACACACCAGTGTAAGGGATGTTTATGA
CGAGCAAAGAAACCTTTACCCATTACCAGCCGCAGGGCAACAGTGACCCGGC
TCATACCGCAACCGCGCCCGGCGGATTGAGTGCGAAAGCGCCTGCAATGACC
CCGCTGATGCTGGACACCTCCAGCCGTAAGCTGGTTGCGTGGGATGGCACCA
CCGACGGTGCTGCCGTTGGCATTCTTGCGGTTGCTGCTGACCAGACCAGCAC
CACGCTGACGTTCTACAAGTCCGGCACGTTCCGTTATGAGGATGTGCTCTGG
CCGGAGGCTGCCAGCGACGAGACGAAAAAACGGACCGCGTTTGCCGGAACG
GCAATCAGCATCGTTTAACTTTACCCTTCATCACTAAAGGCCGCCTGTGCGG
CTTTTTTTACGGGATTTTTTTATGTCGATGTACACAACCGCCCAACTGCTGG
CGGCAAATGAGCAGAAATTTAAGTTTGATCCGCTGTTTCTGCGTCTCTTTTT
CCGTGAGAGCTATCCCTTCACCACGGAGAAAGTCTATCTCTCACAAATTCCG
GGACTGGTAAACATGGCGCTGTACGTTTCGCCGATTGTTTCCGGTGAGGTTA
TCCGTTCCCGTGGCGGCTCCACCTCTGAAAGCTTGGCACTGGCCGTCGTTTT
ACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCA
GCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATC
GCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTT
TCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGA
GGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCG
CCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTC
CCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAG
CTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGT
TAAAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATT
AACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTT
TTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTAC
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CGTTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGC
CTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCT
AGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTC
ACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATA
TGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCA
AAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCT
CTGAGGCTTTATTGCTTAATTTTGCTAATTCTTTGCCTTGCCTGTATGATTT
ATTGGATGTTAATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCT
CGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATG
TATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGT
TATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACAT
GTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAA
TGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTT
GGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATAT
TTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTT
CTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTC
GTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGAC
GATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCT
CTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCG
TCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCC
TTTTGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAAC
TGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAA
CGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAA
ATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGC
CCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTG
AATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCA
AGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGT
TCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGT
CTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACA
ATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTA
TAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTC
GTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGG
AAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCT
ACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAG
CGGCCTTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTG
GGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAG
AAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTT
GGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTC
CTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTT
AGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAA
ACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCG
TTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTAT
TGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTC
TGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGA
TACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCG
CCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTC
AGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGG
GGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAA
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ACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACT
GGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTT
ATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTC
AATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGT
GGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCC
GGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTA
ATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGC
TAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGT
TTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATT
TTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACC
TTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAA
TGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATT
GTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGC
CACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAG
TCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGG
TTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGC
TTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGC
TTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTC
TGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGT
TTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAAC
AAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTG
TAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCA
GGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTT
CAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAA
TACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGA
TTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACT
TGGTTTAATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATT
GGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGA
CTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTT
TATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATT
CTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGT
TAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACT
GGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATT
ATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTA
TTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTG
AAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTA
CATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCA
GACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTA
AGCTATCGCTATGTTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACG
ATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTC
CATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTT
CTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAAT
TCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCG
TTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGT
TAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAAT
TTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTATAATCCAAACA
ATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGA
TAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACT
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CAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCG
AATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGA
CGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTT
CCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGG
GTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGC
TGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACC
TCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTAATGGCGATGTTT
TAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTC
TGTGCCACGTATTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGC
CAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAA
ATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGT
TTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAG
GCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAA
GAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGG
TGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTG
TCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACG
AGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTA
GCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTA
CACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTC
GCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAG
GGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTG
ACGTTGGAGTCC

p8634

GAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCA
ACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGA
ACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCT
TGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGT
CTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCT
CCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGAC
TGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATT
AGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAAT
TGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAA
TTCGAGCTCGGTACCCGGGGATCCATTCTCCTGTGACTCGGAAGTGCATTTA
TCATCTCCATAAAACAAAACCCGCCGTAGCGAGTTCAGATAAAATAAATCCC
CGCGAGTGCGAGGATTGTTATGTAATATTGGGTTTAATCATCTATATGTTTT
GTACAGAGAGGGCAAGTATCGTTTCCACCGTACTCGTGATAATAATTTTGCA
CGGTATCAGTCATTTCTCGCACATTGCAGAATGGGGATTTGTCTTCATTAGA
CTTATAAACCTTCATGGAATATTTGTATGCCGACTCTATATCTATACCTTCA
TCTACATAAACACCTTCGTGATGTCTGCATGGAGACAAGACACCGGATCTGC
ACAACATTGATAACGCCCAATCTTTTTGCTCAGACTCTAACTCATTGATACT
CATTTATAAACTCCTTGCAATGTATGTCGTTTCAGCTAAACGGTATCAGCAA
TGTTTATGTAAAGAAACAGTAAGATAATACTCAACCCGATGTTTGAGTACGG
TCATCATCTGACACTACAGACTCTGGCATCGCTGTGAAGACGACGCGAAATT
CAGCATTTTCACAAGCGTTATCTTTTACAAAACCGATCTCACTCTCCTTTGA
TGCGAATGCCAGCGTCAGACATCATATGCAGATACTCACCTGCATCCTGAAC
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CCATTGACCTCCAACCCCGTAATAGCGATGCGTAATGATGTCGATAGTTACT
AACGGGTCTTGTTCGATTAACTGCCGCAGAAACTCTTCCAGGTCACCAGTGC
AGTGCTTGATAACAGGAGTCTTCCCAGGATGGCGAACAACAAGAAACTGGTT
TCCGTCTTCACGGACTTCGTTGCTTTCCAGTTTAGCAATACGCTTACTCCCA
TCCGAGATAACACCTTCGTAATACTCACGCTGCTCGTTGAGTTTTGATTTTG
CTGTTTCAAGCTCAACACGCAGTTTCCCTACTGTTAGCGCAATATCCTCGTT
CTCCTGGTCGCGGCGTTTGATGTATTGCTGGTTTCTTTCCCGTTCATCCAGC
AGTTCCAGCACAATCGATGGTGTTACCAATTCATGGAAAAGGTCTGCGTCAA
ATCCCCAGTCGTCATGCATTGCCTGCTCTGCCGCTTCACGCAGTGCCTGAGA
GTTAATTTCGCTCACTTCGAACCTCTCTGTTTACTGATAAGTTCCAGATCCT
CCTGGCAACTTGCACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTTC
ATCTATCGGATCGCCACACTCACAACAATGAGTGGCAGATATAGCCTGGTGG
TTCAGGCGGCGCATTTTTATTGCTGTGTTGCGCTGTAATTCTTCTATTTCTG
ATGCTGAATCAATGATGTCTGCCATCTTTCATTAATCCCTGAACTGTTGGTT
AATACGCATGAGGGTGAATGCGAATAATAAAGCTTGGCACTGGCCGTCGTTT
TACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGC
AGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGAT
CGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGT
TTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGA
GGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCG
CCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTC
CCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAG
CTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGT
TAAAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATT
AACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTT
TTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTAC
CGTTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGC
CTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCT
AGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTC
ACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATA
TGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCA
AAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCT
CTGAGGCTTTATTGCTTAATTTTGCTAATTCTTTGCCTTGCCTGTATGATTT
ATTGGATGTTAATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCT
CGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATG
TATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGT
TATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACAT
GTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAA
TGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTT
GGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATAT
TTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTT
CTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTC
GTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGAC
GATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCT
CTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCG
TCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCC
TTTTGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAAC
TGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAA
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CGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAA
ATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGC
CCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTG
AATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCA
AGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGT
TCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGT
CTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACA
ATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTA
TAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTC
GTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGG
AAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCT
ACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAG
CGGCCTTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTG
GGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAG
AAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTT
GGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTC
CTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTT
AGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAA
ACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCG
TTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTAT
TGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTC
TGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGA
TACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCG
CCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTC
AGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGG
GGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAA
ACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACT
GGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTT
ATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTC
AATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGT
GGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCC
GGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTA
ATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGC
TAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGT
TTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATT
TTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACC
TTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAA
TGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATT
GTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGC
CACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAG
TCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGG
TTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGC
TTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGC
TTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTC
TGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGT
TTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAAC
AAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTG
TAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCA
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GGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTT
CAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAA
TACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGA
TTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACT
TGGTTTAATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATT
GGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGA
CTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTT
TATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATT
CTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGT
TAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACT
GGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATT
ATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTA
TTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTG
AAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTA
CATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCA
GACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTA
AGCTATCGCTATGTTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACG
ATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTC
CATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTT
CTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAAT
TCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCG
TTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGT
TAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAAT
TTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTATAATCCAAACA
ATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGA
TAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACT
CAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCG
AATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGA
CGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTT
CCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGG
GTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGC
TGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACC
TCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTAATGGCGATGTTT
TAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTC
TGTGCCACGTATTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGC
CAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAA
ATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGT
TTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAG
GCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAA
GAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGG
TGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTG
TCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACG
AGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTA
GCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTA
CACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTC
GCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAG
GGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTG
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ACGTTG

MeRPy-scaffold strand for SH-v3 - 3158 nt

GAAGTGCCATTCCGCCTGACCTCACACTTGCTATACCGTCATAAACAAGGCC
CTAGCATGTCGATAGGATCCGTATTTTTTTTACGGTACAGAACTGTGAGTCC
GCTATTGTACGTTGAATTGTTGGTACGTTGACAGGTGTTGGATTAGCGCTAG
CATTGTCTGTGGGCCTCTTCAGTAGTGACGACATTACATAACTTCCCATCTA
GTGTCCTTCAGCCATATTCTGGCGTTCATGGTAGAATGCTATTACGCGGAGA
TGCAATTCGTGAGTCAATGCTTCTGGTGCCCACTATTCCTTGCTGCAAACAT
CGGATTTGACAAAGGCCTTATGCATTGTTGGCGCTTACTTGAGTTCCGGCTG
TAGTCATGCTAGTACTCCCTGAAGGCTGAAGATGGTACCTGGTATCACTCCA
CTCACAGAGGTTACGATGGGTTTGGAGCAGTTGTATCCGTGTGCAGTAGTCA
GCTAAACGTTCAGAGGTGTGTGGTTTGTGCCTTGTTGTGAGTTGAGAGTCG
CGGCTAGTAGTACCCATCAAGTAGATCGATCGTCAAGTCCAGTGAGACACTA
GACCGTGGTTTGAGTCAGCTTACCCACTTAGCTCTCCCAGAGGACAACCGTC
GGGAAACATGTATCCGTGTACGTCAAATGTCGCTCATGCAACTGGAGGCTGA
TGGAGATGAAGCAACACCTCGAAGTCATTTGAAACCCATAGCGTTCTGGGTT
TAGTCGCACCGTAAATTGCTTTGTCCGGTCCTTCCTGCTAACACACTCCAGA
ACGTTGCGATTGTCCGCAATAACTGTTAACGCCTCTAAATTGCGCTGGAATC
GGGTTTATGAGGGTTCCGTCATTAGGAACTCCCACTGTCCTTCCCGTTAACT
GCTGAACAACAGGTTCTGGGTACAAAGCCCGACAATACCGGGCTCTCCAAGA
CAACTCAACACCAGTCAAACGCTTGTCGGAGATGAATGCACACGAGACCGAA
GACATAGATCGTACGGTACGGCGATTATCACACTGAGGCGACCGGATATTAA
CCTCTGGAGAGTTAGCCGATCCCACCATTACCAAGGCAATGTAAGAGGGAGT
CTCCAAACAGAACTCGGTTCAAAGTGAATGACGCCGTCCTCAAGAAAGTGAC
CACCTTCCCGTTGATGCACAATAAGGGTAGTTCACCAACAGAGACATCGAAT
TGTGCACAATTCCAAGCAACTGGACCCTATGTGGAATCGGGTTCATGAGGTC
TGACGGGTTAAGTACATGCTCGATTAAACCGACCTCCAAAGGATGCAGTAGG
TGTTGCTGTCAGTTCGTCAAGAGGTCCTCATCCCCTTCAGGTATGCGTAGAA
GTAGCTTGGTTATGTGGCTCAGTGACCACCTATGTTCCGTGTAACAATGGCC
AAAATTTCGTTCGGGTGATACGCTCCTACGTTCAGGAACAATGCTCAAGTCT
TGAGCTACATGCTCGATTGGCGAGTGATACCGACAATGAACGACCCAAATCC
AATTTGCAGGTGCAAGTTGTATGCTTGATGGTGAAGCCAGACTGCCGAAATA
AGTATCGGGTCCATTTCCAACCCATCTCCCAGGATACATTGCCAAGAGAAGG
ACGTGTAAGAGTCCCTACGGGATCCTAAGCCGAAATAAGGTGAACGGGATCA
GAACAGCACAGAAGGACGTGTAATTTCGTTCGACCTCGAAGTCATACCGGAA
TTAAGCGTTTGATTATTCCCCTCTCTAAAGAGCACGCTGGATCTTGCTGTGG
GAAGGAGAGCATATCGGCTAAGAACCGGCGGGCTTAAAGTGTAATTCAGCG
CGAACTTGCAACGAAGACTCTCGATGGACAGGGTATTCCAGGCAAACGGTAC
TTGGGCAATCGTCAAGATGCATCTGTCATGTGGTTGCTGACGGGAAGTCCCT
TGCTACACCTACGTTCAGGGGAAAGACACCGTCTACGAGGTTTCCCGGTTTC
TAGTCATGTCGGTGTCTGCAAAGAAATCACGGCACTTGTCTCCTGACAGTGA
ATGCGGAACCATTCGTTGTGCTGCATTATGAGCTCGTTCCCTCAGATTCCCT
TCCCGTTAGACTAGGAGCAGGTACGCTGATATATCCCGCAATCTTGCCAAAC
GGTGGTATCCCTCTCCGTCACTTGCCATCTCCAATTGGCATTCTGATAGTTC
ACCAGGTAGCTGACACGTGGAAGCTAAACGTCAACAAGGTGAATGACGGTT
GATCGGCTTTTGCCTTCTTGTGAAAGGCTTGCACTCCGCTACTCTGCCTTTG
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AGTTGCGTTACGTCAGAGAAGGGAGGACCGTTGGTATGTCCGTCTCCGATGC
TCTCTCGAGGGATGCTTAAGAGAGGTCTGGACCCAGCTAATGGAATGGCTTG
CAAGTTTGTAGAGGAGAGAGCACACCTTTGGTGCATAGTCACCTGTCCCACC
TACGGGAGGAGGTCCTGATGGTGTGACCCAAATACCACTACGGTCTGAGGA
ACTGGTCGTTTGAACGTCCTTCCTGTCAAGACGGGTTAAGAGGCTTTCTCGA
CAGGGACAAGTGCGATGGTAGACCTTTCCTCGATGGTCTAGCTCGATGAAGC
AACGTCGTTGAGACTAAGGGATTCGAGGTAATCGCTCTTGCATGGACAACTA
AGAACCGCTAAGTCCCAAAACTTGGAGGACGCCATCTCCAAGGTACCTCTGC
GATGCTCTCTCTTGAGCTGCTAAATATGCACCCAGAAAGCCAGAGAGGTGGG
AACTATGTGCTTCGAGGTAATGGAGCCCACGACTCACGACGACGTGTGACTT
TGAACGGTTTCTACGCCATGAGCTGCTAACCTGACATAGCAATATGATGCGG
GCCGTTATCCTAACGTTCTTGCACACTCTCGCATTTCACACATGGAGTAGAA
AGCCCATTATCGCCATGCGACTAAGATAATCGCAAAGGATTTAGCGGGAATC
CGACTGATAGGCAGAGGTATTCCAACCCAAGAGCTGCTAAGGAGCTGGTCTA
GCGCCTCTTAACCCCTGATTGACCGCCTCTAGGTACAGACAGAAGCCTGATG
GTGTCGTTTTTTTTTGTAGGATCCATGAGTCTGGTCGGTAAGTGCCTAGAAT
TCAGGAAGATTTGTGTCGAGAAGGCTAGGTGGAGGCTCAGTG



DNA sequences for core staple and interacting handle strands of mini-slider and -rail

Name Sequence

Mini-rail-Core-Oligo0 CAAAATCGCGCAGAGGCGAATTATGAAACAAAGACAAAGTTAATTTC

Mini-rail-Core-Oligo1 GGATTCGCCTGATTGCTTTGAATAGTAGATTTATATGTAA

Mini-rail-Core-Oligo2 CAGAAATAAAGAATATAATCTTAGATTAAATATATGTTAATTGA

Mini-rail-Core-Oligo3 ATTCATCAAATAGTAACATTATCATTTTGCGGAACAAAGTTCCTGAT

Mini-rail-Core-Oligo4 TTGGATTATACTTCTGAAAATTATATGAATATACAATAAC

Mini-rail-Core-Oligo5 GCAAATCCAATCGCAACATTAATTTTAAAAGTTTGTGCCCAAGTTA

Mini-rail-Core-Oligo6 GTTGGGTTATATAACTTCAGGTTTGCGATAGCCTGATTGT

Mini-rail-Core-Oligo7 TGAGAAGAAGTAATTCCCATATTTCCTTAAATAGCAAATCCAATAGCT

Mini-rail-Core-Oligo8 AGAAAACATACCTTTTTGACCTAAAATAAGGCACAAGAAAGAAACCAA

Mini-rail-Core-Oligo9 CATAAATCAGACCTTTGCCCGAACGTTATCATATCAGATGATGGCA

Mini-rail-Core-Oligo10 TAACCTTGCTTCTGTAAATCCTTGTCAAAATCCGGCTTAG

Mini-rail-Core-Oligo11 ACATGTTCTAGATAAGCCAGCTACGCGTCTTTAAAAGTAACCGAGGAA

Mini-rail-Core-Oligo12 CGACGACAATAAACAATCGACAACTCGTATTAAATCGCATGCTGAT

Mini-rail-Core-Oligo13 TACCGACAAAAGGTAAGTCAATAGAGTAGGGCTGAGTGAA

Mini-rail-Core-Oligo14 CGCTCAACTGAATTTAAAAACATAAACGTCAGTTGCACGTAAAA

Mini-rail-Core-Oligo15 ACACCGGAGAAGACTTTACAAACAATTCTTCTTAATGGAAACAGTA

Mini-rail-Core-Oligo16 ATCATAATCGCGCCCAATCATTCCCCCTGAACTAACGTCACATATGGT

Mini-rail-Core-Oligo17 AAAGCCTGTTTAGTATAAAGCCAAAATTTAGGATATAAAG

Mini-rail-Core-Oligo18 GTTGCTATTTTGCACTCCAGGATTTAGAAGTATTATCGTGTCCAGA

Mini-rail-Core-Oligo19 GCGGGAGGTTTTGAAGAACAACGCATCATTACTACTAGAA

Mini-rail-Core-Oligo20 CTTTCCTTATAAATAGATAATACATTTGTGAGTTAAATAAGAATAA

Mini-rail-Core-Oligo21 GTATTAAACCAAGTACTATTTTCATCCGGTATCCCGACTT

Mini-rail-Core-Oligo22 GAAGCCCTTTTTAAGCCAAATAGATTAGAGCCGTCGCACAAGATTA

Mini-rail-Core-Oligo23 AGAAACAATGAAATAGAGATATAGACTGAACAAAGAACGG

Mini-rail-Core-Oligo24 AGAGGGTAACCGTCACGCGCCAAAGCCAGCATCCTCCCTCGTTGATAT

Mini-rail-Core-Oligo25 CCTAATTTTCCCAATCTAATAACGCCTTATTACCAATGAACAGAATCA

Mini-rail-Core-Oligo26 TTTTTGTTAAATAGGAGCACTAACAACTGAGTCAATAATCGGCTGT

Mini-rail-Core-Oligo27 AATAGCAGCCTTTACATTAGACGGAGAGAGATTAAGAGCA

Mini-rail-Core-Oligo28 GAGCCAGCGGCCGGAAGACGATTGTAAAGCCATCACCGTACGCCACCC

Mini-rail-Core-Oligo29 GCCATTTGGGAATTAACGGTTATCTAAAATATCTTGTCATCTTACC

Mini-rail-Core-Oligo30 TTAAAGGTGAATTATCATTGAGCGAGAAAATTAAAATGAA

Mini-rail-Core-Oligo31 CAATCAATCTAATATCGAGAATTAAAGGCTTATCGTAGGACAACATGT

Mini-rail-Core-Oligo32 AACGTAGATTAGAAAGGAATTGAGGAAGCAACAAATAAGAAACGAT

Mini-rail-Core-Oligo33 AAATACATCACCACCGTAGCGCGTTCTGAAACGTAATAAGCGTCTTTC

Mini-rail-Core-Oligo34 GTGGCAACATATAAAATTTTGTCATCAACCGAATTATTCA

Mini-rail-Core-Oligo35 GGTTGAGGCAGGTCAACGTTGGCAAATCAACAGTTCCACGACTTGA

Mini-rail-Core-Oligo36 CACCACCAGAGCCGCCGACAAAAGACCAGAGCACATAAAG

Mini-rail-Core-Oligo37 TCAGACTGGAAAATCAATATCTGGTCAGTCACGCAGTATGTTAGCA

Mini-rail-Core-Oligo38 GCATTTTCGGTCATAGAATCAAAAGAACCGCCACCAGAAC

Mini-rail-Core-Oligo39 CCCGGAATAGGTGTAGAATCAAATATCAAACCCTCCCGTGACAGGA

Mini-rail-Core-Oligo40 AAGTGCCGTCGAGAGGAGAGCCGCCCTATTATTTTCATCG

Mini-rail-Core-Oligo41 GTATTAAGAATTGCGATTAGTAAAACGAAGGCGGTAGCAAAGGCTTGC

Mini-rail-Core-Oligo42 AAAGCGCAACATGGCTCCGCCACCCAAGCCCATGCTTTCGGTTGCGCC

Mini-rail-Core-Oligo43 GTGTACTGATGCATCACCTTGCTGAACCTGGAGTTTGCCTTTAGCG

Mini-rail-Core-Oligo44 GGGTCAGTGCCTTGAGCCTGCCTAAGAGAAGGAGGCGGAT

Mini-rail-Core-Oligo45 ATCTCCAATCGGTTTAAAAGAATATATACCAAGTAGTAAATCATTGTG

Mini-rail-Core-Oligo46 TTTTTCACGTTGAAATCAAAATGAAAAATCTAAAGAAAAAGTATAG

Mini-rail-Core-Oligo47 AAGGAACAACTAAAGGAGGCTGAGAGTTTTGTTTTTAACG

Mini-rail-Core-Oligo48 CGATCTAAACTCCTCATTTCGGAACACCCTCATCACCGGAGGCGACAT

Mini-rail-Core-Oligo49 CCGTAACACAGCGCTGAGAGCCAGCAGCGAATTTGATGATACAGGA

Mini-rail-Core-Oligo50 CTGAGTTTAGCATCGGACGCATAACAGGCGCACTTAGCCGACGCCAAA

Mini-rail-Core-Oligo51 GTACAAACTACAACGCTAGCGTAAGATTTTGCAGAATAGA

Mini-rail-Core-Oligo52 AAAACGAAAGAGGCATCACGCCTGCAACAGTGCCAACGATAATAAT

Mini-rail-Core-Oligo53 AATACGTAATGCCACTTGAATTTTCGAAAGACCGTCACCA

Mini-rail-Core-Oligo54 CATCGCCCAACGCGGTCAGTATTAACACGCTATAGGAACCCATGTA

Mini-rail-Core-Oligo55 TTCGGTCGCTGAGGCTTCGTCACCGAGGACTAACGGGTAA

Mini-rail-Core-Oligo56 GAAACACCAGAACGAGCGGATAAAACAGAGGTGAGGAGACCAACCT

Mini-rail-Core-Oligo57 GCTCATTCAGTGAATACGGCTACAGTACAGACCCGATATA

Mini-rail-Core-Oligo58 GGCTGACCGAAGTTTTTACGAGGCGAGCTTAAGACCGGAAACTTTTGC

Mini-rail-Core-Oligo59 AACAAAGTTGTGTCGACTTATGCGACGTTGGGCCCCCTCACCATAAAT

Mini-rail-Core-Oligo60 CCATGTTATAGACGAACCACCAGCAGAACGAGACAATGACAACAAC

Mini-rail-Core-Oligo61 CGCAGACGGTCAATCAAGGACAGATTGACAAGACAAAGCT

Mini-rail-Core-Oligo62 GTTTAGACAATATTCACAACATGTAGTTTCATAAGGATAAAATGCCTG

Mini-rail-Core-Oligo63 GGGTAATAGTAAAATAATGCCATTAAAAATACCGAGCTCCTGACGA



Mini-rail-Core-Oligo64 AGAGGCTTTTGCAAAATTCATCAAGATACATAGAACGAGG

Mini-rail-Core-Oligo65 CTAATGCAGAGTAATCTGAACGGTGAGGCTTTCTCAGCAGCTGTATGG

Mini-rail-Core-Oligo66 TAATAAAAAGGGATAGCCCTAAAACATCTACAATCCGCGACCTGCT

Mini-rail-Core-Oligo67 CGAACTAATTCAAAGCCTATTATATAAATCATATAACCTGGCAAACAA

Mini-rail-Core-Oligo68 CATTATTACAGGTAGAACATTCAATATCATAAAAATAGCG

Mini-rail-Core-Oligo69 TATAATGCTGTAGCTTTGTCTTTAATGCGCGAACTAATGCCAGAGG

Mini-rail-Core-Oligo70 TTTTGCGGATGGCTTAATAGTAAGATTCGAGCCGGAACAA

Mini-rail-Core-Oligo71 TACCCTGAGAATTTTGAATGGCTATTAGAATAAGAAAAATCTACGT

Mini-rail-Core-Oligo72 CAAAGCGGATTGCATCCAAATATCCAGGATTAGAGGTCAT

Mini-rail-Core-Oligo73 CCTTTATTTCAACGCTCCCGTGGCACAGACAATATCCATTGCTGAA

Mini-rail-Core-Oligo74 ATTATGACCCTGTAATGCAAACTCACATCCAAGTCAGAAG

Mini-rail-Core-Oligo75 AAGGCAAATAAGCAAACGATGAACAGGCAAAGCCAGTTTGATTTCTGC

Mini-rail-Core-Oligo76 TAACAGTTTTGACCATGTGTAGGTAGTCAAATAGGAACGCAGCCAGCT

Mini-rail-Core-Oligo77 AATGGTCAACACTGAAAGCGTAAGAATAATACAAAAATCAGGTCTT

Mini-rail-Core-Oligo78 TATTTTCATTTGGGGCAATAGTAGGCAATAAACCAAAAAC

Mini-rail-Core-Oligo79 TTTTGTTAATTTTTTACAACTGTTTTACGCCAGGTTGTGTCGCACAGG

Mini-rail-Core-Oligo80 TTGTAAACGTTAATAAGTGATAGAACCCTTCTGACGGCGGGAGAAG

Mini-rail-Core-Oligo81 AAACAGGAAGATTGTAGAATTAGCAGTCTGGATTTAGCTA

Mini-rail-Core-Oligo82 TGCCTGAGAAAATTAATAGCATTACAACAGGTGCGTTTTAAGCAACAC

Mini-rail-Core-Oligo83 ATTCAACCGAGACATTCTGGCCAACAGAAATTAGATACATTTCGCA

Mini-rail-Core-Oligo84 GTTCTAGCTAACCGTGAGTAACAAATGTTTACCGACGGCCAGCAACCG

Mini-rail-Core-Oligo85 TAATGCCGGAGAGGGTCAGGTCATGCATGTCAAGCCCCAA

Mini-rail-Core-Oligo86 GCCATTCAGGCTGCGACCGACCAGTAATAAAAGGGAATTATTTAAA

Mini-rail-Core-Oligo87 TCTGGTGCCGGAAACCGGTAATCGGCGCATCGTGATAAAT

Mini-rail-Core-Oligo88 TGTGAGCGCATAGATTCACCAGTCACACAATCACCATCAATATGAT

Mini-rail-Core-Oligo89 ATTCTCCGTGGGAACAACGTTGGTATCGGCCTGCACCGCT

Mini-rail-Core-Oligo90 CGCCAGCAGTTGGGCGCTGGATTATTTACATTGGCCTGCGCCATTC

Mini-rail-Core-Oligo91 AGCGGATCAAACTTAAAGGGGACGACAGCGCCCCCGTCGG

Mini-rail-Core-Oligo92 CGGAATTTGCTTTCGCTGCCAACGTACCGAGCTTTTCACGTGCCCCAG

Mini-rail-Core-Oligo93 GAAAGGGGCCAGGGTTTTAGTGATTCCGGCAATGCTCGTCATCGTTAA

Mini-rail-Core-Oligo94 TTGTAAAACAGGCTCAATCGTCTGAAATGGCTTCATCAACATTAAA

Mini-rail-Core-Oligo95 GCTTTCAGAGGTGGAGACAATCGGCTCCGTGGGCAGAAAC

Mini-rail-Core-Oligo96 CGGTATGAGGTAAAGGGCTGTTTCCACAACATTGGTTCCGTAGCCCGA

Mini-rail-Core-Oligo97 CGCCGGGCGCGGTTGCGGAATACCTACATTTTGACTCCTCATTTGC

Mini-rail-Core-Oligo98 CGGGGTCATTGCAGGCGTGAGAGATGGTCAGCAGTGCCAA

Mini-rail-Core-Oligo99 TGCTGGTCTAGACTTTCGAAACGTACGACAGTGTAGATGGTAAAACTA

Mini-rail-Core-Oligo100 TCGTCTCGCAAGGAAAAACGCTCATGGACCTTTCCCAGTCACGACG

Mini-rail-Core-Oligo101 TCGCTGGCAATGCGGCGCAGCCAGCGCCAGGGTGCCCGCTGGCGCGTA

Mini-rail-Core-Oligo102 GCCAGAGCACATCCTCCAGCGTGGTGCCATCCAGCATCAG

Mini-rail-Core-Oligo103 GTAATCATGGTCATATTTCGCCAGCCATTGCAACAGAAACTCAATC

Mini-rail-Core-Oligo104 GTTGAGGATCCCCGGGGCAGCACCGCGGCCAGAGCCTCCG

Mini-rail-Core-Oligo105 GGTTACCTGGGATCCAGAACAATATTACCTTACGCGGTCCGTTTTT

Mini-rail-Core-Oligo106 GTGCCCCCTGCATCAGTGCACTCTCTGCCAGCTCCTCACA

Mini-rail-Core-Oligo107 AATCCTGTTTGATGGACGTCGGCCTTGCTGGTAATCCGTCGAATTC

Mini-rail-Core-Oligo108 GCGGTCCACGCTGGTTGTCATACCGTATTGGGCGGTGCCG

Mini-rail-Core-Oligo109 TTCTTTTCAGGAACGGTTGCTTTGACGAGCACGTATAACG

Mini-rail-Core-Oligo110 CGGAAGCAAGCTAACTGTTGAGTGAAGAACGTGGACTCCAACGTCAA

Mini-rail-Core-Oligo111 GCGCTCACTGGTAGAAGAACTCAAACTAAGCCGGCATCAGATGCCG

Mini-rail-Core-Oligo112 GGGAAACCTGTCGTGCGGGAGAGGACAGCTGATGCAGCAA

Mini-rail-Core-Oligo113 TTTTATAAATCACGCAAATTAACCGTTGTAGCAATATGGTACGCCAG

Mini-rail-Core-Oligo114 AATCCTGAGAAGTGTGATAACATCACTTGCCTGAGTTTCAGGCGAA

Mini-rail-Core-Oligo115 TAAAGGGATTTTAGACACCAGTGACGCTACAGTTCCAGTC

Mini-rail-Core-Oligo116 TAATGCGCGACGGGCACGGTTTGCGGGGGTTTGTGGTGCTGTCGGTGG

Mini-rail-Core-Oligo117 AGGGCGAACTACTTCTTTGATTAGTAATAGGCACATTAATTGCGTT

Mini-rail-Core-Oligo118 AAACCGTCTATCATAGGGCGCTGGCAAGTGTAGCCGCGCTTGCTTTCCAGGCCGAT

Mini-rail-Core-Oligo119 TTTTTTTTGAGCAAAAGAAGATGATTCATTTCAATTACCTTTTTTTTT

Mini-rail-Core-Oligo120 TTTTTTTTCGGAATTATCATCATAAAACCACCAGAAGGAGTTTTTTTT

Mini-rail-Core-Oligo121 TTTTTTTTTTCAAATATATTTTAGAACGCGAGAAAACTTTTTTTTTTT

Mini-rail-Core-Oligo122 TTTTTTTTACAATTTCATTTGAATAAATTAATTACATTTATTTTTTTT

Mini-rail-Core-Oligo123 TTTTTTTTGCCTGTTTATCAACAAAGCTAATGCAGAACGCTTTTTTTT

Mini-rail-Core-Oligo124 TTTTTTTTTACCGACCGTGTGATAATTTAATGGTTTGAAATTTTTTTT

Mini-rail-Core-Oligo125 TTTTTTTTTTACCAACGCTAACGAAATTTTATCCTGAATCTTTTTTTT

Mini-rail-Core-Oligo126 TTTTTTTTAATTTACGAGCATGTAAATAATATCCCATCCTTTTTTTTT

Mini-rail-Core-Oligo127 TTTTTTTTAGTTACCAGAAGGAAAGCAGATAGCCGAACAATTTTTTTT

Mini-rail-Core-Oligo128 TTTTTTTTACAGCCATATTATTTAGCCAGTTACAAAATAATTTTTTTT

Mini-rail-Core-Oligo129 TTTTTTTTCCATTACCATTAGCAAAAAATCACCAGTAGCATTTTTTTT

Mini-rail-Core-Oligo130 TTTTTTTTTGGCATGATTAAGACTGAATACCCAAAAGAACTTTTTTTT



Mini-rail-Core-Oligo131 TTTTTTTTACAAATAAATCCTCATGCCTTGATATTCACAATTTTTTTT

Mini-rail-Core-Oligo132 TTTTTTTTCCGTAATCAGTAGCGAACCATCGATAGCAGCATTTTTTTT

Mini-rail-Core-Oligo133 TTTTTTTTCCGCCACCCTCAGAACCTCAGGAGGTTTAGTATTTTTTTT

Mini-rail-Core-Oligo134 TTTTTTTTTTCCAGTAAGCGTCATGTCTCTGAATTTACCGTTTTTTTT

Mini-rail-Core-Oligo135 TTTTTTTTGGAGCCTTTAATTGTAAAAAAAGGCTCCAAAATTTTTTTT

Mini-rail-Core-Oligo136 TTTTTTTTTCATTTTCAGGGATAGCTCAGAGCCACCACCCTTTTTTTT

Mini-rail-Core-Oligo137 TTTTTTTTTTTGACCCCCAGCGATCACTAAAACACTCATCTTTTTTTT

Mini-rail-Core-Oligo138 TTTTTTTTCAGCTTGATACCGATAAGGTGAATTTCTTAAATTTTTTTT

Mini-rail-Core-Oligo139 TTTTTTTTTTAATTTCAACTTTAATTGGGCTTGAGATGGTTTTTTTTT

Mini-rail-Core-Oligo140 TTTTTTTTTCATCGCCTGATAAATACAACGGAGATTTGTATTTTTTTT

Mini-rail-Core-Oligo141 TTTTTTTTCTGCGGAATCGTCATATGGATAGCGTCCAATATTTTTTTT

Mini-rail-Core-Oligo142 TTTTTTTTCATTATACCAGTCAGGATTTTAAGAACTGGCTTTTTTTTT

Mini-rail-Core-Oligo143 TTTTTTTTAAGTACGGTGTCTGGATTTAAATATGCAACTATTTTTTTT

Mini-rail-Core-Oligo144 TTTTTTTTCAGAAAACGAGAATGAAATGCTTTAAACAGTTTTTTTTTT

Mini-rail-Core-Oligo145 TTTTTTTTCATATATTTTAAATGCAAATTTTTAGAACCCTTTTTTTTT

Mini-rail-Core-Oligo146 TTTTTTTTAACGAGTAGATTTAGTGATTCCCAATTCTGCGTTTTTTTT

Mini-rail-Core-Oligo147 TTTTTTTTTTTGTTAAATCAGCTCAAATTCGCATTAAATTTTTTTTTT

Mini-rail-Core-Oligo148 TTTTTTTTGAGAAAGGCCGGAGACAAAGATTCAAAAGGGTTTTTTTTT

Mini-rail-Core-Oligo149 TTTTTTTTGCGGGCCTCTTCGCTAGGGAAGGGCGATCGGTTTTTTTTT

Mini-rail-Core-Oligo150 TTTTTTTTCGTCTGGCCTTCCTGTCATCAAAAATAATTCGTTTTTTTT

Mini-rail-Core-Oligo151 TTTTTTTTATCCCGTAAAAAAAGCACATCGACATAAAAAATTTTTTTT

Mini-rail-Core-Oligo152 TTTTTTTTATTAAGTTGGGTAACGGATGTGCTGCAAGGCGTTTTTTTT

Mini-rail-Core-Oligo153 TTTTTTTTCCTGCGGCTGGTAATGGCCGGGTCACTGTTGCTTTTTTTT

Mini-rail-Core-Oligo154 TTTTTTTTCGATGCTGATTGCCGTGAAGGGTAAAGTTAAATTTTTTTT

Mini-rail-Core-Oligo155 TTTTTTTTTCCGCTCACAATTCCACTGTGTGAAATTGTTATTTTTTTT

Mini-rail-Core-Oligo156 TTTTTTTTCTGGTGTGTTCAGCAAATAAACATCCCTTACATTTTTTTT

Mini-rail-Core-Oligo157 TTTTTTTTTTATAAATCAAAAGAAAAATCGGCAAAATCCCTTTTTTTT

Mini-rail-Core-Oligo158 TTTTTTTTGGGTGCCTAATGAGTGTAAAGTGTAAAGCCTGTTTTTTTT

Mini-rail-Core-Oligo159 TTTTTTTTGTAAAAGAGTCTGTCCTCAGTGAGGCCACCGATTTTTTTT

Mini-rail-Core-Oligo160 TTTTTTTTCAAGAGTCCACTATTATTGTTCCAGTTTGGAATTTTTTTT

Mini-rail-Purple-handle1 GAGACGATGTTGACCTTAACCTTTTTACATCGGGAGAAACAGTAACAGTACCTTTTTTTTT

Mini-rail-Purple-handle2 GCTACTCACTCAGATAGGGTATTAGAACCTACCATATCAATAATGGAAGGGTTTTTTTTTT

Mini-rail-Purple-handle3 ACTATATCGGTCGGAAACTGCTTTACCTTTTTAACCTCATAGGTCTGAGAGACTTTTTTTT

Mini-rail-Purple-handle4 GTTTCTCCAAAAGCACTAGGGTTTTAATTTTCCCTTAGAATCGTCGCTATTAATTTTTTTT

Mini-rail-Purple-handle5 CGATCCTGATGTACGAAAGTCTTGCCAGTAATAAGAGACAGAGGCATTTTCGATTTTTTTT

Mini-rail-Purple-handle6 CGTGTAGCCAATTAGACTGACTTAATTCTTACCAGTATCATATGCGTTATACATTTTTTTT

Mini-rail-Red-Handle1 CCTACTGACTTTATCCACCGATTCGTTTTAGCGAACCTTCTAAGAACGCGAGGTTTTTTTT

Mini-rail-Red-Handle2 CACACTTGCTATACCGTCATCTTCAAGCAAGCCGTTTTCGCACTCATCGAGAATTTTTTTT

Mini-rail-Blue-Handle1 TCTCGACACAAATCTTCCTGCTTAGTTAAGCCCAATAAAACCCACAAGAATTGTTTTTTTT

Mini-rail-Blue-Handle2 TTGAACCCCCCCTTAGTTACATTAAACAGGGAAGCGCAGAGAGAATAACATAATTTTTTTT

Mini-rail-Green-Handle1 TCTTCACGCCAAACTATCTCGTTTAAATATTGACGGAATTGAGGGAGGGAAGGTTTTTTTT

Mini-rail-Green-Handle2 CACCTTCGCTTCTACATACAGTTCACGGAATAAGTTTAGAAACGCAAAGACACTTTTTTTT

Mini-rail-Red-Handle3 CCTACTGACTTTATCCACCGATTACCCTCAGAGCCGCCACCCTCAGAGCCACCTTTTTTTT

Mini-rail-Red-Handle4 CACACTTGCTATACCGTCATCTTTTGCCATCTTTTCATCCCCCTTATTAGCGTTTTTTTTT

Mini-rail-Blue-Handle3 TCTCGACACAAATCTTCCTGCTTGTTTTGCTCAGTACCATTAGGATTAGCGGGTTTTTTTT

Mini-rail-Blue-Handle4 TTGAACCCCCCCTTAGTTACATTAAACAGTTAATGCCCTAACAGTGCCCGTATTTTTTTTT

Mini-rail-Green-Handle3 TCTTCACGCCAAACTATCTCGTTAGTTTCAGCGGAGTGTAAACAACTTTCAACTTTTTTTT

Mini-rail-Green-Handle4 CACCTTCGCTTCTACATACAGTTGACAGCCCTCATAGTCTGTAGCATTCCACATTTTTTTT

Mini-rail-Red-Handle6 CCTACTGACTTTATCCACCGATTGGAAGTTTCCATTAAAAGACTTTTTCATGATTTTTTTT

Mini-rail-Red-Handle7 CACACTTGCTATACCGTCATCTTGCCGCTTTTGCGGGATGCAGGGAGTTAAAGTTTTTTTT

Mini-rail-Blue-Handle6 TCTCGACACAAATCTTCCTGCTTACCCAAATCAACGTAAACCGGATATTCATTTTTTTTTT

Mini-rail-Blue-Handle7 TTGAACCCCCCCTTAGTTACATTGACCAACTTTGAAAGTAAGGGAACCGAACTTTTTTTTT

Mini-rail-Green-Handle6 TCTTCACGCCAAACTATCTCGTTCGACGATAAAAACCACCCTCGTTTACCAGATTTTTTTT

Mini-rail-Green-Handle7 CACCTTCGCTTCTACATACAGTTAGATTTAGGAATACCAAGATTCATCAGTTGTTTTTTTT

Mini-rail-Red-Handle8 CCTACTGACTTTATCCACCGATTTGCTCCTTTTGATAAGAGAGTACCTTTAATTTTTTTTT

Mini-rail-Red-Handle9 CACACTTGCTATACCGTCATCTTAAGCCCGAAAGACTTAAAAAGATTAAGAGGTTTTTTTT

Mini-rail-Blue-Handle8 TCTCGACACAAATCTTCCTGCTTGCTAAATCGGTTGTAGCCTCAGAGCATAAATTTTTTTT

Mini-rail-Blue-Handle9 TTGAACCCCCCCTTAGTTACATTGGCATCAATTCTACTGCGAGCTGAAAAGGTTTTTTTTT

Mini-rail-Green-Handle8 TCTTCACGCCAAACTATCTCGTTGTTGATAATCAGAAAATCATATGTACCCCGTTTTTTTT

Mini-rail-Green-Handle9 CACCTTCGCTTCTACATACAGTTATCTACAAAGGCTATAGCTATTTTTGAGAGTTTTTTTT

Mini-rail-Red-Handle8 CCTACTGACTTTATCCACCGATTCCAGCCAGCTTTCCGCAGGAAGATCGCACTTTTTTTTT

Mini-rail-Red-Handle9 CACACTTGCTATACCGTCATCTTGTAATGGGATAGGTCAACGGCGGATTGACCTTTTTTTT

Mini-rail-Blue-Handle8 TCTCGACACAAATCTTCCTGCTTCACGGAAAAAGAGACTGAAGGGATAGCTCTTTTTTTTT

Mini-rail-Blue-Handle9 TTGAACCCCCCCTTAGTTACATTATAACCTCACCGGAACCGCCACGGGAACGGTTTTTTTT

Mini-rail-Green-Handle8 TCTTCACGCCAAACTATCTCGTTCGGCTGGAGGTGTCCCACGCAACCAGCTTATTTTTTTT

Mini-rail-Green-Handle9 CACCTTCGCTTCTACATACAGTTGGACTTGTAGAACGTATAACGGAACGTGCCTTTTTTTT



Mini-rail-Red-Handle8 CCTACTGACTTTATCCACCGATTTCGCGTCCGTGAGCCACGCGTGCCTGTTCTTTTTTTTT

Mini-rail-Red-Handle9 CACACTTGCTATACCGTCATCTTGTCACTGCGCGCCTGACGATCCAGCGCAGTTTTTTTTT

Mini-rail-Blue-Handle8 TCTCGACACAAATCTTCCTGCTTTGGCCCTGAGAGAGTTTGCCCTTCACCGCCTTTTTTTT

Mini-rail-Blue-Handle9 TTGAACCCCCCCTTAGTTACATTATCGGCCAACGCGCGCAGCTGCATTAATGATTTTTTTT

Mini-rail-Green-Handle8 TCTTCACGCCAAACTATCTCGTTCGGGAGCTAAACAGGTCGTTAGAATCAGAGTTTTTTTT

Mini-rail-Green-Handle9 CACCTTCGCTTCTACATACAGTTGTAACCACCACACCCGCGGTCACGCTGCGCTTTTTTTT

Mini-slider-Core-Oligo0 ATCAAAATCATAGGTCTGAGAGAATATAACTCATTTTCGAAAGGTAA

Mini-slider-Core-Oligo1 TTAAGACGCTGAGAAGAGTCAATATTGCTTCTTAACAACG

Mini-slider-Core-Oligo2 ATATGTGAGTGAAAACATCATTACTAGATCATCTTCCAAGAACG

Mini-slider-Core-Oligo3 GATGAAACATAATTCGCCTGATTGCTTTGAATACCAAGTCAATTACC

Mini-slider-Core-Oligo4 AAATTAATTACATTTAGAAACAGTAATTAATTAGCTTAGA

Mini-slider-Core-Oligo5 TAATTTAGGCAGAGGATAGGGAGAAACAATAACGGACCGTGAATTT

Mini-slider-Core-Oligo6 TGAGAATCGCCATATTGTAAATCGAATCATAAAGAAAACA

Mini-slider-Core-Oligo7 CTGTTTAGCAGATATAAAACCAAGAATTGAGCCAGCCTTTAGACAAAA

Mini-slider-Core-Oligo8 AAATGCTGGAAAACTTTCTGTCCAGCAGAACGATCAAGATTCCTGAAT

Mini-slider-Core-Oligo9 AGTTAATTAAAACAGTACCTTTTACATCTGTTGAGCAAAAGAAGAT

Mini-slider-Core-Oligo10 ATTTAATGGTTTGAAATAAGAATACAAATTCTGGCTTAAT

Mini-slider-Core-Oligo11 AACGCGAGTTTTGAAGCAAGAATTTGAAATAGGAGGGAAGGAATTATC

Mini-slider-Core-Oligo12 ATCCGGTATTCTAAGAGTCAGATGAATATACAGTAAGCCCAACATG

Mini-slider-Core-Oligo13 CCAATAGCAAGCAAATTATCATATTATCATTCTGACCTAA

Mini-slider-Core-Oligo14 TCTTTCCTGCGTTATAAACACCGGTCGCTATTACATAAATCAAT

Mini-slider-Core-Oligo15 AATAGATAGGTATTTTCAGGTTTAACGTAATTTTCAAATATATTTT

Mini-slider-Core-Oligo16 AGTCCTGAAAAAATGATTCCAGAGTACATAAAAAACGCAATTTTCATC

Mini-slider-Core-Oligo17 AATAATATCCCATCCTATCGGCTGAACAAGCATACCGCGC

Mini-slider-Core-Oligo18 CAGAGAGATAACCCACCTATAAAGAAATTGCGTAGATTGAAGGCTT

Mini-slider-Core-Oligo19 AACAAAGTCAGAGGGTTACCGCACTTAACGTCACAAGAAA

Mini-slider-Core-Oligo20 GAGCGTCTAAATTGCACGTAAAACAGAATAACGCCTGTTTATCAAC

Mini-slider-Core-Oligo21 GCCAGTTACAAAATAAAGAAACGAAAAAACAGACACCCTG

Mini-slider-Core-Oligo22 TTCAACCGATTGAGGCAATACCATATCAAAATTATTAGGCTAATAT

Mini-slider-Core-Oligo23 GGTTTACCAGCGCCAAACAGAGAGAAAATACACCTAATTT

Mini-slider-Core-Oligo24 AACATATACAGAGCCGTTCGGTCAGAGGCTGAAGTGCCTTATGAATTT

Mini-slider-Core-Oligo25 CTATCTTAGCCGAACAACCGACTTCCAGTAGCATTGACAGTATTCACA

Mini-slider-Core-Oligo26 AACCGAGGGGTATGGAAGGGTTAGAACCTAGCTTACCAACGCTAAC

Mini-slider-Core-Oligo27 GAATACCCAAAAGAACATGTTAGCACCACGGAATTCATAT

Mini-slider-Core-Oligo28 AGAGCCACGAGCCGCCATTAGCGGTCGAGAGGACTTTCAAACTAAAGG

Mini-slider-Core-Oligo29 AGAACCGCCACCCTCACCGATTATACTTCTGAATAGGCGGGCGACA

Mini-slider-Core-Oligo30 CCGGAACCGCCTCCCTAAAGAAACGTAGCGCGTAATAACG

Mini-slider-Core-Oligo31 GTCAGACTGCAAAGACAAACGTAGAATAACATTTTTTTGTTCATCGAG

Mini-slider-Core-Oligo32 AAGGCCGGGGCATAATCCTGATTGTTTGGTCAAGTTACCAGAAGGA

Mini-slider-Core-Oligo33 AAACGTCAGTTTTAACCAGAATGGTCGTCACCCCTCAGAAACCGATAT

Mini-slider-Core-Oligo34 ACCATCGATAGCAGCACCTTTAGCGTTTGCCAAGCCACCA

Mini-slider-Core-Oligo35 AAGAGAAGGATTAGGGCCGATGGCAATTCATCAATATTCCACCCTC

Mini-slider-Core-Oligo36 AACATGAAAGTATTAATAGCCCCCGGTAATAACCAATGAA

Mini-slider-Core-Oligo37 ATTAAAGCGGGATTCCTGATTATCAGATAGCACCATTACCATTAGC

Mini-slider-Core-Oligo38 GTCTCTGAATTTACCGGATACAGGATAAACAGTATTCTGA

Mini-slider-Core-Oligo39 GGATTTTGCTAAACAGTTAGCGGAATTATCATCATGTCGACTCCTC

Mini-slider-Core-Oligo40 TTCCAGACGTTAGTAAGAGTAACAACTGAGTTAAAGCGCA

Mini-slider-Core-Oligo41 AACTACAAACGGCTACTCGCTGAGCTTCATCAACGGTCAACATAGTAA

Mini-slider-Core-Oligo42 ATAAGTATGGTTTAGTGAATAATAGCTCCAAAGCACCAACACACTCAT

Mini-slider-Core-Oligo43 ACCGCCACAGTAAGAAACCACCAGAAGGGATAACAAATAAATCCTC

Mini-slider-Core-Oligo44 CTCAGAGCCACCACCCACCCATGTCAGACAGCTGTCGTCT

Mini-slider-Core-Oligo45 TTTTCATGATGCCACTATATTCATAGTGAATATTTACCAGTTGCAAAA

Mini-slider-Core-Oligo46 TGAGGACTAAAGACTAATTATCATTTTGCGGAACAACATCTGTATG

Mini-slider-Core-Oligo47 CGGAACGAGGGTAGCACGCCTGTACACGCATACCGCCACC

Mini-slider-Core-Oligo48 CCATCGCCGCATTCCAACCGTAACGTGCCCGTAGTGTACTTTATTAGC

Mini-slider-Core-Oligo49 TATCGGTTATTAAAAGTTTGAGTAACATTGCACCGCCACCCTCAGA

Mini-slider-Core-Oligo50 TATCAGCTGGAACGAGAAGCGCGAACGGAACATGAATTACAGTCAGAA

Mini-slider-Core-Oligo51 AGGTGAATTTCTTAAAGACAACAAAGGCCGCTGACAGCAT

Mini-slider-Core-Oligo52 CTTGACAAGAACCGGACGCGAACGTTATTAATTTTCGGAGAGGCTT

Mini-slider-Core-Oligo53 GCATAGGCTGGCTGACGCTTGCAGACTTAGCCTGCTTTCG

Mini-slider-Core-Oligo54 ATTATACCGCGGTATTAAATCCTTTGCCAAGAGGAGCCTTTAATTG

Mini-slider-Core-Oligo55 ACAACGGAGATTTGTACGACCTGCCTGACCAAGACCAGGC

Mini-slider-Core-Oligo56 CTATCATAACCCTCGAGGAAACAATTCGACAACTCCAGAGAGTAAT

Mini-slider-Core-Oligo57 AAAAGGAATTACGAGGTCATAAGGACGAACTAAACAAAGT

Mini-slider-Core-Oligo58 TTACAGGTAGCAAACTCGGATTGCAGAATTAGTCATTTGGCGGTAATC



Mini-slider-Core-Oligo59 GCCCTGACTGAGATGGTTGCCAGACGTCCAATAATTGCTGATGCAACT

Mini-slider-Core-Oligo60 AATCATTGACAGAAGTATTAGACTTTACCTTCTTTGACCCCCAGCG

Mini-slider-Core-Oligo61 ATTTTAAGAACTGGCTAATCTACGTGAGATTTATAACGCC

Mini-slider-Core-Oligo62 ACCTTTAAATGGCTTAGAGCATAACCTGTAATTGTACCCCAGATTGTA

Mini-slider-Core-Oligo63 TCAGGATTAGAGAGTGAAATACATTTGAGGATTTATTAGAGCAACA

Mini-slider-Core-Oligo64 AGCGAACCAGACCGGAAGAAAGATACTATTATCTTATGCG

Mini-slider-Core-Oligo65 TTACCCTGTCATCAGTTTAATAAAGAACCGAATCCATGTTGGAGTTAA

Mini-slider-Core-Oligo66 TAAATATTGCAAGAGCCGTCAATAGATAGTTTTTAATTTCAACTTT

Mini-slider-Core-Oligo67 CATTGAATGTTTAGCTATTCCATACTGATAAATGAGTAATACCCGTCG

Mini-slider-Core-Oligo68 AATGCTTTAAACAGTTTCAGGTCTGGAAGCCCAGCTTCAA

Mini-slider-Core-Oligo69 AGCAATAAAGCCTCAGAGCTAACAACTAATAGATTAAGCCAACAGG

Mini-slider-Core-Oligo70 CATACAGGCAAGGCAAATCAAAAAAATAACCTCCCCCTCA

Mini-slider-Core-Oligo71 GAAGTTTCATAAAATATCTTTAGGAGCACTTACTGCGGAATCGTCA

Mini-slider-Core-Oligo72 GATTCCCAATTCTGCGCATTTCGCGTGGCATCCAATAAAT

Mini-slider-Core-Oligo73 AGCATGTCAATCATAACTTTGAGGAAGGTTATCTATTTCAAAATTA

Mini-slider-Core-Oligo74 CAAGAGAATCGATGAAGGCGCGAGCGTTCTAGTAACAGTT

Mini-slider-Core-Oligo75 CCGGAGAGGAGGGGACCCGTGGGACCCCGGGTCATGCCTGGCTGGTTT

Mini-slider-Core-Oligo76 GCGGGAGATAGAACCCAATATTTACATTAAATAGCGCCATGCGATCGG

Mini-slider-Core-Oligo77 GCAATGCCTTATCAACAGTTGAAAGGAATTTAAAGTACGGTGTCTG

Mini-slider-Core-Oligo78 AAAGATTCAAAAGGGTCAATATGAAGATCTACGGAGCAAA

Mini-slider-Core-Oligo79 GATCGCACCGGAAACCGGTCATAGAATTCCACTTGATGGTAAAAGAAT

Mini-slider-Core-Oligo80 TATCGGCCTCAGGAATAATCTGGTCAGTTGGCAAAATGGTAAAACT

Mini-slider-Core-Oligo81 GTGCATCTGCCAGTTTGGTAGCTAGAGTAACAGTGTAGGT

Mini-slider-Core-Oligo82 ATGTGAGCTTTTTGAGTATTCAACCTGAAAAGAAATGGTCGATTAAGA

Mini-slider-Core-Oligo83 TCATTTTTGATCAAACCCTCAATCAATAGCATCATATATTTTAAAT

Mini-slider-Core-Oligo84 TAACCAATCAGTGCCACAGCTGGCTATTGGGCCGCTCACTTGGCAGATGGGCGAAA

Mini-slider-Core-Oligo85 CATCAAAAATAATTCGAACATTAACCGTAATGTCGTAACC

Mini-slider-Core-Oligo86 CGAATTCGTAATCATAGGTGCTGAACCTCAAATATTCTGACGACAG

Mini-slider-Core-Oligo87 GTACCCGTATAAGGATACAAACGGACGACGGCAGGAACGC

Mini-slider-Core-Oligo88 TATTACGCAGCAATCTAAAGCATCACCTCAATTTTGTTAAATCAGC

Mini-slider-Core-Oligo89 GATGTGCTGCAAGGCGGTCACGACCTTTGATACATGGCTA

Mini-slider-Core-Oligo90 AGGCGAAAATCCTGTACAGCCAGCAGCAAATGAAATTGACCGAGCT

Mini-slider-Core-Oligo91 GCAGCAAGCGGTCCACCAGGTCGAGGTTTGCGGAAAGGGG

Mini-slider-Core-Oligo92 GTGGTTTTCAATATTTGTCACACGACCAGTAATAAAAGGG

Mini-slider-Core-Oligo93 TACGAGCCATGAGTGAAGATAGGGACTATTAAAGAACGTGGACTCCA

Mini-slider-Core-Oligo94 TTGCGTTGGCCACAGTGCCACGCTGAGAACATGCGGGCCTCTTCGC

Mini-slider-Core-Oligo95 TCCAGTCGGGAAACCTACGCGCGGACGGGCAAAGAGAGTT

Mini-slider-Core-Oligo96 GCGCGAACCGAACGAACCACCAGCAGAAGATAAAACCCATTGAATGG

Mini-slider-Core-Oligo97 CTATTAGTCTTTAATAGCTATTAACACCGCCTGCAAGGGCCCCAGC

Mini-slider-Core-Oligo98 GAATACGTGGCACAGATCTTTTCAATTTACATGCCCGCTT

Mini-slider-Core-Oligo99 AATGGATTCCAGTGAGGGAGAGGCCTCTAGACGTTGTAAACGGATTGA

Mini-slider-Core-Oligo100 ACGTCAAATCAAGAGGTGAGGCGGTCAGCCGGCTAACTCACATTAA

Mini-slider-Core-Oligo101 AACCGTCTATCACAGGAAAAACGCTCGTCTGAACATTCTGAAGCGTAA

Mini-slider-Core-Oligo102 TTTTTTTTTGAAAACATAGCGATTTCCCTTAGAATCCTTTTTTTTT

Mini-slider-Core-Oligo103 TTTTTTTTTTACCTTTTTTAATGACAATTTCATTTGAATTTTTTTT

Mini-slider-Core-Oligo104 TTTTTTTTAACGCTCAACAGTAGTACCAGTATAAAGCCTTTTTTTT

Mini-slider-Core-Oligo105 TTTTTTTTAAATAAGGCGTTAAATACCGACCGTGTGATTTTTTTTT

Mini-slider-Core-Oligo106 TTTTTTTTCATCGTAGGAATCATAGCCGTTTTTATTTTTTTTTTTT

Mini-slider-Core-Oligo107 TTTTTTTTAGAAACCAATCAATAAATTTACGAGCATGTTTTTTTTT

Mini-slider-Core-Oligo108 TTTTTTTTGGGAGAATTAACTGAGGAAGCGCATTAGACTTTTTTTT

Mini-slider-Core-Oligo109 TTTTTTTTATCCCAATCCAAATAACAGCCATATTATTTTTTTTTTT

Mini-slider-Core-Oligo110 TTTTTTTTCACAATCAATAGAAAATAAGTTTATTTTGTTTTTTTTT

Mini-slider-Core-Oligo111 TTTTTTTTTCCTTATTACGCAGTTGGCATGATTAAGACTTTTTTTT

Mini-slider-Core-Oligo112 TTTTTTTTAATCACCGGAACCAGTCTTTTCATAATCAATTTTTTTT

Mini-slider-Core-Oligo113 TTTTTTTTACAGAATCAAGTTTGCCGTAATCAGTAGCGTTTTTTTT

Mini-slider-Core-Oligo114 TTTTTTTTTATTTCGGAACCTATTTAATGCCCCCTGCCTTTTTTTT

Mini-slider-Core-Oligo115 TTTTTTTTTACATGGCTTTTGATTTCCAGTAAGCGTCATTTTTTTT

Mini-slider-Core-Oligo116 TTTTTTTTAACGATCTAAAGTTTCCTCATAGTTAGCGTTTTTTTTT

Mini-slider-Core-Oligo117 TTTTTTTTGCAAGCCCAATAGGATCATTTTCAGGGATATTTTTTTT

Mini-slider-Core-Oligo118 TTTTTTTTCCCTCAGCAGCGAAATTTGCGGGATCGTCATTTTTTTT

Mini-slider-Core-Oligo119 TTTTTTTTAGTTGCGCCGACAATCAGCTTGATACCGATTTTTTTTT

Mini-slider-Core-Oligo120 TTTTTTTTGATGAACGGTGTACACTTTGAAAGAGGACATTTTTTTT

Mini-slider-Core-Oligo121 TTTTTTTTTTGTGTCGAAATCCGTCATCGCCTGATAAATTTTTTTT

Mini-slider-Core-Oligo122 TTTTTTTTAACTAATGCAGATACAGGAATACCACATTCTTTTTTTT

Mini-slider-Core-Oligo123 TTTTTTTTGACGTTGGGAAGAAACATTATACCAGTCAGTTTTTTTT

Mini-slider-Core-Oligo124 TTTTTTTTTCGCGTTTTAATTCGGAAAGACTTCAAATATTTTTTTT



Mini-slider-Core-Oligo125 TTTTTTTTACCATAAATCAAAAACAGAAAACGAGAATGTTTTTTTT

Mini-slider-Core-Oligo126 TTTTTTTTAGTAGCATTAACATCAATTCTACTAATAGTTTTTTTTT

Mini-slider-Core-Oligo127 TTTTTTTTTTTGACCATTAGATAAACGAGTAGATTTAGTTTTTTTT

Mini-slider-Core-Oligo128 TTTTTTTTATTGCCTGAGAGTCTAAAGGCTATCAGGTCTTTTTTTT

Mini-slider-Core-Oligo129 TTTTTTTTCAGTCAAATCACCATGAGAAAGGCCGGAGATTTTTTTT

Mini-slider-Core-Oligo130 TTTTTTTTGTGTAGATGGGCGCAGGATAGGTCACGTTGTTTTTTTT

Mini-slider-Core-Oligo131 TTTTTTTTTAGCCAGCTTTCATCCGTCTGGCCTTCCTGTTTTTTTT

Mini-slider-Core-Oligo132 TTTTTTTTTAGCGACCGTATACGGCGAGGCAAGTCCGCTTTTTTTT

Mini-slider-Core-Oligo133 TTTTTTTTGCCAGGGTTTTCCCAATTAAGTTGGGTAACTTTTTTTT

Mini-slider-Core-Oligo134 TTTTTTTTCACCGCCTGGCCCTGCAGCTGATTGCCCTTTTTTTTTT

Mini-slider-Core-Oligo135 TTTTTTTTTTAATGAATCGGCCAGTCGTGCCAGCTGCATTTTTTTT

Mini-slider-Core-Oligo136 TTTTTTTTACCCTTCTGACCTGAGCCAACAGAGATAGATTTTTTTT

Mini-slider-Core-Oligo137 TTTTTTTTCATTTTGACGCTCAATCATGGAAATACCTATTTTTTTT

Mini-slider-Core-Oligo138 TTTTTTTTCGGCTTAGGTTGGGTTCTACCTTTTTAACCTCTTTTTTTT

Mini-slider-Core-Oligo139 TTTTTTTTGGCGAATTATTCATTTTACAAAATCGCGCAGATTTTTTTT

Mini-slider-Core-Oligo140 TTTTTTTTATATAAAGTACCGACAAGCCAGTAATAAGAGATTTTTTTT

Mini-slider-Core-Oligo141 TTTTTTTTAAGACAAAGAACGCGAATGCAAATCCAATCGCTTTTTTTT

Mini-slider-Core-Oligo142 TTTTTTTTCCCGACTTGCGGGAGGGCGTTTTAGCGAACCTTTTTTTTT

Mini-slider-Core-Oligo143 TTTTTTTTAACATGTTCAGCTAATGACGACGACAATAAACTTTTTTTT

Mini-slider-Core-Oligo144 TTTTTTTTTAAGAGCAAGAAACAAGAGTTAAGCCCAATAATTTTTTTT

Mini-slider-Core-Oligo145 TTTTTTTTCCCAGCTACAATTTTATAGTTGCTATTTTGCATTTTTTTT

Mini-slider-Core-Oligo146 TTTTTTTTATTATTCATTAAAGGTGTAAATATTGACGGAATTTTTTTT

Mini-slider-Core-Oligo147 TTTTTTTTGAAAAGTAAGCAGATACCGAAGCCCTTTTTAATTTTTTTT

Mini-slider-Core-Oligo148 TTTTTTTTACCAGAACCACCACCACACCCTCAGAGCCGCCTTTTTTTT

Mini-slider-Core-Oligo149 TTTTTTTTAGAGCCAGCAAAATCAGAGCCATTTGGGAATTTTTTTTTT

Mini-slider-Core-Oligo150 TTTTTTTTAGGCGGATAAGTGCCGGGTTTTGCTCAGTACCTTTTTTTT

Mini-slider-Core-Oligo151 TTTTTTTTAGACGATTGGCCTTGAGAGGTTGAGGCAGGTCTTTTTTTT

Mini-slider-Core-Oligo152 TTTTTTTTAGAATAGAAAGGAACACAGTTTCAGCGGAGTGTTTTTTTT

Mini-slider-Core-Oligo153 TTTTTTTTATCACCGTACTCAGGAAGCCCGGAATAGGTGTTTTTTTTT

Mini-slider-Core-Oligo154 TTTTTTTTACGGGTAAAATACGTAAGGAAGTTTCCATTAATTTTTTTT

Mini-slider-Core-Oligo155 TTTTTTTTAATCTCCAAAAAAAAGATTTTTTCACGTTGAATTTTTTTT

Mini-slider-Purple-handle1 TTTTTTTTACAAAGCTGCTCATTCTACCCAAATCAACGTATTGGCTGAAAATCTCCTGACATG

Mini-slider-Purple-handle2 TTTTTTTTAAAAGAATACACTAAACTAAAACGAAAGAGGCTTCCATCTTGTCATAACGGGAAG

Mini-slider-Purple-handle3 TTTTTTTTAAATAGCGAGAGGCTTACGACGATAAAAACCATTAACGAGGACTCTTGGACTCTA

Mini-slider-Purple-handle4 TTTTTTTTAGTAGTAAATTGGGCTGAGAAACACCAGAACGTTCGAATTAGGAATACCGTGTCC

Mini-slider-Purple-handle5 TTTTTTTTGAGGTCATTTTTGCGGTTGCTCCTTTTGATAATTCCTGGAACACTTGCTAATGAG

Mini-slider-Purple-handle6 TTTTTTTTTGTTTAGACTGGATAGGGGGGTAATAGTAAAATTTCTAACTTACAGAGCATGGCG

Mini-slider-Red-Handle1 TTTTTTTTCCAAAAACATTATGACAGCTAAATCGGTTGTATTCGTCCCCTTTTAACCCTAGAA

Mini-slider-Red-Handle2 TTTTTTTTTCAACATGTTTTAAATAATATAATGCTGTAGCTTGCTCTGCAATCAACTTATCCC

Mini-slider-Green-Handle1 TTTTTTTTAGCCCCAAAAACAGGAGGTTGATAATCAGAAATTCCTAATTACGATGCTACTCCC

Mini-slider-Green-Handle2 TTTTTTTTCAAGGATAAAAATTTTAGCCTTTATTTCAACGTTCGACTCTCATTCTCTAACAGC

Mini-slider-Blue-Handle1 TTTTTTTTGCACCGCTTCTGGTGCTCCAGCCAGCTTTCCGTTCGTACAACCTTGACCTTACCT

Mini-slider-Blue-Handle2 TTTTTTTTATTTTGTTAAAATTCGAATTGTAAACGTTAATTTCTCACATGGTCTCACATCACT

Mini-rail-Red-Handle3 TTTTTTTTATTGTTATCCGCTCACCTGTTTCCTGTGTGAATTCGTCCCCTTTTAACCCTAGAA

Mini-rail-Red-Handle4 TTTTTTTTGCAACTGTTGGGAAGGTCGCCATTCAGGCTGCTTGCTCTGCAATCAACTTATCCC

Mini-rail-Green-Handle3 TTTTTTTTAAATCCCTTATAAATCGGTTCCGAAATCGGCATTCCTAATTACGATGCTACTCCC

Mini-rail-Green-Handle4 TTTTTTTTAAGCCTGGGGTGCCTAGGAAGCATAAAGTGTATTCGACTCTCATTCTCTAACAGC

Mini-rail-Blue-Handle3 TTTTTTTTTCGCCATTAAAAATACTGATAGCCCTAAAACATTCGTACAACCTTGACCTTACCT

Mini-rail-Blue-Handle4 TTTTTTTTTTTGGAACAAGAGTCCTTGAGTGTTGTTCCAGTTCTCACATGGTCTCACATCACT



DNA sequences for core staples, interacting handle strands, clip and clip removal strands of falcon-slider and -rail

Name Sequence

Falcon-rail-Core-Oligo0 GTGTTTTTATAATCAGTGAGGCCACCGCGTTGTAGCAATACTTTCACACGAGGGACATT

Falcon-rail-Core-Oligo1 AGACAGGAACGGTACGCCAGAATCCTCATCACTTGCCTGAGAATGGATCTGACCT

Falcon-rail-Core-Oligo2 AGCTAAACAGGAGGCCGATTAAAGGGATCGGCCTTGCTGGTAAAATACCTGACAATAT

Falcon-rail-Core-Oligo3 TAACGTGCTTTCCTCGTTAGAATCAGATTACCGCCAGCGCCCACGATGCATATGCGCGA

Falcon-rail-Core-Oligo4 CGCGTACTATGGTTGCTTTGACGAGCCCAAATCAAGTTTTTACGTCAAGAGAGTT

Falcon-rail-Core-Oligo5 CACCCGCCGCGCTTAATGCGCCGCTATAAAGCACTAAATCGGCAAGAGTCGCCCCAGC

Falcon-rail-Core-Oligo6 AAGTGTAGCGGTCACGCTGCGCGTAACCCCCGATTTAGAGCTTAGATAGGGGGTTCCGA

Falcon-rail-Core-Oligo7 AATTCCACACAACATATGCCTAATGAGTGAGCTGCCACGCGCAAATGAAAAATCTATGTAAATC

Falcon-rail-Core-Oligo8 TGTTTCCTGTGTGAACGTTGCGCTCACTGCAGGCGGTAACCTCAAATATCAAATCAATAT

Falcon-rail-Core-Oligo9 ACCGAGCTCGAATTCGAAACCTGTCGTGCCAGACGAACCATGGTCAGTTGGCAAAAATTACC

Falcon-rail-Core-Oligo10 TGAGCCTCCTCACAGTGGCCAACGCGCGGGGAAGCCCTAAATTGAGGAAGGGAATGCGCAATTA

Falcon-rail-Core-Oligo11 TGCCAGCACGCGTGCTGGGCGCCAGGGTGGCACCAGTCGGTGGTGCCATCCCTCAGCGTG

Falcon-rail-Core-Oligo12 CGGGCCGTTTTCACGGCTCGTCATAAACATCCTGTTGCCCGCTGGAGGTGTCCAGTCATAAC

Falcon-rail-Core-Oligo13 TGCACTCTGTGGTGCTTCAGCAAATCGTTAACCCGGGCGCGCAGGCGCTTTCGCACCGTCGCTG

Falcon-rail-Core-Oligo14 CAACAGCTCACCGCCTGGCCCTGAAGGGCGAAACGTTGAA

Falcon-rail-Core-Oligo15 TTTACGCTTTGAATACCAAGTGTCGCTATCCTTAGAA

Falcon-rail-Core-Oligo16 TAACGGGCGAATTATTCATTATGTGAGAGATTAA

Falcon-rail-Core-Oligo17 GAAATAAGAAGATGATGAAACTTTTTTAAATTTATCA

Falcon-rail-Core-Oligo18 TACCAAAAATTAATTAAATATTCTAACATCTTTTTAA

Falcon-rail-Core-Oligo19 TTATAAACTAATAGATTAGAGTGCTGGAGGCGGC

Falcon-rail-Core-Oligo20 CAATTACATTTGAGGATTTAGGGAACGTGAACGATGC

Falcon-rail-Core-Oligo21 TATCACAAACAATTCGACAACGCAGCCTCGTCCGTTT

Falcon-rail-Core-Oligo22 GCAGCAACCCAACGGCAGCACCGTGAGACGGGCAATTCTG

Falcon-rail-Core-Oligo23 GTAATTCTGTCCAGACGACGACAATAATTTATCAACAATAGATCAAGCAAAGGCTTATC

Falcon-rail-Core-Oligo24 AAGAGAATATAAAGTACCGACAAAAGAAATAATATCCCATCTCATCGTTTTAGCG

Falcon-rail-Core-Oligo25 ATTTAGGCAGAGGCATTTTCGAGCCATAGAAACCAATCAATAACTCATCGTGAAGCCT

Falcon-rail-Core-Oligo26 AGAATCGCCATATTTAACAACGCCAACTTATCATTCCAGGTTGGCTTAAGATGCACCCA

Falcon-rail-Core-Oligo27 AAAGCCAACGCTCAACAGTAGGGCTTGTAAATGCTGATGCAGGGCGGTAATCGGC

Falcon-rail-Core-Oligo28 TCATATGCGTTATACAAATTCTTACCAAAGAACGCGAGAAAACTTAAATTAGTCCCGG

Falcon-rail-Core-Oligo29 AATCATAATTACTAGAAAAAGCCTGTTTTTAGTTAATTTCATCGGAAAAAGCCGTGGTG

Falcon-rail-Core-Oligo30 TCGACATAGTAAAAAAAGCCGCACTCTGGTCACTACGTCA

Falcon-rail-Core-Oligo31 TCCGGCACCGCTTCTGTTCAGGCTGCGCAACTAAATAAGATTTAACGTCAAAAATGCTATCTTA

Falcon-rail-Core-Oligo32 GGCCTCAGGAAGATCGGTGCGGGCCTCTTCAAATAAACAGAGAGAATAACATATAAGAGC

Falcon-rail-Core-Oligo33 ATCTGCCAGTTTGAGGGCGAAAGGGGGATGTGGCGTCTTTATTAGACGGGAGAATATAACCC

Falcon-rail-Core-Oligo34 GTTGGTGTAGATGGGCGTTGGGTAACGCCAGGATTTTATCACAAAGTCAGAAGCTGGTTCTGGG

Falcon-rail-Core-Oligo35 ACGGCGGATTGACCGCGTTGTAAAACGACGAGCTTTCGAGGGTAGCTATTTTTTACAAAT

Falcon-rail-Core-Oligo36 GTAACAACCCGTCGGATTGTATAAGCAAATATCCCGGTTGGCTATCAGGTCATTGCAGACCG

Falcon-rail-Core-Oligo37 GCCAGCTTTCATCAACTAATATTTTGTTAAAAATCGTAAAAAACAAGAGAATCGATTATCGCGT

Falcon-rail-Core-Oligo38 AGCCGCCATAACCTCACCGGAAACTGTGTACACGATGTTA

Falcon-rail-Core-Oligo39 AGCCTACATTATGACCCTGTACCGAAAAAAGTAAGCAGA

Falcon-rail-Core-Oligo40 CAAGGAGCCTTTATTTCAACAAGAAACAATGAAATCAAAGTTA

Falcon-rail-Core-Oligo41 AGTAGTTAGAACCCTCATATAACAAGAATTGAGTTAAAATAATAA

Falcon-rail-Core-Oligo42 CTGAACTGAGTAATGTGTAGGTAATTGAGCGCTAATATGATTAAG

Falcon-rail-Core-Oligo43 CTGTTTGAGAAAGGCCGGAGCACCATCAATATGATAATCAAAA

Falcon-rail-Core-Oligo44 CATTATAATTGCTCCTTTTGAGAAGCAAACTCCAACAATAGTCAG

Falcon-rail-Core-Oligo45 CAATTGCGGATGGCTTAGAGCTTTAATTCGAGCTTCAAGATTAAG

Falcon-rail-Core-Oligo46 TAGCCGAAAGCAATAGAAAATAGCAGCCTTTACAGCCATACCCACTTT

Falcon-rail-Core-Oligo47 CCAGAAGCACGGAATAAGTTTATTTTGTCACAATCtttttttt

Falcon-rail-Core-Oligo48 GGAAACGCGCCCAATAAAAAACAGGGAAGCGCCCAGAGCCCCACCCTCTTGGTTCA

Falcon-rail-Core-Oligo49 CGGAATACGGTGGCAACATATAAAAGAAACGCAAAAGGGCGACATTCAATTACCAT

Falcon-rail-Core-Oligo50 AACTGGCATCAGAGAGTAACTGAACACCCTGACTGAATCTCCATGGGC

Falcon-rail-Core-Oligo51 ACTCCTTATGTTAGCAAACGTAGAAAATACATGAAGGTAAATATTGACAATTAGAG

Falcon-rail-Core-Oligo52 TGACCATAATTCAACCATAAATTAATGCCGGAAGAGGTGGAGTGGTGA

Falcon-rail-Core-Oligo53 ATCAGGTAATGCTTTAAACAGTTCAGAAAAAGGTGAATTATGAGCAAGTAACAC

Falcon-rail-Core-Oligo54 TGACTATTGGTCAGGATGAGAGATCTACAAAGATAATCAGTCTATGCTAATCTTGC

Falcon-rail-Core-Oligo55 AAGCAAAGAATCGTCATAAATATTCATTGAATTCGTTTACCAGACGACATACATAA

Falcon-rail-Core-Oligo56 CATCAAAAAAGCGAACCCTGAGAGTCTGGAGCACTAGCATGGGTAATC

Falcon-rail-Core-Oligo57 AGGAAGCCTGTTTAGACTGGATAGCGTCCAATAGCGAGAGGCTTTTGCGATTTAGG

Falcon-rail-Core-Oligo58 GCGAAATAACACCGCCCAGAGATAGAACCCTTTATTTACATTCTGTAT

Falcon-rail-Core-Oligo59 CACAGGTCGTACTCCAGTTAATGCCCCCTTGTACTGGAAGTGTTT

Falcon-rail-Core-Oligo60 ACGGCTAAAGATAAAAAAGAATACGTGGCACAACATTTTGACAGTTTC

Falcon-rail-Core-Oligo61 CGACAAACCATTAAAATGGCTATTAGTCTTTATGCAACAGCAACTAAA

Falcon-rail-Core-Oligo62 GTTAAAAATACCAGGCTGAGACTCCTCAAGAGAAGCGCAGGCCGCCCAACTGAGGG

Falcon-rail-Core-Oligo63 TAGCACGCATCTTTGATTATACCAAGCGCGGACAGATGGTGCATA



Falcon-rail-Core-Oligo64 GATGACTCGTAATGGGCGGTCCACGCTGGTTTCACTATTAAAGGAGCC

Falcon-rail-Core-Oligo65 GCTATAGATATGAGCCAATCCTGTTTGATGGTTTGAGTGTTTGCTTTC

Falcon-rail-Core-Oligo66 TGGCGTTTCGTAATGCCGAAATCCGCGACCTGCTCCAtttttttt

Falcon-rail-Core-Oligo67 AAAAAAACCTTGCTTCAAGCATCACCTTGCTGCAGTATTAGAAGCAGA

Falcon-rail-Core-Oligo68 GAGGCCGTAATAAGCCACCAGAGCCGCCGCCACCCTCTCGTGAAA

Falcon-rail-Core-Oligo69 GTTTGTGAGTACATAAACCCTCAATCAATATCCCAGCAGAACTTTTCTAGGCCGTT

Falcon-rail-Core-Oligo70 AGGCTGTCTTCATTTGTCAACAGTTGAAAGGAAACATCGCAAGCCTGG

Falcon-rail-Core-Oligo71 GGAATCGATCTCTGAATTCACAAACAAATAAAATCTTTTCACGACGGCCCCTAATT

Falcon-rail-Core-Oligo72 ATGAACCGAACGGTGGCGCATAGGCTGGCGTTTAATTAGCCTGCA

Falcon-rail-Core-Oligo73 AACGCAACGTAGAACGACGCAACCAGCTTACGTGCGGCTGGGCGGATGCTTGTGTT

Falcon-rail-Core-Oligo74 ATACCCGAGCACATCCCATCAGCGGGGTCATTGGTTGCGGACTGATGC

Falcon-rail-Core-Oligo75 TTTGACTGGAACGAGGCAAATCAACGTAACAAAGCTGtttttttt

Falcon-rail-Core-Oligo76 CCACGTCATTACCGCGAACATAGCGATAGCTTTGAATAACTCACCGCT

Falcon-rail-Core-Oligo77 GATTGGAAGAACCGTCAAGTTTGCCTTTACCGGAAACTTTATAGT

Falcon-rail-Core-Oligo78 GCAGTCAGCAAGCCGTGAAGAGTCAATAGTGATGGAAACACCCGATTCATTAGTGG

Falcon-rail-Core-Oligo79 CCGGTTGGTAAACCAAAGGTCTGAGAGACTACTTAACAATTTGATTAT

Falcon-rail-Core-Oligo80 ACGCTACAATAATCAACTTATTAGCGTTTGCCACTTGAGCGAGAGTGACAGATGTT

Falcon-rail-Core-Oligo81 GTTCGTCTCAACTTGAACTGGCTCATTATGGAATTACACCTGGCC

Falcon-rail-Core-Oligo82 CAGACAGCTTTGCCGCATGAAGGGTAAAGTTACCGGACTTTTTGAGTACTACTCCG

Falcon-rail-Core-Oligo83 GGGGTTGAAAACAGCGCGTTCCGGCAAACGCGCGGCCAGATCCGGCTC

Falcon-rail-Core-Oligo84 TCCGGACATAAGGCTTAACGGAACAACATTATTACAGtttttttt

Falcon-rail-Core-Oligo85 TTGGCAATTTATTTATTAAGAACGCGAGGCGTAGGAATCAGAACACTA

Falcon-rail-Core-Oligo86 GACGAGCGTCACCAACCAGCGCCAAAGACAAAGACACGAAACCGA

Falcon-rail-Core-Oligo87 GTCTGTCCTAATTTGCGACTTGCGGGAGGTTTAGAACAAGACAGCTGTATTAACTT

Falcon-rail-Core-Oligo88 TATCTCGATACCAACGAGATTAGTTGCTATTTACGGGTATAGGTCTGG

Falcon-rail-Core-Oligo89 GTCCCTACCATTTGGGGGAAATTATTCATTAACGACAGTATTACGGAA

Falcon-rail-Core-Oligo90 TGGCAGAGAGGCATACACTATCATAACCCCCCCCTCACTTTACCC

Falcon-rail-Core-Oligo91 TGCGTATCAAAAGCCCCAGCGCCATGTTTACCTCTGCTCAGGATACTCTCTCGTGT

Falcon-rail-Core-Oligo92 ATGCCGCAGTCAATCAGAGAGATAGACTTTCTAGACGCAGAAAACATT

Falcon-rail-Core-Oligo93 GATCTAGATCAGTTGAAAAAGAAGTTTTGCCATAGTAAAACGAAAGACTTCtttttttt

Falcon-rail-Core-Oligo94 GGGATTTAAGTTTTACCGCCACCCTCAGATGTATCACGATGGGCC

Falcon-rail-Core-Oligo95 AGCGGAGTCAGACAGCTCAGGGATAGCAAGCGAGGGTTCCACATA

Falcon-rail-Core-Oligo96 GGAATTGCCAGTACAATACCGTAACACTGAGTTTGCTCAGCTGCTTCCCTACGCTT

Falcon-rail-Core-Oligo97 AATCTCCAGTTAAACGAAAGACAGCATCGAAAACACTCAAATTCA

Falcon-rail-Core-Oligo98 TTTAATTGACCGATATGGCTACAGAGGCTTTACCTAAAGAATCGA

Falcon-rail-Core-Oligo99 GAGGTGAACGACAATGTTCATGAGGAAGTTTCCATTACCGATAGTTGCGCTTTCTTAA

Falcon-rail-Core-Oligo100 ttttttttCTCAGAACCGCCACCCTCAGAGTCGTCTTTCCAGACGTTAtttttttttt

Falcon-rail-Core-Oligo101 GGAATAGGGCCACCACCCTCATTTCCTCATAGTTAGCGTAACGATCTATGCTAAAC

Falcon-rail-Core-Oligo102 GATATAAGATTATTCTGAAACATGCGTCATTGCAGAA

Falcon-rail-Core-Oligo103 GCCGTCGACCAATAGGAACCCATGACTACAACGCCTGTAGCATTCCAGAGAATA

Falcon-rail-Core-Oligo104 GCGGGGTTTCGTCACCCTCAGCAGGGCCGCTTTTGCGGGATTCGTCACGAATAATA

Falcon-rail-Core-Oligo105 AATACACTGAACGAGGGTAGCAACATTCGGTCGCTGAGGCTTGCAGGGAAAAAAAA

Falcon-rail-Core-Oligo106 ACGAAAGAGAGATTTGTATCATCTAAGGGAACCTACC

Falcon-rail-Core-Oligo107 AGGCACCAGAGGACTAAAGACTTTACAACAACCATCGCCCACGCATATATCGGT

Falcon-rail-Core-Oligo108 ttttttttAACGGGTAAAATAGTGCAAGTTGGCGGAT

Falcon-rail-Core-Oligo109 ttttttttGAGTAACAGTGCCCGTATAAAAGGAGGTTTAGTACCGCCACCtttttttt

Falcon-rail-Core-Oligo110 ACATGGCTGTTGAGGCAGGTCAGGCCACCATCCTATA

Falcon-rail-Core-Oligo111 ACCGAACTTAATCTTGACAAGAACCAGAACTAACACA

Falcon-rail-Core-Oligo112 ttttttttTGTTACTTAGCCGGCTCAAAATGAGGAAC

Falcon-rail-Core-Oligo113 ttttttttTCAGAGCCGCCACCAGAACCATTTTAACGGGGTCAGTGCCTTtttttttt

Falcon-rail-Core-Oligo114 GACAGGAGTTTGATGATACAGGAGGCCTATTTCGGAACCTTATAGCCC

Falcon-rail-Core-Oligo115 CCTTGATATTTACCGTTCCAGTAAGAAAGTATTAAGAGGCGGATAAGT

Falcon-rail-Core-Oligo116 AAAGACCAGTACAGCCAGAATGGAAAGGATTAGGACCAGCGACCCTTA

Falcon-rail-Core-Oligo117 ATCAAGAGGACCAACTTTGAAAGAGAAACAAAGTACAACGGGCAAAAG

Falcon-rail-Core-Oligo118 TCATTACCCGCAGACGGTCAATCAGCCTGATAAATTGTGTCACTACGA

Falcon-rail-Core-Oligo119 CCGGAACCCGTTTTCATCGGCATATCACCACTACATG

Falcon-rail-Core-Oligo120 GAGTAGTAGGAAGAAAAATCTACATTCAACGAGTGGC

Falcon-rail-Core-Oligo121 ttttttttCTCATTCAGTGAATGGCCGCGCAATTACA

Falcon-rail-Core-Oligo122 ttttttttCCGTAATCAGTAGCGACAGAACCACCCTCAGAGCCACCACCCtttttttt

Falcon-rail-Core-Oligo123 TAGCAAGGGCGTCAGACTGTAGCGGCCTCCCTCAGAGCCGCCAGCATT

Falcon-rail-Core-Oligo124 GTAGCACCACCGATTGAGGGAGGACATAAACCAAAAG

Falcon-rail-Core-Oligo125 CCAGCAAATTTCGGTCATAGCCCCAATCACCGGAACCAGAACGATTGG

Falcon-rail-Core-Oligo126 CGTCACCGCCTTATGCGATTTTAATAATCATTGTGAATTATCCTCATT

Falcon-rail-Core-Oligo127 CGCCAAAAACCAGTCAGGACGTTGAATTGGGCTTGAGATGTGACCTTC

Falcon-rail-Core-Oligo128 TAATGCAGGATAAAAACCAAAATACTGCGGCGGATTG

Falcon-rail-Core-Oligo129 AATACCACGTTAATAAAACGAACTGCCCTGACGAGAAACACCGGATAT

Falcon-rail-Core-Oligo130 ttttttttGTAGAAAGATTCAAGGAGTGGAGTAGGTA



Falcon-rail-Core-Oligo131 ttttttttAATAGAAAATTCATATGGTTTATGAAACCATCGATAGCAGCAtttttttt

Falcon-rail-Miniscaf-Oligo0 AGAAAAGTTTAGCCGTGGCCCATCACCTGTGTCTGCTTCTATTTCGCA

Falcon-rail-Miniscaf-Oligo1 GGAAGCAGTTTTTAACCCAGGCTTGTTTGTCGTATGTGGAACGGCCT

Falcon-rail-Miniscaf-Oligo2 CATCCGCCGAGTCATCTGAATTTGCGTGCTACAGAATTGAAGCGTAG

Falcon-rail-Miniscaf-Oligo3 CATCCGCCAACTTGCACAAACGCCAGCATCAGTTCTATAGCTCGATTCAACACAAG

Falcon-rail-Miniscaf-Oligo4 GAATCGGGTCACAAACAAACACTTCGGCCTCAGCGGTGAGTTTTTTTC

Falcon-rail-Miniscaf-Oligo5 TGGGCGGCTCGATTCCATAATCAAGACAGCCTTTCTGCACCACTAAT

Falcon-rail-Miniscaf-Oligo6 TACTCAAAGTTGCGTTTATGCACCGGTTCATTGACGTAGCCCTCAGT

Falcon-rail-Miniscaf-Oligo7 AGTTCCTCATTTTGAGCCAGTCAAAGAGCCGGATCGGGTATGGTAGGTCGGAGTAG

Falcon-rail-Miniscaf-Oligo8 ACAGCTGTCTGACTGCTTTCACGATCCAATCTAGTGTTCTGACGTGGG

Falcon-rail-Miniscaf-Oligo9 GCCGTCGTTGTAGCGTCCAGACCTCCAACCGGTATAGGAAAGTTAAT

Falcon-rail-Miniscaf-Oligo10 GAGTATCCGCTGTCTGTGCAGGCTGACGAACTAACATCGAATTAGGG

Falcon-rail-Miniscaf-Oligo11 ATGTAATTGCGCGGCCATGTCCGGAAATGTTTTTCAACCCCTGTGTTAACACGAGA

Falcon-rail-Miniscaf-Oligo12 GAGGGTGGGGACAGACACTATAAAGCTCGTCAAAGTGGGATTGCCAAC

Falcon-rail-Miniscaf-Oligo13 TCACTCTCGTAGGGACGCCCATGGTCGAGATACATGTAGTGAACCAA

Falcon-rail-Miniscaf-Oligo14 AGCATAGAGATACGCAGGCCAGGTTCTGCCATCACCACTAACATCTG

Falcon-rail-Miniscaf-Oligo15 GTACCTACTCCACTCCTTCTAGATCGATTACCCTGCGGCATGCCACTCGCAAGATT

Falcon-rail-Purple-handle1 tCATCACGCAAATTAACAGTAAAAGAGTCTGTCttGGCTGAAAATCT

Falcon-rail-Purple-handle2 tAGTGTAAAGCCTGGGGCGAGCCGGAAGCATAAttCCATCTTGTCAT

Falcon-rail-Purple-handle3 tACGGATTCGCCTGATTATCGGGAGAAACAATAttAACGAGGACTCT

Falcon-rail-Purple-handle4 tATGCAGAACGCGCCTGACAACATGTTCAGCTAttCGAATTAGGAAT

Falcon-rail-Purple-handle5 tAAAGCGCCATTCGCCAGTGCCGGAAACCAGGCttCCTGGAACACTT

Falcon-rail-Purple-handle6 tATCGGTTGTACCAAAACAGAGCATAAAGCTAAttTCTAACTTACAG

Falcon-rail-Green-Handle1 AATGAATTTTGGCAGATTCACCAGCTTTGATTAGTAATAAGAGAATTCCTAATTACGAT

Falcon-rail-Green-Handle2 AACTTTCAACGCTCAATCGTCTGATAGAAGAACTCAAACTATTTTTTCCTAATTACGAT

Falcon-rail-Green-Handle3 GAAAGGAAGAAAAACGCTCATGGATATCCAGAACAATAGCGGGTTCCTAATTACGAT

Falcon-rail-Green-Handle4 ATTTTTTCAAACCGTCTATCAGGGCTACGTGAACCATCACACGTATTCCTAATTACGAT

Falcon-rail-Green-Handle5 GGCTCCAAAAGAACGTGGACTCCATGGGGTCGAGGTGCCGCAGGGTTCCTAATTACGAT

Falcon-rail-Green-Handle6 TTATCAGCTGTTCCAGTTTGGAAAACCCTAAAGGGAGCCACCATTCCTAATTACGAT

Falcon-rail-Green-Handle7 ACAGCTTGTCAAAAGAATAGCCCGGACGGGGAAAGCCGGCCTGGCTTCCTAATTACGAT

Falcon-rail-Blue-Handle1 CTGGCCAATGCAACAGTAACTCACATTAATTGATTGTTATCCGCTCACTTCGTACAACCTTG

Falcon-rail-Blue-Handle2 GAAAGCGTCAGAGGTGCCGCTTTCCAGTCGGGTAATCATGGTCATAGCTTCGTACAACCTTG

Falcon-rail-Blue-Handle3 TTTTGAAATACCGACTGCATTAATGAATCTGAGGATCCCCGGGTTTCGTACAACCTTG

Falcon-rail-Blue-Handle4 ACTCCCTTGATTGGATGAGGCGGTTTGCGTATCTGTTCTTCGCGTCCGTTCGTACAACCTTG

Falcon-rail-Blue-Handle5 GCAGCAAGTAACTTTTTTTTTAGGTTTCTTTGTCATACCGGGGGTTTCTTCGTACAACCTTG

Falcon-rail-Blue-Handle6 AGGCGAAGGGTCACCTTACACTGGTGTGTGCGGCCAGAATGCGGTTCGTACAACCTTG

Falcon-rail-Blue-Handle7 AATCGGCATCAATCCGGGCATCAGATGCCGGGTGTCACTGCGCGCCTGTTCGTACAACCTTG

Falcon-rail-Red-Handle1 TACAAAATCGCGCAGATCAGATGAATATACAGTAACAGTACCTTTCGTCCCCTTTTA

Falcon-rail-Red-Handle2 TCAATTACCTGAGCAAAAAGAAATTGCGTAGATTTTCAGGTTTTCGTCCCCTTTTA

Falcon-rail-Red-Handle3 AAACATCAAGAAAACTATCAAAATTATTTGCACGTAAAACATTCGTCCCCTTTTA

Falcon-rail-Red-Handle4 CTTTAGGAGCACTAACCTTCTGAATAATGGAAGGGTTAGAACCTTCGTCCCCTTTTA

Falcon-rail-Red-Handle5 GCCGTCAATAGATAATCATCAATATAATCCTGATTGTTTGGATTCGTCCCCTTTTA

Falcon-rail-Red-Handle6 AAGTATTAGACTTTATCATATTCCTGATTATCAGATGATGGTTCGTCCCCTTTTA

Falcon-rail-Red-Handle7 TCGTATTAAATCCTTTCAAAGAAACCACCAGAAGGAGCGGAATTTCGTCCCCTTTTA

Falcon-rail-Green-Handle8 TCCTTGAACCCAATAGAAGTCCTGAACAAGAAGTAAATTCGACTCTCATTC

Falcon-rail-Green-Handle9 GACGCTGATTTTATTTCTAATTTACGAGCATGGTAATTTCGACTCTCATTC

Falcon-rail-Green-Handle10 AAATCATGTACCGCATCGGCTGTCTTTCCATGTATTCGACTCTCATTC

Falcon-rail-Green-Handle11 CCTATCCCAAAAACCGGGTTATATAACTATATAATTGTTCGACTCTCATTC

Falcon-rail-Green-Handle12 CTTTAGTGCAGCAGTTAATCCAATCGCAAGACAGTATTTCGACTCTCATTC

Falcon-rail-Green-Handle13 TGATTGCGATCAAACTTTTTCAAATATATTAGTATTCGACTCTCATTC

Falcon-rail-Green-Handle14 TTTCGTCTGCTCTCACTTCTGACCTAAATTTAACCGGTTCGACTCTCATTC

Falcon-rail-Blue-Handle8 CGGTATTCCCCAATCCGTTGGGAAGGGCGATCGCACTCCAGCCAGCTTTTCTCACATGGTCT

Falcon-rail-Blue-Handle9 AACCTCCCCAGTTACAGCTATTACGCCAGCTGGGACGACGACAGTATCTTCTCACATGGTCT

Falcon-rail-Blue-Handle10 TAAATCACTAACGACTGCAAGGCGATTAAGCATCGTAACCGTGCTTCTCACATGGTCT

Falcon-rail-Blue-Handle11 GCTACGGACGGGAACAGTTTTCCCAGTCACGATAATGGGATAGGTCACTTCTCACATGGTCT

Falcon-rail-Blue-Handle12 GAAACGTACAATGCCAGCCAGAAACAGGAAGATTCTCCGTGGGAACAATTCTCACATGGTCT

Falcon-rail-Blue-Handle13 AATTTGTTATGTACTTAAATTGTAAACGTATTAAATGTGAGCGATTCTCACATGGTCT

Falcon-rail-Blue-Handle14 AAGGGATAGAACGGTATTCGCATTAAATTTTTGTCTGGCCTTCCTGTATTCTCACATGGTCT

Falcon-rail-Red-Handle8 ATACTTTTGCGGGAGACAAAGAATTAGCAAAATTAAGCAATAATTGCTCTGCAATCA

Falcon-rail-Red-Handle9 GCAAGGATAAAAATTTCATTAACATCCAATAAATCATACAGGTTGCTCTGCAATCA

Falcon-rail-Red-Handle10 TTTTAAATGCAATGCAAGGTGGCATCAATTCTACTAATAGTTTGCTCTGCAATCA

Falcon-rail-Red-Handle11 TAAAGATTCAAAAGGGTAGCTATATTTTCATTTGGGGCGCGAGTTGCTCTGCAATCA

Falcon-rail-Red-Handle12 ACAGTGAGAGTACCTTGATACATTTCGCAAATGGTCAATAACTTGCTCTGCAATCA

Falcon-rail-Red-Handle13 TAAGAGGTCATTTTTCTGCGAACGAGTAGATTTAGTTTGACTTGCTCTGCAATCA

Falcon-rail-Red-Handle14 TTAATTGCTGAATATAGTTTCATTCCATATAACAGTTGATTCCTTGCTCTGCAATCA



Falcon-slider-Core-Oligo1 tAAGCGAAAGGAGCGGGCGCTAGGGCGGAACGTGGCGAGAAAGGAAGGGAAGAtttttttt

Falcon-slider-Core-Oligo2 tCCCCTGCATCAGACGATCCAGCGCAGTTACCTGCAGCCAGCGGTGCCGGTGCtttttttt

Falcon-slider-Core-Oligo3 tTTGAGTAACATTATCATTTTGCGGAAGCCCGAACGTTATTAATTTTAAAAGTtttttttt

Falcon-slider-Core-Oligo4 tAAATAAGGCGTTAAATAAGAATAAACATGGTTTGAAATACCGACCGTGTGATtttttttt

Falcon-slider-Core-Oligo5 tTAGGAACGCCATCAAAAATAATTCGCGTTAAATCAGCTCATTTTTTAACCAAtttttttt

Falcon-slider-Core-Oligo6 tATGCAACTAAAGTACGGTGTCTGGAAATGCTGTAGCTCAACATGTTTTAAATtttttttt

Falcon-slider-Core-Oligo7 ttttttttAGAGTCCACTATTAAAGTTCCAGTTTGGAACAtttttttt

Falcon-slider-Core-Oligo8 AGCCCGAATGGTGGTTCCGAAAGCCCTTCACCGCCTGTTTTTCT

Falcon-slider-Core-Oligo9 GAGCTTGACGGCGAACGTGGCGAGCACCACACCCGCCGCGCGCTACAG

Falcon-slider-Core-Oligo10 ttttttttCCGTAAAGCACTAAATCGGAAAGCGAAAGGAGCGGGCGCTAGtttttttt

Falcon-slider-Core-Oligo11 ttttttttTGGTTTGCCCCAGCAGAGCAAGCGGTCCACGCtttttttt

Falcon-slider-Core-Oligo12 ATCAAAGCCGGGGCCTTATAAATCACCGTCTATCATTTTT

Falcon-slider-Core-Oligo13 ttttttttGGCGCTGGCAAGTGTAGCGGTCGAGCACGTATAACGTGCTTTtttttttt

Falcon-slider-Core-Oligo14 ttttttttAGAGGCGGTTTGCGTACGGCCAACGCGCGGGGtttttttt

Falcon-slider-Core-Oligo15 TTTCACCAGAAACCTGTCGTGCCTTAATTGCGTTGCGCGCTCACAA

Falcon-slider-Core-Oligo16 GGCTGCGCCTTAAAACAGCTGATTTCGGCAAAATCTGTCG

Falcon-slider-Core-Oligo17 GGCGCGTACGATTAAAGGGATTTTGGTACGCCAGAATCCTCAATACTT

Falcon-slider-Core-Oligo18 ttttttttCCTCGTTAGAATCAGAGCGGGAATCAGTGAGGCCACCGAGTAtttttttt

Falcon-slider-Core-Oligo19 ttttttttCCTGGGGTGCCTAATGAGCATAAAGTGTAAAGtttttttt

Falcon-slider-Core-Oligo20 CGCGGAACAGACATTTCCAGTCGGGTGAGACGCCATTCTG

Falcon-slider-Core-Oligo21 TTCCACACATGGTCATAGCTGTTTTTGTTTTATGGAG

Falcon-slider-Core-Oligo22 CTTTGATTTCACTTGCCTGAGTAGCGCTCATGGAAATACC

Falcon-slider-Core-Oligo23 ttttttttAAAGAGTCTGTCCATCACGCACGGCCTTGCTGGTAATATCCAtttttttt

Falcon-slider-Core-Oligo24 ttttttttGGATCCCCGGGTACCGCGAGTCACAGGAGAATtttttttt

Falcon-slider-Core-Oligo25 TGATAACAAGTAAAATTGTTATCCTCACTGCCACCATAAA

Falcon-slider-Core-Oligo26 ttttttttGAACAATATTACCGCCAGCCATGGACAGTCTGCACAG

Falcon-slider-Core-Oligo27 ATTCACCACCGAACGAACCACCAGCAGAAGATAAAACAGAGGTGAtttttttt

Falcon-slider-Core-Oligo28 ttttttttGGCGGTCAGTATTAACACCGCGCCACGCTGAGAGtttttttt

Falcon-slider-Core-Oligo29 ttttttttTAAACCCAATATTACAAAAACATATAGATGATtttttttt

Falcon-slider-Core-Oligo30 CGCGGGGACCCTTCTGACCTGATTGAATGGCTATTAG

Falcon-slider-Core-Oligo31 CTCTTTGATACATGCTACGGCGGGTTCCTGTGGCCAATCA

Falcon-slider-Core-Oligo32 CGCTCAATATAAAAGGGACATTCTTGATAGCCCTAAAACA

Falcon-slider-Core-Oligo33 AACGATAGAAATGAAGCCGTCAATAGATAACAAACAATTCGACAACTCGTATTAA

Falcon-slider-Core-Oligo34 AAATATCACAATATCTATCTTTAGGAGCACTATTGCCCGAACGTTATTAATTTTAAAA

Falcon-slider-Core-Oligo35 ttttttttCCAGCAGCAAATGAAAAATCTGAACTGATTATTCAGG

Falcon-slider-Core-Oligo36 AATTGAGGAGTAACATTATCATTTTGCGGAACAAAGAAACCACCAtttttttt

Falcon-slider-Core-Oligo37 ttttttttGAAGGAGCGGAATTATCATCATATCAGATGATGGtttttttt

Falcon-slider-Core-Oligo38 ttttttttATGAAGACAAATCCCCAAGGTTTATAAGTCTAtttttttt

Falcon-slider-Core-Oligo39 TTATCAATAACCCTTATCACGAGTTATCTGAAGACTCCTC

Falcon-slider-Core-Oligo40 AGTCGGCGCAGACACCTTTTACATCGGGAATACC

Falcon-slider-Core-Oligo41 TAATGGAACTACCATAGTTTAACGTCAGATGATTATT

Falcon-slider-Core-Oligo42 ttttttttCAATTCATCAATATAATCCTGAGATTTTTTACCTAAT

Falcon-slider-Core-Oligo43 AAAGAAATATGATGAAACAAACATCAAGAAAACAAAATTAATTACtttttttt

Falcon-slider-Core-Oligo44 ttttttttATTTAACAATTTCATTTGAATAATGGAAACAGTAtttttttt

Falcon-slider-Core-Oligo45 ttttttttAATGTTGTGCAGATCCAAGATTGGGCGTTATCtttttttt

Falcon-slider-Core-Oligo46 TCACGAAGATGAGTATCAATGAGTTTAGCTCTACCTTTTTAACCTAATGCTGATGCAAAT

Falcon-slider-Core-Oligo47 GTAAGAACGGGTTGATGAAGGTATGTGCAAAATTCAACTT

Falcon-slider-Core-Oligo48 TCAAAATTTGTAAATCGTCGCTATTCCCTTAGAGTGAATTTATCAAAAGAACGCGAGAAAACTT

Falcon-slider-Core-Oligo49 ttttttttCATAAATCAATATATGTGAGTCTTCGTTATAAGGAGA

Falcon-slider-Core-Oligo50 TTAAGACGAGTTAATTTCATCTTCTGACCTAAATTTAATGGTTTGtttttttt

Falcon-slider-Core-Oligo51 ttttttttAAATACCGACCGTGTGATAAAAATAAGAATAAACtttttttt

Falcon-slider-Core-Oligo52 ttttttttACTGTTTCTTTACATAGGTTGAGTATTATCTTtttttttt

Falcon-slider-Core-Oligo53 CAAAATTTTAATTGGAGTTTATAAGTGTTTATTTCAAGAC

Falcon-slider-Core-Oligo54 ATGATGAAATTTCGCCAGTAATAAGAGAAGTCCAGACGACGACAATAAACAACAT

Falcon-slider-Core-Oligo55 CGTTATACCAGTATAACAACATGTAATTTAGGGCTAATGCAGAACGCGCCTGTTTATC

Falcon-slider-Core-Oligo56 ttttttttACCGGAATCATAATTACTAGATAACAATACCAATTTG

Falcon-slider-Core-Oligo57 AGAATCGCTAGATAAGTCCTGAACAAGAAAAATAATATCCCATCCtttttttt

Falcon-slider-Core-Oligo58 ttttttttTAATTTACGAGCATGTAGAAAATCGGCTGTCTTTtttttttt

Falcon-slider-Core-Oligo59 ttttttttTTTTGTAAAAGATAACAGGAGAGTGAGATCGGtttttttt

Falcon-slider-Core-Oligo60 ATGCTTACAAATTCCAGAGTCTGTATACATTGTTGACATA

Falcon-slider-Core-Oligo61 TCTGACGGGAGGTCTTTAGCGAACCTCCCGATTA

Falcon-slider-Core-Oligo62 TCGAGAACTTTTTATTGGCTTATCCGGTATTCTTTAT

Falcon-slider-Core-Oligo63 ttttttttCCTTATCATTCCAAGAACGGGGCCATAAGTCCAACAA

Falcon-slider-Core-Oligo64 TAGCAAGCGTCTTTCCAGAGCCTAATTTGCCAGTTACAAAATAAAtttttttt

Falcon-slider-Core-Oligo65 ttttttttCAGCCATATTATTTATCCCAAAAACGATTTTTTGtttttttt

Falcon-slider-Core-Oligo66 ttttttttTCGACATCATTACGCAGACCCGTTAGTAACTAtttttttt

Falcon-slider-Core-Oligo67 AATGGGTTGGAAGAGTTTCTGCGGGAAGACTCCTGTTAGGGAGTAA



Falcon-slider-Core-Oligo68 AGGAGCCGAAGCATGAGTATCTGCTCACAGCGACCGATGC

Falcon-slider-Core-Oligo69 TTCATCGTGAGAATAACATAAAAACATTAGACGGGAGAATGTTAAGCC

Falcon-slider-Core-Oligo70 ttttttTTTAACGTCAAAAATGAAAATAACAAAGTCAGAGGGTAATTGtttttt

Falcon-slider-Core-Oligo71 ttttttttCGGAAACCAGTTTCTTACGAAGTCCGTGAAGAtttttttt

Falcon-slider-Core-Oligo72 TGCAAGCGCAGGGACTGGTGACCTCAGGATGCTACTACCA

Falcon-slider-Core-Oligo73 GCGTATTCGAGCAGCGTGAGTAGCGACCAGGAGAACGGATGAAC

Falcon-slider-Core-Oligo74 CAATAATAACAATGAAATAGCAATGAAACGCAATAATAACAAAGAACT

Falcon-slider-Core-Oligo75 ttttttAGCGCTAATATCAGAGAGATAGCCCTTTTTAAGAAAAGTAAGtttttt

Falcon-slider-Core-Oligo76 ttttttttGTTGAGCTTGAAACAGAGTAGGGAAACTGCGTtttttttt

Falcon-slider-Core-Oligo77 GTGAAGAAAGAGCTTATCTCGGATTCAAGCACGGGTTGCA

Falcon-slider-Core-Oligo78 ttttttCAGATAGCCGAACAAAGTTACCGCAGTATGTTAGCAAACGTAtttttt

Falcon-slider-Core-Oligo79 ttttttttTGGTAACACCATCGATGACCTTTTCCATGAATtttttttt

Falcon-slider-Core-Oligo80 GGGAAAGAGGCAATGCATGACGAAAATTAACTCTCAGGCGTTCAGG

Falcon-slider-Core-Oligo81 ATAACCCAGGAATCATCAAACGCCTTACGAAGTGACGGTC

Falcon-slider-Core-Oligo82 GGCATGATAACGCAAAGACACCACTATTTTGTCACAATCAAAATATTG

Falcon-slider-Core-Oligo83 ttttttGAAAATACATACATAAAGGTGGGTTTACCAGCGCCAAAGACAtttttt

Falcon-slider-Core-Oligo84 ttttttttTTATCAGTAAACAGAGCAGGAGGATCTGGAACtttttttt

Falcon-slider-Core-Oligo85 GAAAAGTTGGAATGCGGCAGAGCAAACCAGCAGTACTCAC

Falcon-slider-Core-Oligo86 GTTGTCGAGTGTGGCGATCCGATAGATGAAATTACAGC

Falcon-slider-Core-Oligo87 ACGGAAATAGGTGAATTATCACCGTCACCGATAGCAAG

Falcon-slider-Core-Oligo88 ttttttAAAGGGCGACATTCAACCGATATTTGGGAATTAGAGCCAGt

Falcon-slider-Core-Oligo89 tCTATATCTGCCACTCACGCCTGAACCACCAGGt

Falcon-slider-Core-Oligo90 CTTAATTGACTCCAACGTCAAAGGGCGAAAAAAAAGAAT

Falcon-slider-Core-Oligo91 GCGGATGGGCAACTAACAGTTGATTCCCAATGATACATCTCCCAA

Falcon-slider-Core-Oligo92 ATAAGAGGTCAGGGCGATGGCCCACTACGTGACCGATTTA

Falcon-slider-Core-Oligo93 TTAATTGCAGACTTCAAAAAAGATTAAGAGGAAAATATTCGTGTAGTTTAGAACTA

Falcon-slider-Core-Oligo94 GATTAGAGCCCAAATCAAGTTTTTTGGGGTCGAGGTGtttttttt

Falcon-slider-Core-Oligo95 tCGGAAGCAAACTCCAATCAAAGCGTATTATAGTCAGAAGCAAACAGTTCCCAAACG

Falcon-slider-Core-Oligo96 GGCCGGCCCCTGTTTGGATAGGGTTGAGTGTTGAACGTGGCTGAATATAATt

Falcon-slider-Core-Oligo97 TGTAGATCTTCGCAAACCTGTTTAGCTATATTCAATTCACAGGGG

Falcon-slider-Core-Oligo98 CTAAAGGCATTGAATCTTTAGACTGGATAGCGCAACACTAGGTGCTCAGGTCAATG

Falcon-slider-Core-Oligo99 AATGACACGGGAAGAACCCTAAAGGGAGCCCACCATCAAGTACCT

Falcon-slider-Core-Oligo100 CTGGCGAACAGAAAACAAGTTTTGCCAGAGGGACGATAAATCATATCG

Falcon-slider-Core-Oligo101 AATCGTCACAGGGTGGGCCCTGAGAGAGTTGCGCGAAAATCCCAATAG

Falcon-slider-Core-Oligo102 TGGGCTATTACTAATATAACATCCAATAAATAGCAATATTGCCCC

Falcon-slider-Core-Oligo103 ACCTCATCTCATAACCTACATAACGCCAAAAGAGTCAGGAACGTCTAGCATATTGT

Falcon-slider-Core-Oligo104 CTTAGGCCTGCTTTGACACGCTGCGCGTAACAAAGGAACAACCAT

Falcon-slider-Core-Oligo105 TCTCAGGAAACCAAAAATTTAGGAATACCACAAATAAAACTTTGCCTA

Falcon-slider-Core-Oligo106 AATCATTCAACTCACAAGCTGCATTAATGAATTTGGGCGCAGGTCTGT

Falcon-slider-Core-Oligo107 GGGTTCGGAAGCCTCAATTATGACCCTGTAAAAGGATACGTGAAA

Falcon-slider-Core-Oligo108 TGCAACATCGTTGGGAACTGGCTCATTATACCGCTCATTCGTTAGCTATTCTAGCG

Falcon-slider-Core-Oligo109 GATACAGCGTTTTTATAGCTAAACAGGAGGCCTATGGTCGTAACT

Falcon-slider-Core-Oligo110 GCCGTTGGGAACTAACTCATTGTGAATTACCTAGAAACACGTGGTCGA

Falcon-slider-Core-Oligo111 GTATCAGATTCGTAATCAACATACGAGCCGGAAGTGAGCTCACGCCGT

Falcon-slider-Core-Oligo112 ACTTCAGGAAAATTTTATATATTTTAAATGCAAGGGTGCTTTCCC

Falcon-slider-Core-Oligo113 GACTAGAGAGTGAATAAACCGGATATTCATTAGGCGCAGAACATTGGGGCCTTTGA

Falcon-slider-Core-Oligo114 TGAATTTCCAAACTATAATTAACCGTTGTAGGAGAAGTCAGTGGT

Falcon-slider-Core-Oligo115 CCATGGTACAGAACGAGCTGACCTTCATCAAGCTGACCAACTAAGCCT

Falcon-slider-Core-Oligo116 GTCCACTTCTCGCACTATGATAAATGCACTTCAGCTCGAACACTCGCT

Falcon-slider-Core-Oligo117 ACTTAGTGAGAAAGGCCAAATCACCATCAATTGCCGGACCAGGTT

Falcon-slider-Core-Oligo118 GACATCCCCGGTCAATAAATCCGCGACCTGCTCTAAAACGCAGTCCTTTTGAATCC

Falcon-slider-Core-Oligo119 TGGCCCGAATTTACATTTGCAACAGGAAAAAAAGAACTCCGCTGT

Falcon-slider-Core-Oligo120 TGTACATCCTTTGAAAGATTTGTATCATCGCCAACACTCAACGGCTGT

Falcon-slider-Core-Oligo121 GGGCTTGGATGTGCGACTTGCCCTCTCTGTACTAACAATCTAGACCCC

Falcon-slider-Core-Oligo122 ATTGCATAGAGGGTAGTCATTGCCTGAGAGTTCGTAAACCAGGGT

Falcon-slider-Core-Oligo123 CCAGAAGAAAAGAGGCCTACGAAGGCACCAACCACCCTCATTCGCACCGTTCATGG

Falcon-slider-Core-Oligo124 GGTCCTCACAACAGTTAAAGCATCACCTTGCATGGATTCTTACGA

Falcon-slider-Core-Oligo125 ATTGTTGTTCTTTGACTTCCATTAAACGGGTAGAGGGTAGGTTAACGT

Falcon-slider-Core-Oligo126 AAGGGCAGGTCTCCATATACAAATATTCCATGATTCTGCATCGGTGCG

Falcon-slider-Core-Oligo127 CTCAACGAACTAGCATTGTACCCCGGTTGATATAAGCAAGGGAGA

Falcon-slider-Core-Oligo128 ACCCCAAGGCAGCGAAGGCTTGCAGGGAGTTATTGTATCGAAACCGGACAGAAAGT

Falcon-slider-Core-Oligo129 TTTCGCTCCGTAAAACATTGTTTGGATTATAGGCAAATACCCGAA

Falcon-slider-Core-Oligo130 CAATAGTGCAACGGCTCCCACGCATAACCGATGAATTTCTGGACCAGG

Falcon-slider-Core-Oligo131 TATGGTCCTGATACCGTTAGAGTCTGAGCAAAGGTGTCTTTATGGATC

Falcon-slider-Core-Oligo132 CTGTGGTCAATATTTAGTTAATATTTTGTTAATTTTTTGTTGTAG

Falcon-slider-Core-Oligo133 TCAAGTAAGTTTATCAAAAATCTCCAAAAAAAGACGTTAGCCTAAAGCGACTCAAG

Falcon-slider-Core-Oligo134 CATTCGAAAGCGATAGGAATAACCTTGCTTCATTTGCAATTTCAC



Falcon-slider-Core-Oligo135 ACTTCAGGTAAACAGCAGGAATTGCGAATAATTTTGCTAAGGCCCTAC

Falcon-slider-Core-Oligo136 GCTACATTAAATGCTGCCGTACTCAAACATCGAACATTGCGCTTGGCG

Falcon-slider-Core-Oligo137 GTGAGCTCAACCAATATTCCTGTAGCCAGCTCCGTCGGGGGCAAT

Falcon-slider-Core-Oligo138 GGATGTTGTAAATGAATTTTGTCGTCTTTCCAGGGATAGCTCTATCTAGAATCCAG

Falcon-slider-Core-Oligo139 CCAAATATGTAGGGCTAAAAGCCTGTTTAGTAAAACATAGCCCTT

Falcon-slider-Core-Oligo140 TGTAACCAACAACTTTCAGCCCTCATAGTTAGCGTAACACCGGAGTTA

Falcon-slider-Core-Oligo141 TGGAACTGACGGGGTTCTGGCATTCGCATCAAGCTTGTGAAGGGAAAG

Falcon-slider-Core-Oligo142 CAGCCTCTATTCTCCGCGGCGGATTGACCGTCATCGTAAGGTCAT

Falcon-slider-Core-Oligo143 CTACGCACAAGCCCAACAGAACCGCCACCCTCTTTTGCTCCTTCATGTAAAGAAAG

Falcon-slider-Core-Oligo144 AAGGCCCAATTACCGCTATTAAACCAAGTACCTCAACAAGAGGCG

Falcon-slider-Core-Oligo145 TCGGGGAATGAGTTTCTTAGTACCGCCACCCTCGAGAGGGTTTCGGTT

Falcon-slider-Core-Oligo146 CGTCTCGACCATCCTGGCAGTTAATCGAACAATCGCTATTAGCTTTCG

Falcon-slider-Core-Oligo147 TCCCATTTACCGTGCATGAGGGGACGACGACAGCTTTCCGGCAGT

Falcon-slider-Core-Oligo148 GTCGTGCGAGTACCAGGCTGAGACTCCTCAAGGTGTACTGTACGGATGCAAGACTA

Falcon-slider-Core-Oligo149 AAGGGTGAACACCCTGAGCAGCCTTTACAGAAGGAATCTATGTGG

Falcon-slider-Core-Oligo150 CGTACAATTTGATATACTATTATTCTGAAACATGCCTTGACTTCGTGC

Falcon-slider-Core-Oligo151 TCGTCACGAAACTCAAGCTAAACTGGAAAGCAGTTGTTCGCAGCGATC

Falcon-slider-Core-Oligo152 TAAGTATCCGGCACCGTCGCCATTCAGGCTGCTCTTCGATCTTGT

Falcon-slider-Core-Oligo153 TACATGCGGTAATAAGTTTTGATGATACAGGAGAGGTTGAGAAGATATCAGAAACA

Falcon-slider-Core-Oligo154 GAAATGCCTTACCGAAACCCACAAGAATTGATAACTGAGTCCAGA

Falcon-slider-Core-Oligo155 AGAATAGCGTAACAGTATTTACCGTTCCAGTAATATTCACACTCCATT

Falcon-slider-Core-Oligo156 AATGCTCGAACTGCTGAGGATATTGCGCTAACCAAAATCATTCGACTG

Falcon-slider-Core-Oligo157 GGGGGTTCCTATTACGAAAGGGGGATGTGCTTTCCCAGCATTCGC

Falcon-slider-Core-Oligo158 GCGAGCGAGGCAGGTCACCAGAACCACCACCAAATCAAAATGAATCATCCGTCATT

Falcon-slider-Core-Oligo159 CATCATCTCCTTATTACAGAAGGAAACCGAGAGCTATCAGGATGT

Falcon-slider-Core-Oligo160 TCGCGGATAAACAAATCACCCTCAGAGCCACCGGAACCGCGGCCTATA

Falcon-slider-Core-Oligo161 TCCAATTGAGTGAGCGCTGGGGATTTGACGCATGTGCTGGGGGTGAAG

Falcon-slider-Core-Oligo162 GGGAAGCATCACGACGACGGCCAGTGCCAAGAACCAACGCAATAA

Falcon-slider-Core-Oligo163 GCAGCCACTCACCGGAGGTCATAGCCCCCTTACAGACATCCATCAGAA

Falcon-slider-Core-Oligo164 TCGTTCAAATTCATATGCAACATATAAAAGATAAGACTGCCTCGA

Falcon-slider-Core-Oligo165 TTGCGGAACTCCCTCACAGACTGTAGCGCGTTACCATCGAGTAGCACC

Falcon-slider-Core-Oligo166 AAATGCGCTTGTTGTGGACTTGTGCAAGTTGCAGGTTCGAGTGAAGAC

Falcon-slider-Core-Oligo167 GCAACACAAGTTCAGGGATTAATGAAAGATGGTTAGCGTT

Falcon-slider-Core-Oligo168 ATAGAAGACGAATTAATATTCAGACGCCTGGTCACTGCGTAATGGTAG

Falcon-slider-Core-Oligo169 GCCTTCAGATTGAGGAAACGTCACCAATGAATTCATCGG

Falcon-slider-Core-Oligo170 ATTACCATCTTGAGCCTGAGGGAGGGAAGGTATAGAAATGAGTGT

Falcon-slider-Core-Oligo171 tCAAAATCACCATAGCAGCACCGTAATCAGTAGCGACAGAtttttttt

Falcon-slider-Core-Oligo172 ttttttttCACCCTCATGCGTATTCTTTATTATTCGCATTtttttttt

Falcon-slider-Core-Oligo173 TGCAAACGTTGTACATCTTTTCATGAGCCGCCGCCTGGCGCCAGCAGC

Falcon-slider-Core-Oligo174 CATTTTCACCAGAGCCACCACCACCCTCAGAGCCGCCAGACGAT

Falcon-slider-Core-Oligo175 ttttttttATCAAGTTTGCCTTTAGCGTGAGCCGCCACCtttttttt

Falcon-slider-Core-Oligo176 ttttttttGGGTAACGCCAGGGTTGCAAGGCGATTAAGTTtttttttt

Falcon-slider-Core-Oligo177 ttttttttCTCAGAACCGCAAATCCTCATTAAAGCCAGAtttttttt

Falcon-slider-Core-Oligo178 ttttttttGGCGATCGGTGCGGGCCGCAACTGTTGGGAAGtttttttt

Falcon-slider-Core-Oligo179 ATTGACAGCCAGGCAAAGCGCCATCTTCTGGTGCCGGAAAAGAAGGAT

Falcon-slider-Core-Oligo180 TGGCCTTGAGCGTCATACATGGCTTTTAACGGGGTCAGTGAAAGTA

Falcon-slider-Core-Oligo181 ttttttttATGGAAAGCGCAGTCTCTGAGCCCGTATAAACAGTTAATGtttttttt

Falcon-slider-Core-Oligo182 ttttttttAGATCGCACTCCAGCCAGTATCGGCCTCAGGAtttttttt

Falcon-slider-Core-Oligo183 TAGCAGTTTCTGCGATTAGCGGGGAGAGCCACCACACAAATGGGACCT

Falcon-slider-Core-Oligo184 TTAAGAGGCGGATAAGTGCCGTCAGAACCGCCACCCTTAGGAAC

Falcon-slider-Core-Oligo185 ttttttttCCCCCTGCCTATTTCGGAACAGTATAGCCCGGAATAGGTGtttttttt

Falcon-slider-Core-Oligo186 ttttttttTTGGTGTAGATGGGCGAATGGGATAGGTCACGtttttttt

Falcon-slider-Core-Oligo187 ttttttttTATCACCGTACTCAGGAGGTGTCACCAGTACAAACTACAAtttttttt

Falcon-slider-Core-Oligo188 ttttttttGTGAGCGAGTAACAACTTCATCAACATTAAATtttttttt

Falcon-slider-Core-Oligo189 CATTTTCATAATTCGCGTCTGGCCGGAACGCCATCAAAAAAGGCTCCA

Falcon-slider-Core-Oligo190 CCATGTACCGTAACGATCTAAAGTTTTCTGTATGGGATAATTTTTT

Falcon-slider-Core-Oligo191 ttttttttCGCCTGTAGCATTCCACAGACAACAGTTTCAGCGGAGTGAtttttttt

Falcon-slider-Core-Oligo192 ttttttttTTTGTTAAATCAGCTCAAATTCGCATTAAATTtttttttt

Falcon-slider-Core-Oligo193 AAATAAACAATTGGGAGCCTTTAAAAGGCCGCTTTTCATAGTCAATGC

Falcon-slider-Core-Oligo194 CACGTTGGCTTGCTTTCGAGGTATATTCGGTCGCTGAAGACAGC

Falcon-slider-Core-Oligo195 ttttttttGAATAGAAAGGAACAACTAATTGATACCGATAGTTGCGCCtttttttt

Falcon-slider-Core-Oligo196 ttttttttAAAACAGGAAGATTGTAATCAGAAAAGCCCCAtttttttt

Falcon-slider-Core-Oligo197 ttttttttGACAATGACAACAACCATCGACAGAGGCTTTGAGGACTAAtttttttt

Falcon-slider-Core-Oligo198 ttttttttAATCGATGAACGGTAACTGGAGCAAACAAGAGtttttttt

Falcon-slider-Core-Oligo199 GGGATCGTTACAAAGGCTATCAGGCTATTTTTGAGAGATCCCATGTTA

Falcon-slider-Core-Oligo200 ATCGGAACAAATACGTAATGCCAAAAAGAATACACTAATGATAAAT

Falcon-slider-Core-Oligo201 ttttttttAGACTTTTTCATGAGGAAGTCCCCAGCGATTATACCAAGCtttttttt



Falcon-slider-Core-Oligo202 ttttttttCTAGCTGATAAATTAAATGATATTCAACCGTTtttttttt

Falcon-slider-Core-Oligo203 CTTACAGTCGGAGAGCCGGAACGACCCAAATCAACCCCTCTAGAAGTA

Falcon-slider-Core-Oligo204 TGTGTCGCATAAGGGAACCGAAAGTAATCTTGACAAGAGGCTTG

Falcon-slider-Core-Oligo205 ttttttttGCGAAACAAAGTACAACGGAGAGGACAGATGAACGGTGTAtttttttt

Falcon-slider-Core-Oligo206 ttttttttGTAGGTAAAGATTCAAAATGCCTGAGTAATGTtttttttt

Falcon-slider-Core-Oligo207 ttttttttCAGACCAGGCGCATAGGCTGGTAGTAAATTGGGCTTGAGAtttttttt

Falcon-slider-Core-Oligo208 ttttttttGCCTTTATTTCAACGCTACTTTTGCGGGAGAAtttttttt

Falcon-slider-Core-Oligo209 ACAAAGCTCGGTTGTACCAAAAACGAGCATAAAGCTAAATGAATTACG

Falcon-slider-Core-Oligo210 CCCTGACGTATGCGATTTTAAGAAGAAAAATCTACGTTTTCAACTA

Falcon-slider-Core-Oligo211 ttttttttTGGTTTAATTTCAACTTTAAGGAACAACATTATTACAGGTtttttttt

Falcon-slider-Core-Oligo212 ttttttttAGAATTAGCAAAATTACATACAGGCAAGGCAAtttttttt

Falcon-slider-Core-Oligo213 AGGAGCATGTAGTCATAGTAAGAGTCCAATACTGCAATAATGGTCGGA

Falcon-slider-Core-Oligo214 ATGCAGACTCGTTTACCAGACGGGTAATAGTAAAATGCCCCTCA

Falcon-slider-Core-Oligo215 ttttttttAGAAAGATTCATCAGTTGAGTAGCGAGAGGCtttttttt

Falcon-slider-Core-Oligo216 ttttttttAGCTGAAAAGGTGGCATTTCATTTGGGGCGCGtttttttt

Falcon-slider-Core-Oligo217 ttttttttTTTTGCAAAAGGAGAATGACCATAAATCAAAtttttttt

Falcon-slider-Core-Oligo218 ttttttttTTTAGTTTGACCATTATCTGCGAACGAGTAGAtttttttt

Falcon-slider-Core-Oligo219 ATCGTCATGTTTCATTCCATATAAAGTACGGTGTCTGGAAAGCCCGAATCCTTTTG

Falcon-slider-Core-Oligo220 AATGCTTTAAAGCGGATTGCATCAATATCGCGTTTTAATTCGAGCTCAGGTCAG

Falcon-slider-Core-Oligo221 ttttttttAATCAGGTCTTTACCCTGACAACCAGACt

Falcon-slider-Core-Oligo222 tGCTGTAGCTCAACATGTTTTAAATATCTTAGAG

Falcon-slider-Miniscaf-Oligo1 ACTATTGGGGGCCGGCCTTGGGAGGATCTACACGACAGATTAGTTCTA

Falcon-slider-Miniscaf-Oligo2 AACTACACGCCTTTAGATGGTTGGTGTCATTCGTTTGGGTTCGCCAGT

Falcon-slider-Miniscaf-Oligo3 TACAGACCTTGACGATTCCCCTGTATAGCCCACAGAATGGCATTGACC

Falcon-slider-Miniscaf-Oligo4 TGAGCACCGATGAGGTAGTTACGGGCCTAAGCGATATGATCCTGAGAG

Falcon-slider-Miniscaf-Oligo5 TACGGCGTGGAATGATTGGGGCAACCGAACCCTTTATGGTACAATATG

Falcon-slider-Miniscaf-Oligo6 CTAGACGTATGTTGCAACCACTGGCTGTATCTAGGCAAACCAACGGCA

Falcon-slider-Miniscaf-Oligo7 GAGCGAGTGTCTGATACTTTCACGCCTGAAGTTGATTGGCCGCTAGAA

Falcon-slider-Miniscaf-Oligo8 TAGCTAACCTCTAGTCACAGCGGGAAATTCATCGACCACTACCATGGC

Falcon-slider-Miniscaf-Oligo9 AGGGGTCTAAAGTGGACGGGAAAGCACTAAGTGAGGAGTCTCAAAGGC

Falcon-slider-Miniscaf-Oligo10 CCCAATGTGGGATGTCTCGTAAGTCGGGCCAAGGCTTAGGATGTACAT

Falcon-slider-Miniscaf-Oligo11 ACGCACCGACCAAGCCCAACCTGGTATGCAATAAGTTGAAGGATTCAA

Falcon-slider-Miniscaf-Oligo12 AAGGACTGTCTTCTGGTTCGGGTTGAGGACCACAGCCGTACAACAATA

Falcon-slider-Miniscaf-Oligo13 CGATCCATACTGCCCTTACCCTGGTCGTTGAGGTCTTGAACCATGAAC

Falcon-slider-Miniscaf-Oligo14 GGTGCGAACTTGGGGTGTGAAATGAGCGAAAACGTTAACCACTATTGC

Falcon-slider-Miniscaf-Oligo15 ACGCCAAGCGGACCATATCTCCCTGACCACAGTATGTCAAACTTTCTG

Falcon-slider-Miniscaf-Oligo16 TCCGGTTTTTACTTGAAAGGGCTTTCGAATGCCTGGTCCCCTGAAGTT

Falcon-slider-Miniscaf-Oligo17 TCTTTCCCTAATGTAGCCTACAACGAGCTCACGCATCGGTCTTGAGTC

Falcon-slider-Miniscaf-Oligo18 GCTTTAGGCAACATCCCGCCTCTATATTTGGGTAGGGCCTGGTTACAG

Falcon-slider-Miniscaf-Oligo19 TCGAAAGCTCAGTTCCAATTGCCCAGAGGCTGTGGTAGTACTGGATTC

Falcon-slider-Miniscaf-Oligo20 TAGATAGAGTGCGTAGCCACATATGGGCCTTTAACTCCGTTCCCCGAA

Falcon-slider-Miniscaf-Oligo21 CGATCGCTGTCGAGACGATGACCTAAATGGGATGCAACCCCTTTCTTT

Falcon-slider-Miniscaf-Oligo22 ACATGAAGCGCACGACTCTGGACTCACCCTTAACCGAAAATTGTACGT

Falcon-slider-Miniscaf-Oligo23 TCAGTCGAACGTGACGAACTGCCGGATACTTAGACCGTCATAGTCTTG

Falcon-slider-Miniscaf-Oligo24 CATCCGTACGCATGTAACATCCTGGCATTTCGCACGAAGGCTATTCTT

Falcon-slider-Miniscaf-Oligo25 TCTTCACCCCGAGCATTACAAGATGAACCCCCGTGAGTACTGTTTCTG

Falcon-slider-Miniscaf-Oligo26 ATATCTTCTCGCTCGCTCGAGGCAGATGATGAATGGAGTATCCGCGAT

Falcon-slider-Miniscaf-Oligo27 CGTCTTCACCAATTGGAGCGAATGTGCTTCCCCTACCATTAATGACGG

Falcon-slider-Miniscaf-Oligo28 ATGATTCAGTGGCTGCACACTCATTGAACGATATAGGCCTTCCGCAAC

Falcon-slider-Purple-Handle1 GAGACGATGTTGACCTTAACCttGGCACAGACAATATTTAAGCGTAAGAATACGTt

Falcon-slider-Purple-Handle2 GCTACTCACTCAGATAGGGTAttAGAAGTATTAGACTTTATACATTTGAGGATTTt

Falcon-slider-Purple-Handle3 ACTATATCGGTCGGAAACTGCttCGCCTGATTGCTTTGAGAAACAATAACGGATTt

Falcon-slider-Purple-Handle4 GTTTCTCCAAAAGCACTAGGGttTATATAACTATATGTACCGGCTTAGGTTGGGTt

Falcon-slider-Purple-Handle5 CGATCCTGATGTACGAAAGTCttAAGGTAAAGTAATTCTTATAAAGTACCGACAAt

Falcon-slider-Purple-Handle6 CGTGTAGCCAATTAGACTGACttTGAAGCCTTAAATCAAGACTTGCGGGAGGTTTt

Falcon-slider-Green-Handle1 TTGAACCCCCCCTTAGTTACATTTCTTTAATGCGCGAACGGCCAACAGAGATAGAATTTATTTACGGTGGA

Falcon-slider-Green-Handle2 ttTTGAACCCCCCCTTAGTTACATTTCGCCATTAAAAATAGTCACACGACCAGTACGTCTGAATGAACCTC

Falcon-slider-Blue-Handle1 CACCTTCGCTTCTACATACAGTTATCCTACAACTAATAGATTAGCTGATACCAGATATAG

Falcon-slider-Blue-Handle2 tCACCTTCGCTTCTACATACAGTTGTTTGAAGGTTATCTAAAATGGTCAGTTCTTCTGAA

Falcon-slider-Red-Handle1 CACACTTGCTATACCGTCATCTTAAGTTACAAAATCGCGCAGAGGCGAAATATACAGTAACAGTA

Falcon-slider-Red-Handle2 tCACACTTGCTATACCGTCATCTTCATTTCAATTACCTGAGCAAAAGAAGTGCGTAGATTTTCAG

Falcon-slider-Green-Handle3 TCTCGACACAAATCTTCCTGCTTCCAATCGCAAGACAAATCATAGGTCTGAGAGAGAAACGACAGTGTCAG

Falcon-slider-Green-Handle4 ttTCTCGACACAAATCTTCCTGCTTTTTCAAATATATTTTCTGAGAAGAGTCAATAATCCTTGATCATATG

Falcon-slider-Blue-Handle3 TCTTCACGCCAAACTATCTCGTTGTTCACAGAGGCATTTTCGAGCGTCGTCTATATGATG

Falcon-slider-Blue-Handle4 tTCTTCACGCCAAACTATCTCGTTAACAACATATTTAACAACGCAGCCAACGCGCACTCA



Falcon-slider-Red-Handle3 CCTACTGACTTTATCCACCGATTGTTGCTATTTTGCACCCAGCTACAATTAAGAACGCGAGGCGT

Falcon-slider-Red-Handle4 tCCTACTGACTTTATCCACCGATTCCTGAATCTTACCAACGCTAACGAGCAAATCAGATATAGAA

Falcon-Purple-Clip-Strand1 AGATTTTCAGCCGGTTAAGGTCAACATCGTCTCGTACTCAATT

Falcon-Purple-Clip-Strand2 ATGACAAGATGGTACCCTATCTGAGTGAGTAGCCCATTAACAT

Falcon-Purple-Clip-Strand3 AGAGTCCTCGTTGCAGTTTCCGACCGATATAGTCATCCTAATT

Falcon-Purple-Clip-Strand4 ATTCCTAATTCGCCCTAGTGCTTTTGGAGAAACGATCCATTAT

Falcon-Purple-Clip-Strand5 AAGTGTTCCAGGGACTTTCGTACATCAGGATCGCACCTTATTA

Falcon-Purple-Clip-Strand6 CTGTAAGTTAGAGTCAGTCTAATTGGCTACACGGCTCTAACTA

Falcon-Purple-Clip-Removal-Strand1 AATTGAGTACGAGACGATGTTGACCTTAACCGGCTGAAAATCT

Falcon-Purple-Clip-Removal-Strand2 ATGTTAATGGGCTACTCACTCAGATAGGGTACCATCTTGTCAT

Falcon-Purple-Clip-Removal-Strand3 AATTAGGATGACTATATCGGTCGGAAACTGCAACGAGGACTCT

Falcon-Purple-Clip-Removal-Strand4 ATAATGGATCGTTTCTCCAAAAGCACTAGGGCGAATTAGGAAT

Falcon-Purple-Clip-Removal-Strand5 TAATAAGGTGCGATCCTGATGTACGAAAGTCCCTGGAACACTT

Falcon-Purple-Clip-Removal-Strand6 TAGTTAGAGCCGTGTAGCCAATTAGACTGACTCTAACTTACAG

Falcon-Red-Clip-Strand1 TAAAAGGGGACGttttttGATGACGGTATAGCAAGTGTGGTAGATTCAT

Falcon-Red-Clip-Strand2 TGATTGCAGAGCttttttTCGGTGGATAAAGTCAGTAGGCTAGATGTAT

Falcon-Green-Clip-Strand1 ATCGTAATTAGGTTTTTTTGTAACTAAGGGGGGGTTCAACTTTACCTAA

Falcon-Green-Clip-Strand2 GAATGAGAGTCGTTTTTTGCAGGAAGATTTGTGTCGAGAGTAATGAAGA

Falcon-Blue-Clip-Strand1 CAAGGTTGTACGTTTTTTCTGTATGTAGAAGCGAAGGTGGATACATTGA

Falcon-Blue-Clip-Strand2 AGACCATGTGAGTTTTTTCGAGATAGTTTGGCGTGAAGATATGTAGATC

Falcon-Red-Clip-Removal-Strand1 ATGAATCTACCACACTTGCTATACCGTCATCCGTCCCCTTTTA/3BioTEG/

Falcon-Red-Clip-Removal-Strand2 ATACATCTAGCCTACTGACTTTATCCACCGAGCTCTGCAATCA/3BioTEG/

Falcon-Green-Clip-Removal-Strand1 TTAGGTAAAGTTGAACCCCCCCTTAGTTACACCTAATTACGAT/3BioTEG/

Falcon-Green-Clip-Removal-Strand2 TCTTCATTACTCTCGACACAAATCTTCCTGCCGACTCTCATTC/3BioTEG/

Falcon-Blue-Clip_Removal-Strand1 tCAATGTATCCACCTTCGCTTCTACATACAGCGTACAACCTTG/3BioTEG/

Falcon-Blue-Clip_Removal-Strand2 GATCTACATATCTTCACGCCAAACTATCTCGCTCACATGGTCT/3BioTEG/



DNA sequences for staple strands and interacting handles common to both SH-v2 and SH-v3

Green-handle-1 GTACCACGACAATAAACAACAACCAATCAGTCTTTCCTTATCATTCTTTTCATACAGAATCAAGTTTGCCCAGTttTAACCCT

Green-handle-2 GCATTAACGCGCCTGTTTATCAATATCCCAACCAAGTACCGCACCGGTCATTAGCGCGTTTTCATCAGCCAttTAACCCT

Green-handle-3 TTAACAACAGTACCTTTTACACAGATGAAAGCCGTTTTTATTTTCTTGCTATTACCAACGCTAACGAGCATTAAttTAACCCT

Green-handle-4 CAACACGGATTCGCCTGATTAAGAAATTACCGCGCCCAATAGCAGGGAGGTTAATTTGCCAGTTACAAGAGGGttTAACCCT

Green-handle-5 TACAATACAAAATCGCGCAGATATCAAAAAAGGCTTATCCGGTAGCGAGGCATTTATCCCAATCCAAGACAttTAACCCT

Green-handle-6 AGAAATCAATTACCTGAGCAAATTAACTCCAGTGCCAAGCTTTATCCAGGGTTTTGTTTAACGTCAAAAAATAGttTAACCCT

Green-handle-7 AAATAAAACATCAAGAAAACTCAGTAAATCATGCGTATTAACCAATGTGCTGTTTACAGAGAGAATAACACCAt

Green-handle-8 GAAATAACAATTTCATTTGAATTGTGCAATGAAAGATGGCAGACCTTCGCTCGCATTAGACGGGAGAAGGTt

Green-handle-9 ATTTCGAAACAGTACATAAATGAAGACGCCAGAAATAGAAGAATTCAACTGTTTGAACAAAGTCAGAGGGTATGt

Green-handle-10 GCGAGATAACCTTGCTTCTGTGTTGTGAAATAAAAATGCGCCGCAGGCAAAGTATCAGAGAGATAACCAACTGt

Green-handle-11 CGCAATAATAACGGAATACCCAAAAGCACAAGAATTGAGTTAAGCCCAATAATAAGAGGAAAt

Green-handle-12 CGAACAAAGTTACCAGAAGGAAACCGAGCAAGAAACAATGAAATAGCAATAGCTATCTTATAGCt

Blue-handle-13 TCAAAGGGTATCAGGGCGATGGCCTCCTTTGCCTAATAGATTAGAGCCATATCTGGTCAGTTGGttCTTACCA

Blue-handle-14 GAGTCCACACCCAAATCAAGTTTCTTTACATTTGAGGATTTAGAATGCTGAACCTCAAATttCTTACCA

Blue-handle-15 TTAGAGTCCGTAAAGCACTAAATCACCACACCACTATGGTTGCTTTGACAGCAGCAAATGAAAAttCTTACCA

Blue-handle-16 TGCAAGGAGCCCCCGATTTAGAGCGGCAAGTGTGCTTTCCTCGTTAGAACACCGCCTGCAACAGttCTTACCA

Blue-handle-17 TGCTGATAGCGAACGTGGCGAGAAGAAAGCAACAGGAGGCCGATTAGATAAAACAGAGGTttCTTACCA

Blue-handle-18 GTATTATCTGTTATCAAGCACTGCAACCAGTTGGAACGGTACGCCAGACCATTAAAAATACCGAttCTTACCA

Blue-handle-19 AGATGATGGAGTTTCTGCGGCAGTACTGGAAATTTATAATCAGTGAGGTAATGCGCGAACTGATt

Blue-handle-20 GTCTTCACGTTAGTAACTATCGATTATCTCTCTGTCCATCACGCACAGACAATATTTTTGt

Blue-handle-21 TAACGCTTTATTACGGGGTTGGAGACTCAACGAATACTTCTTTGATTACTTCTGACCTGAAAGCt

Blue-handle-22 CAAAGGAGATGCAGGTGAGTATCTTGCGTGTTGCCTGAGTAGAAGAACAAGGGACATTCTGGCCt

Blue-handle-23 AATCAAAACAGAGCCACCACCGGATGAGGAAGGGGATCGTCACCCTCAAATGACAACAACCATCttTACTCCA

Blue-handle-24 AGCCCCCTCCGCCACCCTCAGAAACAGAGGTCGGAACGAGGGTAGTAAACAGCTTGATACttTACTCCA

Blue-handle-25 TTGCACCCCACCACCCTCAGAGCCCGTTCCAGAGTGTACTGGTAATAAGGTTTATCAGCTTGCTttTACTCCA

Blue-handle-26 TTGAAGCCACCAGAGCCGCCGCCACCAGAATGGTGCCTTGAGTAACAGAAAGGCTCCAAAAGGAttTACTCCA

Blue-handle-27 GTTTTAGCGAGGCAGGTCAGACGATATTCATAATGCCCCCTGCCTATAATTTTTTCACGTttTACTCCA

Blue-handle-28 TTCCCAGTGTGGGAACAAACGGCGCATTAAATTTCTGAAACATGAAAGATAGAAAGGAACAACTttTACTCCA

Blue-handle-29 CAAGGCGAGATAGGTCACGTTGGTGTCTGGCCACTCCTCAAGAGAAGGAACAACTTTCAACAGTt

Blue-handle-30 ATTACGCCTAACCGTGCATCTGCACCAATATTTTGCTCAGTACCAGTAAATGAATTTTCTt

Blue-handle-31 GGGAAGGGCGACAGTATCGGCCTCATTAAATTCGAGAGGGTTGATATAGATCTAAAGTTTTGTCt

Blue-handle-32 CGCCATTCCAGCCAGCTTTCCGGCTTGTAAACAGGTGTATCACCGTACTTCCACAGACAGCCCTt

Blue-handle-33 ACACGACCAGTAATAATCAAACTATCGGCCTTGCTGGTAATATCCAGGCAGATTCACCAGTCt

Blue-handle-34 TGGATTATTTACATTGAACAATATTACCGCCAGCCATTGCAACAGGAAGCTCAATCGTCTGAAAt

Blue-handle-35 TACAACGCCTGTAGCATCAGGAGGTTTAGTACCGCCACCCTCAGAACGTCACCAGTACAAACt

Blue-handle-36 CGTAACACTGAGTTTCCGCCACCCTCAGAACCGCCACCCTCAGAGCCAATAGGAACCCATGTACt

Red-handle-1 AAAAGTTTGAGTAACAATGTAGAATGTTCAGCTAATGCAGTTCGAGCCAGTAATAAGAGAATATAAAttTCACCTA

Red-handle-2 CAAAGAAACCACCAGGAAAAATAACAATAGATAAGTCAACGCCAACATGTAATTTAGGCAGAGttTCACCTA

Red-handle-3 ATCATATTCCTGATTATTTAACGTTCGGGAGAAACAATAAGTAGGGCTTAATTGAGAATCGCCATATttTCACCTA

Red-handle-4 TCATCAATATAATCCTCAGAAATAGCTTTGAATACCAAGTATTCTTACCAGTATAAAGCCAACGCTttTCACCTA

Red-handle-5 CTTCTGAATAATGGACCTACCAGGCGAATTATTCATTAAGCCTGTTTAGTATCATATGCGTTAttTCACCTA

Red-handle-6 GAGCAGGCAATGCATGTGAGCGAAAAGAAGATGATGAAACAGAATAAACACCGGAATCATAATTACTttTCACCTA

Red-handle-7 ACGCAGACCTTTTCCAGGAACTTAAAAATTAATTACATTTACCGACCGTGTGATAAATAAGGCGTTt

Red-handle-8 TCGATTGTGCTGGAAGTCGGACTTACCTTTTTTAATGATCTTCTGACCTAAATTTAATGGTTTt

Red-handle-9 AAAGAAACCAGCAATAAGATGAACCAATATATGTGAGTGAAAAACTTTTTCAAATATATTTTAGTTAt

Red-handle-10 CCAGGAGAACGAGGATCCACTCATTAAATCGTCGCTATTAGCAAATCCAATCGCAAGACAAAGAACt

Red-handle-11 AATACGTAATGCCACTGCTCAACAATTAGAGAGTACCTTTCCCGAAAGACTTCAAATATCGCGTTTTttCCCATTA

Red-handle-12 AAAACGAAAGAGGCATTAGAGCAAGAGGTCATTTTTGAGCGGATTGCATCAAAAAGATTAAGAttCCCATTA

Red-handle-13 CACTCATCTTTGACCCCGAACTGACAGACCAGGCGCATAGGTCTTTACCCTGACTATTATAGTCAGAttCCCATTA

Red-handle-14 AGCGCGAAACAAAGTAACGAGGCGTCAAGAGTAATCTTGAAAAACGAGAATGACCATAAATCAAAAttCCCATTA

Red-handle-15 CATCGCCTGATAAATTCCGCGAATTACCCAAATCAACGAATCCCCCTCAAATGCTTTAAACAGttCCCATTA

Red-handle-16 TTTGAGAGATCTACAATTCTAGCTTTCAGTGAATAAGGCTCCAATACTGCGGAATCGTCATAAATATttCCCATTA

Red-handle-17 TGCCTGAGAGTCTGGAGTCAAATCCACCAGAACGAGTAGTGTAATAGTAAAATGTTTAGACTGGATt

Red-handle-18 ATGAACGGTAATCGTAGATTCAGGTTTAATTTCAACTGGCTTTTGCAAAAGAAGTTTTGCCAGt

Red-handle-19 TCATATGTACCCCGGTTTAAATGCACCTTATGCGATTTTAACCAGACGACGATAAAAACCAAAATAGt

Red-handle-20 CCCCAAAAACAGGAAGAGGATAAATACCAGTCAGGACGTTAGTAAGAGCAACACTATCATAACCCTt

Red-handle-21 CTGATATTAATTTTCCCTTAGAATCCTTGAAAACATTTGGGTTATATAACTATATGTAAATGt

Red-handle-22 TTAGGAGCGATAGCTTAGATTAAGACGCTGAGAAGAGTGAGAGACTACCTTTTTAACCTCCGGCt

Red-handle-23 GGCATGGGAAGAAAAATCTACGTTAATAAAACGAACATACATAACGCCAAAAGGAATTACGAt

Red-handle-24 TGCAGTAACGGAACAACATTATTACAGGTAGAAAGATAGATTTAGGAATACCACATTCAACTAAt

Purple-handle-1 ttttttttCCTGTTTGATGGTGGCCAGCAGGCGAAAATttttttGGCTGAAAATCT

Purple-handle-2 ttttttttTTATCTAAAATATCTAGGAATTGAGGAAGGttttttCCATCTTGTCAT



Purple-handle-3 ttttttttAATTCTGTCCAGACGGACAAAAGGTAAAGTttttttAACGAGGACTCT

Purple-handle-4 ttttttttACCATCGATAGCAGCAACGTCACCAATGAAttttttCGAATTAGGAAT

Purple-handle-5 ttttttttAGGCTTGCAGGGAGTTATATTCGGTCGCTGttttttCCTGGAACACTT

Purple-handle-6 ttttttttCCAGACCGGAAGCAAGAGCTTCAAAGCGAAttttttTCTAACTTACAG

Core-staple-1 TCAGGGTTCTGCTGGATGAACGGGGAGTATTAATCTGTCG

Core-staple-2 tttttTGCCGGAAACCCTGAACCACCAttttttttttGGCTATATCTGATTGCGCTAACttttttttttAGTAGGGAAAC

Core-staple-3 GAGAAGCCTTTttttttttttATTTCAACGCAATTGTATAAGCttttttttttAAATATTTAAAACCGCTTCTGGttttt

Core-staple-4 GCAGCAAGCGGTCCACGCTGGTTTGCCTTCCGAAATCGGCAAA

Core-staple-5 TTGCCCTTCACCGCCTGGCCCTGAGAAAGAATAGCCCGAGAT

Core-staple-6 TTCTTTTCACCAGTGAGACGGGCAACAAAGATTGGGCGTTATC

Core-staple-7 GCGGTTTGCGTATTGGGCGCCAGGGTGGTGTCTTGTCTCCA

Core-staple-8 CATTAATGAATCGGCCAACGCGCGGGGTGTTTATGTAGATGA

Core-staple-9 CTTTCCAGTCGGGAAACCTGTCGTGCCGTCGGCATACAAATAT

Core-staple-10 CTCACATTAATTGCGTTGCGCTCACTAGTCTAATGAAGACA

Core-staple-11 TAAAGCCTGGGGTGCCTAATGAGTGATGTGCGAGAAATGACT

Core-staple-12 CCACACAACATACGAGCCGGAAGCATATATTATCACGAGTACG

Core-staple-13 TCCTGTGTGAAATTGTTATCCGCTCACCCTCTCTGTACAAA

Core-staple-14 ttttttttGAGATGATAAATGCAGGGTTTTGTTTTATGtttttttt

Core-staple-15 CAAATCAACAGTTGAATTAGGAGCACTAACAACCGAACGT

Core-staple-16 ATCAAACCCTCAATCAGTCAATAGATAATACAAACAATTC

Core-staple-17 ATCTAAAGCATCACCTCCGCTACAGGGCGCGTCGCCGCGC

Core-staple-18 TGCCACGCTGAGAGCCGAGCACGTATAACGTAGCGGTC

Core-staple-19 GAGGCGGTCAGTATTAATCAGAGCGGGAGCTAGAAAGGAG

Core-staple-20 ACGAACCACCAGCAGAAAAGGGATTTTAGACATCTTGTTG

Core-staple-21 AGCCCTAAAACATCGATCCTGAGAAGTGTTGCAACGAA

Core-staple-22 AATGGCTATTAGTCTTCCACCGAGTAAAAGAGGGATGGGA

Core-staple-23 GTAAGAATACGTGGCAAATTAACCGTTGTAGCAGCAGCGT

Core-staple-24 AACAGAGATAGAACCGTAATAACATCACTTGAGCTTGA

Core-staple-25 ttttttttTACCTACATTTTGACAAACGCTCATGGAAAtttttttt

Core-staple-26 ttttttttTCAAAATCATAGGTCTCAATAGTGAATTTAtttttttt

Core-staple-27 AGCACCATTACCATTAGCAAGGCCGGAACCGTAATCAGTAGCG

Core-staple-28 TTTGGGAATTAGAGCCAGCAAAATCACTTTAGCGTCAGACTG

Core-staple-29 AGGTGAATTATCACCGTCACCGACTTGTTTTATCCTGAATCTT

Core-staple-30 AAGGTAAATATTGACGGAAATTATTCGTCTTTCCAGAGCCT

Core-staple-31 AAAGGGCGACATTCAACCGATTGAGGAATAAACAGCCATATT

Core-staple-32 AAAATTCATATGGTTTACCAGCGCCAAAATAAGAAACGATTTT

Core-staple-33 CGGAATAAGTTTATTTTGTCACAATCATGAAAATAGCAGCC

Core-staple-34 GGCAACATATAAAAGAAACGCAAAGACATAAAAACAGGGAAG

Core-staple-35 TTAGCAAACGTAGAAAATACATACATAAATTAACTGAACACCC

Core-staple-36 GCATGATTAAGACTCCTTATTACGCAGTAATTGAGCGCTAA

Core-staple-37 ttttttttAAGAAAAGTAAGCAGACCGAAGCCCTTTTTtttttttt

Core-staple-38 GCCCACGCATAACCGATAAAGGCCGCTTTTGCTTTCCATT

Core-staple-39 CGATAGTTGCGCCGACGCAGCGAAAGACAGCACTTTGAGG

Core-staple-40 TTCGAGGTGAATTTCTCTTTTGATGATACAGGTAAGCGTC

Core-staple-41 GCCTTTAATTGTATCGTTTTAACGGGGTCAGAAAGCGC

Core-staple-42 TGAAAATCTCCAAAAATGCCCGTATAAACAGTCAAACAAA

Core-staple-43 AAAGGAATTGCGAATAATTTCGGAACCTATTAGTGAGCGA

Core-staple-44 TTCAGCGGAGTGAGATATTAAGAGGCTGAGTTCCTGTA

Core-staple-45 GTATGGGATTTTGCTAATTAGGATTAGCGGGGGGAACGCC

Core-staple-46 GTCTTTCCAGACGTTAGGCGGATAAGTGCCGTTTTGTTAA

Core-staple-47 CATAGTTAGCGTAACAGTATAGCCCGGAATGTTAATAT

Core-staple-48 ttttttttGGGATAGCAAGCCCACCACCCTCATTTTCAtttttttt

Core-staple-49 AATTCACTCCAACAGGTCAGGTGTTTTAAAAAGTACGGTGTCTGG

Core-staple-50 GGAAGAATTGCTCCTTTTGATTTAATTGCAACAGTTGATTCCCA

Core-staple-51 AGCAAACAGATGAACGGTGTACCAACTTTGATTTAGTTTGACCAT

Core-staple-52 ATCAGGCTGGCTGACCTTCACAGACGGTAATGGTCAATAACCTG

Core-staple-53 TTCAGCAAGAACCGGATATTCCCTGCTCCTTTGGGGCGCGAGCT

Core-staple-54 TCATTGTAACAAAGCTGCTCAGATAAATTTTCTACTAATAGTAGT

Core-staple-55 AGCGTTGCCCTGACGAGAAAACCATCAATAAATCATACAGGCAA

Core-staple-56 AGGGGAAATTGGGCTTGAGATAAAGGGTGAATTAAGCAATAAAG

Core-staple-57 CGAGATTAATCATTGTGAATTAATGCCTGTAAATCGGTTGTACCA

Core-staple-58 CGTTTAGAACTGGCTCATTAAATTTTTATGTAATACTTTTGCGG



DNA sequences specific to SH-v3

Miniscaf-strand-1 CGGGTGTAGCTTGATAAAACTGCGCGTACGTCATATAGGC

Miniscaf-strand-2 GGAAGCAGTTTTTAACCCAGGCTTGTTTGTCGTATGTGGAACGGCCT

Miniscaf-strand-3 CATCCGCCGAGTCATCTGAATTTGCGTGCTACAGAATTGAAGCGTAG

Miniscaf-strand-4 TGGGCGGCTCGATTCCATAATCAAGACAGCCTTTCTGCACCACTAAT

Miniscaf-strand-5 TACTCAAAGTTGCGTTTATGCACCGGTTCATTGACGTAGCCCTCAGT

Miniscaf-strand-6 AGAAAAGTTTAGCCGTGGCCCATCACCTGTGTCTGCTTCTATTTCGCA

Miniscaf-strand-7 CAACCCGTTACTTTATTTCGCCACTGTTACCAGGCCGGAT

Miniscaf-strand-8 GCCGTCGTTGTAGCGTCCAGACCTCCAACCGGTATAGGAAAGTTAAT

Miniscaf-strand-9 GAGTATCCGCTGTCTGTGCAGGCTGACGAACTAACATCGAATTAGGG

Miniscaf-strand-10 TCACTCTCGTAGGGACGCCCATGGTCGAGATACATGTAGTGAACCAA

Miniscaf-strand-11 AGCATAGAGATACGCAGGCCAGGTTCTGCCATCACCACTAACATCTG

Miniscaf-strand-12 GAATCGGGTCACAAACAAACACTTCGGCCTCAGCGGTGAGTTTTTTTC

Miniscaf-strand-13 TGGTTCTTTACTGGGCGGACTTTACGTTCACGAGCGAATT

Miniscaf-strand-14 CAGTCACCTACACATAAGTTGGAGACACCTAGGGAGCACGGCCATAC

Miniscaf-strand-15 CAAGCGGGTGAAAATGAGCGTCCCCTAGTCCACAACTCTTGTAGAAG

Miniscaf-strand-16 AACGATGGCTTGCTCCGCACAGGTCAAAGCATGGTCTTGTTTCATAT

Miniscaf-strand-17 AGGTCAGGGAGAGACTTGTCCCGAAATCGTGGTCCTGGGAGATAGAA

Miniscaf-strand-18 ACAGCTGTCTGACTGCTTTCACGATCCAATCTAGTGTTCTGACGTGGG

Miniscaf-strand-19 CCTCCTGCACTTGTTGTCCAATTGGAACGCTCACAGTAGA

Miniscaf-strand-20 CAAAAGAGGAACCAGATGATGCATATTGCGCCAGGTTTCCGTGTAGC

Miniscaf-strand-21 CGGGCCAACGCTCAAAAAAGTCCACCGATAATAACACGCTCTTCCTA

Miniscaf-strand-22 ATGAATCACGTTTGCCATTGGAGTCGGTCCCGGAGTACATGTCATTC

Miniscaf-strand-23 GCAGCTATAGAACAGGCCAGAGATCAGTCAGAGGTGGACTTTTCCGG

Miniscaf-strand-24 GAGGGTGGGGACAGACACTATAAAGCTCGTCAAAGTGGGATTGCCAAC

Miniscaf-strand-25 CTAGCGTAGAAATCAGGTTTAAGCGCGCGTACCTCAAGTG

Miniscaf-strand-26 CAAGCCCGCCTGTCTTCCTCGCCAGGGTATTATAACAGTACAATCGA

Miniscaf-strand-27 GCCAAGTGTACAAATGCAGCATAGTGTAGATCCCGAGCTACCCTCGT

Miniscaf-strand-28 GGTTTCTTCATTTTTTTAACGCGCAATCTTACGACAGGCCGCCGAGA

Miniscaf-strand-29 GGAACGGGGATGGAGCGGAGAATTTACCAATGTGACAAGCCTAACCA

Miniscaf-strand-30 ACTATTGGGGGCCGGCCTTGGGAGGATCTACACGACAGATTAGTTCTA

Miniscaf-strand-31 GAACGGTATCAGGGAGCGATATGACGAAAGCTTACCCCAG

Miniscaf-strand-32 ACATCTGAATACAGCATTGGCCAGTGTGCAAATGTTACGCGATGGGA

Miniscaf-strand-33 CCCGCGTCGTCTTGGTCTTTAAGCTAAAGCGACTTCCCCATATTGTT

Miniscaf-strand-34 GATGGCTGCGTCTACTAGCCGATTAGTGCGAGATTCTAGGGTGGAAG

Miniscaf-strand-35 TAGGTCCATCCAGATCCCATTGGTTTATCCTTACGTCGTAGAGCCCG

Miniscaf-strand-36 AACTACACGCCTTTAGATGGTTGGTGTCATTCGTTTGGGTTCGCCAGT

Core-staple-SH-v3-1 CCTATATGACGTACGCATGCTGTAACGAAGGCACCAACCTACTAAAGATGGCGAAA

Core-staple-SH-v3-2 TTAAAAACAAGGGAACCCAGCGATTATACCAAGTCTCTCGACGGCCCCTAATT

Core-staple-SH-v3-3 TAGCACGCTAGCCGGACAACGGAGATTTGTATTAAATCCTGCCTGCAC

Core-staple-SH-v3-4 GAATCGAGTTCAACCGAGGCTATCAGGTCATGCCAGCTAGAGTGACAGATGTT

Core-staple-SH-v3-5 ATGAACCGCGGAGACAGCAAACAAGAGAATCGATCAAAAACCTGGCCT

Core-staple-SH-v3-6 ACGGCTAACATATATTTGATAATCAGAAAAGTTTGTTACCCGATT

Core-staple-SH-v3-7 TCCGGCCTGGTAACAGCTTTTTCAACCGCCTCCCTCAGAGTATTAGCGAAAGTCCG

Core-staple-SH-v3-8 CGCTACAAGAATTTACGCCACCAGAACCACCTTAAATCGTGACTGCTTCTACA

Core-staple-SH-v3-9 GTTCGTCACATTAAAGGCATTGACAGGAGGTTGAACCTCCGGACGCTC

Core-staple-SH-v3-10 TCCCTACGTTCATCAAGATTGACCGTAATGGTTAAGTTCATCGTTTTCTATCT

Core-staple-SH-v3-11 TGGCAGAATAATTCGCGTAGATGGGCGCATCGAGCTGGCGCGGGACAA

Core-staple-SH-v3-12 GTTTGTGAAAATTCGCAGGAAGATCGCACTCGCCATTCACAGCTG

Core-staple-SH-v3-13 ATTCGCTCGTGAACGTTTTGCCATCCAAGAACGGGTATTAATCCTAATAATTGGAC

Core-staple-SH-v3-14 ATGTGTAGAAGATTAGATCGTAGGAATCATTGCGTAGATCTTTTGTAGGAAGA

Core-staple-SH-v3-15 GGACTAGGCGACTTGCAGCAAATCAGATATAGTTATTTGCGGACTTTT

Core-staple-SH-v3-16 GAGCAAGCGGGTAACGTATTCGCATTCACCCCAGAGAGGATTCATCCGGAAAA

Core-staple-SH-v3-17 CACGATTTAAAGGGGGACAGTTCAGGGATTAAGTTGCCAGTCTCTGGC

Core-staple-SH-v3-18 GCAGTCAGAGGCTGCGACAGCGCAACACAGCGTGTGGCCCACCCT

Core-staple-SH-v3-19 CTACTGTGAGCGTTCCTTACGAGCTTATCATTTTGCGGAAGACAACTCCTTAAACC

Core-staple-SH-v3-20 CTGGTTCCTTTTCAGGTCAGATGATGGCAATACGCTGCGGGCTTGACGAGGGT

Core-staple-SH-v3-21 TTATCGGTACGTAAAAGATTGTTTGGATTATACGGGCGCTTATGCTGC

Core-staple-SH-v3-22 GCAAACGTGTTCGAAGACGACTGGGGATTTGGTCCGTGAGAAACCTGGTTAGG

Core-staple-SH-v3-23 CTGACTGAGAGGATCTTGAATTGGTAACACCAGTAAGCGTATTCTCCG

Core-staple-SH-v3-24 GTCTGTCCGATCCGATCATCAAACGCCGCGAAACAGCACCAATAG

Core-staple-SH-v3-25 ACTTGAGGTACGCGCGGTATTAAACACTACGTGAACCATCTATTAAAGCATATCGC

Core-staple-SH-v3-26 AGACAGGCGCGTAACCGGAACCCTAAAGGGAGTTTATACAGATGTAACAATAT

Core-staple-SH-v3-27 ATCTACACAGGGCGCTTTGACGGGGAAAGCCGCCGTTTAGCTTAAAGA

Core-staple-SH-v3-28 AAAAATGAAAGACGGAACTGGTGACCTGGAAACCGTACAGCCATCCGGGCTCT



Core-staple-SH-v3-29 ATTGGTAAATTGCTAATAATCGAACAAGACCCAGCGATGCCCAATGGG

Core-staple-SH-v3-30 GCCGGCCCAAATCAAAGTCAATGGGTTCAGGAGTGAGAGTGTAGT

Core-staple-SH-v3-31 GTATTAGATTTGGGGTCGAGGTGCTGAGCAAACGTAACAT

Core-staple-SH-v3-32 CCTAGGGAAAGGAGGGAAGACTCCTTACTGTTCTAGAATC

Core-staple-SH-v3-33 CGAAGGTGCATCATTACGCATCGCGTGAAAATACCCAAAC

Core-staple-SH-v3-34 CTGAACAAAAGGAGCGGAATTATCTTAATGCGACTGTTAT

Core-staple-SH-v3-35 TGCTAGAAAGGGTGTGAAGCGGCATTCGCCATGCCTGTCG

Core-staple-SH-v3-36 GGCATTTTTCATCGAGAACAAGCATATACAGTGAAACCTG

Core-staple-SH-v3-37 TGTAGAACTTCTAAAAACGACGGCTCAGGCACTGTACTCC

Core-staple-SH-v3-38 GCGGGCCTATCATTGATTCAGCATCTGGTCGTTCCCACTT

Core-staple-SH-v3-39 CAACGGCTCCGCCACCCTCAGAGCAGCTACAAGTGCTCCC

Core-staple-SH-v3-40 CCGCCTTGATTGGTCGGATTCTCCCACGACGTCAAGACCA

Core-staple-SH-v3-41 ATTTTTTACAGTTTGAGGGGACGACGATCGGTAGAACACT

Core-staple-SH-v3-42 CGGATGGCAAAGAATACACTAAAAATACATGGTCCTATAC

Core-staple-SH-v3-43 AGACGAAATGTGTGGGTAGCTATTGTAACAACCTACATGT

Core-staple-SH-v3-44 GTAGGTAAAAAACTAGCATGTCAAATCAGCTCCTCACCGC

Core-staple-SH-v3-45 AAGTTTCATTCCATATTGAATATAGCAGTTTT

Core-staple-SH-v3-46 ATTCTGCGAACGAGTAGAAAGAGGCCACATAC

Core-staple-SH-v3-47 TAGATACATTTCGCACAATCATTGCTTCCCTACGCTT

Core-staple-SH-v3-48 TTTAGCTATATTTTCAATGTTACTAAATTCAG

Core-staple-SH-v3-49 GAAAAGGTGGCATCAAAATGCCGGTGCAGAAA

Core-staple-SH-v3-50 AGCATTAACATCCAATATGATACCGCCCAACTGAGGG

Core-staple-SH-v3-51 GGCAAAGAATTAGCAAAGAAAGGCGTGCATAA

Core-staple-SH-v3-52 CCTCAGAGCATAAAGCAGTAATGTAGAAGCAG

Core-staple-SH-v3-53 AAAACATTATGACCCGAACCCTACTTTTC

Core-staple-SH-v3-54 CGCCGGTTCCTTCTCTTGGCAATGCCTGAACGAGCTCGGG

Core-staple-SH-v3-55 TGCATCTTCGTACCTGCTCCTAGTTTGCGGGACTTGTCAC

Core-staple-SH-v3-56 ttttttttGCAGACACCGACATGAGTGCCGTGATTTCTTTtttttttt

Core-staple-SH-v3-57 ttttttttGAGGTCGAACGAAATTACACGTCCTTCTCAAACGC

Core-staple-SH-v3-58 TAGGAGCGAGCATGTACTTAACCCCTTTGAACGCGTGTTA

Core-staple-SH-v3-59 TATATCAGCATACCAACGGTCCTCCTCTTAAGGTCCACCT

Core-staple-SH-v3-60 ttttttttACGTTTAGCTTCCACGGTCATTCACCTTGTTGtttttttt

Core-staple-SH-v3-61 ttttttttGCATACCTGAAGGGGAACCAAGCTACTTCTACtttttttt

Core-staple-SH-v3-62 AGCAACACCACGGAACATAGGTGGCCGTTCACCTTATTTCGATCCAGC

Core-staple-SH-v3-63 TTAATCGTATCACCCGAACGAAGGGACTCTTACACGTCTTAGCC

Core-staple-SH-v3-64 TCATGAACAGACTTGAGCATTGTTTATCCTGGGAGATGGGTCGCGCTG

Core-staple-SH-v3-65 GCTTGGAAGGTATCACTCGCCAATATACTTATTTCGGCAGACCCTGTC

Core-staple-SH-v3-66 AGACGGACCTGCAAATTGGATTAGCATACAACTTGCAGACGATT

Core-staple-SH-v3-67 GACGTAACCCACCGTTTGGCAAGACTAACGGGAAGGGAATTCCCGTCA

Core-staple-SH-v3-68 AGTGCAAGAATTGGAGATGGCAAGCATAATGCAGCACAACTTTCCCCT

Core-staple-SH-v3-69 ATCAACCTGTCAGCTACCTGGTACTGTCAGGAGACAACTAGAAA

Core-staple-SH-v3-70 CGAGTTCTGTATTGTCGGGCTTTGGTTAGCAGAGAGTTGT

Core-staple-SH-v3-71 CATCCCTCACCATCGCACTTGTCCGTTGCTTCCCCAGGAC

Core-staple-SH-v3-72 ttttttttCCTCCTCCCGTAGGTGGGTCACACCATCAGGAtttttttt

Core-staple-SH-v3-73 CGTACCGTACGATCTATGTCTTCGAATATCCGGTCGCCTCAGTGTGAT

Core-staple-SH-v3-74 ATGGGTTTATCTCCGACAAGCGTTAATGGTGGGATCGGCTGAACTGAC

Core-staple-SH-v3-75 GCAATTTAGTCTTGGAGAGCCCGGTTTGGAGACTCCCTAGGTCGGT

Core-staple-SH-v3-76 GAAGGACCTGGGTAAGCTGACTCACTCTGTGACGATGTTA

Core-staple-SH-v3-77 TGGAGTGTTACCCAGAACCTGTTGAGGACGGCGTCATTCAGTCAGACC

Core-staple-SH-v3-78 TTAACAGTGAAGGACAGTGGGAGTGTGCATCAACGGGAAGGTCCAGTT

Core-staple-SH-v3-79 CGAAAACCCTCATGGAAAGGTCTGAGAGAGCATTGTTGGTCTCCGG

Core-staple-SH-v3-80 ATCGAGCTAGTCACACGTCGTCGTCGTAGAAAAGTGGTGA

Core-staple-SH-v3-81 TCAACGACCTGTCGAGAAAGCCTCAGCTGGGTCCAGACCTCCTTCTCT

Core-staple-SH-v3-82 TGCAAGAGAGGAAGGACGTTCAAATCTCCTCTACAAACTTAGTAGCGG

Core-staple-SH-v3-83 AGTTTTGGCCGTAGTGGTATTTGGGACAGGTGACTATGAAAAGCCG

Core-staple-SH-v3-84 ttttttttTACCTTGGAGATGGCGGAGAGCATCGCAGAGGtttttttt

Core-staple-SH-v3-85 ttttttttTCAGCCTCCAGTTGCATGTTGCTTCATCTCCAtttttttt

Core-staple-SH-v3-86 GTGGAGTGGTAATAGCATTCTACCCTCACAGTCAATTCTG

Core-staple-SH-v3-87 CCGTTCAATTAAGAGGCGCTAGACGGCTTCTGCTACGTCA

Core-staple-SH-v3-88 ttttttttGGGCTTTCTACTCCATGTCGCATGGCGATAATtttttttt

Core-staple-SH-v3-89 ttttttttAAGGCCTTTGTCAAATAGCGCCAACAATGCATtttttttt

Core-staple-SH-v3-90 TGGGCACCTACTAGCATGACTACAGTACACGGATACATGTAGAACGCT

Core-staple-SH-v3-91 TCTCCGCATACCAGGTACCATCTCTGGGAGAGCTAAGGGACAAA

Core-staple-SH-v3-92 CAGAATATCCAAACCCATCGTAACAACCACGGTCTAGTGTCAACGTTC

Core-staple-SH-v3-93 GTTATGTATAGCTGACTACTGCACGATCGATCTACTTGATTAGAGGCG

Core-staple-SH-v3-94 TCAGGGGACAAGGCACAAACCAGACTCTCAACTCACAAGACCAT



Core-staple-SH-v3-95 TAGCAGCTGGTTAGCAGCTCATGGGAGTCGTGGGCTCCATCCTTAGTC

Core-staple-SH-v3-96 ATCAGTCGGGATAACGGCCCGCATAGTTCCCACCTCTCTGGTTGTCCA

Core-staple-SH-v3-97 TATCTTAGTGTGAAATGCGAGATTTAGCAGCTCAAGATCCTCCA

Core-staple-SH-v3-98 TCTGTACCGTAAAAAAAATACGGGAATTGCA

Core-staple-SH-v3-99 TCTGTACCTAGAGGCGGTCCCACAGAGGCAA

Core-staple-SH-v3-100 AGCCTCCACCTAGCCTTCTCGACACAAATCTTTTGCGAT

Core-staple-SH-v3-101 ATCAAGCTGCAAGTGTGAGGTCAGGCGGAATG

Core-staple-SH-v3-102 GACAAACAGACATGCTAGGGCCTTGTTTATGAAGGAATAG

Core-staple-SH-v3-103 ATGACTCGAACAATTCAACGTACAATAGCGGAATGAACGC

Core-staple-SH-v3-104 GGCTGTCTCTAGCGCTAATCCAACACCTGTCAGATGGGAA

Core-staple-SH-v3-105 ACGCAACTCTACAAAAAAAAACGACACCATCACAGCTCCT

Core-staple-SH-v3-106 ACACAGGTTCTAGGCACTTACCGACCAGACTCCTCTGCCT

Core-staple-SH-v3-107 TAAAGTAACTCAAGTACCGATGTTTGCAGCACGGTATAACACCCGAGGCCGTT

Core-staple-SH-v3-108 CGGTTGGATCAGGGAGAGAAGCATTGACTCACATCCTATCAGCCTGGG

Core-staple-SH-v3-109 AGACAGCGCAACTGCTGGCTGAAGGACACTAACGTACCGCGGATGATTAGTGG

Core-staple-SH-v3-110 ATCTCGACTGAACGTTATGTCGTCACTACTGAAGACAATGTGATTATG

Core-staple-SH-v3-111 GCGTATCTCTATGTCACTTGGGTTGGAATACATGGATCTTGAGTATGCGAAAT

Core-staple-SH-v3-112 TGAGGCCGGAACGTTAGATTCCCGCTAAATCCTCCTGAATGATGGGCC

Core-staple-SH-v3-113 CCCAGTAACTTCGAGGTGAGCGACATTTGACGCCGGAACGGGTTGATTAACTT

Core-staple-SH-v3-114 TAGGTGTCCTAAACCCTTCCCGACGGTTGTCCTTCAGCCTGGTCTGGA

Core-staple-SH-v3-115 ATTTTCACGACAATCGCTCACTGGACTTGACACGGATAGATACTCTTGGTTCA

Core-staple-SH-v3-116 TGCTTTGAGCGCAATTGGGTACTACTAGCCGCCACACCTCCATGGGCG

Core-staple-SH-v3-117 GTCTCTCCCTCGAATCTACCTCGAAGCACATCATATTGCTATGCTGAAAAAAA

Core-staple-SH-v3-118 AGATTGGAGGTTCTTAGCTTTCTGGGTGCATAGTGTGCAAAAGTGTTT

Core-staple-SH-v3-119 AACAAGTGCAGAGGTTGTCTCGTGTGCATTCCAAATGAAGAACCAGTATGGCC

Core-staple-SH-v3-120 GCGCAATAGCCTTGGTTGACTGGTGTTGAGTTCGGTGCGATCCAACTT

Core-staple-SH-v3-121 TTGAGCGTCTTTCTTGTTCAGCAGTTAACGGTATTGCGCCGCTTGATATGAAA

Core-staple-SH-v3-122 GGGACCGACCCTTATTTCCTAATGACGGAACCCGATTCCACCTGTGCG

Core-staple-SH-v3-123 CTGTTCTAATTCCATTTTAACCCGTCTTGACCGATTACCTGACCTCCCACGTC

Core-staple-SH-v3-124 TGACGAGCGTGTGCTCCGACCAGTTCCTCAGAGACTTAGCTCGTGAAA

Core-staple-SH-v3-125 TGATTTCTGCCACATATGAGGACCTCTTGACAACTCTCCAGGAGGGCTACACG

Core-staple-SH-v3-126 AATACCCTCATTGTTACTACTGCATCCTTTGGCTTACATTTGCATCAT

Core-staple-SH-v3-127 ATTTGTACGTAGCTCACCGATTCCACATAGGGTGGTCATGGCCCGGAATGACA

Core-staple-SH-v3-128 TAAGATTGTCATTGTCTTGTGCACAATTCGATGTGAACTACTCCAATG

Core-staple-SH-v3-129 CTCCATCCGAGGGATAGCAACTCAAAGGCAGGCAAGCCTAGCTGCGTTGGCAA

Core-staple-SH-v3-130 TGTAGATCAGAATGCCCCTTTCACAAGAAGGCCACCAAAGTTTATAGT

Core-staple-SH-v3-131 TCCCTGATGGGAATAATGTGCTGTTCTGATCTCACTGAACGCTAGTCGATTGT

Core-staple-SH-v3-132 TTGCACACCACAGCAAGGCTTAGGATCCCGTAATTTTGGCGGCGAGGA

Core-staple-SH-v3-133 CCAAGACGTTGCAAGTTTGGAAATGGACCCGCGAGCATACTTGGCTCTCGGCG

Core-staple-SH-v3-134 TCGCACTACCTGGAATTCTGGCTTCACCATCATGGGTCGTCGCGTTAA

Core-staple-SH-v3-135 ATCTGGATAAGGGACTCTGAGGGAACGAGCTTGACGGACCGTTCCTAGAACTA

Core-staple-SH-v3-136 GAATGACAACGGTGTCGAATGGTTCCGCATTCGAACTATCCTCCCAAG

Core-staple-SH-v3-137 TTAATTCCGGTATGACTGGGGTAAGCTTTCGTAACGTGGACTCCAACGATCCCTTATAAATCAAGAGTTttCTCTAAC

Core-staple-SH-v3-138 GTGCTCTTTAGAGAGACCGTTCTCCCATCGTCCAGTTTGGAACAAAGGGTTGAGTGTTGTGCTGAttCTCTAAC

Core-staple-SH-v3-139 GATATGCTCTCCTTCCTGGCCAATGCTGTATTAATGAGTATCAATGAGAATGTTGTGCAGATCCGGTTTttCTCTAAC

Core-staple-SH-v3-140 AATTACACTTTAAGCCGGGGAAGTCGCTTTAGCTGAAACGACATACATTGCAGACATCACGAAGGAGAGttCTCTAAC

Core-staple-SH-v3-141 CATCGAGAGTCTTCGACGCGGGCTTCCACCTCTTTACATAAACATAGGTATAGATATAGAAGCTGttCTCTAAC

Core-staple-SH-v3-142 GCCCAAGTACCGTTTGATCGGCTAGTAGACGCTCAAACATCGGGTTGATCCATGAAGGTTTATAGCCCGttCTCTAAC

Core-staple-SH-v3-143 GCAACCACATGACAGAACGACGTAAGGATAAACAGAGTCTGTAGTGTCAATCCCCATTCTGCAAGCTAAt

Core-staple-SH-v3-144 GAACGTAGGTGTAGCGGACCTAACTGGCGAGCTGAATTTCGCGTCGATACCGTGCAAAATAAGTGt

Core-staple-SH-v3-145 CCGGGAAACCTCGTAGCCAACCATCTAAAGGCTCGGTTTTGTAAAAGAGTGGAAACGATACTTGCAATTt

Core-staple-SH-v3-146 GCATATGATGTttttttttttCTGACGCTGGCATTCGCATACATATAGATGATTAACTGTTt

Core-staple-SH-v3-147 GCTCGAATTCGTAATCATGGTCATAGACCCAATATTACATAACAATCCTCGCACTCGACCGAt

Core-staple-SH-v3-148 GAGTCACAGGAGAATGGATCCCCGGGTCGGGGATTTATTTTATCTGAACTCGCTACGGCCTTCCt

DNA sequences specific to SH-v2

Core-staple-SH-v2-1 ATGCTGTAACGAAGGCACCAACCTACTAAAGA

Core-staple-SH-v2-2 AAGGGAACCCAGCGATTATACCAAGTCTCT

Core-staple-SH-v2-3 TAGCCGGACAACGGAGATTTGTATTAAATCCT

Core-staple-SH-v2-4 TTCAACCGAGGCTATCAGGTCATGCCAGCT

Core-staple-SH-v2-5 CGGAGACAGCAAACAAGAGAATCGATCAAAAA

Core-staple-SH-v2-6 CATATATTTGATAATCAGAAAAGTTTGTTA

Core-staple-SH-v2-7 CTTTTTCAACCGCCTCCCTCAGAGTATTAGCG

Core-staple-SH-v2-8 GAATTTACGCCACCAGAACCACCTTAAATC



Core-staple-SH-v2-9 CATTAAAGGCATTGACAGGAGGTTGAACCTCC

Core-staple-SH-v2-10 TTCATCAAGATTGACCGTAATGGTTAAGTT

Core-staple-SH-v2-11 TAATTCGCGTAGATGGGCGCATCGAGCTGGCG

Core-staple-SH-v2-12 AAATTCGCAGGAAGATCGCACTCGCCATTC

Core-staple-SH-v2-13 TTTGCCATCCAAGAACGGGTATTAATCCTAAT

Core-staple-SH-v2-14 AAGATTAGATCGTAGGAATCATTGCGTAGA

Core-staple-SH-v2-15 CGACTTGCAGCAAATCAGATATAGTTATTTGC

Core-staple-SH-v2-16 GGGTAACGTATTCGCATTCACCCCAGAGAG

Core-staple-SH-v2-17 AAAGGGGGACAGTTCAGGGATTAAGTTGCCAG

Core-staple-SH-v2-18 AGGCTGCGACAGCGCAACACAGCGTGTGGC

Core-staple-SH-v2-19 TTACGAGCTTATCATTTTGCGGAAGACAACTC

Core-staple-SH-v2-20 TTTTCAGGTCAGATGATGGCAATACGCTGC

Core-staple-SH-v2-21 ACGTAAAAGATTGTTTGGATTATACGGGCGCT

Core-staple-SH-v2-22 GTTCGAAGACGACTGGGGATTTGGTCCGTG

Core-staple-SH-v2-23 GAGGATCTTGAATTGGTAACACCAGTAAGCGT

Core-staple-SH-v2-24 GATCCGATCATCAAACGCCGCGAAACAGCA

Core-staple-SH-v2-25 GTATTAAACACTACGTGAACCATCTATTAAAG

Core-staple-SH-v2-26 GCGTAACCGGAACCCTAAAGGGAGTTTATA

Core-staple-SH-v2-27 AGGGCGCTTTGACGGGGAAAGCCGCCGTTTAG

Core-staple-SH-v2-28 AAGACGGAACTGGTGACCTGGAAACCGTAC

Core-staple-SH-v2-29 ATTGCTAATAATCGAACAAGACCCAGCGATGC

Core-staple-SH-v2-30 AAATCAAAGTCAATGGGTTCAGGAGTGAGA

Core-staple-SH-v2-31 GTATTAGATTTGGGGTCGAGGTGCTGAGCAAA

Core-staple-SH-v2-32 CCTAGGGAAAGGAGGGAAGACTCCTTACTGTT

Core-staple-SH-v2-33 CGAAGGTGCATCATTACGCATCGCGTGAAAAT

Core-staple-SH-v2-34 CTGAACAAAAGGAGCGGAATTATCTTAATGCG

Core-staple-SH-v2-35 TGCTAGAAAGGGTGTGAAGCGGCATTCGCCAT

Core-staple-SH-v2-36 GGCATTTTTCATCGAGAACAAGCATATACAGT

Core-staple-SH-v2-37 TGTAGAACTTCTAAAAACGACGGCTCAGGCAC

Core-staple-SH-v2-38 GCGGGCCTATCATTGATTCAGCATCTGGTCGT

Core-staple-SH-v2-39 CAACGGCTCCGCCACCCTCAGAGCAGCTACAA

Core-staple-SH-v2-40 CCGCCTTGATTGGTCGGATTCTCCCACGACGT

Core-staple-SH-v2-41 ATTTTTTACAGTTTGAGGGGACGACGATCGGT

Core-staple-SH-v2-42 CGGATGGCAAAGAATACACTAAAAATACATGG

Core-staple-SH-v2-43 AGACGAAATGTGTGGGTAGCTATTGTAACAAC

Core-staple-SH-v2-44 GTAGGTAAAAAACTAGCATGTCAAATCAGCTC

Core-staple-SH-v2-45 AAGTTTCATTCCATATTGAATATA

Core-staple-SH-v2-46 ATTCTGCGAACGAGTAGAAAGAGG

Core-staple-SH-v2-47 TAGATACATTTCGCACAATCAT

Core-staple-SH-v2-48 TTTAGCTATATTTTCAATGTTACT

Core-staple-SH-v2-49 GAAAAGGTGGCATCAAAATGCCGG

Core-staple-SH-v2-50 AGCATTAACATCCAATATGATA

Core-staple-SH-v2-51 GGCAAAGAATTAGCAAAGAAAGGC

Core-staple-SH-v2-52 CCTCAGAGCATAAAGCAGTAATGT

Core-staple-SH-v2-53 AAAACATTATGACCCGAACCCT

Core-staple-SH-v2-54 AACGTGGACTCCAACGATCCCTTATAAATCAAGAGTTttCTCTAAC

Core-staple-SH-v2-55 TCCAGTTTGGAACAAAGGGTTGAGTGTTGTGCTGAttCTCTAAC

Core-staple-SH-v2-56 AATGAGTATCAATGAGAATGTTGTGCAGATCCGGTTTttCTCTAAC

Core-staple-SH-v2-57 CTGAAACGACATACATTGCAGACATCACGAAGGAGAGttCTCTAAC

Core-staple-SH-v2-58 TCTTTACATAAACATAGGTATAGATATAGAAGCTGttCTCTAAC

Core-staple-SH-v2-59 TCAAACATCGGGTTGATCCATGAAGGTTTATAGCCCGttCTCTAAC

Core-staple-SH-v2-60 CAGAGTCTGTAGTGTCAATCCCCATTCTGCAAGCTAAt

Core-staple-SH-v2-61 GCTGAATTTCGCGTCGATACCGTGCAAAATAAGTGt

Core-staple-SH-v2-62 TCGGTTTTGTAAAAGAGTGGAAACGATACTTGCAATTt

Core-staple-SH-v2-63 GCATATGATGTttttttttttCTGACGCTGGCATTCGCATACATATAGATGATTAACTGTTt

Core-staple-SH-v2-64 GCTCGAATTCGTAATCATGGTCATAGACCCAATATTACATAACAATCCTCGCACTCGACCGAt

Core-staple-SH-v2-65 GAGTCACAGGAGAATGGATCCCCGGGTCGGGGATTTATTTTATCTGAACTCGCTACGGCCTTCCt
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CAATCAGCTGTTGCCCGTCTCACTGGTG AAAAGA T++GACGG

TGCTGCAACTCTCTCAG GGCCAGGCGGTGAAGGG TTTTTCGC

TTTCGCCTGCTGGGGCAAACCAGCGTGG ACCGCT CCTTTGAC

TTTTGCCGATTTCGGAA CCACCATCAAACAGGAT GTTGGAGT

CCTATCTCGGGCTATTCTTTTGATTTAT AAGGGA CCACGTTC

TTTAATAGTGGACTCTTGTTCCAAA CTGGAACAACACTCAAC

ACCATGATTACGAATTC GAGCTCGGTACCCGGGG +G+CCCAA

AGCGGA TAACAATTTCACACAGGAAACAGCTATG TACGCAAA

TATGCTTCCGGCTCGTA TGTTGTGTGGAATTGTG CCGCCTCT

AGCTCA CTCATTAGGCACCCCAGGCTTTACACTT CCCCGCGC

GCGGGCAGTGAGCGCAA CGCAATTAATGTGAGTT GTTGGCCG

ATTCATTAATGCAG CTGGCACGACAGGTTTCCCGACTGGAAA

AGGGATGTTTATGACGAGCAAAGAAACC TTTACC +G+GAGGC

ATGCCGTTAACGATTTG CTGAACACACCAGTGTA TCACGGAC

CCGGCACCGCTGGCTGCAGGTAACCCGG CATCTG GCGAAGAA

TGACACTGCGCTGGATC GTCTGATGCAGGGGGCA CAGGCACG

TGGCCGCAGCACCACAGAGTGCACAGGC GCGCAG CGTGCTGG

CAGAAACCCCCGGTATGACCGTGAA AACGGCCCGCCGCATTC

TGTGCTCTGGCCGGAGG CTGCCAGCGACGAGACG +C+GGCAA

CGTTCT ACAAGTCCGGCACGTTCCGTTATGAGGA CAGTGACC

GCGGTTGCTGCTGACCA GACCAGCACCACGCTGA CGGCTCAT

TGGCAC CACCGACGGTGCTGCCGTTGGCATTCTT ACCGCAAC

TGGACACCTCCAGCCGT AAGCTGGTTGCGTGGGA CGCGCCCG

GCGGATTGAGTGCG AAAGCGCCTGCAATGACCCCGCTGATGC

TTCCGGGACTGGTAAACATGGCGCTGTA CGTTTC +G+TTTGC

CCCTTCACCACGGAGAA AGTCTATCTCTCACAAA CGGAACGG

GCTGTTTCTGCGTCTCTTTTTCCGTGAG AGCTAT CAATCAGC

TGGCGGCAAATGAGCAG AAATTTAAGTTTGATCC ATCGTTTA

TTTTTTATGTCGATGTACACAACCGCCC AACTGC ACTTTACC

CTTCATCACTAAAGGCCGCCTGTGC GGCTTTTTTTACGGGAT

TTCCGGCACCAGAAGCG GTGCCGGAAAGCTGGCT +C+TGAGG

CGCAGC CTGAATGGCGAATGGCGCTTTGCCTGGT TTATCCGT

AGAGGCCCGCACCGATC GCCCTTCCCAACAGTTG TCCCGTGG

CACATC CCCCTTTCGCCAGCTGGCGTAATAGCGA CGGCTCCA

AACCCTGGCGTTACCCA ACTTAATCGCCTTGCAG CCTCTGAA

AGCTTGGCACTGGC CGTCGTTTTACAACGTCGTGACTGGGAA

AAATGAGCTGATTTAACAAAAATTTAAT GCGAAT +T+TGAGG

CGAATTATTTTTGATGG CGTTCCTATTGGTTAAA CCGATACT

TGTTGATGAAAGCTGGCTACAGGAAGGC CAGACG GTCGTCGT

AGAATCCGACGGGTTGT TACTCGCTCACATTTAA CCCCTCAA

CCCATTACGGTCAATCCGCCGTTTGTTC CCACGG ACTGGCAG

ATGCACGGTTACGATGCGCCCATCT ACACCAACGTGACCTAT

TGAATATCATATTGATG GTGATTTGACTGTCTCC +T+ACGTT

CCCTCT CCGGCATTAATTTATCAGCTAGAACGGT TACAATTT

CTGATAGCCTTTGTAGA TCTCTCAAAAATAGCTA AAATATTT

TTCTCT TGTTTGCTCCAGACTCTCAGGCAATGAC GCTTATAC

TTGACATGCTAGTTTTA CGATTACCGTTCATCGA AATCTTCC

TGTTTTTGGGGCTT TTCTGATTATCAACCGGGGTACATATGA

TGCTACTACTATTAGTAGAATTGATGCC ACCTTT +C+TTTGA

CTTTGCCTTGCCTGTAT GATTTATTGGATGTTAA ATCTTTAC

TGCTCTGAGGCTTTATTGCTTAATTTTG CTAATT CTACACAT

TCATAATGTTTTTGGTA CAACCGATTTAGCTTTA TACTCAGG

AAATAAAGGCTTCTCCCGCAAAAGTATT ACAGGG CATTGCAT

TTAAAATATATGAGGGTTCTAAAAA TTTTTATCCTTGCGTTG

GGAGCAATTAAAGGTAC TCTCTAATCCTGACCTG +C+AATGA

CTAAGC CATCCGCAAAAATGACCTCTTATCAAAA AAATATAG

GTTGAGCTACAGCATTA TATTCAGCAATTAAGCT CTAAACAG

CAGACA CCGTACTTTAGTTGCATATTTAAAACAT GTTATTGA

ATTGGGAATCAACTGTT ATATGGAATGAAACTTC CCATTTGC

GAAATGTATCTAAT GGTCAAACTAAATCTACTCGTTCGCAGA

TATCCAGTCTAAACATTTTACTATTACC CCCTCT +T+GGTCT

TGAATATTTATGACGAT TCCGCAGTATTGGACGC GGTTCGCT

TCTGAACTGTTTAAAGCATTTGAGGGGG ATTCAA TTGAAGCT

AGACCTGATTTTTGATT TATGGTCATTCTCGTTT CGAATTAA

TCCGCTTTGCTTCTGACTATAATAGTCA GGGTAA AACGCGAT

ATTTGAAGTCTTTCGGGCTTCCTCT TAATCTTTTTGATGCAA

TGACTGGTATAATGAGC CAGTTCTTAAAATCGCA +T+GCAAA

GTTTTA TTAACGTAGATTTTTCTTCCCAACGTCC AGCCTCTC

CTTTCTACCTGTAATAA TGTTGTTCCGTTAGTTC GCTATTTT

TGAATG TGGTATTCCTAAATCTCAACTGATGAAT GGTTTTTA

GTAATTCCTTTTGGCGT TATGTATCTGCATTAGT TCGTCGTC

TGGTAAACGAGGGT TATGATAGTGTTGCTCTTACTATGCCTC

TTCGGTTCCCTTATGATTGACCGTCTGC GCCTCG +C+TGATT

CACCGTTCATCTGTCCT CTTTCAAAGTTGGTCAG AAAGTTGA

ATGAAGGTCAGCCAGCCTATGCGCCTGG TCTGTA AATTAAAC

AATGAATATCCGGTTCT TGTCAAGATTACTCTTG CATCTCAA

ACTGAATGAGCAGCTTTGTTACGTTGAT TTGGGT GCCCAATT

TACTACTCGTTCTGGTGTTTCTCGT CAGGGCAAGCCTTATTC

AAGCCTCTGTAGCCGTT GCTACCCTCGTTCCGAT +A+ATGGA

GGAAAC TTCCTCATGAAAAAGTCTTTAGTCCTCA GCAGGTCG

TTCGTAGTGGCATTACG TATTTTACCCGTTTAAT CGGATTTC

TATTCT TTTGCCTCTTTCGTTTTAGGTTGGTGCC GACACAAT

TAATCGCTGGGGGTCAA AGATGAGTGTTTTAGTG TTATCAGG

CGATGATACAAATC TCCGTTGTACTTTGTTTCGCGCTTGGTA

TTATTATTCGCAATTCCTTTAGTTGTTC CTTTCT +T+TGAGG

AGCCTTTTTTTTGGAGA TTTTCAACGTGAAAAAA GTGACGAT

CTGATAAACCGATACAATTAAAGGCTCC TTTTGG CCCGCAAA

TCAAGCTGTTTAAGAAA TTCACCTCGAAAGCAAG AGCGGCCT

ATGGTTGTTGTCATTGTCGGCGCAACTA TCGGTA TTAACTCC

CTGCAAGCCTCAGCGACCGAATATA TCGGTTATGCGTGGGCG

GGTGGCGGTTCTGAGGG TGGCGGTTCTGAGGGTG +C+AAACT

TGCTAT CCCTGAAAATGAGGGTGGTGGCTCTGAG GTTGAAAG

CTCAGTGTTACGGTACA TGGGTTCCTATTGGGCT TTGTTTAG

GCTACA GGCGTTGTAGTTTGTACTGGTGACGAAA CAAAATCC

TCGTTACGCTAACTATG AGGGCTGTCTGTGGAAT CATACAGA

AAATTCATTTACTA ACGTCTGGAAAGACGACAAAACTTTAGA

GTTAAAACTTATTACCAGTACACTCCTG TATCAT +C+CTGAG

TTATACGGGCACTGTTA CTCAAGGCACTGACCCC TACGGTGA

ATAGGTTCCGAAATAGGCAGGGGGCATT AACTGT TACACCTA

TCTCAGCCTCTTAATAC TTTCATGTTTCAGAATA TTCCGGGC

AAACCCCGCTAATCCTAATCCTTCTCTT GAGGAG TATACTTA

TATCAACCCTCTCGACGGCACTTAT CCGCCTGGTACTGAGCA

GGTGGTGGCTCTGGTTC CGGTGATTTTGATTATG +A+ACGCT

TTCTGA GGGTGGCGGCTCTGAGGGAGGCGGTTCC TACTGGAA

GCGGCTCTGAGGGTGGT GGCTCTGAGGGTGGCGG CGGTAAAT

AATGCT GGCGGCGGCTCTGGTGGTGGTTCTGGTG TCAGAGAC

AGGCCAATCGTCTGACC TGCCTCAACCTCCTGTC TGCGCTTT

CCATTCTGGCTTTA ATGAGGATTTATTTGTTTGTGAATATCA

ATGAATAATTTCCGTCAATATTTACCTT CCCTCC +A+CTAAT

GGCTCAAGTCGGTGACG GTGATAATTCACCTTTA AAGGGGGC

CTACTGGTGATTTTGCTGGCTCTAATTC CCAAAT TATGACCG

GGTGACGTTTCCGGCCT TGCTAATGGTAATGGTG AAAATGCC

TACTGATTACGGTGCTGCTATCGATGGT TTCATT GATGAAAA

CGCGCTACAGTCTGACGCTAAAGGC AAACTTGATTCTGTCGC

TGGTAACTTTGTTCGGC TATCTGCTTACTTTTCT +A+GTCGC

ATTCCG TTATTATTGCGTTTCCTCGGTTTCCTTC CCTTTTGT

ATAAGGAGTCTTAATCA TGCCAGTTCTTTTGGGT CTTTGGCG

TATGTA TTTTCTACGTTTGCTAACATACTGCGTA CTGGTAAA

CTTTGCGTTTCTTTTAT ATGTTGCCACCTTTATG CCATATGA

ATTTTCTATTGATT GTGACAAAATAAACTTATTCCGTGGTGT

CTTATTTGGATTGGGATAAATAATATGG CTGTTT +C+TAAGA

ATTTTCATTTTTGACGT TAAACAAAAAATCGTTT TAGCTATT

CTGTTTTTATGTTATTCTCTCTGTAAAG GCTGCT GCTATTTC

GTGTTCAGTTAATTCTC CCGTCTAATGCGCTTCC ATTGTTTC

ATTAGCGCTCAATTACCCTCTGACTTTG TTCAGG TTGCTCTT

ATTATTGGGCTTAACTCAATTCTTG TGGGTTATCTCTCTGAT

AAAAACGGCTTGCTTGT TCTCGATGAGTGCGGTA +G+AATTA

TATTGG GCGCGGTAATGATTCCTACGATGAAAAT GGCTCTGG

TACCGGATAAGCCTTCT ATATCTGATTTGCTTGC AAAGACGC

GGGAGG TTCGCTAAAACGCCTCGCGTTCTTAGAA TCGTTAGC

TCTTGATTTAAGGCTTC AAAACCTCCCGCAAGTC GTTGGTAA

GATTCAGGATAAAA TTGTAGCTGGGTGCAAAATAGCAACTAA

ATGCCTCTGCCTAAATTACATGTTGGCG TTGTTA +C+GTTCT

CGGTACTTTATATTCTC TTATTACTGGCTCGAAA TGGAATGA

GTCGTCGTCTGGACAGAATTACTTTACC TTTTGT TAAGGAAA

GCGCGTTCTGCATTAGC TGAACATGTTGTTTATT GACAGCCG

TCTTGTTCAGGACTTATCTATTGTTGAT AAACAG ATTATTGA

TTGGTTTCTACATGCTCGTAAATTA GGATGGGATATTATTTT

CTTGCGATTGGATTTGC ATCAGCATTTACATATA +C+AATTA

AATATA TTTGAAAAAGTTTTCTCGCGTTCTTTGT AGCCCTAC

CATTAAATTTAGGTCAG AAGATGAAATTAACTAA TGTTGAGC

ACGCCT TATTTATCACACGGTCGGTATTTCAAAC GTTGGCTT

TAGTAATTATGATTCCG GTGTTTATTCTTATTTA TATACTGG

TAAGAATTTGTATA ACGCATATGATACTAAACAGGCTTTTTC

GCAACAGCTGATTG CACCAGTGAGACGG TCTTTT CCGTC++

CCCTTCACCGCCTGGCC CTGAGAGAGTTGCAGCAGCGAAAAA

CCCAGCAGGCGAAA TGGTTTGC CCACGC GTCAAAGGAGCGGT

ATCCTGTTTGATGGTGG TTCCGAAATCGGCAAAAACTCCAAC

TAGCCCGAGATAGG CAAAAGAA ATAAAT GAACGTGGTCCCTT

GTTGAGTGTTGTTCCAG TTTGGAACAAGAGTCCACTATTAAA

GAATTCGTAATCATGGT GAGCTC CCCCGGGTACC TTGGG+C

CATAGCTGTTTCCT GTGTGAAA TTGTTA TCCGCTTTTGCGTA

CCGGAAGCATA TACGAG ACAACA AGAGGCGGCACAATTCCAC

AAGTGTAAAGCCTG GGGTGCCT AATGAG TGAGCTGCGCGGGG

TCACTGCCCGC TTGCGC ATTGCG CGGCCAACAACTCACATTA

TTTCCAGTCGGGAA ACCTGTCGTGCCAG CTGCATTAATGAAT

TCATAAACATCCCT GGTTTCTTTGCTCG GGTAAA GCCTC+C

TACACTGGTGT GTTCAG CAAATC GTTAACGGCATGTCCGTGA

GCCAGCGGTGCCGG TACCTGCA CCGGGT TTCTTCGCCAGATG

TGCCCCCTGCA TCAGAC GATCCA GCGCAGTGTCACGTGCCTG

TGGTGCTGCGGCCA GCACTCTG GCCTGT CCAGCACGCTGCGC

GAATGCGGCGGGCCGTT TTCACG GTCATACCGGGGGTTTCTG

CCTCCGGCCAGAGCACA TGGCAG CGTCTCGTCGC TTGCC+G

TCCTCATAACGGAA CGTGCCGG ACTTGT AGAACGGGTCACTG

GCAGCAACCGC TGGTCA CTGGTC ATGAGCCGTCAGCGTGGTG

AAGAATGCCAACGG CAGCACCG TCGGTG GTGCCAGTTGCGGT

GGAGGTGTCCA ACGGCT CAGCTT CGGGCGCGTCCCACGCAAC

GCATCAGCGGGGTC ATTGCAGGCGCTTT CGCACTCAATCCGC

TACCAGTCCCGGAA TACAGCGCCATGTT GAAACG GCAAA+C

TTTGTGAGAGA TAGACT TTCTCC GTGGTGAAGGGCCGTTCCG

GACGCAGAAACAGC GAAAAAGA CTCACG GCTGATTGATAGCT

GGATCAAACTT AAATTT CTGCTC ATTTGCCGCCATAAACGAT

ATCGACATAAAAAA TTGTGTAC GGGCGG GGTAAAGTGCAGTT

ATCCCGTAAAAAAAGCC GCACAG GCGGCCTTTAGTGATGAAG

CGCTTCTGGTGCCGGAA CGGCAC AGCCAGCTTTC CCTCA+G

ACCAGGCAAAGCGC CATTCGCC ATTCAG GCTGCGACGGATAA

TGCGGGCCTCT GATCGG AAGGGC CCACGGGACAACTGTTGGG

TCGCTATTACGCCA GCTGGCGA AAGGGG GATGTGTGGAGCCG

ACGCCAGGGTT TGGGTA TTAAGT TTCAGAGGCTGCAAGGCGA

TTCCCAGTCACGAC GTTGTAAAACGACG GCCAGTGCCAAGCT

AAATCAGCTCATTT ATTAAATTTTTGTT ATTCGC CCTCA+A

TTTAACCAATA GGAACG CCATCA AAAATAATTCGAGTATCGG

AGCTTTCATCAACA CTGTAGCC GCCTTC ACGACGACCGTCTG

TTAAATGTGAG CGAGTA ACAACC CGTCGGATTCTTTGAGGGG

TTGACCGTAATGGG ACGGCGGA GAACAA CTGCCAGTCCGTGG

ATAGGTCACGTTGGTGT AGATGG GCGCATCGTAACCGTGCAT

CATCAATATGATATTCA AATCAC GGAGACAGTCA AACGT+A

ACCGTTCTAGCTGA TAAATTAA TGCCGG AGAGGGAAATTGTA

AAGGCTATCAG TCTACA GAGAGA AAATATTTTAGCTATTTTT

GTCATTGCCTGAGA GTCTGGAG CAAACA AGAGAAGTATAAGC

TAGCATGTCAA TAAAAC TAATCG GGAAGATTTCGATGAACGG

TCATATGTACCCCG GTTGATAATCAGAA AAGCCCCAAAAACA

TAATAGTAGTAGCA GGCATCAATTCTAC AAAGGT TCAAA+G

TTAACATCCAA TAAATC ATACAG GCAAGGCAAAGGTAAAGAT

AAAGCCTCAGAGCA TAAGCAAT CAAAAT ATGTGTAGAATTAG

TAAAGCTAAAT CGGTTG TACCAA AAACATTATGACCTGAGTA

AGAAGCCTTTATTT TTTGCGGG AATACT ATGCAATGCCCTGT

CAACGCAAGGATAAAAA TTTTTA GAACCCTCATATATTTTAA

GTACCTTTAATTGCTCC TAGAGA CAGGTCAGGAT TCATT+G

TTTTGATAAGAGGT CATTTTTG CGGATG GCTTAGCTATATTT

TGTAGCTCAAC TAATGC TGAATA CTGTTTAGAGCTTAATTGC

ATGTTTTAAATATG CAACTAAA GTACGG TGTCTGTCAATAAC

TGATTCCCAAT AACAGT CCATAT GCAAATGGGAAGTTTCATT

TCTGCGAACGAGTA GATTTAGTTTGACC ATTAGATACATTTC

GTTTAGACTGGATA GGTAATAGTAAAAT AGAGGG AGACC+A

GCGTCCAATAC TGCGGA ATCGTC ATAAATATTCAAGCGAACC

TTAAACAGTTCAGA CAAATGCT CCCCCT AGCTTCAATTGAAT

AAACGAGAATG ACCATA AATCAA AAATCAGGTCTTTAATTCG

AGAAGCAAAGCGGA TTATAGTC TGACTA ATCGCGTTTTACCC

TTGCATCAAAAAGATTA AGAGGA AGCCCGAAAGACTTCAAAT

GCTCATTATACCAGTCA GAACTG TGCGATTTTAA TTTGC+A

GGACGTTGGGAAGA AAAATCTA CGTTAA TAAAACGAGAGGCT

CAGGTAGAAAG TTATTA ACAACA AAAATAGCGAACTAACGGA

ATTCATCAGTTGAG ATTTAGGA ATACCA CATTCATAAAAACC

AAAGGAATTAC ACGCCA TACATA GACGACGAACTAATGCAGA

GAGGCATAGTAAGA GCAACACTATCATA ACCCTCGTTTACCA

ATAAGGGAACCGAA GCAGACGGTCAATC CGAGGC AATCA+G

CTGACCAACTT TGAAAG AGGACA GATGAACGGTGTCAACTTT

TGGCTGACCTTCAT GCATAGGC CCAGGC GTTTAATTTACAGA

CAAGAGTAATC TTGACA AGAACC GGATATTCATTTTGAGATG

GCTGCTCATTCAGT GTAACAAA ATCAAC AATTGGGCACCCAA

GAATAAGGCTTGCCCTG ACGAGA AACACCAGAACGAGTAGTA

AACGGCTACAGAGGCTT GGTAGC ATCGGAACGAG TCCAT+T

TGAGGACTAAAGAC TTTTTCAT GAGGAA GTTTCCCGACCTGC

GCCACTACGAA CGTAAT AAAATA GAAATCCGATTAAACGGGT

GGCACCAACCTAAA ACGAAAGA GGCAAA AGAATAATTGTGTC

CCCAGCGATTA TTGACC TCATCT CCTGATAACACTAAAACAC

TACCAAGCGCGAAA CAAAGTACAACGGA GATTTGTATCATCG

ATTGCGAATAATAA GAACAACTAAAGGA AGAAAG CCTCA+A

TTTTTTCACGT TGAAAA TCTCCA AAAAAAAGGCTATCGTCAC

TATCGGTTTATCAG TTTAATTG GGAGCC TTTGCGGGCCAAAA

CTTGCTTTCGA GGTGAA TTTCTT AAACAGCTTGAAGGCCGCT

ATGACAACAACCAT CGCCGACA TAGTTG GGAGTTAATACCGA

CGCCCACGCATAACCGA TATATT CGGTCGCTGAGGCTTGCAG

CCCTCAGAACCGCCACC CCGCCA CACCCTCAGAA AGTTT+G

CTCAGAGCCACCAC CCTCATTT TCAGGG ATAGCACTTTCAAC

GTAACACTGAG TGTACC AACCCA CTAAACAAAGCCCAATAGG

TTTCGTCACCAGTA CAAACTAC AACGCC TGTAGCGGATTTTG

TAGCGTAACGA CATAGT AGCCCT TCTGTATGATTCCACAGAC

TCTAAAGTTTTGTC GTCTTTCCAGACGT TAGTAAATGAATTT

TAATAAGTTTTAAC CAGGAGTGTACTGG ATGATA CTCAG+G

GGGGTCAGTGC CTTGAG TAACAG TGCCCGTATAATCACCGTA

ATTTCGGAACCTAT CCCTGCCT AATGCC TAGGTGTAACAGTT

TATTCTGAAAC ATGAAA GTATTA AGAGGCTGAGAGCCCGGAA

GATTAGCGGGGTTT AGGATTAG AAGAGA TAAGTATACTCCTC

TGCTCAGTACCAGGCGG ATAAGT GCCGTCGAGAGGGTTGATA

GAACCAGAGCCACCACC TCACCG CATAATCAAAA AGCGT+T

GGAACCGCCTCCCT CAGAGCCG CCACCC TCAGAATTCCAGTA

CTCAGAGCCGC ACCACC AGAGCC ATTTACCGCCGCCACCCTC

CACCAGAACCACCA CCAGAGCC GCCGCC AGCATTGTCTCTGA

ACGATTGGCCT GGTCAG GAGGCA AAAGCGCAGACAGGAGGTT

TGATATTCACAAAC AAATAAATCCTCAT TAAAGCCAGAATGG

CGGAAATTATTCAT AAGGTAAATATTGA GGAGGG ATTAG+T

TAAAGGTGAAT TATCAC CGTCAC CGACTTGAGCCGCCCCCTT

AAAATCACCAGTAG GAGCCAGC GAATTA CGGTCATAATTTGG

CACCATTACCA TTAGCA AGGCCG GAAACGTCACCGGCATTTT

CACCGTAATCAGTA GATAGCAG ACCATC TTTTCATCAATGAA

GCGACAGAATCAAGTTT GCCTTT AGCGTCAGACTGTAGCGCG

GCCGAACAAAGTTACCA CAGATA AGAAAAGTAAG GCGAC+T

GAAGGAAACCGAGG AAACGCAA TAATAA CGGAATACAAAAGG

AGACTCCTTAT TGATTA CTGGCA CGCCAAAGACCCAAAAGAA

TACGCAGTATGTTA GCAAACGT AGAAAA TACATATTTACCAG

GAAACGCAAAG ATAAAA CAACAT TCATATGGCATAAAGGTGG

ACACCACGGAATAA GTTTATTTTGTCAC AATCAATAGAAAAT

CCAATCCAAATAAG CCATATTATTTATC AAACAG TCTTA+G

AAACGATTTTT TGTTTA ACGTCA AAAATGAAAATAATAGCTA

TAACATAAAAACAG AGAGAGAA CTTTAC GAAATAGCAGCAGC

GGAAGCGCATT AGACGG GAGAAT TAACTGAACACGAAACAAT

AATTGAGCGCTAAT CAGAGGGT CAAAGT AAGAGCAACCTGAA

ATCAGAGAGATAACCCA CAAGAA TTGAGTTAAGCCCAATAAT

ACAAGCAAGCCGTTTTT TCGAGA TACCGCACTCA TAATT+C

ATTTTCATCGTAGG AATCATTA CCGCGC CCAATACCAGAGCC

CTTATCCGGTA AGAAGG AGATAT GCGTCTTTGCAAGCAAATC

TTCTAAGAACGCGA GGCGTTTT AGCGAA CCTCCCGCTAACGA

TTAAATCAAGA GAAGCC GGTTTT TTACCAACGACTTGCGGGA

TTAGTTGCTATTTT GCACCCAGCTACAA TTTTATCCTGAATC

TTAGGCAGAGGCAT CGCCAACATGTAAT TAACAA AGAAC+G

TTTCGAGCCAG TAATAA GAGAAT ATAAAGTACCGTCATTCCA

GTCCAGACGACGAC GTAATTCT GGTAAA TTTCCTTAACAAAA

AATAAACAACA TGTTCA GCTAAT GCAGAACGCGCCGGCTGTC

AGTCCTGAACAAGA AATAGATA ATCAAC TCAATAATCTGTTT

AAAATAATATCCCATCC TAATTT ACGAGCATGTAGAAACCAA

GCAAATCCAATCGCAAG TATATGTAAATGCTGAT TAATT+G

ACAAAGAACGCGAG AAAACTTT TTCAAA TATATTGTAGGGCT

CTGACCTAAATTTAATG GCTCAACATTAGTTAATTTCATCTT

GTTTGAAATACCGA CCGTGTGA TAAATA AGGCGTAAGCCAAC

CGGAATCATAATTACTA CCAGTATATAAATAAGAATAAACAC

GAAAAAGCCTGTTT AGTATCATATGCGT TATACAAATTCTTA
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CTCACTGGTGAAAA TGA TAGACGGTTTTTCGCCCTTTGACGT

GCCAGGCGGTGAAGGGC AATCAGCTGTTGCCCGT TGGAGTCC

ACCAGCGTGGACCGCTT GCTGCAACTCTCTCAGG ACGTTCTT

CACCATCAAACAGGATT TTCGCCTGCTGGGGCAA TAATAGTG

TTTGATTTATAAGGGAT TTTGCCGATTTCGGAAC GACTCTTG

TTCCAAACTGGAACAACACTCAACC CTATCTCGGGCTATTCT

AGCTCGGTACCCGG +TGGCGCCCAATACGCAAACCGCCTCTCC

ACAGGAAACAGCTATGA CCATGATTACGAATTCG CCGCGCGT

GTTGTGTGGAATTGTGA GCGGATAACAATTTCAC TGGCCGAT

CCCAGGCTTTACACTTT ATGCTTCCGGCTCGTAT TCATTAAT

GCAATTAATGTGAGTTA GCTCACTCATTAGGCAC GCAGCTGG

CACGACAGGTTTCCCGACTGGAAAG CGGGCAGTGAGCGCAAC

CAAAGAAACCTTTA +GTGAGGAGGCTCACGGACGCGAAGAACA

TGAACACACCAGTGTAA GGGATGTTTATGACGAG GGCACGCG

GGTAACCCGGCATCTGA TGCCGTTAACGATTTGC TGCTGGCA

TCTGATGCAGGGGGCAC CGGCACCGCTGGCTGCA GAAACCCC

GTGCACAGGCGCGCAGT GACACTGCGCTGGATCG CGGTATGA

CCGTGAAAACGGCCCGCCGCATTCT GGCCGCAGCACCACAGA

TGCCAGCGACGAGA +CGCAGGGCAACAGTGACCCGGCTCATAC

CGTTCCGTTATGAGGAT GTGCTCTGGCCGGAGGC CGCAACCG

ACCAGCACCACGCTGAC GTTCTACAAGTCCGGCA CGCCCGGC

TGCCGTTGGCATTCTTG CGGTTGCTGCTGACCAG GGATTGAG

AGCTGGTTGCGTGGGAT GGCACCACCGACGGTGC TGCGAAAG

CGCCTGCAATGACCCCGCTGATGCT GGACACCTCCAGCCGTA

TGGCGCTGTACGTT +CCGCGTTTGCCGGAACGGCAATCAGCAT

GTCTATCTCTCACAAAT TCCGGGACTGGTAAACA CGTTTAAC

TTTCCGTGAGAGCTATC CCTTCACCACGGAGAAA TTTACCCT

AATTTAAGTTTGATCCG CTGTTTCTGCGTCTCTT TCATCACT

ACAACCGCCCAACTGCT GGCGGCAAATGAGCAGA AAAGGCCG

CCTGTGCGGCTTTTTTTACGGGATT TTTTTATGTCGATGTAC

TGCCGGAAAGCTGG +TCCGGTGAGGTTATCCGTTCCCGTGGCG

TGGCGCTTTGCCTGGTT TCCGGCACCAGAAGCGG GCTCCACC

CCCTTCCCAACAGTTGC GCAGCCTGAATGGCGAA TCTGAAAG

GCTGGCGTAATAGCGAA GAGGCCCGCACCGATCG CTTGGCAC

CTTAATCGCCTTGCAGC ACATCCCCCTTTCGCCA TGGCCGTC

GTTTTACAACGTCGTGACTGGGAAA ACCCTGGCGTTACCCAA

AAAATTTAATGCGA +CTTCCTGAGGCCGATACTGTCGTCGTCC

GTTCCTATTGGTTAAAA AATGAGCTGATTTAACA CCTCAAAC

ACAGGAAGGCCAGACGC GAATTATTTTTGATGGC TGGCAGAT

ACTCGCTCACATTTAAT GTTGATGAAAGCTGGCT GCACGGTT

CCGTTTGTTCCCACGGA GAATCCGACGGGTTGTT ACGATGCG

CCCATCTACACCAACGTGACCTATC CCATTACGGTCAATCCG

TGATTTGACTGTCT +TATTAACGTTTACAATTTAAATATTTGC

TATCAGCTAGAACGGTT GAATATCATATTGATGG TTATACAA

CTCTCAAAAATAGCTAC CCTCTCCGGCATTAATT TCTTCCTG

ACTCTCAGGCAATGACC TGATAGCCTTTGTAGAT TTTTTGGG

GATTACCGTTCATCGAT TCTCTTGTTTGCTCCAG GCTTTTCT

GATTATCAACCGGGGTACATATGAT TGACATGCTAGTTTTAC

AATTGATGCCACCT +ACCCTTTTGAATCTTTACCTACACATTA

ATTTATTGGATGTTAAT GCTACTACTATTAGTAG CTCAGGCA

CTTAATTTTGCTAATTC TTTGCCTTGCCTGTATG TTGCATTT

AACCGATTTAGCTTTAT GCTCTGAGGCTTTATTG AAAATATA

CAAAAGTATTACAGGGT CATAATGTTTTTGGTAC TGAGGGTT

CTAAAAATTTTTATCCTTGCGTTGA AATAAAGGCTTCTCCCG

CTCTAATCCTGACC +CCCCAAATGAAAATATAGCTAAACAGGT

TGACCTCTTATCAAAAG GAGCAATTAAAGGTACT TATTGACC

ATTCAGCAATTAAGCTC TAAGCCATCCGCAAAAA ATTTGCGA

TGCATATTTAAAACATG TTGAGCTACAGCATTAT AATGTATC

TATGGAATGAAACTTCC AGACACCGTACTTTAGT TAATGGTC

AAACTAAATCTACTCGTTCGCAGAA TTGGGAATCAACTGTTA

TACTATTACCCCCT +CTTCCGGTCTGGTTCGCTTTGAAGCTCG

CCGCAGTATTGGACGCT ATCCAGTCTAAACATTT AATTAAAA

TTTGAGGGGGATTCAAT GAATATTTATGACGATT CGCGATAT

ATGGTCATTCTCGTTTT CTGAACTGTTTAAAGCA TTGAAGTC

ATAATAGTCAGGGTAAA GACCTGATTTTTGATTT TTTCGGGC

TTCCTCTTAATCTTTTTGATGCAAT CCGCTTTGCTTCTGACT

AGTTCTTAAAATCG +CTTTTGCAAAAGCCTCTCGCTATTTTGG

TTTCTTCCCAACGTCCT GACTGGTATAATGAGCC TTTTTATC

GTTGTTCCGTTAGTTCG TTTTATTAACGTAGATT GTCGTCTG

ATCTCAACTGATGAATC TTTCTACCTGTAATAAT GTAAACGA

ATGTATCTGCATTAGTT GAATGTGGTATTCCTAA GGGTTATG

ATAGTGTTGCTCTTACTATGCCTCG TAATTCCTTTTGGCGTT

GACCGTCTGCGCCT +CACAATGATTAAAGTTGAAATTAAACCA

TTTCAAAGTTGGTCAGT TCGGTTCCCTTATGATT TCTCAAGC

ATGCGCCTGGTCTGTAC ACCGTTCATCTGTCCTC CCAATTTA

GTCAAGATTACTCTTGA TGAAGGTCAGCCAGCCT CTACTCGT

TTACGTTGATTTGGGTA ATGAATATCCGGTTCTT TCTGGTGT

TTCTCGTCAGGGCAAGCCTTATTCA CTGAATGAGCAGCTTTG

CTACCCTCGTTCCG +GTAACATGGAGCAGGTCGCGGATTTCGA

AAGTCTTTAGTCCTCAA AGCCTCTGTAGCCGTTG CACAATTT

ATTTTACCCGTTTAATG GAAACTTCCTCATGAAA ATCAGGCG

GTTTTAGGTTGGTGCCT TCGTAGTGGCATTACGT ATGATACA

GATGAGTGTTTTAGTGT ATTCTTTTGCCTCTTTC AATCTCCG

TTGTACTTTGTTTCGCGCTTGGTAT AATCGCTGGGGGTCAAA

TTAGTTGTTCCTTT +GCTGCTGAGGGTGACGATCCCGCAAAAG

TTTCAACGTGAAAAAAT TATTATTCGCAATTCCT CGGCCTTT

TAAAGGCTCCTTTTGGA GCCTTTTTTTTGGAGAT AACTCCCT

TCACCTCGAAAGCAAGC TGATAAACCGATACAAT GCAAGCCT

GGCGCAACTATCGGTAT CAAGCTGTTTAAGAAAT CAGCGACC

GAATATATCGGTTATGCGTGGGCGA TGGTTGTTGTCATTGTC

GGCGGTTCTGAGGG +CGCTGAAACTGTTGAAAGTTGTTTAGCA

GGGTGGTGGCTCTGAGG GTGGCGGTTCTGAGGGT AAATCCCA

GGGTTCCTATTGGGCTT GCTATCCCTGAAAATGA TACAGAAA

TGTACTGGTGACGAAAC TCAGTGTTACGGTACAT ATTCATTT

GGGCTGTCTGTGGAATG CTACAGGCGTTGTAGTT ACTAACGT

CTGGAAAGACGACAAAACTTTAGAT CGTTACGCTAACTATGA

TACACTCCTGTATC +ACCTCCTGAGTACGGTGATACACCTATT

TCAAGGCACTGACCCCG TTAAAACTTATTACCAG CCGGGCTA

AGGGGGCATTAACTGTT TATACGGGCACTGTTAC TACTTATA

TTCATGTTTCAGAATAA TAGGTTCCGAAATAGGC TCAACCCT

TCCTTCTCTTGAGGAGT CTCAGCCTCTTAATACT CTCGACGG

CACTTATCCGCCTGGTACTGAGCAA AACCCCGCTAATCCTAA

GGTGATTTTGATTA +GTATGACGCTTACTGGAACGGTAAATTC

TGAGGGAGGCGGTTCCG GTGGTGGCTCTGGTTCC AGAGACTG

GCTCTGAGGGTGGCGGT TCTGAGGGTGGCGGCTC CGCTTTCC

GGTGGTGGTTCTGGTGG CGGCTCTGAGGGTGGTG ATTCTGGC

GCCTCAACCTCCTGTCA ATGCTGGCGGCGGCTCT TTTAATGA

GGATTTATTTGTTTGTGAATATCAA GGCCAATCGTCTGACCT

TATTTACCTTCCCT +AAACGCTAATAAGGGGGCTATGACCGAA

TGATAATTCACCTTTAA TGAATAATTTCCGTCAA AATGCCGA

GCTCTAATTCCCAAATG GCTCAAGTCGGTGACGG TGAAAACG

GCTAATGGTAATGGTGC TACTGGTGATTTTGCTG CGCTACAG

TATCGATGGTTTCATTG GTGACGTTTCCGGCCTT TCTGACGC

TAAAGGCAAACTTGATTCTGTCGCT ACTGATTACGGTGCTGC

ATCTGCTTACTTTT +TGAATGTCGCCCTTTTGTCTTTGGCGCT

TTCCTCGGTTTCCTTCT GGTAACTTTGTTCGGCT GGTAAACC

GCCAGTTCTTTTGGGTA TTCCGTTATTATTGCGT ATATGAAT

GCTAACATACTGCGTAA TAAGGAGTCTTAATCAT TTTCTATT

TGTTGCCACCTTTATGT ATGTATTTTCTACGTTT GATTGTGA

CAAAATAAACTTATTCCGTGGTGTC TTTGCGTTTCTTTTATA

AATAATATGGCTGT +TTCGGTAAGATAGCTATTGCTATTTCAT

AAACAAAAAATCGTTTC TTATTTGGATTGGGATA TGTTTCTT

CTCTGTAAAGGCTGCTA TTTTCATTTTTGACGTT GCTCTTAT

CGTCTAATGCGCTTCCC TGTTTTTATGTTATTCT TATTGGGC

TCTGACTTTGTTCAGGG TGTTCAGTTAATTCTCC TTAACTCA

ATTCTTGTGGGTTATCTCTCTGATA TTAGCGCTCAATTACCC

CTCGATGAGTGCGG +TGGCAAATTAGGCTCTGGAAAGACGCTC

TTCCTACGATGAAAATA AAAACGGCTTGCTTGTT GTTAGCGT

TATCTGATTTGCTTGCT ATTGGGCGCGGTAATGA TGGTAAGA

CCTCGCGTTCTTAGAAT ACCGGATAAGCCTTCTA TTCAGGAT

AAACCTCCCGCAAGTCG GGAGGTTCGCTAAAACG AAAATTGT

AGCTGGGTGCAAAATAGCAACTAAT CTTGATTTAAGGCTTCA

CATGTTGGCGTTGT +TACCCGTTCTTGGAATGATAAGGAAAGA

TATTACTGGCTCGAAAA TGCCTCTGCCTAAATTA CAGCCGAT

TTACTTTACCTTTTGTC GGTACTTTATATTCTCT TATTGATT

GAACATGTTGTTTATTG TCGTCGTCTGGACAGAA GGTTTCTA

TATTGTTGATAAACAGG CGCGTTCTGCATTAGCT CATGCTCG

TAAATTAGGATGGGATATTATTTTT CTTGTTCAGGACTTATC

TCAGCATTTACATA +TTCTCAATTAAGCCCTACTGTTGAGCGT

TTCTCGCGTTCTTTGTC TTGCGATTGGATTTGCA TGGCTTTA

AGATGAAATTAACTAAA ATATATTTGAAAAAGTT TACTGGTA

GGTCGGTATTTCAAACC ATTAAATTTAGGTCAGA AGAATTTG

TGTTTATTCTTATTTAA CGCCTTATTTATCACAC TATAACGC

ATATGATACTAAACAGGCTTTTTCT AGTAATTATGATTCCGG

TCATTTTCACCAGTGAG CGTCTA ACGTCAAAGGGCGAAAAAC

ACGGGCAACAGCTGATT GCCCTTCACCGCCTGGCGGACTCCA

TCCACGCTGGT AAGCGG TGCAGC AAGAACGTCCTGAGAGAGT

TTGCCCCAGCAGGCGAA AATCCTGTTTGATGGTGCACTATTA

TATAAATCAAA ATCCCT GGCAAA CAAGAGTCGTTCCGAAATC

AGAATAGCCCGAGATAG GGTTGAGTGTTGTTCCAGTTTGGAA

CCGGGTACCGAGCT TGGGCGCCA GGAGAGGCGGTTTGCGTAT

CGAATTCGTAA TCATGG TCATAG CTGTTTCCTGTACGCGCGG

TTCCACACAAC TCACAA ATCCGC ATCGGCCAGTGAAATTGTT

ATACGAGCCGG AAGCAT AAAGTG TAAAGCCTGGGATTAATGA

ACATTAATTGC TAACTC GTGAGC CCAGCTGCGTGCCTAATGA

GTTGCGCTCACTGCCCG CTTTCC AGTCGGGAAACCTGTCGTG

TAAAGGTTTCTTTG CCTCCTCAC TGTTCTTCGCGTCCGTGAG

CTCGTCATAAA CATCCC TTACAC TGGTGTGTTCACGCGTGCC

GCCGGGTTACC TCAGAT ACGGCA TGCCAGCAGCAAATCGTTA

TGCAGCCAGCG GTGCCG GTGCCC CCTGCATCAGAGGGGTTTC

CGCCTGTGCAC ACTGCG AGTGTC TCATACCGCGATCCAGCGC

TCTGTGGTGCTGCGGCC AGAATG CGGCGGGCCGTTTTCACGG

TCTCGTCGCTGGCA TGCCCTGCG GTATGAGCCGGGTCACTGT

GCCTCCGGCCA GAGCAC ATCCTC ATAACGGAACGCGGTTGCG

GTGGTGCTGGT GTCAGC TAGAAC GCCGGGCGTGCCGGACTTG

CTGGTCAGCAG CAACCG CAAGAA TGCCAACGGCACTCAATCC

CGCAACCAGCT ATCCCA GGTGCC CTTTCGCAGCACCGTCGGT

TACGGCTGGAGGTGTCC AGCATC AGCGGGGTCATTGCAGGCG

AACGTACAGCGCCA CAAACGCGG ATGCTGATTGCCGTTCCGG

TGTTTACCAGT CCCGGA ATTTGT GAGAGATAGACGTTAAACG

TCTCACGGAAA GATAGC TGAAGG AGGGTAAATTTCTCCGTGG

AAGAGACGCAG AAACAG CGGATC AAACTTAAATTAGTGATGA

TGGGCGGTTGT AGCAGT GCCGCC CGGCCTTTTCTGCTCATTT

GTACATCGACATAAAAA AATCCC GTAAAAAAAGCCGCACAGG

CCAGCTTTCCGGCA CTCACCGGA CGCCACGGGAACGGATAAC

CCGCTTCTGGT GCCGGA AACCAG GCAAAGCGCCAGGTGGAGC

GTTGGGAAGGG GCAACT GGCTGC CTTTCAGATTCGCCATTCA

CGATCGGTGCG GGCCTC TTCGCT ATTACGCCAGCGTGCCAAG

AGGCGATTAAG GCTGCA GGATGT GACGGCCATGGCGAAAGGG

TTGGGTAACGCCAGGGT TTTCCC AGTCACGACGTTGTAAAAC

TCGCATTAAATTTT CTCAGGAAG GGACGACGACAGTATCGGC

TGTTAAATCAG CTCATT TTTTAA CCAATAGGAACGTTTGAGG

GGCCTTCCTGT GCGTCT TAATTC ATCTGCCAGCCATCAAAAA

AGCCAGCTTTC ATCAAC ATTAAA TGTGAGCGAGTAACCGTGC

GGAACAAACGG TCCGTG GGATTC CGCATCGTAACAACCCGTC

CGGATTGACCGTAATGG GATAGG TCACGTTGGTGTAGATGGG

AGACAGTCAAATCA ACGTTAATA GCAAATATTTAAATTGTAA

CCATCAATATG ATATTC AACCGT TCTAGCTGATATTGTATAA

ATTTTTGAGAG GTAGCT GAGAGG CAGGAAGAAATTAATGCCG

ATCTACAAAGG CTATCA GGTCAT TGCCTGAGAGTCCCAAAAA

GAACGGTAATC ATCGAT AAGAGA AGAAAAGCCTGGAGCAAAC

GTAAAACTAGCATGTCA ATCATA TGTACCCCGGTTGATAATC

AGGTGGCATCAATT CAAAAGGGT TAATGTGTAGGTAAAGATT

CTACTAATAGT AGTAGC ATTAAC ATCCAATAAATTGCCTGAG

GCAAAATTAAG GAATTA GGCAAA AAATGCAACATACAGGCAA

CAATAAAGCCT CAGAGC ATAAAG CTAAATCGGTTTATATTTT

TAATACTTTTG ACCCTG ATTATG AACCCTCAGTACCAAAAAC

CGGGAGAAGCCTTTATT TCAACG CAAGGATAAAAATTTTTAG

GGTCAGGATTAGAG CATTTGGGG ACCTGTTTAGCTATATTTT

AGTACCTTTAA TTGCTC CTTTTG ATAAGAGGTCAGGTCAATA

AATTGCTGAAT GAGCTT GGCTTA TCGCAAATTTTTTGCGGAT

ATAATGCTGTA GCTCAA CATGTT TTAAATATGCAGATACATT

TTCATTCCATA GGAAGT GTGTCT GACCATTAACTAAAGTACG

TAACAGTTGATTCCCAA TTCTGC GAACGAGTAGATTTAGTTT

AGGGGGTAATAGTA GACCGGAAG CGAGCTTCAAAGCGAACCA

AAATGTTTAGA CTGGAT AGCGTC CAATACTGCGGTTTTAATT

TCCCCCTCAAA ATTGAA ATATTC ATATCGCGAATCGTCATAA

TGCTTTAAACA GTTCAG AAAACG AGAATGACCATGACTTCAA

CTGACTATTAT TTTACC CAGGTC GCCCGAAAAAATCAAAAAT

AGTCAGAAGCAAAGCGG ATTGCA TCAAAAAGATTAAGAGGAA

CGATTTTAAGAACT TTGCAAAAG CCAAAATAGCGAGAGGCTT

GGCTCATTATA CCAGTC AGGACG TTGGGAAGAAAGATAAAAA

AACGGAACAAC CGAACT ATAAAA CAGACGACAATCTACGTTA

ATTATTACAGG TAGAAA GATTCA TCAGTTGAGATTCGTTTAC

TGCAGATACAT AACTAA ACATTC CATAACCCTTAGGAATACC

AACGCCAAAAGGAATTA CGAGGC ATAGTAAGAGCAACACTAT

AGGCGCAGACGGTC ATCATTGTG TGGTTTAATTTCAACTTTA

AATCATAAGGG AACCGA ACTGAC CAACTTTGAAAGCTTGAGA

ACCAGGCGCAT GTACAG AACGGT TAAATTGGGAGGACAGATG

AGGCTGGCTGA CCTTCA TCAAGA GTAATCTTGACACGAGTAG

AATCAACGTAA TACCCA ATTCAT ACACCAGAAAGAACCGGAT

CAAAGCTGCTCATTCAG TGAATA AGGCTTGCCCTGACGAGAA

CGGAACGAGGGTAG CCATGTTAC TCGAAATCCGCGACCTGCT

CAACGGCTACA GAGGCT TTGAGG ACTAAAGACTTAAATTGTG

ACGGGTAAAAT CATTAA AGTTTC CGCCTGATTTTCATGAGGA

ACGTAATGCCA CTACGA AGGCAC CAACCTAAAACTGTATCAT

AAACACTCATC ACACTA AAGAAT CGGAGATTGAAAGAGGCAA

TTTGACCCCCAGCGATT ATACCA AGCGCGAAACAAAGTACAA

AAAGGAACAACTAA CTCAGCAGC CTTTTGCGGGATCGTCACC

AGGAATTGCGA ATAATA ATTTTT TCACGTTGAAAAAAGGCCG

AGGAGCCTTTA TCCAAA AAAGGC AGGGAGTTATCTCCAAAAA

ATTGTATCGGT TTATCA GCTTGC TTTCGAGGTGAAGGCTTGC

ATAGTTGCGCC ATACCG AGCTTG GGTCGCTGATTTCTTAAAC

GACAATGACAACAACCA TCGCCC ACGCATAACCGATATATTC

CCCTCAGAACCGCC GTTTCAGCG TGCTAAACAACTTTCAACA

ACCCTCAGAAC CGCCAC CCTCAG AGCCACCACCCTGGGATTT

AATAGGAACCC AAGCCC GATAGC TTTCTGTATCATTTTCAGG

ATGTACCGTAA CACTGA GTTTCG TCACCAGTACAAAATGAAT

ACAGACAGCCC CATTCC CTGTAG ACGTTAGTAACTACAACGC

TCATAGTTAGCGTAACG ATCTAA AGTTTTGTCGTCTTTCCAG

GATACAGGAGTGTA TCAGGAGGT AATAGGTGTATCACCGTAC

CTGGTAATAAG TTTTAA CGGGGT CAGTGCCTTGATAGCCCGG

TAATGCCCCCT AACAGT CGTATA TATAAGTAGTAACAGTGCC

GCCTATTTCGG AACCTA TTATTC TGAAACATGAAAGGGTTGA

CAAGAGAAGGA ACTCCT GCTGAG CCGTCGAGAGTATTAAGAG

TTAGGATTAGCGGGGTT TTGCTC AGTACCAGGCGGATAAGTG

TAATCAAAATCACC GCGTCATAC GAATTTACCGTTCCAGTAA

GGAACCAGAGC CACCAC CGGAAC CGCCTCCCTCACAGTCTCT

ACCCTCAGAGC ACCGCC CTCAGA GGAAAGCGGAGCCGCCACC

CACCACCCTCA GAGCCG CCACCA GAACCACCACCGCCAGAAT

GAGGTTGAGGC TGACAG CAGCAT TCATTAAAAGAGCCGCCGC

AGGTCAGACGATTGGCC TTGATA TTCACAAACAAATAAATCC

AGGGAAGGTAAATA TTAGCGTTT TTCGGTCATAGCCCCCTTA

TTGACGGAAAT TATTCA TTAAAG GTGAATTATCATCGGCATT

GGAATTAGAGC CATTTG TTGAGC CGTTTTCACCGTCACCGAC

CAGCAAAATCA CCAGTA GCACCA TTACCATTAGCCTGTAGCG

AACCATCGATA CAATGA CGTCAC GCGTCAGAAAGGCCGGAAA

GCAGCACCGTAATCAGT AGCGAC AGAATCAAGTTTGCCTTTA

AAAAGTAAGCAGAT CGACATTCA AGCGCCAAAGACAAAAGGG

AGCCGAACAAA GTTACC AGAAGG AAACCGAGGAAGGTTTACC

AAAGAACTGGC TACCCA ACGGAA ATTCATATACGCAATAATA

ATGATTAAGAC TCCTTA TTACGC AGTATGTTAGCAATAGAAA

AGGTGGCAACA ACATAA ATACAT TCACAATCAAACGTAGAAA

TATAAAAGAAACGCAAA GACACC ACGGAATAAGTTTATTTTG

ACAGCCATATTATT CTTACCGAA ATGAAATAGCAATAGCTAT

TATCCCAATCC AAATAA GAAACG ATTTTTTGTTTAAGAAACA

CCTTTACAGAG TAGCAG TGAAAA ATAAGAGCAACGTCAAAAA

AGAATAACATA AAAACA GGGAAG CGCATTAGACGGCCCAATA

ACAAAGTCAGA CCCTGA TGAACA TGAGTTAAGGAGAATTAAC

GGGTAATTGAGCGCTAA TATCAG AGAGATAACCCACAAGAAT

CCGCACTCATCGAG AATTTGCCA GAGCGTCTTTCCAGAGCCT

AACAAGCAAGC CGTTTT TATTTT CATCGTAGGAAACGCTAAC

CAAATCAGATA AGCAAG CCCAAT TCTTACCATCATTACCGCG

TAGAAGGCTTA TCCGGT ATTCTA AGAACGCGAGGATCCTGAA

GCGGGAGGTTT CGACTT ACCTCC ACAATTTTCGTTTTAGCGA

TGAAGCCTTAAATCAAG ATTAGT TGCTATTTTGCACCCAGCT

ACAACGCCAACATG GAACGGGTA TCTTTCCTTATCATTCCAA

TAATTTAGGCA GAGGCA TTTTCG AGCCAGTAATAATCGGCTG

AGGTAAAGTAA GACAAA AGTACC AATCAATAAGAGAATATAA

TTCTGTCCAGA CGACGA CAATAA ACAACATGTTCTAGAAACC

TATCAACAATA CCTGTT AACGCG CGAGCATGAGCTAATGCAG

GATAAGTCCTGAACAAG AAAAAT AATATCCCATCCTAATTTA

TATGTAAATGCTGA ACGCTCAACAGTAGGGCTTAATTGAGAA

TGCAAATCCAA TCGCAA GACAAA GAACGCGAGAATAAAGCCA

TTTAGTTAATTTCATCT TACCAGTAAACTTTTTCAAATATAT

TCTGACCTAAA TTTAAT GGTTTG AAATACCGACCCAAATTCT

TTAAATAAGAATAAACA GCGTTATAGTGTGATAAATAAGGCG

CCGGAATCATAATTACT AGAAAA AGCCTGTTTAGTATCATAT

Path diagrams exported from cadnano v1: 

DC-v1-1 (left), DC-v1-2 (middle), DC-v1-3 (right)
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CTCACTGGTGAAAA TGA TAGACGGTTTTTCGCCCTTTGACGT

GCCAGGCGGTGAAGGGC AATCAGCTGTTGCCCGT TGGAGTCC

ACCAGCGTGGACCGCTT GCTGCAACTCTCTCAGG ACGTTCTT

CACCATCAAACAGGATT TTCGCCTGCTGGGGCAA TAATAGTG

TTTGATTTATAAGGGAT TTTGCCGATTTCGGAAC GACTCTTG

TTCCAAACTGGAACAACACTCAACC CTATCTCGGGCTATTCT

AGCTCGGTACCCGG +T+ CGCCCAATACGCAAACCGCCTCTCC

ACAGGAAACAGCTATGA CCATGATTACGAATTCG CCGCGCGT

GTTGTGTGGAATTGTGA GCGGATAACAATTTCAC TGGCCGAT

CCCAGGCTTTACACTTT ATGCTTCCGGCTCGTAT TCATTAAT

GCAATTAATGTGAGTTA GCTCACTCATTAGGCAC GCAGCTGG

CACGACAGGTTTCCCGACTGGAAAG CGGGCAGTGAGCGCAAC

CAAAGAAACCTTTA +G+ AGGAGGCTCACGGACGCGAAGAACA

TGAACACACCAGTGTAA GGGATGTTTATGACGAG GGCACGCG

GGTAACCCGGCATCTGA TGCCGTTAACGATTTGC TGCTGGCA

TCTGATGCAGGGGGCAC CGGCACCGCTGGCTGCA GAAACCCC

GTGCACAGGCGCGCAGT GACACTGCGCTGGATCG CGGTATGA

CCGTGAAAACGGCCCGCCGCATTCT GGCCGCAGCACCACAGA

TGCCAGCGACGAGA +C+ AGGGCAACAGTGACCCGGCTCATAC

CGTTCCGTTATGAGGAT GTGCTCTGGCCGGAGGC CGCAACCG

ACCAGCACCACGCTGAC GTTCTACAAGTCCGGCA CGCCCGGC

TGCCGTTGGCATTCTTG CGGTTGCTGCTGACCAG GGATTGAG

AGCTGGTTGCGTGGGAT GGCACCACCGACGGTGC TGCGAAAG

CGCCTGCAATGACCCCGCTGATGCT GGACACCTCCAGCCGTA

TGGCGCTGTACGTT +C+ CGTTTGCCGGAACGGCAATCAGCAT

GTCTATCTCTCACAAAT TCCGGGACTGGTAAACA CGTTTAAC

TTTCCGTGAGAGCTATC CCTTCACCACGGAGAAA TTTACCCT

AATTTAAGTTTGATCCG CTGTTTCTGCGTCTCTT TCATCACT

ACAACCGCCCAACTGCT GGCGGCAAATGAGCAGA AAAGGCCG

CCTGTGCGGCTTTTTTTACGGGATT TTTTTATGTCGATGTAC

TGCCGGAAAGCTGG +T+ GGTGAGGTTATCCGTTCCCGTGGCG

TGGCGCTTTGCCTGGTT TCCGGCACCAGAAGCGG GCTCCACC

CCCTTCCCAACAGTTGC GCAGCCTGAATGGCGAA TCTGAAAG

GCTGGCGTAATAGCGAA GAGGCCCGCACCGATCG CTTGGCAC

CTTAATCGCCTTGCAGC ACATCCCCCTTTCGCCA TGGCCGTC

GTTTTACAACGTCGTGACTGGGAAA ACCCTGGCGTTACCCAA

AAAATTTAATGCGA +C+ CCTGAGGCCGATACTGTCGTCGTCC

GTTCCTATTGGTTAAAA AATGAGCTGATTTAACA CCTCAAAC

ACAGGAAGGCCAGACGC GAATTATTTTTGATGGC TGGCAGAT

ACTCGCTCACATTTAAT GTTGATGAAAGCTGGCT GCACGGTT

CCGTTTGTTCCCACGGA GAATCCGACGGGTTGTT ACGATGCG

CCCATCTACACCAACGTGACCTATC CCATTACGGTCAATCCG

TGATTTGACTGTCT +T+ TAACGTTTACAATTTAAATATTTGC

TATCAGCTAGAACGGTT GAATATCATATTGATGG TTATACAA

CTCTCAAAAATAGCTAC CCTCTCCGGCATTAATT TCTTCCTG

ACTCTCAGGCAATGACC TGATAGCCTTTGTAGAT TTTTTGGG

GATTACCGTTCATCGAT TCTCTTGTTTGCTCCAG GCTTTTCT

GATTATCAACCGGGGTACATATGAT TGACATGCTAGTTTTAC

AATTGATGCCACCT +A+ CTTTTGAATCTTTACCTACACATTA

ATTTATTGGATGTTAAT GCTACTACTATTAGTAG CTCAGGCA

CTTAATTTTGCTAATTC TTTGCCTTGCCTGTATG TTGCATTT

AACCGATTTAGCTTTAT GCTCTGAGGCTTTATTG AAAATATA

CAAAAGTATTACAGGGT CATAATGTTTTTGGTAC TGAGGGTT

CTAAAAATTTTTATCCTTGCGTTGA AATAAAGGCTTCTCCCG

CTCTAATCCTGACC +C+ CAAATGAAAATATAGCTAAACAGGT

TGACCTCTTATCAAAAG GAGCAATTAAAGGTACT TATTGACC

ATTCAGCAATTAAGCTC TAAGCCATCCGCAAAAA ATTTGCGA

TGCATATTTAAAACATG TTGAGCTACAGCATTAT AATGTATC

TATGGAATGAAACTTCC AGACACCGTACTTTAGT TAATGGTC

AAACTAAATCTACTCGTTCGCAGAA TTGGGAATCAACTGTTA

TACTATTACCCCCT +C+ CCGGTCTGGTTCGCTTTGAAGCTCG

CCGCAGTATTGGACGCT ATCCAGTCTAAACATTT AATTAAAA

TTTGAGGGGGATTCAAT GAATATTTATGACGATT CGCGATAT

ATGGTCATTCTCGTTTT CTGAACTGTTTAAAGCA TTGAAGTC

ATAATAGTCAGGGTAAA GACCTGATTTTTGATTT TTTCGGGC

TTCCTCTTAATCTTTTTGATGCAAT CCGCTTTGCTTCTGACT

AGTTCTTAAAATCG +C+ TTGCAAAAGCCTCTCGCTATTTTGG

TTTCTTCCCAACGTCCT GACTGGTATAATGAGCC TTTTTATC

GTTGTTCCGTTAGTTCG TTTTATTAACGTAGATT GTCGTCTG

ATCTCAACTGATGAATC TTTCTACCTGTAATAAT GTAAACGA

ATGTATCTGCATTAGTT GAATGTGGTATTCCTAA GGGTTATG

ATAGTGTTGCTCTTACTATGCCTCG TAATTCCTTTTGGCGTT

GACCGTCTGCGCCT +C+ AATGATTAAAGTTGAAATTAAACCA

TTTCAAAGTTGGTCAGT TCGGTTCCCTTATGATT TCTCAAGC

ATGCGCCTGGTCTGTAC ACCGTTCATCTGTCCTC CCAATTTA

GTCAAGATTACTCTTGA TGAAGGTCAGCCAGCCT CTACTCGT

TTACGTTGATTTGGGTA ATGAATATCCGGTTCTT TCTGGTGT

TTCTCGTCAGGGCAAGCCTTATTCA CTGAATGAGCAGCTTTG

CTACCCTCGTTCCG +G+ ACATGGAGCAGGTCGCGGATTTCGA

AAGTCTTTAGTCCTCAA AGCCTCTGTAGCCGTTG CACAATTT

ATTTTACCCGTTTAATG GAAACTTCCTCATGAAA ATCAGGCG

GTTTTAGGTTGGTGCCT TCGTAGTGGCATTACGT ATGATACA

GATGAGTGTTTTAGTGT ATTCTTTTGCCTCTTTC AATCTCCG

TTGTACTTTGTTTCGCGCTTGGTAT AATCGCTGGGGGTCAAA

TTAGTTGTTCCTTT +G+ GCTGAGGGTGACGATCCCGCAAAAG

TTTCAACGTGAAAAAAT TATTATTCGCAATTCCT CGGCCTTT

TAAAGGCTCCTTTTGGA GCCTTTTTTTTGGAGAT AACTCCCT

TCACCTCGAAAGCAAGC TGATAAACCGATACAAT GCAAGCCT

GGCGCAACTATCGGTAT CAAGCTGTTTAAGAAAT CAGCGACC

GAATATATCGGTTATGCGTGGGCGA TGGTTGTTGTCATTGTC

GGCGGTTCTGAGGG +C+ TGAAACTGTTGAAAGTTGTTTAGCA

GGGTGGTGGCTCTGAGG GTGGCGGTTCTGAGGGT AAATCCCA

GGGTTCCTATTGGGCTT GCTATCCCTGAAAATGA TACAGAAA

TGTACTGGTGACGAAAC TCAGTGTTACGGTACAT ATTCATTT

GGGCTGTCTGTGGAATG CTACAGGCGTTGTAGTT ACTAACGT

CTGGAAAGACGACAAAACTTTAGAT CGTTACGCTAACTATGA

TACACTCCTGTATC +A+ TCCTGAGTACGGTGATACACCTATT

TCAAGGCACTGACCCCG TTAAAACTTATTACCAG CCGGGCTA

AGGGGGCATTAACTGTT TATACGGGCACTGTTAC TACTTATA

TTCATGTTTCAGAATAA TAGGTTCCGAAATAGGC TCAACCCT

TCCTTCTCTTGAGGAGT CTCAGCCTCTTAATACT CTCGACGG

CACTTATCCGCCTGGTACTGAGCAA AACCCCGCTAATCCTAA

GGTGATTTTGATTA +G+ TGACGCTTACTGGAACGGTAAATTC

TGAGGGAGGCGGTTCCG GTGGTGGCTCTGGTTCC AGAGACTG

GCTCTGAGGGTGGCGGT TCTGAGGGTGGCGGCTC CGCTTTCC

GGTGGTGGTTCTGGTGG CGGCTCTGAGGGTGGTG ATTCTGGC

GCCTCAACCTCCTGTCA ATGCTGGCGGCGGCTCT TTTAATGA

GGATTTATTTGTTTGTGAATATCAA GGCCAATCGTCTGACCT

TATTTACCTTCCCT +A+ CGCTAATAAGGGGGCTATGACCGAA

TGATAATTCACCTTTAA TGAATAATTTCCGTCAA AATGCCGA

GCTCTAATTCCCAAATG GCTCAAGTCGGTGACGG TGAAAACG

GCTAATGGTAATGGTGC TACTGGTGATTTTGCTG CGCTACAG

TATCGATGGTTTCATTG GTGACGTTTCCGGCCTT TCTGACGC

TAAAGGCAAACTTGATTCTGTCGCT ACTGATTACGGTGCTGC

ATCTGCTTACTTTT +T+ ATGTCGCCCTTTTGTCTTTGGCGCT

TTCCTCGGTTTCCTTCT GGTAACTTTGTTCGGCT GGTAAACC

GCCAGTTCTTTTGGGTA TTCCGTTATTATTGCGT ATATGAAT

GCTAACATACTGCGTAA TAAGGAGTCTTAATCAT TTTCTATT

TGTTGCCACCTTTATGT ATGTATTTTCTACGTTT GATTGTGA

CAAAATAAACTTATTCCGTGGTGTC TTTGCGTTTCTTTTATA

AATAATATGGCTGT +T+ GGTAAGATAGCTATTGCTATTTCAT

AAACAAAAAATCGTTTC TTATTTGGATTGGGATA TGTTTCTT

CTCTGTAAAGGCTGCTA TTTTCATTTTTGACGTT GCTCTTAT

CGTCTAATGCGCTTCCC TGTTTTTATGTTATTCT TATTGGGC

TCTGACTTTGTTCAGGG TGTTCAGTTAATTCTCC TTAACTCA

ATTCTTGTGGGTTATCTCTCTGATA TTAGCGCTCAATTACCC

CTCGATGAGTGCGG +T+ CAAATTAGGCTCTGGAAAGACGCTC

TTCCTACGATGAAAATA AAAACGGCTTGCTTGTT GTTAGCGT

TATCTGATTTGCTTGCT ATTGGGCGCGGTAATGA TGGTAAGA

CCTCGCGTTCTTAGAAT ACCGGATAAGCCTTCTA TTCAGGAT

AAACCTCCCGCAAGTCG GGAGGTTCGCTAAAACG AAAATTGT

AGCTGGGTGCAAAATAGCAACTAAT CTTGATTTAAGGCTTCA

CATGTTGGCGTTGT +T+ CCGTTCTTGGAATGATAAGGAAAGA

TATTACTGGCTCGAAAA TGCCTCTGCCTAAATTA CAGCCGAT

TTACTTTACCTTTTGTC GGTACTTTATATTCTCT TATTGATT

GAACATGTTGTTTATTG TCGTCGTCTGGACAGAA GGTTTCTA

TATTGTTGATAAACAGG CGCGTTCTGCATTAGCT CATGCTCG

TAAATTAGGATGGGATATTATTTTT CTTGTTCAGGACTTATC

TCAGCATTTACATA +T+ TCAATTAAGCCCTACTGTTGAGCGT

TTCTCGCGTTCTTTGTC TTGCGATTGGATTTGCA TGGCTTTA

AGATGAAATTAACTAAA ATATATTTGAAAAAGTT TACTGGTA

GGTCGGTATTTCAAACC ATTAAATTTAGGTCAGA AGAATTTG

TGTTTATTCTTATTTAA CGCCTTATTTATCACAC TATAACGC

ATATGATACTAAACAGGCTTTTTCT AGTAATTATGATTCCGG

GAG TCATTTTCACCAGT CGTCTA CGAAAAAC ACGTCAAAGGG

ACG GGCAACAGCTGATT GCCCTTCACCGCCTGGCGGACTCCA

TCCACGCTGGT AAGCGG TGCAGC GAGAGAGT AAGAACGTCCT

TTGCCCCAGCAGGCGAA AATCCTGTTTGATGGTGCACTATTA

AAA TATAAATC ATCCCT GGCAAA CCGAAATC CAAGAGTCGTT

AGA ATAGCCCGAGATAG GGTTGAGTGTTGTTCCAGTTTGGAA

GCT CCGGGTACCGA +A TGGGCG TTGCGTAT GGAGAGGCGGT

CGA ATTCGTAA TCATGG TCATAG CTGTTTCC TGTACGCGCGG

TTCCACACAAC TCACAA ATCCGC AAATTGTT ATCGGCCAGTG

ATACGAGCCGG AAGCAT AAAGTG TAAAGCCT GGGATTAATGA

TGC ACATTAAT TAACTC GTGAGC CCTAATGA CCAGCTGCGTG

GTT GCGCTCACTGCCCG CTTTCC AGTCGGGA AACCTGTCGTG

TTG TAAAGGTTTCT +C CCTCCT TCCGTGAG TGTTCTTCGCG

CTC GTCATAAA CATCCC TTACAC TGGTGTGT TCACGCGTGCC

GCCGGGTTACC TCAGAT ACGGCA AATCGTTA TGCCAGCAGCA

TGCAGCCAGCG GTGCCG GTGCCC CCTGCATC AGAGGGGTTTC

CAC CGCCTGTG ACTGCG AGTGTC TCCAGCGC TCATACCGCGA

TCT GTGGTGCTGCGGCC AGAATG CGGCGGGC CGTTTTCACGG

GCA TCTCGTCGCTG +G TGCCCT GTCACTGT GTATGAGCCGG

GCC TCCGGCCA GAGCAC ATCCTC ATAACGGA ACGCGGTTGCG

GTGGTGCTGGT GTCAGC TAGAAC CGGACTTG GCCGGGCGTGC

CTGGTCAGCAG CAACCG CAAGAA TGCCAACG GCACTCAATCC

GCT CGCAACCA ATCCCA GGTGCC CCGTCGGT CTTTCGCAGCA

TAC GGCTGGAGGTGTCC AGCATC AGCGGGGT CATTGCAGGCG

CCA AACGTACAGCG +G CAAACG CGTTCCGG ATGCTGATTGC

TGT TTACCAGT CCCGGA ATTTGT GAGAGATA GACGTTAAACG

TCTCACGGAAA GATAGC TGAAGG CTCCGTGG AGGGTAAATTT

AAGAGACGCAG AAACAG CGGATC AAACTTAA ATTAGTGATGA

TGT TGGGCGGT AGCAGT GCCGCC GCTCATTT CGGCCTTTTCT

GTA CATCGACATAAAAA AATCCC GTAAAAAA AGCCGCACAGG

GCA CCAGCTTTCCG +A CTCACC CGGATAAC CGCCACGGGAA

CCG CTTCTGGT GCCGGA AACCAG GCAAAGCG CCAGGTGGAGC

GTTGGGAAGGG GCAACT GGCTGC GCCATTCA CTTTCAGATTC

CGATCGGTGCG GGCCTC TTCGCT ATTACGCC AGCGTGCCAAG

AAG AGGCGATT GCTGCA GGATGT CGAAAGGG GACGGCCATGG

TTG GGTAACGCCAGGGT TTTCCC AGTCACGA CGTTGTAAAAC

TTT TCGCATTAAAT +G CTCAGG GTATCGGC GGACGACGACA

TGT TAAATCAG CTCATT TTTTAA CCAATAGG AACGTTTGAGG

GGCCTTCCTGT GCGTCT TAATTC ATCAAAAA ATCTGCCAGCC

AGCCAGCTTTC ATCAAC ATTAAA TGTGAGCG AGTAACCGTGC

CGG GGAACAAA TCCGTG GGATTC AACCCGTC CGCATCGTAAC

CGG ATTGACCGTAATGG GATAGG TCACGTTG GTGTAGATGGG

TCA AGACAGTCAAA +A ACGTTA AATTGTAA GCAAATATTTA

CCA TCAATATG ATATTC AACCGT TCTAGCTG ATATTGTATAA

ATTTTTGAGAG GTAGCT GAGAGG TAATGCCG CAGGAAGAAAT

ATCTACAAAGG CTATCA GGTCAT TGCCTGAG AGTCCCAAAAA

ATC GAACGGTA ATCGAT AAGAGA GAGCAAAC AGAAAAGCCTG

GTA AAACTAGCATGTCA ATCATA TGTACCCC GGTTGATAATC

ATT AGGTGGCATCA +T CAAAAG TAAAGATT TAATGTGTAGG

CTA CTAATAGT AGTAGC ATTAAC ATCCAATA AATTGCCTGAG

GCAAAATTAAG GAATTA GGCAAA ACAGGCAA AAATGCAACAT

CAATAAAGCCT CAGAGC ATAAAG CTAAATCG GTTTATATTTT

TTG TAATACTT ACCCTG ATTATG CCAAAAAC AACCCTCAGTA

CGG GAGAAGCCTTTATT TCAACG CAAGGATA AAAATTTTTAG

GAG GGTCAGGATTA +G CATTTG TATATTTT ACCTGTTTAGC

AGT ACCTTTAA TTGCTC CTTTTG ATAAGAGG TCAGGTCAATA

AATTGCTGAAT GAGCTT GGCTTA TTGCGGAT TCGCAAATTTT

ATAATGCTGTA GCTCAA CATGTT TTAAATAT GCAGATACATT

ATA TTCATTCC GGAAGT GTGTCT AAAGTACG GACCATTAACT

TAA CAGTTGATTCCCAA TTCTGC GAACGAGT AGATTTAGTTT

GTA AGGGGGTAATA +G GACCGG GCGAACCA CGAGCTTCAAA

AAA TGTTTAGA CTGGAT AGCGTC CAATACTG CGGTTTTAATT

TCCCCCTCAAA ATTGAA ATATTC CGTCATAA ATATCGCGAAT

TGCTTTAAACA GTTCAG AAAACG AGAATGAC CATGACTTCAA

TAT CTGACTAT TTTACC CAGGTC TCAAAAAT GCCCGAAAAAA

AGT CAGAAGCAAAGCGG ATTGCA TCAAAAAG ATTAAGAGGAA

ACT CGATTTTAAGA +G TTGCAA AGAGGCTT CCAAAATAGCG

GGC TCATTATA CCAGTC AGGACG TTGGGAAG AAAGATAAAAA

AACGGAACAAC CGAACT ATAAAA CTACGTTA CAGACGACAAT

ATTATTACAGG TAGAAA GATTCA TCAGTTGA GATTCGTTTAC

CAT TGCAGATA AACTAA ACATTC GGAATACC CATAACCCTTA

AAC GCCAAAAGGAATTA CGAGGC ATAGTAAG AGCAACACTAT

GTC AGGCGCAGACG +G ATCATT CAACTTTA TGGTTTAATTT

AAT CATAAGGG AACCGA ACTGAC CAACTTTG AAAGCTTGAGA

ACCAGGCGCAT GTACAG AACGGT GACAGATG TAAATTGGGAG

AGGCTGGCTGA CCTTCA TCAAGA GTAATCTT GACACGAGTAG

TAA AATCAACG TACCCA ATTCAT AACCGGAT ACACCAGAAAG

CAA AGCTGCTCATTCAG TGAATA AGGCTTGC CCTGACGAGAA

TAG CGGAACGAGGG +C CCATGT GACCTGCT TCGAAATCCGC

CAA CGGCTACA GAGGCT TTGAGG ACTAAAGA CTTAAATTGTG

ACGGGTAAAAT CATTAA AGTTTC CATGAGGA CGCCTGATTTT

ACGTAATGCCA CTACGA AGGCAC CAACCTAA AACTGTATCAT

ATC AAACACTC ACACTA AAGAAT AGAGGCAA CGGAGATTGAA

TTT GACCCCCAGCGATT ATACCA AGCGCGAA ACAAAGTACAA

TAA AAAGGAACAAC +C CTCAGC TCGTCACC CTTTTGCGGGA

AGG AATTGCGA ATAATA ATTTTT TCACGTTG AAAAAAGGCCG

AGGAGCCTTTA TCCAAA AAAGGC TCCAAAAA AGGGAGTTATC

ATTGTATCGGT TTATCA GCTTGC TTTCGAGG TGAAGGCTTGC

GCC ATAGTTGC ATACCG AGCTTG TCTTAAAC GGTCGCTGATT

GAC AATGACAACAACCA TCGCCC ACGCATAA CCGATATATTC

GCC CCCTCAGAACC +G GTTTCA TTTCAACA TGCTAAACAAC

ACC CTCAGAAC CGCCAC CCTCAG AGCCACCA CCCTGGGATTT

AATAGGAACCC AAGCCC GATAGC TTTTCAGG TTTCTGTATCA

ATGTACCGTAA CACTGA GTTTCG TCACCAGT ACAAAATGAAT

CCC ACAGACAG CATTCC CTGTAG TACAACGC ACGTTAGTAAC

TCA TAGTTAGCGTAACG ATCTAA AGTTTTGT CGTCTTTCCAG

GTA GATACAGGAGT +T TCAGGA CACCGTAC AATAGGTGTAT

CTG GTAATAAG TTTTAA CGGGGT CAGTGCCT TGATAGCCCGG

TAATGCCCCCT AACAGT CGTATA ACAGTGCC TATAAGTAGTA

GCCTATTTCGG AACCTA TTATTC TGAAACAT GAAAGGGTTGA

GGA CAAGAGAA ACTCCT GCTGAG ATTAAGAG CCGTCGAGAGT

TTA GGATTAGCGGGGTT TTGCTC AGTACCAG GCGGATAAGTG

ACC TAATCAAAATC +C GCGTCA TCCAGTAA GAATTTACCGT

GGA ACCAGAGC CACCAC CGGAAC CGCCTCCC TCACAGTCTCT

ACCCTCAGAGC ACCGCC CTCAGA CCGCCACC GGAAAGCGGAG

CACCACCCTCA GAGCCG CCACCA GAACCACC ACCGCCAGAAT

GGC GAGGTTGA TGACAG CAGCAT GCCGCCGC TCATTAAAAGA

AGG TCAGACGATTGGCC TTGATA TTCACAAA CAAATAAATCC

ATA AGGGAAGGTAA +T TTAGCG CCCCCTTA TTCGGTCATAG

TTG ACGGAAAT TATTCA TTAAAG GTGAATTA TCATCGGCATT

GGAATTAGAGC CATTTG TTGAGC TCACCGAC CGTTTTCACCG

CAGCAAAATCA CCAGTA GCACCA TTACCATT AGCCTGTAGCG

ATA AACCATCG CAATGA CGTCAC GCCGGAAA GCGTCAGAAAG

GCA GCACCGTAATCAGT AGCGAC AGAATCAA GTTTGCCTTTA

GAT AAAAGTAAGCA +A CGACAT CAAAAGGG AGCGCCAAAGA

AGC CGAACAAA GTTACC AGAAGG AAACCGAG GAAGGTTTACC

AAAGAACTGGC TACCCA ACGGAA CAATAATA ATTCATATACG

ATGATTAAGAC TCCTTA TTACGC AGTATGTT AGCAATAGAAA

ACA AGGTGGCA ACATAA ATACAT CGTAGAAA TCACAATCAAA

TAT AAAAGAAACGCAAA GACACC ACGGAATA AGTTTATTTTG

ATT ACAGCCATATT +A CTTACC ATAGCTAT ATGAAATAGCA

TAT CCCAATCC AAATAA GAAACG ATTTTTTG TTTAAGAAACA

CCTTTACAGAG TAGCAG TGAAAA GTCAAAAA ATAAGAGCAAC

AGAATAACATA AAAACA GGGAAG CGCATTAG ACGGCCCAATA

AGA ACAAAGTC CCCTGA TGAACA GAATTAAC TGAGTTAAGGA

GGG TAATTGAGCGCTAA TATCAG AGAGATAA CCCACAAGAAT

GAG CCGCACTCATC +A AATTTG CAGAGCCT GAGCGTCTTTC

AAC AAGCAAGC CGTTTT TATTTT CATCGTAG GAAACGCTAAC

CAAATCAGATA AGCAAG CCCAAT TTACCGCG TCTTACCATCA

TAGAAGGCTTA TCCGGT ATTCTA AGAACGCG AGGATCCTGAA

TTT GCGGGAGG CGACTT ACCTCC TTTAGCGA ACAATTTTCGT

TGA AGCCTTAAATCAAG ATTAGT TGCTATTT TGCACCCAGCT

ATG ACAACGCCAAC +A GAACGG CATTCCAA TCTTTCCTTAT

TAA TTTAGGCA GAGGCA TTTTCG AGCCAGTA ATAATCGGCTG

AGGTAAAGTAA GACAAA AGTACC GAATATAA AATCAATAAGA

TTCTGTCCAGA CGACGA CAATAA ACAACATG TTCTAGAAACC

ATA TATCAACA CCTGTT AACGCG TAATGCAG CGAGCATGAGC

GAT AAGTCCTGAACAAG AAAAAT AATATCCC ATCCTAATTTA

TGA TATGTAAATGC +A ACGCTCAACAGTAGGGCTTAATTGA

TGC AAATCCAA TCGCAA GACAAA GAACGCGA GAATAAAGCCA

TTTAGTTAATTTCATCT TACCAGTAAACTTTTTCAAATATAT

TCTGACCTAAA TTTAAT GGTTTG AAATACCG ACCCAAATTCT

ACA TTAAATAAGAATAA GCGTTATAGTGTGATAAATAAGGCG

CCG GAATCATAATTACT AGAAAA AGCCTGTT TAGTATCATAT
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A T T A C G A A T T C G A GT G A  T A G A C G G T T T T T C G C C C T T T G A C G T

TAACAATTTCACACAGG AAACAGCTATGACCATG TGGAGTCC

T C C G G C T C G T A T G T T G T  G T G G A A T T G T G A G C G G AA C G T T C T T

CTCATTAGGCACCCCAG GCTTTACACTTTATGCT TAATAGTG

A G T G A G C G C A A C G C A A T  T A A T G T G A G T T A G C T C AG A C T C T T G

CTGGCACGACAGGTTTC CCGACTGGAAAGCGGGC TTCCAAAC

C T C T C C C C G C G C G T T G G  C C G A T T C A T T A A T G C A GT G G A A C A A

GAAAAACCACCCTGGCG CCCAATACGCAAACCGC CACTCAAC

G G C A A T C A G C T G T T G C C  C G T C T C A C T G G T G A A A AC C T A T C T C

CTTGCTGCAACTCTCTC AGGGCCAGGCGGTGAAG GGGCTATT

A T T T T C G C C T G C T G G G G  C A A A C C A G C G T G G A C C GC T T T T G A T

TTATAAGGGATTTTGCCGATTTCGG AACCACCATCAAACAGG

T G A G G A T G T G C T C T+ G G A T C C T C A A C T G T G A G G A G G C T C A C G G

CGCTGACGTTCTACAAG TCCGGCACGTTCCGTTA ACGCGAAG

A T T C T T G C G G T T G C T G C  T G A C C A G A C C A G C A C C AA A C A G G C A

GTGGGATGGCACCACCG ACGGTGCTGCCGTTGGC CGCGTGCT

T G A T G C T G G A C A C C T C C  A G C C G T A A G C T G G T T G CG G C A G A A A

GGATTGAGTGCGAAAGC GCCTGCAATGACCCCGC CCCCCGGT

C A G T G A C C C G G C T C A T A  C C G C A A C C G C G C C C G G CA T G A C C G T

AAGAAACCTTTACCCAT TACCAGCCGCAGGGCAA GAAAACGG

A A C A C A C C A G T G T A A G G  G A T G T T T A T G A C G A G C AC C C G C C G C

TAACCCGGCATCTGATG CCGTTAACGATTTGCTG ATTCTGGC

T G A T G C A G G G G G C A C C G  G C A C C G C T G G C T G C A G GC G C A G C A C

CACAGAGTGCACAGGCGCGCAGTGA CACTGCGCTGGATCGTC

A A T G G C G C T T T G C C+ C C A G C G A C G A G A C G A A A A A A C G G A C C G C

CGCCCTTCCCAACAGTT GCGCAGCCTGAATGGCG GTTTGCCG

C A G C T G G C G T A A T A G C G  A A G A G G C C C G C A C C G A TG A A C G G C A

AACTTAATCGCCTTGCA GCACATCCCCCTTTCGC ATCAGCAT

C A A C G T C G T G A C T G G G A  A A A C C C T G G C G T T A C C CC G T T T A A C

CACCTCTGAAAGCTTGG CACTGGCCGTCGTTTTA TTTACCCT

T T T C C G G T G A G G T T A T C  C G T T C C C G T G G C G G C T CT C A T C A C T

CTGGTAAACATGGCGCT GTACGTTTCGCCGATTG AAAGGCCG

C A C G G A G A A A G T C T A T C  T C T C A C A A A T T C C G G G AC C T G T G C G

TGCGTCTCTTTTTCCGT GAGAGCTATCCCTTCAC GCTTTTTT

A A T G A G C A G A A A T T T A A  G T T T G A T C C G C T G T T T CT A C G G G A T

TTTTTTATGTCGATGTACACAACCG CCCAACTGCTGGCGGCA

C T C C G G C A T T A A T T+ C C A G A A G C G G T G C C G G A A A G C T G G C T G G

TAGCCTTTGTAGATCTC TCAAAAATAGCTACCCT AGTGCGAT

C T T G T T T G C T C C A G A C T  C T C A G G C A A T G A C C T G AC T T C C T G A

CATGCTAGTTTTACGAT TACCGTTCATCGATTCT GGCCGATA

T T T T C T G A T T A T C A A C C  G G G G T A C A T A T G A T T G AC T G T C G T C

ATATTTGCTTATACAAT CTTCCTGTTTTTGGGGC GTCCCCTC

G A A T T T T A A C A A A A T A T  T A A C G T T T A C A A T T T A AA A A C T G G C

TAAAAAATGAGCTGATT TAACAAAAATTTAATGC AGATGCAC

G A C G C G A A T T A T T T T T G  A T G G C G T T C C T A T T G G TG G T T A C G A

TTAATGTTGATGAAAGC TGGCTACAGGAAGGCCA TGCGCCCA

A C G G A G A A T C C G A C G G G  T T G T T A C T C G C T C A C A TT C T A C A C C

AACGTGACCTATCCCATTACGGTCA ATCCGCCGTTTGTTCCC

A T T A A G C T C T A A G C+ C G G T T G A A T A T C A T A T T G A T G G T G A T T T

TAAAACATGTTGAGCTA CAGCATTATATTCAGCA GACTGTCT

G A A A C T T C C A G A C A C C G  T A C T T T A G T T G C A T A T TC C G G C C T T

TTCGCAGAATTGGGAAT CAACTGTTATATGGAAT TCTCACCC

G A A A T G T A T C T A A T G G T  C A A A C T A A A T C T A C T C GT T T T G A A T

GAAAATATAGCTAAACA GGTTATTGACCATTTGC CTTTACCT

A A T T G A T G C C A C C T T T T  C A G C T C G C G C C C C A A A TA C A C A T T A

ATTTATTGGATGTTAAT GCTACTACTATTAGTAG CTCAGGCA

C T T A A T T T T G C T A A T T C  T T T G C C T T G C C T G T A T GT T G C A T T T

AACCGATTTAGCTTTAT GCTCTGAGGCTTTATTG AAAATATA

C A A A A G T A T T A C A G G G T  C A T A A T G T T T T T G G T A CT G A G G G T T

CTAAAAATTTTTATCCTTGCGTTGA AATAAAGGCTTCTCCCG

T A A T G T T G T T C C G T+ T G A C C T C T T A T C A A A A G G A G C A A T T A A A

CTAAATCTCAACTGATG AATCTTTCTACCTGTAA GGTACTCT

C G T T A T G T A T C T G C A T T  A G T T G A A T G T G G T A T T CC T A A T C C T

TGTTGCTCTTACTATGC CTCGTAATTCCTTTTGG GACCTGTT

T T T A T C G T C G T C T G G T A  A A C G A G G G T T A T G A T A GG G A G T T T G

ACTTCTTTTGCAAAAGC CTCTCGCTATTTTGGTT CTTCCGGT

G T C T A A A C A T T T T A C T A  T T A C C C C C T C T G G C A A AC T G G T T C G

TTTATGACGATTCCGCA GTATTGGACGCTATCCA CTTTGAAG

C T G T T T A A A G C A T T T G A  G G G G G A T T C A A T G A A T AC T C G A A T T

GATTTTTGATTTATGGT CATTCTCGTTTTCTGAA AAAACGCG

T T G C T T C T G A C T A T A A T  A G T C A G G G T A A A G A C C TA T A T T T G A

AGTCTTTCGGGCTTCCTCTTAATCT TTTTGATGCAATCCGCT

C G T A G T G G C A T T A C+ T T A A C G T A G A T T T T T C T T C C C A A C G T C C

TTCTTTTGCCTCTTTCG TTTTAGGTTGGTGCCTT TGACTGGT

A T C G C T G G G G G T C A A A G  A T G A G T G T T T T A G T G T AA T A A T G A G

AATCTCCGTTGTACTTT GTTTCGCGCTTGGTATA CCAGTTCT

C G G A T T T C G A C A C A A T T  T A T C A G G C G A T G A T A C AT A A A A T C G

GCCTCGTTCCGGCTAAG TAACATGGAGCAGGTCG CATAAGGT

G G T C A G T T C G G T T C C C T  T A T G A T T G A C C G T C T G CA A T T C A C A

TCTGTACACCGTTCATC TGTCCTCTTTCAAAGTT ATGATTAA

C T C T T G A T G A A G G T C A G  C C A G C C T A T G C G C C T G GA G T T G A A A

TTGGGTAATGAATATCC GGTTCTTGTCAAGATTA TTAAACCA

T T A T T C A C T G A A T G A G C  A G C T T T G T T A C G T T G A TT C T C A A G C

CCAATTTACTACTCGTTCTGGTGTT TCTCGTCAGGGCAAGCC

G G T G A C G A A A C T C A+ T T T A A T G G A A A C T T C C T C A T G A A A A A G T

TCTGTGGAATGCTACAG GCGTTGTAGTTTGTACT CTTTAGTC

A A A C T T T A G A T C G T T A C  G C T A A C T A T G A G G G C T GC T C A A A G C

GAAAATTCATTTACTAA CGTCTGGAAAGACGACA CTCTGTAG

A A C T G T T G A A A G T T G T T  T A G C A A A A T C C C A T A C AC C G T T G C T

CTTTAGTTGTTCCTTTC TATTCTCACTCCGCTGA ACCCTCGT

A T T T T C A A C G T G A A A A A  A T T A T T A T T C G C A A T T CT C C G A T G C

ATTAAAGGCTCCTTTTG GAGCCTTTTTTTTGGAG TGTCTTTC

A T T C A C C T C G A A A G C A A  G C T G A T A A A C C G A T A C AG C T G C T G A

TCGGCGCAACTATCGGT ATCAAGCTGTTTAAGAA GGGTGACG

A T C G G T T A T G C G T G G G C  G A T G G T T G T T G T C A T T GA T C C C G C A

AAAGCGGCCTTTAACTCCCTGCAAG CCTCAGCGACCGAATAT

G G C T C T G G T G G T G G+ A T G G G T T C C T A T T G G G C T T G C T A T C C C T

TGACCTGCCTCAACCTC CTGTCAATGCTGGCGGC GAAAATGA

A T T T A T T T G T T T G T G A A  T A T C A A G G C C A A T C G T CG G G T G G T G

AGAGACTGCGCTTTCCA TTCTGGCTTTAATGAGG GCTCTGAG

A G C C A T G T A T G A C G C T T  A C T G G A A C G G T A A A T T CG G T G G C G G

AAACTTATTACCAGTAC ACTCCTGTATCATCAAA TTCTGAGG

A C G G G C A C T G T T A C T C A  A G G C A C T G A C C C C G T T AG T G G C G G T

GTTCCGAAATAGGCAGG GGGCATTAACTGTTTAT TCTGAGGG

A G C C T C T T A A T A C T T T C  A T G T T T C A G A A T A A T A GT G G C G G T A

CCCGCTAATCCTAATCC TTCTCTTGAGGAGTCTC CTAAACCT

C G A C G G C A C T T A T C C G C  C T G G T A C T G A G C A A A A CC C T G A G T A

CGGTGATACACCTATTCCGGGCTAT ACTTATATCAACCCTCT

T A T G T A T T T T C T A C+ C T C T G A G G G T G G T G G C T C T G A G G G T G G C

CTTTGCGTTTCTTTTAT ATGTTGCCACCTTTATG GGTTCTGA

T T G A T T G T G A C A A A A T A  A A C T T A T T C C G T G G T G TG G G T G G C G

GTCTTTGGCGCTGGTAA ACCATATGAATTTTCTA GCTCTGAG

T T C C C T C C C T C A A T C G G  T T G A A T G T C G C C C T T T TG G A G G C G G

CACCTTTAATGAATAAT TTCCGTCAATATTTACC TTCCGGTG

T C C C A A A T G G C T C A A G T  C G G T G A C G G T G A T A A T TG T G G C T C T

TAATGGTGCTACTGGTG ATTTTGCTGGCTCTAAT GGTTCCGG

G T T T C A T T G G T G A C G T T  T C C G G C C T T G C T A A T G GT G A T T T T G

TCTGTCGCTACTGATTA CGGTGCTGCTATCGATG ATTATGAA

C G C G C T A C A G T C T G A C G  C T A A A G G C A A A C T T G A TA A G A T G G C

AAACGCTAATAAGGGGGCTATGACC GAAAATGCCGATGAAAA

C T C C C G C A A G T C G G+ A C T G C G T A A T A A G G A G T C T T A A T C A T G C

AATAGCAACTAATCTTG ATTTAAGGCTTCAAAAC CAGTTCTT

G T A A G A T T C A G G A T A A A  A T T G T A G C T G G G T G C A AT T G G G T A T

AAATTAGGCTCTGGAAA GACGCTCGTTAGCGTTG TCCGTTAT

G A T A A A T A A T A T G G C T G  T T T A T T T T G T A A C T G G CT A T T G C G T

CGTTAAACAAAAAATCG TTTCTTATTTGGATTGG TTCCTCGG

T T C T C T C T G T A A A G G C T  G C T A T T T T C A T T T T T G AT T T C C T T C

CTCCCGTCTAATGCGCT TCCCTGTTTTTATGTTA TGGTAACT

A C C C T C T G A C T T T G T T C  A G G G T G T T C A G T T A A T TT T G T T C G G

TTGTGGGTTATCTCTCT GATATTAGCGCTCAATT CTATCTGC

T T T C T T G C T C T T A T T A T  T G G G C T T A A C T C A A T T CT T A C T T T T

CTTAAAAAGGGCTTCGGTAAGATAG CTATTGCTATTTCATTG

G A T T C C G G T G T T T A+ A A C G C C T C G C G T T C T T A G A A T A C C G G A T

ATATGATACTAAACAGG CTTTTTCTAGTAATTAT AAGCCTTC

G T T G G C T T T A T A C T G G T  A A G A A T T T G T A T A A C G CT A T A T C T G

TATGGCGATTCTCAATT AAGCCCTACTGTTGAGC ATTTGCTT

G C C T C T G C C T A A A T T A C  A T G T T G G C G T T G T T A A AG C T A T T G G

GTACTTTATATTCTCTT ATTACTGGCTCGAAAAT GCGCGGTA

C G T C G T C T G G A C A G A A T  T A C T T T A C C T T T T G T C GA T G A T T C C

GCGTTCTGCATTAGCTG AACATGTTGTTTATTGT TACGATGA

T T G T T C A G G A C T T A T C T  A T T G T T G A T A A A C A G G CA A A T A A A A

CATGCTCGTAAATTAGG ATGGGATATTATTTTTC ACGGCTTG

T A A G G A A A G A C A G C C G A  T T A T T G A T T G G T T T C T AC T T G T T C T

CGATGAGTGCGGTACTTGGTTTAAT ACCCGTTCTTGGAATGA

TCACTCGAATTCGTAAT CGTCTA ACGTCAAAGGGCGAAAAAC

C A T G G T C A T A G C T G T T TC C T G T G T G A A A T T G T T A G G A C T C C A

TACGAGCCGGA ACAACA TTCCAC AAGAACGTTCCGCTCACAA

A G C A T A A A G T G T A A A G CC T G G G G T G C C T A A T G A G C A C T A T T A

TTGCGCTCACT ATTGCG ACATTA CAAGAGTCTGAGCTAACTC

G C C C G C T T T C C A G T C G GG A A A C C T G T C G T G C C A G G T T T G G A A

CGCGGGGAGAG CCAACG AATCGG TTGTTCCACTGCATTAATG

G C G G T T T G C G T A T T G G GC G C C A G G G T G G T T T T T C G T T G A G T G

AGCTGATTGCC GGCAAC GAGACG GAGATAGGTTTTCACCAGT

C T T C A C C G C C T G G C C C TG A G A G A G T T G C A G C A A G A A T A G C C C

CAGGCGAAAAT CCCCAG GGTTTG ATCAAAAGCGGTCCACGCT

C C T G T T T G A T G G T G G T TC C G A A A T C G G C A A A A T C C C T T A T A A

AGAGCACATCCTCA TGAGGATCC CCGTGAGCCTCCTCACAGT

T A A C G G A A C G TG C C G G A C T T G T AG A A C G T C A G C G C T T C G C G T

ACCGCAAGAAT GCAGCA TGGTCA TGCCTGTTTGGTGCTGGTC

G C C A A C G G C A GC A C C G T C G G T G GT G C C A T C C C A C A G C A C G C G

GTCCAGCATCA GGAGGT ACGGCT TTTCTGCCGCAACCAGCTT

G C G G G G T C A T TG C A G G C G C T T T CG C A C T C A A T C C A C C G G G G G

CCGGGTCACTG TATGAG TTGCGG ACGGTCATGCCGGGCGCGG

T T G C C C T G C G GC T G G T A A T G G G TA A A G G T T T C T T C C G T T T T C

ACTGGTGTGTT CCTTAC AACATC GCGGCGGGTGCTCGTCATA

C A G C A A A T C G TT A A C G G C A T C A GA T G C C G G G T T A G C C A G A A T

CCCCTGCATCA CGGTGC CGGTGC GTGCTGCGCCTGCAGCCAG

G A C G A T C C A G C G C A G T GT C A C T GC G C G C C T G T G C A C T C T G T G

GGCAAAGCGCCATT CGTCGCTGG GCGGTCCGTTTTTTCGTCT

C G C C A T T C A G GC T G C G C A A C T G TT G G G A A G G G C G C G G C A A A C

TACGCCAGCTG CGCTAT CCTCTT TGCCGTTCATCGGTGCGGG

G C G A A A G G G G GA T G T G C T G C A A GG C G A T T A A G T T A T G C T G A T

TCACGACGTTG TCCCAG GGGTTT GTTAAACGGGGTAACGCCA

T A A A A C G A C G GC C A G T G C C A A G CT T T C A G A G G T G A G G G T A A A

CTCACCGGAAA GATAAC GGAACG AGTGATGAGAGCCGCCACG

C A A T C G G C G A AA C G T A C A G C G C CA T G T T T A C C A G C G G C C T T T

CTTTCTCCGTG GATAGA GTGAGA CGCACAGGTCCCGGAATTT

G T G A A G G G A T AG C T C T C A C G G A AA A A G A G A C G C A A A A A A A G C

TTCTGCTCATT TTAAAT TCAAAC ATCCCGTAGAAACAGCGGA

T G C C G C C A G C A G T T G G GC G G T T GT G T A C A T C G A C A T A A A A A A

AATTAATGCCGGAG CGCTTCTGG CCAGCCAGCTTTCCGGCAC

A G G G T A G C T A TT T T T G A G A G A T CT A C A A A G G C T A A T C G C A C T

GAGCAAACAAG AGTCTG CCTGAG TCAGGAAGTCAGGTCATTG

A G A A T C G A T G AA C G G T A A T C G T AA A A C T A G C A T G T A T C G G C C

TAATCAGAAAA GGTTGA TACCCC GACGACAGTCAATCATATG

G C C C C A A A A A CA G G A A G A T T G T AT A A G C A A A T A T G A G G G G A C

TGTTAAAATTC ATATTT ACGTTA GCCAGTTTTTAAATTGTAA

G C A T T A A A T T TT T G T T A A A T C A GC T C A T T T T T T A G T G C A T C T

TAATTCGCGTC CAAAAA CGCCAT TCGTAACCACCAATAGGAA

T G G C C T T C C T GT A G C C A G C T T T CA T C A A C A T T A A T G G G C G C A

GGATTCTCCGT CCCGTC TAACAA GGTGTAGAATGTGAGCGAG

G G G A A C A A A C G G C G G A TT G A C C GT A A T G G G A T A G G T C A C G T T

GCTTAGAGCTTAAT ATTCAACCG AAATCACCATCAATATGAT

T G C T G A A T A T AA T G C T G T A G C T CA A C A T G T T T T A A G A C A G T C

CTGGAAGTTTC CGGTGT AAAGTA AAGGCCGGAATATGCAACT

A T T C C A T A T A AC A G T T G A T T C C CA A T T C T G C G A A G G G T G A G A

AGATACATTTC ACCATT AGTTTG ATTCAAAACGAGTAGATTT

G C A A A T G G T C AA T A A C C T G T T T AG C T A T A T T T T C A G G T A A A G

TGGCATCAATT AAAAGG GAGCTG TAATGTGTATTTGGGGCGC

C T A C T A A T A G TA G T A G C A T T A A CA T C C A A T A A A T T G C C T G A G

GCAAAATTAAG GAATTA GGCAAA AAATGCAACATACAGGCAA

C A A T A A A G C C TC A G A G C A T A A A GC T A A A T C G G T T T A T A T T T T

TAATACTTTTG ACCCTG ATTATG AACCCTCAGTACCAAAAAC

C G G G A G A A G C C T T T A T TT C A A C GC A A G G A T A A A A A T T T T T A G

ACGGAACAACATTA AAGAGGTCA TTTAATTGCTCCTTTTGAT

T T A C A G G T A G AA A G A T T C A T C A GT T G A G A T T T A G A G A G T A C C

GATACATAACG AATGCA TCAACT AGGATTAGGAATACCACAT

C C A A A A G G A A TT A C G A G G C A T A GT A A G A G C A A C A A A C A G G T C

ACGACGATAAA TACCAG CTCGTT CAAACTCCCTATCATAACC

A A C C A A A A T A GC G A G A G G C T T T TG C A A A A G A A G T A C C G G A A G

AATGTTTAGAC TAGTAA GGGTAA CGAACCAGTTTGCCAGAGG

T G G A T A G C G T CC A A T A C T G C G G AA T C G T C A T A A A C T T C A A A G

GCTTTAAACAG TCAAAT TCCCCC AATTCGAGTATTCATTGAA

T T C A G A A A A C GA G A A T G A C C A T AA A T C A A A A A T C C G C G T T T T

GTCAGAAGCAA ATTATA CTGACT TCAAATATAGGTCTTTACC

A G C G G A T T G C A T C A A A AA G A T T AA G A G G A A G C C C G A A A G A C T

GTAATGCCACTACG CTACGTTAA GGACGTTGGGAAGAAAAAT

A A G G C A C C A A CC T A A A A C G A A A GA G G C A A A A G A A A C C A G T C A

CCCCCAGCGAT CTTTGA ACTCAT CTCATTATTACACTAAAAC

T A T A C C A A G C GC G A A A C A A A G T AC A A C G G A G A T T A G A A C T G G

GTCGAAATCCG AATTGT CTGATA CGATTTTATGTATCATCGC

C G A C C T G C T C CA T G T T A C T T A G CC G G A A C G A G G C A C C T T A T G

CCGAACTGACC AGGGAA ATCATA TGTGAATTGCAGACGGTCA

A A C T T T G A A A GA G G A C A G A T G A AC G G T G T A C A G A T T A A T C A T

TTCATCAAGAG CTGACC GGCTGG TTTCAACTCCAGGCGCATA

T A A T C T T G A C AA G A A C C G G A T A TT C A T T A C C C A A T G G T T T A A

TCAGTGAATAA GCTCAT AAAGCT GCTTGAGAATCAACGTAAC

G G C T T G C C C T G A C G A G AA A C A C CA G A A C G A G T A G T A A A T T G G

TGAGTTTCGTCACC TCCATTAAA ACTTTTTCATGAGGAAGTT

A G T A C A A A C T AC A A C G C C T G T A GC A T T C C A C A G A G A C T A A A G

ATCTAAAGTTT GTAACG GTTAGC GCTTTGAGCAGCCCTCATA

T G T C G T C T T T CC A G A C G T T A G T AA A T G A A T T T T C C T A C A G A G

TTTCAACAGTT AACAAC TTGCTA AGCAACGGTGTATGGGATT

T C A G C G G A G T GA G A A T A G A A A G GA A C A A C T A A A G A C G A G G G T

ACGTTGAAAAT TTTTTC AATAAT GCATCGGAGAATTGCGAAT

C T C C A A A A A A AA G G C T C C A A A A GG A G C C T T T A A T G A A A G A C A

TCGAGGTGAAT TTGCTT ATCAGC TCAGCAGCTGTATCGGTTT

T T C T T A A A C A GC T T G A T A C C G A TA G T T G C G C C G A C G T C A C C C

GCATAACCGAT GCCCAC ACCATC TGCGGGATCAATGACAACA

A T A T T C G G T C G C T G A G GC T T G C AG G G A G T T A A A G G C C G C T T T

CCACCACCAGAGCC GGAACCCAT AGGGATAGCAAGCCCAATA

G C C G C C A G C A TT G A C A G G A G G T TG A G G C A G G T C A T C A T T T T C

AACAAATAAAT TTCACA TTGATA CACCACCCGACGATTGGCC

C C T C A T T A A A GC C A G A A T G G A A AG C G C A G T C T C T C T C A G A G C

CATACATGGCT AAGCGT TCCAGT CCGCCACCGAATTTACCGT

T T T G A T G A T A CA G G A G T G T A C T GG T A A T A A G T T T C C T C A G A A

ACAGTGCCCGT TGAGTA GTGCCT ACCGCCACTAACGGGGTCA

A T A A A C A G T T AA T G C C C C C T G C CT A T T T C G G A A C C C C T C A G A

ATTAAGAGGCT GAAAGT AAACAT TACCGCCACTATTATTCTG

G A G A C T C C T C AA G A G A A G G A T T AG G A T T A G C G G G A G G T T T A G

AAGTGCCGTCG GCGGAT TACCAG TACTCAGGGTTTTGCTCAG

A G A G G G T T G A T A T A A G TA T A G C CC G G A A T A G G T G T A T C A C C G

GTAGAAAATACATA CCCTCAGAG GCCACCCTCAGAGCCACCA

C A T A A A G G T G GC A A C A T A T A A A AG A A A C G C A A A G T C A G A A C C

GTCACAATCAA TATTTT TAAGTT CGCCACCCACACCACGGAA

T A G A A A A T T C AT A T G G T T T A C C AG C G C C A A A G A C C T C A G A G C

GAGGGAGGGAA CCGATT ATTCAA CCGCCTCCAAAAGGGCGAC

G G T A A A T A T T GA C G G A A A T T A T T C A T T A A A G G T G C A C C G G A A

GCCATTTGGGA ACTTGA TCACCG AGAGCCACAATTATCACCG

A T T A G A G C C A GC A A A A T C A C C A GT A G C A C C A T T A C C G G A A C C

ACCAATGAAAC AACGTC GCCGGA CAAAATCACCATTAGCAAG

C A T C G A T A G C AG C A C C G T A A T C AG T A G C G A C A G A T T C A T A A T

ACTGTAGCGCG CGTCAG CTTTAG GCCATCTTATCAAGTTTGC

T T T T C A T C G G C A T T T T C G G T C A TA G C C C C C T T A T T A G C G T T T

CCGACTTGCGGGAG TTACGCAGT GCATGATTAAGACTCCTTA

G T T T T G A A G C CT T A A A T C A A G A TT A G T T G C T A T T A A G A A C T G

CTGAATCTTAC TTTATC TACAAT ATACCCAATTGCACCCAGC

C A A C G C T A A C GA G C G T C T T T C C AG A G C C T A A T T T A T A A C G G A

TATTATTTATC CAGCCA AATAAA ACGCAATAGCCAGTTACAA

C C A A T C C A A A TA A G A A A C G A T T TT T T G T T T A A C G C C G A G G A A

TACAGAGAGAA AGCCTT AATAGC GAAGGAAATCAAAAATGAA

T A A C A T A A A A AC A G G G A A G C G C AT T A G A C G G G A G A G T T A C C A

AGTCAGAGGGT GAACAA CACCCT CCGAACAAAATTAACTGAA

A A T T G A G C G C TA A T A T C A G A G A GA T A A C C C A C A A G C A G A T A G

AGAGCAAGAAA ATAATA AGCCCA AAAAGTAAGAATTGAGTTA

C A A T G A A A T A G C A A T A G C T A T C TT A C C G A A G C C C T T T T T A A G

TAAACACCGGAATC ATCCGGTATTCTAAGAACGCGAGGCGTT

A T A A T T A C T A GA A A A A G C C T G T TT A G T A T C A T A T G A A G G C T T

ACCAGTATAAAGCCAAC CAGATATAGCGTTATACAAATTCTT

G C T C A A C A G T AG G G C T T A A T T G AG A A T C G C C A T A A A G C A A A T

GTAATTTAGGCAGAGGC CCAATAGCTTTAACAACGCCAACAT

A T T T T C G A G C CA G T A A T A A G A G AA T A T A A A G T A C T A C C G C G C

ATTCTGTCCAGACGACG GGAATCATCGACAAAAGGTAAAGTA

A C A A T A A A C A AC A T G T T C A G C T AA T G C A G A A C G C T C A T C G T A

AGATAAGTCCTGAACAA TTTTATTTGCCTGTTTATCAACAAT

G A A A A A T A A T AT C C C A T C C T A A TT T A C G A G C A T G C A A G C C G T

TCGGCTGTCTTTCCTTA AGAACAAGTAGAAACCAATCAATAA

T C A T T C C A A G A A C G G G TA T T A A A C C A A G T A C C G C A C T C A T C G
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A T T A C G A  A T T C G A G C T C G G T A C C C G G+ T + C G C C C T T T G A C G T

TAACAATTTCACACAGG AAACAGCTATGACCATG TGGAGTCC

T C C G G C T C G T A T G T T G T G T G G A A T T G T G A G  C G G AA C G T T C T T

CTCATTAGGCACCCCAG GCTTTACACTTTATGCT TAATAGTG

A G T G A G C  G C A A C G C A A T T A A T G T G A G T T A G C T C AG A C T C T T G

CTGGCACGACAGGTTTC CCGACTGGAAAGCGGGC TTCCAAAC

C T C T C C C C G C G C G T T G G C C G A T T C A T T A A T  G C A GT G G A A C A A

GAAAAACCACCCTGGCG CCCAATACGCAAACCGC CACTCAAC

G G C A A T C  A G C T G T T G C C C G T C T C A C T G G T G A A A AC C T A T C T C

CTTGCTGCAACTCTCTC AGGGCCAGGCGGTGAAG GGGCTATT

A T T T T C G C C T G C T G G G G C A A A C C A G C G T G G  A C C GC T T T T G A T

TTATAAGGGATTTTGCCGATTTCGG AACCACCATCAAACAGG

T G A G G A T G T G C T C T G G C  C G G A G G C T G+ G + A G G A G G C T C A C G G

CGCTGACGTTCTACAAGTCCGGCACGT TCCGTTA ACGCGAAG

A T T C T T G C G G T T G C T G C  T G A C C A G A C C A G C A C C AA A C A G G C A

GTGG GATGGCACCACCGACGGTGCTGCCGTTGGC CGCGTGCT

T G A T G C T G G A C A C C T C C  A G C C G T A A G C T G G T T G CG G C A G A A A

GGATTGAGTGCGAAAGCGCCTGCAATG ACCCCGC CCCCCGGT

C A G T G A C C C G G C T C A T A  C C G C A A C C G C G C C C G G CA T G A C C G T

AAGA AACCTTTACCCATTACCAGCCGCAGGGCAA GAAAACGG

A A C A C A C C A G T G T A A G G  G A T G T T T A T G A C G A G C AC C C G C C G C

TAACCCGGCATCTGATGCCGTTAACGA TTTGCTG ATTCTGGC

T G A T G C A G G G G G C A C C G  G C A C C G C T G G C T G C A G GC G C A G C A C

CACAGAGTGCAC AGGCGCGCAGTGACACTGCGCTGGATCGTC

A A T G G C G  C T T T G C C T G G T T T C C G G C A+ C + A A A A A C G G A C C G C

CGCCCTTCCCAACAGTT GCGCAGCCTGAATGGCG GTTTGCCG

C A G C T G G C G T A A T A G C G A A G A G G C C C G C A C  C G A TG A A C G G C A

AACTTAATCGCCTTGCA GCACATCCCCCTTTCGC ATCAGCAT

C A A C G T C  G T G A C T G G G A A A A C C C T G G C G T T A C C CC G T T T A A C

CACCTCTGAAAGCTTGG CACTGGCCGTCGTTTTA TTTACCCT

T T T C C G G T G A G G T T A T C C G T T C C C G T G G C G  G C T CT C A T C A C T

CTGGTAAACATGGCGCT GTACGTTTCGCCGATTG AAAGGCCG

C A C G G A G  A A A G T C T A T C T C T C A C A A A T T C C G G G AC C T G T G C G

TGCGTCTCTTTTTCCGT GAGAGCTATCCCTTCAC GCTTTTTT

A A T G A G C A G A A A T T T A A G T T T G A T C C G C T G  T T T CT A C G G G A T

TTTTTTATGTCGATGTACACAACCG CCCAACTGCTGGCGGCA

C T C C G G C A T T A A T T T A T  C A G C T A G A A+ C + G A A A G C T G G C T G G

TAGCCTTTGTAGATCTCTCAAAAATAG CTACCCT AGTGCGAT

C T T G T T T G C T C C A G A C T  C T C A G G C A A T G A C C T G AC T T C C T G A

CATG CTAGTTTTACGATTACCGTTCATCGATTCT GGCCGATA

T T T T C T G A T T A T C A A C C  G G G G T A C A T A T G A T T G AC T G T C G T C

ATATTTGCTTATACAATCTTCCTGTTT TTGGGGC GTCCCCTC

G A A T T T T A A C A A A A T A T  T A A C G T T T A C A A T T T A AA A A C T G G C

TAAA AAATGAGCTGATTTAACAAAAATTTAATGC AGATGCAC

G A C G C G A A T T A T T T T T G  A T G G C G T T C C T A T T G G TG G T T A C G A

TTAATGTTGATGAAAGCTGGCTACAGG AAGGCCA TGCGCCCA

A C G G A G A A T C C G A C G G G  T T G T T A C T C G C T C A C A TT C T A C A C C

AACGTGACCTAT CCCATTACGGTCAATCCGCCGTTTGTTCCC

A T T A A G C  T C T A A G C C A T C C G C A A A A A+ A + T T G A T G G T G A T T T

TAAAACATGTTGAGCTA CAGCATTATATTCAGCA GACTGTCT

G A A A C T T C C A G A C A C C G T A C T T T A G T T G C A  T A T TC C G G C C T T

TTCGCAGAATTGGGAAT CAACTGTTATATGGAAT TCTCACCC

G A A A T G T  A T C T A A T G G T C A A A C T A A A T C T A C T C GT T T T G A A T

GAAAATATAGCTAAACA GGTTATTGACCATTTGC CTTTACCT

A A T T G A T G C C A C C T T T T C A G C T C G C G C C C C  A A A TA C A C A T T A

ATTTATTGGATGTTAAT GCTACTACTATTAGTAG CTCAGGCA

C T T A A T T  T T G C T A A T T C T T T G C C T T G C C T G T A T GT T G C A T T T

AACCGATTTAGCTTTAT GCTCTGAGGCTTTATTG AAAATATA

C A A A A G T A T T A C A G G G T C A T A A T G T T T T T G  G T A CT G A G G G T T

CTAAAAATTTTTATCCTTGCGTTGA AATAAAGGCTTCTCCCG

T A A T G T T G T T C C G T T A G  T T C G T T T T A+ A + A G G A G C A A T T A A A

CTAAATCTCAACTGATGAATCTTTCTA CCTGTAA GGTACTCT

C G T T A T G T A T C T G C A T T  A G T T G A A T G T G G T A T T CC T A A T C C T

TGTT GCTCTTACTATGCCTCGTAATTCCTTTTGG GACCTGTT

T T T A T C G T C G T C T G G T A  A A C G A G G G T T A T G A T A GG G A G T T T G

ACTTCTTTTGCAAAAGCCTCTCGCTAT TTTGGTT CTTCCGGT

G T C T A A A C A T T T T A C T A  T T A C C C C C T C T G G C A A AC T G G T T C G

TTTA TGACGATTCCGCAGTATTGGACGCTATCCA CTTTGAAG

C T G T T T A A A G C A T T T G A  G G G G G A T T C A A T G A A T AC T C G A A T T
GATTTTTGATTTATGGTCATTCTCGTT TTCTGAA AAAACGCG

T T G C T T C T G A C T A T A A T  A G T C A G G G T A A A G A C C TA T A T T T G A

AGTCTTTCGGGC TTCCTCTTAATCTTTTTGATGCAATCCGCT

C G T A G T G  G C A T T A C G T A T T T T A C C C G+ T + C T T C C C A A C G T C C

TTCTTTTGCCTCTTTCG TTTTAGGTTGGTGCCTT TGACTGGT

A T C G C T G G G G G T C A A A G A T G A G T G T T T T A G  T G T AA T A A T G A G

AATCTCCGTTGTACTTT GTTTCGCGCTTGGTATA CCAGTTCT

C G G A T T T  C G A C A C A A T T T A T C A G G C G A T G A T A C AT A A A A T C G

GCCTCGTTCCGGCTAAG TAACATGGAGCAGGTCG CATAAGGT

G G T C A G T T C G G T T C C C T T A T G A T T G A C C G T  C T G CA A T T C A C A

TCTGTACACCGTTCATC TGTCCTCTTTCAAAGTT ATGATTAA

C T C T T G A  T G A A G G T C A G C C A G C C T A T G C G C C T G GA G T T G A A A

TTGGGTAATGAATATCC GGTTCTTGTCAAGATTA TTAAACCA

T T A T T C A C T G A A T G A G C A G C T T T G T T A C G T  T G A TT C T C A A G C

CCAATTTACTACTCGTTCTGGTGTT TCTCGTCAGGGCAAGCC

G G T G A C G A A A C T C A G T G  T T A C G G T A C+ T + C T C A T G A A A A A G T

TCTGTGGAATGCTACAGGCGTTGTAGT TTGTACT CTTTAGTC

A A A C T T T A G A T C G T T A C  G C T A A C T A T G A G G G C T GC T C A A A G C

GAAA ATTCATTTACTAACGTCTGGAAAGACGACA CTCTGTAG

A A C T G T T G A A A G T T G T T  T A G C A A A A T C C C A T A C AC C G T T G C T

CTTTAGTTGTTCCTTTCTATTCTCACT CCGCTGA ACCCTCGT

A T T T T C A A C G T G A A A A A  A T T A T T A T T C G C A A T T CT C C G A T G C

ATTA AAGGCTCCTTTTGGAGCCTTTTTTTTGGAG TGTCTTTC

A T T C A C C T C G A A A G C A A  G C T G A T A A A C C G A T A C AG C T G C T G A

TCGGCGCAACTATCGGTATCAAGCTGT TTAAGAA GGGTGACG

A T C G G T T A T G C G T G G G C  G A T G G T T G T T G T C A T T GA T C C C G C A

AAAGCGGCCTTT AACTCCCTGCAAGCCTCAGCGACCGAATAT

G G C T C T G  G T G G T G G T T C T G G T G G C G G+ T + G C T T G C T A T C C C T

TGACCTGCCTCAACCTC CTGTCAATGCTGGCGGC GAAAATGA

A T T T A T T T G T T T G T G A A T A T C A A G G C C A A T  C G T CG G G T G G T G

AGAGACTGCGCTTTCCA TTCTGGCTTTAATGAGG GCTCTGAG

A G C C A T G  T A T G A C G C T T A C T G G A A C G G T A A A T T CG G T G G C G G

AAACTTATTACCAGTAC ACTCCTGTATCATCAAA TTCTGAGG

A C G G G C A C T G T T A C T C A A G G C A C T G A C C C C  G T T AG T G G C G G T

GTTCCGAAATAGGCAGG GGGCATTAACTGTTTAT TCTGAGGG

A G C C T C T  T A A T A C T T T C A T G T T T C A G A A T A A T A GT G G C G G T A

CCCGCTAATCCTAATCC TTCTCTTGAGGAGTCTC CTAAACCT

C G A C G G C A C T T A T C C G C C T G G T A C T G A G C A  A A A CC C T G A G T A

CGGTGATACACCTATTCCGGGCTAT ACTTATATCAACCCTCT

T A T G T A T T T T C T A C G T T  T G C T A A C A T+ T + C T C T G A G G G T G G C

CTTTGCGTTTCTTTTATATGTTGCCAC CTTTATG GGTTCTGA

T T G A T T G T G A C A A A A T A  A A C T T A T T C C G T G G T G TG G G T G G C G

GTCT TTGGCGCTGGTAAACCATATGAATTTTCTA GCTCTGAG

T T C C C T C C C T C A A T C G G  T T G A A T G T C G C C C T T T TG G A G G C G G

CACCTTTAATGAATAATTTCCGTCAAT ATTTACC TTCCGGTG

T C C C A A A T G G C T C A A G T  C G G T G A C G G T G A T A A T TG T G G C T C T

TAAT GGTGCTACTGGTGATTTTGCTGGCTCTAAT GGTTCCGG

G T T T C A T T G G T G A C G T T  T C C G G C C T T G C T A A T G GT G A T T T T G

TCTGTCGCTACTGATTACGGTGCTGCT ATCGATG ATTATGAA

C G C G C T A C A G T C T G A C G  C T A A A G G C A A A C T T G A TA A G A T G G C

AAACGCTAATAA GGGGGCTATGACCGAAAATGCCGATGAAAA

C T C C C G C  A A G T C G G G A G G T T C G C T A A+ G + G T C T T A A T C A T G C

AATAGCAACTAATCTTG ATTTAAGGCTTCAAAAC CAGTTCTT

G T A A G A T T C A G G A T A A A A T T G T A G C T G G G T  G C A AT T G G G T A T

AAATTAGGCTCTGGAAA GACGCTCGTTAGCGTTG TCCGTTAT

G A T A A A T  A A T A T G G C T G T T T A T T T T G T A A C T G G CT A T T G C G T

CGTTAAACAAAAAATCG TTTCTTATTTGGATTGG TTCCTCGG

T T C T C T C T G T A A A G G C T G C T A T T T T C A T T T  T T G AT T T C C T T C

CTCCCGTCTAATGCGCT TCCCTGTTTTTATGTTA TGGTAACT

A C C C T C T  G A C T T T G T T C A G G G T G T T C A G T T A A T TT T G T T C G G

TTGTGGGTTATCTCTCT GATATTAGCGCTCAATT CTATCTGC

T T T C T T G C T C T T A T T A T T G G G C T T A A C T C A  A T T CT T A C T T T T

CTTAAAAAGGGCTTCGGTAAGATAG CTATTGCTATTTCATTG

G A T T C C G G T G T T T A T T C  T T A T T T A A C+ T + T A G A A T A C C G G A T

ATATGATACTAAACAGGCTTTTTCTAG TAATTAT AAGCCTTC

G T T G G C T T T A T A C T G G T  A A G A A T T T G T A T A A C G CT A T A T C T G

TATG GCGATTCTCAATTAAGCCCTACTGTTGAGC ATTTGCTT

G C C T C T G C C T A A A T T A C  A T G T T G G C G T T G T T A A AG C T A T T G G

GTACTTTATATTCTCTTATTACTGGCT CGAAAAT GCGCGGTA

C G T C G T C T G G A C A G A A T  T A C T T T A C C T T T T G T C GA T G A T T C C

GCGT TCTGCATTAGCTGAACATGTTGTTTATTGT TACGATGA

T T G T T C A G G A C T T A T C T  A T T G T T G A T A A A C A G G CA A A T A A A A

CATGCTCGTAAATTAGGATGGGATATT ATTTTTC ACGGCTTG

T A A G G A A A G A C A G C C G A  T T A T T G A T T G G T T T C T AC T T G T T C T

CGATGAGTGCGG TACTTGGTTTAATACCCGTTCTTGGAATGA

TCGTAAT TCGAAT CCGGGTACCGAGC ACGTCAAAGGGCG+A

C A T G G T C A T A G C T G T T TC C T G T G T G A A A T T G T T A G G A C T C C A

ACATACGAGCCGGA TCCACACA CTCACAAT AAGAACGTTCCG

A G C A T A A A G T G T A A A G CC T G G G G T G C C T A A T G A G C A C T A T T A

GCTCACT CGTTGC ATTAATTG CAAGAGTCTGAGCTAACTCAC

G C C C G C T T T C C A G T C G GG A A A C C T G T C G T G C C A G G T T T G G A A

ACGCGCGGGGAGAG ATCGGCCA ATTAATGA TTGTTCCACTGC

G C G G T T T G C G T A T T G G GC G C C A G G G T G G T T T T T C G T T G A G T G

GATTGCC ACAGCT GACGGGCA GAGATAGGTTTTCACCAGTGA

C T T C A C C G C C T G G C C C TG A G A G A G T T G C A G C A A G A A T A G C C C

CAGCAGGCGAAAAT GTTTGCCC CCACGCTG ATCAAAAGCGGT

C C T G T T T G A T G G T G G T TC C G A A A T C G G C A A A A T C C C T T A T A A

GCCAGAGCACATCCTCA CCTCCG CAG CCGTGAGCCTCCT+C

T A A C G G A A C G T G CC G G A C T T GT A G A A C G T C A G C G C T T C G C G T

ACCGCAAGAAT GCAGCA TGGTCA TGCCTGTTTGGTGCTGGTC

G C C A A C G G C A G C A CC G T C G G T GG T G C C A T C C C A C A G C A C G C G

GTCCAGCATCA GGAGGT ACGGCT TTTCTGCCGCAACCAGCTT

G C G G G G T C A T T G CA G G C G C T TT C G C A C T C A A T C C A C C G G G G G

CCGGGTCACTG TATGAG TTGCGG ACGGTCATGCCGGGCGCGG

T T G C C C T G C G G C T GG T A A T G G GT A A A G G T T T C T T C C G T T T T C

ACTGGTGTGTT CCTTAC AACATC GCGGCGGGTGCTCGTCATA

C A G C A A A T C G T T AA C G G C A T CA G A T G C C G G G T T A G C C A G A A T

CCCCTGCATCA CGGTGC CGGTGC GTGCTGCGCCTGCAGCCAG

G A C G A T C C A G C G C AG T G T C A C T G C G C G C C TG T G C A C T C T G T G

CGCCATT GCAAAG TGCCGGAAACCAG GCGGTCCGTTTTT+G

C G C C A T T C A G GC T G C G C A A C T G TT G G G A A G G G C G C G G C A A A C

TATTACGCCAGCTG CTCTTCGC GTGCGGGC TGCCGTTCATCG

G C G A A A G G G G GA T G T G C T G C A A GG C G A T T A A G T T A T G C T G A T

GACGTTG AGTCAC GTTTTCCC GTTAAACGGGGTAACGCCAGG

T A A A A C G A C G GC C A G T G C C A A G CT T T C A G A G G T G A G G G T A A A

AACCTCACCGGAAA GAACGGAT CGCCACGG AGTGATGAGAGC

C A A T C G G C G A AA C G T A C A G C G C CA T G T T T A C C A G C G G C C T T T

CTCCGTG GACTTT GAGAGATA CGCACAGGTCCCGGAATTTGT

G T G A A G G G A T AG C T C T C A C G G A AA A A G A G A C G C A A A A A A A G C

AATTTCTGCTCATT CAAACTTA CAGCGGAT ATCCCGTAGAAA

T G C C G C C A G C A G T T G G GC G G T T GT G T A C A T C G A C A T A A A A A A

ATAAATTAATGCCGGAG TAGCTG TTC CCAGCCAGCTTTC+G

A G G G T A G C T A T T T T T G A G A G AT C T A C A A A G G C T A A T C G C A C T

GAGCAAACAAG AGTCTG CCTGAG TCAGGAAGTCAGGTCATTG

A G A A T C G A T G A A C GG T A A T C G TA A A A C T A G C A T G T A T C G G C C

TAATCAGAAAA GGTTGA TACCCC GACGACAGTCAATCATATG

G C C C C A A A A A C A GG A A G A T T GT A T A A G C A A A T A T G A G G G G A C

TGTTAAAATTC ATATTT ACGTTA GCCAGTTTTTAAATTGTAA

G C A T T A A A T T T T T GT T A A A T C AG C T C A T T T T T T A G T G C A T C T

TAATTCGCGTC CAAAAA CGCCAT TCGTAACCACCAATAGGAA

T G G C C T T C C T G T AG C C A G C T TT C A T C A A C A T T A A T G G G C G C A

GGATTCTCCGT CCCGTC TAACAA GGTGTAGAATGTGAGCGAG

G G G A A C A A A C G G C GG A T T G A C C G T A A T G G GA T A G G T C A C G T T

GCTTAAT CTTAGA TTTTTGCGGATGG AAATCACCATCAA+T

T G C T G A A T A T AA T G C T G T A G C T CA A C A T G T T T T A A G A C A G T C

TGTCTGGAAGTTTC AAGTACGG TGCAACTA AAGGCCGGAATA

A T T C C A T A T A AC A G T T G A T T C C CA A T T C T G C G A A G G G T G A G A

ACATTTC TTAGAT TTTGACCA ATTCAAAACGAGTAGATTTAG

G C A A A T G G T C AA T A A C C T G T T T AG C T A T A T T T T C A G G T A A A G

AGGTGGCATCAATT AGCTGAAA GGGGCGCG TAATGTGTATTT

C T A C T A A T A G TA G T A G C A T T A A CA T C C A A T A A A T T G C C T G A G

AATTAAG TAGCAA CAAAGAAT AAATGCAACATACAGGCAAGG

C A A T A A A G C C TC A G A G C A T A A A GC T A A A T C G G T T T A T A T T T T

CTGTAATACTTTTG TTATGACC CAAAAACA AACCCTCAGTAC

C G G G A G A A G C C T T T A T TT C A A C GC A A G G A T A A A A A T T T T T A G

CTAACGGAACAACATTA AACGAA TAA TTTAATTGCTCCT+T

T T A C A G G T A G A A AG A T T C A T CA G T T G A G A T T T A G A G A G T A C C

GATACATAACG AATGCA TCAACT AGGATTAGGAATACCACAT

C C A A A A G G A A T T A CG A G G C A T AG T A A G A G C A A C A A A C A G G T C

ACGACGATAAA TACCAG CTCGTT CAAACTCCCTATCATAACC

A A C C A A A A T A G C GA G A G G C T TT T G C A A A A G A A G T A C C G G A A G

AATGTTTAGAC TAGTAA GGGTAA CGAACCAGTTTGCCAGAGG

T G G A T A G C G T C C A AT A C T G C G GA A T C G T C A T A A A C T T C A A A G

GCTTTAAACAG TCAAAT TCCCCC AATTCGAGTATTCATTGAA
T T C A G A A A A C G A GA A T G A C C AT A A A T C A A A A A T C C G C G T T T T

GTCAGAAGCAA ATTATA CTGACT TCAAATATAGGTCTTTACC

A G C G G A T T G C A T C AA A A A G A T T A A G A G G A AG C C C G A A A G A C T

CACTACG TAATGC CGGGTAAAATACG GGACGTTGGGAAG+A

A A G G C A C C A A CC T A A A A C G A A A GA G G C A A A A G A A A C C A G T C A

TGACCCCCAGCGAT CTCATCTT CTAAAACA CTCATTATTACA

T A T A C C A A G C GC G A A A C A A A G T AC A A C G G A G A T T A G A A C T G G

AAATCCG GTGTCG GATAAATT CGATTTTATGTATCATCGCCT

C G A C C T G C T C CA T G T T A C T T A G CC G G A A C G A G G C A C C T T A T G

GAACCGAACTGACC TCATAAGG ACGGTCAA TGTGAATTGCAG

A A C T T T G A A A GA G G A C A G A T G A AC G G T G T A C A G A T T A A T C A T

TCAAGAG CCTTCA CTGGCTGA TTTCAACTCCAGGCGCATAGG

T A A T C T T G A C AA G A A C C G G A T A TT C A T T A C C C A A T G G T T T A A

CATTCAGTGAATAA AAGCTGCT ACGTAACA GCTTGAGAATCA

G G C T T G C C C T G A C G A G AA A C A C CA G A A C G A G T A G T A A A T T G G

CACTGAGTTTCGTCACC CCGTAA GTA ACTTTTTCATGAG+A

A G T A C A A A C T A C AA C G C C T G TA G C A T T C C A C A G A G A C T A A A G

ATCTAAAGTTT GTAACG GTTAGC GCTTTGAGCAGCCCTCATA

T G T C G T C T T T C C A GA C G T T A G TA A A T G A A T T T T C C T A C A G A G

TTTCAACAGTT AACAAC TTGCTA AGCAACGGTGTATGGGATT

T C A G C G G A G T G A GA A T A G A A AG G A A C A A C T A A A G A C G A G G G T

ACGTTGAAAAT TTTTTC AATAAT GCATCGGAGAATTGCGAAT

C T C C A A A A A A A A G GC T C C A A A AG G A G C C T T T A A T G A A A G A C A

TCGAGGTGAAT TTGCTT ATCAGC TCAGCAGCTGTATCGGTTT

T T C T T A A A C A G C TT G A T A C C GA T A G T T G C G C C G A C G T C A C C C

GCATAACCGAT GCCCAC ACCATC TGCGGGATCAATGACAACA

A T A T T C G G T C G C T GA G G C T T G C A G G G A G T TA A A G G C C G C T T T

CAGAGCC CACCAC CCGCCACCAGAAC AGGGATAGCAAGC+A

G C C G C C A G C A TT G A C A G G A G G T TG A G G C A G G T C A T C A T T T T C

ACAAACAAATAAAT TGATATTC ATTGGCCT CACCACCCGACG

C C T C A T T A A A GC C A G A A T G G A A AG C G C A G T C T C T C T C A G A G C

CATGGCT GTCATA CAGTAAGC CCGCCACCGAATTTACCGTTC

T T T G A T G A T A CA G G A G T G T A C T GG T A A T A A G T T T C C T C A G A A

GTAACAGTGCCCGT TGCCTTGA GGGGTCAG ACCGCCACTAAC

A T A A A C A G T T AA T G C C C C C T G C CT A T T T C G G A A C C C C T C A G A

AGAGGCT GTATTA ACATGAAA TACCGCCACTATTATTCTGAA

G A G A C T C C T C AA G A G A A G G A T T AG G A T T A G C G G G A G G T T T A G

GATAAGTGCCGTCG ACCAGGCG TGCTCAGT TACTCAGGGTTT

A G A G G G T T G A T A T A A G TA T A G C CC G G A A T A G G T G T A T C A C C G

AACGTAGAAAATACATA TTAGCA ATG GCCACCCTCAGAG+A

C A T A A A G G T G G C AA C A T A T A AA A G A A A C G C A A A G T C A G A A C C

GTCACAATCAA TATTTT TAAGTT CGCCACCCACACCACGGAA

T A G A A A A T T C A T A TG G T T T A C CA G C G C C A A A G A C C T C A G A G C

GAGGGAGGGAA CCGATT ATTCAA CCGCCTCCAAAAGGGCGAC

G G T A A A T A T T G A CG G A A A T T AT T C A T T A A A G G T G C A C C G G A A

GCCATTTGGGA ACTTGA TCACCG AGAGCCACAATTATCACCG

A T T A G A G C C A G C A AA A T C A C C AG T A G C A C C A T T A C C G G A A C C

ACCAATGAAAC AACGTC GCCGGA CAAAATCACCATTAGCAAG

C A T C G A T A G C A G CA C C G T A A TC A G T A G C G A C A G A T T C A T A A T

ACTGTAGCGCG CGTCAG CTTTAG GCCATCTTATCAAGTTTGC

T T T T C A T C G G C A T TT T C G G T C A T A G C C C C CT T A T T A G C G T T T

GCGGGAG CGACTT TTAGCGAACCTCC GCATGATTAAGAC+C

G T T T T G A A G C CT T A A A T C A A G A TT A G T T G C T A T T A A G A A C T G

ATCCTGAATCTTAC ACAATTTT ACCCAGCT ATACCCAATTGC

C A A C G C T A A C GA G C G T C T T T C C AG A G C C T A A T T T A T A A C G G A

ATTTATC CATATT TAAACAGC ACGCAATAGCCAGTTACAAAA

C C A A T C C A A A TA A G A A A C G A T T TT T T G T T T A A C G C C G A G G A A

CTTTACAGAGAGAA ATAGCAGC AAATGAAA GAAGGAAATCAA

T A A C A T A A A A AC A G G G A A G C G C AT T A G A C G G G A G A G T T A C C A

AGAGGGT AAAGTC CCCTGAAC CCGAACAAAATTAACTGAACA

A A T T G A G C G C TA A T A T C A G A G A GA T A A C C C A C A A G C A G A T A G

ATAAGAGCAAGAAA GCCCAATA TGAGTTAA AAAAGTAAGAAT

C A A T G A A A T A G C A A T A G C T A T C TT A C C G A A G C C C T T T T T A A G

GAATAAACACCGGAATC GTTAAATAA ATCCGGTATTCTA+A

A T A A T T A C T A G A AA A A G C C T GT T T A G T A T C A T A T G A A G G C T T

ACCAGTATAAAGCCAAC CAGATATAGCGTTATACAAATTCTT

G C T C A A C A G T A G G GC T T A A T T GA G A A T C G C C A T A A A G C A A A T

GTAATTTAGGCAGAGGC CCAATAGCTTTAACAACGCCAACAT

A T T T T C G A G C C A GT A A T A A G AG A A T A T A A A G T A C T A C C G C G C

ATTCTGTCCAGACGACG GGAATCATCGACAAAAGGTAAAGTA

A C A A T A A A C A A C A TG T T C A G C TA A T G C A G A A C G C T C A T C G T A

AGATAAGTCCTGAACAA TTTTATTTGCCTGTTTATCAACAAT

G A A A A A T A A T A T C C C A T C C T AA T T T A C G A G C A T G C A A G C C G T

TCGGCTGTCTTTCCTTA AGAACAAGTAGAAACCAATCAATAA

T C A T T C C A A G A A C GG G T A T T A A A C C A A G T A C C G C A C T C A T C G

Path diagrams exported from cadnano v1: 

DC-v2-1 (left), DC-v2-2 (right)
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T G G C C G T C G T T T T AC T G  G A T C G T C T G A T G C A G G G G G C A C C G G

TCCCGTGGCGGCTCCAC CTCTGAAAGCTTGGCAC CACCGCTG ACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCAA

T T G T T T  C C G G T G A G G T T A T C C G TG C T G C A G G C T G T G A G G A G G C T C A C G G A C G C G A A G A A C A G G C A C G C G T G C T G G C AA C T G G A A A G C G G G C A G T G A G C G C A A C G C A A T T A A T G T G A G T T A G C T C A C T C A T T A G G C A C C C C A G G C T T T

ACGTTT CGCCGA TAACCCGGCATCTGATGCC GAAACCCCCGGTATGACCGTGAAAACGGCCCGCCGCATTCTGGC+G GCAGCTGGCACGACAGGTTTCCCG T+TCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAAC

G G G A C T G G T A A A C A T G G  C G C T G TG T T A A C G A T T T G C T G A A C A T G A A A A G A A A A A C C A C C C T G G C G C C C A A T A C G C A A A C C G C C T C T C C C C G C G C G T T G G C C G A T T C A T T A A TC C T A T C T C G G G C T A T T C T T T T G A T T T A T A A G G G A T T T T G C C G A T T T

TCACCACGGAGAAAGTC TATCTCTCACAAATTCC CACCAGTG CGGAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGG

C T T T T T  C C G T G A G A G C T A T C C C TT A A G G G A T

GTTTCT GCGTCT GTTTATGACGAGCAAAGAA

C A G A A A T T T A A G T T T G A  T C C G C TA C C T T T A C C C A T T A C C A G C

GTACACAACCGCCCAAC TGCTGGCGGCAAATGAG CGCAGGGC

T T A C G G  G A T T T T T T T A T G T C G A TA A C A G T G A

GTGCGG CTTTTT CCCGGCTCATACCGCAACC

C C C T T C A T C A C T A A A G G  C C G C C TG C G C C C G G C G G A T T G A G T G

TTGCCGGAACGGCAATC AGCATCGTTTAACTTTA CGAAAGCG

C G A G A C  G A A A A A A C G G A C C G C G TC C T G C A A T

GGCTGC CAGCGA GACCCCGCTGATGCTGGAC

T A T G A G G A T G T G C T C T G  G C C G G AA C C T C C A G C C G T A A G C T G G

CACGCTGACGTTCTACA AGTCCGGCACGTTCCGT TTGCGTGG

G T T G C T  G C T G A C C A G A C C A G C A CG A T G G C A C

CACCGACGGTGCTGCCGTTGGCATT CTTGCG

C C T T T T G A A T C T T T+ + G  G A A A A C C C T G G C G T T A C C C A A C T T A

TGATGGTGATTTGACTG TCTCCGGCCTTTCTCAC ATCGCCTT

G C T A G A  A C G G T T G A A T A T C A T A TG C A G C A C A

ATTAAT TTATCA TCCCCCTTTCGCCAGCTGG

C A A A A A T A G C T A C C C T C  T C C G G CC G T A A T A G C G A A G A G G C C C

TCAGGCAATGACCTGAT AGCCTTTGTAGATCTCT GCACCGAT

A T T C T C  T T G T T T G C T C C A G A C T CC G C C C T T C

TACCGT TCATCG CCAACAGTTGCGCAGCCTG

G A T T G A C A T G C T A G T T T  T A C G A TA A T G G C G A A T G G C G C T T T G

TGGGGCTTTTCTGATTA TCAACCGGGGTACATAT CCTGGTTT

T G C T T A  T A C A A T C T T C C T G T T T TC C G G C A C C

AATTTA AATATT AGAAGCGGTGCCGGAAAGC

T T T A A C A A A A T A T T A A C  G T T T A CT G G C T G G A G T G C G A T C T T C

AAATGAGCTGATTTAAC AAAAATTTAATGCGAAT CTGAGGCC

T G A T G G  C G T T C C T A T T G G T T A A AG A T A C T G T

GCGAAT TATTTT CGTCGTCCCCTCAAACTGG

A G C T G G C T A C A G G A A G G  C C A G A CC A G A T G C A C G G T T A C G A T G

GGGTTGTTACTCGCTCA CATTTAATGTTGATGAA CGCCCATC

T T T G T T  C C C A C G G A G A A T C C G A CT A C A C C A A

CGTGACCTATCCCATTACGGTCAAT CCGCCG

A C G C T A T C C A G T C T+ + C  A G G C A T T G C A T T T A A A A T A T A T G A G

TCAATGAATATTTATGA CGATTCCGCAGTATTGG GGTTCTAA

T G T T T A  A A G C A T T T G A G G G G G A TA A A T T T T T

CGTTTT CTGAAC ATCCTTGCGTTGAAATAAA

G A T T T T T G A T T T A T G G T  C A T T C TG G C T T C T C C C G C A A A A G T A

TTGCTTCTGACTATAAT AGTCAGGGTAAAGACCT TTACAGGG

T A A T C T  T T T T G A T G C A A T C C G C TT C A T A A T G

CGGGCT TCCTCT TTTTTGGTACAACCGATTT

A A A A C G C G A T A T T T G A A  G T C T T TA G C T T T A T G C T C T G A G G C T

TGCTTCCGGTCTGGTTC GCTTTGAAGCTCGAATT TTATTGCT

T C T A A T  C C T G A C C T G T T G G A G T TT A A T T T T G

TTAAAG GTACTC CTAATTCTTTGCCTTGCCT

T G A C C T C T T A T C A A A A G  G A G C A AG T A T G A T T T A T T G G A T G T T

ATTCAGCAATTAAGCTC TAAGCCATCCGCAAAAA AATGCTAC

A A C A T G  T T G A G C T A C A G C A T T A TT A C T A T T A

TTGCAT ATTTAA GTAGAATTGATGCCACCTT

A A C T T C C A G A C A C C G T A  C T T T A GT T C A G C T C G C G C C C C A A A T

CGCAGAATTGGGAATCA ACTGTTATATGGAATGA GAAAATAT

T G G T C A  A A C T A A A T C T A C T C G T TA G C T A A A C

AGGTTATTGACCATTTGCGAAATGT ATCTAA

A C G T A T T T T A C C C G+ + T  A C C C C C T C T G G C A A A A C T T C T T T T G

TTTCGTTTTAGGTTGGT GCCTTCGTAGTGGCATT CAAAAGCC

G T T T T A  G T G T A T T C T T T T G C C T CT C T C G C T A

TCAAAG ATGAGT TTTTGGTTTTTATCGTCGT

G C G C T T G G T A T A A T C G C  T G G G G GC T G G T A A A C G A G G G T T A T G

GGCGATGATACAAATCT CCGTTGTACTTTGTTTC ATAGTGTT

G C G G A T  T T C G A C A C A A T T T A T C AG C T C T T A C

ATGGAG CAGGTC TATGCCTCGTAATTCCTTT

G C G C C T C G T T C C G G C T A  A G T A A CT G G C G T T A T G T A T C T G C A T

TTGGTCAGTTCGGTTCC CTTATGATTGACCGTCT TAGTTGAA

C G T T C A  T C T G T C C T C T T T C A A A GT G T G G T A T

TGGTCT GTACAC TCCTAAATCTCAACTGATG

G A A G G T C A G C C A G C C T A  T G C G C CA A T C T T T C T A C C T G T A A T A

TGAATATCCGGTTCTTG TCAAGATTACTCTTGAT ATGTTGTT

C T T T G T  T A C G T T G A T T T G G G T A AC C G T T A G T

CTGAAT GAGCAG TCGTTTTATTAACGTAGAT

C T C G T C A G G G C A A G C C T  T A T T C AT T T T C T T C C C A A C G T C C T G

TCTCAAGCCCAATTTAC TACTCGTTCTGGTGTTT ACTGGTAT

T G A T T A  A A G T T G A A A T T A A A C C AA A T G A G C C

AGTTCTTAAAATCGCATAAGGTAAT TCACAA

A G T C T C A G C C T C T T+ + C  C T C A T G A A A A A G T C T T T A G T C C T C A

CAAAACCCCGCTAATCC TAATCCTTCTCTTGAGG AAGCCTCT

G C A C T T  A T C C G C C T G G T A C T G A GG T A G C C G T

ACCCTC TCGACG TGCTACCCTCGTTCCGATG

T A T T C C G G G C T A T A C T T  A T A T C AC T G T C T T T C G C T G C T G A G G

GCGGTACTAAACCTCCT GAGTACGGTGATACACC GTGACGAT

T G A G G G  T G G C G G T T C T G A G G G T GC C C G C A A A

GGGTGG CGGTTC AGCGGCCTTTAACTCCCTG

G A A A A T G A G G G T G G T G G  C T C T G AC A A G C C T C A G C G A C C G A A T

CGGTACATGGGTTCCTA TTGGGCTTGCTATCCCT ATATCGGT

A C T G G T  G A C G A A A C T C A G T G T T AT A T G C G T G

GTTGTA GTTTGT GGCGATGGTTGTTGTCATT

G C T G T C T G T G G A A T G C T  A C A G G CG T C G G C G C A A C T A T C G G T A

GACAAAACTTTAGATCG TTACGCTAACTATGAGG TCAAGCTG

C A T T T A  C T A A C G T C T G G A A A G A CT T T A A G A A

ATACAG AAAATT ATTCACCTCGAAAGCAAGC

T G A A A G T T G T T T A G C A A  A A T C C CT G A T A A A C C G A T A C A A T T A

TTGTTCCTTTCTATTCT CACTCCGCTGAAACTGT AAGGCTCC

A T T A T T  A T T C G C A A T T C C T T T A GT T T T G G A G

CCTTTTTTTTGGAGATTTTCAACGT GAAAAA

A A A C T T A T T C C G T G+ + T  C A G A A T A A T A G G T T C C G A A A T A G G C

AACCATATGAATTTTCT ATTGATTGTGACAAAAT AGGGGGCA

C C C T T T  T G T C T T T G G C G C T G G T AT T A A C T G T

GGTTGA ATGTCG TTATACGGGCACTGTTACT

T A T T T A C C T T C C C T C C C  T C A A T CC A A G G C A C T G A C C C C G T T A

TGATAATTCACCTTTAA TGAATAATTTCCGTCAA AAACTTAT

C A A A T G  G C T C A A G T C G G T G A C G GT A C C A G T A

GGCTCT AATTCC CACTCCTGTATCATCAAAA

A T G G T G C T A C T G G T G A T  T T T G C TG C C A T G T A T G A C G C T T A C T

TTCATTGGTGACGTTTC CGGCCTTGCTAATGGTA GGAACGGT

A T T A C G  G T G C T G C T A T C G A T G G TA A A T T C A G

CTGTCG CTACTG AGACTGCGCTTTCCATTCT

T G A C G C T A A A G G C A A A C  T T G A T TG G C T T T A A T G A G G A T T T A T

TGACCGAAAATGCCGAT GAAAACGCGCTACAGTC TTGTTTGT

G G C A A A  C G C T A A T A A G G G G G C T AG A A T A T C A

TTATGA AAAGAT AGGCCAATCGTCTGACCTG

G G C T C T G G T T C C G G T G A  T T T T G AC C T C A A C C T C C T G T C A A T G

GGGTGGCGGCTCTGAGG GAGGCGGTTCCGGTGGT CTGGCGGC

G G C T C T  G A G G G T G G C G G T T C T G AG G C T C T G G

TGGTGGTTCTGGTGGCGGCTCTGAG GGTGGT

G A T A A G G A A A G A C A+ + C  T T T T A T A T G T T G C C A C C T T T A T G T A

GTGCGGTACTTGGTTTA ATACCCGTTCTTGGAAT TGTATTTT

A A C G G C  T T G C T T G T T C T C G A T G AC T A C G T T T

GATGAA AATAAA GCTAACATACTGCGTAATA

T T G G G C G C G G T A A T G A T  T C C T A CA G G A G T C T T A A T C A T G C C A

CCGGATAAGCCTTCTAT ATCTGATTTGCTTGCTA GTTCTTTT

A A A C G C  C T C G C G T T C T T A G A A T AG G G T A T T C

GGAGGT TCGCTA CGTTATTATTGCGTTTCCT

G C T T C A A A A C C T C C C G C  A A G T C GC G G T T T C C T T C T G G T A A C T

CTGGGTGCAAAATAGCA ACTAATCTTGATTTAAG TTGTTCGG

T A A G A T  T C A G G A T A A A A T T G T A GC T A T C T G C

CGTTAG CGTTGG TTACTTTTCTTAAAAAGGG

A A A T T A G G C T C T G G A A A  G A C G C TC T T C G G T A A G A T A G C T A T T

GATAAATAATATGGCTG TTTATTTTGTAACTGGC GCTATTTC

A A A T C G  T T T C T T A T T T G G A T T G GA T T G T T T C

ACGTTA AACAAA TTGCTCTTATTATTGGGCT

A A A G G C T G C T A T T T T C A  T T T T T GT A A C T C A A T T C T T G T G G G T

ATGCGCTTCCCTGTTTT TATGTTATTCTCTCTGT TATCTCTC

T G T T C A  G T T A A T T C T C C C G T C T AT G A T A T T A

GCGCTCAATTACCCTCTGACTTTGT TCAGGG

A T T A A T T T T G T T T T+ + G  G T T T C T A C A T G C T C G T A A A T T A G G A

AAAAAAGGTAATTCAAA TGAAATTGTTAAATGTA TGGGATAT

T T G A T T  T A T G T A C T G T T T C C A T TT A T T T T T C

CACTCA CATATA TTGTTCAGGACTTATCTAT

C G A T T T A C A G A A G C A A G  G T T A T TT G T T G A T A A A C A G G C G C G T

TCAAGGATTCTAAGGGA AAATTAATTAATAGCGA TCTGCATT

T A A T C T  A A G C T A T C G C T A T G T T TA G C T G A A C

TTCTCA GCGTCT ATGTTGTTTATTGTCGTCG

T T T G A T A A A T T C A C T A T  T G A C T CT C T G G A C A G A A T T A C T T T A

GGAGGTTAAAAAGGTAG TCTCTCAGACCTATGAT CCTTTTGT

A G T T A T  A T A A C C C A A C C T A A G C CC G G T A C T T

GCATTT ACATAT TATATTCTCTTATTACTGG

G T C T T G C G A T T G G A T T T  G C A T C AC T C G A A A A T G C C T C T G C C T

AAAATATATTTGAAAAA GTTTTCTCGCGTTCTTT AAATTACA

T A G G T C  A G A A G A T G A A A T T A A C TT G T T G G C G

AACCAT TAAATT TTGTTAAATATGGCGATTC

T T T A T C A C A C G G T C G G T  A T T T C AT C A A T T A A G C C C T A C T G T T

ATGATTCCGGTGTTTAT TCTTATTTAACGCCTTA GAGCGTTG

T A A A C A  G G C T T T T T C T A G T A A T TG C T T T A T A

CTGGTAAGAATTTGTATAACGCATA TGATAC

T A G G G C T A T C A G T T+ + C  A T C A T C T T C T T T T G C T C A G G T A A T T

GGTGGTTCGTTCGGTAT TTTTAATGGCGATGTTT GAAATGAA

T C A C C T  C T G T T T T A T C T T C T G C TT A A T T C G C

ATACTG ACCGCC CTCTGCGCGATTTTGTAAC

T G G C A C T G T T G C A G G C G  G T G T T AT T G G T A T T C A A A G C A A T C A

CTTTAGATTTTTCATTT GCTGCTGGCTCTCAGCG GGCGAATC

A T T T G A  G G T T C A G C A A G G T G A T GC G T T A T T G

TGAGGG TTTGAT TTTCTCCCGATGTAAAAGG

T T G C C A A C T G A C C A G A T  A T T G A TT A C T G T T A C T G T A T A T T C A

AGATAACCTTCCTCAAT TCCTTTCAACTGTTGAT TCTGACGT

G T T A G T  G C T C C T A A A G A T A T T T TT A A A C C T G

AATCTA TTAGTT AAAATCTACGCAATTTCTT

A T G T A T T A T C T A T T G A C  G G C T C TT A T T T C T G T T T T A C G T G C A

TTGTTTGTAAAGTCTAA TACTTCTAAATCCTCAA AATAATTT

A G G A T T  T A A T A C G A G T T G T C G A AT G A T A T G G

ACGTTC GGGCAA TAGGTTCTAACCCTTCCAT

T A C T C A A A C T T T T A A A A  T T A A T AT A T T C A G A A G T A T A A T C C A

CTGGTGGTTTCTTTGTT CCGCAAAATGATAATGT AACAATCA

A T A T G A  T G A T A A T T C C G C T C C T TG G A T T A T A

TTGATGAATTGCCATCATCTGATAA TCAGGA

G T G G G C C A T C G C C C+ + T  A A T A G C C A T T C A A A A A T A T T G T C T G

CCCAAAAAACTTGATTT GGGTGATGGTTCACGTA TGCCACGT

T T A G T G  C T T T A C G G C A C C T C G A CA T T C T T A C

TAGGGT TCCGAT GCTTTCAGGTCAGAAGGGT

A G C T C T A A A T C G G G G G C  T C C C T TT C T A T C T C T G T T G G C C A G A

CCTTTCTCGCCACGTTC GCCGGCTTTCCCCGTCA ATGTCCCT

C G C T C C  T T T C G C T T T C T T C C C T TT T T A T T A C

CGCCCT AGCGCC TGGTCGTGTGACTGGTGAA

A G C G T G A C C G C T A C A C T  T G C C A GT C T G C C A A T G T A A A T A A T C

CGCATTAAGCGCGGCGG GTGTGGTGGTTACGCGC CATTTCAG

C C A T A G  T A C G C G C C C T G T A G C G GA C G A T T G A

TCGTCA AAGCAA GCGTCAAAATGTAGGTATT

C G A G G A A A G C A C G T T A T  A C G T G CT C C A T G A G C G T T T T T C C T G

TCGGCCTCCTGTTTAGC TCCCGCTCTGATTCTAA TTGCAATG

G T T C C T  G T C T A A A A T C C C T T T A AG C T G G C G G

TTCTGG CGTACC TAATATTGTTCTGGATATT

G A T T A T A A A A A C A C T T C  T C A G G AA C C A G C A A G G C C G A T A G T T

TGATGGACAGACTCTTT TACTCGGTGGCCTCACT TGAGTTCT

A T T G C T  A C A A C G G T T A A T T T G C GT C T A C T C A

GGCAAGTGATGTTATTACTAATCAA AGAAGT

CCA CAGTAAAACGACGG ACGATC CCGGTGCCCCCTGCATCAG

G T G C C A A G C T T T C A G A GG T G G A G C C G C C A C G G G A C A G C G G T G C C C G G G TA C C G A G CT C G A A T T C G T A A T CA T G G T C AT A G C T G TT T C C T G TG T G A A A TT G T T A T C C G C T C A CA A T T C C AC A C A A C AT A C G A G CC G G A A G C

AAACAA CACCGG GATAACCT CCTGCAGCACG GTGAGCC CGCGTCC TGTTCTT GCGTGCC CCGCTTTCCAGTTGCCAGCAC TCACTGC GTTGCGC TAATTGC GAGCTAACTCACAT AATGAGT GGTGCCT

T C G G C G A A A C G T G G C A T C A G A T G C C G G G T T A T G C G G C G G G C C G T TT T C A C G GT C A T A C CG G G G G T TT C C G G G A A A C C T G T C G T G C C A G C T G C G TT G A G T G TT G T T C C AG T T T G G AA C A A G A G T C C A C T A

CCC TTACCAGT CCATGT ACAGCG TCGTTAAC TGTTCAGCAAA GTGGTTT CGCCAGG GTTTGCGTATTGGG AGAGGCG CGCGGGG GCCAACG CGAGATAGGATTAATGAATCG AATAGCC TCAAAAG TTATAAA AAATCCC

G G A A T T T G T G A G A G A T AG A C T T T C T C C G T G G T G A C A C T G G T G C G G G C A AC A G C T G AT T G C C C TT C A C C G CC T G G C C C T G A G A G AG T T G C A GC A A G C G GT C C A C G CT G G T T T GC C C C A G C A G G C G A AA A T C C T GT T T G A T G

AAAAAG TCACGG GATAGCTC ATCCCTTAAGG

A G A C G C A G A A A C T T C T T T G C T C G T C A T A A A C

CTG TTAAATTT TCAAAC AGCGGA GTAAAGGT GCTGGTAATGG

C T C A T T T G C C G C C A G C AG T T G G G C G G T T G T G T A C G C C C T G C G

CCGTAA AAAATC GACATAAA TCACTGTTATC

A A A A A G C C G C A C G G T T G C G G T A T G A G C C G G G

GGG GTGATGAA CCTTTA AGGCGG CCGGGCGC CACTCAATCCG

T A A A G T T A A A C G A T G C TG A T T G C C G T T C C G G C A A C G C T T T C G

GTCTCG TTTTTC CGGTCCGT ATTGCAGGACG

T C G C T G G C A G C C G T C C A G C A T C A G C G G G G T C

ATA ACATCCTC CAGAGC TCCGGC CTGGAGGT CCAGCTTACGG

A C G G A A C G T G C C G G A C TT G T A G A A C G T C A G C G T G C C A C G C A A

AGCAAC GTCAGC CTGGTCTG GTGCCATCGTG

C G C A A G A A T G C C A A C G G C A G C A C C G T C G G T G

AGG AAAGATTCAAA C+ GTTTTC TAAGTTGGGTAACGCCAGG

G T GA G A A A G G CC G G A G A C A G T C AA A T C A C C AT C A A A G G C G A T

TCTAGC AACCGT TGATATTC TGTGCTGCATA

T G A T A A A T T A A T C C A G C T G GC G A A A G G G G G A

TTG AGCTATTT GAGGGT GCCGGA CTATTACG GGGCCTCTTCG

A G AG A T C T A C AA A G G C T A T C A G GT C A T T G C CT G A A T C G G T G C

GAGAAT AAACAA TCTGGAGC GAAGGGCGGAG

C G A T G A A C G G T AC A G G C T G CG C A A C T G T T G G

ATC GCATGTCA AAACTA ATCGTA TCGCCATT CAAAGCGCCAT

A T A T G T A C C C CG G T T G A T A A T C AG A A A A G C CC C A A A A C C A G G

TAAGCA ATTGTA ACAGGAAG GGTGCCGGAAA

A A T A T T T A A A T T G C T T T C C GG C A C C G C T T C T

AAA ATTTTGTT GTTAAT GTAAAC TCCAGCCA GAAGATCGCAC

A T T C G C A T T A AA T T T T T G T T A A AT C A G C T C AT T T G G C C T C A G

CCATCA GGAACG AACCAATA ACAGTATCTTT

A A A A T A A T T C G CC C A G T T T GA G G G G A C G A C G

GCT TGTAGCCA CCTTCC GTCTGG TGCATCTG CATCGTAACCG

T T C A T C A A C A TT A A A T G T G A G C GA G T A A C A AC C C G A T G G G C G

AACAAA CGTGGG GGATTCTC TTGGTGTAGTC

C G G C G G A T T G A CC G T A A T G G G A T A G G T C A C G

CGT AGACTGGATAG G+ ATGCCT CTCATATATTTTAAATGCA

C C AA T A C T G C GG A A T C G T C A T A AA T A T T C A T T G A T T A G A A C C

TAAACA ATGCTT CCCCTCAA AAAAATTTATC

G T T C A G A A A A C GT T T A T T T C A A C G C A A G G A T

ATC AATCAAAA ACCATA AGAATG GAGAAGCC TACTTTTGCGG

A G GT C T T T A C CC T G A C T A T T A T A G T C A G A A GC A A C C C T G T A A

AGATTA TCAAAA GGATTGCA CATTATGAAGC

A G A G G A A G C C C GA A A T C G G TT G T A C C A A A A A

TTT TATCGCGT TTCAAA AAAGAC ATAAAGCT AGCCTCAGAGC

A A T T C G A G C T TC A A A G C G A A C C AG A C C G G A AG C A A G C A A T A A

ATTAGA GTCAGG TCCAACAG CAAAATTAAAC

G A G T A C C T T T A AA G G C A A G GC A A A G A A T T A G

TCA ATAAGAGG CTTTTG TTGCTC AATCATAC AACATCCAATA

T T T T T G C G G A TG G C T T A G A G C T TA A T T G C T GA A T G T A G C A T T

CATGTT GCTCAA ATGCTGTA TAATAGTAATA

T T A A A T A T G C A AA A G G T G G CA T C A A T T C T A C

GTT GTCTGGAA TACGGT CTAAAG GAGCTGAA ATTTGGGGCGC

T C AT T C C A T A TA A C A G T T G A T T CC C A A T T C TG C G A T A T T T T C

TGACCA TTAGTT GAGTAGAT GTTTAGCTAAC

T T A G A T A C A T T TC G C A A A T G G T C A A T A A C C T

CGT CGGGTAAAATA A+ GGGGGT CAAAAGAAGTTTTGCCAGA

A A T G C C A C T A CG A A G G C A C C A A CC T A A A A C GA A A G G C T T T T G

TAAAAC ATACAC GCAAAAGA TAGCGAGAGAG

A C T C A T C T T T G AA C G A C G A TA A A A A C C A A A A

CGC ATACCAAG GCGATT CCCCCA TTTACCAG CATAACCCTCG

G A AA C A A A G T AC A A C G G A G A T T TG T A T C A T CG C C A A C A C T A T

ATCCGC GTCGAA TAAATTGT GTAAGAGCTGA

G A C C T G C T C C A TA A A G G A A TT A C G A G G C A T A

CGC GAACGAGG TAGCCG GTTACT TAACGCCA ATGCAGATACA

A G AC G G T C A A TC A T A A G G G A A C CG A A C T G A CC A A T T C A A C T A

TGAACG GACAGA TGAAAGAG ATACCACACTT

G T G T A C A G A C C AC A T C A G T TG A G A T T T A G G A

TTC GGCTGACC TAGGCT GGCGCA GAAAGATT TATTACAGGTA

A T C A A G A G T A AT C T T G A C A A G A AC C G G A T A TT C A A A C A A C A T

ACAAAG AACGTA CCCAAATC ACTAACGGTTA

C T G C T C A T T C A GA T C T A C G TT A A T A A A A C G A

GAG GCCCTGAC AGGCTT TGAATA GAAGAAAA CAGGACGTTGG

A A AC A C C A G A AC G A G T A G T A A A TT G G G C T T GA G A A T A C C A G T

TAATCA CAACTT TTTAATTT GGCTCATTTGG

T T G T G A A T T A C CT T A T G C G A T T T T A A G A A C T

ACT AAGAGGCTGAG G+ CATGAG TGAGGACTAAAGACTTTTT

C C TC A A G A G A AG G A T T A G G A T T AG C G G G G T TT T G A G A G G C T T

AAGTGC GCGGAT AGTACCAG ACGGCTACCTC

C G T C G A G A G G G TC A T C G G A AC G A G G G T A G C A

ATA AGCCCGGA AAGTAT TGATAT AAAGACAG CCTCAGCAGCG

G G TG T A T C A C CG T A C T C A G G A G GT T T A G T A CC G C A T C G T C A C

CCCTCA CCGCCA CCTCAGAA TTTGCGGGCAC

G A A C C G C C A C C CC A G G G A G TT A A A G G C C G C T

TTC CCCTCATT CCACCA TCAGAG GAGGCTTG ATTCGGTCGCT

A G GG A T A G C A AG C C C A A T A G G A AC C C A T G T AC C G A C C G A T A T

ACCAGT TTCGTC CACTGAGT CACGCATATAA

A C A A A C T A C A A CA A T G A C A AC A A C C A T C G C C

AGC CCACAGAC AGCATT GCCTGT GCGCCGAC TACCGATAGTT

C C TC A T A G T T AG C G T A A C G A T C TA A A G T T T TG T C C A G C T T G A

TAAATG CGTTAG TTTCCAGA TTCTTAAAGTC

A A T T T T C T G T A TG C T T G C T TT C G A G G T G A A T

TCA AACAACTT TTGCTA GGGATT GTTTATCA TAATTGTATCG

A C AG T T T C A G CG G A G T G A G A A T AG A A A G G A AC A A G G A G C C T T

AATAAT GCGAAT AAGGAATT CTCCAAAACTA

T T T T T C A C G T T GA A A A T C T C C A A A A A A A A G G

TTT CACGGAATAAG A+ ATTCTG GCCTATTTCGGAACCTATT

A T T T T G T C A C AA T C A A T A G A A A AT T C A T A T GG T T T G C C C C C T

AAAGGG AAGACA CAGCGCCA ACAGTTAATAC

C G A C A T T C A A C CA G T A A C A GT G C C C G T A T A A

ATA GAAGGTAA GGGAGG GATTGA GTGCCTTG TAACGGGGTCA

T T GA C G G A A A TT A T T C A T T A A A GG T G A A T T AT C A A T A A G T T T

CATTTG TTGAGC TCACCGAC TACTGGTACCG

G G A A T T A G A G C CT T T T G A T GA T A C A G G A G T G

CAT AGTAGCAC ATCACC AGCAAA TACATGGC AGTAAGCGTCA

T A C C A T T A G C AA G G C C G G A A A C GT C A C C A A TG A A A C C G T T C C

CGTAAT CAGCAC ATCGATAG CTGAATTTACC

C A G T A G C G A C A GA G A A T G G AA A G C G C A G T C T

TCA CTTTAGCG GTTTGC AATCAA TTAAAGCC ATAAATCCTCA

G A CT G T A G C G CG T T T T C A T C G G CA T T T T C G GT C A A C A A A C A A

TTTGCC TTAGCG CCCCCTTA TGATATTCTAG

A T C T T T T C A T A AC A G G T C A GA C G A T T G G C C T

GCC GAACCAGA TCACCG TCAAAA GGTTGAGG CATTGACAGGA

A C CA C C G G A A CC G C C T C C C T C A GA G C C G C C AC C C G C C G C C A G

AGAGCC ACCCTC GAACCGCC CCAGAGCCTCA

A C C A C C C T C A G AG C C G C C A C C A G A A C C A C C A

ATC TGTCTTTCCTT G+ ATAAAA TACATAAAGGTGGCAACAT

A T T C C A A G A A CG G G T A T T A A A C CA A G T A C C GC A C A A A A T A C A

GCCGTT AAGCAA TCGAGAAC AAACGTAGTCA

T T T A T T T T C A T CT A T T A C G CA G T A T G T T A G C

CAA ACCGCGCC ATCATT GTAGGA AGACTCCT TGGCATGATTA

T A GC A A G C A A AT C A G A T A T A G A AG G C T T A T CC G G A A A A G A A C

GCGTTT CGCGAG TCTAAGAA GAATACCCTAT

T A G C G A A C C T C CA G G A A A C GC A A T A A T A A C G

AGC GGTTTTGA GCGGGA CGACTT GGAAACCG AGTTACCAGAA

C T T A A A T C A A GA T T A G T T G C T A TT T T G C A C CC A G C C G A A C A A

ATCTTA TCCTGA CAATTTTA GCAGATAGCTA

C C A A C G C T A A C GC C C T T T T TA A G A A A A G T A A

TTT GAGCCTAA TTTCCA AGCGTC TACCGAAG AATAGCTATCT

G C CA G T T A C A AA A T A A A C A G C C AT A T T A T T T A T C G A A A T A G C

CGATTT AAGAAA ATCCAAAT GAAACAATCCA

T T T G T T T A A C G TA G C C C A A TA A T A A G A G C A A

TTT TAGCAGCC TGAAAA CAAAAA TTGAGTTA ACCCACAAGAA

A C AG A G A G A A TA A C A T A A A A A C AG G G A A G C GC A T G A G A G A T A

TGAACA ATTAAC ACGGGAGA TAATATCATAG

C C C T G A A C A A A GT C A G A G G G T A A T T G A G C G C

AAT AAAACAAAATT C+ AGAAAC TCCTAATTTACGAGCATGT

T A C A T T T A A C AA T T T C A T T T G A AT T A C C T T TT T T A T A T C C C A

AATCAA TACATA GGAAACAG GAAAAATAAAT

T A T A T G T G A G T GA T A G A T A AG T C C T G A A C A A

TCG TCTGTAAA CTTGCT AATAAC TATCAACA ACGCGCCTGTT

T C GC T A T T A A T T A A T T T T C C C T TA G A A T C C TT G A A A T G C A G A

AGATTA TAGCTT CATAGCGA GTTCAGCTAAA

A G A C G C T G A G A AC G A C G A C AA T A A A C A A C A T

AAA AATTTATC ATAGTG GAGTCA TGTCCAGA TAAAGTAATTC

A T C A T A G G T C TG A G A G A C T A C C TT T T T A A C CT C C A C A A A A G G

ATAACT GGTTAT TTAGGTTG AAGTACCGGGC

A T A T G T A A A T G CC C A G T A A TA A G A G A A T A T A

GAC AATCGCAA AAATCC TGATGC TTTTCGAG AGGCAGAGGCA

A A AG A A C G C G AG A A A A C T T T T T CA A A T A T A T T T T T G T A A T T T

GACCTA TCTTCT TAATTTCA CGCCAACAAGT

A A T T T A A T G G T TG A A T C G C CA T A T T T A A C A A

AAA CGTGTGAT ACCGAC TGAAAT TTAATTGA AACAGTAGGGC

T A A G G C G T T A AA T A A G A A T A A A CA C C G G A A TC A T C A A C G C T C

TGTTTA AAAGCC TACTAGAA TATAAAGCAAT

G T A T C A T A T G C GT T A T A C A A A T T C T T A C C A G

CTA AACTGATAGCC G+ GATGAT AATTACCTGAGCAAAAGAA

A A AC A T C G C C AT T A A A A A T A C C GA A C G A A C CA C C T T C A T T T C

AGGTGA AAACAG AGAAGATA GCGAATTAAGC

G G C G G T C A G T A TG T T A C A A AA T C G C G C A G A G

CCA CAACAGTG CGCCTG TAACAC AATACCAA TGATTGCTTTG

C G CT G A G A G C CA G C A G C A A A T G AA A A A T C T AA A G G A T T C G C C

TCAAAT TGAACC CACCTTGC CAATAACGCAT

A T C A A A C C C T C AC C T T T T A CA T C G G G A G A A A

CAA TCAGTTGG ATCTGG ATCAAT TAACAGTA TGAATATACAG

A T C A A C A G T T GA A A G G A A T T G A GG A A G G T T AT C T A C G T C A G A

ACTAAC AGGAGC ATATCTTT CAGGTTTAAAA

A A C T A A T A G A T TA A G A A A T TG C G T A G A T T T T

CAT AGATAATA GTCAAT AGAGCC CAGAAATA TGCACGTAAAA

T T GA G G A T T T AG A A G T A T T A G A CT T T A C A A AC A A A A A T T A T T

AATCCT GTATTA GACAACTC CCATATCATTC

T T G C C C G A A C G TA T G G A A G GG T T A G A A C C T A

GTA AAGTTTGA TTTTAA TATTAA TCTGAATA TGGATTATACT

A C AT T A T C A T T T T G C G G A A C A A AG A A A C C A CC A G T G A T T G T T

TCATAT TTATCA GAGCGGAA TATAATCCAAG

T C C T G A T T A T C A G A T G A T G G C A A T T C A T C A A

GGGCGATGGCCCAC A+ CAGACAATATTTTTGAATGGCTATT

T A C G T G A A C C AT C A C C C A A A T C AA G T T T T T TG G G A C G T G G C A

CACTAA GTAAGAATGTCGAGGTGCCGTAAAG

A T C G G A A C C C T AA C C C T T C TG A C C T G A A A G C

GCCCCCGATTTAGAGCT TCTGGCCAACAGAGATAGAAAGGGA

T G AC G G G G A A AG C C G G C G A A C G TG G C G A G A AA G G A G G G A C A T

GGAGCG GTAATAAAAAGGGAAGAAAGCGAAA

G G C G C T A G G G C GT T C A C C A GT C A C A C G A C C A

AGTGTAGCGGTCACGCT GATTATTTACATTGGCAGACTGGCA

G C GC G T A A C C AC C A C A C C C G C C GC G C T T A A TG C G C T G A A A T G

CTATGG TCAATCGTCCGCTACAGGGCGCGTA

T T G C T T T G A C G AA A T A C C T AC A T T T T G A C G C

ATAACGTGCTTTCCTCG CAGGAAAAACGCTCATGGAGCACGT

T T A G A A T C A G AG C G G G A G C T A A AC A G G A G G CC G A C A T T G C A A

AGGAAC CCGCCAGCTTAAAGGGATTTTAGAC

G G T A C G C C A G A AA A T A T C C AG A A C A A T A T T A

GAAGTGTTTTTATAATC AACTATCGGCCTTGCTGGTTCCTGA

A G TG A G G C C A CC G A G T A A A A G A GT C T G T C C AT C A A G A A C T C A

AGCAAT TGAGTAGACGCAAATTAACCGTTGT

A C T T C T T T G A T TA G T A A T A A C A T C A C T T G C C

Path diagrams exported from cadnano v1: 

DC-v3-1 (left), DC-v3-2 (right)
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A T C T A T A C C T T C A T C T A C  A T A A AT G A T A G A C G G T T T T T C G C

GAATA TTTGTATGCCGACTCTAT CCTTTGACGTTGGAGTCC

C A T T A G A C T T A T A A A C C T  T C A T GA C G T T C T T T A A T A G T G G A

ATTGC AGAATGGGGATTTGTCTT CTCTTGTTCCAAACTGGA

A C G G T A T C A G T C A T T T C T  C G C A CA C A A C A C T C A A C C C T A T C

CGTAC TCGTGATAATAATTTTGC TCGGGCTATTCTTTTGAT

G A G A G G G C A A G T A T C G T T  T C C A CT T A T A A G G G A T T T T G C C G

TAATC ATCTATATGTTTTGTACA ATTTCGGAACCACCATCA

G G A T T G T T A T G T A A T A T T  G G G T TA A C A G G A T T T T C G C C T G C

AAAAT AAATCCCCGCGAGTGCGA TGGGGCAAACCAGCGTGG

A A C C C G C C G T A G C G A G T T  C A G A TA C C G C T T G C T G C A A C T C T

CATTT ATCATCTCCATAAAACAA CTCAGGGCCAGGCGGTGA

C A T T C T C C T G T G A C T C G G  A A G T GA G G G C A A T C A G C T G T T G C

TTCGA GCTCGGTACCCGGGGATC CCGTCTCACTGGTGAAAA

A C A G C T A T G A C C A T G A T T  A C G A AG A A A A A C C A C C C T G G C G C

CGGAT AACAATTTCACACAGGAA CCAATACGCAAACCGCCT

C G T A T G T T G T G T G G A A T T  G T G A GC T C C C C G C G C G T T G G C C G

CTTTA CACTTTATGCTTCCGGCT ATTCATTAATGCAGCTGG

G C T C A C T C A T T A G G C A C C  C C A G GC A C G A C A G G T T T C C C G A C

TGGAAAGCGGGCAGTGAGCGCAA CGCAATTAATGTGAGTTA

G C A G T G C C T G A G A G T T A A  T T T C G+ + C T G C A T G G A G A C A A G A

CATTG CCTGCTCTGCCGCTTCAC CACCGGATCTGCACAACA

G C G T C A A A T C C C C A G T C G  T C A T GT T G A T A A C G C C C A A T C T T

TTACC AATTCATGGAAAAGGTCT TTTGCTCAGACTCTAACT

C A G T T C C A G C A C A A T C G A  T G G T GC A T T G A T A C T C A T T T A T A

TGGTT TCTTTCCCGTTCATCCAG AACTCCTTGCAATGTATG

G G T C G C G G C G T T T G A T G T  A T T G CT C G T T T C A G C T A A A C G G T

TAGCG CAATATCCTCGTTCTCCT ATCAGCAATGTTTATGTA

T C A A C A C G C A G T T T C C C T  A C T G TA A G A A A C A G T A A G A T A A T

GTTTT GATTTTGCTGTTTCAAGC ACTCAACCCGATGTTTGA

G T A A T A C T C A C G C T G C T C  G T T G AG T A C G G T C A T C A T C T G A C

CTCCC ATCCGAGATAACACCTTC ACTACAGACTCTGGCATC

T T T C C A G T T T A G C A A T A C  G C T T AG C T G T G A A G A C G A C G C G A

TCCGT CTTCACGGACTTCGTTGC AATTCAGCATTTTCACAA

T G G C G A A C A A C A A G A A A C  T G G T TG C G T T A T C T T T T A C A A A A

TGATA ACAGGAGTCTTCCCAGGA CCGATCTCACTCTCCTTT

T T C C A G G T C A C C A G T G C A  G T G C TG A T G C G A A T G C C A G C G T C

TCGAT TAACTGCCGCAGAAACTC AGACATCATATGCAGATA

C G A T A G T T A C T A A C G G G T  C T T G TC T C A C C T G C A T C C T G A A C

CCATTGACCTCCAACCCCGTAAT AGCGATGCGTAATGATGT

G T T T T T G G G G C T T T T C T G  A T T A T+ + C T C T G T T T A C T G A T A A

ATATT TGCTTATACAATCTTCCT GTTCCAGATCCTCCTGGC

A A A T A T T A A C G T T T A C A A  T T T A AA A C T T G C A C A A G T C C G A C

AAAAT TTAATGCGAATTTTAACA AACCCTGAACGACCAGGC

T T A A A A A A T G A G C T G A T T  T A A C AG T C T T C G T T C A T C T A T C G

ATTTT TGATGGCGTTCCTATTGG GATCGCCACACTCACAAC

T A C A G G A A G G C C A G A C G C  G A A T TA A T G A G T G G C A G A T A T A G

ATTTA ATGTTGATGAAAGCTGGC CCTGGTGGTTCAGGCGGC

C C G A C G G G T T G T T A C T C G  C T C A CG C A T T T T T A T T G C T G T G T

CGCCG TTTGTTCCCACGGAGAAT TGCGCTGTAATTCTTCTA

G A C C T A T C C C A T T A C G G T  C A A T CT T T C T G A T G C T G A A T C A A

GATGC GCCCATCTACACCAACGT TGATGTCTGCCATCTTTC

C A A A C T G G C A G A T G C A C G  G T T A CA T T A A T C C C T G A A C T G T T

GGCCG ATACTGTCGTCGTCCCCT GGTTAATACGCATGAGGG

T G G C T G G A G T G C G A T C T T  C C T G AT G A A T G C G A A T A A T A A A G

CACCA GAAGCGGTGCCGGAAAGC CTTGGCACTGGCCGTCGT

A T G G C G C T T T G C C T G G T T  T C C G GT T T A C A A C G T C G T G A C T G

CAGTT GCGCAGCCTGAATGGCGA GGAAAACCCTGGCGTTAC

C C C G C A C C G A T C G C C C T T  C C C A AC C A A C T T A A T C G C C T T G C

AGCACATCCCCCTTTCGCCAGCT GGCGTAATAGCGAAGAGG

A T C C G C T T T G C T T C T G A C  T A T A A+ + A T G A T T G A C A T G C T A G

TTCCT CTTAATCTTTTTGATGCA TTTTACGATTACCGTTCA

G C G A T A T T T G A A G T C T T T  C G G G CT C G A T T C T C T T G T T T G C T

CGCTT TGAAGCTCGAATTAAAAC CCAGACTCTCAGGCAATG

T G G A G T T T G C T T C C G G T C  T G G T TA C C T G A T A G C C T T T G T A G

GGTAC TCTCTAATCCTGACCTGT ATCTCTCAAAAATAGCTA

T C T T A T C A A A A G G A G C A A  T T A A AC C C T C T C C G G C A T T A A T T

CTAAG CCATCCGCAAAAATGACC TATCAGCTAGAACGGTTG

G C A T T A T A T T C A G C A A T T  A A G C TA A T A T C A T A T T G A T G G T G

TATTT AAAACATGTTGAGCTACA ATTTGACTGTCTCCGGCC

C C A G A C A C C G T A C T T T A G  T T G C AT T T C T C A C C C T T T T G A A T

AACTG TTATATGGAATGAAACTT CTTTACCTACACATTACT

A C T C G T T C G C A G A A T T G G  G A A T CC A G G C A T T G C A T T T A A A A

TATCT AATGGTCAAACTAAATCT TATATGAGGGTTCTAAAA

G G T T A T T G A C C A T T T G C G  A A A T GA T T T T T A T C C T T G C G T T G

CCAAA TGAAAATATAGCTAAACA AAATAAAGGCTTCTCCCG

A T G C C A C C T T T T C A G C T C  G C G C CC A A A A G T A T T A C A G G G T C

TGCTA CTACTATTAGTAGAATTG ATAATGTTTTTGGTACAA

C T G T A T G A T T T A T T G G A T  G T T A AC C G A T T T A G C T T T A T G C T

CTGAGGCTTTATTGCTTAATTTT GCTAATTCTTTGCCTTGC

T T T T G C C T C T T T C G T T T T  A G G T T+ + A C C T G A T T T T T G A T T T

AAGAT GAGTGTTTTAGTGTATTC ATGGTCATTCTCGTTTTC

C T T G G T A T A A T C G C T G G G  G G T C AT G A A C T G T T T A A A G C A T T

TCTCC GTTGTACTTTGTTTCGCG TGAGGGGGATTCAATGAA

A A T T T A T C A G G C G A T G A T  A C A A AT A T T T A T G A C G A T T C C G C

GAGCA GGTCGCGGATTTCGACAC AGTATTGGACGCTATCCA

C C T C G T T C C G G C T A A G T A  A C A T GG T C T A A A C A T T T T A C T A T

TCCCT TATGATTGACCGTCTGCG TACCCCCTCTGGCAAAAC

C T T T C A A A G T T G G T C A G T  T C G G TT T C T T T T G C A A A A G C C T C

TCTGT ACACCGTTCATCTGTCCT TCGCTATTTTGGTTTTTA

G G T C A G C C A G C C T A T G C G  C C T G GT C G T C G T C T G G T A A A C G A

TTGTC AAGATTACTCTTGATGAA GGGTTATGATAGTGTTGC

T T T G G G T A A T G A A T A T C C  G G T T CT C T T A C T A T G C C T C G T A A

AATGA GCAGCTTTGTTACGTTGA TTCCTTTTGGCGTTATGT

G T C A G G G C A A G C C T T A T T  C A C T GA T C T G C A T T A G T T G A A T G

TACTA CTCGTTCTGGTGTTTCTC TGGTATTCCTAAATCTCA
A T T A A A C C A T C T C A A G C C  C A A T TA C T G A T G A A T C T T T C T A C

AATTC ACAATGATTAAAGTTGAA CTGTAATAATGTTGTTCC

C A G T T C T T A A A A T C G C A T  A A G G TG T T A G T T C G T T T T A T T A A

CGTAGATTTTTCTTCCCAACGTC CTGACTGGTATAATGAGC

A A T A G G C A G G G G G C A T T A  A C T G T+ + G G C A T T A C G T A T T T T A

TGTTT CAGAATAATAGGTTCCGA CCCGTTTAATGGAAACTT

G T C T C A G C C T C T T A A T A C  T T T C AC C T C A T G A A A A A G T C T T T

AATCC TAATCCTTCTCTTGAGGA AGTCCTCAAAGCCTCTGT

C T G G T A C T G A G C A A A A C C  C C G C TA G C C G T T G C T A C C C T C G T

CCCTC TCGACGGCACTTATCCGC TCCGATGCTGTCTTTCGC

A T T C C G G G C T A T A C T T A T  A T C A AT G C T G A G G G T G A C G A T C C

CTCCT GAGTACGGTGATACACCT CGCAAAAGCGGCCTTTAA

T T C T G A G G G T G G C G G T A C  T A A A CC T C C C T G C A A G C C T C A G C

GGTGG CGGTTCTGAGGGTGGCGG GACCGAATATATCGGTTA

A A A A T G A G G G T G G T G G C T  C T G A GT G C G T G G G C G A T G G T T G T

TCCTA TTGGGCTTGCTATCCCTG TGTCATTGTCGGCGCAAC

A C T C A G T G T T A C G G T A C A  T G G G TT A T C G G T A T C A A G C T G T T

TTGTA GTTTGTACTGGTGACGAA TAAGAAATTCACCTCGAA

C T G T C T G T G G A A T G C T A C  A G G C GA G C A A G C T G A T A A A C C G A

GATCG TTACGCTAACTATGAGGG TACAATTAAAGGCTCCTT

T C T G G A A A G A C G A C A A A A  C T T T AT T G G A G C C T T T T T T T T G G

TACAG AAAATTCATTTACTAACG AGATTTTCAACGTGAAAA

G A A A G T T G T T T A G C A A A A  T C C C AA A T T A T T A T T C G C A A T T C

CTTTAGTTGTTCCTTTCTATTCT CACTCCGCTGAAACTGTT

T T T C C T C G G T T T C C T T C T  G G T A A+ + T T A C T C A A G G C A C T G A

TTGGG TATTCCGTTATTATTGCG CCCCGTTAAAACTTATTA

G A G T C T T A A T C A T G C C A G  T T C T TC C A G T A C A C T C C T G T A T C

TTGCT AACATACTGCGTAATAAG ATCAAAAGCCATGTATGA

C T T T A T G T A T G T A T T T T C  T A C G TC G C T T A C T G G A A C G G T A A

GCGTT TCTTTTATATGTTGCCAC ATTCAGAGACTGCGCTTT

T A A A C T T A T T C C G T G G T G  T C T T TC C A T T C T G G C T T T A A T G A

ATTTT CTATTGATTGTGACAAAA GGATTTATTTGTTTGTGA

T T T G G C G C T G G T A A A C C A  T A T G AA T A T C A A G G C C A A T C G T C

CGGTT GAATGTCGCCCTTTTGTC TGACCTGCCTCAACCTCC

A T A T T T A C C T T C C C T C C C  T C A A TT G T C A A T G C T G G C G G C G G

CCTTT AATGAATAATTTCCGTCA CTCTGGTGGTGGTTCTGG

A A G T C G G T G A C G G T G A T A  A T T C AT G G C G G C T C T G A G G G T G G

TGGCT CTAATTCCCAAATGGCTC TGGCTCTGAGGGTGGCGG

A A T G G T G C T A C T G G T G A T  T T T G CT T C T G A G G G T G G C G G C T C

ACGTT TCCGGCCTTGCTAATGGT TGAGGGAGGCGGTTCCGG

T G C T A T C G A T G G T T T C A T  T G G T GT G G T G G C T C T G G T T C C G G

TCTGT CGCTACTGATTACGGTGC TGATTTTGATTATGAAAA

C T G A C G C T A A A G G C A A A C  T T G A TG A T G G C A A A C G C T A A T A A

GGGGGCTATGACCGAAAATGCCG ATGAAAACGCGCTACAGT

T G G C G T T G T T A A A T A T G G  C G A T T+ + C T G C T T A C T T T T C T T A

ATGCC TCTGCCTAAATTACATGT AAAAGGGCTTCGGTAAGA

A T T C T C T T A T T A C T G G C T  C G A A AT A G C T A T T G C T A T T T C A T

TTTAC CTTTTGTCGGTACTTTAT TGTTTCTTGCTCTTATTA

T G T C G T C G T C T G G A C A G A  A T T A CT T G G G C T T A A C T C A A T T C

CATTA GCTGAACATGTTGTTTAT TTGTGGGTTATCTCTCTG

T G T T G A T A A A C A G G C G C G  T T C T GA T A T T A G C G C T C A A T T A C

TTTCT TGTTCAGGACTTATCTAT CCTCTGACTTTGTTCAGG

G T A A A T T A G G A T G G G A T A  T T A T TG T G T T C A G T T A A T T C T C C

TATTG ATTGGTTTCTACATGCTC CGTCTAATGCGCTTCCCT

A A T G A T A A G G A A A G A C A G  C C G A TG T T T T T A T G T T A T T C T C T

CTTGG TTTAATACCCGTTCTTGG CTGTAAAGGCTGCTATTT

G C T T G T T C T C G A T G A G T G  C G G T AT C A T T T T T G A C G T T A A A C

TACGA TGAAAATAAAAACGGCTT AAAAAATCGTTTCTTATT

C T A T T G G G C G C G G T A A T G  A T T C CT G G A T T G G G A T A A A T A A T

GCCTT CTATATCTGATTTGCTTG ATGGCTGTTTATTTTGTA

C G C G T T C T T A G A A T A C C G  G A T A AA C T G G C A A A T T A G G C T C T

TCGGG AGGTTCGCTAAAACGCCT GGAAAGACGCTCGTTAGC

A A G G C T T C A A A A C C T C C C  G C A A GG T T G G T A A G A T T C A G G A T

AAAATTGTAGCTGGGTGCAAAAT AGCAACTAATCTTGATTT

A T A T G A T G A T A A T T C C G C  T C C T T+ + A C T G T T G A G C G T T G G C

TTGCC ATCATCTGATAATCAGGA TTTATACTGGTAAGAATT

A C A A T C A G G A T T A T A T T G  A T G A AT G T A T A A C G C A T A T G A T A

CATTA TTCAGAAGTATAATCCAA CTAAACAGGCTTTTTCTA

G A T A T G G T A G G T T C T A A C  C C T T CG T A A T T A T G A T T C C G G T G

CTGTT TTACGTGCAAATAATTTT TTTATTCTTATTTAACGC

A A A T C T A C G C A A T T T C T T  T A T T TC T T A T T T A T C A C A C G G T C

TATTC ATCTGACGTTAAACCTGA GGTATTTCAAACCATTAA

A T G T A A A A G G T A C T G T T A  C T G T AA T T T A G G T C A G A A G A T G A

CGAAT CCGTTATTGTTTCTCCCG AATTAACTAAAATATATT

A C T T G G T A T T C A A A G C A A  T C A G GT G A A A A A G T T T T C T C G C G

ATTCG CCTCTGCGCGATTTTGTA TTCTTTGTCTTGCGATTG

T G C T C A G G T A A T T G A A A T  G A A T AG A T T T G C A T C A G C A T T T A

ATGTT TGTTTCATCATCTTCTTT CATATAGTTATATAACCC

A T G T A A T T A A T T T T G T T T  T C T T GA A C C T A A G C C G G A G G T T A

GGTAA TTCAAATGAAATTGTTAA AAAAGGTAGTCTCTCAGA

T A T G T A C T G T T T C C A T T A  A A A A AC C T A T G A T T T T G A T A A A T

TTATT CACTCACATATATTGATT TCACTATTGACTCTTCTC

A G C G A C G A T T T A C A G A A G  C A A G GA G C G T C T T A A T C T A A G C T

ATCGCTATGTTTTCAAGGATTCT AAGGGAAAATTAATTAAT

C C G T T C C T G T C T A A A A T C  C C T T T+ + G T T C C G C A A A A T G A T A A + T

ACACT TCTCAGGATTCTGGCGTA ATGTTACTCAAACTTTTA

C G G T G G C C T C A C T G A T T A  T A A A AA A A T T A A T A A C G T T C G G G

CGTGA TGGACAGACTCTTTTACT CAAAGGATTTAATACGAG

G T A T T G C T A C A A C G G T T A  A T T T GT T G T C G A A T T G T T T G T A A

TGATG TTATTACTAATCAAAGAA AGTCTAATACTTCTAAAT

T T G A G T T C T T C T A C T C A G  G C A A GC C T C A A A T G T A T T A T C T A

ATATT ACCAGCAAGGCCGATAGT TTGACGGCTCTAATCTAT

G G C T G G C G G T A A T A T T G T  T C T G GT A G T T G T T A G T G C T C C T A

ATGAG CGTTTTTCCTGTTGCAAT AAGATATTTTAGATAACC

A G C G T C A A A A T G T A G G T A  T T T C CT T C C T C A A T T C C T T T C A A

AAATA ATCCATTTCAGACGATTG CTGTTGATTTGCCAACTG

G T G A C T G G T G A A T C T G C C  A A T G TA C C A G A T A T T G A T T G A G G

ATGTC CCTTTTATTACTGGTCGT GTTTGATATTTGAGGTTC

G G G T T C T A T C T C T G T T G G  C C A G AA G C A A G G T G A T G C T T T A G

ATTCT TACGCTTTCAGGTCAGAA ATTTTTCATTTGCTGCTG

C A A A A A T A T T G T C T G T G C  C A C G TG C T C T C A G C G T G G C A C T G

CGCAT TAAAGACTAATAGCCATT TTGCAGGCGGTGTTAATA

G A T G T T T T A G G G C T A T C A  G T T C GC T G A C C G C C T C A C C T C T G

TTTTATCTTCTGCTGGTGGTTCG TTCGGTATTTTTAATGGC

TGAAGGTATAGAT GTAGA CCGTCTATCATTTAT GCGAAAAA

A T A G A G T C G G C A T A C A A AT A T T C G G A C T C C A A C G T C A A A G G

TATAAGTCTAATG AGGTT TAAAGAACGTCATGA TCCACTAT

A A G A C A A A T C C C C A T T C TG C A A T T C C A G T T T G G A A C A A G A G

TGACTGATACCGT AGAAA TGAGTGTTGTGTGCG GATAGGGT

G C A A A A T T A T T A T C A C G A G T A C G A T C A A A A G A A T A G C C C G A

TACTTGCCCTCTC AACGA TCCCTTATAAGTGGA CGGCAAAA

T G T A C A A A A C A T A T A G A T G A T T A T G A T G G T G G T T C C G A A A T

TACATAACAATCC AATAT AAATCCTGTTAACCC GCAGGCGA

T C G C A C T C G C G G G G A T T TA T T T T C C A C G C T G G T T T G C C C C A

GCTACGGCGGGTT AACTC AGCAAGCGGTATCTG AGAGTTGC

T T G T T T T A T G G A G A T G A T A A A T G T C A C C G C C T G G C C C T G A G

TCACAGGAGAATG CCGAG TGATTGCCCTCACTT GCAACAGC

G A T C C C C G G G T A C C G A G CT C G A A T T T T C A C C A G T G A G A C G G

TGGTCATAGCTGT AATCA GTGGTTTTTCTTCGT GCGCCAGG

T T C C T G T G T G A A A T T G T TA T C C G A G G C G G T T T G C G T A T T G G

CACACAACATACG AATTC GCGCGGGGAGCTCAC CGGCCAAC

A G C C G G A A G C A T A A A G T GT A A A G C C A G C T G C A T T A A T G A A T

CTAATGAGTGAGC GGTGC ACCTGTCGTGCCTGG GTCGGGAA

T A A C T C A C A T T A A T T G C G T T G C G C T C A C T G C C C G C T T T C C A

TCTCAGGCACTGC TTAAC CGAAA CCATGCAG+ TCTTGTCT

G T G A A G C G G C A G AG C A G G C A A T G T G T T G T G C A GA T C C G G T G

GGGGATTTGACGC CGACT GCGTTATCAACATGA AAGATTGG

A G A C C T T T T C C A TG A A T T G G T A A A G T T A G A G T CT G A G C A A A

TGTGCTGGAACTG TCGAT AGTATCAATGCACCA TATAAATG

C T G G A T G A A C G G GA A A G A A A C C A C A T A C A T T G CA A G G A G T T

AAACGCCGCGACC ACATC GCTGAAACGAGCAAT ACCGTTTA

A G G A G A A C G A G G AT A T T G C G C T A T A C A T A A A C AT T G C T G A T

AACTGCGTGTTGA AGGGA ACTGTTTCTTACAGT ATTATCTT

G C T T G A A A C A G C AA A A T C A A A A C T C A A A C A T C GG G T T G A G T

GCGTGAGTATTAC GAGCA ATGACCGTACTCAAC GTCAGATG

G A A G G T G T T A T C TC G G A T G G G A G G A T G C C A G A GT C T G T A G T

GCTAAACTGGAAA GTATT TCTTCACAGCTAAGC TCGCGTCG

G C A A C G A A G T C C GT G A A G A C G G A T T G T G A A A A TG C T G A A T T

TTGTTGTTCGCCA GTTTC AAGATAACGCAACCA TTTTGTAA

T C C T G G G A A G A C TC C T G T T A T C A A A A G G A G A G TG A G A T C G G

TGGTGACCTGGAA TGCAC CATTCGCATCAGCAC GACGCTGG

G A G T T T C T G C G G CA G T T A A T C G A T A T C T G C A T AT G A T G T C T

TTAGTAACTATCG ACCCG TGCAGGTGAGACAAG GTTCAGGA

A C A T C A T T A C G C AT C G C T A T T A C G G G G T T G G A GG T C A A T G G

AAGCCCCAAAAAC CAGAA ATAAT AAACAGAG+ TTATCAGT

A G G A A G A T T G T A TA A G C A A A T A T G C C A G G A G G AT C T G G A A C

AACGTTAATATTT TTGTA TGTGCAAGTTTTAAA GTCGGACT

T G T T A A A A T T C G CA T T A A A T T T T G C C T G G T C G TT C A G G G T T

GCTCATTTTTTAA AATCA GAACGAAGACTGTTA CGATAGAT

C C A A T A G G A A C G CC A T C A A A A A T G T T G T G A G T GT G G C G A T C

TGGCCTTCCTGTA GCGTC GCCACTCATTAATTC CTATATCT

G C C A G C T T T C A T CA A C A T T A A A T G C C G C C T G A AC C A C C A G G

AACAACCCGTCGG CGAGT ATAAAAATGCGTGAG ACACAGCA

A T T C T C C G T G G G AA C A A A C G G C G T A G A A G A A T TA C A G C G C A

AATGGGATAGGTC ACCGT GCATCAGAAAGATTG TTGATTCA

A C G T T G G T G T A G AT G G G C G C A T C G A A A G A T G G CA G A C A T C A

ATCTGCCAGTTTG CGTGC AGGGATTAATGTAAC AACAGTTC

A G G G G A C G A C G A CA G T A T C G G C C C C C T C A T G C GT A T T A A C C

CGCACTCCAGCCA AAGAT TTCGCATTCATCAGG CTTTATTA

G C T T T C C G G C A C CG C T T C T G G T G A C G A C G G C C AG T G C C A A G

GGCAAAGCGCCAT AACCA ACGTTGTAAACCGGA CAGTCACG

T C G C C A T T C A G G CT G C G C A A C T G G T A A C G C C A GG G T T T T C C

CGATCGGTGCGGG AAGGG ATTAAGTTGGTTGGG GCAAGGCG

C C T C T T C G C T A T TA C G C C A G C T G G C G A A A G G G GG A T G T G C T

AAGCAAAGCGGAT GTCAG TTATA TCAATCAT+ CTAGCATG

T G C A T C A A A A A G AT T A A G A G G A A T G A A C G G T A AT C G T A A A A

CTTCAAATATCGC AAAGA AGAGAATCGAGCCCG AGCAAACA

G T T T T A A T T C G A GC T T C A A A G C G C A T T G C C T G AG A G T C T G G

GAAGCAAACTCCA GACCG GCTATCAGGTAACCA CTACAAAG

A C A G G T C A G G A T TA G A G A G T A C C T A G C T A T T T TT G A G A G A T

CCTTTTGATAAGA TTGCT CCGGAGAGGGTTTAA AATTAATG

G G T C A T T T T T G C GG A T G G C T T A G C A A C C G T T C TA G C T G A T A

CTGAATATAATGC AATTG ATATGATATTAGCTT CACCATCA

T G T A G C T C A A C A TG T T T T A A A T A G G C C G G A G A CA G T C A A A T

GTACGGTGTCTGG CTAAA GGGTGAGAAATGCAA ATTCAAAA

A A G T T T C A T T C C AT A T A A C A G T T A G T A A T G T G TA G G T A A A G

TCTGCGAACGAGT CCAAT GCAATGCCTGGATTC TTTTAAAT

A G A T T T A G T T T G AC C A T T A G A T A T T T T A G A A C CC T C A T A T A

ATGGTCAATAACC CGCAA GGATAAAAATCATTT CAACGCAA

T G T T T A G C T A T A TT T T C A T T T G G C G G G A G A A G CC T T T A T T T

GAAAAGGTGGCAT GAGCT AATACTTTTGGGCGC GACCCTGT

C A A T T C T A C T A A TA G T A G T A G C A T T G T A C C A A AA A C A T T A T

ATAAATCATACAG ATCCA GCTAAATCGGTTAAC AGCATAAA

G C A A G G C A A A G A AT T A G C A A A A T T A A G C A A T A AA G C C T C A G

GAAAGAGGCAAAA AAAAC AACCT AATCAGGT+ AAATCAAA

G A A T A C A C T A A A AC A C T C A T C T T G A A A A C G A G AA T G A C C A T

CGATTATACCAAG CCCAG AAACAGTTCATGACC AATGCTTT

C G C G A A A C A A A G TA C A A C G G A G A T T C A T T G A A TC C C C C T C A

CGCCTGATAAATT ATCAT GTCATAAATATTTGT GCGGAATC

G T G T C G A A A T C C GC G A C C T G C T C T G G A T A G C G TC C A A T A C T

AGCCGGAACGAGG TACTT ATGTTTAGACCATGT ATAGTAAA

C G C A G A C G G T C A AT C A T A A G G G A G T T T T G C C A GA G G G G G T A

CCAACTTTGAAAG ACTGA TGCAAAAGAAACCGA GAGGCTTT

A G G A C A G A T G A A CG G T G T A C A G A T A A A A A C C A AA A T A G C G A

AGGCTGGCTGACC CGCAT CAGACGACGACCAGG TCGTTTAC

T T C A T C A A G A G T AA T C T T G A C A A G C A A C A C T A TC A T A A C C C

TTCATTACCCAAA GGATA CATAGTAAGAGAACC TTACGAGG

T C A A C G T A A C A A AG C T G C T C A T T A C A T A A C G C CA A A A G G A A

GGCTTGCCCTGAC AATAA TAATGCAGATCAGTG CATTCAAC

G A G A A A C A C C A G AA C G A G T A G T A T G A G A T T T A GG A A T A C C A
GAGATGGTTTAAT GGCTT ATTCATCAGTAATTG GTAGAAAG

T T C A A C T T T A A T CA T T G T G A A T T G G A A C A A C A TT A T T A C A G

ATTTTAAGAACTG ATGCG ACGAACTAACACCTT TTAATAAA

G C T C A T T A T A C C AG T C A G G A C G T T G G G A A G A A AA A T C T A C G

CCCCCTGCCTATT TAATG ACAGT GTAATGCC+ TAAAATAC

T C G G A A C C T A T T AT T C T G A A A C A A A G T T T C C A TT A A A C G G G

AAGAGGCTGAGAC GTATT TTTCATGAGGTGAAA AAAGACTT

T C C T C A A G A G A A GG A T T A G G A T T A C A G A G G C T TT G A G G A C T

TGCTCAGTACCAG GGTTT AGCAACGGCTAGCGG ACGAGGGT

G C G G A T A A G T G C CG T C G A G A G G G G C G A A A G A C AG C A T C G G A

TATAGCCCGGAAT ATAAG ACCCTCAGCATTGAT GGATCGTC

A G G T G T A T C A C C GT A C T C A G G A G T T A A A G G C C GC T T T T G C G

GCCACCCTCAGAA GTACC TTGCAGGGAGGTTTA GCTGAGGC

C C G C C A C C C T C A GA A C C G C C A C C T A A C C G A T A TA T T C G G T C

CCACCCTCATTTT AGCCA CGCCCACGCACTCAG ACAACCAT

C A G G G A T A G C A A GC C C A A T A G G A G T T G C G C C G AC A A T G A C A

CGTAACACTGAGT TGTAC GATACCGATAACCCA AACAGCTT

T T C G T C A C C A G T AC A A A C T A C A A T T C G A G G T G AA T T T C T T A

ATTCCACAGACAG GTAGC TCAGCTTGCTCGCCT TCGGTTTA

C C C T C A T A G T T A GC G T A A C G A T C A A G G A G C C T TT A A T T G T A

TCGTCTTTCCAGA TTTTG AAGGCTCCAATAAAG CCAAAAAA

C G T T A G T A A A T G AA T T T T C T G T A T T T T C A C G T TG A A A A T C T

CTAAACAACTTTC TTTTG AATAATAATTTGGGA GAATTGCG

A A C A G T T T C A G C GG A G T G A G A A T A G A A A G G A A CA A C T A A A G

GAAACCGAGGAAA AGAAG TTACC TTGAGTAA+ TCAGTGCC

C G C A A T A A T A A C GG A A T A C C C A A T A A T A A G T T TT A A C G G G G

ATGATTAAGACTC CTGGC AGTGTACTGGAAGAA GATACAGG

C T T A T T A C G C A G TA T G T T A G C A A T C A T A C A T G GC T T T T G A T

TACATACATAAAG GAAAA CCAGTAAGCGACGTA TTACCGTT

G T G G C A A C A T A T AA A A G A A A C G C A A A G C G C A G TC T C T G A A T

CGGAATAAGTTTA CACCA GCCAGAATGGAAAGA TCATTAAA

T T T T G T C A C A A T CA A T A G A A A A T T C A C A A A C A AA T A A A T C C

TACCAGCGCCAAA TGGTT GCCTTGATATTCATA GACGATTG

G A C A A A A G G G C G AC A T T C A A C C G G G A G G T T G A GG C A G G T C A

GGAAGGTAAATAT GGGAG AGCATTGACAATTGA CCGCCGCC

T G A C G G A A A T T A TT C A T T A A A G G C C A G A A C C A CC A C C A G A G

CCGTCACCGACTT TATCA AGAGCCGCCATGAAT CCACCCTC

G A G C C A T T T G G G AA T T A G A G C C A C C G C C A C C C TC A G A G C C A

CAGTAGCACCATT ATCAC ACCCTCAGAAGCAAA GAGCCGCC

A C C A T T A G C A A G GC C G G A A A C G T C C G G A A C C G CC T C C C T C A

ACCATCGATAGCA ATGAA AGAGCCACCACACCA CCGGAACC

G C A C C G T A A T C A GT A G C G A C A G A T T T T C A T A A TC A A A A T C A

CCTTTAGCGTCAG GTTTG GTTTGCCATCATCAA TTATTAGC

A C T G T A G C G C G T TT T C A T C G G C A T T T T C G G T C AT A G C C C C C

TTTAACAACGCCA CCATA AATCG GTAAGCAG+ TAAGAAAA

A C A T G T A A T T T A GG C A G A G G C A T T C T T A C C G A AG C C C T T T T

GTAATAAGAGAAT AGCCA GCAATAGCTATTTCG ATGAAATA

A T A A A G T A C C G A CA A A A G G T A A A T A A T A A G A G CA A G A A A C A

CCAGACGACGACA TCTGT TTAAGCCCAAGTAAT GAATTGAG

A T A A A C A A C A T G TT C A G C T A A T G C A G A G A G A T AA C C C A C A A

CTGTTTATCAACA CGCGC GCGCTAATATCAGAA GTAATTGA

A T A G A T A A G T C C TG A A C A A G A A A C C T G A A C A A AG T C A G A G G

CATCCTAATTTAC TATCC AACTGAACACAATAA GGAGAATT

G A G C A T G T A G A A AC C A A T C A A T A A G G G A A G C G CA T T A G A C G

TTTCCTTATCATT CTGTC ACATAAAAACATCGG AGAGAATA

C C A A G A A C G G G T AT T A A A C C A A G A A A T A G C A G CC T T T A C A G

ATCGAGAACAAGC CACTC TCAAAAATGATACCG GTTTAACG

A A G C C G T T T T T A TT T T C A T C G T A A A T A A G A A A CG A T T T T T T

CCGCGCCCAATAG CATTA TCCCAATCCAGGAAT ATTATTTA

C A A G C A A A T C A G AT A T A G A A G G C T A C A A A A T A AA C A G C C A T

TTCTAAGAACGCG CGGTA ATTTGCCAGTTTATC AGAGCCTA

A G G C G T T T T A G C GA A C C T C C C G A G C T A A C G A G CG T C T T T C C

GTTTTGAAGCCTT GGGAG TCTTACCAACCTTGC ATCCTGAA

A A A T C A A G A T T A GT T G C T A T T T T G C A C C C A G C TA C A A T T T T

ATTATCATCATAT GCGGA AAGGA TCAACAGT+ GCCAACGC

T C C T G A T T A T C A GA T G A T G G C A A A A T T C T T A C CA G T A T A A A

TAATCCTGATTGT CAATA GCGTTATACATTCAT TATCATAT

T T G G A T T A T A C T TC T G A A T A A T G T A G A A A A A G CC T G T T T A G

AACCTACCATATC GTTAG TCATAATTACGAAGG CACCGGAA

A A A A T T A T T T G C AC G T A A A A C A G G C G T T A A A T AA G A A T A A A

ATTGCGTAGATTT AAGAA GATAAATAAGAAATA GACCGTGT

T C A G G T T T A A C G TC A G A T G A A T A T T A A T G G T T TG A A A T A C C

GTACCTTTTACAT TAACA TGACCTAAATTACAG TCATCTTC

C G G G A G A A A C A A TA A C G G A T T C G A A T A T A T T T TA G T T A A T T

TTGAATACCAAGT TTGCT AACTTTTTCACCTGA CGCGAGAA

T A C A A A A T C G C G CA G A G G C G A A T C A A T C G C A A GA C A A A G A A

AATTACCTGAGCA ATTTC GATGCAAATCTATTC TAAATGCT

A A A G A A G A T G A T GA A A C A A A C A T G G G T T A T A T AA C T A T A T G

AAATTAATTACAT AAACA GGCTTAGGTTCAAGA TAACCTCC

T T A A C A A T T T C A TT T G A A T T A C C T C T G A G A G A CT A C C T T T T

GAAACAGTACATA TAATG AAATCATAGGTTTTT ATTTATCA

A A T C A A T A T A T G TG A G T G A A T A A G A G A A G A G T CA A T A G T G A

GTAAATCGTCGCT CTTCT TTAAGACGCTCCTTG AGCTTAGA

A T T A A T T A A T T T T C C C T T A G A A T C C T T G A A A A CA T A G C G A T

GATTTTAGACAGGAACGG AAAGG TATCATTTTGCGGAAC+ A+T

T A C G C C A G A A T C CT G A G A A G T G T T A A A A G T T T GA G T A A C A T

TAATCAGTGAGGCCACCG CCCGAACGTTATTAATTTTTTTA

A G T A A A A G A G T C TG T C C A T C A C G C T C G T A T T A AA T C C T T T G

TAACCGTTGTAGCAATAC TTACAAACAATTCGACAACAAAT

T T C T T T G A T T A G TA A T A A C A T C A A T T T A G A A G TA T T A G A C T

CTGAGTAGAAGAACTCAA TAGATAATACATTTGAGGCTTGC

A C T A T C G G C C T T GC T G G T A A T A T A T A G A T T A G AG C C G T C A A

ACAATATTACCGCCAGCC TAGGAGCACTAACAACTACCAGA

A T T G C A A C A G G A AA A A C G C T C A T G G T T A T C T A AA A T A T C T T

TACCTACATTTTGACGCT TTGAAAGGAATTGAGGAAGGAAA

C A A T C G T C T G A A AT G G A T T A T T T C A G T T G G C A AA T C A A C A G

GGCAGATTCACCAGTCAC CCTCAATCAATATCTGGTACATT

A C G A C C A G T A A T AA A A G G G A C A T G A A C C T C A A AT A T C A A A C

CCAACAGAGATAGAACCC CTAAAGCATCACCTTGCTTCTGG

T T C T G A C C T G A A AG C G T A A G A A T C A G C A G C A A AT G A A A A A T

GCACAGACAATATTTTTG CAGTGCCACGCTGAGAGCACGTG

A A T G G C T A T T A G TC T T T A A T G C G T A T T A A C A C CG C C T G C A A

TGATAGCCCTAAAACATC CAGAGGTGAGGCGGTCAGCGAAC

G C C A T T A A A A A T AC C G A A C G A A C C A C C A G C A G AA G A T A A A A
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G C T A T G A C C A T G A T T A C G A A + A G + G GT G A T A G A C G G T T T T T C

GATAACAATTTCACACAGGAAACA GCCCTTTGACGTTGGAGT

G T A T G T T G T G T G G A A T T G T G A G C GC C A C G T T C T T T A A T A G T G

CTTTACACTTTATGCTTCCGGCTC GACTCTTGTTCCAAACTG

A G C T C A C T C A T T A G G C A C C C C A G GG A A C A A C A C T C A A C C C T A

AGCGCAACGCAATTAATGTGAGTT TCTCGGGCTATTCTTTTG

T T C C C G A C T G G A A A G C G G G C A G T GA T T T A T A A G G G A T T T T G C

ATTAATGCAGCTGGCACGACAGGT CGATTTCGGAACCACCAT

C T C T C C C C G C G C G T T G G C C G A T T CC A A A C A G G A T T T T C G C C T

CCTGGCGCCCAATACGCAAACCGC GCTGGGGCAAACCAGCGT

C T C A C T G G T G A A A A G A A A A A C C A CG G A C C G C T T G C T G C A A C T

CTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGT

C A G C A T C G T T T A A C T T T A C C + A T + C GG G A T C C T C A A C T G T G A

GACCGCGTTTGCCGGAACGGCAAT GGAGGCTCACGGACGCGA

T G C C A G C G A C G A G A C G A A A A A A C GA G A A C A G G C A C G C G T G C T

TGAGGATGTGCTCTGGCCGGAGGC GGCAGAAACCCCCGGTAT

C T A C A A G T C C G G C A C G T T C C G T T AG A C C G T G A A A A C G G C C C G

CCAGACCAGCACCACGCTGACGTT CCGCATTCTGGCCGCAGC

T G G C A T T C T T G C G G T T G C T G C T G AA C C A C A G A G T G C A C A G G C

TGGCACCACCGACGGTGCTGCCGT GCGCAGTGACACTGCGCT

C A G C C G T A A G C T G G T T G C G T G G G AG G A T C G T C T G A T G C A G G G

GACCCCGCTGATGCTGGACACCTC GGCACCGGCACCGCTGGC

A T T G A G T G C G A A A G C G C C T G C A A TT G C A G G T A A C C C G G C A T C

TCATACCGCAACCGCGCCCGGCGG TGATGCCGTTAACGATTT

G C C G C A G G G C A A C A G T G A C C C G G CG C T G A A C A C A C C A G T G T A

AGGGATGTTTATGACGAGCAAAGAAACCTTTACCCATTACCA

G C C A G A C G C G A A T T A T T T T T + G C + G TC C T G T G C G G C T T T T T T

TTGATGAAAGCTGGCTACAGGAAG TACGGGATTTTTTTATGT

G T T G T T A C T C G C T C A C A T T T A A T GC G A T G T A C A C A A C C G C C C

TTGTTCCCACGGAGAATCCGACGG AACTGCTGGCGGCAAATG

A T C C C A T T A C G G T C A A T C C G C C G TA G C A G A A A T T T A A G T T T G

CGCCCATCTACACCAACGTGACCT ATCCGCTGTTTCTGCGTC

A C T G G C A G A T G C A C G G T T A C G A T GT C T T T T T C C G T G A G A G C T

CCGATACTGTCGTCGTCCCCTCAA ATCCCTTCACCACGGAGA

G G C T G G A G T G C G A T C T T C C T G A G GA A G T C T A T C T C T C A C A A A

CACCAGAAGCGGTGCCGGAAAGCT TTCCGGGACTGGTAAACA

A A T G G C G C T T T G C C T G G T T T C C G GT G G C G C T G T A C G T T T C G C

AACAGTTGCGCAGCCTGAATGGCG CGATTGTTTCCGGTGAGG

A G G C C C G C A C C G A T C G C C C T T C C CT T A T C C G T T C C C G T G G C G

TCGCCAGCTGGCGTAATAGCGAAG GCTCCACCTCTGAAAGCT

A T C G C C T T G C A G C A C A T C C C C C T TT G G C A C T G G C C G T C G T T T

TACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTA

T G A G C T A C A G C A T T A T A T T C + A T + G CT A A A A A A T G A G C T G A T

TTTAGTTGCATATTTAAAACATGT TTAACAAAAATTTAATGC

G A A T G A A A C T T C C A G A C A C C G T A CG A A T T T T A A C A A A A T A T T

GAATTGGGAATCAACTGTTATATG AACGTTTACAATTTAAAT

T C A A A C T A A A T C T A C T C G T T C G C AA T T T G C T T A T A C A A T C T T

CCATTTGCGAAATGTATCTAATGG CCTGTTTTTGGGGCTTTT

A A A T A T A G C T A A A C A G G T T A T T G AC T G A T T A T C A A C C G G G G T

CTTTTCAGCTCGCGCCCCAAATGA ACATATGATTGACATGCT

T A C T A T T A G T A G A A T T G A T G C C A CA G T T T T A C G A T T A C C G T T

TGATTTATTGGATGTTAATGCTAC CATCGATTCTCTTGTTTG

T G C T A A T T C T T T G C C T T G C C T G T AC T C C A G A C T C T C A G G C A A

CTCTGAGGCTTTATTGCTTAATTT TGACCTGATAGCCTTTGT

T G G T A C A A C C G A T T T A G C T T T A T GA G A T C T C T C A A A A A T A G C

AGTATTACAGGGTCATAATGTTTT TACCCTCTCCGGCATTAA

T G A A A T A A A G G C T T C T C C C G C A A AT T T A T C A G C T A G A A C G G T

TTCTAAAAATTTTTATCCTTGCGT TGAATATCATATTGATGG

C A T T G C A T T T A A A A T A T A T G A G G GT G A T T T G A C T G T C T C C G G

CCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGG

G G T C A G T T C G G T T C C C T T A T + G A + C TC A T C C G C A A A A A T G A C

GTTCATCTGTCCTCTTTCAAAGTT CTCTTATCAAAAGGAGCA

G C C T A T G C G C C T G G T C T G T A C A C CA T T A A A G G T A C T C T C T A A

ATTACTCTTGATGAAGGTCAGCCA TCCTGACCTGTTGGAGTT

A A T G A A T A T C C G G T T C T T G T C A A GT G C T T C C G G T C T G G T T C G

CAGCTTTGTTACGTTGATTTGGGT CTTTGAAGCTCGAATTAA

G G C A A G C C T T A T T C A C T G A A T G A GA A C G C G A T A T T T G A A G T C

ACTCGTTCTGGTGTTTCTCGTCAG TTTCGGGCTTCCTCTTAA

A A A C C A T C T C A A G C C C A A T T T A C TT C T T T T T G A T G C A A T C C G

TTCACAATGATTAAAGTTGAAATT CTTTGCTTCTGACTATAA

A G T T C T T A A A A T C G C A T A A G G T A AT A G T C A G G G T A A A G A C C T

ACGTCCTGACTGGTATAATGAGCC GATTTTTGATTTATGGTC

T A T T A A C G T A G A T T T T T C T T C C C AA T T C T C G T T T T C T G A A C T

TAATGTTGTTCCGTTAGTTCGTTT GTTTAAAGCATTTGAGGG

A C T G A T G A A T C T T T C T A C C T G T A AG G A T T C A A T G A A T A T T T A

TGAATGTGGTATTCCTAAATCTCA TGACGATTCCGCAGTATT

T T G G C G T T A T G T A T C T G C A T T A G TG G A C G C T A T C C A G T C T A A

TCTTACTATGCCTCGTAATTCCTT ACATTTTACTATTACCCC

A A A C G A G G G T T A T G A T A G T G T T G CC T C T G G C A A A A C T T C T T T

TGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGT

G T A C G C G C C C T G T A G C G G C G + A A + T GC G T T C C G G C T A A G T A A

TACGTGCTCGTCAAAGCAACCATA CATGGAGCAGGTCGCGGA

G A T T C T A A C G A G G A A A G C A C G T T AT T T C G A C A C A A T T T A T C A

GGCCTCCTGTTTAGCTCCCGCTCT GGCGATGATACAAATCTC

T T C C T G T C T A A A A T C C C T T T A A T CC G T T G T A C T T T G T T T C G C

ACTTCTCAGGATTCTGGCGTACCG GCTTGGTATAATCGCTGG

G G T G G C C T C A C T G A T T A T A A A A A CG G G T C A A A G A T G A G T G T T

CGTGATGGACAGACTCTTTTACTC TTAGTGTATTCTTTTGCC

A G T A T T G C T A C A A C G G T T A A T T T GT C T T T C G T T T T A G G T T G G

AGTGATGTTATTACTAATCAAAGA TGCCTTCGTAGTGGCATT

A G T T T G A G T T C T T C T A C T C A G G C AA C G T A T T T T A C C C G T T T A

CTGGATATTACCAGCAAGGCCGAT ATGGAAACTTCCTCATGA

G C A A T G G C T G G C G G T A A T A T T G T TA A A A G T C T T T A G T C C T C A

ATTTCCATGAGCGTTTTTCCTGTT AAGCCTCTGTAGCCGTTG

A C G A T T G A G C G T C A A A A T G T A G G TC T A C C C T C G T T C C G A T G C

GCCAATGTAAATAATCCATTTCAG TGTCTTTCGCTGCTGAGG

A C T G G T C G T G T G A C T G G T G A A T C TG T G A C G A T C C C G C A A A A G

GTTGGCCAGAATGTCCCTTTTATT CGGCCTTTAACTCCCTGC

T C A G G T C A G A A G G G T T C T A T C T C TA A G C C T C A G C G A C C G A A T

TCTGTGCCACGTATTCTTACGCTT ATATCGGTTATGCGTGGG

A C T A A T A G C C A T T C A A A A A T A T T GC G A T G G T T G T T G T C A T T G

TA+TATCAGTTCGCGCATTAAAG TCGGCGCAACTATCGG+TT

G G C A C T T A T C C G C C T G G T A C T G A G C A A A A C C C C G C T A A T C C T

TATACTTATATCAACCCTCTCGAC AATCCTTCTCTTGAGGAG

T A C G G T G A T A C A C C T A T T C C G G G CT C T C A G C C T C T T A A T A C T

GGTGGCGGTACTAAACCTCCTGAG TTCATGTTTCAGAATAAT

G G T T C T G A G G G T G G C G G T T C T G A GA G G T T C C G A A A T A G G C A G

GAGGGTGGTGGCTCTGAGGGTGGC GGGGCATTAACTGTTTAT

A T T G G G C T T G C T A T C C C T G A A A A TA C G G G C A C T G T T A C T C A A

CAGTGTTACGGTACATGGGTTCCT GGCACTGACCCCGTTAAA

G T A G T T T G T A C T G G T G A C G A A A C TA C T T A T T A C C A G T A C A C T

TGTCTGTGGAATGCTACAGGCGTT CCTGTATCATCAAAAGCC

G A T C G T T A C G C T A A C T A T G A G G G CA T G T A T G A C G C T T A C T G G

GTCTGGAAAGACGACAAAACTTTA AACGGTAAATTCAGAGAC

C A T A C A G A A A A T T C A T T T A C T A A CT G C G C T T T C C A T T C T G G C

GTTGAAAGTTGTTTAGCAAAATCC TTTAATGAGGATTTATTT

T T C T A T T C T C A C T C C G C T G A A A C TG T T T G T G A A T A T C A A G G C

TTCGCAATTCCTTTAGTTGTTCCT CAATCGTCTGACCTGCCT

A T T T T C A A C G T G A A A A A A T T A T T AC A A C C T C C T G T C A A T G C T

CCTTTTGGAGCCTTTTTTTTGGAG GGCGGCGGCTCTGGTGGT

G A T A A A C C G A T A C A A T T A A A G G C TG G T T C T G G T G G C G G C T C T

TA+ATTCACCTCGAAAGCAAGCT GAGGGTGGTGGCTCTG+TT

T T A T T C C G T G G T G T C T T T G C G T T T C T T T T A T A T G T T G C C A C C

TCTATTGATTGTGACAAAATAAAC TTTATGTATGTATTTTCT

G G C G C T G G T A A A C C A T A T G A A T T TA C G T T T G C T A A C A T A C T G

GTTGAATGTCGCCCTTTTGTCTTT CGTAATAAGGAGTCTTAA

T A T T T A C C T T C C C T C C C T C A A T C GT C A T G C C A G T T C T T T T G G

CCTTTAATGAATAATTTCCGTCAA GTATTCCGTTATTATTGC

C A A G T C G G T G A C G G T G A T A A T T C AG T T T C C T C G G T T T C C T T C

GCTGGCTCTAATTCCCAAATGGCT TGGTAACTTTGTTCGGCT

G G T A A T G G T G C T A C T G G T G A T T T TA T C T G C T T A C T T T T C T T A

GGTGACGTTTCCGGCCTTGCTAAT AAAAGGGCTTCGGTAAGA

G G T G C T G C T A T C G A T G G T T T C A T TT A G C T A T T G C T A T T T C A T

CTTGATTCTGTCGCTACTGATTAC TGTTTCTTGCTCTTATTA

C T A C A G T C T G A C G C T A A A G G C A A AT T G G G C T T A A C T C A A T T C

ACCGAAAATGCCGATGAAAACGCG TTGTGGGTTATCTCTCTG

G C A A A C G C T A A T A A G G G G G C T A T GA T A T T A G C G C T C A A T T A C

GGTGATTTTGATTATGAAAAGATG CCTCTGACTTTGTTCAGG

G G T T C C G G T G G T G G C T C T G G T T C CG T G T T C A G T T A A T T C T C C

CT+GTGGCGGCTCTGAGGGAGGC CGTCTAATGCGCTTCC+GT

A A T A C C C G T T C T T G G A A T G A T A A G G A A A G A C A G C C G A T T A T T

CTCGATGAGTGCGGTACTTGGTTT GATTGGTTTCTACATGCT

G A A A A T A A A A A C G G C T T G C T T G T TC G T A A A T T A G G A T G G G A T

GGGCGCGGTAATGATTCCTACGAT ATTATTTTTCTTGTTCAG

T C T A T A T C T G A T T T G C T T G C T A T TG A C T T A T C T A T T G T T G A T

GTTCTTAGAATACCGGATAAGCCT AAACAGGCGCGTTCTGCA

G G G A G G T T C G C T A A A A C G C C T C G CT T A G C T G A A C A T G T T G T T

AGGCTTCAAAACCTCCCGCAAGTC TATTGTCGTCGTCTGGAC

A A A A T A G C A A C T A A T C T T G A T T T AA G A A T T A C T T T A C C T T T T

CAGGATAAAATTGTAGCTGGGTGC GTCGGTACTTTATATTCT

A C G C T C G T T A G C G T T G G T A A G A T TC T T A T T A C T G G C T C G A A A

ACTGGCAAATTAGGCTCTGGAAAG ATGCCTCTGCCTAAATTA

A A T A A T A T G G C T G T T T A T T T T G T AC A T G T T G G C G T T G T T A A A

TCGTTTCTTATTTGGATTGGGATA TATGGCGATTCTCAATTA

T C A T T T T T G A C G T T A A A C A A A A A AA G C C C T A C T G T T G A G C G T

TA+CTCTGTAAAGGCTGCTATTT TGGCTTTATACTGGTA+TA

A A G G A T T C T A A G G G A A A A T T A A T T A A T A G C G A C G A T T T A C A G

AATCTAAGCTATCGCTATGTTTTC AAGCAAGGTTATTCACTC

A C T A T T G A C T C T T C T C A G C G T C T TA C A T A T A T T G A T T T A T G T

CAGACCTATGATTTTGATAAATTC ACTGTTTCCATTAAAAAA

C C G G A G G T T A A A A A G G T A G T C T C TG G T A A T T C A A A T G A A A T T

TATAGTTATATAACCCAACCTAAG GTTAAATGTAATTAATTT

A T T G G A T T T G C A T C A G C A T T T A C AT G T T T T C T T G A T G T T T G T

TTTTCTCGCGTTCTTTGTCTTGCG TTCATCATCTTCTTTTGC

T T A A C T A A A A T A T A T T T G A A A A A GT C A G G T A A T T G A A A T G A A

TTAAATTTAGGTCAGAAGATGAAA TAATTCGCCTCTGCGCGA

T C A C A C G G T C G G T A T T T C A A A C C AT T T T G T A A C T T G G T A T T C

TATTCTTATTTAACGCCTTATTTA AAAGCAATCAGGCGAATC

T C T A G T A A T T A T G A T T C C G G T G T TC G T T A T T G T T T C T C C C G A

AC+ATGATACTAAACAGGCTTTT TGTAAAAGGTACTGTT+CA

C G A A T T G T T T G T A A A G T C T A A T A C T T C T A A A T C C T C A A A T G T

GGCAAAGGATTTAATACGAGTTGT ATTATCTATTGACGGCTC

A A C T T T T A A A A T T A A T A A C G T T C GT A A T C T A T T A G T T G T T A G

TCCGCAAAATGATAATGTTACTCA TGCTCCTAAAGATATTTT

C G C T C C T T C T G G T G G T T T C T T T G TA G A T A A C C T T C C T C A A T T

TAATCAGGAATATGATGATAATTC CCTTTCAACTGTTGATTT

T A T T G A T G A A T T G C C A T C A T C T G AG C C A A C T G A C C A G A T A T T

GTATAATCCAAACAATCAGGATTA GATTGAGGGTTTGATATT

T T C T A A C C C T T C C A T T A T T C A G A AT G A G G T T C A G C A A G G T G A

TGCAAATAATTTTGATATGGTAGG TGCTTTAGATTTTTCATT

C A A T T T C T T T A T T T C T G T T T T A C GT G C T G C T G G C T C T C A G C G

CT+TTCGTAATCATGGTCATAGC GAAAAACCGTCTATCA

T G T T T C C T G T G TG A A A T TG T T A T C A C T C C A A C GT C A A A G G G C

CACTATTAAAGAACGTGGCGCTCACAATTCCACACAACATAC

G A G C C G G A A G C AT A A A G TG T A A A G C A G T T T G G AA C A A G A G T C

TAGGGTTGAGTGTTGTTCCCTGGGGTGCCTAATGAGTGAGCT

A A C T C A C A T T A AT T G C G TT G C G C T C A A A A G A A TA G C C C G A G A

GCAAAATCCCTTATAAATCACTGCCCGCTTTCCAGTCGGGAA

A C C T G T C G T G C CA G C T G CA T T A A T A T G G T G G T TC C G A A A T C G

AGGCGAAAATCCTGTTTGGAATCGGCCAACGCGCGGGGAGAG

G C G G T T T G C G T AT T G G G CG C C A G G A C G C T G G T TT G C C C C A G C

AGTTGCAGCAAGCGGTCCGTGGTTTTTCTTTTCACCAGTGAG

A C G G G C A A C A G CT G A T T GC C C T T C A C C G C C T G GC C C T G A G A G

AT+GGTAAAGTTAAACGATGCTG TCACAGTTGAGGATCC

A T T G C C G T T C C GG C A A A CG C G G T C T C G C G T C C GT G A G C C T C C

TCGTCGCTGGCA GCCTGTTCTCGTTTTTTCGTC AGCACGCGT

G C C T C C G G C C A GA G C A C AT C C T C A A T A C C G G G GG T T T C T G C C

CCGGACTTGTAG TTCACGGTCTAACGGAACGTG CGGGCCGTT

A A C G T C A G C G T GG T G C T GG T C T G G G C T G C G G C CA G A A T G C G G

GCAAGAATGCCA CTCTGTGGTTCAGCAGCAACC GCCTGTGCA

A C G G C A G C A C C GT C G G T GG T G C C A A G C G C A G T GT C A C T G C G C

AGCTTACGGCTG AGACGATCCTCCCACGCAACC CCCTGCATC

G A G G T G T C C A G CA T C A G CG G G G T C G C C A G C G G TG C C G G T G C C

TTCGCACTCAAT TTACCTGCAATTGCAGGCGCT GATGCCGGG

C C G C C G G G C G C GG T T G C GG T A T G A A A A T C G T T AA C G G C A T C A

TTGCCCTGCGGC GTGTTCAGCGCCGGGTCACTG TACACTGGT

T G G T A A T G G G T AA A G G T TT C T T T G C T C G T C A T AA A C A T C C C T

GC+AAAAATAATTCGCGTCTGGC AAAAAAGCCGCACAGG

C T T C C T G T A G C CA G C T T TC A T C A A A C A T A A A A AA A T C C C G T A

GCGAGTAACAAC TGTACATCGCATTAAATGTGA GGGCGGTTG

C C G T C G G A T T C TC C G T G GG A A C A A C A T T T G C C GC C A G C A G T T

CCGTAATGGGAT ATTTCTGCTACGGCGGATTGA CAAACTTAA

A G G T C A C G T T G GT G T A G AT G G G C G G A C G C A G A AA C A G C G G A T

GCATCTGCCAGT GGAAAAAGACATCGTAACCGT AGCTCTCAC

T T G A G G G G A C G AC G A C A GT A T C G G T C T C C G T G GT G A A G G G A T

CGCACTCCAGCC GATAGACTTCCTCAGGAAGAT TTTGTGAGA

A G C T T T C C G G C AC C G C T TC T G G T G T G T T T A C C AG T C C C G G A A

CAAAGCGCCATT ACAGCGCCACCGGAAACCAGG GCGAAACGT

C G C C A T T C A G G CT G C G C AA C T G T T C C T C A C C G GA A A C A A T C G

CGGTGCGGGCCT AACGGATAAGGGAAGGGCGAT CGCCACGGG

C T T C G C T A T T A CG C C A G CT G G C G A A G C T T T C A GA G G T G G A G C

CTGCAAGGCGAT CCAGTGCCAAAGGGGGATGTG AAACGACGG

T A A G T T G G G T A AC G C C A GG G T T T T C C C A G T C A CG A C G T T G T A

AT+GAATATAATGCTGTAGCTCA ATCAGCTCATTTTTTA

A C A T G T T T T A A AT A T G C AA C T A A A G C A T T A A A TT T T T G T T A A

GAAGTTTCATTC TTAAAATTCGTACGGTGTCTG AATATTTTG

C A T A T A A C A G T TG A T T C CC A A T T C A T T T A A A T TG T A A A C G T T

GATTTAGTTTGA TAAGCAAATTGCGAACGAGTA AAGATTGTA

C C A T T A G A T A C AT T T C G CA A A T G G A A A A G C C C CA A A A A C A G G

TTAGCTATATTT GATAATCAGTCAATAACCTGT ACCCCGGTT

T C A T T T G G G G C GC G A G C TG A A A A G A G C A T G T C AA T C A T A T G T

CTACTAATAGTA CGTAAAACTGTGGCATCAATT AACGGTAAT

G T A G C A T T A A C AT C C A A TA A A T C A C A A A C A A G AG A A T C G A T G

AAAGAATTAGCA AGTCTGGAGTACAGGCAAGGC TTGCCTGAG

A A A T T A A G C A A TA A A G C CT C A G A G A C A A A G G C TA T C A G G T C A

TCGGTTGTACCA GAGAGATCTCATAAAGCTAAA GCTATTTTT

A A A A C A T T A T G AC C C T G TA A T A C T T T A A T G C C GG A G A G G G T A

GCCTTTATTTCA GCTGATAAATTTGCGGGAGAA ACCGTTCTA

A C G C A A G G A T A AA A A T T T T T A G A A C C A T C A A T AT G A T A T T C A

TTAAATGCAATG GTCAAATCACCCTCATATATT CCGGAGACA

C C T G A G T A A T G TG T A G G TA A A G A T T C A A A A G G GT G A G A A A G G

TC+ATAAGGGAACCGAACTGACC GTCATTTTTGCGGATG

A A C T T T G A A A G AG G A C A GA T G A A C T G C T C C T T TT G A T A A G A G

AGGCGCATAGGC ACCTTTAATGGTGTACAGACC TTAGAGAGT

T G G C T G A C C T T CA T C A A GA G T A A T A A C T C C A A CA G G T C A G G A

CGGATATTCATT CCGGAAGCACTTGACAAGAAC CGAACCAGA

A C C C A A A T C A A CG T A A C AA A G C T G T T A A T T C G AG C T T C A A A G

ATAAGGCTTGCC TATCGCGTTCTCATTCAGTGA GACTTCAAA

C T G A C G A G A A A CA C C A G AA C G A G T T T A A G A G G AA G C C C G A A A

TTGAGATGGTTT TCAAAAAGAAGTAAATTGGGC CGGATTGCA

A A T T T C A A C T T TA A T C A TT G T G A A T T A T A G T C AG A A G C A A A G

ATTTTAAGAACT CCCTGACTATTACCTTATGCG AGGTCTTTA

G G C T C A T T A T A CC A G T C AG G A C G T G A C C A T A A AT C A A A A A T C

TCTACGTTAATA AACGAGAATTGGGAAGAAAAA AGTTCAGAA

A A A C G A A C T A A CG G A A C AA C A T T A C C C T C A A A TG C T T T A A A C

AGATTCATCAGT ATTGAATCCTTACAGGTAGAA TAAATATTC

T G A G A T T T A G G AA T A C C AC A T T C A A A T A C T G C GG A A T C G T C A

ACATAACGCCAA ATAGCGTCCACTAATGCAGAT TTAGACTGG

A A G G A A T T A C G AG G C A T AG T A A G A G G G G T A A T AG T A A A A T G T

TAACCCTCGTTT TTGCCAGAGGCAACACTATCA AAAGAAGTT

A C C A G A C G A C G AT A A A A AC C A A A A T A G C G A G A GG C T T T T G C A

TT+CGCCGCTACAGGGCGCGTAC TTACTTAGCCGGAACG

T A T G G T T G C T T TG A C G A GC A C G T A T C C G C G A C CT G C T C C A T G

CTCGTTAGAATC GTGTCGAAATAACGTGCTTTC TGATAAATT

A G A G C G G G A G C TA A A C A GG A G G C C G A G A T T T G TA T C A T C G C C

TTTAGACAGGAA AGTACAACGGATTAAAGGGAT GCGAAACAA

C G G T A C G C C A G AA T C C T GA G A A G T C C A G C G A T TA T A C C A A G C

AGTGAGGCCACC CTTTGACCCGTTTTTATAATC AACACTCAT

G A G T A A A A G A G TC T G T C CA T C A C G G G C A A A A G AA T A C A C T A A

TGTAGCAATACT AACGAAAGACAAATTAACCGT CCAACCTAA

T C T T T G A T T A G TA A T A A CA T C A C T A A T G C C A C TA C G A A G G C A

AGAACTCAAACT AAAATACGTTGCCTGAGTAGA TAAACGGGT

A T C G G C C T T G C TG G T A A TA T C C A G T C A T G A G G AA G T T T C C A T

GCCAGCCATTGC AAGACTTTTAACAATATTACC TGAGGACTA

A A C A G G A A A A A CG C T C A TG G A A A T C A A C G G C T AC A G A G G C T T

ACGCTCAATCGT CGAGGGTAGACCTACATTTTG GCATCGGAA

C T G A A A T G G A T TA T T T A C A T T G G C C C T C A G C A GC G A A A G A C A

CACACGACCAGT GATCGTCACAGATTCACCAGT CTTTTGCGG

A A T A A A A G G G A CA T T C T GG C C A A C G C A G G G A G TT A A A G G C C G

CTTCTGACCTGA CTGAGGCTTAGAGATAGAACC ATTCGGTCG

A A G C G T A A G A A TA C G T G GC A C A G A C C C A C G C A TA A C C G A T A T

ATGGCTATTAGT CAACCATCGCAATATTTTTGA CAATGACAA

C T T T A A T G C G C G A A C T G A T A + T A C C G A T A G T T G C G C C G A

CGGATAAGTGCC GGGGTTTTGCTCAGTACCAGG AGGATTAGC

G T C G A G A G G G T TG A T A T A A G T A T A C T C C T C A A GA G A A G G A T T

TGTATCACCGTA AGGCTGAGAGCCCGGAATAGG AGTATTAAG

C T C A G G A G G T T TA G T A C CG C C A C C A T T A T T C T GA A A C A T G A A

ACCCTCAGAACC TCGGAACCTCTCAGAACCGCC CTGCCTATT

G C C A C C C T C A G AG C C A C CA C C C T C A T A A A C A G TT A A T G C C C C

AGCAAGCCCAAT AGTGCCCGTATTTTCAGGGAT TTGAGTAAC

A G G A A C C C A T G TA C C G T AA C A C T G T T T A A C G G GG T C A G T G C C

AGTACAAACTAC GTAATAAGTAGTTTCGTCACC AGTGTACTG

A A C G C C T G T A G CA T T C C AC A G A C A G G C T T T T G AT G A T A C A G G

AGCGTAACGATC GTCATACATGCCCTCATAGTT CCAGTAAGC

T A A A G T T T T G T CG T C T T TC C A G A C G T C T C T G A AT T T A C C G T T

ATTTTCTGTATG GAAAGCGCAGTTAGTAAATGA GCCAGAATG

G G A T T T T G C T A AA C A A C TT T C A A C A A A T A A A T CC T C A T T A A A

GTGAGAATAGAA TTCACAAACAGTTTCAGCGGA GCCTTGATA

A G G A A C A A C T A AA G G A A TT G C G A A A G G C A G G T CA G A C G A T T G

CACGTTGAAAAT AGGAGGTTGTAATAATTTTTT AGCATTGAC

C T C C A A A A A A A AG G C T C CA A A A G G A C C A C C A G AG C C G C C G C C

TATCGGTTTATC ACCAGAACCAGCCTTTAATTG AGAGCCGCC

A G C T T G C T T T C G A G G T G A A T + T A C A G A G C C A C C A C C C T C

ACCACGGAATAA ATATAAAAGAAACGCAAAGAC GGTGGCAAC

G T T T A T T T T G T CA C A A T CA A T A G A A G A A A A T A CA T A C A T A A A

TTTACCAGCGCC AGCAAACGTAAATTCATATGG CAGTATGTT

A A A G A C A A A A G GG C G A C AT T C A A C T T A A G A C T CC T T A T T A C G

GGAAGGTAAATA CTGGCATGACGATTGAGGGAG CCAAAAGAA

T T G A C G G A A A T TA T T C A T T A A A G G G C A A T A A T AA C G G A A T A C

GTCACCGACTTG CGAGGAAACTGAATTATCACC GAAGGAAAC

A G C C A T T T G G G AA T T A G AG C C A G C A G C C G A A C AA A G T T A C C A

AGCACCATTACC TAAGCAGATAAAATCACCAGT TAAGAAAAG

A T T A G C A A G G C CG G A A A CG T C A C C T C T T A C C G AA G C C C T T T T

GATAGCAGCACC CAATAGCTAAATGAAACCATC ATGAAATAG

G T A A T C A G T A G CG A C A G AA T C A A G T A A T A A G A GC A A G A A A C A

GTCAGACTGTAG TAAGCCCAATTTGCCTTTAGC GAATTGAGT

C G C G T T T T C A T CG G C A T TT T C G G T C A G A G A G A TA A C C C A C A A

ATTAGCGTTTGC CGCTAATATCATAGCCCCCTT GTAATTGAG

C A T C T T T T C A T AA T C A A AA T C A C C C C T G A A C A AA G T C A G A G G

ACCACCGGAACC ACTGAACACGGAACCAGAGCC GGAGAATTA

G C C T C C C T C A G A G C C G C C A C + A G G G A A G C G C A T T A G A C G

AGAACGGGTATT CTGTCTTTCCTTATCATTCCA AATAATCGG

A A A C C A A G T A C CG C A C T CA T C G A G A G C A T G T A GA A A C C A A T C

GTTTTTATTTTC TAATTTACGAACAAGCAAGCC ATCCCATCC

A T C G T A G G A A T CA T T A C CG C G C C C C T G A A C A A GA A A A A T A A T

ATCAGATATAGA AGATAAGTCAATAGCAAGCAA ATCAACAAT

A G G C T T A T C C G GT A T T C T A A G A A C T G C A G A A C GC G C C T G T T T

AGCGAACCTCCC TTCAGCTAAGCGAGGCGTTTT AACAACATG

G A C T T G C G G G A GG T T T T GA A G C C T G T C C A G A C GA C G A C A A T A

AGTTGCTATTTT AGTAATTCTTAAATCAAGATT AAAAGGTAA

G C A C C C A G C T A CA A T T T T A T C C T G A G A A T A T A AA G T A C C G A C

GCTAACGAGCGT AGTAATAAGAATCTTACCAAC TTTCGAGCC

C T T T C C A G A G C CT A A T T T G C C A G T T A A T T T A G GC A G A G G C A T

AGCCATATTATT GCCAACATGTACAAAATAAAC TTTAACAAC

T A T C C C A A T C C AA A T A A GA A A C G A T A A T T G A G AA T C G C C A T A

CGTCAAAAATGA AGTAGGGCTTTTTTTGTTTAA ACGCTCAAC

A A A T A G C A G C C T T T A C A G A G + T A T A C C A G T A T A A A G C C A

CTTAGAATCCTT GTCGCTATTAATTAATTTTCC CTGTAAATC

G A A A A C A T A G C GA T A G C TT A G A T T G A G T G A A T AA C C T T G C T T

AGAGTCAATAGT AATATATGTAAGACGCTGAGA ACATAAATC

G A A T T T A T C A A AA T C A T A G G T C T G T T T T T T A A TG G A A A C A G T

TTTAACCTCCGG TGAATTACCAGAGACTACCTT AATTTCATT

C T T A G G T T G G G TT A T A T A A C T A T A A A A T T A A T TA C A T T T A A C

TGCAAATCCAAT AAGAAAACATGTAAATGCTGA ACAAACATC

C G C A A G A C A A A GA A C G C GA G A A A A G C A A A A G A AG A T G A T G A A

TATTTTAGTTAA ATTACCTGACTTTTTCAAATA TTCATTTCA

T T T C A T C T T C T GA C C T A AA T T T A A T C G C G C A G AG G C G A A T T A

CCGACCGTGTGA GTTACAAAATGGTTTGAAATA GAATACCAA

T A A A T A A G G C G TT A A A T A A G A A T A G A T T C G C C TG A T T G C T T T

ATAATTACTAGA ACAATAACGAACACCGGAATC TCGGGAGAA

A A A A G C C T G T T T A G T A T C A T + G T A A C A G T A C C T T T T A C A

ACAAACAATTCG GATTTAGAAGTATTAGACTTT ACATTTGAG

A C A A C T C G T A T T A A A T C C T T T G C C G A G C C G T C A A T A G A T A A T

ATTTTAAAAGTT AATAGATTACGAACGTTATTA CTAACAACT

T G A G T A A C A T T A T C A T T T T G C G G A A A A A T A T C T T T A G G A G C A

CCAGAAGGAGCG AGGTTATCTACAAAGAAACCA AATTGAGGA

G A A T T A T C A T C A T A T T C C T G A T T A A A A T C A A C A G T T G A A A G G

AATTCATCAATA TCAGTTGGCTCAGATGATGGC AATATCTGG

T A A T C C T G A T T G T T T G G A T T A T A C A A T A T C A A A C C C T C A A T C

GAAGGGTTAGAA TGAACCTCATTCTGAATAATG TCACCTTGC

C C T A C C A T A T C A A A A T T A T T T G C A A A T G A A A A A T C T A A A G C A

ATAAAGAAATTG CCAGCAGCACGTAAAACAGAA CGCTGAGAG
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G C T A T G A C C A T G A T T A C G A A + A G + G GT G A T A G A C G G T T T T T C

GATAACAATTTCACACAGGAAACA GCCCTTTGACGTTGGAGT

G T A T G T T G T G T G G A A T T G T G A G C GC C A C G T T C T T T A A T A G T G

CTTTACACTTTATGCTTCCGGCTC GACTCTTGTTCCAAACTG

A G C T C A C T C A T T A G G C A C C C C A G GG A A C A A C A C T C A A C C C T A

AGCGCAACGCAATTAATGTGAGTT TCTCGGGCTATTCTTTTG

T T C C C G A C T G G A A A G C G G G C A G T GA T T T A T A A G G G A T T T T G C

ATTAATGCAGCTGGCACGACAGGT CGATTTCGGAACCACCAT

C T C T C C C C G C G C G T T G G C C G A T T CC A A A C A G G A T T T T C G C C T

CCTGGCGCCCAATACGCAAACCGC GCTGGGGCAAACCAGCGT

C T C A C T G G T G A A A A G A A A A A C C A CG G A C C G C T T G C T G C A A C T

CTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGT

C A G C A T C G T T T A A C T T T A C C + A T + C GG G A T C C T C A A C T G T G A

GACCGCGTTTGCCGGAACGGCAAT GGAGGCTCACGGACGCGA

T G C C A G C G A C G A G A C G A A A A A A C GA G A A C A G G C A C G C G T G C T

TGAGGATGTGCTCTGGCCGGAGGC GGCAGAAACCCCCGGTAT

C T A C A A G T C C G G C A C G T T C C G T T AG A C C G T G A A A A C G G C C C G

CCAGACCAGCACCACGCTGACGTT CCGCATTCTGGCCGCAGC

T G G C A T T C T T G C G G T T G C T G C T G AA C C A C A G A G T G C A C A G G C

TGGCACCACCGACGGTGCTGCCGT GCGCAGTGACACTGCGCT

C A G C C G T A A G C T G G T T G C G T G G G AG G A T C G T C T G A T G C A G G G

GACCCCGCTGATGCTGGACACCTC GGCACCGGCACCGCTGGC

A T T G A G T G C G A A A G C G C C T G C A A TT G C A G G T A A C C C G G C A T C

TCATACCGCAACCGCGCCCGGCGG TGATGCCGTTAACGATTT

G C C G C A G G G C A A C A G T G A C C C G G CG C T G A A C A C A C C A G T G T A

AGGGATGTTTATGACGAGCAAAGAAACCTTTACCCATTACCA

G C C A G A C G C G A A T T A T T T T T + G C + G TC C T G T G C G G C T T T T T T

TTGATGAAAGCTGGCTACAGGAAG TACGGGATTTTTTTATGT

G T T G T T A C T C G C T C A C A T T T A A T GC G A T G T A C A C A A C C G C C C

TTGTTCCCACGGAGAATCCGACGG AACTGCTGGCGGCAAATG

A T C C C A T T A C G G T C A A T C C G C C G TA G C A G A A A T T T A A G T T T G

CGCCCATCTACACCAACGTGACCT ATCCGCTGTTTCTGCGTC

A C T G G C A G A T G C A C G G T T A C G A T GT C T T T T T C C G T G A G A G C T

CCGATACTGTCGTCGTCCCCTCAA ATCCCTTCACCACGGAGA

G G C T G G A G T G C G A T C T T C C T G A G GA A G T C T A T C T C T C A C A A A

CACCAGAAGCGGTGCCGGAAAGCT TTCCGGGACTGGTAAACA

A A T G G C G C T T T G C C T G G T T T C C G GT G G C G C T G T A C G T T T C G C

AACAGTTGCGCAGCCTGAATGGCG CGATTGTTTCCGGTGAGG

A G G C C C G C A C C G A T C G C C C T T C C CT T A T C C G T T C C C G T G G C G

TCGCCAGCTGGCGTAATAGCGAAG GCTCCACCTCTGAAAGCT

A T C G C C T T G C A G C A C A T C C C C C T TT G G C A C T G G C C G T C G T T T

TACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTA

T G A G C T A C A G C A T T A T A T T C + A T + G CT A A A A A A T G A G C T G A T

TTTAGTTGCATATTTAAAACATGT TTAACAAAAATTTAATGC

G A A T G A A A C T T C C A G A C A C C G T A CG A A T T T T A A C A A A A T A T T

GAATTGGGAATCAACTGTTATATG AACGTTTACAATTTAAAT

T C A A A C T A A A T C T A C T C G T T C G C AA T T T G C T T A T A C A A T C T T

CCATTTGCGAAATGTATCTAATGG CCTGTTTTTGGGGCTTTT

A A A T A T A G C T A A A C A G G T T A T T G AC T G A T T A T C A A C C G G G G T

CTTTTCAGCTCGCGCCCCAAATGA ACATATGATTGACATGCT

T A C T A T T A G T A G A A T T G A T G C C A CA G T T T T A C G A T T A C C G T T

TGATTTATTGGATGTTAATGCTAC CATCGATTCTCTTGTTTG

T G C T A A T T C T T T G C C T T G C C T G T AC T C C A G A C T C T C A G G C A A

CTCTGAGGCTTTATTGCTTAATTT TGACCTGATAGCCTTTGT

T G G T A C A A C C G A T T T A G C T T T A T GA G A T C T C T C A A A A A T A G C

AGTATTACAGGGTCATAATGTTTT TACCCTCTCCGGCATTAA

T G A A A T A A A G G C T T C T C C C G C A A AT T T A T C A G C T A G A A C G G T

TTCTAAAAATTTTTATCCTTGCGT TGAATATCATATTGATGG

C A T T G C A T T T A A A A T A T A T G A G G GT G A T T T G A C T G T C T C C G G

CCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGG

G G T C A G T T C G G T T C C C T T A T + G A + C TC A T C C G C A A A A A T G A C

GTTCATCTGTCCTCTTTCAAAGTT CTCTTATCAAAAGGAGCA

G C C T A T G C G C C T G G T C T G T A C A C CA T T A A A G G T A C T C T C T A A

ATTACTCTTGATGAAGGTCAGCCA TCCTGACCTGTTGGAGTT

A A T G A A T A T C C G G T T C T T G T C A A GT G C T T C C G G T C T G G T T C G

CAGCTTTGTTACGTTGATTTGGGT CTTTGAAGCTCGAATTAA

G G C A A G C C T T A T T C A C T G A A T G A GA A C G C G A T A T T T G A A G T C

ACTCGTTCTGGTGTTTCTCGTCAG TTTCGGGCTTCCTCTTAA

A A A C C A T C T C A A G C C C A A T T T A C TT C T T T T T G A T G C A A T C C G

TTCACAATGATTAAAGTTGAAATT CTTTGCTTCTGACTATAA

A G T T C T T A A A A T C G C A T A A G G T A AT A G T C A G G G T A A A G A C C T

ACGTCCTGACTGGTATAATGAGCC GATTTTTGATTTATGGTC

T A T T A A C G T A G A T T T T T C T T C C C AA T T C T C G T T T T C T G A A C T

TAATGTTGTTCCGTTAGTTCGTTT GTTTAAAGCATTTGAGGG

A C T G A T G A A T C T T T C T A C C T G T A AG G A T T C A A T G A A T A T T T A

TGAATGTGGTATTCCTAAATCTCA TGACGATTCCGCAGTATT

T T G G C G T T A T G T A T C T G C A T T A G TG G A C G C T A T C C A G T C T A A

TCTTACTATGCCTCGTAATTCCTT ACATTTTACTATTACCCC

A A A C G A G G G T T A T G A T A G T G T T G CC T C T G G C A A A A C T T C T T T

TGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGT

G T A C G C G C C C T G T A G C G G C G + A A + T GC G T T C C G G C T A A G T A A

TACGTGCTCGTCAAAGCAACCATA CATGGAGCAGGTCGCGGA

G A T T C T A A C G A G G A A A G C A C G T T AT T T C G A C A C A A T T T A T C A

GGCCTCCTGTTTAGCTCCCGCTCT GGCGATGATACAAATCTC

T T C C T G T C T A A A A T C C C T T T A A T CC G T T G T A C T T T G T T T C G C

ACTTCTCAGGATTCTGGCGTACCG GCTTGGTATAATCGCTGG

G G T G G C C T C A C T G A T T A T A A A A A CG G G T C A A A G A T G A G T G T T

CGTGATGGACAGACTCTTTTACTC TTAGTGTATTCTTTTGCC

A G T A T T G C T A C A A C G G T T A A T T T GT C T T T C G T T T T A G G T T G G

AGTGATGTTATTACTAATCAAAGA TGCCTTCGTAGTGGCATT

A G T T T G A G T T C T T C T A C T C A G G C AA C G T A T T T T A C C C G T T T A

CTGGATATTACCAGCAAGGCCGAT ATGGAAACTTCCTCATGA

G C A A T G G C T G G C G G T A A T A T T G T TA A A A G T C T T T A G T C C T C A

ATTTCCATGAGCGTTTTTCCTGTT AAGCCTCTGTAGCCGTTG

A C G A T T G A G C G T C A A A A T G T A G G TC T A C C C T C G T T C C G A T G C

GCCAATGTAAATAATCCATTTCAG TGTCTTTCGCTGCTGAGG

A C T G G T C G T G T G A C T G G T G A A T C TG T G A C G A T C C C G C A A A A G

GTTGGCCAGAATGTCCCTTTTATT CGGCCTTTAACTCCCTGC

T C A G G T C A G A A G G G T T C T A T C T C TA A G C C T C A G C G A C C G A A T

TCTGTGCCACGTATTCTTACGCTT ATATCGGTTATGCGTGGG

A C T A A T A G C C A T T C A A A A A T A T T GC G A T G G T T G T T G T C A T T G

TA+TATCAGTTCGCGCATTAAAG TCGGCGCAACTATCGG+TT

G G C A C T T A T C C G C C T G G T A C T G A G C A A A A C C C C G C T A A T C C T

TATACTTATATCAACCCTCTCGAC AATCCTTCTCTTGAGGAG

T A C G G T G A T A C A C C T A T T C C G G G CT C T C A G C C T C T T A A T A C T

GGTGGCGGTACTAAACCTCCTGAG TTCATGTTTCAGAATAAT

G G T T C T G A G G G T G G C G G T T C T G A GA G G T T C C G A A A T A G G C A G

GAGGGTGGTGGCTCTGAGGGTGGC GGGGCATTAACTGTTTAT

A T T G G G C T T G C T A T C C C T G A A A A TA C G G G C A C T G T T A C T C A A

CAGTGTTACGGTACATGGGTTCCT GGCACTGACCCCGTTAAA

G T A G T T T G T A C T G G T G A C G A A A C TA C T T A T T A C C A G T A C A C T

TGTCTGTGGAATGCTACAGGCGTT CCTGTATCATCAAAAGCC

G A T C G T T A C G C T A A C T A T G A G G G CA T G T A T G A C G C T T A C T G G

GTCTGGAAAGACGACAAAACTTTA AACGGTAAATTCAGAGAC

C A T A C A G A A A A T T C A T T T A C T A A CT G C G C T T T C C A T T C T G G C

GTTGAAAGTTGTTTAGCAAAATCC TTTAATGAGGATTTATTT

T T C T A T T C T C A C T C C G C T G A A A C TG T T T G T G A A T A T C A A G G C

TTCGCAATTCCTTTAGTTGTTCCT CAATCGTCTGACCTGCCT

A T T T T C A A C G T G A A A A A A T T A T T AC A A C C T C C T G T C A A T G C T

CCTTTTGGAGCCTTTTTTTTGGAG GGCGGCGGCTCTGGTGGT

G A T A A A C C G A T A C A A T T A A A G G C TG G T T C T G G T G G C G G C T C T

TA+ATTCACCTCGAAAGCAAGCT GAGGGTGGTGGCTCTG+TT

T T A T T C C G T G G T G T C T T T G C G T T T C T T T T A T A T G T T G C C A C C

TCTATTGATTGTGACAAAATAAAC TTTATGTATGTATTTTCT

G G C G C T G G T A A A C C A T A T G A A T T TA C G T T T G C T A A C A T A C T G

GTTGAATGTCGCCCTTTTGTCTTT CGTAATAAGGAGTCTTAA

T A T T T A C C T T C C C T C C C T C A A T C GT C A T G C C A G T T C T T T T G G

CCTTTAATGAATAATTTCCGTCAA GTATTCCGTTATTATTGC

C A A G T C G G T G A C G G T G A T A A T T C AG T T T C C T C G G T T T C C T T C

GCTGGCTCTAATTCCCAAATGGCT TGGTAACTTTGTTCGGCT

G G T A A T G G T G C T A C T G G T G A T T T TA T C T G C T T A C T T T T C T T A

GGTGACGTTTCCGGCCTTGCTAAT AAAAGGGCTTCGGTAAGA

G G T G C T G C T A T C G A T G G T T T C A T TT A G C T A T T G C T A T T T C A T

CTTGATTCTGTCGCTACTGATTAC TGTTTCTTGCTCTTATTA

C T A C A G T C T G A C G C T A A A G G C A A AT T G G G C T T A A C T C A A T T C

ACCGAAAATGCCGATGAAAACGCG TTGTGGGTTATCTCTCTG

G C A A A C G C T A A T A A G G G G G C T A T GA T A T T A G C G C T C A A T T A C

GGTGATTTTGATTATGAAAAGATG CCTCTGACTTTGTTCAGG

G G T T C C G G T G G T G G C T C T G G T T C CG T G T T C A G T T A A T T C T C C

CT+GTGGCGGCTCTGAGGGAGGC CGTCTAATGCGCTTCC+GT

A A T A C C C G T T C T T G G A A T G A T A A G G A A A G A C A G C C G A T T A T T

CTCGATGAGTGCGGTACTTGGTTT GATTGGTTTCTACATGCT

G A A A A T A A A A A C G G C T T G C T T G T TC G T A A A T T A G G A T G G G A T

GGGCGCGGTAATGATTCCTACGAT ATTATTTTTCTTGTTCAG

T C T A T A T C T G A T T T G C T T G C T A T TG A C T T A T C T A T T G T T G A T

GTTCTTAGAATACCGGATAAGCCT AAACAGGCGCGTTCTGCA

G G G A G G T T C G C T A A A A C G C C T C G CT T A G C T G A A C A T G T T G T T

AGGCTTCAAAACCTCCCGCAAGTC TATTGTCGTCGTCTGGAC

A A A A T A G C A A C T A A T C T T G A T T T AA G A A T T A C T T T A C C T T T T

CAGGATAAAATTGTAGCTGGGTGC GTCGGTACTTTATATTCT

A C G C T C G T T A G C G T T G G T A A G A T TC T T A T T A C T G G C T C G A A A

ACTGGCAAATTAGGCTCTGGAAAG ATGCCTCTGCCTAAATTA

A A T A A T A T G G C T G T T T A T T T T G T AC A T G T T G G C G T T G T T A A A

TCGTTTCTTATTTGGATTGGGATA TATGGCGATTCTCAATTA

T C A T T T T T G A C G T T A A A C A A A A A AA G C C C T A C T G T T G A G C G T

TA+CTCTGTAAAGGCTGCTATTT TGGCTTTATACTGGTA+TA

A A G G A T T C T A A G G G A A A A T T A A T T A A T A G C G A C G A T T T A C A G

AATCTAAGCTATCGCTATGTTTTC AAGCAAGGTTATTCACTC

A C T A T T G A C T C T T C T C A G C G T C T TA C A T A T A T T G A T T T A T G T

CAGACCTATGATTTTGATAAATTC ACTGTTTCCATTAAAAAA

C C G G A G G T T A A A A A G G T A G T C T C TG G T A A T T C A A A T G A A A T T

TATAGTTATATAACCCAACCTAAG GTTAAATGTAATTAATTT

A T T G G A T T T G C A T C A G C A T T T A C AT G T T T T C T T G A T G T T T G T

TTTTCTCGCGTTCTTTGTCTTGCG TTCATCATCTTCTTTTGC

T T A A C T A A A A T A T A T T T G A A A A A GT C A G G T A A T T G A A A T G A A

TTAAATTTAGGTCAGAAGATGAAA TAATTCGCCTCTGCGCGA

T C A C A C G G T C G G T A T T T C A A A C C AT T T T G T A A C T T G G T A T T C

TATTCTTATTTAACGCCTTATTTA AAAGCAATCAGGCGAATC

T C T A G T A A T T A T G A T T C C G G T G T TC G T T A T T G T T T C T C C C G A

AC+ATGATACTAAACAGGCTTTT TGTAAAAGGTACTGTT+CA

C G A A T T G T T T G T A A A G T C T A A T A C T T C T A A A T C C T C A A A T G T

GGCAAAGGATTTAATACGAGTTGT ATTATCTATTGACGGCTC

A A C T T T T A A A A T T A A T A A C G T T C GT A A T C T A T T A G T T G T T A G

TCCGCAAAATGATAATGTTACTCA TGCTCCTAAAGATATTTT

C G C T C C T T C T G G T G G T T T C T T T G TA G A T A A C C T T C C T C A A T T

TAATCAGGAATATGATGATAATTC CCTTTCAACTGTTGATTT

T A T T G A T G A A T T G C C A T C A T C T G AG C C A A C T G A C C A G A T A T T

GTATAATCCAAACAATCAGGATTA GATTGAGGGTTTGATATT

T T C T A A C C C T T C C A T T A T T C A G A AT G A G G T T C A G C A A G G T G A

TGCAAATAATTTTGATATGGTAGG TGCTTTAGATTTTTCATT

C A A T T T C T T T A T T T C T G T T T T A C GT G C T G C T G G C T C T C A G C G

CT+TTCGTAATCATGGTCATAGC GAAAAACCGTCTATCA

T G T T T C C T G T G TG A A A T T G T T A T C A C T C C A A C GT C A A A G G G C

CACTATTAAAGAACGTGGCGCTCACAATTCCACACAACATAC

G A G C C G G A A G C AT A A A G T G T A A A G C A G T T T G G AA C A A G A G T C

TAGGGTTGAGTGTTGTTCCCTGGGGTGCCTAATGAGTGAGCT

A A C T C A C A T T A AT T G C G T T G C G C T C A A A A G A A TA G C C C G A G A

GCAAAATCCCTTATAAATCACTGCCCGCTTTCCAGTCGGGAA

A C C T G T C G T G C CA G C T G C A T T A A T A T G G T G G T TC C G A A A T C G

AGGCGAAAATCCTGTTTGGAATCGGCCAACGCGCGGGGAGAG

G C G G T T T G C G T AT T G G G C G C C A G G A C G C T G G T TT G C C C C A G C

AGTTGCAGCAAGCGGTCCGTGGTTTTTCTTTTCACCAGTGAG

A C G G G C A A C A G CT G A T T G C C C T T C A C C G C C T G GC C C T G A G A G

AT+GGTAAAGTTAAACGATGCTG TCACAGTTGAGGATCC

A T T G C C G T T C C GG C A A A C G C G G T C T C G C G T C C GT G A G C C T C C

TCGTCGCTGGCA GCCTGTTCTCGTTTTTTCGTC AGCACGCGT

G C C T C C G G C C A GA G C A C A T C C T C A A T A C C G G G GG T T T C T G C C

CCGGACTTGTAG TTCACGGTCTAACGGAACGTG CGGGCCGTT

A A C G T C A G C G T GG T G C T G G T C T G G G C T G C G G C CA G A A T G C G G

GCAAGAATGCCA CTCTGTGGTTCAGCAGCAACC GCCTGTGCA

A C G G C A G C A C C GT C G G T G G T G C C A A G C G C A G T GT C A C T G C G C

AGCTTACGGCTG AGACGATCCTCCCACGCAACC CCCTGCATC

G A G G T G T C C A G CA T C A G C G G G G T C G C C A G C G G TG C C G G T G C C

TTCGCACTCAAT TTACCTGCAATTGCAGGCGCT GATGCCGGG

C C G C C G G G C G C GG T T G C G G T A T G A A A A T C G T T AA C G G C A T C A

TTGCCCTGCGGC GTGTTCAGCGCCGGGTCACTG TACACTGGT

T G G T A A T G G G T AA A G G T T T C T T T G C T C G T C A T AA A C A T C C C T

GC+AAAAATAATTCGCGTCTGGC AAAAAAGCCGCACAGG

C T T C C T G T A G C CA G C T T T C A T C A A A C A T A A A A AA A T C C C G T A

GCGAGTAACAAC TGTACATCGCATTAAATGTGA GGGCGGTTG

C C G T C G G A T T C TC C G T G G G A A C A A C A T T T G C C GC C A G C A G T T

CCGTAATGGGAT ATTTCTGCTACGGCGGATTGA CAAACTTAA

A G G T C A C G T T G GT G T A G A T G G G C G G A C G C A G A AA C A G C G G A T

GCATCTGCCAGT GGAAAAAGACATCGTAACCGT AGCTCTCAC

T T G A G G G G A C G AC G A C A G T A T C G G T C T C C G T G GT G A A G G G A T

CGCACTCCAGCC GATAGACTTCCTCAGGAAGAT TTTGTGAGA

A G C T T T C C G G C AC C G C T T C T G G T G T G T T T A C C AG T C C C G G A A

CAAAGCGCCATT ACAGCGCCACCGGAAACCAGG GCGAAACGT

C G C C A T T C A G G CT G C G C A A C T G T T C C T C A C C G GA A A C A A T C G

CGGTGCGGGCCT AACGGATAAGGGAAGGGCGAT CGCCACGGG

C T T C G C T A T T A CG C C A G C T G G C G A A G C T T T C A GA G G T G G A G C

CTGCAAGGCGAT CCAGTGCCAAAGGGGGATGTG AAACGACGG

T A A G T T G G G T A AC G C C A G G G T T T T C C C A G T C A CG A C G T T G T A

AT+GAATATAATGCTGTAGCTCA ATCAGCTCATTTTTTA

A C A T G T T T T A A AT A T G C A A C T A A A G C A T T A A A TT T T T G T T A A

GAAGTTTCATTC TTAAAATTCGTACGGTGTCTG AATATTTTG

C A T A T A A C A G T TG A T T C C C A A T T C A T T T A A A T TG T A A A C G T T

GATTTAGTTTGA TAAGCAAATTGCGAACGAGTA AAGATTGTA

C C A T T A G A T A C AT T T C G C A A A T G G A A A A G C C C CA A A A A C A G G

TTAGCTATATTT GATAATCAGTCAATAACCTGT ACCCCGGTT

T C A T T T G G G G C GC G A G C T G A A A A G A G C A T G T C AA T C A T A T G T

CTACTAATAGTA CGTAAAACTGTGGCATCAATT AACGGTAAT

G T A G C A T T A A C AT C C A A T A A A T C A C A A A C A A G AG A A T C G A T G

AAAGAATTAGCA AGTCTGGAGTACAGGCAAGGC TTGCCTGAG

A A A T T A A G C A A TA A A G C C T C A G A G A C A A A G G C TA T C A G G T C A

TCGGTTGTACCA GAGAGATCTCATAAAGCTAAA GCTATTTTT

A A A A C A T T A T G AC C C T G T A A T A C T T T A A T G C C GG A G A G G G T A

GCCTTTATTTCA GCTGATAAATTTGCGGGAGAA ACCGTTCTA

A C G C A A G G A T A AA A A T T T T T A G A A C C A T C A A T AT G A T A T T C A

TTAAATGCAATG GTCAAATCACCCTCATATATT CCGGAGACA

C C T G A G T A A T G TG T A G G T A A A G A T T C A A A A G G GT G A G A A A G G

TC+ATAAGGGAACCGAACTGACC GTCATTTTTGCGGATG

A A C T T T G A A A G AG G A C A G A T G A A C T G C T C C T T TT G A T A A G A G

AGGCGCATAGGC ACCTTTAATGGTGTACAGACC TTAGAGAGT

T G G C T G A C C T T CA T C A A G A G T A A T A A C T C C A A CA G G T C A G G A

CGGATATTCATT CCGGAAGCACTTGACAAGAAC CGAACCAGA

A C C C A A A T C A A CG T A A C A A A G C T G T T A A T T C G AG C T T C A A A G

ATAAGGCTTGCC TATCGCGTTCTCATTCAGTGA GACTTCAAA

C T G A C G A G A A A CA C C A G A A C G A G T T T A A G A G G AA G C C C G A A A

TTGAGATGGTTT TCAAAAAGAAGTAAATTGGGC CGGATTGCA

A A T T T C A A C T T TA A T C A T T G T G A A T T A T A G T C AG A A G C A A A G

ATTTTAAGAACT CCCTGACTATTACCTTATGCG AGGTCTTTA

G G C T C A T T A T A CC A G T C A G G A C G T G A C C A T A A AT C A A A A A T C

TCTACGTTAATA AACGAGAATTGGGAAGAAAAA AGTTCAGAA

A A A C G A A C T A A CG G A A C A A C A T T A C C C T C A A A TG C T T T A A A C

AGATTCATCAGT ATTGAATCCTTACAGGTAGAA TAAATATTC

T G A G A T T T A G G AA T A C C A C A T T C A A A T A C T G C GG A A T C G T C A

ACATAACGCCAA ATAGCGTCCACTAATGCAGAT TTAGACTGG

A A G G A A T T A C G AG G C A T A G T A A G A G G G G T A A T AG T A A A A T G T

TAACCCTCGTTT TTGCCAGAGGCAACACTATCA AAAGAAGTT

A C C A G A C G A C G AT A A A A A C C A A A A T A G C G A G A GG C T T T T G C A

TT+CGCCGCTACAGGGCGCGTAC TTACTTAGCCGGAACG

T A T G G T T G C T T TG A C G A G C A C G T A T C C G C G A C CT G C T C C A T G

CTCGTTAGAATC GTGTCGAAATAACGTGCTTTC TGATAAATT

A G A G C G G G A G C TA A A C A G G A G G C C G A G A T T T G TA T C A T C G C C

TTTAGACAGGAA AGTACAACGGATTAAAGGGAT GCGAAACAA

C G G T A C G C C A G AA T C C T G A G A A G T C C A G C G A T TA T A C C A A G C

AGTGAGGCCACC CTTTGACCCGTTTTTATAATC AACACTCAT

G A G T A A A A G A G TC T G T C C A T C A C G G G C A A A A G AA T A C A C T A A

TGTAGCAATACT AACGAAAGACAAATTAACCGT CCAACCTAA

T C T T T G A T T A G TA A T A A C A T C A C T A A T G C C A C TA C G A A G G C A

AGAACTCAAACT AAAATACGTTGCCTGAGTAGA TAAACGGGT

A T C G G C C T T G C TG G T A A T A T C C A G T C A T G A G G AA G T T T C C A T

GCCAGCCATTGC AAGACTTTTAACAATATTACC TGAGGACTA

A A C A G G A A A A A CG C T C A T G G A A A T C A A C G G C T AC A G A G G C T T

ACGCTCAATCGT CGAGGGTAGACCTACATTTTG GCATCGGAA

C T G A A A T G G A T TA T T T A C A T T G G C C C T C A G C A GC G A A A G A C A

CACACGACCAGT GATCGTCACAGATTCACCAGT CTTTTGCGG

A A T A A A A G G G A CA T T C T G G C C A A C G C A G G G A G TT A A A G G C C G

CTTCTGACCTGA CTGAGGCTTAGAGATAGAACC ATTCGGTCG

A A G C G T A A G A A TA C G T G G C A C A G A C C C A C G C A TA A C C G A T A T

ATGGCTATTAGT CAACCATCGCAATATTTTTGA CAATGACAA

C T T T A A T G C G C G A A C T G A T A + T A C C G A T A G T T G C G C C G A

CGGATAAGTGCC GGGGTTTTGCTCAGTACCAGG AGGATTAGC

G T C G A G A G G G T TG A T A T A A G T A T A C T C C T C A A GA G A A G G A T T

TGTATCACCGTA AGGCTGAGAGCCCGGAATAGG AGTATTAAG

C T C A G G A G G T T TA G T A C C G C C A C C A T T A T T C T GA A A C A T G A A

ACCCTCAGAACC TCGGAACCTCTCAGAACCGCC CTGCCTATT

G C C A C C C T C A G AG C C A C C A C C C T C A T A A A C A G TT A A T G C C C C

AGCAAGCCCAAT AGTGCCCGTATTTTCAGGGAT TTGAGTAAC

A G G A A C C C A T G TA C C G T A A C A C T G T T T A A C G G GG T C A G T G C C

AGTACAAACTAC GTAATAAGTAGTTTCGTCACC AGTGTACTG

A A C G C C T G T A G CA T T C C A C A G A C A G G C T T T T G AT G A T A C A G G

AGCGTAACGATC GTCATACATGCCCTCATAGTT CCAGTAAGC

T A A A G T T T T G T CG T C T T T C C A G A C G T C T C T G A AT T T A C C G T T

ATTTTCTGTATG GAAAGCGCAGTTAGTAAATGA GCCAGAATG

G G A T T T T G C T A AA C A A C T T T C A A C A A A T A A A T CC T C A T T A A A

GTGAGAATAGAA TTCACAAACAGTTTCAGCGGA GCCTTGATA

A G G A A C A A C T A AA G G A A T T G C G A A A G G C A G G T CA G A C G A T T G

CACGTTGAAAAT AGGAGGTTGTAATAATTTTTT AGCATTGAC

C T C C A A A A A A A AG G C T C C A A A A G G A C C A C C A G AG C C G C C G C C

TATCGGTTTATC ACCAGAACCAGCCTTTAATTG AGAGCCGCC

A G C T T G C T T T C G A G G T G A A T + T A C A G A G C C A C C A C C C T C

ACCACGGAATAA ATATAAAAGAAACGCAAAGAC GGTGGCAAC

G T T T A T T T T G T CA C A A T C A A T A G A A G A A A A T A CA T A C A T A A A

TTTACCAGCGCC AGCAAACGTAAATTCATATGG CAGTATGTT

A A A G A C A A A A G GG C G A C A T T C A A C T T A A G A C T CC T T A T T A C G

GGAAGGTAAATA CTGGCATGACGATTGAGGGAG CCAAAAGAA

T T G A C G G A A A T TA T T C A T T A A A G G G C A A T A A T AA C G G A A T A C

GTCACCGACTTG CGAGGAAACTGAATTATCACC GAAGGAAAC

A G C C A T T T G G G AA T T A G A G C C A G C A G C C G A A C AA A G T T A C C A

AGCACCATTACC TAAGCAGATAAAATCACCAGT TAAGAAAAG

A T T A G C A A G G C CG G A A A C G T C A C C T C T T A C C G AA G C C C T T T T

GATAGCAGCACC CAATAGCTAAATGAAACCATC ATGAAATAG

G T A A T C A G T A G CG A C A G A A T C A A G T A A T A A G A GC A A G A A A C A

GTCAGACTGTAG TAAGCCCAATTTGCCTTTAGC GAATTGAGT

C G C G T T T T C A T CG G C A T T T T C G G T C A G A G A G A TA A C C C A C A A

ATTAGCGTTTGC CGCTAATATCATAGCCCCCTT GTAATTGAG

C A T C T T T T C A T AA T C A A A A T C A C C C C T G A A C A AA G T C A G A G G

ACCACCGGAACC ACTGAACACGGAACCAGAGCC GGAGAATTA

G C C T C C C T C A G A G C C G C C A C + A G G G A A G C G C A T T A G A C G

AGAACGGGTATT CTGTCTTTCCTTATCATTCCA AATAATCGG

A A A C C A A G T A C CG C A C T C A T C G A G A G C A T G T A GA A A C C A A T C

GTTTTTATTTTC TAATTTACGAACAAGCAAGCC ATCCCATCC

A T C G T A G G A A T CA T T A C C G C G C C C C T G A A C A A GA A A A A T A A T

ATCAGATATAGA AGATAAGTCAATAGCAAGCAA ATCAACAAT

A G G C T T A T C C G GT A T T C T A A G A A C T G C A G A A C GC G C C T G T T T

AGCGAACCTCCC TTCAGCTAAGCGAGGCGTTTT AACAACATG

G A C T T G C G G G A GG T T T T G A A G C C T G T C C A G A C GA C G A C A A T A

AGTTGCTATTTT AGTAATTCTTAAATCAAGATT AAAAGGTAA

G C A C C C A G C T A CA A T T T T A T C C T G A G A A T A T A AA G T A C C G A C

GCTAACGAGCGT AGTAATAAGAATCTTACCAAC TTTCGAGCC

C T T T C C A G A G C CT A A T T T G C C A G T T A A T T T A G GC A G A G G C A T

AGCCATATTATT GCCAACATGTACAAAATAAAC TTTAACAAC

T A T C C C A A T C C AA A T A A G A A A C G A T A A T T G A G AA T C G C C A T A

CGTCAAAAATGA AGTAGGGCTTTTTTTGTTTAA ACGCTCAAC

A A A T A G C A G C C T T T A C A G A G + T A T A C C A G T A T A A A G C C A

CTTAGAATCCTT GTCGCTATTAATTAATTTTCC CTGTAAATC

G A A A A C A T A G C GA T A G C T T A G A T T G A G T G A A T AA C C T T G C T T

AGAGTCAATAGT AATATATGTAAGACGCTGAGA ACATAAATC

G A A T T T A T C A A AA T C A T A G G T C T G T T T T T T A A TG G A A A C A G T

TTTAACCTCCGG TGAATTACCAGAGACTACCTT AATTTCATT

C T T A G G T T G G G TT A T A T A A C T A T A A A A T T A A T T A C A T T T A A C

TGCAAATCCAAT AAGAAAACATGTAAATGCTGA ACAAACATC

C G C A A G A C A A A GA A C G C G A G A A A A G C A A A A G A AG A T G A T G A A

TATTTTAGTTAA ATTACCTGACTTTTTCAAATA TTCATTTCA

T T T C A T C T T C T GA C C T A A A T T T A A T C G C G C A G AG G C G A A T T A

CCGACCGTGTGA GTTACAAAATGGTTTGAAATA GAATACCAA

T A A A T A A G G C G TT A A A T A A G A A T A G A T T C G C C TG A T T G C T T T

ATAATTACTAGA ACAATAACGAACACCGGAATC TCGGGAGAA

A A A A G C C T G T T T A G T A T C A T + G T A A C A G T A C C T T T T A C A

ACAAACAATTCG GATTTAGAAGTATTAGACTTT ACATTTGAG

A C A A C T C G T A T T A A A T C C T T T G C C G A G C C G T C A A T A G A T A A T

ATTTTAAAAGTT AATAGATTACGAACGTTATTA CTAACAACT

T G A G T A A C A T T A T C A T T T T G C G G A A A A A T A T C T T T A G G A G C A

CCAGAAGGAGCG AGGTTATCTACAAAGAAACCA AATTGAGGA

G A A T T A T C A T C A T A T T C C T G A T T A A A A T C A A C A G T T G A A A G G

AATTCATCAATA TCAGTTGGCTCAGATGATGGC AATATCTGG

T A A T C C T G A T T G T T T G G A T T A T A C A A T A T C A A A C C C T C A A T C

GAAGGGTTAGAA TGAACCTCATTCTGAATAATG TCACCTTGC

C C T A C C A T A T C A A A A T T A T T T G C A A A T G A A A A A T C T A A A G C A

ATAAAGAAATTG CCAGCAGCACGTAAAACAGAA CGCTGAGAG

Path diagrams exported from cadnano v1: 

HC-v0-1 (left), HC-v0-2 (middle), HC-v1 (right)
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A C T T C G A A C C T C T C T G T T T A + T A + TT G A T A G A C G G T T T T T C G

AGTGCCTGAGAGTTAATTTCGCTC CCCTTTGACGTTGGAGTC

A T T G C C T G C T C T G C C G C T T C A C G CC A C G T T C T T T A A T A G T G G

GCGTCAAATCCCCAGTCGTCATGC ACTCTTGTTCCAAACTGG

G T T A C C A A T T C A T G G A A A A G G T C TA A C A A C A C T C A A C C C T A T

AGCAGTTCCAGCACAATCGATGGT CTCGGGCTATTCTTTTGA

T G C T G G T T T C T T T C C C G T T C A T C CT T T A T A A G G G A T T T T G C C

TCCTGGTCGCGGCGTTTGATGTAT GATTTCGGAACCACCATC

A C T G T T A G C G C A A T A T C C T C G T T CA A A C A G G A T T T T C G C C T G

TCAAGCTCAACACGCAGTTTCCCT CTGGGGCAAACCAGCGTG

T C G T T G A G T T T T G A T T T T G C T G T TG A C C G C T T G C T G C A A C T C

ACACCTTCGTAATACTCACGCTGC TCTCAGGGCCAGGCGGTG

A T A C G C T T A C T C C C A T C C G A G A T AA A G G G C A A T C A G C T G T T G

ACTTCGTTGCTTTCCAGTTTAGCA CCCGTCTCACTGGTGAAA

A G A A A C T G G T T T C C G T C T T C A C G GA G A A A A A C C A C C C T G G C G

GTCTTCCCAGGATGGCGAACAACA CCCAATACGCAAACCGCC

C C A G T G C A G T G C T T G A T A A C A G G AT C T C C C C G C G C G T T G G C C

TGCCGCAGAAACTCTTCCAGGTCA GATTCATTAATGCAGCTG

A C T A A C G G G T C T T G T T C G A T T A A CG C A C G A C A G G T T T C C C G A

ATAGCGATGCGTAATGATGTCGATAGTT CTGGAAAGCGGGCA

G A C A A G A C A C C G G A T C T G C A C A A C A T T G A T A A C G C C C A A T C T

ACACCTTCGTGATGTCTGCATGGA TTTTGCTCAGACTCTAAC

A T A T C T A T A C C T T C A T C T A C A T A AT C A T T G A T A C T C A T T T A T

ATGGAATATTTGTATGCCGACTCT AAACTCCTTGCAATGTAT

T C T T C A T T A G A C T T A T A A A C C T T CG T C G T T T C A G C T A A A C G G

CGCACATTGCAGAATGGGGATTTG TATCAGCAATGTTTATGT

T T T T G C A C G G T A T C A G T C A T T T C TA A A G A A A C A G T A A G A T A A

TTTCCACCGTACTCGTGATAATAA TACTCAACCCGATGTTTG

T T T G T A C A G A G A G G G C A A G T A T C GA G T A C G G T C A T C A T C T G A

TATTGGGTTTAATCATCTATATGT CACTACAGACTCTGGCAT

G C G A G T G C G A G G A T T G T T A T G T A AC G C T G T G A A G A C G A C G C G

CGAGTTCAGATAAAATAAATCCCC AAATTCAGCATTTTCACA

T C C A T A A A A C A A A A C C C G C C G T A GA G C G T T A T C T T T T A C A A A

TGACTCGGAAGTGCATTTATCATC ACCGATCTCACTCTCCTT

G G T A C C C G G G G A T C C A T T C T C C T GT G A T G C G A A T G C C A G C G T

GACCATGATTACGAATTCGAGCTC CAGACATCATATGCAGAT

C A A T T T C A C A C A G G A A A C A G C T A TA C T C A C C T G C A T C C T G A A

TTGTGTGGAATTGTGAGCGGATAA CCCATTGACCTCCAACCC

C A C T T T A T G C T T C C G G C T C G T A T GC G T AG T G A G C G C A A C G C A

ATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTA

T T T T C T G A A C T G T T T A A A G C + G A + GT G C A C A A G T C C G A C A A C

ATTTTTGATTTATGGTCATTCTCG CCTGAACGACCAGGCGTC

T A T A A T A G T C A G G G T A A A G A C C T GT T C G T T C A T C T A T C G G A T

GATGCAATCCGCTTTGCTTCTGAC CGCCACACTCACAACAAT

T T C G G G C T T C C T C T T A A T C T T T T TG A G T G G C A G A T A T A G C C T

ATTAAAACGCGATATTTGAAGTCT GGTGGTTCAGGCGGCGCA

G G T C T G G T T C G C T T T G A A G C T C G AT T T T T A T T G C T G T G T T G C

CCTGACCTGTTGGAGTTTGCTTCC GCTGTAATTCTTCTATTT

G A G C A A T T A A A G G T A C T C T C T A A TC T G A T G C T G A A T C A A T G A

GCAAAAATGACCTCTTATCAAAAG TGTCTGCCATCTTTCATT

C A G C A A T T A A G C T C T A A G C C A T C CA A T C C C T G A A C T G T T G G T

CATGTTGAGCTACAGCATTATATT TAATACGCATGAGGGTGA

C G T A C T T T A G T T G C A T A T T T A A A AA T G C G A A T A A T A A A G C T T

ATATGGAATGAAACTTCCAGACAC GGCACTGGCCGTCGTTTT

T C G C A G A A T T G G G A A T C A A C T G T TA C A A C G T C G T G A C T G G G A

AATGGTCAAACTAAATCTACTCGT AAACCCTGGCGTTACCCA

A T T G A C C A T T T G C G A A A T G T A T C TA C T T A A T C G C C T T G C A G C

AATGAAAATATAGCTAAACAGGTT ACATCCCCCTTTCGCCAG

G C C A C C T T T T C A G C T C G C G C C C C AC T G G C G T A A T A G C G A A G A

TAATGCTACTACTATTAGTAGAATTGAT GGCCCGCACCGATC

G C T C C A G A C T C T C A G G C A A T G A C C T G A T A G C C T T T G T A G A T C

TACCGTTCATCGATTCTCTTGTTT TCTCAAAAATAGCTACCC

T G A T T G A C A T G C T A G T T T T A C G A TT C T C C G G C A T T A A T T T A T

TCTGATTATCAACCGGGGTACATA CAGCTAGAACGGTTGAAT

C A A T C T T C C T G T T T T T G G G G C T T TA T C A T A T T G A T G G T G A T T

TTACAATTTAAATATTTGCTTATA TGACTGTCTCCGGCCTTT

C G A A T T T T A A C A A A A T A T T A A C G TC T C A C C C T T T T G A A T C T T

AGCTGATTTAACAAAAATTTAATG TACCTACACATTACTCAG

G G C G T T C C T A T T G G T T A A A A A A T GG C A T T G C A T T T A A A A T A T

GGCCAGACGCGAATTATTTTTGAT ATGAGGGTTCTAAAAATT

G T T G A T G A A A G C T G G C T A C A G G A AT T T A T C C T T G C G T T G A A A

GGTTGTTACTCGCTCACATTTAAT TAAAGGCTTCTCCCGCAA

T T T G T T C C C A C G G A G A A T C C G A C GA A G T A T T A C A G G G T C A T A

TATCCCATTACGGTCAATCCGCCG ATGTTTTTGGTACAACCG

G C G C C C A T C T A C A C C A A C G T G A C CA T T T A G C T T T A T G C T C T G

AACTGGCAGATGCACGGTTACGAT AGGCTTTATTGCTTAATT

G C C G A T A C T G T C G T C G T C C C C T C AT T G C T A A T T C T T T G C C T T

TGGCTGGAGTGCGATCTTCCTGAG GCCTGTATGATTTATTGG

G C A C C A G A A G C G G T G C C G G A A A G CA T G TG C C C T T C C C A A C A G

TTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCG

A C G C T T A C T G G A A C G G T A A A + G A + TA C G A T T C C G C A G T A T T G

CTGTATCATCAAAAGCCATGTATG GACGCTATCCAGTCTAAA

T T A A A A C T T A T T A C C A G T A C A C T CC A T T T T A C T A T T A C C C C C

CTGTTACTCAAGGCACTGACCCCG TCTGGCAAAACTTCTTTT

G G G C A T T A A C T G T T T A T A C G G G C AG C A A A A G C C T C T C G C T A T

ATAATAGGTTCCGAAATAGGCAGG TTTGGTTTTTATCGTCGT

C T C T T A A T A C T T T C A T G T T T C A G AC T G G T A A A C G A G G G T T A T

ATCCTTCTCTTGAGGAGTCTCAGC GATAGTGTTGCTCTTACT

C T G A G C A A A A C C C C G C T A A T C C T AA T G C C T C G T A A T T C C T T T

TCGACGGCACTTATCCGCCTGGTA TGGCGTTATGTATCTGCA

C G G G C T A T A C T T A T A T C A A C C C T CT T A G T T G A A T G T G G T A T T

CTGAGTACGGTGATACACCTATTC CCTAAATCTCAACTGATG

C T G A G G G T G G C G G T A C T A A A C C T CA A T C T T T C T A C C T G T A A T

GTGGCGGTTCTGAGGGTGGCGGTT AATGTTGTTCCGTTAGTT

A A A A T G A G G G T G G T G G C T C T G A G GC G T T T T A T T A A C G T A G A T

TTCCTATTGGGCTTGCTATCCCTG TTTTCTTCCCAACGTCCT

A A A C T C A G T G T T A C G G T A C A T G G GG A C T G G T A T A A T G A G C C A

GCGTTGTAGTTTGTACTGGTGACG GTTCTTAAAATCGCATAA

A G G G C T G T C T G T G G A A T G C T A C A GG G T A A T T C A C A A T G A T T A

AAAACTTTAGATCGTTACGCTAACTATG AAGTTGAAATTAAA

C C G A T G C T G T C T T T C G C T G C T G A G G G T G A C G A T C C C G C A A A A

TCTGTAGCCGTTGCTACCCTCGTT GCGGCCTTTAACTCCCTG

A A A A A G T C T T T A G T C C T C A A A G C CC A A G C C T C A G C G A C C G A A

CCGTTTAATGGAAACTTCCTCATG TATATCGGTTATGCGTGG

T C G T A G T G G C A T T A C G T A T T T T A CG C G A T G G T T G T T G T C A T T

CTCTTTCGTTTTAGGTTGGTGCCT GTCGGCGCAACTATCGGT

G A G T G T T T T A G T G T A T T C T T T T G CA T C A A G C T G T T T A A G A A A

GTATAATCGCTGGGGGTCAAAGAT TTCACCTCGAAAGCAAGC

C C G T T G T A C T T T G T T T C G C G C T T GT G A T A A A C C G A T A C A A T T

TTTATCAGGCGATGATACAAATCT AAAGGCTCCTTTTGGAGC

A G C A G G T C G C G G A T T T C G A C A C A AC T T T T T T T T G G A G A T T T T

CCTCGTTCCGGCTAAGTAACATGG CAACGTGAAAAAATTATT

T T C C C T T A T G A T T G A C C G T C T G C GA T T C G C A A T T C C T T T A G T

CTCTTTCAAAGTTGGTCAGTTCGG TGTTCCTTTCTATTCTCA

T G G T C T G T A C A C C G T T C A T C T G T CC T C C G C T G A A A C T G T T G A

TGAAGGTCAGCCAGCCTATGCGCC AAGTTGTTTAGCAAAATC

G G T T C T T G T C A A G A T T A C T C T T G AC C A T A C A G A A A A T T C A T T

CGTTGATTTGGGTAATGAATATCC TACTAACGTCTGGAAAGA

T T C A C T G A A T G A G C A G C T T T G T T AC G A CC C A T C T C A A G C C C A

ATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTA

A T T T A T C A C A C G G T C G G T A T + A A + TT A A T G A G G A T T T A T T T G

GTGTTTATTCTTATTTAACGCCTT TTTGTGAATATCAAGGCC

C T T T T T C T A G T A A T T A T G A T T C C GA A T C G T C T G A C C T G C C T C

ATAACGCATATGATACTAAACAGG AACCTCCTGTCAATGCTG

G G C T T T A T A C T G G T A A G A A T T T G TG C G G C G G C T C T G G T G G T G

AATTAAGCCCTACTGTTGAGCGTT GTTCTGGTGGCGGCTCTG

G C G T T G T T A A A T A T G G C G A T T C T CA G G G T G G T G G C T C T G A G G

TGCCTCTGCCTAAATTACATGTTG GTGGCGGTTCTGAGGGTG

A T T C T C T T A T T A C T G G C T C G A A A AG C G G C T C T G A G G G A G G C G

CTTTACCTTTTGTCGGTACTTTAT GTTCCGGTGGTGGCTCTG

A T T G T C G T C G T C T G G A C A G A A T T AG T T C C G G T G A T T T T G A T T

CTGCATTAGCTGAACATGTTGTTT ATGAAAAGATGGCAAACG

C T A T T G T T G A T A A A C A G G C G C G T TC T A A T A A G G G G G C T A T G A

TTATTTTTCTTGTTCAGGACTTAT CCGAAAATGCCGATGAAA

A T G C T C G T A A A T T A G G A T G G G A T AA C G C G C T A C A G T C T G A C G

AGCCGATTATTGATTGGTTTCTAC CTAAAGGCAAACTTGATT

G T T C T T G G A A T G A T A A G G A A A G A CC T G T C G C T A C T G A T T A C G

AGTGCGGTACTTGGTTTAATACCC GTGCTGCTATCGATGGTT

A A A A C G G C T T G C T T G T T C T C G A T GT C A T T G G T G A C G T T T C C G

CGCGGTAATGATTCCTACGATGAAAATA GCCTTGCTAATGGT

G A C T T T G T T C A G G G T G T T C A G T T A A T T C T C C C G T C T A A T G C G

GATATTAGCGCTCAATTACCCTCT CTTCCCTGTTTTTATGTT

T C A A T T C T T G T G G G T T A T C T C T C TA T T C T C T C T G T A A A G G C T

CTTGCTCTTATTATTGGGCTTAAC GCTATTTTCATTTTTGAC

A T A G C T A T T G C T A T T T C A T T G T T TG T T A A A C A A A A A A T C G T T

TTTCTTAAAAAGGGCTTCGGTAAG TCTTATTTGGATTGGGAT

A C T T T G T T C G G C T A T C T G C T T A C TA A A T A A T A T G G C T G T T T A

CGTTTCCTCGGTTTCCTTCTGGTA TTTTGTAACTGGCAAATT

C T T T T G G G T A T T C C G T T A T T A T T GA G G C T C T G G A A A G A C G C T

TAAGGAGTCTTAATCATGCCAGTT CGTTAGCGTTGGTAAGAT

T A C G T T T G C T A A C A T A C T G C G T A AT C A G G A T A A A A T T G T A G C

TGCCACCTTTATGTATGTATTTTC TGGGTGCAAAATAGCAAC

T G T C T T T G C G T T T C T T T T A T A T G TT A A T C T T G A T T T A A G G C T

TGACAAAATAAACTTATTCCGTGG TCAAAACCTCCCGCAAGT

A C C A T A T G A A T T T T C T A T T G A T T GC G G G A G G T T C G C T A A A A C

CCCTTTTGTCTTTGGCGCTGGTAA GCCTCGCGTTCTTAGAAT

C C T C C C T C A A T C G G T T G A A T G T C GA C C G G A T A A G C C T T C T A T

TAATTTCCGTCAATATTTACCTTC ATCTGATTTGCTTGCTAT

C G G T G A T A A T T C A C C T T T A A T G A AT G G GA A T G G T G C T A C T G G

TGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGA

C G C T C C T T T C G C T T T C T T C C + C T + CG A A A T T A A C T A A A A T A T

TACACTTGCCAGCGCCCTAGCGCC ATTTGAAAAAGTTTTCTC

G G T G G T T A C G C G C A G C G T G A C C G CG C G T T C T T T G T C T T G C G A

CGGCGCATTAAGCGCGGCGGGTGT TTGGATTTGCATCAGCAT

G C A A C C A T A G T A C G C G C C C T G T A GT T A C A T A T A G T T A T A T A A

AGCACGTTATACGTGCTCGTCAAA CCCAACCTAAGCCGGAGG

T C C C G C T C T G A T T C T A A C G A G G A AT T A A A A A G G T A G T C T C T C

CCTTTAATCGGCCTCCTGTTTAGC AGACCTATGATTTTGATA

G G C G T A C C G T T C C T G T C T A A A A T CA A T T C A C T A T T G A C T C T T

TATAAAAACACTTCTCAGGATTCT CTCAGCGTCTTAATCTAA

C T T T T A C T C G G T G G C C T C A C T G A TG C T A T C G C T A T G T T T T C A

GTTAATTTGCGTGATGGACAGACT AGGATTCTAAGGGAAAAT

A A T C A A A G A A G T A T T G C T A C A A C GT A A T T A A T A G C G A C G A T T

ACTCAGGCAAGTGATGTTATTACT TACAGAAGCAAGGTTATT

A A G G C C G A T A G T T T G A G T T C T T C TC A C T C A C A T A T A T T G A T T

AATATTGTTCTGGATATTACCAGC TATGTACTGTTTCCATTA

T T T C C T G T T G C A A T G G C T G G C G G TA A A A A G G T A A T T C A A A T G

AATGTAGGTATTTCCATGAGCGTT AAATTGTTAAATGTAATT

C C A T T T C A G A C G A T T G A G C G T C A AA A T T T T G T T T T C T T G A T G

GACTGGTGAATCTGCCAATGTAAATAAT TTTGTTTCATCATC

T A G A T A A C C T T C C T C A A T T C C T T T C A A C T G T T G A T T T G C C A A

TTGTTAGTGCTCCTAAAGATATTT CTGACCAGATATTGATTG

C T A T T G A C G G C T C T A A T C T A T T A GA G G G T T T G A T A T T T G A G G

CTTCTAAATCCTCAAATGTATTAT TTCAGCAAGGTGATGCTT

T C G A A T T G T T T G T A A A G T C T A A T AT A G A T T T T T C A T T T G C T G

GGGCAAAGGATTTAATACGAGTTG CTGGCTCTCAGCGTGGCA

A A A C T T T T A A A A T T A A T A A C G T T CC T G T T G C A G G C G G T G T T A

TTCCGCAAAATGATAATGTTACTC ATACTGACCGCCTCACCT

C C G C T C C T T C T G G T G G T T T C T T T GC T G T T T T A T C T T C T G C T G

ATAATCAGGAATATGATGATAATT GTGGTTCGTTCGGTATTT

A T A T T G A T G A A T T G C C A T C A T C T GT T A A T G G C G A T G T T T T A G

AGTATAATCCAAACAATCAGGATT GGCTATCAGTTCGCGCAT

G T T C T A A C C C T T C C A T T A T T C A G AT A A A G A C T A A T A G C C A T T

GTGCAAATAATTTTGATATGGTAG CAAAAATATTGTCTGTGC

G C A A T T T C T T T A T T T C T G T T T T A CC A C G T A T T C T T A C G C T T T

CTGACGTTAAACCTGAAAATCTAC CAGGTCAGAAGGGTTCTA

A A G G T A C T G T T A C T G T A T A T T C A TT C T C T G T T G G C C A G A A T G

CCGTTATTGTTTCTCCCGATGTAA TCCCTTTTATTACTGGTC

G G T A T T C A A A G C A A T C A G G C G A A TG T G TT T C T T T T G C T C A G G

A+TAAACAGAGAGGTTCGAAGT CGAAAAACCGTCTATCA

G A G C G A A A T T A AC T C T C A G G C A C T G A C T C C A A CG T C A A A G G G

CCACTATTAAAGAACGTGGCGTGAAGCGGCAGAGCAGGCAAT

G C A T G A C G A C T GG G G A T T T G A C G C C C A G T T T G GA A C A A G A G T

ATAGGGTTGAGTGTTGTTAGACCTTTTCCATGAATTGGTAAC

A C C A T C G A T T G TG C T G G A A C T G C T T C A A A A G A AT A G C C C G A G

GGCAAAATCCCTTATAAAGGATGAACGGGAAAGAAACCAGCA

A T A C A T C A A A C GC C G C G A C C A G G A G A T G G T G G TT C C G A A A T C

CAGGCGAAAATCCTGTTTGAACGAGGATATTGCGCTAACAGT

A G G G A A A C T G C GT G T T G A G C T T G A C A C G C T G G TT T G C C C C A G

GAGTTGCAGCAAGCGGTCAACAGCAAAATCAAAACTCAACGA

G C A G C G T G A G T AT T A C G A A G G T G T C A C C G C C T GG C C C T G A G A

CAACAGCTGATTGCCCTTTATCTCGGATGGGAGTAAGCGTAT

T G C T A A A C T G G AA A G C A A C G A A G T T T T C A C C A GT G A G A C G G G

CGCCAGGGTGGTTTTTCTCCGTGAAGACGGAAACCAGTTTCT

T G T T G T T C G C C AT C C T G G G A A G A C G G C G G T T T GC G T A T T G G G

GGCCAACGCGCGGGGAGATCCTGTTATCAAGCACTGCACTGG

T G A C C T G G A A G AG T T T C T G C G G C A C A G C T G C A TT A A T G A A T C

TCGGGAAACCTGTCGTGCGTTAATCGAACAAGACCCGTTAGT

A A C T A T C G A C A TC A T T A C GC A T C G C T A T T G C C CG C T T T C CA G

CGGTGTCTTGTC GCAGATC GTTATCAATGTTGT ATTGGGC AG

T C C A T G C A G A C AT C A C G A A G G T G T G T T A G A G T CT G A G C A A A A

AGGTATAGATAT TATCAATGATTATGTAGATGA ATAAATGAG

A G A G T C G G C A T AC A A A T A T T C C A T A T A C A T T G CA A G G A G T T T

GTCTAATGAAGA TGAAACGACGAAGGTTTATAA CCGTTTAGC

C A A A T C C C C A T TC T G C A A T G T G C G A C A T A A A C AT T G C T G A T A

TACCGTGCAAAA TGTTTCTTTAGAAATGACTGA TTATCTTAC

T T A T T A T C A C G AG T A C G G T G G A A A C A A A C A T C GG G T T G A G T A

TCTCTGTACAAA GACCGTACTCGATACTTGCCC TCAGATGAT

A C A T A T A G A T G AT T A A A C C C A A T A A T G C C A G A GT C T G T A G T G

CCTCGCACTCGC TTCACAGCGTTACATAACAAT CGCGTCGTC

G G G G A T T T A T T TT A T C T G A A C T C G T G T G A A A A TG C T G A A T T T

TTGTTTTATGGA GATAACGCTCTACGGCGGGTT TTTGTAAAA

G A T G A T A A A T G CA C T T C C G A G T C A A A G G A G A G TG A G A T C G G T

TCCCCGGGTACC TTCGCATCACAGGAGAATGGA ACGCTGGCA

G A G C T C G A A T T CG T A A T C A T G G T C A T C T G C A T AT G A T G T C T G

TGTGTGAAATTG CAGGTGAGTATAGCTGTTTCC TTCAGGATG

T T A T C C G C T C A CA A T T C C A C A C A A G G G T T G G A GG T C A A T G G G

AAGCATAAAGTG CTCACTACGCATACGAGCCGG TGCGTTGCG

T A A A G C C T G G G GT G C C T A A T G A G T G A G C T A A C TC A C A T T A A T

CAGTTCAGAAAA C+GCTTTAAA CTTGTGCA GTTGTCGGA

C G A G A A T G A C C AT A A A T C A A A A A T G A C G C C T G GT C G T T C A G G

CTGACTATTATA ATGAACGAACAGGTCTTTACC ATCCGATAG

G T C A G A A G C A A AG C G G A T T G C A T C A T T G T T G T GA G T G T G G C G

AGGAAGCCCGAA CTGCCACTCAAAAAGATTAAG AGGCTATAT

A G A C T T C A A A T AT C G C G T T T T A A T T G C G C C G C CT G A A C C A C C

GCGAACCAGACC CAATAAAAATCGAGCTTCAAA GCAACACAG

G G A A G C A A A C T CC A A C A G G T C A G G A A A T A G A A GA A T T A C A G C

CTTTAATTGCTC CAGCATCAGATTAGAGAGTAC TCATTGATT

C T T T T G A T A A G AG G T C A T T T T T G C A A T G A A A G AT G G C A G A C A

GCTTAATTGCTG TCAGGGATTGGATGGCTTAGA ACCAACAGT

A A T A T A A T G C T GT A G C T C A A C A T G T C A C C C T C AT G C G T A T T A

AACTAAAGTACG TATTCGCATTTTTAAATATGC AAGCTTTAT

G T G T C T G G A A G TT T C A T T C C A T A T A A A A C G A C GG C C A G T G C C

CCAATTCTGCGA CGACGTTGTAACAGTTGATTC TCCCAGTCA

A C G A G T A G A T T TA G T T T G A C C A T T T G G G T A A C GC C A G G G T T T

CAAATGGTCAAT CGATTAAGTAGATACATTTCG GCTGCAAGG

A A C C T G T T T A G CT A T A T T T T C A T T C T G G C G A A AG G G G G A T G T

TGAAAAGGTGGC TTACGCCAGTGGGGCGCGAGC TCTTCGCTA

A T C A A T T C T A C TA A T A G T AG T A G C A T T A G A T C GG T G C G G GC C

AGAGTCTGGAGC TTGCCTG AGGCTATCAGGTCA TCTACAA GA

A A A C A A G A G A A TC G A T G A A C G G T A G G G T A G C T AT T T T T G A G A

GCATGTCAATCA TGCCGGAGAATCGTAAAACTA ATAAATTAA

T A T G T A C C C C G GT T G A T A A T C A G A A T T C A A C C GT T C T A G C T G

ACAGGAAGATTG CAATATGATAAAGCCCCAAAA AATCACCAT

T A T A A G C A A A T AT T T A A A T T G T A A A A A G G C C G GA G A C A G T C A

TGTTAAAATTCG AAGGGTGAGACGTTAATATTT AAGATTCAA

C A T T A A A T T T T TG T T A A A T C A G C T C T G A G T A A TG T G T A G G T A

AATAGGAACGCC ATGCAATGCCATTTTTTAACC ATATTTTAA

A T C A A A A A T A A TT C G C G T C T G G C C A A T T T T T A GA A C C C T C A T

GCTTTCATCAAC AAGGATAAATTCCTGTAGCCA TTTCAACGC

A T T A A A T G T G A GC G A G T A A C A A C C T T G C G G G A GA A G C C T T T A

CGTGGGAACAAA GTAATACTTCGTCGGATTCTC TATGACCCT

C G G C G G A T T G A CC G T A A T G G G A T A C G G T T G T A CC A A A A A C A T

GTAGATGGGCGC AAGCTAAATGGTCACGTTGGT CAGAGCATA

A T C G T A A C C G T GC A T C T G C C A G T T A A T T A A G C AA T A A A G C C T

GACAGTATCGGC AATTAGCAATGAGGGGACGAC AAGGCAAAG

C T C A G G A A G A T CG C A C T C C A G C C A C C A A T A A A TC A T A C A G G C

CGCTTCTGGTGC AGGGCACATGCTTTCCGGCAC CTGTTGGGA

C G G A A A C C A G G CA A A G C G C C A T T C G C C A T T C A GG C T G C G C A A

TCCAGTAAGCGT C+TTTACCGT GGAATCGT CAATACTGC

C A T A C A T G G C T TT T G A T G A T A C A G T T T A G A C T GG A T A G C G T C

AATAAGTTTTAA AGTAAAATGGAGTGTACTGGT GGGGGTAAT

C G G G G T C A G T G CC T T G A G T A A C A G A A A A G A A G TT T T G C C A G A

CAGTTAATGCCC GGCTTTTGCTGCCCGTATAAA ATAGCGAGA

C C T G C C T A T T T CG G A A C C T A T T A T A C G A C G A T AA A A A C C A A A

AAGTATTAAGAG GTTTACCAGTCTGAAACATGA ATAACCCTC

G C T G A G A C T C C TC A A G A G A A G G A T A G T A A G A G CA A C A C T A T C

GGTTTTGCTCAG ACGAGGCATTAGGATTAGCGG AAAGGAATT

T A C C A G G C G G A TA A G T G C C G T C G A T G C A G A T A CA T A A C G C C A

AAGTATAGCCCG TTCAACTAAGAGGGTTGATAT AATACCACA

G A A T A G G T G T A TC A C C G T A C T C A G C A T C A G T T GA G A T T T A G G

CGCCACCCTCAG AGAAAGATTGAGGTTTAGTAC ATTACAGGT

A A C C G C C A C C C TC A G A A C C G C C A C A A C T A A C G GA A C A A C A T T

CACCCTCATTTT AATAAAACGCCTCAGAGCCAC ATCTACGTT

C A G G G A T A G C A AG C C C A A T A G G A A A G G A C G T T GG G A A G A A A A

AACACTGAGTTT ATACCAGTCCCCATGTACCGT TGGCTCATT

C G T C A C C A G T A CA A A C T A C A A C G C T T A T G C G A TT T T A A G A A C

ACAGACAGCCCT TGAATTACCCTGTAGCATTCC TAATCATTG

C A T A G T T A G C G TA A C G A T CT A A A G T T T T T T T A AT T T C A A CT T

AGACAGCATCGG CAGCGAA ATCGTCACCCTCAG TTGCGGG TT

A A C G A G G G T A G CA A C G G C T A C A G A C A G G G A G T TA A A G G C C G C

TAAAGACTTTTT TGAGGCTTGGGCTTTGAGGAC TTCGGTCGC

C A T G A G G A A G T TT C C A T T A A A C G G C C A C G C A T AA C C G A T A T A

ATGCCACTACGA AACCATCGCGTAAAATACGTA AATGACAAC

A G G C A C C A A C C TA A A A C G A A A G A G A C C G A T A G TT G C G C C G A C

ACTAAAACACTC CAGCTTGATGCAAAAGAATAC TTTCTTAAA

A T C T T T G A C C C CC A G C G A T T A T A C G C T T G C T T TC G A G G T G A A

AAAGTACAACGG GGTTTATCACAAGCGCGAAAC AATTGTATC

A G A T T T G T A T C AT C G C C T G A T A A A G C T C C A A A AG G A G C C T T T

CCGCGACCTGCT AAAAAAAAGTTGTGTCGAAAT AAAATCTCC

C C A T G T T A C T T AG C C G G A A C G A G G A A T A A T T T TT T C A C G T T G

ATCATAAGGGAA ATTGCGAATCGCAGACGGTCA ACTAAAGGA

C C G A A C T G A C C AA C T T T G A A A G A G T G A G A A T A GA A A G G A A C A

GTGTACAGACCA TCAGCGGAGGACAGATGAACG TCAACAGTT

G G C G C A T A G G C TG G C T G A C C T T C A G A T T T T G C TA A A C A A C T T

TTGACAAGAACC TCTGTATGGTCAAGAGTAATC AATGAATTT

G G A T A T T C A T T AC C C A A A T C A A C G T C T T T C C A GA C G T T A G T A

TCATTCAGTGAA GATGGGTCGTAACAAAGCTGC TGGGCTTGA

T A A G G C T T G C C CT G A C G A G A A A C A C C A G A A C G AG T A G T A A A T

CGTGTGATAAAT T+ATACCGAC CCTCATTA CAAATAAAT

A A G G C G T T A A A TA A G A A T A A A C A C G G C C T T G A TA T T C A C A A A

TACTAGAAAAAG CAGACGATTCGGAATCATAAT GAGGCAGGT

C C T G T T T A G T A TC A T A T G C G T T A T C A G C A T T G AC A G G A G G T T

CAGTATAAAGCC AGCCGCCGCACAAATTCTTAC CACCACCAG

A A C G C T C A A C A GT A G G G C T T A A T T C A G A G C C G CC A C C A G A A C

ATTTAACAACGC CACCACCCTGAGAATCGCCAT CCTCAGAGC

C A A C A T G T A A T TT A G G C A G A G G C A C A C C C T C A GA A C C G C C A C

TAATAAGAGAAT CAGAGCCGCTTTTCGAGCCAG CGCCTCCCT

A T A A A G T A C C G AC A A A A G G T A A A G C A G A G C C A CC A C C G G A A C

GACGACGACAAT CACCGGAACTAATTCTGTCCA AATCAAAAT

A A A C A A C A T G T TC A G C T A A T G C A G C G T T T G C C AT C T T T T C A T

TATCAACAATAG CCTTATTAGAACGCGCCTGTT TCATAGCCC

A T A A G T C C T G A AC A A G A A A A A T A A T T T C A T C G GC A T T T T C G G

ATTTACGAGCAT GTAGCGCGTTATCCCATCCTA CGTCAGACT

G T A G A A A C C A A TC A A T A A T C G G C T A A T C A A G T TT G C C T T T A G

CATTCCAAGAAC TAGCGACAGGTCTTTCCTTAT CGTAATCAG

G G G T A T T A A A C CA A G T A C C G C A C T A A C C A T C G AT A G C A G C A C

GCAAGCCGTTTT CACCAATGACATCGAGAACAA CGGAAACGT

T A T T T T C A T C G TA G G A A T CA T T A C C G C G A C C A TT A G C A A GG C

CTGAACAAAGTC GAACACC CGGGAGAATTAACT CATTAGA CG

A G A G G G T A A T T GA G C G C T A A T A T C A A C A T A A A AA C A G G G A A G

CACAAGAATTGA AGAGAGAATAGAGAGATAACC AGCCTTTAC

G T T A A G C C C A A TA A T A A G A G C A A G G T C A A A A A TG A A A A T A G C

AGCAATAGCTAT TTGTTTAACAAACAATGAAAT AACGATTTT

C T T A C C G A A G C CC T T T T T A A G A A A A T C C C A A T CC A A A T A A G A

GCCGAACAAAGT ATATTATTTAGTAAGCAGATA TAAACAGCC

T A C C A G A A G G A AA C C G A G G A A A C G A A T T T G C C AG T T A C A A A A

AATACCCAAAAG CCAGAGCCTCAATAATAACGG AGCGTCTTT

A A C T G G C A T G A TT A A G A C T C C T T A A T C T T A C C AA C G C T A A C G

TTAGCAAACGTA TTATCCTGATTACGCAGTATG GCTACAATT

G A A A A T A C A T A CA T A A A G G T G G C A G T T G C T A T TT T G C A C C C A

AACGCAAAGACA TCAAGATTAACATATAAAAGA AGCCTTAAA

C C A C G G A A T A A GT T T A T T T T G T C A A C T T G C G G GA G G T T T T G A

AATTCATATGGT AACCTCCCGCAATCAATAGAA GTTTTAGCG

T T A C C A G C G C C AA A G A C A A A A G G G A T T C T A A G AA C G C G A G G C

GATTGAGGGAGG TTATCCGGTCGACATTCAACC ATAGAAGGC

G A A G G T A A A T A TT G A C G G A A A T T A A T A G C A A G CA A A T C A G A T

GAATTATCACCG CCATTCCCATTCATTAAAGGT CCAGTAGCA

T C A C C G A C T T G AG C C A T T T G G G A A T T A G A G C C AG C A A A A T C A

GCGAAAGGAGCG G+GGAAGAAA G+A TTAATTTC ATATTTTAG

G G C G C T A G G G C GC T G G C A A G T G T A G A G A A A A C TT T T T C A A A T

CGCGTAACCACC AAAGAACGCGCGGTCACGCTG TCGCAAGAC

A C A C C C G C C G C GC T T A A T G C G C C G A T G C T G A T GC A A A T C C A A

TACTATGGTTGC TATATGTAACTACAGGGCGCG TTATATAAC

T T T G A C G A G C A CG T A T A A C G T G C T C C T C C G G C TT A G G T T G G G

ATCAGAGCGGGA CCTTTTTAATTCCTCGTTAGA GAGAGACTA

G C T A A A C A G G A GG C C G A T T A A A G G T A T C A A A A TC A T A G G T C T

GAACGGTACGCC TAGTGAATTGATTTTAGACAG AAGAGTCAA

A G A A T C C T G A G AA G T G T T T T T A T A T T A G A T T A AG A C G C T G A G

ACCGAGTAAAAG AGCGATAGCATCAGTGAGGCC TGAAAACAT

A G T C T G T C C A T CA C G C A A A T T A A C A T T T T C C C TT A G A A T C C T

ACTTCTTTGATT TATTAATTACGTTGTAGCAAT AATCGTCGC

A G T A A T A A C A T CA C T T G C C T G A G T A A T A A C C T TG C T T C T G T A

ACTATCGGCCTT ATGTGAGTGAGAAGAACTCAA AATCAATAT

G C T G G T A A T A T CC A G A A C A A T A T T T A A T G G A A AC A G T A C A T A

TGCAACAGGAAA TACCTTTTTACCGCCAGCCAT CATTTGAAT

A A C G C T C A T G G AA A T A C C T A C A T T A A T T A C A T TT A A C A A T T T

CGTCTGAAATGG AACAAAATTTTGACGCTCAAT CATCAAGAA

A T T A T T T A C A T T G G C A G A TT C A C C A G T C G A T G AT G A A A C AA A

GAAGGTTATCTA AATTGAG CAACAGTTGAAAGG GGCAAAT TT

A A A T A T C T T T A G G A G C A C T A A C A A C A A T C A A T A T C T G G T C A G

AGCCGTCAATAG TCAAACCCTCTAATAGATTAG CCTCAAATA

A T A A T A C A T T T G A G G A T T T A G A A G A A G C A T C A C C T T G C T G A A

CAAACAATTCGA AAAAATCTATATTAGACTTTA CAGCAAATG

C A A C T C G T A T T A A A T C C T T T G C C C T G C C A C G C T G A G A G C C A G

TTTTAAAAGTTT CTGCAACAGGAACGTTATTAA TAACACCGC

G A G T A A C A T T A T C A T T T T G C G G A A A G G T G A G G C G G T C A G T A T

CAGAAGGAGCGG ATAAAACAGCAAAGAAACCAC CAGCAGAAG

A A T T A T C A T C A T A T T C C T G A T T A T A A A T A C C G A A C G A A C C A C

ATTCATCAATAT CGCCATTAACAGATGATGGCA CTAAAACAT

A A T C C T G A T T G T T T G G A T T A T A C T A T G C G C G A A C T G A T A G C C

AAGGGTTAGAAC TAGTCTTTATCTGAATAATGG AATGGCTAT

C T A C C A T A T C A A A A T T A T T T G C A C G C A C A G A C A A T A T T T T T G

TAAAGAAATTGC GAATACGTGGTAAAACAGAAA AAAGCGTAA

G T A G A T T T T C A G G T T T A A C G T C A G T A G A A C C C T T C T G A C C T G

TAACAGTACCTT CAACAGAGAATGAATATACAG CATTCTGGC

T T A C A T C G G G A G A A A C A A T A A C G G G A C C A G T A A T A A A A G G G A

GCTTTGAATACC AAGAAACACATTCGCCTGATT CCTGAGCAA
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