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Formins are a conserved family of actin assembly-promoting factors with essential and diverse biological roles. Most
of our biochemical understanding of formin effects on
actin dynamics is derived from studies using formin fragments. In addition, all structural information on formins
has been limited to fragments. This has left open key questions about the structure, activity and regulation of intact
formin proteins. Here, we isolated full-length mouse
mDia1 (mDia1-FL) and found that it forms tightly autoinhibited dimers that can only be partially activated by
RhoA. We solved the structure of autoinhibited mDia1-FL
using electron microscopy and single particle analysis.
Docking of crystal structures into the three dimensional
reconstruction revealed that the fork-shaped N-terminal
diaphanous inhibitory domain-coiled coil domain region
hangs over the ring-shaped formin homology (FH)2 domain, suggesting that autoinhibition results from steric
obstruction of actin binding. Deletion of the C-terminal
diaphanous autoregulatory domain extended mDia1
structure and activated it for actin assembly. Using
total internal reﬂection ﬂuorescence microscopy, we
observed that RhoA-activated mDia1-FL persistently
accelerated ﬁlament elongation in the presence of proﬁlin similar to mDia1 FH1-FH2 fragment. These observations validate the known activities of FH1-FH2
fragments as reﬂecting those of the intact molecule.
Our results further suggest that mDia1-FL does not
readily snap back into the autoinhibited conformation
and dissociate from growing ﬁlament ends, and thus
additional factors may be required to displace formins
and restrict ﬁlament length. V 2012 Wiley Periodicals, Inc
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Introduction

F

ormins comprise a large family of highly conserved
proteins that stimulate both the nucleation and elongation phases of actin ﬁlament assembly and play critical
roles in the formation of diverse actin-based structures in
vivo, including stress ﬁbers, actin cables, ﬁlopodia, and
cytokinetic rings [Faix and Grosse, 2006; Goode and Eck,
2007]. The C-terminal formin homology FH2 domain is
required and sufﬁcient for promoting actin assembly in
vitro and associates with the barbed end of the ﬁlament
[Pruyne et al., 2002; Sagot et al., 2002]. The FH2 domain is dimeric, and mutations at conserved tryptophan
residues disrupt dimerization and abolish actin assembly
activity [Moseley et al., 2004]. In addition, the adjacent
diaphanous autoregulatory domain (DAD) binds to actin
monomers and assists the FH2 domain in nucleating actin
assembly [Gould et al., 2011]. The FH2 domain has a
donut-shaped structure, with two rigid halves connected
by ﬂexible ‘‘linker’’ sequences [Xu et al., 2004], and this
architecture enables the FH2 dimer to processively move
with the growing end of the ﬁlament through sequential
alternating contacts of its two halves in a ‘‘stair-stepping’’
mechanism [Xu et al., 2004; Goode and Eck, 2007]. This
processive attachment has been demonstrated visually by
total internal reﬂection ﬂuorescence (TIRF) microscopy
[Kovar and Pollard, 2004], and recently, the rotational
movement of the FH2 along the actin ﬁlament helix, predicted by the stair-stepping mechanism, has been visualized in single molecule ﬂuorescence polarization
experiments [Mizuno et al., 2011]. The processive capping
abilities of the dimeric FH2 domain enable it to protect
growing barbed ends of actin ﬁlaments from capping proteins [Zigmond et al., 2003; Moseley et al., 2004]. Further, in combination with the FH1 domain and proﬁlin,
the FH2 can accelerate ﬁlament elongation by many fold
over the rate of elongation at free ﬁlament ends [Romero
et al., 2004; Kovar et al., 2006]. This involves the
unstructured FH1 domains recruiting proﬁlin-actin
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complexes and delivering them to the FH2-capped ﬁlament
end for insertional assembly [Paul and Pollard, 2009a; 2009b].
Thus, formins can inﬂuence at least three different aspects of
actin assembly: de novo nucleation, rate of ﬁlament elongation, and duration of ﬁlament growth before capping occurs.
How the activities of formins are spatially and temporally controlled in vivo is only beginning to be understood
[Chesarone et al., 2010]. The ﬁrst mode of formin regulation to be revealed was autoinhibition, which applies to a
select subset of animal and fungal formins referred to as
diaphanous-related formins (DRFs) [Castrillon and Wasserman, 1994; Higgs and Peterson, 2005; Rivero et al.,
2005; Chalkia et al., 2008; Schonichen and Geyer, 2010].
DRFs contain a C-terminal DAD domain and an interacting N-terminal diaphanous inhibitory domain (DID)
[Alberts, 2001; Li and Higgs, 2003; 2005]. DID-DAD
binding is required for autoinhibition, and truncations of
DID or DAD in vivo lead to excessive stress ﬁbers, ﬁlopodia or actin cables [Evangelista et al., 1997; Watanabe
et al., 1999; Tominaga et al., 2000]. Further, overexpression of DAD peptides can activate endogenous formins to
assemble excess stress ﬁbers, and these effects depend on
conserved Met and Leu residues in the DAD [Alberts,
2001]. Autoinhibition has been reconstituted in vitro
using puriﬁed N-terminal DID-containing and C-terminal
FH2-DAD-containing fragments that associate in trans
[Alberts, 2001; Li and Higgs, 2003; Lammers et al.,
2005; Li and Higgs, 2005; Nezami et al., 2006]. However, the structural basis for autoinhibition blocking actin
assembly has been unclear. In most DRFs, there is a Rhobinding domain (RBD) adjacent to the DID. Based on
RBD-truncation phenotypes in vivo, it was suggested that
RhoGTP binding to RBD relieves autoinhibition [Kohno
et al., 1996; Evangelista et al., 1997; Imamura et al.,
1997; Watanabe et al., 1997], and indeed, puriﬁed
RhoAGTP partially relieves the autoinhibition of puriﬁed
RBD-DID-dimerization domain (DD) mDia1 interacting
in trans with FH2-DAD, and competitively disrupts direct
interactions between DID and DAD [Li and Higgs, 2003;
2005; Otomo et al., 2005; Rose et al., 2005; Nezami
et al., 2006]. However, an observation that has not yet
been reconciled is that while RhoAGTP binds to RBD
with high afﬁnity (Kd ¼ 10–50 nM in mDia1), the concentrations of RhoAGTP required for activation of mDia1
from in trans autoinhibition are more than two orders of
magnitude higher than the Kd [Li and Higgs, 2003] and
yield only partial (15–20%) activation. This has led to the
suggestion that full-length mDia1 may be more readily
activated by RhoAGTP than the fragments of formins
interacting in trans [Li and Higgs, 2005]. A second hypothesis raised by in vivo studies is that additional cellular
factors interacting with mDia1 are required for efﬁcient
RhoAGTP-dependent activation [Seth et al., 2006].
To date, the activities and structures of formin proteins
have been deﬁned primarily using fragments. Only a lim-
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ited number of studies have begun to address the properties of intact formins. These studies have shown that fulllength or nearly-full-length mDia1 and mDia2 expressed
in Escherichia coli are autoinhibited, that full-length
mDia1 is activated to an unknown extent by RhoA
(V14), and that full-length mDia1 is dimeric [Eisenmann
et al., 2007; Nezami et al., 2010; Otomo et al., 2010;
Ramalingam et al., 2010]. However, many key questions
remain open, including: (1) Do full-length formins have
the same nucleation capabilities as C-terminal FH1-FH2
fragments? (2) Do they similarly accelerate ﬁlament
growth in the presence of proﬁlin? (3) Do they processively protect growing ﬁlament ends from capping proteins, and if so, how persistently? (4) Are full-length
autoinhibited DRFs activated by RhoAGTP more efﬁciently than fragments interacting in trans? (5) What is
the structure of intact formins, and what can the structure
tell us about the molecular basis of their autoinhibition?
The limited analysis available on puriﬁed full-length
formins has stemmed in part from their low endogenous
expression levels, sensitivity to proteolysis, and insolubility
in bacterial expression systems. We overcame these barriers
with a GAL-inducible yeast expression system and developed a procedure for rapidly isolating full-length formin
proteins (yeast or mammalian). Here, we report the activities and structure of full-length mouse mDia1 (mDia1FL).

Materials and Methods
Plasmid Construction

For yeast expression of mDia1-FL (amino acids 1–1255
and 55–1255), mDia1-C (549–1255), mDia1-DDAD (1–
1179), mDia2-FL (1–1171) and mDia2-C (478–1171),
the DNA sequences encoding these regions were PCR
ampliﬁed and subcloned into pBG564 (URA3, 2l,
GAL1/10 promoter) [Moseley et al., 2006].
Protein Expression and Puriﬁcation

Rabbit skeletal muscle was puriﬁed as described [Pollard,
1984], and labeled with pyrenyliodoacetamide [Higgs and
Pollard, 1999] or Alexa-488 [Isambert et al., 1995]. All
formin constructs were puriﬁed from Saccharomyces cerevisiae as described with minor modiﬁcations [Moseley et al.,
2006]. Brieﬂy, plasmids were transformed into yeast strain
BJ2168, and cells were grown at 25 C in 2 L cultures to
OD600 ¼ 0.8 in selective medium containing 2% rafﬁnose. Galactose (2% ﬁnal) along with peptone (10 g/L)
and yeast extract (5 g/L) were added to induce expression
at 25 C for 8 h. Cells were harvested by centrifugation,
washed in water, resuspended in a 1:3 (v/w) ratio of water,
lysed by mechanical perturbation in a coffee grinder with
liquid N2, and stored as a dry powder at 80 C. To isolate His6-fusion proteins, 10 g of frozen powder was
CYTOSKELETON

thawed in a 1:4 (v/w) ratio of 20 mM imidazole pH 8.0,
1.5 PBS (40 mM sodium phosphate buffer, 200 mM
NaCl, pH 7.4), 0.5% octylphenoxypolyethoxyethanol
(IGEPAL) (v/v), 0.2% Thesit, 1 mM DTT, and protease
inhibitors (ﬁnal: 1 mM phenylmethylsulfonyl ﬂuoride and
0.5 lg/mL each of antipain, leupeptin, pepstatin A, chymostatin, and aprotinin). 50 mL of crude lysate was centrifuged at 80,000 rpm for 20 min in a TLA100.3 rotor
(Beckman/Coulter, Fullerton, CA), and the supernatant
was incubated for 1.5 h with Ni2þ-nitrilotriacetic (NTA)acid-agarose beads (Qiagen, Valencia, CA). Beads were
washed three times with 20 mM imidazole (pH 8.0), 1
PBS, 1 mM DTT, 200 mM NaCl. Then, proteins were
eluted with 0.5 mL buffer (300 mM imidazole pH 8.0,
50 mM Tris pH-8.0, 100 mM NaCl, 1 mM DTT, 5%
glycerol), and puriﬁed further by gel ﬁltration on a Superose 6 column (GE Healthcare, Piscataway) equilibrated in
HEKG5 buffer (20 mM HEPES pH 7.5, 1 mM EDTA,
50 mM KCl, 5% glycerol). Peak fractions were pooled
and stored on ice until use in kinetic assays. Activities
remained constant for 1–2 weeks on ice. Human GSTRhoA (QL) was expressed in BL21 (DE3) E. coli as
described with minor modiﬁcations [Nezami et al., 2006],
then puriﬁed on glutathione agarose, released from GST
by TEV protease digestion, and puriﬁed further by gel ﬁltration on a Superose 12 column (GE Heathcare) equilibrated in 50 mM Tris pH 8.0, 100 mM NaCl, and 0.1
mM GTP. Peak fractions were pooled, supplemented with
1 mM GTP, and frozen. Human proﬁlin was expressed in
BL21 (DE3) E. coli and puriﬁed as described [Moseley
et al., 2004].
Pyrene-Actin Assembly Assays

Monomeric rabbit skeletal muscle actin was prepared by gel
ﬁltration on a Sephacryl S-200 column (GE healthcare)
equilibrated in G-buffer (10 mM Tris pH 8.0, 0.2 mM
ATP, 0.2 mM CaCl2, and 0.2 mM DTT). Final reaction
volumes were 60 lL. Gel-ﬁltered monomeric actin (ﬁnal 2
lM, 5% pyrene-labeled) was converted to Mg-ATP-actin
for 2 min immediately before each reaction as described
[Kovar et al., 2003]. To initiate assembly, Mg-ATP-actin
was mixed with 15 lL HEKG5 buffer or proteins in
HEKG5 and added to 3 lL of 20 initiation mix (40 mM
MgCl2, 10 mM ATP, 1 M KCl). Pyrene ﬂuorescence was
monitored over time at 25 C, excitation 365 nm and emission 407 nm, in a ﬂuorescence spectrophotometer (Photon
Technology International, Lawrenceville, NJ).
TIRF Microscopy

Reactions contained 1 lM rabbit muscle actin monomers
(30% Alexa-488 labeled) and 3 lM human proﬁlin, with
or without 2 nM mDia1-FL, 2 nM mDia1-C, and 2 lM
RhoA (QL). Protein mixtures were diluted in freshly prepared ﬂuorescence buffer containing 10 mM imidazoleCYTOSKELETON

HCl pH 7.8, 50 mM KCl, 1 mM MgCl2, 100 mM
DTT, 3 mg/mL glucose, 20 mg/mL catalase, 100 mg/mL
glucose oxidase, and 0.5% methylcellulose to induce polymerization, and imaged at 20 sec intervals on an objective-based TIRF microscope (Nikon TE2000E).
Metamorph software (version.6.3r7; Universal Imaging,
Media, PA) was used for image acquisition and analysis.
Barbed end elongation rates were 4.9 lM1s1 for MgATP/ADPþPi-actin with proﬁlin.
Electron Microscopy and Single
Particle Analysis

After gel ﬁltration, puriﬁed mDia1-FL (two different constructs, 1–1255 and 55–1255), and mDia1-DDAD were
diluted with one volume of HEK buffer, and 3 lL were
applied to freshly glow-discharged 400 mesh carbon-coated
copper grids. Grids were stained with a solution of 1% uranyl acetate for 30 sec and blotted to remove excess stain.
Grids were examined on a Philips CM12 or a FEI Tecnai
G12 transmission electron microscope at 120 kV under
low-dose conditions. Images were captured at 60,000
magniﬁcation and 1.5–1.8 lm underfocus. The negatives
were scanned on a Zeiss SCAI scanner, using a pixel size of
7 lm. The pixel size on the specimen was 3.5 Å/pixel after
3  3 pixel binning. Particles were collected manually and
processed as described [Rodal et al., 2005] using IMAGIC
software [van Heel et al., 1996] for the angular reconstitution method, and Spider software [Frank et al., 1996] for
the random conical tilt method. For angular reconstitution,
the data sets contained 3654 particles for mDia1-FL (55–
1255), 2953 particles for mDia1-FL (1–1255) and 1690
particles for mDia1-DDAD. To generate the preliminary
three dimensional (3D) reconstructions for mDia1-FL
(both constructs), we used the angular reconstitution
method. For mDia1-FL (55–1255), this produced 20
classes (from 3590 particles), and for mDia1-FL (1–1255)
this produced 18 classes (from 2425 particles). Preliminary
structures of mDia1-FL were highly similar, but the
mDia1-FL (55–1255) data set had more particle orientations and its reconstruction had higher resolution. Therefore, we used mDia1-FL (55–1255) for the ﬁnal 3D
reconstruction shown in Fig. 3B. Reﬁnement and correction for contrast transfer function (CTF) was performed
using Frealign software [Grigorieff, 2007], and the results
were visualized in the UCSF Chimera package [Pettersen
et al., 2004]. The resulting mDia1-FL structure has a resolution of 24 Å (Fig. S1B, Supporting Information). To
interpret this 3D map of mDia1-FL, we docked the crystal
structures of mDia1 N-terminal DID-DD-coiled coil domain (CC) region (residues 131–516) (pdb 2BNX,
[Otomo et al., 2005]) and Bni1 FH2 domain (residues
1350–1760) (pdb 1UX5, [Xu et al., 2004]) automatically
using the program Situs [Wriggers, 2010]. The correlation
coefﬁcients were 0.65 for FH2, and 0.59 for N-terminus.
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To ensure that the 3D structure obtained by angular
reconstitution above did not result from a model-dependent bias (imposed by an alignment based on cross-correlation), we independently determined the 3D structure by
the random conical tilt method (Fig. S1A, Supporting Information). We collected 3990 tilted pairs at 0 and 45
tilt angles, aligned them using a reference-free procedure,
and categorized them by a hierarchical clustering procedure into 22 classes. We generated corresponding 3D
reconstructions for the 10 most prevalent classes, each of
which yielded a tiered structure with a donut-shaped layer
and a fork-like layer above. These 10 classes (2394 particles in total) were combined to generate a 3D reconstruction that was further reﬁned and corrected for CTF
using Frealign (Fig. S1A, Supporting Information). The
resolution of this 3D structure was 33 Å (Fig. S1B, Supporting Information).

Results
Puriﬁed Full-Length mDia1 and mDia2 are
Autoinhibited

The puriﬁcation of full-length formins has presented a
number of technical challenges (above), which we overcame by developing a procedure to rapidly isolate fulllength mammalian or yeast formins from S. cerevisiae. We
expressed formins as N-terminal His6 fusion proteins
under control of the galactose-inducible promoter in a
protease-deﬁcient yeast strain, and isolated them by sequential nickel afﬁnity and gel ﬁltration chromatography
steps. This scheme yielded puriﬁed soluble formins that
elute from gel ﬁltration columns as monodispersed peaks.
We used this system to isolate and characterize full-length
(FL) mouse mDia1 and mDia2 formins (hereafter referred
to as mDia1-FL and mDia2-FL), along with their corresponding C-terminal halves (C) consisting of the FH1FH2-C domains (mDia1-C and mDia2-C) (see schematic,
Fig. 1A).
We ﬁrst asked whether puriﬁed mDia1-FL and mDia2FL (Figs. 1B and 1C) were autoinhibited by directly comparing activities of freshly puriﬁed FL and C polypeptides
in pyrene-actin assembly assays (Figs. 1B and 1C).
mDia1-C and mDia2-C each robustly stimulated actin assembly, as expected, whereas mDia1-FL and mDia2-FL
exhibited minimal nucleation activity, consistent with the
full-length formins being autoinhibited. mDia1-FL also
gave much higher yields than mDia2-FL, and we chose to
focus all remaining analyses on mDia1-FL. Results were
indistinguishable for mDia1-FL (1–1255) and a slightly
truncated mDia1-FL (55–1255). In all of the remaining
analyses below, we designate which mDia1-FL polypeptide
was used (1–1255 or 55–1255). However, yields were signiﬁcantly higher for mDia1-FL (55–1255), and therefore
it was the predominant construct used.
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Fig. 1. Actin assembly activities of purified full-length mDia1
and mDia2. (A) Schematic of full-length (FL) and C-terminal
half (C) of mDia1/2, with domain boundaries corresponding to
residue numbers in mDia1. FH, formin homology; G, Rho
GTPase binding domain; DAD, diaphanous autoregulatory domain; DID, DAD interacting domain DD, dimerization domain;
CC, coiled coil domain. (B,C) Comparison of pyrene-actin assembly activities for FL and C constructs of mDia1 (B) and
mDia2 (C). Coomassie stained gels of the purified formins are
shown alongside the assembly curves. Reactions contained 2 lM
monomeric actin (5% pyrene-labeled) and the indicated concentrations (nM) of formin.

Puriﬁed Full-Length mDia1 Forms Dimers

Formins have two separate domains that dimerize (the
DD and FH2), which has left open the possibility that
native formins assemble into dimers, tetramers, or higher
order oligomers. To determine the oligomeric state of
puriﬁed mDia1-FL, we ﬁrst employed multiangle light
scattering analysis (Fig. 2A), which revealed that native
mDia1-FL (55–1255) has an estimated molecular weight
of 267 kDa. This value is almost precisely two times the
predicted molecular weight of mDia1-FL (55–1255), 134
kDa, strongly suggesting that mDia1-FL dimerizes. As a
second test, we determined the hydrodynamic properties
of puriﬁed mDia1-FL (1–1255), measuring the Stokes
CYTOSKELETON

Fig. 2. Biophysical properties of full-length mDia1. (A) Multiangle light scattering (MALS) analysis for purified mDia1-FL (55–
1255). (B) Hydrodynamic properties of mDia1-FL (1–1255), mDia1DDAD (1–1179), and mDia1-C (549–1255). Listed predicted
molecular weights (MW) correspond to the monomeric form of the protein, including its N-terminal 63His tag. Stokes radii were
determined by gel filtration analysis, and sedimentation coefficients were determined by velocity sedimentation analysis on sucrose
gradients. Native MW was calculated from the Stokes radius and sedimentation coefficient as described [Schuyler and Pellman,
2002]. Molar stoichiometry was determined by dividing the native MW by the monomeric MW. ND, not determined.

radius by analytical gel ﬁltration and the sedimentation
coefﬁcient on sucrose gradients (Fig. 2B). From these values, we calculated the molecular weight of native mDia1FL (1–1255) to be 282 kDa, again very close to two times
the molecular weight of mDia1-FL (1–1255), 139 kDa.
For comparative purposes, we determined the hydrodynamic properties of native mDia1-C, which was also
found to be a dimer (Fig. 2B).
Single Particle Electron Microscopy of
Full-Length mDia1

To better understand the conformation of full-length
mDia1 (55–1255), we next employed single particle electron microscopy. We were not able to isolate mDia1-FL
at high enough concentrations required for cryo-EM analysis, and therefore we used negative stain to enhance
image contrast for optimal classiﬁcation of single particles.
3590 particles were collected and categorized into 20
classes (representatives shown in Fig. 3A), which were
then used to generate a 3D reconstruction (Fig. 3B). The
resolution of the obtained structure was 24 Å, estimated
by the Fourier shell correlation between two reconstructions calculated from two half-sets of the data (Fig. S1B,
Supporting Information). Despite the fact that no symmetry was imposed on the ﬁnal structure, it revealed a disCYTOSKELETON

tinct two-fold symmetrical ‘‘fork’’ on one layer (colored
pink in Fig. 3B), and a four-fold symmetrical ring
beneath (colored blue in Fig. 3B). This compact structure
presumably represents mDia1-FL in an autoinhibited
conformation.
To interpret our 3D structure of mDia1-FL, we docked
the crystal structures of N- and C-terminal formin
domains into the 3D reconstruction using an automated
unbiased method (Fig. 3C). The crystal structure of the
dimeric mDia1 N-terminus (consisting of DID, DD, and
CC domains) (colored red) [Otomo et al., 2005] docked
well into the density of the upper ‘‘fork’’ layer, whereas
the crystal structure of the Bni1 FH2 dimer (colored yellow) [Xu et al., 2004] docked well into the density of the
donut-shaped layer. In this orientation, the actin-binding
surfaces of the FH2 dimer point upward toward the Nterminal fork, which suggests that in this conformation
the N-terminal half of the formin may obstruct actin
binding to inhibit polymerization. In addition, our EM
data further support the view that mDia1-FL is a dimer,
since the 3D reconstructions cannot accommodate more
than the one FH2 dimer and one N-terminal dimer.
Combining this information, we propose a molecular
architecture for mDia1-FL in which mDia1 molecules in
the dimer interact intermolecularly at two separate points
Structure and Activity of Full-Length Formin mDia1
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Deletion of the DAD Domain Activates mDia1

We next tested the formin autoinhibition model by asking
whether truncation of the DAD domain would activate and
extend mDia1. To address this, we puriﬁed mDia1-DDAD
(Figs. 4A and 4B) and assessed its activity in pyrene-actin
assembly assays. We observed strong concentration-dependent nucleation activity, consistent with a release from autoinhibition (Fig. 4C). In addition, mDia1-DDAD had a
larger Stokes radius compared to mDia1-FL (Fig. 2B), consistent with extension of its structure.
We investigated the structural differences between
mDia1-FL and mDia1DDAD using single particle analysis. Compared to mDia1-FL (55–1255) and mDia1-FL
(1–1255), mDia1-DDAD showed substantial heterogeneity in particles, which precluded processing to obtain a
3D reconstruction. Nonetheless, mDia1-DDAD particles
had distinct conformations, and from the class averages
we were able to compare the physical dimensions of
mDia1-DDAD to those of mDia1-FL. The degree of ‘‘compaction’’ for particle class averages was calculated as a length
to width ratio (X/Y), where X is the measured length of the
particle class average along its longest axis, and Y is the
measured length along its shortest axis. These values were
averaged for all classes of mDia1-FL (1–1255 and 55–
1255, separately) and mDia1-DDAD and plotted (Fig.
4D). This revealed that the average length to width ratio for
mDia1-DDAD was almost double that of mDia1-FL.
Taken together, the data above indicate that truncation of
DAD leads to a substantial lengthening of mDia1 structure
that correlates with a release from autoinhibition.

Fig. 3. Structure of autoinhibited full-length mDia1. (A) Single particle electron microscopy analysis of purified mDia1-FL
(55–1255). Row ‘‘i’’, examples of particle classifications. Row ‘‘ii’’,
reprojections of the 3D structure before refinement matching the
views in the row above. Row ‘‘iii’’, corresponding views of the 3D
structure without imposing symmetry. Scale bar, 10 nm. (B) CTF
corrected and refined 3D structure of mDia1-FL (55–1255). The
portion of the structure in which the N-terminal dimer (‘‘fork’’)
was docked is colored pink. Alternative views are shown at 90°
angles. (C) Docking of crystal structures into our 3D electron
density of mDia1-FL (55–1255). Crystal structures of mDia1
DID-DD-CC region (residues 131–516) [Otomo et al., 2005]
are shaded red, and Bni1 FH2 domain (residues 1350–1760) [Xu
et al., 2004] are shaded yellow. For clarity, in the top and bottom
views only one of the two crystal structures is shown. Both structures are shown in the side view (middle panel). Scale bar, 10 nm.
(D) Cartoons of mDia1-FL in the extended/activated (left) and
closed/autoinhibited (right) conformations, with domains labeled
as in Fig. 1A and color-coded to match Fig. 3C above: red (residues 131–516), yellow (residues 1350–1760).

(DD and FH2 domains), as depicted in the cartoons of
mDia1-FL extended/activated and autoinhibited conformations (Fig. 3D).
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RhoAGTP Weakly Activates mDia1-FL for
Actin Assembly

Evidence from multiple studies has suggested that DRFs
are activated by their interactions with GTP-bound Rho
family GTPases (RhoGTP). However, this mechanism
remains only partially understood. The binding afﬁnity of
DAD-DID interactions is in the submicromolar range
(Kd100–200 nM) [Otomo et al., 2005; Rose et al.,
2005; Nezami et al., 2006]. Nonprenylated RhoAGTP
binds to the N-terminus of mDia1 with even higher afﬁnity (Kd ¼ 6 nM) and forms a ternary complex with the
RBD and DID domains [Otomo et al., 2005; Rose et al.,
2005]. Further, nanomolar concentrations of nonprenylated RhoAGTP are sufﬁcient to competitively displace
DAD-DID interactions [Otomo et al., 2005; Rose et al.,
2005]. However, it has been perplexing that the same concentrations of the same preparations of nonprenylated
RhoAGTP are relatively ineffective in releasing mDia1
from in trans autoinhibition using N- and C-terminal
fragments larger than the DAD and DID domains [Li
and Higgs, 2003; Otomo et al., 2005]. Thus, for reasons
that are still not well understood, micromolar concentrations of RhoAGTP are required to relieve autoinhibition,
CYTOSKELETON

activation in vivo, or possibly that RhoAGTP is more effective in activating intact full-length mDia1 compared to
N- and C-terminal fragments that interact in trans [Li
and Higgs, 2003]. With puriﬁed full-length mDia1, we
were able to directly test the latter hypothesis. We ﬁrst
asked whether RhoAGTP activates mDia1-FL (55–1255) in
pyrene-actin assembly assays (Fig. 5A). Similar to the
above-mentioned studies, we observed that micromolar
concentrations of RhoAGTP were required to observe any
effect, and that activation was only partial. Thus, our data
demonstrate that RhoAGTP alone does not efﬁciently activate mDia1-FL (see Discussion).
TIRF Microscopy of Actin Elongation Rates
Supported by mDia1-FL

Fig. 4. Effects of DDAD truncation on mDia1 activity and
structure. (A) Schematic of mDia1-DDAD polypeptide. (B)
Coomassie stained gel of purified mDia1-DDAD. (C) Concentration-dependent effects of mDia1-DDAD on polymerization
kinetics of 2 lM monomeric actin (5% pyrene-labeled). (D)
Quantitative comparison of the physical dimensions of mDia1DDAD and mDia1-FL particle classes expressed as length-towidth (X/Y) ratio. mDia1-DDAD (1–1179), n = 25 classes;
mDia1-FL (55–1255), n = 20 classes; mDia1-FL (1–1255), n =
30 classes.

and even the highest concentrations of RhoAGTP tested
yield only partial (15%) activation of mDia1. These
observations have led to the suggestion that additional
binding partners of mDia1 may be required for efﬁcient
CYTOSKELETON

It has been shown that FH1-FH2 fragments of various
formins (including mDia1, mDia2, Bni1, and Cdc12)
increase the rate of ﬁlament barbed end elongation to different extents, with mDia1 causing the greatest acceleration of elongation, and that these effects depend critically
on proﬁlin-FH1 interactions [Kovar et al., 2006]. However, the effects of intact formins on ﬁlament elongation
rates have remained unknown, as inclusion of the N-terminal half of the formin in principle could affect the rate
of movement of the FH1-FH2 on the barbed end of the
ﬁlament and/or the persistence of formin movement. If
for instance, full-length formins snap back into an autoinhibited conformation at some frequency and fall off the
ends of ﬁlaments, then by TIRF microscopy one might
expect to see a major difference in the average ﬁlament
elongation rates over time supported by mDia1-C versus
mDia1-FL. On the other hand, if mDia1-FL supports
persistent movement on growing ends like mDia1-C, then
it might be expected to yield a similar average rate of ﬁlament elongation, or only slightly reduced due to steric
hindrance resulting from inclusion of the N-terminal half.
To address this, we directly compared the effects of
mDia1-FL (55–1255) and mDia1-C on rate of elongation
in the presence of 1 lM actin and 3 lM proﬁlin using
TIRF microscopy. In the absence of formins, ﬁlament
barbed ends grew at 4.9 subunits per second. Consistent
with RhoA activation of mDia1-FL in pyrene-actin assembly assays above, we observed greatly increased numbers
of ﬁlaments in reactions containing mDia1-FL þ RhoA
versus mDia1-FL alone (Fig. 5B). However, despite the
very small number of ﬁlaments nucleated, we could
observe that mDia1-FL accelerated barbed end elongation
to the same extent (eight-fold) as mDia1-C or mDia1FL þ RhoA (40 subunits per second) compared to free
barbed ends. In addition, the accelerated elongation of
individual ﬁlaments persisted for periods exceeding 10
min (Figs. 5C and 5D). These data suggest that mDia1FL molecules accelerate ﬁlament elongation to rates indistinguishable from mDia1-C, and persist on growing ends
Structure and Activity of Full-Length Formin mDia1
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Fig. 5. RhoA activation and TIRF microscopy analysis of mDia1-FL effects on actin filament nucleation and elongation. (A)
Effects of 10 lM RhoA (GTP bound) on the ability of 10 nM mDia1-FL (55–1255) to stimulate polymerization of 2 lM monomeric actin (5% pyrene-labeled). (B) Time lapse TIRF microscopy comparing barbed end elongation rates of filaments in reactions
containing 1.0 lM actin and 3 lM profilin +/– 2 nM mDia1-C or 2 nM mDia1-FL (55–1255) +/– 2lM RhoAGTP. Filaments were
imaged at the indicated time points after initiation of polymerization. Time points are taken from movies (see Supporting Information). Blue arrows trace the growth of single barbed ends. Scale bar, 15 lm. (C) Examples of individual filament measurements,
where filament length increases over time. (D) Average rates of barbed end elongation (n = 10 filaments); color-coding as in C.

for many minutes, which has important implications for
their regulation in vivo, discussed below.

Discussion
Until now, the biochemical activities and structures of formins have been deﬁned primarily by studies using smaller
fragments of these proteins. This has left many of the key
properties of intact formin molecules a mystery. Here, we
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developed procedures for the rapid isolation of full-length
mammalian formin proteins from a yeast expression system, and characterized the structure and activities of
mDia1-FL. Our results shed new light on the autoinhibited structure and activities of full-length formins. Further,
our work opens the door to characterizing the properties
of other full-length formins from a wide range of organisms, which ultimately is required to understand their cellular functions and regulation.
CYTOSKELETON

Oligomeric State of Full-Length Formins

It has long been suggested that formins self-associate into
oligomers, but there have been mixed reports concerning
the oligomerization state, i.e., dimers, tetramers or higher
order concatemers [Zigmond et al., 2003]. Until recently,
only the oligomeric states of formin fragments had been
determined, which indicated that the N- and C-terminal
halves of formins independently dimerize [Xu et al., 2004;
Otomo et al., 2005; Rose et al., 2005]. Here, we examined the oligomeric state of puriﬁed mDia1-FL by multiangle light scattering (MALS), hydrodynamic analysis, and
single particle EM. By all three approaches, mDia1-FL
formed dimers, which also agrees with other recent reports
[Nezami et al., 2010; Otomo et al., 2010]. Thus, despite
containing two different dimerization domains (the N-terminal DD and the C-terminal FH2), mDia1-FL does not
appear to form higher order oligomers.
Based on mDia1-FL being a dimer, and factoring in the
geometry of the crystal structures available for N- and Cterminal formin domains, we propose the depicted molecular architectures for full-length mDia1 in the extended/
activated and closed/autoinhibited states (Fig. 3D; autoinhibited and activated states). Our preliminary hydrodynamic analysis for three other puriﬁed full-length Bni1,
Bnr1, and mDia2 further indicates that each of these formins is a dimer (C.G. and B.G., unpublished observations).
Thus, in the absence of other factors, a number of formins
from evolutionarily diverse species exist as dimers. In a
number of in vivo systems, GFP-tagged formins have been
shown to localize as faint puncta in the cytosol, and are
then recruited to membranes where they stimulate actin assembly [Higashida et al., 2004; Martin and Chang, 2006;
Buttery et al., 2007]. We suggest that these puncta may represent inactive dimers, which are subsequently recruited and
activated at the membrane by Rho GTPases, lipids, and
other formin ligands (Fig. 6).
Structure of Full-Length mDia1 in the
Autoinhibited Conformation

Using single particle electron microscopy, we solved the
3D structure of autoinhibited mDia1-FL. This revealed a
two-layered structure with a forked domain sitting approximately 20–40 Å above a donut-shaped domain (Fig. 3B).
An automated docking program assigned the crystal structure of the FH2 dimer into the lower domain, and the
crystal structure of the N-terminal DID-DD-CC domain
into the upper forked domain (Fig. 3C). In this conformation, the actin binding sites on the FH2 face upward
toward the forked domain, suggesting that formin autoinhibition is achieved through steric obstruction of actin
binding. This conformation does not rule out the possibility that the FH2 may still be capable of binding to one or
two actin subunits in the autoinhibited state, as suggested
by NMR data in another recent study [Otomo et al.,
CYTOSKELETON

2010]. However, our structure suggests that further polymerization of actin would be blocked, and that autoinhibited mDia1-FL would not be able to associate with the
barbed ends of existing ﬁlaments. The ﬁxed distance separating the FH2 and DID-DD-CC layers in the structure
is presumably maintained by DAD-DID interactions and
the long a-T helix extending from the FH2 that holds the
DAD domain on its end [Xu et al., 2004; Nezami et al.,
2010; Otomo et al., 2010]. Consistent with this view, deletion of the DAD region activated mDia1 for actin assembly (Fig. 4C) and extended its conformation (Fig.
4D). As expected, this effect was accompanied by a modest decrease in actin nucleation activity due to loss of the
C-terminal tail, which binds actin monomers and assists
the FH2 in nucleating actin [Gould et al., 2011; Heimsath and Higgs, 2012]. Neither the ﬂexible FH1 sequences
nor the aT helices (see schematic in Fig. 3D) were visible
in our low-resolution structure. This is presumably
because these elements lack tertiary structure, as predicted
for the proline-rich FH1 [Paul and Pollard, 2009a;
2009b] and veriﬁed for aT helices [Nezami et al., 2010;
Otomo et al., 2010]. In our model of the structure of
autoinhibited mDia1-FL, the two aT helices (dotted lines,
Fig. 3D) extend from the coiled coil subdomains of the
FH2 halves and hold the DADs at the established DADbinding surfaces on the DID domains [Lammers et al.,
2005; Nezami et al., 2006] (Figs. 3C and 3D).
Our autoinhibited structure also provides new structural
insights into the formin activation mechanism. Only one
of the three crystal structures reported for the N-terminal
half of mDia1 (mDia1-N) could be docked into our 3D
reconstruction. In the Rho-bound and DAD peptidebound structures of the mDia1-N dimer [Lammers et al.,
2005; Rose et al., 2005], the two DID-containing halves
ﬂare out to form essentially a straight line. In contrast, in
the unbound structure of mDia1-N [Otomo et al., 2005],
the two halves are angled to form a ‘‘V’’ shaped dimer.
Only this V-shaped conformation could be docked into
our 3D reconstruction of autoinhibited mDia1-FL. This
raises the intriguing possibility that Rho-binding might alter the conformation of the N-terminal half of mDia1 as
part of the activation mechanism. In addition, we note
that the mDia1-N construct that forms a V-shape contains
a short coiled coil segment (C-terminal to its DD domain) that is lacking in both the Rho- and DAD peptidebound structures. Thus, it is possible that the presence of
the coiled coil segment promotes the V-shaped autoinhibitory conformation of mDia1-N.
How does our EM structure of the autoinhibited
mDia1-FL dimer relate to the recently reported tetrameric
structures of interacting mDia1 N- and C-terminal fragments [Nezami et al., 2010; Otomo et al., 2010]? These
studies obtained similar tetrameric structures for mDia1,
consisting of two interlocking FH2-DAD dimers at the
center and N-terminal dimers bound at each end, and
Structure and Activity of Full-Length Formin mDia1
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Fig. 6. Model for the integrated regulation of mDia1 activity. Autoinhibited mDia1-FL dimers in the cytoplasm are recruited to
the plasma membrane through interactions with lipids, prenylated RhoAGTP, and possibly additional ligands, including DAD-binding
NPFs. These binding events activate mDia1-FL for actin assembly. NPFs facilitate the nucleation phase of actin filament assembly
[Okada et al., 2010; Gould et al., 2011; Vizcarra et al., 2011]. Subsequently, the formin may be released from the membrane, possibly in response to Rho GTPase activity and/or changes in lipid composition. Our data suggest that activated full-length mDia1
dimers can remain processively attached to growing barbed ends until additional factors (e.g., Bud14 or capping protein) displace the
formin, leading mDia1-FL to return to the autoinhibited state.

proposed a number of working models for how autoinhibition might work in an intact formin dimer. Eck and coworkers essentially proposed two models. In the ﬁrst, the
DID would intimately contact the FH2 to directly block
the actin binding sites, and in the second, the DID would
sit well above the FH2, sterically obstructing actin polymerization. Our EM structure agrees with the second
model, which is similar to one of four models proposed
by Rosen and coworkers [Otomo et al., 2010]. Thus, our
EM structure has greatly clariﬁed the spatial organization
of DID and FH2 domains in the autoinhibited state.
While our structure generally supports these previously
proposed models, one important difference is the orientation of the FH2. In our structure, the actin binding sites
of the FH2 face in the direction of the DID-DD-CC
domains, which offers a relatively simple explanation for
how actin polymerization is blocked. In the tetrameric
crystal structures of the studies above, the FH2 was oriented in the opposite direction, i.e., facing away from the
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DID-DD. This led to alternative explanations for how
DAD interactions with DID-DD might block actin assembly. For instance, it was proposed that in the autoinhibited conformation there might be large changes in
FH2 conformation, thereby increasing the distance separating the two functional halves of the FH2 (hemi-dimers
or half-bridges) so that they could no longer efﬁciently
stabilize an actin nucleus (dimer or trimer). Our structure
suggests a far simpler mechanism at work, because the
actin binding surfaces on the FH2 domain face the inhibitory domain, and thus conformational changes in the
FH2 are not required for autoinhibition.
Activity and Regulation of Full-Length mDia1

Another key question we addressed is whether activated
full-length formins have the same or distinct effects in
stimulating actin assembly compared to their C-terminal
FH1-FH2-C fragments. We observed that RhoA-activated
CYTOSKELETON

mDia1-FL molecules produced the same rapid and persistent actin ﬁlament elongation rates in the presence of proﬁlin as mDia1-C (FH1-FH2-C). These results further
validate the relevance of the many studies reporting actin
assembly activities of FH1-FH2 fragments. Further, they
offer new insights into formin mechanics and regulation.
Speciﬁcally, we observed that inclusion of the relatively
large and dimeric N-terminal half of the formin does not
interfere with processive insertional assembly by the C-terminal half. Speciﬁcally, our data suggest that the N-terminus did not cause the formin to ‘‘reduce speed’’ on the
ﬁlament end, or rapidly ‘‘snap back’’ into an autoinhibited
conformation and fall off. Individual ﬁlaments were
observed to elongate at the accelerated speed (40 actin
subunits/sec) for periods of >10 min (Fig 5D, blue and
green traces). These observations have at least two important implications for formin regulation in vivo. First, they
suggest that once activated, full-length formins may persist
on growing ends of ﬁlaments until additional factors displace the formin. Potential mechanisms include competition for the barbed end with capping protein and/or
displacement by formin-binding partners such as Bud14
[Chesarone et al., 2009] (see model, Fig. 6). Second, if
activated formins are released from membranes, they
should be capable of persisting on growing ends of ﬁlaments and accelerating elongation, which might explain
observed actin polymerization-dependent long-range
movements of GFP-tagged formins in cells [Higashida
et al., 2004].
Finally, we addressed whether Rho GTPase is sufﬁcient
to activate full-length formins for actin assembly. Previously it was shown that GTP-bound RhoA only partially
activates mDia1 N- and C-terminal fragments interacting
in trans [Li and Higgs, 2003]. This led to the suggestion
that RhoA might be more effective in activating fulllength mDia1. Here, we directly tested this possibility in
bulk assays using mDia1-FL, and observed that concentrations of nonprenylated RhoA as high as 8 lM led to only
partial activation (15%), matching the results of Li and
Higgs. Taken together, these results suggest that in the absence of other factors, nonprenylated RhoA is not sufﬁcient to fully release/activate mDia1 from autoinhibition.
To account for these observations, we propose that full
and efﬁcient activation may require a convergence of multiple inputs (Fig. 6). In this model, Rho binding plays a
central role in formin activation but additional factors
amplify Rho effects. These include (i) speciﬁc lipids in the
membrane, which bind to N- and C-terminal domains of
formins [Ramalingam et al., 2010] and may also orient
prenylated RhoA to optimize activation, (ii) nucleation
promoting factors (NPFs) and other ligands of the formin
C-terminus (e.g., Dishevelled, Bud6, Spire and APC)
[Moseley and Goode, 2005; Quinlan et al., 2007; Liu
et al., 2008; Okada et al., 2010; Vizcarra et al., 2011],
and (iii) kinases that phosphorylate formins (e.g., ROCK,
CYTOSKELETON

Prk1, Aurora B, and CK2) [Hannemann et al., 2008;
Wang et al., 2009; Iskratsch et al., 2010; Cheng et al.,
2011; Staus et al., 2011]. In this manner, formin activation at speciﬁc locations in vivo may require the integration of multiple signal inputs, akin to coincidence
detection and activation of WASP-Arp2/3 complex-mediated actin assembly [Padrick and Rosen, 2010].
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