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Abstract Small angle scattering can provide unique
structural information on the shape, domain organisation,
and interactions of biomacromolecules in solution. Small
angle neutron scattering (SANS) combined with deuterium
labelling makes it possible to define the positions of spe-
cific components within a complex while small angle X-ray
scattering (SAXS) provides more precise data on the
overall shape. Here I review four recent publications, three
of which were presented at the Neutrons in Biology
meeting at the STFC Rutherford Appleton Laboratory in
July 2007, that utilise SANS, SAXS, and complementary
techniques to define the solution structure of large multi-
domain proteins and macromolecular complexes. These
four papers emphasise the critical importance of sample
quality and characterisation as well as the important role
played by complementary techniques in building structural
models based on small angle scattering data. They show
the ability of SANS and SAXS in determining solution
structures provides an important complementary structural
technique for large, flexible, and glycosylated proteins
where high resolution structural techniques, such as crys-
tallography and NMR, cannot be applied.
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Introduction

Small angle neutron and X-ray scattering can provide
large-scale structural data on molecules in solution. They
can generally be regarded as providing information on the
size and shape of molecules in solution. The size range that
the data reports on is insufficient to allow the placement of
amino acid residues or, in most cases, to define secondary
structure or the path of the backbone through the protein.
However, while the scale of structures that can be deter-
mined is large, the precision with which they can be
determined is very high. Therefore while small angle
scattering is usually described as a low-resolution struc-
tural technique it is perhaps more appropriate to describe it
as high precision technique for determining large distances.
These distances can act as very tight constraints on the
modelling and refinement of the three dimensional struc-
ture of biomacromolecules.

X-rays and neutrons interact in a fundamentally dif-
ferent way with matter. X-rays interact with the electrons
of atoms leading to the well known monotonic increase of
X-ray sensitivity to atoms with atomic number. X-rays are
much more sensitive to heavy metals than to carbon and
nitrogen and (apart from the case of X-ray crystal struc-
tures determined to resolutions better than 1.2 A)
hydrogen positions in protein are difficult to determine
from X-ray data. Neutrons however interact with the
nucleus of atoms in a way, which shows no clear ten-
dency with respect to atomic number. This has two
important consequences for small angle scattering. The
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first is that light elements are as visible to neutrons as
heavy elements, with carbon, nitrogen, and oxygen all
having similar scattering length densities (SLD). The
second important factor is that, because neutrons interact
with the nucleus they can be sensitive to isotopic sub-
stitution. For nitrogen and carbon the differences between
common isotopes are small and have not been exploited
experimentally. However for the hydrogen isotopes,
hydrogen and deuterium, there is a very large difference
in SLD.

Hydrogen has a negative SLD whereas deuterium has a
strongly positive SLD, similar to that of other important
biological elements. The negative SLD of hydrogen,
along with the fact that the solvent for biological exper-
iments is generally water means that the SLD of the
solvent can be varied in a systematic manner from a value
of —0.6 to 6.4 x 10'° cm™. This range encompasses the
SLD of the majority of hydrogenated biological molecules
as well as that generally reached by proteins deuterated
by expression in minimal media in D,O with a hydro-
genated carbon source. As the intensity of small angle
scattering is determined largely by the difference in SLD
between solute molecule and solvent, the contrast, it is
therefore possible to largely remove the contribution of
specific molecules to the experimental scattering pattern,
in effect making them ‘disappear’. Furthermore by deu-
terating one component of a complex system it is possible
to examine just that component by ‘matching out’ the
remaining parts, or to determine the scattering from dif-
ferent components using data obtained at a set of different
contrasts.

Small angle neutron scattering therefore has immense
potential in dissecting the structure of biological systems
with multiple components, either multiple domain pro-
teins, or protein—protein complexes. However, due to
challenges in preparing high-quality samples, obtaining
high quality data and the difficulties of data analysis
SANS has made a relatively limited contribution to
structural biology compared to other techniques. Four
recent papers (Bonner et al. 2007; Callow et al. 2007;
Comoletti et al. 2007; Whitten et al. 2007), three of them
presented at the Neutrons in Biology meeting held at the
Rutherford Appleton Laboratory in July 2007 illustrate
the growing body of work exploiting the potential of
SANS, generally in combination with SAXS, to tackle
significant and challenging problems in structural biology
and point the way forward for the expansion of the field
as new instruments and data analysis approaches are
developed. For more general coverage of the area the
reader is referred to other recent reviews (Trewhella
2006; Petoukhov and Svergun 2006, 2007; Stuhrmann
2004).

@ Springer

Importance of sample quality and characterisation

Small angle scattering (SAS) is a weak effect and samples
for SANS generally need to be at concentrations greater
than 3 mg mL ™" to obtain data of sufficient quality for the
kinds of structural analysis described in the papers
reviewed here. Samples volumes of around 200-500 pL
are required making the minimum samples requirements
for SANS around 1-10 mg. X-ray scattering is more
sensitive; however, samples of ~1 mg mL™' are still
required. The requirement for high sample concentration
brings with it two potential problems which must be
addressed before full data analysis. The first is the problem
of aggregation. SAS is very sensitive to large particles.
Thus small amounts of aggregate in a sample can have a
significant effect on the scattering pattern. Aggregation
therefore needs to be rigorously excluded. This is usually
best demonstrated by complementary analytical techniques
such as analytical ultracentrifugation, light scattering, or
gel filtration chromatography. Most samples for small
angle scattering analysis are purified by gel filtration in the
final stage. Additional characterisation by light scattering
and AUC are commonly used. Evidence for lack of
aggregation can also be provided for the solution scattering
data itself via linearity of the low Q region of the data in a
Guinier plot (log.(I) vs. Qz). This plot is very sensitive to
aggregation or lack of monodispersity. However, while this
is a necessary piece of evidence for ruling our aggregation
it is not sufficient to demonstrate it.

The second potential problem for high concentration
samples is that of interaction between molecules in
solution. At high concentrations interactions between
molecules will impose a supramolecular structure on the
solution, which will be detected in small angle scattering.
In general this will lead to a suppression of low angle
scattering and an underestimation of the size of system.
Whitten et al, and Comoletti et al. emphasise strongly the
importance of excluding this possibility. Comoletti et al.
describe in detail the use of concentration series to rigor-
ously exclude interparticle interactions. Their approach is
to take data for a series of concentrations, determine the R,
from a Guinier plot and then extrapolate the R, to infinite
dilution. This is done on a lab-based X-ray instrument. The
conditions utilised for synchrotron or neutron scattering
experiments are those where the determined R, is insig-
nificantly different to that at infinite dilution.

An important aspect of the experiment which is often
not considered is the approach for determining sample
concentration. If the sample is known to be rigorously
monodisperse and the molecular weight is known then the
concentration can be determined via the extrapolated
intensity at zero angle. However, it is more common that
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this region is used to provide evidence that the sample is
monodisperse or to identify the possibility of oligomeri-
sation of the protein. For this to be successful it is critical
that the protein concentration is known accurately. Color-
imetric assays such as the Bradford assay are generally
inadequate for this. Accurate determination of concentra-
tion via absorbance at 280 nm is also more challenging
than is often assumed and requires the protein to contain a
reasonable number of tryptophan residues (Gill and Hippel
1989; Pace et al. 1995; Perkins 1986). It is noteworthy that
Comoletti et al. resort to amino acid analysis to obtain an
accurate concentration for the neuroligin—neurexin com-
plexes. See also (Ashton et al. 1997) for the confusion that
can arise when absorption coefficients do not behave as
expected.

Contrasting data analysis for SAS

Small angle scattering of biomacromolecules is generally
carried out in solution samples with all molecules within
the sample oriented at random. While data is often col-
lected on a two dimensional detector it is then radially
averaged (after removing any artefacts due to the beam
stop or other instrument factors) to generate a one-dimen-
sional data set. This one-dimensional data is then used to
attempt to reconstruct a three dimensional structure. It is
important to realise that this is mathematically impossible
without further information. Multiple three-dimensional
structures can give rise to the same one-dimensional scat-
tering pattern. Therefore further information is required
for three-dimensional reconstruction. All data analysis
approaches therefore use further information, either struc-
tural information from other techniques, or make
assumptions about the type of structures possible when
fitting the data. In the case of rigid body modelling existing
structures are used which are then allowed to move with
respect to each other. Where ab initio structure recon-
struction approaches are used constraints are applied such
as compactness and connectivity, which are assumed to be
characteristic of most proteins. This places limits on the
use of ab initio approaches to determine the structure of
non-compact biomolecules.

Rigid body modelling

The first approach to SAS data analysis is to fit known
high-resolution structures into a model that can describe
the experimental data. In its simplest form this is merely
confirming that a known crystal structure is consistent with
the solution scattering profile. More often the aim is to
define the relationships between components of a system

for which the structure of the components is either known
or can be modelled based on high resolution structures of
related molecules. In its general form rigid body modelling
involves preparing a large number of possible model
structures and comparing the predicted scattering from the
model to experimental data. The models can either by
directly refined against experimental data or can be pre-
pared independently and then the best model structure
selected. These approaches make it possible to generate
high-resolution models from SAS data. However as they do
not allow for detailed motion of model components, i.e. the
separate parts of the model are rigid, the details of small
conformational changes are lost.

The work of Comoletti et al. provides a good example of
the overall approach that can be taken here. The study here
concerns the structure of the neuroligins and their complex
with neurexin (Fig. 1). Neurexin is a transmembrane pro-
tein found in the presynaptic membrane with a single
transmembrane helix and a long stalk linked to the globular
domain that binds neuroligin. Neuroligin has a similar
architecture with the globular neurexin binding domain
dimerising and is bound to the postsynaptic membrane
(Lisé and El-Husseini 2006; Yamagata et al. 2003). These
proteins and their complex have an important role in
forming and/or maintaing the connections across synapses
(Chih et al. 2005; Lisé and El-Husseini 2006; Yamagata
et al. 2003). A high-resolution structure of the neurexin
under study was available but no structure was available of
a neuroligin. However, the neuroligins have significant
homology to acetylcholine esterase making it possible to
build a homology model (Hoffman et al. 2004). The use of
the homology model was validated by showing the scat-
tering from neuroligin constructs was similar to that
previously obtained from acetylcholinesterase.

The first application of rigid body modelling was to
refine the model structure of the neuroligin dimer itself
using the CNS program (Brunger et al. 1998) supplemented
with an X-ray scattering data fitting module (Grishaev et al.
2005). An initial model structure was prepared and refined
by simulated annealing against experimental SAXS data to
generate a model in which there was a 20° rotation of one
monomer with respect to the starting model. Two sets
of data were used for the modelling of the neuroligin—
neurexin complex. SAXS data showed that two neurexin
molecules were binding to the periphery of the complex but
could not define the positions and orientation. To tackle
this, the neurexin was prepared in deuterated form and
SANS data on the complex with hydrogenated neuroligin
determined in 42% D,O where the neuroligin is contrast
matched. Analysis of the distance distribution function
shows a distinctive two-humped shape making it possible
to define the distance between the centres of mass of the
two-neurexin molecules. The final model was consistent
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Fig. 1 Structure of the a
Side view

neuroligin-neurexin complex.

a The refined model of the
complex shown from two
directions. Neuroligin is shown
in green and neurexin in red.
The grey surface is the model
obtained from ab initio structure
reconstruction based on SAXS
data. b A model of the
neuroligin—neurexin complex in
its biological context. Extended
linkers connect the complex of
the two globular domains to the
pre- and post-synaptic
membranes. Figures adapted
from Comoletti et al. (2007),
reproduced with permission

of Cell Press

with biochemical data on the basis of interaction and
placed the C-termini of the two proteins facing in opposite
directions. As the stalks linking each of the two proteins to
the appropriate membrane are the correct length to bridge
the synaptic gap this orientation acts as additional confor-
mation of the validity of the structure.

A different approach to rigid body modelling used by
Bonner et al. (2007) is that of ‘Constrained Modelling’ that
has been developed over many years in the group of Ste-
phen Perkins at University College London [to be reviewed
in Perkins and Bonner (2008)]. This has been applied to the
resolution of the solution structure of a wide range of
immunoglobulins (Perkins et al. 2002). These molecules
are generally made up of multiple domains connected with
flexible linkers. In the case of the human secretory com-
ponent (SC) studied here there are five immunoglobulin
like domains termed D1-D5 (Mostov et al. 1984). A crystal
structure is available of an isolated D1 subunit (Hamburger
et al. 2004) and the homology between the subunits allows
this to be used as a model for all five subunits. However,
the flexibility, size, and glycosylation state of the complete
SC makes it very unlikely the complete structure can be
crystallised. The size of the complex lies outside the range
accessible to conventional NMR techniques making it an
attractive target for small angle scattering techniques.

The constrained modelling approach is somewhat dif-
ferent to that used in the other papers considered here as it
does not involve refinement of a model to fit the data.
Instead a large number of candidate model structures are
built and filtered based on their agreement with parameters
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that can be simply obtained from experimental data such as
radius of gyration or cross section as well as an overall fit
of the simulated scattering from the model to the data. The
models are converted to spheres and the scattering calcu-
lated from these models (or a model that has been hydrated
for the X-ray scattering data) (Fig. 2a). The best fitting
model is then adopted as the candidate structure. Bonner
et al., obtain both X-ray and neutron small angle scattering
data but in contrast to the other papers considered here
these are not used for identifying the contribution to scat-
tering from different parts of the system. Instead the
neutron data is used as a control for radiation damage as
well as an independent data set, which can be compared to
the X-ray data.

They studied two proteolytic fragments of SC as well as
the complete five-domain protein. In each case homology
models were built for each subunit using the D1 subunit
crystal structure. The subunits were joined together with
designed linkers obtained from conformational libraries
and the linkers therefore defined the relationship between
the domains. The 42 c-terminal residues of SC was pre-
dicted to be unstructured and was therefore modelled as
another unconstrained structure. Models were first built of
the two fragments D1-D3 and D4-D5. The D1-D3 model
determination was complicated by the sample containing
further cleavage products. However it was possible from
the data to obtain models of the D1-D3 fragment consistent
with the data. The full SC structure was modelled by
linking the best-fit models for each fragment together as
allowing free linkages between all domains led to models
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Fig. 2 Constrained modelling of the secrectory complex. a The
10,000 candidate model structures are plotted with the radius of
gyration versus other model derived parameters. Top panels show
radius of gyration versus cross sectional radius. Middle panel shows
R, versus R-factor for the scattering calculated from the model
compared to the experimental data. The bottom panel compares the
distance from N to C terminus in the model with R,. The 5,000 SC
models represented by blue circles show the unrestrained linker

with too many steric overlaps. SC was shown to adopt a
surprisingly compact J-shaped conformation that places the
oligosaccharide chains on one side of the protein leaving
the CDR regions exposed in a position to make SC’s bio-
logical interaction with polymeric IgA to form secreted
IgA (Fig. 2). The structure has been deposited in the pro-
tein data bank as 20CW.

Ab initio modelling

Obviously rigid body modelling requires the availability of
high-resolution structures with sufficient similarity. Where
such structures are not available or where their quality is in
question it is necessary to take a different approach. A
variety of analysis tools have been developed with the aim
of reconstructing the overall shape of the target system
directly from the scattering data. The most popular of these
are the reconstruction tools within the ATSAS suite
developed by the group of Dmitri Svergun (Petoukhov and
Svergun). DAMMIN and MONSA (Svergun 1999) both
attempt to reconstruct the overall shape of systems using
dummy atom models and a reverse Monte Carlo (RMC)
minimisation approach. The dummy atoms are placed on a
lattice, which determines the resolution of the model, and

conformations. The final SC analyses are represented by 5,000
unfilled circles. In each analysis, the best-fit model is shown in red,
related best-fit models in yellow, models with compact oligosaccha-
rides in green, and selected poor fit models in blue. b Best fit model of
the solution structure of the secretory complex. The domains D1 to
D5 are coloured from blue (N-terminus) to red (C-terminus) and
oligosaccharide chains are shown in blue. Figures adapted from
Bonner et al. (2007), reproduced with permission of ASBMB

through the minimisation switched between ‘solvent’ and
‘sample’ (or one of a number of different contrast phases in
MONSA).

As noted above it is necessary to impose additional
constraints to obtain reasonable and stable solutions to the
reconstruction problem. DAMMIN and MONSA work by
imposing constraints of connectivity (proteins are chains)
and compactness (proteins are folded) to reduce the pos-
sible range of solutions. Additionally both programmes can
include symmetry constrains within the fitting process.
While the resolution of the structures obtained from
DAMMIN and MONSA is in principle determined by the
size of spheres used, this approach is based on the
assumption that the internal structure of the molecule being
studied is homogeneous. The instructions for DAMMIN
recommend removing ‘high’ resolution data (Q > 0.3 A*I)
and manipulates the data to force a Q~* dependency at the
highest angles remaining, effectively imposing the
assumption of an internally homogeneous structure. In
practise the resolution is therefore limited by the length
scale on which this assumption of an internally homoge-
neous structure is plausible, generally around 8-12 A.

Callow et al. determined the overall subunit organisation
and structure of the methyltransferase form of the restric-
tion—modification (R-M) system Adhl (M.Adhl). These are
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DNA modification and cleavage enzymes that form part
of the bacterial defence system against foreign DNA by
labelling specific sequences within the genome with methyl
groups and then cleaving (or restricting) unmethylated, and
therefore foreign, DNA of the same sequence (Bickle and
Kruger 1993). The Type I R-M systems are composed of
three individual subunits responsible for specificity (S),
DNA methylation (M), and DNA cleavage (R). These can
form a methyltransferase enzyme with M,S stoichiometry
or an endonuclease with R,M,S stoichiometry. In this case
there were no high-resolution structures available of the
components of the system. Although there are structures of
putative S and M subunits from other organisms (Kim et al.
2005; Calisto et al. 2005; Rajashankar et al. 2005) these
were of insufficient homology or quality to be directly
useful in model building.

Callow et al. prepared deuterated S subunits and
reconstituted these into the complete M,S methyltransfer-
ase. SANS data were collected for fully hydrogenated M,S
in 100% D,O and for the complex containing deuterated
S subunits in both 40% D,O (M subunits matched) and in
100% D,O (S subunits matched). This is a classical con-
trast matching experiment where specific components are
matched as nearly as possible and the structure of the
remaining components determined. The paper gives an
excellent description of how DAMMIN was applied to the
re-construction of the structure (Svergun 1999). Briefly the
overall structure was reconstructed from the data for
hydrogenated M,S in D,0. The structure of the individual
components was then determined from the appropriate
contrast matched data set. The combination of the two
individual structures was then fitted onto the overall
structure. This gave excellent overall agreement (Fig. 3).

The area of worst agreement is from the extended tips of
the M-subunits with the overall structure. As discussed
above the DAMMIN reconstruction tool depends on con-
straints to generate unique solutions and one of the most
useful constraints is compactness. It is therefore often
challenging to reconstruct extended segments such as that
seen in the M-subunit. Allowing for the limitations of the
high-resolution structures there is also excellent agreement
between these and the ab initio structural model. The
combination of the overall structure determined from
SANS and the high-resolution models can provide some
molecular detail on the likely position of specific important
residues but this is limited.

Combining rigid body modelling approaches
with contrast variation data analysis

The contrast matching approach used by Callow et al. is the
common method for defining the contribution to the overall
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Fig. 3 Ab initio structure reconstruction of the M.Adhl methyltran-
ferase. The panels show the final optimised structures for a the M
subunit structure obtained from the complex deuterated S contrast
matched in 100% D,O, b the S subunit structure obtained from the
complex with the hydrogenated M subunit contrast matched in 40%
D,0, ¢ the overall structure obtained from the fully hydrogenated
complex in D,O, and d) the two subunit structures aligned onto the
structure of the full complex. Figure adapated from Callow et al.
(2007), reproduced with permission of Elsevier Press

structure from different components of a system by SANS.
It does however suffer from potential problems with
internal inhomogeneity in scattering length density as well
as the practical problem of components not being precisely
matched. A more sophisticated approach is to use multiple
different contrasts to decompose the contribution of two
components into the scattering from each component and a



Eur Biophys J (2008) 37:531-541

537

cross term. The scattering from a system with two com-
ponents with different scattering length densities (e.g.
hydrogenated and deuterated) can be written as;

1(Q,Apy, Apy) = Apili(Q) + Ap  ApyTh 2(Q) + Ap3 1 (Q)

where Ap, is the difference between the solvent and sub-
unit SLD (contrast) for each component and I(Q) is the
contributed intensity from each component and the cross
term respectively. As Ap, depends on the solvent and can
be calculated from the volume and atomic composition of
each component the contributions of the subunit scattering
and the cross term can be extracted. This can be used very
effectively, as shown by Whitten et al. in building and
evaluating potential models.

The system under study was the interaction between the
histidine kinase KinA that is involved in sporulation of B.
subtilis and the DNA damage checkpoint inhibitor Sda. Sda
binds to KinA preventing autophosphorylation and ulti-
mately preventing the action of a downstream transcription
factor (Burkholder et al. 2001). A crystal structure of KinA
from Thermotoga maritima shows the catalytic domains
well separated from the substrate histidines in an extended
conformation that would require significant movement for
autophosphorylation activity (Marina et al. 2005). Two
molecules of Sda, a small protein of ~5 kDa the structure
of which has been solved by NMR (Rowland et al. 2004),
bind to one KinA dimer.

Scattering of the separate components showed that both
KinA and Sda were dimers in solution and confirmed the
extended conformation of KinA seen in the crystal struc-
ture. On binding of Sda the radius of gyration did not
increase from that seen for the KinA dimer and inverse
Fourier transform gave a reduction of the overall maximum
dimension suggesting significant compaction of the overall
structure. Using deuterated Sda and the contrast variation
approach described above it was possible to define in some
detail plausible structural models of the complex (Fig. 4a).

Rigid body modelling was then used to refine these
models using the SASREF7 (Petoukhov and Svergun
2005). This provides a rigid body modelling approach that
can take account of X-ray and neutron scattering data with
multiple contrast data sets. The catalytic domain was
allowed to rotate around two peptide bonds in the linker
region connecting it to the stalk and the Sda molecules
were lightly constrained to maintain the appropriate bind-
ing face of Sda in the correct orientation. The system was
constrained by a two-fold symmetry axis along the centre
of the stalk and the simulated annealing carried out 14
times. The CA domains and Sda were consistently placed
at opposite ends of the stalk. This showed that the mech-
anism of inhibition by Sda could not be through directly
preventing the CA domain reaching the target histidine and

that the mechanism of regulation must be through an
allosteric mechanism (Fig. 4b).

This study was helped a great deal by the availability of
useful high-resolution structural data. It is valuable to
contrast this with the study of Callow et al., on M.Adhl. A
simple contrast match experiment with KinA-Sda would
most likely have been unsuccessful due to the small size of
the Sda molecule (~ 5.6 kDa monomer) compared to KinA
(54 kDa dimer). The scattering extracted from the two
bound Sda molecules by the contrast variation and the
scattering from the complex in 40% D,O (in which KinA is
close to contrast match) show relatively weak scattering. In
the case of KinA—Sda an ab initio data analysis approach
provided structures that were consistent with that obtained
from the rigid body modelling. However, the fit of the
ab initio models to the data was not as good. The combi-
nation of a good high-resolution structure for Sda, multiple
contrast data sets, and careful analysis by multiple
approaches was critical for developing a good structural
model for this system. However, for M.Adhl the available
high resolution structures were not of sufficient similarity
or quality to use directly in structural modelling. This
limits the available approaches to structural determination
making ab initio reconstruction the best available
technique.

Importance of complementary data

As discussed above the nature of small angle scattering
data and the process of reconstructing or modelling three
dimensional structure from one dimensional data leads to
an inherent ambiguity and the potential for degenerate
models. This in combination with the length scales that are
probed makes the use of complementary techniques to
confirm the validity of models particularly valuable. These
may take the form of other structural techniques such as
analytical ultracentrifugation or light scattering or bio-
chemical techniques including mutagenesis and binding
studies by fluorescence, calorimetry or other methods.
Bonner et al. use both sedimentation equilibrium and
sedimentation velocity to provide additional information
on the structure of secretory complex. These provide
details of monodispersity, elongation, and aggregation
independently of the small angle scattering data and pro-
vide a valuable confirmation of both models and reliability
of the scattering data.

Comoletti et al. have a range of biochemical data that
provides independent details of the interface between
neuroligin and neurexin (Boucard et al. 2005; Comoletti
et al. 2003; Comoletti et al. 2006). This type of data,
often based on mutagenesis of one of the binding part-
ners, is frequently available for protein—protein and other
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Fig. 4 Structural analysis of

the KinA-Sda complex.
a Deconvolution of the
contributions from KinA and 1 3
Sda via a contrast variation
experiment. The extracted
scattering profiles and the
distance distribution obtained
from these profiles is shown.
The data extracted can be
compared to that from obtained
in the experiment where the two
components are approximately
matched (see Fig. 3 in Whitten

v,

Q) (10” cm™)

® KinAz
® 25da
A Cross term

et al.). b The optimised structure 0.0 0.1
of the complex obtained from
rigid body modelling. KinA is 14

shown in blue and Sda in red.
The approximate position of
the target histidine for
phosphorylation is shown as a
green dot. Figures adapted from
Whitten et al. (2007),
reproduced with permission

of Elsevier Press
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protein—macromolecule interactions. Where it provides a
clear indication that specific regions and residues are
involved in a binding interface it is extremely valuable.
More care needs to be taken with mutations that are asso-
ciated with functional changes or disease states as the link
between the effect of mutation and the binding interaction
can be tenuous. Whitten et al., discuss two mutations of
KinA that lead to reduced binding of Sda without effecting
kinase activity (Whitten et al. 2007). In their final model
these residues are unlikely to have a direct interaction with
Sda and these mutations provide further support for the
biological mechanism of action being mediated through a
conformational change on binding. However, the use of this
data in model building could have lead to misleading
results. The most useful mutational or similar data will be
that which can be linked directly through biophysical
experiment to binding interactions.

Callow et al., carry out a detailed analysis of their
structures within the context of high-resolution structures
of related molecules. While these structures are too
incomplete and of insufficient homology to use in rigid
body modelling they are still useful as a means of testing
the model. Comparison and alignment of the reconstructed
structure shows can define which regions of the structure
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must be different between the two homologs. Alignment of
the relevant protein sequences would be expected to show
poor alignment for those regions where the structure is
expected differ. In the case of the comparison of the M
subunit of M.AdhI reconstructed from SANS and the
EcoKI M structure obtained by crystallography the central
regions of the two structures align well whereas the
periphery of the protein which corresponds to the areas
which do not readily align within the sequence and do not
correspond between the two structures.

Any technique that provides information at the level of
single residues on solvent exposure, protein—target inter-
actions, or small-scale distances provides a valuable
complement to small angle scattering data. Secondary
structural data can also be valuable if it is consistent with
the model structures and can aid in the building of more
detailed model structures. The inherently low resolution of
structural models based on small angle scattering data
means that precision data on small length scales is tre-
mendously valuable for building and validating model
structures. The integration of these techniques into data
analysis for small angle scattering is still at an early stage
but future developments can be expected to provide sig-
nificantly enhanced capabilities in the future.
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Is SAS providing biologically relevant information?

The examples discussed here demonstrate the power of
small angle scattering using X-rays and neutrons in the
structural resolution of large, flexible, and multicomponent
systems. It is highly unlikely in any of the cases presented
here that the system could be crystallised due to the flex-
ibility and glycosylation of these systems. These are
however relatively low-resolution structures providing
information on the overall shape the system and the dis-
position of subunits but not the detailed positioning of
specific residues. A criticism that is often levelled at small
angle scattering in particular, and other low resolution
techniques such as electron microscopy more generally, is
that low resolution structures cannot provide the details of
structure at the atomic scale that are required to define the
chemical basis of biological action. It is reasonable there-
fore to ask whether the examples here provide useful
biological information.

Callow et al., have determined the first structure of an
intact Type I R-M system methylase enzyme. The structure
cannot provide direct insight into either the mechanism of
catalysis or of the specific determinants of recognition of
the DNA target. The current structure does not contain the
DNA substrate and this is an obvious next step. However,
the extended structure does provide an explanation of the
large extent of protection of DNA subtrates in footprinting
experiments and supports a binding mechanism where the
extended flexible regions of the protein collapse around the
DNA. Such binding mechanisms have been proposed for a
number of protein-DNA binding systems but are difficult to
prove by crystallography as the non-liganded proteins will
not generally crystallise. These can only be tackled at the
structural level by determining solution structures of the
free and bound proteins.

In the study of the KinA—-Sda structure determined by
Whitten et al., the structure provides clear evidence that
one possible mechanism of inhibition is not viable. It had
been proposed that Sda blocked autophosphorylation by
physically preventing the catalytic domain swinging into
position (Rowland et al. 2004; Varughese et al. 2006).
However, Sda is not bound near the hinge region and is
therefore not in a position to act as such a ‘molecular
barricade’. The mechanism of inhibition must therefore be
mediated through a change in conformation of KinA on
Sda binding. However Sda appears to be positioned to
block the binding of the next target of phosphorylation, the
sporulation factor SpoOF (Varughese et al. 2006). This is
inconsistent with the biochemical data, which show that
Sda blocks autophosphorylation of KinA but not phos-
photransfer to SpoOF. This may be due to the fact that
the position of SpoOF on KinA is modelled on the basis
of a homologous structure which has known structural

differences, or it points to subtleties in the interactions of
the components of this system and its regulation that will
require further structural and biochemical study. Thus, like
any good structure, the KinA—Sda complex both resolves a
central issue of mechanism while providing the basis for
further biochemical studies to resolve the details of this
mechanism. The structure provides a solid framework
within which to analyse the data from these experiments.

The folded back structure of the secretory complex
determined by Bonner et al. was unexpected based on the
extended structure found in two related proteins made up
of multiple immunoglobulin domains (Boehm and Perkins
2000; Hu et al. 2005). However the folded structure
explains the relative sizes of the linker regions, particu-
larly the D3-D4 linkage of 10 amino acids, as well as
the protease susceptibility of this linker. The overall
organisation of the domains places the positions for car-
bohydrate linkage on one side of the protein, leaving the
CDR-like regions of the D1 domain and Cys502 in DS5.
These are known to be required for interaction with the
SC binding partner, polymeric IgA. Again the structure
raises issues of the details of binding interactions between
SC and other molecules, providing a framework within
which more detailed biochemical and structural work can
be placed.

The study of the neurexin—neuroligin complex structure
by Comoletti et al. provides a significant number of
important biological insights. In the first case the relative
disposition of the two molecules in the neuroligin dimer is
established providing a clear view of the dimer interac-
tions. This structure also shows the two stalk regions, that
connect the globular domain to the transmembrane domain,
leave the globular domain on the same side. The structure
of the complex also shows the stalks of the two neurexins
leaving their associated globular domains on the same side,
and on the opposite side of the complex to that of the
neuroligins. This explains how the complex can span the
synaptic gap, something that is critical for function but was
not clear from the available crystal structures (Fig. 1b). A
model based on structural data of the complex is also
valuable as it can provide a stronger basis for further
investigation. The proposed structure is for instance
inconsistent with another model structure proposed on the
basis of homology modelling and a neurexin crystal
structure (Dean and Dresbach 2006). The structure also
provides the basis for beginning to probe the role of neu-
roligin mutations that have been identified as being
associated with autism. These mutations are on the oppo-
site face of neuroligin from the neurexin binding site but
cluster in a small region near the symmetry axis. Comoletti
et al. suggest that these mutations are therefore less likely
to act through effecting the neurexin and neuroligin
interaction.
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It is clear that the structures obtained from small angle
scattering provide different information to that available
from high-resolution structural techniques. High-resolution
structures provide information on precise atomic positions,
chemical mechanism, and detailed molecular recognition.
The insights provided by structures obtained from small
angle scattering are pointers to allosteric mechanisms,
conformational changes, and the relationship between
complex shape and the local structural environment. The
structure of the neurexin—neuroligin complex shows how
this complex spans the synaptic gap. Crystallography will
never provide a view of this interaction between molecules,
complexes, and the large-scale environment in which they
act. Small angle scattering, along with other large scale
structural techniques such as analytical ultracentrifugation
and electron and now high-resolution optical microscopy
have an important role to play in bridging the gap between
molecular, cellular, and organismal structures. Small angle
neutron scattering in particular has an important role to
play in the battery of large-scale structural techniques by
providing a unique ability to dissect the structures of
macromolecular complexes through contrast variation
techniques.

Conclusion

The papers discussed here report high quality structural
determination and show the critical importance of main-
taining high standards of sample quality, experimental
design, and data analysis. The importance of sample
characterisation and optimisation in achieving results of the
quality described here cannot be overemphasised. The data
analysis techniques applied are both challenging to
implement and unfortunately easy to misapply. Critical
analysis of sample quality, experimental design, and data
analysis procedures is therefore highly recommended.
Minimum standards for both data reporting and data
quality for publication may have a role to play here.
Complementary data, whether structural or biochemical,
can also play a very valuable role in validating model
structures, and should always play a role in modelling or
validating structures.

Looking to the future the availability of brighter sources,
improved instrumental design, more sophisticated data
analysis tools and higher powered computing resources
promises significant further advances in the application of
SANS and SAXS to structural biology. More dilute sam-
ples and faster data acquisition will open the doors to the
study of more complex and more challenging biological
systems. Many of the most difficult areas for structural
biology including membrane proteins and natively
unstructured proteins are appealing targets for future
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development providing a wide range of potential targets
suited to small angle scattering studies. The papers dis-
cussed here show a good cross section of what is possible
today. The potential is there to be exploited and with the
advances expected over the next 5-10 years small angle
scattering should see a growing role in structural biology as
attention shifts to larger systems more representative of the
functional molecular machines that make biology work.
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