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ABSTRACT: Gelsolin is a calcium-regulated actin severing and capping protein that binds two calcium
ions and has three sites for actin; two recognize monomeric actin and one attaches to the sides of filaments.
It contains six repeating sequence segments (G1-6). Here, we have analyzed the effects of calcium ions
on (i) limited proteolysis of bacterially expressed human gelsolin by plasmin and (ii) dynamic light scattering
and circular dichroism of gelsolin and various of its subdomains. Following cleavage of gelsolin in the
absence of calcium between Lys150 and His151 (the junction between G1 and G2), the molecule does not
fall apart, nor does it bind actin without added calcium. This same molecule can be reconstituted by
mixing an excess of G1 with G2-6 in EGTA. The noncovalently linked form of gelsolin shows three
actin binding sites in calcium and requires 3µM calcium for 50% activation of actin binding. Measurements
of light scattering and circular dichroism revealed structural changes in response to calcium for intact
gelsolin and a number of its actin-binding subdomains. Many of these changes occurred at calcium
concentrations below 100 nM. These results are discussed in relation to the calcium control of gelsolin
function and its three-dimensional structure (Burtnicket al. (1997) Cell 90, 661-670). Nanomolar
concentrations of calcium initiate the unlatching of structural constraints that maintain the inaccessibility
of the actin binding sites, but actin binding occurs only after additional micromolar calcium sites in both
the N-terminal and C-terminal halves of the molecule are occupied.

Gelsolin (GS)1 was first identified as a calcium-dependent
actin filament destabilizing protein present in macrophages
and blood plasma (1-3). It is a member of a ubiquitous
family of severing proteins that contain either six (GS, villin,
adseverin) or three repeating segments (fragmin, severin)
(reviewed in ref4). The six segments of GS (here denoted
G1-6), identified on the basis of their sequence homology
(5), have recently been shown to contain the same basic
structural fold(6). GS has two binding sites for monomeric
actin, a calcium-independent site in G1 (Kd ) 5 pM) and a
calcium-dependent site in G4 (Kd ) 1.8 µM, but ) 25 nM
as part of the larger construct G4-6) and one site for F-actin,
located in G2 (Kd ) 5-7 µM) (7-9). The minimal actin
severing domain is G1-2 (9), while full nucleating activity
requires the two actin binding sites in G2-6 (10). The
former is calcium independent, while the latter requires
calcium, showing that calcium regulation of all three actin-
binding sites is mediated through the C-terminal half of the
molecule.
Activation of GS requires calcium ions, but the mechanism

is unclear and there is ambiguity in the literature about the
levels of calcium required for activation. Two calcium
binding sites were identified by equilibrium dialysis with a
Kd ∼ 1 µM (ref 11 and references therein). Similar
experiments identified two calcium binding sites in G4-6,
a high affinity site located in G5-6 (Kd ∼ 0.2 µM) and a
lower affinity site in G4-5 (Kd∼ 2 µM) (8). Using photon
correlation spectrosopy and depolarized dynamic light scat-
tering, Patkowski et al. obtained evidence for a significant

conformational change when GS binds calcium, which
depends on calcium binding to G4-6 (12, 13). Thus, it
appears that calcium binding to G4-6 induces structural
changes that allow actin to bind. Since GS binding to
G-actin is cooperative(14, 15), association of the first actin
with the calcium-sensitive site in G4-6 facilitates further
actin binding to G1, which results in trapping of calcium in
the complex between actin and the G1 site(16, 17). Selve
and Wegner reported that ternary complex formation reached
a maximal rate at 1µM calcium (18), but more recent
experiments have shown that the association of GS with one
actin monomer is regulated by calcium with aKd ) 25 µM
(19). Elsewhere, it has been reported that half-maximal
activation of severing and nucleating activities occurs at∼10
µM calcium(20), and it is evident that the rate-limiting step
in the severing process is the activation of GS by the binding
of divalent cations to low affinity sites. Thus, it appears
that while GS has high affinity calcium-binding sites
associated with the C-terminal half of the molecule, which
may be involved in the initial opening of the molecule, higher
calcium concentrations are required to promote actin binding
and full severing activity. Recent structural analysis of the
inhibited form of GS (in the presence of EGTA) has provided
evidence for a noncovalent interaction between the C-
terminal part of G6 and G2, which renders all three actin-
binding sites inaccessible(6). Thus, calcium binding to
G5-6 may unlatch this lock, but this action alone does not
appear to be sufficient to activate the molecule.

Here we have analyzed the effects of calcium on GS and
various of its subdomains, using far-UV circular dichroism
(CD), dynamic light scattering (DLS), and biochemical
studies of proteolytic susceptibility. Far-UV CD measure-
ments revealed a marked calcium specific effect at nanomolar
levels. Similar concentrations also resulted in molecular
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rearrangements in DLS experiments, but although these were
initiated at the nM level, the effect was only complete with
µM free calcium. Our experiments have also revealed a
strong noncovalent association between G1 and G2-6, which
holds the molecule in the closed state in the absence of
calcium. The results show that molecular rearrangements
occur within individual domains, which we have modeled
in terms of the three-dimensional structure(6). We have
also identified a third calcium binding site in G1-3 (Kd e
0.2µM). Binding of submicromolar calcium concentrations
causes condensation of segments G4-6. This in turn leads
to an increase in radius of the GS molecule as the C-terminal
R-helix of G6 releases its clamping effect on G2. Further
calcium binding in the micromolar range releases the “latch”
between G1 and G3, which opens the molecule and makes
the actin binding sites in G1 and G2 accessible.

MATERIALS AND METHODS

Construction and Expression of Human Gelsolin Segments.
Plasma G1-5 (defined as amino acid residues Ala1-Lys634)
was prepared by modification of the cDNA clones for human
plasma GS and G2-5 that had been previously engineered
into the pMW172 expression vector(21). These were each
digested with MscI and HindIII and the MscI-HindIII G2-5
insert ligated into the MscI-HindIII vector portion of the GS.
This yields a construct carrying an MGSIEGR leader
sequence (for which the Met is not processed inE. coli) with
a flush C-terminal.
E. coli cell cultures of the various constructs (1 L) were

centrifuged and the cell pellets frozen. Either soluble
fractions or inclusion bodies, as appropriate, were prepared
(9). G1-5 was isolated from inclusion bodies and purified
in 10 mM Tris-HCl pH 8.0, 0.2 mM EGTA, 1 mM NaN3
(buffer A) initially by chromatography on a 10× 2.5 cm
DEAE-cellulose column (Whatman DE52). Although
G1-5 does not bind, most of the contaminants are retarded.
The pH of the flow through was lowered to∼6.3 with 1 M
succinic acid pH 6.0, and the protein was loaded onto a
(carboxymethyl)cellulose column (Whatman CM52) equili-
brated in 10 mM succinic acid pH 6.0, 0.2 mM EGTA, and
1 mM NaN3. Elution was by gradient to 0.25 M NaCl.
GS was purified using a modification of the method of

ref 22. GS expressed in the soluble fraction ofE. coli was
loaded directly onto a 10× 2.5 cm column of Sigma
Cibacrom blue 3G-A in buffer A and eluted with the same
buffer containing 1.0 mM ATP. This gives pure GS after
removal of the ATP, either by prolonged dialysis or gel
filtration on a Pharmacia P10 column. An alternative
method, used for larger volumes, was to repeat the Cibacrom
blue chromatography, using Ca2+ to displace bound ATP
from GS (23): the column was prewashed with buffer A
containing 0.5 M NaCl to remove contaminants before
regeneration in buffer A containing 1.0 mM Ca2+ in place
of the EGTA. The GS was also treated with 1 mM Ca2+

before reapplying to the column, which was then washed in
buffer A containing 1 mM Ca2+ to remove all traces of the
ATP. Gelsolin was eluted with buffer A containing 1 mM
Ca2+ and 0.5 M NaCl. G4-6, G2-6, and plasma G1were
all prepared as described previously(24).
Purified proteins were either dialysed into 2.5 or 10 mM

Tris-HCl pH 8.0, 0.2 mM EGTA, 50 mM NaCl, or changed
into these buffers on Pharmacia P10 desalting columns.

Where necessary, they were concentrated on Amicon cen-
tricon units, and all samples were filtered through a 0.1µm
membrane. Protein concentrations were calculated from
absorbance measurements at 280 nm, based on the tyrosine
and tryptophan content of each construct(25). Values for
A280) 1.0 cm-1 were G4-6) 15.3µM, G2-6) 10.7µM,
G1 ) 48.9µM, G1-5 ) 12.1µM, and GS) 8.9 µM.
Proteolysis.Proteins in 10 mM Tris-HCl pH 8.0, 50 mM

NaCl, and 1 mM NaN3 were digested at 21°C with 1:10
w/w human plasmin (Sigma) for between 30 min and 4 h in
Ca2+ or overnight in EGTA. Digestion was terminated with
a 100-fold molar excess ofNR-p-tosyl-L-lysine chloromethyl
ketone using a 10 mg/mL stock in 1 mM HCl.
Antibody Staining for Gelsolin.Monoclonal anti-GS

(Sigma G-4896) was used to identify C-terminal fragments
of GS in the proteolytic digests. We have characterized this
antibody using human GS constructs previously generated
in this laboratory(8). It recognizes only constructs contain-
ing G5. However, because we cannot prepare G6 in
isolation, we cannot exclude the possibility of some binding
to this segment also.
Chromatography.Gel filtration was performed on a 30
× 1.0 cm Sephacryl S-200 column in 10 mM Tris-HCl pH
8.0, 50 mM NaCl, 1 mM NaN3 with either 0.2 mM EGTA
or 0.1-1 mM Ca2+, collecting 0.6 mL fractions. Plasmin
digests of GS were analyzed by ion-exchange chromatog-
raphy on a 10× 2.5 cm DEAE column (Whatman DE52)
in buffer A ( Ca2+. Cibacrom blue affinity columns were
used both to purify GS and to assay individual domains for
the ATP binding site.
Actin Binding Assays.Rabbit skeletal muscle actin was

prepared and chemically modified as described previously
(9). Its concentration was determined using an extinction
coefficient A290 ) 1.0 cm-1 ) 35.9 µM. Sedimentation
assays were performed following a 10 min incubation at 21
°C of 3 µM F-actin with 3µM G1-5 or using 10µM actin
for the plasmin digested GS(8). NBD-actin (actin reacted
with N-ethylmaleimide on Cys 374 and then on Lys 373 with
7-chloro-4-nitrobenzeno-2-oxa-1,3-diazole) was used to mea-
sure binding to monomeric actin in 10 mM Tris-HCl pH
8.0, 0.2 mM ATP, 0.2 mM dithiothreitol, 1 mM NaN3, and
either 0.2 mM CaCl2 or 0.2 mM MgCl2 + 0.2 mM EGTA
(9). Nucleating activity was assayed using PI-actin(26).
G-actin (6µM) containing 14% PI-actin was treated with
0.2 mM EGTA and 0.2 mM MgCl2 for 90 s before further
addition so that assays were all performed on Mg2+-actin.
After preincubation, G1-5 and then 1 mM Mg2+ with 100
mM NaCl were added to initiate polymerization. To test
for calcium dependence, 0.2 mM Ca2+ was added with the
G1-5.
Dynamic Light Scattering.DLS was performed in a

DynaPro-801 dynamic light-scattering instrument (Protein
Solutions Ltd, The Hillside Centre, Upper Green Street, High
Wycombe, Buckinghamshire HP11 2RB, U.K.). Protein
solutions at 1-2 mg/mL were analyzed for translational
diffusion coefficient (DT) which, under the assumption of
Brownian motion, was then translated using the Stokes-
Einstein equation to the hydrodynamic radius (RH) from
which an estimate of the apparentMr was made assuming
the proteins are globular and of standard density. Mono-
disperse data point sets were analyzed using a monomodal
curve fit analysis and 10 such points averaged for each
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determination. Solutions exhibiting any proportion of mixed
populations were processed to fit a bimodal size distribution,
but molecular weights estimated in this way were not as
accurate.
Circular Dichroism. Far-UV CD measurements were

made on a Jobin-Yvon Dichrograph CD6 using 300µL of
protein in the concentration range of 0.2-0.6 mg/mL in 2.5
mM Tris-HCl pH 8.0, 0.1 mM EGTA, 1 mM MgCl2, and
50 mM NaCl at 20°C in a 1 mmpath-length cell at 20°C.
To change the Ca2+ concentration, 1-3 µL additions of 10-
100 mM CaCl2 were added and mixed in the cuvette. Data
were collected at 0.5 nm intervals with two data points per
minute. Five such runs were averaged, calculated net of
buffer, and factor 3 smoothed. The percentR-helix was
estimated from complete data sets in the CONTIN program
(27).
Calcium Concentrations and Calcium Binding.Free

calcium concentrations were calculated at equilibrium in the
various Ca2+, Mg2+, EGTA, and (where appropriate) ATP
buffers using the EQCAL program of Biosoft, Hills Road,
Cambridge, CB2 1JP, U.K. Calcium binding was measured
by equilibrium dialysis as previously described(8).

RESULTS

G1-5 Purification and Actin Binding.We have previ-
ously shown that G2-6 and G1-3 bind two actin monomers,
the former cooperatively in a calcium-dependent manner,
while the latter is calcium independent. G2-6 has a
nucleating activity similar to GS but does not sever fila-
ments: G1-3 severs but does not nucleate(10). G1-5
expressed in high levels equivalent to those reported for GS
and G1(21) and was readily purified to homogeneity as
described in the Material and Methods. Like G1-3, it severs
filaments efficiently in a calcium-independent manner (data
not shown). Measuring the effects of G1-5 on the polym-
erization rate of 6µMG-actin gave nucleating activities 17%
and 14% that of GS in calcium and EGTA, respectively.
Thus, compared to G1-3, which does not nucleate polym-
erization(10), G1-5 has a weak nucleating activity. These
results confirm the importance of G6 for nucleation as
previously reported(28).
Gelsolin Purification and ATP Binding.Bacterially

expressed GS binds to Cibacrom blue resin in EGTA and is
eluted in pure form with ATP(29). This correlates with
the finding that GS binds ATP in the absence of calcium
with a Kd of 2.4 µM (23). It provides a single-step
purification of the protein from bacterial extracts. G2-6
and G1-5 also bound to Cibacrom blue resin, but neither
eluted with ATP, which suggests that the ATP binding site
in GS requires that the protein be in the closed EGTA state
and involves the participation of G1.
Plasmin Digestion of Gelsolin Yields a NoncoValently

Linked Product That Does Not Fall Apart in the Absence of
Calcium. Plasmin digestion for 30 min at 1:25 w/w ratios
produced a single cleavage in GS. Even after overnight
exposure to plasmin in Ca2+ or EGTA at 1:10 w/w there
was no further digestion. We identified the cleavage site
by amino-terminal sequencing to be between Lys150 and
His151 in plasma GS on the G1-G2 boundary, in agreement
with ref 30. This serves as a useful method to prepare G2-6
directly from GS. The two should be well separated on a
DEAE column based on the predicted net charges at pH 8.0

(plasma-G1) 0; cytoplasmic-G1) -2 and G2-6) -12).
However, the elution profile showed a single peak at 130
mM salt in the position expected for intact cytoplasmic GS
(Figure 1). Likewise, the digest ran as a single unit on sizing
columns clearly indicating that although cleaved, as analyzed
by SDS PAGE, the fragments were maintained as an intact
unit. The two fragments separated on addition of calcium
(Figure 1), where cytoplasmic G1 elutes at 8 mM and G2-6
at 75 mM salt. To test the specificity of calcium, 1 mM
Mg2+ was added and the digest rechromatographed on an
S200 column. There was no release of G1 from G2-6 in
the absence of calcium, but complete disassociation occurred
at 10µM free calcium.
Acidification of the digested protein with 50 mM succinate

to pH 6.0 also dissociated the G1 and G2-6. This is
consistent with the loss of calcium requirement for filament
severing and nucleation of GS on acidification, reported
elsewhere(20).
The digested GS was assayed for F-actin binding by

cosedimentation. In EGTA it remained in the supernatant
while most of the actin pelleted, but in calcium at a molar
ratio of 0.5/actin, the G2-6 was mainly associated with the
actin pellet, while the G1 was in the supernatant with some
additional actin. Thus, the digested protein shows calcium-
sensitive actin binding with G1 releasing actin subunits into
the supernatant and residual pelleted F-actin binding the
G2-6 via the F-actin binding domain in G2.
Reconstitution of “Gelsolin” from G1 and G2-6. Plasma

G1 and G2-6 were expressed separately and purified from
E. coli. The two were mixed together in 10 mM Tris-HCl
pH 8.0, 0.2 mM EGTA, 50 mM NaCl, and 1 mM NaN3 at
ratios of between 1:1 and 15:1 G1:G2-6 and left at 4°C
overnight. Fractionation on S200 Sephacryl showed two
peaks, the first, eluting at the position expected for intact
GS, contained both G1 and G2-6 while the second contained
only G1. Densitometry of nondenaturing gels of samples
from the first peak showed an equimolar ratio of G1 and
G2-6 ) 1.02 ( 0.18, (n ) 9). Similar recombination
experiments using plasma-G1:G2-6 (2:1 mol/mol) were
analyzed using nondenaturing gels (Figure 2). G2-6 and
plasma-GS carry the same net charge of-12, but the G2-6
(Mr 67.2 kDa) runs faster than the GS (Mr 83.6 kDa). From
Figure 2 it can be seen that plasma G1 associates with G2-6
to give a complex of similar mobility to plasma GS. Using

FIGURE 1: DEAE cellulose chromatography of cytoplasmic GS
cleaved at the G1/G2-6 boundary with plasmin. Columns run in
10 mM Tris pH 8.0, with 0.2 mM EGTA (closed circles) or 0.1
mM Ca2+ (open circles). The peak eluting at tube 40 is free G1 (8
mM salt), peak 2 around tube 55 is free G2-6 (75 mM salt), and
peak 3 at tube 66 is G1 complexed with G2-6 (130 mM salt).
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different ratios of G1 to G2-6 showed that complex
formation was maximal when G1 and G2-6 were mixed at
a 2:1 ratio. It should be noted that G1 has a tendency to
aggregate and runs as a doublet of monomer and dimer on
nondenaturing gels, but only the monomer form reassociates
with G2-6 to reconstitute this noncovalently linked “GS”.
Similar experiments showed no association between G1 and
either G4-6, G2-3, or G2-5, which confirms the specificity
of the noncovalent association of G1 with G2-6.
The reconstituted GS was also tested for actin binding

using the fluorescence enhancement of NBD-actin, with
continuous variation of both components as described
previously(10). Figure 3 shows that there is no enhancement
of fluorescence in EGTA, but in calcium the actin fluores-
cence is increased to a maximum at 151 nM actin and 49
nM GS, i.e., a molar ratio of three actins per GS. Thus, as
expected, addition of calcium causes dissociation of the
reconstituted GS into G1 and G2-6, the former binding a
single actin monomer and the latter two. The calcium

dependence of fluorescence enhancement is shown in Figure
4: 50% activation occurred at 3µM calcium. On the basis
of these experiments, it is clear that G1 and G2-6 reassociate
in the absence of calcium to give a product in which, like
intact GS, all the actin binding sites are inaccessible.
Further Digestion by Plasmin.A second plasmin cleavage

site has been identified in GS lacking the disulfide bond
between Cys188 and Cys201 in G2 (30). The fact that we see
only a single cleavage suggests that our GS is in the oxidized
state, like native plasma GS. To test this, the bacterially
expressed GS was unfolded with 8 M urea and treated with
1 mM DTT before refolding by dialysis against 10 mM Tris-
HCl pH 8.0, 0.2 mM EGTA, and 1 mM NaN3. Plasmin
digestion now showed a second cleavage site, between Arg228

and Ala229, similar to that reported elsewhere(30). The
reduced form of GS with the second plasmin cut did not
hold together in EGTA, giving two fragments on either gel
filtration or native gel electrophoresis. These results dem-
onstrate that in contrast to the the methods used in Boston
(30), our bacterially expressed GS preparation is isolated in
the native form.
G2-3, G1-3, and G1-5 were also treated with plasmin

to explore their susceptibility to proteolysis. G1-5 was
degraded more rapidly than GS or the other constructs, giving
significant cleavage to G2-5 within 1-2 min in calcium
but no significant further change in the pattern of digestion
over 4 h. G1-5 was even more susceptible to proteolysis
in EGTA (Figure 5). Using the Sigma monoclonal antibody
to GS, for which we mapped the epitope to G5, we found
that all of the major degradation products contained G5,
showing that cleavage occurred exclusively at the N-terminal
end. N-Terminal analysis identified Ala229 (removing two-
thirds of G2) and Asn368 (two-thirds of G3) as the main
cleavage sites. G1-3 digested to G1 and G2-3 in calcium
but, like G1-5, was more extensively cleaved in EGTA.
G2-3 was stable to plasmin digestion in calcium but
proteolyzed in EGTA. Thus, the presence of calcium
protects sites in the G2-3 domain of all these expressed
constructs.
Dynamic Light Scattering.It is clear from the differences

in proteolytic susceptibility that the structure of GS is affected
by calcium, not just at the contact site between G6 and G2
(6), but also in G2-3. Large changes in the apparentMr

were observed for all constructs on binding calcium (Table

FIGURE 2: Nondenaturing PAGE from G1/G2-6 reconstitution/
recombination experiments showing (A) plasma-G1 (lower band
) monomer, upper) dimer), (B) plasma-GS, (C) G2-6, and (D)
a complex from plasma-G1 mixed with G2-6 in the presence of
0.2 mM EGTA at a molar ratio of 2:1.

FIGURE 3: Fluorescence titrations at constant total protein concen-
tration (200 nM) with continuous variation of both NBD-actin and
reconstituted GS (GS*). Analyses were carried out in 0.2 mM CaCl2
(solid symbols) or 0.2 mMMgCl2 + 0.2 mM EGTA (open symbols)
at pH 8.0.

FIGURE 4: Fluorescence enhancement on mixing 0.5µM recon-
stituted GS with 1.5µM G-actin at pH 7.1 in the presence of 0.196
mM EGTA and various calcium concentrations to give the free
calcium concentrations shown. Non-linear least-squares fitting
suggested aKd of 3 µM and cooperative binding with a Hill
coefficient of 2.3.
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1). GS gave a monomodal distribution in EGTA with an
estimatedMr of 82 800, which compares well with the true
Mr of 83 600. The polydispersity measurements were below
detection limits, which coupled with an average base line
value of 0.999 and sum of squares error of 0.167, indicated
a fully monodisperse solution. Addition of calcium to 1 mM
increased the radius from 3.93 to 4.36 nm and the estimated
Mr to 106 100 in good agreement with theMr of 110 000 in
calcium estimated from S200 column chromatography(15).
Calcium did not affect the polydispersity, indicating that the
changes in apparentMr were due solely to changes on the
radius of the molecule and not self-association. The change
in apparentMr was monitored as a function of calcium
concentration starting from the EGTA state, with additions
of calcium to a maximum of 10µM free calcium and then
reversing the process by adding EGTA (Figure 6). These
effects were fully reversible. A 50% change in apparentMr

occurred at 30 nM free calcium, and the effect was maximal
at ∼1 µM. G2-6, like GS, also demonstrated a similar
increase in radius, translating to a higher apparentMr in
calcium.
By contrast, similar experiments using G4-6, G1-5, and

G1-3 gave a reduction in apparentMr when calcium bound.
Thus, G4-6 gave a radius in EGTA of 3.53 nm, equivalent
to anMr of 64 300, which changed with calcium to a smaller
radius of 3.30 nm (Mr ) 55 000). The corresponding
reductions in apparentMr for G1-5 and G1-3 were 17%

and 12.5%, respectively. In all cases, these effects were
shown to be calcium specific (i.e., no differences( 1 mM
MgCl2 using 10-1000µM free calcium).
CD Measurements.Circular dichroism was used to test

whether the structural changes seen by DLS might reflect
any underlying changes in secondary structure. Samples
were assayed in 2.5 mM Tris-HCl pH 8.0, 0.1 mM EGTA,
and 50 mM NaCl and then reanalyzed following the addition
of magnesium or calcium to the samples. The inclusion of
1 mMMgCl2 on its own resulted in a small shift in the profile
for G1-3 to one of less secondary structure (R-helix and
â-strands), but no effects were seen with any of the other
GS constructs.
Similar changes were seen in the CD spectra for both GS

and G2-6 during the switch to calcium, indicating a shift
to a more random structure (Figure 7). CONTIN program
analysis(27) indicated a mix of∼18%R-helix, 37%â-sheet,
and 44% random structure in EGTA, changing to one
containing 5% more random structure in calcium. These
values compare well with those of ref31, who calculated
∼14%R-helix, 45%â-sheet, and 40% random structure for
GS in the EGTA.
The profiles for G4-6 and G1-5 were similar to each

other but showed the opposite effect to those for GS and
G2-6 (Figure 7). Addition of calcium resulted in a major

FIGURE 5: Polyacrylamide gel electrophoresis of plasmin digests
of G1-5: (A) 3 h digestion in calcium; (B) 3 h digestion in EGTA.
The major bands are as follows: 1) G1-5, 2 ) G2-5 (His151
N-terminus), 3) G3-5 (Ala229 N-terminus), 4) G4-5 (Asn368
N-terminus), 5) G1. C and D are immunoblots of A and B using
the monoclonal antibody specific for G5.

Table 1: Summary of the Effects of Ca2+ on the Changes in
Hydrodynamic Radii (RH) and ApparentMr As Determined by
Dynamic Light Scatteringa

construct
RH

DLS (%)
apparentMr

DLS (%)
% R-helix

CD
backbone

CD

GS +11 +28 -6.7 less structured
G2-6 +5 +13 -6.5 less structured
G1-3 -5 -11 no change less structured
G1-5 -8 -16 +10.3 more structured
G4-6 -7 -15 +13.4 more structured
a% R-helix is from the mean residue ellipticity at 222 nm (peak of

R-helical activity) and general backbone structure by CD. Note that
the changes in CD responses occurred at calcium concentrations in the
low nanomolar range, but light scattering changes needed close to
micromolar calcium for completion.

FIGURE 6: Dynamic light scattering measurements on plasma GS
showing the variation of apparentMr with pCa. Open circles are
measurements starting in EGTA with additions of calcium, while
closed circles show the reverse process, adding EGTA. The calcium
concentration for 50% change) 30 nM.

FIGURE 7: CD profiles for 2.6µM GS, 8.2µM G4-6, 2.8 µM
G2-6, and 3.5µMG1-5 assayed in the presence of 0.2 mM EGTA
(solid lines) or 10µM Ca2+ (dotted lines).
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shift at∼222 nm, a point of peak activity forR-helix, i.e.,
calcium binding increases the extent ofR-helix. On the basis
of the estimates of free calcium concentration, the spectral
changes for GS, G1-5, and G2-6 at∼ 6 nM free calcium
were 90% of those at 10µM, and no further changes were
detected at 1 mM calcium. To confirm that these effects
were reversible, EGTA was added back to the samples in
the cuvettes. Little or no reversal in CD signals was seen
for any of the constructs until the calcium concentration had
been reduced to sub-nM levels. Similar results were obtained
for the bacterially expressed GS and the reduced GS, but
there was no effect of calcium on the CD spectrum of G1
and little effect on G1-3.

DISCUSSION

Proteolytic Susceptibility.The most interesting finding
in this work is that GS cleaved with plasmin at the G1/G2
boundary between Lys150 and His151 retains its structural
integrity and the inaccessibility of its actin-binding sites in
the absence of calcium, but on addition of calcium the G1
domain binds G-actin and G2-6 binds filaments. We also
demonstrate that G1 and G2-6 associate in the absence of
calcium to give a noncovalent complex that behaves like
native GS in not binding actin. Three actin binding sites
were detected when calcium was added, as expected since
G2-6 binds two actins and G1 binds one. Half-maximal
actin binding occurred at 3µM calcium at pH 8.0 (Figure
4), and non-linear least-squares fitting suggested cooperative
binding, as has previously been demonstrated for both GS
and G2-6 (10).
The cleavage pattern seen with our bacterially expressed

GS is distinct from that reported elsewhere(30). When we
treated our GS with DTT to reduce the disulfide bond
between Cys188 and Cys201, plasmin gave a second cleavage
between Arg228and Ala229. This suggests that our bacterially
expressed GS is like native plasma GS in containing the
disulfide bond(30). Cleavage at this second position causes
the digested GS to fall apart in EGTA. These results
demonstrate the importance of the disulfide bond in stabiliz-
ing the structure of plasma GS. Moreover, the finding that
our GS has the same proteolytic susceptibility as the plasma
form explains our earlier findings that there were no
significant differences in actin-binding activities of this GS
and native human plasma GS(10). This contrasts with the
recent report showing weaker severing and nucleating
activities of the bacterially expressed form lacking the
disulfide (32).
These results can now be considered in the light of the

three-dimensional structure of GS(6). On the basis of this
structure, the plasmin-susceptible bond is located within G2,
in a region between the N-terminalâ-strand that links to G1
and the centralâ-sheet of G2. (Burtnick defines the domain
boundaries slightly differently on the basis of the structure
than those proposed earlier from the sequence repeats.) This
cleavage site does not appear to be in a position to contact
directly either G1 or G3 so the fact that the protein does not
fall apart must depend on other interactions holding G1 in
place. Burtnick has reported that G1 and G3 form an
intimate contact through a continuousâ-sheet, while G2 is
relatively isolated from both G1 and G3 (shown schemati-
cally in Figure 8). This contact provides structural stabiliza-
tion within G1-3 and probably accounts for the observation

that G1 and G2-6 form a noncovalent complex in the
absence of calcium. Since the cleaved GS falls apart in
calcium, either this contact is not maintained under these
conditions or other features of the GS structure in EGTA
are essential for its stability. One important feature is the
noncovalent interaction between the C-terminal helix of G6
(residues 745-754) and the long helix of G2(6). This
contact closes the molecule to give a globular shape with
G1-3 and G4-6 related by a rotation of 180°, which places
the potential actin monomer binding sites in an antiparallel
orientation (Figure 8). The presence of this interaction
between G6 and G2 explains earlier experiments showing
that calcium control of severing activity is lost on removal
of the C-terminal 23 residues of GS(28).
The disulfide bond in G2 is located between the C and D

strands of theâ sheet that form part of the central core,
parallel to the long helix. Loss of this disulfide results in
additional plasmin susceptibility at Arg228/Ala229, i.e., be-
tween the C-terminal end of the long helix and strand E of
the beta sheet, both of which appear to be close to the binding
site for the C-terminal helix of G6. Since following this
second cleavage the molecule does not hold together in
EGTA, this suggests that the G6 helix is no longer held in
place and the G1:G3 contact is consequently broken. The
structural model shows that G3 is located in a postion that
would prevent actin reaching the G1 binding site(6). Our
observations suggest that releasing the connection between
G6 and G2 disrupts the G1-G3 “latch”, thereby making the
G1 binding site accessible.
Plasmin digestion of G1-5 showed rapid cleavage be-

tween Lys150 and His151 in both calcium and EGTA.
Digestion was more rapid for G1-5 than intact GS,
suggesting that the protease-sensitive site is more accessible
in the absence of the G6 link. Further degradation occurred
particularly in the absence of calcium, initially between
Arg228 and Ala229, then between Lys367 and Asn368 near the
C-terminus of G3. These results suggest that binding the
G6 helix to its site in G2 makes the cleavage site between
Arg228 and Ala229 inaccessible to plasmin. The difference
in proteolytic susceptibility of both G1-5 and G1-3 (
calcium supports the evidence for calcium binding to G2-3
because G1 does not bind calcium(17).
Dynamic Light Scattering.Calcium increased the hydro-

dynamic radius of GS and G2-6, as previously reported for
GS elsewhere(12). The results are consistent with an
opening of the molecule due to release of the G6 terminal
helix from the core of G2. Half-maximal effect for GS
occurred at∼30 nM calcium, a similar order of magnitude

FIGURE 8: Schematic representation of the structure of GS in the
EGTA form (6), with G-actin binding sites on G1 and G4 (hatched)
and the F-actin binding on G2 (shaded). The C-terminalR-helix
from G6 interacts with G2, and the potential anti-parallelâ-strand
“latch” between G1 and G3 are shown as arrows. Calcium binding
sites are shown between G4 and G5 and within G6 with a third
site in G1-3.
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to the calcium binding affinity of G5-6 (Kd∼ 0.2µM) (8).
Calcium binding also affected the hydrodynamic radii of
G1-5 and G4-6, but in these cases there was a reduction
in apparentMr. The results for G4-6 confirm those reported
earlier (13). It should be noted that the structural changes
in GS occurred at a much lower calcium concentration than
that needed for actin binding by reconstituted GS (50%
activation at 3µM calcium, see above). This suggests that
while low calcium concentrations may promote the structural
changes that unlatch the closed structure of GS, other calcium
binding sites must be occupied for actin binding to occur.
These could include the site in G4-5 (8) and possibly also
that in G1-3 identified earlier(10). We have repeated the
equilibrium dialysis measurements for calcium binding to
G1-3 and obtained saturation at∼1.4 calcium bound per
G1-3 with aKd e 0.2µM (data not shown). Selden et al.
have also reported calcium-induced conformational changes
in G1-3 related to its severing activity(33).

Circular Dichroism. Changes in CD spectra were ob-
served that mirrored the patterns seen by dynamic light
scattering. Thus, the effects of calcium on GS and G2-6
were similar but opposite to those for G1-5 and G4-6.
These changes occurred at very low calcium concentrations
(∼10 nM). Earlier CD measurements were made either in
the absence of Mg2+ in the near-UV with 5 mM Ca2+ (34)
or in the far-UV with 100µM Ca2+ (35). Our results are in
general agreement with these, i.e., calcium reduces the extent
of secondary structure in GS. Because the structural folds
of the individual domains are so similar(6) and not all
domains bind calcium, it seems unlikely that calcium will
induce large changes of secondary structure within the
individual domains: rather it is the interaction between
domains that is likely to be modulated by calcium ions.

While CD monitors changes in secondary structure, light
scattering detects changes in the diffusional properties arising
from overall shape, i.e., global arrangement of domains
within GS. These responses occurred at calcium concentra-
tions in the low nanomolar range, but the light scattering
changes needed close to micromolar calcium for completion.
Calcium binding sites withKd values in the low nanomolar
range have not been reported for GS, but in the case of villin,
a high-affinity nonexchangeable calcium site was identified
in the core domain(36). (We tested for high affinity sites
by denaturing GS with guanidine hydrochloride in the
presence of EGTA and refolding in the presence of Ca45 but
were unable to find any (AGW unpublished)). Thus, the
only calcium binding sites to which these structural changes
can at present be related are those in G5-6 (Kd ∼ 200 nM)
(8) and G1-3.
Model for Calcium ActiVation of GS. Assuming that

activation of GS occurs initially by calcium binding to G6,
our results suggest that this causes a condensation of G4-6
and opens the GS molecule to give a higher apparentMr

(Table 1) by releasing the link between the C-terminus of
G6 and G2. This loss of constraint on G2 weakens the
noncovalent bond between G1 and G3, thereby making
accessible the actin binding sites required for severing (G2
and G1) and nucleation (G4-6 and G2). It is important to
note that in G1-5, where this link does not exist, the actin
binding sites are accessible to actin( calcium as they are
also when only the last 23 residues to GS have been removed
(28). Nevertheless, higher calcium concentrations are

required to promote actin binding than to induce these
structural changes. Our finding that reduction of the disulfide
in G2 results in additional plasmin susceptibility and dis-
sociation of the digested protein in EGTA emphasizes the
importance of the stability of the structural core of G2 in
holding the G6 terminal helix in place and maintaining the
G1:G3 contact.
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