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C

apture, rolling, and firm adhesion on endothelium are key
steps that regulate targeting and extravasation of leukocytes to the sites of inflammation. Integrins, selectins,
and their counterstructures determine cell adhesive properties in
these processes (1). Rapid changes in integrin-dependent cell avidity in response to activation of G protein-coupled receptors
(GPCRs)3 (“inside-out” activation) have been attributed to subsecond clustering of integrins (2), as well as to a large conformational
rearrangement of the molecule itself, which is believed to be accompanied by a change in affinity for ligand (3). The x-ray structure of the ␣v␤3 integrin ectodomain revealed a bent conformation
(4) that has been confirmed by alternate methods (5– 8). Electron
microscopy images showed the bent and extended forms of the
recombinant integrin in solution (8).
A “switchblade-like” model of integrin activation was proposed
from the analysis of the integrin EGF domain and exposure of
integrin activation epitopes. This model implies a large conformational change in which the head of the integrin molecule moves
away from the plasma membrane while the affinity for the ligand
changes (9, 10). The existence of the extended conformation in
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which the ligand-binding pocket is exposed, and therefore facilitates the encounter between integrin and endothelial adhesion molecule, supports the possibility of a mechanism to regulate tethering and rolling on low-affinity extended integrins (11). It is
well documented that some of the integrins can support tethering and rolling of leukocytes in shear flow (12, 13). However,
the physiological ligand is able to bind bent integrin in solution in
a Mn2⫹-dependent manner, raising the possibility that a small localized conformational change is enough to up-regulate the affinity
of the binding pocket (5). Moreover, analysis of Ab competition
patterns for resting or agonist-activated ␣IIb␤3 on platelets suggested a “piston and rotation” movement of the transmembrane
segments along the membrane, arguing against association of a
switchblade mechanism with integrin activation (14). It is also
possible that variable extended conformations with intermediate
and high affinity to ligand are present on cell surfaces (15). Thus,
regulation of the affinity state of the integrin-binding pocket and
the conformational unbending of the molecules represents a fundamental issue that is important for understanding the molecular
mechanisms responsible for tethering, rolling, and arrest of leukocytes on inflamed endothelium.
We sought to address this issue using a novel set of tools that
allows us to monitor affinity state, as well as conformational unbending of the ␣4␤1-integrin (VLA-4 and CD49d/CD29) on living
cells. Changes in VLA-4 affinity can be detected in real-time
and on a physiologically relevant time frame using a ligandmimicking LDV-containing fluorescent small molecule (4-((N⬘2-methylphenyl)ureido)-phenylacetyl-L-leucyl-L-aspartyl-L-valylL-prolyl-L-alanyl-L-alanyl-L-lysine-FITC (LDV-FITC)) (16). Previous
competition studies showed that dissociation rates for the natural
VLA-4 ligand, VCAM-1, and the LDV-FITC probe varied in parallel
(17). For several different receptors, the physiologically activated state
of the integrin, determined by inside-out signaling, has similar affinity
in several cell types (7, 16, 18, 19). Using the same VLA-4-specific
probe, we developed a fluorescence resonance energy transfer (FRET)
assay to investigate the dynamic structural transformation of VLA-4
in response to cell stimulation (6). Change in the FRET signal was
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Rapid activation of integrins in response to chemokine-induced signaling serves as a basis for leukocyte arrest on inflamed
endothelium. Current models of integrin activation include increased affinity for ligand, molecular extension, and others. In this
study, using real-time fluorescence resonance energy transfer to assess ␣4␤1 integrin conformational unbending and fluorescent
ligand binding to assess affinity, we report at least four receptor states with independent regulation of affinity and unbending.
Moreover, kinetic analysis of chemokine-induced integrin conformational unbending and ligand-binding affinity revealed conditions under which the affinity change was transient whereas the unbending was sustained. In a VLA-4/VCAM-1-specific myeloid
cell adhesion model system, changes in the affinity of the VLA-4-binding pocket were reflected in rapid cell aggregation and
disaggregation. However, the initial rate of cell aggregation increased 9-fold upon activation, of which only 2.5-fold was attributable to the increased affinity of the binding pocket. These data show that independent regulation of affinity and conformational
unbending represents a novel and fundamental mechanism for regulation of integrin-dependent adhesion in which the increased
affinity appears to account primarily for the increasing lifetime of the ␣4␤1 integrin/VCAM-1 bond, whereas the unbending
accounts for the increased capture efficiency. The Journal of Immunology, 2007, 178: 6828 – 6839.
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Materials and Methods
Materials
The VLA-4-specific ligand (6, 16, 17) 4-((N⬘-2-methylphenyl)ureido)phenylacetyl-L-leucyl-L-aspartyl-L-valyl-L-prolyl-L-alanyl-L-alanyl-L-lysine
(LDV containing small molecule) and its FITC-conjugated analog (LDVFITC) were synthesized at Commonwealth Biotechnologies. Octadecyl
rhodamine B chloride (R18), fluo-4AM, hydroethidine, and CFSE were
from Molecular Probes. PE-conjugated anti-human CD106 (VCAM-1) was
purchased from BD Pharmingen. FITC-conjugated mAb 44H6, against human CD49d (␣4 integrin subunit), was purchased from Serotec. mAb
HP2/1, against human CD49d, was purchased from Immunotech. All restriction enzymes were purchased from New England Biolabs. All other
reagents were from Sigma-Aldrich. Stock solutions of probes were prepared in DMSO, except for A23187 prepared in ethanol, at concentrations
⬃1000-fold higher than the final concentration. Usually, 1 l of stock
solution was added to 1 ml of cell suspension, yielding a final DMSO
concentration of 0.1%. Control samples were treated with equal amount of
pure DMSO or ethanol.

Cell lines and transfectant construct
The mouse melanoma cell line B78H1 and the human monoblastoid cell
line U937 were purchased from American Type Culture Collection. Sitedirected mutants of the formyl peptide receptor (FPR; nondesensitizing
mutant of FPR ⌬ST) in U937 cells were prepared as previously described
(20) and were a gift from Dr. E. Prossnitz (University of New Mexico,
Albuquerque, NM). For transfection of B78H1 cells, full-length human
VCAM-1 cDNA was a gift from Dr. R. Lobb of Biogen Idec (Cambridge,
MA). The original construct (21) was subcloned into the pTRACER
vector (Invitrogen Life Technologies). Transfection into B78H1 was
done using the LipofectAMINE Reagent (Invitrogen Life Technologies). High receptor-expressing cells were selected using the MoFlo
Flow Cytometer (DakoCytomation). Cells were grown at 37°C in a
humidified atmosphere of 5% CO2 and 95% air in RPMI 1640 (supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 10 mM HEPES (pH 7.4), and 10% heat-inactivated FBS). Cells
were then harvested and resuspended in 1 ml of HEPES buffer (110 mM
NaCl, 10 mM KCI, 10 mM glucose, 1 mM MgCI2, and 30 mM HEPES (pH
7.4)) containing 0.1% human serum albumin (HSA) and stored on ice. The
buffer was depleted of LPS by affinity chromatography over polymyxin
B-Sepharose (Detoxigel; Pierce). Cells were counted using the Coulter
Multisizer/Z2 analyzer (Beckman Coulter). For experiments, cells were
suspended with the same HEPES buffer at 1 ⫻ 106 cells/ml and warmed to
37°C. Alternatively, cell were resuspended in dye-free warm RPMI 1640
or HEPES buffer (37°C) and used immediately. The expression of adhesion
molecules was measured with fluorescent mAbs and quantified by comparison with a standard curve generated with Quantum Simply Cellular
microspheres (Bangs Laboratories) stained in parallel with the same mAb.
This produces an estimate of the total mAb binding sites/cell. Typically, we

FIGURE 1. Cartoon depicting FRET assay for assessing VLA-4 conformational unbending. 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 of VLA-4 is used as a fluorescent
donor at a high enough concentration (100 nM) 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 (6, 7).

find 400,000 – 600,000 VCAM-1 sites per B78H1 cell and 40,000 – 60,000
VLA-4 sites per U937 cell.

Kinetic analysis of binding and dissociation
Kinetic analysis of the binding and dissociation of the LDV-FITC probe
was described previously (16). Briefly, U937 cells (1 ⫻ 106 cells/ml) were
preincubated in HEPES buffer containing 0.1% HSA at different conditions
for 10 –20 min at 37°C. Flow cytometric data were acquired for up to
1024 s at 37°C, while the samples were stirred continuously at 300 rpm
with a 5 ⫻ 2-mm magnetic stir bar (Bel-Art Products). Samples were
analyzed for 30 –120 s to establish a baseline. The fluorescent ligand was
added, and acquisition was re-established, creating a 5- to 10-s gap in the
time course. For real-time affinity activation experiments, 4 nM LDV-FITC
probe was added after establishing a baseline for unstained cells marked on
figures as “autofluorescence.” Then, data were acquired for 2–3 min, and
N-formyl-L-methionyl-L-leucyl-L-phenylalanyl-L-phenylalanine (fMLFF)
(100 nM), PMA (0.5 nM–1 M), A23187 (10 – 40 g/ml), U-73122 (20
nM–2 M), or Mn2⫹ (1 mM) was added. In several experiments, cells were
treated sequentially with two or more different compounds. Acquisition
was re-established, and data were acquired continuously for up to 1024 s.
The concentration of the LDV-FITC probe used in the experiments (4
nM) was below the Kd for its binding to resting VLA-4 (low-affinity state
1, Kd ⬃12 nM) and above the Kd for physiologically activated VLA-4
(high-affinity state 2, Kd ⬃1–2 nM) (16). Therefore, the transition from the
low-affinity to the high-affinity receptor state led to increased binding of the
probe (from ⬃25 to ⬃70 – 80% of receptor occupancy, as calculated based
on the one site-binding equation), which was detected as an increase in the
mean channel fluorescence (MCF). For kinetic dissociation measurements,
cell samples were preincubated with the fluorescent probe (4 –10 nM) and
treated with excess unlabeled LDV-containing small molecule (2 M), and
the dissociation of the fluorescent molecule was followed. The resulting
data were converted to MCF vs time using FCSQuery software developed
by Dr. B. Edwards (University of New Mexico, Albuquerque, NM).

FRET detection of VLA-4 conformational unbending
The FRET assay used the LDV-FITC probe as a donor, which specifically
binds to the ␣4 integrin head group, and octadecyl rhodamine B (R18) as
an acceptor incorporated into the plasma membrane (Fig. 1) and was previously described in detail in Ref. 6. Briefly, U937 cells stably transfected
with the nondesensitizing mutant (⌬ST) of the FPR (22, 23) were preincubated with 100 nM LDV-FITC probe in HEPES buffer containing 1.5
mM CaCl2, 1 mM MgCl2, and 0.1% HSA at 37°C. Alternatively, 100 nM
LDV-FITC probe was added after establishing a baseline for unstained
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interpreted as a change in the distance of closest approach or molecular unbending of ⬃25–50 Å upon activation (see Fig. 1) (6, 7).
The goal of the current work was to resolve the relationship
between VLA-4 affinity changes detected using the LDV-FITC
probe-binding assay and molecular unbending using the FRET assay and to explore a functional role of these two features of the
molecule in the regulation of VLA-4-dependent cellular adhesion.
Our results define distinct signaling mechanisms that independently regulate the affinity of the ligand-binding pocket, as well as
the molecular unbending of VLA-4 from inside the cell. Modulation of the affinity of the binding pocket resulted in the rapid
changes in the adhesion avidity of cells in suspension as detected
in real time. The overall number of aggregates at steady state was
regulated by the ligand dissociation rate and the lifetime of the
aggregate. However, different states of molecular unbending at
similar affinity state of the binding pocket were reflected in different initial rates of cell aggregation: the unbent state exhibited a
3- to 4-fold faster initial aggregation rate. We discuss the roles for
the independent regulation of integrin affinity and conformational
unbending, a novel and fundamental mechanism by which leukocyte capture, rolling, and arrest are regulated in response to chemokine-induced inside-out signaling.
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Cell adhesion assay
The cell suspension adhesion assay has been described previously (17).
Briefly, U937/⌬ST FPR stably transfected cells were labeled with red fluorescent hydroethidine, and B78H1/VCAM-1 transfectants were stained
with green CFSE. Labeled cells were washed, resuspended in HEPES
buffer supplemented with 0.1% HSA, and stored on ice until used in assays.
Control U937 cells were preincubated with the LDV-containing small molecule for blocking. Before data acquisition, cells were warmed to 37°C for
10 min separately and then mixed. During data acquisition, the samples
were stirred with a 5 ⫻ 2-mm magnetic stir bar (Bel-Art Products) at 300
rpm and kept at 37°C. For stimulation, indicated concentrations of fMLFF
peptide ATP and U73122 were added. For stimulation using PMA, U937
cells were preincubated with 1 M PMA for 10 min at 37°C to allow for
maximum PMA response to be reached before mixing of U937 cells with
B78H1/VCAM-1 cells. The number of cell aggregates containing U937
adherent to B78H1/VCAM-1 (red and green cofluorescent particles) was
followed in real time. The percentage of aggregation was calculated as
follows: percentage of aggregation ⫽ (number of aggregates/(number of
aggregates ⫹ number of singlets of both U937 and B78H1)) ⫻ 100. In
several experiments, initial rates of singlet cell depletion of U937 cells only
(red fluorescent particles) were calculated by fitting depletion curves to the
single exponential equation. From these data, the rate of singlet cell depletion was calculated for each time interval, and then, it was extrapolated
to the initial time point at which cell mixing had occurred. Experiments
were done using a FACScan flow cytometer and Cell Quest software (BD
Biosciences).

Intracellular Ca2⫹ measurements
Intracellular Ca2⫹ was measured as described in detail (19). Briefly, U937
cells (5 ⫻ 106 cells/ml) were loaded with 1 M fluo-4 AM for 30 min at
37°C in RPMI 1640. Next, cells were washed with dye-free warm RPMI
1640 and incubated for 30 min before the experiment. Cells were then
resuspended in HEPES buffer and treated as described above with stimuli
or inhibitors.

Statistical analysis
Curve fits and statistics were performed using GraphPad Prism (GraphPad).
Each experiment was repeated at least three times. The experimental curves
represent the mean of two or three independent runs. SEM was calculated
using GraphPad Prism.

Results
Phorbol esters induce the high-affinity state of VLA-4, which is
quantitatively similar to the state induced by the inside-out
signal
The LDV-FITC probe was used to characterize the affinity of
VLA-4 induced by PMA. Fig. 2A shows a typical real-time activation and dissociation experiment in which LDV-FITC was
added to a cell suspension after 30 s of stirring, and cells were

activated 3 min after the beginning of the experiment. Because the
concentration of the LDV-FITC probe in this type of experiments
(typically 4 nM) was lower than Kd for the resting state of the
receptor and higher than Kd for the activated state, the transition
from the low- to the high-affinity state was accompanied by additional binding of the probe. An excess of unlabeled competitor was
added 4 –7 min after activation. By fitting dissociation kinetics to
single exponential curves, dissociation rate constants (koff) corresponding to states of different affinity were extracted. For VLA-4
on unstimulated U937 cells, koff ⬃0.06 – 0.1 s⫺1 was obtained
(data not shown). This koff corresponds to the resting receptor state
(state 1; see Fig. 10A) (16, 17). For PMA-treated cells, koff was in
the range of 0.017– 0.023 s⫺1, which corresponded to the physiologically activated, by inside-out signaling, receptor state (see
fMLFF activation; Fig. 2A (16, 17)). Thus, according to the dissociation rate analysis, phorbol ester induced the high-affinity state
of VLA-4, and it was quantitatively similar to the state induced by
activation through the FPR.
The kinetics of VLA-4 activation by PMA was strongly dose
dependent (Fig. 2B). However, despite the difference in the initial
slope of the binding curves after addition of PMA, the plateau of
LDV-FITC binding was the same over more than three orders of
magnitude of PMA concentration (0.5 nM–2 M). The interpretation of this result is that the affinity state of VLA-4 after activation is largely independent of PMA concentration. As differing
concentrations of the phorbol ester most likely vary its uptake
rates, subsequent experiments were performed using high concentrations of PMA (0.5–1 M).
PMA induces the high-affinity state without VLA-4
conformational unbending
To determine whether PMA produces a conformational unbending
of VLA-4, we performed the FRET assay (Fig. 2, C and D, see
Materials and Methods, Fig. 1 and Refs. 6 and 7). Cells were
preincubated with the LDV-FITC probe. Fluorescence of the
probe was quenched with octadecyl rhodamine B (R18). Then,
cells were activated by fMLFF or PMA. DMSO was used as a
negative control (labeled R18 only; Fig. 2C). Next, data from
Fig. 2C were replotted by subtracting the baseline data (R18 only)
from activated cell data. The data are normalized, assuming that average MCF value for FPR-activated cells is equal to 100%; therefore,
the y-axis is labeled as “Donor fluorescence, % relative to fMLFF”
(Fig. 2D). As shown previously, activation of the cells transfected
with the nondesensitizing mutant of FPR (⌬ST) (6) led to the rapid
unquenching of the FITC signal, which was interpreted as a change
in the distance of closest approach between the VLA-4 ligand
binding site occupied by LDV-FITC and the membrane surface
(Fig. 1). With PMA activation, no significant change in FRET
fluorescence was detected for up to 15 min after stimulation. Thus,
contrary to activation by FPR (state 2), phorbol ester induced a highaffinity state of VLA-4 without any detectable conformational
unbending of the molecule (state 3; see Fig. 10A).
Increased intracellular Ca2⫹ is sufficient to induce the
high-affinity unbent state of VLA-4 (state 2)
Phorbol esters activate conventional protein kinase Cs (PKCs) (24)
by mimicking diacylglycerol in the absence of Ca2⫹ signaling.
Because PMA induced VLA-4 affinity up-regulation without increasing intracellular Ca2⫹ concentration (Fig. 2E), we investigated the role of intracellular Ca2⫹ in regulating VLA-4 unbending. Previously, we showed that up-regulation of VLA-4 affinity
can be achieved by treating U937 cells with Ca2⫹ ionophores,
while chelation of intracellular Ca2⫹ with BAPTA prevented the
VLA-4 affinity change (19). In this study, we have extended this
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cells (autofluorescence). Next, samples were analyzed for 1–3 min to establish a baseline for 100 nM LDV-FITC, and then, a saturating amount of
octadecyl rhodamine B (R18, 10 M final) was added to yield maximal
quenching of donor fluorescence. One to 3 min after R18 was added, cells
were treated with fMLFF (100 nM), PMA (0.5 nM–1 M), A23187
(10 – 40 g/ml), ATP (10 M), or U-73122 (20 nM–2 M). In several
experiments, cells were treated sequentially with two or more different
compounds as in the LDV-FITC probe-binding experiments. Donor intensities
(FL1 in MCF units) were measured using a Becton Dickinson FACScan flow
cytometer at 37°C. Changes in the donor fluorescence intensity were interpreted as changes in the distance of closest approach between LDV-FITC
ligand binding site on VLA-4 and the surface of the plasma membrane (rc; Fig.
1) (6, 7). As previously reported, based on analysis of steady-state FRET
measurements, the distance of the closest approach between LDV-FITC and
membrane increased for ⬃25 Å after fMLFF activation, ⬃50 Å for Mn2⫹activated receptors, and ⬃75 Å for reducing agent in presence of Mn2⫹. The
uncertainty of the head group placement in the resting state was ⬃25 Å (6, 7).
As the length of fully extended integrin is ⬃200 Å, the change in the distance
of closest approach is far from full molecular extension. Therefore, the term
“unbending” is more suitable for the description of integrin conformational
change. However, the current interpretation of FRET data depends on whether
all integrins respond to the inside-out signaling (as the measurements are averaged) and the exact position of the resting integrin (see Discussion for more
details).
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Addition of Ca2⫹ ionophore to PMA-activated cell results in the
rapid conformational unbending of the molecule
To investigate the role of intracellular Ca2⫹ in the regulation of
VLA-4 conformational unbending, we also treated PMA-activated

FIGURE 2. Binding and dissociation of the LDV-FITC probe on U937
cells; energy transfer on U937 cells between the LDV-FITC donor probe
and octadecylrhodamine (R18) acceptor probe; and intracellular Ca2⫹ kinetics. Experiments were conducted as described under Materials and

Methods. A, LDV-FITC probe binding and dissociation on U937 cells stably transfected with the nondesensitizing mutant of FPR (⌬ST) (23) plotted
as MCF vs time. The experiment involves sequential additions of fluorescent LDV-FITC probe (4 nM), fMLFF (100 nM, solid line), or PMA (100
nM, dashed), and nonfluorescent (2 M) LDV-containing small molecule
(arrows). The MCF value corresponding to cell autofluorescence is indicated by arrow. Dissociation rate constants (koff) obtained by fitting dissociation curves to a single exponential decay equation are shown in parentheses. B, Response kinetics of LDV-FITC probe binding to U937 cells
following stimulation by different concentrations of PMA (0.5 nM, ⫺1
M) plotted as MCF vs time. Experiments were performed as described in
A. C, Real-time FRET unbending analysis on VLA-4 in response to insideout signaling and PMA. U937 cells stably transfected with the nondesensitizing mutant of FPR (⌬ST) (23) were preincubated at 37°C with 100 nM
LDV-FITC probe to saturate low-affinity sites in HEPES buffer containing
1 mM Ca2⫹ and 1 mM Mg2⫹. Next, LDV-FITC fluorescence was
quenched after addition of 10 M octadecyl rhodamine (R18, arrow).
Then, cells were activated by addition of 100 nM fMLFF or 1 M PMA.
Data are plotted as MCF vs time for three conditions: quenched and then
activated by fMLFF (solid line), quenched and then activated by PMA
(gray solid line), and quenched only (R18 only, DMSO vehicle, dashed
line). D, Normalized data from C processed as described in the text. SE is
shown for every 20-s time point (n ⫽ 2). LDV-FITC probe binding and
dissociation experiments, together with FRET experiments, were performed on the same day using the same cells and the same set of activating
reagents. E, Kinetics of intracellular Ca2⫹ response detected using fluo-4
AM, after sequential additions of PMA (1 M), followed by fMLFF (100
nM) (solid line), and fMLFF (100 nM), followed by PMA (1 M) (dashed
line), in U937 cells transfected with FPR (⌬ST). Notice the absence of the
signal increase (rather some decrease) after addition of PMA. One representative experiment of three experiments is shown.
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observation by showing that the kinetics of the ionophore-induced
affinity change was strongly dose dependent. At a low concentration of A23187 (10 g/ml), up-regulation of VLA-4 affinity was
transient; at a higher concentration (40 g/ml), the high affinity
was sustained for ⬎10 min (Fig. 3A). Quantitatively, the affinity of
VLA-4 induced by Ca2⫹ ionophores was very similar to the state
induced by fMLFF or PMA activation (koff ⬃0.019 – 0.023 s⫺1).
Thus, an increase in the intracellular Ca2⫹ concentration was sufficient to induce high-affinity VLA-4, which was quantitatively
similar to the state induced by inside-out activation.
Next, to probe VLA-4 conformational unbending, we performed
the FRET assay (Fig. 3B). We found that the overall kinetics of the
conformational unbending was different for activation using
A23187 in comparison to fMLFF. Two distinct waves of molecular unbending can be seen. A rapid, transient (⬃1 min) conformational unbending of VLA-4 after ionophore addition was followed by a slow conformational unbending over the next 8 –10
min. Biphasic kinetics for intracellular Ca2⫹ concentration reflect
an initial rise of intracellular Ca2⫹ induced by ionophore and activation of Ca2⫹ pumps that actively remove calcium from the
cytoplasm. If the Ca2⫹ influx is higher than the pump’s capacity,
intracellular Ca2⫹ slowly rises over time. It is worth noting that, at
the end of the experiment with A23187, the FRET signal went
approximately to the level of the formyl peptide-activated cells.
This result suggests that the distance of closest approach between
the ligand binding site and the membrane (rc in Fig. 1) was the
same for both cases. Therefore, the affinity state and the conformational unbending of VLA-4 induced by ionophore were similar
to the state induced by FPR stimulation (state 2; see Fig. 10A).
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solid line, Fig. 3C to A23187 only, solid line, Fig. 3B, with formyl
peptide in both panels). Thus, an increase in intracellular Ca2⫹ was
sufficient to induce the high-affinity unbent state of VLA-4
whereas activation of PKC alone using PMA in the absence of
cytoplasmic Ca2⫹ elevation was not. Therefore, elevation of
cytoplasmic Ca2⫹ is essential for the induction of the unbent
state of VLA-4.
U-73122 rapidly down-regulates VLA-4 affinity in cells activated
through FPRs
To investigate the role of downstream signaling in the regulation
of VLA-4 activation by FPRs, we used the putative phospholipase
C (PLC) inhibitor U-73122 to block the signaling pathway from
FPRs toward VLA-4. Preincubation with U-73122 completely
blocks integrin activation through FPRs (Fig. 4A, dotted line).
Moreover, VLA-4 affinity up-regulation can be reversed in real
time in a dose-dependent manner (Fig. 4B).

FIGURE 3. Response kinetics of LDV-FITC probe binding to U937
cells following stimulation by fMLFF and Ca2⫹ ionophore (A23187); energy transfer on U937 cells between LDV-FITC donor probe and octadecylrhodamine (R18) acceptor probe. A, Response kinetics of LDV-FITC
binding to U937 cells transfected with the nondesensitizing mutant of FPR
(⌬ST) following stimulation by fMLFF and A23187 are plotted as MCF vs
time. The experiment involved sequential additions of LDV-FITC (4 nM),
fMLFF (100 nM), or A23187 (10 – 40 g/ml). The MCF value corresponding to the cell autofluorescence is indicated by arrow. B, Real-time FRET
experiments are as described in Fig. 2C, except that A23187 (40 g/ml,
solid line) was used to activate VLA-4. C, Real-time FRET experiments
are as described in Fig. 2D, except cells treated with PMA (1 M) were
treated additionally with A23187 (40 g/ml) (PMA, A23187, solid line).
Data were processed as described for Fig. 2, C and D, and therefore, the
y-axis labeled as “Donor fluorescence, % relative to fMLFF.” The positive
control (fMLFF, 100 nM) is also shown. Curves are means of two independent runs calculated on a point-by-point basis. SE is shown for every
20-s time point (n ⫽ 2).

cells with Ca2⫹ ionophore (Fig. 3C). This treatment resulted in a
very rapid increase of the signal that reached the same plateau as
stimulation by formyl peptide alone. As with ionophore alone, this
suggested that conformational unbending of the molecule was similar in both cases (rc was about the same; Fig. 1). However, the
overall kinetics of cell activation by A23187 in the presence of
PMA was different than for A23187 alone. The initial rate of signal
increase was faster for the case of PMA plus A23187, and twowave behavior was practically absent (compare PMA and A23187,

FPR/⌬ST activation results in a sustained high affinity and relatively sustained Ca2⫹ response (Fig. 5, A and C). A rapid decrease
in VLA-4 affinity in cells treated with U-73122 was accompanied
by a decrease in intracellular Ca2⫹ as detected by fluo-4 (Fig. 5, B
and D). The kinetics of LDV-FITC probe dissociation and the
fluo-4 signal decrease after addition of U-73122 were almost identical (compare fluo-4 in Fig. 5B and LDV-FITC in Fig. 5D after
U-73122 addition). The subsequent addition of A23187 resulted in
a full Ca2⫹ elevation. In fact, the peak of the fluo-4 fluorescence
signal was slightly higher than for formyl peptide. However, in this
case, elevated intracellular Ca2⫹ was insufficient to increase
VLA-4 affinity, and the LDV-FITC probe-binding signal did not
recover to the level of activated cells (Fig. 5, B and D, after
A23187 addition). Thus, U-73122 blocked a signaling step that
was obligatory for affinity up-regulation that cannot be restored by
Ca2⫹ elevation.
Increase of intracellular Ca2⫹ by Ca2⫹ ionophore is sufficient
to restore VLA-4 conformational unbending after addition of
U-73122
To investigate whether U-73122 affects the conformational unbending of VLA-4, we performed the FRET-unbending assay in
which cells were treated sequentially with U-73122 and A23187
(Fig. 6A). Addition of U-73122 to cells previously activated with
formyl peptide led to rapid loss of conformational unbending,
which recovered spontaneously to ⬃50% of the positive control by
the end of the experiment (Fig. 6A, fMLFF and U-73122 (dotted
line)). The kinetics of the intracellular Ca2⫹ elevation in this case
also showed a rapid and transient decrease with a slow recovery
phase (data not shown). Addition of A23187 induced rapid conformational unbending, reaching 100% of the positive control
within 3 min (Fig. 6, fMLFF, U-73122, and A23187 (solid line)).
This concentration of A23187 was sufficient to rapidly elevate the
intracellular Ca2⫹ level on a similar timescale (Fig. 5B).
Preincubation with U-73122 blocks only VLA-4 affinity change
but not the molecular unbending and Ca2⫹ response
To further investigate the effect of U-73122 upon VLA-4 activation, we preincubated cells with 1 M U-73122 for 10 min.
Next, cells were activated using formyl peptide. In these conditions, the VLA-4 affinity change was completely blocked
(Fig. 6B), although molecular unbending and Ca2⫹ elevation
were not affected (Fig. 6, C and D). In fact, the Ca2⫹ level was
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Increasing intracellular Ca2⫹ with Ca2⫹ ionophore is not
sufficient to restore down-regulated VLA-4 affinity after addition
of U-73122
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FIGURE 4. Response kinetics of LDV-FITC probe binding to U937 cells following treatment with fMLFF and PLC inhibitor U-73122. A, U937 cells
transfected with FPR (⌬ST) were preincubated for 30 min with 2 M U-73122 (dashed line) or 2 l of DMSO (solid line) at 37°C. Next, LDV-FITC probe
(4 nM) and fMLFF (100 nM) were sequentially added. B, U937 cells transfected with FPR (⌬ST) were sequentially treated with LDV-FITC probe (4 nM),
fMLFF (100 nM), and different concentrations of U-73122. Data are plotted as MCF vs time. The MCF value corresponding to the cell autofluorescence
is indicated by arrow.

The kinetics of VLA-4 molecular unbending after GPCR
activation is different from the kinetics of affinity change
Next, to compare the real-time kinetics of affinity change and
integrin conformational unbending, we took advantage of the
P2Y (purinergic) receptors constitutively expressed on U937

FIGURE 5. Kinetics of intracellular Ca2⫹ response, detected using
fluo-4, AM; LDV-FITC probe binding and dissociation following cell
treatment by fMLFF, PLC inhibitor
U-73122, and Ca2⫹ ionophore
A23187. A, Kinetics of fluo-4 signal
changes in response to the fMLFF activation of U937 cells transfected
with FPR (⌬ST). B, Kinetics of fluo-4
signal changes after sequential addition of fMLFF (100 nM), U-73122 (1
M), and A23187 (40 g/ml). C, Response kinetics of LDV-FITC probe
binding to U937 cells following stimulation by fMLFF, or D, after sequential
addition of fMLFF (100 nM), U-73122
(1 M), and A23187 (40 g/ml). Before the stimulation cells in (C and D)
were preincubated with 4 nM LDVFITC probe for 5 min at 37°C. Data are
plotted as MCF vs time.

cells (25), which were stably transfected with nondesensitizing
mutant of FPRs (23). Formyl peptide activation served as a
positive control. The VLA-4 affinity change detected in the ligand-binding assay was very rapid and reversible (Fig. 7A). The
signal returned to a baseline value within ⬃200 s after ATP
activation. However, the FRET signal did not return to the baseline after ⬎12 min (Fig. 7B). By the end of the experiment, it
reached ⬃50% of the positive control (Fig. 7B, fMLFF, dotted
line). These partial quenching results do not distinguish whether
all VLA-4 molecules were still partially unbent (intermediate
extended state) long after the affinity of the binding pocket had
returned back to the resting state or whether a fraction of the
VLA-4 molecules was still extended, whereas the rest of the
integrins returned back to the bent conformation (Fig. 1). As
shown above, the conformational unbending of VLA-4 seems to
be related to the intracellular Ca2⫹ concentration (Figs. 5 and
6). Therefore, we compared the kinetics of VLA-4 conformational unbending and intracellular Ca2⫹ detected using fluo-4
(Fig. 7C). Both the FRET signal and the intracellular Ca2⫹
concentration peaked very rapidly and did not return to the
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slightly higher for U-73122-treated cells. This result additionally supports the idea that the affinity change is regulated independently from the conformational unbending, and it is independent upon Ca2⫹ signaling. On the contrary, the kinetics of
integrin conformational unbending was similar to the kinetics
of intracellular calcium in all experiments. For the case of the
real-time addition of U-73122, a rapid decrease in the intracellular calcium was transient, and it slowly recovered very similar
to the FRET signal (Fig. 6A and data not shown). For preincubation experiments, compare Fig. 6, C and D. Taken together
with the fact that addition of Ca ionophore facilitates integrin
conformational unbending (Figs. 3C and 6A), our data suggest
that Ca elevation plays an important role in the regulation of
integrin conformational unbending.
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baseline value even at the end of the experiment (compare solid
lines in Fig. 7, B and C). Thus, in these experiments, as for the
experiments with Ca2⫹ ionophore and U-73122, the kinetics of
the molecule conformational unbending was also similar to the
kinetics of the intracellular Ca2⫹. This result raises the possibility that the integrin affinity change and conformational unbending can have different thresholds for intracellular Ca2⫹: the
affinity change requires much higher Ca2⫹ concentration.
A similar relationship between the kinetics of the FRET and
affinity change response has been observed for CXCR4-transfected
U937 cells (data not shown) and wild-type FPRs (see Fig. 4B in
Ref. 6 and Fig. 4B in Ref. 16). These data indicate that the conformational unbending of VLA-4 and the affinity state of the binding pocket are regulated in a different temporal fashion, supporting
the idea that conformational unbending and affinity are regulated
by different mechanisms. Taken together, our data suggest that the
affinity state of VLA-4, detected in a small ligand-binding assay,
and the conformational unbending of the molecule, detected
using the FRET based assay, are regulated by two related but
distinct signaling pathways. Nominally, PKCs and the diacylglycerol-related pathway, which can be activated by PMA, regulate affinity, whereas the Ca2⫹-dependent pathway regulates
both molecular unbending and affinity (presumably through
Ca2⫹-dependent PKCs).

Rapid modulation of integrin affinity leads to rapid modulation
of cell aggregation
To study the role of VLA-4 affinity and conformational unbending
in the regulation of cell aggregation, we performed a VLA-4/
VCAM-1-specific real-time cell adhesion assay (Fig. 8). The rate
of aggregate formation in these types of suspension assays has
been related to the efficiency with which a cell collision results in
the formation of a stable aggregate (26). The specificity of cell
aggregation was tested using anti-␣4 integrin mAb (HP2/1) (17), as
well as the unlabeled LDV small molecule that completely blocked
cell aggregation (Fig. 8A). As shown previously, cell aggregation
as detected using cell aggregates (red and green cofluorescent particles; see Materials and Methods) did not discriminate between
doublets and higher order aggregates (27). Therefore, the more
rigorous analysis of cell aggregation was done by using singlet cell
depletion methodology (28).
As shown previously, rapid up-regulation of VLA-4 affinity on
U937 cells through GPCRs resulted in the rapid cell aggregation.
Rapid and reversible change in the integrin affinity induced by
ATP resulted in transient increase in the aggregation kinetics (Fig.
8A). The initial phases of cell aggregation after activation were
very similar for the case of aggregates and singlet cell depletion
(compare curves on Fig. 8B).
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FIGURE 6. Effect of U-73122 on the kinetics of energy transfer, LDV-FITC probe binding, and kinetics of intracellular Ca2⫹ response following
stimulation with fMLFF in U937 cells transfected with FPR (⌬ST). A, Kinetics of the FRET signal change after sequential addition of fMLFF (100 nM),
U-73122 (1 M), and in the presence or absence of A23187 (40 g/ml). The positive control (100 nM fMLFF) is also shown. Data were processed as
described for Fig. 2, C and D, and therefore, the y-axis labeled as “Donor fluorescence, % relative to fMLFF.” B–D, Cell were preincubated with 1 M
U-73122 for 10 min at 37°C. Control cell were preincubated with DMSO. B, Response kinetics of LDV-FITC probe binding to U937 cells following
treatment with fMLFF. Cells were treated sequentially with LDV-FITC probe (4 nM) and fMLFF (100 nM). C, Real-time FRET experiments are as
described in Fig. 2D, except cells treated with fMLFF (100 nM). Data were processed as described for Fig. 2, C and D, and therefore, the y-axis labeled
as “Donor fluorescence, % relative to fMLFF.” D, Kinetics of intracellular Ca2⫹ response, detected using fluo-4, AM; after addition of fMLFF (100 nM).
A and B, SE is shown for every 20-s time point (n ⫽ 2). C and D, SE is shown for every point (n ⫽ 3). Experiments shown on B–D were performed on
the same day using the same cells and the same set of reagents.
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Moreover, termination of signaling using U-73122, which in
the LDV-FITC-binding assay shows rapid and sustained downregulation of VLA-4 affinity (Fig. 4), resulted in a very rapid
cellular disaggregation as detected in both cell aggregation and
singlet cell depletion protocols (Fig. 8C). Thus, in agreement
with previous reports, the affinity of the VLA-4-binding pocket
dramatically affects the cell adhesion avidity in a VLA-4/
VCAM-1-specific adhesion model system, primarily by regulating the lifetime of the aggregate (17, 27). However, because
U-73122 caused both affinity down-regulation (Fig. 5) and rapid
integrin bending (Fig. 6A), it is impossible to draw any conclusion about the role of integrin conformational unbending in

FIGURE 8. Changes in cell adhesion between U937 FPR (⌬ST) and
VCAM-1-transfected B78H1 cells at resting state and in response to receptor stimulation. A, Data are plotted as percentage of aggregates vs time.
Four different experimental conditions are shown (resting state (no stimulus), stimulation with 100 nM fMLFF, stimulation with 1 M ATP, and
preincubation with blocking LDV small molecule). The nondesensitizing
FPR mutant is used to maintain VLA-4 in a state of constant affinity. B,
Data are plotted as aggregates and U937 FPR (⌬ST) singlets vs time.
Singlet depletion curve exhibited a single exponential kinetics. C, The
effect of PLC inhibitor U-73122 upon cell adhesion. Data are plotted as
aggregates and U937 FPR (⌬ST) singlets vs time. Small arrows indicate
the moment of stimulus addition. Representative experiments of three independent experiments are shown.

U-73122-induced cellular disaggregation (Fig. 8C). It is possible that integrin low affinity and bending can both participate in
the induction of disaggregation: low affinity— by decreasing the
life-time of VLA-4/VCAM-1 bonds, and bending— by masking
previously exposed binding site and thereby lowering the probability of bond reengagement.
The initial rate of cell aggregation is regulated by VLA-4
conformational unbending
Finally, to investigate the role of VLA-4 conformational unbending, we have studied the real-time kinetics of cell aggregation using singlet cell depletion methodology (Fig. 9; Ref.
28). To generate the high-affinity bent state of VLA-4, U937
cells were preincubated with a high concentration of PMA for
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FIGURE 7. Real-time kinetics of VLA-4 affinity change, energy transfer, and intracellular Ca2⫹ response after activation of purinergic receptors
constitutively expressed on U937 cells (25) transfected with FPR (⌬ST). A,
Response kinetics of LDV-FITC probe binding to U937 cells following
treatment with ATP or fMLFF (positive control). Before the experiment,
cells were preincubated with 4 nM LDV-FITC probe for 5 min at 37°C.
Data are plotted as MCF vs time. B, Kinetics of the FRET signal change
after addition of ATP (10 M). The positive control (100 nM fMLFF) is
also shown. Data were processed as described for Fig. 2, C and D, and
therefore, the y-axis labeled as “Donor fluorescence, % relative to fMLFF.”
C, Kinetics of intracellular Ca2⫹ response, detected using fluo-4, AM, as
described in Materials and Methods. The baseline value (dashed line) represents the mean value before addition of the stimuli. Data are plotted as
MCF vs time. Representative experiments of three independent experiments are shown.
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Discussion
The VLA-4/VCAM-1 model system

10 min at 37°C, and to generate the same high affinity but unbent state, cells were activated by fMLFF. The aggregation results demonstrate dramatically different initial rates of singlet
cell depletion for the cases of PMA and fMLFF activation, despite the fact that the steady-state values of cell aggregation
were very similar (compare open and filled circles on Fig. 9A at
200 –240 s after cell mixing). The initial rates of cellular aggregation were significantly greater for the fMLFF-induced unbent conformation than the bent conformations of the resting
state or the PMA-activated state (compare squares and open
circles to filled circles; Fig. 9B). Thus, our data suggest that
conformational unbending of VLA-4 primarily affects the initial
rate of cell aggregation, and the aggregation rate is largely independent of the affinity state of the binding pocket (as shown
in Fig. 2A, the resting and PMA-activated states have similar
off-rates (koff) for the VLA-4 ligand). It appears that the exposure of the VLA-4 binding site through conformational unbending changes the adhesive efficiency of cell collisions. In contrast, the overall number of aggregates appears to depend upon
the lifetime of the aggregate, which is determined by the affinity
of the VLA-4-binding pocket when there is a small number of
VLA-4/VCAM-1 bonds (27).

Integrin affinity, conformational unbending, and cell adhesion
VLA-4 has the potential to exhibit multiple affinity states that mediate tethering, rolling and arrest on its endothelial ligand,
VCAM-1 (12, 29 –31). Previously, we have used the LDV-FITC
probe as a model ligand that reports the affinity state of VLA-4
under different activating conditions (16), and our data suggested
that the VLA-4 affinity state strongly correlated with the degree of
molecular unbending detected using FRET (6, 7). Here, using activators and inhibitors of cell signaling we report the discordance
between the high affinity state of VLA-4 as measured by the ligand
binding/dissociation assay and the conformational unbending of
the molecule in a FRET assay (Fig. 10A). Affinity change and
conformational unbending also exhibit different kinetics after receptor activation (Fig. 7).
In several experimental systems, phorbol esters have been
shown to increase cell adhesion avidity. This result was attributed
to changes in the lateral mobility of the integrin (32), change in the
affinity after stimulation detected using soluble VCAM-1 (33), or
absence of the affinity change of VLA-4 induced by “inside-out
signal” (34). Our results support the idea that phorbol esters do in
fact up-regulate affinity of VLA-4 for ligand in a time and dose
dependent manner. Thus, while phorbol esters up-regulate affinity
on a relevant time scale that is similar to the affinity of “physiologically” activated VLA-4 (state 2; Fig. 10A), VLA-4 does not
extend in response to PMA as detected using the FRET assay (Fig.
2, C and D).
The absence of a change in FRET in PMA treated cells (Fig. 2,
C and D), together with the up-regulation of the binding affinity
(Fig. 2, A and B), points to the possibility of a localized conformational change that affects only the affinity of the LDV-binding
pocket without a large conformational rearrangement and conformational unbending of the molecule (state 3; Fig. 10A). A recently
published model of a fibronectin fragment bound to the ␣V␤3 integrin in a bent form supports the possibility of this scenario (5).
However, the proximity of the ligand-binding pocket to the membrane in a bent form could presumably reduce the initial phases of
cell recruitment, such as tethering and rolling. Our aggregation
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FIGURE 9. Estimation of the initial rate of cell aggregation between
U937 FPR (⌬ST) and VCAM-1-transfected B78H1 cells. A, Singlet cell
depletion data as shown on a Fig. 8B were normalized assuming that average singlets count for blocked sample is equal to 0%, and 0 singlet count
is equal to 100% (no singlets left in solution, therefore all cells are in the
aggregates); therefore, the y-axis is labeled as “⌬ST FPR U937 singlets in
the aggregate, %.” Four different experimental conditions are shown (resting state (no stimulus), stimulation with 100 nM fMLFF added at the time
of the cell mixing, stimulation with 1 M PMA for 10 min at 37°C before
cell mixing (this time is sufficient to generate high-affinity state of VLA-4
(Fig. 2B)) and preincubation with blocking LDV small molecule). Curves
show a single exponential fit to the data. B, Estimation of the initial rate of
cell aggregation. Using the curve fits from A, the absolute rates of the cell
aggregation (percentage of cell singlet incorporated into the aggregate per
second) were calculated for each time interval and plotted vs time. The
initial rate of the cell aggregation extrapolated to the time 0 point is shown
next to each curve. Representative experiment of four independent experiments is shown.

Undifferentiated U937 cells are known to possess all the intracellular signaling apparatus and machinery necessary to generate a
motile phenotype when stably transfected with a chemoattractant
receptor (20). These suspension cells constitutively express
VLA-4, and like a majority of peripheral blood leukocytes at rest,
they exhibit a nonadhesive phenotype with a low affinity state of
VLA-4 (16). The affinity can be rapidly up-regulated through an
inside-out signaling pathway, and the kinetics of the affinity
change reflects the signaling properties of a particular GPCR, such
as their activation and desensitization kinetics (7, 16). Also, no
significant “outside-in” signaling or intracellular Ca2⫹ elevation is
detected in U937 cells in response to the binding of LDV containing small molecule alone. Human peripheral blood lymphocytes
during activation through different GPCRs have demonstrated
VLA-4 affinity states that were quantitatively similar to U937
cells. The use of B78H1 mouse melanoma cells stably transfected
with human VCAM-1 together with U937 cells creates a unique
VLA-4/VCAM-1 specific cellular adhesion system, which was
previously used to study aggregation and disaggregation kinetics
on live cells in real-time after activation (17, 27). Thus, this model
system seems to be relevant to the role of VLA-4 affinity and
conformational unbending in the regulation of cell adhesion in a
relevant human myeloid cell.
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experiments presented in the current report directly support this
idea. Despite the fact that affinity state of the VLA-4 binding
pocket was identical for the case of PMA and fMLFF activation
(compare two off-rates (koff), Fig. 2A), the initial rate of cell aggregation after fMLFF activation was three to four times faster
(Fig. 9). Taking into the account that the lifetime of the aggregate
is determined by the affinity between VLA-4 and VCAM-1 (17,
27), we interpret the difference in the initial rate of aggregation as
a result of molecular unbending, which dramatically changes
the efficiency of the cellular aggregation. Moreover, because at
the moment of cell mixing (time 0 s of aggregation kinetics;
Fig. 9) the number of aggregates is equal to 0, we can compare

the initial aggregation rate for the resting low affinity state to
the activated states. Based on the data obtained in the FRET
unbending assay after activation by PMA, VLA-4 remains in
the bent conformation (Fig. 2). Thus, the difference in the initial
aggregation rates between resting and PMA activated states (⬃2fold or less) was significantly smaller than the difference between
PMA and fMLFF activated cells (⬃4-fold; Fig. 9B) and is consistent with the principal role of VLA-4 molecular unbending in the
regulation of initial aggregation rate (and presumably initial cell
capture and recruitment, such as cell tether frequency). Several
reports from other laboratories could be re-evaluated in terms of
this new model.
Thus, according to the rolling and tethering data of Grabovsky
et al. (2) for lymphocytes in a flow chamber, GPCR and PMA
modulate VLA-4 tether properties through distinct mechanisms.
The authors found that the chemokine CXCL12 supported a 3-fold
higher frequency of VLA-4 tethers, whereas the tether frequency
for PMA-treated cells was unchanged. In addition, PMA prolonged the lifetime of the tethers, which was interpreted as a
change in the dissociation rate of the VLA-4/VCAM-1 bond. The
authors concluded that chemokines up-regulate VLA-4 avidity to
VCAM-1 through distinct pathways from those implicated in
VLA-4 stimulation by phorbol ester (2). Data presented in this
article suggest that PMA fails to induce the conformational unbending of VLA-4, a result that could account for the difference in
tether frequency between phorbol ester and chemokines (2).
According to the findings of Adair et al. (5), an integrin heterodimer in a bent conformation can stably bind its native ligand.
Thus, a local conformational change in the ligand-binding pocket
even in the absence of conformational unbending would account
for the increased affinity and prolonged tether lifetime. In contrast,
the conformational unbending of the integrin, which presumably exposes the VCAM-1 binding site because of the headpiece rotation (and therefore facilitate encounters between integrin and its ligand) might account for an increase in the tether
frequency. Conformational unbending of the integrin molecule
could facilitate both tethering and rolling as recently reported
for ␣L␤2 integrin (11).
Another notable finding, that a significant fraction of integrins
remain unbent long after the affinity state of the binding pocket had
returned to the resting state (Fig. 7) provides a potential explanation for the higher frequency of VLA-4 tethers observed without a
significant change in the tether lifetime (see Fig. 4C in Ref. 2).
This long-lived conformational unbending of integrins would provide a fundamental mechanism for increased capture and rolling
after leukocytes encountered chemokines but failed to arrest on
endothelium during transient up-regulation of affinity. We propose
that the low affinity unbent conformation of integrins could represent a tethering state of primed leukocytes (Fig. 10B).
Integrin extension or conformational unbending
Previously we reported that according to the FRET measurements the
distance of the closest approach between the LDV-FITC binding
pocket and the membrane changed from ⬃25 to ⬃75 Å depending
upon activation stimuli (6, 7). As the length of fully extended integrin
is ⬃200 Å, the interpretation of FRET measurements depends on
whether all VLA-4 integrins respond to the inside-out signaling and
the exact position of the resting integrin. As flow cytometry measurements are averaged on an individual cell basis, we do not measure the
fraction of integrins that unbent nor do the FRET measurements provide a definitive determination of full extension.
It is generally accepted that integrin extension (unbending) is a
part of the inside-out activation mechanism, which eventually
leads to a high-affinity “activated” integrin conformation (8). Our
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FIGURE 10. Schematic diagram of VLA-4 activation states and possible model of leukocyte recruitment and rolling regulation by unbent integrin conformation. A, Activation through GPCR led to both affinity upregulation and conformational unbending of VLA-4 integrin (state 2). The
affinity state remained up-regulated for the cells transfected with the nondesensitizing mutant of FPR ⌬ST that is lacking all serine and threonine
phosphorylation sites within the C terminus (23). For wild-type GPCRs,
affinity up-regulation was rapid and transient. After the affinity of the binding pocket has returned to the resting state, a fraction of the integrins
remained unbent. This generated a low-affinity unbent state similar to state
4 (dashed arrow). Activation by PMA resulted in high affinity without
conformational unbending (state 3). Addition of A23187 to PMA-activated
cells produced rapid conformational unbending of the molecule (similar to
state 2). Treatment of GPCR-activated cells (state 2) with PLC inhibitor
U-73122 resulted in a rapid, sustained down-regulation of integrin affinity
and loss of conformational unbending (similar to the resting state 1). Conformational unbending but not low affinity was reversed by addition of
A23187 (state 4). Different shapes for the VLA-4 head group represent
different affinity states of the ligand-binding pocket as determined by dissociation rate (koff) of the LDV-FITC probe. The conformational unbending representation is not drawn to scale. B, Possible scenario for regulation
of leukocyte recruitment and rolling by long-lived conformational unbending of integrins. After localized exposure to chemokines on endothelial
cells and rapid and reversible affinity change, a fraction of integrins remained in an unbent conformation. This unbent state with low affinity of
the binding pocket would facilitate recruitment and rolling of leukocytes as
was shown recently for LFA-1 integrin (11).
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Is there a relationship between intracellular calcium and
integrin conformational unbending?
Phorbol esters induce activation of conventional diacylglyceroldependent PKCs without a significant elevation of intracellular
calcium. Elevation of intracellular calcium by itself was sufficient
to induce the high affinity unbent state of VLA-4 (Fig. 3, A and B).
Addition of ionophore to PMA-treated cells resulted in the rapid
unquenching of the FRET signal up to the level of formyl peptide
treatment (Fig. 3C). This led us to hypothesize that cytoplasmic
Ca2⫹ elevation is obligatory for molecular unbending, in contrast
to the diacylglycerol dependent PKC activation, which regulates
the affinity of ligand binding only. A number of reports correlate
PKC-dependent signaling to integrin signaling and cell migration
(37, 38). We anticipated that the PLC inhibitor U-73122, which is
known to rapidly block GPCR signaling and cytosolic calcium
elevation (39), would block the conformational change of VLA-4.
In fact, U-73122 pretreatment blocked the affinity change (Fig. 4A)
and down-regulated VLA-4 affinity in real-time (Fig. 4B). In addition, we found that U-73122 induced a sharp decrease in intracellular Ca2⫹ in formyl peptide activated cells as detected by
fluo-4, and that this decrease could be reversed by addition of
Ca2⫹-ionophore (Fig. 5B). However, despite the fact that the
fluo-4 signal, after addition of Ca2⫹ ionophore, was higher than the
first peak induced by formyl peptide, LDV-FITC binding affinity
was not re-established (Fig. 5D). We examined in parallel the conformational regulation of VLA-4 by U-73122. Although the inhibitor produced a rapid reversal of the conformational unbending as
well as LDV-FITC binding, Ca2⫹ ionophore completely restored
the conformational unbending (Fig. 6). Moreover, the overall kinetics of the conformational unbending after addition of Ca2⫹
ionophore in the presence of U-73122 was similar to the kinetics
in the absence of U-73122 (compare sold lines in Fig. 6 with Fig.
3B). Biphasic kinetics was observed in both cases. Because
U-73122 blocked VLA-4 affinity up-regulation in both calcium as
well as via PMA (data not shown) dependent pathways, it is possible that there is a specific role for PLC in VLA-4 affinity regulation. Taken together, our data suggest that the conformation of
the ligand binding pocket and the conformational unbending of the
molecule are regulated through distinct mechanisms. Pocket conformation, as reported by LDV-FITC binding and dissociation,
depends at least in part upon the PKC pathway, while molecule
unbending depends at least in part upon elevated intracellular calcium. The role of PLC is currently uncertain.

It is worth noting that the amplitude of the conformational unbending signal was always similar to that observed for formyl
peptide induced activation. Ca2⫹ ionophore alone, or in the presence of PMA or U-73122 induced the same relative change despite
the difference in the conformational unbending kinetics. This suggests that the distance of closest approach (rc; Fig. 1) was similar
and that the conformational unbending induced by inside-out signaling receptors is independent of the activating receptor, similar
to what we had seen with the affinity state of the binding pocket
(16). However, if the change in integrin affinity after phorbol ester
treatment occurs without conformational unbending of the molecule, it suggests that several different proteins could participate in
the “inside-out” activation of the integrins; some of them would
regulate affinity, others – the conformational unbending. We have
conducted siRNA knockout experiments that will be reported elsewhere which so far have been inconclusive.
Regulation of leukocyte recruitment by integrin conformational
unbending
The current paradigm of leukocyte homing to peripheral sites and
lymphoid tissues implies an integration of consecutive chemokine
signals while leukocytes roll on endothelium. This integration is
believed to cause an increase in the cell adhesion avidity and firm
arrest on vascular endothelium (40). A recently published report
suggests that the stepwise activation of rolling lymphocytes by
chemokine signals is not necessary for the induction of firm arrest
for LFA-1 integrin dependent rolling (41). Additionally, it was
argued that the extension of the integrin primes for ligand binding
and firm adhesion. Our results suggest that due to the short-lived
affinity change and long lifetime for the conformational unbending
of the integrin, the chemokine signal would increase capture efficiency, and could lead to an increase in the fraction of rolling cells
as well as higher tether frequency (Fig. 10B). In a real-life situation, leukocytes are exposed to high concentrations of chemokines
only on the endothelial cell surface because the constant blood
flow “washes away” soluble molecules, or because the chemokines
are immobilized on the surface of vascular endothelial cells (42).
In this case, integrin activation can be spatially and temporally
restricted to the site of cell-to-cell contact (43). However, if the
lifetime of the affinity change is short and transient, only conformational unbending will be detected at later times. Such a scenario
was described recently by Shamri et al. (41) for LFA-1 and immobilized chemokines.
One of the important results of this report is that rather than
being intrinsically related to the affinity change of the binding
pocket, the conformational unbending of the integrin molecule is
regulated by a different signaling pathway in a different temporal
fashion. This may open new directions in the field of regulation of
integrin dependent adhesion. Our real-time FRET-based technology for the detection of integrin conformational unbending may
promote reevaluation of the existing data. This will provide a better understanding of the complex molecular mechanism that regulates leukocyte recruitment, rolling, and arrest on inflamed
endothelium.
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