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Background: Kindlin-2 is a key regulator of integrin activation.
Results: Kindlin-2 contains a PH domain with a distinct binding pocket for phosphatidylinositol-(3,4,5)-trisphosphate (PIP3)
that promotes talin-mediated integrin activation.
Conclusion: PIP3-mediated membrane binding of kindlin-2 is crucial for the cooperation of kindlin-2 with talin in activating
integrin.
Significance: Learning how kindlin-2 functions is crucial for understanding the integrin-mediated cell adhesion.

Kindlins are a subclass of FERM-containing proteins that
have recently emerged as key regulators of integrin receptor
activation and signaling. As compared with the conventional
FERM domain, the kindlin FERM domain contains an inserted
pleckstrin homology (PH) domain that recognizes membrane
phosphoinositides, including phosphatidylinositol 4,5-bisphos-
phate (PIP2) and phosphatidylinositol 3,4,5-trisphosphate
(PIP3). UsingNMRspectroscopy, we show that PIP3 site-specif-
ically binds to kindlin-2 PH with substantial chemical shift
changes that are much larger than PIP2. This suggests an
enhanced association of kindlin-2 with membrane as mediated
by PIP3 upon its conversion from PIP2 by phosphoinositide-3
kinase, a known regulator of integrin activation.Wedetermined
the NMR structure of the kindlin-2 PH domain bound to the
head group of PIP3, inositol 1,3,4,5-tetraphosphate (IP4). The
structure reveals a canonical PH domain fold, yet with a distinct
IP4binding pocket that appears highly conserved for the kindlin
family members. Functional experiments demonstrate that

although wild type kindlin-2 is capable of cooperating with
integrin activator talin to induce synergistic integrin�IIb�3 acti-
vation, this ability is significantly impaired for a phosphoinosi-
tide binding-defective kindlin-2 mutant. These results define a
specific PIP3 recognition mode for the kindlin PH domain.
Moreover, they shed light upon a mechanism as to how the PH
domain mediates membrane engagement of kindlin-2 to pro-
mote its binding to integrin and cooperation with talin for reg-
ulation of integrin activation.

The integrin-mediated interaction between cell and extracel-
lular matrix (ECM)5 is a fundamental process in a variety of
physiological and pathological responses (1). Integrins are
transmembrane receptors that function by binding to a variety
of ECM ligands such as fibrinogen or fibronectin while con-
necting to the intracellular cytoskeleton, allowing dynamic reg-
ulation of cell-ECM adhesion and migration. A distinct feature
of integrins is their activation, which occurs via a so-called
inside-out process, i.e. upon cellular stimulation, an intracellu-
lar signal propagates through the integrin cytoplasmic face to
its extracellular domain, inducing a long range conformational
change in the receptor for high affinity ECM ligand binding
(1–4). Talin, a major cytoskeletal adaptor, is known to play a
pivotal role in initiating such conformational change by binding
to the integrin � cytoplasmic tail (CT) (5–8). However, recent
genetic and cell biological analyses have shown that a family of
cytoskeletal adaptors called kindlins can also bind � integrin
CTs and critically regulate integrin activation (9–16). In partic-
ular, kindlin-2, which is highly concentrated at integrin-rich
cell-ECM adhesions (17), was found to dramatically enhance
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the talin-mediated integrin �IIb�3 activation (12–14). Bio-
chemical analysis demonstrated that the kindlin-2 binding site
on integrin�3CTdoes not overlapwith that for talin (9, 12, 13),
suggesting that kindlin-2 likely acts as the highly sought co-ac-
tivator of integrins (18, 19). However, how the kindlin-2 local-
izes to the integrin site and cooperates with talin for activating
integrins remains poorly understood.
Kindlins are a subclass of FERM (four-point-one, ezrin,

radixin, moesin) domain proteins that contain F1, F2, and F3
subdomains. Like talin, kindlins also have an F0 domain prior to
the FERM domain (see Fig. 1A) and their F3 domain binds to
integrin�CTs (9, 12, 13). However, distinct from talin, kindlins
have a pleckstrin homology (PH) domain inserted in themiddle
of F2 domain (see Fig. 1A). We previously demonstrated that
the inserted PH domain binds to phosphoinositides including
phosphatidylinositol 4,5-diphosphate (PIP2) and phosphatidyl-
inositol 3,4,5-triphosphate (PIP3) (20), both of which are
known regulators of integrin-mediated cell adhesion (21, 22).
However, the structural basis for the phosphoinositide/kindlin
PH recognition and how it may regulate the kindlin function
remain elusive.
In this study, we have undertaken a detailed comparative

analysis of the kindlin-2 PH domain (hereafter referred to as
K2-PH) binding to PIP2 and PIP3. NMR-based chemical shift
mapping demonstrates that PIP3 induced much larger chemi-
cal shift changes of K2-PH than PIP2, suggesting an enhanced
membrane association of kindlin-2 upon conversion of PIP2 to
PIP3 by phosphoinositide-3 kinase (PI3K), a crucial enzyme
that has been implicated in regulating the function of kindlin-2
and integrin activation (20). Using triple resonance NMR spec-
troscopy, we have determined the solution structure of the
K2-PH domain in complex with the head group (inositol
1,3,4,5-tetraphosphate (IP4)) of PIP3. The structure contains a
distinct positively charged IP4 binding pocket that appears
highly conserved in the kindlin family. Disruption of the phos-
phoinositide binding to the PH domain dramatically reduces
the ability of kindlin-2 to synergize with talin for activating
integrin �IIb�3, demonstrating that the PIP3 binding to kind-
lin-2 is crucial for its integrin co-activator function.Overall, the
results provide significant molecular insight into a specific
phosphoinositide-mediated membrane localization of kind-
lin-2 and demonstrate that such localization is a crucial step for
cooperation with talin for regulating integrin activation.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Mutagenesis—The
expression plasmid for the human K2-PH domain (residues
367–500) was generated using a pET15b vector (Novagen), as
described previously (20). The unlabeled, uniformly 15N-la-
beled, and 15N/13C-labeled hexahistidine-tagged recombinant
K2-PH proteins were expressed in Escherichia coli and purified
from the bacterial cell lysate on a nickel affinity chromatogra-
phy column followed by a Resource-S cation-exchange column
and a HiLoad 16/60 Superdex 200 gel filtration column (all
from GE Healthcare). The amino-terminal hexahistidine tag of
the K2-PH proteins was removed by thrombin cleavage, and
K2-PH was eluted from gel filtration in monomeric form. The
amino acid substitutions of the K2-PH proteins were carried

out by PCR-based mutagenesis experiments using the
QuikChange site-directedmutagenesis kit (Stratagene, La Jolla,
CA) with appropriate primer sets. The mutant proteins of
K2-PH were expressed and purified as for the wild type. All the
DNA constructs were verified by sequencing.
NMR Data Collection and Analysis—Uniformly 15N-labeled

or 15N/13C-labeled K2-PH protein (1 mM) was dissolved in 10
mM Hepes, pH 6.8, 50 mM NaCl, 2 mM DTT with or without 2
mM IP4 (Echelon Bioscience Inc., Salt Lake City, UT, catalogue
number Q-1345) in 90% H2O/10% (v/v) D2O or 99.96% D2O.
Inositol 1,4,5-triphosphate (IP3, catalogue number Q-0145)
was also used for chemical shift mapping analysis. All NMR
experiments were carried out at 30 °C on Bruker Avance spec-
trometers (600- and 900-MHz 1H operating frequencies). The
resonance assignments of 15N/13C-labeledK2-PHbound to IP4
(at 1:1.2 molar ratio) in 90% H2O/10% (v/v) D2O were carried
out using standard triple resonance experiments (23). Nuclear
Overhauser effect (NOE) data for K2-PH structural calcula-
tions were obtained from a [1H-15N] NOESY spectrum (�m �
120 ms) and [1H-13C] NOESY (�m � 120 ms). The resonance
assignments of IP4 bound with 15N/13C-labeled K2-PH were
made by two-dimensional 14N/12C-filtered total correlation
spectroscopy spectra (�m � 15 and 60 ms, respectively) and the
comparison of the one-dimensional spectra between the bound
and free IP4 (see the supplemental material). Intermolecular
NOEs between K2-PH and IP4 were obtained using three-di-
mensional 15N/13C filtered (F1) [1H-13C] NOESY-HSQC in
99.96% D2O (�m � 200 ms). All the NMR data were processed
using NMRPipe (24) and analyzed with Sparky (T. D. Goddard
and D. G. Kneller, University of California, San Franciso, CA).
For chemical shift mapping, weighted chemical shift changes
were calculated using the equation

��obs[HN,N] � ([��HNWHN]2 � [��NWN]2)1/2 (Eq. 1)

whereWHN� 1 andWN� 0.154 areweighting factors based on
the gyromagnetic ratios of 1H and 15N.
Structure Determination—Structure calculations for the

K2-PH�IP4 complex were performed in two steps. First, the
bound form of K2-PHwas calculated using ARIA2.2 (25) based
on �95% unambiguously assigned NOEs, which generated the
initial K2-PH model. The best structure was selected based on
the lowest overall energy, and more ambiguous NOEs were
assigned based on this structure. These NOEs and dihedral
restraints (�/�) obtained from the TALOS database (26) were
added to the original NOE list for further refining the structure
usingXplor-NIH (27). The complex structurewas calculated by
including intermolecular NOEs between K2-PH and IP4.
Among the intermolecular NOEs observed, the assignments of
seven NOEs from 15N/13C-filtered NOESY (K383�, IP4 H2;
K383�, IP4 H3; K383�, IP4 H2; K393�, IP4 H3; K408�, IP4 H2;
K408�, IP4 H3; and K408�, IP4 H2) and two NOEs from 15N
NOESY (L389HN, IP4 H6 and G391HN, IP4 H2) are unambig-
uous, and the constraints generated from themdefined the spa-
tial position and orientation of the IP4moleculewith the decent
convergence in the initial complex structure calculation cycle.
The ambiguity of other intermolecular NOEs was resolved by
referring to the initial calculated structure ensemble and chem-
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ical shift perturbation in [1H-15N] HSQC and [1H-13C] HSQC,
and the assignments were further confirmed by detailed
mutagenesis studies. The total 19 intermolecular constraints
were used in the complex structural calculation. The flag of
DIHE (the energy term of dihedral angle) was turned on in the
Xplor annealing protocol, which treated the inositol ring as a
rigid body. At the final stage of the structure refinements,
hydrogen-bond restraints were incorporated for regular sec-
ondary structures including �-helices and �-sheets.

Phosphoinositide Binding Studies—Direct binding interac-
tions between K2-PH protein and phosphoinositides were
measured by a Biacore 3000 instrument (GE Healthcare). All
the experiments were performed at 25 °C using a filtered/de-
gassed running buffer consisting of 10 mM Hepes, pH 7.4, 150
mMNaCl, 0.005% (v/v) surfactant P20, and 3mMEDTA. Biotin-
ylated IP4 (catalogue number C-39B6a) or biotinylated IP3
(catalogue number C45B6a) (Echelon Bioscience Inc.) was cap-
tured to yield �130 resonance units on the flow cell 2 of a

FIGURE 1. Kindlin-2 FERM domain contains a distinct inserted PH domain that interacts with phosphoinositides. A, top, diagram of the domain structure
of kindlin-2 and the location of the PH domain. The residue numbers for the domain boundaries are indicated based on the known structure data. Bottom,
diagram of the domain structure of the talin FERM domain. B and C, chemical shift perturbation profile of the kindlin-2 PH domain upon IP4 binding (B, red) and
upon IP3 binding (C, blue). The secondary structure regions of the kindlin-2 PH domain are highlighted by arrows and rectangles with vertical dots.
D, representative real-time sensorgrams of the binding interaction between kindlin-2 PH domain and the biotinylated phosphatidylinositol 3,4,5-triphosphate
by surface plasmon resonance analysis. The real-time binding curves were fitted very well using a global fitting algorithm to a 1:1 binding model, resulting in
the KD � 2.12 � 0.19 �M. Note that the affinity might be lower because the binding did not reach the complete steady state, which was prevented by very slow
association and possible aggregation at longer injection times. RU, resonance units.
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streptavidin-coated sensor chip SA (GE Healthcare) according
to the manufacturer’s protocol. The flow cell 1 was used as a
reference cell by not capturing biotinylated lipid, and sensor-
grams showing specific binding were generated by subtracting
the signals of the flow cell 1 from those of the flow cell 2. The
K2-PH solution was injected at various concentrations ranging
from 0.25 to 8.0 �M over the immobilized biotinylated lipid at a
flow rate of 10 �l/min. The sensor chip was regenerated
between each injection by flowing a washing solution (0.05%
SDS) in the running buffer at 50 �l/min for 15 s. The data were
analyzed by BIAevaluation version 4.0.1 (Biacore). The data
measurements were performed in duplicate.
Integrin �IIb�3 Activation Assay—Activation of integrin

�IIb�3 was assessed as described previously (12) using PAC1, an
antibody specific for the active conformation of the integrin.
EGFP-fused Kindlin-2 WT or its mutants were co-transfected
with Talin-H into �IIb�3-CHO (A5) cells using Lipofectamine
2000 (Invitrogen). Cells were collected 24 h after transfection,
treated with 10 �g/ml PAC1 IgM- and Alexa Fluor 633 goat
anti-mouse IgM-conjugated antibody, and fixed with 4% para-

formaldehyde. Integrin activation was analyzed by flow cytom-
etry (FACS) measuring the median fluorescence intensity of
PAC1 binding. Background staining due to secondary antibody
alone was subtracted from all values. To obtain relative median
fluorescence intensity values, median fluorescence intensities
of PAC1 binding were normalized based on PAC1 binding to
cells transfected with EGFP vector alone.

RESULTS

Characterization of the Binding of Kindlin-2 PH Domain to
PIP2 and PIP3—Previous biochemical studies have indicated
that the K2-PH domain is highly soluble and binds to phospho-
inositides, including both PIP2 and PIP3 but preferentially PIP3
(20). To further investigate these interactions, we performed
binding studies of the K2-PH to the head groups of PIP3 (IP4)
and PIP2 (IP3), respectively, using chemical shift mapping.
Supplemental Fig. S1 displays the well dispersed NMR spec-
trum of K2-PH in the presence of IP4 with the resonance
assignments (red color). As comparedwith the free formK2-PH
(green color), a selective number of residues were substantially
perturbed upon K2-PH binding to IP4, suggesting that they are
involved inPIP3 binding (supplemental Fig. S1). Fig. 1Bdisplays
the chemical shift perturbation profile of K2-PH by IP4. The
IP4-induced chemical changes (Fig. 1B) are much larger than
those induced by IP3 (Fig. 1C), indicating that PIP2 is a weaker
ligand for K2-PH than PIP3, as consistent with previous bio-
chemical and functional studies that PIP3 is a preferred ligand for
K2-PH (20). Using the surface plasmon resonance (SPR) tech-
nique, we measured the KD for K2-PH with IP4, which was esti-
mated to be 2.12� 0.19�M (Fig. 1D), in the similar range to other
PH domains such as Gap1 PH binding to IP4 (KD � �0.35 �M)
(28). The SPR signal of the IP3 binding to K2-PHwas too small to
be analyzed (not shown) but is consistent with theNMRdata that
IP3 is a significantly weaker ligand than IP4. Given that PI3K is
critically involved in regulating kindlin-2 function and integrin
activation (20) and that PIP2 is enriched in the inner membrane
integrin site (22), our data support a model in which there is an
enhanced kindlin-2/membrane association consequent to PI3K-
mediated PIP2/PIP3 conversion.

FIGURE 2. Solution structure of the complex between the kindlin-2 PH domain and IP4. Left, ensemble of 20 lowest energy structures of the kindlin-2 PH
domain bound to IP4. Right, ribbon drawing of a representative structure of the kindlin-2 PH domain bound to IP4 (Ins (1,3,4,5) P4).

TABLE 1
Structural statistics for Kindlin-2 PH domain�IP4 complex

Summary of restraints
Kindlin-2 PH intra molecular restraints
Intraresidue (i, i) 666
Sequential (i, i�1) 625
Medium (i, 2–4) 206
Long range (i, �4) 304
Total 1820

Dihedral angles �, � 100, 100
K2 PH/IP4 intermolecular restraints 19

Deviation from restraints
All distance restraints, Å 0.03270 � 0.00493
Dihedral restraints, degree 0.76308 � 0.07553
Residues in allowed regions of Ramachandran

plota,b
97.3%

Deviation from idealized geometry
Bonds, Å 0.00569 � 0.0002
Angles, degree 0.78439 � 0.02451
Improper angles, degree 1.53520 � 0.01351

EL-J (kcal/mol)b �502.788 � 14.906
r.m.s.dc from average structureb
Backbone, Å 1.172 � 0.168
All heavy atoms, Å 1.675 � 0.227

a Calculated from Procheck-NMR.
b Residues: 375–500 of total 20 simulated annealing structures.
c r.m.s.d., root mean square difference.
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Structure Determination of the Kindlin-2 PH Domain Bound
to IP4—To gain atomic insight into the K2-PH�PIP3 recogni-
tion, we set out to determine the structure of K2-PH in complex
with IP4. The one-dimensional NMR spectrum of the bound
IP4 is very similar to that of free IP4 (see supplemental Fig. S2)
except that the H2 of the bound IP4 was more downfield-
shifted, probably due to the interaction with K2-PH. The com-
plete proton chemical shift assignments of the bound IP4 are
provided in supplemental Table S1. Nineteen intermolecular

NOEs between IP4 and K2-PH were assigned including nine
unambiguous ones (supplemental Fig. S3). These NOEs
allowed the total NMR structure of the K2-PH�IP4 complex to
be calculated (see Table 1 for statistics). Fig. 2, left, displays the
highly converged superposition of 20 lowest energy structures.
The K2-PH domain consists of a seven-stranded �-sandwich
core where two �-sheets consisting of four �-strands (�1-�4)
and three �-strands (�5-�7) form a barrel-like structure (Fig. 2,
right). One side of the barrel-like structure is capped by the

FIGURE 3. K2-PH domain has a positively charged IP4 binding pocket. Residues that have potential contacts with IP4 are highlighted and labeled. The
phosphate groups on IP4 are also labeled. The dotted line indicates how the phosphate group 1 can be extended to the membrane by connecting to the acyl
chain of PIP3. Note that Lys383, Lys385, and Lys386 are labeled in two colors, indicating that they are involved in contacting more than one phosphate group, i.e.
the 4- and 5-phosphate groups.

FIGURE 4. Structure-based sequence alignment of K2-PH domain with other selective PH domain structures bound to IP4. Residues involved in binding
to different phosphate groups are colored differently: yellow, binding to the 1-phosphate group; red, binding to the 3-phosphate group; light green, binding to
the 4-phosphate group; blue, binding to the 5-phosphate group. Note that the kindlin-1 alignment and IP4 binding site are proposed based on the sequence
homology with kindlin-2, whereas others are all structure-based alignments. Also, some IP4 binding residues are marked by two colors, indicating that they are
involved in interacting with more than one phosphate group (see also Fig. 3).
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conserved �1 helix, but the opposite side is open and highly
positively charged from a cluster of lysine residues, preserved
for the phosphoinositide binding site (Fig. 3). Structural com-
parison using the program DALI (29) revealed that the K2-PH
�-sandwich core is similar to those of other known PH domain
structures bound to IP4 with root mean square differences
between 2.6 and 3.1 Å for the equivalent C� atom pairs, despite
the low overall sequence identity (5–10%) with significant
structural and sequence variations in the loop regions (�1-�2,
�5-�6, and �6-�7) (supplemental Fig. S4). K2-PH has an addi-
tional helix (�2) at the C terminus that packs with �1 helix (Fig.
2, right, and supplemental Fig. S4) as comparedwith the canon-

ical PH fold, and such packing seems to be important for the
structural stability of K2-PH. The overall fold of K2-PH bound
to IP4 is also similar to an NMR structure (Protein Data Bank
(PDB) code 2YS3) of free form kindlin-3 PH (K3-PH) domain
(55% identity, supplemental Fig. S5) with a root mean square
difference of 2.3 Å for the equivalent C� atom pairs. However,
significant loopmovement was observed in the IP4 binding site
of K2-PH as comparedwith K3-PH (supplemental Fig. S5), sug-
gesting that IP4 bindingmay induce some local conformational
change, as consistent with the significant chemical shift
changes of these loop residues in K2-PH upon binding to IP4
(Fig. 1B and supplemental Fig. S1).

FIGURE 5. Chemical shift perturbation profiles of wild type and mutant K2-PH with IP4. Gray bars indicate line-broadening residues. The perturbation
profiles were derived from the HSQC spectra of 0.1 mM

1H-15N-labeled wild type and mutant samples in the absence and presence of 0.2 mM IP4.
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Structural Basis of Phosphoinositide Recognition by the Kind-
lin-2 PH Domain—The IP4 ligand recognizes a binding pocket
that is mostly formed by hyper-variable loop regions (�1-�2
and �3-�4) at the open end of the �-barrel like structure of the
K2-PH domain (Fig. 3). The IP4 binding site of K2-PH is spa-
tially similar to other known PH domains (supplemental Fig.
S4), in which a cluster of positively charged residues contact the
negatively charged phosphate groups of IP4, and therefore the
ligand binding interface displays highly electrostatic comple-
mentarities. The specific potential contacts between IP4 and
K2-PH are as follows. The 3-phosphate group of IP4 interacts
with the side chains of Lys383 and Lys393 and the side chains of
Tyr395 and His419 (Fig. 3). These interactions may account for
the stronger binding of K2-PH to IP4 than IP3 (Fig. 1B versus
Fig. 1C). The 4-phosphate group interacts with the side chains
of Lys383, Lys385, and Lys386 that are clustered in a relatively
long �1-�2 loop (8 residues, Fig. 3). The 5-phosphate group of
IP4 interacts with the side chain of Lys408 and the polar side
chain of His419 (Fig. 3). The Lys390 side chain is located at the
entry of IP4 and contacts with the 1-phosphate group of IP4,
which further connects the acyl chain of PIP3 to enter into
membrane (Fig. 3). We note that although it is not technically
feasible to experimentally detect direct NOEs between lysine
�-amino groups and phosphate groups of IP4 byNMRspectros-
copy, the IP4 binding site and orientation in our structure are in
full agreement with the experimental data for the following
reasons. 1) The largest resonance perturbations upon IP4 bind-
ing occurred in the �1-�2 and �3-�4 loop regions that directly
contact IP4 in our structure, which are consistent with the IP4
binding sites in other known PH domain structures (supple-
mental Fig. S4). 2) The side chain orientations of the IP4-per-
turbed Lys residues, Lys383, Lys385, Lys386, Lys390, Lys393, and
Lys408, are well positioned to potentially coordinate the nega-
tively charged phosphate groups of IP4 (Fig. 3), andmutation of
each of them impairs the IP4 binding (see below). 3). Specific
intermolecular NOEs were detected between the inositol sugar

protons and hydrophobic side chains of some highly perturbed
Lys residues by IP4.
Conventional PH domains with high affinity to phospho-

inositides involve a signature motif consisting of conserved
basic residues of KXn(K/R)XR, where the initial lysine residue is
located near the C terminus of the �1 strand, whereas the
(K/R)XR motif is located near the N terminus of the �2 strand
(30). Fig. 4 provides the representative examples of the Btk,
Grp1, DAPP1, and PKB/Akt PH domains. As a comparison, the
K2-PH domain seems to lack such motif with a sequence of
Val381-X11-Lys393-Gln394-Tyr395 in the equivalent region (Fig.
4). However, our structure reveals that the side chain of Lys383,
located in the �1-�2 loop, spatially compensates the missing
first conserved lysine of the conventional KXm(K/R)XR motif.
The side chains of Lys385 and Lys386 are in close proximity to
Lys383 and also contribute to the binding to IP4 (Fig. 3). Thus,
although K2-PH does not have a conventional IP4 binding
motif, it contains a unique IP4 binding site clustered with pos-
itively charged residues, and this site appears to be well con-
served among all three kindlin family members (Fig. 4).
Site-directed Mutagenesis and Functional Significance of the

K2-PH/PIP3 Interaction—To evaluate the functional signifi-
cance of the IP4 binding site in the K2-PH domain, we per-
formed the site-directed mutagenesis experiments. We
selected all 5 Lys residues, Lys383, Lys385, Lys390, Lys393, and
Lys408, that are involved in binding to IP4 in our structure (Fig.
3) and generated the single pointmutants of each of the 5 lysine
residues to alanines. Eachmutant was found to fold similarly as
the wild type, as judged by gel filtration andHSQC spectra data
(not shown), demonstrating that the mutations on these sur-
face residues did not affect the overall structural integrity of the
K2-PH domain. We then examined the interaction of each
K2-PH mutant with IP4 by chemical shift mapping. These
mutants had either diminished (K383A,K393A) or significantly
reduced chemical shift changes (Lys390, Lys385, and Lys408) as
compared with that for WT (Fig. 5), thus providing cross-vali-

FIGURE 6. Functional data showing that WT kindlin-2 but not the PIP3 binding-defective K383A/K385A mutant dramatically enhances the talin-
mediated integrin activation. The EGFP constructs for the two kindlin-2 forms were transfected into CHO cells stably expressing integrin �IIb�3, and the
activation of the integrin was monitored by flow cytometry with the activation-specific antibody PAC-1 (see “Experimental Procedures”). Based on flow
cytometry and Western blots, the expression levels of the two kindlin-2 forms were similar. The experiments were repeated three times with the p value � 0.003
as compared with WT kindlin-2 and talin-H. Error bars indicate S.E. MFI, median fluorescence intensity.
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dation of the IP4 binding pocket from our structure and the
importance of these residues in recognizing PIP3.
Next, we determined how phosphoinositide binding would

affect the kindlin-2 function. Although previous studies sug-
gested that the PIP3 binding to theK2-PHdomainmay regulate
integrin activation (20), it is unclear whether such binding con-
trols the integrin co-activating activity of kindlin-2 with talin, a
major pathway for kindlin-2 to regulate integrin activation (12–
14). Based on the point mutation data in Fig. 5, we mutated 2
spatially close Lys residues, Lys383 and Lys385, into Ala, which
should maintain the three-dimensional fold of K2-PH but dra-
matically reduce the K2-PH binding to PIP3. Fig. 6 shows that
although wild type kindlin-2 cooperates with talin to activate
integrin �IIb�3, such co-activation was substantially reduced by
K383A/K385A mutation, thus providing strong functional evi-
dence that the phosphoinositide binding to kindlin-2 is crucial
for the kindlin-2 co-activator function.

DISCUSSION

Phosphoinositide-mediated protein targeting to the inner
membrane of cells is a common and crucial mechanism for
localization and functional regulation of many membrane-as-
sociated proteins. Among all phosphoinositides, PIP2, enriched
in the inner membrane surface, binds to numerous protein
domains including the FERMdomain of radixin (31), ezrin (32),
and talin (33, 34). Radixin and ezrin FERM domains bind to
PIP2 via the interface between their F1 and F3 domains (31, 32),
whereas the talin FERM domain appears to utilize distinct pos-
itively charged regions on both F2 and F3 for PIP2 binding (34).
Herewe showed quantitatively that kindlin-2 binds PIP2 aswell
as PIP3 via an unusual PH domain contained within its FERM
domain (Fig. 1). This phosphoinositide bindingmode to kindlin
is clearly different from that in radixin, ezrin, and talin,
although talin FERM domain has an integrin binding F3 sub-
domain very similar to that of kindlin-2. Detailed structural
analysis revealed that the K2-PH domain has a distinct posi-
tively charged PIP3 binding pocket well conserved in kindlins
and that multiple contacts between the 3-phosphate of PIP3
and K2-PH also explain why K2-PH has higher affinity for PIP3
than PIP2. Given that PI3K is crucially involved in the kindlin-
2-mediated integrin activation (20), our results support a
dynamic model where PI3K, upon activation, converts PIP2 to
PIP3, thereby resulting in an enhanced membrane association
of kindlin-2. Such membrane association is clearly important
for kindlin-2 function because disruption of the phosphoinosi-
tide binding dramatically impairs the ability of kindlin-2 to reg-
ulate integrin activation (Fig. 6).
How does kindlin-2 cooperate with talin to induce synergis-

tic integrin activation? Our functional data indicate that such
cooperation relies on the PH domain-mediated membrane
association of kindlin-2. Interestingly, the talin FERM domain
also binds to membrane, and the binding is important for sta-
bilizing the talin-integrin interaction (34–36). It is thus con-
ceivable that the kindlin-2 PH domain-mediated membrane
association may also stabilize the kindlin-2 binding to integrin
�CT. Because talin and kindlin-2 (12, 13) bind to different sites
of integrin � CT via their F3 subdomains, the membrane
anchoring of both talin and kindlin-2 may promote a fully sta-

bilized integrin conformation in its activated state, explaining
why both are required to optimize integrin activation.
Kindlin-2 is highly homologous to other kindlin familymem-

bers including kindlin-1 and kindlin-3. Our analysis of the PIP3
binding to K2-PH reveals that the recognition mode is likely
conserved in all kindlin members, thus suggesting a common
mechanism for the kindlin membrane localization via PI3K-
mediated PIP3 targeting.
In summary, we have undertaken a detailed biochemical,

structural, and functional analysis of the kindlin-2 PH domain
that confers a distinct membrane anchoring capability of the
kindlin-2 FERM domain. Our results revealed a novel phos-
phoinositide recognition mode of the PH domain, providing
important molecular insight into how it regulates the mem-
brane targeting of kindlin-2 and facilitates the talin-mediated
integrin activation.
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