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Integrin a4B7 switches its ligand specificity via
distinct conformer-specific activation

ShiHui Wang?, ChenYu Wu?, YueBin Zhang?, QingLu Zhong?, Hao Sun!, WenPeng Cao? GaoXiang Ge!, GuoHui Li3, X. Frank Zhang?, and

JianFeng Chen'®

Chemokine (C-C motif) ligand 25 (CCL25) and C-X-C motif chemokine 10 (CXCL10) induce the ligand-specific activation of
integrin a4P7 to mediate the selective adhesion of lymphocytes to mucosal vascular addressin cell adhesion molecule-1
(MAdCAM-1) or vascular cell adhesion molecule-1 (VCAM-1). However, the mechanism underlying the selective binding of
different ligands by a4B7 remains obscure. In this study, we demonstrate that CCL25 and CXCL10 induce distinct active
conformers of a4p7 with a high affinity for either MAdCAM-1 or VCAM-1. Single-cell force measurements show that CCL25
increases the affinity of a4p7 for MAACAM-1 but decreases its affinity for VCAM-1, whereas CXCL10 has the opposite effect.
Structurally, CCL25 induces a more extended active conformation of a4B7 compared with CXCL10-activated integrin.
These two distinct intermediate open a4p7 conformers selectively bind to MAdCAM-1 or VCAM-1 by distinguishing their
immunoglobulin domain 2. Notably, Mn?* fully opens a4p7 with a high affinity for both ligands. Thus, integrin a4p7 adopts
different active conformations to switch its ligand-binding specificity.

Introduction

The recruitment of lymphocytes from blood circulation to differ-
ent tissues is essential for immune surveillance and host defense
(Butcher and Picker, 1996). This recruitment process consists of
ahighly ordered adhesion cascade thatincludes the tethering and
rolling of lymphocytes along the vessel walls of high endothelial
venules, chemokine-induced activation, firm arrest, and extrav-
asation. The initial tethering and rolling of lymphocytes on the
endothelium are mediated by the adhesion of selectins and inac-
tive a4 and B2 integrins with their ligands. Then, lymphocytes
are stimulated by chemokines, triggering the activation of inte-
grins to mediate cell firm arrest. Chemokines activate integrins
by triggering an “inside-out signaling” that converts the inactive
integrin (in a low-affinity bent conformation) into its active
form, characterized by a high-affinity extended conformation
(Takagi and Springer, 2002; Carman and Springer, 2003). EM
and atomic structures of integrins have shown that the integrin
extracellular domain exists in at least three distinct global con-
formational states: bent with a closed headpiece, extended with
a closed headpiece, and extended with an open headpiece. The
closed and open headpieces have a low and high affinity for the
ligand, respectively. The equilibrium among these different states
is regulated by integrin inside-out signaling (Beglova etal., 2002;

Springer and Dustin, 2012). The transition from low-affinity to
high-affinity integrin is accompanied by a series of conforma-
tional rearrangements including extension of the extracellular
domain, a swing-out of the B-subunit hybrid domain and the
attached plexin/semaphorin/integrin (PSI) domain, causing
a 62° reorientation between the BI (BA) and hybrid domains, a
7-nm separation between the knees of the a and B legs (Kim et
al., 2003; Xiao et al., 2004), and a rearrangement of the ligand-
binding metal ion-dependent adhesion site (MIDAS) in the I
domain (Springer and Dustin, 2012).

The tissue specificity of lymphocyte homing is tightly con-
trolled by adhesion between the homing molecules on lympho-
cytes and their specific ligands on the vascular endothelial cells
of various tissues (Mora and von Andrian, 2006). However,
most integrins on lymphocytes can recognize multiple ligands
(Humphries etal., 2006), which may hinder lymphocyte traffick-
ing to specific tissues. For example, integrin a4fB7 is alymphocyte
homing receptor that can bind to two ligands, mucosal vascular
addressin cell adhesion molecule-1 (MAdCAM-1) and vascular
cell adhesion molecule-1 (VCAM-1), which are expressed in dif-
ferent tissues. The primary ligand for a4f7 is MAACAM-1, which
is specifically expressed on the endothelium of high endothelial
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venules in the gut and gut-associated lymphoid tissues such as
Peyer’s patches (Springer, 1994; Berlin et al., 1995; Cox et al.,
2010), whereas VCAM-1is widely expressed on stimulated endo-
thelial cells of blood vessels, peripheral lymph nodes, and bone
marrow (Berlin-Rufenach et al., 1999). MAdCAM-1 and VCAM-1
both belong to the Ig superfamily. MAdCAM-1 contains two Ig
domains and a mucin-like domain, whereas VCAM-1is formed by
seven Ig domains. They have been reported to bind a4f7 through
their N-terminal two Ig domains (Pepinsky et al., 1992; Tan et
al., 1998). The Ig domain 1 (D1) of MAdCAM-1and VCAM-1has a
similar compact structure containing the key integrin-binding
residue (Asp42 in MAdCAM-1and Asp40 in VCAM-1) located on
the protruding CD loop. However, Ig domain 2 (D2) of MAACAM-1
and VCAM-1is elongated by inserts in several interstrand loops.
D2 of MAdCAM-1 contains a D strand and belongs to the I1 set. In
contrast, VCAM-1 D2 lacks a D strand but contains an A’ strand
and has been classified as a member of the 12 set. It is reported
that D2 in MAACAM-1 and VCAM-1 plays a role in determining
integrin binding specificity (Newham et al., 1997).

Our previous study has revealed that chemokine (C-C motif)
ligand 25 (CCL25) stimulation promotes a4B7-mediated lympho-
cyte adhesion to MAACAM-1 but suppresses adhesion to VCAM-
1, whereas C-X-C motif chemokine 10 (CXCL10) stimulation has
the opposite effect (Sun et al., 2014). Mechanistically, CCL25 and
CXCL10 activate the p38a MAPK-PKCa and c-Src-Syk pathways,
respectively, which leads to different phosphorylation states
of the B7 tail and distinct talin and kindlin-3 binding patterns,
resulting in unique affinities of a4f7 for different ligands. Nota-
bly, CXCL10-induced activation of c-Src-Syk pathway is similar to
the signaling mediated by P-selectin glycoprotein ligand-1, which
induces an intermediate state of B2 integrins in neutrophils (Ma
etal.,, 2004; Xu et al., 2007). Although the intracellular signaling
that induces the ligand-specific activation of integrin a4p7 has
been illustrated, the mechanism underlying the selective bind-
ing of the activated a4p7 integrins to different ligands is unclear.

In this study, using atomic force microcopy (AFM)-based sin-
gle-cell force spectroscopy (SCFS; Benoit et al., 2000; Helenius
etal., 2008; Zhang et al., 2009), we show that CCL25 stimulation
of RPMI 8866-CXCR3 cells increases the single-molecule affin-
ity of a4f37 for MAACAM-1 but decreases its affinity for VCAM-
1, whereas CXCL10 produces the opposite effect. In contrast,
Mn?*-activated a4p7 shows maximum affinity for both ligands.
Structurally, integrin intramolecular fluorescence lifetime imag-
ing microscopy (FLIM)-fluorescence resonance energy trans-
fer (FRET) studies reveal that CCL25 and CXCL10 stimulation
induces two intermediate open active conformations of a4p7,
whereas Mn?* induces a fully open conformation of a4f7. Nota-
bly, CCL25-activated a4f7 has a more extended structure than
CXCL10-activated integrin. Computational molecular dynamics
(MD) simulation consistently identifies two distinct intermedi-
ate open conformers of the a4p7 headpiece with inverse binding
free energy to the same ligand. Although the primary binding
site for a4f7 is in D1 of MAdCAM-1and VCAM-1, a swap of D2 in
these two ligands reverses the ligand preference of CCL25- and
CXCL10-activated a4f7 integrins, suggesting that D2 in MAd-
CAM-1and VCAM-1serves as the identity element distinguished
by the two distinct intermediate open conformers of a4f7. Thus,
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CCL25, CXCL10, and Mn?** induce three distinct active confor-
mations of integrin a4p7, which selectively bind to either MAd-
CAM-1 or VCAM-1 or nonselectively bind to both ligands.

Results

CCL25 and CXCL10 trigger the ligand-specific regulation of
a4p7 single-molecule affinity

Our previous study has demonstrated that integrin a4f7 is acti-
vated by chemokines CCL25 and CXCLI10 in a ligand-specific
manner to mediate selective adhesion of lymphocytes to either
MAdCAM-1 or VCAM-1 (Sun et al., 2014). Specifically, CCL25
stimulation significantly increased adhesion of RPMI 8866-
CXCR3 cells, an integrin a4p7*/04f1" human B lymphocyte cell
line that expresses the CCL25 receptor CCR9 and the CXCL10
receptor CXCR3 (Fig. S1A), to immobilized MAACAM-1substrates
at a wall shear stress of 1 dyn/cm? but suppressed cell adhesion
to VCAM-1 substrates (Fig. 1 A). In contrast, CXCLI1O increased
cell adhesion to VCAM-1 but suppressed cell adhesion to MAd-
CAM-1. However, activation of a4f7 with 0.5 mM Mn?* greatly
increased the number of cells that adhered to both ligands. Cells
treated with the a4 blocking antibody HP2/1, which recognizes
epitope within residues 195-268 in the B-propeller domain of
the a4 subunit, did not adhere to either ligand, indicating that
this cell adhesion is mediated by integrin a4p7 (Fig. 1 A; Kamata
et al., 1995). The binding of soluble MAACAM-1 or VCAM-1 to
a4P7 in response to chemokine stimulation showed consistent
results (Fig. 1 B). These results indicate that CCL25 and CXCL10
induce distinct activation of a4p7 integrin, leading to the switch
in a4p7 ligand specificity for MAACAM-1 and VCAM-1. Notably,
the opposite regulation of a4f7 adhesion by CCL25 and CXCL10
was not applicable to another a4f7 ligand fibronectin because
both chemokines promoted cell adhesion to fibronectin splice
variants (Fig. S2 A; Pankov and Yamada, 2002).

To gain insight into the molecular mechanism underlying the
chemokine-induced switch in integrin a4p7 ligand specificity,
we applied AFM-based SCFS technology to study the biophysi-
cal dynamics of chemokine-induced interaction between a4f7
and MAdCAM-1or VCAM-1 at the single-molecule level. A single
RPMI 8866-CXCR3 cell before or after chemokine stimulation
was captured by a poly L-lysine-functionalized AFM cantilever
(Fig.1C; Zhangetal., 2002; Helenius et al., 2008). This converted
the live cell into a probe, which was brought into contact with
MAdCAM-1- or VCAM-1-adsorbed surfaces. The cantilever was
withdrawn at a constant speed, detaching the cell from its bind-
ing place, exhibiting two typical force-distance curves (Fig. 1 C).
The lower curve revealed a linear increase in force followed by
a single sharp transition that signaled the breakage of a single
a4p7-ligand complex. Detachment forces may also stem from
nonspecific interactions between cell and surface, or multiple
a4p7-ligand bonds. To ensure specific interactions can be distin-
guished from nonspecific interactions, SCFS on a ligand-coated
surface was compared with a surface blocked by BSA. A signif-
icant decrease in adhesion frequency to 10% or less occurred
when 047 ligand was absent (BSA-coated surface), suggesting
that the vast majority of the recorded unbinding forces were
from specific a4B7-ligand interactions (Fig. 1 D). Nonspecific
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Figure 1. Regulation of integrin a4p7-ligand
binding affinity by chemokines and Mn?*. (A)
Adhesion of RPMI 8866-CXCR3 cells to immobi-
lized MAdCAM-1and VCAM-1substrates at 1dyn/
cm? before and after stimulation with chemokines
or 0.5 mM Mn?*. Data are represented as mean
+ SD of technical quintuplicate samples (n = 5).

(B) Binding of soluble MAdCAM-1and VCAM-1 to

lation with chemokines or 0.5 mM Mn?*. Data are
represented as mean + SD of technical triplicate
samples (n = 3). 2 ug/ml mAb HP2/1 was used
to block the function of a4 integrin in A and B.
MFI, mean fluorescence intensity. (C) AFM sche-

A
> l vl RPMI 8866-CXCR3 cells before and after stimu-
SA jecti

matic. Top: Diagram illustrating key components
of the custom-built setup. Bar, 20 um. Bottom:
Representative force-displacement retraction
trace without (upper trace) or with (lower trace)
adhesion. Fu, unbinding force of the a4B7-ligand
complex. kg, system spring constant derived from
the slope of the force-displacement trace. The
cantilever retraction rate of the measurements
was 3.7 um/s. Bottom right: The three stages of
stretching and detaching a single cell from the
substrate. (D) Adhesion frequency of the AFM
measurements for RPMI 8866-CXCR3 cells. Data
are represented as mean + SEM of >500 repeated
force scans conducted using multiple cell-probe
pairs. (E) Dynamic force spectra of single-bond
MAdCAM-1 and VCAM-1 interactions with and
without stimulation. Uncertainty in force is
shown as half of the bin width of unbinding force
histograms (Fig. S4, A and B). The linear fits of
the DFS were obtained using Eq. 2. The fitted
lines are superimposed on the respective DFS.
(F) The force-dependent lifetimes of single-bond
MAdCAM-1 and VCAM-1 interactions are given
by Eq. 1. Shaded areas indicate an uncertainty of
one SD. Two-tailed Student’s t test. *, P < 0.05;
** P<0.01; ***, P<0.001; n.s., P> 0.05.
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interactions can be clearly distinguished from specific interac-
tions from their smaller magnitudes (Fig. S3). Moreover, when
theloading rate increases, the magnitude of nonspecific interac-
tions did not change significantly, whereas specific a4f7-ligand-
unbinding force increased with loading rates (Fig. S4, A and B).
Similarly, multiple interactions can be distinguished from sin-
gle bonds from their multiple sequential unbinding events (Fig.
S3 B). In the rare case that multiple bonds ruptured at the same
time, unbinding of multiple bonds was reflected as a very small
population of forces with greater magnitudes on the unbinding
force histograms (Fig. S4, A and B).

To ensure measurement of a single-molecule interaction,
the contact force and contact time between the cell and ligand-
coated surface was optimized to reach an adhesion frequency
of 30-40% in the force measurements (Fig. 1 D). Assuming that
the adhesion bond formation obeyed Poisson statistics, an adhe-
sion frequency of ~33% in the force measurements implies that
among the observed unbinding events, the probabilities of form-
ing single, double, and triple adhesion bonds between the cell
and surface were 81%, 16%, and 2%, respectively (Chesla et al.,
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Force (pN)

1998). Therefore, our experimental conditions ensured a >80%
probability that the adhesion event was mediated by a single
bond (Evans, 2001), and only the single-bond unbinding force
was used for further data analysis. Under the same contact force
and time, the frequency of a4p7-MAdCAM-1adhesion increased
from 31% to 55% after CCL25 stimulation but decreased to 25%
after CXCL10 stimulation (Fig. 1 D). Conversely, the frequency of
a4p7-VCAM-1 adhesion decreased from 28% to 22% after CCL25
treatment but increased to 43% after CXCL10 treatment under the
same conditions. Activation of a4p7 with 0.5 mM Mn?* greatly
increased cell adhesion frequency to both ligands (Fig. 1D). When
adhesion frequency was >40%, we further decreased the contact
force and time to lower the adhesion frequency to ~33%.

First, the force distribution for unbinding of the single-bond
a4p7-ligand complexes before or after chemokine stimulation
under a series of increasing loading rates was obtained (Fig. S4).
In general, the force distribution was shifted toward higher val-
ues with increasing loading rates. The unbinding forces of the
single-bond a47-MAdCAM-1 complexes increased linearly with
the logarithm of the loading rate, ranging from 35 to 80 pN over
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a loading rate of ~100 to ~1,500 pN/s (Fig. 1 E). Upon stimula-
tion with CCL25, a4p7-MAdCAM-1 complexes exhibited signifi-
cantly enhanced unbinding forces compared with those without
chemokine treatment. In contrast, CXCL10 treatment signifi-
cantly lowered the unbinding forces under similar loading rates,
indicating that CCL25 and CXCL10 influence the mechanical
strength of a4p7-MAdCAM-1 complexes in opposite ways. Com-
pared with MAACAM-1, CCL25 and CXCL10 had opposite effects
on the unbinding forces of a4B7-VCAM-1 interactions. Activa-
tion of a4B7 with 0.5 mM Mn?* greatly increased the unbinding
forces of both a4p7-MAdCAM-1 and a4B7-VCAM-1 complexes.
A more detailed analysis of single-bond a4f7-ligand dissoci-
ation properties was conducted by fitting the acquired dynamic
force spectrum (DFS) data to the Bell-Evans model (Evans and
Ritchie, 1997). The force-dependent lifetime of single-bond
04B7-MAdCAM-1 and 04B7-VCAM-1 interactions (Eq. 1 and
Fig. 1F) showed an increased lifetime for CCL25-activated a4f7-
MAdCAM-1 complexes but a decreased lifetime for CXCL10-acti-
vated 0437-MAdCAM-1 complexes compared with those without
chemokine treatment. In contrast, CCL25 and CXCL10 had oppo-
site effects on the bond lifetime of a4B7-VCAM-1 interactions.
Mn?* stimulation increased the force-dependent lifetime of
single-bond a4p7-MAdCAM-1 and a4f7-VCAM-1 interactions.
Moreover, the Bell-Evans model (Eq. 2) yielded a dissociation
rate in the absence of force (k°) and an activation barrier width
(y; Table S1). Stimulation with CCL25 resulted in a lower a4p7-
MAdCAM-1dissociation rate constant (k°) but a higher k° for the
a4p7-VCAM-1complex, whereas CXCL10 had the opposite effect.
In addition to using the Bell-Evans model, we also fitted the
unbinding forces at different loading rates to the Dudko-Hum-
mer-Szabo model, which supports catch bond (Dudko, 2009).
The resulting lifetimes of a4p7-ligand bonds for unstimulated,
CCL25-treated, and CXCL10-treated cells were comparable with
the Bell-Evans model fit (Figs. 1 F and S4, C and D). However,
there is no indication that a4f7-ligand formed catch bonds under
the loading rates tested in the current study (Fig. S4, C and D).
Collectively, these data demonstrate that CCL25 and CXCL10
induce distinct ligand-specific alterations of the single-bond
affinity of a4P7 for MAACAM-1 and VCAM-1, consistent with
the effects of chemokines on cell adhesion in flow (Fig. 1 A) and

soluble ligand binding (Fig. 1 B).

CCL25 and CXCL10 induce distinct global conformational
changes of integrin a4p7
Upon activation, integrins change from a low-affinity to a
high-affinity state, which is associated with extension of the ect-
odomain and separation of the o/ cytoplasmic tails (Adair and
Yeager, 2002; Takagi and Springer, 2002; Ye et al., 2008; Lindert
et al., 2009; Campbell and Humpbhries, 2011). To investigate the
conformational changes of integrin a4f7 triggered by CCL25
and CXCL10, we used two integrin intramolecular FLIM-FRET
systems to examine the influence of chemokines on a4f7 ecto-
domain extension and tail separation on the plasma membrane
of live RPMI 8866-CXCR3 cells, respectively (Fig. 2 A).
Act-1mAb recognizes human integrin a4p7 heterodimer and
binds to the top of the interface between a4-subunit B-propel-
ler and B7-subunit BI domain (Yu et al., 2012), which makes it
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Figure 2. Integrin a4PB7 conformational changes induced by chemok-

ines and Mn2*. (A) Experiment setup for measuring FRET efficiency between
integrin a4B7 Bl domain and the plasma membrane (ectodomain FRET) and
FRET efficiency between integrin a4 and B7 cytoplasmic domains (cytoplas-
mic domain FRET). A composite of all molecules used is depicted. (B and C)
Ectodomain FRET efficiency (B) and cytoplasmic domain FRET efficiency (C) in
cells before and after treatment with indicated concentration of chemokines
or 0.5 mM Mn?*. (D and E) Ectodomain FRET efficiency (D) and cytoplasmic
domain FRET efficiency (E) in cells over a 30-min time course of treatment
with 0.5 ug/ml chemokines or 0.5 mM Mn?*. Data are represented as mean
+ SEM of 6-12 cells per condition (n = 6-12). Two-tailed Student’s t test.
** P<0.01;***, P<0.001.

an ideal antibody for labeling the top head of a4f7. To assess
the orientation of the a4f7 ectodomain relative to the plasma
membrane, the top head domain of a4p7 was labeled with Atto
425-Act-1 Fab fragment as the FRET donor, and the cell mem-
brane was labeled with a lipophilic probe, FM4-64 FX (FM), as
the FRET acceptor (Fig. 2 A; Chigaev et al., 2007; Xiong et al.,
2009; Pan et al., 2010). The fluorescence lifetime of Atto 425-
Act-1 Fab was monoexponential with a time constant of ~3.493
+ 0.017 ns (mean + SD; Table S2), and it fitted well with a biex-
ponential function in the presence of acceptor. RPMI 8866-
CXCR3 cells were pretreated with increasing concentration of
CCL25 or CXCL10 or 0.5 mM Mn?* for 5 min. Compared with
unstimulated RPMI 8866-CXCR3 cells, CCL25 or CXCL10 treat-
ment induced a significantly lower FRET signal (Fig. 2 B), sug-
gesting that the a4p7 head domain moves away from the cell
membrane after chemokine stimulation. Notably, cells treated
with CCL25 showed a lower FRET efficiency than CXCLI1O-
treated cells regardless of the chemokine concentration used,
suggesting that CCL25 stimulation induces a more extended
conformation of the a4p7 ectodomain than CXCL10 treatment
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independent of chemokine dose. Cells treated with 0.5 mM Mn?*
showed the lowest FRET signal. These data suggest that CCL25
stimulation induces a more extended conformation of the a4f7
ectodomain than CXCL10 treatment, whereas Mn?* induces the
most extended conformation. In the range of 0.1-1 ug/ml chemo-
kines, the middle concentration of 0.5 ug/ml CCL25 or CXCL10
induced the most extension of a4f7 (Fig. 2 B), which is consis-
tent with previous studies reporting that a high level of chemo-
kines may attenuate its chemotactic activity (Grimm et al., 1998;
Sordi et al., 2005).

To examine the effects of chemokines on the separation of
integrin a4p7 cytoplasmic tails, we established a47 knockout
(KO) RPMI 8866-CXCR3 cells and stably reexpressed the a4 and
B7 subunits with mTurquoise2 and mCitrine fused at the C ter-
mini of their cytoplasmic domains, respectively (Figs. 2 A and
S1 B; Kim et al., 2003; Hyun et al., 2009; Pan et al., 2010; Bajar
et al., 2016). The fluorescence lifetime of mTurquoise2-a4 was
monoexponential with a time constant of ~3.988 + 0.022 ns
(mean + SD; Table S2), which fitted well with a biexponential
function in the presence of acceptor. CCL25 or CXCLI1O treat-
ment significantly decreased the FRET signals in those cells
(Fig. 2 C), suggesting separation of the a4 and P7 cytoplas-
mic domains. In the range of 0.1-1 pg/ml chemokines, CCL25
induced a lower FRET efficiency than CXCL10O (Fig. 2 C), sug-
gesting that CCL25 stimulation induces more separation of a4p7
cytoplasmic domains than CXCL10 treatment independent of
chemokine dose. In addition, Mn2* induces the lowest FRET
signal (Fig. 2 C). These data suggest that CCL25 stimulation
induces more separation of a4f7 cytoplasmic domains than
CXCLIO treatment, whereas Mn?* induces the most separation
of integrin tails. Interestingly, alIbp3 has been reported to exist
in partially extended intermediate open conformations without
separation of the lower legs (Xu et al., 2016). The difference in
cytoplasmic domain separation of the intermediate open a4f7
and allbB3 may be a result of the intrinsic difference between
the two integrins, including stronger interactions between
allbB3 leg domains (Kamata et al., 2005) and dissimilar energy
barrier between different conformational states among differ-
ent integrins (Askari et al., 2009).

To investigate whether the different conformational changes
induced by CCL25 and CXCL10 are affected by chemokine treat-
ment time, cells were pretreated with 0.5 pg/ml chemokines
for 1-30 min (Fig. 2, D and E; and Table S2). Consistently with
the results above, CCL25 stimulation induces more extension of
ectodomain and separation of cytoplasmic domains in integrin
a4p7 than CXCLI1O treatment regardless of chemokine treat-
ment time, whereas Mn*" induces the most conformational
changes. It is noteworthy that chemokine-induced conform-
er-specific activation of a4fp7 can last for at least 30 min, which
is consistent with the previous study reporting that integrin
a4p7 exhibits sustained activation upon chemokine treatment
(Sunetal., 2014).

Collectively, CCL25 and CXCL10 induce two distinct inter-
mediate open integrin a4p7 conformers with a high affinity
specifically for either MAACAM-1 or VCAM-1. Mn?* induces
a fully open conformation with a nonselective high affinity
for both ligands.
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Two intermediate conformers of the a4B7 headpiece show
inverse binding free energy to the same ligand

To further investigate the correlation between different active
conformations of integrin a4f7 and the ligand-specific affinity
regulation by chemokines or Mn**, we applied MD simulations
to identify the binding free energy of MAdCAM-1 and VCAM-1
for the a4P7 headpiece during its transition from the closed to
open conformation. Because the a4B7 headpiece structure (PDBID
3V4P; Yu et al., 2012) does not contain a PSI domain, we first used
the MODELLER (Sali etal., 1995) package with the 04p7 headpiece
and PSI-containing allbB3 headpiece (PDB ID 3NID; Zhu et al.,
2010) crystal structures as a template to construct the homol-
ogy model of the five-domain headpiece of a4f7 containing the
B-propeller and Thigh domains (residues 1-586) of the a4 subunit
and the BI, hybrid, and PSI domains (residues 41-503) of the 7
subunit. Superposition of the initial five-domain a4f7 headpiece
structure and aIIbB3 bent, closed ectodomain structure (PDB ID
3FCS; Zhu et al., 2008) indicated that the initial a4B7 headpiece
structure for MD simulation to begin with was completely bent
(Fig. S5, A-C). MAACAM-1 and VCAM-1 D1-D2 structures were
used as the ligands in MD simulations because D1-D2 contains
essential a4P7 binding interfaces that mediate efficient a4f7
binding (Newham etal., 1997). The MAdCAM-1and VCAM-1bind-
ing modes were determined by the ZDOCK (Pierce et al., 2014)
program and were further equilibrated using a two-domain a47
headpiece fragment containing the B-propeller domain (residues
1-428) of the a4 subunit and the BI domain (residues 152-391)
of the B7 subunit in MD simulations. Next, the ligand-bound
five-domain a4f7 headpieces were obtained by superimposing
the equilibrated two-domain 047 headpieces to the five-domain
model of 047 in MD simulations. Because the distance between
the a Thigh and B PSI/hybrid domains has been generally used
to define the conformational changes during integrin activation
(Springer and Dustin, 2012; Zhu et al., 2013), the distance between
the centers of mass of the a Thigh domain and § PSI domain was
selected as a collective variable (CV) for biasing the conforma-
tional changes of the ligand-bound a4p7 headpieces, and adiabatic
bias molecular dynamic (ABMD; Marchi and Ballone, 1999) simu-
lations were used to drive the conformational transition of a47
from the closed to open state. The virtual atoms used to define
the distance between the Thigh and PSI domains are shown in
Table S7. The secondary structure elements of the a4p7headpiece
during MD simulations showed no significant changes (Fig. S5
D). During the transition of the ligand-bound a4f7 headpieces
from the closed to open state in Ca?* + Mg?* condition, which are
associated with a 4.0-8.5-nm separation between the Thigh and
PSI domains and a swing-out of hybrid domain with the angle
between the Bl and hybrid domains changing from acute to obtuse
(Fig. 3 A), the binding free energy profiles showed an inverse
binding free energy of the a4p7 headpiece to MAdCAM-1 and
VCAM-1 along with conformational transition (Fig. 3 B). Com-
pared with the closed a4p7 headpiece, the firstintermediate open
conformer of a4pf7, with a distance between the Thigh and PSI
domains from 4.85 to 5.5 nm, showed lower binding free energy to
VCAM-1but higher binding free energy to MAdCAM-1 (Fig. 3 B),
suggesting that this intermediate open conformer of a4f7 has
increased ligand-binding affinity for VCAM-1 and decreased
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Figure 3. MD simulation of the binding free energy
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affinity for MAACAM-1. In contrast with the first intermediate
open conformer of 047, a second intermediate open a4f7 con-
former with a Thigh and PSI distance from 7.3 to 8.25 nm showed
inverse binding free energy to MAdCAM-1and VCAM-1, suggest-
ing decreased ligand-binding affinity for VCAM-1 and increased
affinity for MAdCAM-1. During the transition of the ligand-bound
a4p7 headpieces from the closed to open state in Mn?* condition,
an open a4f7 conformer with a distance between the Thigh and
PSI domains from 9.0 to 9.57 nm showed significantly decreased
binding free energy to MAdCAM-1 and VCAM-1 (Fig. 3 C), sug-
gesting that Mn?* induces a fully open conformation with a non-
selective high affinity for both ligands. Moreover, this open a4f7
conformer exhibited lower binding free energy compared with
the chemokine-induced intermediate open conformers (Fig. 3,
B and C). These results are consistent with the chemokine- and
Mn?**-induced changes in ligand-binding affinity and conforma-
tion of a4fp7. Compared with the closed integrin 047 headpiece
structure from the MD simulation, two intermediate open a4fp7
conformers with inverse binding free energy to MAACAM-1 and
VCAM-1and a fully open a4fp7 conformer in Mn?* condition with
lowest binding free energy for both ligands showed the downward
movement of the a7 helix and reshaping of the 6-a7loop in the
B7I domain and the change of the angle between the fl and hybrid
domains from acute to obtuse (Fig. 4), which are the major con-
formational changes in integrin § head domain associated with
integrin activation (Yang etal., 2004; Springer and Dustin, 2012).

CCL25- and CXCL10-activated a4P7 integrins distinguish
MAdCAM-1 and VCAM-1 by recognizing their D2

Next, we aimed to determine the structural elements in MAd-
CAM-1 and VCAM-1 responsible for the opposite ligand prefer-
ence of CCL25- and CXCL10-activated a4p7 integrins. Although
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the essential integrin-binding motif locates in D1 of MAdCAM-1
and VCAM-1, D2 is also required for efficient integrin binding
(Newham et al., 1997; Green et al., 1999). Therefore, we gener-
ated recombinant D1-D2 of human MAdCAM-1 (MDI1-MD2;
Vall to Ser204 numbering without signal peptide) and VCAM-1
(VD1-VD2; Phel to Tyrl96 numbering without signal peptide)
proteins with a C-terminal-fused Fc region (CH2 and CH3
domains) of human IgG1 (Fig. 5 A). Consistent with the results
of chemokine-induced cell adhesion to full-length MAdCAM-1
and VCAM-1 in flow (Fig. 1 A), CCL25 significantly increased
adhesion of RPMI 8866-CXCR3 cells to immobilized MD1-MD2
atawall shear stress of 1 dyn/cm?but suppressed cell adhesion to
VD1-VD2 substrates, whereas CXCL10 showed the opposite effect
(Fig. 5 B). The binding of soluble MD1-MD2 or VD1-VD2 to a4f7
in response to chemokine stimulation showed consistent results
(Fig. 5 C). Thus, D1-D2 of MAdCAM-1 and VCAM-1 is sufficient
to mediate the ligand-specific adhesion to CCL25- and CXCL10-
activated a4f7 integrins.

To further investigate the roles of D1 and D2 in mediating the
ligand-specific adhesion to CCL25- and CXCL10-activated a4fp7
integrins, we swapped the D2 of MAACAM-1and VCAM-1to gen-
erate chimeric proteins containing MAdCAM-1 D1 and VCAM-1
D2 (MDI-VD2) or VCAM-1 D1 and MAdCAM-1 D2 (VD1-MD2;
Fig. 5 A). Strikingly, CCL25 and CXCL10 induced cell adhesion
patterns on MD1-VD2 substrates similar to those observed on
VD1-VD2 substrates (Fig. 5 B), suggesting that replacement of
MD2 with VD2 changed MAdCAM-1 to VCAM-1 in terms of the
ligand-binding preference of CCL25- and CXCL10-activated a47.
On VD1-MD2 substrates, chemokines induced cell adhesion pat-
terns similar to those observed on MD1-MD?2, (Fig. 5 B), suggesting
that replacing VD2 with MD2 converted the identity of VCAM-1
to MAACAM-1for chemokine-activated a4f37. Also, the binding of
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soluble MD1-VD2 or VD1-MD2 to a4f7 in response to chemokine
stimulation showed consistent results (Fig. 5 C). Thus, a swap of
D2 in MAdCAM-1 and VCAM-1 reverses the ligand preference
by CCL25- and CXCL10-activated a4f7. These data indicate that
D2 in MAACAM-1 and VCAM-1 is the structural element for the
opposite ligand preference of CCL25- and CXCL10-activated
a4f7 integrins.

The VCAM-1 C'E loop and the MAdCAM-1 DE loop are

critical structural elements for ligand preference of
chemokine-activated a4f7

The C'E loop in VD2 and the DE loop in MD2 contain regulatory
residues adjacent to integrin contact sites and play a role in reg-
ulating a4f7 binding (Newham et al., 1997; Green et al., 1999;
Sun et al., 2011). To investigate the contribution of these loops
in the ligand-binding preference of CCL25- and CXCL10-acti-
vated a4p7 integrins, we swapped the EEEPQGDED motif of the
MAdCAM-1 DE loop and the DADRKSLET motif of the VCAM-1
C'E loop to generate chimeric MAACAM-1 (MD1-MD2VC'E) and
VCAM-1 (VD1-VD2MDE) proteins with swapped C'E and DE
loops (Fig. 5 D). Interestingly, a flow chamber assay showed sim-
ilar adhesion patterns of RPMI 8866-CXCR3 cells on MD1-MD-
2VC'E and VD1-VD2 substrates at the wall shear stress of 1 dyn/
cm? after chemokine treatment (Fig. 5, B and E). The binding of
soluble MD1-MD2VC'E to a4f7 in response to chemokine stim-
ulation showed consistent results (Fig. 5 F). These data indi-
cate that replacement of the DE loop in MAACAM-1 with the
VCAM-1 C'E loop changed MAdCAM-1 to VCAM-1 in terms of
the ligand-binding preference of CCL25- and CXCL10-activated
a4f7. For VCAM-1D1-D2 with the C'E loop replaced by the MAd-
CAM-1 DE loop, CCL25-treated RPMI 8866-CXCR3 cells showed
increased cell adhesion to VD1-VD2MDE substrates in flow, simi-
lar to cell adhesion to MAACAM-1 (Fig. 5, Band E), suggesting that
CCL25-activated a4P7 recognizes VCAM-1 as MAACAM-1 after
replacing the C’E loop in VCAM-1 with the MAdCAM-1 DE loop.
However, CXCL10-treated cells still showed increased adhesion
to VD1-VD2MDE, which was different from the decreased cell
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Figure 4. Integrin a4p7 headpiece structures from the
MD simulation. (A) The initial structure of integrin a4B7
headpiece for MD simulation. (B-D) Snapshots of integrin
a4B7 headpiece structures in closed, low-affinity state (B),
intermediate state with a distance of 5.2 nm between the
Thigh and PSI domains (C), and intermediate state with a dis-
tance of 7.8 nm between the Thigh and PSI| domains (D). MID
AS was occupied by Mg?*, and ADMIDAS and SyMBS were
occupied by Ca?*. (E) Snapshot of integrin a4B7 headpiece
structure in fully open active state with a distance of 9.35 nm
between the Thigh and PSI domains. MIDAS, ADMIDAS, and
SyMBS were occupied by Mn?*. The three metal ion binding
sites are SyMBS, MIDAS, and ADMIDAS from left to right.

adhesion to MAACAM-1 after CXCL10 treatment. The binding of
soluble VD1-VD2MDE to a4f7 in response to chemokine stimula-
tion showed consistent results (Fig. 5 F). Thus, replacement of the
C’E loop in VCAM-1 with the MAdCAM-1 DE loop converted the
identity of VCAM-1to MAdCAM-1only for CCL25-activated a4f7,
suggesting that structural elements in addition to the DE loop in
MD2 are required for the ligand preference of CXCL10-activated
a4f7. Next, we replaced both the CD loop in VD1 and the C’E loop
in VD2 with the CC’ loop and DE loop in MAACAM-1 to generate
VDIMCC'-VD2MDE (Fig. 5 G). VDIMCC'-VD2MDE showed similar
cell adhesion and soluble ligand binding results as VD1-VD2MDE,
suggesting that structural elements in addition to the CC' and DE
loops in MAdCAM-1 are required for the ligand preference of
CXCL10-activated 047 (Fig. 5, E-G). Collectively, these results
demonstrate that the C'E and DE loops are major “fingerprint”
structural elements in VCAM-1 and MAdCAM-1 that are recog-
nized by CCL25- or CXCL10-activated a4f7 integrins to support
distinct ligand-specific adhesion.

Collectively, CCL25 and CXCL10 trigger the switch in ligand
specificity of integrin a4f7 by inducing two unique intermediate
open conformers of a4p7 integrins, which have opposite ligand
preference by distinguishing D2, especially the DE and C'E loops,
in MAdCAM-1 and VCAM-1. Moreover, Mn?* induces maximal
activation of a4p7, which shows nonpreferable high-affinity
binding to both ligands (Fig. 6). Thus, our findings demonstrate
that CCL25, CXCL10, and Mn?* induce three distinct active con-
formations of integrin a4p7, which have selective high affinity
for either MAACAM-1, VCAM-1, or nonselective high affinity
for both ligands.

Discussion

In this study, we demonstrate that CCL25, CXCL10, and Mn?*
induce three distinct active conformations of integrin a4p?7,
each of which has a unique ligand-binding preference. Our pre-
vious study reports that CCL25 and CXCLIO activate the p38a
MAPK-PKCa and c-Src-Syk pathways, respectively, which leads
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toligand-specific activation of a4p7. Interestingly, P-selectin gly-
coprotein ligand-1 signaling via selectins can activate Src family
kinases and Syk in neutrophils, which is similar to CXCL10 sig-
naling in our study, and induces an intermediate active state of
B2 integrins (Ma et al., 2004; Stadtmann et al., 2013). Moreover,
integrin aLB2 (lymphocyte function-associated antigen-1) has
been reported to show conformer-specific activation regulated by
a chemokine-triggered Rho signaling module (Bolomini-Vittori

etal., 2009). Inhibition of small GTPase Racl converts CXCL12-in-
duced high-affinity aLB2 to low-intermediate open conforma-
tion, whereas inhibition of Cdc42 activity induces a more open
conformation of aLB2 than CXCL12-stimulated aLB2. These data
demonstrate that f2 integrins may also be differentially activated
and have different activate states.

Using AFM-based SCFS, we quantified the mechanical strength
between a4f7 and MAACAM-1 or VCAM-1 at the single-bond
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Figure 6. Schematic representation of chemokine- or
Mn?*-induced integrin a4B7 conformers with distinct
ligand-binding specificity. (i) The resting integrin a4p7
with closed conformation binds to MAdCAM-1 and VCAM-1
in low affinity. CXCL10 (i) and CCL25 (jii) induce two dif-
ferent intermediate open conformers of a4B7, which show
selective binding to VCAM-1 or MAdCAM-1, respectively. (iv)
Mn%*-induced fully open conformer of a437 shows nonselec-
tive high-affinity binding to both ligands.
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level. The force spectra of the a4B7-MAdCAM-1/VCAM-1 inter-
actions provided insight into the dissociation pathway of the
complexes. We elected to use SCFS (Benoit, 2002; Helenius et al.,
2008) because this assay can closely resemble the flow chamber
assay, in which live lymphocytes interact with a surface coated
with either MAACAM-1 or VCAM-1. Taking advantage of the
AFM's high force sensitivity, the SCFS may reveal the biophysical
and molecular insights that can hardly be detected by ensemble
measurements. The single-bond unbinding forces ranged from
32 to 80 pN for the a4B7-MAdCAM-1 complexes and from 30 to
60 pN for the a4p7-VCAM-1 complexes under loading rates rang-
ing from ~100 to ~2,700 pN/s. The loading rate range was chosen
to cover the estimated physiological loading rates (i.e., 125-2,500
pN/s) of cellular tethered bonds in the vasculature (Rinko et al.,
2004). Our analysis of the unbinding of the a4p7-ligand complex
using the Bell-Evans model (Eq. 2) clearly suggested distinct bio-
physical characters of the a4p7-MAdCAM-1 and a4p7-VCAM-1
complexes reflected by changes in the dissociation rate constant
(k) of the bonds (Table S1). For the a4f7-MAdCAM-1 complex,
the k° was 1.03 s7! for the unstimulated complex and 0.40 s for
the high-affinity complex stimulated by CCL25, whereas their
transition state positions (y) showed a slight increase. These
results indicate that CCL25 stimulation resulted in a signifi-
cant decrease in the dissociation rate by 2.5-fold. Upon CXCL10
treatment, although the k® value of 1.17 s increased slightly, the
y value increased significantly from 2.19 A to 2.93 A. The lon-
ger barrier width suggests that the a4p7-MAdCAM-1 complex
is less resistant to mechanical pulling (Fig. 1 F). In contrast, we
obtained opposite results for the a4p7-VCAM-1 complex; the k°
was 1.58 s7! for the unstimulated complex and 0.83 s! for the
high-affinity complex stimulated by CXCL10, whereas their posi-
tions of the transition state (y) showed little difference. However,
CCL25 resulted in a small increase in k° and a greater increase in
y. These results indicate that the unstressed dissociation rates of
a4p7-MAdCAM-1and a4p7-VCAM-1bonds that allow cell rolling
are 0.40 to 1.17 s and 0.83 to 1.75 s}, respectively, which share
similar unstressed dissociation rates of selectin-ligand bonds
(0.22-1.4 57%; Hanley et al., 2004; Klopocki et al., 2008). Moreover,
Mn?*induced a maximal decrease in k° values for both the a4p7-
MAdCAM-1and a4B7-VCAM-1bonds, suggesting indiscriminate
high-affinity binding to both ligands.

Integrin activation is associated with integrin molecule exten-
sion coupled with hybrid domain swing-out and separation of
the a/B leg domains (Takagi et al., 2002; Kim et al., 2003). The
distance between the a Thigh and f I-EGF1 domains ranges from
4.5 to 12 nm along with the integrin headpiece changing from a
closed to a fully open conformation (Springer and Dustin, 2012).
In our MD simulation system, we defined a reference point of
the binding free energy at the position with a distance of 4.0
nm between the Thigh and PSI domains, which represents the
closed state of theligand-bound integrin headpiece. The distance
between o Thigh domain and 8 PSI domain from 4.0 nm to 10.0
nm represents the conformational transition from a closed head-
piece to an open headpiece.

An interesting experiment using MAdCAM-1 and
VCAM-1 with swapped D1 has shown that the chimeric pro-
tein VD1-MD2-mucin-04f7 interaction is abolished by a
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a4P7-MAdCAM-1-specific blocking antibody, Act-1, whereas
Act-1 shows no inhibitory function on MD1-VD2,3,7-0407 bind-
ing (Green et al., 1999), suggesting that a4p7 has a distinct bind-
ing interface with MAdCAM-1 and VCAM-1 D2. Furthermore,
another study has shown that a4f7 has an accessory binding
site located in VCAM-1D2, and the analogous site in MAdCAM-1
D2 is markedly different in size and sequence, which has a role
in the determination of integrin binding specificity (Newham
et al., 1997). In our study, we showed that D2 of MAdCAM-1
and VCAM-1 is the crucial structural element distinguished by
CCL25- and CXCL10-activated a4f7, thus mediating selective
adhesion to different ligands (Fig. 5, B and C).

Ithasbeen reported that DE loop in MAACAM-1D2 and the C’E
loop in VCAM-1D2 contribute to the integrin binding specificity
(Newham et al., 1997). The DE loop and the C'E loop contain neg-
atively charged motifs, which are prominent and contribute to
the concentration of the electrostatic potential surface of these
proteins (Jones et al., 1995; Tan et al., 1998). Moreover, residues
from these loops are located on the same face as the primary inte-
grin-binding Asp residue in CC’' and CD loop in D1 of MAdCAM-1
and VCAM-1, respectively, and are reported to be involved in a4f7
binding (Tan et al., 1998; Wang and Springer, 1998). Our results
showed that swap of DE and C’E loop in MAdCAM-1 and VCAM-1
completely switched the identity of both ligands for CCL25-
activated a4p7. However, for CXCL10-activated a4f7, it only
switched the identity of MAdCAM-1 to VCAM-1 but failed to
switch the identity of VCAM-1 to MAACAM-1, suggesting that
structural elements in addition to the DE loop in MAdCAM-1 are
required for the ligand-binding preference of CXCL10-activated
a4f7. It is noteworthy that most key regulatory residues respon-
sible for ligand specificity in VCAM-1 D2 belong to the C'E loop,
whereas a region in MAACAM-1 D2 (residues 143-150) beyond
the DE loop also contributes to integrin binding (Newham et al.,
1997; Green et al., 1999). Thus, other residues besides the DE loop
in MAdCAM-1 D2 may contribute to the ligand-binding prefer-
ence of CXCL10-activated a4f7.

Although D1-D2 of MAdCAM-1 and VCAM-1 is sufficient to
bind a4p7 (Green et al., 1999), the mucin-like domain of MAd-
CAM-1and the remaining five Ig domains in VCAM-1are believed
to extend the integrin-binding domains well above the cell sur-
face for efficient integrin binding (Tan et al., 1998). Indeed, com-
pared with cell adhesion to full-length MAACAM-1 and VCAM-1
substrates (Fig. 1 A), our results showed that RPMI 8866-CXCR3
cells displayed similar adhesive behaviors but a lower number
of adherent cells when the same concentration of MAdCAM-1
and VCAM-1 D1-D2 proteins was used (Fig. S2 B). Thus, a higher
concentration of MAdCAM-1 and VCAM-1 D1-D2 proteins was
used to achieve a comparable number of adherent cells in the
flow assay (Fig. 5 B).

Our study demonstrates that integrin a4f7 can undergo con-
former-specific activation to adopt different active conforma-
tional states physiologically. More importantly, each of the active
conformers has a unique ligand-binding preference, leading to
the switch in integrin ligand specificity to precisely regulate the
tissue specificity of lymphocyte homing. Thus, different inte-
grin intermediate open states can be physiologically induced
and stably exist, which have diverse biological functions other
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than simply lower ligand-binding affinities compared with fully
activated integrin.

Materials and methods

Antibodies and reagents

Human CCL25 and CXCL10 were from R&D Systems. The anti-
bodies used were to human a4 (HP2/1; Abcam), human CCR9
(557975; BD), and human CXCR3 (CD183; 550633; BD). Mouse
mAD 9F10 against human a4, rat mAb FIB504 against human p7,
and rat mAb AIIB2 against human B1 were prepared by using
hybridomas (Developmental Studies Hybridoma Bank). Alexa
Fluor 647-conjugated goat anti-mouse IgG (A21236), FITC-
conjugated goat anti-rat IgG (629511), and FITC-conjugated goat
anti-mouse IgG (626511) were from Invitrogen. Natural plasma
fibronectin (F2006) was from Sigma-Aldrich. Fibronectin CS1
peptide (3624-FN-050) was from R&D Systems. Fibronectin alter-
natively spliced domain A (EDA) segment (ab187877) was from
Abcam. Act-1 against human a4f7 was as previously described
(Sun et al., 2014). Atto 425 N-hydroxysuccinimide (16805) was
from Sigma-Aldrich.

cDNAs and cell lines

cDNAs of human a4 and B7 subunits were constructed in vector
pcDNA3.1/Hygro(-; Invitrogen). cDNAs encoding human a4 and
B7 subunits with C-terminal-fused mTurquoise2 and mCitrine,
respectively, were constructed in vector pCDH-puro (Invitrogen).
Human integrin a4 and p7 single-guide RNA (sgRNA) designed
by GN,,GG rule (Ran et al., 2013) were constructed into vector
lentiCRISPR v2 (Addgene). The 20-nucleotide sgRNA sequence
was 5-GAGCTGTTCGCACGTCTGGC-3' for the ITGA4 gene and
5'-GCGGCGCTGCGCCCGACGAG-3' for the ITGB7gene. The sgRNA-
resistant point mutations were generated using QuikChange (Agi-
lent Technologies) in WT a4B7 with or without C-terminal-fused
mTurquoise2 and mCitrine. An RPMI 8866 cell line stably express-
ing CXCR3 (RPMI 8866-CXCR3) was generated by electroporation
of CXCR3 cDNA followed by selection using puromycin (2 pg/ml).

AFM-based SCFS

Single-cell force measurements on integrin a4f7-ligand inter-
actions were conducted using a custom-built AFM as described
earlier (Fu et al., 2015). The custom-built setup was used to mea-
sure rupture forces between the MAACAM-1 or VCAM-1 (20 pl
of 10 pg/ml) coated surfaces and a single RPMI 8866-CXCR3
cell picked up via interaction with the triangular area of the
C-cantilever (MLCT microlever probes; Bruker Nano). For cells
stimulated with chemokines or Mn?*, the MAdCAM-1 concen-
tration was decreased to 5 pug/ml and 2.5 pg/ml, respectively. The
cantilevers were calibrated using a thermal fluctuation method
(Hutter and Bechhoefer, 1993). The spring constants (12 + 3 pN/
nm) of the calibrated cantilevers agreed with the values speci-
fied by the manufacturer. For cells without stimulation, a contact
force of 200 pN and contact time of 0.2 s were used. For cells
pretreated with chemokines or Mn?, contact force and duration
were lowered to 100 pN and 0.08 s to ensure the detection of
single-molecule interactions. All measurements for the chemo-
kine-stimulated cell were recorded within 1 h after chemokine
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stimulation. Force-distance curves were recorded and analyzed
using IGOR Pro software (Wave Metrics).

Fitting the acquired DFS data to the Bell-Evans model
According to this model, a pulling force f distorts the inter-
molecular potential of a ligand-receptor complex, leading to a
lowering of the activation energy and an increase in the disso-
ciation rate k(f),

k() = % = k°exp<k%>, (1)

where k°is the dissociation rate constant in the absence of a pull-
ing force, y is the position of the transition rate, Tis the absolute
temperature, and ky, is the Boltzmann’s constant. For a constant
loading rate ry; the model can be described as

k, T kT
f = len(koZbT> +5T1n(r). )

Fitting the acquired DFS data to the Dudko-Hummer-
Szabo model
Lifetimes (t) for RPMI 8866-CXCR3 cell-MAdCAM-1 or RPMI
8866-CXCR3 cell-VCAM-1interactions as a function of the applied
force Fwere obtained by transforming the histograms of unbind-
ing force under different loading rates. For each histogram, N is
the total number of bins of width AF = (F pax — F min)/N. Let the
number of countsinthebinbec;1 < i < N,and then the total of
countsisC = Y iV c;, resulting in the probability P(F;) = ¢;/C,
and the density p(F;) = ci/(C- AF).

Thus, the force-dependent lifetime is

(P(Fi)/Z + % p(Fi)) -AF

k=i+1

E(F)- p(F)

(F;)=

’

whereF; = Fpy, + (i - 1/2)AF and Fis the loading rate (Kim et al.,
2010; Zhang et al., 2015).

MD simulation

The first two domains (D1-D2) of MAdCAM-1 and VCAM-1 con-
tain essential a4P7 binding interfaces to mediate efficient integrin
a4p7binding. The primary interaction between a4f7 and ligands
forms between Mg?* or Mn?* at the MIDAS site of the B7I domain
and Asp42 in MAdCAM-1DI1 or Asp40 in VCAM-1D1 (Newham et
al., 1997; Zhang and Chen, 2012). The MAACAM-1 and VCAM-1
binding modes were identified using the two-domain a4p7 head-
piece fragment containing the a4 B-propeller domain (residues
1-428) and the B7I domain (residues 152-391, with Mg?* at MIDAS
and Ca?* at adjacent to MIDAS (ADMIDAS) and synergistic metal
ion-binding site (SyMBS) in Ca®* + Mg?* condition; and with Mn?*
at MIDAS, ADMIDAS, and SyMBS in Mn** condition) extracted
from the integrin a4f7 closed headpiece structure (PDB ID 3V4P;
Yu et al., 2012). The MAdCAM-1 D1-D2 structure (PDB ID 1GSM;
Dando et al., 2002) was used as a ligand to perform rigid-body
docking around the two-domain a4f37 headpiece fragment. A total
of 2,000 predictions were generated using the ZDOCK program,
and the possible binding modes were determined by measuring
the distance between MAdCAM-1 Asp42 (CG atom) and the Mg?*
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or Mn?* at MIDAS followed by equilibration using MD simula-
tions. The initial VCAM-1binding mode was obtained by superim-
posing VCAM-1 (PDBID 11J9; Taylor et al., 2001) D2 to MAACAM-1
D2 after 100 ns MD simulations of the MAdCAM-1-bound com-
plex, and then 100 ns MD equilibrations of the VCAM-1-bound
complex were performed with an upper boundary wall poten-
tial (restricted within 3 A) between VCAM-1 Asp40 (CG atom)
and the Mg?* or Mn?* at MIDAS. Finally, the MAdCAM-1- and
VCAM-1-bound five-domain a4p7 headpieces were obtained by
superimposing these equilibrated two-domain a4p7 headpiece
fragments in aforesaid MD simulations to the five-domain a4f7
model structure containing the B-propeller and Thigh domains
(residues 1-586) of the a4 subunit and the BI, hybrid, and PSI
domains (residues 41-503) of the B7 subunit.

The initial complexes for MD simulations were first handled
using the pdb2gmx module in the Gromacs (Van Der Spoel et
al., 2005) package to add missing hydrogens and detect disul-
fide bridges and protonation states of titratable residues. For
the two-domain a4p7 headpiece fragments, the conformations
were centered into a 12.5 x 11.0 x 8.0 nm rectangle box, and
dissolved with 32,347 TIP3P water molecules. The five-domain
a4p7 headpiece fragments were centered into a rectangle box
with the size of 11.9 x 17.8 x 15.9 nm, and dissolved with 109,023
TIP3P water molecules. Subsequently, 0.1 M NaCl ions were
added to neutralize the net charge of the whole system, which
yields the final system containing a total of 110,208 atoms for
the two-domain complex and 346,103 atoms for the five-domain
complex, respectively.

The MD simulations were performed using Gromacs (5.0.4;
Abraham etal., 2015) with the CHARMM?36 force field (MacKerell
etal., 1998). The steepest descent algorithm was used to minimize
the whole system before it was gradually heated to 300 K with a
position restraint potential to the protein heavy atoms. The leap-
frog integrator was used with an integration time-step of 2 fs
under substance/volume/temperature conditions. The modified
Berendsen (V-rescale; Berendsen et al., 1984) thermostat was
used to control the temperature of the systems at 300 K with a
time constant of 1 ps. The Particle Mesh Ewald method (Darden et
al., 1993) was used to compute the electrostatic interactions with
a real-space cutoff distance of 1 nm. The same cutoff value was
chosen for treating the van der Waals interactions. The SETTLE
algorithm (Miyamoto and Kollman, 1992) was used to constrain
water molecules, and all nonwater bonds were constrained using
the LINCS algorithm (Hess et al., 1997).

To guarantee that the intermediate states were sufficiently
sampled during the conformational changes, five rounds of ABMD
simulations were performed by driving the distance CV from the
closed state to open state. 20 MAdCAM-1- and VCAM-1-bound
intermediates, respectively, were selected from ABMD simula-
tions to evaluate the ligand-binding affinity differences during
the conformational changes. These 40 intermediates were used
as initial conformations to conduct MD simulations. A harmonic
restraint (75 kJ/mol/nm?) was exerted on each intermediate state
to maintain the distance CV. Each MD simulation lasts for 150 ns,
and a total of 3 us MD trajectories were aggregated for eachligand.
Thelast 50 ns of 20 intermediate states with 500 snapshots each (a
total 0of 10,000 conformations) were used to evaluate binding free
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energy using the molecular mechanics/generalized born surface
area (MM/GBSA) method (Genheden and Ryde, 2015). The dielec-
tric constant & = 4 isused for the protein in MM/GBSA calculations.

Flow chamber assay

The flow chamber assay was performed as described (Chen et
al., 2004). A polystyrene Petri dish was coated with 20 pl of
MAdCAM-1/Fc, VCAM-1/Fc (20 pg/ml) or MAACAM-1, VCAM-1
D1-D2/Fc (80 pg/ml) alone, or chemokines (2 pg/ml) in coating
buffer (PBS and10 mM NaHCO;, pH 9.0) for 1h at 37°C followed
by blocking with 2% BSA in coating buffer for 1 h at 37°C. Cells
were diluted to 1 x 106 cells/ml in HBSS (10 mM Hepes) contain-
ing different divalent cations (1 mM Ca?* + Mg?* for unstimulated
and chemokine-treated conditions, and 0.5 mM Mn?** for Mn?**-
treated conditions) and immediately perfused through the flow
chamber at a constant flow of 1 dyn/cm?. For the MAdCAM-1/
VCAM-1 domain swap or loop swap mutants, the polystyrene
Petri dish was coated with 20 pl of 80 pg/ml chimeric ligand.
For the fibronectin splice variants, the polystyrene Petri dish was
coated with 20 pl of 40 pg/ml plasma fibronectin or 80 pg/ml
CS1 peptide and EDA fragment. All adhesive interactions between
the flowing cells and the coated substrates were determined by
manually tracking the motions of individual cells for 1 min as
previously described (Sun etal., 2014). The motion of each adher-
ent cell was monitored for 10 s after the initial adhesion point,
and two categories of cell adhesion were defined. Adhesion was
defined as rolling if the adherent cells were followed by rolling
motions =5 s with a velocity of at least 1 um/s, whereas a firmly
adherent cell was defined as a cell that remained adherent and
stationary for at least 10 s.

Soluble ligand binding assay

Soluble ligand binding assay was performed as described (Sun et
al., 2014). RPMI 8866-CXCR3 cells were diluted in HBSS (10 mM
Hepes) containing different divalent cations (1 mM Ca®* + Mg?*
for unstimulated and chemokine-treated conditions and 0.5 mM
Mn?* for Mn2*-treated condition). Cells before and after chemo-
kine (0.5 pg/ml) or Mn?* stimulation were fixed with parafor-
maldehyde (3.7%). Then, 50 ug/ml MAACAM-1-his-Alexa Fluor
647 fusion protein or VCAM-1-his-Alexa Fluor 647 fusion protein
was added to the mixture and incubated for 30 min at RT. For the
MAdCAM-1/VCAM-1 domain swap or loop swap mutants, 200
pg/ml ligand-his-FITC fusion proteins were used. Next, cells
were washed twice and measured using a FACSCalibur (BD) and
analyzed using FlowJo software (TreeStar).

FLIM-FRET assay

FLIM-FRET assay was performed as described (Askari et al.,
2010). FLIM utilizes only the donor fluorescence, thus avoiding
the problem of misexcitation of the acceptor, and can determi-
nate the FRET efficiency and the binding fraction of the FRET
pairs independent of the fluorophores’ concentration (Xiong et
al., 2009; Takahashi et al., 2015). For detecting the orientation
of integrin ectodomain relative to cell membrane, cells were
stained with 20 pg/ml Atto 425-conjugated Act-1 Fab for 40
min at 37°C. After two washes, cells were labeled with 10 pM
FM4-64 FX (Invitrogen) for 4 min on ice, and washed once. To
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estimate whether the chemokine induced ligand-specific activa-
tion of a4P7 depends on distinct chemokine dose, we performed
a chemokine dose-response FRET assay with Hepes-buffered
saline (1 mM Ca®* + Mg?*) in the plate containing varying lev-
els of chemokines (0.1-1 pg/ml) within 5 min. To analyze the
time-response of chemokine and Mn**-induced integrin a4f7
global conformational changes, cells were incubated with or
without 0.5 pg/ml soluble chemokines or 0.5 mM Mn?* for
1-30 min at 37°C. For detecting the association of integrin cyto-
plasmic tails, a4-mTurquoise2/p7-Citrine RPMI 8866-CXCR3
cells were treated as above. FRET was detected and quantified
by FLIM using a (time domain) time correlated single photon
counting approach. The inverted laser-scanning microscope
Nikon Al with a 60x oil immersion 1.4 NA Plan Apochromat
objective equipped with a 440-nm pulsed laser (Picoquant)
tuned at 20 MHz and single-photon counting electronics (Pico-
Harp 300) were used to excite the donor alone (Atto 425-Act-1
Fab/o4-mTurquoise2) and the donor in the presence of acceptor
(Atto 425-Act-1 Fab + FM4-64 FX/a4-mTurquoise2 + B7-mCi-
trine). The emitted photons passed through a 482/35-nm band-
pass filter and were detected with a PMA hybrid detector (Pico-
quant). FLIM data were measured until 200 photons per pixel
were collected. The acquired fluorescence decays coming from
regions of interest comprising the cell membrane were tail-fit-
ted using Symphotime 64 software (Picoquant) with one- and
two-exponential theoretical models in both donor alone (Atto
425-Act-1 Fab/a4-mTurquoise2) and the donor in the presence
of acceptor (Atto 425-Act-1Fab + FM4-64 FX/a4-mTurquoise2 +
B7-mCitrine) assays. The reduced y? parameter was used to judge
the goodness of fit, which was deemed acceptable for 0.8 < ¥* <
1.2 (Tables S3, S4, S5, and S6). Fluorescent intensity decays were
suitably fitted to a one-exponential decay model where accep-
tor was absent and a two-exponential model when both donor
and acceptor were present to extract mean lifetimes. For two-ex-
ponential fits, the lifetimes were the weighted mean of the two
fitted lifetime components. The donor lifetime obtained from a
single exponential fit from cells (~3.493 ns of Atto 425-Act-1Fab
and ~3.988 ns of a4-mTurquoise2) expressing the donor alone
was used for the noninteracting fraction of the double exponen-
tial model in the corresponding cotransfected cell. The relative
FRET efficiency was calculated as

FRET efficiency (%) = 100 x (tD-tDA)/7D, (3)

where 7 is the mean lifetime obtained from the exponential fit
of the decay curve of the donor (Atto 425/mTurquoise2) alone
(tD) or of the donor in the presence of the acceptor (FM4-64 FX/
mCitrine; TDA).

Statistical analysis

Statistical significance was determined by two-tailed Student’s
t test using PRISM software (5.00, GraphPad Software; Figs. 1,
2, 5, and S2; and Tables S1 and S2). The resulting p-values are
indicated as follows: n.s., P > 0.05; *, 0.01 < P < 0.05; **, 0.001
<P <0.01; and ***, P < 0.001. To judge the goodness of one- and
two-exponential theoretical fits of fluorescent intensity decays
in FLIM-FRET, y? analyses were done using Symphotime 64
software (Picoquant; Tables S3 and S4). To compare the fits, the
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extra sum-of-squares F test was applied using SPSS software
(version 19; IBM SPSS for Windows; Tables S3, S4, S5, and S6).
For parametric tests, data distribution was assumed to be normal
but was not formally tested.

Online supplemental material

Fig. S1shows the expression of integrins and chemokine recep-
tors on the surfaces of different RPMI 8866-CXCR3 cell lines.
Fig. S2 shows adhesion of RPMI 8866-CXCR3 cells to immobi-
lized fibronectin splice variants and MAdCAM-1/VCAM-1 (D1-
D2; 20 pg/ml) in flow before and after treatment with chemok-
ines or Mn?*. Fig. S3 shows representative single force-distance
(retraction) curves and force histograms of forces between a
RPMI 8866-CXCR3 cell and a BSA-coated or MAdCAM-1-
coated surface. Fig. S4 presents unbinding force histograms of
RPMI 8866-CXCR3 cell-MAdCAM-1 and VCAM-1 interactions
and the analysis of specific unbinding forces with the Dud-
ko-Hummer-Szabo model. Fig. S5 shows the structures of the
a4P7 headpiece. Table S1 shows Bell-Evans model parameters
of a4B7-MAdCAM-1 and a4B7-VCAM-1 complexes. Table S2
shows the time-response lifetimes of FRET donor in absence
and presence of acceptor. Tables S3 and S4 show the x2 values for
one- and two-exponential fits of fluorescent intensity decays in
ectodomain FRET and cytoplasmic domain FRET, respectively.
Tables S5 and S6 show the maximum studentized residuals for
one- and two-exponential fits of fluorescent intensity decays in
ectodomain FRET and cytoplasmic domain FRET, respectively.
Table S7 shows the virtual atoms used for defining the distance
between Thigh and PSI domains and the angle between BI and
hybrid domains in integrin a4p7 headpiece.
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