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Summary

A chemical genetics approach to functional analysis of
gene products utilizes high-throughput target-based
screens of compound libraries to identify ligands that
modulate the activity of proteins of interest. Candi-
dates are further screened using functional assays
designed specifically for the protein—and function —of
interest, suffering from the need to customize the
assay to each protein. An alternative strategy is to
utilize a probe to detect the structural changes that
usually accompany binding of a functional ligand.
Wide-angle X-ray scattering from proteins provides
a means to identify a broad range of ligand-induced
changes in secondary, tertiary, and quaternary struc-
ture. The speed and accuracy of data acquisition, com-
bined with the label-free targets and binding condi-
tions achievable, indicate that WAXS is well suited
as a moderate-throughput assay in the detection and
analysis of protein-ligand interactions.

Introduction

Chemical genetics is the study of protein function using
exogenous ligands to alter protein function, enabling the
analysis of the biological consequences of the resulting
changes [2]. A prerequisite for this approach is the iden-
tification of ligands that modulate the function of each
protein of interest. Target-based screens based on bind-
ing affinity are used to identify ligands from compound
libraries of up to 1 million compounds, typically yielding
10-100 candidate ligands [3]. The subsequent function-
ality tests of these candidate ligands represent a poten-
tial bottleneck in the development of chemical genetics.
In vivo screens can detect phenotypic changes resulting
from ligand action but may provide ambiguous results
if the ligand tested binds to other gene products, or
false negatives if parallel pathways are active under the
conditions of the assay. In vitro screens may require
use of a custom assay designed for a specific function,
and assays for many relevant functions do not yet exist.
An alternative approach is the use of a generic biophysi-
cal method that can detect the structural changes in a
protein that usually accompany the binding of a func-
tional ligand. Unfortunately, most approaches are sensi-
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tive to limited classes of structural change. For instance,
circular dichroism is insensitive to changes that do not
alter protein secondary structure [4], and small angle
X-ray scattering (SAXS) cannot detect changes that do
not alter the radius of gyration.

Wide-angle X-ray scattering (WAXS) from proteins in
solution has been shown to generate data that are sensi-
tive to secondary, tertiary, and quaternary structural ele-
ments [1]. X-ray scattering data from proteins in solution
correspond roughly to the spherical average of data
collected by X-ray crystallography. Scattering at small
angles (SAXS) reflects the overall size and shape of the
protein. SAXS from proteins in solution [5] has been
used to determine the radius of gyration of proteins and
protein complexes, and has proven effective at identi-
fying small changes in radius of gyration due to ligand
binding [e.g., 6-8]. Scattering at progressively larger
(wider) angles corresponds to progressively more de-
tailed structural features in the protein. The information
present in the SAXS data generally reflects global size
and shape, but conformational changes that do not lead
to changes in radius of gyration are difficult to detect.
WAXS is an extension of SAXS in which data are col-
lected to higher scattering angles. Although WAXS data
are significantly weaker than SAXS data, they can be
collected using less than 200 pl of solution volume with
protein concentrations of 5-10 mg/ml in less than 30 s
with the high flux available at a third generation synchro-
tron X-ray source [1, 9]. Higher concentrations generally
result in data with higher signal to noise ratio. Changes
in WAXS data reflect changes in quarternary, tertiary or
secondary structure, providing them with the potential
for being a sensitive, global method for detecting ligand-
induced structural changes in proteins.

To evaluate the potential of WAXS as a moderate-
throughput screen of ligand-induced structural changes,
the WAXS patterns from four proteins that undergo
structural changes on binding a functional ligand were
measured and analyzed. The observed differences indi-
cated significant structural changes were occurring in
the proteins in response to ligand binding. Comparison
of these differences with differences calculated from
crystallographic coordinates demonstrated that the
scattering changes detected in the WAXS data are con-
sistent with that predicted from the crystal structures
of the proteins in the presence and absence of ligand.

For WAXS to be an effective tool for chemical genetics
it must be able to distinguish a functional interaction
from a nonfunctional interaction. WAXS is a sensitive
tool for detection of the structural changes in proteins
that accompany functional changes, thereby providing
an indirect assay for functional interactions with small
molecules. Some change in WAXS data could occur
upon ligand binding even in the absence of structural
change in the protein, but the magnitude of that change
increases substantially when structural changes are in-
duced by that binding. WAXS intensity differences cal-
culated from crystallographic coordinates of apo and
ligand-bound forms of proteins are shown here to corre-
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spond well with measured differences. To estimate the
intensity difference that would occur upon ligand bind-
ingin the absence of a structural change (i.e., differences
emanating from the now protein-bound ligand), crystal-
lographic coordinates of the ligand-bound form of the
protein plus and minus the ligand were used to calculate
solution scattering. As will be shown, the predicted in-
tensity changes are much greater when a ligand induces
a structural change than when it does not. Only for
ligands with a molecular weight comprising greater than
2% of the total protein-ligand molecular weight (around
700 Da for a target protein of 35 KDa) does this distinc-
tion start to become difficult to make on the basis of
WAXS data alone. However, even for that scenario, li-
gands that induce structural change will induce greater
change in intensity than those that do not, providing a
means to identify functionally active ligands.

Crystallographic coordinates are not required for the
analysis of WAXS data. The magnitude of structural
change can be estimated directly from the WAXS data.
The precise form of that change at atomic resolution
cannot be inferred, although changes in «-helix and B
sheet content can be estimated (R.F.F., unpublished
data). Furthermore, WAXS patterns generated computa-
tionally from crystal coordinates [10] predict that an
even wider range of protein function altering interactions
are amenable to detection via WAXS analysis. This
method can be applied to almost any protein in solution
with no need for chemical modification to facilitate either
protein or small molecule ligand detection. These proof-
of-concept data demonstrate that wide-angle X-ray
scattering (WAXS) from proteins in solution can be im-
plemented as a sensitive, moderate-throughput probe
of ligand-induced structural changes for the identifica-
tion of functional ligands.

Results and Discussion

Pairs of structures corresponding to proteins plus and
minus ligand were selected from the Protein Data Bank
(http://www.rcsb.org/pdb/) on the basis of the observed
range of movement of the protein on ligand binding as
calculated from the crystallographic coordinates using
the web server DALI [11], paying particular attention
to choosing proteins that undergo different ranges of
movement, ranging from large domain shifts to second-
ary structure rearrangements to relatively small chain
movements.

Ligand-Induced Domain Rotation: Transferrin

Crystal structure determination of several transferrins —
plasma iron transport proteins—has revealed them to
be made up of two lobes of very similar structure, each
containing a high-affinity iron binding site and represent-
ing the N- and C-terminal halves of the molecule. The
structure of the apo and ligand-bound forms of the
N-terminal half of human transferrin have been deter-
mined by X-ray crystallography. The N-terminal half un-
dergoes a 63° rotation of the N2 domain (residues 1-93
and 247-315) relative to the N1 domain (residues 94-246)
in response to binding of ferric ions [12]. Comparison
of the structures of these two forms is shown in Figure

1A. Conversion from the “open” apo form on the left to
the “closed” ligand-bound form on the right occurs by
bending around a hinge between the two domains in a
“Venus flytrap”-like motion [13]. The protein conforma-
tion within each of the domains remains essentially un-
changed on ligand binding with the exception of a shift
in a mobile loop in the N2 domain and some alterations
of the side chain conformations in the binding cleft [12].

WAXS data were collected from a solution of apo-
bovine transferrin and from an identical sample in which
the iron binding site was saturated [14]. Scattering pat-
terns were collected and background from capillary and
solvent were removed as described previously [1]. Fig-
ure 1B contains the observed WAXS scattering data
from the two solutions, apo and ligand-bound trans-
ferrin. Figure 1C contains the calculated difference curve
(black curve) between the two measured scattering
curves in Figure 1B. After generation of amatched pair of
scattering curves (apo and ligand-bound) for transferrin
using CRYSOL and the crystallographic coordinates, a
difference curve was calculated from this in silico pair
of curves (red curve in Figure 1C) and compared to that
calculated from the actual observed scattering patterns.
The degree of intensity change that would occur on
binding of ligand in the absence of an induced structural
change was estimated by calculating the solution scat-
tering from the ligand-bound form plus and minus the
ligand. This difference is shown as a broken red line
in Figure 1C. The relatively small size of this change
demonstrates that protein structural change is responsi-
ble for virtually all of the observed change in intensity
upon ligand binding.

X-ray scattering from solutions of proteins corre-
sponds roughly to the spherical average of data col-
lected from a crystal, thus containing significantly less
information than a comparable crystallographic data
set. Nevertheless, it provides information about the
structure at multiple length scales, including the scale
of the entire molecule, tertiary structures, and secondary
structures. These patterns are circularly symmetric
when collected with a two-dimensional detector after
polarization correction. The one-dimensional plots in the
Figures 1B and 1C correspond to a corrected circular
average of the observed intensity. The left-hand edge of
these plots corresponds to the center of the diffraction
pattern, with progressively wider angle data plotted out
along the abscissa. The circularly averaged WAXS data
are plotted as a function of (1/d) with units of A, This
corresponds to the reciprocal relationship between the
scale of a structural feature in the protein and the dis-
tance from the center of the diffraction pattern to the
peak of intensity arising from this feature. For instance,
intensity occurring at 1/d = 0.1 A" arises from features
having alength scale of about 10 A. Since o helices pack
about 10 A center-to-center, a-helical proteins usually
exhibit relatively strong scattering at a spacing of 1/d =
0.1 A'. Small angle scattering (SAXS) data (1/d =<
0.01 A~") provide information about the size and shape
of a protein molecule. In particular, the radius of gyration
of a protein (defined as the average distance to the
center of mass) can be obtained from this kind of data.
At higher scattering angles, the features observed in the
scattering patterns correspond to features at progres-
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ments of features separated by lengths of 50-10 A
Figure 2 contains the calculated difference intensities

0.14

Figure 1. WAXS from Transferrin

(A) Computer renderings of the structure of
the N-terminal lobe of transferrin as derived
from crystallographic analyses of the protein
in the presence (right) and absence (left) of
iron. (Protein Data Bank [PDB] numbers 1BTJ
and 1A8E.)

(B) Observed X-ray scattering intensity from
transferrin before (black) and after (red) addi-
tion of ferric ammonium citrate. The region
from 1/d of 0.01-0.05 is shown in the upper
right corner inset at a smaller scale.

(C) Comparison of the observed (black) differ-
ences (ligand bound form minus apo form)
between the X-ray intensity observed in the
presence and absence of ligand, with that
predicted from crystallographic coordinates
(red) and that predicted to occur if the ligand-
bound and apo forms were identical in struc-
ture except for the removal of ligand (red bro-
ken line).

from Figure 1C (black) with error bars indicating the
standard deviation as calculated from seven patterns
collected from apotransferrin; seven from iron-saturated
transferrin, and four each from the two corresponding
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Figure 2. Uncertainty in Intensity Differences Derived from WAXS
Data

Transferrin ligand bound form minus apo form, with error bars repre-
senting standard deviation as calculated from seven solution scat-
tering patterns and four background patterns. The errors increase
to the right in this figure because of the increased background due
to solvent background scattering at those scattering angles. Error
bars for all patterns reported here were similar in magnitude. In
order to allow comparison of calculated and observed patterns, the
error bars are not shown in later figures.

solvent solutions. The error bars are comparable to the
random fluctuations apparent in the curves plotted in
Figure 1, demonstrating that these fluctuations provide
a reasonable measure of the errors in the data. Compa-
rable error estimates have been made for the other dif-
ferences intensities reported below. In order to allow
ready comparisons between calculated and observed
differences, these error estimates are not displayed.
The close correspondence between the calculated
and observed difference intensities in Figure 1C indi-
cates that the ligand-induced conformational changes
accompanying the domain rotation in transferrin in solu-
tion are close to those observed in the differences in
structure between the crystals of apo and ligand bound
forms. Quantitative comparison between the calculated
and observed differences do not provide meaningful
numbers, as relatively small shifts in the positions of
maxima and minima give rise to correspondingly low,
discrepant correlation coefficients. The qualitative cor-
respondence of features in the two difference plots indi-
cate that the differences in solution are of similar nature
and magnitude to those observed in crystals. The region
of greatest change in intensity for this particular protein-
ligand interaction is for spacings less than about
0.04 A—'. This corresponds to movements of large struc-
tures (a width of 1/0.04 = 25 A) relative to one another,
i.e., whole domains. A comparison of the crystallo-
graphic structures indicates that ligand binding is induc-
ing large domain movements but relatively little second-
ary structure change, consistent with the location of the
intensity differences. Higher-angle intensities change
relatively little, as would be expected for a structural
change that occurs with little or no rearrangement of
individual side chains or secondary structure elements.
A quantitative measure of the conformational change
due to ligand binding can be obtained using the DALI
server [11]. Comparison of the C, backbone of the apo

and ligand-bound forms of transferrin using DALI shows
anr.m.s. deviation of 5.7 A. This large value is areflection
of the considerable structural change seen in the render-
ings of the two forms in Figure 1A and are clearly re-
flected in the WAXS data depicted in Figures 1B and 1C.

Hinge-Bending Motion: Maltose Binding Protein
An incrementally smaller structural change occurs in the
maltose binding protein (MBP) in response to ligand
binding. MBP is a part of the maltodextrin system of
E. coli bacteria, which is responsible for the uptake and
catabolism of maltodextrins. Like all periplasmic binding
proteins, MBP is monomeric with two globular domains
separated by a deep cleft. Each domain has a central
B-pleated sheet, flanked on both sides by three parallel
« helices. The maltodextrin ligand binding site is located
at the base of this cleft between the two domains (Figure
3A). When bound to the protein with micromolar affinity,
the sugar is buried deep within the cleft, almost com-
pletely inaccessible to the solvent. The conformational
change between the bound and apo forms of MBP in-
volves a 35° hinge bending movement accompanied by
an 8° anticlockwise rotational twisting of the smaller N
domain relative to the C domain (Figure 3A), similar to
the flytrap movement of transferrin discussed above but
smaller in magnitude. This rotation is accompanied by
almost no conformational change within either domain—
only a reorientation of the aromatic residues lining the
binding cleft [15]. Comparison of the C, backbone of
the two forms of MBP using DALI shows an r.m.s. devia-
tion of 1.7 A. SAXS data collected to study the conforma-
tional change of MBP in solution [16] have confirmed
that MBP is a monomer. The SAXS data collected were
consistent with the possibility that MBP in solution un-
dergoes conformational changes comparable to that
observed by a comparison of the crystal structures.
The WAXS patterns collected in this study confirm
those observations. WAXS patterns obtained from solu-
tions of apo and ligand-bound maltose binding protein
are shown in Figure 3B, with the ligand-induced differ-
ence patterns between the calculated scattering curves
and the measured scattering data depicted in Figure
3C. Although the measured scattering from the two solu-
tions is quite similar—reflecting the similarity of protein
conformation in the two states—the difference is statisti-
cally significant (see Experimental Procedures). Com-
parison of the observed ligand-induced differences with
those predicted on the basis of the two crystalline struc-
tures (Figure 3C) indicates good correspondence, sup-
porting the statistical significance of the observed differ-
ences. The absolute values of the differences are
significantly less than for transferrin, as would be ex-
pected from the smaller structural changes seen in a
comparison of the crystalline form sets (apo and ligand-
bound) of the two proteins (Figures 1A and 3A) and
in the measures of structural similarity calculated with
DALI. The largest intensity difference observed in the
solution scattering is at somewhat smaller scattering
angle than predicted from the crystallographic studies,
suggesting that the rotation of domains in solution is
somewhat larger in magnitude than predicted from a
comparison of the respective crystal structures. Binding
of glucose to MBP in the absence of a structural change
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would give rise to barely observable intensity changes
(red broken line in Figure 3C).

Change of the Shape of the Binding Cleft:

Alcohol Dehydrogenase

Alcohol dehydrogenase (ADH), which oxidizes alcohols
into aldehydes or ketones, requires the coenzyme NAD*
as a hydrogen acceptor. The enzyme is a homodimer
possessing two domains—an NAD " binding domain and
a catalytic domain. The interdomain interface forms a
cleft that contains the active, Zn?"-containing catalytic
site. When the NAD" binds the apo-enzyme there is

Figure 3. WAXS from Maltose Binding
Protein

(A) Computer renderings of the structure of
maltose binding protein (MBP) as derived
from crystallographic analyses of the protein
in the presence (right) and absence (left) of
maltose. (PDB: 1TOMP and 1DMB.)

(B) Observed X-ray scattering intensity from
MBP before (black) and after (red) addition of
ligand. The region from 1/d of 0.01-0.05 is
shown in the upper right corner inset at a
smaller scale.

(C) Comparison of the observed (black) differ-
ences (ligand bound form minus apo form)
between the X-ray intensity observed in the
presence and absence of ligand, with that
predicted from crystallographic coordinates
(red) and that predicted to occur if the ligand-
bound and apo forms were identical in struc-
ture except for the removal of ligand (red bro-
ken line).

0.25

a rotational change of about 7.5° around a hinge axis
passing through the contact point of the « helices con-
necting the two domains (see Figure 4B). This change,
classified as a shear motion according to Chothia and
Lesk’s classification of domain motions [17], results in
a change in the shape of the cleft to accommodate the
substrate. Analysis using DALI shows an overall r.m.s.
deviation of 0.8 A in the C, atoms within the NAD*
binding monomer of the enzyme.

As the NAD* coenzyme is the only element essential
for inducing the conformational change of the enzyme
from the open to the closed form, this makes the alcohol
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Figure 4. WAXS from Alcohol Dehydro-
genase

(A) Computer renderings of the structure of
alcohol dehydrogenase (ADH) as derived
from crystallographic analyses of the protein
in the presence (right) and absence (left) of
NAD*. (PDB: 1PED and 1KEV.)

(B) Observed X-ray scattering intensity from
ADH before (black) and after (red) addition of
ligand. The region from 1/d of 0.01-0.05 is
shown in the upper right corner inset at a
smaller scale.

(C) Comparison of the observed (black) differ-
ences (ligand bound form minus apo form)
between the X-ray intensity observed in the
presence and absence of ligand, with that
predicted from crystallographic coordinates
(red) and that predicted to occur if the ligand-
bound and apo forms were identical in struc-
ture except for the removal of ligand (red bro-
ken line).
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substrate irrelevant in the context of a conformational
shift analysis. Figure 4B contains plots of the measured
WAXS data from apo and NAD* bound yeast ADH. Fig-
ure 4C contains the difference plot between these two
curves as compared to the difference plot obtained from
the pair of scattering curves predicted from the crystal-
lographic data using CRYSOL. Again, the form of the
observed ligand-induced differences is close to that pre-
dicted from a comparison of the crystallographic struc-
tures. These data indicate that the protein undergoes a
structural change in solution that is comparable to that
observed between the two crystal forms. Because of its
size (approximately 700 Da), the intensity change that
would occur on binding of NAD* in the absence of a
structural change would be comparable in magnitude
to that observed (red broken line in Figure 4C).

Ligand-Induced Refolding: Calmodulin

Calmodulin is the primary eukaryotic intracellular cal-
cium receptor and serves as a second messenger to
regulate cellular responses to transient calcium fluxes.
When activated by calcium binding, calmodulin is ren-
dered capable of binding and activating a large number
of intracellular proteins, components of multiple signal
transduction pathways that regulate various processes
such as muscle contraction and cytoskeletal activity.
The calmodulin protein contains two calcium binding
domains separated by a long central a-helix (Figure 5A,
left side). Each domain consists of a pair of “EF-hand”
calcium binding motifs. At resting cell calcium concen-
trations (typically 50-100 nM), these binding sites are
largely unoccupied, but at the higher calcium concentra-
tions that can be transiently induced by external stimuli,
they bind calcium, inducing a large conformational
change [18]. Binding of the four calcium ions to calmod-
ulin is cooperative in nature [19, 20] and initiates the
opening of a hydrophobic cleft within the four-helix bun-
dle of each EF-hand, resulting in significant non-polar
surface area exposure and the modulation of both the
interaction between the two domains and the interac-
tions between the protein and numerous regulatory part-
ners within the cell. Calcium binding induces an increase
in the level of ordered secondary structure as shown by
a 12% increase in ellipticity at 222 nm measured by CD
spectroscopy and a decrease in the Stokes radius of the
protein of approximately 1.29 A[19]. The r.m.s. deviation
between the apo and ligand-bound forms of calmodulin
is 5.6 A as calculated by DALLI, indicating a relatively
large structural transition upon binding calcium. The
crystal structure-predicted changes induced by binding
are illustrated in Figure 5A.

The WAXS scattering curves measured from bovine
brain calmodulin in the presence and absence of cal-
cium are shown in Figure 5B. The observed intensities
vary more slowly as a function of scattering angle be-
cause of the relatively small size of the protein. The most
obvious change in scattering is at small angles where
the central maximum is wider in scattering from the
apo form (black) than the Ca?*-bound form (red). This
is indicative of an increase in the radius of gyration of
the protein on binding to Ca?*" as predicted from the
crystallographic structures. The scattering pattern dif-

ferences induced by ligand binding as measured using
WAXS (Figure 5C, black curve) are comparable to those
predicted from the crystal structures using CRYSOL-
generated scattering curves (Figure 5C, red curve).

Ligand-Induced WAXS Changes in Other Systems
The protein data bank now contains several examples
of structure pairs consisting of proteins in the presence
and absence of ligands. These crystal structure pairs
can be used to predict the expected changes in WAXS
patterns upon ligand binding using CRYSOL. Since the
magnitudes of difference intensities resulting from li-
gand-induced structural changes in transferrin, maltose
binding protein, alcohol dehydrogenase and calmodulin
were predicted reasonably well using CRYSOL, we ex-
pect the intensity changes predicted from CRYSOL for
other systems to similarly be a good reflection of the
observations that would emerge from experimental
studies of these systems as well. Consequently, CRY-
SOL can be used as a means of surveying a wider range
of molecular systems to assess the potential power of
WAXS for detecting functionally relevant structural
changes.

Side Chain Reorientations: Adipocyte Lipid

Binding Protein and Ricin

Adipocyte Lipid Binding Protein (ALBP) is expressed
exclusively in adipose cells for the purpose of facilitating
the uptake and utilization of hydrophobic lipids such as
long chain fatty acids and retinoic acid [21]. The crystal
structure of ALBP reveals the tertiary structure as that of
a ‘B-clam’, consisting of two nearly orthogonal g sheets
formed by ten antiparallel B strands, with a single helix-
turn-helix motif between the A and B strands [22] (Figure
6A, left). These paired B sheets have a right-handed
twist and surround an internal ligand binding site, similar
to a number of extracellular and intracellular hydropho-
bic ligand binding proteins. ALBP binds the polyunsatu-
rated fatty acid arachidonic acid (ACD) with high affinity
(Ko = 4.4 pM) [23]. The crystal structure of the ALBP-
ACD complex demonstrates that the bound fatty acid
lies completely within the cavity of ALBP [23]. A compari-
son of the apo versus ligand-bound forms of the protein
(Figure 6A) demonstrates that small changes in protein
conformation occur upon ligand binding, involving only
reorientation of a few side chains (specifically R106,
R126 and Y128). The r.m.s. deviation between the two
forms is 0.5 A [11]. This places the ALBP conformation
shift in a different category from the measured proteins
above, as there is almost no discernable change in posi-
tion for any of the Ca backbone atoms upon ligand
binding. Nevertheless, as shown in Figure 6B, the
changes in intensities predicted for this structural
change using CRYSOL are sufficiently large to indicate
that, based on the results reported above; they would
be readily observable using WAXS.

Ricin is an unusually cytotoxic plant protein (a single
molecule can kill one mammalian cell [24]) that attacks
ribosomes by hydrolyzing a specific adenine base from
a highly conserved, single-stranded 28S rRNA hairpin.
This hydrolytic reaction disrupts the binding of ribo-
somes to elongation factors and inhibits protein synthe-
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Figure 5. WAXS from Calmodulin

(A) Computer renderings of the structure of
calmodulin as derived from crystallographic
analyses of the protein in the presence (right)
and absence (left) of Ca?*. (PDB: 1CFD and
1CLL.)

(B) Observed X-ray scattering intensity from
calmodulin before (red) and after (black) addi-
tion of EDTA. Color coding of this figure is
such that the ligand bound form (+Ca?") pro-
tein is red, as in Figures 1-3. The region from
1/d of 0.01-0.05 is shown in the upper right
corner inset at a smaller scale.

(C) Comparison of the observed (black) differ-
ences (ligand bound form minus apo form)
between the X-ray intensity observed in the
presence and absence of ligand, with that
predicted from crystallographic coordinates
(red) and that predicted to occur if the ligand-
bound and apo forms were identical in struc-
ture except for the removal of ligand (red bro-
ken line).
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Figure 6. Predicted WAXS Pattern from Adi-
pocyte Lipid Binding Protein

(A) Computer renderings of the structure of
adipocyte lipid binding protein (ALBP) as de-
rived from crystallographic analyses of the
protein in the presence (right) and absence
(left) of the ligand arachidonic acid. (PDB:
1ALB AND 1ADL.)

(B) Predicted X-ray scattering intensity from
ALBP before (black) and after (red) addition
of arachidonic acid.

(C) Comparison of the predicted differences
(ligand bound form minus apo form) between
the X-ray intensity observed in the presence
and absence of ligand.
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sis [25]. The protein is a heterodimer consisting of a
catalytic 267-residue cytotoxic A chain linked by a disul-
fide bond to a lectin B chain of 262 residues, the latter
of which is used by the protein to locate and bind to
cell surfaces. The X-ray crystal structure of the catalytic
ricin toxic A chain (RTA) had been reported by two
groups to consist of three adjacent domains, each with
a distinctive tertiary fold (see top of Figure 7A) [26, 27].
X-ray crystal structures of RTA complexed with AMP
[28] and the ricin inhibitor neopterin, respectively, [29]
have been obtained in an attempt to elucidate the nature
of the binding site. Binding of AMP to the active site of
an RTA point mutant results in a protein structure left
essentially unchanged from that of the apoenzyme (Fig-

ure 7A, lower left). The bound purine makes few hydro-
gen bonds, and the phosphate moiety appears to form
no direct interactions with the protein whatsoever [28].
The r.m.s. deviation between RTA and the RTA/AMP
complex is 0.2 A, the lowest value calculated for the
protein set analyzed herein. The RTA/neopterin interac-
tion (Figure 7A, lower right), although similar in its lack
of impact upon backbone chain position, results in the
displacement of the Y80 side chain, with a resulting
r.m.s.d. of 0.6 A by comparison. The predicted WAXS
patterns plotted in Figure 7B for all three structures (apo
RTA, AMP/RTA, and neopterin/RTA) indicate that these
structural changes are adequate to result in observable
changes in WAXS data.
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Figure 7. Predicted WAXS Pattern from Ricin

(A) Computer renderings of the structure of
ricin as derived from crystallographic analy-
ses of the apoprotein, in the presence of neo-
pterin (lower right) and AMP (lower left). (PDB:
10BS, 10BT, and 1BRS.)

(B) Predicted X-ray scattering intensity from
three crystal forms of ricin, the apo form
(black curve), the AMP-bound form (red
curve), and the neopterin bound form (green
curve).

(C) Comparison of the predicted differences
(ligand bound form minus apo form) between
the X-ray intensity observed in the presence
and absence of either AMP (black curve) or
neopterin (red curve).
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Detection of Functional

Protein-Ligand Interactions

Functional interaction of a small molecule with a protein
necessarily results in a change in the structure of the
protein [17]. This change may be relatively large, involv-
ing domain rotations or domain refolding; or small and
localized, involving the reorientation of only a few side
chains. Structural changes that involve refolding can
usually be observed using any of a variety of spectro-
scopic methods, most notably circular dichroism. Struc-
tural changes involving domain rotations or side chain
shifts are more difficult to observe. Solution structures
of proteins can be obtained using NMR, but require
extensive data collection and analyses [30]. Small-angle
scattering (SAXS) can readily observe structural changes
that result in a change in the radius of gyration, but not all
domain rotations will be detectable at these scattering
angles and small side chain alterations will be unde-
tectable.

A combination of SAXS and WAXS can provide a char-
acterization of the form of structural change induced by
ligand binding, even in the absence of information from
crystallographic data. SAXS data yield an indication of
change in radius of gyration; intensity changes at moder-
ate spacings (0.01-0.05 A*‘) provide information about
domain shifts; and wider angle intensity (0.05-0.25 A~")
contributes information about changes in secondary
structure. For instance, the intensity at a spacing of
about 0.1 A~ correlates with the proportion of a-helix
ina protein (R.F.F., unpublished data). Acomplete analy-
sis of the ligand-induced intensity change can conse-
quently provide a measure of both the magnitude and
form of the corresponding structural change. This
method can be used to detect structural changes for
interactions with dissociation constants in the millimolar
range or below. For example, detection of 90% binding
of a 20 KDa protein at 10 mg/mL by a ligand present in
10-fold molar excess can be achieved with WAXS, an
interaction with a dissociation constant of roughly 5 mM.
Given the broad range of protein concentrations com-
patible with this technique (5 mg/mL and above), the
ability to work with excess ligand, and the power to
detect interactions in the absence of immobilization of
either binding partner, this approach furnishes signifi-
cant advantages over presently utilized methodologies
for the detection of functional interactions.

The range of ligand-induced changes in structure
studied here consistently resulted in changes in solution
scattering at scattering angles slightly smaller than
those predicted from the corresponding crystallo-
graphic structures. This result is consistent with the idea
that ligand-induced domain movements are somewhat
larger than suggested by a comparison of the crystallo-
graphic structures of these proteins in the presence and
absence of ligand. It has been previously pointed out
that although X-ray crystallography can provide an ac-
curate description of molecular structure as it exists in
the crystal lattice, orientation of domains can be influ-
enced by crystal packing forces. As a result, the position
of domains as established by X-ray crystallography may
differ from the average position that is observed in solu-
tion [31]. In this work, we have observed that the scale of
structural changes observed in solution is consistently

larger than that predicted from a comparison of crystal
structures.

Here we have demonstrated that WAXS can detect
ligand-induced structural changes that involve domain
movements as well those that involve smaller changes
such as side chain rearrangements. Collection of data
needed to detect these structural changes takes ap-
proximately 30 s at a third generation synchrotron
source and is compatible with a wide range of solution
conditions for nonchemically modified protein-ligand
pairs.

Significance

A major bottleneck in the use of chemical genetics is
the detection of functional interactions of small mole-
cules with proteins. Candidate compounds identified
through binding assays are further screened using a
functional assay designed specifically for the protein,
and function, of interest. This approach suffers from
the need to customize the assay to the protein of inter-
est. As ligand binding may induce large structural
changes in the receptor protein, such as the move-
ment of loops or even large domains, or produce
small-scale changes such as the reorientation of side
chains while leaving the backbone structure relatively
intact, an alternative strategy is to utilize an in vitro
biophysical probe that can detect the structural
changes that usually accompany the binding of a func-
tional ligand. Wide angle X-ray scattering from pro-
teins in solution provides the means to identify ligand-
induced changes encompassing secondary, tertiary,
or quaternary structure. Given the sensitivity of X-ray
scattering to protein conformation and the fact that
most proteins undergo some degree of conforma-
tional change, either local or global, on binding a func-
tional ligand, WAXS has the potential to serve as a
valuable new tool in the analysis of protein/small mole-
cule interactions in solution under conditions that
require no chemical or physical alteration of either
binding partner. The speed and accuracy of data ac-
quisition combined with the broad range of label-free
targets and binding conditions achievable with this
technique indicate that WAXS is well suited as a mod-
erate-throughput assay in the detection and analysis
of protein-ligand interactions.

Experimental Procedures

Protein Preparation

All proteins were treated with excess concentrations of ligand using
conditions established within the literature as accomplishing satura-
tion of their respective ligand binding sites. Bovine erythrocyte he-
moglobin (Calobiochem) was dissolved in sterile PBS (phosphate-
buffered saline; 137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, and
2 mM KH2PO4) from Biowhittaker to a final concentration of 48
mg/mL and centrifuged at 4°C through a Nanosep centrifugal device
(molecular weight cutoff = 300 kDa; Pall Corporation) for 10 min
prior to beam exposure to remove high-molecular weight protein
aggregates from solution. Horse skeletal muscle myoglobin (Sigma-
Aldrich) was dissolved in sterile deionized water to a final concentra-
tion of 20 mg/mL. Bovine apotransferrin (Serologicals Corp.) was
dissolved in 25 mM Tris-HCI (pH 8.0) to 40 mg/mL. One-half of this
solution was treated with a 0.4 volume of ferric ammonium citrate
(40 mg/mL in 10 mM sodium bicarbonate) for 4 hr at room tempera-
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ture to saturate the iron binding site on the transferring molecule
[14]. Maltose binding protein (New England Biolabs) was put through
a buffer exchange spin column and concentrated to a final 13.5
mg/mL in 50 mM Tris-HCI (pH 7.5) and 100 mM KCI. A 1 M stock
solution of maltose (Sigma-Aldrich) in the same buffer was added
to a final concentration of 1 mM to generate the ligand bound form.
Alcohol dehydrogenase from bakers yeast (Sigma-Aldrich) was dis-
solved in 100 mM sodium citrate (pH 6.0), 1 mM zinc acetate, and
0.1 mM dithiothreitol, to a final concentration of 15 mg/mL.
B-nicotinamide adenine dinucleotide (NAD*; Sigma-Aldrich) from a
stock solution in the same buffer was added to a final concentration
of 1 mM to generate the ligand bound form. Crystalline calcium-
bound bovine brain calmodulin (Calbiochem) was dissolved in sterile
deionized water to a final concentration of 13.3 mg/mL in 20 mM
HEPES (pH 7.0) and 30 wM calcium chloride. The apo form of the
protein was generated by calcium chelation through the addition of
EDTA to a final concentration of 25 mM.

X-Ray Scattering Data

Wide-angle X-ray scattering (WAXS) data were collected at the Bio-
CAT undulator beam line (18ID) at the Advanced Photon Source
(APS), Argonne, IL [32]. The experimental layout was arranged as
previously described [1] except that the specimen chamber was
enclosed in a Helium atmosphere to minimize air scatter. The sample
cell consisted of a thin-walled quartz capillary (1 mm 1.D.) attached
to a programmable pump (Hamilton Microlab 500 series) that was
adjusted to deliver continuous flow through the capillary during
data collection. The ambient temperature of the air surrounding the
capillary was kept lower than room temperature by attachment of a
5° bath to the brass capillary holder to minimize protein denaturation
during data collection. The X-ray scattering pattern was recorded
with a MAR165 2kx2k CCD detector. The specimen to detector
distance was 147.5 mm. The X-ray beam was focused to 40 X 180
pm (Vertical X Horizontal, FWHM) at the detector. Due to the long
depth of focus the beam was only slightly larger at the specimen.
The beamline is capable of delivering approximately 2 X 10™ pho-
tons/sec/100 mA of beam current. As previous experience on the
BioCAT beamline has demonstrated that proteins under a variety
of physical conditions are damaged after exposure times of a few
tenths of a second to a few seconds at these intensity levels, in
these experiments 20-36 pum thin aluminum foils were used as X-ray
beam attenuators to control the incident beam flux. The data were
collected at protein concentrations ranging from 12.6-48 mg/mL
(see figure legends and Experimental Procedures for specific values
and buffer conditions). A minimum of four and seven independent
5 s exposures were taken of the background buffer and protein
solutions, respectively, to reduce noise levels. Several measure-
ments of empty capillary scatter were also taken for subtraction
purposes. Exposures from sample and buffer were alternated to
minimize the possible effects of drift in any experimental parameter.

Data Processing
The two-dimensional scattering patterns collected in tiff format from
the CCD detector were integrated radially to one-dimensional scat-
tering intensity profiles using the program Fit2D version 9.129 [33-
35]. The origin of the diffraction pattern was determined by calculat-
ing the center of powder diffraction rings from lead stearate powder.
Calculation of scatter from protein was performed as previously
described [1] discarding outlier patterns due to the presence of
small bubbles in the quartz capillary sample holder. Small ambigu-
ities (less than one-tenth of one percent) in the relative scaling of
the scattering from solvent, capillary, and protein solution lead to
some uncertainty in the scaling of higher angle features relative to
the features in the 0.1 A-1 range. These were resolved on the basis of
self-consistency of features in patterns from homologous proteins.
Seven data sets were collected for each protein with and without
ligand and used to calculate mean scattering intensity and standard
deviations at each diffraction angle. The noise level apparent in
the observed scattering distributions or difference intensities in the
figures provides an accurate measure of these standard deviations:
there is a high degree of correlation between the scattering intensity
at adjacent points in these (highly oversampled) plots but the data
collected at adjacent points are independent of one another. Conse-

quently, the random fluctuations exhibited by the plots trace out
the range of intensity consistent with the multiple data sets, thereby
reflecting the magnitude of errors intrinsic to the data sets.

Prediction of Scatter Pattern from Protein Based

on Crystallographic Coordinates

Predictions of WAXS from proteins can be generated from their
atomic coordinates when their crystallographic structures are avail-
able using the program CRYSOL [10]. This calculation makes stan-
dard assumptions about the hydration shell and rigidity of the pro-
tein. Discrepancies between calculated and observed WAXS
patterns may be interpretable on the basis of differences in protein
structure between crystal and solution including differences in aver-
age positions of atoms in the structure and its flexibility [1]. WAXS
patterns were calculated from crystallographic coordinates using
the program CRYSOL [10] (version 2.3, http://www.emblhamburg.
de/Externallnfo/Research/Sax/manual_crysol.html) using 50 spheri-
cal harmonics and default parameters for calculation of solvation
shell and particle envelope. A maximum allowed number of Fibo-
nacci grid points of 18 was used for all calculations. No attempt
was made to directly fit the CRYSOL-calculated pattern to the exper-
imental data.
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