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An understanding of the actin-depolymerizing function attributed to
members of the ADEF/cofilin/destrin superfamily requires a structural
model of these proteins in complex with actin. As a step toward defining
actin-cofilin interactions, the complex of yeast cofilin with monomeric
actin was predicted, starting with the actin-gelsolin segment-1 binding
mode recently suggested for the actin-destrin complex. After refinement
by molecular dynamics simulation, the structure of cofilin converged in a
new binding mode that required only minimal changes induced in the
actin-cofilin interface. The predicted complex exhibits strong interactions
between the N termini of actin and cofilin, mediated by a salt bridge of
cofilin Arg3 with actin Aspl. The forming of this salt bridge could be
prevented by the phosphorylation of cofilin Ser4, which is believed to
inhibit cofilin depolymerization activity. Recent mutagenesis studies,
crosslinking experiments and peptide binding studies are consistent with
the predicted model of the actin-cofilin complex. The structural homology
between cofilin and gelsolin segment-1 binding to actin was confirmed

experimentally by two types of competitive binding assays.
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The ADF/cofilin family of proteins, which
includes destrin, depactin, and actophorin, are
potent regulators of actin assembly in mammalian
tissues and other cell types. For example, overex-
pression of cofilin in Dictyostelium cells induces
membrane ruffling and cell motility (Aizawa et al.,
1996), whereas microinjection of labeled cofilin in
cultured muscle cells disrupts cytoplasmic F-actin
and promotes formation of nuclear rods containing
both actin and cofilin (Nagaoka ef al., 1995). Nucle-
ar rod formation is a common response of several
cell types to heat or chemical stresses (Nishida
et al., 1987; Yahara et al., 1996). The complex
activity of cofilin in vivo can be inferred from the
number of different reactions between cofilin/ ADF
and actin in vitro. Depending on such factors as
pH, the presence of inositol phospholipids, the
phosphorylation state of cofilin, the type of nucleo-

Abbreviations used: MD, molecular dynamics.
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tide bound to actin, and the presence of competing
actin ligands, including heavy meromyosin, tropo-
myosin, caldesmon and phalloidin (Yonezawa et al.,
1988), cofilin can bind actin monomers (G-actin)
and filaments (F-actin), bundle actin filaments, dis-
assemble F-actin, and inhibit nucleotide exchange
from G-actin (reviewed by Moon et al., 1993). The
binding of cofilin to F-actin also induces a change
in the helical pitch of the filaments not yet
observed with any other actin binding protein
(McGough et al., 1997). The rapid disassembly of F-
actin by cofilin has been interpreted variously as
evidence for filament severing activity (Mabuchi,
1983; Maciver et al., 1991; Nishida et al., 1985) or
acceleration of monomer disassembly at the
pointed end of the actin filament (Carlier et al.,
1997).

To elucidate the function of cofilin and related
proteins, several studies have sought to define the
cofilin/actin binding interface by chemical (Sutoh
& Mabuchi, 1986), crystallographic (Leonard et al.,
1997), and NMR methods (Hatanaka et al., 1996).

© 1998 Academic Press
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Figure 1. (a) Crystal structure of
the actin-gelsolin segment-1 com-
plex from McLaughlin et al. (1993).
Left: front view; right: side view.
Gelsolin segment-1 is shown in
white tube representation, actin in
grey tube representation. ATP
(light gray) and the associated Ca
ion (dark gray) are represented by
van-der-Waals spheres. The num-
bers identify actin’s structural sub-
domains (Kabsch et al., 1990). The
coordinates of the actin-gelsolin
segment-1 complex (McLaughlin
et al., 1993) were supplied by Paul
McLaughlin. The molecules in
Figures 1 to 3 were rendered with
the program VMD (Humphrey
et al., 1996). (b) Cofilin crystal struc-
ture with added C and N termini
aligned to actin in the suggested
gelsolin segment-1 binding mode
(Hatanaka et al., 1996). Left: front
view; right: side view. Cofilin is
shown in white tube represen-
tation, actin in grey tube represen-
tation. ATP (light gray) and the
associated calcium ion (dark gray)
are represented by van-der-Waals
spheres. The white arrow marks a
steric clash of the cofilin N termi-
nus with actin. The black arrow
points to a cleft between the two
proteins.  Prominent secondary
structure  elements of  cofilin
(Fedorov et al., 1997) are identified.
The coordinates of cofilin residues
6 to 140, including 32 crystal water
molecules (Fedorov et al., 1997) and
of destrin (Hatanaka et al., 1996)
were provided by Steven Almo
and Hideki Hatanaka. (c) Predicted
actin-cofilin complex. Left: front
view; right: side view. Cofilin is
shown in white tube represen-
tation, actin in grey tube represen-
tation. Actin’s subdomains 2 and 4
were added back to the system
after simulation. ATP (light gray)
and the associated calcium ion
(dark gray) are represented by van-
der-Waals spheres. For the simu-
lation of cofilin, residues 1 to 5 and
141 to 143, which are missing in
the cofilin  crystal  structure
(Fedorov et al., 1997), were added
with the molecular modeling pro-
gram Quanta (Molecular Simu-
lations Inc., 1994). The cofilin-actin
complex was built from the model
of the destrin-actin complex, exploiting the homology of cofilin with destrin. As described by Hatanaka et al. (1996),
68 residues of destrin were superimposed by the corresponding residues of gelsolin segment-1. Cofilin was then
superimposed by the 81 conserved residues of destrin which were identified by sequence alignment (Moon et al.,
1993). To reduce the system size for simulation of the actin-cofilin complex, actin’s subdomains 2 (residues 33 to 78)
and 4 (residues 179 to 273), the actin-bound ATP nucleotide, and all actin or gelsolin-associated calcium ions
(McLaughlin et al., 1993) were deleted. The interaction between rigid actin and cofilin fragments was optimized in
vacuo by rigid-body energy minimization with the program X-PLOR (Briinger, 1992), followed by refinement in aqu-
eous solution. The biopolymers were immersed in a shell of explicit water molecules of 5 A thickness, which corre-
sponds to approximately two layers of water molecules. Water molecules overlapping with the protein structures and




Cofilin-Actin Complex Structure

923

Such studies reveal that the cofilin N-terminus,
which contains a critical phosphorylation site
(Morgan et al., 1993; Nebl et al., 1996; Ohta et al.,
1989) at Ser4 (yeast cofilin numbering) interacts
with actin, as do peptides derived from cofilin’s C
terminus (Moriyama et al., 1992; Van Troys et al.,
1997; Yonezawa et al., 1989). Similarly, both the N
and C-terminal regions of actin can be linked to
ADF (Sutoh & Mabuchi, 1986). A structural
interpretation of the available biochemical data
based on a destrin structure obtained by NMR
(Hatanaka ef al., 1996) suggests a mode of binding
to G-actin that is very similar to that of the com-
plex of actin with gelsolin segment-1, determined
by X-ray crystallography (McLaughlin et al., 1993).

The present study was designed to test the
hypothesis that cofilin binding to G-actin is struc-
turally analogous to the complex formed between
gelsolin segment-1 and subdomains 1 and 3 of the
actin monomer (Figure 1(a)). To this end, molecu-
lar dynamics (MD) calculations were used to
evaluate the quality of a cofilin-actin binding inter-
face analogous to that of the gelsolin segment-1-
actin contact. The usefulness of MD in molecular
docking was recently demonstrated in the predic-
tion of a complex between the chromosomal pro-
tein HMG-D and DNA (Balaeff et al.,, 1998).
Computer algorithms for the prediction of protein
aggregation modes have been developed in several
laboratories, but the predictions are still far from
routine (Strynadka et al., 1996). Compared to ab
initio algorithms that perform a search for suitable
candidate structures by rigid-body transform-
ations, MD simulations provide a less exhaustive
sampling of possible binding conformations. How-
ever, in this work other biochemical and structural
data were available to assist in the molecular
docking.

One essential requirement for the proper com-
plex formation is the conformational flexibility of
the binding interface, as provided by MD. The
possible actin binding mode appears to depend, in
particular, on the conformation of cofilin’s func-
tionally relevant N terminus, since the equivalent
region in destrin exhibits steric clashes with actin
in the gelsolin segment-1 binding mode (Hatanaka
et al., 1996). The five N-terminal residues were not
defined in the cofilin crystal (Fedorov et al., 1997)
and had to be added in this work by modeling.

Computational models of protein aggregates are
often of limited practical value unless they are sub-
stantiated by experimental measurements. Here we
have adopted a hybrid simulation/biochemical

approach. In conjunction with the modeling effort,
two types of biochemical assays examine the extent
to which cofilin and gelsolin compete for binding
to actin monomers. The actin-binding behavior of
both intact gelsolin and the truncated form GS160
(gelsolin residues 26 to 160) was studied. GS160
comprises the complete cytoplasmic gelsolin seg-
ment-1. This construct is ten residues larger than
the N-terminal domain prepared by proteolytic
digestion of gelsolin (resisues 1 to 149) and crystal-
lized in complex with actin, but appears as a single
folded domain in the whole gelsolin structure. In
contrast to the N-terminal domain (residues 1 to
149) which binds only actin monomers, GS160
also interacts with F-actin to accelerate actin depo-
lymerization, and so may be a closer analog of
cofilin.

Modeling and molecular dynamics

To obtain a starting structure for the prediction
of the complex we aligned the yeast cofilin crystal
structure to actin in the gelsolin segment-1 binding
mode (Hatanaka ef al., 1996) and added cofilin’s C
and N termini. The resulting complex is shown in
Figure 1(b) and compared to the structure of the
gelsolin segment-1-actin complex in Figure 1(a).
Similar to the model of the actin-destrin complex
(Hatanaka et al., 1996), this alignment produced
steric clashes of cofilin’s N terminus with actin. To
alleviate unfavorable interactions at cofilin’s N ter-
minus, residues 1 to 8 were temporarily removed
from the protein, and cofilin’s coordinates (includ-
ing the 32 crystal water molecules) were shifted
by 1 A in the direction normal to the initial actin
binding face. Compared to gelsolin segment-1
(Figure 1(a)), cofilin’s structural elements extend
further away from actin, giving rise to reduced
contact in this binding mode (Figure 1(b)). To
strengthen the binding interface, the complex was
rigid-body energy minimized, solvated, and
refined in a simulated annealing protocol of 170 ps
duration (Wriggers & Schulten, 1998).

Inability to identify cofilin’s residues 1 to 5 in
the crystal suggests a high flexibility of the N ter-
minus, leading to spatial disorder (Fedorov et al.,
1997). Secondary structure prediction, using the
Holley/Karplus (Holley & Karplus, 1989) and
GOR (Garnier et al., 1978) methods implemented in
the program Quanta (Molecular Simulations Inc.,
Burlington, Massachusetts) indicates a random coil
state of cofilin’s eight N-terminal residues (data not
shown). After the first annealing run, the protein

non-crystallographic water molecules at the interface of actin and cofilin were removed. After solvation, the total sys-
tem size was 9004 atoms (1087 water molecules). The system was subsequently refined by simulated annealing. We
chose simulation protocols of 170 ps length with a maximum temperature of 500 K. Protocols and molecular
dynamics parameters are described in detail elsewhere (Wriggers & Schulten, 1998). We characterized the movements
of cofilin relative to the gelsolin segment-1 binding mode (b) by the classical screw axis of rigid-body movement
(Chasles, 1830; Goldstein, 1980; Babcock et al., 1994). This axis identifies the relative movement of proteins or of pro-
tein domains that can be considered rigid. The rotation about the axis is right-handed (31°) and the direction and
magnitude of the translation are indicated by the direction and length (1.8 A) of the cone-shaped pointer.
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had shifted relative to actin so that it was possible
to add the N terminus back to the protein by
exploiting its flexibility in the coil state: The pre-
dicted conformation of the N-terminal chain was
sterically constrained by nearby actin and cofilin
residues. Moreover, it was possible to secure an
electrostatic complementary of the actin-cofilin
interface by forming a salt bridge between cofilin
Arg3 and the adjacent actin Aspl. After re-sol-
vation, the system was refined in a second anneal-
ing run.

Two basic residues of cofilin (Arg96 and Lys98)
are involved in actin binding (Lappalainen et al.,
1997; Moriyama et al., 1992; Yonezawa ef al.,
1991a,b). After the second annealing run, Arg96
and Lys98 were found within hydrogen bonding
distance of two corresponding acidic residues of
actin (Asp25 and Glu334, respectively). The side-
chains of Arg96 and Lys98 were re-oriented to
form salt bridges with the corresponding acidic
residues of actin. The re-solvated complex was
finally refined in a third simulated annealing run
of 170 ps duration.

The predicted structure of the actin-cofilin com-
plex is shown in Figure 1(c). The structure of cofi-
lin converged in a new orientation relative to actin.
Cofilin’s movement relative to the gelsolin seg-
ment-1 binding mode (Figure 1(b)) can be charac-
terized by least-squares fitting (Kabsch, 1976) as a
right-handed rotation of 31° about the shown
screw axis and by a short translation of 1.8 A
along the axis (helical rise).

Complex interface

The non-bonded energies arising in the complex
allow one to identify the interacting residues when
mapped to the protein surface (Figure 2(a)). About
20 residues from each protein form hydrogen
bonds between the proteins. Most of the hydrogen
bonds correspond to salt bridges between residues
of opposite electrostatic charge. The interaction
energies are predominantly attractive, in some
cases involving values of —100 kcal/mol.
A detailed analysis revealed that the Lennard-
Jones contributions to the interaction energies
(equation (1), Figure 2(a)) did not exceed 10 kcal/
mol per residue, ie. the interaction energies in
equation (1) are mostly of electrostatic origin.

Figure 2(a) demonstrates that the actin-cofilin
interface is surrounded by a rim of polar residues
involved in salt bridges. Specifically, the side-
chains of actin’s Aspl, Asp25, Glu334, Argld?7,
Lys328, Asp292/Glul67, and Asp288 interact with
cofilin’s corresponding side-chains Arg3, Arg96,
Lys98, Asp91, Glul26/Aspl23, Argl35, and
Argl38. A single residue, cofilin’s Asp118, exhibits
a slightly repulsive interaction enthalpy with actin
(4+9.6 kcal/mol), due to its close (6 A) proximity to
actin’s acidic cluster Asp292/Glul67/Thr148. The
negative charge of this solvent-exposed side-chain
is expected to be screened by the surrounding
dielectric and by counterions.

We note that the high interaction energies in
Figure 2(a), which are of the same order of magni-
tude as molar lattice energies of salt crystals
(Israelachvili, 1992), would arise in a medium of
dielectric permitivity e =1 (e.g. in vacuo). Actual
electrostatic interaction energies can be expected to
be considerably lower, as they scale with the
inverse dielectric permitivity of the protein/solvent
environment (Israelachvili, 1992): MD simulations
have suggested values for the protein dielectric
permitivity ranging from 10 to 36 (King et al., 1991;
Smith et al., 1993); bulk water at room temperature
has a value & = 80. Dielectric screening, hydration
energies and significant entropic contributions in
solvated proteins lower the effective free energies
to values of about 5 kcal/mol (Anderson et al.,
1990) per salt bridge formed. These effects are pre-
sent in the simulation by means of the explicit sol-
vent and the conformational variability of the
evolving system.

Alanine scanning mutagenesis of the interface
between human growth hormone and the extra-
cellular domain of its first bound receptor demon-
strated that the interface resembles a cross-section
through a globular protein, where a small, central
hydrophobic core region is surrounded by hydro-
philic residues (Clackson & Wells, 1995). It was
argued that this property may be general to pro-
tein-protein interfaces. An inspection of the buried
contact surface of the actin-cofilin complex
(Figure 2(b)) reveals a central apolar cluster formed
by actin’s residues Ile341 and Ile345, and by cofi-
lin’s residues Met99, Tyr101, and Alal02. This apo-
lar cluster is part of cofilin’s actin-binding helix 3
(residues 95 to 111). The core contact surface also
includes Ser103, which exhibits only weak enthal-
pic interactions with actin (Figure 2(b)). The corre-
sponding contact surface of actin is formed by
lle341 and Ile345, and by Ser344 and Ser348. The
buried surface area of the actin-cofilin interface
(Figure 2(b)) measures 1390 A?, and is about twice
as large as the buried area of the actin-gelsolin
segment- -1 interface (640 A% Figure 1(a)). This
increase in contact surface can be attributed to
both the described interactions of cofilin’s N-term-
inal residues 1 to 8 with actin (330 A?) and to the
closure of the cleft present in the Hatanaka model
of the complex (Figure 1(b)).

Induced conformational changes

To analyze the convergence and stability of the
system we compared the individual protein devi-
ations with the temperature of the system in the
three simulated annealing runs (data not shown).
The system followed closely the annealing target
temperature and the rate of conformational change
was enhanced by high temperatures (300 to 500 K)
which facilitate the crossing of potential energy
barriers. Initially, cofilin’s structure remained close
to the crystal conformation (1.5 A rms deviation
after the first annealing run). The addition of the
cofilin N-terminal residues 1 to 8 had little effect
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Figure 2. (a) Non-bonded interaction energies in the complex. Cofilin was rotated by 90° about the horizontal axis
and translated from the binding site to expose the actin binding face. The form used for the total potential energy in
the simulations discussed here is the CHARMM energy function (Brooks et al., 1983), which involves two, three and
four-atom interactions of covalently bonded atom chains, and non-bonded interactions between pairs of unconnected
atoms. The non-bonded interaction energy between an atom i of actin and an atom j of cofilin has the form (Brooks

et al., 1983)
e 12 .
Vij= 481][<(::> _<c:1;1> } (‘71 J) feut (i), M
\q,_/

Vcoutomb

V Lennard=Jones

where r;; is the distance between atoms i and j and ¢ is the dielectric constant. The switching function f(r;) (Brooks
et al., 1983) truncates all non-bonded interactions outside a cut-off radius (here: 12 A), to reduce the computatlonal
cost of pairwise interactions in large systems. The partial charges g; and the Lennard-Jones parameters (g;, G;) are
provided in standardized form (Brooks et al., 1983). The interaction energy of a given residue of actin with cofilin
was determined by summing the Vj; over atoms i belonging to the residue and over atoms j of cofilin. Interaction
energies between a given residue of cofilin with actin were computed similarly. The computed interaction energies of
individual residues describe the unscreened enthalpic contributions of hydrogen bonds, salt-bridges and van der
Waals contacts to the total protein-protein interaction energy. Actin’s subdomains 2 and 4 were added for visualiza-
tion. (b) Contact surfaces in the complex. The model of the actin-cofilin complex was analyzed with the distance func-
tions in X-PLOR to determine the contact interface. For each amino acid a search of all atoms located within a
distance of 2.5 A was conducted. The parent amino acid residue of any found atom not belonging to the same pro-
tein was defined as making a contact. Molecular surfaces that become buried are colored: yellow (sulfur), red (oxy-
gen), blue (nitrogen), and green (carbon).

on actin (rms deviation 1.9 A), but induced a con- The conformational changes observed in cofilin
formational change in cofilin (see below). The  (Figure 3(a)) involve mainly a displacement of
forming of the salt bridges from cofilin Arg96 and  Ala9 (at the start of helix 1), and movements of
Lys98 to actin had little effect on either protein, so  helix 2 (residues 52 to 55) and of the 4-5 turn (resi-
that both structures finally stabilized at 2 A rms  dues 74 to 77). A detailed inspection of the struc-
deviation from the crystal conformation. tures revealed that the binding of cofilin’s N
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Figure 3. Deviation of the final cofilin (a) and actin (b) structures from the crystal coordinates (Fedorov et al., 1997;

McLaughlin et al.,

1993). The deviations in (a) and (b) were computed as a function of residue number for least-

squares fitted (Kabsch, 1976) a-carbons in cofilin and actin. Actin’s subdomains 2 and 4 were not part of the simu-
lated system. (c) Comparison of the complex structure with mutagenesis results (Lappalainen et al., 1997). Cofilin resi-
dues that were subject to mutation (Lappalainen et al.,
mutations exhibited defects in both G and F-actin binding; orange: mutations exhibited defects only in F-actin bind-
ing; blue: mutations exhibit wild-type behavior; green: mutations exhibit wild-type behavior in vitro, but lethal pheno-
type in vivo (Lappalainen et al., 1997). The cofilin backbone is shown in black tube representation, actin in grey tube
representation. Actin’s subdomains 2 and 4 were added for visualization. ATP (light gray) and the associated calcium
ion (dark gray) are represented by van-der-Waals spheres.

terminus to actin led to a break up of a hydrogen
bond in the crystal structure between the main-
chain of Ala9 with the side-chain of Val8 (not
shown). Instead, the Ala9 main-chain now inter-
acted in an o-helical mode with the main-chain of
Leul3, and the side-chain of Val8 formed a new
hydrogen bond with the side-chain of Leul3.
Thereby, Ala9 became part of helix 1. The observed
movements of helix 2 and the 4-5 turn are likely
due to thermal disorder, since both structure
elements are solvent-exposed and distant from the
actin binding face (Figure 1(c)). A test of the stereo-
chemical quality of the simulated structure of cofi-
lin with the program PROCHECK (Laskowski et al.,
1993) showed that all but one amino acid exhibited
backbone torsional angles in the sterically allowed
range of values (data not shown). The sole offend-
ing residue was Asn76 in the tip of the flexible 4-5
turn.

The deviating actin regions (Figure 3(b)) are
located, in most cases, either at the subdomain 2/4
binding face (residues 79 to 81, 158, 178, 308 to
310) or at the cofilin binding face (residues 1 to 4,
286 to 288, 325). The sole exception to this pattern
are residues 367 and 368. These residues lie in a

1997) are shown as colored van-der-Waals spheres; red:

solvent-exposed region of actin’s subdomain-1 that
was shown to be flexible in earlier computer simu-
lations (Wriggers & Schulten, 1997). Most of the
changes observed in actin, however, can be attribu-
ted either to the truncation of subdomains 2 and 4
in the model, or to the binding of cofilin. Of special
interest are interactions induced by cofilin which
led to the displacement of flexible actin surface
regions (residues 14, 286 to 288, 325) by 4 A
towards corresponding side-chains of cofilin.

Comparison with mutation results

The present work was well advanced when a
systematic study of in vivo phenotypes of cofilin
mutants was reported. The mapping of mutated
residues onto the structure of cofilin indicated mol-
ecular surfaces that are responsible for various G
and F-actin related functions (Lappalainen et al.,
1997). These mutagenesis results furnish a stringent
test of the predicted model of the G-actin-cofilin
complex. Lappalainen et al. investigated 20 yeast
cofilin mutants which involved, in most cases, ala-
nine mutations of two or three adjacent, charged
residues. Figure 3(c) maps these residues onto the
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structure of the predicted actin-cofilin complex,
and classifies them by the functional deficiencies
caused by mutation. According to Lappalainen
et al.,, mutations of cofilin residues 18, 20, 42, 43,
47, 51, 55, 56, 59, 61, 77, 79, 105, 106, 109, 110, and
130 show wild-type behavior in vivo and in vitro.
Mutations involving residues 10, 11, 34, 36, and 38
exhibit wild type behavior in G and F-actin bind-
ing assays, but lethal phenotype (due to an
unknown biochemical function apparently unre-
lated to actin binding). Mutations/deletions of resi-
dues 1-5, 96, 98, 123, and 126 inhibited both G and
F-actin binding. Mutations of residues 80, 82, 134,
135, 138, inhibited F-actin binding only. Mutations
involving residues 23, 24, and 26 led to aggrega-
tion of cofilin, and mutations of residues 68, 70,
and 72 denatured the protein, rendering it unsuita-
ble for biochemical assays.

As can be seen in Figure 3(c), the locations of the
functional deficiencies agree well with our model
of the complex. The residues which affect G-actin
binding are involved in strong interactions in our
model. Residues that only inhibit F-actin binding
appear on a separate surface that may be part of a
region of steric clash in the filament (see Discus-
sion). Most mutations that retain wild-type pheno-
type are in residues distant from the proposed
actin binding face. Mutated residues that produce
lethal phenotype but retain normal in vitro beha-
vior comprise yet another separate functional sur-
face of cofilin distant from the actin binding face
(Figure 3(c)), as do the residues which denature or
aggregate cofilin (not shown).

Our model is also consistent with a recent
mutation study of the cofilin-related maize actin
depolymerization factor (MADEF; Jiang et al., 1997).
Mutation of a Tyr/Ala residue pair equivalent to
cofilin’s Tyr101 and Alal02 located in the hydro-
phobic core of the predicted cofilin-actin interface
(Figure 2(b)) decreased the binding affinity of
MADF to both G and F-actin. Furthermore,
mutation of two tyrosine residues equivalent to
cofilin’s Tyr64 and Tyr67 abolishes F but not G-
actin binding, which implies that at least one of the
two residues plays a critical role in F-actin binding
(Jiang et al., 1997). Tyr67, located near a region of
cofilin which is predicted to bind F-actin (J.X.T.,
W.W. & P.AlJ., unpublished results), appears to be
suitable to perform such a functional role.

Competition between cofilin and GS160 for
binding G-actin

The simulation studies of the cofilin-actin com-
plex structure predict that cofilin and gelsolin seg-
ment-1 will compete for binding to actin
monomers. This prediction was verified by bio-
chemical analysis. Two types of assays compared
the binding of cofilin and GS160 to monomeric
actin. One set of experiments used agarose-coupled
G-actin to co-precipitate binding partners. The
second assay used Ni beads that precipitate histi-
dine-tagged GS160 to examine how cofilin inter-

fered with the binding of actin to this gelsolin
construct.

Cofilin prevents the binding of gelsolin or GS160
to G-actin immobilized on agarose beads

Adding cofilin to immobilized G-actin inhibits
the binding of both intact gelsolin and GS160, as
shown in Figure 4 by the decreased co-sedimen-
tation of the gelsolin constructs with actin
(Figure 4(b)), their release into the supernatant
fractions (Figure 4(a)), and their replacement by
actin-bound cofilin. Comparison of lanes 4 to 5 and
8 to 9 shows that addition of cofilin to gelsolin-
actin complexes dissociates gelsolin from actin as
efficiently as adding cofilin to actin first prevents
the binding of gelsolin to actin.

Cofilin displaces G-actin from histidine-tagged
GS160 in a Ni-bead assay

The mutually exclusive binding of cofilin and
GS160 to actin monomers was confirmed in a
different assay in which free actin was added to
mixtures of cofilin and histidine-tagged GS160
prior to selective sedimentation of GS160 by Ni-
agarose beads (Figure 4(c)). Competition between
GS160 and cofilin was assessed by the ability of
cofilin to reduce the amount of G-actin co-sedi-
menting with G5160. In the absence of cofilin, sedi-
mentation of GS160 co-precipitates an equimolar
amount of G-actin (lane 4), leaving a smaller
amount in the supernatant fraction (lane 3).
Addition of increasing amounts of cofilin reduced
the amount of G-actin co-sedimenting with GS160
(lanes 6 and 8) and increased the amount of actin
in the supernatant (lanes 5 and 7). A quantitative
comparison of the amounts of gelsolin bound to
actin in the presence of increasing cofilin is
shown in Figure 4(d), where the decrease in actin
co-sedimenting with GS160 is accompanied by a
corresponding release of actin into the super-
natant fraction as increasing amounts of cofilin
are added. Formation of a ternary complex con-
taining actin, cofilin, and GS160 was not
observed, as the slight amount of cofilin appear-
ing in the pellet fraction is accounted for by non-
specific sedimentation or adhesion in the absence
of actin (lane 2).

Discussion

The remarkable diversity of interactions between
actin and the family of small (19 to 21 kDa) pro-
teins related to cofilin, including ADF, destrin,
depactin, and actophorin suggest that subtle differ-
ences in the actin binding site of these proteins
lead to large differences in actin filament stability
and structure. Unlike larger proteins such as gelso-
lin where differential effects on actin are related to
selective involvement of multiple actin binding
sites, cofilin appears to engage all or part of the
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Figure 4. Competitive binding of cofilin and gelsolin to G-actin-agarose beads: Supernatants (a) and pellets (b).
G-actin was immobilized on CNBr activated Sepharose 4B beads, by standard methods (Haddad et al., 1984; Janmey
et al., 1986; Pope et al., 1991) and proteins bound to G-actin detected by SDS-PAGE analysis of pellets formed by low
speed sedimentation (14,000g) of actin-Sepharose under conditions where the free proteins would not sediment. In
order to detect competitive binding, approximately 30 ug G-actin-Sepharose beads were added to mixtures of cofilin,
gelsolin, and GS160. After sedimentation, the beads were washed once in G-actin buffer solution, once in this solution
plus 150 mM KCl, and again in G-actin buffer solution. The proteins bound to the beads were subjected to SDS-
PAGE and detected by Coomassie blue staining. By adding SDS sample buffer and heating the samples at 97°C for a
few minutes all the proteins including actin were found to be separated from the beads. Lane 2: 100 pg cofilin; lane
3: 100 pg gelsolin; lane 4: incubation with 100 pg gelsolin (30 minutes), followed by incubation with 100 pg cofilin (30
minutes); lane 5: incubation with 100 pg cofilin (30 minutes), followed by incubation with 100 pg gelsolin (30 min-
utes); lanes 6 to 9: same design as lanes 2 to 5, but GS160 was used instead of intact gelsolin, and reduced amounts
of GS160 (20 pg) and cofilin (40 pg) were used. The final volume of each sample was 140 pl. For the assays in (a) to
(c), G-actin was prepared from an acetone powder of rabbit skeletal muscle (Spudich and Watt, 1971). The non-poly-
merizing solution contained 2 mM Hepes buffer at pH 7.5, 0.2 mM CaCl,, 0.5 mM ATP, and 0.5 mM NaNj;. Human
plasma gelsolin was purified by elution from DE-52 ion exchange matrix in 30 mM NaCl, 3 mM CaCl,, 25 mM Tris
(pH 7.4) as described by Kurokawa et al.(1990), rapidly frozen in liquid nitrogen and stored at —80°C. A fragment of
rat gelsolin containing amino acids 26 to 160 (GS160; Kwiatkowski et al., 1989) with a 6-histidine tag at the N termi-
nus was expressed in E. coli and purified as described elsewhere (Fujita et al., 1997). Full-length recombinant cofilin
was prepared by introducing an Ndel restriction enzyme site into a cDNA clone for human cofilin kindly provided
by Dr Colin Casimir. The Ndel site was placed 3 bp prior to the initiation methionine in order to allow cloning into
the Ndel site of pMW172 without the introduction of additional amino acid residues. The bacterial strain BL21(DE3)-
PLysS was used for protein expression. The soluble bacterial extract was passed over a DE52 column in a buffer con-
taining 10 mM Tris-HCI (pH 8.0) and 1 mM EGTA, and the flow-through, in which cofilin was present, was
collected. Cofilin prepared in this manner was greater than 95% pure as judged by SDS-PAGE analysis. (c) Displace-
ment of G-actin by cofilin from histidine-tagged GS160. Each sample contained a sufficient number of Ni beads to
immobilize 20 pul of 100 kM GS160. Lane 1: 20 uM G-actin, no GS160; lane 2: 20 pl (100 uM) cofilin and 20 pl
(100 uM) GS160, no G-actin. Three samples were tested in addition to the controls. Each sample contained 40 pl of
50 uM G-actin and 2 pl of 100 mM Ca?*. Lanes 3 and 4: no cofilin; lanes 5 and 6: 20 ul (100 uM) cofilin; lanes 7 and
8: 40 pl (100 uM) cofilin. The final volume of each sample was 200 pl. (d) Comparison of amounts of actin cosedi-
menting with GS160 and remaining in the supernatant derived from the data in (c). An estimate of the amount of
protein in each lane was made by scanning the Coomassie-stained gels using a standard commercial scanner and
NIH Image 1.6 software (Wayne Rasband, Bethesda MD).

same binding face to sequester actin monomers,  severing of the filament. Some of the effects of cofi-
bind stably to the sides of actin filaments, induce  lin resemble those of gelsolin and its homologs,
filament bundling, and disassemble actin filaments  including the ability to accelerate actin filament
either by accelerating subunit release or by direct  disassembly, rapidly reduce the viscosity of F-actin
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solutions, and accelerate the polymerization of
actin monomers.

The predicted cofilin-actin complex is consistent
with the available structural and biochemical data.
In particular, our model agrees with the actin bind-
ing face of cofilin suggested by biochemical studies
(Sutoh & Mabuchi, 1986) and site-directed muta-
genesis (Lappalainen et al., 1997; Jiang et al., 1997).
There are only two sites where our model predicts
stronger actin-cofilin interactions than indicated by
Lappalainen et al. (1997). First, mutation of cofilin’s
Argl10, which in our model interacts with the
main-chain of actin’s Thr351, allows actin growth
and filament organization in yeast as observed
with wild-type cofilin. Second, mutation of the
basic cluster Argl35 and Argl38, which interacts
with an acidic cluster of G-actin in our model, was
shown to affect only the binding of cofilin to F-
actin, but not the binding of G-actin. Consistent
with the mutagenesis results, the predicted com-
plex exhibits strong interactions between the N ter-
mini of actin and cofilin, mediated by a salt bridge
of cofilin Arg3 with actin Aspl. Phosphorylation of
the adjacent cofilin Ser4 is known to negatively
regulate cofilin’s actin-depolymerization function
(Agnew et al., 1995; Moriyama et al., 1996). The
negatively charged phosphate may disturb the for-
mation of the N to N-terminal salt bridge by bind-
ing to cofilin Arg3 or by repelling actin Aspl.

Cofilin binds to both G and F-actin in a 1:1
molar ratio (Nishida et al., 1984). Binding of cofilin
to actin in the mode defined here may also account
for at least some of its interactions with F-actin.
While the gelsolin segment 1 itself presents intoler-
able steric clashes with the actin-actin bonds of F-
actin, the slight differences in the cofilin/actin
interface, and the drastic change in helical pitch
when cofilin binds F-actin suggest that our model
may be consistent with the cofilin bound F-actin
structure determined by electron microscopy
(McGough et al., 1997). One possible explanation of
cofilin’s filament destabilizing activity (Yonezawa
et al., 1985) is a conformational transition from the
F to the G-actin binding mode that weakens the
interactions of adjacent monomers in the filament.
Such a “steric exclusion” mechanism would
require a certain similarity of the binding modes in
both cases. Preliminary studies (J.X.T., W.W. &
P.A.J., unpublished results) show that cofilin can
be aligned to a model of F-actin in the predicted G-
actin binding mode to form a structure consistent
with recent electron microscopy reconstructions of
cofilin-decorated filaments (McGough et al., 1997).

Cofilin bears structural resemblance to all six
gelsolin segments (Burtnick et al., 1997). The find-
ing that gelsolin fragments lacking segment-1 pre-
vent cofilin binding to F-actin (Fujita et al., 1997)
suggests a mode of F-actin binding analogous to
that of the side binding domain (segments 2-3) of
gelsolin which does not bind G-actin. Similarity
between cofilin and gelsolin segments 2-3 is also
supported by the finding that both cofilin and a
peptide based on cofilin residues 102 to 130 com-

pete with gelsolin segments 2-3 for binding F-actin,
and by the preferential inhibition of cofilin-actin
binding by a peptide derived from gelsolin seg-
ment-2 compared to its homolog in segment-1
(Van Troys et al., 1997). These results are not
necessarily inconsistent with our model. The
mutually exclusive binding of cofilin and gelsolin
segments 2-3 to actin does not strictly imply that
these constructs compete for the same binding site.
Competition between cofilin and other F-actin
binding proteins like gelsolin 2-6 (McGough et al.,
1998) may involve the large structural change in F-
actin induced by cofilin (McGough et al., 1997).
Filament side-binding proteins that stabilize the
normal helical pitch of the filament may prevent
the conformational change required for cofilin to
occupy the actin subunits in the altered confor-
mation of the cofilin/actin monomer complex.
Such competition between ligands without appar-
ently sharing binding interfaces is exemplified by
the inability of cofilin to bind phalloidin-actin com-
plexes, even though the well-mapped actin con-
tacts of phalloidin are in the actin filament interior,
whereas cofilin binds exclusively to the filament
surface.

In this context, the biochemical competition
between cofilin and GS160 for actin monomers
demonstrated here can be interpreted either as evi-
dence for the same binding site on actin or that the
binding of one protein allosterically alters the
structure or access to the other binding site. There-
fore, our simulation studies of the cofilin-actin
interaction surface provide crucial support for the
analogy between cofilin and gelsolin segment-1.

Despite the lack of sequence homology between
cofilin and gelsolin, the tertiary structure of all cofi-
lin-related proteins is similar to that of the gelsolin
segments. This similarity (Hatanaka et al., 1996) is
the structural basis of our work. The difference in
sequence is sometimes used as an argument
against a similar actin-binding mode between cofi-
lin and gelsolin segment-1 (Lappalainen et al.,
1997). However, statistical studies of sequence and
structure databases demonstrate that it is not unu-
sual for proteins of similar fold to differ in their
amino acid sequence (Chothia & Lesk, 1986;
Hubbard, 1997). Often, newly discovered crystal
structures reveal surprising relationships that
could not be imagined based on the available
sequence data alone; the proposed evolutionary
relationship between the motor proteins kinesin
and myosin is one such example (Kull et al., 1997).

There are major differences between the func-
tions of cofilin and intact gelsolin, including the
inability of cofilin to cap the filament end and the
inability of intact gelsolin to form stable complexes
with the side of actin filaments. It is not clear
whether these functional differences correspond to
small structural modulations of the proposed actin-
binding mode or whether they correspond to sev-
eral distinct binding modes. Low-resolution den-
sity maps from electron microscopy do not provide
enough detail to determine the subunit orientation
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in cofilin or gelsolin-decorated F-actin (McGough
et al., 1997). A hybrid modeling approach including
atomic-resolution force-fields, low-resolution den-
sity maps, and other available structural con-
straints may identify the sites at which gelsolin
and cofilin contact actin subunits, and reveal
whether these proteins exert their effects on actin
by similar and competing mechanisms, or whether
they achieve partially overlapping functions by
distinct and potentially synergistic strategies.

The atomic coordinates of the predicted complex
are available by FTP. E-mail: wriggers@ucsd.edu
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