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ABSTRACT: The purpose of this investigation was to determine what structural changes convert “inert”
RIIbâ3 integrins into “activated” high-affinity receptors for adhesive proteins. Light scattering, analytical
ultracentrifugation, electron microscopy, and molecular modeling were used to probe the conformational
states of theRIIbâ3 integrin. Isolated from human blood platelets in octyl glucoside, theRIIbâ3 complex
behaved as an asymmetric 230 kDa macromolecule with az-average translational diffusion coefficient of
2.9 F and a weight-average sedimentation coefficient of 7.7 S. Dynamic light scattering showed that
ligand-mimetic peptides (RGDX, X) F, W, S) caused prompt, concentration-dependent increases in the
Stokes radius (Rs) of the RIIbâ3 complex, whereas control peptides of reversed sequence (XDGR, X)
F, W, S) had no significant effect. Sedimentation velocity data coupled with time-derivative analyses
showed that RGDX peptides shifted the distribution ofRIIbâ3 sedimenting species toward smallersvalues.
Sedimentation equilibrium measurements indicated that a slower increase in theRIIbâ3 molecular weight
distribution took place in the presence of RGDX ligand-mimetics. Electron microscopy showed a split of
RIIbâ3’s globular domain into two distinct nodules in the presence of RGDX peptides; oligomers joined
through their stalk regions were seen frequently. These observations suggest that receptor occupancy by
ligand-mimetic RGDX peptides is tightly coupled to relatively large changes in the structure of theRIIbâ3
complex.RIIbâ3 bead models were developed to describe quantitatively the ligand-induced transition
from a “closed” to an “open” integrin conformation and the limited oligomerization that follows. This
provides a new mechanistic framework for understanding integrin activation and the formation of signaling
clusters on the surface of stimulated platelets.

Integrins are the major class of transmembrane receptors
responsible for cell-cell and cell-matrix interactions (1-
3), ranging from embryonic development, cell differentiation,
and migration to programmed cell death (4, 5). Integrins also
contribute to pathophysiological processes that involve blood
clotting and inflammation as well as tumor growth and
metastasis (6, 7). Despite major advances in cell and
molecular biology in the past decade, many questions remain
concerning the relationship between integrin structure and
function (1, 8). This work examines the conformational states
of one integrin, theRIIbâ3 complex, using an integrated
biophysical, electron microscope and molecular modeling
approach.

The 22 known members of the integrin superfamily are
all heterodimers, formed by the noncovalent association of
R andâ subunits that range in size from 90 to 200 kDa (9).

Features common to most integrin subunits include a large
extracellular domain, a single membrane-spanning region,
and a small carboxy-terminal intracellular domain (10-12).
While only limited high-resolution data are available (13-
15), several lines of evidence demonstrate that a conserved
feature of integrin quaternary structure is the divalent metal
ion-dependent association of the extracellular regions of the
R andâ subunits to form a ligand-recognition surface (16-
19).

Affinity modulation is a hallmark of several members of
the integrin superfamily, including theRIIbâ3 integrin (20-
22). Present at remarkably high density on the surface of
circulating human blood platelets, the 226 kDaRIIbâ3
complex can serve as a high-affinity adhesive protein receptor
only after platelets have been activated by a stimulus such
as thrombin or ADP (8, 23). These stimuli trigger myriad
cytoplasmic pathways that involve calcium fluxes, phospho-
lipid metabolism, GTP-binding proteins, and protein kinases,
as well as cytoskeleton proteins (2, 24).

Parallel changes in theRIIbâ3 complex occur in a process
termed “inside-out” signaling that enables these newly
“activated” receptors to bind adhesive proteins such as
fibrinogen with greatly increased affinity (2, 9, 23). Evidence
for a linkage between platelet activation and changes in
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RIIbâ3 conformation comes from fluorescence energy trans-
fer measurements that demonstrated changes in the inter-
subunit distances of the membrane-boundRIIb and â3
polypeptides during the activation process (25).

Receptor occupancy itself initiates a cascade of intracel-
lular events termed “outside-in signaling” that involves
integrin structural alterations, receptor clustering, and sta-
bilization of the initially reversible ligand binding (1, 2, 6).
Evidence that ligand binding is coupled to conformational
changes in the platelet-boundRIIbâ3 complex comes from
the demonstration of neoantigenic sites on the receptor
following cellular exposure to ADP and fibrinogen or to
synthetic peptides that contain an Arg-Gly-Asp (RGD)
integrin-targeting sequence (26).

Ligand-induced conformational changes leading to a
functional receptor have also been described for the purified
RIIbâ3 complex (21, 27). For example, prolonged incubation
with either RGDS1 or a synthetic peptide corresponding to
the carboxy-terminal integrin binding site on fibrinogen
(LGGAKQAGDV) has been shown to increase the Stokes
radius and decrease the sedimentation coefficient of the
RIIbâ3 complex (28). NMR studies have indicated that
GRGDSP can also induce conformational changes in the
RIIbâ3 complex (29). However, these experiments were
performed in the presence of concentrations of sodium
dodecyl sulfate that may have perturbed the native structure
of the isolated integrin. Evidence for ligand-coupled integrin
clustering has also been obtained withRIIbâ3 reconstituted
into a lipid environment. Interestingly, the multivalent ligand
fibrinogen caused receptor self-association, but monovalent
ligand-mimetic peptides did not (30).

Given the recent interest in understanding integrin affinity
modulation and signaling in structural terms (31-33), we
initiated a study of the effects of a series of ligand-mimetic
peptides of sequence RGDX onRIIbâ3 conformation and
oligomerization. The solution structure of theRIIbâ3 com-
plex, isolated in the nondenaturing detergent octyl glucoside,
was characterized by a combined hydrodynamic and ther-
modynamic approach. This involved classical and dynamic
light scattering (34) as well as sedimentation velocity and
equilibrium measurements (35), each performed in the
presence/absence of a set of low molecular weight ligands.
Complementary structural insights were obtained by trans-
mission electron microscopy (17). Results will be discussed
in terms of a new series of domain models (36) for the initial
and ligand-boundRIIbâ3 complex.

EXPERIMENTAL PROCEDURES

Purification of theRIIbâ3 Complex.The platelet integrin
receptorRIIbâ3 was isolated from human blood platelets
(American Red Cross, Triad Blood Center, Winston-Salem,
NC) by methods previously described in detail (34), with
the following modifications. Samples enriched inRIIbâ3 by

cell fractionation and lentil lectin chromatography (Pharma-
cia, Piscataway, NJ) were eluted from a 0.9× 85 cm column
of Ultrogel 34 (LKB, Bromma, Sweden) at 4°C in a pH 7.4
buffer containing 0.13 M NaCl, 0.01 M HEPES, 0.002 M
CaCl2, 3× 10-8 M basic trypsin inhibitor (aprotinin, Sigma),
10-6 M leupeptin, and 0.03 Mn-octyl â-D-glucopyranoside
(octyl glucoside, OG, Sigma). Peak fractions were then
concentrated in an Amicon pressure concentrator with a
PLHK cellulose membrane, 100 000 Da retention limit
(chosen for its low protein binding). When required, rapid
buffer exchange or peptide removal was accomplished by
sedimentingRIIbâ3 samples (0.1 mL) through 1 mL columns
of G-25 Sephadex (Pharmacia) at 1000g for 2 min. Samples
characterized by SDS-PAGE followed by staining with
Coomassie Brilliant Blue R-250 exhibited polypeptides with
electrophoretic mobilities on nonreduced and reduced samples
characteristic of theR andâ subunits of the platelet integrin
receptor (34, 37). RIIbâ3 concentrations were determined
by ultraviolet absorbance measurements (LKB Ultrospec)
using an extinction coefficient at 280 m of 1.21 mL mg-1

cm-1, as previously described (34, 38).
Ligand-Mimetic Peptides.The following peptides were

synthesized by the Protein Analysis Core Laboratory of the
Comprehensive Cancer Center of Wake Forest University
(Winston-Salem, NC):L-arginyl-L-aspartyl-glycyl-L-phenyl-
alanine (RGDF), L-arginyl-L-aspartyl-glycyl-L-tryptophan
(RGDW), L-arginyl-L-aspartyl-glycyl-L-serine (RGDS),L-
phenylalanyl-L-aspartyl-glycyl-L-arginine (FDGR),L-tryp-
tophanyl-L-aspartyl-glycyl-L-arginine (WDGR), andL-seryl-
L-aspartyl-glycyl-L-arginine (SDGR). Each synthesis was
carried out on an automated peptide synthesizer (model
430A, Applied Biosystems, Inc., Foster City, CA) using
previously described protocols (39). Each peptide was
characterized by high-performance liquid chromatography
and shown to have the correct amino acid sequence using
an Applied Biosystems 475 automated peptide sequencer
(39). Peptide concentrations were determined by quantitative
amino acid composition analyses (39) of samples of stock
solutions (that were stored for up to 6 months at-70 °C).

Static and Dynamic Light Scattering: Instrumentation and
Data Analyses.Measurements of the molecular weight and
translational diffusion coefficient of theRIIbâ3 complex were
performed with a Brookhaven Instruments BI-2030 AT
correlator, operated in conjunction with a BI-200 SM light
scattering goniometer/photon counting detector and a Spectra
Physics 127 He-Ne laser (35 mW, equipped with a vertical
polarization rotator) as previously described (34), with the
following modifications. Light was collected at a right angle
from samples ofRIIbâ3 or buffered octyl glucoside contained
in specially formulated Ultra-Micro cuvettes with three
windows and a filling volume of 120µL (Hellma Cells, Inc.,
Forest Hills, NY). Each cuvette was contained in a thermo-
stated (25.0°C) refractive-index-matching bath (34).

For molecular weight determinations, sample scattering
intensities were corrected for solvent scattering and expressed
relative to that of a benzene standard (34). This information
coupled with measurements of protein concentration by UV
absorbance and a refractive index increment (dn/dc) of 0.243
cm3 g-1 (34) was used to calculate the weight-average
molecular weight ofRIIbâ3 samples using Rayleigh-Gans-
Debye theory (40). For translational diffusion coefficient
determinations, each intensity-normalized photon count au-

1 Abbreviations: OG,n-octyl â-D-glucopyranoside (octyl glucoside);
RGDF,L-arginyl-L-aspartyl-glycyl-L-phenylalanine; RGDW,L-arginyl-
L-aspartyl-glycyl-L-tryptophan; RGDS,L-arginyl-L-aspartyl-glycyl-L-
serine; RGDX,L-arginyl-L-aspartyl-glycyl-L-phenylalanine,L-arginyl-
L-aspartyl-glycyl-L-tryptophan,L-arginyl-L-aspartyl-glycyl-L-serine; FDGR,
L-phenylalanyl-L-aspartyl-glycyl-L-arginine; WDGR,L-tryptophanyl-
L-aspartyl-glycyl-L-arginine; SDGR,L-seryl-L-aspartyl-glycyl-L-argin-
ine; BEADS, beads modeling system; PROMOLP, protein molecular
parameters; GRUMB, graphical utilities for modeling with beads.
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tocorrelation function obtained for theRIIbâ3 complex was
corrected for the contributions of octyl glucoside micelles
and then analyzed by the method of cumulants, as previously
described (34).

Analytical Ultracentrifugation: Instrumentation and Data
Analyses.Sedimentation velocity and equilibrium measure-
ments were performed in a Beckman Optima XL-A analytical
ultracentrifuge (Beckman Instruments, Palo Alto, CA)
equipped with absorbance optics and an An60 Ti rotor.
Sedimentation velocity data for theRIIbâ3 complex (alone
and in the presence of ligand-mimetic or control peptides)
were obtained in double-sector cells at 20°C at a rotor speed
of 35 000 rpm. Data were collected at 280 or 250 nm (with
buffered octyl glucoside and, in selected cases, peptides in
the reference sector) using a radial step size of 0.003 or 0.005
cm during the course of 3-5 h runs.

These data were analyzed using time-derivative software
(DCDT) provided by Dr. Walter Stafford (Boston Biomedical
Research Institute) to obtain the distribution of sedimenting
species, g(s*) (41). This process was repeated with four to
six sets of closely spaced sequential scans obtained during
the course of each sedimentation versus time profile, taking
care to meet the criterion that the time interval between the
first and last scan in each set not exceed the limit required
by the DCDT algorithm (41). The weight-average sedimen-
tation coefficient was obtained from each set by integrating
theg(s*) profile; the resultants*w values were plotted versus
1/t and extrapolated to 1/t) 0 to obtain a value forsw

corrected for the contributions of diffusion (41). In addition,
the Claverie simulation (42, 43) utility of SVEDBERG
software (44) (purchased from Dr. John Philo) was used to
generate sedimentation velocity data sets, using experimen-
tally determined sedimentation and diffusion coefficients as
input parameters. These simulated data were then analyzed
with DCDT software to yield computedg(s*) profiles for
comparison to experiment.

Sedimentation equilibrium data were collected from
RIIbâ3 samples (alone and in the presence of ligand-mimetic
or control peptides) contained in double-sector cells with
buffered octyl glucoside (and peptides, as required) in the
reference sector. Data were collected at 280 nm at rotor
speeds of 5000, 6000, and 8000 rpm at 20°C. The rotor
was run at each speed for 18 h, and then scans were obtained
at 20, 22, and 24 h. Scans were performed with a radial step
size of 0.001 cm, and three averages were obtained in the
continuous scan mode. Sequential scans at each rotor speed
were compared with MATCH software (45) to select those
that met equilibrium conditions. Truncated datasets (radial
distance beyond the sample meniscus; maximum absorbance
1.5) were obtained from these files with REEDIT software
(45).

These data, absorbance vs radial distance, were analyzed
by nonlinear regression with NONLIN to obtain the weight-
average buoyant molecular weightσ [and thusMw (45)] for
the RIIbâ3 complex alone and in the presence of ligand-
mimetic (or control) peptides. A value ofV ) 0.718 cm3

g-1 was calculated forRIIbâ3 from the amino acid and
carbohydrate compositions of theR andâ polypeptides with
correction for detergent binding (36). A solvent density)
1.008 g/cm3 was determined for buffered octyl glucoside
using a DA-130 M precision densitometer thermostated at
20 °C. NONLIN was used to perform global fits using input

data at a range of macromolecular concentrations and rotor
speeds to obtain a best fit value ofMw. MATCH, REEDIT,
and NONLIN have been provided by Dr. Emory Braswell
and the staff at the National Analytical Ultracentrifugation
Facility, Storrs, CT.

Rotary-Shadowed Specimens for Electron Microscopy.
Rotary-shadowed samples were prepared by spraying a dilute
solution (final concentration of about 20µg/mL) of molecules
in a volatile buffer [0.05 M ammonium formate at pH 7.4,
30 mM octyl glucoside, and 70% (v/v) glycerol] onto freshly
cleaved mica and shadowing with tungsten in a vacuum
evaporator (Denton Vacuum Co., Cherry Hill, NJ) (46-48).
These samples were examined in a Philips 400 electron
microscope (FEI Co., Hillsboro, OR), operating at 80 kV
and a magnification of 60 000×. Counts of molecules with
different conformations or different amounts of oligomers
were made from prints of the micrographs, using images from
many different areas of several different preparations to get
a random sample.

Selected light scattering measurements were also per-
formed withRIIbâ3 samples quickly equilibrated in a volatile
buffer similar to that used for electron microscopy, i.e., 0.05
M ammonium formate at pH 7.4, 30 mM octyl glucoside,
and 30% (v/v) glycerol. The glycerol concentration was
limited to 30%, as experiments with 20 nm diameter latex
spheres (Duke Scientific Co.) demonstrated that this con-
centration reduced the scattering intensity by∼40% and
decreased the apparent diffusion coefficient by a factor of
3, effects due to changes in solvent refractive index and
viscosity, respectively (49).

Bead Modeling. Bead models of theRIIbâ3 complex were
constructed, visualized, and analyzed using the BEAMS
(beads modeling system) set of computer programs devel-
oped by Rocco et al. (36, 50). In short, theRIIb and â3
polypeptide chains of theRIIbâ3 complex were each
represented as an ensemble of interconnected spheres. The
size and sequence boundaries of each 5-10 kDa sphere were
defined by biochemical, immunological, or electron micro-
scope criteria (36), utilizing the ancillary program PRO-
MOLP2 (protein molecular parameters). On the basis of
recent reports (51, 52), the bead volume due to bound water
was reduced∼18% compared to our earlier model (36); as
a result, 44 slightly smaller beads were used here to model
theRIIbâ3 complex. Table 2 (see Appendix) reports the bead
sequence assignments and molecular parameters.

These modifications were aided by the ancillary program
GRUMB (graphical utilities for modeling with beads) (50),
which also enables the visualization of the bead models
through the public domain software RasMol (53). The
BEAMS routine SUPC, which employs the hydrodynamic
theory for multisubunit particles (50, 54) to calculate solution
parameters of arrays of up to 1000 nonoverlapping beads,
was then used to calculate (at standard conditions: water at
20 °C) the translational diffusion coefficient,Dt, the Stokes
radius, Rs, and the sedimentation coefficient,s, for the
models. These calculations utilized molecular weights of
130 592, 95 396 (PROMOLP values), and 6000 (34) andV

2 PROMOLP (protein molecular parameters): Windows-based soft-
ware for the computation of physicochemical parameters of proteins
from primary structure data (M. Rocco, M. Martinis, C. Ruggerio, and
M. Molina, personal communication).
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values of 0.716, 0.711 (PROMOLP values), and 0.86 (55)
cm3 g-1 for theRIIb andâ3 subunits and for the OG micelle,
respectively. Coordinates and other parameters of the bead
models as well as the RasMol script files are available in
the electronic supplement to this paper (see Supporting
Inforation).

RESULTS

Characterization of theRIIbâ3 Complex. (A) Molecular
Weight.Light scattering intensity measurements were per-
formed on samples of theRIIbâ3 complex isolated by size-
exclusion chromatography in octyl glucoside. Analysis of
these data by Rayleigh-Gans-Debye theory (40) yielded a
weight-average molecular weight of (2.07( 0.16)× 105 (n
) 17; 0.28-1.03 mg/mL). This result is in close agreement
with our earlier experimental observations (34) and the value
of 2.26 × 105 calculated for the polypeptide chains from
primary structural data (56).

Molecular weight determinations were also performed by
the technique of sedimentation equilibrium, carried out as a
function of RIIbâ3 concentration (0.03-0.79 mg/mL) and
rotor speed (5000, 6000, and 8000 rpm). Analyses of the
individual datasets yielded molecular weights that exhibited
no significant dependence on either protein concentration or
rotor speed, consistent with a single ideal-species model (45).
Representative data are shown in Figure 1A. Therefore, 15
datasets were analyzed globally (45) to yield a weight-
average molecular weight of (2.29( 0.10) × 105 for the
RIIbâ3 complex. We note that sedimentation equilibrium
(unlike static light scattering) yields a molecular weight that
includes contributions from bound detergent (57), which in
this case increases the calculated molecular weight to 2.32
× 105 for the RIIbâ3 complex isolated in octyl glucoside
(34).

(B) Hydrodynamic Properties.Dynamic light scattering
data yielded a translational diffusion coefficient (extrapolated
to zero concentration and corrected to water at 20°C) of
D0

20,w ) 2.92 ( 0.16 F (n ) 17; 0.28-1.03 mg/mL; F)
Ficks, 1F) 10-7 cm2 s-1) for theRIIbâ3 complex (in octyl
glucoside) that stands in excellent agreement with our
previous results (34, 36).

Sedimentation velocity measurements performed on the
RIIbâ3 complex were each analyzed by the time-derivative
method (41) to obtain profiles of the distribution of sedi-
menting species as a function of time. Representative plots
of g(s*) vs s* are shown in Figure 1B for three sequential
time windows during the course of a single sedimentation
velocity experiment carried out at 35 000 rpm. Note that
while the peak position was essentially invariant at 8.4 S,
the distribution became sharper with increasing sedimentation
time, as expected for a single, noninteracting species (41).

Weight-average sedimentation coefficients,sw, obtained
by integrating theseg(s*) profiles, were somewhat dependent
on both the limits of integration and sedimentation time.
Therefore, the effects of the octyl glucoside micelles [mo-
lecular weight∼6000; calculated sedimentation coefficient
<1 S (34)] were minimized by setting 1 S as thelower limit
of integration. Time dependence was considered by plotting
s*w vs 1/t and extrapolating to 1/t ) 0 to obtain a diffusion-
correctedsw parameter (41). The resultantsw values were
extrapolated to zeroRIIbâ3 concentration. Analysis of the

complete dataset (n ) 9; 0.07-0.76 mg/mL), including
corrections for concentration dependence, solvent density,
and viscosity (58), yieldeds0

20,w ) 7.66( 0.39 S. A similar
analysis of the peak sedimentation coefficient data yielded
an extrapolated value of 8.4( 0.2 S.

Given these indications of sample heterogeneity, efforts
were made to compare the experimentally determinedg(s*)
profile to that expected for a single sedimenting species. Thus
a Claverie simulation (42-44) was performed using the
experimentally determined sedimentation and diffusion coef-
ficients of 8.4 S and 2.9 F, respectively. The resultant
simulated data were analyzed by the DCDT algorithm to
obtain a computedg(s*) profile, which is shown as a dashed
line in Figure 1B. A very similarg(s*) profile was obtained
using hydrodynamic parameters computed from a model of
theRIIbâ3 complex (described in a later section). While the

FIGURE 1: Characterization of theRIIbâ3 complex by analytical
ultracentrifugation. Upper panel: Sedimentation equilibrium profiles
for RIIbâ3 (0.74 mg/mL) in buffered octyl glucoside, expressed as
absorbance at 280 nm vs square of the radial distance. Data
presented were obtained at three different rotor speeds, following
a 22 h equilibration period at each speed: open circles (5000 rpm),
gray circles (6000 rpm), and black circles (8000 rpm). Solid lines
were obtained by fitting the complete dataset (15 files) to a single
ideal species model (using NONLIN); this procedure yieldedMw
) 229( 10 K. Deviations between the calculated and experimental
points are shown in the insert. Lower panel: Sedimentation velocity
profiles for RIIbâ3 (0.72 mg/mL) in buffered octyl glucoside,
expressed as the apparent sedimentation coefficient distribution
function,g(s*) vs s*, the apparent sedimentation coefficient (i.e.,
not corrected for diffusion). Lines depict profiles obtained by time-
derivative analyses (DCDT) of data obtained following sedimenta-
tion at 35 000 rpm (20°C) for the following times: 2717 s (dashed),
4158 s (dash-dotted), and 5997 s (solid). Note that the peak is nearly
invariant at 8.4 S (corrected to water at 20°C). Integration of these
profiles yielded a set of weight-average sedimentation coefficients
that were extrapolated to 1/t ) 0 to obtains20,w ) 8.24( 0.11 S
for this experiment. The dotted line was obtained by processing
data from a Claverie simulation with the DCDT algorithm and
corresponds to 8.4 S and 2.9 F.
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calculated line corresponds quite closely to the main peak
of the experimental profile, this analysis does reveal the
presence of small quantities of species running at<6 S and
>12 S.

Summary of the Biophysical Properties of theRIIbâ3
Complex. Table 1 summarizes our biophysical characteriza-
tion of the RIIbâ3 complex. We note that the molecular
weight values determined by three independent methods,
namely, static light scattering, sedimentation equilibrium, and
hydrodynamics [calculated froms0

20,w andD0
20,w using the

Svedberg equation (58)], are in excellent agreement with the
value of 232 K derived from amino acid and carbohydrate
composition data (56). Both the sedimentation and diffusion
coefficients are consistent with an asymmetric shape for the
RIIbâ3 complex, since a spherical macromolecule with
bound water and detergent would exhibit a translational
diffusion coefficient of 4.2 F and a sedimentation coefficient
of 11 S (58), values nearly 50% greater than our experimental
parameters. However, the experimentally determined hydro-
dynamic values are in close agreement with the properties
of a domain model of theRIIbâ3 complex that we reported
earlier (34, 36). This characterization of the native state of
theRIIbâ3 complex will form the basis for judging the effects
of receptor occupancy by ligand-mimetic peptides, described
next.

Effects of Ligand-Mimetic Peptides onRIIbâ3 Physical
Properties. (A) Biological ActiVity. Prior to their use in
biophysical measurements, the biological activity of each
peptide was measured in a platelet aggregation assay, and
the data were analyzed to determine the peptide concentration
required to reduce the initial rate of aggregation to 50% of
its control value, denoted the IC50 (39). The active peptides
(i.e., those with sequence RGDX) exhibited the following
IC50 values: RGDF, 43( 10 µM; RGDW, 20 ( 3 µM;
RGDS, 200( 25 µM. Control peptides (i.e., those with
reversed sequence XDGR) had no significant effect on
platelet aggregation at concentrations up to 750µM.

(B) Stokes Radius.Dynamic light scattering measurements
were performed on samples ofRIIbâ3 following addition
of ligand-mimetics of sequence RGDX to achieve peptide
concentrations in the range 0.05-0.6 mM. Consider first
RGDF, where an increase in the Stokes radius (Rs ) kT/
Dtrans) was observed within 10 min of peptide addition. Data
collected over a subsequent 3-4 h interval indicated that
these changes were stable, leading to a 14( 4% (n ) 6)
increase inRs in the presence of RGDF at concentrations in
excess of 0.15 mM. In contrast, addition of FDGR caused
only a 3( 1% (n)2) increase in Rs. These changes in the
Stokes radius exhibited a hyperbolic dependence on RGDF
concentration and appeared to approach saturation at the
highest concentrations examined (Figure 2A). In contrast,
only small changes in molecular weight (determined from

the scattering intensity) were observed in the presence of
either RGDF or control peptide FDGR (Figure 2B).

RGDW also yielded a specific, concentration-dependent
increase inRs for theRIIbâ3 complex. The maximum change
determined with RGDW (10( 3%; n ) 3, at >0.15 mM
peptide) was comparble to that found with RGDF, and it
exceeded the 4% increase inRs measured with control peptide
WDGR (Figure 2A). Only small changes in molecular weight
were observed in the presence of either RGDW or WDGR
(Figure 2B).

RGDS was found to be the least effective modulator of
RIIbâ3 conformation in that a maximum 5% increase inRs

was observed at 0.58 mM peptide, compared to a 3% increase
with SDGR (Figure 2A). However, both the Stokes radius
and the molecular weight distribution exhibited small, time-
dependent increases over a period of 4 h in thepresence of
RGDS (data not shown).

Table 1: Biophysical Characterization of theRIIbâ3 Integrin

parameter technique result

molecular weight static light scattering 207( 16 Ka

molecular weight sedimentation equilibrium 229( 10 Kb

molecular weight hydrodynamics (s andD) 231( 14 Kb

translational diffusion coeff dynamic light scattering 2.92( 0.16 F
sedimentation coeff (weight average) sedimentation velocity 7.66( 0.39 S
sedimentation coeff (peak) sedimentation velocity 8.40( 0.20 S

a Polypeptide chain.b Polypeptide chain plus bound detergent.

FIGURE 2: Effects of ligand-mimetic peptides onRIIbâ3 solution
conformation determined by dynamic and static light scattering.
Upper panel: Fractional change in theRIIbâ3 Stokes radius as a
function of peptide concentration for active RGDX peptides (filled
symbols) and control XDGR peptides (open symbols); X) F
(circles), W (squares), and S (triangles). Data were obtained by
dynamic light scattering measurements of the right angle intensity
autocorrelation function ofRIIbâ3 ( peptide, analyzed by the
method of cumulants, following correction for solvent contributions.
Error bars depict the standard deviation of replicate measurements
(n ) 7-10) performed on each sample. Note the approximate
hyperbolic increase inRs observed with RGDF and RGDW and
the linear concentration dependence observed with RGDS and all
three control peptides. Lower panel: Fractional change inRIIbâ3
molecular weight in the presence of active RGDX and control
XDGR peptides (symbols as in upper panel). Data were obtained
by static light scattering measurements of samples ofRIIbâ3 (
peptide. The dashed line denotes the averageM(peptide)/M(control)
) 1.03 ( 0.10 for the entire dataset.
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Taken together, these dynamic and static light scattering
measurements provide evidence for prompt ligand-induced
conformational changes in theRIIbâ3 complex, with minimal
changes in its molecular weight distribution. The magnitude
of these structural changes, as described by the ratio ofRs

in the presence of RGDX peptide to its corresponding control
value, provided evidence that a hydrophobic residue may
be preferred in the fourth position. These issues were inves-
tigated further by a series of analytical ultracentrifugation
experiments designed to detect changes in either the con-
formation and/or oligomerization state of theRIIbâ3 com-
plex.

(C) Sedimentation Coefficient.Sedimentation velocity data
obtained with theRIIbâ3 complex in the presence/absence
of ligand-mimetic or control peptides were analyzed by the
time-derivative method to extract the distribution of sedi-
menting species (41). Representative data are shown in
Figure 3A as a plot of the apparent sedimentation coefficient
distribution,g(s*), vs s*, for RIIbâ3 alone and in the presence
of RGDF (0.28 mM) and FDGR (0.31 mM). (All sedimenta-
tion coefficients have been corrected to water at 20°C.) The

g(s*) profile for RIIbâ3 in the absence of ligand exhibited a
peak at 8.4 S. A shift toward lowers values was observed
in the presence of RGDF, with the peak in theg(s*)
distribution now at 7.7 S. Control peptide FGDR had minimal
impact on this function, with a peak value of 8.5 S.
Additional sedimentation velocity experiments demonstrated
similar shifts in theg(s*) profile at RGDF concentrations
ranging from 0.05 to 0.54 mM. In fact, the ratio ofspeak in
the presence/absence of RGDF was 0.936( 0.010 (n ) 5),
whereas this parameter equaled 1.06( 0.06 (n ) 2) for
control peptide FDGR.

As shown in Figure 3B, a peak shift of similar direction
but smaller magnitude was also observed with 0.6 mM
RGDS (from 9.0 to 8.7 S) but not SDGR (9.1 S). Here some
oligomers were probably present in theRIIbâ3 preparation
used for this experiment, as evidenced by its higher initials
value and unresolved shoulders between 10 and 12 S.
However, the quantity of oligomeric species appeared to
increase even further following the addition of RGDS. This
point was explored further by Claverie/DCDT simulations
(42-44), which revealed that, in the presence of RGDS, the
peak was not only shifted toward lowers values but also
contained additional material sedimenting at>10 S. These
indications of RGDS-induced receptor oligomerization are
consistent with light scattering (previous section) and
sedimentation equilibrium data (subsequent section) we have
obtained with this ligand-mimetic peptide.

Similar experiments were performed with RGDW; how-
ever, its increased UV absorbance required limiting the
peptide concentration to 0.21 mM and collecting data at 250
nm (a trough in the absorbance spectrum). Despite these
precautions, a noisier signal was still obtained. Here a minor
peak shift was observed, from 8.0 to 7.9 S in the presence
of RGDW, whereas a peak at 8.0 S was obtained with control
peptide WDGR (data not shown).

(D) Molecular Weight Distribution.Analytical ultracen-
trifugation experiments (i.e., sedimentation equilibrium
measurements) were performed to determine the extent to
which RGDX peptides could alter the molecular weight
distribution of theRIIbâ3 complex. Representative data are
shown in Figure 4. Global analyses of sedimentation equi-
librium data obtained in the presence of RGDF (0.3-0.6
mM) yieldedMw ) 254 ( 14 K (n ) 3), while Mw ) 236
( 11 K (n ) 3) resulted in the presence of FDGR (0.3-0.6
mM). Similar analyses yielded a comparable weight-average
molecular weight of 229( 10 K (n ) 7) for the RIIbâ3
complex alone. These analyses indicate the presence of a
small quantity of higher molecular weight material in the
presence of RGDF.

The effects of RGDS were also examined by sedimentation
equilibrium runs at a single rotor speed (8000 rpm), in an
effort to minimize the time-dependent increases in molecular
weight observed with this peptide by static light scattering.
These data yielded comparableMw values for theRIIbâ3

complex alone and in the presence of 0.58 mM SDGR (191
and 196 K, respectively). However, a higherMw was obtained
with 0.58 mM RGDS (260 K), indicative of increased
oligomerization. In contrast, the presence of RGDW (0.08
mM) had no significant influence asMw ) 222 K resulted.
Higher concentrations were not examined, due to problems
associated with the strong UV absorbance of this tryptophan-
containing peptide.

FIGURE 3: Effects of ligand-mimetic peptides onRIIbâ3 solution
conformation determined by sedimentation velocity measurements.
Upper panel: Sedimentation coefficient distribution functions,g(s*)
vs s*, obtained withRIIbâ3 alone (solid line) and in the presence
of the ligand-mimetic peptide RGDF (dashed line) and the control
peptide FDGR (dash-dotted line). Data were obtained by time-
derivative analyses of data collected from samples ofRIIbâ3 (
peptide (0.3 mM) during sedimentation at 35 000 rpm for∼6000
s. Note the shift in peak position from 8.4 S (RIIbâ3 alone) to 7.7
S in the presence of RGDF; with FDGR, the peak was 8.5 S
(corrected to water at 20°C). Lower panel: g(s*) vs s* profiles
for RIIbâ3 alone (solid line; peak at 9.0 S), in the presence of 0.6
mM RGDS (dashed line; peak at 8.7 S), and in the presence of
SDGR (dash-dotted line; peak at 9.1 S).
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Effects of Transient Integrin Exposure to a Ligand-Mimetic
Peptide.The effects of short-term exposure ofRIIbâ3 to
RGDF were examined by incubating the receptor with 0.5
mM peptide for 45 min and then separating the integrin from
its low molecular weight ligand by rapid gel filtration. The
effects on integrin conformation were then examined by light
scattering and sedimentation velocity. As can be seen in
Figure 5A, addition of RGDF increased the Stokes radius
of the RIIbâ3 integrin by∼13%, whereas control peptide
FDGR caused only a 2% increase. Following peptide
removal,Rs decreased by∼5%, to an intermediate value
between its initial and ligand-modulated value. During this
same cycle,Mw (light scattering) increased from 250( 3 K
(no ligand) to 274( 7 K (with RGDF) and remained at
nearly the same value, 277( 6 K, following peptide removal.

Figure 5B shows the effects of adding/removing RGDF
on the distribution of sedimenting species, determined in a
series of sedimentation velocity experiments.RIIbâ3 alone
exhibited a peak in theg(s*) profile at 8.7 S; this parameter
shifted to 8.3 S in the presence of 0.5 mM RGDF. Following
removal of RGDF, theg(s*) profile exhibited a pattern
midway between its initial and ligand-altered value, with a
peak now at 8.5 S. Taken together, these experiments suggest
that exposure ofRIIbâ3 to RGDF results in changes that
are partly but incompletely reversed upon removal of excess
ligand-mimetic peptide.

Effects of Ligand-Mimetic Peptides on the Appearance of
RIIbâ3, As ObserVed by Electron Microscopy.Complexes
of RIIbâ3 were diluted in 0.05 M ammonium formate buffer,
pH 7.4, 30 mM octyl glucoside, and 70% glycerol to a final
concentration of 20µg/mL, sprayed onto freshly cleaved
mica, and shadowed with tungsten. As can be seen in Figure
6A, these preparations had a consistent appearance of a

globular head, about 8× 12 nm, with two tails, about 15
nm long, projecting from one side. They appeared similar
to previously published images (17, 59) with one small
difference: about 85% of the tails were joined together
distally, while previously most were splayed.

Peptides at a final concentration of 0.5 mM were incubated
with RIIbâ3 for 0.5 h prior to shadowing. After incubation
with peptide, examination of the complexes by electron
microscopy revealed a separation of the heads in many cases
(Figure 6B). In other words, there were two, smaller separate
nodules rather than a large, single, slightly elongated nodule.
There were differences in the percentages of molecules with
separated heads, depending on the peptide used: RGDF,
29%; RGDW, 19%; RGDS, 11%. Note that these numbers
are probably underestimates for several reasons: (1) these
molecular features are near the resolution of this technique,
so that very good preparations were necessary to observe
the separation, and it could have been missed in some cases;
(2) the separation was more difficult to observe in oligomers
of RIIbâ3, which were common in some of these preparations
(see below); and (3) the separation might not be visible in
complexes that lie on the surface with certain orientations.
As a control, a 0.5 mM concentration of the reverse peptides
was used. Here the images were essentially the same as the
control without peptide. There were, however, some mol-
ecules in all preparations that appeared to have separated

FIGURE 4: Effects of ligand-mimetic peptides onRIIbâ3 molecular
weight distribution determined by sedimentation equilibrium mea-
surements. Sedimentation equilibrium profiles forRIIbâ3 alone
(open circles) and in the presence of RGDF (0.6 mM, black circles),
FGDR (0.6 mM, gray circles), and RGDS (0.6 mM, gray triangles),
expressed as absorbance at 280 nm vs the square of the radial
distance following a 22 h equilibration period at 8000 rpm. Solid
lines were obtained by fitting these (and several additional data
sets) globally to a single ideal species model (using NONLIN).
This procedure yielded the followingMw values: 229( 10 K for
theRIIbâ3 complex alone, 254( 14 K in the presence of RGDF,
and 236( 11 K in the presence of FDGR. Similar procedures
yieldedMw ) 260( 21 K in the presence of RGDS and 196( 18
K in the presence of SDGR (the latter data not shown here).
Deviations between the calculated and experimental points are
shown in the insert.

FIGURE 5: Effects of transient exposure ofRIIbâ3 to a ligand-
mimetic peptide. Upper panel: Changes in theRIIbâ3 Stokes radius
before (black bar), during (light gray bar), and after (solid gray
bar) incubation with 0.5 mM RGDF. Note howRs increased in the
presence of RGDF and then returned to an intermediate position
between its initial and control peptide values (+FDGR bar)
following rapid removal of unbound ligand. Dynamic light scat-
tering analyses were performed as described in the legend to Figure
2. Lower panel: Changes ing(s*) profiles before (solid line), during
(dashed line), and after (dash-dotted line) incubation with 0.5 mM
RGDF. Note how the peak in theg(s*) profiles shifted toward a
slower sedimenting species in the presence of RGDF and then
returned to an intermediate value after peptide removal. Time-
derivative analyses were performed as described in the legend to
Figure 3.
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heads: no peptide, 5%; FDGR, 3%; WGDR, 6%; SGDR,
8%.

Some aggregation ofRIIbâ3 particles was also observed,
especially in the presence of some of the peptides. Since
the RIIbâ3 complexes aggregate without detergent present,
30 mM octyl glucoside was used in all experiments.
Nevertheless, some aggregates were always observed, gener-
ally with tail-to-tail interactions. The amount of aggregation
increased strikingly in the presence of RGDX peptides but
not in the presence of reversed peptides. The percentages of
totalRIIbâ3 particles present in aggregates was RGDF, 66%;
RGDW, 48%; RGDS, 13%; no peptide, 9%; FDGR, 8%;
WGDR, 29%; and SGDR, 11%. Dimers were oriented 180°
opposite each other (Figure 6C), while larger oligomers were
arranged as “rosettes” (Figure 6D). In addition, there was
almost invariably a small shadowed “nodule” at the tail-to-
tail junction of all of these oligomers; in some cases, two
such dense spots were observed. This feature of the images
is likely to arise from a detergent micelle.

Given the substantial oligomerization observed by electron
microscopy, selectedRIIbâ3 samples were examined by light
scattering in a volatile buffer, i.e., 0.05 M ammonium formate
at pH 7.4 containing 30 mM octyl glucoside and 30% (v/v)
glycerol. We found thatRIIbâ3 alone exhibited molecular
weight and Stokes radius values typical of the protomer (after
correcting the data for refractive index and viscosity effects).
In contrast,RIIbâ3 samples examined in 0.7 mM RGDF
showed a 3-fold increase inMw and a 4-fold increase inRs

within 30 min after peptide addition, with further increases
over a 4-h period. These results indicate that oligomerization
of intergrin with peptide is enhanced in the presence of
glycerol. Therefore, solvent effects precludequantitatiVe
comparison of electron microscopy results to those obtained
by light scattering and analytical ultracentrifugation. How-
ever, qualitatiVe agreement was achieved in that each
technique demonstrated that RGDX peptides caused changes
in the tertiary and quaternary structures of theRIIbâ3
complex. Thus, electron microscopy is useful for visualizing
and interpreting the changes that are better quantified by light
scattering and analytical ultracentrifugation.

Modeling the Ligand-Induced Changes in theRIIbâ3
Structure.New domain models of theRIIbâ3 complex were
developed and their hydrodynamic properties computed using
the BEAMS system (36), first to optimize the agreement
between its calculated hydrodynamic parameters and those
reported in this work. (Full details and stereo images of the
new model are presented in the Appendix.) Here we want
to point out that a small elongation of the “stalk” region
yielded a new model for the ligand-free conformer (Figure
7A) that exhibited computed sedimentation (s0

20,w) and
translational diffusion (D0

20,w) coefficients of 8.40 S and 3.11
F, respectively.

The calculated sedimentation coefficient reproduces the
experimentally determinedg(s*) peak for the ligand-free
protomer, 8.4( 0.2 S. The calculated translational diffusion
coefficient is approximately 7% larger than the experimental

FIGURE 6: A gallery of electron microscope images of rotary-shadowedRIIbâ3 complexes with peptides. Note that these examples are of
the most common types of images observed with peptide RGDF or FDGR. However, the images from other peptides are identical, although
with other peptides the relative proportions of these various types of images were somewhat different, as described in detail in the text. (A)
Examples ofRIIbâ3 images obtained with control peptide, 0.5 mM FDGR. Each individualRIIbâ3 complex has a globular head and two
long tails extending from one side. Note that most of the tails are touching each other at their ends to yield a “signet ring” shape. (B)
Examples of complexes ofRIIbâ3 with 0.5 mM RGDF, where there is a distinct separation between the two heads in the complexes. (C)
Examples ofRIIbâ3 dimers formed in the presence of 0.5 mM RGDF, in which the two complexes are joined tail to tail. There is a small
nodule (or occasionally two nodules) at the tail-to-tail junction, which probably represents the detergent micelle. In many of these examples,
some of the heads are separated into two nodules, as in the individual complexes in (B). (D) Examples of largerRIIBâ3 oligomers formed
in 0.5 mM RGDF, in which the complexes are joined tail to tail. Under these conditions,RIIbâ3 complexes aggregate to form rosettes with
their tails pointed inward and interacting and their nodular heads at the periphery. Bar) 50 nm.

14468 Biochemistry, Vol. 38, No. 44, 1999 Hantgan et al.



value,D0
20,w ) 2.92( 0.16 F. However, small quantities of

oligomers could well have contributed to the observed
decrease of thez-average diffusion coefficient (40).

A model for the ligand-bound or “open” conformer was
next developed (Figure 7B), based on electron microscopic
observations, such as those in Figure 6B, that show a partial
separation of theRIIb andâ3 subunits in the presence of an
RGDX ligand. We also considered the hydrodynamic data
and adjusted the open model to reproduce the ligand-induced
shift in theg(s*) profile, a decrease of∼7% in the peaks
value. Thus, we obtained computed sedimentation and
diffusion coefficients of 7.83 S and 2.91 F, respectively, for
the open form.

However, modeling the conformational changealone
underestimates the∼15% decrease in the diffusion coef-
ficient observed with the most effective ligand-mimetic
peptide, RGDF. Since the diffusion coefficient is more
sensitive to changes in both conformation and oligomeriza-
tion, the effects of integrin self-association will be addressed
as well.

The analytical ultracentrifugation and electron microscope
observations reported here indicate that ligand binding
increasedRIIbâ3 oligomer formation. These rosette-like
oligomers (Figure 6D) appeared joined through their carboxy-

terminal “tails”, i.e., regions that contain the membrane-
spanning and cytoplasmic regions of theRIIb and â3
polypeptides. Electron microscopy also demonstrated that
these ligand-bound conformers often exhibited a separation
of the globular region into two distinct molecular entities.
These observations formed the basis for the bead models of
RIIbâ3 dimers (10.8 S, 2.02 F) and trimers (14.1 S, 1.75 F)
shown in Figure 7C,D. Note that these oligomers have been
assembled from the open form of the protomer.

Simulations of Ligand-Induced Integrin Oligomerization.
Consider a scheme in which ligand binding shifts a confor-
mational equilibrium in favor of the open form of theRIIbâ3
integrin, followed by limited oligomerization of the ligand-
bound conformers:

The analytical solution of the resultant cubic equation (60)
enables the calculation of the concentrations of each mo-
lecular species as a function of ligand concentration. Com-
bining this information with modeled hydrodynamic param-
eters for each species yielded Figure 8, which is a simulation
of the changes inMw, Rs, ands that result from a ligand-
induced oligomerization scheme. In this case,Kconf ) 0.015
L/µmol-1 of ligand andK1 ) 0.09 L/µmol-1 of integrin; these
parameters were selected empirically to optimize agreement
with experiment and correspond to∼11% dimers and 1%
trimers in the presence of a saturating ligand concentration.
The overall agreement between the simulations and experi-
mental data obtained with RGDF is quite satisfactory, as can
be seen in Figure 8.

FIGURE 7: Bead models of theRIIbâ3 complex and its oligomers
in the absence/presence of RGDX peptides. Panel A: bead model
of the closed conformation ofRIIbâ3 embedded in a single OG
micelle (white bead). Panel B: the open conformer obtained upon
RDGX binding. Panel C: a model for theRIIbâ3 dimer with the
membrane spanning regions of both integrins embedded in a single
OG micelle. Panel D: a rosette-like integrin trimer, still with all
the transmembrane portions embedded into a single OG micelle.
In all panels, theRIIbâ3 subunits are color-coded according to the
scheme presented in Table 2: light and dark green,RIIb light and
heavy subunits, respectively; red,â3 subunit; magenta, KQAGDV
primary binding site on theRIIb heavy subunit; orange, RGDX
primary interaction site on theâ3 subunit; and white, OG micelle
containing the transmembrane portions of bothRIIb andâ3 subunits.

FIGURE 8: Simulations of changes inRIIbâ3’s solution parameters
as a function of RGDX ligand concentration. Concentrations of
closed and open integrin protomers and dimers and trimers were
calculated from the analytical solution to eq 1 as a function of ligand
concentration. This information was combined with the modeled
hydrodynamic parameters of each species to calculate thez-average
Stokes radius, weight-average molecular weight, and peak of the
sedimentation coefficient distribution. Both experimental data and
simulated results are expressed as a fraction of the control value
(ordinate) vs the peptide concentration (abscissa). The solid line
and filled circles denote changes in the Stokes radius (Rs). The
dashed line and light gray diamond denote changes in the weight-
average molecular weight,Mw, obtained over the range of RGDF
concentrations indicated by the bidirectional bar. The dash-dotted
line and dark gray triangles denote changes in the peak of the
sedimentation coefficient distribution,speak. The dotted line corre-
sponds to no change in any parameter.

L + RIIbâ3 w\x
Kconf

RIIbâ3*‚L w\x
K1

(RIIbâ3*‚L)2 w\x
K1

(RIIbâ3*‚L)3 (1)
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DISCUSSION

This study examined the molecular mechanisms that enable
initially inert RIIbâ3 integrins to form activated receptors
capable of binding adhesive proteins and transmitting intra-
cellular signals (2, 31, 61). We have shown that the protomer,
the “resting” form ofRIIbâ3 isolated in octyl glucoside in
the absence of ligands, behaves as an elongated heterodimeric
complex whose hydrodynamic parameters and molecular
morphology can be quantitatively described by a low-
resolution domain map ((34, 36; this work).

The question remains: What molecular alterations enable
RIIbâ3 to bindmacromolecularadhesive ligands? Loftus and
Liddington (31) proposed that, on the restingRIIbâ3
conformation, a ligand-binding segment of theâ3 chain (19,
62) blocks another molecular recognition surface on theRIIb
subunit’s “propeller” fold (8, 31, 63, 64). The hypothesis
that steric hindrance may prevent adhesive proteins from
binding to RIIbâ3 is consistent with the integrin models
presented in Figure 7 (and as stereo images in the Appendix).
We note how, in the “closed” conformation, the I-domain-
like region of theâ chain (62, 65, 66) sits near theR subunit’s
putative ligand-recognition surface (63, 64) in a manner that
could well prevent large molecules such as fibrinogen from
binding.

Our data can help to explain how macromolecular ligands
gain access to this buried surface and how, upon binding, a
signal is transmitted through the extended transmembrane
stalks to integrin’s cytoplasmic domain (8, 32, 67). In
particular, we have provided new evidence for a prompt,
ligand-linked conformational change leading to an open
integrin structure characterized by an increased frictional
coefficient and a distinct subunit separation in the globular
domain of the occupiedRIIbâ3 complex.

Dynamic light scattering measurements presented here
show how RGDX ligand-mimetics shiftedRIIbâ3’s solution
conformation in a process that approached completion in
minutes and was sustained for several hours. Complementary
analytical ultracentrifugation data demonstrated a change in
RIIbâ3’s sedimentation coefficient distribution toward a
slower moving form in the presence of RGDX ligands.
Electron microscopy provided direct visualization of these
structural alterations, in thatRIIbâ3’s globular domain
displayed a bilobed appearance in the presence of RGDX
ligands. In contrast, the control peptides of reversed sequence
did not significantly affectRIIbâ3 structure.

The changes in the Stokes radius and sedimentation
coefficient reported here agree with hydrodynamic calcula-
tions based on a transition from a closed to an open integrin
structure. Furthermore, as can be seen in Figure 7B (and
stereo models in the Appendix), the beads containing the
RGD and LGGAKQAGDV cross-linking sites have shifted
to new, more solvent-exposed locations in our open model.
While individual domains are not discernible in our electron
micrographs, we note the∼7 nm separation of the now-
distinct subunits ofRIIbâ3’s globular domain in the presence
of RGDX ligands. This gap appears well suited for docking
the distal domain of the multinodular fibrinogen molecule
(17) and is consistent with Loftus and Liddington’s postulate
of a ligand-induced “shape shift” to a new, high-affinity
conformer where theâ subunit I-domain and theR subunit
propeller are separated (31).

We also found that the ability of RGDX ligands to perturb
RIIbâ3 conformation was influenced by the presence of a
hydrophobic residue in the fourth position, in that both
solution measurements and electron microscope observations
generally showed more pronounced effects with RGDF and
RGDW than with RGDS. This suggests that binding RGDX
ligands may disrupt hydrophobic interactions that stabilize
the RIIb/â3 interface in the closed integrin. These observa-
tions may help to explain earlier reports that prolonged
incubation with RGDX ligands altersRIIbâ3’s hydrodynamic
behavior and increases its susceptibility to proteolysis (28)
as well as why the ability of RGDX peptides to block
fibrinogen binding to platelets correlates with their hydro-
phobicity (68).

In addition, we found that a slow oligomerization process
follows the initial ligand-coupled isomerization of theRIIbâ3
integrin. In particular, sedimentation equilibrium measure-
ments showed an∼10% increase inRIIbâ3’s weight-average
molecular weight in the presence of RGDF (at concentrations
>0.2 mM). Electron microscopy also provided evidence for
RIIbâ3 self-association in the presence of RGDX ligands;
this oligomer-promoting ability followed the order RGDF
> RGDW > RGDS. While oligomers appeared more
prevalent in the electron micrographs than would be expected
from the sedimentation equilibrium data, differences in
sample preparation techniques probably contributed to these
observations.

The oligomers we observed in the presence of ligand-
mimetic peptides appeared linked through their tails. The
intracellular regions of both subunits are considered to
maintain theRIIbâ3 integrin in an inactive conformation, in
that genetically engineered receptors lacking either theR-
or â-cytoplasmic region are constitutively active (9, 70). Thus
our observations are consistent with the postulate that
conformational changes caused by receptor occupancy are
transmitted from the extracellular ligand-binding domain to
distal regions of theRIIbâ3 complex, leading to clusters of
activated integrins (8, 32). Our findings support the concept
that receptor oligomerization can increase the capture ef-
ficiency of theRIIbâ3 integrin for adhesive proteins (8, 32,
71). This mechanism predicts that multidomainal ligands
such as fibrinogen, fibrin, and von Willebrand factor (72,
73) can exhibit polyvalent interactions with integrin oligo-
mers, leading to tight binding. As the signal transduction
activity of many integrin receptors is thought to be regulated
at least in part by self-association, it is likely thatRIIbâ3
oligomerization contributes to the formation of “signaling
clusters” on the surface of stimulated platelets (8, 32, 71,
74).
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APPENDIX: FEATURES OF THE REVISED rIIb â3
MODEL

Computing Molecular Volumes.The program PROMOLP
(protein molecular parameters) was used to determine the
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molecular volumes of defined polypeptide stretches from the
values of each amino acid residue and carbohydrate group.2

For the amino acids, this involved calculation of their
molecular weightMr and partial specific volumeV, using
data taken from Table 1 in Appendix B of McRorie and
Voelker (75), after correcting theV values fromT ) 25 °C
to T ) 20 °C with their eq 16. Values of 99.39, 153.33, and
169.1 nm3 were respectively employed for Man and Gal,
for GlcNAc and GalNAc, and for NeuNAc (PROMOLP).

Computing Hydration.The hydration values used to
compute the hydrated molecular volumes were taken from
the data of Kuntz and Kauzmann (76). For the carbohydrate
residues, values of 3 and 9 mol of H2O/mol of residue were
calculated (PROMOLP) for Man, Gal, GalNAc, and GlcNAc
and for NeuNAc, respectively. A molecular volume for
bound water of 24.5 Å3, based on crystallographic data (52),

was employed for these new models. Since this is smaller
than the 30.0 Å3 derived from water bulk properties that we
used earlier, the bead radii were decreased by∼7% overall
compared to our original model (36).

Bead Sequence Assignments.Table 2 reports the cor-
respondence between beads and polypeptide sequence along
with the physicochemical parameters and the color code for
each bead; full details of the procedures may be found in
Table 3 of Rocco et al. (36).

ReVising the RIIb Subunit Model.Changes in theRIIb
moiety were mainly concentrated in the light subunit, where
the stretch comprising residues 27-75 was assigned to three
beads instead of one. This is a stretch where both Chou-
Fasman (CF) (77) and Garnier-Osguthorpe-Robson (GOR)
(78) methods predict shortâ-sheet regions interrupted by
turns, one of which is in correspondence of an intron-exon

Table 2: Sequence Assignments and Basic Properties of theRIIbâ3 Bead Modela

residue no.
bead
no.

hydrated
radius (nm) mol wt color remarks

â3 subunit
1-62 1 1.400 6619 red Cys5 disulfide-bonded to Cys435
63-100 2 1.371 6402 red
101-216 3 1.774 13542 orange RGDX primary binding site
217-298 4 1.542 8788 red
299-365 5 1.581 9671 red
366-389 6 0.994 2505 red
390-402 7 0.845 1377 red
403-422 8 0.993 2260 red Cys406 disulfide-bonded to Cys655
423-447 9 1.034 2730 red Cys435 disulfide-bonded to Cys5
448-498 10 1.450 7769 red
499-537 11 1.201 4267 red
538-578 12 1.342 6540 red
579-633 13 1.362 5984 red Cys614 disulfide-bonded to Cys687
634-666 14 1.074 3004 red chain equally divided between two beads

15 1.074 3004 red Cys655 disulfide-bonded to Cys406
667-675 16 0.760 1077 red
676-692 17 0.959 1884 red Cys687 disulfide-bonded to Cys614
693-721 18 2.416 11912 white RIIbâ3 membrane-spanning region plus octyl glucoside micelle
722-762 44 1.279 4906 red cytoplasmic region

RIIb (light chain)
118-137 45 1.036 2391 light green cytoplasmic region
92-117 18 2.416 11912 white RIIbâ3 membrane-spanning region+ octyl glucoside micelle
76-91 19 0.927 1881 light green
62-75 20 0.850 1479 light green
46-61 21 1.156 4147 light green
27-45 22 0.937 2176 light green
1-26 23 1.047 2801 light green Cys9 disulfide-bonded to Cys826 ofRIIb H

RIIb (heavy chain)
834-871 24 1.241 4429 green
811-833 25 1.008 2550 green Cys826 disulfide-bonded to Cys9 ofRIIb L
786-810 26 1.080 3214 green
753-785 27 1.232 4316 green
726-752 28 1.079 2957 green
689-725 29 1.170 3912 green
672-688 30 1.269 5229 green
598-671 31 1.493 7822 green
554-597 32 1.494 8259 green
486-553 33 1.437 7428 green
416-485 34 1.477 8021 green
355-415 35 1.365 6273 green
288-354 36 1.476 7878 magenta KQAGDV primary binding site
234-287 37 1.624 10978 green
196-233 38 1.187 4172 green
173-195 39 0.972 2307 green
140-172 40 1.167 3901 green
91-139 41 1.346 5936 green
33-90 42 1.364 6241 green
1-32 43 1.393 7071 green

a For comparison and additional information, see Table 3 of Rocco et al. (36).
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FIGURE 9: Stereoviews of theRIIbâ3 integrin models. In each panel, left and center models form a relaxed-eyes pair, while the center and
right models are for crossed-eyes viewing. Panels A and B: two views from opposite sides of the revised model forRIIbâ3 in its “native”,
inactive conformation. Panel C: a view of the model forRIIbâ3 in its open, active conformation induced by RGDX binding. In panels
A-C the beads are color-coded according to the scheme reported in Table 2: light and dark green,RIIb light and heavy subunits, respectively;
red, â3 subunit; magenta, KQAGDV primary binding site on theRIIb heavy subunit; orange, RGDX primary interaction site on theâ3
subunit; and white, OG micelle containing the transmembrane portions of bothRIIb and â3 subunits. In panels A-C the beads are also
labeled with their progressive number (see Table 2). Panel D: a view of theRIIbâ3 model where the beads corresponding to the putative
â-propeller fold in theRllb heavy subunit are highlighted in light blue (with the exception of bead 36 whose color is still magenta) and
labeled with the amino acid sequences assigned to each bead. All other colors are as in panels A-C.
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boundary. The new “cuts” were made roughly in cor-
respondence with these turn zones, with one of them falling
just at the intron-exon boundary. The otherRIIb cut was
within residues 786-833 of the stalk region of the heavy
subunit, at a predictedâ-sheet/turn junction (36, 79).

ReVising theâ3 Subunit Model.First, we have split the
stretch comprising residues 634-692 into four beads, instead
of one. The first two beads include residues 634-666 with
no further specific assignment, hence their identical radii and
molecular weights (here, the chain may be thought of as
going in and out of the two beads). This was done because
of the internal disulfide bridge between Cys635-Cys663 (80)
and the long-range disulfide bridge linking Cys655 to Cys406
(80); the end of this section corresponds to a predicted
protease-sensitive turn region. Residues 667-692 were then
similarly bisected at a potential turn between two short
â-sheet regions that begins at residue 675.

Residues 366-402 and 423-498 were then split in two
beads each. The first segment was split three residues after
an internal disulfide bridge linking Cys374 to Cys386 (80)
to maintain the connectivity between the stalk and the “head”
regions. The other stretch was divided at a loop region
(residues 423-447) that leads to the first clearly defined
disulfide-rich unit (residues 448-498). Thus connectivity
was restored, and the constraints imposed by the long-range
disulfide bridge linking Cys435 to Cys5 (assigned to bead
1; see Table 1) were met.

Modeling theRIIbâ3 Protomer.The originalRIIbâ3 model
(36) was then modified by first changing all the radii values
and then substituting the newly generated “multiple” beads
in place of the original single ones. Since the new radii were
smaller, the connectivity along the chain was then restored
by sequential translations along the line connecting the
centers of each bead pair, starting from the OG-transmem-
brane bead and keeping as much as possible the original
spatial relations between the beads. Care was also taken to
maintain contact between the beads containing sequence
stretches linked by disulfide bridges as well as those with
putative noncovalent interactions, both intra- and intersubunit
(see ref36). The putative membrane-spanning regions of both
subunits were contained within a 2.4 nm radius sphere that
represents an octyl glucoside micelle, expanded from its
original diameter of 2.3 nm (34) to accommodate the extra,
unhydrated polypeptide volume.

The final result is presented in Figure 9, where in panels
A and B are printed two different stereoviews, taken from
opposite sides, of the revised model forRIIbâ3 (in each
panel, the left and center images form a relaxed-eyes pair,
while the center and right panel are for crossed-eyes view).
Theâ3 subunit is in red, and theRIIb subunit is in two shades
of green (lighter for the light subunit), while the OG micelle
containing the two transmembrane portions is in white. The
bead containing the main putative RDGX interaction site in
the â3 subunit (81) is in orange, while the corresponding
putative fibrinogenγ-chain interaction site in theRIIb heavy
subunit (82) is in purple. For easy identification and cross-
checking with Table 2, the beads have also been labeled with
their progressive number.

In respect to our original model, this revised version is
clearly more elongated, with overall dimensions now in very
good agreement with those deduced from the electron
micrographs. Nevertheless, the main feature of a head region

superimposed over a stalk region is very similar in the two
versions, with most of the changes resulting in a longer,
thinner stalk. Stereoviews of the open conformer ofRIIbâ3
are also reported in Figure 9C, where the magnitude of the
relative shift between the two subunits can be fully appreci-
ated.

Comparison to the Predicted “â-Propeller” Domain.One
particular feature, which was already present in our original
model and that is maintained in the revised version presented
here, calls for further comments. In Figure 9D, a different
view of the model is presented, with the beads representing
the stretch between amino acids 1-485 of theRIIb heavy
subunit color-coded in light blue and labeled with their
sequence assignment. This region neatly encompasses the
RIIb region comprising residues 1-452, which was predicted
recently to fold into aâ-propeller domain common to many
integrin A subunits (63, 64, 83). As can be seen from the
stereo image in panel D, we positioned the beads representing
this region, on the basis of the biochemical evidence then
available, in a circular arrangement that closely resembles
the structure of the predictedâ-propeller domain. No attempt
was made to further improve the structural correspondence
between the modeledâ-propeller domain and beads’ sizes
and positions, due to the still speculative nature of both
models, but we find the agreement between the two models
to be quite striking. This result, combined with the excellent
agreement between the calculated hydrodynamic properties
of the revised model and the new experimental data presented
here, strongly argues in favor of the new model and suggests
that our low-resolution approach yields valuable structural
information.

SUPPORTING INFORMATION AVAILABLE

Software that enables readers to view and manipulate the
integrin models presented in this paper (Figures 7 and 9) is
available free of charge via the Internet at http://pubs.acs.org.
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