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ABSTRACT An ab initio method for building structural models of proteins from x-ray solution scattering data is presented.
Simulated annealing is employed to find a chain-compatible spatial distribution of dummy residues which fits the experi-
mental scattering pattern up to a resolution of 0.5 nm. The efficiency of the method is illustrated by the ab initio reconstruction
of models of several proteins, with known and unknown crystal structure, from experimental scattering data. The new method
substantially improves the resolution and reliability of models derived from scattering data and makes solution scattering a
useful technique in large-scale structural characterization of proteins.

INTRODUCTION

Structural studies in molecular biology face the challenge ofingle,\ the wavelength of the radiation, ag, stands for
the post-genomic era, with vast numbers of genome sethe average over the solid andlein reciprocal space.
quences becoming available. There is presently an interest The main advantage of solution scattering is its ability to
in large-scale expression and purification of proteins forstudy the structure of native particles in nearly physiological
subsequent structure determination using x-ray crystallogeonditions and to analyze structural changes in response to
raphy and nuclear magnetic resonance (NMR) (Edwards etariations in external parameters. The price to pay is a
al., 2000). Obviously, x-ray crystallography requires crys-dramatic loss of information caused by the spherical aver-
tals of good diffraction quality, whereas the application ofaging in the scattering pattern. This has also led to the
NMR to structure determination is limited to small proteins. widespread opinion that solution scattering provides infor-
It is therefore clear that a significant fraction of proteins mation only about overall size and anisometry of the solute
could not be analyzed using the two methods. particles.

X-ray scattering from protein solutions is a structural Traditionally, only limited portions of the scattering pat-
method applicable to a broad range of conditions and sizeterns were used to construct three-dimensional models. At
of macromolecules (Feigin and Svergun, 1987). In a scattow angles (resolution of 2 to 3 nm), x-rays are insensitive
tering experiment, a dilute protein solution is exposed toto the internal structure and the scattering is essentially
x-rays, and the scattered intensity ic€ recorded as a func- determined by the particle shape. Low resolution shape
tion of the scattering angle. Because of the random positionsodels were thus constructed on a trial-and-error basis
and orientations of particles, the intensity is isotropic andusing a priori information from other methods. More re-
proportional to the scattering from a single particle averageaently, ab initio modeling approaches have been developed
over all orientations. The measured intensity after subtracrepresenting the shape either by an angular envelope func-
tion of solvent scattering is (Feigin and Svergun, 1987) tion (Svergun and Stuhrmann, 1991; Svergun et al., 1996),

or as an ensemble of densely packed beads (Chacon et al.,

1(S) = (JAL(S) — pALS) + SppA; (9))a (1)  1998; Svergun, 1999; Walther et al., 1999), and employing

nonlinear minimization to fit the scattering data. In spite of
whereA(s), A(S), andA,(s) are, respectively, the scattering the limited resolution and the restricted range of application
amplitudes from the particle in vacuo, from the excludedof these methods, a number of successful studies (Bada et
volume, and from the hydration shell. The electron densityal., 2000; Chacon et al., 2000; Svergun et al., 2000a, b) have
of the bulk solventp,, may differ from that of the hydration shown that solution scattering curves provide sufficient
shell, p,, yielding a non-zero contrast of the sh&li, = (p,  information to restore particle shapals initio. In contrast,
— po- The scattering vector is = (s, 1), wheres = 47 higher resolution x-ray scattering patterns from proteins are
sinf/A denotes the momentum transfep, i8 the scattering even rarely measured, partly for experimental reasons but
mainly because of lack of adequate methods to interpret the
data in terms of structural models.

The level of structural detail provided by x-ray solution
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Resolution. nm spherically averaged scattering amplitudes from the amino acid residues
' were computed and weighted according to their abundance to yield the

200 1.00 067 0.50 0133 averaged residue form factf{s) in Fig. 2. To represent the bound solvent,

T T T T T the protein was surrounded by a hydration layer of thickmgss 0.3 nm
as follows. A quasi-uniform grid oM ~ N angular directions based on
Fibonacci numbers was generated (Svergun, 1994). For each direction, the
most distant residue was found and a dummy solvent atom was placed 0.5
nm outside the protein. The scattering intensity from the entire assembly of
K = N + M centers with coordinatelg was calculated using the Debye
formula (Debye, 1915)

7 -
Shape K K i
SIn S
_ lor(S) = 2, 2, 6i(8)gi(s) —— (2)
i=1j=1 Srij

Lo

6 Fold whereg,(s) = f(s) for a DR andg,(s) = (4ar,%/M) Ar 8p,, for a solvent

0 atom, andry| = r;—r/| is the distance between tiia andjth point. At
Secondary higher angles, the intensitiek,(s)) were systematically lower than the
structure theoretical onesl(s)) because the internal structure of the residues is
5 neglected in the DR model. The rati(s) = 1(s)/Ip(S) computed for the

25 proteins in Fig. 1 was used to evaluate the average correction factor

(c(9)) (Fig. 2) such that the produét(s))lp(S) yielded a good agreement

with the theoretical scattering patterns upste= 15 nmi * for numerous

proteins tested.

The use of the Cpositions allows to impose restrictions on the spatial

arrangement of the DRs. In addition to the 0.38-nm separation along the
1 chain, excluded volume effects and local interactions lead to a character-

s, nm istic distribution of nearest neighbors. A histogram of the average number

FIGURE 1 Theoretical x-ray solution scattering curves computed fromof C, atoms in a 0.1-nm thick spherical shell surrounding a givgrtom
atomic models of 25 different proteins. The upper axis displays the spatia®S @ function of the shell radigsl(Ry)) for 0 < R, < 1 nm is presented in
resolutionA = 2m/s and the text labels indicate the levels of structure Fig. 3. It is clear that the histogramipe(R,) for a plausible chain-
organization characteristic of this resolution. compatible DR model should be similar ¢Si(R)).

) Minimization algorithm
puted using the program CRYSOL (Svergun et al., 1995)

assuming the bound solvent to be 10% denser than the bufk PR model of the protein structure can be retrieved from the scattering
(5Pb =130 e/nms; Svergun et al., 1995, 1998). The patternsdata as follows. Given the number of residdegusually known from the
differ significantly up tos ~ 12 nm * but appear to con-

verge at higher resolution. This suggests that solution scat-

tering is not suitable for determination of secondary struc- f(s)

ture elements but also that the patterns contain information
about the shape and fold of proteins up to a resolution of 45 |
~0.5 nm. In the present paper, a method is proposed to
build structural models of proteins accounting for the entire

. X o . 10 A
scattering curve and not just for its initial portion corre- 1)
sponding to the shape scattering. The advantages of the new
technique are illustrated by its application to several pro- 8 1
teins, with both known and unknown crystal structures.
6 -

MATERIALS AND METHODS
Chain-compatible dummy residues model

Proteins typically consist of folded polypeptide chains composed of amino
acid residues separated by0.38 nm between adjacent,Gtoms in the
primary sequence. At a resolution of 0.5 nm, a protein structure can be
considered as an assembly of dummy residues (DR) centered at,the C 0 . ,
positions. A three-dimensional model of the protein may therefore be 0 5 10 15
constructed from solution scattering data by finding a chain-compatible
spatial arrangement of the DRs that fits the experimental scattering pattern.
That such a model adequately describes scattering patterns of proteins WalGURE 2 Averaged form factor of a residug) @nd the average cor-
verified by simulations. A protein with a known atomic structure contain- rection factor 2). Dotted curves represent individual correction functions
ing N residues was represented by its €ordinates. Solvent-corrected for the proteins in Fig. 1.

s, nm’
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outside the search volume, repeat (3) Positions of the solvent atoms are
updated if necessary and a differencee{= E(r')—E(r)} is computed. If

AE < 0, the move is accepted; XE = 0, it is accepted with a probability
exp(—AE/T). (4) Steps (2 and 3) are repeated a sufficient number of times
(N) to equilibrate the system, after which the temperature is lowefed (
= 0.97). The system is cooled until no improvementt(r) is observed.

Computer program and testing

The above algorithm was implemented in a computer program GASBOR
and computations were performed on simulated examples to select values
of the parametersT{ ~1073, N; ~ 10°K, a ~ 10~?) ensuring its conver-
gence. As usual with simulated annealing, millions of function evaluations
are required and it takes a prohibitively long time to fully re-compi(ig

each time. Fortunately, both Debye’s formula (Eq. 2) and the penalty (Eqg.
4) are computed from the distancgs A table of off-diagonal distances
{ry, 1> j}is evaluated and saved at step (1) and later updated during steps
(2 and 3). Moving one DR at a time greatly speeds up the computations (for
example, on a 500 MHz Pentium Il PC, the CPU time required to build the
model of lysozyme below is reduced froml00 h to~1 h). The program

is also able to take into account particle symmetry by generating symmetry
mates for the DRs in the asymmetric unit (point groups P2 to P6 and P222

spherical shells around a giver &om. Smaller error bars: variation of the to P62 are currently supported).
averaged values over all proteins; larger error bars: averaged variation In all tests on proteins presented below, the valu®gf, was deter-

within one protein.

protein or translated DNA sequence), coordinates of DRare found
which minimize a goal function Ef = x® +aP(r). Here, x* is the
discrepancy such that

, 1 2 (c(9) Ipr(S) — Clexe(s)]?
n-14 a(s)

wherel,{s) is the experimental intensity specifiedrgpointss, j = 1, . ..
n, o(s) is the correspondent standard deviation, arisl a scaling coeffi-
cient. The penalty(r) has the form

P(r) = ; [W(RO(Nor(R) — (N(R)))I* + G(r)
+[maxo, (Ird = ro}* (4)

X (3)

mined directly from the experimental data using the orthogonal expansion
program ORTOGNOM (Svergun, 1993), and the DR models were restored
without any a priori information except for the number of residues. The
results of~10 independent annealing runs were compared with each other
and/or with the crystallographic model if the latter was available. Because
the DR models had an arbitrary orientation and handedness, they were
automatically aligned with the Ccoordinates in the crystal structures
using the program SUPCOMB (Kozin and Svergun, 2001). This program
minimizes a dissimilarity measure between two models as a normalized
spatial discrepancy (NSD). For every point in the first model (DR g, C

the minimum value among the distances between the point and all points
in the second model is found, and the same is done for the points in the
second model. These distances are added and normalized against the
average distances between the neighboring points for the two models. In
the context of the work described here, the physical meaning of NSD for
the best superposition is that, on average, for apyatom in the atomic
structure there is a DR at a distance of about N8M.38 nm (and vice
versa).

The first term in Eq. 4 imposes a protein-like nearest-neighbor distribution

(the weightsW(R,) are inversely proportional to the variations(df(R,))

in Fig. 3). The second ter@(r) ensures that the model is interconnected,
i.e., each DR has at least one neighbor at a distance of 0.38 nm. Al

connected fragments (graphs) in the current DR model are foun®&@nd

is computed as INg/N) = 0, whereNg is the length of the longest graph.

The third term keeps the center of mass of the DR modelose to the
origin (ro = 0.1 D4« is the radius of a penalty-free zone abg,., is the
maximum size of the protein). The penalty weight> O is selected such
that P(r) yields a significant contribution~<10 to 50%) toE(r) at the end
of the minimization.

The easiest way to construct a DR model would be to generate

random-walk G chain and let it fold to minimizé&(r) (this option will be

discussed later). However, a better convergence was obtained for a re-
strained condensation of a gas of DRs within a spherical search volum
(which resembles to some extent an ab initio phasing approach (Subbia

Scattering experiments and data treatment

'l'he synchrotron radiation x-ray scattering data from hexokinase, yeast
pyruvate decarboxylase and chitin-binding protein were collected follow-
ing standard procedures using the33 camera (Boulin et al., 1986, 1988)
of the European Molecular Biology Laboratory at Deutsches Elektronen
Synchrotron, (Hamburg) and multiwire proportional chambers with delay
line readout (Gabriel and Dauvergne, 1982). The data were recorded at
different protein concentrations (2 to 25 mg/ml) for two or three sample-
detector distances (3.9, 2.5, and 1.4 m) and the scattering patterns were
merged to yield the final composite curves. A shortened camera setup
?sample-detector distance, 0.5 m) was designed for the additional wide-
angle measurements on lysozyme and bovine serum albumine. Details of
The experimental procedures are given elsewhere (Koenig et al., 1993;
vergun et al., 2000a). The data processing (normalization, buffer subtrac-
tibn, etc) involved statistical error propagation using the program

1991)). The simulated annealing (Kirkpatrick et al., 1983) condensatio
protocol is simple: (1N coordinates; of the DRs are randomly generated
within a sphere of radius R D,,,,/2+ Iy, andM dummy solvent atoms are
added as described. A value of the goal functifn) is computed and a RESULTS

high starting temperaturely) is selected. (2) A DR taken at random is . . .

relocated to an arbitrary point at a distance of 0.38 nm from anothe/After validation on simulated examples, the method was

randomly selected DR (move fromto r'). If the second location falls  used to construct DR models of a number of proteins with

'sapoko (Svergun and Koch, unpublished).
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known and unknown crystal structure from experimental
scattering data. For test purposes, wide-angle synchrotrc
X-ray scattering patterns were recorded from two readily
available proteins, hen egg-white lysozyme (Merck Eurolak
GmbH, Darmstadt, Germany) and bovine serum albumir
(BSA; Sigma Chemical Corp., St. Louis, MO). These ex-
tensively characterized proteins are often used as mod
objects for structural and functional studies. The data wer:
collected at protein concentrations ranging from 10 to 15(
mg/ml and extrapolated to zero concentration of the solutt
protein for both small and wide angles to yield accurate
scattering curves in the range up o= 13 nm ' as
illustrated in Fig. 4.

The reconstructed models of lysozyme (Miv14 kDa,
129 residues) superimposed with its atomic structure in th
crystal (PDB entry 6lyz; Diamond, 1974) are presented in
Fig. 5 A. The middle column displays the best (NSB
0.75), the right column the worst (NSB 0.85) solution out
of 10 independent reconstructions. For comparison, the lel
column presents the low resolution shape of lysozyme re
stored ab initio using the program DAMMIN (Svergun,
1999). The latter model only fits the low angle portion of the
scattering pattern (Fig. 4) whereas the new method neatl
fits the entire curve and provides a significantly more de-
tailed model of the protein structure.

An interesting result was obtained for BSA (M% 67
kDa, 583 residues). Initial attempts at modeling the struc
ture failed to fit the experimental scattering pattern in Fig. 4.
To further understand this discrepancy, theoretical scattel
ing curves were computed from the coordinates of twa

Ig I, relative
4 -
3 4
&)
2 =
1 (2)
\\
N\
\ T T
0 5 10

S, nm!

FIGURE 4 X-ray scattering from lysozymé)(and BSA @) (dots with
error bars) and scattering from the DR modelsil{ lines). For lysozyme,
scattering from the low resolution shape model is also displagtadhged
line).
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A

B

FIGURE 5 Atomic models of lysozyme?f and ligand-bound HSAR)
superimposed with DR models from solution scattering. The atomic mod-
els are displayed as Cchains, DR models as semi-transparent spheres
(yellow and cyan models yield best and worst agreement with the atomic
model, respectively). For lysozyme, a low resolution shape obtained by
DAMMIN (Svergun; 1999) is displayed in greefeft columr). The center

and bottom rows are rotated counterclockwise b§ @und X and Y,
respectively. All three-dimensional models were displayed using the pro-
gram ASSA (Kozin et al., 1997).

available crystallographic models of the human homologue,
human serum albumin (HSA), which shares 90% sequence
homology with the BSA. One crystal structure is that of the
unliganded form of HSA (PDB entry 1a06; Sugio et al.,

Biophysical Journal 80(6) 2946-2953
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1999) while the other contains five fatty acids bound to the Ig I, relative
protein (entry 1bke; Curry et al., 1998) and reveals substan-
tial conformational changes with respect to the former struc- 1 1
ture (r.m.s. displacement of Catoms, 0.46 nm; NSDB=
0.78). The scattering pattern computed using CRYSOL with
coordinates from the ligand-bound form of HSA vyielded a
better fit to the experimental data compared with the ligand-
free form. In both cases, however, a negative contrast of the
hydration shelBp, = —30e/nm® must be assumed to fit the
data. As a result, the density of the solvation layer surround-
ing the protein in solution was, somewhat unexpectedly,
10% below that of the bulk rather than 10% larger as is
generally observed for globular proteins. Given that the
fatty acids are 30% lighter than water, this result suggests
that bound hydrophobic fatty acids may be exposed on the
surface of this protein (which is a major fatty-acid transport
protein in the circulatory system), leading to an apparently
less dense hydration shell. In a dozen reconstructions with a
negative contrast of the dummy solvent atodpg = —30
e/hm, the entire BSA scattering pattern can be neatly fitted 5 4
by that of a DR model (Fig. 4). The best and worst recon-
structions (NSD= 1.22 and 1.36, respectively) are super- 0 1 2 3 4 5
imposed in Fig. 3B with the atomic model of the ligand- -1
bound HSA (Curry et al., 1998). Note that the DR mOdeISFIGURE 6 x-ray scattering patterns from monometicgnd dimeric 2)
yielded so.mewhat worse agr_eement with the crystal Strucﬁexokinase, PDC);}O and CHng @) (dots with error bary and scattering
ture of unliganded HSA (Sugio et al., 1999) (the NSD W8S, rom the reconstructed DR modelsil{ lines). For chitin-binding protein,
on average, 3 to 5% higher) indicating that the method ishe scattering from a low resolution shape model is displagiashied ling
able to distinguish between the two conformations. The scattering patterns are displaced by one logarithmic unit for better
In the following examples, DR models were constructedVisualization.
from scattering patterns recorded as part of ongoing re-
search projects at the European Molecular Biology Labora-
tory, Hamburg, Germany. The data collection conditionsmonomer displays two distinct monomers and suggests a
were not optimized to yield high quality curves at wide clear way of forming the dimer in solution (Fig.A, right
angles, and the resolution was not better than 1 nm (Fig. 6pane).
It was thus interesting to monitor the performance of the Yeast pyruvate decarboxylase (PDC) provides another ex-
method against these data sets. ample of the use of symmetry restrictions. At low pH, PDC
The biologically active subunit of yeast hexokinase is aforms catalytically active tetramers with MM 236 kDa and
homodimer (a monomer with MW= 53.8 kDa has 485 atotal of 2148 residues (Koenig et al., 1993). The model of the
residues). The scattering patterns from solutions of monotetrameric enzyme restored from the scattering pattern in Fig.
meric and dimeric hexokinase are presented in Fig. 66 (curve 3) assuming P222 symmetry is presented in Fy. 7
curves 1 and 2, respectively. A crystal structure of thealong with the crystal structure (PDB entry 1pvd; Arjunan et
monomer is available (PDB entry 1hkg; Bennett and Steitzal., 1996). The comparison suggests that PDC in solution is
1980) but the quaternary structure of the dimeric enzyme irmore compact than in the crystal, partly as a result of an altered
solution is uncertain. Theoretical curves computed from theassociation between the dimers (corresponding to a relative tilt
crystallographic dimers, both symmetric and asymmetricof about 10° with respect to theaxis in top orientation). This
(Bennett and Steitz, 1980; Steitz et al., 1976), failed to fitresult is in an agreement with the model of tetrameric PDC in
the experimental scattering of dimeric hexokinase. The scasolution obtained earlier by rigid body refinement (Svergun et
tering patterns in Fig. 6 were used to independently buildal., 2000c).
DR models of the monomer and of the dimer (assuming P2 The final example deals with a protein of unknown
symmetry for the latter). Several reconstructions of theatomic structure, a chitin-binding protein CHB1 fr@trep-
monomer yielded a good agreement with the atomic modeiomycegMM = 18.7 kDa, 201 residues). The low resolu-
in the crystal (NSD between 1.04 and 1.14). A typicaltion shape of the protein recently obtained (Svergun et al.,
superposition with NSB= 1.08 is presented in Fig. A, left ~ 2000a) from the scattering pattern in Fig. &ve 4 is
panel The symmetric model of the dimeric enzyme ob- displayed in Fig. 7C, left column Ten independent DR
tained without any assumption about the structure of thenodels were generated, and the two solutions that differ
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FIGURE 7 () Comparison of the atomic model of monomeric hexokinase and the DR models of the mondefigrem¢ dimeric (ight) hexokinase.
(B) Atomic model of tetrameric PDC superimposed with the DR mod&I Ab initio models of CHB1 Left column low resolution envelope obtained by
the program SASHA (Svergun et al., 1996nterandright columns two most different DR models. The atomic models are displayed,ah@ins, DR
models as spheres. The center and bottom rows are rotated as in Fig. 5. A space-filling representatfotinis presented inG) (red) near the foot-like
protuberance of CHBL1.

most from each other (NSB 0.95) are presented in Fig. 7 DISCUSSION

C, middleandright columns Even these two most different

models are fairly similar and, in particular, display a char-It is clear that the method does not yield a unique solution
acteristic foot-like protuberance. Comparison with a space(spatial distribution of DRs), but rather provides a manifold
filing representation of the atomic structure afchitin  of configurations corresponding to virtually the same scat-
(taken from the Cambridge Crystallographic Databasefering pattern (e.g., yellow and cyan DR models in Figh 5
http://www.cmbi.kun.nl/) suggests this protuberance as @andB, and Fig. 7C). Calculations on simulated and exper-
plausible site for binding the chitin molecule. imental scattering patterns indicate that the differences be-
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tween the DR models are substantially smaller than thos&he executable codes of the program GASBOR for IBM-PC and major

observed for the low resolution shape determination usingNlX platforms are available from http://www.embl-hamburg.de/

densely packed beads (Svergun, 1999). This is not surpns—xremal'nfO/ResearChlsax'

ing given that the DR models use fewer independent pa-
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