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Talin, an actin-binding protein, is assumed to anchor
at the membrane via an intrinsic amino acid sequence.
Three N-terminal talin fragments, 21–39 (S19), 287–304
(H18), and 385–406 (H17) have been proposed as poten-
tial membrane anchors. The interaction of the corre-
sponding synthetic peptides with lipid model systems
was investigated with CD spectroscopy, isothermal ti-
tration calorimetry, and monolayer expansion measure-
ments. The membrane model systems were neutral or
negatively charged small unilamellar vesicles or mono-
layers with a lateral packing density of bilayers (32 mN/
m). S19 partitions into charged monolayers/bilayers
with a penetration area Ap 5 140 6 30 Å2 and a free
energy of binding of DG0 5 25.7 kcal/mol, thereby form-
ing a partially a-helical structure. H18 does not interact
with lipid monolayers or bilayers. H17 penetrates into
neutral and charged monolayers/bilayers with Ap 5
148 6 23 Å2 and Ap 5 160 6 15 Å2, respectively, forming
an a-helix in the membrane-bound state. Membrane par-
titioning is mainly entropy-driven. Under physiological
conditions the free energy of binding to negatively
charged membranes is DG0 5 29.4 kcal/mol with a hy-
drophobic contribution of DGh 5 27.8 kcal/mol, compa-
rable to that of post-translationally attached membrane
anchors, and an electrostatic contribution of DGh 5 21.6
kcal/mol. The latter becomes more negative with de-
creasing pH. We show that H17 provides the binding
energy required for a membrane anchor.

Talin is a widespread actin-binding protein present in focal
cell adhesions and ruffling membranes of moving cells (1, 2). In
fibroblasts, talin binding to lipid membranes is associated with
the establishment of a signaling cascade, mediated either by
integrins (3, 4) leading to the formation of focal adhesions or,
alternatively, by layilin (5) leading to a nucleation of actin
assembly in membrane ruffles. In platelets, talin redistributes
from the cytoplasm to the membrane during activation (6)
where it colocalizes with the GPIIb/IIIa complex (7). Talin
analogues have been identified in lower organisms like Dictyo-
stelium (8) and Caenorhabditis elegans (9), the N termini and C
termini being most preserved.

Reasons to assume that talin is involved in a polarized as-
sembly of the actin cytoskeleton by nucleating actin filament
growth at lipid interfaces (10, 11) were provided from the

finding that Dictyostelium mutants, which lack the entire pro-
tein, are massively impaired in adhesion and motility (12), and
HeLa cells, when down-regulated in talin expression by anti-
sense RNA, exhibit a reduced rate in cell spreading (13). Anti-
bodies directed against talin, when microinjected were shown
to inhibit fibroblast migration (14).

Some of talin’s functions have been attributed to specific
protein domains. Calpain or thrombin cleavage in vitro yields
two parts with 190 and 47 kDa, respectively. The C-terminal
190-kDa portion was shown to carry the actin binding sites (15)
in form of a conserved sequence, the (I/L)WEQ module (16), and
to be responsible for actin nucleation (17) and cross-linking (18,
19). The membrane binding capacity of talin exclusively resides
in the 47-kDa N-terminal portion (20). Binding of the entire
talin molecule to negatively charged phospholipid bilayers has
been measured, resulting in an overall binding constant of K 5
2.9z106 M21 (21).

Unraveling the talin-lipid membrane interaction on a molec-
ular level is a prerequisite for understanding the redistribution
of talin from the cytoplasm to the membrane surface upon cell
activation as a principal step in the initiation of a signal trans-
duction cascade. Unlike hisactophilin, an actin-binding protein
that interacts with membranes by means of a post-translation-
ally attached myristoyl anchor (22), talin is supposed to bind to
phospholipid membranes via an interaction of intrinsic amino
acid sequences. A similar mechanism was also proposed for
vinculin (23, 24).

On the basis of secondary structure predictions, three small
segments of the 47-kDa head portion of the talin homodimer,
corresponding to amino acid residues 21–39 (S19), 287–304
(H18), and 385–406 (H17), were suggested to be responsible for
lipid binding (23, 25).

The aim of the present investigation is to experimentally test
the membrane binding potential of the three talin peptides and
to discuss their role as likely membrane anchors of talin. To
this purpose the respective peptides have been synthesized. As
membrane model systems, we chose electrically neutral or neg-
atively charged small unilamellar vesicles (SUVs)1 and lipid
monolayers at a packing density corresponding to that of a lipid
bilayer (32 mN/m) (26). The lipid model systems were composed
of either 1-palmitoyl-2-oleoyl-sn-3-phosphatidylcholine (POPC)
or of a mixture of POPC and 1-palmitoyl-2-oleoyl-sn-3-phos-
phatidylglycerol (POPG) in a molar ratio (3/1), mimicking the
negative surface potential of the lipid leaflet facing the cyto-
plasm. The peptide conformations in solution and when bound
to neutral and negatively charged SUVs are analyzed by means
of CD spectroscopy. Their partition coefficients are measured
using high sensitivity isothermal titration calorimetry and
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monolayer expansion measurements at different ionic strength
and pH values. A comparison of the partition coefficients of
talin peptides with those of a myristoyl or a farnesyl anchor
suggests that H17 could indeed function as the principal in-
trinsic membrane anchor of talin.

MATERIALS AND METHODS

Talin Peptides—The three fragments from mouse talin (27) were
synthesized by BioGenes, Berlin, Germany as trifluoro-acetate (S19
and H18) and chloride salts (H17), as shown in Table I. Purity as
determined by high pressure liquid chromatography was .90% for S19
and H18 and .96% for H17. The peptide contents were determined by
quantitative amino acid analysis.

Buffers—All buffers used were adjusted to pH 7.4 at the tempera-
tures used for the respective measurements. For monolayer expansion
measurements (T 5 23 6 1 °C), 50 mM Tris/HCl buffer containing 114
mM NaCl was used. For circular dichroism (CD) spectroscopy (T 5 23 6
1 °C), 10 mM Tris/HCl buffer, with or without 154 mM NaF, was pre-
pared. NaF was used instead of NaCl, since the latter strongly absorbs
at low wavelength. For isothermal titration calorimetry (T 5 28 °C), 50
mM Tris/HCl buffer with or without 114 mM NaCl was used.

Lipid Vesicle Preparation—POPC and POPG were purchased from
Avanti Polar Lipids (Birmingham, AL) and were used without further
purification. Small unilamellar vesicles of ;30 nm diameter were pre-
pared for CD spectroscopy and isothermal titration calorimetry as fol-
lows; POPC and POPG were dissolved in chloroform (;20 mg/ml) in
appropriate molar ratio. The solvent was first evaporated under a
nitrogen stream leading to a thin lipid film. To improve the homogene-
ity of the lipid mixture, the film was redissolved in dichloromethane,
dried again under nitrogen, and subsequently dried under high vacuum
overnight. The amount of lipid was determined gravimetrically, and
buffer was added to the dry lipid film to the desired concentration. The
lipid dispersion was vortexed and then sonicated under a nitrogen
atmosphere at 5 °C until an almost clear solution was obtained. For
negatively charged lipids sonification time was ;20 min, and for elec-
trically neutral lipids ;35 min. Metal debris from the titanium tip was
removed by centrifugation in an Eppendorf centrifuge at 14,000 rpm for
8 min.

Circular Dichroism Measurements—Circular dichroism (CD) spectra
were measured with a Jasco J720 spectropolarimeter at ambient tem-
perature. The path length of the cell was 1 mm. Spectra of peptides in
solution were corrected by subtracting the buffer base line. Spectra of
peptides in the presence of lipid vesicles were corrected by subtracting
the spectra of the corresponding lipid vesicle dispersions.

The fraction of b-sheet structure in solution was estimated by means
of computer simulations based on the reference spectra of Yang et al.
(28) as well as on the basis of the spectra of Greenfield and Fasman (29).

The a-helical fraction, fh, was determined according to Chen et al.
(30).

fh 5
@u#222

uh
n (Eq. 1)

[Q] is the mean residue ellipticity, in units of degrees (deg) cm2 dmol21

measured at 222 nm and Qh
n is the maximum absorptioon of an a-helix

with n amino acid residues and is determined as follows.

uh
n 5 ~1 2 k/n!uh

` (Eq. 2)

k is a wavelength-dependent constant (k222 5 2.57) and Qh
` is the

maximum ellipticity of an a-helix with infinite length (Qh
` 5 239,500

deg cm2 dmol21).
Monolayer Expansion Measurements—The monolayer apparatus de-

signed by Fromherz (31) consists of a round Teflon trough with a total
area of 362 cm2, divided into eight compartments (type RCM 2-T, Mayer
Feintechnik, Göttingen, Germany). For lipid monolayer expansion ex-

periments, two compartments were used, containing together 40 ml of
solution. In order to keep humidity constant, the trough was covered by
a Plexiglas hood, and compartments that were not used for measure-
ments were filled with water. The surface pressure, p 5 g0 2 g, where
g0 is the surface tension of the pure buffer and g the surface tension of
the peptide solution, was monitored by means of a Whatman no. 1 filter
paper, connected to a Wilhelmy balance.

The monolayer was formed by depositing a drop of lipid dissolved in
hexane/ethanol (9/1, v/v) on the buffer surface between a fixed and a
movable barrier, and was then left to stabilize for about 15 min. The
initial area, A, of the lipid monolayer was typically around 50 cm2 and
contained nL lipid molecules. Peptide dissolved in pure water (;0.1 mM)
was injected with a Hamilton syringe into the buffer subphase, which
was stirred continuously by a magnetic stirring bar. During equilibra-
tion time (;40–50 min), the surface pressure p was kept constant by
means of an electronic feedback system.

The penetration of nP peptide molecules into the monolayer with a
penetration area, AP, gives rise to an area expansion DA.

Evaluation of the Partition Coefficient from Monolayer Expansion
Measurements—The mole fraction of peptide in the monolayer is de-
fined as Xb 5 nP⁄nL, and can be evaluated from the relative area
increase, DA/A, provided AL and AP (cf. next paragraph) are known (26).

Xb 5 nP/nL 5 ~DA/A! ~AL/AP! (Eq. 3)

The apparent partition coefficient, Kapp, is

Kapp 5 ~DA/A! ~AL/AP!/Ceq 5 Xb/Ceq (Eq. 4)

The equilibrium peptide concentration, Ceq, is the difference between
the total peptide concentration, C0, and the concentration of the bound
peptide, Cb.

Ceq 5 C0 2 Cb (Eq. 5)

Measurement of the Penetration Area of Peptides—In order to pene-
trate into a lipid monolayer with a lateral pressure, p, a peptide mol-
ecule has to perform the work DW 5 p Ap, where the penetration area,
Ap, is the cross-sectional area of the peptide portion in the lipid mono-
layer. The free energy of penetration will vary with the monolayer
surface pressure p. According to Ref. 32, the variation of the partition
coefficient, Kapp, with the surface pressure is given by the following
equation.

Kapp 5 K0e2pAp/kT (Eq. 6)

K0 is a proportionality constant. Combining Equations 4 and 6 yields
the surface pressure dependence of the relative area increase, DA/A, at
constant Ceq under the assumption of a constant penetration area, Ap,
and a constant lipid area, AL.

DA/A 5 ~Ap/AL!K0Ceqe2pAP/kT < const.e2pAP/kT (Eq. 7)

The assumption of constant areas can be made to a first approximation
since AL and Ap change by at most 15% in the given surface pressure
interval. According to Equation 7, the penetration area, Ap, is deter-
mined from the slope of the ln DA/A versus p curve.

Analysis of Binding Isotherm by Means of the Gouy-Chapman Theo-
ry—Partitioning of cationic peptides into an electrically neutral lipid/
water interface gives rise to a positive surface potential, c0, of the lipid
layer. As a consequence the concentration of the cationic peptide at the
membrane surface, CM, decreases (Ceq . CM). Negatively charged lipid
monolayers exhibit, in contrast, a negative surface potential that leads
to an accumulation of cationic peptides close to the membrane surface
(Ceq , CM). The relationship between the membrane-active concentra-
tion, CM, and the bulk concentration, Ceq, is given by the Bolzmann
equation.

CM 5 Ceqe2c0zeffF0/RT (Eq. 8)

The surface potential, c0, can be approximated by means of the Gouy-
Chapman theory (for details, cf. Ref. 33). The peptide charge is denoted
as zeff. The surface partition equilibrium can then be formulated as
shown by Equation 9.

Kp 5 Xb/CM (Eq. 9)

Kp is the hydrophobic partition coefficient. The Gouy-Chapman theory
thus allows a separation of hydrophobic (Kp) and electrostatic (zeff)
contributions to membrane binding.

High Sensitivity Titration Calorimetry—Isothermal titration calo-

TABLE I
Amino acid sequence of talin peptides

Residues Name Sequence

1 2 1 121 2
21–39 (S19) PSTMVYDACRMIRERIPEA-CONH2

1 2 2 1 1 1 1
287–304 (H18) GQMSEIEAKVRYVKLARS-CONH2

12 2 1111 1
385–406 (H17) GEQIAQLIAGYIDIILKKKKSK-CONH2
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rimetry was performed using an Omega high sensitivity titration calo-
rimeter from MicroCal (Northampton, MA) (34). To avoid air bubbles,
solutions were degassed under vacuum before use. The calorimeter was
calibrated electrically. The data were acquired using computer software
developed by MicroCal. In control experiments the corresponding sus-
pension of SUVs (or peptide solution) was injected into buffer without
peptide (lipid). Both experiments yielded small reaction heats, which
were included in the final analysis.

Evaluation of Partition Coefficients from High Sensitivity Titration
Calorimetry—SUVs are injected into a peptide solution, causing peptide
molecules to partition into the lipid bilayer. The reaction enthalpy
measured at the ith lipid injection is denoted as Dhi, and the cumulative
heat of reaction after the first k injection steps is Si51

k Dhi. The molar
amount of bound peptide, np

(k), is then given by Equation 10.

np
~k! 5 O

i51

k

Dhi/DH (Eq. 10)

DH is the molar reaction enthalpy. The total amount of injected lipid,
nL

(i), is given by Equation 11.

nL
~k! 5 CL

0 z Vinj z k (Eq. 11)

CL
0 is the lipid concentration of the stock solution, Vinj the volume per

injection, and k the number of injections. Under the present experimen-
tal conditions, the binding of peptides is presumably limited to the
outside of the lipid vesicles (35). For sonified lipid vesicles with a
diameter of 30 nm, about 60% of the total lipid resides on the outside.
The mole fraction of bound peptide in the lipid layer, Xb

(k), is hence given
by Equation 12.

Xb
(k) 5 np

(k)/(0.6 z nL
(k)) (Eq. 12)

The correction factor 0.6 accounts for the lipid molecules on the vesicle
outer layer. Knowledge of the bound peptide allows the calculation of
the remaining free peptide concentration, Ceq. A plot of Xb

(k) versus Ceq

yields the binding isotherm. From the binding isotherms the apparent
partition coefficient, Kapp, can be calculated according to Equation 4.

Kapp 5 Xb
~k!/Ceq (Eq. 13)

RESULTS

The Secondary Structure of Talin Peptides in Solution—The
conformations of the three talin peptides were investigated by
means of CD spectroscopy in buffer solution at pH 7.4 and at
physiological salt concentrations (10 mM Tris/HCl, 154 mM

NaF). All three peptides show a minimum around 200 nm with
a mean residue ellipticity, [Q]200 # 210z103 deg cm2 dmol21

and a broad shoulder around 217 nm, suggesting a mixture of
random coil and b-sheet conformations, increasing in the order
H18 , S19 , H17.

For H17 (10 mM), the b-sheet content is estimated as ;30%
according to Greenfield and Fasman (29) in good agreement
with computer simulations using the method of Yang et al. (28).
The concentration of monomers in solution, CA, is evaluated
according to (36).

CA 5 C0~1 2 Xb! (Eq. 14)

C0 is the total peptide concentration, and Xb is the mole frac-
tion of monomers involved in b-sheet formation and can be
calculated as shown in Equation 15.

Xb 5 ~% b observed)/(maximum % b-structure) (Eq. 15)

The maximum amount of b-sheet structure for H17 is 63%,
assuming that the charged ends (8 residues) are fraying. With
a b-structure content of 30%, the monomer concentration is
determined as CA 5 5.0 mM, which corresponds to 50% of the
total peptide concentration.

Despite the tendency to self-associate, the three peptides are
highly soluble in aqueous solution and yield clear solutions
even at millimolar concentrations.

The Secondary Structure of Talin Peptides in the Presence of

Lipid Vesicles—The titrations of the three talin peptides with
POPC/POPG (3/1) and POPC vesicles in buffer solution at pH
7.4 and different salt concentrations are summarized in Fig. 1.
The mean residue ellipticity, [Q]222 at 222 nm, which is a
measure for the extent of a-helix formation, is plotted as a
function of the lipid-to-peptide molar ratio. The tendency to
form a-helical structures upon binding to POPC/POPG (3/1)
vesicles in buffer solution (pH 7.4, 10 mM Tris/HCl) increases in
the order of H18 ,, S19 , H17 in the presence (154 mM NaF)
as well as in the absence of salts (not shown for H18 and S19).
Binding to POPC vesicles is only observed for H17.

In the absence of salts (pH 7.4, 10 mM Tris/HCl), the degree
of H17 a-helicity induced by POPC/POPG (3/1) as well as by
POPC vesicles reaches a final value of ;86%. Despite this high
degree of helicity, CD measurements are not suited for the
quantitative evaluation of binding isotherms since H17 induces
vesicle fusion at low lipid-to-peptide ratios, especially in the
presence, but also in the absence, of salts,2,3 which leads to
light scattering and optical flattening effects (37).

Gibbs Adsorption Isotherms—Fig. 2 shows the surface pres-
sure, p, as a function of concentration, C (Gibbs adsorption
isotherms), of the three talin peptides. At a given concentration
the surface activity of the peptides increases in the order H18 ,
S19 , H17. H18 shows a surface pressure onset at C 5 1z1027

M followed by an almost linear increase of the surface pressure,
p, with log C, which is typical for a peptide in a random coil
conformation (38). Around C 5 8.5z1026 M, a steplike increase
in surface pressure, p, with concentration, C, is observed,
which indicates a pKa shift due to peptide association (39). For
S19 and H17, a surface pressure onset is observed at C 5
1.2z1028 and C 5 4z1029 M, respectively, followed by a steep
sigmoidal surface pressure increase. At C 5 1.6z1026 M (S19)
and C 5 1z1026 M and C 5 2z1026 M (H17), a step-like increase
in surface pressure, p, with concentration, C, is observed, again
indicating a pKa shift due to peptide association.

For comparison, the concentrations of surface activity onset
of the peptide hormones, substance P (39) and somatostatin
(33) is in the order of C ; 1026 M and the maximum surface

2 S. Doerhoefer and G. Isenberg, unpublished results.
3 X. Li Blatter and A. Seelig, unpublished results.

FIG. 1. Mean residue ellipticity [Q]222 measured as a function
of the lipid-to-peptide ratio in 10 mM Tris/HCl buffer at pH 7.4
with 154 mM (solid symbols) and without NaF (open symbols).
Figure shows H18 (C0 5 3.7z1025) (�) M, S19 (C0 5 4.9z1025) (Œ), and
H17 (C0 5 1.5z1025) (●, E) in the presence of SUVs formed by POPC/
POPG (3/1 molar ratio); H17 (C0 5 1.0z1025) (M) in the presence of SUVs
formed by POPC.
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activity reached is lower. The Gibbs adsorption isotherm thus
provides direct evidence for the strong hydrophobicity and am-
phiphilicity of the present peptides.

Peptide Penetration Areas—A lipid monolayer with a given
initial area, A, and a surface pressure, p, kept constant during
the insertion measurement, was spread on a buffer surface (pH
7.4, 50 mM Tris/HCl, 154 mM NaCl). Injection of the peptide
into the buffer subphase gave rise to an area increase, DA, due
to the insertion of peptides into the lipid layer. The area in-
crease, DA, of a POPC/POPG (3/1) monolayer due to insertion of
H17 as a function of time is shown in Fig. 3A. The equilibration
time was 30–50 min. Fig. 3B shows the relative area increase,
DA/A, upon penetration of H17 into POPC/POPG (3/1) and
POPC monolayers as a function of the surface pressure, p. The
concentrations of H17 used were C0 5 1.6z1027 and C0 5
5.7z1027 M, respectively. Each measurement was performed
with a new lipid monolayer with a preset surface pressure, p.
H17 inserts into neutral and negatively charged monolayers in
the whole surface pressure range measured (p > 24–32 mN/m).
In the same surface pressure range, S19 (C0 5 4.2z1026 M)
inserts only into negatively charged monolayers (data not
shown). H18 does not penetrate into lipid monolayers, not even
at low surface pressures and relatively high concentrations
(;1025 M).

From the slope of the ln DA/A versus p curves (Equation 7),
the penetration area of S19 and H17 in POPC/POPG (3/1)
monolayers is estimated as Ap 5 140 6 30 Å2 and Ap 5 160 6
15 Å2, respectively, and that of H17 in POPC monolayers as Ap

5 148 6 23 Å2.
Binding Isotherms Measured by Means of the Monolayer

Expansion Technique—The partitioning of peptides S19 and
H17 into lipid monolayers was measured by monitoring the
relative area increase, DA/A, as a function of the equilibrium
concentration, Ceq, at constant surface pressure, p. The surface
pressure was p 5 32 mN/m, corresponding to the lateral pack-
ing density of a POPC bilayer (26). The relative area increase,
DA/A, was transformed into the mole fraction of bound peptide,
Xb, according to Equation 4 using the penetration area, AP, of
the peptides and the area, AL 5 65 Å2 per lipid molecule.4 Fig.
3C shows the binding isotherm of H17 for POPC/POPG (3/1)

monolayers at 32 mN/m. The solid line corresponds to a binding
isotherm calculated on the basis of the Gouy-Chapman theory
using a charge z 5 10.9, a pKa 5 7.6 for the N-terminal amino
group, and a hydrophobic partition coefficient, Kp 5 8.5z103

M21. The pH of the solution and the binding constant of sodium
ions (K0 5 0.6 M21) are taken into account (33).

The apparent partition coefficient of H17 for POPC monolay-
ers was calculated as Kapp 5 (1.2 6 0.3)z104 M21 in good agree-
ment with the hydrophobic partition coefficient, Kp, deter-
mined by means of the Gouy-Chapman theory for negatively
charged monolayers. The apparent partition coefficient of H17
for POPC/POPG (3/1) monolayers (comprising electrostatic and
hydrophobic contributions) was Kapp 5 (1.1 6 0.2)z105 M21. The
apparent partition coefficient of S19 for POPC/POPG (3/1)
monolayers was Kapp 5 (2.4 6 0.8)z102 M21.

Binding Isotherms Measured by Means of High Sensitivity
Titration Calorimetry—The thermodynamics of the partition-
ing of the three talin peptides into POPC and POPC/POPG
(3/1) small unilamellar vesicles was investigated by means of
high sensitivity isothermal titration calorimetry (for review,
see Ref. 35). Experiments were performed at pH 7.4 (50 mM

Tris/HCl) with and without 114 mM NaCl. Aliquots (10 ml) of a
suspension of sonified POPC or POPC/POPG (3/1) (25–35 mM)
vesicles were injected into the calorimeter cell (Vcell 5 1.3343
ml) containing the peptide solution. For S19 and H18 the initial
peptide concentration used was C0 5 22.9 mM. For H18 no
binding reaction could be measured. For S19 the apparent
partition coefficient for POPC/POPG (3/1) vesicles was deter-
mined as Kapp 5 (4.0 6 1)z102 M21, in broad agreement with
that determined by means of the monolayer expansion tech-
nique. For POPC vesicles the partition coefficient was too small
to be measured.

For H17 titrations were performed in four different concen-
tration intervals. The highest concentrations of the respective
intervals were C0 5 10, 7.8, 5, and 2.5 mM. Each injection gave
rise to an exothermic heat of reaction, hi, produced by the
peptide partitioning into the lipid membrane. As an example
the titration of H17 with POPC/POPG (3/1) vesicles is shown in
Fig. 4A. The heat of reaction decreases with consecutive injec-
tions, because after each injection less free peptide is available
for binding. As a control the same lipid vesicle suspension was
injected into buffer without peptide. The heat of dilution, hc,
was small and constant during consecutive injections. The
quantitative analysis of the data was based on the corrected
heats of titration, Dhi, given by Equation 16.

Dhi 5 hi 2 hc (Eq. 16)

The cumulative heat of reaction after k injections, DHk, is
defined as shown in Equation 17, and is shown in Fig. 4B.

DHk 5 O
i51

k

Dhi (Eq. 17)

The average molar reaction enthalpy of H17 for binding to
POPC vesicles was DH 5 25.6 kcal/mol and that for binding to
POPC/POPG (3/1) vesicles was DH 5 22.5 kcal/mol.

Binding isotherms were also measured at pH 6.0. Under
these conditions binding increased and strong aggregation oc-
curred that hampered a quantitative analysis of the data.

The apparent partition coefficients, Kapp, of H17 measured
for lipid monolayers at 32 mN/m and for small unilamellar
vesicles under different conditions are summarized in Fig. 5. At
the lowest concentrations measured, the apparent partition
coefficients for neutral POPC and negatively charged POPC/
POPG (3/1) membrane model systems differ by a factor of ;10.
With increasing concentration, the difference between the par-

4 We assume that the average area per lipid molecule in a POPC/
POPG (3/1) monolayer is identical to that in a POPC monolayer (52) to
a first approximation.

FIG. 2. Surface pressure, p, as a function of concentration
(Gibbs adsorption isotherm) for H18 (�), S19 (Œ), and H17 (●) at
pH 7.4 (50 mM Tris, 114 mM NaCl).
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tition coefficients for neutral and negatively charged bilayer
model systems decreases (cf. “Discussion”). The apparent par-
tition coefficients measured in the absence of salts are similar
to those measured in the presence of salts.

DISCUSSION

In vivo, talin is found in equilibrium between a membrane-
bound and a cytosolic form as observed for other actin-binding
proteins (e.g. hisactophilin (Ref. 22)). The lipids of the cytoplas-
mic side of the membrane could provide a matrix for talin
anchorage and for two-dimensional diffusion to its effector
sites, e.g. the membrane spanning proteins, integrin and/or
layilin. The three N-terminal talin fragments S19 (residues
21–39), H18 (residues 287–304), and H17 (residues 385–406)
have been suggested to act as potential membrane anchors (23,
25). Peptides corresponding to these fragments were therefore
synthesized, and their binding to lipid bilayers and to mono-
layers at a lateral packing density corresponding to that of lipid
bilayers (26) was measured. The membrane model systems
were either composed of electrically neutral POPC or of a
mixture of POPC/POPG in a molar ratio (3/1) mimicking the
negative surface charge density of the cytoplasmic membrane
leaflet. We will first analyze the binding data, which are non-
trivial due to the strong hydrophobicity and amphiphilicity of
the peptides, and second, we will discuss the suitability of the
peptides as potential membrane anchors. It will be shown that
the hydrophobic binding energy of H17 is comparable to that of
post-translationally attached membrane anchors.

Membrane Penetration and Helix Formation Correlates with

FIG. 3. A, the area increase, DA, upon penetration of H17 (Ceq 5
4.49z1027) into a POPC/POPG (3/1 molar ratio) monolayer at a constant
surface pressure (32 mN/m) is plotted as a function of time (pH 7.4 (50
mM Tris/HCl, containing 114 mM NaCl). B, relative area increase, ln
DA/A, as function of the surface pressure, p, due to the penetration of
H17 into POPC/POPG (3/1 molar ratio) (●) and POPC monolayers (f).
Peptide concentrations are C0 5 1.6z1027 M and C0 5 5.7z1027. Each
measurement was made with a new lipid monolayer kept at a constant
surface pressure, p. Symbols without error bars represent single meas-
urements. Symbols with error bars represent the mean values of two or

FIG. 4. A and B, isothermal titration calorimetry of H17 (Cpep 5 7.8
mM) with small unilamellar POPC/POPG (3/1 molar ratio) vesicles (Clip
5 25 mM) at pH 7.4 (50 mM Tris/HCl, 114 mM NaCl) at 28 °C. Each peak
corresponds to the injection of 10 ml of stock solution into the calorim-
eter cell. A, calorimeter tracing; B, cumulative heat, Si51

k Dhi, calculated
from the area underneath the titration peaks, as a function of the
number of injections. The heat of dilution (small endothermic reac-
tions), measured in separate control experiment, was subtracted in A
and B.

three independent measurements. C, binding isotherm of H17 in the
presence of POPC/POPG (3/1 molar ratio) monolayers at 32 mN/m in
buffer solution (pH 7.4, 50 mM Tris/HCl, containing 114 mM NaCl). Each
point is an independent measurement with a new lipid monolayer. The
solid line represents the theoretical binding isotherm calculated by
means of the Gouy-Chapman theory using a charge, z 5 10.9 for the
lysine residues, a pKa 5 7.6 for the N-terminal amino group (total
effective charge zeff 5 11.7), and a hydrophobic partition coefficient, Kp
5 8.5z103; the pH and the salt concentration are taken into account.
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the Amphipathic Nature of the Peptides—The helical wheel
projections (40) of the three talin peptides are displayed in Fig.
6 (A–C). S19 shows some amphipathic character (Fig. 6A);
however, the three cationic residues are not concentrated on
one side of the helix. H18 is even less amphipathic (Fig. 6B).
H17 forms, in contrast, a five-loop a-helix, where the four
N-terminal loops are strongly amphipathic with a hydrophilic
surface and a larger hydrophobic surface comprising five iso-
leucines. The C-terminal loop consists of the sequence K-K-K-
K-S-K (Fig. 6C).

S19 penetrates into POPC/POPG (3/1) monolayers at micro-
molar concentrations with a penetration area, Ap 5 140 6 30
Å2 in the whole surface pressure range measured (24–32
mN/m) and concomitantly forms a partially a-helical structure.

H18 does not insert into POPC/POPG (3/1) monolayers in the
surface pressure range of 24–32 mN/m, not even at relatively
high concentrations (C0 ; 1025 M). Neither does it form sec-
ondary structures in the presence of POPC/POPG (3/1) and
POPC vesicles.

H17 penetrates into POPC/POPG (1/3) and POPC monolay-
ers at submicromolar concentrations with penetration areas,
Ap 5 160 6 15 Å2 and Ap 5 148 6 23 Å2, respectively, in the
whole surface pressure range measured (24–32 mN/m) and
concomitantly forms a-helical structures. The maximum helic-
ity observed was ;86% in both systems. This high degree of
a-helicity could, however, only be observed in the absence of
salts. The main reason for the apparently lower a-helicity in
the presence of physiological salt concentrations is due to ves-
icle fusion and concomitant light scattering and optical flatten-
ing (37) effects, which are more pronounced in the presence
than in the absence of salts.3 Considering the fact that the
apparent binding constants were almost independent of the
salt concentrations (cf. Fig. 5), a reduction of the a-helicity as a
result of charge screening effects can be excluded.

The measured penetration area of H17 is too small to assume
a deep insertion of the entire hydrophobic surface of the mole-
cule oriented parallel to the membrane surface. It suggests
either a peripheral insertion of the a-helix oriented parallel to

the membrane surface or an insertion of the helix oriented
more or less parallel to the long molecular axis of the lipids.
Considering the hydrophobicity of H17, the latter possibility
seems more probable.

The amphipathic character of these peptides is thus directly
correlated with their tendency to penetrate into lipid monolay-
ers/membranes and to concomitantly form a-helical structures
in the presence of lipid vesicles.

The Apparent Partition Coefficient Is Concentration-depend-
ent Due to Peptide Self-association in Solution—Peptides are
assumed to partition into the membrane in their monomeric
form. Self-association in solution thus reduces peptide parti-
tioning into the membrane (41). This factor is often neglected.
To address this problem, which is especially relevant for H17,
we investigated a larger concentration range than generally
used for binding studies (C0 ; 0.1–10 mM). This range was
subdivided into seven intervals, for which the partition coeffi-
cients were determined (Fig. 5). At the lowest concentrations
the partition coefficients were determined using the monolayer
expansion technique and at higher concentrations using iso-
thermal titration calorimetry. In addition, the concentration of
peptide monomers in solution was estimated by means of CD
spectroscopy.

The apparent partition coefficient for neutral POPC mem-
brane model systems decreased from Kapp 5 (1.2 6 0.2)z104 M21

at C0 ; 0.1 mM to Kapp 5 (6.2 6 0.2)z103 M21 at 10 mM. At the
highest concentration only ;50% of H17 was in the monomeric
form. At the lowest concentration measured H17 can be as-
sumed to be monomeric.

The Hydrophobic and Electrostatic Contributions to Mem-
brane Partitioning of H17—The binding isotherm of H17 meas-
ured for POPC/POPG (3/1) monolayers at 32 mN/m (Fig. 3C)
was fitted by means of the Gouy-Chapman theory providing the
hydrophobic and the electrostatic contributions of a peptide to
membrane partitioning. The hydrophobic partition coefficient
was determined as Kp 5 8.5z103 M21 and is thus in close
agreement with the apparent partition coefficient, Kapp 5
(1.2 6 0.2)z104 M21, determined for POPC monolayers. The total
effective charge of H17 comprising the contribution from the
N-terminal amino group and that of the five lysine residues
was determined as zeff > 11.7. This low charge of H17 when
bound to lipid vesicles was experimentally corroborated by
z-potential measurements.3

Considering the pKa 5 10.53 of free lysine in solution, this
charge appears surprisingly small at first sight. A much lower
charge than expected on the basis of the pKa values of the
individual amino acids in solution has, however, been observed
for many other peptides with clusters of cationic residues.
Examples are pentalysine (42), substance P (43), substance P
antagonists (44), somatostatin (33), and melittin (45, 46). At
least two factors are responsible for a charge reduction in these
peptides. (i) Repulsive electrostatic interactions between clus-
tered cationic amino acid residues lead to pKa shifts (39), and
(ii) the increase in peptide concentration close to the negatively
charged membrane surfaces (CM . Ceq) may induce peptide
association which could also lead to pKa shifts.

Among the peptides for which the hydrophobic and electro-
static contributions to binding have been determined by means
of the Gouy-Chapman theory, melittin, a peptide from bee
venom, shows the closest resemblance to H17, as shown in
Table II.

The number of amino acid residues for H17 (melittin) are 22
(26), where 9 (13) residues are hydrophobic (indicated by bold
letters in Table II) and 6 (6) carry a potential cationic charge, 5
(4) of which are at the C-terminal end. H17 carries in addition
two negatively charged groups. The effective charge recognized

FIG. 5. The apparent partition coefficients, Kapp, of H17 meas-
ured in different concentration intervals are shown as a func-
tion of the concentration, C0, corresponding to the total peptide
concentration at the upper boundary of the respective inter-
vals. The partition coefficient for the lowest concentration interval was
determined by means of the monolayer expansion technique at 32
mN/m; the other partition coefficients were measured by means of
isothermal titration calorimetry. Lipid model systems are composed of
POPC (f, M) and or POPC/POPG (3/1 molar ratio) (●, E). Measure-
ments were performed in buffer at pH 7.4 (50 mM Tris/HCl) with 114
mM NaCl (solid symbols) and without NaCl (open symbols).
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by the membrane was evaluated as zeff 5 11.7 for H17 and as
zeff 5 11.9 for melittin (45). The hydrophobic free energy of
H17 binding to POPC/POPG monolayers at 32 mN/m was de-
termined as DG0 5 27.8 kcal/mol. The hydrophobic free energy
of melittin binding to planar lipid bilayers was determined as
DG0 5 26.99 kcal/mol (46) and that to SUVs as DG0 5 28.83
kcal/mol (45).

Membrane Partitioning of H17 Is Mainly Driven by En-
tropy—Membrane partitioning is thermodynamically charac-
terized by the reaction enthalpy, DH0, and the partition coeffi-
cient, K, or the free energy of reaction, DG0 (DG0 5 DH0 2TDS0)
and can be determined using isothermal titration calorimetry.
Partitioning of H17 (C0 5 2.5z1026 M) into negatively charged
(and electrically neutral) SUVs yields a free energy, DG0 5
28.2 kcal/mol, (7.76 kcal/mol), an enthalpy, DH0 5 22.4 kcal/
mol (25.7 kcal/mol) and an entropy, DS0 5 1 19.5 cal/mol K
(16.8 cal/mol K). Membrane partitioning of H17 is thus en-
thalpy as well as entropy driven (positive TDS value). This is in
contrast to the more hydrophilic peptides, somatostatin and
analogs (33) and magainin and analogs (47, 48), which were
shown to be enthalpy driven (exothermic reaction enthalpies
and negative TDS values). An endothermic reaction enthalpy of
16 kcal/mol and a positive TDS value were, however, measured
for the strongly hydrophobic cyclosporin A (35). In its thermo-
dynamic behavior, H17 is thus in between the two types of
peptides.

The Binding Energy of H17 Corresponds to That of Post-
translationally Attached Membrane Anchors—To estimate
whether the selected talin fragments provide enough binding
energy to anchor talin at the membrane surface, we first com-
pared the measured hydrophobic free energy of binding of H17
(DG0 5 27.8 kcal/mol) with that of myristoylated peptides and
proteins. The hydrophobic free energy of binding of myristoy-
lated peptides was determined as DG0 5 27.9 kcal/mol (49), in
close agreement with that of myristoylated proteins such as
hisactophilin I and II (22), and that of the a-subunit of trans-
ducin (50). The free energy of binding of farnesylated peptides
was determined as DG0 5 29.3 kcal/mol (51) again in good
agreement with that of the farnesylated bg-subunit of trans-

ducin (50). The electrostatic contribution of H17 binding to
negatively charged POPC/POPG (3/1) membranes was DG0 5
21.6 kcal/mol at pH 7.4 and became more negative with de-
creasing pH. At pH 7.4 the total free energy of binding (elec-
trostatic plus hydrophobic contribution) thus amounts to DG0

5 29.4 kcal/mol for H17 and to DG0 5 25.7 kcal/mol for S19.
The latter could act as an additional anchor.

In conclusion, we have shown that H17 with its highly spe-
cific combination of five isoleucines clustered in the hydropho-
bic face of a helix, and the five lysines clustered at the C
terminus inserts into electrically neutral and negatively
charged membranes. The insertion process is mainly entropy-
driven. The hydrophobic free energy of binding, DG0, of H17 is
comparable to that of post-translationally attached membrane
anchors. The additional electrostatic contribution to the free
energy of binding arising from the cluster of lysine residues is
pH-dependent. The present results thus suggest that sequence
385–406 (H17) may act as an intrinsic membrane anchor of
talin. Sequence 21–39 (S19) could provide an additional (hy-
drophobic and electrostatic) contribution to talin anchorage at
the lipid membrane.
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