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Abstract Novel techniques for simultaneous analysis of
X-ray and neutron scattering patterns from macro-
molecular complexes in solution are presented. They include
ab initio shape and internal structure determination of
multicomponent particles and more detailed rigid body
modeling of complexes using high resolution structures
of subunits. The methods fit simultaneously X-ray and
neutron scattering curves including contrast variation
data sets from selectively deuterated complexes. Bio-
chemically sound interconnected models without steric
clashes between the components displaying a pre-defined
symmetry are generated. For rigid body modeling, dis-
tance restraints between specified residues/nucleotides or
their ranges are taken into account. The efficiency of
the methods is demonstrated in model examples, and
potential sources of ambiguity are discussed.

Introduction

Small-angle scattering of X-rays and neutrons (SAXS
and SANS) is widely used to study low resolution
structure of non-crystalline systems of different nature,
including biological macromolecules (Feigin and Sver-
gun 1987). Recent developments in SAXS data analysis
methods made it possible to retrieve significantly more
structural information from the high quality scattering

patterns than previously believed [see e.g., Svergun and
Koch (2003) for a review] and the method is now being
employed to address increasingly complicated ques-
tions. The absence of radiation damage and possibility
of contrast variation by solvent exchange (H2O/D2O)
(Ibel and Stuhrmann 1975) or specific deuteration
(Engelman and Moore 1972) makes SANS an ex-
tremely useful complementary tool to SAXS. Using
contrast variation, multiple data sets are recorded from
the same object, which are different because of different
contrasts of the components in the particle. Contrast of
the component is defined as Dq = <q(r) > �qs,
where < q(r) > is the average scattering length density
of the component, qs is that of the solvent. With neu-
trons, the former quantity can be changed by selective
deuteration, while the latter is conveniently varied in a
broad range by H2O/ D2O exchange in solution. The
additional information gained by isotopic H/D substi-
tution is especially important in the study of functional
complexes, which are rapidly becoming major targets
of modern structural biology (Aloy et al. 2004; Sali
et al. 2003). The remarkable progress in instrumenta-
tion and biological sample preparation procedures with
high yield production of deuterated material (Vanatalu
et al. 1993) needs to be accompanied by adequate
developments in SANS data analysis methods to
transform the wealth of contrast variation data into
meaningful models. In the present paper, novel data
analysis techniques allowing simultaneous interpreta-
tion of X-ray and neutron scattering patterns from
macromolecular solutions will be presented. These
methods include ab initio shape and internal structure
determination of multicomponent particles and yet
more detailed modeling of macromolecular complexes
using rigid body refinement.

Ab initio shape determination is one of the most
frequently used tools in SAXS/SANS data analysis.
Modern shape determination algorithms employMonte–
Carlo based search to generate macromolecular models
consisting of beads or dummy residues (Chacon et al.
1998; Svergun 1999; Svergun et al. 2001; Vigil et al. 2001;
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Walther et al. 2000). When using contrast variation data
in SANS, not only shape but also internal structure of
multicomponent particles can be retrieved ab initio from
the scattering data. Thus, a low resolution map of pro-
tein–RNA distribution in the 70S E. coli ribosome was
obtained (Svergun and Nierhaus 2000) before the high
resolution crystallographic structures appeared and the a
posteriori comparison proves that the SANS-based
structure was a very good prediction (Koch et al. 2003).
We present here an enhanced method for ab initio mul-
tiphase bead modeling against X-ray and neutron scat-
tering data, implemented in the program MONSA,
where, in particular, a possibility is included to account
for the symmetry of the complex. Another practically
important approach for the structure analysis of mac-
romolecular complexes in solution is rigid body modeling
in terms of the high resolution models. Thanks to the
tremendous progress in large scale structure determina-
tion of individual macromolecules or their subunits by
crystallography and NMR, rigid body modeling using
lower resolution methods (cryo-EM or SAXS/SANS)
has become an extremely valuable tool in the study
of complexes (Nixon et al. 2005; Rosano et al. 2004;
Sabatucci et al. 2005). Advanced methods developed for
interactive (Konarev et al. 2001; Kozin et al. 1997) and
automated (Petoukhov and Svergun 2005) modeling of
the complexes based on SAXS data have already been
successfully used in practice. The major bottleneck of
SAXS-based rigid body modeling lies in the possibility of
obtaining multiple solutions, which fit the data equally
well (Petoukhov and Svergun 2005). The ambiguity can
be reduced by using additional information like distance
restrains between specific residues or nucleotides, particle
symmetry, orientational restrains from residual dipolar
coupling (RDC) in NMR etc. (Grishaev et al. 2005;
Krueger et al. 2000; Mattinen et al. 2002; Tung et al.
2002). Extremely important information is provided by
contrast variation in SANS, and fitting of multiple
data sets has already been employed by several groups
(Furtado et al. 2004; Heller et al. 2003; King et al. 2005).
We present here a new version of the global rigid body
modeling program SASREF [originally developed for
SAXS-based analysis (Petoukhov and Svergun 2005)],
which allows simultaneous fitting of multiple SAXS and
SANS data sets while accounting for particle symmetry,
distance restrains, perdeuteration etc. The effectiveness
of the new methods is validated in simulated examples
but also possible sources of obtaining ambiguous models
are discussed.

Theory and methods

Scattering from a multicomponent particle

Let us consider a complex consisting of K > 1 compo-
nents (subunits). Solution scattering intensity I(s) of
such a particle is expressed as (Svergun 1997):

IðsÞ ¼
XK

k¼1
AðkÞðsÞ

�����

�����

2* +

X

; ð1Þ

where s is the scattering vector in reciprocal space,
s = 4p sin (h)/k, 2h is the scattering angle and k is the
wavelength, A(k)(s) denotes the scattering amplitude of
the kth subunit at the given position and h. . .iX stands
for the spherical average in reciprocal space.

The amplitudes can be represented using the spherical
harmonics Ylm(X) to allow for analytical spherical
averaging leading to a convenient analytical represen-
tation of the scattering intensity in the form:

I sð Þ ¼ 2p2
X1

l¼0

Xl

m¼�l

j
XK

k¼1
AðkÞlm sð Þj2: ð2Þ

Here, the complex functions A(k)
lm(s) are the partial

scattering amplitudes of the kth component.
Structure modeling of multisubunit particles against

solution scattering data aims at finding the spatial
arrangement of the components (and their shapes in
ab initio case), scattering from which would best fit
the experimental scattering from the entire complex. If
multiple data sets are available, e.g., from contrast
variation and/or from partial constructs, these sets can
be fitted simultaneously. To construct physically sound
models fitting (multiple) scattering data, the two mod-
eling algorithms presented below minimize a target
function F in the form:

F ¼ 1

Nc

XNc

i¼1
v2i þ penalties: ð3Þ

The first term in Eq. 3 ensures minimization of the overall
discrepancy in multiple data sets (Nc is the total number
of scattering curves) from contrast variation series and/or
from partial constructs, whereas the penalty term for-
mulates physical restrictions on the model (compactness,
connectivity, distance restrains etc. depending on the
algorithm). The discrepancy from individual scattering
curve Iiexp(s) is given by the equation:

v2i ¼
1

Ni � 1

X

j

I i
expðsjÞ � ciI iðsjÞ

riðsjÞ

" #2
; ð4Þ

where Ni is the number of experimental points, ci is a
scaling factor and ri(sj) is the experimental error at the
momentum transfer sj.

The minimization of the target function F in both
ab initio and rigid body approaches is performed using
simulated annealing (SA) (Kirkpatrick et al. 1983). The
main idea in this method is to perform random modifi-
cations of the system while moving always to the
configurations that decrease the target function, but
sometimes also to those that increase F. The probability
of accepting the latter moves decreases in the course of
the minimization (the system is cooled). At the begin-
ning, the temperature is high and the changes almost
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random, whereas at the end a configuration with nearly
minimum energy is reached. The algorithm was imple-
mented in its faster simulated quenching (Ingber 1993;
Press et al. 1992) version.

Ab initio analysis

Several approaches were proposed for ab initio shape
determination using SAXS data (Chacon et al. 1998;
Svergun 1999; Vigil et al. 2001; Walther et al. 2000),
where the model is represented as a ‘‘binary’’ (particle–
solvent) system. The SA-based bead modeling algorithm
(Svergun 1999) also allowed one to use neutron scat-
tering data for constructing models of multicomponent
particles. The use of SANS with contrast variation al-
lows one to separate the information about shape and
internal structure by changing solvent density and
selective labeling furthermore permits to visualize spe-
cific structural fragments. The concept of multiphase
bead modeling as implemented in the program MONSA
represents the particle as a collection of M densely
packed beads inside a sphere with the diameter equal to
the maximum size of the particle. The bead radius r0 is
selected to yield the total number of beads M of several
thousands. To describe a multicomponent complex, a
phase index is assigned to each bead corresponding
either to the solvent (index = 0) or to one of the
components (up to four components are currently
supported). The particle is therefore represented at low
resolution by a string of length M containing the phase
index for each bead. Representing the scattering ampli-

tude of the kth phase in the form AðkÞðsÞ ¼ DqkAðkÞun ðsÞ
where Dqk and AðkÞun ðsÞ are its contrast and shape scat-

tering amplitude (with unitary density), respectively, one
obtains for the total scattering intensity:

I sð Þ ¼ 2p2
X1

l¼0

Xl

m¼�l

(
XK

k¼1
Dqk A kð Þ

lm sð Þ
h i2

þ 2
X

n[k

Dqk A kð Þ
lm sð ÞDqn A nð Þ

lm sð Þ
h i�

)
: ð5Þ

Here, the partial amplitudes from the volume occupied
by the kth phase are

AðkÞlm ðsÞ ¼ il
ffiffiffiffiffiffiffiffi
2=p

p
f ðsÞ

XNk

j¼1
jlðsrjÞ Y �lmðxjÞ; ð6Þ

where the sum runs over the dummy atoms of the kth
phase, rj, xj are their polar coordinates, jl(x) the spher-
ical Bessel function and f(s) is the bead form factor.
Using Eqs. 2, 5 and 6, one can compute the scattering
curves from a multiphase bead model for an arbitrary
configuration of the string and arbitrary contrasts Dqk.

The penalty terms in Eq. 3 used in the program
MONSA ensures low resolution with respect to r0 and
interconnectivity of the entire bead model (Svergun

1999). The interconnectivity is controlled by using
graphs, which are defined as a set of beads of the given
phase where one can move from any bead to any other
bead staying within this phase whereas a move is always
made within the first coordination sphere. Starting from
a random string, SA is employed to search for a model
composed by interconnected compact phases, which
simultaneously fits multiple scattering curves in the
contrast variation series to minimize the target function.
A particular case of this approach, program DAMMIN
(Svergun 1999) performs ab initio shape determination
(one component, one scattering curve). The difference
between the ‘‘black and white’’ shape determination
against one data set implemented in DAMMIN and ab
initio analysis using contrast variation and multiphase
bead model is illustrated in Fig. 1.

Biological macromolecules and their complexes often
form symmetric assemblies. The program DAMMIN
allows one to account for various types of particle
symmetry introduced as a rigid constraint. The sym-
metry imposes selection rules onto spherical harmonics
in Eq. 5, which significantly speeds up the calculations
but also allows one to obtain more adequate models of
symmetric particles. Symmetry is actively used for shape
analysis with DAMMIN (Borges et al. 2005; Goda et al.
2005; Goodridge et al. 2005; Hashimoto et al. 2005;
Nagar and Kuriyan 2005; Nixon et al. 2005; Rosenberg
et al. 2005; Shi et al. 2005). The multiphase program
MONSA was up to now working only in P1, and, to
allow for the use of symmetry in SANS analysis, sym-
metry was included in the last MONSA version (v.142).
Now, the generation of the initial model, its randomi-
zation and phase modifications by each mutation during
the SA search are performed for the group of symmetry
related beads simultaneously to continuously keep the
specific symmetry of the model. The list of symmetries
currently supported in MONSA includes groups Pnk,
n = 1, ..., 6, k = 1, ..., 2. The components, for which
interconnectivity is not required, are allowed to contain
the number of individual graphs belonging to the cor-
respondent phase that does not exceed nk.

In a SANS experiment, the experimental data is
usually smeared because of unfocussed beam and poly-
chromatic (usually up to 10%) radiation used. If re-
quired, MONSA smears the theoretical curves computed
from the model by the instrument resolution function
introduced by (Pedersen et al. 1990), and these smeared
curves enter into Eq. 4 for the computation of discrep-
ancy. This allows one to avoid the desmearing step and
to work directly with the measured experimental data.

Rigid body modeling

The program SASREF (Petoukhov and Svergun 2005)
performs global rigid body modeling of the quaternary
structure of macromolecular complexes against solution
scattering data. Given that the high resolution models of
the individual components of the multisubunit complex
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are known and assuming that their tertiary structure
remains unchanged upon complex formation, the task of
rigid body modeling is to determine their optimal spatial
arrangement that yields the best fit to the experimental
scattering pattern of the entire complex. SA is employed
to find the positions and orientations of the subunits
forming interconnected assembly without overlaps while
minimizing the discrepancy between the calculated and
the experimental scattering profiles. The minimization
procedure starts from an arbitrary arrangement of sub-
units, e.g., from that in a tentative model of the complex
or just from all subunits centered at the origin in their
reference orientations. It is possible to fix selected
subunits at their starting positions and orientations to
preserve known sub-structures. A single modification of
the assembly is done by rotation of a randomly selected
subunit by an arbitrary angle / < /max about a rota-
tion axis followed by a random shift r < rmax along an
arbitrary direction. If the scattering data sets from the
partial constructs are also available the program per-
forms simultaneous data fitting with the assumption of
the same architecture in all the constructs, which sig-
nificantly increases the information content and the
reliability of the modeling. The penalty terms (Eq. 3) in
SASREF allow one to avoid steric clashes and to ensure

interconnectivity of the subunits, and, moreover, the
program can account for known interfaces (e.g., binding
sites) between subunits by restraining correspondent
inter-residue distances [see Petoukhov and Svergun
(2005) for more detail].

The contrast variation in SANS is provides valuable
additional information about complexes (Koch and
Stuhrmann 1979; Wall et al. 2000; Zaccai and Jacrot
1983). The contrasts of the individual subunits can be
effectively varied using H2O/D2O mixtures and selective
deuteration. To fully use the advantages of SANS, the
original SAXS-oriented version of SASREF (Petoukhov
and Svergun 2005) was extended with the capability
of simultaneous fitting of X-ray scattering data and
contrast variation neutron series. Our aim was not only
to account for the neutron scattering curves recorded at
different solvent compositions (volume fractions of
D2O) but also for possible perdeuteration of specific
subunits in distinct series of measurements. Of course, it
has to be assumed that deuteration does not affect the
complex formation, but the H/D equilibrium substitu-
tion in the exchangeable groups and the hydration
effects have to be taken into account. For adequate
computation of the scattering from the high resolution
structures, programs CRYSOL (Svergun et al. 1995) for

Fig. 1 Comparison of single-
phase shape determination
against one curve with multiple
curve fitting using an ab initio
multi-phase model and with
rigid body refinement. The
positions occupied by the
solvent are displayed as dots,
those occupied by the
components of the particle as
beads
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the X-ray case and CRYSON (Svergun et al. 1998) for
neutrons are used.

To compute the X-ray curves and neutron scattering
profiles from the atomic models for arbitrary solvent
composition and subunits perdeuteration, four basic
scattering amplitudes (A(k), B (k), C (k), D(k)) are associ-
ated with each subunit. These amplitudes depend on the
corresponding amplitudes of the given subunit computed
at its initial position and orientation (A0

(k), B0
(k), C0

(k),
D0

(k)) and on six spatial parameters (three rotations and
three shifts) describing its displacement in the current
configuration as described elsewhere (Svergun 1997;
Svergun et al. 1997). Here, A(k) are the X-ray scattering
amplitudes, whereas B (k), C (k) and D(k) are neutron
scattering amplitudes of protonated subunit in pure
water, protonated subunit in 100% D2O and fully per-
deuterated subunit in H2O, respectively. The resulting
neutron scattering amplitude of the subunit for the
arbitrary volume fraction 0 £ x £ 1 of the D2O in
solution and subunit perdeuteration 0 £ y £ 1 is
computed as

EðkÞðx; yÞ ¼ ð1� x� yÞBðkÞ þ xCðkÞ þ yDðkÞ: ð7Þ

CRYSOL and CRYSON provide the reference scatter-
ing amplitudes in terms of the partial amplitudes (A0

(k)
lm,

B 0
(k)

lm, C0
(k)

lm, D 0
(k)

lm), which permit one to rapidly
compute the intensities from the given configurations
and the overall discrepancy following Eqs. 2–4, and 7.
Similarly to MONSA, SASREF includes smearing of
the theoretical curves computed from the rigid body
model using the resolution function to account for the
instrumental effects.

In the presence of symmetry, this information can be
taken into account as a hard constrain, which significantly
reduces the number of free parameters describing the
system. The symmetry groups Pn and Pn2 (n = 1, ..., 6)
are currently supported whereby the n-fold axis and the
twofold axis of Pn2 coincide with Z and Y, respectively.
The present version of SASREF is also able to handle
the situation when the sub-structures possess a lower
symmetry than the entire complex (e.g., the full structure
is a hexamer with P32 symmetry and the set of sub-
structures includes trimers and dimers with three and
twofold symmetry axes, respectively).

Generation of simulated data for testing

The new versions of programs MONSA and SASREF
run on IBM PC-compatible machines under Windows
9x/NT/2000/XP, Linux and Mac OSX as well as on
major Unix platforms. The programs were tested on
synthetic model examples generated from two nucleo-
protein complexes taken from PDB (Berman et al. 2000).
Theoretical scattering patterns were generated from
available atomic structures and randomized to yield a
constant relative error of 3% in each data point, and the
complexes were broken into subunits. The X-ray and
neutron scattering amplitudes from the subunits were

computed using CRYSOL and CRYSON, respectively.
The structures of the complexes were restored by fitting
multiple scattering patterns by both programs indepen-
dently to explore their functionality and capabilities.
The angular ranges of the synthetic data were taken
to be typical for a real SAXS/SANS experiment,
0.1 < s < 1.8 nm�1 for ab initio modeling and
0.1 < s < 3.5 nm�1 for rigid body analysis (given the
lower resolution of bead models, a shorter range was
used for the ab initio modeling). In all cases, random
initial approximations were employed, i.e., the tests were
run without knowledge about the actual structure of the
complexes.

Results

A symmetric complex

The developed ab initio and rigid body modeling algo-
rithms were first tested on a symmetric complex con-
sisting of one protein subunit and one RNA molecule in
asymmetric part. Biologically active molecule of yeast
aspartyl-tRNA synthetase complexed with tRNA(Asp)
(PDB entry 1asy, Ruff et al. 1991) is a dimer with the
two monomers related by a twofold symmetry axis
(Fig. 2). The crystallographic dimeric complex has the
molecular weight of 160 kDa and contains 490 amino
acids and 75 bases per monomer, whereby the dimer-
ization interface is formed by protein subunits. The two
X-ray scattering curves from the entire complex and
from the dimeric protein alone and the five neutron
scattering profiles from the contrast variation series on
the complex corresponding to 0, 40, 55, 70 and 100%
D2O in the solvent (Fig. 3) were generated and fitted
simultaneously with the P2 symmetry constraint by the
two approaches.

Multiple runs of the ab initio program MONSA
yielded models where the protein shape was well
reconstructed but displayed variations in the appearance
of the RNA moiety. In Fig. 2, two typical ab initio
models are presented yielding equally good overall fits to
the simulated data (Table 1, Fig. 3). The model (a) in
the upper row demonstrates good agreement with the
high resolution structure. The model (b) in the second
row displays correct shapes of the protein and individual
RNA’s (and even the distance between the centers of the
two RNA molecules), but their mutual arrangement is
different from that in the original model.

For the rigid body modeling, the atomic structures of
monomeric protein and single tRNA were used as two
rigid bodies. Similarly to the ab initio case, multiple
SASREF reconstructions were performed and com-
pared, and, again, two groups of solutions were dis-
covered providing nearly the same quality of fit to the
data. (Table 1, Fig. 3). Both solutions presented in
Fig. 1 display correct positions of the subunits in the
complex, but only one of them (c) has also proper ori-
entations of all the subunits yielding r.m.s.d. = 0.22 nm
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to the atomic coordinates of the crystal structure. The
model (d) reveals a correct architecture of the protein
and also the correct overall shape of the complex, but
both RNA molecules are flipped within the correct
volume.

A complex with selective perdeuteration

In another test example, the complex consisting of one
double-stranded DNA and two protein subunits was
chosen to demonstrate the efficiency of the selective
deuteration of individual components. The T7 DNA
polymerase ternary complex with dCTP at the insertion
site (PDB entry 1t8e, Brieba et al. 2004) contains poly-
merase molecule, thioredoxin subunit and the nucleic
acid (Fig. 4) with molecular weights of 78, 11 and 14 kDa,

respectively. Eleven scattering patterns generated for the
rigid body modeling (Fig. 5, curves 4–14), included an
X-ray scattering curve from the entire complex, and ten
SANS sets at the same D2O concentrations as for the
above example (five neutron profiles for fully protonated
complex and five of the complex containing perdeuterated
thioredoxin). For the ab initio modeling with MONSA,
the three additional SAXS patterns from individual
components were also employed (Fig. 5, curves 1–3).

The program MONSA was run several times against
14 scattering curves and yielded reproducible solutions.
A typical ab initio 3-phase model (Fig. 4a) provides
good fits to the entire set of scattering data (Table 2,
Fig. 5). Its comparison with the initial high resolution
model in Fig. 4 reveals not only correct reconstruction
of the overall shape but also very accurate determination
of the internal architecture of the complex.

Fig. 2 Aspartyl-tRNA synthetase complexed with tRNA. a, b
Comparisons of the crystal structure with the ab initio bead models
generated by MONSA. In the high resolution model, the protein
and tRNA are shown as blue and magenta backbones, in the bead
model corresponding phases are presented in gray and yellow,
respectively. c Best rigid body model generated by SASREF. d A
SASREF model with different orientations of tRNA. Right view is
rotated by 90� about horizontal axis

Fig. 3 Scattering profiles from the Aspartyl-tRNA synthetase
complex with tRNA. The simulated data are shown by dots, the
fits obtained by MONSA and SASREF are displayed as red solid
and blue dashed lines, respectively. 1 and 2 are X-ray scattering
curves of the dimeric protein and the entire complex, respectively.
3–7 are neutron scattering patterns at 0, 40, 55, 70 and 100% D2O,
respectively. The patterns are displaced in logarithmic scale for
better visualization
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Rigid body modeling of the ternary complex was
done by SASREF based on the atomic coordinates of
the two protein subunits and of the DNA molecule. One
and the same rigid body (though with different scatter-
ing amplitudes according to Eq. 7) was used to represent
protonated and perdeuterated thioredoxin. The multiple
reconstructions demonstrated the same architecture of
the complex similar to that of the crystallographic model
and agree well with the simulated scattering data (Ta-
ble 2, Fig. 5). The typical rigid body model (Fig. 4b)
yields r.m.s.d. = 0.41 nm to the crystallographic coor-
dinates, (where most of the difference comes the from a

slightly different orientation of rather globular thiore-
doxin molecule. Still, there was an ambiguity in DNA
orientation, i.e., models with opposite direction of the
long axis were also generated by SASREF. Figure 4c
displays a typical model with such inverse orientation of
DNA (yielding only slightly worse fit (Table 2) to the
data compared to the correct model.

Discussion

A set of methods presented here can be used for simul-
taneous analysis of X-ray and neutron scattering data
from complexes of proteins, nucleic acids and other
biological macromolecules. The new versions of pro-
grams MONSA and SASREF allow one to perform ab
initio analysis and to construct rigid body models with
minimum user intervention while fitting multiple scat-
tering data sets. Given the limited resolution of SAS
data one should however bear in mind the possibility of
non-unique solutions compatible with the experimental
data. Sometimes in literature methods are presented
utilizing even less informative scattering data to con-
struct rather complicated models without sufficient word
of caution to the potential users. We have therefore
deliberately presented here possible ambiguity of inter-
pretation, even when rich in content contrast variation
data are available. Our test results should however not
be taken as a proof that unambiguous reconstruction of
complexes from SAS is impossible. On the contrary, the
use of contrast variation and specific deuteration in
neutron scattering together with additional information
(symmetry, distance restraints from fluorescence or
muagenesis etc.), which is foreseen within the methods
presented here, opens the way of modeling macromo-
lecular complexes in solution with unprecedented accu-
racy.

One of the potential sources of ambiguity is an
enanthiomorphous solution. Clearly, a mirror image of
the entire structure yields the same scattering intensity,
and this ambiguity has always to be accounted for when
considering low resolution SAS-generated shapes. For
multi-component systems, such an inversion of one of
the components may lead to a similar effect, whereby the
scattering patterns even at different contrasts of the
components may display little changes. Indeed, in this

Table 1 Summary of v values for Aspartyl-tRNA synthetase complex with tRNA

Model Data F

X-ray Neutron scattering data from the complex at specified
D2O concentration (%)

Protein Complex 0 40 55 70 100

MONSA, model (a) 6.76 1.98 1.33 1.21 1.81 4.75 3.72 14.1
MONSA, model (b) 5.30 1.63 1.13 1.05 3.76 6.16 5.09 14.7
SASREF, model (c) 1.35 1.22 1.39 1.37 3.25 1.88 1.92 3.63
SASREF, model (d) 1.33 2.06 1.84 2.05 2.89 1.97 2.38 4.50

Fig. 4 Ternary complex of T7 DNA polymerase with dCTP at the
insertion site. a Superposition of the typical ab initio and the
crystallographic models. The three-phase MONSA solution is
shown as gray, yellow and red beads for polymerase, DNA and
thioredoxin, respectively, and these components in the high
resolution model are displayed as cyan, magenta and blue
backbones, respectively. b The best rigid body model generated
by SASREF. c A SASREF model with the opposite direction of
DNA. Right view in all panels is rotated by 90� about horizontal
axis

573



case, the intensities of the components will remain
invariant and only the cross-term would change. These
changes can be minimal for certain rotation angles,

especially for symmetric structures, if the distance be-
tween the centers of components does not change. In
particular, in the first example of the symmetric binary
complex, taking an enantiomoprph of the tRNA moiety
rotated by 180 around the axis perpendicular to the
twofold axis leads to the same cross-terms and thus to
exactly the same intensities. This leads to the possibility
of multiple tRNA arrangements in the first example of
the symmetric binary complex displayed in Fig. 2. For
ab initio reconstructions, the enanthiomorph-related
symmetric arrangements are indistinguishable, but for
rigid body modeling false solutions are readily avoided if
appropriate additional information is available. Thus, in
the example in Fig. 2, requirement of proximity of
amino acid residue ASN227 in aspartyl-tRNA synthe-
tase and nucleotide U612 in the tRNA molecule yielded
models consistently converging to the correct solutions
similar to that in Fig. 2c.

For the second, non-symmetric example on a ternary
system with specific deuteration, both ab initio and rigid
body approaches allow one to reliably reconstruct the
initial structure. The ambiguity in the polarity of the
DNA (Fig. 4b, c) was, of course, to be expected, given
that at low resolution the molecule is nearly cylindrical,
but this issue can be readily resolved, e.g., from DNA
footprinting experiments. This example vividly under-
lines the power of SANS and in particular of specific
deuteration. Clearly, no unambiguous structure recon-
struction is possible based on X-ray data only, but also
with conventional contrast variation on protonated
samples, thioredoxin molecule could have not be posi-
tioned inside the complex.

The discrepancy values of the fits in Tables 1 and 2
indicate that there are systematic deviations between
the simulated data and the scattering computed from
the models (most v values noticeably exceed 1.0). For
MONSA solutions, this is explained by the fact that the
bead models do not take into account the internal
inhomogeneities inside each component. For SASREF
solutions, the discrepancy is due to the fact that the
hydration shell of the particle is differently generated
CRYSOL (or CRYSON) for the entire complex and for
the individual components. In the latter case, each
component has its own hydration layer, whereas in the
former case the layer surrounds the entire particle. The
contribution from the shell is relatively small but may
play a role at low contrasts (cf. curves at 55% D2O in
Tables 1, 2). Of course, model computations without
accounting for the shell lead to the fits to the data with v
around 1 for the correct solution, but we felt it was
important to test the program in conditions when sys-
tematic deviations are present.

The methods presented here account for a large body
of experimental information to construct biochemically
sound models of macromolecular complexes. They fit
simultaneously X-ray and neutron scattering curves,
including contrast variation data sets from selectively
deuterated complexes. The models are always intercon-
nected, without steric clashes between the components,

Fig. 5 Scattering profiles from the ternary complex. 1–4 are X-ray
scattering curves of the DNA, thioredoxin, polymerase and the
entire complex, respectively; 5–9 are neutron scattering patterns
from protonated complex in 0, 40, 55, 70 and 100% D2O,
respectively; 10–14 are neutron scattering patterns from the
complex with perdeuterated thioredoxin in 0, 40, 70, 100 and
55% D2O, respectively. Notations of the simulated data and fits are
as in Fig. 3. The patterns are displaced in logarithmic scale for
better visualization
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and display the pre-defined symmetry. For rigid body
modeling, distance restraints between specified residues/
nucleotides or their ranges are readily included as de-
scribed (Petoukhov and Svergun 2005), which signifi-
cantly reduces ambiguity of model building. Another
way of reducing this ambiguity could also be a ‘‘jack-
knife’’ approach by performing the modeling against a
subset of available scattering patterns leaving out one or
several scattering curves. An a posteriori analysis of the
fits to the data sets not used for the model building may
help to selection the correct solution. Unfortunately, the
most efficient way of using the ‘‘jackknife’’ procedure
would be to leave out the most sensible curves, i.e. those
around the matching point, and these curves are usually
the least accurate. The RDC information from NMR
(Grishaev et al. 2005; Mattinen et al. 2002), if available,
further restrains the mutual orientation of the subunits
in rigid body analysis, and this option has also been
recently added to SASREF (Konarev et al. 2006).

As usual in experiments employing isotopic substi-
tution, care must also be taken to ensure that the H/D
exchange does not significantly alter the structure and/or
behavior of macromolecules. Indeed, D2O is known to
affect protein stabilization, vibrational and librational
frequencies, and ionic solvation. For proteins, stronger
hydration–bond interactions are observed in D2O, and,
moreover, lower solubility of apolar groups is observed
in D2O than in H2O, which favors the hydrophobic
interaction, and thus often increases the tendency to
aggregate. In some cases, changes in chemical compo-
sition/ionic strength of the buffer may be useful when
measuring at higher D2O concentrations (see, e.g.,
Svergun et al. 1998). A good way of controlling the
integrity of the samples upon isotopic substitution is to
perform X-ray scattering measurements as the H/D ex-
change should have practically no effect on the X-ray
pattern.

The joint use of X-rays and neutrons for the structural
studies of functional complexes in solution has a rich
history in structural biology (e.g., ribosome studies). We
hope that the results and tools presented in this manu-
scriptwill becomeuseful in future SAXS/SANS structural
studies of functional complexes. The programs MONSA
and SASREF described here can be downloaded as pre-
compiled executables for all major computer platforms

from theURLhttp://www.embl-hamburg.de/ExternalInfo/
Research/Sax/software.html.
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