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We demonstrate the use of a molybdenum-anode-based in-house small-angle X-ray scattering
(SAXS) setup to study biological macromolecules in solution. Our system consists of a micro-
focus X-ray tube delivering a highly collimated flux of 2.5 x 10° photons/s at a beam size of
1.2 x 1.2 mm? at the collimation path exit and a maximum beam divergence of 0.16 mrad. The
resulting observable scattering vectors ¢ are in the range of 0.38 A-" down to 0.009 A~! in SAXS
configuration and of 0.26 A~' up to 5.7 A~! in wide-angle X-ray scattering (WAXS) mode. To
determine the capabilities of the instrument, we collected SAXS data on weakly scattering biological
macromolecules including proteins and a nucleic acid sample with molecular weights varying from
~12 to 69 kDa and concentrations of 1.5-24 mg/ml. The measured scattering data display a high
signal-to-noise ratio up to g-values of ~0.2 Al allowing for an accurate structural characterization
of the samples. Moreover, the in-house source data are of sufficient quality to perform ab initio 3D
structure reconstructions that are in excellent agreement with the available crystallographic structures.
In addition, measurements for the detergent decyl-maltoside show that the setup can be used to
determine the size, shape, and interactions (as characterized by the second virial coefficient) of
detergent micelles. This demonstrates that the use of a Mo-anode based in-house source is sufficient
to determine basic geometric parameters and 3D shapes of biomolecules and presents a viable
alternative to valuable beam time at third generation synchrotron sources. © 2016 AIP Publishing
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A Mo-anode-based in-house source for small-angle X-ray scattering
measurements of biological macromolecules
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. INTRODUCTION

Small-angle X-ray scattering (SAXS) is a powerful tool
to investigate the structure and interactions of biological
macromolecules in solution.'> SAXS has the important
advantage of being a solution-based technique, thus obviating
the need for sample crystallization and enabling studies of
biological macromolecules in a range of solution conditions,
from (near-) physiological to highly denaturing.* In the past,
SAXS data have frequently been used to determine basic
parameters of macromolecules in solution, such as the radius
of gyration®® (R,) and the maximum intramolecular distance’
(Diay). Determination of, e.g., R, under varying solution
conditions has provided important insights into protein* and
RNA folding® and into the nature of the unfolded states.”!”
Nonetheless, the utility of SAXS data has been tremendously
enhanced in the last two decades through the increasing
availability of algorithms to determine and to compare the
(low resolution) 3D structures of macromolecules from 1D
scattering profiles. In particular, a number of algorithms now
make it possible to obtain low resolution 3D “bead” models
from SAXS data for proteins''~!* and for nucleic acids'*
without any other prior information about the sample. In
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addition, if SAXS data can be combined with prior information
from, e.g., FRET,!> NMR,!¢ crosslinking, or known crystal
structures™® even more refined molecular models can be
obtained.

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

Currently, most in-house based sources employ copper
(Cu) anodes with K, radiation at 8.0 keV, corresponding to
a wavelength of 1.54 A. Their application for solution SAXS
measurements on weakly scattering biological samples has
been already proven'” and also ab initio reconstructions with

©2016 AIP Publishing LLC
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the programs DAMMIF'® and GASBOR '? could be performed
successfully.'”?° An alternative to Cu anodes are molybdenum
(Mo; K, = 17.4 keV) anode sources, which provide shorter
wavelength X-rays compared to Cu, with a characteristic
wavelength of 0.71 A. Mo-anode sources have been employed
to investigate macromolecules, powders or thin film alloys by
SAXS,?! wide-angle X-ray scattering (WAXS),>'~23 grazing-
incidence X-ray scattering (GISAXS),>* crystallography,?
and diffractometry.’®?” However, a detailed description and
analysis of a Mo-anode-based in-house setup for SAXS
measurements on biological macromolecules in solution is
still lacking. Here, we present a comprehensive specification
and characterization of a Mo-anode in-house source for
SAXS measurements on proteins, nucleic acids, and detergent
micelles. The shorter wavelength of Mo has a number of
potential advantages: First, since the absorption coefficient
for X-rays decreases sharply with increasing energy, higher
energies cause less radiation damage in the sample.?® Second,
scattering from air and window materials in the beam path
is also reduced at higher X-ray energies. Third, the reduced
absorption coefficient means that the optimal beam path
(u™") in the sample is longer for higher X-ray energies,
e.g., for water y~'~10 mm for Mo and g~ '~1 mm for Cu
radiation, which can be advantageous for samples handling,
i.e., for sample environments that benefit from larger sample
dimensions. Fourth, since the magnitude of the scattering
vector ¢ is inversely proportional to the X-ray wavelength
A, a shorter wavelength is highly beneficial to perform WAXS
measurements, where high g values are desired. Thus, a shorter
wavelength as given by Mo anodes, facilitates the combination
of SAXS and WAXS measurements within a single setup,
which can be advantageous for structural studies on biological
samples such as proteins or peptides.?®*°

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

Il. THE X-RAY SETUP

In brief, the in-house setup consists of a microfocus
X-ray source with multilayer optics corresponding to the K,
line of the target, a collimation path with two scatterless
slits, a motorized sample stage, two exchangeable vacuum
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FIG. 1. Schematic layout of the in-house setup for SAXS measurements. For
further details see Section II in the text.

tubes, and a hybrid pixel detector (Fig. 1). The individual
components are described in detail in Secs. Il A-II E. The setup
is optimized for SAXS measurements but can also be used for
WAXS and diffraction measurements, as shown previously>'
and discussed only briefly here.

A. X-ray source and collimation path

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

B. Sample cell and sample stage

The sample stage is positioned 5 cm in front of the
collimation path exit. It consists of a fully motorized platform
where six stepper motors allow moving the stage in horizontal
and vertical directions with 5 ym and 0.1 um precision,
respectively, and enable rotation of the stage about all three
axes with 0.005° precision. A rectangular aluminum sample
holder with two slots for sample chambers (adapted from
Ref. 34) is connected to the platform for successive automated
measurements of sample and buffer solution (Fig. S1 of the
supplementary material).>> The bottom part of the sample
holder is connected to a circulating water bath (F12-MA,
Julabo, Germany) via rubber tubes enabling temperature
control of the sample cells in the range of 4-70°C (+0.8 °C).
For SAXS measurements conducted at room temperature,
we used polyvinyl chloride (PVC) based sample chambers.
The cylindrical observation volume of the chambers is filled
with sample solution via two small inlets with a diameter of
0.6 mm from the top. This design prevents the formation of air
bubbles and minimizes evaporation during measurements. In
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order to achieve the optimum scattering signal, the chamber
length corresponds to the absorption length of Mo in water,
equal to the absorption coefficient, which is approximately
10 mm?® The diameter of the cylindrical observation volume
is 3 mm so that parasitic scattering due to interactions of the
incoming beam with the PVC is avoided and the opening
angle is large enough so that scattering events happening
at the beginning of the chamber can still be detected. The
overall sample volume is roughly 80 ul. The windows
of the sample chamber are made of 25 um thick potas-
sium aluminosilicate (muscovite mica) sheets (Goodfellows
Cambridge Ltd., UK) that are glued on both openings of
the cell with two-component epoxy (UHU Ltd., Germany).
The use of mica as window material only introduces ~6%
attenuation (assuming an attenuation length of 800 um for
mica®®) and it suppresses evaporation of sample solution
during measurements. Furthermore, the windows do not cause
a detectable background signal (see the text and Fig. S2
of the supplementary material).*> For temperature-controlled
experiments, we used sample chambers made from aluminum
for improved thermal coupling. The sample holder can be
removed to perform calibration measurements with glassy
carbon, silver behenate (AgBe), and lanthanum hexaboride
(LaBg). AgBe and LaBg are stored in aluminum chambers
closed by 25 um thick Kapton foils. The glassy carbon sample
is fixed in an aluminum holder and mounted directly below
the AgBe chamber. The calibration materials can be placed
into the beam by a motor.

C. Evacuated flight path and beamstop

Our setup for SAXS measurements can be switched
between two sample-detector distances of 110 cm and
250 cm, corresponding to g-ranges of 0.014-0.38 A~!
and 0.009-0.15 A1, respectively. A distance of 250 cm
corresponds to more pixels covering the low g-range. For the
two measurement modes, vacuum tubes with lengths of 95 cm
and 180 cm, respectively, are placed between the sample stage
and the detector in order to reduce air scattering (Fig. 1). A
detailed analysis of various sources of background signals and,
in particular, of the influence of air scattering on the SAXS
data is given in the text and Fig. S2 of the supplementary
material.>> Kapton foils with a thickness of 25 um at the
front and 50 um at the end seal the ends of each vacuum
tube. The vacuum tube has a diameter of 3 cm at the front
and 10 cm at the back. We integrate beamstops at the end of
the vacuum tubes by gluing circular lead tapes with diameter
of 3 mm (for the 95 cm vacuum tube) and 4 mm (for the
180 cm vacuum tube) at the center of the Kapton foil inside
the vacuum tube. The entire vacuum tube can be moved by two
stepper motors in vertical and horizontal directions allowing
for accurate alignment of the beamstop. This configuration is
advantageous, as it does not introduce any additional shadow
effects from a beamstop holder, and as it avoids air scattering
compared to a beamstop positioned outside of the vacuum.
Moreover, the lead tape is slightly transparent to the beam
so that fluctuations in the beam position can be detected. In
the WAXS geometry, the sample-to-detector distance is set
to 32 cm resulting in a g-range of 0.26-5.7 A~ Due to the
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relatively short sample-to-detector distance, we do not employ
an evacuated flight path.

D. Detector

For X-ray detection, we use a CMOS hybrid pixel
detector (Pilatus 100K, Dectris Ltd, Switzerland) with a
sensor thickness of 1000 um yielding a quantum efficiency
at molybdenum K,-energy of 76%, which is limited by the
absorption of silicon (4~' (Mo) ~700 um for silicon). The
detector area consists of 487 x 195 pixels with a pixel size
of 172 um in both directions, which leads to a total size
of 83.8x33.5 mm? (width x height). The dynamic range
is 20 bits, corresponding to 1048 576 photons. Hybrid pixel
detectors are single photon counters with the advantage of
low background and the absence of dark noise.’’ For the
SAXS configuration with the short vacuum tube, the detector
is attached to a stepper motor that moves the detector in
vertical direction. This stepper motor is fixed to a custom-made
focusing rail, which can be moved manually in order to align
the detector in the horizontal direction. For the configuration
with the long sample-detector distance, the detector is fixed
in vertical position such that the beam is centered and can
be adjusted manually in the horizontal dimension. For WAXS
measurements, the detector is placed on a motorized stage
(BiSlide, Velmex, Inc.). The motorized stage can be moved
in horizontal and vertical direction with a travel range of
25.4 cm for automated scanning and stitching of the detector
images.

E. Software

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

lll. MATERIALS AND METHODS
A. Calibration standards

We utilize silver behenate (AgBe; VWR International,
Germany) to calibrate the beam center position and sample-
to-detector distance for all small-angle measurements (Fig. S3
of the supplementary material).’>-® In addition, we use a pre-
calibrated 1 mm thick glassy carbon sample (kindly provided
by Dr. Jan Ilavsky, APS, Argonne National Laboratory, USA)
for the calibration of the recorded intensity to absolute
scattering cross section units® of cm ™! and sr~!, which enables
the comparison of scattering data from different instruments.
For the calibration of the wide-angle configuration, we use
lanthanum hexaboride (LaBg; SRM 660c, NIST) (Fig. S3 of
the supplementary material).*>
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TABLE 1. Overview of samples with corresponding concentrations and buffers used for SAXS measurements.

Concentrations

Sample Number of residues/nucleotides Molecular weight (kDa) (mg/ml) Buffer

BSA 583 69.0 5 50 mM HEPES, pH=7.5, 50 mM KCl

Cytochrome ¢ 104 124 2,8,24 100 mM acetate buffer, pH=4.6, 0.5M
guanidinium hydrochloride

Lysozyme 129 14.3 5, 10, 20 40 mM acetate buffer, pH=4.5, 150 mM NaCl

24 bp DNA duplex 48 ~14.6 15,44 50 mM sodium 3-(N -morpholino)

propanesulfonic acid, pH =7.0, 150 mM NaCl

B. Sample preparation

A 24 bp DNA duplex sample was assembled from chem-
ically synthesized oligonucleotides (Metabion, Germany) and
prepared as described previously.*” Bovine serum albuminum
(BSA), cytochrome ¢, and lysozyme were purchased from
Sigma-Aldrich and used without further purification. Detailed
information about the employed bufters and sample concentra-
tions is listed in Table I. For concentration series, a stock solu-
tion of the highest concentration was prepared by weighing
out the lyophilized protein powder and diluted to the required
concentrations. Both buffer and sample solutions were filtered
through 0.22 um syringe filters (Thermo scientific, USA).
Prior to the measurements, sample solutions were centrifuged
at 13 500 rpm for 10 min in a tabletop centrifuge (Eppendorf,
Germany). Sample and buffer solutions were degassed in a
desiccator at a pressure level of 30 mbar for 20 min to avoid
the formation of air bubbles in the sample chamber during
measurements. For each measurement, 80 ul of sample or
buffer solution was loaded into the sample chambers.

C. Measurement procedures

Prior to each experimental run, scattering curves of
AgBe and glassy carbon were measured to determine the
sample-detector distance with mm-accuracy and to calibrate
the scattering curves on an absolute scattering scale. Sample
chambers were placed in the sample holder and aligned such
that the incoming X-ray beam penetrates the chamber at its
center as follows: The sample stage is scanned vertically
and horizontally in a range of 5 mm. At each position, a
1 s exposure is recorded with the beamstop removed and
the intensity is integrated. The intensity stays approximately
constant when the X-ray beam penetrates the observation
volume and drops off rapidly when the beam is clipped by
the sides of the sample chamber, allowing for an accurate
determination of the center position.

Biological SAXS measurements were performed at room
temperature and exposure times were set to 1-3 h with 3-6
repeats each, resulting in a total exposure time of up to 24 h
for each measurement. Matching SAXS profiles of each repeat
were used for data averaging as described in Sec. III D. For
concentration series, we used the same chamber, which was
rinsed with deionized water and buffer solution before filling
it with fresh sample solution. Matching buffer profiles were
collected using identical settings and procedures. For selected
SAXS experiments, dynamic light scattering measurements
on a NANO-flex® 180° instrument (Particle Metrics GmbH,

Germany) were performed to test for possible aggregation. No
aggregation was observed for any of the tested samples.

D. Data processing and evaluation

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

E. Theoretical scattering curves and ab initio low
resolution reconstructions

For comparison of the experimental SAXS data, we
calculated theoretical scattering profiles for our panel of
scattering standards based on their atomic coordinates using
the program CRYSOL* in default mode. The crystallographic
structures of the protein samples were obtained from the
protein data bank,* with PDB accession codes 4F5S for BSA,
1HRC for cytochrome ¢ and 6LYZ for lysozyme. For the 24 bp
DNA, a PDB file with the atomic coordinates was generated
using the 3DNA package.**

We used the program DAMMIF'® to generate ab initio
three-dimensional models from the scattering data. DAMMIF
represents the particle as an assembly of identical beads
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inside a search volume. It employs a simulated annealing
protocol to determine a compact interconnected model whose
scattering pattern fits the experimental data. The particle
distance distribution function P(r) generated from the ATSAS
software® was used as input file. For each tested molecule,
20 independent runs in the “slow” mode were performed
using default parameters and assuming no symmetry. Next, we
averaged the 20 models for each molecule using DAMAVER*0
comprising a sequence of programs: first, the low resolution
models from DAMMIF were aligned based on their axes
of inertia using a normalized spatial discrepancy (NSD)
criterion.*’ The NSD value provides a quantitative measure
of similarity between different models. A NSD value of zero
corresponds to identical objects and values exceeding 1 refer to
objects that systematically differ from one another. If pairwise
NSD values are in the range between zero and one then
the models are classified as structurally similar. The aligned
bead models were averaged and filtered by removing loosely
connected beads. For the next steps, the reconstructed file
with the lowest NSD value was chosen. We used the pdb2vol
program from the SITUS*® package (version 2.7.2) to convert
aligned bead models to electron density maps. Finally, we
aligned the models to the corresponding crystal structures,*
again by minimizing the NSD value between both structures.
Molecular graphics were prepared using visual molecular
dynamics.*

IV. RESULTS AND DISCUSSION

To explore the capabilities of our setup, we conducted
a number of test measurements using a panel of biological
macromolecules as measurement standards that comprise
horse heart cytochrome c¢, chicken egg white lysozyme,
BSA, and a 24 bp DNA construct (Table I). All selected
macromolecules have known high-resolution structures and
have been used as scattering standards previously.'*%2
They span a range of molecular weights but, in general,
have relatively small sizes and, consequently, scatter weakly.
Therefore, they are ideally suited to characterize our setup
within the described g-range and constitute rigorous test cases
for typical biological samples for SAXS measurement.

A. Exposure time and concentration analysis

We initially carried out a set of test measurements
to determine concentration requirements, optimal exposure
times, and possible radiation damage effects. We performed
concentration- and exposure time series on the scattering
standard samples listed in Table I (except for BSA). Fig. 2(a)
shows SAXS profiles for three different concentrations (5
mg/ml, 10 mg/ml, and 20 mg/ml) of lysozyme, which has been
previously characterized in synchrotron based SAXS experi-
ments.'? The concentration scaled data are superimposable
and exhibit no evidence of radiation damage or interparticle
effects such as aggregation or interparticle interference. Kratky
plots, where the scattering intensity weighted by ¢? is plotted
against g, are shown for all concentrations (Fig. 2(b)). The
Kratky representation is frequently used to represent scattering
data of macromolecular ensembles,* where a well-folded
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FIG. 2. Effects of protein concentration and exposure time on scattering
profiles. Scattering profiles shown are for lysozyme (see Table I for details).
(a) Averaged scattering data at concentrations of 20 mg/ml (cyan, squares),
10 mg/ml (blue, circles), and 5 mg/ml (grey, diamonds) for three repeats of
2 h. (b) Kratky plots (g%-I vs. q) for the data from panel (a). (c) Averaged
scattering data of lysozyme at a concentration of 20 mg/ml for six repeats of
0.5 h (green, diamonds), three repeats of 1 h (orange, circles) and two repeats
of 2 h (cyan, squares) and a concentration of 5 mg/ml with exposure times
of 2 h for three repeats (grey, diamonds) and 3 h for two repeats (magenta,
circles). Data are scaled by exposure time.

homogeneous particle will exhibit a parabolic curve and an
unfolded particle will give rise to a hyperbolic curve. For
all three concentrations of lysozyme, the scattering profiles
display a pronounced peak indicating that the protein is well-
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behaved in its folded state. Although the signal-to-noise ratio
decreases for lower concentrations, we still obtain reasonable
quality data at the lowest concentration of 5 mg/ml. In
addition, we examined different exposure times and number
of repeats for the highest and lowest concentrations used for
our test molecules (Fig. 2(c)). We found that for lysozyme
(¢ = 20 mg/ml) six exposures of 30 min each lead already
to decent signal for g-values below 0.2 A-'. However, we
observed an improvement in data quality when using three
repeats of 2 h, resulting in a signal-to-noise ratio suitable for
structural analysis as described in Section IV C. Even longer
exposure times were tested for the lowest concentration but
did not increase the data quality. This is probably due to a
higher level of background noise attributed to background
radiation, which is also integrated over time. Similar results
were obtained for cytochrome ¢ measured at concentrations of
2, 8, and 24 mg/ml (Fig. S4 of the supplementary material).*>

B. Comparison of in-house data and synchrotron data

We compared the data obtained at our in-house source
with data collected at the beamline BM29 at the ESRF in
Grenoble (for proteins) and at the beamline 12-ID-B of the
Advanced Photon Source (APS), Argonne, Illinois (for the
24 bp DNA), both third generation synchrotron light sources
with instruments designed for biological SAXS measurements
in solution (Fig. 3). ESRF data were collected in the “flow”
mode at room temperature with an exposure time of 1 s. APS
data were collected in a static sample cell at room temperature
with an exposure time of 1 s. Matching data from ten runs were
averaged. For g values <0.2 A1, the synchrotron scattering
profiles are closely approximated by those acquired on the
in-house setup. However, for larger g values, the signal-to-
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FIG. 3. Comparison of in-house source and synchrotron-based SAXS data.
Scattering profiles acquired at our in-house source (shown in color) and
measured at synchrotron sources (shown as black lines) for BSA (green,
top), lysozyme (blue), cytochrome ¢ (red), and 24 bp DNA (cyan, bottom)
with concentrations from Table II. In-house data correspond to averaged data
from three repeats with 2 h exposure time. Synchrotron data were averaged
from 10 runs with 1 s exposure time. The synchrotron data for lysozyme had
to be cut at a g-value of 0.04 A~! due to problems with the flow cell. DNA
data were taken at another beamline with a maximum g-value of 0.21 AL
Profiles are vertically offset for clarity.
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noise ratio decreases faster for the in-house data, as one would
expect.

C. Structural characterization and ab initio modeling
of proteins and nucleic acids

The radius of gyration (Rg) and forward scattering
intensity at zero angle (/(0)) are two parameters routinely
extracted from SAXS data by Guinier analysis, where a
straight line is fitted to the logarithm of the scattering intensity
plotted as a function of ¢ for the lowest scattering angles. The
R, gives an overall measure for the size of the molecule;
1(0) is used to calculate the molecular weight (MW) and
to evaluate sample monodispersity.'® We performed Guinier
analyses of the scattering profiles for every concentration and
exposure time (see Fig. 4 for examples). For the molecular
weight determination we employed BSA as reference sample.
The Guinier plots for all of our test samples exhibit good
linearity (Fig. 4) and the forward scattering intensities scale
linearly with sample concentration, indicating the absence of
interparticle interference effects or aggregation. We obtained
radii of gyration from our experimental data that are consistent
with literature values reported for the native state of each tested
macromolecule (Table IT). Molecular weight estimates from
the forward scattering (Table II) are in good agreement (within
experimental error) with the molecular weights expected from
the primary structure of the monomeric samples. The error of
the molecular weight determination in Table II is dominated
by uncertainties in the macromolecular concentrations of
approximately 10% relative error.

For further comparison, we calculated theoretical scatter-
ing profiles from the crystal structures (Figs. 5(a)-5(d)) for
each tested molecule and determined the radius of gyration
from the predicted scattering profiles based on the crystal
structures (Table II). The experimental data are in excellent
agreement with the theoretical scattering profiles and the
overall scattering features of each molecule are observable.
The resulting chi-squared values (y?), which characterize
the “goodness-of-fit,” are all around 0.1. Moreover, the
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FIG. 4. Guinier analysis of biological samples. Guinier representation of
the experimental scattering data for BSA (green, top), lysozyme (blue),
cytochrome ¢ (red) and 24 bp DNA (cyan, bottom). The Guinier fits are
indicated by grey lines covering a g-range of gR, < 1.3. Profiles are vertically
offset for clarity.
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TABLE II. Radii of gyration and molecular weights for protein and nucleic acid samples used in this study.

Concentration R, R, R, R, MW? MWwP
Sample PDB used (mg/ml) (A (AP Arx A (kDa) (kDa)
BSA 4F5S 5 29.0 (+0.8) 29.9 (+0.8)2 273 28.1 . 69.0
Cytochrome ¢~ 1HRC 8 134 (x0.1) 13.8(x0.3)°% 12,6 132 115(x1.1) 124
Lysozyme 6LYZ 10 14.6 (£0.4) 143 (x04)% 146 147 148 (x13) 143
24 bp DNA 1.5 233 (£2.7) 242(x0.5" 248 218 155(£2.5) 14.6

#Values for radii of gyration and molecular weights determined in this study.

Taken from experimental data reported in the literature.
¢Calculated from the theoretical scattering profiles.
dFrom the reconstruction fit files.

theoretically predicted R, values are in the range of the
experimental and the literature values for all test samples.
Over the last two decades, the development of algo-
rithms for ab initio reconstructions of low resolution three-
dimensional electron density maps from one-dimensional
scattering profiles has significantly enhanced the capabil-
ities of SAXS measurements.!!"13* In addition, ab initio
reconstructions can be combined with atomistic structures
derived by NMR or X-ray crystallography or other sources of
structural information to enhance or validate models for both
proteins and nucleic acids.'*>3¢ To determine whether the
data collected at our Mo-based in-house source are of sufficient
quality to obtain 3D structure reconstructions of typical
biological macromolecules, we performed ab initio modeling
for all macromolecules of our test panel using the software
DAMMIF (see Sec. III). The reconstructions converged to
solutions that fit the experimental scattering profiles very
well (Figs. 5(a)-5(d)). The scattering profiles from the models
are in very good agreement with the experimental data over
the whole g-range with y? values below 0.1. However, they
slightly deviate from the theoretical scattering profiles of
the crystal structures for g-values above 0.25 AL, For all
reconstructions, the pairwise NSD values for independent
reconstruction runs never exceeded 1, indicating that the
reconstruction algorithm is stable and converges onto similar

structures in each run. The final ab initio generated models
were compared and aligned to corresponding crystal struc-
tures. Figs. 5(e)-5(h) show the bead models of each molecule
rendered as smooth transparent surfaces and the superimposed
crystal structures as black ribbons (proteins) and stick (24 bp
DNA duplex) representations. The overall shapes and sizes of
the proteins were reproduced well. For BSA (Fig. 5(e)), the
reconstructed density fits nicely to the triangular-like shape
of the protein. The surface of the density map is rough with
several small indentations reproducing the high amount of
alpha-helices present in native BSA. For lysozyme and cyto-
chrome ¢ (Figs. 5(f) and 5(g)), we obtained reconstructions
representing their globular shape, which are in good agreement
with the protein sizes. The reconstructed density of the 24 bp
DNA duplex (Fig. 5(h)) corresponds reasonably to the overall
cylindrical shape of a duplex. The length of the duplex gets
reproduced well, whereas small deviations for the diameter of
the reconstructions are observable. However, the periodicity
of the major and minor grooves is visible in the reconstruction.

D. Determining the shape, size, and interactions
of detergent micelles

Micelles are aggregates of amphiphilic molecules in
aqueous solution where the hydrophilic head groups face
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FIG. 5. Comparison of crystal structures and ab initio 3D shape reconstructions for protein and DNA samples. (a)-(d) Comparison of experimental (colors; same
color code as in Figs. 3 and 4) and theoretical scattering profiles that were predicted from the crystal structures (black lines) and fitted scattering profiles from
ab initio 3D reconstructions (grey lines). (e)-(h) Models obtained from ab initio 3D structure reconstructions for BSA (green), lysozyme (blue), cytochrome
¢ (red), and 24 bp DNA (cyan). The maximum dimension D,,,, of each molecule is indicated below each molecule and was derived by calculating the pair

distance distribution function P(r) from the experimental scattering profiles.
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FIG. 6. Characterization of the size, shape, and interactions of DM micelles. (a) Chemical structure of n-decyl-f3-D-maltoside forming micelles and the
schematic of the two-component ellipsoid model. a and b are the dimensions and p; the electron density of the hydrophobic core. ¢, and ¢4, are the thicknesses
and p; the electron density of the head group region. The figure shows the case of an oblate ellipsoid with a <b. (b) Experimental data for different DM
concentrations of 100 mM (blue, top), 50 mM (cyan), 25 mM (orange), and 12.5 mM (red, bottom) and the corresponding fits (black lines). (¢) Guinier analysis
for DM data shown in (b). (d) Apparent aggregation numbers N obtained from the extrapolated forward scattering intensity and Eq. S2 in the supplementary
material®’ (circles, same color code as in (b)). The solid line is a fit to the model of Eq. S6 and A is the fitted second virial coefficient determined from the fit,
indicative of weak repulsive interactions between the DM micelles in solution at higher concentrations.

outward and hydrophilic tail groups are segregated in the
interior (Fig. 6(a)). Micelle forming detergents are employed
in a large range of biochemical and industrial applications.
In particular, detergents are commonly used as mimetics of
the cell membrane for the solubilization and structural charac-
terization of membrane proteins.57’58 However, the choice of
a suitable detergent for membrane protein solubilization still
remains a major hurdle.’*®! SAXS has been used extensively
to characterize the size and shapes of both membrane
protein-detergent complexes-formed by a membrane protein
surrounded by detergents-and of “empty” micelles.®?-% To test
to what extent our in-house source is capable of revealing the
shape and size of detergent micelles, we recorded scattering
profiles at different concentrations of n-decyl-3-D-maltoside
(DM), a detergent featuring a maltose head group and a ten
carbon single-chain alkyl tail (Fig. 6(a)), which is routinely
used for membrane protein solubilization and has been
characterized by SAXS in several previous studies.®>%” We
obtain decent signal-to-noise down to a concentration of
12.5 mM DM (Fig. 6(b)). The scattering profiles are well
described by a two-component ellipsoid model (Figs. 6(b) and
6(d)), which features a core corresponding to the hydrophobic
portion of the micelles formed by the tail groups and of a
shell corresponding to the hydrated head groups (Fig. 6(a);
see supplementary material for details of the model).> The
size parameters obtained from the fits of the two-component

ellipsoid model reveal oblate micelles with the short axis of the
core of ~12.8 A and the long axes of ~22.2 A and a thickness
of the hydrophilic shell of ~7 A, in excellent agreement
with previous work.®>®” In addition, we performed a Guinier
analysis of the data (Fig. 6(c)) and determined apparent
aggregation numbers (i.e., the number of detergent monomers
per micelle) from the fitted forward scattering intensities
by comparison with a scattering standard as described by
Lipfert et al. (see supplementary material for details).*>% For
the measured concentrations, we find radii of gyration in the
range of 25.5 A (+0.4 A) and aggregation numbers from the
forward scattering intensity in the range of ~90 for the lowest
concentration (Fig. 6(d)), in excellent agreement with the
number calculated from the size of the hydrophic core volume
of ~26 nm? determined from the two-component ellipsoid fit
and with previous measurements, which indicate aggregation
numbers in the range of 85-95 monomers per micelle.®>%” The
apparent aggregation numbers show a small, but systematic
decrease with increasing detergent concentration (Fig. 6(d)).
This decrease in apparent aggregation number could be
indicative of DM micelles shrinking with increasing detergent
concentrations, which is however unlikely, or due to inter-
particle interference effects. The latter results, in particular,
from repulsive interactions of the micelles in solution, e.g.,
due to excluded volume effects, which become more relevant
at higher concentrations. Similar decreases in the apparent
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aggregation number with increasing detergent concentrations
had been seen for a range of uncharged and, in particular,
charged detergents previously.%> Here, we present a new model
that describes the apparent aggregation number as a function of
detergent concentration in terms of intrinsic, true aggregation
number and of the second virial coefficient, a parameter that
characterizes the interparticle interactions in solution (see the
text and Fig. S5 of the supplementary material).>> Our DM
data are well described by the model (Fig. 6(d), solid line),
with a fitted intrinsic aggregation number of N(cg) = 92 and a
fitted second virial coefficient of Ay = 5.6 x 10~ mol ml/gz,
which indicates weak repulsive interactions. In summary, the
DM data suggest that our in-house setup is fully able to reveal
the size, shape, and overall interactions of typical detergent
micelles.

V. CONCLUSION

We have presented a Mo-anode-based in-house SAXS
setup for structural analysis of macromolecules cover-
ing a broad range of sizes, shapes, compositions (pro-
teins/DNA/micelles), and scattering properties. Our system
contains a Mo-based microfocus X-ray tube with an integrated
multilayer mirror delivering a stable monochromatic beam. By
using two scatterless slits for collimation, a highly collimated
X-ray beam of low beam divergence is generated. The typical
flux at the sample stage is around 2.5 x 10° photons/s.
Due to the reduced air scattering for Mo-radiation, the
sample chambers do not have to be placed in vacuum. Our
sample holder contains two sample chambers with observation
volumes of 80 ul allowing subsequent automated SAXS
measurements of sample and buffer. In addition, the sample
chambers can be temperature controlled within a temperature
range of 4-70 °C (+0.8 °C). By using the hybrid pixel detector
PILATUS 100K, weakly scattering signals can be detected.
Our system allows us to perform SAXS measurements on a
broad range of weakly scattering biological macromolecules
at concentrations comparable to synchrotron based SAXS
measurements within 2 h. The achievable scattering vectors
for SAXS measurements cover a range of 0.009-0.38 Al
such that macromolecules with a size of up to ~30 nm
can be structurally characterized. By performing in-house
SAXS measurements on a test set of molecules including
several proteins and DNA, we demonstrate that the data are
of adequate quality to determine ab initio low resolution 3D
structures of the macromolecules, which were in very good
agreement with previously reported structures. Our scattering
data were also consistent with theoretical data calculated from
the atomic structures of our test molecules. In addition, we
demonstrate the instrument’s ability to obtain high quality
data for detergent micelles commonly used in membrane
protein studies and we describe a novel simple model that
enables us to determine the micelle aggregation number
and second virial coefficient from SAXS data at different
detergent concentrations. In general, the significantly lower
flux (at least five orders of magnitude) of current Mo-based in-
house sources compared to synchrotron sources necessitates
much longer integration times (hours compared to seconds,
respectively) and limits the practically achievable signal-

Rev. Sci. Instrum. 87, 025103 (2016)

to-noise ratio, in particular, at larger g values. However,
these disadvantages are partially offset by the much greater
availability and reduced measurement logistics of an in-house
instrument. In summary, our results suggest that Mo-anode-
based in-house SAXS experiments are a viable alternative to
other anode materials and allow studying many aspects of
weakly scattering biological samples.
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