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a b s t r a c t
The focal adhesion protein vinculin has been implicated in associating with soluble and membranous phospholipids. Here, we investigated the intermolecular interactions of two vinculin tail domains with membrane phospholipids. Previous studies have shown that the tail’s unstructured C-terminus affects the
mechanical behavior of cells, but not the H3 region. The aim of this work was to establish whether the C-terminal or the H3 region either associate favorably with or anchor in lipid membranes. This work characterizes the energetics and dynamics of phospholipid interactions using differential scanning calorimetry (DSC)
as well as circular dichroism (CD) spectroscopy. Biochemical data from tryptophan quenching and SDS–
PAGE experiments support calorimetric and CD spectroscopic ﬁndings insofar that only vinculin’s C-terminus inserts into lipid membranes. These in vitro results provide further insight into the mechanical behavior
of vinculin tail regions in cells and contribute to the understanding of their structure and function.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Cell contact to extracellular matrix (ECM) proteins is important
for cell adhesion, migration, and survival. Most cell–matrix contacts are linked to the actin ﬁlaments via the heterodimeric transmembrane protein integrin and the focal adhesion complex (FAC)
proteins. Within FAC, a variety of adaptor proteins have been
implicated to associate with or in some cases insert into lipid
membranes [1]. The focal adhesion protein vinculin shows such lipid binding ability. Two regions on the tail domain have been
experimentally identiﬁed as candidates for lipid binding: helix 3
(residues 935–978) [2] and the lipid anchor region (residues
1052–1066) [3]. Mutating helix 3 and the unstructured C-terminal
arm resulted in vitro in impaired lipid vesicle interaction of the vinculin-tail [3]. Pull-down assays with artiﬁcial lipid membranes revealed that in contrast to the complete vinculin-tail (Vt), a variant
lacking the lipid anchor (vinDC), does not interact with vesicles
[3,4]. In addition, using DSC and CD-spectroscopic measurements
showed that the C-terminal anchor has the potential to insert into
the hydrophobic core of lipid membranes [5].
More recently, Diez et al. [6] reported that mouse embryonic
ﬁbroblasts (MEFs) expressing vinculin without the lipid anchor (residues 1052–1066; vinDC) showed decreased focal adhesion turnover that resulted in impaired cell adhesion and migration.
Further, the inﬂuence of the lipid anchor region was determined in
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mechanical terms in MEFs. Compared to the wildtype, MEFvinDC
cells were less stiff, formed fewer focal contacts and generated less
adhesive forces. Attenuated traction forces were also found in cells
that expressed vinculin with point mutations in the lipid anchor
which had either impaired lipid-membrane binding or were prevented from src-kinase phosphorylation at the Y1065 site. However,
traction generation was not diminished in MEFs that expressed vinculin with impaired lipid binding on helix 3 as a result of point mutations. These results show that both the lipid binding and the srckinase phosphorylation of vinculin’s C-terminus are important for
cell mechanical behavior, whilst the lipid binding of helix 3 is not,
suggesting that both the lipid anchor and the src-kinase phosphorylation of Y1065 may regulate cellular mechanical activities.
In this study, we examined the lipid binding ability of vinculin’s
tail C-terminal and helix 3 region in vitro using differential scanning calorimetry (DSC), tryptophan ﬂuorescence quenching, and
SDS–PAGE. Results from these measurements should conﬁrm
whether the C-terminal arm and/or helix 3 are directly involved
in lipid binding and whether they can insert into the hydrophobic
region of lipid membranes. CD-spectroscopy was also applied to
investigate the conformational behavior of the C-terminus and
H3 region in the presence of lipid membranes.

2. Materials and methods
2.1. Peptide and lipid preparations
All peptides of the vinculin tail domain: (i) helix 3 wildtype
(H3wt) = residues 944–972 (KRALIQCAKDIAKASDEVTRLAKEVAKQC);
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2.2. Differential scanning calorimetry (DSC)
A differential scanning calorimeter Q100 (TA Instruments) was
used as described in [5]. In brief, under loosely sealed conditions,
lipid solutions in the presence/absence of peptides were heated
in a steel cuvette of 100 ll volume at a rate of 0.5 °C/min and
cooled at 1 °C/min. The heat capacity was recorded between +7
and +30 °C, using only cycles after the equilibration phase. The
phase transition peak, Tm was observed around +23 °C for pure
DMPC and DMPC/DMPS. Data analysis was performed using the
software Universal Analysis 2000 (TA Instruments) and Origin 7G
[7].
2.3. Circular dichroism (CD)-spectroscopy
CD spectroscopy was executed on a JASCO J-815 CD spectrophotometer as described in [5]. In brief, measurements were taken between 190 and 240 nm and recorded at 1 nm interval using a
quartz cuvette of 0.1 cm path length. Three spectra of 70 lM peptide solution at a P/L molar ratio of 1:40 were recorded and averaged. These scans were then corrected by subtracting either the
traces from the pure buffer or lipid solution (control). To obtain
the mean residue molar ellipticity (h) at each wavelength, the data
were then further adjusted for protein concentration and path
length. The spectra were also analyzed using the DichroWeb database (http://dichroweb.cryst.bbk.ac.uk).
2.4. Fluorescence quenching
Measurements were done on a CARY ECLIPSE spectrophotometer using a 1 ml quartz cuvette that contained a peptide lipid
composition of 70 lM peptide and at a P/L ratio of 1:40 and
+25 °C. Upon addition of 5  50 mM acrylamide over 5 min,
changes in tryptophan emission were recorded at 355 nm; the
excitation wavelength of 295 nm was chosen to reduce the effect
of absorption by acrylamide [8]. Quantitative analysis was
achieved using the Stern–Volmer relation, Fo/F = 1 + KSV  [Q] by
determining the constant, KSV from the gradient of a linear ﬁt
[9].

2.5. Freeze/thaw, centrifugation, and SDS–PAGE
The phospholipid vesicle solutions (DMPC/DMPS, 70:30 at
10 mg/ml) in the presence of 120 lM H3wt, H3mut, CTwt, CTmut,
or CTph peptide concentration were subjected to three independent freeze/thaw cycles from +7 to +35 °C. At the end of these cycles, the peptide–liposome solutions were centrifuged at 20,000g
for 45 min at +4 °C to separate bound from unbound proteins to
lipids followed by SDS–PAGE analysis [10]. The reconstitution of
these peptides mixed with vesicles was densitometrically determined using the program ImageJ by measuring the intensities,
i.e. gray scales of the SDS gel (http://rsb.info.nih.gov/ij/download.
html).
3. Results
3.1. Differential scanning calorimetry (DSC)
DSC was used to determine the association/insertion behavior
of the vinculin tail peptides H3wt, H3mut, CTwt, CTmut, and CTph
at/into artiﬁcial phospholipid membranes. Each measurement was
performed with MLVs at 5 mg/ml consisting of DMPC/DMPS and at
increasing peptide concentration. In Fig. 1A, MLVs at a molar ratio
of 70:30 DMPC/DMPS were incubated with the vinculin tail peptides H3wt and H3mut, and the transition enthalpy was determined. With increasing peptide concentration ranging from 0 to
180 lM, the speciﬁc heat and phase transition temperature (Tm)
of MLVs changed only marginally compared to pure MLVs. The rel-
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(ii) helix 3 mutant (H3mut) = residues 944–972 with K952Q, K956Q,
R963Q, and K966Q; (iii) C-terminus wildtype (CTwt) = residues
1046–1066 (IKIRTDAGFTLRWVRKTPWYQ); (iv) C-terminus mutant
(CTmut) = residues 1046–1066 with R1060Q and K1061Q were
synthesized and kindly provided by Dr. Wolfgang H. Ziegler (IZKF,
Leipzig) and stored in lyophilized form at 80 °C. The phosphorylated C-terminus (CTph) of pY1065 was purchased from Genaxxon
Bioscience, Ulm, Germany. Prior to calorimetric measurements, the
peptides were dissolved in a buffer containing 20 mM HEPES,
2 mM EDTA, 5 mM NaCl, and 0.2 mM DTT at pH 7.4. For CD-spectroscopic and ﬂuorescence measurements, the peptides were dissolved
in 10 mM potassium phosphate buffer at pH 7.4.
Multilamellar lipid vesicles (MLVs) were prepared from dimyristoyl-L-a-phosphatidylcholine (DMPC) and dimyristoyl-L-a-phosphatidylserine (DMPS) (Avanti Polar Lipids, Birmingham, AL, USA)
as described in [5]. In brief, mixtures of DMPC and DMPS or pure
DMPC were dissolved in chloroform/methanol at 2:1 (v/v), and
the solvent was evaporated by gently agitating the ﬂask under a
stream of nitrogen. This was followed by a further 2 h vacuum desiccation. For calorimetric measurements, the lipid ﬁlm was suspended in the above buffer at a concentration of 10 mg/ml and
left overnight at +35 °C (DMPC) and at +45 °C (DMPC/DMPS) for
vesicle formation. For CD-spectroscopic experiments, small unilamellar vesicles (SUVs) were used; for that, the lipid ﬁlm was dissolved in 10 mM potassium phosphate buffer at pH 7.4 and then
sonicated until the solution was transparent.
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Fig. 1. Vinculin tail peptide interactions with MLVs. DSC measurements were
performed with lipid vesicles containing 5 mg/ml DMPC and DMPS at a molar ratio
of 70:30. When increasing the peptide concentration from 0 to 180 lM, the relative
transition enthalpy (DH/DHo) did not change signiﬁcantly (±10%) in presence of
H3wt and H3mut (A). In contrast, the enthalpy was reduced by lipid insertion of the
CT peptides in the following order: CTwt > CTmut > CTph (B). Note, that DHo refers
to the transition enthalpy of the lipids at zero peptide concentration and DH at the
given peptide concentration.
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ative transition enthalpy (DH/DHo) of H3wt and H3mut as a function of increasing peptide concentration indicated similar (±10 %)
lipid membrane association behavior. In contrast, MLVs in the
presence of increasing peptide (CTwt, CTmut, and CTph) concentration showed a relative ﬂattening of the curves together with a
shift of Tm to lower temperatures which is indicative for peptide
insertion into lipid bilayers [11]. The relative transition enthalpy
(DH/DHo) was dramatically reduced with the increase in peptide
concentration, whereby the insertion behavior of CTwt and CTmut
was more pronounced than for CTph. Note, that the presence of
pure DMPC showed no effect at any of the peptides in terms of
phase transition (Tm) or transition enthalpy (DH/DHo), indicating
that charged liposomes are a requirement for peptide lipid association/ insertion (data for pure DMPC are not shown).
3.2. Circular dichroism (CD) spectroscopy
The secondary structure of the peptides in the presence/absence
of different SUVs was determined using CD-spectroscopic measurements. SUVs consisting of 70% DMPC and 30% DMPS or 100%
pure DMPC were used in these experiments. Measuring between
190 and 240 nm, the spectra of the peptides in the presence of pure
DMPC lipids showed a minimum at around 200 nm, whilst the
presence of DMPC/DMPS had an inﬂuence on this minimum. Pure
DMPC had little effect on the peptides’ secondary structure. Using
CTwt peptides in the presence of DMPC/DMPS shifted the spectra
to almost 220 nm, whilst the H3wt peptide peaked around
208 nm. These results suggest a change in conformation for CTwt
and a smaller change for H3wt peptides. Speciﬁcally, the b-sheet
conformation remained the same for CTwt in the presence of
DMPC/DMPS and showed only an increase in the a-helical conformation, whilst the b-sheet conformation of H3wt was dramatically
reduced and the a-helical conformation was signiﬁcantly increased (Fig. 2A and B). These changes in spectral characteristics
for peptides in the presence/absence of lipid vesicles containing
DMPC/DMPS support the notion that b-sheet conformations may
be responsible for peptide lipid association/insertion. Table 1
shows the results of the quantitative analyses of all CD spectra
(incl. H3mut and CTmut for comparison) using the CDSSTR algorithm provided by Dichroweb [5].
3.3. Fluorescence quenching
The high sensitivity of tryptophan ﬂuorescence in CTwt and
CTmut peptides at position 1058 and 1064 allowed ﬂuorescence
quenching to be measured directly. Fluorescence quenching was
linear with increasing acrylamide concentration. Fig. 3 shows
the dependence of tryptophan ﬂuorescence at 355 nm with respect to total acrylamide concentration. The data obtained from
steady state titration were analyzed by the Stern–Volmer relation,
Fo/F = 1 + KSV  [Q], where Fo and F are the ﬂuorescence signals for
zero and at the given acrylamide concentration, [Q] is the acrylamide concentration, and KSV is the gradient. The ﬁtted line gives
a value for KSV of 0.02 for pure CTwt, 0.015 for CTwt in the presence of DMPC, 0.0015 for CTwt in the presence of DMPC/DMPS,
0.017 for pure CTmut, 0.014 for CTmut in the presence of DMPC,
and 0.002 for CTmut in the presence of DMPC/DMPS. The data
show that the presence of DMPC leads to a slight reduction of
the quenching effect (18–25%) for both CTwt and CTmut. However, ﬂuorescence quenching was dramatically impaired in the
presence of DMPC/DMPS; it was reduced by 85–93% compared
to the quenching level in the absence of lipid vesicles, indicating
that the tryptophan residues inserted into the lipid vesicles, and
thus were not accessible for the acrylamide molecules. Note, that
H3wt and H3mut peptides could not be examined due to the lack
of tryptophan residues.

Fig. 2. Results from CD-spectroscopic measurements of H3wt (A) and CTwt (B)
peptides in the presence of pure DMPC, DMPC/DMPS (70:30), or in absence of SUVs.
The CD spectra at 70 lM peptide were obtained in 10 mM sodium phosphate at pH
7.4 and 25 °C. The values are expressed as mean residue molar ellipticity (h) in
deg cm2 dmol 1.

Table 1
Results from CDSSTR analyses of H3wt and CTwt in the presence of DMPC, DMPC/
DMPS (70:30), or in the absence of lipid vesicles; data for H3mut and CTmut, which
are similar to wildtype, are included (shown in italics) for comparison, and signiﬁcant
changes are marked in bold.
System
H3wt
H3wt + DMPC
H3wt + DMPC/S
H3mut
H3mut + DMPC
H3mut + DMPC/S
CTwt
CTwt + DMPC
CTwt + DMPC/S
CTmut
CTmut + DMPC
CTmut + DMPC/S

a-

bStrand

Turn

Unordered

Total

NRMSD

Helix
0.07
0.08
0.34
0.06
0.06
0.24
0.06
0.08
0.18
0.05
0.04
0.22

0.34
0.36
0.16
0.34
0.35
0.26
0.35
0.32
0.34
0.34
0.24
0.32

0.14
0.13
0.14
0.14
0.14
0.13
0.14
0.13
0.12
0.14
0.15
0.11

0.43
0.43
0.35
0.44
0.44
0.37
0.46
0.46
0.36
0.46
0.52
0.34

0.98
1
0.99
0.98
0.99
1
1.01
0.99
1
0.99
0.95
0.99

0.023
0.033
0.018
0.022
0.026
0.021
0.018
0.021
0.021
0.025
0.067
0.023

3.4. Freeze/thaw, centrifugation, and SDS–PAGE
To further investigate whether vinculin tail peptides were
reconstituted into mixed DMPC/DMPS vesicles, unbound and stably incorporated proteins were separated into supernatant (S)
and vesicular pellet fractions (P) after centrifugation, respectively.
We used 120 lM peptide to test the lipid binding. Fig. 4 supports
ﬁndings from DSC measurements (cf. Fig. 1B) quantitatively and
demonstrates that CTwt, CTmut, and CTph insert into lipid membranes. The results at this concentration show the following pellet/supernatant ratios from two separate experiments for CTwt,
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Fig. 3. Tryptophan protein ﬂuorescence quenching. With increasing acrylamide
concentration (0–250 mM), the emitted light at 355 nm is quenched according to
the relation Fo / F = 1 + Ksv  [Q], where F = protein ﬂuorescence at a given
acrylamide concentration, Fo = protein ﬂuorescence at zero acrylamide concentration, Ksv = gradient, and [Q] = acrylamide concentration for the peptides CTwt and
CTmut in the presence of pure DMPC, DMPC/DMPS (70:30), or in the absence of
lipid vesicles.

Fig. 4. Intensity score (Ipel/Isup) from two densitometric measurements of SDS–
PAGE gels of the bound and unbound peptides: H3wt, H3mut, CTwt, CTmut, and
CTph in the presence of DMPC/DMPS (70:30).

CTmut, and CTph between 9.4–12.5, 8–9.4, and around 4.5 compared to H3wt and H3mut at around 0.58 and between 0.3 and
0.4, respectively, which indicates that H3wt and H3mut only
weakly associate with lipid membranes.
4. Discussion
Force coupling of cell–matrix adhesion is believed to be transduced to the actin cytoskeleton via the integrins. The binding of
the focal adhesion protein talin to b-integrin’s intracellular chain
activates the integrin receptor and exposes binding sites for other
proteins which includes the recruitment of vinculin to focal adhesion sites [12–15]. Vinculin interacts with both, talin and actin and
ensures that there is mechanical stability and a committed regulation of focal adhesions. The control of vinculin levels, speciﬁcally
the intracellular concentration of recruited functional vinculin, is
essential for complexing cytoskeletal and cytoplasmic proteins
and is vital for the correct control of cytoskeletal mechanics and
the integrity of cell shape [6,16–18].

We and others have previously proposed that vinculin tail binds
to lipids and that the tertiary structure of the vinculin tail domain
is composed of a typical ﬁve helical bundle adopting an anti-parallel topology stabilized by intramolecular hydrogen bonds [4,19,20].
Using site-directed mutagenesis, these researchers illustrated that
intermolecular interactions between the vinculin tail and lipids are
controlled by two surfaces exposing basic (positively charged) residues called the ‘‘collar” and the ‘‘ladder” and that the C-terminal
(last) residues 1062–1066 (TPWYQ) are directly implicated in lipid-membrane binding. In the crystal structure, the geometry of
these ﬁve hydrophobic residues is that of a hairpin. One hypothesis
is that these C-terminal residues form an anchor for the lipid membrane bilayer, such that it restricts the freedom of the entire vinculin protein and ‘‘drags” the tail domain closer to the acidic
phospholipid heads protruding from the surface of the membrane.
Subsequent intermolecular hydrogen-bonding between the lipid
heads and the basic residues of the vinculin tail could trigger the
unfurling of the helical bundle, resulting in a tighter association
of helix 3 (H3) with the acidic lipid heads [20,21]. Recent NMR data
indicate that the removal of more than four amino acids perturbs
the vinculin tail structure and signiﬁcantly reduces acidic
phospholipid binding of this domain [22]. These researchers claim
that the C-terminal hydrophobic hairpin is not required for the
association with PIP2-containing liposomes. It was further reported
that a defective interaction between the vinculin tail and the phospholipids impairs cell spreading, motility, stiffness, and tractions
[3,6,23]. From these reports it is not clear, if these interactions
are associated with the membrane and, therefore, this in vitro
study focused speciﬁcally on the proposed lipid binding regions
of the vinculin tail, i.e. the H3- and C-terminus region.
The general aim of the research here was to investigate membrane phospholipid interactions with the vinculin tail and speciﬁcally how those same interactions are aided by the H3- and Cterminal region. The work was divided in a study of biochemical
and biophysical approaches, using differential scanning calorimetry (DSC), CD-spectroscopy, ﬂuorescence quenching, and gel
electrophoresis.
Differential scanning calorimetry is the most direct experimental technique to resolve the energy of conformational transitions of
biological molecules. It provides an immediate access to the thermodynamic mechanism that governs a conformational equilibrium
of proteins and lipids by measuring the temperature dependence
of the heat capacity, and thus the transition enthalpy (DH). Here,
DSC was deployed to describe and discriminate between the energetics of the vinculin tail phospholipid association and insertion for
different lipid environments. Using this method, we examined the
two regions of the vinculin tail, H3 and the C-terminus, of possible
interactions with phospholipids. Results from these measurements
showed that H3 associates with the surface of DMPC/DMPS vesicles probably by hydrogen-bonding and that the C-terminus inserts into the lipid bilayer. The phosphorylated form of the Cterminus (pY1065), however, interacts to a lesser degree with the
membrane compared to CTwt. Previously, Chandrasekar et al. [3]
demonstrated
that
a
change
in
residues
(R1060Q;
K1061Q = CTmut) signiﬁcantly impairs the interaction of the vinculin tail with vesicles containing 48% (PC):45% (PS):7% (PIP2)
phospholipids compared to wildtype (CTwt). Our measurements,
however, showed similar lipid insertion potential for CTwt and
CTmut with vesicles containing 70% (DMPC):30% (DMPS) (Fig. 4).
Thus, when we increased the DMPS content of lipid vesicles, the
insertion potential of CTmut decreased in comparison to CTwt peptides which support the observations by Chandrasekar et al. [3]
(data not shown). As previously mentioned by Diez et al. [5], the
increased hydrophobic moment of the C-terminal arm may explain
why the lipid binding of vinculin tail (R1060Q/K1061Q) was suppressed, i.e. that a conformational change (in the vinculin tail lead-
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ing to a buried C-terminus) could result in the loss of a membrane
interaction site and in reduced lipid binding. This may also explain
the discrepancy of this in vitro study and the results obtained
in vivo by Diez et al. [6].
Among the biophysical techniques that allow the investigation
of peptides and proteins in bilayer environments, CD spectroscopy
has proven to be a valuable tool during the investigation of structure, dynamics, and topology. The strength of this method is to give
accurate answers for speciﬁc questions, i.e. allowing measurements of large numbers of conformational constraints for complete
structure determination of membrane-bound peptides. The CDspectroscopic measurements here support DSC observations. Since
the C-terminal region of vinculin is believed to exist in an unstructured conﬁguration and protonating environment, this environment is similar to that found in solution with acidic
phospholipids. Therefore, direct hydrogen-bonding to phospholipid headgroups is assumed for the H3 region, whilst the CT region
is believed to insert into the lipid bilayer. Using freeze/thaw/centrifugation, i.e. pull-down assays and SDS–PAGE analysis further support the notion of vinculin’s tail regions: H3 association and CT
insertion with/into lipids.
5. Conclusions
Many proteins exist in soluble form in the cytoplasm and fractions may associate transiently with the boundary of the lipid
membrane. In an aggregate form, proteins are likely to interact
with lipids in a two-step mechanism: afﬁnity driven by long range
effects (electrostatic attraction and desolvation due to the hydrophobic effect) followed by selective interactions due to steric complementarity and stabilizing hydrogen-bonding contacts.
Protein lipid interactions are often associated with conformational changes that occur when the lipid molecules ﬁnd complementary binding surfaces.
We believe that this study has provided more insight of the
molecular biophysical behavior into the role of phospholipids that
contribute to the turnover (assembly and disassembly) of adhesions. It supports the idea that the C-terminal region may improve
the binding between the vinculin tail domain and phospholipid
membranes and that the C-terminal region acts as an anchor
ensuring that the vinculin tail domain interacts with phospholipid
membranes. In summary, the results should give a better understanding into vinculin lipid membrane interactions that contribute to cellular mechanical behavior, 2D cell migration, and 3D
cell invasion [24–27].
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