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The actin filament-severing functionality of gelsolin re-

sides in its N-terminal three domains (G1–G3). We have

determined the structure of this fragment in complex with

an actin monomer. The structure reveals the dramatic

domain rearrangements that activate G1–G3, which in-

clude the replacement of interdomain interactions ob-

served in the inactive, calcium-free protein by new

contacts to actin, and by a novel G2–G3 interface.

Together, these conformational changes are critical for

actin filament severing, and we suggest that their absence

leads to the disease Finnish-type familial amyloidosis.

Furthermore, we propose that association with actin

drives the calcium-independent activation of isolated G1–

G3 during apoptosis, and that a similar mechanism oper-

ates to activate native gelsolin at micromolar levels of

calcium. This is the first structure of a filament-binding

protein bound to actin and it sets stringent, high-resolu-

tion limitations on the arrangement of actin protomers

within the filament.
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Introduction

Cell locomotion requires the spatial and temporal control of

actin filament assembly and disassembly at the leading edge

(Pollard et al, 2000). Gelsolin is an actin filament capping and

severing protein that enhances the rate of cell migration

(Cunningham et al, 1991). The control of gelsolin activity

during cell movement has a number of elements: gelsolin is

sequestered by phosphatidylinositol 4,5-bisphosphate (PIP2)

at the cell membrane and held in an inactive state; hydrolysis

of PIP2 releases gelsolin into the cytoplasm; calcium activates

free gelsolin to allow it to cap and sever actin filaments; and,

selected filaments are uncapped by a PIP2-rich membrane to

allow actin polymerization to proceed and to render gelsolin

inactive (Janmey and Stossel, 1987; Allen, 2003). Branching

of newly uncapped filaments through a mechanism that

involves arp2/3 amplifies propulsive actin polymerization

(Falet et al, 2002), while gelsolin-capped filaments are

marked for rapid depolymerization by cofilin (Ressad et al,

1998).

The relative importance of these gelsolin activities appears

to vary among cell types. Platelet activation initially releases

gelsolin via a transient increase in hydrolysis of PIP2, accom-

panied by an elevation in calcium ion concentration, which

leads to filament severing (Hartwig, 1992). Subsequent accu-

mulation of PIP2 in membranes causes filament uncapping

and elongation (Hartwig et al, 1995). More typically, EGF-

induced motility proceeds through enhanced hydrolysis of

PIP2 by phospholipase C, which releases membrane-bound

gelsolin and enhances actin filament severing at the leading

edge (Chou et al, 2002). In accord with this observation, cells

with increased PIP2 have a phenotype similar to the gelsolin-

null phenotype (Yamamoto et al, 2001).

In a calcium-free environment, gelsolin exists as a com-

pact, inert arrangement of six related domains, G1–G6

(Burtnick et al, 1997). On binding calcium, metamorphosis

of gelsolin to an activated structure entails the opening at

least of three identifiable latches (tail latch, G1–G3 latch and

G4–G6 latch) to expose actin-binding surfaces on G2, G1 and

G4, respectively (Robinson et al, 1999; Choe et al, 2002).

Tryptophan fluorescence experiments show that gelsolin

undergoes two or, possibly, three conformational changes

characterized by calcium binding with Kd values of 0.1, 7

and, controversially, 0.3 mM (Kinosian et al, 1998; Lin et al,

2000). These sites have been assigned responsibility for

opening the tail and the G4–G6 latches, although there is

disagreement as to which calcium level is required for which

latch (Pope et al, 1995; Kinosian et al, 1998; Lin et al, 2000).

Equilibrium dialysis experiments also have identified two or

three high-affinity sites (Pope et al, 1995; Lin et al, 2000).

New evidence from synchrotron footprinting experiments

confirms the tail latch to be released at micromolar calcium

concentrations, and identifies 3–6 further calcium ions that

bind at around 100 mM and are thought necessary to open the

G1–G3 and G4–G6 latches (Kiselar et al, 2003). In vitro,

gelsolin capping and severing activities occur at a low level

under conditions similar to those in a resting cell, where the

cytoplasmic Ca2þ concentration is approximately 0.2 mM

(Kinosian et al, 1998). The rate of gelsolin severing acceler-

ates beyond that at resting calcium concentrations in re-

sponse to calcium transients.

Protein crystallography has identified a conserved Ca2þ -

binding site in each gelsolin domain studied to date

(McLaughlin et al, 1993; Burtnick et al, 1997; Choe et al,

2002; Kazmirski et al, 2002). These six variable affinity sites

are termed type-2 Ca2þ -binding sites and are responsible for

the structural changes that activate gelsolin. Each type-2
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calcium ion acts both to disrupt the structure of calcium-free

gelsolin and to stabilize the activated form. Of particular note

are the sites within G2 and G6, which are well situated to

cooperate in opening the tail latch. Two other Ca2þ -binding

sites, termed type-1 sites, are sandwiched at the actin:G1

and the actin:G4 interfaces, respectively, and likely moderate

the affinity of activated gelsolin for actin (Choe et al, 2002).

In these sites, coordination of the Ca2þ ion involves residue

Glu167 from two different actin protomers along with analo-

gous contacts from G1 and G4.

Secreted gelsolin prevents elevation of the viscosity of

extracellular fluids by severing actin filaments that are re-

leased as a result of cell death or injury (Haddad et al, 1990).

A hereditary mutation in gelsolin of Asp187 to Asn or Tyr in

sufferers of Finnish-type familial amyloidosis (FAF) exposes

the Arg172 to Ala173 peptide bond to proteolysis by furin

during transport through the trans-Golgi network (Chen et al,

2001). A subsequent extracellular proteolytic event generates

a gelsolin fragment, residues 173–243, which self-assembles

into amyloid fibrils. Amyloid accumulation effects a range

of neuropathies, ophthalmic disorders and dermatological

abnormalities.

Appreciation of the mechanism of disintegration of FAF

gelsolin has evolved in parallel with knowledge of the con-

formation and function of normal gelsolin. The structure of

calcium-free gelsolin revealed that both the mutation site and

primary cleavage site reside in G2, and demonstrated that

Asp187 contributes to the stability of G2 through a series of

electrostatic interactions (Burtnick et al, 1997). Later, it was

realized that proteolysis requires an activated form of FAF

gelsolin; the binding of Ca2þ to Asp187 protects normal

gelsolin from cleavage (Zapun et al, 2000; Chen et al, 2001;

Robinson et al, 2001; Kazmirski et al, 2002). Intriguingly,

however, overexpression of furin can lead to detectable attack

even on normal gelsolin (Huff et al, 2003).

G1–G3 as an independent fragment of gelsolin is biologi-

cally relevant, being generated from the intact protein during

apoptosis via the actions of caspase-3, -7 and -9 (Kothakota

et al, 1997; Azuma et al, 2000). Free of the three C-terminal

domains, G1–G3 is relieved of regulation by Ca2þ and

proceeds to dismantle the actin cytoskeleton unchecked.

This outcome is countered by full-length gelsolin and its

C-terminal half, G4–G6, which display antiapoptotic activity

by blocking voltage-dependant anion channels, inhibiting

mitochondrial membrane potential loss and cytochrome

c release (Koya et al, 2000; Kusano et al, 2000). In addition,

complexes that involve caspases, gelsolin and PIP2 are able to

block cleavage of gelsolin and inhibit apoptosis (Azuma et al,

2000). Gelsolin-deficient cells display a retarded onset of

apoptosis, while transient overexpression of G1–G3 induces

apoptosis (Kothakota et al, 1997). Clearly, gelsolin plays a

multifaceted role in the control and execution of apoptosis,

many details of which remain to be discovered.

Atomic coordinates currently are available for intact gelso-

lin in the calcium-free state (Burtnick et al, 1997) and for the

actin complexes with gelsolin fragments G1 (McLaughlin

et al, 1993; Irobi et al, 2003) and G4–G6 (Choe et al, 2002).

Absent from this set is the structure of the activated F-actin

recognition unit, G2–G3. The present work amends this

deficiency by detailing the architecture of the apoptotic

fragment of gelsolin, G1–G3, bound to an actin monomer. A

novel compact arrangement of G2–G3 is revealed. Calcium

ions occupy type-2 sites in G1 and G3, but the corresponding

site in G2 is vacant. A complete set of conformations for the

resting and activated domains of gelsolin, together with

published calcium-binding data, allows proposal of schemes

for the overall activation of gelsolin and for its actin-mod-

ulating activities.

Results

G1–G3:actin structure

X-ray diffraction data from crystals grown from a solution of

equine plasma gelsolin in complex with rabbit skeletal actin

in which proteolysis of the gelsolin had occurred led to

determination of the structure of G1–G3:actin at a resolution

of 3.0 Å (Table I). In this structure, G1 is observed binding to

its established site on actin (McLaughlin et al, 1993) between

subdomains 1 and 3 (Figure 1A). The polypeptide chain, in

line with its sequence similarity to the WH2 domain family of

proteins (Irobi et al, 2003), then extends up, and is tightly

associated with, the face of actin to allow G2 to contact actin

subdomain 2. Finally, the G2–G3 linker positions G3 to bind

back to actin subdomain 1. G2 and G3, respectively, mask

290 and 309 Å2 of the surface of actin. In turn, the G2–G3

contact area comprises 815 Å2 on each domain. The arrange-

ment of G1–G3 differs strikingly from that observed for

G4–G6 in its complex with actin (Figure 1B; Robinson et al,

1999; Choe et al, 2002). The disulfide bridge between Cys188

and Cys201, found in calcium-free plasma gelsolin (Burtnick

et al, 1997), is absent under the reducing conditions

employed for crystallization. The loss of this disulphide

bond does not significantly alter the structure of G2,

and the distance between the Ca positions of residues

Cys188 and Cys201 is 3.8 and 4.1 Å in the oxidized and

reduced forms, respectively. Four calcium ions are associated

with G1–G3:actin. A type-1 Ca2þ is sandwiched at the

G1:actin interface and a second Ca2þ is associated with

the actin-bound ATP. Type-2 calcium ions, which instigate

the requisite conformational changes to activate gelsolin

Table I Data collection and refinement statistics for G1–G3:actin

Wavelength (Å) 1.0052
Space group P3121
Unit cell a¼b¼ 145.25, c¼ 129.95 Å,

a¼b¼ 901, g¼ 1201
Resolution range (Å) 20.0–3.0 (3.11–3.00)
Unique reflections 31101 (3093)
Redundancy 2.9 (3.9)
Completeness (%) 97.5 (98.5)
Average I/s 21.3 (3.2)
Rmerge (%)a 5.9 (38.3)
Rfactor (%)b 22.5 (31.0)
Rfree (%)c 25.9 (43.0)
Non-hydrogen atoms (G1–G3,
actin) (ATP, calcium ions, waters)

5480 (2740, 2740) (31, 4, 24)

G1–G3, modeled as residues 26–371
Actin, modeled as residues 5–39, 50–200, 204–365, 375
Mean derived B-factor (residual
B-factors) (Å2), G1–G3, actin, ATP

85.9 (32.9), 70.0 (31.5), 58.3
(32.8)

R.m.s. deviation bonds (Å) 0.014
R.m.s. deviation angles (deg) 1.40

aRmerge (|I�/IS|//IS).
bRfactor (JFo|�|FcJ/|Fo|).
cBased on 5% of the data.
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(Robinson et al, 1999; Choe et al, 2002), are found at their

expected positions in each of G1 and G3, but not in G2.

Comparison with Ca2þ -free G1–G3

The two halves of the b-sheet that runs continuously from G1

to G3 to seal the G1–G3 latch in calcium-free gelsolin

(Figure 1C) are separated during transformation to the active

form (Figure 1A). This mirrors the opening of the G4–G6

latch during the activation of the C-terminal half of gelsolin

(Robinson et al, 1999). These latches open to reveal actin-

binding surfaces on G1 and G4, respectively. The rupture of

the G1–G3 sheet appears to be triggered by calcium binding

to G3, straightening its kinked long helix and releasing its

interactions with G1. G1 then translates away from G2, made

possible by displacement of strand A0 (residues 137–141)

from the edge of the core b-sheet of G2, to extend the reach

of the G1–G2 linker to approximately 30 Å. In contrast, the

G2–G3 linker shortens through the adoption of a helical

conformation. A portion of the final electron density map

around this region is shown in Figure 1D. The edge of the

b-sheet exposed in G2 by extraction of the A0 strand forms the

center of a new interface with G3.

Discussion

Calcium activation

The observation that two calcium ions bind exclusively

within activated G1–G3 agrees with the biochemical data.

Equilibrium dialysis experiments identified a high-affinity

calcium site within isolated G1–G3 and a second, low-affinity

site in G1, which becomes high affinity on binding actin

(Weeds et al, 1995; Pope et al, 1997).

Conspicuously absent is a calcium ion in the type-2 site of

G2. All of the requisite ligating residues are present (Choe

et al, 2002), and Ca2þ is able to bind to this isolated domain

in solution (Huff et al, 2003). We conclude that calcium

binding by G2 during normal activation is a transient event,

important in undermining the calcium-free structure, but

that the ion is released by the final activated structure. The

cadmium-bound structure of isolated G2 shows that Asp259,

from the G2–G3 linker, moves to participate in the coordina-

tion sphere (Kazmirski et al, 2002). We propose that this

represents the midpoint in the activation process. This con-

formation is then sufficiently close to the activated one to

allow G3 to dock with G2 and, simultaneously, release the

calcium ion.

Two high-affinity Ca2þ -binding sites have been identified

in G4–G6 (Pope et al, 1995). Based on structural considera-

tions, we previously assigned these as type-2 binding sites

in G4 and G6, and also located a third Ca2þ bound to G5

(Choe et al, 2002). Now, with the present structure in hand,

we propose a multilevel scheme for activation of gelsolin

through occupation of all six type-2 Ca2þ -binding sites

(Figure 2A). Level A, approximately 0.2 mM Ca2þ (Pope

et al, 1995): Ca2þ occupies the G6 site, weakening the tail

latch. This calcium ion straightens the G6 helix and destabi-

lizes the G4–G6 latch. At this level, we suggest that gelsolin

retains its global structural integrity, but that the tail helix

dynamically moves between attached and detached states.

Level B, approximately 2 mM Ca2þ (Pope et al, 1995): Ca2þ

binds to G4, producing a small shift in the relative positions

of G4 and G5. This movement further weakens the G4–G6

Figure 1 The structure of the G1–G3:actin complex. (A) A sche-
matic representation of the G1–G3:actin complex. The gelsolin
domains are colored: G1, red; G2, green; G3, yellow. This scheme
is preserved in subsequent figures unless explicitly stated. Actin,
with subdomains 1, 3 and 4 indicated, is colored gray. ATP is shown
as a ball-and-stick representation with its associated Ca2þ in
purple. Type-1 and type-2 Ca2þ ions are depicted as gold and
black spheres, respectively. (B) The structure of the G4–G6:actin
complex (PDB 1H1V; Choe et al, 2002) for comparison. Gelsolin
domains are colored: G4, pink; G5, dark green; G6, orange. (C)
Model of Ca2þ -free G1–G3 interacting with actin: obtained by
taking the structure of G1–G3 excised from Ca2þ -free, inactive
gelsolin (PDB 1D0N; Burtnick et al, 1997) and positioned on
actin, in accord with the overlaying of G2 onto the structure
presented in (A). (D) Stereo view of a representative portion of
the 2Fo–Fc electron density map contoured at 1s.

Structure of the G1–G3:actin complex
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latch, dynamically allowing it to open and close, while fully

releasing the tail latch. Level C, approximately 100 mM

Ca2þ (Kiselar et al, 2003): Ca2þ binding to G5 stabilizes

the G4–G5 interface and locks G4–G6 into an open state.

Simultaneously, Ca2þ binding to G3 straightens its long helix

and opens the G1–G3 latch, revealing the cryptic Ca2þ -

binding site on G2. The latter is a high-affinity site (Chen

et al, 2001) (Kd¼ 0.7 mM), which cooperatively binds Ca2þ

and drives G2–G3 toward an active conformation.

Achievement of the activated state coincides with the release

of the G2-bound calcium ion. Level D, in excess of 0.6 mM

Ca2þ (Zapun et al, 2000): Finally, the G1 site is occupied,

cocking G1 in a position, through the G1–G2 linker, to strike

and sever F-actin.

The foregoing scheme is based on claims of two high-

affinity Ca2þ -binding sites in gelsolin (Pope et al, 1995;

Kinosian et al, 1998). Different conditions of pH and tem-

perature led to three high-affinity sites being observed (Lin

et al, 2000). Under such conditions, we suggest that Ca2þ

binding to G2 and G6 occurs cooperatively at Level A.

However, the major conformational changes in G1–G3 are

still to be expected to occur at Level C, when Ca2þ binding to

G3 releases the G1–G3 latch (Figure 2A).

PIP2 inactivation

PIP2 is a general second messenger in the regulation of actin-

binding proteins. Its presence favors actin polymerization,

and often instigates large conformational changes within

actin modulators, such as in the cases of WASp, ezrin and

vinculin (Sechi and Wehland, 2000). PIP2 is able to release

gelsolin both from actin monomers and from capped fila-

ments (Janmey and Stossel, 1987). The PIP2-binding sites on

gelsolin are located within residues 135–142, 160–172 and

621–634 (Janmey et al, 1992; Yu et al, 1993; Cunningham

et al, 2001; Feng et al, 2001). Residues 132–140 and 161–172

form integral parts of domains G1 and G2, respectively, in

both the active (Figure 3A) and inactive (Figure 3B) forms

of the protein. As such, G1 and G2 are likely to undergo

PIP2-induced inter- rather than intradomain conformational

changes. Gelsolin residues 168–170 also contain an actin-

binding determinant (Puius et al, 2000); it may be that, at

least in part, PIP2 releases gelsolin from an actin filament by

direct competition for the actin-binding residues (Burtnick

et al, 1997). Support for this idea is found in ADF/cofilin

Figure 2 Calcium-induced activation of gelsolin and the severing of
F-actin. (A) Levels of calcium activation. Ca2þ -free gelsolin do-
mains are shown as hexagons and calcium-bound domains are
depicted as ovals. Calcium ion concentrations are indicated for each
step. The scissors represent the stage at which FAF gelsolin is
cleaved. (B) The sequence of events during severing of actin by
fully activated gelsolin. Actin protomers are shown in blue.

Figure 3 Regions of gelsolin involved in binding PIP2. (A)
Activated G1 and G2 (pink) bound to actin (pale blue) as observed
in the G1–G3:actin structure. PIP2-binding regions 132–140 and
161–172 are highlighted in red and green, respectively. Lysine
residues from the KxKK motifs, within these regions, are drawn
and labeled KxKK1 and KxKK2, respectively. The hydrophobic-rich
G1–G2 linker, residues 141–160, is colored orange. The G1 type-2
calcium ion is drawn as a gray sphere. (B) G1–G2 excised from the
Ca2þ -free inactive form of gelsolin (PDB 1D0N; Burtnick et al,
1997). Colors are as in (A).
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family proteins, which also bind to PIP2 with a site that

overlaps with their actin-binding site (Moriyama et al, 1992).

Phospholipase Cb2 presents a KxxxKxKK motif that directs

the enzyme to PIP2-rich surfaces (Simoes et al, 1995).

Similarly, each PIP2-binding region in gelsolin contains a

KxKK sequence (Figure 3). These lysine residues are exposed

in the activated, actin-bound structures of G1–G3 and G4–G6

and may govern initial contacts with PIP2. In contrast, the

majority of these lysine residues lie buried in the structure of

calcium-free whole gelsolin. Therefore, the determinants of

the initial interactions between gelsolin and PIP2 are expected

to be different in the presence and absence of Ca2þ (Lin et al,

1997).

The G1–G2 linker (residues 143–154) is largely hydropho-

bic (eight hydrophobic residues, two basic residues and a

serine). It separates the two PIP2-binding regions discussed

above, following distinctly different paths prior to and after

calcium activation (Figure 3), and thus is a strong candidate

to be involved in PIP2-induced interdomain conformational

change. The linker makes intimate contact with actin in the

G1–G3:actin complex, creating a 410 Å2 interaction interface.

Through competition for this surface, possibly by internaliz-

ing the hydrophobic residues from the G1–G2 linker and

positioning the basic residues (KxKK) appropriately at its

surface, PIP2 may dislodge the type-2 calcium ion from the

G1:actin interface and release gelsolin from actin (Figure 3;

Weeds et al, 1995; Choe et al, 2002).

Implications for the structure of the actin filament

An important application of the G1–G3:actin structure is that

it provides a stringent test for actin filament models. The

structure dictates that actin subdomains 1 and 2 should be on

the outside of the filament, ready for G2–G3 to initiate

simultaneous contact with two longitudinally adjacent

actin protomers. We have constructed a model of an ADP-

actin filament (ADP model) by overlaying the structure of

rhodamine-modified ADP-actin (Otterbein et al, 2001) onto

each actin protomer in the Holmes model for F-actin (Holmes

et al, 1990). Overlaying of actin subdomains 1 and 2 of the

G1–G3:actin structure onto the homologous subdomains of a

barbed-end actin protomer in the ADP model results in G2

lying in close proximity to a second actin (Figure 4A).

A more detailed inspection of the model reveals that the

long helix of G2 lies close to the binding site on actin

occupied by the analogous helix of G1, but on a different

actin protomer (Figure 5A and B). A peptide consisting of

amino-acid residues in the G2 helix binds to actin in a

manner similar to the helix from G1 (Van Troys et al,

1996). We have suggested from sequence alignments (Choe

et al, 2002) that Arg221 in G2 is the functional equivalent of

Asp109 bound to a calcium ion in G1, and is able to form a

salt bridge to actin residue Glu167. These residues are close

and pointing at each other in the model (Figure 5B).

Furthermore, the G1–actin interface is centered on Ile103,

which binds to the hydrophobic patch between actin sub-

domains 1 and 3 (Figure 5A). A similarly located residue,

Leu211, is available on G2 (Figure 5B), and resides within a

triplet of residues (210–212) that has been shown by muta-

tional analysis to mediate binding to F-actin (Puius et al,

2000). In this model, Arg221 and Leu211 lie 6.5 and 4.8 Å,

respectively, from actin residues Glu167 and Leu349. A

second actin-binding determinant (Puius et al, 2000) is con-

tained within gelsolin residues 168–170. Arg168 is within

9.1 Å of actin Asp25 and 7.2 Å from actin residue Ser348,

while Arg169 lies a distance of 8.5 Å from actin residue

Ser350. Taken together, the ADP model and the

Figure 4 Model of a gelsolin-capped filament. (A) The ADP model
of the actin filament (four protomers are drawn in blue and gray),
with G1–G3:actin (1RGI) and G4–G6:actin (G4, pink; G5, dark
green; G6, orange; PDB 1H1V; Choe et al, 2002) overlaid onto the
barbed end. Purple spheres mark Asp371 of G3 and Met412 of G4, a
gap of 63.1 Å to be bridged by the G3–G4 linker, which is modeled
in purple. (B) A second view of the gelsolin-capped model filament,
looking directly at the capped, barbed end. Three actin protomers
are depicted. (C) The G1:actin structure (red:blue) with subdomain
2 of a second actin protomer from the ADP model drawn in black.
The arrow indicates a steric clash between the long helix of G1 and
the ADP helix of actin subdomain 2. (D) The tail latch. G2 (green)
and the C-terminal tail (residues 736–755; orange) from inactive
gelsolin positioned on the ADP model by overlaying G2 in (A). Only
one actin from the filament is shown (gray). In this position, the C-
terminal tail obscures the actin-binding site on G2.
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G1–G3:actin structure provide details of the interactions of

G2 with actin that concur strongly with predictions from

earlier data.

Docking of G1–G3:actin onto the electron microscope-

based (EM) reconstruction of an actin filament (Belmont

et al, 1999) by overlaying all four subdomains of actin

provides essentially identical results to those described for

the ADP model. Hence, both the Holmes model and EM

reconstruction appear to provide legitimate approximations

to the orientations of actin protomers within F-actin. Despite

the global correctness of the discussed models, neither model

adequately explains a number of observations, for example,

inhibition of actin polymerization by rhodamine modification

(Otterbein et al, 2001) or filament severing by trisoxazole

macrolide toxins (Klenchin et al, 2003). Both these agents

occupy the same region on actin. It is apparent that changes

must occur within the actin protomer upon polymerization,

which include the DNase I-binding loop approaching the

rhodamine-binding pocket.

Controversy exists as to the state of the nucleotide-binding

cleft in ADP-actin filaments. EM reconstructions have indi-

cated the cleft to be relatively open in ADP protomers within

F-actin (Sablin et al, 2002). However, crystallographic studies

have demonstrated a closed state for ADP-G-actin (Otterbein

et al, 2001). Docking of G1–G3:actin onto an EM reconstruc-

tion of the actin filament (Belmont et al, 1999) by overlaying

subdomains 1 and 2 of actin reveals a dislocation of G2 from

the surface of the filament (Figure 5C). Therefore, the present

structure supports the closed state for the actin protomer

bound to G1 and, by analogy, G4, at the end of a gelsolin-

severed and capped filament. The insertion of the long

helices from G1 and G4 between respective actin subdomains

1 and 3 confers the closed conformation on these two actins.

Interestingly, the angle of the G2 long helix in our model is

more parallel to the axis of the filament than observed for G1

and G4 (Figure 4A). This glancing angle may allow the G2-

bound actin to be somewhat more flexible and probably

establishes an important difference between side binding

(G2) and severing (G1, G4) domains of gelsolin. Gelsolin is

known to induce a conformational change in actin protomers

that is propagated along the filament (Orlova et al, 1995).

This rearrangement potentially could be initiated by G2

binding to the filament. Therefore, it is possible that gelso-

lin-capped filaments may contain actin protomers of more

than one conformation.

Actin severing by gelsolin

With confidence established in models of the actin filament,

predictions can be made about the mechanism for severing.

Superimposition of the G1–G3:actin and G4–G6:actin (Choe

et al, 2002) structures onto two actins in the ADP model

offers a representation of a gelsolin-capped actin filament

(Figure 4A and B). This model places G2–G3 at the junction

between two longitudinally neighboring actin protomers, in

confirmation of the original prediction of Pope et al (1991)

and discounts more conservative suggestions for rearrange-

ment of the gelsolin domains on activation (McLaughlin et al,

1993; Burtnick et al, 1997; Renoult et al, 2001). Both G1 and

G4 provide steric hindrance to actin monomers joining the

capped barbed end (Figure 4C). The model substantiates

the tail latch hypothesis (Burtnick et al, 1997). When G2

from the present structure and from calcium-free gelsolin are

superimposed, the C-terminal helix of calcium-free gelsolin

occupies the space that would be filled by actin in the

gelsolin-capped filament model (Figure 4D). In addition, G4

and G6, from calcium-free gelsolin, both encounter minor

clashes with the filament (not shown). Therefore, the C-

terminal tail must be removed from its blocking position on

the surface of G2 and the two halves of gelsolin dissociated

from each other before G2 is able to initiate contact with the

side of an actin filament.

Electron micrographs of G2–G6 bound to F-actin point to

the G3–G4 linker following a path from the actin to which the

long helix of G2 docks around the filament to the next actin

protomer in the short-pitch left-handed helical representation

of F-actin (McGough et al, 1998). X-ray structures allow this

orientation, in which the linker can be modeled to follow the

short way around the filament as depicted in Figure 4A, but

also are consistent with the long route around the filament to

place G4 on an actin protomer that would lie one position

below that indicated in Figure 4A (not shown). A construct

Figure 5 Comparison of the G1 (structure) and G2 (model) inter-
faces with actin. (A) G1:actin structure (from 1RGI). G1 is red, with
Ile103 and Asp109 drawn. The type-1 calcium ion is shown as a gold
sphere. Actin is depicted cyan, with two relevant hydrophobic
helices painted orange and residue Glu167 indicated. (B) The
G2:actin interaction within the model presented in Figure 4A. G2
is shown in green, with F-actin contact regions in purple (Van Troys
et al, 1996; Puius et al, 2000) and residues Leu211 and Arg221
indicated. An actin protomer is depicted in gray, with the two
hydrophobic helices in orange and residue Glu167 drawn in. (C)
G2 docked onto the EM model for the open conformation of an actin
filament (Belmont et al, 1999).

Structure of the G1–G3:actin complex
LD Burtnick et al

The EMBO Journal VOL 23 | NO 14 | 2004 &2004 European Molecular Biology Organization2718



consisting of G2–G3 and 80% of the G3–G4 linker (residues

150–406) is efficiently able to cap actin filaments (Sun et al,

1994). Hence, the G3–G4 linker takes an active part in the

capping function of gelsolin by assisting to obscure the sur-

face of the barbed end of a capped filament (Figure 4B).

The severing activity of gelsolin generally is thought to be

vested in G1–G3, but G2–G6 also exhibits a low level of

activity, with respective efficiencies of 87 and 17% compared

to full-length gelsolin (Way et al, 1989). Cooperative binding

of a pair of G1–G3 molecules at positions across the filament

axis from each other explains the high degree of retention of

severing activity by this isolated half of gelsolin (Selden et al,

1998). Geometric constraints preclude two G2–G6 molecules

from acting together in such a manner (Figure 2B). As such,

severing data obtained from gelsolin truncates are mislead-

ing, and both halves of gelsolin, within whole gelsolin,

should be viewed to contain potent actin-severing domains.

The G1–G3:actin structure supports many features of the

severing model proposed by Pope et al (1991) in the absence

of structural data. Severing of actin by fully activated gelsolin

can be summarized in three steps (Figure 2B). First, the G2–

G3 structural unit binds to the side of a filament. Next, the

G1–G2 linker and, in an independent direction, a combina-

tion of the 40-residue G3–G4 linker and G6 wrap themselves

over the surface of the filament to direct G1 and G4, respec-

tively, toward their binding sites. Finally, a coordinated

pincer movement of G1 and G4 causes catastrophic steric

strain in the two actins below those to which G1 and G4 are

bound to sever the filament.

Severing by G1–G3 during apoptosis

During apoptosis, G1–G3 is produced through cleavage of

cytoplasmic gelsolin by several caspases (Kothakota et al,

1997; Azuma et al, 2000). This fragment then participates in

preparing the cell for death by dismantling its actin-based

architecture in a manner unregulated by calcium. G1–G3 has

been studied extensively in vitro, where it is able to sever

actin filaments in the absence of calcium ions (Selden et al,

1998). Despite the lack of absolute control by Ca2þ of

severing, calcium ions do regulate the structure and activity

of G1–G3. The hydrodynamic volume of G1–G3 decreases,

protection against proteolysis increases, and tryptophan

fluorescence increases (Pope et al, 1997; Selden et al, 1998)

on addition of Ca2þ . The structure of isolated G1–G3 in the

absence of calcium ions is unknown; however, the high levels

of Ca2þ required to open the G1–G3 latch (Kiselar et al, 2003)

led us to propose that isolated calcium-free G1–G3 adopts a

structure similar to that observed for G1–G3 in calcium-free

whole gelsolin (Burtnick et al, 1997).

Superimposing G2 in G1–G3 from calcium-free whole onto

G2 in G1–G3:actin produces no steric clashes with actin

(Figure 1C). This calcium-free conformation of G1–G3 may

be expected to bind to the filament with a similar affinity to

G2–G3, which exhibits Kd values for binding to F-actin of 2.0

and 3.6 mM, respectively (Way et al, 1992), in the presence

and absence of 0.1 mM CaCl2. Once G2 is bound to the side of

a filament, the G1–G2 linker will exchange its gelsolin

contacts for actin interactions, zipping down the face of

actin in the direction of the barbed end of the filament,

driving G1 into its binding site to dislodge the actin below.

Simultaneously with the activation of the G1–G2 linker, the

actin-bound G2 will acquire the G2–G3 interface observed in

G1–G3:actin, abrogating the need for the transiently bound

calcium ion proposed earlier to act during activation of intact

isolated gelsolin. Hence, we propose that actin association

provides the impetus to activate G1–G3 in the absence of

calcium, and that this is the mechanism that is responsible

for dismantling of the actin cytoskeleton during apoptosis.

A construct of gelsolin that lacks the C-terminal 23 amino-

acid residues also overcomes its absolute control by calcium

ions and severs actin filaments in their absence (Lin et al,

2000). Furthermore, the increased affinity of the G1 type-2

calcium-binding site in the presence of actin (Weeds et al,

1995) indicates that actin binding induces conformational

changes in gelsolin. Therefore, we suggest that at cytoplasmic

Ca2þ concentrations beyond those needed to open the tail

latch (0.2–2 mM), but below the levels extant in blood plasma

(2 mM), actin-induced gelsolin conformational changes are

able to replace rearrangements induced by occupancy of low-

affinity Ca2þ -binding sites, enabling cytoplasmic gelsolin to

sever filaments.

Implications for FAF

In calcium-free gelsolin, the cryptic furin cleavage site (Chen

et al, 2001) between Arg172 and Ala173 lies protected in the

B strand of the core b-sheet of G2, flanked by the A and A0

strands (Figure 6B, purple). A salt bridge between Asp187

and Lys166 helps stabilize the b-sheet (Burtnick et al, 1997).

On activation of gelsolin, this connection is undone to allow

Lys166 to interact with Glu263 from the G2–G3 linker, and

the G2–G3 linker itself forms several new contacts with the

A–B loop (Figure 6A). The net result is placement of the

furin-sensitive site at the center of the G2–G3 interface,

shielding it from proteolytic attack.

We advocate that transient binding of the type-2 calcium

ion to G2 mediates conversion between the inactive and

activated states. The FAF mutation site, Asp187, has been

shown to ligate this ion and stabilize G2 in the wild-type

protein (Kazmirski et al, 2002; Huff et al, 2003). Mutation of

Asp187 to Asn or Tyr prevents G2 from binding the transient

calcium ion and, therefore, would alter the kinetics of inter-

change between the two protective states. We propose that

the molecule will spend more time, possibly becoming

stranded, between conformations, rendering the cleavage

site available for proteolysis (Figure 2A).

Materials and methods

Purification, crystallization and data collection
Horse plasma gelsolin was purified as previously (Burtnick et al,
1997) and actin was prepared from rabbit skeletal muscle acetone
powder (Spudich and Watt, 1971). Gelsolin, in 25 mM Tris–HCl,
1 mM EDTA, pH 8.0, was incubated for 5 min in the presence of
2 mM CaCl2 at room temperature. Then actin, in 2 mM Tris–HCl,
0.2 mM ATP, 0.2 mM CaCl2, 1 mM dithiothreitol, pH 7.6, was added
to the activated gelsolin to a molar excess of 2:1. The resulting
solution was incubated overnight at 41C, followed by gel filtration
chromatography using Sephacryl S300 (Amersham Biosciences).
The complex was concentrated to 10 mg/ml, estimated spectro-
photometrically with an absorption coefficient at 280 nm of
1.25 (ml/mg)/cm.

Crystals were grown at 41C using the hanging drop vapor
diffusion method. The protein solution was combined in a 1:1 ratio
(v/v) with a well solution consisting of 2% PEG 8000, 100 mM
sodium acetate and 2 mM CaCl2, pH 4.7. Prior to X-ray diffraction
analysis, crystals were transferred to a cryoprotectant solution
(25% glycerol, 10% PEG 8000, 0.4 M NaCl, 100 mM sodium acetate,
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5 mM CaCl2, pH 4.7) and flash-frozen in liquid nitrogen. SDS–PAGE
analysis of washed crystals demonstrated that proteolysis of the
original gelsolin:actin complex had occurred, and that the crystals
were of a half-gelsolin:actin complex. Diffraction data from a frozen
crystal (100 K) were collected at beamline ID-29, ESRF, Grenoble.
These data were indexed, integrated and scaled using DENZO and
SCALEPACK (Otwinowski and Minor, 1997).

Structure determination and refinement
Structural analysis was initiated by molecular replacement using
G1:actin (McLaughlin et al, 1993) as the search model in the
program AMORE (CCP4, 1994). The solution was unambiguous,
and the resulting phase information allowed positioning of G2 and
G3 in electron density maps, confirming the crystals to be of a G1–
G3:actin complex. The model was refined and a bulk solvent
correction applied in CNS (Brünger et al, 1998) with extra attention
given to the free R-factor to monitor the correct progress of
refinement. The last two cycles of model refinement utilized TLS
refinement in the program REFMAC5 prior to isotropic B-factor
refinement, after setting all B-factors to 40 Å2 (CCP4, 1994). The
coordinates were refined as nine TLS groups: one each for the four
subdomains of actin, one each for the three domains of G1–G3, and
one each for the G1–G2 and G2–G3 linker regions. The implemen-
tation of this treatment immediately lowered the Rfree value by 0.6
and improved the electron density maps. Derived B-factors were
calculated in the program TLSANL (CCP4, 1994). Omit maps were
referred to at each cycle of model building (Brünger et al, 1998).
The unoccupied calcium site in G2 was carefully inspected. No
density was present at this site in the 3s contoured Fo–Fc electron
density difference map. Attempts to place either a calcium or
sodium ion at this site resulted in the ion being moved away from
the site during refinement. Finally, water molecules were added at
positions that fulfilled the following three conditions: a peak in the
Fo–Fc electron density difference map contoured at 4s; a peak in the
omit map contoured at 1s; a water at the corresponding position in
other gelsolin or actin high-resolution structures.

The quality of the final model was assessed in PROCHECK
(CCP4, 1994). Two residues from gelsolin (Ala256 and Asp259) lie
in the disallowed region of a Ramachandran plot. Figures were
prepared using the program MOLSCRIPT (Kraulis, 1991). The model
of the ADP-actin filament (ADP model) was produced by super-
imposing the crystal structure of ADP-actin (Otterbein et al, 2001)
onto the actin filament model obtained from fiber diffraction data
(Holmes et al, 1990). The model of the gelsolin-capped filament was
generated by superimposing the actins from G1–G3:actin and G4–
G6:actin (Choe et al, 2002) onto subdomains 1 and 2 of the two
barbed end actins in the ADP model or of the EM reconstruction
model (Belmont et al, 1999).

Coordinates
The coordinates and merged structure factors of the G1–G3:actin
complex have been deposited in the Protein Data Bank under
accession code 1RGI.
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