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ABSTRACT Kindlins are integrin-interacting proteins essential for integrin-mediated cell ad-
hesiveness. In this study, we focused on the evolutionary origin and functional specialization 
of kindlins as a part of the evolutionary adaptation of cell adhesive machinery. Database 
searches revealed that many members of the integrin machinery (including talin and integ-
rins) existed before kindlin emergence in evolution. Among the analyzed species, all meta-
zoan lineages—but none of the premetazoans—had at least one kindlin-encoding gene, 
whereas talin was present in several premetazoan lineages. Kindlin appears to originate from 
a duplication of the sequence encoding the N-terminal fragment of talin (the talin head do-
main) with a subsequent insertion of the PH domain of separate origin. Sequence analysis 
identified a member of the actin filament–associated protein 1 (AFAP1) superfamily as the 
most likely origin of the kindlin PH domain. The functional divergence between kindlin paral-
ogues was assessed using the sequence swap (chimera) approach. Comparison of kindlin 2 
(K2)/kindlin 3 (K3) chimeras revealed that the F2 subdomain, in particular its C-terminal part, 
is crucial for the differential functional properties of K2 and K3. The presence of this segment 
enables K2 but not K3 to localize to focal adhesions. Sequence analysis of the C-terminal part 
of the F2 subdomain of K3 suggests that insertion of a variable glycine-rich sequence in ver-
tebrates contributed to the loss of constitutive K3 targeting to focal adhesions. Thus emer-
gence and subsequent functional specialization of kindlins allowed multicellular organisms to 
develop additional tissue-specific adaptations of cell adhesiveness.

INTRODUCTION
The ability of cells to adhere to the extracellular matrix or to neigh-
boring cells is essential for multicellularity. The transition from 

unicellular organisms to multicellular ones required the presence of 
transmembrane adhesion proteins such as integrins and cadherins, 
which facilitate cell–cell and cell–matrix adhesion and subsequent 
tissue formation. Integrins are transmembrane heterodimer mole-
cules consisting of α and β subunits and are essential for cell adhe-
sion to the extracellular matrix (ECM) or to other cells. The extracel-
lular domains of both subunits recognize specific ligands surrounding 
the cell, whereas the intracellular tails of the β subunit interact with 
cytoskeletal and signaling proteins inside the cells. Integrins are cru-
cial for the development and functioning of multicellular organisms, 
and genetic ablations of major integrin subunits in mice result in 
early lethality (Bouvard et al., 2001). Apart from the anchorage func-
tion, integrins transduce biochemical and biomechanical signals in 
two directions: “inside-out” of the cell and “outside-in.” Outside-in 
integrin signaling provides information about the cell extracellular 
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and map the area responsible for differential subcellular localization 
between K2 and K3.

RESULTS
Integrins and talins in premetazoans; emergence of kindlins 
in early metazoans
There is accumulating evidence that some premetazoan organisms 
possess homologues of metazoan integrins. Thus four β-integrin–
encoding genes have been found in the genome of Capsaspora 
owczarzaki (Sebe-Pedros et al., 2010; Sebe-Pedros and Ruiz-Trillo, 
2010), one β-integrin in Thecamonas trahens (Sebe-Pedros et al., 
2011), and one in Sphaeroforma arctica (Figure 1B). The functions of 
integrins in these organisms are not clear; however, it was hypothe-
sized that together with intracellular components of the cell adhe-
sion complex (α-actinin, vinculin, and talin), these were forerunners 
of integrin signaling in unicellular protists (Sebe-Pedros and 
Ruiz-Trillo, 2010). Although it is not known how the integrin func-
tions evolved from unicellular to multicellular organisms, it is likely 
that this transition required an upgrade of intracellular integrin ad-
hesion machinery.

To understand the emergence of the complex regulatory mecha-
nism of integrin affinity modulation, we analyzed the genomic data-
bases for talins and kindlins in different species. BLAST searches for 
talin detected homologues in several Opisthokonta lineages, in-
cluding premetazoans (Figure 1A). In contrast, searches of the 
premetazoan genome database, including the organisms with fully 
sequenced genomes, did not detect any homologues of kindlin 
(Figure 1A). On the other hand, at least one kindlin gene was found 
in every sequenced genome of metazoans. Kindlin was also present 
in a recently completed genome of Trichoplax adhaerens, the struc-
turally simplest metazoan and the only described representative of 
the phylum Placozoa (Dellaporta et al., 2006; Srivastava et al., 2008; 
Supplemental Figure S1). This suggests that kindlins emerged early 
in metazoan evolution and are likely to play a critical role in the tran-
sition to multicellularity.

To learn when and how the interaction of kindlins with integrins 
evolved, we compared the sequences of β-integrin cytoplasmic do-
mains from selected unicellular and multicellular organisms (Figure 
1B). Sequence alignment showed that all of the analyzed β-integrin 
cytoplasmic domains contain not only the membrane-proximal 
NXXY/F site responsible for talin binding, but also the membrane-
distal NXXY/F motif, which serves as the binding site for kindlins in 
metazoans (Figure 1B). Because premetazoan organisms lack kind-
lin, the result suggests that the membrane-distal NXXY/F motif 
within the β-integrin cytoplasmic domains in these organisms might 
have other functions but acquired a new role with the appearance of 
kindlins in early Metazoa. Thus it appears that the emergence of the 
new component of integrin signaling complex, the kindlin, allowed 
a more sophisticated regulation of integrin functions, which, in turn, 
might have been a critical step toward multicellularity.

Evolutionary origin of kindlins
The results of BLASTP searches demonstrated that kindlin is a chi-
meric protein consisting of the N-terminal part of talin and the frag-
ment of a PH domain–containing protein (Figure 2). With the excep-
tion of the PH domain–containing sequence, kindlins are homologous 
to talins (Figure 2 and Supplemental Figure S2). Sequence similarity 
between human talin 1 and K2 is highly significant (e < 10−18; Sup-
plemental Figure S2). Moreover, in BLASTP searches for kindlins, 
metazoan talins appear as the next-most-similar family. This similar-
ity suggests that kindlins originated from an ancestor of metazoan 
talins. This result is in agreement with another recently published 

matrix environment and initiates cellular responses to any changes 
occurring outside of the cell. Inside-out signaling allows modulation 
of cell adhesiveness through a conformational change in integrin 
structure, a process known as activation. In cell types that are con-
stantly adherent to the extracellular matrix such as fibroblasts and 
epithelial cells, integrins are present at the sites of their ligation with 
extracellular matrix, known as focal adhesions (Askari et al., 2010). In 
contrast, the integrins on circulating blood cells are normally pres-
ent in the inactive conformation and are activated only upon cell 
stimulation with an agonist, thereby allowing cells to firmly adhere 
and/or aggregate. The final step of inside-out integrin activation is 
achieved through the binding of two immediate integrin activators, 
kindlin and talin, to integrin cytoplasmic domains (Byzova et al., 
2000; Laudanna and Bolomini-Vittori, 2009).

Talins are large proteins comprising N-terminal head and C-
terminal rod domains. Both the FERM and the Rod domains of 
talin were shown to interact with integrins (Goksoy et al., 2008; 
Roberts and Critchley, 2009). The talin head contains a FERM do-
main that is in turn divided into three subdomains, F1, F2, and 
F3, similar to other FERM domain–containing proteins. A portion 
beyond the N-terminus of the FERM domain in talins has a ubiq-
uitin fold and is called F0 subdomain. Studies have shown that 
the head domain of talin is sufficient to bind integrins in vitro 
(Calderwood et al., 1999). The head domain binds to an N-termi-
nal membrane-proximal helix and one of the two highly con-
served NXXY/F motifs in the cytoplasmic tail of β1 integrins, 
the membrane proximal NXXY/F. Talins are highly conserved 
proteins, and talin family members were common in Unikonts 
(Sebe-Pedros et al., 2010). Similar to the β-integrin tail, the mem-
brane-proximal NXXY/F site within adhesion molecule SibA of 
Dictyostelium amoebae interacts with talin, and this interaction is 
important for phagocytosis and attachment to a glass surface. 
Thus functions of talin in unicellular organisms include the regula-
tion of cell adhesiveness (Cornillon et al., 2006).

The kindlin-binding site involves the membrane-distal NXXY/F 
motif of β-integrin cytoplasmic tail (Moser et al., 2009). Structurally, 
kindlins are similar to the head domain of talins with an addition of 
a pleckstrin homology (PH) domain inserted into the F2 subdomain 
sequence. In mammals, the family of kindlins includes three mem-
bers with differential tissue distribution: kindlin 1 (K1) is restricted to 
epithelial cells, K2 is expressed ubiquitously, and K3 is expressed 
predominantly in hematopoietic and endothelial cells. Loss of K1 
function in patients due to mutations in this gene leads to Kindler 
syndrome (KS). KS is characterized by skin atrophy and blistering 
(Kindler, 1954; Ashton et al., 2004) and severe gastrointestinal 
symptoms such as ulcerative colitis (Sadler et al., 2006; Kern et al., 
2007; Shimizu et al., 2014), mucosal involvement, gingivitis, perio-
dontitis (Ashton et al., 2004; Wiebe et al., 2008; Krishna et al., 
2014), and increased predisposition to squamous cell carcinomas 
(Arita et al., 2007; Has et al., 2010). Loss-of-function mutations in 
the K3 gene cause leukocyte adhesion deficiency syndrome-III 
(LAD-III, also known as LAD-1 variant; Malinin et al., 2009, 2010; 
Plow et al., 2009; Svensson et al., 2009). LAD-III patients suffer from 
life-threatening infections, severe bleeding disorders, and, in some 
cases, anemia and osteopetrosis (Malinin et al., 2009; Jurk et al., 
2010; McDowall et al., 2010). Deletion of K2 in mice is embryoni-
cally lethal, and no cases of K2 deficiency in human patients have 
been described.

In this study, we analyze the evolutionary origins of kindlins, 
whose appearance seems to be connected with the emergence of 
multicellular organisms. Furthermore, we focus on the structure-
based functional divergence among members of the kindlin family 
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AFAP-1–family proteins aligned best with K2 and three PH domain 
intron/exon boundaries. A substantial conservation of intron posi-
tions is a general property of evolution of the exon/intron structure 
in deuterosotomes, and therefore intron positions can be useful 
phylogenetic markers for vertebrate kindlins (Rogozin et al., 2012). 
Variability in some intron positions can be explained by intron losses/
gains, whereas some other introns may not have an exact match due 
to the misalignment of highly diverged regions (Figure 2). For ex-
ample, there is a mismatch between the first intron within the PH 
domain of K2 and K3, although these introns are expected to have 
the exact match (Supplemental Figure S3).

According to the BLASTP program, AFAP1-like proteins are reli-
ably detected only within metazoans. With the exception of two PH 
domains in the middle, AFAP1-like proteins are quickly evolving 
(e.g., the fraction of identical residues between human and lancelet 

study proposing that the FERM domain originated from a proto-
talin protein in a unicellular or proto-multicellular organism (Ali and 
Khan, 2014).

The PH domain–containing sequence in kindlins is most similar 
to the superfamily of actin filament–associated protein 1 (AFAP1)–
like proteins (Figure 2 and Supplemental Figure S3). Thus AFAP1L 2 
(Protein Data Bank [PDB]: 2COF) was identified as the closest 
BLASTP hit from the PDB database using K3 PH domain (PDB:2YS3) 
as a bait. In addition, BLASTP searches of the K3 PH domain 
(PDB:2YS3) against nonredundant protein database also resulted in 
identification of AFAP1 and AFAPL2 as main candidates. The sec-
ondary structures of the PH domain of kindlins and AFAP1-like pro-
teins also show good similarity (Figure 2). The top five results from 
the BLASTP search were structurally aligned in the PyMOL software 
for further analysis. The intron/exon structure of PH domains of 

FIGURE 1: (A) Left, table summarizing the presence of β-integrins, talins, and kindlins in metazoans and premetazoans. 
Database search was performed only for species with fully sequenced genomes. Right, schematic outline showing the 
phylogenetic positions of premetazoans expressing integrins (in red). The phylogenetic relationships are based on 
several recent phylogenetic studies (Sebe-Pedros et al., 2010, 2011; Suga et al., 2013). (B) Alignment of β-integrin 
cytoplasmic domains, emphasizing the membrane-proximal and the membrane-distant NPXY/F motifs responsible for 
interactions with talin and kindlin, respectively.
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Branchiostoma floridae closest AFAP1-like 
homologues is <28%). Therefore their non-
metazoan homologues are likely to diverge 
beyond recognition by any conventional da-
tabase search engines (Rost, 1999). It is 
likely that insertion of a fragment originated 
from an AFAP1-superfamily ancestor into 
the N-terminal part of a talin gene, which, 
possibly, was already truncated, resulting in 
the emergence of kindlins early in metazoan 
evolution. This hypothesis is supported by 
the sequence/structural similarities of PH 
domains of AFAP1 proteins and kindlins 
(Figure 2 and Supplemental Figure S3). An-
other feature that supports the close similar-
ity between the AFAP1 superfamily and 
kindlins is a stretch of six/seven identical 
residues (Supplemental Figure S3), likely 
corresponding to a β-strand within kindlins 
and AFAP1proteins.

Of interest, HMM searches (see Materials 
and Methods) suggested that kindlins con-
tain two PH domains (Figure 2), and the sec-
ond PH domain is not recognized by CDD 
PHI-BLASTP searches (unpublished results). 
The second PH domain is not detected by 
PHI-BLASTP, possibly due to high variability, 
which is a characteristic feature of PH do-
mains (Musacchio et al., 1993).

Phylogenetic analysis of the kindlin 
superfamily
A maximum-likelihood (ML) phylogenetic 
tree of the kindlin superfamily is shown in 
Figure 3 and Supplemental Figure S4. The 
ML tree is rooted using a kindlin sequence 
from T. adhaerens (Figure 3). In addition, 
neighbor-joining (NJ), minimum evolution 
(ME), and maximum parsimony (MP) trees 
are shown in Supplemental Figures S5–S7. 
The topologies of ML, NJ, MP, and ME 
trees are slightly different; however, these 
differences do not alter the results or the 
conclusions of the phylogenetic analysis 
presented.

Most invertebrate species have one copy 
of the kindlin gene, with an exception of 
flatworms and Drosophila, whose genomes 
contain two copies of kindlin (Supplemental 
Figure S4). Sea urchin, acorn worm, and 
lancelet (all deuterostomes) were grouped 
together with insects. Likewise, flatworms 
and roundworms were grouped together, 
representing a substantial deviation from 
the species tree (Creevey et al., 2011). This 
might be a result of a long-branch attrac-
tion—the grouping of two or more long 
branches as sister groups due to method-
ological artifacts (Reyes et al., 2000; Philippe 
et al., 2005).

Vertebrate kindlins form a well-supported 
clade (Figure 3). Of note, the K1 and K3 
families in jawed vertebrates form a group, 

FIGURE 2: (A) Alignment of human talin 1, human kindlin 2, and human AFAP1L2 genes. The 
region of similarity with AFAP1L2 is shown in green. Intron positions are shown by arrows. 
aa, α-helixes; bb, β-strands. Asterisks indicate identity of amino acids in a position of the 
alignment; dots indicate functional similarity of amino acids in a position. (B) Domain structure of 
talins and kindlins, F, FERMT domain; PH, pleckstrin homology domain; V, variable loop.
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tively adherent to extracellular matrix, where integrins serve as 
anchoring points for an assembly of focal adhesion complexes 
(Larjava et al., 2008; Malinin et al., 2010). Although all three 
kindlins are able to directly interact with integrins (Ma et al., 
2008; Moser et al., 2008; Harburger et al., 2009), only K1 and K2 
localize to and function as components of focal adhesions 
(Bialkowska et al., 2010). Although K3 can localize to podo-
somes, the specialized transient adhesion structures of he-
matopoietic cells (Ussar et al., 2006), it is not able to localize to 
focal adhesions, even when it is expressed in adherent cells 
(Bialkowska et al., 2010; Figure 4B). K3 distribution is also dis-
tinct from that of K2 in the context of the same cell, such as en-
dothelial cells (Bialkowska et al., 2010).

To identify region(s) within kindlins responsible for localization to 
focal adhesions, K2 and K3, as well as a series of their chimeras, 
were expressed as enhanced green fluorescent protein (eGFP) fu-
sion proteins, and their localization to focal adhesions was assessed 
based on their colocalization with a focal adhesion marker, vinculin 
(Figure 4). The study was performed in endothelial cells that express 
both K2 and K3 (Supplemental Figure S8) and therefore are likely 
to possess the required binding partners for both paralogues 
(Bialkowska et al., 2010).

which is supported by the high bootstrap value (96). Of interest, the 
primitive jawless fish lamprey has two distinct kindlins: the first is a 
putative orthologue of K2 (Figure 3), and the second is an orthologue 
of a putative common ancestor of both K1 and K3 (Figure 3 and 
Supplemental Figure S7). This further supports the grouping of K1 
and K3 separately from K2 in vertebrates. However, K1 and K3 fami-
lies of jawed vertebrates could not be grouped together with lamprey 
K1/3 based on the results of distance-based methods (NJ and ME). 
Therefore lamprey K1/3 appears as a separate branch (Supplemental 
Figures S5 and S6). Taking the results together, in agreement with a 
previous study (Khan et al., 2011), our analysis suggests that K2 is 
likely to possess the ancestral features and function of the kindlin fam-
ily, whereas K1 and K3 seem to be derived from the K2 gene duplica-
tion, followed by its divergence. Analysis of the mean sequence di-
vergence of the kindlin family from jawed vertebrates using MEGA5 
software shows that K3 is the most divergent member. The Poisson 
distance for K3 was 0.344; for K1, 0.283; and for K2, 0.076.

Structure-based analysis of functional divergence among 
kindlin paralogues
From the functional perspective, mammalian K3 also stands 
apart from other kindlins. K1 and K2 function in cells constitu-

FIGURE 3: Maximum likelihood phylogenetic tree (JTT substitution model, the “all sites” option and the “gamma2 + 
invariant sites” option as implemented in the MEGA5 program). Some clades were collapsed using MEGA5 tree editor 
(the complete version of the tree is shown in Supplemental Figure S4). Numbers for interior branches refer to bootstrap 
values with 1000 pseudoreplicates. K, kindlin. The tree is rooted using the kindlin sequence from T. adhaerens.
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Next we used the DIVERGE2 method to analyze functionally im-
portant residues in jawed vertebrate K3 (see Materials and Methods). 
This analysis identified 26 residues that were substantially function-
ally diverged from jawed vertebrate K1 and K2 clades (divergence 
value >1; Figure 6 and Supplemental Figure S12). Almost half of 
these functionally diverged residues (12 residues) are located in the 
C-end portion of the segment (117 residues from the F3 domain; 
Figure 6 and Supplemental Figure S12). The N-end and the middle 
of the K3 protein contain 14 functionally diverged residues in 586 
residues of the alignment (Figure 6 and Supplemental Figure S12). 
The probability of observing 12 out of 26 residues within the small 
fragment of the alignment (∼17%) is extremely low (p = 0.00042 ac-
cording to the binomial test). This result suggests that functional 
divergence of three vertebrate kindlin families is largely focused at 
the C-end of kindlin proteins.

DISCUSSION
Until recently, it was believed that the presence of integrins, along 
with the cell adhesion machinery, is a characteristic feature distin-
guishing multicellular organisms from their unicellular ancestors. 
However, several recent studies revealed that several integrin sub-
units are present on the surface of unicellular ancestors of metazoans 
(Sebe-Pedros et al., 2010, 2013; Sebe-Pedros and Ruiz-Trillo, 2010; 
Suga et al., 2013). Moreover, some protists, such as C. owczarzaki, 
seem to have not only integrin subunits, but also an entire intracel-
lular complex connecting integrins to the actin cytoskeleton (also 
known as an adhesome), containing vinculin, paxillin, focal adhesion 
kinase, integrin-linked kinase, talin, α-actinin, PINCH, and parvin 
(Suga et al., 2013). Of interest, a study showed that C. owczarzaki, 
which has a distinctive aggregative multicellular stage during its life 
cycle, is able to change expression of various proteins depending on 
its adhesive or aggregative status (Sebe-Pedros et al., 2013). Thus it 
seems that this unicellular ancestor of metazoans already exhibits a 
prototype of outside-in integrin signaling.

In this study, we focused on the origin and evolution of inside-
out integrin signaling and the key proteins, talins and kindlins, in-
volved in the final events of this process. Our database searches 
revealed that whereas talin is present in many premetazoans, kindlin 
appears to serve an additional function that is specific for metazo-
ans. All metazoan lineages have at least one member of kindlin fam-
ily. Of interest, a recent study using fluorescence fluctuation imaging 
methods showed that during cell adhesion, K2 is recruited to focal 
adhesions before talin (Bachir et al., 2014). It is possible that the 
emergence of kindlin allowed organisms to acquire new adhesive 
functions critical for their transition to multicellularity.

Our results suggest that kindlins originated from a duplication of 
a talin head domain–encoding sequence with a subsequent inser-
tion of a PH domain originated from AFAP-1L2 proteins. Undoubt-
edly, the combination of functions of these two functionally versatile 
proteins provided an immediate evolutionary advantage. PH do-
mains are widely associated with the membrane-targeting function 
and provide a connection to phosphatidyl-inositol signaling cascade 
(Lemmon and Ferguson, 2000). Besides the PH domain, kindlins 
possess other membrane-binding regions, including the F0 (ubiq-
uitin-like N-terminal domain) and the variable loop within the F1 
domain (Perera et al., 2011; Bouaouina et al., 2012). Moreover, our 
analysis suggests that the F3 domain of kindlins is able to interact 
with lipids as well, based on its high similarity to the PH domains. It 
appears that the insertion of an AFAP1-L2 PH domain allowed kind-
lins to acquire additional specificity in membrane binding. Alterna-
tively, the third membrane-binding segment could provide kindlins 
with additional flexibility during rearrangements of interactions 

As anticipated, eGFP-K2 exhibited substantial colocalization 
with vinculin (colocalization coefficient R = 0.4). At the same time, 
the R values for eGFP-K3 or eGFP alone were eightfold lower 
(Figures 4, B–D, and 5A). Of interest, replacement of the N-terminal 
241 or 441 amino acids of K3 with the corresponding sequences 
from K2 (1–265, construct 1; and 1– 461, construct 2; respectively) 
did not add to the extent of the vinculin colocalization of the resul-
tant chimeras as compared with eGFPK3 or eGFP alone (Figures 4B 
and 5A). This result emphasized the importance of the remaining 
261 C-terminal residues of K2 in the localization to focal adhesions. 
Indeed, when this C-terminal segment of K2 was fused to the N-
terminal 441 amino acids of K3, the resultant chimeric protein (con-
struct 6) gained the ability to colocalize with vinculin (R = 0.4; 
Figures 4C and 5A).

To further narrow the area responsible for the localization of 
K2 to focal adhesions from the C-terminal end, we replaced the 
C-terminal 66 or 116 amino acids of K2 of construct 4 with the 
corresponding sequences from K3 (resulting in constructs 7 and 
8, respectively). This replacement caused a relatively mild to 
moderate decrease of 5 and 25%, respectively, in the extent of 
colocalization with vinculin (Figures 4C and 5A). However, re-
placement of larger C-terminal areas of K2 (523–680 and 
466–680) with the corresponding K3 sequence (constructs 11 
and 12, respectively) resulted in loss of the ability to localize to 
focal adhesions (Figures 4C and 5A). Thus we concluded that the 
region between amino acids (aa) 461 and 563 is required for fo-
cal adhesion localization. K2 chimera containing 100 residues of 
K2 sequence (461–563) surrounded by the complementary K3 
areas (N-442 and 542-C) exhibited more than one-third of the 
ability of full-length K2 to colocalize with vinculin (R = 0.15; 
Figures 4 and 5A, construct 10).

A summary of our results is shown in Figure 5B. The N-terminal 
(1–265) and C-terminal (aa 613–680) regions do not seem to contrib-
ute >5% for K2 recruitment/localization to focal adhesions. The re-
gion between aa 420 and 563 (see chimera N9) appears to play a 
crucial role in K2 localization to focal adhesions. The C-terminal sub-
domain of the F2 domain of this segment (aa 461–563) appears to 
play a substantial role in 420-563–mediated recruitment of K2 to focal 
adhesions. Indeed, in K3, the corresponding segment exhibits only 
51% of identity to K2 due to the presence of a variable glycine-rich 
insertion specific for K3 (see later discussion).

Together the inability of K3 to constitutively localize to focal ad-
hesions, functionally distinguishing it from K2 and K1, is dependent 
on the C-terminal part of F2 domain.

Evolution of the C-terminal part of the kindlin F2 domain
To understand further the divergence of kindlin functions, we built a 
phylogenetic tree for this C-terminal subdomain of the F2 domain 
(Supplemental Figure S9). The resulting tree is similar to the tree of 
the full-length kindlin (Figure 3). In both cases, the trees have notice-
able long branches leading to mammalian K3.

The most prominent feature of the homologue of the focal adhe-
sion localization segment in K3 is a variable glycine-rich insertion, 
which is characteristic for mammalian K3 (Supplemental Figures S10 
and S11). Similar insertions are observed in some other species 
(e.g., roundworms and flat worms; Supplemental Figure S10). It ap-
pears that these insertions have their own independent origins in 
different lineages, since multiple independent losses in a large num-
ber of deuterostome lineages are very unlikely (Supplemental 
Figures S10 and S11). This insertion might serve as an additional 
protein-binding motif accommodating interactions with the compo-
nents of integrin signaling machinery.
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Whereas some invertebrates have two 
kindlins, all of the jawed vertebrates possess 
three kindlin paralogues. Phylogenetic anal-
ysis of vertebrate kindlins suggested that K2 
has the lowest rate of evolution and is likely 
to maintain the ancestral function, whereas 
K3 is the most rapidly evolving paralogue. It 
is likely that the increase in the number of 
kindlin paralogues resulted from recurrent 
gene duplications (Khan et al., 2011). There 
are numerous models of evolution of gene 
duplications (reviewed by Innan and 
Kondrashov, 2010). On the basis of our func-
tional divergence analysis, we propose a 
functional specialization model (Hughes, 
1994) as a plausible mechanism of gene du-
plication in kindlins. This model suggests 
that the original gene had two functions, 
which could not be independently devel-
oped and improved. Therefore, after dupli-
cation, each gene copy could be driven by 
natural selection to specialize and to improve 
one of the two original functions (Piatigorsky 
et al., 1988). The improvement could be 
due to either differentiation of expression 
patterns (Oakley et al., 2006) or substantial 
improvement of one of its functions (James 
and Tawfik, 2003).

In this study, we assessed the functional 
divergence between kindlin paralogues us-
ing the sequence swap (chimera) approach, 
followed by analysis by DIVERGE2 software. 
Comparison of K2/K3 chimeras revealed 
that the F2 subdomain, in particular its C-
terminal part, is crucial for the different 
properties of K2 and K3. The presence of 
this segment enables K2 but not K3 to local-
ize to focal adhesions along with other com-
ponents, such as vinculin.

The corresponding segment within K3 
contains a variable region, which suggests 
that K3 might have lost its original ability to 
localize to focal adhesion due to a loss of 
essential targeting sequence. Of note, in all 
mammalian K3 proteins, this region contains 
a variable glycine-rich insertion, possibly en-
coding an extra site for protein binding or a 
flexible linker. It is tempting to speculate 
that the function of this flexible linker in K3 
is to prevent a constitutive association with 
focal adhesions while still allowing for condi-

tional (transient) recruitment to those sites. Because K3 is the only 
kindlin family member expressed in hematopoietic cells, which are 
characterized by rapidly activated adhesiveness, it is likely that the 

between numerous regulatory proteins in the proximity of the mem-
brane. In either scenario, the insertion of the PH domain is likely to 
provide an extra level of regulation for the cell adhesion machinery.

FIGURE 5: (A) Localization of K2, K3, and K2/3 chimeric proteins to focal adhesions was 
evaluated by colocalization with vinculin. Colocalization coefficient values ± SEM from different 
cells. Chimeras are numbered as in Figure 4A. (B) Diagram summarizing the contributions of 
different regions within K2 to its localization to focal adhesions based on the results in A. The 
colocalization coefficient of full-length K3 was subtracted from the coefficient of full-length K2, 
and the resulting value was assigned 100%. Kindlin with its domain structure is shown on top. 
F, FERM domain; PH, pleckstrin homology domain; V, variable domain.
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FIGURE 4: Functional divergence between K2 and K3. (A) Diagram showing K2, K3, and K2/K3 chimeric proteins used 
to identify areas responsible for localization of K2 to focal adhesions. Residue numbers at the fusion sites are indicated 
(number of the residue within K2 in black, corresponding number within K3 in blue). Bottom, domain structure of 
kindlins. F, FERMT domain; PH, pleckstrin homology domain; V, variable loop. (B–E) BAECs were transfected with 
GFP-K2, GFP-K3, or GFP-K2/3 chimeras and replated on fibronectin-coated coverslips (5 μg/ml) 24 h after the 
transfection. The cells were fixed 16 h later and stained for vinculin. Representative images were taken using 
fluorescence microscopy. Right, the corresponding schematic representations of the chimeras used. White arrows 
indicate focal adhesions. Scale bars, 5 μm.

FIGURE 6: Analysis of functionally diverged residues in kindlins using the DIVERGE2 program 
(Piatigorsky et al., 1988). A full-length kindlin with its subdomains is shown. F, FERM domain; 
PH, pleckstrin homology domain; V, variable domain. Blue arrows indicate the residues within 
K3, which are divergent from K2 and K1. Red arrows indicate residues within both K1 and K3, 
which are divergent from K2. Black arrows indicate the residues common in K2 and K3 but 
divergent in K1 (for details see Supplemental Figure S11).

1 2 F0 F1 F3 F2 PH F1 V F2 
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(Kumar et al., 2008), FASTTREE (Price et al., 2010), and PAUP* pro-
grams (Wilgenbusch, Swofford, 2003). An optimal model of substitu-
tions for phylogenetic reconstructions was chosen using the Model-
Generator program (Keane et al., 2006). A statistical method for 
estimating type II (cluster-specific) functional divergence of protein 
sequences implemented in the DIVERGE2 program (Gu, 2006) was 
used for analysis of functionally important residues (vertebrate K3 
and K1 clades were used for analysis). DIVERGE2 was designed to 
detect functional divergence between member genes of a protein 
family based on (site-specific) shifted evolutionary rates after gene 
speciation or duplication. Posterior analysis results in a site-specific 
profile for predicting amino acid residues that are responsible for 
functional divergence (Gu, 2006). Protein secondary structure was 
predicted using JPRED (Jones, 1999).

Plasmids
All kindlin constructs were cloned into peGFP C2 vector and ex-
pressed as N-terminal eGFP-linked proteins. The points of junction 
between K2 and K3 were chosen at the areas that are identical be-
tween the proteins, in order to avoid formation of artificial sequences. 
The sites of fusion between K2 and K3 are listed in Table 1.

Cell culture, transfection, microscopy, and colocalization 
analysis
Primary bovine aortic endothelial cells (BAECs) were cultured in 
DMEM supplemented with 10% fetal bovine serum, 4 mM glu-
tamine, and penicillin and streptomycin at 37°C with 5% CO2. The 
cells were transfected with GFP-K2, GFP-K3, or GFP-K2/3 chimeras 
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) 

loss of permanent associations with focal adhesions might be es-
sential for kindlin function in these cells. Similar insertions were 
found in several nonvertebrate species (e.g., Ciona, roundworms, 
and flatworms); however, they are likely to have an independent 
evolutionary origin.

Previous studies showed that the integrin-binding motif in the F3 
subdomain is required for K2 localization to focal adhesions (Shi 
et al., 2007). The integrin-binding site in the F3 domain, however, is 
not likely to account for the dramatic difference in K2 and K3 local-
ization, since all three kindlins, including K3, are able to bind integ-
rins. Indeed, according to our results, the lack of K3 in focal adhe-
sions largely is not due to sequence variation in the F3 subdomain. 
Thus, whereas integrin binding is essential for K2 localization to fo-
cal adhesions, it is likely that the different localization properties be-
tween K2 and K3 result from their differential binding to other focal 
adhesion proteins. Recently an independent study reported that the 
F2 subdomain of K2 is largely responsible for the targeting of K2 to 
integrin-linked kinase (ILK) and subsequently to focal adhesions 
(Huet-Calderwood et al., 2014). However, another study showed 
that it is K2 that recruits ILK to focal adhesions, not vice versa 
(Montanez et al., 2008). Although the overall role of the F2 subdo-
main in K2 focal adhesion targeting is consistent with our results, our 
study provides finer mapping and reveals the predominant impor-
tance of the C-terminal portion within the F2 subdomain. It remains 
to be established, however, what proteins bind specifically to that 
region to recruit K2 to focal adhesions.

Of interest, the sequence of ∼70 aa at the C-terminal end of K2 
does not appear to substantially contribute to focal adhesion local-
ization, since its replacement with the corresponding sequence from 
K3 nearly did not alter its subcellular distribution. However, as shown 
by DIVERGE2-assisted analysis, the same area within K2 is heavily 
enriched in residues functionally divergent from K1 and K3. There-
fore it is likely that the C-terminal region of K2 (K2 vs. both K1 and 
K3) has functions distinct from those in K1 and K3 and that these 
functions are not related to the subcellular localization.

In conclusion, the emergence of kindlins is likely to serve as an 
essential step toward adaptation of integrin signaling machinery to 
more complex functions associated with the transition of premeta-
zoans to early metazoans. During further metazoan evolution and 
tissue specialization, kindlins paralogues (kindlin 3 in particular) un-
derwent additional changes, which allowed kindlins to perform their 
unique functions in different tissues.

MATERIALS AND METHODS
Data sets, BLAST searches, three-dimensional searches, 
secondary structure prediction, phylogenetic analysis
Protein sequences were downloaded from the National Center for 
Biotechnology Information (NCBI), ENSEMBL, and Broad Institute 
of Harvard and the Massachusetts Institute of Technology, Origins of 
Multicellularity Project (www.broadinstitute.org/annotation/genome/ 
multicellularity_project/MultiHome.html), databases. Similar searches 
were performed using the nonredundant protein sequence data-
base at the NCBI and the gapped BLAST program. Protein domains 
were analyzed using HHMPred at the Pfam website (pfam.sanger 
.ac.uk). Multiple protein sequence alignments were constructed 
using the Muscle program (Edgar, 2004) and then adjusted by 
hand (details available upon request [rogozin@ncbi.nlm.nih.gov]). 
Structural alignments of PH domains were performed using the Py-
MOL software (The PyMOL Molecular Graphics System, Version 
1.2r3pre, Schrödinger, LLC). Phylogenetic trees based on multiple 
alignments of protein sequences were constructed using the ML, NJ, 
minimum-economy, and MP methods as implemented in MEGA 

Construct 
number

Fusion sites  
(aa residues)

Fusion sites  
(nucleotides)

1 K2/K3: 265/242 K2/K3: 981/875

2 K2/K3: 461/442 K2/K3: 1569/1475

3 K3/K2: 242/265 K3/K2: 875/981

K2/K3: 461/442 K2/K3: 1569/1475

4 K3/K2: 242/265 K3/K2: 875/981

5 K3/K2: 366/386 K3/K2: 1250/1344

6 K3/K2: 442/461 K3/K2: 1475/1569

7 K3/K2: 242/265 K3/K2: 875/981

K2/K3: 613/598 K2/K3: 2028/1946

8 K3/K2: 242/265 K3/K2: 875/981

K2/K3: 563/542 K2/K3: 1875/1792

9 K3/K2: 400/420 K3/K2: 1352/1446

K2/K3: 563/542 K2/K3: 1875/1792

10 K3/K2: 442/461 K3/K2: 1475/1569

K2/K3: 563/542 K2/K3: 1875/1792

11 K3/K2: 366/386 K3/K2: 1250/1344

K2/K3: 537/523 K2/K3: 1800/1718

12 K3/K2: 366/386 K3/K2: 1250/1344

K2/K3: 485/467 K2/K3: 1641/1547

Kindlin2, GenBank accession #BC017327 (GI 33878545); kindlin3, GenBank 
accession #NM178443 (GI 215983054).

TABLE 1: Amino acid and nucleotide residues at sites of fusion 
between kindlin2 and kindlin3 for each chimeric construct.
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according to the manufacturer’s instructions. At 24 h after the trans-
fection, the cells were replated on fibronectin-coated coverslips 
5 (μg/ml) and fixed 16 h later. For vinculin colocalization studies, the 
cells were stained for vinculin with mouse monoclonal antibody 
(clone 7F9; eBioscence, San Diego, CA), and Alexa 564–conjugated 
anti- mouse secondary antibody. Confocal fluorescent images from 
the bottom cell surfaces were captured on green (for GFP) and red 
(for vinculin) channels using a Leica TCS SP5 II laser scanning confo-
cal microscope with 63× oil objective (Leica Microsystems, Wetzlar, 
Germany). The same settings were applied to all samples. Only cells 
within a narrow range of eGFP expression level were included in the 
analysis. The expression level for eGFP K2 was 5 ± 1 times that of 
endogenous kindlin 2, as quantified using kindlin 2 antibody; the 
expression level of the rest of the eGFP fusion proteins was matched 
to that of eGFP K2 based on eGFP intensity. On average, there was 
no significant difference in eGFP intensity levels between analyzed 
samples. For colocalization analysis, areas of individual cells were 
selected by tracing the cell edge, and colocalization coefficient (R) 
values for red and green channels were determined using the colo-
calization threshold function of Fiji software (National Institutes of 
Health, Bethesda, MD). At least six cells for each construct from two 
independent experiments were analyzed. Percentage of R values for 
different constructs, R(X), from the difference between the R values 
of K2 and K3 was calculated as 100% × [R(X) − R(K3)]/[R(K2) − R(K3)]. 
For evaluation of kindlin expression levels, the cells were stained 
with rabbit polyclonal kindlin 2 and kindlin 3 antibodies, followed by 
Alexa 564–conjugated anti-rabbit secondary antibody, as described 
previously (Bialkowska et al., 2010).
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