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Global Conformational Rearrangements
in Integrin Extracellular Domains
in Outside-In and Inside-Out Signaling

1). The extreme bend causes the ligand binding site in
the headpiece to come down close to the C-terminal,
membrane-proximal end of the two legs.

The bent conformation found in crystal lattices was
suggested to be less likely to be present on cell surfaces
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(Xiong et al., 2001). However, extensive interfaces be-Boston, Massachusetts 02115
tween the headpiece and tailpiece and between the �2 Department of Cell Biology
and � subunits in the tailpiece stabilize the bent confor-Harvard Medical School
mation (see Discussion). Furthermore, an NMR structureBoston, Massachusetts 02115
of �2 integrin domains not resolved in the crystal struc-
ture (Beglova et al., 2002) showed that epitopes that
become exposed when integrins are activated (Lu et al.,Summary
2001a) are buried in the bent conformation, and that
�2 subunit residues that interact with the � subunit toHow ligand binding alters integrin conformation in out-
restrain activation (Zang and Springer, 2001) are indeedside-in signaling, and how inside-out signals alter in-
in an interface with � in the bent conformation. It there-tegrin affinity for ligand, have been mysterious. We
fore was suggested that the bent conformation repre-address this with electron microscopy, physicochemi-
sents an inactive, physiologically relevant conformationcal measurements, mutational introduction of disul-
and that activation would be accompanied by afides, and ligand binding to �V�3 and �IIb�3 integrins.
switchblade-like opening of the headpiece-tailpiece in-We show that a highly bent integrin conformation is
terface (Beglova et al., 2002).physiological and has low affinity for biological li-

Although it was suggested that the ligand bindinggands. Addition of a high affinity ligand mimetic pep-
domains in the �V�3 crystal structure were in an activetide or Mn2� results in a switchblade-like opening to
conformation (Xiong et al., 2001), adoption of the bentan extended structure. An outward swing of the hybrid
conformation on the cell surface would orient the liganddomain at its junction with the I-like domain shows
binding site toward the membrane (Figure 1), a topologyconformational change within the headpiece that is
unfavorable for binding of ligands in the extracellularlinked to ligand binding. Breakage of a C-terminal
matrix or on the surface of other cells. Recently, theclasp between the � and � subunits enhances Mn2�-
�V�3 crystals have been soaked in Mn2�, a cation thatinduced unbending and ligand binding.
generally activates integrins, and a high-affinity cyclic
peptide containing the ligand-mimetic Arg-Gly-AspIntroduction
(RGD) motif (Xiong et al., 2002). The peptide binds with
its Arg contacting the � subunit/� propeller domain andIntegrins use bidirectional signaling to integrate the in-
its Asp ligated to a Mn2� held in the metal ion-dependenttracellular and extracellular environments. In outside-in
adhesion site (MIDAS) of the � subunit I-like domain.signaling, ligand binding activates intracellular signaling
However, compared to the unligated structure, thepathways (Giancotti and Ruoslahti, 1999; Schwartz and
structural changes were relatively small and were limitedGinsberg, 2002). In inside-out signaling, signals received
to the vicinity of the ligand binding site, providing noby other receptors activate intracellular signaling path-
mechanism for propagating signals in outside-in or in-ways that impinge on integrin cytoplasmic domains, and
side-out signaling.

make the extracellular domain competent for ligand
Some integrin � subunits (but not �V) contain an I

binding on a time-scale of less than 1 s (Hughes and
domain, which is structurally related to the I-like domain,

Pfaff, 1998; Shimaoka et al., 2002). These signaling path- and is the ligand binding site of those integrins that
ways expose activation-dependent or ligand-induced contain it. In this subset of integrins, ligand binding at the
binding site (LIBS) epitopes in integrin extracellular do- MIDAS of the I domain is activated by a 10 Å downward
mains, and may also regulate integrin clustering (Baz- movement of its C-terminal � helix, which causes a re-
zoni and Hemler, 1998). How conformational signals are arrangement of metal ion coordination at the MIDAS,
communicated in integrins remains unknown, despite and a dramatic increase in affinity (Shimaoka et al.,
two recent watershed crystal structures of the integrin 2002). However, when peptide ligand was soaked into
�V�3 (Xiong et al., 2001, 2002). Both crystals were ob- crystals containing the bent �V�3 conformation, no re-
tained in Ca2�, a cation that stabilizes integrins in the arrangement of residues in the MIDAS or C-terminal �
inactive or low affinity conformation. It had been ex- helix movement of the I-like domain analogous to that
pected based on previous electron micrographs that seen in I domains was observed (Xiong et al., 2002).
integrins would have an extended conformation (Du et It has been suggested that the peptide-�V�3 complex
al., 1993; Nermut et al., 1988; Takagi et al., 2001). How- in the crystal structure represents the active integrin
ever, the crystal structures revealed an unexpected bent conformation, and that activation of I and I-like domains
conformation, in which the headpiece is folded over the are not analogous (Xiong et al., 2002). However, binding
tailpiece, with each leg bent at a “genu” or knee (Figure to peptide antagonists does not signify that a conforma-

tion has high affinity for ligand. Small molecule integrin
antagonists bind with diffusion-limited kinetics (Eg-3 Correspondence: springeroffice@cbr.med.harvard.edu
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formational change through so many domains is unprec-
edented. Here, we describe the rearrangements in integ-
rin architecture that communicate signals between the
extracellular and intracellular environments, and that
regulate affinity for biological ligands.

Results

A Global Shape Change upon Integrin Activation
A soluble extracellular fragment of �V�3 was made that
contained a releasable, C-terminal clasp. The complete
extracellular domains of the �V and �3 chains were
fused at the C terminus to peptides that formed a disul-
fide-linked �-helical coiled-coil to mimic the closely po-
sitioned and interacting � and � subunit transmembrane
helices on the cell surface (Hughes et al., 1996; Lu et
al., 2001b; Takagi et al., 2001; Vinogradova et al., 2002
[this issue of Cell]). A 13 residue linker between the �
subunit and the coiled-coil peptide contained a TEV
protease site to enable release of the C-terminal inter-
subunit clasp by specific cleavage. Because of this

Figure 1. Domain Organization in the Bent Conformation of the linker, the clasp only constrained the C termini of the �
�V�3 Integrin Crystal Structure

and � subunits to be within �40 Å of one another, and
Hy, hybrid domain; E3 and E4, integrin EGF domains 3 and 4, respec-

the clasp functions more like a safety catch in a necklacetively; �T, �-tail domain; N, N terminus; C, C terminus. An I domain
than a clamp. A His C-terminal tag enabled purification(I), which is absent in �V�3, is placed where it is connected in
under mild conditions. Protein was purified in the pres-integrins containing I domains. Asterisks mark the position of ligand

binding sites at a � propeller-I-like domain interface in integrins that ence of 1 mM Ca2� and Mg2�, and half was treated
lack I domains, and on the “top” of the I domain in integrins that with TEV protease to cleave the clasp. The clasped and
contain I domains. In �3, the PSI domain at the N terminus and the unclasped �V�3 preparations were then further purified
integrin EGF domains 1 and 2 following the hybrid domain are miss-

by gel filtration in buffer containing either 5 mM Ca2� (aing from the electron density, as is a portion of domain 3; these are
condition resembling the crystallization buffer used bysymbolized with dashed black lines. Polypeptide chain connections
Xiong et al., 2001), 1 mM Mg2�/1 mM Ca2�, or 1 mMare shown as black lines. Note the two polypeptide chain connec-

tions between the I-like and hybrid domains in the � subunit, and Mn2�. Other samples were treated with a high affinity
between the I and � propeller domains in the � subunit. Based on (IC50 � 2.5 nM) ligand mimetic peptide (Dechantsreiter
the crystal structure in Xiong et al., 2001. et al., 1999), cyclo(Arg-Gly-Asp-D-Phe-Val) (cyclo-

RGDfV) in Ca2� or Mn2�, and similarly subjected to gel
filtration in the presence of the appropriate divalent cat-bertson et al., 1999) and thus must bind to the resting

conformation; otherwise, conformational change would ion and cyclo-RGDfV. Negatively stained samples were
imaged with an electron microscope (Figure 2, upperlimit the on-rate. Furthermore, two-step kinetics suggest

that conformational rearrangement, with an increase in portion of each panel). Well resolved particles typical of
each treatment were selected and subjected to compu-overall affinity, occurs subsequent to binding of high

affinity ligand-mimetics to integrins (Bednar et al., 1997), tational classification and image averaging. Four repre-
sentative class averages are shown for each treatmentas is confirmed by induction of ligand-induced binding

site (LIBS) epitopes (Bazzoni and Hemler, 1998; Du et (Figure 2, lower portion of each panel).
Whether or not the clasp was cleaved, the �V�3 im-al., 1993; Frelinger et al., 1990; Kouns et al., 1992). There-

fore, soaking of ligand into a crystal containing �V�3 in ages obtained in the presence of 5 mM Ca2� (Figures
2A and 2B) and 1 mM Mg2�/1 mM Ca2� (data not shown)a low affinity conformation might well lead to visualiza-

tion of a complex in the low affinity state, with the pack- looked very similar, with the majority of the particles
assuming a compact V-shaped conformation. In theing in the crystal lattice preventing conformational re-

arrangement to the high affinity state that would presence of Ca2� and the C-terminal clasp, the mole-
cules were overwhelmingly (�95%) compact, and hadotherwise occur.

Inside-out signals are thought to activate integrins by the V-shaped appearance distinctive of the bent confor-
mation of �V�3 seen in the crystal structure (Figure 2A,breaking a clasp between the � and � subunit cyto-

plasmic or transmembrane domains (Hughes et al., averages 1, 2, and 4). The majority (�86%) of the TEV
protease-treated, unclasped �V�3 molecules in the1996; Lu et al., 2001b; Takagi et al., 2001; Vinogradova

et al., 2002 [this issue of Cell]). However, how this could presence of Ca2� also showed a compact structure (Fig-
ure 2B). However, a lesser fraction of about 55% ofbe communicated to the extracellular domains is un-

clear, just as it is unclear how in the reverse direction, the compact molecules adopted the same V-shaped
conformation as clasped �V�3 (Figure 2B, averages 1ligand binding to the extracellular domain can be com-

municated to the cytoplasmic domains. The question is and 2), whereas the other molecules were somewhat
less compact (Figure 2B, averages 3 and 4). The re-particularly perplexing, since many domains in the � and

� subunit legs intervene between the ligand binding maining �5% and �14% of the clasped and unclasped
particles, respectively, had an extended conformationheadpiece and the membrane, and transmission of con-
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Figure 2. Electron Micrographs and Representative Projection Averages of Negatively Stained �V�3 Integrin

Clasped �V�3 (A, C, E, and G) and unclasped �V�3 (B, D, F, and H) were incubated in the presence of 5 mM Ca2� (A and B), 1 mM Mn2� (C
and D), 1 mM Ca2� and 60 �M cyclo-RGDfV peptide (E and F), or 1 mM Mn2� and 60 �M cyclo-RGDfV (G and H) and subjected to gel filtration,
negative staining, and electron microscopy. Each panel shows a micrograph area as well as four representative projection averages. The
number of individual particles represented by each projection average is shown beneath each average, and reflects the relative frequency
among all particles used in averaging. The minority of extended particles in (A) and (B) were not chosen for averaging; their percentage of
the total particles is described in the text; similarly, compact particles were not chosen for averaging in (C)–(H) and their percentage is given
in the text. The side length of the average images is 28.4 nm.
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Figure 3. Comparison of Negatively Stained
�V�3 Projection Averages to the �V�3 Crystal
Structure and Hydrodynamic Properties

(A) Projection average of clasped �V�3 parti-
cles in the presence of Ca2� used for cross-
correlation in (B). (B) Best correlating pro-
jected view calculated from the �V�3 crystal
structure (Xiong et al., 2001). (C) Representa-
tive projection average of an extended integ-
rin with a closed headpiece (unclasped in
Mn2� from Figure 2D, average 2) used in
cross-correlation. (D) Best correlating pro-
jected view calculated from the headpiece of
the �V�3 crystal structure (1JV2); the corre-
sponding headpiece from the ligand-com-
plexed structure (1L5G) gave an identical
cross-correlation rotation function and pro-
jected view. (E) Representative projection av-
erage of an extended integrin with an open
headpiece (unclasped in Ca2� � cyclo-RGDfV,
from Figure 2F, average 1) used in cross-cor-
relation. (F) Best correlating projected view
calculated from the model of the open head-
piece crystal structure. The model was made
from the �V�3 crystal structure (1JV2) by su-
perimposing �3 residues D109, A347 and
Y348 on residues D109, I351, and R352 to
simulate a 4 residue downward shift of the
I-like domain C-terminal � helix. Hybrid do-
main residues 55–109 and 348–434 from the

superimposed structure were combined with the remaining headpiece residues from the 1JV2 structure to make the open model. The bar
indicates 100 Å. (G) Change in hydrodynamics of �V�3 induced by Mn2� or ligand binding. Unclasped �V�3 (1.8 �g in 10 �l) was analyzed
on a Superdex 200 column in a buffer containing 1 mM Ca2� (red line), 1 mM Mn2� (blue dotted line), or 1 mM Mn2� � 1 �M cyclo-RGDfV
(black line). Arrows indicate excluded volume (V0) and total volume (Vt) of the column. A rescaled view of the peak position is shown in the
inset. (H and I) Ribbon diagrams of the alternative conformations of the extracellular segment of �V�3 integrin. The bent conformation observed
in the crystal structure (1JV2) with I-EGF domains 1, 2, and a portion of 3 built in similar to the model described in (Beglova et al., 2002) is
shown in (H), and a corresponding model of the extended conformation is shown in (I). The model of the unbent molecule was created by
breaking the bent form at the junction between the thigh and calf-1 domains in � and I-EGF1 and 2 in � (dashed line) into the headpiece and
tailpiece, and moving the headpiece relative to the tailpiece. The approximate position of the cell membrane is indicated by a gray line. Black
bar indicates 100 Å.

(not shown). The percentage of compact versus ex- jections, which were then compared to our projection
map by cross-correlation (Frank et al., 1996). This proce-tended particles and the percentage of compact parti-

cles with the V-shaped conformation suggest that the dure identified a projection of the crystal structure (Fig-
ure 3B) that was in excellent agreement with our EMclasp between the C-terminal tails of the �V and �3

subunits favors the compact, V-shaped conformation. projection average (Figure 3A). One leg of the V ends in
a large globule corresponding to the integrin headpiece,The compact, V-shaped structure of �V�3 particles

in Ca2� is highly similar to the bent conformation seen while the other leg corresponds to the tailpiece. The tip
of the V corresponds to the genu. In the headpiece, thein �V�3 crystals (Xiong et al., 2001). To verify these

similarities, the atomic coordinates from the crystal � propeller domain is oriented in the cross-correlated
crystal structure with the pseudosymmetry axis in thestructure were used to calculate evenly spaced 2D pro-

Table 1. Gel Filtration Behavior of �V�3 Integrin in Various Conditions

Condition Elution volumea (ml) Stokes radiusb (nm)

Clasped �V�3
Ca2�, no ligand 10.50 � 0.03 5.58 

**



**









*
** 








*

**




**


**

Ca2�, �RGDfV 9.81 � 0.02 6.36
Mn2�, no ligand 10.29 � 0.03 5.81
Mn2�, �RGDfV 9.80 � 0.04 6.37

Unclasped �V�3
Ca2�, no ligand 10.34 � 0.03 5.75
Ca2�, �RGDfV 9.79 � 0.02 6.39
Mn2�, no ligand 10.10 � 0.02 6.02
Mn2�, �RGDfV 9.77 � 0.04 6.42

a Mean � SD (n � 3 for clasped and 4 for unclasped �V�3).
b Calculated from the elution positions of standard proteins with known Stokes radius values: 8.5 nm for thyroglobulin, 6.1 nm for apoferritin,
3.55 nm for serum albumin, and 1.70 nm for cytochrome c. **: p � 0.001, *: p � 0.01 by Student’s t test.
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central cavity normal to the grid; remarkably, the central in Ca2� only compact �V�3 was present, and in cyclo-
cavity is evident in some of the EM projection averages RGDfV only extended �V�3 was present. Interestingly,
(Figure 2A, averages 1 and 4; Figure 2B, averages 1 and the elution peaks for all treatments showed a single,
2). The angles between the legs of the V in the crystal sharp, symmetric peak (Figure 3G), despite the observa-
structure and the predominant EM projections are the tion by EM of two shapes in Mn2�. This shows that
same, showing that the degree of bending is not a crystal the compact and extended structures must be in rapid
structure artifact but occurs in individual unconstrained equilibrium, with interconversion occurring on a time-
molecules as well. The crystal structure thus represents scale much more rapid than the time for elution from
the predominant native conformation of �V�3 in the the gel filtration column of �13 min. Furthermore, the
presence of Ca2� or Ca2�/Mg2�. An average representing hydrodynamic radius in Mn2� did not increase with time.
a small fraction (10%) of the closed particles has a some- Whether unclasped samples were subjected to gel filtra-
what wider angle between the tailpiece and headpiece tion immediately after addition of Mn2� or 135 min later,
(Figure 2A, average 4). Therefore, some breathing be- the elution position was the same.
tween the headpiece and tailpiece may occur.

Mn2� activates all integrins, apparently by binding to Structural Details of the Extended Integrin
the MIDAS of the I-like domain (Shimaoka et al., 2002). Conformation
Although it binds to the extracellular segment of integ- In the EM images, the side of the headpiece containing
rins, Mn2� appears in many respects to mimic inside- the � subunit is distinguished by the thicker coating of
out signaling, both by activating in the absence of a negative stain outlining the � subunit/�-propeller do-
bound ligand, and in exposing a similar array of activa- main (Figures 2C–2H), a consequence of this large do-
tion epitopes. In the presence of Mn2�, a fraction of main extending further above the carbon film. Integrin
the �V�3 molecules (�15% and �20% for clasped and heterodimers containing a full-length � subunit and a �
unclasped �V�3, respectively) remained in the compact subunit truncated after the hybrid domain confirmed this
conformation (not shown); however, the vast majority sidedness (J.T., T.A.S., and T.W., unpublished results).
underwent a dramatic, global change in conformation In Figures 2C–2H, all averaged images are shown with
and converted to an extended form (Figures 2C and 2D), the headpiece toward the top of the page and the �
with a globular head connected to two long legs. This subunit on the left. In all conditions giving extended
shape resembles that seen previously in EM studies on structures, the � subunit leg appears in a relatively uni-
integrins (Du et al., 1993; Nermut et al., 1988; Takagi et form orientation (Figures 2C–2H). This suggests that
al., 2001). after unbending at the genu between the thigh and calf-1

Binding by ligand-mimetic peptides to integrins mim- domains (Xiong et al., 2001), the interface between these
ics signaling from the ligand binding site to the mem- domains snaps into a relatively uniform orientation in
brane proximal segments of the � and � subunits. Incu- the extended conformation. The uniform orientation of
bation with cyclo-RGDfV in the presence of Ca2�

the �V leg also suggests that the interfaces between
(Figures 2E and 2F) or Mn2� (Figures 2G and 2H) induced the � propeller and thigh domains, and between the
an extended conformation of �V�3 similar to that seen

calf-1 and calf-2 domains, are in a relatively fixed orien-
in Mn2�; however, in contrast to Mn2� alone, conversion

tation. The angles between these domains are similar
to the extended conformation was essentially complete:

to those observed in the crystal structure (Xiong et al.,
more than 98% of the molecules were fully extended.

2001). Three centers of density along the �V leg mayImportantly, the �V�3-RGDfV complex adopted a fully
correspond to the thigh, calf-1, and calf-2 domains.extended conformation even in the presence of Ca2�,

Most averaged images showed only about the upperindicating that ligand binding results in the global con-
half of the � leg. The upper � leg usually contained oneformational rearrangement of the integrin molecule.
density near the headpiece corresponding to the hybridComplementary measurements of shape change in
domain (see below, Figure 3C). A second more distalsolution were made on the same integrin preparations
density was also sometimes present (e.g., Figure 2Dusing analytical gel filtration. The hydrodynamic Stokes
average 4; Figure 2F average 2), which may correspondradius of 5.6 to 5.7 nm of clasped and unclasped �V�3
to the PSI domain and integrin EGF domain 1, whichwas increased by cyclo-RGDfV in Ca2� or Mn2� to 6.4
are disordered in the crystal structure. Because thenm (Figure 3G) (Table 1). The Stokes equation calculates
lower leg varied in conformation among individual parti-the size of a hard sphere with an equivalent frictional
cles, averaging tended to make it disappear. However,coefficient; however, the increase in hydrodynamic ra-
some averages particularly of clasped �V�3 showed thedius of �V�3 when complexed with cyclo-RGDfV must
complete � leg (Figure 2C average 3; Figure 2E averageactually be due to an increase in asymmetry, which may
3; Figure 2G average 3), which appears longer than thebe expressed as an axial ratio (a/b) (Tanford, 1961). The
� leg.observed increase corresponds to a 2- to 3-fold increase

The upper portion of the �3 leg differs in the angle itin the axial ratio, which agrees well with the approximate
makes with the headpiece among different classes ofdoubling in length that occurs when the V-shaped integ-
averaged projections. In Mn2� and absence of cyclo-rin in Ca2� is converted by cyclo-RGDfV to the fully
RGDfV, an acute angle is seen in some averages (Figureextended molecule.
2C, averages 1 and 2; Figure 2D, average 2) and a moreTreatment with Mn2� alone resulted in a hydrodynamic
obtuse angle in others (Figure 2C, averages 3 and 4;radius for �V�3 intermediate between that in Ca2� alone
Figure 2D, averages 1, 3, and 4). We refer to these asand in complex with cyclo-RGDfV (Table 1). This agreed
the closed and open conformations of the headpiece,with EM measurements showing that both compact

�V�3 and extended �V�3 were present in Mn2�, whereas respectively. In Mn2� alone, a higher proportion of un-
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clasped particles (�70%) had open headpieces than
clasped particles (�30%). Binding to cyclo-RGDfV in
Ca2� or Mn2� resulted in uniform adoption of the open
conformation of the headpiece, with all averages show-
ing wide separation between the � and � legs near the
headpiece (Figures 2E–2H).

The images of the extended conformation were com-
pared to the �V�3 crystal structures. The crystal struc-
ture coordinates were truncated at the positions of the
bends in �V and �3 (Figure 1) to obtain the fragment
corresponding to the headpiece, and cross-correlated
to representative EM projection averages in which the
� leg was in the acute (closed) or obtuse (open) orienta-
tion to the headpiece (Figures 3C and 3E, respectively).
Cross-correlation confirmed that in the orientation
shown (Figures 3C and 3E), the � subunit/� propeller,
and � subunit I-like domains combine to form the globu-
lar head, and the � thigh and � hybrid domains project
from the bottom of the globule on the left and right,
respectively. Therefore, the hybrid domain has two dif-
ferent orientations relative to the I-like domain. The crys-
tal structures (Figure 3D) match the closed orientation
found in averages in Mn2� (Figure 3C), but clearly do
not match the open orientation seen in averages in Mn2�

and in all the averages in which cyclo-RGDfV is bound in
Ca2� or Mn2� (Figure 3E). Thus, a conformational change
occurs upon activation by Mn2� or cyclo-RGDfV that
changes the orientation of the I-like domain relative to
the hybrid domain.

Integrin I domains are activated by a downward move-
ment of the C-terminal � helix (Shimaoka et al., 2002).
Modeling the effect of a one turn (four residue) down-
ward movement of the C-terminal � helix of the I-like
domain shows that it causes the hybrid domain to pivot
about its connection to the N terminus of the I-like do-
main, and swing away from the � thigh domain and
make the headpiece more open (Figure 3F). The cross-
correlation coefficient of the open EM images in cyclo-
RGDfV (Figure 3E) with the open headpiece model (Fig-
ure 3F) was 893, significantly better than the coefficients
of 729 and 730 obtained with the headpieces from the
uncomplexed and peptide-complexed crystal struc-
tures (Figure 3D), respectively.

Figure 4. Activation by Mn2� of Ligand Binding by �V�3

Surface plasmon resonance shows specific binding of clasped (A,
The Extended but Not the Bent Conformation Has C, E, and G) or unclasped (B, D, F, and H) �V�3 in the presence of
High Affinity for Biological Ligands 1 mM Ca2�/1 mM Mg2� (A, B, E, and F) or 1 mM Mn2� (C, D, G, and
Binding of the biological ligands fibrinogen or vitronectin H) to the sensor chip coated with human fibrinogen (A–D) or human

native vitronectin (E–H). The traces show increasing concentrationswas measured in solution phase using surface plasmon
(50, 100, and 150 nM) of �V�3 analyte. Arrows indicate start andresonance and the same �V�3 preparations as used in
end points of the injection.EM and gel filtration studies. In the presence of physio-

logical divalent cation concentrations of 1 mM Ca2� and
1 mM Mg2�, little or no binding of fibrinogen or vitronec- higher affinity, as has previously been reported for �II�3

binding to fibrinogen and high-affinity RGD mimeticstin to clasped �V�3 was observed (Figures 4A and 4E),
and release of the C-terminal clasp only slightly in- (Bednar et al., 1997; Huber et al., 1995). Therefore, for

simplicity we report here apparent association and dis-creased binding (Figures 4B and 4F). By contrast, when
the binding was measured in a buffer containing 1 mM sociation rate constants derived from the initial phase

of the association and dissociation curves, respectively.Mn2�, concentration-dependent binding to the immobi-
lized fibrinogen as well as vitronectin was observed with The kon values are similar for clasped and unclasped

�V�3 in Mn2�: 5.1 � 104 M	1 s	1 for fibrinogen and 7.9 �both clasped and unclasped �V�3 (Figures 4C, 4D, 4G,
and 4H). The curves fit well to a 2-step binding model, 103 M	1 s	1 for vitronectin. These are comparable to the

kon values of 2.5 � 104 M	1 s	1 for fibrinogen and 2.3 � 103but not a 1-step Langmuir binding model. These findings
suggest two steps: (1) ligand binding, and (2) rearrange- M	1 s	1 for vitronectin reported for detergent-solubilized

�V�3 in a solid phase binding assay in the presence ofment to a conformation in which ligand is bound with
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Mn2� (Smith et al., 1994). Ligand dissociated more slowly
from unclasped than clasped �V�3. The initial rate of
dissociation from fibrinogen was 9.8 � 10	4 and 2.8 �
10	3 s	1 for unclasped and clasped �V�3, respectively.
Similarly, the rate of dissociation from vitronectin was
2.1 � 10	4 and 9.2 � 10	4 s	1 respectively. Therefore,
release of the C-terminal intersubunit constraint, which
mimics uncoupling of the transmembrane/cytoplasmic
domain interaction between the � and � subunits, results
in stronger association with ligand. The combined struc-
tural and binding studies show that the bent conforma-
tion of �V�3 in the presence of Ca2� and Mg2� has little
affinity for ligand, whereas the extended conformation
in the presence of Mn2� has high affinity for ligand.

We used mutational introduction of disulfide bonds
to confirm that cell surface integrins also assume the
bent conformation, and that they are inactive in this bent
conformation. In the extended conformation of �V�3,
Gly-307 in the �-propeller domain of �V and Arg-563 in
I-EGF domain 4 of �3 are far apart (Figure 3I, gold
spheres). In the bent conformation of the �V�3 crystal
structure, however, the C� atoms of these two residues
are only 5.2 Å apart (Figure 3H, gold spheres). Since this
distance is compatible with disulfide bond formation
between cysteines, Gly-307 of �V (or the corresponding
residue in �IIb, Arg-320) and Arg-563 of �3 were mutated
to cysteine residues to test inter-subunit disulfide bridge
formation. Lysates from 35S-labeled 293 T cell transfec-

Figure 5. Cell Surface �V�3 and �IIb�3 Kept in the Bent Conforma-tants were subjected to immunoprecipitation and non-
tion Is Locked in an Inactive Statereducing SDS-PAGE (Figure 5A). Remarkably, when mu-
(A) Disulfide bond formation between the headpiece of the � subunittant �V or �IIb subunits were cotransfected with the
and tailpiece of the � subunit. 293T cells were cotransfected with

mutant �3 subunit, covalently linked heterodimers were wild-type (� and �) or mutant (�C and �C) integrin subunits to give
formed (Figure 5A, lanes 2 and 6). By contrast, cotrans- the indicated �/� pairs. �C denotes �VG307C or �IIbR320C, �C denotes
fection of mutant � with wild-type � (Figure 5A, lanes 3 �3R563C. Integrin heterodimers were immunoprecipitated from the

35S-labeled cell extract with AP3 mAb to �3 and subjected to non-and 7) or wild-type � with mutant � (Figure 5A, lanes 4
reducing SDS-PAGE and fluorography. Positions for molecular sizeand 8) resulted in migration of the � and � subunits
markers are shown on the left. (B) Binding of fibrinogen to �3 integ-as monomers, as observed for the wild-type � and �
rins. The conversion to the high-affinity state was assessed by bind-

combination (Figure 5A, lanes 1 and 5). When the sam- ing of FITC-fibrinogen to �V�3 or �IIb�3 using fluorescence flow
ples were reduced prior to electrophoresis, all � and � cytometry. 293T cell transfectants expressing wild-type or double
species migrated as monomers (data not shown). The cysteine mutants (�VG307C�3R563C or �IIbR320C�3R563C) were treated with
close proximity of residue 307 of �V to residue 563 of 5 mM Ca2� or 1 mM Mn2� plus activating mAbs (AP5 for �V�3, PT25-

2 for �IIb�3), with or without 2 mM DTT and incubated with 30�3 in cell surface �V�3, and of residue 320 of �IIb to
�g/ml of FITC-fibrinogen for 30 min at room temperature. Data areresidue 563 of �3 in cell surface �II�3 as demonstrated
representative of three independent experiments.by disulfide bond formation, shows that integrin hetero-

dimers can indeed adopt the bent conformation on the
cause high affinity is required for binding of the solublecell surface.
ligand. By contrast, reduction with DTT enabled cellsWe tested the effect on ligand binding of locking the
bearing �V�3 and �IIb�3 integrins with the cysteine mu-bent conformation into cell surface integrins with a disul-
tations to bind FITC-fibrinogen in response to activatingfide bond. Since binding of soluble ligands to �3 integ-
agents (Figure 5B). These results demonstrate that arins is strictly dependent on high-affinity receptors
disulfide bridge between headpiece and tailpiece resi-(Pampori et al., 1999), we looked at the binding of fluo-
dues locked two different �3 integrins in a conformationrescently labeled fibrinogen to cells expressing either
incompetent for high-affinity ligand binding. Inhibitionwild-type or mutant �V�3 and �IIb�3. Wild-type �V�3
of ligand binding, and demonstration of disulfide bondor �IIb�3 expressed in 293T cells did not bind FITC-
formation, was similarly obtained when we introducedfibrinogen under basal conditions in Ca2�, but bound
cysteines into �3 residues 332 in the I-like domain andwell after activation with Mn2� and activating mAbs (Fig-
674 in the �-tail domain to stabilize the bent conforma-ure 5B). By contrast, cells expressing �V�3 and �IIb�3
tion (data not shown).with cysteine mutations in both � and � subunits were

resistant to activation, as shown by a lack of ligand
Discussionbinding after stimulation with Mn2� and activating mAb

(Figure 5B). Despite its activating effect on some assays
Three Integrin Conformational Statesof integrin function (Yan and Smith, 2001), reduction

with dithiothreitol (DTT) did not affect fibrinogen binding We have demonstrated that integrins exist in at least
three conformational states: a bent conformer (Figureby wild-type transfectants (Figure 5B), presumably be-
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Figure 6. Quaternary Structural Rearrangements in Integrin Activation

The three conformers defined by electron microscopy (A, D, and E) and the hypothetical intermediates when the headpiece-tailpiece and �

tailpiece-� tailpiece interfaces are destabilized in outside-in (B) or inside-out (C) signaling are schematized. The � headpiece domains
(�-propeller and thigh) are red, � tailpiece domains (calf-1 and calf-2) are pink, � headpiece domains (I-like, hybrid, PSI, and I-EGF1) are blue,
and � tailpiece domains (I-EGF2, and the I-EGF3, I-EGF4, and �-tail which are shown merged together) are cyan. Black squiggly lines symbolize
the transmembrane and cytoplasmic domains. The conformers are shown in the same orientation as the cross-correlated headpiece in Figure
3C, except for rotation in the plane of the figure. The rotation in the plane of the figure is such as to maximize comparison between the
conformers, and is not uniform with regard to expected orientation relative to the cell membrane, especially in (D).

6A), an extended conformer with a closed headpiece In Mn2�, the bent conformer and the two extended
conformers with the open and closed headpiece were(Figure 6D), and an extended conformer with an open

headpiece (Figure 6E). Our studies unequivocally estab- all present as shown with EM. Physiochemical measure-
ments demonstrated a conformational equilibrium inlish that the bent conformation exists in solution and on

cell surfaces, and represents the highly physiologically Mn2�, with equilibration between the bent and extended
conformers occurring on a timescale much more rapidrelevant low-affinity conformation of integrins. The bent

conformer is seen in Ca2�/Mg2� and Ca2�, is stabilized than 13 min. In Mn2�, �V�3 bound to fibrinogen and
vitronectin, demonstrating that one or both of the ex-by Ca2�, strongly destabilized by cyclo-RGDfV, and less

strongly destabilized by Mn2�. In the presence of a C-ter- tended conformers has high affinity for ligand. A higher
percentage of molecules in the extended conformationminal clasp, a higher proportion of �V�3 molecules is

present in the V-shaped bent conformation in Ca2�. The were found for unclasped than clasped �V�3 in Mn2�,
correlating with the finding that unclasped �V�3 hasbent �V�3 conformer does not bind the biological li-

gands fibrinogen or vitronectin as shown in solution higher affinity for vitronectin and fibrinogen.
In the presence of cyclo-RGDfV, the equilibriumphase binding assays in Ca2�/Mg2�. On the cell surface,

�V�3 and �IIb�3 cannot be stimulated to bind their bio- shifted almost entirely to the extended conformer of
�V�3 with the open headpiece. The same results werelogical ligand fibrinogen with high affinity when locked

in the bent conformation with a disulfide bond. Activa- seen in Ca2� or Mn2� and with clasped or unclasped
�V�3. Cyclo-RGDfV was used at concentrations fartion of ligand binding by the locked bent integrins, but

not by wild-type integrins, requires disulfide reduction. above its KD, which will drive the conformational equilib-
rium to the conformer with the highest affinity for ligand.Although the bent conformer does not detectably bind

biological ligands, it clearly can bind high-affinity ligand- This identifies the extended conformer with the open
headpiece as the conformation with highest affinity formimetic peptides as demonstrated by a co-crystal struc-

ture (Xiong et al., 2002). We therefore refer to the bent ligand (Figure 6E).
The extended conformer with the closed headpiececonformer as a low-affinity rather than an inactive con-

formation. (Figure 6D) represents an intermediate conformation,
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because it shares the closed headpiece with the bent Table 2. Solvent Accessible Surface Area Buried in Tailpiece-
conformer, and shares the lack of a tailpiece-headpiece Headpiece and � Tailpiece-� Tailpiece Interfaces in �V�3a

interface with the extended conformer with the open
Headpiece- � tailpiece- � headpiece-

headpiece. The presence of all three species of con- tailpiece � tailpiece � headpiece
formers in Mn2�, and only the bent conformer in Ca2�

Domain Solvent accessible surface area buried (Å2)alone and only the extended, open conformer in cyclo-
RGDfV also suggests that the extended, closed con- � �-propeller 260 - 1640

� thigh 250 - -former is an intermediate in the conformational equilib-
� calf-1 290 400 -rium between the low and high affinity forms. Because
� calf-2 0 730 -the equilbria of conformational change and ligand bind-
� hybrid 630 - 50

ing are thermodynamically linked (Marvin and Hellinga,
� I-like 80 - 1720

2001), it is reasonable to assume that the extended, � I-EGF3 260 250 -
closed conformer has an intermediate affinity for ligand � I-EGF4 260 340 -

� �-tail 360 340 -(Figure 6D).
Total 2370 2050 3410Integrins vary markedly in their susceptibility to activa-

tion, e.g., as demonstrated among different �1 integrins a The �V�3 crystal structure (1JV2) (Xiong et al., 2001) was extended
by moving the headpiece (� 1-594, � 55-434) relative to the tailpiecein ability of Mn2� or soluble ligands to induce expression
(� 595-956, � 532-690) so that the covalent connection betweenof �1 subunit activation epitopes (Bazzoni et al., 1998).
residues 594 and 595 at the genu was maintained and the thigh-Electron microscopy of clasped �5�1 and �IIb�3 integ-
calf-1 interface was minimized. The areaimol function of the CCP4

rins prepared similarly to clasped �V�3 shows that in suite was used to compare solvent accessible surface areas of the
Ca2� they also adopt the bent conformation (data not extended and bent structures (Bailey, 1994). For the � tailpiece-�
shown). However, a significantly higher proportion of tailpiece and � headpiece-� headpiece interfaces, the individual �

or � subunit segments were placed in separate pdb files and com-particles adopted the extended conformation in Ca2�

pared to the file containing both segments.than seen with �V�3. Therefore, the equilibrium point
between the bent and extended conformations may dif-
fer depending on the integrin. It may be more appro-
priate to think of activators or inhibitors as influencing presented here confirm and markedly extend the
the equilibria that relate conformers, rather than locking switchblade model. The identification of the bent �V�3
in a particular conformation. Almost all factors with conformer as the low affinity, resting state of integrins
which integrins interact, such as cytoplasmic proteins on the cell surface, and the shift of the conformational
(Liu et al., 2000) and the TM4 superfamily proteins equilibrium toward the extended conformer by activa-
(Hemler, 1998), may influence the conformational equi- tion and ligand binding explain many previous results
libria. on LIBS and activation-dependent epitopes, including

the presence of the vast majority of these epitopes on
the � subunit. In the bent �V�3 structure, the � subunitThe Switchblade Model of Integrin Activation

We have shown that activation of �V�3 with Mn2� or is innermost in the bend (Figure 3H) and contributes
about 70% of the solvent accessible surface area thatcyclo-RGDfV results in a dramatic rearrangement of the

quaternary structure to an extended conformation. Pre- is buried in the headpiece-tailpiece interface (Table 2).
A minority of �V�3 particles in Ca2� had a V-shapedvious electron micrographic studies of native or recom-

binant integrins have generally visualized the extended conformation with a wider separation between the head-
piece and tailpiece. This provides direct evidence forconformation (Du et al., 1993; Nermut et al., 1988; Takagi

et al., 2001). Although in some cases compact globules “breathing” at this interface, as previously hypothesized
(Beglova et al., 2002). Upon temporary exposure of thewere also reported, they may have largely escaped no-

tice because (1) integrins such as �IIb�3 and �5�1 are headpiece-tailpiece interface during breathing move-
ments, binding of an antibody to the inner side of theless stable in the bent conformation than �V�3, (2) harsh

elution conditions activate integrins and induce the ex- � tail would keep the interface wedged open, prevent
rebending of the receptor, and stabilize the extendedtended conformation, and (3) all previous studies utilized

the lower resolution technique of rotary shadowing, in conformation and hence ligand binding. It is interesting
that antibodies that map further from the bend can bindwhich the bent conformation appears as a globule and

lacks interesting fine structure. to resting integrins and activate them, whereas a mAb
that binds only after prior integrin activation binds closeMany anti-integrin mAbs have been reported that bind

preferentially to the active and/or ligand-occupied form to the bend, where less opening would occur during
breathing (Beglova et al., 2002).of integrins (Bazzoni and Hemler, 1998; Shimaoka et al.,

2002). Recently, a combined NMR structure and model
of �2 integrin I-EGF modules 2 and 3 (Beglova et al., Extracellular Domain Rearrangements

in Outside-In Signaling2002) localized epitopes of mAb that report integrin acti-
vation and induce integrin activation (Lu et al., 2001a), The structural rearrangements demonstrated here after

binding of cyclo-RGDfV to �V�3 define a pathway forand residues that interact with the � subunit to restrain
activation (Zang and Springer, 2001). These residues communication from the ligand binding site in the head-

piece to the membrane proximal segments of the � andare buried in the bent conformation, but exposed in
an extended conformation. Therefore, we postulated a � legs; i.e., the extracellular portion of the integrin out-

side-in signaling pathway. The cyclo-RGDfV peptide dif-switchblade-like opening of the bent conformation upon
integrin activation (Beglova et al., 2002). The studies fers only 4-fold in IC50 and in one methyl group from its
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N-methyl-Val derivative, cyclo-RGDf-mV (Dechants- the ligand binding site, and act by stabilizing the low
reiter et al., 1999), which was used in �V�3 co-crystals affinity conformation (Giblin and Kelly, 2001; Shimaoka
(Xiong et al., 2002). When soaked into �V�3 crystals et al., 2002).
along with Mn2�, cyclo-RGDf-mV bound to the bent con-
formation of �V�3, with its Asp sidechain coordinating Inside-Out Signaling
the Mn2� in the MIDAS of the �3 I-like domain. By con- Inside-out activation of integrins occurs as a result of
trast, binding to �V�3 in solution results in a dramatic breakage of interactions between the membrane proxi-
quaternary rearrangement to an extended conformation mal regions of the � and � subunits (Hughes et al., 1996;
with an open headpiece. The lack of major rearrangements Lu et al., 2001b; Takagi et al., 2001; Vinogradova et
in the crystal structure is readily explained by the exten- al., 2002). The talin head domain can directly activate
sive lattice contacts stabilizing the bent conformation. integrins by binding to the � subunit cytoplasmic domain
Thus, in a first step, peptide binds to the low affinity, (Vinogradova et al., 2002). In the crystal structure, the
bent �V�3 conformer, which has a closed headpiece; most C-terminal, membrane proximal residues of �V and
and in a second step, in the absence of crystal lattice �3 are very close to one another (Xiong et al., 2001), as
constraints, binding causes a dramatic quaternary re- appropriate for a low affinity conformation with inter-
arrangement to the high affinity, extended conformer acting membrane proximal segments. We found that
with an open headpiece. the C-terminal clasp stabilized the bent conformation

The ligand-induced conformational change directly relative to the extended conformation, and stabilized
observed here is consistent with many long-standing the extended conformation with a closed headpiece rel-
observations in the integrin literature which indirectly ative to the extended conformation with an open head-
suggest conformational change: (1) The exposure by piece. These findings support the model that movement
biological ligands and by peptidomimetic integrin antag- apart of the membrane proximal segments of the � and
onists of LIBS epitopes far from the ligand binding site � subunits is a mechanism for integrin activation in in-
itself (Bazzoni and Hemler, 1998; Frelinger et al., 1990; side-out signaling (Figure 6C). In the �V�3 crystal struc-
Kouns et al., 1992). (2) Binding of RGD peptides to �IIb ture, the lower legs of the � and � subunits, i.e., the
�3, followed by washout of the peptide, activates bind- portions below the bend at the genu, have substantial
ing of �IIb�3 in solution and on platelets to fibrinogen interactions with one another, and in turn the lower � leg
(Du et al., 1991). In a related phenomenon, cyclo-RGDfV has a prominent role in the headpiece-tailpiece interface
can augment binding of �V�3 to fibrinogen, fibronectin, (Table 2). Therefore, destabilizing the conformation of
and vitronectin when used near its IC50, but is inhibitory the lower � leg by breakage of its interaction with the
at high concentrations (Legler et al., 2001). (3) Binding of lower � leg would also destabilize the headpiece-tail-
small molecule antagonists and fibrinogen shows two- piece interface and favor a switchblade-like opening of
step binding kinetics (Bednar et al., 1997; Huber et al., this interface. This provides a mechanism for communi-
1995), suggesting that after ligand binding, a re- cating conformational change from the membrane to
arrangement occurs to a conformation with higher affin- the headpiece.
ity for ligand. (4) Conformational change in �IIb�3 upon
binding to small peptide ligands, with a decrease in

The Headpiece-Tailpiece and � Tailpiece-�
sedimentation coefficient and an increase in Stokes ra-

Tailpiece Interfaces in Integrin Activation
dius, was noted long ago (Parise et al., 1987).

The headpiece-tailpiece and � tailpiece-� tailpiece inter-Both peptidomimetic and antibody antagonists of �IIb
faces each bury over 2000 Å2 of solvent accessible sur-

�3 are in wide use clinically for treatment of heart dis-
face (Table 2). The unusually large area by the standardsease (Coller, 2001; Scarborough and Gretler, 2000). Both
of protein-protein interfaces (Conte et al., 1999) of eachclasses of antagonists induce conformational change in
of these interfaces suggests biological importance in�IIb�3 on the surface of circulating platelets, as well
integrin function, in agreement with their critical roledocumented with LIBS monoclonal antibodies (Kouns
defined here in regulating integrin activation. These twoet al., 1992; Peter et al., 1998). This has important clinical
interfaces would be even larger if the PSI, I-EGF-1,implications, because a small subset of patients have
I-EGF-2, and the complete I-EGF-3 domains had beenpre-existing LIBS antibodies that result in thrombocyto-
resolved, which locate to the bend in the � subunit andpenia (Billheimer et al., 2002; Scarborough and Gretler,
nestle close to the bend in the � subunit (Beglova et al.,2000). Our direct demonstration here of conformational
2002). The combined size of the two interfaces ofrearrangements in �V�3 shows that the possibility of
4,400 Å2 is greater than the size of the interface betweensimilar reactions must be considered with the �V�3 an-
the � and � subunits in the headpiece (Table 2).tagonists currently undergoing clinical development for

Our electron microscopic studies show that when thetreatment of cancer and bone resorption disorders
headpiece-tailpiece interface is broken, the � tailpiece-(Brooks et al., 1994; Dechantsreiter et al., 1999).
� tailpiece interface is also broken. The � subunit adoptsOur demonstration that integrins adopt a bent confor-
a fairly uniform orientation in the extended conforma-mation in the low-affinity state suggests that a new class
tion, showing that the genu snaps into a stable alterna-of small molecule antagonists to integrins should be
tive conformation after unbending and that the othersought. Small molecules that bind to and stabilize the
interdomain interfaces in the � leg are stable. However,headpiece-tailpiece or � tailpiece-� tailpiece interfaces
in the extended conformation, the lower � leg existswould antagonize integrin activation, and would not act
in many alternative conformations, and disappeared inas partial agonists or induce conformational changes
most projection averages. In the clasp, a flexible linkerthat expose LIBS. Analogous inhibitors have been found

to �L�2, that bind to the I domain at a site distal from with a TEV cleavage site intervenes between the coiled-
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coil and the C terminus of the � leg, and therefore it is Movement at the I-like Domain-Hybrid Domain
Interface in Integrin Activationnot surprising that the clasp did not orient the lower �
One of our most striking observations is the obtuseleg. Throughout their lengths, no association between
orientation of the hybrid domain relative to the I-likethe � and � legs was seen in extended integrins, with
domain seen in the extended conformation with thethe exception of occasional crossing of the legs in the
open headpiece. This conformation corresponds to theclosed conformation of the headpiece, which may be a
high affinity, ligand-bound state of integrins. The obtuseconsequence of the acute angle that the hybrid domain
orientation of the hybrid domain is unequivocally distinctmakes with regard to the head rather than association
from the acute orientation seen in the �V�3 crystal struc-between the legs. Therefore, breaking the headpiece-
ture. Therefore, a conformational change occurs at thetailpiece interface also destabilizes the � tailpiece-� tail-
I-like domain-hybrid domain interface upon conversionpiece interface. Because the headpiece-tailpiece and �
to the high affinity state. The I and I-like domains aretailpiece-� tailpiece interfaces are similar in size and
each connected through both their N and C termini tocomplementarity, we expect that breakage of the � tail-
the domains in which they are inserted, the � propellerpiece-� tailpiece interface would also destabilize the
and hybrid domains, respectively (Figure 1). We mod-headpiece-tailpiece interface.
eled a downward movement of the C-terminal �-helixWhile we have shown that destabilization of these
of the I-like domain that is analogous to that seen in Itwo interfaces is linked, inside-out signaling should first
domain activation and found that it would pivot the hy-destabilize the � tailpiece-� tailpiece interface (Figure
brid domain away from the � subunit about a fulcrum6C), and ligand binding should first destabilize the head-
at the N terminus of the I-like domain, and open thepiece-tailpiece interface (Figure 6B). We hypothesize
headpiece. Our finding of conformational rearrangementthat after ligand binding to the bent �V�3 conformation,
at the I-like domain-hybrid domain interface is consis-rearrangement to a higher-affinity binding site causes
tent with its relatively small size of 650 Å2 (Xiong et al.,the � hybrid domain to swing out and disrupt first the
2001) and the predominance of hydrogen bond con-tailpiece-headpiece interface (Figure 6B) and then the
tacts; allosteric transitions are generally mediated by� tailpiece-� tailpiece interface; ligand binding directly
rearrangement of hydrogen bond rather than hydropho-induces the extended, open conformation (Figure 6E).
bic contacts at subunit or domain interfaces (Perutz,Inside-out signaling should favor the intermediate con-
1989). In I domains, rearrangement of the MIDAS intoformation (Figure 6D), which should be sufficient to en-
the ligand binding configuration is tightly coupled tohance affinity for ligand. A series of linked equililbria
downward movement of the C-terminal �-helix (Shi-between the three integrin conformers defined here ex-
maoka et al., 2002). In the crystal structure of the com-plain how inside-out signaling and ligand binding can
plex of cyclo-RGDf-mV with �V�3, a similar rearrangementboth favor the extended conformation, and conversely,
around the MIDAS of the I-like domain appears to havehow maintenance of close association between the jux-
begun, with an inward movement of the �1-helix (Xiongtamembrane segments of the � and � subunits stabilizes
et al., 2002). In I domains, this “squeezes” the hydropho-the bent conformation (Figure 6A). It is significant that
bic core of the domain and pops out nearby residuesthe hybrid domain has by far the greatest surface area
in the turn preceding the C-terminal � helix, pushing itburied in the headpiece-tailpiece interface (Table 2). This
down the side of the domain. However, completion ofdesign is ideal to couple maintenance of the headpiece-
this process with an analogous downward movementtailpiece interface to maintenance of the hybrid domain-
of the C-terminal � helix in the I-like domain, coupledI-like domain interface in the acute orientation, which is
to swing-out of the hybrid domain, would be frustratedassociated with low affinity for ligand.
in the co-crystal by the extensive contacts of the hybridThe flexibility of the lower � leg illustrates the difficulty
domain with the tailpiece and by lattice contacts thatof transmitting conformational signals through long, ex-
prevent adoption of the extended conformation.

tended structures. Other surface receptors that transmit
The EM projection averages demonstrate swing-out

signals have ligand binding sites that are much closer
of the hybrid domain in the ligand-bound, open configu-

to the membrane (Falke and Hazelbauer, 2001; Remy et ration of the headpiece. They do not define the underly-
al., 1999). Transition between bent and extended confor- ing detailed structural rearrangements; for example, we
mations in integrins provides a solution to the problem cannot distinguish unwinding of a portion of the C-ter-
of signal transmission over long distances. It enables minal � helix from a rigid body movement of this helix.
an active ligand binding site to be displayed far above However, alternative movements such as unwinding do
the surface of a cell, while equilibration with a bent, not provide a mechanism for coupling cyclo-RGDfV
inactive conformation enables signals between the li- binding at the top of the I-like domain to hybrid domain
gand binding site and the cytoplasmic domains to be swing-out at the bottom of the I-like domain, which the
relayed over relatively short distances to protein inter- EM studies clearly establish. Since such a coupling
faces present in the bent conformation. Our findings mechanism has already been demonstrated in structur-
should put to rest the controversy over whether integrin ally homologous I domains (Shimaoka et al., 2002), we
conformational change enables ligand binding or is a can confidently predict that a similar downward C-ter-
consequence of ligand binding (Bazzoni and Hemler, minal � helix movement is also coupled to rearrangements
1998), because they suggest that both inside-out and in the binding site at the MIDAS in I-like domains that
outside-in signals destabilize the bent conformation. increase affinity for ligand. The structural rearrangements
This finding is highly consistent with the fact that ligand reported here enable important insights into the mecha-
binding to integrins and inside-out activation of integrins nisms underlying inside-out and outside-in signaling in

the extracellular portion of integrins. It will be interestinginduce an overlapping or even identical set of epitopes.
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transferred to pEF1/V5-His (Invitrogen) so that the C terminus wasto confirm and extend this work with mutational studies
in-frame with the V5 tag. Cysteine mutations (G307C in �V, R320Con the inter-domain linkage mechanisms, and with crys-
in �IIb, and R563C in �3) were made by site-directed mutagenesis.tal and high-resolution EM structures of integrin-ligand
Mutant as well as wild-type integrin subunits were transiently trans-

complexes that are not constrained in the bent confor- fected into 293T cells using calcium phosphate precipitates. Binding
mation. of FITC-fibrinogen was determined as previously described (Pamp-

ori et al., 1999). Activating mAbs AP5 (Fifth International Leukocyte
Workshop) and PT25-2 (gift from M. Handa,) were used at 1:50Experimental Procedures
ascites and 7.5 �g/ml, respectively. After a final staining with Cy3-
labeled AP3 (nonfunctional anti-�3 mAb, American Type CultureProduction of Soluble Recombinant �V�3

Soluble, clasped �V (�V-AHCys) and �3 (�3-tev-BHCys) constructs Collection), the �3-positive cell population was analyzed for the
binding of FITC-fibrinogen.were prepared from wild-type human �V and �3 cDNAs by overlap

extension PCR using the same design as for soluble clasped �5�1
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treated with orally bioavailable glycoprotein IIb/IIIa antagonists isat an angular interval of 2 degrees. These re-projections were cross-
immune mediated. Blood 99, 1–7.correlated to selected class averages (Figures 3A, 3C, and 3E) and

the re-projections with the highest correlation coefficient selected Brooks, P.C., Montgomery, A.M., Rosenfeld, M., Reisfeld, R.A., Hu,
T., Klier, G., and Cheresh, D.A. (1994). Integrin �V�3 antagonistsfor Figures 3B, 3D, and 3F. All image processing steps were carried

out with SPIDER (Frank et al., 1996). promote tumor regression by inducing apoptosis of angiogenic
blood vessels. Cell 79, 1157–1164.

Surface Plasmon Resonance Coller, B.S. (2001). Anti-GPIIb/IIIa drugs: current strategies and fu-
Experiments were performed using the BIAcore 1000 (Biacore AB). ture directions. Thromb. Haemost. 86, 427–443.
Dilutions of �V�3 in TBS containing either 1 mM MnCl2 or 1 mM Conte, L.L., Chothia, C., and Janin, J. (1999). The atomic structure
CaCl2 and 1 mM MgCl2 were injected over 6 min at 10 �l/min into of protein-protein recognition sites. J. Mol. Biol. 285, 2177–2198.
flow cells containing either �8000 RU of human fibrinogen (Enzyme

Dechantsreiter, M.A., Planker, E., Matha, B., Lohof, E., Holzemann,
Research Laboratories) or �6000 RU of native monomeric human

G., Jonczyk, A., Goodman, S.L., and Kessler, H. (1999). N-Methylated
vitronectin (gift from D.F. Mosher) coupled to a sensor chip CM5.

cyclic RGD peptides as highly active and selective �V�3 integrin
After each cycle of association/dissociation, the surface was regen-

antagonists. J. Med. Chem. 42, 3033–3040.
erated by injecting 30 �l of 20 mM EDTA, 1M NaCl, and 50 mM

Du, X., Plow, E.F., Frelinger, A.L., III, O’Toole, T.E., Loftus, J.C., andTris (pH 7.5). This treatment did not affect the subsequent binding
Ginsberg, M.H. (1991). Ligands “activate” integrin �IIb�3 (plateletreaction after up to 20 repetitions.
GPIIb-IIIa). Cell 65, 409–416.

Du, X., Gu, M., Weisel, J.W., Nagaswami, C., Bennett, J.S., Bowditch,Expression and Ligand Binding Activity
R., and Ginsberg, M.H. (1993). Long range propagation of conforma-of Integrin on the Cell Surface
tional changes in integrin �IIb�3. J. Biol. Chem. 268, 23087–23092.Full-length human �3 cDNA was transferred to pcDNA3.1/Myc (In-

vitrogen) so that the C terminus was in-frame with the Myc and Egbertson, M.S., Cook, J.J., Bednar, B., Prugh, J.D., Bednar, R.A.,
Gaul, S.L., Gould, R.J., Hartman, G.D., Homnick, C.F., Holahan, M.A.,hexahistidine tags. Full-length human �V and �IIb cDNAs were



Bent and Extended Conformations in Integrins
611

et al. (1999). Non-peptide GPIIb/IIIa inhibitors. 20. Centrally con- Remy, I., Wilson, I.A., and Michnick, S.W. (1999). Erythropoietin re-
ceptor activation by a ligand-induced conformation change. Sciencestrained thienothiophene alpha-sulfonamides are potent, long act-

ing in vivo inhibitors of platelet aggregation. J. Med. Chem. 42, 283, 990–993.
2409–2421. Scarborough, R.M., and Gretler, D.D. (2000). Platelet glycoprotein

IIb-IIIa antagonists as prototypical integrin blockers: novel paren-Falke, J.J., and Hazelbauer, G.L. (2001). Transmembrane signaling
teral and potential oral antithrombotic agents. J. Med. Chem. 43,in bacterial chemoreceptors. Trends Biochem. Sci. 26, 257–265.
3453–3473.Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y., Ladjadj, M.,
Schwartz, M.A., and Ginsberg, M.H. (2002). Networks and crosstalk:and Leith, A. (1996). SPIDER and WEB: processing and visualization
integrin signalling spreads. Nat. Cell Biol. 4, E65–E68.of images in 3D electron microscopy and related fields. J. Struct.

Biol. 116, 190–199. Shimaoka, M., Takagi, J., and Springer, T.A. (2002). Conformational
regulation of integrin structure and function. Annu. Rev. Biophys.Frelinger, A.L., Cohen, I., Plow, E.F., Smith, M.A., Roberts, J., Lam,
Biomol. Struct. 31, 485–516.S.C.T., and Ginsberg, M.H. (1990). Selective inhibition of integrin

function by antibodies specific for ligand-occupied receptor con- Smith, J.W., Piotrowicz, R.S., and Mathis, D. (1994). A mechanism
formers. J. Biol. Chem. 265, 6346–6352. for divalent cation regulation of �3-integrins. J. Biol. Chem. 269,

960–967.Giancotti, F.G., and Ruoslahti, E. (1999). Integrin signaling. Science
285, 1028–1032. Takagi, J., Erickson, H.P., and Springer, T.A. (2001). C-terminal

opening mimics “inside-out” activation of integrin �5�1. Nat. Struct.Giblin, P.A., and Kelly, T.A. (2001). Antagonists of �2 integrin-medi-
Biol. 8, 412–416.ated cell adhesion. Annu. Rep. Med. Chem. 36, 181–190.

Tanford, C. (1961). Physical Chemistry of Macromolecules, FirstHemler, M.E. (1998). Integrin associated proteins. Curr. Opin. Cell
Edition. (New York: Wiley and Sons, Inc.).Biol. 10, 578–585.

Vinogradova, O., Velyvis, A., Velyviene, A., Hu, B., Haas, T.A., Plow,Huber, W., Hurst, J., Schlatter, D., Barner, R., Hübscher, J., Kouns,
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