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Summary

Diaphanous-related formins (DRFs) regulate dynamics
of unbranched actin filaments during cell contraction
and cytokinesis. DRFs are autoinhibited through in-
tramolecular binding of a Diaphanous autoinhibitory
domain (DAD) to a conserved N-terminal regulatory
element. Autoinhibition is relieved through binding of
the GTPase RhoA to the N-terminal element. We re-
port the crystal structure of the dimeric regulatory do-
main of the DRF, mDia1. Dimerization is mediated by
an intertwined six-helix bundle, from which extend
two Diaphanous inhibitory domains (DIDs) composed
of five armadillo repeats. NMR and biochemical map-
ping indicate the RhoA and DAD binding sites on the
DID partially overlap, explaining activation of mDia1
by the GTPase. RhoA binding also requires an addi-
tional structurally independent segment adjacent to
the DID. This regulatory construction, involving a
GTPase binding site spanning a flexibly tethered arm
and the inhibitory module, is observed in many au-
toinhibited effectors of Ras superfamily GTPases,
suggesting evolutionary pressure for this design.

Introduction

Signal-mediated rearrangements of the actin cytoskel-
eton often require generation of new actin filaments.
Three cellular nucleation factors have been discovered
that are downstream targets of many signaling path-
ways. Arp2/3 complex nucleates filaments that grow
from the sides of existing filaments, leading to
branched networks (Carlier et al., 2003; Higgs and Pol-
lard, 2001; Weaver et al., 2003) that are necessary for
motility, polarization, and organelle and pathogen
movement in a wide range of cell types (Fehrenbacher
et al., 2003; Miletic et al., 2003; Pollard and Borisy,
2003). Members of the large family of formin proteins
nucleate unbranched filaments that are bundled into
structures integral to yeast actin cables, actin stress
fibers, and the cytokinetic ring. These structures play
important roles in polarity, adhesion, and cytokinesis
(Chang, 1999; Chang et al., 1997; Evangelista et al.,
1997; Evangelista et al., 2002; Sagot et al., 2002a; Tomi-
naga et al., 2000; Watanabe et al., 1999). Recently, the
Drosophila protein Spire, which is necessary for proper
*Correspondence: mrosen@biochem.swmed.edu
fly development, was also shown to nucleate filaments
(Quinlan et al., 2005).

The Rho GTPases Cdc42, Rac, and Rho play impor-
tant roles in controlling the activities of Arp2/3 complex
and formins and, in doing so, control actin dynamics in
a variety of processes (Pollard and Borisy, 2003; Wallar
and Alberts, 2003; Zigmond, 2004). Cdc42 and Rac ac-
tivate Arp2/3 complex through the intermediacy of
WASP family proteins (Pollard and Borisy, 2003). WASP
and its relatives bind directly (for Cdc42) or indirectly
(for Rac) to the active (GTP bound) forms of the
GTPases and to Arp2/3 complex, enabling control of
the spatial and temporal dynamics of actin by the dy-
namics of GTPase signaling. Rho can directly bind and
activate the two best-understood members of the for-
min family: yeast Bni1p and mammalian mDia1 (Kohno
et al., 1996; Watanabe et al., 1997). Although the struc-
tural and biochemical mechanisms underlying the com-
munication from Cdc42 to WASP to Arp2/3 complex
have been extensively studied, much less is known
about the physical basis of formin function and regu-
lation.

All formins contain a conserved formin homology 2
(FH2) domain that mediates interactions with actin
(Otomo et al., 2005; Wallar and Alberts, 2003; Zigmond,
2004). This domain has a variety of functions in different
members of the formin family, including nucleation of
new filaments (Evangelista et al., 2002; Harris et al.,
2004; Kovar et al., 2003; Li and Higgs, 2003; Pruyne et
al., 2002; Sagot et al., 2002b), binding the fast-growing
filament barbed end (Harris et al., 2004; Kovar et al.,
2003; Kovar and Pollard, 2004; Li and Higgs, 2003;
Moseley et al., 2004; Pruyne et al., 2002), inhibition of
barbed end-capping proteins (Harris et al., 2004; Li and
Higgs, 2003; Moseley et al., 2004; Pring et al., 2003;
Zigmond et al., 2003), and filament severing (Harris et
al., 2004). In the DRFs, the FH2 domain is immediately
followed by a w30 residue sequence termed the DAD.
The DAD binds to a w500 residue N-terminal regulatory
element, causing autoinhibition of FH2 activity through
an unknown mechanism (Alberts, 2001; Li and Higgs,
2003; Watanabe et al., 1999). In the DRF mDia1, binding
of the RhoA GTPase to this element causes dissoci-
ation of DAD peptides (Watanabe et al., 1999) and acti-
vation of FH2-DAD proteins in actin assembly assays
(Li and Higgs, 2003). Although there may be other acti-
vators that act through distinct mechanisms (Li and
Higgs, 2003), displacement of DAD from the N terminus
is a central feature of DRF activation by Rho.

The mDia1 N terminus has historically been consid-
ered to contain three sequence regions: a GTPase
binding domain (GBD), which binds RhoA, an FH3 do-
main, which is found throughout the formin family, and
a predicted coiled coil (Higgs and Peterson, 2005; Wal-
lar and Alberts, 2003). Recent biochemical analyses
have more cleanly identified several functional domains
in the N terminus (Li and Higgs, 2005) (Figure 1A). Resi-
dues 73–131 (referred to here as the G region, for
GTPase binding) are required for RhoA binding and for
RhoA-mediated activation of autoinhibited mDia1, but
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Figure 1. Domain Organization of mDia1

(A) Structural and functional domains of mDia1. Abbreviations: G, GTPase binding region necessary for RhoA binding; DID, Diaphanous
inhibitory domain; DD, dimerization domain; CC, coiled coil; FH1, formin homology 1 domain; FH2, formin homology 2 domain; DAD, Diapha-
nous autoinhibitory domain; GBD, previously described GTPase binding domain; and FH3, formin homology 3 domain. The GBD and FH3
domain are based on sequence conservation and do not correspond to domain boundaries in the structure.
(B) Structure of the dimeric N-terminal regulatory domain of mDia1. Molecule A is light blue (DID) and dark blue (DD, coiled coil). Molecule B
is pink (DID) and red (DD, coiled coil). Figures were made with PyMol (DeLano, 2002).
not for autoinhibition. A DID (residues 131–377) binds t
sthe DAD and is sufficient to block FH2 activity. A dimer-

ization domain (DD, residues 377–452) is sufficient to
cause dimerization of N-terminal mDia1 fragments. A R
coiled coil immediately follows the DD but is not re-
quired for dimerization (see below). S

WHere, we describe the crystal structure of the minimal
dimeric autoinhibitory fragment of the mDia1 N termi- m

tnus, containing the DID and DD elements plus a short
segment of the coiled coil. The DD is composed of an (

tunusual, intertwined six-helix bundle with an w2-fold
symmetry axis. Each DID element consists of a su- g

pperhelix of five armadillo repeats. In the crystal, the two
DIDs project from the DD in an asymmetric manner. m
NMR and biochemical analyses of a series of N-ter-
minal constructs indicate that the RhoA- and DAD- α

Cinteraction sites partially overlap on the surface of the
DID, suggesting a mechanism for their competitive 1

hbinding and thus RhoA activation of mDia1. Compari-
son of mDia1 with other well-characterized GTPase ef- 4

pfectors reveals a common autoinhibitory construction
hat may be widely used throughout GTPase signaling
ystems.

esults and Discussion

tructure of the mDia1 Autoinhibitory Domain
e determined the crystal structure of an mDia1 frag-
ent containing the DID and DD elements and a por-

ion of the predicted coiled coil (Table 1). This construct
DID-DD, residues 131–516) crystallizes with a dimer in
he asymmetric unit. The dimer is organized around the
lobular DD, from which protrude two structurally inde-
endent DID elements in one direction and a short seg-
ent of coiled coil in the other direction (Figure 1B).
Each DD monomer contributes three helices (DD-α1,

2, and α3) to form an antiparallel six-helix bundle with
-terminal loops connecting to the coiled coil (Figure
B). The structures of the two chains in the bundle are
ighly similar (0.58 Å backbone rmsd for residues 379–
33) and are related by a w2-fold symmetry axis per-
endicular to the helices (vertical in Figure 1B, right).
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Table 1. Data Collection, Structure Determination, and Refinement

Data Collection

Crystal Native SeMeta

Energy (eV) 12657.4 12657.4
Resolution range (Å) 46.00–2.40 (2.44–2.40) 46.04–3.00 (3.05–3.00)
Unique reflections 61,323 (3,029) 61,876 (3,086)
Multiplicity 5.9 (4.5) 3.1 (3.2)
Data completeness (%) 99.8 (97.6) 99.7 (100.0)
Rmerge (%)b 6.3 (56.7) 6.1 (35.8)
I/σ (I) 27.3 (2.1) 26.5 (4.7)
Wilson B value (Å2) 57.1 77.9

Phase Determination

Anomalous scatterer Selenium (28 of 38 possible sites)
Figure of merit (46.0–3.00 Å) 0.36

Refinement Statistics

Resolution range (Å) 20.0–2.40
Number of reflections Rwork/Rfree 59,657/1542
Atoms (non-H protein/solvent) 5437/251
Rwork (%) 19.8
Rfree (%) 23.4
Rmsd bond length (Å) 0.020
Rmsd bond angle (°) 1.744
Mean B value (Å2) 55.4
Missing residues Molecule 1 (131–132, 457–461, 475–516)

Molecule 2 (131–132, 373–375, 475–516)

Data for the outermost shell are given in parentheses.
a Bijvoet pairs were kept separate for data processing.
b Rmerge = 100 ΣhΣi|Ih,i − CIhD|/ΣhΣiIh,i, where the outer sum (h) is over the unique reflections and the inner sum (i) is over the set of independent
observations of each unique reflection.
The chains interact in an unusual fashion, with the three
helices from each chain interlocked. Topologically, they
cannot be separated without dissociation of either the
N- or C-terminal helix from at least one chain. This in-
terwoven architecture suggests that the N-terminal do-
main is likely to be a constitutive dimer and may only
dissociate through (partial) unfolding.

Two w20 residue helices associated into a coiled coil
emerge from one face of the DD and are aligned ap-
proximately parallel to its long axis (Figure 1B). These
helices are attached asymmetrically to the DD. In mole-
cule A, this helix is antiparallel to DD-α3 and thus atta-
ches through a loop that starts at the opposite end of
the structure and extends across nearly the entire do-
main before encountering its partner. In molecule B,
this helix is parallel to DD-α3 and attaches through a
loop confined to the base of the bundle. Based on se-
quence analyses, the paired helices observed in the
crystal are likely only a portion of a much longer (w120
residue) coiled coil in the full-length protein (Higgs and
Peterson, 2005; Lupas et al., 1991).

The DID is composed of five armadillo repeats
(Groves and Barford, 1999) of two or three helices each
stacked together to form an elongated superhelical do-
main (Figure 1B). Successive repeats are displaced
from one another by w15–20° rotations, giving the
structure an overall superhelical twist of w90°. The B
helices in each domain stack in a twisted ladder-like
arrangement to form a concave face of the superhelix
(see molecule B, Figure 1B). The opposite convex face
is formed by stacking of helices A and C. The two DIDs
in the asymmetric unit are very similar (backbone
rmsd = 0.57 Å, residues 133–370), but their interactions
with the DD are different; a w2-fold axis relating the
DIDs (approximately vertical in Figure 1A, left) is nearly
orthogonal to that relating the two chains in the DD.
The DID of molecule A, through its helices α4C, α5A,
and α5B, contacts its own C-terminal loop and DD-α2
of molecule B in the DD. The DID of molecule B,
through helices α3C, α4C, and α5B, makes more
extensive contacts with the DD, involving its own C-ter-
minal loop and DD-α3, as well as DD-α2 of molecule
A. These interactions position the two DIDs with their
convex surfaces directed toward one another and their
concave surfaces directed outward.

The previously described GBD and FH3 sequence
boundaries do not demarcate domain boundaries in the
structure (Figure 1A) (Bateman et al., 2002). The GBD
(residues 75–260) is composed of 70 residues N-ter-
minal to the first armadillo repeat plus the first two ar-
madillo repeats. The FH3 domain (residues 265–457)
contains armadillo repeats three to five of each DID
plus the DD. Phylogenetic analyses of the formin family
have identified two conserved N-terminal sequences,
termed N1 and N2, of w30 and 15 residues, respec-
tively, that are present in many members (Higgs and
Peterson, 2005). These sequences constitute portions
of armadillo repeats one and two (N1) and two (N2) in
the structure, suggesting that the armadillo repeats
may be a common element of the N-terminal domains
across the family.

It is unclear whether the asymmetry of the interac-
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Figure 2. Functional Surfaces of the DID

(A and B) Surface and ribbon representation
of the DID, colored according to conserva-
tion in the Dia, FRL, and DAAM formins
(blue/white/red with increasing conser-
vation) (Glaser et al., 2003).
(C) DAD binding site on the DID surface
identified by NMR cross saturation and col-
ored by ratio of saturated to nonsaturated
NMR peak intensities.
(D) DID surface colored according to effects
of mutations on RhoA binding and FH2-
inhibitory activity. Red, mutations decrease
inhibitory activity only; yellow, mutations de-
crease RhoA affinity only; and blue, muta-
tions decrease both inhibitory activity and
RhoA affinity. In (B), (C), and (D), residues in
armadillo repeats one, two, three, and four
are labeled with bold, italic, single underline,
and double underline, respectively.
tions between the DID and DD observed in the crystal m
Dis preserved in solution. The two DIDs are structurally

independent. They should be able to sample both con- l
nformations unless there is significant cooperativity

communicated through the DD. Conformational transi- u
ctions between the two orientations, perhaps controlled

by binding partners, could play a role in DRF regulation. o
cAlternatively, the asymmetry may be a consequence of

crystallization, with only one of the two observed orien- H
ttations highly populated in solution. In either scenario,

the key functional surfaces of the DID described below e
sshould be accessible to binding partners.

To identify potential functionally important sites in the m
dDID, we performed a structure-based sequence align-
ent of the N-terminal domains of the 20 DRFs in the
iaphanous, FRL, and DAAM groups, which are be-

ieved to be regulated through an autoinhibitory mecha-
ism similar to mDia1 (Higgs and Peterson, 2005) (Fig-
re S1 available with this article online). Mapping
onservation onto the structure reveals a single patch
n the concave surface of the DID containing the B heli-
es from all five armadillo repeats (Figures 2A and 2B).
ighest surface conservation is observed near the C

ermini of helices α1B, α2B, and α3B. Residues on the
xposed convex surface of the DID are not conserved,
uggesting that the common functions of the N-ter-
inal regions are mediated by the concave side of the
omain.
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RhoA and DAD Binding Sites Partially Overlap
To gain insight into the mechanisms of autoinhibition
and GTPase activation, we examined the binding of a
series of N-terminal constructs to the DAD peptide and
RhoA. A long, dimeric construct (G-DID-DD, residues
73–516) contains the elements observed in the crystal
plus N-terminal residues necessary to bind RhoA with
high affinity (Li and Higgs, 2005). We also generated
monomeric versions of these constructs, which lack
the DD and CC (G-DID, DID: residues 73–370 and 131–
370, respectively [Li and Higgs, 2005]). We tested
whether the monomeric and dimeric proteins bind the
ligands RhoA and DAD in a similar manner and whether
the binding is cooperative. A fluorescence assay for
binding of RhoA-GMPPNP (a RhoA-GTP analog)
yielded dissociation constants (KDs) of 0.24 �M and
0.32 �M for the G-DID and G-DID-DD proteins, indicat-
ing the absence of cooperative binding in the dimer. A
KD of 0.25 �M has been reported for a dimeric DID-DD
construct binding to a monomeric DAD peptide (Li and
Higgs, 2005). This affinity is weaker than the inhibitory
potency observed for DID-DD proteins in FH2-medi-
ated actin assembly assays, likely because of the biva-
lency effect of the dimeric N terminus binding to the
dimeric FH2-DAD protein used in the assays (Li and
Higgs, 2003). We have not quantified the affinity of the
monomeric DID for DAD peptide. However, the com-
plex does not dissociate during size exclusion chroma-
tography, and the binding interaction is in slow ex-
change on the NMR chemical shift timescale (data not
shown), suggesting that the KD for the monomeric DID
is probably in the micromolar or smaller range. Thus,
the monomeric DID and G-DID bind DAD and RhoA
similarly to the dimeric constructs, indicating the ab-
sence of cooperative binding in the dimers. Because
the monomeric proteins are much more amenable to
NMR analyses, we used these constructs to examine
the interactions of the mDia1 N terminus with ligands.

1H/15N TROSY HSQC spectra (Pervushin et al., 1997)
of the DID and G-DID proteins are both of high quality,
showing >95% of the expected backbone amide reso-
nances (Figure 3A). Peaks in the DID spectra are largely
a subset of those in the G-DID spectra, with average
deviations of 0.002 ± 0.002 and 0.008 ± 0.008 ppm in
1H and 15N chemical shifts for the 197 nonoverlapped
shared peaks. Additional peaks in the G-DID spectra
show increased intensity over those corresponding to
the DID. Together, these data indicate that in the ab-
sence of RhoA, the N-terminal G region is structurally
independent from the armadillo repeats of the DID and
likely mobile in solution. Several amide 1H chemical
shifts from the G region are downfield shifted to w9
ppm, indicating persistent hydrogen bonding and thus
structural order in this element.

We used two independent methods to identify the
DAD binding site on the DID. NMR cross saturation re-
veals direct contacts between a protonated ligand and
its fully deuterated binding partner (Takahashi et al.,
2000). Cross saturation from a protonated DAD peptide
to deuterated DID revealed contacts to a contiguous
patch on the concave surface of the DID composed of
α2B, α2C, α3B, the α3B-α3C loop, and α4B (Figures 2C
and 3B). This patch spans much of the conserved sur-
face of the DID (Figure 2), except for α1B and the N
Figure 3. NMR Analyses of DID and G-DID

(A) Overlay of 1H/15N TROSY HSQC spectra of DID (red) and
G-DID (black).
(B) Cross saturation from a protonated DAD peptide to deuterated
DID. The ratio for each residue was calculated as described in the
Experimental Procedures.
terminus of α2B. Interaction between DAD and DID is
necessary for high-potency autoinhibition in mDia1
(Wallar and Alberts, 2003). Thus, we prepared a series
of mutants in the G-DID-DD protein and studied their
ability to inhibit actin assembly by an mDia1 FH2-DAD
construct. As shown in Figure 4A, the mDia1 FH2-DAD
protein has strong actin assembly activity that can be
repressed by wild-type (wt) G-DID-DD. Mutations in the
α2B-α2C loop and α3B decreased the inhibitory po-
tency of G-DID-DD most significantly (Figures 2D and
4A). Smaller effects were also observed for mutations
in α2B and α1B, but only one of four mutations in the
latter decreased inhibitory potency. In all cases, inhibi-
tory activity of the mutants correlated with direct bind-
ing of the proteins to an immobilized DAD peptide (Fig-
ure 4C). The NMR and biochemical data are consistent
in identifying a DAD binding site on the concave sur-
face of the DID spanning armadillo repeats two, three,
and four.

The large size (w50 kDa) and poor chemical shift dis-
persion of the complex of G-DID with RhoA prevented
us from obtaining reliable chemical shift assignments
of this system. Thus, we used only mutagenesis to map
the RhoA contacts with mDia1. Mutation of residues in
α1B and α2B reduced the affinity of RhoA for G-DID-
DD more than 35-fold, with some causing effects com-
parable to elimination of the G region (Figures 2D and



Molecular Cell
278
Figure 4. Biochemical Characterization of
Effects of Point Mutations in mDia1 G-DID-
DD Protein

(A) Effects of mutations on inhibitory activity
monitored by actin assembly assay (indi-
cated by increase in fluorescence of pyrene-
actin on polymerization) using 10 nM mDia1
FH2-DAD and 20 nM G-DID-DD mutants.
(B) Effects of mutations on RhoA binding
monitored by changes in fluorescence of
Mant-GMPPNP-RhoA upon addition of
G-DID-DD mutants. The decrease in fluores-
cence indicates RhoA binding. In panels (A)
and (B), data are colored according to Fig-
ure 2D.
(C) Binding of G-DID-DD mutants to an im-
mobilized GST-DAD peptide. S and E stand
for supernatant and glutathione elution of
bound proteins, respectively.
(D) Activation of FH2-DAD by RhoA. Inhibi-
tion of 5 nM FH2-DAD-mediated actin as-
sembly by 10 nM G-DID-DD mutants was re-
lieved by 5 �M RhoA-GMPPNP.
(E) Competitive binding of G-DID-DD mu-
tants to RhoA in the presence of GST-DAD.
Equimolar G-DID-DD mutants and GST-DAD
were mixed and titrated into 0.3 �M Mant-
GMPPNP-RhoA. All data are representative
of at least two independent measurements.
4B, and Table 2). In contrast, mutations in α3B had vir- s
Dtually no effect on affinity (<3-fold). Thus, RhoA makes

energetically favorable interactions with the C-terminal
oportions of α1B and α2B and likely directly contacts

these elements and/or proximal structures. i
iOur data indicate that both DAD and RhoA interact

with α2B. This structural overlap of the DID contact h

a
2
iTable 2. Affinity of RhoA-GMPPNP for mDia1 Fragments
i

Protein KD (�M) t
cG-DID-DD 0.32 ± 0.02

DID Too weak to quantify t
G-DID 0.24 ± 0.02 D
R160E Too weak to quantify F
V161D Too weak to quantify

DN164L 0.84 ± 0.02
iN165L 16.8 ± 0.4
�R210E Too weak to quantify

K213E Too weak to quantify r
N217L 12.5 ± 0.7 r
I222E 0.34 ± 0.02 v
A256D 0.87 ± 0.04 s
I259R 0.19 ± 0.02

nL260E 0.73 ± 0.04
R

All mutants are in G-DID-DD protein.
u

ites likely contributes strongly to the displacement of
AD by RhoA and thus to RhoA activation of mDia1.
We performed two additional experiments to confirm

ur mapping and directly examine negative cooperativ-
ty between RhoA and DAD binding to DID. As shown
n Figure 4D, RhoA-GMPPNP partially relieves the in-
ibitory activity of G-DID-DD on FH2-DAD-mediated
ctin assembly, as previously reported (Li and Higgs,
003). Mutant G-DID-DD proteins that have weak affin-

ty for RhoA (V161D and N165L) still repress FH2 activ-
ty comparable to wt. However, RhoA activation of
hese mutants is much poorer, confirming that RhoA
ontact sites on the DID are needed for activation by
he GTPase. We also examined RhoA affinity for G-DID-
D in the presence of GST-DAD proteins (Figure 4E).
or G-DID-DD mutants that are severely impaired in
AD binding (A256D and I259R), RhoA affinity is nearly

dentical in the presence and absence of GST-DAD (1.2
M versus 0.87 �M and 0.57 �M versus 0.19 �M,

espectively). However, for wt G-DID-DD, stoichiomet-
ic GST-DAD (which is dimeric and binds G-DID-DD
ery tightly due to bivalency) reduces RhoA affinity sub-
tantially. Thus, the DAD contact sites on the DID are
ecessary for negative cooperativity between DAD and
hoA. We note that the Mant-GMPPNP-loaded RhoA
sed in this binding assay likely has a lower affinity for
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G-DID proteins than the GMPPNP-loaded RhoA used
in the activity assays, based on precedent with Cdc42
(Leung and Rosen, 2005; Rudolph et al., 2001). Thus,
RhoA-GMPPNP can partially activate in the assays, but
RhoA-Mant-GMPPNP does not bind appreciably at
similar concentrations.

A Common Autoinhibitory Construction
of GTPase Effectors
Many effectors of Ras superfamily GTPases are regu-
lated by autoinhibition. The physical mechanisms of in-
hibition and GTPase-mediated activation are best
understood for the effectors WASP (Kim et al., 2000),
Pak (Lei et al., 2000), Raf (Williams et al., 2000), and
mDia1, where the structures and energetics of the in-
hibited and activated forms have been examined more
closely. Each protein has an activity-bearing (output)
domain that is inhibited through direct binding to a dis-
tinct regulatory element (Figure 5). GTPase contacts to
the regulatory domain are believed to displace it from
the output domain, providing the core route to effector
activation. In all cases, GTPase binding requires an ad-
ditional, structurally independent domain that is imme-
diately adjacent to the regulatory domain. This domain,
which we refer to as an access point, does not partici-
pate itself in inhibition of the output domain but makes
important contacts to the GTPase that are necessary
for effector activation. Thus, the GTPase binding ele-
ment is bipartite, spanning the regulatory domain and
the exposed access point. Conservation of this con-
struction across four unrelated effectors suggests
either ease of evolutionary development or evolutionary
pressure on some functional consequence. We have re-
cently shown that the exposed CRIB motif of WASP
allows the GTPase Cdc42 to bind in its GDP form with-
out causing complete disruption of the GBD-VCA regu-
latory interaction. Thus, the Cdc42 nucleotide switch
Figure 5. A Common Autoinhibitory Construction of Ras Superfam-
ily GTPase Effectors

Abbreviations: AP, access point and REG, regulatory element. Ac-
tivity of the mDia1 FH2 domain is negatively regulated through in-
teractions with the DID that are enhanced by DAD (Li and Higgs,
2005). GTPase binding requires the exposed G region also. Activity
of the WASP VCA domain is inhibited through binding to the
C-terminal segment of the GBD (Kim et al., 2000). GTPase binding
requires the exposed CRIB motif. Activity of the Pak kinase domain
is inhibited through binding to the inhibitory switch (IS) region (Lei
et al., 2000). GTPase binding requires the exposed CRIB motif. Ac-
tivity of the Raf kinase domain is inhibited by intramolecular in-
teractions of the cysteine-rich domain (Williams et al., 2000),
whereas GTPase activation requires the independent Ras binding
domain (RBD).
modulates the thermodynamic coupling between the
GTPase binding and allosteric equilibria in WASP, a
property that may enhance signaling fidelity in crowded
membrane environments (Leung and Rosen, 2005). Ac-
cess point construction may in general facilitate evolu-
tion of different degrees of thermodynamic coupling be-
tween GTPase binding equilibria and regulatory equilibria
in effectors. This could enable development of some
effectors that can be fully activated by saturating GTP-
GTPase alone (e.g., WASP) (Leung and Rosen, 2005;
Prehoda and Lim, 2002) and others where saturating
GTPase can only partially activate (e.g., mDia1) (Li
and Higgs, 2003), necessitating cooperative activation
through multiple inputs in vivo. It is also possible that
access points may provide a more efficient kinetic
pathway to effector activation, with initial GTPase bind-
ing to the exposed element allowing release of the reg-
ulatory element to occur in unimolecular fashion. The
potential importance of these and other functional con-
sequences of access point construction will be clarified
as more GTPase-effector systems are analyzed in bio-
physical detail.

Experimental Procedures

Protein Preparation and Crystallization
Proteins were expressed in E. coli BL21(DE3) and purified chro-
matographically. The mDia1 DID-DD construct (residues, 131–516)
was crystallized at 20°C in 100 mM Hepes (pH 7.25), 9% (w/v)
PEG3550 by hanging drop vapor diffusion. Crystals grew to 120 ×
120 × 200 �m in one week and were cryo-protected with 100 mM
Hepes (pH 7.25), 11.5% (w/v) PEG3550, and 35% (v/v) ethylene
glycol and flash cooled in liquid propane. Crystals exhibit the sym-
metry of space group P32 with cell dimensions of a = 121.57 Å,
b = 121.57 Å, and c = 94.89 Å and contain two molecules in the
asymmetric unit.

Crystallographic Data Collection and Structure Determination
Diffraction data were collected at beamline 19-ID (SBC-CAT) at the
Advanced Photon Source (Argonne National Laboratory, Argonne,
Illinois, USA) and processed with HKL2000 (Otwinowski and Minor,
1997). Phases were calculated from a single-wavelength anoma-
lous dispersion (SAD) experiment at the selenium peak by using
the selenomethionine variant of mDia1. By using diffraction data to
3.0 Å, 28 of 38 possible selenium sites were located, refined, and
subjected to density modification with the program CNS (Brunger
et al., 1998). A native dataset was collected to a resolution of 2.4 Å
and used for model building (program O [Jones et al., 1991]) and
refinement (Refmac5 [Murshudov et al., 1997]), resulting in an Rwork

of 21.7% and an Rfree of 24.9%. The quality of the electron density
did not allow the unambiguous identification of side chains in the
C-terminal portion of one of the mDia1 molecules (residues 462–
474). Data collection and refinement statistics are shown in Table 1.

Biochemical Analyses
Assembly of 4 �M actin (5% pyrene labeled) in the presence of
mDia1 FH2-DAD (745–1209), various constructs of mDia1 N termi-
nus proteins, and RhoA-GMPPNP were performed as reported (Li
and Higgs, 2003). Mant-GMPPNP was synthesized as reported
(Hiratsuka, 1983) and loaded on RhoA (residues 1–181) by incuba-
tion with 5 mM EDTA for 3 hr at 25°C and quenched by addition of
10 mM MgCl2. mDia1 was titrated into 0.3 �M RhoA-Mant-
GMPPNP in 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 10 mM
imidazole (pH 7.0) and affinity determined from the quench in Mant
fluorescence (Rudolph et al., 1998). To examine interactions be-
tween DAD and G-DID-DD proteins, 500 pmol of GST-DAD was
immobilized on glutathione-Sepharose beads (Amersham). 500
pmol of G-DID-DD protein (wt or mutant) was added to the beads
in 10 mM Hepes (pH 7.0), 150 mM NaCl. Beads were washed and
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the complex was eluted with 10 mM glutathione. Only 10 pmol of C
sGST-DAD was loaded onto SDS-page.

C
NMR Spectroscopy q
Backbone 1H, 15N, 13Cα, and 13CO 13Cβ assignments of DID (2H/ d
13C/15N) bound to DAD (1H) were obtained by using TROSY ver- D
sions of CT-HNCA, CT-HN(CO)CA, HN(CA)CB, HN(CO)CACB, HNCO, A
and HN(CA)CO experiments (Yang and Kay, 1999). Cross-saturation t
experiments (Takahashi et al., 2000) were performed on samples in

D90% H2O/10% D2O. Saturation of the aliphatic protons of the DAD
Dpeptide was achieved with a train of CHIRP adiabatic pulses, each
Ewith a maximum RF amplitude of 125 Hz and duration of 40 ms
N(the adiabatic factor Q0 = 2.45) and excitation centered at 1.2 ppm,
fproviding a w1600 Hz irradiated bandwidth for a total of 1 s prior
mto initiation of a TROSY-HSQC pulse sequence (Pervushin et al.,

1997). The relaxation delay was set to 2 s. The reference spectrum E
was taken with the same experimental setup, except the center for B
the adiabatic pulse was shifted to −20,000 Hz off resonance. Total m
acquisition time was 7.5 hr for each spectrum. The ratio of the 2
intensity for each peak between the cross-saturated and the refer-

F
ence spectrum was calculated. Peaks with a ratio <0.8 were con-

A
sidered to show cross saturation. We confirmed that these experi-

T
mental conditions do not produce significant artifacts from

Gcysteine residues by comparison with a free G-DID (2H/13C/15N)
Esample in 90% H2O/10% D2O. Spectra were processed with the
gprogram nmrPipe (Delaglio et al., 1995) and analyzed by using
BnmrPipe and nmrview (Johnson and Blevins, 1994).
G
h

Supplemental Data H
Supplemental Data include one figure and are available online with a
this article at http://www.molecule.org/cgi/content/full/18/3/273/ c
DC1/. s
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