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Gelsolin consists of six homologous domains (G1–G6), each con-
taining a conserved Ca-binding site. Occupation of a subset of
these sites enables gelsolin to sever and cap actin filaments in a
Ca-dependent manner. Here, we present the structures of Ca-free
human gelsolin and of Ca-bound human G1–G3 in a complex with
actin. These structures closely resemble those determined previ-
ously for equine gelsolin. However, the G2 Ca-binding site is
occupied in the human G1–G3/actin structure, whereas it is vacant
in the equine version. In-depth comparison of the Ca-free and
Ca-activated, actin-bound human gelsolin structures suggests G2
and G6 to be cooperative in binding Ca2� and responsible for
opening the G2–G6 latch to expose the F-actin-binding site on G2.
Mutational analysis of the G2 and G6 Ca-binding sites demon-
strates their interdependence in maintaining the compact structure
in the absence of calcium. Examination of Ca binding by G2 in
human G1–G3/actin reveals that the Ca2� locks the G2–G3 inter-
face. Thermal denaturation studies of G2–G3 indicate that Ca
binding stabilizes this fragment, driving it into the active confor-
mation. The G2 Ca-binding site is mutated in gelsolin from familial
amyloidosis (Finnish-type) patients. This disease initially proceeds
through protease cleavage of G2, ultimately to produce a fragment
that forms amyloid fibrils. The data presented here support a
mechanism whereby the loss of Ca binding by G2 prolongs the
lifetime of partially activated, intermediate conformations in
which the protease cleavage site is exposed.

actin � calcium activated � calcium dependent � TIRF

Gelsolin is a calcium-dependent, multifunctional regulator of
actin filament dynamics (1). It is present in a wide range of

cell types and exists in extracellular (83 kDa) and cytoplasmic (81
kDa) forms that are generated from the same gene by initiation
of transcription at alternative sites and selective processing of
RNA (2–5). In the Ca-free, inactive form of equine gelsolin, the
six similarly folded domains (G1–G6) adopt a compact globular
structure held together by extensive noncovalent interactions of
G2 with both G6 and the C-terminal tail (C-terminal latch), such
that the actin-binding sites in G1, G2, and G4 are buried (6).

Sequence and structural data (7–10) suggest that activated
actin-bound gelsolin has eight Ca-binding sites. Two, associated
with G1 and G4, are identified as type 1, with the metal ion
coordinated by residues from both actin and gelsolin (7). Six—
one in each domain—are type 2, with the cation coordinated by
residues from gelsolin alone (7). Surprisingly, then, the crystal
structure of equine G1–G3 in a complex with actin (9) shows the
type 2 site in G2 to be incompletely formed and devoid of Ca2�.
That this locale within G2 can be induced to form a valid metal
ion-binding site is verified by the ability of Tb3� ions to soak into
crystals of the complex of equine G1–G3 with actin and occupy
the site (8). Furthermore, a Cd2� is found in the structure of
isolated human G2, coordinated by the side chains of Asp-187,
Glu-209, and Asp-259 (10). In isolated G2, differential scanning
calorimetry reveals a 16.5 °C increase in Tm, supporting the

hypothesis, based on molecular dynamics simulation data, that
Ca2� stabilizes the fragment (10).

Ca binding disrupts the interactions between G2 and G6,
releases the C-terminal latch, and induces large interdomain
rearrangements that result in activation (7, 9, 11, 12). During this
process, domains G3 and G6 undergo rotations of �90° and
translations of �40 Å relative to G1 and G4, respectively, and
they form new contacts with G2 and G5, respectively (7, 9). The
latch mechanism for Ca-induced activation is supported by
studies that show that although G1–G3 in isolation function in
a Ca-independent manner (13), G4–G6 must bind Ca2� in two
high-affinity sites to bind actin (14). Various biophysical ap-
proaches provide insight into the conformational changes in-
duced by Ca binding. Dynamic light scattering experiments
demonstrate the hydrodynamic radius of gelsolin to increase
from 3.9 to 4.5 nm upon binding Ca2� in solution (15, 16). This
can be reversed by addition of EGTA to chelate free Ca2�, and
it is consistent with domain reorganization evident in various
crystalline forms of the protein (6, 7, 9). Radiolytic footprinting
and small-angle X-ray scattering experiments concur that the
structural activation of gelsolin is a two-step, three-state process.
The first shift, from the inactive to an intermediate state, occurs
at �0.1 to �5 �M Ca2�. The second, to the activated state,
occurs at �10 �M to 1 mM Ca2� (17–19).

A single mutation within the type 2 metal ion-binding site in
G2—of Asp-187 to Asn or Tyr—is the cause of familial amy-
loidosis Finnish-type (FAF), characterized by the extracellular
deposition of a 71-residue fragment of gelsolin (20). It has been
proposed that this mutation destabilizes gelsolin through loss of
Ca coordination at the type 2 site in G2 (10), making it
susceptible to cleavage by furin in the acidic trans-Golgi com-
partment (21). The resulting 68-kDa fragment is further cleaved
by membrane-associated type I matrix metalloproteases located
proximal to the extracellular matrix (22) into 8- and 5-kDa
fragments, Ala-173-Met-243 and Ala-173-Arg-225, respectively,
which form the deposits (20, 23). Aggregation assays demon-
strate that wild-type gelsolin Ala-173-Met-243 is as amyloido-
genic as the corresponding fragment containing the Asp187Asn
mutation and is more amyloidogenic than the one containing the
Asp187Tyr mutation. Therefore, although the mutation enables
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aberrant furin cleavage, it does not confer additional amyloido-
genicity (24).

In this report, we present the structures of Ca-free inactive
human gelsolin and Ca-bound human G1–G3 in complex with
actin. Not surprisingly, they closely resemble their equine gel-
solin counterparts (6, 9). However, Ca-free human gelsolin lacks
the disulfide bond between Cys-188 and Cys-201 that is found in
Ca-free equine gelsolin. More interestingly, a Ca2� is clearly
present in the G2 type 2 metal ion site in the complex of human
G1–G3 with actin, whereas it is absent in the corresponding
equine structure. This observation prompted us to probe the role
of G2 type 2 metal binding in the mechanism for release of the
C-terminal latch in inactive gelsolin by comparing thermal
stabilities and F-actin depolymerization activities of wild-type
gelsolin with those of two engineered variants, one lacking the
C-terminal helix and another in which acidic side-chain residues
in the type 2 sites of G2 and G6 are mutated. We propose that
cooperative binding of the Ca2� in these sites in G2 and G6 is a
critical step in releasing the C-terminal latch and initiates the
large-scale conformational changes required for activation. We
also put forward a mechanism for the furin-induced cleavage of
gelsolin in subjects carrying the FAF mutation.

Results and Discussion
Human Gelsolin Structures. The structure of recombinant, Ca-free
human gelsolin was determined at 3-Å resolution. It is almost
identical to that of Ca-free equine gelsolin (6), except that the

disulfide bridge between Cys-188 and Cys-201 is absent. Do-
mains G1–G5 are arranged in a compact fashion around the
central domain, G6 (Figs. 1A and 2A), with the result that all
actin-binding surfaces, both major (G1, G2, and G4) and minor
(G3 and G6), are obscured. The structure of recombinant human
G1–G3 bound to actin in the presence of Ca2� was also resolved
at 3 Å. It revealed the same large-scale rearrangement of
domains G1 and G3 relative to G2 that are required in equine
G1–G3 for binding actin (9) (Fig. 1B, compare with A). Rupture
of the central �-sheet that runs through both G1 and G3 and
removal of the first strand from the �-sheet in G2 expose
actin-binding interfaces and create a new G2–G3 interface. This
structure differs from that of equine G1–G3/actin in three
aspects. First, there is a disulfide bridge between Cys-188 and
Cys-201, which is absent in the corresponding equine G1–G3
structure (9). Second, the human G1–G3/actin complex contains
five bound Ca2�, whereas only four are present in equine
G1–G3/actin (9). The additional Ca2� is located in the G2 type
2 metal ion site. Finally, inspection of this particular type 2 site
reveals that Asp-259, from the G2–G3 linker (Fig. 1C), com-
pletes the Ca-coordination sphere, together with other con-
served type 2 site residues (Asp-187 and Glu-209), as observed
in the structure of isolated human G2 with a bound Cd2� (10).
This positions the G2–G3 linker such that Thr-260 forms a
helix-initiating hydrogen bond that contributes to the contrac-
tion of the previously disordered G2–G3 linker into a helix to
allow close packing of G3 with G2. In contrast, in equine

Fig. 1. Structures of Ca-free human gelsolin and human G1–G3/actin. (A) Schematic representation of the structure of Ca-free human gelsolin. The arrowhead
in this part, as in the others, points toward the peptide bond between Arg-172 and Ala-173, which gets cleaved in FAF. (B) The structure of human G1–G3 bound
to actin. G2 is shown in a similar orientation as in A. There are five Ca2� ions (black spheres) associated with this structure, one bound to each gelsolin domain,
another sandwiched between G1 and actin, and one at the ATP-binding site of actin. (C) Close up of the Ca-coordinating residues in G2 from human G1–G3/actin.
Only G2–G3 is shown for clarity. (D) Close up of the vacant G2 Ca-binding site from equine G1–G3/actin (Protein Data Bank ID 1RGI). Protein representations were
generated here and in the figures that follow by using PYMOL (http://pymol.sourceforge.net/).
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G1–G3/actin, Asp-259 is not bound to Ca2� and itself becomes
the helix-initiating residue, allowing the linker to condense to
bring G2 and G3 together (Fig. 1D) (9).

G2 and G6 Ca-Binding Sites in Ca-Free Gelsolin. Examination of the
electrostatic surface of Ca-free human gelsolin reveals two
distinctive charged patches: a highly positively charged patch that
is the polyphosphate-binding site for ATP and is speculated to
bind PIP2 (25), and a highly negatively charged patch at the
junction of G2 and G6 that encompasses the two unoccupied
type 2 Ca-binding sites (Fig. 2 A). Residues from both vacant
Ca-binding sites participate in complex electrostatic interactions
at the G2–G6 interface. In particular, Arg-168 and Arg-169
interact directly with Asp-669 and Asp-670, respectively, from
the G6 Ca-binding site, whereas Arg-168 also binds to Glu-209
and Asn-206 in the G2 Ca-binding site. Further interactions
linking Asp-744 and Asp-747 to Arg-207 tether the tail across the
F-actin-binding site on G2. Hence, binding of Ca2� to these sites
is likely to be interdependent and cooperative with regard to
breaking the G2–G6 interface.

Ca-Bound G2 and G6. Ca binding by G2 has a number of conse-
quences (Fig. 2B). To coordinate Ca2�, Glu-209 releases Arg-
168 and moves closer to Asp-187, taking Asn-206 with it. This
leads to mobility in Arg-168 and, through proximity, in Arg-169,
weakening the G2–G6 contact. The slight straightening of the
G2 long helix, to which Asn-206 and Glu-209 are attached, alters
the position of Arg-207. Because Arg-207 interacts directly with
the C-terminal tail, Ca binding by G2 is likely to be a factor in
releasing the tail during activation. Furthermore, participation
of Asp-259 in Ca coordination by G2 promotes order in the
previously disordered G2–G3 linker. This introduces a steric
element into the activation process, because an ordered G2–G3
linker is incompatible with the position of G6 in the inactive
structure. Thus, Ca binding by G2 potentially has a 3-fold effect
on the initial activation of gelsolin via altering contacts with the
C-terminal tail, disordering the G2–G6 interface, and promoting
a conformational state in the G2–G3 linker that is incompatible
for association with G6.

Similarly, Ca binding by G6 has a direct effect on the G2–G6
interface. The side chains of Asp-669 and Asp-670 lock the

Fig. 2. Structural interdependence of the G2 and G6 Ca-binding sites. (A) Schematic and electrostatic surface representations of Ca-free human gelsolin,
highlighting the charged residues at the G2–G6 interface. (B) Schematic representations of Ca-bound G6 and G2, taken from the structures of Ca-bound equine
G4–G6/actin (Protein Data Bank ID 1H1V) and human G1–G3/actin, respectively, in orientations similar to those presented in A. G2 and G6 have been translated
relative to their positions in A to avoid steric clashes. Note that the Ca ions are coordinated by residues that previously made up the network of interactions
between G2 and G6 in A.
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G2–G6 interface through binding to Arg-168 and Arg-169,
respectively. Direct competition by Ca2� for the Asp-670 side
chain and conformational restriction of Asp-669 through coor-
dination by its carboxylate destabilize the G2–G6 interface.
Furthermore, the straightening of the long helix of G6, required
for the constitution of a functional Ca-binding site, is achieved
by the movement of the AB loop of G6 through formation of a
hydrogen bond between Ser-646 (from the AB loop) and
Glu-692 (from the Ca-coordination sphere) (Fig. 2B). The
activated conformation of the G6 AB loop causes a steric clash
with G2, and is therefore incompatible with Ca-free gelsolin.
Thus, Ca binding to G2 and G6 directly competes for residues
involved in the G2–G6 interface and induces conformational
changes in both domains, rendering them incompatible with the
Ca-free structure.

The structure of Ca-free gelsolin strongly suggests that the
vacant type 2 Ca-binding sites in G2 and G6: (i) are available; (ii)
are set in an electrostatic environment that attracts cations; (iii)
bind cooperatively to Ca2�; and (iv) support local conforma-
tional rearrangements appropriate for springing the G2–G6
latch. It has been proposed that the disulfide in G2 is involved
in Ca activation of gelsolin (26). In our structure of G1–G3/actin,
both the disulfide bond and a Ca2� bound to the G2 Ca-binding
site are present. Juxtaposition of the disulfide-forming residue,
Cys-188, and Ca-binding residue, Asp-187, offers an explanation
for the reported influence of the disulfide bond on the affinity
of this site for Ca2�.

Mutation of G2 and G6 Ca-Binding Sites. Residues in the Ca-binding
sites of G2 and G6 play multiple roles in regulating gelsolin
structure: stabilizing the Ca-free state, driving gelsolin through
intermediate states, and stabilizing the Ca-bound state. Hence,
mutational analysis presents a challenging task in separating
contributions to each state. Here, we chose to mutate, in each
site, the two conserved Ca-coordinating residues Asp and Glu to
Asn and Gln, respectively. This mirrors the Asp187Asn mutation
observed in FAF by replacing a single oxygen atom with a
nitrogen atom in each mutation.

Depolymerization of F-actin in the presence EGTA was
monitored by the loss of fluorescence of pyrene-labeled F-actin
in the presence of the gelsolin mutants (Fig. 3A). Single muta-
tions in the Ca-binding site of G2, Asp187Asn (D2), or
Glu209Gln (E2); or of G6, Asp670Asn (D6), or Glu692Gln (E6),
as well as combinations of double mutations for each site or
between sites, showed wild-type gelsolin (GFL) behavior in not
being able to depolymerize actin in the absence of Ca. Triple
mutants D2E2D6 and D2D6E6 showed significant levels of
depolymerizing activity, whereas the quadruple mutant
D2E2D6E6 displayed even greater activity. These data demon-
strate that mutations within a single site do not engender activity.
However, cooperativity between sites leads to activation. A
truncated gelsolin (GTL), which lacks part of the tail latch
(residues 742–755) and is equivalent to the length of adseverin,
showed slightly greater activity than the quadruple mutant. All
mutants displayed increased depolymerization kinetics, similar
to wild type, in the presence of 10 �M Ca (Fig. 3B), confirming
the conservative nature of the mutations. The effects of GTL and
the quadruple mutant on fluorescently labeled F-actin in EGTA
were observed by total internal reflection fluorescence (TIRF)
microscopy. Under conditions that show no activity for GFL
(ratio to actin, 1:200), both GTL and the quadruple mutant were
observed to sever (Fig. 3 E–G and Movies S1–S3).

The activity of GTL and the quadruple mutant in the absence
of Ca suggests that both mutants destabilize the C-terminal latch.
GTL has part of the latch deleted, whereas the quadruple mutant
is predicted to destabilize the G2–G6 interface, either through
loss of stabilizing interactions or by partial mimicking of Ca
binding due to the charge reversal in the mutated Ca-binding

sites. The activity of the quadruple mutant implies that a number
of the eight gelsolin Ca-binding sites are not needed for minimal
levels of activity. The existence of apparently dispensable Ca-
binding sites can be justified by their possible effects on the rate
of gelsolin action, achieved through stabilization of an optimal
conformation and direct mediation of contact with actin at
higher Ca2� concentrations. Thus, gelsolin is able to respond to
the four orders of magnitude of variation in Ca2� levels found
between intracellular and extracellular environments.

To further determine the integrity and properties of the
mutants, we undertook thermal shift assays as a function of Ca
concentration. These assays use a fluorescent hydrophobic dye
to monitor the temperature-induced unfolding of gelsolin, and
the data are plotted as the midpoints of the unfolding transition
(Tm). GFL displays a Ca-induced destabilization followed by

Fig. 3. Ca effects on gelsolin structure and function. (A and B) Actin
depolymerization assays. A total of 6 �M of each protein was added to 12 �M
F actin in the presence of (A) 1 mM EGTA and (B) 10 �M free Ca2�. Single
mutants (D2, E2, D6, and E6) and double mutants (D2D6, D2E6, E2D6, E2E6,
and D6E6) were indistinguishable from GFL and are not shown for clarity. TIRF
analysis confirmed that gelsolin severs actin under these conditions (Movie
S4). (C and D) Thermal shift assays. (C) Effect of Ca concentration on thermal
stability of GFL and the D2E2D6E6 quadruple mutant. (D) Effect of Ca con-
centration on thermal stability of GTL, G2–G3, and G4–G6. pCa refers to the
theoretical free Ca concentration that is not bound to EGTA in the absence of
protein. (E–G) TIRF assay. TIRF images of actin filaments (500 nM) severed by
(E) GTL (2.5 nM), (F) D2E2D6E6 (2.5 nM), and (G) GFL (2.5 nM) in 1 mM EGTA
buffer. Shown are 40 � 40 �m snapshots at four different time points (from
left to right): (E) before mixing and 40 s, 80 s, and 17.5 min after mixing; (F)
before mixing and 2, 4, and 17.5 min after mixing; and (G) before mixing, 140 s
after mixing, 4 mins after mixing, and 35 s after adding Ca2� (5 mM) to the
stable mixture. Movies of E, F, and G and a description of the TIRF experiment
are available in the SI Text and Movies S1–S3.
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restabilization in this assay (Fig. 3C). In contrast, fragments of
gelsolin, G2–G3, and G4–G6 demonstrate only stabilization
within this range of Ca2� concentrations (Fig. 3D), suggesting
that G2–G3 and G4–G6 adopt stable compact structures on
binding Ca2�, in line with their Ca-bound structural data.
Unfortunately, G1–G3 precipitated in the absence of Ca2�, so a
similar titration could not be performed. The initial loss in
thermal stability of GFL can be rationalized by the Ca-triggered
opening of the C-terminal latch to achieve a state of reduced
thermal stability. The Ca2� levels at which gelsolin, G2–G3, and
G4–G6 undergo their respective transitions are indistinguish-
able. However, the Ca concentrations of the transitions are not
physiologically meaningful because of the temperature depen-
dence of gelsolin interactions with Ca (27) and the limited
Ca-buffering capacity of the EGTA solutions. GTL was less
thermally stable than GFL in the absence of Ca and showed a
shift to higher stability on binding Ca (Fig. 3D). This suggests
that the release of the tail during Ca activation in GFL is
responsible for the initial loss in the thermal stabilization (Fig.
3C). The quadruple mutant (D2E2D6E6) displayed a profile
similar to that of wild-type gelsolin, with the exception that the
Ca-free and Ca-bound states displayed relatively lower thermal
stability. This profile is consistent with the notion that the
mutations may partially mimic Ca binding at these sites, but it
also infers that a further Ca-binding event is needed to fully open
the C-terminal latch.

Loss of G2 Ca Binding in FAF. The importance of the G2 Ca-binding
site in the activation of gelsolin and the presence of a Ca2� at this
site in the human G1–G3/actin structure have implications for
FAF. In this heritable disease, Asp-187, which is part of the G2
Ca-coordination sphere, is mutated to Asn or Tyr (20). The
mutant proteins are unable to bind Ca2� at this site and can be
predicted to have three abnormalities with regard to Ca-
dependent activation. First, the initial opening of the G2–G6
latch is compromised because of a lack of the Ca-induced
conformational changes in G2 and the loss of cooperativity with
the G6 Ca-binding site, although this has little effect on overall
activity in vitro (Fig. 3 A and B). Second, Ca-induced stabiliza-
tion of the G2–G3 module in the activated conformation will be
absent (Fig. 3D). Finally, should the mutant gelsolin be able to
become fully activated, the final conformation of G2–G3 would
resemble that observed in the equine structure (Fig. 1D), rather
than in the human structure (Fig. 1C). The first step in the
progression of the disease is the furin cleavage of G2 between
Arg-172 and Ala-173 (21). This peptide bond is protected in
inactive gelsolin by the flanking strands within the core �-sheet
of G2 (Fig. 1 A) (6). In the activated conformation, the peptide
bond is protected by G3, even in the absence of G2-bound Ca2�

(Fig. 1D) (9). However, in intermediate conformations, where
G1 has dissociated from G2 but G3 has yet to bind to G2 (at any
stage between those depicted in Fig. 1 A and B), the cleavage site
is accessible to the protease. Ca binding drives G2–G3 into its
stable active conformation (Figs. 1C and 3D), minimizing the
time spent in the intermediate states and reducing the window
of opportunity for cleavage by furin, which would set gelsolin on
a course to fibril formation. Hence, we propose that the protease
cleaves gelsolin during the activation process, when Arg-172 and
Ala-173 become exposed, and that Ca binding to G2 in wild-type
gelsolin protects it from furin and prevents FAF by enhancing
the rate of activation.

Materials and Methods
Constructs. Recombinant full-length human cytoplasmic gelsolin (GFL) resi-
dues 25–755 (accession number P06396, numbering based on plasma gelsolin)
and fragments G1–G3 (residues 25–372) and G2–G3 (residues 132–372) were
engineered into the expression vector pSY5, a modified version of pET-21d(�)
(Novagen), encoding an N-terminal, eight-histidine tag, followed by a human

rhino-virus 3C protease cleavage site ahead of the N terminus of the proteins.
Gelsolin fragment G4–G6 (residues 414–742) was described previously (12).
Mutated variants of GFL [single mutants: Asp187Asn (D2), Glu209Gln (E2),
Asp670Asn (D6), and Glu692Gln (E6); double mutants: Asp187Asn Asp670Asn
(D2D6), Asp187Asn Glu692Gln (D2E6), Glu209Gln Asp670Asn (E2D6),
Glu209Gln Glu692Gln (E2E6), Asp187Asn Glu209Gln (D2E2), and Asp670Asn
Glu692Gln (D6E6); triple mutants: Asp187Asn Glu209Gln Asp670Asn (D2E2D6)
and Asp187Asn Asp670Asn Glu692Gln (D2D6E6); and quadruple mutant:
Asp187Asn Glu209Gln Asp670Asn Glu692Gln (D2E2D6E6)] as well as tailless
gelsolin (GTL) residues 25–741 were constructed by using a QuikChange
site-directed mutagenesis kit (Stratagene) with the full-length wild-type gel-
solin as the template. DNA sequencing using an Applied Biosystems ABI Prism
373 Genetic Analyzer verified the identities of the constructs.

Protein Production. Recombinant proteins were expressed in Escherichia coli
Rosetta (DE3) (Novagen) and purified from cell lysates by Ni-NTA affinity
chromatography. Proteins for assays were eluted by PreScission protease
cleavage. Eight-histidine-tagged GFL for crystallization was eluted by 250 mM
imidazole. After Ni-NTA affinity chromatography, the buffers were changed
to 20 mM Tris and 1 mM EGTA (pH 8.0) on a desalting column (Hiprep 26/10;
GE Healthcare). The proteins were then bound to an anion-exchange resource
Q column (GE Healthcare) and washed thoroughly with 20 mM NaCl, 1 mM
EGTA, and 20 mM Tris�HCl (pH 8.0), followed by 0.1 mM EGTA and 20 mM
Tris�HCl (pH 8.0). GFL was eluted with 20 mM Tris�HCl and 2 mM CaCl2 (pH 8.0),
whereas mutants and truncates were eluted with a gradient to 1 M NaCl, 0.1
mM EGTA, and 20 mM Tris�HCl (pH 8.0). Size-exclusion chromatography
(Superdex 200; GE Healthcare) was carried out in 50 mM NaCl, 0.1 mM EGTA,
and 5 mM Hepes (pH 7.2). Recombinant G4–G6 was expressed and purified as
described previously (12). The purity of proteins was assessed by SDS/PAGE
(Figs. S1 and S2), and the activity of GFL was verified (Fig. S3).

Gelsolin–Actin Complex Preparation. Actin was purified from rabbit skeletal
muscle as described previously (9). Eight-histidine-tagged human GFL in 1 mM
EDTA and 25 mM Tris�HCl (pH 8.0) was incubated with 2 mM CaCl2 at 4 °C for
5 min, then mixed with actin in 0.2 mM CaCl2, 0.2 mM ATP, 1 mM DTT, and 2
mM Tris�HCl (pH 7.6–7.8) (buffer A) at a molar ratio of 1:2. EGTA was added to
the mixture to a final concentration of 5 mM. The resulting solution was
incubated at 4 °C overnight and then purified by gel filtration (Sephacryl S300;
90 � 2.5 cm; Bio-Rad) at room temperature, with elution by 1 mM EGTA, 1 mM
DTT, and 10 mM Tris�HCl (pH 7.5) at a rate of 2 mL/min. The final concentration
of the GFL–actin complex was 10 mg/mL, as determined by absorbance spec-
trophotometry (Perkin–Elmer Lambda 4B) at 280 nm by using a calculated
absorption coefficient of 1.3 mL mg�1 cm�1. The purity of GFL–actin was
verified by SDS/PAGE. Two clean bands were observed at 83 kDa and 42 kDa,
respectively.

Crystallization and Data Collection: Ca-Free Gelsolin. Crystals of Ca-free, eight-
histidine-tagged human GFL were obtained after mixing a 20 mg/mL solution
of protein with precipitant solution [15% glycerol, 1.5 M ammonium sulfate,
and 100 mM Bis-Tris�HCl (pH 8.5)] at 25 °C by using the hanging-drop vapor
diffusion method. The crystals were frozen in liquid nitrogen after soaking in
the precipitant solution supplemented with 20% glycerol. X-ray diffraction
data were collected on beamline BL13B1 on an Area Detection Systems
Corporation Quantum-315 CCD detector at the National Synchrotron Re-
search Center (Hsinchu, Taiwan). The wavelength was set to 1 Å and the data
collected at 105 K. Data were indexed, scaled, and merged in HKL2000 (Table
S1) (28).

G1–G3/Actin Complex. Crystals of G1–G3/actin were obtained by mixing a 10
mg/mL solution of GFL–actin complex with precipitant solution [9% PEG4000,
100 mM Ca acetate, and 100 mM sodium acetate (pH 4.6)] by using the
hanging-drop vapor diffusion method. The crystals were flash frozen in liquid
nitrogen after soaking in precipitant solution supplemented with 24% glyc-
erol. Initial diffraction data from the crystals were collected to a resolution of
3.3 Å by using a Rigaku RU200 rotating anode source with OSMIC mirrors and
a MAR345 image plate detector at the University of British Columbia Centre
for Blood Research (Vancouver, BC, Canada). Subsequently, higher-resolution
data were collected on beamline BL13B1 on the Area Detection Systems
Corporation Quantum 315 CCD detector at the National Synchrotron Research
Center. The wavelength was set to 1 Å and the data collected at 105 K. Data
were indexed, scaled, and merged in HKL2000 (Table S1) (28). As found
previously with a similar complex prepared from natural source equine plasma
gelsolin and rabbit muscle actin (9), the X-ray structure from these GFL–actin
crystals reveals the N-terminal half of gelsolin bound to one actin but does not
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reveal the C-terminal half of gelsolin. This may indicate that proteolysis
occurred during the time required for the crystals to nucleate.

Structure Solution and Refinement. Structural analysis of human Ca-free gel-
solin was initiated by molecular replacement using horse Ca-free gelsolin
(Protein Data Bank ID 1D0N; ref. 6) as a model. Similarly, horse G1–G3/actin
(Protein Data Bank ID 1RGI; ref. 9) served as the molecular replacement
template for human G1–G3/actin. Both structures contain two molecules in
the asymmetric unit. Rounds of restrained refinement with TLS refinement
maintaining strict noncrystallographic restraints followed by manual rebuild-
ing resulted in the final models. MOLREP, REFMAC5, and COOT were used
within the CCP4 suite of crystallographic programs (29).

Pyrene Actin Assay. Buffer F [final concentration, 50 mM KCl, 0.2 mM ATP, 2
mM MgCl2, 0.5 mM DTT, 1 mM EGTA, and 50 mM Hepes (pH 7.5)] was added
to 10% pyrene-labeled G actin (12 �M) in 96-well, flat-bottomed plates
(Corning) and incubated for 30 min to allow the formation of F actin. Ca was
then added to obtain the required free Ca concentrations. Reactions were
equilibrated for 1 h before 6 �M of the respective gelsolin proteins were
added. The final volume in each well was 100 �L. Fluorescence intensity was
measured kinetically at wavelength 407 nm by using a Safire2 fluorimeter
(Tecan). TIRF microscopy confirmed that gelsolin is able to sever actin at this
2:1 protein ratio (1 �M actin and 0.5 �M gelsolin) (Movie S4).

Thermal Shift Assays. Ca titration gradients were formed from a Ca chloride
standard (Sigma) in 80 mM Hepes, 100 mM NaCl, and 2 mM EGTA (pH 7.5). Free
and total Ca levels were calculated by using WEB-MAXC (http://maxchela-
tor.stanford.edu/). The reaction mixture, consisting of 12.5 �L of Ca-
containing buffer, 5 �L of protein (final concentration, 6 �M), and 7.5 �L of
100� Sypro orange (Molecular Probes), was added to each well in 96-well PCR
plates (BioRad). Plates were sealed and subjected to a temperature ramp from
20 °C to 80 °C in 0.2 °C increments in an iCycler iQ Real-Time PCR Detection
System (BioRad). The transition temperature of each protein was determined
as described previously (30).
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