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Accurate Flexible Fitting of High-Resolution Protein Structures
to Small-Angle X-Ray Scattering Data Using a Coarse-Grained Model
with Implicit Hydration Shell

Wenjun Zheng* and Mustafa Tekpinar
Physics Department, University at Buffalo, State University of New York, Buffalo, New York

ABSTRACT Small-angle x-ray scattering (SAXS) is a powerful technique widely used to explore conformational states and
transitions of biomolecular assemblies in solution. For accurate model reconstruction from SAXS data, one promising approach
is to flexibly fit a known high-resolution protein structure to low-resolution SAXS data by computer simulations. This is a highly
challenging task due to low information content in SAXS data. To meet this challenge, we have developed what we believe to be
a novel method based on a coarse-grained (one-bead-per-residue) protein representation and a modified form of the elastic
network model that allows large-scale conformational changes while maintaining pseudobonds and secondary structures.
Our method optimizes a pseudoenergy that combines the modified elastic-network model energy with a SAXS-fitting score
and a collision energy that penalizes steric collisions. Our method uses what we consider a new implicit hydration shell model
that accounts for the contribution of hydration shell to SAXS data accurately without explicitly adding waters to the system. We
have rigorously validated our method using five test cases with simulated SAXS data and three test cases with experimental
SAXS data. Our method has successfully generated high-quality structural models with root mean-squared deviation of

1 ~ 3 A from the target structures.

INTRODUCTION

The biological functions of many biomolecules involve
dynamic transitions between different conformational
states. Despite recent progress, it remains difficult to capture
all conformational states of large biomolecules by high-
resolution techniques like x-ray crystallography and NMR.
Instead, low-resolution techniques including cryo-electron
microscopy (cryo-EM) (1) and small-angle x-ray scattering
(SAXS) (2-4) are increasingly used to investigate large
biomolecular assemblies. These techniques, however, can
only provide nanometer-resolution pictures of biomolecular
structures. Computer modeling is needed to deduce atomic
details of biomolecular conformations.

SAXS is a well-established technique (2,3,5-7) that
measures the orientationally averaged x-ray scattering
intensity of biomolecules in solution. It has the following
major advantages: first, it does not require special sample
preparation and is fairly easy and fast to conduct; second,
it can probe the structure and dynamics of biomolecular
assemblies under various physiological conditions inacces-
sible to alternative techniques. However, SAXS data contain
much less information than x-ray crystallography and cryo-
EM (the SAXS intensity profile is one-dimensional whereas
x-ray and cryo-EM data are three-dimensional). Thus,
SAXS is often used to measure the overall size and shape
of biomolecules. Recently, SAXS data have been integrated
with computational algorithms and other structural data to
aid protein structure prediction (8-10) and model protein
assemblies (4,11-13).

Submitted July 31, 2011, and accepted for publication November 4, 201 1.
*Correspondence: wjzheng @buffalo.edu
Editor: Lois Pollack.

© 2011 by the Biophysical Society
0006-3495/11/12/2981/11  $2.00

Based on the molecular shape reconstructed from SAXS
data (14-18), biomolecular assemblies can be modeled by
rigidly fitting known high-resolution structures of individual
components into the molecular shape of the assembly (19).
However, if there are significant conformational changes
during the assembling process, flexible fitting must be
used to allow structural changes within each component.
The flexible fitting of a high-resolution structure to the
low-resolution data of SAXS or cryo-EM is often done by
domain segmentation followed by the fitting of each domain
as a rigid body (20-27). Such methods depend on a subjec-
tive and error-prone partition of a biomolecule into rigid
domains and ignore coupled motions between domains
that may be functionally important.

The flexibility of biomolecules can be modeled by coarse-
grained models using simplified representations of biomo-
lecular structures. A variety of coarse-grained models (28)
have been developed to simulate protein conformational
dynamics with high efficiency. For example, the elastic
network model (ENM) (29-31) represents a protein struc-
ture as a network of C, atoms with neighboring ones con-
nected by springs with a uniform force constant (32). The
ENM-based normal mode analysis (NMA) has been widely
utilized to flexibly fit high-resolution structures to low-reso-
lution structural data (33—41), or satisfy a few pairwise
distance constraints (42,43). In particular, it was successfully
used to flexibly fit an x-ray structure to an atomic pair distri-
bution function (PDF) (41). This technique was later
improved to take into account a hydration shell around the
protein (44,45). Despite great success, the previous ENM-
based flexible fitting methods are limited in accuracy because
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they usually use only a few (2 ~ 3) lowest normal modes
solved from ENM (41,44). As shown in one study, the lowest
20 modes only contribute <50% of the total conformational
change in four test cases (myosin, calmodulin, NtrC, and
hemoglobin, see Petrone and Pande (46)). Furthermore, it
is well known that the lowest normal modes are less accurate
for describing small local conformational changes (like rear-
rangement of helices inside a densely packed region) than
large global ones (like domain motions) (31).

Molecular dynamics (MD) simulation is capable of
modeling the dynamics of biomolecules at both global and
local scales. Recently, several MD-based methods have
been introduced for cryo-EM fitting with full flexibility.
The common strategy of these methods is to bias the MD
simulation toward a conformation that optimally fits the
cryo-EM data by using a biasing potential function
(47-51). The application of these methods to the fitting of
low-resolution structural data, however, has been limited
by the high computational cost of running MD simulations
for large biomolecular systems. Recent efforts to improve
simulation efficiency include a study that combined SAXS
data with coarse-grained simulations to characterize the
assembly states of a kinase (52).

To achieve both accuracy and efficiency in the flexible
fitting of SAXS data, we propose what we believe to be
a new coarse-grained method with the following novel
features:

First, it is based on a modification of the ENM energy that
uses harmonic interactions to maintain pseudobonds and
secondary structures, and anharmonic interactions between
nonbonded beads to allow nonbonded residues to move
apart readily (53). As a result, large global structural
changes can be sampled without distorting local structures.

Second, it optimizes a pseudoenergy that combines
various terms of the modified ENM energy with a SAXS-
fitting score and a collision energy that penalizes steric colli-
sions (see Methods). Unlike previous flexible fitting efforts
using the lowest few normal modes (34,35), our approach
effectively utilizes all normal modes so that both global
and local structural changes can be accurately modeled.
Meanwhile, overfitting is controlled by properly using
a fitting termination criterion.

Third, it models the protein-surrounding hydration shell
implicitly by combining each residue and its nearby “water
glob” into a composite glob (see Methods), which accu-
rately accounts for the contribution of hydration shell to
experimental SAXS data without explicitly adding waters.
In this way, we can maintain a minimal system size and
avoid unwanted interference and hindrance to protein
motions by water molecules.

Our method is applicable to the fitting of various low-
resolution structural data. Recently, it has been successfully
used to flexibly fit a high-resolution protein structure into
a given cryo-EM map (53). Here we apply it to the flexible
fitting of SAXS data, which is considerably more chal-
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lenging because SAXS data contain much less information
than cryo-EM maps and there is additional contribution
from hydration shell.

We have validated our method using five test cases with
simulated SAXS data (54) and three test cases with experi-
mental SAXS data. This study is, to our knowledge, the first
one that attempts to flexibly fit experimental SAXS data
directly (rather than using SAXS data as a filter for pregen-
erated structural models, see Grishaev et al. (55)). This
endeavor is much more challenging than fitting simulated
SAXS data due to experimental noises and errors. We
have shown that our method works well for both simulated
and experimental SAXS data, and it compares favorably
with an alternative flexible fitting technique based on
NMA (34,35).

METHODS
Modified elastic network model

A coarse-grained elastic network model (ENM) is constructed from the
atomic coordinates of a protein crystal structure. Each residue is repre-
sented by a bead located at the C,, atom.

The original form of the ENM potential energy (32) is

1
Epnv = 5 Z Ci/'e(Rc - dzj;:o) (dz_'j - dif,O)za (D

i<j

where dj; is the distance between beads i and j, and d;,g is the value of d;;
given by the crystal structure, §(x) is the Heaviside function, R, is the cutoff
distance chosen to be 10 A following our previous study (53), and C;; is the
force constant of the spring between beads i and j. C; can be set to a uniform
constant for all residue pairs (30), or two different values for bonded and
nonbonded residues (56), or can be allowed to vary as a function of distance
d;j,o (57). The unit of Cj; can be arbitrarily chosen without changing the
modeling results.

To allow nonbonded beads to move apart readily while maintaining pseu-
dobonds and secondary structures, we have modified the ENM energy in
Eq. 1 to the form (named mENM energy) (53)

Enen = Ep + Egs + Ey,
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where E), is the pseudobonded energy (P, is the set of pseudobonded bead
pairs, the bonded force constant C;, = 10), and Egg is the nonbonded energy
that maintains the secondary structures of a-helices and (-strands (Pgg is
the set of C, atom pairs that are either in an «-helix with a sequential
offset <4, or in a §-strand with a sequential offset <3; the associated force
constant Csg = 1). E,;, is the remaining nonbonded energy with a new
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parameter e = 6, corresponding to the Lennard-Jones potential—it has
a minimum at dj,o, saturates as d; goes to infinity, and diverges as dj;
approaches zero (the nonbonded force constant C,,;, = (4/ d,-j,o)z, following
Yang et al. (57)). Therefore, unlike the harmonic potential in Eq. 1, the
mENM energy allows two nonbonded beads to move apart at a finite energy
cost.

The mENM energy in Eq. 2 can be expanded near a given conformation
X to the second order as

1
Enexm(X) = Enenv (X.) 4 6X7G + EéXTH(SX, 3)
where 60X = XX+, G = V Eppnm|x—x* is the gradient of Eyypnm at X = X+,

and H is the 3N x 3N Hessian matrix comprised of the following 3 x 3
blocks,

[(CEwow|  CEuew|  CEue| ]
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where x;, yi, z; (xj, ¥j, zj) is the x, y, z component of the coordinate of bead
i (j). The gradient and Hessian matrix will be used in the flexible fitting
protocol based on the Newton-Raphson algorithm (see below).

Calculation of SAXS profile for a protein
surrounded by a hydration shell

SAXS measures the x-ray scattering intensity of proteins in solution as
a function of s = 4wsin(#)/A, where s is the magnitude of scattering vector
(s€[0,0.5A7']), 20 is the scattering angle, and A is the x-ray wavelength.
The SAXS intensity profile I(s) can be calculated from a protein structure
using the atomic coordinates and form factors, after including the contribu-
tion from a thin shell of water molecules (termed the hydration shell) (54).
To reduce computing cost, a coarse-grained, one-bead-per-residue repre-
sentation was used to calculate I(s) (58),

N+M N+M sin (s dij)

I(s) = > ZFi(s)Fj(s)T, Q)

i=1 j=1

where N is the number of residues, M is the number of water molecules, and
F; or F; represents the coarse-grained form factor of a residue (1 < i,j < N)
or a water molecule (N < ij < N+M), which have been calculated in Yang
et al. (58) by approximating a group of spherical atoms in a residue (or
a water molecule) as a “glob”. The value dj; is the distance between the
C, atom of residue i (or the oxygen atom of water molecule i) and the
C, atom of residue j (or the oxygen atom of water molecule j). The hydra-
tion shell is constructed by submerging a protein in a preequilibrated water
box and keeping those water molecules whose oxygen atom is at a minimal
distance of 3.5 A ~ 6.5 A from the C, atoms (58).

To further reduce system size and computing cost, we have developed an
implicit model of the hydration shell, which combines residue i and its
nearby water glob (comprised of those water molecules whose nearest
residue is residue i) into a composite glob (see Fig. 1). The coarse-grained
form factor of a composite glob is calculated as

sin(sD;)

F2(s) + w2 (s) + 2wFi(s)f3(s) D

Fi(s) = ©)
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FIGURE 1 Implicit modeling of hydration shell: the protein structure of
hen egg white lysozyme (shaded trace) is surrounded by an explicit shell of
water molecules (small open spheres). The atoms of residue 1 are shown
(shaded spheres). The water glob near residue 1 consists of water molecules
(large open spheres) whose nearest residue is residue 1. (Insef) Schematic.
Residue 1 (shaded ellipse) and its water glob (open ellipse) are combined
into a composite glob.

where F; is the coarse-grained form factor of residue i (58) and f; is the
coarse-grained form factor of the water glob near residue i (termed water
glob i). D; is the distance between the center of electron density distribution
in residue i and the geometric center of water glob i. Note that w = dp,,/p,, is
the relative contrast of hydration shell, where p,, = 0.334 /A% is the elec-
tron density of pure water, and dp,, is the contrast of hydration shell that can
be adjusted to optimize the fitting of experimental SAXS data (54). The
value w usually varies from 0 to 10%.

The key to our implicit model is to use Eq. 6 without explicitly adding
any water to the system. To this end, we must estimate two key parameters
of water glob i—its geometric center position (denoted as P;) and the
average number of water molecules in water glob i (denoted as n;). To deter-
mine these two parameters, we sample the region accessible to the water
molecules of water glob i (denoted as R;) that must satisfy the following
two conditions: 1), the distance to the C, atom of residue i (denoted as d;)
is within the range of [3.5 A, 6.5 A] (58); and 2), the distance to the
C, atom of any other residue is >d;. We perform a grid-based exhaustive
search for all grid points that satisfy the above two conditions. Then we
calculate the volume of R; (denoted as V;) and its geometric center position
P;. The search is confined to a cubic box centered at the C, atom of residue i
with edge-length of 13 A and the grid unit is 0.5 A. After getting volume V,
n; is estimated as n; = 0.1 x p,,V;. The above two parameters are updated
iteratively after protein conformational changes during the fitting process.

Based on the implicit model of hydration shell, the SAXS profile I'(s) can
be calculated using a coarse-grained representation of N composite globs
(each composed of a residue and its nearby water glob, see Fig. 1) as

N sin (sd;j)

! / /
I'(s) =Y > FoF(s)— 57 @

Lt L sd’;

i=1 j=1 Y
where F'i(s) and F'j(s) are calculated in Eq. 6, and d'; is the distance
between the centers of electron density distribution in composite glob
iand .
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Modified ENM-based fitting of SAXS profile

We start from two given inputs: an initial high-resolution structure, and
a target SAXS profile measured experimentally or simulated from the target
structure by the CRYSOL program (54). We optimize a pseudoenergy that
is a linear combination of the following components—the nonbonded
mENM energy based on the initial structure (weighted by 4), the SAXS-
fitting score for the target SAXS profile (weighted by 1-4, see below), the
mENM energy terms maintaining pseudobonds and secondary structures
(weighted by 1), and the collision energy (weighted by 1, see below). We
keep the energy terms for pseudobonds and secondary structures with
weight 1, because we want to preserve the integrity of local structures
during flexible fitting.

The weight parameter A€ [0,1] controls the degree of data fitting: at A ~ 1,
the conformational search is restricted near the initial structure with weak
fitting to the target SAXS profile; at A ~ 0, the influence of initial structure
is very weak with strong fitting to the target SAXS profile. To find an
optimal A between 0 and 1, we minimize the pseudoenergy progressively
as A decreases from 1 to O until the root mean-square deviation (RMSD)
from the initial structure shows saturation (see below).

The total pseudoenergy function is defined as

Eir = AEu + (1 — A)Esaxs + Ep + Ess + Ecory, (8)

where E,;, is the nonbonded energy based on the initial structure (see Eq. 2),
E, is the pseudobonded energy (see Eq. 2), Ess is the nonbonded energy that
maintains the secondary structures of a-helices and 3-strands (see Eq. 2),
and E.,,, is the collision energy between two nonbonded beads defined as

1
E = E C('OIH(R(‘O/ - dij) (dl - Rco/)za ©

(ij) & Pp&(ij) &Pss

where the collision force constant is C.,; = 10 and R,,; is the minimal
distance between nonbonded beads in the initial structure (53,56). The addi-
tion of E.,; penalizes steric collisions between nonbonded beads that are
within a distance of R,

Egaxs is the SAXS-fitting score defined as

Esaxs = fsaxs min Z[Clm(sl) —L(s) ¢, (10)
7

where the constant prefactor is fsaxs = 3 x 107 (a large fsays is chosen to
enable fast fitting that usually terminates after the first round of minimiza-
tion with A = 0.5), s; is the scattering vector ranging from 0 to 0.5 AL, is
the model SAXS profile calculated using Eq. 7, and I, is the target SAXS
profile measured experimentally or simulated by CRYSOL (54). Before
the fitting, 7, is rescaled so that /,(0) = 1. During the fitting, 7,, is rescaled
by a factor ¢ to minimize the SAXS-fitting score in Eq. 10. A similar
SAXS-fitting score (x?) was widely used in previous studies (for example,
see Svergun et al. (54)).

For a series of gradually decreasing A-values, the SAXS-fitted model is
obtained by minimizing the pseudoenergy in Eq. 7. We use the Newton-
Raphson algorithm to solve VE,, (A, Xmin) = 0 by using the following iter-
ative procedure:

Step 1. Initialization: set n = 0, 4g = 0.5, and Xy = Xiin0 = X;, where X;
represents the bead coordinates of the initial structure.

Step 2. If n > 0, decrease A, to double the ratio (1 — A,)/4,.

Step 3. For conformation X,,, calculate the pseudoenergy E, using Eq. 7,
then set Xin,,» = X,, if E, reaches a new low.

Step 4. If E, fails to be lowered after 20 iterations, stop minimization and
go to Step 7.

Step 5. Displace X,, by the following incremental displacement,
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6Xn = _(Aanb + (1 - AIT)HSAXS +Hh +HSS

4+ Het) ' (MVEu + (1 — 2,)VEsuxs + VE, (1)
+ VESS + VEL‘01)7

where H,;, Hsaxs, Hp, Hss, and H,,; are the Hessian matrices calculated
from E,;, Esaxs, Ep, Ess, and E,,;, respectively (see Eq. 4).

Step 6. Go to Step 3.

Step 7. Stop if the RMSD to the initial structure saturates (i.e., it increases
by <5% from the previous minimization round).

Step 8. Set n < n+1 and X,, = Xninn = Xminn—1, then go to Step 2.

To reduce accumulation of structural distortions, we limit the magnitude
of each incremental displacement (see Eq. 11) <0.2 A in RMSD. This is
attained by adding el (where [ is an identity matrix and ¢ is an adjustable
parameter) to the sum of Hessian matrices such that the linear-equation
solution in Eq. 11 satisfies this condition. This idea is akin to the trusted
region method used in a recent study of flexible fitting to PDF (41).

RESULTS
Test cases and modeling evaluation

We have developed what we consider a novel method that
flexibly fits a high-resolution protein structure to a given
SAXS profile using a modified form of ENM (i.e.,
mENM) and an implicit model of hydration shell (see
Methods). This method is validated using five simulated
test cases from previous studies (41,44): lysine/arginine/
ornithine (LAO) binding protein (PDB code: 1lst, 2lao), ad-
enylate kinase (PDB code: lake, 4ake), maltodextrin-
binding protein (PDB code: lomp, lanf), lactoferrin (PDB
code: 1lIfh, 11fg), and elongation factor 2 (PDB code:
InOv, 1nOu). Each case consists of two high-resolution x-
ray structures—a target structure used to simulate the target
SAXS profile for fitting and an initial structure as the start-
ing model for fitting. The target SAXS profile is simulated
using CRYSOL, which is a widely used program that gives
fast and accurate simulation of SAXS profiles from known
protein structures by taking into account contributions
from both the protein and its surrounding hydration shell
(54). The five test cases sample a wide range of protein
size (214 ~ 819 residues) and conformational change
(3.8 A~ 144 A in RMSD). We have also assessed our
method using three more test cases with experimental
SAXS data (see below).

Our method iteratively displaces the initial structure to
optimize a pseudoenergy that combines several energy
terms that maintain the initial tertiary structure, pseudo-
bonds, secondary structures, and penalize steric collisions,
together with an SAXS-fitting score (see Methods). We
define the SAXS-fitting score as a sum of squared deviations
between a model SAXS profile and a target one (see Eq. 10
in Methods), which is similar to the x> score used in
previous SAXS-fitting studies (54). An alternative score,
which is based on the PDF derived from a SAXS profile,
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was also used in previous studies (41,44). We choose to
directly fit a SAXS profile instead of a PDF to avoid the
additional uncertainty of constructing a PDF from a SAXS
profile (59). Neither score alone is sufficient for model
reconstruction because of the low information content of
SAXS data—many different structures may have similarly
low SAXS-fitting scores. Therefore, the SAXS-fitting score
must be properly combined with other scores to achieve reli-
able structural modeling.

To unambiguously assess the quality of SAXS-fitted
models, we compute the C,-based RMSD between the final
model and the target structure (denoted as RMSD,). It is then
compared with the C,-based RMSD between the initial
structure and the target structure (denoted as RMSD,). A
significant decrease from RMSD, to RMSD, indicates
a successful flexible fitting. We also compute the C,-based
RMSD between the fitted models and the initial structure
(denoted as RMSD;) to assess the extent of conformational
change during flexible fitting. The saturation of RMSD; is
used as the criterion to terminate the fitting (see below).
The results are summarized in Table 1.

Implicit model accurately accounts for hydration
shell contribution to SAXS data

SAXS experiments measure the x-ray scattering intensity of
a protein surrounded by a thin shell of solvent after subtract-
ing the bulk solvent background (54). The presence of
hydration shell is attributed to protein-solvent interactions,
which result in higher solvent density near protein surface
than bulk solvent (60). The explicit incorporation of a hydra-
tion shell was previously found to improve the fitting of
experimental SAXS data (55,58).

The flexible fitting of SAXS data requires rapid calcula-
tion of SAXS profiles for many structural models. To enable
efficient calculation of SAXS profiles, a coarse-grained
model of protein-solvent system was proposed (58). In
this simplified model, a 3 A-thick shell of water molecules
is added explicitly, and each water molecule (or residue) is
approximated by a coarse-grained glob (58). Despite such
simplification, the addition of explicit solvents has two
disadvantages: first, it increases the system size signifi-
cantly, particularly for small proteins; second, it introduces
undesirable dependence of SAXS profiles on solvent
degrees of freedom (i.e., coordinates of water molecules),
so the calculated SAXS profiles need to be averaged over
solvent degrees of freedom, which further increases
computing cost. To circumvent these problems, we intro-
duce what we believe to be a new implicit model of hydra-
tion shell that combines each residue (say, residue i) and its
nearby water glob (comprised of water molecules whose
nearest residue is residue i) into a composite glob (see
Methods and Fig. 1). Then we calculate the coarse-grained
form factor for each composite glob (see Eq. 6 of Methods),
where the contribution of water glob is weighted by
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w = 0p,/p,, (relative contrast of hydration shell). The water
glob near residue i is characterized by two key parameters
(the average number of water molecules n; and the
geometric center position P;), which are not sensitive to
solvent degrees of freedom, and can be estimated efficiently
without explicitly adding solvents (see Methods).

Next, we will assess the accuracy of our implicit model
in describing an explicitly constructed hydration shell. To
this end, we have generated a hydration shell using the
Fast-SAXS program (58), which submerges a protein in a
water box and keeps those water molecules whose min-
imal distance to the C, atoms is within the range [3.5 10%,
6.5 A]. Then we regroup the water molecules into indi-
vidual water globs (one water glob per residue)—the water
glob near residue i consists of those water molecules whose
nearest residue is residue i. Then we count the number of
water molecules (denoted as »’;) in each water glob, and
calculate the geometric center position of each water
glob (denoted as P’;). Indeed, the agreement between (1';,
P') and (n;, P;) estimated by our implicit model is very
good. The cross-correlation coefficient between n; and n’;
of N residues is 0.97 ~ 0.98 for the five test cases. To
compare P; and P';, we calculate the overlap (or general-
ized cosine) between two 3N-dimensional vectors, each
comprised of N vectors pointing from the C, atom i to P;
or P';. The overlap is 0.92 ~ 0.95 for the five test cases.
Therefore, our implicit model indeed accurately de-
scribes water globs without explicitly adding waters to
the system.

Next, we will evaluate the accuracy of our coarse-grained
calculation of SAXS profiles based on our implicit model of
hydration shell (see Eq. 7 of Methods). For w = dp,/p,,
varying from 0 to 10%, we have calculated SAXS profiles
from a crystal structure of hen egg white lysozyme (PDB
code: 6lyz), and compared with the experimental SAXS
data obtained from the CRYSOL program (54). The calcu-
lated and experimental SAXS profiles fit optimally when
w = 0p,/p,, = 3% (x ~ 0.46, see Fig. 2). The best fitting
of experimental SAXS data by CRYSOL is also achieved
when w = dp,/p,, = 3% (x ~ 0.45, see Fig. 2). The good
agreement between our coarse-grained calculation and
CRYSOL strongly supports its validity in fitting SAXS
data. Throughout this study, we take w = d0p,,/p,, = 3% by
default to simulate target SAXS profiles with CRYSOL
and running flexible fitting with mENM.

Consideration of implicit hydration shell
improves flexible fitting

In a previous study, the consideration of hydration shell was
found to improve the NMA-based flexible fitting of PDF
(44). To evaluate the importance of implicit hydration shell
to flexible fitting, we have rerun the fitting with w = dp,,/
p,, = 0 (i.e., without hydration shell), and then compared
with the result of w = dp,/p, = 3%. Indeed, the
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TABLE 1 Results of SAXS-based flexible fitting
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RMSD, (A)

Selected*, min-endT,
min-all* RMSD, (A)

Final SAXS-fitting

Target PDB Initial PDB No. of residues w score
lake 4ake 214 7.1 0 292929 2.27e-01
0.01 282826 3.39¢-01
0.02 212118 1.12e-01
0.03 202020 1.90e-01
0.04 3.83.83.0 1.49e+-00
0.05 333.33.1 1.06e+-00
0.06 353534 1.74e+00
0.07 4141338 2.72e+00
0.08 6.55.74.7 4.15e-01
0.09 6.36.34.7 5.79e+00
0.1 726448 4.28e+-00
11st 2lao 238 4.7 0 191818 7.92e-01
0.01 131312 2.65e-01
0.02 1.1 1.10.7 1.34e-01
0.03 121209 4.43e-01
0.04 553732 4.50e-01
0.05 2.82.82.7 2.13e+00
0.06 484342 7.63e-01
0.07 727242 3.86e+00
0.08 464642 2.57e+-01
0.09 747442 3.12e+00
0.1 7.65.74.3 2.59e+00
lomp lanf 380 3.8 0 222.02.0 1.00e+-00
0.01 141414 1.01e+-00
0.02 12 1.11.1 6.06e-01
0.03 1.1 0.8 0.8 4.24e-01
0.04 1.31.11.1 1.09e+-00
0.05 1.5151.5 3.13e4-00
0.06 2.12.11.7 6.22e+00
0.07 39393.1 1.01e+01
0.08 404034 1.36e+-01
0.09 434035 9.68e+-00
0.1 454535 2.24e+01
11fh 11fg 691 6.4 0 594747 1.07e+01
0.01 1.6 1.6 1.6 6.33e+-00
0.02 1.6 1.6 1.6 2.64e+00
0.03 212118 1.29e+4-00
0.04 323224 1.73e+00
0.05 3.13.12.6 3.03e+00
0.06 434242 9.59e+-00
0.07 4948438 1.98e+-00
0.08 535.15.1 6.86e+-00
0.09 4747 4.6 3.11e+01
0.1 646459 4.49¢+01
1nOv 1nOu 819 14.4 0 10.2 10.2 10.1 1.78e+01
0.01 114114 10.5 1.31e+01
0.02 10.6 10.6 10.0 7.96e+-00
0.03 3.03.03.0 4.38e+00
0.04 393939 1.83e+4-00
0.05 4.04.03.9 1.95e+-00
0.06 6.7 6.7 6.7 1.27e+00
0.07 8.78.78.2 3.04e+00
0.08 8.88.28.2 1.63e+00
0.09 8.68.48.4 5.35e+00
0.1 6.7 6.7 6.6 8.81e+00
2kol model 14 2kol model 16 176 3.2 0 2.12.121 1.57e+00
0.01 2.02.02.0 1.29e+00
0.02 202019 1.08e+00
0.03 191919 7.96e-01
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Table 1. Continued
Selected*, min—endt Final SAXS-fitting
Target PDB Initial PDB No. of residues RMSD, (A) w min-all* RMSD, (A) score
0.04 1.81.81.8 7.21e-01
0.05 171716 6.65¢-01
0.06 1717 1.6 6.29¢-01
0.07 161616 5.35¢-01
0.08 1.61.61.5 5.42e-01
0.09 161616 5.35¢-01
0.1 1.61.61.5 5.44e-01
lere 104 6.0 0 333232 5.20e-03
0.01 353232 1.83¢-03
0.02 343232 1.90e-02
0.03 373232 5.63e-03
0.04 423232 3.61e-03
0.05 453332 4.08e-03
0.06 443232 1.10e-02
0.07 483332 1.16e-02
0.08 533232 5.72¢-03
0.09 533232 1.12e-02
0.1 513332 3.34e-02

See Table S1 in the Supporting Material for the results of radius of gyration.
*RMSD; (relative to target structure) for the model selected based on the termination criterion.

"Minimal RMSD, (relative to target structure) of the end models generated by minimization at various A-values.
fMinimal RMSD, (relative to target structure) of all the models sampled during minimization at various A-values.

consideration of hydration shell results in better final models
with lower RMSD, in all five cases (see Table 1). The greatest
improvement is attained for the two biggest proteins: the
final RMSD; is lowered from 5.9 Ato2.1 A for lactoferrin,
and from 10.2 A to 3 A for elongation factor 2. We have
also tried flexible fitting with other values of w = dp,/p,,
between 0 and 10%. The result worsens as w = dp,,/p,, devi-
ates further from 3% (see Table 1). Therefore, it is important
to choose w = dp,,/p,, correctly when flexibly fitting SAXS
data. In what follows, we will further discuss how to perform
flexible fitting without knowing the correct w = 6p,,/p,,.

10 'exp data
model (w=0)
model (w=0.03) =—
CRYSOL ——
10° |
=
10" ¢
102 . . . .

0 0.1 0.2

s

0.3 0.4 0.5

FIGURE 2 Fitting of experimental SAXS profile of hen egg white lyso-
zyme. (Red) Experimental data; (purple) CRYSOL-fitted SAXS profile;
(blue and green) SAXS profiles generated by our coarse-grained model
with implicit hydration shell (w = dp,/p,, = 3%) and without hydration
shell (w = dp,/p,, = 0), respectively. The magnitude of scattering vector
s is in units of A~

Flexible fitting without knowing the relative
contrast of hydration shell

In our test of flexible fitting so far, it is assumed that we
know w = dp,,/p,, = 3%, which is used to simulate the target
SAXS profiles by CRYSOL. In practice, w = dp,,/p,, varies
from protein to protein, and it is unknown for experimental
SAXS data.

How do we perform flexible fitting without knowing w =
0pulp,?

To meet this challenge, we have repeated the flexible
fitting for a range of w = 0p,,/p,, from 0 to 10% (with incre-
ment of 1%), and collected 11 final models together with
their final SAXS-fitting scores (see Table 1). Intuitively,
a mismatch in w = dp,,/p,, would cause poor fitting of the
target SAXS data. Indeed, for all except one case, the lowest
final SAXS-fitting score is attained at w = 6p,,/p,, = 2% or
3% (see Table 1). Therefore, one can select the model with
the lowest final SAXS-fitting score, which probably corre-
sponds to a roughly correct w = 0p,,/p,,. The same strategy
will be used to test our method on experimental SAXS data
(see below). We note that the fitted w value may reflect both
contributions from hydration shell and the fluctuation of
surface residues, which may lead to large variations in w
value for different proteins (see below).

Termination criterion for SAXS-based flexible
fitting based on saturation of RMSD,

As shown by previous studies (41,44), the fitting of low-
resolution structural data like SAXS is susceptible to

Biophysical Journal 101(12) 2981-2991



2988

overfitting unless it can be terminated before the onset of
overfitting. We use the LAO-binding protein as an example
to illustrate the overfitting problem. During the first round of
minimization at A = 0.5, RMSD; initially decreases from
4.7 A t0 0.9 A and then increases to 1.2 /n\; it continues to
increase during the second round of minimization at A =
0.33 (see Fig. 3 c). Meanwhile, the SAXS-fitting score
continues to decrease during both rounds of minimization,
even after RMSD, reaches the minimum (see Fig. 3 b).
Therefore, the continuation of fitting for A < 0.5 will result
in overfitting. We note that the minimal RMSD; is reached
approximately when RMSD; starts to saturate (i.e., RMSD;
does not increase by >5% from previous minimization,
see Fig. 3 ¢). Therefore, we use RMSD; saturation as the
criterion to terminate SAXS-based flexible fitting. Indeed,
by using this criterion, the fitting for LAO-binding protein
is terminated at A = 0.5. For the other four cases, the use
of this criterion often results in the selection of final models
with RMSD; close to the minimal RMSD, (see Table 1).
Therefore, this termination criterion seems to work well in
controlling overfitting. An alternative termination criterion
based on the relative change in PDF-fitting score was used
in a previous study (41).

Comparison with an alternative method

We have compared the performance of our method with an
alternative NMA-based PDF-fitting method (44) using the
same five test cases. In all cases (adenylate kinase, LAO-
binding protein, maltodextrin-binding protein, elongation
factor 2, lactoferrm) our method (with final RMSD, =
2A,12A, 1.1 A, 3A, 2.1A, see Table 1) performs better
than the alternative method (with RMSD, = 2.6 A2A,2A,

50 100 150 200 250

50 100 150 200 250

c

5 PPt
=) saturation
L3
=
o

1

50 100 150 200 250
iteration

FIGURE 3 Result of flexible fitting for LAO-binding protein: (a) weight
parameter A; (b) SAXS-fitting score Egssys; and (¢) RMSD, (gray) and
RMSD; (black) are shown as a function of iteration step. (Arrow) The
minimal RMSD,.
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55 A, >6.4 A) (44). Notably, for lactoferrin, the alternative
method failed to generate a fitted model with RMSD, <
RMSD,, whereas our method has obtained a fitted model
with RMSD, ~ 2.1 A.

Flexible fitting of experimental SAXS data

Thanks to experimental noise and other errors, it is much
more challenging to perform flexible fitting to experimental
SAXS data than to simulated data. To meet this great chal-
lenge, we have tested our method on the following two
cases:

In the first case, we have used the SAXS data collected
for the Act domain of GTP pyrophosphokinase. It is
a homo-dimer with 176 residues (see Fig. 4 f), and its struc-
ture has been solved by NMR (PDB code: 2kol, with 20
models). Among all NMR models, the greatest RMSD is
found between models No. 14 and 16 (RMSD, ~ 3.2 /&),
and the former fits better to the SAXS data, so it is chosen
as the target structure, and the latter is chosen as the initial
structure. Then we run mENM to fit the experimental
SAXS data starting from the initial structure. We have
used w = 0p,/p,, = 7%, which yields the lowest SAXS-
fitting score (see Table 1). We note that the relatively
high w value is likely due to the high flexibility of this
protein, which effectively increases its volume in a way
similar to the effect of a hydration shell. Indeed, in the
NMR structures of this protein, the C-terminus regions
are very floppy. The final fitted model has RMSD, of
1.6 A. Structural comparison indicates that the model aligns
well with the target structure, especially in the C-terminus
region that differs most between the initial and target struc-
ture (see Fig. 4 f). The fitting moderately reduces the differ-
ence in SAXS profiles (see Fig. S1 f in the Supporting
Material).

The second case is cytochrome ¢ with 105 residues. We
have used the SAXS data collected by Grishaev et al.
(55). A crystal structure (PDB code: lcrc) is used as the
target structure. To generate an initial model, we have
used the Flexweb server (http://flexweb.asu.edu/software/
first/first_online_newsim/) to generate 500 conformations
starting from lcrc (with energy cutoff of —3 kcal/mol).
We keep the final model of the simulation with RMSD, ~
6 A. Then we run mENM to fit the experimental SAXS
data starting from the initial model. We have used w =
0p,/p,, = 1%, which yields the lowest SAXS-fitting score
(see Table 1). The fitting results in a final fitted model
with RMSD, of 3.5 A. Structural comparison indicates that
the model aligns reasonably well with the target structure
(see Fig. 4 g). The fitting is found to greatly reduce the
difference in SAXS profiles (see Fig. S1 g).

To further test our method, we have applied it to a third
experimental test case of myosin V that involves a large
conformational change between two biochemical states
(see Supporting Material).


http://flexweb.asu.edu/software/first/first_online_newsim/
http://flexweb.asu.edu/software/first/first_online_newsim/
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DISCUSSION AND CONCLUSION

We have developed, to our knowledge, a new computational
method to flexibly fit a given protein structure to a SAXS
profile using a coarse-grained model. Our method uses
a modified form of ENM that allows large-scale conforma-
tional changes while maintaining pseudobonds and
secondary structures and avoiding residue collisions. In
addition, we model the hydration shell implicitly by
combining each residue and its nearby water glob into
a composite glob, which allows accurate and efficient calcu-
lation of SAXS profiles.

Compared with the explicit modeling of hydration shell
(44), our implicit model has the following advantages: 1),
It does not increase the system size and is therefore compu-
tationally cheaper. 2), It avoids possible interference with
conformational changes caused by adding waters into the in-
terdomain cleft, which may prevent domain closing. 3), It
allows the implicit hydration shell to expand or shrink
(with constant thickness) as a protein undergoes large
conformational changes, which is not possible if a fixed
number of explicit waters is added.

In principle, the flexible fitting of a high-resolution struc-
ture to low-resolution data like SAXS profiles is prone to
overfitting, because the many degrees of freedom involved
in fitting are generally insufficiently constrained by the
given data. In our method, we take the following measures
to control overfitting: 1), The total number of degrees of
freedom is reduced by using a coarse-grained model and
maintaining the pseudobonds and the secondary structures.
2), The flexible fitting is timely terminated when RMSD;
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FIGURE 4 Structural ~ comparison
among initial structure, target structure,
and fitted model for: (a) adenylate
kinase, (b) LAO-binding protein, (c)
maltodextrin-binding protein, (d) lacto-
ferrin, (e) elongation factor 2, (f) the
Act domain of GTP pyrophosphoki-
nase, and (g) cytochrome c. (Backbone
traces) Initial structure (transparent-
shaded), target structure (dark-shaded),
and fitted model (light-shaded).
(Arrows) Domain motions from the
initial structures to the target structures.
One can see that the fitted models are
very similar to the target structures
(i.e., the dark-shaded and light-shaded
traces follow each other closely),
which supports the finding of small
RMSD; between the fitted models and
target structures (see Table 1). For
a comparison of SAXS profiles based
on the initial structures, fitted models,
and target structures, see Fig. S1 of
the Supporting Material.

(relative to the initial structure) starts to saturate. (This
termination criterion seems to work well for our test cases
(see Table 1).) We have also visually inspected the final
models and did not find serious structural distortion indica-
tive of overfitting (see Fig. 4).

The quality of SAXS-based flexible fitting ultimately
depends on the level of degeneracy of SAXS data (i.e., the
abundance of alternative conformations with low SAXS-
fitting score and their accessibility from the initial struc-
ture). The higher the degeneracy, the harder it is to construct
the correct model from SAXS data. To improve the
sampling of conformations compatible with the given
SAXS profile, one can start flexible fitting from multiple
initial structures (for example, different x-ray/NMR struc-
tures or those obtained from extensive MD simulations).
The selection of correct model from the ensemble of fitted
models may require additional information and processing.
Indeed, given the limitation of SAXS data, it is highly desir-
able to integrate them with other structural information and
modeling techniques to achieve optimal performance (61).

Our SAXS-based flexible fitting method complements
alternative methods that optimize the fitting of structural
data (SAXS or cryo-EM) using Monte Carlo sampling
(11,12), MD simulation (48-50,62), and coarse-grained
simulation (52). Our method is based on the optimization
of a pseudoenergy that is computationally fast but suscep-
tible to trapping at local minima, whereas the alternative
methods like Monte Carlo and MD are computationally
more expensive but also capable of more extensive
sampling.
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Our flexible fitting method assumes the target SAXS data
are based on a single target conformation that is distinct
from the initial structure. In reality, experimentally
measured SAXS data are a weighted average of multiple
SAXS profiles based on an ensemble of conformations. To
explore such an ensemble-effect, we have considered a situ-
ation where the SAXS data to be fitted are a weighted
average of two SAXS profiles—one based on a known
initial structure and the other based on an unknown target
structure. We have found that our flexible fitting method
works well as long as the unknown target structure domi-
nates the SAXS data or the weight of the target structure
is known (see Supporting Material). Future study will be
needed to treat the ensemble aspect of SAXS data for flex-
ible fitting in a comprehensive way.

SUPPORTING MATERIAL

Additional information with two figures, two tables, and reference (63) is
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)
01313-0.
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