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Integrin o,f; mediates rolling and firm adhesion of leucocytes,
two of the critical steps in leukocyte migration and tissue specific
homing. Affinity of a,p; for ligand is dynamically regulated by three
interlinked metal ion-binding sites in p;-subunit | domain. In this
study, we found that Phe185 (F185), a highly conserved aromatic
residue in fB;-subunit, links the specificity-determining loop and
the synergistic metal ion-binding site (SyMBS) through cation-x in-
teraction. Mutations of F185 that disrupted the SyMBS cation-F185
interaction led to deficient firm cell adhesion mediated by high
affinity op;, and only slightly affected rolling adhesion mediated
by low affinity a,p;. Disruption of SyMBS cation-F185 interaction
induced partial extension of integrin ectodomain and separation
of cytoplasmic tails, and impaired a,f;-mediated bidirectional sig-
naling. In addition, loss of SyMBS cation-F185 interaction increased
paxillin expression and promoted paxillin-integrin binding, leading
to deficient cell spreading. Furthermore, integrin a,$;-mediated cell
migration was decreased by the abolishment of SyMBS cation-F185
interaction. Thus, these findings reveal a cation-r interaction play-
ing vital roles in the regulation of integrin affinity, signaling, and
biological functions.

Integrins are a family of o/f heterodimeric cell adhesion
molecules that mediate cell-cell, cell-matrix, and cell-pathogen
interactions. Different from most integrins that mediate only firm
adhesion of cells upon activation, integrin ouf; can mediate both
rolling and firm adhesion of lymphocytes on its ligand mucosal
addressing cell adhesion molecule-1 (MAdCAM-1), which make
it indispensable in the homing of lymphocytes to the intestine and
gut-associated lymphoid tissues (1).

Cell adhesion through integrin is dependent on the dynamic
regulation of integrin affinity. Affinity regulation is associated
with the conformational rearrangement of the integrin molecule.
Previous studies have shown that integrin extracellular domains
exist in at least three distinct global conformational states: bent
with a closed headpiece, extended with a closed headpiece, and
extended with an open headpiece (2). The closed and open head-
pieces have low and high affinity for ligand, respectively. The
equilibrium among these different states is regulated by integrin
inside-out signaling and certain extracellular stimuli, such as
divalent cations (3, 4). Compared to the low affinity state in
Ca%* + Mg?*, removal of Ca®* strikingly increases ligand-bind-
ing affinity and adhesiveness of integrins (5). Crystal structures
of integrin avf; and oupP; revealed a unique interlinked linear
array of three divalent cation-binding sites in integrin § I domain
(6, 7). The central metal ion-dependent adhesion site (MIDAS)
is flanked by two metal ion-binding sites, the adjacent to MIDAS
(ADMIDAS) and synergistic metal ion-binding site (SyMBS).
The divalent cation at MIDAS directly coordinates the acidic
side chain shared by all integrin ligands, and is essential for
integrin-ligand binding (8-10). The SyMBS and ADMIDAS func-
tion as positive and negative regulatory sites, respectively (8, 9).
The occupancy of SyMBS by divalent cation is required for
integrin activation, whereas inhibition of integrin-ligand binding
by Ca?* is mediated by the ADMIDAS. Although the importance
of SyMBS cation has been reported, the mechanism for its posi-
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tive regulatory function has not been elucidated because hardly
any conformational change was observed around the SyMBS
upon integrin activation and ligand binding (6, 7).

Another important regulatory element for integrin-ligand bind-
ing is specificity-determining loop (SDL), a 20-30 residue segment
located between f strands 2 and 3 in the f I domain (11). Mutations
or deletion of SDL disrupted integrin-ligand binding (11, 12).
Switching of a seven-residue sequence within the SDL of B, integ-
rin with the homologous sequence in f; integrin leads to the altera-
tion of ligand-binding specificity (13). Because SDL is a fairly
flexible loop, orientation could be critical for its function. How-
ever, the mechanism of SDL orientation control remains elusive.

In this study, we found that SyMBS and SDL were linked by
a cation-n interaction formed between SyMBS cation and F185
in integrin B, subunit and that this interaction is essential for
integrin affinity regulation and signaling. Disruption of SyMBS
cation-F185 interaction impaired ouf;-MAdCAM-1 high affinity
binding and induced global conformational change of ouf}; which
induced abnormal intracellular signaling.

Results

A Cation-rt Interaction Is Predicted to Link the SyMBS and SDL in
Integrin B Subunit I Domain. To investigate the regulatory element
in integrin B subunit, integrin p; I domain structure was chosen to
serve as the structure model for the following reasons: (i) Integrin
B I domain is highly conserved among different § subunits; for
example, the sequence identities of §; [ domain to the structurally
characterized B, and f; I domain are 66% and 53%, respectively
(Fig. S14); (ii) The p I domain structure is also highly conserved
because the p; and f3; I domain structures are almost identical as
shown from superposition of f I domains from oypP; and oxp,
(Fig. S1B) (14, 15); (iii) The crystal structures of integrin oumps
in both open and closed conformations have the highest resolu-
tion among currently available integrin structures, and have been
widely used as a model for the study of other integrins (6, 8-10,
15). Thus, the integrin p; I domain structure is an excellent model
for f; I domain.

F185, located at the base of SDL and adjacent to the SyMBS
cation, is conserved as Phe or Tyr in all integrin p subunits except
for B4 (Fig. 14). The structure-based sequence alignment of o33
and oxP, showed that all the residues in contact with F185
and SyMBS cation are identical among B;, p,, and B; subunits
(Fig. S1C). Based on the crystal structure of integrin ounps
(liganded-open conformation, pdb 2vdl) (15), the SyMBS cation
is aligned on the center of the phenyl ring and the distances
between them are within the range of cation-n interaction
(<6.0 A) (16) (Fig. 1 B-D). Therefore, it is predicted that a
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A B subunit | domain
B1157 TSDFRIGFGSFVEKTVMPYISTTP-AKLRNPCTSE
B,139 TESGRIGFGSFVDKTVLPFVNTHP-DKLRNPCPNK
By 146 TSNLRIGFGAFVDKPVSPYMYISPPEALENPCYDM
B,137 TSDYTIGFGKFVDKVSVPQTDMRP-EKLKEPWP--
Bs 148 TSNFRLGFGSFVDKDISPFSYTAP-RYQTNPCIGY
By 149 TSNFRLGFGSFVEKPVSPFVKTTP-EEIANPCSSI
B,167 THSVRIGFGSFVDKTVLPFVSTVP-SKLRHPCPTR
Bs 139 SRDFRLGFGSYVDKTYSPYISIHP-ERIHNQCSDY

D Atom| CG | CD1| CD2| CE1| CE2| CZ |Center

d(A)|5.04]6.33| 5.35[6.94| 5.78| 6.70| 5.90

Fig. 1. Potential cation-n interaction links SDL and SyMBS in integrin f;
subunit | domain. (A) Sequence alignment of the human integrin § subunit
I domains. Residues at the position of F185 in f; are shown in red. (B) Detailed
view of the metal ion cluster, Y164 (F185 in ;) and SDL in integrin 5 | domain
(pdb 2vdl). SyMBS, MIDAS, and ADMIDAS metal ions are magenta, gold, and
green spheres, respectively. (C and D) Distances between SyMBS cation and
Y164 aromatic ring.

cation-w interaction is formed between SyMBS cation and F185.
Moreover, an axis drawn through the three metal ions is aligned
with the phenyl ring (Fig. 1B).

The Aromatic Side Chain of F185 Is Essential for Integrin High Affinity
Ligand Binding. To test our hypothesis, F185 was mutated to Tyr
(Y), Trp (W), His (H), or Ala (A) respectively to gradually weaken
its ability of forming cation-r bond (17). Phe, Tyr, and Trp can form
cation-t bonds with adjacent cations as they all have aromatic rings
which are electron rich near their centers and poor around their
peripheries. Phe and Tyr contribute similarly to the cation-r bond
due to the identical size of their aromatic rings, whereas Trp has
a substantially larger aromatic side chain and would require re-
packing of residues around it to form cation-r bond. Although
His is also aromatic, it does not form a cation-n bond, because
His has a different electrostatic distribution and the preferred site
for interaction with a cation is on the edge of the ring opposite
the unprotonated nitrogen atom (17). Substitution of Phe with
Ala results in the complete removal of the aromatic group.

Adhesive behavior of a,p; 293T transient transfectants in shear
flow was characterized in a parallel wall flow chamber by allowing
them to adhere to MAdCAM-1 adsorbed to its lower wall. 293T
cell line is used in this study because it does not express endogen-
ous auP; integrin. The shear stress was incrementally increased
and the velocity of the cells remaining bound at each increment
was determined. Wild-type (WT) transfectants behaved as pre-
viously described for lymphoid cells expressing ouf; (8). In 1 mM
Ca?* + 1 mM Mg?", cells rolled with increasing velocity as shear
stress was increased, reaching a velocity of about 8 um/s at the wall
shear stress of 16 dyn/cm?, and were mostly detached at 32 dyn/
cm? (Fig. 24). By contrast, cells were firmly adherent in 1 mM
Mg?* (Fig. 24). Rolling and firm adhesion represent low and high
affinity interactions of oy, with MAdCAM-1, respectively. As con-
trol, cells transfected with the ay cDNA alone, or ouf3; transfectants
treated with the aup; blocking antibody Act-1 or EDTA did not
accumulate on MAdCAM-1 substrates (Fig. 24).

F185 substitutions had little impact on asf,-mediated rolling ad-
hesion of 293T transient transfectants in Ca>* + Mg?* (Fig. 24).
In contrast, weakening of the aromatic ring’s ability to form a
cation-r bond significantly affected the firmly adhesive behavior
of cells in Mg?* (Fig. 2 A and B). Substitution of Phe by Tyr had
no impact on firm adhesion, whereas substitution of Phe by Trp
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converted the firm adhesion of cells in Mg?* to rolling adhesion.
Retention of the aromatic side chain but abolition of ability
to form a cation-r bond with His substitution, or mutation to
Ala abolished a,;-MAJCAM-1 binding in Mg?* (Fig. 24 and B).
Next we tested the effect of F185 mutations on the strength
of auf;-mediated adhesion to MAdCAM-1 by examining the cell
resistance to detachment. While resistance to detachment was
similar in Ca®* 4+ Mg?*, in Mg?" WT and F185Y were similarly
resistant, and the F185W, F185H, and F185A mutants were
increasingly susceptible (Fig. 2 C and D).

To further confirm that F185 is required for integrin high affinity
ligand binding, we investigated the effect of F185 mutations on
a highly activated ouf; mutant (Q324T). Q324T mutation was
reported to activate integrin by introducing a N-glycan at N322
in the p I/hybrid domain interface, which induces p; hybrid domain
swing-out (18). Consistently, F185W, F185H, and F185A muta-
tions severely impaired the high affinity ligand binding of Q324T
mutant in both ion conditions (Fig. 2E). Taken together, these
data demonstrate that an aromatic side chain capable of forming
a cation-n bond at residue 185 is essential for high affinity ligand
binding.

F185 Functions Through Cation-x Interaction by Interacting with the
SyMBS Cation. To exclude the possibility that, instead of cation-n
interaction, F185 performs its function by forming hydrophobic
or charge-charge interactions with its nearby environment, F185
was mutated to Leu (L, hydrophobic residue) and Glu (E, nega-
tively charged residue), respectively. The adhesive behavior of
F185L and F185E 293T transient transfectants on MAdCAM-1
was similar to that of F185A transfectants (Fig. 34), suggesting
that the contribution of F185 to ouf;-MAdCAM-1 binding was
not through hydrophobic or charge-charge interactions.

To confirm that F185 functions through its interaction with
SyMBS cation, mutation abolishing cation binding at SYMBS was
introduced into F185 mutants. Previous study on integrin ouf;
has shown that mutation of SyMBS-coordinating residue D237
stabilizes integrin in the low affinity state (8). If F185 functions
through interacting with SyMBS cation, removal of SyMBS cation
by mutation should eliminate the effects of F185 mutations.
As predicted, F185 mutation to W, H, or A had no effect in the
context of the D237A mutation (Fig. 3B). Moreover, removal of
SyMBS cation by mutation rescued the cell adhesion of F185H
and F185A mutants to a level similar to that of the SyMBS single
mutant, suggesting the abolishment of ligand binding by F185H
and FI185A mutations is dependent on SyMBS cation. These
results suggest that the regulatory function of F185 is dependent
on the SyMBS cation, and support a cation-r bond.

The SyMBS Cation-F185 Interaction Is Essential for Coupling Integrin-
Ligand Binding and Global Conformational Change. We used FRET
to examine the influence of F185 residue on integrin conforma-
tion. To assess the orientation of integrin auf}; ectodomain relative
to the plasma membrane, ouf; was labeled with Alexa Fluor
488-Act-1 Fab fragment as donor which binds to the top of of,
B I domain (19). The plasma membrane was labeled with FM4-
64 FX (FM) as acceptor (7). Binding of MAdCAM-1 to a,f; did
not influence Act-1 Fab binding (Fig. S2). Compared to WT, the
FRETefficiency of F185A 293T transient transfectants was signif-
icantly lower when cells spread on poly-L-Lysine (PLL) (Fig. 44),
indicating that the ectodomain of asf; F185A mutant was more
extended prior to ligand binding. Binding of MAdCAM-1 to
ouP; further decreased the FRETefficiency of both WTand F185A
B, expressing cells. In MAACAM-1 and 0.5 mM Mn?*, FRET
efficiency of WT and F185A transfectants was even lower, and si-
milar (Fig. 44), suggesting full extension of the ouf; ectodomain.

The influence of SyMBS cation-F185 interaction on integrin
cytoplasmic domain separation was assessed using 293 T cells tran-
siently expressing auf; with monomeric cyan fluorescent protein
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Fig. 2. Effect of F185 mutations on the adhesive modality of af;. (A) Adhesive behavior of asf; 293T cell transfectants on h-MAdCAM-1/Fc in shear flow.
Rolling velocity was measured for all adherent cells and plotted as a distribution at each wall shear stress. (B) Percentage of cells firmly bound to ligand in the
indicated divalent ions under the wall shear stress of 1 dyn/cm?. (C) Cell resistance to detachment in shear flow. The total number of cells remaining bound at
increasing wall shear stresses was determined as a percent of adherent cells at 1 dyn/cm?. (D) The initial number of bound cells at 1 dyn/cm? and integrin cell
surface expression level. (E) Adhesive behavior of Q324T wedge mutant and F185/Q324T double mutant o.f; transfectants under the wall shear stress of
1 dyn/cm?. Error bars are +s.d. (n = 3). *: P < 0.05; **: P <0.01; and NS, not significant.

(mCFP) and yellow fluorescent protein (mYFP) fused to the C
termini of ou- and p;- subunits respectively (20). These fusions do
not affect integrin function (9, 20). F185A mutation induced
partial separation of integrin cytoplasmic domains prior to and
after MAdCAM-1 binding, and MAdCAM-1 plus 0.5 mM Mn>**
induced more separation of the aup; cytoplasmic tails (Fig. 4B),
similar to the results of the extension FRET assay in Fig. 44.

SyMBS Cation-F185 Interaction Is Required for Integrin a,f;-Mediated
Inside-Out Signaling. Talin is a cytoskeletal protein that binds to
integrin P tail and activates integrin by inside-out signaling (21).
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Fig. 3. F185 functions through cation-r interaction by interacting with the
SyMBS cation. (A) Adhesive behavior of F185L and F185E 293T transfectants
under the wall shear stress of 1 dyn/cm?. (B) The number of rollingly or firmly
adherent cells bearing WT and mutant a,$; was measured under the wall
shear stress of 1 dyn/cm?. Error bars are +s.d. (n = 3), **: P < 0.01.
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To investigate the impact of SYyMBS cation-F185 interaction on
integrin-mediated inside-out signaling, talin-GFP was overex-
pressed in oup; 293T transient transfectants (Fig. S34). In
Ca’* + Mg?*, the percentage of firmly bound WT oup; transfec-
tants to total bound cells was increased from 36% to 70% after
cotransfection with talin-GFP, indicating the activation of integrin
by talin (Fig. 54). In contrast, the percentage of firmly bound
F185W mutant transfectants was not increased by cotransfection
with talin-GFP (Fig. 54), suggesting impaired integrin-mediated
inside-out signaling. Loss of cation-x interaction did not alter the
binding of endogenous talin to asp; because a similar amount of
talin was coimmunoprecipitated with WT and mutant oup;
(Fig. S3B). Interestingly, talin cleavage was inhibited in F185
mutant transfectants (Fig. S3B).
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Fig. 4. Influence of F185 mutations on integrin conformation. (A) FRET
between integrin asf; p | domain and the plasma membrane. (B) Intersubunit
FRET between integrin ouf; cytoplasmic domains. Error bars are +s.d.
(n=10), **: P<0.01.
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To further confirm the impaired inside-out signaling, we tested
integrin activation by adenosine diphosphate (ADP) or phorbol
12-myristate 13-acetate (PMA) stimuli in WT and F185W expres-
sing 293T transient transfectants, which express ADP receptors
P2Y1,2,4 (22). ADP and PMA were reported to induce integrin
activation through inside-out signaling by activating phosphati-
dylinositol 3-kinase (PI3K) pathway (23, 24). Consistently, WT
asP; but not F185W transfectants could be activated by ADP
or PMA (Fig. 5B).

Loss of SyMBS Cation-F185 Interaction Blocks Integrin o,f,-Mediated
Cell Spreading. To assess the requirement of the cation-n interac-
tion for integrin-mediated outside-in signaling, CHO-K1 cells
stably expressing similar level of WT or mutant ouf;-GFP were
established which showed similar adhesive behavior as 293T trans-
fectants (Fig. S4 A and B), and ouf,-mediated cell spreading was
studied (Fig. 5C). CHO-K1 transfectants were allowed to adhere
on immobilized MAdCAM-1 for 2 h in F12 medium with Ca®*+
Mg?*, followed by fixation and microscopic analysis. WT oup;
expressing cells spread substantially on MAdCAM-1 substrates.
Interference-reflection microscopy (IRM) showed an irregular
shape and extensive area of cell-substrate contact (Fig. 5C). In
contrast, the F185W stable transfectants exhibited less spreading.
F185H and F185A transfectants did not spread on MAdCAM-1;
the area of contact with MAdCAM-1 was much smaller and largely
remained round (Fig. 5C). Quantification of cell area from differ-
ential interference contrast (DIC) images showed F185H and
F185A transfectants exhibited the same area of projection as cells
in suspension (Fig. S4C). Moreover, these cells failed to form sig-
nificant actin stress fibers in contrast to the robust stress fibers in
WT transfectants (Fig. S4D). Thus, F185 mutation abrogates o+~
mediated cell spreading, suggesting disrupted outside-in signaling.

Loss of SyMBS Cation-F185 Interaction Enhances Association of Integ-
rin with Paxillin. To address the question of how the loss of cation-n
interaction affects integrin-mediated cell spreading, the association
of integrin with paxillin was examined. Paxillin is a focal adhesion-
associated adaptor protein important in the regulation of cell
spreading and migration (25, 26). Compared to WT a,f; CHO-K1
stable transfectants, paxillin expression was up-regulated and
more paxillin was coimmunoprecipitated with oy, in F185 mutant
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transfectants (Fig. 5D). Quantitative real-time PCR and immuno-
blot analysis demonstrated that the up-regulation of paxillin occurs
at the transcription level in mutant transfectants (Fig. S5).

To confirm that the impaired cell spreading is due to enhanced
paxillin-integrin binding, a point mutation (S988D) was intro-
duced into integrin o, subunit cytoplasmic domain that inhibits
association with paxillin (26). As expected, S988D mutation
restored the spreading of F185 mutant CHO-K1 stable transfec-
tants to the same level as that of WT a.f; expressing cells (Fig. 5SE
and Fig. S64). The recovery was not due to the alteration of
ap-MAdJCAM-1 binding because the adhesive behavior of ouf;
expressing cells was not affected by S988D mutation (Fig. S6B).
These findings demonstrate that loss of SyMBS cation-F185
interaction up-regulates paxillin expression, enhances the asso-
ciation of integrin with paxillin, and thus, results in deficient cell
spreading.

Abolishment of SyMBS Cation-F185 Interaction Impairs o,f; Integrin-
Mediated Cell Migration. Integrin-mediated cell adhesion and
signaling play a fundamental role in cell migration (27). We inves-
tigated the role of SyMBS cation-F185 interaction on asfs-
mediated cell migration using osf; CHO-K1 stable transfectants.
In contrast to 75% wound closure of WT auf; expressing cells, cells
expressing F185A mutant showed only 19% wound closure after
migrating on MAdCAM-1 for 9 h (Fig. 64; Movies S1 and S2).
Random cell migration of F185A transfectants was also reduced
significantly with shorter migration traces compared to WT
(Fig. 6B, Movies S3 and S4). The F185A expressing cells exhibited
elongated cell shape and detachment at the trailing edge was
retarded (Movies S3 and S4). Similar results were obtained from
serum-induced transwell migration. Compared to WT, the number
of F185A transfectants migrating to the lower chamber was
decreased significantly (Fig. 6C). Thus, these results demonstrate
that mutation of F185 impairs asp,-mediated cell migration.

Discussion

The dynamic regulation of integrin affinity and signaling plays vital
roles in cell spreading and migration. As metalloproteins, ligand
binding of integrins is dependent on and regulated by divalent
cations. Although previous studies have shown the importance
of the SyMBS cation, the mechanism for its positive regulatory
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Fig. 6. Effect of F185 mutations on integrin asp;-mediated cell migration.
(A) Wound-healing migration of CHO-K1 stable cells. Representative images
are from Movies S1 and S2 at the indicated time. Bar, 50 pm. (B) Single cell
random migration of CHO-K1 stable cells. Migration tracks of ten randomly
picked cells are shown. (C) Serum-induced transwell migration. Cells migrating
to the lower chamber were counted. Error bars are +s.d. (n = 3), **: P < 0.01.

function remains elusive. On the other hand, SDL is a fairly flex-
ible loop which is important for integrin-ligand binding, but how
its orientation is controlled has not been elucidated. In this study,
we revealed that a cation-n interaction links the SyMBS cation with
F185 in the SDL and regulates ouf}; ligand binding and signaling.

The residue at the position of F185 in integrin p; I domain is
conserved as Phe or Tyr in all integrin § subunits except for fs,
which is unusual in many respects. Different from other integrins
that harbor short cytoplasmic domains of 40-70 amino acids, f
contains a cytoplasmic domain of 1,088 amino acids, and interacts
with intermediate filaments rather than the actin cytoskeleton
(28). Hence, integrin B4 could have distinct mechanisms for affinity
and signaling regulation.

Upon activation, integrin undergoes global and local confor-
mational rearrangements to convert from a low affinity to high
affinity state (2). The lack of SyMBS cation-F185 impairs high
affinity adhesion and appears to disrupt the local conformational
change of ligand-binding site required for high affinity integrin-
ligand binding. Interestingly, mutations of SyMBS-coordinating
residues also impaired integrin high affinity ligand binding (8), sug-
gesting that this cation-r interaction may exert its role in stabilizing
the high affinity state of integrins by modulating the electronic en-
vironment of the metal ions in the ligand-binding site. In addition,
it is worthwhile to note that F185 locates at the base of SDL, which
is a fairly flexible loop near the metal ion-binding sites. Therefore,
the metal ions might regulate the conformation of SDL during
integrin activation through this cation-r interaction.

Despite deficient activation of ligand binding by F185 muta-
tions, loss of SyMBS cation-F185 interaction induces partial
extension of integrin ectodomain and separation of cytoplasmic
tails which are associated with integrin activation (Fig. 44 and B).
Previous structural and mutagenesis studies have shown the
importance of the al-helix, f6-a7 loop, and a7-helix in allosteric
communication between the B I and hybrid domains (29-31). In
the high affinity, liganded integrin conformation, the ol-helix
straightens and moves laterally, displacing the p6-a7 loop and
facilitating the downward displacement of the o7-helix that triggers
hybrid domain swing-out and global conformational rearrange-
ments (29). The interlinked SyMBS, MIDAS, and ADMIDAS
comprise residues in the al-helix and p6-a7 loop. Breaking SYyMBS
cation-F185 interaction could affect the interlinked metal ions clus-
ter, and then induce the above conformational rearrangements.
However, ligand binding can be dissociated from these rearrange-
ments except those close to the ligand-binding site (9, 32). Our re-
sults suggest that F185 mutations prevent shift of MIDAS toward
the high affinity configuration and, at the same time, release struc-
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tural constraints on the p6-a7 loop and a7-helix that trigger global
conformations similar to those in the high affinity state.

Another notable finding of our study is that the loss of cation-x
interaction up-regulates paxillin expression at transcriptional
level. Paxillin is a 68-kDa intracellular signaling adaptor protein
that is involved in cellular responses to integrin-dependent adhe-
sion and migration. Previous study has shown that paxillin expres-
sion can be up-regulated at the transcription level through growth
factor receptor (GFR) activation, such as HER2/HER3 (33). As
a common consequence of GFR activation, the activity of some
tyrosine kinases, such as PI-3-kinase (PI3K) and mitogen-acti-
vated protein kinase (MAPK), is increased, leading to phosphor-
ylation and activation of transcription factors (34, 35). In our
study, we have shown that F185 mutations induce partial exten-
sion of ayp; and separation of its cytoplasmic tails, which are
associated with integrin activation (20). These conformational
changes might mimic integrin outside-in signaling and activate
similar intracellular pathways in response to integrin activation,
such as increase of PI3K and MAPK activity (36, 37).

Paxillin binding to the cytoplasmic domain of o4 integrins
results in inhibition of cell spreading (25). Consistent with the
decreased cell spreading, paxillin-oaup,; binding is increased in
F185 mutant transfectants. The overexpression of paxillin can
increase the paxillin binding to WT a4 and inhibit cell spreading
(Fig. S6 C-E), suggesting the increase in paxillin expression alone
is sufficient to increase paxillin binding to ouf; and decrease cell
spreading independent of F185 mutations. Thus, it is more likely
that the increased binding of paxillin to F185 mutants is due to
the increased paxillin protein level, but not the higher affinity of
asf; mutant to paxillin.

Integrin-mediated cell migration requires the dynamic regula-
tion of cell adhesion at the leading edge and de-adhesion at the
trailing edge with the cooperation of multiple signaling pathways
(38). Up-regulation of integrin adhesiveness in integrin of; led to
the elongation of cell shape, deficiency of cell retraction at the
trailing edge, and inhibition of cell migration (39). Interestingly,
down-regulation of integrin adhesiveness by F185 mutations
resulted in a similar phenotype in our study (Fig. 6B, Movies S3
and S4). Therefore, integrin requires both low and high affinity
ligand binding to support optimal cell migration. Besides the
deficient cell adhesion, the loss of SYMBS cation-x interaction
could generate defective intracellular signaling which up-regulates
paxillin expression and leads to constitutively enhanced associa-
tion of paxillin with auf;. The effective cell migration requires
the dynamic spatial regulation of o, integrin-paxillin binding at
the cell leading and trailing edges (26, 40). Either disrupting or
enforcing the association of oy with paxillin greatly impairs cell
migration. Thus, the enhanced os-paxillin association by F185
mutations could result in deficient cell migration. In addition, talin
cleavage is decreased by F185 mutations which could slow focal
adhesion (FA) turnover and lead to accumulation of mature FA
(41). As expected, more mature FAs were observed in migrating
F185 mutant expressing cells than in WT transfectants (Fig. S7),
which could also contribute to the decreased cell migration.

Materials and Methods

cDNA Construction. The p; site-directed mutations were generated by using
Quick-change (Stratagene). ¢DNA of human talin with N-terminal-fused
green fluorescent protein (talin-GFP) in vector pEGFP-C1 was kindly provided
by Minsoo Kim (University of Rochester Medical Center, USA). All constructs
were confirmed by DNA sequencing.

Flow Chamber Assay. The flow chamber assay was performed as described (8).
For the experiments of ADP and PMA stimulation, 10 pM ADP or 0.1 pM PMA
(final concentration) were added and incubated at 37 °C for 10 min before
cells were infused into the flow chamber.

FRET. FRET was measured as described (7, 20). For detecting the orientation
of integrin ectodomain relative to cell membrane, cells were incubated on
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indicated ligands for 30 min at 37 °C. 0.5 mM Mn?* was added into medium to
activate integrin. Adherent cells were fixed by 3.7% paraformaldehyde and
then stained with 20 pg/mL Alexa Fluor 488-Act-1 Fab, followed by staining
with 10 uM FM-4-64 FX (Invitrogen). For detecting the association of integrin
cytoplasmic tails, a-mCFP/B,-mYFP293T transient transfectants (10°/mL)
were treated as above and allowed to incubate at 37 °Cfor 2 h. Then cells were
fixed and subjected to photobleach FRET imaging. FRET efficiency (E) was cal-
culated as E = 1-(FCFP(d)p,e /FCFP(d)post ), Where FCFP(d)p,. and FCFP(d)post
are the mean CFP emission intensity of Pre- and Post- photobleaching.

Cell Spreading and Microscopy. Cell spreading was done as described (42). Cells
were allowed to spread on human MAdCAM-1 fused to the Fc1, 2 region of
human IgG1 (hMAdCAM-1/Fc) coated surface (10 pg/mL) for 2 h at 37 °C be-
fore fixation. For the quantification of cell spreading, outlines of 50 randomly
selected adherent cells from each of three separate experiments were gen-
erated, and the number of pixels contained within each of these regions was
measured by using Image-Pro® plus v6.0.

Wound-Healing Assay. Cells were seeded on h-MAdCAM-1/Fc (10 pg/mL)
coated glass coverslips in F12 medium with 0.5% (vol/vol) FBS until cells
formed a confluent monolayer. Then the cell monolayer was wounded using
a sterile P10 pipette tip. Image sequences were collected at 5 min interval on
Leica DM IRE2 microscope with CoolSNAP™ HQ camera (Photometrics).

Single Cell Random Migration. Cells were plated on h-MAdCAM-1/Fc
(10 pg/mL) coated glass bottom dish in F12 medium with 0.5% FBS within
a CO, chamber at 37 °C. After 4 h, image sequences were collected every
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5 min. Migration tracks were determined as tracks of cells that did not
die, divide, or run out of the field of view during 9 h.

Serum-Induced Transwell Migration. Both sides of transwell chambers (8 pm
pore, Millipore) were coated with 10 ug/mL h-MAdJCAM-1/Fc. Serum-starved
CHO-K1 cells were added to the upper chamber and the lower chamber was
filled with F12 medium with 10% FBS. After incubation at 37 °C for 4 h, cells
migrating to the lower side were stained with 0.5% Crystal Violet (Sigma)
and enumerated by microscopy.

Coimmunoprecipitation. Cells were plated on h-MAdCAM-1/Fc (10 pg/mL)
coated surface for 2 h before subjected to immunoprecipitation. Integrins
were immunoprecipitated by asB; mAb Act-1. Mouse IgG was used as control.
Talin, paxillin, and integrin B, subunit were detected by antitalin (Sigma-
Aldrich), antipaxillin and FIB27 mAbs (BD Biosciences), respectively.

Statistical Analysis. All statistical analysis was performed using a two-tailed
Student’s t test.
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