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Within the Ig superfamily (IgSF), intercellular adhesion molecules
(ICAMs) form a subfamily that binds the leukocyte integrin «,f3;.
We report a 1.65-A-resolution crystal structure of the ICAM-3
N-terminal domain (D1) in complex with the inserted domain, the
ligand-binding domain of «, .. This high-resolution structure and
comparisons among ICAM subfamily members establish that the
binding of ICAM-3 D1 onto the inserted domain represents a
common docking mode for ICAM subfamily members. The mark-
edly different off-rates of ICAM-1, -2, and -3 appear to be deter-
mined by the hydrophobicity of residues that surround a metal
coordination bond in the «f;-binding interfaces. Variation in
composition of glycans on the periphery of the interfaces influ-
ences on-rate.
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CAMs are type I transmembrane glycoproteins that form a

subset of the IgSF. ICAM-1, -2, and -3 function in the immune
system, mediating cell adhesion through interaction with the
leukocyte integrin ay 3; in different cellular settings. Like other
integrins, o B, is a large heterodimeric transmembrane protein
that functions as a bidirectional and allosteric signaling mole-
cule. The interaction of a8, with ICAMs is critical in immune
surveillance and responsiveness of leukocytes.

It is intriguing to have three homologous immune receptors,
ICAM-1, -2, and -3, that bind to the same integrin. Monoclonal
antibodies to all three ICAMs are required to inhibit peripheral
blood lymphocyte proliferation in immune responses at the same
level as monoclonal antibodies to ay 32, suggesting that multiple
ar By ligands are required for different aspects of arB,-
dependent leukocyte functions (1). ICAM-1 is thought to be
important in leukocyte emigration through the endothelium into
sites of immunological challenge (2, 3). ICAM-1 also plays a
critical role in forming the immunological synapse between
lymphocytes and their target cells, by promoting cell adhesion
and lowering the activation threshold. In the absence of ICAM-
1/a1 B, interaction, 100-fold more antigen is required for T cell
activation (4). ICAM-2 is the predominant ligand for ar 3, on
resting endothelial cells and has been suggested to be vital for
normal recirculation of resting leukocytes (5). By contrast,
ICAM-3 is the major arf3; ligand on resting T cells, on which
ICAM-1 and -2 are either expressed at a very low level or not at
all. The ICAM-3 /a1 B, adhesive event may facilitate interaction
of resting T cells with antigen-presenting B cells as an initial step
of immune response (6—8). Moreover, ICAM-3 is a costimula-
tory molecule for both resting and activated T cells (9). Recent
work has provided direct evidence that ICAM-3 is the primary
adhesion molecule involved in antigen-independent conjugate
formation between T cells and antigen-presenting cells (APCs).
This initial contact of a T cell with the APC creates an
opportunity for T cells to exert exploratory scanning of the APC
surface for antigen recognition (10). The low-affinity ICAM-3/
ar B, interaction also regulates ICAM-1/ay B;-mediated adhe-
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sion by augmenting accumulation of a3, at sites of adhesion
contact (11). Biophysical studies revealed the order in arf3-
binding affinity to be ICAM-1 > ICAM-2 > ICAM-3 (12). An
unresolved issue has been what determines these ICAMs’ dif-
ferential oy B2-binding capacities.

Much has been learned over the last few years about the
structural features of ICAM-1 and -2 (reviewed in ref. 13) as well
as their dynamic binding partner, the inserted (I) domain of a3,
(reviewed in ref. 14). The I domain bears a Mg?>" in its
metal-ion-dependent adhesion site (MIDAS) (15), which coor-
dinates with a Glu residue in ICAM-1 at the center of its
ligand-binding site (16). Studies on I domains demonstrate three
distinct conformations termed closed, intermediate, and open,
with low, intermediate, and high affinity for ligand, respectively
(16). In intact integrins, conformational signals are transmitted
from inside activated lymphocytes that alter the conformation of
the I domain and increase its affinity for ligand. Disulfide bonds
have been engineered to mimic conformational signals that
stabilize integrins in the intermediate and open conformations
(16). The previous ICAM-1 complex with the oy I domain was
determined at a 3.3-A resolution (16). Here, we present a
1.65-A-resolution structure of ICAM-3 D1 in complex with a
high-affinity engineered o I domain. The current high-
resolution structure allows us to draw the conclusion that ICAM
members share an identical docking mechanism onto the «ar, I
domain and to suggest that hydrophobic interactions within the
interface are important in affinity differences among ICAMs.
We also demonstrate that deglycosylation of ICAM-3 leads to
increased affinity, which provides further insights into the role
glycans play on cell surface receptors involved in the immune
system.

Methods

Protein Expression, Purification, and Crystallization. The high-
affinity, K287C/K294C mutant oy I domain (G128 to E301) was
expressed and purified as described in ref. 12. A cDNA encoding
the ICAM-3 signal peptide sequence and residues Q1 to Y86 was
subcloned into pBJ5-GS expression vector. Stable Chinese ham-
ster ovary (CHO) Lec3.2.8.1 cells expressing ICAM-3 were
established similarly as described in ref. 17. ICAM-3 D1 was

Abbreviations: CHO, Chinese hamster ovary; | domain, inserted domain; MIDAS, metal-
ion-dependent adhesion site; SPR, surface plasmon resonance.

Data deposition: The atomic coordinates and structures factors have been deposited in the
Protein Data Bank, www.pdb.org (PDB ID code 1TOP).
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Table 1. Crystallographic and refinement statistics

Space group P212424

Unit cell (a, b, ¢), A 42.5,66.5,110.8
Resolution, A 1.65

Reflections (overall/unique) 220,005/35,921

Rsym: % (overall/last shell) 7.9 (52.2)

I/ o (overall/last shell) 28.5/2.4
Completeness, % (overall/last shell) 94.7 (92.3)
Refinement range, A 30-1.65
Data cutoff (|Fo|) 0.0

Number of reflections (work/test) 32,291/3,578
R/Riree 0.221/0.243

Ramachandran statistics
(good/additional/generous/

88.5/10.2/0.9/0.4*

forbidden)
rmsd bond lengths, A/bond angles, ° 0.005/1.24
Protein atom average B value, A2 23.1
Wilson B value, A2 19.5

*Density of the outlier o S174 is very clear.

purified with a mAb (CBR-ICAM3/1) affinity column. Pooled
fractions were dialyzed against 20 mM Tris-HCI (pH 7.5)/0.15M
NaCl and then treated with 4,000 units of Endo H¢ (New England
Biolabs) per mg of protein at room temperature overnight.
ICAM-3 D1 was further purified by a mono Q column (20 mM
TrissHCI, pH 8.0, eluted with a NaCl gradient).

Crystals were grown by using the vapor-diffusion method in
hanging drops at room temperature. ICAM-3 D1 (6 mg/ml in 10
mM Tris-HCI, pH 8.0) and high-affinity I domain (17 mg/ml in
10 mM Tris-HCI, pH 8.0/1 mM MgCl,) were mixed in a 1:1 molar
ratio. Equal volumes of protein solution and the reservoir
solution of 30% (wt/vol) polyethylene glycol monomethyl ether
5000, 0.2 M (NH4)2SOy, and 0.1 M sodium cacodylate (pH 6.4)
were then mixed. For data collection, crystals were transferred
to a cryo-protectant buffer containing reservoir solution sup-
plemented with 15% (vol/vol) glycerol and flash-frozen in liquid
nitrogen.

Structure Determination and Refinements. Data were collected at
beamline 19-ID in the Advanced Photon Source of the Argonne
National Laboratory and processed with HKL-2000 (18). The
structure was determined by using molecular replacement im-
plemented in AMORE (19) based on a two-body search in the 15-
to 3.5-A range. The high-affinity I domain of ey 8, (PDB ID code
1IMQA) and domain 1 of ICAM-2 (PDB ID code 1ZXQ) were
used as search models. Rigid-body refinement yielded a clean
map in which main-chain and side-chain densities were easily
seen for model rebuilding of ICAM-3 D1 with 0 (20). The model
was refined to a 1.65-A resolution by using simulated annealing
in CNS 1.1 (21).

Surface Plasmon Resonance (SPR) Measurements. A high-affinity oy,
I domain mutant (K287C/K294C, G128 to E301) with a BirA
recognition peptide (LGGIFEAMKMELRD) tag fused to the
N terminus was constructed for SPR measurements (22, 23).
The mutant I domain was expressed in Escherichia Coli BL21
DE3 (Novagen), refolded, and purified as described in ref. 12,
except that redox buffer (2.5 mM cystamine/5 mM cysteam-
ine) was used during refolding. The I domain was biotinylated
with the BirA enzyme (Avidity, Denver) and subjected to
Superdex S-200 chromatography in TBS buffer to remove
biotin.

SPR experiments were carried out on a Biacore 3000 instru-
ment (Biacore, Piscataway, NJ) at room temperature. Soluble
ICAM-1-Fc (R & D Systems) was immobilized on a CM-5 sensor
chip by the amine coupling method. A control surface was
prepared by N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide
hydrochloride/N-hydroxysuccinimide activation and blocked
with ethanolamine. To directly measure the affinity and kinetics
between ICAM-3 D1 and the «p I domain, biotin-labeled
high-affinity I domain mutant (K287C/K294C), or biotin as
control, was directly captured on an SA sensor chip (Biacore). To
perform the inhibition assay, Endo Hg-treated or untreated
ICAM-3 D1 was mixed with the high-affinity oy I domain (50
nM) at room temperature for 15 min and then injected over the
sensor chip in 20 mM Tris (pH 8.0)/0.15M NaCl/1 mM Mg?>* at
10 pl/min (12).
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Fig. 1. Overall structure and SDS/PAGE. (A) Ribbon diagram of the «; | domain in complex with domain 1 of ICAM-3. | domain is in gold, and ICAM-3 D1 is in
cyan. The Mg?* ion is shown as a magenta sphere. | domain MIDAS and ICAM-3 Glu-37 side chains are shown as a ball-and-stick model. The interacting 8 strands
C, D, and F of ICAM-1 are labeled. Five glycans and their linked asparagines are shown insilver and cyan, respectively. Residues in the epitope of MEM-83, Asp-182
and Glu-218 (42), are highlighted in green. The figure was prepared with rissons (43). (B) SDS/PAGE (4-20%) and Coomassie blue staining of ICAM-3 D1 before
and after Endo H¢ treatment. Positions of molecular weight standards are shown on the left in kDa.
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Fig.2. Structural comparisons among ICAM subfamily members and different mutant o, | domain crystal forms. (A) Superposition of the ICAM-1/«, | domain
complex (PDB code 1MQ8, green) on ICAM-3/ay | domain complex (red). Only D1s are used for superposition, with all Ca atoms within 2 A. Also included is the
structure of ICAM-2 (PDB ID code 1ZXQ; blue). Domain 2 of ICAM-1 and -2 are omitted for clarity. Note that the CD loops of the three ICAM subfamily members
have a remarkably similar conformation. (B) Superposition of the pseudoliganded high-affinity | domain (PDB ID code 1MQJ9; silver), the unliganded high-affinity
| domain (PDB ID code 1MQA; gray), the ICAM-1-liganded intermediate-affinity | domain (PDB ID code 1MQ8; orange), and the ICAM-3-liganded high-affinity
a | domain (red). B is rotated about 60° around the vertical axis from A. Notice the significant movement of the 85-a6 loop upon ligation. (C) Structure-based
sequence alignment of ICAM subfamily members. The alignment is based on three-dimensional structure. The secondary structure elements of ICAM-3 D1 are
marked above the sequence. The contact residues are marked (*, side chain interaction; #, backbone H-bonds; +, both side chain and backbone interactions).
The critical MIDAS coordinating residue, Glu-37, is colored red. The conserved contact residues in ICAMs and the conserved residues important for restraining
the unique conformation of the CD loop are colored magenta and yellow, respectively. The glycosylation sites in ICAM-2 and -3 are boxed. A was prepared with

SETOR (44), and B was prepared with RriBeons (43).

Results and Discussion

Overall Structure. The crystal structure of ICAM-3 D1 in complex
with an o, I domain mutationally constrained in a high-affinity
conformation with a disulfide bond (referred to as ICAM-3/ay.
I domain hereafter) was determined to a 1.65-A resolution by
using molecular replacement. Statistics for data collection and
structure determination are summarized in Table 1. Fig. 14 is a
ribbon drawing of the complex structure. Glycans are found
N-linked to ICAM-3 residues Asn-23, Asn-55, Asn-58, Asn-72,
and Asn-81 (Figs. 14 and 2C). These carbohydrates are on the
periphery of the binding site for the oy, I domain, and on the face
of ICAM-3 opposite the binding site. The ABED B-sheet face of
D1 that mediates dimerization in ICAM-1 is occluded by the
Asn-23 and Asn-72 N-linked glycans in ICAM-3, preventing
analogous dimerization of ICAM-3. Lack of dimerization at this
interface may affect the manner in which ICAM-3 molecules
cluster on the cell surface.

ICAM-3 D1 docks with its CD loop and GFC B-sheet onto a
shallow groove on the I domain bearing the MIDAS (Fig. 14).
The B strands in ICAM-3 D1 run in a direction approximately
perpendicular to the central B-sheet of the I domain. The major
structural elements of ICAM-3 D1 contributing to binding are
the CD loop plus the C and F strands. In the ICAM-3/ayr 1
domain structure, the I domain has the metal ion coordination
characteristic of the open conformation (16). Glu-37, the last
residue of the C strand of ICAM-3, completes the coordination
of the metal ion Mg?* on the MIDAS (Fig. 14), as does the
counterpart Glu-34 in the ICAM-1/ay. I domain structure (16).
Fig. 24 is a superposition of the ICAM-1/ay. I domain structure
onto the ICAM-3/ayr. I domain structure, with D2 of ICAM-1
omitted for clarity. The superposition was only based on frame-
work residues of the D1s of the two ICAMs, but it is clear that
as a result, the two bound I domains also overlay very well. These

3368 | www.pnas.org/cgi/doi/10.1073/pnas.0500200102

results show that, topologically, ICAM-3 D1 and ICAM-1 D1
dock onto the «r, I domain identically. The high-affinity mutant
(K287C/K294C) . I domain was crystallized in the ICAM-3 /ey,
I domain structure, whereas the intermediate-affinity mutant
(L161C/F299C) ar I domain was used in the ICAM-1/ay I
domain structure (16). However, both complexes have similar
buried surface area of about 1,250 A% and the same high shape
complementarity, S., value (24) of 0.73. This is because the
intermediate-affinity I domain adopts the open conformation of
the ligand-binding site when bound to ICAM-1 (16). Compared
with pseudoliganded or unliganded, high-affinity oy I domain
structures (16), the high-affinity a; I domain has the same open
conformation when bound to ICAM-3 (Fig. 2B). The only
difference is that the B5-a6 loop moves significantly toward
ICAM-3 D1 after ligation and forms hydrogen bonds to the CD
loop of ICAM-3 as described below. In the ICAM-1/ay. I domain
structure, the same inward movement of the B5-a6 loop occurs
compared with the unliganded structure (16). Conformational
movement also occurs in this region upon inside-out activation
of afB,, independent of ligand binding, as indicated by the
conformation-sensitive mAb HI111, which is specific for residue
Lys-268 (25). Fig. 2A4 also shows the superposition of ICAM-2
D1 onto ICAM-3 D1. A remarkable observation here is that the
backbone structures of these ICAMs are most similar to one
another near the «jfB,-binding interface, in particular the CD
loop region.

Structure of ICAM-3 Domain 1. D1 of ICAM-3 is stable indepen-
dently of D2 (26). Like ICAM-1 and -2, ICAM-3 D1 belongs to
the I1 subset of the IgSF domain (13) (Fig. 14). The D1s of
ICAM-1 and -3 differ mainly in the BC, DE, and FG loops on
the N-terminal end of the domain, which are flexible and bind
to rhinovirus in ICAM-1 (27-29). The most marked structural
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The ICAM-3/a8; binding interface. (A) The interface residues are shown in light cyan and light gold for ICAM-3 and the | domain, respectively. The metal

ion, oxygens, and nitrogens are shown as magenta, red, and blue spheres, respectively. Water molecules are shown as red spheres. Metal coordination is shown
by black dashed lines. Hydrogen bonds and a salt bridge between Lys-42 in ICAM-3 and Glu-241 in the | domain are represented by silver dashed lines. Residues
involved in the hydrophobic patch are colored in silver. For clarity, MIDAS residues are omitted. (B) Structural elements that stabilize the conformation of the
CD loop of ICAM-3. The CD and EF loops are colored in yellow and green, respectively. Only relevant side chains are shown in this figure for clarity. Hydrophobic,
neutral hydrophilic, and basic residues are colored in orange, cyan, and blue, respectively. The broken lines represent hydrogen bonds, whereas the silver ball
is a bound water molecule. A was prepared with riseons (43), and B was prepared with seTor (44).

difference is in the DE loop (Fig. 24). Among D1s of ICAM-1,
-2, and -3, only one insertion/deletion is found, in the DE loop
(Fig. 2C). In the cases of ICAM-3 and -2, the D and E strands
have a hairpin structure. By contrast, for ICAM-1 D1, the
insertion makes the DE loop conformation much more irregular
and distinctive (Fig. 24). Moreover, in ICAM-3 and -2, a glycan
attaches to Asn-23 with its first sugar moiety packing against the
indole ring of Trp-52 (not shown), which directs the long
carbohydrate side chain of the glycans toward the N terminus of
the domain. An additional glycan links to the FG loop at Asn-72
and decorates the tip of the first domain in ICAM-3 (Fig. 14).
Those glycans are absent in the rhinovirus receptor ICAM-1 and
might prevent rhinovirus binding to other ICAM molecules.
Additionally, ICAM-3 and -2 are three residues longer than
ICAM-1 at the N terminus (Fig. 2C), a characteristic that would
also interfere with the attachment of the virus (30).

ICAM-3 is the most heavily glycosylated protein in the ICAM
subfamily. There are five N-linked glycosylation sites on the
relatively small ligand-binding domain, D1, yet none of them is
on the domain’s CFG face bearing the oy -binding site. ICAM-3
D1 was treated with Endo Hy to facilitate crystallization. In
electron density maps, one residual sugar moiety at each of two
sites, Asn-23 on the B strand and Asn-81 on G strand, was clearly
visualized. The densities for sugars at the other three sites
(Asn-55, Asn-58, and Asn-72) were visible but extremely weak.
The close spacing of sites at Asn-55 and Asn-58 may inhibit
glycosylation of both of these asparagines. The ladder of glyco-
forms in SDS/PAGE of ICAM-3 D1 before Endo H treatment,
and comparison after Endo H treatment, shows predominant
usage of three or four of the five potential N-linked glycan sites
(Fig. 1B). Electron densities suggest that the sites at Asn-55,
Asn-58, and Asn-72 are N-glycosylated in differing subsets of
ICAM-3 D1 molecules. One sugar residue each has been mod-
eled and shown in Fig. 14 for illustration.

An ICAM-3/a, Docking Mode That Is Common for ICAM Subfamily
Binding to a1 S Integrin. At the center of the recognition site, the
invariant Glu-37 of ICAM-3 coordinates to the MIDAS of the
ar. I domain, surrounded by an extensive hydrogen bond network
that establishes the docking specificity. One important advance
from the high-resolution ICAM-3/ay. I domain structure is the
visualization of four hydrogen bonds donated by I domain 5-a6
loop side chains to the main chain carbonyl oxygens in the CD
loop of ICAM-3 (Fig. 34). These bonds include the bidentate
hydrogen bonds from the I domain’s His-264 to the carbonyl
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oxygens of Thr-38 and Leu-40 in ICAM-3, a hydrogen bond
connection between the same His-264 and the carbonyl oxygen
of Lys-42 of ICAM-3 through a water molecule, and a hydrogen
bond from the I domain’s Lys-263 to the carbonyl oxygen of
Ser-39 (Fig. 34). Because the conformation of the CD loop
appears highly conserved among ICAM-1, -2, and -3 (Fig. 24),
the same side-chain—backbone hydrogen bonds are likely to
occur in complexes with ICAM-1 and -2. A consensus L/I-E-
T-S/P-L sequence in this CD loop in ICAMs has been recog-
nized for some time (Fig. 2C) and, together with its counterpart
sequence in VCAM, has been proposed to be a general integrin
recognition motif (31, 32). Mutagenesis of CD loop residues in
ICAM-3 and their counterparts in ICAM-1 and -2 greatly
decreases or even abolishes binding to oy 32 (26, 27, 33-35). Our
high-resolution structure shows unambiguously that within this
motif an integrated water molecule links the hydroxyl group of
Thr-38 and the amide group of Leu-40 on the CD loop to the
carbonyl group of Arg-64 and the hydroxyl group of Ser-63 on
the F strand (Fig. 3B). Together with the hydrogen bond between
the hydroxyl group of Thr-38 and the amide group of Leu-40,
which were also seen in ICAM-1 and -2 structures (36, 37), this
water helps to determine the CD loop conformation. Further-
more, the conserved Lys-42 side chain hydrogen bonds to the
carbonyl group of Leu-36, clasping the two termini of the CD
loop (Fig. 3B). On the other hand, Leu-40 has its branched side
chain snuggling into a hydrophobic pocket composed of Leu-56,
Val-59, and Ile-65 (Fig. 3B). Clearly, the invariant Thr-38 and
Leu-40 residues play a key role in restraining the CD loop of
ICAM family members in the same conformation. We propose
that the conservation of the CD backbone enables the Lys-263
and His-264 side chains in the mobile 35—a6 loop of the I domain
to form hydrogen bonds to the CD loop backbone in recognition
of all these ICAM:s.

The invariant Lys residue following the CD loop, Lys-42 in
ICAM-3, forms an important salt bridge to Glu-241 of the I
domain (Fig. 34), as also reported in the ICAM-1/ar, I domain
structure (16). Allostery markedly reorients Glu-241 in the open
conformation of the a1 I domain, enabling the crucial salt bridge.
Reorientation in the B4—a5 loop bearing Glu-241, including a
backbone flip in Gly-240, is linked to the change from a direct
to a water-mediated coordination of Asp-239 with the Mg?" ion
in the open, high-affinity conformation of the MIDAS (16). At
the opposite edge of the interface near the FG loop of ICAM-3
D1, there is another hydrogen bond network (Fig. 34). The
GIn-75 residue on the FG loop forms two hydrogen bonds with
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Fig. 4. Surface representation of the binding faces of ICAM-3 and -1.
Negatively and positively charged residues are colored red and blue, respec-
tively. Hydrophobic and neutral hydrophilic residues are colored white and
yellow, respectively. Some important residues are labeled. The binding foot-
prints are encircled with green dashed lines. Prepared with Grasp (45).

Asn-207 of . This Gln is invariant in ICAM-1, -2, and -3 (Fig.
2C). Mutation of GIn-75 in ICAM-3 to His or Ala decreases or
eliminates oy binding (26, 33, 38). The corresponding residue
GIn-73 in ICAM-1 and GIn-75 in ICAM-2 are also critical for
binding to ar. (27, 35).

The 1.65-A resolution ICAM-3 /ar. I domain structure enables
the water molecules embedded in the binding interface to be
resolved. Other than those integrated within the MIDAS, there
are six water molecules that become buried upon complex
formation. They all connect the two binding partners through
multiple hydrogen bonds. On the ICAM-3 side, mostly the
backbone atoms of the C strand and CD loop are involved (Fig.
3A4). These water molecules make the interface even more
complementary.

Altogether, ICAM-3 docks to the o I domain through 18
specific polar interactions, directly or through water molecules,
including the key MIDAS coordination at Glu-37, critical salt
bridges, and hydrogen bonding networks on both sides of Glu-37.
The residues engaged in these interactions, as well as the decisive
CD loop conformation that establishes the docking are ex-
tremely conserved in ICAM-1, -2, and -3 (Fig. 2C). The con-
served polar interactions suggest that most of the water mole-
cules should also be present in other ICAM/ar I domain
complexes. The specific docking mode revealed by the ICAM-

3/ar. 1 domain structure at a resolution of 1.65 A and the
comparison to the ICAM-1/ap I domain (16) and ICAM-2
structures (37) reveal a common mechanism for ICAM subfam-
ily binding to oy Bs.

Determinants of a; 3>-Binding Affinity Differences for ICAM Subfamily
Members. The specific ICAM/ay B, recognition pattern revealed
in the ICAM-3/ay I domain structure covers a broad area of the
complex interface. Given that ICAM subfamily members share
the identical docking mode, an interesting question is what
determines the differential binding affinity among the various
subfamily members. Kinetics measurements from the association
and dissociation phase in Biacore showed that the k,, values of
ICAM-2 and -3 are similar to one another and 4- to 5-fold lower
than the value of ICAM-1 (12). Furthermore, the ko value of
ICAM-3 is three times higher than for ICAM-1 or -2, whereas
the off-rates of ICAM-1 and -2 are almost identical.

A characteristic feature of the oy -binding surface of ICAM-3
D1 is the predominance of hydrophilic residues (Fig. 4). The only
major ICAM-3 hydrophobic residue on the interface is Leu-66,
which contacts Leu-204, Leu-205, and Met-140 of the I domain.
Ala-35 of ICAM-3 D1 offers additional hydrophobic contacts
with Thr-243 of the I domain. By comparison, significantly more
hydrophobic residues can be found in the a;-binding surface of
ICAM-1D1 (Fig. 4). Met-64 of ICAM-1 occupies the equivalent
position as Leu-66 of ICAM-3. Surrounding the key MIDAS-
coordinating residue Glu-34 in ICAM-1 are additional hydro-
phobic residues, Leu-30, Pro-36, and Tyr-66. The equivalent
residues in ICAM-3 are Lys-33, Ser-39, and Ser-68. The hydro-
phobicity difference in the binding area between ICAM-3 and -1
is manifest. The hydrophobicity around the equivalent MIDAS-
coordinating Glu residue in ICAM-2 is intermediate between
ICAM-1 and -3. The hydrophobicity differences at the binding
surface thus appear to explain the order of affinity of [ICAM-1 >
ICAM-2 > ICAM-3. Substitutions in the ICAM-1 interface that
increase its hydrophobicity further enhance its affinity for the oy,
I domain by decreasing k¢t (G.S. and T.A.S., unpublished work).
These findings suggest that the nonpolar environment surround-
ing the key MIDAS-binding Glu residue plays an important role
in regulating oy B,-binding affinity of ICAMs by mostly affecting
the off-rate.

SPR measurements tested the hypothesis that the bulky car-

A 3501 Uncleaved Cleaved —_0 M

0 —— — 0.6 uM
= 250 = 0.9 uM
2 200 | — 1.3 M

150 — 2.0 uM

100 rAen i

— 4.4 M

r G

— 15 M
— 30
Bwu —20%

80 1 — 13 M — 3.0 uM
2 — 9.0 pM — 2.0 1M
£ e — 6.0 UM e - 1.3 uM
- —4.0 M . — 0.9 M
g -y = — 0.6 M
2 — 1.8 uM = — 0.4 M

0 — 0.26 M

—_— — 0.18 M
0 100 200 300 400 o 100 200 300 400
Time (s) Time (s)

Fig. 5.

Binding of the « | domains to ICAM-3 measured with SPR. (4) Inhibition assay. Endo H¢-cleaved or uncleaved ICAM-3 D1 from CHO Lec cells was mixed

with high-affinity o, | domain (50 nM) at a series of concentrations (15, 10, 6.6, 4.4, 3.0, 2.0, 1.3, 0.9, 0.6, and 0 ©M) and then injected over the ICAM-1-Fc coated
sensor chip at 10 ul/min in TBS/1 mM Mg?*. (B) Direct measurement of affinity and kinetics. Sensorgrams show the binding of the uncleaved ICAM-3 D1 (30,
20, 13,9, 6, 4, 2.6, and 1.8 uM) or Endo Hs-cleaved (3, 2, 1.3, 0.9, 0.6, 0.4, 0.26, and 0.18 uM) to | domain immobilized on streptavidin chip in TBS/1 mM Mg2*.
In all sensorgrams, the signals from the control surface, as described in Methods, were subtracted. Concentrations are shown to the right in the same order, top

to bottom, as the corresponding curves.
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Table 2. Effect of N-glycosylation of ICAM-3 D1 on affinity for
the high-affinity a, | domain

ICAM-3 D1 kons M= 1571 X 1074 kosr, ' X 102 Kp, M

Uncleaved, 293T 0.88 = 0.20 27.2 58 25.0*2.80
Uncleaved, CHO Lec 1.27 = 0.16 26.0 6.0 20.4 *+0.80
Cleaved, CHO Lec 7.38 £ 0.77 16.2 = 3.0 2.20 £ 0.28

The Kp value was determined from the steady-state equilibrium response
levels. kot was derived from curve fitting of the dissociation phase. kon was
calculated as kot/Kp.

bohydrates attached to the glycosylation sites in ICAM-3 affect
on-rate. Binding of the high-affinity oy I domain to ICAM-3
immobilized on a SPR sensor chip was inhibited more strongly
by Endo Hj-treated ICAM-3 D1 (ICsp = 3.0 = 0.6 uM) than
untreated ICAM-3 D1 (ICso = 15 = 1.2 uM) (Fig. 54). Direct
binding of three different glycoforms of ICAM-3 to immobilized
high-affinity or I domain was also measured by SPR. ICAM-3
D1 from 293T cells (ICAM-3/293T) with complex-type carbo-
hydrate has a slower k,, and similar ko to ICAM-3 D1 from
CHO Lec cells, which has high-mannose, Endo-H-susceptible
N-linked glycans (Fig. 1B and Table 2). After Endo H treatment,
the ko value of ICAM-3 D1/CHO Lec binding to I domain
increased 6-fold, whereas the ks decreased by <2-fold (Table 2
and Fig. 5B). These results show that the glycans attached to D1
of ICAM-3 markedly lower its affinity for «; primarily by
lowering kon. ICAM-1 D1 does not have any glycans, whereas the
sites at Asn-58 and -81 in ICAM-2 and -3 and the additional site
at Asn-72 of ICAM-3 encircle the binding surface. To sum up,
glycans at the interface periphery differentially regulate affinity
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of ICAMs largely by decreasing on-rate, whereas hydrophobicity
of the interface differentially regulates affinity by decreasing
off-rate.

Based on the ability of mAbs to integrin oy 3; to differentially
inhibit or stimulate binding to ICAM-1, -2, and -3, it has been
speculated that different conformational states of the «p I
domain (39, 40) or ar B3, (41) differentially recognize ICAM-1
and -3. Our findings demonstrate that identical, open confor-
mations of the oy I domain bind to ICAM-1 and -3, and that the
binding modes are indistinguishable. Therefore, other explana-
tions for these differential effects must be sought. One possibility
is that the lower affinity interaction with ICAM-3 may be more
susceptible to inhibition. MEM-83 mAb to the oy I domain,
which stimulates binding to ICAM-1 and inhibits binding to
ICAM-3, has been mapped to ar. I domain residues Asp-182 and
Glu-21, which are distal from the ICAM-binding site (Fig. 14)
and do not undergo allosteric change (42). Perhaps the N-linked
glycans present in D1 of ICAM-3 and not in D1 of ICAM-1,
including those at ICAM-3 residues Asn-72 and -81 (Fig. 14)
clash with MEM-83 mAb when it is bound to the oy I domain.

In conclusion, the 1.65-A resolution ICAM-3/a;. I domain
structure presented here suggests a common docking mode for
all ICAMs that bind to «y 8, and suggests the determinants of the
differential binding affinities of ICAM-1, -2, and -3. This work
provides a structural example of how a single integrin molecule
ap B, serves as a receptor for multiple biological ligands.
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