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ZUSAMMENFASSUNG

Die Stabilitdt, Biokompatibilitdt und molekulare Erkennung von DNA
hat dazu gefithrt dass sich DNA zu einem vielversprechendem Bauma-
terial in der Nanotechnologie entwickelt hat. Besonders DNA Origami
nutzt die molekulare Erkennung von DNA um supramolekulare Struk-
turen beliebiger Form mit Genauigkeit im Nanometerbereich herzu-
stellen. Diese Positionsgenauigkeit bietet die Moglichkeit, biomoleku-
lare Systeme mit bisher unerreichter Kontrolle zu untersuchen. In dieser
kumulativen Dissertation fasse ich die folgenden drei DNA Origami
basierten Forschungsprojekte zusammen:

Im ersten Teil prasentiere ich die Nutzung von intakten Bakterio-
phagen M13 und A as Quelle fiir einzelstriangige und doppelstringige
Geriiststrange ohne vorherige Aufreinigung der genomischen DNA und
zeige desweiteren die erfolgreiche Herstellung von verschiedenen DNA
Origami Strukturen aus dieser Geriiststrangquelle.

Im zweiten Teil zeige ich eine DNA Origami basierte differentielle
molekulare Kraftwaage. Die wippenartige DNA Origami Struktur ver-
gleicht Bindungspartner auf einer Seite mit Referenzbindungspartnern
auf der anderen Seite. Das Bindungspaar mit der hoheren Bindungsen-
ergie lasst die Struktur in einer geometrisch eindeutigen Form einrasten.

Im dritten Teil demonstriere ich wie man mit Hilfe von DNA Origami
eine nanometergrofie Kraftklammer bauen kann welche autonom in Lo6-
sung agiert und keinerlei Verbindung zur makroskopischen Welt hat.
Nach erfolgreicher Charakterisierung der Kraftklammer analysiere ich
die Schaltungskinetik der Holliday Struktur als Funktion der angelegten
Kraft. Daraufhin untersuche ich die Biegung von Promotor DNA durch
das TATA-Box Bindeprotein.






ABSTRACT

The physical stability, biocompatibility, and molecular recognition have
made DNA a promising building material in nanotechnology. In partic-
ular, DNA origami uses the molecular recognition properties of DNA
to create supramolecular structures of virtually any geometry with
nanometer precision. This positional control offers the possibility to
investigate biomolecular systems at unequaled levels of control. In this
cumulative dissertation, I present the following three DNA origami cen-
tered research projects:

In the first part, I present the direct use of intact bacteriophages M13
and A without further purification of the genomic DNA as a source of
single- and double-stranded scaffolds and show the successful one-pot
assembly of various DNA origami structures.

In the second part, I show a DNA origami structure as a differential
molecular force balance. The structure is a seesaw-like DNA origami
that compares a pair of binding partners on one side of the balance to a
reference pair on the other side. The binding pair with the stronger in-
teraction locks the structure in a distinct, geometrically distinguishable
conformation.

In the third part, I demonstrate the use of DNA origami to build
a nanoscopic force clamp that operates autonomously in solution and
has no connection to the macroscopic world. After characterization of
the device, I show how it can be used to study the Holliday junction
switching kinetics as a function of applied force. In a next step, I use
the force clamp to investigate the TATA-box binding protein mediated
bending of promoter DNA.
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INTRODUCTION

Nanotechnology is a tremendously interdisciplinary field that combines
concepts from various engineering and scientific disciplines, ranging
from surface chemistry to molecular self-assembly and semiconductor
physics. Nanotechnology aims to study and, more importantly, manip-
ulate matter on the nanometer length scale. Although experts from all
sciences have conducted research on the nanometer scale to gain fun-
damental knowledge, the ambition of nanotechnologists is to use that
knowledge to directly control matter on the atomic, molecular, and
supra-molecular scale to develop new materials, funcional systems, and
drugs.

Today, several applications of nanotechnology have found their way
into commercial products. Examples are silver nanoparticles as desin-
fection agents in food packaging, clothing, and various household ap-
pliances or titanium and zink oxide nanoparticles in sunscreen, food
products, and cosmetics. Nevertheless, all of these commercial prod-
ucts that are sold as “nanotechnology” are based on the bulk use of
passive nanomaterials, more a product of conventional material science
than of nanotechnology. Real world applications that require controlled
manipulation of matter on the nanoscale as envisioned by many of the

pioneers of nanotechnology have yet to be developed.

1.1 A BRIEF (AND INCOMPLETE) HISTORY OF NANOTECH-
NOLOGY

Although nanotechnology is a relatively young discipline, pre-modern
examples of nanostructured materials date back to at least as early
as the 4th century. Often, craftsmen used their empirical understand-
ing to manipulate processes to produce materials with novel properties.
Striking examples are the 4th-century roman Lycurgus cup (figure 1a),
which contains colloidal gold and silver nanoparticles, and the Damas-
cus sabre blades, which already made use of carbon nanotubes more
than 400 years ago (figure 1b) [1].

More then a century ago, advances in colloidal and interface science
made the characterization of dispersions of nanometer sized particles
possible. Richard Zsigmondy was the first to study nanomaterials, espe-
cially colloidal gold, of sizes down to 10 nm using an ultramicroscope he
developed in the early 1900’s [5]. Langmuir introduced the concept of
monolayers, materials with the thickness of only one layer of molecules,
in the 1920’s [6]. Most of nanoscience’ development in the 1960’s and
1970’s was driven by the efforts of the electronic industry to increase
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Figure 1: a) The Lycurgus cup is made of dichroic glass. Colloidal gold and
silver nanoparticles in the glass make it appear green when illu-
minated from outside (left) and red when illuminated through the
inside (right). Reproduced with permission from The British Mu-
seum [2] (CC BY-NC-SA 4.0). b) Sword maker in Damascus, Syria
(ca. 1900) and TEM image of remnants of cementite nanowires en-
capsulated by carbon nanotubes in a 400 year old sabre (scale bar
is 5nm). Reprinted by permission from Macmillan Publishers Ltd:
Nature [1], copyright (2006).

the number of transistors on integrated chips, as described by Intel’s co-
founder Gordon Moore [7]. The term nanotechnology was used for the
first time by Norio Taniguchi in an article to describe the machining of
materials with atomic-scale dimensional tolerances [8]. But it was Eric
Drexler’s 1986 book Engines of Creation: The Coming Era of Nanotech-
nology [9] that made the term nanotechnology widely known. Together
with Drexler’s popularized conceptual framework for nanotechnology,
major scientific breakthroughs in the 1980’s lead to the emergence of
nanotechnology as its own field. The invention of the scanning tunnel-
ing microscope (STM) by Binning and Rohrer at IBM [10, 11] made
the visualization and later the manipulation of individual atoms by Fi-
gler [4] possible (a photograph of the first STM is shown in figure 2a
and the IBM logo made from individual atoms using the STM in figure
2b). Shortly after the invention of the STM, Binning developed another
scanning probe technique together with Quate and Gerber, the atomic
force microscope (AFM) [12]. Other influental advances include the dis-

Figure 2: a) Photograph of the first STM, now on display at the Deutsches
Museum in Munich, Germany. Image source: [3] (CC BY-NC-SA
2.0). b) IBM logo made from 35 Xenon atoms. Each letter is 50 A
in height. Reprinted by permission from Macmillan Publishers Ltd:
Nature [4], copyright (1990).
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1.2 TOP-DOWN VS BOTTOM-UP

covery of Fullerenes in 1985 [13] and the description of nanocrystals of
a semiconducting material, the so-called quantum dots [14].

It nowadays seems to be widely accepted (and is often written) that
the origin of nanotechnology is Richard Feynman’s talk There’s plenty
of room at the bottom [15], which he gave at the American Physical
Society meeting at the California Intsitute of Technology in 1959. The
cultural anthropolgist Christopher Toumey, however, asks the follwo-
ing question in his work entitled Reading Feynman Into Nanotechnol-
ogy: A Text for a New Science: “Can we separate the early history of
nanotechnology from Feynman’s talk, and ask instead whether Plenty
of Room is retroactively read into the history of nanotechnology?” [16].
He points to alternative, more instrumentation centered narratives that
“could salute the STM as one of its founding ancestors”. Toumey ana-
lyzes the publication and republication history of Plenty of Room, its
scientific citation record, and comments from pioneers of nanotechnol-
ogy. When asked by Toumey about Feynman’s role in nanotechnology,
George Whitesides writes:

His enthusiasm for small science has certainly boosted its
[nanotechnology’s| general attractiveness, and made it in-
tellectually legitimate, especially in physics... I don’t think
that he was specifically important in the sense that Binnig /
Rohrer / Quate were. My sense is that most people in nano
became excited about it for their own reasons, and then...
have leaned on Feynman as part of their justification for
their interest.

Toumey concludes his article with the following:

Alternatively, one could accept that the history of nanotech-
nology will not fit neatly into the standards of the natur-
wissenschaften. Nanotech need not be one thing with one
beginning and one neat line of historical causation. It could
be a deep, rich, nuanced and sometimes contradictory body
of scientific thought and practice that we understand partly
by seeing it through different historical documents, and
through different readings of the same document, namely,
Richard P. Feynman’s There’s Plenty of Room at the Bot-
tom.

1.2 TOP-DOWN VS BOTTOM-UP

Within the field of nanotechnology, two fundamentally different strate-
gies exist: top-down and bottom-up. In top-down nanotechnology, ex-
ternally controlled manipulation tools are used to remove and shape
material from larger substrates. This principle is heavily applied in the
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semiconductor industry and has reached a sophisticated level of pre-
cision. As structures decrease in size, however, the limitations of top-
down nanotechnology start to become apparent: all top-down meth-
ods are inherently serial and parallelization comes with a great cost.
Bottom-up nanotechnology, in contrast, is inspired by nature: all bio-
logical systems rely on self-assembly to produce ordered systems as a
function of molecular recognition without any external guidance. The
work presented in this thesis relies solely on the bottom-up approach
and self-assembly in particular. A short introduction to self-assembly is
given in the next section (1.3), followed by a brief overview of structural
nucleic acid nanotechnology in section 1.4.

1.3 SELF-ASSEMBLY

In self-assembly, order forms from a disordered system of pre-existing
building blocks. The resulting complexity is completely internal to the
system and emerges from the characteristics of the components. Self-
assembly can only happen in open systems: the interaction with the
outside world has to compensate for the decrease in entropy due to the
creation of order. Each organism in the living world is self-assembled.
In each cell of each organism, a multitude of molecular machines floats
around and each of these machines performs tasks on an atomic scale.
All these machines are examples of sophisticated (bio-)nanotechnology.
They were, however, not intentionally designed, but rather emerged by
billions of years of evolution. One key feature of all of these molecular
machines is the atomically precise positioning of its constituent compo-
nents. This positional control typically accounts for their function.

One striking example of a self-asssembled biological nano-machine is
the ribosome (a visualization of the structure of the ribosomal subunits
is shown in figure 3). The ribosome is responsible for the synthesis

Figure 3: Small (left) and large (right) ribosomal subunits with RNA in or-
ange and yellow and proteins in blue. The active center where the
polypeptide synthesis takes place is colored green. Image by David
Goodsell [17, 18]
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of proteins in cells: it translates the genetic information coded on a
messenger RNA (mRNA) into a chain of amino-acids. The ribosome
itself is a molecular complex of proteins and ribonucleic acid (RNA)
and its size ranges from 20nm to 30nm (it varies from prokaryotic
to eukaryotic cells). It consists of a small and a large subunit. The
ribosome can be produced by self-assembly in its simplest form: when
mixing the building blocks together in a test tube under the right pH,
temperature, and salt conditions, it assembles itself [19]. The RNA folds
into a secondary structure and afterwards the proteins attach to the
RNA “scaffold” and stabilize it.

Nanotechnology can learn a great deal from nature and the way vir-
tually everything in the living world is self-assembled from nanoscale
components. Over the last decades, deoxyribonucleic acid (DNA) and
other biomolecules have been established as promising and powerful
materials for bottom-up nanotechnology. Nadrian Seeman, the pioneer
of DNA nanotechnology, stated the follwoing in an interview after being
awarded the Feynman Prize in Nanotechnology in 1995:

Nanotechnology is a very fancy buzzword for the chemistry
of the next century. To a certain extent, we’re going to
emulate the way things are done in cells. [20]

1.4 STRUCTURAL NUCLEIC ACID NANOTECHNOLOGY

Nucleic acids have unique molecular recognition properties that can be
used to make self-assembled branched DNA or RNA complexes [21, 22].
Construction materials in the macroscopic world require, amongst oth-
ers, the following properties: (I) robustness, (II) stability over a long
period of time, (III) ease of operation, (IV) affordability, (V) modular-
ity, and (VI) formability into custom shapes. It tourns out that DNA
as a construction material for the nanoscale fullfills these requirements.
DNA is robust and stable under a wide range of conditions and can be
stored easily for a long period of time (I & II). It is easy to handle in
water and a variety of buffers (IIT) and is commercially available for a
low price and short sequences up to 100 bases in length can be easily
synthesized on a large scale (IV). It is biocompatible, modular, and
the most important feature: it has a programmable sequence and offers
molecular recognition (V). These features are employed to generate self-
assembled structures of a designed shape from artificially designed DNA
molecules (VI). A short overview of the field of structural nucleic acid
nanotechnology with a focus on DNA is given in the next passage. A
detailed description of the molecular structure of DNA is given in the
section 2.1.

Nadrian Seeman, a crystallographer by training, wrote in 1982 in a
theoretical work:
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It appears to be possible to generate covalently joined three-
dimensional networks of nucleic acids which are periodic in
connectivity and perhaps in space. [23]

Although genetic engineers have made linear DNA constructs out of
two or DNA molecules using sticky-end ligation techniques since the
1970’s [24], more than just one-dimensional constructs are possible. In
nature, branched DNA molecules are intermediates in the process of ge-
netic recombination. Seeman realized that these DNA branches “..allow
us to make something that is not just a long piece of spaghetti” [20].
Driven by the frustration that came with the crystallization of interest-
ing biological macromolecules for X-ray crystallography experiments,
his vision was, and still is, to design periodic three-dimensional (3D)
lattices from DNA to host and orientate proteins (a cartoon illustart-
ing this concept is shown in figure 4a), which would otherwise not be
solluble on their own in aequous solutions. To create a basic motif
for the construction of orderly, crystal-like structures, Seeman exam-
ined a motif found in biological recombination systems, the Holliday
junction. Holliday junctions are covalent phosphate linkages between
two DNA duplexes. In organisms, these junctions are important for the
recombination of homologous sequences during cell division. During re-
combination, the junction can freely slide along the two connected DNA
double helices. Sequence asymetry immobilizes the junction and can be
used to create a spatially fixed connection between two DNA duplexes.
Several immobilized junctions can be stitched together via sticky-end
hybridization (figure 4b illustrates this concept). Sticky-ends are short,
single-stranded DNA (ssDNA) overhangs with sequences complementary
to each other.

Seemans group presented the first DNA based supramolecular assem-
bly with connectivity greater than two in 1991: a 3D cube made of six

Figure 4: a) Vision of a DNA lattice as scaffolding for biological macro-
molecules. The macromolecules are arranged parallel to each other
within the DNA lattice, rendering them amenable to structure deter-
mination by X-ray crystallography. b) Immobilized Holliday junc-
tion made from four ssDNA strands with sticky-end overhangs. Four
of these branched junctions cohere based on the orientation of their
complementary sticky ends and form a square unit with unpaired
sticky-ends on the outside. More units can be added to the four
sides to make a periodic, 2D crystal. Reprinted by permission from
Macmillan Publishers Ltd: Nature [21], copyright (2003).



1.4 STRUCTURAL NUCLEIC ACID NANOTECHNOLOGY

Figure 5: a) Seemans DNA Cube. Each of the six cyclic interlocked ssDNA
strands is linked twice to each of its four neighbors. Reprinted by
permission from Macmillan Publishers Ltd: Nature [21], copyright
(2003). b) Left: 2D schematics of the tensegrity triangle motif. The
over-under configuration of the three connected duplexes makes each
of the three arms point to a different plane in space, resulting in a
periodic 3D arrangmenet. Right: Optical image of the rhombohedral
tensegrity triangle crystals. Reprinted by permission from Macmil-
lan Publishers Ltd: Nature [29], copyright (2009)

ssDNA loops (figure 5a) [25]. The first periodic two-dimensional (2D)
lattices were build from DNA double-crossover (DX) tiles by Erik Win-
free in 1998 [26]. Other milestones of structural DNA nanotechnology
include a tetrahedron by the Turberfield group [27] and an octahedron
made from a 1.7 kilobase ssDNA from William Shih [28].

Almost 30 years after the initial proposal, Seeeman presented the first
rationally designed and self-assembled 3D DNA crystal (figure 5b) [29].
In 2006, Paul Rothemund revolutionized the field of DNA nanotech-
nology with the publication of the DNA origami technique: he used
hundreds of synthetic short oligonucleotides to fold a viral 7-kilobase
(7kb) ssDNA into arbitrary shapes (figure 6a) [30]. The extension of
DNA origami to 3D by Douglas et al. [31] in 2009 and the introduc-
tion of curvature by Dietz et al. [32] expanded the design possibilities
further. Additional structural design advances to create pre-stressed
tensegrity structures [33], hollow shapes with complex curvature [34],
and triangulated polyhedral objects [35-38] make it now possible to cre-
ate objects of almost any geometry. This objects are comparable in size
to viruses or ribosomes, while being fully addressable with nanometer
precision. This positional precision has created the potential to investi-
gate biomolecular systems at unequaled levels of control.

In recent years, RNA has gained attention in nucleic acid nanotech-
nology. Compared to DNA, RNA posseses a higher functional capacity
such as releasing small interfering RNAs in response to stimuli [40] or
scaffolding proteins [41, 42] as described for the ribosome in section
1.3. The large diversity of tertiary RNA motifs, which are not present in
the DNA world, expands the design space tremendously. On top of that,
RNA can be expressed genetically in large quantities and thus could lead
to in vivo synthetic biology applications of nucleic acid nanotechnology.
Early attempts to design and assemble structures comparable in size to
DNA origami structures focussed on DNA-RNA hybrid systems [43, 44].

7
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Figure 6: a) Different 2D DNA origami shapes from Rothemund’s original pub-
lication. The top row shows the folding paths of the scaffold. The
middle row shows how individual helices bend apart away from
crossovers. The color indicates the base pair index along the folding
path. The bottom row shows AFM imgaes of the structures. Each
image is 165nm by 165nm in size. Reprinted by permission from
Macmillan Publishers Ltd: Nature [30], copyright (2006). b) Cotran-
scriptional folding pathway of a ssRNA origami motif. The T7 RNA
polymerase transcribes the template DNA. The RNA folds back on it-
self as it is being synthesized. Reprinted by permission from AAAS:
Science [39], copyright (2014).

In 2014, Geary et al. developed an architecture for the design of single-
stranded RNA (ssRNA) origami structures that fold cotranscriptionally
under isothermal conditions (figure 6b) [39].

1.4.1 State of the Art of DNA Origami

DNA origami has been established as a mature self-assembly technol-
ogy in basic science. It has been used numerous times to inevstigate
fundamental questions about the kinetics and thermodynamics of self-
assembly itself [45-48]. At the core of most studies involving DNA
origami structures lies the enourmous positional precision that is un-
precedented so far [49-55]. Areas of application include nanopores for
sequencing [56-58] or the mimickry of natural pores [59, 60], the study
of interactions with lipid membranes and their deformation [61-65], and
the construction of 2D and 3D lattices [66-71]. DNA origami has been
employed to study localized DNA- and enzymatic-reaction cascades [72—
77] and for biophysical studies of collective behaviour of motor proteins
[78-80] and biomolecular interactions [81-86]. In other great examples
of the power of DNA origami to structure material on the nanoscale,
the spatial arrangement of metalic nanoparticles, quantum dots, and
fluorescent nanodiamonds was used to rationally design light-matter in-
teractions [87-101]. Another promising route researchers pursued from
the beginning is the use of DNA origami structures as drug delivery con-
tainers. Initial steps have already been taken towards the goal of a fully
autonomous, site-directed delivery of drugs to target sites in organisms
[102-106].
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1.4.2 Challenges and Future Perspectives

So far, all the technical problems associated with nucleic acid nanotech-
nology and especially DNA origami did not significantly limit its applica-
tion in basic research. Some of the problems associated are for example
the inpurity of the materials involved, imperfect stoichiometries, low
assembly yields due to, for example, kinetic traps during thermal an-
nealing, or increasingly lower efficiency of attachment of modified com-
ponents as the complexity of the assemblies increases. Most of these
inherent characteristics have been approached with the application of
already available, smale scale purification techniques, which work suffi-
ciently well with the small volumes and low throughput needed for most
proof-of-principle experiments. In order to establish DNA nanotechnol-
ogy outside its niche in basic research, the following requirements have
to be met: DNA nanostructures need to be produced at much higher
quantity, with highly increased quality and purity of the materials in-
volved, at much lower cost [107]. Additionally, the stability of the DNA
nanostructures has to be improved for all applications that require
other environmental conditions than the once used in the controlled
laboratory scenario. Most of these limitations are already being ad-
dressed by the community [102, 103, 108-119], but there is still plenty
of room for improvement.

1.5 CONTENT OF THIS WORK

This thesis is structured in the following way: In chapter two (2), I
will give an overview over the structure of the DNA molecule (section
2.1), introduce DNA origami in more detail (2.2), and briefly explain
the experimental techniques used to acquire all data presented in the
associated publications reprinted in this thesis (section 2.3). The work
presented in chapter three (3) is a humble contribution towards the
goal of a high yield and low-cost production of DNA origami struc-
tures. It explores alternative sources of scaffold material than the typ-
ically used, purified genomic DNA of bacteriophage M13. Chapter four
(4) proposes a DNA origami prototype for comparative binding assays.
The prototype features an in situ readout through locked, geometri-
cally distinguishable conformations and has no physical connection to
the macroscopic world. Chapter four paves the way for the nanoscopic,
DNA origami force clamp presented in chapter five (5). The force clamp
is self-assembled, operates autonomously and has the potential for mas-
sive parallelization. We use this DNA origami force clamp to study the
TATA-binding protein—-induced bending of a DNA duplex under tension,
a system previously inaccessible to conventional force spectroscopy tech-
niques. Finally, in chapter six (6), I will give a short outlook to future
work.
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2.1 THE DNA MOLECULE

In all living organisms, DNA stores and transmits genetic information
from one generation to another and is hence essential for the devel-
opment and function of life. This makes DNA the central biomolecule
of life and its discovery one of the remarkable tales of the history of
molecular biology. The swiss phycisian Friedrich Miescher was the first
to isolate nucelic acids from the nuclei of leukocytes in 1869 in Tiibingen
(figure 7) [120]. He named the substances “nuclein” and in subsequent
work speculated that it plays a role in the transmission of hereditary
traits. Decades later, in 1944, Avery, MacLeod, and McCarty corrobo-
rated this theory when they identified DNA as the molecule responsible
for bacterial transformation [121]. In 1952, Hershey and Chase used
radioactively labeled T2 Phage DNA to irrevocably confirm that DNA
and not proteins carry the genetic information [122]. Based on the x-ray
diffraction data of Franklin and Gosling, Watson and Crick published
the first correct double-helix model of the structure of DNA in 1953
[123].

Figure 7: Commemorative plaque in memory of the discovery of the “nuclein”
by Friedrich Miescher in 1869 in the laboratory of Felix Hoppe-Seyler
at the University of Tiibingen, located in the Schloss Hohentiibingen.

2.1.1 The Structure of DNA

DNA is a polymeric macromolecule. It is made from repeating units
called nucleotides (sthe chemical structure of DNA is shown in figure
8). Each nucleotide is composed of 3 entities: one of the four nucle-
obases adenine (A), cytosine (C), guanine (G), and thymine (T). the
monosaccharide deoxyribose, and a mono-, di,- or triphosphate. The
nucleobase is linked to the 1’ carbon atom of the deoxyribose - this
is called a nucleoside. The mono-, di,- or triphosphate attached to the
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Figure 8: a) Chemical Structure of the four nucleobases and the DNA double
helix. b) 3D structure of the right-handed DNA double helix in B-
form geometry.

5’ carbon atom of the deoxyribose ring in the nucleoside completes
the nucleotide. Nucleotides play a central role in the metabolism of
each organism: they serve as energy storage entities (e.g., adenosine
triphosphate), participate in signaling pathways (e.g., cyclic adenosine
monophosphate), and are parts of important cofactors of enzymatic
reactions (e.g., flavin mononucleotide). Long polymers of an arbitrary
composition of monophosphate nucleotides are made by linking phos-
phate to the 3’ carbon of another nucleotide’s deoxyribose ring. These
polymers are then called polynucleotides or ssDNA. A direction can be
assigned to a ssDNA molecule due to the asymmetric phosphodiester
bond between two adjacent deoxyribose rings. One end of the ssDNA
molecule terminates with a phosphate group at the 5’ carbon (the 5’-
end) while the opposite end terminates with a hydroxyl group at the
3’ carbon (the 3’-end). Enzymes are sensitive to this directionality and
usually process DNA from the 5’-end to the 3’-end.

Under physiological conditions, the four nucleobases undergo hydro-
gen bond mediated base pairing. A and T with two hydrogen bonds
and G and C with three hydrogen bonds form the two canonical base
pairs. G and C form the sliglthy more stable base pair (bp). In aqueous
solutions, the four bases form hydrogen bonds with water as well. The
aromatic rings of the nucleotides are positioned almost perpendicular
to the length of the DNA strand, therefore the m-orbitals of the aro-
matic ring of one base overlap with w-orbitals of the aromatic ring of
the adjacent base. The aromatic rings align and water is expelled from
the space between the nucleobases. This effect is called stacking and
the sum of all these stacking interactions greatly stabilizes the double
helix. Two ssDNA molecules with a reverse complementary sequence can
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bind together and the antiparallel strands form together a double helix.
Under physiological conditions, the DNA double helix usually adopts
the right-handed B-form. One full turn (10.5 base pairs) stretches over
3.5nm with a diameter of 2nm and a vertical distance between two
adjacent bp of 3.32 A. The B-form double helix exhibits a major and a
minor groove (figure 8b). Under special buffer conditions, other confor-
mations of the double helix such as the A-form (right-handed, 11 bp
per turn, 2.3nm diameter) or the Z-form (left-handed, 12 bp per turn,
1.8 nm diameter) occur.

2.1.2  Chemical and Physical Properties of DNA

2.1.2.1  Optical Properties

The four nucleobases, A, T, G, and C, have an absorption maxima at a
wavelenght of 260 nm. The total absorbance of a ssDNA strand depends
on the sum of the absorbance of the single nucleotides plus the effect
of the interactions between the nucleotides. This means that a single
strand absorbs less than the sum of its nucleotides and a double strand
less than the sum of its two component single strands. This effect is
called hypochromicity: the absorption of double-stranded DNA (dsDNA)
decreases up to 25% relative to the absorption of ssDNA and up to 40%
relative to the absorption of the single nucleotides. This effect can be
used to monitor hybridization events spectroscopically (see section 2.3.1
for more details).

2.1.2.2 DNA as Polyelectrolyte

DNA in aequous solution is a higly charged polymer. At neutral pH,
every phosphate in the backbone is deprotonated and thus negatively
charged. The distribution of asociated ions, the so called ion atmo-
sphere, can be approximated by the Debye-Hiickel theory. The dis-
cretely charged polymer is idealized as a chain with linear charge den-
sity and two layers of ions around the DNA strand are described. The
first layer comprises of condensed counterions on the DNA strand. These
counterions are free to translate along the elongation axis of the DNA
strand, but are confined to the phosphate backbone and remain within
a short distance called the Bjerrum length [;. I, describes the distance
at which the Coulomb energy between two unit charges equals the
thermal energy kpT'. In water at room temperature, I = 71&, roughly
the typical interphosphate distance between two nearest-neighbor nu-
cleotides. The second layer is a diffusive layer of anions and cations
loosely associated to the first layer.

2.1.2.3 Mechanical Properties of ssDNA

ssDNA in a fully screened state is a very flexible polymer. It can be
approximated to a certain degree with the freely jointed chain (FJC)
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model. The FJC model treats the polymer as a random walk and does
not take any kind of interactions between the individual monomers that
make the polymer into account. The polymer is described as a chain
of rigid rods of a fixed length [ (Kuhn length) whose orientation is
completely independent of neighboring monomers. With N monomers
forming the polymer the mean square end-to-end distance can be de-
scribed as:

<I?*>=10%%N

The Kuhn length for semiflexible polymers such as ssDNA equals
twice the persistence length [p [126]. Next, we have to take thermal
fluctuations and entropic effects into account. A random coil usually
will resist elongation since it is accompanied by a significant decrease
in entropy (AS). Assuming a chain with an end-to-end distance z, if
is only a fraction of its full contour length Lo, many more confirmations
for this compacted state than for its almost fully stretched state exist.
The result of this effect is called entropic elasticity. The force exerted
on each end of a long polymer can be expressed as:

—3kpT *x L
I * N

The relation between the force F' and the end-to-end distance z for
ssDNA can be described with a modified FJC model:

B FxLg  kpT F
#(F) = Lo [C‘)th< kT F*LKH <1+S)

where S is the stretch modulus of ssDNA. Experimentally determined
values for the Kuhn length and the stretch modulus are: L = 1.5nm
and S = 800 pN [127].

2.1.2.4  Mechanical Properties of dsDNA

dsDNA can be well described with the worm like chain (WLC) model.
In contrast to the FJC model, the WLC model treats the polymer as
an isotropic rod that is continuously flexible. The persistence length
Lp is a measure of its rigidity and equals the distance at which the
correlation of two tangent vectors has decreased to 1/e:

< t(;) * t(_(;) >= e—s/Lp
where s is the contour distance between two points along the polymer.
Under physiological conditions, the persistence length Lp of dsDNA is
approximately 50 nm [127].
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2.1.2.5 Melting Behavior

For many applications involving DNA, the melting temperature 7, is
significant. T}, is defined as the temperature at which half of the dsDNA
has been denatured into ssDNA. This makes the melting temperature
a measure for the stability of a dsDNA sequence. The T, of a given
duplex depends on the length and the sequence of the duplex, as well
as the pH value and the salt concentration of the buffer. A variety of
numerical methods for the calculation of the melting temperature exist
[128]. Empirical approximations give a good result in calculating the
melting temperature. The simple Wallace rule [129] is applicable for
perfect duplexes 15 to 20 bases in length [130]:

T,y = 2°C+ N(AT) 4 4°C x N(GC)
Here, N(AT) and N(GC) stand for the number of AT and GC base

pairs, respectively. For oligonucleotides longer than 50 bases, the fol-
lowing expression [131] is valid :

500

Ty = (81.5+16.6log[M+] +0.41(%GC) — == —0.62(%F) —1.2% D)°C

n

Here, [M+] is the concentration of monovalent ions, (%GC) is the
ratio between GC and AT base pairs, (%F) the formamide content
and D the number of mismatches. These two methods are adequate for
most purposes, however, they do not take the effect of base sequence (as
opposed to base composition) into account. A more accurate estimation
of T, includes the thermodynamic interactions of all nearest-neighbor
parameters [132]. In this method, changes of entropy and enthalpy (AS
and AH) of the melting process are calculated for each dimer in the
duplex and then T, is estimated as following:

AH

Ty =————273.15°C
AS+ Rlnc/4

where R is the gas constant and ¢ the molar strand concentration. A
detailed explanation of melting and secondary structure formation can
be found in reference [133].

2.2 DNA ORIGAMI

In DNA origami [30], a long DNA single strand of viral origin (the scaf-
fold) is folded into a desired shape by hundreds of short, chemically syn-
thesized oligonucleotides (the staples) (figure 9). Typically, M13mp18
bacteriophage derived genomic DNA of lenghts of around 7 to 8 kbp is
used as scaffold material. For the assembly, the scaffold is mixed with
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Figure 9: The long circular single stranded scaffold is “stapled” by a short
oligonucleotide (red), the staple, which has at least two comple-
mentary sections on the scaffold molecule. When all staple oligonu-
cleotides are added, the scaffold is folded into the predefined
shape. The adjacent antiparallel helices are held in place by dou-
ble crossovers in the form of holliday junctions.

the staples in a molar excess (typically five or ten times molar excess
of each individual staple over the scaffold) together with salt (usually
divalent magnesium ions) in a buffer solution. The mixture is heated to
at least 65°C in order to render all the DNA in solution single-stranded.
This mixture is then slowly cooled down to room temperature over the
course of one hour to up to several days, depending on the complex-
ity of the designed geometry. During this cooling process, the staples
attach to their complementary parts on the scaffold and an array of
antiparralel double helices is formed (an exemplary structure is shown
in figure 10).

Theoretical and experimental results confirmed Paul Rothemunds’s
original assumption [30] that this process is highly cooperative: scaffold-
staple duplexes with a high melting temperature (indicated by a high
G-C content) form at higher temperatures. These duplexes then act
as nuclei that promote the hybridization of neighboring staples with a
lower T, [45, 47, 116]. This also explains the experimentally observed
hysteresis between the critical annealing temperature of origami struc-

Figure 10: A 2D DNA origami rectangular structure. It measures 70nm x
100nm and is 2nm high (the diameter of a double helix). Left:
Computer animated representation of the design: it consists of
24 neighboring antiparallel double helices represented as cylinders.
Middle: Section of the design blueprint. It shows the scaffold path
through the structure (in blue) folded into shape by the staple
oligonucleotides (in red) via double crossovers between two adja-
cent helices. The 5-end of the staples is represented by squares,
the 3’-end by arrow heads. Right: AFM image of the folded object.
The scale bar is 50 nm
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tures during cooling and the critical melting temperature of structures
during heating [45, 116]. Branch migration functions as an error correc-
tion during the assembly: incorrectly bound staples and intra-molecular
secondary structures of the scaffold will be displaced eventually by the
perfectly complementary staples. This error correction, combined with
the fact that the relative stoichiometry between the staples (they are
not designed to bind to each other as they would be in non-scaffolded
DNA nanostructures) is not important, makes the self-assembly of DNA
origami structures not only work, but extremely efficient.

The groups of Kurt Gothelf and William Shih extended the DNA
origami method to three dimensions [31, 134]. The two approaches
are fundamentally different. Andersen and co-workers from Gothelf’s
group designed a 3D box out of 2D rectangular origami sheets with a
controllable lid. Shawn Douglas and co-workers from William Shih’s
group showed that a flat array of parallel helices can be folded into 3D
objects (figure 11 illustrates this concept with the six helix bundle (6HB)
origami as an example). In their work, individual helices are arrangen
on a hexagonal honeycomb lattice with staple crossovers to adjacent
helices. The inherent geometry of dsDNA allows the construction of
crossovers at angles of exactly 120° while maintaining the B-form DNA
configuration with 10.5 bp per full helical turn.

DO A WN =

Figure 11: 3D DNA origami structure: a 6HB. The 6HB can be conceptualized
as six neighboring antiparallel helices folded into a hexagon, which
is the unit cell of a honeycomb lattice. In this arrangement, each he-
lix has a maximum of three direct neighbors and double crossovers
to adjacent helices are possible in 120° angles. 2D schematic of the
scaffold (blue) and staple (red) paths. Scaffold and staple crossovers
are only possible between helices that are adjacent in the honey-
comb lattice. The TEM image shows a 420 nm long 6HB.

The method was further extended when, in the same year, Dietz et
al. showed that by a controlled pattern of base deletions and insertions,
twisted and curved origami objects of nearly all possible geometries
can be realized [32]. Since then, the DNA origami design space has been
more and more extended. Densely packed arrangement of helices in a
suqare lattice were realized by Ke et al. [135]. Hao Yan’s group pub-
lished hollow 3D origami structures with complex curvature [34] and
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Figure 12: Section of a zoomed out TEM image of assembled origami struc-
tures. The inset shows an average image of the same structure.
The scale bar is 100 nm. A detailed description of this structure is
given in chapter 5.

DNA gridiron nanostructures [136]. 3D pre-stressed tensegrity origami
structures were presented by Tim Liedl et al. [33] and most recently,
several groups acomplished the automated design of virtually any poly-
hedral geometrie with triangulated DNA origami structures [35-38].

The great promise of the DNA origami technique results from the fol-
lowing two main characteristics. First, DNA origami folding is a highly
parallel self assembly process. In a typical assembly reaction (for ex-
ample in a 100 pL volume with a concentration of scaffold material of
10nM/L), the simple one-pot thermal annealing yields 10° individual
structures, assembled at the same time without any outside manipula-
tion. To illustrate the high degree of parallelization, a zoomed out TEM
image of origami structures adsorbed on a surface after a typical anneal-
ing reaction is shown in figure 12. Second, every base of every staple
in a DNA origami structure can theoretically be individually adressed.
Modern chemical synthesis makes it possible to modify each base in
an oligonucleotide with a variety of chemical moieties such as organic
fluorophores, reactive groups for click chemistry, conjugation molecules
for peptides and proteins, and many others. Combined with the knowl-
edge of the position in space of every base in an origami structure,
we can think of such an origami structure as a nano-breadboard with
sub-nanometer addressability. Some examples of this addressabiity are
shown in figure 13.

The design of DNA origami structures is typically done using the
computer aided design software package caDNAno [135, 138]. The de-
sign routine contains three steps: (I) a geometrical model that approxi-
mately matches the desired shape is defined; (II) the structure is filled
with antiparallel double helices and a scaffold path passing through the
whole structure is selected; (III) complementary staple strands (typi-
cally around 200 individual staples) are assigned to the scaffold. Fi-
nite element [139] and coarse-grained [140-143] simulation tools help
to refine the design in silico before any physical experiment has to be
run. So far, however, definite design rules (regarding for example the
crossover density, seugence composition at crossovers, staple-scaffold
segment lenghts, etc.) are not yet formulated and are still being ives-
tigated [117, 144]. Experimental techniques for the assessment of the
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Figure 13: a) AFM image of a 2D origami structure with “M13” written on
top of it [137] using dumbbell shaped hairpins [30]. The scale bar is
50nm. A detailed description of this structure is given in chapter 3.
Reprinted by permission from WILEY-VCH: SMALL [137], copy-
right (2014). b) Left- and right-handed origami and gold nanopar-
ticle nano-helix and their corresponding TEM image next to it. The
scale bar is 20 nm. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature [101], copyright (2012)

quality of folding and structural integrity include Cryo-EM [145], fluo-
rescent probes [112], and Small Angle X-ray Scattering [146, 147].

2.3 EXERIMENTAL METHODS

DNA origami structures are usually smaller than 100 nm, at least on
two of the three spatial axes. It is not possible to fully visualize these
structures with conventional optical microscopy due to the diffraction
limit of visible light. However, biochemistry and biophysics offer other
experimental techniques to study these objects. The quantification of
the DNA-specific absorption of light is carried out with UV /Vis spec-
troscopy. UV /Vis spectroscopy and another spectroscopic technique,
fluoresence spectroscopy, can be used to monitor DNA hybridization
and even the folding of full origami structures in real-time [45, 46,
116]. A commonly used technique to study conformational changes and
enzymatic modifications of DNA and DNA based structures is gel elec-
trophoresis. Imaging of DNA and DNA assemblies is routinely carried
out using TEM and AFM [30, 31, 83, 145]. The latter, together with
other manipulation tools such as optical- and magnetic tweezers is also
used for force measurements on single DNA strands [127, 148, 149], DNA
devices [150], and DNA nanostructures [151-155]. An optical method to
obtain insight into conformational changes of DNA based machines and
structures is fluorescence and Forster resonance energy transfer (FRET)
in particular [134, 156-158]. Recent advances in far-field fluorescence
microscopy below the diffraction limit (super-resolution microscopy)
have made it possible to analyze DNA origami structures in the sub-
100 nm regime optically [49, 52, 159, 160].
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2.3.1 UV/Vis Spectroscopy

UV /Vis spectroscopy can be used to determine the molar concentration
of nucelic acids present in solution (see 2.1.2.1 for the optical properties
of DNA). The concentration of nucelic acids in solution can be derived
after measuring the optical density A at 260 nm of a sample by the law
of Lambert-Beer:

I
A:log%:e*l*c

Iy is the intensity of incident light and I the intensities of transmit-
ted light, € is the wavelength-dependent molar extinction coefficient
of the molecule of interest, [ the length of the light path through the
sample, and ¢ the molar concentration. For long sequences of DNA, ap-
proximate conversion factors exist: the average mass for a measured
optical density (OD) of 1 is 50 pug of dsDNA and 33 pg of ssDNA in 1 mL
solution. The absorbance of the four individual bases are different, thus
these conversion factors are not accurate enough to be applied to short
oligonucleotides where the influence of the particular sequence matters.
Greater accuracy is achieved when the exact value of € is calculated
[161, 162] for each particular sequence by the following equation:

N-1 N-1 N
€260nm — 2% (Z 6nearest—neighbor> - Z €individual T Z €modi fication
1 2 1

Here, N is the total number of bases, €jeqrest—neighbor the nearest
neighbor coefficient for a base pair, €;,dividual the coefficient for an
individual base, and €,,04; fication the coefficient for a base modification.
Typical modifications are fluorescent dyes or chemical residues such as
biotin.

2.3.2  Electrophoresis

Propably the most common technique for the analysis of DNA is gel
electrophoresis. It is also routinely used for the purification of nucleic
acids. It enables the sorting of charged molecules (it is not only used for
nucleic acids but also routinely applied to proteins) based on a combina-
tion of molecular characteristics such as size, hydrodynamic radius, net
charge, and surface charge density. An electric field is applied to a gel
matrix to move charged molecules through a matrix. Typical matrices
are agarose and polyacrylamide gels. Agarose and polyacrylamide are
polymers that can be crosslinked and the porosity of the resulting gel
can be controlled via the concentration of agarose or polyacrylamide’s
crosslinker in aequous solution. The decision for a certain gel material
depends on the sizes of the macromolecules that need to be separated.



2.3 EXERIMENTAL METHODS

Polyacrylamide gels are typically chosen for separating small fragments
of DNA (up to 500 bp), and size differences as little as 1 bp in length
can be separated from one another. Agarose gels, in contrast, yield a
lower resolution, but have the advantage of a greater range of sepa-
ration. Fragments from 50 bp to several megabases in length can be
separated.

Agarose is a linear polysaccharide composed of alternating residues of
D-galactose and 3,6-anhydro-L-galactose. Agarose chains form helical
fibres and gelation of these agarose fibers results in a 3D net with chan-
nels of diameters ranging from 50 nm to more than 200 nm. Polyacry-
lamide gels are made via the polymerization of acrylamide monomers
into long, crosslinked chains. This reaction requires the presence of the
crosslinker bisacrylamide and is initiated by free radicals, which are typ-
ically provided by the reduction of ammonium persulfate by TEMED.
The pore size in polyacrylamide gels is much smaller then in agarose
gels.

To separate the samples, the gel is placed in a buffer-filled elec-
trophoresis chamber, the samples are filled in wells in the gel, and
an electric field is applied. The molecules migrate at different speeds
through the gel: to the anode, if they are negatively charged (such
as DNA), or towards the cathode if they are positively charged. The
speed of migration of DNA through gels is determined by different fac-
tors. One factor is the molecular size of the DNA fragment. Larger
molecules of dsDNA migrate more slowly because of higher frictional
drag. They worm their way through the gel pores less efficiently than
smaller molecules. Furthermore, the conformation of the DNA plays an
important role. Linear, nicked circular, and supercoiled circular DNA’s
have different migration speeds. Although the relative mobilities of
these forms primarily depend on the gel concentration, they are also
influenced by the following aspects: the density of superhelical twists
in the supercoiled form, the applied voltage, and the ionic strength of
the buffer used. All of these aspects make the exact prediction of the
migration speed of a given DNA sample difficult. Additionally, single-
stranded DNA often folds into complex secondary structures, which
influences its speed of migration in a largely unpredictable manner.
This can be overcome by the use of chemical agents which destabilize
hydrogen bonds (such as urea or formamide) to denature nucleic acids
and therefore cause them to behave in a more predictable way.

After sufficient separation, the DNA molecules are usually stained
with intercalating fluorescent dyes (such as ethidium bromide). These
dyes render the DNA visible under ultraviolet light. For purification,
the band of interest can be physically extracted and purified from the
surrounding gel matrix.
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2.3.3 Atomic Force Mircoscopy

The AFM, developed in 1986 [12], is a scanning probe microscopy tech-
nique with demonstrated sub-nanometer resolution. A sharp tip with
a radius of curvature on the order of a few nanometers is mounted
on the end of a flexible cantilever arm. This tip is used to scan the
specimen surface. When the tip comes into proximity of the sample
surface, forces between the tip and the surface lead to a deflection of
the cantilever. Various interactions contribute to this deflection: (I) van
der Waals interactions, (II) electrostatic interactions, and (III) dipole-
dipole interactions. The deflection of the cantilever is measured via a
laser spot that is reflected from the top surface of the cantilever into an
array of photodiodes. This deflection information is used as a feedback
parameter to adjust the distance between the tip and the sample.

Detector- and
Feedback Photodiode Laser
Electronics

’ 5’\/\/\/\/\, Cantilever & Tip

Sample Surface

Piezo Scanner

Figure 14: Schematic drawing of an AFM in intermittent contact mode.

Different imaging modes exist, however, the force excerted by the
tip onto the sample is ideally maintained constant in all of them. For
biological samples, the most gentle imaging mode is the intermittent
contact mode and this mode was used for all AFM images presented in
this thesis. A schematic drawing of an AFM operated in intermittent
contact mode is shown in figure 14. In the intermittent contact mode,
the cantilever is driven to oscillate near its resonance frequency. The
tip-to-surface interactions damp the amplitude of the oscillation of the
cantilever. The amplitude is used as a feedback parameter to keep the
height of the cantilever over the surface on a constant level. This “tap-
ping” method significantly reduces the damage done to the sample and
the tip compared to imaging in full contact with the sample.

DNA can be easily immobilized to the surface via electrostatic inter-
actions: Typically, a freshly cleaved mica surface (negatively charged)
is saturated with divalent, positively charged ions such as magnesium.
The negatively charged DNA structures can adsorb from the solution
to the modified surface. Imaging in intermittent contact mode is then
carried out in fluid usually using a buffer containing magnesium ions.

[163]
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2.3.4  Transmission Electron Microscopy

The TEM is capable of a significantly higher resolution than conven-
tional optical light microscopes. Instead of visible light, it uses a beam
of electrons that is transmitted through a thin specimen. Electrons that
are not scattered or absorbed in the specimen are detected on either a
fluorescent screen, photographic film, or a CCD camera. The maximum
resolution can be defined as the minimal distance d between two points
at which they can still be resolved as separate points. The minimum
d of conventional optical light microscopy is limited by the wavelength
of light being used to probe the sample of interest:

A
d= 2x NA

with A being the wavelength and N A the numerical aperture. For
conventional optical light micrsocopy, d.;» is around 250 nm. The wave-
length of electrons, however, is related to their kinetic energy and is
given by the de Broglie equation:

A=-—
p

with the Planck constant h and the momemntum of the electron p.
The de Broglie wavelength of electrons is several orders of magnitude
smaller than the wavelength of visible light, thus theoretically allowing
for imaging with atomic resolution. This was realized early on after
the publication of the De Broglie hypothesis and the first commercial
TEM from Siemens was installed already in 1939 (figure 15 shows a
photograph of the machine). Ernst Kruska, one of the pioneers of the
development of the TEM, shared the nobel prize for physics in 1986
with Binning and Rohrer.

Figure 15: Photograph of the first commercial TEM. Originally installed at
IG Farben Werke in 1939, it is now on display at the Deutsches
Museum in Munich, Germany. Image source: [164] (CC BY-NC-SA
2.0)
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In a TEM, the elctrons are generated via thermionic emission from
a filament and then accelerated in an electric field. The higher the
acceleration voltage, the smaller the wavelength A of the generated
electrons and thus the theoretically achievable resolution. After accel-
eration, the beam of electrons is focused onto the specimen by electro-
magnetic lenses.

Most biological samples (including DNA) give a poor contrast in elec-
tron microscopy. Thus, these samples typically require a treatment with
a staining solution containing heavy atoms prior to the imaging. All
TEM images of DNA origami structures shown in this thesis were taken
from samples stained with either uranyl acetate or uranyl formate.

2.3.5 Single-Molecule FRET and ALEX

The transfer of energy from one chromophore to another is called FRET.
A donor fluorophore, which is initially in its excited state, transfers en-
ergy to an acceptor fluorophore, which is initially in its ground state,
via nonradiative dipole-dipole coupling [165, 166]. Upon excitation, the
donor fluorophore absorbs a photon and is excited from the ground
state Sp to a higher vibrational level of S;. The donor molecule relaxes
into the lowest vibrational level of S; and subsequently to the ground
state. If the acceptor molecule is in close proximity and its absorption
spectrum overlaps with the emission spectrum of the donor, the energy
difference between the two states is transferred radiatonless to the ac-
ceptor. This means that the donor relaxes without the emission of a
photon and is instead exciting the acceptor. After internal relaxation,
the acceptor emits a redshifted photon (if it is a fluorophore) or dissi-
pates the transferred energy without radiation (if it is a dark quencher).
Figure 16a shows this effect schematically.

The efficiency of the energy transfer from donor to acceptor depends
strongly on the distance r between the two (figure 16b). The Forster
radius Ry is the distance at which the energy transfer efficiency F is
50% and is described by the following equation:

Ry
PO me

Commonly used FRET pairs such as Cy3-Cy5 have a Forster ra-
dius Ry of approximately 5 — 6 nm. Ry is a function of the fluorescence
quantum yield of the donor @p, the dipole orientation factor x2, the
refractive index of the medium n and the overlap integral J(\) of the
donor emission spectrum with the acceptor absorption spectrum. It can
be calculated for a given donor-acceptor pair from spectroscopic data.
The overlap integral J(\) is defined by the following equation:
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T\ = /FD()\)EA()\))\4 dA
0

where Fp(\) is the normalized fluorescence intensity of the donor
fluorophore and e4 () is the extinction coefficient of the acceptor at
the wavelength A. For fluorophores that are able to rotate freely and
are isotropically oriented during the lifetime of their exited state, the
dipole orientation factor is typically approximated with k? = 2/3 [167].
The fact that E scales with 1/7% makes FRET spectroscopy a highly
sensitive technique to measure distances in the range of 1 nm to 10 nm.

The analysis of ensemble FRET measurements is often complicated
by a pronounced heterogeneity inherent to most samples. This hetero-
geneity can be attributed to several reasons: free fluorescent dye in the
background, unlabeled molecules of interest that remain undetected,
inactive fluorophores at the time of excitation, and unsynchronised
species. Measuring FRET on the single-molecule level is a common way
of addressing these problems, at least partially. Typical single-molecule
FRET spectroscopy experiments use only a single excitation wavelength.
A continous multiwavelength excitation approach renders the extrac-
tion of accurate FRET efficiencies complicated due to the uncertainty
over the source of the acceptor emission photons. Emission in the accep-
tor channel could result from FRET but also from direct acceptor exci-
tation. alternating laser excitation (ALEX) spectroscopy obtains donor
excitation and acceptor excitation based observables for each single
molecule by rapid alternation between the donor and acceptor excita-
tion. The technique was developed in the group of Shimon Weiss in the
early 2000’s as a general FRET based method for the study of struc-
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Figure 16: a) Jablonski diagram of nonradiative energy transfer between two
fluorophores with overlapping emission and absorption spectra. b)
The FRET efficiency E plotted as a function of the ratio be-
tween the donor-acceptor distance r and the Fortser radius Rg. At
r/Ro = 1, half of the energy is transferred from the donor to the
acceptor molecule resulting in a FRET efficiency of E = 0.5. ¢) Ide-
alized E — S histogram showing four different populations: donor
(green) only (E = 0,5 = 1), acceptor (red) only (F = 1,5 = 0),
donor-acceptor pair separated by a long distance resulting in low
FRET (F = 0,S = 0.5), and donor-acceptor pair separated by a
short distance resulting in high FRET (£ =1,5 = 0.5).
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ture and interaction at the same time [168-170]. In ALEX, two distinct
emission signatures are collected by calculating the following two fluo-
rescence ratios: the FRET efficiency F and the stoichiometry S. E as a
measure for the donor-acceptor distance is calculated from the recorded
data as follows:

Aem

— FDECEC
- Aem Dem
FD@J;C + MFDe:L‘c

with the donor emission upon donor excitation F g;;z, the acceptor
emission upon donor excitation FS::; and a detection correction fac-
tor . S is a distance-independent measure for the relative donor and
acceptor stoichiometry and is calculated as follows:

F
S f— DE(L‘C
FDE(EC + FA

exc

with the sum of donor excitation based emissions Fp_,. and the sum
of acceptor excitation based emissions Fj4_,, . For donor-only species,
Fy,.,. = 0 and thus S = 1. For acceptor-only species, Fp_,. = 0 and
thus S = 0. Species with exactly one donor and one acceptor ideally
result in a S value of 0.5. Typically, a gaussian distributian around
this value is obersved due to photophysical properties of the dyes and
slight variations in their efficiency of detection. Since S is indepen-
dent of the distance between donor and acceptor, it is useful for the
thermodynamic and kinetic analysis of interactions. .S also reacts very
sensitive to changes in brightness of the donor or acceptor dyes and
thus can indicate changes in the local environment of the species. The
values for F and S are typically plotted in a 2D histogram (an idealized
E — S histogram is shown in figure 16¢) that allows virtual sorting of
molecules. Another advantage of ALEX is its compatibility with time
scales of sample dynamics ranging from nanoseconds to milliseconds.



DNA ORIGAMI STRUCTURES DIRECTLY FOLDED
FROM INTACT BACTERIOPHAGES

For most applications of DNA origami beyond the proof-of-principle lab-
oratory scale, whether this is in drug delivery, biosensing, or materials
science, large quantities of DNA structures on at least the gram-scale are
required [107, 109]. The two components of DNA origami structures are
the single-stranded scaffold and the roughly 200 individual short staple
oligonucleotides. The staples are chemically synthesized and purchased
from commercial suppliers. Via chemical synthesis, single-stranded DNA
of lengths up to 100 nucleotides can be produced routinely and econom-
ically with quality and purity sufficient for proof-of-principle laboratory
scenarios. The coupling efficiency in chemical synthesis of roughly 99%,
however, means that already an oligonucleotide of 20 base length will
have a failure rate of 20%. Consequentially, the scaffold strand has to
be derived from a different source than chemical synthesis.

3.1 INTACT BACTERIOPHAGES AS A SOURCE OF SCAFFOLD

Several enzymatic methods can be applied to make long ssDNA in vitro.
Examples are asymetric polymerase chain reaction (PCR) [171], rolling
circle amplification [114, 172-175], or the separation of biotinylated
strands with magnetic beads after denaturation [176]. Nevertheless,
these methods rely on the use of purified enzymes and/or deoxynu-
cleotides and the ammount of ssDNA is practically limited to the mil-
ligram scale [109]. The most scalable method of production of ssDNA
is the use of bacteriophages in Escherichia coli (E.coli) hosts. Bacte-
riophages are viruses that infect and replicate within bacteria. The
scaffolds typically used for DNA origami are variants of bacteriophage
M13mpl8 genomic DNA. Most researchers purchase from commercial
suppliers at great costs. The price of these scaffolds often dominates
the cost (depending on the supplier, up to 80% of the cost can be
atrributed to the scaffold [30]). These costs can be reduced by using
self-produced scaffold material. The method of choice for in-house pro-
duction of bacteriophage scaffold DNA is a standard shake flask scale
with reported yields on the order of 10 mg of purified ssDNA per liter of
culture [130, 177]. Additionally, the purification from the bacteriophage
particles involves several steps, which reduces the potential for scaling
and automation. The challenge of scaling the scaffold production was re-
cently addressed with the development of efficient production methods
using high-cell-density fermentation in stirred-tank bioreactors [109].
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INTACT BACTERIOPHAGES AS SCAFFOLD SOURCE

In the first part of the asscoiated publication P1, we presented a
method that uses intact bacteriophage particles instead of purified ge-
nomic bacteriophage ssDNA directly in the thermal annealing of DNA
origami structures. We tested this method with different DNA origami
geometries and concluded that the assembly yield and quality is in-
distinguishable of the control structures prepared conventionally. As a
next step, we used a crude bacteriophage suspension as a scaffold source.
First, the E.coli cells are infected with bacteriophages in a liquid culture.
After sufficent incubation, the E.coli cells are removed via simple cen-
trifugation and the staples and some detergent is added to the crude
suspension of intact phages. This suspension includes all the remaining
components from the growth medium and excreted metabolic products
from the bacteria. After an initial heating step to 65 °C, thermal an-
nealing is then carried out at a constant temperature experimentally
identified for each origami design according to reference [116]. As a
prove of principle, we tested this approach with a 6HB origami struc-
ture on the milliliter scale with thermal annealing in a simple water
bath (schematically shown in figure 17). Again, the yield and quality
of assembled structures were indistinguishable from the control sample.

remove E.coli,
add components
for assembly

infected E.coli crude phage suspension assembly at constant assembled
liquid culture plus staples temperature DNA origami

Figure 17: Tllustration of the crude phage suspension as scaffold source. (1.)
E.coli cells infected with M13 bacteriophage are grown in a liquid
culture. The cells amplifiy the phage and secret progeny phage par-
ticles into the surrounding medium. (2.) The bulky E.coli cells are
removed via centrifugation. The staples needed for DNA oirgami
folding are added to the suspension. The scaffold is inside the in-
tact phage particle. Detergent is added in small amounts to help
the release of the scaffold from the phage. (3.) After an initial heat-
ing step to release the scaffold from the phage, the suspenion is
incubated at a constant temperature to anneal the origami. Shown
is a photograph of a proof-of-principle experiment with 6HB struc-
tures, folded using a simple heating plate with temperature control
instead of a thermocycler. (4.) TEM micrograph of a 6HB structure
after annealing in the water bath. The scale bar is 100 nm.

Our results imply that DNA origami nanostructures can be success-
fully folded in a complex mixture of biological compounds. We envision
that this approach can be easily combined with advances in enzymatic
in vitro staple production developed in the Hogberg group [114] and
high-cell-density fermentation co-developed in the Dietz group [109].



3.2 SCALING THE SIZE OF DNA ORIGAMI

Together with purification techniques such as rate-zonal centrifugation
[115] or PEG-precipitation [111], all components for a fully automated,
cheap, and easily scalable production of DNA origami structures from
fully biotechnologically produced materials should now be available.

3.2 SCALING THE SIZE OF DNA ORIGAMI

The length of the scaffold molecule used for DNA origami limits the size
of the assembled structure. The typically used bacteriophage M13 de-
rived genomic ssDNA is the longest readily accessible scaffold up to now.
Hierarchical assembly strategies were developed to increase the size of
DNA origami structures, but these approaches typically suffer from low
overall yields [178-180]. Increasing the length of the scaffold could en-
able the assembly of larger single structures while avoiding the low as-
sembly yields in hierarchical assembly. Earlier efforts to produce longer
ssDNA scaffolds achieved lenghts of up to 26 kilobases [181-183]. In a sec-
ond part of the asscoiated publication P1, we presented a method where
bacteriophage A particles, which have 50 kilobasepair dsDNA genomes,
were directly used as a scaffold source for an attempt to assemble a 2D
DNA origami structure of a molecular weight of 64 MDa. The method
used a double-stranded scaffold, earlier introduced by Hoégberg et al.
[184]: a combination of heat and chemical denaturing agents is used
to fully melt a double-stranded DNA. Followed by a sudden tempera-
ture drop and stepwise dialysis, two distinct DNA origami structures
are folded in the presence of two separate sets of staple strands. In
our approach, we designed two geometrically identical, but chemically
different monomers that would together form a 2D homodimer origami
structure, 200 nm by 400 nm in size. Unfortunately, we never succeded
to produce fully intact origami structures with satisfactory yield due
to several experimental and technical limitations discussed in detail in
the publication. In the meantime, the group of Thomas LaBean were
able to produce a more than 50 kilobases long ssDNA scaffold from a
A/M13 hybrid phage [185].
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DNA Origami Structures Directly Assembled from Intact

Bacteriophages

Philipp C. Nickels, Yonggang Ke, Ralf Jungmann, David M. Smith,
Marc Leichsenring, William M. Shih, Tim Liedl,* and Bjorn Hogberg*

The scaffolded DNA origami techniquel!?! has been success-
fully applied in a growing number of fields due to its simple
and computer-aided design process,>°! its versatility and
its high production yields. It has enabled the self-assembly
of a large variety of different two-dimensional (2D)[YI and
three-dimensional (3D)[-'!] nanoscale geometries of high
complexity as well as the super-assembly of individual con-
structs into large arrays of micrometer dimensions.[213]
Origami assemblies are usually composed of one long scaf-
fold strand and hundreds of short oligonucleotides of pro-
grammed sequences that fold the long strand into a desired
shape. Each construct can thus be designed de novo and is
potentially addressable with nanometer precision. The most
commonly used scaffold material is purified M13mp18 single-
stranded DNA (ssDNA) derived from bacteriophage M13.
The price of the scaffold molecule dominates the cost of M13
based DNA origami (about 80% of the overall cost when
buying from the cheapest manufacturer and using a 10-fold
excess of staple strands).l'l These costs can be reduced by
using self-produced and purified scaffold material, but the
purification from the bacteriophage particles nevertheless
involves several steps which reduces the potential for scaling
and automation.

Different approaches to exploit various other scaffold
sources have been reported: Hogberg et al. separated double-
stranded DNA (dsDNA) — a 7560 kilobasepair (kbp) M13
derivative, the 4.7 kbp pEGFP plasmid and a 1.3 kbp poly-
merase chain reaction (PCR) product — to fold two distinct
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DNA origami constructs from the two individual ssDNA
molecules in a one-pot reaction.['*] More recently Yang et al.
used fragments of double-stranded A-DNA as a unified scaf-
fold for the assembly of single DNA origami structures and
Pound and co-workers used PCR followed by strand sepa-
ration to produce single-stranded scaffold molecules.['5-19]
Furthermore, as shown by Zhang and co-workers, where long-
range PCR was used for the production of single-stranded
scaffolds of up to 26 kb,['7] alternative scaffold sources enable
the assembly of larger single structures while avoiding often
low-yield hierarchical assembly procedures.['$21 All these
methods extend the DNA origami technique considerably
but also rely on various time consuming and tedious modi-
fication steps of either naturally occurring or synthetic tem-
plate DNA such as several purification steps, PCR, strand
separation, enzymatic digestion and/or modification. In addi-
tion, for many promising applications of the DNA origami
technique — such as nanomedicine or drug delivery — a large
quantity of the material is needed. Scaling up the assembly
process and maximizing the assembly yield while reducing
both labor and cost remains a major challenge for the future
development of the field.*!]

Here we present a fast and versatile method for the direct
employment of genomic nucleic acids from naturally occur-
ring bacteriophages. Two bacteriophages (M13 and A) were
used as scaffold sources for the assembly of DNA origami
constructs without further purification of the genomic DNA:
intact bacteriophage M13 particles, which have ~7 kilobases
long ssDNA genomes, were used as scaffold material to suc-
cessfully fold four different 2D and 3D DNA origami struc-
tures; bacteriophage A particles, which have ~50 kilobasepair
(kbp) dsDNA genomes, were directly used as a scaffold
source for an attempt to assemble a 2D DNA origami struc-
ture of a molecular weight of 64 MDa. Together with our
recently published method for enzymatic generation of short
oligonucleotides,??! the presented method opens a potential
for scalable DNA origami production, deriving all necessary
material directly from bacterial cultures without the need for
downstream purification procedures.

Scheme 1 illustrates the basic principles behind
our approach: the bacteriophage particles are mixed with
the synthetic staple strands, chemical agents and enzymes
to denature the phage particles as well as the dsDNA (in
the case of bacteriophage A4), and buffer containing MgCl,
needed for the assembly. The mixture is heated to assist
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Scheme 1. The phage particles are mixed with the staples and all
components needed to denature the phage, release the scaffold DNA
and assemble the DNA origami structure. The phages are denatured
and the DNA origami structures are assembled via thermal annealing
in a one-pot reaction. (a) Once the M13 phage is denatured, annealing
is analog to conventional DNA origami: the staples fold the single-
stranded scaffold into the designed shape. (b) After denaturing the A
phage, the double-stranded A-DNA is denatured and the two single-
strands (blue and red) are folded into shape by two sets of staples.
Connector staples stitch the two parts together to create the final object.

the denaturing process of the phage particles and thus the
genomic ssDNA or dsDNA is released. The DNA origami
constructs are assembled in subsequent thermal annealing
procedures as described later in the text.

First we used purified M13 suspensions to fold four pre-
viously described DNA origami assemblies directly from
bacteriophage particles (Figure 1a-d, left): a 70 x 100 nm 2D
rectangle[!] from a 7249 base long M13 derivative, a 420 nm long
six helix bundle/?®! (6HB) and a 70 nm long 24 helix bundle?*]
(24HB) from a 7560 base long M13 derivative, and a 30 X 50 nm
three layer block®! from a 8064 base long M13 derivative. The
M13 phages were prepared as previously described (supple-
mentary note S1.1 & figure S1).1%] For all four structures 5 nM
of corresponding phage particles were mixed with 100 nM of
each staple, 1x Tris-EDTA buffer, 5 mM NaCl, various MgCl,
concentrations (12 mM for the 2D rectangle, 16 mM for the
6HB, 18 mM for the 24HB and 3 layer block), 0.1% SDS, and
1mg/mL Proteinase K. The samples were heated to 65 °C for
5 min and then cooled down to 25 °C via a nonlinear annealing
ramp over the course of 2 to 40 hours (2 hours for the 2D rec-
tangle, 16 hours for the 6HB and 3 layer block, 40 hours for the
24HB) (supplementary note S1.2 & figure S2).

After folding, the samples were analyzed and com-
pared to control samples folded conventionally from puri-
fied scaffold via agarose gel electrophoresis. Comparing the
intensity of the bands containing well formed structures to
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the overall intensity of the lane shows that the constructs
form with high yields comparable to those from the control
sample folded from purified scaffold (Figure la-d). The 2D
rectangle was dialyzed to remove the SDS for subsequent
atomic force microscope (AFM) imaging. The 6HB, 24HB
and three layer block were excised from the agarose gels
for transmission electron microscope (TEM) imaging. AFM
(Figure 1a) as well as TEM data (Figure 1b-d) confirm that
indeed the designed geometries were formed, the structures
are intact and after gel purification are free enough from
contaminating protein to be used subsequently in applica-
tions requiring imaging of DNA origami (additional AFM/
TEM data in figure S4). In all our experiments we could not
observe a significant difference in assembly yield compared
to conventional DNA origami assembly using purified scaf-
folding DNA. In addition, damage of the scaffold DNA due
to protein degradation prior to the assembly could not be
detected.

To test the potential of the presented method for the
large-scale assembly of DNA origami structures, we folded
structures directly from an M13 infected E.coli liquid cul-
ture without further purification of the phage particles.
The only purification step was the removal of the E.coli
bacteria via centrifugation at the point of harvest. First we
tested whether a crowded environment full of biological
compounds might inhibit the self-assembly process via
the addition of increasing amounts of fetal bovine serum
(FBS). The gel data (figure S3a) nicely shows that no sig-
nificant decrease in assembly yield could be observed. Next
we directly used a crude M13 phage suspension in liquid
growth medium as a scaffold source to assemble the M13
based 6HB (figure S3b). A typical M13 liquid culture prep
yielded a phage concentration of about 1 to 2nM. To the
crude phage suspension (3/4 of the final sample volume)
we added 12.5nM of each staple, 1xTris-EDTA buffer,
MgCl, to a final concentration of 16nM, 0.1% SDS and
1 mg/mL Proteinase K. The mixture was then subjected to
the same thermal annealing ramp as described before for
the 6HB (detailed description in supplementary note S1.3
and figure S3b). The agarose gel analysis data as well as the
TEM image of a gel purified sample (Figure le) show that
the 6HB assembles directly from the crude phage suspen-
sion with a yield comparable to the control sample folded
from the purified phage particles. The only difference is the
small decrease in migration speed in the gel due to the high
sodium concentration in the crude phage suspension (the
E.coli growth medium used here contains 5g NaCl per 1L
resulting in a final concentration of about 62nM NaCl when
using 3/4 of the final sample volume).

Finally, we employed our method with the goal to
increase the achievable size of single DNA origami struc-
tures to a larger bacteriophage, the bacteriophage A. We
designed two geometrically identical but chemically distinct
monomers (rectangles, 100 x 400 nm in size) for each of the
two A-DNA single strands. Those monomers are connected
via an extra set of staples to form the complete rectangular
object of 200 x 400nm in size (Scheme 1, detailed description
in supplementary note S3.2 and figures S14-16). For initial
control experiments we used commercially available A-DNA.
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Figure 1. Folding directly from M13 phage. (a-d) Left: reduced complexity representations of
the four different constructs. (a) 2D rectangle, (b) 6HB, () 24HB, (d) three layer block. Middle:
2% agarose gels of the four assemblies. Lane S: 1kb DNA ladder. Lane 1: purified scaffold.
Lane 2: folded from purified scaffold. Lane 3: folded from phage. Lane 4: denatured phage.
Right: AFM (a) and TEM (b-d) images of structures folded from phage. (e) Left: agarose gel
of the 6HB folded directly from the crude phage suspension. Lane S: 1kb DNA ladder. Lane
I: purified scaffold. Lane II: control 6HB, folded from purified phage (as in lane 3 from panel
c). Lane lll: 6HB folded directly from crude phage suspension. Right: TEM image of the 6HB

folded directly from crude phage suspension, purified from lane Ill.

However, the purified A-DNA exhibited nicks of the phos-
phate backbone, most likely resulting from mechanical stress
during conventional DNA extraction and purification. Such
nicked A-DNA double strands dissociate into many random
single-stranded fragments instead of just two single strands.
This prevented the full assembly of the structure in our ini-
tial experiments (AFM images in Figure 2d and S9a). Next
we prepared our own A-phages (supplementary note S2.1 &
figure S5) and compared the quality of the genomic DNA to
the commercially available A-DNA. Denaturing agarose gels
showed that our ‘homemade’ A-DNA directly released from
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phage particles is intact (supplementary
note S2.2 & figure $6).126:27]

We then proceeded to assemble the
designed structure directly from our pre-
pared A phages. We mixed 0.2 nM A-phage
with 10 nM staples, 1x Tris-EDTA buffer
containing 12 mM MgCl,, 0.1% SDS,
and 40% formamide. Formamide lowers
the melting temperature of dsDNA by
~0.64 °C/%?8] (melting curves of -DNA
are shown in figure S7). The mixture was
incubated at 80 °C for 15min followed by
a fast temperature drop to 25 °C in the
presence of the excess of staple strands
to prevent re-annealing of the two long
A-DNA single strands. The sample was
subsequently cooled to 4 °C via a non-
linear annealing and afterwards dialyzed
overnight at 4 °C to remove the forma-
mide and SDS (supplementary note S2.4
& figure S8).

Figure 2a shows an agarose gel of
the assembled structure. Two separate
bands — both migrating faster than the
native dsDNA - are visible. High flexibility
(and thus low stability) of our structure
as well as the size and low concentration
made the physical extraction from the gel
with available purification methods impos-
sible. Thus we were not able to directly
identify these two species. In almost all
instances AFM imaging of the sample after
dialysis revealed only fragmented struc-
tures. This could be a result of mechan-
ical stress during pipetting. Also the high
amount of debris from the denatured
A-phage capsid proteins and remaining
cell lysate covering the mica surface made
finding as well as imaging the structures
very difficult. AFM images also showed
fully assembled monomers (Figure 2b)
as well as almost completely folded rec-
tangles (Figure 2c). Therefore we assume
that the bands visible in the gel are indeed
folded origami assemblies and represent
assembled monomers (faster migrating
band) and complete structures (slower
migrating band). However, the results
shown in Figure 2 were the best results that could be imaged.
All applied variations of the assembly procedure (elongated
annealing times of up to 48 hours, changes in salt concentra-
tions, higher scaffold to staple ratios, use of Proteinase K etc.)
did not improve the results. Despite the unsatisfactory
imaging results, we argue (the denaturing agarose gel data
in figure S6 supports this) that our approach of using the
intact A-phage instead of the already purified A-DNA has
the advantage of preventing damage to the A-DNA due to
handling and storage that could otherwise greatly lower the
quality of the scaffold material.

www.small-journal.com
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Figure 2. (a) 0.7% agarose gel: Lane S: 1kb DNA ladder. Lane 1: purified A-DNA. Lane 2: folded structure after overnight dialysis. (b) AFM data
of folded monomer structures w/o the connecting staples. The dashed line in the first image indicates the designed shape. The structure in the
bottom image flipped over while being immobilized. (c) AFM data of full rectangular structure w/ connecting staples. The dashed line indicates
the designed shape. The background of denatured phage proteins is clearly visible. The inset shows a M13 derived 2D rectangle (supplementary
note S3.1 and figure S10) imaged with the same magnification for size comparison. We used dumbbell shaped hairpins for the ‘M13” writing on
the structure surface.!!! (d) AFM data of full rectangular structure folded from commercially available A-DNA.

To conclude, we demonstrated the successful high-yield FE.coli liquid culture. Furthermore we showed an approach to
folding of DNA origami structures directly from intact M13  assemble a single DNA origami structure directly from the
bacteriophages and the direct assembly from a M13 infected entire bacteriophage A genome, although with low yields. Our

4 www.small-journal.com © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2014,
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findings with the M13 bacteriophage imply that, combined
with recent advances in enzymatic staple production,?? rapid
folding at constant temperatures shown by Sobczak et al.[*’]
and high-throughput purification methods such as rate-zonal
centrifugation® our approach might be one possible route
towards a reliable large-scale, high yield and low-cost produc-
tion of DNA origami structures.

Experimental Section

Detailed experimental procedures are presented in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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DNA ORIGAMI SEESAWS AS COMPARATIVE
BINDING ASSAY

The interaction of biomolecules often leads to conformational changes.
DNA nanotechnology offers us the possibility to construct nanoscopic
tools to study biomolecular interactions in a highly parralel fashion
without any connection to the macroscopic world [186]. Several DNA
nanostructures that undergo conformational changes upon interaction
with biomolecules haven been demonstrated, for example upon endonu-
clease activity [33], aptamer-ligand interactions [105], toehold-mediated
branch migration [95], or hydrophobic interactions [62]. In the associ-
ated publication P2, we presented a DNA origami prototype for differ-
ential molecular binding assays. The structure is a seesaw-like DNA

origami, shown in figure 18. Conceptually, a pair of binding partners
on one side of the balance is compared to a reference pair on the other
side. The binding pair with the stronger interaction locks the structure
in a distinct, geometrically distinguishable conformation.

AG,, < AG

Right

Figure 18: Concept of a DNA origami based comparative binding assay: A pair
of binding partners is conjugated to each side of the seesaw-like bal-
ance structure. The stronger binding pair locks the structure in a
geometrically distinguishable conformation. The TEM micrographs
show the open state (on the left) and the two distinct conforma-
tions (on the right) of the structure. The scale bar is 50 nm.

4.1 DNA HYBRIDIZATION ASSAY

To test this concept, we developed a DNA hybridization assay with com-
peting complementary ssDNA extensions on each side. This was inspired
by the use of DNA as a programmable reference bond to quantitatively
measure biomolecular interactions [187]. The probability of closing on
one side depended on the number of hybridising extensions on each
side and the binding energies of the formed duplexes. In these model
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experiments, we observed a drastic shift (up to 90%) in concentrations
towards the conformation with a higher binding energy.

4.2 DNA-DNA BINDING ASSAY

In a next step, we detected DNA-DNA binding events with a pre-formed,
already locked structure. Hybridization closed the structure on the side
with the higher binding energy. The DNA duplex on the side with the
higher binding energy featured an additional toehold sequence. The
addition of an input strand complementary to the toehold strand in
the duples forced the structure to open on this side. The structure
subsequently closed on the other side. Via this conformational change,
the presence of the input strand was detected.

4.3 OUTLOOK

The presented prototype can be used in future work as a platform
to investigate biomolecular interactions in a comparative fashion with
DNA as a highly tuneable reference interaction (figure 19 illustrates
the concept schematically). This could be applied to study for example
molecule—aptamer interactions and DNA—protein interactions.

DNA binding

“gi”d\\&: '\&—

Figure 19: Future binding assays to investigate molecule-aptamer interactions
(left) and DNA binding proteins in comparison to a reference DNA
duplex of tuneable length (right).
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=td The application of commonly used force spectroscopy in bio-

logical systems is often limited by the need for an invasive
tether connecting the molecules of interest to a bead or canti-
lever tip. Here we present a DNA origami-based prototype in
a comparative binding assay. It has the advantage of in situ
readout without any physical connection to the macroscopic
world. The seesaw-like structure has a lever that is able to
move freely relative to its base. Binding partners on each side
force the structure into discrete and distinguishable conforma-
tions. Model experiments with competing DNA hybridisation
reactions yielded a drastic shift towards the conformation with
the stronger binding interaction. With reference DNA duplexes
of tuneable length on one side, this device can be used to
measure ligand interactions in comparative assays.

In biological systems, the interaction of molecules often leads
to conformational changes. The nature of these changes has
been investigated with various single-molecule force spectros-
copy tools, most prominently magnetic and optical tweezers
and atomic force microscopy. Although these techniques fea-
ture single-nanometer resolution and piconewton force sensi-
tivity, they suffer from two limitations: poor potential for paral-
lelisation, and the need for an invasive connector between the
biomolecule and the macroscopic device. In addressing the
first of these, DNA has been used as a programmable reference
bond to quantitatively measure biomolecular interactions in a
highly parallel fashion.” The second limitation could potential-
ly be overcome by molecular tools such as DNA force sensors,
as used to study DNA looping.”® Structural DNA nanotechnolo-
gy, particularly DNA origami, opens up a promising route to
construct such nanoscopic molecular tools.” In DNA origa-
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mi,”* a long scaffold strand is folded into a designed shape
by hundreds of short oligonucleotides with programmed se-
quences. The simple, computer-aided design process”™” has
enabled the self-assembly of a variety of complex 2D®'” and
3D geometries with nanometer addressability. DNA origa-
mi structures have been frequently employed to arrange mole-
cules, binding moieties and proteins in designed patterns.'¢"'®
Furthermore, conformational changes of these structures have
been demonstrated, for example by endonuclease activity,""
aptamer-ligand interactions,"” toehold-mediated branch mi-
gration®®?" and with hydrophobic moieties such as cholester-
O|.[2”

In this work, we present a seesaw-like DNA origami structure
that can potentially serve in a differential molecular binding
assay (Figure 1). A pair of binding partners on one side of the
balance-like structure is compared to a reference pair of bind-
ing partners on the other side. The binding pair with the stron-
ger interaction locks the structure in a distinct conformation.
This conformation can be easily identified by transmission elec-
tron microscopy (TEM). Moreover, there is no need for a physi-
cal tether to a macroscopic device, and thus, in principle, this
approach allows efficient parallelisation.

Figure 1. Seesaw-like force balance. A pair of binding partners is conjugated
to each side of the device. The stronger binding pair locks the structure in
a geometrically distinguishable conformation.

The prototype DNA origami structure (Figure 2A) consists of
two 18-helix bundles connected by a short six-helix bundle
hinge. The upper beam (lever) is 60 nm long and has a 60°
bend along its length. The lower beam (base) is 60 nm long
and straight, with a 25 nm extension of 12 helices on the left
side to introduce asymmetry. This permits the detection of the
orientation of the structure in TEM images. The 25 nm hinge
(perpendicular between the base and the lever) serves to con-
nect both beams by four scaffold double crossovers (two from
base to hinge and two from hinge to lever). The scaffold cross-
overs are placed such that the lever and the base are free to

1093 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) The circular scaffold molecule (black) and staple subsets for the hinge (green), base and lever (grey) with the three addressable positions on each
side (red and blue) are thermally annealed to form the seesaw-like balance. At the addressable positions, the corresponding staples are extended at either
the 5’ or 3'-end (3’-ends depicted as arrow heads). B) Agarose gel electrophoresis confirms assembly after thermal annealing (L: Tkb DNA ladder; S: scaffold-
only control; F: folded structure). C) Representative TEM image of a gel-purified structure shows correct assembly. Scale bar: 50 nm.

pivot in one plane. Each crossover features a single-stranded
scaffold spacer of three nucleotides. Each side of the structure
is equipped with three individually addressable positions on
both base and lever. At these positions, the corresponding
staple strands can be extended with single-stranded DNA
(ssDNA) either on the 5’-end (right side of the base, left side of
the lever) or on the 3'-end (left side of the base, right side of
the lever).

In order to verify the correct assembly of the structures, we
analysed the folding by agarose gel electrophoresis directly
after thermal annealing of the DNA origami structure. The gel
demonstrated the successful, high-yield folding of our proto-
type (Figure 2B). Negative-stain TEM imaging of gel-purified
structures (Figure 2C) confirmed that the intended geometry
had formed.

As a proof of principle, we developed a DNA hybridisation
assay with competing complementary ssDNA extensions on
each side. During annealing, the complementary extensions
form a duplex in a zipper conformation and lock the structure
in a geometrically distinct conformation. The probability of
closing on one side depends on two variables: the number of
hybridising extensions on each side (maximum of three per
side) and the binding energies of all formed duplexes. We
choose 20 nucleotides for each extension, and the same
complementary sequences on both sides. The number of DNA
extensions was varied and is denoted “vs” to represent the
number of extensions per side.

Samples with different numbers of competing hybridisation
partners on each side were prepared and thermally annealed.
After folding, the structures were subjected to agarose gel
electrophoresis (Figure S4 in the Supporting Information) and
purification. TEM images were taken from several randomly
selected areas on the grid (example zoom-out images in Fig-
ure S5). The TEM images were analysed. Firstly, three distinct
conformations of the structure were defined: left, open and
right (Figure 3). Secondly, single seesaws immobilised on the
TEM grid lying on the side were identified in the micrographs,
and one of the three defined conformations was assigned to
each particle (left or right when the lever was in contact with
the base at the end; open otherwise). Finally, the number of

ChemBioChem 2016, 17, 1093 - 1096 www.chembiochem.org
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Figure 3. Analysis of TEM images of DNA origami structures with different
numbers of competing DNA hybridisation partners. The TEM images show
the three distinct conformations: left, open, and right. Scale bar: 50 nm.

particles in each of the three groups was counted. Figure 3
shows the results for different combinations of competing ex-
tensions. When none of the positions was addressed (0vs0),
more than 60% of the particles were in the open conforma-
tion. For equal numbers of extensions on each side (1vs1 and
3vs3), we observed an almost 50:50 distribution, with only
a small fraction in the open conformation. Unequal numbers
of extensions resulted in a dramatic shift of concentration of
closed structures towards the side with the higher number of
extensions (3vs2 and 2vs3). A greater difference in the
number of extensions on each side resulted in a more pro-
nounced concentration shift: 90% correct closing was ach-
ieved by addressing all three positions on one side and none
on the opposing side (0vs3 and 3vs0).

In order to compare our results with a theoretical prediction,
we calculated the probability of our structure being either in
the left or right conformation. For this, we assigned a Boltz-
mann factor to each side based on the computed AG of the
formed duplexes (calculated at www.nupack.org®? for T=T,)
and assumed that the probability of one conformation is pro-
portional to the ratio of the Boltzmann factors. A 20% increase
in AG on one side should lead to virtually 100% of the struc-

1094 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tures being closed on that side (see Figure S3 for details). For
the 3vs2 and 2vs3 samples (i.e. 50% increase in AG on one
side), we observed only 80% closed objects. Even 3vs0 and
0vs3 were not able to achieve the expected 100% closing. We
believe that two reasons explain the majority of incorrectly
closed or open structures: firstly, the incorporation probability
of each staple strand is not 100% (previously reported values
are 96-99%, depending on the geometry of the origami
design);*® and secondly, excess free extension oligomers in
the solution (not incorporated as staples) can bind to comple-
mentary counterparts attached to the structure and thus satu-
rate that position. Optimising the annealing process and im-
plementing a hairpin-based reaction hierarchy in the closing
reaction” could further improve the yields of structures in the
correct conformation in the future.

In order to test our prototype in a comparative binding
assay after folding instead of in a one-pot reaction, we used a
pre-formed, locked structure to detect DNA-DNA binding
events (Figure 4A). We folded the structure with a 15-nucleo-
tide extension on the left and a 30-nucleotide extension on

+ input

B)
- input 122
+ input 200

0% 50% 100%

Figure 4. DNA-DNA binding detection on a pre-formed, closed, seesaw
structure. A) The structure is annealed with an extension that is twice as
long on the right (30 bases) as on the left (15 bases). The extension on the
right also carries a toehold. Upon the addition of an input strand that is
complementary to the toehold strand on the right, the structure opens and
subsequently closes on the left. B) Analysis of TEM images before and after
the addition of the input strand (red: left; grey: open; blue: right).

the right (15vs30). This is equivalent to the 1vs1 sample
(Figure 3), except that we expected a dramatic shift towards
the conformation with the stronger binding (the 30-nt exten-
sion on the right), similarly to the 2vs3 sample. Additionally,
the long extension at the base on the right featured an eight-
nucleotide toehold. After folding, the sample was subjected to
agarose gel purification as for the samples in Figure 3. TEM
imaging revealed that about 80% of the structures were
closed on the right (Figure 4B). This is close to the results for
2vs3, which has a similar relative binding mismatch. Next, we
added an input strand complementary to the 30-base toehold
extension at 20x molar excess. TEM images were taken after
2 h incubation at RT. A dramatic shift in the concentration of
closed structures towards the left was observed: about 75%
were now closed on the left (Figure 4B).

In conclusion, we successfully assembled a DNA-origami-
based prototype for a comparative binding assay. Discrete and
geometrically distinguishable conformations were observed for
DNA hybridisation reactions on both sides during one-pot an-

ChemBioChem 2016, 17, 1093 - 1096 www.chembiochem.org
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nealing, as a model system. DNA-DNA binding events were
detected after the one-pot annealing on a pre-formed and
locked structure, and this resulted in a switch of conformation.
This device can potentially be used to study bio-molecular in-
teractions in a comparative fashion with DNA as a tuneable
reference, for example to investigate molecule-aptamer inter-
actions and DNA-protein interactions, such as DNA bending
(possible implementations illustrated in Figure 5). The lack of
coupling to a cantilever or micrometre bead together with the
possibility of in situ FRET readout will allow applications in bio-
logical systems with a high degree of parallelism. In future
experiments, similar DNA origami tools containing ssDNA sec-
tions acting as entropic spring elements®' could greatly sim-
plify the study of force dependence in dynamic DNA systems
and for DNA-protein interactions.

Figure 5. Potential binding assays to study A) molecule-aptamer interactions
and B) DNA bending proteins in comparison to a reference DNA duplex of
tuneable length.

Experimental Section

Sample preparation: The DNA origami structure was designed by
using caDNAno software (version 0.2.3; http://cadnano.org/
legacy;” design schematics in Figure S1). Curvature along the
length of the lever was introduced by a pattern of base deletions
and insertions as described previously (deletion pattern in Fig-
ure 52)."¥ The 8634-nucleotide single-stranded scaffold DNA, de-
rived from M13mp18, was prepared as previously described.'>%!
Scaffold DNA (10 nm) was mixed with each staple strand (100 nwm;
high purity salt free, MWG Eurofins Operon) in TE buffer (Tris
(10 mm, pH 7.6), EDTA (1 mm)) containing MgCl, (18 mm) and NaCl
(5 mm). The mixture was subjected to a nonlinear thermal anneal-
ing ramp from 65 to 25°C over 24 h (see the Supporting Informa-
tion). Folded structures were electrophoresed on 0.7% agarose
gels containing 0.5xTBE buffer (Tris (45 mm), boric acid (45 mmO0,
EDTA (1 mm)) withMgCl, (11 mm) and ethidium bromide
(0.5 ugmL ") at 5.5 Vem ™' for 2 h in an ice-water bath. Bands were
visualised with UV light and physically extracted. DNA was recov-
ered by manually squeezing the excised gel slice and collecting
the liquid.

TEM imaging: Gel-purified origami solution (3 pL) was adsorbed
onto glow-discharged TEM grids (formvar/carbon, 300 mesh Cu;
Ted Pella, Redding, CA) at 20°C, and then stained with aqueous
uranyl formate (2%) containing sodium hydroxide (25 mm). Imag-
ing was performed at 30000 x magnification (zoom-out images in
Figure S5 at 12000 magnification) with a JEM1011 transmission
electron microscope (JEOL) operated at 80 kV, equipped with
a FastScan-F114 camera (TVIPS, Gauting, Germany). Particles in TEM
images were picked by the interactive boxing routine (e2boxer.py)
of Eman2 software (http://blake.ocm.edu/emanwiki/EMAN; exam-
ple set of particles in Figure $6).2

1095 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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MOLECULAR FORCE SPECTROSCOPY WITH A
DNA ORIGAMI BASED NANOSCOPIC FORCE
CLAMP

Forces play an important role in all biological systems, especially during
the interaction of biomolecules. Additionally, the mechanical properties
of the invovled (macro)molecules determine some aspects of the inter-
actions. Over the last decades, several experimental techniques were
developed to study these interactions and mechanical properties on
the single-molecule level. The three most established techniques are
the AFM and optical- and magnetic-tweezers. These techniques were
successfully used to investigate for example the unfolding of proteins
[189, 190], the elascticity [127, 148, 149] and stacking interactions of
DNA [155], or the folding trajectory of proteins under constant force in
a force clamp configuration [191]. An overview over these three tech-
niques together with more examples of their application can be found
in reference [192].

5.1 LIMITATIONS OF CONVENTIONAL FORCE SPECTROSCOPY

Despite the great success, all three techniques suffer from two major
limitations. The first limitation is the serial nature of conventional force
spectroscopy. This serial nature leads to a low throughput of data acqui-
sition. One attempt to increase the data throughput is the development
of increased parallel data acquisition, for example in magnetic tweezer
experiments [193]. Other examples are centrifuge force microscopes
[194] and acoustic force spectroscopy [195]. The second limitation is
the requirement of a physical connection to the macroscopic world. All
techniques require a connector from the nanometer sized system of in-
terest to a micrometer sized macroscopic object such as a cantilever or
magnetic bead. These connectors are typically long and flexible (often,
the whole 16 pm long genomic DNA of bacteriophage A or fragments of
it are used) and make the techniques susceptible to drift and noise. The
connectors also prevent the investigation of DNA-interacting systems
that induce only minor conformational changes. Examples for such sys-
tems are many gene-regulatory proteins such as transcription factors.
The Dietz group introduced rigid DNA origami bundles as spacers in
dual optical traps to reduce the noise [152]. Nevertheless, these rigid
spacers are still connectors to a macroscopic object and prohibit the
access to biologically relevant complex environments.

One promising way to overcome these two limitations is the construc-
tion of self-assembled and autonomous nanoscopic manipulation tools.
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FORCE SPECTROSCOPY WITH DNA ORIGAMI

Recent efforts to sense forces in such a way include simple nanomechan-
ical DNA devices [186, 196, 197] and intracellular protein force sensors
[198].

5.2 DNA ORIGAMI FORCE CLAMP

Z lower force N Z higher force N
reduce # of nucleotides
s
2 d N 2 d N

Figure 20: The ssDNA connects the system of interest (red) with two immobile
anchor points. Reducing the number of nucleotides that span the
distance d leads to a a higher entropic force.

In the associated publication P3 we presented a nanoscopic DNA
origami force clamp that overcomes the two limitations. We exerted
defined and tunable forces on molecular systems of interest via the
entropic spring behavior of ssDNA. Figure 20 illustrates the concept:
ssDNA connects two immobile anchor points with the system of interest.
To change the contour length and thus the entropic force acting on the
system of interest, we simply adjusted the number of bases between
the fixed anchor points. Reducing the number of nucleotides that span
the distance between the anchor points lead to a smaller number of
adoptable conformations of the ssDNA chain and thus resulted in a
higher entropic force. The two anchor points were imparted by a rigid,
square bracket shaped DNA origami structure (figure 21a).

As a benchmark system to test the function of the origami force
clamp, we studied the Holliday junction transition between two iso-
mers as a function of the applied force. Our results agreed well with
reported values from work published by Taekjip Ha’s group in which
they investigate the same behaviour with a combined optical-tweezer
and TIRF setup [199]. In a next step, we used our force clamp to study
the interatcion between the TATA-box binding protein (TBP) and pro-
moter DNA (figure 21b illustrates the detection via FRET and shows two
exemplary FRET histograms). TBP is a highly abundant transcription
factor in the archaeal and eukaryotic domains of life. It is responsible for
the site-specific recruitment and orientation of RNA polymerases at the
transcription start site. So far, the role of mechanosensitivity in gene
regulation involving TBP could not be quantified. Our results showed
that TBP from the hyperthermophilic archaeal organism Methanocal-
dococcus jannaschii could not bend the promoter DNA significantly at
forces above 10 pN. The bending step is crucial for all subsequent steps
involved in the transcription initiation. Our collaborator Jan Lipfert
and his student Franziska Kriegel from LMU kindly carried out control
experiments with conventional magnetic tweezers on the same system.



5.2 DNA ORIGAMI FORCE CLAMP

However, the TBP-DNA interaction could not be detected, mainly due
to the limitations explained before.
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Figure 21: a) In order to change the entropic force acting on the sytsem of in-

terest (red), we prepared different force clamp structures with vary-
ing lengths of the ssDNA connecting the system to the anchor points
on the force clamp structure. The average TEM micrographs show
that the overall geometry of the force clamp structure remained
unchanged, independent of the length of the ssDNA. b) The TBP
induced bending was monitored by a donor-acceptor pair flanking
the so-called TATA-box, the TBP recognition sequence. Upon bind-
ing and bending, the energy transfer between donor and acceptor
changed from a low to a high FRET efficiency. The histograms over
the FRET efficiency at OpN and 11.4 pN showed clearly that the
population with a high FRET efficiency almost completely dissa-
peared at 11.4pN.
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Abstract:

Forces in biological systems are typically investigated at the single-molecule level with atomic
force microscopy or optical and magnetic tweezers, but these techniques suffer from limited data
throughput and their requirement for a physical connection to the macroscopic world. We
introduce a self-assembled nanoscopic force clamp built from DNA that operates autonomously

and allows massive parallelization. Single-stranded DNA sections of a DNA origami structure



acted as entropic spring and exerted controlled tension in the low piconewton range to a molecular
system, whose conformational transitions were monitored via single-molecule Forster resonance
energy transfer. We used the conformer switching of a Holliday junction as a benchmark and
studied the TATA-binding protein-induced bending of a DNA duplex under tension. The observed
suppression of bending above 10 pN provides further evidence of mechano-sensitivity in gene

regulation.
One Sentence Summary:

A self-assembled molecular force clamp built from DNA allows highly parallelized force

spectroscopy measurements without interference from the macroscopic world.
Main Text:

The most widely used single-molecule force spectroscopy techniques to study minute forces and
mechanical properties of biomolecules are atomic force microscopy and optical or magnetic
tweezers. These methods helped to explore the unfolding and folding of proteins (7, 2), the
elasticity of DNA (3), and the folding trajectory of proteins in force clamp configurations (4).
Despite this great success, two limitations persist. One is the low data throughput arising from the
serial nature of conventional force spectroscopy. Recent attempts to overcome this problem
include the development of increased parallel data acquisition in magnetic tweezer experiments
(6) and centrifuge force microscopes (7). The second limitation is the requirement of a physical
connector to a micrometer-sized object that enables interaction with the macroscopic world (35).
These typically long and flexible connector molecules are an intrinsic feature of all established
techniques and make them susceptible to drift and noise. Further, they prevent the investigation of
DNA interacting systems that induce only minor conformational changes, such as many gene

regulatory proteins, e.g. transcription factors. One previous attempt to reduce noise is the



construction of DNA origami bundles as rigid spacers in optical traps (8). Regardless, any tether

prohibits access to biologically relevant complex environments such as the inside of living cells.

A promising approach toward the complete removal of the invasive connection is the construction
of autonomous, nanoscopic manipulation tools. Earlier efforts on the molecular scale to sense
forces autonomously, although not in an adjustable fashion, include simple nanomechanical DNA
devices (9-11) and intracellular protein force sensors (/2). Here, we use programmable DNA self-
assembly (/3-18) to construct a nanoscopic device that overcomes both limitations. Extending pre-
stressed DNA origami tensegrity (/9), we use the entropic spring behavior of single-stranded DNA
(ssDNA) to exert defined and tunable forces on molecular systems. Conceptually, the ssDNA
connects the system of interest with two immobile anchor points (Fig. 1A). By adjusting the
number of bases between the fixed anchor points, the contour length of the ssDNA is changed,
directly affecting the entropic force acting on the system under study. The fixed distance imparted
by the rigid DNA structure and the given contour length of the ssDNA provide an approximately
constant force over time (also see supplementary text S1) (20). In analogy to the nomenclature of

established constant force experiments, we call our device a nanoscopic force clamp.

In the experimental realization, the sSDNA spring spans the gap of a rigid, bracket-shaped DNA
origami clamp and is part of the long scaffold strand that forms the backbone of the DNA origami
structure (Fig. 1B). For our design, we located the multiple cloning site (MCS) of the M13mp18
scaffold in the middle of the spring, which allowed us to insert and probe any DNA sequence of
interest via standard cloning procedures. Additional ssDNA scaffold was stored in reservoir loops
on both ends of the clamp. This enabled us to cost-efficiently build multiple objects with ssDNA
springs of different lengths, providing a flexible design with adjustable force (/9). Individual

structures were assembled for each chosen length of the ssDNA spring with a unique subset of



only ten oligonucleotides (staple strands) (Fig. 1C and figs. S1 to S3). For a zero force control, we
enzymatically cut the single-stranded spring to release any tension from the region of interest (Fig

10).

To calculate the resulting force for a given contour length, we approximated the ssDNA as a purely
entropic spring using a modified freely-jointed-chain model (3) with the contour length L, = N *

Ly with N being the number of nucleotides and Ly the length per single base (supplementary text

S1). For Ly we used 6.3 A + 0.8 A from a length comparison of five different crystal structures of

ssDNA segments (21).

We thermally annealed the force clamp structure, providing ~ 102 force clamps in a single one-
pot reaction. The chosen annealing ramp avoided temperatures above 65°C to minimize thermal
degradation of the scaffold (fig. S4 and supplementary text S2) (20). We confirmed successful
assembly via agarose gel electrophoresis (Fig. 1D and fig. S5), bulk FRET experiments (fig. S6)

and transmission electron microscopy (TEM) (Fig. 1E and figs. S7 to S13).
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Fig. 1. DNA origami force clamp. (A) ssDNA connects the molecular system of interest (red
rectangle) with two immobile anchor points. Reducing the number of nucleotides spanning the
distance d leads to a smaller number of adoptable conformations of the ssDNA chain and thus
results in a higher entropic force. (B) Scheme of the DNA origami force clamp structure. ssDNA
exits the clamp duplexes in a shear conformation (left inset: scaffold in black, staple in blue) and
spans the 43 nm wide gap. ssDNA reservoirs are located on each side of the clamp. The system of
interest (here a DNA duplex) is probed in shear conformation (right inset). (C) For each constant
force variant (three variants are shown here), individual origami samples were assembled. (D)
Agarose gel of the three variants after annealing with the monomer (M) and dimer band (D) of the
origami structure highlighted. (E) Average TEM micrographs of the three variants (left) and single

negative-stain TEM image of the 6 pN variant (right). Scale bars: 20 nm.



To demonstrate the functionality and sensitivity of our force clamp, we cloned a sequence into the
scaffold that, together with three other oligonucleotides, forms the well-studied four-way Holliday
junction (HJ) (22). In the presence of magnesium, the HJ forms an X-like structure by pairwise
coaxial stacking of its helical arms. The chosen sequence is known to constantly switch between
the two stacking conformers iso I and iso II (Fig. 2A) (22), a process that can be efficiently
monitored with the help of a donor-acceptor FRET pair positioned on two of the arms (Fig. 2B
and fig. S14). We chose four force variants ranging from O pN to 4.0 pN and confirmed their
successful assembly (figs. S15 to S23). We immobilized these structures on a coverslip surface
and monitored donor- and acceptor-pair intensities from individual force clamps over time in a

confocal single-molecule setup with alternating laser excitation (ALEX) (20, 23).

Figure 2C and 2D show exemplary FRET traces and FRET histograms from thousands of
transitions for each constant force experiment (more traces in figs. S24 and S25). A low FRET
population was centered at the FRET efficiency E = 0.42 (corresponding to iso 1) and a high
FRET population at E = 0.85 (corresponding to iso II). With increasing force, the equilibrium
shifted toward the iso Il conformation with almost zero low-FRET population left at 4.0 pN. We
used two-state hidden Markov modeling (24) to calculate the transition rates between the low- and
high-FRET conformations for each of the forces. The transition rate from low- to high-FRET
(knign) increased from 4.7 s™' £ 0.4 s™1 at 0 pN to 18.3 s™' £ 1.4 s~! at 4.0 pN. Meanwhile, the
rate from high- to low-FRET (k,,,,) decreased from 3.2s7 1+ 0.6s 1 at 0 pN to 1.7s 1 +
0.4 s~ 1 at 4.0 pN (Fig. 2E). These rate changes are in good agreement with reported values from
combined FRET and optical- and magnetic-tweezer measurements (22, 25). Importantly, the
heterogeneity of the HJ (26) was preserved in our measurements (fig. S26), indicating that the

force clamp itself did not influence the dynamics of the HJ.
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Fig. 2. Holliday junction conformer transitions under force. (A) Schematics of the HJ
switching between two stacked isomers; Cy3 donor (blue) and Cy5 acceptor (red). (B) Force
clamps were immobilized on a BSA-covered glass surface via biotin-streptavidin coupling. The
H1J system is mounted in the force clamp with one of the four HJ-strands being the scaffold (black
strand in inset). (C) FRET traces with the FRET efficiency E (gray line) and two-state hidden
Markov fit (black line). (D) Histograms over all recorded FRET traces with Gaussian fits for the
two FRET populations in blue (low-FRET) and red (high-FRET). Only traces with > 20
transitions were included in the analysis; n is the total number of transitions. (E) Dwell times for
both states (Tjow,i » Thign,;) Were extracted for each trace. Transition rates (ko » kKpign) were first
extracted from a mono-exponential decay fit for each dwell time histogram, then averaged and
plotted (semi-log plot) as a function of force. Red squares: low- to high-FRET (kp;45,); blue circles:
high- to low-FRET (k;,,,). Solid lines are exponential fits where the exponent relates the rates to
the applied force. Y-axis error is the standard error of each average rate; x-axis error is the

uncertainty of the calculated force (fig. S15)



Next, we studied the force dependency of the TATA-binding protein (TBP) induced bending of a
DNA duplex. Such DNA distortions are an integral function of many transcription factors and
DNA binding proteins. Although the correlation between transcriptional regulation and
chromosome organization is well known, it has been challenging to quantify the impact of the
DNA condensation state and the chromosome organization (e.g. the extent of strain in the DNA)

on transcription factors such as TBP.

The general transcription factor TBP is found in the archaeal and eukaryotic domain of life. It
recognizes the minor groove of the adenine- and thymidine-rich TATA-box in the core promotor
sequence and introduces a severe bend of ~ 90° in the DNA. Together with transcription factor B
(TFB/TF(II)B), TBP is responsible for the site-specific recruitment and orientation of RNA
polymerases at the transcription start site. To date, force measurements of this system have been
futile, at least partly because the TBP-induced changes in the DNA topology are not easily
detectable through the long tethers that are unavoidable in standard force spectroscopy

experiments.

We used TBP from the hyperthermophilic archaeal organism Methanocaldococcus jannaschii
(MjTBP) (Fig. 3A), which bends the promotor DNA in a one-step bending mechanism without the
need for TFB/TF(II) (27), and inserted a promoter sequence (derived from the Sulfolobus spindle-
shaped virus 1 (SSV) T6 gene promoter), which contains a TATA-box motif and is recognized by
M;jTBP, into the scaffold (Fig. 3B and fig. S27). We chose six force clamp variants ranging from
0 pN to 11.4 pN and confirmed their successful assembly (figs. S28 to S40). The complementary
strand of the 51 base pair long SSV T6 promotor was hybridized to the scaffold during folding.
Bending was monitored by single-molecule FRET via a donor-acceptor pair flanking the TATA-

box (Fig. 3C and fig. S27). Here, we chose in-solution over surface measurements to drastically



increase the data acquisition throughput (28). Fluorescence bursts of donor and acceptor were

recorded before and after the addition of MjTBP at its saturation concentration.

Figure 3D shows the FRET efficiency histograms with MjTBP for the six different forces. Each
histogram includes at least 10,000 measured force clamps, although the average recording time
per sample was only ~ 30 min. All histograms showed a bimodal distribution with a low-FRET
population centered at E = 0.42 (corresponding to the undistorted state) and a high-FRET
population centered at E = 0.74 (corresponding to the bent state). The high FRET population
disappeared gradually with increasing force and the TBP-induced bending was almost completely
suppressed at 11.4 pN (full £ - S histograms in fig. S41). We calculated the probability of the bent
state Py, Via its relative occurrence within the bimodal FRET distribution and plotted Py, as a
function of force (Fig. 3E). Py.y is well described by the free energy difference of the unbent and
bent state expressed through a Boltzmann distribution (Fig. 3E and supplementary text S3) (20).

An estimate of the change in binding affinity and Gibbs free energy is given in fig. S42.
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Fig. 3. TBP-induced DNA bending under force. (A) TBP from M.jannaschii (PDB: 2Z8U) (29).
Two pairs of phenylalanines located in the DNA binding domain promote DNA bending. (B) The
SSV T6 promotor including the TATA-box mounted on the force clamp; Atto532 donor (blue)
and Atto647n acceptor (red). (C) TBP binds the minor groove of the TATA-box and bends the
duplex by almost 90°, thus changing the distance between donor and acceptor. (D) FRET
histograms and Gaussian fits for the low-FRET (blue) and high-FRET (red) population. N is the
number of molecules measured for each force. (E) Semi-log plot of the probability of the bent state
Pyene as a function of force. The solid line is a Boltzmann distribution fit. Y-axis error is the

standard error of Pp,,;; X-axis error is the uncertainty of the calculated force (fig. S28).



The presented DNA origami force clamp provides a new tool to quantify the sensitivity of
transcription factor-induced distortion to DNA tension and thus to chromosome organization. This
adds new information to the growing picture of transcriptional regulation and protein-DNA
interactions in general. Our nanoscopic force clamp expands the range of available single-molecule
force spectroscopy techniques and makes new molecular systems accessible to sensitive force
spectroscopy analysis. The self-assembling clamps are easy to prepare and can be used to study
any DNA-interacting and DNA-modifiable system, e.g. proteins conjugated with short DNA
tethers. Simple operation and highly increased throughput compared to standard techniques
facilitate the generation of force spectroscopy data with a dynamic range of 0 to 12 pN, which
easily can be extended to ~ 50 pN (supplementary text S4) (20). As our method provides the
flexibility to perform both on-surface and in-solution experiments, we further envision moving
from elaborate and costly single-molecule tools toward simple and readily adaptable ensemble

assays.
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OUTLOOK TO FUTURE WORK

6.1 DNA ORIGAMI COMPONENTS FROM A SINGLE BACTERIAL
CULTURE

Using intact bacteriophage particles as a material source could be one
key component for future large-scale production of DNA origami struc-
tures. So far, the scaffold material is purified genomic virus DNA and
the staples are chemically synthesized with purity and quality insuf-
ficient for most of the envisioned applications of DNA origami. One
possible approach for such a large-scale production could be the fol-
lowing: all components could be part of a synthetic phagemid. A long
un-interrupted region can serve as the scaffold strand. This region is
followed by the individual staple sequences. The individual staple se-
quences are separated from the scaffold sequence and from the other
staple sequences by short, self-cleaving DNA motifs [201, 202]. Once
such a phagemid construct is synthesized for a given origami structure,
it only needs to be transformed to E.coli bacteria. The production of
M13 phage particles can then be triggered by either the addition of
a M13 helper phage as used in conventional phage display or via an
engineered helper plasmid [203]. This helper plasmid has the advan-
tage of eliminating any helper phage DNA contamination. With such a
construct, a perfect 1:1 stoichiometry of scaffold and staples would be
programmed into the construct and a molar excess of staple strands
over the scaffold might not be needed. Another advantage would be
that expensive enzymatic treatment of the biologically produced sta-
ples as required in the paper by Ducani et al. [114] is not needed any-
more. The bacteriopahge particles carrying the ssDNA construct with
both scaffold and staples can be produced on a large-scale via high-cell
density fermentation [109]. This production of all required DNA mate-
rial in just a single bacterial culture followed by direct folding of the
origami structures from the intact bacteriophages has the potential to
reduce the involved cost tremendiously while improving the quality of
the material at the same time.

6.2 IMPROVED MODELING OF ENTROPIC FORCE IN THE DNA
ORIGAMI FORCE CLAMP

Although we already showed successful force spectroscopy experiments
with the DNA origami force clamp in chapter 5, a better understand-
ing as well as modeling of the applied force by the ssDNA segments
is required. Our collaborator from Oxford University (Megan Engel in
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the groups of Jonathan Doye and Ard Louis) is currently using the
coarse-grained oxDNA model [140-143] to predict the forces applied to
the systems we studied in the associated publication P3 (5.3). Prelim-
inary results showed that the forces seem to be higher than what we
predicted using the modified FIC model. Two effects make the ssDNA
behave different than approximated with the simple FJC model: base
stacking of neighboring bases and secondary structure formation. The
first oxDNA simulations showed a high degree of secondary structure
formation in the ssDNA segments applying the force, thus leading to
higher forces than predicted. This result is consistent with estimates
of secondary structure stabilities from the NUPACK web application
[204]. In future work, we plan to address this problem as follows: first,
we started to genetically engineer and delete all guanine bases in the
scaffold segments that remain single-stranded and excert the force. This
should result in a significantly lower probability of secondary structures
and thus make the prediction of the focre more reliable. Measurements
of the Holliday junction kinetics under the same conditions will allow
us to quantify the effect of the secondary structures in addtion to the
simulations. Second, we started to re-design the force clamp structure
so that we can use synthetic ssDNA segments with poly-Thymidine se-
quences for the force generation. Theoretically, this should result in
ssDNA segments that behave closest to the idealized entropic spring
characteristics.

6.3 BULK FORCE SPECTROSCOPY MEASUREMENTS

One advantage of the DNA origami force clamp presented in chapter
5 is that it works autonomously in solution and does not have to be
connected to any kind of surface. Theoretically, this should allow en-
semble force spectroscopy measurements with simple bulk fluorescence
or gel shift analysis. We are currently working on two assays that study
enzymatic activity as a function of force in bulk and not on a single-
molecule level. To test this concept, we started to look at the activity of
the restriction enzyme EcoRV as a function of force and compare it to
results obtained with optical tweezers [205]. The advantage here is that
we can screen several forces in a single agarose gel. Together with the
Gaub lab at LMU, we also started to mount force activated enzymes in
our force clamp to study their enzymatic activity as a funtion of force
in an ensemble fashion.
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Supplementary Note S1: Folding from Bacteriophage M13

Note S1.1: Preparation of M13 Phage

The 3 different M13 bacteriophages (p7249 phage, p7560 phage, and p8064 phage) were
prepared as previously described.[ll Instead of purifying the single-stranded M13 DNA we
stored the PEG precipitated phage particles (re-suspended in 10mM Tris, pH=8.5) at -20°C
until further use as scaffold material. Figure S1a shows a transmission electron micrograph
of a purified M13 phage particle. Since phages consist of a protein shell and the genomic
DNA inside, a quantitative measurement of the concentration of the phage particles via
absorption spectroscopy is difficult. Titering the purified phage would give us the amount of
infectious phage particles instead of the overall concentration. Thus we estimated the phage
concentration via comparison to a standard DNA marker. We compared the fluorescence
intensity of the target phage band on agarose gels to the intensity of a standard DNA marker
with known mass value (shown in figure S1b, the double stranded 1.5kbp DNA from a 1kb
DNA ladder (New England Biolabs)). The M13 phage samples were denatured prior to
loading on the gel using 0.1% SDS, 10mM EDTA and incubation at 65°C for 5min.
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Figure S1: (a) Transmission electron micrograph of a ~1um long filamentous M13 phage particle. (b) 2%
agarose gel containing 0.5xTBE and 0.5pg/mL ethidium bromide run for 3.5 hours at 70V. We used 4 different
concentrations of the 1kb DNA ladder. For each concentration we measured the intensity of the 1.5kbp band
and together with the known mass value we derived an intensity-mass plot. Based on this intensity-mass plot

we estimated the concentration of the phage particles using the intensity of the target phage bands.



Note S1.2: Assembling Structures from M13 Phage Particles

Assembly of M13 DNA origami structures was accomplished in a one-pot reaction. 5nM
bacteriophage M13 particles were mixed with 100nM of every oligonucleotide staple strand
(high purity salt free, Eurofins MWG Operon) in 1xTE buffer (10mM Tris-HCl pH=7.6, 1mM
EDTA) containing 5mM NacCl, 0.1% SDS, 1mg/mL Proteinase K (New England Biolabs), and
varying concentrations of MgCl> (12mM for the 2D rectangle, 16mM for the 6HB and the
24HB, 18mM for the three layer block). For the control samples 5nM of purified scaffold
was used instead of the phage particles. The mixture was subjected to a thermal annealing
ramp (using a PTC-225 DNA Engine Tetrad, M] Research) as shown in figure S2a. It was
heated to 65°C for 5 min and subsequently cooled to 25°C via a non-linear temperature
ramp over the course of 2 hours for the 2D rectangle, 16 hours for the 6HB and the three

layer block, and 40 hours for the 24HB.
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Figure S2: (a) Thermal annealing ramp used to assemble the M13 DNA origami structures (directly from
phage as well as the control samples). (b) Comparison of different annealing procedures to fold directly from
phage: only the addition of SDS results in a band of correctly assembled origami structures. (c) AFM image of

the sample used for lane 2. (d) AFM image of the sample used for lane 3.

To make sure that the phage particles are denatured and origami structures are assembled
from the released genomic DNA we tested different annealing schemes. The samples were
compared to a control sample conventionally folded from purified scaffold (figure S2b, lane
1). Substituting the purified scaffold with phage particles without any denaturing agent or
treatment followed by the depicted annealing ramp (figure S2a) did not yield a band of
folded structures (lane 2). The AFM image of such a sample in figure S2c shows that the

phages are still intact. A 10 min heat denaturing step followed by the described annealing



did not result in a detectable band of folded products as well (lane 3). The AFM image of
such a sample in figure S2d shows that the phage particles are denatured but only a few
origami structures are formed. The addition of SDS as denaturing agent without any extra
heat denaturing steps yields a band of correctly folded structures migrating at the same
speed as the control band (lane 4). Proteinase K is not needed for the folding process itself.
However, it digests the M13 capsid protein debris and thus results in a cleaner background

in AFM/TEM imaging.
Note S1.3: Assembling Structures from M13 infected liquid E.coli Culture

M13 bacteriophage was amplified in an E.coli liquid culture as previously described.ll! At
the point of harvest the E.coli cells were pelleted via centrifugation at 3,000rcf, 4°C for
30min. The cell pellet was discarded and the supernatant containing the unpurified
bacteriophage was kept at 4°C until further usage as scaffold material. The concentration of
bacteriophage particles in the crude suspension was estimated via gel electrophoresis as
described in note S1.1 and figure S1. A typical liquid culture M13 prep yielded a
bacteriophage concentration of about 1 to 2nM in the crude suspension after E.coli cell
removal.

We tested whether a crowded environment full of biological compounds might
inhibit the self-assembly process via the addition of fetal bovine serum (FBS). Figure S3a
shows the agarose gel analysis data of the assembly of the M13 based 2D rectangle. We
added four different concentrations between 10 and 40 volume-% FBS to the assembly
reaction. The FBS was heat-inactivated at 65°C for 30 minutes prior to mixing the
components to prevent DNA degradation while preparing the sample. A decrease in
assembly yield with increasing FBS could not be observed.

The assembly of the M13 DNA origami structures from the crude bacteriophage
suspension was accomplished in a one-pot reaction. About 1 to 1.5nM M13 bacteriophage
(%4 of the final sample volume was crude M13 suspension) was mixed with 12.5nM of every
oligonucleotide staple strand for the six helix bundle structure (high purity salt free,
Eurofins MWG Operon) in 1xTE buffer (10mM Tris-HCl pH=7.6, 1mM EDTA) containing a
final concentration of 16mM MgClz, 62mM NacCl, 0.1% SDS and 1mg/mL Proteinase K (New
England Biolabs). Note: the growth medium used for the M13 prep contains 83mM NacCl,



thus the high NaCl concentration in the final sample. Since it also contains 5mM MgCl, we
adjusted the amount of added MgClz to 12.25mM resulting in the final concentration of
16mM. The sample was subjected to the thermal annealing procedure described in note

S1.2 (16 hour total annealing time for the 6 helix bundle).

al 2o rectangle
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remove E.coli
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Figure S3: (a) Assembly of the 2D rectangle from purified M13 phage with different amounts of FBS. The
crowded environment does not affect the assembly yield. The only detectable difference is the decrease in
migration speed with increasing FBS concentrations due to the increasing amounts of sodium ions added with
the FBS. (b) Illustration of the assembly process directly from an M13 infected E.coli liquid culture: first we
removed the bacterial cells via centrifugation. Next, all components needed for the assembly are added and

the structure is folded via thermal annealing without any purification of the phage particles.

Note S1.4: Agarose Gel Electrophoresis and Gel Purification of M13 DNA Origami Structures

Folded M13 origami constructs were electrophoresed on 2% agarose gels containing
0.5xTBE buffer (45mM Tris, 45mM boric acid, 1mM EDTA), 11mM MgCl;, and 0.5 pg/mL
ethidium bromide for 3 hours at 5.5 V/cm cooled in an ice water bath. Bands were
visualized with ultraviolet light and physically extracted. DNA was recovered by pestle-
crushing excised bands, freezing for 5min followed by centrifugation for 10min at 5000rcf
in a microfuge at 4°C using Freeze’N’Squeeze DNA Gel Extraction spin columns (Bio-Rad).
Recovered material in the flow-through was stored at -20°C for further usage. The 1kb DNA

ladder was purchased from New England Biolabs.

Note S1.5: Transmission Electron Microscopy of M13 DNA Origami Structures

For TEM imaging, 3uL of the gel purified M13 origami solution was adsorbed onto glow-
discharged formvar/carbon-coated TEM grids (Plano) and then stained using a 2% aqueous

uranyl formate solution containing 25mM sodium hydroxide. Imaging was performed using



a JEM1011 transmission electron microscope (JEOL) operated at 100 kV equipped with a
FastScan-F114 camera (TVIPS).

Note S1.6: Atomic Force Microscopy of M13 DNA Origami Structures

For AFM imaging, the folded M13 DNA origami structures (the 2D rectangle) were dialyzed
against 500mL 1xTE buffer (10mM Tris-HCl pH=7.6, 1mM EDTA) containing 12mM MgCl,
for 2 hours at room temperature in 3.5kDa MWCO dialysis units (Slide-A-Lyzer MINI
Dialysis Unit 3.5kDa MWCO, Thermo scientific) to remove the SDS. Samples were imaged in
tapping mode using a Multimode III AFM (Veeco Metrology Group, now Bruker AXS).
Imaging was performed in 1xTAE buffer solution containing 12mM MgCl; with SNL-10
sharp nitride cantilevers (Veeco, now Brucker AFM Probes) using resonance frequencies
between 7-9 kHz of the 0.24N/m force constant cantilever. 25uL. of buffer solution was
dropped onto a freshly cleaved mica surface (Plano). 5puL of the dialyzed origami solution
was added to the buffer on the mica surface. Imaging parameters were optimized for best
image quality while maintaining the highest possible set point to minimize damage to the
samples. Images were post-processed by subtracting a 1st order polynomial from each scan

line.



Figure S4: Additional AFM and TEM Data of M13 DNA Origami Structures
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Supplementary Note S2: Folding from Bacteriophage A

Note S2.1: Preparation of A Phages

Bacteriophage A particles were prepared as follows: wild-type A-DNA was packaged using a
commercially available packaging extract (MaxPlax™ Lambda Packaging Extract,
EPICENTRE® Biotechnologies) following the manufacturers instructions. This packaging
reactions yielded a packaging efficiency of > 10°pfu/ug of the wild-type A-DNA. A high titer
stock of A phages for long term storage was prepared via plate lysis and elution. DMSO was
added to the phage suspension (final concentration of 7% (v/v)), aliquots were plunged in
liquid nitrogen and afterwards stored at -80°C.

Phage particles for folding experiments were prepared via a small scale liquid
culture. A 50mL LB culture (supplemented with 0.2% (v/v) maltose and 10mM MgS04) of
E.coli XL-1 Blue cells (Agilent Technologies) was incubated at 30°C with shaking overnight
(the low temperature ensures that the cells will not overgrow: phages can adhere to
nonviable cells resulting in a decreased titer of the prep). The bacterial cells were pelleted
via centrifugation (600rcf for 10min at room temperature) and the supernatant was
discarded. The cells were re-suspended and diluted to an ODsgo of 0.5 with 10mM MgSOa.
100pL of the prepared cells were mixed with 1x10%pfu (100pL of a 107pfu/mL dilution of
the high titer long term stock) and incubated at 37°C for 20min. 4mL of pre-warmed LB
medium was added followed by incubation at 37°C with vigorous shaking (300rpm). After 5
hours, one drop of chloroform was added (about 50uL) and the suspension was incubated
for another 15min at 37°C with shaking. The debris of the lysed bacterial cells was removed
via centrifugation at 13,000rcf, 4°C for 15min. DNasel was added to a final concentration of
20pg/mL, RNaseA to a final concentration of 8 pg/mL, CaCl; to a final concentration of
10mM. The suspension was incubated at 37°C for 30min. Afterwards the suspension was
filtered using a sterile 0.45um syringe filter. The phage particles were precipitated (using
10% PEG-8000, 1M NaCl and incubation in ice water for 90min) and subsequently pelleted
via centrifugation at 16,000rcf, 4°C for 20min. The pelleted phage was re-suspended in SM
buffer (100mM NaCl, 8mM MgS04, 50mM Tris-HCI pH 7.6, autoclaved). PEG was removed

via addition of an equal volume of chloroform followed by slow vortexing and



centrifugation at 3,000rcf, 4°C for 10min. The purified phage suspension was stored at 4°C
until further use as scaffold material. [2]

Figure S5a shows a transmission electron micrograph of a purified A phage particle.
Figure S5b shows an agarose gel assay of the different steps of the phage purification
procedure after the small scale liquid lysate prep. The concentration of the purified phages
was estimated as described in Note S1.1 for the M13 phages. We compared the fluorescence
intensity of the purified A phage band to the intensity of the standard DNA marker with

known mass value.
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Figure S5: (a) Transmission electron micrograph of a purified A phage particle. (b) 0.7% agarose gel
containing 0.5xTBE and 0.5pg/mL ethidium bromide run for 3 hours at 70V. We used 4 different
concentrations of the 1kb DNA ladder. For each concentration we measured the intensity of the 1.5kbp band
and together with the known mass value we derived an intensity-mass plot. Based on this intensity-mass plot
we estimated the concentration of the phage particles using the intensity of the PEG precipitated A phage
band.

Note S2.2: Denaturing Agarose Gel Electrophoresis of A-DNA and Phages

Native and denatured A-DNA (commercially available from New England Biolabs (NEB) as
well as our own) and A phage particles were compared on a 0.7% agarose gel containing
1xTAE buffer (40mM Tris, 40mM acetic acid, 1mM EDTA) containing 1M urea and
0.5ug/mL ethidium bromide. Denatured samples contained 8M urea and were incubated at
80°C for 5min prior to loading.l3! The gel was run for 3 hours at 5.5V/cm cooled in an ice

water bath and bands were visualized with ultraviolet light (image shown in figure S6).



The native NEB A-DNA results in a nice single band (lane 1). The denatured NEB 2A-
DNA smears over a range of more than 10kbp (lane 2). This indicates the high amount of
nicks in the commercially available A-DNA molecules, most likely due to mechanical
degradation from pipetting and storage. We ligated the NEB A-DNA with E.coli DNA Ligase
(New England Biolabs) to repair the backbone (4 hours incubation at 16°C followed by heat
inactivation at 65°C for 20min). To prevent the creation of long concatamers we added and
thermally annealed a 5-T overhang oligo complementary to one of the cohesive ends to the
A-DNA. Ligation was partly successful: less smearing was observed as well as a high amount
of material not entering the gel (lane 3). This indicates that the strategy to prevent
concatamers did not work sufficiently. Our own purified A-DNA (lane 4) as well as the
denatured phage particles (lane 5) show a nice single-stranded band. Note that there is a
band migrating at the same speed as the native A-DNA occurring in most denatured
samples. This might indicate that not 100% of the dsDNA molecules denature via the 5Smin

incubation step or a fraction of the DNA re-anneals afterwards.

°
@ >
= ]
= i
= %
own |
denatured —8 — |

Figure S6: 0.7% agarose denaturing gel containing 1M urea. Lane 1: native NEB A- DNA. Lane 2: denatured
NEB A-DNA. Lane 3: denatured NEB A-DNA after ligation. Lane 4: denatured purified homemade A-DNA. Lane
5: denatured A-DNA directly from phage particles. (Denatured samples contained 8M urea and were heated to

65°C for 5min prior to loading on to the gel.)
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Note S2.3: A-DNA Melting Curves

We measured the melting behavior of A-DNA in the presence of six different formamide
concentrations (figure S7). Each sample contained 5pg of A-DNA (Invitrogen), 1xTE buffer
(10mM Tris-HCl pH=7.6, 1mM EDTA), and 12mM MgCl,. Due to the spectral overlay of
formamide and DNA at 260nm we recorded the absorption at 270nm in a UV/Vis
spectrophotometer (JASC