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Integrin activation, the rapid conversion of integrin adhesion
receptors from low to high affinity, occurs in response to intra-
cellular signals that act on the short cytoplasmic tails of integrin
B subunits. Talin binding to integrin f tails provides one key
activation signal, but additional factors are likely to cooperate
with talin to regulate integrin activation. The integrin f tail-
binding proteins kindlin-2 and kindlin-3 were recently identi-
fied as integrin co-activators. Here we report an analysis of kind-
lin-1 and kindlin-2 interactions with 81 and 33 integrin tails
and describe the effect of kindlin expression on integrin activa-
tion. We demonstrate a direct interaction of kindlin-1 and -2
with recombinant integrin @ tails in pulldown binding assays.
Our mutational analysis shows that the second conserved NXXY
motif (Tyr’®®), a preceding threonine-containing region (Thr”%®
and Thr”®°) of the integrin B1A tail, and a conserved tryptophan
in the F3 subdomain of the kindlin FERM domain (kindlin-1
Trp®'? and kindlin-2 Trp®'®) are required for direct kindlin-in-
tegrin interactions. Similar interactions were observed for inte-
grin B33 tails. Using fluorescence-activated cell sorting we fur-
ther show that transient expression of kindlin-1 or -2 in Chinese
hamster ovary cells inhibits the activation of endogenous a541
or stably expressed allb@3 integrins. This inhibition is not
dependent on direct kindlin-integrin interactions because
mutant kindlins exhibiting impaired integrin binding activity
effectively inhibit integrin activation. Consistent with previous
reports, we find that when co-expressed with the talin head,
kindlin-1 or -2 can activate allbf33. This effect is dependent on
an intact integrin-binding site in kindlin. Notably however, even
when co-expressed with activating levels of talin head, neither
kindlin-1 or -2 can cooperate with talin to activate 31 integrins;
instead they strongly inhibit talin-mediated activation. We sug-
gest that kindlins are adaptor proteins that regulate integrin
activation, that kindlin expression levels determine their effects,
and that kindlins may exert integrin-specific effects.
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Integrins are a family of af3 heterodimeric transmembrane
receptors that mediate cell adhesion to extracellular matrix, cell
surface, or soluble protein ligands and modulate a variety of
intracellular signaling cascades. A key feature of integrins is
their ability to dynamically regulate their affinity for extracellu-
lar ligands. In a tightly regulated process generally termed inte-
grin activation, intracellular signals that impinge upon the 8
subunit cytoplasmic tail induce conformational rearrange-
ments in the integrin extracellular domains, increasing the
binding affinity for extracellular ligands (1-3). Ligand-bound
integrins then recruit additional signaling, adaptor, and
cytoskeletal proteins to the integrin cytoplasmic domains, pro-
viding mechanical connections to the actin cytoskeleton and a
link to a variety of signal transduction pathways (2—8).

Recent years have seen significant advances in our under-
standing of integrin activation. Notable among these is the
identification of the actin- and integrin-binding protein talin as
a key integrin activator (1, 9). The 50-kDa talin head contains
the principal integrin-binding site, and expression of the talin
head is sufficient to activate 81 and 3 integrins (10, 11). The
talin head contains a FERM (four point one ezrin radixin moe-
sin) domain. FERM domains consist of trefoil arrangement of
three subdomains (F1, F2, and F3). The phosphotyrosine-bind-
ing domain-like F3 subdomain of the talin FERM directly binds
a conserved NP(I/L)Y motif in integrin B tails, and this interac-
tion is necessary for integrin activation in vitro and in vivo (10,
12-19). However, although abundant evidence supports the
importance of talin binding to integrin B tails during integrin
activation, differences in sensitivity of integrins to talin activa-
tion and submaximal activation by overexpressed talin sug-
gested that other activating factors may cooperate with talin
(10, 20). In an attempt to identify and characterize potential
co-activators, we investigated the kindlin family of FERM
domain-containing proteins.

Kindlin family proteins (21) were first characterized in
nematodes where the sole Caenorhabditis elegans kindlin,
UNC-112, was identified in an embryonic screen for defective
motility and shown to be essential for the assembly of proper
cell-matrix adhesion structures, where it normally co-localized
with B integrin (22-24). UNC-112 is conserved across many
species, because the nematode, fly, and human homologs are
~60% similar (~41% identical) over their entire length (24).
Humans express three known homologs of UNC-112: kindlin-1
(Kindlerin, URP1, and FERMT1), kindlin-2 (Mig2 and mig-2),
and kindlin-3 (Mig2B and URP2) (25-27). Kindlin-1 and -2 are
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FIGURE 1. Kindlin-1 and -2 bind directly to B1A integrin tails. A, schematic diagram of the human kindlin-1 and -2 proteins and fragments generated. The
shaded regions correspond to the predicted FERM domain. The two upper lines signify a portion of the FERM domain with high similarity to the FERM domain
of talin. The white PH region corresponds to a region with high homology to Pleckstrin homology domains. B, pulldown assays using recombinant 1A tails
mixed with CHO cell lysates containing FLAG-tagged kindlin-1 or -2. Binding of kindlins, endogenous talin (positive control), and the major vault protein
(negative control), was assessed by Western blotting. allb tails serve as controls for binding specificity to the 3 tails. Loading of each tail protein was judged by
protein staining. The 10% lanes represent 10% of the starting material in the binding assay. C and D, direct binding of GST-tagged kindlin-1 and -2 to B1A but

not «allb tails. /B, immunoblot.

most closely related, sharing 60% identity and 74% similarity,
whereas kindlin-3 shares 53% identity and 69% similarity to
kindlin-1 and 49% identity and 67% similarity to kindlin-2 (28).
The kindlin proteins all contain a predicted Pleckstrin homol-
ogy domain and a FERM domain that is most closely related to
the talin FERM domain, particularly within the integrin-bind-
ing F3 subdomain (29). Based on this sequence similarity we
proposed that kindlin FERM domains may directly bind inte-
grin 3 tails, and we previously showed that kindlin-1 could be
pulled down from cell lysates using recombinant integrin 1
and (3 tails and that kindlin-1 co-localized with integrins in
focal adhesions (29). A similar localization was reported for
kindlin-2 (26, 30), and recent reports provided clear evidence
implicating kindlin-2 and kindlin-3 in regulation of integrin
activation (31-33). Here, we have used integrin pulldown
assays to demonstrate direct binding of full-length kindlin-1 to
the cytoplasmic tails of 1A and 33 integrins and to identify key
binding residues within the integrin tails and the kindlin F3
subdomain. We confirm that these interactions are important
for recruiting kindlin-1 to focal adhesions and show that, con-
trary to expectations, overexpressed kindlin-1 or -2 inhibit 51
and B3 integrin activation. Overexpressed kindlin-1 or -2 can,
however, cooperate with expressed talin head to activate 83 but
not B1 integrins. We therefore provide the first data suggesting
that kindlin-1 and -2 effects on integrin activation may show
subunit specificity.

EXPERIMENTAL PROCEDURES

Antibodies—Ligand-mimetic anti-allbB3 PAC1 (BD Bio-
sciences), anti-hamster a581 PB1 (Developmental Studies
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Hybridoma Bank), anti-talin 8d4 (Sigma), goat polyclonal anti-
human kindlin-2 (Santa Cruz Biotechnology), rabbit polyclonal
anti-GST? (Chemicon), mouse anti-FLAG (Sigma-Aldrich),
and goat anti-GFP (Rockland) were purchased. Generation of
anti-human kindlin-1 was previously described (29). The anti-
allbB3 monoclonal antibody D57 has been described previ-
ously (34). The a5B1-specific inhibitor 3F compound was
kindly provided by Dr. Kessler (35). GST-fibronectin type III
repeats 9—11 (FN9-11) have been described previously (36).
Protein Production—Recombinant His-tagged human inte-
grin cytoplasmic tail model proteins were produced and puri-
fied as previously described (37). Human kindlin-1 and -2 full
length (amino acids 1-677 and 1- 680, respectively), AFERM
(amino acids 1-181 and 1-183, respectively), and FERM
(amino acids 193-677 and 195-680, respectively) constructs
were generated by polymerase chain reaction from human
c¢DNAs generously provided by Mary Beckerle (University of
Utah) and subcloned into pGEX4T-3 (Amersham Biosciences)
and pEGFP-C1 (BD Biosciences), pFLAG-CMV2 (Sigma-Al-
drich), or pDsRed monomer (Clontech) mammalian expres-
sion vectors. Point mutations were introduced by Quik-
Change™ site-directed mutagenesis (Stratagene). All of the
inserts were verified by DNA sequencing. GST fusion proteins
were produced in Escherichia coli BL21 cells or Rosetta cells
(Novagen) and purified on glutathione-Sepharose 4B (Amer-
sham Biosciences) according to the manufacturer’s instruc-

3 The abbreviations used are: GST, glutathione S-transferase; CHO, Chinese
hamster ovary; GFP, green fluorescent protein; FACS, fluorescence-acti-
vated cell sorter; MFI, mean fluorescence intensity.
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FIGURE 2. The FERM domain in kindlin-1 and -2 isrequired for binding to 31A integrin tails. A and B, pulldown assays examining the ability of FLAG-tagged
fragments with and without the FERM domain of kindlin-1 and -2 to bind 1A tails. C, kindlin-1 and -2 binding was quantified by densitometry, normalized to
starting material loading, and then calculated relative to binding of wild-type full-length constructs (means =+ S.E.; n = 4). IB,immunoblot.

tions. GFP-fused mouse talinl head (amino acids 1-433) was
generated as previously described (10).

Binding Assays and Analysis—Binding assays using recombi-
nant integrin cytoplasmic tails bound to His-bind resin (Nova-
gen) were performed as previously described (37). Briefly, we
expressed integrin 8 tails in a pET15b vector containing an
N-terminal His tag sequence followed by a thrombin cleavage
site, a cysteine-residue linker, a coiled-coil-forming helical
sequence, a four-residue glycine spacer, and the integrin cyto-
plasmic domain (human B1A residues 751-798 or 33 residues
715-762). Integrin constructs were expressed in BL21 cells
(Novagen), purified, and coated to Ni**-charged nitrilotriace-
tic acid resin (Novagen) as previously described (37).

For FLAG fusion proteins, Chinese hamster ovary (CHO)
cells were transiently transfected with 3 ug of DNA using Lipo-
fectamine™ (Invitrogen), and the cells were harvested 24 h
later and lysed. Cell lysates or bacterially purified proteins were
incubated with integrin tails bound to beads (24 h for lysates
and 2 h for purified proteins), washed, resuspended in SDS sam-
ple buffer, heated for 5 min at 95 °C, and analyzed for binding
on 4-20% Tris-glycine SDS-polyacrylamide gradient gel
(Invitrogen). The loading percentage lanes in the Western blot
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images represent input lysates or purified protein as a percent-
age of total mixed with integrin tails and serve as a reference for
relative protein amounts loaded into the assay.

Immunofluorescence—NIH 3T3 cells were transiently trans-
fected with 3 pg of indicated cDNAs using Lipofectamine™"
(Invitrogen). 24 h after transfection, the cells were detached and
allowed to readhere and spread on fibronectin-coated (5
png/ml) coverslips. After 4 h of plating, the cells were fixed,
permeabilized, and stained with anti-vinculin as described pre-
viously (38, 39).

Analysis of Integrin Activation—The activation state of
endogenous a5f31 or stably overexpressed allb@B3 integrins in
CHO cells transiently expressing DsRed-tagged kindlins and/or
GFP-talin head was assessed in three-color FACS assays using a
modification of previously described methods (10, 12, 36).
FACS data analysis was carried out using FlowJo FACS analysis
software and statistical analysis using Graphpad Prism.

Briefly, to assess a51 activation CHO cells were co-trans-
fected with the indicated GFP and DsRed expression constructs
using Lipofectamine™ 2000 (Invitrogen), and 24 h later the
cells were suspended and incubated with biotinylated recombi-
nant GST-FN9-11 in the presence or absence of integrin inhib-
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FIGURE 3. A partially conserved site in the F3 subdomain of the kindlin-1 and -2 FERM domains is required for binding to B1A tails. A, pulldown assays
mapping the F3 subdomain of kindlin-1 for mutants that inhibit association with B1A tails. Lysates from CHO cells expressing FLAG-tagged kindlin-1 wild-type
and mutant constructs were mixed with recombinant 1A tails and assessed for binding. B, the binding of kindlin-1 and mutants was quantified by densitom-
etry, normalized to starting material loading, and then calculated relative to binding of wild-type kindlin-1 (means = S.E.; n = 10). C, pulldown assays mapping
the F3 subdomain of kindlin-2 for mutants that inhibit association with B1A tails. D, the binding of kindlin-2 and mutants was quantified by densitometry,
normalized to starting material loading, and then calculated relative to binding of wild-type kindlin-2 (means = S.E.; n = 3). E and F, purified GST-tagged

kindlin-1 and -2 constructs with mutations of a critical tryptophan residue, W612A and W615A for kindlin-1 and -2, respectively, were tested for binding to 1A
tails. IB, immunoblot; WT, wild type.

itor (1 mm RGD peptide (Sigma) or 0.1 um 3F o581 inhibitor
(35)). For each preparation of biotinylated GST-FN9-11, the
effective concentration was determined by titration. The cells
were washed, and bound FN9 —11 was detected with allophyco-
cyanin-conjugated streptavidin. FN9—-11 binding to doubly
transfected (GFP-positive and DsRed-positive) cells was

as Al = (F — F,)/(Fyegrin), Where F is the geometric mean
fluorescence intensity (MFI) of FN9-11 binding, F, is the MFI
of FN9-11 binding in presence of inhibitor, and Fj,, i, is the
normalized MFI of PB1 binding to transfected cells.

The activation state of allbB3 integrins was assessed as

described above but using the ligand-mimetic anti-allbB3

assessed on a FACSCalibur instrument (BD Biosciences). The
a5p1 integrin expression was assessed in parallel by staining
with antibody PB1 (40). The o531 activation index was defined
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monoclonal antibody PAC1 (11, 12, 36, 41) in place of biotiny-
lated FN9 -11. olIbf3 integrin expression was assessed in par-
allel by staining with D57 antibody (34). Bound PAC1 was
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FIGURE 4. Integrin binding activity correlates with kindlin-1 targeting to focal adhesions. Images of NIH
3T3 cells transiently transfected with GFP-tagged kindlin-1 wild-type and mutant expression constructs. Kind-
lin-1 co-localizes with vinculin at focal adhesions. Recruiting kindlin-1 to vinculin-rich focal adhesions is

blocked by W612A but not Q612A mutations.

detected using Alexa 647 fluorophore-conjugated goat anti-
mouse IgM (Invitrogen). Activation of allbB3 in doubly trans-
fected (GFP-positive and Red-positive) cells was quantified in
three-color flow cytometric assays, and an activation index was
calculated as defined above where F is the MFI of PAC1 bind-
ing, F, is the MFI of PAC1 binding in presence of RGD peptide,
and Fi,eqrin is the MFI of D57 binding to transfected cells. Inte-
grin expression ratio was defined for double expressing cells as
follows: Integrin expression ratio = (F,,..)/(Funtrans), Where
F, .. is the geometric MFI of PB1 or D57 binding to double
expressing cells,and F, isthe MFI of PB1 or D57 binding to

untransfected cells.

ntrans

RESULTS

Kindlin-1 and -2 Bind Directly to B1A Integrin Tails—Our
initial investigation of kindlin-integrin interactions demon-
strated binding of FLAG-tagged full-length kindlin-1 from
CHO cell lysates to recombinant models of B1A integrin cyto-
plasmic tails (29). Here we extended this analysis to kindlin-2

APRIL 24, 2009+VOLUME 284 -NUMBER 17

and showed that both full-length
kindlin-1 and -2 bound B1A tails
specifically because no binding of an
irrelevant control FLAG-tagged
protein (major vault protein (42))
was observed, and the kindlins did
not bind to ollIb tails (Fig. 1B). Bind-
ing of endogenous talin from the cell
lysate to B1A but not allb tails was
examined as an additional specific-
ity control (Fig. 1B, upper panel). To
determine whether the interaction
between kindlins and integrin 3 tails
is direct, we expressed and purified
full-length kindlin-1 and -2 as GST
fusion proteins from E. coli. Despite
using a range of optimization ap-
proaches, including testing various
bacterial strains, different induction
conditions, and different growth
temperatures, the yields of soluble
GST-fused kindlin proteins were
low (~0.05 mg/liter of bacterial cul-
ture). These proteins were nonethe-
less sufficient for use in protein-
protein interaction assays and
revealed direct binding of kindlin-1
and -2 to B1A but not olIb tails (Fig.
1, C and D). We were unable to
quantify the affinity of the kindlin-
integrin interaction because dose-
response curves did not reach satu-
ration at the available protein
concentrations (supplemental Fig.
S1). Nonetheless these assays sug-
gest that kindlin-integrin interac-
tions are direct but of relatively low
affinity.

The FERM Domain in Kindlin-1
and -2 Is Required for Binding to Integrin B1A Cytoplasmic
Tails—To determine whether the kindlin FERM domain is suf-
ficient for B1A binding, we expressed the isolated FLAG-
tagged kindlin-1 and -2 FERM domains in CHO cells. Cell
lysate pulldown assays using recombinant B1A tails revealed
binding of kindlin-1-FERM and kindlin-2-FERM to B1A tails
(Fig. 2, A and B). This binding was specific because no inter-
action with the alIb tails was observed (data not shown) but
was much less than that seen for the binding of full-length
kindlins. The kindlin FERM domain is necessary for integrin
binding because deletion of the FERM domain completely
abrogated kindlin-1 and -2 binding to B1A tails (Fig. 2C).
Thus the FERM domain of kindlin-1 and -2 is required for
interaction with B1A integrin tails. This is consistent with
the results of Shi et al. (30), who previously reported that the
kindlin-2-FERM was required for f tail binding. However,
although the kindlin FERM domain may be sufficient for
integrin binding, the presence of more N-terminal portions
of the protein appears to contribute to the interaction.

Merged
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A Partially Conserved Site in the F3 Subdomain of the Kindlin-1
and -2 FERM Domain Is Required for Binding to BIA Tails—
Similarity between the talin FERM domain and the kindlin-1
FERM domain, particularly within the F3 subdomain (29),
prompted us to test whether kindlin-1 binds integrin S tails via
its F3 subdomain, as talin does. We have shown that Arg>>®,
Trp®*°, and 11e**® in the talin1-F3 subdomain are important for
binding to integrin S tails, whereas Lys®*” plays a lesser role (10,
12, 16). We therefore mutated the corresponding residues in
the F3 subdomain of FLAG-kindlin-1 and tested binding to
B1A tails. As shown in Fig. 3 (A and B), K610A, W612A, and
1651A mutations strongly inhibited binding to B1A tails,
whereas a Q611A substitution (predicted to correspond to talin
Arg®®®) had no effect. Furthermore, when the W612A was
introduced into GST-kindlin-1, the mutation was sufficient to
strongly inhibit direct kindlin-1 binding to B1A tails (Fig. 3E).
We also introduced corresponding mutations into kindlin-2
and tested their effect on 1A binding (Fig. 3, C, D, and F). As
was seen for kindlin-1, a Q614A mutation in kindlin-2 did not
substantially inhibit S1A binding, whereas W615A mutations
strongly inhibited binding. However, in the case of kindlin-2,
1654A mutation did not inhibit 1A binding. Together this
reveals that, as was seen for talin-@ tail interactions, the F3
subdomain is important for kindlin binding to 1A tails and
that residues on a similar portion of the molecule are involved.
However, the differences in specific residues whose mutation
inhibits the interaction suggest subtle differences between the
kindlin-1, kindlin-2, and talin interactions with S tails.

Integrin Binding Activity Correlates with Kindlin-1 Targeting
to Focal Adhesions—Focal adhesions are integrin-rich sites
where adherent cells make strong contacts with the surround-
ing matrix (43). Previous studies have shown that kindlin-1 and
-2 localize to focal adhesions (26, 29, 30). To assess the impor-
tance of kindlin-integrin interactions in focal adhesion target-
ing, we generated GFP-tagged kindlin-1 constructs with muta-
tions in the F3 subdomain intended to disrupt binding to
integrin B tails. In agreement with our biochemical findings
(Fig. 3), cells expressing GFP-kindlin-1 with K610A, W612A, and
1651 A mutations showed diffuse GFP localization, whereas the
GFP-kindlin-1 Q611A mutant localized to vinculin-rich focal
adhesion sites similar to wild-type kindlin-1 (Fig. 4 and data not
shown). Thus cell-based assays support the conclusions from
our biochemical findings, emphasizing the importance of the
kindlin-1-F3 subdomain interactions with integrin S tails for
recruiting to integrin-rich sites.

Kindlin-1 and -2 Bind to the Membrane-distal NPKY Motifin
BIA Tails—Integrin B tails contain two conserved NPXY
motifs, and the more membrane-proximal site is required for
interaction with the F3 subdomain of talin (16, 17). We there-
fore tested kindlin binding to a variety of B1A tails contain-
ing mutations within and around the first NPXY motif (Fig.
5B). Consistent with previous reports (10), W775A, 1782A,

Kindlin-f Integrin Interactions

and Y783A all inhibited talin binding; however, they had
little or no effect on kindlin-1 or -2 binding. As previously
reported (29), kindlin-1 and -2 binding was blocked by a
double mutation targeting the tyrosine in each NPXY motif
(B1A(Y783A,Y795A)). This suggests that the second rather
than the first NPXY motif may be key to kindlin-1 and -2 bind-
ing to B1A integrins. We therefore designed a series of muta-
tions within and following the second NPXY motif of B1A. In
this case we found that a single Y795A mutation was sufficient
to block kindlin-1 and -2 binding, whereas a K794A mutation
at the adjacent residue did not impact binding (Fig. 5D). Dele-
tion of the C-terminal three residues also reduced kindlin-1 and
-2 binding, although the effect was less pronounced for kind-
lin-2, again suggesting subtle differences between kindlin-1 and
-2 interactions with 1 integrins.

The preceding experiments reveal that kindlin-1 and -2 bind
the membrane-distal NPKY motif in B1A tails and that the
kindlin-F3 subdomain is required for this interaction. The talin
F3-B1 tail NPIY interaction requires additional binding sites 8
residues upstream of the tyrosine, specifically Trp””® (10, 16).
We therefore examined the binding of kindlin-1 and -2 to S1A
tails containing mutations between the two NPXY motifs. This
revealed that two threonines (Thr”®® and Thr”®?) also played
key roles in the kindlin-integrin interaction (Fig. 5C). Analysis
of direct kindlin-1 and -2 binding to B1A tail mutants (Fig. 5, E
and F) further supports the conclusion that the distal threoni-
nes and tyrosine are important for 31 tail binding.

Kindlin Overexpression Suppresses 1 Integrin Activation—
Talin binding, via its F3 FERM subdomain, to the membrane-
proximal NPXY motif in integrin {3 tails is a key step in integrin
activation. Our biochemical and cell-based experiments indi-
cate that the F3 subdomain of kindlin-1 and -2 mediates direct
contacts with the membrane-distal NPXY region of integrin
B1A cytoplasmic tails. To test whether this interaction is
involved in integrin activation, we adapted a well established
FACS-based assay to assess the effect of kindlin-1 overexpres-
sion on the activation state of endogenous «5f1 integrins in
CHO cells. CHO cells do not express detectible levels of endog-
enous kindlin-1 (44).* The assay relies on identifying a popula-
tion of cells expressing our protein(s) of interest and measuring
the binding of the soluble recombinant fibronectin fragment
FN9-11 to these transfected cells (Fig. 64) (36, 45). Integrin
expression on an equivalent population of transfected cells is
measured in parallel using antibodies that bind in an activation-
independent manner. Overexpression of GFP- or DsRed-tagged
kindlin-1 but not GFP or DsRed alone significantly inhibited
a5B1 activation (Fig. 6, B and C; supplemental Fig. S2; and data
not shown). This effect was independent of the integrin binding
activity of kindlin-1 because the binding-defective mutant

4D. S. Harburger, M. Bouaouina, and D. A. Calderwood, unpublished data.

FIGURE 5. Kindlin-1 and -2 bind to the membrane-distal NPKY motif in 1A tails. A, the protein sequence for the cytoplasmic tail of human integrin B1A.
Asterisks denote residues required for kindlin-1 and -2 binding. B-D, pulldown assays mapping the binding site on B1A tails for kindlin-1 and -2 binding. Lysates
from CHO cells either untransfected or transiently expressing FLAG-tagged kindlin-1 or -2 were mixed with wild-type and mutant B1A tails and assessed for
binding. The binding of kindlin-1 and -2 was quantified by densitometry, normalized to starting material loading, and then calculated relative to binding of
wild-type B1A (means = S.E; n = 3). E and F, bacterially purified GST-tagged kindlin-1 and -2 were examined for their ability to bind to B1A tail mutants. /B,

immunoblot; WT, wild type.
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W612A also inhibited integrin activation. Integrin inhibition
was cell autonomous, because only transfected cells exhibited
inhibition and concentration-dependent as more highly trans-
fected cells exhibited greater reductions in FN9-11 binding
(supplemental Fig. S2). Effects are unlikely to be due to the
attached fluorescent tag because (i) neither GFP nor DsRed had
an effect when expressed alone, (ii) GFP- and DsRed-tagged
kindlin-1 still bound integrin tails in pulldown assays (data not
shown), and (iii) tagged proteins co-localized with integrins in
focal adhesions (Fig. 4 and data not shown).

Inhibition of FN9-11 binding was not due to inhibition of
the surface expression of 581 integrins because activation
indices were normalized for integrin expression (Fig. 6C), and
measurement of a581 surface expression showed a kindlin-1-
dependent increase in @531 expression not a decrease (Fig. 6E).
Unlike effects on integrin activation, the effect of kindlin-1 on
integrin expression was dependent on an intact F3 domain, sug-
gesting that kindlin-1-integrin interactions may impact inte-
grin surface expression.

To test whether kindlin-1 could inhibit talin head-mediated
activation of 31 integrins, we co-expressed the integrin-activat-
ing talin head with wild-type or mutant kindlin-1 in CHO cells.
Integrin activation was assessed by three-color FACS, allowing
cells expressing two different fluorophore-tagged proteins
(GFP and DsRed) to be identified and assessed for integrin acti-
vation in a third channel. Importantly, this system allows accu-
rate monitoring of the expression of each protein and permits
gating on cells with defined expression levels of each protein,
making comparisons between the effects of mutants more
readily interpretable (Fig. 64). In this way we showed that
although talin head (amino acids 1-433) activated o581, as
previously reported (10), co-expressed kindlin-1 or kindlin-1
W612A strongly inhibited integrin activation (Fig. 6, B and C).
This inhibition was not due to effects on GFP-talin head expres-
sion because cells were gated to have equivalent levels of this
protein. Furthermore, as seen for expression of kindlin-1 alone,
the effect is not due to a loss of cell surface integrin expression
in kindlin-1-expressing cells because activation indices were
normalized to account for changes in integrin levels, and kind-
lin-1 expression consistently led to an increase rather than a
decrease in surface a5B1 levels (Fig. 6E). Western blot analysis
was used to confirm expression of full-length fusion proteins
(Fig. 6D).

Because a recent report of the kindlin-2 knock-out mouse
implicates kindlin-2 in controlling B1 integrin activation (33),
we also tested the effect of DsRed-kindlin-2 expression on

Kindlin-f Integrin Interactions

FN9-11 binding to CHO cells. Kindlin-2 is the only kindlin
protein expressed in CHO cells (32, 44). In our hands, cells
expressing high levels of DsRed-kindlin-2 strongly suppressed
a5B1 integrin activation (Fig. 6F), as seen with kindlin-1-over-
expressing cells (Fig. 6C).

Kindlin-1 and -2 Cooperate with Talin to Activate allbB3—
As described above, overexpressed kindlin-1 and -2 inhibit 81
integrin activation in a manner that does not require their inter-
action with the integrin B tail. The activation state of 83 inte-
grins is also tightly regulated, and contrary to our results with
B1 integrins, recent publications indicate that kindlin-2 coop-
erates with talin to activate aIlbB3 integrins (32, 33). We there-
fore assessed the binding of kindlin-1 and -2 to 83 integrin tails.
As shown in Fig. 7A, B3 tails can selectively pulldown FLAG-
tagged kindlin-1 and -2 from CHO cell lysates. Kindlin-1 and -2
also directly bind to 33 integrin tails, and binding is inhibited by
point mutations in the second NXXY motif of the B tail (Fig. 7,
Band C) or Trp — Ala mutations within the kindlin F3 subdo-
main (Fig. 7, D and E). Thus kindlins appear to bind 81 and 83
integrins in a comparable manner.

To investigate the effect of kindlin-1 on aIlb33 activation, we
first overexpressed kindlin-1 in CHO cells stably expressing
allbB3 and assessed activation using the ligand-mimetic anti-
allbB3 monoclonal antibody PAC1 (34). As observed for 1
integrins, expression of either DsRed-kindlin-1 or DsRed-kind-
lin-1-W612A inhibited alIbB3 activation (Fig. 8, A and B). As
expected, based on previous reports (10, 17), overexpression of
GFP-talin-head, co-expressed with DsRed as a experimental
control, dramatically increased 83 integrin activation. Unlike
the case for B1 integrins, when kindlin-1 and talin head were
co-expressed, allbB3 activation was further enhanced beyond
that seen for talin head alone (Fig. 8, A and B). Thus talin and
kindlin-1 cooperate to activate 33 integrins. This effect is likely
to be dependent upon integrin binding because the kindlin-1
W612A mutant did not enhance talin head-mediated activa-
tion, and instead it strongly inhibited 3 integrin activation to
resting levels. Again effects were not due to altered levels of
expressed proteins because cells were gated to have comparable
levels, and assessment of alI33 integrin expression using anti-
body D57 (34) allowed correction for effects of kindlin-1 on
allbB3 surface expression (Fig. 8B and data not shown). West-
ern blot analysis was used to confirm expression of full-length
fusion proteins (Fig. 8C). Similar results were obtained with
kindlin-2 (Fig. 8D). In summary, overexpressing kindlin-1 or -2
inhibits activation of B1 and (3 integrins but, in the case of

FIGURE 6. Kindlin-1 and -2 inhibit talin mediated-activation of a51 integrin. A, wild-type CHO cells were co-transfected with GFP-tagged mouse-talin-head
(1-433) and DsRed-tagged kindlin-1 cDNAs. Cells expressing both GFP and DsRed were selected (gate G) and assessed for activation of endogenous a581 integrin
(FN9-11 binding) or a581 integrin expression (PB1 binding). B, representative histogram panels of FN9-11 binding to active a581 integrin in gated co-expressing
CHO cells. Upper left panel, FN9-11 binding to GFP and DsRed gated expressing cells (shaded, native; dashed, in the presence RGD inhibitor). In the remaining panels,
the shaded regions represent native FN9-11 binding to gated cells expressing GFP and DsRed, whereas the bold histograms represent FN9-11 binding in the presence
of indicated tagged proteins. Careful gating ensured comparable levels of GFP and DsRed fluorescence in the analyzed population. C, activation indices of o531
integrin from gated CHO cells co-expressing GFP-talin head and DsRed-kindlin-1 were calculated and normalized for integrin expression (see “Experimental Proce-
dures”). The results represent the means = S.E. (n = 3).**, p < 0.01; *, p < 0.05. D, total lysates from double transfected CHO cells were separated by SDS-PAGE and
analyzed by immunoblot for tagged proteins. E, integrin expression ratios from gated CHO cells co-expressing GFP-talin head and DsRed-kindlin-1 were calculated
relative to untransfected cells (see “Experimental Procedures”). The results represent means = S.E. (n = 3).***, p < 0.0001; **, p < 0.01; ¥, p < 0.05. F, activation indices
of 51 integrin from gated CHO cells co-expressing GFP or GFP-talin head and DsRed or DsRed-kindlin-2 constructs as indicated were calculated and normalized for
integrin expression (see “Experimental Procedures”). The results represent the means =+ S.E. (n = 3).**, p < 0.01; ¥, p < 0.05. G, total lysates from double transfected
CHO cells were separated by SDS-PAGE and analyzed by immunoblot for tagged proteins.
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tion (21, 31-33), our data show that
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tween kindlin-1 and -2 interactions
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The talin F3 subdomain contains
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FIGURE 7. Kindlin-1 and -2 bind directly to 33 integrin tails. A, pulldown assays using recombinant 33 tails
mixed with CHO cell lysates containing FLAG-tagged kindlin-1 or -2. Binding of kindlins, endogenous talin
(positive control), and the major vault protein (negative control) was assessed by Western blotting. allb tails
serve as a control for binding specificity to the S tails. Loading of each tail protein was judged by protein
staining. The 10% lanes represent 10% of the starting material in the binding assay. B and C, direct binding of
GST-tagged kindlin-1 and -2 to wild-type and mutant 3 tails. D and E, purified GST-tagged kindlin-1 and -2
constructs with mutations of a critical tryptophan residue, W612A and W615A for kindlin-1 and -2, respectively,

were tested for binding to 83 tails. /B, immunoblot.

allbB3 integrins, co-expression of talin head with kindlins, but
not with integrin-binding deficient kindlin mutants, results in
enhanced 3 activation.

DISCUSSION

Here we have investigated the interaction of kindlin-1 and
kindlin-2 with B1A and B3 integrin cytoplasmic tails and
assessed the effect of transient kindlin-1 or -2 expression on
activation of B1 and 3 integrins. We found that (i) kindlin-1
and -2 bind directly to the second conserved NXXY motifand a
preceding threonine-containing region in integrin 3 tails; (ii)
the F3 subdomain within the kindlin FERM domain is required
for B tail binding, but the isolated FERM domain binds S tails
less well than intact kindlin, suggesting that residues in the
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the major integrin-binding site (17),
and here we show that in kindlin-1
and -2, the F3 domain is important
for binding to B1 and 33 integrins.
This is consistent with previous
reports on kindlin-2 and -3 interac-
tions with integrins (31, 33). We
have been unable to determine the
affinity of the kindlin-integrin inter-
action because the low yields of purified GST-kindlin we obtain
are insufficient to saturate binding in our assays. Furthermore,
in our hands, purified kindlin-1 FERM domain or F3 fragments
did not exhibit specific integrin binding. Unlike talin, where
possibly because of release of autoinhibition (46, 47), the iso-
lated F3 or FERM domain binds integrins more tightly than the
intact protein, the smaller fragments of kindlin-1 and -2 bind
B1A tails less well than the intact kindlin protein does. This
suggests that the N-terminal region of kindlins, which did not
detectably interact with integrin B tails in isolation, aids inte-
grin binding either by providing a second weaker interaction
site or possibly through conformational effects on the FERM
domain. Ma et al. (32) recently reported similar results for kind-
lin-2- B3 integrin interactions. Kindlins also differ from talin in
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FIGURE 8. Kindlin-1 and -2 cooperate with talin to activate allb33. CHO cells stably expressing allb3 integrin were co-transfected with GFP or GFP-tagged
mouse-talin-head (1-433) and DsRed or DsRed-tagged kindlin-1 cDNAs as indicated. Co-expressing cells with similar fluorescence of GFP and DsRed tags were
assessed for allbp3 integrin activation (PAC1 binding) or allbB3 integrin expression (D57 Binding). A, representative histogram panels of PAC1 binding to
active allbB3 integrin in gated co-expressing CHO cells. Upper left panel, PAC1 binding to GFP and DsRed gated expressing cells (shaded, native; dashed, in the
presence RGD inhibitor). In the remaining panels the shaded regions represent native PAC1 binding to gated cells expressing GFP and DsRed, and the bold
histograms represent PAC1 binding in the presence of indicated tagged proteins. B, activation indices of allbB33 integrin from gated CHO cells co-expressing
GFP-talin head and DsRed-kindlin-1 were calculated and normalized for integrin expression (see “Experimental Procedures”). The results represent the
means = S.E. (n = 3).**, p < 0.01; %, p < 0.05. C, total lysates from double transfected CHO cells were separated by SDS-PAGE and analyzed by immunoblot for
tagged proteins. D, activation indices of allb3 integrin from gated CHO cells co-expressing GFP-talin head and DsRed-kindlin-2 were calculated and normal-
ized for integrin expression (see “Experimental Procedures”). The results represent the means + S.E.(n=3).**, p < 0.01;*, p < 0.05. E, total lysates from double
transfected CHO cells were separated by SDS-PAGE and analyzed by immunoblot for tagged proteins. /B, immunoblot.
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their binding site on S tails. Talin binds to the first of two con-
served NPXY motifs in integrin S tails, whereas kindlins bind to
the second. We cannot explain why our results differ from our
previously reported data (29) pointing to a membrane-proxi-
mal NPXY interaction, but note that in that report, as in a
recent kindlin-3 report (31), Tyr-Tyr — Ala-Ala mutations
were more potent inhibitors of integrin {3 tail binding than sin-
gle membrane-proximal Tyr — Ala mutations. The talin F3
subdomain adopts a phosphotyrosine binding-like fold and
binds integrin via a variant of the canonical phosphotyrosine
binding domain-NPXY motif interaction (16). This interaction
also requires a Trp residue upstream of the NPXY motif (12, 16).
Despite binding to a different site, the mode of interaction is pre-
dicted to be similar for kindlins (21, 29, 30) and requires Thr resi-
dues upstream of the NPXY motif. Analysis of kindlin-1 and -2
mutants shows the importance of conserved F3 residues in the
interaction; however, there are subtle differences in the impor-
tance of specific residues between kindlin-1 and -2 and talin. A
detailed explanation of the reasons for these differences will
require structural analyses of the interactions.

Integrin activation is central to control of cell adhesion,
migration, and signaling and is regulated by the association of
intracellular proteins with the cytoplasmic tails of integrin 8
subunits (1). The binding of the cytoskeletal protein talin to
integrin B tails is a key step in integrin activation (12, 15). How-
ever, other integrin-binding proteins are likely to cooperate or
compete with talin to modulate integrin activation and possibly
to provide integrin specificity to activation signals (10, 20, 38).
The results described here, along with recent published reports
(30-33), indicate that kindlins are important regulators of inte-
grin activation, but the mechanisms by which they exert their
effects will require further study.

Kindlin-2 or -3 knock-out results in early embryonic and
early post-natal lethality, respectively, and kindlin-2 or -3-defi-
cient cells exhibit a variety of defects including impaired acti-
vation of 81 and B3 integrins (31, 33, 48). This indicates that
kindlin-2 or -3 are required for integrin activation. The effect of
kindlin-2 or -3 overexpression is more variable and apparently
somewhat cell type-specific. Kindlin-3 expression enhances 81
activation in RAW?264.7 cells but not CHO cells (31), whereas
expression of kindlin-2 in allbf3-expressing CHO cells has
been reported to both weakly activate (30, 32) and slightly
inhibit (33) allbB3 activation. Recent kindlin-1 knock-out
experiments in mice have reported skin defects and lethal neo-
natal intestinal epithelial dysfunction as a consequence of
impaired integrin activation (44). In our experiments using two
independent reporters of activation for allb33 and endogenous
CHO a5p1, we see strong inhibition of 81 and B3 integrins
following expression of either kindlin-1 or kindlin-2. Inhibition
is not due to a loss of cell surface integrin because activation
indices were normalized to account for changes in integrin lev-
els. Furthermore kindlin-1 expression increased o581 expres-
sion levels while reducing binding of the o531 ligand FN9-11.
Effects on 33 integrin levels were not statistically significant but
tended in the same direction as those seen for B1 integrins. The
in vivo relevance of kindlin effects on integrin levels remains
unclear. The inhibitory effect of overexpressed kindlins is also
unlikely to be due to competition with talin for binding to inte-
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grin B tails because nonbinding kindlin mutants retain inhibi-
tory activity, and the separation between talin- and kindlin-
binding sites on the B tails suggests that both proteins may be
able to bind simultaneously (32). A clear molecular explanation
for the inhibitory effect of overexpressed kindlin-1 and -2 is still
lacking but, when considered in light of the kindlin-1, -2, and -3
knock-out results, the data suggest that either removal or over-
expression can inhibit activation. Similarly, both knockdown
and overexpression of kindlin-2 can inhibit cell migration (30,
32). Such a pattern is consistent with an adaptor or scaffolding
role (49) where kindlins link integrin f tails to another kindlin-
binding integrin-activating protein and overexpressed kindlin
would uncouple that adapter function. The inhibitory effect of
overexpressed integrin binding-defective kindlin may also be
explained by this model because these mutants would be
expected to produce dominant-negative effects. Likewise dif-
ferences in levels of kindlin-binding proteins may explain the
cell type-specific effects of kindlins.

Further work will be required to identify putative kindlin-
binding integrin-activating proteins, but consistent with recent
reports for kindlin-2 (32, 33), we find that co-expression of
kindlin-1 or -2 with the talin head enhances talin-mediated
allbB3 integrin activation. This effect is dependent on an intact
integrin-binding site in the kindlin F3 domain, and noninte-
grin-binding mutants strongly inhibit the talin-mediated inte-
grin activation. A talin-kindlin interaction could therefore play
a role in B3 integrin activation; however, preliminary experi-
ments have not yet revealed such an interaction.

We previously found differences in talin-mediated activation
of B1 and B3 integrins (10) and now show that even in the
presence of activating levels of the talin head, kindlin-1 and -2
continue to strongly suppress a581 activation. This supports
differences in 1 and 33 activation mechanisms, and it will be
important to resolve the basis for these differences.

In summary, we show that kindlin-1, in addition to kindlin-2
and -3, is a regulator of integrin activation. However, effects on
activation depend on kindlin expression level and levels of active
talin and show integrin 8 subunit specificity. The details of how
kindlins exert their effects on activation remain to be resolved, but
we favor a model where kindlins act as adaptor proteins and
increasing or reducing expression levels can hence uncouple that
activity, resulting in inhibition of activation unless other relevant
partners are co-expressed. Whether kindlin-containing com-
plexes stabilize talin binding to the integrin tail, stabilize the inte-
grin in an active conformation, or prevent talin competitors, such
as filamin, from binding remains to be determined, and the role of
known kindlin-binding proteins, such as migfilin (26) or integrin-
linked kinase (33), now also needs to be assessed.
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