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Antibodies are important tools to explore receptor–
ligand interactions. The anti-integrin antibody OPG2
binds in an RGD-related manner to the aIIb b3 integrin
as a molecular mimic of fibrinogen. The Fab fragment
from OPG2 was cocrystallized with a peptide from the
b3 subunit of the integrin representing a site that
binds RGD. The crystal structure of the complex was
determined at 2.2-Å resolution and compared with the
unbound Fab. On binding the integrin peptide there
were conformational changes in CDR3 of the heavy
chain. Also, a significant shift across the intermolecu-
lar interface between the CH1-CL domains was ob-
served so that the angle of rotation relating the two
domains was reduced by 15°. This unusual conforma-
tional adjustment represents the first example of
ligand-induced conformational changes in the car-
boxyl domains of a Fab fragment. © 1998 Academic Press

Integrins are cell-surface receptors that mediate cell
adhesion and cell-interactions (1, 2). These transmem-
brane glycoproteins are composed of a and b subunits
that form non-covalent heterodimers; the formation of
the ligand-binding site requires the contribution of se-
quences from both subunits. These receptors modulate
a number of diverse cell-adhesion phenomena, often
through recognition of the sequence arginine-glycine-
aspartic acid (RGD). This recognition site was first

identified in fibronectin (3, 4) but is also present in
other matrix or adhesion proteins such as vitronectin
or fibrinogen. Several integrins recognize the RGD se-
quence. Specific recognition of the RGD ligands by
individual receptors is influenced by the conformation
of the RGD tripeptide as well as amino acids in flank-
ing sequences (5, 6). Cell adhesion ligands and inte-
grins influence disease-related processes such as tu-
mor cell invasion and metastasis or thrombosis and
therefore synthetic peptides or mimetic compounds are
potential agents for treatment of these disorders.

Antibodies are important tools to explore receptor-
ligand interactions. When the antibodies are directed
to the ligand-binding site of the receptor, the
complementarity-determining regions (CDR) of the an-
tibody may be conformationally similar to the receptor
ligand. We previously determined the high resolution
crystal structure of the antigen-binding fragment (Fab)
from the OPG2 antibody (7) which is an anti-integrin
antibody. This antibody (8) as well as two homologous
antibodies; PAC-1 (9) and LJ-CP3 (10) are anti-
receptor antibodies that bind specifically to the aIIbb3
integrin. Each of these antibodies bears the sequence
arginine-tyrosine-aspartic acid (RYD) in the CDR3
(H3) of the heavy chain. These antibodies are “molec-
ular mimics” of fibrinogen since they inhibit binding of
fibrinogen to the aIIbb3 integrin on platelets. When the
RYD sequences in the CDR3 loop was replaced by an
RGD sequence, the OPG2 antibody retained specificity
for the aIIbb3 integrin (11); i.e., it bound selectively to
aIIbb3 and not to avb3. Moreover, it has been demon-
strated for RGD-containing analogs of OPG2 and
PAC-1 (AP7 and PAC-1.1) that sequences adjacent to
the RGD sequence influence binding to resting or acti-
vated conformations of the platelet integrin (12).

We know from the crystal structure of OPG2 (7) that
these Fabs are structural as well as functional mimics
of natural RGD ligands. When compared to the struc-
ture of the fibronectin cell adhesion module (13) that
contains the RGD tripeptide, we observed that there is
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a common molecular scaffold shared between the fi-
bronectin module and the VH domain of the OPG2
antibody (14). This unexpected structural homology
means that the RGD sequences are located in structur-
ally equivalent loops in the two proteins. The shared
scaffold is used to present the tripeptide for receptor
recognition.

In OPG2, a striking feature of the structure was the
CDR3 (H3) loop which protrudes from the surface of
the molecule (7). The RYD sequence was well ordered
and located at the tip of this loop, at a distance of ;12
Å from the location of the combining site in other
antibodies. Inspection of the atomic model revealed no
prominent antigen-combining cavity suggesting that
the antibody binds to the integrin as a ligand with a
protruding loop that can interact with the receptor
binding site. The RYD peptide is found in a “b-type”
turn. The most interesting feature of this turn is the
fact that the RYD sequence assumes two alternate
conformations with equal occupancy. The conforma-
tional presentation of the RGD sequence is important
for binding by specific integrins. The alternate confor-
mations clearly defined in OPG2 may represent two
conformations recognized by distinct receptors. On the
other hand, the two conformations may correspond to
alternate positions that the side chains assume in the
free state versus when bound to integrin. To evaluate
this hypothesis, we made a complex of the OPG2 Fab
with a synthetic peptide from the b3 subunit, focusing
on the sequence around residue 119. This region was
selected because a mutant receptor from a thrombas-
thenic patient has an interchange of D 3 Y at this
position (15) and the mutant receptor fails to bind
fibrinogen, RGD ligands and OPG2.

In this study, the Fab fragment from OPG2 was
cocrystallized with the peptide from the b3 subunit and
the structure was solved at high resolution. Significant
conformational changes were observed when the struc-
tures of the liganded and unliganded Fab were com-
pared. On binding to the integrin peptide, there were
conformational movements in the H3 loop of VH. Also,
binding to the integrin peptide caused a significant
shift in the CL-CH1 modules of the Fab. The two do-
mains shifted across the intermolecular interface so
that the angle of rotation relating the two domains was
reduced by nearly 15°. This conformational adjustment
is highly unusual for antigen–antibody interactions
and represents the first example where ligand-induced
conformational changes are seen in the carboxyl do-
mains of an Fab fragment.

MATERIALS AND METHODS

Crystallization. Two synthetic peptides were tested for cocrystal-
lization with the OPG2 Fab. The peptides corresponding to residues
115-131 or a shorter peptide encompassing residues 119–131 from
the b3 subunit were synthesized using F-moc chemistry employing a
Milligen Model 0.05 Pepsynthesizer (Milligen/Bioresearch). Peptides

were purified to at least 95% homogeneity using a C18 reverse-phase
HPLC column (Beckman Instruments, Inc.). The sequence of the
longer peptide was: Tyr-Tyr-Leu-Met-Asp-Leu-Ser-Tyr-Ser-Met-Lys-
Asp-Asp-Leu-Trp-Ser-Ile. OPG2 Fab was cleaved from the intact
antibody with papain and purified as described previously (16). The
peptides were mixed at 1:1 molar ratios with the Fab in 0.1 M sodium
acetate, pH 5.5. The mixtures were tested for crystallization using
conditions that produced large crystals of the native OPG2 Fab alone
(imidazole-malate pH 5.8, PEG 1000, sodium chloride; (16)). In other
trials, a sparse matrix sampling (17) was used to screen pH, buffers,
and precipitants using the Crystalscreen I kit (Hampton, Inc.).

Crystallization trials were set up in hanging drops using the vapor
diffusion method. Prismatic crystals formed at 22°C from solutions
containing PEG 8000 in 0.1 M cacodylate, pH 6.5. Large crystals
were obtained in one month under the following conditions: 2 mL
protein/peptide solution at a concentration of 21 mg/ml was mixed
with 2 mL of the reservoir solution (16% PEG 8000, 0.1 M cacodylate,
pH 6.5, 0.2 M calcium acetate).

Mass spectrometry. To confirm the presence of peptide in the
crystals, large crystals were washed extensively with the reservoir
solution free of protein mother liquor and dissolved in trifluoroacetic
acid/acetonitrile for mass analysis. Measurements were made using
a Kratos Kompact MALDI 1-TOF mass spectrometer which has
picomole sensitivity and a wide mass range capable of accurate mass
calculations on samples such as the dissolved crystals which contain
two components of vastly different mass (i.e., ;2,150 and 47,970
daltons respectively for the peptide and the Fab). To ensure accu-
racy, samples were measured in three independent runs with over-
lapping calibrations.

Data collection. X-ray diffraction data were collected from one
crystal to 2.2-Å resolution using a Rigaku RU-200 rotating anode
X-ray generator and two San Diego Multiwire Systems area detec-
tors.

Structure solution. For phase calculation and structure solution,
the molecular replacement method (18) was used. The starting probe
model was the OPG2 Fab [Brookhaven Protein Data Bank (19)
accession number 1OPG. Rotation searches were performed with the
intact probe model and also with the VL-VH and CL-CH1 pairs. For
the intact probe searches, the “elbow bend” angle was varied in
X-PLOR (20). The rotation function search was followed by Patterson
correlation refinement in X-PLOR. Translation function searches
were done in X-PLOR for the orientations identified from the rota-
tion function with a search grid of 1 Å. From these searches, a full
model of the Fab was assembled and adjusted with rigid body refine-
ment, positional refinement and simulated annealing in X-PLOR
(21). Residues 101-110 in the heavy chain, corresponding to the third
CDR (H3) were deleted in the model. Refinement with PROLSQ in
GPRLSA (22, 23) was alternated with model building using FRODO
(24) and O (25). Solvent atoms (312 atoms) were added to the model
except in the region of the binding cavity and refinement continued
8.0 to 2.0 Å data. To identify the position of the peptide, 2Fo-Fc

difference maps and OMITMAPS (26) were implemented. Finally,
the residues in the H3 loop were fitted to the model where clearly
defined density was observed. The final coordinates have been sub-
mitted to the Brookhaven Protein Data Bank (19) under accession
number 1bm3.

RESULTS AND DISCUSSION

Crystallization of the complex. For cocrystallization
of the integrin peptide with the anti-integrin Fab, we
selected a sequence from the b3 subunit that had been
previously shown to be critical for RGD ligand recog-
nition by integrins that contain the b3 subunit (aIIbb3
or avb3). Experiments where RGD-containing peptides
were crosslinked to the aIIbb3 integrin localized the
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region between residues 109–171 of the b3 polypeptide
in proximity to the ligand binding site (27). Within this
region, a mutation at residue 119, substituting a ty-
rosine for aspartic acid caused complete loss of ligand
binding (15). Because the OPG2 antibody binds to the
aIIbb3 integrin in an RGD-dependent manner, this se-
quence was chosen to begin the peptide binding stud-
ies. The goal was to crystallize a fragment of the inte-
grin ligand-binding site in complex with the OPG2
ligand. Since the H3 CDR that bears the RGD site was
ordered and well-defined in the crystal lattice, it was
hoped that the crystal structure of the complex could
provide data on the molecular contacts between the
RGD sequence and the b3 subunit.

Two synthetic peptides were synthesized to corre-
spond to this region of the beta chain. One sequence
consisted of residues 119 to 131 with the mutation site
located at the amino-terminus of the peptide, while the
second peptide was four residues longer beginning at
residue 115 and extending to residue 131. When the
short peptide was tested for complex cocrystallization
using conditions that produced large crystals of the
Fab alone [0.02 M imidazole-malate, pH 5.6, 0.16 M
NaCl, PEG 1000; (16)], crystals with the morphology of
native crystals appeared, suggesting that a complex
had not been formed. In contrast, complexes formed
with the larger peptide failed to crystallize under “na-
tive” conditions, but large crystals were obtained with
quite different crystallization conditions: 0.1M cacody-
late, pH 6.5, 0.2 M calcium acetate, and PEG 8000.
Under these conditions, unliganded Fab failed to crys-
tallize. Once large crystals were produced, they were
washed extensively to remove all mother liquor and
dissolved. The presence of both Fab and peptide in the
crystals was confirmed by mass analysis using MALDI
mass spectrometry (results not shown).

Large crystals formed in space group A2 with a 5
74.11, b 5 90.05, and c 5 79.11 Å and b 5115.3°.
Diffraction data were collected from a single crystal to
2.0-Å resolution.

Structure solution. The structure of the OPG2 Fab
in complex with the b3 peptide was determined at
2.0-Å resolution by molecular replacement methods.
The final R factor for 8.0–2.0 Å data was 0.15 after
refinement of 3377 protein atoms and 312 solvent at-
oms. The final refinement statistics are presented in
Table I. The structure of the Fab was well-defined
except for residues 102–107 in CDR3 (H3) of the heavy
chain. Disappointingly, there was no clearly defined
density for the peptide. (To absolutely verify that the
peptide was bound to the protein in the crystal, final
mass spectrometric analysis was performed on the ac-
tual crystal used for data collection, and the presence
of both Fab and peptide was confirmed; data not
shown). There is a head-to-tail packing of the Fabs in
the crystal lattice and there is ample room for the

peptide to be accommodated so the lack of defined
density is probably not due to steric limitations and
crystal lattice interactions.

In the unliganded OPG2 Fab (7), the entire molecule
was clearly determined including the H3 loop which
was a striking feature of the Fab. This loop, consisting
of residues 101–110, protruded from the surface of the
molecule. The RYD sequence was located at the tip of
this loop about 12 Å from the location of the combining
site in other antibodies. During the examination of the
structure of the unliganded OPG2 molecule, we noticed
that the Fab had no prominent binding cavity and
proposed that the antibody binds to the integrin as a
ligand with a protruding loop that can interact with
the receptor binding site. Comparison of this H3 loop in
the liganded and unliganded Fab suggests that this
loop is flexible and that a conformational rearrange-
ment of the RYD(RGD) loop may occur on binding
integrin. Since there is no actual combining cavity in
the antibody, there is no crevice for the peptide to bind.
If principal contacts between the integrin sequence and
the antibody are mediated by the H3 loop, then it is
possible that flexibility in this loop could permit a
range of conformations and consequently a range of
locations for the bound peptide. In this case, there
would be no clearly defined density for the peptide or
the flexible regions of the H3 loop. There are prece-
dents for conformational adjustments of more that 5 Å
in the H3 loop upon ligand binding of two anti-viral
antibodies (28, 29). In both of these studies there was a
large rearrangement of the CDR3 of the heavy chain to
accommodate the ligand.

Conformational changes in the integrin-bound form
of the OPG2 Fab. While there were major conforma-
tional adjustments in the H3 loop of OPG2 when pep-
tide bound, there were less dramatic changes in the
other five CDR loops in the Fab. When the five clearly
defined CDRs were superimposed, the overall rms de-
viation between corresponding a-carbons was 0.64 Å.
As shown in Fig. 1, the major differences between the

TABLE I

Refinement Statistics

Final Target

Resolution range (Å) 8.0–2.0
Average B (Å2) 27.7
Crystallographic R-factor (%) 15.2
Number of reflections used 20334 . 3s(F)
Number of atoms 3377
Number of waters 312
RMS deviation from ideal distances (Å)

Bond distances 0.017 0.020
Angle distances 0.062 0.045
Planar 1–4 distances 0.041 0.035

RMS deviation from ideal planarity (Å) 0.015 0.020
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loops in the bound and free forms were in the relative
positions of side chains. In particular, aromatic side
chains in H2, L2, and L3 shifted when ligand was
bound. The location of the hydroxyl groups of tyrosines
H57 and L50 differed by 6.4 and 1.08 Å, respectively,
and the position of tryptophan L94 (measured at atom
CH2) shifted by 2.6 Å.

The pseudo-twofold rotation axes relating variable
and constant domain pairs of the unliganded and li-
ganded OPG2 Fabs, as well as the “elbow bend” angle
between the V and C domain pairs are listed in Table
II. When the two Fabs are superimposed the rms de-
viation between corresponding a-carbons is 1.68 Å (for
432 a-carbons excluding residues 101–109 in the H3
loop). When just the Fv fragments (i.e., VL-VH domain
pairs) were superimposed, the positions of 227
a-carbons overlapped with an rmsd 5 0.54 Å. In con-
trast, when the CL-CH 1 domain pairs were superim-
posed the average rmsd was 1.03 Å. The differences in
the positions of corresponding atoms in the C domain
pairs reflect the fact that the quaternary organization
of the C domains is strikingly different in the two
antibodies. As listed in Table II, the pseudotwofold
rotation angles relating the C domains are quite dif-
ferent (13°). The rotation angle relating V domain pairs

differs by ;8°. The overall folding patterns of the li-
ganded and unliganded Fabs are compared in Fig. 2.
When viewed in the orientation in the lower panel in
this figure, it could be assumed that the “elbow angle”
relating the V and C pairs changes when ligand is
bound, however, as tabulated in Table II, the “elbow
angles” differ by only 2° in the two Fabs. Since the
rmsd for comparable a-carbons is greater in the over-
lapped C domain pairs than in the V domain pairs, and
the difference in the rotation angle relating the light
and heavy chain C domains is greater than the rotation
angle relating V domains, the results suggest that
OPG2 undergoes a conformational change on binding
the integrin peptide and that this change is reflected
principally in the quaternary orientation of the C do-
mains.

Conformational changes on ligand binding fre-
quently are observed in the H3 loop in the V domain of
the heavy chain and also in the relative arrangement of
the VH-VL domains (reviewed in Ref. 30). It is more
unusual to observe conformational differences involv-
ing the C domains in comparisons of the bound and
unbound forms of antibodies. In one study, upon bind-
ing of a small ligand, the C domain pair of the NC6.8
Fab was displaced by 19°, but this shift was also ac-
companied by a 31° change in the “elbow bend” angle
(31). With OPG2, the conformational differences be-
tween liganded and unliganded forms are principally
located in the C domains with a shift that affects the
interdomain interactions between the domains without
significant change in the “elbow bend”. To our knowl-
edge, this is the first indication of rearrangement of the
quaternary packing of C domains in the liganded form
of an antibody.

With regard to the conformational change in the H3

FIG. 1. Comparison of CDR loops in the antigen-combining site in the bound and unbound form of OPG2. In this stereoplot, residues for
five CDR loops that were ordered and visible in the electron density map are superimposed: thick lines represent atoms from the
peptide-bound OPG2 and thin lines correspond to atoms from the unliganded OPG2. Selected residues are labeled for identification of the
loops. Residues shown in the figure for the light chain are CDR1, residues L25 to L32; CDR2, residues L47 to L54, CDR3, residues L90 to
L96. For the heavy chain residues for two loops are shown: CDR1, residues H24 to H32 and CDR2, residues H51 to H57. Note that the
positions of the backbone atoms in these five CDRs are closely similar. This observation and the fact that CDR3 from the heavy chain
undergoes significant conformational changes on binding peptide suggests that the principal contacts for the peptide are made by CDR3.

TABLE II

Comparison of Rotation Axes and “Elbow Bend” Angles
for the Bound and Unbound Form of OPG2 Fab

Axis or angle OPG2 bound OPG2 unbound

VLVH pseudotwofold 178° 169°
CLCH pseudotwofold 159° 172°
Elbow bend angle 152° 150°
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CDR loop upon peptide binding, the fact that this loop
becomes disordered in the Fab-peptide complex sug-
gests that the peptide is bound directly to the H3 loop
with few interactions with other CDR loops in the Fab.
In one study of the Fab-peptide complex of a monoclo-
nal antibody raised against HIV-1 protease, an inter-
molecular antiparallel b-sheet was formed between the
peptide and the H3 loop and significant conformational
changes occurred in this CDR with peptide binding
(32). On the other hand, CDR H3 of the antitumor
antibody BR96 did not undergo conformational
changes on antigen-binding even though there were
significant contacts made by this loop with the carbo-
hydrate antigen (33).

Perhaps the flexibility induced in the H3 loop of
OPG2 results from the fact that this antibody is a
mimic of functional cell adhesion molecules such as
fibronectin or disintegrins, with a common structural

scaffold for presentation of the RGD sequence (14). In
these molecules the RGD sequence is frequently lo-
cated at the tip of a flexible loop. Recently the struc-
tures of the free and antibody-bound form of the RYD
sequence from the Leishmania surface glycoprotein
gp63 were determined by NMR (34). Interestingly, the
backbone conformations of the free and bound RYD
peptides were closely similar to the two conformations
seen in OPG2 (7).

Within the class of immunoglobulins, the H3 loop of
the OPG2 Fab belongs to a small subset of molecules
where the loop extends well away from the combining
site (35, 36). This feature may permit close penetration
of the ligand mimic into the ligand binding site on the
integrin. The unusual re-orientation of the C domains
in OPG2 on peptide binding suggests that anti-receptor
antibodies that mimic ligands and actually bind in the
recognition pocket of the receptor may not exhibit the

FIG. 2. Schematic representation to compare the polypeptide backbone of the bound and unbound form of OPG2 Fab. The images
represents the a-carbon backbones for the two crystal forms with thick lines corresponding to OPG2 bound to peptide and thin lines
corresponding to the unbound form. For this figure the a-carbons for the VHVL domain pairs (toward the top in each panel) were
superimposed. The two views represent this superimposition as seen after a 90° rotation of the top view to generate the view in the right
panel. In the latter view, the dramatic shift in the CL-CH1 pairs is evident.
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conformational adjustments typically seen in antibod-
ies that undergo an induced fit of antigen in the com-
bining site.
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