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Zusammenfassung

Die meisten biologische Makromolekiile existieren in der Natur nicht nur in einer bestimmten
Konformation sondern nehmen viele verschiedene Formen an. Je nach raumlich angenommener
Anordnung kénnen diese Molekiile unterschiedliche Funktionen erfiillen, da durch Anpassung
an auflere Einflisse gezielt aktive Zentren freigelegt, oder unzugénglich gemacht werden
konnen. Eine genauste Untersuchung des Ensembles, der freien Energie und des strukturellen
Aufbaus von Molekiilen und biologischen Komplexen ist deshalb notwendig, um deren Funk-
tionsweise zu verstehen. Als Beispiele konnen diverse Motive wie Schleifen, Haarnadelstruk-
turen oder Fehlpaarungen aus Nukleinsduren genannt werden, die durch ihr Auftreten, unter
anderem in der Genregulation, die Genexpression beeinflussen, indem sie das Binden von
Polymerase-Proteinkomplexen entscheidend storen. Auflerdem konnen gezielte Experimente
und daraus resultierende Erkenntnisse neue Einblicke in den Prozess der Proteinfaltung liefern,
um Ursachen moglicher Fehlfaltungen offenzulegen. Um diese Untersuchungen erfolgreich
umzusetzen bedarf es allerdings spezieller Methoden. Im Zuge der vorliegenden Arbeit wurden
neue Verfahren entwickelt, um diese Grundlegende Ablidufe und deren Ursachen genauer un-
tersuchen zu konnen. Dafiir wurden kleine Goldnanopartikel (~1.4 Nanometer Durchmesser)
spezifisch und irreversibel iiber chemische Bindungen an biologische Makromolekiile gekoppelt
und mittels Kleinwinkel-Rontgenstreuung untersucht. Dies geschah in Zusammenarbeit mit
den Gruppen von Daniel Herschlag und Pehr A. B. Harbury an der Stanford University.

Zunichst wurde ein Verfahren zur akkuraten Bestimmung von Abstanden zwischen zwei
Goldnanoteilchen erarbeitet. Diese konnen paarweise an Molekiilen angebracht werden. Die
Methode erméglicht es nicht nur eine feste Distanz, sondern auch eine Verteilung von Abstan-
den, wie bei flexiblen Molekiilen iiblich, auf einer genormten Skala zu bestimmen. Dafiir wurde
die anomale Dispersion von Goldnanopartikel verwendet, welche um Absorptionskanten von
Atomen auftritt. Dabei steigt der Wirkungsquerschnitt sprunghaft an und Rontgenstrahlen
werden vermehrt absorbiert. Aufgrund dieser Auswirkung ist es moglich, den Streubeitrag der
zwei Goldpartikel von den restlichen Streutermen zu trennen. Die Wellen, die sich von beiden
Goldteilchen beginnend ausbreiten, erzeugen ein charakteristisches Interferenzprofil das mittels
Fourier-Transformation in eine genaue Abstandsverteilung umgerechnet werden kann. Deshalb
wird diese Methode auch als Rontgenbeugungs-Interferometrie bezeichnet. Um das Verfahren
zu benchmarken, wurden Goldnanoteilchen paarweise an gegeniiberliegenden Enden von
doppelstrangiger Desoxyribonukleinsidure (DNS) (10 Basenpaare-30 Basenpaare) angebracht
und vermessen. Die resultierenden Absténde erzielten eine ausgezeichnete Ubereinstimmung
mit bereits existierenden Untersuchungen und belegen damit die erfolgreiche Anwendung
dieser neuen Methode.

Des Weiteren wurde die Holliday-Struktur, ein wichtiges DNS-Motiv das beim Austausch
von genetischen Informationen hilft, und deren Konformation in Abhéngigkeit der Ionen-
starke mittels Rontgenbeugungs-Interferometrie untersucht. Im Folgenden wurden die Ab-
standsverteilungen zwischen verschiedenen Enden der DNS-Helices unter niedriger, mittlerer
und hoher Ionenstarke vermessen. Bei mittlerer Salzkonzentration wurde dabei beobachtet,
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dass die Struktur nicht wie bei hohem Salzgehalt zwei symmetrische Konformationen durch
m—n-Wechselwirkungen annimmt, sondern sich in einen neuen Zustand organisiert. Dieser
Effekt dient in der Natur moglicherweise als Regulierungsprozess, da auf diese Weise die
Bindung von Enzymen beeinflusst werden kann.

Erfahrungsgemaf liefert die Auflosung von Kleinwinkel-Rontgenstreuung nur unzureich-
ende Erkenntnisse iiber die genaue Lage und Ausrichtung von Untereinheiten in einem
biologischen Makromolekiil, weshalb sich dieser Herausforderung in einem gesonderten
Projekt angenommen wurde. Hierzu wurde ein weiteres Verfahren ausgearbeitet, dass die
genaue Lokalisierung modifizierter Seitengruppen in niedrig aufgelosten Formrekonstruktio-
nen, welche aus Messdaten durch Kleinwinkel-Rontgenstreuung gewonnen werden, erlauben.
Dafiir wurden einzelne Goldnanoteilchen an Molekiile mit bekannter Struktur gekoppelt und
die experimentell bestimmte Position auf Ubereinstimmung mit der vorhergesagten Lage
verglichen. Als Modellsysteme wurden verschiedene Desoxyribonukleinsaure-Molekiile, ein
Ribonukleinsdure-Konstrukt sowie ein Protein verwendet. Das Verfahren erzielte fiir alle
Molekiile ein hervorragende Ubereinstimmung zwischen der rekonstruierten Standorte und
der berechneten Positionen.



Preface

Most biological macromolecules typically function through series of conformations. Thus, a
complete understanding of macromolecular structures requires knowledge of the ensembles
that represent probabilities on a conformational free energy landscape. Moreover, significant
conformational changes of molecules can be triggered by external stimuli and are typically
integrally involved in the functions of biomolecules. There are many structural motifs such
as kinks, hairpins, D-loops, or mismatches in nucleic acids which cause structural folding in
special tertiary structures or a broad range of dynamic conformations. As nucleic acids play
a key role in genetic recombination, these deformed states can influence the patterning of
nucleosomes or affect the regulation of gene expression by altering the binding of transcription
factors. Moreover, a precise knowledge of nucleic acid solution ensembles can raise our capacity
to design new engineered nanostructures to a new level. Besides, new discoveries in the field
of protein conformational ensembles can help to precisely dissect complex folding pathways
and lead to a targeted design of new therapeutics.

However, many techniques in structural biology provide information on averaged structures
or predominant states of biological macromolecules and their complexes. Thus, considering the
importance of structural details and the entire conformational ensemble to understand folding,
recognition, and function, tools are needed to probe and quantify the solution structural con-
formation. While nuclear magnetic resonance (NMR), crystallography and electron microscopy
(EM) techniques have provided invaluable details by solving molecular structures or measuring
intramolecular distances, they suffer from size limitations or require exceptional environmental
conditions. Small-angle X-ray scattering (SAXS), on the contrary, is a powerful technique to
probe the structure of biological macromolecules and their complexes under virtually arbitrary
solution conditions without the need for crystallization. Moreover, by site-specific labeling
of macromolecules with small gold nanocrystals in small-angle scattering experiments, novel
information about their structure and dynamics can be gained to provide testable models on
the atomic scale.

In this thesis, I show that small gold nanocrystals can be used as markers in SAXS
experiments to provide additional information about the conformation of biological macro-
molecules in solution. I designed a protocol to reliably record X-ray scattering interferometry
(XSI) data and developed a graphical user interface (GUI) to allow a rapid analysis of custom
diffraction signals. Furthermore, I used XSI to examine the conformational landscape of a
DNA Holliday junction motif. Therefore I probed the structural ensemble of a DNA four-way
junction under varying solution conditions. Moreover, I combined anomalous small-angle
X-ray scattering with X-ray scattering interferometry to record absolute distance distribution
of entire molecular ensembles on the atomic scale. I further used single gold nanocrystals to
provide a sequence-to-3D structure map in SAXS shape reconstructions.

An introduction to both the theoretical concepts and the experimental implementation of
small-angle X-ray scattering is provided in Chapters|1] [2and[3] The results of this thesis are
stated in Chapters [4|to|7| Were each of the chapters provides a separate introduction and the
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associated Materials and Methods section.

In Chapter [4 a detailed protocol on how to prepare gold labeled samples and to record the
corresponding X-ray scattering interferometry profiles, which was introduced and developed
by the groups of Pehr Harbury and Daniel Herschlag. Moreover, a step-to-step guide for a novel
custom-written graphical user interface is provided. This chapter is based on Zettl et al. [1].

Chapter 5| presents a new method to determine accurate distance distributions using
anomalous small-angle X-ray scattering and pairs of gold labels. The method uses the anomalous
dispersion of X-rays close to a gold absorption edge to separate the gold-gold interference
pattern from other scattering terms. The results are benchmarked against distance distributions
obtained from native X-ray scattering interferometry of nucleic acid constructs. This chapter
is adapted from Zettl et al. [2].

Chapter [6] focuses on the characterization of structural conformation of a DNA Holliday
junction motif. The conformational ensemble is probed by Forster resonance energy transfer
and X-ray scattering interferometry to study the conformational ensemble of the Holliday
junction under a wide range of solution conditions. In addition, novel findings on the structure
for individual Holliday junction states are presented. We used these experimental data to
generate and test physical models of Holliday junctions to demonstrate the change of the
energy landscape under different counterion environments.

Chapter 7| demonstrates that single gold nanocrystal labels attached to specific residues
of biological macromolecules can serve as fiducial markers and thus provide a map of the
primary sequence (and therefore domain structure) to the low-resolution 3D electron density
map computed from SAXS data. We show that our approach is broadly applicable by evaluating
its performance on gold-labeled DNA and RNA constructs and extend its application to gold-
labeled proteins using a novel labeling approach. This chapter is adapted from Zettl et al. [3]].

SAXS measurements and method development were accomplished in collaboration with
the group of Daniel Herschlag and Pehr A. B. Harbury at Stanford University.

A conclusion and outlook for future research projects are presented in Chapter 3]
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Introduction

Many functional properties of biological macromolecules, such as nucleic acids or proteins,
are given by the structural conformation under certain environmental conditions to regulate
processes within living organisms or artificial machineries. Thus, obtaining structural insights is
key to understand the fundamental interaction between multiple components and the molecular
dynamics occurring in all biological systems. Nowadays, structural insights are obtained by
a wide range of techniques, such as X-ray crystallography, solution based nucleic magnetic
resonance (NMR) or small-angle X-ray scattering (SAXS), cryo-electron microscopy (EM) and
atomic force microscopy (AFM) imaging. Typically, very high resolutions can be obtained using
X-ray crystallography, NMR or cryo-EM. Those reveal details on the atomic scale [4-9] whereas
AFM imaging and SAXS only provide a resolution of ~1 nm for soft matter probes [10-16]].
Moreover, the techniques differ in environmental conditions such as the need for high quality
crystals in X-ray crystallography, plunge-frozen samples in cryo-EM, or molecules fixed on a
substrate as for AFM imaging or a copper grid in case of vacuum electron microscopy.

SAXS was discovered by A. Guinier in the 1930s during his work on metal alloys [17].
From this moment on, SAXS was developed to become a powerful method for the structural
characterization from small-angle scattering patterns of non-crystalline samples of a broad
range of materials starting from anorganic compounds such as metals or salts and ranging
to biological macromolecules. Moreover, the advances in the theoretical understanding and
the development of increasingly powerful X-ray sources since the 1970s allowed for exciting
applications and fascinating discoveries.

Similar to other techniques for structural characterization, SAXS requires small amounts of
highly purified samples desolved in aqueous solution. Furthermore, the improvement in data
collection and analysis combined with high throughput setups allow for rapid screening of
samples under a wide range of solution conditions. The obtained data can almost immediately
be processed and transfered into low-resolution electron density maps depicting the outer
particle shape or other molecular parameters (see Fig. [1.1).

Like X-ray crystallography, SAXS is based on coherently scattered X-ray waves. However,
the recorded scattering pattern is not based on interfering waves scattered by atoms in a
crystalline lattice. Instead, the incoming focused beam of X-rays is scattered off its initial
trajectory by particles randomly oriented in solution. It is always required to record the
scattering profile of the macromolecule in solution as well as the corresponding buffer solution.
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Figure 1.1: Overview of structural analysis options provided by SAXS. Figure was adapted from [18] with
permission from Elsevier. Copyright ®2013 Elsevier Ltd..

Hybrid modelling

The latter data are used to account for solvent scattering and to eliminate background scattering
generated by the instrumental setup. The scattering contribution of the studied molecule
depends on the molecular concentration (proportional to the number of particles focused by the
beam) and the difference in electron density between the molecule and the solvent (typically
denoted as contrast). The solute concentration has to be carefully balanced to enhance the
signal-to-noise-ratio on the one hand, however, on the other hand, artifacts like aggregation
can be caused by too high concentrations.

An important advantage of SAXS compared to other structure resolving techniques is
that as a solution-based method it does not require crystallization or surface fixation of the
molecules. Furthermore, compared to methods with size restrictions such as NMR, AFM or EM,
SAXS allows for studying particles with molecular size ranging from a few kilo Daltons (kDa)
up to large complexes of multiple giga Daltons (GDa) 20]. Although SAXS only provides
low resolution structural information, the obtained data such as electron density maps from
ab initio modeling 21H23], can be supplemented with high resolution substructures or
scattering profiles to either refine theoretical predicted models [20, 24] or molecular dynamics
simulations [25H27]. Moreover, the methods presented in the results section of this thesis
demonstrate how small gold nanocrystals can be combined with small-angle scattering ex-
periments to enhance the information content obtained from SAXS. The following chapters
of this introduction provide a brief overview of the theoretical (Chapter [2) and experimental
principles (Chapter [3) of small-angle X-ray scattering.



Basic Theory of Small Angle Scattering

The following chapter outlines major theoretical concepts of small-angle scattering required to
understand the experimental instrumentation in Chapter

2.1 Elastic and Kinematic Scattering

2.1.1 Scattering by a Single Electron

Given by the wave-particle duality concept originating from quantum mechanics, X-ray photons
cannot only be described in terms of particles but can also be considered waves. Furthermore,
the energy E of particles is directly related to the wavelength A by the term [28]]:

he  12.398
E[keV] = FERESTIN (2.1)
X-rays used in structural studies are typically in the 10 keV regime which corresponds to a
wavelength A of 0.10 nm or 1 A [29-31]). Most applications require monochromatic X-ray waves
which are characterized by the wavenumber k = 27 /4. The mathematical description of an
electromagnetic wave transversing along the z-axis with amplitude A is described by A - sin(kz)
in real coordinate space R or the complex exponential notation A - ¢’** in C [30].

To derive the scattering formalism for more complex materials, such as molecules, it is useful
to start with the most elementary scattering object: a single, free electron. In the following
paragraphs, the scattering length of an electron will be derived.

The first fundamental formalism of a scattering process is the differential scattering cross-

section (dp/dQ) which is given by
)<

dQ ] dAQ

using the strength of the incident beam ¥, given by the number of photons passing through
a unit area per second. The incident photons interact with the material and are scattered. A
detector which is placed at a distance R to the sample records the number of scattered photons
I, within an angle AQ deviating from the initial trajectory [30].
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The next step is to apply the expression of an electromagnetic wave using the terms E;;, for
the incident electric field and E,,q4 to rewrite Eq. [2.2|to [30]

d |Eradl*R?
(d_g) = red (2.3)

|Ein|2
Moreover, following the classical description of Rayleigh scattering, the electric field of the
incoming photons forces electrons within the sample to vibrate [30]. Furthermore, the classical
electron radius, also referred to as Thomson scattering length, is given by

2
ro = (e—) =2.82%x10°A (2.4)
4meym,c?

with the elementary charge e, the speed of light ¢, the mass of an electron m, and the electric
constant ¢, [28]].

Using Maxwell’s equation and the Thomson scattering length (Eq. next, the magnitude
of ratio between the radiated and the incident electric field of a single electron can be expressed
as [30]

E,  \dmeym,c? R ' '

In this equation, P is the polarization factor defined by the angle between the incident and
the emitted wave ¥ as P = 90° — ¥ and depends on the X-ray source used. A synchrotron, for
example, can provide a linearly polarized beam in the horizontal plane [30].

The incoming wave can interact with a particle by the photoelectric effect, Compton, Raman
or Rayleigh scatter. However, only Rayleigh scattering describes an elastic scattering process,
which is the scattering phenomenon that is considered for small-angle scattering [30]. The
scattered wave is denoted as k’ = |k’| with wavenumber k’ and wave vector k’. Given that the
kinetic energy is conserved in an elastic scattering process, the wavenumbers of both waves
are equal, i.e. k" = k. The momentum transfer or wave vector transfer q is given by the wave
vector of the incoming wave k and the scattered wave k’ by [31]]

q=k'-k (2.6)

and is usually expressed in units of A™! or nm™!. In experiments, the scattering intensity I(q) is
recorded as a function of the scattering vector q. Typically, the scattering momentum is given
as a function of scattering angle 20 and wavelength A of the X-rays as |q| = ¢ = 4 sin(0)/A [31].

2.1.2 Scattering from Multiple Electrons

Based on the elastic Thomson scattering process described for single electrons above, the next
step is to expand the essential equations to more complex systems, such as to an arrangement
of multiple scatterers. For example, atoms within a sample described by positions r; (Fig.
can be considered as source of new spherical waves and given the correlated arrangement
between the individual atoms the nett scattering signal is caused by interference between the
emitted waves (see Fig. [31]]. Thus, the real space coordinates r; have to be transfered
into reciprocal space coordinates with scattering vectors q; using Fourier transformation [30]].
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Scattered beam

Incident beam

Figure 2.1: Schematic of a scattering process. The incident X-rays are elastically scattered off atoms (yellow
circles) within a macromolecule (grey area). Due to the correlated positions of atoms with real space distance ||r||,
the incident beam is coherently scattered. The momentum transfer stating the relation between the incident k
and scattered wave vectors k’ is given by q = k — k’. Thus, scattered waves interfere because of the resulting
phase shift. This figure was inspired by Fig. 1.2 of Ref. [31].

An important approximation used at this point (to allow for an easier description of systems
with two or more electrons) is to consider scattering to be weak and therefore neglect multiple
scattering effects. This is usually referred to as the kinematical approximation [32].

The simplest possible multi-particle system to look at is composed of two electrons which
are considered to be structureless. They are also described as point scatterers [33]. Choosing
the coordinate system in a way that one electron is placed in the origin the position of the other
electron is given by the vector r [31]]. Another approximation to do at this point is the far-field
limit, which assumes that source and detector are sufficiently distanced from both electrons
so that both the incident and scattered X-ray waves can be represented as plane waves [30].
The scattering vector for an elastic scattering process is given by |q| = (47/A) - sin(0) with
the scattering angle 20 as derived above [28]. Furthermore, the phase difference between
the incoming wave specified by the wave vector k and the scattered wave k’ is given by
¢ = (k —K’) - r [31]. Using the definition of the momentum transfer q the equation can be
rewritten to ¢ = q - r. Assuming that the polarization of the incident beam is perpendicular to
the plane spanned by the incident wave vector k and the scattered wave vector k’, the scattering
amplitude can be expressed independently from the polarization factor (see Eq. as the sum
of both electromagnetic waves as [33]

A(q) = —1o(1 + €'T) (2.7)

and the intensity of the two-electron system being the product of the amplitude and its complex
conjugate

I(q) = A(q) - A(q)* = 2rj (1 + cos(q - 1)). (2.8)

Using the definition of electromagnetic waves, as stated above, for a system with not only two,
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but N electrons with the vector r; pointing to the position of the i electron, this equation can
be extended to a more general formalism and be written as [33]]

N
Alq) = —rp ) elia™. (2.9)
i=1

It is important to point out that the derived description is only valid if the interaction of X-rays
with the scattering material is weak [33]]. Due to the weak interaction, the number of scattered
photons is low and thus only a weak diffraction signal is produced. Nevertheless, modern X-ray
sources allow to overcome this drawback providing highly intense X-ray beams.

Orientational Averaging

In order to calculate the scattering profile for a multi-electron system it is necessary to determine
the geometrical orientation of the wave vector transfer q and the position vector r. Using
Eq.[2.8land assuming a stationary system with a fixed angular relation between the two vectors
q and r the scattering intensity for a two-electron system can be calculated (see Fig. [2.2h). To
do that, a scattering amplitude f; was assigned to the electron positioned at the origin and the
scattering amplitude f; to the second electron at position r [33]]:

A(q) = fi + foe'd™. (2.10)

Thus, the intensity is given by [33]

I(q) = fZ+ 7 + fif2"9" + fifre 97, (2.11)

However, for biological systems molecules adopt random orientations in solution. Hence
another equation is necessary. The simple two-electron formalism needs to be expanded in a
way that allows the position vector r to adopt randomly orientated directions [33]).

Since the time required by X-rays to pass through the sample is much shorter than the typical
timescale of molecular motions, an X-ray experiment records a series of snapshots of molecular
orientations [33]]. The integration time for experiments using in-house or synchrotron X-ray
sources typically ranges from seconds to hours to obtain a sufficient signal-to-noise-ratio [34]].
Thus the recorded snapshots are averaged at the detector. Nevertheless, the advance of high
brilliant free electron X-ray lasers allows for studying molecular motions happing in the
femtosecond timescale [[7, [8]].

To derive the formalism needed, the scattering amplitude f; is once more assigned to the
first and the scattering amplitude f; to the second electron. The scattering intensity for a single
snapshot is still given by Eq. The distance between the two particles remains fixed. That
fact implies that the length of r is constant. However, the direction of r is allowed to vary and
to enclose randomly distributed angles with the momentum transfer vector q. The measured
intensity can be obtained by averaging over all possible orientations and assuming spherical
symmetry (see Fig. [2.2b). The orientational averaged phase factor is given by [33]

iqr 3 [ €< sin §dOdg
<€ >orient.aver. - f sin Qde(p

(2.12)
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o

Intensity (units of r?)

(7]

1
0 0.5 1 1.5 2
Wavevector transfer q

(units of 21/ r)

Figure 2.2: Diffraction pattern of multi-particle systems. (a) Diffraction pattern of two point-like electrons
separated by a fixed vector r and parallel wave vector transfer q. The intensity was calculated using Eq.
(b) Diffraction pattern of two point-like particles separated by randomly orientated positions r with fixed length
r = ||r||. The intensity is given by Eq. For both (a) and (b) the scattering amplitudes of the first particle f;
and the second particle f, were set to the Thomson scattering length f; = f> = —ry. (¢) Diffraction pattern of
two spherical scatterers separated by the distance r = ||r|| and fixed position vector r. The scattering amplitude
for this system was calculated with Eq. derived in the next section and inserted in Eq. to calculate the
intensity profile. The radius of the spherical scatterer was set to a/r = 0.25. This figure was inspired by Fig. 4.2 of
Ref. [33].
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and can be substituted into Eq.

_ f2 . g2 iq:
<I(q)>orient.aver. N fl + fz + 2f1f2<€ ! r>orient.aver.‘ (2'13)
The integral in the enumerator of phase factor in[2.12|can be evaluated to [33]
) 0 T 0 -1 —iqr
fe’qr'cos sin 0dOdg = an e'?" " sin 0d6 = 27 ( ) f e*dx
0 q-r iqg-r (2 14)
sin(q - r)
=4r—
q-r
while the denominator is
fsin 0d0dy = Zirf sin 0d0 = 4. (2.15)
0
Thus, the orientational averaged phase factor can be written as follows [31]]:
. sin(q - r)
iq-r _
<€ >orient.aver. B (2'16)

q-r

The diffraction pattern as a function of g for a two-particle system is shown in Fig. 2.2a in
which the scattering particles were assumed to be with point-like scatterers with a scattering
amplitude f; = f, = ry (ry is the Thomson scattering length) without a momentum transfer
dependency. In case of biological macromolecules, the incident X-ray waves are scattered
off the electron cloud surrounding atoms where the scattering amplitude f cannot longer be
regarded to be independent from the momentum transfer (see Section[2.1.3). An example of
two spherical scatterers with scattering amplitudes fi(q) and f>(q) is shown in Fig. [2.2c. The
fact that electrons have a finite spatial size leads to a damping of the scattering intensity with
increasing q [33]. The scattering amplitude of a solid spherical scatterer with electron density
p(r) and radius R is derived in the next section.

2.1.3 Scattering by a Single Atom

Having defined the scattering for point-like scatterers, the next step is to describe an atom with
Z electrons. The mass of an electron m, (9.109 x 103! kg) is much smaller as the mass of a
proton my, (1.673 X 10~*” kg) or a neutron my, (1.675 x 10727 kg) which together form the nuclei
of atoms. This is why the vibration of electrons and their emitted intensities are high compared
to the nucleons vibrations and emissions [30]. Following the classical description, the electron
density of an atom is p(r) [33]. The net charge within the cloud is given by the element number
of the atom Z [28]. The charge within a volume element dr can therefore be computed via
integrating over the charge density. To evaluate the scattering amplitude, the phase factor e’d*
has to be included in the integral [30]. The calculated value f°(q) is usually denoted as atomic
form factor and increases with atomic number Z. At the limit of zero momentum transfer
q — 0, there is no phase shift between the scattered waves. Moreover, f°(q = 0) is equal to
the number of electrons in the atom Z [35]]. Since the wave vector transfer correlates with the
wavelength of the incident X-ray waves by 27/A, the wavelength of the radiation becomes
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much smaller compared to the size of the atom at the limit of ¢ — oo [28]]. Thus, with an
increasing momentum transfer g, more and more volume elements start to scatter out of phase
and, at the limit of ¢ — oo, the atomic form factor f°(q — oo) reduces to 0 due to destructive
interference [33]].

() = f p()e7dr 2.17)

In the quantum mechanics picture, the probability of finding an electron within an atom at any
specific position around the nucleus is no longer given by a simple density function but rather
by the wave-function ¢,(r) and the quantum number n. The wave-function of a one electron
atom (similar to the hydrogen atom) in ground state is [33]]

Yi(r) = —=e"/". (2.18)

ma

In this equation, the effective radius a of the electron distribution depends on the atomic
number Z of the atom. The electron density is now given by |y (r)|%. Thus, using Eq. and
the relation q - r = qr - cos 0 in a spherical coordinate system with the polar angle 0, the atomic
form factor can be evaluated to [33]:

1 A
Sq) = — [ e eivrar
Ta
1 o0 T .
=— Zﬂrze_zr/af !¢ 9 gin 0dOdr
aa 0 0
1 ® 2 _-2r/a 1 igr —igr
=— 2nrce '—[e —e ]dr
ra J, iqr
1 © 2sin(qr) (2.19)
=— omrle a1 7 gy
ra J, qr
- i311m [f re_r(z/a_iq)dr]
a q 0
1

Moreover, the scattering factor for a solid spherical particle with radius R can be evaluated
using the same approach. Under the assumption of a uniform charge distribution, the scattering
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factor is given by [36]]

f(q) = f p(r) - 9%dr = f 27r%p(r) f e!47<0s0 ¢in 0dOdr
0 0 0
o0 . . R .. )
:4ﬂf‘pﬁﬁﬁﬁ_ﬂﬂm:4ﬁf‘§ﬂilbgr
0 0

q-r q-r
4 R
== sin(q - r)rdr =
’ . R (2.20)
_ 4 [ Rcos(q-R) N [sm(q . r)]
q q q 0
_4rn (_R cos(q - R) N sin(q - r))
q q q*
_ 4 R33[sin(q “R) —q-R-cos(q-R)]
~3" (q-R)?
with a charge density of:
1 if0<r<R
= 2.21
p(r) {0 ifr >R (2.21)

Nevertheless, the evaluated expression for the atomic scattering factor only holds up in cases
were no absorption or other energy dependent processes can occur. As will be explained in
Section the scattering factor of an atom has to be extended by a dispersion correction
term f’ + if” in cases as such, taking the binding energies of electrons into account [28]].

2.1.4 Scattering from a Molecule

After having derived the scattering description for point-like particles and single atoms, the
next step is a group of atoms organized to a molecule. The scattering amplitude for a molecule
with N atoms and individual atomic scattering factors f; is given by [30]

N
Frol(@) = ), fi(q) - €9, (2.22)
i=1

Using the expression derived for the orientational averaged phase factor|2.16| the scattering
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profile of a molecule is [33]

< N
i=1

2 2 2
:|f1| +|fz| +...+|fN|

2
> fiea

>orient aver.

sin(q - r ) sin(q - r1.3) sin(q - r1.N)
v2f NG N2) |y S0 S) zflfNM
q-ris q-TN (2.23)
sin(q - r23) sin(q - r2.N)
+2 —_—+ ...+ 2 _—
Jofs q-r23 Jalv q-Tm2N

sin(q - rn- 1N)

+...+2fN 1fN
q - YN-1,N

This equation was first published by Peter Debye in 1915 [37] and is commonly written as

N N
I(9) = ). >, f@fi@ Sm(Z—”) (2.24)

i=1 j=1 qrij

Here, r;; = |rj — 1j] corresponds to the interparticle distances between the different scatterers.
Another valid approach to calculate the amplitude of a particle, discovered by Stuhrmann
[38,139], is to use spherical harmonic expansions

N
Fp(q) = Z filg) - €™ = 4712 Z Yim(Q) D i @in(qri) Vi, (@) (2.25)

=0 m= i=1

with spherical Bessel functions j;(gr) of order [, their corresponding spherical harmonics Yj,,(£2)
of order I and m, the truncation value L and f;(q), the atomic form factors of the individual
elements. Using Eq. the scattering intensity is obtained by [31]:

I(q) = <FP(q) : F;(q»orl’ent.aver. (2'26)

Solution Scattering

Given that SAXS is a solution-based method, the electron density of the solutions used cannot
be neglected. In addition, the diffraction pattern originates from deviations in electron density
between the molecule and the surrounding buffer [31]]. Furthermore, assuming a monodisperse
system with average electron density p,, and neglecting short range interaction for non-
crystalline samples, the scattering intensity for solution based small-angle scattering is [33]]

ISAS fZZf e'd (ri—r)) dV} (2.27)

In this equation, dV; is the volume element located at position rj — r; with respect to the
atom at position r; [33]]. Experimentally, separate measurements of the scattering signal from
the background solution and the solvent are required. Assuming a solution with constant
scattering length density p;,,, the difference in electron density between the solution and the
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solvent p,, results in the excess scattering length density Ap(r) = pau — psorv also denoted to
as contrast [31]]. Using this , the scattering intensity yields [40]

2 2

(@ =| [ Ap(r)-€9"dV| = (pao — psolv)” f g,
(q) fv p(r) -e (Pav = Psolo) L&AV (2.28)
= Ap*VIF(Q)I
introducing the so-called form factor
1 -
F(q) = —f e'1dVp (2.29)
Ve Jv,

which depends on the shape and the size of the molecule.

Contrast and Resolution

While nucleic acids have a high average electron density of ~0.55 e”/A3 [41] due to the
phosphorus atoms incorporated in the backbone, the difference in average electron density of
proteins (~0.42 e~/A? [31]]) compared to pure water (~0.33 e~/A® [13]) is smaller which results in
a weaker scattering signal for equally sized molecules. In comparison, heavy atoms, such as gold,
have an electron density (~19.3 e~/A®) over 10-fold higher [41]]. However, usually monovalent
and divalent ions are added to the solution to probe the molecule under physiological conditions
or titration series ranging from low to high salt are used to probe electrostatic effects and related
conformational changes [20]]. The addition of salts or other required molecules, as for example
sucrose, reduces the difference in electron density further and thus lowers the contrast [42]].
For example, the addition of 1 M NaCl reduces the electron contrast from 0.854 x 10~ e™/A3 to
0.701 X 10 'e™/A3 in comparison to pure water [31]]. The electron density of the solute can
almost be matched using a high concentration of sucrose in the buffer [42]]. However, salts or
smaller molecules need to be added carefully as this procedure can perturb the molecule and
induce conformational changes.

As indicated in Section SAXS data are recorded in reciprocal space and transferred
into real space via Fourier Transformation. Thus, a scattering signal recorded at small g-values
corresponds to large distances in real space and large g-values correspond to short distances in
real space [31]]. Therefore the best possible resolution of a SAXS experiment is given by the
highest detectable g-value g4y, Wwhich corresponds to information of the real space object with
A = 2 /q [32]. While the diffraction pattern can be recorded to high g-values in crystallography
providing details on the atomic scale, only low-resolution information can be obtained for SAXS
studies due to the damping effect of spherical averaging and the resulting shorter g-range [31].
It should be noted that the scattering profiles obtained from small-angle scattering cannot be
used to build unique high-resolution structure models but can provide precise information
about size and shape of macromolecules [43]].
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2.2 Absorption and Anomalous X-ray Scattering

2.2.1 Absorption

Operating on the atomic scale, one also has to consider quantum mechanic interactions. Besides
being elastically scattered off the electrons within the targeted sample, the incoming radiation
can also be absorbed by the matter reducing the intensity of the transmitted beam [44]]. This
process is called photoelectric absorption. One important parameter is the material specific ab-
sorption cross-section, also called linear absorption coefficient i, which indicates the capability
of matter to absorb incoming X-rays [28]].

a | Continuum | b | Continuum =|
1

1 11 | I I 6
A ' AR (3d;5) /
v —_ (3d,,)* !
11 p 1 . I
M 4 I L — : : (3p;,) M O @, ,’
1 1 L.
I L S )
I Ly . (35)2 II
1 I
> L | 1 1
E'J 1 1] ]
2 i !
|
L 111 D (2p3/2)4 ’I
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X-rays !
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Figure 2.3: Schematic of energy levels and X-ray absorption. (a) Nomenclature for electron levels used to label
the absorption edges. The arrows indicate possible transitions from the individual bound states to the continuum
of free states. Additionally, states within the K, L and M shell are labeled using the principal, orbital angular
momentum and the total angular momentum quantum numbers (n, [ and j respectively) as (nljj *1). This figure
was inspired by Fig. 7.2 form Ref. [44]. (a) An incident X-ray photon is absorbed by an electron within the K shell
and is removed from the atom to the continuum. The emerging hole can be filled by an electron from a higher
shell. This figure was inspired by Fig. 1.11 from Ref. [30].

The relation between the attenuation of an X-ray beam dI passing a sample with thickness
dz and the intensity I(z) at depth z from the entry point is given by [31]]

—dI = I(z)pdz. (2.30)
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Eq. can be rewritten to the following differential equation [31]]

dl
— = —pudz. 2.31
- H (2:31)
The equation can be solved choosing the approach that the intensity at z = 0 corresponds to
the intensity of the incoming X-ray beam I;. The solution provides an expression in a way
that the transmitted beam can be expressed as a function of the absorption coefficient y, the

thickness of the sample z and the intensity of the incident beam I(z = 0) = I, [31]]:

I(E) = I,(E) - e #E)z (2.32)

The absorption coefficient y is related to the energy-dependent absorption cross-section per
atom pgtom(E) by following equation [28]]:

PmassNA

v )patom(m. (2.33)

H(E) = (

Here, Ny is the Avogadro’s number, ppqss the mass density and M the molar mass of the material.
Eq. can be rearranged to obtain an expression for the transmission T which indicates the
ratio between the transmitted beam intensity I and the incident beam intensity I, [44]:

T=2==¢*+b: (2.34)

u/p (cm?/ g)

-
o
Illlllol T T TTITr T T ITIT

103 | "”'1'6" | ””'1'612 | ””'1'83
Photon energy (keV)

Figure 2.4: X-ray mass attenuation coeflicient y1/pmass as a function of photon energy for gold. Atomic absorption
edges K, L and M are labeled. Data obtained from Ref. [45]

Moving from the classical picture of an atom with electron cloud density pgsom(r) to the
quantum mechanical description, electrons are no longer homogeneously distributed around
the nuclei of an atom, but rather have precise energy levels being bound to the atomic core
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in electron shells [44]. The electron shell with the highest binding energy is referred to as
the K shell, followed by the less tightly bound L, M, N, O, P and Q shells (Figs. , [28]].
Considering the binding energy of electrons within those shells, it requires a certain energy
to lift an electron from a lower shell to a higher unoccupied position, or to entirely remove
the electron from the atom to the continuum of free states (Figs. 2.3p, [44]. Moreover, the
energy levels described by the principal quantum number n is further split into sub-levels by
spin-orbit coupling. The convention to denote these states makes use of the angular momentum
quantum number [ and the number of orbitals 2j; + 1 within a sub-shell given by the magnetic
quantum number j; [28]. Usually, the angular momentum quantum number [ is written in the
following letter code:

I joj1]2]3
Letter | s |p | d | f

However, it is more convenient to introduce the new term of the mass absorption coefficient
1/ Pmass (Fig. for absorption calculations since it is constant for an individual element and
additive for a mixture of multiple components [46]. While weighting each component by the
factor w; for the fraction in the composite, the mass absorption coefficient of a mixture can
immediately be written as [44]]:

( a ) :Zwi( o ) (2.35)
Pmass | mixture i Pmass | ;

2.2.2 Anomalous X-ray scattering

The atomic form factor was introduced in Section [2.1|for elastic scattering in terms of classical
Thomson scattering. Nevertheless, as outlined in Section[2.2.1] the scattering of X-rays cannot be
described without considering energy exchange, treating the scatterers as extended distributions
of free electrons. In the model of bound electrons introduced in Section [2.2.1] the electrons
occupy defined energy levels. Thus, the electrons cannot respond to the electric field of incident
X-rays freely [47]. But an additional energy-dependent term needs to be included to describe
the atomic form factor f°(q) of an atom [30]. The response of bound electrons to a driving
field is characterized by a classical damped harmonic oscillator with resonant frequency wys
and a damping constant y [28]].

Hence, the atomic form factor f°(q) for a free electron has to be reduced by an additional
term typically denoted as f’. For energies much greater than the binding energy, the electrons
can be assumed to be free and thus ' = 0 [47]. However, for energies close to energy levels
given by the electron shell, f” displays resonant behavior [30]. These energy levels are known
as the atomic absorption edges of a material [44]. In addition to the real part of the scattering
length f”, a phase lag with respect to the driving field alters the atomic scattering factor close
to an absorption edge by a term i f” [31]]. The phase lag causes negative interference between
the incoming and the emitted radiation and is therefore imaginary. Including the dispersion
correction terms f” and f” the atomic form factor f can altogether be written as [48]]

f(q.0) = f(q) + f'(@) + if (). (2.36)
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Both f” and f” are maximized when the X-ray energy is equal to the energy of an absorption
edge of an atom [49)]. They are referred to as resonant scattering terms. The absorption
effect can be described by the dispersion corrections of the total scattering cross-section [49]].
While higher order orbitals are sparsely populated for light atoms, the dispersion correction
is dominated by electrons in the K shell [47]. These orbitals are more densely occupied for
heavier elements (i.e. gold) and thus expand the resonant effect to higher order shells (L or M
shell) [45]. While the classical Thomson scattering term f°(q) does not depend on the X-ray
energy but only on the momentum transfer q and the atomic number Z, the scattering vector
dependency can be neglected for the dispersion correction terms f” and f” due to the spatial
confinement of electron orbitals [49]. Furthermore, the imaginary component is related to the
photo absorption cross-section o,:0m via the following expression [50]:

F7(0) = 2om

2.37
27‘0/1 ( )

with the classical Thomson scattering length ry and the X-ray wavelength A.
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Figure 2.5: Real and imaginary part of the dispersion corrections. The energy dependency of the real and the
imaginary part of the dispersion corrections for gold (Au) and phosphorus (P). The L-I, L-IT and L-III absorption
edges with significant changes in f” and f"’ are nicely visible for gold while there is almost no dispersion correction
for phosphorus. The dashed lines indicate the typical X-ray energy range for SAXS experiments from 9 keV up to
15 keV. Data obtained from Ref. [51]]
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Damped Single Oscillator Model

As stated above, the simplest model to describe an electron bound in an atom is by using a
charged damped oscillator. The equation for an oscillator with the driving field Ei, = % - Ege ™",

linearly polarized along the x-axis with amplitude E; and frequency w, is [49]

X+ yx + w0l x = — (%) e it (2.38)
Here, w,.s is the resonant frequency, y is a damping constant, m is the mass and e is the
elementary charge.

The damping of the oscillator represents the loss of energy due to re-radiation of excited
electrons jumping to a lower energy level or back to the ground state. Using the trivial solution
for a differential equation, x(t) = xpe™**!, the amplitude of the charged oscillator can be gained
[49]]:

E 1
Xp = — (Q) - — (2.39)
m (C‘)res W lw}/)

Moreover, the strength of an electric field at distance R and time ¢ depends on the acceleration
%(t — R/c) caused by the electrons at the time ' =t — R/c [49]:

Eraa(R, ) = ( ) #(t — RJc) (2.40)

4meyRc?

Inserting the acceleration % and the amplitude x, of the oscillator (obtained from Eq. [2.39) leads
to [49]

Erad(R, 1) — w” (eikR) (2.41)

—r
Ein (w2 — 0? — iwy) \ R

Since the atomic scattering length f is defined to be the amplitude of an outgoing spherical
wave e/*R /R in units of the Thomson scattering length —ry, it can immediately be extracted and
written as [52]):

w2

= 2.42
ﬂ (w;%es — w? — lw)/) ( )
Finally, the real part of the dispersion correction f” is given by [49]
02, (w? — &?
fl — res res (243)
¢ (wZ - C‘)Ees)z + (C‘)Y)z
and the imaginary part can be written as
Dres @Y
fr=- ] (2.44)

(wz - (‘)res)z + (a)}/)z '

Typically, the damping factor y is much smaller than the the resonance frequency w,.;. Moreover,
assuming X-ray energies much higher than the energy level of an absorption edge @ > wres,
the dispersion correction reduces to f. = 1 which corresponds to a free electron [49].
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Damped Multiple Oscillator Model

While the model of a single damped oscillator is only able to yield a single energy level
corresponding to a single excited state, there is a continuum of unoccupied free states as
depicted in Section Thus, a more complex model is required. Each energy level is
associated with its distinct resonance frequency w,.s and every transition in between the
states has a certain probability [49]. Thus, the generalized expression for the photo absorption
cross-section of an ensemble of oscillators providing a continuum of excited states is

0a(©) = 27100 )" Gl007es)O (@ = res). (2.45)

res

In this equation, g(wy.s) is the weight of each transition [52]]. Furthermore, the real part of the
dispersion correction f” has to be considered as the superposition of an assembly of oscillators,
too [49]]:

F1(©) =) g(0res) f (@res, ©) (2.46)

res

Kramers-Kronig Relation

Instead of using purely theoretical values of the dispersion corrections, more accurate values can
commonly be achieved using the following approach: i) The imaginary part f” is determined
via extended X-ray absorption fine structure (EXAFS) measurements and ii) the real part f” is
calculated from f” using the Kramers-Kronig relation [53].

Almo’

o -€ w+e

Pole of y(m)

Figure 2.6: Integral contour for the Kramers-Kronig relation. The contour integral traces a semi-circle around a
pole [54].

The Kramers-Kronig relation is based on Cauchy’s theorem for complex integration linking
the real and imaginary parts of any analytical function F(z) in the complex plane. If the theorem
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is applied to the sum of the dispersion correction terms y(z) = w%,/(z? — w2, + izy), Cauchy’s
theorem yields

i (f/ (@) +if" (@) = P ffc(ww_w( . (2.47)

In this equation, # denotes Cauchy’s principal value [49]. Eq. can be rearranged so that
the real part of the dispersion correction can be written as the Kramers-Kronig relations. The
real part is expressed as [55]

fl(w) = %5" ) Mdco’ _Zp fom de’ (2.48)

oo (@ — ) Vs w"? — w?)

and the imaginary part is given by:

f(a)/—a) -—p f (w;z_wg) (2.49)

The initial integrals in Egs. and|[2.49 are decomposed into the four segments of the contour
(see Fig. in the following way: i) tracing the real axis from —oo to w — €; ii) a half circle
around the pole; iii) again along the real axis from w + € to co; and iv) back to the origin of i)
along the large semi-circle. The integrals can be further collapsed using the fact that f"(«’) is
an even function (Eq. and f”(w") an odd function (Eq. [49].

2.3 Structural Parameters in SAXS

After having derived the key formalisms for elastic small-angle scattering this section provides
an overview of important structural parameters in SAXS such as the molecular weight (MW),
the radius of gyration (R,), and the maximum intermolecular distance Dy,q. These parameters
can be useful to assess the structural information, the conformational transition between
multiple states or the formation of aggregates in solution.

2.3.1 Pair-Distance Distribution Function

While SAXS profiles are recorded in reciprocal-space, it is often easier to work and interpret real-
space data. However, as shown in Section the Fourier transformation involves an integral
ranging from 0 to infinity momentum transfer, a range that is experimentally not feasible
to measure. One important concept to describe structural parameters is the pair-distance
distribution function which will be derived in this section.

First, the definition of the cross-section as well as Eqgs. and [2.28| are used [31]:

Liotal(q) = w = %< fv dr fv dr'Ap(r)Ap(r') - e"“*‘<“f’>> (2.50)

Again, temporal and spherical averaging are applied while the integral is performed over the
whole exposed sample volume V. Using the definition of the form factor F(q) (Eq. it
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follows that [31]]:

N N
@) = 3 { [ ar [ anpwmp(ey-ew)(L3TY e} sy

i=1 j=1

form factor F(q) structure factor S(q)

The second factor is known as the structure factor S(g) which is used to describe inter-particle

interactions [33]].
Introducing the pair-correlation function g(r) between the centers of mass of the particles

the structure factor can be rewritten to [31]]:

S(q)

(2 )

i=1 j#i

— 1 fg(r) -e dr

Under the assumption of a dilute sample without any inter-particle interactions [31]], the
structure factor can be approximated to S(q) ~ 1 and thus the total scattering intensity I;:41(q)

to be proportional to the first factor in brackets F(q) in Eq.

(2.52)
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Figure 2.7: Pair-distance distribution function for different shapes. (a) Distance distribution function for the
protein bovine serum albumin (BSA). The intensity profile was calculated from PDB code 3V03 (Ref. [56,57]).
(b) P(r) function for a cylindrical shaped 30 base pair (bp) DNA macromolecule. The PDB file was obtained
from Ref. [58]. Theoretical scattering profiles were calculated for both PDB files via Crysol [59]] and distance
distribution functions were obtained from Primus [60]]. The difference in P(r) for a nearly globular shaped particle
compared to a rod-like shape is nicely visible comparing (a) and (b). Molecular graphics were prepared using

UCSF Chimera [61].
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Second, following Debye and Bueche [62]], the correlation function of the particle y(r) is
defined as:

yp(r) = <j1; Ap(r)A(X' — r)dr’> (2.53)

Substituting the correlation function Eq. into the the scattering intensity Eq. [2.51} it follows

that [31]:
I(q)=< fv yp(r)e_iq'rdr>: fv (ﬁ fQ yp(r)dQ)-e_iq'rdr (2.54)

Finally, solving the integral yields

Dmax ;
I(q) = 4 fo P(r)“"q(fr) dr. (2.55)

Here, the pair-distance distribution function P(r) = r?y(r) [63] represents the number of
distances between pairs of points within the distance interval from r to r + dr inside the object
and the maximum particle distance D, [64]. Moreover, the distances are weighted by the
product of the scattering length densities of the two points gained by the contrast in electron
density to the solvent [31]]. Fig. [2.7|shows the distance distribution functions for the globular
protein bovine serum albumin (BSA) and a 30 base pair (bp) DNA duplex.

2.3.2 Guinier Analysis and Radius of Gyration

Guinier analysis refers to the long-wavelength limit gr — 0, where the power series expansion
of the function sin(x)/x obtained for orientation verged diffraction (see[2.55) pattern yields [65]:

singr) _ (@) an)*

p 3 5 O((qr)®). (2.56)

A further simplification of Eq. [2.56]is achieved by a number of steps (see Refs. [17,166] for more
details) and results in:

I(q) = 1(0) (1 - g + O(q4)) , (2.57)

which can be transformed into the Guinier formula [31]]

I(q) = 1(0) - e 0" /% = 1(0) - T Ro/3, (2.58)

In this last equation, Ry is referred to as radius of gyration. It is defined as the sum of root-
mean-squared distances of all elemental scattering volumes from their center of mass weighted
by their scattering densities [67] and can be obtained by the Guinier approximation [17]. The
radius of gyration can be obtained from the slope by fitting the logarithm of the intensity
In(I(q)) versus g°. However, the fit is only valid within the limit of gR, < 1.3 [68].
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Figure 2.8: Guinier analysis and forward scattering. (a) Experimental scattering profiles for small (0.7 nm
diameter) gold nanocrystals (yellow circles) and 15 bp DNA (blue circles). Corresponding guinier extrapolations
to the I(0) y-axis intercept for the gold nanocrystals (yellow line) and 15 bp DNA (blue line). (b) Corresponding
scattering profiles in the Guinier representation with the scattering intensity I(q) plotted versus the squared
momentum transfer g2. The number of s-bins shown for the experimental profile (colored circle) was reduced for
clarity.

Moreover, the scattering intensity at zero momentum transfer I(0) can be calculated via
extrapolating the fitted line to the y-interception [31]]. Since the forward scattering intensity
I1(0) is directly proportional to the square of the scattering contrast, it is possible to determine
the molecular weight (MW) of a macromolecule for a monodisperse solution by using the
following relation [[43]]

1(0) = xc(Ap)*(MW)?. (2.59)

This equation includes the concentration of the macromolecules in solution c, the average
electron density contrast Ap and a proportional constant that can be determined from a
measurement of a molecular weight standard (e. g. silver behenate, glassy carbon, or a protein
of known molecular weight and shape) [43]. Furthermore, experimentally measured SAXS
data are often adjusted by I(0). Fig. shows Guinier graphs for normalized experimental
scattering profiles of 15 bp DNA and small gold nanocrystals (0.7 nm radius). While 15 bp DNA
(~9 kDa) has a higher molecular weight than the gold nanocrystals (~6 kDa) [69], the gold
provides a much higher electron density contrast which can be nicely seen at the higher y-axis
intercept at 1(0).

2.4 Ab initio shape reconstruction

Another application using small-angle X-ray scattering scattering profiles, besides extracting
structural parameters, is to reconstruct three-dimensional (3D) molecular shapes (see Fig. [2.9).
This process is known as ab initio shape reconstruction since there is no pre-defined input
structure [[13]. During the past years, various reconstruction algorithms were published and
great advances were achieved offering the possibility to model rigid mono-component systems.
Those systems can be globular proteins or double stranded DNA (dsDNA), flexible molecules, or
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protein-nucleic acids complexes [15} 16} 21} 23] [70]]. Nevertheless, one important condition for a
reliable ab initio shape reconstruction is the use of highly monodisperse samples and recorded
data that do not suffer from experimental artifacts such as radiation damage, aggregation or
boundary effects [31]].

b

Figure 2.9: 3D bead models from ab initio shape reconstruction. (a) Reconstructed bead model of the signaling
protein calmodulin. The configuration was calculated using DAMMIF [23]). (b) Reconstructed bead model of 20 bp
DNA. The configuration was calculated using SAXS3D [16]].

The ab initio determination of molecular shapes was first proposed by Stuhrmann [38,[39].
His approach was to consider a biomolecule as an object with uniform electron density and
to calculate the scattering profile in terms of spherical harmonic expansions of the molecular
surface. However, this approach was limited to molecules with globular shape and without
cavities or multiple domains. In the late 1990s, Chacon et al. [14] and Svergun [[15] published
more advanced algorithms that offered the possibility to model more complex structures for
the first time. This new approach approximated the outer molecular shape in form of the
molecular electron density by a large number of dummy atoms [15], or dummy residues [21]].
The number and arrangement of dummy scatterers is altered until the calculated theoretical
scattering profile matches the experimental diffraction data. While some algorithms use a
simulated annealing procedure [15] 21} 23] to approximate the experimental scattering pro-
file, another possible approach is based on a “give’'n’take” algorithm that was introduced
by Walther et al. [16]. Typically, the bead model provides a low-resolution (1.5-2 nm) recon-
struction of the molecule [18].

2.4.1 DAMMIN and DAMMIF

Two very popular programs for ab initio shape determination using finite elements (dummy
scatterers) and a simulated annealing procedure are DAMMIN [15] and the improved version
DAMMIF [23]). Both programs first evaluate the structural parameters of a molecule using the
corresponding experimental SAXS profile. Then they start sampling from a search volume
(see Fig. with dimensions predefined by the maximum dimension D, (DAMMIN) or
the radius of gyration R, (DAMMIF). The search volume is filled with densely packed beads
(dummy atoms/residues) N > 1 of radius ry < D4y to enclose the entire molecular shape [31]].
The beads are then assigned either to be part of the particle phase (index=1) or the solvent phase
(index=0) and are indexed accordingly. It is important to notice that the positions of the dummy
beads follow a regular packing grid (see Fig. and do not resemble the positions of atoms or
residues within a real molecule. The shape of the molecule is given by the dummy atom model
(DAM), which is described by a binary configuration vector X. The corresponding theoretical
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scattering profile is calculated using spherical harmonics considering beads with index=1 [31]].
This configuration vector X is then used to calculate the theoretical scattering profile of X
using spherical harmonics (see Eq. [2.25)), which provide good computational efficiency [71].

a Solventindex=0 b
, @ Particle index = 1

Figure 2.10: Initial search volume and dummy atom model of DAMMIN and DAMMIF. (a) Representation of the
search volume and particle shape visualization in a bead model based on the ab initio algorithm defined by the
maximum dimension of the molecule Dy, ;. The light gray beads represent dummy atoms in the solvent state and
dark gray spheres the particle state. Image inspired by Ref. [23]]. (b) Cross-section of dummy atom models of
DAMMIN (top) and DAMMIF (bottom). The different colors indicate either the particle (red) or the solvent phase
(turquoise, blue and green) of the beads. While DAMMIN allows phase transition of the dummy atoms anywhere
in the search volume, the change of state is restricted to red and turquoise beads in DAMMIF. In the bottom image,
the DAMMIF’s extensible mapped area is indicated by green solvent beads. Image reproduced from Ref. with
permission from the International Union of Crystallography.

The simulated annealing process aims to find a configuration X of dummy beads that
matches the experimental SAXS profile best and minimizes the goal function F(x) [15]

F(X) = y* + Z a;P;(X) (2.60)
i=1
by using
_ 1 N Iexp(qi) - CIcalc(qi) 2
¥P = ~ ; ( @) ) ) (2.61)

x? is the difference between the experimental Iexp(q) and the theoretical calculated I...(q)
scattering profile with the experimental error o(q) at each g-value. Moreover, N the number of
experimental points and c the scale factor. Furthermore, P; describes penalty terms which are
weighted by «; > 0. These enforce physical constraints (e.g. compactness and interconnectivity
constraints) or can apply additional predefined structural information (e.g. symmetries) to
guide the annealing process [23].
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The minimization process is implemented as follows [[15]:

1. The process starts from a initial random configuration X, at the so-called high annealing
temperature T = F(X)).

2. A bead from configuration X, is randomly selected and its phase is changed to either the
particle phase (index = 1) or the solvent phase (index = 0) to obtain the new configuration
X’ (see Fig. [2.10). The difference between the goal functions of both configurations is
calculated: A = F(X’) — F(X).

3. If the difference calculated in step |2| yields A < 0, X’ is instantly chosen as the new
configuration; if A > 0, X’ is chosen with the probability exp(A/T). Step [2|is repeated
with configuration X" if accepted or with configuration X if not.

4. The annealing temperature T is kept constant for 100 X N reconfigurations (N is the
number of beads in the search volume) or 10 X N successful reconfigurations (X — X’).
If one of the criteria is fulfilled first, the annealing temperature is slightly cooled to
T’ = 0.9 - T reducing the probability to adopt a "worse’ fitting reconfiguration with A > 0.
Finally, the system is cooled until F(X) cannot be minimized any further.

In contrast to a pure Monte Carlo based search algorithm, the simulated annealing process
prevents the goal function F(X) from getting trapped in local minima by also accepting recon-
figurations that increase F(X) with a certain probability (see step|3) and are 'worsening’ the
configuration [31]].

While the search volume is fixed during the search procedure in DAMMIN, the volume is
allowed to vary and extend in DAMMIF if necessary. Moreover, DAMMIF was designed to speed
up the refinement during the simulated annealing process and reduce the shape determination
from hours to minutes [23]].

2.4.2 SAXS3D

Compared to the reconstruction approaches, DAMMIN and DAMMIF, which start from a
predefined search volume, the program SAXS3D implements a “give’n’take” algorithm that
places point scatterers on a hexagonally close-packed lattice with a specific constant lattice
spacing. Similar to DAMMIN and DAMMIF, a theoretical diffraction pattern is calculated using
spherical harmonic expansions (see Eq. and a targeted scoring function F is minimized,
to improve the fit between the theoretical calculated diffraction pattern of the model and the
experimental SAXS profile [16].

The “give’'n’take” procedure improves the fit between the experimental scattering profile
and the theoretical calculated diffraction pattern with following operations[16]:

1. The process starts with a single bead N = 1 and a virtually infinite scoring function F.

2. The list of beads is first randomized and ordered according to ascending number of
nearest neighbors. An additional bead is placed as immediate neighbor to the bead
located on top of the list at a random, unoccupied position. The scoring function of
the new arrangement F’ with N + 1 beads is calculated. If A = F’ — F < 0, the new
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configuration is accepted. Else, another possible neighboring lattice point is selected. If
all positions fail to improve F, another bead is selected as new reference bead. If no bead
is added, the configuration continues with the initial number of beads N.

. Again, the list of N + 1 (or N) beads is randomized as described in the first step, the first

bead from the list is removed and the score of the configuration is calculated. If the score
has not improved (A > 0), the bead is placed back and the algorithm proceeds with the
next bead in the list. Otherwise if A < 0, the removal is accepted.

. The program iterates through the additions (step [2) and removals (step [3) until F cannot

be minimized any further.

. A randomly chosen bead is relocated from the original location to a new position as the

nearest neighbor of another randomly selected bead. The relocation is performed on all
beads until the first one is accepted because it satisfies the A < 0 criterion. If a valid
relocation was found, the algorithm proceeds with step (1| If no score-lowering move was
found, the reconstruction terminates with the final model.

2.4.3 Normalized Spatial Discrepancy

However, the reconstruction of 3D shapes based on 1D scattering profiles do not provide
unique solutions but a range of models with nearly identical fits to the experimental scatter-
ing profile [43]. Thus, several separate runs yield different geometrical solutions caused by
the Monte Carlo based start [66]. Typically, multiple independent reconstruction runs are
performed to obtain a range of models. Kozin and Svergun [72] introduced the normalized
spatial discrepancy (NSD) as a quantitative comparison of similarity between three-dimensional
objects.

Figure 2.11: Example of ab initio shape determination of Calmodulin. (a) Two independent reconstruction models
obtained from the same experimental data set using DAMMIF. (b) Superimposed and averaged model from 20
independent reconstruction runs created by DAMAVER. (c) Standard electron density map converted from the
model in (b) with SITUS. PDB file (PDB code 1EXR [57]) obtained from Ref. [73]].
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Here, the beads in a first model are assigned to a point set S; and the beads in a second
model are assigned to the point set S;. For each point in S;, the minimum value among distances
between this point and all points in S, is determined. The same procedure is performed for all
points in S, to the points in S;. The resulting distances are added and normalized against the
average distances between neighboring points from set S; and S, [31]]. If the two models are
almost identical, the NSD value tends to 0 whereas it exceeds 1 for objects which systematically
differ from each other [[72]. The obtained models can be weighted, superimposed and averaged
(see Fig. based on the NSD to yield the most probable model using an automated program
such as DAMAVER [[74]]. This process can access the uniqueness of a structure and improve the
robustness of the fit [43]]. The final bead model can be converted into standard electron density
map formats to dock high-resolution structures (see Fig. inside the reconstructed model
by a software called SITUS [75,[76].

2.5 Label Triangulation

It can be very challenging to obtain precise structural information of large biological macro-
molecules or big complexes formed from multiple molecular components. However, in 1972,
Hoppe proposed that measuring the distances between a sufficient number of components
within a complex can lead to a deduction of the three-dimensional arrangement and thus the
quaternary structure using a novel technique denoted label triangulation [77,[78]]. The idea is to
chemically or genetically modify different subunits separately and the reconstruct the complex
from its subunits. This structural technique is based on a technique for the determination of
distances between heavy atoms by X-ray diffraction in solution.
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Figure 2.12: Distance distribution for double labeled DNA. (a) Scattering interference pattern obtained for 10 bp
(blue), 15 bp (red), 20 bp (yellow), 25 bp (purple), 30 bp (green) and 35 bp (cyan) double labeled DNA duplexes.
(b) Probability distance distribution P(r) for the interference pattern from a). Distributions can be obtained via
Fourier Transformation of the interference pattern. Reproduced from Ref. [[69]].

In fact, the first approach using heavy-atom markers dates back to 1947 by Kraty and
Worthmann (79} 80]. They measured scattering profiles of small organic molecules using
attached iodine labels. As described in Section[2.1.4] the scattering intensity is highly influenced
by differences in electron density between solution and solvent. Thus the recorded signal is
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dominated by the heavy-atom markers. Kraty and Worthmann were able to deduce the right
inter-label distance after subtracting the scattering profiles of the single labeled sample from
the traces obtained from double labeled molecules. Later, Vainshtein et al. [81]] used mercabide
markers to measure distances between heavy-atom markers in proteins. Moreover, the advance
of modern synchrotron X-ray sources and the application of gold nanocluster markers (Fig.
reliably revealed entire distance distributions between pairs of labels [41} 182} 83]).

The basic idea behind these methods is to extract the interference term AI(g) caused by the
two labels (Fig. [2.12h). This interference term contains the desired distance information which
can be obtained via Fourier transformation [77] (Fig. [2.12p,b):

Al(q) =fi-f2- sinlgr) (2.62)

qr
Here, f; and f; are the atomic scattering factors, the momentum transfer is q and r is the
distance between the two electron rich particles with r = |r; — r;|. However, considering the
flexible nature of biological molecules, the label-label distance cannot be assumed to be given
by a single value but rather by a distribution P(r) with a certain width (Fig. [2.12p). Thus,

Eq. can be rewritten to [69]:

rmax

M@ = Y PO fi- - 220

r=0 qr

A more detailed description of the labeling and measuring procedures can be found in Chapter

(2.63)



Experimental Setup for SAXS

After having established basic theoretical concepts, which are relevant in small-angle scattering
studies, this chapter briefly presents the main experimental requirements and characteristics of
SAXS.

3.1 Introduction to Synchrotrons

After Wilhelm Conrad Rontgen discovered X-ray radiation at the Julius-Maximilians-University
of Wiirzburg in 1895, the anode tube design remained the production source of X-ray waves
for a long time [84]. An X-ray tube is designed in a way that electrons are emitted from a
cathode and subsequently accelerated towards a cooled metal anode [85]. The anodes are
usually made of copper (Co) or molybdenum (Mo) [65]. Electrons that collide with atoms in
the target anode cause two types of radiation. First, a continuous spectrum of X-rays is emitted
as bremsstrahlung since the electrons are decelerated [31]. Second, if the electron energy
is sufficient to eject electrons within the inner shells (e.g. K shell) of the anode atoms (see
Fig. [2.3), this vacancy is filled by an electron from a higher shell (L or M) [85]. As there is a
distinct difference between the two energy levels, X-rays with well-defined line spectrums are
emitted [85]]. Although this fluorescent radiation is typically 50-100 times more intense than
the bremsstrahlung, X-ray radiation is emitted in all directions leaving only a small fraction to
target the sample [31]].

However, in the 1970s, major improvements in form of bright synchrotrons were achieved
(see Fig. [3.1). While these synchrotrons were exclusively available for high energy nuclear
physics experiments in the beginning, the first facilities tailored to the needs of scattering
experiments were established in the mid 1970s [31]]. From that point on, several generations
of synchrotrons helped to dramatically increase the beam intensity available, allowing for
precise measurements of scattering patterns from biological macromolecules within the order
of seconds [30,86]. Additionally, they enabled experimentalists to tune the X-ray energy within
a certain range or to focus the beam on a spot as small as several square nanometers [87, [88].
Nowadays, fourth-generation synchrotrons are available and the application of X-ray free-
electron lasers (XFELs) provides highly collimated pulsed X-ray beams compared to third-
generation sources [86]. Recently, the most powerful X-ray source ever built started to operate
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Figure 3.1: Historic development of the brilliance of X-ray sources. The term synchrotron brilliance is defined in
Section 3.2} The peak brilliance of free electron lasers exceeds the one of common third-generation sources by a
large factor. Figure adapted from Ref. [30]] with permission from Wiley. Copyright ©2011 John Wiley & Sons, Ltd..

in Hamburg [89]]. The European X-ray Free Electron Laser (European XFEL) provides electron
energies up to 17.5 GeV and a peak brilliance of 5 x 10%* photons/s/mrad®/mm?/0.1% bandwidth
which is higher by a factor of ~10%°> compared to earlier fixed anode X-ray tubes (Fig.
[90, 91].
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Figure 3.2: Schematic of the key components of a modern synchrotron facility. The figure is adapted from
Ref. [91]] with permission from Wiley. Copyright ©2011 John Wiley & Sons, Ltd..

The source of X-rays in synchrotron facilities are charged particles (e.g. electrons) moving
at relativistic speed on an almost circular trajectory within an evacuated storage ring [92]]. In
today’s synchrotron facilities, a linear accelerator (LINAC) and a small booster ring helps to
pre-accelerate bundles of particles before injecting them into a large storage ring (Fig. [85]).
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One important parameter for synchrotrons is the energy of the charged particles within that
storage ring, as it sets the energy range a source can provide to the experimentalist [91]]. For
example, the European Synchrotron Radiation Facility (ESRF) operates with an electron current
of 100 mA at an energy of 6 GeV and a storage ring of 844 m circumference [93]]. The storage
ring is one of the key components and usually consists of curved parts with bending magnets to
guide the charged particles on a closed orbit and additionally to straight sections (Fig. [91]).
Within these straight segments, insertion devices (wigglers or undulators) are placed [30]. They
force the charged particles to undergo small-amplitude oscillations. As a result of accelerated
charged particles in the curved and straight sections, the so-called synchrotron radiation
is emitted [31]]. After these X-rays are filtered by a monochromator to select for a narrow
wavelength bandwidth, they are focused and aligned via special mirrors and lenses [94]]. Finally,
the beam is delivered to the experimental hutch and directed to expose the desired sample.

3.2 Properties of the X-ray Beam

There are several properties describing the quality of a synchrotron beam [95]. First, there
is the number of photons the source can produce per second. Second, the beam diverges on
its trajectory, although the X-rays are emitted much more collimated in bending magnets or
insertion devices compared to X-ray anodes. The convention is to quote the spread of the
beam in mili-radian (mrad) in both vertical and horizontal direction [[85]. Third, as the beam is
directed on the targeted sample, an important parameter for the quality of the facility is the
source area giving the smallest spot onto which the X-ray beam can be focused (commonly in
square millimeters mm?) [95]. The last property is the unit bandwidth allowing to include a
factor for the range of photon energies contributing to the intensity. Usually, the unit bandwidth
(BW) is chosen as 0.1% of the relative energy bandwidth [85]. Together, all these parameters
combined allow the comparison between X-ray sources. This joined value is denoted brilliance
and is given as [91]]:

photons/second

(mrad)?(mm?source area)(0.1% bandwidth)

(3.1)

Brilliance =

3.3 X-ray Sources

There are multiple sources of synchrotron radiation at a synchrotron facility. The following
section outlines three devices used to create X-ray beams.

3.3.1 Bending Magnets

As previously described, X-ray waves propagate in all directions from anode sources. In contrast,
synchrotron radiation is emitted in a narrow cone by charged particles traveling close to the
speed of light (Fig. [3.3p) [85]. One radiation source are bending magnets (BM), which are
primarily used to keep the charged particles on a closed orbit. However, they also produce
so-called bending magnet radiation which covers a continuous spectrum of X-ray energies
(Fig. [3.3b) [91]. The radiation is emitted in tangential direction and forced into a narrow cone
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by the Lorentz transformation and the Doppler effect (Fig. [3.3p) [31]]. The angle ¢, denoting
the degree of the beam’s divergence is given by [92]

mec? 1

xRy (3.2)
In this equation, the rest mass of electrons is m,, the velocity of light in vacuum is c, the
relativistic energy is E (storage ring energy) and the Lorentz factor is y. The radiation is linearly
polarized to an observer in the orbit plane of the bending magnets (Fig. [3.3p). If viewed from
above, it looks elliptically polarized [85]. The other parameters are the characteristic frequency
w. and the corresponding critical energy E. dividing the emitted power spectrum in a way that
one half is radiated below and the other half is radiated above E. (Fig. [3.3). The critical energy
is given by

E.[keV] = w.h = 0.665 - E2[GeV] - B[T]. (3.3)

Here, E is the energy of the charged particles in the storage ring and B the magnetic field of the
bending magnet [92]. In addition, the radiated power from a bending magnet of length L and a
magnetic field B located in a storage ring with an electron current I at energy E is expressed

as [[91]]

P[kW] = 1.266 - E*[GeV] - B*[T] - L[m] - I[A]. (3.4)
One example for a beamline receiving the X-ray beam from a synchrotron bending magnet is
BM29 at ESRF [96].
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Figure 3.3: Synchrotron bending magnets. (a) Schematic of a bending magnet and the emitted linearly polarized
radiation cone by an electron. (b) Continuous X-ray spectrum produced by a bending magnet as a function of
photon energy. The critical energy E. depicted as circles is given by Eq. Figures are reused from Ref.
with permission from Wiley. Copyright ©2011 John Wiley & Sons, Ltd..

3.3.2 Inserting Devices

Another source of synchrotron X-rays are so-called insertion devices (ID) placed within the
straight sections of a storage ring. Insertion devices are built-up by a linear series of dipole
magnets forcing the charged particles to execute an oscillatory trajectory (see Fig. 3.4p,b).
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Figure 3.4: Synchrotron insertion devices. Schematic of wigglers (a) and undulators (b) differing in the amplitude
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separation between waves emitted from equivalent points A and B on the oscillating path corresponds to multiples
of the fundamental wavelength A;. The figure was inspired by Fig. 2.8 from Ref. [85]. (d) Photon flux provided by
a in-vacuum undulator at the Swiss Light Source (SLS). Sharp 5%, 7" and 9" harmonic energy lines are labeled.
Figure is adapted from Ref. [91]] with permission from Wiley. Copyright ©2011 John Wiley & Sons, Ltd..

There are two types of insertion devices: wigglers and undulators [92]]. In contrast to
bending magnets, both wigglers and undulators are purely designed for the emission of high
brilliance beams [95]. The major difference between both insertion devices is that the magnetic
field is higher in a wiggler device [85]]. Thus, the amplitude of the oscillations is larger compared
to undulators [31] (Fig. ,b). On the one hand, since the amplitudes of the oscillations are
larger than the opening angle y ! of the X-ray beam, the emitted radiation from each dipole
magnet pair ("wiggle’) adds incoherently in wigglers producing a pulsed intensity beam. On
the other, hand the small-amplitude oscillations on the order of y~! in undulators allow for
constructive interference of waves from each oscillation to a longer pulse [85]. Comparing
both insertion devices, wigglers provide an increase in brightness by a factor of N where N is
the number of periods (number of magnet poles) and a cone with an opening angle ~Ky~!. In
contrast, undulators can increase the brightness by a factor of N? and a much smaller opening
angle ~y~!- N~/2 [31] (Fig. ,b). Similar to the power of a bending magnet, the total radiated
power by a wiggler is given by [92]]

P[kW] = 0.633 - E*[GeV] - B*[T] - L[m] - I[A]. (3.5)

In this equation, B and L are the maximum magnetic field and length of the wiggler. I and E
are the electronic current and energy of the storage ring.

While the energy spectrum of a wiggler is comparable to the one of a bending magnet, an
undulator devise emits a spectrum with distinct maximums [92]. Considering the phase differ-
ence between photons in an undulator, narrow maximums occur in an equally-spaced pattern
as they are caused by constructive interference (Fig. [3.4c,d) between each undulation [85]. The
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energy of photons produced from an undulator is therefore [91]

n - E?[GeV]
(1+ K?/2)A[cm]
with the number of harmonics n, the total particle energy E, the period of oscillation within
the device A, and the unit-less K-factor

En[keV] = 0.95 -

(3.6)

eB
2mrme
Here, m is the rest mass of the particle, c is the velocity of light and B is the maximum magnetic
field. Thus, the photon energy emitted from an undulator can be tuned by varying K or B
respectively. Based on their composition wigglers have K > 1 (~20) while undulators and
their weak magnetic fields result in K < 1 [31] 85]. An example for a beamline operating with
a wiggler X-ray source is beamline 4-2 at the Stanford Synchrotron Radiation Light-source
(SSRL) [97]. Beamline 12-ID at the Advanced Photon Source (APS) in contrast, works with an
undulator [98]].

K =

. (3.7)

3.4 SAXS Beamline

For experimentalists, the beamline is the most important component of a synchrotron facility
since every beamline is tailored to a certain set of experiments. Fig. [3.5illustrates the arrange-
ment of the bio-SAXS beamline BM29 at the European Synchrotron Radiation Facility [96]].
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Figure 3.5: Schematic of the bio-SAXS beamline BM29 at the European Synchrotron Radiation Facility displaying
the X-ray optics to filter, focus and align the X-ray beam. Furthermore, the sample stage and detector are shown.
Adapted from Ref. [96]

The X-rays produced from a bending magnet or an insertion device are first masked, filtered
and directed by optical devices (Fig. [3.5). Second, a narrow band of wavelengths is selected by
a monochromator and finally the beam is cleaned, focused and aligned onto the sample. The
last part of a beamline is the experimental hutch where the sample is loaded into a quartz glass
capillary and the scattering data are recorded at a certain detector distance after passing an
evacuated flight tube (Fig. [3.5). By tuning the detector distance, one can vary the recorded
g-range of the diffraction signal. In case of the BM29, the recordable g-range is 0.025-5 nm™*
with a detector distance of 2.867 m at a photon energy of 12.5 keV [96]. A more detailed
description of the measurement protocol can be found in Chapter |4 and the Materials and
Methods section of Chapter
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3.4.1 Monochromator

Commonly, experiments performed at a synchrotron require a specific wavelength or, in
the case of anomalous studies such as X-ray Absorption Spectroscopy (XAS) [94], Multi-
wavelength Anomalous Diffraction (MAD) [49] or anomalous small-angle X-ray scattering
(ASAXS) (12 43, 55]], tuning of the energy. Moreover, since scattering data are recorded as a
function of momentum transfer ¢ which varies with the wavelength of the incident photons
(g = 47 sin(0/1)), the obtained signal gets blurred if the energy spectrum is too broad. Since
bending magnets and wigglers produce a broad spectrum of wavelengths and even radiation
from undulators is not sufficiently monochromatic, single crystal monochromators are em-
ployed to the X-ray beam [99]. These devices narrow the band of wavelengths of the beam by
diffraction based on Bragg’s law [100]]

mA = 2d - sin(0) (3.3)

to filter out a sharp band of wavelengths. Here, m is the order (m = 1, 2, 3, ...), A the wavelength,
6 the incident angle and d the lattice spacing (Fig. [3.6p). Usually, an energy resolution of
AE/E < 10™* can be achieved [99]. The standard method to monochromatize a X-ray beam is
to use two perfect crystals separated by the distance D (Fig. [3.6b). While rotating the device,
the vertical offset Ay of the beam is changed until the desired photon wavelength is reflected
at a certain height h (Fig. [3.6b) [94].

a \ b
Q
0 v D

—o-o-lo-v-0--0—-6-—-0

D

h = 2-D-cos(6)

- -0 -V -0--0——0——0
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Figure 3.6: Principle of a double crystal monochromator based on Bragg’s law. (a) Bragg diffraction on a crystal
with lattice spacing d. The beams with incident angle 6 have a phase difference of 2 - d - sin(f) between the
different crystal planes. (b) Geometry of a double-crystal monochromator with distance D between the two
crystals. The graphical representation was inspired by Fig. 3.5 of Ref. [99].
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Recording and Analyzing Nucleic Acid
Distance Distributions with X-ray Scattering
Interferometry (XSI)|

Summary

Most structural techniques provide averaged information or information about a single predom-
inant conformational state. However, biological macromolecules typically function through
series of conformations. Therefore, a complete understanding of macromolecular structures
requires knowledge of the ensembles that represent probabilities on a conformational free
energy landscape. Here we describe an emerging approach, X-ray scattering interferometry
(XSI), a method that provides instantaneous distance distributions for molecules in solution.
XSI uses gold nanocrystal labels site-specifically attached to a macromolecule and measures
the scattering interference from pairs of heavy metal labels. The recorded signal can directly be
transformed into a distance distribution between the two probes. We describe the underlying
concepts, present a detailed protocol for preparing samples and recording XSI data, and provide
a custom-written graphical user interface to facilitate XSI data analysis.

NOTE: Use ultrapure water in all solutions and protocol steps.

4.1 Introduction

Richard Feynman famously said ... everything that is living can be understood in terms of
the jiggling and wiggling of atoms” [101]. Biological macromolecules such as unfolded or
partially folded RNAs or intrinsically disordered proteins are especially dynamic, given the
noncovalent forces that hold them together, their aqueous surroundings, and physiological
temperature that provides thermal energy. Moreover, significant conformational changes of

This Chapter submitted by Zettl et al. [1]] to Current Protocols in Nucleic Acid Chemistry and is currently
in press. I designed the study, performed the experiments, analyzed the data and contributed to writing the
manuscript with help of the other authors. The chapter is adapted with permission from the John Wiley & Sons.
Copyright ©2018 John Wiley & Sons.
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Figure 4.1: Schematic of AuSAXS workflow to determine gold label-gold label distance distributions. Scattering
intensity equation for a single-labeled molecule. The scattering signal can be decomposed into a sum of the
individual scattering contributions: double-labeled sample, the macromolecule only, two gold-macromolecule
cross-terms, and the interference from the gold labels. Schematic of the workflow to determine the Au-Au distance
distribution. The SAXS profiles of the shown samples are used to extract the gold-gold interference scattering
profile. The interference pattern is Fourier transformed into a distance distribution using basic profiles generated
with the size distribution of Au nanocrystals.

molecules can be triggered by external stimuli and are typically integrally involved in the
functions of biomolecules [102-104]]. Thus, conformational changes play an important role in
understanding the basic mechanics and are key in reconstructing causes from the molecular
level to macromolecular systems.

This chapter describes an emerging molecular ruler, termed X-ray scattering interferometry
(XSI) [69, 182, [83] [105-108], which can be used to generate whole distance distributions at
Angstrém resolution. XSI measures the interference of scattered X-rays between two specifically
attached gold nanocrystals (Fig. [4.1). The strengths of XSI are that it provides: i) distance
information in solution; ii) the distance information that is unperturbed by temporal averaging
because scattering is fast relative to atomic motions; iii) the direct mathematical relationship
between scattering and distance, formally related by Fourier transformation, allows XSI data
to be unambiguously converted into a calibrated distance distribution; and iv) while sample
preparation is time-consuming, it is straightforward, highly reliable and highly reproducible.
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Over the past decade, XSI has been successfully applied to nucleic acids and nucleic
acid/protein complexes [41] 69, 82| 83| [105-108]. Labelling strategies employing gold nanocrys-
tals of various sizes, diverse macromolecules, and variable attachment positions have been
reported: So far, demonstrated labeling strategies include: i) end labeled DNA nanocrys-
tal conjugates [69, 82, 83} (105, 106, (109, [110], ii) end labeled RNA molecules [83} 107, [108],
iii) gold labels positioned at defined internal sites of DNA or RNA helices [82] 83 [105-108]],
and iv) protocols to form single-labeled protein constructs [TTTHIT3]].

This chapter covers the design and preparation of end-labeled nucleic acid samples. Below
we present the procedures required to prepare samples, to acquire XSI data, and to generate
ensemble distance distributions.

Section 4.2 describes sample preparation for end-labeled nucleic acid gold conjugates and
includes a protocol for gold nanocrystal synthesis.

Section |4.3| describes the acquisition of a full data set at a synchrotron radiation facility for
XSI analysis.

Section [4.4|describes the data analysis of XSI data and the use of a custom-written graphical
user interface (GUI) in MATLAB.

The detailed protocols and the user interface presented in this chapter will enable scientists
interested in molecular distance measurements to perform and analyze XSI measurements
easily.

4.2 Basic protocol 1, Sample preparation

In this chapter, we focus on the preparation of end labeled nucleic acid samples for XSI. An
additional protocol on labeling proteins will be forthcoming.

Briefly, thioglucose protected gold nanocrystals are synthesized using the method of Schaaff
and coworkers [114]. DNA or RNA oligonucleotides are ordered with a commercially avail-
able C3-thiol-modification for end labeling, or a C2 dT amino-modification for internal label-
ing. High-performance liquid chromatography (HPLC), performed either in-house or by the
oligonucleotide vendor, is used to purify the oligonucleotides. In the case of the internal C2
dT amino-modification, the amino group is converted to a thiol group using the commercially
available SPDP (N-succinimidyl3-[2-pyridyldithio]-propionate) cross-linker. For a detailed
protocol of internal label attachment see [83]. The gold nanocrystals couple to thiol groups,
forming stable conjugates. A second HPLC purification step is used to purify 1:1 nanocrystal
nucleic-acid conjugates, eliminating nanocrystals coupled to multiple oligonucleotides and
excess gold particles. Finally, modified and unmodified single-stranded molecules are mixed in
various combinations to form a sample quartet, which consists of one unmodified construct,
two complementary single-labeled molecules with a single gold nanocrystal attached to one of
the two labeling sites respectively, and one double-labeled construct. After HPLC purification
and desalting, these duplexed constructs can be stored at —20 °C for several months. A full set
of samples is required for the data analysis to work as explained in detail in Section

CAUTION: Some of the chemicals and reagents used are flammable. Refer to material safety
data sheets prior to use. Some of the reactions should be conducted in a well-ventilated fume hood.
Use of personal protection equipment is highly recommended.
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Materials

« Dithiothreitol (Thermo Fisher, cat. No. R0861)

« Tris hydrochloride

« FPLC cleaning solution (100 mM DTT, 20 mM Tris-HCI, pH 8.0)

« Ammonium acetate (Sigma Aldrich, cat. No. A1542)

« Size exclusion running buffer (150 mM ammonium acetate, pH 5.6)

« Methanol

« Acetic acid

« Hydrogen tetrachloroaurate (IIT) hydrate (Sigma Aldrich, cat. No. 50790)
+ 1-thio-f-D-glucose (Sigma Aldrich, cat. No. T6375)

 Sodium borohydride

« Wet ice

« 3’-thiol modified oligonucleotides

« Oligonucleotides

« 2M ammonium acetate, pH 5.6

« Sodium chloride (NaCl)

 Sodium hydroxid (NaOH)

« Low salt borate buffer (10 mM NaCl, 20 mM Na-borate, pH 7.8)

« High salt borate buffer (1.5 M NaCl, 20 mM Na-borate, pH 7.8)

« Ethanol

« Magnesium chloride (MgCl,)

« Low salt acetate buffer (10 mM NaCl, 20 mM ammonium acetate, pH 5.6)
« High salt acetate buffer (1.5 M NaCl, 20 mM ammonium acetate, pH 5.6)

« G25 column, 26/10 Housing (Sigma Aldrich, cat. No. GE17-5087)

« FPLC system (Dual Wavelength detector recommended)

+ Superdex 30 column, 16/600 Housing (Sigma Aldrich, cat. No. GE28-9893-31)

« 250 mL round-bottom flask

« Parafilm

+ Magnetic stirrer/hotplate

» Vortexer

+ 0.22 pm syringe filter units

+ 3kDa and 10 kDa Amicon spin filtration units (Sigma Aldrich)

« Dionex DNAPac Pa200 column, 9/250 Housing (Thermo Fisher, cat. No. 063421)
+ HPLC System (Dual Wavelength detector recommended)

» Rotary evaporator equipped with a dry ice condenser and connected to an oil pump
+ —20 or —80 °C freezer

« Nanodrop ND-1000 spectrophotometer or other UV spectrophotometer

The protocol below describes: i) the synthesis of monodisperse, thiol-passivated gold nanocrys-
tals with 0.7 nm radius; ii) the preparation of end-labeled gold-oligonucleotides conjugates;
and iii) the preparation of a sample quartet that is ready for XSI data acquisition. The concen-
trations cited below are based on ordering a 200 nmol scale nucleic acid synthesis, and can be
adjusted for alternate quantities of starting material.
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Synthesis and Purification of gold nanocrystals

Steps

1.

Steps

10.

11.

1-2: Preparation of FPLC columns (start two days in advance)

Using a flow rate of 2 mL/min, wash the G25 column with two column volumes of water,
followed by four column volumes of the FPLC cleaning solution (20 mM Tris-HCI, pH 8.0,
and 100 mM DTT). Equilibrate the column with four column volumes of water.

. Using a flow rate of 0.75 mL/min, wash the Superdex 30 column with two column volumes

of water, followed by 5 column volumes of the FPLC cleaning solution (same cleaning
solution as in step[1). Remove the FPLC cleaning solution with 5 volumes of water. Finally,
equilibrate the Superdex 30 with two column volumes of the size exclusion running buffer
(150 mM ammonium acetate, pH 5.6).

Note: The gold nanocrystals cause the column resin to turn brown. This coloration is reversed
by the DTT in the cleaning solution. If the resin does not revert to off white after 5 column
volumes, apply additional cleaning solution before equilibrating the column. Start the
cleaning and equilibration of both columns at least one day before the synthesis.

3-11: Synthesis of gold nanocrystals (4 hours)

. Rinse a 250 mL round-bottom flask with isopropanol, dry in a heated oven and cool (to

room temperature). Add a stir bar, cap the flask with parafilm and mount the flask above
a magnetic stir plate.

Prepare 72 mL of a 5:1 v/v mixture of methanol-acetic acid (60 mL : 12 mL).

. Weigh 0.544 g of hydrogen tetrachloroaurate (III) hydrate and immediately transfer it to

the round bottom flask. Add 36 mL of the 5:1 methanol-acetic acid solution to the flask.
The color should be a clear, bright orange.

. Dissolve 1g of 1-thio-f-D-glucose in 36 mL of the 5:1 methanol-acetic acid mixture and

vortex the solution until the powder is fully dissolved.

. Add the dissolved 1-thio-$-D-glucose to the 250 mL round-bottom flask. The solution

should turn cloudy. Stir the mixture for 20 min at room temperature.

. Weigh 0.9 g of sodium borohydride and dissolve it in 20 mL of ddH,O by vortexing.

. Carefully add the sodium borohydride solution dropwise to the reaction flask over

12-15 min. Use a 1 mL pipette for this step, or alternatively an addition funnel with a
metering valve (for example Chemglass, cat. No. CG-1714).

Important!: it is critical to keep the addition speed and droplet volume constant to ensure
monodisperse and high-quality gold nanocrystals.

Stir the mixture for 30 min at room temperature.

Concentrate the reacted solution (approximately 92mL) to 12-20 mL using a rotary
evaporator. The water bath needs to stay at room temperature.
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Figure 4.2: A sample FPLC chromatogram of Au nanocrystal desalting. The absorption of the Au nanocrystals
(blue) is monitored at 260 nm and separated from the salt front (red) observed by a peak in conductivity. The
sample eluting between the two dashed lines was used.

Steps 12-16: Purification of gold nanocrystals (10 hours)

12.

13.

14.

15.

Filter the crude nanocrystal solution using a 0.22 pum filter unit, and store the solution on
ice.

Desalt the filtered nanocrystals with the prepared G25 column. Split the total volume
into 2-3 runs. Load one aliquot of the solution (at most 5 mL with a standard sample loop)
while applying a flow rate of 2 mL/min using water as the running buffer. Set the FPLC
system up to monitor 260 nm or 280 nm to detect the Au nanocrystals. The particles
should elute in a window between 8-14 min (see Fig. [4.2). Also monitor the conductance
of the solution to detect the salt peak, which elutes after the nanocrystals. Repeat the
desalting procedure for the additional aliquots. The desalted Au nanocrystals are stable
can be stored at 4 °C for up to a few days or at —20 °C for months.

Concentrate the desalted Au nanocrystal solution to 10 mL with centrifugal filter units
(3 kDa cutoff, 15 mL, 3,000Xg, 40 min) at 4 °C. The flow through should be clear.

Purify a monodisperse population of Au nanocrystals on the Superdex 30 size exclusion
column (see Fig. [4.3). Set up the FPLC system to monitor 260 nm or 280 nm to detect the
nanocrystals. You can inject up to 5 mL of sample per run. After loading an aliquot of the
filtered, desalted and concentrated nanocrystal solution, apply the size exclusion running
buffer at 0.75 mL/min for at least 210 minutes. Collect only the center of the largest
Au nanocrystal elution peak (see Fig. [4.3), and discard the lower and upper shoulders.
Immediately desalt the solution using ddH,O and centrifugal filter units (3 kDa cutoff,
15mL) at 3,000xg and 4 °C. Repeat the centrifugal desalting three times and pool the
concentrated particles after the final run.
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Figure 4.3: A sample FPLC chromatogram of Au nanocrystal size exclusion. The absorption of the Au nanocrystals
(blue) is monitored at 260 nm. The sample between the two dashed lines can be used for a highly uniform particle
size distribution.

16.

Determine the final gold nanocrystal concentration by measuring the UV absorption. The
extinction coefficient is 0.076 pm/cm at 360 nm. Store the solution at —20 °C. Typically
one synthesis yields 3-10 pmol of purified gold nanocrystals.

Preparation of gold nanocrystal-nucleic acid conjugates

Step 17-22: Preparation of oligonucleotides (about 8 hours for 4 oligonucleotides)

17.

18.

19.

Purchase 3’-thiol modified oligonucleotides (C3-S-S) and unmodified oligonucleotides
with the same sequences. It is critical to use the short three-carbon linker for end labeled
samples to ensure high-quality results for the measurements of the distance distributions.
Design the construct such that the terminating bases are GC base pairs to minimize end
fraying.

Purify the ordered oligonucleotides using the Dionex DNAPac 200 and anion exchange
HPLC. Inject up to 100 nmol of oligonucleotide onto the column and apply a flow of
3 mL/min. The salt gradient is formed from low salt borate buffer (10 mM NaCl, 20 mM
Na-borate, pH 7.8) and high salt borate buffer (1.5 M NaCl, 20 mM Na-borate, pH 7.8).
Tune the period of the gradient according to the length of your oligonucleotide. Perform
an analytical run before the preparative ones to determine the elution time of the product.
For analytical runs adjust the injected sample according to the instrument detection
sensitivity.

Desalt the purified oligonucleotides by buffer exchange into water using centrifugal filter
units and ddH,O (3 kDa cutoff, 4 mL, 4,000Xg in a swinging basket centrifuge or 7,500Xg
in a fixed angle rotor, 30 min, 4 °C). Repeat this step three times. Finally, reduce the
volume to ~40 pL using centrifugal filter units (3 kDa cutoff, 0.5 mL, 14,000Xg using a
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Steps

20.

21.

22.

Steps

23.

24.

25.

benchtop centrifuge, 30 min, 4 °C). Typically, ~60 nmol of oligonucleotide remain after
purification of a 200 nmol scale synthesis. To protect against loss of oligonucleotide from
a broken filter unit, keep the flow through and check its absorbance at 260 nm. The
oligonucleotides can be stored in a freezer at —20 °C.

20-26: These steps use the thiol-modified oligonucleotides (about 3 hours)

Immediately before coupling oligonucleotides to gold nanocrystals, ensure that the
pendant thiols are fully reduced by adding 150 pL of 200 mM DTT, 50 mM Tris-HCI,
pH 9.0 and incubating for 30 min at 60 °C for DNA or 50 °C for RNA.

Note: The DTT can be replaced by immobilized TCEP Reducing Gel (Thermo Fisher, cat.
No. 77712). Follow the manual provided by the vendor to reduce and extract the oligonu-
cleotides and proceed with step[23 afterwards.

Purify the oligonucleotide by ethanol precipitation. Add 2 pL of 2M MgCl; and 1 mL of
cold ethanol and mix the solution. Incubate the mixture on dry ice for 40 min. Spin the
mixture (15,000Xg, 30 min, 4 °C). Remove the supernatant and wash with 1 pL ethanol.
Spin the mixture again (15,000xg, 15 min, 4 °C) and remove the supernatant. Be careful
not to disturb the precipitated pellet on the bottom.

Dissolve the precipitated pellet in 500 pL. ddH,O and add it to a filter unit (3 kDa, 0.5 mL).
Spin the solution (14,000xg, 30 min, 4 °C) to remove residual DTT and determine the
final concentration of the oligonucleotide by UV absorption at 260 nm. Use the extinction
coefficient provided by the manufacturer or calculate it using the nucleic acid sequence
(Internet resource: “OligoAnalyer 3.1[115]]”). If a strong absorbance at 260 nm and a
shoulder peak above 300 nm is observed repeat this step to remove excess DTT. Again,
keep the flow-through to test for broken filter units. Immediately proceed to step

23-26: Conjugate oligonucleotides and nanocrystals (about 8 hours)

Add a six-fold molar excess of purified and desalted gold nanocrystals to the reduced
oligonucleotide and vortex the mixture (i.e. add 300 nmol Au particles to 50 nmol of
oligonucleotides). Add 20 uL of 1M Tris-HCI, pH 9.0 and vortex again. Incubate the
solution for 2 h at room temperature.

Add 15 pL of 2 M ammonium acetate, pH 5.6 to stop the reaction and store the mixture
on ice.

Purify the solution using the Dionex DNAPac 200 and anion exchange HPLC. Elute
the conjugates with a salt gradient using a low salt acetate buffer (10 mM NaCl, 20 mM
ammonium acetate, pH 5.6) and a high salt acetate buffer (1.5 M NaCl, 20 mM ammonium
acetate, pH 5.6). Again, tune the period of the gradient according to the length of your
oligonucleotide. Typically, 15-mer DNA-gold nanocrystal conjugates elute around 40%
of the high salt buffer. Set the flow to 3 mL/min and monitor the absorbance at 260 nm
and 360 nm. The oligonucleotides only absorb at 260 nm whereas the gold nanocrystals
absorb at both wavelengths. Typically, oligonucleotides with a single gold nanocrystal
elute earlier than unlabeled oligonucleotides of the same length. Free gold nanocrystals
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elute very early and gold nanocrystals with multiple oligonucleotides elute later than
1:1 conjugates. For a detailed chromatogram see [83]. Use a small amount of sample to
perform an initial analytical run, so that you can to make adjustments to the salt gradient
if required.

26. Desalt the gold-oligonucleotide conjugates using centrifugal filter units (3 kDa, 4,000xg,
35-40 min, 4 °C) and ddH;O. Repeat this step three times. Determine the concentration
of the purified conjugate by measuring the absorption at 360 nm (0.076 uM/cm). The
desalted conjugates are stable and can be stored at —20 °C for months. Typically, 12 nmol
of sample can be recovered.

Steps 27-29: Preparation of final duplex conjugates for a sample quartet (about 5 hours)

27. Mix pairs of complementary single-stranded oligonucleotides in equimolar ratio and
incubate DNA at room temperature or RNA at 40 °C for 30 min. A samples quartet consists
of a double-labeled sample with two modified strands, two single-labeled samples with
a single modified strand, and an unlabeled sample (see Fig. and Fig. [4.4). Use
unmodified oligonucleotides for the unlabeled sample or as the complementary strand
for the single-labeled samples.

Note: Use desalted oligonucleotides from step[26 In case your structure does not form in
ddH, O and room temperature only, add the required buffer and salt to the solution and
perform thermal annealing.

28. Purify the annealed constructs by anion exchange HPLC using the same approach as in
step [25] Use a small amount of sample to perform an initial analytical run so that you
can make adjustments to the salt gradient if required. The duplex constructs typically
elute later then single-stranded conjugates.

29. Collect the desired HPLC fractions and immediately desalt them using centrifugal filter
units (10 kDa, 4,000xg, 15 min, 4 °C) and ddH,O. Repeat this step three times. Determine
the concentration of the purified conjugate by measuring the absorption at 360 nm
(0.076 pM/cm for single-labeled samples and 0.152 uM/cm for double-labeled samples).
Typically, 2-3 nmol of each final duplexed construct should be obtained. The desalted
conjugates are stable and can be stored at —20 °C for months.

4.3 Basic protocol 2, Collecting X-ray scattering interfer-
ometry data

To date, XSI data has been successfully recorded at beamline 4-2 of the Stanford Synchrotron
Radiation Lightsource (SSRL) [69, 82} [105H108]], beamline 12-ID of the Advanced Photon Source
(APS) [69,82], the SIBLYS beamline of the Advanced Light Source (ALS) [41]], and the BM29
beamline of the European Synchrotron Radiation Facility (ESRF) (see Fig. [4.8). In general, mea-
surements can be carried out at any synchrotron with beam lines set up for SAXS measurements
that meet the following requirements:
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« S-range: 0.0015 — 0.12 A~! (optimal, for details see below) corresponding to a g-range
0.01-0.8A™"

« X-ray energy: 9 keV-15 keV (9-11 keV is optimal). This is the tested energy range used in
experiments to date, for details see below.

« Sample volumes: 16-40 pL (typical amounts used at state-of-the-art synchrotrons [19]]).
This amount allows for 10 independent exposures without requiring large quantities of
sample.

It is important to pay attention to the definition of the magnitude of the momentum transfer
vector S as two different conventions are used. In this protocol S is defined as S = 2sin(6/1)
(q is defined as 4 - - sin(6/A)), where A is the X-ray wavelength and 0 is half the total scattering
angle. S is alternatively reported in units of A™! and nm™!. We report S in A~! in this protocol.
Set up a sample-to-detector distance that covers an S-range from 0.0015 - 0.12 A~ (for example,
this corresponds to a sample-to-detector distance of 1.1 m for the Pilatus 300K detector at
11 keV on Stanford beamline 4-2). Typically, the sample and detector configuration must be
arranged with beamline scientists well in advance of data collection, since it requires hardware
alignment and calibration. If the beamline cannot cover the full “optimal” S-range (0.0015 —
0.12 A™1), S;ux should not be less than 0.095 A~! as the labeled samples and the bare gold
particles contribute scattering intensity up to 0.085 A~!. This is crucial for obtaining a valid
interference profile by the analysis procedure described below. If the chosen beamline cannot
reach this Sy, for lower X-ray energies, one solution is to extend the S-range by selecting
higher energies (for example, using 15 keV instead of 11 keV). However, X-ray energies close
to gold absorption edges (L-IIT at 11.92 keV, L-II at 13.73 keV and L-I at 14.35 keV) should be
avoided and energies below L-III are preferable to minimize X-ray fluorescence from these
edges. Be aware that important details of the scattering profile can be lost in the low S-range
for X-ray energies chosen too low or depleted by low signal-to-noise at X-ray energies set too
high. For general protocols on SAXS sample preparation, data collection, and data analysis
see [43] [116H122]].

Materials

« Scattering standard sample (e.g. cytochrome c)

« Tris-HCI buffer, pH 7.4

+ Sodium ascorbate

« Sodium chloride (NaCl)

+ Purified gold nanocrystal sample for titration series (10 nmol)

« Purified double-labeled sample (1 nmol per buffer condition)

« Purified 2x orthogonal single-labeled samples (1 nmol per buffer condition, each)
« Purified unlabeled sample (1 nmol per buffer condition)

+ Sample buffer

« MilliQ water

« UV/Vis spectrometer
« Vortex mixer
e =20 or —80 °C freezer
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+ Dryice
» Microfuge
 0.5mL centrifugal filters (Amicon Ultra)

The protocol below is a suggested workflow for data acquisition at a synchrotron facility. It
may vary based on the instrument setup at the facility.

Sample preparation and setup initialization

1. If you are not familiar with the beamline and the settings, record data for a standard,
e.g. cytochrome c [19], and compare it to benchmark profiles (Internet resource: “Small
Angle Scattering Biological Data Bank [123])”).

2. Prepare a 10X buffer mixture containing Tris-HCI and sodium ascorbate together with
the desired amount of additional salt and other components (e.g. ligands) required for
the experiment. An example 10X buffer solution for near-physiological conditions is
700 mM Tris-HCI, pH 7.4, 100 mM sodium ascorbate, 1.5 M NaCl, and 10 mM MgCl,. Use
a Vortex mixer to ensure proper mixing of the components. It is important to use sodium
ascorbate and Tris-HCl as radical scavengers in the buffer solution to capture free radicals
and thus to reduce radiation damage to your sample during X-ray exposure; this allows
longer total exposure times and therefore better signal-to-noise. Replace the sodium
ascorbate stock solution every 3 h to ensure good scavenger capability. Cover the sodium
ascorbate with aluminum foil or store it at a dark place.

3. The total exposure time depends on the flux at the synchrotron beam line used. A typical
scheme, used at beam line 4-2, is to set the total exposure time to 30s as a series of
10 independent repeats of 3 s each for data collection. Screen each trace for radiation
damage, which can be detected by a gradual change in scattering intensity especially
in the low S-range region in subsequent X-ray exposures. Exclude scattering profiles
with oxidative damage determined from subsequent analysis. Furthermore, do not reuse
samples that have been exposed to the X-ray beam. If the photon flux is much less than
10'2 photons/s, extend the total exposure time.

4. If you have not done so previously (see step [29] in Preparation of gold nanocrystal-
nucleic acid conjugates), determine the concentration of your sample using a UV/Vis
spectrometer. The extinction coefficient of the gold nanocrystals is 0.075 uMM/cm at
360 nm.

5. Record a titration series of gold nanocrystal for every beam time as a scattering standard
and to obtain the nanocrystal size distribution required for the further analysis. A typical
concentration series is 200, 100, 50, and 25 pM of gold particles (include higher concentra-
tions if they are necessary for your experiment). The shape of the scattering profile should
not change with concentration, and the scattering profiles should be superimposable
after normalization. Interparticle scattering should be avoided. It can be detected by a
concentration-dependent change in the scattering profile at low S.
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Store gold-labeled samples on dry ice or in a freezer at —20 °C until the beam line is set
up for the experiments. During data acquisition, store the sample stock solutions on ice
or in a fridge.

Thaw the required amount of sample to room temperature and vortex before the mea-
surements.

Combine 10X buffer, water and the concentrated sample to achieve a final sample
concentration of 30 uM (for example 0.9 nmol of sample in 30 puL). If it is not possible to
prepare the buffer as a 10X stock solution (for example due to solubility limitations), or if
the concentration of charge of the macromolecule is comparable to the concentration of
counterions in solution at very low ionic strength, prepare the sample by buffer exchange
using centrifugal filter units with a suitable molecular weight cutoff (e.g., 10 kDa Amicon,
three repeats, 35 min each).

. Spin the final sample mixture for 2 min at 10,000xg at 4 °C to sediment out any large

contaminant particles. Large particles strongly perturb the scattering signal, as the
forward scattering intensity of an object grows quadratically with its molecular mass.

Data recording

a

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units
P g

(*2
)O

AN st

N~ .

005 0.1 005 01 o 005 0.1
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Figure 4.4: Example scattering profiles of XSI samples. (a) Buffer-only scattering profile used for buffer subtraction
(blue), scattering profile of an unlabeled sample without (brown) and with buffer subtraction (red). (b) Ten
individual exposures for a double-labeled sample recorded in one run. All profiles match and thus radiation
damage can be excluded. These scattering profiles are buffer subtracted. (c) One full set of samples including one
double-labeled sample (red), two orthogonal single-labeled samples (green, grey), bare gold nanocrystals (yellow)
and unlabeled sample (blue). All scattering profiles are buffer subtracted.

10. Prepare five samples for data collection. The full set of samples consists of an unlabeled

molecule, two complementary single-labeled samples, one double-labeled macromolecule
and a buffer-only sample (Fig. [4.4). Again, the concentration of the macromolecule should
be at least 30 pM in 1x buffer to provide good signal-to-noise. Measure the scattering
profiles of the five samples on the same set up, in direct succession, to keep the conditions
as similar as possible. Always record the buffer-only scattering profile (at least) twice,
once at the beginning of the acquisition sequence and once at the end (for example:
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buffer, unlabeled molecule, two complementary single-labeled samples, double-labeled
macromolecule and buffer again). An automated sample changer installed at the beamline
can aid data collection for such a series.

11. Repeat the 5 sample data acquisition sequence with each macromolecule construct and/or
condition in your experiment (for example at varying salt concentrations, with and
without ligand binding partners, etc.).

4.4 Basic protocol 3, Analyzing X-ray scattering interfer-
ometry data

The data obtained at the beamline can be processed either by applying individual scripts
step-by-step or using the custom written GUI in Matlab (“au_saxs_gui.m”, see Materials). The
underlying principles are described in detail by Mathew-Fenn et al. [69] and a brief summary
is as follows. After standard SAXS data processing, as outlined below, the radius distribution
of the spherical gold nanocrystals is determined first, from scattering data of the unconjugated
gold labels. To accomplish this, the recorded scattering profile of the gold nanocrystals is
decomposed into a volume-weighted sum of scattering profiles of spheres with radii ranging
from 1 to 100 A. Using the nanocrystal synthesis protocol described above, [69, 82, [83]] the
nanocrystal size distribution should have a radius centered at 6-7 A. The obtained radius
distribution is then used to calculate the precise basis scattering functions I(S, D), which are
the scattering interference patterns for two nanocrystal separated by a fixed center to center
distance D, where D is varied from 1 to 200 A. These basis functions will be used to decompose
Iau—4u(S), which is the experimentally-determined scattering interference pattern for the two
gold nanocrystals attached to the macromolecule. Importantly, the measured scattering profile
from the double-labeled macromolecule includes contributions from the macromolecule itself
and from the cross-scattering terms between the gold labels and the macromolecule, in addition
to Lay—ay. To extract Iy,—ay, the scattering profiles for the quartet of samples must be summed,
and the summation requires that the profile intensities are accurately scaled relative to each
other. Finding the correct scaling factors, denoted cy, caip and cp, s (see Eq. and , is
the most difficult part of the data processing. To do this, the measured scattering profiles of
the double-, single-, and unlabeled constructs and of the buffer (I45(S), 14(S), I(S), Iy (S) and
I, (S)) are first transformed into interatomic Patterson distributions P4g(D), Pa(D), P(D),
Py (D) and Pg, (D) using point scatterer basis functions (see Eq. . Using the measured
scattering profiles and the Patterson distributions, the scaling factors are optimized to satisfy
two constraints: i) that the integral of the sinusoidal function S - I4,-4, sums to zero (Eq. ,
and ii) that none of the computed interatomic distances between gold labels are negative,
which should not be possible (Eq.5). Deviations from these constraints are summed together
in a target function T (see Critical Parameters and Troubleshooting), and the scaling factors
that minimize T are determined. Using the optimized scaling factors, the measured profiles are
summed to obtain Ia,_4,.

e sin(27DS)

I(S) = Z P(D) - D5) (4.1)
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Tnu-au(S) = 1ap(S) + cu - Iy(S) — carp - (1a(S) + I(S)) + cBuf * Iuf(S) (4.2)

Pau-au(D) = Pap(D) + cu - Py(D) — carp - (Pa(D) + P(D)) + cus - Ppug(D)  (4.3)

Smax

D Lauau(S) - S~ 0 (4.4)
Smin
Ppu—au (D) > OfOT’D € [Dmin;Dmax] (4-5)

Finally, Ixy—a, is decomposed into a sum of the I(S, D) basis functions using a maximum
entropy algorithm, resulting in a center-to-center distance distribution between the two gold
nanocrystals of the double-labeled sample (Eq. [4.1). Alternatively, the I4,—4, decomposition can
be performed using non-negative least squares algorithms that are available in most scientific
programming languages. Some beamlines, such as the beamline 4-2 at SSRL and beamline
BM29 at ESREF, provide beamline software packages that perform radial averaging and buffer
subtraction of scattering profiles, which allows for immediate detection of radiation damage or
other technical problems.

Materials

Data set including scattering profiles from:
+ Gold nanocrystal sample
+ Double-labeled sample
« Orthogonal single-labeled samples (two individual scattering profiles)
« Unlabeled sample
« Sample buffer

« Computer (Minimum requirements: Any Intel or AMD x86-64 processor, 2.5 GB Disk
space, 2 GB RAM)

« MATLAB license (GUI support from version 2015b guaranteed)

+ Au-SAXS GUI
(https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/
AuSAXSGUI.git)

» Example files
(https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/
AuSAXSGUI. git)

A step-by-step guide on how to obtain the scattering interference pattern I4,—4, including an
example set of data (see exemplary files) is given below.

Data preparation

1. If it has not already been done automatically by the beamline software, reduce the 2D
scattering matrix into a one dimensional scattering profile by radial averaging. The


https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/AuSAXSGUI.git
https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/AuSAXSGUI.git
https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/AuSAXSGUI.git
https://gitlab.physik.uni-muenchen.de/Jan.Lipfert/AuSAXSGUI.git
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output should be a matrix with three columns for the scattering momentum transfer
vector S, the corresponding scattering intensity, and the variance/standard deviation in
scattering intensity at different radial positions.

Note: If the incident X-ray beam is polarized, simple radial averaging cannot be performed.
See [166,[124] for further instruction on how to process the raw data into one dimensional
scattering profiles.

2. Before starting the custom written au_saxs_gui.m GUI and loading the data, rename the
data files “*_i.dat’ where * is any name for the sample and i is the i exposure, i.e., ranging
from 01 to 10 for 10 exposures per molecule (‘AB_01.dat’, ‘AB_02.dat’, ‘AB_03.dat’, ..., for
double-labeled samples). Structure the data files so that the scattering momentum vector
occupies the first column, the corresponding recorded scattering intensity occupies the
second column and the variance/standard deviation occupies the third column, and the
column entries are separated by a single blank space (see example files for comparison).

3. Initialize the GUI by executing the ‘au_saxs_gui.m’ script. For proper execution the files

‘au_saxs_gui.m’, ‘au_saxs_gui.fig’ and the folder ‘subroutines’ have to be stored in the
same directory to allow the main script to find the required subroutines.

Data initialization

ece au_saxs_gui

Load scattering data
Data path

Data path Dataising 35

Analyse scattering data

Cut g min (Datapoint)

Gold sample position Nr. Choice for I(d)

! 5

A-label sample position Nr.

Number of Samples Number of Exposures Cut g max (Datapoint) Number of max entropy runs

2

5 10 500 10

B-label sample position Nr.

3

Double-label sample position Nr.

4

Unlabel sample position Nr.

Save Max Entropy Data

Save name

5
Save Au Radius distibution
Save Interference Pattern I(d)
Run max entropy fit
Save data
Max Entropy fit

Close all figures

Close Figures

Figure 4.5: GUI to analyze XSI data. Default values can be modified to adjust the data analysis. The GUI contains
panels to specify the following: (1) storage path of the data; (2) adjust gmin 2); (3) adjust gmax; (4) specify the
momentum transfer convention according to the scattering data; (5) specify the number of samples; and (6) specify
the number of exposures per sample.

4. Enter the full path into the field ‘Data path’ (Fig. [4.51).
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. Optional: Manipulate the scattering momentum by setting the lower (gmin) (Fig. [4.5/2)

and the upper (gmax) (Fig. [4.53) limit for the scattering angle. The default input is the
35t data point of the initial data up to data point 500; however, this strongly depends on
the settings of the beamline and the type of sample.

. Optional: Untick the ‘Data is in ¢° box (Fig. [4.5]4) to switch the scattering momentum

vector to S (2sin(6/1) in A™1).

Note: The scattering momentum vector is set to q per default (4rsin(0/1), in A™!) since q is
the common output format at synchrotrons.

. Optional: Modify the number of samples (Fig. [4.5]5) if required. (Default is 5 for one full

set of samples.)

. Optional: Change the number of exposures (Fig. [4.5]6) the number of files read per sample.

(Default is 10 as described in the protocol.)

. Press ‘OK’ to initialize the script. After doing so new buttons and a table will appear on

the left side of the window (see Fig. [4.6).

Load scattering data Analyse scattering data

Data path eUtamini(Batapoint) Gold sample position Nr. Choice for I(d)

/Users/thomaszettl/Desktop/dataFiles v Dataising 35 |
5

A-label sample position Nr.

Number of Samples Number of Exposures Cut g max (Datapoint) . Number of max entropy runs
b 10 500 5
B-label sample position Nr.
Ok
3
Sample Name| _Buffer Name | Concentration| _Save name »
1 Au AuBuffer 200 savename1 Double-label sample position Nr. Save Max Entropy Data
2 |A BufferSample 30 savename2 4
3B BufferSample 30 savename3 o TETD
4 AB BufferSample 30 savename4 .
s u BufferSample 30 savename5 Seteleanpielpostiouhin Save name

5
Save Au Radius distibution

Save Interference Pattern I(d)

Run max entropy fit
Save data

Max Entropy fit

IE_’ Load data files @_’ Save data

Plot every exposure for every sample Plot mean intensity for every
exposure

@_’ Plot sample data @—’ Plot mean data. Close all figures
Plot buffer mean Close Figures
IE—} Plot buffer

Figure 4.6: GUI to analyze XSI data. Sample and corresponding buffer filenames, sample concentration and save
as filename (optional) are entered for a full set of data (1). Initial files are loaded (2) and can be plotted (4-6)
(optional). Unified and truncated scattering profiles can be saved (3).

10. Enter all sample names in the first column of the table (see Fig. [4.6).

11. Enter the corresponding buffer in the second column.

12. Enter the determined sample concentration (in pM) in the third column.

13. Optional: Enter save as filenames for all samples in the fourth column (see Fig. [4.6]1).
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14.

Load the data files by pressing the ‘Load data files’ button (Fig. [4.6]2). After successfully
doing so, a window indicating ‘All data was successfully imported!” will be displayed. In
case a file could not be found or a wrong sample name was entered a warning will be
generated noting to the incorrect position. If the concentration was not entered properly
a similar error message will be produced.

Data testing

15.

16.

17.

18.

19.

Optional: Inspect the scattering profiles for all samples either by plotting all exposures
per sample as individual traces into one figure per sample (Fig. [4.6]4) or by plotting the
averaged profile over all exposures (Fig. [4.6]5).

Optional: Overlay these plots by pressing the ‘Plot sample data’ first and the ‘Plot mean
data’ second.

Optional: Plot the averaged buffer for each sample using the ‘Plot buffer’ button (Fig.

E66)

Optional: In case too many MATLAB figures are open, close all except for the main GUI
by pressing the ‘Close Figures’ button (Fig. [4.6]7).

Optional: Save the scattering data for all loaded samples as
‘YOURFILENAMEHERE _scattering_data.mat’ files using ‘Save data’ (Fig. [4.6]3).

Maximum entropy fitting

Load scattering data Analyse scattering data
Data path Cut g min (Datapoint) .
(= a ( (el Gold sample position Nr. Choice for I(d)
/Users/thomaszett/Desktop/dataFiles v/ Daaising 35 ;
5
A-label sample position Nr.
Number of Samples Number of Exposures Cut g max (Datapoint) ) Number of max entropy runs
5 10 500 s
B-label sample position Nr.
=
3
Sample Name| _Buffer Name | Concentration| _ Save name S . 3
ouble-label sample position Nr.
1 |Au AuBuffer 200 savename1 BEE Save Max Entropy Data
2 A BufferSample 30 savename2 4
3B BufferSample 30 savename3 Save name
4 |AB BufferSample 30 savenamed Unlabel sampl tion NF.
s u BufferSample 30 savename5 QIO FEERE N Save name
5
N Save Au Radius distibution
Save Interference Pattern I(d)
Run max entropy fit
Save data
Max Entropy fit
Load data files Save data
Plot every exposure for every sample Plot mean intensity for every
exposure
Plot sample data Plot mean data Close all figures
Plot buffer mean Close Figures

Plot buffer

Figure 4.7: GUI to analyze XSI data. Panels to set the sample type (1) according to the position in the sample
loading table (2). The choice of minimization function (3) and the number of individual maximum entropy fitting
runs (4) can be specified prior to starting the routine (5). Final distance distributions (Au radius distribution and
interference pattern I(S), optional) can be saved (6).
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20. Set the options by specifying the sample positions according to the row number in the
table (see Fig.[4.7}1), i.e., Gold sample position = 1, A-label sample position = 2, B-label
sample position = 3, Double-label sample position = 4 and Unlabeled sample position = 5.

21. Optional: Change the number of runs for the maximum entropy fit (default is 10, Fig. [4.7]3).
The output is one high-resolution distance distribution per run. Average the distributions
over all runs to obtain the final distribution. Lower the number to shorten the required
computational time for test purposes.

22. Optional: Change the minimization function option to extract the gold-gold interference
pattern I4,_a, (default is 5 ranging from 1 to 7, see Critical Parameters and Troubleshoot-
ing for more details, Fig. [4.7]2).

23. Start the maximum entropy fit by pressing ‘Max Entropy fit’ (Fig. [4.7]4). A progress bar
in the lower left corner of the main GUI will display the progress and vanish as soon as
the calculations are finished. Three new figures showing the gold nanocrystal radius
distribution, the gold-gold scattering interference signal I4,_4,, and the final distance
distribution determined via the maximum entropy fit will appear (Fig. [4.8).
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Figure 4.8: Maximum entropy analysis of XSI data. (a) Radius distribution of gold nanocrystals used to generate
basis profiles I(S, D). (b) Calculated interference pattern for the example data set and (c) final distance distribution
averaged over 10 maximum entropy fitting runs.

24. Enter a save as filename (e.g. 'YOURSAMPLENAME’) for the distance distribution (Save
Max Entropy Data, right side, Fig. [4.7]5). This file has one column per maximum entropy
run (10 as default) and a 1 A spaced distance distribution ranging from 1 A up to 200 A.

25. After setting the name, press ‘Save data’ (Save Max Entropy Data, right side) a file in
the format of YOURSAMPLENAME_Distance_Distribution.mat’ will be saved in your
current folder.

Optional: Save the gold nanocrystal radius distribution and/or the Au-Au interference
pattern I4,_ 4, checking the individual boxes.
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4.5 Reagents and Solutions

FPLC cleaning solution:
100 mM DTT, 20 mM Tris-HCI, pH 8.0 (prepare fresh)

Size exclusion running buffer:
150 mM ammonium acetate, pH 5.6 (prepare fresh)

Ammonium acetate stock buffer:
2 M ammonium acetate, pH 5.6 (store up to one month at 4 °C)

Low salt borate buffer:
10 mM NaCl, 20 mM Na-borate, pH 7.8 (store up to one month at room temperature)

High salt borate buffer:
1.5 M NaCl, 20 mM Na-borate, pH 7.8 (store up to one month at room temperature)

Low salt ammonium acetate buffer:
10 mM NaCl, 20 mM ammonium acetate, pH 5.6 (store up to one month at room temperature)

High salt ammonium acetate buffer:
1.5 M NaCl, 20 mM ammonium acetate, pH 5.6 (store up to one month at room temperature)

4.6 Background Information

Basic principle

XSI measures the interference between X-rays scattered by two gold nanocrystals attached
to a macromolecule or macromolecular complex. In addition to the desired nanocrystal-
nanocrystal interference pattern, the recorded scattering profile includes signals from scattering
interference between pairs of atoms in the macromolecule, between pairs of atoms in a single
gold nanocrystal, and between pairs of atoms in the macromolecule and the nanocrystal. It is
critical to isolate the nanocrystal-nanocrystal interference pattern from the other signals, since
it alone contains direct information about the distribution of center-to-center distances between
the nanocrystal probes. This distance distribution is obtained by Fourier transformation of the
nanocrystal-nanocrystal interference pattern. A limitation of XSI is the time-consuming sample
preparation, which only allows low throughput. The strength of XSI is that it provides accurate
ensemble distance distributions even for dynamic and rapidly interconverting macromolecules,
with precise external distance calibration from the wavelength of the incident X ray radiation.
These absolute distances can be directly compared to high-resolution atomic models from NMR
spectroscopy, X-ray crystallography, electron microscopy or molecular simulations. XSI is very
complementary to spectroscopic rulers such as FRET, and combined application of the two
types of ruler presents interesting possibilities.

Application of XSI to nucleic acids and nucleic acid-protein complexes

Over the last decade, XSI has been successfully applied to dsDNA [69} 82} [105]], nucleic acid
two-way junctions [[106] [108] and nucleic acid-protein complexes [41} [107]. It has been used
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to characterize the stretching [82], twisting, and bending elasticity [105] of short DNA he-
lices. Recently, DNAs and RNAs containing bulge sequences have been studied, revealing a
complex multistate behavior that responds to the solution conditions [106} [108]]. In addition,
an RNA-protein complex has been investigated [107]]. The use of metal clusters as structural
probes makes XSI scalable. Clusters of a single or few metal atoms are suitable for smaller
systems [81} [125]], while clusters containing thousands of atoms can be applied to large com-
plexes [41]]. While small labels are desirable for accurate position determination and to minimize
the perturbation of the molecular structures of interest, for large macromolecules noise from
the macromolecule signal can prevent accurate Au-Au distance determination and larger gold
nanocrystals are needed.

A variant of the XSI interference technique has recently been demonstrated that uses
anomalous SAXS to directly extract the 4,4, interference pattern from double-labeled samples
without the need to record any single- or unlabeled samples [2]]. This approach will be in
particular relevant for samples where it is difficult to prepare matching single labeled constructs.

Future directions

The future challenges and possible applications of XSI are numerous. Using the labeling and
measuring protocols described here, the conformational ensembles of diverse nucleic acid
motifs and nucleic acid protein complexes can be determined, including their dependence on
environmental conditions. The application of XSI to nanocrystal-labeled proteins will provide
a new window into protein conformational ensembles, especially for folding intermediates
and intrinsically disordered proteins (IDPs). Finally, the application of next-generation free
electron lasers with very high brilliance could allow measurement of correlated and time
resolved distances between multiple sites in a macromolecule, with a time resolution of tens of
femtoseconds [86, 189, [126H132]).

Critical Parameters and Troubleshooting

A key aspect for successful determination of intramolecular distance distributions using XSI
is sample preparation and sample quality. The samples have to be highly homogeneous (e.g.,
no free gold nanocrystals in solution) and free of degradation. Furthermore, buffer matching
should be as precise as possible. Given that XSI requires very pure samples it is crucial to
monitor and adjust the sample quality in advance. To assess sample quality, non-denaturing
polyacrylamide gel electrophoresis (PAGE) [133] or ion exchange chromatography [134] can
be used. In addition, we advise the user to perform additional experiments (e.g., UV melting
curve analysis and circular dichroism spectroscopy, see [69]) to test whether the attached gold
nanocrystals perturb the macromolecular structure and, ideally, to establish the absence of such
perturbations. In addition, G/C base pairs at the blunt ends of nucleic acids are recommended
to avoid fraying of nucleic acid helices.

Another requirement of the XSI technique is high signal-to-noise SAXS measurements
of the set of double-, single-, and unlabeled samples. We recommend testing the beam line
set up with readily available and characterized samples, such as cytochrome ¢, bovine serum
albumin (BSA), or unlabeled double-stranded DNA (Internet resource: “Small Angle Scattering
Biological Data Bank”[123]]), prior to an XSI experiment. The measurements of the scattering



4.6 Background Information 61

standard samples should give the expected scattering profiles and radii of gyration. Such
control measurements should be repeated every time the SAXS setup is reconfigured and can
help to detect misalignment of the X-ray beam, problems with parasitic scattering, and issues
in detector calibration and conversion of the detector image to the 1D scattering profile.

Sometimes, it is not possible to obtain a high-quality distance distribution even when
the sample preparation and recording are performed correctly. Potential issues can be the
scattering intensity ratio between the molecule and the gold nanocrystals resulting in poor
signal-to-noise for larger nucleic acid structures or highly flexible molecules. Additionally,
larger metal clusters should be considered in cases of insufficient signal-to-noise.

Some additional factors that can affect the data analysis and the final distance distribution
and how to address them are listed below:

« Parasitic X-ray scattering in the low S-range as well as high noise levels in the high
S-range can occur and influence the normalization and calculation of the interference
pattern.

Solution: We recommend measuring scattering standards to test and optimize the X-ray
set up before running XSI samples. In the post-processing of recorded data sets, one
should vary S,,;, and/or S,,,, multiple times and test the impact on the resulting distance
distribution.

+ The scattering profile can be distorted by various effects such as radiation damage or
bubbles passing through the X-ray beam.

Solution: Carefully compare scattering profiles from subsequent exposures of the same
sample and exclude all traces differing from the majority.

+ Choice of minimization function T to extract to gold-gold scattering interference Pat-
terson I4,—a, Where S is the scattering momentum vector, Iy the scattering intensity
vector of the unlabeled sample and Py, 4, the label-label interatomic radial Patterson.
The gold-gold scattering interference Patterson I4,—4, looks like a sinc (i.e. a decaying
oscillation) function (see Fig. [4.8p). If that is not the case redo the analysis with a different
choice for T. As guidance and for comparison, multiple interference pattern of static
and dynamic systems can be found in the published literature [69, 82,83} [105-108]] for
comparison.

Choice 1: Original function described by Mathew-Fenn, Das and coworkers [69]

T = ZS[IAu—Au : 52]2 + ZPAu—Au(D)<O Pziu—Au(D)
Yslly - 5%)? >p P4 (D)

(4.6)

Minimization function similar to Kratky analysis dividing out the decay of the scattering
intensity by weighting the interference pattern Iy, 4, by S2.

Choice 2: )
_ Zsllau-au - S1? 2Pawsa(D)<0 Pay_pu(D)

+
2slly - $%)? Y Pj(D)
Au-Au interference pattern is only weighted by S, thus 14,4, minimization is dominated
by values in the low S-region.

(4.7)
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Choice 3:
~ Ysllau-au-S1*-S N ZPau1utD)<0 Py pu(D)
o sl - S Zp P (D)
The low S-region of I4,_4, is weighted more compared to choice 1 but less than
choice 2[4.7/and the high S-region is weighted less compared to choice 1[4.6(and more

(4.8)

than choice 2
Choice 4:
Smin = Min(S) for S;€S>0.06 A"
Sp = —— for S;€5<0.06A"
min
S, =1 for S;€S>006A"
7= Zsllau-au- S]* - S, N Y Pausa(D)<0 Py pu (D) (49)
Zsllu - $%)° Y.p P (D)
Very similar to choice 3[4.8|in the high S-range, however the high S-range is weighted
slightly less.
Choice 5:
Smint = Min(S;) for ;€5 <0.06 A
Smin,z = Mln(Sl) for S;i €S >0.06 A_l
S, = —"_ for S;€S<006A"
Smin,2
Smi _
Sy = 2L for S €S >0.06A7"
Smin,Z
B, lau-au ST S Epspu0)<0 Phu_ (D) (4.10)
Sl - 52 2p P5(D) '
Very similar to choice 3[4.8|in the high S-range, however the high S-range does contribute
very little.
Choice 6: )
T — ZPAu—Au(D)<0 PAu—Au (D) (411)

>.p P4(D)
Only Py, (D) is minimized such that it does not include negative values, however the
oscillations in I4;,—4, are not minimized.
Choice 7: ,
T = ZS>0.06 A7l [IAu—Au ’ S]

Zsllu - $#12

Only the high S-region of 14,4, is minimized similar to a base line correction. Pa,_4,(D)
is allowed to include negative values.

(4.12)
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Anticipated Results

The protocols presented here guide experimenters to synthesize gold nanocrystals, prepare
and purify gold-labeled nucleic acid constructs, measure a complete set of SAXS profiles
for the labeled samples, and to extract intra-molecular distance distributions from the data.
Following the steps presented in Section the following yields are typically achieved: the
gold nanocrystal synthesis yields 3-10 pmol after final purification and desalting; the gold
nanocrystal attachment protocol results in a yield of 2-3 nmol of each labeled and purified
duplexed construct for XSI measurements.

Section [4.3| and Section [4.4] describe a reliable procedure to obtain SAXS scattering profiles
and a step-by-step guide on how to use the provided GUI to extract high-resolution distance
distributions on an absolute scale (Fig. [4.8f). To study more complex macromolecules that
can undergo conformational changes or to disentangle complex geometries and motions,
multiple label pairs attached to different positions can be prepared and analyzed to increase
the information content.

Time Considerations

The sample preparation should be performed about one month in advance. The final purification
(steps[28|and[29)in Section [4.2) should be carried out shortly before data collection to ensure the
highest sample quality. The overall data acquisition time varies depending on the synchrotron
facility. Typically, data collection for several samples can take up to 1 day. The run time of the
custom-written Matlab routine to compute distance distributions that is provided with this
protocol is on the order of minutes on a standard personal computer. The total time required
for data analysis, validation, and interpretation is variable and can take several days.
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Absolute Intramolecular Distance
Measurements with Angstrom Resolution
Using Anomalous Small-Angle X-ray
Scattering

Summary

Accurate determination of molecular distances is fundamental to understanding the structure,
dynamics, and conformational ensembles of biological macromolecules. Here we present a
method to determine the full distance distribution between small (~7 A radius) gold labels
attached to macromolecules with very high-precision (<1 A) and on an absolute distance scale.
Our method uses anomalous small-angle X-ray scattering close to a gold absorption edge
to separate the gold-gold interference pattern from other scattering contributions. Results
for 10-30 bp DNA constructs achieve excellent signal-to-noise and are in good agreement
with previous results obtained by single-energy SAXS measurements without requiring the
preparation and measurement of single labeled and unlabeled samples. The use of small gold
labels in combination with ASAXS read out provides an attractive approach to determining
molecular distance distributions that will be applicable to a broad range of macromolecular
systems.

5.1 Introduction
Measurements of molecular distances are key to dissecting the structure, dynamics, and func-

tions of biological macromolecules. While (Forster) fluorescence energy transfer (FRET) and
electron (EPR) or nuclear magnetic resonance (NMR) techniques have provided invaluable de-

This Chapter was published by Zettl et al. [2] in Nano Letters and adapted with permission from the American
Chemical Society. I analyzed the data and contributed to writing the manuscript with help of the other authors.
Copyright ©2016 American Chemical Society.
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tails by measuring intramolecular distances, they suffer from a limited range (typically <10 nm)
and difficulties in converting the measured signal into absolute distances or, better yet, complete
distance distributions [69} 82, [135-137]]. SAXS measurements employing gold nanoclusters as
labels attached to DNA molecules have demonstrated their ability to provide information about
the entire label-label distance distribution for a considerable range of distances ranging from
5 up to 40 nm [41 169,82} 105, [106, [138]. The approach has provided a detailed view of DNA
structure and flexibility [82} 105 [106]], revealed conformational changes of DNA upon protein
binding [41]], and probed the conformational landscape of a complex RNA motif in response to
solution conditions and protein binding [107]].

The distance distributions are obtained by inverting the gold label-label scattering interfer-
ence term. According to the Debye formula this interference pattern is given by

dmay sin(27sd)
_ 2
Lau-au(s) = d§=0 P(d)| fau(s)] rsd) (5.1)

where fa,(s) denotes the scattering factor for a gold nanocrystal and s is the magnitude of the
momentum transfer s = 2sin(0)/A with A as the X-ray wavelength and 2 - 6 being the total
scattering angle; d is the distance between the gold nanocrystals and P(d) is the center-of-mass
distance distribution. Unfortunately, the scattering from a double-labeled macromolecule does
not only contain the label-label interference term (Eq. but also scattering contributions
from the gold label and macromolecule alone as well as a gold-macromolecule interference term.
So far, two approaches have been employed to separate the label-label interference term from
the other contributions (intragold label, gold label-macromolecule, and intramacromolecule) to
the measured scattering profile. In a first approach, each of the single-labeled and the unlabeled
samples are measured in addition to the double-labeled macromolecule; from addition and
subtraction of the appropriate profiles, the interference term can be determined [69, 82]).

While this approach has provided unprecedented insights into the conformational ensembles
of nucleic acids [[82] [T05H107], it requires preparation and measurements of several differently
labeled samples for each measured distance distribution. Preparing separate samples of the
single- and double-labeled macromolecule can be challenging or impossible if the sample cannot
be assembled reliably from individually labeled components. In addition, the differencing
procedure requires chemically nonequivalent molecules to adopt the same conformational
ensembles and the concentrations or scattering intensities of the various samples need to be
carefully matched to achieve the desired separation of scattering terms. A second approach
relies on using relatively large (~50 A diameter) gold particles and neglecting the DNA and
gold-DNA scattering terms [41} [138]]. A drawback of this approach is the large size of the
labels, which might perturb the conformational ensemble and limit its resolution. In addition,
neglecting the macromolecule scattering as well as the gold-macromolecule term is problematic
or unfeasible for large and strongly scattering macromolecules.

5.2 Results

Here we present an alternative strategy to separating the gold label-label interference term and
instead determine the intramolecular distance distribution based on the physics of anomalous
small-angle X-ray scattering [55] (ASAXS). Our approach is based on recording scattering
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Figure 5.1: Schematic of the ASAXS measurement on double-labeled DNA molecules. The incident beam is
shown along with the monochromator to select particular X-ray energies. Double goldlabeled DNA molecules are
placed into the X-ray beam in a sample cell. The direct beam is blocked by a beam stop and scattered photons are
detected using a CCD detector. The inset shows a 20 bp DNA molecule with two gold labels; the linkers and gold
functionalization are omitted for clarity.

profiles of the double-labeled sample at different X-ray energies, scanning through a gold
absorption edge. Close to an absorption edge, atomic scattering factors change rapidly with
X-ray energy and take on the complex form

f(E) = fo+ f'(E) +if"(E) (5.2)

Away from the edge, the anomalous terms f” and f” are negligible and the energy independent
term fy dominates [55]. Because the gold absorption edges are well separated from the elements
that make up biological macromolecules (C, H, N, O, P), tuning through a gold absorption edge
provides a way to significantly alter the gold scattering compared to the scattering contribution
from the macromolecule. The dependence on X-ray energy permits, therefore, separation of
the gold-gold scattering terms from macromolecule and gold-macromolecule terms [139]. We
demonstrate that our ASAXS approach enables the accurate determination of gold label-label
distance distributions from measurements of double-stranded DNA constructs double-labeled
with small gold clusters without the need to prepare and measure multiple molecular constructs
or to use large gold labels.

We employed 10, 20, and 30 bp double-stranded DNA constructs double-labeled with
7 A radius thio-glucose functionalized gold particles attached via thiol-chemistry as described
previously [69,82[114] (see Supporting Information[5.4). ASAXS data were recorded at beamline
12-ID of the Advanced Photon Source [19, [140] (Fig. and Supporting Information [5.4).
Prior to measurements of DNA constructs, the X-ray energy was calibrated by inserting
a thin (50 pm) gold foil into the X-ray beam and measuring the incident and transmitted
X-ray intensity as a function of energy (Fig. [5.2). The data clearly indicate the position of
the gold L-III edge at ~11.9 keV and allow us to reference all measurements to the tabulated
absorption data (http://henke.1bl.gov/optical_constants/;see Supporting
Information [5.4). Similar measurements using the thioglucose passivated gold nanocrystals in
solution instead of the gold foil confirm that the absorption edge of the gold clusters is identical
within experimental error to bulk gold (Fig. [5.2).

Experimental scattering profiles for double gold-labeled DNA constructs recorded at differ-
ent energies ranging from 200 eV below to 50 eV above the gold L-III edge exhibit clear and sys-
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Figure 5.2: Energy calibration of the gold L-III absorption edge. (a) Normalized logarithm of the incident X-ray
intensity divided by the transmitted intensity for a gold foil (blue) and for gold nanoparticles (red) in solution.
The data show a sharp increase at the absorption edge. (b) Numerical derivative of the data in (a), revealing the
position of the edge as a maximum in the derivative. Data are referenced (see Supporting Information 5.4) to the
tabulated value of the gold L-III absorption edge at 11.919 keV (shown as dashed vertical lines).

tematic changes with X-ray energy (Fig. and Figs.|5.5|to[5.7; see Supporting Information
for details of the experimental and normalization procedures).

To extract the gold label-gold label interference pattern from the scattering profiles recorded
at different energies, we used a matrix inversion approach [139] based on the following relation
(for a more detailed visualization see Supporting Fig.

I;(s) ai(s) bi(s) ci(s)
B || ) 00 el |G 55
Gmol—mol(s)

) \a(s) bay(s) ey (s)

[=TG (5.4)

Here the I;(s) are the scattering profiles recorded at energies i and the matrix I has dimensions
(NEg - N) X 1 (where Ng is the number of energies and N; is the number of s channels).
The (Ng - N;) X (3N;) matrix T comprises precomputed matrices a;(s), bi(s), and c;(s) that
are all Ny X N; diagonal square matrices containing the energy-dependent label-label pair
scattering factors, label-molecule pair scattering factors, and intramolecule pair scattering
factors, respectively (see Supporting Information 5.4). The s-dependence of the a;(s) is given
by the squared scattering factors for the gold labels that are approximated as spheres with a
radius of 7 A; similarly, the s-dependence of the b;(s) is given by the (non-squared) scattering
factor for the gold labels (Supplementary Fig. [5.8b,c). The c;(s) have no explicit dependence
on s, that is, they are constant for different values of s (Supplementary Fig. [5.8d). Importantly,
this means that no assumption about the shape of the molecule scattering term is required
for our analysis. The energy dependence of the a;(s), b;(s), and c;(s) is given by the energy
dependence of the atomic scattering factors for gold and for the atoms in the macromolecule,
respectively. We note that this means that we have assumed knowledge of the average element
composition of the labeled macromolecule, as is typically the case. However, given the very
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Figure 5.3: ASAXS scattering data for double-labeled gold samples and distance distributions. (a) Scattering
intensities as a function of momentum transfer s for the 20 bp double-labeled DNA construct at 10 different
energies. Energies in the figure legend are relative to the gold L-1II edge. (b) Gold label-gold label interference
patterns for 10 bp (black), 20 bp (blue), and 30 bp (red) DNA constructs obtained as described in the main text.
Profiles are vertically offset for clarity. (c) Gold label-gold label distance distributions computed from the data
in (b) (solid lines; same color code) by regularized Fourier transformation (see Supporting Information [5.4). For
comparison, the distance distributions of the same samples obtained in [82] are shown as dashed lines.
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minor energy dependence of the atomic scattering factors for the elements that make up
biological macromolecules in the energy range used (Supplementary Fig. [5.84d, right panel), the
energy dependence of the molecular term could be neglected without loss of resolution.

Finally, G represents the (3N;) X 1 vector of partial structure factors corresponding to the
gold label-gold label (Ga,—-4y), gold label-molecule (Gay—mo) and molecule-molecule (Go1—mor)
terms. The vector of partial scattering factors G is obtained by (least-squares) matrix inversion of
Eq. as G = T7'I. The gold label-label structure factor Ga,_,(s) was further processed [139]
by subtracting a constant offset such that the mean level of oscillation approaches zero and by
truncating at high s-values as the signal-to-noise ratio decreases with increasing s. We note
that in principle scattering profiles at 3 different energies would be sufficient to determine
G; however, using data at more (10 in our case) energies overdetermines the matrix equation
(Eq. and improves the signal [88] 141} [142]. It is difficult to give general guidelines on
how many energies are required, as the results not only depend on the number of energies
included, but also on the signal-to-noise of the measurements and on the positioning of the
energies relative to the absorption edge. Nonetheless, model calculations on truncated data
sets suggest that for our system going from 10 to 6 appropriately chosen energies leads to a
loss of signal but still enables computation of meaningful gold-gold partial structure factors
(Supplementary Fig. [5.9). Further reducing the number of energies or incorrectly selecting
the position of the energies relative to the edge leads to a further reduction or even complete
loss of signal (Supplementary Fig. [5.9). Our current choice of 10 energies is a compromise of
balancing the need to avoid radiation damage (which would be an issue if significantly more
exposures would be recorded for the same sample) while achieving a good signal-to-noise ratio
for the computed gold-gold partial structure factors.

The gold label-gold label structure factors Ga,—a,(s) show characteristic oscillation patterns
(Fig. [5.3p) and contain information about the label-label distance distributions. The distance
distributions are obtained from the Ga,_4,(s) by regularized Fourier transformation using a
maximum entropy algorithm (Supporting Information [5.4). The distance distribution P(d)
for the different DNA lengths all exhibit prominent approximately Gaussian peaks (Fig. 5.3k,
solid lines). The center positions of the main peaks increase with increasing DNA length
(Figs. and[5.4p and Table and are well fit by a model that takes into account the off-
center attachment of the labels (Supporting Information yielding a rise-per-base pair of
3.23 + 0.1 A (Fig. ) The mean positions of the peaks determined in independent repeat
measurements are within <1 A (Table , highlighting the exquisite precision of the method.

The variance of the main peaks increases rapidly with DNA length and the dependence
of the variance of the label-label distances on DNA length is well described (y? = 0.61) by a
quadratic dependence with a constant offset (Fig. [5.4b, solid line). The constant offset was fit to
be 1.5 A? and prefactor of the quadratic term to be 0.063 A%/bp?; this observation is consistent
with a model that assumes cooperative stretching of the helix [82][143] where each base pair
step contributes 0.25 A to the standard deviation. Alternatively, fitting the dependence of the
variance on DNA length to a linear dependence that includes a constant term yields fits that
would imply large negative values of the variance at zero DNA length, which is unphysical. If
we instead fit a linear dependence without an offset, we obtain a poor fit (Fig. [5.4b, dashed line;
2 = 13.6). If the complete label-label variance is attributed to the stretch modulus of the DNA
alone, the slope of the linear fit implies a value for the stretch modulus of Sgpparent ~140 pN,
considerably smaller than the value found in single-molecule stretching experiments.
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Figure 5.4: Distance parameters for double-stranded DNA obtained from ASAXS measurements. (a) Mean
label-label distances obtained from the main peak of the distance distributions as a function of DNA base steps.
Data obtained from ASAXS measurements described in this work (orange squares) and the best fit of a model (see
Supporting Information including the DNA length and label positions (orange line). Error bars are smaller
than symbols. (b) Variances of the main peaks of the label-label distance distributions from ASAXS analysis
(magenta squares). The data are well described by a quadratic dependence (y? = 0.61; solid line) and incompatible
with a linear dependence (y? = 13.6; dashed line). For comparison the previously determined values [82] for the
same constructs are shown as black circles.
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The distance distributions obtained using the ASAXS approach (Fig. [5.3, solid lines) are in
excellent agreement with the results of prior measurements employing single-energy SAXS
measurements and subtraction of single-labeled and unlabeled DNA contributions for the same
DNA constructs and labels [82] (Fig. [5.3f, dashed lines and Fig. [5.4). Therefore, our results
provide a clear confirmation, through an independent experimental approach, of the surprising
findings obtained previously using SAXS at a single X-ray energy.

5.3 Conclusion

In summary, we have used ASAXS measurements at different energies around the gold L-III
edge to determine the full label-label distance distribution for gold nanoparticles attached to
the ends of 10-30 bp long DNA constructs. Our results demonstrate that by using small (~7 A
radius; ~80 gold atoms) nanoparticles, the label-label term can be reliably obtained from ASAXS
measurements, which was not possible in previous measurements using single atom labels [48]
125|[1441[145]). Model calculations suggest that for molecules in the size range investigated here,
even smaller gold labels than were used in this study, down to ~20 atoms, would be sufficient
to obtain interpretable gold-gold interference patterns (Supplementary Fig. [5.6). Significantly
larger molecules will require larger gold labels; to maintain an approximately constant level of
relative anomalous scattering signal, the number of gold atoms in the labels should be increased
proportionally to the number of atoms in the labeled molecule (Supplementary Fig. [5.6).

Our ASAXS method has the advantage that only the double-labeled sample needs to be pre-
pared and measured and that it does not rely on intrinsic assumptions about the macromolecular
scattering contributions being negligible; these properties will be particularly advantageous
for macromolecular samples where selective labeling at only one position is difficult to achieve
and/or that are strongly scattering. These advantages make our method reliable and experi-
mentally attractive, yet it retains the full ability to provide absolute distances with Angstrém
resolution and precise distance distributions to evaluate the flexibility of macromolecular
systems. While this proof-of-concept work uses gold-labeled DNA samples, we fully expect
our method to be equally applicable to labeled proteins and to protein-nucleic acid complexes;
similarly, other labels, such as silver and platinum nanoparticles, can provide equally attrac-
tive and orthogonal labeling options and might permit to measure several distinct distance
distributions for one sample [139]. In conclusion, ASAXS provides a powerful new approach
to determining intramolecular distance distributions for labeled biological macromolecules
that we anticipate to provide new and quantitative insights into the structure, dynamics, and
interactions of biological macromolecules.

5.4 Supplementary Methods

5.4.1 Sample preparation

Double-stranded DNA molecules 10, 20, and 30 bp in length and labeled at both ends with 7 A
radius thioglucose passivated gold nanoparticles were prepared as described previously [69, 82]].
Briefly, water-soluble gold nanoparticles were synthesized as previously described [114]. Sin-
glestranded oligonucleotides (ssDNA) were prepared on an automated ABI 394 DNA synthe-
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sizer and thiols were incorporated using a C3-thiol-modifier (Glen Research, part #20-2933-
41). ssDNA was purified by high-pressure liquid chromatography (HPLC) and coupled to
gold nanoparticles in a 5:1 ratio (gold nanoparticle:ssDNA) at room temperature in 100 mM
Tris-HCI, pH 9.0 for two hours. Gold nanoparticle-oligonucleotide conjugates were purified
by ion-exchange HPLC and stored at —20 °C. Concentrations were determined by absorbance
using a NanoDrop ND-1000 (NanoDrop Technologies). The DNA sequences used in this study
are reported in Table All SAXS measurements used 70 mM Tris-HCI buffer, pH 8.0, with
100 mM NaCl and 10 mM mM ascorbic acid added.

5.4.2 ASAXS Measurements and Data Analysis
X-ray energy calibration

ASAXS experiments were performed at the BESSRC-CAT beamline 12-ID of the Advanced
Photon Source [140] (APS). Before starting an ASAXS measurement series, the experimental
energy was calibrated by scanning the X-ray energy in steps of 1 eV around the L-III absorption
edge of gold with a 50 um thick gold foil inserted into the beam path and recording the incident
Iy and transmitted I; X-ray intensity. The position of the absorption edge was determined
from the maximum of the numerical derivative of log(Iy/I;). The absorption edge position was
referenced to the tabulated |((http://henke.1lbl.gov/optical_constants/)
value for the L-III absorption edge of 11.919 keV by applying an additive (and small, typically
5-10 eV) offset to all data recorded during that measurement run. All energies reported in this
work have been calibrated by this offset, unless otherwise noted.

ASAXS measurements

All ASAXS measurements were carried out at room temperature using a ~16 pL sample cell
and sample holder [19]], a sample to detector distance of 1.0 m, a CCD detector (Mar CCD165),
and sample concentrations of 200 um. For each gold-labeled DNA sample, 10 measurements
of 2 s exposure time were obtained at different energies in the range from 11.719 keV (200 eV
below edge) to 11.969 keV (50 eV above edge). Control measurement using identical samples
and exposure times at one energy exhibit no sign of radiation damage as repeat exposures
are superimposable, within experimental error (Supplementary Fig. [5.7). Data were circularly
averaged and buffer profiles recorded using identical procedures were subtracted for back-
ground correction. The scattering profiles recorded at different energies were interpolated to a
common s-scale that comprised the lowest s-value of the lowest energy and the largest s-value
of the highest energy with 1000 equally spaced increments in between, therefore avoiding
extrapolation beyond the recorded s-value range for all energies.

Normalization of scattering profiles

We normalized the scattering profiles measured at different energies as follows. First, we
obtained the values of fy + f’(E) and of f”(E) for gold from the Lawrence Berkeley X-ray
data site (http://henke.1bl.gov/optical_constants/sf/au.nff). Sec-
ond we interpolate the values for fy + f’(E) and f”(E) to 1eV resolution. For the imaginary
part f”(E) we employed simply linear interpolation. To achieve the same resolution for the
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real part fy + f’(E) of the gold atomic scattering factor, we fitted the following function to the
tabulated values (Supplementary Fig. [5.7p):

fo+ f'(E) = Re[a - In(E*

cage — E) + b In(Ey, , + E%)] (5.5)

with Eeqge = 11918.6 €V. The fitting parameters a and bwere determined to be 1.915 and 2.033,
respectively. Third, we calculated theoretical energy-dependent intensity scaling factors int(E)
for each measured energy using the interpolated atomic scattering factors as

int(E) = | fau(E)|* + 2 - Re(fau(E)) (5.6)

Forth, we computed the raw mean scattering intensity for each of the experimental scatter-
ing profiles (Supplementary Fig. [5.7p) by averaging the scattering intensity over all s-values
(Supplementary Fig. [5.7k, red circles). Fifth, the theoretical intensity factors int(E) were multi-
plicatively scaled to match the raw intensities at the minimum intensity (which corresponds to
the edge). Finally, all scattering profiles were normalized by multiplying by a factor equal to
the ratio of the scaled theoretical intensity factor to the raw intensity (Supplementary Fig. [5.7c,
green circles). Last, we applied an additive constant to the scattering profiles to match the
normalized intensity profiles at high angles (s >0.08 A™') to correct for fluorescence [48].

Matrix inversion to obtain partial scattering factors

We determine the gold label-gold label interference pattern Ga,—a,(s) by matrix inversion of
Eq. [5.3|from the experimentally determined scattering profiles at the various energies (assem-
bled in the matrix I) and from the matrix T that contains information about the energy and
angle dependence of the scattering factors following the approach outlined by Pinfield and
Scott [[139]. The matrix equation is more explicitly visualized in Supplementary Fig. [5.8p.

The (Ng- N;) X (3- N;) matrix T comprises the pre-computed a;(s), b;(s), and ¢;(s) that are all
N; X N square diagonal matrices containing label-label pair scattering factors, label-molecule
pair scattering factors and intra-molecule pair scattering factors, respectively. The matrices
a;(s) comprise the energy and angle dependent squared scattering factor of the gold label
(Supplementary Fig. [5.8p). The individual matrices a;(s) for each energy E are constructed by
multiplying the absolute value squared of the atomic scattering factor | fa,(E)|?> with a matrix
that has the angle-dependent squared scattering factor of the gold label on the diagonal. To
compute the scattering factor of the gold labels, we approximate the gold nanocrystal scattering
by the scattering factor of a sphere with Ny, atoms and a radius R:

sinx — X - cos
Fau(s) = Nau - (57)

with x = 27 - R - 5; for the gold nanocrystals used here [69] N4, = 78 and R = 7 A. In prac-
tice, we obtain the best fits when using a distribution of spheres, distributed uniformly with
a spread of +4% around R = 7 A. The matrices b;(s) have the angle-dependent gold scat-
tering factor Fu,(s) on the diagonal and are multiplied by the real part of the gold atom
scattering factor Re(fa,(E)) for each energy (Supplementary Fig. [5.8c). Finally, the matri-
ces c;(s) are constructed by multiplying the Ns X N; identity matrix by the absolute value
squared of the average atomic scattering factors of atoms in the DNA molecule at the respec-
tive energies, averaged over the atomic composition of our DNA constructs (Supplementary
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Fig. [5.8d). The atomic scattering factors for all relevant atoms and energies were obtained from
(http://henke.1lbl.gov/optical_constants/). Before matrix inversion, the
matrix T is conditioned by dividing all entries of the matrices a, b, and c by their respective
elements corresponding to the smallest scattering angle and highest energy. The vector of
partial scattering vectors G was computed by matrix inversion of Eq. [5.4| using the matrix left
division in Matlab, which determines the least square solution of the system of linear equations.

Inversion of the label-label interference pattern to obtain label-label distance distri-
butions

We obtain the distance distributions P(d) by inverting the gold label-gold label structure factor
Gau-au(s) using the maximum entropy algorithm described previously [69]/82]. In brief, the gold
label-gold label distance distribution P(d) is determined at discrete values d by decomposing
the label-label interference pattern into a linear combination of scattering interference profiles
I;(s), which correspond to pairs of gold nanocrystals at a distance d:

Gau-au(s) = ) P(d) - Iy(s) (5.8)

The sum runs over values of d from 1 to dp,, in steps of 1 A, where d,,, was chosen to be
approximately twice the mean label-label distance for each data set. The I;(s) are proportional
to sin(27 - d - s)/(2x - d - s) with a prefactor that corresponds to the scattering of a pair of gold
nanocrystals at zero distance and was taken from Mathew-Fenn et al. [69].

In principle, the values of P(d) at each value of d can be determined from Eq. [5.8| using non-
negative least squares. However, as was shown previously, a maximum entropy regularization
procedure for the fit yields better results [69] [139] and was employed for the results presented

in Fig. [53.

Analysis of label-label distance distributions

The mean and variance of the gold label-gold label distributions was determined from analysis
of the main peaks using the autopeak routine in Matlab. All data are provided in Table
Errors were estimated to be 1% for the length and 10% for the variance from triplicate repeat
measurements.

The mean of the label-label distances was fitted to the model described previously (Supple-
mentary Figure 2 of Ref. [82]]) with the rise per base pair and the radial displacement of the
labels as free fitting parameters. The axial offset axialy and angle offset 8, were kept fixed at
their previously determined values of 24 A and 1.34 r, respectively. The rise per base pair was
determined from the fit to be of 3.23 + 0.1 A and the radial displacement to be 7 + 1 A.
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5.5 Supplementary Tables

Mean Variance .
. . Mean Variance
distance | distance . .
DNA ] 29 distance distance
Sequence A) (A?) . <5
construct (This (This (A) (A?)
work) work) (Ref. [82]) | (Ref. [182])
5 -GCATCTGGGC-3’
10 bp CGTAGACCCG 543 +05 | 6.52+0.7 | 55.7=+0.3 8.5+ 0.6
5-CGACTCTACGGCATCTGCGC-3’
20 bp GCTGAGATGCCGTAGACGCG 87.3+09 | 25.8+2.6 | 86.0+04 216 £ 14
5'-CGACTCTACGGAAGGTCTCGGACTACGCGC-3’
30 bp GCTGAGATGCCTTCCAGAGCCTGATGCGCG 117.0 £ 1.2 | 520 £5.2 | 119.1 £ 0.6 41.1 £ 2.7

Table 5.1: DNA sequences and the mean and variances of the main peak in the gold label-label distance distribu-
tions obtained using the ASAXS method in this work and previously using single-energy SAXS.

5.6 Supplementary Figures
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Figure 5.5: Scattering intensities as a function of momentum transfer s for the 20 bp double labeled DNA construct
at 10 different energies shown in Holtzer representation of s - I(s) as a function of s that emphasizes differences in
the intermediate s range (same data as in Fig. ) Energies in the figure legend are relative to the gold L-III edge.
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Figure 5.6: Scattering intensity as a function of momentum transfer s for the 20 bp double gold labeled DNA
construct. 10 subsequent exposures (color coded from blue to red) of 2 s each all at the same X-ray energy of
11.911 keV (8 eV below the gold L-III edge) are shown. Scattering profiles are identical within experimental error,
indicating the absence of radiation damage.
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Figure 5.7: Normalization of ASAXS profiles. (a) Real part of the atomic scattering factors for gold close to
the L-IIT edge. Crosses are the tabulated values obtained from http://henke.1lbl.gov/optical_
constants/sf/au.nff. The solid blue line as a fit of Eq. to the data (see Methods for details .
(b) Scattering intensities as a function of momentum transfer s for a 20 bp double labeled DNA sample at 10
different energies prior to normalization. The same data set after the application of the energy dependent
normalization is shown in Fig. (c) Normalization factors for the energy dependent normalization. Raw
intensity values, obtained by averaging scattering intensities at each energy over all s values are show as red
circles. The theoretical scattering intensity scaling curve (Eq. adjusted to the minimum value in the raw
intensity data is shown as a blue line. Scaled mean intensity values are shown as blue circles. For details of the
normalization procedure see Methods
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Figure 5.8: Explicit form of the matrices a;(s), b;(s), and c;(s) used in the matrix inversion. (a) Structure of the
matrix equation (Eq. [5.4]in the main text) connecting the experimental measured scattering intensities I;(s) to the
partial structure factors Gay—au, Gau-mol> a0d Gpo1—mor by multiplication with the pair scattering factors of the
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gold-gold terms a;, pair scattering factors of the cross terms b;, and pair scattering factors of the molecule-molecule
terms c; at energies E;. (b) Plots of the diagonal entries of the a; matrices, i.e. the pair scattering factors of the
gold-gold terms a; as a function of s (left), which are the scattering functions for the spherical gold labels with a
radius of 0.7 nm (Eq. squared) scaled by the absolute value squared of the atomic scattering factors of gold as
function of energy (plotted on the right). (c) Plots of the diagonal entries of the b; matrices, i.e. the pair scattering
factors of the gold-molecule cross terms (left). The s dependency is caused by the spherical gold label scattering
factor (Eq. [5.7); the energy dependence is given by real part of the gold atomic scattering factors (right). (d) Plots of
the diagonal entries of the pair scattering factors for the molecule-molecule terms c; (left). There is no dependence
on s, therefore, the scattering factors are horizontal lines (left). The energy dependence is given by the average of
the atomic scattering factors for DNA molecules as function of energy (right). Since the atomic scattering factors
for the elements making up biological samples are almost constant in the energy range considered, the ¢; show

almost no energy dependence (compare the y-scales of the right plots in panels (b), (c), and (d)).
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Figure 5.9: Stability of the partial structure factor computation using scattering profiles at different energies.
Using the data set shown in Fig. [5.3| of the main text as a starting point, we selected sub-sets of the scattering
profiles at different energies and computed the gold-gold interference term by inversion of Eq. [5.4as described
in the main text. (a) Atomic scattering factor of gold as a function of energy (black line). The sets of energies
selected for different calculations of the gold-gold interference term are shown as differently colored symbols. The
symbols are slightly vertically offset for clarity. (b) Gold-gold partial structure factors computed using sub-sets of
the scattering profiles at different energies. The color code corresponds to the symbols in panel (a). Profiles are
vertically offset for clarity. Using 10 different energies (red crosses in panel a), i.e. the full data set, for inversion
yields a well defined partial structure factor (red line in panel (b)), as discussed in the main text. Using only
6 energies (green squares in panel (a)) or 3 energies (blue circles in (a)) positioned below, on, and above the
absorption edge still enables inversion of the matrix equation and gives rise to gold-gold partial structure factors
with the expected oscillating pattern but with (much) reduced amplitudes (green and blue lines in panel (b)). Using
scattering profiles at 3 energies away from the gold L-III absorption edge (dark yellow triangles in panel (a)) -and
therefore with little change in scattering intensity as a function of energy- is insufficient for robust inversion of
the matrix equation; the resulting gold-gold partial structure factor is very noisy and shows spurious oscillations
(dark yellow line in panel (b)).
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Figure 5.10: Relative scattering intensities of the gold labels and molecules. The level of the anomalous signal
from gold nanocrystals relative to the scattering from the molecule is evaluated by the relationship

N% Al fau (D)

=N2

—_— (5.10)
mol < |fmol|2 >

where N4, is the number of gold atoms in the nanocrystals, Ny,,; is the number of atoms in the labeled macro-
molecule, < |f0;|? > is the absolute value squared of the average atomic scattering factor of the macromolecule
(averaged over the element composition of the molecule), and A|f4,|? is the change in the absolute value squared
of the atomic scattering factor for gold, evaluated on and off edge.

(a) Ratio between the energy dependent variations of the gold scattering term and the molecular scattering
contribution (computed using Eq. as a function of the size of the macromolecule (in atoms). The number of
gold atoms in the label was kept constant at 78, corresponding to the size of labels used in this study. (b) Ratio
between the energy dependent variations of the gold scattering term and the molecular scattering contribution
(computed using Eq. as function of the number of gold atoms in the label. The corresponding approximate
gold nanocrystal radius is indicated in the top axis. The number of atoms in the molecule was kept constant at 814
atoms, corresponding to the 20 bp DNA used in this work. Based on our experiments, we can estimate that a level
of AI ~ 0.1 is sufficient for reliable inversion; lower values of the intensity variation AI might still be sufficient
for the computation of distance distributions for high quality measurements.
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(c) Simulated intensity profiles for double labeled 20 bp DNA molecules, assuming gold labels with 78 gold atoms,
with random noise of 0.01% I, added to the scattering profile (left) and experimentally measured profiles for the
double labeled 20 bp DNA (right). The simulations used DNA structures generated with the make-na server
(http://structure.usc.edu/make-na/server.html)and followed the approach of Pinfield and
Scott [139]. The energy color code is the same as in Fig. While random errors with a fixed magnitude of 0.01% I
do not completely describe the error encountered in the real experiments, this level of error is approximately
representative of our experimental noise. (d) Simulated label-label partial structure factors for double-labeled
20 bp DNA with different gold label sizes as a function of s. Simulations were carried out as shown in panel (c),
for different label sizes; label-label partial structure factors were computed with the same routines as used in
the analysis of the experimental data. The amplitude of the oscillating interference pattern is decreasing with

decreasing label size (bottom to top), while the noise level is visibly increasing.
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Remeasuring the Holliday Junction

Summary

The DNA four-way (Holliday) junction is the central intermediate of genetic recombination,
but despited being extensively studied several key aspects of this important motif remain
unclear. Although transition dynamics between alternative stacking conformations have been
demonstrated, conventional single molecule studies cannot resolve the fast transitions at
physiological salt. Moreover, while comparative gel electrophoresis has been used to test
structural models under low or intermediate salt the precise solution conformational ensemble
and configuration still remains unclear. Using a emerging technique termed X-ray scattering
interferometry (XSI) we have been able to reveal structural and ensemble properties of the
Holliday junction under various salt concentrations. Our results demonstrate that the four-way
junction does not adopt a fully planar conformation under low ionic strength. Further, data
recorded at intermediate salt conditions suggest a novel folding state. This information will
be necessary to improve our understanding of DNA four-way junctions and evaluate existing
models.

6.1 Introduction

The importance of Holliday junctions as fundamental nucleic acid structure motives that play
central roles in genetic recombination and other cellular processes. Additionally they developed
into a widely used tool in DNA nanotechnology [146-151]]. Holliday junctions, and nucleic
acid junctions in general, rely on their abilities to undergo conformational changes to carry
out their biological functions either alone or as building blocks of larger nucleic acid and
nucleic acid-protein complexes [150, [152H156]]. There are many proteins such as junction-
resolving enzymes that can recognize and distort the structure of the junction, for example
by stabilizing the unstacked conformation, breaking the central base pairs or changing the
interduplex angle between the arms of the stacked conformation [150}[153}154]. However, these
enzymes are highly specific for the structure of the junction [156]. Thus, defining the underlying
conformational landscapes or ensembles of Holliday junctions and other DNA/RNA junctions
are required to fully understand the action of proteins that modify the conformational landscape.
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Figure 6.1: Structure of the Holliday junction. (a) Schematic of a four-way junction in the extended open
conformation observed in the absence of added metal counter-ions with the helical arms X, B, H and R. Crystal
structure obtained from [164] (PDB Code: 2CRX). (b) Schematic of the stacked X-structure observed in the presence
of counter-ions. (¢) Two right-handed helices are folded by coaxial stacking with an inter-duplex angle (IDA) on
the order of ~60° between arms [[150} 1611 [165]. (d) Schematic of the two anti-parallel conformations isol and
isoll of the X-structure with different orientation of the helical arms X, B, H and R. (e) The central sequence of
the chosen junction motif 3 in both stacked states. The different colors visualize the individual pathways of the
oligonucleotides between the two states. (f) The proposed energy landscape of conformer transitions with two
distinct stacked states and an intermediate open state [155] [160].

Experimentally, it is known that the open state is predominant at low salt concentrations, and,
at higher ionic strength, junctions adopt stacked conformations (Fig. [6.1p-c) [152, 155, 157
160]]. The stacked conformations, which are induced through the binding of metal ions, lead
to the formation of two quasi-continuous helices with pairwise stacking of the helical arms
(Fig. [6.1p-€). There are two ways of forming a stacked structure differing in choice of stacking
partner given by the central motif of the junction (Fig. [6.1d-f) [155] 157, [161]]. The choice of
stacked conformation seems to play a key role in genetic recombination as there is evidence
that this can influence the binding orientation of junction-resolving enzymes and therefor alter
the cleavage positions [[154} 156, [157, 162} [163]].

While the conformational landscapes of Holliday junctions have been extensively studied,
many open questions remain. Single-molecule forster resonance energy transfer (smFRET)
has identified multiple states under solution conditions with high Mg?* concentrations where
the Holliday junction’s conformational changes are slow enough for conventional smFRET
detection (Fig. [6.1f) [155}159,[160]. Although forster resonance energy transfer (FRET) values of
these Holliday junction states do not provide direct information on the distances or on whether
each of them are single rigid states or a conformational ensembles, single molecule recordings
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can be used to obtain useful information about reaction rates of individual molecules. We
incorporated dyes at targeted ends of the Holliday junction to estimate the relative populations
for the classical two-state model and provide information about transition dynamics using
smFRET. Moreover, we applied an emerging synchrotron based structural technique, X-ray
Scattering Interferometry (XSI), to resolve the conformational ensemble of the Holliday junction
and to obtain precise structural and dynamical information. To answer specific questions
including i) how the distribution of Holliday junction states change with salt; ii) to separate
and identify different molecular conformations; and iii) what are the precise solution structure
and dynamical properties of the major Holliday junction conformational states we studied a
model Holliday junction sequence under different salt conditions. We used these experimental
data to generate and test physical models of Holliday junctions to demonstrate the change of
the energy landscape under different counter-ion environments.

We chose to examine the well-studied Holliday junction type 3. Studies of this macro-
molecule allowed us to match our XSI data against prior published information obtained by
a wide range of techniques from comparative gel electrophoresis [157, [161]], atomic force
microscopy imaging [166], smFRET [155} 159, [160]], small-angle X-ray scattering [167] to theo-
retical studies using molecular dynamics simulations [168]] and to demonstrate the capability
of XSI to obtain unique whole ensemble distance distributions with Angstrém resolution.
Moreover, we can compare our results for the junction type 3 to junctions with previously
published findings for different central motifs [150, 157, [158] 160, [169].

The conformational free energy landscape of Holliday junctions is highly textsalt-dependent
[155,[159]]. At low salt (e.g. 30 mM Tris-HCI buffer only) the electrostatic repulsion between
the DNA phosphate groups forces the Holliday junction motif (such as Junction sequence 3) to
remain in an open state, which is suggested to have the arms pointing towards the corners
of a square [150, 157, [161]] (see Fig. ) In contrast, at high salt (10 mM Mg?*), Holliday
junctions tend to stably adopt stacked conformations known as isol and isoll [152} 155,157,159,
161]) (Fig. [6.1p-d). At intermediate salt concentrations (~150 mM Na™ or ~100 pM Mg*"), the
electrostatic repulsion of the DNA backbone is still sufficiently screened to allow the junction
to adopt stacked conformations [[159, [161] (Fig. [6.1p-d).

6.2 Results

6.2.1 Single-Molecule FRET Results

We measured conformational changes of individual molecules in real-time to study the relative
population and furthermore the transition between the two stacked states. We assembled the
DNA junction from four synthetic oligonucleotides with a length of 22 bases, each (see Materials
and Methods [6.4 for details). The oligonucleotides self-assemble into the desired four-way
junction motif with four helical arms (X, B, H and R, Fig. ,b) which cannot undergo branch
migration [155]]. Two arms were conjugated with dyes at the 3’ termini to form a FRET pair. By
incorporating a Cy3b as donor (arm H) and a Cy5 as acceptor (arm R) to provide FRET readout.
Furthermore, we modified one arm with a biotin (arm X) for surface immobilization (Fig. [6.2h).
The junction has a large inter-dye distance in first stacked conformation isol resulting in a low
FRET value whereas it has a small the distance in the second stacked conformation isoll with a
high FRET signal (Fig. [6.2p). Our data at 10 mM MgCl, supplemented with 30 mM Tris show
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Figure 6.2: Single-molecule FRET layout and time recordings. (a) Schematic of the stacked states isol and isoll
of the Holliday junction including the incorporated dyes at the 3’ termini of H (Cy3b) and R (Cy5) and a biotin
label (arm X). (b) Typical smFRET trace recorded using a salt concentration of 10 mM MgCl, and 30 mM Tris
and integration time of 3 ms. Transitions between the two states are nicely visible by the change in donor and
acceptor intensity. (c) Typical smFRET trace recorded using following buffer 150 pM MgCl, and 30 mM Tris and
integration time of 3 ms. No clear transitions are visible for the low salt condition.

a high FRET signal for a majority of the trace only interrupted by short low FRET intervals
(Fig. [6-2p). The transition between the two states occurred within one frame (3 ms integration
time, see Materials and Methods and the signal show a heavy bias towards state isoIl. The
rates for the transition between the conformations k;_,;; and kj;_,; were averaged over hundreds
of transitions from 77 individual traces and calculated to be 45.6 s~ and 7.9 s™! respectively
and thus a population of 14.8 % for isol and 85.2 % for isoll (Supporting Figs. [6.6) and [6.7). These
results agree well with previously published population ratio of 1:4 from smFRET studies of
junction with the chosen sequences [155,[159]. The strong preference for stacked state isoll
can be explained by the difference in free energy contribution from the central base pairs
(Fig. [6.1d). Moreover, the faster transition rates measured are in line with the dependence on
the magnesium ion concentration and slower rates reported for 50 mM Mg?* [155, [159].

In addition to the traces taken at 10 mM MgCl, we recorded data at lower ionic strength
using a buffer containing 150 pM MgCl, and 30 mM Tris, pH 7.4. There are no clear hopping
events between the donor and acceptor signals (Fig. [6.2c). This agrees with the model that
the barrier between the two stacked states is lowered and thus the transitions between the
two conformation occur on a much faster time scale as reported previously [155,[159]. Single-
molecule FRET has the drawback that photons of a single dye must be integrated over a
certain time to provide sufficient signal-to-noise. This limitation of standard smFRET prevents
to resolve multiple populations in the free energy landscape of the Holliday junction under
physiological buffer conditions since the transitions between the two mainly populated stacked
states isoll and isol are too fast to be resolved [155, [159].

6.2.2 X-ray scattering interferometry data results

In contrast to single-molecule FRET, X-ray scattering interferometry relies on ensemble av-
eraging, but enables to extract high-resolution distances on an absolute scale and therefore
structural and mechanical information about individual conformations even for very fast
transition times. These valuable facts allowed us to study the Holliday junction at low salt
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concentrations even in the transition regime where the electrostatic repulsion of the backbone
charges get only partially screened. XSI measures the interference scattering pattern produced
between two site-specifically attached electron rich markers together with scattering terms
caused by the molecule and the cross-scattering terms between the labels and the macro-
molecule. This collective interference between the two labels is extracted from the remaining
components and directly converted into an absolute distance distribution using regularized
Fourier transformation [69, 182} [83] [105-108]].

Similar to samples used in smFRET experiments we assembled the DNA junction from
four synthetic oligonucleotides with a length of 22 bases each (see Materials and Methods
for details[6.4). To provide the characteristic signal in XSI we attached various pairs of gold
nanocrystal markers (HB, HX, XB, and RH) following the approach published previously
[69] 182 83, [106] (see Materials and Methods . Furthermore, we assembled, purified and
recorded the corresponding single labeled and unlabeled constructs required to extract the
gold-gold interference pattern. Two distinct conformational populations are expected for the
designed gold nanocrystal pairs.

Fig. shows the gold-gold distance probability distribution for the Holliday junction
at high divalent salt (10 mM MgCl; and 30 mM Tris-HC], pH 7.4) across three different label
pairs (Fig. [6.3p). For convenience, we added schematics of the investigated gold label pairs in
both the isol and isoll (Fig. [6.3p). The varying attachment positions facilitated examination
of orientations adopted by the junction arms to each other and allow for comparing the
conformations in the different states.

a sl isoll b 10 mM MgCl, c 150 uM MgCl,
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Figure 6.3: XSI layout recorded distributions at high and intermediate divalent salt. (a) Schematic of the stacked
states isol and isoll of the Holliday junction attached label pairs (XB, HB and HX). Distance distributions for the
label pairs XB (red), HB (blue) and HX (yellow) recorded at (b) high (10 mM MgCl, and 30 mM Tris, pH 7.4) and (c)
intermediate divalent salt concentration (150 uM MgCl, and 30 mM Tris, pH 7.4). The different states are nicely
visible for both salt conditions. Traces in (b) and (c) were normalized to sum to unity.

The distance distribution is dependent on the ionic condition. Under conditions with high
charge screening of 10 mM MgCl,, we observe two peaks for all label pairs. While the peaks are
clearly separated for the XB (Fig. [6.3p, red) and HB (Fig. [6.3p, blue) label pairs the distribution
for HX (Fig. [6.3p, yellow) is more narrow. The major population for the XB label pair centers
around 54 A and a minor second population is located at 89 A (Fig. , red), whereas for
the HB labeled version the main peak is at 89 A and a second smaller peak at 57 A (Fig. ,
blue). These findings are in line with the proposed X-shape switching between two stacked
conformers and FRET studies reporting a bias for isoll [155]159]. It is striking that both XB
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and HB show the exact same distance for the configuration were both labels are positioned at
opposite ends of a continuous helix. However, the high resolution of XSI enabled us to detect
a small difference between the short distance distribution of these label pairs. One possible
consequence of this finding is that the junction adopts slightly different interduplex angles
depending on the choice of stacking partner. Another important result at this conditions is the
end-to-end distance of 89 A for opposite labels. One would expect a displacement of ~93 A
assuming a continuous B-form DNA helix [150] with helical rise of 3.3 A [82,[105] and gold label
offset parameters reported for dsDNA previously [[82,[105]]. This suggests that the DNA helix is
overwound or bent to some degree. Nevertheless, bending of the structure is more likely as
there is significant electrostatic repulsion between the phosphates located along the backbone
and theoretical studies proposed slight underwinding for bases close to the cross-over [169].

Moreover, we used the same gold nanocrystal pairs under 150 pM MgCl, and 30 mM
Tris-HCI, pH 7.4 which allowed direct testing of how the Holliday junction motif 3 responds to
intermediate divalent salt (Fig. [6.3c). In agreement with high divalent salt data the junction
still prefers to adopt isoll. Moreover, the slight offset of the high distance peak (Fig. [6.3k,
blue line) for label pair HB (isoll) as compared to high salt (Fig. [6.3b, blue line) agrees well
with the reported small salt-dependent alteration in the gold nanocrystal position [107]. The
shift of isoll of label pair XB (Fig. [6.3, red line) is in line with lower electrostatic screening
at intermediate salt conditions and therefore an increase in interduplex angle for a stacked
conformer. However, the peak gold-gold distance for XB and HX in conformer isol change
notably. The displacement to lower distances for both peaks suggest that the junction does no
longer arrange in a stacked structure but a different conformation in isol. Potentially the gain
in free energy for the stacking partners in isol is not sufficient to overcome the electrostatic
repulsion under this salt concentration. Our XSI results with a stacked conformer for the
major population above ~100 pM Mg?* agree well with prior gel electrophoresis [161] and
bulk FRET studies [159]. Nevertheless, this is the first time that the full ensemble properties at
intermediate divalent salt concentration are revealed showing that possibly only one stacked
conformer is stable under these conditions.
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Figure 6.4: XSI layout recorded distributions at high and intermediate monovalent salt. Distance distributions for
the label pair XB recorded at (a) high (1 M NaCl and 30 mM Tris-HCl, pH 7.4) and (b) intermediate monovalent
salt concentration (150 mM NaCl and 30 mM Tris-HCl, pH 7.4). The different states are nicely visible for both salt
conditions.
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To test whether the Holliday junction responds specifically to Mg?* we further recorded
XSI data for high (1 M NaCl and 30 mM Tris-HCI, pH 7.4) and intermediate (150 mM NaCl and
30 mM Tris-HC], pH 7.4) monovalent salt for the label pair XB similar to experiments with
MgCl; (Fig. [6.4). The results for sodium show a similar behavior as the profiles obtained with
magnesium. We therefore conclude in agreement with analysis of conformational species by
FRET [159] that the junction adopts the same two-state behavior (isol and isoll) as for divalent
salt with two well stacked states at high salt (Fig. [6.4h), although much higher concentrations
are required. Moreover, data recorded at 150 mM NaCl indicate only one fully stacked state
(Fig. [6.4b) equally to profiles at 150 pM MgCl,.
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Figure 6.5: XSI layout recorded distributions at low salt. (a) Distance distributions for the label pairs HB, RH and
HX recorded at low salt (30 mM Tris-HCI, pH 7.4). Distance distributions were normalized to a total probability of 1.
(b) Schematic of the proposed open state at low salt with the label pairs from (a).

To analyze the salt dependency further and to access weather the unstacked conformation at
intermediate salt corresponds to the proposed square open configuration we probed gold-gold
distances under low salt conditions (30 mM Tris-HCI, pH 7.4). As expected, our XSI experiments
showed that the junction cannot from the stacked X-structure as there is only minor charge
screening without Na* or Mg?* ions present (Fig. . These findings are consistent with
prior FRET and gel-mobility data [150, (161} [170]. The peak gold-gold distance varies slightly
for the different label pairs. Moreover, the results provide evidence for a pyramidal structure
as the measured distance for HX (94 A, Fig. is too small for a fully planar conformation
with an estimated displacement of ~111 A. The theoretical value was calculated using a gap of
16.3 A for the center predicted from a protein-bound planar crystal structure [164], a helical
rise of 3.3 A and gold nanocrystal axial and rotational offset parameters from Mathew-Fenn
et al. [[82]]. While this only provides a rough approximation as the junction center is slightly
distorted by the bound protein the experimentally determined distance deviates too much to
support the model of a plane structure. Given the two faces of DNA, namely major and minor
groove, the arrangement of these inequivalent sides might lead to a pyramidal conformation.
Another finding of the XSI data are the different peak positions for RH and HB (Fig. [6.5).
This suggest a not fully symmetric alignment of the arms as this would result in identical
distances. Comparative gel-mobility studies from Duckett et al. [161] support this finding
showing asymmetric migration for pairwise extended arms. Again, the interaction of major
and minor groove faces can be accountable for this effect as well as the individual base-pairs in
the center.
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6.3 Discussion

We have used XSI measurements to investigate the solution ensemble of the Holliday junction
motif 3. Our XSI results agree well with prior FRET and gel-mobility studies for high salt,
showing that the four-way junction preferentially adopts two distinct X-structures with coaxial
pairwise stacking of helical arms. Further, XSI has allowed us to uncover conformational
distributions at intermediate and low salt conditions. The results underscore the ability of
XSI to reveal precise ensemble properties across a wide range of ionic strength even for
rapidly interchanging conformations. Moreover, the Holliday junction is by now the largest
macromolecule studied using XSI underscoring the scalability and potential of this method.

Although XSI lacks the all-atom structural precision attainable by other techniques, it can
provide accurate solution and ensemble information. As XSI provides highly precise distance
distribution information, it may be used to refine molecular dynamics simulations to gain full
structural details.

Our results suggest that various solution condition as well as the bases located in the center
of the structure can dramatically alter the free-energy landscape of the Holliday junction as
stable formation of only one stacked state was observed at intermediate salt. Thus, general-
ization to other junction motifs is not possible straightaway since the motifs differ in central
sequence. However, our XSI experiments showed that the sequence promotes distinct confor-
mations under intermediate salt conditions. One possibility is that the binding orientation of
junction-resolving enzymes and therefor genetic recombination can be regulated that way.

While this study used a single central motif, we expect our method to be readily applicable to
other sequences to probe the free-energy landscape for multiple four-way junctions. Moreover,
investing macromolecules with junction-specific proteins bound can provide testable models
for the underlying behavior required for genetic recombination.

6.4 Materials and Methods

6.4.1 Preparation of Gold-DNA Conjugates

Gold nanocrystals with particle radius of 7 A were synthesized and purified as described
previously [69] 82} 83]]. While unmodified single-stranded DNA (ssDNA) was purchased from
Integrated Device Technology (IDT), C3-thiol-modified oligonucleotides were synthesized
at the Protein and Nucleic Acids Facility at Stanford University on an automated ABI 394
DNA synthesizer. All DNA sequences used in this study are reported in Tables [6.1| and
Furthermore, ssDNA were purified by ion exchange high-pressure liquid chromatography
(HPLC) using a Dionex DNAPac 200 column and a salt gradient from low (10 mM NacCl)
to high salt (1.5 M NaCl) supplemented with 20 mM sodium borate, pH 7.8. Gold-ssDNA
conjugates were formed by mixing oligonucleotides with gold nanocrystals in a 1:5 ratio
(ssDNA : gold nanocrystals) at room temperature in 100 mM Tris-HCI, pH 9.0 for two hours.
Immediately after the reaction conjugates were purified by HPLC using the Dionex anion
exchange column and an elution gradient from 10 mM to 1.5 M NaCl supplemented with
20 mM ammonium acetate, pH 5.6 and desalted using Amicon centrifugal filters with 3 kDa
cutoff (3500 X g with a swinging bucket rotor for 35 min; three repeats) at 4 °C. DNA dimers
(e.g. R and X form RX) were hybridized for 30 min at room temperature follow by HPLC
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purification using the same protocol as for the ssDNA gold nanocrystal conjugates. The full
Holliday junction with two gold labels, one gold label and the unlabeled version were formed
by mixing two equimolar complementary dimers (e.g. RX mixed with HB) in 10 mM MgCl,,
10 mM Tris-HCL, 1 mM EDTA, pH 8.0 and annealed by heating the solution to 65 °C for 2 min
followed by 39 °C for another 10 min in a thermocycler (BioRad). Lastly, the fully assembled
structures were purified similar to DNA dimers, desalted using 10K Dalton Amicon filters
(3500 x g with a swinging bucket rotor for 15 min; three repeats) at 4 °C and stored at —20 °C
until SAXS experiments. After each desalting step concentrations were determined using a
NanoDrop ND-1000 (NanoDrop Technologies) measuring the UV absorbance at 260 nm and
360 nm.

6.4.2 SAXS Measurements and Data Processing

Small-angle X-ray scattering experiments were carried out at beamline 4-2 of the Stanford
Synchrotron Radiation Ligthsource and BM29 at the European Synchrotron Research Facility
in Grenoble. At beamline 4-2 data was collected using a detector distance of 1.1 m at 11 keV
whereas at BM29 the detector distance was set to 2.867 m with a X-ray energy of 15 keV. At
both beamlines the experimental conditions were set to 30 uM sample concentration. Moreover,
recordings were performed at 15 °C at beamline 4-2 and 5 °C at beamline BM29. A basic buffer
containing 30 mM Tris-HCL, pH 7.4 and 10 mM ascorbic acid was used to prevent radiation
damage. This basic buffer was supplemented with 10 mM MgCl,, 150 pM MgCl,, 1 M NaCl or
150 mM NaCl respectively for high or intermediate salt conditions or not supplemented with
additional ions in case for the low salt measurements. The buffer exchange of the samples was
performed using 10 kDa cutoff 0.5 mL Amicon filter units (14.000 X g for 25 min, repeated three
times). Each sample was recorded in 10 X 3 s exposures and checked for ration damage. One full
set of data for further analysis contains Holliday junction scattering profiles of a double labeled
sample (AB), two single labeled samples (A label and B label), the unlabeled macromolecule
(U), the gold nanocrystals (Au) and finally the buffer (Buf). The profiles are weighted, summed
(AB and U) and subtracted (A and B) to calculate the gold-gold scattering interference pattern
Igu-au- The resulting interference pattern were fitted using a maximum entropy algorithm to
obtain the final distance distributions as described previously [69, 82 [83]].

6.4.3 Preparation of Dye-labeled DNA for Single-Molecule FRET

Single stranded DNA-dye conjugates were prepared as described previously [171]. Briefly,
ssDNA with 3> Amino modifier, 3’ biotin modification and unmodified oligonucleotides were
orderer from IDT. The sequences and modifications for all oligonucleotides are presented in
Tables[6.1and [6.2] For dye labeling the residual primary amines were removed using ethanol
precipitation. After precipitation the DNA was resuspended in a 100 mM phosphate buffer,
pH 8.7. As FRET pair Cy3B and Cy5 was chosen. Both NHS ester fluorophores were separately
suspended in 3.5 uL. DMSO and immediately afterwards 1 pL of dissolved dye was added to
the corresponding aqueous oligonucleotide solution (strands H and R). The mixtures were
incubated at 37 °C for 1 h and both excess dye and unreacted ssDNA were removed using
polyacrylamide gel electrophoresis. Purified ssDNA-dye conjugates were extracted from the
gel using squeeze and freeze and finally sample concentration was checked using a NanoDrop
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device. Furthermore, 3’ biotin modified oligonucleotides and unmodified ssDNA were purified
using a Dionex DNAPac 200 column with a salt gradient ranging from low salt (10 mM NaCl and
20 mM sodium borate, pH 7.8) up to high salt (1.5 M NaCl and 20 mM sodium borate, pH 7.8). To
assemble the full Holliday junction construct, all four complementary DNA strands (B, H, R and
X) were mixed in an equimolar ratio and additionally a solution containing 10 mM Tris-HCI,
1 mM EDTA, 10 mM MgCl,, pH 8.0 was added. After mixing, the solution was heated to 65 °C
for 2 min followed by 39 °C for 10 min. Finally, the construct was purified using ion exchange
chromatography (Dionex DNAPac 200 column) and the concentration was determined using
UV-absorbance at 260 nm.

6.4.4 Single-Molecule FRET Measurements and Data Processing

Single-molecule FRET measurements were performed using a custom-built optical micro-
scope setup and a widely used preparation protocol [172]. Flow channels for experiments
were prepared as following. Firstly, channels were filled with buffer containing 10 mM or
150 uM MgCl, respectively supplemented with 30 mM Tris-HCI at pH 7.4. Secondly, 12 puL of
a 1 mg/ml Biotin-bovine serum albumin (BSA) solution was added and incubated for 4 min.
Thirdly, the cell was washed with a buffer containing the specified salt condition. Moreover,
the coverslip was coated with streptavidin such that a final density of ~1 molecule/5 um? was
achieved. The streptatvidin mixture was incubated for 4 min. After incubation, the channel
was washed with buffer containing the specified salt concentration again. Next, 2 pM of
biotinylated Holliday junction sample was added and immobilized during the incubation for
4 min. Afterwards, unbound molecules were washed off with 20 volumes of buffer containing
the specified salt condition. Finally, the channel was flushed with 2 volumes imaging buffer.
Imaging buffers included the specified concentration of salt and in addition a standard oxygen
scavenging system to slow down photobleaching including 2 mM protocatechuic acid (PCA),
0.001 units/pL protocatechuate-3,4-dioxygenase (PCD) and 1 mM Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid). Data were recorded with 306 frames per second and
obtained traces were analyzed using the SMART software package [173]].
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6.5 Supplementary Material

6.5.1 Supplementary Figures
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Figure 6.6: Distribution of dwell times in the low (a) and high (b) FRET states. Exponential fits are shown (red
dashed lines) along with the fitted single-exponential rate constants.
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Figure 6.7: Cumulative FRET distributions. Distribution was fitted to a sum of two Gaussians (blue dashed line).
The observed equilibrium constant from cumulative data was determined from the ratio of area under the high
(red) and low (yellow) FRET components of the distribution.
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6.5.2 Supplementary Tables

DNA Strand | Sequence

H 5" — CCCTAGCAAGGGGCTGCTACGG
R 5" — CCGTAGCAGCCTGAGCGGTGGG
X 5" - CCCACCGCTCAACTCAACTGGG
B 5" - CCCAGTTGAGTCCTTGCTAGGG

Table 6.1: Unmodified DNA sequences used to assemble the Holliday junction.

DNA Strand | Sequence

H-thiol 5~CCCTAGCAAGGGGCTGCTACGG - thiol
R-thiol 5'-CCGTAGCAGCCTGAGCGGTGGG - thiol
X-thiol 5'-CCCACCGCTCAACTCAACTGGG - thiol
B-thiol 5 -CCCAGTTGAGTCCTTGCTAGGG - thiol
H-Cy3b 5'-CCCTAGCAAGGGGCTGCTACGG -
R-Cy5 5-CCGTAGCAGCCTGAGCGGTGGG - Cy5
X-biotin 5-CCCACCGCTCAACTCAACTGGG - biotin

Table 6.2: Modified DNA sequences used to assemble the Holliday junction.



Gold Nanocrystal Labels Provide a
Sequence-to-3D Structure Map in SAXS
Reconstructions|

Summary

Small-angle X-ray scattering (SAXS) is a powerful technique to probe the structure of biological
macromolecules and their complexes under virtually arbitrary solution conditions, without the
need for crystallization. While it is possible to reconstruct molecular shapes from SAXS data ab
initio, the resulting electron density maps have a resolution of ~1 nm and are often insufficient
to reliably assign secondary structure elements or domains. We show that SAXS data of
gold-labeled samples significantly enhance the information content of SAXS measurements,
allowing the unambiguous assignment of macromolecular sequence motifs to specific locations
within a SAXS structure. We first demonstrate our approach for site-specifically internally and
end-labeled DNA and an RNA motif. In addition, we present a protocol for highly uniform and
site-specific labeling of proteins with small (~1.4 nm diameter) gold particles and apply our
method to the signaling protein calmodulin. In all cases, the position of the small gold probes
can be reliably identified in low-resolution electron density maps. Enhancing low-resolution
measurements by site-selective gold labeling provides an attractive approach to aid modeling
of a large range of macromolecular systems.

7.1 Introduction

Small-angle X-ray scattering (SAXS) is a powerful technique to probe the structure, dynamics,
and conformational transitions of biological macromolecules and their complexes in free
solution [[13} 43} 66]]. In a typical SAXS experiment, macromolecules in solution are exposed to

This Chapter is based on a manuscript by Zettl et al. [3] submitted to Science Advances and is currently in
press. I performed experiments, analyzed the data, implemented the label assignment method and contributed to
writing the manuscript with help of the other authors.
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an X-ray beam and the scattered photons are detected and analyzed (Fig. [7.1h). An important
advantage of SAXS is that it does not require crystallization of the sample. It can probe
macromolecules under a range of solution conditions, from (near) physiological to highly
denaturing. This enables, for example, the detection of conformational changes as a function of
pH, temperature, salt, or ligand concentration. The fact that SAXS is a solution technique has
the disadvantage, however, that information is lost due to rotational averaging and that it does
not provide the atomic resolution achieved by crystallography, nuclear magnetic resonance
spectroscopy, and cryo-electron microscopy (cryo-EM).

Undulator

CCD detector

Monochromator
and X-ray optics

b
HPOQEY= © + HOGUx @ + :@&W‘Gﬁ
n sm(2nrs2 sin(2nrs)
[(S) :f,‘i,(s) + ;12-&11(5)-fm0/ 27'[]"S ; Z ‘f2 27'57"5'

C

l.,(s) unlabeled I Low resolution
sample reconstruction

!

Compute trial
positions

I

e S) 1aDElEd | Find best fitting trial g
o gample position

Figure 7.1: Schematic of SAXS measurements and workflow to determine gold label positions in macromolecular
reconstructions. (a) Schematic of SAXS measurements. The incident synchrotron-generated X-ray beam (red
line) is shown with X-ray optics. Single gold-labeled macromolecules are placed into the X-ray beam in a sample
cell. The direct beam is blocked by a beam stop and scattered photons are detected using a CCD detector.
(b) Scattering intensity equation for a single labeled molecule. The scattering signal can be decomposed into
a sum of the individual scattering contributions: the gold label scattering, the gold-macromolecule cross-term,
and the scattering from the macromolecule only. (c) Schematic of the workflow to determine the positions of
gold-labels relative to low-resolution 3D reconstructions of unlabeled macromolecules. The SAXS profile of the
unlabeled sample is used in ab initio reconstruction of a low-resolution model consisting of dummy residues or
beads. Sterically allowed gold label trial positions are computed in the bead model. Experimental data from the
gold labeled sample is compared to the computed scattering profile for each of the trial positions and the best
fitting positions are identified.

Despite the comparatively limited information content, it is possible to reconstruct low-
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resolution 3D electron density maps from SAXS data. Algorithms for ab initio reconstruction of
low-resolution 3D structures from 1D SAXS data [14-16] have sparked an explosive growth of
the use of SAXS to probe and model the structure of biological macromolecules and their com-
plexes. The underlying principle of the reconstruction algorithms is to represent the molecule
of interest as a collection of beads or “dummy residues" and to optimize the bead positions to
best fit the experimental scattering profiles. The results are low (~1 nm) resolution 3D electron
density maps of the samples [15} 16} 22} [174]]. Unfortunately, assignment of particular domains
in high-resolution protein and RNA structures to positions in a low-resolution SAXS map
is often difficult, and typically requires additional information [175H181]]. Fundamentally, a
SAXS measurement provides information about the distribution of pairwise distances within a
structure, but taken in isolation, does not reveal the specific identities of the atoms or residues
that contributed to the distribution.

Recently, SAXS and anomalous SAXS (ASAXS) measurements on molecules modified by
two gold nanocrystal probes have been used to measure highly accurate distance distributions
between the probes [12,41}169] 82, 105107, [138]]. While these approaches were able to determine
the spacing of the two gold-labels very precisely, a general method to relate the label position or
distances to ab initio generated low-resolution maps is currently lacking. Here we demonstrate
that single gold nanocrystal labels attached to specific residues of biological macromolecules
can serve as fiducial markers, to provide a map from the primary sequence (and therefore
domain structure) to the low-resolution 3D electron density map computed from SAXS data.
We show that our approach is broadly applicable by evaluating its performance on gold-labeled
DNA and RNA constructs with known structures, using a range of previously described labeling
strategie [69] 105, [107]]. In addition, we extend its application to gold-labeled proteins using
a novel labeling approach. Our results suggest that the positions of the gold-labels can be
assigned in the low-resolution map with near base-pair (bp) resolution (down to ~2 A) and
enable the assignment of protein or nucleic acid sub-domains.

7.2 Results

According to the Debye formula [66] the scattering intensity from a collection of N scatterers
is given by:

N sin(2 -7 -s-ry)
16)= ), ) Fi9) - £i6) (7.)

2-m-S -rU

i=1 j=1

were f; and f; denote the individual scattering factors of scatterers i and j, s is the magnitude
of the momentum transfer (with s = 2 sin(6)/A, where 2 - 0 is the total scattering angle and A
the X-ray wavelength) and r;; the distance between the i and j* scatterer. For a gold-labeled
macromolecule, the scattering profile I(s) contains contributions from the gold nanocrystal label,
from pairs of scatterers in the macromolecule, and from pairs consisting of one macromolecular
scatterer and the gold label (Fig. [7.1b). Therefore, the overall scattering profile depends on the
position of the gold probes relative to the macromolecule (Fig. [7.1p).

An overview of our approach is as follows: We directly measure the scattering profiles of
the bare gold probes I4,(s), the unlabeled macromolecule I,,,;(s), and the macromolecule with
a single attached gold probe I; (s). We compute the profile for cross-scattering between the



100 7. Gold Nanocrystal Labels Provide a Sequence-to-3D Structure Map

gold probe and the macromolecule, I4,_m(s), by subtracting the gold probe profile and the
unlabeled macromolecule profile from the profile of the singly labeled macromolecule, after
normalization. The scattering profile of the unlabeled macromolecule was used to generate an
ab initio low-resolution 3D electron density map. The low-resolution bead model was then
used to generate a set of sterically allowed trial gold positions. The experimentally measured
cross-scattering term, Ia,—moi(s), was then compared to the predicted cross-scattering terms
for each of the trial gold label positions. The trial position that gives the best fit was identified
as the most likely gold-label placement. A schematic of our workflow is presented in Fig. [7.1k.

We employed 7 A radius thioglucose-passivated gold nanocrystals synthesized by the
Brust method (see Methods|7.4] as fiducial markers attached to a range of different biological
macromolecules. As test samples, we used i) double-stranded DNA (dsDNA) molecules ranging
from 10 to 35 bp length labeled at their ends; ii) dSDNA molecules of a fixed length of 26 bp
internally labeled at various positions; iii) kinked-turn RNA constructs, labeled at two respective
ends of the RNA motif; and iv) the signaling protein calmodulin labeled at two different
positions, corresponding to the two lobes of its known structure (see Materials and Methods
for details of the sample preparation and labeling procedures[7.4). SAXS data were record at
beamline 12-ID of the Advanced Photon Source (APS) and at beamline 4-2 of the Stanford
Synchrotron Radiation Lightsource (SSRL) (Fig. and Methods|7.4). Since matched sample
concentrations are needed in the analysis but challenging to achieve experimentally [69],
intensity profiles were corrected computationally (see Methods[7.4). In a first step, I (s) was
normalized by matching its tail to the tail of Ls,(s) at s > 0.04 A" (see Methods for details [7.4),
where the scattering is dominated by the gold probe (compare Fig. and b, yellow lines and
red lines). In a second step, Guinier analysis was applied to estimate the forward scattering
intensity for all scattering profiles (Fig. and b) and used to normalize the molecule only
scattering profile I, (s).

Next, we analyzed the gold-only scattering I4, by decomposing the experimental scattering
signal into a linear combination of basis profiles for spherical scatterers [69] (Fig. [7.7). Non-
negative least square fits showed excellent agreement with the experimental data (Fig.
and suggested a narrow size distribution of the employed gold nanocrystals. The fitted repre-
sentation of the gold scattering was used subsequently as the form factor fy,(s) for the gold
particles in evaluation of the Debye formula Eq.

We built ab initio low-resolution models of the macromolecules under study using the
scattering data from the unlabeled macromolecules using established procedures (Methods [7.4).
The low-resolution reconstructed electron density maps show good agreement with the high-
resolution structures for all measured DNA constructs assuming standard B-form DNA helix
geometries [58] (Figs. 7.2k, [7.4p), the RNA kink-turn motif [107, 168} [182] (Fig. [7.5b), and the
calcium-bound holo-conformation of calmodulin [73,[183] (Fig. [7.2d).

To determine the gold label position, we created gold marker trial positions by randomly
generating ~100 positions on an 11 A radius sphere (corresponding to the extension of the 7 A
radius gold particle and the ~4 A linker) around each bead in the low-resolution reconstruction
(see Methods [6.4). Subsequently, positions that result in steric clashes were eliminated. The
sterically allowed trial positions (typically ~1000-25,000 for the structures investigated here)
enveloped the entire reconstructed low-resolution maps (Fig. and f). We then computed
the total scattering intensity for every gold-label trial position by adding the gold label and
unlabeled macromolecule scattering terms to the calculated scattering cross-term between the



7.2 Results 101

a ' — b F ' '
= ©Gold labeled DNA] 5 | 0 G0ld labeled
:':é; | Gold only § Gold only
4 oDNA only T o Calmodulin only
27 1 2
L { 8f-o, 7
> ZE
(7) T a
c [
. 1 2
£ ]l £
0 0
Cc

«Q
=

Intensity (arb. units)
Intensity (arb. units)

0 002 004 006 008 01 O 0.02 004 0.06 0.08 0.1
s (A7) s (A7)

Figure 7.2: SAXS shape reconstruction, trial gold label positions, and computed scattering intensity profiles. (a),
(b) SAXS profiles and Guinier fits for representative samples (20 bp end-labeled DNA in panel (a) and calmodulin
labeled at position N111C in panel (b). Experimental SAXS profiles are shown as circles. Guinier fits to determine
1(0) are shown as solid lines. (c), (d) 3-D reconstructions of 20 bp DNA in (c) and calmodulin in (d). The known
high-resolution structures are superimposed [[73]. (e), (f) Trial gold label positions (blue spheres) calculated
around the envelope of the 3-D reconstruction for the 20 bp DNA (e) and calmodulin (f). (g), (h) Calculated total
intensity profiles for a reduced set of trial gold label positions for 20 bp DNA (g) and calmodulin (h). All trial
profiles were ordered from the best to the worst fitting and every 20 curve is shown for clarity, resulting in 91
traces for 20 bp DNA (g) and 1200 traces for calmodulin (h).
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gold marker and macromolecule. We found that different trial positions resulted in significantly
different calculated scattering intensities I;o;4;(s), with the resulting profiles depending on the
relative label-molecule placement (Fig. and h), suggesting that the scattering profiles
of the gold-labeled macromolecules contain the desired information about the relative gold
probe-macromolecule arrangement. To determine the best trial position, we evaluated the
normalized square difference between the computed profiles and the experimental scattering
profile of the labeled macromolecules (Eq. [7.13]in Methods([7.4). The trial positions were ordered
from the best to worst fitting. We associated the best fitting trial position with the most likely
gold marker placement.

7.2.1 End-labeled dsDNA constructs
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Figure 7.3: Determination of gold-label positions for end-labeled DNA. (a) Secondary structure of the 35 bp DNA
duplex and the gold label position indicated on the 3’ end of the upper strand. (b) Mapping gold label positions
to 3D reconstructions using SAXS data for end-labeled DNA. Left column: Schematic representations of the 10,
15, 20, 25, 30, 35 bp DNA constructs end labeled with gold nanocrystals used in the study. Middle and right
columns: Side (middle) and front (right) views of the 3D reconstructions of the unlabeled samples (shown as grey
spheres) and mapped positions of the gold labels (blue to red spheres; blue spheres correspond to the best fit). The
placement of the gold labels at the end and off center is well reproduced.



7.2 Results 103

We first applied our procedure to determine the gold-label positions to end-labeled dsDNA
molecules ranging from 10 bp up to 35 bp (Table [7.1). The low-resolution reconstructed
structures exhibited cylindrical shapes with a width and length as expected for our different
DNA constructs (Fig. [7.3b). The calculated profiles for the gold form factor model, the 3D
bead reconstruction, and the best fitting trial position showed excellent agreement with the
experimental data for the gold nanocrystals, the unlabeled DNA molecules, and the labeled
molecules, respectively (Fig. [7.8).

All trial gold label positions were ordered from best to worst fitting for each DNA length.
For visualization, the best 100 positions (out of 1055 to 2521 total) are shown, with the top 10
positions colored from blue to white and the next 90 positions colored from white to red. The
best fitting positions were located at the ends of the reconstructed cylindrical density maps for
all investigated DNA lengths and off the cylindrical axis (Fig. [7.3p), as expected for the end-
labeled constructs with a linker that positions the gold nanocrystal label off-axis [2,[82]]. The
DNA constructs are almost symmetric under both rotation along the helix axis and exchange
of the ends. These symmetries are visible in the reconstructed label positions: at each end, the
best fitting positions resulted in a doughnut-like shape (Fig. [7.3p, right panel). In addition, we
observed well-fitting gold label positions at both ends of the reconstructed cylindrical shapes.

Since the scattering contribution (in particular the forward scattering) increases approxi-
mately quadratically with molecular mass [43] 66], the contribution of the DNA relative to
the (fixed-size) gold label increases with increasing DNA length for the gold-labeled DNA
constructs (Fig. compare the square and circle data points). The larger relative signal from
the DNA appears to enhance the positioning accuracy in our gold-label assignment procedure,
as evidenced by a reduced scatter and stronger clustering of the best fitting trial positions for
the longer DNA constructs (Fig. [7.3p). In summary, the data for end-labeled DNA construct
demonstrate that it is possible to reliably assign the label positions to the end of the helix and
off-axis for all investigated DNA lengths.

7.2.2 Internally labeled dsDNA

To test our method for labels attached in the interior of a nucleic acid sequence, we used dsDNA-
gold constructs with a fixed length of 26 bp and varying internal label positions (Fig. [7.4p,
Table[7.2). Again, the different calculated profiles gave excellent fits to the experimental
scattering profiles of the single-labeled DNA, the unlabeled DNA, and the gold nanocrystals
(Fig. [7.9). The data clearly indicate that distinct label positions yield different cross-scattering
terms (Fig. red lines) and thus can be distinguished. All trial label positions were again
ordered from best to worst fitting and the best fitting positions for each of the internal label
placements are shown in Fig. [7.4p. The nomenclature for the internal label positions is based
on the distance of the labeled base position (in bases) and the DNA strand (strand A or B,
Table [7.2), counting from the 5” ends. For example, A4 (Fig. [7.4p, purple sphere) carries a label
on the 4 base from the 5’-end of DNA strand A and B11 (Fig. , blue sphere) on the 11t
base of DNA strand B. For example, as expected the A4 (Fig. [7.4b, purple sphere) label position
is located near the end of the reconstructed DNA molecule (Fig. [7.4p, grey envelope), whereas
the B11 (Fig. [7.4b, blue sphere) position was determined to be almost at the midpoint of the
duplex.
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Figure 7.4: Determination of gold-label positions for internally labeled DNA. (a) Secondary structure of the 26 bp
DNA duplex. Colored letters indicate bases used for internal labeling. The same color code is used in (b) and
(c). (b) Low-resolution shape reconstructions of the unlabeled DNA (grey) superimposed on a high-resolution
structure. The best fitting label positions for the six different internal gold-label positions are shown as colored
spheres. (c) Distance to the center of the DNA computed as the mean and standard deviation of the best 50
reconstructed and filtered label positions for each attachment point as a function of the distance of the labeled base
from the center of the helix (converted using a helical rise per base of 3.3 A). The dashed line indicates
45°. The RMSD between computed and expected positions is 2.1 A.
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We computed the mean and standard deviation of the distance from the center of the
reconstructed shape along the helical axis (indicated by the arrows in Fig. [7.4p) for the 50 best
fitting positions for all six internally labeled constructs. We note, that similar to the end-labeled
DNA constructs discussed in the previous section, the very high degree of symmetry of the
bare DNA duplex does not allow us to uniquely assign the ends. We can, however, determine
the distance from the center of the duplex with high accuracy for each of the label positions:
the reconstructed label positions are compared to the distance from the center that is expected
from the DNA structure taking into account that the label position is shifted by slightly less
than one base in the 3’-direction due to the orientation of the attachment to the DNA [105]
(Fig.[7.4b). Overall, we find excellent agreement between the computed and expected label
positions (the root-mean-square deviation is RMSD = 2.1 A and the reduced y? = 1.7; Fig. )
Label positions A8 and B17 are expected to have almost identical distances to the center, which
is well reproduced by the best fitting trial positions (Fig. [7.4). We can reliably distinguish the
position of labels separated by only 1-2 base pairs (Fig. [7.4c), corresponding to a distance of
~3-5 A. The average deviation between measured and expected positions is 0.6 bp or 1.9 A.
Taken together, our results suggest that our procedure to assign the position of gold-labels
can achieve a few Angstrém resolution, close to the resolution achieved in X-ray scattering
interferometry measurements with two gold-labels [22 169, 105-108] and better than the ~10 A
resolution for standard SAXS measurements.

7.2.3 RNA kink-turn motif

Having demonstrated applicability of our method to DNA, we next tested it on gold-labeled
RNA constructs. We used a RNA kink-turn motif (Table that was modified with gold
nanoparticles at the 3’ end positions [83][107] (Fig. [7.5k). RNA kink-turn motifs are commonly
found in functional RNA’s, including the ribosome. They consist of a three-nucleotide bulge
flanked by a GA/AG tandem base pair, which stabilizes a kink of more than 90 degrees in the
flanking helices [107,[168] [182]]. Again, ab initio shape reconstruction was used first to compute
a low-resolution electron density map, which showed good agreement with a high-resolution
model [107] (Fig. [7.5b). The experimentally recorded and reconstructed profiles were again in
excellent agreement for the best fitting trial positions at both probe locations (Fig. [7.10). The
trial positions were filtered (see Methods and the final calculated probe positions for the
two gold labels were located on opposite sides of the RNA kink-turn motif (Fig. [7.5p, c). The
computed gold label positions (Fig. [7.5b, blue and red spheres) show excellent agreement with
the positions of the probe-modified bases in the high-resolution model. For further analysis
and quantification, the low-resolution density map and the calculated trial points were aligned
(Fig. [7.5p). The positions of the trial points along the x-axis was defined as in Fig. [7.5, and their
distances from the geometrical center of the reconstructed shape were calculated (Fig. and
¢, grey shape). We note that the RNA kink-turn motif in our study is almost symmetric, having
12 nucleotide pairs in the “arms” on either side of the 3-nt (nucleotide) central kink-turn bulge.
The only difference between the two arms is that one side is fully base-paired whereas the
other side has a three-base mismatch next to the central bulge (Fig. [7.5d, Table [7.3). The clear
separation of the fitted label position for the labels at the two distinct termini demonstrates that
specific nucleotide sequences can be unambiguously located in low-resolution reconstructed
density maps, even for relatively minor differences in the structures.
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Figure 7.5: Gold-label positions for an RNA kink-turn motif. (a) Secondary structure of the RNA kink-turn and
the two labeling position at the 3" ends for the individual constructs. The 3-nt kink-turn bulge is displayed with a
small vertical offset and the 3-base mismatch region is shown in orange. (b) Shape reconstruction of the unlabeled
RNA kink-turn (light grey shape) superimposed with the high-resolution structure [107]. (¢) Low-resolution
model (grey spheres) and best fitting gold nanocrystal positions (blue and red spheres) after filtering. (d) Scatter
plot of filtered gold label positions. The X-axis value of the fitted label positions is plotted vs. the overall distance
to the geometrical center of the low-resolution shape reconstruction.
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7.2.4 Gold-labeled calmodulin constructs

Having demonstrated our method for a range of DNA and RNA constructs that relied on proven
labeling chemistries, we next developed a protocol to attach the same gold nanocrystal labels to
proteins. The ability to label proteins extends our approach to the third major class of biological
macromolecules. We employed two different mutants of the calcium-binding messenger protein
calmodulin that carry single cysteine mutations at selected positions (R37C and N111C, see
Methods|[7.4) as a model system. We took advantage of the thiol side chain of cysteine to couple
gold nanocrystals directly to the selected positions of the protein [111-113]]. We focused on
the calcium bound state, i.e. the holo conformation of calmodulin, which features two roughly
globular and distinct lobes [73].

While calmodulin is well known to undergo large conformational changes upon Ca**
binding or interactions with other binding partners, under the conditions of our experiment
(>5 mM Ca?*; measurement with 5 and 10 mM Ca?* give identical results, within error; Fig.
) calmodulin has two rigid globular Ca?*-binding domains connected by an a-helical linker
region that provides interdomain flexibility [184-190]. The assumption of an overall folded
protein with two lobes that are connected by a linker region with some flexibility is supported
by several lines of evidence: i) the Kratky representation [s? - I(s) vs. s] of the scattering data
is indicative of a folded protein (Fig. [7.11p); ii) the histogram of pairwise distance P(r) is
consistent with the typical bend dumbbell shape of calmodulin in the presence of Ca?* (Fig.
[7.12f) [190H192]); iii) our experimental SAXS profiles agree reasonably well with the predicted
profile [193] from an available crystal structure of Ca?*-bound calmodulin (Fig. ), in line
with previous SAXS work [[192], but the shoulder at s ~0.025 A™! is less pronounced in the
experimental data, indicating a smaller separation between the two domains than in the crystal
structure; and iv) multiple ab initio reconstruction runs converged on onto a single structure as
indicated by pair-wise normalized spatial discrepancy values of 0.5, in good agreement
with previous SAXS work that has modeled calmodulin with a single conformation under
similar experimental conditions [192].

Figure 7.6: Gold-label position reconstructions for labeled calmodulin constructs. (a) Crystal structure of
Ca?*-bound calmodulin with mutated amino acid positions indicated by colored spheres (R37 blue and N111
red). (b) View of the 3D reconstructions of the unlabeled protein (shown as brown spheres) and mapped positions
of the gold labels at R37C (blue) and N111C (red) as colored spheres for the filtered final label positions. The
placement of the gold labels at the designated positions is well reproduced.

The two mutants were chosen such that the cysteines are positioned at the surface of
the two different lobes and placed to avoid steric clashes of the gold labels with the protein.
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Labeling of similar calmodulin constructs with cyanine dyes [[194] or large gold nanoparticles
(~40-60 nm diameter via a biotin-streptavidin linkage) [195] left them fully functional. In
addition, attachment of ~1.5 nm gold nanoparticles coated with uncharged ligands, similar to
the particles used in this work, directly to cysteine residues of cytochrome c did not perturb
the structure of the folded protein [111]].

For data analysis and gold marker position reconstruction of the labeled calmodulin data,
we used the same procedure as for the labeled nucleic acid constructs. For each construct, the
best fitting trial positions were calculated and sorted according to the quality of fit. The best
trial positions were filtered as described in Methods (7.4). The reconstructed intensity profiles
show very good agreement with the experimentally measured profiles (Fig. [7.13). The best
fitting trial positions after filtering for the R37C (Fig. [7.6h, green spheres) and N111C constructs
(Fig. [7.6k, red spheres) match the positions of these amino acids in the high-resolution structures
(Fig. [7.6h, b). The Ca**-bound calmodulin has two approximately symmetric helix-loop-helix
domains separated by linker [[73])); the clear separation of the reconstructed gold-label positions
suggests that our method can assign the accurate positions of both labels despite the flexibility
of the central linker and, therefore, distinguish domains with even relatively small differences
in structure.

7.3 Discussion

We have used SAXS measurements to determine gold nanocrystals label positions relative
to low-resolution electron density maps computed from SAXS data for a range of biological
macromolecules, including 10-35 bp long end-labeled dsDNA, internally labeled dsDNA, an
RNA kink-turn motif, and calmodulin as a protein model system. Combined, our results show
that our method is broadly applicable to all major classes of biological macromolecules and
that by using small (~7 A radius, ~80 gold atoms) gold nanocrystals as fiducial markers, the
position of gold probes and the corresponding labeled residues can be accurately located in
low-resolution reconstructions. Determining the 3D position of specific labeled residues allows
the sequence of the macromolecule to be placed within the macromolecular shape. The gold
labeling approach clearly distinguishes different domains and secondary structure elements.

Our work opens up several exciting possibilities and future directions. The demonstrated
ability to site-specifically label proteins with small gold nanocrystals creates the possibility to
extend X-ray scattering interferometry gold-gold distance measurements by SAXS [69, 82, [83]]
or ASAXS [2] to proteins and analysis of the structural arrangement of protein-nucleic acid
complexes. Application of our reconstruction method to doubly gold-labeled macromolecules
could provide additional information, in particular to resolve ambiguities in the relative place-
ments of residues, for example in reconstructions that have internal symmetry. Our current
protocol assumes that the macromolecule of interest adopts a well-defined structure or at least
one dominant conformation in solution. It might be possible to relax this assumption in the
future, since SAXS is capable, in principle, to probe conformational ensembles [196H198]]. While
it has been shown that labeling with small gold nanoparticles with uncharged ligands tends
to maintain the structure of protein and nucleic acids, for macromolecules or complexes of
unknown structure, in general, testing the functionality and structural integrity of the labeled
constructs will be important.

While this proof-of-concept study uses gold nanoparticles as labels, we expect our method
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to be equally applicable to other labels, such as silver and platinum nanoparticles, which could
provide equally attractive and orthogonal labeling options and might permit simultaneous
measurements of several marker positions using ASAXS. Finally, we envision that our general
approach will not be limited to SAXS. Zhang and coworkers recently demonstrated that gold
labels can be used to obtain structural and dynamical information for labeled DNA duplexes in
cryo-EM measurements [199]. In conclusion, nanometer sized metal probes provide a powerful
new approach to determining precise residue positions in biological macromolecule. We
anticipate that this approach will provide new and quantitative insights into macromolecular
structure, dynamics, and interactions.

7.4 Materials and Methods

7.4.1 Gold nanoparticle preparation

Water-soluble gold nanocrystals were synthesized and purified as described previously [69, 82,
83]]. The resulting gold nanocrystals are passivated with a 1-thio-f-D-glucose ligand shell to
stabilize the gold nanoparticles and to achieve a highly monodisperse size distribution [200]

(Fig.[7.7).

7.4.2 Preparation of gold-labeled DNA and RNA samples

All DNA/RNA sequences used in this study are given in Tables 1-3 of the Supporting Material
(Tables and[7.3). The DNA and RNA oligonucleotides for gold-labeling at the ends were
prepared on an automated ABI 394 DNA synthesizer (Applied Biosystems) and thiols were
incorporated using a C3-thiol-modifier (Glen Research, part # 20-2933-41) on the 3’-end of the
single-stranded DNA or RNA. Oligonucleotides were purified using ion-exchange high-pressure
liquid chromatography (HPLC) followed by reversed-phase HPLC. The coupling of the gold
nanoparticles to the and 3’ ends of DNA was as described by Mathew-Fenn et al. [69,82] and
the protocol for gold-labeling RNA constructs was carried out as described by Shi et al. [108]].
Briefly, a fivefold excess of gold nanocrystals was mixed with the thiol-modified single-stranded
DNA or RNA molecules in a buffer solution at a pH of 9.0. After two hours, uncoupled gold
nanoparticles or gold nanocrystals conjugated with multiple ssDNA strands were removed by
ion-exchange HPLC and the product was stored at —20°C. A NanoDrop ND-1000 (NanoDrop
Technologies) was used to determine final sample concentrations by quantifying the absorbance
at 260 nm and 360 nm. The single stranded DNA oligonucleotides were annealed with their
complementary strands at room temperature for 30 min whereas RNA oligonucleotides were
annealed at 40°C for 30 min.

The procedure for preparing the internally labeled DNA constructs was as described [105]].
The oligonucleotides (Table[7.2) with internal amino-modified thymine (Amino-Modifier, C2 dT)
were prepared on an ABI 394 DNA synthesizer (Glen Research, part # 20-2933-41) and reacted
with a solution containing 1 mg SPDP [succinimidyl 3-(2-pyridyldithio)propionate] per 10 pL
DMSO and the disulfide bridge was cleaved using a 200 mM DTT, 50 mM Tris-HCI, pH 9.0
solution afterwards. Finally, complementary DNA strands were hybridized and purified by
anion exchange HPLC to obtain pure single labeled samples.
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7.4.3 Preparation of gold-labeled protein samples

We used calmodulin as a protein model system. Calmodulin is a well-characterized and stable
protein with a known crystal structure; in addition, it has the advantage that the wild type
is naturally cysteine-free. Calmodulin was expressed and labeled with gold nanocrystals as
follows: A single cysteine was introduced in sea urchin calmodulin by means of the mutations
R37C or N111C. This calmodulin was expressed in Escherichia coli and purified as described
by Gopalakrishna and Anderson [201]]. The calmodulin [800 uM in 50 mM Tris-HCI, pH 7.4,
1 mM DTT] was incubated in 150 pL of 10 mM DTT, 50 mM Tris-HCI, pH 9.0. Excess DTT
was removed by fast-flow G25-sepharose spin filtration (GE Healthcare) and immediately after
purification a 5-to-1 ratio of purified and desalted Au nanocrystals to protein and 20 pL of
1 M Tris-HCL, pH 9.0 was added to the solution and incubated for 2 h at room temperature.
The reaction was stopped by adding 15 pL 2 M ammonium acetate solution, pH 5.6. Finally,
unreacted Au nanocrystals and unlabeled proteins were removed using the Superdex 75 gel
filtration column.

7.4.4 SAXS measurements

Small-angle X-ray scattering experiments were performed at the BESSRC-CAT beamline [202]]
12-ID of the Advanced Photon Source (APS; for end-labeled DNA and calmodulin) and at
beamline 4-2 of the Stanford Synchrotron Radiation Lightsource (SSRL; for end-labeled and
internally-labeled DNA and the RNA kink-turn). At beamline 12-ID, we employed an X-ray
energy of 12 keV, a sample detector distance of 1 m, and a custom-made sample cell [19]. For
calibration, a silver behenate standard was used to locate the beam center and calibrate the
scattering angle. An exposure time of 10 X 1 s and a CCD detector was used for data collection.
Data were reduced using the Goldcontrol software package. At SSRL an X-ray energy of 9 keV
and a sample-detector distance of 1.5 m or 11 keV and 1.1 m sample-detector distance was
chosen. Data was collected using a linear position sensitive proportional counter (LPSPC)
in ten one-minute exposures and a Mar CCD165 (MAR) in twenty fifteen-second exposures.
Data collected using the LPSPC detector was reduced with the OTOKO and SAPOKO software
packages and data collected using the MAR detector was reduced with the Blue Ice software
package and additional scripts provided at the beamline.

All SAXS measurements for DNA samples were performed in 70 mM Tris-HCI buffer,
pH 8.0, with 100 mM NaCl and 10 mM sodium ascorbate added. SAXS measurements for
RNA kink-turn samples were obtain in 70 mM Tris-HCI buffer, pH 7.4, with 60 mM NaCl,
10 mM MgCl,, and 10 mM sodium ascorbate added and measurement for calmodulin sam-
ples used 60 mM Tris-HCI buffer, pH 8.0, with 100 mM NaCl, 10 mM sodium ascorbate, and
5 mM CaCl, unless otherwise indicated. Samples were measured at room temperature in sam-
ple cells with a 2 mm path length and 25 pm mica windows [19]]. Buffer profiles were measured
before and after each sample using identical procedures and subtracted for background correc-
tion. Scattering curves containing dsSDNA were recorded at 50 uM and dsRNA at 30 pM sample
concentration whereas calmodulin data was obtained at 250 pM.
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7.4.5 SAXS data analysis

We employed SAXS3D [16] and DAMMIN [15} 21] to reconstruct the low-resolution bead
models from the scattering profiles of the unlabeled samples. In all cases, repeated DAMMIN
runs converged and yielded structures with pair-wise normalized spatial discrepancy [72]
values <1.0. Custom written MATLAB scripts were used to fit the intensity profile of the
unlabeled sample using the reconstructed bead model, the gold only scattering profile, and to
reconstruct the macromolecule-gold label interference term. These intensity patterns were
used to reconstruct position dependent scattering profiles of gold label-molecule constructs
as described below. In addition, radii of gyration and P(r) functions were computed for all

samples using PRIMUS [60]] and are presented in Table[7.4]and Fig.

7.4.6 Shape reconstruction of the unlabeled sample

Ab initio shape reconstructions are based on representing the structure in solution by a collec-
tion of beads or dummy residues using the Debye formula [16] or approximations to it [15, [66]].
The shape reconstruction algorithms use either simulated annealing (in the case of DAMMIN)
or a “give’'n’take" protocol (SAXS3D) to obtain the best fit to experimental data. In the recon-
structions, the beads are treated as point scatterers, such that all f; are identical and independent
of s. Therefore, the scattering profile from a particular bead model is given by:

model N X sin(2 -7 - s - ry)
I (s) =c1 - Z Z + ¢y (7.2)

p 275"

The scattering pattern computed from the Debye formula is adjusted using a multiplicative
constant ¢; and an additive constant c; to achieve the best fit to the experimental data I, (s).
Shape reconstructions for the 10-35 bp DNA constructs were performed using SAXS3D; control
calculations with DAMMIN gave similar results. The experimental scattering profiles of the
unlabeled samples were given as input. Reconstructions calculated on a 10 A lattice achieved
the most robust results for all six DNA lengths compared to smaller lattice spacing without
losing to much resolution and were finally exported as PDB-coordinate files. For the 26 bp
DNA, the RNA kink-turn, and calmodulin DAMMIN was used for reconstructions, with typical
dummy atom radii between 1.5 to 2 A.

7.4.7 Representation of the gold nanocrystal scattering

The gold nanocrystal labels employed in this study exhibit small polydispersity and their
scattering contribution has been previously shown to be well described as superposition of
spheres with different radii [69,82]]. The gold nanocrystal profile I, was fitted using a set of
basis functions and coefficients determined by a non-negative least squares fit using custom-
routines in MATLAB. The basis profiles I(s, R) were generated assuming spherical scatterers
with radii R ranging from 2 to 100 Angstrém:

sin(2-7-s-R)—2-m-s-R-cos(2-m-s-R)
(2-m-s-R)3?

I(s,R) = 3 - (7.3)
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A typical radius distribution is shown in Fig. We note that the atomic sub-structure of the
particles only affects scattering at much higher s-values than used in this study [203]].

7.4.8 Normalization of scattering profiles

Our analysis of the labeled samples requires appropriate normalization of the scattering in-
tensities for the labeled, unlabeled, and gold only samples. In principle, such normalization is
not necessary if all three samples are measured at identical (molar) concentrations. However,
in practice it is difficult to prepare different samples at precisely matched concentrations and
therefore the following normalization procedure was implemented. First, the intensity profile
of the gold nanocrystal labeled sample I1(s) was matched to the intensity profile of the gold
nanoclusters I4,(s) in such a way that the best overlap of both scattering profiles was achieved
for intensities at s > 0.04 A~! where the scattering of the labeled sample is dominated by the
gold nanocrystal (Fig. and b) [69] [82]. Second, Guinier analysis was carried out for all
three profiles to determine the forward scattering intensities 4,(0), I x(0) and I, (0) using
Primus [60], where I; n(s) denotes the gold labeled profile after the initial normalization to
the gold only profile. For the forward scattering intensity, i.e. for the limit s — 0, the Debye
formula simplifies to

1(0) = N*£;(0) - £;(0) = N* - f = A*(0) (7.4)

where we have assumed identical f; and defined the scattering amplitude A in the last step.

The scattering intensity of the labeled sample is the sum of the normalized scattering
intensity of the gold crystal, normalized unlabeled molecule, and the scattering cross term of
gold crystal and unlabeled molecule.

IL,N(O) = IAu(O) + Imol(o) + IAu—mol(O)
= Azz‘\u (0) + Afnol,l(o) + Azzﬁ\u—mol(o) (7-5)
= AIZAu (0) + Afnol,l(o) +2- AAu(O) ' Amol,l(o)

A2 1(0) + 2 Agy(0) - Apor,1(0) + A%, (0) — A7 (0) = 0 (7.6)

Using the Guinier extrapolated I4,(0) as Aiu(O) and I; y(0) as Ai’ ~(0) this quadratic equation

can be solved for A,,,;(0); the solution with the negative root for A,,,(0) value is neglected

since negative values for A,,,;(0) are non-physical in this context. Using the computed value

Aol from Eq. the scaling value cunlabeld was calculated as the ratio between the computed

Afm)l and the Guinier extrapolated I,,,,;(0) of the experimental data for the unlabeled sample to

scale the experimental profile of the unlabeled sample for the further analysis described below.
A o121 (0)

mol,1

Imol(o) (7‘7)

Cunlabeled =

I(S)mol,N = Cunlabeled * Imol(s) (7-8)
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7.4.9 Determination of the gold label position in the low-resolution
structure

Our method requires a set of trial gold label positions enveloping the low-resolution electron
density map and compares the scattering profile for placing the gold label at each individual trial
point to the experimental data for the gold-labeled macromolecule. In order to obtain a set of
possible gold label positions, 100 random coordinates on a sphere of 11 A radius (corresponding
to the 7 A gold nanocrystal radius and the approximately 4 A linker length [69, 82, 105} [139]
were generated around each dummy atom or bead in the reconstruction. Next, sterically
forbidden positions were eliminated from this set of trial gold positions, by discarding all trial
positions that were located within 7 A (the nanocrystal size) to any bead of the reconstructed
model. Control calculations with fewer or more trial positions per bead (Fig. suggest that
100 trial positions provide sufficient accuracy for the assignment of best label positions, while
being computationally efficient.

Next, theoretical scattering profiles for the labeled molecule with the gold label in each
of the trial gold positions are calculated. This computation can be carried out efficiently,
since the scattering cross-term caused by interference between the gold nanocrystal and the
macromolecule is the only term affected by the label position relative to the molecule. The
intensity of the cross term is calculated using the Debye formula (Eq. [7.1), including only gold-
molecules terms, i.e., the index i runs over all beads or point scatterers in the representation
of the macromolecule (see Equation and r; is the distance from bead i to the center of the
gold label:

sin(2-m-s-rp)

N
IAu—mol(s) = Z 2 Ay (3) * Amol (7-9)
i=1

2-mw-8-1;
The scattering amplitude A4, (s) is determined by taking the square root of the non-negative
least square fit to the experimental measure data of the gold nanocrystals.

Apu(s) = Vau(s) (7.10)

This procedure takes into account the angle dependency of the gold particle scattering. We note
that Equation neglects the imaginary part of the atomic form factors, i.e., of the anomalous
dispersion. However, contributions from the imaginary part of the dispersion are negligible
for our measurements, since we are sufficiently far (>80 eV) from the absorption edges of all
atomic species involved. Moreover, the molecular scattering amplitude A,,,;, approximated as
s-independent, is calculated via the following expression.

1/2
€1 -I,’,’l‘g,del(sl) T
mol = N2

(7.11)

The scaling values ¢; and c; are obtained from fitting the Debye formula (Equation[7.2). N
is given by the number of dummy atoms in the shape reconstruction and s; by the smallest
scattering angle s appearing in the interpolated experimental data.

After computing the cross-scattering term Ia,_,0 for every trial gold label position using
Egs.[7.9/to the cross-scattering intensity profiles are summed with the reconstructed gold
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label 14, and unlabeled molecule I,,,; scattering term in order to get a reconstructed scattering

profile of the labeled sample I, (Fig. )

Liotal = IAu(S) + Imol(s) + IAu—mol(s) (7-12)

To determine the most likely label position, we compare the computed scattering profiles for
the labeled molecule I, to the experimentally measured scattering profiles of the labeled
samples using a following criterion:

Zs [Cmin,l *Tiotal (s) + Cmin,2 — IL,N (s)] 2

S (s)

where I; v is the experimental measured (normalized) scattering profile of the gold labeled
sample and Ia,, Lo, and Ig,—me are the reconstructed scattering intensity profiles of the
gold nanocrystals, the unlabeled macromolecule, and the cross-scattering term, respectively.
The scaling parameters cpin1 and cpmin 2 Were determined for every trial position using the
fminsearch function in MATLAB to minimize T. Finally, all trial label positions were sorted by
their T scores from best to worst fitting.

T =

(7.13)

7.4.10 Filtering of gold label positions

For some of the samples, the best fitting gold-label positions were further processed using the
following clustering approach. First, we compute the mean (X.Y,Z)-position for the 10 best
fitting trial positions. Next, we evaluate the distance from the mean (X,Y,Z)-position and the
standard deviation in each Carthesian coordinate for the 100 best fitting trial positions. Points
are eliminated if their distance from the mean (X,Y,Z)-position is greater than one standard
deviation in any of the three coordinates. The remaining points are used for further analysis.
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7.5 Supplementary Materials

7.5.1 Supplementary Figures
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Figure 7.7: Radius distribution of gold nanocrystals. (Volume-weighted) radius distribution of a typical gold
nanocrystal batch determined from SAXS (see Methods|[7.4). The nanoparticles are monodisperse with a radius
centered at 6-7 A.
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Figure 7.8: SAXS scattering profiles of end-labeled DNA samples for label position reconstruction. The panels
show experimental and reconstructed data for (a) 10 bp, (b) 15 bp, (c) 20 bp, (d) 25 bp, (e) 30 bp and (f) 35 bp
DNA. Experimentally measured profiles of single labeled molecules (black triangles), gold nanocrystals in solution
(black circles), and unlabeled DNA molecules (black squares) are displayed in each panel. The number of s-bins
shown was reduced for clarity. Reconstructed profiles of single labeled DNA (green line), gold nanocrystals in
solution (yellow line), unlabeled DNA (blue line) and the cross-scattering term between gold nanocrystal and
molecule (red line) are shown in each panel. The intensity ratio at low s-values between unlabeled molecule and
gold nanocrystal is clearly decreasing with higher molecular mass of the molecule (from (a) to (f)).
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Figure 7.9: SAXS scattering profiles of the full set of DNA samples for internal label position reconstruction. The
panels show experimental and reconstructed data for (a) B11, (b) B17, (c) A8, (d) A19, (e) A21 and (f) A4 DNA
(see main text and Table[7.2). Experimentally measured profiles of single labeled molecules (black triangles),
gold nanocrystals in solution (black circles), and unlabeled DNA molecules (black squares) are displayed in each
panel. The number of s-bins shown was reduced for clarity. Reconstructed profiles of single labeled DNA (green
line), gold nanocrystals in solution (yellow line), unlabeled DNA (blue line) and the cross-scattering term between
gold nanocrystal and molecule (red line) are shown in each panel.
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Figure 7.10: SAXS scattering profiles of two end labeled RNA kink-turn motif samples. The shown panels
contain experimental and reconstructed data for (a) A-strand and (b) B-strand labeled constructs. Experimentally
measured profiles of single labeled molecules (black triangles), gold nanocrystals in solution (black circles), and
unlabeled DNA molecules (black squares) are displayed in each panel. The number of s-bins shown was reduced
for clarity. Reconstructed profiles of single labeled RNA (green line), gold nanocrystals in solution (yellow line),
unlabeled RNA (blue line) and the cross-scattering term between gold nanocrystal and molecule (red line) are
shown in each panel.
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Figure 7.11: SAXS data for unlabeled calmodulin. (a) Comparison of experimental scatter profiles for calmodulin
recorded in the presence of 5 mM CaCl, (blue) or 10 mM CaCl, (black). The inset shows the radii of gyration
R from different sets of experimental data in the presence of Ca®*. Data sets are: (A): This work, 5 mM CaCl,
(blue); (B): This work, 10 mM CaCl, (black); (C): Seaton et al. [184] (orange); (D): Kataoka et al. [191]] (magenta);
(E): Heidorn and Trewhella [190] (grey). Rg values and errors were calculated in this work via Guinier analysis
using Primus [60]. Errors for literature values were estimated calculating the standard deviation between values
given for Guinier analysis and extrapolation to zero concentration (orange, grey) or Guiner analysis and indirect
Fourier transformation (magenta). (b) Kratky plot of calmodulin scattering data recorded in the presence of
5 mM CaCl,. (c) Experimental scattering data of calmodulin (blue circles) and scattering profile predicted from a
crystal structure of a homologous (~90 % sequence identity) calmodulin using FoXS [193] (magenta line; PDB
code: 1EXR [73]).



7.5 Supplementary Materials

119

a 1.0f 2 b 1.0 : : —
» =10bp |
_ —_ ==15 bp
£20.8f {4 £0.8} =20 bp -
'c = =25 bp
=] =] =30 bp |
_9'0.6- - _E' 0.6 35bp
s s -
To0.4} {1 To04 -
o o | _
0.2 . 0.2+ .
0 0 1 1 1
0 120 0 330 100 120 140
r(A)
C1o0 1.0F T T T T | —
=B11
= B17
— = A8 i
@ 0.8 0.8 —A19
c A21
= Ad
o 0.6 0.6 g
P
8
S04 0.4
o
0.2

P(d) (arb. units)

A Label
=B Label
=Unlabeled /|

r (A)

P(d) (arb. units)

40 60 80
r(A)

Figure 7.12: Pair-distance distributions for all unlabeled and labeled samples. (a) Pair-distance distributions for
unlabeled DNA from 10 bp to 35 bp. (b) Pair-distance distributions for end-labeled DNA from 10 bp to 35 bp.
(c) Pair-distance distribution for unlabeled 26 bp DNA. (d) Pair-distance distributions for internal labeled 26 bp
DNA. (e) Pair-distance distributions for the unlabeled RNA kink-turn (blue), the labeled A strand (dark yellow)
and the labeled B strand (red). (f) Pair-distance distributions for the unlabeled wildtype of calmodulin (blue), the
N111C (dark yellow) labeled and R37C (red) labeled construct. The pair-distance distributions were calculated
using Primus [60] and normalized by dividing by the maximum value in the distribution.
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Figure 7.13: SAXS scattering profiles of two different labeled calmodulin samples. The panels show experimental
and reconstructed data for (a) N111C and (a) R37C. Experimentally measured profiles of single labeled molecules
(black triangles), gold nanocrystals in solution (black circles), and unlabeled DNA molecules (black squares) are
displayed in each panel. Measured data sets were reduced for clarity. Reconstructed profiles of single labeled
DNA (green line), gold nanocrystals in solution (yellow line), unlabeled DNA (blue line) and the cross-scattering
term between gold nanocrystal and molecule (red line) are shown in each panel.
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Figure 7.14: Spread of the best fitting position depending on the initial trial point density. Sets from 5 to
1000 initial trial points per bead in the reconstructed molecular density map were created for one exemplary
internally-labeled 26 bp DNA construct. The best fitting positions were calculated and the standard deviation
along the helical axis (see Results[7.2) was calculated for the best 100 fitting positions. The black line is a fit of a
one-component exponential equation..
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7.5.2 Supplementary Tables

DNA construct Sequence
10 bp 5 -GCATCTGGGC-3’
CGTAGACCCG
15 bp 5'-CGACTCTACGGAAGG-3’
GCTGAGATGCCTTCC
20 bp 5'-CGACTCTACGGCATCTGCGC-3’
GCTGAGATGCCGTAGACGCG
25 bp 5'-CGACTCTACGGAAGGGCATCTGCGC-3’
GCTGAGATGCCTTCCCGTAGACGCG
30 bp 5'-CGACTCTACGGAAGGTCTCGGACTACGCGC-3’
GCTGAGATGCCTTCCAGAGCCTGATGCGCG
35 bp 5 -CGACTCTACGGAAGGGCATCTCTCGGACTACGCGC-3’

GCTGAGATGCCTTCCCGTAGAGAGCCTGATGCGCG

Table 7.1: DNA sequences used in the experiments on end-labeled DNA.

DNA construct Sequence

26 bp 5" - CGATCCGTGAAGGCGATCTCTGCGGC - 3’
A4 - internal GCTAGGCACTTCCGCTAGAGACGCCG

26 bp 5 - CGATCCGTGAAGGCGATCTCTGCGGC - 3’
A8 - internal GCTAGGCACTTCCGCTAGAGACGCCG

26 bp 5 - CGATCCGTGAAGGCGATCTCTGCGGC - 3’
A19 - internal GCTAGGCACTTCCGCTAGAGACGCCG

26 bp 5 - CGATCCGTGAAGGCGATCTCTGCGGC - 3’
A21 - internal GCTAGGCACTTCCGCTAGAGACGCCG

26 bp 5 - CGATCCGTGAAGGCGATCTCTGCGGC - 3°
B11 - internal GCTAGGCACTTCCGCTAGAGACGCCG

26 bp 5 - CGATCCGTGAAGGCGATCTCTGCGGC - 3°
B17 - internal GCTAGGCACTTCCGCTAGAGACGCCG

Table 7.2: DNA sequences used in the experiments with internally-labeled DNA. The bases labeled in red font
denote the modified position for the gold nanocrystal attachment. Sequences for strands A are shown on top, for
strand B on bottom.
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RNA construct Sequence
5 - GCUCUCUCCAGCGAAGAACUUGGUUGC - 3’
CGAGAGAGGUCG - - - AGGGAACCAACG

27 bp

Table 7.3: RNA kink-turn sequence. Sequences for strands A are shown on top, for strand B on bottom.

Sample: Radius of gyration R, (A):
10 bp unlabeled 14.0 £ 0.2
10 bp labeled 11.7 £ 0.1
15 bp unlabeled 17.6 £ 0.3
15 bp labeled 175+ 0.3
20 bp unlabeled 19.8 + 0.4
20 bp labeled 21.1+£0.5
25 bp unlabeled 21.6 £ 1.3
25 bp labeled 185+ 0.6
30 bp unlabeled 243+ 24
30 bp labeled 242+ 24
35 bp unlabeled 28.6 £ 2.3
35 bp labeled 269+ 14
26 bp unlabeled 247 +04
B11 internal label 21.0+0.3
B17 internal label 22.0+0.3
A8 internal label 21.9+0.3
A19 internal label 22.8+0.3
A21 internal label 23.7+04
A4 internal label 24.2+04
RNA kink-turn unlabeled 27.9 £ 0.7
RNA kink-turn A label 24.2+05
RNA kink-turn B label 25.6 + 0.6
Calmodulin unlabeled 20.7 0.4
Calmodulin R37C label 19.8 £ 0.8
Calmodulin N111C label 239+ 0.6

Table 7.4: Radius of gyration R, values for all unlabeled and labeled samples. The radius of gyration values were
calculated from Guinier plots using Primus [[60].
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Conclusion and Outlook

The function of biological macromolecules and the complexes they form is governed by the
structural solution ensemble they adopt under certain solution and environmental conditions.
A better understanding of the underlying folding pathways is required to reconstruct the free-
energy landscape and the impact on vast parts of basic biology such as allosteric regulation,
signaling or translation. To study macromolecular structures and the conformational ensembles
they adopt small-angle X-ray scattering (SAXS) and the emerging technique X-ray scattering
interferometry (XSI) has been established with unique advantages and capabilities.

Within this thesis I have contributed to further develop the application of gold labeled
macromolecules to enhance the information content gained by small-angle X-ray scattering
experiments.

The first part of this thesis covers the design and preparation of end-labeled nucleic acid
samples. It consists of three detailed protocols that are required to prepare samples, to acquire
XSI data, and to generate ensemble distance distributions. While the first protocol describes
sample preparation for end-labeled nucleic acid gold conjugates and includes a protocol for
gold nanocrystal synthesis, the second part focuses on the acquisition of a full data set at a
synchrotron radiation facility for XSI analysis. Finally, the third protocol describes the data
analysis of XSI data and the use of a custom-written graphical user interface (GUI) in MATLAB.
The detailed protocols and the user interface presented in this thesis will enable scientists
interested in molecular distance measurements to perform and analyze XSI measurements
easily.

Further, in this thesis I have shown that a novel anomalous small-angle X-ray scattering
interferometry method has the advantage that only the double labeled sample needs to be pre-
pared and measured and that it does not rely on intrinsic assumptions about the macromolecular
scattering contributions as compared to previously reported X-ray scattering interferometry
using multiple samples. These properties will immediately allow for measuring macromolecular
samples without the need for orthogonal labeling strategies. While these advantages make the
approach reliable and experimentally attractive, yet still absolute distances with Angstrém res-
olution and precise distance distributions to evaluate the flexibility of macromolecular systems
can be obtained. In the course of this thesis gold-labeled DNA samples were used, however it
should be possible to readily expand the method to labeled proteins or similar to conventional
XSI to protein-nucleic acid complexes. Moreover, other heavy metals can serve as nanoparticle
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component which allows for orthogonal labeling options and might permit to measure several
distinct distance distributions for one sample. Combined, ASAXS and gold nanoparticles pro-
vide a powerful new approach to determining intra-molecular distance distributions for labeled
biological macromolecules, an approach that is anticipated to provide new and quantitative
insights into the structure, dynamics, and interactions of biological macromolecules.

Furthermore, the application of XSI measurements to investigate the solution ensemble of
the Holliday junction is presented. The XSI results agree well with prior FRET and gel-mobility
studies for high salt, showing that the four-way junction preferentially adopts two distinct
X-structures with coaxial pairwise stacking of helical arms. Thus, XSI experiments performed
under a range of solution conditions suggest that the ionic strength of the buffer environment
as well as the bases located in the center of the structure can dramatically alter the free-energy
landscape of the Holliday junction.

The final chapter of this thesis focused on SAXS measurements to determine gold nanocrys-
tal label positions relative to low-resolution electron density maps computed from SAXS data.
The findings include 10-35 bp long end-labeled dsDNA, internally labeled dsDNA, an RNA
kink-turn motif, and calmodulin as a protein model system. The results show that this novel
method is broadly applicable to all major classes of biological macromolecules. The approach
combines low-resolution electron density maps computed from SAXS data and small gold
nanocrystals as fiducial markers. Determining the 3D position of specific labeled residues
allows the sequence of the macromolecule to be placed within the macromolecular shape and
to distinguish different domains as well as secondary structure elements. In summary, this
method is a powerful new approach to determining precise residue positions in biological
macromolecules.

The work presented in this thesis opens up several exciting possibilities such as to extend
X-ray scattering interferometry gold-gold distance measurements by SAXS or ASAXS to pro-
teins, especially for folding intermediates and intrinsically disordered proteins (IDPs). Further,
there are new opportunities in the analysis of the structural arrangement of protein-nucleic
acid complexes and probing single-stranded nucleic acid molecules. Moreover, the dependence
of these molecules on environmental conditions, such as varying ionic strength or the binding
of ligands, can be probed. Combining the reconstruction method and X-ray scattering inter-
ferometry could provide additional information on reconstructions that have, for example, an
internal symmetry, in particular to resolve ambiguities in the relative placements of residues.
Furthermore, these methods are not limited to gold nanocrystals labels but the techniques
can be expect to be equally applicable to other labels, such as silver and platinum nanopar-
ticles. While this proof-of-concept study combined single labeled samples and small-angle
X-ray scattering site specifically labeling of proteins using gold nanoparticles might provide an
attractive approach for multiple techniques as for example cryo-EM. Finally, the application of
next-generation free electron lasers with very high brilliance could allow measurements of
correlated and time-resolved distances between multiple sites in a macromolecule with a time
resolution of tens of femtoseconds.
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