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Abstract
Interaction of the integrin receptors with ligands determines the molecular basis of integrin –
dependent cell adhesion. Integrin ligands are typically large proteins with relatively low binding
affinities. This makes direct ligand-binding kinetic measurements somewhat difficult. Here we
examine several real-time methods, aimed to overcome these experimental limitations and to
distinguish the regulation of integrin conformation and affinity. This chapter includes: the use of a
small ligand-mimetic probe for studies of inside-out regulation of integrin affinity and unbending,
real-time cell aggregation and disaggregation kinetics to probe integrin conformational states and
the number of integrin-ligand bonds, as well as the real-time monitoring of ligand -induced
epitopes under signaling through G-protein-coupled receptors, and others. Experimental data
obtained using these novel methods are summarized in terms of the current model of integrin
activation.
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1. Introduction
Understanding how cell adhesion and migration is regulated is essential for describing
embryonic development, tissue repair, hemostasis, inflammation, cell mobilization, and
metastasis. The ability to rapidly and reversibly modulate cellular adhesive properties serves
as the basis for multiple biological functions of multicellular organisms. Several adhesion
molecules regulate cell adhesion through de novo expression, rapid up regulation by the
means of exocytosis, downregulation through proteolysis, shedding, and other mechanisms
that can alter the number of molecules on the cell surface. Methods for studying these
molecules are beyond the scope of this chapter. We focus here on integrins, a unique class of
adhesion molecules that can rapidly change cell adhesion through a conformational change
and/or clustering, without altering molecule expression.

Our current understanding of integrin conformational regulation implies the potential
existence of multiple conformational states, with different binding affinities for their ligands,
different degrees of unbending (extension), and different positioning of integrin domains
(hybrid domain in particular). These states are expected to contribute to the lifetime of the
ligand-receptor bond, and the efficiency of the bond formation. Such a model allows us to
describe how an integrin such as VLA-4 can be responsible for very diverse cellular
behaviors, such as a nonadhesive state, as well as rolling, cell arrest, and firm adhesion (1).
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The recent discovery that G-protein-coupled receptors can provide a negative (deactivating)
signal, which results in cell deadhesion, adds to the number of possible conformational
states and highlights the complexity of integrin conformational regulation (2).

In this chapter, we review basic methods that led to the current model of integrin activation
and focus on basic techniques that are currently used in our and other laboratories to study
integrin-dependent cell adhesion. Because of the limited space we will primarily focus on
unique assays specifically developed for integrin studies in our laboratory. We apologize to
the others whose studies contributed to the current understanding of integrin regulation and
were not cited because of the lack of space.

2. Small Molecules as Tools for Integrin Studies
Interaction of the integrin receptors with ligands determines the molecular basis of integrin-
dependent cell adhesion. Methods that allow monitoring of these ligand-receptor interactions
in real-time on living cells under physiologically relevant signaling conditions would
represent a desirable "gold standard" for these types of studies. In the best case scenario a
scientist should be able to purity cells of interest, add labeled ligand, and monitor binding of
the probe in real time after activation/deactivation through other types of receptors ("inside-
out" or "outside-in" signal). Unfortunately, soluble integrin ligands are large proteins that
have relatively low binding affinities. Therefore, direct kinetic measurements of natural
integrin ligand binding are technically difficult. One of the solutions to this problem is the
development of small molecule probes that exhibit higher binding affinities and, at the same
time, reflect the binding of the natural ligand. These probes can be used as reporters of the
affinity state of the integrin-binding pocket, as well as in other applications (see below).
Fluorescently labeled molecules of this type can be used in a conventional flow cytometer to
make homogeneous real-time measurements of ligand-receptor interactions (3, 4). Drug-like
small molecules also appear to be good candidates for these assays. Integrins represent an
attractive target for treatment of several diseases. Therefore, a number of drug-like small
molecules (direct and allosteric integrin antagonists) have been developed by several
pharmaceutical companies (5). Fluorescent antagonists for GPIIb/IIIa (RGD
peptidomimetics) were described and used in a flow cytometer by Dr. Bednar et al. from
Merck Research Labs (4). The binding of fluorescent LFA-1 antagonists has been described
by Dr. Keating et al. from Genentech, Inc. (6). We took advantage of the published structure
of LDV-based competitive antagonists developed by Biogen Idec Inc. (BI01211) (7, 8), and
created a fluorescent probe that mimics binding of a natural VLA-4 (α4β1-integrin) ligand
(9). This probe has been used for determination of rapid affinity changes of the integrin
ligand-binding pocket in real time in our laboratory and others (9, 10). The assay is
performed directly in a tube attached to a flow cytometer and cells are continuously sampled
for periods up to several tens of minutes. For a short period of time the tube is removed from
the cytometer and a signaling molecule of interest is added. Because the fluorescent probe is
added at a concentration sufficient to occupy only high-affinity VLA-4 sites, additional
binding of the probe is observed in response to an affinity change. The presence of the
affinity change can be verified using dissociation rate analysis, where a large excess of the
unlabelled competitor is added to prevent rebinding of the fluorescent probe. A strong
correlation between dissociation rates for the probe and natural ligand, as well as cellular
dissociation rates has been observed for the case of multiple affinity states (11, 12). The
same fluorescent probe can be used to assess integrin unbending (Fig. 1). The ability to
independently measure the affinity state of the ligand-binding pocket and molecular
unbending permitted us to study the regulation of these two processes through "inside-out"
signaling. Surprisingly, this resulted in the observation that affinity and unbending are
regulated by two independent signaling pathways (1). According to these types of
measurements "inside-out" signaling through different G protein-coupled receptors results in
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a plethora of conformational states, at a minimum the four combinations of high and low
affinity with independently regulated bent and unbent states (2). Thus, the idea that a single
integrin molecule can adopt states suitable for rolling (extended and low affinity of the
binding pocket), arrest (high affinity), and nonadhesive (low affinity bent with hidden
binding pocket) may be realistic for non I-domain-containing integrins (such as VLA-4)
(13). For integrins with an inserted domain (such as LFA-l), the situation is more
complicated.

The development of similar fluorescent ligand-mimicking probes for other integrins appears
to be very beneficial. Small molecule probes with appropriate affinity (in the nM range) can
be used for detecting affinity changes and unbending in real-time on live cells after
activation and/or deactivation through signaling receptors. However, only competitive
antagonists, which mimic the binding of a natural ligand, can be used for the detection of the
affinity change of the ligand-binding pocket. We have also used a fluorescent allosteric
antagonist of LFA-l (fluorescent derivative of BIRT-377) to probe vertical extension upon
activation in a FRET-based assay analogous to Fig. 1 (14). Only the reducing agent DTT
caused a large FRET signal change, in a manner analogous to DTT-induced extension of
VLA-4 (15). The absence of a large conformational change was explained by the fact that
BIRT was shown to stabilize the inactive (bent) conformation of LFA-l (14). Nevertheless,
the question remains open why β1-, and β3-integrin-specific small molecules are
predominantly competitive antagonists, while the majority of β2-integrin antagonists are
allosteric (at least for LFA-l) (5).

3. Single Bond Life-Times
Rapid kinetic measurements of natural integrin ligands binding and other protein-protein
interaction are possible with the use of a rapid-mix flow cytometer (16-18). In a
conventional flow cytometer several seconds are required for the delivery of a sample from
a test tube to the flow chamber. Modern automated rapid-mix devices allow mixing and
delivery under a second using microliter volume of samples (55-600 ms, 35-45 μl aliquots)
(16, 18). We used a rapid-mix flow cytometer to determine the dissociation rate of soluble
fluorescently labeled recombinant human VCAM from a rapidly dissociating intermediate
affinity state of VLA-4 integrin. However, a direct measurement of the VCAM dissociation
rate for resting VLA-4 (without activation and with physiological concentrations of divalent
cations) using this technique is still elusive (12). Nonetheless, the single molecule
dissociation rates appear to provide insight into the duration of cell adhesion as described
below.

Single bond life-times have also been evaluated with the bioforce probe (19). When these
measurements are extrapolated to 0 force, the bioforce probe and flow cytometry
measurements give comparable results (Evan Evans, unpublished data).

4. Real-Time Aggregation and Disaggregation Kinetics
Another powerful method for studying real-time integrin activation and cell adhesion is the
cell-suspension adhesion assay. Two types of cells, one population expressing the integrin of
interest along with activating or inhibiting pathway receptors (G protein-coupled receptor)
and the other cell population expressing an integrin ligand, can be stained with two
fluorescent dyes (e.g., green and red). For the case of homotypic aggregation, such as
neutrophil aggregation, a single color stain is sufficient (20). After cells are mixed in a tube
maintained at 37°C with constant stirring, they are continuously sampled over several tens
of minutes. Aggregates, which are formed over a period of time, are detected as double-
positive (green and red co-fluorescent) events. Because flow cytometers also detect single
cells (only green or red events), it is possible to follow cell aggregation in real time by
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evaluating the aggregates or depletion of "singlets." This allows eliminating the effect of
multicellular aggregates that present in the double-positive gate (11).

Using this methodology it is possible to observe GPCR-dependent activation of integrin-
dependent cell adhesion ("inside-out" activation), as well as rapid deactivation and cell
disaggregation (1, 2, 20) (Fig. 2). Moreover, it was possible to establish a relationship
between cellular disaggregation rates and ligand dissociation rates for different affinity
states. Quantitative analysis of molecular and cellular dissociation rates revealed that only a
small number of VLA-4-VCAM-1 bonds (~1.5 on average) was sufficient to hold together
cellular aggregates (11).

This method can be also adopted to study cell aggregation and disaggregation under force.
We and others have used devices which create defined shear in cone and plate as well as
parallel-plate conditions (i.e., Ravenfield model EM Shear Generator (Ravenfield Designs
Ltd., Heywood, UK) (12, 21). As expected, shear stress had a significant effect on cellular
disaggregation rates (12). The work of Simon et al. showed how the contributions of L-
selectin with PSGL and β2-integrin with ICAM -1 worked together under shear in neutrophil
aggregation (20, 22).

The method can be also used to determine cellular association rates (analogous to the
"forward kinetics" for the ligand binding). Based on our measurements of integrin molecule
extension (using a FRET-based assay, see below), we postulated that molecular extension
could facilitate integrin ligand recruitment because of the better exposure of the integrin
ligand-binding pocket. We established experimental conditions to enhance integrin
extension (determined using a FRET-based assay) while maintaining the affinity state of the
ligand-binding pocket (determined in a ligand dissociation assay). We found that the initial
rate of cell aggregation was dramatically elevated for the case of "extended" integrins (see
Fig. 9 in (1)).

5. Parallel-Plate Flow Chamber
The parallel-plate flow chamber with immobilized integrin ligands or cells bearing integrin
ligands has been actively used by many groups to study adhesive interactions under shear
(23,24). Several important findings include the role of shear in the induction of
transmigration, and the role of force exerted on the bond in the formation of shear resistant
adhesion (22, 25-27). In the case of high ligand density, where multiple bonds between the
cell and the ligand can be formed, it is difficult to determine the molecular mechanisms that
are responsible for the changes in cell adhesion avidity. Rapid clustering of integrin
molecules and formation of multivalent contacts could be indistinguishable from the
changes in the properties of individual integrin-ligand contacts. Thus, the results of Alon et
al. (28) are also consistent with our model in which extension regulates captures frequency
while affinity regulates tether duration (1).

Using ligand at low density creates conditions, where predominantly only one integrin-
ligand contact is formed. This type of experiment allows determination of individual bond
kinetics based upon tether frequencies and bond life-times. The increase in the life-time of
the bond can be interpreted as a decrease in bond dissociation rate and elevated affinity state
of the ligand-binding pocket. It is not surprising that values of bond life-times determined in
these experiments are comparable to the lifetime determined in a soluble system (compare
dissociation rates for different activation states from (28) and (12)). This will be true only if
a relatively small force applied is applied to the integrin bond. According to theory, bond
life-time would exponentially decrease with the force. However, a recent report from Cheng
Zhu group showed that force (in the 10-30 pN range) applied to the integrin actually
prolonged bond life-times (29). This so-called catch bond behavior could potentially be
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tested in a parallel-plate chamber as well. In unpublished experiments we observed cell-cell
adhesion with very long life-times, where we did not distinguish catch bonds from altered
avidity due to multiple bonds formation.

Another interesting phenomenon observed in parallel-plate experiments is the rapid change
in tether frequency following "inside-out" activation (e.g., see (28)). Currently, two different
interpretations are considered: (1) rapid clustering of integrins and (2) rapid conformational
change of individual integrin molecules. Clustering is usually determined using staining
with mAbs on fixed cells. To our knowledge no widely used method for rapid real-time
determination of integrin clustering exists. Fluorescence resonance energy transfer (FRET)-
based methods are the most likely option right now (30). FRET has been used to study
integrin subunit separation upon activation, molecule unbending (extension), and
rnicroclustering (31). Rapid unbending (extension) of the integrin molecules upon
activation, which leads to the rapid exposure of previously hidden ligand-binding site, can
also be considered as possible mechanism for a rapid change in the tether frequency.
Combining a parallel-plate flow chamber with FRET-based measurements of integrin
activation would be a logical next step for studying intimate mechanisms of integrin
activation under shear.

6. mAbs and Integrin Conformation
Historically, monoclonal antibodies were the first critical tool for identifying cell adhesion
molecules (32). Blocking antibodies that inhibit cell-cell, or cell-soluble or immobilized
ligand interactions remain invaluable for determining the specificity of molecular
contributions to cell adhesion. For multiple anti-integrin antibodies, the binding epitopes are
finely mapped and overlaid on 3D models of integrins (33). From a practical point of view it
is important to note that certain blocking mAbs with epitopes mapped close to the ligand-
binding site (but not exactly covering it) can be successfully used to block the binding of a
large protein ligand, and yet can fail to block binding of a small ligand-mimicking probe.

A conformational change that enhances integrin-receptor interaction upon binding of
"activating" antibodies can directly lead to the affinity change of the ligand-binding pocket.
However, in our experience, the affinity state generated by this treatment can be several
orders of magnitude higher than the "physiological" high -affinity state generated upon G-
protein -coupled receptor signaling ("inside-out" activation) (9). Thus, the physiological role
of this "artificially" generated state is not certain. Other "activating" antibodies can mimic
"inside-out" activation by inducing a separation of integrin subunits, or by inducing an
extended integrin conformation (34, 35). This type of mAb is particularly useful in the
absence of a proper "physiological" activating pathway, such as G-protein-coupled or other
receptors.

Antibodies that recognize the "activated" integrin conformation, also termed "activation
reporter" mAbs, often report the ligand bound conformation of the integrin (13, 32).
Therefore, they are also termed "ligand-induced binding sites" or LIBS mAbs. Fine mapping
of LIBS epitopes, together with mutagenesis studies has provided valuable information
about the nature of conformational changes resulting from integrin activation and ligand
binding (13, 33, 36). Generation and screening of mAbs, (LIBS-type and others) is described
in (32).

A major drawback for using mAbs to detect rapid conformational changes is the long
incubation time, which is required to reach binding equilibrium. This is caused by a slow
mAb dissociation rate, as well as the size of the protein that largely determines its slow
diffusion. One possible solution to this problem is to perform binding experiments under
conditions that are far from equilibrium (Fig. 3). For these types of studies, real-time
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detection of mAb binding can be done in a homogeneous assay in a conventional flow
cytometer. Since the exposure of the LIBS antibody epitope is proportional to the occupancy
of the integrin binding pocket, the rate of LIBS mAb binding at a given concentration of the
ligand will be proportional to the concentration of the ligand-receptor complex. By plotting
mAbs binding rate vs. ligand concentrations it is possible to determine ligand-binding
affinities at rest and after "inside-out" activation through a GPCR (13). This approach has
been verified for multiple VLA-4 ligands. The EC50s for βl-integrin LIBS mAbs
(HUTS-21) binding determined in the mAb-binding experiments were identical to Kis,
determined in the competition assay with fluorescent VLA-4 ligand (37). This novel
approach can be used for determination of ligand-binding affinities for unlabeled ligands, as
well as for previously unknown integrin ligands. It was also adapted to a high-throughput
screening format for identification of integrin antagonists (PubChem, AID: 2617, Summary
of HTS for Identification of VLA-4 Allosteric Modulators). Moreover, it is worthwhile
considering, that under conditions that resolves the four states of affinity and extension
regulation, the presence of ligand under these conditions creates a unique LIBS state,
allowing the potential of eight distinct physiological VLA-4 states (13).

7. Current Models of Integrin Activation
The combination of several novel real-time approaches that include the use of a small
fluorescent ligand-mimicking probe for the detection of integrin affinity change and
unbending (extension), real-time analysis of LIBS mAb binding, together with the analysis
of real-time aggregation and disaggregation kinetics resulted in a model of integrin
activation with several novel features (see Fig. 6 in (13)). Here without going into details we
highlight specific methods that provided evidence for each specific conclusion (Table 1).

Taken together, a combination of real-time assays performed on live cells at 37°C under
physiologically relevant "inside-out" signaling through multiple GPCRs have provided a
unique opportunity to study integrin conformational regulation and its role in the modulation
of integrin-dependent cell adhesion and deadhesion. This approach can be extended to other
integrins, and will provide valuable information about mechanisms of integrin
conformational regulation.
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Fig. 1.
Schematic depicting the FRET assay for assessing VLA-4 conformational unbending
(modified from (1)). Energy transfer between VLA-4 head groups and lipid probes
incorporated into the plasma membrane provides a way of studying integrin conformational
unbending. The LDV-FITC probe that specifically binds to the head group ofVLA-4 is used
as a fluorescent donor at a high enough concentration to saturate all low-affinity resting
binding sites. A change in VLA-4 affinity would not affect probe binding. Octadecyl
rhodamine B (R18), a lipophilic probe, inserts into the membrane as an acceptor. Upon
activation, VLA-4 assumes an unbent (upright) conformation. rC1 and rC2 are the distances
of closest approach before and after molecular unbending. Changes in the fluorescence of
the donor were measured on live cells in real time at 37°C by flow cytometry.
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Fig. 2.
Changes in cell adhesion between formyl peptide transfected U937 cell and VCAM-1-
transfected B78H1 cells at resting state and in response to receptor stimulation (modified
from (1)). Addition of fMLFF (formyl peptide) induces cell aggregation. This results in
U937 singlets depletion. PLC inhibitor U-73122 has the opposite effect.
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Fig. 3.
Kinetics of real-time binding of LIBS mAbs (HUTS-21) demonstrates a difference in
VLA-4 ligand (LDV) binding affinity before (control) and after "inside-out" activation
through formyl peptide receptor (modified from (13)). (a) U937 cells expressing the formyl
peptide receptor were treated with 100 nM fMLFF (activated) or vehicle before the start of
the experiment. The addition of HUTS-21 antibodies (first arrow) resulted in the rapid low-
level nonspecific binding of the antibody. Next, increasing amounts of LDV ligand were
added. This induced binding of mAbs resulted in different rates of antibody binding
(compare slopes after LDV additions). (b) absolute rates of HUTS-21 binding (slopes of
lines between sequential LDV additions calculated from panel a plotted vs. concentration of
LDV in solution). The data were fitted using the sigmoidal dose-response equation with
variable slope. Differences in EC50 values for resting and activated cells indicated the
affinity change for LDV binding.
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Table 1

General approaches for studying integrin-dependent cell adhesion

Experimental methods Conclusions References

Ligand mimetic binding and
dissociation, FRET-based extension
method, real-time cellular aggregation,
binding of a soluble integrin ligand
(VCAM−1), rapid mix flow cytometry

Independent regulation of
integrin affinity and unbending
(extension). Affinity regulates
the life-time of the interaction,
unbending regulates initial rate
of aggregate formation

(1;2;17) and
unpublished data

Real-time binding of LIBS antibodies,
ligand mimetic under activation through
Galphai-coupled GPCRs

Affinity state of the ligand
binding pocket is independent
of hybrid domain movement,
which is solely determined by
ligand occupancy

(13;37)

Ligand mimetic binding and
dissociation, FRET-based extension
method, under activation through
Galphai-coupled and Galphas-coupled
GPCRs, real-time cellular aggregation
/disaggregation, parallel plate flow
chamber

Galphai-coupled GPCRs
provide “pro-adhesive signal”,
Galphas-coupled GPCRs
provide “anti-adhesive signal”.

(2) and unpublished
data
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