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SUMMARY

Formin proteins nucleate actin filaments, re-
maining processively associated with the
fast-growing barbed ends. Although formins
possess common features, the diversity of
functions and biochemical activities raised
the possibility that formins differ in funda-
mental ways. Further, a recent study sug-
gested that profilin and ATP hydrolysis are
both required for processive elongation
mediated by the formin mDia1. We used to-
tal internal reflection fluorescence micros-
copy to observe directly individual actin
filament polymerization in the presence of
two mammalian formins (mDia1 and mDia2)
and two yeast formins (Bni1p and Cdc12p).
We show that these diverse formins have
the same basic properties: movement is
processive in the absence or presence of
profilin; profilin accelerates elongation; and
actin ATP hydrolysis is not required for pro-
cessivity. These results suggest that diverse
formins are mechanistically similar, but the
rates of particular assembly steps vary.

INTRODUCTION

The list of formin-dependent actin-based cellular structures is

growing rapidly and includes cytokinetic cleavage furrows,

yeast actin cables, adherens junctions, and filopodia (Chang

et al., 1997; Evangelista et al., 2002; Feierbach and Chang,

2001; Kobielak et al., 2004; Pellegrin and Mellor, 2005; Sagot

et al., 2002a; Schirenbeck et al., 2005; Severson et al., 2002).
The formin family is large and diverse with three fission yeast

formin genes, each involved in a distinct cellular function

(Chang et al., 1997; Feierbach and Chang, 2001; Petersen

et al., 1998), at least 15 formin genes in mammals and six

formin genes in Drosophila (Higgs and Peterson, 2005).

The defining feature of formins is the homodimeric formin

homology 2 (FH2) domain, which interacts with the barbed

end of actin filaments (Pruyne et al., 2002). FH2 domains pro-

mote actin filament nucleation (Pruyne et al., 2002; Sagot

et al., 2002b) and remain associated with the barbed end as

filaments elongate (Higashida et al., 2004; Kovar and Pollard,

2004; Moseley et al., 2004; Romero et al., 2004; Zigmond

et al., 2003). FH2 domains generally slow elongation as

they ‘‘walk’’ along a growing barbed end, but the effect varies

among formins studied to date. Fission yeast Cdc12p com-

pletely blocks elongation, budding yeast Bni1p and FRL1

slow elongation, and mammalian mDia1 has no effect on

elongation (Harris et al., 2004; Kovar et al., 2003; Kovar

and Pollard, 2004; Moseley et al., 2004; Zigmond et al.,

2003). FH2 domains and capping proteins interfere with

each other’s binding to barbed ends (Zigmond et al., 2003;

Moseley et al., 2004; Romero et al., 2004). Since both FH2

domains and capping proteins dissociate slowly from barbed

ends, the first protein to bind determines the behavior of that

filament for an extended time (Kovar et al., 2005). Thus, fila-

ments nucleated by formins can elongate processively for ex-

tended periods even in the presence of capping protein

(Harris et al., 2004; Kovar et al., 2005; Moseley et al., 2004;

Zigmond et al., 2003).

Adjacent to the FH2 domains, FH1 domains are character-

ized by short runs of consecutive proline residues that bind

the actin monomer binding protein profilin (Chang et al.,

1997). The number of potential profilin binding sites varies

widely, from one to sixteen. Profilin binding to FH1-FH2 do-

main constructs increases barbed-end elongation rate in as-

sociation with Cdc12p, Bni1p, and mDia1 (Kovar et al., 2003;

Kovar and Pollard, 2004; Romero et al., 2004).

While formins possess common features, the diversity of

functions and reported biochemical activities raised the
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possibility that formins differ in fundamental ways. For exam-

ple, Cdc12p is a barbed-end capping protein in the absence

of profilin, whereas other formins are not. One study sug-

gested that profilin binding to FH1 is required for processive

FH2 movement of mDia1 (Romero et al., 2004), while another

showed that profilin is not required for processivity of Bni1p

(Kovar and Pollard, 2004). In addition, ATP hydrolysis by

newly added actin subunits is proposed to be required for

mDia1 processivity (Romero et al., 2004), a property not yet

demonstrated for other formins. Some apparent differences

may arise from the assays employed to study formins. Actin

polymerization is a combination of nucleation and elongation

events, which are difficult to differentiate in ‘‘bulk’’ samples.

This problem is particularly acute for formins, which affect

both nucleation and elongation rates.

We employed total internal reflection fluorescence (TIRF)

microscopy to observe directly actin polymerization in the

presence of four formins: Cdc12p, Bni1p, mDia1, and

mDia2. We learned that these diverse formins have the

same basic properties: movement is processive in the ab-

sence and presence of profilin; elongation is accelerated by

profilin; and actin ATP hydrolysis is not required for processiv-

ity. We conclude that the four formins studied here employ

the same general mechanism for actin filament nucleation

and elongation, but that the rates of the reactions vary be-

tween them.

RESULTS

For most experiments, we mixed actin monomers with for-

mins and/or profilin in polymerizing buffer and flowed sam-

ples into glass microscope cells coated with NEM-myosin

II. NEM-myosin II binds filaments randomly along their

lengths, maintaining them in the evanescent field while leav-

ing both barbed and pointed ends free to elongate. Actin sub-

units labeled on cys-374 with Oregon green (OG-actin) allow

filament visualization, but unlabeled actin accounts for most

of the growth (Amann and Pollard, 2001; Kuhn and Pollard,

2005). Images were acquired every 15 s for up to 30 min. Un-

der these conditions in the absence of other proteins, all fila-

ments grow from the pool of 1.0 mM polymerizable Mg-ATP-

actin at rates of 10–11 subunits/s at their barbed ends and

0.30 subunits/s at their pointed ends (Figures 1A–1C).

Figure S1 in the Supplemental Data available with this article

online illustrates how we analyzed and displayed time-lapse

TIRF microscopy data.

Formin-Mediated Assembly of ATP-Actin

When supplied with Mg-ATP-actin monomers, fission yeast

Cdc12(FH1FH2)p, budding yeast Bni1(FH1FH2)p, mouse

mDia1(FH1FH2), and mouse mDia2(FH1FH2) all nucleate fil-

aments that grow at their barbed ends at a rate characteristic

of each formin. All of these filaments grow at their pointed

ends the same rate as controls. A few filaments in these sam-

ples nucleate spontaneously and grow independently of for-

min, providing convenient internal controls.

Two distinct populations of filaments assemble in the

presence of mouse formin mDia2(FH1FH2) (Figures 1D–1F,
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S1, and S4). One population consists of control filaments

that grow at their barbed ends at rates similar to filaments

in the absence of formin (Filament 1). Filaments in the second

population grow at their barbed ends at only 1.5 subunits/s

(Filament 2), presumably due to modification of the elonga-

tion reaction by continuous association of mDia2(FH1FH2)

near the elongating barbed end. Three observations support

this interpretation: (1) the fraction of filaments with slower-

growing barbed ends depends upon the concentration of

mDia2(FH1FH2) (Figure S1D); (2) slowly growing filaments

occasionally switch to growing at the control rate, which we

interpret as mDia2(FH1FH2) dissociation events (Figure S1,

Filament 3); and (3) faster-growing filaments occasionally

switch to the slower rate, interpreted as mDia2(FH1FH2)

binding events (Figure 1F, bottom green curve). If mDia2

(FH1FH2) rapidly exchanged on and off barbed ends, all fila-

ments would grow at an intermediate rate.

In contrast, mDia1(FH1FH2) (Figures 1G–1I and S4) or

mDia1(FH2) (Figures 1J–1L), which lacks the profilin binding

FH1 domain, nucleate filaments that elongate at their barbed

ends at the same rate (�10 subunits/s) as control filaments

without formin. The single population of filaments makes it

impossible for this assay to identify which filaments have

mDia1(FH1FH2) associated with their growing barbed ends.

For direct comparison, we include records of filaments

growing in the presence of Cdc12(FH1FH2)p (Figures S2A–

S2C; Table 1) and Bni1(FH1FH2)p (Figures S2D–S2F).

Cdc12(FH1FH2)p completely caps barbed ends (Figure S2B,

Filament 2), whereas Bni1(FH1FH2)p slows barbed-end

elongation by�35% (Figure S1E, Filament 2) compared to in-

ternal control filaments (Filament 1 in each case; Kovar et al.,

2003; Kovar and Pollard, 2004).

Formin-Mediated Assembly of Profilin-ATP-Actin

A low concentration of profilin (2.5 mM) slows barbed-end

growth by Mg-ATP-actin (Figures 2A–2C) to 9.1 subunits/s

and pointed-end growth to 0.04 subunits/s. In the presence

of all four formin FH1FH2 constructs, profilin strongly influ-

ences elongation of barbed ends by Mg-ATP-actin mono-

mers (Figures 2 and S3; Table 1).

With mDia1(FH1FH2) and 2.5 mM profilin, two distinct pop-

ulations of filaments appear (Figures 2G–2I). One population

is indistinguishable from control filaments (Filament 1) in both

fluorescence intensity and growth rate. Filaments in the sec-

ond population (Filament 2) are less than half as bright and

grow at their barbed ends 4.5 times faster (43.9 subunits/s)

than control filaments. The simplest explanation for two

populations is that the bright filaments have free barbed

ends, whereas the fast-growing dim filaments have mDia1

(FH1FH2) bound persistently to their barbed ends. In agree-

ment, (1) the fraction of fast-growing dim filaments depends

on the concentration of mDia1(FH1FH2) (data not shown),

(2) fast-growing dim filaments occasionally switch to slowly

growing a bright segment (Filament 3), apparent mDia1

(FH1FH2) dissociation events, and (3) slowly assembling

bright filaments occasionally switch to rapid growth of

a dim segment (Filament 4), apparent mDia1(FH1FH2) bind-

ing events. We believe that formin-associated filaments are



Figure 1. Time-Lapse Evanescent Wave Fluorescence Microscopy of the Effect of Formins on ATP-Actin Polymerization

The spontaneous assembly of 1.0 mM ATP-actin with 0.5 mM ATP-actin labeled with Oregon green (ATP-OG-actin) on slides coated with NEM-myosin II.

Conditions: 10 mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP, 50 mM CaCl2, 15 mM glucose, 20 mg/ml catalase,

100 mg/ml glucose oxidase, 0.5% (4000 cP) methylcellulose at 25ºC. Scale bar = 5 mm.

(A, D, G, and J) Time-lapse micrographs with time in seconds indicated at top. Wedges and triangles indicate barbed and pointed ends. Green, red and

orange marks indicate control, formin-nucleated, and indistinguishable filaments. Movies of all time lapses are published as Supplemental Data.

(B, E, H, and K) Kymographs of the length (y axis) of the filaments marked to the left versus time (x axis, 900 s).

(C, F, I, and L) Plots of the growth of eight individual filament barbed ends (and pointed ends for [C]) versus time for control and formin-nucleated filaments.

(A–C) 1.0 mM ATP-actin only control.

(D–F) 1.0 mM ATP-actin with 1.0 nM mDia2(FH1FH2). Filament 1: control. Filament 2: mDia2(FH1FH2)-nucleated.

(G–I) 1.0 mM ATP-actin with 1.0 nM mDia1(FH1FH2).

(J–L) 1.0 mM ATP-actin with 1.0 nM mDia1(FH2).
dimmer in the presence of profilin because profilin-actin is the

predominant species adding to the end of the filament and

that profilin has a lower affinity for OG-actin than unlabeled

actin. Actin was labeled with Oregon green on cys-374, which

lies within the profilin-actin interaction surface (Schutt et al.,

1993). Profilin has a 10-fold weaker affinity for actin labeled

on cys-374 with the smaller dye pryene (Vinson et al., 1998).

The combination of profilin with the other three formin

FH1FH2 constructs produces effects similar to mDia1

(FH1FH2), but with different rates. Dim formin-dependent fila-

ments elongate faster than bright internal control filaments:

Cdc12p is 1.4-fold faster than control filaments; mDia2 is

1.5-fold faster (Figures 2D–2F); and Bni1p is 2.0-fold faster

(Table 1). In all cases, dim filaments occasionally become

bright (Filament 3) simultaneous with growing at the slower

rate, apparentFH1FH2dissociationevents. Conversely, bright

filaments occasionally become dim coincident with switching

to growth at the faster rate, apparent FH1FH2 binding events.

A plot of the fraction of filaments bound to formin versus time
shows that each formin allows the addition of tens of thou-

sands of subunits, on average, before dissociating

(Figure 3C). The specific off-rates vary between formins by

two orders of magnitude: 1.2� 10�3 s�1 for mDia1(FH1FH2),

1.3 � 10�4 s�1 for mDia2(FH1FH2), 1.3 � 10�4 s�1 for

Bni1(FH1FH2)p, and 6.0� 10�5s�1 for Cdc12(FH1FH2)p.

The FH1 domain is required for profilin to enhance formin-

mediated barbed-end elongation. The combination of profilin

with mDia1(FH2) produces two populations of filaments that

differ in both barbed end elongation rate and filament inten-

sity (Figures 2J–2L). Control filament barbed ends grow at

8.7 subunits/s (Filament 1), whereas mDia1(FH2)-dependent

filaments are 20% brighter and elongate at only 3.2 subunits/

s (Filament 2). Apparently, profilin-ATP-actin adds to FH2-as-

sociated filaments, but at only a third the rate of a free barbed

end. We believe that FH2-associated filaments are brighter in

the presence of profilin because actin/OG-actin is the pre-

dominant species adding to the end of the filament and that

profilin has a higher affinity for unlabeled actin than OG-actin.
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Table 1. Comparison of ATP-Actin Assembly Rates in the Presence of Formin

Conditionsb

Elongation Rate (Control Filamentsa)

Barbed-End Subunits/s Pointed-End Subunits/s

Spontaneous Assemblyc

1 mM actin only 10.9 ± 0.06 0.30 ± 0.04

1 mM actin + 5 mM profilin 9.1 ± 0.1 0.04 ± 0.06

Cdc12(FH1FH2)p NAd (9.6 ± 0.1) 0.31 ± 0.08 (0.1 ± 0.06)

Cdc12(FH1FH2)p + 5 mM profilin 13.3 ± 0.6 (9.6 ± 0.2) �0.08 ± 0.11 (0.04 ± 0.05)

mDia2(FH1FH2) 1.5 ± 0.1 (8.1 ± 0.2) 0.24 ± 0.08 (0.2 ± 0.1)

mDia2(FH1FH2) + 3.0 mM profilin 12.1 ± 0.7 (8.1 ± 0.1) 0.03 ± 0.04 (�0.2 ± 0.1)

mDia2(FH1FH2) + 3.0 mM profilin-R88E 2.4 ± 0.1 (8.9 ± 0.2) 0.2 ± 0.06 (0.3 ± 0.1)

mDia2(FH1FH2) + 3.0 mM profilin-Y6D 0.5 ± 0.03 (7.1 ± 0.1) 0.05 ± 0.03 (0.04 ± 0.06)

Bni1(FH1FH2)p 5.3 ± 0.5 (8.5 ± 0.1) 0.17 ± 0.12 (0.25 ± 0.04)

Bni1(FH1FH2)p + 1 mM profilin 20.4 ± 1.5 (10.1 ± 0.8) 0.1 ± 0.4 (0.07 ± 0.1)

mDia1(FH1FH2)e 9.4 ± 0.2 0.21 ± 0.07

mDia1(FH1FH2) + 3 mM profilin 46.9 ± 0.5 (11.6 ± 0.7) 0.02 ± 0.05 (�0.05 ± 0.04)

mDia1(FH1FH2) + 3 mM profilin-R88E 9.2 ± 0.2 0.4 ± 0.1

mDia1(FH1FH2) + 3 mM profilin-Y6D 3.2 ± 0.1 (8.2 ± 0.1) �0.04 ± 0.05 (0.05 ± 0.1)

mDia1(FH1[11P]FH2)f 8.3 ± 0.1 0.27 ± 0.08

mDia1(FH1[11P]FH2) + 5 mM profilin 48.5 ± 0.7 (8.9 ± 0.5) �0.03 ± 0.1 (0.03 ± 0.05)

mDia1(FH2) 10.8 ± 0.2 0.3 ± 0.05

mDia1(FH2) + 3 mM profilin 3.2 ± 0.1 (8.7 ± 0.1) �0.2 ± 0.15 (�0.05 ± 0.05)

Formin Immobilized on Slideg

mDia2(FH1FH2) 1.7 ± 0.04 (7.3 ± 0.05) NAh (0.2 ± 0.07)

mDia2(FH1FH2) + 2.5 mM profilin 7.8 ± 0.4 (8.7 ± 0.6) NA (0.03 ± 0.04)

Bni1(FH2)p 4.7 ± 0.2 (8.1 ± 0.1) NA (0.2 ± 0.1)

mDia1(FH1FH2) 5.2 ± 0.1 (6.0 ± 0.2) NA (0.1 ± 0.05)

mDia1(FH1FH2) + 2.5 mM profilin 11.8 ± 0.2 (4.1 ± 0.1) NA (�0.2 ± 0.1)

mDia1(FH1[11P]FH2) 3.8 ± 0.04 (4.8 ± 0.07) NA (0.2 ± 0.05)

mDia1(FH1[11P]FH2) + 2.5 mM profilin 15.3 ± 0.3 (4.9 ± 0.2) NA (0.01 ± 0.06)

a The rates of internal control filaments are reported in parentheses.
b At least ten individual filaments were measured for each population. Rates are represented as mean ± SD.
c Experiments where formin was not attached to the slide surface, as reported in Figures 1, 2, 3A, and S1–S4. One micromolar unlabeled
ATP-actin.
d Cdc12-nucleated filaments elongate from their pointed ends only.
e The FH1 domain contains five putative profilin-binding proline-rich regions.
f The FH1 domain contains 11 putative profilin-binding proline-rich regions.
g Experiments where formin was immobilized on the slide, as reported in Figure 4. One micromolar unlabeled ATP-actin with
mDia2(FH1FH2) and Bni1(FH2) and 0.5 mM unlabeled ATP-actin with mDia1(FH1FH2) and mDia1(FH1[11P]FH2).
h The pointed-end rate is included in the barbed-end rate for filaments elongating from immobilized formin.
Dependence of Formin-Mediated Assembly

of ATP-Actin on the Concentrations of Actin

and Profilin

Formin-mediated elongation of actin filament barbed ends

depends on the concentrations of both actin and profilin (Fig-

ure 3). The elongation rate of Mg-ATP-actin alone or in the
426 Cell 124, 423–435, January 27, 2006 ª2006 Elsevier Inc.
presence of formin (Figure 3A, open symbols) is directly pro-

portional to the monomer concentration. The slope of the

plot with Bni1(FH1FH2)p (Figure 3A, open squares) is about

half that of actin alone or actin with mDia1(FH1FH2) (Fig-

ure 3A, open diamonds). The presence of 2.5 mM profilin

increases the slope of plots of elongation rate versus actin



Figure 2. Time-Lapse Evanescent Wave Fluorescence Microscopy of the Effect of Formins on Profilin-ATP-Actin Polymerization

The spontaneous assembly of 1.0 mM ATP-actin with 0.5 mM ATP-OG-actin in the presence of profilin and formin on slides coated with NEM-myosin II.

Conditions and symbols as in Figure 1. Scale bar = 5 mm.

(A, D, G, and J) Time-lapse micrographs with time in seconds indicated at top. Green, red, and orange marks indicate control, formin-associated and fil-

aments where formin binds (on) or dissociates (off) during the time course.

(B, E, H, and K) Kymographs of the length (y axis) of the filaments marked to the left versus time (x axis, 900 s).

(C, F, I, and L) Plots of the growth of eight individual filament barbed ends (and pointed ends for [C]) versus time for control and formin-associated filaments.

(A–C) 1.0 mM ATP-actin with 5 mM human profilin (HPRF) control.

(D–F) 1.0 mM ATP-actin with 1 mM HPRF and 1.0 nM mDia2(FH1FH2). Filament 1: control. Filament 2: mDia2(FH1FH2)-associated. Filament 3:

mDia2(FH1FH2) dissociates.

(G–I) 1.0 mM ATP-actin with 2.5 mM HPRF and 1.0 nM mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-associated. Filament 3:

mDia1(FH1FH2) dissociates. Filament 4: mDia1(FH1FH2) binds.

(J–L) 1.0 mM ATP-actin with 2.5 mM HPRF and 1.0 nM mDia1(FH2). Filament 1: control. Filament 2: mDia1(FH2) -associated.
concentration 3.3-fold for Bni1p and 4.7-fold for mDia1

(Figure 3A, closed squares and diamonds).

The rate of barbed-end elongation with each of the four

FH1FH2 constructs has a biphasic dependence on the con-

centration of profilin (Figure 3B). An important technical point

is that filament brightness allowed us to distinguish formin-

associated and free barbed ends over a wide range of profilin

concentrations (as described in Figures 2 and S3). In all

cases, profilin increases elongation rate, with maximal effect

in the range of 2–5 mM profilin, but inhibits elongation at higher

concentrations. The amplitude of the increase in barbed-end

elongation rate over that of free barbed ends varies from
�1.25-fold for Cdc12(FH1FH2)p to �5-fold for mDia1

(FH1FH2) (Figure 3B, inverted closed triangles and open dia-

monds). For formin-associated filaments, the ratio of the

barbed-end elongation rate with optimal profilin to the rate

without profilin is infinitely higher for Cdc12p, 10-fold for

mDia2, 5-fold for Bni1p, and 5-fold for mDia1.

On the other hand, the elongation rate of barbed ends as-

sociated with mDia1(FH2) (lacking the FH1 domain) de-

creases sharply from 0 to�2.5 mM profilin and then plateaus

(Figure 3D, diamonds). Thus, the FH1 domain is required for

profilin to increase the elongation rate of barbed ends asso-

ciated with an FH2 domain as well as for formin-dependent
Cell 124, 423–435, January 27, 2006 ª2006 Elsevier Inc. 427



Figure 3. Effect of Actin and Profilin Con-

centration on Formin-Mediated Actin

Elongation

(A) Dependence of the barbed-end elongation

rate of formin-nucleated filaments on the concen-

tration of ATP-actin in the absence or presence of

2.5 mM profilin (mDia1:HPRF, Bni1p:ScPRF).

(B) Dependence of the barbed-end elongation

rate of formin(FH1FH2)p-associated filaments in

the presence of 1.0 mM ATP-actin with 0.5 mM

ATP-OG-actin on the concentration of profilin

(Cdc12p: SpPRF; Bni1p: ScPRF; mDia1 and

mDia2: HPRF).

(C) Dependence of the fraction of formin bound

filaments on time, in the presence of 5.0 mM pro-

filin. Exponential fits indicate dissociation rates of

formin from the elongating barbed end: 1.2� 10�3

s�1 for mDia1(FH1FH2); 1.3 � 10�4 s�1 for

mDia2(FH1FH2);1.3�10�4s�1 forBni1(FH1FH2)p;

and 6.0� 10�5 s�1 for Cdc12(FH1FH2)p.

(D) Dependence of the barbed-end elongation

rate of 1.0 mM ATP-actin with 0.5 mM ATP-OG-

actin (B) alone or in the presence of (>) 1 nM

mDia1(FH2) on the concentration of profilin

(HPRF).

(E) Plot of the rate of barbed-end assembly with-

out profilin (x axis) versus the barbed-end rate

with profilin (y axis) for ATP-actin (filled symbols)

and ADP-actin (open symbols) in the presence

of various formins.

(F) Formin-mediated actin assembly model. Pro-

cessive association of formin with the elongating

barbed end is dependent upon the FH2 domain

dimer, which encircles the end of the filament

(Otomo et al., 2005). The FH2 dimer is in a rapid

equilibrium between a ‘‘capped state’’ that does

not allow addition of either actin or profilin-actin

(left diagram: pathways 2, 3, and 4) and an

‘‘open state’’ (right diagram). The equilibrium constants (Ko/c) are: Cdc12p �0.0, mDia2 �0.3, Bni1p �0.7, and mDia1 �0.9. Actin monomers add directly

to the barbed end when the FH2 domain is open (right pathway 2) or bind to profilin associated with an adjacent FH1 domain (pathway 1). Profilin-actin can

add directly to an ‘‘open’’ end (right pathway 3), but at only a third the rate of actin, or to an adjacent FH1 domain (pathway 5) that contains from one to sixteen

profilin binding sites depending upon the formin. Profilin-actin associated with the flexible FH1 domain assembles up to �5-fold faster than actin alone (right

pathway 4) because of favorable orientation for addition, an equilibrium shift toward the ‘‘open’’ FH2 domain state, and the local increase in actin concentration.
nucleation of profilin-actin (Kovar et al., 2003; Li and Higgs,

2003; Pring et al., 2003; Sagot et al., 2002b).

Effect of Mutant Profilins on Formin-Mediated

ATP-Actin Assembly

Experiments with mutants confirmed that the effect of profilin

on formin-mediated barbed-end elongation requires profilin

binding to both actin and poly-L-proline (Kovar et al., 2003)

and shows that profilin-actin can add directly to the barbed

end of a formin-associated filament without interacting with

the formin (Figure 3F, pathway 3) but at only a third the rate

of free-actin monomers. We used human profilin point muta-

tions with affinities for actin (profilin-R88E) or poly-L-proline

(profilin-Y6D) reduced >100-fold (our unpublished data;

Figure S4; Table 1).

The actin binding profilin mutant R88E does not change

the elongation rate of barbed ends associated with either for-

min. mDia1-associated filaments grow at the same rate as

control filaments alone or in the presence of profilin-R88E,
428 Cell 124, 423–435, January 27, 2006 ª2006 Elsevier Inc.
and mDia2-associated filaments grow �25% slower than

control filaments alone or in the presence of profilin-R88E

(Figures S4E and S4F and Figures S4M and S4N).

The poly-L-proline binding profilin mutant Y6D reduces the

elongation rate of barbed ends associated with both formins

by two-thirds. mDia1-associated filaments grow at 9.4 sub/s

alone or at 3.2 sub/s in the presence of profilin-Y6D, and

mDia2-associated filaments grow at 1.5 sub/s alone or at

0.5 sub/s in the presence of profilin-Y6D (Figures S4G and

S4H and Figures S4O and S4P).

Formins Remain Processively Attached

to Elongating Filament Barbed Ends in Both

the Absence and Presence of Profilin

Unresolved questions concern the role of the FH1 domain

and profilin in formin processivity. Results of others suggest

that profilin binding to FH1 is required for FH2 processivity of

mDia1(FH1FH2) (Romero et al., 2004), whereas we found

that profilin is not needed for processive movement of



Bni1(FH1FH2)p (Kovar and Pollard, 2004). Since mDia1

(FH1FH2) does not alter the barbed-end elongation rate in

the absence of profilin, experiments with soluble formin did

not reveal if mDia1(FH1FH2)p is associated continuously

with elongating barbed ends (Figure 1). Therefore, we at-

tached mDia1 and mDia2 to slides also coated with NEM-

myosin II to test their processivity. When NEM-myosin II

captures filaments elongating with their barbed end attached

to an immobilized formin, they are forced to buckle as they

grow (Kovar and Pollard, 2004). Furthermore, the only way

for a filament to buckle as it grows between immobilized

formin and NEM-myosin II is for formin to be ‘‘on’’ the very

end of the filament, not just ‘‘near’’ the end of the filament.

Two distinct populations of filaments grow from 1.0 mM ac-

tin monomers on slides coated with both NEM-myosin II and

mDia2(FH1FH2) in the absence of profilin (Figures 4A–4C).

Control filaments grow at their free barbed ends, which are

not attached to the slide surface, at a rate of 7.3 subunits/s

in this experiment (Filament 1). These filaments do not buckle.

Filaments in the second population (Filament 2) buckle as

they grow from their barbed ends attached to the slide sur-

face at rates (�1.5 subunits/s) similar to barbed ends bound

to mDia2(FH1FH2) free in solution (Filament 2 in Figures 1D–

1F). Thus, mDia2(FH1FH2) moves processively with an elon-

gating barbed end whether free in solution or immobilized on

glass slides.

Similar to mDia2, two populations of filaments grow from

0.5 mM actin monomers in observation chambers coated

with NEM-myosin II and GST-mDia1(FH1FH2) in the ab-

sence of profilin (Figures 4G–4I). Control filaments do not

buckle as their free barbed ends grow at 6.0 subunits/s (Fil-

ament 1). Filaments in the second population buckle as they

grow from their barbed end attached to the slide surface at

5.2 subunits/s (Filament 2). Thus, profilin is not required for

processive movement of mDia1 or mDia2 on elongating

barbed ends.

Addition of 2.5 mM profilin to these assays has no effect on

the control filaments but increases elongation rates of buck-

ling filaments associated with either mDia1 (�2-fold) or

mDia2 (�5-fold) (Figures 4D–4F and 4J–4L) in a manner sim-

ilar to that measured for these FH1FH2 constructs in solution

(Figures 2 and 3A). The buckling filaments are half as bright as

nonbuckling filaments in both cases.

Actin filament buckling is not due to traces of ‘‘active’’ my-

osin, since we have never observed buckling with only NEM-

myosin on the slide (Figures 1 and 2, 5, S1 and S2, and S5;

Amann and Pollard, 2001; Kovar et al., 2003; Kovar and Pol-

lard, 2004; Kuhn and Pollard, 2005).

Formin-Mediated Assembly of ADP-Actin

ADP-OG-actin filaments are too dim for visualization, so we

used actin labeled on lysine with Alexa green (AG-actin) for

experiments on the assembly of Mg-ADP-actin monomers

(Figures 5 and S5; Table 2). Unlike OG-actin labeled on

cys-374, AG-actin labeled on lysine contributes fully to the

rate of assembly in mixtures with unlabeled actin (R.M. and

T.D.P., unpublished data). In the absence of formin, all fila-

ments assembled from 3.0 mM ADP-actin are equally bright,
as they elongate from their barbed ends at 3.9 subunits/s and

their pointed ends at 0.05 subunits/s (Figures 5A–5C).

Two distinct populations of filaments assemble from ADP-

actin in the presence of all FH1FH2 constructs except

Cdc12p (Figures 5D–5L). Internal control filaments are equal

in brightness and elongate at approximately the same rate

as barbed ends in the absence of formin (Filament 1 in each

case). Formin-associated filaments elongate significantly

slower at their barbed ends than controls (Filament 2 in

each case); the rate with mDia2 is�7% of control filaments in

the same sample (Figures 5D–5F); the rate with Bni1p is 22%

of controls (Figure 5G–5I); and the rate with mDia1 is 31% of

controls (Figure 5J–5L). In addition, formin-associated fila-

ments are 25% dimmer than control filaments for all three

FH1FH2 constructs, presumably because modification of

lysine residues compromises addition of fluorescent actin

onto ends associated with formin. Formin-associated dim fil-

aments occasionally switch to growing at the faster control

rate coincident with becoming bright, formin dissociation

events (Filament 3 in each case). No Cdc12(FH1FH2)p-

dependent filaments appear in samples with 3 mM Mg-ADP-

actin, most likely because they remain too small to be de-

tected during the 20 min time course.

Formin-Mediated Assembly of Profilin-ADP-Actin

To determine the affect of Cdc12(FH1FH2)p on the assembly

of ADP-actin, as well as the affect of profilin on all four formins,

we visualized the assembly of 5 mM ADP-actin. Profilin in-

creases the barbed-end elongation rate of 5 mM ADP-actin

in the presence of all four FH1FH2 constructs: from 0 to

0.7 subunits/s for Cdc12p, from 0.5 to 1.5 subunits/s for

mDia2, from 1.6 to 2.4 subunits/s for Bni1p, and from 2.6 to

5.8 subunits/s for mDia1 (Figures 5M–5R and S5D–S5M; Ta-

ble 2). Labeled lysine residuesappearnot to affectprofilin bind-

ing, since profilin does not change the fluorescent intensity of

elongating ADP-actin filaments in the presence of FH1FH2,

which are still 25% dimmer than control filaments in the

same sample. In the absence of formin all filaments are equally

bright and grow at 7.3 subunits/s at their barbed ends and

0.18 subunits/s at their pointed ends (Figures S5A–S5C).

DISCUSSION

Our comparison of the activities of the formin-homology 1

and 2 domains (FH1FH2) from four formins (fission yeast

Cdc12p, budding yeast Bni1p, mouse mDia1, and mouse

mDia2) establishes that their mechanisms are similar (Figures

3A–3C, 3E, and 3F). However, the rates of the reactions vary

so widely that assays less direct than observation of individual

filaments can give misleading mechanistic impressions. All

four formins nucleate actin filament assembly from ATP and

ADP monomers. Cdc12p caps the barbed end while the

other three allow elongation and remain continuously bound

to the elongating barbed end in the presence of ATP-actin or

ADP-actin. Profilin allows ATP- or ADP-actin to elongate

barbed ends associated with Cdc12p and increases the

elongation rate of barbed ends associated with the other

three formins. The rates depend on the profilin concentration
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Figure 4. Time-Lapse Evanescent Wave Fluorescence Microscopy of Actin Filaments Growing from Formins Attached to the Slide

Surface

Assembly of 1.0 mM ATP-actin with 0.5 mM OG-ATP-actin (A–F) or 0.5 mM ATP-actin with 0.25 mM OG-ATP-actin (G–L) on slides coated with formin and

NEM-myosin II. Conditions and symbols as in Figure 1. Red circles indicate points where filaments were attached at their barbed end to formin or GST-

formin on the slide surface. Scale bar = 5 mm.

(A, D, G, and J) Time-lapse micrographs with time in seconds indicated at the top. Green and red marks indicate control and formin-associated filaments.

(B, E, H, and K) Kymographs of the length (y axis) of the filaments marked to the left versus time (x axis, 900 s).

(C, F, I, and L) Plots of the growth of eight individual filament barbed ends versus time for control (both ends free) and formin-associated filaments.

(A–C) Assembly of 1.0 mM ATP-actin on a slide preincubated with mDia2(FH1FH2). Filament 1: control. Filament 2: mDia2(FH1FH2)-associated.

(D–F) Assembly of 1.0 mM ATP-actin with 2.5 mM HPRF on a slide preincubated with mDia2(FH1FH2). Filament 1: mDia2(FH1FH2) dissociates. Filament 2:

mDia2(FH1FH2) associates.

(G–I) Assembly of 0.5 mM ATP-actin on a slide preincubated with GST-mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-associated.

(J–L) Assembly of 0.5 mM ATP-actin with 2.5 mM HPRF on a slide preincubated with GST-mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-

associated.
in a biphasic fashion, up to 5-fold the diffusion-limited rate for

ATP-actin addition onto barbed ends associated with mDia1

(Figure 3B).

Observation of individual filaments is required to appreci-

ate the mechanism of formin-mediated actin assembly. Inter-

pretation of the data from bulk assays depends on assump-

tions that are either difficult to verify (the concentration of

elongating ends) or are false (assuming that the samples

are homogeneous). Since formins both nucleate filaments

and influence the rate of elongation at barbed ends, neither

barbed-end concentrations nor elongation rates can be in-

ferred by the rate of change of the polymer concentration in

a bulk sample.
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Direct observation of individual filaments reveals the het-

erogeneity of filaments in the presence of formins and allows

measurements on different species in the population. In fact

the heterogeneity is a virtue, because some filaments in each

sample have free barbed ends and serve as internal controls

for comparison with formin-associated filaments in the same

field. In some cases, the two populations can be distin-

guished simply by their elongation rates, but under other cir-

cumstances the fluorescence intensity of the filaments elon-

gating in association with a formin is lower than filaments

with free barbed ends. In both cases, sudden changes in

elongation rate (and fluorescence intensity) reveal formin as-

sociation or dissociation events.



Figure 5. Time-Lapse Evanescent Wave Fluorescence Microscopy of the Effect of Formins on ADP-Actin Polymerization

The spontaneous assembly of 2.25 mM ADP-actin with 0.75 mM ADP-actin labeled with Alexa green (ADP-AG-actin; [A–L]) or 3.75 mM ADP-actin with

1.25 mM ADP-AG-Actin (M–R) on slides coated with NEM-myosin II. Conditions: 10 mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA,

50 mM DTT, 0.2 mM ADP, 50 mM CaCl2, 15 mM glucose, 20 mg/ml catalase, 100 mg/ml glucose oxidase, 0.5% (4000 cP) methylcellulose, 0.1 units hexo-

kinase, at 25ºC. Symbols as in Figure 1. Scale bar = 5 mm.

(A, D, G, J, M, and P) Time-lapse micrographs with time in seconds indicated at top. Green, red, and orange marks indicate control, formin-nucleated, and

filaments where formin dissociates (off) during the time course.

(B, E, H, K, N, and Q) Kymographs of the length (y axis) of the filaments marked to the left versus time (x axis, 900 s).

(C, F, I, L, O, and R) Plots of the growth of eight individual filament barbed ends (and pointed ends for [C]) versus time for control and formin-nucleated

filaments.

(A–C) 3 mM ADP-actin only control.

(D–F) 3 mM ADP-actin with 1.0 nM mDia2(FH1FH2). Filament 1: control. Filament 2: mDia2(FH1FH2)-nucleated. Filament 3: mDia2(FH1FH2) dissociates.

(G–I) 3 mM ADP-actin with 5.0 nM Bni1(FH1FH2)p. Filament 1: control. Filament 2: Bni1(FH1FH2)p-nucleated. Filament 3: Bni1(FH1FH2)p dissociates.

(J–L) 3 mM ADP-actin with 1.0 nM mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-nucleated. Filament 3: mDia1(FH1FH2) dissociates.

(M–O) 5 mM ADP-actin with 1.0 nM mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-nucleated. Filament 3: mDia1(FH1FH2) dissociates.

(P–R) 5 mM ADP-actin with 6.0 mM profilin (HPRF) and 1 nM mDia1(FH1FH2). Filament 1: control. Filament 2: mDia1(FH1FH2)-associated. Filament 3:

mDia1(FH1FH2) dissociates.
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Table 2. Comparison of ADP-Actin Assembly Rates in the Presence of Formin

Conditionsb

Elongation Rate (Control Filamentsa)

Barbed-End Subunits/s Pointed-End Subunits/s

3 mM ADP-Actinc

3 mM ADP-actin only 3.9 ± 0.08 0.05 ± 0.01

mDia2(FH1FH2) 0.4 ± 0.02 (5.8 ± 0.04) 0.02 ± 0.02 (0.1 ± 0.05)

Bni1(FH1FH2)p 1.0 ± 0.02 (4.5 ± 0.08) 0.07 ± 0.01 (0.08 ± 0.03)

mDia1(FH1FH2) 1.3 ± 0.02 (4.2 ± 0.03) 0.10 ± 0.03 (0.1 ± 0.02)

5 mM ADP-Actind

5 mM ADP-actin only 7.3 ± 0.2 0.18 ± 0.1

5 mM ADP-actin + 6 mM profilin 6.2 ± 0.09 0.01 ± 0.008

Cdc12(FH1FH2)p NAe (8.7 ± 0.06) 0.27 ± 0.02 (0.26 ± 0.05)

Cdc12(FH1FH2)p + 6 mM profilin 0.70 ± 0.02 (5.3 ± 0.06) 0.08 ± 0.01 (0.05 ± 0.04)

mDia2(FH1FH2) 0.5 ± 0.04 (9.7 ± 0.1) 0.17 ± 0.01 (0.31 ± 0.03)

mDia2(FH1FH2) + 6 mM profilin 1.5 ± 0.05 (6.1 ± 0.07) 0.01 ± 0.02 (0.04 ± 0.04)

Bni1(FH1FH2)p 1.6 ± 0.05 (6.4 ± 0.1) 0.21 ± 0.08 (0.18 ± 0.03)

Bni1(FH1FH2)p + 6 mM profilin 2.4 ± 0.06 (6.1 ± 0.09) 0.03 ± 0.01 (0.04 ± 0.02)

mDia1(FH1FH2) 2.6 ± 0.05 (6.9 ± 0.1) 0.11 ± 0.03 (0.15 ± 0.05)

mDia1(FH1FH2) + 6 mM profilin 5.8 ± 0.06 (5.9 ± 0.04) 0.02 ± 0.02 (-0.05 ± 0.03)

a The rates of internal control filaments are reported in parentheses.
b At least ten individual filaments were measured for each population. Rates are represented as mean ± SD. Formin was not attached to
the slide surface, as reported in Figures 5 and S5.
c 2.25 mM unlabeled ADP-actin and 0.75 mM ADP-AG-actin.
d 3.75 mM unlabeled ADP-actin and 1.25 mM ADP-AG-actin.
e Cdc12-nucleated filaments elongate from their pointed ends only.
Mechanism for Actin Filament Elongation

in Association with Formins

Our new observations provide enough information to frame

a general mechanism for formin-mediated processive actin

assembly (Figure 3F). The mechanism involves equilibrium

between two formin conformations on the end of the filament

and five additional reactions of profilin, actin, and actin-profi-

lin with the formin and the end of the filament. The process is

complex, but most of the rate and equilibrium constants are

known, so it has been possible to formulate a mathematical

model of these reactions that accounts for most of the data

in this paper (Vavylonis et al., 2006). Here, we focus on the ex-

perimental challenges and controversies. Characterization of

additional formin isoforms is required to determine whether all

formins are mechanistically similar with the four evolutionarily

diverse formins studied here.

Each of the four formins tested has a characteristic effect

on the rate of barbed end elongation rate, but no effect on

pointed-end elongation. Compared with the elongation of

free barbed ends in the same samples (100%), the elongation

rates are zero for Cdc12p, 25% for mDia2, 50%–75% for

Bni1p, and 90% for mDia1. These reductions in elongation

rate are the same over a range of ATP-actin concentrations

(Figure 3A), so they are intrinsic properties of the formins.
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We agree with the proposal of Otomo et al. (2005) that

formins have at least two conformations or states when

bound to barbed ends—a capped state that precludes ad-

dition of a subunit to the end and an open state that allows

subunit addition. Our interpretation of the range of effects of

formins on barbed-end elongation rates is that each has

a different equilibrium constant for the partition between

the open/capped states of the formin FH2 domains. The

open/capped equilibrium is far on the side of capped for

Cdc12p (Ko/c �0), far on the side of open for mDia1 (Ko/c

�0.9), and intermediate for the other two formins. These

equilibria are rapid because filaments elongate at rates pro-

portional to the actin concentration up to 80 subunits/s

(Figure 3A). Other parameters, such as different rates of

actin addition and/or subtraction from the barbed end in

the open state, may also contribute to differences in elon-

gation rates in the presence of the various formin FH2

domains.

The basis for this intrinsic difference between FH2 domains

is not known, but the equilibrium between capped and open

may be influenced by the linker length between the two sub-

units in the formin dimer (Xu et al., 2004). The Cdc12p linker is

short, whereas the mDia1 linker is longer, and the mDia2 and

Bni1p linkers are intermediate.



Profilin Increases the Rate of Formin-Mediated

Barbed-End Elongation

Bulk assays led to uncertainty about the effect of profilin

on formin-mediated actin assembly. In a few cases, profilin

slightly increased the rate of formin-mediated polymerization

(Kovar et al., 2003; Moseley et al., 2004; Sagot et al., 2002b),

but in most cases profilin decreased the polymerization rate

(Harris et al., 2004; Kobielak et al., 2004; Li and Higgs,

2003; Pring et al., 2003; Romero et al., 2004). This disparity

results from two opposing effects of profilin, which inhibits

nucleation but increases the rate of FH1FH2-mediated

barbed-end elongation (Kovar et al., 2003).

Profilin increases the rate of elongation of barbed ends as-

sociated with formin FH1FH2 domains, providing that the

profilin can interact with both actin and polyproline. The rate

depends on the particular formin and the concentration of

profilin. Formin-associated filaments are readily distinguished

in experiments with OG-actin because their fluorescence in-

tensity is less than control filaments. At optimal profilin con-

centrations, barbed-end elongation rates for all four formins

are higher than control filaments, up to �5-fold higher than

controls for mDia1. Romero et al. (2004) reported that profilin

and mDia1 increased the barbed-end elongation rate 15-fold

over free barbed ends. Their mDia1(FH1FH2) construct con-

tained 11 putative profilin binding sites. Our mDia1(FH1FH2)

construct contains only five putative profilin binding sites

(Li and Higgs, 2003), but the maximum elongation rate for

a construct with 11 profilin binding sites is also �5-fold

greater than control filaments (Table 1). It is possible that

Romero overestimated the maximum rate of elongation by in-

cluding only the longest 20% of filaments in their analysis.

With all four formins, the elongation rate increases up to

a maximum within 2.5 to 5 mM profilin and then declines at

higher profilin concentrations (Figure 3B). Optimal profilin

concentrations saturate the actin monomer pool. High con-

centrations of free profilin reduce the elongation rate by com-

peting with profilin-actin for binding FH1 (see Vavylonis et al.

[2006] for a quantitative explanation). We note that profilin en-

hances elongation of ends associated with FH1FH2 in spite

of the fact that actin bound to profilin actually adds to ends

associated with FH2 at one third the rate of free actin mono-

mers (Figures 2J–2L). Accordingly, profilin that binds actin

but not polyproline slows down elongation of barbed ends

associated with FH1FH2 barbed ends.

The effect of profilin on the four formins is inversely propor-

tional to their barbed-end elongation rate without profilin. The

effect of profilin is greatest on Cdc12p, since profilin in-

creases the rate of barbed-end elongation from 0 to over

10 subunits/s (Figure 3B). Profilin increases the barbed-end

elongation rate of mDia2 10-fold from 1.5 to 15 subunits/s,

of Bni1p 5-fold from 5 to 25 subunits/s, and of mDia1 5-

fold from 9 to 45 subunits/s. Three mechanisms may contrib-

ute to the ability of profilin to increase the rate of barbed-end

elongation:

(1) Tethering profilin-actin to an FH1 adjacent to the end

of the filament might increase the probability that actin

collides with the barbed end in an orientation favorable
for binding. Only �2% of freely diffusing actin mono-

mers are oriented favorably for binding to barbed

ends during a collision (Drenckhahn and Pollard,

1986), so a small change in the orientation factor

from 0.02 to about 0.10 could account for the en-

hancement of elongation.

(2) Profilin-actin binding to the FH1 domain may influence

the open/capped equilibrium of FH2. This is most im-

pressive in the case of Cdc12p(FH1FH2) where the

presence of profilin overcomes capping. We note

that profilin alone does not shift the equilibrium toward

open, because profilin mutants that bind polyproline

but not actin do not increase the elongation rate

(Kovar et al., 2003; Figure S4; Table 1).

(3) Raising the local concentration of profilin-actin several

orders of magnitude by association with multiple poly-

proline motifs in FH1 might overcome capping without

a shift in the open/capped equilibrium. However, this

requires that Ko/c for Cdc12(FH1FH2)p be greater

than 0, and we have not yet detected elongation of

barbed ends associated with Cdc12(FH1FH2)p with-

out profilin. We note that the absolute rate of elonga-

tion is roughly proportional to the number of potential

profilin binding sites in the FH1 domains of the four for-

mins. FH1 domains from Cdc12p and mDia2 have

only two putative profilin binding sites, while the FH1

domains from Bni1p and mDia1 contain three and

five (to eleven). However, since the fold increase in

elongation rate with profilin is inversely related to the

number of profilin binding sites (profilin increases

Cdc12p and mDia2 the most), and since mDia1 con-

structs containing five and eleven profilin binding sites

elongate at the same rate, the barbed-end elongation

rate is not simply proportional to the number of profilin

binding sites.

Processive Attachment of Formins to Growing

Barbed Ends in the Absence and Presence

of Profilin

Our observations of individual actin filaments elongating in

the presence of formins free in solution or immobilized on mi-

croscope slides show that all four formins remain continually

attached to the barbed end in both the absence and pres-

ence of profilin. Cdc12p in the absence of profilin simply caps

barbed ends (Kovar et al., 2003; Kovar and Pollard, 2004),

and the other three formins remain attached while allowing in-

sertional assembly of new subunits. Thus, the processive

elongation mechanism originally proposed (Pruyne et al.,

2002) and supported by bulk assays (Harris et al., 2004;

Moseley et al., 2004; Zigmond et al., 2003) for Bni1p is appli-

cable to diverse formins from widely divergent species.

Romero et al. (2004) proposed that formins require profilin

for processivity and suggested that, in the absence of profilin,

mDia1(FH2) and mDia1(FH1FH2) are in rapid equilibrium

with, but do not stay continually bound to, the growing

barbed end. They argued that rapid barbed-end equilibria ex-

plain the ability of formins to allow barbed-end elongation in
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the presence of excess capping protein in the absence of

profilin (Harris et al., 2004; Moseley et al., 2004; Zigmond

et al., 2003). Romero et al. (2004) proposed that profilin

makes mDia1(FH1FH2) processive by binding to the FH1 do-

main, interacting with the ultimate and penultimate actin sub-

units and then walking along the end of the actin filament like

a child swinging on ‘‘monkey bars.’’

Our direct observations show unambiguously that barbed

ends associated with the mouse formins mDia1 and mDia2

elongate processively with ATP-actin both with and without

profilin. Furthermore, mDia1 FH2 (Figures 2J–2L) and Bni1

FH2 (Table 1) alone are sufficient for processive attachment

at elongating barbed ends. We do not observe filaments

growing at rates intermediate between the rate of control ac-

tin and the reduced rate supported by formin alone or the

accelerated rate supported by formin with profilin. Formins

occasionally dissociate from an occupied end, or bind to a

free end, whereupon both the rate of elongation and the in-

tensity of the fluorescence switch simultaneously to the rates

characteristic of a free or an occupied end. The existence of

these two filament populations in the same sample strongly

suggests that formins remain continually attached to elongat-

ing filament barbed ends. Processive association was verified

by visualization of filaments growing from formin immobilized

on slides (Figure 4; Table 1). Since formins dissociate from

elongating barbed ends extremely slowly in both the absence

and presence of profilin (1 � 10�4 s�1 for Bni1p; Kovar and

Pollard, 2004; Figure 3C), the ‘‘run length’’ of formin on the

barbed end of an elongating actin filament is impressively

long (at least 40,000 to 200,000 subunits on average de-

pending upon the formin).

The mechanism that allows formin FH2 domains to main-

tain processive association with an elongating barbed end

is not entirely understood (Figure 3F). As predicted from the

lack of rotation of filaments elongating from an immobilized

formin (Kovar and Pollard, 2004), the Bni1 FH2 domain dimer

wraps around a dimer of rhodamine-labeled actin in a co-

crystal like a shaft in a bearing (Otomo et al., 2005). Flexibility

between the two halves must allow the FH2 dimer to move

onto new subunits as they add to the end of a filament.

Most proposals (Harris et al., 2004; Moseley et al., 2004,

Otomo et al., 2005; Romero et al., 2004; Xu et al., 2004; Zig-

mond et al., 2003) involve each of the two formin subunits

tracking along one of the long pitch actin helices. Unless for-

mins immobilized on slides spin relative to the slide, our mi-

croscopic observations of buckling filaments are more con-

sistent with a mechanism whereby the FH2 dimer rotates

around the filament axis as each new subunit is added. Alter-

natively, it has been theorized that the FH2 domain dimer

could relax torsion stresses by rotating in specific steps in

the direction opposite to the rotation direction of the long

pitch actin helices (Shemesh et al., 2005).

ATP-Hydrolysis Is Not Required for Processive

Elongation of Barbed Ends Associated with Forming

Romero et al. (2004) proposed that ATP-hydrolysis provides

energy for formin processivity because profilin increased the

rate of ATP-hydrolysis during mDia1-mediated assembly of
434 Cell 124, 423–435, January 27, 2006 ª2006 Elsevier Inc.
Ca-ATP-actin and because they did not observe actin with

bound AMP-PNP to elongate filaments associated with

mDia1. We find that formins nucleate filaments from ADP-ac-

tin and remain continually associated with barbed ends elon-

gating by addition of Mg-ADP-actin. This demonstrates that

ATP hydrolysis is not required for processive elongation by

formins in the presence or absence of profilin. These reac-

tions with ADP-actin are slow for two reasons. First, ADP-ac-

tin is much less active than ATP-actin. Second, Bni1p, mDia1

and mDia2 all slow elongation by ADP-actin more than ATP-

actin. This is evidence that the conformation of FH2 domains

on barbed ends is sensitive to the nucleotide bound to actin,

with Ko/c being lower for ADP-actin than ATP-actin.

Thus, rather than favoring barbed-end elongation (Romero

et al., 2004), ATP hydrolysis and dissociation of g-phosphate

actually make elongation less favorable. We agree with Ro-

mero et al. (2004) that the free energy change associated

with actin subunit binding to the end of the filament is the likely

alternative to ATP-hydrolysis as the free energy source to

move the formin on the end of the filament. Investigating

whether or not formins influence the hydrolysis of ATP

when filaments elongate in the presence of Mg-ATP-actin

will require quench-flow methods originally used to show

that profilin does not increase the rate of ATP hydrolysis dur-

ing actin elongation (Blanchoin and Pollard, 2002).

EXPERIMENTAL PROCEDURES

Plasmid Constructs and Protein Purification

Bacterial expression constructs, protein purification, and preparation of

ATP- and ADP-actin are described in Supplemental Experimental Proce-

dures.

TIRF Microscopy

Time-lapse evanescent wave fluorescence microscopy was performed

and analyzed as described (Amann and Pollard, 2001; Kovar et al.,

2003; Kovar and Pollard, 2004; Kuhn and Pollard, 2005). Images from

an Olympus IX-70 inverted scope were collected every 15 s with a Hama-

matsu C4742-95 CCD camera (Orca-ER) and processed with ImageJ

software (http://rsb.info.nih.gov/ij/).

Glass flow cells (5 � 25 � 0.3 mm; lwh) were incubated with either

10 nM N-ethyl maleimide (NEM) myosin or NEM-myosin and 100 nM

mDia2(FH1FH2) or 100 nM GST-mDia1(FH1FH2) for 1 min, washed ex-

tensively with 1% BSA, equilibrated with TIRF buffer (10 mM imidazole

[pH 7.0], 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM DTT, 0.2 mM

ATP, 50 mM CaCl2, 15 mM glucose, 20 mg/ml catalase, 100 mg/ml

glucose oxidase, 0.5% [4000 cP] methylcellulose), and mounted on the

microscope for imaging. Mixtures of either unlabeled Ca-ATP actin and

Ca-ATP OG-actin, converted to Mg-ATP actin by adding 0.2 volume of

1 mM EGTA and 0.25 mM MgCl2 for 5 min at 25ºC or unlabeled ADP-actin

and ADP Alexa green (AG)-actin, were mixed with 2� TIRF buffer supple-

mented with water and formin or profilin to give the final concentrations

indicated in the figure legends. Samples were then transferred to a flow

cell for imaging.

We analyzed TIRF experiments by measuring the lengths of 20–25 ran-

domly chosen filaments (throughout the entire field) every three to four

frames for at least 48 frames. Plots of length versus time for barbed and

pointed ends of individual filaments (Figure S1E) identified distinct filament

populations and gave the average rate (subunits/s) of each population. To

display TIRF experiments, we selected from the 135 � 110 mm recorded

field of view a representative 35� 35 mm area (Figure S1A) containing ex-

amples of all filament populations and displayed this area as a montage of

three to six frames to illustrate the time series (Figure S1B). The movies are

http://rsb.info.nih.gov/ij/


published as Supplemental Data. We then selected and marked represen-

tative filaments from each population within the 35 � 35 mm region and

traced their lengths for 60 frames (900 s) to create kymographs

(Figure S1C) that show the change in filament length (y axis) over time

(x axis).

Supplemental Data

Supplemental Data include five figures, twenty movies, and Supplemental

Experimental Procedures and can be found with this article online at http://

www.cell.com/cgi/content/full/124/2/423/DC1/.
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