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Engineering of a Single Ig Superfamily Domain of ICAM-1

FIGURE 5. Rational design of ICAM-1 D1 to introduce extra disulfide-bond. A, a schematic diagram of ICAM-1 D1 is shown with two native disulfide bonds
between B-strands, Band F, and Arg-13 and Trp-84, for which an extra disulfide-bond is designed by substitution of two cysteines. B, shown are the histograms
of the binding of anti-Myc antibody, 9E10, and anti-ICAM-1 mAbs, RR1/1 and LB2. C, elution profiles of D1.v4 from a Superdex-75 size exclusion column are
shown. mAU, milliabsorbance units. D, SPR measurement of the binding of the ICAM-1 D1.v4 to the HA | domain is shown. The analytes were injected in a series

of 2-fold serial dilutions starting from 1 um. RU, relative units.

band at ~10 kDa (Fig. 4D, lane 3). When the affinity of D1.v3
was tested for binding to the HA I domain, the K, was found to
be 123 * 12.7 nM (Fig. 4C). Refolded D1 variants purified by gel
filtration were functional and homogenous in conformation,
indicated by a complete shift of the D1 elution peak when mixed
with the HA I domain in ion exchange chromatography
(supplemental Fig. 1).

To further tighten the C-terminal face of the Ig superfamily
fold after the loss of D2, cysteines were substituted for Arg-13
and Trp-84. The distance between Cf3 atoms of Arg-13 and
Trp-84is 4 A, which is within the range for a disulfide bond (Fig.
5A). Before expressing D1.v3 with R13C and W84C (designated
as D1.v4), we examined whether it could be expressed function-
allyin yeast. The binding of mAb 9E10, RR1/1,and LB2 to D1.v4
(Fig. 5B) was comparable with the previous clones, indicating
that two cysteines formed a disulfide bond in yeast expression.
Similarly, D1.v4 was expressed from bacteria and purified in a
gel filtration column. It should be noted that the mutation of
Trp-84 (the only one in D1) to cysteine decreases the extinction
coefficient of D1 from 10,010 to 4,440 cm ™' M~ ', resulting in a
lower absorbance for the same molar concentration of D1. The
K, of D1.v4 to the HA I domain was determined to be 362.5 =
19.1 nm (Fig. 5D), which is comparable with those of D1.v2,
D1.v3, and D1-D5. Overall, all the D1 variants exhibited faster
kinetics of binding to the HA I domain with the on-rate (k)
ranges between 5and 7 X 10° s~ ' M~ !, whereas D1-D5 exhib-
iteda k,, = 9 X 10* s™* Mm%, presumably in part due to the
smaller size of D1.

Expression of Wild-type and Mutant ICAM-1 in HEK-293
and COS-7 Cells to Be Permissive for Rhinovirus Replication—
Throughout the engineering of ICAM-1 D1, the recovery of
native function of D1 has been focused on its recognition of
conformation-specific antibodies and LFA-1 I domain with
flow cytometry and by SPR. Another important role of ICAM-1
D1 is the receptor for human rhinovirus (HRV). To examine if
the mutations introduced into D1 preserve HRV binding and
replication, the mutations in D1.v2 with P38R (Fig. 2A4) were
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introduced into full-length ICAM-1 in pcDNA-3.1. In search of
human host cells that do not express ICAM-1 and are non-
permissive to rhinovirus replication, HEK-293 cells were found
to satisfy both conditions with undetectable binding of ICAM-
1-specific mAb LB2 (Fig. 6A4). HEK-293 cells were transfected
with the plasmids carrying full-length wild-type ICAM-1 or
mutant ICAM-1 and cultured for 3—4 weeks in the presence of
25-200 ug/ml of hygromycin. The majority of cells expressed
ICAM-1 stably with the level of ICAM-1 expression compara-
ble between the clones expressing wild-type and mutant
ICAM-1, confirmed by mAb LB2 binding (Fig. 6A4). However,
the binding of rhinovirus, particularly HRV14, was lower to the
mutant ICAM-1 than to wild-type ICAM-1. To our surprise,
however, the expression of the wild-type or mutant ICAM-1 in
293 cells failed to render them permissive to rhinovirus repli-
cation, in contrast to a clear cytopathic effect on HeLa cells after
48 h (Fig. 6B).

This demonstrates that ICAM-1 expression is a necessary
condition for the host cells to be permissive to rhinovirus rep-
lication but is not sufficient, as other host components need to
be orchestrated for the virus life cycle to be completed. There-
fore, we tested a second cell type, African green monkey
(COS-7) cells, which have previously been used for generation
of stable cell lines with ICAM-1 and assay of viral protein syn-
thesis (41). As before, the wild-type and mutant ICAM-1 in
pcDNA-3.1 were introduced into COS-7 cells and maintained
for 2—4 weeks in the presence of 200 pg/ml hygromycin. When
tested for the expression of ICAM-1, the mAb LB2 binding was
comparable in cells expressing the wild-type versus the mutant
ICAM-1. Although the level of HRV16 binding to COS-7 cells
was lower than that to HEK-293, COS-7 showed 30-60% cell
death of both wild-type ICAM-1 and mutant in the range of
10%-10"" plaque-forming units/ml (Fig. 6D).

DISCUSSION

ICAM-1 is a multifunctional cell surface molecule playing a
role as areceptor for two members of the integrin family (LFA-1
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FIGURE 6. Expression of full-length wild-type and mutant ICAM-1 in HEK-293 and COS-7 cells. A, shown is immunofluorescence staining of HeLa and
HEK-293 cells that were transfected with the wild-type ICAM-1 and ICAM-1 with the mutations in D1.v2 with P38R (ICAM-1%) after incubation with mAb LB2,
HRV14, and HRV16. Non-transfected HEK-293 cells were indicated as None. Histograms in thin open line are of antibody binding to cells without the primary
antibody or viruses used as a control. B, shown is a CPE assay of HeLa and HEK-293 cells in a 96-well plate after incubation with HRV16 for 48 h, quantified by
crystal violet staining of adherent cells. The data represent the average values of the absorbance at 570 nm, normalized to the control well with no virus added
as 100%. The CPE assay was carried out in triplicate, and the error bars indicate S.D. (¥, versus matching control, p < 0.05 by Student’s t test). PFU, plaque-forming
units. C, shown is immunofluorescence staining of HeLa and COS-7 cells that were transfected with the wild-type ICAM-1 and ICAM-1 with the mutations in
D1.v2 with P38R (ICAM-1%) after incubation with mAb LB2, HRV14, and HRV16. Histograms in thin open lines are of antibody binding to cells without the primary
antibody or viruses used as a control. D, shown is a CPE assay of HeLa and COS-7 cells in a 96-well plate after incubation with HRV16 for 96 h, quantified by crystal
violet staining of adherent cells. The data represent the average values of the absorbance at 570 nm, normalized to the control well with no virus added as

100%. The CPE assay was carried out in triplicate, and the error bars indicate S.D. (¥, versus matching control, p < 0.05 by Student’s t test).

and Mac-1) and human rhinovirus. Although all five Ig super-
family domains of ICAM-1 appear in high resolution structures
as independently folded units, the first domain depends on the
second domain to fold correctly. The ability to functionally
express an individual domain can greatly contribute to under-
standing the biological role of a molecule as a whole through
biochemical and structural studies with its binding partners.
When a single domain of interest fails to express in its native
conformation, a systematic method to engineer modular
domains would be a highly useful tool in many biological stud-
ies. The goal of this study is to achieve a functional, single
domain of ICAM-1 and to develop a systematic approach that
can be applicable to other molecules containing the Ig super-
family fold, which is one of the most abundant protein folds
found in cell surface molecules. We have successfully engi-
neered stable and functional ICAM-1 D1 utilizing directed evo-
lution to identify initial leads, structural rationalization of new
interactions created by mutations, and fine-tuning of the types
of substitutions in the rationally selected positions.

The mutations that led to the native conformation of D1
were isolated through successive rounds of mutagenesis; first, a
D1D2 mutagenesis library was screened by conformation-spe-
cific antibodies, and the mutations therein were introduced
into the template for the construction of a D1 library. Given the
finding that all four mutations (T23A, P38L, P63A, T78I) were
necessary for functional expression of D1 alone on the sur-
face of yeast, it may have been difficult to isolate all of them
directly of out of a D1 mutagenesis library without an interme-
diate step of D1D2 engineering. During the course of the library
selection, we found that T23A is necessary for the binding of all
D1-specific antibodies. With T23A alone, mAb My13 showed
high level binding, indicating that its epitope does not depend
on fully native conformation. The binding of mAb LB2 to this
mutant was low, which increased greatly with the additional
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mutations of T2A and S3P. The epitope of mAb RR1/1 was
found to be most dependent on the native conformation of D1,
which directly related to that of the HA I domain. When the
sequences of all the D1 variants were aligned, the mutations
that led to creating or enhancing antibody binding were located
at two clusters. One cluster, consisting of four hydrophilic res-
idues (Thr-2, Thr-23, Ser-67, and Ser-74), forms a hydrogen
bond network where the side-chain hydroxyl groups of Thr-2,
Thr-23, and Ser-67 are buried from the solvent. The second
cluster is formed by Pro-63 and Thr-78, where their side chains
are within a range for van der Waals contacts (e.g. the distance
between Pro-63-CB and Thr-78-Cy is 4 A), and the hydroxyl
group of Thr-78 is buried and forms a hydrogen bond with the
carbonyl group of Pro-6. The mutations of P63A and T78I may
enhance the van der Waals interaction between them (Fig. 2C).
Last, P38L was one of the two critical mutations that led to the
functional expression of D1 in the context of D1D2. Previously,
it was noted that Pro-38 has non-optimal ¢-i angles that place
it in the generously allowed region in a Ramachandran plot
and its substitution led to higher expression (39). Although
Pro-36 and Pro-38 are placed in the loop connecting 3-strands
Cand D, the amino acids for these positions in ICAM-1 of other
species are highly variable (Fig. 1E).

It is important to note that all the substitutions for the wild-
type residues isolated in functional expression of human
ICAM-1 D1 are found in the ICAM-1 of other species. For
example, in the equine ICAM-1 D1, the cluster forming a
hydrogen bond network at the N-terminal end in human
ICAM-1 is composed of Ile, Ala, and Ala for the human equiv-
alent positions of Thr-2, Thr-23, and Ser-67, respectively (Fig.
1E). Furthermore, in equine ICAM-1, Val is found for human
Thr-78. Therefore, two clusters of van der Waals interactions
created by the mutations in human ICAM-1 D1 are present in
the wild-type sequence of the equine ICAM-1. The conversion
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of hydrogen bond networks into van der Waals contacts is also
found in the first domain of human ICAM-3, whose peptide
backbone is closely superimposable (<0.5 A root mean square
deviation) with that of ICAM-1 and was stably expressed with-
out the second domain D2 from mammalian cells (32). Struc-
tural rationalization of the effect of the mutations and the fact
that the forces strengthened by the mutations are found in
other ICAM members and ICAM-1 of other species present
strong evidence that the conversion of the hydrogen bond net-
works in a buried region into the van der Waals contact is effec-
tive in enhancing the stability of Ig superfamily domain fold.
However, when expressed in solution, D1 with the mutations
isolated by directed evolution was prone to aggregation, result-
ing in lower affinity than the wild-type D1-D5 to the HA I
domain by SPR. We speculated that with the relatively small
size of diversity in the yeast library, the searching for optimal
substitutions to create effective van der Waals contact would be
far from exhaustive. With the coding sequence of D1 synthe-
sized from four overlapping primers with degenerate codons
for the selected positions, the diversity of focused mutagenesis
was approximately a half-million, far smaller than the size of
our yeast library. Soluble expression of D1 identified from
focused mutagenesis library was more stable than the D1 from
random mutagenesis library, judging from much less precipi-
tants of D1.v2 after 4 °C storage (data not shown). In addition,
the affinity of D1.v2 to HA I domain was comparable to that of
the wild-type D1-D5.

Rational design by structural inspection also contributed to
the engineering of functional ICAM-1 D1. In an effort to
mutate solvent-exposed hydrophobic residues to hydrophilic
ones, we substituted Thr for Ile-10 and Pro-38, which was
found to decrease the amount of aggregate during refolding.
The choice of Thr was also based on the observation that
B-branched amino acids are preferred in B-strands (47). Suc-
cessive substitution of Thr for Ile-10 and Pro-38 led to
enhanced stability of D1 with little aggregation over several
weeks at 4 °C storage. Furthermore, to enhance the packing of
the last 3 strand to the rest of the domain, we designed a pair of
cysteines to substitute for Arg-13 and Trp-84 that are optimally
placed for disulfide bond formation. When expressed in yeast,
D1.v3 with two additional cysteines exhibited the levels of
expression and binding to D1-specific antibodies comparable
to those of D1.v3 (Fig. 5B), indicating disulfide bond formation
between Cys-13 and Cys-84.

ICAM-1 D1 with the mutations isolated here was fully func-
tional in its binding to LFA-1 I domain and several conforma-
tion-specific antibodies. Another important ligand for ICAM-1
is rhinovirus, where the virus binding to ICAM-1 is limited to
the D1 with the N-terminal end of Ig superfamily fold inserting
into the recessed surface in the viral capsid known as the can-
yon (48). To examine if the D1 alone is capable of mediating
virus binding to ICAM-1, we attempted to express ICAM-1
D1.v2 with native transmembrane and cytoplasmic domains of
ICAM-1. Despite functional expression of D1 in yeast surface
and refolding of D1, when expressed in HEK-293, the expres-
sion of D1 alone was not detectable. This may reflect the differ-
ence in the machinery involved in folding of D1 in yeast and
mammalian cells. Therefore, we examined whether the muta-
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tions introduced in D1 variants would affect virus binding in the
context of full-length ICAM-1 expressed in HEK-293 cells and
COS-7 cells. Interestingly, although virus binding was seen to
wild-type or mutant ICAM-1-transfected HEK-293 cells, no
cell death was observed in either case. This may likely be due to
the absence of an ancillary component required for viral repli-
cation, as other studies have observed viral entry in BHK cells
but an absence of viral protein production (49). In contrast to
the HEK-293 cells, wild-type and mutant ICAM-1 stably trans-
fected COS-7 cells were both rendered permissive to HRV
infection, exhibiting 30 —60% cell death. Incomplete cell death
is attributable to the presence of cells with no or low level
expression of ICAM-1 to allow HRV binding. It is also interest-
ing to note that although the mutant ICAM-1 showed compa-
rable binding to antibodies and LFA-11domain as the wild-type
ICAM-1, virus binding, particularly of HRV14, to the mutant
was significantly lower than to the wild type. This may be attrib-
uted to the loss of conformational flexibility at the N terminus
of D1 due to the substitution of hydrophobic residues. It has
been shown by cryoelectron microscopy image reconstruction
that the N-terminal face of the ICAM-1 D1, formed by B-C,
D-E, and F-G loops, inserts into the recessed surface of the virus
capsid, creating extensive ionic networks (48, 50). Although
none of the residues of ICAM-1 at the interface with HRV14
and HRV16 (50) were mutated in this study, mutations close to
the N-terminal face may induce a slight change in the confor-
mations of the three interface loops from native structure.

The development of selected Ig superfamily domains as
“decoys” has wide-ranging implications for development of
these molecules as therapeutic agents not only against cellular
adhesion molecules such as LFA-1 but also for agents against
viruses. Rational design and directed evolution may be used to
engineer decoys to alter their interaction with one partner but
not with the other. Although the aim of the current study was to
engineer [CAM-1 D1 thatretains native functions and Ig super-
family folds, it is anticipated that the same approach can be used
to isolate mutations that would increase its affinity to LFA-1 1
domain. A similar strategy was demonstrated in previous stud-
ies in which ICAM-1 D1-D5 (39) and LFA-1 I domain (37) were
engineered for higher affinity to their binding partners. Many
enveloped and non-enveloped viruses recognize Ig superfamily
domains in transmembrane receptor for entry into the host
cells, including human immunodeficiency virus binding to
CD4 (25), poliovirus binding to poliovirus receptor (24), and
Coxsackievirus A to ICAM-1 (11), where the N-terminal Ig
superfamily is the main interaction site with the virus. Engi-
neered D1 that is suitable for producing a stable complex
with a particular serotype of rhinovirus may be useful for the
production of high resolution crystals, which will contribute
to the design of anti-viral compounds for inhibition of virus
binding to ICAM-1. When the Ig superfamily domains inter-
act with one or several serotypes, Ig superfamily domains
engineered for highest affinity to the virus may be developed
into antiviral compounds. An advantage of using receptor
domains for developing antivirals is that viruses will not be
able to mutate to avoid binding to the cellular receptor with-
out losing the ability to enter the cell.
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