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The integrin lymphocyte function-associated anti-
gen-1 (o B8,), which is known for its ability to mediate
firm adhesion and migration, can also contribute to
tethering and rolling in shear flow. The ¢;, I domain can
be mutationally locked with disulfide bonds into two
distinct conformations, open and closed, which have
high and low affinity for the ligand intercellular adhe-
sion molecule 1 (ICAM-1), respectively. The wild type I
domain exists primarily in the lower energy closed con-
formation. We have measured for the first time the effect
of conformational change on adhesive behavior in shear
flow. We show that wild type and locked open I domains,
expressed in o B, heterodimers or as isolated domains
on the cell surface, mediate rolling adhesion and firm
adhesion, respectively. o; 3, is thus poised for the con-
version of rolling to firm adhesion upon integrin activa-
tion in vivo. Isolated I domains are surprisingly more
effective than ¢; 8, in interactions in shear flow, which
may in part be a consequence of the presence of ¢; 3, in
a bent conformation. Furthermore, the force exerted on
the C-terminal a-helix appears to stabilize the open con-
formation of the wild type isolated I domain and con-
tribute to its robustness in supporting rolling. An allo-
steric small molecule antagonist of o; B, inhibits both
rolling adhesion and firm adhesion, which has impor-
tant implications for its mode of action in vivo.

Two distinct adhesive modalities are required for leukocyte
accumulation at inflammatory sites and lymphocyte homing.
Rolling adhesion greatly increases the time a cell spends in a
post-capillary venule and enables surveillance of endothelium
for activating signals such as chemoattractants. Firm adhesion
results in the arrest of the leukocyte in the postcapillary ven-
ule, and sets the stage for diapedesis.

The integrin o; B, (lymphocyte function-associated antigen-1
(LFA-1)Y) mediates adhesion and migration of leukocytes in
immune and inflammatory processes by binding to intercellu-
lar adhesion molecules (ICAMs), which are members of the Ig
superfamily (1). Dynamic regulation of ligand-binding activity
by a1 B, and other integrins in response to signals transmitted
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from inside the cell (inside-out signaling) activates B, integrin
adhesiveness in response to engagement of the antigen recep-
tor on T lymphocytes in immune responses, and in response to
chemoattractant binding to G-protein-coupled receptors in leu-
kocyte adhesion to endothelium (2-4). B, integrin-mediated
arrest of rolling leukocytes within the vasculature occurs on a
second time scale, enabling arrest to occur in the same post-
capillary bed where chemoattractant is encountered.

The B, integrins are far more facile in mediating firm adhe-
sion than rolling adhesion. In many in vitro and in vivo systems
in which B, integrins mediate firm adhesion and selectins
mediate rolling adhesion, B3, integrins are not seen to mediate
tethering in shear flow or rolling (2, 3). The a, integrins have
been known for some time to mediate rolling as well as firm
adhesion (5, 6), although they do not support rolling as effi-
ciently as selectins (7).

Recently, B, integrins have also been found to be capable of
contributing to rolling in vivo and in special cases to support on
their own rolling in vitro. When multiple adhesion pathways
are blocked in vivo, i.e. selectins together with B, integrins or
ICAM-1, or LFA-1 together with «, integrins, 3, integrins and
in particular a; 3, can be seen to contribute to accumulation of
rolling cells, the stability of rolling, and the velocity of rolling
cells (8-10). oy By can mediate tethering in flow of leukocytes to
ICAM-2 on platelets in the absence of selectin-mediated inter-
actions (11). An important ligand-binding domain of «; 35, the
inserted (I) domain of the «;, subunit, has been expressed on
the cell surface in isolation from other integrin domains and
found to support rolling on immobilized ICAM-1 under shear
flow (12). It was suggested that the I domain represents a
transient ligand-binding domain and that cooperation with
other ligand-binding domains was required for firm adhesion.
However, recent studies have shown that the isolated I domain,
when stabilized in a conformation that has high affinity for
ligand, is sufficient for the same amount of adhesiveness in
static binding assays as maximally activated o, (13), and
binds with the same kinetics and affinity as activated o 85 in
real-time soluble ligand-binding assays (14). oy B, expressed in
K562 cells, which shows little basal activity in static adhesion
assays (13, 15), has recently been shown to support rolling on
ICAM-1 in shear flow, whereas «; B, expressed in Jurkat cells,
which shows basal adhesion to ICAM-1 in static adhesion as-
says that is further inducible with activation, supported weak
adhesion without rolling (16).

In integrins that contain I domains, conformational changes
within the I domain regulate ligand binding (17). A downward
movement of the C-terminal a-helix of the I domain is linked to
structural rearrangements in the metal ion adhesion site and
surrounding loops that constitute the ligand-binding site of the
I domain, as shown by crystallographic studies of ay; and «,
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(18, 19). Movements in the same regions of the «;, I domain
occur in the presence of an ICAM-1 fragment as shown by NMR
chemical shift experiments (20). Two conformations of the I
domain termed open and closed have been shown to have high
and low affinity for ligand, respectively. An engineered disul-
fide bond in the o4, I domain that locks the loop between the
C-terminal B-strand and a-helix into the open conformation
has been shown to activate cell adhesiveness in static binding
assays and to increase the affinity of the locked open I domain
in soluble ligand-binding assays 9,000-fold relative to the wild
type I domain (13-15). The increase in affinity was the result of
a 50-fold increase in on-rate to 140,000 m s ! and a 200-fold
decrease in off-rate from 5 s~ ! to 0.025 s !. A mutant I domain
that was analogously locked in the closed conformation was
similar in affinity to the wild type I domain, and all evidence
suggests that the closed conformation is lower energy than the
open conformation and is the predominant conformation as-
sumed by isolated I domains.

Small molecule antagonists directed to the I domain of oy 8,
have been developed. Crystal and NMR structures show that
they bind to the closed conformation of the I domain, between
the C-terminal a-helix and the body of the domain, distal from
the ligand-binding site on the “top” of the I domain (21, 22).
These antagonists are allosteric modulators that stabilize the
closed conformation of the I domain, as confirmed by failure to
antagonize I domains locked in the open conformation with
disulfide bonds (15).

The effect of conformational alterations in integrins on roll-
ing interactions has not been studied, although it is known in
general that activation can convert rolling to firm adhesion for
both «, and B, integrins. It has long been hypothesized that
rapid kinetics for bond association and dissociation are impor-
tant in rolling (23), and that slower bond dissociation would
favor firm adhesion. Although there exists now an extensive
body of literature on the kinetics of bond dissociation for recep-
tors that mediate rolling (24), there is no data on how confor-
mational change, with accompanying alterations in bond asso-
ciation and dissociation kinetics, would affect adhesive
behavior in shear flow. Recent crystal structure, NMR, and
electron microscopic studies have revealed that integrins, in-
cluding oy B, assume a highly bent conformation in the resting
state, and that activation results in a dramatic switchblade-
like opening (25-27). In the bent conformation the headpiece is
close to the membrane, whereas in the active, extended confor-
mation it moves ~15 nm upwards and into an orientation much
more favorable for ligand binding. Furthermore, these confor-
mations are in rapid equilibrium, and activation should be
viewed as a shift in the equilibrium rather than fixing a par-
ticular conformation. The I domain, although not directly visu-
alized in these studies, is connected to the headpiece and would
become dramatically more accessible to ligand in the extended
conformation. To examine the effect of only conformational
change within the I domain, which is likely to be linked to
global conformational change in native integrin heterodimers,
we study I domains expressed in isolation from other integrin
domains on the cell surface. We demonstrate that «;, integrin I
domain conformation, as influenced by disulfide bonds that
lock in specific conformations, or binding of a small molecule
antagonist that stabilizes the closed conformation, regulates
rolling interactions in shear flow. Furthermore, we compare for
the first time the efficacy of cell surface o; 3, heterodimers and
isolated o, I domains in rolling assays, and describe some
surprising differences.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—K562 cells stably transfected with oy 8,
containing wild type, locked open (K287C/K294C), or locked closed
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(L289C/K294C) I domains, or these I domains expressed in the absence
of other integrin domains using a platelet-derived growth factor recep-
tor (PDGFR) transmembrane domain and the first five amino acid
residues of the PDGFR cytoplasmic domain were described previously
(13). All mutant constructs were verified here to be expressed at similar
levels on the cell surface as previously shown (13, 15). «; 8, and I
domain transfected cells were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum, penicillin/streptomycin, and 3 pg/ml
puromycin or 100 ug/ml hygromycin, respectively. The mouse anti-
human «;, monoclonal antibodies TS2/6 (28) and MHM24 (DAKO,
Carpinteria, CA) were used to block LFA-1-mediated interactions. A
non-binding mouse IgG1 (X63) as control and two different anti-human
o, I domain monoclonal antibodies, TS1/11 and TS1/12, were used to
determine surface expression of the transfectants by immunofluores-
cence flow cytometry (29).

Cell Adhesion to Immobilized ICAM-1 under Static Conditions—
Adhesion of K562 cell transfectants to ICAM-1 purified from human
tonsil (30) and coated at 6 pg/ml on 96-well plates was assayed as
described (29). Cells were labeled with 2’,7'-bis-(carboxyethyl)-5-(and
-6)-carboxyfluorescein, acetoxymethyl ester, and resuspended in Hank’s
balanced salt solution, 10 mm HEPES, pH 7.4, 0.5% bovine serum
albumin containing either 1 mm Ca®* + 1 mm Mg?*, or 2 mm Mg?* + 1
mM EGTA. Cells were added to the ICAM-1-coated wells and incubated
for 30 min at 37 °C. After incubation wells were washed and the fluo-
rescence read.

Cell Adhesion to Immobilized ICAM-1 or HUVECs Under Shear
Flow—Three different forms of ICAM-1 were immobilized on sub-
strates. Human tonsil ICAM-1 was directly coated on polystyrene Petri
dishes for 1 h at 37 °C in coating buffer (phosphate-buffered saline, 20
mM bicarbonate, pH 9.0). Substrates were washed and blocked with 2%
human serum albumin in coating buffer for 1 h at 37 °C. Soluble
IC1-5/IgA chimera containing the five Ig domains of human ICAM-1
fused to the Fc portion of IgA (ICAM-1-Fca) was described previously
(31). ICAM-1-Fca (10 pg/ml in coating buffer) was spotted on a dish
previously coated with 20 ug/ml goat anti-human IgA in coating buffer
(Zymed Laboratories Inc., San Francisco, CA) and blocked with 2%
human serum albumin in coating buffer. ICAM-1-Fcy (10 pg/ml in
coating buffer unless noted otherwise) was spotted on a dish previously
coated with protein A (20 ug/ml) in coating buffer for 1 h at 37 °C and
blocked with 2% human serum albumin in coating buffer (32). HUVECs
(American Type Culture Collection) were maintained in medium 199
modified Earle’s salt solution containing 20% fetal bovine serum, 100
mg/ml endothelial growth supplement (Sigma), 1% Nutridoma-NS
(Roche), and 100 pg/ml heparin at 37 °C in humidified air containing
5% CO.,. Cells were grown on polystyrene cell culture dishes pre-coated
with 10 pg/ml fibronectin and used for no more than five passages. For
flow experiments, HUVECs were seeded onto fibronectin-coated wells
of six-well cell culture dishes at 90% confluency and cultured for 3—4
days prior to use. Cells either received no treatment or were activated
with TNF-« (100 ng/ml) for 5 or 24 h prior to each experiment. ICAM-1
surface expression was determined by flow cytometry using IC1/12, a
mouse anti-human ICAM-1 monoclonal antibody (33) directly conju-
gated with Alexa488, and CBRM1/23-Alexa488, an anti-human oy,
monoclonal antibody (34) as a negative control.

ICAM-1 substrates or HUVEC monolayers were assembled as the
lower wall in a parallel wall flow chamber and mounted on an inverted
phase-contrast microscope (2). Cells were washed twice with Ca?" and
Mg?"-free Hank’s balanced salt solution, 10 mm Hepes, pH 7.4, 5 mM
EDTA, 0.5% bovine serum albumin and resuspended at 5 X 10%ml in
Ca®" and Mg?*-free Hank’s balanced salt solution, 10 mm Hepes, 0.5%
bovine serum albumin (buffer A) and kept at room temperature (22 °C)
throughout the experiment. Cells were diluted to 5 X 10%/ml in buffer A
containing 1 mm Ca®" + 1 mm Mg?" or 2 mm Mg?* + 1 mm EGTA
immediately before infusion in the flow chamber using an automated
syringe pump. Images were captured using a CCD camera mounted on
an inverted microscope with a 10X objective and recorded on Hi-8
videotape.

Accumulation in Shear Flow and Rolling Velocity—Cells were al-
lowed to accumulate at 0.3 dynes/cm? for 30 s. Shear stress was in-
creased every 10 s up to 36 dynes/cm?. Rolling velocity at each shear
stress was calculated from the average distance traveled by rolling cells
in 3 s. The number of cells interacting for more than 3 s with the coated
surface was measured at each shear stress. To avoid confusing rolling
with small amounts of movement due to tether stretching or measure-
ment error, a velocity of 1.5 um/s, which corresponds to a movement of
1/2 cell diameter during the 3 s measurement interval, was the mini-
mum velocity required to define a cell as rolling instead of firmly
adherent.
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Shear Detachment Assays—To evaluate the strength of the «; 8, and
I domain interactions with ICAM-1, cells were infused into the flow
chamber and allowed to settle onto the substrate in stasis for 2 or 5 min
as indicated. Flow was initiated at a shear stress of 0.3 dyn/cm? and
increased every 10 s. The number of cells that remained attached at the
end of each shear interval was counted.

The Effect of LFA703 on LFA-1-ICAM-1 Interactions—The statin-like
LFA-1 antagonist LFA703 (35) was kindly provided by Novartis (Basel,
Switzerland). LFA703 (100 mM in Me,SO) was diluted in assay buffer
(Hank’s balanced salt solution/Hepes/bovine serum albumin). Cells
were preincubated with LFA703 (0-100 uM) at room temperature for
15-30 min prior to infusion in the flow chamber. The 0 um LFA703 or
Me,SO control used the same concentration of Me,SO (0.1%) as in the
highest LFA703 concentration.

The Effect of Latrunculin A on LFA-1 and I Domain-ICAM-1 Inter-
actions—Wild type and high affinity «;8, and I domain expressing
K562 cells were incubated with 1 uM latrunculin A (Calbiochem) or
Me,SO for 20 min at RT. (22 °C).

Cells were resuspended in Buffer A containing 2 mm Mg?*. Cells
were infused at 10”/ml and accumulated as described above. Shear
stress was increased every 10 s, and the number of cells adherent at the
end of each 10 s interval was counted.

RESULTS

Comparison of Static and Shear Flow Adhesion Assays—
Binding of transfected cells expressing wild type «; B, het-
erodimer or the wild type or locked closed isolated o, I domain
to substrates coated with native ICAM-1 purified from tonsils
is barely detectable if at all in conventional static adhesion
assays in Ca®" and Mg?" (Fig. 1A) (13). However, locking the I
domain in the open conformation by mutational introduction of
a disulfide bond, or activation of wild type oy B3, heterodimers
with Mg?"/EGTA results in marked binding to ICAM-1 (Fig.
1A) (13). Contrasting results in Ca®" and Mg®* were obtained
when cells were allowed to settle in stasis for 5 min on native
ICAM-1 substrates and then subjected to controlled shear flow
forces. Laminar flow was initiated at a wall shear stress of 0.3
dyn/cm? and then incremented every 10 s. The number of cells
that were initially in the field of view at stasis was determined,
and then the percentage remaining at the end of each 10 s step
was determined (Fig. 1B). In agreement with the data in the
static adhesion assays in Ca®" and Mg?", K562 transfectants
expressing locked open ¢y 3, heterodimers and the locked open
ap, I domain were able to bind to ICAM-1. In both cases the cells
were firmly adherent; the average velocity of all adherent cells
was close to 0 um/s (Fig. 1C), and detachment from the sub-
strate was not preceded by rolling. In further agreement with
the results of the static assays, transfectants with closed I
domains or closed heterodimers were not adherent, and trans-
fectants with wild type «a; B, heterodimers were also not adher-
ent. However, in marked contrast to the results of the static
assays, transfectants expressing the wild type isolated I do-
main were adherent in the shear flow assay (Fig. 1B). Further-
more, this was accompanied by a contrasting adhesive behav-
ior: the cells rolled (12) (Fig. 1C). Excluding the highest shear
stress, at which few cells remained, the cells rolled at a velocity
of 15 to 30 um/s, corresponding to several cell diameters per
second.

Effect of Presentation of ICAM-1 on the Substrate on Adhe-
sion in Shear Flow—Although we found that native ICAM-1
adsorbed to a substrate did not support adhesion by wild type
o B, transfectants, these transfectants have been reported to
support rolling adhesion on ICAM-1-Fcy chimeras bound to
protein A substrates. Therefore, we compared different types of
ICAM-1 substrates for support of adhesion in shear flow in the
presence of 1 mm Ca2?* + 1 mm Mg2 ™. The initial cell binding to
the substrate occurred in shear flow at 0.3 dyn/cm? rather than
in stasis. ICAM-1 directly adsorbed to substrates or ICAM-1
fused to the Fc portion of IgA (ICAM-1-Fca) and immobilized by
binding to anti-IgA on a substrate supported adhesion in shear
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Fic. 1. Binding of K562 transfectants to immobilized ICAM-1.
K562 transfectants expressed the indicated I domain mutants within
intact a8, or as isolated q;, I domains linked to the transmembrane
and first 5 amino acid residues of the cytoplasmic domain of the PDGF
receptor. All assays in this figure are with tonsil (native) ICAM-1
adsorbed to substrates at 6 pug/ml. A, static binding assays. Cells were
allowed to bind in the indicated cations for 30 min at 37 °C to ICAM-1
in 96-well plates, and wells were washed by aspiration. Results are
mean * S.D. of duplicate samples from three different experiments. B
and C, cells were infused into the flow chamber in medium containing
1 mm Ca®* + 1 mm Mg?* and allowed to settle in stasis for 5 min onto
a substrate coated with ICAM-1. Flow was then initiated at a wall shear
stress of 0.3 dyn/cm? and increased every 10 s to the indicated values.
The number of cells that remained bound at the end of each interval (B)
and the average rolling velocity of all rolling and firmly adherent cells
(C) was measured.

flow and rolling of cells expressing the oy, I domain, but not
adhesion in shear flow and rolling of cells expressing oy 8, (data
not shown). However, ICAM-1 fused to the Fc portion of IgG
(ICAM-1-Fcy) and immobilized by binding to protein A on a
substrate supported rolling of both I domain and o 3, trans-
fectants (16) (Fig. 2). Rolling through o B, was faster in veloc-
ity and less shear-resistant than rolling through the «;, I do-
main (Fig. 2). The ability of unactivated o 85 to support rolling
was not nearly as robust as the ability of activated o, to
support firm adhesion but was consistent with its ability to
contribute, in combination with other adhesion pathways, to
tethering and rolling in vivo and on cellular substrates in vitro
(see Introduction). The great sensitivity of native wild type
o By but not the isolated «;, I domain to the mode of ICAM-1
presentation on the substrate is consistent with adoption of the
bent conformation by resting oy 35, in which the I domain would
have limited accessibility to ligand (26).

To compare interactions mediated by the isolated I domain
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Fic. 2. Rolling of K562 transfectants expressing wild type iso-
lated o, I domain or ¢ B, on ICAM-1. Substrates consisted of ICAM-
1-Fcy/protein A coated on a plastic surface as described in “Experimen-
tal Procedures” or a monolayer of HUVECs stimulated with 100 ng/ml
TNF-a for 5 h. Cells were infused into the flow chamber and allowed to
accumulate for 30 s at 0.3 dyn/cm?. Further accumulation or detach-
ment occurred as the wall shear stress was increased in steps every
10 s. A, total adherent cells (rollingly and firmly adherent). B, average
velocity of the adherent cells. Values show mean = S.D. for three
independent experiments.

and oy B, using a more physiologically relevant presentation
and density of ICAM-1, we used a monolayer of HUVECs either
in basal conditions or after stimulation with TNF-«a for 5 or
24 h. In basal conditions, HUVECs express low amounts of
ICAM-1 on their surface (6.6 M.F.I. measured with 1C1/12
monoclonal antibody directly conjugated with Alexa488) and
support no interaction in shear flow with K562 cells expressing
the isolated I domain or o B, (not shown). After incubation
with 100 ng/ml TNF-«, ICAM-1 expression increased in a time-
dependent manner (57.3 mean fluorescence intensity at 5 h and
238.9 M.F.I. at 24 h) as previously shown (36).

The isolated I domain expressed on K562 cells efficiently
interacted with TNF-a-stimulated endothelial cells (Fig. 2).
The number and velocity of cells rolling on HUVEC stimulated
5 h with TNF-« was comparable with the number and velocity
of rolling cells observed in 10 pg/ml ICAM-1-Fcy/protein A-
coated substrates (Fig. 2).

Compared with cells expressing the isolated I domain, K562
cells expressing o; B, bound less efficiently to stimulated HU-
VEC monolayers. The number of adherent oy 3,-K562 cells on
HUVEC and ICAM-1-Fcvy/protein A-coated substrates was
comparable (Fig. 2A). Most cells adhered to the substrate dur-
ing flow at 0.3 dyn/cm? because there was little additional
adhesion after the flow rate was increased (Fig. 24). The K562
cells expressing oy B, rolled when flow was incremented to 0.4
dyn/cm? but then quickly became firmly adherent (Fig. 2B).
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Fic. 3. Effect of locking the I domain in a closed or an open

conformation on interactions under shear stress. ICAM-1-Fcy
was coated at 100 ug/ml (A and D) or 10 ug/ml (B, C, E, and F). K562
transfectants expressing the indicated wild type or mutant isolated oy,
I domains or «; B, heterodimers were infused into the flow chamber in
medium containing 1 mm Ca®* + 1 mM Mg?" and allowed to accumulate
for 30 s at a wall shear stress of 0.3 dyn/cm? on a substrate coated with
ICAM-1-Fcy/protein A. Thereafter, shear was increased every 10 s, and
the number of rollingly adherent cells (white bars) or firmly adherent
cells (gray bars) was enumerated at each shear interval. Only cells
interacting for = 3 s were counted.

This reflects a difference in behavior on HUVEC compared
with purified substrates that may reflect the ability of TNF-
stimulated HUVEC to activate adhesion of «; 3, on K562 trans-
fectants. However, the main point for this study is that
adhesion and rolling of I domain transfectants is very similar
on ICAM-1-Fcy/protein A and TNF-stimulated HUVEC
substrates.

Controls in all experiments showed that rolling and firm
adhesion were dependent on the I domain, as demonstrated by
complete abrogation by two different antibodies to the I do-
main, TS2/6 and MHM24 (data not shown). Furthermore, both
rolling and firm adhesion were completely abolished by EDTA
(data not shown).

Effect of I Domain Conformation on Adhesion in Shear
Flow—To examine in the context of both oy 8, and the isolated
ay, I domain the effect of I domain conformation on adhesive
behavior in shear flow, transfectants were allowed to accumu-
late on ICAM-1-Fcy/protein A substrates for 30 s at 0.3 dyn/cm?
and as the wall shear stress was increased every 10 s (Fig. 3).
The overall behavior in shear flow was similar for the isolated
I domain and o 3, transfectants, except the number of cells
that tethered to the substrate in shear flow was greater for I
domain than o B, transfectants (note difference in scale be-
tween Fig. 3, A-C and D-F).

Cells expressing the locked closed low affinity conformation
of the I domain showed very little tethering to the ICAM-1
substrate. At the standard coating concentration of 10 ug/ml
ICAM-1-Fcy used elsewhere in this manuscript and in Fig. 3,
B-C and E-F, no tethering of the closed I domain was seen. 100
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Fic. 4. Effect of disulfide bond reduction on adhesive behavior
in shear flow mediated by the open mutant isolated I domain.
K562 transfectants expressing wild type or open mutant I domains
(K287C/K294C) were incubated with or without 10 mm DTT for 20 min
at 37 °C. Cells were infused into the flow chamber at a wall shear stress
of 0.3 dyn/cm?, and the shear stress was incremented every 10 s. The
percentage of the total adherent cells that were rollingly adherent was
determined.

ng/ml was required to detect tethering of the locked closed I
domain (Fig. 3A), and even this concentration did not support
tethering of locked closed o; B, (Fig. 3D). The few cells that
tethered showed rolling interactions, and the rolling cells were
detached at higher shears (Fig. 3A).

Transfectants expressing wild type o 85 or the o;, I domain
tethered in shear flow and the majority of adherent cells rolled
(Fig. 3, B and E). The percentage of rolling cells increased with
shear, so that the vast majority of cells were rolling at = 0.8
dyn/cm?, both for I domain and oy 3, transfectants.

Cells expressing the high affinity, open mutation of the I
domain tethered ~2-fold more efficiently compared with wild
type (Fig. 3, C and F). However, in marked contrast to wild
type, > 95% of the tethered cells were firmly adherent even at
the highest shears tested. Furthermore, the open mutant
transfectants were more resistant to detachment at higher wall
shear stresses. The behavior of cells bearing the open mutation
in the isolated I domain or in ¢ 8, was qualitatively similar.

We examined the requirement of the disulfide bond in the
open mutant I domain for firm adhesion in shear flow. Previous
studies showed that treatment of the open mutant I domain
with a reducing agent abolished its increased affinity for
ICAM-1 (14) and also abolished adhesion of isolated I domain
transfectants to ICAM-1-coated plates under static conditions
(13). Thus the disulfide bridge is required to lock the mutant I
domain in the high affinity, open conformation. Very few trans-
fectants expressing the open mutant I domain rolled on
ICAM-1 over a range of shear stresses (Fig. 4), confirming the
results in Fig. 3C. However, after treatment with the reducing
agent DTT for 20 min at 37 °C, K562 cells expressing the open
mutant I domain rolled as efficiently as cells expressing the
wild type I domain (Fig. 4). Furthermore, DTT treatment of
K562 cells expressing the wild type I domain had no effect on
rolling. Thus, the effect of locking the I domain in the open
conformation with a disulfide bond is reversible with DTT
treatment, and the effect of DTT treatment on adhesive behav-
ior in shear flow, i.e. conversion of firm adhesion to rolling,
mirrors its effect on I domain affinity for ICAM-1.

Differential Effect of Divalent Cations on o;Bs and o I
Domain Interactions in Shear Flow with ICAM-1—The pres-
ence of Mg?" and absence of Ca®", i.e. Mg?*/EGTA, activates
adhesion through wild type o B,. Interactions mediated by
a1 B, with a locked open I domain were efficient in Ca®*/Mg**
as shown above, and were not affected by removal of calcium
(data not shown). We compared the effect of removal of Ca®" on
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Fic. 5. Effect of divalent cations on adhesive behavior in shear
flow mediated by wild type isolated I domains or «;f, het-
erodimers. K562 transfectants expressing the wild type isolated o, I
domain or o; 8, heterodimer in medium containing either 1 mm Ca?* +
1 mM Mg?* (A and B) or 2 mm Mg®* + 1 mm EGTA (C and D) were
infused for 30 s at 0.3 dyn/cm? on a substrate coated with ICAM-1-Fcy/
protein A. Thereafter, shear was increased every 10 s and the numbers
of rollingly adherent cells (white bars) and firmly adherent cells (gray
bars) was determined.

adhesive behavior in shear flow of wild type oy 8, and wild type
op, I domain transfectants (Fig. 5). In the presence of Ca%t/
Mg?*, interactions through wild type o 8, were low in number
(Fig. 5B); chelation of Ca2" by EGTA greatly increased the
number of cells that tethered and accumulated in shear flow
(Fig. 5D). Furthermore, removal of CaZ" changed the character
of the interactions, because all of the increase was accounted
for by cells that were firmly adherent. By contrast, for cells that
expressed isolated I domains, removal of Ca®* did not affect the
percentage of rolling versus firmly adherent cells (Fig. 5, A and
C). Nonetheless, the number of isolated I domain-expressing
cells that accumulated and remained interacting was higher in
Mg2*/EGTA than in Ca®?*/Mg?* (Fig. 5, A and C). These results
suggest that activation of firm adhesion through «; B, by re-
moval of Ca%* requires a domain of the integrin other than the
I domain, such as the B, I-like domain (15).

Role of the Actin Cytoskeleton in the Interactions Mediated by
ar By and Isolated I Domain Transfectants—Could the actin
cytoskeleton be involved in regulating the transition between
rolling and firm adhesion by wild type «;B,? The isolated I
domains are expressed using a PDGFR transmembrane and a
truncated PDGFR cytoplasmic domain, which are not expected
to interact with the actin cytoskeleton. ¢; B, and I domain
transfectants were treated with latrunculin A, which associ-
ates specifically with actin monomers, preventing them from
polymerizing into filaments (37). Disruption of actin filaments
did not significantly affect the percentage of cells that mediated
rolling versus firmly adherent interactions for wild type or open
ap B, or wild type or open o, I domain transfectants (Fig. 6).
However, treatment with latrunculin A did significantly in-
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Fic. 6. Role of the actin cytoskeleton in rolling interactions.
Cells expressing the wild type or open «; 3, or isolated I domain were
treated with 1 uM latrunculin A or an equivalent volume of Me,SO for
20 min at RT. Cells were resuspended in buffer A containing 2 mm
Mg?", infused into the flow chamber, and allowed to accumulate for 30 s
at 0.3 dyn/cm? over ICAM-1-Fcy/protein A. Shear stress was increased
every 10 s, and the number of rollingly adherent cells (white bars) and
firmly adherent cells (gray bars) was determined. Bars represent the
average *standard deviation. *, p < 0.05 versus Me,SO treatment.

crease the total number of o; B, transfectants that interacted
with the ICAM-1 substrates, both for the wild type and the
open mutant. This is consistent with the generally observed
enhancing effect of actin disruption on adhesion through oy 3,.

A Small Molecule Allosteric Antagonist of oy B Inhibits In-
teractions in Shear Flow—As an independent method of exam-
ining the effect of I domain conformation on adhesive interac-
tions in shear flow, we took advantage of a small molecule
antagonist of oy B, LFA703 is a statin-like analogue that is
10-36 times more potent than lovastatin, a previously de-
scribed «p B, inhibitor (21, 35). Lovastatin was previously
shown to inhibit adhesion under static conditions to ICAM-1
through oy B, stimulated by Mn?" or CBR LFA-1/2 (an activat-
ing antibody to the B, subunit). However, lovastatin did not
inhibit adhesion through locked open «; 85, confirming that the
mode of action of lovastatin is to stabilize the I domain in the
closed conformation (13). We first examined cells that were
allowed to adhere to ICAM-1 in stasis and then subjected to
increasing wall shear stress (Fig. 7). Adhesion through wild
type apB, was activated with either Mg?*/EGTA or Mn?*.
Under these conditions essentially all of the cells were firmly
adherent, i.e. there was no rolling. Resistance to detachment in
shear was marked in the presence of Mg?"/EGTA and even
greater in Mn?" (Fig. 7A). The shear resistance of Mn?"-acti-
vated wild type oy B, was dramatically decreased by incubation
with 10 um LFA703, and no adhesion whatsoever was demon-
strable for Mg?"/EGTA-activated «;B, in the presence of
LFA703 (Fig. 7A). Under the same divalent cation conditions,
adhesion through locked open o B, was markedly resistant to
shear, with greater shear resistance in Mn2" than in Mg2*/
EGTA (Fig. 6B). However, in contrast to firm adhesion through
wild type oy s, firm adhesion mediated by open oy 3, was not
susceptible to inhibition by LFA703 as shown by the lack of
effect on resistance to detachment (Fig. 7B, closed squares and
circles).

We next examined the effect of LFA703 in shear flow under
conditions where cells roll on ICAM-1, i.e. with cells expressing
wild type oy B, in Ca®?* + Mg?®" or with cells expressing the wild
type I domain (Fig. 8). Use of a range of concentrations of
LFA703 with wild type opB, transfectants demonstrated a
dose-dependent decrease in the number of rolling cells at each
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Fic. 7. Effect of the small molecule antagonist LFA703 on in-
teractions of wild type or locked open ¢; 8, with ICAM-1. Cells
were incubated at room temperature for 15 min with 10 um LFA703 or
an equivalent amount of Me,SO, infused in the flow chamber in me-
dium containing the indicated divalent cations, and allowed to settle on
the ICAM-1-Fcy/protein A substrate for 2 min. Shear flow was then
initiated, and the wall shear stress was increased every 10 s. At the end
of each shear stress interval the number of cells that remained bound to
the substrate was counted and expressed as a percentage of the cells
present during the 2 min incubation at stasis.

shear stress (Fig. 8A4). The IC;, was shear-dependent, with an
ICy, of about 3 um at 0.8 dyn/cm?, about 1 pm at 1.6 and 3.2
dyn/cm?, and about 0.5 uM at 6 dyn/ecm? (Fig. 84). LFA703 also
inhibited rolling mediated by the wild type isolated «;, I domain
(Fig. 8B). The IC;, was consistently higher for the isolated oy,
I domain than o; B8, and again was shear-dependent. The ICj,
was about 200 uM at 0.8 dyn/cm?, about 75 um at 1.6 dyn/cm?2,
about 30 uM at 3.2 dyn/cm?, and about 20 um at 6 dyn/cm? (Fig.
8B). The 50—-100-fold lower IC;, for «; 3, than the o, I domain
is likely to reflect the finding that the C-terminal a-helix under
which LFA703 binds has marked segmental mobility in iso-
lated I domains (38), whereas when this helix is connected to
the B-propeller domain in intact oy, it is likely to be much
more ordered and provide a higher affinity binding pocket. The
more intimate association of the C-terminal a-helix with the
side of the I domain in «; 3, is corroborated by the activating
effect of mutations in this helix in o 3, but not isolated oy, I
domains (17).

DISCUSSION

Recent studies (8—10) in vivo and in vitro have shown that
ar By can contribute to tethering and rolling interactions in
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Fic. 8. Effect of the small molecule antagonist LFA703 on roll-
ing on ICAM-1 mediated by wild type ¢; 8, or isolated I domain.
Cells expressing the wild type o;B, or isolated «; I domain were
incubated at room temperature with the indicated concentrations of
LFA703 or Me,SO for 15 min. Cells were infused into the flow chamber
in medium containing 1 mm Ca®* + 1 mm Mg?* and allowed to accu-
mulate for 30 s at 0.3 dyn/cm?. Further accumulation or detachment
occurred as wall shear stress was increased every 10 s.

shear flow, although less robustly than in supporting firm
adhesion and cell migration. A question of major biological
interest is how the conformation of o 85, which is known to be
regulated by signals within the cell in inside-out signaling,
affects its adhesiveness in shear flow, and in particular, the
critical transition from rolling adhesion to firm adhesion. Here
we show for the first time that conformational change in an
adhesion receptor can alter adhesive behavior in shear flow.
Although the wild type I domain and resting wild type oS,
mediate rolling, the locked open I domain and locked open oy 3,
mediate firm adhesion. High affinity for ICAM-1 resulted in
firm adhesion that was highly resistant to detachment by in-
creasing shear. The conversion from rolling adhesion to firm
adhesion effected by the change in conformation of the I do-
main was mirrored by activation with Mg?*/EGTA or Mn2" of
wild type o B,. Interestingly, reduction of the disulfide bond
constraining the I domain in the open conformation fully re-
stored the ability of the isolated I domain to roll and abolished
its ability to mediate firm adhesion, in agreement with aboli-
tion of adhesion in static assays and abolition of high mono-
meric affinity (14). Therefore, conformational change with an
accompanying increase in affinity is sufficient to convert o 3,
from a receptor that mediates rolling adhesion to a receptor
that mediates firm adhesion. Although “avidity regulation” has
been suggested for oy B, results interpreted in support of avid-
ity regulation could also be explained by an intermediate in-
crease in the affinity of oy 85 (14). Our results with latrunculin
A-treated oy, transfectants show that association with the
actin cytoskeleton does not regulate the transition from rolling
to firm adhesion. Actin cytoskeleton disruption did not change
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the ratio of rolling versus firmly adherent cells for wild type or
open qp B, transfectants, or wild type or open I domain trans-
fectants. Isolated I domains were expressed using heterologous
transmembrane and cytoplasmic domains, and only five resi-
dues were present in the artificial cytoplasmic domain. This
further supports the conclusion that neither inside-out signal-
ing nor avidity changes via clustering are required for regulat-
ing the transition between the rolling and firm adhesion states.
Three properties of a receptor-ligand bond are important for
its ability to mediate rolling: on-rate, off-rate, and the mechan-
ical property (i.e. the susceptibility of off-rate to increase by
force). So far, the mechanical property is not known for the
ICAM-1—ay, I domain bond, although it has been measured for
selectin and «, integrin bonds (7). It is intriguing that the
conformation-induced change in the off-rate of the ICAM-1—q;,
I domain bond appears sufficient to explain the change in state
from rolling to firm adhesion. The off-rate of the wild type I
domain of 5 s™! is in the range of 0.5-10 s~ ! measured for
rolling interactions through selectins and the integrin o,8; in
Ca®* (reviewed in Refs. 7 and 24). This correlates with the
ability of the wild type I domain to support rolling. By contrast,
the off-rate of the locked open I domain of 0.025 s~ ! (14) is well
outside this range, correlating with its ability to support firm
adhesion and not rolling adhesion. Longer bond lifetimes are
theoretically more conducive to firm adhesion. Furthermore,
the off-rate of the «,3,—MAdCAM bond in Mg®* of 0.046 s~ 1 is
in the same range as the locked open o, I domain and supports
firm adhesion not rolling adhesion (7). Thus, the transition of
the o;, I domain to the open conformation triggers a change in
off-rate that appears to be perfectly tailored biologically to
trigger a transition from rolling adhesion to firm adhesion.
We believe that the surprising effectiveness in mediating
rolling of the isolated I domain is a consequence of the down-
ward force exerted on the C-terminal a-helix by tethering in
shear flow that stabilizes the open, high affinity conformation
of the I domain. When the I domain on the cell surface binds to
ICAM-1 on the substrate, the cell becomes tethered through
the I domain. The hydrodynamic force exerted on the tethered
cell is balanced by a force exerted on its connection to the
substrate through ICAM-1 and the I domain. If we analyze how
this force is transmitted through the I domain, it is clear that
a force exerted on the I domain interface with ICAM-1 at the
top face of the I domain bearing the metal ion adhesion site is
balanced by an opposing force exerted on the C-terminal a-he-
lix of the I domain, which is connected through a linker to the
cell membrane. The direction of this force is roughly parallel to
the axis of the C-terminal a-helix, such that it will exert a
downward pull on it. Downward movement of this helix stabi-
lizes the open, high affinity conformation of the o, I domain
(17). Therefore, whereas the wild type isolated I domain exists
predominantly in the closed conformation, after binding to
ICAM-1 the tether force will shift the conformational equilib-
rium toward the open conformation and increase the effective
affinity for ICAM-1. This explains a number of our observa-
tions. 1) The wild type «;, I domain was markedly more active
than the locked closed I domain in mediating cell accumulation
on ICAM-1 substrates in shear flow, and after adhesion was
initiated under static conditions, in mediating cell rolling and
resistance to detachment with increasing shear. Rolling can be
observed for the closed I domain but requires high ICAM-1
densities and low shear stresses. In the locked closed I domain
the disulfide bridge prevents the force exerted on the a;-helix
from pulling it downwards and reshaping the critical Bs-ay
loop. 2) In static assays, adhesion is not detectable with the
wild type I domains, whereas it is readily detectable and indeed
robust in shear flow assays. 3) LFA703 inhibits rolling through
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the wild type I domain. Because this compound stabilizes the
closed conformation of the I domain this provides direct evi-
dence that the wild type I domain shifts to the open conforma-
tion during rolling and that this is crucial to stabilize rolling.

Rolling adhesion through the wild type isolated «;, I domain
is far more efficient that through wild type o B,. This may in
part reflect the connection of the I domain through both its N
and C termini in ¢ 3, and through only its C terminus in the
isolated I domain, which would alter the effect of applied force
on the equilibrium between the open and closed conformations.
However, another important difference is that «; 3, appears to
assume the same bent conformation as ayf3; in the resting state
(26, 27). This places the I domain close to the cell membrane, in
a less favorable orientation for interaction with ICAM-1 than in
the isolated I domain.

Recently developed small molecule antagonists of «; 5, in-
cluding the statin analogue tested here, LFA703, stabilize the
o, I domain in the closed conformation (13, 21, 22, 35). This has
been confirmed here by resistance of locked open oy 8, to inhi-
bition by LFA703 in shear flow assays. Although these allo-
steric antagonists have previously been shown to bind to I
domains in crystal and NMR studies, they have not previously
been assessed for effect on soluble ligand binding or adhesive
activity by isolated I domains. We show here that rolling of cells
expressing both the isolated wild type I domain and wild type
o B, was dramatically impaired in a dose-dependent manner
by the allosteric inhibitor LFA703. Our findings show that
allosteric inhibitors inhibit both the rolling and firm states of
adhesion mediated by o 5. These findings have important
implications for mode of action of this class of antagonists in
vivo.

REFERENCES

. Springer, T. A. (1994) Cell 76, 301-314
. Lawrence, M. B., and Springer, T. A. (1991) Cell 65, 859—-873
. von Andrian, U. H., Chambers, J. D., McEvoy, L. M., Bargatze, R. F., Arfors,
K. E., and Butcher, E. C. (1991) Proc. Natl. Acad. Sci. U.S. A. 88,
7538-7542
4. Constantin, G., Majeed, M., Giagulli, C., Piccib, L., Kim, J. Y., Butcher, E. C.,
and Laudanna, C. (2000) Immunity 13, 759-769
5. Alon, R., Kassner, P. D., Carr, M. W., Finger, E. B., Hemler, M. E., and
Springer, T. A. (1995) J. Cell Biol. 128, 1243-1253
6. Berlin, C., Bargatze, R. F., von Andrian, U. H., Szabo, M. C., Hasslen, S. R.,
Nelson, R. D., Berg, E. L., Erlandsen, S. L., and Butcher, E. C. (1995) Cell
80, 413-422
7. de Chateau, M., Chen, S., Salas, A., and Springer, T. A. (2001) Biochemistry
40, 13972-13979

LW N =

LFA-1 Transition From Rolling to Firm Adhesion

8. Henderson, R. B., Lim, L. H., Tessier, P. A., Gavins, F. N., Mathies, M.,
Perretti, M., and Hogg, N. (2001) J. Exp. Med. 194, 219-226
9. Forlow, S. B., White, E. J., Barlow, S. C., Feldman, S. H., Lu, H., Bagby, G. J.,

Beaudet, A. L., Bullard, D. C., and Ley, K. (2000) J. Clin. Invest. 106,
1457-1466

10. Forlow, S. B., and Ley, K. (2001) Am. J. Physiol. Heart Circ. Physiol. 280,
H634-H641

11. Weber, C., and Springer, T. A. (1997) J. Clin. Invest. 100, 2085-2093

12. Knorr, R., and Dustin, M. L. (1997) J. Exp. Med. 186, 719-730

13. Lu, C., Shimaoka, M., Ferzly, M., Oxvig, C., Takagi, J., and Springer, T. A.
(2001) Proc. Natl. Acad. Sci. U. S. A. 98, 2387-2392

14. Shimaoka, M., Lu, C., Palframan, R., von Andrian, U. H., Takagi, J., and
Springer, T. A. (2001) Proc. Natl. Acad. Sci. U. S. A. 98, 6009-6014

15. Lu, C., Shimaoka, M., Zang, Q., Takagi, J., and Springer, T. A. (2001) Proc.
Natl. Acad. Sci. U. S. A. 98, 2393-2398

16. Sigal, A., Bleijs, D. A., Grabovsky, V., van Vliet, S. J., Dwir, O., Figdor, C. G.,
van Kooyk, Y., and Alon, R. (2000) J. Immunol. 165, 442—452

17. Shimaoka, M., Takagi, J., and Springer, T. A. (2002) Annu. Rev. Biophys.
Biomol. Struct. 31, 485-516

18. Emsley, J., Knight, C. G., Farndale, R. W., Barnes, M. J., and Liddington, R. C.
(2000) Cell 101, 47-56

19. Lee, J.-O., Bankston, L. A., Arnaout, M. A., and Liddington, R. C. (1995)
Structure 3, 1333-1340

20. Huth, J. R., Olejniczak, E. T., Mendoza, R., Liang, H., Harris, E. A., Lupher,
M. L., Jr., Wilson, A. E., Fesik, S. W., and Staunton, D. E. (2000) Proc. Natl.
Acad. Sci. U. S. A. 97, 5231-5236

21. Kallen, J., Welzenbach, K., Ramage, P., Geyl, D., Kriwacki, R., Legge, G.,
Cottens, S., Weitz-Schmidt, G., and Hommel, U. (1999) J. Mol. Biol. 292,
1-9

22. Giblin, P. A, and Kelly, T. A. (2001) Annu. Rep. Med. Chem. 36, 181-190

23. Alon, R., Hammer, D. A., and Springer, T. A. (1995) Nature 374, 539

24. van der Merwe, P. A. (1999) Curr. Biol. 9, R419-R422

25. Xiong, J.-P., Stehle, T., Diefenbach, B., Zhang, R., Dunker, R., Scott, D. L.,
Joachimiak, A., Goodman, S. L., and Arnaout, M. A. (2001) Science 294,
339-345

26. Beglova, N., Blacklow, S. C., Takagi, J., and Springer, T. A. (2002) Nat. Struct.
Biol. 9, 282-287

27. Takagi, J., Petre, B. M., Walz, T., and Springer, T. A. (2002) Cell 110, 599-611

28. Huang, C., and Springer, T. A. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,
3162-3167

29. Lu, C., and Springer, T. A. (1997) J. Immunol. 159, 268278

30. Lawrence, M. B, Berg, E. L., Butcher, E. C., and Springer, T. A. (1995) Eur.
J. Immunol. 25, 1025-1031

31. Martin, S., Casasnovas, J. M., Staunton, D. E., and Springer, T. A. (1993)
J. Virol. 67, 3561-3568

32. Fuhlbrigge, R. C., Alon, R., Puri, K. D., Lowe, J. B., and Springer, T. A. (1996)
oJ. Cell Biol. 135, 837-848

33. Parkos, C. A, Colgan, S. P., Diamond, M. S., Nusrat, A., Liang, T. W,
Springer, T. A., and Madara, J. L. (1996) Mol. Med. 2, 489-505

34. Diamond, M. S., Garcia-Aguilar, J., Bickford, J. K., Corbi, A. L., and Springer,
T. A. (1993) J. Cell Biol. 120, 1031-1043

35. Weitz-Schmidt, G., Welzenbach, K., Brinkmann, V., Kamata, T., Kallen, J.,
Bruns, C., Cottens, S., Takada, Y., and Hommel, U. (2001) Nat. Med. 7,
687-692

36. Dustin, M. L., and Springer, T. A. (1988) J. Cell Biol. 107, 321-331

37. Coue, M., Brenner, S. L., Spector, I., and Korn, E. D. (1987) FEBS Lett. 213,
316-318

38. Legge, G. B., Kriwacki, R. W., Chung, J., Hommel, U., Ramage, P., Case, D. A,,
Dyson, H. J., and Wright, P. E. (2000) J. Mol. Biol. 295, 1251-1264



