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Affinity of talin-1 for the p3-integrin cytosolic domain
is modulated by its phospholipid bilayer environment
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Binding of the talin-1 FERM (4.1/ezrin/radixin/moesin) domain to
the B3 cytosolic tail causes activation of the integrin allbf3. The
FERM domain also binds to acidic phospholipids. Although much
is known about the interaction of talin-1 with integrins and lipids,
the relative contribution of each interaction to integrin regulation
and possible synergy between them remain to be clarified. Here,
we examined the thermodynamic interplay between FERM domain
binding to phospholipid bilayers and to its binding sites in the p3
tail. We found that although both the FOF1 and F2F3 subdomains of
the talin-1 FERM domain bind acidic bilayers, the full-length FERM
domain binds with an affinity similar to F2F3, indicating that FOF1
contributes little to the overall interaction. When free in solution,
the B3 tail has weak affinity for the FERM domain. However,
appending the tail to acidic phospholipids increased its affinity for
the FERM domain by three orders of magnitude. Nonetheless, the
affinity of the FERM for the appended tail was similar to its affinity
for binding to bilayers alone. Thus, talin-1 binding to the g3 tail is a
ternary interaction dominated by a favorable surface interaction
with phospholipid bilayers and set by lipid composition. Nonethe-
less, interactions between the FERM domain, the g3 tail, and lipid
bilayers are not optimized for a high-affinity synergistic interac-
tion, even at the membrane surface. Instead, the interactions
appear to be tuned in such a way that the equilibrium between
inactive and active integrin conformations can be readily regu-
lated.

cytoskeleton | plasma membrane | platelet aggregation

he integrin alIbp3 resides on the platelet surface in equili-

brium between resting and active conformations (1-5). On
circulating platelets, alIbp3 is constrained in its inactive confor-
mation to prevent spontaneous platelet aggregation. Similarly,
the cytoskeletal protein talin-1, whose binding to the f3 cytosolic
tail (CT) stabilizes the active conformation of alIbp3 (6-8), is
sequestered away from the 3 CT (9). Besides interacting with
integrins, talin-1 interacts with negatively charged phospholipids
(10-12) and phosphoinositides (13-16). Stimuli generated at sites
of vascular damage recruit talin-1 to the platelet plasma mem-
brane, thereby promoting oIIbf3 activation (17-19). Much is
known about the interaction of talin-1 with integrins and lipids,
but the relative contribution of each interaction to integrin reg-
ulation and possible synergy between them remain to be clarified.
Elucidating these interactions is important for understanding
events leading to and controlling the formation of integrin com-
plexes and for potential pharmacologic modulation of integrin
signaling.

Talin-1 is a 250-kD protein containing a 45-kD N-terminal
head domain attached via a flexible linker to a 200-kD C-terminal
rod domain (7). Because the head domain is packed against the
rod domain in its inactive state (20), talin-1 recruitment to the
membrane and to integrin § CTs requires disruption of this inter-
action (14). At integrin-mediated cellular adhesions, the orienta-
tion of talin-1 is highly polarized, with its head domain associated
with the plasma membrane and its rod domain making numerous
cytoskeletal contacts (21).

www.pnas.org/cgi/doi/10.1073/pnas.1117220108

The talin-1 head domain is a member of the FERM (4.1/ezrin/
radixin/moesin) domain family (22, 23). Canonical FERM
domains, such as that of radixin, consist of F1, F2, and F3 sub-
domains adopting ubiquitin, acyl-CoA-binding protein, and phos-
photyrosine-binding (PTB)/pleckstrin homology (PH) domain
folds, respectively, and are assembled into a trefoil arrangement
(Fig. S1 4 and B). The talin-1 FERM domain contains a fourth
subdomain, FO, preceding F1 that also adopts a ubiquitin-like
fold (12). The four talin-1 subdomains have an extended, nearly
linear, configuration (Protein Data Bank ID code 3IVF;
Fig. S1C) (24). Whereas radixin binds its targets, such as the
CD44 CT, in a groove formed by helix al and strand p5 of its F3
subdomain in an antiparallel p—p fashion (Fig S14), the talin-p
integrin CT complex contains a second interface with the N-term-
inal helical portion of the CT (Fig. S1D) (25, 26). This positions
talin to modulate interaction between membrane-proximal cyto-
solic and transmembrane segments of integrin o and f subunits
(25-27).

Here, we examine the thermodynamic interplay between phos-
pholipid bilayers and p CT binding sites in the talin-1 FERM
domain. The impetus for this study arose, in part, from conflicting
findings regarding the ability of the talin-1 FERM domain to
interact with the p3 CT. In solution, the affinity of talin-1 for §
integrin CTs is nearly 1,000-fold weaker than the affinity of radix-
in for CD44 (28) or of talin-1 for the C terminus of PIPSKI-y
(25). However, talin-1 binds to the p3 CT with high affinity when
the CT is immobilized on a carboxymethylated dextran surface
(29). This suggests that the interaction of talin-1 with integrins
is optimal when the p subunit CT is presented on a hydrophilic
negatively charged surface such as the inner leaflet of plasma
membranes.

To assess the interplay between membrane and § CT binding
interactions, we tested whether the talin-1 FERM subdomains
FOF1 and F2F3 (Fig. S2 B and C), each of which can interact with
membranes (12), bind cooperatively or independently to a variety
of negatively charged lipids and compared their binding to the
complete FERM domain (F0-F3; Fig. S24). We then measured
the effect of the membrane environment on the affinity of FERM
domain binding to the p3 CT. We found that although the mem-
brane environment increased the overall affinity of the FERM
domain for (3, the interactions between the FERM domain,
the B3 CT, and lipid bilayers were not optimized for a high-affinity
synergistic interaction, even at the membrane surface. Instead,
the interactions appeared to be tuned in such a way that the equi-
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librium between inactive and active integrin conformations can
be readily regulated.

Results

The Talin-1 FERM Domain Contains an Extended Positively Charged
Surface. Projection of an electrostatic surface on the talin-1
FERM domain revealed that it contains an extended positively
charged surface (Fig. 1) (24). This is especially pronounced for
the F2 and F3 subdomains. The FO and F1 subdomains also con-
tain positively charged surfaces, and F1 contains a flexible loop
that readily binds to membranes but was removed for crystalliza-
tion (20). The positively charged surfaces on FOF1 are not com-
pletely aligned with those on F2F3. Although this could reflect a
strong bias for maintaining the surfaces in an unaligned state in
solution or the selection of a single conformation from a flexible
ensemble due to crystal packing, X-ray scattering studies argue
against a flexible ensemble of structures (24). Thus, if the solution
conformation is maintained, FOF1 should make only modest con-
tributions toward the affinity of the complete FERM domain over
that of the F2F3 alone. Alternatively, if FOF1 and F2F3 change
their mutual orientation away from the minimum energy solution
conformation, this would attenuate the affinity relative to the
value expected if they were preorganized to interact favorably
with the surface.

Binding of the Talin-1 FERM Domain Fragment F2F3 to Negatively
Charged Phospholipids. Before studying the interaction of the
talin-1 FERM domain with the p3 CT tethered to membrane, we
investigated whether the F2F3 subdomain, which makes the most
direct contact with the p3 CT, differentially recognizes negatively
charged phospholipids.

We used surface plasmon resonance (SPR) to measure the
interaction of F2F3 with phospholipid bilayers immobilized on
a hydrophobically modified Biacore L1 SPR chip (30). All mea-
surements were made relative to a surface containing 100%
phosphatidylcholine (PC). F2F3 binding to 20% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L serine (POPS) and 80% 1-palmi-

FO F1 F2 F3 F3 2 Fl FO

Fig. 1. Orientation of the talin-1 FERM domain with respect to the inner
leaflet of the plasma membrane. (A) The interaction of talin-1 with the
integrin CT (black) places its FERM domain in proximity to the inner plasma
membrane leaflet. (B) Projection of an electrostatic surface onto the talin-1
FERM domain. Red denotes negative- and blue denotes positive-charge den-
sity. (C) Talin-1 FERM domain rotated 90° showing the electrostatic surface as
viewed from the membrane (Left) and cytosol (Right).
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Fig. 2. Steady-state binding of the talin-1 FERM domain and its subdomains
to phospholipid bilayers. (A) SPR sensorgrams of F2F3 binding to a bilayer
composed of 20% POPS and 80% POPC immobilized on a Biacore L1 SPR chip.
F2F3 was injected in 2-fold increments up to a concentration of 10 uM. (B)
Steady-state isotherms for F2F3 binding to negatively charged phospholipids.
Diamonds, 10% PtdIns(4,5)P,; squares, 10% PtdIns(3,5)P,; triangles, 10%
PtdIns(3,4)P,; Xs, PtdIns(5)P; circles, 20% phosphatidylserine. (C) Steady-state
isotherms for FO-F3 (squares), F2F3 (triangles), and FOF1 (diamonds) binding
to bilayers containing 10% PtdIns(4,5)P,. Data from B and C were fit to a one-
site binding model using BlAevaluation software.

toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was mea-
sured at steady state (Fig. 24) and conformed to a single-site
binding model as a function of F2F3 concentration. The dissocia-
tion constant (Ky) for F2F3 binding to 20% phosphatidylserine
(PS)-containing bilayers was 0.92 uM (Table 1). In comparison,
the K, for bilayers containing 10% PtdIns(4,5)P, was 0.67 pM,
suggesting that F2F3 may have a slight preference for

Table 1. Steady-state SPR measurements of talin-1 F2F3
subdomain binding to phospholipids

Lipid, % Kg, pM Maximum binding, RU
PS (20%) 0.92 + 0.260 1,210 + 66
PtdIns(4,5)P, (10%) 0.67 + 0.07 2,490 + 225
Ptdins(3,4)P, (10%) 0.42 = 0.09 2,170 = 146
Ptdins(3,5)P, (10%) 0.50 + 0.053 2,330 + 193
PtdIns(5)P (10%) 0.37 + 0.029 1,770 + 146

Binding to the indicated phospholipids was fit to a one-site binding
model using BlAevaluation. The data shown represent the mean and
standard deviation of triplicate injections.

Moore et al.
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PtdIns(4.5)P, over PS. Nonetheless, F2F3 bound to bilayers con-
taining the diphosphoinositides PtdIns(3,5)P, and PtdIns(3,4)P,
and the monophosphoinositide PtdIns(5)P with affinities similar
to PtdIns(4,5)P,, indicating that it does not strongly differentiate
between negatively charged head groups (Fig. 2B and Table 1).

Although there was no substantial difference in the affinity
of F2F3 for bilayers containing various diphosphoinositides, the
total amount of bound F2F3 depended on the net negative charge
of the membrane, implying that electrostatics plays a role in
the interaction. PtdIns(4,5)P,, PtdIns(3,5)P,, and PtdIns(3,4)P,
each have a charge of —4 per head group, whereas PtdIns(5)P
has a charge of —3, and PS has a charge of —1. If F2F3 binding
is affected by charge, the amount of protein bound to 10%
PtdIns(5)P would be expected to be roughly 75% of the amount
bound to 10% diphosphoinositides. Similarly, 50% as much F2F3
would be expected to bind to 20% PS as to 10% diphosphoinosi-
tides. The maximum resonance units (RU) of F2F3 bound to
10% PtdIns(4,5)P,, 10% PtdIns(3,5)P,, and 10% PtdIns(3,4)P,
were similar at 2,490, 2,330, and 2,170 RU, respectively, but we
found approximately 75% as much F2F3 bound to 10%
PtdIns(5)P (1,770 RU) and 50% as much F2F3 bound to 20%
PS (1,200 RU), confirming that protein binding depends on the
charge of the membrane.

Binding of Talin-1 FERM Domain and Its Subdomains to Ptdins(4,5)P,.
Next, we compared the affinity of the complete talin-1 FERM
domain (F0-F3) for PtdIns(4,5)P, with that of FOF1 and F2F3.
PtdIns(4,5)P, was chosen as the lipid substrate for these mea-
surements because F2F3 does not differentiate between various
phosphoinositides.

Phospholipid bilayers containing 10% PtdIns(4.5)P, were im-
mobilized on a Biacore L1 chip, and all measurements were made
relative to a surface containing 100% PC. We found that FO-F3
bound to 10% PtdIns(4,5)P, with a K4 of 980 nM, comparable to
the K4 for F2F3 of 670 nM, whereas the K4 for FOF1 was 2.6 pM
(Table 2). Thus, both FOF1 and F2F3 readily interact with
PtdIns(4,5)P,, but when combined, the affinity for bilayers was
not enhanced. The relative stoichiometries of FOF1, F2F3, and
F0-F3 also suggest that the subdomains do not form a cooperative
membrane binding surface. The mass ratios for FO-F3, F2F3, and
FOF1 are 2:1.1:1.0. FO-F3 has twice the mass of F2F3 and nearly
twice the resonance units of FO-F3 (3,960 RU) bound to the sen-
sor chip as F2F3 (2,490 RU) (Fig. 2C, Table 2). Thus, FO-F3 and
F2F3 have similar stoichiometries for the phospholipid surface.
A similar amount of FOF1 bound to the sensor chip (2,290 RU)
as F2F3, but with lower affinity. Thus, although FOF1 can interact
with PtdIns(4,5)P,, the affinity and stoichiometry of the full
FERM domain for PtdIns(4,5)P, is similar to that of F2F3, in-
dicating that FOF1 does not substantially cooperate with F2F3
in FERM domain binding to membranes.

Enthalpy of Talin-1 FERM Domain Binding to PTdIns(4,5),. It has been
reported that talin FERM domains bind to negatively charged
vesicles in solution (12, 13, 24, 31, 32). To confirm these observa-
tions, we used isothermal titration calorimetry (ITC) to measure

Table 2. Steady-state SPR measurements of talin FERM
domain binding to phospholipid bilayers containing 10%
Ptdins(4,5)P,

FERM domain construct Kq, ptM Maximum binding, RU
FO-F3 0.98 = 0.10 3,960 + 258
F2F3 0.67 + 0.07 2,490 + 220
FOF1 2.63 +0.84 2,290 + 258

Binding results were fit to a one-site binding model using
BlAevaluation. The data shown represent the mean and standard
deviation of triplicate injections.

Moore et al.

the enthalpy of FO-F3 binding to large unilamellar vesicles
(LUVs) composed of 90% POPC and 10% PtdIns(4,5)P,. As
a positive control, we measured binding of the PH domain of
phospholipase C-81 (PLC-61) to PtdIns(4,5)P, (33).

Titration of 100 pM PLC-81 PH domain into a LUV sus-
pension containing 1%, 3%, and 10% PtdIns(4,5)P, generated
binding isotherms with molar enthalpies of —11.7, —10.2, and
—12.8 kcal/mol and dissociation constants of 2.8, 2.1, and 4.2 uM,
respectively (Fig. 34 and Table S1). These results are comparable
to a previously published binding enthalpy of —11.9 kcal/mol and
K4 of 1.1 pM for PLC-81 PH domain binding to 1% PtdIns(4,5)P,
bilayers (33).

Next, we titrated 190 pM FO-F3 into a suspension of LUVs
composed of 90% POPC and 10% PtdIns(4,5)P,. After subtract-
ing the heat of dilution, FO-F3 binding was slightly exothermic
(approximately —3 kcal/mol) with a stoichiometry of approxi-
mately 1 FO-F3 to 3 PtdIns(4,5)P, phospholipids (Fig. 3B). Titra-
tion of higher FO-F3 concentrations resulted in precipitation of
the mixture in the calorimetry cell—confirming the interaction of
FO-F3 with membranes, but precluding thermodynamic analysis.
Surprisingly, similar experiments using LUVs containing 1%
and 3% PtdIns(4,5)P, did not generate measurable enthalpy
(Fig. 3B). Therefore, to confirm that FO-F3 actually binds to
bilayers containing 1% and 3% PtdIns(4,5)P,, we measured
the interaction by SPR and found that FO-F3 bound with high
affinity and roughly 1/10th the resonance units as 10% bilayers
(Fig. S3).

Lastly, we attempted to measure the interaction FO-F3 with
the inositol headgroup of PtdIns(4,5)P, [Ins(1,4,5)P5] free in
solution (Fig. S4). Two mM Ins(1,4,5)P; was titrated into a
150 pM FO-F3 solution, but no binding enthalpy was generated.
By contrast, titration of 120 pM Ins(1,4,5)P; into a 6 pM solution
of the PLC-81 PH domain generated an exothermic binding
curve with thermodynamic parameters comparable to previously
published results (Table S1) (33).

Talin-1 FERM Domain Binding to the 3 CT Imnmobilized on Negatively
Charged Carboxymethylated Dextran. Previous measurements of
talin-1 FERM domain binding to the p3 CT used a p3 construct
beginning at Lys716 and included a linker for attaching the
construct to an SPR chip (29). Our p3 CT construct, designed to
mimic the p3 CT as it exits the membrane, was attached via
Cys719 to a CM-5 SPR sensor chip functionalized with N-[e-mal-
eimidocaproic acid]-hydrazide to generate thiol-reactive groups
(Fig. S1D). FO-F3 was then flowed over the chip at concentrations
up to 1.0 pM. The resulting sensorgrams (Fig. S5) could be fit to
two binding events with dissociation constants of 155 nM and
3.5 pM. The biphasic behavior could have resulted from hetero-
geneity of p3 on the chip surface or heterogeneity of the inter-
action between FO-F3 and the carboxymethylated dextran (34).
Regardless, the interaction between the talin-1 FERM domain
and the B3 CT may be sensitive to such heterogeneity because
we hypothesize that the FERM domain binds to the p3 CT and
the inner membrane surface simultaneously.

Binding of the Talin-1 FERM Domain to the 3 CT Domain Tethered to
Negatively Charged Bilayer. To address whether the talin-1 FERM
domain binds the p3 CT and a negatively charged surface in a
concerted fashion, we first used fluorescence polarization (FP)
and ITC to measure the affinity of talin-1 FERM domain for
the p3 CT when both are free in solution.

For FP, the 3 CT was labeled with maleimide-functionalized
BODIPY-TMR at Cys719. When F0-F3, at concentrations up
to 100 pM, was titrated into a 20 nM solution of labeled p3 CT,
the FP increased from 0.1 to 0.16 (Fig. 44). These results were
fit to a binding isotherm with a K of approximately 600 pM,
confirming that the talin-1 FERM domain and the f3 CT do not
interact strongly in solution (26, 35). As a positive control, we

PNAS | January 17,2012 | vol. 109 | no.3 | 795

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117220108/-/DCSupplemental/pnas.1117220108_SI.pdf?targetid=SF5

Bane

/

\

=y

B 0.00

000+ T
-2.00

-2.00

-4.00

6.00] Kp .

-4.00

-6.00 -

KCal/Mole of Injectant
3
KCalMole of Injectant

-8.00 -
-10.00 4

PLC-81 PH domain

-12.00 -10.00 T

R R
KD
;ﬁ" oo PRy

Talin-1 FO-F3 domain

ierL N

Fig. 3. Comparison of PLC-51 PH domain and talin-1
FERM domain binding to Ptdins(4,5)P, and
Ins(1,4,5)P,. (A) ITC titration of 100 pM PLC-51 PH do-
main into LUVs containing 1% (Xs), 3% (open
squares), and 10% (closed squares) PtdIns(4,5)P,.
The titrations were globally fit to a OneSite binding
model using MicroCal/Origin. (B) ITC titration of
190 pM talin-1 FERM domain (FO-F3) into LUVs
containing 1% (Xs), 3% (open squares), and 10%
(closed squares) PtdIns(4,5)P, No enthalpy was gen-
erated for 1% or 3% LUVs. Titration into 10%
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titrated FO-F3 into a 20 nM solution of a fluorescein isothiocya-
nate (FITC)-labeled peptide corresponding to the C terminus
of PIP5KIy (Fig. 4B). The resulting change in FP was fit to an
isotherm with a K4 of 160 M &+ 50 M, consistent with reported
affinities of 170 nM to 1.4 uM for other PIP5KIy constructs with
slightly different sequences (36, 37).

We also used ITC to confirm that the f3 CT and FO-F3 do not
interact strongly in solution. There was no significant enthalpy
above background heats of dilution when FO-F3, up to a final
concentration of approximately 30 uM protein, was titrated into
10 uM peptide (Fig. 4B). This contrasts with a recent report in
which talin-2 and the 1D CT interacted with a K4 of approxi-
mately 20 pM and a molar enthalpy of approximately —17 kcal/
mol (26). This difference is associated with several subtle but sig-
nificant differences between the p1 and p3 CT sequences.

Because the interaction between the talin-1 FERM domain
and PtdIns(4,5)P, occurs with very low enthalpy, we were able
to use ITC to measure talin-1 FERM domain binding to the
B3 CT in the presence of PtdIns(4,5)P,. Accordingly, we immo-
bilized the 3 CT on phospholipid bilayers by reacting a p3 CT
construct containing Cys at residue 719 with maleimide-functio-
nalized phosphatidylethanolamine on the surface of LUVs com-
posed of POPC and either 1% PtdIns(4,5)P,, 20% PS, or 20%
PS + 1% PtdIns(4,5)P, (27). Titration of FO-F3 into a suspension
of LUVs containing 1% PtdIns(4,5)P, in the absence of immo-
bilized B3 CT or into buffer containing the free p3 CT generated
little or no enthalpy. By contrast, titration of 150 uM FO0-F3 into
a LUV suspension containing 5 pM immobilized p3 CT was sig-
nificantly exothermic (Fig. 5). The titration was globally fit to a

Molar Ratio

1.0 15 PtdIns(4,5)P, was globally fit to a OneSite binding

model using MicroCal/Origin.

one-site binding isotherm, revealing a K4 of 860 nM and a molar
enthalpy of —25.0 kcal/mol (Table S2). When the experiments
were repeated with the B3 CT immobilized on bilayers containing
20% PS or 20% PS with 1% PtdIns(4,5)P,, nearly identical
results were obtained (Fig. S6 4 and B; Table S2). Thus, these
experiments demonstrate that immobilizing the f3 CT on phos-
pholipid bilayers increases its affinity for the talin-1 FERM
domain by at least three orders of magnitude compared to the
B3 CT free in solution, increasing its affinity from that of a very
weak to a high-affinity interaction.

Discussion
Here, we found that presentation of the p3 CT in the context
of an acidic bilayer enhances its affinity for the talin-1 FERM
domain up to three orders of magnitude, depending on the phos-
pholipid composition of the bilayer. However, FERM domain
binding to the 3 CT contrasts with the stronger interaction of the
FERM domain with PIP5K1y and with the interaction of the
talin-2 FERM domain and the 1D CT. Small changes in integrin
B CT sequences have been shown to significantly increase their
affinities for talin family FERM domains (26). This suggests that
the interaction between the talin-1 FERM domain and the p3 CT
has been evolutionarily tuned to be intrinsically weak, allowing
it to be modulated by changes in phospholipid composition,
posttranslational modifications, and additional protein—protein
interactions.

To understand how these protein—protein and lipid—protein
interactions modulate affinity, it is important to consider the
various energetic components associated with the interaction of

3 Fig. 4. Talin-1 FERM domain binding to the $3 CT
immobilized on negatively charged surfaces or free
in solution. (A) FP of FO-F3 titrated into 20 nM BOD-
IPY-TMR 3. FP was measured at 575 nm after excita-
E tion at 530 nm (squares). FO-F3 was also titrated into
a 20 nM FITC-labeled PIP5KI-y (black circles). FP was
measured at 528 nm after excitation at 485 nm. (B)
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ITC of 140 pM B3 CT titrated into 10.5 pM FO-F3
revealed no significant enthalpy above the heat of
dilution.
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Fig. 5. Talin-1 FERM domain binding to the p3 CT conjugated to negatively
charged phospholipid bilayers. The talin-1 FERM domain (FO-F3, 150 pM) was
titrated at 20 °C into a buffer-matched suspension of LUVs composed of 1%
PtdIns(4,5)P,. The titration was globally fit to a OneSite binding model using
MicroCal/Origin.

the talin-1 FERM domain and the f3 CT with lipids, as well as
their interaction with each other. Previous studies reported on
the interaction of the talin-1 FERM domain and the 3 CT with
micelles and phospholipid vesicles (15, 27, 38-40). Here, we
studied these interactions using a 3 CT construct tethered to
phospholipid bilayers to understand the energetics of the overall
process. Previously, we used this construct to study the dynamics
of the p3 CT in the presence of bilayers by hydrogen—deuterium
exchange (HDX). Although the construct lacks a transmembrane
(TM) domain, it was designed computationally to attach via a re-
sidue predicted to be at the membrane interface and it contains
all of the B3 residues necessary for interaction with talin-1. While
it is possible that the TM domain could affect this interaction, our
NMR and HDX studies indicate that the TM helix is broken by
a kink as it exits the membrane, implying that the structure of
the p3 CT distal to the helix disruption is unlikely to depend on
residues buried within the membrane.

We can consider the overall free energy for the interactions of
the bilayer-tethered p3 CT (RT In(Ks) = AGgyeran) in terms of
several components according to Eq. 1 below. It should be noted
that this thermodynamic decomposition is path-independent
and does not require kinetic ordering; nevertheless, all interac-
tions here are rapid, on the second to millisecond time scale, indi-
cating that they might rapidly interconvert on a physiologically
relevant time scale.

AGovcrall = AGtalin—bilaycr + AGtalin—pcptidc + AGrcorganizatiom (1]

where AG jin-pilayer 1S the energy associated with talin head inter-
action with lipid, as determined directly from the titration of the
FERM domains into lipid bilayers; AG gjin—peptide 18 the energy as-
sociated with talin head interaction with the p3 CT, as determined
directly from the NMR or the fluorescent titrations reported
above and which is sequence-specific (26) but only weakly favor-
able (Kgis on the order of 0.2 to 0.6 mM); and AGcorganization
is the free energy required to rearrange the conformations of
isolated individual components and binary complexes to allow
formation of a ternary complex (this term also includes statistical
terms associated with the standard states). The electrostatic sur-
faces of F3, F2F3, and the full FERM domain (24, 41) suggest
that F2F3 binds negatively charged bilayers in a manner highly
conducive to forming a simultaneous interaction with the 3 CT;
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this finding has been supported by detailed coarse-grained mole-
cular dynamics calculations (15). Thus, there is likely little reor-
ganization energy associated with the interaction of these
subdomains with bilayers. By contrast, the p3 CT, tethered to a
bilayer, is in a rapid equilibrium that favors a conformation in
which the peptide interacts with the membrane in a way that
masks residues important for talin-1 binding and that would
otherwise be located 10-30 A into the cytoplasm (27). A second
minor conformation is more exposed to the aqueous surround-
ings, presumably allowing rapid kinetic access to the FERM do-
main. HDX showed that the equilibrium favors the membrane-
associated state by 100 to 1,000-fold relative to the exposed state,
decreasing the overall affinity for binding cytosolic proteins by an
equivalent amount. Thus, we expect that AGcorganization WOUld be
dominated by the rearrangement of the f3 CT within the bilayer.

Consideration of Eq. 1 shows that cytosolic protein binding to
the B3 CT in a proper context depends on an energetic balance,
which, in this case, includes a highly favorable interaction be-
tween talin-1 and the membrane. A modestly favorable free en-
ergy of interaction of the p3 CT with the talin-1 head is balanced
by a modestly unfavorable free energy of rearrangement of the 3
CT within the bilayer. In net, the observed affinity for formation
of the ternary complex remains similar to that for the binary
interaction of the talin-1 head with acidic bilayers. Likewise, in
the absence of integrin, the binary complex between the FERM
domain and the membrane appears to energetically favor the
F2F3 subunit, as FOF1 does not affect the overall affinity or stoi-
chiometry of the interaction. This suggests that FOF1 might not
interact favorably with the bilayer once it is tethered in place by
the more stable F2F3 interaction. Alternatively, FOF1 might in-
teract extensively when the FERM domain binds, but only after
an energetically uphill conformational change that attenuates the
overall affinity gain associated with FOF1-bilayer interaction. It is
likely not accidental that the binary and ternary complexes are
not optimized for cooperativity. Rather, they appear to be tuned
to be readily regulated by changes in the lipid environment and by
posttranslational modifications.

In summary, our studies reveal the rich interplay between
structure, dynamics, kinetics, and thermodynamics that govern
formation of the ternary complex between the p3 CT, phospho-
lipid bilayers, and talin-1 FERM domain. This energetic dissec-
tion provides the basis for understanding how posttranslational
modifications and changes in lipid composition might affect such
processes. The situation becomes more complex as interactions
with additional domains in integrin and talin, as well as other
antagonistic or synergistic cytoplasmic proteins, are considered.
Nevertheless, the present study illustrates the importance of con-
sidering the role of conformational changes, structural rearrange-
ments, and conformational entropy in these processes, and
provides a general approach to energetic decomposition that can
form the basis for understanding regulation of even more com-
plex systems.

Methods

Design of Recombinant Talin-1, 3 CT, and PIP5K1y Constructs. Talin-1, 3 CT,
and PIP5K1y constructs were cloned between the Ndel and Xhol restriction
sites of the vector pet28a and contained an N-terminal 6xHis tag for purifica-
tion, followed by a thrombin cleavage site for affinity tag removal. The talin-
1 constructs (Fig. S2 A-C) consisted of the entire talin-1 FERM domain (FO-F3)
extending from its N terminus through residue Ser425, the FOF1 subdomains
extending from the N terminus through residue Asp201, and the F2F3
subdomains spanning residues Ser206 through Ser425.

The B3 CT construct (Fig. S2D), encompassing residues Thr720 through
the C terminus at Thr762, was previously described (27). For the current
experiments, residue 1le719 was replaced with Cys to enable the construct
to be immobilized on the surface of bilayers or to be labeled via maleimide
chemistry. A peptide corresponding to residues 646-654 of PIP5K1y was also
labeled with fluorescein isothiocyanate (FITC) (Fig. S2E).

cDNA in the vector pet28a were introduced into BL21-DE3 cells (Novagen)
and expressed for 20 h at 20 °C in the presence of 0.5 mM IPTG. Cells were
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then lysed by sonication on ice in 20 mM imidazole buffer, pH 7.0, containing
500 mM Nacl, 1 mM EDTA, and a protease inhibitor cocktail (Sigma-Aldrich).
After the lysates were cleared by centrifugation, the supernatants were
loaded onto HiTrap Ni-NTA columns (GE Healthcare) and peptides were
eluted using an imidazole gradient. Imidazole was dialyzed away overnight
into 50 mM Tris buffer, pH 7.5 containing 100 mM NaCl and the 6xHis tag
was removed using thrombin. The constructs were then purified by SP ion
exchange chromatography.

Preparation of LUVs. LUVs were generated by evaporating a mixture of
POPC (Avanti Polar Lipids) and POPS (Avanti Polar Lipids) dissolved in chloro-
form under nitrogen; excess chloroform was removed under high vacuum
overnight. Phosphoinositides (Cell Signaling) were dissolved in CHCl3/
MeOH/0.1% HCl, mixed with POPC, and dried under nitrogen. Evaporated
lipids were then resuspended in buffer, vortexed vigorously for 5 min, sub-
jected to 3x freeze-thaw cycles, and extruded 20 to 30 times using 100-nm-
diameter filters (Avanti Polar Lipids).

ITC. ITC experiments were performed on a MicroCal ITC200 (MicroCal/GE).
Samples were prepared in degassed 25 mM 3-(N-morpholino)propanesulfo-
nic acid (MOPS) buffer, pH 6.8, containing 100 mM NaCl. Samples were
loaded into cells after vigorous washing with buffer, and syringes were
loaded with 50 pL of titrant. Each experiment consisted of 20 x 2.0 pL injec-
tions spaced at intervals of 2-5 min. A 0.2-uL injection preceded all experi-
ments and was not included in fitting. Fitting was performed using the
Origin software suite (MicroCal/Origin Systems) as single binding events.
Heats of dilution were calculated by titration into the prepared diazylate
and subtracted prior to fitting.

SPR. All SPR experiments were performed on a Biacore 3000 (GE Healthcare).
Each injection was done in triplicate. Kinetic experiments were performed
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in degassed 10 mM (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer, pH 7.2, containing 100 mM NaCl. The CM5 chip was activated
using an amine coupling kit (GE Healthcare). N-(2-Aminoethyl)maleimide
(pH 7.0) was then injected and nonreacted activated groups were capped
with 1 M ethanolamine (pH 7.0). The p3 CT was immobilized onto the CM5
chip via maleimide crosslinking to approximately 600 RU. Background mal-
eimide was quenched with 2-mercaptoethanol. Talin-1 FERM domain con-
structs were injected at 50 pL/ min with a 2-min injection time and 400-s
dissociation time. Binding data were fit to a double exponential using the
BlAevaluation software.

For steady-state experiments, 100-nm LUVs were loaded onto an L1 chip.
Talin-1 FERM domain constructs were injected for 10 min with a 120-s dis-
sociation time and a 10 uL/ min flow rate. Between injections, new lipid
surfaces were generated when full dissociation was not observed. Steady-
state construct binding was compared to a reference channel containing
100% POPC. Binding was fit to a single component isotherm equation:
KA x [analyte] * RU /(KA « [analyte] x n + 1) + background.

FP. FP experiments were performed as previously described (42, 43). Briefly, FP
was conducted in an ATF105 spectrofluorometer (Aviv Instrument, Inc) using
a 0.3-cm path length cuvette. Spectra were measured using 1.0-nm slit widths
at 25°C. The p3 CT was labeled with maleimide-BODIPY-TMR at a cysteine
introduced at residue 719. Talin-1 FO-F3 was titrated into 20 nM p3 BODI-
PY-TMR, and FP was measured at 575 nm after excitation at 530 nm. When
FO-F3 was titrated into 20 nM FITC-labeled PIP5KI-y, a dissociation constant
and baseline parameters were derived from the fluorescence anisotropy
signal/concentration isotherm using previously described methods (44).
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