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a salt bridge across its binding pocket.

having major functional effects.
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(Background: Kindlins are essential co-activators with talin of integrins.
Results: Kindlin-1 PH domain is necessary for integrin activation and has low affinity for PtdInsP species partly determined by

Conclusion: The PH domain is necessary to kindlins, localizing them to integrins, and displays subtle structural variations

Significance: Targeting of kindlins partly depends on their PH domains.
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Inside-out activation of integrins is mediated via the binding
of talin and kindlin to integrin 3-subunit cytoplasmic tails. The
kindlin FERM domain is interrupted by a pleckstrin homology
(PH) domain within its F2 subdomain. Here, we present data
confirming the importance of the kindlin-1 PH domain for
integrin activation and its x-ray crystal structure at a resolution
of 2.1 A revealing a C-terminal second a-helix integral to the
domain but found only in the kindlin protein family. An iso-
form-specific salt bridge occludes the canonical phosphoinosit-
ide binding site, but molecular dynamics simulations display
transient switching to an alternative open conformer. Molecular
docking reveals that the opening of the pocket would enable poten-
tial ligands to bind within it. Although lipid overlay assays sug-
gested the PH domain binds inositol monophosphates, surface
plasmon resonance demonstrated weak affinities for inositol 3,4,5-
triphosphate (Ins(3,4,5)P5; K, ~100 um) and no monophosphate
binding. Removing the salt bridge by site-directed mutagenesis
increases the PH domain affinity for Ins(3,4,5)P; as measured by
surface plasmon resonance and enables it to bind PtdIns(3,5)P, on
a dot-blot. Structural comparison with other PH domains suggests
that the phosphate binding pocket in the kindlin-1 PH domain is
more occluded than in kindlins-2 and -3 due to its salt bridge. In
addition, the apparent affinity for Ins(3,4,5)P; is affected by the
presence of PO, ions in the buffer. We suggest the physiological
ligand of the kindlin-1 PH domain is most likely not an inositol
phosphate but another phosphorylated species.
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The kindlin family of proteins has recently emerged as a cru-
cial component of focal adhesion assembly, and they are, there-
fore, essential for complex life. Kindlins are considered co-ac-
tivators of integrins alongside talin (1). Integrin-mediated cell
adhesion connects the cell to the extracellular matrix in higher
eukaryotes. It is a critical and common process in a plethora of
physiological phenomena, which include tissue integrity,
embryogenesis, bone metabolism, hemostasis, and immunity.
The cytoplasmic tails of the integrin B-subunits that regulate
integrin affinity for extracellular ligands can be divided into
three regions, a membrane proximal region and two conserved
NXXY motifs (2). The N-terminal F3 subdomain of talin is
known to bind to the more membrane proximal NPXY
(NPKY”*” in B3 integrin) motif resulting in enhanced activation
(2—4). At the molecular level, the interaction of the talin F3
subdomain with this NPXY motif results in the disruption of an
intermolecular clasp that maintains integrins in a low affinity
state (4). However, the more membrane distal NXXY (NITY”>°
in 83) motifand an intervening T/S (TST; S is Ser”?) cluster are
also critical for kindlin binding and integrin activation (3, 5, 6).

The mammalian kindlin family consists of 3 isoforms (kind-
lin-1, kindlin-2, and kindlin-3) with each exhibiting tissue-specific
expression patterns. Kindlin-1 is expressed primarily in the epider-
mis but also to a lesser extent the colon, stomach, and kidneys.
Kindlin-2 is ubiquitously expressed but concentrated in striated
and smooth muscle, whereas kindlin-3 is expressed nearly exclu-
sively in the hematopoietic tissues (7). Besides B integrins (6,
12-14), other kindlin binding partners include integrin-linked
kinase (6, 8, 9) and migfilin (9—11). Additionally, kindlin-1 was
shown to associate with both a-actinin and focal adhesion kinase
(15), and kindlin-3 was shown to form a ternary complex with the
kinase RACK1 and integrin {3 tails mediated by its PH> domain (16).

3 The abbreviations used are: PH, pleckstrin homology; Ins(3,4,5)P5, inositol
3,4,5-triphosphate; PtdIns(3,4,5)P5;, phosphatidylinositol 3,4,5-triphos-
phate; MFI, mean fluorescence intensity; r.m.s.d., root mean square devia-
tion; SPR, surface plasmon resonance.
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Loss-of-function mutations within the FERMT1 (kindlin-1)
gene in humans result in the rare recessive genodermatosis
Kindler syndrome, characterized by transient skin blistering,
skin atrophy, variegated hyper-pigmentation, and in some rare
cases squamous cell carcinoma (17). Additionally, because of
the expression of a kindlin-1 splice-variant in gastrointestinal
tissues, Kindler syndrome-associated ulcerative colitis can also
present in patients with Kindler syndrome (18). Loss of kind-
lin-2 (FERMT?2) in murine models results in embryonic lethal-
ity; however, knockdown of kindlin-2 in zebrafish has revealed
an important role for it in cardiac myocyte differentiation and
morphogenesis (19). Studies show kindlin-3 knock-out mice
(KIND3~'~) suffer from severe bleeding due to inactive platelet
integrins, which also results in fatal anemia because of addi-
tional erythrocytopenia (20). Loss of kindlin-3 (FERMT3) in
humans results in leukocyte adhesion deficiency III (21). Indi-
viduals with leukocyte adhesion deficiency III suffer from Glan-
zmann’s thrombasthenia-like bleeding disorders and recurrent
infections, both of which are life threatening (22). More
recently, biochemical and cell biological data have revealed a
role for kindlin-3 in osteoclast podocyte formation, which is
essential for bone resorption (23).

Recent studies have revealed that the pleckstrin homology (PH)
domain of kindlin-2 binds multiple phosphoinositides, particu-
larly phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P5, K,
~ 2 uM), with a PH domain deletion or K390A mutant diminish-
ing phosphoinositide binding (24). Furthermore, kindlin-2 was
shown to localize to PtdIns(3,4,5)P,-enriched membranes, and
phosphoinositide binding-deficient kindlin-2 mutants were
shown to impair podocyte integrin activation (25). Although this
evidence suggests a molecular role for the kindlin-2 PH domain,
differences in sequence to other isoforms suggest that other PH
domains in the kindlin family may function distinctly. We,
therefore, investigated the structure of the kindlin-1 PH
domain to provide a molecular description of the domain and,
with additional structural analysis, some clues as to its function
in kindlin-1 biology.

EXPERIMENTAL PROCEDURES

Cloning and Expression—A DNA fragment corresponding to
the PH domain of kindlin-1 (residues 364 —509) was amplified
by PCR from Mus musculus FERMT1 cDNA, and DNA frag-
ments for kindlin-2 (residues 367—512) and kindlin-3 (residues
344-495) PH domains were also amplified from mouse
FERMT?2 and FERMT3 cDNA, respectively (cDNA was a kind
gift from R. Faessler, MPI, Martinsreid, Germany). The PCR
products were subsequently cloned into the pOPINF vector
(26), which encodes a cleavable (3C protease) expression and
purification N-terminal hexahistidine tag using InFusion clon-
ing (Clontech). Recombinant plasmid was amplified in Esche-
richia coli and purified using standard protocols. Successful
cloning was assessed by diagnostic PCR and DNA sequencing
(Geneservices, Oxford, UK). Human kindlin-1 APH was gener-
ated by PCR and cloned into the pEGFP-C1 vector (Clontech).
Mouse talin head (amino acid residues 1-433) was generated as
previously described (5) and cloned into pDsRed-Monomer-C1
vector (Clontech).
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Site-directed Mutagenesis—A single point mutation (E416A)
was introduced using PCR-based mutagenesis with the primer
5-AAACCTTAGAGGCTGCGCAATTGTGCCAGATGTGA-3’
and the complementary primer 5'-TCACATCTGGCACAATT-
GCGCAGCCTCTAAGGTTT-3' using Phusion-Hot Start DNA
polymerase (Finzymes). Subsequently, template DNA was di-
gested with Dpnl for 1 hat 37 °C. The PCR product was checked
using 1% (w/v) agarose gel electrophoresis and used for trans-
formation of E. coli for amplification using standard methods.
DNA sequencing (Geneservices, Oxford, UK) was performed to
verify the introduction of the mutant.

Integrin Activation Assay—Integrin activation assays were
conducted and quantified as previously described (27). Briefly,
CHO cells stably expressing allbf3 integrins were transiently
co-transfected with GFP- and DsRed-tagged constructs using
PEI (Polysciences Inc.). Twenty-four hours later cells were sus-
pended and stained with PAC1 (BD Biosciences) and Alexa 647
fluorophore-conjugated anti-mouse IgM secondary (Invitro-
gen) in the presence (“inhibited”) and absence (“native”) of 10
mm EDTA. Total surface integrin levels were measured by
staining with D57 (28) and Alexa 647 fluorophore-conjugated
anti-mouse IgG secondary (Invitrogen). Mean fluorescence
intensities (MFI) of PAC1 and D57 binding were calculated
using FlowJo FACS analysis software. The integrin activation
index (AI) of GFP- and DsRed-positive cells in each experimen-
tal condition was quantified as Al = (native,;;; — inhibit-
edyer)/D57 e Statistical significance was calculated using
Student’s £ test.

Protein Expression and Purification—Recombinant kindlin-1
PH domain was, unusually, constitutively expressed; therefore
E. coli Rosetta (pLysS/RARE) carrying recombinant plasmids
were cultured in LB supplemented with ampicillin (50 wg/ml)
and chloramphenicol (34 pg/ml) at 37 °C overnight with shak-
ing (200 rpm). Cultures were diluted 1:1000 into Terrific broth
supplemented with ampicillin and chloramphenicol and incu-
bated at 37 °C with shaking at 200 rpm until saturation. Cells
were harvested by centrifugation at 5000 X g for 20 min at 4 °C.
The supernatant was decanted, and the pellet was resuspended
in 50 mm Tris-HCI, pH 7.5, 20 mm imidazole, 500 mm NaCl,
0.2% (v/v) Tween at a ratio of 30 ml of buffer to 10 g of cell pellet.
Resuspended cell pellets were stored at —20 °C. Thawed cell
pellets were disrupted by sonication, and the debris was sepa-
rated by centrifugation at 30,000 X gat 4 °C for 1 h. The result-
ing supernatant was decanted and applied to a pre-equilibrated
HisTrap FF (GE Healthcare, 5 ml) at room temperature. Once
supernatant was applied, the column was washed with 10 col-
umn volumes of 50 mMm Tris-HCI, pH 7.5, 500 mm NaCl, 20 mm
imidazole, and the protein was eluted in steps using 50 mm
Tris-HCI, pH 7.5, 500 mm NaCl, 20-500 mm imidazole. The
eluant was collected and fractionated, and the protein compo-
sition was assessed by SDS-PAGE. Fractions containing the PH
domain were pooled and concentrated using a centrifugation
filter device (Millipore) with a molecular weight cutoff of 10
kDa. The concentrated protein solution was applied to a pre-
equilibrated Sephadex S75 (16/60) size exclusion chromatogra-
phy column (GE Healthcare) at 4 °C. Size exclusion chromatog-
raphy was performed using 20 mm Tris-HCI, pH 7.5, 200 mm
NacCl, 0.5 mMm Tris(2-carboxyethyl)phosphine or 1 mm dithio-
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threitol. The eluant was monitored by absorbance at 280 nm
and fractionated for collection. Fractions containing homoge-
neous protein were pooled and concentrated for crystallization.
Recombinant kindlin-2 and kindlin-3 PH domains were
expressed in E. coli Rosetta (pLysS/RARE) using standard iso-
propyl 1-thio-B-p-galactopyranoside induction procedures
and purified analogously to recombinant kindlin-1 PH domain.

Protein Crystallization—Crystallization screening was per-
formed using commercially available crystallization reagents by
means of vapor diffusion methods. 100-nl sitting drops of pro-
tein solution (5-12 mg/ml in 20 mm Tris-HCI, pH 7.5, 200 mm
NaCl, 0.5 mm Tris(2-carboxyethyl)phosphine) were diluted
with an equal volume of crystallization solution. Sitting drops
were equilibrated against 100 ul of crystallization reagent at
room temperature and were duplicated for equilibration at
4 °C. Crystals appeared in several polyethylene glycol (PEG)-
based conditions in 2—3 weeks at 4 °C only. A single condition
(20% (w/v) PEG3350, 200 mMm sodium phosphate) yielded the
largest crystals and was optimized by stepwise dilution of the
crystallization condition from 100% to 79% with sterile water
with sterile water together with optimizing the protein:crystal-
lization solution drop ratio. Optimal crystals grew within 16
days, with the largest crystals ~1 mm in the longest dimension.
Crystals were cryo-protected with mother liquor supplemented
with 25-30% (v/v) glycerol and directly frozen in liquid nitro-
gen before data collection.

Data Collection, Structural Determination, and Refinement—
Diffraction data from a single native kindlin-1 PH domain crys-
tal were collected at Diamond Light Source (Didcot, UK) on
beamline I03. Diffraction data were indexed and integrated
using iMOSFLM (29) and were subsequently merged and scaled
using the CCP4 program SCALA (30). The crystal form belongs
to the C-centered orthorhombic space group C222; with unit
cell dimensions @ = 45.7A, b = 84.1A, ¢ = 959A, a = B =y =
90° and possesses one molecule per asymmetric unit (solvent
content of ~49% with a ~20-kDA protein, as determined by
Matthews’ coefficient). The structure of the kindlin-1 PH
domain was solved by molecular replacement using PHASER
(31) with the Protein Data Bank (PDB) coordinates at accession
code 2YS3* as a search model. The model was converted to a
poly-alanine chain in CHAINSAW (30) to reduce model bias.
Separate molecular replacement calculations in PHASER were
performed using individual models from the NMR ensemble. A
single model yielding an optimal Z-score (RFZ = 6.3, TFZ =
6.9) and log likelihood gain (LLG = 59) was used. Phases calcu-
lated from this model were used for automatic model building
in ARP/wWARP (32). Model building in Coot (33) was continued
from the map output by ARP/wARP, and the model was refined
using a translation libration screw refinement protocol and
individual B-factor refinement in Phenix (31). Translation
libration screw (TLS) groups were determined using the TLS
motion determination server (TLSMD) (34). Water molecules
were added in Coot and updated during rounds of refinement
in Phenix. The refinement resulted in an R;,.. and R, of 21.3
and 18.2%, respectively. The crystal structure was validated

“H. Li, M. Sato, S. Koshiba, S. Watanabe, T. Harada, T. Kogawa, and S.
Yokoyama, unpublished information.
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using MolProbity (35) with 98.3% of the refined residues in
favored regions and none in disallowed regions. The final
model contains residues 369 —497 (mouse FERMT1 number-
ing). Weak electron density was observed for residues 382-388,
which is why they were not built. The crystallographic data
collection and refinement statistics are summarized in Table 1.

Structure Analysis—A representative selection of 32 PH
domains, including kindlin-1, with diverse functions were
selected from a list of structural homologues compiled using
the protein structure database webserver DALI (36). Superim-
position of all PH domains was performed using SHP (37). A
single chain (A) was selected from structures containing more
than one chain in the asymmetric unit and the first model only
from NMR ensembles. In the case of multidomain structures,
the PH domain was excised from the most complete molecule
in the asymmetric unit. The phylogenetic tree was calculated
using an evolutionary distance matrix (38). The tree represen-
tation was generated using the programs FITCH and DRAW-
TREE as part of the PHYLIP package (39). Structural align-
ments were inspected manually in Chimera (40) before the
phylogenetic tree was constructed.

Molecular Dynamics Simulations—We used MODELLER
(41) in combination with the MMTSB Toolset (42) to place the
missing region in the crystal structure, which comprises residue
numbers 382-388 with sequence Pro-Lys-Lys-Leu-Met-Leu-
Lys. A total of 200 models were generated. These were clustered
based on the conformations adopted by the flexible loop
formed by residues 382—388. The top cluster was extracted on
the basis of the average MODELLER score, and the highest
scoring model from this cluster was used as a starting point for
the MD simulations.

MD simulations were performed with GROMACS Version
4.0.5 (43) using both the united-atom GROMOS96 43al force-
field (44) and the all-atom OPLS-AA/L forcefield (45) with a
time step of At = 2 fs. The protein was placed in a cubic box
with sides of length 60 A, and solvent molecules were subse-
quently added. The simple point charge (46) water model was
used in conjunction with the GROMOS 43al forcefield,
whereas the TIP4P (47) water model was used with the OPLS-
AA/L forcefield. Chloride ions were added to neutralize the net
charge of the system. Temperature was maintained at 310 K by
coupling to a Berendsen thermostat (48) with a coupling con-
stant of 7 = 0.1 ps. Pressure was kept constant at 1 atm using a
Parrinello-Rahman barostat (49, 50) with isotropic pressure
coupling, a coupling constant of 7, = 1.0 ps, and a compress-
ibility of 4.6 X 10> bar ™ '. Bond lengths and angles were con-
strained using the LINCS algorithm (51). Electrostatics interac-
tions were treated with the particle mesh Ewald (52) method
using a cutoff of 10 A.

Molecular Docking— AutoDock Version 4.2 (53, 54) was used
for ligand docking. The ligand structures used for molecular
docking were extracted from high resolution x-ray crystal
structures deposited in the PDB. The headgroups of six of the
seven physiological phosphoinositide (PtdIns) isoforms were
used in the docking calculations: Ins(1,3)P, (PDB code 1JOC)
(55), Ins(1,4)P, (PDB code 119Z7) (56), Ins(1,3,4)P; (PDB code
1Z2P) (57), Ins(1,3,5)P, (PDB code 1ZVR) (58), Ins(1,4,5)D,
(PDB code 1MAI) (59), and Ins(1,3,4,5)P, (PDB code 1UNQ)
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(60). Although in total there are seven naturally occurring
PtdIns isoforms in eukaryotic cells, to the best of our knowledge
no structures with Ins(1,5)P, bound have yet been reported.
Structures were prepared for docking by adding Gasteiger par-
tial charges and ligand torsions using AutoDockTools. The pro-
tein was kept rigid, and grid maps were calculated using 80 X
80 X 80 grid points with a spacing of 0.375 A. Grids were cen-
tered such that they encompassed the whole kindlin-1 PH
domain.

The Lamarckian genetic algorithm was used for ligand con-
formational searching, and our docking parameters were based
on those used in Ref. 61. For each run we performed 100 trial
dockings with a population size of 300. Translation step ranges
were 1.5 A, and rotation step ranges were 35°. Elitism, mutation
rate, cross-over rate, and local search rate were set to 1, 0.02,
0.8, and 0.06, respectively, with 25 million energy evaluations
and 27,000 generations. Starting positions and conformations
were randomized, and clusters were evaluated using a tolerance
of 1.5 A root mean square deviation (r.m.s.d.). To validate our
docking results, we also performed blind dockings using Swiss-
Dock (62) using the accurate/default parameter preset (63).
Ligands were converted to the SYBYL MOL2 format before
docking using PRODRG (64).

Lipid Overlay Assay—PIP Strips™ (Echelon Biosciences
Inc.) membranes were incubated with 1% (w/v) nonfat milk in
PBS for 1 h at room temperature. This blocking solution was
replaced with recombinant kindlin-1 PH domain or mutant PH
domain (1.0 pug/ml in 1% (w/v) nonfat milk and PBS) and incu-
bated for 2 h at room temperature. The protein solution was
decanted, and the membrane was washed with PBS for 15 min
for a total of 3 washes. The membrane was incubated with a
mouse anti-penta-His antibody (1:2000 dilution) in 1% (w/v)
nonfat milk in PBS for 1 h at room temperature. The primary
antibody solution was discarded, and the membrane was
washed as described earlier with PBS and 0.1% (v/v) Tween-20.
The membrane was incubated with goat anti-mouse HRP-con-
jugated antibody in PBS with 1% (w/v) nonfat milk for 1 h at
room temperature. The secondary antibody solution was dis-
carded, and the membrane was washed as before. Subsequently,
the membrane was incubated with Amersham Biosciences™
ECL™ Western blotting detection reagent (GE Healthcare)
and then exposed to Amersham Biosciences™™ Hyperfilm
ECL™ (GE Healthcare) for variable times (30 s—20 min) at
room temperature.

Surface Plasmon Resonance—A BlAcore CM5 chip was
derivatized with streptavidin following the manufacturer’s
instructions, and by this means biotinylated inositol phosphate
could be attached to the biosensor surface. Glo-PIPs were pur-
chased from Echelon Biosciences as follows: PtdIns-(3)P
(C-03B6a), PtdIns(5)P (C-05B6a), PtdIns(3,5)P, (C-35B6a), and
PtdIns(3,4,5)P; (C-39B6a). After immobilization, the analytes
(wild type PH domains of all three kindlins and the E416A
mutant from kindlin-1) were applied at a flow rate of 10 ul/min
for a total time of 6 min; dissociation time was set to 15 min.
Experiments were run in both PBS and a HEPES-based buffer as
reported elsewhere (10 mm HEPES, pH 7.5, 150 mm NaCl, 0.005%
(v/v) Tween-20 and 3 mm EDTA) (24). Output sensograms were
analyzed using BIAcore BIAanalysis software and Scrubber (Bio-
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Logic Software), which gave similar results, and by Scatchard anal-
ysis using ProFit software (Uetikon-am-See, CH).

RESULTS

The PH Domain Is Important for Kindlin-1-mediated Integ-
rin Activation—A defining feature of kindlins is the insertion of
a predicted PH domain within a loop of the kindlin F2 sub-
domain. To investigate the importance of the inserted PH
domain in integrin activation, we generated a GFP-kindlin-1
expression construct that lacked the PH domain (kindlin-
1APH) and tested it in a well validated flow cytometric assay for
allbB3 integrin activation. As previously reported (5, 16, 27),
when co-expressed with DsRed-tagged talin head, GFP-kind-
lin-1 enhanced activation of allbB3 stably expressed in CHO
cells (Fig. 1A). However, the ability of kindlin-1APH to activate
allbB3 was significantly impaired compared with wild type
kindlin-1. Kindlin-1APH did nonetheless induce a small, but
statistically significant increase in integrin activation compared
with talin head alone (Fig. 14). Additionally, the PH domain
alone does not co-activate integrins (Fig. 1C). In all cases cells
were gated to have comparable GFP fluorescence levels and
fixed DsRed fluorescence ensuring that the impaired ability of
kindlin-1APH to activate alIbB33 was not due to altered kindlin
or talin head expression levels. Furthermore, integrin activation
was normalized to total surface allbf3 integrin expression
assessed in parallel by antibody staining. Western blotting con-
firmed that the GFP-kindlin-1, GFP-kindlin-1APH, and GFP-
kindlin-1 PH were of the expected size (Fig. 1, B and D). These
data together with published data on kindlin-2 (3, 22, 24) show
that the kindlin PH domain is important for kindlin-mediated
integrin activation.

Overall Structure of Kindlin-1 Pleckstrin Homology Domain—
To investigate the molecular basis of its function, amino acid
residues corresponding to the PH domain (residues 356 —509)
of kindlin-1 were cloned, overexpressed, and purified from
E. coli. Crystals of kindlin-1 PH domain were then generated,
and their x-ray structure was solved by molecular replacement
(see “Experimental Procedures” and Table 1).

The kindlin-1 PH domain structure is composed of 129
amino acids and exhibits an archetypal pleckstrin homology
family fold at its core that is a partly collapsed seven-stranded
B-barrel capped at one end by a C-terminal a-helix. The N-ter-
minal half of the PH domain is composed of a four-stranded
anti-parallel B-sheet (B1-B4), whereas the remaining three
strands form a second anti-parallel B-sheet (85-£7) that stacks
nearly orthogonally against the first. This B-sandwich is filled
with hydrophobic residues forming its core and is capped at one
opening of the B-barrel (encircled by strands B1 and B87) by a
predominantly hydrophobic C-terminal a-helix (al). In PH
domain folds, the helix that caps this opening of the B-barrel is
typically amphipathic, with its hydrophobic residues buried in
the core and polar residues exposed to the solvent (66). How-
ever, in the case of the kindlin-1 PH domain, the majority of this
helix is hydrophobic, with hydrophobic residues facing into and
away from the 3-barrel (Fig. 2). This feature, which is conserved
in all known kindlin protein PH domains, stabilizes the stacking
of an additional C-terminal extension that is composed of a
single amphipathic helix («2) not found in other PH domains
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FIGURE 1. Kindlin PH domain is important for kindlin-mediated co-activation of allB@3 integrins. DsRed or DsRed-talin head and GFP-kindlin-1, GFP-

kindlin-1 APH, or GFP-kindlin-1 PH were transiently co-expressed in CHO cell
calculated for cells with similar amounts of DsRed and GFP mean fluorescenc

s stably expressing allB3 integrins as indicated. A and C, activation indices were
e intensities (normalizing for total surface integrin levels) and expressed relative

to GFP + DsRed-talin head. Results represent the means *+ S.E. (n = 3). A two-tailed Student’s t test was used to test for significant difference from GFP+
DsRed-talin head (**, p value <0.01; *, p value <0.02). GFP-kindlin-1 APH was also significantly different from GFP-kindlin-1 (p value = 0.004). B and D,
expression of the constructs was checked by lysing the cells and immunoblotting (/B) using anti-GFP (Rockland), Alexa 680 Fluor-coupled anti-goat (Invitro-
gen), anti-DsRed (Clontech), and anti-rabbit IgG IRDye800 conjugated (Rockland).

(Fig. 2). The interconnecting loop that lies between the a1 and
a2 helices is highly conserved across all kindlin isoforms (see
Fig. 3). An invariant methionine (Met*””) within the a1-a2 loop
is involved in the stabilization of the al-a2 hydrophobic inter-
actions (see Fig. 2), where the methionine side chain interacts
with a tyrosine (Tyr*®?) side chain from o2 and a leucine
(Leu®*”®) from the B1 strand. Sequence alignment between
mammalian kindlin isoforms and UNC-112, the sole kindlin
protein from Caenorhabditis elegans indicates that those
amino acids responsible for the hydrophobic properties of
al and the amphipathicity of a2 that mediate the al/a2
helix packing are highly conserved alongside the al/a2 loop
invariant across all species (Fig. 3). This suggests that this
C-terminal extension is an integral part of the PH domain
fold found in kindlins.

Structural and Molecular Dynamic Simulation Analysis
Reveal That Ligand Binding Is Dictated by a Kindlin-1-specific
Salt Bridge—Pleckstrin homology domains were first identified
as phosphoinositide binding modules that target proteins to the
membrane in a phosphoinositide-dependent manner (67). The
phosphoinositide binding affinity/specificity is governed by
three variable loops (VL1, -2, and -3) that crown the open end of
the B-barrel (B1/B2 (VL1), B3/B4 (VL2), and B6/B7 (VL3)
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loops) (68). The B1/B2 loop is disordered in the kindlin-1 crys-
tal structure so that very weak electron density corresponds to
this region, suggesting that it has significant conformational
flexibility. Additionally, the 83/B4 loop in kindlin-1 forms a
small single-turn helix, denoted here as a’ and similar to the PH
domains of B-spectrin (69) and protein kinase B (PKB/Akt)
(70). In the canonical PH domain the ligand would be expected
to bind in the central binding pocket, although examples of PH
domains with non-canonical PtdIns binding sites have been
reported (71). In an effort to identify a putative lipid binding
site, we performed molecular docking of the headgroups of six
different PtdIns species to the kindlin-1 PH domain using Aut-
oDock. Given the importance of the variable loops in ligand
binding (68), before conducting the in silico docking experi-
ments, the missing loop of the crystal structure was modeled
using MODELLER (see “Experimental Procedures”). After
modeling these residues, we conducted MD simulations of the
kindlin-1 PH domain.

The crystal structure revealed a salt bridge between arginine
380 and glutamate 416 that traverses the open end of the -bar-
rel potentially occluding the canonical binding site (Fig. 2B).
The variation in the spacing between Arg®*® and Glu*'*® over
the lifetime of the simulation is shown in Fig. 44 alongside
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TABLE 1
X-ray data collection and structure determination
R, and R, were calculated from working and test set reflections.

work

Data collection and refinement
statistics

Space group C222,
Unit cell (A, °) a=45.29,b = 82.78,c = 95.99,
a=pB=vy=90
Resolution® (A) 41.4-21 (2.21-2.1)
Completeness (%) 95.4 (95.2)
Redundancy 7.0(7.3)
I/al 13.7 (3.5)
Rierge” 0.083 (0.565)
. ) 0.223
Average Wilson B-factor (A?) 32.2
Model and refinement
Resolution (A) 40-2.1 (2.4-2.1)
Unique reflections 10,324 (1,478)
Ry 0.1821
Ry (using 5% of reflections) 0.2131
Model contents
Residues 370-496
Waters 49
Ligands 1 (glycerol)
Total number atoms 1,040
Average B-factor (A”)
Protein/water 42.4/45.4
Glycerol 79.5
r.m.s.d. from ideal
Bond lengths (A) 0.008
Angles (°) 1.011
Ramachandran
Favored (%) 95.3
Allowed (%) 3.7
Generously allowed (%) 0.9
Disallowed (%) 0.0

“Values in parentheses account for the highest resolution shell.
“R =3I, - 1|/21,

merge

Ryim. = Spall/N = 1]2Z (KD — I(hK)|/Z 03 1, (hkd).

images of the PH domain in “closed” and “open” states. Inter-
estingly, although this salt bridge was typically preserved during
the simulations, it switched transiently to a conformation
involving an alternative salt bridge interaction Arg®*°~Glu**°
that leaves the binding pocket exposed. This transition between
a partially occluded state and an open state was apparent in
simulations using both the GROMOS96 43al forcefield and the
OPLS-AA/L forcefield. The r.m.s.d. and root mean square fluc-
tuation of the Ca atoms over the course of the simulation tra-
jectories are shown in Fig. 4B. The Car.m.s.d. indicated that the
protein experienced little conformational drift over a period of
100 ns. The Ca root mean square fluctuation suggested that of
the three loops flanking the open end of the B-barrel, the 81/32
loop appears to be the most flexible.

To begin modeling ligand binding, we first extracted a repre-
sentative conformation of the kindlin-1 PH domain from the
MD simulations in which the Arg®*°-Glu*'® salt bridge
remained intact. However, when molecular docking was per-
formed using this partially occluded state, the results were gen-
erally poor. Clustering the conformations resulted in a large
array of small, spatially separated clusters, and little consensus
emerged as to the location of any possible binding site. Fig. 4C
shows the results from the docking runs using Ins(1,3,4,5)P,
(equivalent to the headgroup of PtdIns(3,4,5)P;). Indeed, even
when the number of energy evaluations was increased by a fac-
tor of 500 to 10 billion, a likely binding site failed to emerge
(data not shown). In the absence of a predicted binding site, we
turned to the alternative open conformation observed in the
MD simulations. Molecular docking using this open conforma-
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tion extracted from the simulations led to improved results.
Analysis produced a smaller number of larger clusters, and
most of the docking runs placed the ligand in or near the central
cavity (Fig. 4C). Docking using the open conformation rather
than the occluded conformation significantly reduced the
number of conformational clusters and multimember clusters.
This higher level of consensus resulted in a reasonably consist-
ent prediction of a putative binding site for all six PtdIns head-
groups, lined by Arg®®, Lys®*®*, Lys®*°, and Asn*** (data not
shown). Performing similar docking runs using another dock-
ing program (SwissDock) yvielded qualitatively similar results
(data not shown).

This effect was even more pronounced when performing
docking runs with the E416 A mutant, which is predicted to be a
permanently opened state. It appears that PtdIns binding is
enhanced in the E416A mutant for two reasons; (i) the Arg>%°—
Glu™® salt bridge, which otherwise blocks the entrance to the
binding pocket, is broken, and (ii) the sentry glutamate residue,
Glu™®, is replaced by an alanine in this open state, which fur-
ther increases the accessibility of the binding site for negatively
charged lipid headgroups. This stepwise enhancement of
PtdIns binding is confirmed by the estimated free energies of
binding predicted by AutoDock, which suggest that docking to
the E416A mutant (open) PH domain is more favorable than
docking to the wild type (open), which in turn is an improve-
ment over the wild type (closed) PH domain. In general, this
trend was observed for all six PtdIns species, and the more
favorable binding energies were accompanied by an improved
level of clustering (Fig. 4D).

In Vitro Measurement of Inositol Phosphate Binding—To
assess the ligand binding affinity of the kindlin-1 PH domain for
lipid species we first made use of a lipid overlay assay (dot-blot)
approach and found PH domain binding to PtdIns(3)P,
PtdIns(4)P, and PtdIns(5)P but not to diphosphorylated inositi-
des (Fig. 5A). The E416A mutant also bound to the PtdIns
monophosphates but additionally to PtdIns(3,5)P, (Fig. 54).
We followed this up with a dot-blot in which a series of different
PtdIns concentrations was presented and found that this sup-
ported the initial impression that wild type kindlin-1 PH
domain binds to monophosphorylated PtdInsPs, whereas the
mutant form binds more strongly to them and also recognizes
PtdIns(3,5)P, (although not PtdIns(4,5)P, or PtdIns(3,4,5)P;)
(Fig. 5A). These data suggest that binding to PtsInsP species is
enhanced by the E416A mutation, in agreement with the MD
results reported above. However, it has been reported else-
where (24) using surface plasmon resonance (SPR) that the wild
type kindlin-2 PH domain does bind PtdIns(4,5)P, and
PtdIns(3,4,5)P;, so we next carried out similar experiments our-
selves. We immobilized mono-, di-, and triphosphorylated ino-
sitol species on a BIAcore chip surface via biotin-streptavidin
coupling and measured the binding of wild type and mutant
kindlin-1 PH domains and the PH domains of kindlins 2 and 3
(see “Experimental Procedures”). We ran SPR experiments
using both the HEPES buffer used elsewhere (24) and PBS. In
contrast to the dot-blot data, we could detect no interaction
between either form of the kindlin-1 PH domain and mono-
phosphorylated species (Ins(3)P or Ins(5)P) in either Tris, PBS,
or HEPES buffer (data not shown). The highest affinity interac-
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A B

al-a2 loop . R
C-terminal Extension

B1-B2 loop
modelled

FIGURE 2. Structure of kindlin-1 pleckstrin homology domain. A, the kindlin-1 PH domain is composed of a core seven-stranded B-barrel (31-37) capped
with two a-helices (a1-a2). The open end of the B-barrel is decorated with variable loops (VL), with VL2 (B83-4 loop) forming a single-turn helix. The core
archetypal PH domain fold is rendered in yellow, with the additional C-terminal extension a-helix, specifically found in kindlin proteins, rendered in blue.
B, descriptions are as in A but rotated 90° to show the B-barrel fold together with the variable loop regions. To the right a close-up of the kindlin-1 PH domain
pocket-spanning salt bridge is shown. C, shown are hydrophobic side chains, which stabilize the stacking of the a1 and a2. Hydrophobic residues contributing
to the core of stacking helices are shown as sticks. Residues are labeled according to mouse full-length kindlin-1 numbering (UniProt accession code P59113)
and those in bold indicate invariant residues conserved across the kindlin family in all species. D, the 31-B2 loop is disordered in the kindlin-1 PH crystal

structure (panel C); in this schematic representation of the structure, it is shown modeled in. All panels were rendered in PyMol.

tions we did find were between the PH domains and
Ins(3,4,5)P,, and these data are shown in Fig. 5, B and C, ana-
lyzed both by direct fitting to the binding data and Scatchard
plot. Aslisted in Table 2, the affinities of binding in HEPES were
between K, ~80 and 200 uM. The measured affinity of kind-
lin-2 PH domain is ~60X lower than reported elsewhere (24)
(see “Discussion”) despite our use of the same inositol phos-
phate species and buffer. The affinities of binding in PBS (Table
3) showed a similar range of K, values to the HEPES conditions
for Ins(3,4,5)P,; the diphosphate tested under the same condi-
tions had greatly reduced affinity (K, ~500 to ~2000 um; the
diphosphate data were not amenable to Scatchard analysis).
The pattern of a much-enhanced affinity for Ins(3,4,5)P, over
Ins(3,5)P, is in agreement with data reported elsewhere that
showed the same preference (24). However, the most interest-
ing observation made is the significant improvement in affinity
for the triphosphorylated species in HEPES found for the
E416A mutant kindlin-1 PH domain compared with the wild
type. This result supports the MD analysis suggesting that the
E416A mutation would open up the domain binding pocket.
Curiously, the wild type kindlin-1 and -2 PH domains showed a
higher affinity in PBS compared with HEPES, and the kindlin-3 PH
domain showed unaltered affinity, but the affinity of the kindlin-1
mutant was lower than the wild type in PBS when it was higher in
HEPES. We discuss this further below. However, collectively, the
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data we present on ligand binding by kindlin-1 PH domain suggest
that PtdInsPs may not be its native ligands but perhaps some other
phosphorylated species; the same may be true for kindlin-3. To
evaluate this possibility, further we undertook a structural com-
parison with other PH domain structures.

Structural Comparison of Kindlin-1 PH and Other PH
Domains—A structural similarity search using the kindlin-1
PH domain in DALI (36) indicated, not surprisingly, that it is
similar to other PH domains and phosphotyrosine binding
domains, with a Z score range of 17.2—4.9 for >500 structures.
The corresponding r.m.s.d. values for these aligned structures
ranged from 1.8 to 4.2 A using 60 —124 Ca atoms with pairwise
sequence identities ranging from 6 to 26%. Although we found
a lower affinity of binding of the kindlin-2 PH domain to
Ins(3,4,5)P, than that reported (24), the same paper described
its solution structure in complex with inositol 1,3,4,5-tetrakis-
phosphate. This suggests that kindlin-2 is localized to the
plasma membrane in a phosphatidylinositol 3-kinase product-
dependent manner via its PH domain. Given the high level of
sequence homology between the kindlin isoforms, their
PtdInsP recognition modes might have been conserved so that
all kindlins would be localized to the plasma membrane in a
similar manner. Our binding data (above) show this is not the
case, and a structural comparison between the kindlin-1 PH
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FIGURE 3. Structure-based sequence alignment and projected conservation of kindlin pleckstrin homology domains. A, ClustalW multiple sequence
alignment of the kindlin-1 PH domain with the kindlin-1 crystal structure secondary structure is shown above with labeling analogous to Fig. 2. Invariant
residues are shaded in red boxes, with residues that are conserved colored red, and variable residues shown in black. Multiple sequence alignment was prepared
using ClustalW (65) and secondary structure superimposition prepared using ESPript (81). The sequences used are as follows: kindlin-1 of mouse (UniProt
accession code P59113), orangutan (UniProt accession code Q5R8M5), and human (UniProt accession code Q9BQL6); kindlin-2 of mouse (UniProt accession
code Q8CIB5) and human (UniProt accession code Q96AC1); kindlin-3 of mouse (UniProt accession code Q8K1B8), human isoform | (long) (UniProt Accession
code Q86UX7-1), human isoform Il (short) (UniProt Accession code Q86UX7-2), and cow (UniProt accession code Q32LP0); Unc-112 of the nematode worm
(UniProt accession code Q18685). The positions of kindlin-1 Arg®® and Glu*'® are marked by blue and red asterisks, respectively, to show that their salt bridge
is unique to that kindlin isoform. B, kindlin PH domain sequence conservation is mapped onto a three-dimensional structure of kindlin-1 PH domain. Sequence
conservation is shown with invariant residues colored red, highly conserved rendered purple, semi-conserved rendered blue, and variable rendered white.
C, kindlin PH domain sequence conservation is projected onto a surface representation of kindlin-1 PH domain. Amino acid conservation is rendered as in B.

Structural representation of sequence conservation was performed using ESPript (81) and rendered in PyMol.

domain and the kindlin-2 PH domains suggests several key
structural explanations.

Within the kindlin-2 PH domain, the soluble headgroup of
PtdIns(3,4,5)P; is bound in the canonical binding site at the
open end of the B-barrel. Here, the 3-phosphate of the inositide
is contacted by side chains; Lys®*?, Lys®**?, His*'?, and Tyr>**
(24). Sequence alignment suggests synonymous substitution of
a lysine 383 in kindlin-2 with a conserved arginine in kindlin-1
(Arg®®), and in the apo form of kindlin-2 PH domain the two
residues occupy equivalent positions (Fig. 6) (72). However, in
the crystal structure of the kindlin-1 PH domain the Arg?**°—
Glu™® salt bridge across the open end of the B-barrel occludes
the binding site; in the kindlin-2 Apo structure the Glu*'® is
replaced by His*'®, producing an open pocket where kindlin-1
PH domain has a closed one, and the open pocket undergoes
substantial deformation on binding to Ins(3,4,5)P; (Fig. 6). The
structures are consistent with the in silico docking experiments
and BIAcore studies; removal of the kindlin-1 PH domain salt
bridge results in a larger binding pocket able to admit more
substantially phosphorylated inositides and displaying a higher
apparent affinity for them. The conservation of the salt bridge
residues only in kindlin-1 across the species listed in Fig. 3 and
the full range of other available sequences suggest an isoform-
specific function. In further support of the idea that the kindlin
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PH domains have been selected distinctly for their ligand bind-
ing and, as discussed above, the basic His*'? seems to be impor-
tant for Ins(3,4,5)P; binding in the kindlin-2 complex structure,
particularly at the 3- position of the inositol ring, and of course
is equivalent to the acidic Glu**® in kindlin-1.

Comparing the kindlin-2 PH domains in apo and
Ins(3,4,5)P,-bound states shows that a dramatic conforma-
tional switch accompanies ligand binding to generate an
induced fit and how bonding interactions throughout the
domain sequence may influence the strength of interaction on
ligand recognition (24, 72). In the kindlin-1 PH domain the
salt bridge constriction of the binding pocket is augmented
by hydrophobic stacking interactions. For example, Tyr*3,
Tyr**?, and Phe®** make the putative kindlin-1 PtdInsP
binding site very shallow and alter its electrostatic charac-
teristics due to the tyrosine hydroxyl moieties (Fig. 6). These
bulky aromatic side chains will prevent basic residues also
present in the binding site from interacting with negatively
charged lipids. Thus, the structural data for the kindlin-1 PH
domain show that the binding pocket is occluded and sug-
gest the reason why kindlin-1 does not bind to inositol phos-
phates with high affinity, consistent with MD simulation
docking experiments and in vitro PtdInsP surface plasmon
resonance analysis.
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Phylogenetic Relationships of Kindlin PH Domains—Because
structural comparisons with other kindlins suggest the kind-
lin-1 PH domain has little capacity to bind to PtdInsPs, a wider
structure comparison and analysis may provide a clearer idea as
to its functional role. Given the diverse nature of PH domain
function despite a common fold (68), we constructed a struc-
tural phylogeny using an all-pairs, pairwise structural superim-
position of the kindlin-1 PH domain and a large number of PH
domain structures from the PDB (38) to investigate evolution-
ary relationships between them (Fig. 7). PH domains known to
bind to inositol phosphate lipid ligands cluster together. Inter-
estingly, murine T-lymphoma invasion and metastasis-1
(Tiam1) PH domain is positioned close to B-spectrin from the
same species, both of which share a noncanonical modality of
binding to PtdInsP ligands (71, 73) and are positioned away
from those PH domains that bind to PtdInsPs in a canonical
mode, such as Grpl (74), from the same species. Furthermore,
human ArhGAP9 PH domain, also considered -spectrin-like
in its mode of binding PtdInsP (71), branches from the same
common scaffold as Tiam1 and B-spectrin. Moreover, those PH
domains that predominantly bind directly to Rho family G-pro-
tein ligands, such as intersectin and Dbs (75), also cluster with
structural paralogues positioned close to one another, with
orthologous structures branching from the same common scaf-
fold. Conversely, Tiam1, the PH domain of which is positioned
along with B-spectrin-like PH domains, also binds to the Rho
GTPase, Racl (76). However, the PH domain of Tiaml1 in this
case does not contact the GTPase directly (77). It is quite appar-
ent that a large number of PH domains are closely associated,
thus dividing the tree in half at its root (see Fig. 7). Those closely
related PH domains are known to bind to phophatidylinositol
phosphate ligands, and on closer inspection it seems that the
vast majority possess micromolar (um) dissociation constants
(e.g. Akt/PKB, K,, = 1 um (78); PEPPL, K, = 0.32 M (79)) with
some PH domains with nanomolar affinity (e.g. Bruton’s tyro-
sine kinase (BTK), K, = 0.04 M (80); FAPP1 (four-phosphate-
adaptor protein 1), K, = 0.04 um (79)) within this grouping
(some of those PH domains with nanomolar affinity were clus-
tered, but this is more than likely an artifact primarily due to
their all being from Homo sapiens and, therefore, structural
paralogues).

Among those PH domains in the less related, opposing half of
the phylogeny, a small number of proteins possess um dissoci-

Structure of Kindlin-1 PH Domain

ation constants for inositol phosphates, but the majority prefer
protein ligands. According to this structural analysis, kindlin-1
is closely related, as expected, to kindlin-2 and -3 PH domains
and is unexpectedly structurally related to oxysterol-binding
protein-related protein 11 (OSBP11), sharing a common ances-
tral protein module. The canonical PtdIns binding PH domains
cluster together, and kindlin-1 is clearly evolutionarily related
to these modules, but the fact that it does not cluster with other
PtdIns binders suggests a distinct, but as yet unidentified func-
tion, as does its failure to bind inositol phosphates tightly (see
above). A calculated projection of electrostatic surface poten-
tial on the kindlin-1 PH domain crystal structure (Fig. 84) and
of the structure with a modeled B1-82 loop (see “Experimental
Procedures” (Fig. 8B)) compared with other kindlin isoform PH
domains, a non-canonical PtdIns binding PH domain (B-spec-
trin) and a canonical PtdIns binding PH domain (pleckstrin),
reveals a surface charge distribution reminiscent of a non-ca-
nonical binding modality, although the kindlin-1 PH domain
does not possess the relevant side chains to coordinate PtdInsP
ligands in the way that B-spectrin does; on the other hand, it does
not possess a negatively charged cavity at the opening of the B-bar-
rel similar to that found in kindlins 2 and 3 either (Fig. 8).

DISCUSSION

Kindlin-1 is a co-activator of integrins alongside talin,
enriched in epidermal keratinocytes among other tissues (1,
10). A variety of pathological conditions help to underscore the
importance of all three mammalian kindlins in the fundamental
biology of cell adhesion (1). Kindlins are distinguished from
talin by two features; they are the absence of a C-terminal rod
domain and the presence of an additional PH domain inter-
posed between the N- and C-terminal halves of the FERM F2
subdomain (27). The pleckstrin homology domain is the 11th
most common module in the human genome (66) and despite a
common scaffold is diverse in function.

In the work reported here we have shown that the kindlin PH
domain is important for kindlin-1-mediated integrin activa-
tion. The determination of the crystal structure of the kindlin-1
PH domain has, like the structures of kindlin-2 PH domain (24,
72), revealed a C-terminal helix not present in other reported
PH modules that is integral to the fold. By making use of in silico
molecular dynamics simulation and ligand docking techniques
with the determined structure we have shown that a novel kind-

FIGURE 4. MD simulations of the kindlin-1 PH domain. A, left, shown is separation between the charged groups of Arg®®° and Glu*'¢, which together form a
salt bridge in the crystal structure that appears to partially occlude the putative lipid binding cavity. Running averages taken every 100 ps show the transient
breaking of the salt bridge over the course of both the GROMOS96 43a1 simulation (green) and the OPLS-AA/L simulation (blue). The dashed line at 4 A indicates
the separation at which the salt bridge is considered to be formed/broken following the published definition (82). Center, shown is a simulation snapshot of the
occluded conformation used for docking, with the Arg*#°-Glu*'® salt bridge intact. Right, shown is a simulation snapshot of the open conformation used for
docking, with the Arg®®°-Glu*'® salt bridge now broken and replaced by an alternative Arg#°-Glu**° salt bridge, leaving the binding pocket exposed. B, shown
are conformational dynamics of the kindlin-1 PH domain during the MD simulations. Left, Ca r.m.s.d. was calculated as a function of time over the MD
simulations using the GROMOS96 43a1 forcefield (green) and the OPLS-AA/L forcefield (blue). Right, shown is Ca root mean square fluctuation calculated for
eachresidue over the course of the MD simulations. C, molecular docking of Ins(1,3,4,5)P,, (equivalent to the headgroup of PtdIns(3,4,5)P5) using AutoDock. Left,
centers of mass of the ligand clusters when docking to the occluded conformation are shown. Based on a cluster tolerance of 1.5 A r.m.s.d. from 100 docking
runs, there were a total of 48 distinct conformational clusters, of which 22 were multimember clusters. Right, shown are centers of mass of the ligand clusters
when docking to the open conformation. In this case, from 100 docking runs there were now 41 distinct conformational clusters, of which only 14 had multiple
members. D, shown are estimated free energies of binding and number of clusters using AutoDock. Left, shown is mean estimated free energy of binding for
all 100 docking runs using AutoDock for each of the six PtdIns species. Results are shown for docking to the wild type (closed) PH domain (black squares), wild
type PH domain (blue triangles), and E416A mutant PH domain (red diamonds). Error bars are =1 S.D. Lines are guides for the eye. A more negative value is
indicative of more favorable binding. Center, mean estimated free energy of binding for the members of the largest cluster after docking is based on a cluster
tolerance of 1.5 A r.m.s.d. Similar trends to those in the left hand panel are observed. Right, number of clusters after 100 docking runs for each case is shown.
A lower number of clusters suggests a greater degree of consensus as to the location of the binding site.
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FIGURE 5. Kindlin PH domain binding to inositol phosphates. A, shown is lipid overlay assay (dot-blot) of the kindlin-1 PH domain and E416A mutant. LPA,
lysophosphatidic Acid; LPC, lysophosphosphocholine; PI, phosphatidylinsoitol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S7P, sphingosine
1-phosphate; PA, phosphatidic acid; PS, phosphatidylserine. Band C, shown is SPR analysis of kindlins 1-3 binding to Ins(3,4,5)P5. B, shown are direct responses
in HEPES buffer. Kindlin-1 (red), kindlin-1 E416A mutant (green), kindlin-2 (black), and kindlin-3 (blue) PH domains were analyzed by binding curve fit using
Scrubber software. The K, values determined are listed in Table 2. The binding responses of the four kindlin PH domains are shown on the right according to
the same color scheme. C, Scatchard analysis of kindlin PH domain binding to Ins(3,4,5)P5 is shown. Left, in HEPES buffer as used elsewhere (24), i.e. the data
reported in panel A. The K, values determined as —1/slope are listed in Table 2. Right, in PBS; for K, values see Table 3. Colors are as in panel A.
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TABLE 2
Affinity for Ins(3,4,5)P; in HEPES buffer, K, values in um

See Fig. 5 for data relating to this table. Note the agreement between binding curve
and Scatchard analyses.

Binding Scatchard
Protein domain curve fit analysis
K1PH 224 196
K1PH mutant 80.6 77
K2PH 159 121
K3PH 284 211
TABLE 3

Affinity for Ins(3,5)P, and Ins(3,4,5)P; in PBS, K, values in um
See Fig. 5 for data relating to this Table. Note the agreement between binding curve
and Scatchard analyses.

Ins(3,4,5)P, Ins(3,4,5)P3 Ins(3,5)P2
Protein domain  binding curve fit Scatchard Binding curve fit
K1PH 98.5 122 1660
K1PH mutant 137.3 140 2370
K2PH 85.7 782 950
K3PH 262 248.8 530

FIGURE 6. Comparison of kindlin PH domain structures. The kindlin-1 PH
domain structure reported here (top; with aromatic residues projecting into
the binding pocket shown in green on the right), the apo (left) (72) and
Ins(1,3,4,5)P,-bound NMR structure (equivalent to Ins(3,4,5)P5 binding phys-
iologically) (right) (24) of the kindlin-2 PH domain (middle), and the kindlin-3
PH domain structure (bottom) (PDB ID 2YS3). The residues involved in the
native salt bridge are shown for the kindlin-1 structure, and the structural
equivalents for the other PH domain; the alternative salt bridge partner Glu*>°
is also shown for kindlin-1 and in the InsP-bound structure of the kindlin-2
domain, the interacting side chains other than His*'® and Lys*®® are shown in
white.

lin-1-specific salt bridge in the crystal structure prevails in the
simulation and occludes the putative lipid binding site. Further
analysis suggests that this salt bridge restricts the binding of
secondary messenger lipid head groups, limiting its recognition
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of and its affinity for PtdInsP species. The kindlin-1 PH domain
shows a lower affinity for phosphoinositides than the kindlin-2
PH domain in our hands, but the apparent affinity of the latter
is substantially lower than that reported elsewhere (24).
Removal of the kindlin-1 PH domain salt bridge increases the
affinity of the protein for Ins(3,4,5)P, markedly over that of the
kindlin-2 domain even but only in a HEPES bulffer. In contrast,
phosphate buffer reduces the affinity. These data in themselves
suggest a nonspecific interaction between the kindlin-1 PH
domain and phosphorylated species because they can be
explained if the free phosphates in PBS bind within and occlude
the more open PH domain binding pocket in a E416A mutant.
In the absence of buffer phosphates, the opened pocket
becomes receptive to Ins(3,4,5)P; on an enhanced basis. We
believe these data suggest that the kindlin-1 PH domain is not
evolutionarily adapted to recognize inositol phosphates but
some other phosphorylated species. In support of this conten-
tion, our structure-based phylogenetic analysis has defined dis-
tinct clades related to PH domain function, with the kindlin-1
PH domain clustered away from most canonical inositol phos-
phate binding proteins among the other kindlins and domains
of unknown or non-canonical ligand binding. However our
data show that, if PtdInsPs are the native ligand, the isoform-
specific salt bridge must first be broken, and perhaps there is an
as yet undescribed regulatory mechanism for this. In contrast,
the enhanced affinity of kindlin-2 PH domain, which lacks an
occluding salt bridge, in PBS may be due to the free phosphates
pre-adapting the binding pocket through nonspecific interac-
tion for subsequent Ins(3,4,5)P; binding, inducing a subset of
the wide-ranging conformational changes known to accom-
pany it (24, 72).

The role of the PH domain C-terminal helix must be consid-
ered within the context of the complete kindlin structure, occu-
pying a loop splitting the FERM F2 subdomain into an N-ter-
minal and a C-terminal portion (24). The most highly
conserved region of the structure is found in the a1-a2 loop by
which the C-terminal a2 helix is routed off the canonical o1 PH
helix before it in the sequence (Fig. 2B). Localized sequence
conservation is also found within the a2 helix itself, in particu-
lar at its interface with a1. The al-a2 loop conservation (espe-
cially the sequence Met-Ala-Asp-Ser-Ser-Tyr) is greater even
than that within the core of the domain fold (Fig. 3B). This
suggests that the presentation of the C-terminal helix is critical
to its function.

The poor affinity for PtdInsP species found for both kind-
lin-1 and the other kindlin PH domains is strikingly at vari-
ance with published data from kindlin-2 that show binding to
PtdIns3,4,5P; with low micromolar affinity (24). We are unable
to suggest exactly why this is so but note that the dissociation of
the kindlin-2 PH domain reported from the biosensor surface
was remarkably slow (24). In addition, the authors noted the
very slow association of the PH domain to the surface and that
aggregation might be a problem for their data (24). The slow
association is reflected in the failure of the sensograms reported
by Liu et al. (24) to reach saturation, and it must be noted that in
the case of the kindlin-1 PH domain mutant and kindlin-2 PH
domain in HEPES buffer (at least) this was not the case with our
data (Fig. 5, B and C). Considering data presented by Liu et al.
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FIGURE 7. Structure-Based Phylogenetic Analysis of kindlin-1 PH domains and other PH domains. The structures were superimposed, and a
pairwise alignment was carried out using the program SHP (37, 38) to generate an evolutionary distance matrix. PDK1, protein-dependent kinase 1
(H. sapiens, PDB code 1W1H); pleckstrin (H. sapiens, PDB code 2I5F); PKB/AKT, protein kinase B/AKT (H. sapiens, PDB code 1UNQ); PEPP1 (H. sapiens,
1UPQ); SLM1, phosphatidylinositol 4,5-bisphosphate-binding protein 1 (Saccharomyces cerevisiae, PDB code 2NSU); Grb10, growth factor receptor-
bound protein 10 (H. sapiens, PDB code 2HKO0); ARNO, Arf nucleotide binding site opener (M. musculus, PDB code 1U27); Grp1, general receptor for
phosphoinositides 1 (M. musculus, PDB code 1FGY); ArhGAP9, a rho GTPase-activating protein (H. sapiens, PDB code 2P0D); SKAP-Hom, Src kinase-
associated adaptor protein 1 (M. musculus, PDB code 1U5E); Tiam-2, T-lymphoma invasion and metastasis-inducing protein 2 (M. musculus, PDB code
3A8P); RalGNF, Ral guanine nucleotide exchange factor (MS0666) (M. musculus, PDB code 2DTC): B-spectrin, 3 spectrin (M. musculus, PDB code 1BTN);
OBPRP11, oxysterol-binding-related protein 11 (H. sapiens, 2D9X); Kind-1, kindlin-1 (M. musculus) (this study); Kind-3: kindlin-3 (H. sapiens, PDB code
2YS3); Kind-2, kindlin-2 (H. sapiens, PDB code 2LK0); FAPP-1, four-phosphate-adaptor protein 1 (H. sapiens, PDB code 3RCP); PLCG1, 1-phosphatisyli-
nositol-4,5-bisphosphate phosphodiesterase y2 (H. sapiens, 2W2W); DAPP1/PHISH, dual adaptor of phosphotyrosine and 3-phosphoinositides (H. sapi-
ens, PDB code 1FB8); TAPP1, tandem PH domain containing protein 1 (H. sapiens, 1TEAZ); BTK1, Bruton'’s tyrosine kinase 1 (H. sapiens, PDB code 1B55);
PIKE, phosphatidylinositol-3-kinase enhancer protein (H. sapiens, PDB code 2RLO); syntrophin, a-1-syntrophin (M. musculus, PDB code 2ADZ);
p63RhoGEF, p63 Rho guanine nucleotide exchange factor (M. musculus, PDB code 2RGN); Dbs, guanine nucleotide exchange factor Dbs (M. musculus,
PDB code 1KZ7); intersectin, guanine nucleotide exchange factor intersectin (H. sapiens, PDB code 1KI1); UNC-89, a muscle protein (C. elegans, 1FHO);
PLC-B, phospholipase C-B2 (H. sapiens, PDB code 2FJU); PLC-§, phospholipase C-8 (Rattus norvegicus, PDB code 1MAI); GPCRK, G protein-coupled
receptor kinase 2 (H. sapiens, PDB code 1BAK); SOS1, Ras exchanger son of sevenless (H. sapiens, PDB code 1AWE). Red filled circles indicate canonical
PtdInsP binders, green open circles indicate non-canonical PtdInsP binders, open black circles indicate PH domains of unknown ligand tropism, green filled
circles indicate protein-binding PH domains, and red open circles are used for the kindlin domains. The root of the tree is marked by a red asterisk.

(24), it is possible that some nonspecific association to the chip
surface occurred and that this enhanced the apparent affinity
measured.

The disagreement between our dot-blot data that show a
monophosphate PtdInsP tropism for the kindlin-1 PH
domain and SPR data that show no interaction between it
and PtsIns(3)P or PtdIns(5)P is puzzling. Possible explana-
tions for this difference include the different timescales of
the experiments (a 2-h incubation with PH domain was used
with the blots) and the random orientation of the lipids in
the blot but uniform orientation on the SPR surface. The
disagreement perhaps strengthens the impression that

43258 JOURNAL OF BIOLOGICAL CHEMISTRY

PtdInsPs are not native ligands of kindlin-1; in the case of
kindlin-2, dot-blot and SPR data were found to be in agree-
ment (24, 25). Note, however, that a difference between our
dot-blots and those reported for kindlin-2 PH domain is our
use of His,-tagged proteins, whereas the latter study used
ones that were GST-tagged (25). The timescale of the SPR
experiments suggests that they may be a more accurate read-
out on the capacity of kindlin PH domains to interact with
PtdInsPs than are lipid overlay assays.

The phylogenetic tree provides context for understanding
our data and insight regarding PH family evolutionary con-
served features and functions. The PH domains divide phylo-
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Kindlin-1 PH domain Kindlin-2 PH domain

(Crystal Structure)

Kindlin-1 PH domain
(loop modeled)

B-Spectrin PH domain Pleckstrin PH domain

FIGURE 8. PH domain sruface electrostatic potential. Representation of the
kindlin-1 PH domain crystal structure (A), kindlin-1 PH domain complete with
modeled disordered loop (see “Experimental Procedures”) (B), kindlin-2 PH
domain (PDB code 2LKO) bound to inositol 1,3,4,5-tetrakisphosphate (24) (C),
B-spectrin crystal structure (PDB code 1BTN) (D), a non-canonical PtdInsP
binding module together with b-myo-inositol 1,4,5-triphosphate bound ren-
dered in sticks and pleckstrin C-terminal PH domain crystal structure (PDB
code 2I5F), a canonical PtdInsP binder, together with b-myo-inositol 1,2,3,5,6-
pentakisphosphate bound rendered in sticks (E). The PH domains in all cases
are viewed looking down the B-barrel opening and are in identical orienta-
tions. Electrostatic calculations were performed using ABPS in PyMol. The
electrostatic potential is shaded from —2.5kT/e (red) to +2.5kT/e (blue).

genetically into two groups, which can be rationalized by one
clade showing a preference for phosphorylated inositol
ligands and the other for protein ligands (67, 68). A divide
thus apparently occurred early on in the development of PH
domains that resulted in alternative adaptations. Although
protein-protein interaction adaptation can be expected to
involve variation over a substantial fraction of the protein
surface, variation in the phosphatidylinositol binding capa-
bility of the proteins can be the result of very limited substi-
tutions. Thus, the protein-interacting PH domains are
widely spaced on their phylogenetic branches, whereas the
PtdIns-binding protein branches are tightly clustered. The
specific adaptations present in distinct members of the kind-
lin superfamily perhaps allow them to perform different bio-
logical functions in line with their specificity in tissue
expression (1, 7). The structure and position of this phyloge-
netic branch suggests that kindlin PH domains may even be
representative of a grouping distinct from both the protein
binding and PtdInsP binding domains. However, they are
also close to the main canonical PtdInsP binding cluster, and
this agrees with reported data for kindlin-2 (24, 25) and the
SPR binding assays we report here.

Our work shows that the kindlin-1 PH domain is important
for kindlin ability to co-activate integrins. Additionally, our
structure provides an atomic description of the kindlin-1 PH
domain, and this in conjunction with molecular dynamics and
phylogenetic analyses, enabled us to glean insights about the
protein function, mechanism of ligand binding, and the physi-
ological relevance of various inositol phosphate substrates.
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