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Differences in self-association between kindlin-2 and
kindlin-3 are associated with differential integrin binding
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The integrin family of transmembrane adhesion receptors
coordinates complex signaling networks that control the ability
of cells to sense and communicate with the extracellular envi-
ronment. Kindlin proteins are a central cytoplasmic component
of these networks, directly binding integrin cytoplasmic
domains and mediating interactions with cytoskeletal and sig-
naling proteins. The physiological importance of kindlins is well
established, but how the scaffolding functions of kindlins are
regulated at the molecular level is still unclear. Here, using a
combination of GFP nanotrap association assays, pulldown and
integrin-binding assays, and live-cell imaging, we demonstrate
that full-length kindlins can oligomerize (self-associate) in
mammalian cells, and we propose that this self-association
inhibits integrin binding and kindlin localization to focal adhe-
sions. We show that both kindlin-2 and kindlin-3 can self-asso-
ciate and that kindlin-3 self-association is more robust. Using
chimeric mapping, we demonstrate that the F2PH and F3 sub-
domains are important for kindlin self-association. Through
comparative sequence analysis of kindlin-2 and kindlin-3, we
identify kindlin-3 point mutations that decrease self-association
and enhance integrin binding, affording mutant kindlin-3 the
ability to localize to focal adhesions. Our results support the
notion that kindlin self-association negatively regulates integrin
binding.

The phenotypes of kindlin knockout or depletion in mouse,
Drosophila, and Caenorhabditis elegans clearly establish the
general importance of kindlins for integrin function (1-6). Fur-
thermore, loss-of-function mutations in two of the three mam-
malian kindlins (kindlin-1 and kindlin-3) result in human dis-
eases associated with altered cell adhesion (7-9), whereas
mutations in kindlin-2, or changes in its expression level, are
associated with cancer (10, 11). However, while kindlins clearly
bind integrin cytoplasmic tails and act as adaptor proteins that
regulate integrin adhesive function and connect integrins to
cytoskeletal and signaling networks (12, 13), how kindlin activ-
ity is regulated is only partially understood.

Kindlins share a conserved 4.1-ezrin-radixin-moesin (FERM)
domain architecture that is distinguished from other FERM
domains by the presence of an FO subdomain, the inclusion of a
long flexible loop in the F1 subdomain, and the insertion of a
pleckstrin homology (PH) domain into the F2 subdomain (14—
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17). It is believed that the importance of kindlins in integrin-
mediated signaling stems from their role as scaffolds for media-
ting protein—protein interactions (13, 18), and considerable
efforts have been directed toward identifying kindlin binding
partners (1, 12, 19). Among the best-characterized kindlin inter-
actions is the F3 subdomain-mediated binding to integrin 3 tails
(1, 14, 20). This interaction, which has been structurally charac-
terized (14), is essential for normal integrin activation and for cor-
rect targeting of kindlins to focal adhesions (14, 20, 21). Kindlins
also bind several other focal adhesion proteins (12, 13, 18) includ-
ing integrin-linked kinase (ILK), a pseudokinase important for
linking integrins to the actin cytoskeleton. The kindlin—ILK inter-
action, which is mediated by the kindlin F2PH subdomain and
the ILK pseudokinase domain, also contributes to recruitment
and retention of kindlin and ILK at focal adhesions (22—24).

It has recently been proposed that in addition to other pro-
tein—protein interactions, kindlins may also self-associate
(form kindlin-kindlin interactions) (14), and that this may be
important in kindlin-mediated integrin signaling. Whereas
crystal structures of full-length kindlins are not yet available,
the structure of a truncated kindlin-2 lacking the large F1 loop
and the PH domain revealed a domain-swapped dimer (14).
However, whether this dimeric form is physiologically relevant
remains unclear, especially because the reported spontaneous
monomer-dimer transition in solution is unfavorable, occur-
ring on the order of days in vitro (14). Despite this, kindlin self-
association has emerged as an attractive mechanistic model for
how kindlins may promote integrin signaling (14); indeed,
kindlins have been implicated in driving integrin clustering
(25). However, it is currently unclear if kindlin self-association
occurs in full-length kindlins in mammalian cells, whether or
not other kindlin isoforms besides kindlin-2 can self-associate,
and the impact of self-association on integrin binding and focal
adhesion localization.

Despite sharing a conserved domain organization, the three
mammalian kindlins exhibit specific functions and interactions
(18,23, 26, 27). Previous studies from our laboratory and others
have demonstrated that the widely expressed kindlin-2 and he-
matopoietic-specific kindlin-3 exhibit functional differences
that go beyond expression patterns. For example, when
expressed in Chinese hamster ovary (CHO) cells or bovine aor-
tic endothelial cells (BAEC) plated on fibronectin, kindlin-2
localizes to focal adhesions, whereas kindlin-3 does not (23,
28). These functional disparities can be traced, in part, to differ-
ential binding to B1 integrins and to ILK and the ILK-PINCH-

J. Biol. Chem. (2020) 295(32) 11161-11173 11161

© 2020 Kadry et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0002-0791-4142
https://orcid.org/0000-0002-0791-4142
https://www.jbc.org/cgi/content/full/RA120.013618/DC1
mailto:david.calderwood@yale.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.013618&domain=pdf&date_stamp=2020-6-16

kindlin-2 and kindlin-3 can self-associate

parvin (IPP) complex (23, 28). Here, we extend these studies to
include comparison of kindlin self-association. We report that
full-length kindlin-2 and kindlin-3 can each self-associate in
mammalian cells but that kindlin-3 self-associates to a greater
extent than kindlin-2. We identify domains important for
mediating self-association and, through analysis of kindlin-3
mutants, present evidence suggesting that kindlin self-associa-
tion impairs integrin binding and inhibits focal adhesion
localization.

Results

kindlin-2 and kindlin-3 can each self-associate in mammalian
cells, but kindlin-3 self-association is more robust

Although the crystal structure of kindlin-2 lacking the PH
domain and a portion of the F1 subdomain (kindlin-
2APHAF1loop) suggested that kindlin-2APHAF1loop dimer-
izes (14), it was unclear whether full-length kindlin-2 or the
related kindlin-3 could self-associate in mammalian cells. To
test this, we employed a coimmunoprecipitation (co-IP) assay
using GFP-nanotrap beads and coexpressed GFP-tagged and
FLAG-tagged kindlins (22, 29). First, to assess the ability of
kindlin-2 to self-associate, FLAG-kindlin-2 was coexpressed
with either GFP-kindlin-2 or GFP (as a negative control) in
HEK293T cells (Fig. 1, A and B). In parallel, kindlin-3 self-asso-
ciation was assessed by coexpressing FLAG-kindlin-3 with ei-
ther GFP-kindlin-3 or GFP (as a negative control). Cells were
lysed and incubated with GFP-nanotrap beads to purify the
GFP-tagged protein, and the amount of associating FLAG-
tagged protein was assessed by immunoblotting (Fig. 1A).
Whereas negligible amounts of FLAG-kindlin-3 copurified
with GFP, readily detectable levels of FLAG-kindlin-3 copuri-
fied with GFP-kindlin-3 (Fig. 1, B and C). Similarly, FLAG-
kindlin-2 copurified with GFP-kindlin-2 but consistently less
FLAG-kindlin-2 associated with GFP-kindlin-2 than in the case
of kindlin-3 (Fig. 1, B and C). This suggests that both kindlin-2
and kindlin-3 can self-associate in mammalian cells but that
kindlin-3 self-associates to a greater extent than kindlin-2 (Fig.
1, Band C). We note that while these experiments clearly show
that kindlins can assemble into larger complexes, they cannot
provide information on the stoichiometry of the complex or
whether kindlin—kindlin interactions are direct.

The kindlin-3 F2PH domain is central to self-association

Kindlin-3 shares the same conserved domain architecture
and 67% amino acid sequence similarity with kindlin-2 (20, 23).
Therefore, we tested whether kindlin-3 could associate with
kindlin-2. Notably, despite their similarity, GFP-kindlin-3
could associate with FLAG-kindlin-3 but not with FLAG-kind-
lin-2 (Fig. 2, A and B). This allowed us to map the subdomains
of kindlin-3 that are important for self-association by evaluat-
ing the ability of FLAG-kindlin chimeras to restore or disturb
association with GFP-kindlin-3. Two sets of chimeric FLAG-
kindlins were tested: loss-of-function chimeras consisting of a
FLAG-kindlin-3 backbone with inserted subdomain(s) of kind-
lin-2 intended to disturb association with GFP-kindlin-3 and
gain-of-function chimeras composed of a FLAG-kindlin-2
backbone with inserted subdomain(s) of kindlin-3 intended to
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restore association with GFP-kindlin-3. Chimeric kindlins were
named using four characters to denote the F0, F1, F2PH, and F3
regions, respectively, with each number denoting the kindlin
isoform from which each subdomain originates (23), and chi-
meric kindlins were functionally characterized as previously
described (23).

We first tested the ability of the FLAG-K2233 and FLAG-
K3322 chimeras to associate with GFP-kindlin-3 to pinpoint
whether the N- or C-terminal subdomains of kindlin-3 are
most important for association with GFP-kindlin-3 (Fig. 2C). In
the GFP nanobody co-IP assay, FLAG-K3322 was severely
impaired in association with GFP-kindlin-3 (Fig. 2, D and E),
suggesting that replacement of the F2PH and F3 subdomains of
kindlin-3 is detrimental to the ability of kindlin-3 to associate.
In contrast, despite consistently expressing less well than
FLAG-kindlin-3, when corrected for input material, FLAG-
K2233 was enhanced in association with GFP-kindlin-3 (Fig. 2,
D and E). We note that these chimeric kindlins are likely to be
correctly folded, as we have previously shown that they bind 81
integrin tails and ILK (23). Furthermore, K3322, which exhibits
reduced association with kindlin-3, shows robust targeting to
focal adhesions (23). Together, these results suggest that the C-
terminal region of kindlin-3 (F2PH and F3 subdomains) is im-
portant for association of FLAG-kindlin-3 with GFP-kindlin-3:
replacing this region with that from kindlin-2 (K3322) impairs
the ability to associate with GFP-kindlin-3, whereas inserting
this region into kindlin-2 (K2233) restores and enhances
association.

To determine which subdomain(s) in the C-terminal region
of kindlin-3 are important for self-association, association
between GFP-kindlin-3 and a series of FLAG-tagged loss-of-
function chimeras was examined (Fig. 3, A and B). Four FLAG-
tagged loss-of-function chimeras were tested: K3332, K3323,
kindlin-3 with the F2 subdomain of kindlin-3 (K3 F2 swap), and
kindlin-3 with the PH subdomain of kindlin-2 (K3 PH swap).
The FLAG-K3332 chimera associated with GFP-kindlin-3; in
contrast, FLAG-K3323 was severely impaired in association
with GFP-kindlin-3 (Fig. 3, A and B). We consider this unlikely
to be because of misfolding, as K3323 can bind 31 integrins and
ILK and targets to focal adhesions (23). Swapping only the PH
domain (K3 PH swap) also strongly impaired association with
GFP-kindlin-3 (Fig. 3, A and B). Like kindlin-3, the PH swap
construct fails to target to focal adhesions, but when expressed
as a GFP fusion protein it does not form aggregates, suggesting
that it is not misfolded (23). Thus, the F2PH subdomain, and
particularly the PH domain, is important for the ability of kind-
lin-3 to self-associate in mammalian cells, as replacement of the
kindlin-3 F2PH with the F2PH of kindlin-2 cannot fully support
self-association.

Further support for the importance of the F2PH subdomain
for kindlin-3 self-association was provided when we evaluated
association between GFP-kindlin-3 and a series of FLAG-
tagged gain-of-function chimeras (Fig. 3, C and D). We
observed that FLAG-K2232 associated with GFP-kindlin-3;
however, we note that this chimera only partially restored asso-
ciation (Fig. 3, C and D). Meanwhile, FLAG-K2223 did not as-
sociate with GFP-kindlin-3 (Fig. 3, C and D). These chimeras
bind B1 integrins and ILK, suggesting that they are correctly
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Figure 1. kindlin-2 and kindlin-3 each self-associate. A, cartoon schematic illustrating GFP nanobody self-association assay. B and C, self-association of GFP
or GFP-kindlin (kindlin-2 [K2] or kindlin-3 [K3]) with FLAG-kindlin was assessed by GFP nanobody pulldown followed by immunoblotting and compared with a
5% input sample (B) and quantified by normalization to GFP-kindlin-3 + FLAG-kindlin-3 (GFP-K3+FLAG-K3) self-association (C); mean = S.E; n=5; ¥, p < 0.02

(Student’s t test).

folded (23). In addition, neither the FLAG K2 F2 swap nor PH
swap chimeras associated with GFP-kindlin-3 (Fig. 3, C and D).
Although the loss-of-function K3 PH swap chimera suggested
that the PH domain of kindlin-3 is required, it is possible that
the gain-of-function PH swap chimera does not restore associa-
tion, because the kindlin-3 F2 also makes interactions or
because the kindlin-3 PH domain must be presented in the con-
text of a complete kindlin-3 F2PH. The K2PH swap is likely
correctly folded, as we have shown that it targets to focal adhe-
sions at levels comparable with those of kindlin-2 (23).

Notably, in the crystalized domain-swapped kindlin-
2APHAF1loop dimer (14), the F2 subdomain is central to dime-
rization, and F2 subdomain point mutations that perturb dime-
rization have been reported, namely, both 13278328 1o 3327p328
(LS/GP) and A**"Q%*® to G**'P>*® (AQ/GP) (14). The LS and
AQ motifs are conserved in kindlin-3 (L3°*S**® and A®%Q°%),
but introduction of the equivalent LS/GP or AQ/GP mutation
had no effect on kindlin-3 self-association in mammalian cells,
as assessed by our nanobody IP assay (Fig. S1, A and B). Simi-
larly, we could not observe any effect of the LS/GP and AQ/GP
mutations on self-association of full-length kindlin-2 in mam-
malian cells (Fig. S1, C and D). Thus, while we conclude that
the kindlin F2PH is important, we suggest that the mode of
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full-length kindlin self-association in mammalian cells likely
differs from that of the kindlin-2APHAF1loop dimerization
observed crystallographically (14).

Loss of the F3 subdomain enhances kindlin self-association

Our mapping of domains important for kindlin self-associa-
tion consistently highlights an important role for the F2PH sub-
domain (Fig. 2 and 3). However, the FLAG-K2232 chimera
does not fully restore association with GFP-kindlin-3 (Fig. 3D),
suggesting that the kindlin-3 F2PH does not completely reca-
pitulate binding when inserted in the context of flanking kind-
lin-2 subdomains, or that the kindlin-2 F3 subdomain hinders
association. The latter idea is supported by our observation
that whereas FLAG-K2232 only partially restored association
with kindlin-3 (Fig. 3, C and D), the K2233 chimera enhanced
association beyond kindlin-3 levels (Fig. 2, D and E).

To examine the possibility that the kindlin-2 F3 domain
inhibits self-association, we generated a kindlin-2AF3 mutant
(consisting of kindlin-2 residues 1-564). FLAG-kindlin-2AF3
was several hundred-fold enhanced in association with GFP-
kindlin-2 compared with FLAG-kindlin-2 (Fig. 4, A and B). To
ensure that removal of the F3 subdomain did not alter protein
integrity, we assessed the ability of GFP-kindlin-2AF3 to bind
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Figure 2. The kindlin-3 C-terminal subdomains are central to self-association. A, association of GFP or GFP-kindlin-3 (GFP-K3) with FLAG-kindlin was
assessed by GFP pulldown and immunoblotting and compared with 5% input. B, binding was quantified by normalization to GFP-kindlin-3 + FLAG-kindlin-3
(GFP-K3+FLAG-K3) association; mean * S.E,; n=3;*,p < 0.0001 (Student's t test). C, cartoon schematic of kindlin FERM domain architecture and kindlin chime-
ras. D and E, association of GFP or GFP-kindlin-3 (GFP-K3) with FLAG-kindlin-3 (FLAG-K3) or FLAG-kindlin chimeras was assessed by GFP pulldown (D) and quan-
tified by normalization to GFP-kindlin-3 + FLAG-kindlin-3 association (GFP-K3+FLAG-K3) (E); mean = S.E; n > 3;*,p < 0.007 (Student's t test).

to the recombinant GST-tagged pseudokinase domain of ILK
(GST-ILK-pKD), which our laboratory and others have
shown to bind to the kindlin F2PH subdomain (23, 24). Re-
moval of the F3 subdomain did not impair binding to ILK-
pKD in complex with CH2 of a-parvin; moreover, binding
was specific and was severely impaired for a K423D mutant
of the ILK-pKD that we previously identified as perturbing
kindlin binding (22) (Fig. 4, C and D). When we assessed the
ability of kindlin-3AF3 (consisting of kindlin-3 residues 1-
550) to self-associate, we found that FLAG-kindlin-3AF3
was also markedly enhanced in association with GFP-kind-
lin-3 (Fig. 4, E and F), suggesting that the kindlin-3 F3 sub-
domain also is inhibitory to association. Therefore, the F3
subdomains of both kindlin-2 and kindlin-3 are inhibitory
to association, as deletion of this subdomain enhances the
ability of both kindlin isoforms to self-associate.
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Self-associated kindlin-3 may consist of two to four kindlin
molecules

To understand the nature of self-associated kindlin-3 multi-
mers in mammalian cells, we purified FLAG-kindlin-3 from
HEK293T cells using anti-FLAG beads to capture the FLAG-
tagged protein and recombinant triple-FLAG peptide to elute
the bound material. When the purified FLAG-kindlin-3 was
subject to analytical size-exclusion chromatography (SEC),
most FLAG-kindlin-3 eluted at a retention volume of 14.3 ml
(Fig. 4E). Based on fitting against protein standards (Fig. 52, A
and B), this corresponds to a species of ~72 kDa, very close to
the expected molecular weight (MW) of the FLAG-kindlin-3
monomer (expected MW, ~78 kDa) (Fig. 4E). However, we
also consistently observed material eluting at lower retention
volumes of 12.2 ml and 11.3 ml, corresponding to species of
~186 and 314 kDa, respectively (Fig. 4G and Fig. S3, A and B).
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Figure 3. The F2PH subdomain is important for kindlin-3 self-association. A, association of GFP-kindlin-3 (GFP-K3) with FLAG-kindlin chimeras was
assessed by GFP pulldown. 5% input was loaded for comparison. B, binding was quantified by normalization to GFP-kindlin-3 + FLAG-kindlin-3 association;
mean =+ S.E;n > 3;* p < 0.009 (Student’s t test). C, association of GFP-kindlin-3 (GFP-K3) with FLAG-kindlin was assessed by GFP pulldown. Input lane is 5%. D,
binding was quantified by normalization to GFP-kindlin-3 + FLAG-kindlin-3 association (GFP-K3+FLAG-K3); mean = S.E;n > 3;*,p < 0.001 (Student’s t test).

As kindlin-3AF3 exhibits increased self-association, we also
purified FLAG-kindlin-3AF3. Its SEC profile consisted of a
major peak at 14.3 ml corresponding to a calculated MW of
~67 kDa (Fig. 4G and Fig. S3, A and B), presumably represent-
ing monomeric FLAG-kindlin-3AF3 (expected MW, ~64
kDa), but it also showed a sizeable fraction of the material elut-
ing at a retention volume of 12.6 ml, which corresponds to a
species of ~160 kDa (Fig. 4G and Fig. S3, A and B). Importantly,
based on Ponceau red staining, FLAG-kindlin3AF3 was the
only detectable protein in the eluted fractions (Fig. 4H), sug-
gesting that the self-association occurs by direct interactions
and is not mediated via intermediary proteins. Based on the
estimated molecular weights, the observed kindlin multimers
may correspond to a complex of two to four kindlin molecules.
Therefore, self-associated FLAG-kindlin-3 and self-associated
FLAG-kindlin-3AF3 may be comprised of two to four FLAG-
kindlin molecules.

Point mutations that enhance the ability of kindlin-3 to bind
B1 integrin impair self-association

The data we have presented thus far suggest that the F2PH
subdomain is important for self-association but that the F3 sub-
domain modulates this association. As kindlins bind directly to
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integrin cytoplasmic tails through the F3 subdomain (20, 23),
we assessed the impact of a W/A point mutation in F3 that
strongly inhibits integrin binding (20, 21) on the ability of kind-
lin-3 to self-associate. However, the introduction of the
W596A mutation into kindlin-3 had no impact on the ability of
kindlin-3 to self-associate (Fig. S3, A and B), suggesting that
blocking kindlin-3 binding to integrin does not detectably alter
self-association.

To test the alternative idea that kindlin-3 self-association
alters binding to B1 integrin, we sought to examine the effect of
enhancing the ability of kindlin-3 to bind B1 integrin on self-
association. This required that we first identify kindlin-3 point
mutations that enhance integrin binding. Prior studies from
our laboratory have demonstrated that B1 cytoplasmic tails
pull down more kindlin-2 than kindlin-3 and that this differen-
tial binding is attributed to the F3 subdomains (23). However,
the specific residue(s) in the F3 subdomains that account for
these differences, and which might be mutated to enhance
kindlin-3 binding to B1 integrin, are unknown. To identify
these residues, we analyzed the protein sequence of the kindlin-
2 and kindlin-3 F3 subdomains across multiple species to iden-
tify conserved differences (Fig. 54). As many of the key integ-
rin-binding residues within the binding cleft are well conserved
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Figure 4. The F3 subdomain inhibits kindlin self-association. A, association of GFP or GFP-kindlin-2 (GFP-K2) with FLAG-kindlin-2 (FLAG-K2) or FLAG-kind-
lin-2 mutants was assessed by GFP pulldown and immunoblotting. Input lane represents 5% of input. B, binding was quantified by normalization to GFP-kind-
lin-2 + FLAG-kindlin-2 self-association; mean =+ S.E.; n = 3. C and D, pulldown of GFP-kindlin-2 (GFP-K2) or GFP-kindlin-2AF3 (GFP-K2AF3) by immobilized GST-
ILK pKD or GST-ILK K423D pKD (negative control) assessed by immunoblotting relative to a 3% input (A) and quantified by normalization to GFP-kindlin-2
(GFP-K2) + GST-ILK (B). GST-ILK pKD loading was assessed by Ponceau red staining; mean = S.E.; n = 5; ns, not statistically significant, p > 0.05. E and F, associa-
tion of GFP or GFP-kindlin-3 (GFP-K3) with FLAG-kindlin or FLAG-kindlin-2 mutants was assessed by GFP pulldown. Input lane represents 5% of input. F, bind-
ing was quantified by normalization to GFP-kindlin-3 + FLAG-kindlin-3 association (GFP-K3+FLAG-K3). G, size-exclusion chromatograms for purified FLAG-K3
(red) and FLAG K3AF3 (black) with peak retention volumes indicated. H, immunoblot for kindlin-3 (top) and Ponceau red staining (bottom) of selected fractions

of FLAG K3AF3 as indicated by letters in panel E.

between kindlin-2 and kindlin-3 across multiple species (21,
23) (Fig. 5A), we included residues throughout the F3 domain.
We selected a total of seven residues at three sites: kindlin-3
residue R594, which is K613 in kindlin-2, D601, which is E620
in kindlin-2, and the short stretch ®**'ERARG®*, which is
60 AKDQN®** in kindlin-2 (Fig. 54).

We generated individual or compound GFP-kindlin-3 muta-
tions, switching these kindlin-3 residues to the corresponding
kindlin-2 residues at each of the sites and assessed binding to
integrin B1 tails. As shown in Fig. 5, B and C, pulldown assays
with immobilized recombinant 1 integrin tails confirmed that
B1 tails pull down approximately twice as much GFP-kindlin-2
as GFP-kindlin-3, and that binding was specific, as it was abro-

11166 J Biol. Chem. (2020)295(32) 11161-11173

gated by the previously characterized Y795A (Y/A) mutation in
the B1 tail (14, 20, 23). Analysis of kindlin-3 mutants showed
that only the compound mutations of all three sites (GFP-K3
F3uws) enhanced kindlin-3 binding to B1 integrin tails to the
level of kindlin-2 (Fig. 5, B and C). Binding remained specific, as
the mutant kindlin-3 did not bind to 1 Y/A mutant tails (Fig.
5,Band C).

Our results show that binding of kindlin-3 to 81 integrin can
be enhanced by the mutation of seven amino acids in the F3
subdomain to the corresponding residues found in kindlin-2.
Surprisingly, when we mutate the corresponding residues in
kindlin-2 to those found in kindlin-3, we observed no signifi-
cant impact on binding to integrin 81 tails (Fig. 5, D and E).
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Figure 5. Identification of kindlin-3 mutants with enhanced integrin binding. A, multiple-sequence alignment of kindlin isoforms from different species
generated with ESPript (43). Sequences boxed in black represent regions selected for mutagenesis. B and C, pulldown of GFP-kindlins by immobilized 31 or
B1YA (negative control) integrin tails was assessed by immunoblotting relative to a 3% input (B) and quantified (C) by normalization to the GFP-kindlin-2 (GFP-
K2) + B1 condition; mean = S.E;n > 3;*,p < 0.0008 (Student’s t test) or ns (not statistically significant, p > 0.05). Integrin tail loading was assessed by Coomas-
sie blue staining. D and E, pulldown of GFP-kindlins by immobilized 81 or B1YA (negative control) integrin tails assessed by immunoblotting relative to a 3%
input (D) and quantified (E) by normalization to the GFP-kindlin-2 (GFP-K2) + B1 condition; mean = S.E.; n > 3; ns, not statistically significant, p > 0.05. Integrin

tail loading was assessed by Coomassie blue staining.

This, together with analysis indicating that many of these resi-
dues are unlikely to make direct contacts with the integrin tail,
raises the possibility that the enhanced ability of GFP-kindlin-3
F3uts to bind to B1 tails in pulldowns is an indirect effect.

To understand the nature of potential indirect effects, we
evaluated the ability of kindlin-3 F3,,,.a3 to self-associate. Com-
pared with kindlin-3, kindlin-3 F3,,.3 was impaired in self-
association (Fig. 6, A and B). In contrast, the analogous kindlin-
2 compound mutant, kindlin-2 F3,,,a3, which bound at wild
type levels to B1 integrin tails, self-associated similarly to wild-
type kindlin-2 (Fig. 6, C and D). This correlation between
impaired self-association and enhanced integrin binding is con-
sistent with the notion that enhanced self-association impairs
binding to B1 integrin tails.

SASBMB

Mutations that impair kindlin-3 self-association and enhance
B1 integrin binding facilitate localization of kindlin-3 to focal
adhesions

When expressed in adherent cells, GFP-kindlin-2 robustly
targets to focal adhesions, but GFP-kindlin-3 is not observed in
focal adhesions; this differential localization has been attributed
to differences in both ILK and integrin binding (23). Because
GFP-kindlin-3 F3,,s binds to B1 integrin at kindlin-2 levels
in pulldown assays, we examined the ability of GFP-kindlin-3
F3 s to localize to focal adhesions in live CHO cells stably
expressing mCherry-Paxillin as a marker for focal adhesions
(Fig. 7). Twenty-four hours after plating on fibronectin-coated
glass, GFP-kindlin-2 localized to mCherry-Paxillin containing
focal adhesions by both total internal reflection fluorescence
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Figure 6. A kindlin-3 mutant with enhanced integrin binding is impaired in self-association. A and B, association of GFP-kindlin-3 (GFP-K3) or GFP-kind-
lin-3 F3utx3 (GFP-K3 F3,,,e¢3) With FLAG-kindlin was assessed by GFP pulldown and immunoblotting (A) and quantified by normalization to GFP-kindlin-3 +
FLAG-kindlin-3 self-association (GFP-K3+FLAG-K3) (B); mean = S.E; n=6.*,p < 0.03 (Student’s t test). C, association of GFP-kindlin-2 (GFP-K2) or GFP-kindlin-2
F3mutxs (GFP-K2 F3,,,3) With FLAG-kindlin was assessed and compared with a 5% input. D, binding was quantified and normalized to GFP-kindlin-3 + FLAG-
kindlin-3 self-association (GFP-K3+FLAG-K3); mean = S.E.; n = 3; ns, not statistically significant, p > 0.05.

(TIRF) and epifluorescence microscopy, while GFP-kindlin-3
localization was very similar to that of GFP alone and could not
be reliably detected in focal adhesions in any of the cells visual-
ized (Fig. 7). On the contrary, GFP-kindlin-3 F3,,,,3 was
observed localizing to focal adhesions by TIRF microscopy,
although focal adhesion localization of this mutant was not as
clearly visualized as the GFP-kindlin-2 condition (Fig. 7). This
suggests that impairing self-association and increasing binding
to B1 integrin permits localization to focal adhesions.

Discussion

Kindlins are essential for normal integrin-mediated cell ad-
hesion and signaling (1, 18). They are believed to act primarily
as scaffold proteins, binding directly to integrin 8 subunit cyto-
plasmic tails and interacting with other focal adhesion and
cytoskeletal proteins, such as ILK (22, 23), paxillin (30-33), and
F-actin (34). Here, we show that, in mammalian cells, kindlins
can also self-associate with other kindlin molecules, forming
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dimers or higher-order assemblies. We find that whereas both
kindlin-2 and kindlin-3 can each self-associate, kindlin-3 self-
associates to a greater extent, and we use this information to
identify a key role for the kindlin F2PH subdomain in kindlin
self-association. We further propose that the integrin-binding
F3 subdomain inhibits self-association. Notably, mutations in
the F3 subdomain of kindlin-3 that impair self-association of
kindlin-3 enhance binding to 1 integrin cytoplasmic tails and
permit localization of kindlin-3 to focal adhesions, suggesting
that kindlin dimerization or oligomerization regulates integrin
binding and localization.

An association between kindlin domains was first proposed
for N- and C-terminal portions of C. elegans kindlin (UNC-
112), but this was envisaged to be an intramolecular interaction
involved in conformational regulation of kindlin interactions
with ILK (PAT-4) and integrin 31 (PAT-3) (35). The first report
that kindlins can self-associate (intermolecular interaction) was
based on the crystal structure of a mouse kindlin-2 construct
lacking the PH domain and a portion of the F1 subdomain
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Figure 7. A kindlin-3 mutant with impaired self-association and
enhanced integrin binding targets to focal adhesions. CHO cells stably
expressing mCherry-paxillin were transiently transfected with GFP, GFP-kind-
lin-2 or GFP-kindlin-3 (GFP-K2 or GFP-K3), or GFP-kindlin-3 F3,,,3 (GFP-K3
F3ux3)- 18 h after replating on fibronectin-coated glass-bottom dishes, live
cells were imaged by epifluorescence (EPI) and/or TIRF microscopy as indi-
cated. Images in each channel were linearly, uniformly adjusted, and cropped
for clarity. Scale bar = 20 um.

(kindlin-2APHAF1loop) (14), which revealed an F2 subdo-
main-swapped dimer. The primary sequence of the kindlin F2
domain is interrupted by the PH domain, resulting in the PH
domain likely being inserted into a split F2 domain, and in the
crystalized dimer the F2 subdomain is assembled from two sep-
arate kindlin molecules. It was reported that purified kindlin-
2APHAF1loop can dimerize in solution, albeit on a timescale of
days (14), and that mutations near the observed dimerization
interface could inhibit dimerization (14); whether or not this
form of dimer occurs in vivo is currently unclear. However, in
our assays in mammalian cells with full-length kindlins, these
mutations did not impair self-association. Thus, the mode of
kindlin self-association that we report with full-length kindlins in
mammalian cells likely differs from that reported in the crystal
structure. The different mode of self-association is consistent
with our finding that the PH domain, which is missing in kindlin-
2APHAF1loop, is important for kindlin self-association.

In the absence of structures of self-associated full-length kind-
lin dimers, trimers, or tetramers, it is difficult to predict the
detailed molecular mechanism of kindlin self-association. How-
ever, our observation that deletion of the F3 subdomain enhances
self-association suggests that the F3 subdomain inhibits kindlin
self-association. Of note, it was recently reported that the kind-
lin-3—leupaxin interaction is sterically occluded by the F3 subdo-
main of kindlin-3, as kindlin-3AF3 is enhanced in leupaxin bind-
ing (33). It is possible that the F3 subdomains of kindlin-2 and
kindlin-3 also sterically occlude self-association. Confirmation of
this hypothesis and an understanding of how structural differen-
ces between the F3 subdomains between kindlin-2 and kindlin-3
contribute to differential self-association between the two kindlin
isoforms will require high-resolution structural information.

Prior studies have demonstrated that 1 integrin tails bind
kindlin-2 better than kindlin-3 in pulldown assays and that
kindlin-2, but not kindlin-3, localizes to focal adhesions (23,
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28). We find that kindlin-3 self-associates to a greater extent
than kindlin-2, raising the possibility that kindlin-self-associa-
tion is inversely correlated with integrin binding and focal ad-
hesion localization. However, we were unable to test the conse-
quences of increased self-association in the F3 deleted kindlins,
as the F3 subdomain contains the integrin binding site (14).
Instead, we turned to kindlins containing point mutations in
the F3 subdomain. By performing comparative sequence analy-
sis of the kindlin-2 and kindlin-3 F3 subdomains and testing a
series of compound mutants, we identified a kindlin-3 variant
with 7 substitutions in the F3 domain that resulted in enhanced
binding to 1 integrin tails. Although high-resolution struc-
tural information on the kindlin-3—1 integrin interaction is
currently unavailable, the high sequence similarity between the
F3 subdomains, especially among integrin-binding residues
(14, 20, 21), suggests that the F3 subdomain domain architec-
ture is highly conserved between kindlin-2 and kindlin-3. In the
structure of the B1 tail bound to the F3 subdomain of kindlin-
2APHAF1loop (14), kindlin-2 residues D620 and K613, which
correspond to D601 and R594 in kindlin-3, are located at either
end of the integrin-binding groove. A direct polar contact
between the main chain of K613 and N792 in the 1 tail is visi-
ble in the structure, and K613 also packs against Y795 in the 81
tail, but no contacts are visible between D620 and the 1 tail,
because the N-terminal boundary of the B1 tail fusion con-
struct does not extend far enough. The *“*AKDQN®** motif
corresponding to **'ERARG®* in kindlin-3 lies in the linker
between alp; and a2g3, although only A660 and K661 are visi-
ble in the structure. Taken together, it is not immediately clear
how to rationalize the increased binding of the compound
kindlin-3 mutant to integrin tails, raising the possibility that the
effect is indirect. Consistent with this idea, we found that kind-
lin-3 F3,,u is impaired in self-association. This suggests that
it is the impairment in self-association that enhances integrin
binding and increases targeting to focal adhesions of the com-
pound kindlin-3 mutant. Its focal adhesion targeting does not
appear as robust as that for kindlin-2, presumably because its
binding to ILK, which is mediated by a linker region in the
F2PH domain and also contributes to differences in focal adhe-
sion localization between kindlin isoforms, is weak (23). Nota-
bly, corresponding substitutions in kindlin-2 did not alter
integrin binding or self-association, possibly because self-asso-
ciation is already weak in kindlin-2 and any further disruption
has no measurable impact on integrin binding.

We propose that the inverse correlation between kindlin self-
association and integrin binding implies that kindlin self-associa-
tion impairs integrin binding. The alternative possibility, that
integrin binding impairs self-association, is less likely, as a W/A
mutation in kindlin-3, which has been previously shown to specifi-
cally impair the interaction between kindlin and integrin (20, 21),
had no effect on self-association. Taken together, our data suggest
that self-association is a regulatory mechanism controlling kindlin.
If so, it will be important to determine the molecular mechanisms
modulating kindlin self-association (e.g. posttranslational modifi-
cations, binding proteins, or lipids) and their consequences on
other kindlin interactions. However, we note that our studies
were conducted in cells that lack endogenous kindlin-3. There-
fore, future studies should focus on establishing the functional
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roles of kindlin-3 self-association in hematopoietic cells, endothe-
lial cells, and breast cancer cells that express endogenous kindlin-
3 (36-38). In light of our findings that kindlin self-association
inversely correlates with integrin binding, it will be important to
test the consequences of selectively modulating kindlin-3 self-
association on cell adhesion and spreading and integrin activation
and signaling in these cells.

Experimental procedures
Antibodies

Primary antibodies against GFP (Rockland, catalog no. 601-
101-215; Limerick, PA, USA), FLAG (Sigma, catalog no. F1804;
St. Louis, MO, USA), as well as IRDye-conjugated secondary
antibodies (Li-Cor; Lincoln, NE, USA), were purchased from
commercial sources.

Constructs

Vectors encoding N-terminally GFP-tagged human kindlin-
2, kindlin-3, GFP alone, and FLAG-tagged human kindlin-2
and kindlin-3 were as previously described (22, 23, 39). Chime-
ras were generated as previously described (23). Point muta-
tions were generated by QuikChange site-directed mutagenesis
by following the manufacturer’s instructions (Stratagene, La
Jolla, CA, USA).

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle's
medium (DMEM) with 9% fetal bovine serum (FBS), sodium
pyruvate, and nonessential amino acids (NEAA) (Gibco Labo-
ratories; Gaithersburg, MD, USA) at 37°C in 5% CO, and were
obtained from colleagues at Yale University. CHO cells, which
have been engineered to stably express allbf3 and were
described previously (40), were cultured in DMEM with 9%
EBS, sodium pyruvate, and NEAA at 37°C in 5% CO..
HEK293T and CHO cells were transiently transfected with PEI
(linear polyethylenimine; MW, 25,000) (Polysciences, Inc.,
Warrington, PA, USA). Cells were regularly tested for myco-
plasma using the MycoAlert mycoplasma detection kit (Lonza,
Basel, Switzerland).

GFP-nanotrap purification

GFP binding protein (GFP nanotrap), derived from a llama
single-chain antibody (29), was produced in BL21 RIPL compe-
tent Escherichia coli (Millipore Sigma, St. Louis, MO, USA) as
described previously (22). To summarize, bacterial pellets were
lysed, and the His-tagged GFP nanotrap was purified using Ni-
NTA affinity chromatography. Bound protein was eluted with
imidazole, fractionated by size exclusion chromatography, and
covalently coupled to NHS-activated FastFlow Sepharose (GE
Healthcare, Chicago, IL USA). Beads were stored in a 50%
slurry in PBS with 0.04% NaNj3 and cOmplete EDTA-free pro-
tease inhibitor (Roche, Indianapolis, IN, USA) at 4°C.

GFP-nanotrap association assays

GFP- and FLAG-tagged proteins were coexpressed in
HEK293T cells by transient transfection with PEL. Approxi-
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mately 24 h following transfection, cells were lysed in buffer X
lysis buffer (1 mm NaVO,, 50 mMm NaF, 40 mm sodium pyro-
phosphate, 50 mm NaCl, 150 mwm sucrose, 10 mm Pipes, pH 6.8)
containing 0.5% Triton X-100, 0.2% deoxycholic acid, and
cOmplete EDTA-free protease inhibitor mixture (Roche, India-
napolis, IN, USA) for 15 min at 4°C. After clarification by cen-
trifugation, lysate was incubated with GFP-nanotrap beads
with rocking for 2 h at 4°C. Beads were then washed three times
with buffer X-T, and bound proteins were fractionated by
reducing SDS-PAGE and analyzed by immunoblotting. Immu-
noblots were imaged on an Odyssey IR imaging system (Li-Cor,
Lincoln, NE, USA) and analyzed using Image Studio Lite (Li-
Cor, Lincoln, NE, USA). Ponceau stains were imaged using a
12-megapixel camera (Apple, Cupertino, CA, USA). For quan-
tification of binding from immunoblots, the fluorescence inten-
sity of the band corresponding to immunoprecipitated (IP) ma-
terial was quantified as a fraction of the fluorescence of the 5%
input material band for each condition. The binding of the in-
ternal positive control (e.g. GFP-kindlin-3 coassociation
with FLAG-kindlin-3) was set to 1, and the binding under all
other conditions was expressed relatively within each
experiment. A GFP-kindlin/FLAG-kindlin wild type refer-
ence control was included in each experiment, where multi-
ple constructs were tested at once.

Purification of FLAG-kindlin from HEK293T cells

FLAG-tagged kindlins were expressed in HEK293T cells by
transient transfection with PEI. Approximately 24 h following
transfection, cells were lysed in buffer X-G lysis buffer con-
taining buffer X-G (1 mm NaVOy, 50 mm NaF, 40 mm so-
dium pyrophosphate, 50 mm NaCl, 2.5% glycerol, 10 mm
Pipes, pH 6.8) containing 0.5% Triton X-100, 0.2% deoxy-
cholic acid, and cOmplete EDTA-free protease inhibitor
mixture (Roche, Indianapolis, IN, USA) for 30 min at 4°C.
After clarification by centrifugation, cell lysate was incu-
bated with anti-FLAG M2 affinity gel equilibrated with lysis
buffer (Sigma, St. Louis, MO, USA) with rotation for 2 h at
4°C. Anti-FLAG beads were washed on-column with lysis
buffer and then with buffer X-G. Captured protein was
eluted with buffer X-G supplemented with 150 ng/ul 3X
FLAG-peptide (Sigma, St. Louis, MO, USA) and concen-
trated using Amicon Ultra centrifugal filter units (Sigma, St.
Louis, MO, USA). The concentrated material was clarified
by centrifugation and analyzed on a HilL.oad Superdex S200
analytical-grade size-exclusion chromatography column
(GE Healthcare, Chicago, IL, USA).

Recombinant ILK-pKD production and purification

GST-ILK-pKD in complex with His-flag-a-parvin-CH2 was
produced in BL21(De3) E. coli cells (Millipore Sigma, St. Louis,
MO, USA) as previously described (22, 23). The complex was
copurified by GSH affinity chromatography using GSH-
Sepharose 4b (GE healthcare; Chicago, IL, USA).

GST-ILK pulldown binding experiments

Pulldown experiments from cell lysate performed with
GST-ILK were as previously described (22, 23). GFP-
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kindlin was overexpressed in HEK293T or CHO cells by
transient transfection with PEI. Cells were lysed in buffer X
(1 mm NaVOy, 50 mm NaF, 40 mm sodium pyrophosphate,
50 mm NaCl, 150 mm sucrose, 10 mm Pipes, pH 6.8) contain-
ing 0.5% Triton X-100, 0.2% deoxycholic acid, and cOm-
plete EDTA-free protease inhibitor mixture (Roche, India-
napolis, IN, USA) for 15 min at 4°C. After clarification by
centrifugation, lysate was diluted in buffer X-T (buffer X
with 0.05% Triton X-100) and incubated with GST-ILK
coupled to GSH-Sepharose 4b. Incubations were performed
for 2 h with rocking at 4°C. Beads were then washed three
times with buffer X-T, and bound proteins were fractio-
nated by reducing SDS-PAGE and analyzed by immuno-
blotting. Immunoblots were imaged on an Odyssey IR
imaging system (Li-Cor, Lincoln, NE, USA) and analyzed
using Image Studio Lite (Li-Cor, Lincoln, NE, USA). Pon-
ceau stains were imaged using a 12-megapixel cellular
phone camera (Apple, Cupertino, CA, USA). For quantifi-
cation of binding from immunoblots, the fluorescence in-
tensity of the band corresponding to bound material was
quantified as a fraction of the fluorescence of the 3% input
material band for each condition. The binding of the inter-
nal positive control (e.g. GFP-kindlin-2 binding to GST-
ILK) was set to 1, and the binding under all other conditions
was expressed relatively within each experiment. Bead
loading was verified by staining the nitrocellulose mem-
brane with Ponceau S.

Integrin binding assays

For pulldown experiments from cell lysate performed with
recombinant integrin tails, GFP-kindlin was overexpressed in
HEK293T or CHO cells by transient transfection with PEIL
Cells were lysed in buffer X (I mm NaVOQOy,, 50 mm NaF, 40
mM sodium pyrophosphate, 50 mm NaCl, 150 mM sucrose,
10 mm Pipes, pH 6.8) containing 0.5% Triton X-100, 0.2%
deoxycholic acid, and cOmplete EDTA-free protease inhibi-
tor mixture (Roche, Indianapolis, IN, USA) for 15 min at 4°
C. After clarification by centrifugation, lysate was diluted in
buffer X-T (buffer X with 0.05% Triton X-100) and incu-
bated with His-tagged integrin tails coupled to Ni-NTA
beads as previously described (20, 41). Incubations were
performed for 2 h with rocking at 4°C. Beads were then
washed three times with buffer X-T, and bound proteins
were fractionated by reducing SDS-PAGE and analyzed by
immunoblotting. Immunoblots were imaged on an Odyssey
IR imaging system (Li-Cor; Lincoln, NE, USA) and analyzed
using Image Studio Lite (Li-Cor; Lincoln, NE, USA). For
quantification of binding from immunoblots, the fluores-
cence intensity of the band corresponding to bound material
was quantified as a fraction of the fluorescence of the 3%
input material band for each condition. The binding of the
internal positive control (e.g. GFP-kindlin-2 binding to 1)
was set to 1, and the binding under all other conditions was
expressed relatively. Bead loading was verified by staining
the relevant section of the SDS-PAGE gel with Coomassie
brilliant blue.
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TIRF microscopy

Live-cell imaging by TIRF microscopy was performed as pre-
viously described (22, 42). 35-mm glass-bottom microwell
dishes with a 14-mm microwell diameter (MatTek Corpora-
tion, Ashland, MA, USA) were coated with 5 pg-ml™~"' bovine
plasma fibronectin (Sigma, St. Louis, MO, USA) for 18 h at 37°
C. Cells (CHO cells stably expressing mCherry-paxillin and
transiently transfected with GFP—kindlin-2 or GFP-2 mutant)
were plated on the coated glass-bottom dishes in DMEM con-
taining no glutamine and no phenol red (Gibco Laboratories,
Gaithersburg, MD, USA) supplemented with 9% FBS, sodium
pyruvate, NEAA, and GlutaMAX supplement (Gibco Laborato-
ries, Gaithersburg, MD, USA). 24 h later, cells were imaged live
in a temperature- and CO,-controlled environment chamber
(OkoLab, Burlingame, CA, USA) mounted onto a Nikon Ti-2
Eclipse microscope (Nikon, Tokyo, Japan, USA) equipped with
a motorized Ti-LA-HTIRF module with LUN4 488- and 561-
nm lasers (15 mW), using a CFI Plan Apo Lambda 100X oil
TIRF objective and a Prime95B RoHS cMOS camera (pixel size,
110 nm) (Photometrics, Tuscon, AZ, USA). Images were
acquired and processed with the NIS-Elements AR software
and Image].

Statistics

Statistical tests to calculate p values were performed using
Prism software. Two-tailed Student’s ¢ tests were performed as
indicated in the figure legends.

Data availability

Data described in this manuscript are all contained within
the manuscript. Should further information be required, please
contact the corresponding author.
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