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ABSTRACT: The balance between dynamic and stable actin filaments is essential for the regulation of
cellular functions including the determination of cell shape and polarity, cell migration, and cytokinesis.
Proteins that regulate polymerization at the filament ends and filament stability confer specificity to actin
filament structure and cellular function. The dynamics of the barbed, fast-growing end of the filament are
controlled in space and time by both positive and negative regulators of actin polymerization. Capping
proteins inhibit the addition and loss of subunits, whereas other proteins, including formins, bind at the
barbed end and allow filament growth. In this work, we show that tropomyosin regulates dynamics at the
barbed end. Tropomyosin binds to constructs of FRL1 and mDia2 that contain the FH2 domain and
modulates formin-dependent capping of the barbed end by relieving inhibition of elongation by FRL1-
FH1FH2, mDia1-FH2, and mDia2-FH2 in an isoform-dependent fashion. In this role, tropomyosin functions
as an activator of formin. Tropomyosin also inhibits the binding of FRL1-FH1FH2 to the sides of actin
filaments independent of the isoform. In contrast, tropomyosin does not affect the ability of capping
protein to block the barbed end. We suggest that tropomyosin and formin act together to ensure the
formation of unbranched actin filaments, protected from severing, that could be capped in stable cellular
structures. This role, in addition to its cooperative control of myosin function, establishes tropomyosin as
a universal regulator of the multifaceted actin cytoskeleton.

Reversible polymerization of actin is essential for many
cellular functions including determination of cell shape and
polarity, cell movement, cytokinesis, and intracellular trans-
port. The ends of actin filaments are structurally distinct and
differ in the rates of incorporation and dissociation of actin
subunits. Elongation at the fast growing, barbed end pre-
dominates in cells and is precisely controlled in space and
time by positive and negative regulators of actin polymer-
ization. Capping proteins bind and prevent addition and loss
of subunits, whereas other proteins, including formins, bind
at the barbed end and allow filament growth and depolym-
erization [reviewed in (1, 2)].

Formins are a widespread family of barbed-end binding
proteins that are implicated in the assembly of unbranched
actin-containing structures including microvilli and filopodia,
stress fibers, and contractile rings. They are required for the
formation of actin cables in yeast. Formins prevent the

binding of capping protein and modulate the rate of monomer
addition to the barbed end [reviewed in (3, 4)].

Formins are classified on the basis of the presence of
formin homology domains, FH11 and FH2, which are
responsible for most of its effects on actin [reviewed in (5)].
Fragments containing the FH2 domain or FH1FH2 domains
form dimers and nucleatede noVo filament assembly of
monomeric actin. Formin remains associated with the
elongating barbed end of the filament, leading to its
description as a processive, leaky capper (6-8). Although
formins share common mechanisms, isoforms differ in the
ability to nucleate polymerization, inhibit elongation, bind
to the sides of filaments, and bundle and sever filaments,
and in their processivity (9).

The capping protein family of proteins, expressed in
virtually all eucaryotic cells, are antagonistic to formins.
Capping protein is anRâ heterodimer localized at the ends
of filaments where unbranched actin filaments end in stable
structures such as Z-discs in muscle and adhering junctions,
and at filament ends in lamellipodia [(10); reviewed in (11)].
Capping protein is also associated with actin patches and
endosomal vesicles in yeast (12-14). In vertebrates, there
are two isoforms of each subunit with tissue-specific expres-
sion patterns and functions. Negative regulators of capping
protein include the phosphoinositide, PIP2 (15), and proteins
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that specifically complex with capping proteins such as
CARMIL and myotrophin/V-1 (16, 17). No positive regula-
tors have been reported.

Formins and capping protein are often associated with the
formation and maintenance of long, unbranched actin fila-
ments [reviewed in (3, 18)] that contain tropomyosin
[reviewed in (19)]. Tropomyosins are coiled-coil proteins
that associate N-terminus to C-terminus on the actin filament
to form a continuous strand that follows the filament helix,
one strand on each side of the actin filament [reviewed in
(20, 21)]. A large protein family, tropomyosins have cell-
and tissue-specific expression patterns and functions [re-
viewed in (19)]. It is best known for its classic role in the
regulation of striated muscle contraction together with
troponin and myosin. In addition, tropomyosin physically
stabilizes actin filaments and protects them against the action
of depolymerizing and severing proteins, such as DNase I,
cofilin, and gelsolin as well as the nucleation of branches
by the Arp2/3 complex (22-30). Tropomyosin, together with
tropomodulin, caps the pointed ends of actin filaments in
the sarcomeres of striated muscles and in the erythrocyte
membrane cytoskeleton [reviewed in (31)], and can itself
depress depolymerization from the pointed end (32-34).

A role for tropomyosin in regulating the barbed end of
the filament is less well established. Direct interaction with
an actin-binding domain of gelsolin, a barbed end-capping
protein, is well documented, as is the ability of tropomyosin
to dissociate gelsolin and promote annealing of short actin
filaments (35-38). There is circumstantial evidence for an
effect of tropomyosin on formin function from studies in
Saccharomyces cereVisiae. Actin cables, which are polarized
arrays of tropomyosin-containing filaments that are needed
for cellular polarization, require both formin (Bni1p) and
tropomyosin to form (39-41).

Here, we show that tropomyosin regulates filament
dynamics at the barbed end, as it does the pointed end.
Because tropomyosin is often present in formin-nucleated
filaments in cells, we postulated that it may regulate formin.
Tropomyosin binds directly to FRL1 and mDia2 constructs
that contain the FH2 domain and relieves the inhibition of
barbed-end elongation by formin in an isoform-specific
manner. Binding of tropomyosin to actin filaments inhibits
the association of FRL1-FH1FH2 with the filament sides.
In contrast, the tropomyosin isoforms we studied do not
relieve blocking of the barbed end by capping protein.
Tropomyosin’s roles in stabilizing the filament from severing,
and in regulating the dynamics of the filament ends, alone
and in concert with other regulatory proteins, positions it as
a universal regulator of the multifaceted actin cytoskeleton.

EXPERIMENTAL PROCEDURES

Protein Purification. Chicken skeletal muscle actin was
extracted from acetone powder according to the method of
Spudich and Watt (42) and further purified by gel filtration
on Sephacryl S-100 HR. Immediately after purification,
G-actin (in 2 mM Tris-HCl at pH 8.0, 0.2 mM ATP, 0.2
mM CaCl2, 0.5 mM DTT, and 0.01% NaN3) was quickly
frozen in liquid nitrogen at-80 °C or stored at 4°C and
used within 2 weeks. Actin labeled withN-(1-pyrenyl)-
iodoacetamide was prepared as described in ref43, followed
by gel filtration on Sephacryl S-100 HR.

Recombinant ratR-tropomyosins, TM5a, TM2, and un-
acetylated stTM (stTM-rec), were expressed inEscherichia
coli BL21(DE3) cells and purified (44). N-acetylated striated
muscleR-TM (stTM) was purified from chicken pectoral
muscle (45). Recombinant FRL1-FH1FH2 (a.a. res. 449-
1094), mDia1-FH2 (a.a. res. 748-1175), and mDia2-FH2
(a.a. res. 612-1034) were expressed inE. coli and purified
(46). Recombinant capping proteins (CP) were expressed and
purified (47): chicken muscle CPR1â1, mouse CPR1â2, and
mouse CPR2â2.

Protein concentrations were determined spectrophotometri-
cally, using absorption coefficients of 22,100 M-1 cm-1, at
280 nM for mDia2-FH2; 25,700 at 280 nm for FRL1-
FH1FH2; and 20,160 M-1 cm-1 at 280 nM for mDia1-FH2.
Tropomyosin and actin concentrations were calculated by
measuring the difference spectrum between pH 12.5 and pH
6 in 6 M guanidine-HCl, using a molar absorption coefficient
for tyrosine of 2480 (48).

Elongation Assays. Elongation of 0.5µM Mg-G-actin
(10% pyrenyl-labeled, in F-buffer: 10 mM Tris at pH 7.4,
0.2 mM ATP, 0.2 mM DTT, 0.01% NaN3, 0.2 mM EGTA,
100 mM NaCl, 2 mM MgCl2) on 1-2 µM F-actin seeds, in
the presence or absence of CP, formin, and tropomyosin,
was monitored by an increase in pyrene fluorescence, at
25 °C. Mg-G actin was prepared by treating Ca-G-actin with
0.2 mM EGTA and 0.05 mM MgCl2 for 3 min immediately
prior to the experiment. For the seeds, 20-28 µM Mg-G-
actin was polymerized overnight in 100 mM NaCl and 2
mM MgCl2 to allow spontaneous annealing of filaments
before the addition of tropomyosin. Elongation was initiated
by the addition of F-buffer (10×) and concentrated (10-
14×) F-actin seeds to the cuvettes containing Mg-G-actin.
The F-actin seeds were added using a Microman pipet and
gently mixed with a plastic stirrer to minimize shearing. The
figure legends include specific experimental details.

Time courses of pyrene fluorescence were measured on a
PTI fluorimeter (Lawrenceville, NJ) with the excitation and
emission wavelengths of 365 and 386 nm, respectively. Each
data set was normalized by setting the final fluorescence
increase at steady state, when available, or the value reported
following curve fitting, as 100%. Normalized data were fit
to the single- or double-exponential growth model, and initial
rates of the reaction were calculated as first derivatives att
) 0 (GraphPad Prizm 4).

Actin Filament Sedimentation.A stock solution of 10-
30µM Mg-G-actin was polymerized overnight with 100 mM
NaCl and 2 mM MgCl2. F-Actin was diluted with polym-
erization buffer for a final concentration of 5µM prior to
addition of phalloidin (5µM), tropomyosin, and/or FRL1-
FH1FH2. After 0.5-1 h, the samples (150µL) were
centrifuged for 20 min, at 60,000 rpm, in a TLA-100 rotor
(Beckman) at 20°C. One hundred microliters of supernatant
were removed and dried on SpeedVac Plus (Savant). Pellets
and supernatants were analyzed using SDS-PAGE (9% gels)
according to Laemmli (49) and quantified on a Molecular
Dynamics model 300A densitometer.

Circular Dichroism Spectroscopy.Circular dichroism
experiments were performed on an Aviv model 215 spec-
trometer equipped with a 5 sample changer. Spectra of the
tropomyosins, TM5a and TM2, and the formins, FRL1-
FH1FH2 and mDia2-FH2, and their mixtures were obtained
at 0°C in 100 mM NaCl, 10 mM Tris-HCl, 0.2 mM EGTA,
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0.1 mM MgCl2, 0.01% NaN2, and 0.5 mM dithiothreitol at
pH 7.4. Data were collected at 0.25 to 0.5 nm intervals,
corrected for baselines and smoothed with a polynomial order
of 3 and a window of 21 to 11 points, respectively. The
concentrations of the proteins ranged from 0.1 to 2µM. Data
were obtained in 0.1 and 1 cm cells. Thermal denaturation
curves of 1-2 µM samples were obtained between 0 and
60-70 °C at 0.2 degree intervals with 5 s time averaging.
The data were not smoothed. The first derivatives of the
denaturation curves were obtained using data smoothed with
a polynomial order of 3 and a window of 21 points and fitting
the data to a third order polynomial. The helical content of
FRL-FH1FH2 was estimated from its CD spectra by fitting
it to standards forR-helical, â-pleated sheets,â-turns, and
random structures using non-constrained least-squares analy-
sis (50).

RESULTS

Tropomyosin Regulates the Dynamics of the Actin Fila-
ment’s Barbed End.We evaluated the influence of muscle
and non-muscle tropomyosins on actin filament barbed-end
elongation alone, in the presence of three formins that contain
the FH2 actin binding domain, FRL1-FH1FH2, mDia1-FH2,
and mDia2-FH2 (46, 51), and with three capping protein
isoforms, CPR1â1, CPR1â2, and CPR2â2 (47). We com-
pared three tropomyosins, all products of theR-TM gene
[TPM1, (19)]. TM5a is a recombinant short, non-muscle
isoform; TM2 is a recombinant long, non-muscle isoform;
and stTM is a long tropomyosin isolated from skeletal
muscle. TM2 and TM5a have the same C-terminal sequence,
the end that is oriented toward the barbed end of the actin
filament (52). The two long tropomyosins have the same
N-terminal sequence that differs from TM5a, but stTM is
N-acetylated (19).

We measured the polymerization of the pyrene-actin
monomer (10% labeled) on actin filaments polymerized
overnight to maximize filament length prior to the addition
of tropomyosin because annealing by muscle tropomyosin
is inversely related to filament length (38, 53). The initial
velocity of elongation (Vo) in the presence of regulatory
proteins was calculated and compared to that of F-actin
(taken as 100%). Tropomyosin influenced the rate of
elongation in an isoform-specific manner. Figure 1 illustrates
data from a representative experiment, along with the values
relative to actin alone averaged from several experiments.
Actin filaments saturated with TM5a and TM2 elongated at

a faster rate than actin alone (137( 7%,n ) 4; 127( 14%,
n ) 4, respectively). The increased rates suggest a specific
barbed-end effect that is not the result of new barbed ends
formed by severing because TM5a and TM2 had no effect
on the rate of elongation of actin filaments in the presence
of capping protein (Figure 7) or on gelsolin-capped filaments
in which TM5a partially blocked the pointed end (34).
Striated muscle TM (stTM) slowed the overall rate of
elongation (62( 8%, n ) 5). In our earlier work using a
microscopic assay, we found that rabbitRR-stTM (vs chicken
RR-stTM used here) had no significant effect on the rate of
barbed-end elongation, but rabbitRâ-stTM reduced the rate
(54). The effects of tropomyosin on elongation rate were
independent of the time of incubation with F-actin (minutes
to 8 h).

Tropomyosin Regulates Capping of the Actin Filament by
Formin. The three formins inhibited barbed-end elongation
to different extents, as previously reported (5, 46). mDia2-
FH2 was the most effective (13( 1%, relative to actin alone,
n ) 4) (Figure 2C and D). The kinetics of the fluorescence
increase in the presence of FRL1-FH1FH2 (Figure 2A) and
mDia1-FH2 (Figure 2E) closely followed a single-exponen-
tial reaction model. However, the best or only fits for the
curves in the presence of mDia2-FH2 (Figure 2C) were
obtained using a two-phase exponential model that describes
two independent, simultaneous reactions. The result suggests
the presence of two populations of filament ends elongating
at different rates.

Tropomyosin relieved the inhibition by formins in an
isoform-specific manner. The inhibition of barbed-end
elongation by FRL1-FH1FH2 was almost completely re-
lieved by TM5a, whereas TM2 and stTM had little effect
(Figure 2A and B). In contrast, inhibition by mDia2-FH2
was partially relieved by TM2 but was little affected by
TM5a or stTM (Figure 2C and D). The inhibition by mDia1-
FH2 was less, but it was relieved by TM5a and to a lesser
extent by TM2 (Figure 2E and F). In no case did tropomyosin
relieve inhibition by formin to the level of actin with
tropomyosin alone (compare with Figure 1). The results were
independent of the time of incubation or order of addition
of formin and tropomyosin to the pre-assembled filaments.

FRL1-FH1FH2 Inhibits ActiVation of Barbed-End Elonga-
tion by TM5a.We measured the rate of barbed-end elonga-
tion as a function of tropomyosin concentration to understand
the relationship between the relief of inhibition by formins
and assembly of a tropomyosin-actin filament. The ability

FIGURE 1: Effect of tropomyosin on elongation at the barbed end of actin filaments. (A) A representative time course of elongation of 0.5
µM Mg-G-actin (10% pyrene labeled) from 2µM F-actin seeds (1) or F-actin in the presence of saturating amounts of tropomyosin (44):
0.5 µM TM5a (2), 2µM TM2 (3), and 1µM stTM (4) in the absence of formin or capping protein, or G-actin alone without F-actin seeds
(5) in 100 mM NaCl, 2 mM MgCl2, 10 mM TrisHCl at pH 7.4, 0.2 mM ATP, 0.2 mM EGTA, and 0.2 mM DTT. (B) The initial velocities
(Vo) relative to F-actin alone, taken as 100%, with standard error (n ) 4-5). The gray curves are the fits to the data.
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of TM2 to relieve inhibition by mDia2-FH2 and the
activation by TM2 alone corresponded to saturation of the
actin filament (results not shown.).

In contrast, the dependence of activation and relief of
inhibition by FRL1-FH1FH2 on TM5a concentration were
more complicated (Figure 3). At saturation, TM5a activated
the rate of barbed-end elongation∼1.4-fold compared to
actin alone (Figure 1). The unanticipated finding was that
activation by TM5a was greatest at substoichiometric levels
and reached a minimum at saturation, as illustrated in a
representative experiment in Figures 3. The activation at 0.05
µM was 540 ( 76% (680%, 530%, and 420% in three
experiments), and at 0.1µM TM5a, the activation was 370
( 160% (530% and 200% in two experiments) when F-actin
was less than 10% saturated with TM5a (i.e., almost
undetectable; Figure 3D) compared to 137( 7% (n ) 3) at
saturation. The variability in the magnitude of activation may
be because the number of free barbed ends in the filaments
used to nucleate polymerization differs from one experiment
to the next.

The presence of FRL1-FH1FH2 inhibited the activation
of barbed-end elongation at the lowest TM5a concentration,
whereas TM5a relieved the capping activity of the formin.
In the presence of FRL1-FH1FH2, the rate of barbed-end

elongation was similar at all TM5a concentrations. The
amount of FRL1-FH1FH2 in the pellet was independent of
tropomyosin (Figure 3D), suggesting that formin remains on
the barbed end in the presence of tropomyosin.

The FRL1 concentration and ionic strength in these
experiments (0.05µM FRL1-FH1FH2 and 100 mM NaCl)
minimized the formation of filament bundles (51), verified
by no observed change in the actin content in the supernatant
following low-speed centrifugation (results not shown.). We
conclude that TM5a specifically influences the barbed end
and that activation may be inhibited by interaction with
FRL1-FH1FH2, independent of stoichiometric TM5a binding
to actin. The mutual neutralization may take place via direct
complex formation because the FRL1-FH1FH2 concentration
used (0.05µM) was sufficient to inhibit activation by 0.05
µM TM5a.

Formins Containing the FH2 Domain Bind Tropomyosin.
We measured binding between formin and tropomyosin using
circular dichroism, a method we have used for the analysis
of binding between tropomyosin and other proteins (Figure
4) (34, 55-57). When TM5a and FRL1-FH1FH2 were
combined in an∼1:1 ratio, the negative ellipticity at 222
nm of the mixture of the proteins increased 9( 1% (n ) 5)
compared to the sum of the curves, evidence for complex

FIGURE 2: Effect of tropomyosin on elongation at the barbed end of actin filaments in the presence of formin. (A, C, E) Representative
time courses. (B, D, F) Relative initial rates of elongation. (A, B) 25 nM FRL1-FH1FH2, 1µM F-actin seeds;n ) 4. (C, D) 50 nM
mDia2-FH2, 2µM F-actin seeds; no TM,n ) 4; TM5a,n ) 4; TM2, n ) 2; stTM, n ) 3. (E, F) 25 nM mDia1-FH2, 2µM F-actin seeds;
noTM, n ) 3; TM5a, n ) 1; TM2, n ) 2; stTM, n ) 2. The tropomyosin concentrations and ionic conditions are the same as those in
Figure 1. Curves: 1, F-actin alone (no formin or tropomyosin); 2, F-actin with formin, no tropomyosin; 3, formin and TM5a; 4, formin and
TM2; 5, formin and stTM; 6, G-actin alone, no F-actin seeds; and 7, G-actin with formin, no F-actin seeds. FRL1-FH1FH2 had no effect
with G-actin alone and is not shown. The gray curves are the fits to the data. Ac: F-actin, without tropomyosin or formin (from curve 1).

Tropomyosin Binds Formin and Regulates Its Function Biochemistry, Vol. 46, No. 27, 20078149



formation (Figure 4A). The percent increase in ellipticity was
independent of tropomyosin concentration over the range of
0.01 to 0.2µM, indicating that the binding is relatively tight
(Kd < 1 µM). Because TM5a is∼100% helical, we infer
that binding of TM5a to FRL1 induces the formation of the
R-helix in FRL1-FH1FH2. Although the X-ray structures of
FH2 domains are highly helical, the CD spectrum of FRL1-
FH1FH2 is at most∼50% helical in the absence of a binding
partner. The increase in helical content was lost upon heat
denaturation (Figure 4B). TM5a has multiple unfolding
transitions that overlap to give one broad unfolding transition
at∼41 °C, close to that of FRL1-FH1FH2 (∼39.5°C, Figure
4C). There was no shift in the overallTM of unfolding of
the FRL1-FH1FH2-TM5a mixture, compared to that of the
unmixed components. However, the unfolding of the com-
plex was more cooperative, as evidenced by the greater peak
height of the first derivative of the unfolding curve.

Thermal denaturation experiments show that mDia2-FH2
also binds to TM5a and TM2 and indicate the involvement
of the FH2 domain (Figures 4D and E). The mDia2-FH2
domain is more helical and more stable than FRL1-FH1FH2
and unfolded with aTM of ∼46 °C. The C-terminal region
of TM5a and TM2, encoded by exon 9d, is relatively
unstable, and it unfolds during the first major transition of
TM2 at∼40°C (58). When mDia2-FH2 was bound to TM5a
(Figure 3D) or TM2 (Figure 3E), theTM of unfolding of the
first transitions near 40°C increased by∼1 to 2 °C,
suggesting that the FH2 domain binds to the C-terminal
region of tropomyosin.

Even though the CD binding studies indicate that the
formin FH2 domain binds the C-terminal domain of tro-
pomyosin, the end oriented toward the barbed end of the
filament (52), relief of formin-dependent capping is isoform-
specific and is influenced by the rest of the tropomyosin
molecule, not just the C-terminus. TM5a relieves FRL1-
FH1FH2 inhibition of barbed-end elongation, whereas TM2
affects mDia2, even though the two tropomyosins contain
the same C-terminal sequence.

Tropomyosin Dissociates FRL1-FH1FH2 from the Sides
of Filaments.Constructs containing the FH2 domain of some
formins can bind to the sides of actin filaments and bundle
them (51). In the ionic conditions optimal for tropomyosin
binding (100 mM NaCl and 2 mM MgCl2), FRL1-FH1FH2
bound poorly to actin (Figure 5). This is consistent with the
observation of Harris et al. (59) and others (60) who found
that side binding of formins to filamentous actin is sensitive
to ionic strength. However, 85-88% of the FRL1-FH1FH2
bound to phalloidin-stabilized actin filaments (Figure 5).

Tropomyosin inhibited the side binding of FRL1-FH1FH2
to phalloidin-stabilized actin filaments, independent of the
tropomyosin isoform (Figure 6). Filaments saturated with
tropomyosin reduced formin binding by about 50%. Recom-
binant striated muscle TM, a form that lacks the N-terminal
acetyl group required for high affinity binding (61, 62), did
not inhibit FRL1-FH1FH2 binding and serves as a control
to show that inhibition of side binding of FRL1-FH1FH2
requires tropomyosin binding to the actin filament. The lack
of isoform specificity suggests that tropomyosin’s inhibition
of side binding is via a general mechanism, comparable to
its inhibition of cross-linking and severing by cofilin,
gelsolin, and related proteins (24-26, 28) and the inhibition

FIGURE 3: Relief of FRL1-FH1FH2 inhibition of barbed-end
elongation by TM5a does not require saturation of the actin
filaments with tropomyosin. The results from a representative
experiment are shown; 50 nM FRL1-FH1FH2, 2µM F-actin
seeds, TM5a, varied. (A) TheVo of barbed-end elongation as a
function of TM5a concentration in the absence of FRL1-FH1FH2
(O) and in the presence of 50 nM FRL1-FH1FH2 (b). The panel
shows the data with FRL1-FH1FH2 on an expanded scale. (B) The
time course of increase in pyrene fluorescence in the absence of
FRL1-FH1FH2 in the absence of TM5a (1), a subsaturating
concentration, 0.05µM TM5a (2), and a saturating concentration,
1 µM TM5a (3). (C) The time course of increase in pyrene
fluorescence in the presence of 50 nM FRL1-FH1FH2 in the
absence of TM5a (1), a subsaturating concentration, 0.05µM TM5a
(2), and a saturating concentration, 1µM TM5a (3). The gray curves
are the fits to the data. (D) SDS-PAGE gels of the pellets following
centrifugation at the end of the polymerization experiment. Even
numbers, with FRL1-FH1FH2; odd numbers, no FRL1. TM5a
concentration: 1 and 2, no TM5a; 3 and 4, 0.05µM; 5 and 6,
0.1 µM; 7 and 8, 0.3µM; 9 and 10, 0.5µM; 11 and 12, 0.7µM;
13 and 14, 1.0µM. The ionic conditions are the same as those in
Figure 1.
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of nucleation of branches of filaments by the Arp2/3 com-
plex (63).

Tropomyosin Does Not Unblock Filaments with Capping
Protein at the Barbed End.Stable actin filaments with
capping protein at the barbed end, such as those in adhering
junctions or at the Z-disc or dense bodies in muscle, contain

tropomyosin. We tested the ability of tropomyosin to regulate
barbed-end capping by three recombinant CapZ isoforms:
R1â1 (â1 is muscle-specific; CapZ localized at the Z-line),
R1â2 andR2â2 (â2 is widely expressed) (47, 64, 65). Actin
polymerization was nucleated by actin filaments with bound
capping protein and tropomyosin. We selected conditions
in which capping in the absence of tropomyosin was
incomplete. Tropomyosin neither relieved the inhibition of
elongation by capping protein as it did formin-capped
filaments (above) nor improved capping activity (Figure 7).
In all cases, the amount of polymer formed was well below
that of the actin and similar to that with capping protein
alone, indicating no significant effect of tropomyosin on
capping protein function. The results of binding measure-
ments using circular dichroism were negative (results not
shown).

DISCUSSION

We show here for the first time that tropomyosin regulates
the dynamics of the barbed, plus end of the actin filament,
alone, by uncoupling the capping function of formins and
by inhibiting the binding of FRL1 to the sides of filaments.
Tropomyosin’s role as a universal regulator of the actin
filament now extends to both ends of the filament, in addition
to overall filament stiffening and stabilization and the
allosteric regulation of the actin filament in contractile

FIGURE 4: Circular dichroism measurements of the interactions of formin domains with tropomyosin. (A) Spectra of FRL1-FH1FH2 (___);
TM5a (‚‚‚‚); a 1:1 mixture of FRL1-FH1FH2 and TM5a (- - -); and addition of the curves of unmixed FRL and TM5a (-‚‚-). (B) The
change in ellipticity at 222 nm as a function of temperature of the samples in panel A. (C) The first derivatives of the curves in panel B.
(D) The first derivative of the unfolding curves of mDia2-FH2 (___); TM5a (‚‚‚‚); a 1:1 mixture of mDia2-FH2 and TM5a (- - -); and
addition of the curves of the unmixed components (-‚‚-). (E) The first derivatives of the change in ellipticity at 222 nm as a function of
temperature of mDia2-FH2 (___); TM2 (‚‚‚‚); a 1:1 mixture of mDia2- FH2 and TM2 (- - -); and addition of the curves of the unmixed
components (-‚‚-). The TM of the unfolding transition of TM5a increases∼1 °C when bound to mDia2-FH2 (D), and theTM of the first
unfolding transition of TM2 is increased by∼2 °C (E). Conditions: 0°C in 100 mM NaCl, 10 mM Tris-HCl, 0.2 mM EGTA, 0.1 mM
MgCl2, 0.01% NaN2, and 0.5 mM dithiothreitol at pH 7.4. The formin and tropomyosin concentrations were 1µM.

FIGURE 5: Stabilization of F-actin by phalloidin allows side binding
of FRL1-FH1FH2 at near physiological ionic strength. F-actin (5
µM), in the absence or presence of 5µM phalloidin, was
cosedimented with 0.5µM FRL1-FH1FH2 in 100 mM NaCl, 2
mM MgCl2, 10 mM TrisHCl at pH 7.4, 0.2 mM ATP, 0.2 mM
EGTA, and 0.2 mM DTT. The actin and the formin were quantified
in SDS gels of the pellets and supernatants. The percent actin (gray
bars) and FRL1-FH1FH2 (black bars) in the pellets are illustrated
with standard errors,n ) 3.
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function via its cooperative regulation of myosin and with
troponin [reviewed in (19-21)].

Formins are leaky, processive cappers [reviewed in (3, 4)].
The binding of the mDia1-FH2 dimer to the barbed end
makes the actin filament more flexible over a long range
and the entire filament more dynamic (60, 66), just as binding
of gelsolin at the filament end cooperatively influences

filament structure and dynamics (67). Assuming that the FH2
domains of other formins have similar allosteric effects, the
stabilization of the filament by tropomyosin may antagonize
the effect of formin and reduce its ability to block the barbed
end, thereby making it a leakier but still processive capper.

FIGURE 6: Tropomyosin binding to F-actin partially dissociates
FRL1-FH1FH2 from the filament side independent of the isoform.
Phalloidin-stabilized F-actin (5µM) was cosedimented with 0.5
µM FRL1-FH1FH2 and 1.3µM TM5a, TM2, stTM, or recombi-
nant, unacetylated stTM expressed inE. coli, stTM(rec). The
proteins in the pellets were quantified following SDS-PAGE. (A)
A gel from a representative experiment. (B) FRL1-FH1FH2/actin
ratio in the pellet; the value in the absence of TM was set at 100%.
(C) TM/actin ratio in the pellet with arbitrary units. A value of
0.35-0.4 represents saturation. stTM(rec) has low affinity for actin
and is used here as a control to show that dissociation from the
sides of the filaments requires binding of tropomyosin. The bar
graphs show standard error,n ) 3.

FIGURE 7: Tropomyosin does not unblock filaments with capping
protein at the barbed end. (A) Spectrin-actin seeds were used to
nucleate polymerization of pyrene-labeled monomeric actin (5%
labeled). The seeds were prepared as previously described (15, 78),
by incubating spectrin-actin with F-actin overnight to give F-actin
seeds∼200 actins long, capped at their pointed ends by spectrin
(1.7 nM spectrin-actin seeds and 0.5µM F-actin). stTM was added
to the F-actin to 2µM before addition of the spectrin-actin and
incubated overnight. The capping protein (R1â2) was added to the
filaments just prior to the initiation of polymerization. The F-actin
seeds were diluted 1:10 into Mg-G-actin (2µM, 5% pyrene labeled)
to seed polymerization in 100 mM KCl, 2 mM MgCl2, 10 mM
TrisHCl at pH 7.5, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaCl2,
and 1 mM EGTA. When present, tropomyosin concentration was
2 µM to ensure saturation of any polymer formed. Curves: 1,
F-actin seeds; 2, F-actin seeds and 1.5 nM CP; 3, F-actin seeds,
stTM, and 1.5 nM CP; 4, F-actin seeds and 4 nM CP; 5, F-actin
seeds, stTM, and 4 nM CP; 6, G-actin alone. (B, C) Elongation
experiments were carried out as described in Figures 1 and 2, and
Experimental Procedures, at a final concentration of 1.5 nM CP.
(B) Data from a representative data set with CPR2â2: 1, actin alone;
2, CP and no tropomyosin; 3, CP+ TM5a; 4, CP+ TM2; 5, CP
+ stTM. (C) Fmax (at 60 min) relative to the initial fluorescence
(Fo) for actin alone, and the three capping proteins with the three
tropomyosin isoforms, mean with standard error for 3 experiments
with CP alone and TM5a, two to three experiments with TM2, and
one to two experiments with stTM. The numbering corresponds to
that in B.
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An effect of tropomyosin itself on the barbed end is
illustrated by the marked stimulation of elongation at
substoichiometric TM5a and its neutralization by FRL1-
FH1FH2. The results infer that TM5a has a specific influence
on the barbed end where the first molecules may bind the
filament. As tropomyosin cooperatively saturates the filament
and stabilizes the structure, stimulation of barbed-end
elongation is dampened. The binding of FRL1-FH1FH2 at
the barbed end also depresses the effect of substoichiometric
TM5a, presumably because the cap formed by the FH2
domain with the two terminal actin subunits (68) impedes
the addition of actin subunits. Tropomyosin, by binding to
the FH2 domain, relieves capping by formin. In this scenario,
tropomyosin is anactiVator. Although there is no specific
structural information available, we postulate that the flexible
hinge near the C-terminus of tropomyosin (69-71) allows
interaction of the C-terminal chains with helical regions of
the FH2 domain, possibly forming a coiled coil as they do
with the N-terminus of tropomyosin and troponin T (69, 71).

Tropomyosin has no observed effect on capping protein
function, and we have no evidence for direct interaction
between the proteins. Formins compete with CapZ proteins
for the barbed end, but they should operate by distinct
mechanisms because they have different structures and
different proposed interactions with the filament end (68,
72-74). Tropomyosin binds to the G2 domain of gelsolin
(37), but it has no marked effect on gelsolin capping of long
filaments (34). The cartoons in Figure 8 illustrate the different
relationships of tropomyosin to the formin FH2 domain and
capping protein at the barbed end of the actin filament (based
on models in refs68 and74). Tropomyosin binds along the

sides of the actin filament and, at the barbed end, binds to
the formin FH2 domain but not capping protein.

The influence of tropomyosin on the side binding of FRL1-
FH1FH2 (and presumably other formins) occurs by a general
mechanism, without tropomyosin isoform specificity. In this
regard, it is similar to the effect of tropomyosin on the side
binding, severing, and bundling by other actin binding
proteins, including DNase I, gelsolin, the Arp2/3 complex,
and cofilin (23-26, 28). Tropomyosin and formin acting
together would ensure the formation of a stable, straight
filament, protected from severing that could eventually be
capped by a CapZ family protein in a stable cellular structure
such as an adhering junction or a Z-disk in striated muscle.
We suggest that tropomyosin may have a similar role in
modulating the formation of stable actin filaments in concert
with Ena/VASP family proteins (75-77).
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