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Formin Is a Processive Motor that Requires
Profilin to Accelerate Actin Assembly
and Associated ATP Hydrolysis

tions (Tominaga et al., 2000; Riveline et al., 2001; Kobie-
lak et al., 2004), cell migration and ruffling (Watanabe
et al., 1997; Koka et al., 2003), serum response factor
activity (Copeland and Treisman, 2002), endosome mo-
tility (Gasman et al., 2003), and filopodium formation
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All formins contain formin homology domains FH1 and91198 Gif-sur-Yvette
France FH2. The FH2 domain is sufficient for actin nucleation

in vitro, while the FH1 domain is required for in vivo2 Department of Cell Biology
Harvard Medical School function and binds profilin (Sagot et al., 2002b; Pruyne

et al., 2002; Pring et al., 2003). Yeast formins Bni1p and240 Longwood Avenue
Boston, Massachusetts 02115 Bnr1p and Diaphanous-related formins (mDia1, mDia2,

mDia3) possess an additional G protein binding domain
(Watanabe et al., 1997; Alberts, 2001; Gasman et al.,
2003; Dong et al., 2003). Crystal structures of FH2 do-Summary
mains of formins have brought functional insight. The
active FH2 domain is a stable dimer (Moseley et al.,Motile and morphogenetic cellular processes are driven

by site-directed assembly of actin filaments. Formins, 2004). The FH2 core is monomeric and does not nucleate
but caps filament barbed ends (Shimada et al., 2004).proteins characterized by formin homology domains

FH1 and FH2, are initiators of actin assembly. How for- A short flexible linker between FH1 and FH2 mediates
dimerization, confers FH2 its nucleating activity (Xu etmins simply bind to filament barbed ends in rapid equilib-

rium or find free energy to become a processive motor al., 2004), and may play a functional role.
How formins affect actin dynamics is not fully under-of filament assembly remains enigmatic. Here we dem-

onstrate that the FH1-FH2 domain accelerates hydro- stood. Processive actin assembly by formins had been
suggested by the rapid extension of actin cables fromlysis of ATP coupled to profilin-actin polymerization

and uses the derived free energy for processive poly- bud sites in yeast (Yang and Pon, 2002). Recently, rapid
actin-based movement of aggregates of the FH1-FH2merization, increasing 15-fold the rate constant for pro-

filin-actin association to barbed ends. Profilin is required domain of mDia1 has been observed in vivo and in solu-
tions of actin and profilin (Higashida et al., 2004). In vitro,for and takes part in the processive function. Single

filaments grow at least 10 �m long from formin bound the FH2 and FH1-FH2 domains of formins from S. cere-
visiae (Bni1p, Bnr1p), S. pombe (Cdc12p), or mammalianbeads without detaching. Transitory formin-associ-

ated processes are generated by poisoning of the pro- cells (mDia1 and the isoforms I to V of formin 1) nucleate
actin assembly. Bni1p FH2 binding to barbed ends wascessive cycle by barbed-end capping proteins. We

successfully reconstitute formin-induced motility in vitro, visualized in electron microscopy (Pruyne et al., 2002).
Bni1p and mDia1 were called “leaky cappers” becausedemonstrating that thismechanism accounts for the puz-

zlingly rapid formin-induced actin processes observed in contrast to conventional cappers, which block actin
association to or dissociation from the barbed ends ofin vivo.
actin filaments, they moderately affect the rate parame-
ters at barbed ends (Pruyne et al., 2002; Pring et al.,Introduction
2003; Zigmond et al., 2003; Li and Higgs, 2003; Harris
et al., 2004). However, these data are satisfactorily ac-Polarized assembly of actin filaments drives cell motility.

WASP-Arp2/3 and formins are two conserved, stimulus- commodated by the rapid equilibrium binding of Bni1p
or mDia1 to barbed ends. In contrast to Bni1p andresponsive, modular protein machineries that initiate

new filaments. These two machineries operate in distinct mDia1, fission yeast Cdc12p acts as a conventional
processes and are targeted to specific sites by small strong capper but allows barbed-end growth in the pres-
G proteins of the Rho family. WASP family enzymes ence of profilin (Kovar et al., 2003).
(Machesky and Insall, 1998) use the Arp2/3 complex to How can a leaky capper bound to barbed ends in
generate branched actin arrays that promote extension rapid equilibrium find a source of free energy to become
of lamellipodia, propulsion of pathogens or endosomes, a processive motor of filament assembly? Here we dem-
and various cell processes. Formins are recently discov- onstrate that the FH1-profilin interaction is required for
ered nucleators of unbranched actin filaments and are processive filament assembly by FH1-FH2. FH1-FH2 in-
involved in motile processes such as the formation of creases the rate of ATP hydrolysis associated with pro-
actin cables in yeast (Evangelista et al., 1997, 2002, filin-actin assembly and uses the derived free energy
2003; Ozaki-Kuroda et al., 2001; Sagot et al., 2002a), as a source of energy to steer and accelerate 15-fold
assembly of actin filaments in the cytokinetic ring (Lee polymerization. In the absence of profilin, FH2 and FH1-
et al., 1999; Kato et al., 2001; Tolliday et al., 2002; Pelham FH2 merely work as leaky cappers. Capping proteins
and Chang, 2002), focal adhesions and adherens junc- arrest formin-catalyzed processive growth of filaments.

Using these conclusions, rapid formin-based motility
is reconstituted in vitro, thus explaining the puzzlingly*Correspondence: carlier@lebs.cnrs-gif.fr
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rapid rates of formin-induced actin processes observed filin-actin with FH1-FH2 is required for processive
growth. To measure how long formin stays bound to ain vivo.
growing filament, beads coated with FH1-FH2 at low
density were placed in a solution of 0.5 �M F-actin andResults
4 �M profilin. Profilin-actin concentration is thus main-
tained at a steady-state value of 0.1 �M, while the partialmDia1 FH1-FH2-Coated Beads Catalyze Processive
critical concentration of G-actin is 0.01 �M (PantaloniGrowth of Individual Actin Filaments
and Carlier, 1993). Fluorescence microscopy allowsPolymerization assays showed that, in agreement with
real-time observation of the stationary growth and de-others (Li and Higgs, 2003; Moseley et al., 2004), both
tachment of individual filaments from the bead. Individ-FH2 and FH1-FH2 domains of mDia1 were better nuclea-
ual filaments nucleated at the bead surface grew attors of actin assembly than the homolog domains of
a rate of 0.4 �m/min at steady state (Figure 1F andBni1p (Supplemental Figures S1A, S1B, and S1C at http://
Supplemental Movie S1 on the Cell website) andwww.cell.com/cgi/content/full/119/3/419/DC1/). FH1-FH2
reached lengths of 8–15 �m, i.e., grew for periods ofis a better nucleator than FH2. The nucleating activity
time of 1200 to 2500 s before detaching. The frequencydepends strongly on ionic strength and was 5-fold
of detachment of a barbed end from FH1-FH2, Kd � 7.5 ·higher at 50 mM KCl as used by Li and Higgs (2003)
10�4 � 1.5 · 10�4 s�1, was derived from the stationarythan at physiological ionic strength (Supplemental Fig-
length distribution of attached filaments (Figure 1G).ure S1D on the Cell website).
When 0.3 �M actin depolymerizing factor (ADF) wasTo mimic targeting of formin at specific cell sites,
added, filaments grew faster due to enhanced tread-FH2 or FH1-FH2 domains were adsorbed on polystyrene
milling (Loisel et al., 1999) and reached lengths thatbeads (see Experimental Procedures). In pyrene fluores-
exceeded 50 �m, indicating that under these conditionscence measurements, formin-coated beads stimulated
too they remain bound to FH1-FH2 for at least 1000 s.actin assembly in the presence or absence of profilin.

Although 12% of the immobilized FH1-FH2 and 39% of
the immobilized FH2 were active, the activity of bead mDia1 FH1-FH2 Enhances by 15-Fold the Rate Constant

for Profilin-Actin Association to Barbed Endsbound proteins was quantitatively identical to that of the
soluble FH1-FH2 and FH2 (Figure 1A and Supplemental The rate of 0.4 �m/min (2.5 subunits/s) at which FH1-

FH2 catalyzes barbed-end assembly in the presence ofFigure S1E on the Cell website). In the fluorescence
microscope, filaments formed a fluorescent actin cloud 0.1 �M profilin-actin is surprisingly high, considering the

value of the rate constant for association of profilin-surrounding FH1-FH2-coated beads only in the pres-
ence of profilin (Figure 1B). Filaments nucleated by bead actin to barbed ends (K� � 7 �M�1 · s�1; Gutsche-Perel-

roizen et al., 1999). To clarify this point, we monitoredbound FH1-FH2 in the absence of profilin were free in
solution, and the beads remained bare (Figure 1B). FH2- by fluorescence microscopy the initial rate of barbed-

end growth of individual filaments using free, FH2coated beads also stimulated filament assembly from
actin but remained bare (Figure 1B and Supplemental bound, or FH1-FH2 bound barbed ends (Figures 2A–2C).

This method avoids the interference of mDia1-inducedFigure S1E on the Cell website). In conclusion, actin
nuclei formed by immobilized FH2 or FH1-FH2 are re- nucleation which, even at low-actin concentration, ob-

scures its effect on K� in spectroscopic methods. Theleased and seed filament growth in solution. In contrast,
immobilized FH1-FH2 nucleates and assembles fila- values of K� of G-actin or profilin-actin at the different

classes of barbed ends were derived (Table 1). Freements in an insertional processive fashion from profilin-
actin. The functional homolog of profilin, ciboulot, could G-actin associated to FH2 or FH1-FH2 bound barbed

ends 2-fold more slowly than to free barbed ends, innot replace profilin, suggesting that the FH1-profilin in-
teraction is involved in processive growth. agreement with Li and Higgs (2003). Profilin-actin asso-

ciated to free barbed ends slightly more slowly thanThe role of profilin in formin function was further ad-
dressed by polymerization assays. Profilin and ciboulot G-actin, in agreement with Gutsche-Perelroizen et al.

(1999). Profilin-actin associated to FH2 bound barbedare known to inhibit spontaneous actin nucleation (Pol-
lard and Cooper, 1984; Boquet et al., 2000). The two ends 2-fold more slowly than to free barbed ends. In

striking contrast, profilin-actin associated to FH1-FH2proteins also identically inhibited FH2-induced nucle-
ation (Figure 1C). On the other hand, ciboulot totally bound barbed ends 15-fold faster than to free barbed

ends. The value of K� of 110 �M�1 · s�1 at FH1-FH2inhibited FH1-FH2-induced nucleation (Figure 1D), where-
as FH1-FH2 enabled profilin-actin to nucleate filaments, bound barbed ends overrides by 15-fold the diffusion-

limited rate constant (Drenckhahn and Pollard, 1986).albeit less efficiently than actin (Figure 1E). This effect
thus depends on the interaction between the FH1 do- Thus, FH1-FH2 (but not FH2) acts as a motor steering

barbed-end assembly of profilin-actin exclusively.main and profilin. The critical concentration at the formin
bound barbed ends was not affected by either profilin FH2 and FH1-FH2 also affect barbed-end disassem-

bly. Both domains lowered by 2-fold the rate of depoly-or ciboulot, as observed with free barbed ends (Figures
1D and 1E and Supplemental Figure S2A on the Cell merization, consistent with their binding to barbed ends

with equilibrium dissociation constants of 26 � 8 nMwebsite).
The above data suggest that, in contrast to a pre- for FH2 and 3 � 1 nM for FH1-FH2 (Figure 2D). Since

the value of K� for actin is lowered 2-fold by FH2 orviously proposed model (Zigmond, 2004 for review), nei-
ther FH2 nor FH1-FH2 work as processive motors of FH1-FH2, the critical concentration (Cc � K�/K�) should

not be affected by FH2 nor FH1-FH2. This implicationassembly of actin alone and that the association of pro-
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Figure 1. mDiaFH1-FH2 Catalyzes Site-
Directed Processive Filament Assembly from
Profilin-Actin and Remains Bound to Barbed
Ends for 2000 s

(A) Actin (1.5 �M, 5% pyrenyl-labeled) was
polymerized with BSA-coated beads (black
curves) or with 13.5 pmol beads bound FH1-
FH2 (red curves) or with 1.6 pmol soluble FH1-
FH2 (blue curves) in a final volume of 160 �l,
in the absence (continuous lines) or presence
(dotted lines) of 5 �M profilin. The data show
that 12% of beads bound FH1-FH2 is active.
(B) FH1-FH2-coated beads (2 �m in diameter)
were removed from the polymerization assay
(A) in the presence (left) and in the absence
(top right) of profilin. Bottom right panel: FH2-
coated beads with profilin. Filaments were
stained with rhodamine-phalloidin. Bar �

10 �m.
(C) Profilin totally inhibits nucleation in the
presence of FH2. Actin (1.5 �M, 5% pyrenyl-
labeled) was polymerized in the presence of
40 nM FH2 and profilin (in �M).
(D) Ciboulot totally inhibits nucleation in the
presence of FH1-FH2. Actin was polymerized
as under (C) in the presence of 40 nM FH1-
FH2 and ciboulot (in �M). Similar data are
obtained with FH2.
(E) Profilin inhibits actin nucleation to a lim-
ited extent in the presence of FH1-FH2. Actin
was polymerized as under (C) in the presence
of 40 nM FH1-FH2 and profilin (in �M). Inset:
SDS-gels of the supernatants of F-actin sedi-
mented at the end of the polymerization pro-
cess in the presence of profilin (in �M). An
equal amount of actin is measured, showing
that the lower fluorescence plateau at inter-
mediate concentrations of profilin is an arti-
fact (see Experimental Procedures).
(F) Timelapse recording of the processive
growth of a single filament and its detach-
ment from FH1-FH2-coated beads. Beads
were placed in a solution of 0.5 �M rhoda-
mine-F-actin, 4 �M profilin, and 0.15% meth-
ylcellulose and observed in fluorescence us-
ing an Ixon (Andor) electron-multiplying CCD
back-illuminated camera. Bar: 5 �m.

(G) Histogram of the steady-state lengths reached by filaments from immobilized FH1-FH2. Conditions as under (F). The curve is the calculated
exponential consistent with a detachment rate constant Kd of 7.5 · 10�4 s�1.

was verified (Supplemental Figure S2B on the Cell web- Gutsche-Perelroizen et al. (1999), and reached 340 s�1

for FH1-FH2 bound barbed ends.site). The value of K� for association of profilin-actin to
barbed ends being greatly enhanced by FH1-FH2, the
unchanged value of the critical concentration implies mDia1 FH1-FH2 Increases the Rate of ATP Hydrolysis

on Profilin-Actin at Barbed Ends and Uses Itthat the value of K- should be enhanced by profilin to
the same extent as K�. This implication was verified as a Source of Energy in Processive Filament Growth

Profilin binds at the barbed face of G-actin (Schutt et(Figure 2E).
In conclusion, whereas FH1-FH2 processively assem- al., 1993). As filaments grow from profilin-actin, profilin

must dissociate from the barbed end to restore a freebles F-actin from profilin-actin, FH2 and FH1-FH2 work
as leaky cappers in rapid equilibrium with barbed ends barbed end available for further elongation. ATP hydro-

lysis on profilin bound actin lowers its affinity by 20-foldin the presence of pure actin (Zigmond et al., 2003).
The rate of barbed-end growth increased linearly with (Pantaloni and Carlier, 1993), allowing dissociation of

profilin from the barbed end. Hence, ATP hydrolysisthe concentration of profilin-actin, but slows down at
high concentrations of profilin-actin, indicating that limits the rate of filament growth at high profilin-actin

concentrations (Gutsche-Perelroizen et al., 1999). FH1-barbed-end growth is limited by a process slower than
the on rate of profilin-actin. The extrapolated rate con- FH2 not only increases K� for profilin-actin but also

promotes filament growth at rates that override the limitstant of this process derived from the model (Figure 6)
was 60 s�1 for free barbed ends, in agreement with value of 60 s�1. This fact suggests that ATP hydrolysis
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Figure 2. mDia1 FH1-FH2 Steers the Associ-
ation of Profilin-Actin to Barbed Ends

Rhodamine-labeled actin (1.5 �M) was poly-
merized with 40 nM FH1-FH2 in the absence
(A) and in the presence (B) of 5 �M profilin.
Filaments formed at early time (60 s) of as-
sembly, phalloidin-stabilized, were observed
in TIRF microscopy. Bar � 5 �m.
(C) Initial rate of barbed-end growth from 1.5
�M actin, initiated by spectrin-actin seeds
(black), FH2 (red), or FH1-FH2 (blue) and in
the absence (dotted lines, open symbols) or
in the presence (continuous lines, closed
symbols) of 5 �M profilin. Symbols represent
length measurements at the indicated times.
The rate of growth is the slope of the lines.
(D) Formin slows down depolymerization of
filaments at barbed ends. Dilution-induced
depolymerization was measured in F buffer
containing FH2 (red) or FH1-FH2 (blue). Curves
are calculated using values of 3 nM and 26
nM for the equilibrium dissociation constants
of FH1-FH2 and FH2 at barbed ends (equa-
tion in Experimental Procedures).
(E) Profilin increases the rate of depolymeriza-
tion of FH1-FH2 bound barbed ends. F-actin
(2 �M, 50% pyrenyl-labeled) was depolymer-
ized by 50-fold dilution into F buffer con-
taining 100 nM FH1-FH2 and profilin at 0
(blue), 10 (red), 25 (green), and 50 �M (black).
(F) Dependence of the rate of filament growth
on profilin-actin concentration. Black: free
barbed ends (spectrin-actin initiated growth).
Blue: FH1-FH2 bound barbed ends. Measure-
ments were made as in (C). The data points
represent average lengths from the 20% lon-
gest filaments (see Experimental Proce-
dures). Upper and lower bars represent aver-
age lengths calculated from the 15% and
25% longest filaments. Curves are calculated
using the model (Figure 6) with the following
values of rate constants: K1 � 110 �M�1 · s�1,
K2 � 340 s�1 for formin bound barbed ends
and K1 � 7 �M�1 · s�1, K2 � 60 s�1 for free
barbed ends.

on profilin bound actin at the barbed end is accelerated ply sequesters CaATP-actin (Perelroizen et al., 1996). A
large uncoupling between polymerization and hydroly-by formin.

Hydrolysis of ATP is fast on MgATP-F-actin, making sis of ATP was also observed when polymerization of
CaATP-actin was initiated by FH1-FH2 (Figure 3A). Init difficult to detect a change in hydrolysis rate when

assembly of profilin-MgATP-actin takes place at FH1- contrast, FH1-FH2 induced fast polymerization of pro-
filin-CaATP-actin with tight coupling of ATP hydrolysisFH2 bound barbed ends. Hydrolysis is fast too on ATP�-

S-actin (M.-F.C, unpublished data). CaATP is hydrolyzed (Figure 3B). Hence, ATP hydrolysis is accelerated on
profilin-actin at FH1-FH2 bound barbed ends, thusthe most slowly on F-actin, in a manner largely uncou-

pled from polymerization (Carlier et al., 1986). Hence, allowing filaments to grow via consecutive rounds of
profilin-actin association coupled to ATP hydrolysisprofilin-CaATP-actin does not polymerize; profilin sim-

Table 1. Rate Constants for Actin and Profilin-Actin Association to Free, FH2 Bound, and FH1-FH2 Bound Barbed Ends

Association Rate Constant to Barbed Ends, K� (�M�1 · s�1)

Monomeric ATP-Actin Species Free Barbed End FH2 Bound Barbed End FH1-FH2 Bound Barbed End

G-actin 9.5 (10)a 4 5.2
Profilin-actin 6.5 (7)a 2.5 110

The listed values of K� are derived from measurements carried out as under Figure 2C. The values given in parentheses refer to data coming
from bulk measurements (fluorescence or turbidimetric measurements; Gutsche-Perelroizen et al., 1999).
a Gutsche-Perelroizen et al., 1999.
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MgATP hydrolysis on profilin-actin by FH1-FH2 likely
accounts for the enhanced limiting rate of 340 s�1 for
filament growth (Figure 2E).

In the presence of AMPPNP, actin polymerizes revers-
ibly with identical critical concentrations (0.1 �M) at the
two ends. FH1-FH2 nucleated assembly of AMPPNP-
actin, but profilin did not support assembly of AMPPNP-
actin at FH1-FH2 bound barbed ends (nor at free barbed
ends) but promoted depolymerization of F-actin by se-
questration (Figure 3C), as it does in ADP (Pantaloni
and Carlier, 1993). Hence, formin-processive function
requires ATP hydrolysis.

In conclusion, FH1-FH2-profilin-actin is a processive
filament assembly machinery that accelerates hydroly-
sis of actin bound ATP at barbed ends, allowing the
rapid release of profilin and subsequent filament assem-
bly. The increase in K� above the diffusion-limited rate
constant is another property of formin that adds up to
its effect on ATP hydrolysis.

Insertional Profilin-Actin Polymerization at
the Surface of FH1-FH2-Coated Beads
Generates Actin-Based Propulsion
A biomimetic motility assay was designed to reconsti-
tute controled formin-induced motility processes. FH2-
or FH1-FH2-coated beads were placed in a solution of
7 �M rhodamine-labeled F-actin, 10 �M ADF/cofilin, and
3 �M profilin. This chemostat maintains a stationary
amount of polymerizable G-actin via the rapid tread-
milling of actin filaments (Didry et al., 1998). In the fluo-
rescence microscope, FH1-FH2-coated beads initiated
the formation of actin cables that spontaneously bun-
dled in long actin tails. The propulsive force pushed
the bead forward steadily at 10 �m/min (Figure 4A and
Supplemental Movie S2 on the Cell website) for up to 2
hr. A laser-bleached zone of the actin tail moved away
from the bead (kymograph in Figure 4B and Supplemen-
tal Movie S3 on the Cell website), consistent with FH1-
FH2-driven processive insertional polymerization. In

Figure 3. mDia1 FH1-FH2 Accelerates ATP Hydrolysis Associated agreement with biochemical data, no bead movement
with Profilin-Actin Assembly

was observed in solutions of only actin and ADF, nor
Polymerization of �-[32P]-ATP-labeled CaATP-G-actin 1:1 complex

when profilin was replaced by ciboulot. FH2-coated(10 �M, containing 5% pyrenyl-actin) was initiated using 100 nM
beads did not initiate an actin tail (data not shown).FH1-FH2. Lines: timecourses of polymerization monitored by pyrene

fluorescence and converted in �M F-actin. Symbols: �M hydrolyzed Hence, both profilin and FH1 are required for propulsion.
ATP (acid-labile Pi). Motility assays confirmed the view that ATP hydrolysis
(A) No profilin added. ATP hydrolysis occurs slowly on F-actin. is used in processive movement. First, hydrolysis of ATP
(B) Profilin was added at 2 �M (continuous line, closed circles) or

into ADP by hexokinase and glucose or substitution of20 �M (dotted line, open circles). Note that at the substoichiometric
AMPPNP for ATP caused arrest of movement, while FH2amount of 2 �M profilin, tight coupling is observed between actin
and FH1-FH2 do nucleate actin in ADP or AMPPNP.assembly and ATP hydrolysis, indicating that profilin is recycled in

the consecutive rounds of assembly. Finally, rapid movement of FH1-FH2-coated beads was
(C) In the presence of AMPPNP, profilin sequesters actin and does observed as well with profilin-CaATP-actin as with pro-
not allow processive filament growth at FH1-FH2 bound barbed filin-MgATP-actin (data not shown).
ends. F-actin (2 �M, 2% pyrenyl-labeled), assembled in the presence

In the presence of actin and 3 �M profilin but absenceof 120 nM FH1-FH2 in the presence of either ATP (open circles)
of ADF, movement was slow (0.4 �m/min). The velocityor AMPPNP (closed circles) was supplemented with profilin. Inset:

critical concentration plots in the presence of FH1-FH2 (125 nM), in increased upon increasing ADF concentration and
ATP (open circles), and AMPPNP (closed circles). Note that fluores- reached a plateau value of 15 �m/min (Figure 4C), con-
cence of AMPPNP-F-actin is 20% lower than that of ADP-F-actin. sistent with the synergy between ADF and profilin (Didry

et al., 1998). In the presence of actin and 10 �M ADF,
no movement was observed, but velocity increased from(FH1-FH2 does not bind nor hydrolyze ATP, data not
0 to 18 �m/min upon addition of increasing amounts ofshown). Remarkably, formin and profilin act together

to accelerate ATP hydrolysis by actin. Acceleration of profilin (Figure 4D).
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Figure 4. A Biomimetic Motility Assay Reconstitutes Rapid Formin-Induced Processes Observed In Vivo

(A) Timelapse recording of the propulsive movement of FH1-FH2-coated beads (2 �m in diameter) in the presence of 7 �M F-actin, 10 �M
ADF, and 3 �M profilin. Bar � 10 �m.
(B) Kymograph of a bleached zone in the actin tail at the rear of an FH1-FH2-coated bead. Conditions: 7 �M F-actin, 5 �M ADF, 3 �M profilin.
The laser flash is highlighted.
(C) ADF concentration dependence of the velocity of FH1-FH2-coated beads in a solution contatining 7 �M F-actin and 3 �M profilin. Note
slow movement in the absence of ADF.
(D) Profilin concentration dependence of the velocity of FH1-FH2-coated beads in the presence of 7 �M F-actin and 10 �M ADF. No movement
occurs in absence of profilin.

Capping Proteins Regulate the Rate and Duration sight in the effect of capping proteins on formin-based
motility. Capping proteins establish the high critical con-of Profilin-Actin-Based Propulsion

of FH1-FH2-Coated Beads centration of the pointed ends, while formins maintain
the low critical concentration of the barbed ends (Li andSince capping proteins are required for actin-based

movement driven by WASP-Arp2/3 (Loisel et al., 1999), Higgs, 2003; Pring et al., 2003; Supplemental Figure S3
on the Cell website). Formins have been reported totheir effect on formin-associated motility was ad-

dressed. Addition of gelsolin or CapG to the motility prevent the binding of capping proteins to barbed ends
(Zigmond et al., 2003; Harris et al., 2004; Moseley etmedium containing actin, ADF, and profilin increased

the rate of propulsion of FH1-FH2-coated beads. This al., 2004). FH1-FH2 and cappers showed antagonistic
competitive behavior in the control of the critical con-effect is consistent with the increase in critical G-actin

concentration due to the capping of barbed ends. Sur- centration (Figure 5C and Supplemental Figure S3 on
the Cell website). Immunodetection assays showed thatprisingly, the increase in velocity was transient. After

awhile, beads stopped; the actin tails detached from gelsolin was not displaced from pelleted filaments by
FH1-FH2 (data not shown). In conclusion, FH1-FH2the beads that remained bare and never reinitiated actin

assembly (Figure 5A and Supplemental Movies S4 and shifts the F-actin steady state by creating new filaments
with active barbed ends. The critical concentration isS5 on the Cell website). The velocity increased and the

duration of the movement decreased upon increasing determined by the fraction of formin bound (active) and
gelsolin bound (inactive) barbed ends.gelsolin concentration (Figure 5B). The fastest move-

ment (30 �m/min, corresponding to 200 subunits assem- CapG blocked the growth of free barbed ends (KC �
0.8 nM), but blocked formin bound barbed ends with abled per second) was recorded for only 5 min in the

presence of 7 �M actin, 100 nM gelsolin, 3 �M profilin, higher value of KC (60–70 nM), which remained constant
in a large range of concentrations of FH1-FH2 or FH2and 10 �M ADF. This speed is consistent with a steady-

state amount of profilin-actin of 1.8 �M (200 s�1)/(110 (Figure 5D). If formin and CapG were binding in direct
competition, the value of KC would increase linearly with�M�1 · s�1), which was verified by sedimentation (data

not shown). When fresh beads were added to the solu- the concentration of formin. In conclusion, CapG binds
to formin bound barbed ends with a 100-fold lower affin-tion following arrest of movement of a first batch of

beads, they moved for the same period of time as the ity than to free barbed ends. Formation of the abortive
complex of formin, actin, and gelsolin is likely responsi-former ones and stopped. Immunodetection assays ver-

ified that formin was still bound to the beads. These data ble for the arrest of formin-based movements.
suggest that gelsolin gradually “poisons” the beads,
preventing formin-catalyzed barbed-end growth by for- Discussion
mation of an abortive complex with FH1-FH2, actin,
and gelsolin. We showed that the FH1-FH2 domain of mDia1 in com-

plex with profilin-actin is a processive motor that drivesPolymerization assays provide thermodynamic in-
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Figure 5. Capping Proteins Control the Activ-
ity of mDia1 in Actin Polymerization and in
Motility

(A) Capping proteins arrest movement of for-
min-coated beads: timelapse recording of
FH1-FH2-coated beads in a solution con-
taining 10 �M actin, 10 �M ADF, 3 �M profilin,
and 75 nM gelsolin. Bar � 10 �m.
(B) Gelsolin concentration dependence of the
velocity (circles) and duration of movement
(squares) of FH1-FH2-coated beads.
(C) Capping proteins and formin antagonize
in the control of the steady state of actin as-
sembly. F-actin (1.1 �M, 5% pyrenyl-labeled)
was polymerized in the presence of CapG at 0
(circles), 100 (squares), and 200 nM (triangles)
and supplemented with increasing amounts
of FH1-FH2 as indicated. Fluorescence was
recorded at steady state.
(D) Capping protein caps formin bound
barbed ends with a 100-fold lower affinity
than free barbed ends. The rate of initial
barbed end growth was measured in spec-
trin-actin seeded growth assay (circles) or
when barbed-end growth was initiated with
32 nM (closed triangles), 63 nM (closed dia-
monds), and 94 nM (closed squares) FH1-FH2
or 187 nM (open triangles) and 312 nM (open
squares) FH2. Curves are calculated using Kc

values of 0.8 nM for CapG binding to free
barbed ends and 55 nM and 45 nM for CapG
binding to FH1-FH2 and FH2 barbed ends, re-
spectively.

rapid barbed-end assembly of several micrometer-long ates elongation, thus overriding the diffusion limit by a
steering effect that may have an electrostatic or hydro-actin filaments for periods up to 2000 s. The motor has

the following features: first, the rate constant for profilin- dynamic origin (Frisch et al., 2001; Brune and Kim, 1994).
A solution of F-actin, ADF, and profilin supports theactin association to barbed ends, K�, is increased by

15-fold, up to 110 �M�1 · s�1, by formin. This property steady movement of formin-coated particles with the
same characteristics of rapid growth (0.29 �m/s) as actinaccounts for the rapid (up to 0.29 �m/s) sustained move-

ment of formin-coated beads in a biomimetic assay con- cables in yeast (Yang and Pon, 2002), E-GFP-tagged
mDia1�N3 speckles in XTC fibroblasts (Higashida et al.,taining actin, ADF, and profilin. Second, formin-induced

increase in K� is linked to a large acceleration of ATP 2004), and other rapid actin-based processes such as
assembly of the cytokinetic ring (Arai and Mabuchi,hydrolysis coupled to profilin-actin assembly, thus

allowing growth rates of up to 340 subunits/s. Finally, 2002) and possibly extension of filopodia (Peng et al.,
2003). So far, such processes were thought to requirethe rate and duration of formin-based motile processes

are regulated by capping proteins. very high cellular concentrations of polymerizable G-actin.
The processes are actually observed in a solution that
maintains a steady concentration of only 1–2 �M profilin-Molecular Mechanism for Processive Filament

Assembly from Profilin-Actin by mDia1 actin, close to plausible physiological values. Thus, un-
der physiological conditions, actin-based processes areFH2-actin and FH1-profilin interactions are required for

the processivity of the FH1-FH2 domain in barbed-end powered simultaneously at different velocities in the cell
by N-WASP-Arp2/3 (2 �m/min) or formin (15 �m/min).assembly. In the absence of profilin, FH2 as well as FH1-

FH2 nucleate actin filaments and bind to barbed ends mDia1 remains attached to a growing end up to 2000 s,
allowing growth of 7–10 �m-long filaments at steadyas leaky cappers in rapid equilibrium, slowing down

2-fold G-actin association-dissociation at barbed ends. state in the absence of ADF, and much longer (50 �m
or more) in the presence of ADF. The function of profilinFH1-FH2-coated beads do not move in a solution of

actin and ADF only, which yet supports rapid tread- in mDia1-based movement is not restricted to its sole
effect on treadmilling, unlike in N-WASP-Arp2/3 motility.milling.

Profilin causes a dramatic change in FH1-FH2 proper- A source of free energy is required for processivity.
Formin is the first regulatory protein that acceleratesties. The barbed-end bound FH1-FH2-profilin-actin

complex is a unique processive machinery that acceler- ATP hydrolysis on profilin-actin and uses the released
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free energy for its processive function. How profilin and ing torque motion to accommodate filament straight
growth. The former mechanism seems unlikely and wasformin cooperate in enhancing ATP hydrolysis, as a

“GAP” does on small G proteins, is an important struc- dismissed by the fact that actin-based propulsion of
formin-coated beads was not altered by addition oftural issue raised by these findings. The environment of

the ATP binding site in the formin-profilin-actin complex �-actinin, which prevents the free rotation of individual
filaments by bridging them (data not shown). In the lattermust be modified. The associated conformational

changes in this complex affect the electrostatic or hy- mechanism, the flexibility of the formin dimer, suggested
by the flexible tether in the FH2 dimer (Xu et al., 2004),drodynamic nature of the barbed end, allowing a local

steering of profilin-actin association. Faster ATP hydro- plays a role in the motor function of formin. Yet the FH2
domain has no processive function. Some additionallysis is not formally required for the increased value of

K� but may be a contingent property linked to this other features in FH1-FH2 may generate internal motions in
formin. Structural studies of the complexes of formineffect of formin. The rate of formin-catalyzed filament

assembly is limited to 340 s�1 at high profilin-actin con- with actin and profilin should elucidate the structural
basis for the motor function.centrations. This value represents either the rate of ATP

hydrolysis or of subsequent Pi release or of dissociation
of profilin from barbed-end bound actin. Yet, ATP hydro- Interplay between Capping Proteins and Formins
lysis must occur at least at 340 s�1. in the Control of Barbed-End Growth

Our data provide a rationale to genetic studies show- Capping proteins are required for efficient N-WASP-
ing the requirement of profilin in the assembly of the mediated processes, maintained by a balance between
cytokinetic ring (Severson et al., 2002) and actin cables the creation of new filaments by branching and the death
(Evangelista et al., 2002). Slow formin-associated pro- of the filaments by capping. Formin-based motility is
cesses observed upon transfection of cells with a non- more sensitive to capping proteins since formins do not
processive FH2 domain of mDia1 (Copeland and Treis- generate filaments autocatalytically. Factors that affect
man, 2002; Higashida et al., 2004) may be due to the lifetime of formin at filament ends are expected to
formation of poorly processive dimers of FH2 with the regulate movement. We confirm (Zigmond et al., 2003)
endogenous active mDia1. that mDia1 lowers the affinity of capping proteins for

barbed ends by 100-fold; however, mDia1 and capping
proteins do not bind in direct competition. Capping pro-Model for Catalysis of Processive Barbed-End
teins may bind to a formin bound filament at an interme-Growth by the Formin-Profilin-Actin Machinery
diate step of the processive cycle, in an abortive com-Formin remains bound to the barbed end for many con-
plex that arrests the movement of formin-coated beads.secutive cycles of profilin-actin assembly. In the ab-
In vivo, cytochalasin D, which caps barbed ends, ar-sence of profilin, FH1-FH2 is in rapid equilibrium with a
rested formin-induced movement (Higashida et al.,barbed end; hence, rapid dissociation of FH1-FH2 from
2004). Capping proteins may promote the observed re-a barbed end is expected to occur following ATP hy-
lease of bundles from bud sites (Yang and Pon, 2002).drolysis and dissociation of profilin from actin. To ob-
This timer function generated by the characteristics oftain a processive action, though, cycles of attachment-
the processive cycle may as well control formin-depen-detachment of the same formin must mediate its stepping
dent processes such as the assembly and disassemblywalk along the terminal F-actin subunits as the filament
of the cytokinetic ring.grows. The dimeric structure of FH1-FH2 (Xu et al., 2004)

solves this paradox. A model describing the processive
walk of formin at barbed ends is proposed based on Force Generation by Site-Directed Processive
structural and present biochemical data (Figure 6). Pro- Polymerization of Unbranched Filaments
cessive assembly results from a cycle in which each of Growth of actin filaments generates a propulsive force
the FH1-FH2 protomers alternately binds the terminal of 3.5 pN/filament, assuming 2 �M polymerizable actin
profilin-ATP-F-actin and dissociates from subterminal (Mogilner and Oster, 1996). Like in N-WASP-Arp2/3-
ADP-F-actin following release of profilin. We propose mediated actin-based movement (Theriot et al., 1992),
that ATP hydrolysis on the actin subterminal subunit, the rate of propulsion of formin-coated beads equals the
coupled to the lateral actin-actin contact with the termi- rate of polymerization, although the detailed molecular
nal profilin-actin subunit, is the source of energy for the mechanisms are different. The bundled filaments gener-
processive walk of formin. An analytical expression of ated by formin must have mechanical and rheological
the rate of filament elongation has been derived for this properties different from the entangled gel generated
type of model (Pantaloni et al., 1985). A similar clamped- by Arp2/3-branched filaments. The role played by the
filament elongation model has been proposed for actin- elasticity of the actin gel in motility processes can now
based motors (Dickinson and Purich, 2002). Our model be addressed by measuring the forces that are produced
accounts for nucleation of filaments from formin-pro- by the two systems operating in identical synthetic
filin-actin: enhancing ATP hydrolysis leads to dissocia- chemically controlled media.
tion of profilin from a profilin-actin lateral dimer and

Experimental Proceduresallows trimer formation.
Filament growth generates a 5 nm pitch left-handed

Proteinshelix. When filaments grow from immobilized formin,
Actin was purified and pyrenyl- or rhodamine-labeled (Carlier et al.,

either the filament rotates 167	/subunit around its axis 1986; Isambert et al., 1995). Recombinant FH2 (752–1194) and FH1-
as it grows from surface bound formin or the two FH1- FH2-COOH (569–1255) domains of mDia1 were expressed as His-

tagged fusion proteins in E. coli BL21. Bacteria were grown at 37	CFH2 protomers of the formin dimer undergo an oscillat-
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Figure 6. Model for the Processive Action of Formin in Barbed-End Assembly of Profilin-Actin

Processive steady barbed-end growth is described by a two-step cycle. In the first step (bimolecular rate constant K1), profilin-actin associates
to a barbed end to which formin and profilin-ATP-actin are bound. Profilin (P) interacts with the FH1 domain, while the FH2 domain interacts
with the terminal ATP-F-actin subunit (A). The resulting barbed end has terminal and subterminal PA subunits. Each PA interacts with one
FH1-FH2 subunit of the dimer. The second step accounts for the hydrolysis of ATP, release of Pi, and subsequent release of profilin from the
subterminal actin subunit. A single rate constant K2 represents the slowest of these three consecutive processes. In the steady-state cycle,
all rates are equal. At low profilin-actin concentration, the slowest step that controls the cycle is step 1; at higher concentration of profilin-
actin, step 2 (ATP hydrolysis or release of profilin) controls the cycle, causing the curvature of the plot (Figure 4E).
The structure of FH1-FH2 being unknown, the drawn shape of the protein is illustrative and has no structural significance.

to log phase, induced with 1 mM IPTG and grown for 16 hr at 16	C. incubation due to the turnover of filaments and redistribution of
labeled actin.Cells were pelleted, washed, resuspended in 20 mM phosphate,

20 mM imidazole (pH 7.8)/0.5 M KCl/10 mM MgCl with protease Dilution-induced depolymerization of F-actin was monitored fol-
lowing 50-fold dilution of a 2 �M F-actin (50% pyrenyl-labeled) solu-inhibitors, and lysed by sonication. The lysate, cleared by centrifuga-

tion at 17,000 
 g, was incubated with NiNTA agarose beads (Qia- tion in F buffer containing formin at different concentrations. The
initial rate of depolymerization was analyzed using the equation V �gen). Following a wash with 50 mM imidazole, His-tagged proteins

were eluted with 250 mM imidazole, dialyzed against 100 mM Tris V0 � ([V0 � Vmin]/[1 � Kd/(F)]), where V, V0, and Vmin are the rates
measured in the presence of formin at concentration (F), in the(pH 7.5)/0.1 M KCl/1 mM DTT, centrifuged at 400,000 
 g, and flash-

frozen in liquid nitrogen. No change in activity was recorded upon absence of formin, and at saturation by formin, and Kd is the equilib-
rium dissociation constant of the complex of formin with a filamentfreezing the proteins nor upon removing the His-tag. Recombinant

human gelsolin and CapG were given by A. Zapun. Human ADF and barbed end.
Steady-state pyrene fluorescence measurements of F-actin as-ciboulot were expressed in E. coli (Hertzog et al., 2004). Profilin was

purified from bovine spleen (Pantaloni and Carlier, 1993). sembly were carried out in a Spex spectrofluorimeter following over-
night incubation of samples at 4	C.

Actin Polymerization Assays
Characterization of mDia1-Coated BeadsActin polymerization was monitored in 5 mM Tris (pH 7.6), 0.2 mM
Carboxylated polystyrene microspheres (2 �m, Polyscience, 0.25%ATP, 0.1 mM CaCl2, 1 mM DTT, 1 mM MgCl2, 0.1 M KCl, and 0.2
solids suspension) were incubated with FH1-FH2 or FH2 (10 �M formM EGTA. EGTA and MgCl2 were omitted in polymerization of
standard beads, 0.5 �M for poorly coated beads) in Xb-buffer (10CaATP-actin. The increase in fluorescence of 1% to 5% pyrenyl-
mM HEPES [pH 7.8], 0.1 M KCl, 1 mM MgCl2, 1 mM ATP, and 0.1labeled actin was monitored using a Safas spectrofluorimeter (�exc �
mM CaCl2) for 1 hr, washed and saturated with 1% BSA, and stored366 nm, �em � 407 nm). When actin was assembled in the presence
in 0.1% BSA.of FH1-FH2 and profilin, a lower fluorescence plateau was reached in

The amount of FH1-FH2 or FH2 immobilized on the beads wasa range of intermediate concentrations of profilin. The fluorescence
determined by SDS-PAGE (Wiesner et al., 2003). Surface densitiesincreased to the same value as in other samples in 18 hr. Sedimenta-
of 0.10 FH1-FH2 molecule/nm2 and 0.06 FH2 molecule/nm2 weretion assays showed that the low fluorescence does not correspond
obtained, corresponding to almost close packing distances of 3 nmto a lower amount of polymerized actin but results from the lower
and 4 nm between FH1-FH2 and FH2.affinity of profilin for pyrenyl-labeled than for unlabeled actin and

from the fact that in processive filament assembly from profilin-
actin, long stretches of consecutive poorly labeled F-actin subunits Motility Assay with mDia1-Coated Beads

The standard motility medium consisted of 7 �M F-actin (16% rho-are incorporated. This effect became fainter at high profilin, allowing
the profilin’s binding to pyrenyl-actin, and vanished upon overnight damine-labeled) in Xb-buffer, 10 �M ADF/cofilin, 3 �M profilin, 1%
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BSA, 0.2% (wt/vol) methyl cellulose (cat. # M-0512 Sigma-Aldrich), F* � PA � PA → F* � (PA)2 (1)
7 mM DTT, and 1.5 mM diazo-bicyclo-octane (DABCO). Changes in

F* � (PA)2 → F* � PA � P � Pi (2)the composition of this medium are indicated. Average rates of
movement were determined by synchronous recording of four se- F* � PA � P → F* � PA � PA (3)
lected fields (CCD camera Orca II ERG, Hamamatsu) using an Olym-

Equation 1 describes association (rate constant K1) of profilin-actinpus AX70 microscope and MetaMorph 5.0 software (Universal Im-
(PA) to a filament barbed end that has formin FH1-FH2 bound inaging Corp.) for microscope control and image acquisition. A 20

association with PA as terminal subunit (F*-PA). Equation 2 de-(NA 0.5) or a 100
 phase objective (NA 1.35) was used. Freely
scribes the hydrolysis of ATP and dissociation of inorganic phos-moving beads from at least ten different fields were selected. The
phate (Pi) and profilin (P) from the subterminal position. Equation 3template recognition-based tracking tool or the kymograph tool of
is required to account for establishment of a steady state.MetaMorph was used to measure mean velocities, calculated for

sets of 10–15 beads.
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