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Tropomyosin has been shown to cause annealing of
gelsolin-capped actin filaments. Here we show that tro-
pomyosin is highly efficient in transforming even the
smallest gelsolin-actin complexes into long actin fila-
ments. At low concentrations of tropomyosin, the effect
of tropomyosin depends on the length of the actin oli-
gomer, and the cooperative nature of the process is a
direct indication that tropomyosin induces a conforma-
tional change in the gelsolin-actin complexes, altering
the structure at the actin (�) end such that capping by
gelsolin is abolished. At increased concentrations of tro-
pomyosin, heterodimers, trimers, and tetramers are
converted to actin filaments. In addition, evidence is
presented demonstrating that gelsolin, once removed
from the (�) end of the actin, can reassociate with the
newly formed tropomyosin-decorated actin filaments.
Interestingly, the binding of gelsolin to the tropomyo-
sin-actin filament complexes saturates at 2 gelsolin mol-
ecules per 14 actin and 2 tropomyosins, i.e. two gelsolins
per tropomyosin-regulatory unit along the filament.
These observations support the view that both tropomy-
osin and gelsolin are likely to have important functions
in addition to those proposed earlier.

In response to extracellular signals, cells change shape and
activity through processes that affect the dynamics of the actin-
based microfilament system. The plasticity of this chemo-me-
chanical transduction system is regulated by a large number of
diverse proteins, binding either monomeric or filamentous ac-
tin. The regulation involves proteins controlling actin assem-
bly, organizing filaments by cross-linking, and translocating
formed actin filament ensembles (1–4).

Gelsolin is an abundant actin binding protein thought to be
involved in cell shape regulation by controlling actin assembly at
the (�) end (fast growing end) of actin filaments and by severing
actin filaments (5). Gelsolin consists of six homologous domains
(6, 7), three of which bind to actin (8–11). Domain 1 of gelsolin
has a calcium-insensitive high affinity actin-binding site (Kd 5
pM), and domain 4 a calcium-sensitive, lower affinity actin-bind-
ing site (Kd 1.8 �M) (12). Domain 2 has been shown to bind to
actin filaments with a Kd of 2–7 �M (13, 14). Gelsolin can nucleate
filament formation by forming a complex with two actin mono-

mers. In this process, gelsolin binds to the (�) end of the mono-
mers, thereby initiating growth of a filament, where monomers
are added to the (�) end of the gelsolin-actin nucleus (15, 16).
Gelsolin remains bound as a cap on the (�) end of the filament,
inhibiting the further addition of actin monomers at that site.
Similarly, gelsolin remains bound to the (�) end of one of the
fragments after a severing event. These gelsolin activities can be
regulated by Ca2� and polyphosphoinositides (17–19).

Actin filaments in lamellipodia and filopodia at the periph-
ery of cells are organized with their fast growing (�) ends
toward advancing cell edges (20, 21), where there appears to be
specific protein modules involved in the addition of actin mono-
mers (22–25). Gelsolin has been detected at this location by
electron microscopy using gold-labeled gelsolin antibodies (26).
With the use of such antibodies in indirect immunofluores-
cence, gelsolin has also been shown to colocalize with both actin
stress fibers in non-muscle cells (27, 28) and with the I-bands in
sarcomeres of myofibrils (29). The function of gelsolin in these
structures is unknown.

Skeletal muscle tropomyosin is a 40-nm-long coiled-coil het-
erodimeric protein with seven actin-binding sites (30), display-
ing strong cooperative binding to actin filaments (31). At sat-
uration, both sides of the actin filament are associated with
tropomyosin, creating regulatory units along the filament con-
sisting of 14 consecutive actin monomers. Studies on truncated
forms of tropomyosin show that the N- and C-terminal ends of
the protein have major influences on its actin binding capacity
and its regulatory properties (32, 33). The multiple binding
sites and end-to-end binding are the likely basis for the coop-
erative regulation by calcium via troponin of the actomyosin
interaction in skeletal muscle fibers (34).

Myofibers express two isoforms of tropomyosin, whereas non-
muscle cells express 6–8 isoforms, whose pattern of expression
depends on the type of cell and the physiological conditions (35–
37). There is also a variation in the cellular distribution of the
tropomyosin isoforms, suggesting different tropomyosins in func-
tionally different actin organizations in the cell (38–40). Tropo-
myosin has been shown to stabilize and increase the rigidity of
actin filaments (41, 42) and to restore the polymerization of a
polymerization-defective actin mutant, implying that tropomyo-
sin strengthens the intermonomer bonds in the actin filament
(43). Furthermore, tropomyosin inhibits gelsolin severing of �-ac-
tin filaments (44) and anneals gelsolin-capped filaments, an ef-
fect enhanced by caldesmon (45).

Despite all the available information about tropomyosin, its
role in regulating the actomyosin system in both non-muscle
and muscle cells is still unclear. Smooth and non-muscle cells
do not express troponin; instead, these cells seem to control
their actomyosin system by other mechanisms, involving either
calcium/calmodulin-regulated caldesmon, a tropomyosin-inter-
acting protein with some homology to troponin (46), or phos-
phorylation of myosin (47).
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The observations reported here indicate that tropomyosin as
well as gelsolin might have important functions in addition to
those described before. First, tropomyosin is remarkably effec-
tive in transforming gelsolin-actin complexes into long fila-
ments. In fact, even short gelsolin-actin complexes (het-
erodimers, GA1; heterotrimers, GA2; and heterotetramers,
GA3) can be converted into long filaments by tropomyosin.
Second, the appearance of free gelsolin demonstrates that tro-
pomyosin actually dissociates the gelsolin-actin complexes. Fi-
nally, tropomyosin-decorated actin filaments were found to
bind gelsolin with a distinct stoichiometry of 2 gelsolin mole-
cules per 14 actins and 2 tropomyosins.

MATERIALS AND METHODS

Protein Purification—Bovine �-actin was purified from calf thymus
(48). The actin was stored in G buffer pH 7.6 (5 mM Tris-HCl, 0.5 mM

ATP, 0.1 mM CaCl2, and 0.5 mM DTT) and used within a week or
drop-frozen in (25-�l aliquots) liquid nitrogen. Bovine plasma gelsolin
was purified from calf serum utilizing Ca2�-dependent absorption to
DEAE-cellulose based on earlier protocols with some modifications (49,
50). Bovine blood obtained fresh from the slaughterhouse was clotted at
room temperature for 2 h, and the clot was removed by centrifugation.
Five hundred milliliters of serum was dialyzed in 25 mM Tris-HCl, pH
8.0, at 4 °C, 45 mM NaCl, 0.5 mM CaCl2, and 0.1 mM DTT (buffer A) with
continuous buffer changes. The dialyzed solution was applied to a
DEAE-cellulose (DE52, Whatman) column pre-equilibrated with the
same buffer. In the presence of Ca2�, gelsolin is recovered in the
flow-through. After the addition of EGTA to the flow-through (2 mM

final concentration), the solution was directly applied to a second
DEAE-cellulose column equilibrated with buffer A containing 1 mM

EGTA, allowing gelsolin to bind to the matrix. Gelsolin was eluted with
a 1–4 mM CaCl2 linear gradient in 25 mM Tris HCl, 30 mM NaCl, and 1
mM DTT. Finally, EGTA was added to the eluate to a concentration of
5 mM. The purity was checked by SDS-PAGE, and the protein was
dialyzed into a storage buffer containing 10 mM Tris HCl, pH 7.6, at
4 °C, 2 mM EGTA, and 0.2 mM DTT. Rabbit skeletal muscle tropomyosin
was purified as described earlier (51) and stored at �20 °C. Protein
concentrations were determined spectrophotometrically using the ex-
tinction coefficients of 0.63 ml�mg�cm�1 for actin at 290 nm, 1.538
ml�mg�cm�1 for gelsolin at 280 nm, and 0.3 ml�mg�cm�1 for tropomyosin
at 280 nm.

Sedimentation Assay—The effect of tropomyosin binding to gelsolin-
capped actin filaments was monitored using a sedimentation assay. For
this, samples of �-actin (20 or 10 �M) mixed with increasing concentra-
tions of gelsolin (0.1–20 �M) in G buffer was prepared. Polymerization
was initiated by the addition of MgCl2 and KCl to final concentrations
of 2 and 100 mM, respectively. The mixture was incubated at room
temperature for 2 h, then tropomyosin was added to final concentra-
tions of 1.5, 3.0, 5.0, or 10 �M, and the mixtures were incubated for
another hour. The samples were ultracentrifuged at room temperature
for 30 min at 30 p.s.i. in a Beckman Airfuge. The supernatants were
removed, and the pellets were briefly washed with F-buffer and resus-
pended in equal volumes of G buffer. Pellets and supernatants were
analyzed by SDS-PAGE using 10% gels (52). Gel electrophoresis under
non-denaturing conditions was performed using 4–15% Tris-HCl pre-
cast gels according to the manufacturer’s recommendations (Bio-Rad).
The proteins were visualized by Coomassie Blue staining, and the
amount of protein was estimated by densitometry using ImageQuant
5.0 (Molecular Dynamics). The molar ratio between the actin, gelsolin,
and tropomyosin was calculated using values corrected for the differ-
ential uptake of Coomassie stain in the proteins. To determine protein
concentrations, a standard curve (0.05–0.6 nmol of bovine serum albu-
min) was included when scanning the gels. The experimental data were
fit to a nonlinear curve using the Hill equation (53) (Microcal ORIGIN),
which provides a measure of the cooperativity of the reaction. The
fraction of sedimented actin was normalized to 1.0 by dividing the
amount of actin recovered in the pellet with the total amount of actin in
the reaction mix.

Fluorescence Measurements—Polymerization of actin was monitored
by recording the increase in fluorescence of co-polymerized 2% pyrenyl-
labeled bovine �-actin (54) using a Fluoroscan II plate reader (Lab-
systems) (55). The nucleation assay studied the conversion of mono-

meric actin to polymeric actin in samples containing Ca2�-G-actin (2.5
�M) and increasing concentrations of gelsolin (0–120 nM) in G buffer.
The polymerization reaction was initiated by the addition of MgCl2 and
KCl to 2 and 100 mM, respectively. The salts were added to all wells
simultaneously with a Multitip pipette (Finnpipette) with a delay be-
tween the addition of salt and the first measurement of 15 s.

Electron Microscopy—An aliquot (20 �l) of the sample was placed on
a glow-discharged carbon-coated Formvar copper grid for 60 s, after
which a 15-�l drop of 1% uranyl acetate was placed on the grid for 15 s
(repeated seven times). Grids were viewed with a Philips CM120 elec-
tron microscope at 80 kV and with 45,000� or 60,000� nominal
magnification.

Size Exclusion Gel Chromatography—Actin (30 �M) was mixed with
gelsolin (3 �M) and tropomyosin (4 �M) and treated as described above.
After ultracentrifugation of the sample, the supernatant was loaded
onto a Superdex 200 gel filtration column (Amersham Biosciences)
calibrated using standard proteins provided by the manufacturer (Am-
ersham Biosciences). The column was equilibrated with F buffer (5 mM

Tris-HCl, pH 7.6, 0.5 mM ATP, 0.1 mM CaCl2, 0.5 mM DTT, 2 mM MgCl2,
and 100 mM KCl) and eluted at a rate of 12 cm/h. The protein peaks
were analyzed by SDS-PAGE and native PAGE gel electrophoresis. The
molecular weight of the complex was determined by interpolation of Rf

versus Mr using the molecular weight standard curve. Gel filtration
chromatography was performed at 4 °C.

RESULTS

Gelsolin Interaction with Non-muscle �-Actin—Previous
workers have used skeletal muscle �-actin in their studies of
the gelsolin-actin interaction. We have presented evidence that
muscle �- and non-muscle �-actin differ in the timing and
release of inorganic phosphate from polymerizing actin (56).
Here, the interaction between plasma gelsolin and non-muscle
�-actin was studied by following the gelsolin-induced nucle-
ation of �-actin polymerization. For this, a series of polymeri-
zation experiments were performed by varying the concentra-
tion of gelsolin (Fig. 1). The polymerization rate was calculated
from the slope of the curves in the region where the increase in
fluorescence intensity versus time was approximately linear. In
the gelsolin-nucleated reaction, the polymerization rate was
directly proportional to the concentration of active gelsolin
molecules added, and the apparent rate constant for polymer-
ization can be described by the expression d[F-actin]/dt � k�

[gelsolin][actin monomer]. The gelsolin nucleation of �-actin
polymerization gives an apparent rate constant (k�) of 0.2

1 The abbreviations used are: GA complex, gelsolin-actin complex;
DTT, dithiothreitol; ADF, actin depolymerizing factor.

FIG. 1. Effect of gelsolin on �-actin polymerization. The rate of
actin polymerization in a solutions containing 2.5 �M Ca2�-G-actin
mixed with increasing concentrations of gelsolin (0–120 nM) was meas-
ured immediately after the addition of polymerizing salts. Actin alone
(�), actin mixed with 30 nM gelsolin (E), 60 nM gelsolin (�), 90 nM

gelsolin (● ), and 120 nM gelsolin (circle with horizontal bar). The po-
lymerization rate (d[F-actin]/dt) was calculated from the slopes of the
plots where the increase in the fluorescence intensity with time is
approximately linear. The inset shows the rate of polymerization (�M

F-actin/min) versus the concentration of gelsolin (nM), and the on-rate
(k�) was calculated to 0.2 �M�1s�1.
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�M�1s�1 for the addition of monomers at the (�) end. Thus, the
rate of polymerization relative to gelsolin concentration ob-
tained with non-muscle �-actin was more than three times
higher than that previously reported for gelsolin-nucleated po-
lymerization of muscle �-actin (57).

Uncapping of Filament (�) Ends by Tropomyosin and Fila-
ment Annealing—It was observed earlier that the addition of
tropomyosin to short gelsolin-capped actin filaments resulted
in longer filaments (44, 45). The experiments described here
establish the highly efficient nature of this process. As shown
in Fig. 2a, gelsolin and actin mixed in a 1:50 molar ratio gave
rise to short actin filaments of an average length of 120 nm, in
good agreement with the expected length (50 monomers � 2.7
nm � 135 nm). The electron micrograph in Fig. 2b illustrates
that tropomyosin added to such gelsolin-actin complexes re-
sulted in the formation of long filaments several micrometers
in length. With gelsolin and actin mixed in a 1:3 molar ratio
(Fig. 2c), the product appeared as short, mainly globular struc-
tures. Tropomyosin had the capacity to convert these gelsolin-
actin complexes into long actin filaments (Fig. 2d). The fila-
ments obtained here are clearly different in appearance
compared with those in Fig. 2b. Most likely, this is due to the
association of the filaments with significant amounts of gelso-
lin (see below).

The efficiency by which tropomyosin transforms gelsolin-
actin complexes was studied by mixing �-actin (10 �M) with
decreasing concentrations (10–0.2 �M) of gelsolin to form gel-
solin-capped actin oligomers of lengths varying from 1 to 200
monomers. After 1 h of incubation in the presence or absence of
tropomyosin, the samples were centrifuged, and the material in
the pellets and supernatants was analyzed by SDS-PAGE (see
“Materials and Methods”). The addition of 1.5 �M tropomyosin
resulted in a sigmoidal increase in sedimentable tropomyosin-
decorated actin filaments (Fig. 3, closed circles). The transition
began at a point where the gelsolin-actin complexes were ex-
pected to contain 6–7 actin monomers, implying that each side
of the actin oligomers presented only three consecutive binding
sites for the seven complementary sites on tropomyosin. The

midpoint of the transition occurred at an estimated actin oli-
gomer length of 14 actin monomers. The process was charac-
terized by a Hill coefficient of 2.0 � 0.4, corresponding to 2
tropomyosins per 14 actin monomers. In control experiments
(Fig. 3, �) involving only �-actin and gelsolin, actin did not
appear in the pellets unless the gelsolin-capped actin oligomers
contained at least 100 actin monomers.

To further investigate the cooperativity of the process, three
series of actin (20 �M) and gelsolin (20–0.1 �M) mixtures were
prepared to which 3, 5, and 10 �M tropomyosin was added,
respectively. As shown in Fig. 3 (open symbols), the higher the
concentration of tropomyosin, the higher the yield of sediment-
able actin. Remarkably, in the presence of increased concen-
trations of tropomyosin, 80% of the actin from the shortest
gelsolin-actin complexes were recovered in the pellet. This sug-
gests that, in addition to the multi-site cooperative binding of
tropomyosin to actin oligomers, there is a novel mechanism of
tropomyosin displacing the tightly bound actin from gelsolin.

Further Evidence for Two Mechanisms in the Interaction of
Tropomyosin with Gelsolin-Actin Complexes—With 10 �M tro-
pomyosin and increasing concentrations of gelsolin, there was a
dip in the recovery of sedimentable actin filaments (Fig. 4, open
circles), with a minimum reached at a 1:4 GA molar ratio. An
indication of such a dip is also seen in Fig. 3 (diamonds).
Annealing of longer gelsolin-actin oligomers, GA80-GA8, should
represent the effect of multiple-site interactions with tropomy-
osin. The interaction of tropomyosin with smaller gelsolin-actin
complexes (GA2 and GA) shows that tropomyosin was very
efficient also in dissociating gelsolin-actin heterodimers and
trimers, resulting in sedimentation of more than 90% of the
actin. The addition of gelsolin in molar excess over actin did not
decrease the effect of tropomyosin. Furthermore, the corre-
sponding supernatants (Fig. 4, closed circles) contained in-
creased amounts of actin up to a maximum, which coincided
with the minimum described above. Up to this point, the su-
pernatants contained a 3-fold excess of actin (closed circles) to
gelsolin (open diamonds), indicating the existence of GA3 com-
plexes. Supernatants obtained after annealing of gelsolin-actin
heterodimers and trimers, on the other hand, contained up to a
10-fold molar excess of gelsolin over actin, confirming that
tropomyosin released gelsolin from actin and induced actin

FIG. 2. Annealing of gelsolin-capped actin filaments analyzed
by electron microscopy. Panel a shows gelsolin and actin mixed in a
1:50 molar ratio; b, mixture as in a after the addition of tropomyosin. c
shows gelsolin and actin mixed in a 1:3 molar ratio; d, mixture as in c
after the addition of tropomyosin. The scale bar represents 100 nm and
applies to all panels.

FIG. 3. Annealing of gelsolin-actin complexes of increasing
lengths with increasing concentrations of tropomyosin. The
amount of actin recovered in the pellet after ultracentrifugation was
estimated by densitometry of SDS-PAGE gels as described under “Ma-
terials and Methods.” Fraction of actin in the pellet (of total actin in the
sample) was plotted versus the molar ratio of gelsolin to actin (1:1–1:
200) in the sample mixture in the presence of increasing concentrations
of tropomyosin, 1.5 �M (● ), 3 �M (‚), 5 �M (E), and 10 �M (�). Sedi-
mentation of gelsolin-actin complexes in the absence of tropomyosin is
shown as �.
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filament formation. To test whether the excess gelsolin was
associated with tropomyosin or appeared in the free form, a
corresponding sample was analyzed by gel chromatography on
Superdex 200. Analysis of the fractions from the chromatogra-
phy by SDS-PAGE gave no evidence for complex formation
between tropomyosin and gelsolin. In fact, the two proteins
appeared in the eluate completely separated from each other
(data not shown).

To characterize the status of the proteins remaining in the
supernatant, a gelsolin-capped actin oligomer (1:10 molar ra-
tio) was incubated with tropomyosin as described earlier, and
the supernatant was collected and analyzed by gel chromatog-
raphy (Fig. 5). After tropomyosin annealing a gelsolin-actin
complex of this length, one major component (I) with an ap-
proximate molecular mass of 200 kDa was found in the super-
natant (Fig. 5a). Analysis of this material by SDS-PAGE and
subsequent densitometry showed gelsolin and actin in a 1:3
molar ratio (Fig. 5b). In addition to the GA3 peak, there were
two smaller peaks containing free gelsolin (II) and actin (III).
Electrophoresis under non-denaturing conditions (Fig. 5c) con-
firmed the existence of one component, whose molecular mass
appeared to be 260 kDa.

Gelsolin Binding to Tropomyosin-decorated Actin Fila-
ments—Observations of significant amounts of gelsolin cosedi-
menting with the tropomyosin-decorated actin filaments
prompted a more systematic analysis. For this, mixtures of
actin with increasing concentrations of gelsolin were incubated
with tropomyosin (10 �M), the mixtures were centrifuged, and
pellets were analyzed by SDS-PAGE (Fig. 6a). As seen in Fig.
6b, increasing the concentrations of gelsolin resulted in in-
creasing amounts of gelsolin cosedimenting with tropomyosin-
decorated actin filaments. Saturation of the tropomyosin-actin
filaments was reached at 0.15 mol of gelsolin per mol of actin,
suggesting 2 gelsolin molecules per 14 actin monomers and 2
tropomyosins. The gelsolin bound to tropomyosin-decorated ac-
tin filaments with an apparent Kd of 1.4 �M. Control experi-
ments show that ultracentrifugation of mixtures containing
gelsolin and tropomyosin in the absence of actin resulted in the
appearance of only small amounts of gelsolin in the pellet.

DISCUSSION

Control of the Actin Filament (�) End—Gelsolin caps the
actin filament (�) end with high affinity (Kd in nM range).

FIG. 4. Amount of actin and gelsolin recovered in the superna-
tant and pellet after tropomyosin induced annealing. Actin (20
�M) was mixed with increasing concentrations of gelsolin (0.25–30 �M)
to obtain gelsolin:actin oligomers of decreasing lengths (GA80 to GA0.5).
Tropomyosin was (10 �M) was added to these mixtures, the superna-
tants and pellets were analyzed by SDS-PAGE, and concentrations of
actin and gelsolin were estimated by densitometry. The plot shows actin
in the pellets (E), actin in the supernatants (● ), and gelsolin in the
supernatants (�). Data points are mean values from three independent
experiments.

FIG. 5. Non-sedimentable components obtained after tropomy-
osin induced annealing. Panel a shows the separation of the compo-
nents in the supernatant by gel filtration; the asterisk indicates the
start of elution. A major peak (I) of 200 kDa and two smaller peaks
containing free gelsolin (II) and actin (III) are separated. The protein
absorbance was followed at 280 nm. b, analysis of the protein content
from the major peak (I) by electrophoresis under denaturing conditions
shows that the 200-kDa complex contains one gelsolin (90 kDa) and
three actins (42 kDa) in a 1:3 molar ratio. c, characterization of the total
non-sedimentable material by native polyacrylamide gel electrophore-
sis showed the presence of 1 component with an approximate molecular
mass of 260 kDa.

FIG. 6. Association of gelsolin with tropomyosin-decorated ac-
tin filaments. Panel a, cosedimentation of �-actin (20 �M), gelsolin
(0.25–20 �M), and tropomyosin (10 �M). Pellets were analyzed by SDS-
PAGE, and the concentrations of actin, gelsolin, and tropomyosin (TM)
were estimated by densitometry. In panel b, bound gelsolin (● ) and
bound tropomyosin (E) are expressed as molar ratios to actin mono-
mers. Bound gelsolin and tropomyosin molecules per actin 14-mer is
demonstrated by the right-side y axis. Nonlinear least squares fitting to
data points (mean values, n � 7) shows a maximum binding at 0.15
gelsolin/actin (i.e. 2 gelsolin/14 actin) and a Kd of 1.4 �M for gelsolin
binding to the tropomyosin-decorated filaments.
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Partial dissociation of gelsolin from actin can be accomplished
by the addition of calcium-chelating agents. Efficient dissocia-
tion of gelsolin from the (�) end of actin monomers or filaments
in vitro has been accomplished only by the addition of polypho-
sphoinositides (18), and evidence for the involvement of
polyphosphoinositides in the control of actin polymerization in
vivo has been reported (5). Our observations that tropomyosin
can dissociate GA complexes, including the high affinity-bound
actin monomer strongly suggests that tropomyosin is an im-
portant element in the control of actin polymerization in the
cell. Both the generation of free (�) ends and the tropomyosin-
induced polymerization of small GA complexes could be impor-
tant in this context. Actin filament (�) ends may be capped by
other members of the gelsolin/villin family of actin regulatory
proteins or by the ubiquitously expressed Cap Z (58, 59). There-
fore, the effects of tropomyosin isoforms on filaments of the �-,
�-, and �-actin isoforms, capped by different (�) end binding
proteins, need to be systematically investigated.

Mechanisms in Tropomyosin-induced Dissociation of GA
Complexes—There appear to be two mechanisms involved in
the dissociation of gelsolin from actin oligomers by tropomyo-
sin. One mechanism depends on multi-site association of tro-
pomyosin with gelsolin-capped actin oligomers. It can be de-
tected with gelsolin-actin oligomers containing six or more
actin monomers even at low concentrations of tropomyosin. The
midpoint of the transition from gelsolin-actin complexes to
tropomyosin-bound actin polymers occurred when the com-
plexes were about 14 monomers long. The cooperativity of the
interaction seen in this case suggests that there is an underly-
ing conformational change in the actin oligomer that causes the
dissociation of gelsolin.

A second mechanism operating at higher concentrations of
tropomyosin causes the dissociation of small gelsolin-actin
complexes, GA, GA2, and GA3, with lesser efficiency. This effect
was unexpected, since the affinity of gelsolin for the actin
filament (�) ends (Kd �5 nM) is much higher than that of
tropomyosin for filamentous actin (Kd 0.2 �M) (60). It has been
reported, however, that there is a calcium-dependent interac-
tion between intact gelsolin and tropomyosin in vitro (Kd 0.6
�M) (61) and that the actin filament binding domain 2 of gel-
solin also binds to tropomyosin (62). It is reasonable therefore
to suggest that the tropomyosin effect on small gelsolin-actin
complexes is due to tropomyosin causing a conformational
change in the gelsolin molecule, resulting in its release from
actin.

The appearance of a minimum in the curve describing tro-
pomyosin-driven conversion of GA complexes of varying
lengths (Fig. 4) suggested that complexes consisting of gelsolin
and three to five actins are more stable than either smaller or
larger complexes. Analysis of the supernatants obtained in
these experiments showed that GA3 was the major, non-sedi-
mentable component obtained from mixtures initially contain-
ing gelsolin and more than three actins. The explanation to
GA3 being the most stable complex could be related to the fact
that three of the domains of gelsolin interact with actin. It is
possible that these domains bind to three different actin mono-
mers and that this provides stability to a gelsolin-bound actin
trimer. The dip in the curve mentioned above would then
reflect the operation of the two mechanisms of tropomyosin-
driven dissociation of GA complexes, annealing of longer gel-
solin-bound actin complexes through multi-site interactions
and annealing of shorter complexes due to tropomyosin-in-
duced conformational change in gelsolin.

The initial phase of the interaction involving both short and
long GA complexes might result in the release of free gelsolin.
In the case of long GA complexes, released gelsolin would

reassociate with actin monomers to form stable GA3 complexes.
Alternatively, multi-site interactions between tropomyosin and
longer GA complexes could weaken the actin-actin bonds three
monomers away from gelsolin, resulting in the direct dissocia-
tion of GA3 complexes. The observation that GA3 complexes are
particularly stable is in agreement with results obtained in a
systematic study of the appearance of stable complexes formed
with gelsolin and actin mixed in different proportions and
under different conditions.2

Conformational Changes in Actin—Several lines of evidence
indicate that actin filaments can exist in at least two different
conformational states depending on the type of ligand bound to
the polymer. Gelsolin binding to the (�) end of an actin fila-
ment changes the polymer conformation, stabilizing the fila-
ment in a state that binds proteins of the ADF/cofilin family
with increased affinity. Biochemical data suggest that this
effect propagates 10–20 monomers from the (�) end of the
filament (63). Evidence obtained by electron microscopy and
time-resolved phosphorescence and absorption anisotropy indi-
cate that the effect of gelsolin extends over longer distances and
involves changes in the helicity and torsional flexibility of the
actin filament (64, 65). Furthermore, it has been demonstrated
that binding of ADF/cofilin to F-actin changes the helical twist
of actin filaments (66).

ADF/cofilin and tropomyosin display mutually exclusive
binding to actin filaments (67–69). This appears not to be due
to steric hindrance, since the two proteins do not have overlap-
ping binding sites on actin filaments (70, 71). Phalloidin can
bind to tropomyosin-decorated actin filaments (72), whereas it
cannot bind to cofilin-decorated filaments (63), suggesting that
cofilin and tropomyosin stabilize different conformers of actin.
Also, as mentioned above, the relative affinity of ADF/cofilin for
actin filaments is increased by gelsolin (63), whereas phalloidin
is displaced by the binding of gelsolin (73). Thus, tropomyosin
and phalloidin appear to stabilize one state of the actin fila-
ment and gelsolin and ADF/cofilin another.

The observations reported here further support the idea of
multiple conformations of actin filaments accessible via coop-
erative transitions along the length of the filaments induced by
binding of various actin-binding proteins. How an interplay
between tropomyosin and ADF/cofilin might be used by cells to
control actin polymerization is unclear. It is possible that sig-
nal transduction pathways controlling the activity of ADF/
cofilin (74, 75) in turn control the activity of tropomyosin de-
scribed here.

Connections between Gelsolin and Tropomyosin in the Gen-
eration of Force—Our observation that tropomyosin establishes
the position of gelsolin along actin filaments points to an inti-
mate functional connection between these two proteins. This
recalls observations that gelsolin is colocalized with actin
stress fibers in tissue-cultured cells (27, 28) and in myofibrils
(29). Gelsolin was shown to be important for stress fiber con-
tractility in vivo (28), and in vitro gelsolin enhances the acto-
myosin Mg-ATPase activity (76, 77), an effect potentiated by
tropomyosin and dependent on calcium ions (76, 78).

In muscle cells, the calcium-sensitive troponin complex
forms a regulatory unit with tropomyosin, controlling the ac-
tomyosin ATPase. It has long been held, dating back to Bremel
and Weber (79), that conformational changes propagated along
tropomyosin-decorated actin filaments confer cooperativity to
the regulation of force development. Stress fibers in non-mus-
cle cells consist of bundles of actin filaments with periodic
arrangements of both myosin and tropomyosin, perhaps form-

2 K. Narayan, M. Nyåhern-Meazza, S. Irischholz, C. E. Schutt, and
U. Lindberg, submitted for publication.
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ing regulatory units similar to those in sarcomeres of muscle
cells (80). A possible mechanistic implication of the observa-
tions discussed here is that gelsolin-tropomyosin-decorated ac-
tin filaments can sustain the directional propagation of force
progressively from one regulatory unit to the next. In this
model, gelsolin conditions actin filaments for tension develop-
ment, a role similar to that of troponin in muscle cells.

Acknowledgment—We are grateful to Svenja Frischholz for providing
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