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Zusammenfassung

Seit mehreren Jahrzenten verfolgen Forscher das Ziel, kiinstliche molekulare Maschinen zu erschaffen,
die eigens definierte biologische Funktionen ausfithren konnen. Ein vielversprechender Ansatz basiert
auf der Verwendung von Desoxyribonukleinsidure (DNA), dem Trager der Erbinformation. Die im
Jahre 2006 veroffentlichte DNA-Origami Technik, welche die spezifische Watson-Crick-Basenpaarung
von DNA mit dem Konzept der Selbstassemblierung verbindet, stellt ein neues Designparadigma in
der DNA-Nanotechnologie mit potenziellen Anwendungen in Bereichen der Biotechnik, Biosensorik
oder Medizin dar. Wéhrend der anfangliche Fokus auf der Konstruktion von statischen dreidimen-
sionalen (3D) Objekten lag, wurden jiingst dynamische Strukturen entwickelt, die ihre Konforma-
tion in Abhéngigkeit von bestimmten Umgebungsbedingungen verdndern kénnen. Eine einwand-
freie Funktion dieser ,Nanomaschinen’ erfordert jedoch eine spezifische raumliche Organisation der
jeweiligen Komponenten, die stark von dufleren Faktoren wie Temperatur, Salz oder pH-Wert ab-
hangt. Detaillierte Kenntnisse der Struktur synthetischer Nano-Objekte sind daher Schliisselvorausset-
zung fiir die Charakterisierung ihrer Funktionsweisen sowie fiir die Etablierung neuer DNA-Origami
Designstrategien. Bisher erfolgte die strukturelle Charakterisierung von DNA-Origami Objekten meist
mittels Rasterkraftmikroskopie (AFM) oder Elektronenmikroskopie (EM), wobei jedoch Strukturin-
derungen aufgrund von Wechselwirkungen zwischen der Probe und der Oberfliache auftreten kénnen.
Eine sinnvolle Alternative bietet die Kleinwinkel-Rontgenstreuung (SAXS). Diese Technik erméglicht
es sowohl die Struktur als auch die Wechselwirkungen von biologischen Makromolekiilen und ihren
Komplexen unter diversen Losungsbedingungen zu analysieren, wobei weder eine Oberflichenimmo-
bilisierung noch eine chemische Markierung der Molekiile benétigt werden. In dieser Arbeit konnte
ich zeigen, dass mit SAXS Konformationsanderungen von DNA-Origami Strukturen unter verschiede-
nen Losungsbedingungen quantitativ ermittelt werden kénnen. Im Fokus dieser Arbeit stand dabei die
Strukturanalyse konfigurierbarer 3D DNA-Origami Objekte, die iiber Stapelbindungen zwischen Nuk-
leobasen an formkomplementéare Oberfldchen interagieren konnen. SAXS Messungen an einem DNA-
Origami Schalter (Switch), der reversibel zwischen einem X-férmigen offenen und einem rechteckigen
geschlossenen Zustand in Abhiangigkeit der Ionenstirke wechseln kann, konnten diesen Ubergang als
einen Zwei-Zustands Prozess identifizieren. Zudem konnte gezeigt werden, dass atomistische Struk-
turmodelle des Origami Schalters durch Kombination von experimentellen SAXS Daten und einer
Methode der Normal-Moden-Analyse prazesierter werden konnen. Dieser erstmalig auf eine DNA-
Origami Struktur angewendete Ansatz, deckte Deformationen der internen Struktur des Origami Schal-
ters im Angstrom Bereich auf. Durch zeitaufgeldste SAXS Messungen konnte ich die auffergewdhnlich
schnellen Ubergangskinetiken des DNA-Origami Schalters aufdecken, die im Millisekunden-Bereich
liegen und nahe des theoretischen Diffusionslimit erfolgen. Zudem wurde in dieser Arbeit ein het-
eromeres DNA-Origami Block-System, das zwei Monomer Blocke umfasst, die unter bestimmten Salzbe-
dingungen dimerisieren konnen, hinsichtlich der Struktur und der Dimerisierungsdynamiken bei un-
terschiedlichen Salz- und Temperaturbedingen charakterisiert. SAXS Messungen an Block-Monomeren
und Dimeren zeigten Ionenart- und konzentrationsabhingige strukturelle Deformationen wobei ein
Temperatureffekt nicht festgestellt wurde. Zeitaufgeloste SAXS Messungen von Dimerisierungskine-
tiken, ergaben 10-mal schnellere Kinetiken in Gegenwart von einwertigen Ionen im Vergleich zu zwei-
wertigen Ionen, wihrend eine Temperaturerh6hung nur zu einem geringfiigig schnelleren Ablauf
fithrte. Als weiteres Projekt wird ein labor-basierter SAXS Aufbau, der SAXS Messungen an unter-
schiedlichen Makromolekiilen erméglicht und wahrend dieser Arbeit entwickelt wurde, vorgestellt.






Preface

Living cells have evolved a plethora of highly sophisticated macromolecular assemblies, formed
by proteins, nucleic acids or lipids. These complexes can be thought of as molecular machines
that perform tasks such as reading the genetic code, producing metabolic energy or generating
cell locomotion, critical for sustaining cellular structure and function. Formation of these ma-
chineries often relies on molecular self-assembly, a process in which molecules spontaneously
form higher order structures without any external guidance. The concept of self-assembly
has attracted considerable interest from many researchers intrigued by the idea to create
artificial molecular machines that can carry out user-defined functions. A promising approach
uses DNA, Nature’s designated molecule for storing and transmitting genetic information,
as building block for nanoconstruction. In this context, the DNA origami technique, which
combines the predictable Watson-Crick base pairing of DNA with the concept of self-assembly,
has become a new design paradigm in DNA nanotechnology for many potential applications
in e.g. bioengineering, biosensing, or drug delivery. While an initial focus was on designing
static three-dimensional (3D) objects, recent developments yielded dynamic structures that can
change their conformation in response to changes in environmental conditions.

However, proper function of these nanomachines requires a precisely defined spatial
organization of constituent components, which strongly depends on environmental factors,
such as temperature, salt or pH-value. Thus, detailed knowledge of molecular structure is a
key prerequisite for characterizing the performance of synthetic nano-objects and for estab-
lishing new DNA origami design principles. So far, structural characterization of DNA origami
objects mostly relies on structural techniques like atomic force microscopy (AFM) or electron
microscopy (EM), potentially biasing the overall structure due to interactions with the surface.
A valuable complementary tool is small-angle X-ray scattering (SAXS), which can probe the
structure and interactions of biological macromolecules and their complexes under a broad
range of solution conditions without the need for surface immobilization or labeling.

Within this thesis, I demonstrated that SAXS can quantitatively monitor conformational
changes of DNA origami structures under varying solution conditions. Thereof, I could show
that ‘idealized’ atomistic models of DNA origami objects can be refined against solution-based
SAXS data. I further exploited the possibilities of SAXS to monitor conformational kinetics of
DNA origami objects proceeding on timescales of millliseconds to minutes. Of special interest
were reconfigurable 3D DNA origami objects featuring shape-complementary interfaces, which
can interact via short-ranged nucleobase stacking bonds and serve as binding motives.



viii Preface

An introduction to small-angle X-ray scattering and DNA nanotechnology is provided in
Chapters|1|- [2] presenting theoretical concepts and recent developments and applications. The
results of this thesis are described in Chapters [3]- [l where each Chapter provides a separate
introduction and is accompanied by its own Materials and Methods section.

In Chapter [3|the design and performance of an in-house SAXS setup is described, which
was developed in collaboration with the group of Bert Nickel at the LMU. In contrast to most
common in-house SAXS setups that are based on copper anodes, we employed a molybdenum-
anode-based source. Here, both technical aspects and SAXS measurements on biological
macromolecules with different scattering properties are presented, based on Bruetzel et al. [1]].

Chapter [4] focuses on the characterization of conformational states of a dynamic DNA
origami switch device, which is designed to reversibly switch between an x-shaped open and
a rectangular-shaped closed state as a function of ionic strength, by using SAXS. The results
are compared to data obtained from other structural techniques. In addition, a computational
approach based on an elastic network model is presented, which allows for refinement of 3D
atomistic models of the switch device against scattering data. This Chapter is adapted from
Bruetzel et al. [12]].

In Chapter [5|time-resolved SAXS studies on conformational kinetics of the DNA origami
switch device are presented. Using a stopped-flow kinetic mixer, conformational changes of
the switch object are induced upon rapid mixing with different divalent concentrations. We
could demonstrate that, remarkably, the dynamic switch undergoes large scale open to closed
conformational transitions on the time scale of milliseconds. This Chapter is submitted as an
article to Nature Nanotechnology by Bruetzel et al. [3]].

Chapter [f] illustrates SAXS experiments on assembly kinetics of a DNA origami brick
system, involving two monomeric brick variants with shape-complementary patterns that can
form a dimer depending on ambient cation concentrations. Beside the structural analysis of
monomeric and dimeric brick objects, we monitor dimer assembly kinetics as a function of
monovalent or divalent ions and for two different temperatures.

SAXS measurements on DNA origami structures were performed in collaboration with the
group of Prof. Hendrik Dietz at the TUM, Munich.
A conclusion and suggestions for future research directions are presented in Chapter
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Introduction






Small-Angle X-ray Scattering to Study
Biological Macromolecules in Solution

1.1 Introduction

Function arises from structure, whether on a macromolecular level within living cells or
within synthetic objects. Obtaining structural information about macromolecules and their
assemblies and deciphering the interactions and dynamics between molecules, is crucial to
understand biological mechanisms. In addition, this knowledge can promote and inspire
research in nanotechnology, which aims to create synthetic objects that can mimic functions
of biological macromolecular complexes. Today’s structural analysis approaches employ and
combine a vast array of advanced techniques which cover several ranges of resolution, starting
from X-ray crystallography, solution-based nuclear magnetic resonance (NMR) and cryo-
electron microscopy (cryo-EM), providing resolutions of a few Angstroms [4, 5], to atomic
force microscopy (AFM) imaging and small-angle X-ray scattering (SAXS) with resolutions of
~ 1nm [6}7].

Since its introduction in the late 1930’s, SAXS has become a well established tool for
structural analysis of proteins, nucleic acids and macromolecular complexes. As a solution
technique, SAXS offers the potential for obtaining information about macromolecular shape
and conformations under virtually arbitrary solution conditions, free of potential biases and
perturbations due to surface interactions as it can occur in EM or AFM. Moreover, SAXS allows
for probing macromolecules with sizes ranging from a few kilo Dalton (kDa) up to several GDa,
spanning the ranges that limit NMR and EM methods [7]. Today, SAXS is often synergistically
combined with both complementary structural characterization techniques and computational
approaches. The following sections provide a short description of the underlying physics of
SAXS and give an overview of structural information derived by SAXS. Further, potential
application to structural biology and recent developments in experimental setups are presented.
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1.2 Basic principles of SAXS

The basic principle of biological SAXS experiments is to scatter X-ray photons elastically off
molecules, which are randomly oriented in solution, and to record the scattering intensity
as a function of the scattering angle (Figure [1.1). The macromolecules are homogeneously
diluted in a buffer solution at moderate sample concentrations (usually several mg/ml but
depending on the molecular weight of the macromolecule) [8] and exposed to a collimated
monochromatic X-ray beam. The X-rays are generated either by a synchrotron facility or a
laboratory-based setup (see section [1.6). The incident X-rays interact with the electrons of
the atomic shells and X-rays scattered into a small angular range (typically ~ 0.01° - 2°) are
recorded by a detector. The elastic scattering of randomly oriented monodisperse particles
results in an isotropic, radially symmetric scattering pattern as a function of scattering angle.
It represents the average scattering of all possible particle orientations relative to the X-ray
beam. The scattering data are circular averaged resulting in a one-dimensional scattering
intensity profile as a function of scattering vector g (see Figure|[1.1|and section[1.2.1), containing
information about the three-dimensional shape of the macromolecules. In order to compensate
for the scattering contribution from the buffer, the scattering profile obtained from a separate
measurement of only the buffer solution, is subtracted from the SAXS profile of the sample (i.e.
macromolecules in solution):

I(Q) = I(q)sample - I(Q)buﬁ"er (1.1)

where I(q) denotes the final scattering profile that is used for data analysis. To obtain struc-
tural information of the studied macromolecules, a homogeneous sample solution with non-
interacting identical particles is an important prerequisite for SAXS measurements.

.

Buffer Detector

o

Incident beam e

I(q) (arb. units)
=

“ 0 B - « sample
(A~05-15A) |e Scattereq beam Clrculegr 1] DB e
Sample averaging 0 o041 q(/&? 0.3
Buffer
subtraction

Figure 1.1: Schematic representation of a biological SAXS experiment. A monochromatic, focused X-ray beam
with a wavelength of A ~ 0.5—1.5 A hits the sample and is elastically scattered by the macromolecules dissolved in
a buffer. The scattered X-rays are recorded by a detector and the scattering pattern is circularly averaged yielding
a one-dimensional scattering intensity profile as a function of scattering vector g. The whole process is repeated
for only the buffer and the resulting scattering profile is subtracted from the scattering profile of the sample.
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1.2.1 Scattering theory

SAXS experiments are typically performed with X-rays in the energy regime of 8-25 keV,
where the dominant interaction processes between the incident X-ray photons and matter
are the photoelectric effect, Compton scattering and Rayleigh scattering [9]. The former are
inelastic processes, where the photoelectric effect describes absorption of photons and the
Compton effect results in a reduction of energy of the scattered photon, delivering no structural
information. Rayleigh scattering describes the elastic scattering of photons by particles and is
considered for small-angle X-ray scattering experiments. Following the classical description for
an elastic scattering process, illumination of matter with monochromatic X-rays described by
the wave vector |kg| = 277/A forces the electrons in the material to resonate with the frequency
of the X-rays resulting in the emission of spherical waves. The intensity of the scattered wave
by a single electron at a distance r from an arbitrarily chosen origin is given by the Thomson
formula:

L(©) = (1.2)

r2 (1 + cos®(20)
2|\ D
r 2

where r, is the classical electron radius, I the intensity of the primary beam and the term in
brackets is referred to as polarization factor, which is close to 1 for small angles (20 < 5°)
[10]. Here, 2@ is commonly referred to as scattering angle and describes the angle between the
wave vectors of the incident ko and the scattered beam k' (Figure . As for elastic scattering
lko| = |K'|, it is convenient to introduce the scattering vector q, which can be considered as a
measure of the directional momentum change of the X-ray photons [7]:

q=ko -k (1.3)

with the amount g = 47/A sin(®), typically in A™! or nm™'. The scattering vector is defined in
the so-called ’reciprocal’ space.

Scattered k.-~
beam _.-”

E’O N - 20) q
Incident beam \J k,

Figure 1.2: Illustration of elastic scattering of X-rays. In a SAXS experiment the incident beam is elastically
scattered by electrons within the macromolecule (green area). Here, only two electrons (blue circles), which are
separated by a distance r, are shown for simplicity. The scattering vector q is the difference between the incident
wave vector kg and the scattered wave vector k . Graphical representation was inspired by Fig. 1.2 of Ref. [11].
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In order to determine the scattering from an assembly of atoms one has to add the amplitudes
of the scattered waves originating from each electron in the irradiated volume taking into
account the phase difference (Figure[1.2). The macromolecule is represented by a continuous
distribution of electrons, where it is of practical use to define the scattering length density
distribution p(r) [11]], which corresponds to the electron density distribution multiplied by the
scattering length of a single electron (r, = 2.82 x 10~ !> m). The scattering amplitude of the
macromolecule is given by:

Alg) = fv Ap(r) expliqr)dr (19)

which corresponds to the Fourier transform of the distribution of electrons, where V denotes
the particle volume and Ap(r) the excess scattering length density. The latter is given by the
scattering length density difference between the particles and the solvent. The square of the
scattering amplitude divided by the particle volume is often referred as form factor P(q).

In a SAXS experiment one is not able to measure the amplitude but only the scattered
intensity as a function of scattering vector q:

1@ = 14@- @ = [ pespanar?) =ar [T ™ g
Q

where ( ) denotes the spherical averaging, as the scattering molecules can take all orientations
sin(qr)

relative to the X-ray beam in solution. Therefore, the phase factor yields (exp(iqr)), =

In the last part of Equation [1.5] y(r) is the autocorrelation function, indicating how much the
excess scattering density spatially correlates with itself and will be discussed in more detail in
section [1.4] Equation [1.5/highlights that SAXS data are recorded in reciprocal space.

1.2.2 Contrast and resolution

From the previous equations it becomes evident that SAXS is inherently a contrast based
method, as the scattering signal is mainly determined by the difference in the average electron
density between the macromolecules in solution p(r) and that from the bulk solvent p;. The
latter can be approximated with ~ 0.33 e7/ A’ (pure water), while proteins and nucleic acids
have an average electron density of ~ 0.44 e~/ A’ [7] and ~ 0.55 e/ A® [12], respectively. Thus,
the resulting excess electron density is rather small, making an appropriate buffer selection
essential. For instance, elevated salt concentrations in the buffer (e.g. 1 M NaCl), often required
to reduce interparticle effects such as repulsion, or the addition of protein stabilizers like sucrose
[13] will reduce the contrast by ~ 20% and ~ 40% (for 50% (w/v) sucrose), respectively [11]].
The high sensitivity to electron density requires that macromolecules should always be diluted
in the identical buffer solution used for buffer measurements, in order to ensure accurate buffer
subtraction.

Moreover, the scattering intensity usually drops off rapidly for higher g-values (I(q) ~
sin(qr)/(qr) (Equation [1.5)). Together, these facts commonly result in a small difference in
scattering signal between sample and buffer at higher g-values (Figure which also has an
impact on the resolution. For SAXS the nominal resolution is estimated by A = 27 /¢4, Where
qmax denotes the maximum detectable g-value.
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However, due to spherical averaging of the scattering intensity, it is not possible to uniquely
derive structural models at the theoretical resolution.

Nevertheless, in the SAXS community one often refers to the resolution limit in terms of the
smallest achievable g-value (qmin). The latter is directly related to the maximum dimension of
the macromolecule D, (see section via the reciprocal relation qin = 277/ Dyax. Thereof,
it is more appropriate to describe SAXS as a high precision technique for macromolecular size
and shape determination [14].

1.3 Initial analysis and quality assessment of solution
scattering data

SAXS profiles of macromolecules have to be carefully evaluated regarding sample monodisper-
sity and absence of interparticle interactions in order to assure a reliable structural analysis
and interpretation of the scattering data. Concentration effects and radiation damage of the
sample are most prominent phenomena occurring in SAXS experiments that can cause misin-
terpretation of the data and incorrect structural models. Both effects will be briefly discussed
in the following.

1.3.1 Concentration effects

In order to obtain scattering data of a signal-to-noise ratio sufficient for structural analysis,
molecular sample concentrations are usually in the range of several mg/ml. For instance, SAXS
measurements on BSA (MW ~ 66 kDa) are commonly performed at sample concentrations ~
5mg/ml and a 24 base-pair DNA duplex requires concentrations ~ 2 mg/ml. These comparably
high sample concentrations can result in sample aggregation or interparticle interference
effects. The former results in an increase in molecular weight, causing an increase in scattering
intensity at the lowest g-values and is often identified by performing a Guinier analysis (section
1.4.1).

Interparticle interference describes the repulsive or attractive interactions among particles
in solution and modulates the scattering profile of isolated particles (denoted by the form factor
P(q)) by the so-called structure factor (S(q)). The latter reflects the distribution of the particles
in solution [11]]. Interference effects become noticeable in a SAXS profile by a decrease in
scattering intensity at low angles (Figure[1.4). These effects often scale linearly with sample
concentration and can be avoided by extrapolation to infinite dilution [15]. Alternatively,
increasing the ionic strength of the buffer solution to screen electrostatic interactions or in
case of proteins, setting the pH closer to the isoelectric point can eliminate interference effects.
However, the structure factor has proven quite useful for quantifying interaction potentials of
isolated DNA structures [16] or proteins [17] in solution.

In general, it is recommendable to perform concentration series of the macromolecular
sample ranging from high to low concentrations to exclude these effects. This also allows (if
necessary) to merge scattering data from high and low sample concentrations for the low- and
high g-regime, respectively, to improve the signal-to-noise ratio.
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1.3.2 Radiation damage

X-ray induced damage of macromolecules in solution is an undesired but very often inevitable
effect in synchrotron-based biological SAXS experiments. It arises from bond breakage and
free radical formation, such as free hydroxyl (OH™) or hydroperoxyl (HO;) radicals. They
are produced from the photolysis of water and can be considered as main source of radiation
damage [18]. In proteins, these highly reactive species rapidly attach to the backbone and/or
side chains resulting in a fast radical activation (10° — 101 M~! s71) of the protein [[19]. Radiation
sensitivity strongly depends on the macomolecular composition and structure, where nucleic
acids tend to be more radiation resistant than proteins [20]. In SAXS, systematic changes of the
scattering profile in a series of exposures are a sign of radiation damage, which manifests itself
as irreversible aggregation, unfolding or fragmentation of the sample. While attempts have
been made to characterize radiation damage effects in more detail on a molecular level, for
instance by analyzing the irradiated sample subsequently after the experiment [21]], conclusive
explanations are still missing.

Dose calculations

Radiation damage effects in macromolecules depend on the absorbed dose defined as [22]]:

® t AEp,

o (1.6)

Dose =

where @ is the photon flux density of the incident beam (ph s™! ym™2) with a photon energy
E,n, A denotes the fraction of incident energy absorbed, t is the exposure time, p is the sample
density and [ is the X-ray path length through the sample. For synchrotron-based SAXS
measurements on biological samples with photon fluxes ~ 10'? (ph s™!), X-ray beam energies
commonly around 10 - 12 keV and beam sizes ~ 500 um, the upper dose limit before damage
occurs varies from several hundred Gray (Gy) to several kGy, depending on the sample [22]].

However, Equation [I.6|requires some corrections, which have to be considered for accurate
dose calculations. Macromolecules can diffuse into and out of the irradiated volume, with the
additional complexity that a non-uniform beam profile (typically approximated by a gaussian
shape) will cause different flux densities within that volume [22]. Thus, the absorbed X-ray beam
energy will be spread over a larger volume, reducing the dose. As the timescale for molecular
diffusion out of the beam is proportional to the beam size, it becomes shorter as the beam
size gets smaller. Therefore, downsizing the beam size without changing the beam intensity
reduces the dose. Molecular diffusion is especially relevant for static SAXS measurements,
where both beam position and sample volume are fixed in place, and it should be considered
when choosing the exposure time (and possible dead times between images). Further details in
this context can be found in Ref. [18, (19} 22] Moreover, a software tool has been introduced
allowing for dose calculations in biological SAXS experiments [23]].
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Detecting and quantifying radiation damage

The most straightforward way to detect radiation damage effects in a series of exposures, is to
examine the scattering profiles for systematic changes. An increase or decrease in scattering
intensity at low g-values are usually a sign of radiation damage (Figure [1.3). Further, structural
parameters like the radius of gyration and the forward scattering intensity, which are discussed
in more detail in section can be applied as a metric for radiation damage. Statistical
approaches and software tools assessing the onset of radiation damage for subsequent exposure
times in a SAXS experiment are also available and are implemented in most biological SAXS
beamlines [23] 24].
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Figure 1.3: Radiation damage effects on scattering profiles. SAXS profiles of a 24-bp DNA duplex obtained from
five subsequent 1.0 s exposure times and corresponding buffer profiles. Adapted from [20].

Limiting radiation damage in biological SAXS experiments

Direct measures to reduce radiation damage in synchrotron-based SAXS experiments include
adjustments of the buffer solutions. For instance, higher buffer concentrations of MOPS (3-(N-
morpholino) propanesulfonic acid) or Tris (tris(hydroxymethyl) aminomethane) tend to confer
some protection from radiation damage [20]]. In addition, buffer solutions can be supplied with
so-called radical scavengers, like dithiothreitol (DTT), glycerol, ascorbate or sucrose. However,
free radical absorbers should be carefully selected, as some of them reduce the scattering
contrast leading to a higher noise level, or may alter the conformation of the macromolecule
[25/126]. For instance, addition of DTT can reduce disulfide bridges in a protein that is otherwise
kept in an oxidized state. As radiation damage also depends on sample concentration [[19, 27]]
it is advisable to perform concentration series for a given set of sample conditions.

Technical approaches to limit radiation damage include a reduction of the exposure time,
beam attenuation by using appropriate filters or the use of flow-through capillaries, where the
sample is translated through the capillary while the X-ray beam is kept at a fixed position.

A far more sophisticated alternative to reduce radiation damage is to employ cryo-SAXS,
where the macromolecules are rapidly cooled into vitrified glass (e.g. by plunge freezing
into liquid nitrogen) applying cryo-protectants and preserved in a vitrified state during data
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collection [28]]. While this method allows for higher doses and requires smaller sample volumes
(~ 20pl (SAXS) vs. ~ 20 nl (cryo-SAXS)) further methodological development is required.
Cryo-SAXS is technically challenging, requiring highly specialized instrument setups and more
elaborate sample preparation. The latter implies the intricacy to obtain homogeneous and
monodisperse vitrified samples while preserving the macromolecular structure and an adequate
signal-to-noise level.

1.4 Key structural parameters and analysis methods in
SAXS

The scattering profile from monodisperse, non-interacting particles provides information about
the global structure and conformation of the studied molecule. Some key parameters that can be
determined from SAXS data are the molecular weight (MW), the radius of gyration (R,), and the
maximum intramolecular distance (D,4x). While these parameters are often applied in initial
data inspection (as discussed in section [1.3), they are essential for evaluating macromolecular
states and conformational transitions, as in protein or RNA folding.

1.4.1 Guinier analysis: Evaluating sample quality and characterizing
molecular size

The very low g-region of a scattering profile allows for the calculation of the radius of gyration
(Ry) providing information about the mass distribution within a particle. It is defined as the
sum of root-mean-squared distances of all elemental scattering volumes from their centre
of mass weighted by their scattering densities [15]. The R, can be obtained by the Guinier-
approximation [29], which is valid only within a g-range of qR,; < 1.3 [10]. The derivation is
based on the power series expansion of the sinc-function of the scattering intensity I(q) (see

Equation [1.5):

singr) _,_ (ar)® | (qr)*

- o)) (1.7

Further simplification and rewriting (see Refs. [29,[30]) results in:

2p2
I(q) = 1(0) (1 - qTRg + O(q4)> (1.8)

which can be rewritten into the Guinier formula:

_ 2R2
I(q)zI(O)exp( q3 g) (1.9)

By fitting a line to the natural logarithm of the intensity as a function of ¢ yields the R,
from the slope. The y-intercept gives the intensity at zero angles 1(0). For monodisperse,
non-interacting particle solutions, where the scattering data are measured to g-values that are
low enough to reliably characterize their largest dimensions, the scattering pattern should be
a linear function within the Guinier regime (Figure[1.4p). A considerable amount of sample
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aggregation or interparticle repulsion results in an upswing or downswing of the scattering
data in Guinier representation, respectively (Figure [1.4b).

Additionally, the molecular weight (MW) of the sample can be determined based on the
following relation:

1(0) = xc(Ap)*(MW)? (1.10)
where k is a proportionality constant that can be determined from a measurement of a molecular
weight standard (e.g. a protein of known molecular weight and concentration) and c is the
concentration of the macromolecule [31]]. Due to the dependency of the scattering intensity on
the concentration and molecular weight, SAXS data are often normalized by 1(0).
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Figure 1.4: Example SAXS profiles and corresponding Guinier graphs for BSA. a BSA scattering profiles show-
ing aggregation (red circles, top), good data (black circles) and inter-particle repulsion (blue circles, bottom).
b Corresponding SAXS curves in Guinier representation with Guinier fits (thick lines) within the g-range gR, < 1.3.
Adapted from [32] with permission from Elsevier. Copyright ©2010 Elsevier Inc.

1.4.2 The pair distance distribution function: Representing scattering
data in real space

Small-angle X-ray scattering data are represented in reciprocal space as the intensity is a
function of the scattering vector g. The scattering intensity can be Fourier transformed to
obtain the pair distance distribution function P(r) measured in real space [11]:

P = 2 [0 2 g (1)

2 qr
As SAXS data can be measured only at a finite number of data points (g;) within a certain
g-range [qmin> Gmax] and with errors [30], a direct calculation of the Fourier transform of the

experimental data is not possible. A more conventional way is to compute the P(r) function by
an ’indirect Fourier transform’, first introduced by Glatter et al. [33]]:

Dmax :
I(q) = 4 fo P(r)smq(:lr)dr (1.12)
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with Dy, as maximum particle distance. Therefore the P(r) function is approximated by a
limited series of functions (¢;(r)) and coefficients (c;) for 0 < r < Dyt

n

P(r) = ) cigi(r) (1.13)

i=1

where n denotes the number of functions. The coefficients are determined by fitting Equation
to the experimental scattering data. By now, there exist several approaches based on
indirect Fourier transform [33H35]].

In practice, the P(r) function describes the distribution of distances between all pairs of
points inside a particle weighted by the excess electron density distribution [30]:

P(r) = r’y(r) = r? <f Ap(r’ + r)Ap(r’)dr’> (1.14)

w

where y () is the autocorrelation function introduced in section Figure[1.5/shows examples
of the P(r) function for proteins of different shapes.
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Figure 1.5: Pair distance distribution (P(r)) functions calculated for proteins of different geometric shapes. a
P(r) function for BSA (MW ~ 66 kDa), representative for a protein with globular shape, and corresponding
crystal structure (PDB code: 4F5S). b P(r) function for the large glycoprotein von Willebrand factor (VWF) (MW ~
500 kDa) with an elongated rod-like shape, illustrated by the schematic of its overall structure (letters indicate
single domains). P(r) data are normalized by their maximum value.

Also, the P(r) function can be used to determine the radius of gyration:

Dmax
. 1 fo P(r)ridr

72 i p(rydr

(1.15)
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1.4.3 Assessing conformational states of macromolecules based on
Kratky representation of SAXS data

Using SAXS as an analytical tool to dissect the conformational states and transitions of biological
macromolecules dates back to the work of Glatter and Kratky in the 1950s [36]]. To qualitatively
study the folding or unfolding behavior of proteins [37]] or nucleic acids (especially RNA) [38]
the scattering data are commonly represented in a Kratky plot, where the scattering intensity
multiplied by the square of the scattering vector (I(q) - ¢*) is plotted against q (Figure [39].
As shown by Kratky [36]], the scattering intensity of a folded globular protein typically decays
as ~ g * for higher g-values, resulting in a bell-shaped curve with a well-defined peak in a
Kratky plot. Unfolded molecules or random coils display a much slower intensity decay ~ g2,
so that the corresponding Kratky curve displays a plateau in the lower g-regime followed by a
linear rise of the intensity.
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Figure 1.6: Kratky representation of scattering profiles from the globular protein BSA (blue) and synthetic
elastin-like polypeptides (ELPs) (red). SAXS data were measured at beamline BM29, ESRF, Grenoble at sample
concentrations of 5 mg/ml (BSA) and 8 mg/ml (ELPs).

1.5 Small-angle X-ray scattering as an important
complementary technique in structural biology

The previous section introduced methods to obtain structural information from SAXS data re-
quiring no further input. To obtain a more complete picture of macromolecular conformations,
SAXS can be easily combined with high-resolution structural techniques and/or with bioinfor-
matic approaches. In addition, SAXS data can be used to reconstruct the three-dimensional
shape of macromolecules, particularly useful to identify relative orientations of individual
domains and subunits in multidomain proteins or macromolecular complexes if high-resolution
models are available. Here, a brief overview of related methods and recent developments is
given.
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1.5.1 High-resolution structure validation based on theoretical
scattering profiles

Combining data from solution scattering with atomic resolution structures to validate structural
conformations of macromolecules and their assemblies has evolved into a powerful approach in
structural biology [7,40}/41]]. Atomistic structures of macromolecules are commonly determined
by X-ray crystallography, NMR, or electron microscopy. However, these technique can deliver
ambiguous results for macromolecules with functional flexibility or intrinsic disorder, which
play an important role in cellular processes like transport or signaling [42]. For instance, crystal
packing forces or cryogenic temperatures can promote a single conformer among a structural
ensemble. Thus, to perceive how the structure of a molecule is related to its biological function,
a synergistic approach delivering both flexibility, as seen by SAXS, and detail, as provided by
high-resolution structural techniques is preferable.

To validate atomic models of macromolecules, theoretical SAXS profiles from the models are
commonly calculated. There are several software tools available [43-46]], which mainly differ
in the underlying formulas to calculate the theoretical scattering intensity, the treatment of
excluded volume effects and the description of the solvation shell. The latter consists of layers
of ordered water molecules that surround macromolecules in solution and is often referred to

as hydration shell (Figure (44].

Computation of theoretical scattering patterns

Accurate calculation of the scattering intensity from an atomistic structure requires the scatter-
ing from the particle and the solvent, including an adequate description of the hydration shell,

(Figure and can be expressed as follows [11]]:

1(q) = {14p(9) = psAs(@) + (pn = p)AR(@)IP), (1.16)

Ap(q) describes the scattering amplitude from the particle in vacuo. A(q) is the scattering
amplitude from the excluded volume, arising from the displacement of solvent by the macro-
molecule, so that the second term in Equation can be considered as buffer subtraction,
where p; denotes the scattering density of the solvent. The last term contains the scattering
amplitude Ap(q) from the hydration shell with the scattering density pj. As the water molecules
are more ordered and densely packed in this layer, the scattering density pj, differs from p; [46]].
The amplitudes can be calculated using the Debye formula or spherical harmonics expansions.
The former is implemented in the program FOXS, where the theoretical scattering profile is
given by [44]:

MY sin(qd;j)

9)= ) ) fil@fi@— — (1.17)

i=1 j=1 q4ij
Here, N denotes the number of atoms in the molecule, g is the scattering vector, f;(q) and
fi(q) represent the isotropic atomic form factors of the atoms i and j taking into account the
displaced solvent as well as the hydration layer, and d;; is the Euclidean distance between these
atoms.
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CRYSOL, another standard program in this context uses spherical harmonics expansions to
calculate the amplitude of a particle [46]]:

max

N l l N
Ap(@) = Y fal@expliqra) =4m " > i (Q) > fa(@)i(gra)Yim(@n) (1.18)
i=n 1 n=1

=0 m=—

where ji(gr) are spherical Bessel functions of order /, f,(q) is the atomic form factor and Y, ()
are spherical harmonics of order (;m). While this method improves computational efficiency
due to orthogonality of the spherical harmonics, it is limited in accuracy for complex shapes,
like molecules with internal cavities [47].

In both cases the computed profile is fitted to an experimental SAXS profile by minimizing
the reduced y?-function with respect to a scale factor c:

(1.19)

1 N Iex (q:) - CItheo(qi) 2
2 NZ( P )

X =%

p o (qi)
where Iy, (q) and I;pe0(q) are the experimental and theoretical scattering profiles, respectively,
o(q) is the experimental error of the measured profile at each g-value, and N is the number of
data points in the SAXS profile.

Modeling the hydration shell

The hydration layer surrounding proteins and nucleic acids highly influences their structure and
function. Adequate description of the hydration shell is a non-trivial task, as the composition
and properties vary for different macromolecules (Figure [1.7). For instance, the hydration shell
around proteins often has a non-uniform electron density [48] [49]]. X-ray scattering studies on
proteins with known atomic structures revealed that the hydration layer density is on average
1.05-1.20 times higher than that of the bulk [50], mainly attributed to changes in water structure
such as higher coordination numbers [7]]. Further, the hydration layer is highly dynamic with
a thickness depending on the chemical properties of the protein surface [51,52]]. The picture
of the hydration shell for nucleic acids is often even more complex, as their interactions with
the surrounding is stronger than for proteins of similar molecular weight due to their highly
negative charge [49]]. For DNA the water density of the hydration layer can be up to six times
higher than bulk density and can span a range of up to 1 nm from the surface of the DNA [49].
In addition, structural studies on nucleic acids often require the presence of ions, which will
create a so-called ‘ion atmosphere’ around the nucleic acid structure resulting in an increased
amount of dissolved salt ions in proximity to the DNA or RNA surface [53]. Modeling of the ion
atmosphere can become quite cumbersome as their composition, dynamics and range strongly
depends on the ion species [53, 54].
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Figure 1.7: lllustrations of the hydration shell for macromolecules in solution. a A molecule (brown area) with the
scattering length density p,(r) is surrounded by the hydration shell (red area) with a thickness A and a density py,
that differs from the density of the bulk solvent p (cyan area). b Simulated hydration shell of a protein. Adapted
from [52]. ¢ Simulated hydration shell of a DNA double strand (left). Adapted from [52]]. (Right) Binding of Mg?*
and Na™ ions to the minor and major grooves of a DNA double strand, where the DNA duplex (gray), Mg?* (blue),
and Na* (green) are shown as isosurfaces of 0.5 and 0.02 A~ atom number density, respectively. DNA molecules
are shown from opposite sides [55]. Reprinted with permission from [55]]. Copyright (2012) American Chemical
Society.

Most programs used for calculating theoretical scattering patterns represent the hydration
shell as a continuous layer with a thickness of 3 A [56]]. The electron density of the hydration
layer can be varied within a certain range, depending on the program [56]. While a
theoretical scattering pattern can be calculated omitting the contribution from the hydration
shell, better fits to the experimental scattering data are often obtained when the hydration
layer is included [46} 56]]. However, scattering contributions from the ordered hydration layer
are still several orders of magnitude lower than the scattering from the solute and the excluded
volume [7]. Examples of theoretical scattering profiles calculated for different macromolecules
and further discussion of the related outputs are provided in chapters 3 and [4]

1.5.2 Ab-initio shape reconstruction based on SAXS data allows for
the determination of low-resolution morphologies

Small-angle X-ray scattering offers the possibility to reconstruct a three-dimensional (3D)
molecular shape from the one dimensional SAXS profile, known as ab initio shape reconstruc-
tion, where ab initio refers to the absence of a pre-defined input structure [[7]. Due to great
advances in reconstruction algorithms, ab initio models have become a valuable tool for model
building, in particular for flexible systems or protein-DNA (RNA) complexes (see section [1.5.3).
However, an important prerequisite for reliable ab initio modeling is the use of scattering
data from a monodisperse sample that does not suffer from significant radiation damage or
concentration effects.

The first method for ab initio shape determination from scattering data was introduced by
Stuhrmann in 1970, where the molecular shape was represented by an angular envelope
function describing the molecular surface by spherical harmonics expansion [11]]. However,
this approach was limited to globular molecules, having no cavities or multiple domains.
More sophisticated models could be obtained by shape-reconstruction algorithms, which were
proposed in the late 1990’s and further developed in the 2000’s 61]]. Here, the shape
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of the macromolecule is represented by a large number (up to thousands) of finite-volume
elements, which are either densely packed beads (dummy atoms) [59] or dummy residues [62]].
Thereof, a bead (or dummy residue) configuration is searched whose accumulated scattering
coincides with the experimental data.

Ab initio reconstruction based on bead models

Representative programs for ab initio shape determination using finite-volume elements are
the programs DAMMIN and DAMMIF [61]], which employ a simulated annealing protocol.
Both programs start from a search volume with dimensions given by the maximum dimension
(Dmax) or the Ry-value of the particle, determined from the SAXS data. The search volume
is filled with closely packed beads of radius ry < Dy (< Ry). The beads are assigned to a
certain phase belonging either to the particle or to the solvent (Figure [1.8p). It is important to
note that the beads do not represent positions of specific residues or nucleotides. The shape of
the resulting dummy atom model (DAM) is described by a binary configuration vector X, from
which a scattering profile is calculated using spherical harmonics (see Equation [1.18).
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Figure 1.8: Overview of dummy atom based ab initio shape reconstructions from scattering data. a Cross sections
of dummy atom models of DAMMIN (left) and DAMMIF (right). In the top row initial models are shown: In
DAMMIN the search volume is usually defined by a sphere with diameter of Dy, ,x, whereas DAMMIF starts from
an isometric object with the radius of gyration. The bottom row displays the final models of both programs.
The phases of the dummy atoms are indicated by different colors: red corresponds to particle and turquoise,
blue and green to solvent. DAMMIN allows phase transitions anywhere in the search volume. In DAMMIF,
only red and turquoise beads are subject to phase changes. Here, the actual, extensible border of DAMMIF’s
mapped area is indicated by green solvent beads. Reproduced from [[61]] with permission of the International
Union of Crystallography. b First two rows display models restored by DAMMIF for the HSS domain of the
chromatin-remodeling protein ISWI. Bottom row shows the average model from 20 runs and the corresponding
density map converted with the software SITUS [63].
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To find a configuration that fits the experimental SAXS data best, a simulated annealing
protocol is applied that aims to find a configuration X, which minimizes a goal function F(X)
[61]):

F(X)= 2 + Z i Pi(X) (1.20)
i=1

where y? is the difference between experimental and calculated scattering data (see Equation
and P;(X) describes penalty terms each weighted by a;> 0 that enforce physical con-
straints (e.g. interconnectivity and compactness) or can take into account additional structural
information (e.g. contacts between specific residues) [64]. The minimization process starts
from an initial random configuration Xj at the so-called annealing temperature T = F(X,) and
runs through the following steps [59]:

1. ) A bead from configuration Xj is randomly selected and its phase (particle or solvent) is
changed to obtain a new configuration X.

2. ) The difference between both configurations is calculated: A = F(X) — F(Xj).

3. ) For A < 0, X is chosen and for A > 0, X is chosen with the probability exp(A/T); step 2
is repeated for the chosen configuration.

The process is iterated for a defined number of reconfigurations (~ 100 X N, with N as number
of beads) or a certain number of successful reconfigurations (i.e. F(X') < F(X)) at a constant
annealing temperature. Next, the annealing temperature is slightly reduced, making reconfigu-
rations that increase F(X) less probable, and the minimization procedure is terminated when
no further minimization of F(X) can be achieved. While in DAMMIN the search volume is fixed
during the search procedure, DAMMIF allows for volume variations if required (Figure (1.8a)
[L1]).

In contrast to pure Monte Carlo search algorithms, simulated annealing algorithms prevent
the system from getting trapped in local minima by accepting also configurations increasing
the goal function F(X) with a certain probability [11]. Presently, these shape determination
programs require hours of CPU time, where DAMMIF is up to 40 times faster on a single CPU
than DAMMIN [61]]. Moreover, symmetry restrictions for the particle shape can be imposed,
which can improve the reliability of the ab inito model and speed up the computation time [30],
but can produce reconstruction artefacts in case of misapplication.

The normalized spatial discrepancy value: a measure of uniqueness of
ab initio models

Reconstruction of a 3D model from a 1D scattering pattern is an ill-posed problem, implying
that several models with equally good fits to the same scattering profile can be obtained [65].
Thus, it advisable to perform multiple reconstruction runs and evaluate the outcomes. For this
purpose, the normalized spatial discrepancy (NSD) value [66]] enabling quantitative comparison
of similarities between models, is a useful parameter. In brief, the NSD value for two models is
obtained as follows: each 3D model is represented as a set of points (S1 and S2). For each point
from S1 the minimum value among distances between a point from S1 and and all points from
S2 is determined and vice versa. The resulting distances are added and normalized against the
average distances between neighboring points from both sets. For ideally superimposed similar
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objects, the NSD value tends to be 0 and it exceeds 1 if the objects systematically differ from
one another. A more detailed description of the NSD value can be found in Ref. [66]. The NSD
value is implemented in several programs that can be used to superimpose, filter and classify
structurally similar models and to generate an average structure from each class (Figure [1.8p)
(66, 167]. The final bead model can be converted into standard density map formats by using
the software SITUS [63] (Figure [1.8p).

1.5.3 SAXS-based hybrid approaches for structural studies on
macromolecules and their complexes

The focus of structural biology has recently shifted to structural investigations on dynamic
macromolecular assemblies composed of nucleic acids and/or protein complexes, as they are
fundamental for many cellular processes. Due to their large size and inherent flexibility, high-
resolution structures of the whole complex are hard to obtain and are often only partially
available. In this context, comprehensive use of high-resolution techniques, SAXS and bioinfor-
matic methods has become a powerful approach toward understanding the functional roles
and interaction mechanisms of these large complexes (Figure (37, 41]].

To refine an atomic model against SAXS data, fitting can be performed based on normal
mode analysis (NMA) or elastic network models (ENM) [68 [69]. In NMA, the molecular
structure is represented by a 3D elastic network, where each residue (nucleotide) in the protein
(nucleic acid) is reduced to one point and linked to its neighbors in space by springs of the
same strength. Global, slow collective motions of the system can be concisely described as a
linear combination of the lowest frequency normal modes [70, [71]]. For structural refinement
theoretical scattering patterns are commonly calculated and the molecule is refined with the
aim to fit the calculated profile to the experimental SAXS curve. An example for NMA-based
refinement against SAXS data is provided in chapter [4

When atomic resolution structures or suitable homology models are available, simple
fitting of high resolution structures into ab initio shapes can be achieved by using the software
SITUS, that uses vector quantization of the high and low resolution structures to achieve a
best fit between these (see chapter [3|for examples) [[72]. However, ab initio reconstructions
can also serve as a suitable structural framework for model building when only the secondary
structure is available. For instance, Lipfert et al. [73] could develop a structural model for the
VS ribozyme (Figure[1.9), which is the largest known nucleolytic ribozyme consisting of several
sub-components and where high resolution information was not available at that time. They
calculated SAXS-based ab inito models in which they placed cylindrical elements corresponding
to individual helical components given by the secondary structure. Conversion of the resulting
cylindrical model to a residue specific model in combination with an energy minimization
refinement procedure yield an atomistic solution model of the entire VS ribozyme. It was in
good agreement with the previously determined crystal structure of VS ribozyme [74].
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Figure 1.9: Examples of structural analysis approaches combining SAXS with high-resolution data and bioinfor-
matic methods. Graphics on the lower left illustrate the model development of the VS ribozyme solution structure,
as described in [73].(Reprinted from [41]] with permission from Elsevier Ltd.) In the middle, the rigid-body model
of the tumor suppressor protein p53 complex (cyan and green; tetramerization domain (red)) with its Taz2 binding
domains (blue) and DNA (magenta), which was deduced by Wells et al. [75], reprinted from [41]] with permission
from Elsevier Ltd.. The atomistic model on the right side was taken from the Protein database [76] (PDB code:
1MOS).

A further hybrid approach is the so-called rigid-body modeling, which has become an
attractive concept for quaternary structure analysis of macromolecular complexes or mul-
tidomain proteins [7, 65]. Here, atomic models of only individual subunits or domains are
available and combined with low-resolution data. For rigid-body modeling, the domains or
subunits are oriented such that they either fit best into the low-resolution envelope deter-
mined by ab initio reconstructions, or that their conformations yield a theoretical scattering
profile that best matches the experimental data [[77]]. As rigid-body refinement can be prone
to over-parametrization and multiple non-unique solutions, it is often performed in combi-
nation with distance and symmetry constraints obtained from cross-linking or FRET data
[15]. The combination of rigid-body modeling and ab initio reconstruction has also proven
to be advantageous in the refinement of high resolution or homology models, where parts
of the structure like flexible linkers or loops are missing. The program BUNCH [78]] allows
for rigid-body refinement by optimizing the position and orientation of domains or subunits
and the missing parts, which are represented as interconnected chains composed of dummy
residues. An impressive example for rigid-body modeling is the work of Wells et al. [75], where
the authors employ a combined approach of NMR, X-ray crystallography, and SAXS to deduce
a structural model of the multifunctional tumor suppressor protein p53 in complex with DNA
(Figure [1.9).

Furthermore, low-resolution information derived from SAXS can be effectively applied in
combination with protein-protein docking, a computational modeling approach that aims to
predict the 3D structure of a protein-protein complex. Docking itself only produces plausible
candidate structures, which have to be filtered, clustered and evaluated [79]. Over the past few
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years several integrative docking methods with SAXS have been developed, where the docking
models are evaluated based on a y*-value of the model scattering profile and the experimental
SAXS data [180, [81]].

1.6 Experimental SAXS setups

Having discussed the main structural information provided by small-angle X-ray scattering
and the diverse possible application of this technique, technical aspects of experimental SAXS
setups will be presented.

Small-angle X-ray scattering experiments can be performed either at in-house setups
or synchrotron facilities. Over the past few decades a tremendous progress in synchrotron
technology and in-house setups, in particular with regard to X-ray sources and detectors, could
be observed. Although the majority of biological X-ray data are primarily collected at dedicated
synchrotron beamlines, there is still a demand for laboratory-based systems due to limited
availability of measurement time at synchrotron facilities and associated logistic challenges
concerning sample stability and transportation.

1.6.1 Laboratory-based SAXS

During this thesis I was involved in the construction of a laboratory-based SAXS setup. A
detailed description of the setup is provided in chapter [3 Here, only the main important
components and their functions are introduced and recent developments of in-house SAXS
sources are presented (Figure [1.10).

X-ray sources and focusing optics

Regardless of the type of X-ray sources, the generation of X-rays in the laboratory follows the
same principle: in a vacuum tube a high voltage (e.g. 50 kV) is applied to accelerate electrons
that are released by a hot cathode, towards a metal target (anode). Collision of the electrons
with the metal results in the generation of heat (~ 99%) [82] and X-rays. The resulting X-ray
spectrum is a superposition of a continuous spectrum and a sharp line spectrum. The broad
continuous part is related to the deceleration of electrons in the metal resulting in the emission
of photons known as ‘Bremsstrahlung’ with an energy maximum corresponding to the applied
voltage.

Upon collision with the target atoms, electrons with a sufficiently high energy can knock
a bound orbital electron out of an inner shell of a metal atom. The resulting vacancy is
subsequently filled with an electron from an outer shell producing a photon with a characteristic
energy corresponding to the energy difference between the two shells. Highly pronounced
peaks occur in the so-called ‘characteristic spectrum’ and which are named after the inner shell
(K, L, M) and the distance between the shells (« for neighboring shells,  for next-neighbors).
As the K, -line has the highest intensity, the corresponding wavelength is used for experiments
requiring a monochromatic beam. Available anode materials include chromium (Cr; K, =
2.29 A), copper (Cu; K, = 1.54 A), molybdenum (Mo; K, = 0.71 A), silver (Ag; K, = 0.56 A) and
tungsten (W; K,, = 0.02 A) [83], where Cu-anodes are most commonly used.
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Since the first in-house-based SAXS experiments, X-ray tube anodes and appropriate
focusing optics have been under an ongoing development. Early sealed-tube instruments
suffering from the problem of low power and anode melting were replaced by rotating anodes
often in combination with perfect-crystal monochromators and long curved mirrors for beam
focusing [84]]. Although these configurations yield a higher brilliance, a quantity that describes
the photon flux considering also the beam dimensions (Table , and source sizes in the
mm-regime (Table[1.1), rotating anodes require high maintenance and are prone to failure [85].
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Figure 1.10: Layout of an laboratory-based SAXS setup and its most relevant components. (Top left) Schematic
of a microfocus X-ray source in combination with a Gobel mirror. Electrons are accelerated by a high voltage bias
towards an anode. The passing electrons are focused by magnetic lenses to the target. K,-X-rays are parallelized
and focused by Bragg-reflection at the parabolic multilayers of the G6bel mirror, while X-rays of other wavelengths
(1) are blocked by an aperture. (Bottom left) Operating principle of a liquid-metal jet anode, where a focused
electron beam hits a circulating liquid-metal stream resulting in the generation of X-rays. (Top right) Detection
principle of a CCD detector shown for one pixel. Incidence of an X-ray photon gives rise to its conversion into
several visible photons achieved by a scintillator material (e.g. phosphorus). These photons are then converted
to a current in the photodiode. Potential wells store the generated charges (electrons), which are transferred
from well to well followed by amplification and digitization. (Bottom right) Detection principle of a hybrid pixel
detector shown for one pixel. The incident X-ray photon is directly converted into a current in the sensor pixel.
The so-called ‘bump-bonding’ technique allows for the collection of electrons, which are then transformed into an
electric impulse that is subsequently amplified and discriminated before being counted in the readout pixel [86]].
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The introduction of microfocus X-ray sources and Gobel mirrors [[87]], which are paraboli-
cally bent multilayers with a thickness varying along the parabola, could reduce the beam focus
spot size to several tens of ym (Table Figure and a reduction in power requirements
[85]. However, these systems are still limited in performance due to melting of the anode
material above their actual power load capacity [85]. A recent innovation from Excillum circum-
vents the melting-problem by using a liquid-metal jet as anode material (Figure [82] 138]).
Current sources employ a liquid gallium (K, = 1.34 A) or indium (K,, = 0.51 A) alloy that is
pumped in a closed circuit and hit by an electron beam in an evacuated chamber, delivering
significantly higher brilliances (Table while withstanding higher electron beam power. In
combination with multilayer focusing optics, the device performance is comparable to second
generation bending magnet synchrotron beamlines [85].

System Power (W) Spot size on anode (um) Brilliance (photons / s mm? mrad™!)
Standard sealed tube 2000 10000 x 1000 0.1 x 10°
Standard rotating anode 3000 3000 300 0.6 X 10°
Microfocus sealed tube 50 150 X 30 2.0 x 10°
Excillum Metal Jet D2+ 160kV ~ up to 250 5-30 up to 6.5x 10!!

Table 1.1: Comparison of technical properties of different X-ray sources. Values were quoted from [85] and
Excillum (http://www.excillum.com).

Collimation

In order to collimate the X-ray beam, controlling beam size and divergence, apertures like
pinholes and slits are integrated in SAXS instruments [84]. First SAXS setups relied on line-
collimation, where the X-ray beam is well collimated in the direction of the scattering vector, but
not in the perpendicular direction [36]], resulting in smearing effects of the recorded scattering
intensities [84]. Development of slit systems led to the use of pinhole collimation, obviating
desmearing procedures but causing lower flux and an increased background due to so-called
parasitic scattering from the slits [89]. Great improvement in data quality could be achieved by
the invention of hybrid metal-single-crystal slits, where a rectangular single-crystal substrate
is bonded to a metal base with a large tapering angle away from the beam producing almost no
observable slit scattering [90].

Detectors

For a long period of time scattering data were collected based on X-ray films. It was in the
1980’s and 1990’s that first electronic detectors comprising multiwire proportional counters
and electronically controlled imaging plates were introduced. This enabled the connection to
computers making data collection much faster [85]. Despite detector type specific advantages,
such as detection area size or a high dynamic range, drawbacks like slow readout times (~ min)
let to extended measurement times. The latter could be improved with charge-coupled device
(CCD) based detectors with readout times ~ seconds, but where the performance is affected
by thermal noise known as dark current [86]]. Today, recently developed hybrid-pixel photon
counting devices [91]] have become standard detectors at most synchrotron SAXS beamlines
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and have become more and more established for in-house setups. Here, an active area of sensor
pixels, usually made from silicon (Si), cadmium telluride (CdTe) or gallium arsenide (GaAs)
[86]], absorbs every photon generating electron-hole pairs. The electrons are collected via a
so-called ‘bump-bonding’ into a readout chip. This technique results in a wide dynamic range,
high count-rates (up to 107 photons/s/pixel) and short readout times (~ ms) in the absence of
readout noise and dark current.

1.6.2 Synchrotron-based SAXS

Synchrotron radiation is the electromagnetic radiation emitted by electrons (or other charged
particles) moving close to the speed of light in an external magnetic field that forces them to
follow curved trajectories. In modern synchrotron sources, a linear accelerator (LINAC) in
combination with a booster ring serves to accelerate electrons to several giga electron volts
(GeV) (Figure[1.11). The electrons are then injected into an evacuated storage ring containing
arrays of different magnets that focus and bend the electron beam. Arced sections of the ring
are equipped with bending magnets while straight sections contain so-called insertion devices.
As the magnets force the electrons to stay on a circular path, which can be considered as a form
of acceleration, the electrons loose energy by emitting synchrotron radiation. The energy loss
during each turn is compensated by radio frequency (RF) supply. As the synchrotron radiation
is emitted tangentially to the plane of the electron beam when the electrons pass the magnets,
beamlines, containing optics and an experimental station (Figure , are located close to
the magnets and run off tangentially to the storage ring. The beamline optics are designed to
deliver an intense X-ray beam that can be fine-tuned in energy, beam-size, bandwidth, and flux
to deliver the appropriate conditions for a particular experiment.
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Figure 1.11: Sketch of the main components of a synchrotron. Adapted from [92]] with permission from Wiley.
Copyright ©2011 John Wiley & Sons, Ltd..
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The ESRF in Grenoble is one of the world’s largest synchrotron facility in Europe with a
storage ring circumference of 844 m and 49 different beamlines. The beam is usually kept at
current of 100 mA and brought to an operating energy of 6 GeV (see www.esrf.eu).

Since the first observation of synchrotron light in 1947, three generations of synchrotron
radiation sources have been established until now. While during the 1960’s so-called first gener-
ation synchrotron radiation facilities served only to perform high energy physics experiments,
second generation sources, equipped with bending magnets and magnetic structures known as
wigglers, were totally dedicated to synchrotron radiation studies (Figure [1.12). Improvements
in insertion device technology has allowed to conceive current third-generation synchrotron
light sources optimized for synchrotron radiation of much higher brilliance (section with
small beam sizes and tunable energies (Figure[1.12). Thereof, synchrotron radiation has found
an extensive use in varying disciplines of fundamental and applied research, illustrated by the
fact that ~ 77% of the total number of structure depositions in the Protein Data Bank (PDB)
were based on the use of synchrotron radiation in 2016 [93]]. However, a new generation of
synchrotron sources has already been introduced with the development of free electron lasers
(FELs) that can produce very short coherent light pulses (~ 10~!° s) with even higher peak
intensities than the most powerful synchrotrons.
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Figure 1.12: Overview of the brilliance of different X-ray sources. a Chronological development of X-ray sources
and corresponding brilliances. b Spectral brilliance curves for different magnet types frequently applied in 374
generation synhcrotron facilities. Reused from [[92] with permission from Wiley. Copyright ©2011 John Wiley &
Sons, Ltd..
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Properties of synchrotron radiation

The radiation pattern emitted by electrons circulating in a storage ring close to the speed of
light, is confined to a narrow cone in the direction of motion [9]. The opening angle 6 of the
cone is given by:

2
mc -1

0~ — =
E y

where m denotes the electron rest mass, c¢ the velocity of light, E the storage ring energy, and
y the Lorentz factor. For typical energies E of 1-8 GeV the opening angle is in the order of
0.5-0.06 mrad [92]]. For many experiments the photon beam has to be focused down to a very
small spot which is quantified by a highly relevant synchrotron radiation property termed
brilliance. The latter essentially describes the spatial and angular distribution of the photon
flux and is given by [92]]:

(1.21)

photons/second
(mrad)?(mm? sourcearea)(0.1%bandwidth)

Brilliance = (1.22)

For modern synchrotron facilities optimization of photon flux and brilliance is of major concern.
These quantities are considerably influenced by the magnet type.

Bending magnets

Synchrotron radiation from a bending magnet (BM) is confined to a flattened cone (Figure
1.13p) and covers a continuous spectrum extending from the X-ray to infrared region. It is
linearly polarized when observed in the bending plane and elliptically polarized out of this
plane [94]. The spectrum is characterized by a critical energy E,, that divides the spectrum
into two parts of equal radiated power (i.e. half of the total power is radiated at energies below
E. and the other half at energies above E.) (Figure [1.13p). The critical energy is determined by
the properties of the synchrotron source [92]:

E.[keV] = 0.665 - E[GeV] - B[T] (1.23)

where E is the energy of the electron beam and B the magnetic field of the bending magnet.
Figure[1.13p depicts BM spectra for different storage energies, illustrating the shift of E, towards
higher values for increasing storage ring energies. The maximum achievable photon energy is
a few times its critical energy.
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Figure 1.13: Schematic view of the radiation fan and corresponding emission spectrum generated by a bending
magnet (BM). a Sketch of the synchrotron emission spectrum generated when the electron beam passes the BM.
b Spectral distribution of the emitted photons for different storage ring energies (written in blue). Red circles
display the critical energy (E.) and the corresponding values are noted below. Adapted from [94]], with permission
from Springer. Copyright ©Springer-Verlag Berlin Heidelberg 2015.

Insertion devices

Inclusion of insertion devices (ID) in storage rings designating second and third generation
synchrotron facilities, has allowed for the production of significantly higher flux and brilliance
than realized by BM (Figure[1.14). In ID the magnets are periodically arranged producing an
alternating magnetic field, which forces the electrons on an oscillatory trajectory. There exist
two types of ID known as wiggler and undulator. In the following only the main characteristics
of undulators will be discussed. Undulators generate a "quasi-monochromatic" radiation
spectrum where the photons emitted by the oscillating electrons interfere. Constructive
interference occurs only for a particular wavelength and its harmonics (Figure [1.14). The
resulting spectral lines are equally separated in energy AE by [92]:

2hcy?

(1.24)

with h as Planck constant, A, as undulator period and K as dimensionless parameter, which
depends on the ID properties and is typically ~ 1 for undulators. The angle of the radiation
cone of the n-th harmonic is compressed by a factor of 1/ VN (where N is the number of
periods in the undulator) in comparison to the opening angle of the radiation from a BM [9]].
Moreover, for an undulator with N periods, the brilliance can be up to a factor of N 2 more
than a for bending magnet. The polarization of the emitted radiation can be controlled by
laterally shifting the relative positions of the magnet poles, resulting in a linear polarization if
the oscillations are confined to a plane, or a circular polarization, if the oscillation trajectory is
helical.
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Figure 1.14: Schematic view of the radiation fan and corresponding emission spectrum generated by an undulator.
a Sketch of the synchrotron radiation emission from a multipole undulator. b Calculated flux spectrum of the APS
(Advanced Photon Source (7 GeV)-Argonne (Illinois)) undulator A, optimized to generate X-ray photons in a wide
energy range, using the first, third and fifth radiation harmonics (sharp peaks) [94]. The electron beam current
was 100 mA. Adapted from [94] with permission from Springer. Copyright ©Springer-Verlag Berlin Heidelberg
2015.

1.6.3 Example for a biological SAXS beamline

Synchrotron-based SAXS experiments are conducted in the so-called ‘experimental hutch’ of
a beamline (Figure A typical layout of a synchrotron beamline is illustared in Figure
showing the BioSAXS beamline BM29 at the ESRF in Grenoble [95]], where most SAXS
experiments during this PhD thesis were conducted. The X-rays generated from a BM are first
masked then monochromated and calibrated to the desired energy and further shaped in a
fully evacuated beam path. The experimental hutch is equipped with an automated sample
loader [96]], where a robot loads the sample from a PCR tube into a quartz capillary (diameter
~ 1.5 mm). Commonly, the sample is passed through the capillary at a constant flow velocity
and the beam hits the sample at a defined position. Typical sample volumes for one run are in
the order of 20 - 30 ul. The scattered X-rays pass an evacuated flight tube and hit the detector,
which is placed ~ 3 m behind the sample environment. A beamstop in front of the detector
blocks the direct beam in order to prevent damage of the detector array. A more detailed
description of the measurement procedures can be found in the Materials and Methods section
of chapter
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Figure 1.15: Schematic view of the BioSAXS beamline BM29 at the ESRF. Adapted from [95].
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Moreover, SAXS experiments described in chapter 5| were carried out at beamline ID02 at
the ESRF, where two undulators deliver a higher photon beam than at beamline BM29 (Table
[1.2). The beamline layout is comparable to the one of beamline BM29 and main characteristics
of both beamlines are summarized and compared to the in-house SAXS source at the LMU (see

chapter 3) in Table

Parameter ID02 BM29 in-house source LMU
Energy (keV) 7.7-17.0 (12.4*)  7.0-15.0 (12.4%) 17.4
Maximum flux (photons/s) ~ 10 ~ 1012 2.5 x 10°
Standard beam size (mm X mm) 0.2 xX0.4 0.5 % 0.5 1.2x 1.2
Divergence (mrad) 0.02 X 0.04 0.13 0.16
Sample-detector distance (m) 0.6 - 30.0 2.9 1.1-25
g-range (nm™!) 0.001 - 60 0.03-5 0.09 - 3.8
Sample volume (1) 20 30 80
Exposure time ~ 10 - 20 ms ~1s 2h

Table 1.2: Comparison of the main X-ray beam characteristics of beamline ID02 and BM29 at the ESRF in Grenoble
and the in-house source at the LMU. * denotes the optimum energy.
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DNA Nanotechnology

2.1 Introduction

The concept of nanotechnology was first formulated by the physicist Richard Feynman in his
famous seminal talk entitled “There’s plenty of room at the bottom’ in 1959 [97]. He envisioned
the possibility to precisely manipulate individual atoms and molecules and this idea was further
developed by the engineer Eric Drexler, presenting a bottom-up manufacturing approach to
create artificial molecular machines (‘molecular assemblers’) that are able to direct chemical
reactions or to build copies of themselves and other molecular machines ‘atom-by-atom’ [[98]].
Another way to design molecular structures employs molecular self-assembly, describing the
process in which individual molecules spontaneously assemble in a highly parallel manner into
a defined target structure requiring no external guidance. The final structure is programmed in
the shape and functional groups of the molecules.

In 1980 the crystallographer Nadrian Seeman proposed to utilize DNA molecules as a
programmable building material [99], where one takes advantage of the predictable properties
of Watson-Crick base pairing to encode the global target shape. He originally intended to
construct three-dimensional (3D) DNA lattices enabling to orient proteins and study their
structure with X-ray crystallography making the delicate crystallization process redundant.
Early attempts resulted in complex DNA nanostructures with symmetric shapes like a cube
[100] or a truncated octahedron [101]. A conceptual breakthrough was achieved with the
introduction of the ‘DNA-origami’ technique, laid out by Paul Rothemund in 2006 [102]]. This
approach has allowed for the creation of both two- and three-dimensional nanoscale objects
with increasing structural complexity and applicability [103-117]. The following sections give
an overview of the DNA origami technique and created nanostructures as well as possible
applications.
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Figure 2.1: Schematic representation of DNA origami-based self-assembly. A long viral circular single-stranded
DNA strand (scaffold strand) is mixed with hundreds of short ‘staple’ strands that bind sequence specifically to
the scaffold strand forcing the scaffold into the designed target shape. Adapted from [118] with permission from
Nature Publishing Group, copyright 2010.

2.2 DNA origami-based self-assembly

The DNA origami technique employs a long (~ 7000 - 8000 bp) circular single-stranded DNA
template strand, typically derived from the M13 bacteriophage genome and known as ‘scaffold
strand’, which is folded into a prescribed target shape by hundreds of short synthetic DNA
oligonucleotides (‘staple strands’), typically 20 - 60 bp long (Figure [119]. The latter are
designed to be complementary to specific segments along the scaffold strand allowing for the
hybridization between staples and the scaffold strand. As a result spatially distant regions are
brought together and a parallel-array of double helices is formed. Adjacent helices are held in
place by double crossovers in the form of holliday junctions, which are covalent phosphate
links between two DNA double helices.

The self-assembly of DNA origami objects proceeds in one-pot reaction mixtures containing
the required DNA strands and cations (generally divalent magnesium ions, but monovalent
sodium ions can also be used [[120]]). The reaction mixtures are subjected to a thermal annealing
ramp, starting with a thermal denaturation step in order to render all DNA in solution single-
stranded. Next, the sample is continuously cooled over a narrow, object-specific temperature
interval [[121]], where the staples attach to their complementary parts on the scaffold strand.
This process is highly cooperative. The final solution contains the target objects, excess staple
strands and some unintended by-products, such as misfolded or defective structures, and
higher-order multimeric aggregates that can form during the reaction [122]]. Thus, purification
procedures are required to extract only the target DNA origami objects from the folding reaction
mixture (see Refs. [122] 123] for details). Scaffolded DNA origami enables the creation of a
variety of complex objects reaching over 100 nm in size and molecular masses in the megadalton
regime [[102] (124} 125]).
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2.3 Static DNA origami structures of complex 2D- and 3D
shapes

First DNA origami objects were of planar, arbitrary two dimensional shapes including a
triangle, a star and a smiley face (Figure[2.2p) [[102]. Due to the ability to functionalize DNA
nanostructures with nanometer precision, 2D origami structures have been successfully applied
as templates to organize molecules, proteins or nanoparticles into specified geometries [126] or
for visualization of chemical reactions [127]. Expanding DNA origami structures to the third
dimension was mainly achieved by Shih and coworkers [[124] in 2009. Their design concept
is based on a flat array of parallel helices that can be folded into 3D structures with double
helices constrained to a honeycomb lattice (Figure 2.2h). The almost simulatenous development
of the open-source software caDNAno [128] could facilitate the design of 3D DNA origami
nanostructures and has become a standard design tool. Subsequent work allowed for even more
sophisticated 3D DNA origami structures [129]. Here, site-directed insertions and deletions of
base pairs in DNA bundles, allows for creating twisted and curved 3D DNA origami objects
of varying geometries (Figure [2.2h). Further design concepts, deviating from the honeycomb
lattice framework were introduced a few years later (Figure 2.2p) [125, 130} 131].

Due to the great interest in DNA nanotechnology and rapid advances in the development
of design rules and assembly methods, DNA origami has emerged as a versatile toolset for
constructing well-defined, arbitrarily shaped nanostructures with applications in a variety
of fields. Examples include 3D DNA origami nanostructures applied for biosensing [132],
super-resolution microscopy [133]], NMR-based structure determination of membrane proteins
[117] or as structural framework for the spatial organization of synthetic nanomaterials to
tailor surface plasmon resonances [[134][135]] and to create artificial light-harvesting complexes

[136] (Figure [2.2).

2.4 Dynamic DNA nanostructures: state of the art and
general concepts

Despite the diversity of static DNA origami objects, functional nanostructures that can be used
as targeted drug delivery vehicle or as artificial nanomachines with defined and controllable
functionalities will likely require the ability to undergo reconfigurable conformational changes.
In general, conformational transitions of dynamic DNA devices are triggered and controlled by
external stimuli. In this context a reaction known as toehold-mediated strand displacement
where single stranded (ss) DNA strands serve as an external trigger, has become a widely used
strategy to direct conformational changes [137, [138]. The first successful realization of this
concept was demonstrated in 2000 by Yurke et al. [138]], who had developed a so-called DNA
tweezer. It was further adapted to create dynamic DNA origami nanostructures, such as a DNA
origami box with a controllable lid [139] or a DNA nanorobot [110] allowing for molecular
payload transport and release in cells (Figure [2.2b). Strand displacement reactions can be
considered as a random walk process with reaction rates between 1-10° M~!s™! [137] depending
on the properties of the toehold domain and the input strand concentration. Conformational
transitions of DNA origami devices triggered by ssDNA strands are reported to occur on the
timescale of minutes [137].
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Figure 2.2: Overview of 2D and 3D DNA origami structures. a First planar 2D DNA origami structures designed
by Paul Rothemund (left). Multilayer DNA origami objects in square lattice (left) and honeycomb lattice (right)
packing, based on the design principles from Shih and coworkers [124] (top, middle). Below, a 3D square nut as
an example for a multilayer object is shown, followed by a hollow box designed by Andersen et al. [139]. On
the right: a square-toothed gear (top) and a nanoflask (bottom) as represenatives for curved 3D DNA origami
objects. Figures were reused from with permission from Nature Publishing Group, copyright 2011. b Chiral
plasmonic nanostructures where goldnanoparticles are attached to a DNA origami helix bundle (left). Imaging
probes for fluorescence microscopy using fluorescently labeled DNA origami helix bundles. DNA nanorobot that
can carry molecular payloads and release them when specific cell surface proteins are present (middle). Figures
were adapted from [141]] with permission from Elsevier, copyright 2013. Dynamic nanodevice exhibiting a tunable
ensemble of states that respond to physical interaction with the local environment (right) [142]. Reused from

[142].

An alternative method is to design DNA devices where the conformational transition is
initiated by changes in pH, ionic strength, temperature or light irradiation. The latter include
azobenzene modified DNA devices and 3D plasmonic DNA origami nanosystems, labeled
with gold-nanoparticles [[144] [145] that can reversibly switch between two conformational
states upon the irradiation with UV and visible light. Castro and coworkers [142] designed a
DNA origami nanodevice that can sense and respond to the local environment by changing its
conformation (Figure [2.2p).

A very common approach employs the integration of specific DNA sequence motives such
as the i-motif or poly(dG-dC) sequences that are sensitive to changes in solution
conditions. These structural motives were implemented in a pH-responsive DNA device
changing between an open and a closed conformation upon the addition of H* or OH™ ions
[148]) and a DNA origami based rotary motor with a poly(dG-dC) motif as functional site, where
a B-Z DNA transition occurs when the magnesium chloride concentration is increased [108]).
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Using external stimuli other than DNA as trigger offer the advantage that related conformational
changes of dynamic DNA nanostructures can occur on faster timescales (~ seconds) [149] 150]].

Recently, Gerling et al. [112] reported on a framework that allows for the dynamic assembly
and disassembly of homo- and heteromultimeric 3D DNA origami objects upon changes
in cation concentration or ambient temperature. The objects feature shape-complementary
components that interact via short-ranged nucleobase stacking bonds competing against
electrostatic repulsion between the involved interfaces. A detailed structural description and
kinetic analysis of related DNA origami structures are provided in chapters

2.5 Future challenges of DNA origami based
nanostructures

The previous sections have illustrated the interdisciplinary character and the rapid growth of
DNA nanotechnology. However, the field also faces some challenges that need to be addressed.
For instance, broader applicability especially in biomedical applications will require reduction in
costs for synthesis and an increase in quantity regarding fabrication of DNA origami structures.
Additionally, some applications may require even larger and complex DNA origami objects than
currently feasible. As the size is limited by the use of M13 bacteriophage-based DNA, use of
longer scaffold strands [151]], assembly of pre-formed structures [152] or extended hierarchical
assembly approaches [153]] have been introduced for size expansion.

Also, the variety of structural analysis techniques might be further exploited for detailed
structural characterization of DNA origami objects, which will be helpful for future design
strategies or optimization. So far, structural analysis of DNA origami objects mostly rely on AFM
or negative-stain TEM imaging, which require surface immobilization of the sample, potentially
biasing the conformation of the sample and making it difficult to detect conformational changes
upon variation in solution conditions. Here, the application of cryo-EM and SAXS, that both
have been succesfully applied in DNA nanotechnology [2 [154-156]], can be considered as
promising complementary techniques. In combination with computational approaches [157] a
more profound structural characterization of large DNA origami objects might be achieved.

Finally, a major obstacle is to enhance the stability of DNA origami structures in cellular en-
vironment, where denaturation of DNA due to physiological salt concentrations and structural
degradation mediated by nucleases limit their applicability [114]. Improvements in stability
and bioavailability have been made by enveloping DNA nanostructures in PEGylated lipid
bilayers [158] or oligolysine [114].
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A Mo-Anode-Based In-House Source for
Small-Angle X-Ray Scattering
Measurements of Biological
Macromolecules|

Summary

We demonstrate the use of a Molybdenum-anode-based in-house SAXS setup to study biological
macromolecules in solution. Our system consists of a microfocus X-ray tube delivering a highly
collimated flux of 2.5 X 10° photons/s at a beam size of 1.2 X 1.2 mm? at the collimation path
exit and a maximum beam divergence of 0.16 mrad. The resulting observable scattering vectors
q are in the range of 0.38 A~! down to 0.009 A™! in SAXS configuration and of 0.26 A~ up
to 5.7 A~! in wide-angle X-ray scattering (WAXS) mode. To determine the capabilities of the
instrument, we collected SAXS data on weakly scattering biological macromolecules including
proteins and a nucleic acid sample with molecular weights varying from ~ 12 to 69 kDa and
concentrations of 1.5-24 mg/ml. The measured scattering data display a high signal-to-noise
ratio up to g-values of ~ 0.2 A™! allowing for an accurate structural characterization of the
samples. Moreover, the in-house source data are of sufficient quality to perform ab initio 3D
structure reconstructions that are in excellent agreement with the available crystallographic
structures. In addition, measurements for the detergent decyl-maltoside show that the setup
can be used to determine the size, shape, and interactions (as characterized by the second virial
coefficient) of detergent micelles. This demonstrates that the use of a Mo-anode based in-house
source is sufficient to determine basic geometric parameters and 3D shapes of biomolecules and
presents a viable alternative to valuable beam time at third generation synchrotron sources.

This Chapter was reproduced from Bruetzel et al. [1l], with the permission of AIP Publishing. Author
contributions: L.K.B, S.F., B.N., and J.L. designed the study and wrote the paper, L. K.B. and S.F. constructed the
setup and performed experiments with A.S., S. M. S.; all authors analyzed the data.
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3.1 Introduction

Small-angle X-ray scattering (SAXS) is a powerful tool to investigate the structure and interact-
ions of biological macromolecules in solution [7, 10, 3T]. SAXS has the important advantage
of being a solution-based technique, thus obviating the need for sample crystallization and
enabling studies of biological macromolecules in a range of solution conditions, from (near-)
physiological to highly denaturing [39]. In the past, SAXS data have frequently been used
to determine basic parameters of macromolecules in solution, such as the radius of gyration
[29,130] (Ry) and the maximum intermolecular distance [159] (Dmax). Determination of e.g.
(Ry4) under varying solution conditions has provided important insights into protein [39] and
RNA folding [160] and into the nature of the unfolded states [161}[162]]. Nonetheless, the utility
of SAXS data has been tremendously enhanced in the last two decades through the increasing
availability of algorithms to determine and to compare the (low resolution) 3D structures of
macromolecules from 1D scattering profiles. In particular, a number of algorithms now make it
possible to obtain low resolution 3D “bead” models from SAXS data for proteins [59,60,62] and
for nucleic acids [163] without any other prior information of the sample. In addition, if SAXS
data can be combined with prior information from e.g. FRET [[73], NMR [164], crosslinking, or
known crystal structures [[7, 30] even more refined molecular models can be obtained.

Current SAXS measurements often rely on state-of-the-art synchrotron sources, in particular
due to their high photon flux and tunability. Nonetheless, in-house anode-based sources remain
an important and attractive alternative [84]], in particular given the limited availability of
measurement time at synchrotron user facilities and the considerable logistic challenges to
carry out measurements at an — often far away — off-site location. In principle, it is possible to
compensate the reduced flux at lab-sources at least partially by extended counting times, e.g. by
increasing exposure times from ~ 1 s typical for biological samples at high-flux synchrotrons
to 10° - 10* s. However, this approach only works if the signal-to-noise ratio is high, i.e. if the
background noise does not increase too much for long integration times. Therefore, the question
which energy range is best suited for SAXS measurements of macromolecules in solution is
tightly connected to the question which energy range provides the best signal-to-noise ratio
for these conditions.

Currently, most in-house based sources employ copper (Cu) anodes with K, radiation
at 8.0 keV, corresponding to a wavelength of 1.54 A. Their application for solution SAXS
measurements on weakly scattering biological samples has been already proven [[84] and also
ab initio reconstructions with the programs DAMMIF [61]] and GASBOR [62] could be performed
successfully [165,166]. An alternative to using Cu anodes are molybdenum (Mo; K,, = 17.4 keV)
anode sources, which provide shorter wavelength X-rays compared to Cu, with a characteristic
wavelength of 0.71 A. Mo-anode sources have been employed to investigate macromolecules,
powders or thin film alloys by SAXS [167]], wide-angle X-ray scattering (WAXS) [167-169],
grazing-incidence X-ray scattering (GISAXS) [170]], crystallography [171]] and diffractometry
[172,[173]]. However, a detailed description and analysis of a Mo-anode-based in-house setup
for SAXS measurements on biological macromolecules in solution is still lacking. Here, we
present a comprehensive specification and characterization of a Mo-anode in-house source for
SAXS measurements on proteins, nucleic acids, and detergent micelles. The shorter wavelength
of Mo has a number of potential advantages: First, since the absorption coefficient for X-rays
decreases sharply with increasing energy, higher energies cause less radiation damage in the
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sample [19]]. Second, scattering from air and window materials in the beam path is also reduced
at higher X-ray energies. Third, the reduced absorption coefficient means that the optimal
beam path (1 7!) in the sample is longer for higher X-ray energies, e.g. for water y~! ~ 10 mm
for Mo and p~! ~ 1 mm for Cu radiation, which can be advantageous for samples handling,
i.e. for sample environments that benefit from a larger sample dimensions. Fourthly, since the
magnitude of the scattering vector q is inversely proportional to the X-ray wavelength A, a
shorter wavelength is highly beneficial to perform WAXS measurements, where high g-values
are desired. Thus, a shorter wavelength as given by Mo anodes, facilitates the combination of
SAXS and WAXS measurements within a single setup, which can be advantageous for structural
studies on biological samples such as proteins or peptides [174} 175]].

We test our Mo-anode setup on a panel of typical, weakly scattering biological samples,
including several proteins (bovine serum albumin, horse heart cytochrome c, and chicken egg
white lysozyme), a nucleic acid sample (24 bp DNA duplex), and a micelle forming detergent
(decyl-maltoside; DM). These samples have been investigated previously at third generation
synchrotron sources and (except for the micelle sample) have known crystallographic structures,
enabling a critical comparison and evaluation of our in-house data. The results suggest that our
Mo-anode-based source achieves good signal-to-noise even on weakly scattering samples; the
data are of sufficient quality to carry out standard SAXS analyses, such as Guinier fitting of the
Ry, and to obtain ab initio 3D shape reconstructions for the protein and nucleic acid samples
that exhibit good agreement with the known crystallographic structures. In addition, the data
permit to fit a two-component ellipsoid model to the DM micelle data and to determine the
size, shape, and interactions of the detergent micelles in solution.

3.2 The X-ray Setup

In brief, the in-house setup consists of a microfocus X-ray source with multilayer optics corre-
sponding to the K, line of the target, a collimation path with two scatterless slits, a motorized
sample stage, two exchangeable vacuum tubes, and a hybrid pixel detector (Fig. [3.1). The
individual components are described in detail in the following sections. The setup is optimized
for SAXS measurements, but can also be used for WAXS and diffraction measurements, as
shown previously[[176] and discussed only briefly here.

Mo-based X-ray
source

Beam- Hybrid pixel
Scatterless, Sample Vacuum tube stop detector

< el Y
slits lholder’ |
\

¢ \
Heatbath
connector "~ Motors—" - Motor

82cm 110-250 cm

Figure 3.1: Schematic layout of the in-house setup for SAXS measurements. For further details see sectionin
the text.
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3.2.1 X-ray source and collimation path

Our system consists of a Mo GeniX>*” microfocus X-ray tube (Xenocs SA, Sassenage, France)
combined with FOX2D single reflection optics delivering a monochromatic and highly stable
beam with an X-ray energy of 17.4 keV. The flux is typically around 2.5 x 10° photons per second
at the sample stage. For collimation the beam enters an 82 cm long, fully evacuated collimation
path closed by a 25 ym thick Kapton foil at the end. Collimation is achieved by integrating two
partially motorized scatterless aperture slits (Xenocs SA, Sassenage, France) [90], one upstream
right at the mirror and the second at the tube exit. The scatterless slits consist of a rectangular
single Ge-crystal substrate bonded to a metal base with a large tapering angle away from
the beam, which significantly reduces parasitic scattering and enhances resolution compared
to conventional X-ray apertures [90]. Moreover, their insertion leads to a simplified optical
design in comparison to previous implementations, which required three apertures [177]. With
this optical configuration we achieve a highly collimated (horizontal divergence: 0.12 mrad,
vertical divergence: 0.16 mrad FW20%M) beam with a size of approximately 1.2 X 1.2 mm? at
the collimation path exit.

3.2.2 Sample cell and sample stage

The sample stage is positioned 5 cm in front of the collimation path exit. It consists of a fully
motorized platform where six stepper motors allow moving the stage in horizontal and vertical
directions with 5 ym and 0.1 ym precision, respectively, and enable rotation of the stage about
all three axes with 0.005° precision. A rectangular aluminum sample holder with two slots for
sample chambers (adapted from [178]) is connected to the platform for successive automated
measurements of sample and buffer solution (Supplementary Fig. [3.7). The bottom part of the
sample holder is connected to a circulating heat bath (F12-MA, Julabo, Germany) via rubber
tubes enabling temperature control of the sample cells in the range of 4 - 70 °C (+ 0.8 °C). For
SAXS measurements conducted at room temperature, we used polyvinyl chloride (PVC) based
sample chambers. The cylindrical observation volume of the chambers is filled with sample
solution via two small inlets with a diameter of 0.6 mm from the top. This design prevents the
formation of air bubbles and minimizes evaporation during measurements.

In order to achieve the optimum scattering signal, the chamber length corresponds to
the absorption length of Mo in water, equal to the absorption coefficient, which is approx-
imately 10 mm [[179]. The diameter of the cylindrical observation volume is 3 mm so that
parasitic scattering due to interactions of the incoming beam with the PVC is avoided and
the opening angle is large enough so that scattering events happening at the beginning of
the chamber can still be detected. The overall sample volume is roughly 80 ul. The windows
of the sample chamber are made of 25 ym thick potassium aluminosilicate (muscovite mica)
sheets (Goodfellows Cambridge Ltd., UK) that are glued on both openings of the cell with two-
component epoxy (UHU Ltd., Germany). The use of mica as window material only introduces
~ 6% attenuation (assuming an attenuation length of 800 ym for mica [[179]) and it suppresses
evaporation of sample solution during measurements. Furthermore, the windows do not cause
a detectable background signal (Supplementary Note 1 in section[3.7.1|and Supplementary Fig.
3.8). For temperature-controlled experiments, we used sample chambers made from aluminum
for improved thermal coupling. The sample holder can be removed to perform calibration
measurements with glassy carbon, silver behenate (AgBe), and lanthanum hexaboride (LaBg).
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AgBe and LaBg are stored in aluminum chambers closed by 25 ym thick Kapton foils. The
glassy carbon sample is fixed in an aluminum holder and mounted directly below the AgBe
chamber. The calibration materials can be placed into the beam by a motor.

3.2.3 Evacuated flight path and beamstop

Our setup for SAXS measurements can be switched between two sample-detector distances
of 110 cm and 250 cm, corresponding to g-ranges of 0.014 - 0.38 A~ and 0.009 - 0.15 A1,
respectively. A distance of 250 cm corresponds to more pixels covering the low g-range. For
the two measurement modes, vacuum tubes with lengths of 95 cm and 180 cm, respectively,
are placed between the sample stage and the detector in order to reduce air scattering (Fig.
3.1). A detailed analysis of various sources of background signals and in particular of the
influence of air scattering on the SAXS data is given in Supplementary Note 1 in section
and Supplementary Fig. Kapton foils with a thickness of 25 ym at the front and 50 ym at
the end seal the ends of each vacuum tube. The vacuum tube has a diameter of 3 cm at the
front and 10 cm at the back. We integrate beamstops at the end of the vacuum tubes by gluing
circular lead tapes with diameter of 3 mm (for the 95 cm vacuum tube) and 4 mm (for the 180 cm
vacuum tube) at the center of the Kapton foil inside the vacuum tube. The entire vacuum tube
can be moved by two stepper motors in vertical and horizontal directions allowing for accurate
alignment of the beamstop. This configuration is advantageous, as it does not introduce any
additional shadow effects from a beamstop holder, and as it avoids air scattering compared to a
beamstop positioned outside of the vacuum. Moreover, the lead tape is slightly transparent to
the beam so that fluctuations in the beam position can be detected. In the WAXS geometry the
sample-to-detector distance is set to 32 cm resulting in a g-range of 0.26 - 5.7 A™!. Due to the
relatively short sample-to-detector distance we do not employ an evacuated flight path.

3.2.4 Detector

For X-ray detection we use a CMOS hybrid pixel detector (Pilatus 100K, Dectris Ltd, Switzerland)
with a sensor thickness of 1000 ym yielding a quantum efficiency at Molybdenum K, -energy of
76%, which is limited by the absorption of silicon (z~* (Mo) ~ 700 um for silicon). The detector
area consists of 487 x 195 pixels with a pixel size of 172 ym in both directions, which leads to a
total size of 83.8 X 33.5 mm? (width X height). The dynamic range is 20 bits, corresponding to
1048576 photons. Hybrid pixel detectors are single photon counters with the advantage of low
background and the absence of dark noise [180]]. For the SAXS configuration with the short
vacuum tube, the detector is attached to a stepper motor that moves the detector in vertical
direction. This stepper motor is fixed to a custom-made focusing rail, which can be moved
manually in order to align the detector in the horizontal direction. For the configuration with
the long sample-detector distance the detector is fixed in vertical position such that the beam is
centered and can be adjusted manually in the horizontal dimension. For WAXS measurements
the detector is placed on a motorized stage (BiSlide, Velmex Inc.). The motorized stage can
be moved in horizontal and vertical direction with a travel range of 25.4 cm for automated
scanning and stitching of the detector images.
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3.2.5 Software

We control the instrument components and perform data acquisition using the UNIX-based
software package ‘spec’ (Certified Scientific Software, Cambridge, USA) which is widely used
for X-ray scattering and diffraction experiments at synchrotrons and laboratory systems. ‘spec’
can directly communicate with the Pilatus detector via macros (downloaded from the Dectris
website: www.dectris.com). Furthermore, a custom-written Matlab routine displays the live
image of the detector for fast and easy adjustment.

3.3 Materials and Methods

3.3.1 Calibration standards

We utilize silver behenate (AgBe; VWR International, Germany) to calibrate the beam center
position and sample-to-detector distance for all small-angle measurements (Supplementary
Fig.[3.9) [181]]. In addition, we use a pre-calibrated 1 mm thick glassy carbon sample (kindly
provided by Dr Jan Ilavsky, APS, Argonne National Laboratory, USA) for the calibration of
the recorded intensity to absolute scattering cross section units [182]] of cm™! and sr™!, which
enables the comparison of scattering data from different instruments. For the calibration of the
wide-angle configuration we use lanthanum hexaboride (LaBs; SRM 660c, NIST) (Supplementary

Fig.3.9).

3.3.2 Sample preparation

A 24 bp DNA duplex sample was assembled from chemically synthesized oligonucleotides
(Metabion, Germany) and prepared as described previously [183]]. BSA, cytochrome ¢ and
lysozyme were purchased from Sigma-Aldrich and used without further purification. Detailed
information about the employed buffers and sample concentrations are listed in Table For
concentration series a stock solution of the highest concentration was prepared by weighing
out the lyophilized protein powder and diluted to the required concentrations. Both buffer and
sample solutions were filtered through 0.22 ym syringe filters (Thermo scientific, USA). Prior
to the measurements, sample solutions were centrifuged at 13500 rpm for 10 min in a tabletop
centrifuge (Eppendorf, Germany). Sample and buffer solutions were degased in a desiccator
at a pressure level of 30 mbar for 20 min to avoid the formation of air bubbles in the sample
chamber during measurements. For each measurement 80 pl of sample or buffer solution were
loaded into the sample chambers.

3.3.3 Measurement procedures

Prior to each experimental run, scattering curves of AgBe and glassy carbon were measured to
determine the sample-detector distance with mm-accuracy and to calibrate the scattering curves
on an absolute scattering scale. Sample chambers were placed in the sample holder and aligned
such that the incoming X-ray beam penetrates the chamber at its center as follows: The sample
stage is scanned vertically and horizontally in a range of 5 mm. At each position a 1 s exposure
is recorded with the beamstop removed and the intensity is integrated. The intensity stays
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approximately constant when the X-ray beam penetrates the observation volume and drops off
rapidly when the beam is clipped by the sides of the sample chamber, allowing for an accurate
determination of the center position. Biological SAXS measurements were performed at room
temperature and exposure times were set to 1 - 3 h with 3 to 6 repeats each, resulting in a total
exposure time of up to 24 h for each measurement. Matching SAXS profiles of each repeat were
used for data averaging as described in the following section. For concentration series, we used
the same chamber, which was rinsed with deionized water and buffer solution before filling
it with fresh sample solution. Matching buffer profiles were collected using identical settings
and procedures. For selected SAXS experiments, dynamic light scattering measurements on
a NANO-flex 180° instrument (Particle Metrics GmbH, Germany) were performed to test for
possible aggregation. No aggregation was observed for any of the tested samples.

Sample Number of Molecular Concentrations Buffer
residues / weight (mg/ml)
nucleotides  (kDa)
BSA 583 69.0 5 50 mM HEPES, pH = 7.5,
50 mM KC1
Cytochrome ¢ 104 12.4 2,8,24 100 mM acetate buffer, pH = 4.6,
0.5 M guanidinium hydrochloride
Lysozyme 129 14.3 5, 10, 20 40 mM acetate buffer, pH = 4.5,
150 mM NaCl
24bpDNA du- 48 ~14.6 1.5,4.4 50 mM sodium 3-(N-morpholino)
plex propanesulfonic acid,

pH = 7.0, 150 mM NaCl

Table 3.1: Overview of samples with corresponding concentrations and buffers used for SAXS measurements.

3.3.4 Data processing and evaluation

The two-dimensional detector images were processed with a macro including the command
‘remove outliers’ of the software Image] (National Institutes of Health, USA) in order to remove
artefacts, which appear as small bright spots of only a few pixels in the detector image, due to
background radiation as for instance cosmic rays. The ‘remove outliers’ algorithm replaces
a pixel value by the median of adjacent pixel values if it deviates from the median by more
than the threshold value. We used a radius of 7 for the pixel area to calculate the median and a
threshold value of 50. By setting ‘which outlier’ to ‘bright’ only pixels that are brighter than the
median of the surrounding are replaced. Next, we used the Igor Pro plugin NIKA [[184] to reduce
the 2D detector data into a one-dimensional scattering intensity. First, the sample-to-detector
distance and the beam center were refined based on the AgBe scattering data. Then, circular
averaging of both sample and buffer images was performed without any additional corrections.
We further used custom-written MATLAB scripts (The MathWorks, Inc., MA, USA) to inspect
the scattering data for aggregation or radiation damage, to perform data averaging,buffer
subtraction, to define the usable g-range and for calibration of the data to exposure time,
concentration, and absolute intensity. In addition, the MATLAB scripts performed a Guinier
analysis to determine the radius of gyration R, by iterative linear regression within the g-range
of the data limited by gR, < 1.3. Unless otherwise noted, the profiles shown represent averaged
scattering data resulting from 3 repeats of 2 h exposures.
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3.3.5 Theoretical scattering curves and ab initio low resolution
reconstructions

For comparison of the experimental SAXS data, we calculated theoretical scattering profiles
for our panel of scattering standards based on their atomic coordinates using the program
CRYSOL [46] in default mode. The crystallographic structures of the protein samples were
obtained from the protein data bank [76], with PDB accession codes 4F5S for BSA, 1HRC
for cytochrome c and 6LYZ for lysozyme. For the 24 bp DNA a PDB file with the atomic
coordinates was generated using the 3DNA package [185]]. We used the program DAMMIF [61]]
to generate ab initio three-dimensional models from the scattering data. DAMMIF represents
the particle as an assembly of identical beads inside a search volume. It employs a simulated
annealing protocol to determine a compact interconnected model whose scattering pattern
fits the experimental data. The particle distance distribution function P(r) generated from the
ATSAS software [[186]] was used as input file. For each tested molecule, 20 independent runs in
the ‘slow’ mode were performed using default parameters and assuming no symmetry. Next,
we averaged the 20 models for each molecule using DAMAVER [67] comprising a sequence of
programs: first, the low resolution models from DAMMIF were aligned based on their axes of
inertia using a normalized spatial discrepancy (NSD) criterion [66]]. The NSD value provides a
quantitative measure of similarity between different models. A NSD value of zero corresponds
to identical objects and values exceeding 1 refer to objects that systematically differ from
one another. If pairwise NSD values are in the range between zero and one then the models
are classified as structurally similar. The aligned bead models were averaged and filtered by
removing loosely connected beads. For the next steps the reconstructed file with the lowest
NSD value was chosen. We used the pdb2vol program from the SITUS [63]] package (version
2.7.2) to convert aligned bead models to electron density maps. Finally, we aligned the models
to the corresponding crystal structures [[76], again by minimizing the NSD value between both
structures. Molecular graphics were prepared using VMD [187].

3.4 Results and Discussion

To explore the capabilities of our setup, we conducted a number of test measurements using
a panel of biological macromolecules as measurement standards that comprise horse heart
cytochrome c, chicken egg white lysozyme, bovine serum albuminum (BSA) and a 24 bp DNA
construct (Table [3.1). The selected macromolecules all have known high-resolution structures,
have been thoroughly characterized and used as scattering standards previously [163] 188
190]]. They span a range of molecular weights but in general have relatively small sizes and,
consequently, scatter weakly. Therefore, they are ideally suited to characterize our setup within
the described g-range and constitute rigorous test cases for typical biological samples for SAXS
measurements.
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3.4.1 Exposure time and concentration analysis

We initially carried out a set of test measurements to determine concentration requirements,
optimal exposure times, and possible radiation damage effects. We performed concentration-
and exposure time series on the scattering standard samples listed in Table (except for
BSA). Fig. shows SAXS profiles for three different concentrations (5 mg/ml, 10 mg/ml
and 20 mg/ml) of lysozyme, which has been previously characterized in synchrotron based
SAXS experiments [[162][190]. The concentration scaled data are superimposable and exhibit
no evidence of radiation damage or interparticle effects such as aggregation or interparticle
interference. Kratky plots, where the scattering intensity weighted by ¢? is plotted against g,
are shown for all concentrations (Fig. [3.2b). The Kratky representation is frequently used to
represent scattering data of macromolecular ensembles [39], where a well-folded homogeneous
particle will exhibit a parabolic curve and an unfolded particle will give rise to a hyperbolic
curve.

For all three concentrations of lysozyme the scattering profiles display a pronounced peak
indicating that the protein is well-behaved in its folded state. Although the signal-to-noise
ratio decreases for lower concentrations, we still obtain reasonable quality data at the lowest
concentration of 5 mg/ml. In addition, we examined different exposure times and number of
repeats for the highest and lowest concentration used for our test molecules (Fig. [3.2c). We
found that for lysozyme (c = 20 mg/ml) six exposures of 30 min each lead already to decent
signal for g-values below 0.2 A~

However, we observed an improvement in data quality when using three repeats of 2 h,
resulting in a signal-to-noise ratio suitable for structural analysis as described in section [3.4.3]
Even longer exposure times were tested for the lowest concentration, but did not increase the
data quality. This is probably due to a higher level of background noise attributed to background
radiation, which is also integrated over time. Similar results were obtained for cytochrome ¢
measured at concentrations of 2, 8, and 24 mg/ml (Supplementary Fig. [3.10).
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Figure 3.2: Effects of protein concentration and exposure time on scattering profiles. Scattering profiles shown
are for lysozyme (see Table [3.1] for details). a Averaged scattering data at concentrations of 20 mg/ml (cyan,
squares), 10 mg/ml (blue, circles) and 5 mg/ml (grey, diamonds) for three repeats of 2h. b Kratky plots (¢ x I
vs. q) for the data from panel a. ¢ Averaged scattering data of lysozyme at a concentration of 20 mg/ml for six
repeats of 0.5 h (green, diamonds), three repeats of 1 h (orange, circles) and two repeats of 2 h (cyan, squares) and
a concentration of 5 mg/ml with exposure times of 2 h for three repeats (grey, diamonds) and 3 h for two repeats
(magenta, circles). Data are scaled by exposure time.
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3.4.2 Comparison of in-house data and synchrotron data

We compared the data obtained at our in-house source with data collected at the beamline
BM29 at the ESRF in Grenoble (for proteins) and at the beamline 12-ID-B of the Advanced
Photon Source (APS), Argonne, Illinois (for the 24bp DNA), both third generation synchrotron
light sources with instruments designed for biological SAXS measurements in solution (Fig.
[3.3). ESRF data were collected in the ‘flow’ mode at room temperature with an exposure time
of one second. APS data were collected in a static sample cell at room temperature with an
exposure time of one second. Matching data from ten runs were averaged. For g-values <
0.2 A™! the synchrotron scattering profiles are closely approximated by those acquired on the
in-house setup. However, for larger g-values, the signal-to-noise ratio decreases faster for the
in-house data, as one would expect.
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Figure 3.3: Comparison of in-house source and synchrotron-based SAXS data. Scattering profiles acquired at our
in-house source (shown in color) and measured at synchrotron sources (shown as black lines) for BSA (green, top),
lysozyme (blue), cytochrome c (red) and 24 bp DNA (cyan, bottom) with concentrations from Table In-house
data correspond to averaged data from three repeats with 2 h exposure time. Synchrotron data were averaged
from 10 runs with 1 s exposure time. The synchrotron data for lysozyme had to be cut at a g-value of 0.04 A~! due
to problems with the flow cell. DNA data were taken at another beamline with a maximum g-value of 0.21 AL,
Profiles are vertically offset for clarity.
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3.4.3 Structural characterization and ab initio modeling of proteins
and nucleic acids

The radius of gyration (R,) and forward scattering intensity at zero angle (I(0)) are two parame-
ters routinely extracted from SAXS data by Guinier analysis, where a straight line is fitted to
the logarithm of the scattering intensity plotted as a function of g* for the lowest scattering
angles. The R, gives an overall measure for the size of the molecule; (1(0)) is used to calculate
the molecular weight (MW) and to evaluate sample monodispersity [30, 31]. We performed
Guinier analyses of the scattering profiles for every concentration and exposure time (see
Fig.[3.4|for examples). For the molecular weight determination we employed BSA as reference
sample. The Guinier plots for all of our test samples exhibit good linearity (Fig.[3.4) and the
forward scattering intensities scale linearly with sample concentration, indicating the absence
of interparticle interference effects or aggregation. We obtained radii of gyration from our
experimental data that are consistent with literature values reported for the native state of
each tested macromolecule (Table 3.2).

Molecular weight estimates from the forward scattering (Table are in good agreement
(within experimental error) with the molecular weights expected from the primary structure
of the monomeric samples. The error of the molecular weight determination in (Table
is dominated by uncertainties in the macromolecular concentrations of approximately 10%
relative error.

Sample PDB used Concentration (mg/ml) R_,,(A)“Z Ry(A)b Ry (A)¢ Ry (A MW (kDa)® MW (kDa)"
BSA 4F5S 5 290 (£0.8) 299 (+0.8)[I%] 273  28.1 - 69.0
Cytochrome ¢ 1HRC 8 13.4 (£ 0.1) 13.8 (+ 0.3)[189] 12.6 13.2 11.5 (+ 1.1) 12.4
Lysozyme 6LYZ 10 14.6 (£ 0.4) 14.3 (x 0.4)[190] 14.6 14.7 14.8 (+ 1.3) 14.3
24 bp DNA duplex - 15 233 (+27) 242 (+05)[163] 248 218 155 (+ 2.5) 14.6

Table 3.2: Values for radii of gyration and molecular weights determined in this study (¢), taken from experimental
data reported in the literature (%), calculated from the theoretical scattering profiles (°) and from the reconstruction
fit files (4).

For further comparison, we calculated theoretical scattering profiles from the crystal struc-
tures (Fig. [3.5p-d) for each tested molecule and determined the radius of gyration from the
predicted scattering profiles based on the crystal structures (Table 3.2). The experimental data
are in excellent agreement with the theoretical scattering profiles and the overall scattering
features of each molecule are observable. The resulting chi-squared values (%), which charac-
terize the “goodness-of-fit”, are all around 0.1. Moreover, the theoretically predicted R, values
are in the range of the experimental and literature values for all test samples.
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Figure 3.4: Guinier analysis of biological samples. Guinier representation of the experimental scattering data
for BSA (green, top), lysozyme (blue), cytochrome c (red) and 24 bp DNA (cyan, bottom). The Guinier fits are
indicated by grey lines covering a g-range of gR,; < 1.3. Profiles are vertically offset for clarity.

Over the last two decades the development of algorithms for ab initio reconstructions of low
resolution three-dimensional electron density maps from one-dimensional scattering profiles
has significantly enhanced the capabilities of SAXS measurements [59, 60, (62} 191]]. In addition,
ab initio reconstructions can be combined with atomistic structures derived by NMR or X-ray
crystallography or other sources of structural information to enhance or validate models for
both proteins and nucleic acids 77, 163} [192]. To determine whether the data collected at our
Mo-based in-house source are of sufficient quality to obtain 3D structure reconstructions of
typical biological macromolecules, we performed ab initio modeling for all macromolecules of
our test panel using the software DAMMIF (see section [3.3). The reconstructions converged to
solutions that fit the experimental scattering profiles very well (Fig. [3.5a-d). The scattering
profiles from the models are in very good agreement with the experimental data over the
whole g-range with y? values below 0.1. However, they slightly deviate from the theoretical
scattering profiles of the crystal structures for g-values above 0.25 A", For all reconstructions
the pairwise NSD values for independent reconstruction runs never exceeded 1, indicating that
the reconstruction algorithm is stable and converges onto similar structures in each run.

The final ab initio generated models were compared and aligned to corresponding crystal
structures. Figs. [3.5e-h show the bead models of each molecule rendered as smooth transparent
surfaces and the superimposed crystal structures as black ribbons (proteins) and stick (24 bp
DNA duplex) representations. The overall shapes and sizes of the proteins were reproduced
well. For BSA (Fig. [3.5k) the reconstructed density fits nicely to the triangular-like shape of the
protein. The surface of the density map is rough with several small indentations reproducing the
high amount of alpha-helices present in native BSA. For lysozyme and cytochrome c (Fig. [3.5f,g)
we obtained reconstructions representing their globular shape, which are in good agreement
with the protein sizes.
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Figure 3.5: Comparison of crystal structures and ab initio 3D shape reconstructions for protein and DNA samples.
a-d Comparison of experimental (colors; same color code as in Fig. [3.3|and [3.4) and theoretical scattering profiles
that were predicted from the crystal structures (black lines) and fitted scattering profiles from ab initio 3D
reconstructions (grey lines). e-h Models obtained from ab initio 3D structure reconstructions for BSA (green),
lysozyme (blue), cytochrome c (red) and 24 bp DNA (cyan). The maximum dimension D,,,x of each molecule is
indicated below each molecule and was derived by calculating the pair distance distribution function P(r) from
the experimental scattering profiles.

The reconstructed density of the 24 bp DNA duplex (Fig[3.5h) corresponds reasonably
to the overall cylindrical shape of a duplex. The length of the duplex gets reproduced well,
whereas small deviations for the diameter of the reconstructions are observable. However, the
periodicity of the major and minor grooves is visible in the reconstruction.

3.4.4 Determining the shape, size, and interactions of
detergent micelles

Micelles are aggregates of amphiphilic molecules in aqueous solution where the hydrophilic
head groups face outward and hydrophilic tail groups are segregated in the interior (Fig.[3.6h).
Micelle forming detergents are employed in a large range of biochemical and industrial ap-
plications. In particular, detergents are commonly used as mimetics of the cell membrane for
the solubilization and structural characterization of membrane proteins [193,[194]]. However,
the choice of a suitable detergent for membrane protein solubilization still remains a major
hurdle [195H197]. SAXS has been used extensively to characterize the size and shapes of
both membrane protein-detergent complexes — formed by a membrane protein surrounded by
detergents — and of “empty” micelles [198-202].

To test to what extent our in-house source is capable of revealing the shape and size of
detergent micelles, we recorded scattering profiles at different concentrations of n-decyl-$-
D-maltoside (DM), a detergent featuring a maltose head group and a ten carbon single-chain
alkyl tail (Fig. [3.6p), which is routinely used for membrane protein solubilization and has been
characterized by SAXS in several previous studies [201] [203]]. We obtain decent signal-to-noise
down to a concentration of 12.5 mM DM (Fig. 3.6b). The scattering profiles are well described
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by a two-component ellipsoid model (Fig. [3.6p,d), which features a core corresponding to the
hydrophobic portion of the micelles formed by the tail groups and of a shell corresponding to
the hydrated head groups (Fig. [3.6h; see Supplementary Note 2 in section for details of
the model). The size parameters obtained from the fits of the two-component ellipsoid model
reveal oblate micelles with the short axis of the core of ~ 12.8 A and the long axes of ~ 22.2 A
and a thickness of the hydrophilic shell of ~ 7 A, in excellent agreement with previous work
[201] 203]. In addition, we performed a Guinier analysis of the data (Fig. [3.6k) and determined
apparent aggregation numbers (i.e. the number of detergent monomers per micelle) from the
fitted forward scattering intensities by comparison with a scattering standard as described by
Lipfert et al. [201] (see Supplementary Note 2 in section[3.7.1|for details).

For the measured concentrations we find radii of gyration in the range of 25.5 A (+ 0.4 A)
and aggregation numbers from the forward scattering intensity in the range of ~ 90 for the
lowest concentration (Fig. [3.6{d), in excellent agreement with the number calculated from the
size of the hydrophic core volume of ~ 26 nm® determined from the two-component ellipsoid
fit and with previous measurements, which indicate aggregation numbers in the range of
85-95 monomers per micelle [201} [203]. The apparent aggregation numbers show a small,
but systematic decrease with increasing detergent concentration (Fig. [3.6d). This decrease in
apparent aggregation number could be indicative of DM micelles shrinking with increasing
detergent concentrations, which is however unlikely, or due to interparticle interference effects.
The latter results in particular from repulsive interactions of the micelles in solution, e.g. due to
excluded volume effects, that become more relevant at higher concentrations. Similar decreases
in the apparent aggregation number with increasing detergent concentrations had been seen
for a range of uncharged and in particular charged detergents previously [201].

Here, we present a new model that describes the apparent aggregation number as a function
of detergent concentration in terms of intrinsic, true aggregation number and of the second
virial coefficient, a parameter that characterizes the interparticle interactions in solution (see
Supplementary Note 2 in section and Supplementary Fig. [3.11). Our DM data are well
described by the model (Fig. [3.6d, solid line), with a fitted intrinsic aggregation number of
N(co) = 92 and a fitted second virial coefficient of A; = 5.6 X 10> mol x ml/g?, which indicates
weak repulsive interactions. In summary, the DM data suggest that our in-house setup is fully
able to reveal the size, shape, and overall interactions of typical detergent micelles.
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Figure 3.6: Characterization of the size, shape, and interactions of DM micelles. a Chemical structure of n-
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dimensions and p; the electron density of the hydrophobic core. t, and t; are the thicknesses and p, the electron
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for different DM concentrations of 100 mM (blue, top), 50 mM (cyan), 25 mM (orange) and 12.5 mM (red, bottom)
and the corresponding fits (black lines). ¢ Guinier analysis for DM data shown in b. d Apparent aggregation
numbers N obtained from the extrapolated forward scattering intensity and Eqn. [3.2|in the Supplementary Note
2 in section [3.7.1] (circles, same color code as in b. The solid line is a fit to the model of Eqn. and A; is the
fitted second virial coefficient determined from the fit, indicative of weak repulsive interactions between the DM

micelles in solution at higher concentrations.
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3.5 Conclusion

We have presented a Mo-anode-based in-house SAXS setup for structural analysis of macro-
molecules covering a broad range of sizes, shapes, compositions (proteins/DNA/micelles) and
scattering properties. Our system contains a Mo-based microfocus X-ray tube with an inte-
grated multilayer mirror delivering a stable monochromatic beam. By using two scatterless
slits for collimation, a highly collimated X-ray beam of low beam divergence is generated. The
typical flux at the sample stage is around 2.5 X 10° photons per second. Due to the reduced
air scattering for Mo-radiation, the sample chambers do not have to be placed in vacuum.
Our sample holder contains two sample chambers with observation volumes of 80 pl allowing
subsequent automated SAXS measurements of sample and buffer. In addition, the sample
chambers can be temperature controlled within a temperature range of 4 - 70 °C (+ 0.8 °C). By
using the hybrid pixel detector PILATUS 100K, weakly scattering signals can be detected. Our
system allows us to perform SAXS measurements on a broad range of weakly scattering biolog-
ical macromolecules at concentrations comparable to synchrotron based SAXS measurements
within 2 h. The achievable scattering vectors for SAXS measurements cover a range of 0.009 -
0.38 A™", such that macromolecules with a size of up to ~ 30 nm can be structurally character-
ized. By performing in-house SAXS measurements on a test set of molecules including several
proteins and DNA, we demonstrate that the data are of adequate quality to determine ab initio
low resolution 3D structures of the macromolecules, which were in very good agreement with
previously reported structures.

Our scattering data were also consistent with theoretical data calculated from the atomic
structures of our test molecules. In addition, we demonstrate the instrument’s ability to obtain
high quality data for detergent micelles commonly used in membrane protein studies and we
describe a novel simple model that enables us to determine the micelle aggregation number
and second virial coefficient from SAXS data at different detergent concentrations. In general,
the significantly lower flux (at least five orders of magnitude) of current Mo-based in-house
sources compared to synchrotron sources necessitates much longer integration times (hours
compared to seconds, respectively) and limits the practically achievable signal-to-noise ratio in
particular at larger g-values. However, these disadvantages are partially offset by the much
greater availability and reduced measurement logistics of an in-house instrument. In summary,
our results suggest that Mo-anode-based in-house SAXS experiments are a viable alternative
to other anode materials and allow studying many aspects of weakly scattering biological
samples.
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3.7 Supplementary Material

3.7.1 Supplementary Notes

Supplementary note 1: Analysis of contributions to the background
signal in Molybdenum-anode-based SAXS experiments

When performing SAXS experiments the reduction of the overall background, mainly caused by
detector noise, natural background radiation and parasitic scattering, is of major concern. The
latter originates from apertures, window materials and air in the beam path. For our in-house
setup the main contribution of parasitic scattering can be related to windows and air scattering,
as the collimation of the beam employs scatterless slits. The correct choice of window material
and the evacuation of the flight path can reduce the amount of parasitic scattering. In order to
estimate the overall background, we performed SAXS measurements using mica and Kapton
as window materials commonly used for X-ray scattering experiments (both with window
thicknesses of 25 ym), under conditions when the flight path between the sample and detector
was either fully evacuated or in air. To mimic the regular measurement conditions of a SAXS
experiment, we used deionized water as a sample solution. Moreover, we measured the natural
background when the X-ray tube is turned off. For all measurements exposure times were
set to 2 h with three repeats and circular integrated data were averaged. The intensity was
transformed to counts per second. The natural background level recorded by the detector is
~ 10™* counts/s (Supplementary Fig. ), which is well (by at least a factor of three) below
the intensity level obtained from SAXS measurements on the water sample, suggesting that
despite the increased sensor thickness of our detector (~ three times higher than the sensor
thickness of the Pilatus 100 K detector (i.e. 320 ym) commonly used for Cu-anode based SAXS
measurements), the natural background radiation recorded by the detector do not limit our
measurements. Comparing the results obtained for SAXS measurements on the water sample
with the flight path (95 cm) either in air or fully evacuated (Supplementary Fig. [3.8p), we find
significant deviations of the scattering curvature for the non-evacuated measurement, in the
low g-region. The g-dependence of the air scattering is influenced by two effects. If the flight
path is not evacuated, air molecules along the entire flight path will contribute to the scattering
signal. However, scattering by molecules close to the beamstop will only contribute to the
signal at high g, since their low g contribution is blocked by the beamstop (Supplementary Fig.
3.8b). This shadowing effect of the beamstop leads to the decrease of the scattering intensity in
the low g-region for the air measurements (Supplementary Fig. [3.8). The mean background
levels for the higher g-range are in the range of ~ 3.3 x 10™* and ~ 4.5 x 10~ counts/s for the
air measurements and the evacuated experiments, respectively. The difference between both
datasets is ~ 2.9x 10~ counts/s, implying that per cm of non-evacuated distance the background
due to parasitic scattering is increased by ~ 3 X 10™> counts/s. This relatively low level of air
scattering suggests that a few cm of non-evacuated flight path result in a background level in
the order of the natural background. Therefore, it is for instance not necessary to evacuate the
sample environment, as it is done for some Cu-anode-based SAXS setups. Additionally, we
find no significant change in parasitic scattering for the different window materials.
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Supplementary note 2: Determination of detergent micelle size, shape,
and interactions from SAXS measurement

Two-component ellipsoid model for detergent micelles

In the absence of significant interparticle interference effects (as is the case for our lowest
detergent concentrations), the scattering intensity profile from monodisperse micelles can be
well approximated by the scattering form factor of a two-component ellipsoid model (Fig[3.6h)
that features a core with electron density p;, symmetry axis of length a and orthogonal axes of
length b and a shell of electron density p; and thicknesses along the a and b dimensions of t,
and ty, respectively [201]]. For micelles, the electron density of the core, which corresponds to
the region occupied by the hydrophobic tail groups, is typically less than the electron density of
the solvent py, i.e. p; < ps. In contrast, the electron density of the outer shell, which corresponds
to the hydrated head groups, is usually larger than that of the solvent, such that p, > ps. For
a < b the micelle is oblate and for a > b it is prolate. The form factor of the two component
ellipsoid model is given by:

1 . . 2
P@) = [ (3%itps - o™ w5001 i - 90" ) 61

1 1
with u; = ¢ (azx2 +b?%(1 - xz))z, u, = q ((a +1)%x% + (b + 1,)%(1 - xz))z, the core volume

2
v, = 4”ab2, the total volume V; +V, = w

3 , and j; being the first order spherical Bessel
function. We fitted Eqn. [3.1]to the experimental scattering data (Fig. [3.6b) using custom written
Matlab routines as described in Lipfert et al. [201]]. In the fits, we held the solvent density and
the density of the hydrophobic core fixed at p; = 0.34 ™/ A’ the approximate electron density
of water with 150 mM NaCl added at room temperature, and p; = 0.273 e”/ A3, the electron
density of the hydrophobic core computed from the Tanford volume of the hydrocarbon chain
[201]. In addition, we assumed equal thicknesses of the outer shell in all dimensions, i.e. kept
tq = tp in the fits. Consequently, the free fitting parameters were a, b, t,, p2, as well as an overall
scaling constant and a constant offset. The fits yielded values for the density of the outer shell of
p2 ~0.45e~/ A, which is slightly less then the theoretical value from the chemical composition
and the density of the head group alone (= 0.52 ¢™/ AS) [201]], as would be expected, since p;
represents the average electron density of the hydrated head group layer. The fitted values for

a, b, t, are given in section

Determination of micelle aggregation numbers from the forward scattering intensity

The forward scattering intensity determined from Guinier analysis (Fig. [3.6c) can be related to
a scattering standard and to the expected intensity from a monomer to determine the (apparent)
aggregation numbers of micelles, i.e. the number of detergent monomers in a micelle [201}203]:

_ I(O)det _ I(O)det

N = =
I(0)mon K (Pdet - Ps)2 Vnzwn

(3.2)

1(0)ge; is the experimentally determined forward scattering intensity obtained from Guinier
analysis of the data (Fig. c), ¢ the detergent monomer concentration corrected for the
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critical micelle concentration ¢ = ¢, — cme (cme = 1.8 mM for DM [201]]), Vinon and pge;
are the molecular volume of a detergent monomer and its average electron density, both
computed from the published specific densities as described [201]. « is a proportionality
constant determined from measurements of our protein molecular weight standards of known
concentration, electron density, and molecular mass (Table 3.1). Applying Eqn. we find the
apparent aggregation numbers N for DM as a function of detergent concentration (Fig[3.6d,
symbols).

Determination of true micelle aggregation numbers and second virial coefficients
from the concentration dependence of the apparent aggregation numbers

In the N vs. concentration data, we observe a change in the apparent aggregation number
with increasing detergent concentration (see Fig. and similar observations for a range
of detergents in Refs. [201] 203]). A priori, there are two possible reasons for a change of
apparent aggregation number with detergent concentration: i) the actual aggregation number
might change with increasing detergent concentration or ii) interparticle interference effects
might influence the scattering profiles at higher concentrations, in particular at low g, which
in turn would influence the extrapolated forward scattering intensity and thus the measured
apparent aggregation number. In cases where the apparent aggregation number decreases
with increasing concentration, as is the case for DM (Fig. [3.6{d), the second explanation is
much more likely, since it is unlikely that micelles would shrink with increasing detergent
concentration and it is plausible that micelles repel in solution, via excluded volume and (for
charged detergent head group) electrostatic interactions.

Here, we present an analysis framework to fit apparent aggregation number vs. detergent
concentration data to determine the aggregation number in the absence of interparticle inter-
ference effects and the second virial coefficient due to micelle-micelle interactions. The second
virial coefficient is the first term in an expansion describing deviations from non-interacting
“ideal gas-like” particles. Positive values of the second virial coefficient correspond to repulsive
interactions between the particles and negative values are characteristic of attractive interact-
ions. Generally, the solution structure factor is the change of the concentration-normalized
scattering intensity compared to the scattering intensity obtained at a concentration ¢ (“infinite
dilution”) at which interparticle interference is negligible (see e.g. Equation 31 of Ref. [30]):

Sta.0) - 1@

= 1(q.c0) 3

The solution structure factor at g = 0 is related to the second virial coefficient A; (see e.g.
Equation 35 of Ref. [30]]):

—=14+2-M-A;-c 3.4

5= 0.0 ; ey
to first order in the concentration ¢, where M is the molecular mass of the of the solute.
Combining Equations|[3.3|and 3.4} the change in concentration normalized forward scattering
intensity (again to first order in c) is given by:

C

E'I(q’CO)
1+2-M-A, -0

1(0,¢c) = (3.5)
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For the apparent aggregation numbers determined from the forward scattering intensity (see
Equation 4 of Ref. [201])) this implies:

3 N{(co)
C(142-M-Ay-0)

N(c) (3.6)
where N(c) is the apparent aggregation number determined at concentration c and N(co) is the
“true” aggregation number determined in the absence of interparticle effects. We again take the
concentration c as the monomer concentration corrected for the critical micelle concentration
cme, i.e. ¢ = cpuop — cme. If we take the concentration in g/ml and the molecular weight
in Daltons (g/mol), A, has units of molxml/g?. For proteins in solution, A, tends to have
a magnitude in the range of 107> to 10~ mol X ml/g? and can have a positive or negative
sign, depending on solution conditions. Values of A, of approximately -5 X 10™* mol X ml/g?
are characteristic of the so-called “crystallization slot”, typical of solution conditions that
promote crystal formation [204]]. Eqn. 3.6/can be directly fit to experimental data of aggregation
number vs. concentration, treating N(cy) and A, as free parameters. The model of Eqn.
provides an excellent description of our DM data (Fig. d, solid line) with N(cy) = 92 and
Ay =5.6x 107> mol x ml/g?.

In order to test the general applicability of the model derived above, we analyzed aggregation
number vs. concentration data published previously by Lipfert et al. [201] for all detergents for
which a decrease of apparent aggregation number with increasing concentration was observed
(Supplementary Fig. [3.11)). The model of Eqn. provides an excellent description of the
observed behaviors. In most cases, the fitted values for N(cy) are in close agreement with the
previously reported values that were simply based on the lowest measured concentrations.
In some cases, the fitted numbers for N(cj) actually match better with the values determined
from the two-component ellipsoid models than the previously determined numbers from
the forward scattering, in particular for the detergents n-decylphosphocholine (FC-10) and
n-dodecylphosphocholine (FC-12). The fitted values of the second virial coefficient are well
within the range of values determined for proteins in solution under conditions that are not
conducive for crystallization. It is noticeable that the second virial coefficient for n-decyl-f-
D-maltoside (DM) and n-dodecyl-f-D-maltoside (DDM) with their non-ionic maltose head
groups are significantly smaller than those determined for the ionic 1-palmitoyl-2-hydroxy-sn-
glycero-3-[phosphor-rac-(1-glycerol)] (LPPG) or zwitterionic detergents (FC-10, FC-12, DHPC),
suggesting that in the latter cases electrostatic repulsion plays an important role.
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3.7.2 Supplementary figures

Filling inlet
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volume

Front view Side view - cut open

Figure 3.7: Sample chamber and sample stage of the in-house SAXS setup. a Schematic front and side view of the
sample chamber with an observation volume of 71 mm?>. b Image of the sample stage with heat bath connectors
containing two sample chambers.
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Figure 3.8: Background measurements to estimate parasitic scattering in SAXS experiments. a Black diamonds
(bottom) indicate the natural background level, measured with the Pilatus 100 K detector when the X-ray tube
is turned off. Scattering curves (middle) of a deionized water sample when the flight path is fully evacuated
using mica (red dots) and Kapton (blue dots) as window materials. Scattering curves (top) for the same samples
described previously when the flight path is in air (mica: red squares; Kapton: blue squares). Data correspond
to averaged scattering profiles from three runs with an exposure time of 2 h each. b Schematic layout of the
sample-to-detector setup for background measurements. When the flight path is fully evacuated only the primary
beam (yellow) is blocked by the beamstop resulting in a beamstop shadow in the detector image (dark grey area).
For a non-evacuated flight path, scattering from air molecules (illustrated by the red dashed lines) leads to an
additional effect of partial shading in the detector image (light grey area) explaining the intensity decrease in (a,
top) in the low g-region.
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Figure 3.9: Calibration standards for SAXS and WAXS measurements. a,b Detector images for measurements of
the calibration standards silver behenate (AgBe)(a) and lanthanum hexaboride (LaBg) (b) for SAXS and WAXS,
respectively. ¢,d Measured diffraction curves for the AgBe (c) and LaB¢ (d) measurements. The first small peak in
the LaBg diffraction pattern results from the Kapton foil used as window material.
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Figure 3.10: Scattering profiles for horse heart cytochrome c at different protein concentrations. a Scattering
profiles for protein concentrations of 24 mg/ml (dark red, top), 8 mg/ml (red, middle) and 2 mg/ml (orange, bottom),
averaged from three repeats of 2 h each. b Kratky representation of the data from a.
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Figure 3.11: Determination of the true aggregation number N(c;) and the second virial coefficient A, from fits of
the apparent aggregation number vs. concentration for different detergents. Symbols are aggregation numbers
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Data are for FC-10 (panel a), FC-12 (panel b), DM (panel ¢), DDM (panel d), DHPC (panel e), and LPPG (panel f).



Conformational Changes and Flexibility of

DNA Devices Observed by Small-Angle
X-ray Scattering

Summary

Self-assembled DNA origami nanostructures enable the creation of precisely defined shapes
at the molecular scale. Dynamic DNA devices that are capable of switching between defined
conformations could afford completely novel functionalities for diagnostic, therapeutic, or
engineering applications. Developing such objects benefits strongly from experimental feedback
about conformational changes and 3D structures, ideally in solution, free of potential biases
from surface attachment or labeling. Here we demonstrate that small-angle X-ray scattering
(SAXS) can quantitatively resolve the conformational changes of a DNA origami two-state
switch device as a function of the ionic strength of the solution. In addition, we show how
SAXS data allow for refinement of the predicted idealized 3D structure of the DNA object using
a normal mode approach based on an elastic network model. The results reveal deviations from
the idealized design geometries that are otherwise difficult to resolve. Our results establish
SAXS as a powerful tool to investigate conformational changes and solution structures of DNA
origami and we anticipate our methodology to be broadly applicable to increasingly complex
DNA and RNA devices.

4.1 Introduction

A fundamental aim of nanotechnology is to design synthetic objects that can adopt specific
conformational states and carry out functions at the molecular scale, e.g. in transport, signal

This Chapter was published by Bruetzel et al. [2]] in Nano Letters and adapted with permission from the
American Chemical Society. Copyright ©2016 American Chemical Society. Author contributions: LK.B., T.G,,
H.D,, and J.L. designed the study; T.G. assembled and purified samples; L.K.B., S.M.S., and PW. performed SAXS
measurements; W.Z. performed structure refinement. All authors analyzed data and contributed to writing the

paper.
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transduction, or molecular circuitry. Molecular self-assembly of DNA is a particularly successful
approach towards creating versatile structures at the nanometer scale [102] [205-207].

When using the DNA origami technique, a several kilobase long circular single-stranded
scaffold strand is folded into custom target shapes with the assistance of hundreds of short
single-stranded staple strands. By exploiting the specificity of DNA base pairing, precisely
controlled shapes reaching over 100 nm in size and molecular weights of several MDa can be
created [[102] 124, (125} [129] 208]].

While an important initial focus in the design of self-assembled DNA structures was to
create static objects of well-defined shapes [102] [129]205| 206]], more complex functions require
dynamic 3D nanostructures that can undergo controlled conformational changes. Examples of
dynamic DNA origami structures include a DNA box with a closable lid [139], a DNA nanorobot
[110], a reconfigurable plasmonic nanostructure [209], or a DNA tweezers [210]. Such dynamic
DNA structures are promising candidates for applications ranging from nano-engineering
[137, 211]] to medical diagnostics and therapeutics [212} 213]. An important challenge in this
context is the precise control over the 3D shape and mechanical flexibility of the target design
in solution to achieve desired functionality.

So far, structural characterization of DNA origami structures has predominantly relied
on atomic force microscopy (AFM) imaging [211] 214, [215] and negative-stain transmission
electron microscopy (TEM) [129,[131] 144} 216]. While these techniques are well suited to image
static structures, they both rely on immobilizing samples on a surface and involve steps such as
drying or staining the samples, which renders the solution conditions far from physiological.
Cryo-electron microscopy provides less harsh conditions and has recently been successfully
applied to DNA origami structures [[139,[154] but still requires immobilized samples embedded
in vitrified ice, potentially biasing the conformation of the sample and making it difficult to
detect conformational changes upon variation in solution conditions.

In contrast, small-angle X-ray scattering (SAXS) can probe molecular conformations and
transitions and provides low-resolution structural information on molecules and molecular
assemblies in solution [[10,31]]. As SAXS can operate under virtually arbitrary solution condi-
tions [7, 217], the technique is ideally suited to detect conformational changes triggered by
changes in solution environment, such as ionic strength, denaturant, temperature, or ligand
binding. SAXS has proven very powerful to detect the large structural changes associated with
the folding of proteins 39,188, 218]] and nucleic acids 38,160, 219], but can also readily detect
more subtle conformational changes, e.g. triggered by the binding of small-molecule ligands
[37, 220-222].

Recently, Gerling et al. [112] established a framework based on shape-complementary
recognition for the programmable and reversible assembly and disassembly of complex 3D
shapes built from DNA. One important example involves a dynamic “switch” device, where
multiple weak base stacking interactions were exploited to change conformations between a
closed and an open state as a function of temperature or ionic strength of the solution. Here we
use small-angle X-ray scattering (SAXS) to probe the structure and conformational changes of
the switch device in solution. In particular, we detect and evaluate the conformational changes
upon variations in solution conditions and observe quantitative agreement with solution Forster
resonance energy transfer (FRET) measurements. In addition, we refine the 3D structure of the
switch objects against the scattering data using a normal mode based flexible fitting procedure
and find evidence for swelling and structural rearrangements away from idealized DNA helix
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geometries. Together, our results establish SAXS as a powerful technique to probe the structures
and conformations of DNA devices.

4.2 DNA origami switch samples based on base stacking
interactions

We performed SAXS measurements on three different variants of a DNA origami switch object
that is based on shape-complementarity and base stacking interactions [112]. A dynamic
variant of the switch (switch D) can undergo conformational changes between an x-shaped
open and a rectangular-shaped closed state (Figure see Materials and Methods and
Supplementary Figures for details).

This variant consists of two rigid bundles of DNA double helices arranged in a honeycomb
lattice that form the two arms of the structure. The arms are connected in the middle of the
structure by a single Holliday junction that acts as a pivot point for the rotational degree of
freedom (Figure [4.1). The structure of the closed state is prescribed by shape-complementary
patterns of double helical protrusions (red domains, Figure and recessions (blue domains,
Figure that can precisely dock into each other when the two arms of the switch object come
close together. The closed state is stabilized by up to 16 short-range stacking interactions of the
terminal bases of shape-complementary surface topographies. The conformational equilibrium
sensitively depends on ambient conditions such as the salt concentration or the temperature of
the solution [112]].

TEM images of the switch D variant show that at low salt concentrations the great majority
of structures assume the open state, while at high salt concentrations switch D particles
predominantly populate the closed state [112]. As reference structures, we employed two
static variants of the switch object that are permanently locked in the open and closed states,
respectively. In the static closed variant (switch C) stacking interactions are replaced by stronger
hybridization interactions of 3-bases-long single-stranded overhangs of corresponding staple
strands holding the two arms of the switch object in the closed conformational state (Figure
right). In the static open variant (switch O) all stacking interactions are deactivated and
the two arms are connected by additional crossovers holding them at an opening angle of ~

90° (Figure [4.1] left).
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Figure 4.1: Illustrations of static and dynamic switch devices. a Schematics of the switch devices used in this
study. The dynamic switch object (switch D) changes from an x-shaped open to a rectangular-shaped closed
conformation upon addition of magnesium ions. Shape-complementary protrusions and recessions are indicated
by the red and blue DNA double helical domains, respectively. Static switch variants are locked in the open
(switch O, left) and closed (switch C, right) state. The schematic of the cross-sectional area of switch C indicates
the horizontal and vertical dimensions including interhelical distances of a = 6 nm and b = 4 nm, which give
rise to a peak in the scattering profiles of switch C and switch O. b Corresponding average negative-stain TEM
micrographs of switch O in the presence of 5 mM MgCl, and of switch C at a MgCl, concentration of 25 mM.
Scale bars, 20 nm.

4.3 DNA origami structures give rise to high signal-to-
noise SAXS profiles at 25 - 100 nM concentrations

To estimate the minimum concentrations required for synchrotron-based SAXS measurements
on our large (~16000 nucleotides (nt) or ~5 MDa) DNA origami structures, we used prior
SAXS data of smaller nucleic acids in combination with extrapolation based on a scaling
relationship (see Materials and Methods (4.9)). We analyzed the concentrations used for these
SAXS measurements that resulted in a sufficient signal-to-noise ratio for structural analyses
(which we loosely define as analyses that go beyond Guinier fitting of the lowest g-values)
for a range of nucleic acid samples (Figure [4.2p, blue symbols). The dataset ranges from an
8 nt DNA to a large (~400 nt) ribozyme and includes both RNA and
DNA samples 224], as well as data for a ~14 knt DNA origami structure recorded at
an in-house X-ray source. The data are well described by a scaling relationship of the form
c~ MW™", where c is the required concentration, MW the molecular weight, and the scaling
exponent v was fitted to be v = 1.30 (Figure [4.2h, dashed line, and Supplementary Information
(4.10)). The scaling relation predicts that concentrations of ~10-50 nM are sufficient to obtain
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a good scattering signal for a ~16 knt DNA structure. Experimentally, we indeed obtained
good signal-to-noise scattering profiles for concentrations as low as 25 nM of the DNA origami
structures (Figure[4.2b and Supplementary Figure[4.9), in excellent agreement with the predicted
scaling relationship (Figure [4.2h, red star).

Additional measurements at 50 and 100 nM concentration display even higher signal-
to-noise ratios (especially in the higher g-range) and are superimposable after scaling by
concentration, indicating the absence of aggregation, radiation damage or interparticle inter-
ference (Figure and Supplementary Figure [4.9). Interparticle interference effects occur if
the particles in solutions are, on average, sufficiently close to interact, e.g. via excluded volume
or electrostatic effects. We note that interparticle interference effects are expected to be (even)
weaker for larger macromolecular assemblies as the typical intermolecular distances increase
for higher molecular weights due to the lower required concentration (Figure [4.2p, inset). For
instance, the average intermolecular distance of a 24 bp DNA sample (radius of gyration Ry ~
2.4 nm) measured at a concentration of 0.2 mM is around 20 nm, whereas for our DNA origami
objects (R, ~ 28 nm, see below) measured at 25 nM it is around 400 nm.

Remarkably, due to their large size, the DNA origami objects give rise to scattering profiles
with a dynamic range of > 4 orders of magnitude in intensity, with features identifiable up
to g~ 3 nm~!. We note that while the scaling argument and extrapolation shown here only
provide a rough estimate of the required sample concentrations, we anticipate that it can
provide a useful guideline to other SAXS experiments on nucleic acid assemblies as well.



70 CHAPTER 4

a
10-2 TTTT T IIIIIIII T IIIIIIII T IIIIIIII T TTTIT
L E10% 9% ]
— © 55 | % ]
= . 4 22, s
~ 10 S ®107} 1
c o= i
o QO 49° —
w S~ 10 10?
= P e . Intermolecular
'E 10 ~ _distance (nm)
o ~\
o
c N
o] ) O SAXS data, literature % N
O 10 ¥¢ SAXS data, this work <
IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII Ll
10 102 10° 10* 10°
Number of nucleotides
b
2 T T T T T
107 O [Switch O]: 25 nM
B O [Switch O]: 50 nM
1] o [Switch O]: 100 nM
—_ 10
[72]
=
c
=)
o
S
©
N’
—
O
=
0 0.5 1 1.5 2 2.5 3
q (nm”)

Figure 4.2: Concentration requirements and SAXS signals for large DNA origami structures. a Concentrations
required to obtain a suitable SAXS signal, as a function of molecule size (in number of nucleotides), for a range of
nucleic acid samples investigated previously (blue circles). The solid line is a fit of the relationship a/nt?, where nt
is the number of nucleotides and a is a fitting constant. The dashed line is a fit of the relationship b/nt” where
b and v are fitting constants. From the best fit we find v ~ 1.30. The red star corresponds to measurements of
the DNA origami switch samples in this study that were guided by the scaling behavior. Inset: Intermolecular
distances calculated for the required SAXS concentrations of the different nucleic acid samples. b Averaged
scattering profiles of the switch O measured at three different concentrations: 25 nM (red circles), 50 nM (green
circles), 100 nM (blue circles). Data are scaled by concentration.

4.4 SAXS reveals structural features of DNA origami
objects

For a first structural characterization, we analyzed the scattering data from the static switch
samples, which serve as reference samples for the dynamic switch variant. When comparing
the scattering profiles of the switch O and switch C samples, we observe significant differences
in the g-range below g < 0.5 nm™! (Figure ), in line with global structural differences in
the open and closed states. For higher g, corresponding to smaller length scales, the scattering
curves largely coincide, exhibiting two distinct peaks.
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We performed a Guinier analysis of the scattering profiles in the low g-range to determine
the overall radii of gyration (R,) (see Materials and Methods and Supplementary Figure
[4.10). We obtained an R, of (27.9 + 0.1) nm for the switch C (Table 1), which is in excellent
agreement with a theoretical R, of 28 nm, derived from approximating the closed switch as

1
a rectangular beam, with R;he" = % [(%)2 + (%)2 + (%ﬂi, where W, H and L are the width,
height and length of the object, respectively (Figure 4.1)). For the switch O sample we found
an average R, of (29.0 + 0.2) nm (Table , overall similar to switch C, which is expected as
the approximate distances from the center of mass are conserved upon the transition from the

closed to the open state.

Sample Ry (nm) R. (nm)
Switch C 27.9 (+0.1) 6.7 (+0.1)
Switch O 29.0 (£ 0.2) 4.8 (+ 0.0)
Switch D30 28.1(x0.1) 6.0 (£0.1)
Switch D05 27.5 (£ 0.2) 4.8 (+ 0.0)
CRYSOL (closed) 28.2¢ 6.4

CRYSOL (open) 29.5¢ 4.4

Table 4.1: Comparison of the radius of gyration (Ry) and the cross-sectional Ry (R.) for the static and dynamic
versions of the switch object derived from experimental and theoretical scattering profiles. Experimental data
correspond to averaged results from concentration scaled scattering profiles for sample concentrations of 25, 50
and 100 nM. ¢ Values were determined from Guinier fits of the predicted scattering profiles in the fitting range
maxRg < 1.3.

For elongated rod-like particles, where the axial dimension is much larger than the radial
dimension (as is the case for the DNA origami structures investigated in this work) the scattering
intensity can be factorized in an axial and radial scattering component [36]. Analysis of the
intermediate g-range then permits the calculation of the radius of gyration for the radial
cross-section (R.) (see Materials and Methods (4.9)). We obtained an average R, value for the
switch C of (6.7 + 0.1) nm corresponding to a radius of the cross-section R ~ 9.4 nm, which is
in good agreement with the cross-sectional dimensions of the design model (Figure [4.1)). The
switch O can be thought of as being assembled from two rods where the cross-section is half of
the size as for the switch C sample. Here, a smaller average R, value of 4.8 nm, corresponding
to a radius R ~ 6.8 nm, is fully consistent with the expected reduction of the cross-sectional
area when the switch changes from the closed to an open conformation.

A Kratky representation (g* X I(q) vs. q) of the scattering data of switch C and switch O
reveals a number of peaks that can be related to structural features (Figure [4.3p). The peak
and shoulder at lowest g-values (“1”, Figure [4.3p) for the switch O and switch C samples,
respectively, at g ~ 0.06 nm™! are related to the overall dimensions of the objects (d ~ 100 nm)
and to their R, via g ~ \/g/Rg ~ 0.06 nm™~!. The major peaks (“2”, Figure ) atq ~ 0.14nm™!
and at g ~ 0.19 nm™! for the switch C and the switch O sample, respectively, are related to
the maximum of the cross-sectional intensity expected at quqx = 1/R.. The fitted R, values of
6.7 nm for the switch C and 4.8 nm for the switch O sample (Table suggest gmax ~ 0.15nm™!
and gmax ~ 0.2 nm™!, in very good agreement with the observed peak positions in the Kratky
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plot. In the higher g-range, both scattering profiles display a small and broad peak (“3”, Figure
) at ¢ ~ 1.0 nm™! (d ~ 6.3 nm, Figure [4.1{red arrow a) and a more pronounced peak (“4”,
Figure ) at ¢ ~ 1.6 nm™! (d ~ 3.9 nm, Figure red arrow b), which corresponds to the
distances between and within the honeycomb lattice, respectively (Figure [4.1). These values
are in approximate agreement with the theoretical values and the relative number of these
distances is approximately the same for both conformations, consistent with the similarity of
the scattering curves in the higher g-regime. We note that features relating to the structure of
single DNA helices (such as their diameter, the minor groove/major groove periodicity, and
the spacing between base pairs) occur on even shorter length scales and thus correspond to
g-values > 3 nm™!, which have been probed in wide-angle X-ray scattering measurements
[225]], but are not the focus of the present work.

To more directly visualize the contribution of features on various length scales, we calculated
the pair distance distribution function P(r) (see Materials and Methods and Supplementary
Figure [4.11), which describes a histogram of all pairwise distances r within the sample (Figure
). For both static open and closed structures, we find a maximum pairwise distance D45 of
95 nm, in good agreement with the expected maximum distance from the designed structures.
The shape of the P(r) function obtained for the switch C variant is peaked at low r with a long
tail out to higher r, characteristic of an elongated object.

In contrast, the P(r) of the switch O exhibits an overall more Gaussian shape, characteristic
of a more globular object. In the switch C P(r) function, we observe a well-defined peak at
an intraparticle distance of 16 nm, which corresponds to the maximum transverse distance
of the closed state (Figure [4.1). This peak is not apparent in the P(r) function of the switch O
sample, as expected, since the opening of the switch reduces the transverse distance to 8 nm.
For the open conformation we find a smaller feature at 12 nm that is related to the height of
the switch object and also contains contributions from the maximum transverse distance of
~ 8 nm (Figure [4.1), which become more exposed in the open state. The dominant P(r) peak for
the switch O, however, occurs around 40 nm, the distance associated with the length of each of
the two opened arms.
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Figure 4.3: SAXS data reveal conformational features for open and closed switch objects. a Double-logarithmic
representation of scattering intensity profiles obtained from the switch O and switch C sample. b Kratky
representation of the data from a scaled by a constant factor. Numbers indicate peaks, which are described in
the main text. ¢ Pair distance distribution function P(r) calculated from data shown in a assuming a maximum
particle dimension D4, of 95 nm. P(r) functions are normalized to equal areas.
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4.5 Conformational populations of the dynamic switch
variant

Having demonstrated that SAXS clearly reveals the large-scale conformational changes between
the open and closed versions of the static switch object, we next analyzed the conformational
states of the dynamic version of the switch (switch D) at high (30 mM) and low (5 mM)
magnesium chloride (MgCl,) concentrations (Figure [4.4p,b and Supplementary Figure [4.13). In
general, the scattering profile from an ensemble is given by the sum of the scattering profiles
for the individual components, weighted by their relative occupancy. In the case of a two-state
system, the scattering profile can be described by a linear superposition of the two states:

g)=fH-h+farl (4.1)

I1(gq) and I(q) are the scattering profiles and the coefficients f; and f; are fractional occupancies
of states 1 and 2, respectively.

Using the scattering profiles of the switch O and switch C objects for the open and closed
states, we fitted the scattering profiles of the dynamic variant at 30 mM MgCl, (switch D30) and
5 mM MgCl, (switch D05) as a linear superposition of the two states (Supplementary Figure
[4.13). Under both conditions, the two-state fits provide an overall excellent description of the
experimental data, suggesting that the conformations of the dynamic switch variant can be
well approximated by a two-state model featuring the open and closed states. For both samples
slight deviations of the fit become apparent at higher g-values, which might imply that there
exist structural differences within the internal honeycomb lattice between the dynamic and
static versions. This might be attributed to the different concentrations of MgCl, in the sample
solutions, which have an impact on structural integrity and flexibility owing to its efficacy
in screening interhelical repulsion and stabilizing DNA Holliday junctions (see also below)
[120, 226]. In addition, previous TEM studies on the switch D05 sample revealed a slightly
reduced opening angle compared to the fixed opening angle of 90° for the switch O sample
[112], which might cause some additional differences in the scattering profiles.

Complementary to analyzing I(g), we applied a two-state model analogous to Equation
to the P(r) functions (Figure [4.4c). We find that the P(r) function of the switch D30 sample can
be described very accurately by the two-state model. For the P(r) function of the switch D05
sample again slight deviations between the two-state model and the data are observable, but
overall the two-state description is still accurate.

The fitted parameters f; and f, in Equation [4.1| provide a direct measure of the relative
populations of the two states. Figure shows the relative populations of the closed confor-
mation determined from the scattering intensity and P(r) fits (the corresponding populations of
the open conformation are the complement to 100%). From the I(g) fits, we find a population of
(77 £ 1)% in the closed state for the switch D30 sample, in agreement with the expectation that
screening of electrostatic repulsion at high salt concentration should lead to a predominant
population of the closed conformation. In contrast, the occupancies derived for the switch D05
sample are (3 + 2)% for the closed state, in line with the prediction that electrostatic repulsion
at lower ionic strength favors the open configuration. The P(r) fits gave identical results, within
experimental error (Figure [4.4d). These findings are further supported by the fact that the fitted
cross-sectional radii of gyrations of the switch D object in 5 and 30 mM MgCl, are close to
values determined for the switch O and switch C conformations, respectively (Table [4.1).
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Figure 4.4: Characterization of conformational states of dynamic switch structures. a Comparison of the scattering
profile from the switch D30 (yellow) to the scattering profiles of the static switch samples switch O (blue) and
switch C (red). b Scattering profile from the switch D05 sample (cyan) in comparison to scattering curves from the
static structures (same color code as in a). ¢ P(r) functions of the dynamic switch variants (cyan, yellow circles)
and the resulting two-state model fits (grey lines). d Comparison of the relative fractions of the closed states
determined from the scattering profiles (blue bars), the P(r) functions (cyan bars), ensemble FRET (green bars), and
TEM imaging (orange bars) for the switch D30 and switch D05 samples, corresponding to MgCl, concentrations
of 30 mM and 5 mM, respectively. For TEM imaging the highest MgCl, concentration was 25 mM. e Kratky
representation of the scattering profiles of switch D samples for varying MgCl, concentrations: 3 mM (dark
blue,bottom), 5 mM, 8 mM, 10 mM, 12 mM, 14 mM, 15 mM, 16 mM, 18 mM, 20 mM, 25 mM and 30mM (light yellow,
top). Data are normalized to the intensity at zero scattering angle and scaled by a constant factor. f Fraction of
closed switch particles for MgCl, titration experiments shown in e , determined from a two-state model. Solid
lines represent a two-state model with a free energy term that depends linearly on the MgCl, concentration.

The results of the SAXS analyses can be compared to data obtained from ensemble FRET
measurements and TEM imaging on switch D particles at varying MgCl,concentrations [112]
(see Materials and Methods and Supplementary Figure [4.6). Data from solution-based
ensemble FRET measurements are in good agreement, within experimental errors, with the
SAXS results (Figure [4.4d). From TEM imaging data, higher fractional occupancies for the
closed state were obtained compared to the solution-based methods: (93 + 1)% of the objects
were identified to be in the closed state at a MgCl, concentration of 25 mM and (13 + 2)% of
closed particles were found at a MgCl, concentration of 5 mM. The deviations of the TEM-
determined fractions to the solution-based values are modest, but statistically significant for
the SAXS derived values (Figure[4.4d) and might be related to several factors: First, for the TEM
analysis switch D particles were picked from TEM images for each salt condition and manually
assigned to be either open or closed; errors were determined from binomial counting statistics.
This process might introduce a slight bias, as overlapping objects could not be classified and
as partially closed switch objects were considered as closed. Second, TEM imaging requires
immobilization of samples on a surface potentially affecting their conformation. Furthermore,
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the staining process for TEM imaging can alter the global shape of the particles [227]. In
addition, single-molecule FRET experiments, which likewise require surface immobilization
of the switch D particles, gave similar results as the TEM data [112]. Taken together, the data
suggest that surface immobilization and/or staining might create a modest bias towards the
closed conformation and can give rise to a small population of partially closed conformations,
possibly due to direct surface interactions or excluded volume effects.

In order to test whether the transition from the open to the closed state of the dynamic switch
variant upon the addition of MgCl, ions can be described as a two-state process, we performed
SAXS experiments on switch D samples for varying MgCl, concentrations ranging from 3 mM
to 30 mM (Figure |4.4¢). The scattering profiles at different MgCl, concentrations exhibit an iso-
scattering point around q ~ 0.3 nm™! tentatively suggesting that the conformational transition
can be described as a two-state process. For a more quantitative analysis, we performed a
two-state fit of the scattering profiles at each MgCl, concentration according to Equation
and fitted the resulting populations by a thermodynamic model (using Equations[4.9)and [4.10]
in Materials and Methods (4.9)) assuming a linear dependence of the free energy AG and the
ion concentration c. From a least squares fit we obtained for AG, = 1.2 kcal/mol at the reference
ion concentration of 5 mM and the slope m, = —0.3 kcal/(mol - mM) in good agreement with
values based on ensemble FRET measurements (Figure and Supplementary Figure [4.12). In
addition, the two state-fits yield a good fit of the full scattering profiles over the entire range
of MgCl, concentrations (Supplementary Figure [4.13). These findings show that the switch D
transition from the open to the closed state can be described adequately, at least at the current
level of signal-to-noise, by a two-state model employing a single open and closed conformation,
without the need to introduce intermediates states or conformations.

Overall, we find quantitative agreement between SAXS and solution FRET derived pop-
ulation estimates and approximate agreement with the TEM derived values, confirming the
switching mechanism in the dynamic switch variant. Our findings highlight the importance
of solution-based techniques when performing structural characterization of complex DNA
structures.

4.6 Comparison of experimental SAXS data to idealized
models and model refinement

In addition to detecting conformational transitions and providing global measures of size and
shape (such as Ry, R;, and Dy,4x) SAXS can provide information about the full 3D solution
structure of macromolecules and their assemblies [8, [31]]. Even though the resolution of SAXS
experiments is typically insufficient to compute a unique structure, it is possible to test and
refine structural models against experimental SAXS data [43-46]. First, we compared our
experimental data to scattering profiles of the switch O and switch C samples predicted from
idealized atomistic models generated by CanDo [228] (see Materials and Methods (4.9)). The
computed profiles from the CanDo models reproduce the overall shape of the experimental
curves and reveal similar characteristic peaks (Figure [4.53,b; Supplementary Figure [4.14). In
addition, we obtain R, and R, values from the theoretical scattering curves, which are in good
agreement with the experimentally determined values (Table Supplementary Table [4.1).
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However, small, but systematic deviations between the experimental and theoretical profiles
are apparent. There is an additional peak in the theoretical scattering pattern for the open state
at ¢ ~ 0.26 nm™! and the peaks that are visible in both experimental and theoretical curves are
shifted, mostly to higher q in the theoretical curves compared to experiment. Furthermore,
the ratios of the peak intensity values at low and high g differ between the experimental
and theoretical curves. In addition, we determined the P(r) functions from the theoretical
data and calculated a histogram of distances directly from the atomistic model coordinates
(Supplementary Figure [4.14). In comparison to the experimental data, the peaks are more
pronounced and deviations from the experimental peak positions are observable.
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Figure 4.5: Normal mode based refinement of DNA origami structures against SAXS data. a shows data for the
switch C construct and b the corresponding results for the switch O sample. Experimental scattering profiles
are shown as red or blue circles. Scattering profiles predicted from the initial, CanDo derived models using all
atoms and the software CRYSOL are shown as grey lines and using a one-bead-per-base representation as dashed
black lines. Scattering profiles for the final models (computed using the one-bead-per-base representation) after
normal mode based refinement are shown as black (for switch C) and orange (for switch O) lines. ¢ and d show
the initial models for the switch C and switch O objects as red and blue tubes and the final models after normal
mode refinement as orange and cyan spheres, respectively.

We note that even though the different methods to compute scattering profiles from the
structures exhibit some differences (see Materials and Methods (4.9) and Supplementary Figure
4.14), they do give overall very similar results and show comparable deviations from the
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experimental data, suggesting that the details of the scattering computations are relatively
unimportant and can not explain the observed differences to the experimental data. In principle,
both the hydration layer of partially ordered water molecules around a macromolecule in
solution [46] 50] and the ion atmosphere around charged nucleic acids [53} 229] contribute to
the scattering profile. For simple DNA duplexes, the effect of the ion atmosphere has been
studied in detail revealing that the ion cloud’s contribution to the scattering pattern is relatively
minor, typically increasing e.g. the radius of gyration by a few Angstroms [229] 230]. We have
performed electrostatic calculations using linearized Poisson-Boltzmann theory (Materials and
Methods and Supplementary Figures and to compare the electrostatic potential
in the vicinity of a DNA origami structure with a simple DNA duplex. Our results suggest
that the electrostatic potential and, consequently, the ion density around our DNA origami
structures is only slightly elevated and overall similar in magnitude and spatial extent compared
to a single double-stranded DNA helix (Supplementary Figures and[4.16), consistent with
previous reports in the literature [231}232].

Taken together, these observations suggest that for the very large DNA structures considered
in this work contributions from the ion atmosphere to the scattering profile are small or
negligible. In addition, we tested whether altering the density of the solvent or the contrast
of the hydration layer in the range of physically plausible values would explain the observed
differences between the CanDo derived models and our experimental data, but again found
that while changing the hydration shell gives rise to small changes in the scattering profiles,
these changes are insufficient to account for the observed differences (Supplementary Figure
4.17).

Combined, the differences between experimental and predicted scattering profiles indicate
that the switch objects adopt conformations in solutions that differ from the idealized models
generated by CanDo. Such deviations have been suggested previously: Pan et al. [228] found
an average root mean square deviation (RMSD) of 3.2 A between the CanDo derived model
and the crystal structure of a DNA tensegrity motif. In general, electrostatic repulsion between
adjacent helix bundles or at crossovers resulting in the bowing out of double helical domains
[102, 207] can lead to local displacements of nucleobase positions. Theoretical calculations
and experimental evidence based on TEM data suggest an important role of flexibility for
several DNA origami structures [232H234], indicating maximum root-mean-square fluctuation
amplitudes of a few nanometers [233]]. In addition, a cryo-EM structure of a DNA origami
object observed deviations between the idealized structure and the experimentally determined
density map [154].

There is currently no established method to refine DNA origami structures quantitatively
against experimental data. A considerable challenge in this regard is the large size of our
switch objects that renders refinement e.g. based on all-atom molecular dynamics [157} 232]]
challenging. As a computationally tractable approach, we turned to normal mode refinement of
the CanDo derived model against the experimental SAXS data using an elastic network model.
Normal mode analysis [70,[235H238]] based on coarse-grained elastic network models has proven
to describe large-scale conformational changes surprisingly well as compared to considerably
more complex approaches [70] and has been applied to deform macromolecular structures to
fit and refine experimental data from cryo-EM [239], X-ray crystallography [237, 240], and
SAXS data [68] 169, 241]]. We iteratively refined the switch C and switch O structures against the
experimental SAXS data by normal mode based deformations (see Materials and Methods (4.9)).
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The resulting structures yield significantly better fits to the data (Figure[4.5p,b): the goodness-
of-fit statistic y? (defined in Equationin the Materials and Methods section (4.9)) is reduced
from 0.5% to 0.06% and from 6.7% to 1.9% for the switch C and switch O structures, respectively.
We find that for the refined structures the highly symmetric lattice structure is significantly
deformed (Figure [4.5¢,d). In comparison to the initial models, some parts in the refined closed
and opened switch objects swell and bulge out. This effect is especially pronounced in double
helices around the center of the structure, where the two arms are connected to each other
(Supplementary Figure[4.18). In addition, the refined structures show the helices at the ends
and sides of the arms slightly bend outwards (Supplementary Figure [4.18). Interestingly, these
effects are more pronounced in the switch C compared to switch O structure. The RMSD for
the refined switch C structure compared to the initial model is 22.3 A; for the switch O, the
refined structure has an RMSD of 8.4 A relative to the starting model. The larger deformations
in the switch C object compared to switch O might be due to the more compact structure
and, therefore, higher charge density, that would make electrostatic repulsion more relevant
for this object. Taken together, these data suggest an important role of flexibility and local
deformations in DNA origami objects, which has to be considered when designing complex
origami structures.

4.7 Conclusion

In summary, we have demonstrated the ability for SAXS to sensitively monitor conformational
changes of self-assembled DNA origami objects in solution. SAXS provides a number of
advantages:

First, being a solution-based technique, SAXS is free of potential biases and perturbations
from the proximity of a surface. Second, SAXS is a label free method, without the need to
chemically modify the structure of interest. Third, SAXS reads out the global conformation
of molecules or molecular assemblies in solution, as defined by their electron density, thus
avoiding concerns whether e.g. variations in fluorescence might stem from local conformational
changes or photophysical effects upon changes in solution condition. Taken together, these
advantages render SAXS a very promising novel approach for detecting conformational states
of dynamic DNA origami objects and we anticipate that many of the techniques’ capabilities
that were previously demonstrated in other contexts can be extended towards monitoring
conformational changes in DNA nanostructures, including temperature controlled [[242]] and/or
time-resolved SAXS [38] 160, 243]] measurements and the detection and characterization of
structural intermediates and molecular ensembles [222] 223 244]].

Quantitative comparison of the experimental SAXS data to theoretical profiles derived from
3D models of the DNA objects reveal considerable flexibility and deformations away from
the idealized “design” structure. Such deformations will have to be taken into account for
high-resolution designs in the future. In addition, this work highlights the ability of SAXS to
critically test structural models against solution-based data, even for very large DNA objects,
which constitutes a promising approach that is complementary to the more routinely used
methods.
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4.9 Materials and Methods

4.9.1 DNA origami assembly and purification

DNA origami objects were designed using caDNAno v.02. [128]]. Three different variants of the
switch object were prepared for the SAXS experiments (Supplementary Figures |4.6H4.8): two
static variants that were permanently locked either in the open state (switch O) or the closed
state (switch C), and a dynamic variant with 16 activated stacking interactions (switch D) (Figure
[4.1). Each structure contained 16128 nucleotides. The scaffold DNA (p8064) was prepared as
previously described [245]]. Staple DNA strands were synthesized by solid-phase chemical
synthesis (Eurofins Genomics GmbH, Ebersberg, Germany; HPSF purification). DNA origami
objects were self-assembled by subjecting the one-pot reaction mixture to a thermal annealing
ramp using a thermal cycling device (TETRAD; MJ Research — now Biorad) [121]].

The reaction mixture contained 50 nM scaffold DNA (p8064), 200 nM of each staple DNA
strand, folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8) and 20 mM MgCl.
After a 15 min-long thermal denaturation step at 65 °C, the thermal annealing ramp covered
the temperature interval [58 — 55 °C] with a rate of 1 °C/90 min. Excess staple DNA strands
were removed from the reaction mixture by performing two rounds of polyethylene glycol
(PEG) precipitation [123]]. The resulting pellets were dissolved in folding buffer (1 mM EDTA,
5 mM TrisBase, 5 mM NaCl; pH 8) containing 5 mM MgCl,. To allow for equilibration, all
samples were incubated at 40 °C and 400 rpm overnight. Residual PEG was removed from
the samples by performing three rounds of ultrafiltration (30K Amicon Ultra-0.5mL; Merck
Millipore). Filters were equilibrated by adding 500 pl folding buffer containing either 5, 15,
or 30 mM MgCl; at 2000 x g and 25 °C for 2 minutes. Then, 50 ul sample was mixed with
450 pl folding buffer and centrifuged at 8000 x g and 25 °C for 15 minutes. The flow-throw was
discarded and 480 p1 of folding buffer was added to the recovered sample. The concentration of
the different samples was determined using a spectrophotometer (NanoDrop 8000; Thermo
Scientific).

All samples were measured at three different DNA origami object concentrations (25 nM,
50 nM, and 100 nM), prepared by dilution using the appropriate buffers. Samples of the switch
O and switch C were measured in folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH
8) containing 15 mM MgCl,. Samples of the switch D variant were measured in folding buffer
containing either 5 mM or 30 mM MgCl,.
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4.9.2 Scaling relationship for the concentration requirements for nu-
cleic acid SAXS measurements

For monodisperse solutions and in the absence of interparticle interference effects, the forward
scattering intensity I(0) scales linearly with sample concentration ¢ and quadratically with the
molecular weight MW [20,30]:

1(0) = K - ¢ - (Ap)* - p* - (MW)? (4.2)

Ap and p are the average electron contrast and the partial specific volume of the molecule
and are approximately constant for all nucleic acid molecules [20]. K is an instrument specific
constant, which is typically determined from comparison to a molecular weight standard.

Even though Equation 4.2 only strictly holds for the forward scattering intensity, it provides
a rough estimate of the scattering signal expected in a SAXS measurement at a given sample
concentration and molecular weight. For the set of samples analyzed in this work (Figure
[4.2h), the concentrations required for good quality SAXS measurements follows roughly the
anticipated ~ MW 2 relationship (Figure [4.2h, solid line) from Equation Treating the
exponent as a free parameter, i.e. fitting the data to a relationship ~ MW ™", yields a better fit
with v = 1.30 (Figure , dashed line). A shallower dependence than ~ MW ™2 on the number
of nucleotides can be rationalized by considering the fact that SAXS profiles for nucleic acids
are maximal at low q and fall off for higher ¢g. Importantly, the fall off with increasing q is
more rapid for larger structures, suggesting that for these structures higher concentrations
than suggested by the simple ~ MW 2 scaling are required to obtain a decent signal at higher
g-values. Our DNA origami measurements at 25 nM (Figure [4.2h, red star) are in excellent
agreement with the extrapolated scaling relationship with v = 1.30 (Figure [4.2h, dashed line);
including the origami data point into the fit yields a nearly identical scaling exponent of v = 1.36.

4.9.3 SAXS measurements

SAXS measurements were performed at beamline BM29, ESRF, Grenoble [95] at an X-ray
wavelength A of 0.99 A, using a sample-to-detector distance of 2.87 m and a Pilatus 1M detector,
resulting in a g-range of 0.03 to 5nm™! (g = 4T’Tsin(H), where 0 is the total scattering angle). For
each sample concentration ten runs with an exposure time of 1 s in ‘flow’ mode were conducted
at room temperature. SAXS data of dynamic switch samples for Mg?* titration experiments
were collected at beamline P12 (DESY, Hamburg, Germany [246]) at an X-ray wavelength of
1.18 A and a sample-to-detector distance of 6 m, resulting in a g-range of 0.03 to 2.2 nm™".
Data were acquired in ‘flow’ mode with an exposure time of 95 ms and 150 frames per sample
at room temperature. For each experiment buffer samples were measured using identical
procedures before and after each sample measurement. Sample and buffer data from each run
were analyzed for radiation damage; no damage was observed in any of the measurements.
Matching sample and buffer profiles were averaged and buffer profiles were subtracted for
background correction. Unless otherwise noted the scattering profiles shown in this work
correspond to data from averaged and buffer subtracted intensity profiles measured at a DNA
origami concentration of 100 nM.
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4.9.4 SAXS data analysis

We performed Guinier analyses to obtain radii of gyrations for all measured DNA origami
structures, by fitting the logarithm of the scattering intensity as a function of g° to a straight
line for small values of ¢ [29]. Due to the large size of the DNA origami objects, we extended
the fitting range criterion to gmaRy < 1.6 [192], enabling us to obtain reasonable estimates of
the forward scattering intensity and radii of gyration that, nonetheless, should still be treated
as approximations (Supplementary Figure 4.10@). In addition to determining the global R, of
the object from the scattering signal at very low g, DNA origami structures investigated in this
work can be approximated as rod-like particles with an axial length L (~ 95 nm) and a radial
cross section A (~ 20 nm and ~ 14 nm for switch C and switch O, respectively) (Figure [4.1).
The total scattering intensity is approximated by [36]:

nL R\ a 2R?
1(q) = I(q)axial - 1(@)cross = 7 LAY Ap2 - exp (_qq ) = 6 - exp (—qq ) (4.3)

where the first factor is related only to the axial component and the remaining part corresponds

to the cross-sectional scattering with an electron density contrast Ap. The pre-factors can be

combined into a single fitting constant a. Equation |4.3|is valid in the range of gin = %—” and
9

Qmax = i—”, which corresponds to a g-range of ~ 0.2 — 0.9 nm™! (1.3 nm™?) for the switch C

(switch O) object. Values for a and R, were obtained by performing a least squares analysis in
the valid g-range (Supplementary Figure [4.10b,c). The R, value can be used for calculating the
corresponding radius according to R? = %2 when describing the switch object by a cylinder
model with R = 10 nm (corresponding to a diagonal D = 20 nm of the cross-sectional area of
the closed arm) and R = 7 nm (corresponding to the diagonal D = 14 nm of the cross-sectional
area of the open arm).

Furthermore, we computed the pair distance distribution function P(r) as described by
Moore [34] using an indirect Fourier transformation in terms of a sine series expansion, based
on the Shannon sampling theorem [247]. The large size of the DNA nanostructure is beneficial
in the context of the series expansion, since the maximum number of series coefficients (a,)
is given by npex = (M), where Dy, describes the maximum particle dimension. The
calculation of P(r) requires a fixed value for D,,,,, which we expected to be around 95 nm for
the switch object (Figure [4.1). We tested different values for Dy,q ranging from 60 — 130 nm
for all switch samples by calculating a chi-squared value (y?), which describes the discrepancy
between the experimental data and the fit, for each Dy,,. The y? values decay approximately
exponentially with increasing Dy, (Supplementary Figure until they plateau for Dy,qy
> 90 nm. For D,,, values > 95 nm no change in the overall shape of the P(r) was observable,
thus a Dy, of 95 nm was taken as the best estimate of D,,,,. P(r) functions shown were
normalized to give equal surface areas. Structural parameters described above as well as the
two-state model fitting (see main text) were calculated from scattering profiles averaged from
10 independent runs for all three sample concentrations. The related errors represent the
standard deviation.
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4.9.5 Computing SAXS profiles from atomic models of DNA origamis

We generated atomistic models for the open and closed switch object with the CanDo software
assuming idealized DNA helix and junction geometries [228]. CanDo simulations were run
using the CanDo webserver (http://cando-dna-origami.org); computation time was dependent
on the load of the server and the design of the structure, but typically in the range of hours.
There are several methods to predict a scattering profile from an atomistic model that differ in
various aspects of the computation. We used the programs CRYSOL [46] and FOXS [44] for
calculation of the theoretical scattering curves from atomistic models. CRYSOL [46]] computes
the scattering intensity using a spherical harmonics expansion and scattering contributions from
the hydration shell around the molecule are taken into account by assuming a homogenous
3 A thick border layer with a default density contrast value of 0.03 e~ /A’. The program
FOXS [44] evaluates the theoretical scattering profile from the Debye formula and the particle
hydration layer is modeled as a function of surface accessibility [56]]. As a complementary
and more simplistic approach, we utilized a custom written routine in C, adapted from the
program SAXS3D [60]], to determine theoretical scattering profiles based on a coarse-grained
representation of the switch objects including only scattering centers per DNA base.

For the Debye formula routine, only one particle (placed at the phosphorus position) per
base was used and the g-range was set to 0 - 3 nm™! including 300 datapoints. CRYSOL was run
in interactive mode, setting the order of harmonics to the maximum value of 50, given the large
size of the switch object. The number of points in the theoretical curve was fixed to 800 within
a g-range from 0 - 3 nm™!; the remaining parameters were set to default values, without fitting
the theoretical curve to the experimental data. FOXS was executed in default mode using the
same number of points and g-range as applied in CRYSOL. Calculated scattering profiles were
fitted to the experimental data of the switch C and switch O sample by performing a linear fit
including a constant offset (Figure [4.5p,b and Supplementary Figure [4.14). To test the influence
of the ion shell surrounding the switch object on the shape of the theoretical scattering profiles
we investigated solvent density values ranging from 0.334 ™/ A’ (default, corresponding to the
solvent density of water) and 0.344 e~ /A% in CRYSOL (Supplementary Figure and from
0.307 e~/ A’ (minimum) — 0.388 e~ /A3 (maximum) in FOXS (data not shown). In addition, we
varied the contrast of the solvation shell surrounding the DNA origami; i.e. we varied the
difference in electron density between the hydration layer and bulk solution, testing values
from 0.06 to 0.25 e'/A3 (0.03 e'/A3 is the default value) in CRYSOL. The latter is based on a
literature value reported for experiments on Mg** ions dissolved in water [248]. Increasing
the contrast or solvent density to even higher numbers would not correspond to physically
plausible solution conditions.

4.9.6 Electrostatic potential calculations and estimates of the ion at-
mosphere

To estimate the extent of the ion atmosphere around the DNA origami objects used in this
work, in particular in comparison to simple double-stranded DNA molecules for which the role
of ion scattering has been investigated in detail previously [54, 230} 243} 249], we performed
simple electrostatic calculations. We calculated the electrostatic potential with a custom-written
MATLAB script based on the Debye-Hiickel/Poisson-Boltzmann approximation and on the
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atomistic model of a 35 bp DNA and the switch C, including only the positions of the phosphate
atoms of the DNA backbone. Each phosphate atom was described by its position (x;,y;, z;)
and modeled as a negatively charged point charge. Moreover, we assumed a Debye-Hiickel
exponential screening factor to account for the ionic screening due to mobile, dissolved ions.
The resulting screened electrostatic potential at a certain position r; is given by the sum of the
electrostatic potential over all phosphate atoms:

-9 —ti
D(r)screen = : 0 44
(r) Z 4rege, i exp (AD ) (“44)

i

with the charge of g = 1.602 x 107'? C the vacuum permittivity ¢, = 8.85 x 10712 Fm™!, the
relative permittivity of water &, = 80.4 and a Debye length Ap = 9.9 A corresponding to the
high-salt experimental buffer condition for the switch object consisting of 5 mM NaCl and 30
mM MgCl,. We calculated the corresponding ion concentrations around the 35 bp DNA and
the switch C assuming the Boltzmann distribution:

_qq)(r)screen
kT

+

c* = cyexp ( (4.5)
where ¢; correspond to the initial ion concentration , kT = 4.11 x 102! J and ®(r)s¢reen Was

computed by Equation

4.9.7 Normal mode refinement of models against SAXS data

To refine the initial model against the experimental SAXS data, we employed a flexible fitting
method based on a coarse-grained (one-bead-per-residue) nucleic acid representation and a
modified elastic network model that allows large-scale conformational changes while maintain-
ing pseudobonds and secondary structures [69]. This method optimizes a pseudoenergy that
combines the modified elastic network model energy with a SAXS-fitting score and a collision
energy that penalizes steric collisions. The optimization process effectively uses a weighted
combination of normal modes to iteratively improve the fitting of SAXS data. To apply this
method to a large DNA object, the following modifications and improvements have been made
to the methods described previously [69]. First, each DNA nucleotide is represented by a bead
located at the C4” atomic position. All pairs of DNA beads within a cutoff distance of 35 A
are linked to build an elastic network model (see Equation 1 of Ref [69]). The coarse-grained
form factors for DNA nucleotides are taken from the Fast-SAXS-Pro program [45]. Second,
to stabilize the local structure of double-stranded DNA, for nucleotide i and i’ that form a
base pair, additional springs are added between the following pairs: (i, i’), (i = 1,1), (i,i" = 1),
(i—1,i+1), (i’ —1,i’ + 1). Third, the SAXS fitting score (Equation 10 of Ref. [69]]) is modified to
the following:

ESAXS = fSAXS . N . )(2 (4.6)

with a chi-squared of:

2 2
= min, {Z € In(a) - 14 /Z i) } i

i i i i
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The constant pre-factor fsaxs = 30, N is the number of DNA beads and g; is the scattering
vector uniformly sampled between 0 and 3 nm™! with an increment of 0.025 nm™, I, is the
model SAXS profile, I; is the target SAXS profile measured experimentally, and o is the experi-
mental error of I;. Fourth, no hydration shell is modeled, which is expected to have negligible
effect on SAXS fitting especially for large molecular systems [56]. Fifth, to reduce memory usage
for the large systems, all Hessian matrices except HSAXS in Equation 11 of Ref. [69] are stored
in the sparse matrix format, and the HSAXS term is omitted. The linear equation in Equation
11 of Ref. [69] is solved using the CHOLMOD suite (http://www.cise.ufl.edu/research/sparse).
Normal mode refinement calculations were run on an Intel Xeon Processor L5520 (8M Cache,
2.26 GHz); the full refinement of a structure using 209 g-values required 120 h of computational
time.

4.9.8 Ensemble FRET measurements via donor quenching

Ensemble FRET experiments in solution on DNA origami switch objects were conducted and
analyzed as described in the Supplementary Information of Gerling et al. [112] Fluorescently
labeled switch particles exhibit low and high FRET signals upon a conformational change
from the open to the closed state, respectively. In order to dissect the populations of the
closed and open conformation of the switch D sample as a function of MgCl, concentration,
ensemble FRET measurements were performed on switch C, switch O and switch D samples
while titrating MgCl;, concentrations in the range of 5 mM to 25 mM (Supplementary Figure
[4.12), as published previously [112]. Ensemble FRET data of the switch C and switch O sample
serve as reference samples for the closed and open state, respectively.

To compare the fractions of populations derived from ensemble FRET experiments to the
fractions obtained from the two-state model for the switch D sample of the SAXS data, each
titration curve was fitted up to a MgCl, concentration range of 30 mM, assuming a two-state
model where the resulting ensemble FRET value (Epggr) is given by:

EFRET = fc . Ec + ﬁ, . EO (4.8)

E. and E, correspond to ensemble FRET values and the coefficients f. and f, are fractional
occupancies of the closed and open state, respectively. From statistical thermodynamics of a
two-state system it follows that f. + f, = 1 where f. is calculated as follows:

fo= — (49)

1 —_
e ( KT )
The overall free energy difference between the open and closed state AG(MgCl,) is given by:

AG(MgCly) = AGy + m, - ¢(MgCly) (4.10)

where AGy is the free energy difference at a reference MgCl, concentration of 5 mM, and
m, represents the cation sensitivity parameter. We obtained a AGy, = 1.5 kcal/mol and
m, =-0.4 kcal/(mol - mM) from a least-square fitting of the experimental data. Values from
the fitted titration curves at low (5 mM) and high (30 mM) MgCl, concentrations were used
to determine the fraction of closed switch D particles. Analogous to the two-state model
approach applied on the SAXS data, the ensemble FRET value of the switch D sample (E;) can
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be described by a linear superposition of the open and closed states represented by ensemble
FRET values of switch O (E,,) and switch C (E;.), respectively:

Ed(MgCZZ) = fc : Esc(MgCZZ) + fo : Eso(MgCIZ) (4-11)

For the evaluation of the conformational state of the switch D sample at low and high MgCl,
concentrations, we averaged fitted ensemble FRET values for each sample taking values at
the exact concentration (e.g. E;(5 mM)) and the values of the precedent and subsequent
concentration (i.e. Ey(4 mM) and E;(6 mM)). Based on these values a least squares fit was
performed to determine the closed fraction of the switch D sample at high (30 mM) and low
(5 mM) MgCl; concentrations (Figure [4.4d). Errors were calculated based on a propagation of
uncertainty.

4.10 Supplementary Material

4.10.1 Supplementary Table

Sample Ry (nm) R. (nm)
CRYSOL (closed) 28.2 6.4
FOXS (closed) 28.1 6.3
custom written (closed) 27.6 6.4
CRYSOL (open) 29.5 4.4
FOXS (open) 29.4 4.4
custom written (open) 29.4 4.4

Table 4.2: Comparison of the radius of gyration (R,) and the cross-sectional R, (R.) determined from the
theoretical scattering profiles calculated with CRYSOL, FOXS and a custom written C script for the static switch
samples. For Guinier analysis the fitting range gmaxRy < 1.3 was used and for R, calculations a g-range of ~ 0.2 -
0.9 nm™! (1.3 nm™!) for the switch C (switch O) object was defined.
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4.10.2 Supplementary figures
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Figure 4.6: Strand diagram of the static closed switch (switch C) variant. Scaffold (shown in blue) and staple
layout of the switch C variant. Cyan: 3-bases sticky end. Generated with caDNAno v0.2.
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Figure 4.7: Strand diagram of the static open switch (switch O) variant. Scaffold (shown in blue) and staple layout
of the switch O variant. Purple: stacking deactivated; Pink: additional connections between the upper and bottom
arm. Generated with caDNAno v0.2.
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Figure 4.8: Strand diagram of the dynamic (switch D) variant. Scaffold (shown in blue) and staple layout of
the dynamic switch variant with 16 activated stacking interactions. Cyan: stacking activated. Generated with
caDNAno v0.2.
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Figure 4.9: Concentration scaled scattering profiles for the static (switch C and switch O, top) and the dynamic
(switch D30 and switch D05, bottom) switch variants. a Averaged scattering profiles for the switch C (circles,
bottom) and switch O (squares, top) measured at varying concentrations: 25 nM (red), 50 nM (green) and 100 nM
(blue). b Averaged scattering profiles for the switch D30 (circles, bottom) and switch D05 (squares, top) for applied
concentrations of 25 nM (orange), 50 nM (purple) and 100 nM (cyan). Profiles are scaled by their concentration
and the lower scattering profiles are vertically offset for clarity.
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Figure 4.10: Guinier analysis and fits for the cross-sectional scattering intensity of static and dynamic switch
samples. a Guinier representation of the experimental scattering data for switch C (red, top), switch O (blue),
switch D30 (yellow) and switch D05 (cyan, bottom). The Guinier fits are indicated by black lines covering a
g-range of qR; < 1.6. Profiles are vertically offset for clarity. b Fits of the cross-sectional scattering intensities to
experimental data shown in a (same color code as in a ) for the g-range gmin = 27/Rq and qmax = 27/R., where
the R, is given by R% = R?/2. For switch C and switch D30 a radius of R = 10 nm and for switch O and switch D05
a radius of R = 7 nm was assumed for the fit. Profiles are vertically offset for clarity. ¢ Residuals for data from b
(same color code as in b).
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Dyax values evaluated for the static switch versions switch C and switch O. b Corresponding analysis for the
dynamic switch versions switch D30 and switch D05. For all samples a mimimun of y? around 95 nm was found,
which was applied to calculate the P(r) function for each sample.



CHAPTER 4 93

0.6 I I I I I

0.5 A A

>

0.4+

0.3

0.2

Ensemble FRET

0.1

>

g O
| |

0 5 10 15 20 25 30

[MgCL] (mM)
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(blue squares). Solid lines represent a two-state model with a free energy term that depends linearly on the MgCl,
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94 CHAPTER 4

a)

— 104 ] T T T I. T i
0 S_W|tch D30 1
= - Fit

=

o

S

©

—’

—_

(=2

—g

0 05 1 15 2 25 3
q (nm™)

=

—_ 104 [ T T T : T
) o Switch D05
= - Fit
=
. 102
o]
S
«©
’
T 10°
—g

c)
108 T T T

—_

»

=

2 10°R e
3 R MG it 3 \itate o
—_ 4 m:
S0 :

0 0.5 1.5 2

1
q (nm™)

Figure 4.13: Fits of two-state models for the dynamic switch variants (switch D). a Scattering profile (yellow) of
the switch D30 sample (30 mM MgCl,) and the fitted profile (black) obtained from the two-state model (see main
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Data are vertically offset for clarity.
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Figure 4.14: Comparison of the experimental and theoretical scattering profiles and P(r) functions that were
predicted from the atomistic models derived from CanDo of the static switch samples. a Fits including an additional
constant in the theoretical scattering profiles calculated with the program CRYSOL (black line), FOXS (gray line)
and a custom written C script (purple line) to the experimental data of the switch C sample (red circles). For the
custom written routine only one bead per base was assumed. b Kratky representation of the data shown in a
(same color code as in a). ¢ Fits including an additional constant in the theoretical scattering profiles calculated
with the program CRYSOL, FOXS and a custom written C script (same color code and computational settings as
in a ) to the experimental data of the switch O sample (blue circles). d Kratky representation of the data shown
in ¢ (same color code as in c). e,f P(r) functions of switch C (red circles) and switch O (blue circles) based on
experimental scattering data and from profiles derived from FOXS (gray line). Black dashed lines correspond to
histograms of distances calculated directly from the atomistic models. P(r) data were normalized to unity.
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Figure 4.15: Electrostatic potential and ion distribution calculations to estimate the ion atmosphere around a
35bp DNA duplex. a,b Contour plots of the screened electrostatic potential for an atomistic model considering
only phosphate charges of a 35 bp DNA, showing cross-sections in the x-y plane (a) and y-z plane (b). Magenta
circles indicate positions of phosphate atoms. ¢ Electric potential along the x-axis (for y,z = 0 nm) corresponding
to a solvent-accessible area outside the 35bp DNA (indicated by the vertical (dashed) and horizontal red lines). d
Concentration of mono- and divalent ions for the same area as in ¢ corresponding to buffer conditions of 5 mM
NaCl and 30 mM MgCl,: Mg?* (red dashed line), 2 x CI~ (blue dashed line), Na* (red line) and C1~ (blue line).
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Figure 4.16: Electrostatic potential and ion distribution calculations to estimate the ion atmosphere around the
closed switch. a,b Contour plots of the screened electrostatic potential for an atomistic model considering only
phosphate atoms of switch C, showing cross-sections in the x-y plane a and y-z plane b. Magenta circles indicate
positions of phosphate atoms. ¢ Electric potential along the x-axis (for y = 30 nm; z = 0 nm) corresponding to a
solvent-accessible area outside the switch C structure (indicated by the vertical (dashed) and horizontal red lines).
d Concentration of mono- and divalent ions for the same area as in ¢ corresponding to buffer conditions of 5 mM
NaCl and 30 mM MgCl,: Mg?* (red dashed line), 2 X Cl~ (blue dashed line), Na* (red line) and C1~ (blue line).
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Figure 4.17: Computations of the scattering profiles with varying hydration shell conditions in CRYSOL. Linear
fits including a constant offset of theoretical scattering profiles calculated with CRYSOL with contrast values of
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density = 0.334 ¢~ /A’ for all three profiles), with a solvent density value of 0.344 ¢~ /A’ and default contrast (blue
line) and with a solvent density value of 0.344 e~ /A3 setting the contrast value to 0.25 e‘/A3 (yellow dashed line).
b Data from a in Kratky representation.
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Figure 4.18: Visualization of the switch deformations from the normal mode refinement. a Local deformations
for switch C (defined as RMSD against the initial CanDo derived structure) are indicated by the colored code
where blue and red areas correspond to minimal and maximal deformations, respectively. b Local deformations
for switch O, same color code as in a.
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Time-Resolved SAXS Reveals Millisecond
Transitions of a DNA Origami Switch|

Summary

We use time-resolved small-angle X-ray scattering to monitor large-scale conformational
transitions of a two-state DNA origami switch in free solution. We show that the DNA device
switches from its open to its closed conformation upon addition of MgCl; in milliseconds, which
is close to the theoretical diffusive speed limit. Measurements on the dimerization kinetics of a
DNA origami brick system suggests that kinetics depend on local concentration and molecular
alignment.

5.1 Introduction

The programmable self-assembly of DNA molecules is a new paradigm for creating structures
at the nm-um scale with potential for diagnostic, therapeutic, and engineering applications
(1331250} [251]]. Moving beyond static two- and three dimensional structures [[102} [124] toward
building complex devices will require implementing and controlling reversible mechanical
movements in DNA objects, which remains a challenging aspect in the field.

So far, most switchable DNA devices have been triggered by the addition of DNA single
strands and toehold-mediated strand exchange, where transitions occur on times scales of
minutes [[137, 252]. Conformational transitions initiated by changes in ionic strength, pH,
temperature, or light can be faster, and have been demonstrated to occur within seconds
[108, [145]. However, an experimentally unexplored aspect is how quickly conformational
changes of synthetic 5 MDa-sized DNA structures can actually occur. Friction with the solvent
and energy barriers in junctions or pivots could pose fundamental speed limits for switching
dynamics, similar to what is observed for folding of naturally occurring RNAs due to their
rugged free energy landscapes (Supplementary Fig. [5.3).

This Chapter is based on a manuscript by Bruetzel et al. [3]] (submitted). Author contributions: All authors
designed the study and contributed to writing the manuscript; T.G. assembled and purified samples; L.K.B. and
P.W. performed SAXS measurements and analyzed the data.
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5.2 Results and Discussion

To address this question, we employ time-resolved small-angle X-ray scattering (trSAXS) to
monitor conformational transitions in a unimolecular (two-state) DNA origami switch and in a
bimolecular DNA origami reaction system. SAXS can monitor the conformational transitions
of macromolecules and their assemblies in free solution under virtually arbitrary solution
conditions [[8, 30, 31, [253]. SAXS does not require any labeling and directly probes the global
conformation in solution. By using a stopped-flow kinetic mixer to trigger conformational
changes by rapid changes in MgCl, concentration and a high-flux synchrotron beamline for
fast data acquisition [254], we achieved a time resolution of 25 ms. We applied trSAXS to study
the dynamics of a DNA origami switch (switchD16) [112] consisting of two ~100 nm long
rigid arms connected by a Holliday junction at the center that allows for reversible transitions
between an open and a closed conformation (Fig. [5.1,b). Shape-complementary patterns of
blunt-ended double helical protrusions and recessions are arranged on both arms that can
form 16 basepair stacking interactions in the closed conformation of the switch. Electrostatic
repulsion counteracts the stacking contacts, such that at low cation concentration the open
conformation is favored.

We have previously demonstrated that SAXS can monitor and quantify the MgCl,-dependent
unimolecular equilibrium of the switchD16 device [2] and determined the midpoint of the
open-to-close transition at ~10 mM MgCl, (see Fig. and Materials and Methods (5.4)).
In the trSAXS measurements, we started with DNA switch devices dissolved in 5 mM MgCl,
where the open conformation is predominantly populated (fraction closed < 4%) [2]. Using the
stopped-flow mixer (see Materials and Methods (5.4)), we then rapidly (within < 1 ms) added
MgCl, to final concentrations of 15, 25, and 35 mM (where in equilibrium f;jpseq = 90%, 98%,
and 99%, respectively) and monitored the subsequent conformational changes.

For the 15 mM MgCl; condition the transition from the open to the closed state is resolved
and well described by a first-order kinetic model (Fig. [5.1,d and Supplementary Fig. [5.4) with
a closing rate constant ks, = 22 s™! and an opening rate constant Kopen = 2.4 s~L. For the 25
and 35 mM MgCl, conditions, the transition to the closed state occurs essentially within the
dead time of our instrument (25 ms). Analysis of the data suggests a lower limit on the closing
rate constants of k.jose = 150 s! (Fig. and Supplementary Fig. ‘ The measured closing
times of 7,jo5 = kc_l(l)se < 7 ms are at most 1-2 orders of magnitude slower than a simple estimate
of the time scale for the diffusive motion of the two arms from the open into the closed state of
taiff ~ 100 ps (see Supplementary Text in sectionand Supplementary Fig. , suggesting
that the DNA switch closes near the diffusive speed limit. Residual energy barriers, if any, for

closing must be lower than In(zcjose/7ai) ~ 4 kT, where kpT is the thermal energy.

As areference construct, we studied the kinetics of a bimolecular reaction system consisting
of two separate monomeric DNA origami bricks that dimerize via shape-complementary
basepair stacking interactions, similar to the switch device (Fig. [5.2p). The SAXS profiles
at 20 mM MgCl, show pronounced differences between the monomer and dimer scattering
patterns (Fig. [5.2b). In particular, the scattering profile of the dimeric complex exhibits a
pronounced peak at g ~ 0.28 nm™' (Fig. ), which corresponds to a length scale of 27/q =
23 nm that matches the cross-section of the dimer (22 nm x 24 nm) (Fig. [5.2h). This strong
interference peak is largely missing in the monomeric profile due to the asymmetric cross
sectional area (11 nm X 24 nm) (Fig. [5.2h).
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Figure 5.1: Time-resolved SAXS reveals the conformational kinetics of a DNA origami switch device. a Schematic
of the stopped-flow mixing device coupled to the high brilliance beamline ID02 at the ESRF. The mixing reservoirs
1 and 2 contain the switchD16 device in 5mM MgCl; and buffer with high MgCl; concentrations, respectively.
After turbulent mixing, the mixture is directed to a capillary and the flow is stopped. The beam hits the sample in
a specific acquisition pattern defined by the exposure time (t.) and a delay time () (see Materials and Methods
(5-4)). b (Top) Schematic view of the switchD16, which changes from an open to a closed conformation upon the
addition of MgCl,. The closed state is stabilized by 16 basepair stacking interactions occurring at the interface of
shape-complementary double helical protrusions (red) and recessions (blue). (Bottom, left) Negative-stain TEM
micrographs of switchD16 particles in the presence of 5 mM and 25 mM MgCl,. (Scale bars, 20 nm). (Bottom,
right) Fraction of closed switchD16 devices as a function of MgCl, determined by SAXS and two-state based
thermodynamic model (black line). ¢ SwitchD16 scattering profiles for selected time points after increasing the
MgCl, concentration to 15 mM. The inset shows a zoom of the data represented as I(q) - g vs. g. d Fraction of
switchD16 devices in the closed conformation vs. time after changing to MgCl;, concentrations of: 5 mM (blue
circles), 15 mM (cyan circles), 25 mM (green circles) and 35 mM (magenta circles). Symbols and error bars are the
mean and standard deviation from two independent repeats of each condition. The solid black line and dashed
black line represent a reversible unimolecular first-order reaction fit to the data at 15 mM and 25 mM MgCl; see
Materials and Methods .

Based on a two-state model we determined the fraction of dimers at each time point (Fig.
[5.2k,d, Supplementary Fig. [5.3and Materials and Methods (5.4)). As expected for a bimolecular
system, we find concentration dependent assembly kinetics. From a fit of a bimolecular reaction
kinetics model to the data we obtain a negligible dissociation rate constant ko and an estimate
of an association rate constant k,, of 1.7 - 10* M~1- s™1. A simple estimate for the time scale of
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diffusive reaction that takes into account the global dimensions of the bricks yields a diffusion-
limited reaction rate constant kg of ~ 2.5 - 10° M™"- s™" (see Materials and Methods ).

Hence, the brick system reacts much slower than the diffusive speed limit, which points to
the existence of additional barriers, including electrostatics and the correct alignment of the
brick monomers [255]], that slow down the reaction. Taken together, these data suggest that
the very rapid closing transition of the DNA switch device is due to the fact that the central
Holliday junction links the two arms and orients them favourably to form the 16 basepair
stacking interactions that stabilize the closed state. Therefore, the central pivot link creates
a high effective concentration (estimated to be k.jose/kon ~ 1.4 mM) of the two arms enabling
them to interact on the millisecond timescale.
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Figure 5.2: Time-resolved SAXS measurements on dimerization kinetics of DNA origami bricks. a (Top) Schematic
of DNA origami brick monomers with double helical protrusions and recessions (indicated in red and blue) allowing
for the formation of a dimeric brick in the presence of 20 mM MgCl,. (Bottom) TEM micrographs of DNA origami
monomers and dimers. Scale bar: 20 nm. b Experimental scattering profiles of DNA origami monomers (blue
circles) and dimers (red circles) at a sample concentration of 100 nM in 20 mM MgCl,. ¢ Time evolution of
scattering profiles after 1:1 mixing of monomeric brick samples at an initial concentration of 100 nM. d Fraction of
dimeric brick particles as a function of time determined from a two-state model for initial monomer concentrations
of 100 nM (blue circles) and 50 nM (cyan circles). Solid lines represent fits of an irreversible bimolecular reaction
rate model (see Equation yielding an average association reaction rate constant of 1.7 x 10* M~! -s™1. The
inset shows a close up of the early time points.
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5.3 Conclusion

In conclusion, we have demonstrated that ~5 MDa DNA origami devices can undergo fast
conformational dynamics on the millisecond timescale, suggesting that such devices could
be employed for switching and sensing molecular capabilities with fast response times. Our
work establishes trSAXS as a powerful tool to monitor large-scale conformational changes of
DNA origami objects on timescales from milliseconds to hours without the need for labeling or
surface immobilization. In the future, a combination of continuous-flow mixing in appropriate
microfluidics with microfocus X-ray sources has the potential to push the time-resolution even
into the ps-regime [256]], which would allow us to probe conformational transitions at the
molecular speed limit.

5.4 Materials and Methods

5.4.1 DNA origami assembly and purification

The scaffold DNA (p8064) was prepared as previously described [245]. Staple DNA strands
were synthesized by solid-phase chemical synthesis (Eurofins Genomics GmbH, Ebersberg,
Germany; HPSF purification). DNA origami objects were designed using caDNAno v.02 [128]]
and prepared as described previously [2, 112]]. Objects were self-assembled by subjecting the
one-pot reaction mixture to a thermal annealing ramp using a thermal cycling device (TETRAD;
M] Research — now Biorad) [121]]. The reaction mixture contained 50 nM scaffold DNA (p8064),
200 nM of each staple DNA strand, folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl;
pH 8), and 20 mM MgCl,.

DNA origami switch device

All 16 basepair stacking interactions are active in the dynamic switch variant switchD16
(Supplementary Figure [5.8). After a 15 min thermal denaturation step at 65 °C, the thermal
annealing ramp covered the temperature interval [58 — 55 °C] with a rate of 1 °C/90 min. Excess
staple DNA strands were removed from the reaction mixture by performing two rounds of
polyethylene glycol (PEG) precipitation [123]. The resulting pellet was dissolved in folding
buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8) containing 5 mM MgCl,. To allow
for equilibration, all samples were incubated at 40 °C and 400 rpm overnight. Residual PEG
was removed from the samples by performing three rounds of ultrafiltration (30K Amicon
Ultra-0.5ml from Merck Millipore). Filters were equilibrated by adding 500 pl folding buffer
containing 5 mM MgCl, at 2000 x g and 25 °C for 2 minutes. Then, 50 pl sample was mixed
with 450 ul folding buffer and centrifuged at 8000 x g and 25°C for 15 minutes. The flow-throw
was discarded and 480 pl of folding buffer was added to the recovered sample.

DNA origami bricks

We used a self-complementary DNA origami brick where the protrusions on its front face can
click into correspondingly shaped recessions on its back face. Two samples were prepared: in
brick A; protrusions are active and recessions were permanently deactivated (Supplementary
Figure and in brick A, recessions are active and protrusions were permanently deactivated
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(Supplementary Figure[5.10). Blunt end contacts were permanently deactivated by using 10-
thymine-long overhangs. After a 15 min thermal denaturation step at 65 °C, the thermal
annealing ramp covered the temperature interval [56 — 50 °C] with a rate of 1 °C/60 min.
Excess staple DNA strands were removed from the reaction mixture by performing one round
of polyethylene glycol (PEG) precipitation [[123]]. The resulting pellets were dissolved in HPLC
buffer (1 mM EDTA, 5 mM TrisBase, 200 mM NaCl; pH 8) containing 5 mM MgCl,. Then, we
subjected the sample to HPLC (Agilent Technologies 1260/1290 Infinity) using the column
(Agilent Bio SEC-5: 5 pm; 2000A; 21.2 X 300 mm) at a flow rate of 2 ml/min and collected
fractions of the monomer peak (29.5 — 33.5 minutes). Due to dilution of the sample, we used
ultrafiltration (30K Amicon Ultra-15mL from Merck Millipore) to concentrate the sample and to
exchange the buffer to folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; 5 mM MgCly;
pH 8). Filters were equilibrated by adding 15 ml folding buffer containing 5 mM MgCl, at
7000 X g and 25 °C for 5 minutes. Then, 15 ml sample was added and centrifuged at 7000 X g
and 25 °C for 7 minutes. The flow through was discarded. This step was repeated until the
entire volume of the sample was centrifuged in the same filter. Then, the sample was mixed
with 15 ml folding buffer and centrifuged at 7000 X g and 25 °C for 7 minutes. This step was
repeated three times. The concentration of all DNA origami samples was determined using a
spectrophotometer (NanoDrop 8000; Thermo Scientific). All SAXS experiments were performed
on SwitchD16 and brick samples dissolved in folding buffer (1 mM EDTA, 5 mM TrisBase, 5
mM NaCl; pH 8) containing varying MgCl, concentrations.

5.4.2 SAXS data acquisition

SAXS measurements were performed at beamline P12, DESY, Hamburg [246] and the high
brilliance SAXS beamline ID02, ESRF [254]], Grenoble.

P12. SAXS measurements at beamline P12 were performed at an X-ray wavelength A of
1.2 A and a sample-to-detector distance of 3.0 m, resulting in a g-range of 0.03 to 5 nm™!
(with g = 4xsin(0)/A, where 20 is the total scattering angle). For data acquisition we used
a Pilatus 2M detector. For each sample condition 40 frames with an exposure time of 45 ms
in ‘flow’ mode were conducted at room temperature. Buffer samples were measured using
identical procedures before and after each sample measurement. Static profiles of monomeric
and heterodimeric brick constructs were measured in buffer with 20 mM MgCl, at sample
concentrations of 50 nM and 100 nM, respectively. Time-resolved (tr) SAXS measurements
on dimerization kinetics were performed by manual mixing of 50 nM and 100 nM monomer
concentrations in a 1:1 mixing ratio.

ID02. SAXS experiments were performed at an X-ray wavelength A of 0.99 A. Static
experiments at beamline ID02 on switchD16 samples and DNA origami brick monomer and
dimer samples were performed in a temperature controlled flow through capillary operated
in air using the Rayonix MX-170HS detector (Rayonix L.L.C., USA) with a sample-to-detector
distance of 5 m resulting in a g-range of 0.015 nm™! to 1.5 nm™!. Data acquisition was performed
with an exposure time of 10 ms including 50 repeats and a delay time of 0.5 s in order to reduce
radiation damage. The measurements were conducted at room temperature. SwitchD16 samples
were measured at a final sample concentration of 100 nM.

TrSAXS experiments on switchD16 samples were conducted using a stopped-flow device
(SFM-400, Bio-Logic, Claix, France) consisting of four motorized syringes coupled through
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three mixers. The last mixer is coupled to a quartz capillary with a diameter of 1.5 mm that
serves as the observation volume where the sample is exposed to the X-ray beam at a constant
position (Figure [5.1). A hard-stop is placed at the end of the flow line and is activated at the
end of the mixing sequence in order to stop the flow. The net dead time (~ 1 ms) including the
mixing time and the time to transfer the mixture to the beam crossing point in the capillary was
determined as described elsewhere [254]]. For each trSAXS measurement 150 pl each of buffer
and switchD16 samples were prepared in the syringes for mixing and subsequently mixed at
equal volumes. For stopped-flow based SAXS experiments the sample-to detector distance was
set to 2.5 m covering a g-range of 0.04 nm™! to 3.0 nm™!. For each run 30 to 50 frames were
recorded with an exposure time of 10 ms and a delay time t; = (16X 1.051) ms (where i denotes
the actual frame number) between consecutive frames in order to prevent radiation damage. For
trSAXS experiments switchD16 samples at a concentration of 200 nM were dissolved in 5 mM
MgCl, buffer. Buffer solutions with MgCl, concentrations of 65 mM, 45 mM, 25 mM, and 5 mM
were prepared to achieve final MgCl, concentrations after mixing of 35 mM, 25 mM, 15 mM and
5 mM, respectively. Prior to each stopped-flow experiment static profiles of switchD16 samples
(c = 100 nM) at 5 mM, 15mM, 25 mM and 35 mM MgCl, concentrations and corresponding
buffer profiles were recorded with the exposure time set to 10 ms and the number of frames to
10. For each MgCl, concentration two independent trSAXS repeats were conducted.

5.4.3 SAXS data processing

Data reduction was carried out using custom written scripts in Matlab (Matlab 2015, The
MathWorks Inc., Natick, MA, USA). Scattering data were normalized to the intensity at zero
angles (I(0)) by performing Guinier analysis of the data [29].

Static SAXS measurements. For static SAXS experiments performed at beamline P12 and
ID02, sample and buffer data from each run were analyzed for radiation damage, which was
not observed in any of the measurement. Matching sample and buffer profiles were averaged
and buffer profiles were subtracted for background correction.

Stopped-flow based SAXS measurements. For each MgCl, concentration scattering
profiles at each acquisition point were checked for consistency and radiation damage; no
damage was observed in any of the measurements. Matching averaged buffer profiles from
static SAXS experiments were subtracted from each single frame for background correction.

5.4.4 SAXS data analysis

SwitchD16. For trSAXS data, the scattering profile at each acquisition point (I(q,t)) can be
described by a superposition of the scattering profiles of the sample conformation at the
initial solution condition (I;(q,ty)) before mixing and the scattering profile of the final state at
equilibrium after mixing (Ir(q.teq)):

I(q) = ﬁ ’ Ii(q’ tO) + ff ’ If(q’ teq) (5-1)

where the coefficients f; and f; are fractional occupancies of the initial and final states. For
stopped-flow experiments we used static reference profiles of switchD16 samples acquired at
5mM MgCl; and 15 mM, 25 mM and 35 mM MgCI; concentrations for I; and I¢, respectively.
For some frames, portions of the scattering curves deemed unreliable at the lowest g-values
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due to parasitic scattering and at high g-values because of low signal-to-noise ratio resulting in
an utilizable g-range of 0.08 nm™ to 2.5 nm™! for fitting. The fraction of closed particles was
determined from two independent SAXS measurements at each MgCl, concentration and time
point and the mean and the standard deviation were calculated and reported in Figure [5.1d.
Fraction of closed particles were normalized to the portion of closed switchD16 particles in
steady state for each MgCl, concentration (i.e. 0%, 90%, 98% and 99% for 5 mM, 15 mM, 25 mM
and 35 mM MgCl, concentrations, respectively), derived from previous SAXS measurements
[2]. To evaluate the goodness of the two-state fits, chi-squared values (y?) were calculated for
each fit according to the following equation:

(5.2)

2
) Z [Iexp(qia t) — Irir(qi, l‘)]
X =
i of
where I, is the experimental SAXS profile, I7;; the best two-state fit profile, and o the experi-
mental error of L.

Bricks. Two-state fits for dimerization kinetics of DNA origami bricks were performed
using Equation 5.1 where the initial and final state are given by the scattering profiles of the
monomer at the respective starting concentration and the dimer at equilibrium. Each fit was
evaluated according to Equation |5.2| To determine the fraction of dimers, we used the g-range

from 0.1 nm™! to 2.5 nm™.

5.4.5 Kinetic fits for folding and assembly

SwitchD16. The (intramolecular) conformational change between the open and the closed
state of the switchD16 sample was modeled as a reversible first-order reaction:

kclose
_

O =—
kopen
where O and C denote the open and closed state of switchD16 particles and k¢jo5e and Kopen
describe the closing and opening rate constants. Assuming that all objects (with an initial con-
centration of ¢) adopt an open conformation at #y, the time dependent relative concentrations
of particles in the open and closed state are given by:

- kc ose ko en)t
Co(t) _ kopen + Kelose - € (ketose +Kopen)

53
Co kclose + kopen ( )
ce(t) — Kelose — kelose - e~ (KetosetKopen)-t 5.4

Co kclose + kopen '

The equilibrium constant K4 of the reaction is defined as:
kclose ( AG )

Keg=7—=exp|;— 5.5
“ kopen P kgT (5.5)

where kg is the Boltzmann constant and AG denotes the Gibbs free energy between the open
and the closed state. To estimate the closing rate constants for the 25 mM and 35 mM MgCl,
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data, we calculated the fraction of closed particles following Equation [5.4|for different closing
rate constants (20 s™! < kgjose < 300 s71) with kopen = 0 (as at MgCl, concentrations of 25 mM
and 35 mM the closed fractions in equilibrium are ~98% and ~99%, respectively, suggesting
that the opening rate constant is essentially negligible) and calculated the reduced y?-values
for each closing rate constant given by:

exp \ _ ftheo (4. 2
fclosed(t’) closed(tl)]

G= 5|2 | — 6:9)

1

where N denotes the number of data points, f**? corresponds to the experimentally determined
fraction of closed particles, ¢ corresponds to the fraction of closed particles given by
Equation for each ko5 value. The errors o used in the calculation of the reduced y?-value
are from repeat measurements, with an additional global error of 1%. All fitting procedures
were performed with custom written Matlab (Matlab 2015, The MathWorks Inc., Natick, MA,
USA) scripts using ‘fminsearch’ as optimization function.

Bricks. Heterodimerization kinetics of the DNA origami bricks were modeled as an irre-
versible bimolecular reaction:

Kon
Ai+A, — B

where A; and A; correspond to the brick monomer variants where either the protruding
stacking pattern (1) or the recessed stacking pattern (2) had been activated, B denotes the dimer
state and k,,, describes the association reaction rate constant in M~! - s™!. For our experimental
conditions with an equimolar mixing ratio of A; and A, (with an initial concentration of A() and
in the absence of dimers B at t; = 0, the time dependent relative concentrations of heterodimeric
bricks as a function of time is given by:

B() _ 1
Ag B 1+A0'k0n't

The model defined by Equation [5.7| was used to fit the fraction of dimers derived from the
SAXS data for initial monomer concentrations (A;(ty) = Aa(ty) = Ap) of 50 nM and 100 nM. We
obtained an association rate constant k,, of 1.8 X 10* M~! - s7'and 1.6 x 10* M~! - s™! for a
monomer concentration of 50 nM and 100 nM, respectively, and hence a mean value of 1.7 X 104
M1 - s71. We also applied a bimolecular reaction model fit including the dissociation reaction
rate constant for different final states of dimer fractions varying between 90% and 100% where
a value of 100% dimers resulted in the lowest y?-value and a negligible small value for the
dissociation reaction rate constant in line with previous experiments [112]. Assuming 100%
dimers, we tested different kg rates, yielding that the fit results are insensitive towards the
off-rate for ko7 < 1076. Larger ko values resulted in increasing y*-values.

To compare these values with a reaction, only limited by the diffusion dynamics of the
monomeric bricks, we calculated the theoretical diffusion-limited association rate constant
kaif of the bricks [257]:

(5.7)

kdiﬁf=4-7l'-R-D-NA (5.8)

with R as distance within the two monomers react and form a dimer and can be assumed to be
~2 nm [255], D is the diffusion coefficient according to Equation [5.9/and Ny4 as the Avogadro
constant.
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5.5 Supplementary Material

5.5.1 Supplementary Text

Estimation of the timescales involved in the conformational transition from the open
to the closed conformation of switchD16 samples.

We estimate the timescales for several processes involved in the conformational transition
from the open to the closed state of the switch device. Specifically, we obtain rough, order-of-
magnitude, estimates for the timescales of i) the diffusional motion of the two arms from the
open to the closed conformation, ii) the formation of DNA basepair stacking interactions, and
iii) the local conformational transitions of the central Holliday junction.

Diffusion of the switchD16 arms. After introducing a sufficiently high salt concentration
to screen the (long-range) electrostatic repulsion that causes the switchD16 device to adopt the
open conformation at low salt, we expect the transition from the open to the closed state to
be fundamentally limited by diffusion of the arms, since the favourable stacking interactions
that keep the switchD16 device in the closed conformation are short-range in nature [255]
(with a range of < 2.5 nm) and will only form once the arms are in sufficiently close proximity.
Therefore, the timescale for diffusive motion of the two arms is expected to set the ultimate
speed limit for closing of the switch device, similar to what has been observed for proteins
[258,1259]). To assess the order of magnitude of the timescale for diffusive motion of the arms
from the open to the closed state of switchD16, we applied a simple model based on rotational
and translational diffusion. Each arm was considered as a rigid rod with a length L = 95 nm and
a diameter of D = 16 nm (Supplementary Figure and the translational (D;) and rotational
(Dy) diffusion coefficients were calculated following Lehner et al.[260]):

AN
o= i ()

where kp is the Boltzmann constant, T the temperature in Kelvin (300 K),  the viscosity of
the solvent (1 mPa-s) and ¢ and y are correction factors for the end terms taken from Tirado et
al. [261]]. The distance d each arm has to travel depends on the opening angle ©, which has a
mean value of ~ 50° (Supplementary Figure [112]. Translational (¢;,4,s) and rotational (t,)
diffusion times for each arm are given by:

d2
ttrans = — (511)
4D,
dz
trot = — 5.12
= D (5.12)

We find values for ¢, in the range of 20 to 70 us for opening angles © between 50° to 90°. The
estimate based on translational diffusion gives similar values, again varying the opening angle
between 50° and 90°.
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Formation of DNA stacking interactions. In the closed state, the two arms of the
switchD16 device are held together by DNA stacking interactions. The timescale for the
formation of nucleobase stacking interactions was investigated recently by force spectroscopy
and molecular dynamics simulations [255]. The results suggest that formation of stacking
interactions occurs on a timescale of 2.40 X 107> s under conditions similar to our experiments.
This implies that once the arms are positioned to form stacking interactions, the formation of
the short-range stacking interactions is very fast and essentially negligible compared to the
timescale for diffusion of the arms or to the overall rate of closing.

Conformational changes of the central Holliday junction. The single Holliday junc-
tion that represents the pivot point for the rotational degree of freedom of the switch object
could also influence the dynamics. Dependent on the ion concentration Holliday junctions in
isolation can assume multiple conformations: an open conformation at low salt conditions and
two stacked conformations at high salt conditions [262} [263]]. While there are several studies on
the kinetics of the conformational transitions between the two possible stacked conformations
of a Holliday junction [262] 264], to the best of our knowledge there exist no experimental rate
constants for the transition between the open and the stacked conformations. However, MD
simulations yielded transition times in the ~ us regime, which again is much faster than the
timescales for diffusional motion or overall closing and suggests that the structural dynamics
of the Holliday junction are not a rate limiting factor [265} 266]].
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5.5.2 Supplementary Figures
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Figure 5.3: Scaling relationship for nucleic acid folding rate constants. Experimentally determined folding rate
constants of a range of RNA molecules (cyan circles) as a function of the square root of the number of nucleotides
and the corresponding fit of a scaling relationship using In(kfoia) = In(ko) —aN b with q, b, and ky as fit parameters;
both the data and the fit are from Hyeon et al. [267]]. The red star indicates the folding rate constant predicted for
the switchD16 device by the fitted scaling relationship. In contrast, the blue star corresponds to the experimentally
determined folding rate constant for the transition of switchD16 from the open to the closed state at 15 mM
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Figure 5.4: Time-dependent scattering profiles for switchD16 and two-state fits. Time-dependent scattering
profiles of switchD16 samples upon mixing with varying MgCl, concentrations and corresponding fitted profiles
from a two-state model (black lines) (see main text). a Evolution of scattered intensity upon equimolar mixing
of switchD16 samples with 5 mM MgCl, at different time points indicated in the legend. SAXS curves at the
bottom (dark blue circles) and at the top (red circles) correspond to static reference profiles of switchD16 samples
at the initial and final MgCl, concentrations (here: 5 mM). b Scattering profiles for switchD16 samples diluted
into a final concentration of 15 mM MgCl, at subsequent timepoints acquired after mixing. SAXS profiles at the
bottom (dark blue circles) and at the top (red circles) are obtained from static SAXS measurements of switchD16
samples diluted in 5 mM and 15 mM MgCly, respectively. ¢ Scattering profiles of switchD16 samples diluted into a
final concentration of 25 mM MgCl, buffer. SAXS profiles at the bottom (dark blue circles) and at the top (red
circles) are obtained from static SAXS measurements of switchD16 samples diluted in 5 mM and 25 mM MgCl,,
respectively. d Time-dependent SAXS data obtained from switchD16 samples after equimolar mixing with MgCl,
buffer resulting in a final concentration of 35 mM MgCl,. SAXS curves at the bottom (dark blue circles) and at
the top (red circles) are obtained from static SAXS measurements of switchD16 samples diluted in 5 mM and
35 mM MgCl,, respectively. Data are vertically offset for clarity. Data from trSAXS experiments with final MgCl,
concentrations of 5 and 35 mM after mixing contain twice the number of data points as compared to the 15 and
25 mM MgCl, data due to interpolation to the g-bin size of static reference profiles, which where recorded with
half of the bin size as stopped-flow SAXS experiments
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Figure 5.5: Estimate of the closing reaction rate constant of SwitchD16 particles for a final MgCl, concentration
of 25 mM after mixing. We used Equation and calculated the reduced y?-value for different closing rate
constants while setting the opening rate constant to zero (as at a MgCl, concentration of 25 mM the closed fraction
in equilibrium is ~ 98%, suggesting that the opening rate constant is essentially negligible). The data are well
described for k5. values equal or greater ~ 150 s~ (see inset graph corresponding to the data range indicated
by the grey frame). We found an identical trend for the 35 mM MgCl, data.

Figure 5.6: Schematic model and length scales to estimate the diffusion time of each arm of switchD16 required
to changing from the open conformation (shown here) to the closed conformation.
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Figure 5.7: Time evolution of scattering profiles from DNA origami dimerization kinetics after 1:1 mixing of
monomeric brick samples at a initial concentration of 100 nM: 0 min (dark blue circles, bottom), 2 min, 5 min, 10
min, 15 min, 20 min, 30 min 45 min, 60 min, 90 min, 2 h, 3 h, 4 h 30 min, 12h 30 min and 24 h (red circles, top).
Black lines correspond to fits from a two-state model following Equation
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Figure 5.8: Strand diagram of the dynamic switchD16 variant. Scaffold (shown in blue) and staple layout of
the dynamic switch variant with 16 activated stacking interactions. Cyan: stacking activated. Generated with
caDNAno v0.2.
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Figure 5.9: Stand diagram of brick monomer A; generated with caDNAno v0.2.
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Figure 5.10: Stand diagram of brick monomer A, generated with caDNAno v0.2.
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Tracing Dimerization Kinetics of DNA

Origami Bricks for Varying Solution
Conditions by SAXS

Summary

In chapter[5|a DNA origami brick system that consists of two monomeric brick variants featuring
shape-complementary double helical patterns allowing for dimerization was introduced. Dimer
assembly and disassembly can be triggered by cation concentration and solution temperature.
However, quantitative experimental characterization of the temporal dynamics for varying
solution conditions is currently missing. Here, we employ time-resolved SAXS to study the
dimerization kinetics of the DNA origami brick system as a function of monomer concentration,
salt, and temperature using time-resolved small-angle X-ray scattering based on manual mixing.
The results implicate structural deformations of the internal honeycomb lattice structure of
monomeric and dimeric DNA origami brick objects in response to changes in ionic strength and
ion species. We find concentration dependent dimerization kinetics proceeding on much slower
timescales than the diffusion limit. In addition, we observe faster dimer assembly kinetics in
the presence of monovalent ions compared to divalent ions, while a change in temperature
yields only minor effects on the temporal dynamics.

6.1 Introduction

The rapidly advancing field of structural DNA nanotechnology has allowed for creating versatile
structures at the nanometer scale that show great promise for a variety of applications such
as nano-engineering [268} 269], material science [145] 270] or drug delivery systems in cancer
therapy [213}271]. A fundamental challenge of DNA nanotechnology is to design even larger
DNA objects (~ ym) with high spatial control and addressability. These superstructures can
facilitate protein crystallography, where 3D DNA origami lattices enable to host and orient
many copies of a molecule, such as proteins or nanoparticles, without the need for the often
cumbersome process of protein crystallization. In addition, they are promising candidates for
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synthetic nanomachines that can mimic macromolecular machines and carry out biological
functions.

Molecular self-assembly with scaffolded DNA origami, where a long single-stranded viral
genome (scaffold strand) is folded into predefined shapes by hundreds of short synthetic
oligonucleotides (staple strands), has become an established method towards this goal. The
attainable global dimensions of the resulting DNA origami structures are currently limited by
the length of the scaffold strand (~7000 - 8000 bp). Recently, different strategies for scaling
up DNA origami size have been suggested, including the use of longer scaffolds [272] or
selective structural connections such as sticky-ends [152] to connect individual DNA origami
components. These approaches still face some obstacles, such as low assembly yields, loss of
unique addressability and preservation of structural integrity.

A promising approach towards designing larger complex DNA origami nanostructures is
to employ nucleobase stacking interactions for assembly. This was first presented by Woo et al.
[273] creating planar 2D DNA origami patches on a surface. Gerling et al. [112] established a
framework for robust 3D DNA origami objects that exhibit discrete double helical interfaces
of shape-complementary protrusions and recessions that can precisely click into each other
based on nucleobase stacking interactions. The mechanism was illustrated for a dynamic DNA
origami switch device, whose structural properties and dynamics are discussed in chapter[4]and
chapter 5 In addition, they designed self-complementary multilayer DNA origami objects that
can form more complex structures as recently demonstrated for a nanoscale rotary apparatus
[274] or assemble into rigid micron-scale filament architectures [112]].

For the multilayer objects, the subunits are formed by two different DNA origami brick
variants with shape-complementary patterns that fit precisely into each other (Figure [6.1}).
Brick assembly and disassembly can be triggered by changes in ionic strength or temperature,
similar to the DNA origami switch device (see chapters[4][5). However, quantitative experimental
characterization of the temporal dynamics in solution is currently lacking. Particularly, how
global parameters such as cation valency or temperature influence the dimer assembly kinetics
of DNA origami bricks. Here, we study the dimerization kinetics of DNA origami brick objects
as a function of monomer concentration, salt, and temperature using time-resolved small-angle
X-ray scattering based on manual mixing. Previous work [112] could show that dimerization is
possible in the presence of both monovalent and divalent ions as well as at elevated temperatures.
We performed time-resolved SAXS measurements on brick dimer assembly in the presence of
20 mM MgCl, and 2 M NaCl, respectively, and at temperatures of 20 °C and 40 °C. In addition,
we investigated whether DNA origami brick samples show structural changes for varying
solution conditions based on static SAXS experiments of monomeric and dimeric DNA origami

bricks.

6.2 SAXSreveals salt dependent structural characteristics
of DNA origami brick samples

The brick system includes two different monomeric variants (A; and A;), where in each variant
either double helical protrusions or recessions are permanently deactivated to inhibit further
polymerization, respectively (Figure [6.1j). For structural characterization, we analyzed scatter-
ing data of DNA origami brick monomers and dimers in the presence of MgCl; or NaCl and
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at two different temperatures, which also serve as reference profiles for time-resolved SAXS
studies on dimerization kinetics. For solution conditions containing either 20 mM MgCl, or
2 M \NaCl, scattering profiles of monomeric and dimeric brick samples are clearly distinguishable
(Figure[6.1p). SAXS curves of the dimeric complex exhibit a very pronounced peak at a momen-
tum transfer value g ~ 0.28 nm™! corresponding to a length scale d = 2;7/q ~ 23 nm, which can
be attributed to the cross-section of the dimer (22 nm x 24 nm) (Figure [6.1p). This peak is miss-
ing in both monomeric profiles, due to their asymmetric cross sectional area (11 nm x 24 nm)
(Figure[6.1h). However, for higher g-values, corresponding to smaller length scales, the scatter-
ing profiles of brick monomers and dimers largely coincide, reflecting their identical internal
honeycomb lattice structure. For instance, a highly pronounced intensity peak is noticeable at
g ~ 1.6 nm™! (d ~ 3.9 nm) matching interhelical distances within the honeycomb lattice. In
contrast to the SAXS profiles of brick samples dissolved in 20 mM MgCl,, the 2 M NaCl data
display a higher noise level due to the 100 fold higher ion concentration resulting in a stronger
reduction in contrast. This effect is attributed to the quadratic relation between scattering
intensity and the difference in electron density between sample and buffer solution.
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Figure 6.1: Schematic of the DNA origami brick system and corresponding SAXS profiles in the presence of
20 mM MgCl; and 2 M NaCl. a Illustration of DNA origami brick monomer variants (A; and A;) that can form
a dimeric complex in the presence of 20 mM MgCl; or 2 M NaCl (top). Shape-complementary protrusions and
recessions, indicated by the red and blue DNA double helical domains, respectively, allow for nucleobase stacking
interactions. (Bottom) TEM micrographs of brick monomers and dimers. Scale bar: 20 nm. b Static SAXS profiles
of monomeric brick samples (only A;) measured in 20 mM MgCl, (cyan) and 2 M NaCl (red) and SAXS data from
brick dimers (A; + A;) in the presence of 20 mM MgCl, (blue) and 2 M NaCl (orange). Sample concentrations are
100 nM. Profiles are scaled by a constant factor.

Next, we analyzed the influence of the ion species, ion concentration and temperature
on the DNA origami brick structure based on SAXS data. The structure and dynamics of
double-stranded DNA are known to be highly influenced by their environment, i.e. salt or
temperature 275-277]. A few reports have shown that also DNA origami objects may differ
from their idealized internal geometries and do not necessarily exhibit the same properties as
DNA (see also chapter 278]). For instance, DNA origami junctions
are known to be under mechanical stress, associated with an average intrahelical distance that
is larger than the one in a B-DNA duplex [232]. Further, electrostatic repulsion between the
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negatively charged phosphate atoms in the DNA backbone along with entropic effects can
generate a bowing out of double helical domains between cross-overs [207], which has also
been discussed in chapter 4] These internal structural changes might also be affected by salt
concentration and temperature, and are crucial for nucleobase stacking interactions where a
correct helical alignment of participating double helices is a key prerequisite.

Scattering profiles of brick monomer variant A; dissolved in 20 mM MgCl; exhibit no
identifiable temperature dependency, which is also observable in the presence of 2 M NaCl
(Figure . However, for both salt conditions we find smaller radii of gyration (R,) for
monomeric brick samples at a temperature of 40 °C compared to 20 °C, where a rational
explanation remains tentative and will require additional measurements for verification. When
the MgCl, concentration was changed to 5 mM, only minor shifts of intensity peaks towards
smaller g-values are observable. For instance, the intensity peak at g ~ 1.6 nm™! (Figure ),
which is related to distances within the honeycomb lattice, is shifted by Ag ~ 0.5 A towards
a smaller g-value, implying an increase of interhelical distances by ~ 1 A, consistent with
previous studies from Fischer et al. [156]]. This effect is even more pronounced for monomeric
brick samples measured in the presence of 2 M and 0.5 M NaCl, where the shift of the intensity
peak at ¢ ~ 1.6 nm™! results in an increase in interhelical distances by ~ 2.5 A (i.e. from
3.9nm (2 M NaCl) to 4.1 nm (0.5 M NaCl)). For both salt conditions, the reduced ionic strength
associated with an increase in the Debye length (by a factor of two for both salts) reflects the
lower screening ability of the electrostatic repulsion between negatively charged phosphate
groups resulting in larger interhelical distances.
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Figure 6.2: Scattering profiles of monomeric DNA origami bricks for different solution conditions. a SAXS curves
of monomeric bricks (c = 100 nM) dissolved in 20 mM MgCl, at temperatures of 20°C (cyan) and 40°C (purple),
and for a MgCl, concentration of 5 mM (brick concentration ¢ = 200 nM) at a temperature of 20°C (orange). The
inset shows a close up of the intensity peak related to interhelical distances within the honeycomb lattice of the
DNA origami bricks. b SAXS profiles of monomeric bricks (c = 100 nM) dissolved in 2 M NaCl at temperatures
of 20°C (red) and 40°C (brown), and for a NaCl concentration of 0.5 M (brick concentration ¢ = 200 nM) at a
temperature of 20°C (yellow). The inset corresponds to a zoom in of the area indicated by the grey lines and
includes the intensity peak related to interhelical distances within the honeycomb lattice of the DNA origami
bricks.
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We obtained a smaller radius of gyration (Ry) for brick monomers dissolved in 5 mM MgCl,
than for monomers dissolved in 20 mM MgCl, (Table [6.1). The brick monomer concentration
was 200 nM at 5 mM MgCl,, which is twice as high as for 20 mM MgCl, measurements. Thus,
a reduction in the R, presumably results from interparticle interference effects due to repulsive
interactions between brick objects (see section[1.3.1]in chapter|1), which become more dominant
at lower MgCl; concentrations and higher sample concentrations. Similar results were obtained
from NaCl data (Table . In general the calculated Ry-values seem reasonable in comparison
to theoretical values derived from approximating the monomeric brick objects as rectangular

1
beams (R;heo =3 [(%)2 + (&) + (%)2] ?, where W, H and L are the width, height and length of
the object, respectively). Here, the Ry-values are in the range of 18-19 nm depending on the
diameter used for a DNA double helix, which can vary between 2-2.6 nm [279]], but which does

not include any salt effects.

In comparison to the MgCl, data, both internal and overall dimensions of DNA origami
bricks are extended by a few Angstroms in the presence of NaCl suggesting a lower screening
ability for monovalent ions.

Structural analysis of brick dimers at lower salt concentrations was not possible, as these
structures would disassemble. Scattering profiles of dimeric brick samples for temperatures of
20°C and 40°C revealed no clearly identifiable differences (see Figure [6.8]in section[6.6)), for
both 20 mM MgCl, and 2 M NaCl, implying no evidence for disassembly, which is in line with
previous work [[112]. As already observed for the monomeric brick samples, we find smaller
Ry-values for brick dimers at a temperature of 40°C (Table , which needs to be clarified in
future experiments.

Sample R (nm) (T = 20°C) Ry (nm) (T = 40°C) Rtgheo (nm)
Brick monomer - - 18.0-19.2
Brick dimer - - 19.0-20.4
Brick monomer ([MgCl;] = 5 mM) 18.3 - -
Brick monomer ([MgCl;] = 20 mM) 20.0 (£ 0.2) 19.4 (+0.3) -
Brick dimer ([MgCl;] = 20 mM) 22.5(x£0.1) 20.8 (£ 0.1) -
Brick monomer ([NaCl] = 0.5 M) 19.7 - -
Brick monomer ([NaCl] = 2 M) 22.3 (£ 0.0) 19.5 (+ 0.0) -
Brick dimer ([NaCl] = 2 M) 24.8 (£ 0.2) 22.5 (£ 0.8) -

Table 6.1: Comparison of the radius of gyration (Ry) of monomeric and dimeric brick samples at sample con-
centrations of 100 nM dissolved in different MgCl; and NaCl concentrations at ambient temperatures of 20°C
and 40°C. For monomeric brick samples dissolved in 5 mM MgCl, and 0.5 M NaCl sample concentrations were
200 nM. For Guinier analysis the fitting range gmaxRy < 1.6 was used. Theoretical R,-values were determined by
approximating the brick objects as rectangular beams (see main text for details) with dimensions given in Figure

.
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6.2.1 Comparison of experimental SAXS data to theoretical scattering
profiles

We compared our experimental scattering data of monomeric and dimeric DNA origami brick
samples to their corresponding theoretical scattering profiles based on idealized atomistic
models generated by CanDo [228] (see Materials and Methods (6.5)). Double helical protrusions
and recessions were missing in the atomistic models, which should have only a minor impact
on the computation of the theoretical SAXS profile. The computed profiles roughly describe the
overall shape of the experimental SAXS curves reproducing structural characteristic peaks, in-
cluding the specific dimer peak (g ~ 0.28 nm™') and the peak related to the internal honeycomb
lattice structure (Figure [6.3).

However, the theoretical curves are shifted towards higher g-values (corresponding to
smaller dimensions), which has also been observed for DNA origami structures discussed in
Chapter Moreover, we obtain smaller Ry-values for monomeric (R, = 16.5 nm) and dimeric
brick samples (R, = 17.6 nm) from the theoretical SAXS data than from experimentally derived
values. Combined, these differences suggest that the conformations of the DNA origami brick
objects in solution deviate from the atomistic models generated by CanDo. Structural refinement
approaches, as presented in chapter [4 would allow for determining structural deformations
and flexibility in more detail.
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Figure 6.3: Comparison of scattering profiles of DNA origami bricks and theoretical scattering profiles obtained
from the software CRYSOL based on their atomistic models. a Experimental SAXS profile of the monomeric DNA
origami brick sample dissolved in 20 mM MgCl, (cyan circles) and theoretical scattering profiles (red line) of the
corresponding atomistic model that were predicted from the software CanDo. b Experimental SAXS profile of the
dimeric DNA origami brick sample dissolved in 20 mM MgCl; (blue circles) and theoretical scattering profiles (red
line) of the corresponding atomistic model that were predicted from the software CanDo. Arrows indicate the
g-value corresponding to internal distances within the honeycomb lattice structure of the DNA origami brick
objects.
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6.3 Dimerization kinetics of DNA origami bricks

In the previous section essential structural features of DNA origami brick samples were char-
acterized for varying solution conditions. Here, we studied the dimerization kinetics of the
DNA origami brick system as a function of initial monomer concentrations (i.e. 50 nM and
100 nM), ion species (i.e. 20 mM MgCl, and 2 M NaCl) and temperature (i.e. 20°C and 40°C)
using time-resolved SAXS based on manual mixing (see Materials and Methods (6.5)).
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Figure 6.4: Representative scattering profiles of DNA origami brick dimerization kinetics for varying solution
conditions. a Time evolution of scattering profiles after 1:1 mixing of monomeric brick samples at an initial
concentration of 100 nM each dissolved in 20 mM MgCl, and a temperature of 20°C. b Time-resolved scattering
profiles after 1:1 mixing of monomeric brick samples at an initial concentration of 100 nM each dissolved in
2MNaCl and a temperature of 20°C. ¢ Time evolution of scattering profiles for sample conditions described in a
but at a temperature of 40°C. d Time evolution of scattering profiles for sample conditions described in b but at
a temperature of 40°C. Scattering profiles for t = 0 min correspond to static SAXS profiles of monomeric brick
samples for each measurement condition.

Representative time courses of scattering profiles of brick dimerization in the presence of
20 mM MgCl, and a temperature of 20°C (Figure[6.4h) reveal a continuously increasing dimer
peak at g ~ 0.28 nm™'. SAXS curves of brick dimerization kinetics in the presence of 2 M NaCl
display a similar time evolution. However, an fast change of the intensity profiles from t = 0 min
to t =2 min is observable in the 2 M NaCl data, which is not noticeable in the 20 mM MgCl,
data suggesting faster dimerization kinetics in the presence of monovalent ions. This effect is
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even more pronounced for time courses of scattering profiles from brick dimerization kinetics
in the presence of 2M NaCl and a temperature of 40°C (Figure[6.4d). In contrast, corresponding
scattering profiles for brick dimerization kinetics in the presence of 20 mM MgCl, still display
a rather continuous time course (Figure [6.4c). In comparison to the scattering data obtained at
T = 20°C, we find no significant deviations of SAXS profiles acquired at T = 40°C, implying no
disassembly due to the higher temperature, in line with previous work [112].

6.3.1 Singular value decomposition

To test whether the brick dimer assembly is well-described by a two-state process or whether
there are detectable intermediate states, we performed a singular value decomposition (SVD)
analysis of the time-resolved data for each measurement condition (see Materials and Methods
(6.5)). In this method the scattering profile at each time point is represented by a different linear
combination of a set of orthogonal basis functions. To apply a SVD, time-dependent scattering
profiles are compiled into a matrix, A(q,k), where the rows correspond to different momentum
transfer values g; and the columns are the intensity profile for a certain timepoint denoted by
the index k (i.e. A(gq,k) = I(q,t)). The matrix A is decomposed into a set of orthogonal basis
functions [280]:

A(q,k) = u(g,k)so” (6.1)

For N discrete g-values and k time points, A is an N X K matrix. The columns of the N X K
matrix u(q,k) are the orthogonal basis functions Ui (g;), where a linear superposition of these
functions describes the scattering profile at each timepoint. The diagonal components of
the K X K matrix s contain the so-called singular values (wi), which are ordered such that
Wi > Wy > W3 > ... > w. The product so! determines the time-dependent weight applied to
the individual basis functions when constructing the scattering profiles. The scattering profile
at each time point during dimerization can be approximated by [280]:

L L
Ig.t) = ), wonUi(@) = ) wibfUi(q) (6.2)
j=1 j=1

where L is the minimum number of components necessary to adequately reconstruct the
scattering profiles and bjl.C = v;j describe the basis coefficient j at each time-point.

The number of significant SVD components reveals the number of distinct conformational
states involved in the DNA origami brick dimerization process. In order to determine the
number of significant components, we followed the selection criteria of Henry et al. [281]],
which employ the noise level in the basis functions (U(q)), the size of the singular values (S;)
and computation of the autocorrelation of basis functions (C;) to identify the set of linear
independent basis functions (see Materials and Methods (6.5)). Figure[6.5| displays the first four
basis components U(q) obtained from the SVD of the scattering data for dimerization kinetics
upon 1:1 mixing of DNA origami brick monomers (c = 100 nM) in the presence of 20 mM MgCl,
or 2 M NaCl (T = 20°C). Comparison of the shape of the basis functions suggests that only the
first two components contain significant signal. This finding is corroborated by the values of
the weighted singular values (S;), which are < 1072 for the last two components, and the values
of the autocorrelations which are >90% only for the first two components.
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Figure 6.5: The first four basis functions U;(q) from an SVD of time-resolved SAXS data of DNA origami brick
dimerization kinetics. S; are the weighted singular values and C; denotes the autocorrelation (see main text for
details).

Similar results were obtained for dimerization kinetics of brick samples with initial monomer
concentrations of 50 nM and at a temperature of 40°C. Description of the dimerization process
of DNA origami bricks by two independent states (i.e. monomeric and dimeric conformation)
is consistent with a bimolecular reaction system, as a third or fourth component correspond-
ing to physically phenomena as the existence of an intermediate state [282] or interparticle
interference effects [283]] are very unlikely. An intermediate state seems very improbable
due to geometrical constraints and interparticle interference effects such as repulsion were
not observed in any of the measurement conditions for SAXS measurements on dimerization
kinetics.

6.3.2 Two-state model fits

Based on the results obtained from the SVD analysis we applied a two-state model to the
brick dimerization SAXS data, where the SAXS profile at each time point is described by a
linear superposition of the monomeric and dimeric brick scattering profiles (see Materials and
Methods (6.5)). The two-state fits provide an overall good description of the experimental data
for dimerization kinetics in the presence of 20 mM MgCl, or 2 M NaCl at a temperature of 20°C
(Figure with reduced y?-values in the range of 1.0 and 2.0. Similar results were obtained
for SAXS measurements on brick dimerization at a temperature of 40°C and for measurements
with initial monomer concentrations of 50 nM.
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Figure 6.6: Time-dependent scattering profiles of DNA origami brick dimerization kinetics and two-state fits. a
Evolution of scattered intensity upon 1:1 mixing of DNA origami brick monomers (c = 100 nM) in the presence of
20 mM MgCl; at a temperature of 20°C for subsequent time points (from blue to red): 0 min, 2 min, 5 min, 10 min,
15 min, 20 min, 30 min, 45 min, 60 min, 90 min, 120 min, 180 min, 4h 30 min, 12 h 30 min and 24 h. Black lines
correspond to fitted profiles from a two-state model. b Time course of scattering profiles upon 1:1 mixing of DNA
origami brick monomers (c = 100 nM) in the presence of 2 M NaCl at a temperature of 20°C for subsequent time
points (from blue to red): 0 min, 2 min, 5 min, 10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 90 min, 120 min,
180 min, and 24 h. Black lines correspond to fitted profiles from a two-state model. Data are vertically offset for
clarity.

6.3.3 Bimolecular reaction model fit

From the two-state fits we were able to define the fraction of dimers at each measurement
time point, which are displayed in Figure In order to determine the association- (k,,) and
dissociation rate constants (ko) of the brick dimerization process, we fitted a bimolecular
reaction kinetics model to the data (see Materials and Methods (6.5)). As expected for a
bimolecular system, we find concentration dependent assembly kinetics for both salt conditions
(Table[6.2). In addition, dimerization kinetics proceed slightly faster at a temperature of 40°C,
where the relative change of the association rate constant is slightly larger for brick assembly
kinetics in the presence of 20 mM MgCl, than for 2 M NaCl.

Remarkably, we observe significantly faster dimerization kinetics at 2 M NaCl with a half-
life of 732 ~ 1 min than at 20 mM MgCl,, where 71/, = 10 min, for T = 20°C. This is still
the case for DNA origami brick dimerization in the presence of 1 M NaCl yielding a half-life
of 712 = 6 min (data were obtained from previous SAXS measurements). For dimerization
dynamics at a temperature of T = 40°C the half-lives reduce by 10 % and ~ 20 % in the presence
of 2 M NaCl or 20 mM MgCl,, respectively.

Moreover, we derive non-negligeable values for the dissociation rate constants for 2 M
NaCl (and 1 M NaCl), whereas fit results for 20 mM MgCl, are insensitive towards the off-rate
for ko < 107%s71 (Table . Thus, the MgCl, data can be also described by an irreversible
bimolecular reaction fit (see Materials and Methods and Table yielding similar as-
sociation rate constants, whereas the irreversible fit applied to the NaCl data provides slight
deviations for the association rate constants.
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Figure 6.7: Fraction of dimeric DNA origami brick objects as a function of time, determined from a two-state
model for varying initial monomer concentrations and solution conditions. a Dimer fractions derived from a
two-state fit of SAXS data on DNA origami brick dimerization kinetics performed at 20 mM MgCl, for inital
monomer concentrations of 50 nM each (cyan circles), 100 nM each (blue circles) at T = 20°C, and for initial
monomer concentrations of 100 nM at T = 40°C (purple circles). Solid lines represent a reversible bimolecular
reaction fit to the data. The inset shows a zoom of the data and corresponding fits for a selected time range. b
Dimer fractions derived from a two-state fit of SAXS data on DNA origami brick dimerization performed at 2 M
NacCl for inital monomer concentrations of 50 nM each (orange circles), 100 nM each (red circles) at T = 20°C,
and for initial monomer concentrations of 100 nM at T = 40°C (brown circles). Solid lines represent a reversible
bimolecular reaction fit to the data. The inset shows a zoom of the data and corresponding fits for a selected time
range.

Measurement conditions kon(107% - Ms)™!  kog(10° - s)™1  KkIT(107* - Ms) !
[NaCl] = 2 M, ¢y = 50 nM, T = 20°C 19.8 (15.9,23.7)  3.1(0,6.4) 183 (14.2, 22.5)
[NaCl] = 2 M, ¢y = 100 nM, T = 20°C 16.0 (11.7,20.3)  8.2(1, 15) 13.7 (9.1, 18.2)
[NaCl] = 2 M, ¢ = 100 nM, T = 40°C 17.6 (12.6,22.7)  3.0(0,7.4)  16.4 (11.6, 21.1)
[NaCl] = 1M, ¢y =80 nM, T =20°C 3.6 (2.5, 4.8) 1.4 (0, 3.6) 3.4(2.2,4.5)
[MgCl,] = 20 mM, ¢ = 50 nM, T = 20°C 1.8 (1.7, 1.9) <1076 1.8 (1.7, 1.9)
[MgCl,] = 20 mM, ¢y = 100 nM, T = 20°C 1.6 (1.4,1.7) <10°¢ 1.6 (1.4, 1.7)
[MgCl,] = 20 mM, ¢o = 100 nM, T = 40°C 1.9 (1.8, 2.0) <107° 1.9 (1.8, 2.0)

Table 6.2: Reaction rate constants of dimerization kinetics of DNA origami bricks for different salt and temperature
conditions. Measurement conditions involve salt concentration, initial concentration ¢y of each brick monomer
prior to mixing, and the temperature T. The reaction rate constants k,, and kg are derived by fitting a reversible
bimolecular reaction rate model (see Materials and Methods ) to the experimentally determined dimer fractions.
For MgCl, data fit results are insensitive towards the off-rate for ko7 < 107°s™!. k" corresponds to a fit of an
irreversible bimolecular reaction model. Number in brackets indicate values for a 95% confidence interval.
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Combined, these results imply a considerable sensitivity of DNA origami brick dimer
formation to the presence of mono- or divalent ions suggesting the existence of salt dependent
energy barriers. The existence of energy barriers is further corroborated by calculations of
the diffusion-limited reaction rate constant kg of 2.5 x 10> M~! s™* for the DNA origami
brick samples (see Materials and Methods (6.5)), showing that the brick system reacts much
slower than the diffusive speed limit. Additional barriers, such as overcoming electrostatic
repulsion and correct alignment of shape-complementary protrusions and recessions at the
double helical interfaces of the brick monomers required for dimer formation, should result in
an effective energy barrier lower than In(k;}/ k;;f). For 2 M NaCl we obtained a value of ~7
kyT and for 20 mM MgCl, a value of ~9 k; T, where k;T is the thermal energy. Moreover, the
brick system displays much slower kinetics than the DNA origami switch device (71/; ~ min vs.
71/2 ~ ms) (see chapter[5). This highlights the accelerating effect of a constrained pre-alignment
of shape-complementary interfaces, as it is realized in the switch device by a central pivot
connection, on the kinetics.

It appears somewhat counterintuitive that dimer assembly kinetics occur on faster timescales
at 2 M NaCl than at 20 mM MgCl; considering the empirical rule that for DNA-ion interactions,
~ 10 mM MgCl, gives similar behavior of DNA duplex stability as ~ 1 M NaCl [53]. Also,
single-molecule studies of DNA stacking interactions of individual base-pair stacks revealed
salt dependent association (and dissociation) rates yielding higher values for the association
rate constant for measurements in MgCl, compared to those conducted in NaCl [255].

However, these aspects should not compromise the obtained results. Structural analysis
of the DNA origami brick monomers yielded slightly more extended structures in 2 M NaCl
compared to brick monomers dissolved in 20 mM MgCl, (see section [6.2). These extensions
possibly facilitate the formation of nucleobase stacking interactions at the brick interfaces,
while brick structures dissolved in 20 mM MgCl; appear to be too small resulting in slower dimer
assembly kinetics. In addition, other ion related effects will be relevant for dimer assembly, in
particular the influence of the ion atmosphere surrounding the DNA origami brick objects in
solution. While properties of the ion atmosphere, containing dissolved cations and (to a lesser
extent) anions, cannot yet be accurately predicted from theory [53]], various studies on nucleic
acid-ion interactions indicate that the composition and energetics of the ion atmosphere have a
major impact on nucleic acid structure and dynamics [54} 55} 249, 284} 285]]. For instance, when
Mg?* ions compete with Na* ions around double-stranded DNA, the concentration of Mg?" in
proximity to the DNA surface was shown to be much greater than that of Na* [55] and Mg?*
ions displayed stronger adsorption to the DNA surface. These tightly bound Mg®* ions form a
condensed layer around the DNA where additional effects such as local density fluctuations
and inter-ion correlation occur [231] [286-288]. The latter is weak for monovalent ions, but
strong for divalent ions and is highly relevant for an adequate description of nucleic acid-ion
interactions [[289]. Regarding the DNA origami brick system, the layer of immobile magnesium
ions featuring strong ion-ion correlations might be considered as a barrier making correct
alignment of the shape-complementary protrusions and recessions more difficult. In addition,
these effects might also explain the much smaller value of the dissociation rate constants (ko)
at 20 mM MgCl, than that at 2 M NaCl. Once the dimers are formed the dense and compact
Mg?* ion layer stabilizes the dimer complex much stronger than the more diffusive Na* ion
layer inhibiting the disassembly of the dimeric conformation.
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In addition, other nucleic acid systems display faster kinetics in the presence of NaCl than
for MgCl,. For instance, studies on RNA folding reveal faster folding rates for NaCl than for
MgCl, [290]. Similar results were found for ribozyme folding, which was faster in the presence
of ~1 M Na* (k >50 s!) than in 10 mM Mg?* (k ~ 2 - 0.2s7!) [291]]. Moreover, conformational
transitions of a Holliday junction, which is a four-way DNA junction and a common structural
motif applied in DNA origami structures, occur on faster timescales in the presence of Na*
ions [262] 263]].

6.4 Conclusion and Outlook

We have shown the ability for SAXS to sensitively reveal structural conformations of DNA
origami brick objects under varying salt and temperature conditions and to trace their dimer-
ization kinetics. Structural analysis of brick monomers and dimers unveiled slightly larger
extensions of both internal and overall dimensions of the brick objects in the presence of NaCl
concentrations in the molar range compared to solution conditions containing only millimolar
concentrations of MgCl,. Temperatures of 40°C did not cause any significant conformational
deviations for both salt conditions, implying no disassembly of the DNA origami bricks. Time-
resolved SAXS experiments on dimer assembly kinetics of DNA origami brick objects based
on manual mixing of brick monomers demonstrate ~ 10 times faster dimerization kinetics in
the presence of 2 M NaCl than for 20 mM MgCl,, while a temperature of 40°C yields only
slightly faster kinetics than for 20°C. Although further experiments including computational
approaches would be helpful to get a better understanding of the underlying molecular mech-
anisms, these results highlight the sensitivity of DNA origami structures to the presence of
mono- or divalent ions and related structural changes should be considered in (future) DNA
origami design concepts, such as the choice of the number of crossovers.

In addition, structural deformations of the DNA origami lattice will also influence the
performance of dynamic DNA origami devices, especially those applied as drug delivery
systems or precision rulers in super-resolution microscopy, where deformations may lead
to leakage of the payload or imprecise calibrations, respectively. Thus, ion related effects
on DNA origami structures may be prevented by an adequate choice of salt. In conclusion,
supplementing DNA origami solutions with specific ion species can be a useful tool to both
optimize DNA origami designs and to tune the kinetics of dynamic DNA origami nanodevices.
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6.5 Materials and Methods

6.5.1 DNA origami assembly and purification

DNA origami brick folding and purification is described in detail in the Materials and Methods
section of chapter

6.5.2 SAXS data acquisition and processing

SAXS measurements were performed at beamline P12 at an X-ray wavelength A of 1.2 A
and a sample-to-detector distance of 3.0 m. The resulting g-range was 0.03 to 5 nm™! (with
q = 4nsin(0)/A, where 20 is the total scattering angle). We used a Pilatus 2M detector for data
acquisition. 40 frames with an exposure time of 45 ms in ‘flow’ mode were conducted at room
temperature for each sample condition. For temperatures performed at 40°C, both the sample
loader and the capillary were heated to 40°C. Buffer samples were measured using identical
procedures before and after each sample measurement.

All SAXS experiments were performed on DNA origami brick samples dissolved in folding
buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8) containing varying MgCl, and NaCl
concentrations. Static profiles of monomeric and dimeric brick constructs were measured at
sample concentrations of 50 nM and 100 nM, respectively. Static reference SAXS profiles of
dimeric brick samples were obtained in reaction equilibrium for at least 48 h after 1:1 mixing
of monomeric brick variants A; and As.

Time-resolved SAXS experiments on dimerization kinetics of DNA origami bricks in buffer
solutions containing either 20 mM MgCl; or 2 M NaCl were performed by manual mixing of
50 nM and 100 nM monomer concentrations in a 1:1 mixing ratio. For time-resolved SAXS
measurements at temperatures of 40°C, DNA origami brick samples were stored in a heat bath
at T ~ 40°C for ~ 2 h prior to the first SAXS experiment and during waiting times between the
different acquisition runs of each measurement.

6.5.3 SAXS data analysis

Scattering profiles from both static and time-resolved measurements were checked for consis-
tency and radiation damage; no damage was observed in any of the measurements. For some
measurements, slight deviations between scattering profiles of repeat runs were observable
which is probably related to different mixing ratios due to inaccurate pipetting.

Guinier analysis

We performed Guinier analyses [29] to obtain radii of gyrations (R,) for all measured DNA
origami brick objects, by fitting the logarithm of the scattering intensity as a function of ¢* to a
straight line within a fitting range criterion of gm.xRy < 1.6 [192]. Ry-values shown in Table|6.1]
correspond to mean Ry-values of monomeric and dimeric brick samples, respectively, measured
at sample concentrations of 50 nM and 100 nM. Errors correspond to the standard deviation.
For solution conditions containing either 5 mM MgCl; or 0.5 M NaCl, we performed SAXS
measurements for only one concentration (i.e. 200 nM) so that no mean and standard deviation
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could be calculated. Scattering data from each sample were normalized to the intensity at zero
angles (1(0)) obtained from the Guinier analysis.

Computation of theoretical scattering profiles using CRYSOL

The atomistic models for the DNA origami brick monomer object was generated with the
software CanDo assuming idealized DNA helix and junction geometries [228]. Double helical
protrusions and recessions are not included in the model. The atomistic model for the dimer
brick was created based on two brick monomer models which were arranged in a dimeric
geometry using a custom written MATLAB script (The MathWorks, Inc., MA, USA). We used
the program CRYSOL [46] for calculation of the theoretical scattering curves from the atomistic
models. CRYSOL was run in interactive mode, setting the order of harmonics to the maximum
value of 50 and the order of the Fibonacci grid to 18. The number of points in the theoretical
curve was fixed to 900 within a g-range from 0 - 2.5 nm™~!. Remaining parameters were set to
default values, without fitting the theoretical curve to the experimental data.

Singular value decomposition

SVD analysis was performed using the ‘SVD’ command in MATLAB (The MathWorks, Inc.,
MA, USA). For each measurement condition, scattering profiles obtained at each measurement
time point were used for a g-range of 0.1 - 2.5 nm™!. The autocorrelation of each of the basis
functions, which gives an estimate on the noise level, is calculated as follows:

Ci= ) Uq) - Ui(gi+1) (6.3)

i=1

According to Henry et al. [281]] SVD components containing appreciable signal have autocorre-
lations close to 1.0 (>0.9), whereas components that correspond to noise tend to have C; values
<0.8.

Two-state model fits

Two-state fits for dimerization kinetics of DNA origami bricks were performed describing
the scattering profile at each acquisition point by a linear combination of the brick monomer
conformation (I;(q,to)) and the scattering profile of the dimer at equilibrium (I7(qteq)):

I(q) = fi - 1i(g. o) + ff - I£(q.teq) (6.4)

where the coefficients f; and ff are fractional occupancies of the initial and final states, respec-
tively. To evaluate the quality of the two-state fits, chi-squared values (%) were calculated for
each fit according to the following equation:

Loxp (g ) — Lt (g )|
XZZZ[ p\q 2f q ]

i 0;

(6.5)

with o; as standard deviation of the scattering intensity at each scattering vector g;. To determine

the fraction of dimers, we used a g-range from 0.1 nm™! - 2.5 nm™.
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Time dependent bimolecular reaction kinetic fit for DNA origami brick dimerization

Dimerization kinetics of the DNA origami brick system was modeled as a reversible bimolecular
reaction:

kon
A1 + A2 B
ko

where A; and A; correspond to the brick monomer variants having either the protruding
stacking pattern (1) or the recessed stacking pattern (2) activated, and B is the dimer state; k,,
describes the association reaction rate constant in M~! s™! and kog is the dissociation reaction
rate constant in s~!. For our experimental conditions with an equimolar mixing ratio of A; and
A, (with initial concentrations ¢y(A;) = co(A2)) and in the absence of dimers B at ¢, = 0, the
time dependent concentrations of dimeric bricks as a function of time are given by [112]:

1 (B-np) e ot 4 (B+1)

B(t) =3 T oFhont2) (6.6)
with:
n =Kp + (A1) + co(Az) (6.7)
p :\/’72 —4-co(A1) - co(Az) (6.8)
_1(2-co(B)-n-p
Z_ﬁ(dem—n+ﬁ) (69)

Thereby, ¢, denotes the concentration of brick monomer variants A; and A, and of the dimers
B at t = 0, which where either 50 nM or 100 nM for both monomer variants and 0 nM for
dimeric brick samples. Kp is the dissociation constant of the dimerization reaction in units (M).
Experimentally determined time-dependent dimer fractions were multiplied with respective
initial monomer concentrations (i.e. 50 nM and 100 nM) and fitted using Equation|[6.6]

We also applied the reversible bimolecular reaction model fit for different final dimer
fractions varying between 90 % and 100 %, where a value of 100 % dimers resulted in the lowest
x%-value.

For an irreversible bimolecular reaction kinetics fit we used the following equation:

B(t) 1

wA) T Tt koD (610)

Diffusion-limited association rate

To compare experimentally derived association rate constants with a reaction that is only
limited by the diffusion of the monomeric bricks, we calculated the theoretical diffusion-limited
association rate constant kg of the brick samples [257]:

kdiff=4-7T-R-D-NA (6.11)
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where R denotes the distance within the two monomers can react and form a dimer, which can
be assumed to be ~ 2 nm [255]], N4 is the Avogadro constant, and D is the diffusion coefficient
defined as:

D= ;f—UTL In (%) - g] (6.12)

where kp is the Boltzmann constant, T the temperature in Kelvin (300 K), n the viscosity of the
solvent (1 mPa- s) and ¢ is the correction factor for the end terms taken from Tirado et al. .

6.6 Supplementary Material
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Figure 6.8: SAXS profiles of DNA origami brick dimers at temperatures of T = 20°C and T = 40°C. a SAXS profiles
of DNA origami brick dimers (c = 100 nM) at temperatures of T = 20°C and T = 40°C dissolved in 20 mM MgCl,. b
SAXS profiles of DNA origami brick dimers (c = 100 nM) at temperatures of T = 20°C and T = 40°C dissolved in
2 M NaCl.
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Conclusion and Qutlook

The function of biological macromolecules and their complexes is governed by their three-
dimensional structure and conformational dynamics. To create synthetic objects that can
perform user-defined tasks and mimic biological functions, which is a major goal in DNA
nanotechnology, we need to obtain information about structure and dynamics of designed
objects in order to assure a precise functionality. To study macromolecular conformations
under a broad range of solution conditions, small-angle X-ray scattering (SAXS) has been
established as a powerful technique.

Within this thesis I have contributed to the construction of an in-house SAXS instrument.
Further, I established synchrotron-based SAXS measurements on 3D DNA origami objects.

The build up of the in-house SAXS setup included state-of-the-art components, such as
scatterless slits, a hybrid pixel detector, and the implementation of a custom-made temperature-
controlled sample stage. In contrast to most common in-house SAXS setups that are based
on copper (Cu) anodes, we employed a molybdenum (Mo)-microfocus-anode-based source.
Although the Mo-based X-ray tube provides a ten times lower flux compared to Cu-anodes,
the system allows for structural studies on biological macromolecules with different scattering
properties and sizes up to ~ 30 nm in solution. SAXS measurements on a set of well charac-
terized molecules including proteins, a 24 bp DNA duplex, and detergent micelles, at sample
concentrations comparable to synchrotron-based SAXS measurements, could be performed
within 2 h. The data were of adequate quality to derive basic geometric parameters, such as the
radius of gyration (R,) or the maximum particle dimension (Dp,4y), and were in good agreement
with previous measurements. Moreover, we could perform ab initio reconstructions to deter-
mine the 3D low resolution macromolecular shapes. Combined, our Mo-anode-based in-house
setup provides an attractive alternative to other commercially available setups or synchrotron
facilities. However, future upgrades might involve the replacement of the microfocus anode by
a liquid-metal-jet anode, operating at similar energies as our Mo-anode but providing higher
flux, in order to reduce the required exposure times from hours to minutes.
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The main part of this thesis focuses on the structural analysis of conformational states and
transitions of DNA origami objects, which are based on shape-complementarity and nucleobase
stacking interactions, using SAXS. So far structural characterization of DNA origami objects
has almost exclusively relied on surface-based techniques such as AFM or negative-stain TEM
imaging. In this thesis, solution-based SAXS could be established as a powerful complementary
structural analysis approach.

It was shown, that SAXS can sensitively monitor conformational states of a dynamic DNA
origami switch device that reversibly changes from an x-shaped open to a rectangular shaped
closed state as a function of ionic strength. Experimentally it was found that transitions between
the open and closed state are well described by a two-state process.

Moreover, considerable flexibility and deformations for the switch structure deviating
from predicted atomistic models were observed. Using a normal mode approach based on
an elastic network model, we were able to refine the switch model structures against our
experimental SAXS data. We found root-mean-square deviation (RMSD) values of 22.3 A
and 8.4 A between the initial atomistic models and the refined structures for the closed and
open conformation, respectively. These findings highlight the great potential of combined
small-angle X-ray scattering experiments and refinement approaches that might be especially
relevant for evaluating new design strategies of DNA origami objects.

A key finding of this thesis was the ability to resolve conformational kinetics of the DNA
origami switch device as a function of ionic strength using time-resolved SAXS. Rapid turbulent
mixing of switch particles with different magnesium chloride concentrations revealed cation
concentration dependent transitions from the open to the closed state of the switch object on
the millisecond time scale. These exceptional rapid dynamics proceed close to the theoretical
diffusive speed limit and are in stark contrast to conformational kinetics of recent dynamic DNA
origami devices, which were found to occur on timescales of minutes or seconds. These results
emphasize the high potential of the design principle realized in the switch device that offers
a promising framework to create reconfigurable molecular machines that might ultimately
carry out enzymatic reactions or transmit cellular signals requiring dynamics in the (sub-)
millisecond regime.

Furthermore, a heteromultimeric DNA origami brick system, consisting of two monomeric
brick variants that can form a dimer via a shape-complementary recognition scheme, was
investigated for varying salt and temperature conditions using SAXS. Solution scattering data
yielded structural deformations of a few Angstroms of the brick objects depending on the
ion species and ion concentration. Thereby, the presence of Na* ions induced slightly larger
deformations than the presence of Mg?* ions. In addition, time-resolved SAXS experiments on
brick dimerization kinetics showed ~ 10 times faster kinetics in the presence of monovalent
ions compared to divalent ions, while an increase in temperature yielded only slightly faster
kinetics. In contrast to the switch device, where shape-complementary interfaces are already
pre-aligned by a single flexible Holliday junction, dimer assembly kinetics occur on much
slower time scales, i.e. in the order of minutes to hours. Combined, these findings implicate
the existence of additional barriers, such as electrostatic interactions and correct alignment of
shape-complementary interfaces, that influence the dynamics of related DNA origami objects.
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However, these effects can be utilized in a positive direction, where appropriate salt con-
ditions can promote desired conformations and allow for tuning conformationl dynamics of
DNA origami objects. This is particularly relevant for DNA origami devices used as potential
therapeutics and diagnostics, where both structural stability and precise spatial organization
are essential prerequisites to assure a targeted delivery of their molecular payload without any
prior leakages due to structural deformations of the origami structure.

In brief, to optimize and extend current DNA origami design principles and to get a bet-
ter understanding of structure-function relationships of synthetic objects, interdisciplinary
approaches are indispensable. As I have successfully demonstrated in this thesis, SAXS will
undoubtedly contribute to future exciting studies on DNA origami objects.

The combination of SAXS data and computational methods provides a promising platform to
refine and validate atomistic models of DNA origami objects, still with room for improvement.
Considering recent advances in cryo-EM, particularly the continuous improvement of the
achievable resolution, it would be interesting to compare SAXS-refined structures to cryo-EM
structures and molecular dynamics or coarse-grained simulations.

Moreover, regarding the ambition for creating even larger objects in the giga dalton regime
SAXS offers a great structural analysis tool as it is not limited in size and can be used com-
plementary to cryo-EM studies. Thereby, the use of time-resolved SAXS will be a powerful
approach to characterize assembly and disassembly kinetics of higher order structures under
varying solution conditions. The design of sample cells that can be used in combination with
heat sources such as laser devices would allow to study also conformational kinetics induced
by temperature jumps. Finally, the recent commissioning of free electron lasers, delivering
extremely brilliant, femtosecond X-ray pulses, might also open new research opportunities in
DNA origami technology.
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