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We have developed a new methodology that determines protein structures using small-angle X-ray scat-
tering (SAXS) data. The current bottlenecks in determining the protein structures require a new strategy
using the simple design of an experiment, and SAXS is suitable for this purpose in spite of its low infor-
mation content. First we demonstrated that SAXS constraints work additively to NMR-derived informa-
tion in calculating structures. Next, structure calculations for nine proteins taking different folds were
performed using the SAXS constraints combined with the NMR-derived distance restraints for local
geometry such as secondary structures or those for tertiary structure. The results show that the SAXS
constraints complemented the tertiary-structural information for all the proteins, and that accuracy of
the structures thus obtained with SAXS constraints and local geometrical restraints ranged from 1.85
to 4.33 Å. Based on these results, we were able to construct a coarse-grained protein model at amino acid
residue resolution.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The three-dimensional structure of proteins provides critical
information about their biological function. At present a large
number of protein structures have been determined by X-ray crys-
tallography and NMR. These experimental methods, however, have
intrinsic barriers during sample preparation such as crystallization
and isotope labeling, as well as the methodological problems such
as unambiguous signal assignments and phase determination. On
the other hand, the pure theoretical prediction of protein struc-
tures from their amino acid sequence remains imperfect in spite
of the recent developments of such approaches [1,2], especially
in case where no homologous proteins are available. These situa-
tions require the establishment of a new strategy for determining
the protein structure using the simple design of an experiment
combined with a knowledge-based theoretical approach.

Small-angle X-ray scattering (SAXS) is one of the experimental
methods suitable for this purpose [3]. It provides the structural
information of molecules in solution. Since the amount of informa-
tion from SAXS is less than that from X-ray crystallography or NMR
mainly due to the fluctuation and the random orientation of mol-
ecules in solution, SAXS provides only knowledge about overall
shape and size of the molecules. Despite its fallbacks, however,
ll rights reserved.

).
SAXS has two major advantages over the above-mentioned prob-
lems in structure analysis. The first is the ease in preparing samples
and adjusting measurement conditions. The second is the simplic-
ity in data treatments that allows us to get the output information
directly after the experiment. Recent advances in ab initio model-
ing enable us to construct a coarse-grained structure as an ensem-
ble of small beads with SAXS data alone [4,5].

We previously developed a new program SAXS_MD, based on
the restrained molecular dynamics (MD) algorithm with SAXS con-
straints [6]. It rationally calculates the constraint force applied to
each atom, and effectively changes its position in the molecule so
that the theoretical scattering intensity curve calculated from the
current model matches well with the experimental SAXS data. Gi-
ven the appropriate initial structure, this approach can successfully
construct the valid three-dimensional structure. Since the re-
strained MD is also used in refining the structure obtained from
X-ray crystallography or NMR [7], it is possible to combine SAXS
constraints with various types of structural information in the cal-
culation. Actually, the combination of SAXS and NMR data in the
restrained MD calculation has already been reported [8,9]. These
studies, however, aim to refine the multidomain protein structure
more accurately by adding SAXS information to the NMR data.

In this study, we first characterized the structural information
that SAXS provides in terms of the complementarity to the second-
ary or tertiary structure of the proteins. As described above, the
structural information from SAXS is little, and it is difficult to
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reconstruct the protein structure from the SAXS data alone. Then
we evaluated what kind of structural information is needed to con-
struct a protein structure in addition to the SAXS constraints. We
used NMR-derived distance restraints for complementing SAXS
constraints, because NMR also provides the structural information
in solution and can construct the full structure at atomic resolution
by itself [10]. Finally we have succeeded in constructing coarse-
grained protein structures at the amino acid residue resolution
from the SAXS constraints and the secondary structure of the pro-
teins. We thus propose a new methodology that can construct a
coarse-grained protein structure more rapidly than the conven-
tional ways.
Fig. 1. Calculation procedures with SAXS constraints. (A) Effects of hydration on
normal (left) and dimensionless (right) plots. All the SAXS profiles were calculated
from the PDB coordinates 1IYY [14] with CRYSOL [18] program. Hydration shell was
considered by setting the contrast of the solvation shell to 0.03 (default), or not
considered by setting the same parameter to 0.00. The resultant SAXS profiles with
and without hydration shell are presented as a solid and a dotted line, respectively.
(B) Flow diagram of the calculation procedures described in materials and methods
section.
2. Materials and methods

2.1. Calculation procedures

In this study, we performed the restrained MD calculation with
SAXS constraints and subsets of NMR-derived distance restraints to
construct the three-dimensional molecular model, and analyzed
the results obtained under various types of structural information.
For this purpose the NMR-derived distance restraints should be
classified according to whether each of them defines secondary
structures or tertiary structure of each protein. We classified these
restraints into a subset supporting the local geometry and its com-
plementary subset, because it is difficult to unambiguously deter-
mine which restraints can build a secondary or tertiary structure.
Restraints belonging to the former subset were defined to involve
in the distance between atoms located within four residues along
the polypeptide chain, and the other restraints were defined to be-
long to the latter subset. The restraints about local geometry define
local structures of the molecule such as secondary structures or
intraresidue conformation, while the other restraints contribute
mainly to the formation of a tertiary structure.

All the calculations were carried out by restrained MD program,
EMBOSS [11]. Since the program was originally designed for NMR-
based structure determination, we integrated our previously
developed SAXS_MD program into EMBOSS as a subroutine and per-
formed the calculation. Considering the hydration effect in SAXS
data [12], we performed the restrained MD calculation in dimen-
sionless scale [13], which eliminated the uniform expansion of
whole molecule as shown in Fig. 1A. For each calculation with
the same input, 30 independent runs were repeated from various
initial structures with random torsion angles and the same amino
acid sequence, and the generated conformation ensemble was
averaged in each atomic position by the same program. As a refer-
ence structure, we carried out the same calculation with full sets of
NMR-derived distance restraints for comparison. The degree of
accuracy of the results was evaluated by the average of root mean
square deviations (RMSDs) for backbone atoms of each conformer
in the obtained ensemble and the reference structure. Fig. 1B
shows a flow diagram that depicts all the calculation procedures
described above.
2.2. SAXS and NMR data

We used RNase T1 as the first model protein, because its NMR-
derived three-dimensional structure was once determined in our
laboratory [14] and the SAXS data measured under the same
experimental condition were also available [6].

In addition to RNase T1, eight proteins with different folding
topologies based on the Structure Classification Of Proteins (SCOP)
[15] were selected according to the following requirements:
(i) The atomic coordinates determined by NMR are available
from Protein Data Bank (PDB).

(ii) The NMR-derived distance information obtained experimen-
tally is also available from BioMagResBank (BMRB).

(iii) The same structure as in PDB can be constructed correctly
from the NMR-derived structural information in BMRB using
the EMBOSS program used in this study.

Among eight proteins thus selected, ATC2521 from Agrobacte-
rium tumefaciens (PDB ID: 2JQ4) and steril-a-motif of human de-
leted in liver cancer 2 (2JW2) are classified as all-a proteins,
Filamin-B (2DIA) and putative lipoprotein from Bacillus cereus
(2K5W) as all-b proteins, pyruvate phosphate dikinase (2FM4
[16]) and eukaryotic translation termination factor eRF1 (2HST
[17]) as a/b proteins, and Ral guanosine dissociation stimulator
(2B3A) and NE1680 from Nitrosomonas europaea (2HFQ) as a+b
proteins.

For NMR-derived structural information only NOE data were
used, because they have direct relationships with interatomic dis-
tance and can be replaced by alternative methods in future. Then
the restraints were translated into the form of EMBOSS input before
the calculation. For the eight proteins selected from PDB and
BMRB, theoretical SAXS profile was produced by the CRYSOL pro-
gram [18] for default parameter settings in the range of h from
0.00 to 0.32 Å�1 where h = (4p/k) sinh, 2h is a scattering angle
and k is an X-ray wavelength.

The degree of coincidence of two scattering curves was evalu-
ated by the R-factor in the dimensionless scale defined as

R ¼
X

Rg h

jI1ðRghÞ � kI2ðRghÞj � ðRghÞ2=
X

Rg h

I1ðRghÞ � ðRghÞ2
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where I1ðRghÞ and I2ðRghÞ are the scattering intensity of the first and
the second curve as a function of Rgh, respectively, and k is a scaling
factor calculated as

k ¼
X

Rg h

I1ðRghÞ � I2ðRghÞ � ðRghÞ2=
X

Rg h

I2ðRghÞ2 � ðRghÞ2:
3. Results and discussion

3.1. Structure calculation of RNase T1

For RNase T1, we first investigated the effect of SAXS constraints
to NMR-derived distance restraints in calculating the protein struc-
ture. Fig. 2A shows the conformation ensembles calculated with
1076 NMR-derived restraints in the presence and the absence of
SAXS constraints. Average structures of both ensembles were al-
most identical (RMSD = 0.71 Å), and the addition of SAXS con-
straints improved the convergence between conformers in the
ensemble. In addition, R-factor of the SAXS pattern calculated from
the obtained model against that used as constraints was 6.0%
(Fig. 2B), which indicated that the resultant structure with SAXS
constraints satisfied well the experimental SAXS profile. These re-
sults indicated that the effect of SAXS constraints to NMR-derived
restraints was additive rather than conflictive during the
calculation.

Next the structure calculations were repeated by gradually
reducing the NMR distance information as an input until the resul-
tant structure was wholly collapsed. When 50% of the local geo-
metrical restraints were randomly removed from the original
NMR data set (597 restraints), the obtained structure contained
no secondary structures and the RMSD to the reference structure
was 6.97 Å. We then performed the structure calculations with
Fig. 2. Structure calculation of RNase T1. (A) Superposition of structures calculated with
distance restraints. (B) Dimensionless plots of the experimental SAXS profile used as
Superposition of structures calculated with NMR-derived restraints for local geometry in
is also presented in blue. (For interpretation of the references to colour in this figure leg
the same NMR restraints adding the SAXS constraints. The calcu-
lated structure, however, was almost the same as that without
the SAXS constraints; there were no secondary structures formed
and the average RMSD to the reference structure was 6.37 Å (data
not shown), which indicated that the SAXS constraints did not
complement the local geometry such as secondary structures for
RNase T1.

Similarly, when 70% of the tertiary-structural information was
randomly removed from the full NMR data set (479 restraints) as
an input, the calculated structure was wholly distorted and the
RMSD to the reference structure was 4.88 Å (Fig. 2C). We then
recalculated the structure with the same NMR restraints in the
presence of the SAXS constraints. As a result, all the conformers
in the obtained structure ensemble were well superimposed onto
the reference structure, and the average RMSD values to the refer-
ence was 3.84 Å (Fig. 2C), which indicated that the SAXS con-
straints partially complemented the tertiary structure for RNase
T1.
3.2. Structure calculation of other proteins

To investigate whether the SAXS constraints generally comple-
ment the tertiary structure in proteins, we analyzed other eight
proteins with different folding topology by the same approach as
RNase T1 described above. As shown in Fig. 3, for all the eight mod-
el proteins both the degree of convergence of conformers in the
structure ensemble and that of accuracy against the reference
structure were greatly improved by adding the SAXS constraints
to the local geometrical restraints from NMR data. R-factors for
the obtained structures were 7.9% (2JQ4), 3.0% (2JW2), 9.8%
(2DIA), 2.5% (2K5W), 4.6% (2FM4), 4.3% (2HST), 9.8% (2B3A), and
(orange) and without (green) SAXS constraints as well as full sets of NMR-derived
constraints (black) and that calculated from the obtained structure (orange). (C)
the absence (green) and presence (orange) of SAXS constraints. Reference structure
end, the reader is referred to the web version of this article.)



Fig. 3. Calculated structures of eight proteins. Structures calculated with NMR-derived restraints for local geometry in the absence (green) and presence (orange) of SAXS
constraints were superimposed along with reference structure (blue). The average RMSD values to the reference structure are also presented in Å. PDB ID of the protein is
2JQ4 (A), 2JW2 (B), 2DIA (C), 2K5W (D), 2FM4 (E), 2HST (F), 2B3A (G) and 2HFQ (H). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Coarse-grained structure constructed for 2JQ4. Constructed model with
SAXS constraints and local geometrical restraints is presented in orange, and the
reference structure in blue. Each residue is illustrated as a sphere with radius of
3.0 Å smaller than its real size on average. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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7.2% (2HFQ). These values indicated that the obtained structures
also satisfied well the constraining SAXS profile.

Considering h = 0.32 Å�1 corresponds to the resolution of about
20 Å, the SAXS constraints complemented the tertiary structure of
these proteins, and rebuilt a molecular model up to amino acid res-
idue resolution in the presence of the NMR-derived local geomet-
rical information. These results suggested the possibility to
construct the protein structure at residue resolution using the
SAXS constraints and the local geometry such as secondary struc-
tures. Actually, both the formation of secondary structures and
the compaction of the whole molecule are supposed to be essential
factors in protein folding [19]. The above findings for the structure
calculation are consistent with this supposition.
3.3. Construction of coarse-grained molecular model

Furthermore, we generated a coarse-grained model by placing a
bead (small sphere) in the position of the center of each amino acid
residue in the molecule. For all the proteins described above, the
coarse-grained model from the calculated structures was well
superimposed onto that from the reference structure. Fig. 4 shows
an example for 2JQ4. It should be noted that in the Figure each res-
idue was represented as a bead with radius of 3.0 Å. Considering
that radius of an approximated sphere for amino acid residues
ranges from 2.9 Å for Gly to 4.6 Å for Trp [20], it was also confirmed
that accuracy of the coarse-grained structure above was around
amino acid residue resolution.

In this study, we constructed coarse-grained structures for nine
proteins at the residue resolution only with experimental or theo-
retical SAXS constraints and NMR-derived information about local
geometry such as secondary structures. The latter, however, should
be replaced with that derived from an alternative approach in fu-
ture for convenience of the methodology. The structural informa-
tion about local geometry consisted of restraints for secondary
structures (for example, 94% for RNase T1) and those for intrares-
idue conformation (6% for RNase T1). Since intraresidue restraints
have little relationship with the residue-based molecular model,
we can focus on the restraints for secondary structures. One of
the possible methods that can provide the secondary-structural
information instead of NMR is vacuum-ultraviolet circular dichro-
ism (VUVCD) measured below 190 nm. VUVCD spectra provide
segment numbers of secondary structures and can predict se-
quence-based secondary structures combined with neural-net-
work approach [21]. Another candidate to yield the secondary-
structural information is wide-angle X-ray scattering (WAXS). Hir-
ai et al. [22] revealed that experimental WAXS curves for seven
proteins with different fold can be well reproduced based on Debye
equation, and that they are additive in terms of secondary struc-
tures. The same approach as VUVCD may be also applicable to
WAXS data.
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The residue-based structures may be themselves useful to ex-
tract pharmacophores in drug discovery, or they will be refined
to the atomic resolution by purely theoretical approaches such as
rotation of side chains in an exhaustive manner [23].
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