
         

P1: ARS/ary P2: ARK

September 1, 1997 17:15 Annual Reviews AR041-13

Annu. Rev. Cell Dev. Biol. 1997. 13:363–93
Copyright c© 1997 by Annual Reviews Inc. All rights reserved

IMPLICATIONS OF
ATOMIC-RESOLUTION STRUCTURES
FOR CELL ADHESION

Daniel J. Leahy
Department of Biophysics and Biophysical Chemistry, Johns Hopkins University
School of Medicine, 725 North Wolfe Street, Baltimore, Maryland 21205; e-mail:
leahy@groucho.med.jhmi.edu

KEY WORDS: cadherin, integrin, fibronectin, immunoglobulin

ABSTRACT

Molecules involved in cell adhesion processes are often both structurally and
functionally modular, with subdomains that are members of large protein fami-
lies. Recently, high-resolution structures have been determined for representative
members of many of these families including fragments of integrins, cadherins,
fibronectin-like domains, and immunoglobulin-like domains. These structures
have enhanced our understanding of cell adhesion processes at several levels. In
almost all cases, ligand-binding sites have been visualized and provide insight into
how these molecules mediate biologically important interactions. Metal-binding
sites have been identified and characterized, allowing assessment of the role of
bound ions in cell adhesion processes. Many of these structures serve as templates
for modeling homologous domains in other proteins or, when the structure of a
fragment consisting of more than one domain is determined, the structure of mul-
tidomain arrays of homologous domains. Knowledge of atomic structure also
allows rational design of drugs that either mimic or target specific binding sites.
In many cases, high-resolution structures have revealed unexpected relationships
that pose questions about the evolutionary origin of specific domains. This re-
view briefly describes several recently determined structures of cell adhesion
molecules, summarizes some of the main results of each structure, and highlights
common features of different systems.
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INTRODUCTION

The aim of this review is to survey the contributions of high-resolution struc-
ture determinations to the understanding of the mechanisms by which cells
adhere to one another and to components of the extracellular matrix. Several
large families of related proteins contain many of the molecules involved in
cell adhesion processes, and representative structures from a growing number
of these families have recently been solved. These structures include ligand- or
receptor-binding fragments of integrins (Lee et al 1995a,b, Qu & Leahy 1995,
1996), cadherins (Shapiro et al 1995a, Nagar et al 1996, Overduin et al 1995,
1996), fibronectin-like domains (Constantine et al 1992, DeVos et al 1992, Main
et al 1992, Leahy et al 1992b, 1996, Potts & Campbell 1994, Williams et al
1994, Dickinson et al 1994, Huber et al 1994), and immunoglobulin superfamily
(IgSF) members (Driscoll et al 1991, Jones et al 1992, 1995, Withka et al 1993,
Bodian et al 1994, Murray et al 1995, Wang et al 1995, Thomsen et al 1996).
This list will continue to expand quickly and could easily contain many addi-
tional molecules at present, but we limit ourselves to the structures noted above
to allow illustration of several general points while preserving focus. Before
proceeding to a brief description of these structures and their implications, the
use of structure determination as a tool for understanding molecular processes
is discussed.

In the last decade, advances in methodology and apparatus have transformed
structure determination by X-ray diffraction and nuclear magnetic resonance
(NMR) techniques from lengthy and highly specialized endeavors to astonish-
ingly routine procedures. Coupled with constantly improving protein expression
technologies, this transformation has resulted in an exponentially increasing
number of structures being reported with no slowdown in sight (Bernstein et al
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1978). Structure determinations are regularly undertaken at very early stages of
biochemical and biological characterization of proteins and play variable and
often unexpected roles in the discovery process.

As the structural database grows, it is becoming increasingly apparent that
tertiary structure is more conserved than amino acid sequence. Structure de-
terminations frequently uncover unexpected homologies that shed insight into
the function or origins of a particular protein. Indeed, of 120 new structures
reported in 1995 for which no sequence homology to known proteins could be
detected, only 40 were judged to represent new protein folds (Murzin 1996).
Some structural homologies such as that found between the integrin I domains
(Lee et al 1995a, Qu & Leahy 1995) and members of the Rossman-fold family
of proteins (Rossman et al 1974) almost certainly represent cases of divergent
evolution, whereas an evolutionary relationship is less clear in cases such as
the structurally similar immunoglobulin (Ig), fibronectin type III (FN-III), and
cadherin domains (Leahy et al 1992b, Main et al 1992, Overduin et al 1995,
Shapiro et al 1995b, Wagner 1995).

Aside from the potential for discovery of unanticipated homologies, two pri-
mary objectives motivate structural investigations of cell adhesion molecules.
The first involves identification and visualization of ligand- or metal-binding
sites. If a binding site can be identified from specific amino acids known to
be involved in ligand binding, a structure allows the extent and chemical prop-
erties of the site to be assessed. Additional mutagenesis can be carried out
to further delineate an interaction site, and drugs that either mimic or bind
to the site may be rationally designed. If a ligand-interaction site is unknown,
surface-exposed residues can be identified and effects of mutations at these sites
assayed. Identification and characterization of ligand-binding sites have been
important components of the analysis of each structure described in this review.
A second major motivation to determine structures of cell adhesion molecules
stems from the involvement of many cell adhesion molecules in signal trans-
duction. High-resolution structures of signaling molecules are being pursued
with and without bound ligand, as well as in active and inactive states when such
forms of the protein can be induced or isolated. It is hoped that these studies
will uncover potential molecular mechanisms underlying signal transduction.
Structural studies have yet to definitively establish a mechanism by which a
cell adhesion interaction transmits signals, but analysis of atomic resolution
structures is likely to be required for an understanding of signal transduction in
many cell adhesion molecules, most notably the integrins (Schwartz et al 1995).

Recently, an additional source of insight into cell adhesion processes has
emerged from several high-resolution structure determinations. Inspection of
crystal lattice interactions in crystals of cadherins (Shapiro et al 1995a, Nagar
et al 1996), CD2 (Jones et al 1992, Bodian et al 1994), and peripheral myelin
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protein zero (P0) (Shapiro et al 1996) have provided models of how these
molecules may interact with either themselves or homologues in a physiologi-
cal setting. It is not surprising that lattice interactions reflect native interactions
for homotypic cell adhesion molecules such as cadherins and P0, but lattice
interactions can on occasion provide more fortuitous functional clues. For ex-
ample, the binding of a glutamic acid side chain from one molecule of the
CD11b I domain to a metal bound to an adjacent molecule in the crystal lattice
may mimic interactions between integrin I domains and native ligands (Lee
et al 1995a).

In addition to information about specific molecules, accumulated insight
from many structure determinations has also proven illuminating, e.g. high-
resolution structure determinations with important consequences for cell adhe-
sion molecules have confirmed that amino acid sequence repeats often corre-
spond to independently folded structural units. Although this correspondence
has been observed for many systems, the large number, prominence, and size
of Ig-like structures in the Ig superfamily clearly quickened the realization and
acceptance of this idea (Williams & Barclay 1988, Bork et al 1994, Vaughn &
Bjorkman 1996). The correspondence of sequence repeats to structural units is
of particular relevance to cell adhesion because many components of the ex-
tracellular matrix, as well as adhesion receptors on the cell surface, are highly
modular (Bork et al 1996). An excellent World Wide Web site maintained by
Peer Bork catalogs many of the known modules and shows the domain or-
ganization of large numbers of module-containing proteins (Bork 1996; see
http://www.bork.embl-heidelberg.de/Modules/). It is now routine to assume
that homologous regions of amino acid sequence found either within a single
protein or between different proteins represent independent structural units.
Electron microscopy has also played an important role in confirming the mod-
ularity of large proteins by revealing extended molecules and, in some cases,
resolving individual domains.

Recognition of the structural modularity of many cell adhesion proteins has
simplified experimental approaches to their study. Individual modules can be
tested for biological activities, and many functions map to one or a few protein
subdomains. If a high-resolution structure for a given module exists, informa-
tion derived from that structure often readily reveals answers for homologous
domains in other proteins. Modeling of homologous domains is not necessar-
ily confined to individual domains, however. Many domains appear in tandem
arrays, and knowledge of the prototypical domain structure and how the com-
ponent domains are likely to assemble into larger arrays allows construction
of testable models of these arrays (Constantine et al 1992, Huber et al 1994,
Leahy et al 1996, Nagar et al 1996).
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DESCRIPTION AND CLASSIFICATION
OFβ-SANDWICH DOMAINS INVOLVED
IN CELL ADHESION

Immunoglobulin Domains
The atomic structures of immunoglobulin (Ig) superfamily members have be-
come so familiar that extensive discussion here would be superfluous. There are
several thorough and excellent reviews of structures of Ig superfamily mem-
bers and the immunoglobulin fold (Amzel & Poljak 1979, Williams & Barclay
1988, Bork et al 1994, Vaughn & Bjorkman 1996). Much of our knowledge
of sequence-structure relationships among families of related domains origi-
nates from studies of the Ig superfamily, however, and this background has
shaped our understanding of other families of cell adhesion molecules. The
emergence of the Ig superfamily has not only cemented the notion that regions
of homologous sequence often represent independently folded and structurally
homologous protein modules but has provided a specific framework for char-
acterizing the strikingly similar fibronectin type III and cadherin domains.

More than 30 years ago immunoglobulins were recognized to contain regions
of related sequences, and an evolutionary relationship between these domains
was postulated (Hill et al 1966, Singer & Doolittle 1966). Since that time,
immunoglobulin-like sequences have been found in numerous proteins, and
the concept of a superfamily of domains with a common evolutionary heritage
has developed (Williams 1987, Williams & Barclay 1988). Although Ig super-
family members perform diverse biological roles, a primary function of most
family members is binding a ligand. Since the classic work in which the initial
structures of antibody fragments were determined (Poljak et al 1973, Schiffer
et al 1973), atomic resolution structures of Ig or Ig-like domains have been
determined from many proteins, including major histocompatibility molecules
(Bjorkman et al 1987, Stern et al 1994), T-cell receptors (Bentley et al 1995,
Fields et al 1995, Garboczi et al 1996, Garcia et al 1996), vascular cell adhesion
molecule-1 (VCAM-1) (Jones et al 1995, Wang et al 1995), CD2 (Driscoll et al
1991, Jones et al 1992), CD4 (Ryu et al 1990, Wang et al 1990, Brady et al
1993), CD8 (Leahy et al 1992a), NCAM (Thomsen et al 1996), the muscle
protein titin (Pfuhl & Pastore 1995), telokin (Holden et al 1992), a bacterial
pilus-associated protein (Holmgren & Branden 1989), and dozens of additional
antibody fragments (Bernstein et al 1978).

Ig domain structure consists of a sandwich of two antiparallelβ sheets con-
structed from strands with a conserved topology (Figure 1). The strands in
constant domains are labeled alphabetically in the order in which they occur
in the amino acid sequence. A constellation of virtually invariant residues,
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Figure 1 Schematic drawings of the strand topology of Ig C2-set, Ig C1-set, and Ig V-set domains
are shown on the left. The two sheets of these domains are splayed as if they were a book lying
face down on the page, and folding the sheets together as if closing this book will reproduce the
proper three-dimensional relationship of the strands and sheets. On the right are MOLSCRIPT
diagrams of representative structures of each type of domain. The core B, C, F, and E strands are
labeled as are the variable C′, C′′, and D strands. These latter strands are also shaded to highlight the
variable length and strand arrangement of this region. The Ig C2-set structure displayed is TNfn3
(Leahy et al 1992b), and the Ig C1-set and Ig V-set structures are the CL and VL domains from the
AN02 Ig, respectively (Brunger et al 1991). The figures on the right were made with the program
MOLSCRIPT (Kraulis 1991).
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including several hydrophobic residues and an intersheet disulfide bond be-
tween cysteines on the B and F strands, is considered diagnostic of the Ig fold,
but on rare occasions one or more of these invariant residues may be absent.
Ig constant and variable domains are of different length (≈100–105 and≈115
amino acids, respectively), and this difference involves a relative insertion or
deletion of residues between the conserved cysteines on the B and F strands.
Structures of Ig constant and variable domains reveal that this insertion corre-
sponds to the addition of two antiparallelβ strands on one edge of aβ sheet.
These strands are typically connected by a hairpin loop and form the second
complementarity determining region (CDR2) of antibody variable domains.
The two inserted strands in variable domains occur between the homologues of
the C and D strands in constant domains and are labeled C′ and C′′. Constant
domains are thus made up of a three-stranded and a four-strandedβ sheet com-
prising strands G-F-C and A-B-E-D, respectively, whereas variable domains
are made up of a five- (or six)-stranded and a four- (or three)-stranded sheet
comprising strands (A′)-G-F-C-C′-C′′ and (A)-B-E-D, respectively (Figure 1).
In Ig variable domains, the A strand crosses from one sheet to the other to form
a parallel arrangement with the G strand for all or a portion of its length, and
the designation A′ is used to indicate the region of the A strand in a parallel
arrangement with the strand G.

As more Ig-like sequences were discovered, it became apparent that not all
Ig-like sequences fit comfortably into the variable (V) or constant (C) domain
subtypes. A characteristic of many of these domains is a smaller number of
amino acids separating the conserved cysteines than was found even in constant
domains. Williams proposed classifying these shorter sequences, along with
other misfit sequences, as C2-set domains to distinguish them from sequences
more closely related to those of antibody constant domains, which he termed
C1-set domains (Williams 1987). The first atomic structure of a recognized
C2-set Ig domain (the second domain of human CD4) revealed the expected
strong structural homology to C1-set domains but with the unexpected sheet-
switching of one of theβ strands (Ryu et al 1990, Wang et al 1990). The
shortened number of amino acids connecting the C and E strands resulted in the
intervening strand (strand D in C1-set domains) remaining part of the G-F-C
sheet and crossing to the other sheet only at the beginning of the E strand. To
maintain a consistent nomenclature with V domains, the strand connecting the
C and E strands in these C2-set domains is labeled the C′ strand. These C2-set
domains thus consist of a four-stranded and a three-strandedβ sheet comprised
of strands G-F-C-C′ and A-B-E, respectively. This same strand organization
is also observed in type III fibronectin repeat structures (Leahy et al 1992b,
Main et al 1992). Not all members of the original sequences designated C2
will have this structure (Williams & Barclay 1988, Bork et al 1994), and the
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C2 designation has evolved so that most authors now intend it to include only
those domains with this structure.

The determination of additionalβ-sandwich structures, both in and out of
the Ig superfamily, has revealed strand arrangements intermediate between the
C2-, C1-, and V-set structures described above. As noted by Bork et al (1994),
the structural type of Ig domains correlates well with the number of amino acids
intervening between the C′ and E strands. Domains with 7–10 residues in this
connecting region have sheet-switched or C2-like structures, whereas C1-like
structures typically have 20 or more intervening residues but too few residues
to form complete C′′ and D strands and a V-like structure. Bork et al (1994) also
noted several hybrid domains with 12–13 residues in this intervening region
that form a structure in between the C2- and C1-like structures. In these cases,
the residues between strands C and E form part of a C′ strand on one sheet
but then cross over to the other sheet and finish as part of a D strand. These
hybrid domains were termed H-type domains. Other authors have noted that
the Ig-like domain of telokin, the C-terminal domain of myosin light chain
kinase (Holden et al 1992), forms a structure intermediate between C1- and
V-like domains (Harpaz & Chothia 1994). Although telokin is similar to C1-
like domains in having a D strand and lacking C′ and C′′ strands (17 residues
intervene between the C and E strands), the A-B and E-F connecting loops
contain structural features conserved in V-like domains. The telokin domain has
thus been recognized as a new type of Ig domain, termed the I or intermediate-
type domain to indicate its intermediate status between C1- and V-like domains,
and the sequences of several Ig-like domains in cell adhesion molecules suggest
that these domains are likely to adopt I-like structures (Harpaz & Chothia 1994,
Vaughn & Bjorkman 1996).

Ig domains consist of aβ-sandwich structure with a common core and vari-
able configurations of strands on one edge (Figure 1). In this scheme, a contin-
uum of C2-H-C1-I-V-type structures exists that can be classified primarily by
the increasing number of residues intervening between the C and E strands and
the structure adopted by these residues. Sufficient sequence homology in the
core structure exists between members of the C2-, C1-, I-, and V-type domains
to establish a divergent evolutionary relationship between many of the domains
in these classes. Domains with H-type structure and several domains that can be
classified as C2-type domains do not show sequence homology to Ig domains,
and the evolutionary relationship of these domains and Ig domains is less clear.

Interdomain interactions between Ig domains in multidomain proteins are im-
portant determinants of structure. Many Ig domain–containing proteins, such
as immunoglobulins, T-cell receptors, and CD8, form intimately associated
dimers with pseudo-twofold symmetry between pairs of Ig domains on dif-
ferent polypeptide chains. Other Ig-superfamily proteins, such as CD2, CD4,
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the intercellular adhesion molecules (ICAMs), vascular adhesion molecules
(VCAMs), and the muscle protein titin (Pfuhl & Pastore 1995), appear to con-
sist of extended linear arrays of monomeric Ig domains as evidenced by electron
micrographs (Staunton et al 1990) and high-resolution structures of multido-
main fragments of CD2 (Jones et al 1992), CD4 (Ryu et al 1990, Wang et al
1990, Brady et al 1993) and VCAM (Jones et al 1995, Wang et al 1995). These
extended arrays are facilitated by the emergence of the N and C termini from
opposite ends of Ig domains (Figure 1). Ig dimer contacts are principally me-
diated by the F-G and C-C′ loops, and these loops are often foreshortened in
monomeric Ig domains (Ryu et al 1990, Wang et al 1990, Leahy et al 1992a).

Fibronectin Domains
Fibronectin (FN), a dimeric molecule of 220 to 250 kDa subunits, is a significant
component of plasma and extracellular matrices and contains binding sites for
collagen, heparin, fibrin, gelatin, and cell-surface receptors of the integrin fam-
ily (Hynes 1990). When the primary sequence of fibronectin was determined,
three types of homologous sequence repeats were discovered (Petersen et al
1983, Kornblihtt et al 1985). Fibronectin monomers are composed of 12≈45
amino acid type I repeats (FN-I), 2≈60 amino acid type II repeats (FN-II), and
15–17≈90 amino acid type III repeats (FN-III). Sequences homologous to each
of these repeats have been found in other proteins, with FN-III homologues
among the most ubiquitous of protein domains, with homologues present in
≈2% of animal sequences (Bork & Doolittle 1992). FN-III domains often oc-
cur in arrays of 10 or more repeats and have recently been discovered in yeast
(Bateman & Chothia 1996). High-resolution structures have been determined
for homologues of type I (Williams et al 1994), type II (Constantine et al 1992),
and type III (DeVos et al 1992, Leahy et al 1992b, 1996, Main et al 1992, Dick-
inson et al 1994, Huber et al 1994) repeats, but this review considers primarily
FN-III structures.

FN-III domains are topologically identical to the C2-set Ig domains described
above; that is, aβ-sandwich made up of a four-stranded and a three-stranded
antiparallelβ sheet consisting of strands G-F-C-C′ and A-B-E, respectively
(Figure 1). Although Ig domains and FN-III domains exhibit a high level of
structural similarity (Leahy et al 1992b, Main et al 1992, Bork et al 1994),
these domains exhibit distinctive hydrophobic core packing and possess dif-
ferent patterns of conserved residues. FN-III domains, for example, lack the
highly conserved intersheet disulfide bond found in most Ig domains. FN-III
domains do not appear to dimerize like some Ig domains, and the filament-like
appearance of multidomain arrays of FN-III domains in electron micrographs
of proteins such as fibronectin and tenascin suggests an extended structure for
these arrays (Engel et al 1981, Erickson et al 1981). High-resolution structures
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of a fragment of neuroglian containing two FN-III repeats and a fragment of
fibronectin containing four such repeats reveal extended configurations and pro-
vide a glimpse of interdomain relationships and interactions between adjacent
FN-III domains (Huber et al 1994, Leahy et al 1996).

Cadherin Domains
Cadherins are a large family of single-pass transmembrane proteins involved
principally in calcium-dependent homotypic cell adhesion (Takeichi 1990,
1991). The prototypical cadherins consist of an extracellular region containing
five tandem repeats of a characteristic≈110 amino acid sequence, a transmem-
brane region, and a cytoplasmic domain that mediates interactions with the
cytoskeleton. Cadherin-binding sites typically map to the N-terminal domain
(Nose et al 1990). High-resolution structures have recently been determined
for the N-terminal domain of N-cadherin (Shapiro et al 1995a), the N-terminal
domain of E-cadherin (Overduin et al 1995, Overduin et al 1996), and the
two N-terminal domains of E-cadherin (Nagar et al 1996). These structures re-
veal cadherin domains to be remarkably similar to Ig C1-set domains in overall
fold and secondary-structure topology despite the absence of sequence homol-
ogy (Figure 1). Notable differences between cadherin and Ig C1-set domains
include the sheet-switching of the end of the A strand to form a parallel arrange-
ment with the G strand and the existence of two turns of an unusualβ-helix
structure connecting strands C and D. The sheet-switching of the A strand is
also seen in Ig V-type domains, so the cadherin structure may be considered
to have the same topology as an Ig V-like domain with the C′ and C′′ strands
replaced by theβ-helix.

The structure of the two N-terminal domains of E-cadherin revealed three
calcium ions bound at the interdomain interface (Nagar et al 1996). The residues
involved in coordinating these ions are highly conserved in cadherin domains
and indicate that not only is a similar arrangement of calcium ions bound at
each of the interdomain interfaces in E-cadherin, but that such calcium binding
is a shared feature of all members of the cadherin superfamily. The three bound
calcium ions serve as a bridge between the two cadherin domains and appear
to rigidify the relative orientation of these domains. A relatively small interface
exists between the two domains (450Å2 of buried surface area), and NMR
linewidths indicate that the two domains tumble relatively freely in solution in
the absence of calcium (Nagar et al 1996).

Divergent versus Convergent Evolutionary Relationships
Although it is increasingly clear that tertiary structure is more highly conserved
than primary sequence, it is not always evident whether proteins with simi-
lar structures but unrelated amino acid sequences result from convergent or
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divergent evolutionary paths. It could be argued that distinguishing between
these alternatives represents primarily a semantic distinction, because all pro-
teins can be considered as divergently related if one travels back far enough in
evolutionary time. However, this view does not account for proteins (or pro-
tein domains) that arose through duplication and subsequent divergence of an
existing fully formed protein. For the purposes of this discussion, a divergent
evolutionary path is assumed to have resulted from duplication of a preexisting
and fully formed domain.

The essentially identical folding topologies of FN-III, cadherin, and Ig su-
perfamily domains coupled with their strikingly similar structures immediately
stimulated the question of evolutionary relatedness of these domains. As yet,
this question is not definitively answered—and may never be—but in the ab-
sence of convincing proof of a divergent relationship in the amino acid sequence
relationships, most authors initially inclined toward a convergent relationship
for these and other structurally similar domains (Richardson et al 1976, Leahy
et al 1992b, Main et al 1992, Shapiro et al 1995a), although reasons for this
choice seem mostly philosophical; other authors appear oppositely inclined
(Overduin et al 1995, Wagner 1995). Distinctive hydrophobic core packing,
lack of sequence similarity, and differing intron structures are cited in the most
thorough study concluding a likely convergent relationship between these do-
mains (Shapiro et al 1995b).

For other domain types, e.g. triose phosphate isomerase (TIM) barrels, it
has been argued that conserved folding topology in the absence of amino acid
sequence similarity represents a divergent evolutionary relationship (Reardon
& Farber 1995). Similar enzymatic functions and an unvarying active site lo-
cation are used to bolster this conclusion, but comparison of this system with
the FN-III–Ig–cadherin comparisons highlights that perceived complexity of
the folding topology influences notions about divergent versus convergent evo-
lutionary paths. It is no doubt less difficult to believe that the relatively simple
β-sandwich topology arose more frequently during evolution than the more
complex TIM barrel. The observation of the Rossman-fold topology for inte-
grin I domains (Figure 2) in the absence of sequence similarity to other proteins
known to possess this fold is also a case in which the apparent complexity of
the fold topology has led to the implicit assumption of a divergent evolutionary
relationship (Lee et al 1995a, Qu & Leahy 1995). Without detailed knowledge
of how new protein folds have been created, the issue of fold complexity may
be more or less valid, and some authors have proposed independent origins for
TIM barrels as well (Lesk et al 1989).

While a definitive answer to the evolutionary relatedness of Ig, cadherin,
and FN-III domains is not yet possible, future studies could significantly influ-
ence this issue. Evidence that could establish a divergent relationship would be
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Figure 2 Secondary-structure diagram of the CD11a I domain with bound manganese ion (Qu &
Leahy 1995). This figure was made with the program MOLSCRIPT (Kraulis 1991).

discovery of domains intermediate in amino acid sequence or domains that mix
structural features previously characteristic of different domain subtypes. Also,
phylogenetic or evolutionary clock analyses combined with whole genome se-
quences of anciently diverged organisms could pinpoint first occurrences of
particular domain types and either undermine or strengthen the plausibility of
a divergent relationship.

IMPLICATIONS OF ATOMIC-RESOLUTION
STRUCTURES FOR CELL ADHESION

CD2
CD2, a cell-surface glycoprotein with two extracellular Ig domains, a mem-
brane-spanning region, and a cytoplasmic region that is expressed primarily
on T lymphocytes (T cells), plays a role in mediating interactions between
T cells and target or accessory cells (Bierer et al 1989, Dustin & Springer
1991). Curiously, human CD2 interacts with CD58 (LFA-3), whereas rodent
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CD2 interacts with CD48 (BCM1). CD2, CD48, and CD58 possess a similar
domain organization, and their arrangement on the chromosome suggests that
these molecules are derived from a common precursor (Wong et al 1990). What
may once have been a homotypic cell adhesion interaction appears to have
become heterotypic.

The structure of extracellular Ig domains of rat (Jones et al 1992) and human
(Bodian et al 1994) CD2 (CD2D1D2) have been determined by X-ray crys-
tallography, and the structure of the N-terminal Ig domain of CD2 (CD2D1)
has also been determined by NMR for the rat (Driscoll et al 1991) and the hu-
man Igs (Withka et al 1993). A metastable dimer of rat CD2D1, in which CD2
monomers have interchangedβ strands, has also been determined (Murray et al
1995). However, this form of CD2 appears to be an artifact of the expression
system employed, and while providing an interesting example of how intimate
dimers may arise during evolution (Bennett et al 1995), this dimeric structure
does not appear directly relevant to CD2 biology. The CD2 structures reveal an
N-terminal Ig V-like domain followed by an Ig C2-like domain. These domains
are assembled in a rod-like fashion with a 6-amino acid linker between the
domains that appears to be flexible. Interdomain flexibility is suggested by the
relatively small amount of surface area buried between the two domains [≈400
Å2 for CD2 versus≈850Å2 for the N-terminal two domains of CD4 (Ryu et al
1990, Wang et al 1990)] and a 7◦ flex in the interdomain relationship observed
in independently determined structures of rat CD2D1D2 (Jones et al 1992).

An intriguing result obtained from the CD2 structures is the observation of
virtually identical head-to-head packing between adjacent CD2D1 domains in
the crystal lattices of both rat and human CD2. This similar interaction occurs
despite considerable differences in the amino acid composition of these inter-
faces and of different crystallographic lattices. The independent occurrences of
this interaction and the mapping of residues that are important for CD2-mediated
cell adhesion to this interface suggest this arrangement may mimic the inter-
action of CD2 with its endogenous ligands. The C termini of the interacting
CD2 molecules emerge from opposite ends of the lattice dimers, as would be
expected for an interaction between molecules on opposite cell surfaces. Other
dimers of Ig V-like domains (e.g. antibodies or CD8) involve the same surface
employed by the CD2D1 lattice dimers, the GFCC′C′′ sheet surface, but the
relative orientation of theβ sheets at the CD2 dimer interface differs by≈60◦

from orientation typically observed in immunoglobulins (Jones et al 1992).
Observation of the CD2 lattice dimer strengthens the notion that the het-

erotypic CD2-mediated interactions evolved from a homotypic antecedent and
provides a basis for understanding and testing the molecular nature of these
interactions. The CD2 dimer interface appears relatively flat and dominated
by electrostatic interactions. These unusual features may be related to the dual
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requirements for specificity and a high dissociation rate necessary to allow cells
to eventually separate (Jones et al 1995, Wang et al 1995).

VCAM Domains
The major form of the cell-surface glycoprotein vascular cell adhesion molecule
1 (VCAM-1) consists of seven extracellular Ig domains, a single membrane-
spanning region, and a cytoplasmic domain (Osborn et al 1989). VCAM-1 is
inducibly expressed on endothelial cells and mediates interactions with integrins
expressed by leukocytes during inflammatory and immune responses. Integrin-
binding sites have been mapped to a conserved motif in domains one and four.
Two groups recently reported very similar crystal structures of an integrin-
binding fragment of VCAM-1 comprising the two N-terminal Ig-like domains
(VCAMD1D2) (Jones et al 1995, Wang et al 1995). The N-terminal domain of
VCAM-1 belongs to the I-set class of Ig domains (Harpaz & Chothia 1994),
and the second domain belongs to the C2-set class of Ig domains. The overall
structure of VCAM-1D1D2 is rod-like with 800–850̊A2 of surface area buried
between the domains. This value is comparable to the amount of surface area
buried between domains one and two of CD4, whose interdomain orientation
is thought to be rigid (Ryu et al 1994), but the tilt angle between the two
VCAM domains differs by 12◦ in independent VCAM structures, indicating at
least moderate flexibility at this junction (Wang et al 1995). Unlike CD2D1D2
(Jones et al 1992, Bodian et al 1994) and CD4D1D2 (Ryu et al 1990, Wang
et al 1990), in which the adjacent domains are related by a near pseudo-twofold
rotation axis (≈160◦), the rotation relating D1 and D2 of VCAM-1 is≈130◦.

Mutagenesis experiments have implicated two regions of the VCAM-1D1
sequence in integrin binding. The VCAM-1 structures reveal these two regions
to be spatially contiguous on the C-D and E-F loops. The C-D loop protrudes
from D1 and contains aspartic acid 40, a residue absolutely required for integrin
binding. This exposed arrangement suggests that Asp 40 is likely to participate
directly in integrin binding. The E-F loop is positioned somewhat behind the
C-D loop, and it is unclear whether this region interacts directly with integrin
or influences the conformation of the C-D loop, which is connected by several
hydrogen bonds. Further evidence for a direct interaction of the C-D loop with
the integrin receptor is provided by the ability of a cyclic peptide encompassing
the C-D loop to inhibit the VCAM-1 integrin interaction (Wang et al 1995).

Peripheral Myelin Protein Zero
Peripheral myelin protein zero (P0) is the major structural component of periph-
eral nerve myelin (Lemke & Axel 1988). P0 consists of a single extracellular
Ig domain, a membrane-spanning region, and a small cytoplasmic tail that is
highly basic. Through homotypic adhesion of the extracellular domains, P0
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Figure 3 Schematic diagram of two tetramers of the P0 protein linking two membrane bilayers.
On one side of the tetrameric disks, the conserved tryptophans emerge (labeled W), and on the
other side of the tetramers, the C termini of the P0 protomers emerge. See Shapiro et al (1996) for
further details.

mediates the adhesion of adjacent membranes in the spiral layers of the myelin
sheath. Several mutations in P0 appear to be associated with a range of heredi-
tary peripheral demyelinating neuropathies in humans (Warner et al 1996).

A high-resolution crystal structure of the extracellular Ig domain of rat P0
(P0ex) revealed the expected Ig V-like structure (Shapiro et al 1996). A unique
structural feature of P0ex is an extended B-C loop that contains a solvent-
exposed tryptophan at its apex. Also noteworthy is the manner in which P0ex
protomers pack in the crystal lattice; the P0ex protomers assemble into disk-
shaped tetramers with a fourfold symmetric axis running through the center of
the disk perpendicular to the plane of the disk (Figure 3). The C termini of all
four protomers emerge from one of the flat surfaces of the disk, whereas the ex-
posed B-C loop tryptophans emerge from the opposite surface. These tetramers
associate laterally in the crystals to form flat planes in which adjacent tetramers
alternate between having their C termini (or exposed B-C loop tryptophans)
emerge from one side of the sheet or the other (Figure 3).

The arrangement of P0ex into tetramers and the assembly of these tetramers
into planar sheets immediately suggest that P0 in myelin membranes may be
associated in a similar manner. Several lines of evidence support this model.
First, P0ex crystals are grown in conditions of high protein concentration and
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slightly alkaline pH, and the same conditions are required for maintenance of the
native intermembrane spacing in peripheral nerve myelin (Inouye & Kirschner
1988). Second, ultracentrifugation studies confirm the formation of P0 tetramers
in solution at conditions near physiological pH and ionic strength (and near the
crystallization conditions). Finally, a model of adjacent myelin membranes
constructed with the exposed B-C loop tryptophans from either side of the
planar sheet of P0ex tetramers intercalating into apposed membranes results
in an intermembrane spacing of≈46 Å (Shapiro et al 1996). This value is in
remarkable agreement with the value (≈46 Å) for the phosphate-to-phosphate
distance found by X-ray diffraction of intact myelin (Kirschner et al 1989).

Thus the case for the interactions observed in the crystal lattice reflecting
P0 interactions in peripheral nerve myelin is quite compelling and can form
the basis for interpreting existing biological data, as well as the design of new
experiments. P0 mutations found in demyelinating diseases do not map to spe-
cific hot spots and appear to result in a spectrum of phenotypes that complicate
interpretation of the molecular basis of these diseases. Nonetheless, the lattice
model of P0 interactions provides a starting point for evaluation and analysis of
the likely molecular effects of disease-causing mutations (Warner et al 1996).

FN-III Domains
A primary interest of initial high-resolution structure determinations of FN-III
domains was visualization of the integrin-binding RGD loop (Leahy et al 1992b,
Main et al 1992, Dickinson et al 1994). In 1984, Pierschbacher & Ruoslahti
reported the astonishing finding that peptides as small as six amino acids, de-
rived from the tenth FN-III repeat of FN, could effectively block interactions of
FN with its cell-surface receptor as long as the peptides included the sequence
Arg-Gly-Asp (RGD) (Pierschbacher & Ruoslahti 1984). This result seemed
paradoxical because these small peptides were unlikely to be adopting a native
conformation, and these authors presciently concluded that the RGD sequence
occurred on an extended loop of the FN protein (Pierschbacher & Ruoslahti
1984). The cell-surface receptor for FN has subsequently been identified and
shown to be a member of the integrin family of cell-surface receptors, and
recognition of RGD sequences in various ligands has proven a feature of many
integrins (Hynes 1992). The involvement of RGD-mediated interactions in nu-
merous cell adhesion and migration processes has stimulated great interest in the
development of RGD peptides or RGD-peptide analogues as potential therapeu-
tic agents modulating conditions such as thrombosis, inflammation, and cancer.

The first reported structure of a FN-III domain homologue was the human
growth hormone receptor (HGHR) (DeVos et al 1992). Although the homol-
ogy between cytokine receptors and FN-III domains had previously been noted
(Bazan 1990, Patthy 1990), the implication of the HGHR structure for cell
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Figure 4 Diagram of anα-carbon trace of the ninth and tenth FN-III repeats of fibronectin (Leahy
et al 1996). Shown inblackare the synergy region on the ninth domain and the RGD loop on the
tenth domain. This figure was made with the program MOLSCRIPT (Kraulis 1991).

adhesion was not widely appreciated. Subsequently, the structure of the tenth
FN-III domain from FN (FNfn10) was determined by NMR (Main et al 1992),
and the third FN-III repeat from tenascin (TNfn3) was determined by X-ray
crystallography (Leahy et al 1992b). Both domains contain RGD sequences
active in cell adhesion that occur inβ-hairpin loops connecting strand F and
G (Figure 4). The FNfn10 F-G loop has an insertion of two residues on either
side of the RGD sequence relative to TNfn3 and most other FN-III domains,
and these insertions extend the FNfn10 RGD loop an additional 5–7Å away
from the domain core. The RGD loop in the NMR structure and a subsequent

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
19

97
.1

3:
36

3-
39

3.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 J

O
H

N
S 

H
O

PK
IN

S 
U

N
IV

. o
n 

03
/2

2/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: ARS/ary P2: ARK

September 1, 1997 17:15 Annual Reviews AR041-13

380 LEAHY

high-resolution crystal structure of FNfn10 (Dickinson et al 1994) both exhib-
ited considerable disorder, consistent with the notion of a flexible and exposed
RGD loop. The RGD sequence in TNfn3 occurred in a type II′ β-hairpin turn,
and structures of other RGD sequences active in cell adhesion invariably reveal
either a type II′′-like β turn or a poorly ordered loop (Adler et al 1991, Saudek
et al 1991, Krezel et al 1994, Yamada et al 1995).

The RGD sequence is not the sole contributor to the interaction between FN
and its integrin receptor. Mutations in a region in the C′-E loop of FNfn9 also
interfered with FN-integrin interactions, and this region has become known as
the synergy region (Aota et al 1991, 1994, Bowditch et al 1991, 1994). The
interdomain orientation of FNfn9 and FNfn10 (i.e. the relative positions of
the RGD loop and the synergy region) is clearly an important feature of the
integrin-binding site on FN. Based principally on the interdomain relationship
between the first and second Ig domains of CD4 (CD4D1 and CD4D2) (Ryu
et al 1990, Wang et al 1990) and some rudimentary modeling, the contiguous
arrays of FN-III domains were thought likely to adopt a zigzag configuration
with adjacent domains related by an approximate pseudo-twofold axis (Leahy
et al 1992b, Bowditch et al 1994). The structure of the first and second FN-III
domains ofDrosophilaneuroglian (NGfn1 and NGfn2) revealed just such a
pseudo-twofold relationship (Huber et al 1994). In addition, a Na+ ion was
bound at the interdomain interface that must orient and rigidify the interdomain
interface. NGfn1 and NGfn2 possess a functionality distinct from the remaining
three FN-III domains in neuroglian (promotion of neurite outgrowth versus
adherence of small cerebellar neurons), and the residues that coordinate the
Na+ ion are not conserved at the three other interfaces between FN-III domains
in NG. A vertebrate homologue of neuroglian, L1, is also likely to have a Na+

ion between the first and second FN-III domains. The presence of the Na+

ion may thus be important for the biological function of the first two FN-III
domains of neuroglian and L1 (Huber et al 1994).

The crystal structure of a fragment of FN (FN-III domains seven through
ten) revealed highly variable interdomain relationships (Leahy et al 1996).
FNfn8 and FNfn9 were related by a near-pseudo-twofold relationship; FNfn7
and FNfn8 were related by a 112◦ rotation, whereas FNfn9 and FNfn10 were
related by only a very small (43◦) rotation. The atypically small rotation relating
FNfn9 and FNfn10 places the RGD loop and the synergy region≈30–40Å apart
on the same surface of the FN molecule (Figure 4). The dimensions and layout
of the binding site defined by these two regions could easily be spanned by
a single integrin molecule. Most of the difference in rotation angles between
the ninth and tenth FN-III domains of FN and the other FN-III interfaces can
be attributed to a variant main-chain dihedral angle following Asp 1418 at the
FNfn9/FNfn10 interface. This unusual9 angle results in the side chain of the
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preceding residue, Ser 1417, becoming exposed to solvent. The amino acid at
the position homologous to Ser 1417 in all other FN-III domains in FN (except
FNfn1, which has no interface with an FN-III domain at its N terminus) is
hydrophobic, and the residue at this position is buried in the FNfn7/FNfn8 and
FNfn8/FNfn9 interfaces. The unusual interdomain relationship between FNfn9
and FNfn10 may thus be strongly influenced by this single amino acid side chain,
and mutation of Ser 1417 to a hydrophobic residue may be an interesting way
to alter the orientation between FNfn9 and FNfn10 and examine the functional
consequences of such an rearrangement.

The proximity of the synergy region and the RGD loop in the FN7–10 struc-
ture suggests that the interdomain orientation between FNfn9 and FNfn10 ob-
served in the crystal structure is similar to what is recognized by the FN receptor,
but the small surface area buried between these domains also indicates that this
interface is likely to be flexible. FN is known to associate in higher-order fibril-
lar complexes, and this association is promoted by association with integrins.
An intriguing hypothesis is that the interactions between FN and the integrin
stabilize the FNfn9/FNfn10 interface and that this stabilized structure is needed
for fibril formation.

Cadherin Domains
The cadherin domain structures provide insight into two fundamental questions
concerning the nature of cadherin function—what is the nature of homotypic
cadherin interactions, and what is the role of calcium in cadherin function?
The EcadD1D2 structure revealed three calcium ions bound primarily at the
interface between the two cadherin domains (Nagar et al 1996). One calcium
ion is coordinated primarily by EcadD1, another by EcadD2, and the third
by residues from both domains. This third calcium ion establishes a network
of calcium-mediated links between EcadD1 and EcadD2 through interactions
with amino acid side chains that also coordinate each of the other two calcium
ions. These calcium ions appear to rigidify and orient the interdomain interface
between EcadD1 and EcadD2. This role for calcium had been suggested by
electron micrographs of E-cadherin that reveal more rigid structures in the
presence of Ca2+ (Pokutta et al 1994). A conserved histidine-alanine-valine
(HAV) sequence in the F strand of cadherins, which has been implicated in
cadherin adhesion interactions, is located on the opposite end of EcadD1 more
than 30Å away from the calcium-binding sites, suggesting that the calcium ions
are unlikely to directly mediate cadherin adhesive interactions. The residues that
coordinate all three calcium ions in EcadD1D2 are conserved at most cadherin
domain interfaces, and the requirement of Ca2+ for cadherin-mediated adhesion
thus appears to result from induced rigidification of the cadherin rather than
from direct participation of the calcium ion at an interaction interface.

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
19

97
.1

3:
36

3-
39

3.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 J

O
H

N
S 

H
O

PK
IN

S 
U

N
IV

. o
n 

03
/2

2/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



      
P1: ARS/ary P2: ARK

September 1, 1997 17:15 Annual Reviews AR041-13

382 LEAHY

Crystal lattice interactions that may reflect physiological interactions of cad-
herins are observed in crystals of both NcadD1 and EcadD1D2. In each of three
different crystal forms of NcadD1, the same two types of interactions between
NcadD1 protomers occur (Shapiro et al 1995a). The first type of interaction,
called the strand dimer, involves the reciprocal intercalation of the beginning of
strand A of one molecule, including a highly conserved tryptophan, Trp 2, into
the hydrophobic core of an adjacent molecule. This strand dimer buries 1800
Å2 of surface area and results in an NcadD1 dimer pair with the C termini of
both monomers emerging from the same side of the dimer. For this reason, the
strand dimer may also be thought of as a lateral or parallel dimer. The second
lattice interaction observed in the NcadD1 crystals involves the association of
strand dimers into long arrays such that the C termini of adjacent strand dimers
emerge from opposite sides of the array (Figure 5). This interaction has been
termed the adhesion dimer, as it could represent interactions between cadherins
from different cells. This adhesion dimer interface involves the F-strand HAV
sequence but not the calcium-binding region of NcadD1. The pattern of con-
servation of the amino acids at the NcadD1 dimer interfaces is supportive of
both dimer interactions being conserved in other cadherins.

A suggestive dimer interaction is also present between adjacent EcadD1D2
molecules in the crystal lattice, but this interaction differs substantially from
the NcadD1 interactions (Nagar et al 1996). Like the NcadD1 strand dimer
interaction, the EcadD1D2 dimer interaction is parallel, with the C termini of
each monomer exiting from the same end of the dimer. The interaction between
the EcadD1 domains in this dimer is much less extensive than the interaction
between NcadD1 domains in the strand dimer (1000 versus 1800Å2 buried
surface area), and the relative orientation of the monomers differs by≈56◦ in
the two types of dimers. The EcadD1D2 dimer interface also involves regions
associated with the calcium-binding sites, possibly explaining the requirement
for calcium for EcadD1D2 dimers to be observed in solution. By contrast,
NcadD1 forms dimers in solution even in the absence of calcium (Shapiro et al
1995a, Nagar et al 1996).

Participation of the calcium-binding site region in the dimer interface as ob-
served for the EcadD1D2 dimer would not be possible for the strand dimer
observed in the NcadD1 crystals. The C termini of the NcadD1 subunits, which
are involved in coordinating calcium, are simply too far apart in the strand dimer.
If cadherins employ a conserved lateral interaction, either one or both of the
interactions observed for NcadD1 or EcadD1D2 are not correct. Subsequent to
these structures, independent experiments have provided evidence that a lateral
dimer (i.e. a dimer of similarly oriented cadherins emanating from the same
surface) must form prior to the formation of adhesive or antiparallel dimers
(Brieher et al 1996, Tomschy et al 1996). It is not yet possible to determine
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whether one, both, or none of the lateral dimer models accurately represents
physiological cadherin interactions. These models do, however, make specific
predictions that can be assessed by mutagenesis and additional structural ex-
periments, and this issue will no doubt be resolved shortly.

Integrin I Domains
Integrins are a large family of heterodimeric cell-surface receptors that mediate
a wide variety of cell-cell and cell-matrix interactions (Hynes 1992). Integrin
α andβ chains are noncovalently linked, single-pass transmembrane proteins
of 150–180 and 90–110 kDa molecular mass, respectively, with the majority of
their polypeptide chains on the extracellular surface of the cell. Integrin ligands
include extracellular matrix proteins such as fibronectin, laminin, collagen,
and fibrinogen, as well as cell-surface molecules such as intercellular adhesion
molecules (ICAMs) and vascular cell adhesion molecules (VCAMs). Many,
if not all, integrins possess the ability to signal in both directions across the
cell membrane. Cells not only respond to interaction of integrins with ligand
but also appear to up-regulate the affinity of cell-surface integrins for ligands in
response to cellular activation (Diamond & Springer 1994, Schwartz et al 1995).
A subset of integrinα chains contain a≈200 amino acid inserted I domain that
is homologous to the von Willebrand Factor A domains (Colombatti & Bonaldo
1991). I domains contain a conserved divalent cation-binding site and invariably
possess a major component of ligand-binding activity of I domain-containing
integrins (Diamond et al 1993, Michishita et al 1993, Bilsland et al 1994, Kamata
& Takada 1994, Kern et al 1994, Landis et al 1994, Randi & Hogg 1994).

Crystal structures have now been reported for the CD11b/CD18 (αM β2,
Mac-1) I domain in the presence of magnesium (Lee et al 1995a) and manganese
(Lee et al 1995b), as well as the CD11a/CD18 (αLβ2, LFA-1) I domain in the
presence of manganese (Qu & Leahy 1995), magnesium (Qu & Leahy 1996),
and in the absence of divalent cations (Qu & Leahy 1996). These structures
reveal a familiar fold that has a core parallelβ sheet surrounded byα helices
and is termed the nucleotide-binding or Rossman fold (Rossman et al 1974)
(Figure 1). Unlike Ig-like domains, the N and C termini of I domains emerge
from the same surface, and thus this domain can be inserted into an existing
structure with minimal disruption. The bound cation is coordinated directly by
the side chains of three residues and makes water-mediated contacts with the
side chains of two other residues that include an aspartic acid and two serines in a
conserved DXSXS motif, a threonine, and another aspartic acid. These residues
have been collectively referred to as the MIDAS motif (Lee et al 1995a). The
metal coordination geometry of this site is octahedral, which leaves one metal
coordination site unligated by protein. In the structure of the CD11b I domain
with bound Mg2+, a glutamic acid side chain from an adjacent molecule in the
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Figure 5 Schematic diagram showing the two types of dimers observed in NcadD1 crystals
(Shapiro et al 1995a). The lateral/strand dimer involves intercalation of part of strand A, including
a conserved tryptophan residue into the hydrophobic core of an adjacent molecule and these tryp-
tophans are indicated by W. The adhesion dimer interface links up lateral dimers such that the C
termini of alternating lateral dimers emerge from opposite ends of the assembly. A different lateral
dimer interface and no adhesion dimer interface were observed in crystals of EcadD1D2 (Nagar
et al 1996).

crystal lattice occupies this sixth metal coordination site, and the nature of the
coordination of Mg2+ by the protein differs subtly in this structure from all
other structures of I domains with a bound metal ion. In this case, the threonine
directly coordinates the metal, whereas the aspartic acid outside the DXSXS
motif hydrogen bonds to a metal-bound water molecule. In all other structures
this coordination mode is reversed, with the threonine interacting indirectly and
the aspartic acid directly with the bound metal ion. The structural differences
observed in the CD11b I domain with bound Mg2+ are not a consequence of
the identity of the bound cation because structures of the CD11a I domain with
either manganese or magnesium ion bound show no significant differences
(Lee et al 1995b, Qu & Leahy 1996), suggesting that it is the presence of
the external glutamic acid side chain that is responsible for the altered metal
coordination.

The coordination of the Mg2+ in crystals of CD11b I(Mg) by a glutamic acid
side chain from an adjacent molecule in the crystal lattice led to the suggestion
that a metal-carboxylate side chain interaction reflects physiological interac-
tions between I domains and ligands (Lee et al 1995a). Several additional lines
of evidence support this contention. Metals are required for ligand binding by in-
tegrins, and a conserved acidic amino acid (e.g. the Asp in RGD or Asp 40 in the
C-D loop of VCAM-1) is an almost universal feature of integrin-binding sites
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in integrin ligands (Smith & Cheresh 1991, Hynes 1992). Mutations found in
the CD11a I domain that interfere with ligand binding map to the metal-binding
surface (Huang & Springer 1995), and the observation of no significant differ-
ences between I domain structures with or without bound cation indicate that
the cation is not required for induction of a distant binding site on the I domain
(Qu & Leahy 1996).

The CD11b I domain structure with bound Mg2+ possesses other unique
structural features when compared with all other I domain structures. Most
notably, theα7 helix and preceding loop and strand shift significantly in position
relative to the position of these regions in other I domain structures. This shift
causes two phenylalanine residues (Phe 275 and 302) to become exposed to
solvent in the Mg2+-bound CD11b I domain structure, which is great enough
to affect any interactions made by the surface of the I domain. The structural
changes in the metal-binding site appear correlated with the changes in theα7
region and thus with the presence in the metal-coordination sphere of the side
chain of the glutamic acid from an adjacent molecule in the crystal. The shift in
the position of theα7 helix and preceding residues observed in the CD11b I(Mg)
structure relative to the CD11b I(Mn) structure (and all CD11a I structures)
has been proposed as a structural basis for affinity modulation of I domain-
containing integrins (Lee et al 1995b). At the moment, there is little evidence
beyond the existence of the distinct CD11b I domain structures to judge the
merits of this intriguing conjecture, but it is unlikely that lability of the I domain
structure is random.

The structure of the CD11a I domain determined in the absence of bound
cation also does not differ significantly from the structure of this domain with
bound manganese or magnesium ion (Qu & Leahy 1996). The absence of
bound cation results in a deeper and more negatively charged cavity in the
metal-binding site region, but shifts in protein atoms relative to metal-bound
structures are remarkably slight in most regions of the protein including the
metal-binding site. Large shifts (up to 12̊A) in the structure of the metal-free
CD11a I domain structure relative to to the metal-bound structures do occur in
the C-terminal region of theα7 helix. These shifts do not involve the N-terminal
turns of theα7 helix or preceding loops or strands and occur in a direction
different than the shift observed in theα7 helix of the CD11b I domain. A
reciprocal interaction between adjacent molecules in the crystal lattices of the
metal-bound forms of the CD11a I domain in which the C termini intercalate
between theα7 helix and the body of the I domain appears to account for the
shifts in this region (Qu & Leahy 1996). The shift in theα7 helix confirms
the lability of this region seen in the CD11b I domain structures and possibly
indicates that at least portions of this helix are stabilized or influenced in intact
integrins by interactions with other regions of the integrin.
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The discovery of an I domain-like structure in all integrinβ chains raises the
possibility that features of interactions between I domains and ligands may be
present in all integrins. Utilizing the conserved DXSXS motifs found in both I
domains and integrinβ chains to align their sequences, it was discovered that
a hydropathy plot of the region of integrinβ chains aligned with the I domain
strongly implied an I domain-like structure in integrinβ chains (Lee et al 1995a).
The buried parallelβ strands and the amphipathicα helices in the I domain
structure provide a characteristic signature in a hydropathy plot that allows a
high level of confidence in this alignment. In addition, this alignment places a
conserved threonine and aspartic acid downstream of the DXSXS sequence in
proper positions to form an I domain-like metal-binding site, which indicates
that an I domain-like divalent cation-binding site also exists in all integrinβ

chains. Both mutagenesis and ligand cross-linking experiments implicate this I
domain-like region of integrinβ chains in ligand binding and are thus consistent
with the possibility of similar ligand-binding mechanisms being employed by
this region of integrinβ chains and I domains (D’Souza et al 1988, Smith &
Cheresh 1988, Takada et al 1992, Bajt & Loftus 1994).

The homology of I domains to A domains from von Willebrand Factor (vWF)
allowed mapping of several disease-causing mutants on I domain-based models
of vWF A domain structure. Type IIa and IIb von Willebrand Disease (vWD)
result from mutations in the first A domain of vWF and exhibit different bio-
chemical defects, as well as variable degrees of disease severity (Ginsburg
& Sadler 1993). Alignment of the I domain and vWF A domain amino acid
sequences allowed identification of the sites and probable molecular conse-
quences of these vWD-causing mutations. Correlation of the nature of the mu-
tations with the known molecular defects in both type IIa and IIb vWD led to
hypotheses concerning the mechanisms underlying these forms of vWD (Qu &
Leahy 1995).

SUMMARY AND PERSPECTIVE

The rapid accumulation of high-resolution structures of biomolecules has con-
tributed to a general framework for thinking about proteins that has touched
virtually all fields of biology, including cell adhesion. Sequence-structure re-
lationships are much better understood, which allows even remotely related
amino acid sequences to be placed in the same structural class. This knowl-
edge can provide information about the protein as to overall dimensions, what
regions distant in the primary sequence are likely to be adjacent in the tertiary
structure, and either rule out or suggest possible molecular bases for biological
function. The modeling of multidomain proteins based on subunit structure, as
well as the mapping of vWD disease-causing mutations onto the homologous
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integrin I domain structures, provides examples of direct benefit from cell ad-
hesion processes (Huber et al 1994, Qu & Leahy 1995, Leahy et al 1996, Nagar
et al 1996). Furthermore, the accumulation of multiple structures from a class
of homologous domains, such as the Ig superfamily, provides a framework for
amino acid sequence alignment and subclassification of these domains (Bork
et al 1994, Harpaz & Chothia 1994, Vaughn & Bjorkman 1996). Examina-
tion of the distribution and function of more highly related IgSF subtypes will
no doubt illuminate possible evolutionary histories of these domains. A less
well-appreciated implication of the large database of protein structures is the
increasing frequency with which amino acid sequences can be identified as
homologous to proteins of known structure despite the absence of detectable
sequence homology. A seven-bladedβ-propeller structure was recently pro-
posed for the N-terminal region of integrinα chains based on arguments of
compatibility of the integrinα-chain sequence with this known structure at sev-
eral levels (Springer 1997). This structure prediction seems likely to be correct
in principle and immediately aids interpretation and design of experiments ex-
amining integrin function. Such predictions will be made with greater frequency
and confidence as the number of existing protein folds for which no structure
has been determined shrinks and the ability to correlate sequences with known
structures improves.

Perhaps the most direct way in which high-resolution structure determina-
tions have advanced knowledge of cell adhesion processes has been the iden-
tification and visualization of binding sites. Identification or characterization
of a ligand-interacting surface has been an issue for virtually all the structures
discussed in this review. In many cases, such as RGD sequences, the HAV se-
quence in cadherins, or Asp 40 in VCAM-1, a component of the binding site
had been identified prior to the structure determination, and it is the structure
and environment of this component that is of interest. In other cases such as
the integrin I domains, the ligand-binding site is less certain, and the structure
can serve as a basis for selecting appropriate residues for mutagenesis designed
to map out the ligand-binding surface. In addition to ligand-binding sites, vi-
sualization of metal-binding sites has also proven valuable. Knowledge of the
residues involved in coordinating a bound metal allows identification of homo-
logues that also contain a metal-binding site, and the environment of the bound
metal ion can provide clues to its function. The calcium ions in cadherins and
the sodium ion in neuroglian certainly serve to rigidify these molecules and
seem unlikely to participate directly in ligand binding, while the divalent cation
in integrin I domains seems likely to interact directly with ligand.

Molecular characterization of cell adhesion–binding sites also produces prac-
tical benefits by aiding drug design. Cell adhesion molecules are potential tar-
gets for drugs modulating such processes as inflammation, thrombosis, viral
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infection, and cancer. Drug design strategies typically employ one of two ap-
proaches. In the first, molecules are designed to mimic the salient chemical
features of regions of a protein involved in ligand or receptor binding and thus
competitively inhibit the physiological interaction. Drug design efforts utiliz-
ing this strategy include synthesis of RGD loop mimics to inhibit thrombosis,
VCAM C-D loop mimics to inhibit inflammatory responses, and CD4 HIV-
binding loop mimics as possible treatments for AIDS. A second drug design
strategy involves the identification of pockets or cavities on the protein surface
at binding interfaces and the design of small molecules to occupy these pockets
(Kuntz 1992). A small molecule that binds to CD4 and disrupts binding of HIV
to CD4 was recently produced by this approach (Li et al 1997).

Implications of crystal structures often transcend the information from the
molecular structure alone. Interactions between neighboring molecules in a
crystal lattice may reflect biological interactions, a fact that is especially likely
in the case of homotypic cell adhesion molecules. In the case of P0, correla-
tion with other lines of evidence provides a compelling case for an observed
lattice interaction reflecting a physiological interaction, whereas in the case of
the cadherin structures, conflicting results cloud the issue. The observed lattice
interactions in the cadherin structures do, however, allow specific predictions
that can be tested by experiment, and the nature of homotypic cadherin inter-
actions is likely to be resolved in the near future. An interesting twist on the
information contained in lattice interactions is provided by the interaction ob-
served between symmetry-related CD2 molecules in several different crystal
lattices. CD2 does not normally self-associate, but CD2 target ligands are ho-
mologous to CD2, and CD2 interactions are thought to arise from duplication
and divergence of an ancestral homotypic adhesion molecule. The presence of
an adhesion-like interaction between CD2 molecules not only provides a model
testable by experiment but also appears to support the notion that CD2 is derived
from a precursor involved in homotypic adhesion.

As noted above, the odds are currently strongly biased that the determination
of the structure of a protein with no known sequence homologies will result in
the discovery of an unexpected structural homology rather than a new protein
fold (Murzin 1996, Holm & Sander 1997). This fact has been demonstrated for
the Ig, FN-III, and cadherin folds, as well as for I domain and Rossman folds.
In some instances, a divergent evolutionary relationship is obvious, but in cases
such as the Ig, cadherin, and FN-III domains, the evolutionary relationship is
less clear. Did these similar protein folds arise from a common precursor or
does theβ-sandwich fold have special properties that cause it to have been
independently developed for what are ultimately similar purposes? Although
high-resolution structures often do not readily answer this question, structural
results are certainly responsible for the question being posed. Whether the
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problem of the origins of these domains is intractable or awaiting either a new
piece of information or a savant who can compose a compelling argument from
existing information remains to be seen.

What can we expect in the future? The structures of many more cell adhesion
domains and multidomain arrays will certainly be solved and further refine our
understanding of these proteins. Co-crystals of ligands and receptors will also
become more commonplace and allow direct visualization of cell adhesion in-
teractions. A more distant goal, perhaps the holy grail of structural studies of
cell adhesion, would be to provide a structural basis for understanding affinity
modulation in integrins. These large molecules ultimately may be too flexi-
ble to yield diffraction-quality crystals, but characterization of ligand-binding
fragments may prove sufficient to provide some answers.
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