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Integrin activation and structural
rearrangement

Summary: Among adhesion receptor families, integrins are particularly
important in biological processes that require rapid modulation of ad-
hesion and de-adhesion. Activation on a timescale of <1s of 2 integrins
on leukocytes and B3 integrins on platelets enables deposition of these
cells at sites of inflammation or vessel wall injury. Recent crystal, nuclear
magnetic resonance (NMR), and electron microscope (EM) structures of
integrins and their domains lead to a unifying mechanism of activation
for both integrins that contain and those that lack an inserted (I) domain.
The I domain adopts two alternative conformations, termed open and
closed. In striking similarity to signaling G-proteins, rearrangement of a
Mg’ *-binding site is linked to large conformational movements in distant
backbone regions. Mutations that stabilize a particular conformation
show that the open conformation has high affinity for ligand, whereas
the closed conformation has low affinity. Movement of the C-terminal o-
helix 10A down the side of the domain in the open conformation is
sufficient to increase affinity at the distal ligand-binding site 9000-fold.
This C-terminal “bell-rope” provides a mechanism for linkage to confor-
mational movements in other domains. Recent structures and functional
studies reveal interactions between [B-propeller, I, and I-like domains in
the integrin headpiece, and a critical role for integrin epidermal growth
factor (EGF) domains in the stalk region. The headpiece of the integrin
faces down towards the membrane in the inactive conformation, and
extends upward in a “switchblade”-like opening upon activation. These
long-range structural rearrangements of the entire integrin molecule in-
volving interdomain contacts appear closely linked to conformational
changes within the I and I-like domains, which result in increased affinity
and competence for ligand binding.

Introduction

Integrins are adhesion molecules with noncovalently associ-
ated o and B subunits that mediate cell—cell, cell-extracellular
matrix, and cell-pathogen interactions. Nineteen different
integrin o subunits and eight different B subunits have been
reported in vertebrates (1,2), forming at least 25 off hetero-
dimers and perhaps making the integrins the most structur-
ally and functionally diverse family of cell adhesion mol-

ecules. These integrins differ with respect to which cell sur-
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face, extracellular matrix, or inflammatory ligands they bind,
the mechanisms by which their binding activity for ligands
is activated, the types of cytoskeletal components to which
they bind, and the types of signaling pathways that they acti-
vate within cells.

The most unusual feature of integrins compared to other
adhesion molecules is that the ability of their extracellular
domains to bind ligands can be activated on a timescale of
<1s by signals within the cell (inside-out signaling). This is
particularly evident with integrins on platelets and leukocytes
in the bloodstream. Activation of integrins on these cells en-
ables platelets to bind to injured vessel walls and fibrin clots,
and enables leukocytes to bind to vessel walls and subsequent-
ly to migrate across the endothelium to participate in im-
mune and inflammatory processes. Multiple mechanisms in-
cluding conformational change in integrins (affinity regula-
tion), and clustering and association with the cytoskeleton
(avidity regulation), have been proposed to explain these
events (3—10). There is abundant evidence obtained using
antibodies for conformational change in many of the different
extracellular integrin domains. However, it has been ques-
tioned whether conformational change is a result of ligand
binding or a cause of ligand binding (affinity regulation).
Multiple structures have been determined for the inserted (I)
domain that is a key ligand-binding domain in many inte-
grins. I domains became embroiled in similar controversies
as to whether conformational differences seen in crystal struc-
tures were physiologically relevant, and whether confor-
mational change could regulate ligand binding or was merely
a consequence of ligand binding. Now, through mutational
and further structural studies, it is clear that conformational
change in integrin I domains is of key physiologic importance
for regulating the affinity for ligand. Recently, the structure
of the extracellular fragment of integrin oVB3, which lacks
an I domain, was reported at 3.1-A resolution (11). It was a
big surprise for integrin researchers that this structure as-
sumed a bent conformation, in which the ligand-binding
headpiece is folded back onto the tailpiece of the molecule.
This picture is completely different from what was expected
from the electron micrograph images known for years, which
show a conformation in which the headpiece is extended far
away from the membrane on two long stalks (12—15). A
small molecule antagonist can be soaked into the crystals and
bind to the bent conformation (16). Nonetheless, the sugges-
tion by the authors of the crystal structure paper that the bent
structure represents the active conformer (11) was puzzling,
since the ligand-binding site would face back toward the
membrane surface, in an orientation that would be unfavor-
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able for binding to ligands on other cells or in the extracellu-
lar matrix. We have recently shown, utilizing image pro-
cessing of negatively stained electron micrographs and de-
signed conformation-stabilizing mutations, that the bent
form represents the inactive receptor, and that activation re-
sults in straightening of the heterodimer (17). This review
focuses on exciting recent advances in the elucidation of the
conformational regulation of ligand binding by integrins in
general and I domains in particular, and emphasizes “struc-
tural rearrangement” as a unifying theme for activation of

both integrins that contain and those that lack I domains.

An overview of integrin domain structure

Integrins contain two noncovalently associated, type I trans-
membrane glycoprotein o and f subunits with extracellular
domains of >940 and > 640 residues, respectively (Fig.1).
The intracellular domains are short, except for the cyto-
plasmic domain of integrin B4, which is specialized to con-
nect to the keratin cytoskeleton and contains fibronectin type
IIT domains (18). A globular headpiece binds ligand, and two
long stalk regions containing C-terminal segments from the
o and f subunits connect the ligand-binding headpiece to the
transmembrane and C-terminal cytoplasmic domains. Twelve
extracellular domains are present in integrins that lack I do-
mains; the structure of the extracellular fragment of integrin
oVB3 (11) defines eight of these and a portion of a ninth. A
complementary NMR structure of a 2 integrin fragment

(19) reveals the structure of some of the missing domains.

The o subunit

The N-terminal region of the integrin o subunit contains
seven segments of about 60 amino acids each that have weak
homology to one another, and they have been predicted to
fold into a seven-bladed B-propeller domain (20) (Fig. 1). The
trimeric G-protein B subunit contains a B-propeller domain
with the same topology. The B-propeller model has received
strong support from mapping of epitopes that are far apart in
sequence but close in the predicted structure (21), and from
the finding that Ca’*-binding motifs in propeller B-sheets 4—
7 are more similar to motifs found in turns between B-strands
than to EF-hand motifs in turns between o-helices (22). Mu-
tagenesis studies show that ligand-binding residues cluster to
one portion of the “top” and “side” of the B-propeller (23).
The oVP3 crystal structure is in agreement with these con-
clusions (11).

Half of integrin o subunits contain a domain of about 200

amino acids known as an inserted (I) domain or a von Wille-



brand factor A domain. I domains are the major ligand-bind-
ing sites in integrins that contain I domains (24,25). The I
domain is inserted between B-sheets 2 and 3 of the p-propel-
ler domain (20) (Fig.1). The three-dimensional structure of
the I domain (26) shows that it adopts the dinucleotide-bind-
ing or Rossmann fold. A divalent cation coordination site,
designated the metal ion-dependent adhesion site (MIDAS) in
the I domain, binds negatively charged residues in ligands.
The region C-terminal to the B-propeller domain comprises
a large portion of the o subunit extracellular domain of about
500 residues. Much of this C-terminal region appears to cor-
respond to the stalk region visualized in electron micro-
graphs, and it is predicted to consist of domains with a two-
layer B-sandwich structure (27). The crystal structure reveals
the presence of three 3-sandwich domains in this region, des-
ignated the thigh, calf-1, and calf-2 domains (11) (Figs2A,B).

The B-subunit
The N-terminal cysteine-rich region of residues 1-50 shares

sequence homology with membrane proteins including plex-

ins, semaphorins, and the c-met receptor; it has therefore
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been termed the PSI domain for plexins, semaphorins and
integrins (28). This region in integrin B-subunits has seven
cysteines, six of which are shared with other PSI domains,
and the region is predicted to have two o-helices. The first of
the seven cysteines forms a long-range disulfide to the C-
terminal cysteine-rich region in the B-subunit (Fig.1) (29).
These cysteine-rich regions cooperate to restrain the integrin
in the inactive conformation (30).

Integrin B subunits contain an evolutionarily conserved do-
main of about 240 residues, spanning approximately residues
100-340. This domain contains a putative metal-binding
DXSXS sequence motif similar to that of the MIDAS in the I
domain, a similar secondary structure (26), and weak but
detectable sequence homology to the I domain (31); there-
fore, it has been termed the I-like domain. This region is a
hotspot for point mutations that result in a lack of association
of the integrin 2 subunit with o subunits, or loss of func-
tion, and cause leukocyte adhesion deficiency. The I-like do-
main appears to directly bind ligand in integrins that lack I
domains, and to indirectly regulate ligand binding by inte-

grins that contain I domains. There is a large interface be-
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Fig. 1. Integrin architecture.

A) Organization of domains within the
primary structure of integrin. Depending on
the o subunit, it may contain an I-domain
insertion as denoted by the dotted line.
Asterisks show Mg** (blue) and Ca’* (red)
binding sites. Lines below the stick diagrams
show disulfide bonds. B) Arrangement of
domains within the three-dimensional crystal
structure of aVB3 (11), with an I domain
added. Each domain is color coded as in (A).
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tween the p-propeller domain and the I-like domain (11), as
originally deduced by their mutual dependence for folding
(32,33) and from antibody epitopes (34,35).

The hybrid domain is a B-sandwich domain that is folded
from amino acid sequence segments on either side of the I-
like domain (Fig. ). Therefore, there are two covalent connec-
tions between the I-like and hybrid domains. Interestingly,
there are also two covalent connections between the I domain
and the B-propeller domain in the o-subunit. Movement of
one of these connections relative to the other may be an im-
portant mechanism for relating conformational change
within domains to a change in the orientation between
neighboring domains in both the o and 3 subunits, and hence
in propagating global conformational changes within inte-
grins.

From approximately residue 435 to residue 600 are four
cysteine-rich repeats that are EGF-like (11,19,36-38). These

Fig.2. Ribbon diagram of the ¢M I domain in the open
conformation. The p-strands (yellow), a-helices (cyan), and N- and C-
termini are labeled. The Mg ion is shown as a green sphere. Sidechains
of residues that form primary or secondary coordinations to the metal
ion (D140, S142, S144, T209 and D242) are shown with gray bonds
and carbon atoms and red oxygen atoms. Coordinating water molecule
oxygens are gold, and the oxygen of the ligand-mimetic Glu from

another I domain is magenta. All ribbon diagrams in this review were
prepared with ribbons (110).
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have been designated integrin-EGF (I-EGF) domains because
they have unique structural properties that make the inter-
module connection rigid and suited for transmission of struc-
tural motion in signaling (19,37). Many activating anti-
bodies, or antibodies that bind only when integrins are acti-
vated, bind to the C-terminal region of the 1, f2 and B3
subunits (2). Mapping in more detail shows that these mono-
clonal antibodies (mAbs) map within the EGF-like modules
(39). The B-tail domain is also cysteine-rich, and contains an
o-helix disulfide-linked to a B-sheet.

Conformational activation of integrin | domains

| domain structure
Crystal and nuclear magnetic resonance (NMR) structures
have been determined for I domains from the integrin oM
(26,40,41), oL (42—45), 02 (46,47), and ol (48,49) sub-
units. The I domain adopts the dinucleotide-binding or
Rossmann fold, with o helices surrounding a central p-sheet
(Fig.2). There are six major o-helices, and several short o-
helices that differ between I domains. The B-sheet contains
five parallel and one antiparallel f-strand. p-strands and o-
helices tend to alternate in the secondary structure, with the
o-helices wrapping around the domain in counterclockwise
order when viewed from the top (Fig. 2). A divalent cation sits
on the top of the domain, ligated by five sidechains located in
three different loops. The first of these loops, p1-0.1, contains
three coordinating residues in a sequence that is a signature
of I domains, DXSXS. Divalent cations have long been known
to be universally required for ligand binding by integrins,
and in I domains the metal-coordinating residues, and the
residues surrounding the metal-binding site, are important
for ligand binding. Therefore, this site has been designated
the metal ion-dependent adhesion site (MIDAS) (26). Many
of the proteins with dinucleotide or Rossmann folds are en-
zymes that have an active site and a Mg**-binding site at the
top face, and the Mg** often coordinates the phosphate group
of NAD, ATP, or GTP, which are substrates or cofactors for
these enzymes. Of these proteins, the most closely related to
integrin I domains are the small G-proteins such as ras. The
I domain and small G-protein folds differ only in one o-helix
and in a reversal of the order of the f2 and B3 strands in the
p-sheet. The structural relationship of the integrin I and I-
like domains to G-protein o subunits, and of the integrin p-
propeller domain to G-protein f subunits, is quite interesting
and may reflect functional similarities in conformational

regulation of ligand binding (11,20,40).



Two different conformations for integrin | domains
Early on, the integrin oM I domain was found to crystallize in
two different conformations (40). There was considerable
controversy about whether the different conformations were
physiologically relevant or were an artifact of the lattice contacts
in crystals (41,50). The two conformers were at first termed
the Mn** and Mg’* forms, because they were crystallized in the
presence of these metals and bound them at the MIDAS. Later,
they were termed the closed and open conformers, respectively.

The latter terminology is much less confusing. Further studies

have shown that the closed conformation can be seen with
Mg™*, Mn**, Cd**, or no metal in the MIDAS (41,43), and the
open conformation can be seen with Mg’* (26), Co’*, Zn’",
and probably Mn**, Cd**, and Ni*"in the MIDAS (47). What

clearly distinguishes the closed and open I domain confor-
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mations is that, in the two open structures determined, an
acidic residue donated either by a ligand (47) or by a ligand-
mimetic lattice contact (26) coordinates to the metal in the
MIDAS, whereas there is no ligand-like contact in the large
number of closed structures that have been determined. In-
stead, a water molecule is present at the equivalent coordi-
nation position (Fig. 3A). The closed and open conformations
differ not only in the coordination of residues in the I domain
with the MIDAS but also in the structure of surrounding loops
and in the position of the C-terminal o-helix (Fig. 44).

At the MIDAS, five residues in the I domain and several
water molecules contribute oxygen atoms to the primary and
secondary coordination spheres surrounding the metal
(Fig. 3A). In the open conformation of the MIDAS, two serines

and one threonine are in the primary coordination sphere,

Fig. 3. Stereo view of alternative
conformations of the MIDAS. A) oM. B) «2.
The backbone, coordinating sidechain bonds,
and metals (labeled with asterisks) are shown
in yellow (open conformation) and cyan
(closed conformation). The coordinating
glutamate residue bonds from the ligand-
mimetic neighboring oM I domain (E314) in
oM and collagen peptide ligand (E) in o2 are
in magenta. Primary coordination bonds to
the metals are in blue. Oxygen atoms of the
coordinating sidechains and water molecules
are red and gold, respectively. I domains were
superimposed on one another in turn, so all
were in the same orientation as the closed
1JIM oM structure (26). The 1IDO open oM
structure (40) was superimposed on 1JLM
using residues 132-141, 166-206, 211-241,
246-270, and 287-294. The 1AOX closed 0.2
structure (46) was superimposed on 1JLM
using residues 145-153, 180-189, 192-199,
222-240, 246-256, and 268-282. The 1DZI
open o2 structure (47) was then
superimposed on 1AOX using residues 143—
152, 173-216, 223-253, and 259-282.
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whereas two aspartic acid residues are in the secondary coor-
dination sphere and fix the positions of coordinating water
molecules (Fig. 3A4). Notably, the glutamic acid contributed by
the ligand-mimetic residue donates the only negatively
charged oxygen to the primary coordination sphere in the
open conformation. The lack of any charged group in the
primary coordination sphere donated by the I domain is
hypothesized to enhance the strength of the metal-ligand
bond. By far the most important binding residue in inter-
cellular adhesion molecule (ICAM)-1, the ligand for Mac-1,
is a glutamic acid residue that maps to near the center of the
binding site; therefore, this residue has been hypothesized to
directly coordinate to a Mg’ in the I domain MIDAS (51).
In the closed conformation of the I domain, the threonine
moves from the primary to the secondary coordination
sphere, and one of the aspartic acid residues moves from the
secondary to the primary coordination sphere (Fig. 34). This

146
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movement is consistent with the idea that an energetically
favorable MIDAS requires at least one primary coordination
to a negatively charged oxygen, and when this is not provided
by a ligand, there is a structural rearrangement within the I
domain to provide this from within the MIDAS. The back-
bone and sidechain rearrangements in the I domain are ac-
companied by a 2.3-A “sideways” movement of the metal
ion away from the threonine and toward the aspartic acid on
the opposite side of the coordination shell (Fig. 34). A water
molecule takes the place of the ligand-mimetic glutamic acid
to complete the coordination sphere.

The structural rearrangement of the MIDAS is coupled to
backbone movements of the loops that bear the coordinating
residues. Linked structural shifts occur in neighboring loops
on the top of the I domain, and there are also linked move-
ments in o-helices on the “side” of the domain, and in the
hydrophobic core (Fig.4A). In the largest movement in the

Fig.4. Stereo view of the alternative
conformations of I domains. A) oM I domain.
B) o2 I domain. The regions of significant
difference between the superimposed
conformers are shown in yellow (open or
active) and cyan (closed or inactive). Similar
backbone regions are in gray. Metal atoms and
coordinating sidechain bonds and carbon
atoms are in yellow (open or active) and blue
(closed or inactive); oxygen atoms are red. The
coordinating residues are S142, S144, T209,
and D242 in oM, and S153, S155, T221 and
D254 in o2. The I domains were
superimposed as in Fig. 3. The I domains in (A)
and (B) are in identical orientations.



transition from the closed to the open structure, the C-ter-
minal helix, &7, moves 10A down the side of the domain.
This requires a repacking of the hydrophobic face of a7
against the side of the domain. At the N-terminus of o7, Phe-
302, which inserts into a hydrophobic cavity in the top of
the closed domain, becomes completely exposed as a conse-
quence of the dramatic reshaping of the B6-a.7 loop (Fig.5).
The o7 helix is distant from the ligand-binding site; however,
its remarkable movement provides a mechanism to link con-
formational movements in I domains to movements else-
where in integrins.

The structure of the 02 I domain has been determined in
the absence of ligand (46) and in the presence of a collagen
peptide ligand (47). The triple helical collagen peptide con-
tains a critical Gly-Phe-hydroxyPro-Gly-Glu-Arg sequence,
and the Glu of this sequence ligates the MIDAS. The differ-
ences between the ligand-bound and nonliganded o2 I do-
mains are remarkably similar to the differences between the
oM I domains with and without a ligand-mimetic lattice con-
tact (Fig.4B); when the differences in Co carbon backbone
positions are plotted, they are remarkably similar (47). Fur-
thermore, exactly the same changes are seen in the residues
that make primary coordinations to the metal at the MIDAS
(Fig. 3B). Thus, the liganded and nonliganded conformations
of the 02 T domain adopt the open and closed conformations,
just as seen for oM (Fig. 4B). The I domains of ¢:2 and oM are
only 27% identical in sequence and are among the most dis-
tantly related of integrin I domains; thus, it is to be expected
that the open and closed conformations will be a general fea-
ture of integrin I domains.

The B6-07 loop adopts conformations that are canonical for
the open and closed structures. In the open conformations,
the backbone conformations of the B6-07 loops are almost
identical in oM and o2 (Fig.5). The conformation is quite
different in the closed conformation, yet it is almost identical

for oM and 02, as well as for oL and o1 (Fig.5).

Is shape-shifting in integrin | domains physiologically relevant

for regulation of their affinity for ligand?
The above studies demonstrated that conformational changes
occur when ligands are bound to I domains. However, they
did not establish whether these changes result from induced
fit upon ligand binding, or whether they are physiologically
relevant for regulating the affinity for ligand of I domains and
the integrins in which they are present. These have been hotly
debated issues in the integrin field. For some years, it has
been proposed that, after cellular activation, signals are trans-

mitted to the extracellular domains of integrins that alter the
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conformation of their ligand-binding site, and hence affinity
for ligand (4,52). More recently, evidence has also accumu-
lated that lateral redistribution and clustering of integrins, or
so-called avidity regulation, may alter cellular adhesion inde-
pendently of a change in affinity for ligand (8). Indeed, it
has been suggested that conformational change in integrins
is overemphasized and that it is a consequence rather than a
cause of ligand binding (9). The binding of many antibodies
to integrins is stabilized or induced by ligands, leading to
the term “ligand-induced binding sites” or “LIBS” for these
epitopes. Although many of the same antibodies can “acti-
vate” ligand binding, this activation can be argued to be a
consequence of stabilizing the ligand-bound conformation

and hence the integrin—ligand complex. The keys to resolving

Fig.5. The loop between the most C-terminal p-strand (p6) and a-
helix (¢7) in I domains has a canonical conformation in open
structures and a different canonical structure in closed structures.

Loops are shown for open (oM, yellow; 2, gold) and closed (oM,
blue; o2, green; oL, dark blue) conformations. For clarity, only residues
290-310 of oM, 306—326 of 02, and 280-300 of oL, which are of
equal length in the closed and open structures and in all three I
domains, are shown. I domains were superimposed as described in Fig. 3.
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these issues were (i) whether the conformational changes
seen in crystal structures were physiologically relevant, i.e.
altered affinity for ligand as predicted, (ii) whether the
change in affinity was substantial, and (iii) whether confor-
mational alterations in I domains occurred on the cell surface
in physiological circumstances.

Many mAbs to integrins have been reported that either bind
only when the integrin is activated, or induce activation
themselves (9). However, very few activation-dependent
mAbs block ligand binding, and thus appear to recognize the
ligand-binding site. The only such mAb to I domains re-
ported is CBRM1/5, which recognizes the I domain of oM
(53). This mAb does not bind to resting peripheral blood
neutrophils, but after these cells are activated through G-pro-
tein-coupled chemoattractant receptors, or with a drug that
activates protein kinase C, 10 or 30%, respectively, of the
oMB2 molecules on the surface of individual cells binds
CBRM1/5 mAb. Although it recognizes only a subset of the
oMpB2 molecules on the cell surface, CBRM1/5 mAb com-
pletely blocks ligand binding by cells, showing that it recog-
nizes the active subset of molecules.

Evidence to support the physiological relevance of confor-

Fig.6. Alteration of the CBRM1/5 epitope in open and closed aM I
domains. The metals and regions where conformational changes are

significant are shown in yellow (open) and blue (closed). Other
backbone regions are gray. Sidechains of the CBRM1/5 epitope are in
gold (open) and dark blue (closed). The open and closed oM I domain
structures were superimposed as described in Fig. 3.
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mational change seen in the open and closed forms of oM I
domain crystal structures was provided by CBRM1/5 mAb
(54). This mouse antihuman mAb is specific for six residues
that differ between the human and mouse amino acid se-
quences. The residues in the epitope are present in two differ-
ent amino acid segments that are structurally adjacent and
near the MIDAS (54) (Fig.6). The first three residues, P147,
H148 and R151, are located at the top of the a1 helix and
are preceded immediately by three of the residues that coordi-
nate the Mg’* and form the DXSXS motif of the MIDAS:
D140, S142, and S144. The last three residues, K200, T203
and L206, are in the loop that contains T209, which is di-
rectly coordinated to the metal in the open conformation and
indirectly coordinated in the closed conformation. Both
groups of residues are widely exposed regardless of activation
as judged by reactivity with other antibodies. These results
suggest that the selectivity of CBRM1/5 for the active state is
not a consequence of “unmasking” of the epitope by other
integrin domains but of “shape-shifting” in the I domain
itself. This conclusion is supported by studies with isolated I
domains (see below, and M. Shimaoka and T. A. Springer,
unpublished data). Comparison between the superimposed
open and closed structures shows that P147, H148 and R151
differ markedly in position and in sidechain orientation, and
hence in relationship to the three other residues in the epi-
tope (Fig.6). Co atom movements that average 2.4A are
tightly linked to the 2.0-A movement of $144 of the MIDAS.
Additionally, H148 and R151 are adjacent to the loop preced-
ing the C-terminal o-helix in the closed conformation, and
both are more exposed in the open conformation, as a result
of the movement of this loop that accompanies the large
downward shift of the C-terminal o-helix. Thus, CBRM1/5
recognizes shape-shifting in the oM I domain near the MIDAS
and the C-terminal o-helix. Documentation of shape-shifting
in these regions of the I domain upon activation of integrins
on the cell surface provides strong evidence that confor-
mational change seen in the open and closed I domain struc-
tures is physiologically relevant, and occurs within the con-
text of intact integrin off heterodimers. Since CBRM1/5 mAb
blocks ligand binding, it clearly does not recognize a ligand-
induced binding site (LIBS). Therefore, the induction of the
CBRM1/5 epitope on cell surface oMf2 is a consequence of
changes within oMp2 itself, and not of ligand binding.

Mutations that stabilize the open or closed conformers
of | domains
To measure how transition between the open and closed con-

formations of the I domain regulates affinity for ligand, muta-



tions have been introduced to stabilize a particular confor-
mation, and tested for effect on ligand binding. Both the open
and closed conformations of the oM I domain were stabilized
with different mutations to investigate the physiological sig-
nificance of these conformations (55). The computational al-
gorithm orbit, developed by Mayo and colleagues (56),
rationally designs amino acid sequences that stabilize a par-
ticular backbone structure. Using orbit, sequences were se-
lected that minimized the energy of either the open or closed
conformation of the oM I domain. Back calculations showed
that mutations that stabilized the open conformation also de-
stabilized the closed conformation, and vice versa. To avoid
mutations that could directly alter the ligand-binding face or
alter contacts with other domains in intact integrins, only
hydrophobic core residues were allowed to mutate. Three dif-
ferent designed open I domains, which contained 8-13
mutations each, showed increased binding to ligand when
expressed on the cell surface in oMf2 heterodimers, whereas
designed closed or wild-type I domains did not (55). Similar
results were obtained when I domains alone, in the absence
of any other integrin domains, were expressed on the cell
surface with an artificial C-terminal transmembrane domain.
The CBRM1/5 mAb reacted with oMB2 containing the de-
signed open but not designed closed or wild-type I domains.
Furthermore, M2 heterodimers containing wild-type, but
not designed closed I domains, bound ligand in response to
activating mAb, showing that the closed I domain was resis-
tant to activation. These results demonstrated that the open
and closed conformations correspond to ligand-binding and
inactive conformations, respectively.

The closed conformation appears to be the low-energy con-
formation of the I domain and to be the default conformation
adopted by the I domain in resting integrin heterodimers on
the cell surface. In oMp2 heterodimers, and in isolation on
the cell surface, the wild-type I domain behaved like the de-
signed closed I domain in lack of expression of the CBRM1/
5 epitope and lack of ligand binding. This suggests that the
closed conformation is adopted in the inactive state by inte-
grins on the cell surface. Calculation of the energies of oM I
domains crystallized in the open and closed conformations
also shows that the closed conformation is of lower energy
(55).

Mutation in the oM I domain of the single residue Ile-
316, located in the second half of the C-terminal o-helix, is
sufficient to favor the open conformation (57). The sidechain
of Ile-316 packs in a hydrophobic pocket between the C-
terminal o-helix and the opposing B-sheet in the closed con-

formation, but, because of the downward movement of this
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helix in the open conformation, this residue cannot pack
against the side of the domain in the open conformation and
is not visualized in the crystal structure of the open con-
former (40). To test the hypothesis that packing of Ile-316
wedged into this hydrophobic socket might constrain the oM
I domain in the closed conformation, recombinant soluble
oM 1 just lle-316
(r11bA31) or Ile-316 was mutated to Gly (r11b*e31e-clh)
(57). These mutants showed increased affinity for the ligands

domains were truncated before

iC3b, fibrinogen and ICAM-1, compared to the wild-type I
domain (r11b**31)  as revealed by surface plasmon reson-
ance (57). Thus, the absence of the Ile-316 sidechain clearly
favors the open, ligand-binding conformation in solution.
The r11b"31% mutant crystallized in the open conformation
when a ligand-mimetic crystal contact was present. However,
since the wild-type r11bA123-315 also crystallized in the
open conformation when a ligand-mimetic crystal contact
was present (57), as also observed in the first oM I domain
crystal structure (26), the crystal studies do not reveal which
conformation is present in solution, and they do not reveal
whether the Ile-316 mutation by itself is sufficient for conver-
sion to the open conformation in the absence of a ligand-
mimetic contact.

Locking the oL I domain in the open conformation (58—
60) has relied on models, since all oL structures thus far show
the closed conformation (42—45). The open conformation of
the oL I domain was modeled by using the structure of the
open oM I domain as a template in regions where the closed
and open conformations differed. Positions were sought
where pairs of residues could be mutated to cysteine that
could form a disulfide bond, and the disulfide could form
only in one conformation. The positions that were found
bracket the loop between the C-terminal o-helix and preced-
ing PB-strand (Fig.7). To lock this loop in its two alternate
conformations, pairs of cysteines were introduced either at
residues 287 and 294 for the open conformation, or at resi-
dues 289 and 294 for the closed conformation. In surface
plasmon resonance measurements of binding to ICAM-1, the
soluble locked open oL I domain molecule showed a 9000-
fold increase in affinity compared to wild type, which was
reversed by disulfide reduction. Locking the I domain open
increases its on-rate, which is consistent with conformational
change being rate-limiting for binding of the wild-type I do-
main (Table1). The affinity of the locked closed conformer
was similar to that of wild type (58). Furthermore, the affin-
ity and kinetics of the soluble locked open oL I domain for
ICAM-1 were comparable to those measured independently
(61) for intact, activated oLB2 (Table1). Thus, the oL I do-
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main, when locked in the open conformation, is sufficient
for full affinity binding.

The locked open and closed I domains were also tested for
adhesiveness in the context of intact «.B2 on the cell surface
(59). oLP2 containing the locked open I domain was consti-

tutively and maximally active for adhesion to ICAM-1, while

High-affinity model

C287+C294

Cc289
P8 c204
7
C289+C294
150 Immunological Reviews 186/2002

Low-affinity structure

c294
B c204 g6
7
c287 e, 8

oLB2 heterodimers containing wild-type or locked closed I
domains failed to support adhesion. oLB2 containing the
wild-type I domain was activatable for adhesion by activating
mAb or Mn"*, while 0LB2 containing the locked closed I do-
main was resistant to such activators. The results with soluble

I domains and cell surface heterodimers clearly demonstrated

Fig.7. Locking in oL I domain
conformations with engineered disulfide
bridges. A) Stereodiagram of the high-affinity
model of the ol I domain, with mutations to
introduce a disulfide bond. The sidechains and
disulfide bond of C287 and C294 are shown
in yellow. The Mg** ion of the MIDAS is
shown as a gold sphere. Sidechains of
residues important in binding to ICAM-1 and
ICAM-2 are shown with rose-pink sidechains
and yellow sulfur, red oxygen, and blue
nitrogen atoms. These residues, defined as
important in species-specific binding to ICAM-
1 (79) or by at least a 2-fold effect on
binding to ICAM-1 or ICAM-2 upon mutation
to alanine (111), are M140, E146, T175,
1205, E241, T243, S245, and K263. Note that
these residues surround the Mg'* ion, and are
distant from the disulfide.

B) Predicted disulfide bonds that are selective
for open or closed conformers of the oL I
domain. The K287C/K294C mutation (upper
panels) and L289C/K294C mutation (lower
panels) were modeled in both open (high-
affinity model, left panels) and closed (low-
affinity structure, right panels) I domain
conformers. For clarity, only residues 254—
305 of the models are shown. The four models
were superimposed using residues not
involved in conformational shifts and are
shown in exactly the same orientation. The
downward movement of the o7 helix in the
left panels compared to the right panels is
readily apparent. The remodeling of the loop
connecting 6 and o7 is accompanied by a
reversal in the orientation of the sidechain of
residue 289. Figure from ref (58).



that reshaping of the B6-a7 loop is fully sufficient for regula-
tion of the affinity of the ligand-binding site at the MIDAS,
because only the conformation of the p6-a7 loop is directly
restrained by the disulfide bond. Therefore, inside-out signals
relayed from the cytoplasm could be propagated to the
ligand-binding site, by pulling down the C-terminal a7 helix,
and thereby reconfiguring the p6-0.7 loop.

As discussed above, controversy has surrounded the contri-
bution to regulation of adhesiveness of lateral movements on
the cell surface (clustering, avidity regulation) and confor-
mational change in the ligand-binding site (affinity regula-
tion). In part to address this issue, I domains were expressed on
the cell surface in isolation from other integrin domains using
an artificial transmembrane domain (59). In contrast to native
oLB2, the cell surface I domains contained only a single trans-
membrane domain, derived from the platelet-derived growth
factor receptor and truncated five residues into the cytoplasmic
domain. Isolated wild-type or locked closed I domains did not
support adhesion, while the isolated locked open I domain was
as strongly adhesive for ICAM-1 as fully activated intact oLf32
heterodimer at an equivalent cell surface density. These findings
demonstrate that affinity regulation is fully sufficient to regu-
late cell adhesiveness, and that interactions between integrins
or other components mediated by integrin cytoplasmic, trans-
membrane, or any extracellular domains other than the I do-
main are not required. However, these findings do not rule out
a role for avidity regulation or a link between conformational
change in integrins and clustering.

Mutations around the interface between the C-terminal o-
helix and the opposing B-sheet affect ligand-binding activity,
underscoring the significance of conformational changes oc-
curring around the C-terminal o-helix. Systematic mutagen-
esis of this region has revealed mutations that both increase
and decrease ligand binding by oLp2, apparently by affecting
the relative stability of the open and closed conformations, or
by affecting interactions with nearby domains that regulate I
domain conformation (62). One of these residues, Ile-306,
corresponds to Ile-316 of oM which, as described above, sta-
bilizes the closed conformation by fitting in a hydrophobic
socket (57). Consistent with the observations with the oM I
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domain, in intact oLB2, substitution of Ile-306 with alanine
increased adhesion to ICAM-1 (62). However, a soluble oL I
domain truncated at residue 305 and hence lacking Ile-306
did not show increased affinity for ICAM-1 (M. Shimaoka and
T. A. Springer, unpublished data). In isolated oL I domains,
the C-terminal o-helix is mobile in NMR structures (44),
shows variable conformations in crystal structures, and does
not pack well against the body of the domain (42,43). There-
fore, the effect on ligand binding of mutation of residue 306
in intact oLB2, but not in isolated I domains, suggests that
the C-terminal o-helix is well packed against the body of the
I domain in intact oLB2, and that interactions with other do-
mains are important for the conformation of the C-terminal
o-helix. Mutation in oLB2 of another hydrophobic residue in
the same pocket underlying the C-terminal o-helix, 12354,
activated ligand binding (62). Thus, in the context of intact
oLB2, mutations in the hydrophobic pocket appear to favor
the open conformation of the I domain.

In vivo experiments using antibodies and gene disruption
have shown that binding of ¢Lp2 to ICAMs is important in
leukocyte trafficking in inflammation, lymphocyte homing,
and T lymphocyte interactions with antigen-presenting cells
in immune reactions (63,64). These findings suggested that
antagonists of oLf2 could be useful for the therapy of autoim-
mune diseases. Indeed, a blocking mAb directed to the ol I
domain was shown to be efficacious in phase 3 clinical
studies of patients with psoriasis (65). High throughput
screening of large chemical libraries has led to the identifi-
cation by more than three different pharmaceutical compan-
ies of small molecules directed to the I domain that inhibit
binding of oLf2 to ICAM-1 (45,66—71). The compounds are
highly specific for L2 compared to oMpB2. Remarkably, each
of the independently discovered lead compounds, which be-
long to different chemical classes, binds to the hydrophobic
pocket between the C-terminal o-helix and the B-sheet, as
documented by three different companies using NMR or crys-
tallography (45,69,71). This binding site is distant from the
ligand-binding site at the MIDAS. Together with the finding
that the drug-I domain complexes crystallize in the closed

conformation, this suggests that the compounds allosterically

Table1. The affinity for ICAM-1 of the locked open oL I domain is equal to that of intact L2

Immobilized ligand Analyte kon M71s™h Ko (571 Ko (M)
SICAM-| WT | domain 2950 =440 4.95+0.85 1670 % 100
SICAM-| closed | domain 2110400 284027 1760+ 70
SICAM-| open | domain 139000 = 8000 0.0257 =0.0015 0.185+0.012
open | domain SICAM-1 107000 = 3000 0.0275 +0.0028 0.258 £0.024
olp2? SICAM-| 224000 = 69000 0.0298 + 0.0069 0.133+0.041

Binding kinetics were measured by surface plasmon resonance. Data are from (58), except for measurements on al 2.

 Data from (61).
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inhibit binding to ICAM-1 by favoring the closed confor-
mation. In agreement with this hypothesis, aLf2 containing
a mutant I domain locked open with an engineered disulfide
bridge as described above was completely resistant to inhi-
bition by drug compound (59). In contrast, oLf2 hetero-
dimers containing I domains of wild type or with single cys-
teine substitutions are susceptible to drug compound, as is
oLp2 containing the locked open I domain after disulfide re-
duction with dithiothreitol. Thus, the drug compounds in-
hibit lymphocyte function-associated (LFA)-1 function by
binding to the closed conformation of the I domain and by
blocking the conformational transition to the open form that
mediates adhesion to ICAMs. The ability of these compounds
to inhibit cell adhesion in vitro and in vivo provides strong evi-
dence that a change in affinity, and not a change in avidity
through clustering on the cell surface, is responsible for
physiologic regulation of adhesiveness.

Another class of compounds described by Genentech (San
Francisco, CA, USA) (72) and Roche (Basel, Switzerland)
(73) inhibit both oLp2 and aMp2 (73,74). Although claimed
to mimic ICAM-1 by the Genentech group (75), the com-
pounds do not bind either to the oL or oM I domains, but
perturb binding of mAb to the B2 I-like domain (74). Fur-
thermore, the compound class inhibits binding by wild-type
aLP2, but not by locked open oLp2, wild-type isolated I do-
main, or locked open isolated I domain (T. A. Springer, A.
Salas and M. Shimaoka, unpublished data). Since the I domain
is the binding site for ICAM-1 and the compounds do not
bind to the I domain, they are not ICAM-1 mimics. The I-
like domain of the B2 subunit is a regulatory domain that
does not participate directly in binding to ICAM-1 (60). The
compounds have a crucial carboxyl group moiety that is likely
to ligate to the MIDAS of the I-like domain, as shown for
the carboxyl group of Arg-Gly-Asp (RGD)-like antagonists of
integrins that lack I domains (16).

The mechanistic basis of | domain activation

(bell-pull model)
The above studies demonstrate that I domain conformation
dramatically regulates affinity for ligand, that the open con-
formation is sufficient to maximally activate cell adhesion in-
dependently of the transmembrane and cytoplasmic domains,
that drug compounds that lock I domains in the closed con-
formation inhibit cell adhesion, and that antibodies detect
changes on integrins in physiologically activated cells that are
intrinsic to the integrin and not dependent on ligand binding.
It is inescapable that regulation of I domain conformation
regulates cell adhesion by integrins. Since we do not yet know
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the structure of an I domain in the context of the off hetero-
dimer, the details of the interdomain contacts that convert the
I domain into the active conformation are not clear. However,
several clues point to a mechanism for I domain activation in
the native receptor.

The C-terminal linker connecting the I domain to the f-
propeller domain is much longer than the N-terminal linker.
In the primary structure of the o subunit, the I domain is
inserted between blades (B-sheets) 2 and 3 of the B-propeller
domain, with its N-terminus immediately following the last
B-strand (B-strand 4) of blade 2. A pair of cysteines conserved
only among I domain-containing o subunits is predicted to
form a disulfide that connects the loop between p-strands 2
and 3 in blade 2 to the segment that follows f-strand 4 in
blade 2. There are only three residues from this disulfide-
bridged cysteine to the first residue defined in I domain struc-
tures, indicating that the N-terminus of the I domain is
closely tethered to the B-propeller domain. However, the C-
terminal linker of the I domain is much longer, and thus may
permit much greater conformational motion. This linker is
~20 amino acid residues long, and connects the end of the
C-terminal o-helix of the I domain to B-strand 1 in blade 3 of
the B-propeller. Many of the residues are serines, suggesting
flexibility.

Since the closed conformation is favored energetically in
isolated I domains and appears to be the default conformation
adopted in the basal, inactive state of integrins on the cell
surface, conversion to the open conformation would require
an external input of energy. This energy would have to come
from movements at interdomain contacts. The most likely
type of motion is a downward movement of the C-terminal
a-helix, which could be induced by exertion of a bell-rope-
like pull on a segment within the C-terminal linker region
(Fig. 8). The signals could be propagated via the C-terminal
linker sequence to the C-terminal o-helix, and thence to the
MIDAS.

Consistent with the bell-rope model, mutation of exposed
residues near the bottom of the I domain and in the linker
region can regulate ligand binding. In one study, 17 sequence
segments distributed over all faces of the human oM I domain
were swapped with corresponding mouse segments (54). Of
these, only three substitutions, all located on the bottom face,
increased binding to ligand and expression of the CBRM1/5
activation epitope. In another investigation (76), two seg-
ments at the bottom of the oM I domain were swapped with
corresponding segments of the oL I domain; each swap acti-
vated ligand binding. Interestingly, similar substitutions at the

bottom of the von Willebrand factor A1 domain, which is



highly homologous to integrin I domains, have been found
to activate ligand binding and result in spontaneous binding
of von Willebrand factor to platelets (77).

Mutational and antibody epitope studies also support a role
for the C-terminal linker region in regulating ligand binding
by the I domain and in conformational movements. The last
o-helical residue defined in I domain structures is equivalent
to Tyr-307 in oL; Ser-327 approximates the beginning of the
B-propeller domain, leaving a linker of residues 308-326.
Some mutations in this linker sequence, K314A and L317A,
activate ligand binding by oLf2, while other mutations at the
linker, Y307A and E310A, inactivate oLp2 (62). This finding
suggests that contacts between the linker and other domains
modulate the conformation of the I domain. In further sup-
port of conformational movement of the linker region, CBR
LFA-1/1, a conformation-sensitive oL. mAb (78), maps to
residues 301—-338, which include all of the linker and the last
two turns of the C-terminal o-helix (59,79).

What pulls the bell-rope, i.e. the C-terminal linker? The
integrin o subunit pB-propeller and I domains are in close
proximity to the B subunit I-like domain. In the crystal struc-
ture of integrin oVB3 (11), the MIDAS of the B subunit I-like
domain is positioned very close to the loop in the B-propeller
in which the I domain is inserted. It is possible that the open
and closed conformations of the I domain are regulated by
interaction of the C-terminal linker with the B-propeller and/
or the I-like domain at this site. Since this site is equivalent
to the ligand-binding site in integrins that lack I domains,
alterations in the interaction of the linker with the MIDAS of
the I-like domain may occur that are analogous to those that
regulate interactions with ligands in integrins that lack I do-

mains. In summary, we predict that three structural units, the

Lz

Cc

Low-affinity MIDAS High-affinity MIDAS
Fig. 8. Bell-rope model of conformational activation of the integrin
I domain. The main body of the I domain is depicted as a rectangle,
with the C-terminal o-helix (shown as a cylinder) connected via a loop.
Conformational change around the MIDAS metal (sphere) activating
ligand binding is induced by the downward pull of the C-terminal o-
helix.
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I, B-propeller, and I-like domains, make a ternary interaction
interface where structural rearrangements of the latter two
domains affect the conformation of the I domain. More de-
tails of this structural rearrangement are presented in the last

section of this review.

Conformational activation of the entire integrin
heterodimer

The mystery of global conformational change in integrins
The platelet integrin oIIbB3 is one of the most extensively
studied non-I domain integrins, and it has been known for
more than a decade that it undergoes large conformational
change during affinity up-regulation or upon ligand binding
(13,80,81). This change can be reported by binding of mAbs
specific for the activated or ligand-bound conformation; fre-
quently these mAbs map to the C-terminal cysteine-rich do-
mains in the B subunit, quite distant from the ligand binding
site (82—84). Global conformational change is not specific to
B3 integrins, but it is shared by other members of the inte-
grin family including those that contain I domains
(39,85,86). The fact that most of these “conformation speci-
fic” mAbs could also induce high-affinity ligand binding sug-
gested that the activation of integrins on the cell surface is
accomplished by conformational modulation of extracellular
domains of integrin also in the physiologic setting, when this
is induced by signals from inside the cells (inside-out sig-
naling). A “hinge” hypothesis was introduced as a mechan-
ism of this conformational activation, where a site of associ-
ation between the cytoplasmic tails of o and B subunits acts
like a fulcrum that allows separation of head domains of both
subunits upon receiving the cellular signal (87,88). Many
mutations in the cytoplasmic domains of o and f subunits
alter ligand-binding activity, supporting the role of the cyto-
plasmic tails (89-94). A modified version of this hypothesis
was presented, where the fulcrum is actually located in the
integrin headpiece rather than in the transmembrane do-
mains, and intersubunit dissociation at the transmembrane
and/or cytoplasmic domain opens the stalks, allowing the
conversion of the ligand-binding headpiece to the high-affin-
ity conformation (14,95). However, this “stalk-opening” hy-
pothesis is not without a caveat, because it does not explain
the strange fact that the activation-dependent mAbs are al-

most exclusively against the  subunit.

Crystal structure of aVB3 integrin
The structure of the aVB3 extracellular segment reveals a sur-
prising bent conformation (Fig. 1B), where the ligand-bind-
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ing headpiece is folded back onto the tailpiece of the mol-
ecule, so that on the cell surface the ligand-binding site would
be facing the membrane surface near the transmembrane do-
mains (11). It was suggested that the bent conformation was
less likely to exist on the cell surface, implying that it was a
crystal packing artifact. However, the size of the interface bur-
ied between the headpiece and the tailpiece as a consequence
of the bend at the genu is 14004, and it is thus in the

range expected for physiologic interactions rather than crystal

2 2
A +Ca”" +Mn"

100 A
Extended

headpiece

tailpiece

Fig.9. Bent and extended conformations of the «Vp3 integrin. A)
Recombinant soluble aVB3 in the presence of Ca’" (left) or Mn** (right)
were observed under EM after negative stain (17). Projection averages
obtained from 769 (Ca’") or 104 (Mn'") representative particles are

shown. Bar: 100A. B) Ribbon diagrams of the alternative conformations
of the extracellular segment of aVf3 integrin. oV is red and 3 is blue.
The bent conformation observed in the crystal structure (11) with I-
EGF domains 1, 2, and a portion of 3 built in, similar to the model
described in (19), is shown on the left, and a corresponding model of
the extended conformation is shown on the right. The model of the
unbent molecule was created by breaking the bent form at the junction
between the thigh and calf-1 domains in o and I-EGF1 and 2 in B
(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. The black bar indicates 100 A.
Gold spheres show the Co positions of residues that, when mutated

to cysteine, form a disulfide bond that restrains aVB3 and oIIbp3 in an
inactive state (17).
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packing artifacts. If the bent conformation is physiologically
relevant, then another issue remains unanswered: is it in the
active or resting state? Although it was suggested by Xiong
et al. that the ligand-binding domains were in an active con-
formation (11), this state would appear to be in contradiction
to the overall conformation of the integrin in which they are
present, which would orient the ligand-binding site toward
the membrane, a topology unfavorable for binding to ligands
in the extracellular matrix or on the surface of other cells. A
structure of oVB3 complexed with cyclic RGD peptide ligand
was recently reported (16), and also assumes the bent confor-
mation. In this study, however, crystals formed in the absence
of ligand were soaked in a buffer containing a high concen-
tration of ligand peptide, preventing a global conformational
rearrangement. So the issue of the physiological relevance of

the bent form remained unresolved.

Two conformations seen in electron microscopy (EM)

We recently observed recombinant soluble oVB3 protein
under EM after negative staining (17). In the presence of
Ca’, the oVB3 molecule shows a compact V-shaped appear-
ance with a size and shape identical to that reported in the
crystal structure (Fig. 94). One leg of the V ends in a large
globule corresponding to the integrin headpiece, while the
other leg corresponds to the tailpiece. The tip of the V corre-
sponds to the genu. The angle between the legs of the V in
the crystal structure and that in the EM projections are the
same, showing that the degree of bending is not a crystal
structure artifact. The bent conformation thus represents the
predominant native conformation of VB3 in Ca’*. In sharp
contrast, the same preparation shows a very different, com-
pletely extended conformation in the presence of Mn'", a
known strong activator of integrins (Fig.94). The dominant
structure is a globular head with two long tails, which is very
similar to the electron micrograph images previously reported
for native or recombinant integrins after rotary shadowing
(12-14,96,97). These results show that exposure of oV(3
to Mn’" induces breakage of the large interface between the
headpiece and tailpiece in the bent conformation, and the
straightening of the bend at the genu.

Is the global change in integrin conformation relevant for
regulation of affinity for ligand?
The above study demonstrated that VB3 undergoes a global
conformational change between the Ca’*-bound and Mn’*-
bound states. Since it is known that Ca** and Mn’" act as
negative and positive regulators for integrin activity, respec-

tively, it was important to test whether shape-shifting be-



tween these two conformations was responsible for affinity
regulation. The hypothesis is very similar to that addressed
above, that different conformations of the integrin I domain
differ in affinity for ligand. This time the extent of confor-
mational change is much larger; nonetheless, approaches
similar to those used for I domains were used to address the
physiological significance of global conformational change.

Ligand binding was measured with surface plasmon reson-
ance using exactly the same oVp3 preparations as examined
above by EM. The two different conformers differ dramati-
cally in ligand-binding activity. Ligand binding by aV@3 in
physiological concentrations of Ca’* and Mg’* (1 mM each)
is almost negligible, but is of high affinity in buffer contain-
ing 1 mM Mn’* (17). Therefore, conversion of aVB3 by Mn**
to the extended conformation is accompanied by a dramatic
increase in affinity for its physiologic ligand fibronogen.

The bent form of aVB3 in the crystal study was suggested
to be in an active conformation by the authors (11). This
assumption was based on the fact that the recombinant aV3
used in crystallization showed strong ligand-binding activity
in the presence of 1mM Ca’" in a solid-phase binding assay
(98). However, the integrin was coated onto the plastic sur-
face in the presence of 10puM Mn’*, which would convert
oVB3 into the active, extended form. The hydrophobic inter-
action to the plastic surface would have maintained the active
conformation of the immobilized integrin even after the re-
moval of the Mn'™ ion. In agreement with our own findings,
Smith etal. (99) have reported that Ca’* cannot support
ligand binding of solution phase aVf3 purified from pla-
centa. We find that direct immobilization of integrins onto
plastic surfaces activates them for binding to soluble ligands
in buffer containing Ca’™ and Mg** (100). This finding is in
sharp contrast to the lack of ligand binding by the same inte-
grin preparations in solution phase in Ca’" and Mg’" meas-
ured using surface plasmon resonance, and it suggests that
immobilization by absorption to a surface induces confor-
mational change and, hence, activation of integrins. The fact
that a peptide ligand can bind to the bent conformation of
oVB3 in crystals (16) does not show that this conformation
represents a physiological activated state, since high concen-
trations of peptide ligand can bind to inactive integrins
(101).

Both oVB3 and ollbB3 assume the bent conformation on
the cell surface (17). Val-332 and Ser-674 of the B3 subunit
are predicted to be far apart in the B3 subunit in the extended
conformation, but in the bent conformation the CB atoms of
these residues are only 5.6 A apart (Fig. 9B). When these two
residues are mutated to cysteines, they form a disulfide bond.
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Because disulfide bond formation is 100% complete in the
context of both oVB3 and ollbf3, it is likely that the bent
conformation is the major default conformation of 3 inte-
grins on the cell surface.

Finally and most importantly, aVB3 and olIbp3 integrins,
locked in the bent conformation by the engineered disulfide
bond described above, were inactive in cell adhesion assays
under basal conditions and resistant to activation by Mn*" and
activating mAbs, unless the disulfide bond reducing reagent
dithiothreitol was added (17). These observations show that
integrins on the surface of resting cells are essentially com-
pletely present in the bent conformation and that a confor-
mational rearrangement involving movement apart of the

headpiece and tailpiece is required for integrin activation.

A switchblade-like model for integrin activation
Conformational change from the bent to an extended struc-
ture nicely explains the heavy bias toward anti-p over anti-o
mAbs among activation-reporting mAbs. In the bent oVp3
structure, the B subunit is innermost in the bend (Figs9B and
10). About 70% of the solvent-accessible surface area that is
buried in the headpiece—tailpiece interface is contributed by
the B subunit. The B subunit PSI domain and integrin EGF
domains 1, 2, and a portion of 3 are missing from the VB3
structure, and these domains would further increase the con-
tribution of the B subunit to the headpiece—tailpiece interface
(19). Once the integrin undergoes conformational change to
the extended structure, the newly exposed surface should thus
be mainly composed of the {3 subunit.

Recently, we have determined the NMR solution structure
of integrin-EGF module 3 of the 2 subunit and obtained
perturbation spectra for the tandem pair of modules 2 and 3
that allowed us to build a model of these two domains (19).
B2 I-EGF modules 2 and 3 were superimposed on the partial
I-EGF3 module in oVB3. The oVP3/B2 combined model
allows the orientation of functionally important residues to
be visualized, and it provides strong support for the idea that
the bent conformation represents the inactive conformation.
Residues in 2 I-EGF module 3, which restrain integrins in
the inactive state and had been predicted to be in an of inter-
face (30), are on the face pointing towards calf domain 1
of the o subunit stalk (black spheres, Fig.10). The residues
participating in the KIM127 activation epitope in B2 I-EGF
module 2 (purple spheres) and in the CBR LFA-1/2 and
MEM438 activation epitopes in I-EGF module 3 (cyan spheres)
are masked in the bent conformation (Fig. 10). However, in
the extended, unbent conformation, there is no domain that
could mask these epitopes. The transition from the bent to
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the extended conformation provides a mechanism for un-

masking of these activation epitopes. In 3, a mutation has
been identified that results in a constitutively active alIbB3
receptor (102). This mutation (T562N) introduces an un-
natural N-glycosylation site at the center of the interaction
between I-EGF modules 3 and 4 in the B tailpiece and the
hybrid domain in the B headpiece, and it is predicted to force
open the headpiece—tailpiece leading to constitutive activity.
On the basis of these observations, we conclude that integrin
activation involves a switchblade-like motion in which the in-
terface between the headpiece and tailpiece is broken, and the
headpiece moves from a position close to the plasma mem-
brane (Fig. 11, left) to one in which it is exposed for efficient
interactions with ligands on other cells or in the extracellular
matrix (Fig. 11, right) (17,19). Our findings show that
breaking the interface between the headpiece and the tailpiece
is a key step in the pathway of integrin activation. This is con-
sistent with a large body of evidence suggesting that, on the cell
surface, interactions between juxtamembrane segments of the
integrin o and p subunits stabilize the inactive state. In the
resting state on the cell surface, there may be breathing at the
headpiece—tailpiece interface, with an equilibrium between
fully and partially bent conformations, where the equilibrium
is in favor of the fully bent form and binding of activating anti-
bodies to the interface can favor opening. Once the intersubunit
restraint at the transmembrane/cytoplasmic domain is released
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Fig. 10. Activation-related residues in the f
subunit stalk are hidden in the bent form.
Stereo backbone ribbon traces of 2 I-EGF2+3
(19) and aVP3 (11) are shown. Polypeptide
backbones are red for 2 I-EGF2+3, green for
aV, and yellow for 3. Alpha carbon atoms of
residues in the KIM127 epitope (Gly 504, Leu
506 and Tyr 508) are purple, and in the CBR
LFA-1/2 (Leu 534, Phe 536 and His 543) and
MEM48 (also includes Arg 541 and Phe 546)
epitopes, the alpha carbons are cyan (39).
Alpha carbon atoms of residues that restrain
activation of human oXf2 (Gln 525 and Val
526) and were suggested to be in an off
interface are black (30). The surface of a
representative Fab antibody fragment (gray;
pdb accession number 1A3R), with its
antigen-binding site oriented toward and at
closest approach to the KIM127 and CBR
LFA1/2 epitopes, is shown to illustrate that
the KIM127 and CBR LFA-1/2 epitopes are
inaccessible to its antigen-binding site. A gray
sphere 20 A in diameter is included at the
bottom left as a size reference. Figure from ref

(19).

by cellular mechanisms, the equilibrium would shift towards
the extended conformer.

Previously, integrins have been imagined to be in an ex-
tended conformation in the resting state. This thought has
posed the perplexing question of how conformational signals
could be transmitted over the long distance of 150A from
the membrane to the headpiece. The bent conformation pro-
vides a solution to this problem. Conformational movements
need only be transmitted from the membrane to the head-
piece—tailpiece interface, a much shorter distance. Subsequent
to movement apart of the o and B subunit cytoplasmic/trans-
membrane domains, movement apart of the C-terminal seg-
ments of the o and f subunits in the tailpiece would destabil-
ize the interface with the headpiece, and open the switch
blade (Fig.11).

A model for activation of the B subunit I-like domain
The remaining question to answer is why the bent form has
low affinity for ligand. At first glance, it seems as if the fold-
ing of the ligand-binding headpiece against the lower portion
of the stalks and the close apposition of the headpiece to the
membrane simply renders the binding site sterically inaccess-
ible to macromolecular ligands. This simple masking of the
binding site is, however, unlikely to be the only mechanism
responsible for the low affinity of the bent conformer for
ligands. Masking by the membrane cannot explain our obser-



Active

Resting

Fig. 11. Model for integrin activation by global conformational
change. The model of the resting integrin resembles the form of V3
observed in the crystal structure (11); the active integrin is depicted in
an extended conformation as seen in electron micrographs of V@3 in
the presence of Mn'".

vation that a soluble form of bent o:VB3 has low affinity for
ligand (17). Therefore, unbending may only be the first step
in the integrin activation pathway and may facilitate further
steps. Interestingly, the majority of the projection averages for
aVB3 in Mn’" show a larger angle between the stalks below
the globular head than in the crystal structure (17). As the
ligand-binding surface is located on the top of the globular
head, opposite the face where the stalks are connected, it is
intriguing to speculate that this opening of the upper stalks
converts the ligand-binding site to the high-affinity state. The
I-like domain is connected through both its N- and C-termini
to the hybrid domain. Since the C-terminus of the p I-like
domain is located closer to the o subunit, swinging the hy-
brid domain away from the o subunit would automatically
pull down the C-terminal o-helix of the I-like domain
(Fig. 12A). Conversely, downward movement of the C-terminal
o-helix would swing the hybrid domain away from the o
subunit, as observed in the EM images of activated oVB3. By
analogy to I domain activation induced by downward move-
ment of the C-terminal a-helix as discussed above, we predict
that activation of the I-like domain for ligand binding is
linked to a downward movement in its C-terminal o-helix
and a corresponding change in orientation between the hy-
brid and I-like domains. We note that the hybrid domain is
prominent in the headpiece—tailpiece interface, and that this
interface restrains the orientation of the hybrid domain to the
I-like domain. This provides a mechanism for linking open-
ing of this interface to conformational movements in the I-
like domain, and vice versa. It is significant that, among all
integrin domains, it is only the I domain in the o subunit

and the I-like domain in the B subunit that are inserted within
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other domains, therefore possessing two covalent connections

to the same domain.

A model for activation of the o subunit | domain in the
context of an intact integrin heterodimer
Early on, it was thought that, in I domain-containing inte-
grins, the I-like domain in the § subunit made a direct contri-
bution to ligand binding, because mutations in the MIDAS of
the I-like domain, and mAb directed to the I-like domain,
inhibited ligand binding. However, as described above, the
isolated oL I domain, when locked in the open conformation,
is sufficient to give a binding affinity equivalent to that of
activated oLB2 and also to give equivalent adhesiveness when
present on the cell surface. Remarkably, ligand binding by
oLp2 containing an I domain locked open with a disulfide is
completely resistant to inhibition by mAbs to the B2 I-like
domain that fully inhibit ligand binding by activated wild-
type oLB2, and bind equally well to locked open and wild-
type oLp2 (60). These mAb were mapped to multiple epi-
topes located in three widely separated sites on the molecular
surface of the I-like domain of f2 (103). Furthermore, disul-
fide reduction with dithiothreitol restored the susceptibility
of the disulfide-locked receptor to the inhibitory mAbs,
showing that the mutant receptors override the blocking ef-
fect of mAbs because their conformation is fixed. This clearly
demonstrates that the mAbs to the p2 I-like domain inhibit
by an allosteric mechanism rather than by directly competing
with the ligand. Thus, in B2 integrins, the I-like domain does
not directly participate in ligand binding, and appears to af-
fect ligand binding indirectly by regulating the conformation
of the I domain (60).

Observations on the effect of Ca** and Mn** ions on ligand
binding by I domain-containing integrins also favor a regula-
tory rather than a direct role for the p subunit I-like domain.
High concentrations of Ca’* are known to be inhibitory
against many I domain- containing integrins. The Ser and Thr
sidechains in the MIDAS strongly disfavor coordination to
Ca’", which prefers more polar oxygen atoms. Furthermore,
in contrast to results with intact 0:2B1 and oLp2, binding of
isolated 02 (104) and oL (M. Shimaoka and T. A. Springer,
unpublished data) I domains to their ligands is not inhibited
by mM concentrations of Ca’*. Moreover, Mn’", a well-
known strong activator of integrins, does not appear to acti-
vate by binding to the MIDAS of the I domain for three rea-
sons: (i) Mn’*-loaded oM and oL I domains crystallize in
the closed conformation (40,43); (ii) the wild-type isolated
I domain shows equivalent adhesiveness in Mg** and Mn**
(105), and (iii) the locked open oL I domain shows identical
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affinities and adhesiveness to ICAM-1 in Mg’* and Mn’" (M.
Shimaoka and T. A. Springer, unpublished data).

The I-like domain is the best candidate for mediating the
effects of Mn'* and Ca’*. A recently described Ca’*-binding
site in the I-like domain of the oVB3 structure is adjacent to
the MIDAS of the I-like domain, and thus it has been termed
the ADMIDAS (11). The ADMIDAS and the MIDAS of the I-
like domain are likely to be the inhibitory Ca’*- and stimu-
latory Mn"*-binding sites. Based on the evidence described
above that the I-like domain plays a regulatory rather than a
direct role in ligand binding by I domain-containing inte-
grins, we propose the following model for the function of

the I-like domain in integrins that contain I domains

A) Non-l domain integrins

B) | domain integrins

Fig. 12. Hypothetical model of conformational activation of
integrins. A) In non-I domain integrins, swinging away the hybrid
domain (light green) pulls the C-terminal ¢-helix of the I-like domain
(light blue), converting the low-affinity MIDAS (black dot) to the
high-affinity MIDAS (red dot) which is ready for direct interaction with
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(Fig. 12B). We think that, in the active conformation of the I-
like domain, it binds to a ligand-like segment in the o sub-
unit, most likely in the I domain linker, and thereby exerts
the downward pull on the bell-rope that remotely opens the

conformation of the ligand-binding site of the I domain.

The relative importance of conformational change and
clustering in inside-out and outside-in signaling

Inside-out signaling: affinity or avidity?
In this review, we have focused on regulation of the ligand-
binding activity of an integrin by conformational shape-shift-

ing within a single receptor molecule. However, many reports

\/,

an acidic residue in the ligand protein. B) In I-domain containing
integrins, the same movement activates the I-like domain MIDAS in the
{3 subunit, which in turn ligates and pulls the C-terminal o-helix of the
I domain, converting the I domain MIDAS to the high-affinity
conformation that is ready for interaction with ligand.



suggest that up-regulation of integrin-mediated adhesion by
activated cells is achieved by receptor clustering on the cell
surface (i.e. avidity augmentation) rather than by, or together
with, an increase in affinity of individual receptors (6—10).
Clustering of receptors on the cell surface would no doubt
increase overall cell adhesive efficiency, particularly when the
ligands are di- or multivalent, and have a similar clustered
distribution on the opposing cell or substrate. However, ex-
perimental evidence for the formation of integrin clusters on
activated cells is rather qualitative, and in most cases is dem-
onstrated experimentally by either a large dot-like or polar-
ized staining pattern after cell fixation. Furthermore, it is dif-
ficult to know whether clustering triggers ligand binding, or
is a result of ligand binding that is triggered by an increase
in receptor affinity. Receptors on cells, including integrins,
are well known to redistribute to sites on cells where they
can bind ligand, as a consequence of their “capture” in
ligand-receptor complexes. Moreover, real-time imaging has
shown that the formation of visible clusters in adhering cells
occurs long after the first contacts are made (106,107), while
the ligand-binding activity of integrins on circulating cells
such as leukocytes and platelets must be up-regulated in a

matter of seconds in vivo.

Intermediate affinity states?
Avidity regulation has been adopted as an alternative to affin-
ity regulation as the explanation for increased cellular ad-
hesiveness, not because it has been directly demonstrated, but
because in some instances there is a lack of evidence for af-
finity regulation. Affinity alteration has been dismissed as the
mechanism of increased cell adhesion in these instances,
based on the inability to detect increased binding of soluble
ligands to cells that clearly exhibit increased adhesiveness (9).
In some cases certain stimuli that cause increased cellular ad-
hesiveness do result in a measurable increase in soluble ligand
binding (affinity regulation is inferred) and other stimuli that
also cause increased cell adhesiveness do not augment soluble
ligand binding (avidity regulation is inferred) (7,8,108). The
observation that the affinity of the oL I domain for ligand can
range all the way from a K, of 200nM for the locked open I
domain to 2 mM for the wild-type or locked closed I domain
suggests that the lack of binding of soluble ligand should be
interpreted with great caution (58). The Ky of 200nM of the
locked open I domain is just barely within the range that is
detectable by conventional assays for ligand binding to cells.
A Kp just 10-fold higher of 2 uM would not be detectable by
direct ligand binding to cells. However, cell adhesion does
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not require high affinity (low Kp); for example, a K, of 25uM
is quite sufficient to mediate adhesion (109).

It is very reasonable to propose that, in integrin hetero-
dimers on the cell surface, I domains could exist not just in
two affinity states with K, of 200nM (open) and K, of 2mM
(closed), but also in many intermediate states. This could re-
sult from equilibration between two states, with the affinity
representing the time-averaged population of the 2 states,
from the existence of true conformational intermediates
along the shape-shifting pathway, or from differences in the
kinetics of I domain opening. Activation of oL32 on the cell
surface to an intermediate affinity with a K, of 20uM for
ICAM-1 would not be detectable by ligand binding to cells,
but should be sufficient to activate cell adhesion, based on
measurements with other cell adhesion molecules. Thus, con-
formational alterations in integrins resulting in an intermedi-
ate affinity for ligand could be the initial event in “inside-
out” activation, which would allow cells to surmount the
threshold from a nonadhesive to an adhesive phenotype. After
cells make the initial contact to the ligand-bearing surface,
clustering of integrins may further stabilize the adhesion ma-
chinery. Both stabilization of the active conformation of the
integrin with bound ligand, as evidenced by ligand-induced
binding site epitopes, and clustering of integrins may con-

tribute to outside-in signaling.

Summary and extension of the model for integrin
activation

To summarize, structures have been determined and models
built for integrin I domains in two different conformations,
open and closed. Mutational and functional studies demon-
strate that the open conformation binds ligand with high af-
finity, and the closed conformation either does not bind
ligand or binds with low affinity. In physiologic activation of
integrins on the cell surface, studies with antibodies demon-
strate that conformational change precedes ligand binding.
However, it is not known whether these changes correspond
precisely to transition from the closed to the open confor-
mation of the I domain or transition to an intermediate con-
formation, since thus far the open conformation has been
visualized only in the presence of a ligand or ligand-mimetic.
The structural changes in I domains are similar to those in
small G-proteins, particularly around the metal-binding site;
however, metal-binding site rearrangement is linked to large
motions in different backbone segments. C-terminal o-helix
movement does not occur in G-proteins.

In I domains, the linkage to the C-terminal o-helix segment
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provides a mechanism for propagating conformational
change from one domain to another. Locking in alternate
conformations of the loop preceding this C-terminal o-helix
demonstrates that conformational movement here is linked to
a dramatic 9000-fold increase in affinity of the ligand-bind-
ing site around the MIDAS. The C-terminal linker of the I
domain is located in an interface between the -propeller and
I-like domains that constitutes the ligand-binding site in inte-
grins that lack I domains. Interactions at this site of the linker
in integrins that contain I domains may mimic interactions
with ligands in integrins that lack I domains, and provide a
mechanism for transmitting conformational motion.

EM images and crystal structures of aVf3, and NMR data
on [-EGF modules 2 and 3 of 2, show that integrin activation
involves a dramatic conformational rearrangement from a
bent to an extended conformation. In the inactive confor-
mation, the headpiece faces the membrane. In activation, the
headpiece extends upward in a switchblade-like motion. The
headpiece—tailpiece interface is broken, and activation epi-
topes are exposed. These long-range rearrangements of the
global interdomain architecture are coupled to confor-
mational changes within the I and I-like domains, and prob-
ably also in adjacent loops in the B-propeller domain, that
increase affinity for ligand. EM images suggest a change in
orientation between the I-like and hybrid domains that is
consistent with downward movement of the C-terminal o-
helix of the I-like domain, analogous to the movement ob-
served in the I domain. The double connections of the I do-
main and I-like domains to their neighboring domains in
the o and B subunits, respectively, provide a mechanism for
coupling conformational change within domains in integrins
to global rearrangements in the orientation between domains.
A complex between a small cyclic RGD peptide and the low-
affinity conformation of «VB3 reveals coordination of the Asp
carboxyl group with the MIDAS of the I-like domain. This is
analogous to coordination to ligands observed with I domains
in the high-affinity conformation, except for one crucial dif-

ference. In the I domain-ligand complexes, the ligand car-
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