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Abstract

The interaction between integrin lymphocyte function-associated antigen-1 (LFA-1) and its ligand
intercellular adhesion molecule-1 (ICAM-1) is critical in immunological and inflammatory reactions
but, like other adhesive interactions, is of low affinity. Here, multiple rational design methods were
used to engineer ICAM-1 mutants with enhanced affinity for LFA-1. Five amino acid substitutions
1) enhance the hydrophobicity and packing of residues surrounding Glu-34 of ICAM-1, which
coordinates to a Mg2* in the LFA-1 | domain, and 2) alter associations at the edges of the binding
interface. The affinity of the most improved ICAM-1 mutant for intermediate- and high-affinity
LFA-1 I domains was increased by 19-fold and 22-fold, respectively, relative to wild type. Moreover,
potency was similarly enhanced for inhibition of LFA-1-dependent ligand binding and cell adhesion.
Thus, rational design can be used to engineer novel adhesion molecules with high monomeric affinity;
furthermore, the ICAM-1 mutant holds promise for targeting LFA-1-ICAM-1 interaction for
biological studies and therapeutic purposes.

Intercellular adhesion molecule-1 (ICAM-l)3 is a cell surface ligand for lymphocyte function-
associated antigen-1 (LFA-1), amember of the integrin family of adhesion receptors (1,2). The
interaction of LFA-1 and ICAM-1 is critical to many immunological reactions, including T

lymphocyte antigen-specific responses and leukocyte accumulation in inflamed tissues (3).

Although the extracellular domains of LFA-1 are composed of the large and complex o, and
B2 subunits, the ligand binding site is located exclusively in the inserted (I) domain of o (4).
Many antagonists of this interaction, including monoclonal antibodies to the | domain of LFA-1
and small molecules, have been developed to treat autoimmune diseases and prevent immune
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rejection in organ transplantation (5,6). Whereas all available small molecule antagonists for
LFA-1 are allosteric inhibitors, many inhibitory antibodies directly block ligand binding to the
I domain (5,7). We set out to explore a new class of competitive antagonists that mimic the
native ligand, ICAM-1. Engineered high affinity ICAM-1 could serve as a biotherapeutic or a
lead molecule in the development of competitive, small molecule agents for treatment of
autoimmune diseases.

Allostery of LFA-1 on the cell surface, regulated physiologically by inflammatory stimuli and
signal transduction through the LFA-1 o and B subunit transmembrane domains, alters affinity
for ICAM-1 (5). In the isolated | domain, mutationally introduced disulfide bonds have been
used to stabilize the open conformation with high affinity, the intermediate conformation with
intermediate affinity, or the closed conformation with low affinity for ICAM-1 (8,9). A recent
crystal structure of the o | domain in complex with ICAM-1 has revealed the binding interface
between the o;_| domain and ICAM-1 at 3.3-A resolution (8). The | domain directly coordinates
Glu-34 of ICAM-1 through a Mg2*, and a reorientation of Glu-241 of the | domain creates a
critical salt bridge to Lys-39 of ICAM-1 (8). Further comparison of liganded and unliganded
structures for both high affinity (HA) and intermediate affinity (IA) oy | domains reveals a
shape-shifting pathway for integrin regulation by which allosteric signals convert the closed
conformation to intermediate or open conformations. Binding of the 1A | domain to ICAM-1
stabilizes the same open conformation as seen with the HA | domain (8). The affinity of the
HA o | domain for wild-type ICAM-1 is low (Kp = 185 £ 12 nM) (9) compared with many
other protein-protein interactions. Enhancement of this affinity is essential for therapeutic
applications or for accurate measurement of physiologically induced increase in affinity of
LFA-1 on the cell surface.

Recent advances in computational protein design algorithms (10-12) have markedly improved
capabilities for generating novel proteins with optimized properties, including enhanced
stability (13), altered substrate specificity (10), improved binding affinity (14,15), and
optimized pharmacokinetics (16). We have taken multiple structure-based approaches to
design ICAM-1 variants with enhanced affinity for a; f,. Moreover, we have measured the
kinetics and affinity of | domains stabilized in different conformations for high affinity ICAM-1
mutants and investigated the inhibitory effects of our most improved variant on binding of
ICAM-1 to cell surface oy B, and ay Bo-dependent adhesion.

EXPERIMENTAL PROCEDURES

Computational Design

The crystal structure of the a1 domain in complex with ICAM-1 (PDB code 1MQ8) was used
as the starting template for computational calculations (8). One of the variant libraries was
designed using combined output from Protein Design Automation® (PDA) (13,17,18) and
Sequence Prediction Algorithm™ (SPA) (19) calculations. For PDA calculations, the
conformations of amino acids at variable positions were represented as a set of backbone-
independent side-chain rotamers derived from the rotamer library of Dunbrack and Cohen
(20). The energies of all possible combinations of the considered amino acids at the chosen
variable positions were calculated using a force field containing terms describing van der
Waals, solvation, electrostatic, and hydrogen bond interactions. The optimal (ground state)
sequence was determined using a Dead End Elimination algorithm, and a Monte Carlo
algorithm was used to evaluate the energies of similar sequences around the predicted ground
state. SPA calculations utilize a genetic algorithm to screen for low energy sequences, with
energies being calculated during each round of “evolution” for those sequences being sampled.
The conformations of amino acids were represented as a set of side-chain rotamers derived
from a backbone-independent rotamer library using a flexible rotamer model (21). SPA
calculations generated a list of 300 sequences that were subsequently clustered computationally
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into groups of similar sequences using a nearest neighbor single linkage hierarchical clustering
algorithm. Parameters and other details for PDA and SPA calculations are described elsewhere
(13,17-19) and in unpublished results.

For these sets of calculations, critical contact residues Glu-34, Lys-39, Asn-68, and GIn-73
were fixed in both sequence and conformation. Calculations were carried out to evaluate single
and combinatorial substitutions at variable residues Lys-29, Leu-30, Pro-38, Glu-41, Met-64,
Tyr-66, and Thr-75. All residues in contact with these residues were floated, that is the amino
acid conformation but not the amino acid identity was allowed to vary to allow for
conformational adjustments. Final experimental substitutions, shown in Table 1, were chosen
based on their predicted energies relative to wild type and their occupancy, that is the number
times the substitution occurred in the set of 1000 Monte Carlo or 300 genetic algorithm
sequences.

Design calculations using Rosetta differed in the all-atom energy function (22,23), as well as
in the amino acid side-chain sampling and optimization protocol. As above, two sets of design
calculations were carried out to identify substitutions predicted to stabilize the ICAM-1-1-
domain interface. In the first round, only single amino acid substitutions at positions Lys-29,
Leu-30, Gly-32, Pro-36, Pro-38, Lys-39, Glu-41, GIn-62, Met-64, Tyr-66, Asn-68, Gly-72,
GIn-73, Thr-75, and Lys-77 were modeled. Residue choices evaluated at each position were:
Lys-29: Arg, Asp, Glu, and Ser; Leu-30: Asp, Glu, Arg, Lys, Tyr, Trp, and Phe; Gly-32: Ala
and Ser; Pro-36: all amino acids; Pro-38: all amino acids; Lys-39: Arg; Glu-41: Arg, Lys, Asp,
Ser, and Asn; GIn-62: Arg, Lys, Asp, Glu, Ser, and Ash; Met-64: Leu, lle, Phe, Tyr, and Val,
Tyr-66: Phe and His; Asn-68: Thr, Tyr, Arg, Asp, and Glu; Gly-72: Lys, Arg, Asp, Glu, Asn,
Ser, Gln, and Pro; GIn-73: Thr, Asn, Ser, Arg, Asp, and Glu; Thr-75: all residues; and Lys-77:
all residues. In a second round, 11 interface residues (Lys-29, Leu-30, Pro-36, Pro-38, Lys-39,
Met-64, Tyr-66, Asn-68, GIn-73, Thr-75, and Lys-77) were designed (allowed to change to all
20 naturally occurring amino acids, including the native amino acid type but excluding
cysteine) simultaneously. In each case, amino acid side chains contacting the substituted amino
acid side chains were repacked (allowing all rotamers of the native amino acid type). Sequences
and conformations with low energies were selected using a Monte-Carlo simulated annealing
procedure as described previously (24). All resulting protein complex models (in the
simultaneous design runs, several hundred models with similar energies were generated) were
rescored by computing a predicted binding energy as described (22). Final sequences were
selected for the lowest binding energy as described in the main text and are shown in Table 2.

PARE (predicting association rate enhancement) mutations were kindly provided by Dr.
Gideon Schreiber and Yossi Kuttner (Weizmann Institute of Science, Rehovot, Israel) to alter
electrostatic interactions outside of the binding interface to enhance kg, without affecting
Koff (12,25).

Construction and Expression of Mutant Libraries

cDNA of human ICAM-1 cloned in vector pAprM8 was used as the template. QuikChange
(Stratagene) was used to generate single or multiple substitution mutations in the ICAM-1 D1
domain. Mutations were confirmed by DNA sequencing. Transient transfection of 293T cells
was as described previously (26).

Preparation of | Domain Tetramer

A BirA enzyme recognition tag (LGGIFEAMKMELRD) was fused through a Gly-Gly-Gly-
Ser linker to the N terminus of the soluble HA mutant o | domain (residues Gly-128 to Tyr-307,
mutant K287C/K294C) (9,27-29). The cDNA was cloned into the Ndel and BamHI sites of
the pET-20b vector. Protein was expressed in Escherichia coli BL21(DE3) (Novagen). The
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transformed bacteria were cultured in rich media (20 g/liter Tryptone, 10 g/liter yeast extract,
5 g/liter NaCl, 20 ml/liter glycerol, 50 mw KoHPOy4, 10 mM MgCly, 10 g/liter glucose, 100
mg/liter ampicillin). Expression was induced by addition of isopropy! 1-thio-f-o-
galactopyranoside (Invitrogen) to a final concentration of 1 mwm when the Aggg of cultures was
0.6-1.0. The I domain was refolded and purified as described (9) with some modifications in
the step of refolding. Briefly, frozen cells were resuspended in 20 mwm Tris (pH 8.0), 150 mw
NaCl, with 1 mg/ml lysozyme at 37 °C for 15 min and then disrupted by ultrasonication.
Inclusion bodies were harvested by centrifugation. After extensive washing with washing
buffer (20 mwm Tris (pH 8.0), 23% (w/v) sucrose, 0.5% (v/v) Triton X-100, 1 mm EDTA), the
pellet was solubilized by adding 6 w guanidine HCI, 50 mw Tris (pH 8.0), 1 mw dithiothreitol.
The | domain was rapidly diluted in a redox buffer (20 mw Tris (pH 8.0), 100 mw NaCl, 5%
glycerol, 5 mu cysteamine/2.5 mm cystamine) to a final concentration of 25 ug/ml and then
incubated at 4 °C with slow stirring. Refolding was performed for 4-5 days until no free thiol
group was detected with 5,5-dithio-bis-(2-nitrobenzoic acid) (Pierce). The | domain was
precipitated with ammonium sulfate and purified by Superdex S-200 gel-filtration in
phosphate-buffered saline. Biotin was ligated to the tag with the BirA ligase (Avidity, Denver,
CO). Typically, I domain at a concentration of 1-2 mg/ml was incubated with BirA (15-20
ng/ml) at room temperature overnight in a buffer containing 20 mwm Tris (pH 8.0), 100 mwv NaCl,
10 mm magnesium acetate, 50 mu Bicine (pH 8.3), 10 mm ATP, and 50 pw biotin. The unbound
biotin was removed by passing the sample through a Superdex S-200 column (Amersham
Biosciences). The biotinylated I domain was mixed with streptavidin-FITC (BIOSOURCE
International) or streptavidin (BIO-SOURCE International) at a molar ratio of 8:1 for 2 h at
21 °C. The mixture was then subjected to Superdex S-200 chromatography in TBS (20 mw
Tris-HCI, pH 8.0, 150 mm NaCl) to separate the tetrameric complex peak from free | domain.

Immunofluorescent Flow Cytometry

Plasmids encoding full-length ICAM-1 were transfected into 293T cells using calcium
phosphate precipitation (26). The mAbs RR1/1, CBR IC1/11, CBR IC1/12, and CA-7 were
used to stain transfected cells as described (30). For soluble | domain tetramer binding, the
ICAM-1-transfected cells were washed once with Hanks’ Balanced Salt solution (Invitrogen),
10 mw EDTA, and twice with 20 mm Hepes (pH 7.4), 150 mw NaCl (HBS)/5.5% glucose/1%
bovine serum albumin. Cells were incubated with streptavidin-1 domain tetramer (2 pg/ml)/
HBS/5.5% glucose/1% bovine serum albumin in the presence of 1 mw Mg?* at room
temperature for 1 h, and washed three times with HBS/1 mu Mg2*. FITC-goat anti-streptavidin
(10 pg/ml, Vector Laboratories) and Cy3-labeled CBR IC1/11 (10 pg/ml), a nonblocking
antibody to LFA-1 mapped to domain 3 of ICAM-1 (31), were added and incubated with the
cells on ice for 15 min. After washing three times with HBS/1 mw Mg?2*, cells were subjected
to fluorescence flow cytometry. Mean FITC fluorescence intensity (MFI) of Cy3-positive cells
was determined. In all experiments, background CBR 1C1/11 binding to mock transfected cells
and background tetramer binding to ICAM-1-transfected cells in the presence of 5 mw EDTA
were subtracted to obtain specific ICAM-1 expression and ligand binding, respectively: %
binding = (mutant MFI — background MFI)/(wild-type MFI — background MFI) x 100.

Preparation of Soluble ICAM-1

cDNA of the extracellular domain of wild-type or mutant ICAM-1 was fused to pEF-Fc vector
(32,33) withathrombin cleavage site (L\VPRGS) between ICAM-1 and human 1gG Fc portions.
Culture supernatants from GnTI™ HEK293S cells (34,35) were collected 5-7 days after
transient transfection. ICAM-1 Fc fusion proteins were purified from supernatants on a protein
G column (Invitrogen). Contaminating 1gGs were removed by gel filtration on a Superdex 200
column (Amersham Biosciences) in TBS (20 mw Tris-HCI, pH 8.0, 150 mm NaCl). ICAM-1
Fc eluted earlier than 1gGs. After thrombin cleavage (1 mg of protein/20 units of thrombin,
Amersham Biosciences) at room temperature overnight, soluble ICAM-1 D1-5 was further
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purified by gel filtration to remove the Fc portion and trace amounts of thrombin. Typical yield
was 5 mg/liter.

Antibody Binding Assay

Antibody-binding assay for soluble ICAM-1-Fc was performed as described (36) except using
goat anti-human 1gG (1-3391, Sigma) as the capture antibody.

Surface Plasmon Resonance

ICAM surfaces or a control surface were prepared by injecting ICAMs (20 pg/ml) in 10 mwm
sodium acetate buffer (pH 4.0) or buffer only (control) over the flow cells activated with N-
ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride/N-hydroxysuccinimide and
then blocking these surfaces with ethanolamine. To prepare | domain surfaces, biotinylated
HA I domain (20 png/ml) or 5 pw biotin as control in 10 mw sodium acetate buffer (pH 4.0) was
directly captured on a streptavidin-conjugated sensor chip (Biacore) using 10 mw HEPES (pH
7.4), 150 mw NaCl (HBS-N, Biacore) as running buffer. | domains or ICAMs were infused in
20 mwm Tris (pH 8.0), 150 mm NaCl, 1 mm MgCl,, and regeneration was done in 20 mM Tris
(pH 8.0),0.3mNaCl, 20 mw EDTA. The Kp value was calculated by curve fitting with Langmuir
1:1 binding model or Scatchard analysis if the binding reached steady-state. ko was derived
from curve fitting on the dissociation phases. ko, Was calculated as Kqe/Kp.

Soluble ICAM-1 Binding

Binding of soluble, multimeric ICAM-1-1gA-Fc/FITC-anti-IgA to K562 cells expressing wild-
type LFA-1 was as described previously (37). For competition assay, the Hi3-ICAM-1 mutant
or wild-type ICAM-1 D1-D5 was mixed with ICAM-1-1gA-Fc (5 pg/ml)/FITC-anti-1gA (25
ug/ml) at a series of concentrations and then incubated with the cells at room temperature for
1h.

Cell Adhesion to Immobilized ICAM-1

Interleukin-15 cultured peripheral blood lymphocytes were prepared and maintained as
described (38). Adhesion of peripheral blood lymphocytes in the presence of phorbol 12-
myristate 13-acetate (1 uw) to wild-type ICAM-1 was performed in the presence of the indicated
concentration of ICAM-1 D1-D5 as described (36). Cell adhesion in the presence of ICAM-1-
blocking mAb was <5% of input cells.

RESULTS

Design of High Affinity ICAM-1 Mutants

We used multiple rational design methods to design ICAM-1 mutants with increased affinity
for LFA-1. The 3.3-A crystal structure of o | domain in the complex with ICAM-1 (8) was
used as a starting template (Fig. 1A).

One set of variants was designed using Protein Design Automation (PDA) (13,17,18) and
Sequence Prediction Algorithm (SPA) (19) calculations to optimize the free energy of the
ICAM-1.LFA-1 complex. To preserve key contacts at the ICAM-1/LFA-1 interface, Glu-34,
Lys-39, Asn-68, and GIn-73 of ICAM-1 were fixed as wild-type in the calculations (8). Glu-34
coordinates the Mg?* ion of the o | domain, and Lys-39 forms salt bridges with Glu-241 and
His-264 of the | domain that appear to be indirectly important for metal chelation. ICAM-1
Asn-68 and GIn-73 form a well ordered H-bonding network with the LFA-1 Thr-243 backbone
carbonyl and the side chain of Asn-207. All other residues at or near the binding interface were
allowed to mutate, including Lys-29, Leu-30, Pro-38, Glu-41, Met-64, Tyr-66, and Thr-75.
The rotamers of all residues in contact with mutated residues were allowed to vary for
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conformational adjustments. Experimental variants (Table 1) were chosen based on occupancy
in PDA and/or SPA calculations (see “Experimental Procedures”) and visual inspection of
output model structures. In a number of cases, similar residues were substituted for functional
or biophysical reasons: GIn was used instead of Glu (%Occ SPA =8) at position 64 due to the
lack of a visible interacting residue on LFA-1 yet in proximity to the negative and critical
Glu-34 on ICAM-1; Val was included at position 75 because of similarity to the isosteric Thr
(wild type) and high occupancy of Ile (PDA and SPA); Phe was included at position 75 because
of a preference for hydrophobics in the calculations; Val was used at position 66 instead of the
isosteric Thr (all 31% Phe-30 predictions occurred with Thr-66), because of the otherwise
complete preference for hydrophobics despite the fact that the predicted y-hydroxyl H-bond
was intramolecular.

Predictions made by Rosetta (10,23,24) are summarized in Table 2. In this case, all residues
forming contacts in the ICAM-1/LFA-1 interface except the metal coordinating Glu-34 residue
were redesigned, allowing either single substitutions, or simultaneous design of the entire
interface (see “Experimental Procedures™). Substitutions were selected based on a predicted
increase in binding affinity of the protein-protein complex (22). All single substitutions with
a predicted interface stabilization of more than 0.6 kcal/mol lower in energy than wild type
(see “Experimental Procedures” for residue choices at each position) were tested
experimentally, except for positions 64 and 77, where the mutations with the largest effect
were predicted to stabilize the interface by 0.5 kcal/mol (Table 2).

We also designed mutations based on inspection of the complex structure (Table 3).
Furthermore, charged substitutions were also predicted that aimed to enhance electrostatic
attraction and increase kg, by mutating residues outside of the interface (Table 3) (12,25).

Experimental Screen of Mutant Library

To establish an assay appropriate for screening a large number of ICAM-1 mutants expressed
on the surface of 293T cell transfectants, we prepared a soluble multimeric HA oy | domain
as described under “Experimental Procedures,” because the monomeric | domain binding was
too weak for robust detection of ICAM-1 transfectants using flow cytometry (Fig. S1A). The
N-terminal biotin tag did not affect the monomeric affinity of the HA ;| domain mutant for
ICAM-1 as measured by SPR (Fig. S1B). Monomeric and tetrameric | domain bound in the
presence of Mg2* to immobilized ICAM-1, and binding was abolished by EDTA (Fig. S1, B
and C). This specific, Mg2*-dependent binding is as previously described for binding of the
ay I domainto ICAM-1 (9), in agreement with the central location of the MIDAS in the binding
site (Fig. 1A).

Two color immunofluorescent flow cytometry of mutant ICAM-1 transfectants was used to
simultaneously measure binding to | domain tetramer using FITC-anti-streptavidin and to
measure ICAM-1 surface expression using Cy3-labeled mAb CBR IC1/11 to domain 3 of
ICAM-1 (31) (Fig. S1D). All of the single mutants were expressed at levels within 50-150%
of wild-type levels (Tables 1-3), whereas simultaneous mutation of two or three residues (Table
1) or seven residues (Table 2) was much less successful. Six single ICAM-1 mutants showed
enhanced | domain tetramer binding of 150-250% relative to wild-type ICAM-1. These
mutants were M64L (Tables 1 and 3), T75V (Tables 1 and 3), T751 (Tables 1-3), P38R (Table
2), and Y66F and Y66W (Table 3). Another predicted mutant, K29Q, showed binding relative
to wild type of 115% (Table 1). The monomeric affinity of a representative mutant was tested
by SPR. The affinity of the T75V mutant for the HA o_ | domain was increased 2.7-fold (Table
4), in good agreement with the results of the tetramer binding assay.
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Combining Single Mutations for Higher Affinity

The locations of affinity-enhancing single mutations were examined with molecular graphics.
Met-64, Tyr-66, and Thr-75 are located at the center of the binding interface and form van der
Waals contacts with one another. Pro-38 is on the CD loop, and is essentially structurally
uncoupled to Met-64, Tyr-66, and Thr-75 (Fig. 1A). Lys-29 is also uncoupled from Met-64,
Tyr-66, and Thr-75, at the opposite side of the interface in the BC loop (Fig. 1A). The three
residues in contact with one another were introduced simultaneously, and the non-interacting
residues were subsequently introduced one by one (Table 5). The ICAM-1 mutant of the three
contacting residues M64L/Y66W/T75V (Hil) was enhanced in affinity for the HA o | domain
by 6-fold (Table 4 and Fig. 2). Similar results were obtained with either the o | domain or the
ICAMs immobilized on the SPR chip (Table 4). The decrease in kqf Was greater than the
increase in kopn. Addition of the P38R mutation in the Hi2 mutant (Table 5) resulted in a further
decrease in Kqf (Table 4 and Fig. 2). The total increase in affinity compared with wild-type
ICAM-1 was 14-fold. Further addition of the E41K mutation markedly lowered expression
(not shown). By contrast, addition of the K29Q mutation in Hi3 (Table 5) had no deleterious
effect on expression and showed a 22-fold higher affinity for the HA | domain than wild-type
ICAM-1 (Table 4 and Fig. 2). Binding of the Hil, Hi2, and Hi3 ICAM-1 mutants to an 1A |
domain mutant revealed 9-, 13-, and 19-fold affinity increases, respectively (Table 4). These
increases are very similar to those observed with the HA | domain.

Structural Integrity and Inhibitory Effect of Hi3-ICAM-1

Consistent with the increased expression on the cell surface of the P38R mutant (Table 2),
addition of this mutation in the Hi2-ICAM-1 and Hi3-ICAM-1 mutants increased secretion
relative to Hil-ICAM-1 (Fig. 3A). Hi3-ICAM-1 reacted with a panel of mAbs to ICAM-1 that
do not block binding to integrin o, f,. CBR IC1/11, CBR IC1/12, and CA-7, which recognize
epitopes in D3, D4, and D5 of ICAM-1, reacted with Hi3 as well as wild-type ICAM-1 (Fig.
3B), suggesting that the structural integrity of the ICAM-1 mutant was not disturbed by these
mutations. By contrast, binding of function-blocking mAb RR1/1 to Hi3-ICAM-1, but not to
Hi2-ICAM-1 and Hil-ICAM-1, was significantly decreased by 70% (Fig. 3B). This finding
suggests that Lys-29 is part of the RR1/1 epitope, in agreement with earlier results (39).

To examine antagonism, we tested inhibition by Hi3-ICAM-1 D1-D5 of binding of soluble,
multimeric ICAM-1/1gA-Fc to ay Bo-expressing stable K562 cells in the presence of 1 mw
Mn2* (Fig. 3C). Soluble Hi3-ICAM-1 D1-D5 inhibited this interaction with an 1Csq value of
0.2 pwm. Inhibition by wild-type ICAM-1 D1-D5 was much weaker, with an 1Csq value of 10
uM (Fig. 3C). Furthermore, Hi3-ICAM-1 D1-D5 antagonized adhesion of peripheral blood
lymphocytes activated by phorbol 12-myristate 13-acetate to immobilized ICAM-1 more
effectively than wild-type ICAM-1 D1-D5 (Fig. 3D). The ICsgq values in this assay were 0.05
um and 15 pw for Hi3 and wild-type ICAM-1, respectively.

DISCUSSION

In this study, a combined methodology of structure-based rational design and empirical testing
has resulted in a substantial increase in affinity of an adhesion molecule. The use of
computational structure-based methods was directed toward two goals: directly optimizing the
ICAM-1-LFA-1 interaction and ensuring that mutations resulted in stable, properly folded
proteins. The ability of computational methods to enrich the hit rate of variant libraries (40)
was particularly important in this study because of the need for mammalian expression and the
low throughput nature of the screen. Also critical was an efficient yet sensitive screen that
allowed us to distinguish true positives. Designed libraries were reduced to a desired size
according to our experimental capacity, and the subsequent | domain tetramer binding screen
allowed us to distinguish which of these mutations improved binding. Combining successful
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single amino acid substitutions yielded the Hil, Hi2, and Hi3 series of ICAM-1 mutants with
substantially enhanced affinity for the o) | domain. This serial approach to generation of
multiple variants was more successful than their design de novo, which typically resulted in
much lower levels of expression relative to wild-type ICAM-1 (Tables 1 and 2). The success
of our predictions, despite the lack of atomic resolution (3.3 A) of the complex structure,
suggests that our computational methods are robust with respect to structural quality.
Furthermore, the distinct PDA and Rosetta computational methods each predicted some
successful substitutions not found by the other, which when combined yielded increased
affinity. The particular receptor-ligand pair studied here was not well suited for prediction of
association rate enhancement, because no electrostatic hotspots susceptible to substantial rate
enhancement at physiologic ionic strength were found. The successfully predicted stabilizing
mutations in Tables 1 and 2 are almost exclusively non-polar or aromatic, suggesting that
packing interactions are predicted more accurately than electrostatic or polar interactions. It is
further emphasized that experimental screening of large combinatorial libraries was not
required, an advantage of our engineering approach over display methodologies, which are not
well developed for mammalian expression systems.

Our kinetic measurements together with the 3.3-A structure of the interface of the o;_| domain
with ICAM-1 (8) and the more recently determined 1.65-A structure of the closely related
interface with ICAM-3 (41) provide insight into the effects of the mutations. The affinity of
Hil-ICAM-1 (M64L, Y66W, and T75V), relative to wild type, was increased by 7.4 + 1.3-fold
(average for the HA and 1A | domains plus or minus the difference from the mean) (Table 4).
The mutations primarily affected ko (5.0 £ 0.2-fold decrease) rather than kg, (1.5 £ 0.2-fold
increase) (Table 4). These results suggest that the mutations contribute directly to the protein-
protein interaction interface rather than promoting initial contact (42—44). Leu-64, Trp-66, and
Val-75 are predicted to pack favorably against the o, | domain (Fig. 1B), providing lower free
energy and driving tighter binding than Met-64, Tyr-66, and Thr-75 in wild-type ICAM-1 (Fig.
1A). These substitutions increase the hydrophobicity of the region surrounding the metal
coordinating residue, Glu-34, suggesting that the affinity increase is due to the strengthened
nonpolar environment at the center of the interface. The recent 1.65-A structure of the HA
ay I domain in complex with ICAM-3 (41) shows less hydrophobicity surrounding the metal-
coordinating residue Glu in ICAM-3 than in ICAM-1. Comparison of the ICAM-1-q, and
ICAM-3-0,_ complex structures and the ICAM-2 structure shows a rank order of
hydrophobicity in this interface, with ICAM-1 > ICAM-2 > ICAM-3. The affinity parameters
for HA oy_| domain binding to ICAM-1, ICAM-2, and ICAM-3 follow exactly the same order,
with Kp = 173 nM, 605 nM, and 4320 nM, respectively (9).

Pro-38 and Lys-29 are located in the CD and BC loops in the periphery of the interface (Fig.
1A). Whereas the complex structure shows no interaction of Pro-38 in wild-type ICAM-1 with
the | domain, the much longer and polar side chain of Arg-38 may be able to interact with oy
GIn-143 through hydrogen bonding (Fig. 1B). Intriguingly, the mutation increases cell surface
expression, which generally correlates with greater stability (Table 2). In agreement with this,
Pro-38 has non-optimal Phi-Psi angles that place it in the generously allowed region in a
Ramachandran plot (not shown). However, an effect of backbone conformation alone on
affinity in the P38R mutation is not supported by the failure of the P38D and P38E substitutions
to increase affinity (Tables 1-3). The affinity enhancement by P38R in Hi2 compared with Hil
stemmed primarily from the decrease in Ko (1.6 = 0.26-fold) rather than the increase in Kgp,
(1.16 + 0.06-fold) (Table 4). By contrast, the K29Q substitution in Hi3 compared with Hi2
enhanced solely kg, (1.5 + 0.02-fold) and not Kyt (1.0 £ 0.02-fold). The shorter side chain of
the glutamine was predicted by PDA to interact better with Ser-245 of the o, | domain; the
mechanism by which this may benefit association rate is unclear (Fig. 1B).
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The affinity increase of our ICAM-1 mutants was not biased by the particular o | domain
mutants that were used in measurements. Thus, the affinity of Hi3 for HA and 1A | domain
mutants was increased proportionally by 21.9-fold and 19.1-fold, respectively. These data
suggest that the same conformation of the A and HA mutant o1 domain binds to ICAM-1
and that the HA and | A mutations just determine the population of the states, i.e. at any given
time a much higher percentage of the HA mutant molecules than the 1A mutant molecules
populate the open, ligand binding conformation. The results agree with the findings that the
IA mutant has the same open conformation as the HA o, | domain mutant when bound to
ICAM-1 (8).

Our high affinity ICAM-1 mutant could be potentially useful for many biological and
therapeutic applications. For example, the Hi3 ICAM-1 mutant bound to HA and 1A o_|
domain mutants with Kp values of 12 nw and 188 nw, respectively. This places the hypothetical
physiologic intermediate affinity state of integrin ay B, on cell surfaces (8,9,45) within the
range of affinities for Hi3-ICAM-1 that would be accessible by saturation binding assays with
whole cells. Thus, we may be able to differentiate high and intermediate affinity states of

ay B2 and measure dynamic conformational transitions of oy B, on cell surfaces. Furthermore,
our high affinity ICAM-1 mutant is a potential biotherapeutic agent and could serve as a lead
molecule to develop novel antagonists that can bind to ay o like ICAM-1. Inhibition of the
binding of soluble ICAM-1/IgA-Fc to o, B, on the cell surface and cell adhesion through
ICAM-1 to oy B, by the Hi3-ICAM-1 mutant revealed significant potency. There has been
much interest in the rational development of o B, antagonists based on the structure of
ICAM-1; i.e. competitive antagonists. However, each of the two classes of antagonists
developed to date is allosteric and binds to sites distinct from the ICAM-1 binding site (5). A
new class of direct | domain antagonists remains to be developed.

Overall, our approach results in rapid discovery of novel mutants with targeted properties,
allowing incorporation of information from structural and experimental data, and accessing
broad sequence diversity. Because the affinity of cell surface adhesion receptors is generally
low compared with the affinity of receptors for soluble ligands (46), this approach should be
applicable to the design of other high affinity adhesive molecules for biological and therapeutic
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. The interface between the a; | domain and ICAM-1

A, the oI domain in complex with wild-type ICAM-1 (PDB number 1MQ8). B, the complex
with the Hi3 ICAM-1 mutant. Model was made with Model Mutant in Genemine (Molecular
Applications Group). Ribbons of ICAM-1 D1 and the o | domain are shown in cyan and
gold, respectively. Side chains of residues of ICAM-1 that were mutated in Hi3 are shown in
silver, and Glu-34 is shown in green. Nitrogen and oxygen atoms are in blue and red,
respectively. The Mg2* ion is shown as a magenta sphere. Interacting residues on the | domain
are shown in gold. This figure was prepared with RIBBONS (47).
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FIGURE 2. Affinity measurements using SPR
A, wild-type ICAM-1 or Hi3 ICAM-1 was immobilized on the sensor chip. HA o, | domain

was injected at 250, 111, 49, 22, and 10 nM in the curves shown top to bottom. B, 1A oy |
domain was injected at 5, 2.2, 1, 0.45, and 0.19 uM in the curves shown top to bottom.
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FIGURE 3. Characterization of Hil-, Hi2-, and Hi3-ICAM-1_Fc mutants, and inhibition of soluble
ligand binding and adhesion by Hi3-ICAM-1 D1-D5

A, supernatants from 293S cells transfected with the same amount of the indicated constructs
were captured by goat anti-human 1gG and detected in enzyme-linked immunosorbent assay
with mAb CBR IC1/11. B, purified ICAM-1_Fc preparations (1 pg/ml) were captured as
described in A and subjected to enzyme-linked immunosorbent assay with mAbs RR1/1, CBR
IC1/11, CBR IC1/12, and CA-7. Results are presented as the percentage of binding to wild-
type ICAM-1_Fc. C, inhibition by soluble, monomeric ectodomain fragments of Hi3 or wild-
type ICAM-1 of binding of soluble, multim-eric ICAM-1/IgA-Fc to o, B, on K562 cells in the
presence of 1 mw Mn2* D, inhibition by soluble Hi3 or wild-type ICAM-1 D1-D5 of binding
of phorbol 12-myristate 13-acetate-stimulated peripheral blood lymphocytes to immobilized
wild-type ICAM-1 in the presence of 5 mu Mg?* Results are mean + S.D. of multiple
experiments (n = 2— 4)
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TABLE S5
Hi ICAM-1 mutants
Position
29 38 64 66 75
WT K P M Y T
Hil L W \Y%
Hi2 R L W \Y
Hi3 Q R L W \Y,
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