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Gelsolin is a calcium-, pH- and lipid-dependent actin filament
severing/capping protein whose main function is to regulate the
assembly state of the actin cytoskeleton. Gelsolin is associated
with membranes in cells, and it is generally assumed that this inter-
action is mediated by PPIs (polyphosphoinositides), since an
interaction with these lipids has been characterized in vitro. We
demonstrate that non-PPI lipids also bind gelsolin, especially at
low pH. The data suggest further that gelsolin becomes partially
buried in the lipid bilayer under mildly acidic conditions, in a
manner that is not dependent of the presence of PPIs. Our data also
suggest that lipid binding involves a number of sites that are
spread throughout the gelsolin molecule. Linker regions between
gelsolin domains have been implicated by other work, notably the
linker between G1 and G2 (gelsolin domains 1 and 2 respectively),
and we postulate that the linker region between the N-terminal and

C-terminal halves of gelsolin (between G3 and G4) is also in-
volved in the interaction with lipids. This region is compatible
with other studies in which additional binding sites have been lo-
cated within G4–6. The lipid–gelsolin interactions reported in the
present paper are not calcium-dependent, and are likely to involve
significant conformational changes to the gelsolin molecule, as
the chymotryptic digest pattern is altered by the presence of lipids
under our conditions. We also report that vesicle-bound gelsolin
is capable of binding to actin filaments, presumably through
barbed end capping. Gelsolin bound to vesicles can nucleate actin
assembly, but is less active in severing microfilaments.

Key words: actin cytoskeleton, gelsolin, lipid, polyphosphoinos-
itides.

INTRODUCTION

The actin cytoskeleton is a major factor that determines and
maintains the shape of typical eukaryotic cells. It also confers the
ability of cells to crawl and is responsible for other motile pheno-
mena, such as the movement of vesicles and cytokinesis. Actin
microfilaments are regulated by approx. 100 actin-binding pro-
teins [1] that arrange and organize the microfilaments. The
functions of the actin-binding proteins are in turn regulated by
various signalling molecules, including a variety of lipids [2].
The PPIs (polyphosphoinositides) have been particularly well
characterized in this regard.

The PPIs are a group of lipids with phosphates attached to
carbons in the inositol ring that endow the head groups with an
overall negative charge and the ability to be specifically bound by
a large number of proteins that are involved in signal transduction.
A huge variety of different signalling lipids are generated from
the PPIs, and these relay messages downstream by their binding
proteins [3]. Signalling proteins contain various motifs such as
PH (pleckstrin homology) [4], PX (phox homology) [5] and
FYVE (Fab-1, YOTB, Vac1p and EEA1) [6] through which
these proteins bind specific PPIs. Profilin was the first actin-
binding protein to be discovered to also be a PtdIns(4,5)P2-binding
protein [7]; however, profilin does not contain a recognized motif
for binding PPIs that has homologous regions in other proteins.
Subsequently, a large number of other actin-binding proteins have

been found to bind PPIs (reviewed in [8]), and genetic evidence
suggests a role for these lipids in actin polymerization in vivo
[9].

One of these proteins is gelsolin, an actin-binding protein
that is regulated by calcium [10], pH [11,12] and PPIs [13].
Gelsolin consists of six similar repeated domains (G1–6) that
have four distinct actin-binding sites, within G1, G2, G4 and G6
(reviewed in [14]). Through these, gelsolin is able to nucleate
actin polymerization from the pointed end, sever actin filaments
and cap the barbed end of filaments. In resting cells, the barbed
ends of filaments are capped by proteins such as gelsolin, and
these are removed in some regions of the cell upon stimulation
with chemotactic stimuli or growth factors. The presence of PPIs
removes gelsolin from the pivotal barbed end of actin filaments,
thereby controlling actin polymerization in vitro [13], and is
reported to do so in vivo [15]. These early in vitro studies [13] used
PtdIns(4,5)P2 micelles, whose surfaces do not accurately reflect
those encountered on the inner membrane because they have a
high curvature, being only 6 nm in diameter [16]. Subsequent
studies using more physiological PPI-containing vesicles also
demonstrated that these lipids dissociated the gelsolin–actin
complexes and uncapped the barbed end of gelsolin bound
filaments [17]. PPI-binding regions within gelsolin have been
localized to two regions within the N-terminal half of gelsolin
(G1–3), with additional contributions being made from parts of
the C-terminal half (G4–6). Similar sites are reported within the
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48 J. Méré and others

N-terminus of villin, with an additional site in the C-terminal
‘head domain’ [18].

In the present paper, we report that at low pH values within the
physiologically normal range, gelsolin binds lipids in the absence
of PPI, and that it becomes partially embedded in vesicles. We
confirm the contribution of the C-terminal half of gelsolin (G4–6)
in this interaction. Gelsolin may therefore provide a stable mem-
brane anchor for actin filaments in regions of low PPI concentra-
tion that may then be released upon local increases of PPI pro-
duction.

In addition to binding to actin and regulating the actin cyto-
skeleton, gelsolin has numerous ancillary functions, such as an
involvement in apoptosis [19], and functions that do not have
any clear connection to the cytoskeleton. For example, gelsolin
doubles as a crystallin in the fish eye [20], is reported to act as a
morphogen in development [21] and may function to carry certain
lipids in serum [22]. Lipid binding may play an important part in
all of these other functions that gelsolin performs. In the present
paper, we report that gelsolin binds to lipid vesicles by partial
insertion, and that the vesicle-bound gelsolin is capable of binding
to actin filaments, presumably through barbed end capping.

MATERIALS AND METHODS

Proteins and peptides

All recombinant proteins in this study were expressed in
Escherichia coli BL21 derivatives using the pMW172 vector [23].
A gelsolin amino-acid numbering system based on the human
plasma gelsolin [24] is used in the present paper as has become
standard [25–27]. For example, G1 is defined as extending from
Pro39 to Tyr133, and G2 as being Gly137 to Leu247. G1–3 (residues
1–407) was expressed in BL21(de3) cells and was purified from
the soluble fraction of the bacteria as described previously [26].
G4–6 (residues 407–755) [26] was produced in BL21(de3) cells
and was purified from inclusion bodies. Whole gelsolin was pro-
duced in E. coli BL21(de3). Soluble protein was dialysed against
10 mM Tris/HCl, pH 8.0, 1 mM EGTA, 1 mM sodium azide and
50 mM NaCl, and was added to a DE52 column equilibrated with
the same buffer. Pure gelsolin was eluted from the column
with 10 mM Tris/HCl, pH 8.0, 2 mM CaCl2, 1 mM sodium azide
and 50 mM NaCl [28]. Rhodamine-labelled synthetic peptide
derived from gelsolin sequences, RhoB–QRLFQVKGRR was
obtained as described previously [29]. Biotinylation of gelsolin
by BACNHS (biotinamidocaproate N-hydroxysuccinimide ester)
was performed as previously reported [30]. Excess reagents were
eliminated by chromatography on a PD10 column (Amersham
Biosciences) in 0.1 M NaHCO3 buffer, pH 8.6. Rabbit skeletal
muscle actin was produced from acetone powder [31], and was
labelled at Cys374 by pyrenyl iodoacetamide [32].

Gelsolin chymotryptic fragments were electroblotted on to a
PVDF membrane and subjected to N-terminal sequencing using
a PerkinElmer Procise 492 sequencer operated according to the
supplied pulsed liquid program.

Preparation of liposomes: SUVs (small unilamellar vesicles)

PC (1,2-dioleyl-sn-glycero-3-phosphocholine or phosphatidyl-
choline), Br-PC [1,2-dibromostearoyl-sn-glycero-3-phosphocho-
line; catalogue number 850366] and NBD-PC (1-palmitoyl-2-
{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-gly-
cero-3-phosphocholine; catalogue number 810130) were
purchased from Avanti Polar Lipids. PG (1,2-diacyl-sn-glycero-
3-phosphoglycerol or phosphatidylglycerol), PS (1,2-diacyl-sn-
glycero-3-phospho-L-serine or phosphatidylserine) and PtdIns-

(4,5)P2 [1,2-diacyl-sn-glycero-3-phospho-(1-o-myo-inositol 4,5-
bisphosphate] were purchased from Sigma.

A mixture containing phospholipids in chloroform were dried
under a stream of N2 with a TurboVap Evaporator (Zymark,
Hopkinton, MA, U.S.A.). They were dried further under high
vacuum for 1 h. The dried lipids were resuspended in water at
10 mg/ml and then sonicated with a micro-tip sonicator (Branson
Digital Sonifier) at 10% amplitude until nearly optically clear.

Immunological techniques

The ELISA technique, described previously in detail in [33],
was used to monitor the interaction of biotinylated gelsolin with
phospholipids that were immobilized on plastic microtitre wells.
Lipids were coated at 40 µg/ml by the ELISA methods that we
have characterized previously and have proven to be specific
[33]. We have rigorously tested the binding assay used in the
present study [34]. Peptides derived from CTP:phosphocholine-
cytidylyltransferase were used to test specific SUV binding [34],
and we found that only those peptides from the well char-
acterized lipid–protein interface interacted with coated SUVs (M.
Larvor, R. Cerdan and C. Roustan, unpublished work). Inter-
action was monitored using alkaline-phosphatase-labelled strept-
avidin (diluted 1/1000). Control assays were carried out in wells
saturated with gelatin and with gelatin hydrolysate alone. Each
assay was conducted in triplicate, and the mean values were
plotted after subtraction of non-specific absorption. The binding
parameters (apparent dissociation constant, Kd, and the maximal
binding, Amax) were determined by non-linear fitting:

A = Amax · [L]/(Kd + [L]) (1)

where A is the absorbance at 405 nm and [L] is the ligand
concentration, by using the CurveFit software developed by K.
Raner (Mt Waverley, Vic, Australia). Additional details on the
different experimental conditions are given in the Figure legends.

Fluorescence measurements

Fluorescence experiments were conducted with a LS 50
PerkinElmer luminescence spectrometer. Emission spectra for
the intrinsic fluorescence of tryptophan were obtained with a
wavelength of excitation at 280 nm. The fluorescent reagent DPH
(1,6-diphenyl-1,3,5-hexatriene) was purchased from Sigma–
Aldrich.

Collisional quenching of a fluorophore, such as tryptophan in
the present study, is described by the Stern–Volmer equation,
F◦/F = 1 + KD · [Q] where F and F◦ are the fluorescence inten-
sities in the presence and in the absence of the quencher (Q)
respectively, and KD is the Stern–Volmer constant [35]. The con-
stant KD depends upon the lifetime of fluorescence without
quencher and the bimolecular rate constant for the quencher. In
the present study, acrylamide was chosen as the quencher.

Actin polymerization

Actin polymerization and depolymerization were monitored by
fluorescence measurements. Fluorescence increase of pyrenyl-
actin [32,36] was used as an indicator of actin polymerization.
Excitation and emission wavelengths for pyrenyl-actin were set
at 355 and 386 nm respectively. Actin polymerization was induced
by the addition of 2 mM MgCl2 and 0.1 M KCl. Nucleation
enhanced by gelsolin was determined by measuring the rate
of actin polymerization [37,38]. G-actin (2.3 µM) was added
to 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP, 0.5 mM CaCl2
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and 20 mM Tris/HCl buffer at pH 7.5 or 2 mM MgCl2 and 0.1 M
KCl, 20 µM ATP and 20 mM Mes buffer at pH 5.8 in the presence
or absence of 26 nM gelsolin. The severing activity of gelsolin is
directly related to the depolymerization rate [26] observed when
25 µM fluorescent F-actin (pre-capped by 1:1000 molar ratio
of gelsolin) is diluted to 480 nM in the two buffers described
above in the presence of 26 or 52 nM gelsolin. Results obtained
with or without SUVs (0.2 mg/ml) (25 % PG + 75% PC) were
compared.

Confocal microscopy observations

Liposomes and actin filaments were observed at 25 ◦C using con-
focal microscopy (Leica TCS 4D microscope). To observe lipo-
somes by fluorescence microscopy, the SUVs were prepared by
adding 2% NBD-PC. To visualize F-actin, rhodamine–phalloidin
(R + 415; Molecular Probes) was added. The final concentration
of rhodamine–phalloidin in microscope specimens was about
20 nM. The preparations were mounted in Mowiol.

Analytical methods

Protein concentrations were determined by UV absorbance using
a Varian MS 100 spectrophotometer. Gelsolin domain concen-
trations were determined spectrophotometrically using values
of A280 (1 cm−1) = 15.5 µM for G4–6, 21.0 µM for G1–3 and
8.93 µM for whole gelsolin. These extinction coefficients were
calculated by tryptophan, tyrosine and cysteine content [39].
Electrophoresis was carried out on 15 % (w/v) polyacrylamide
slab gels, according to the method of Laemmli [40], and stained
with Coomassie Blue.

RESULTS

Interaction of gelsolin with various phospholipid mixtures:
evidence by intrinsic tryptophan fluorescence

It has been reported that a critical concentration of PtdIns(4,5)P2

is necessary in order to inhibit gelsolin activity in a background of
mixed lipids [41]; no effect was observed when PtdIns(4,5)P2 was
present at 3% compared with the change observed in the presence
of 10% PtdIns(4,5)P2. Interestingly, it was observed that addi-
tion of 20% PS to the vesicles dropped this critical concentration
of gelsolin activity to 3% PtdIns(4,5)P2 (data not shown in [41]).
We therefore tested the possibility that gelsolin would interact
with mixed lipids (PC + PG or PS) in vesicular form (SUV), even
in the absence of PPI.

In a first set of experiments, we analysed the ability of gelsolin to
interact with liposomes at neutral pH by monitoring fluorescence
changes due to the modification of the gelsolin tryptophan en-
vironment. Table 1 shows that the changes in tryptophan fluore-
scence depend on the composition of the liposomes. No significant
change was observed with 100% PC, a small, but significant,
fluorescence enhancement (1.04) occurs in mixed lipids (75%
PC + 25% PS or PG). This interaction is not calcium-dependent.
In contrast, the presence of 30 % PtdIns(4,5)P2 with PC and
PG, induced a specific change (fluorescence quenching) in the
environment of the gelsolin tryptophan residues. As shown in
Table 1, a 10% fluorescence decrease was observed. In addition,
while 3% PtdIns(4,5)P2 in pure PC liposomes does not induce
a significant fluorescence change, the presence of PG in the
same micelles induces a fluorescence quenching which indicates
that gelsolin binds to PtdIns(4,5)P2. In a control experiment, we
observed the expected fluorescence quenching (up to 36% in
our experimental conditions; Table 1) induced by the binding of

Table 1 Interaction of gelsolin (20 µg/ml) with PG/PC SUVs (0.4 mg/ml)
was monitored by fluorescence

Enhancement (F/F◦) in the intensity of the fluorescence emission spectra of gelsolin tryptophan
residues were recorded at pH 7.0 in 0.15 M NaCl and 1 mM EGTA or 1 mM CaCl2 and 0.05 M
Tris/HCl buffers. Excitation was fixed at 280 nm and emission was recorded at 340 nm.

Lipid mixture Changes in tryptophan fluorescence (F/F◦)

PC (100 %) 1.00 +− 0.01
PC (75 %) + PG (25 %) + EGTA 1.04 +− 0.01
PC (75 %) + PG (25 %) + Ca2+ 1.04 +− 0.02
PC (75 %) + PS (25 %) + EGTA 1.04 +− 0.02
PC (70 %) + PtdIns(4,5)P2 (30 %) 0.90 +− 0.02
PC (97 %) + PtdIns(4,5)P2 (3 %) 1.00 +− 0.01
PC (75 %) + PG (22 %) + PtdIns(4,5)P2 (3 %) 0.96 +− 0.02
PtdIns(4,5)P2 (100 %) 0.64 +− 0.04

Figure 1 Effects of pH on the interaction of gelsolin with PG/PC SUVs

Interaction of gelsolin with SUVs (0.4 mg/ml) (25 % PG + 75 % PC) was monitored by
fluorescence. Enhancement (F/F◦) in the intensity of the fluorescence emission spectra of
gelsolin tryptophan residues were recorded at various pH between 5.6 and 7.5 in 0.15 M NaCl,
1 mM EGTA and 0.05 M Mes or Tris/HCl buffers. Excitation was fixed at 280 nm and emission
was recorded at 340 nm.

gelsolin to pure PtdIns(4,5)P2 micelles. These last results are in
agreement with previous reports [41,42].

In a previous study [12], we demonstrated that the change in
gelsolin conformation during activation resulting from a drop
in pH is different from that induced by calcium. In the present
study, we tested the effect of pH on the interaction of gelsolin
to liposomes consisting of PC/PG or PC/PS. In the presence
of PC/PG liposomes, an increase in tryptophan fluorescence
induced by the interaction with SUVs following a pH decrease
was observed (Figure 1). Similar results were obtained with
PC/PS liposomes (results not shown). A maximum fluorescence
enhancement of 16 +− 2% (mean of five experiments) is observed
at pH below 6. The data reported in Figure 1 are consistent with
an assumed pKa of approx. 6.5. These results suggest a direct
pH-dependent interaction with mixed phospholipids, resulting
in an alteration of the environment of intrinsic tryptophan in
gelsolin. This fluorescence change, as shown in Figure 2, is time-
dependent, with an apparent rate constant of 0.60 +− 0.06 min−1.

Adsorption of gelsolin to PC/PG liposomes

The ability of gelsolin to bind to liposomes was analysed by
fluorescence anisotropy changes and ELISA. Figure 3(A) shows
that the fluorescence anisotropy of gelsolin tryptophan increases
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Figure 2 Kinetics of the interaction of gelsolin with PG/PC SUVs at pH 5.6
monitored by fluorescence

SUVs (25 % PG + 75 % PC, 0.4 mg/ml) were added to gelsolin in 0.15 M NaCl, 5 mM EGTA
and 0.05 M acetate buffer, pH 5.6, and changes in fluorescence intensity of gelsolin tryptophan
residues at 340 nm were recorded over time. Inset, graphical determination of the constant rate
related to the fluorescence enhancement induced by gelsolin interaction with PG/PC SUVs,
log [(xm − x)/xm] is plotted against time, where xm is the maximum fluorescence change
observed and x is the fluorescence change at time t . a.u., arbitrary units.

with the concentration of phospholipids varied between 0 and
0.9 mg/ml, thus demonstrating a direct association between the
protein and liposomes. A similar change is observed for two pH
values (7.0 and 5.6). However, as the size distribution of the
liposomes is likely to depend in part on the lipid concentration,
a quantitative analysis of the gelsolin binding was not possible.
In addition, the increase in tryptophan fluorescence shown in
Figure 2 is time-dependent, whereas the increase in fluorescence
anisotropy is instantaneous (Figure 3A, inset). The binding cor-
responds to a direct interaction with PG/PC SUVs, followed by a
reorganization of the gelsolin–phospholipid complex.

In order to circumvent these problems, we studied the inter-
action further using an ELISA approach. In these experiments,
lipids were coated to the wells of plastic microtitre plates, and the
interaction of biotinylated gelsolin was monitored using alkaline-
phosphatase-labelled streptavidin. A similar saturation curve was
obtained at the two pH values tested (pH 6.0 and 7.2), and an
apparent Kd of 20 nM was estimated (Figure 3B). The orientation
of the gelsolin molecule with respect to the phospholipid surface
has yet to be determined.

Does gelsolin insert into phospholipid liposomes?

To determine if the gelsolin molecule intercalates into the hydro-
phobic part of the lipids in liposomes, three approaches were
tested:

(i) When gelsolin is added to brominated vesicles containing
25% PG, 37.5% Br-PC and 37.5 % PC, the emission spectrum
of tryptophan is quenched up to 19% at pH 5.6 (Figure 4). The
spectral effect is time-dependent, with a constant rate similar to
that reported for unlabelled SUVs (0.6 min−1). The fluorescence
decrease is also pH-dependent, the effect being of only 10 % at
pH 6.4 and less than 3% at pH 7.0. At neutral pH, the small
variation observed is not enhanced in the presence of calcium
(Table 2). The fluorescence quenching observed at acidic pH
suggests proximity between gelsolin and the quencher (Br)
located into the hydrophobic core of the vesicle.

(ii) Experiments were also performed to test the accessibility of
the gelsolin tryptophan residues in the presence or the absence
of liposomes (25% PG and 75% PC) at pH 5.6 and 7.0. The

Figure 3 Binding of gelsolin to PG/PC SUVs

(A) Interaction of gelsolin monitored by tryptophan fluorescence anisotropy. Experiments were
carried out in 0.15 M NaCl, 5 mM EGTA and 0.05 M acetate buffer, pH 5.6 (�), or 0.15 M NaCl,
1 mM EGTA and 0.05 M Tris/HCl buffer, pH 7.0 (�). Anisotropy change is plotted against PG/PC
SUV concentration. Inset, PG/PC SUVs (0.4 mg/ml) were added to gelsolin at zero time, and
anisotropy was recorded over time at pH 5.6 (�) or pH 7.0 (�). (B) Interaction of gelsolin with
coated phospholipids (0.04 mg/ml) (25 % PG + 75 % PC). Biotinylated gelsolin was added at
various concentrations (0–110 nM) at pH 5.6 (�) or pH 7.0 (�) in the same buffers, and the
binding was monitored at 405 nm.

results obtained using acrylamide as a quenching reagent (Fig-
ure 5) show that the tryptophan residues of gelsolin are, at pH 5.6,
somewhat less shielded from the solvent than at pH 7.0, since the
apparent KD is less for the last condition (KD = 13.2 +− 0.5 M−1)
than for the pH 5.6 (KD = 18.0 +− 1 M−1), according to the
opening of the molecule induced by a pH decrease [11,12]. In
contrast, at neutral pH, the addition of lipids induced only a small
change in the tryptophan accessibility (KD = 12.0 +− 0.5 M−1,
instead of KD = 13.2 +− 0.5 M−1) and a significant insertion of
gelsolin into the PG/PC SUV surface is indicated at pH 5.6
(KD = 11.0 +− 1 M−1, instead of KD = 18.0 +− 1 M−1).

(iii) In a third series of experiments, the interaction of gelsolin
was investigated by FRET (fluorescence resonance energy
transfer). The fluorescent reagent DPH was incorporated into the
hydrophobic layer of the phospholipids mixture, and fluorescence
of gelsolin tryptophan was monitored at pH 5.6. The excitation
spectrum of the reagent overlaps with the fluorescence emission
of tryptophan. As shown in Figure 6, we observed that quench-
ing of the tryptophan fluorescence upon gelsolin binding to
labelled liposomes correlated with the appearance of an emission
spectrum corresponding to DPH. These data corresponding to
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Figure 4 Kinetics of the interaction of gelsolin with Br-PC/PG SUVs at
pH 5.6 monitored by fluorescence

SUVs (25 % PG, 37.5 % Br-PC and 37.5 % PC) at 0.4 mg/ml were added to gelsolin in 0.15 M
NaCl, 5 mM EGTA and 0.05 M acetate buffer, pH 5.6, and fluorescence quenching of gelsolin
tryptophan residues was recorded over time. Inset, graphical determination of the constant rate
related to the fluorescence quenching induced by gelsolin interaction with Br-PC/PG SUVs,
log [(xm − x)/xm] is plotted against time, where xm is the maximum fluorescence change
observed and x is the fluorescence change at time t . a.u., arbitrary units.

Table 2 BrPC-PG SUVs (0.4 mg/ml) were added to gelsolin (20 µg/ml) in
0.15 NaCl, 5 mM EGTA and 0.05 M acetate or Mes for pH 5.6, 0.05 M Mes
for pH 6.4 and 0.05 M Tris/HCl for pH 7.0

Lipid mixture pH Quenching (%)

37.5 % PC + 37.5 % Br-PC + 25 % PG + EGTA 5.6 19 +− 2
37.5 % PC + 37.5 % Br-PC + 25 % PG + EGTA 6.4 10 +− 1
37.5 % PC + 37.5 % Br-PC + 25 % PG + EGTA 7.0 1–3
37.5 % PC + 37.5 % Br-PC + 25 % PG + Ca2+ 7.0 1–3

Figure 5 Quenching of tryptophan fluorescence of gelsolin by acrylamide

Stern–Volmer plot for the quenching of gelsolin by acrylamide in 0.15 M NaCl, 5 mM EGTA and
0.05 M acetate buffer, pH 5.6 (�) or 0.15 M NaCl, 1 mM EGTA and 0.05 M Tris/HCl buffer, pH 7.0
(�). The same experiments were also performed in the presence of PG/PC SUVs (0.4 mg/ml)
(25 % PG + 75 % PC) at pH 5.6 (�) or pH 7.0 (�). F◦/F was determined as described in the
Materials and methods section. The excitation wavelength was set at 280 nm.

FRET are indicative of proximity between the two lots of chromo-
phore. However, a more quantitative approach is not possible as
the observed FRET is the integration of several of the 15 trypto-
phan residues present in gelsolin.

Taken together, these data indicate that the interaction of gel-
solin with lipids is superficial at neutral pH and that gelsolin
partially intercalates into the hydrophobic core of the vesicles at
more acidic pH within the physiological range.

Figure 6 Interaction of gelsolin with phospholipids measured by FRET

Tryptophan emission spectra of gelsolin–PG/PC SUV complexes were performed in 5 mM
EGTA and 0.05 M acetate buffer, pH 5.6, in the absence (—) and in the presence of 4 µM DPH
(- . - . -). Gelsolin was used at 0.4 µM and PG/PC SUVs (25 % PG + 75 % PC) were at 0.4 mg/ml.
Excitation was at 280 nm and emission was recorded between 300 and 500 nm. The emission
spectrum between 400 and 500 nm of the tertiary complex resulting from the excitation of DPH
fluorophore at 350 nm is also included (- .. - .. - .. -, secondary y-axis). a.u., arbitrary units.

Figure 7 Effect of PG/PC SUVs on susceptibility of gelsolin to chymotryptic
digestion at pH 7.0

Digestion of gelsolin in 0.15 M NaCl, 1 mM CaCl2 and 0.05 M Tris/HCl buffer, pH 7.0, by
chymotrypsin (chymotrypsin/gelsolin ratio, 1:300, w/w) for various times (3, 6, 10 and 15 min)
in the absence (lanes 2–5 respectively) or in the presence of 0.4 mg/ml PG/PC SUVs (25 % PG +
75 % PC), (lanes 6–9 respectively). Gelsolin at zero time is in lane 1. Molecular-mass mar-
kers are in lane M; standards are phosphorylase B (97.4 kDa), BSA (66.2 kDa), ovalbumin
(45 kDa), carbonic anhydrase (31 kDa), soybean trypsin inhibitor (21.5 kDa) and lysozyme
(14.5 kDa). Samples were separated by SDS/15 % (w/v) PAGE.

Cleavage of gelsolin by chymotrypsin

The chymotryptic digestion of gelsolin carried out at neutral pH
produces three major fragments G1, G2–3 and G4–6 [43,44]. A
fine transitory band of approx. 75–80 kDa is also present [45]. As
shown in Figure 7, neither the cleavage pattern of gelsolin nor
the rate of proteolysis is significantly different in the presence
of lipids at pH 7.0. The same digestion conducted at pH 6.0,
however, is quite different. A 63 kDa fragment appears first and is
quickly degraded (Figure 8). Two major fragments with molecular
masses of 50 kDa and 45 kDa appear also in the beginning
of the proteolysis. We have determined that the N-terminal
sequence of the 63 kDa fragment is ERLK (Glu-Arg-Leu-Lys),
corresponding to a cleavage at position 209. The N-terminal
sequences of the two other fragments are LSSH (Leu-Ser-Ser-
His) and AAQH (Ala-Ala-Gln-His), corresponding to positions
383 and 407 respectively. Many uncharacterized bands below
20 kDa were also observed. These data suggest that, at pH 6.0,
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Figure 8 Effects of PG/PC SUVs on the susceptibility of gelsolin to
chymotryptic digestion at pH 6

(A) Digestion of gelsolin in 0.1 M Mes buffer, pH 6.0, by chymotrypsin (chymotrypsin/gelsolin
ratio, 1:200, w/w) for various times (3, 6, 10 and 15 min) in the absence (lanes 2–5 respectively)
or in the presence of 0.4 mg/ml PG/PC SUVs (25 % PG + 75 % PC) (lanes 6–9 respect-
ively). Gelsolin at zero time is in lane 1. Molecular-mass markers are in lane M and are as in
Figure 7. Samples were separated by SDS/12.5 % PAGE. (B) Kinetics of chymotryptic digestion.
Bands in the electrophoretic gel presented above were integrated and the intensity plotted against
time. Results are for 90 kDa (gelsolin) compound with (�) or without PG/PC SUVs (�), and
63 kDa fragment with (×) or without PG/PC SUVs (�). a.u., absorbance units.

a cleavage takes place within the G2 domain (not observed at
neutral pH) in addition to the production of the G4–6 fragment.
However, we did not observe a 30 kDa peptide corresponding
to the degradation of the G1–3 domains into G1 and G2–3.
More interestingly, this proteolysis is significantly slowed by the
presence of phospholipids (Figure 8). Since the vanishing rate of
the entire gelsolin band seems unaffected in the presence of PG/PC
SUVs (Figure 8), the degradation of the 63 kDa fragment into
the G4–6 fragment is drastically and specifically impeded. This
result suggests the participation of the link between the N- and C-
terminal domains in the pH-dependent phospholipid interaction.

Orientation of the gelsolin molecule towards the vesicle surface

The ability of gelsolin fragments, G1–3 and G4–6 to interact
with the phospholipid mixture was then tested at pH 5.6 (Figure 9).

Figure 9 Tryptophan fluorescence of gelsolin (1), G1–3 (2) and G4–6 (3) in
the presence of PG/PC SUVs and Br-PC/PG SUVs at pH 5.6

In a first experiment, we observed a 16% enhancement of the
tryptophan emission spectrum induced by G1–3 incorporation
and only 2% enhancement for the G4–6 domains. By using
brominated phospholipids (25 % PG, 37.5% Br-PC and 37.5 %
PC), a more significant quenching is observed with the G1–3
domains (18%) and with the G4–6 domains (9%). The data ob-
tained with the G1–3 domains used alone are similar to those
observed with the entire gelsolin molecule, which might suggest
that the G1–3 domains alone are inserted in the lipid core;
however, other explanations are possible. Finally, we have found
that the N-terminal sequence of the G2 domain (RhoB–QRLFQ-
VKGRR) that is known to interact with PtdIns(4,5)P2 [29] can
also insert into PG/PC SUVs in the absence of PtdIns(4,5)P2. We
observed that, after incubation of this rhodamine-labelled pep-
tide with phospholipids, a complete quenching of the fluorophore
was observed together with an increase in the rhodamine fluore-
scence anisotropy (results not shown). Similar results were
observed at either pH 5.6 or pH 7.5.

Effect of PG/PC SUV on gelsolin activity

Two sets of experiments were performed to test gelsolin activity.
Gelsolin greatly enhanced the rate of actin polymerization
whatever the pH used (pH 7.5 or 5.8), as shown in Figure 10,
and accordingly to the well-established properties of gelsolin
[11,26,38,42]. More interestingly, the presence of PG/PC SUVs
(25% PG + 75% PC) does not significantly alter the gelsolin
activity (Figures 10A and 10B), indicating that interaction of
gelsolin with PG/PC SUVs does not impede G-actin–gelsolin
association leading to nuclei formation. This proposition was
tested by confocal microscopy. Polymerization of G-actin (3 µM)
in the presence of gelsolin (52 nM) and PG/PC SUVs (0.2 mg/ml)
was performed as for nucleation experiments, except that the
actin was stained with rhodamine-phalloidin, and the PG/PC
SUVs were prepared with 2 % NBD-PC. Actin and PG/PC SUVs
in the absence of gelsolin are used as references. We observed
the formation of short actin filaments in the presence of gelsolin–
PG/PC SUV complex at the two pH values tested (pH 5.8 and 7.5)
(Figure 11). This was in contrast with the reference experiments
showing very long actin filaments. Figure 11 also shows localiz-
ation of PG/PC SUVs along actin filaments in all cases, but in

c© 2005 Biochemical Society



Gelsolin binds lipid vesicles and microfilaments simultaneously 53

Figure 10 Effect of PG/PC SUVs on the activation of gelsolin nucleating
activity

Labelled 2.3 µM G-actin was added to 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP and 20 mM
Mes buffer at pH 5.8 (A) or 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP, 0.5 mM CaCl2 and
20 mM Tris/HCl buffer at pH 7.5 (B) in the presence (circles) or in the absence (squares) of
26 nM gelsolin, as described in the Materials and methods section. The increase in fluorescence
in the presence (open symbols) or in the absence (closed symbols) of PG/PC SUVs (25 %
PG + 75 % PC) at 0.2 mg/ml was plotted against time. a.u., arbitrary units.

the absence of gelsolin, more PG/PC SUVs seem free from F-
actin. More interestingly, in the presence of gelsolin, we observe
a co-localization (Figures 11A, 11a, 11C and 11c) of PG/PC
SUVs (yellow/orange) with short filaments (red) all around
liposomes. These results clearly suggest that gelsolin associated
with liposomes allows actin polymerization from these loci of
nucleation.

In severing assays, the rate of fluorescence decrease was
measured after dilution (1/52) of gelsolin-capped F-actin in the
presence of several gelsolin concentrations (0, 26 and 52 nM)
(Figure 12). In these experiments, the effect of PG/PC SUVs on
gelsolin activity was larger at acidic pH (70% inhibition) than at
pH 7.5 (10% inhibition). The same relative extent of inhibition
was observed at the two gelsolin concentrations used.

DISCUSSION

When presented with high lipid concentrations, gelsolin can bind
as many as ten PtdIns(4,5)P2 molecules [41]. The value of the
ratio between gelsolin and PtdIns(4,5)P2 has been contentious,
and has been complicated by differences in the state or present-
ation of the lipid between studies. When presented as a minor
component with other lipids, one PtdIns(4,5)P2 binds one gelsolin
[41]. This is probably close to the physiological situation, as PPIs

Figure 11 Confocal image of actin filaments in association with PG/PC
SUVs and gelsolin

G-actin (3 µM) was added to 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP and 20 mM Mes buffer
at pH 5.8 or 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP, 0.5 mM CaCl2 and 20 mM Tris/HCl
buffer at pH 7.5 in the presence of PG/PC SUVs at 0.2 mg/ml (25 % PG + 75 % PC) containing
2 % NBD-labelled PC. Actin filaments were stained with rhodamine-labelled phalloidin before
visualization. (A), (a), (B) and (b) show experiments performed at pH 5.8 in the presence or
absence of 52 nM gelsolin respectively. (C), (c), (D) and (d) show experiments performed at
pH 7.5 in the presence or absence of 52 nM gelsolin respectively. Scale bar, 2 µm.

are relatively scarce. For example, PtdIns(4,5)P2 accounts for
0.3–1.5% of the plasma membrane of a variety of mammalian
cells [46]. However, it is known that PPIs forms aggregates within
the bilayer under the influence of certain proteins [46] and so there
may be many possible modes of PPI and other lipid binding. The
finding that several sites within gelsolin can be cross-linked to
PPI analogues would seem to support this view [47]. Together
with our present data, indicating that gelsolin binds non-PPI
lipids with high affinity, it seems likely that gelsolin may bind up to
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Figure 12 Effects of PG/PC SUVs on the severing activity of gelsolin

(A) Labelled 25 µM F-actin (pre-capped by 1:1000 molar ratio of gelsolin) was diluted to
480 nM in either 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP and 20 mM Mes buffer at pH 5.8
(left-hand panel) or 2 mM MgCl2 and 0.1 M KCl, 20 µM ATP, 0.5 mM CaCl2, 20 mM Tris/HCl
buffer at pH 7.5 (right-hand panel) in the presence of 52 nM gelsolin (squares) or in the absence
of gelsolin (circles). Fluorescence at 386 nm (a.u., arbitrary units) was reported over time in the
absence (open symbols) and in the presence (closed symbols) of PG/PC SUVs (25 % PG +
75 % PC) at 0.2 mg/ml. (B) Rates of depolymerization were measured from experiments
conducted as in (A). Left-hand panel, pH 5.8 buffer; right-hand panel, pH 7.5 buffer, with
52 nM (lanes 1 and 2) or 26 nM (lanes 3 and 4) gelsolin. The rate of actin depolymerization
(a.u.) was reported in the absence (lanes 1 and 3) and in the presence (lanes 2 and 4) of PG/PC
SUVs (25 % PG + 75 % PC) at 0.2 mg/ml.

Figure 13 Domain structure of gelsolin showing proteolytic products at
pH 7.0 (broken lines) and pH 6.0 (solid lines, 45, 50 and 63 kDa products)
in the presence of PG/PC SUVs

Lipid-binding regions are also shown in the lower part of the diagram: 1 and 2, the well-docu-
mented PtdIns(4,5)P2-binding sites 135–149 and 150–169; 3, a possible lipid-binding site
suggested by the present study; 4 and 5, other sites in G4–6.

four PtdIns(4,5)P2 if they are available, through direct inter-
actions with the sites (Figure 13) on gelsolin, but, at lower
PtdIns(4,5)P2 concentrations, these sites may be occupied by
other lipids. This is in agreement with others who conclude that

gelsolin requires a net negative charge created by lipids other than
PPIs, a hydrophobic interface or PPI for membrane interaction
[41].

Gelsolin has been found to be associated with both membranes
and actin filaments in activated macrophages and platelets [15,49].
This is a surprise, since PtdIns(4,5)P2 has been assumed to
be the binding site and yet this lipid dissociates the gelsolin–
actin complex [13,17]. It is possible that the binding sites for
the gelsolin–actin complexes in these macrophages and platelet
membranes are lipids other than PPIs and that these do not
dissociate the complex. We have found that binding of gelsolin to
the PG/PC SUVs does not inhibit the nucleation of actin polymer-
ization, but reduces the severing rate caused by gelsolin at low
pH. We have also shown that gelsolin increases the amount of
actin microfilaments associated with PG/PC SUVs by microscopy.
These observations are consistent with the barbed end capping of
actin microfilament by gelsolin, with the simultaneous binding to
the PG/PC SUVs, and that gelsolin bound by PG/PC SUVs has
a reduced capacity for actin filament severing. Thus, unlike PPIs,
these non-PPI lipids do not lead to dissociation of the gelsolin–
actin complexes. Our microscopic observation also reveals that
there is a weak interaction between the PG/PC SUVs and actin in
the absence of gelsolin in agreement with previous studies [48].
Another non-exclusive possibility is that barbed-end-associated
gelsolin binds the membrane through other protein intermediaries
as a number of possible partners exist. For example, gelsolin binds
directly to phospholipase D [50], is localized to the focal adhesion
through an interaction with proline-rich tyrosine kinase-2 [51],
and binds to phosphoinositide 3-kinase [52].

Tryptophan fluorescence quenching by acrylamide is pH-
dependent, in agreement with our previous study with G4–6 [12].
Lower pH activated gelsolin in a similar, but distinct, manner
observed in the presence of calcium. Lower pH ‘opened up’
the gelsolin molecule and this is reflected by greater acrylamide
quenching and enhanced tryptophan fluorescence. The presence
of the PG/PC SUVs did not markedly affect quenching by
acrylamide at pH 7.0, whereas at pH 5.6, a large difference was
found. We hypothesize that PG/PC SUV binding causes large
conformational changes in gelsolin that are distinct from that
caused by low pH alone, as tryptophan fluorescence is quenched
in the presence of PG/PC SUVs at low pH. The tryptophan
quenching data indicates an intercalation into the lipid bilayer
and corresponds to a pKa of approx. 6.5. This is in contrast with
the pH effect on the gelsolin activity with regard to microfilament
severing, which shows a maximum effect below pH 6 [11]. This
intercalation is also supported by our FRET experiments.

Although the primary PtdIns(4,5)P2-binding sites are reported
to be within G1–3, several studies conclude that G4–6 is also in-
volved [47,53]. G1–3 bound to PtdIns(4,5)P2 with approx. 7-fold
lower Kd than G4–6 under a variety of conditions [53]. The present
study has raised the possibility that not only does gelsolin bind
the surface of lipids, but also that it becomes partially embedded
within the lipid core. Previous studies have indicated that various
peptides derived from PPI-binding regions of gelsolin have this
capacity in isolation. The rhodamine-labelled peptide can not only
embed within membranes, but also passes through them, and, in so
doing, may exert microbial toxicity [54]. We have also found that
this peptide can incorporate into our PG/PC SUVs in the absence
of PPIs. The importance of hydrophobic interactions between
gelsolin and PPIs has been suggested by a molecular dynamic
study in which the PPIs are pulled out to some extent from the
bilayer [55].

Our work indicates that G4–6 also contains a lipid-binding
region as shown in Figure 9. Tryptophan fluorescence is quenched
by Br-PC/PG SUVs, and we suspect that Trp423 may be one of
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these residues, since it is partially exposed on the surface of closed
gelsolin [27] and is part of the connection between the two halves
of the molecule towards the N-terminus of G4–6. This site be-
comes protected in the presence of lipids possibly by being buried
in or stabilized by the lipid bilayer. Others have shown that this re-
gion is also protected against caspase 3 when bound by either mi-
celles or vesicles containing PtdIns(4,5)P2 or PtdIns(3,4)P2 lipids
[56].

The PtdIns(4,5)P2-binding domain P2 has a propensity to form
a helix in the presence of lipid [57,58], whereas it is other-
wise a random coil [27]. The effector domain of the MARCKS
(myristoylated alanine-rich C-kinase substrate) protein is similar
to P2 in that it is basic, being lysine-rich, and, like P2, has
phenylalanine residues within the lysine-rich regions (Figure 13).
The effector domain, like P2, also passes through vesicles, and
it is proposed that the five phenylalanine residues penetrate the
hydrophobic core of the membrane [46].

A number of sites in gelsolin have been proposed to bind
PtdIns(4,5)P2, and these tend to be located in linker regions
between the discrete domains of gelsolin. The main sites appear
to be in the G1–2 linker region 135–149 and 150–169; secondary
sites have been identified within the C-terminal half of gelsolin
in the G5–6 linker region 620–634 and within the C-terminal 23
amino acids 732–755 [47]. If these primary regions are inserted
into the equivalent positions in G4–6 by mutagenesis, PPI binding
results [59], suggesting that these linker regions are also close, or
can be brought close to the lipid membrane. We hypothesize that
in addition to these linker regions, the extended linker region
between G3 and G4, which is the region that connects the
two halves of gelsolin, constitutes a further lipid-binding site.
Evidence for the involvement of this region comes from the lipid-
dependent inhibition of proteolytic cleavage of this site (Figure 8),
and the fact that G4–6 intrinsic fluorescence is also quenched by
Br-Pc lipids (Figure 9). We suggest further that our data indicate
that this region becomes inserted into the core of the lipid bilayer
in a PPI-independent manner at low pH.
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