may have been highly conserved throughout
evolution.
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The structural basis for the divalent cation—dependent binding of heterodimeric o
integrins to their ligands, which contain the prototypical Arg-Gly-Asp sequence, is
unknown. Interaction with ligands triggers tertiary and quaternary structural re-
arrangements in integrins that are needed for cell signaling. Here we report the
crystal structure of the extracellular segment of integrin aVB3 in complex with a
cyclic peptide presenting the Arg-Gly-Asp sequence. The ligand binds at the major
interface between the aV and B3 subunits and makes extensive contacts with both.
Both tertiary and quaternary changes are observed in the presence of ligand. The
tertiary rearrangements take place in BA, the ligand-binding domain of 83; in the
complex, BA acquires two cations, one of which contacts the ligand Asp directly
and the other stabilizes the ligand-binding surface. Ligand binding induces small
changes in the orientation of oV relative to 3.

Integrins are adhesion receptors that mediate
vital bidirectional signals during morphogen-
esis, tissue remodeling, and repair [reviewed
in (7)]. These heterodimers are formed by the
noncovalent association of an o and a B
subunit, both type I membrane proteins with
large extracellular segments. In mammals, 18
o and 8 B subunits assemble into 24 different
receptors. Integrins depend on divalent cat-
ions to bind their extracellular ligands. Al-
though these ligands are structurally diverse,
they all use an acidic residue during integrin
recognition. Specificity for a particular ligand
is then determined by additional contacts
with the integrin. High affinity binding of
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integrins to ligands is usually not constitutive
but is elicited in response to cell “activation”
signals (so-called “inside-out” signaling) that
alter the tertiary and quaternary structure of
the extracellular region, making the integrin
ligand-competent. Ligand binding, in turn,
induces structural rearrangements in integrins
that trigger “outside-in” signaling [reviewed
in (2)].

Integrins are grouped into two classes
based on the presence or absence of an ex-
tracellular ~180 amino acid A-type domain
(aA) (3). In the nine aA-containing integrins
(aA-integrins), oA is necessary and suffi-
cient for the divalent cation—dependent bind-
ing to physiologic ligands (3). The structures
of isolated oA domains in “liganded” and
“unliganded” conformations (4—8) have re-
vealed how this domain interacts with li-
gands. A metal ion is coordinated at the
ligand-binding interface of a A through a con-
served five amino acid motif, the metal ion—
dependent adhesion site (MIDAS), and the
metal coordination is completed by a gluta-
mate from the ligand (4, 6) or, in its absence,
by a water molecule (9). In aA-lacking inte-
grins, ligand recognition requires an oA-like
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domain (BA) present in all integrin 8 sub-
units (4, 10).

The crystal structure of the extracellular
segment of the aA-lacking integrin a VB3
was previously determined in the presence
of Ca?* (aVB3-Ca) (10). It consists of 12
domains assembled into an ovoid head and
two “legs.” The putative ligand-binding
head is primarily formed of a seven-bladed
B-propeller domain from oV and a BA
domain from 3. These two domains re-
semble the GB and Ga subunits of G-
proteins, respectively, and contact each
other in a strikingly similar manner (10).
We now report the structure of extracellular
aVB3 in complex with the cyclic pen-
tapeptide ligand Arg-Gly-Asp-{D-Phe}-
{N-methyl-Val-}, called cyclo(RGDF=N
{Me}V [P5 in (/1)], and in the presence of
the proadhesive cation Mn?*, aVB3-RGD-
Mn (Table 1). We have also determined the
structure of the unliganded receptor in the
presence of Mn?* (aVB3-Mn) for compar-
ison (Table 1). The two structures contain
the previously reported extracellular resi-
dues of the integrin (/0). aVB3-Mn con-
tains six Mn2* ions (replacing each of the
six Ca?* ions in aVB3-Ca), and aVB3-
RGD-Mn contains the cyclic pentapeptide
plus eight Mn?* ions. Replacement of
Ca?* with Mn?* at all six sites in the
aVB3-Mn structure did not result in impor-
tant structural rearrangements in the inte-
grin. As with aVB3-Ca (70), no metal ion
is visible at MIDAS in a VB3-Mn. Figure 1
shows representative electron density maps
(Fig. 1, A through D) and a ribbon diagram
(Fig. 1E) of the integrin-pentapeptide
complex.

The aVB3-RGD-Mn structure reveals that
the pentagonal peptide inserts into a crevice
between the propeller and BA domains on the
integrin head (Fig. 1E). The Arg-Gly-Asp, or
RGD, sequence makes the main contact area
with the integrin, and each residue participates
extensively in the interaction, which buries 355
A2 or 45% of the total surface area of the
peptide. The Arg and Asp side chains point in
opposite directions, exclusively contacting the
propeller and BA domains, respectively. The
five Ca atoms of the cyclic peptide form a
slightly distorted pentagon. Molecular dynam-
ics simulations of the peptide in the absence of
the integrin, performed using the same geomet-
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ric parameters used for the crystallographic re-
finement, result in a more regular pentagonal
shape with roughly equal inter—Ca atom dis-
tances (data not shown). Thus, distortion of the
peptide ring is apparently related to contact
with aVB3-Mn. The main chain conformation
of the RGD motif in the pentapeptide is almost
identical to that of the RGD tripeptide in the
natural ligand Echistatin (12, 13), suggesting
that the structure presented here can serve as a
basis for understanding the interaction of inte-
grins with other and larger RGD-containing
ligands.

The Arg side chain inserts into a narrow
groove at the top of the propeller domain
(Fig. 2A), formed primarily by the D3-A3
and D4-A4 loops. The arginine guanidinium
group is held in place by a bidentate salt
bridge to Asp?'® at the bottom of the groove
and by an additional salt bridge to Asp'*° at
the rear (Fig. 2B). The contacts leave most of
the upper portion of the Arg side chain ex-
posed to solvent, whereas the spacious rear of
the groove probably contains water mole-
cules that may provide additional contacts to
the Arg guanidinium group.

Contacts between the ligand Asp and BA
primarily involve the Asp carboxylate group,
which protrudes into a cleft between the BA
loops A'-al and C'-a3 and forms the center
of an extensive network of polar interactions
(Fig. 2B). One of the Asp carboxylate oxy-
gens contacts a Mn?* ion at MIDAS in BA
(Fig. 2B). The second Asp carboxyl oxygen
forms hydrogen bonds with the backbone
amides of Tyr'?? and Asn?'® and also con-
tacts the aliphatic portion of the Arg?!* side
chain. Additional contacts involve the hydro-
phobic portion of the Asp side chain and the
beta carbon atom of Asn®!®. Unlike the li-
gand Arg, the ligand Asp side chain is com-
pletely buried in the complex.

The glycine residue, which completes
the prototype RGD ligand sequence, lies at
the interface between the o and 8 subunits
(Fig. 2B). It makes several hydrophobic
interactions with aV, the most critical of
which appears to be the contact with the
carbonyl oxygen of Arg?!®. The remaining
two residues of the pentapeptide face away
from the off interface and are not in the
consensus ligand sequence.

The peptidyl aspartate contacts BA in a
manner that strikingly resembles the interac-
tion of aA with its ligands (4, 6) (Fig. 3); in
both cases, an acidic ligand residue coordi-
nates the receptor via a metal ion in MIDAS.
However, BA differs from aA in that the
latter can bind a metal ion in MIDAS even in
its unliganded state (5, 9). The one difference
between the two sites is the replacement of a
conserved Thr, which contacts the cation in
liganded aA, with Glu??° in BA. In the unli-
ganded aVB3-Mn structure, the Glu?2° side
chain intrudes into the MIDAS site, ap-
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proaching the space where a cation would
bind. Thus, it appears to reduce the affinity
for cations at MIDAS through steric hin-
drance. In the liganded oVB3-RGD-Mn
structure, the Glu??° side chain occupies a
different position, allowing accommodation
of a cation at MIDAS.

In addition to incorporating Mn?* at
MIDAS when liganded, BA also unexpected-
ly incorporates a second Mn?* ion. Only 6 A
from MIDAS, this ion defines a ligand-asso-
ciated metal binding site (LIMBS) formed by
the other carboxylate oxygen of Glu??°; the
side chains of Asp!®, Asn?'5, and Asp?!7;
and the carbonyl oxygens of Asp?!’ and
Pro?!® (Fig. 2B). Although the LIMBS Mn?™*
ion does not contact the ligand, coordination
of Mn?* nevertheless depends on it. Asp!®
and Glu??° occupy different positions in the
unliganded structure, and, therefore, the co-
ordination sphere for LIMBS does not exist.

The most likely role of LIMBS is to stabilize
the reoriented Glu?2° and to add conforma-
tional stability and structural rigidity to the
ligand-binding surface. Taken together, the
above data explain the structural basis for
conservation of the RGD consensus in inte-
grin ligands and for certain loss-of-function
disease mutations in B3 integrins [Supple-
mental note 2 (27)].

Binding of the pentapeptide ligand is asso-
ciated with tertiary and quaternary changes in
oVB3-Mn. Changes in tertiary structure in-
volve BA, affecting primarily its al-a2 loops
and helices and the a2-C’, F-a7, and B-C (“li-
gand-specificity”) loops (Fig. 4, A and B). The
observed movements appear to be causally
linked to the top of helix a1 which approaches
MIDAS, permitting contacts with both MIDAS
cation and ligand through Ser'?!, Tyr!?2, and
Ser!'23, In the complex, the backbone amide and
carbonyl oxygens of Tyr'?? directly contact the

Table 1. Data collection and refinement statistics [Supplemental note 1, (74)]. Diffraction data were
sharpened with a B factor of —40.0A2. The aVB3-Mn and «VB3-RGD-Mn structures were solved by
molecular replacement at 3.3 A and 3.2 A resolution, respectively, using the previously reported «VB3-Ca
structure as the initial model. For the aVB3-Mn structure, the original coordinates were modified by
removing all six calcium ions. Coordinates were then subjected to rigid body minimization. A f_ ~ F_
difference map showed positive density in all six previously determined calcium-binding sites. The eight
metal ion densities in the structure were all assigned as manganese because crystals were soaked with
buffer containing 5 mM MnCl,. The positions of manganese ions were confirmed from the anomalous
difference Fourier maps using data collected at the wavelength 1.2398 A, where Mn?* has reasonable
anomalous contribution (f = 1.96 electrons). For the aVB3-RGD-Mn structure, a similar F, - F_
difference density map showed clear density for all five amino acids of the cyclic peptide ligand and for
eight Mn2™ jons: six at the original sites and two in the vicinity of the ligand. Each model was then
modified according to the difference density features and refined using bulk solvent correction and
several rounds of simulated annealing protocols in XPLOR (22). About 5% of reflections were used to
calculate the free R factor in each case. The reflections included in the two "free sets" were the same as
those used for the «V[33-Ca structure determination. The electron density maps calculated with the three
independent data sets (for aVB3-Ca, aVB3-Mn, and aVB3-RGD-Mn) do not allow us to trace the PSI,
EGF-1, and EGF-2 domains. In addition, these three density maps show some variability in the
NH,-terminal part of EGF-3, leaving open the possibility that alternative disulphide bridges in this region
exist.

aVB3-Mn oVB3-RGD-Mn
Data collection statistics*
Space group P3,21 P3,21
Unit cell dimensions (A) a=b=1304c=3103 a=b= 1298 ¢ = 3088
Resolution (A) 50.0 to 3.3 50.0 to 3.2
Completeness 94.4 (86.1) 99.4 (99.9)
Unique reflections 44739 (4011) 48911 (4853)
Redundancy 4.8(3.0) 6.7 (6.0)
Ry (%) 9.5 (43.9) 16.4 (40.0)
o 16.1(2.5) 14.0 (3.7)
Refinement statistics
Resolution (A) 20.0to 33 20.0 to 3.2
Riactor (%) (work set)f 24.4 2438
Rtactor (%) (free set) 323 328
Average B factor (A2) 448 36.0
Atoms in the model 11656 11700 (including peptide)
No. Gle-NAc 11 1"
No. Mn2* 6 8
Model statistics (RMSD from ideality)
Bond lengths (A) 0.01 0.001
Bond angles (°) 1.7 18
Dihedral angles (°) 26.5 26.8

*Values in parentheses are for the highest resolution shell (0.1 A).
intensity and (/) is the average intensity from multiple observations of symmetry-related reflections.
[F.(hkl) - F.(hk) 1/ 2, Fo(hkD).

Ry = 3|1 - ()I73 1, where 1 is the observed
FReacror = Zhu
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ligand Asp, and both serine side chains coordi-
nate the MIDAS cation. Thus, a1 is fastened to
the ligand-MIDAS assembly within the com-

REPORTS

plex. The ADMIDAS (adjacent to MIDAS)
cation moves in concert with al because it is
primarily coordinated by al residues Asp'?¢

Fig. 1. Structure of «V[33-Mn complexed with cyclo(RGDf-N{Me}V ). (A) Stereoview of a 2F_ —~ F
electron density map of the peptide-integrin complex, where o and ¢ are the observed an

calculated structures, respectively. Cutoff is 5.0 for Mn?* and 1.0c for ligand residues. Densities
(magenta) of the adjacent metal ions at ADMIDAS, MIDAS, and LIMBS (shown here and in
subsequent figures as violet, cyan, and gray respectively) are from the same map. (B) A Fourier
anomalous difference'map in the same region as in (A) of «VB3-Mn; only the density (cyan) of the
MnZ* jon at ADMIDAS is detected. (C and D) A Fourier anomalous difference map showing the
densities (cyan) of the Mn2* ions (orange), four in B hairpin loops of blades 4 to 7 of the propeller
(C) and one at the aV genu (D) in the peptide-integrin complex. (E) Ribbon drawing (20) of the
aVB3-RGD-Mn structure. In this and subsequent figures, oV and 33 are shown in blue and red,
respectively. The peptide is bound at the propeller-B8A domain interface with the ADMIDAS, MIDAS,
and LIMBS metal ions shown. The carbon, nitrogen, and oxygen atoms of cyclo(RGDf-N{Me}V ) are
shown in yellow, blue, and red, respectively.

and Asp'?’; this changes its coordination sphere
slightly from that of the unliganded structure
(Z0) (only its coordination by the carbonyl oxy-
gen of Met**5 is replaced by a carboxylate
oxygen from Asp®>!). Most of the remaining
structural changes can be viewed as indirectly
caused by the shift of al: a1’ directly follows
al in sequence, and o2 and the top of a7 flank
al’. The. ligand-specificity region also ap-

proaches the ligand. This movement may be-

related to a salt bridge in this region between
Asp'™ and Arg?'*. Arg®'4 is near the ligand
Asp, and it does not form a salt bridge to Asp'7®
in the unliganded structure. The functional im-
plications of these changes are reflected by the
location in the al-a2 segment of BA of
epitopes both for activation and inhibitory
monoclonal antibodies (15-18).

The above tertiary changes observed in the
liganded form of BA resemble those seen in
liganded oA (6, 8, 9) (Fig. 4). In oA, a major
distinguishing feature of its transition from the
unliganded to the liganded state isa 10 A down-
ward shift of the COOH-terminal &7 helix with
realignment of its hydrophobic contacts (Fig.
4C) (6, 8, 9). However, the position of the a7
helix in liganded BA does not change (it already
occupies an equivalent position to liganded oA
when ligand is absent). One likely interpretation
of these data is that activation (ligand-compe-
tency) in aA and BA is achieved by different
mechanisms. Reorientation of the COOH-termi-
nal o7 helix, perhaps in response to inside-out
signaling, makes oA ligand-competent in an
allosteric manner (8). In BA, where such move-
ment of the o7 helix is less likely, reorientation
of the MIDAS Glu??° residue (which is invari-
ant in BA but not A domains), results in a
ligand-competent form by unblocking MIDAS.
A second interpretation of these data is that the
conformation of BA in the unliganded aVp3-
Mn and o V33-Ca structures represents a ligand-
competent state of the A-type domain, captured
in the context of an integrin heterodimer. In this
scenario, the tertiary changes observed here in
BA are ligand-induced.

Quaternary rearrangements in the integrin
head region are also observed in the complex.
The interface between BA and the aV pro-
peller undergoes a small change, with the two
domains moving closer together at the pep-
tide-binding site [see animated Supplemental
fig. 1, A and B (79)]. In addition, the propel-
ler undergoes a small rotation at the propel-
ler-thigh interface, with BA moving in con-
cert [see animated Supplemental fig. 1, A and
B (19)]. Thus, as in the case of G-proteins,
ligand binding to BA alters its orientation
relative to the propeller. It is also remarkable
that both tertiary and quaternary changes are
observed in an integrin in the presence of its
smallest recognition unit, even within the
constrained crystal lattice. Natural integrin
ligands are significantly larger, structurally
diverse and often multivalent. Thus, the
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Fig. 3. Diagram of the MIDAS motif in BA (A'and B) and oA
from CD11b (C and D). (A) and (B) MIDAS residues (single
letter abbreviations: S, Ser; E, Glu; D, Asp; T, Thr) in
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chains are shown in ball-and-stick representations with
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Fig. 4. Ligand-induced structural changes in BA in comparison with those
of A (from CD11b). (A) Superposition, in stereo, of the aVB3-Mn (gray)
and aVB3-RGD-Mn (red) structures. The superposition is based on the
Ca atoms of the central B-sheet [43 atoms per structure; root mean
square deviation (RMSD), 0.42 A]. Residues of aVB3-RGD-Mn with a
distance of more than 1.5 A to corresponding residues of aVB3-Mn are
shown with thicker red lines. The major structural changes in BA involve
helices a1, a1’, a2, the F-a7 loop, and the ligand-specificity region. (B)
Maghnified view of the rearrangements at the ligand-binding site in BA.
Superposition of the propeller and BA domains of aVB3-Mn (gray) and
aVB3-RGD-Mn (aV, blue; B3, red) is based on the Ca atoms of the aV
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Successful repair after tissue injury and inflammation requires resolution of the in-
flammatory response and removal of extracellular matrix breakdown products. We
have examined whether the cell-surface adhesion molecule and hyaluronan receptor
CD44 plays a role in resolving lung inflammation. CD44-deficient mice succumb to
unremitting infllammation following noninfectious lung injury, characterized by im-
paired clearance of apoptotic neutrophils, persistent accumulation of hyaluronan frag-
ments at the site of tissue injury, and impaired activation of transforming growth
factor—3,. This phenotype was partially reversed by reconstitution with CD44™" cells,
thus demonstrating a critical role for this receptor in resolving lung inflammation.

propeller domain. The directions of protein movements (including the 4
A displacement of Mn?* at ADMIDAS) are indicated by red arrows. This
view differs from (A) by a rotation of 180° around a vertical axis. (C)
Superposition, in stereo, of the “liganded” (red) and "unliganded” forms
of aA from the CD11b integrin. The metal ion sphere at MIDAS is in cyan.
The superposition is based on the Ca atoms of the central B-sheet (43
atoms; RMSD = 0.43 A). Residues of liganded aA with a distance of more
than 1.5 A to corresponding residues of unliganded aA are shown with
thicker red lines. The major structural changes in oA involve helices a1,
a7, the F-a.7, and E-a6 loops. Arrows (red) indicate the direction of the
major protein movements in each case.

cell-surface miatrix binding proteins (/, 2). A
paradigm has emerged that, following tissue
injury, there is an influx of polymorphonu-
clear leukocytes (PMNs) that subsequently
undergo apoptosis and must be removed from
tissues to allow normal repair to occur. How-
ever, in vivo evidence for a relation between
removal of apoptotic PMNs and matrix frag-
ments and successful repair of injury has not
been obtained.

CD44 is a transmembrane adhesion recep-
tor and the major cell-surface receptor for the
nonsulfated glycosaminoglycan hyaluronan
(HA) (3). CD44 plays an important role in the
clearance of HA and mediates cell-matrix
interactions involved in tumor formation, me-
tastasis and T cell extravasation (4-6). HA is
present in all tissues in a high molecular
weight (MW) form in excess of 10° daltons

The pathogenesis of pulmonary fibrosis typ-
ically exhibits overlapping phases of inflam-
mation and deposition of matrix. Successful
repair of tissue injury requires resolution of

the inflammatory phase. Recent evidence has
suggested that this is an active process requir-
ing the release of soluble mediators as well as
interactions between these mediators and

(7). At sites of inflammation and tissue injury
low-MW HA species accumulate and have
proinflammatory functions (8). We examined
the role of CD44 in the resolution of lung
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