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Ca?* Regulation of Gelsolin Activity: Binding and Severing of F-actin
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ABSTRACT Regulation of the F-actin severing activity of gelsolin by Ca®?* has been investigated under physiologic ionic
conditions. Tryptophan fluorescence intensity measurements indicate that gelsolin contains at least two Ca®* binding sites
with affinities of 2.5 X 10" M~ and 1.5 X 10° M. At F-actin and gelsolin concentrations in the range of those found
intracellularly, gelsolin is able to bind F-actin with half-maximum binding at 0.14 uM free Ca2* concentration. Steady-state
measurements of gelsolin-induced actin depolymerization suggest that half-maximum depolymerization occurs at ~0.4 uM
free Ca®* concentration. Dynamic light scattering measurements of the translational diffusion coefficient for actin filaments
and nucleated polymerization assays for number concentration of actin filaments both indicate that severing of F-actin occurs
slowly at micromolar free Ca®* concentrations. The data suggest that binding of Ca®* to the gelsolin-F-actin complex is the
rate-limiting step for F-actin severing by gelsolin; this Ca®* binding event is a committed step that results in a Ca®* ion bound
at a high-affinity, EGTA-resistant site. The very high affinity of gelsolin for the barbed end of an actin filament drives the
binding reaction equilibrium toward completion under conditions where the reaction rate is slow.

INTRODUCTION

Gelsolin is a C&"-activated actin-binding protein consist- human neoplastic lesions, including bladder, breast, and
ing of six homologous domains (G1-6). A ternary complexcolon cancers (Asch et al., 1996).

of gelsolin and two actin monomers acts as a nucleus for The C&" regulation of gelsolin function has been de-
actin polymerization, resulting in elongation at the pointedscribed in a number of conflicting reports. Early studies
end of the actin filament (Wegner et al., 1994). Gelsolinindicated that~1 uM Ca?* was needed for activation of
binds to F-actin and severs the actin filament by breakingyelsolin binding and severing of F-actin (Yin and Stossel,
the noncovalent bonds between actin monomers in a polyt979). More recent studies, however, suggest thai¥0
mer; the final products of the severing reaction are two actiriree C&" is needed for half-maximum activation of gelsolin
filaments, one of which contains gelsolin bound to thesevering and nucleating activity (Lamb et al., 1993) and that
barbed end with very high affinity (estimated to bel0'*  F-actin binding by gelsolin is regulated by free®Can the
M~ (Janmey et al., 1985). High-affinity complexes of 100-uM range (Allen and Janmey, 1994). It has been shown
gelsolin with G-actin and F-actin (i.e., capped filaments),that a C&"-induced gelsolin conformational change that is
which form in the presence of €4, are not dissociated by half-maximum at a free Ga concentration of~30 nM
chelation of the free Cd, but require binding of phospha- results in an increase in the hydrodynamic radius, which is
tidylinositol phosphates (phosphatidylinositol (4) phosphatehought to be due to the release of interactions between G6
(PIP) and phosphatidylinositol (4, 5) bisphosphate {pIP and G2, which opens up the gelsolin molecule (Burtnick et
by gelsolin to dissociate the complexes (Janmey et alal., 1997; Pope et al., 1997). The monomeric actin binding
1987). In addition to the direct regulation of actin filaments, sites of gelsolin are reported to be exposed b Cznding
gelsolin may serve to modify a number of cellular activitiesto another site, resulting in half-maximum actin binding at
through its interaction with membrane lipids, related en-3 uM Ca®" (Pope et al., 1997). Another study reported that
zymes, and cytoskeletal elements. The reported cellulamonomeric actin binding was regulated by’Céinding at
roles of gelsolin include regulation of lipid metabolism two sites with dissociation constants of 2M and 200uM
(Baldassare et al., 1997; Singh et al., 1996; Steed et al(Ditsch and Wegner, 1995).

1996), control of ion channels (Ismailov et al., 1997; Maxi- Reports indicating that high free €aconcentrations are
mov et al., 1997), participation in apoptosis (Kothakota etnecessary for gelsolin activation bring into question the role
al., 1997; Ohtsu et al., 1997), and activation of DNase Igelsolin plays in vivo, where the resting intracellular’Ca
(Davoodian et al., 1997). Gelsolin is down-regulated inlevels are around 0.2M. However, evidence suggests that
intracellular gelsolin does play a role in cell motility. Plate-
lets, neutrophils, fibroblasts, and neurons from gelsolin-null
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barbed ends, allowing rapid actin polymerization (Hartwig, which exposes the F-actin binding site on gelsolin GZ'Ca
1992; Hartwig et al., 1995; Lind et al., 1987). In activated binds to G1 in the gelsolin-F-actin complex and becomes
neutrophils, pathways involving the GTP-binding proteintrapped as a result of conformational changes during severing.
Rac control gelsolin-actin dissociation and subsequent actin
polymerization (Arcaro, 1998).

Evidence that describes the putative mechanism by whicMATERIALS AND METHODS
gelsolin can break the bonds between the tightly associatefyqtein preparation
actin monomers within an actin filament has been derived

mostly from structural data. Analysis of the actions of theGeIsolin was prgpared from_ human plasma by the method of Kurokawa et
domains of gelsolin has revealed three actin-binding site al. (1990) and dialyzed against 10 mM HEPES, pH 7.0, 50 mM NaCl, 0.1
Y 9 Sl€Sy M EGTA, 0.5 mM dithiotreitol (DTT), 0.01% Nal When necessary,

one F-actin binding site located on G2, and two G-actingeisolin was concentrated using Centriplus 30 concentrators (Amicon).
binding sites, one each on G1 and G4 (Bryan and Kurthaliquots were quickly frozen in liquid nitrogen and stored-a80°C.
1984; Kwiatkowski et al., 1989; McLaughIin et al., 1993; Actin was prepared from rabbit skeletal muscle acetone powder by a
Pope et al., 1995; Way et al., 1989). Recent reports of th@odification of previously published procedures (Estes et al., 1981) as
Crystal structure of gelsolin (Without bound %ja (Burtnick follows. After acetone powder extraction, the slurry was centrifuged at
. .16,000 X g for 20 min, and the supernatant was further clarified by
etal., 1997) and the structure of the complex of F-actin withgenrifugation at 200,006 g for 30 min. The supernatant was converted
G2-6, based on electron microscopic reconstructions (Mcto Mg-actin by the addition of 0.2 mM MgGland 0.5 mM EGTA. The
Gough et al., 1998), support the view that initially G2 bindsMg-actin was polymerized by the addition of 100 mM KCl, 2 mM MgCl
to F-actin and then G1 intercalates between two |0ngitudi-and 1 mM ATP. At this step, the actin is allowed to polymerize for at least
v adi t actin subunits in th lvmer. thereby br k-l h and may be left overnight. After polymerization is complete, 0.8 M KCI
_na y adjacent actin subunits e pOY er, the e y ea final concentration) was added and the solution was incubated for 2 h. The
ing the bonds between them and severing the actin fllameniolution was then centrifuged at 200,080g for 2 h. The pellets were
In previously published work we showed that, at high collected and homogenized in 150 ml of 2 mM Tris, pH 8.0, 100 mM KCl,
Ca* concentration (0.5 mM), gelsolin binds to F-actin with 2 mM MgCl, 0.5 mM ATP, 0.5 mM EGTA, and 0.5 mM DTT and
a diffusion limited second-order rate constani 20° M1 centrifuged at 200,00 g for 2 h. The pellets were collected, homoge-

s !, and severs F-actin in an apparent first-order rocesnized in 2 mM Tris, pH 8.0, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaLl
’ pp P §nd 0.01% Nal| and brought to a concentration 6f120 uM. The actin

(Kinosian et al., 1996). In the present report, we investigat&yas then dialyzed against 2 liters of the same buffer with two changes. This
gelsolin binding and severing of F-actin over a range ofmonomeric actin was clarified by centrifugation at 200,00@ for 3 h,
Cca&* concentrations and suggest a model for theée™Ca and the supernatants were filtered with a Oi48-filter and stored at 4°C.
regulation of gelsolin activity. Measurements of tryptophanBefore use, a final chromatographic step was used in which 40-50 mg of

fluorescence intensity indicate that gelsolin undergoes tw§c!" s passed through a 26100 cm Sephactyl S-300 column.
Yy 9 9 Actin was labeled with N-(1-pyrenyl) iodoacetamide (pyrene)

conformational changes in response to*Gawhich are (Kouyama and Mihashi, 1981) for fluorescence assays of gelsolin binding.
half-maximal at 0.04uM and 7 uM Ca*". Based on mea-
surements of gelsolin-induced actin depolymerization and
cosedimentation experiments, we find that gelsolin acts ifFree Ca®* concentration determination
vitro to bind, sever, and cap F-actin atZCaconcentrations Free C&" concentration up to 2uM was buffered using Cagland
approximating those within resting cells-0.2 uM). Anal- EGTA, and the free G4 concentration was calculated using a computer
ysis of the CA" concentration dependence for the initial program (Perrin and Sayce, 1967). Free? C@oncentration was also
rate of gelsolin-induced actin depolymerization yields half-measured using Fhe _flupresce_n_tzcandicator Fura 2FF (Texas Fluores-
maximum activity at 4QuM; in contrast, measurements of ¢€N¢® Labs), which is insensitive to Kﬂ*g Good agreement was found
. between calculated and measured freé‘Ceoncentrations.

the same samples at steady state show half-maximum de-
polymerization at 0.4«M Ca”". These apparently conflict-
ing results suggest an explanation for the inconsistent re€osedimentation of gelsolin and F-actin
ports of the C&" concentrations needed for regulation of Mg-actin was polymerized with 100 mM KCI and 2 mM MgCBolutions
gelsolln aCtI,Vlty,' We ShO\_N here, using separate dEtermmac-)fgSO—lOOMMpF—yactin were adjusted with CaChnd EGTA to obtain
tions of actin filament size and number, that the rate Ofvarious free C&" concentrations, and gelsolin (0.2—-Qu81) was added.
F-actin severing by gelsolin is dependent on the fre8"Ca The samples were typically incubated for half an hour, although overnight
concentration, but the severing reaction proceeds to comprcubation gave similar results. Samples were centrifuged for 40 min at 30
pletion, even at micromolar free €aconcentrations. The Psi in a Beckman Airfuge-£90,000x g). Supernatants were analyzed by
observed association rate of gelsolin with F-actin is Iinearlyzlcan”'ng densitometry (Molecular Dynamics model 300B) of Coomassie

. ue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis
dependent on the free €aconcentration and can be de- (SDS-PAGE) gels.
scribed as either a slow binding of €ato a gelsolin-F-
actin complex withk = 10° M~* s7%, or a third-order
process withk = 10'° M~? s, The binding of C&" by = Gelsolin-induced actin
gelsolin in the presence of F-actin leads to a committed stegdepolymerization experiments
that cannot be re\{erged b.y the ghglatlon of Caur results Pyrene-labeled Mg-actin was polymerized with 2 mM MgCI00 mM
suggest that an initial high-affinityk; = 40 nM) C&* KCl and diluted to 0.2uM in the same buffer; at steady state, the actin
binding by gelsolin dissociates the G2-G6 connectiongritical concentrationd) is 0.1 uM, and 0.1 M polymer is present.
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Severing and capping of the barbed actin filament end by gelsolin increasesentrations, and the desired free?Caoncentrations were obtained with
the actinc, to that for the pointed end, 0,ZM, and results in depolymer-  mixtures of CaCJ and EGTA. The fluorescence intensity time course was
ization of the F-actin. The free & concentration in the F-actin samples recorded for pyrene-F-actin as either 10 nM gelsolin was added to 100 nM
was adjusted with EGTA. To minimize perturbations in the sample, rathepyrene-F-actin or 100 nM gelsolin was added to 10 nM pyrene-F-actin. The
than diluting F-actin to a concentration below the we added 0.0uM fluorescence intensity for TRITC-phalloidin was recorded as 100 nM
gelsolin directly to 0.2uM F-actin in the cuvette with stirring while the gelsolin was added to 10 nM F-actin containing equimolar TRITC phal-
fluorescence intensity time course was being recorded; this proceduridin. The time course data were fit by an equation containing two
allowed accurate monitoring of the initial time course of depolymerization.exponential rate constants:

F(t) = AF; - exp(—kqt) + AF, - exp(—kyt) + F() 3)

whereAF; andAF, are the fluorescence intensity changes for each phase,

Samples were prepared by diluting actin to the desired concentration anky and k, are the rate constants for each phase, &) is the final
filtering (0.08m Nuclepore) directly into optical cuvettes (sample volume fluorescence intensity value. All experiments are considered to be pseudo-
0.4-1 ml). Small volumes of polymerizing salts (0.1 M K&l 2 mM first-order because the concentration of one reactant is 10 times greater
MgCl,) were added to the actin, and after monitoring polymerization bythan the other; thus the value fé is equal to eitheik, [gelsolin] for
dynamic light scattering (DLS), EGTA and/or CaGlas added to bring ~ €Xperiments containing 100 nM gelsolin ky[F-actin] for experiments

the sample to the desired free calcium concentration. At time 0, gelsoliffontaining 100 nM F-actin, whete, is the second-order association rate
was added to a molar ratio of 20:1 actin:gelsolin, and DLS was used tgonstant.

monitor the severing of actin filaments. DLS data were obtained at room

temperature at a laser wavelength of 514.5 nm and a scattering angle of

90°, as previously described (Newman et al.,, 1982). Consecutive ZO-BESULTS

experiments were performed to monitor the changes in actin diffusion~ o4+ , . .. - .
coefficient,D, determined by cumulant analysis. The time coursb wfas Ca”" binding to gelsolin induces conformational

fit by a single-exponential function to obtain a characteristic severing rat«changes determined by tryptophan

Dynamic light scattering

for gelsolin at the given solvent conditions. fluorescence intensity

Gelsolin was titrated with Caglin the presence of EGTA to
Monomer add-on assay for actin filament various free C&" concentrations. Fig. 1 shows the trypto-
number concentration phan fluorescence intensity of gelsolin as a function of free

Ca" concentration. The symbols represent individual titra-

The actin filament number concentration was assayed by monitoring th?ions which were done in the presencirdles) or absence
rate of addition of monomeric pyrenyl-actin to the pointed ends of gelsolin- ! p

severed actin filaments. In the presence of various fre& @ancentra- (Square$ of 2 mM M9C|2- Th_e Iir_1es are fits to the data,
tions, 50 nM gelsolin was added to AM unlabeled F-actin. At timed ~ uSing two hyperbolic terms yielding, values of 0.05 £
intervals EGTA (in excess of Caglwas added to stop severing,uM 0.01) uM and 6.0 (= 3.6) uM in the presence of 2 mM

pyrenyl-G-actin was added, and the resultant fluorescence intensity inMgCl (circles solid "ne or K. values of 0 03t 0 Ol)MM
crease recorded. The observed rate constant for polymerization is propor- 2 ! d ' j

and 8.3 (= 1.7) uM in the absence of MgGl(squares,

tional to the number concentration of actin filaments present. An exponen-

tial function was fit to the time course of polymerization: dashed ling The presence of 2 mM MggHid not signif-
icantly affect the apparent equilibrium dissociation con-
F(t) = Fo + AF{1 — exp(—kopd)} (1) stants for C&'. The data indicate that gelsolin undergoes

where R is the initial fluorescence intensity valuAF is the change in conformational changes induced by anb'ndmg at two

fluorescence intensity, and ks the observed first order rate constant for Separate sites, although the stoichiometry of ‘Chinding
polymerization. The observed rate constagik= mk, where mis the  at each site could not be determined.

number concentration of actin filaments angi& the second order rate
constant for monomer addition onto the pointed ends of filaments (the
barbed ends are gelsolin-capped). The number concentration of filaments,

o T
m, produced by the severing of F-actin by gelsolin, was calculated: % 1005
o 098
— (72}
m= G X (kobs_ kmin)/(kmax - I(min) (2) g 0.96
3
whereG is the gelsolin concentratiok,,, is the value obtained fd¢,,in = 0.94
the absence of G4, andk,,,,is the value obtained fdg,,.in the presence 8 092
of 500 uM Ca&*. Thusk.,, represent&,,.in the presence of no additional S
) ) . 2 090
filaments produced by severing, akg.,representg,,in the presence of o
the maximum number of filaments produced by severing. E 0.88 e
0.001 0.01 0.1 1 10 100 1000
. I I 2
Gelsolin binding to F-actin in the [Ca™] (uM)

presence of phalloidin o i ]
FIGURE 1 Titration of gelsolin tryptophan fluorescence witifCarhe

Actin was polymerized with 100 mM KCI, 2 mM Mggl 0.2 mM ATP, symbols represent data for titrations of 0.g84 gelsolin, in 10 mM
and either equimolar phalloidin or tetramethylrhodamine isothiocyanateHEPES, pH 7.0, 100 mM KCI, 0.1 mM EGTA. The lines are fits to the
phalloidin (TRITC-phalloidin). Experiments were carried out by rapidly data, using two hyperbolic terms with appar&jtvalues of 0.05 £0.01)
mixing gelsolin with F-actin in a X 1 cm cuvette with constant stirring. uM and 6.0 ¢-3.6) uM in the presence of 2 mM MgGIl(—O—) or K4
Fluorescence intensity was monitored with an Aminco Bowman AB2values of 0.03 £ 0.01) uM and 8.3 (1.7) uM in the absence of MgGl
spectrofluorometer. F-actin was diluted to either 10 nM or 100 nM con-(— —[] - -).
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Cosedimentation of gelsolin with F-actin — T T T T T T

A 100 1 4M
To investigate the binding of gelsolin at approximately 95
physiologic protein concentrations, we incubated QM
gelsolin with 80-100uM F-actin at various free Ca 90
concentrations. The samples were centrifuged and the su- % 85
pernatant contents analyzed by densitometric scanning of E 80 L ~ ool o com "
Coomassie blue-stained SDS-PAGE gels. The results in Fig. g ’§ ‘Z‘c’r‘:go?%—‘—'f—%'—%
2 show the fraction of gelsolin in the supernatants as a W 75 F oo T atwetasas 10uM
function of free CA" concentration; the line is a fit to the oL 3 M H N
data with an apparei, of 0.14 (+ 0.04) uM. These results = o0 Mithad
suggest that significant binding of gelsolin to F-actin may 65 © et " 7
occur in vivo, where the resting intracellular free “Ca go bl v v 1l
concentration is in the range of 0.14M. 0 100 200 300
B Time (sec)
0.6 [rrr—r—rr T

Gelsolin-induced depolymerization of F-actin

Fig. 3 shows the results of gelsolin-induced actin depoly-
merization experiments. Fig.8shows typical time courses

for actin depolymerization induced by severing and barbed-
end capping of F-actin by gelsolin at the indicated freé'Ca

concentrations. The inset shows the first derivatives of the
depolymerization time courses; the increasingly negative
derivative for the 5 and 1AM Ca?* samples indicates that

the depolymerization accelerates during the first few min-
utes. We interpret this as due to the slow severing of actin
filaments during the depolymerization time course, with 0.8

Initial rate (nM sec™)

(@

formation of more pointed actin filament ends and, thus, an §

increasing depolymerization rate. FigBhows the values R 06

determined for the initial depolymerization rates as a func- @

tion of free C&" concentration; the line is a binding func- S o4

tion fit to the data with half-saturation at 3i Ca?". Fig. ﬁ

3 C shows the steady-state fluorescence values after 18 h of '% 0.2

incubation; a fit to the data with the Hill equation yields E

Ky = 0.42 (= 0.02) uM andn = 2.5 (= 0.2). Thus, even 0.0 Ltinml 1 ivomd il o
though the actin depolymerization rates suggest that half- 001 0.1 1 10 100 1000
maximum gelsolin activity requires-40 uM Ca*, given [Ca®'] (UM)

enough time, gelsolin activity is evident even at fre¢ Ca

concentration below LM. FIGURE 3 Depolymerization of actin induced by gelsolid) (Time

courses for depolymerization of pyrene-F-actin after the addition of 10 nM
gelsolin at various free G4 concentrations. The inset shows the first

1.0 derivative of the depolymerization time courses for the 1, 2, 5, andMO0
c r Ca&" samples ffom top to bottom, respectivgélyThe initial rates of
?) 0.8 - ) depolymerization are plotted i@ as a function of the free G4 concen-
© I tration. The line is a fit to a binding equation with a half-maximum initial
i 06 — — rate at 37 £ 8) uM free C&* concentration.€) Values for the pyrene-
2 04l | actin fluorescence after 18 h of incubation, and the line is a fit by the Hill
% | equation with half-maximum actin depolymerization at 0.420.02) uM,
S 02} i andn = 2.5 (= 0.2).
L L

0.0 bt el

0.01 0.1 1 10
24 Measurements of F-actin severing by gelsolin
[Ca™] (uM)

Because gelsolin-induced actin depolymerization assays in-
FIGURE 2 Cosedimentation of gelsolin with F-actin. Gelsolin (0.2-0.3 djcate that the time courses for Severing and depo|ymeriza-

uM) and F-actin (80—10@.M) were mixed in the presence of various free tion overlap determining the amount and rate of severing by
Ca* concentrations and centrifuged. The gelsolin in the supernatant was ’

assayed by scanning densitometry of Coomassie blue-stained SDS—PAC;QEElSOIm by such assays IS SfomeWhaF amblguous' We have
gels. The line is a binding curve fit to the data wkij = 0.14 (= 0.04) th_erefore employed alterna_tlve technigues to measure sev-
uM. ering. Dynamic light scattering (DLS) measurements do not
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perturb the sample and provide an estimate of polymer size. A
We have also used the rate of nucleated actin polymeriza-
tion as an assay for the number of polymers in solution. N 8r
Results obtained using these two independent methods cor- 8
relate well with each other, as described below. NE 61
B af
Dynamic light scattering measurements of oy /
F-actin severing by gelsolin o o2l &
The time course of F-actin severing by gelsolin was fol- 6 '50'00' T 10000
lowed using DLS to determine the translational diffusion B ]
coefficient,D, which is inversely proportional to the length Time (sec)
of the polymers. The time course bfcan be followed only 0051 - 5<I)uMICa2I‘ T T T 'y
for relatively low C&" concentrations and slow severing K/___
rates because each measuremer oéquires~20 s. Fig. 0.04 20 pM Ca™

4 A shows representative data obtained at several fréé Ca
concentrations with .uM F-actin and 0.25.M gelsolin.

The observed severing rate constants decrease markedly
with decreasing free Ga concentration, but the final val-
ues obtained fob indicate that the extent of the severing e
reaction did not vary with free a concentration. The 0 1000 2000
presence of phalloidin had little effect on the rate constant Time (sec)

for severing (data not shown). C 100 e

0.03 -
0.02

0.01 A

Actin filaments (uM)

Monomeric actin add-on assay of F-actin 107 + T

severing by gelsolin 102

(sec™

To assay for severing on a faster time scale than could be
achieved with DLS measurements, the observed rate con-
stant for polymerization of pyrene-actin onto the pointed

ends of actin filaments was used to assay for the number 10 T
concentration of actin polymers. Fig. B shows the time 1 10 100
course for severing of &M F-actin by 0.05uM gelsolin at [Ca® (uM)

the indicated free Gd concentrations. The lines are fits to
the data by a single-exponential function.

sev

10% | 1

k

FIGURE 4 Severing of F-actin by gelsolinA)Y Representative time
courses of the translational diffusion coefficients for actin polymers mea-
Summary of severing rate sured by dynamic light scattering. Gelsolin at a molar ratio of 1:20 was
constant measurements added to solutions of 5-10M F-actin in the presence of various concen-
trations of free C&', as indicated. Lines are exponential fits to the da@j. (

Fig. 4 C shows the observed severing rate constdats, Time course data for actin monomer add-on assays (as described in
determined from DLS experimentsil(cles) and monomeric Materials and Methods) in the presence of various fre&" Gmncentra-

ti dd . tari | t . f o s tions, as indicated. Lines are exponential fits to the d&pThe values for
actin add-on experimentsrigngles at various free the observed severing rate constgt, as determined from DLSX; error

concentrations. All experiments used a gelsolin:actin molapars represent the standard deviation for two to six determinations) and by
ratio of 1:20. The results for the two independent methodsnonomer add-on experimenta), The line is a linear regression to the
show good correlation with one another; the log-log slopgog-log plot with a slope of 1.85% 0.18).

for the add-on data alone is 1.9% (0.23) and for DLS data

alone is 1.62 £ 0.25). The solid line is a linear fit to the

log-log plot of all of the data with a slope of 1.85 (0.18). pyrene-F-acti_n _ﬂuorescence intgnsity or the quenching of
These results indicate that gelsolin can sever F-actin atRITC-phalloidin fluorescence intensity (Allen and Jan-
micromolar free C&" concentrations, although at very slow Mey, 1994; Kinosian et al., 1996). The presence of phalloi-
rates, and the Hill coefficient of 1.85 suggests that moredin or TRITC-phalloidin prevents depolymerization of F-

than one C&" binding site affects the severing rate. actin, which would otherwise result from capping of actin
filament barbed ends by gelsolin (Kinosian et al., 1996). At

micromolar C&" concentrations, the association of gelsolin
with phalloidin-stabilized F-actin is biphasic. Fig. A
shows representative time courses for pyrene-F-actin bind-
The association of gelsolin with F-actin in the presence ofng by gelsolin in the presence of various free?Caon-
phalloidin was detected by monitoring the quenching ofcentrations as indicated. The lines are fits to the data using

Fluorescence assays for the binding of gelsolin
to phalloidin-stabilized F-actin
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filaments. Although the rate of gelsolin binding and sever-
ing of F-actin at micromolar free Ga concentrations ap-
pears to be orders of magnitude less than maximum, the
very high affinity of gelsolin for F-actin drives the reaction
toward completion. Thus the apparent contradictions in the
reported C&" sensitivity for gelsolin (Allen and Janmey,
1994; Lamb et al., 1993; Yin and Stossel, 1979) can be
reconciled when one considers that the rate of severing
varies greatly over a wide range of free*Caoncentration,
whereas the extent of the reaction is complete. Moreover,
different assays for gelsolin activity can produce different

apparent results.

Ca®*-induced conformational changes in gelsolin

o A variety of studies have found that gelsolin contains three
Cé&*-binding sites: a site located on G5—6 binds with a
K4 = 30 nM, a site located on G4 -5 binds wkly = 2 uM,

and a site on G2 that binds withkg = 3 uM in the absence

of actin, but which becomes “trapped” in the actin-gelsolin
complex (Pope et al., 1995; Pope et al., 1997; Weeds et al.,
1995). We find the C& -induced tryptophan fluorescence
intensity changes in gelsolin are consistent with twg Ga
binding sites withKy values of 0.04uM and 7 uM. The
higher affinity site appears to correlate with a reported
FIGURE 5 Association of gelsolin with phalloidin-stabilized F-actin in change in hydrodynamic radius that was half-maximum at
the presence of various concentrations of freé'C&amples contain 100 30 nM C&* (Pope et al., 1997). This @4-induced con-

mM KCI, 2 mM MgCl,, 0.2 mM ATP, 10 mM HEPES, pH 7.0, 1 mM f . lch is th ht t It f the di iati
EGTA, and various concentrations of CaC(A) Representative time ormational change Is thought to result from the dissociation

course data for 10 nM gelsolin and 100 nM pyrene-F-actin/phalloidin at thedf G6 from G2 and an opening up of the gelsolin molecule
indicated free C&" concentrations.B) The symbols represent the pseudo- (Burtnick et al., 1997; Pope et al., 1997). The fluorescence

first-order rate constants for the association of gelsolin and F-agtfrofn intensity decrease resulting from the binding ofCat the
Eq. 3) for 10 nM gelsolin and 100 nM F-actifd), 100 nM gelsolin and 10 7-uM site may reflect the unlatching of G1 and G3, result-

nM pyrene-F-actin[(J), and 100 nM gelsolin and 10 nM F-actin/TRITC- . . . S . .
phalloidin (). The line is a linear regression to the data with a slopexf 2 ing In the_ exposure Qf the G_l aCtln'blnd|n+g site, producmg
10° M1 s L. The inset shows the same data at the lower range &f Ca half-maximum G-actin binding at AM Ca’" (Pope et al.,

concentrations. 1997). Alternatively, G4—6 has been shown to undergo
C&*-induced conformational changes (Hellweg et al.,
1993; Pope et al., 1997); the tryptophan fluorescence

. ~ i . .
Eqg. 3. Fig. 5B shows the observed pseudo-first-order ratequenCh'Eg Ig%:b? 'LO’I“M Ca}Z )I maty ge dug4|n5Whor:§ r(])r n
constant for association of gelsolin with F-actia from Eq. part to the -binding site located on —>, Which Teg-

3), determined for a range of free €aconcentrations. A ulates the binding of actin by G4 (Pope et al., 1995).

linear regression for the data yields a slope of 20° M ~*

s 1. The data are consistent with either a slow activation of ey .

gelsolin by C&" binding or a third-order process in which F-actin binding by gelsolin

Ca", F-actin, and gelsolin form a complex with a rate Binding of G2 between actin subdomains 1 and 3 positions
constantof 2< 1M~ *s %10 'M =2 x 10'°°M ?s™*.  G1 so that it may intercalate between two longitudinally
associated actin monomers (McGough et al., 1998). The
Ca* concentration at which F-actin binding is at half-
DISCUSSION maximum, 0.14uM, is in the range of the C4 concentra-

In the present study, we have sought to reconcile conflictingions at which the initial gelsolin conformational change is
reports on the Ca concentration dependence of gelsolin at half-maximum, 0.04M. Our data (Figs. 1 and 2) suggest
activity and to correlate the functional properties of gelsolinthat once the G2-G6 latch is released by?Cainding
with the recent structural data reported for gelsolin (Burt-(Burtnick et al., 1997; Pope et al., 1997), the G2 F-actin
nick et al., 1997; McGough et al., 1998; Pope et al., 1997)binding site becomes exposed and is able to bind F-actin.
Our data suggest that at physiologic ionic strength, and aDur observed half-maximum F-actin binding occurs at a
Ca* and protein concentrations approximating those foundC&" concentration about threefold greater than the initial
intracellularly, gelsolin functions to sever and cap actinhigh-affinity C&" binding, so it appears that the €a

~
.
(5]
g of
8
<

0 200 400 600 800 1000
[Ca®"] (M)
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induced conformational change may not be just a simple€€a®* regulation of gelsolin activity
switch mechanism that turns on F-actin binding. It is pos- . . .

. . ) N . . ... We have previously observed that the severing reaction can
sible that in the “open” conformation of gelsolin (with

G2-G6 unlatched), G2 binding of F-actin may be stericallybe stopped by chelation Of. €a using EGTA, bUt. the
. 7 . S pyrene fluorescence quenching that occurs upon binding of
hindered or exist in a conformational equilibrium between

. - elsolin to F-actin cannot be reversed (Kinosian et al.,
an exposed and a blocked G2 site. Thus the binding of Gg996). Titrations of pyrene-F-actin indicated that the pyrene

to the S'd,e of an a_ctln fllament. may require a furtherfluorescence quench obtained with G1-3 binding is equiv-
conformatlonal shift in the gelsolin molecule beyond thealentmole per mole with that obtained with gelsolin (Selden
unlatching of G2 and G6. et al., 1998). We conclude that the irreversible step in the

severing reaction that occurs concomitantly with the pyrene

fluorescence quenching is a conformational change in an
F-actin severing by gelsolin F-actin subunit caused by the G1 actin-binding site.

The “trapped” C&" that is resistant to EGTA has been

The rates of gelsolin-induced depolymerization of actinghown to be located at an intramolecular site on G1 in the
(Fig. 3 A) were found to be difficult to interpret because gelsolin-actin complex (Weeds et al., 1995). This high-
there is an acceleration in the depolymerization time coursegffinity Ca?*-binding site exists in the Gl-actin complex
at micromolar free Cd concentrations due to ongoing but is absent in G1 alone (McLaughlin et al., 1993; Weeds
severing. Analysis of depolymerization rates (Fig.Bp et al., 1995); thus the binding of actin by gelsolin creates
suggests that severing of actin by gelsolin is at half-maxithis high-affinity site. Comparison of the structures of G1-
mum at~40 uM Ca*; however, steady-state measure-actin and gelsolin suggests that the binding of Cat this
ments (Fig. 3C) show that gelsolin-induced actin depoly- G1 site causes a reorientation of the backbone between G1
merization is at half-maximum at0.4 uM C&". Thus, and G2 as Vaf*’ shifts 180° to come into position for
even though the rate of gelsolin interaction with F-actin iscoordination of the C& ion (Burtnick et al., 1997;
slow at micromolar free G4 concentrations, the reaction McLaughlin et al., 1993). We postulate that this*Ca
equilibrium favors severing and capping of F-actin andinduced conformational change is the rate-limiting kinetic
results in complete depolymerization at;@M Ca*. It  step for the gelsolin-severing reaction and traps & Gan
should be noted that the gelsolin-induced actin depolymerin the G1 site. We consider that €a activation of a
ization is dependent on the shift in critical concentration togelsolin-F-actin complex is not an equilibrium process—a
that of the pointed end when the barbed ends are blocked. &~ ion becomes sterically trapped in the complex—and
has been shown that 90% of the barbed ends must be capp@ticromolar C&" concentrations affect gelsolin activity.
to produce a half-maximum critical concentration shift 1NUS our results forC_?é' regulation of gelsolin b|nd|ng+to
(Selve and Wegner, 1986). At steady state, actin nucleatioh-aCtin can be explained _bly i‘lSIOW rate constant fo?r. Ca
creates more barbed ends; the rate of nucleation and the reﬁ\ésomatlonl(oz %5 }(1)3 M™"s™) or a third-order reaction
of capping result in a steady-state number of barbed endél.( =2 X 10°°M"?s ™) in which C&", gelsolin, and actin

Thus the observed extent of gelsolin-induced actin depolypalr.t'C'g;‘telzas tt_he threel reactart1t§. The fo(r;Tzaglon gfzg gel
merization is not directly proportional to gelsolin severing >° In(G2)-F-actin complex containing a G1-bound“Ca

and capping activity and depends on the gelsolin and actfgSults in & high-affinity gelsolin(G1, G2, G4)-F-actin com-

. . X . .~ plex that is capable of breaking the longitudinal bonds
concentrations. The conclusion that severing with Cappingy .+ veen actin subunits in the filament

lrather_ th?n capping alotng, t|)s tgig] %CTam;m for acrt]linr(]:i €PO" That the C&* dependence of the apparent rate of asso-
yr:nerlzahmn |s| Sllj.ppor c g . a: (Fig.A9, whic ciation of gelsolin with F-actin is linear with G4 concen-
shows that gelsolin severs F-actin in the presence pi2 tration is in agreement with a previous report (Allen and

i
ca™. . . Janmey, 1994), which suggested that the rate-limiting step
The contrasting results between Figs. 3 and 4 help 19, 4e|50lin binding to F-actin was regulated by low-affinity

clarify the reasons for conflicting reports concerning?Ca binding of several C& and M¢" ions to gelsolin. How-

regulation of gelsolin activity. Gelsolin-induced depolymer- ever, their interpretation implies that €a activation of
ization rate measurements (FigBBimply that severing is  ye|solin severing is in equilibrium, whereas we find that
regulated by simple binding of €& ions to an activating  chelation of C&" from the solution does not reverse the
site on gelsolin. Figs. A and 3C, however, show that pinding or severing of F-actin by gelsolin. Other recent
depolymerization rate measurements are misleading bestudies of C&"-binding sites on gelsolin witk values in
cause severing is not complete at the time of measurementhe range of 0.03—-%M (Lin et al., 1997; Pope et al., 1995,
Measurements of severing in Fig. 4 show that the rate 0f997; present paper) provide evidence that micromolar
severing of F-actin by gelsolin is regulated by the*Ca Ca&* concentrations bind to gelsolin and affect its confor-
concentration over two orders of magnitude and is apmation and activity. Thus, although we cannot rule out the
proximately proportional to the second power of theCa possible effects of Gd ions bound at putative low-affinity
concentration. sites on gelsolin, they are not needed to explain the data.
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We have observed differences in F-actin severing byBaldassare, J. J., P. A. Henderson, A. Tarver, and G. J. Fisher. 1997.
G1-3 and whole gelsolin that imply that the G4—6 partic- Thrombin activation of human platelets dissociates a complex contain-
. . . . . . . . ing gelsolin and actin from phosphatidylinositide-specific phospholipase
ipates in the severing reaction, resulting in a severing effi- cgamma1Biochem. J324:283-287.

ciency of one severing event per gelsolin molecule comsgryan, J., and M. C. Kurth. 1984. Actin-gelsolin interactions. Evidence for

pared to one severing event per two G1-3 molecules two actin-binding sites]. Biol. Chem259:7480-7487.

(Selden et al., 1998). Actin filaments decorated with GZ—BBU,\Y/TH:_CK LHI'D" E(-j'é- Péogpfb;l Gri"ig;,YE-ﬂT- JOHESI, D. 1. Stuafftv IP- J.

: : cLaughlin, and R. C. Robinson. . The crystal structure of plasma

in the presence of Ca .ShOW kinks that are presumably gelsolin: implications for actin severing, capping and nucleatioell.

caused by G2-6 severing of one long-pitch strand of the 90:661-670.

filament. In contrast, actin filaments decorated with G2—3pavoodian, K., B. W. Ritchings, R. Ramphal, and M. R. Bubb. 1997.

do not show such bending or kinking, thus implicating Gelsogg_ggg\;age&?Naselin vitro and cystic fibrosis sput@iochem-

G4-6 in severing (McGough et al., 1998). Paradoxically, at 'S!"Y: 36:9637-9641. . o

low C&* concentrations. F-actin severing b elsolin is Ditsch, A., and A. Wegner. 1995. Two low-affinity €&abinding sites of

s ' . gbyg gelsolin that regulate association with actiur. J. Biochem.229:

inhibited compared to severing by G1-3. At low ‘Ca 512-516.

concentrations, where the €abinding sites on G1 and Estes, J. E., L. A. Selden, and L. C. Gershman. 1981. Mechanism of action

G4-5 are not occupied, G4—6 may impede &'Cimduced of phalloidin on the polymerization of muscle actiBiochemistry.

. o . 20:708-712.

conformational transition thought to reorient G1, G2, and _ . . -
Hartwig, J. H. 1992. Mechanisms of actin rearrangements mediating plate-

G3 (the release of the Gl'G3 Iatch) (Pope et al., 1997) In let activation.J. Cell Biol. 118:1421-1441.

the presence of saturating Caconcentrations, the €a- Hartwig, J. H., G. M. Bokoch, C. L. Carpenter, P. A. Janmey, L. A. Taylor,

regulated actin-binding site on G4 is able to bind an actin A. Toker, and T. P. Stossel. 1995. Thrombin receptor ligation and

subunit in the polymer and enhance severing. activated rac uncap actin filament barbed ends through phosphoinositide

B d ca* tly affects the int fi bet synthesis in permeabilized human platel€sll. 82:643-653.
oun apparently afiects the interactions be WeenHellweg, T., H. Hinssen, and W. Eimer. 1993. The?Ganduced confor-

the domains of gelsolin, resulting in regulation of gelsolin  mational change of gelsolin is located in the carboxyl-terminal half of
activity. Typically, experiments have tested the activity of the moleculeBiophys. J65:499-805.
gelsolin in the presence or absence of Cwithout testing  Ismailov, I. 1., B. K. Berdiev, V. G. Shlyonsky, C. M. Fuller, A. G. Prat,

P B. Jovov, H. F. Cantiello, D. A. Ausiello, and D. J. Benos. 1997. Role
the effect of low levels of free Ca. However, QEISOIm n of actin in regulation of epithelial sodium channels by CFTR.

cells most likely contains one bound €aion and exists in Am. J. Physiol272:C1077-C1086.
an “open” conformation that functions in a manner differentjanmey, P. A., C. Chaponnier, S. E. Lind, K. S. Zaner, T. P. Stossel, and
from that of C&" -free gelsolin. For example, it has been H. L. Yin. 1985. Interactions of gelsolin and gelsolin-actin complexes

i with actin. Effects of calcium on actin nucleation, filament severing, and
shown that at pH 7.0, addition of €ato 0.2 uM decreases end blocking Biochemisiry 24:3714—3723.

the_Kd for PIPZ blndlng to gelsolln by hﬁ'f ComparEd to the Janmey, P. A., K. lida, H. L. Yin, and T. P. Stossel. 1987. Polyphospho-
Kq in the presence of 1 mM EGTA (Lin et al., 1997). At inositide micelles and polyphosphoinositide-containing vesicles dissoci-

physiologic protein and C& concentrations (100—-5Q0M ate endogenous gelsolin-actin complexes and promote otin assembly
. . 24 : . rom the fast-growing end of actin filaments blocked by gelsalirBiol.
F-actin and 1uM gelsolin, and 0.2uM Ca""), binding of Chem.262:12228 12236,

gelsolin to the side of actin filaments could be driven byKinosian H. J., L. A. Selden, J. E. Estes, and L. C. Gershman. 1996.
mass action. These gelsolin-F-actin complexes would then Kinetics of gelsolin interaction with phalloidin-stabilized F-actin. Rate
be |n place to respond to tranSIent IocaIZer H+ con- constants for b|nd|ng and SeVer|®|.0Chem|Stry.3516550—16556

centration increases to rapidly produce severed actin filakothakota, S., T. Azuma, C. Reinhard, A. Klippel, J. Tang, K. Chu, T. J.
pidly p McGarry, M. W. Kirschner, K. Koths, D. J. Kwiatkowski, and L. T.

ments. In stable nonmqt"e or unactlvgteq cells, gelsolln Williams. 1997. Caspase-3-generated fragment of gelsolin: effector of
could slowly sever actin filaments to maintain a low level of morphological change in apoptosBcience278:294-298.
filament turnover. In this way, variations in intracellular Kouyama, T., and K. Mihashi. 1981. Fluorometry studyNof1-pyrenyl)

free C&" concentrations in the T8 to 1076 M range could iodoacetamide-lapelgd F-actin. Logal s_tructural change of actin protomer
both on polymerization and on binding of heavy meromyosinr.

regulate actin filament lengths and cytoplasmic viscosity. 3 Biochem114:33-36.

Kurokawa, H., W. Fujii, K. Ohmi, T. Sakurai, and Y. Nonomura. 1990.
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