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A new algorithm to re®ne protein structures in solution from small-angle X-ray

scattering (SAXS) data was developed based on restrained molecular dynamics

(MD). In the method, the sum of squared differences between calculated and

observed SAXS intensities was used as a constraint energy function, and the

calculation was started from given atomic coordinates, such as those of the

crystal. In order to reduce the contribution of the hydration effect to the

deviation from the experimental (objective) curve during the dynamics, and

purely as an estimate of the ef®ciency of the algorithm, the calculation was ®rst

performed assuming the SAXS curve corresponding to the crystal structure as

the objective curve. Next, the calculation was carried out with `real'

experimental data, which yielded a structure that satis®ed the experimental

SAXS curve well. The SAXS data for ribonuclease T1, a single-chain globular

protein, were used for the calculation, along with its crystal structure. The results

showed that the present algorithm was very effective in the re®nement and

adjustment of the initial structure so that it could satisfy the objective SAXS

data.

1. Introduction

Small-angle X-ray scattering (SAXS) data of proteins and

other biomolecules give useful information on their structures

in solution. Unlike X-ray crystallography, however, it is dif®-

cult to reconstruct the three-dimensional structure that satis-

®es the SAXS pro®le uniquely, because of small amounts of

structural information in the original one-dimensional SAXS

data and various molecular properties in solution, such as local

mobility and conformational heterogeneity. Evaluating the

information content in the original data quantitatively

(Moore, 1980; Taupin & Luzzati, 1982), several groups have

recently presented new algorithms to model a low-resolution

molecular structure in solution from SAXS data (Svergun et

al., 1996, 2001; ChacoÂ n et al., 1998; Walther et al., 2000).

On the other hand, the general SAXS theory enables us to

calculate the scattering patterns of arbitrary molecular struc-

tures from their atomic coordinates (Pavlov & Fedorov, 1983;

Svergun et al., 1995). The SAXS patterns calculated from the

crystal structure have been found, however, to be somewhat

different from the observed patterns for some proteins. This

was mainly due to the differences in molecular properties

between the aqueous and crystalline environments. In some

cases, the discrepancies were resolved by the relative rotation

of secondary structure elements (Fedorov & Denesyuk, 1978)

or the reorientation of the subunits (Timchenko et al., 2000),

which can be explained by the local conformational changes

from the crystalline environment. In other cases, Svergun et al.

(1995) showed the importance of the hydration effect in

evaluating SAXS pro®les by assuming a hydration shell with

homogeneous thickness (3 AÊ ) around the protein surface. The

features of the hydration shell and its constituent water

molecules have been investigated experimentally and theo-

retically (Svergun et al., 1998; Durchschlag & Zipper, 2003). In

any case, however, the modeling procedure for ®tting the

experimental data requires a priori assumptions about the

speci®c factors characteristic of the solution condition

described above, and there is no general method to search

automatically and systematically for the unique solution that

satis®es the observed SAXS data from the initial crystal

structure.

Nuclear magnetic resonance (NMR) studies have revealed

that a protein structure remains, in general, almost the same

under aqueous or crystalline conditions, with a few exceptions

(WuÈ thrich, 1986). The conformational state of proteins in

solution is, therefore, expected to be near that in the crystal.
³ Present address: SSRL/SLAC Stanford University, 2575 Sand Hill Rd, Bldg
274 MS 99, Menlo Park, CA 94025-7015, USA.
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The restrained molecular-dynamics (MD) method, usually

with an annealing protocol, has been widely used for the

re®nement at the ®nal stage in the structure determination of

biomolecules by X-ray crystallography and NMR (BruÈ nger et

al., 1987; Nilges et al., 1988; GuÈ ntert et al., 1997). Since the

algorithm has a large radius of convergence compared with

other re®nement procedures (BruÈ nger & Rice, 1997), the

method may also be applicable in searching effectively for the

appropriate structure that satis®es the observed SAXS data

using the crystal structure for the initial atomic coordinates.

Pure MD simulations and comparison of the results with

experimental data for some SAXS parameters have been

reported (Vigil et al., 2001).

In the present study, we developed a new algorithm to re®ne

the structure based on restrained MD using SAXS data. We

found that this algorithm represented an effective method to

re®ne a protein structure so that it satis®es the observed

SAXS data.

2. Theory

In performing the restrained MD calculations, we evaluated a

constraint energy term (Econst) as well as the normal potential

energy terms (Enorm):

E � Enorm � wconstEconst; �1�
where wconst is a weight chosen to balance the forces arising

from both energy terms. We determined wconst so that the

gradients of Enorm and wconstEconst had the same magnitude at

each time step during the MD calculations (Jack & Levitt,

1978). For the energy function of Enorm, the AMBER united-

atom force ®eld (Weiner et al., 1984) was used, because

hydrogen atoms are usually treated implicitly in calculating

SAXS curves from atomic coordinates, as described below.

The constraint energy Econst is expressed as the sum of the

squared differences between observed (Iobs) and calculated

(Icalc) SAXS intensities:

Econst � �1=NA�
P
h

�Iobs�h� ÿ kIcalc�h��2w�h�; �2�

where NA is a normalization factor in order to make wconst

approximately independent of the resolution range (BruÈ nger

et al., 1989), k is a scaling factor between calculated and

observed intensities, and w(h) is a relative weight on the

squared difference of intensities at h. The parameter h

represents 4�sin�/�, where 2� is the scattering angle and � is

the X-ray wavelength. We set NA to
P

h Iobs�h�2w�h�, and w(h)

to h2. The scaling factor k was set as

k � P
h

Iobs�h�Icalc�h�w�h�
.P

h

Icalc�h�2w�h� �3�

so as to make Econst minimal (BruÈ nger et al., 1989). Most

mathematical properties of the Econst term in equation (2) are

very similar to those of the R factor,

R � P
h

jIobs�h� ÿ kIcalc�h�jw�h�
.P

h

Iobs�h�w�h�; �4�

although the ®rst derivatives of the R factor have a singularity

at the origin and cannot be used in the present calculation.

The calculated intensity Icalc(h) is de®ned as

Icalc�h� � Icalc�h�

 �

!
�5�

with

Icalc�h� � jF�h� ÿ �0A0�h�j2; �6�
where h. . .i! indicates the average in reciprocal space, h is the

scattering vector (|h| = h), and F(h) and A0(h) are the scat-

tering amplitudes in vacuum and in the excluded volume at

unit density, respectively. �0 is the average electron density in

the bulk solvent region. A0(h) was evaluated by the `modi®ed

cube method' developed by Pavlov & Fedorov (1983), and

Icalc(h) was also calculated with their program based on

equations (5) and (6).

The ®rst derivative of Econst with respect to each atomic

coordinate ri, which corresponds to the constraint force

applied to the ith atom, is expressed as

@Econst

@ri
� ÿ 2k

NA

P
h

�Iobs�h� ÿ kIcalc�h��w�h�
@Icalc�h�

@ri
: �7�

In evaluating the constraint force, the calculation of the

derivative @Icalc(h)/@ri is the most essential step. From equation

(6), Icalc(h) is expressed as three base scattering functions,

Iv(h), Ivc(h) and Ic(h) (Stuhrmann, 1970):

Icalc�h� � Iv�h� � �0Ivc�h� � �2
0Ic�h�; �8�

where Iv(h) and Ic(h) represent the scattering curve in vacuum

and in excluded volume at unit electron density, respectively:

Iv�h� � F�h�F ��h� � jF�h�j2; �9�

Ivc�h� � ÿ F�h�A�
0�h� ÿ F ��h�A0�h�

� ÿ 2�ReF�h�ReA0�h� � ImF�h�ImA0�h��; �10�

Ic�h� � A�h�A�
0�h� � jA0�h�j2: �11�

Therefore, @Icalc(h)/@ri is determined by

@Icalc�h�
@ri

� @Icalc�h�
@ri

� �
!

�12�

with

@Icalc�h�
@ri

� @Iv�h�
@ri

� �0

@Ivc�h�
@ri

� �2
0

@Ic�h�
@ri

: �13�

From equation (9), the ®rst term on the right-hand side of

equation (13) is expressed as

@Iv�h�
@ri

� 2jF�h�j @jF�h�j
@ri

: �14�

Similarly, the third term on the right-hand side of equation

(13) is expressed from equation (11) as

@Ic�h�
@ri

� 2jA0�h�j
@jA0�h�j

@ri
: �15�
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The right-hand side of equation (14), and thus the ®rst term in

equation (13), is easily calculated in a similar manner as in

X-ray crystallography (Cruickshank, 1970):

@Iv�h�
@ri

� 2hr�ReFi�h�ImF�h� ÿ ImFi�h�ReF�h��; �16�

where Fi(h) is the contribution to F(h) from the corresponding

atom i, and hr represents hx (x component of h), hy (y

component of h), or hz (z component of h) if the coordinate r

is x, y or z, respectively. On the other hand, it is a dif®cult task

to calculate analytically the second and third terms in equation

(13), because there is no appropriate expression for @|A0(h)|/

@ri. Therefore, we assume @A0(h)/@ri = 0 to simplify the

calculation. Under the assumption, these two terms are

expressed from equations (10) and (15) as

@Ivc�h�
@ri

� ÿ2hr�ReFi�h�ImA0�h� ÿ ImFi�h�ReA0�h�� �17�

and

@Ic�h�
@ri

� 0: �18�

The assumption is satis®ed, for example, when the molecular

volume remains unchanged for the short period (1 fs) during

the numerical integration of the dynamics. Nevertheless, the

®nal resultant structure generally satis®es well the experi-

mental SAXS curve, as described below. Using equations (16),

(17) and (18), the derivatives @Icalc(h)/@ri and their average

@Icalc(h)/@ri were calculated simultaneously with Icalc(h) and

Icalc(h), with a modi®cation of the employed computer

program.

All the MD calculations were performed by PRESTO,

version 2.0 (Protein Engineering Research Institute, Japan;

Morikami et al., 1992) adding a subroutine for the Econst

calculation. In the program, the equation of motion was

integrated in Cartesian coordinate space (Verlet, 1967) with

the control of temperature (Berendsen et al., 1984). The initial

structure was constructed from the crystal structure of ribo-

nuclease T1 (RNase T1) (1rn1; Arni et al., 1992) in the Protein

Data Bank (Bernstein et al., 1977). Preceding the main

procedure, a normal energy-minimization calculation without

SAXS constraints was performed in order to reduce the

potential energy term [Enorm in equation (1)] to its minimal

level. Fig. 1 shows a ¯owchart that depicts all the calculation

procedures described in this section.

3. Experimental procedures

SAXS measurements were performed on beamline 15A of the

Photon Factory at the High Energy Accelerator Research

Organization, Tsukuba, Japan. The sample solution in a

sapphire cuvette with 1 mm path length was irradiated with a

monochromatic X-ray beam (1.5 AÊ ). All the data were

obtained with a CCD-based X-ray detector (Hamamatsu

Photonics K. K., Japan; Amemiya et al., 1995), and were

corrected for distortion of images, non-uniformity of sensi-

tivity and contrast reduction for an X-ray image intensi®er

before analyses (Ito et al., 2001). The detector was set at the

distance of 1.2 m from the sample position and the data in the

range of h from 0.03 to 0.3 AÊ ÿ1 were used for the analyses.

RNase T1 was kindly supplied by Dr H. Tamaoki (Sankyo Co.)

and was measured at the concentration of 2±10 mg mlÿ1 in

50 mM sodium acetate, pH 5.5, at 313 K. The exposure time of

the beam was 20 s in one experiment.
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Figure 1
Flow diagram for the calculation.

Figure 2
(a) Experimental SAXS patterns of RNase T1 measured with a two-
dimensional CCD-based X-ray detector (solid line) and a one-dimen-
sional position-sensitive proportional counter (dotted line). The theore-
tical SAXS pattern calculated from the crystal structure (PDB ID code:
1RN1) is also presented (broken line). (b) Guinier plot for the data of
RNase T1. The ®tted line is also presented.
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4. Results and discussion

Fig. 2(a) shows the experimental SAXS pro®le measured with

the two-dimensional CCD-based X-ray detector along with

the data obtained using a conventional position-sensitive

proportional counter. The two scattering curves coincide well,

except in the signal-to-noise level; the quality of the data was

increased by more than twentyfold with the use of the CCD-

based detector. There was no protein concentration depen-

dence in the observed scattering pro®les in the range of 2±

10 mg mlÿ1 (data not shown). The radius of gyration (Rg) was

estimated to be 13.8 (1) AÊ from the Guinier approximation

(Fig. 2b), Kratky plot and P(r) function, which was consistent

with previous results (Damaschun et al., 1997). Fig. 2(a) also

shows the theoretical scattering pro®les calculated from the

crystal structure and from the energy-minimized structure of

RNase T1. The curve shape corresponding to the crystal

structure deviated from the experimental curve between 0.03

and 0.2 AÊ ÿ1, which may be the result of some structural

differences between the crystalline and aqueous conditions as

well as the hydration effect. In the energy minimization from

the crystal structure, the resultant SAXS curve was largely

shifted in the undesired direction. This indicated that it was

impossible to reach the structure satisfying the experimental

SAXS data by only the minimization of the potential energy,

although the process itself was necessary to remove the

redundant potential energy before other subsequent calcula-

tions. It only searches for the minimum along the potential

energy surface near the starting structure locally, and cannot

reach the objective structure with some larger scale confor-

mational changes.

Subsequently, we performed the restrained MD calculation

with SAXS constraints starting from the energy-minimized

structure. As described above, the discrepancy between the

theoretical and experimental SAXS curves can be derived not

only from some structural differences, but also from the other

experimental factors, such as hydration effect. In order to

demonstrate the ef®ciency of the algorithm, we ®rst carried

out the calculation assuming the SAXS curve corresponding

to the crystal structure as the `experimental' curve. In this case,

the `experimental curve' is free from the hydration and

molecular association effects, and allows us to attribute the

cause of the discrepancy between the curves to structural

changes only. Fig. 3(a) shows the SAXS curves at the initial

and the ®nal step during the restrained MD calculation. The

calculation converged within 200 MD steps at 300 K. As

shown in Fig. 3(b), the resultant structure was almost the same

as that of the crystal (corresponding to the `experimental'

curve), and the root-mean-square (r.m.s.) difference between

both structures was 0.99 AÊ for the backbone atoms. The

results indicated that the restrained MD algorithm could in

Figure 3
(a) SAXS patterns at the initial (0 fs) and the ®nal (200 fs) step during the
restrained MD calculation assuming the SAXS curve corresponding to
the crystal structure as the `experimental' curve. The SAXS patterns at
initial and ®nal stages are drawn as solid and dashed lines, respectively,
and the `experimental' curve is presented as a dotted line; the dashed and
dotted lines are almost superimposed. (b) Final structure of the restrained
MD re®nement (grey) and the crystal structure (black). The two
structures have been superimposed so as to minimize the r.m.s. difference
for the backbone atoms. In the present calculation, the crystal structure is
an objective one, which yielded the `experimental' SAXS curve. The
molecular graphics image was produced by MidasPlus (Ferrin et al.,
1988).

Figure 4
(a) SAXS pattern at each time step during the restrained MD calculation
using real experimental data. SAXS patterns at the initial stage (thin solid
line), after 100 fs (thin dashed line), after 200 fs (thin dotted line) and
after 300 fs (thick dashed line) are drawn. The experimental SAXS curve
is also presented (thick solid line). (b) Time course for the constraint
energy Econst during the restrained MD calculation (solid line). The sum
of the squared residuals with no weight, corresponding to the value of
Econst when w(h) = k = 1, at each time step is also presented (dotted line).
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fact search for the structure satisfying a SAXS curve in spite of

some conformational differences between the initial and the

objective structures. The coincidence between the two struc-

tures is not due to the overall rotation or translation of the

molecule, because the present algorithm is independent of

these movements. As in equation (5), the contributions from

all orientations were averaged in calculating the SAXS pro®le.

In fact, we performed the same MD calculation with removal

of the translation and/or rotation of the centre of mass in the

molecule, but the results were almost unchanged (data not

shown). In addition, the r.m.s. value was obtained by rotating

and/or translating both structures so that they could be

superimposed optimally, which is also the reason for excluding

the effect of the overall molecular movement.

Next, we performed the restrained MD calculation using a

'real' experimental SAXS curve. As shown in Fig. 4(a), the

initial SAXS curve gradually approached the experimental

curve in 300 MD steps at 300 K. The calculation conditions

were gentle compared with the re®nement process for X-ray

crystallography or NMR spectroscopy because there was no

heating in the calculation. It is likely that the protein structure

in solution satisfying the experimental SAXS data can be

located on the energy surface close to its crystal structure. The

time course of the Econst value during the MD calculation is

shown in Fig. 4(b). In the present calculation, the Econst value

reached a minimum at around 200 fs after the calculation was

started. In evaluating the Econst term in equation (2), we set

w(h) to h2. This caused more weight on the residual term in a

larger angle region. Therefore, the resultant SAXS pattern at

200 fs agreed well with the experimental curve in the larger

angle region rather than in the smaller angle region (Fig. 4a).

The time course of the sum of the squared residuals with no

weights [in the case of w(h) = k = 1] is presented in Fig. 4(b).

The value decreased monotonously and the SAXS pattern at

®nal stage (300 fs) agrees well with the experimental one in

the whole range.

Fig. 5 shows the ®nally obtained structure that satis®es the

experimental SAXS curve well. The initial crystal structure is

superimposed in the same ®gure. The r.m.s. difference

between the two structures is 2.08 AÊ for the backbone atoms.

Although the re®ned structure was more swollen and larger in

molecular dimension than the crystal structure, the distribu-

tion of the secondary structure elements and their relative

location in the molecule are nearly the same. Fig. 6 shows the

J. Appl. Cryst. (2004). 37, 103±109 Masaki Kojima et al. � Molecular-dynamics algorithm 107
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Figure 5
Calculated structure obtained by the restrained MD re®nement with
`real' experimental data (grey) as well as the crystal structure (black). The
two structures have been superimposed so as to minimize the r.m.s.
difference for the backbone atoms, and correspond to the SAXS curves
shown as a thick dashed line in Fig. 4(a) and as a broken line in Fig. 2,
respectively. The molecular graphics image was produced by MidasPlus
(Ferrin et al., 1988).

Figure 6
Ramachandran plots for the re®ned structure (a) and the crystal structure (b). The two plots were produced by PROCHECK (Laskowski, 1993) and
correspond to the structures shown in grey and black, respectively, in Fig. 5. The geometrically allowed regions are indicated by dark shading.
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Ramachandran plots of both structures. The (', �) value of

each residue is located in nearly the same region in both plots,

which con®rms the above structural features. Of course, it is

unclear whether this slightly swollen structure is realistic in the

solution environment or not, because the inclusion of the

dense hydration shell around the protein surface could also

explain the discrepancy between the experimental and theo-

retical SAXS curves (Svergun et al., 1995). It should be noted

that this is the ®rst application of our present algorithm based

on restrained MD to experimental data. We have shown the

applicability of the algorithm for the model system as

described above, but the experimental data need more

detailed analyses for application and interpretation. We are

currently developing the explicit inclusion of the solvent water

molecules in the restrained MD calculation with SAXS

constraints.

We have shown that the present method can successfully

search for the conformation that satis®es the experimental

SAXS data quite rapidly and effectively, when using the

crystal structure as an initial model. Although the initial and

®nal structures cannot reach each other by pure energy

minimization, both structures can be located closely enough

on the energy surface within several hundred MD steps at

300 K. This makes the current algorithm suitable for the

re®nement of a roughly predetermined structure. For example,

the algorithm can be used complimentarily to the ab initio

modelling procedures reported previously (Svergun et al.,

1996, 2001; ChacoÂ n et al., 1998; Walther et al., 2000). In addi-

tion, the current method can be performed in combination

with a normal MD simulation by using time-averaged

constraints. Since the MD method is potentially advantageous

for the effective sampling in the conformation space of

biomolecules (Noguchi & Go, 1985), the method will be

applicable for ab initio modelling in the future, for example, by

using a residue-based force ®eld.

In the construction of the SAXS pro®le from atomic coor-

dinates, we usually calculated the scattering intensity Icalc(h) at

intervals of 0.01 AÊ ÿ1. This value is suf®ciently small for the

interval between the sampling points �h = �/Dmax (Taupin &

Luzzati, 1982) required according to Shannon's theorem,

where Dmax is the maximum particle size (about 40 AÊ in the

present molecule) (Damaschun et al., 1997). In fact, we used

®ner intervals of 0.005 AÊ ÿ1 in the restrained MD calculation,

but the result hardly changed (data not shown). This is

consistent with the fact that the resolution in the present case

is suf®cient to reproduce the scattering intensity containing

the whole information about the molecule (Taupin & Luzzati,

1982; Svergun et al., 1996).

Since the present algorithm is based on the assumption

@A0(h)/@ri = 0 and the force elements derived from the second

and third terms in equation (13) are partly omitted, the

energy-minimization procedure is not strictly performed

toward the valid direction. We applied the present procedure

to other proteins besides ribonuclease T1. For horse heart

myoglobin, however, the experimental SAXS curve was

almost the same as the theoretical curve calculated from the

crystal structure of sperm whale myoglobin (1vxc; Yang &

Phillips, 1996), especially in the range of h below 0.2 AÊ . In this

case, performing the restrained MD re®nement caused unex-

pected results with no convergence under the same condition

(data not shown). This may be due to the systematic errors of

the experimental data rather than the assumption itself,

although the former effect was small in our present point-

collimation measurements. On the other hand, in the case

where some differences were observed between the experi-

mental and theoretical curves at the initial stage, the extent of

the convergence in the calculation was generally good for

other proteins in spite of the above approximation on the

derivative.
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