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aggregations from the particle of interest allowing SAXS measurements to be made from a well-
resolved chromatographic peak of a single protein species. Still, in some cases, even inline
purification is not a guarantee of monodisperse samples, either because multiple components
are too close to each other in size or changes in shape induced through binding alter perceived
elution time. In these cases, it may be possible to deconvolute the SAXS data of a mixture to
obtain the idealized SAXS curves of individual components. Here, we show how this is achieved
and the practical analysis of SEC-SAXS data is performed on ideal and difficult samples.
Specifically, we show the SEC-SAXS analysis of the vaccinia E9 polymerase minus exonuclease
mutant.

INTRODUCTION:

Biological macromolecules are too small to be seen even with the best light microscopes. Current
methods to determine their structures generally involve crystallizing the protein or
measurements on vast numbers of identical molecules at the same time. While crystallography
provides information on the atomic level, it represents an artificial sample environment, given
that most macromolecules are not presented in a crystalline form in the cell. During the last
couple of years cryo-electron microscopy delivered similar high-resolution structures of large
macromolecules / macromolecular complexes, but although the samples are closer to
physiological condition, they are still frozen, hence immobile and static. Bio-small angle X-ray
scattering (BioSAXS) provides a structural measurement of the macromolecule, in conditions that
are relevant to biology. This state can be visualized as a low resolution 3-D shape determined on
nanometer scale and captures the entire conformational space of the macromolecule in solution.
BioSAXS experiments efficiently assess oligomeric state, domain and complex arrangements as
well as flexibility between domains!™3. The method is accurate, mostly non-destructive and
usually requires only a minimum of sample preparation and time. However, for the best
interpretation of the data, the samples need to be monodisperse. This is challenging; biological
molecules are often susceptible to contaminations, poor purification and aggregation, for
example from freeze thawing®. The development of inline chromatography followed by
immediate SAXS measurement helps mitigate these effects. Size-exclusion chromatography
separates the samples by size thus excluding most contaminants and aggregations>°. However,
in some cases even SEC-SAXS is not sufficient to produce a monodisperse sample, because the
mixture may consist of components that are too close in size or their physical properties or their
fast dynamics lead to overlapping peaks in the SEC UV trace. In these cases, a software-based
deconvolution step of the obtained SAXS data might lead to an idealized SAXS curve of the
individual component®> ¥ 12, As an example, in protocol section 2, we show the standard SEC-
SAXS analysis of the vaccinia E9 polymerase minus exonuclease mutant (E9 exo™") in complex
with DNA. Vaccinia represents the model organism of the Poxviridae, a family containing several
pathogens, for example the human smallpox virus. The polymerase was shown to bind tightly to
DNA in biochemical approaches, with the structure of the complex recently solved by X-ray
crystallography®.

Most synchrotron facilities will provide an automated data processing pipeline that will perform
data normalization and integration producing a set of unsubtracted frames. But the approach
described in this manuscript could also be use with a lab source provided SEC-SAXS is performed.
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Furthermore, additional automation may be available that will reject radiation-damaged frames
and perform the buffer subtraction*. We will show how to perform primary data analysis on pre-
processed data and make the most of the available data in section 2.

In section 3, we show how to deconvolute SEC-SAXS data and analyze the curves efficiently. While
there are several deconvolution methods such as the Gaussian peak deconvolution, implemented
in US-SOMO *> and the Guinier optimized maximum likelihood method, implemented in the DELA
software'®, these generally require a model for the peak shape!?. The finite size of individual
peaks we are investigating allows the use of evolving factor analysis (EFA), as an enhanced form
of singular value decomposition (SVD) to deconvolute overlapping peaks, without relying on the
peak shape or scattering profile> 1. A SAXS-specific implementation can be found in BioXTAS
RAW?Y’, EFA was first used on chromatography data when 2D diode array data allowed matrices
to be formed from absorbance against retention time and wavelength data'®. Where EFA excels
is that it focuses on the evolving character of singular values, how they change with the
appearance of new components, with the caveat that there is an inherent order in the
acquisition'®. Fortunately, SEC-SAXS data provides all the necessary ordered acquisition data in
organized 2D data arrays, lending itself nicely to the EFA technique.

In section 4, we will demonstrate the basics of model-independent SAXS analysis from the buffer-
background subtracted SAXS curve. Model-independent analysis determines the particle’s
radius-of-gyration (Rg), volume-of-correlation (Vc), Porod Volume (Vp), and Porod-Debye
Exponent (PE). The analysis provides a semi-quantitative assessment of the particle’s

thermodynamic state in terms of compactness or flexibility via the dimensionless Kratky plot> %
19

Finally, SAXS data are measured in reciprocal space units and we will show how to transform the
SAXS data to real-space to recover the pair-distance, P(r), distribution function. The P(r)-
distribution is the set of all distances found within the particle and includes the particle’s
maximum dimension, dmax. Since this is a thermodynamic measurement, the P(r)-distribution
represents the physical space occupied by the particles’ conformational space. Proper analysis of
a SAXS dataset can provide solution-state insights that complement high-resolution information
from crystallography and cryo-EM.

PROTOCOL:

1. Protein expression, purification and SEC-SAXS measurement is based on the published
protocol®3

1.1. Follow the inline SEC-SAXS data collection protocol (Brennich et al.?) in brief.

1.1.1. Equilibrate the SEC-column with at least 2 column volumes of SEC running buffer (20 mM
Tris-HCl, pH 7.5, 100 mM Nacl).
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1.1.2. Prepare 50 pL of sample of E9 exo™"s at 8—10 mg/mL with 20% molar excess of a partial
dsDNA (TCAGGAAGATAACAGCGGTTTAGCC and GGCTAAACCGCTGTTATCTT). E9 exo™"s binds
with an Kp of 12 + 6 nM (see Supplementary Data).

1.1.3. Inject 50 pL of this mix onto a SEC-column (5200 Increase) inline with the flow cell for SAXS
measurements at 0.3 mL/min.

1.1.4. Collect 1000 frames at 1 s exposure each.

NOTE: On BioSAXS beamline BM29, at the European Synchrotron Facility (ESRF) the individual
frames are processed automatically and independently within the EDNA framework?!. After the
data collection, open the ISPyB database?® and under the Data acquisition tab press the Go
button to access the data set and the results of the automatic analysis?®.

1.2. Download the data.
2. Primary data analysis

2.1. Open the Java-based program Scatter IV (see the Table of Materials) and perform a
background subtraction for size exclusion chromatography (SEC) data.

2.1.1. Open the SEC tab. Drag and drop the reduced data files (*.dat) into the “Drop Data below”
window. Set output directory “Out Dir ::” by clicking the blue-labeled Output Dir button.

NOTE: If your data was collected in nm™, a conversion box will need to be checked (bottom left
of panel) when dropping files into the window or the subtraction tab.

2.1.2. Edit the experimental details, use the Edit Details button and fill out as many fields as
possible, these include sections on which source/beamline was used to collect data, the
collection parameters and sample details. These will be saved with the data and allow to more
easily populate the “Data collection parameters” section in future publications.

2.1.3. Enter the sample name in the Save as box. Click on TRACE.

NOTE: This has two effects. Firstly, it will create a *.sec file for the data. This is a single text file
that will collate all the experimental observations from the separate *.dat files. In addition, the
* .sec file contains the averaged set of frames that is the buffer-background, all the frames used
in the averaging as well as the buffer-background subtracted frames across the entire SEC-SAXS
experiment. Secondly, a signal plot is created which plots the frame number versus Integral ratio
to the background. This shows the selected frames (gray) that were averaged for the buffer
subtraction. The points for the average buffer are determined from the whole range of the data.
However, it is advisable to manually choose the buffer frames for averaging as a poorly defined
background may occur due to poorly equilibrated or dirty columns or capillary fouling?2.
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2.1.4. Select buffer frames manually. Click Clear Buffers then reselect a buffer region with a left
click-drag, on the trace curve. Ideally, this should be a flat region before the void volume of the
SEC column of approximately 100 frames. Click SET BUFFER and then Update to recalculate the
*,sec file which may take a few minutes.

2.1.5. Identify a region of interest (ROI). On the signal plot, select the region of the peak of
interest, with a left click-drag.

NOTE: This populates three plots in the right-hand panel. The top two plots are linked with
crosshairs moving between them, a second signal plot (top right) shows only the ROI selected,
with the intensity of each frame in blue and the corresponding Rg of each frame in red and a
corresponding heat map below, showing the residuals for each frame colored according to the
Durbin-Watson auto-correlation analysis. Regions of high similarity are colored cyan (Durbin-
Watson, d = 2) while dissimilar frames will follow darker blues to pinks and finally to reds
depending on the severity of the dissimilarity (d > 2). The bottom plot is a subtracted / versus g
curve for the central selected frame (also denoted by a vertical line). The arrow keys can be used
to navigate through the subtracted frames. The / versus g plot will demonstrate the quality of the
subtracted frames from the SEC experiment.

2.1.6. Select frames to merge. Click on the crosshairs in the heat map plot to select the subset of
frames that will be used for merging. The crosshairs will identify a triangular area of
predominately cyan that falls to the bottom right-hand side of the crosshairs. Use a mouse-click
to set these frames as selected and highlight the frames in the corresponding area of the Signal
plot above. These frames should ideally highlight a region with a stable Rg.

NOTE: As needed, zoom in on the heat map with a left-click drag and zoom out with a left-click
swipe to the right.

2.1.7. When satisfied with the selected frames click MERGE. This will merge the subtracted
frames and present them in the ANALYSIS tab.

3. Data deconvolution

3.1. Open the deconvolution program (e.g., BioXTAS Raw 2.0.0).

3.2. In the deconvolution program, load the dataset, under Files tab, in the Control Panel, use
foldether symbol to locate the data or copy and paste the location into the address bar.

NOTE: Make sure the folder contains only the raw *.dat files and no processed or average data

files.

3.3. Highlight all the *.dat files, hit the Plot Series button, a plot of integrated intensity versus
frame number will be drawn in the “Series Plot”.
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3.4. In the Control Panel select the Series tab and then click to highlight the curve. Open up the
LC Analysis pop-up window using the button at the base of the control panel. This window gives
access to several options, such as selecting varying molecule types (protein or RNA). It also allows
the user to select the buffer region for the plot. In the first instance click Auto; this should select
a suitable buffer region.

NOTE: If this fails, possibly due to an unstable baseline, then “Add region” to optimize the buffer
region. This populates the Buffer box with a smaller box in which one can manually add the frame
numbers to use for the buffer. Alternatively, click “Pick” to give the option of selecting an area
on the plot. Locate the area, left-click once for the start position, move the cursor to next position
and left-click again. It may be necessary to add more than one buffer location. Click Set buffer
and the curves will be subtracted and the Rg calculated across the SEC peak. If a pop-up box
appears, click OK.

3.5. To start the Evolving Factor Analysis (EFA), right-click on the highlighted file at the bottom of
the Control Panel and then select EFA from the menu.

3.5.1. Check that a pop-up window opens which shows the single value decomposition (SVD) of
the data set. In the controls box, check the Use Frames box so that the whole peak area to
deconvolute is covered in the intensity plot. The “Singular Values” plot, top right, shows the
intensity of the singular values (separate peaks/species) above the baseline.

NOTE: The number of points present above the baseline represents the number of scattering
species present. With the caveat that it is the relative magnitude of the singular value to the flat
area/baseline that matters.

3.5.2. To help validate the number of single values, use the bottom AutoCorrelation plot. This
shows the right and left single correlation vectors. Click Next.

NOTE: These essentially represent scattering or concentration profiles for the vector in the
solution. Where the absolute size represents the significance of the vector. A significant
component will have an autocorrelation near 1 (a rule of thumb cutoff is >0.6—0.7). RAW helpfully
calculates this and is shown in the #Significant SVs box, bottom left, though you can change this
if necessary. If there are several single values (e.g. 4+), it may be necessary to look at just 2 or 3
of the components only, altering the range of the data used. The lower the number of
components the easier the EFA analysis will be but at the cost of using less data.

3.5.2. Check that the EFA is calculated by generating plots in the forward and backward directions
for each vector. These plots show when components start (forward plot) and exit (backwards
plot) the solution profile for the selected SEC-SAXS data. RAW tries to identify these ranges;
change these using the arrows next to the counters so that each circle is at the start of an
inflection point rising from or falling to baseline. Click Next.
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NOTE: The last stage of the EFA turns the SVD vectors back into scattering curves. On the left of
the window, the previously defined ranges are plotted at the top. These ranges are the
constraints to define where to rotate the singular vectors back into scattering curves. The right
hand panel shows these corresponding scattering curve profiles, for each separated peak. A plot
for the concentration of each peak, that should be representative of elution profiles and a plot
for the mean error weighted chi?. The chi? plot is measuring the deconvolution data set to the
original data set. Ideally, this will be flat, however spikes can often be seen.

3.5.3. Try to reduce or eliminate spikes by altering the Component Range Controls, first identify
approximately which frame corresponds to the spike (from chi? plot) and then, in the Range
Controls, which component contains this frame (it could be more than one), using the arrows,
move up or down the corresponding range.

NOTE: This should produce a response, increasing or decreasing the spike. If the spike frame was
present in more than one component then a little trial and error between each component may
be necessary.

3.5.4. When a minimum chi? has been achieved, perform a validation check by clicking back, the
previous window appears to allow verifying if the changes made have drastically changed the
original EFA plots. If they still look valid, click Next. Click Save EFA Data to save the plots and then
click Done to close the EFF window.

NOTE: A second validation is to click off the check-box next to each component range, in turn.
These provide a positive concentration constraint to each component and turning off will check
if these significantly affect the data set. If no change is seen in the concentration plot then the
data are valid.

3.6. Back in the RAW window, click the Profiles tab in the Control Panel to view the curves and
in the Manipulation tab of the Control Panel, manipulate the curves further or save the curves
as *.dat files by right-clicking on the file and selecting save selected file(s) from the menu pop
up. Save the file. Use Scatter IV for further analysis.

NOTE: Further information and instructions on deconvolution and EFA BioXTAS RAW is found at
https://bioxtas-raw.readthedocs.io/en/latest/

4. Determine SAXS properties

NOTE: An in-depth tutorial for SAXS determination is found at Bioisis.net. Here we show a basic
step by step approach, highlighting the most useful buttons in Scatter.

4.1. In the Scatter ANALYSIS tab, press the G button for the manual Guinier analysis tool, to the
right of each sample file. The plot that opens shows the In[/(g)] versus g in the top box and the
corresponding residuals in the bottom box. Add or remove points such that the residuals do not
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have a “smile” or “frown” feature. The selected data in the Guinier fit should not exceed the
maximum g x Rg limit of 1.3.

4.2. Press the Normalized Kratky button; the plot that pops up provides a semi-quantitative
assessment of macromolecule’s thermodynamic state, normalized for mass and concentration.

NOTE: The crosshairs designate the Guinier-Kratky point at (v3, 1.1)!°. A compact, spherical
protein will show a single peak with the maximum value at the Guinier-Kratky point. An
intrinsically disordered or cylindrical biopolymer would have a maximum greater than the
crosshairs and would not decrease. A protein that had both folded domains and long elongated
unstructured regions might present with an increased maximum through the crosshairs but
would also show an obvious decreasing trend at higher g x Rg.

4.3. Click on the Vc button (Volume-of-correlation), which brings up two plots, the total scattered
intensity and an integrated area of the total scattered intensity as a function of q. The plots are
used as a quick reference to validate the quality of the scattering curve.

NOTE: The total scattered intensity is sensitive to the /(0) and if this has not been measured
correctly then the plot will not show a continuous line. The integrated area plot, ideally, should
show a sigmoidal line with an extended plateau for each SAXS curve. If there are buffer
mismatch/subtraction, aggregation or interparticle interference in the sample a sharp slope will
be observed at higher g-values.

4.4. Press the Flexibility button to start the flexibility analysis. This will open a window with four
panels and a slider at the bottom. Each opened panel shows a plot exploiting a power-law
relationship that exists between compact and elongated/flexible biopolymers?3. To use, move
the slider at the bottom of the box from right to left with the left mouse button pressed. Keep
moving slowly to the left until a plateau in one of the plots is reached.

NOTE: If the plateau is seen in the Porod-Debye plot, then the sample is compact in nature, which
should be consistent with a single peak at the Guinier-Kratky point in a normalized Kratky plot. If
the plateau is reached first in the Kratky-Debye plot then the sample is most likely elongated or
flexible. If the SIBYLS plot is first to plateau, then the sample most likely contains areas of both
compactness and flexibility, a particle with mixed states. The theory for this flexibility relationship
with the Porod-Debye Law is exquisitely addressed in Rambo, et al.?

4.5. Click on Volume. Volume determination should be performed immediately after the
flexibility analysis from above. When opened after the flexibility analysis, a pop up with three
more graphs is generated. In the bottom, left corner the Porod-Debye plot remembers where
one left the slider from the flexibility plot, showing the plateaued area.

4.5.1. To calculate the volume of the particle, move the start and endpoints using the arrow
buttons or type in the boxes, so that the blue line on the plot fits the plateaued region. For an
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unbiased result, the residuals in the top right Porod-Debye exponent power-law fit, should show
no pattern.

4.6. Press the P(r) tab. The real-space distribution is in the left panel and the scattering curve for
the sample in the right-hand panel. The objective is to create a real-space representation of the
sample from the reciprocal space SAXS curve. Ideally, the distribution curve will be smooth with
no waves present and should just gently kiss the x-axis.

NOTE: The instrument’s measured g-range may not be entirely useable due to poor buffer
matching, aggregation, radiation damage, sub-optimal exposure times and low particle
concentrations. The P(r)-determination step will fundamentally determine the useable gmi» and
gmax range of the SAXS dataset and it should be this range of data that is used for any subsequent
modeling or fitting.

4.6.1. Right-click on the sample name then click Find DMAX to open a new window. Limits for
the dmax are pre-set with the suggested gmax, lower and upper dmax limits and a lower and upper
alpha score. Three models can be chosen (L1-norm, Legendre and Moore) and the use of
Background included. Leave these unchanged in the first instance.

4.6.2. Press the Start button. A composite distribution is created in the left panel with the
suggested dmax and alpha level written underneath. If this looks acceptable then close the window
and return to the P(r) tab. The reciprocal space plot will have been cropped to match the
suggested gmax-

4.6.3. Choose the model Moore, click on Background and then set the alpha level and dmax to the
suggested values from the pop-up box. Press the refine button. A cross-validation plot will pop
up showing if any points had to be rejected, marked in red. If there are only a few points rejected
and the distribution looks good then the model is good.

NOTE: The cross-validation plot will highlight regions of the data that are inconsistent with the
determined P(r)-distribution. If the rejected region is mainly in the low-q region, that is the region
near the y-axis, this likely suggests a dmax that is too short, presence of aggregation or higher
order oligomers. It highlights an inconsistency between the higher and lower resolution
information. Here, dmax and gmin (increasing start value) should be adjusted using a manual, trial-
and-error approach. Similarly, if the rejected region is mainly in the high-q region, this may
indicate an issue with the background subtraction or that the signal is too weak to be
meaningfully explained by the determined P(r)-distribution. In this case, qmax should be truncated
(decreasing end) until no additional data are rejected. Ideally, rejected points should be randomly
distributed and make up less than 5% of the useable data. A properly defined qmin, gmax and “dmax”
will produce a smooth distribution where the dmax kisses the x-axis. However, do not increase this
value so much that it completely removes the Guinier region. This point is easily found by
checking the g x I(q) box (on the left of the panel above the table). The scattering curve is replaced
by the “Total Scattered Intensity plot”, on this curve all points before the max inflection are part
of the Guinier region. After removing points try again to increase/decrease the “dmax” and then
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refine once more. If problems persist, especially when many points are being rejected from the
start of the validation curve, this strongly suggests the data are not ideal for structural modeling.

4.7. To print a report, navigate back to the Analysis tab, left-click to highlight the sample then
right-click on the sample name and move to Create report from single data set in the menu. A
text box opens to allow for comments to be added. A PDF document is produced showing all the
figures and values generated.

REPRESENTATIVE RESULTS:

The advantage of using deconvolution over classical frame selection?? is to remove the influence
of species on one another, producing a monodisperse scattering signal. This is also often followed
with a better signal to noise ratio. When E9 exo™" is bound to DNA and run using SEC-SAXS, two
peaks are observed (Figure 1). The first, large peak (approximately frames 420-475) is the E9
exo™ns-DNA complex the second (approximately frames 475-540), the unbound state (see
Supplementary Data: Figure 2). While the classical approach of selecting frames provides a stable
Rg of the complex in the first peak (see Supplementary Data: Figure 3), the second peak is clearly
merged and the Rg across the plot shows that the second peak of interest does not have a stable
Rg, due to cross-peak contamination. Only 5 frames could be used that showed a semi-stable Rg,
when subtracted they gave an Rg = 35.8 A (Figure 2, green). When the peaks were deconvoluted
using EFA the corresponding curve for the second peak (Figure 2, blue) was overlaid with the
original and showed a clear decrease in signal to noise, and a lower Rg, 34.1 A was recorded. The
Kratky plot (Figure 3) shows the complex with the deconvoluted peak (blue) is more globular.
This is confirmed by the P(r) curve (Figure 4) which gives a dmax 105 A for the deconvoluted curve
(blue) while the non-deconvoluted is more elongated with a dmax 123 A (green), this is most likely
due to heterogeneity arising from the unbound E9 exo™"us,

FIGURE AND TABLE LEGENDS:

Figure 1: Signal plot of E9 exo™" alone and with DNA in complex. The top panel shows a plot
of the integral ratio to the background for each frame of a SEC-SAXS run (light blue). The red
points show the Rg at each frame over the peak. The bottom panel shows the corresponding heat
map showing the residuals for each frame colored according to the Durbin-Watson auto-
correlation analysis, regions of high similarity are colored cyan while dissimilar frames follow
darker blues to pinks and finally to red depending on the severity of the dissimilarity.

Figure 2: Plot of intensity versus scattering vector. An overlay of the subtracted SAXS data form
the E9 exo™"¥s | In green 5 frames (frame 517-522) averaged and subtracted from an area of
semi-stable Rg and in blue the representative scattering curve derived from the EFA
deconvolution of the SEC-SAXS peak.

Figure 3: Dimensionless Kratky curve. Overlay of the deconvoluted (blue) and non-deconvoluted
(green) Kratky curve showing E9 exo™"s is globular.
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Figure 4: P(r) curve. The overlay of the deconvoluted (blue) and non-deconvoluted (green) curves
for the E9 exo™nus,

DISCUSSION:

It is desired to have a monodisperse sample before starting a SAXS experiment, but in reality,
many data collections do not satisfy this and must be improved by combining the measurement
with inline chromatography—SEC in most cases. However, even the shortage of time between
purification and data acquisition monodispersity of the sample is not guaranteed. Most
commonly, this applies to experiments where components are too close in size or in their physical
properties to be separated or are prone to fast dynamics. Here, we have provided a protocol
combining single value decomposition with evolving factor analysis to remove the influence of
DNAbound E9 exo™" from its unboundform creating a monodisperse scattering profile that we
were then able to analyze with the SAXS package Scatter IV.

SVD with EFA of SEC-SAXS data are very powerful methods developed to deconvolute SAXS data
and improve analysis, but they do have limitations. They require that noise or drift in the buffer
baseline of the SEC-SAXS is kept to a minimum. This may involve extra column equilibration
(better to use more than 3 column volumes, depending on the buffer) before sample loading.
However, the most critical step is the choice of the number of the singular values and the range
of data used, as this will greatly affect the accuracy of the deconvolution. It is for this reason that
the results should not be taken on their own but further analyzed using techniques such as
analytical ultracentrifugation (AUC) or multi-angle-laser-light-scattering (MALLS) for biological
interpretation.

Scatter IV is a new, software package, free for research and industrial use with an intuitive user
interface that allows even non-experts to analyze their data. Scatter IV has several new features
that help to improve the analysis of SEC-SAXS data, such as the heat map linked to the signal plot,
enabling greater accuracy with choice of frame selection. In primary data analysis, the Guinier
Peak analysis and the cross-validation plot associated with the P(r) analysis offer an integrated
troubleshooting ability in the software.

It should be mentioned that many other programs can be used for primary data analysis; these
contain the same basic features and are also updated regularly such as BioXTAS RAW!7 ATSAS
package®* and US-SOMO? to name a few.

But regardless of which SAXS package is used for analysis, the major limitations are common: the
sample preparation, before collection and analysis. In the E9 exo™"s example shown, it is clear
to see the improvement in the signal to noise ratio and with a reduction in the Rg the dmax
associated with a monodisperse sample. This will greatly aid further processing of the data such
as fitting or modeling with known high-resolution structures.
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Thank you very much for the possibility to improve the manuscript to publish in JoVE. We tried to
address each of the questions and comments of the editorial board as well as the reviewers.

Please find our comments attached to this letter and the new version of the manuscript uploaded.

I am looking forward to hearing from you at your earliest convenience

Mark Tully and Stephanie Hutin
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Please note that the reviewers raised some significant concerns regarding your method and your
manuscript. Please revise the manuscript to thoroughly address these concerns. Additionally, please
describe the changes that have been made or provide explanations if the comment is not addressed
in a rebuttal letter. We may send the revised manuscript and the rebuttal letter back to peer
review.

You will find Editorial comments and Peer-Review comments listed below. Please read this entire email
before making edits to your manuscript.

NOTE: Please include a line-by-line response to each of the editorial and reviewer comments in the form
of a letter along with the resubmission.

We thank the editor and reviewers for their useful and thoughtful revision. Please find below our
comments and corrections concerning each point.

Editorial Comments:

» Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammatical errors.

Thank you very much for the advice, we ask native speakers to control the text.

» Protocol Numbering: All steps should be lined up at the left margin with no indentations. There must
also be a one-line space between each protocol step.
We corrected this.

« Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and spaces) in
yellow, to identify which steps should be visualized to tell the most cohesive story of your protocol steps.
Please see JoVE’s instructions for authors for more clarification. Remember that the non-highlighted
protocol steps will remain in the manuscript and therefore will still be available to the reader.

1) The highlighting must include all relevant details that are required to perform the step. For example, if
step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and
2.5.2, then the sub-steps where the details are provided must be included in the highlighting.

2) Some of your shorter protocol steps can be combined so that individual steps contain 2-3 actions and
maximum of 4 sentences per step.

3) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one
highlighted step to the next.

4) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when
calculating the final highlighted length.

5) Notes cannot be filmed and should be excluded from highlighting.

2.5 pages are highlighted

* Discussion: JOVE articles are focused on the methods and the protocol, thus the discussion should be
similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form



(3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance
with respect to existing methods, 4) future applications and 5) critical steps within the protocol.

We rewrote the discussion accordingly.

* Figures: Please provide each figure (if multiple panels are present per figure, keep them within 1 file) as
an individual SVG, EPS, Al, TIFF, or PNG file.

We uploaded all images as single PNG files.

* Table of Materials: Sort this alphabetically.

Please find the table in alphabetical order.

« If your figures and tables are original and not published previously or you have already obtained figure
permissions, please ignore this comment. If you are re-using figures from a previous publication, you
must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of
a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). Please
upload the text of the re-print permission (may be copied and pasted from an email/website) as a Word
document to the Editorial Manager site in the "Supplemental files (as requested by JOVE)" section. Please
also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from [citation]."

Our Figures are originals and produced by us and not published before.

Reviewer: 1

Manuscript Summary:

The article describes a procedure for deconvolving overlapping peaks in SEC-SAXS data using widely
available software. It will be a useful resource to the community when published. However, | have several
major concerns detailed below, as several steps of the procedure failed when | attempted to do them.
Some of these had little effect on my ability to do the rest of the analysis, but some of them, such as the
incorrect description of how to set the buffer region in BioXTAS RAW (using the currently available
version), and the failure of the Dmax window to open in Scatter, represent major issues. Scatter is also not
available from the website provided by the authors, which is another major issue. The manuscript needs
major revision, and then should be reviewed again to verify they have fixed these issues in the protocol.

Other notes:

Because | found several bugs in the Scatter software, of which one of the article authors is the author, |
have included the following information for their use in debugging:

Downloaded from: sibyls webpage (bioisis.net doesn't work)

Version: Scatter IV (downloaded April 27, 2020), no other version information is obvious.

Java JDK: 14.0.1, 64 bit

Operating system: MacOS 10.14.6

Thank you for your thoughtful reviewing, we are trying to incorporate your suggestions.



Major Concerns:

-bioisis.net is not available, you can't download Scatter from there. Nor is the in-depth protocol for
analysis mentioned in section 4 available. This should be made available elsewhere and appropriately
mentioned in the paper or added to the paper itself.

We are moving server, but the latest version of the program can always be made available by contacting
Rob Rambo directly. By the time the manuscript will be published the new server should be operational.

-The protocol fails at step 2.2.3, where | was unable to select an output directory for the SEC-SAXS data.
After loading files as directed, | cannot select 'Choose’ in the save directory dialog.

We are sorry that this step failed, but we retested it and in the latest version it works.

-The protocol fails at 2.2.4, clicking 'Edit Details' does nothing.

Again, we are sorry that this step failed, it works for us.

The authors are using an outdated version of BioXTAS RAW (version 1.2.3 is 3 years old, according to
the BioXTAS RAW release notes). Authors should download and use the latest version, currently 1.6.4,
as that is what will be available for readers of the article. This will change parts of the protocol, as noted
below, and the protocol needs to be updated appropriately.

We updated BioXTAS RAW to the version 2.0.0 and changed the protocol accordingly. Please see the
main manuscript.

-In section 3, the authors need to provide some guidance on how to pick the correct range for
deconvolution and how to pick the right number of significant singular values for deconvolution. That
seems to be at the heart of this method, but is glossed over.

Thank you for pointing this out. Using the new version of BioXTAS RAW, this problem is solved within
the program and the protocol is adjusted to it.

-The protocol fails at step 4.6. In 4.6.1, right clicking and selecting 'Find DMAX' does not open a new
window. It appears the options described are available in the bar below the plot, but there doesn't seem to
be a 'Start' button. The rest of 4.6 cannot be carried out.

This problem is now fixed in the new version of Scatter 03Mar2020B.1.

-The protocol fails at step 4.7. No text box opens for comments. No PDF is saved.

This potential problem is now fixed in the new version of Scatter 03Mar2020B1 as well.



Minor Concerns:

-There are several available methods for deconvolving SEC-SAXS data, primarily EFA as implemented
in BioXTAS RAW and the Gaussian peak deconvolution as implemented in US-SOMO but also other
methods such as the Guinier optimized maximum likelihood method implemented in the DELA software
(Malaby et al. J. Appl. Cryst 2015). Authors only use one of these methods. They should adjust their title,
abstract, and manuscript comments to clarify this fact, comment on the existence of other methods, and if
appropriate should mention why they use the EFA method over the Gaussian deconvolution or other
methods.

We added a paragraph in the introduction discussing other methods and our choice and changed the title
accordingly to “Analysis of SEC-SAXS data via EFA deconvolution and Scatter* and adjusted the
abstract.

-While reference 10 is one of the original references for EFA, a more modern and useful reference that
could be included is Practical Data Analysis in Chemistry by Maeder & Neuhold (2007), published by
Elsevier Science. | suggest including both.

Thank you, we added the citation.

-Line 65, 107: It is not clear to me that the phrase thermodynamic state or thermodynamic measurement is
appropriate here. While technically true, usually the use is accompanied by definition of state variables.
The use also often, but not always implies, a system in equilibrium, which is not required for SAXS. It
would be useful if the authors can clarify what they mean by these phrases.

You are correct, a more rounded explanation of thermodynamic should be incorporated, but as this is not
really required for this this paper, we have removed the term.

-1 suggest that the authors provide more citations in their introduction. Citing several recent review papers
for SAXS would be useful for readers who are not as familiar with SAXS, and there are several
appropriate places those could be added.

People who are not familiar with working with SAXS are invited to take a look in our first JOVE
publication Brennich et al. as cited right at the start of the method. Reviews and other citations are now
added in the introduction.

-Line 76: The authors cite a SEC-SANS paper without ever mention SANS. | think that this either ought
to be mentioned or the citation removed.

We took the reference out.

-Recently SEC-SAXS has been demonstrated on a lab source. The authors should comment on whether
these methods are restricted to SEC-SAXS at a synchrotron or can be applied to laboratory SEC-SAXS as
well.



Technically, the method will work with any lab source, given that we do not have any experiences we did
not go into detail here. Still, it is mentioned in the introduction now

-Lines 95-96: When discussion EFA, the authors state "A SAXS specific implementation can be found in
several programs for example in BioXTAS RAW." If there are other SAXS specific implementations,
those should be cited as well. If appropriate, the authors should discuss why they chose to use BioXTAS
RAW for this paper.

We added an entire paragraph to discuss our choice.

-Lines 99-110: There are a lot of different techniques mentioned in this paragraph. Citations to relevant
literature that explain the how/why of these techniques should be included.

We added citations accordingly.

-Line 118: Type of column (10/300, 5/150, etc) should be included here.

The 5/150 was included in the text

-Line 139: Output directory is labeled "Save as ::" in Scatter 1V, not "Out Dir ::".

This problem was taken care of and the manuscript and the new version are now aligned.

-Line 139: Unable to select an output directory in Scatter 1V.

This problem was fixed in the new version.

-Protocol step 2.2.8 is unclear. Which plot is the main plot? If it is the signal plot, then why refer to it
with two different names? How do you select an ROI? Is it the same as selecting a buffer region? Is the
buffer region just an ROI? Please clarify.

We changed it to: 2.2.8 Identify a region of interest (ROI). On the main signal plot, select the general
region of the peak that you are interested in. This populates three plots in the right hand panel. The top
two plots are linked with crosshairs moving between them, a signal plot (top right) showing only the ROI
selected with the intensity of each frame in blue and the corresponding Rg of each frame in red and a
corresponding heat map showing the residuals for each frame colored according to the Durbin-Watson
auto-correlation analysis. Regions of high similarity will be colored cyan (Durbin-Watson, d=2) while
dissimilar frames will follow darker blues to pinks and finally to reds depending on the severity of the
dissimilarity (d>2). The bottom plot is a subtracted | vs. q curve for the central selected frame. The arrow
keys can be used to navigate through the subtracted frames. The I vs. g plot will demonstrate the quality
of the subtracted frames from the SEC experiment.

-In step 2.2.6 the authors use signal plot to refer to the integral ratio to background plot, whereas in 2.2.8
they use it to refer to the plot labeled 'signal’. This is confusing and should be clarified.



The text is changed now to main plot to signal plot.

-In Step 2.2.8 1 would find it helpful if the authors mentioned that the vertical line in the 'signal’ plot
corresponds to the subtracted profile displayed in the bottom plot (at least, that's my assumption).

This is correct, we have added extra wording to highlight this.

-In step 2.2.9, zooming out with a left click swipe to the right compressed the correlation plot into
uselessness.

We do not see that problem. We assume that you will not have this problem in the new version any
longer.

-Line 185: It is BioXTAS not Bio-XTAS

We corrected this typo.

-Line 189: In BioXTAS RAW 1.6.4 it is the 'Plot Series' button, not 'Plot SEC'.

We corrected this in the text.

-Line 190: It displays on the 'Series' plot in the Plot Panel.

We corrected this in the text.

-Line 191: In BioXTAS RAW 1.6.4 it is the 'Series' tab not the 'SEC' tab

We corrected this in the text.

-In step 3.4, this does not work in BioXTAS RAW 1.6.4. You now use the LC Series Analysis panel to do
buffer subtraction for a series, as described here: https://bioxtas-
raw.readthedocs.io/en/latest/tutorial/s1 sec.html

Step 3.4 adapted to BioXTAS RAW 2.0.0 and was rewritten.

-Line 195, 200, 203, 208, 314, 331: 'EFA' not 'EFF'

We corrected this in the text.

-Line 212: Should read 'selecting "save selected file(s)" from the menu pop up'?

We corrected this in the text.

-In the section 'representative results' the authors state "The advantage of using deconvolution over


https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s1_sec.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s1_sec.html

classical frame selection is the better signal to noise ratio". While this is true, it is a somewhat limited
perspective. Often the peak overlap may be sufficiently strong that you cannot obtain monodisperse data
for one or more of the eluted components through ‘classical frame selection'. The authors should
correct/discuss this. They actually observe it in their results, but do not sufficiently comment on it.

We changed it to: The advantage of using deconvolution over classical frame selection is to remove the
influence of other species on to one another, producing a monodisperse scattering signal.

-Figures are poor quality. Can the authors generate higher resolution figures? Also, some of this may be
from the generation of the review PDF, but the authors should look into this.

We will upload them in svg and png to ensure high quality.

-Figures 2, 3 and 4 legend should be EFA not EFF.

We corrected this in the text.

-ldeally all links in the document would be provided as https, not http, when available.

Bioisis was not a https but this will be solved by moving the server

-The link for Scatter IV in the table of materials doesn't work.

This will be solved with the new server

-In the table of materials, it should be 'Sibyls' beamline not 'Sibylis' beamline. Also, | believe it is
capitalized (SIBYLS).

We corrected this in the table.

Scatter 1V specific suggestions or bugs, not required to be fixed for publication:

-Program suggestion: | would find it extremely helpful to be able to fine tune the selected ROI range
without having to click and drag on the main plot. For example, when testing the protocol for the paper |
found myself wanting to remove ~4 frames from the start of the ROI, but found it hard to click that
precisely (e.g. changing start frame from 687 to 691 while keeping the same end frame). It is possible to
zoom in on the plot, but | found that not terribly useful, as you couldn't control the amount of zoom.
-Program bug: There is a bug in Scatter IV where the selected ROI displayed on the main plot disappears
when zooming in on the main plot.

-Program suggestion: It would be very useful if the ROl was displayed dynamically while clicking and
dragging on the plot.

We thank you very much for this useful and thoughtful revision and your comments to improve Scatter
V.



Reviewer #2:

Manuscript Summary:

The authors reported the usability of EFA for SEC-SAXS data in this manuscript. The reviewer admits
the importance of such a trial for obtaining the reliable mono-disperse data. On the other hand, the
detailed processes applied for real sample is totally missing in the present version of manuscript. The
reviewer believes that complete set of these information will be quite helpful for future readers, hence
they should describe them in more detail. Other comments are described below.

Thank you for your input.

Major Concerns:
1. The authors should explain the principle of EFA. Without it, it is very difficult to catch up with
the advantage of this method beyond conventional SVD methods.

We added a paragraph in the introduction discussing why we choose EFA and mention different
alternatives.

2. They should describe the dissociation contant of E9 exominus and DNA.

Without it, feature readers might consider that two peaks are originated from pure E9 exominus and

pure DNA. Other experimental technique such as AUC is needed for validating the existence of complex
of E9 exominus and DNA. Only the SEC chart is not sufficient for proving the detection of complex.

We agree that a SEC chart is not sufficient for proving the detection of complex, but the complex was
described in: The vaccinia virus DNA polymerase structure provides insights into the mode of
processivity factor binding. Tarbouriech N, Ducournau C, Hutin S, Mas PJ, Man P, Forest E, Hart DJ,
Peyrefitte CN, Burmeister WP, Iseni F. Nat Commun. 2017 Nov 13;8(1):1455. doi: 10.1038/s41467-017-
01542-z. Further we added suggestions in the discussion and provided supplementary informations.

3. 3.5.4 A bit of trial and error is required here.

>> The reviewer believes that this procedure

is the crucial step for successful EFA,so the authors should describe more information about obtaining
reliable minimum chi2 value.

We agree, we have completely changed this section to remedy this.

4. Detailed process for EFA is totally missing. Hence the reviewer could not judge the validity
of this analysis for E9 exominus and DNA system. The authors should describe the procedures step by
step in more detail.

We agree, we have completely changed this section to remedy this

Minor Concerns:
1. It is better to include the information of HPLC.

The HPLC procedure was described in: The vaccinia virus DNA polymerase structure provides insights
into the mode of processivity factor binding. Tarbouriech N, Ducournau C, Hutin S, Mas PJ, Man P,
Forest E, Hart DJ, Peyrefitte CN, Burmeister WP, Iseni F. Nat Commun. 2017 Nov 13;8(1):1455. doi:



10.1038/s41467-017-01542-z. A detailed description of how to perform a HPLC run on the beamline can
be found in one of our earlier JOVE publications: Brennich, M.E., Round, A.R., Hutin, S. Online Size-
exclusion and lon-exchange Chromatography on a SAXS Beamline. Journal of Visualized Experiments.
(119), doi: 10.3791/54861 (2017). Hence we only cite the two papers.

2. At all the sections, it is better to include the brief flow charts.
It will be helpful for understanding the procedures at each section.

Given that the protocol will be filmed, we assume that a flow chart will not be necessary.

3. The reviewer considers that the globular protein have a maximum at QRg=root(3) in the
Kratky plot. But the reviewer could not understand the meaning of Guinier-Kratky point at (root(3), 1.1)
especially for 1.1. Please explain it in more detail.

The scattering pattern of a globular protein follows Guinier’s law 1(q) = 1(0) exp (—(qRg)%3). The
corresponding dimensionless Kratky plot exhibits a maximum with a value 3 exp (—1) = 1.104 at
gRy = 3. A link to the original paper where this was first defined has been added.

Reviewer #3:

In this manuscript Tully et al describe a protocol to analyze SEC-BioSAXS data. SAXS is an incredibly
powerful structural biology technique but achieving high quality data can be challenging. This detailed
protocol describes the steps to deconvolute scattering curves from SEC profiles with partially resolved
peaks. Aside from the minor comments below this protocol is acceptable for publication in JOVE.

Thank you for your comments.

Minor Comments:
1.1.2 - Please provide the suggested concentration of E9 exo as this is an important parameter for SAXS

The concentration is now included in point 1.1.2.

2.2.4 - Please elaborate on what the experimental details entail

We elaborated point 2.2.4 to Edit your experimental details, use the “Edit Details” button and fill out as
many fields as possible, these include sections on which source/beamline was used to collect data, the
collection parameters and sample details. These will be saved with your data and allow you to more easily
populate the “Data collection parameters” section in your future publications.

3.5 - Please define the EEF acronym

This was a typo we corrected. It should have been EFA.

Representative Results - It would be very useful to show an example SEC-BioSAXS trace where this
method fails.



Although we are thankful for the comment we disagree with the idea of showing negative results because
we do not see the point why that would help in a protocol describing a method. We are giving here a
complex example.

Discussion - This discussion seems too brief. | suggest that the authors elaborate on more of the benefits
of this particular method. Aside from Scatter couldn't a similar analysis also be carried using the ATSAS
data suite?

The discussion was rewritten including this point.

Reviewer #4:

Manuscript Summary:

The authors report a detailed method for the deconvolution of SEC-SAXS data. Briefly, structural
characterization of biological molecules by SAXS requires that the scattering curve corresponds to a
monodisperse entity. However, this is not always possible to obtain even by using size-exclusion
chromatography. Species of different sizes can overlap and undergo chemical exchange. To overcome
this, Meisburger et al (2016) reported an algorithm for the deconvolution of SEC-SAXS data, which is
accomplished using the software BioXTAS. In this manuscript, the authors described a detailed protocol
for 1. acquisition, 2. Primary data processing, 3. Data deconvolution, 4. SAXS properties analysis of
SEC-SAXS.

Major Concerns:
No major concerns.

Minor Concerns:

Overall, this is a very technical and detailed protocol destined at users that are already familiar with
BioSAXS, but have never performed deconvolution. | found that the following minor points to be
corrected.

Thank you for pointing them out.

Line 64: "but again the samples are not in a close to physiological condition using this technique.” Please
rephrase. Also, because of the flash-freezing process, cryoEM is arguably as close to physiological as
SAXS. I don't think it is necessary at all to state that.

During the last couple of years cryo-electron microscopy delivered similar high-resolution structures of
large macromolecules / macromolecular complexes, but although the samples are closer to physiological
condition they are still frozen, hence immobile and static. Bio-Small Angle X-ray Scattering (BioSAXS)
provides a structural measurement of the macromolecule’s thermodynamic state in conditions that are
relevant to biology.

Line 85: "...the complex recently solved". Please add "... by X-ray crystallography".
We added it.

Lines 86-90: For this paragraph, please indicate in which section "data rechecking" is shown.



We added it.

Line 132: The Bioisis website is currently down, so | could not verify the section 2
We are moving server, but the latest version of the program can always be made available by contacting
Rob Rambo directly. By the time the manuscript will be published the new server should be operational.

Line 249: Please define the Sibyls plot, this is not common knowledge even in the SAXS field.

This is a relatively new plot, the paper on the Porod-Debye law by Rambo and Tainer gives a great
explanation. We have directed users to this.

Lines 307-319: Please define better the "first" and "second™ peaks by providing their frame numbers. Also
please indicate exactly which 10 frames were used for generating the green curve in Fig. 2. | thought this
should correspond to the peak of interest (the complex), which | assume would elute earlier in SEC.
Please clarify.

We rewrote the entire explanation and discussion on this point.

Again, we would like to thank all reviewers and our editor for their thoughtful and helpful suggestions.

Sincerely,

Mark Tully and Stephanie Hutin



Supplemental Data

Permissions, etc.);Supplementary data.docx

Supplementary data

Material :

Primers :

5’biot-temp-30 : biotin-CCGAATCAGGAAGATAACAGCGGTTTAGCC
temp-25 : TCAGGAAGATAACAGCGGTTTAGCC

prim-20 : GGCTAAACCGCTGTTATCTT

Primer combinations:
for SAXS : temp-25 + prim-20
for SPR : 5’biot-temp-30 + prim-20

Methods:
Annealing:

The primers 5’biot-temp-30 and prim-20 or temp-25 and prim-20 were mixed at a final concentration of
100 pM each in 20 mM Tris pH 7.0, 75 mM NaCl, 2 mM Mg Ac and annealed using a linear
temperature gradient from 98°C to 23°C at 0.5°C temperature decrease per minute using an
Eppendorf Mastercycler pro.

SPR experiment:

Data were collected on a BlAcore 3000 on a streptavidin coated chip. All experiments were performed
in 20 mM Tris pH 7.0, 100 mM NaCl with a flow rate of 15 pl/min.

Sensor preparation : 75 pL of a 1 uM solution of 5’biot-temp-30 + prim-20 annealed primers were
loaded at 5uL/min on one flow cell, a second flow cell was used for background subtraction. Unbound
DNA was eliminated by a 2 min wash with 0.05% SDS.

SPR run: A dilution series from 0.625 to 320 nM of E9 exo™inus (2-fold step) was injected each during 3
min followed by a 5 min dissociation. The protein was washed between injections with a 2 min 0.05%
SDS wash before being re-equilibrated in running buffer for 5 minutes.

Data analysis: Background subtracted signals were imported to LibreOffice Calc for curve fitting using
the Solver non-linear function. Single exponential fit gives a Kp of 12 + 6 nM. Figure was generated
using MS Excel.

Click here to access/download;Supplemental File (Figures,
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Supplementary Figure 1: SPR signal curves for binding of E9 exo™nus to DNA.

Sample preparation for SAXS:

800 pl of E9exo™minus (7.8 uM) were mixed with 80 ul annealed primers at 100 uM. The salt was diluted
to 75 mM and the sample then concentrated to 60 pl (~ 8-10 mg/ml protein, DNA 1.2 x).

Concurrent SAXS analysis of the first peak:

The analysis of the first peak representing the E9 exo™ms +DNA complex using classical frame
selection and EFA analysis shows that in this case there is no significant improvement of the
scattering signal using deconvolution.
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Supplementary Figure 2: UV spectra from SEC-SAXS of the E9 exo™nus with (blue) versus without
(orange) DNA (data not shown) showing that the second peak corresponds to E9 exo™nus unbound

form.
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Supplementary Figure 3: a) | versus q curve, b) Kratky plot, ¢) P(r) of E9 exo™nus +DNA. The blue
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curve represents the analysis using EFA and the green curve represents the analysis without EFA.

The Rgs differ slightly (49.1A versus 48.4 A in real space).
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