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ABSTRACT
In the last few years, SAXS of biological materials has been rapidly evolving and promises to

move structural analysis to a new level. Recent innovations in SAXS data analysis allow ab initio
shape predictions of proteins in solution. Furthermore, experimental scattering data can be compared
to calculated scattering curves from the growing data base of solved structures and also identify
aggregation and unfolded proteins. Combining SAXS results with atomic resolution structures
enables detailed characterizations in solution of mass, radius, conformations, assembly, and shape
changes associated with protein folding and functions. SAXS can efficiently reveal the spatial
organization of protein domains, including domains missing from or disordered in known crystal
structures, and establish cofactor or substrate-induced conformational changes. For flexible domains
or unstructured regions that are not amenable for study by many other structural techniques, SAXS
provides a unique technology. Here, we present SAXS shape predictions for PCNA that accurately
predict a trimeric ring assembly and for a full-length DNA repair glycosylase with a large unstructured
region. These new results in combination with illustrative published data show how SAXS combined
with high resolution crystal structures efficiently establishes architectures, assemblies, conformations,

and unstructured regions for proteins and protein complexes in solution.



INTRODUCTION

Proteins are dynamic flexible molecules in solution, and conformational changes are often as
important for protein function as the catalytic active site. Flexibility enables proteins (a) to be
regulated allosterically either by post-translational modification, by small molecules or by other
proteins; (b) to have multiple functions that can be coordinated; (c) to interact with multiple structurally
distinct partners through the same region that can mold to different shapes; (d) to have reversible
interactions through entropic disorder-to-order transitions, (e) to have increased processivity or
specificity by molding to the substrate or to the interacting partner (Dyson and Wright, 2002).

Flexibility, as a characteristic of proteins, may take on many forms. Flexibility can be conferred
through flexible linkers connecting rigid domains or through two domains that can move relative to
each other through a pivot point. It also can include large stretches of sequence that can assume
multiple conformations that may or may not have secondary structure on their own (Dyson and
Wright, 2002). In this paper, we define these latter regions as unstructured. These regions become
structured upon binding to substrate, post-translational modification or interaction with partners. This
disorder-to-order transition either provides a structural platform for the catalytic function or promotes
secondary interfaces for interactions with other proteins and propagation of a signal (Dyson and
Wright, 2002).

Eukaryotic proteins are more likely than bacterial proteins to be predicted to have unstructured
regions. Genomic analysis by PONDR, a disorder prediction program, predicts that 2-21% of bacterial
proteins within a particular genome have long unstructured regions (>50 aa), compared to 25-41% of
eukaryotic proteins (Dunker et al., 2000; Dunker et al., 2005). This increased frequency of eukaryotic
proteins with disordered regions is likely correlated with the more complex architecture. It has been
observed that eukaryotic complexity is not encoded so much in additional proteins but in longer gene
sequences (Lander et al., 2001; Venter, 2001). Extensions added during evolution typically provide
platforms for complex protein-protein interactions and post-translational modification that help
coordinate enzymatic or signalling pathways. Given the regulatory nature of these regions, they are
likely to be intrinsically unstructured or flexible.

Characterization of flexible proteins in solution can provide the structural framework for
understanding protein function. However, high resolution techniques are not well adapted for studying
flexible proteins, particularly large protein complexes, in solution. Protein crystallography provides
high resolution atomic structures, and if one is lucky, conformational changes can be observed
through subunits not symmetrically related in the asymmetric unit, regions of increased B values, and
distinct crystals with different cofactors or partners. However, limiting domain movement by crystal
packing is still a major concern for most protein crystals, and regions that are flexible are often either
not visible in the electron density or have been removed to enable crystallization. Nuclear magnetic
resonance (NMR) can provide atomic resolution information of proteins in solution, but it is still limited
by the size of the proteins that can be routinely studied. Electron microscopy (EM), in particular cryo-
EM, can provide valuable low resolution information on proteins in solution through single particle
analysis. Cryo-EM can be especially powerful in combination with computational fitting of component
crystal structures so that detailed information relevant to biology and function can be obtained, such
as in the recent cryo-EM and crystal structures of pathogenic pili and their pilin subunits (Craig et al.,
2006). However, cryo-EM requires very large protein or protein complexes (>300 kD) or unusual
symmetry for effective analyses.

Small angle X-ray scattering (SAXS) is more broadly able to provide low resolution structural
information for flexible proteins in solution to complement crystallographic analyses. Although SAXS
is not a high resolution method, detailed knowledge about bio-macromolecules, increased computing
power and recent developments in algorithms have enabled extraction of much more detailed
information from SAXS data analysis (Chacon et al., 1998; Petoukhov and Svergun, 2003; Petoukhov
and Svergun, 2005; Takahashi et al., 2003; Zipper and Durchschlag, 2003). SAXS is also most
powerful as a hybrid method since combination with other structural information can provide



significant biological insight into protein conformations in solution. The relative ease and speed of
SAXS sample preparation and data collection means that SAXS can readily be used in conjunction
with other methods. Recent SAXS programs which allow the incorporation of high resolution
structures as a starting point upon which further SAXS analysis may be conducted, build upon the
success of protein crystallography. SAXS analysis can reveal the structures of flexible proteins,
protein complexes, induced conformational changes, and unstructured regions that are not amenable
to high resolution protein crystallographic methods. Furthermore SAXS can characterize the
assembly, architecture, and conformational states for reversible molecular complexes that form in
response to environmental stress and cell state. These dynamic or reversible complexes are critical
for key decisions points in cell biology including pathway controls and coordination. Here, we discuss
applications and new results of SAXS analysis to protein structure analysis in the context of
informative published SAXS results including several from our own research or from associated
researchers at the SIBYLS beamline located in the Advanced Light Source at Lawrence Berkeley
National Laboratory.

SAXS BASICS

When matter is irradiated by an X-ray beam, one of the primary interactions is the elastic scattering of
X-rays by electrons. X-rays thus scattered by spatially correlated electron pairs constructively and
destructively interfere in accordance with Bragg's law. The longer the electron pair distance, the
smaller the angle at which interference effects are observable. This is readily apparent by contrasting
the scattering profiles of large proteins relative to small proteins. Large proteins will scatter more
strongly at smaller angles than small proteins and much more strongly than buffer. In the last case
electrons are exclusively correlated on small length scales. Traditionally SAXS was defined by
scattering at angles where the small angle cosine and sine approximations apply. However,
practically SAXS analysis may use scattering at angles up to the primary scattering peak of water at a
momentum transfer of =2A™ which thereafter overwhelms all other signals. (Momentum transfer s =
(4n/M)sin(6/2) where A is the wavelength of x-rays and 6 is the scattering angle relative to the incident
beam.) For proteins randomly oriented in solution, all configurations of the macromolecule are
sampled during the experiment and the scattering profile is azimuthally symmetric around the primary
beam. Because the signal difference between buffer and protein is small, the scattering profile of the
buffer solution must be subtracted from that of the protein. This also removes background due to
parasitic scattering of the primary beam; a “halo” of x-rays surrounding the primary beam, and
ultimately the limiting factor on the smallest angles attainable at a given instrument. The scattering
profile is dependent on the size and shape of the macromolecule and is a unique “signature” of the
protein. In their study of the protein data bank, Sokolova et coworkers have shown that no two unique
structures have identical calculated scattering profiles (Sokolova et al., 2003a; Sokolova et al.,
2003b).

The x-ray scattering from proteins is a . '
function of their electron density. The scattering | Eqn. 1 7(s) = 4x f (p(F) % p(-F)) sinsr) o ;.
profile from a buffer-subtracted macromolecular ! sr
solution is the Fourier transform of the spatially 2/ -
averaged auto-correlation function of the electron | EAn-2 p()=r (p(F)* p(-1))
density (Eqn, 1) (Feigin and Svergun, 1987)

where | is the intensity, p(r) is the electron

density, Dmax is the maximum dimension of the protein and r is the vector describing the spatial
position. The spatially averaged auto-correlation function of the electron density (also known as the
Patterson function) multiplied by r? is called the pair distribution function or p(r) and is shown in
Equation 2. For particles with homogeneous electron density the p(r) plot is an electron pair
histogram describing the number of electrons within a macromolecule that are a distance r away from
one another. For particles with heterogeneous electron density such as DNA — protein complexes the



p(r) is a histogram of distances, within the particle, weighted by the product of the electron densities
at the two ends of the connecting vector. From this plot, the Dmax, the radius of gyration (Rg) as well
as gross features of the shape (globular, elongated, bilobal) can be determined (Svergun and Koch,
2003).

Helpful for determining the stoichiometry of complex components in the solution, the forward
scattering is proportional to the number of electrons squared and thus also proportional to the molar
mass squared. Practically, experimenters may determine the mass of a particle by comparing the
forward scattering of a protein whose mass is known to the forward scattering of the protein in
question. The concentration of protein in the solutions must also be known. This process allows the
experimenters to extract the instrument dependent proportionality constant for an absolute mass
determination. SAXS is less exact if there is heterogeneity in the complexes formed, but this limitation
may be overcome through in-line isolation of complexes by gel filtration chromatography.

PRACTICAL ASPECTS OF SAXS DATA COLLECTION.

Multiple beamlines are set up for SAXS of biological samples around the world, and more SAXS
beamlines are in the planning stages. We manage the SIBYLS beamline at the Advanced Light
Source, which is a unique resource with two endstations, one for protein crystallography and one for
small angle X-ray scattering (Trame et al., 2003). The purpose of the design was to facilitate synergy
between these two structural techniques, and the rapid exchange between endstations (< 1 hour)
enables users to do both analyses on the same trip. Another characteristic of the SIBYLS beamline
for SAXS analysis is that the beam is fairly broad at the sample position (typically 4x1.5mm) but is
focused at the detector to a 300x300micrometer spot. The benefit for SAXS analysis is that the
sample area is maximally exposed to the beam but the beam is narrowly focused at the detector and
there can be a correspondingly small beam stop. The monochromator is actually two double crystal
monochromators, a set of Si(111) single crystals that provides high spectral resolution (A\ /A is less
than 10™*) and a set of multilayer crystals that provides lower spectral resolution (A /A is less than 10°
%) but substantially higher flux. The automated monochromator allows rapid wavelength tuning without
a change in the target position, and the wavelength range is between 8 and 14 keV for the Si(111)
crystal monochromator and 8 and 12 keV for the multilayer. For SAXS studies, the ability to change
wavelength enables optimization of data collection for protein size. For most proteins between 30-150
kD, we routinely use approximately 1.11 A wavelength. There are also four slits arranged from the
monochromator to the sample station to collimate the beam and minimize parasitic scattering that
would increase the background scatter.

The equipment required for measuring SAXS data is very similar to standard protein
crystallography (PX). The predominant difference is that the beam stop and detector are often a
meter or more away from the sample in order to spread the SAXS signal over a larger area for
detection and for separation of the signal from the primary beam. At the SIBYLS beamline, the
sample cell (developed by Hiro Tsuruta) is 1 mm in thickness with mica windows and holds 12 ul of
solution. The two dimensional detector is a MAR165 CCD detector, and the sample is separated from
the detector with a 1.5 meter flight tube under vacuum to minimize air scatter. Although scattering
quality is highly protein dependent, we have obtained accurate shape predictions with protein
concentrations as little as 2 mg/ml (see below). Dilution curves are used to make sure that proteins
remain monodisperse at high protein concentrations during data collection. The buffer also
significantly scatters the X-ray, and a buffer blank is used to subtract scatter from the buffer solution
as well as eliminate any systematic errors in the data. Although minimization of electron dense buffer
components is advised, we generally find that protein monodispersity is a more important criterion.
Thus, we have collected data on samples in high salt buffer (1 M NaCl) and in phosphate-based
buffers. We have also been able to collect data on samples in detergents but have found not all
detergents to be amenable to SAXS studies due to high intrinsic scattering of the detergents. More
information about the beamline can be found on our web site: http://www.bl1231.als.Ibl.gov.



One of the most powerful aspects of SAXS is that data collection is rapid. We generally take
two exposures, a short exposure of 5-10 secs to obtain accurate data close to the beam stop and a
long exposure of 50-100 secs for more accurate high resolution data. Most samples take between ten
minutes and one hour, depending on the number of protein concentrations that are run. Since most of
the time is spent in sample handling, addition of sample handling robots will greatly accelerate the
process.

APPLICATIONS OF SAXS TO STRUCTURAL ANALYSIS

Ab initio Shape Prediction. Given that no two proteins with unique structures in the PDB have
the same calculated SAXS profile (Sokolova et al.,, 2003a), the combination of SAXS data and
protein-based knowledge may in fact determine unique three dimensional structures at low resolution.
However current SAXS ab initio shape prediction are more accurately low resolution (~10 A)
envelopes whose calculated scattering curves are consistent with the experimental scattering curve.
Very basic protein properties are used to significantly reduces the number of acceptable three
dimensional envelope that agree with the experimental scattering curve. Comparison of the ab initio
shape predictions from experimental SAXS data of proteins in solution and their corresponding crystal
structures demonstrate that ab initio programs can be surprisingly accurate.

Equation 1 describes how the scattering profile may be calculated from structural models of bio-
macromolecules. Several ab initio algorithms have been written to create a low resolution envelope
whose calculated scattering curve matches the experimental data (Chacon et al., 1998; Svergun,
1999; Svergun et al., 2001; Walther et al., 2000). For example, one of the most used algorithms,
GASBOR, compares calculated scattering profiles from thousands of configurations of a chain of
dummy residues to the measured scattering curve (Svergun et al., 2001). Simulated annealing is
used with additional penalties for non-protein-like density. Typically, GASBOR is run multiple (>10)
times and the results are averaged for a final shape. A comparison of individual runs may be
evaluated for convergence on a final model. Often all runs converge on a similar structure and the
final accuracy and precision of the experiment is determined by the finer agreement between
individual runs. GASBOR may also be started from a crystal structure that includes the hydration shell
or symmetry may be enforced. The accuracy of the final model is expected to vary from protein to
protein depending on its shape, size and if symmetry is enforced.

We have collected and analyzed a wide variety of proteins at the SIBYLS beamline. Fig. 1
shows several examples of shape predictions determined from experimental SAXS data collected at
the SIBYLS beamline using GASBOR on proteins with known structure. In these examples no
information from the crystal structure was used as input to the GASBOR program. The excellent
agreement between the SAXS models and the respective crystal structures demonstrates that SAXS
analysis can generate accurate predictions of the overall protein envelope. These proteins differ in
size, shape, and symmetry. OGG1 is a monomeric 39 kD protein that acts as a glycosylase in DNA
repair. The shape prediction for OGG1 roughly follows the surface of the OGG1 crystal structure and
is notably asymmetric. Glucose isomerase is a tetrameric protein of 173 kD and is involved in xylose
metabolism in bacteria. This shape prediction was calculated from scattering of a 2 mg/ml protein
solution and with P4 symmetry enforced. Proliferating cell nuclear antigen (PCNA) is a trimeric 86 kD
protein that is involved in a number of DNA transactions such as replication and DNA repair.
Information about the symmetry of the protein was not used as input to the program. In particular,
the shape prediction for PCNA was remarkable in that it accurately predicted the trimeric ring
structure and the hole that is formed. The hole in the crystal structure is approximately 35-36 A
across. In other protein analyses, we have found holes to be generally problematic for GASBOR. The
differences between the SAXS shape predictions and the crystal structures reflect a number of
parameters, including the SAXS capability of detecting flexible regions, relative increase in flexibility
of proteins in solution as opposed to packed in a crystal, and the low resolution nature of the SAXS
data. The latter parameter may be partially decreased by obtaining SAXS data out to higher angles
(Davies et al., 2005), but there is a theoretical limit to the resolution of the SAXS data.




Understandably, there are caveats to ab initio shape predictions and to SAXS analysis in
general. One of the areas needed for development in SAXS analysis is the confidence level in the
shape reconstruction. It is well appreciated by everyone in the field that multiple different shape
predictions can agree to similar extents with an experimental scattering curve. Convergence of the
majority, if not all, of the shape predictions to a unique shape is indicative of a correct solution.
However, the number of runs and the quality measures of the accuracy in shape predictions have
varied widely in different publications involving SAXS data. A more quantitative measure of the
solution uniqueness is needed. GASBOR is particularly useful when a great deal is already known
about the structure, such as the multimerization state and symmetry. However, results are less
reliable when Dmax, an input parameter in GASBOR, is difficult to assign. Both long flexible regions
and the corruption of the monodispersed signal due to small amounts of aggregation result in difficult
Dmax assignment. Part of the overall problem is intrinsic to the nature of flexible proteins in solution.
Heterogeneity in conformation cannot be currently identified or accounted for unless structures are
already known or postulated. Ab initio shape predictions based on mixed populations give averaged
conformations and can therefore be misleading (Heller, 2005). Thus, an area for development is the
identification and assignment of multiple conformations that can be input into SAXS programs such
as OLIGOMER (Konarev et al., 2003). The number of amino acids is also a required input for
GASBOR and may be difficult to determine for large oligomeric complexes where the stoichiometry is
not known. As with any single technique, conclusions based on SAXS data analysis need to be
carefully considered and should be tested and validated with additional experiments.

Assembly of individually determined structures into a complex. Successful high resolution
structure analysis often requires the divide-and-conquer approach, where individual domains or
subunits but not the whole protein or complex can be crystallized or studied by NMR. SAXS data can
provide a framework for piecing together individual high resolution structures. On a simple but still
informative level, SAXS can be used to observe complex formation based on the Rg. For example, a
Rg of 50.9 A calculated by SAXS analysis of an Mre11/Rad50 ATPase complex indicated that the
complex formed a heterotetramer with two Mre11 subunits and two Rad50 ATPase domains (Hopfner
et al., 2001). Addition of ATP to the heterotetramer reduced the Rg to 46.3 A, suggesting that ATP
conformationally induced a tighter complex formation. However, a more direct and still powerful
approach is to compare the scattering curves calculated from a rigid body refinement model to the
experimental curve.

An example of the utility of comparing scattering curves comes from auto-inhibited
Ca?*/calmodulin-dependent protein kinase Il (CAMKII). The crystal structures of the individual
domains were known, and there were EM structures of the whole protein (Hoelz et al., 2003;
Kolodziej et al., 2000; Morris and Torok, 2001; Rosenberg et al., 2005). CAMKII is a dodecameric
enzyme with two hexameric rings formed by a central association domain complex, and the kinase
domains are fixed exterior to the central rings. However, the EM structures were in disagreement as
to how the main association domains of the protein were juxtaposed to the kinase domain.
Rosenberg and coworkers analyzed the full-length protein by SAXS and used semi-manual rigid body
refinement of the kinase and association domain structures to determine that the inactive kinase
domains lie flat in a ring exterior to the central assembly domains (Rosenberg et al., 2005). Ab initio
shape predictions based on the experimental scattering curve agreed with this model. If instead the
kinase domains lay above the plane of the association domains, the calculated scattering curve
disagreed strongly with the experimental one. The SAXS scattering curve of an activated CAMKII was
significantly different, with an apparent increase in Dmax of 100 A. The authors speculated that upon
activation, the kinase domains are released from their position to positions above and below the
plane of the association domains. A second SAXS example is determining the oligomerization state
in solution of the the Holliday junction motor RuvB protein (Putnam et al., 2001). SAXS data provided
an overall radius of gyration (Rg) for the particle of 40 A with a Dmax of 120 A, consistent with the
crystal subunit structure and a generated hexamer assembly model. The scattering curve calculated
from the hexamer model was similar to the experimental scattering curve, and an ab initio spherical




harmonic reconstruction fit the experimental curve with a small number of parameters and matched
the hexamer model. These results showed how SAXS data can exclude packing arrangements that
give different radii of gyration and maximum interparticle distances, such as more globular
arrangements or asymmetric hexamers that are more elliptical and would have increased maximum
intraparticle distances. The SAXS generated hexamer model appears likely to be correct as it showed
good agreement with experimentally determined SAXS data, EM reconstructions, other hexameric
AAA-class ATPases, and the crystallographic packing interfaces.

At SIBYLS, we have increasingly found that combining crystal structures of subunits with
SAXS characterizations of the complex to be extremely powerful and efficient in the characterizations
of reversible complexes. Such dynamic or reversible complexes act in many critical aspects of cell
biology, and are typified by assemblies, such as DNA sliding clamps that encircle DNA and provide
binding sites for many DNA replication and repair enzymes, including polymerase, flap endonuclease,
and DNA ligase. Recently, we used SAXS in combination with crystallography to help elucidate the
mechanisms by which sliding clamps like PCNA coordinate multi-step DNA transactions, which have
been mysterious. Besides the new PCNA structure noted above (Fig. 1), we determined structures of
Sulfolobus solfataricus DNA ligase and heterotrimeric PCNA separately by x-ray diffraction, and
characterized their complex by SAXS experiments (Pascal et al., 2006). In the structure of this
heterotrimeric DNA sliding clamp, the three distinct subunits assemble into a protein ring resembling
the homotrimeric PCNA of humans, but with three unique protein-binding sites that facilitate the
assembly of discrete multi-protein complexes. In the absence of a nicked DNA, the Sulfolobus
solfataricus DNA ligase has an open, extended conformation by both crystallographic and SAXS
studies. In the reversible complex amenable only to SAXS studies, the DNA ligase retains an open,
extended conformation and binds to a single PCNA3 subunit (Fig. 2). Yet, a closed, ring-shaped
conformation of ligase catalyzes a DNA end-joining reaction stimulated by PCNA. This open-to-
closed switch in the conformation of DNA ligase is accommodated by a malleable interface with
PCNA that serves as an efficient platform for DNA ligation. SAXS combined with crystallography thus
established a flexible model for DNA ligase function that allows an extended ligase to bind the PCNA
platform for DNA replication and repair and then to close into a ring around DNA for end joining. In
essence SAXS was an essential component to show that ligase in solution can act like a molecular
watch band that can extend or wrap around DNA as a reversible functional complex.

Observation of loops or domains whose structure has not been determined. In crystallographic
studies, flexible loops or disordered regions are often either not visible in the electron density or have
already been eliminated in the cloning stage to produce a sample that can be crystallized. SAXS can
provide an effective complementary technique that can build low resolution models for these regions
onto the known structure. Svergun and his coworkers have developed a suite of programs, including
CREDO, based on their ab initio programs that can build dummy atoms or Ca chains onto the crystal
structure to show the relative location of these “missing” regions (Petoukhov et al., 2002). The known
structure is fixed and then dummy residues are placed randomly within the input Dmax region.
During the simulated annealing runs, the fit to the experimental scattering curve is optimized, and a
model for the relative positioning of the unknown region is generated.

In their study of the E. coli primase, Corn and coworkers used this approach to identify the
relative position of two domains which putatively connected by a long flexible linker (Corn et al.,
2005). The structure of the polymerase domain was determined by solving the crystal structure, and
the regulatory domain had strong homology to a known structure. SAXS data were collected on the
full length protein. The polymerase domain was used as input to the program CREDO, which built
density on the polymerase structure to best fit the scattering profile (Fig. 3). The homology model of
the regulatory domain fit the additional density built by CREDO. The regulatory domain was
positioned tightly against the polymerase domain, though unexpectedly far away from the proposed
path of the primer/template (indicated by an arrow). By increasing the MgCl, concentration they
observed increases in Dmax (Fig. 3). These studies further complemented fluorescence resonance
energy transfer (FRET) experiments. Both results suggested that the regulatory domain is bound to




the polymerase domain through polar contacts and salt bridges which may be disrupted for function.
Subsequent FRET studies by the authors indicated that the regulatory domain acts in trans, and they
proposed that release of the two domains is an essential step toward regulation of the polymerase.

Ligand-induced conformational changes. Proteins often function through mechanistic domain
motions that are controlled by binding small molecules such as nucleotide triphosphates, and SAXS
provides a uniquely rapid and effective tool for observing gross domain movements. SAXS studies
can be done with the same protein preparation under solution conditions that are identical to
optimized biochemical assay conditions. Variables can include nucleotides, salt, buffer type, and pH.
Comparison of the scattering curves can identify changes in flexibility and, with ab initio analysis,
determination of domain shifts relative to each other. Time-resolved studies add another dimension to
characterization of the conformational changes. Furthermore, automation of SAXS sample loading
would open the way for medium throughput drug studies to identify compounds that induce a
conformational change or changes in protein flexibility (Fischetti et al., 2004).

A recent study on an AAA ATPase, p97, illustrates the power of SAXS to observe
conformational changes in large proteins (Davies et al., 2005). AAA ATPases are a remarkable family
of proteins whose functions are controlled by binding and hydrolysis of ATP. Different nucleotide
states confer large conformational changes that traverse the entire protein. p97 is a large protein; a
single subunit is approximately 806 residues, and p97 forms a homohexamer. In the nucleotide-free
form, the protein showed an expanded structure with an increase of Dmax of approximately 25 A.
Comparison of structures with bound AMP-PNP, ADP, or ADP-AIF« suggests that the specific
nucleotide state of one set of ATPase domains alters the flexibility and relative position of two other
domains and sets up a path for transfer of energy from the ATPase domain to interacting proteins
through these large conformational changes. The authors note that there were significant differences
from the EM studies, which they attribute to the higher resolution of the SAXS data. The data,
collected at the Advanced Photon Source, extended to an s of 0.73 A" and provided the higher angle
data critical for the detailed features observed in the SAXS shape predictions. An exciting
development in the field is the use of molecular dynamics to introduce flexibility in crystallographic
structures to match SAXS scattering curves (Karplus and Kuriyan, 2005; Wu et al., 2005); this
technique could provide atomic resolution hypotheses on how proteins transition from one
conformation to another. Although p97 is a relatively large protein for molecular dynamics,
improvements in computing power as well as developments in the algorithms will increase the size
possible for this type of study.

Possibility for visualization of flexible regions in proteins. Although flexible or unstructured
domains are especially problematic for crystallographic studies, these regions can be uniquely
characterized by SAXS. On one level, flexible and unstructured regions can be identified by the
shape of the scattering curve on a Kratky plot (Doniach et al., 1995; Semisotnov et al., 1996). The
Kratky plot graphs I(s)*s? vs s, where | is the intensity and s is the momentum transfer. Kratky plots
for natively folded proteins are parabolic in appearance and I(s)*s? rises and falls in a relatively sharp
peak with increasing s. For unfolded proteins, the I(s)*s? approaches a constant maximum value. For
proteins with both structured and unstructured regions, the Kratky plot shows almost an additive
nature with an initial parabolic nature and a tail at high s that resembles unfolded protein (Moncoq et
al., 2004). As an aside for protein crystallographers, we have found that identification of flexible
regions in constructs by SAXS analysis has aided in design and selection of crystallization targets.

NEIL1 is a protein where one quarter of the protein is predicted to be unstructured. Itis a DNA
glycosylase that removes oxidized pyrimidines; the catalytic domain is located in the N-terminus
(Bandaru et al., 2002; Hazra et al., 2002). Sequence analysis by PONDR identified the C-terminal
residues 282-390 as disordered (Bandaru et al., 2004). A deletion construct (2-342) with part of the
C-terminus removed was successfully crystallized (Doublie et al., 2004). In the crystallographic
model, only residues from the N-terminus to residue 290 were observable in the electron density,
indicating that PONDR successfully predicted the disordered region to within 10 residues. We have




done SAXS analysis on full-length NEIL1 (Fig. 4). The Kratky plot is typical of a protein with both
folded and unstructured regions. Ab initio shape prediction from the GASBOR program revealed an
oblong structure. The crystal structure for NEIL1 fit well in the wider region, with the C-terminus facing
the more narrow region. One loop which forms a crystallographic contact with another NEILA1
molecule in the crystal packing extends from the shape envelope. It is likely that in the full-length
protein, this loop makes contact with the C-terminal region. This preliminary study indicates the ability
of SAXS to visualize unstructured regions, although more work needs to be done to verify this
conclusion.

PERSPECTIVES

High resolution structure has transformed biology, raising our understanding of proteins from one-
dimensional amino acid sequences to three-dimensional structures: Identification of the functional
importance of a particular amino acid has been greatly facilitated by knowing its location within the
protein and its chemical environment. Similarly, SAXS promises to raise this understanding to the
next dimension since detailed characterizations of the protein conformational states, architectures,
and reversible assemblies can provide important clues to how proteins carry out their functions. With
advanced computing and the growing data base of solved structures, SAXS can be the optimal
means to answer questions at many levels of resolution and to bridge the gaps between high
resolution crystal structures and the large and dynamic complexes functioning in cells.

The SAXS field has been evolving rapidly in recent years and is increasingly becoming a
critical technique for structural biology. First, SAXS provides useful information from almost every
sample. Second, the minimal nature of the sample requirements compared to other structural
techniques, with no requirement for labeling or for crystals and a large molecular weight range, is
enabling SAXS analysis to become an increasingly powerful and important tool for probing structure
in solution. Third, already many protein crystallography laboratories, which use the SAXS endstation
at the SIBYLS beamline, consider SAXS analysis a standard characterization of their samples to
characterize states of folding, aggregation, assembly, and conformation. Access to SAXS endstations
at synchrotrons is available through general user proposals, and beamline staff can aid collaborative
projects. As more scientists take advantage of SAXS analysis, we will gain a greater fundamental
understanding of how proteins function and are controlled through dynamic features including
conformational flexibility, reversible assemblies, and dynamic complexes. The emerging grand
challenge of characterizing molecular machines that control cell biology, including responses to
endogenous and exogenous stress, will require the type of powerful and efficient analysis in solution
that SAXS can provide.
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FIGURE LEGENDS
Fig. 1. Ab initio shape prediction by SAXS analysis



SAXS analysis of OGG1, glucose isomerase, and PCNA collected at the SIBYLS beamline, ALS. (A)
Buffer-subtracted scattering profiles and (B) electron pair distribution plots of OGG1 (blue), glucose
iosmerase (purple), and PCNA (green). Human OGG1 (5 mg/ml) was analyzed in 25 mM Tris pH 7,
150 mM NaCl, 1mM TCEP, 10% glycerol, 0.5 mM EDTA. Work was done in collaboration with Tapas
Hazra and Sankar Mitra (University of Texas, Medical Branch, Galveston). Streptomyces rubiginosus
glucose isomerase (Hampton Research) at 2 mg/ml was analyzed in 20 mM Tris pH 7.5, 1mM TCEP.
Human PCNA (4 mg/ml) was analyzed in 25 mM Tris pH 7.6, 150 mM NaCl, 0.1 mM EDTA and 5 mM
DTT. Work was done in collaboration with John Pascal and Tom Ellenberger (Harvard University
Medical School). (C) Averaged and filtered ab initio shape prediction calculated by GASBOR and
aligned using the DAMAVER program suite (Volkov and Svergun, 2003). The DAMAVER program
suite was used to overlay the shape predictions onto the crystals structures (ribbon) of, respectively,
OGG1 (1KO9.pdb), glucose isomerase (8XIA.pdb), and PCNA (1AXC,) (Bjoras et al., 2002; Carrell et
al., 1989; Gulbis et al., 1996)

Fig. 2. Ab initio shape prediction of complex between DNA ligase and PCNA.

SAXS analysis of Sulfolobus solfataricus ssLig, PCNA1, PCNA2, and PCNA3. The protein
concentration was 4 and 8 mg/ml, and the sample buffer was 25 mM Tris pH 7.5, 50 mM NacCl, and 1
mM TCEP. Averaged and filtered ab initio shape prediction was calculated by GASBOR and aligned
using the DAMAVER program suite (Volkov and Svergun, 2003).

Fig. 3. Use of SAXS to identify relative positioning of two domains in E. coli primase, with the
structure of only one domain used as input. Work was published in collaboration with Jacob Corn and
James Berger (Corn et al., 2005). Electron pair distribution function for E. coli primase under varying
salt conditions. Low salt buffer (20 mM HEPES, pH 7.5, 75 mM potassium glutamate) is colored in
black, buffer supplemented with 150 mM MgCl; in red and buffer supplemented with 300 mM MgCl,.
Consensus shape prediction (transparent spheres) for the regulatory domain of E. coli primase
overlaid with the homology model (ribbon). The envelope of the polymerase domain is shown in solid
spheres. The arrow indicates the postulated path of the primer/template. Shape prediction was
calculated by CREDO and averaged using the DAMAVER program suite.

Fig. 4. Use of SAXS to predict conformation of an unstructured region in NEIL1 glycosylase. (A)
Buffer-substracted scattering profile of NEIL1 (5 mg/ml) dialyzed in PBS and 1 mM TCEP. Inset:
Kratky plot of NEIL1. The non-parabolic nature of the high s region indicates that there is unstructured
regions present in the protein (B) Averaged and filtered ab initio shape prediction calculated by
GASBOR and aligned using the DAMAVER program suite. The ribbon structure of NEIL1 N-terminus
(1TDH.pdb) was manually fit into the envelope (Doublie et al., 2004). The arrow indicates the C-
terminal residue of the crystal structure. Work was done in collaboration with Tapas Hazra and
Sankar Mitra.
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