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Abstract

Secondary structure predictions have led to the identification of a major membrane-anchoring domain of the cytoskeletal protein
talin spanning from amino acid 385 to 406. Using a synthetically derived peptide of this region, researchers have shown that it inserts
into POPC/POPG phospholipid membranes with a partition coefficient of K,,, = 1.1 £0.2 x 10° M~ and has an average molar
reaction enthalpy of AH = —2.5kcal/mol, as determined by monolayer expansion technique and isothermic titration calorimetry [J.
Biol. Chem. 275, 17954]. We applied resonance energy transfer (RET) assays to analyze the fusogenic properties of this peptide by
lipid mixing and used liposomes containing carboxyfluorescein to measure the contents leakage. We directly visualized talin peptide-
induced vesicle membrane fusion using cryo-electron microscopy. This is the first example of a cytoskeletal protein domain that can
trigger membrane fusion that might be of importance for understanding membrane targeting and motile events at the leading edge

of the cell. © 2002 Elsevier Science (USA). All rights reserved.

Talin is a member of the 4.1 superfamily, a group of
proteins that potentially associates with phospholipid
membranes. To this group also belong the erythrocyte
membrane protein 4.1 [1], the ezrin, radixin, moesin
family [2], and some tyrosine phosphatases [3]. Talin is a
widespread protein that is found in a variety of mam-
malian cells, where it is concentrated in focal cell ad-
hesions [4] and ruffling membranes [5]. In platelets, talin
redistributes from the cytoplasm to the plasma mem-
brane upon activation, leading to secretory events and
platelet coagulation via integrins [6], a complex process
that is not fully understood. Several divergent binding
epitopes have been mapped along the entire sequence of
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N-(lissamine rhodamine B sulfonyl)dihexadecanoyl-sn-glycero-3-phos-
phatidylethanolamine; DOPS, dioleoylphosphatidylserine; DOPC, di-
oleoylphosphatidylcholine; RET, resonance energy transfer; CF,
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2541 amino acids [1], suggesting that talin may be a
multifunctional protein. Calpain cleavage before amino
acid residue 434 yields two major domains, an
N-terminal head portion of 47-kDa and a 190-kDa rod
domain containing the C-terminus. Talin is also found
to bind actin [7,8] and to nucleate actin polymerization
[9]. From in vitro studies, the functional actin-binding
capacity was shown to be restricted to the C-terminal
rod domain [10]. Consequently, GST-fusion proteins
were used to map two actin-binding regions in the 190-
kDa talin fragment [11], termed the I/LWEQ module
based on their conserved sequences [12]. An additional
actin-binding site was found in the 47-kDa head frag-
ment [11], which may be cryptic or inaccessible since no
actin-binding was observed within this part of the native
protein [10,13]. In addition to actin, the C-terminal rod
domain harbors binding sites for integrin [14,15] and
vinculin [16]. The 47-kDa head fragment is believed to
be of major importance for talin’s association with the
plasma membrane. Recently, binding sites for two in-
dependent transmembrane proteins, laylin [17], and in-
tegrin B-subunit cytoplasmic domain [18] have been
identified in this fragment. Phospholipid binding has
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also been shown to be exclusively mediated by the 47-
kDa domain [10].

Our laboratory successfully applied the secondary
structure prediction method based on the Fisenberg
normalized consensus scale to search for highly hydro-
phobic or amphipathic sequence stretches that could
mediate the binding of actin-associated proteins with
phospholipid membranes [19]. For talin, two domains
spanning amino acid residues 21-39 and 385-406 were
identified that mediate the interaction with lipid mem-
branes [20]. These peptides were synthesized and their
insertion into lipid model membranes was probed using
isothermic titration calorimetry (ITC), the monolayer
expansion technique, and CD-spectroscopy. In the
presence of lipids, the major membrane-binding peptide,
1.e., residue 385-406 refolds from a random coil into an
o-helix. Simultaneous insertion into a bilayer leaflet
occurs with a measured hydrophobic partition coeffi-
cients of K, = 1.3+ 0.2 x 10*M™', a value that agrees
well with partition coefficients determined for myri-
stoylated proteins such as hisactophilin and o-trans-
ducin.

In this study, we further analyze the membrane-
anchoring peptide of talin. Peptides with a high degree of
hydrophobicity, a high degree of amphipathicity, and
tilted insertion are classified peptides as ‘class B peptides.’
These peptides preferentially destabilize phospholipid
bilayers and lead to inverted micelle formation favoring
membrane fusion. Applying various assay systems that
allow us to control for lipid-mixing events or contents
leakage, we found evidence that the talin peptide indeed is
fusogenic. Finally, we demonstrated talin peptide-in-
duced fusion of lipid vesicle membranes using cryo-elec-
tron microscopy.

Materials and methods

Chemicals. L-a-Dipalmitoylphosphatidylethanolamine (DPPE), N-
succinimidyl 3-(2-pyridyldithio)propionate (SPDP), cholesterol (chol),
dipicolinic acid (pyridine-2,6-dicarboxylic acid, DPA), and Triton X-
100 were obtained from Sigma. SPDP-derivatized DPPE (PE-PDP)
was synthesized as described earlier [21]. TbCl; - 6H,O (99.9% pure)
was bought from Alfa. The fluorescent lipid analogs N-(7-nitro-2,1,
3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-NBD-PE) and N-
(lissamine rhodamine B sulfonyl)dihexadecanoyl-sn-glycero-3-phos-
phatidylethanolamine (N-Rh-PE) as well as 6-carboxyfluorescein were
purchased from Molecular Probes. Sodium dithionite was purchased
from Merck. Dioleoylphosphatidylserine (DOPS) and dioleoylphos-
phatidyl-choline (DOPC) were obtained from Avanti Polar Lipids. The
detergent Ci,Eg was supplied by Calbiochem.

Peptide synthesis. Talin peptide 385-406 GEQIAQLIAGYI
DIILKKKKSK-CONH, (MW 2457,02) was synthesized by continu-
ous flow Fmoc solid phase (Bio Genes, Berlin) as trifluoroacetate salts.
The peptide was purified by reversed phase HPLC and analyzed by
mass spectroscopy. To induce irreversible coupling with phospholipids,
we added an additional cysteine (Cys) to the sequence on the C-ter-
minal end (data not shown). The grade of purity was >95% for each
sample. Peptide stock solutions were stored at —20° C or used imme-
diately.

Liposome preparation. All liposomes were prepared by the method
described by Pécheur et al. [22]. Their average diameter was 100—
150 nm. Peptide-coupled liposomes, which were defined as donor
liposomes throughout the study, consisted of PC:chol:PE-PDP
(3.5:1.5:0.25). Coupling was accomplished via disulfide bonding be-
tween the peptide’s Cys residue and PE-PDP. It was obtained by an
overnight conjugation of the peptide talin with the liposomes (PE-
PDP/peptide in a 1:5 molar ratio). The coupling efficiency was evalu-
ated spectrophotometrically at 343 nm by monitoring the release of 2-
mercaptopyridine. Uncoupled peptides were removed by gel filtration
on a Sephadex G-25 column (PD-10 column, Amersham/Pharmacia).
Target liposomes were composed of DOPC, DOPS, or DOPC/DOPS
(at a molar ratio of 1:1).

Resonance energy transfer (RET) assay for lipid mixing. Lipid
mixing of vesicles—as a measure of fusion—was assayed as described
by Struck et al. [23]. Target vesicles were added to a suspension of
peptide-coupled liposomes containing N-NBD-PE and N-Rh-PE
(1mol% each) in 10mM Tris and 150mM NaCl (pH 7.4) at a lipid
molar ratio of 5:1 (total lipid concentration of 70 uM). The increase in
NBD fluorescence was monitored at 37°C as a function of time in a
Fluorolog fluorimeter (SPEX) (Jexe = 460 nm, Ao, = 534nm) at con-
tinuous stirring. The temperature was controlled by a thermostated
circulating water bath. Zero percent and 100% fluorescence were taken
as the intrinsic fluorescence intensity of NBD/Rh-labeled liposomes
and the fluorescence obtained after addition of 0.2% Triton X-100
(final concentration) was corrected for detergent-induced quenching of
NBD fluorescence, respectively.

Asymmetrically labeled vesicles, i.e., containing N-NBD-PE in the
inner leaflet only, were prepared by incubating randomly labeled ves-
icles with 20mM sodium dithionite for 20min at 37°C [24]. This
treatment irreversibly destroys the NBD fluorescence via a reduction
reaction [25] and eliminates the fluorescence signal derived from N-
NBD-PE present in the outer leaflet, thus leading to an intensity de-
crease of approximately 50-60%. Sodium dithionite-treated liposomes
were separated from un-reacted dithionite by elution on a Sephadex G-
25 column (PD-10 column, Amersham/Pharmacia). Subsequent addi-
tion of Triton X-100 allowed additional access of thionite to the inner
leaflet, which is reflected by an immediate quenching of the remaining
fluorescence.

Leakage assays. Talin peptide-induced leakage was determined by
adding peptide-coupled liposomes to a suspension of target vesicles
loaded with 100mM carboxyfluorescein (CF) in 10mM Tris and
150 mM NaCl at pH 7.4. Fluorescent marker release was measured by
a method analogous to that of Weinstein et al. [26] (excitation 490 nm;
emission 520 nm). The internal concentration of the dye was high en-
ough to quench the fluorescence almost completely. Release of CF led
to an increase of fluorescence intensity, which was compared with the
value obtained after addition of Triton X-100 (final concentration
about 0.4%).

Cryo-electron microscopy. In lipid-mixing assays, DOPC/DOPS
target liposomes (molar ratio of 1:1) were added to DOPC/cholesterol
donor liposomes without the fluorescent phospholipids (molar ratio of
3.5:1.5) at a total lipid molar ratio of 5:1 in the presence of 20 uM
synthetic talin peptide. After 45 and 160s, respectively, 5 pl aliquots
were applied to Lacey holey carbon EM-grids (Plano, Wetzlar, Ger-
many). Excessive liquid was blotted on filter paper to a thickness less
than 200nm and the specimens were plunged into liquid ethane at
—190°C [27]. The grids were transferred to a Gatan 626 cryo-specimen
holder (Gatan, Pleasanton, CA) and inserted into a Philips CM 300
FEG (FEI Company, Hilsboro, OR) electron microscope under liquid
nitrogen conditions. The post-column energy filter GIF 2002 (Gatan,
Pleasanton, CA) attached to the microscope enhances the contrast of
the images as inelastically scattered electrons are masked from the
zero-loss electron beam [28]. The electrons are detected on a
2048 x 2048 CCD chip. The images are recorded at magnifications of
14,000x or 22,000x corresponding to pixel sizes of 0.85 and 0.58 nm,
respectively.
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Hydrophobicity calculations and molecular modeling. The mean
hydrophobicity and mean hydrophobic moments were calculated ac-
cording to the Eisenberg consensus scale [29] allowing for the predic-
tion of a three-dimensional mode of insertion and orientation of the
amphipathic o-helical anchoring peptide. Computations were per-
formed using the PC-TAMMO + program (Theoretical Analysis of
Molecular Membrane Organization) as described by Brasseur [30],
which takes into account the sum of the van der Waal’s forces, torsion
potential energy, electrostatic interactions, and the transfer energy
between peptide and DMPG in the lipid layer. The angle of insertion
was calculated according to Brasseur et al. [31].

Results

To determine whether the intrinsic membrane-an-
choring domain of talin (amino acid 385-406) could
trigger membrane fusion, various assays were applied
based on lipid-mixing and contents leakage. Consistent
with the previous notion that talin as a whole [32,33] as
well as the peptide alone [20] preferentially inserts into
lipid mono- and bilayers containing negatively charged
phospholipids, we used target liposomes composed of a
total lipid concentration of 70 uM DOPS or DOPC/
DOPS at a molar ratio of 1:1. The fusogenic potential of

the peptide was examined under a variety of conditions:
(a) the talin peptide was applied free in solution; (b) the
cysteine-derivatized peptide was applied in solution; and
(c) the peptide was covalently coupled with donor-
liposomes containing PE-PDP via an additional cysteine
(see Materials and methods).

Fusion monitored by lipid mixing

DOPC/cholesterol donor liposomes were prepared
containing NBD- and rhodamine-labeled phopholipids.
Internal quenching of the liposome surface resulted in a
low baseline fluorescence. Donor liposomes were mixed
with DOPC/DOPS target liposomes at a ratio of 1:5 in
the presence of increasing concentrations of the talin
peptide in solution (Fig. 1).

Membrane fusion results in lipid mixing, which cau-
ses dequenching and hence a rapid increase in fluores-
cence with increasing surface area. An increase of
fluorescence is observed after adding the talin peptide in
a concentration-dependent manner (Fig. 1A). Fig. 1B
shows the effect on lipid mixing after the addition of
liposomal-coupled peptide using DOPS or DOPC/
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Fig. 1. Fusion monitored by lipid-mixing assays. Fluorescence increase expressed in percentage maximum is measured over time after the addition of
the talin peptide in a concentration-dependent manner (A). The peptide is added to a suspension of DOPC/DOPS target and DOPC/cholesterol
symmetric donor liposomes containing 1 mol% each of N-NBD-PE and N-Rh-PE as fluorescent lipids. (B) Lipid mixing was induced by the talin
peptide coupled with DOPC/cholesterol donor liposomes via PE-PDP. Target liposomes consisted of DOPS or DOPC/DOPS. Dequenching mea-

sured as fluorescence increase occurred within seconds.
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DOPS vesicles as target population. To discriminate
between outer and inner leaflet fusion events we used
asymmetrically labeled liposomes. For this purpose, we
treated donor liposomes containing both N-Rh-PE and
N-NBD-PE with sodium dithionite. Sodium dithionite
irreversibly destroys the NBD-fluorescence, thereby
eliminating the fluorescent signal derived from N-NBD-
PE in the outer leaflet. As a result, the NBD-fluores-
cence is significantly reduced (compare Fig. 1B with Fig.
2A/DOPS and Fig. 2B/DOPC/DOPS). Changes in flu-
orescent signals are therefore assumed not to result from
lipid exchange in the outer leaflet. Since the kinetic of
peptide-induced fluorescence increase of symmetrically
and asymmetrically labeled liposomes is similar, it is
likely that fusion occurs between outer and inner
membrane compartments (compare Fig. 1B with Figs.
2A and B; Note. Different timescales).
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Fig. 2. Fusion monitored of asymmetrically labeled vesicles. (A) Ves-
icles containing DOPS and (B) DOPC/DOPS. NBD-fluorescence in the
outer leaflet is eliminated by dithionite treatment. The fluorescence is
reduced by approximately 80% (compare with Fig. 1B). The kinetics of
lipid mixing—indicating inner membrane fusion—are similar to that
observed for symmetrically labeled vesicles (see Fig. 1B).

Contents leakage

A pronounced membrane-destabilizing potential of
the talin peptide is reflected by leakage assays (Fig. 3).
For this purpose we used target vesicles containing
100mM carboxyfluorescein (CF). Once the peptide is
added either free in solution (Fig. 3A) or coupled with
donor liposomes (Fig. 3B), dequenching occurs within
seconds. The extremely rapid process of leakage gives
rise to a maximum fluorescence, and a further increase
of fluorescence cannot be achieved after the addition of
detergent (arrows in Figs. 3A and B). Since the rate of
leakage is significantly faster than that for fusion, as
indicated by the lipid-mixing events (compare Figs. 1
and 3), we were unable to measure any contents mixing.

Cryo-electron microscopy

Cryo-electron microscopy (cryo-EM) provided a first
direct indication of talin peptide-induced outer and in-
ner membrane fusion (Fig. 4). Control samples (A)
showed dispersed donor (DOPC/cholesterol) and target
(DOPC/DOPS) vesicles without the addition of the talin
peptide. The average vesicle diameter was 100-150 nm.
The addition of 20 uM talin led to spontaneous aggre-
gation of vesicles (clustering), as shown in the overview
(B). We observed several larger vesicles with a diameter
of approximately 200 nm, which most likely resulted
from vesicles that had already fused with each other.
Figs. 4C-E show individual stages of peptide-induced
vesicle fusion events at higher magnification where outer
and inner leaflet fusion is clearly recognizable. Note. Fig.
4C shows two closely opposed vesicle membranes, a
state that most likely precedes actual membrane fusion.

Molecular modeling of the fusogenic talin peptide at the
membrane interface

In comparison with two other predicted talin se-
quences that may interact with lipid membranes [19,20],
the sequence 385-406, with its calculated hydrophobic-
ity of 0.029, high amphipathicity, and hydrophobic
moment of 0.3, can be classified as a ‘class B peptide’
according to Brasseur et al. [34]. Using CD-spectros-
copy, we experimentally verified that this peptide refolds
with a maximal final degree of ~86% from random coil
and B-sheet structure into an a-helix in the presence of
lipid vesicles [20]. CD-spectroscopy, a method to inves-
tigate the conformational structure of a-helical peptides,
uses the mode of insertion and orientation at the lipid
interface by minimizing the interaction energy (sum of
van der Waals interactions, torsional potential energy,
electrostatic interactions, and lipid transfer energy)
[34,35]. Actually, the program shows a segment (amino
acid 387-406) without the two N-terminal amino acids
(G, E) to be even more suitable for membrane interac-
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Fig. 3. Fusion induced contents leakage. (A) DOPC/cholesterol liposomes are mixed with DOPS target liposomes containing 100 mM carboxyflu-
orescein (CF) in the presence of 8 uM talin peptide. Rapid leakage is monitored by an immediate increase in fluorescence. Maximal contents leakage
is reached as indicated by Triton X-100 treatment (arrows). (B) The peptide is coupled with the donor liposomes via PE-PDP, and the target
liposomes consisted of DOPS or DOPC/DOPS, respectively. Conditions as in (A).

tion, since its overall hydrophobicity is calculated to be
Hy=0.13 and uH =~ 0.38 (Table 1). In addition, the
highly asymmetrical hydrophobic potential profile along
the axis of the o-helix favors an oblique orientation
within the phospholipid bilayer. This is indicated by the
molecular graphic in Fig. 5. For peptide 387-406 the
angle of insertion was calculated to be 18°. This is
consistent with the penetration area of the peptide,
which was calculated by the monolayer expansion
technique of A’ = 160 + 15 for POPC/POPG (3/1) lipid
vesicles, a value that exceeds the cross-sectional area of a
protein a-helix [20]. Hence we suggest that, in analogy to
viral envelope proteins [35], the major membrane-
anchoring peptide (385-406) of talin may insert ob-
liquely at the lipid interface, thereby inducing membrane
destabilization, formation of inverse micelles, and
membrane fusion events.

Discussion

Amino acid 385-406 within the N-terminal talin head
fragment represents a potential intrinsic membrane-an-
choring domain [20]. In the presence of lipids, this
membrane anchor exists as an amphipathic o-helix with

a polybasic motif at one end, enabling membrane par-
titioning by generating an electrostatic pull on the
membrane surface concomitant with the insertion into
the hydrophobic phase. Membrane surface charge and
lipid-packing pressure obviously are major factors in
driving the equilibrium toward the membrane-bound
state. At pH 7.4 the total free energy of binding in-
cluding electrostatic and hydrophobic interactions
amounts to AGy = —9.4kcal/mol [20], a value that
compares well with that of myristylolated membrane-
anchoring peptides [36]. The marked hydrophobicity
gradient along the axis of the a-helix, exposing five
isoleucines and various other hydrophobic amino acids
on one half of the helix, suggests an oblique insertion
into the membrane plane (cf. model in Fig. 5). In con-
junction with the calculated overall hydrophobicity of
Hy=0.029 and mean hydrophobic moment of
uH = 0.3, the tilted peptide resembles a peptide that was
first identified in the envelope protein of several viruses
[35]. These peptides are assumed to insert obliquely into
a lipid—water interface and are thought to induce a local
disorganization of phospholipids by generating new li-
pid phases and finally membrane fusion. By applying a
lipid-mixing assay that relies on resonance energy
transfer (RET)-assays, we demonstrated that the major



G. Isenberg et al. | Biochemical and Biophysical Research Communications 295 (2002) 636-643

641

Fig. 4. Cryo-electron micrographs of talin peptide-induced vesicle fusion. (A) Control, DOPC/cholesterol donor and DOPC/DOPS target liposomes
in the absence of peptide. (B) Low magnification overview of the vesicle population after addition of 20 uM talin peptide. Note. The clustering and
the increase in diameter of several vesicles. Magnification 14,000x (A and B). Direct visualization of peptide-induced vesicle fusion occurring at

various stages (C-E); magnification 22,000x. The bars equal 100 nm.

intrinsic membrane anchoring domain of talin destabi-
lizes phospholipid membranes as demonstrated by the
leakage assay. Further, peptide-induced outer and inner
membrane fusion can be resolved clearly by cryo-electron
microscopy. Membrane-destabilizing effects have also

Table 1
Sequence and properties of talin peptides

been observed in the presence of the intact, uncleaved
talin leading to the opening of liposomal membranes, a
reversible transformation into cup-shaped liposomes,
and finally lipid bilayer sheets [37]. These reported
findings are not understood so far, but we are now

Residue number Sequence Hy uH Angle of insertion (°)

385-406 +— e 0.029 0.30 -
GEQIAQLIAGYIDIILKKKKSK

387-406 - 4+ 0.13 0.38 18
QIAQLIAGYIDIILKKKKSK

287-304(*) + -— 4+ + + o+ -0.190 0.15 -
GQMSEIEAKVRYVKLARS

21-39(*) + -+ o+t - —-0.150 0.42 -
PSTMVYDACRMIRERIPEA

Calculated mean hydrophobicity Hy and mean hydrophobic moment puH using the normalized hydrophobicities for amino acid side chains
according to Eisenberg et al. [29]. Note. For comparison, we also listed two other residues (*) of the talin molecule which have been predicted to

interact with the hydrophobic region of lipid membranes [19].
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hydrophobic

hydrophilic N o

Fig. 5. Molecular modeling of talin peptide interacting with the lipid
interface. The strong amphipathic nature of the talin peptide and
marked hydrophobicity gradient along its sequence suggests a tilted
orientation and a partial penetration of the lipid bilayer favoring de-
stabilization of the phospholipid acyl chains (top). Computer modeling
of the mode of insertion of the talin peptide (amino acid 387-406) at
the lipid interface as shown in a ribbon diagram. The angle of insertion
was calculated to be 18° (bottom).

suggesting that membrane-anchoring domains that have
the tendency to induce inverse micelle formation may be
responsible for these transitions. Future work will
therefore focus on using the intact talin molecule to
support our observations. The fact that the calculated
binding constants (Ky) for the entire molecule [29] and
peptide (residues 385-406) [20] with charged lipid vesi-
cles were both in the submolar range is intriguing.

Biological implications

Cell protrusion. Membrane destabilization via lipid
bilayer interaction of an actin-binding protein may be of
particular importance for the advancement of the lead-
ing edge of moving cells. Displacement of the plasma
membrane has to occur during cytoskeletal assembly,
which is driven by actin polymerization [38] to allow for
the addition of new actin monomers at the membrane-
faced barbed end of actin filaments [39,40]. Recently,
evidence has emerged that the load against the process

works depends on membrane tension [41]. It is possible
that the rate of extension is inversely proportional to
plasma membrane tension in living cells. In addition, it
was shown that the resisting force of the membrane
surface may be lowered by adding detergent or large
amounts of phospholipids. The rate of lamellipodial
extension is also increased by amphiphilic compounds
that partition into the plasma membrane. This shows
that in addition to biochemical receptor pathways,
physical parameters may also play a role in cell signaling
[42]. A decrease in the resistance of the plasma mem-
brane could lead to an enhancement of Brownian mo-
tion and thus allow fluctuation of the membrane itself as
well as deflection of assembling filaments [41,42]. This
process is best described by the Brownian-ratchet model
[43]. Since talin is concentrated at the tips of nascent
actin filament bundles in moving cells [5] and has been
shown to nucleate actin polymerization in vitro [9], its
involvement in cytoskeleton assembly appears most
likely.

Cytotic events. Assuming particle movement on the
cell surface, it is suggested that membrane flow is cou-
pled with cell protrusion [44]. There is evidence that a
balance of exocytosis driven from an intracellular res-
ervoir at the leading edge and endocytosis occuring
more rearward may underlie membrane dynamics
[45,46]. Fusogenic properties of a cytoskeleton-linked
membrane-associated protein could thus be important
for targeting intracellular vesicles toward assembly sites
in leading lamellae. Further in vivo studies are needed to
establish such a link.
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