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Structural specializations of
immunoglobulin superfamily
members for adhesion to integrins
and viruses

Summary: The circulation and migration of leukocytes are critical for im-
mune surveillance and immune response to infection or injury. The key
step of leukocyte recruitment involves the adhesion between immunoglob-
ulin superfamily (IgSF) proteins on endothelium and integrin molecules
on leukocyte surfaces. Some of the IgSF members are subverted as virus re-
ceptors. Four erystal structures of N-terminal two-domain fragments of
these IgSF proteins have been determined: intercellular adhesion mole-
cule-1 (ICAM-1), ICAM-2, vascular adhesion molecule-1 (VCAM-1), and
mucosal addressin cell adhesion molecule-1 (MAACAM-1). An acidic res-
idue near the bottom of domain 1 plays a key role in integrin binding. For
ICAM-1 and ICAM-2, this glutamic acid residue is located on a flat surface,
complementary to the flat surface of the I domain of the integrin to which
they bind, lymphocyte function-associated antigen-1 (LFA-1). For
VCAM-1 and MAJCAM-1, the acidic residue is aspartic acid, and it resides
on a protruded CD loop which may be complementary to a more pocket-
like structure in the a4 integrins to which they bind, which lack I do-
mains. A number of unique structural features of this subclass of IgSF have
been identified which are proposed to consolidate the domain structure to
resist force during adhesion to integrins. Different mechanisms are pro-
posed for the different CAMs to present the integrin-binding surface to-
ward the opposing cell for adhesion, and prevent cis interaction with inte-
grins on the same cell. Finally, CD4 and ICAM-1 are compared in the con-
text of ligand binding and virus binding, which shows how human im-
munodeficiency virus and rhinovirus fit well with the distinct structural
feature of their cognate receptors.

Introduction

Cell adhesion molecules of the immunoglobulin superfamily
(1gSF) have important functions in cell-cell recognition in
inflammation and immune responses. A subset of the IgSF pro-
teins is specialized for binding to integrins, and can also be rec-
ognized by greater amino acid sequence homology to one
another than to other IgSF members. These are the intercellular
adhesion molecules (ICAM-1, ICAM-2, ICAM-3, ICAM-4, and
ICAM-5), vascular adhesion molecule-1 (VCAM-1), and
mucosal addressin cell adhesion molecule-1 (MAdCAM-1)
(1-4). Recently, high-resolution X-ray crystal structures have
been determined for the N-terminal two-domain fragments of
four of these molecules, ICAM-1 (5, 6), ICAM-2 (7), VCAM-1
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(8, 9), and MAdCAM-1 (10). All four are expressed on endo-
thelium and function in leukocyte binding to the blood vessel
wall and transendothelial emigration at inflammatory sites.
ICAM-1 and VCAM-1 are greatly increased on endothelium by
cytokines at inflammatory sites, and act as traffic signal mole-
cules to promote selective leukocyte emigration at these sites.
ICAMS-2 is expressed widely and constitutively on endothelium.
MAdCAM-1 is constitutively expressed on a highly specialized
subset of blood vessels found in mucosal tissues, including
high endothelial venules of Peyer’s patches and venules in the
lamina propria. MAACAM-1 facilitates preferential trafficking
to these tissues of a subset of lymphocytes that appears to have
been selected by antigens in mucosal sites. All four IgSF mem-
bers are expressed on non-vascular cells to varying extents.
ICAM-2 is expressed on lymphocytes, monocytes, and plate-
lets. ICAM-1 is inducible by cytokines on many cell types,
including epithelial cells, connective tissue cells, monocytes,
and antigen-presenting dendritic cells, and is upregulated on B
lymphocytes in germinal centers. ICAM-1 and ICAM-2 are
important in antigen-specific recognition by lymphocytes and
in effector functions of neutrophils, monocytes, and natural
killer cells. Very few epithelial cells express ICAM-1 constitu-
tively, but among these are certain epithelial cells of the nasal
mucosa (11). These cells are infected by human rhinovirus
(HRV) serotypes that use ICAM-1 as their receptor.

The X-ray crystal structures of functionally critical two-
domain fragments of ICAM-1, ICAM-2, VCAM-1, and
MAdJCAM-1 yield important insights into IgSF: integrin inter-
actions, and how the IgSF members can selectively recognize
different integrins. Integrins are formed from o and p subunits
that can associate into at least 21 unique ap heterodimers. Both
the o and B subunits contribute to ligand specificity, and influ-
ence two-way signaling through integrins. “Outside-in” sig-
naling regulates the cell in response to the external environ-
ment; “inside-out” signaling allows integrin conformation,
affinity for ligand, and lateral associations of the extracellular
domain to be rapidly regulated in response to signals from
within the cell (12—14). The integrin lymphocyte function-
associated antigen-1 (LFA-1) contains the oL and B2 integrin
subunits, and binds ICAM-1 and ICAM-2.. The integrins a4f1
(very late antigen-4, VLA-4) and a4B7 preferentially bind
VCAM-1 and MAdCAM-1, respectively (Table 1).

ICAM-1 and VCAM-1 contain five and usually seven IgSF
domains, respectively, whereas ICAM-2 and MAdCAM-1 each
contain two IgSF domains. The crystal structures are all of the
two most N-terminal IgSF domains. The first domain always
has an important integrin-binding surface, and the second
domain of VCAM-1 and MAdCAM-1 directly contributes to
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Table 1. Integrins and IgSF molecules

Integrin Subunits  Jdomain  Preferential IgSF figand
LFA olp2 + KCAMA 2,345

Mag-1 oMpBZ + KCAMA

VA4 o4l VOAM-

LPAM adp? MAGCAM-1

integrin recognition as well. The second domain also appears
to be important for orienting the recognition surface on the
first domain.

The recognition surface on the IgSF domain to which inte-
grins bind is unique compared to other known IgSF recogni-
tion modalities, and we will compare the integrin recognition
sites to those utilized by other adhesion molecules and by anti-
bodies. Furthermore, we will discuss how the recognition sur-
faces of ICAMs differ from VCAM-1 and MAdCAM-1 and how
this correlates with structural differences between the integrins
that bind to these IgSF members.

Orientation of adhesion molecules on the cell surface is
important for optimal exposure of the binding sites for recog-
nition in trans by counter-receptors on other cells (7). Orienta-
tion is also important to prevent recognition in cis by counter-
receptors expressed on the same cell. ICAM-1 and ICAM-2 are
frequently co-expressed on leukocytes with the integrin to
which they bind, LFA-1, and all evidence to date suggests that
cis interactions cannot occur. We will discuss architectural
features important to orient IgSF molecules so that binding can
occur in trans but not in cis.

Adhesion molecules differ from receptors for soluble
ligands in that the receptor:ligand interaction surface (bond) is
often subjected to force (15). We therefore discuss features of +
the recognition surface and of the linkages between domains
that may suit the integrin-binding IgSF members to resist the -
forces applied to them. These forces would otherwise tend to
break apart the receptor-ligand interface and denature the
domains that link this interface to the cell.

Finally, the IgSF molecules ICAM-1 and CD4 are recog-
nized by viruses, and we will contrast the recognition sites uti-
lized by viruses to those utilized in cell adhesion. Interactions
with these molecules have important consequences for the
virus above and beyond the receptor function. Binding of
ICAM-1 to rhinovirus triggers release of the infectious RNA
(16-18); binding of CD4 causes a conformational change in
gp120 of human immunodeficiency virus (HIV) that enables
binding to co-receptors, and then fusion of the viral and cellu-
lar membranes (19).
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The IgSF domain as a modular component of cell-surface

proteins

A high proportion of cell-surface molecules are modular, i.e.
they are built of multiple domains arranged in tandem along
the polypeptide chain. Truly modular domains have been
defined as those that can be found adjacent to or interspersed
between other types of domains (20); the IgSF domain fulfils
this definition. IgSF domains, and the majority of the other
widespread modules, have phase 1 introns near the domain
boundary, i.e. the codon is split between nucleotides 1 and 2.
This facilitates tandem duplication and exchange of exons, so
that cell-surface molecules with widely varying functions can
be built from a relatively small number of modules (20). It is
hypothesized that the number of modular extracellular proteins
greatly expanded in the evolution of metazoa, and fulfilled the
need for cell-cell recognition in multicellular organisms. From
an evolutionary point of view, the IgSF module must have par-
ticularly attractive features, because it is the most abundant
module known, with at least 1,000 examples not including
species homologs (20). On the human leukocyte surface, about
40% of proteins are predicted to contain IgSF domains (21).
Furthermore, the IgSF domain is found as a module within
intracellular proteins such as titin and twitchin in muscle (2).

The IgSF domain is evolutionarily ancient, as exemplified
by both intracellular and extracellular IgSF domains in C. ele-
gans (2); the function of the IgSF domain in antigen-specific
recognition by antibodies and T-cell receptors is an evolution-
arily recent adaptation of vertebrates. Nonetheless, the three-
dimensional structure of the IgSF domain was first character-
ized in antibodies. Since the nomenclature of IgSF domains is
with reference to antibodies, and the types of interactions seen
between domains in antibodies provide important compari-
sons to those seen with adhesion molecules, it is worthwhile to
begin with a brief description of Ig domains.

The structural unit of the Ig domain consists of two anti-
parallel B-sheets that are packed or “sandwiched” together.
Each sheet is amphipathic, with the hydrophobic side facing
inward and acting as the butter that holds the sandwich
together, and the hydrophilic side facing outward. Usually a
conserved disulfide bond links together the two sheets through
cysteines present near the center of each sheet. The p-strands in
the IgSF domain are lettered A through G, in the order in which
they appear in the amino acid sequence (Fig. 1). Three of the
connecting peptides (loops) between these strands link strands
located in opposite sheets. These loops provide another mech-
anism to link together the two p-sheets and help make the IgSF
domain a stable module. The order of the strands within the

two sheets defines the topology of the IgSF domain. Despite the
common fold, IgSF members display tremendous variation in
edge strands and loop conformation (Fig. 1) (2). The V domain
is the largest, and all other domains can be thought of as topo-
logically, although not necessarily evolutionarily, derived from
the V domain by removal of edge strands (Fig. 1). The BE
strands in one sheet and GFC strands in the other are always
present. These strands form the core of the Ig fold, and are
linked at one end by the BC and at the other by the EF loops.
The B, C, E, and F strands are thus “crossover strands”. In vitro
folding experiments have shown that several residues in these
strands nucleate folding of the Ig domain, i.e. form a “crossover
nucleus”. These are the most highly conserved residues in IgSF
domains (22). The only other loops connect neighboring
strands in sheets, and connect the edge of one sheet to the edge
of the other, which allows topology to be preserved despite
variation in edge strands.

Ig domains have dimensions of approximately 2 X 2.5 X 4nm,
and for the sake of description can be considered to have six
sides termed faces, edges, and ends. The surface of each p-sheet
that faces outward is known as a face. Thus, the V domain has
an ABED face and an A'GFCC'C" face. The side of the domain
formed by the edge strands will be termed an edge. Thus, in C2
domains the C strand of the GFC sheet and the D strand of the
ABED sheet form the CD edge (Fig. 1). The loops in IgSF
domains are named after the strands that they connect, and the
ends of the domain formed by the loops will be termed the top
and the bottom, for the ends that contain the N-terminus and
C-terminus of the domain sequence, respectively. The loops at
the top of the V domain are the BC, C'C", DE, and FG loops. The
complementarity-determining loops of antibodies and T-cell
antigen receptors are formed by the BC, C'C", and FG loops.
Binding of antibodies to antigens was the first example of rec-
ognition by IgSF domains. It was therefore widely hypothe-
sized that recognition by other IgSF family members would also
involve the loops at the top of domains. However, one of our
points will be that IgSF domains are highly versatile, and can
use almost any surface for recognition.

Chothia & Janin (23) proposed that B-sheets pack in an
“aligned” mode. In this mode, the strands from two sheets run
in parallel, making an angle of 30°, and the side chains from
one strand meet their counterparts from the opposite sheet in
an aligned way throughout the whole interface. This is usually
true for intradomain B-sheet packing as in the Ig B-sandwich.
When two Ig domains pack against each other, however, their
strands are misaligned due to side chain intercalation. The two
interacting B-sheet faces usually make an angle of 60° with
respect to each other. This has been observed for both variable
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| set or |11 set domain
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V set domain
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C2 set domain
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C1 set domain
ABED GFCC

domain interdomain pairing (24) and constant domain inter-
domain pairing (25) in antibodies.

In all IgSF members studied to date, there is a rotation of
approximately 130° to 170° between successive domains, so
that the faces exposed to one side alternate. Therefore, in anti-
bodies, whereas the VH and VL domains pair along the
A'GECC'C" face, the succeeding CH1 and CL domains pair along
the opposite ABED face. The CH2 domains face each other
along their GFC faces, but there is solvent in between and these
domains do not bind one another. The CH3 domains bind one
another through their ABED faces, and therefore pairing along
this face is considered characteristic of antibody C domains.
These types of pairings form a reference point for discussing
both recognition and dimerization interactions among adhe-

sive IgSF members.
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ICAM-1 domain 1,11 set
ABED AGFC

8

ICAM-1 domain 2, 12 set
ABE

Fig. 1. IgSF domain frameworks. The
frameworks for I set, V set, C1 set, and C2 set
domains are adapted from Chothia & Jones (2),
and represent the structural features usually

: conserved in each of these sets. Solid circles
™ represent B-sheet residues, and open circles
- conserved loop residues. The frameworks for
:f , Z ICAM-1 domain 1 (I1 set) and ICAM-1 domain
L) | 2 (12 set) are from (5). Here, solid circles
2 1: & represent residues defined as f-strand by DSSP
" (100), and open circles represent other
- } residues that are largely conserved in domain 1

of ICAM-2, VCAM-1, and MAdCAM-1, or
domain 2 of ICAM-2 and VCAM-1. Dashed
lines represent backbone hydrogen bonds. The
lines represent bonds to backbone NH groups
(before each circle in the amino acid sequence)
and CO groups (after each circle). The
directionality of the polypeptide chain is
indicated by arrows. The A’ and G strands are
parallel B-strands, and their hydrogen bond
network therefore appears different from the
others. The positions usually occupied by the
cysteines that form the intersheet disulfide are
shown as diamonds. This allows comparison
between the different frameworks. The
frameworks differ not only in strand content,
but also in how far strands extend “above” and
“below” these cysteines in sequence. Each
domain is shown as two sheets. To imagine the
two sheets aligned as in the three-dimensional
structure, the left sheet should be moved over
the right sheet, so that the cysteines marked
with diamonds in the B and F strands are
aligned.

AGFCC

Structural features of the IgSF domains of the integrin

ligands

Domain structure
At first glance, the four structures for the N-terminal two-
domain fragments of ICAM-1, ICAM-2, VCAM-1, and
MAdCAM-1 look very similar (Fig. 2). The sequences of these
four proteins align well structurally in many important regions
that are unique to them (Fig. 3). They each consist of two con-
catenated Ig-like domains. Domain 1 is smaller (83 to 90 resi-
dues) than domain 2 (102 to 112 residues). Part of the extra
length of domain 2 is accounted for by two long loops that
wrap around the bottom of domain 1. In contrast, in other
known structures of IgSF proteins, such as CD4, CD2, antibod-
ies, and T-cell receptors, the functionally important N-terminal
domain 1 is larger than domain 2, and these domains have
about 110 and 100 residues, respectively. Compared to these

. IgSF molecules, the tops of the N-terminal domains are com-
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e OH
MAJCAM-1

ICAM-2

pact and slender, because they lack C' and C" strands. The BC
and FG loops at the top of domain 1 are consolidated by an
“extra” disulfide that is characteristic of domain 1 in IgSF mol-
ecules that are integrin ligands. The surface area buried in the
interface between domain 1 and domain 2 is relatively small,
for example, 300 A? per domain in ICAM-1 (5). All of these
molecules contain an acidic residue that is of crucial impor-
tance for binding to integrins. This residue, a Glu in ICAM-1
and 2 and an Asp in VCAM-1 and MAdCAM-1, is located near
the bottom of domain 1 (Fig. 2).

In ICAM-1, ICAM-2, and VCAM-1, domains 1 and 2 differ
from one another in a manner that is analogous to the differ-
ence between the C1 and the C2 sets. The V set and C1 set of
IgSF domains are named based on similarity to antibody V and

. C domains in content of edge strands (Fig. 1). There are also dif-
ferences in how far strands extend “above” and “below” the B
and F strand cysteines, and in certain framework residues (2).
The C set has been subdivided into the C1 and C2 sets. C1 set
domains contain a D strand and are found in antibody, T-cell
receptor, and MHC molecules. The C1 set has been variously
defined as lacking (21) or containing (2) a C' strand. The C'
strand is short in domains that contain D strands and lack C"
strands, since it runs along the bottom of the domain rather
than all the way from the bottom to the top of the domain. C2
set domains lack a D strand and are found in adhesion mole-
cules. The I set domain has a topology intermediate between
the V set and the C set, and is largely built from the V set frame-
work (Fig. 1) (26). I set domains are found in muscle proteins
and in Caenorhabolitis elegans, and are hypothesized to be the type

of IgSF domain found earliest in evolution (2).

Fig. 2. Crystal structures of N-terminal two-
domain fragments of VCAM-1 (8, 9),
MAdCAM-1 (10), ICAM-2 (7), and ICAM-1
(5). Domains 1 and 2 are colored red and
green, respectively, while the disulfide bonds
are in yellow. The pivot point between the two
domains, an invariant tyrosine, is colored
purple. The “extra” disulfide bond is near the
tip of the molecules. The acidic side chains for
the key integrin-binding residue are shown as
balls and sticks. Note that these key residues are
all on the CD edge. The aspartic residue of
VCAM-1 and MAdCAM-1 resides on the
protruded CD loop, whereas the glutamic
residue of ICAM-2 and ICAM-1 is located

at the end of strand C on a flat surface. The DE
B-ribbon extension on domain 2 of

\L MAdCAM-1 is drawn in yellow. It is on the
COOH same face as Asp42 in domain 1. For clarity, the
ICAM-1  glycans are not shown. The figure was prepared

with MOLSCRIPT (101).

The structures of the IgSF integrin ligands define a new
subdivision of the I set into the I1 and I2 sets. Careful exami-
nation of the structures of the IgSF integrin ligands suggests
that both domains 1 and 2 of these molecules belong to the I
set (Fig. 1) (5). The key feature is the presence of the A-A"kink
and the A' strand on one edge of the B-sandwich. An important
feature of the V set and I set frameworks that distinguishes
them from the C set frameworks is that the A strand runs about
halfway down the domain in the ABED sheet, then crosses over
the B-sandwich at a kink which usually involves a cis proline,
and then joins the A'GFCC' sheet. The A' and G strands run in
the same direction, and thus are the only example of parallel B-
strands in the Ig domain (Fig. 1). We have proposed the divi-
sion of I set domains into the I1 and I2 sets, based on the pres-
ence of a D strand in the I1 set and not in the I2 set (7). This
division is strictly analogous to the division of the C set into the
C1 and C2 sets, which differ in presence and absence of D
strands, respectively. The I1 set also resembles the C1 set in that
a short C' strand is found in some but not all members. Domain
1 of all four CAMs belongs to the I1 set, as do previously
defined I set domains. The I2 set is defined by domain 2 of
ICAM-1, ICAM-2, and VCAM-1. Their A-A'" kink and the posi-
tion of the B-sheet framework positions relative to the cysteines
in the B and F strands distinguish them from C2 set domains
(Fig. 1). Domain 2 of MAdCAM-1 differs from domain 2 of
ICAM-1, ICAM-2, and VCAM-1 since it contains a D strand and
belongs to the I1 set. MAACAM-1 is more homologous to
VCAM-1 than to any other IgSF molecule, and therefore
domain 2 may represent interconversion in evolution between
the I1 and I2 sets.

Immunological Reviews 163/1998 201
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Fig. 3. Structural alignment of the four sequences. B-strands defined by
DSSP (100) are overlined. The oi-carbons of the four structures were
aligned to a common framework with 3DMALIGN of MODELLER (102)
(http://guitar.rockefeller.edu/modeller/modellerhtml). The key
integrin-binding residues on domain 1 are colored red. They are not
aligned between ICAMs and VCAM-1/MAdCAM-1, reflecting the
subdivision of these IgSF molecules into ligands for I-domain-containing

The I set classification has an important functional signifi-
cance for integrin-binding IgSF domains. Stress forces acting
on IgSF and integrin molecules as they function in adhesion in
the vasculature or to provide traction during cell migration will
strain, i.e. lengthen, distort, and tend to pull apart the receptor-
ligand-binding interface and the domains that lie between this
interface and anchorage points in the cell membrane and
cytoskeleton. Distortion of the domain bearing the ligand-
binding interface, or of domains that are interdependent in
conformation with the ligand-binding domain, will distort the
ligand-binding site, and increase the rate constant for receptor-
ligand dissociation (15). The I set structure seen in domains 1
and 2 of integrin ligands may be important in ability to resist
tensile forces. The A-A' kink, along with many other structural
features, helps to consolidate the domain structure. The move-
ment of the polypeptide chain from one sheet to the other at
the kink serves to knit together the two B-sheets at the middle
of one edge of the domain. Within a domain, tensile forces will
be distributed over multiple B-strands; however, at domain
junctions, forces will be borne primarily by the G strand of the
domain on the N-terminal side and the A strand of the domain
on the C-terminal side. The presence of the A' strand means that
the G strand is not an edge strand, as it would be in a C2
domain, and thus the G strand should be kinetically less suscep-
tible to being peeled by applied force from the B-sheet. Not all
IgSF adhesion molecules may be designed to withstand tensile
forces; some may be designed to signal cell-cell contact but not
to withstand force. Integrins in general are associated with cell
migration, which requires “traction” or resistance to slippage

202 Immunological Reviews 163/1998

and I-domain-lacking integrins, respectively. In domain 2, MAdCAM-1,
but not the other IgSF integrin ligands, contains a D strand. The extended
DE loop is shown in purple. The invariant tyrosine that is the last residue
of domain 1, the invariant cis proline in the BC loop of domain 2, and
three other conserved residues that participate in the conserved
hydrophobic patch in the interdomain interface are shown in magenta.

at adhesive contacts as cells migrate through tissues; integrins
are also associated with focal contacts where the actin cytoskel-
eton terminates and that are found at stressed sites such as myo-
tendinous junctions. Thus, it may be particularly important for
IgSF molecules that bind integrins to have a structure that is
resistant to mechanical stress. It is interesting that IgSF domains
in muscle proteins that resist force, such as titin, also belong to
the I'set (2).

Domain junction and the pivot

The junction between domain 1 and 2 has a conserved struc-
tural pattern among all of the four CAMs. The last residue of
domain 1 is an invariant tyrosine, which is an integrated mem-
ber of the A'GFCC' B-sheet hydrogen-bonding network of
domain 1 (Figs. 1 & 3). The residue immediately following
forms a “bridge” to the BC loop of domain 2 via two main
chain hydrogen bonds (Fig. 4). An invariant proline on the BC
loop lies just after the “bridge”. This proline is in cis configura-
tion such that its pyrrolidine ring facilitates non-polar interac-
tion with a group of conserved hydrophobic residues from
both domain 1 and 2 to form a hydrophobic patch in the inter-
domain interface. The hydrophobic patch brings together the
bottom part of the A strand from domain 1 and the FG loop of
domain 2. Except for ICAM-2, there is another hydrophobic
patch on the other side of the interface, in which the EF loop
of domain 1 and the C'E loop (or DE loop in MAACAM-1) of
domain 2 interact. The two hydrophobic patches define the
nature of domain 1-domain 2 interface for ICAM-1, VCAM-1,
and MAdCAM-1.

-
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; DOMAIN 1

PRO115

DOMAIN 2

Because the very first residue of domain 2 forms two hydro-
gen bonds to the BC loop of domain 2, interdomain flexibility
comes mostly from rotation around a “pivot” point (9),
between the invariant tyrosine at the end of domain 1 and the
first residue of domain 2. Interdomain flexibility has been
observed for ICAM-1, where two independent molecules are
present per asymmetric unit (5), and in VCAM-1, where two
independent molecules are present in each of two different crys-
tal forms (9, 27). The variation in angle between domains is 17°
for ICAM-1, and up to 35° for VCAM-1. The two hydrophobic
patches act as “cushions” on which the domains seem to be able
to rock back and forth in a cradle-like structure formed by the
two long loops from the top of domain 2 (28). The pivot may
enable multidomain CAMs like VCAM-1 and ICAM-1 to func-
tion in a dynamic environment. A similar junctional variability
of at least 10° has been observed in the hydrophobic interface
between domain 2 and 3 of CD4 (29). In contrast, CD4 has a
fairly rigid linkage between domains 1 and 2 and between
domains 3 and 4 (30-32). In CD4, B-strand G of domain 1 is
continuous with p-strand A of domain 2. Furthermore, domain
1 inserts deeply into the top of domain 2. There is no pivot-like
junction. The same is true in the CD4 domain 3-4 structure. It
is conceivable that, for CD4, the two relatively rigid two-domain
units (domain 1-2 and domain 3-4) separately interact with the
T-cell receptor and MHC molecule, respectively, and the flexible
domain 2-3 junction allows for minor adjustments to enable a
good fit with T-cell receptor:MHC-binding interactions that dif-
fer in orientation. On the other extreme is the structure of CD2,
where a linker loosely connects domain 1 and domain 2 (27).

For human MAdCAM-1, the two Ig-like domains are fol-

lowed by a mucin-like domain that forms a long extension to

Fig. 4. The interdomain junction in ICAM-1.
Side chains are shown only for conserved
residues that make up the hydrophobic patch.
Backbone amide and carbonyl groups only are
shown for Trp84 and Alal14, which participate
in the conserved hydrogen bond between the
first residue in domain 2 and the residue
preceding the cis proline in the BC loop of
domain 2. The rest of the structure is shown as a
ribbon drawing. The figure was prepared with
SETOR (103).

the cell surface. Domain 2 of MAACAM-1 has an unusually high
proline content of 12.3%, compared to 5.1% for average pro-
teins (33). In particular, these prolines are concentrated at the
bottom of domain 2, in the AB loop and EF loops, near the
junction to the mucin-like domain. They are predicted to rigid-
ify this part of the structure against the force applied on the end
of the G strand at the junction to the mucin-like domain during

adhesive interactions (10).

The “extra” disulfide bond
A hallmark of IgSF members that function as integrin ligands is
the presence of two disulfide bonds in the integrin-binding
domain 1. The “extra” disulfide bond is located near the top of
domain 1, and joins the BC loop to the end of the F strand.
Domains 4—6 of VCAM-1 are highly homologous to domains
1-3. Like domain 1, domain 4 has integrin-binding activity,
and also contains cysteines that are predicted by sequence
homology to form an “extra” disulfide bond at the top of
domain 4. In antibodies, the three complementarity-determin-
ing loops at the top of the V domain can vary widely in
sequence, and adopt different canonical structures (34). The
presence of one more loop (C'C" loop) at the top of V set
domains than I set domains, and the association of VH with VL,
may help consolidate the structure at the top of V domains. In
IgSF integrin ligands, the function of the extra disulfide may be
to help consolidate the top of the relatively “skinny” integrin-
binding domain. In two independent ICAM-1 molecules, the
FG and BC loops of domain 1 appear flexible only one residue
away from the “extra” disulfide. Without the disulfide, this

flexibility might extend further into the domain.
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Local conformation of the key integrin-binding region
An acidic residue that is key for binding to integrins has been
identified by mutagenesis in all IgSF ligands studied to date.
This key residue is Glu34 in ICAM-1 (35), Glu37 in ICAM-3
(36, 37), Asp40 in VCAM-1 (38, 39), and Asp42 in
MAdCAM-1 (40). The aspartic acid residue in VCAM-1 and
MAdJCAM-1 is located in a protruded CD loop, whereas the
glutamic acid residue in ICAM-1 and ICAM-2, and by homol-
ogy in ICAM-3, is at the end of the C strand. We will discuss the
functional meaning of this difference in the next section. Here
we focus on how an exquisite hydrogen bond network main-
tains the local conformation around the key integrin-binding
region. In VCAM-1, the segment from Thr37 to Asp40 forms a
B-turn in the CD loop of domain 1. Because the p-turn resem-
bles the turn between a C and C' strand, we may consider this
first part of the CD loop as a vestige of the C' strand that is
present in many of the I1 set domains. The side chain atom Oy
of Thr37 makes bifurcated hydrogen bonds to both the main
chain and side chain atoms of Ser41 (9) (Fig. 54). In this
arrangement, the Asp40 sits at the end of the turn, and its main
chain conformation is restrained by a pair of hydrogen bonds
around it. The three-hydrogen-bond network ensures that the
peptide segment Glu38-Ile39-Asp40-Ser41-Pro42 is firmly
linked to the C strand. As will be discussed later, this peptide
segment may be one key structural element for integrin bind-
ing.

In the case of ICAM-1 and ICAM-2, there is no vestige of
the C' strand whatsoever. The key integrin-binding Glu34 of
ICAM-1 is at the end of the C strand and is followed by a CD
loop that is only four residues long, and exhibits no protrusion
from the main body of the domain as in VCAM-1 and
MAdCAM-1. Nevertheless, there are also two hydrogen bonds
around the Glu34 within this region. These are from the side
chain atoms of Thr35 and Lys39 to the main chain carbonyl
oxygens of Leu37 and Ile33, respectively. Furthermore, since
Glu34 is part of the CFG B-sheet, it forms two B-sheet hydrogen
bonds to Met64 on the F strand. Hence, the binding surface is
reinforced (Fig. 5B). ICAM-2 has an extremely similar confor-
mation in this region. Since the Glu-Thr-X-X-X-Lys motif
(where X can be any residue) is conserved among all ICAMs
known to date (7), the Thr and Lys side chain to main chain
hydrogen bonds that stabilize the conformation of the integrin-
binding surface appear to be evolutionarily conserved. '

An even more intriguing architecture has been revealed
around the key integrin-binding residue Asp42 in MAdCAM-1
(10). The loop bearing Asp42 in MAdCAM-1 protrudes in a
very different position than that in VCAM-1, probably due to a
two-residue deletion. The peptide segment Gly40-Leu41-
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Asp42-Thr43-Ser44 constitutes the CD loop. Arg70 in the F
strand is totally buried beneath this loop, and plays a critical
role in maintaining the loop conformation. This arginine is
surrounded by seven hydrophobic residues, and there are no
negatively charged side chains in its vicinity to neutralize its
strong positive charge. Instead, the guanido group of Arg70
donates three hydrogen bonds to main chain carbonyl oxygens.
In particular, two hydrogen bonds to the successive carbonyl
groups of Asp42 and Thr43 appear to constrain the backbone
to a y-turn-like conformation encompassing Asp42 (Fig. 5C).
The seven-membered ring of a y-turn is an energetically less
favorable conformation than the ten-membered ring of a
B-turn. However, the enhanced hydrogen bonds (the bond
lengths are all less than 2.6 A) from the arginine that is buried
in an otherwise entirely hydrophobic environment are
expected to consolidate the whole local structure. Buried,
unneutralized arginines are rare, but have previously been
reported to play this type of structural role by forming multiple
hydrogen bonds to backbone oxygens (41).

The integrin-binding surface

Integrins are a large structurally and functionally complex fam-
ily of aB heterodimeric cell adhesion molecules (12, 42). They
recognize a broad spectrum of extracellular and surface pro-
teins and have a variety of biological functions. The divalent
cations Mg?* or Ca’* are required for ligand binding. The
ligand-binding regions are located in the N-terminal globular
“heads” of the o and B chains (1, 43), which are connected to
the membrane by stalks. The N-terminal “head” piece of the a
chain contains seven repeats of about 60 residues. These are
predicted to fold into a seven-bladed B-propeller domain (44),
similar to that found in G protein B subunits. The B-propeller -
domain is made up of seven four-stranded B-sheets arranged
around a pseudo-seven-fold symmetry axis, with each B-sheet
corresponding to one blade of the propeller. The correct pre-
diction of the proximity of residues involved in an antibody
epitope that are 100 residues apart in the sequence has pro-
vided support for the B-propeller fold (45). In some integrins,
an inserted or I domain of about 200 residues is present
between B-propeller sheets 2 and 3. The I domain has an
important role in ligand binding by the integrins in which it is
present (46, 47).

| domain ligands
The ICAMs bind to integrins that contain I domains, whereas
VCAM-1 and MAdCAM-1 bind to integrins that lack I domains.
This correlates with presentation of different binding surfaces

-
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on the ICAMs, compared to VCAM-1 and MAdCAM-I1.
Mutagenesis studies suggest that the binding surface for LFA-1
on ICAM-1 and ICAM-3 (35-37) is located primarily in the C
and F strands, with contributions of one residue each from the
G strand and D strand. Around the key glutamic acid residue,
the other important residues define a relatively flat surface cov-
ering the CD edge and CFG B-sheet of domain 1 (Fig. 64) (7).
This flat surface complements well with the corresponding
binding surface of the I domain (48-50). The C'E loop of
domain 2 is nearby, but makes no contribution to binding to
LFA-1 (35), in contrast to contribution of its counterpart in
VCAM-1 to binding to o4 integrins (51).

Fig 5. The elaborate hydrogen bond networks
around the key integrin-binding residues.
Despite the difference in detailed local
conformation, there is one important feature in
common. In all cases, two hydrogen bonds
encompass the key integrin-binding residues,
and appear critical in maintaining the position
of this residue. A. VCAM-1. B. ICAM-1. The
orientation of domain 1, with the C-strand on
the left, is the same in A and B. C. Stereoview
for MAdACAM-1. A buried Arg70 is surrounded
by a group of hydrophobic residues (only a
portion of them are shown in yellow for clarity).
The Arg70 guanido group (in purple) donates
two hydrogen bonds to successive carbonyl
oxygens of residue Asp42 and Thr43, which
appears to constrain the backbone to a y-turn-
like structure around the key Asp42. A and B
were prepared with SETOR, and C with
MOLSCRIPT (101).

Crystal structures of I domains have recently been reported
(48, 49). I domains have a “Rossmann” or dinucleotide bind-
ing fold. The structures most closely related to the I domain are
the GTP-binding proteins such as the small G protein ras and
the o subunit of trimeric G proteins (52, 53). I domains con-
tain a metal ion-dependent adhesion site (MIDAS) that appears
to be the ligand-binding site (48). The ligating residues in the
MIDAS include a contiguous Asp-X-Ser-X-Ser sequence and a
threonine and an aspartate from another part of the chain.
These residues form a good octahedral co-ordination geometry
for the central metal ion, Mg?+, on the domain surface. Five of
the six co-ordinating sites are occupied by the side chains from
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protein and bound water molecules, leaving only one ligand
position vacant. In one of the crystal structures, a glutamate
from the neighboring molecule fills in to complete the co-ordi-
nation. This may mimic co-ordination to glutamate in a bound
ligand (48). Indeed, mutagenesis experiments have shown that
specificity for ligand is contributed by residues that surround
the Mg?* (50). These residues are present on a single, relatively
flat face of the I domain, and this surface appears appropriate to
bind the approximately flat surface surrounding the Glu in
ICAMs. The Glu is proposed to directly ligate to the Mg?*. Two
different conformers of the Mac-1 I domain have been crystal-
lized, one which binds Mg?* and a Glu, and another which
binds Mn?+ and no Glu (54). Notably, residues in G proteins
that co-ordinate Mg?* along with the y-phosphate of GTP, and
thus discriminate between whether GDP or GTP are bound, are
structurally homologous to those in I domains that ligate Mg?*.
The difference in conformation between the two forms of the
I domain resembles that seen in GDP and GTP-bound forms of
G proteins, and thus conformational changes in I domains that
regulate ligand binding may be structurally analogous to con-
formational changes in G proteins (54). However, this idea is
not completely accepted. Similar changes have not been seen in
the LFA-1 domain. It has been crystallized in the presence of
Mg?*, Mn?*, and no metal; however, in no case was a pseudo-
ligand bound, and in all cases the structure resembled that of
the Mac-1 I domain with Mn?* (55). Since the Glu-Mg?* inter-
action in the crystal structure is a lattice interaction, it is possi-
ble that this conformation is a crystallographic artifact. A num-
ber of important issues remain to be resolved by further struc-
ture-function studies or an I domain-ICAM co-crystal.

Non-I domain ligands
The local conformation around the key acidic residue in
ICAM-1 and ICAM-2 is remarkably distinct from that in
VCAM-1 and MAdCAM-1 (Fig. 2). Structurally, sequences of the
I domain ligands and non-I domain ligands do not align in this
region (Fig. 3) (7). The key integrin-binding residue Asp40 in
VCAM-1 is located on a protruded loop, not a flat surface (8,
9). A cyclic, but not a linear peptide, Cys-Gln-Ile-Asp-Ser-Pro-
Cys, inhibits binding by 04p1 integrin-bearing cells binding to
VCAM-1 (9). The cyclic peptide may somehow mimic the con-
formation of the integrin-binding motif around the Asp40.
Other synthetic cyclic peptides can competitively inhibit a4p1
integrin binding to VCAM-1, with potency extending to the
subnanomolar range (56, 57).

MAdCAM-1 and VCAM-1 both bind members of the o4
integrin family, with preference for 0487 and o4f1, respec-
tively. However, when domains 1 of VCAM-1 and MAdCAM-1
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Fig. 6. Stereoview of the integrin-binding site of ICAM-1. Only domain
1 is shown, which contains all of the known integrin-binding residues
(35, 104). The key Glu34 on the C strand is red, and other single amino
acids that when mutated lower binding to LFA-1 by >50% or >2 s.d. are
shown in green. The residues are roughly distributed on a relatively flat
surface of domain 1. The figure was prepared with SETOR (103).

are superimposed, their integrin-binding loops differ markedly
in position (Fig. 7). Asp42 in MAdCAM-1 and Asp40 in
VCAM-1 lie 8 A apart. The Asp42 in MAACAM-1 is also less
protruded compared to Asp40 in VCAM-1. However, if the
five-residue peptide fragments centered at the key aspartate res-
idue are superimposed, they match very well (Fig. 7). This five-
residue fragment forms a “W”-shaped motif, with the acidic
side chain of Asp markedly exposed for integrin binding. It is
possible that this “W”-shaped local conformation is an impor-
tant structural requirement for presenting the key a4 integrin-
binding residue. Since this “W”-shaped motif occupies a mark-
edly different position relative to the rest of domain 1, it may
partly account for the preferences of o4pl and a4p7 for
VCAM-1 and MAdCAM-1, respectively.

The ICAMs differ from VCAM-1 and MAACAM-1 in use of
Glu rather than Asp, and presentation of the acidic residue on a
relatively flat rather than a protruded surface. This correlates
with recognition by integrins that contain and lack I domains,
respectively. B-propeller enzymes all have their substrate-bind-
ing sites at the “top” of the domain, a face of the domain sur-
rounding one end of the pseudo-symmetry axis, and which
contains 14 loops in the case of seven B-sheets. Side-by-side
loops run in opposite directions: a feature that is thought to be
important in enzyme-active sites. The top of the integrin p-pro-
peller domain functions in ligand binding by a4 integrins and
other integrins that lack I domains (44, 58). Both the integrin
a subunit B-propeller domain and a conserved domain in the
integrin B subunit that may bind Mg?* similarly to the I domain
(14, 43) may contribute to ligand binding by those integrins
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Fig. 7. Stereoview of the superposition of
domain 1 between MAdCAM-1 and
VCAM-1. The structures were aligned with

€ HVCAM- 3DMALIGN in MODELLER (102) as in Fig, 3.
(Domsin 1) The key Asp residues are not aligned, and are
8 A away from one another. Inset: a
superposition of local structure around the
key Asp from the two molecules. A “W”-
shaped conformation is present in both
structures, which may be important for o4
integrin binding. The figure was prepared
2 using MOLSCRIPT (101).
G40
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that lack I domains. These structures may differ from the I
domain, in containing a binding site with a pocket that is com-
plementary to the protruded CD loops of VCAM-1 and
MAd-CAM-1, where the key aspartate residue sits.

The involvement of domain 2 of MAdCAM-1 and VCAM-1
in integrin binding
Mutagenesis has shown that residues in domain 2 of VCAM-1
as well as those in domain 1 may play a role in integrin binding
(38, 39, 59). More recently, it has been shown that mutations
of Asp143, Ser148, and Glu150 in VCAM-1 affect binding to
o4 integrins (51). These residues are clustered in the C'E loop
of domain 2, near the CD loop of domain 1. It is interesting that
similar but non-identical residues in domain 1 of VCAM-1 are
involved in the interaction with 04p1 and a4p7 (60). Strikingly,
the residues that are differentially important, Asn44 and Glué66,
are at the bottom of domain 1 and point towards domain 2
(60). The newly determined crystal structure of MAdCAM-1
demonstrates marked differences of its domain 2 with domain
2 of VCAM-1 (10). Domain 2 of MAJCAM-1 belongs to the I1
set, just like domain 1; i.e. domain 2 has only a very short C'
strand and a long D strand. The long C' strand in domain 2 of
VCAM-1 in effect switches to the other sheet in MAdCAM-1,
and becomes the D strand adjacent to strand E. The DE loop is
long and extended, and assumes a twisted, slightly “unzipped”
B-ribbon-like structure (Fig. 2). This is an extraordinarily acidic
structural motif, and a number of mutations of acidic residues
in this structure affect binding to integrin o4p7 (M. Briskin,
personal communication). The distance between Asp42 in
domain 1 and the closest exposed acidic residue in the DE loop,
Glu157, is about 20 A. It is tempting to speculate that this motif
in domain 2 and the key Asp42 and its surrounding region in
domain 1 may interact with different regions of integrins, per-
haps with different integrin subunits. In the next section, we

will discuss another possible biological role this unique p-rib-
bon may play.

How integrin-binding surfaces are presented

The IgSF molecules that bind integrins reveal a novel recogni-
tion modality for Ig domains. Previous examples of recognition
of IgSF proteins include the loops at the top of the domain in
antibodies (61) and ap T-cell receptors (62—64), the C'CFG face
in CD2, LFA-3, and CD48 (27, 65), loops on the outside of the
elbow between domains in the natural killer cell receptor (66),
and the C'C" top corner and C" edge of CD4 (30, 31). The IgSF
integrin ligands bind through a bottom loop and the edge of
the domain. The critical acidic residue is closer to the bottom
than to the top of the domain. Each CAM molecule apparently
has its own way of orienting this binding surface so that it is
properly exposed for recognition by a cognate integrin on an
opposing cell.

Tripod-like glycans in domain 2 of ICAM-2
ICAM-2 is the only IgSF integrin ligand with just two Ig
domains. A seven-residue stalk links domain 2 to the cell mem-
brane. Two features of the ICAM-2 structure appear important
to promote upward exposure of the key integrin-binding resi-
due Glu37. First is the bend of about 35° between the two
domains. In contrast to VCAM-1 and ICAM-1, domain-domain
movement in ICAM-2 may be very limited. Although the con-
served Pro117, Leul72, Leul70, Tyr85, and Alal3 hydropho-
bic patch exists just as in the other CAMs, on the other side of
the domain interface there is a distinctive interdomain hydro-
gen bond network instead of a hydrophobic interdomain con-
tact. A buried Arg175 plays a key role by forming multiple salt
bridges with both domains. Ser83, Lys11, Glul16, Ser174, and
a few water molecules are involved in an intricate network of
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16 hydrogen bonds (7). These extensive polar interactions
would appear to prevent flexion of the interdomain linkage,
although there is no direct evidence for this because only one
example of an ICAM-2 molecular structure is known. The sec-
ond unique feature of ICAM-2 is the distribution of its glycans
on the molecular surface (Fig. 84). All six possible N-linked gly-
cosylation sites have attached glycans. Three of these are uni-
formly distributed around the periphery of domain 2 near its
bottom. This tripod-like arrangement of glycans is predicted to
help orient domain 2 vertically on the cell membrane. The
number of carbohydrate residues attached per N-linked site
appears unusually large for ICAM-2, with an estimate of
approximately 5,000 M, or 25 residues/glycan from SDS-PAGE
(67). Only two residues/glycan are visualized in the crystal
structure (7), and thus one must imagine much longer and
more elaborate glycans than shown in Fig 8. These residues
may have extensive hydrogen bond interactions with mem-
brane phospholipid head groups, and their extensive bulk
would also hinder bending of domain 2 with respect to the cell
surface. Collectively, the glycans and the relatively rigid
interdomain bend are predicted to maintain an orientation of
domain 1 that exposes the integrin-binding site upward, ide-
ally suited for binding to an integrin on an opposing cell
(Fig. 8).

Orientation by glycans may be of general significance for
cell-surface proteins. CD2, for example, has a glycan located at
the bottom part of domain 2, which points towards the cell
membrane (27). Human CD4 has two potential N-glycosyla-
tion sites, of which one is near the bottom of the membrane
proximal domain, domain 4 (68). These glycans may help
these cell-surface molecules assume an orientation in which
they extend away from the membrane, and are accessible for

interactions with other cells.

Dimeric ICAM-1 exposes its binding surface upwards
Apparently, the elegant architecture of ICAM-2 is suitable for
orientation of a two-domain molecule. CAMs with a larger
number of Ig domains, with the binding surface extending fur-
ther from the cell surface, may require different orientation
mechanisms. ICAM-1, for instance, has five Ig-like domains. In
the crystal structure (5), there are two independent copies of
the N-terminal two-domain fragment. One important observa-
tion is that, although these two molecules differ by 17° in the
angle between domains 1 and 2, they both form dimers with
their crystallographic 2-fold-symmetry mates. In both cases,
domain 1 dominates dimer formation, with the symmetry-
related ABED B-sheets packing face-to-face in an almost identi-
cal way. The dimer observed in the crystal may be biologically
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significant, because ICAM-1 is dimeric on the cell surface (69,
70). Furthermore, soluble dimeric ICAM-1 binds with higher
avidity to LFA-1 than monomeric ICAM-1 (69, 71). The resi-
due at the center of the dimer interface is Val51 in strand E,
which is conserved as a Val or Ile in all known species of
ICAM-1 molecules, but is hydrophilic in ICAM-2, which does
not dimerize (70). The angle between the axes of the ABED
B-sheets in the dimer interface is about 120°, whereas the angle
is about 60° in interfaces between domains in antibodies (24,
25). For antiparallel B-sheets, packing at 120° places the two
sheets at an equivalent angle to packing at 60°, i.e. the two
modes are complementary. Interestingly, in the absence of con-
straints from other domains, V8 (72) and VB domains (73) of
the T-cell receptor can also pack in the complementary mode at
120° to form a dimer. This complementary mode of dimeriza-
tion for ICAM-1 permits each of the monomers to have a 60°
tilt relative to the dimer axis, which would be perpendicular to
the cell surface if both monomers have the same orientation on
the cell surface (Fig. 8). In this packing mode, the key integrin-
binding Glu34 residues of each monomer are 42 A apart and
pointing away from each other on the opposite side of the
dimer interface, and hence are well exposed towards the top of
the molecules in a way reminiscent to the orientation of the
bent ICAM-2 molecules. Electron micrographs of soluble five-
domain ICAM-1 molecules demonstrate that ICAM-1 is bent
(35), and the bend occurs between domain 3 and domain 4
(74). In the crystal dimer, the two C-termini in domain 2 point
away from each other. The bend, however, might bring the
C-terminal domains 4 and 5 back together so as to facilitate the
association of the transmembrane domains (Fig. 8B). There is
experimental evidence that these transmembrane domains con-
tribute to ICAM-1 dimerization (69, 70).

Electrostatics may optimally orient the binding surface

of MAACAM-1
MAdCAM-1 appears to have yet another way to orient its bind-
ing surface. Human MAdCAM-1 has, in addition to the two
Ig-like domains, a mucin-like domain of 115 residues between
the second Ig-like domain and the cell membrane (75)
(Fig. 8B). This sequence contains 36 predicted O-linked glyco-
sylation sites (76). Electron microscopic measurements of sim-
ilarly heavily O-glycosylated, mucin-like proteins have shown
them to assume an extended, unstructured, rod-like shape,
with an extension on average of 1.8 to 2.0 A/residue (77, 78).
The mucin-like region of MAdCAM-1 should thus extend
approximately 22 nm, and allow the integrin-binding IgSF
domains to be positioned well above the cell surface (Fig. 8B).
Most or all of the O-linked glycans should bear sialic acid. Fur-
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thermore, the first segment of the mucin-like domain, 65 res-
idues immediately following the second IgSF domain, contains
15 acidic residues and no basic residues. Since cell surfaces have
a net negative charge, it is likely that repulsive electrostatic
forces make the mucin-like fragment point away from and
roughly perpendicular to the membrane to present integrin-
binding IgSF domains. As described above, the most striking
feature of the MAdCAM-1 structure is a highly negatively
charged DE B-ribbon in domain 2. Seven of the eleven residues
in this extension, from position 149 to 159, are Glu or Asp. We

Fig. 8. Orientation of IgSF integrin ligands on
cell surfaces.

A. ICAM-2. Six glycans are shown in yellow.
Three glycans are uniformly distributed around
the periphery of the bottom of domain 2,
forming a tripod-like architecture. This may
position domain 2 roughly vertical to the cell
membrane. A relatively rigid bend between
domains 1 and 2 maintains a tilt of domain 1
that is appropriate to expose Glu37 upwards for
recognition by an integrin on an opposing cell.
The figure was prepared with SETOR (103).

B. Cartoons drawn roughly to scale of
ICAM-1, ICAM-2, and MAdCAM-1. The
model of ICAM-1 is based on the dimerization
seen in the X-ray crystal study (5), the bend
between domains 3 and 4 visualized in the
electron microscope (74), and the
dimerization at the transmembrane region
deduced from studies on intact cells (69, 70).
Dimerization presents the critical Glu34
upward, and offers bivalent binding. The
mucin-like region of MAACAM-1 is predicted
to extend the two Ig-like domains well above
the cell membrane. The unique charge
distribution, in particular the highly negatively
charged DE B-ribbon of domain 2, is predicted
to help optimally orient the integrin-binding
region on the upper face toward an interacting
cell.

have proposed that this DE ribbon functions as a negatively
charged “antenna”, to orient the Ig domains. The coulombic
field established by the cell surface and mucin-like region will
repel the “antenna” on domain 2, and orient it facing away
from the cell surface. This is predicted to optimally orient
domain 2 and domain 1 such that the key integrin-binding res-
idue Asp42 in the CD loop and the surrounding region of
domain 1 and the DE B-ribbon in domain 2 both will be

exposed for interaction with integrins on other cells (Fig. 8B)

(10).
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Orientation as a mechanism for preventing interactions in cis

Orientation of cell-surface molecules may be a mechanism not
only for enhancing interactions in trans with other cells but also
for preventing interactions in cis with neighboring molecules
on the same cell. ICAM-1, ICAM-2, and ICAM-3 can all be
expressed on leukocytes, and almost all leukocytes also express
the integrin LFA-1. If interactions between ICAMs and LFA-1
on the same cell were possible, they would be highly favored
entropically over interactions in trans. Such interactions do not
appear to occur. For example, B-cell lines established from
healthy individuals or LFA-1-deficient patients adhere to LFA-1
equally well. Similarly, treatment of cells that co-express LFA-1
and ICAM-1 with mAb to LFA-1 or ICAM-1 does not affect
binding to substrates bearing LFA-1 or ICAM-1, respectively
(79). If cis interactions occurred, blocking interactions in cis
would be expected to enhance interactions in trans. In the
absence of a complete structure for LFA-1, we do not know
how its binding site is oriented. However, we predict that it too
will be oriented directly away from the cell on which it is
expressed. This then would prevent interaction in cis, which
would require a sideways orientation of both binding sites, or
an upward orientation of one and downward orientation of the
other. The distance above the cell surface at which the binding
sites are presented may also be important since, if binding sites
are confined within different elevations above the surface, this
could be another mechanism for preventing cis interactions.

The electrostatic mechanism we have proposed for orien-
tation of MAACAM-1 atop its mucin-like domain may be less
precise than the architectural mechanisms for orienting
ICAM-1 and ICAM-2. Thus, the electrostatic mechanism might
be less effective in preventing interactions in cis. It is interesting
that the expression of MAACAM-1 in tissues is much more
restricted than that of the ICAMs (4, 80). There are to date no
cell types that co-express MAACAM-1 and the integrin o4f7,
and therefore it may not be important to inhibit interactions in
cis.

Discriminating between cis and trans interactions is particu-
larly important for homophilic cell adhesion molecules, i.e.
those that engage in like-like interactions. Cadherins are
homophilic cell adhesion molecules for which the structure has
revealed how this is accomplished (81, 82). These molecules
are highly rigid. A Ca?* ion is co-ordinated between each pair
of adjacent cadherin domains, which have a somewhat Ig-like
fold. The Ca?* assures a rigid interdomain linkage. Cadherins
can associate laterally on the same cell in cis, as well as in trans
with molecules on other cells. However, the structures show
that the two types of binding sites are distinct. Molecules must
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assume a parallel orientation to use the cis interaction site, and
must assume an antiparalle] orientation to use the trans binding
site. Since molecules expressed on the same cell will have a
largely parallel orientation, the trans type of interaction will be
disfavored for molecules on the same cell.

IgSF cell adhesion molecules subverted as virus receptors

Ironically, some of the IgSF molecules that are important for
immune defenses are subverted by viruses as receptors. The
most notorious example is CD4, the receptor for HIV (83, 84).
Another well-studied example is ICAM-1, a receptor for
approximately 90 out of the 100 different serotypes of HRV
(85, 86). HRV causes about 50% of common colds. HIV is an
enveloped virus with its gpl120/gp41 counter-receptor
inserted in its lipid envelope. HRV has an icosahedral protein
capsid, with a canyon or depression in the capsid around the 5-
fold symmetry axis that contains the binding site for ICAM-1
(87). The attachment of a virus to its receptor is the first step
in infection. The receptor-virus interaction has thus been an
extensive research subject for pathogenesis of virus infection
and an attractive target for antiviral drug design. The most
advanced is work on influenza hemagglutinin binding to sialic
acid (88). Here we compare two protein viral receptors:
ICAM-1 and CD4. We show how the binding regions for phys-
iological ligands and viruses differ, and speculate on how
viruses may take advantage of some unique structural feature of
these cell-surface IgSF proteins.

An extraordinarily protruded C'C" ridge of CD4 domain 1

as the gp120-binding motif
The HIV envelope glycoprotein consists of the extracellular
gp120 subunit associated with a transmembrane gp41 subunit.
The gp120 directs viron binding to the initial host cell surface
receptor, CD4, with high affinity (Kd = 10-° M) and subse-
quent binding to chemokine co-receptors (19). The gp41
mediates viral-cell membrane fusion (89). The crystal structure
of the N-terminal two-domain fragment of CD4 (30, 31)
shows that, compared to a typical V set Ig domain, CD4 has an
extraordinarily protruded C'C" loop and C" strand. This prom-
inent feature has been termed the “C'C" ridge” (90). The
unusually protruded C'C" ridge is supported at the top of the
domain by the bulky side chain of Trp62, which sits in the
middle of an a-helix inserted into the DE loop (Fig. 9D). Struc-
ture-guided mutants of CD4 have been examined for effect on
gp120-binding equilibria and kinetics. These experiments
delineated a binding region of about 900 A? around the C'C"
ridge. Phe43 is a hot spot (500-fold affinity reduction for F43A



Wang & Springer - Structures of endothelial IgSF proteins and adhesion to integrins and viruses

or F431 mutants) on the upper, outer corner of the C'C" ridge
(91). This has led to a prediction that the gp120 molecule
should have a complementary groove for the ridge, and a spec-
ificity pocket within the groove to receive the phenylalanine
side chain (92). Because gp120 is heavily shielded by glycans,
an unusually protruded structure such as the C'C" ridge may be
" needed to reach into its binding groove. On CD4, the binding
regions for gp120 and MHC class II molecules appear to over-
“lap, but the contact region for MHC is suggested by mutagene-
sis to be much broader (Fig. 9 C & D) (93).

ICAM-1 binding to a surface depression of HRV
HRV is an icosahedral assembly of 60 copies of protein pro-
tomers and an RNA. Each protomer consists of three external
subunits (VP1, VP2, and VP3) and one internal peptide (VP4).
The crystal structure of HRV-14 has revealed that the VP sub-
units pack to create a surface depression 12 A deep and
12-15 A wide, encircling each pentagonal vertex (94). The
residues that line this depression or “canyon” are more con-
served than other surface residues among different serotypes;
therefore, it has been proposed to be the receptor-binding site
(94, 95) and experimental evidence has emerged in support of
this concept (87, 96). There are over 100 HRV serotypes, and
ICAM-1 serves as the receptor for approximately 90% of these

Fig. 9. Comparison of ligand-binding regions
of ICAM-1 and CD4.

A. The integrin-binding sites of ICAM-1 as
described in Fig. 6.

B. The HRV-binding sites of ICAM-1. Single
amino acid substitutions are shown that
decrease binding by HRV 3, 14, 15, 36, or 41
(35,97, 98) by >50% or >2 s.d. These residues
are on the top part of the molecule, in
particular in the mobile BC and FG loops at the
very tip of domain 1 just beyond the “extra”
disulfide bond.

C. The MHC molecule-binding sites on CD4.
The important residues are widely spread on
the “right” side around the C'C" edge.

D. The HIV gp120-binding sites on CD4. The
binding sites mostly overlap with the
MHC-binding sites (91, 93). The “hot” spot
Phe43 is labeled. Note that the Trp62 in black is
buried. It sits on a short helical region, and its
bulky side chain pushes the C'C" edge outward.
The figures were prepared with SETOR (103).

(85, 86). Cryoelectron microscopic images of the complex
between HRV and an N-terminal two-domain fragment of
ICAM-1 clearly show virus particles decorated with 60 small
projections (87). The difference map between the density from
electron microscopy image reconstruction and a low-resolu-
tion X-ray structure suggests that an Ig-like two-domain frag-
ment could fit into this projection, and localized the binding
site to a specific region of the HRV canyon. Ironically, it was the
structure of CD4, which has a markedly larger N-terminal Ig
domain than ICAM-1, that was originally used as the model for
docking to the canyon. The canyon is also appropriate for dock-
ing of ICAM-1, and approximately the upper half of domain 1
could fit into the canyon (6). A dimer of ICAM-1 could dock
to the proposed binding site in the canyon through one of its
monomers, because the upper half of domain 1 is unobscured
in the dimer (5).

The residues important for binding to HRV have been
mapped with five different HRV serotypes by mutagenesis
experiments (35, 97, 98). Six of these residues map to BC and
FG loops on the tip of domain 1, and one maps part-way down
the side of domain 1 in the F strand (Fig. 9B). The binding
regions for LFA-1 and virus are quite different, although at least
one residue overlaps both sites (Fig. 9 A & B). The “extra” disul-
fide bond tethers the BC loop to the FG loop. Interestingly, the
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Fig. 10. Superposition of domains 1 of ICAM-1 and CD4. The striking
distinction in shape between ICAM-1 (green) and CD4 (red) is apparent.
The critical gp120-binding region is concentrated on the extraordinarily
protruded C'C" ridge of the fat domain 1 of CD4, whereas the HRV-
binding region is concentrated at the tip of the skinny domain 1 of
ICAM-1. The molecules are shown in the same orientation as in Fig. 9.
The figure was prepared with SETOR (103).

loop residues important in HRV binding are located just beyond
the “extra” disulfide bond (see Fig. 9B), and the BC and FG
loops are remarkably flexible in this region. Some well-defined
residues in these loops have different conformations between
two copies of molecule in the crystal structure, and overall the
loops have a high B factor (5). It is interesting that tests on dif-
ferent HRV serotypes suggest significant differences between
serotypes in which residues on ICAM-1 are important for bind-
ing (98). It is possible that the conformation of the BC and FG
loops differs when bound to different HRV serotypes, resulting
in differences in the contact residues on ICAM-1.

One of the biggest questions with HRV is how so many dif-
ferent serotypes, which differ markedly in capsid amino acid
sequence, can bind the same receptor. If this receptor-binding
site were conserved, it might be expected that antibodies could
be elicited that would crossreact between serotypes and neu-

tralize infectivity. One possibility to explain the lack of such
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antibodies was raised by the observation of the canyon in the
HRV X-ray structure. It was proposed that the receptor-binding
site was in a depression that was too narrow to admit an anti-
body (94). However, cryoelectron microscopy of an antibody
Fab bound to HRV has shown that the antibody footprint
extends into the canyon (99). This points out that the impor-
tant feature is not that the receptor bind in a surface depression,
but that it be smaller than an antibody. The HRV-binding tip of
ICAM-1 has a markedly smaller footprint than an Fab fragment.
As long as the receptor is smaller than the Fab, mutations can
arise that are outside and adjacent to the receptor-binding site,
but within the footprint of neutralizing antibodies. In this way,
the HRV can mutate and escape blockade of the receptor-bind-
ing site by antibodies. With further mutations elsewhere in the
capsid proteins, large numbers of non-crossreactive serotypes
could emerge that all bind the same receptor. The structure of
two independent ICAM-1 molecules presents yet another sce-
nario for how a large number of serotypes could emerge (5).
Because of the flexibility of the BC and FG loops, which are at
the center of the HRV-binding site on ICAM-1, it is quite con-
ceivable that different HRV serotypes could bind different con-
formations of these loops, and thus differ in amino acid
sequence even near the center of the receptor-binding site. This
would provide yet another mechanism for evasion of immune
responses.

Further analysis of cryoelectron microscopy images using
the newly available ICAM-1 electron density maps (5, 6), and
X-ray structures of ICAM-1 HRV complexes, would shed light
on the interesting relationships between ICAM-1 and the evo-
lution of such a large number of HRV serotypes. ICAM-1 bind-
ing triggers HRV disruption (16-18). It would be interesting
to learn whether the flexible BC and FG loops adapt to confor-

mational changes in the virus capsid during uncoating, and-

whether ICAM-1 dimerization plays any role in the uncoating
process.

Domains 1 of CD4 and ICAM-1 can be readily superim-
posed based on the alignment of their intersheet disulfide
bonds and surrounding residues (Fig. 10). It is striking to see
how the whole C' strand, C'C" loop, and C" strand are missing
in ICAM-1. Receptor binding by HIV and HRV appears to take
advantage of different topological features of these two cell-sur-

face adhesion molecules.
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