Advances in structure analysis using small-angle scattering in solution
Dmitri I. Svergun'? and Michel H. J. Koch"

" EMBL, Hamburg Outstation, Notkestrafe 85, D-22603 Hamburg, Germany
? Institute of Crystallography, Russian Academy of Sciences, Leninsky pr. 59, 117333
Moscow, Russia

Corresponding author: Dmitri Svergun, EMBL c/o DESY
Notkestrasse 85, D-22603 Hamburg, GERMANY
Tel: +49 40 89902 125, Fax: +49 40 89902 149
E-mail: Svergun@EMBL-Hamburg.DE

Running title: Structure analysis from solution scattering

Keywords: X-ray scattering, neutron scattering, protein structure, ab initio methods,
rigid body modelling, protein folding, RNA folding

Summary

The resolution and reliability of solution scattering models have been significantly
improved by ab initio shape and domain structure determination and detailed modelling
of macromolecular complexes using rigid body refinement. There is also substantial
progress in the quantitative analysis and modelling of assembly and folding processes and
intermolecular interactions.

Introduction

Small-angle scattering (SAS) of X-rays and neutrons is a fundamental tool in studies of
the solution structure of biological macromolecules with sizes ranging between a few
KDa and several MDa, which does not require special sample preparation [1]. This
advantage becomes overwhelming in the investigation of large conformational transitions
that occur upon binding of effectors or changes in physicochemical conditions and
assembly or (un)folding processes.

In a scattering experiment, a solution of macromolecules is exposed to X-rays (with
wavelength A= 0.15 nm) or thermal neutrons (A = 0.5 nm). The scattered intensity /(s) is
recorded as a function of momentum transfer s (s = 4nsin6/A, where 26 is the angle
between the incident and scattered radiation) and the solvent scattering is subtracted. The
random positions and orientations of particles result in an isotropic intensity distribution
which, for monodisperse solutions of non-interacting particles, is proportional to the
scattering from a single particle averaged over all orientations. The net particle scattering
is proportional to the squared difference in scattering length density (electron density for
X-rays and nuclear/spin density for neutrons) between particle and solvent - the so-called
contrast. The latter can be effectively varied in neutron scattering using H>O/D,O
mixtures or selective deuteration to yield additional information.



The information content of SAS data is qualitatively illustrated in Fig. 1, which
represents X-ray patterns from proteins with different folds and molecular masses. At
low angles (2-3 nm resolution) the curves are rapidly decaying functions of s essentially
determined by the particle shape, which clearly differ. At medium resolution (2 to 0.5
nm) the differences are already less pronounced and above 0.5 nm resolution all curves
are very similar. SAS thus contains information about the gross structural features —
shape, quaternary and tertiary structure - but is not suitable for the analysis of the atomic
structure.

Shape determination

The aim of ab initio analysis of SAS data is to recover the three-dimensional structure
from the one-dimensional scattering pattern. Except for the trivial case of a spherical
particle, the solution is clearly not unique and many different models could yield the
same SAS curve. To constrain the solution, homogeneous models are often used. This
drastic simplification is reasonable in the analysis of the low-angle part of the scattering
patterns from single component particles at sufficiently high contrasts, such as proteins in
solution.

In the past, low resolution models were built by trial-and-error using a priori information
from electron microscopy or other methods. In the first general ab initio approach [2] an
angular envelope function of the particle r=F(w), where (r,®) are spherical coordinates, is
described by a series of spherical harmonics. The low resolution shape is thus defined by
a few parameters - the coefficients of this series — which fit the scattering data. This
approach was further developed [3] and implemented in the computer program SASHA
[4]. It was demonstrated that under certain circumstances a unique envelope can be
extracted from the scattering data (of course, up to an enantiomorphic shape — this
ambiguity holds for all ab initio methods!) [5].

The use of such envelopes is limited to globular particles with relatively simple shapes
without significant internal cavities. More detailed models can be constructed ab initio
using different types of Monte-Carlo searches. Such a search in a confined volume was
first implemented in the program DALAI GA [6,7]. A sphere with diameter equal to the
maximum particle size D, which is directly determined from the scattering data, is
filled with a large number, M, of densely packed beads. Each bead belongs either to the
particle (index=1) or to the solvent (index=0), and the shape is thus described by a binary
string of length M. Starting from a random string, a genetic algorithm searches for a
model that fits the data. In a more general approach [8], the beads may belong to different
components so that the shape and internal structure of multicomponent particles (e.g.
nucleoproteins) can be reconstructed by simultaneously fitting scattering data at different
contrasts [*9]. For single component particles, the procedure degenerates to an ab initio
shape determination. Compactness and connectivity constraints are imposed in the
search, implemented in the program DAMMIN. The ‘give-n-take’ procedure SAXS3D
[10] and the program SASMODEL [11] based on interconnected ellipsoids are ab initio
Monte Carlo approaches without limitation of the search space.



The Monte-Carlo based models contain hundreds or thousands parameters, and caution is
required to avoid overinterpretation. A common approach is to align a set of models
resulting from independent shape reconstruction runs to obtain an average model
retaining the most persistent- and conceivably also most reliable- features (e.g. using the
program SUPCOMB [12]). Particle symmetry, if known, provides very useful
constraints, which can be imposed in the programs SASHA and DAMMIN and in the
program GASBOR described below.

Domain structure analysis

For all its simplicity the assumption of particle homogeneity is a severe limitation. A new
approach [**13] represents a protein by an assembly of dummy residues (DRs) and uses
simulated annealing to build a locally “chain-compatible” DR-model inside a sphere of
diameter Dyax. Compared to ab initio shape determination, DR-modelling (implemented
in the program GASBOR) employs fewer free parameters to account for more
experimental information. Fig. 2 presents ab initio models of bovine serum albumin
reconstructed using different methods. Comparison with the atomic model of a
homologous protein indicates that all methods adequately represent the low resolution
structure. The less detailed shape models only fit the scattering at very low angles,
whereas the more detailed DR model neatly fits the entire curve up to 0.5 nm resolution.

Adding missing loops or domains

Inherent flexibility and conformational heterogeneity in proteins often result in the
absence of loops and even entire domains in crystallographic or NMR models. Such
missing fragments still contribute to the SAS intensity and their probable configurations
can be found by fixing the known part of the structure and adding the missing parts to fit
the SAS pattern from the entire particle. The DR approach has recently been extended
and algorithms for adding missing loops or domains are implemented in the program
suite CREDO (Petoukhov, Eady, Brown and Svergun, unpublished).

Rigid body modelling

Solution scattering patterns of multi-domain proteins and macromolecular complexes can
also be fitted using models built from high resolution structures of individual domains or
subunits assuming that their tertiary structure is preserved. The ‘automated constrained
fit’ procedure [14] generates thousands of possible bead models in an exhaustive search
for the best fit. In another approach [15,16], the domains are first represented by triaxial
ellipsoids to find an approximate arrangement and the atomic models are positioned
based on information from other methods. An alternative set of modelling tools operates
directly on atomic models using spherical harmonics to accurately compute the scattering
from individual domains (programs CRYSOL [17] for X-rays and CRYSON [18] for
neutrons. Algorithms for rapid computation of the scattering from the complex [19] are
coupled with display and manipulation programs (ASSA [20] and MASSHA [*21]) for
interactive and/or automated fitting of the experimental data.



Recent applications

Ab initio methods are now routinely used by several research groups. A non-exhaustive
list of examples includes a MoFe protein of Klebsiella pneumoniae nitrogenase [*22],
structural changes in Manduca sexta midgut V1 ATPase [*23]; the P-end-capping protein
of actin-tropomyosin [24], the effects of ligand binding to retinoic acid receptors [*25],
the sapl protein from Schizosaccharomyces pombe [26], the C-propeptide domain from
human procollagen [*27] and the apo form of Escherichia coli haemoglobin protease
[28]. Shape determination methods are also applicable to nucleic acids [29].

Applications of rigid body modelling include analysis of similarities between crystal and
solution structures of diphosphate-dependent enzymes [*30], the HslUV protease-
chaperone complex [*31], and the E. coli ATCase [32,*33]. A novel quaternary structure
interface for a dimeric a-crystalline domain was proposed [34] and a folded-back model
of monomeric factor H of human complement was deduced from X-ray and neutron SAS
and ultracentrifugation [35]. A combination of NMR, X-ray SAS and molecular
dynamics simulations revealed large differences between the crystal and solution
structure of an adaptor protein Grb2 [36]. A model of heterodimeric cAMP-dependent
protein kinase was constructed using homology modelling and energy minimization
[**37]. Ab initio and rigid body modelling were applied to the bacteriophage PRDI
vertex complex [*38].

X-ray SAS patterns have recently been used to correct the Fourier amplitudes in cryo-
electron microscopy [39-41] and to constrain the models of protein fold built by structure
prediction algorithms [42]. 4b initio envelopes have been employed for phasing low
resolution reflections in protein crystallography [43,44], and more detailed DR-models
should be even more useful to this end.

Assembly and Folding - progress in time-resolved scattering

The more conventional forms of time resolved SAS are becoming increasingly popular in
assembly studies of viruses or viral capsids (e.g. [45]) but the main driving force behind
the developments is now provided by the folding problem.

Nearly every classical perturbation technique has been combined with SAS and brought
to bear on this problem in recent years: fast mixing with stopped or continuous flow to
monitor the effect of jumps in denaturant [46], salt [¥47] or H™ concentration [*48],
pressure [49] and light intensity [50]. Time resolutions down to the sub-ms range have
been reached using undulator radiation with microfabricated mixing devices [46, *48].

Equilibrium studies are, however, still important. One of the most thorough ones during
the period of review is that of thermal unfolding of neocarzinostatin (NCS) [**51]. It
clearly illustrates the shortcomings of the Guinier analysis used in many recent papers
(but not some of the earlier ones e.g. [52]!) on (un)folding of biopolymers. Changes in
the forward scattering 1(0) observed in several systems [46, *48] even in equilibrium



conditions [**51] are usually attributed to variations of the partial specific volume or
solvation during (un)folding but this may not be the only cause. Numerical techniques
like singular value decomposition allow one to determine the presence of intermediates
[**51,53]. In several cases thermodynamic considerations indicate that the folding
intermediates do not represent thermodynamically well-defined states and unfolded states
differ depending on whether they have been obtained by thermal or chemical
denaturation [**51,54].

The unfolding pathways in a given solvent and the unfolded states in different solvents
are thus clearly not unique. Moreover, the number of intermediate states — or ensembles
of intermediates- depends on the observation methods, hence the need to use
complementary techniques [55]. Equilibrium studies have been made on a number of
systems in recent years and pressure induced effects on denaturation and assembly have
been investigated on lactate dehydrogenase [56] and staphylococcal nuclease [57].

Denaturant-induced unfolding of NCS monitored with different techniques yields
sigmoid curves, which can in first approximation be described by a two-state process [54]
but correspond to very different Gibbs free energies of unfolding, indicative of multiple
transitions. In the case of cytochrome c, which contains mainly a-helices, the mechanism
for pH-induced unfolding has two intermediate states [*48]. Two ensembles of unfolded
states had also been found previously in an equilibrium denaturation study with guanidine
hydrochloride [58].

An area related to protein folding concerns the formation of amyloid-like cross-3
structures (reviewed in [59]). The process has been studied on phosphoglycerate kinase
[60] and more medically relevant examples like immunoglobulin light chains [61].

Studies on nucleic acid folding are also rapidly progressing. Following initial studies on
tRNAPhe and Rnase P RNA from Bacillus subtilis [62] and on the Tetrahymena group I
ribozyme [63,64] a model of the global folding process of the ribozyme covering five
orders of magnitude in time was obtained from X-ray scattering and computer
simulations [*47,%65]). The RNA forms non-specifically collapsed intermediate(s),
which are the analogue of the molten globule intermediates in protein folding, and
searches for its tertiary contacts in this highly restricted conformational sub-space. This is
perhaps a hint for in silico folders.

The individual observations made so far on various proteins and nucleic acids suggest
that some general rules are emerging and this emphasizes the need for a general
theoretical framework for the discussion of these phenomena, which despite genuine
progress, is still missing. This should provide great opportunities for the more
theoretically minded in coming years.

Conclusions

Many successful applications of new data analysis methods during recent years have
further illustrated how much the popular view that solution scattering yields only the



molecular mass and radius of gyration of a particle is a misconception. SAS is also an
increasingly important tool in the study of intermolecular interactions in relation to
crystallization [*66] and of - perhaps less prestigious, but not less important -
biomolecules like lipids and polysaccharides and their assemblies.

The programs SASHA, DAMMIN, GASBOR, CREDO, CRYSOL, CRYSON, ASSA,
MASSHA, SUPCOMB can be downloaded from www.embl-
hamburg.de/Externallnfo/Research/Sax/. The program DALAI GA can be obtained from
akilonia.cib.csic.es/DALAI GA2/, the program SAXS3D from
www.cmpharm.ucsf.edu/~walther/saxs/.
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Fig. 1. X-ray solution scattering curves computed from atomic models of twenty-five
different proteins with molecular masses between 10 and 300 KDa. The scattering
intensities are plotted on a logarithmic scale, the upper axis displays the spatial resolution
A=27/s and the labels indicate the levels of structural organization characteristic of this
resolution.
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Fig. 2. (A) Synchrotron X-ray scattering from BSA (1) and scattering from the ab initio
models: (2) envelope model (SASHA); (3) bead model (DAMMIN); (4) dummy residue
model (GASBOR). (B) Atomic model of ligand-bound HSA (C, chain, Protein Data
Bank entry 1bke [67]) superimposed to the models of BSA obtained by SASHA (left
column, semi-transparent envelope), DAMMIN (middle column, semi-transparent beads)
and GASBOR (right column, semi-transparent dummy residues). The models
superimposed by SUPCOMB [12] were displayed on an SGI Workstation using ASSA
[20]. The middle and bottom rows are rotated counterclockwise by 90° around X and Y,
respectively.
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