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ABSTRACT

Small Angle X-ray Scattering (SAXS) is an increas-
ingly common and useful technique for structural
characterization of molecules in solution. A SAXS
experiment determines the scattering intensity of a
molecule as a function of spatial frequency, termed
SAXS profile. Here, we describe three web servers
for modeling atomic structures based on SAXS pro-
files. FoXS (Fast X-Ray Scattering) rapidly computes
a SAXS profile of a given atomistic model and fits
it to an experimental profile. FOXSDock docks two
rigid protein structures based on a SAXS profile of
their complex. MultiFoXS computes a population-
weighted ensemble starting from a single input struc-
ture by fitting to a SAXS profile of the protein in so-
lution. We describe the interfaces and capabilities
of the servers (salilab.org/foxs), followed by demon-
strating their application on Interleukin-33 (IL-33) and
its primary receptor ST2.

INTRODUCTION

SAXS has become a widely used technique for structural
characterization of molecules in solution (1). A key strength
of SAXS is that it is informative about the shapes of macro-
molecules as large as 1000 A across at near physiological
conditions, in the 10 to 50 A resolution range. The exper-
iment is performed with ~15 pl of the sample at the con-
centration of ~1.0 mg/ml. It usually takes only a few min-
utes on a well-equipped synchrotron beam line (1,2) and
can be conducted for a range of conditions (3). The SAXS
profile of a macromolecule, 1(q), is computed by subtract-
ing the SAXS profile of the buffer from the SAXS profile
of the macromolecule in the buffer. The profile can be con-

verted into an approximate distribution of pairwise atomic
distances of the macromolecule (i.e. the pair-distribution
function) via a Fourier transform.

Computational approaches for modeling a macromolec-
ular structure based on its SAXS profile can be classified
based on the system representation into ab initio and atomic
resolution modeling methods (4,5). On the one hand, the ab
initio methods search for coarse 3-dimensional shapes rep-
resented by dummy atoms (beads) that fit the experimental
profile (6-8). On the other hand, atomic resolution mod-
eling approaches generally rely on an all atom representa-
tion to search for models that fit the computed SAXS pro-
file to the experimental one (9). Therefore, atomic resolu-
tion modeling can be used only if an approximate structure
or a comparative model of the studied molecule or its com-
ponents are available. With the increasing number of struc-
tures in the Protein Data Bank (PDB) (10) that can serve as
templates for comparative modeling of a large number of
sequences (11), we have focused our own efforts on atomic
resolution modeling with SAXS profiles (12-15).

SAXS-based atomic modeling can be used in a wide
range of applications, such as comparing solution and
crystal structures, modeling of a perturbed conformation
(e.g. modeling active conformation starting from non-active
conformation), structural characterization of flexible pro-
teins, assembly of multi-domain proteins starting from sin-
gle domain structures, assembly of multi protein complexes,
fold recognition and comparative modeling, modeling of
missing regions in the high-resolution structure and deter-
mination of biologically relevant states from the crystal (16—
18). Several software packages and webservers are available
for some of these tasks, including ATSAS (19), pyDock-
SAXS (20,21) and ClusPro (22). Here, we describe how our
tools can be used to facilitate addressing several of these
questions (Figure 1).
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Figure 1. Overview of the input and output of the three servers: (A) FoXS§,
(B) MultiFoXS and (C) FoXSDock.
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COMPUTING SAXS PROFILE WITH FoXS

Rapid and accurate computation of the SAXS profile of a
given atomic structure and its comparison with the exper-
imental profile is a basic component in any SAXS-based
atomic modeling. FoXS is a webserver that performs this
task (13,23). Over the past few years, FoXS webserver was
upgraded by adding new multi-profile fitting functionality
and interactive output visualization for profiles and struc-
tures, as we describe below.

The profiles are calculated using the Debye formula (24)
and fitted to the experimental data with adjustment of the
excluded volume (c¢;) and hydration layer density (c;) pa-
rameters. The fit score is computed by minimizing the x
function with respect to ¢, ¢; and ¢;:

1 S Iex (QI)
SOC

where I, (q) and I(q) are the experimental and computed
profiles, respectively, o (¢) is the experimental error of the
measured profile, S is the number of points in the profile
and c is the scale factor.

The input to the server is a structure file in the PDB for-
mat and an experimental SAXS profile. The output is the
computed profile fitted to the experimental one. The server
displays the profile fit along with the residuals on the left
side of the window. The input structure is displayed in a JS-
mol window (25). The user can zoom on different parts of
the fit plot, download the fit plot file and rotate the struc-
ture in the JSmol window (Supplementary Figures S1, S3).
A summary of fit parameters (x, ¢; and ¢;) is given under
the two windows.

If the user uploads multiple structures (in a zip file), the
server computes the profile for each structure and fits it
to the experimental data. The output is again displayed in
the profile fit and structure windows, followed by a table
with the fit summary for each structure. The user can use
show/hide button to display or hide the computed profile
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and the corresponding structure (Supplementary Figures
S2, S4). The rest of the output is described in the following
section.

FITTING MULTIPLE STRUCTURES TO A SINGLE
PROFILE

The unique capability of FoXS webserver is a possibility to
account for multiple states contributing to a single observed
SAXS profile. Multiple states can correspond to conforma-
tional heterogeneity (multiple conformations of the same
protein or complex) and/or compositional heterogeneity
(varying contents of protein and ligand molecules in the sys-
tem). We have developed a scoring function and an enumer-
ation procedure to compute multi-state models based on a
SAXS profile. The score of a multi-state model is:

_ 1 S Iexp (QI) —C Zn wnln (in C1, CZ) :
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where I,,(q, ¢1, ¢2) and w, are the computed profile and the
corresponding weight, respectively, for each of the N states
in the model; this equation minimizes data overfitting by us-
ing a single set of ¢; and ¢; values for all N states. The enu-
meration of multi-state models (subsets of conformations
and their weights) of size N (typically, 1 < N < 5), such that
the corresponding sum of weighted SAXS profiles fits the
experimental SAXS data, is performed iteratively using a
branch-and-bound method (26).

Given multiple input structures, FoXS by default enu-
merates multi-state models and fits them to the data (Fig-
ure 1). The server output page contains a link to the multi-
state model page above the display windows. The top of the
multi-state model page (Supplementary Figure S5) shows
the bar plot (left) and the fit plot (right). The bar plot shows
the x values for the best scoring N-state models (for each
N). The error bar indicates the range of x values for the top
100 multi-state models. The fit plot is similar to the fit plot
for single structures, displaying weighted profiles for N >
1. The best scoring N-state model for each N is shown be-
low the bar and fit plots. For each model, a summary of fit
parameters (x, ¢; and ¢,) is given, followed by the display
of the structural states in JSmol windows (one window per
state) and their corresponding weights. The user can down-
load a weighted profile for a multi-state model.

PROTEIN-PROTEIN DOCKING WITH FoXSDock

While many structures of single protein components are
increasingly available, structural characterization of their
complexes remains challenging. Methods for modeling as-
sembly structures from individual components frequently
suffer from large errors, due to protein flexibility and in-
accurate scoring functions. SAXS profile of the complex
can significantly improve the success rate of protein—protein
docking (14,15). FoXSDock is a web server for protein—
protein docking restrained by a SAXS profile of the com-
plex; the input to FoXSDock is the structures of the docked
proteins in the PDB format and a SAXS profile of their
complex. The output is a list of complex models com-
puted via rigid docking (27,28) sorted by a combined SAXS
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and statistical potential (energy) scores (29) (Supplemen-
tary Figure S6). To calculate the combined score, SAXS x
scores and statistical potential scores are normalized with
respect to all docking models. The combined score is the
sum of the normalized Z-scores. The normalization of the
scores allows us to avoid the use of weights for the terms
of the combined score. It is possible that the sample for the
SAXS experiment contained a mixture of monomers and
the complex. Therefore, FoXSDock can optionally rely on
a multi-state weighted scoring function (Equation 2). Cur-
rently FoXSDock is the only SAXS-based docking method
with multi-state scoring function.

SAMPLING STRUCTURAL STATES WITH MultiFoXS

MultiFoXS addresses conformational heterogeneity in so-
lution by relying on a SAXS profile. The input is a single
atomic structure (or a comparative model), a list of flexi-
ble residues and a SAXS profile for the protein. The server
proceeds in two steps. In the first step, it samples the in-
put structure by exploring the space of the ¢ and s main
chain dihedral angles of the user-defined flexible residues
with a Rapidly exploring Random Trees (RRTs) algorithm
(30-33). The second step is identical to the multi-state FoXS
protocol: a SAXS profile is calculated for each sampled
conformation, followed by enumeration of the best-scoring
multi-state models using the multi-state scoring function
(Equation 2). The output is similar to the FoXS multi-state
model page, with an additional plot displaying the radius
of gyration (Rg) distribution for the top 100 best scoring
N-state models (Figure 2).

APPLICATION TO ST2 AND ST2-IL33

We now demonstrate the three servers by analyzing the
experimental SAXS profiles of the primary Interleukin-33
(IL-33) receptor ST2 and its complex with IL33 (BIOISIS
ST2ILP) (34).

FoXS

The X-ray structure of the ST2-1L33 complex is available
(34) (PDB 4kc3). Therefore, we first compared the X-ray
structure to the SAXS profile using FoXS (Supplementary
Figure S1). The computed profile does not fit the experi-
mental data within the noise (¥ = 3.4). We hypothesized
that the unresolved loops and the C-terminal Histidine tag
in the X-ray structure explain the difference. Using MOD-
ELLER v9.8 (11), we added the missing atoms and com-
pared 10 alternative models to the SAXS profile (Supple-
mentary Figure S2). The resulting models have a signifi-
cantly better fit than the X-ray structure, with the best x
value of 1.6, which is within the experimental noise (35).
The ST2 chain extracted from the complex does not fit the
experimental profile either (Supplementary Figure S3, x =
7.7). In this case, addition of missing atoms improved the fit
only slightly (Supplementary Figure S4, x = 5.5), in con-
trast to the ST2-1L33 complex. Therefore, we used Multi-
FoXS for computing a multi-state model of ST2.

MultiFoXS

The input was the ST2 model and the experimental SAXS
profile. ST2 consists of three immunoglobulin-like domains
(D1-D3). Based on previous studies, we defined the linker
between the D2 and D3 domains as flexible, as we did the
C-terminal Histidine tag. The server sampled over 10 000
conformations, calculated their SAXS profiles, enumerated
and scored multi-state models. The x value improved sig-
nificantly even for a single-state model (y = 2.1) (Figure 2)
compared to the X-ray structure (Supplementary Figures
S3, S4). The fit is even better with two- or three-state mod-
els (x = 1.6), as expected. To estimate the number of states
in solution, we examined the Rg distribution (Figure 2, top
right corner). The Rg distribution in the initial pool of 10
000 conformations is almost uniform (black line). The top
scoring one-state models (green line) have Rg in the range
of 26-30 A. For two- and three-state models (red and blue
lines, respectively), the Rg distribution has two peaks: one at
23-25 A with the weight of 0.3 and the other at 28-31 A with
the weight of 0.6. For models with 3 or more states, there is
also a peak of more open conformations at 31-35 A with the
weight of 0.1. The conformations from the most populated
peak (Rg in the range of 28-31 A) resemble the IL33 bind-
ing conformation. Therefore, based on MultiFoXS results,
we conclude that ST2 exists in multiple states in solution,
corresponding to a wide range of open and closed confor-
mations. Upon IL33 binding, there is a population shift to
the IL33 binding conformation.

FoXSDock

The input was the ST2 model, the IL33 NMR structure
(PDB 2kll) and the SAXS profile of the complex. FoXS-
Dock produced a list of complex models (Supplementary
Figure S6A). The models illustrate the benefit of docking
restrained by a SAXS profile: The model with the best com-
bined SAXS and energy score has a relatively low interface-
RMSD deviation from the X-ray structure of 3.7 A, while
the model ranked as top scoring by the energy score alone
has a much larger interface-RMSD error of 14.1 A.

APPLICATION TO POLYNUCLEOTIDE KINASE WITH
DNA SUBSTRATE

Mammalian polynucleotide kinase (mPNK) is a DNA re-
pair enzyme (36) consisting of three functional domains:
5" DNA kinase and 3’ -phosphatase domains (closely as-
sociated into the catalytic segment PK), and an N-terminal
FHA (Forkhead-associated) domain. We analyze the solu-
tion conformations of mPNK and its interaction complex
with the DNA substrate using the SAXS profiles of full-
length mPNK and PK-DNA complex, respectively (37).

FoXS

The X-ray structure of mPNK is available (36) (PDB lyj5).
Although the computed profile has a reasonable fit to the
experimental data (Supplementary Figure S7, x = 2.2), we
used MultiFoXS to check whether multi-state models for
mPNK can improve the fit quality.
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shown in green, red and blue, respectively.



W428 Nucleic Acids Research, 2016, Vol. 44, Web Server issue

MultiFoXS

We defined the linker residues (111-139) between the cat-
alytic segment and FHA domains as flexible. The server
sampled over 10 000 conformations, calculated their SAXS
profiles, enumerated and scored multi-state models. The x
value improved slightly even for a single-state model (x
= 2.0) (Supplementary Figure S8) compared to the X-ray
structure (Supplementary Figure S7). The fit is significantly
better with multi-state models with two or more states (x
< 1.5). We observe two major peaks in the Rg distribution:
one at 34 A and the other at 50 A with equal weights. There-
fore, we conclude that in solution mPNK is populating a
wide range of conformations. These can be classified into
an open state with the extended linker and the closed state
with the FHA domain in close proximity to the catalytic
segment.

FoXSDock

The input was the catalytic segment of mPNK, the DNA
hairpin HI, the SAXS profile of their complex and a dis-
tance constraint between ASP396 (OD1 atom) and the 5'-
hydroxyl group of the DNA substrate, as described previ-
ously (37). FoXSDock produced a list of complex models
(Supplementary Figure S9A). In this case, only the SAXS
score is used for ranking the models, since our statistical
potential does not extend to DNA atoms. The top scoring
model had a x value of 2.5 and was consistent with the con-
strained distance and additional biochemical information
regarding mPNK mutants (37).

CONCLUSION

The three servers facilitate the use of SAXS data in a variety
of molecular modeling applications, such as comparing so-
lution and crystal structures, structural characterization of
flexible proteins, assembly of multi-protein complexes and
modeling of missing regions in the high-resolution struc-
ture. Atomic resolution representation of the modeled sys-
tem provides strong constraints on possible solutions con-
sistent with SAXS data, thus making SAXS-based mod-
eling helpful for characterizing biomolecular systems. To
maximize the accuracy of the predictions, the servers rely
on: (1) scoring functions for fitting multi-state models with
single set of fitting parameters to reduce data overfitting, (ii)
efficient deterministic approach for enumeration of multi-
ple states and (iii) advanced methods for exhaustive sam-
pling of conformations and complexes. Moreover, the three
servers provide user-friendly interface and visualization of
the modeling results. An illustration was provided by the
SAXS-based modeling of the ST2-1L.33 complex and its
components, as well as mPNK-DNA complex. The accu-
racy and precision of SAXS-based modeling will improve
as the remaining challenges, such as incomplete represen-
tations of system components at atomic resolution, inaccu-
rate hydration layer modeling, insufficient conformational
sampling, data overfitting and sample heterogeneity, are ad-
dressed.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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