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ABSTRACT. The effect of yeast cofilin on the kinetics of polymerization of yeast actin has been examined
at 20°C at both pH 8.0 and 6.6. In the absence of cofilin, the kinetic data may be described by a simple
nucleation-elongation mechanism. Kinetic data in the presence of cofilin suggests a complex dependence
on the cofilin concentration. At low cofilin-to-actin ratios, cofilin increases the rate of polymerization in

a way best fit by assuming filament fragmentation. The apparent fragmentation rate constants increase
with increasing cofilin concentration leveling off above a cofilin-to-actin ratio of 1:8 and are independent

of pH. At higher cofilin-to-actin ratios, a nonpolymerizable cofiiG-actin complex forms resulting in

a decreased rate of polymerization. The data from fluorescence photobleaching recovery experiments at
low cofilin-to-actin ratios are consistent with the presence of severed filaments at both pH 8 and 6.6.
However, at pH 8 and a cofilin-to-actin ratio of 1:16, about-&0% of the total actin is present as
G-actin after polymerization while at pH 6.6 little or no G-actin is present at the same cofilin-to-actin
ratio. The results suggest some cooperativity with respect to cofilin binding to filamentous actin which
may be pH dependent.

Actin is one of the major components of the eukayrotic ~ Cofilin belongs to a class of proteins, the ADF/cofilin
cytoskeleton and its polymerization and depolymerization family, that is involved in actin assembly and turnover.
is tightly regulated by a variety of actin-binding proteins both Examination of the action of proteins of the ADF/cofilin
in vitro (1) and in vivo @). In the budding yeasfaccha- family on actin polymerization or depolymerization has been
romyces cerasiae, actin is expressed by a single gene, reported by a number of investigators [see Moon and Drubin
ACT], that can be easily manipulated by site-directed (4) for a review] with the general consensus that the primary
mutagenesis. Because actin is highly conserved amongmechanism of action of these proteins is to sever actin
eukaryotes, yeast actin has become a powerful model forfilaments. Carlier et al5), on the other hand, have recently
studying actin function as well as the interactions between concluded that dissociation of monomers is the sole mech-
actin and actin-binding proteins. We previously published anism of action and that severing does not occur even though
data examining the polymerization properties of wild-type there was a report of direct visual observation of severing
yeast actin and a poorly polymerizing yeast actin mutant activity by actophorin, a member of the ADF/cofilin family
(R177A/D179A) @). Inthe course of examining the kinetics (6). The view that monomer dissociation is dominant has
of polymerization of yeast actin and other yeast actin mutants, been challenged by Maciver7)( and Theriot 8) has
we noted a considerable variability among different wild- suggested that both mechanisms are operative and that
type preparations. This variability has now been traced to distinguishing may require further experimentation. In this
the presence of a contaminating protein which on further paper, we report that the effect of cofilin is complex but
examination was found to be yeast cofilin. Based on this that both mechanisms do occur. At low ratios of cofilin to
finding, we undertook to examine the role of yeast cofilin actin, the data are best explained by assuming cofilin binds
on the kinetics of polymerization and depolymerization of tightly to and induces fragmentation of filaments with the
yeast actin. Although the effects of proteins from the ADF/ rate of fragmentation being pH independent. In addition,
cofilin family have been extensively studied, rarely has the however, there is a pH-dependent effect such that low cofilin
cofilin (or ADF) been from the same organism as the actin. concentrations induce extensive monomer dissociation at pH
Even though actin is highly homologous between yeast and8 but not at pH 6.6.
muscle, there still remain differences between the properties At higher ratios of cofilin to actin, a G-actircofilin
of the two proteins. This paper presents data where thecomplex is formed that does not polymerize. Cofilin-induced
proteins both come from yeast and clarifies the role of cofilin depolymerization, presumably as a consequence of binding
in affecting actin polymerization. to both F-actin and G-actin, appears to be pH dependent.
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Effect of Yeast Cofilin on Yeast Actin Polymerization

described by Cook and Rubensteif).( Pyrene-labeled
muscle actin was a gift from Drs. J. Cooper and D. Schafer.
Rabbit-anti-yeast-cofilin antibody was a gift from Drs. D.
Drubin and P. Lappalainen as was the pGEX2T-COF1
plasmid. Cofilin was expressed using this plasmid in JM109
cells and then purified as described by Fedorov etl4l). (
The cofilin so obtained is not phosphorylated. The GST
protein purification module and the ECL reagents were from
Amersham Pharmacia Biotech (Piscataway). All other
chemicals used were reagent grade.

Purification of Wild-Type Yeast ActinWild-type yeast
actin was purified from Red Star yeast cake using DNasel
affinity chromatography as previously described by Cook
and Rubensteirdj except for a change in the polymerization
conditions. Polymerization of actin in the DE52 column
fraction pool was initiated by adding 50 mM KCl and 2 mM
Mg?*. Any cofilin contamination was removed as described
by Yonezawa et al.1(l). Polymerized actin was incubated
at room temperature for 0.5 h, and a concentrated KCI
solution was added slowly to a final concentration of 0.8
M. After another 10 min of incubation at room temperature,
the filaments were centrifuged at 48K rpm?@, for 1 h in
a Beckman 50Ti rotor. The yield of pure acting mg)
was not affected by this modification in the protocol.

Western Blotting.About 6 ug of purified yeast actin was
loaded into each lane of an SDS gel. Cofilin contamination
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FiIGURe 1: Polymerization of cofilin-free yeast actin at pH 8.0 and
20 °C as a function of actin concentration using intrinsic fluores-
cence as the probe. The polymerization was initiated by the addition
of 2 mM Mg2" at pH 8.0 after preincubation to replace tightly bound
Ca" with Mg?t as described in Materials and Methods. The
decrease in intrinsic fluorescence with polymerization has been
converted to appear as an increase in this and other figures using
intrinsic fluorescence. The concentrations of actin used from bottom
to top were 5.9M (0.25 mg/mL), 11.&«M (0.5 mg/mL), and 17.7

uM (0.75 mg/mL) and data collected continuously (open symbols).

The rate constants used for fitting the data to Scheme 1 (solid lines)
were 2uM~1 s71 for k3 — kg, 0.035uM ™1 s71 for ks, 2 s71 for k3

— k_s, 0 fork_g, and 0.001 st for k_;. The nucleation dissociation
constants for steps 1 and 2 of Scheme 1 are given in Table 1. These
values are probably not unique for fitting the data since a unique
fit may not be possible to obtain. They are, however, sufficient to
represent the characteristics of the mechanism.

was detected using the cofilin antibody and a secondary gcheme 1

antibody of goat-anti-rabbit-1gG.
Polymerization AssaysActin polymerization was fol-
lowed by either the decrease of intrinsic fluorescence

(excitation at 300 nm, emission at 335 nm) or the increase
of pyrene-labeled muscle actin fluorescence (excitation at

365 nm, emission at 386 nm) at 2€. In figures using

intrinsic fluorescence, the data have been converted to show
an increase as to be comparable to those in which pyrene-

labeled actin is used. The reactions were run in a total
volume of 200uL using a PTI (Alphascan) spectrofluorom-
eter. At pH 8.0, the buffer (G8.0) contained 2 mM Tris-Cl,
0.2 mM CaC}, 0.2 mM ATP, 0.5 mM dithiothreitol, and
0.01% NaN. For assays at pH 6.6, the buffer (G6.6) was
10 mM MES, 0.2 mM CaGl 0.2 mM ATP, 0.5 mM
dithiothreitol, and 0.01% Na]N In all cases, the actin was
preincubated for 5 min with a Ga chelator and a low
concentration of Mg to replace the tightly bound €awith
Mg?*. At pH 8.0, this preincubation was with 1 mM EGTA
and 50uM Mg?*, while at pH 6.6 it was 10&M BAPTA

and 50uM Mg?*. In experiments where actin filaments were
diluted, the dilution was at the same pH as the polymerization
(either G8.0 or G6.6).

Simulation of Actin PolymerizationData fitting utilized
more recent versiond ) of KINSIM (13) and FITSIM (L4)
(KINSIM40 and FITSIM40) that are available from http://
www.biochem.wustl.edu/cflab. KINSIM40 was used to
simulate an individual data set in order to obtain an
approximate fit of the data to the chosen mechanism.
FITSIM40 was used to globally fit the data, using the
approximations from KINSIM40, as a function of actin
concentration at either pH 8.0 or 6.6. Values o&k210°
s~ mol~* were used for all on rate constants except for that
of the elongation step (step 7) of Scheme 1.

ky
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This value was chosen as an approximation of a diffusion
controlled association step. The rate constants for step 7
and the reverse of step 2 were allowed to float to give the
best fits. Other rate constants are given in the legend to
Figure 1. These values are probably not unique for fitting
the data but they are internally consistent. For data in the
presence of cofilin, KINSIM40 was used with the fitted
values and the fragmentation rate constant was varied to give
the best fit of the data by eye. As noted in Table 1 it was
necessary to change the nucleation dissociation constant
slightly to obtain these fits.

Fluorescence Photobleaching Reeoy (FPR)! FPR
experiments were carried out as described previoushy (
using trace amounts {5L0%) of rhodamine-labeled muscle
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Table 1: Parameters for Fitting Data as a Function of Cofilin Concentration

nucleation dissociation constants

cofilin/actin relative extent fragmentation rate, “free actin”¢
ratic® of polymerization K1 (uM) Kz (uM) rate constant (3)° (uM)
pH 8.0
0 1.0 0.5x 10° 300 5.9
1:64 0.87 0.5¢ 10° 300 0.004 5.8
1:32 0.79 0.5¢ 1¢° 300 0.009 5.7
1:16 0.79 0.5< 10° 100 0.016 5.53
1:8 0.67 0.5x 1P 50 0.028 5.16
1:4 0.58 0.5x 1P 25 0.028 4.42
1:2 0.42 0.5x 1P 100 0.03 2.95
1:1 0.0 0
pH 6.6

0 1.0 2.5x 10° 7.5 5.9
1:64 1.0 2.5x< 1P 7.5 0.001 5.8
1:32 0.8 2.5x 1¢° 7.5 0.008 5.7
1:16 0.76 2.5¢ 10° 7.5 0.016 5.53
1:8 0.74 2.5x 1¢° 35 0.022 5.16
1:4 0.59 2.5x 1P 35 0.03 4.42
1:2 0.44 2.5x 1¢° 35 0.027 2.95
11 0.0 0

a Expertmental conditions: the concentration of actin used wag/.e all experiments either at pH 8 (G8.0 buffer) or pH 6.6 (G6.6 buffer).
Experiments performed as described in legends to Figures 2 and 5, respeétitalyes for the reannealing rate constant up to 0:Glhave no
effect on the simulatiorf. Calculated assuming that the G-actin cofilin complex cannot undergo polymeriZatialues forkK; andK, were determined
from simulation of the polymerization as a function of actin concentration.

actin, prepared as described elsewhd®,(as the fluoro- Careful examination of SDS gels of the faster polymerizing
phore. For rhodamine, the FPR apparatus used a laser lighpreparation indicated varying amounts of a low molecular
of 514.5 nm that is focused on a sample via a dichroic mirror weight contaminant. Western blots with antibody to cofilin

in a fluorescence microscope. The sample was bleached with(provided by Drs. Drubin and Lappalainen) showed that this
a transient (5 ms) increase in beam intensity~df0* times contamination was yeast cofilin. Essentially all of the cofilin

the observation beam. The observation beam was of low contamination could be removed by polymerization with high
enough intensity that little photobleaching occurred over the salt as described in Materials and Methods. After removal,
time course of the experiment. For experiments to determinethe actin polymerized at a slower rate than previously
the extent of fragmentation, a #0objective with a Gaussian  reported 8) and, when using pyrene-labeled actin as the
beam radius of 1.8 mm was used. Usually-P0 scans, probe for polymerization, showed little overshoot (as shown
each at a different spot, were averaged to obtain better signaldater) in the time course of polymerization, rather than the
to-noise ratios. For experiments to determine the amountrelatively large overshoot previously reporte8).( With

of G-actin present, a» objective with a Gaussian beam cofilin-free actin, we could then examine the effect of yeast
radius of about 15 mm was used. The data were analyzedcofilin on the kinetics of polymerization. Since it has been

using the approximate solutiod®, 18. reported that cofilin effects are pH depende@®,( 20,
experiments were performed both at pH 8 and 6.6.
f(t) = [f(0) + o)t/ J/(1 + tTy)) Polymerization of Yeast Actin at pH 8As previously

described §, 21), it is possible to measure actin polymeri-
wheref(0) andf(c) are the initial and final fluorescent values,  zation using changes in the intrinsic fluorescence of actin.
and i, is the recovery time. For slower recovery times, |ntrinsic fluorescence measurements, while coincident with
the observation scan time varied between 10 and 40 s, whilethe pyrene-labeled measurements, do not show any decrease
for the faster recovery times, the observation scan time wasin the extent of reaction at longer times. Figure 1 shows
between 2 and 4 s. In each case, 1000 points were collectedhe time course of polymerization at pH 8 in G8.0 buffer as
after the bleach and the data were analyzed separately. Whem function of actin concentration using intrinsic fluorescence
the 4x objective was used and there was more than 1 phaseas the probe of polymerization. In these, and in all
of recovery, simulated data comparisons showed that analysissubsequent experiments, the actin was incubated for 5 min
of the faster phase (scan time of 4 s) using the equation aboven the presence of the €achelator EDTA and low levels
gave approximately correct values for the amount of G-actin of Mg2* in order to remove C4 from the tight binding site
relative to total actin present. and replace it with M§ (22). This “priming” avoids

complications in the kinetics arising from the time depen-
RESULTS dence of the M§" displacing C&" at this site 23). The

A typical protocol for purifying yeast actin has been solid lines are fits to the data (open symbols) using the

described by Cook and Rubenstei).( We observed, minimal mechanism shown in Scheme 1 with rate constants
however, that different preparations gave rather different ratesgiven in the legend to Figure 1 and the nucleation dissocia-
of polymerization under identical experimental conditions. tion constants given in Table 1.
In contrast to our earlier interpretatioB){ the polymer-

1 Abbreviations: BAPTA, 1,2-bis(2-aminophenoxy)ethani:N' N~ ization does not require a filament fragmentation step to fit
tetraacetate; FPR, fluorescence photobleaching recovery. the data, that step apparently being a consequence of the




Effect of Yeast Cofilin on Yeast Actin Polymerization

2510 [
210* |
1.510* |1

110* |

Int. Fluor. (arb. units)

5000 | |

L
1500

0|||||1|x|

1000
Time (sec)

2000

FIGURE 2: Polymerization of yeast actin (0.25 mg/mL, M) as
a function of cofilin concentration at pH 8.0 and 20. The time
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Ficure 3: Polymerization of yeast actin (0.25 mg/mL, &8l) as
a function of cofilin concentration at pH 8.0 and 20. The time

course of polymerization measured using intrinsic fluorescence andcourse of polymerization measured using trace amounts of pyrene-

the reaction was initiated by the addition of 2 mM NMat pH 8.0
after preincubation to replace tightly bound?Cavith Mg?* as

labeled actin as the probe and the reaction was initiated by the
addition of 2 MM M@" at pH 8.0 after preincubation to replace

described in Materials and Methods. The molar cofilin to actin ratios tightly bound C&" with Mg?t as described in Materials and
are given in the figure. The symbols represent the fluorescent dataMethods. The molar cofilin to actin ratios used are given in the
(collected continuously) while the solid lines are the fitted data figure.

using the values given in Table 1 and in the legend to Figure 1.

cofilin contamination in the previous actin preparations. It

serve to nucleate the polymerization or the complex may
have a slight nucleating activity.

should be noted that even though the polymerization rate is  \wnen similar experiments are performed using pyrene-

slower than previously reported, it is still faster than that

for muscle actin under identical conditions (data not shown).
Effect of Cofilin on Yeast Actin Polymerization at pH 8.

The effect of cofilin on actin polymerization at pH 8 is shown

in Figure 2. The data were obtained using intrinsic fluo-

rescence at a single actin concentration (8 as a function

of cofilin concentration. At all cofilin concentrations shown

labeled actin as the probe for polymerization, data shown in
Figure 3 were obtained. As implied from earlier resuBk (
and from the effect of yeast cofilin on muscle actin
polymerization 24), there is an overshoot in the pyrene
fluorescence in the presence of cofilin. (The slight overshoot
in the polymerization in the “absence” of cofilin may
represent a very small amount remaining in the actin.) The

in this figure, there is a marked increase in the polymerization rate and extent of the fluorescence decrease is dependent on
rate. The increase occurs, however, after a significant 1agthe cofilin concentration. Since the pyrene fluorescence

period, and the lag persists as the ratio of cofilin to actin

increase is associated with incorporation of monomer into

increases. In order to fit these data, a fragmentation stepfijiaments @5, 26, the decrease may reflect either a dis-

was added to the mechanism

An 2A, (8)

presumably as a consequence of cofilin binding tightly to

sociation of monomers from the actin filaments with

coincident loss of the fluorescence or different fluorescent
properties of the filaments produced by fragmentation. The
latter is possible since cofilin does induce a different filament
twist (27). Itis also possible, however, that the slow decrease

the F-actin filament. Table 1 lists the rate constants for the is associated with the hydrolysis of ATP that occurs during

fragmentation step as a function of cofilin concentration. At
low cofilin-to-actin ratios, the fragmentation rate constant
is proportional to cofilin concentration. As the cofilin

polymerization and which may be accelerated by cofilin
binding to the filament. Such a conclusion would be
consistent with the observation that ADF1 (recombinant ADF

concentration increases, however, the fragmentation ratefrom Arabidopsis thaliana increases the rate of ATP
constant becomes essentially constant. At higher cofilin hydrolysis in muscle F-actirbj.

concentrations, the lag is shorter and the extent of polym-

erization is less. At aratio of 1:1, no polymerization occurs
(data not shown).
The solid lines in Figure 2 are the fits to Scheme 1,

Polymerization of Yeast Actin at pH 6.&s with muscle
actin 28), the rate of yeast actin polymerization increases
dramatically with decreasing pH. Figure 4 shows polym-
erization data as a function of actin concentration at pH 6.6

including the fragmentation step and the constants given inusing changes in the intrinsic fluorescence as the probe of
Table 1. To make these fits, we assumed that cofilin bound polymerization. In these experiments, Mgeplacement of
to G-actin resulted in a nonpolymerizable complex, thereby C&" at the tight-binding site was accomplished by prein-

lowering the total concentration of actin available. This
complex formation becomes important only at cofilin-to-actin
ratios above 1:8. As shown by Hawkins et dl9), human

ADF binds to muscle G-actin with 1:1 stoichiometry at pH

cubating G-actin with 10«cM BAPTA and 50uM Mg?*

for 5 min prior to addition of M@" to promote polymeri-
zation. To cover a reasonable range of actin concentrations,
the polymerization was performed at a lower Mgoncen-

8 sequestering monomers and preventing polymerization.tration (1 mM) than was used at pH 8 (2 mM). As shown
This appears also to be the case for yeast cofilin and yeastby the solid lines in the figure the data (open symbols) could
actin. On the other hand, the nucleation process appears tde fit by the mechanism given in Scheme 1 without any

be somewhat more effective at higher cofilin concentrations.

Either a small amount of the cofilinG-actin complex may

fragmentation step using the rate constants given in the
legend to Figure 1 and the nucleation dissociation constants
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Ficure 4: Polymerization of cofilin free yeast actin at pH 6.6 and
20 °C as a function of actin concentration using intrinsic fluores- FIGURE 6. Polymerization of yeast actin (0.25 mg/mL, x®I) as
cence as the probe. The polymerization was initiated by the addition a function of cofilin concentration at pH 6.6 and 20. The time
of 1 mM Mg?* at pH 6.6 after preincubation to replace tightly bound course of polymerization was measured using trace amounts of
Ca* with Mg?* as described in Materials and Methods. The pyrene-labeled actin and the reaction was initiated by the addition
concentrations of actin used were from bottom to top /86 of 1 mM Mg?" at pH 6.6 after preincubation to replace tightly bound
(0.125 mg/mL), 5.9«M (0.25 mg/mL), 11.8:M (0.5 mg/mL), and Cat with Mg?+ as described in Materials and Methods. The molar
17.7uM (0.75 mg/mL). Data collected continuously are shown as cofilin to actin ratios are given in the figure.
open symbols. The rate constants used for fitting the data to Scheme
1 (solid lines) are the same as given in the legend to Figure 1 with gnalyzed, including the fragmentation rates, it is found that
tlhe nucleation dissociation constants for steps 1 and 2 given in Table(except at the lowest cofilin concentration) they are es-
' sentially identical to those at pH 8 (Table 1). Thus, the
2510 —————— cofilin-induced fragmentation rate constants are independent
. ] of pH. In order to fit these data effectively, it is necessary
210¢ [ - to assume, as was the case at pH 8, that any G-actifilin
s complex that forms is inactive and decreases the concentra-
tion of actin available for polymerization. There also appears
to be almost no effect on nucleation as a function of cofilin,
suggesting little or no formation of a nucleating species.
Figure 6 shows the polymerization of actin as a function
of cofilin under conditions identical to those of Figure 5
except that pyrene-labeled actin is used to measure polym-
erization. In distinct contrast to similar data obtained at pH

1.510* F1¢

110* |

Int. Fluor. (arb. units)
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0 500 I 1500 2000 8 (Figure 3)_there is no decrea_\se in pyrene fluorescenc_e after
Time (sec) the completion of the polymerization process. Interestingly,
FIGURE 5: Polymerization of yeast actin (0.25 mg/mL, &®l) as while the intrinsic fluorescence data indicates no polymer-
a function of cofilin concentration at pH 6.6 and 20. The time ization at a stoichiometry of 1:1 (data not shown), some

course of polymerization measured using intrinsic fluorescence andchange in pyrene fluorescence does occur, although after a
g‘ﬂee:eag:gguﬁ:%w“gerg tgcfgetiaﬂ(tjliti%%l?; é %;ﬂviﬂ@&%ﬂ %S considerable lag. Itis not clear what this represents, although
descrirt))ed in Materials andpMethogs. 'I¥he molar cofilin to%ctin ratios it has been s_hown that pyrene-labeled G-actin _C(_)ntalnlng
are given in the figure. The symbols represent data collected ADP has a higher fluorescence than that containing ATP
continuously while the solid lines are the fitted data using the (29).
parameters given in the legend to Figure 1 and in Table 1. Effect of Cofilin on DepolymerizationIf cofilin can
fragment filaments, then the rate of depolymerization on
given in Table 1. Nucleation parameters, however, differed dilution should be increased in its presence. Figure 7 shows
from those at pH 8 with much more favorable nucleation at the effect of a 20-fold dilution (into G-buffer) on the

pH 6.6, similar to that observed for muscle ac@8( We  depolymerization of F-actin in the presence and absence of
assumed, for simplicity, that the elongation rate was the samecofilin at either pH 8.0 or 6.6. In this experiment, changes
at pH 6.6 as at pH 8. in pyrene-labeled actin (trace amounts) fluorescence were

Effect of Cofilin on Yeast Actin Polymerization at pH 6.6. used as the probe of depolymerization and the actin was
Figure 5 shows the polymerization induced by the addition diluted into depolymerizing buffer at either pH 8.0 (G8.0
of 1 mM Mg?" as measured by changes in intrinsic buffer) or 6.6 (G6.6 buffer). In both cases, the presence of
fluorescence at a constant actin concentrationgd9as a a substoichiometric amount of cofilin (cofilin:actin ratio of
function of cofilin concentration. The solid lines in this 1:16) increased the rate of depolymerizationl®-fold with
figure are fits to the experimental data (symbols) using the depolymerization at pH 8 being faster than that at pH 6.6
parameters listed in Table 1 and the legend to Figure 1.either in the presence or absence of cofilin. Table 2 gives
Comparison with similar data at pH 8 (Figure 2) shows the depolymerization rate constants assuming a simple first-
relatively similar behavior. At low concentrations, cofilin  order process for the depolymerization process.
has little effect on the rate until after a significant lag period.  In a somewhat different type of experiment, Carlier et al.
The subsequent increase in rate is consistent, as at pH 8.0(5) measured depolymerization with no dilution in the
with fragmentation of the filament. When the data are presence of equimolar amounts of DNasel and excess ADF1
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2.5 10* T severed by cofilin, although at this cofilin-to-actin ratio, the

E shape of the recovery curve is not typical of normal recovery.

210* L As the concentration of cofilin is increased, the recovery

. r times decrease, indicating more extensive fragmentation. In
81510 | all cases, the final fluorescence has reached the prebleach

"a:‘: _ value (shown as the first 10% of the plot) showing that the

2 110* § filaments are completely mobile. Close examination of
= Figure 8 suggests a minimum of two processes, one that
5000 | becomes faster with increasing cofilin concentration and one

: ] that is quite rapid being completed in less than 1 s. The
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recovery times of the filaments produced by the slower
process decrease as the cofilin concentration increases and
Ficure 7: Depolymerization of yeast actin on a 20-fold dilution are given in th? 'eg'?’”d to Figure 8 Hiians proqess IS
either at pH 8.0 or pH 6.6 in the presence (filled symbols) or NOt well determined in these experiments, and to clarify the
absence (open symbols) of cofilin. The actin was polymerized at a hature of the rapid phase, similar FPR experiments were
concentration of 5.%M in the presence or absence of 0,3V performed using a larger {9 objective for which recovery
cofilin (a molar cofilin-to-actin ratio of 1:16) and trace amounts of times should be about 100-fold slower than with the<40
gi}f{]‘fgg}:ﬁgﬂﬁﬁe‘?‘gwS‘fg‘t'g%?(')y&?fg"(‘té%”o‘;vgﬁ g%’?ggg l;a\unf?e:hen objective. In this case, G-actin alone has a recovery time
m, O). of 1.2 s (data not shown). Figure 9 shows an FPR
experiment for a cofilin-to-actin ratio of 1:16 (actin 23
uM, cofilin = 1.45 uM) at both pH 8.0 and 6.6 clearly
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Table 2: Depolymerization Rate Constantst(sMeasured by

Dilution? demonstrating the difference in recovery times at the two
—cofilin +cofilin pH values. At pH 8.0, the fast phase (seen in Figure 9B)
PH 8.0 0.0046 0.053 accounts for about half the total actin present (seen in Figure

pH 6.6 0.0025 0.015 9A) and has the recovery time of G-actin itself. By 90 s,

r— — - — there has not been complete recovery, indicating longer
xperimental conditions: 5.8M actin was polymerized in the filaments. Data at the same cofilin-to-actin ratio but usin
presence or absence of 0.3 cofilin (a molar cofilin to actin ratio - Tk ) . g
of 1:16) and trace amounts of pyrene-labeled actin until polymerization the 40x< objective shows that these filaments are mobile
was complete and then diluted into either pH 8.0 G8.0 buffer or pH (Figure 8, 1:16). At pH 6.6, there is little, if any, fast phase
6.6 G6.6 buffer. The rate constants were calculated assuming a simpleyith g recovery time of G-actin. Rather, there is a single
first-order process. phase with almost complete recovery by 90 s. The recovery
time for this phase is 40 s. Assuming that the filaments are
(@ member of the cofilin family) concluding that ADF1 did  rodlike, a mean length of about 2 mm (about 800 subunits)
not increase the rate of depolymerization. We therefore can be calculated from the theory of Garcia de la Torre and
measured depolymerization ofg8V actin in the presence  Bloomfield (30). This must be interpreted to mean that, at
of 6 «M DNasel without dilution and found that, in contrast  this cofilin-to-actin ratio (1:16), an appreciable amount of
to the results of Carlier et al5), at low cofilin concentra- G-actin is present at pH 8.0 after polymerization has been
tions, the rate of depolymerization was at leastlB-fold completed, but little or no G-actin is present at the lower
faster than in the absence of cofilin (data not shown). pH. This difference may explain the pH dependence of the

Fluorescence Photobleaching Reeoy. To confirm that effect of cofilin on actin polymerization.
shorter filaments are induced by the presence of cofilin, we
performed fluorescence photobleaching recovery experi- DISCUSSION

ments. Fluorescence photobleaching recovery (FPR) mea- As noted earlier, we found that different preparations of
sures the diffusion of a fluorescently labeled molecule into yeast actin gave rather different rates of polymerization under
a spot previously bleached by a high intensity laser beam. the same experimental conditions. Specifically, later prepa-
As has been shown elsewhel&), actin molecules become  yations polymerized at rates slower than those previously
immobile as polymerization proceeds presumably as a resultyplished 8). The reason for these differences was found
Of netWOfk formatlon. . To test the effeCt Of C0f|||n on aCt”.’] to be a Consequence Of different amounts Of yeast Coﬁlin
filaments, FPR experiments were performed as a function present as a contaminating protein in different preparations.
of cofilin concentration and the recovery times measured after Thjs is disturbing because most investigators use the same
polymerization had been completed. The time of recovery, method of preparation of yeast actin as originally described
tq, is related to the diffusion coefficient by by Cook and Rubensteird) After cofilin was removed
from the yeast actin, we reexamined the kinetics of actin
polymerization as a function of actin concentration and
found, in contrast to previous conclusion3, (31, that
wherew is the Gaussian beam radius. Figure 8 shows datafilament fragmentation of yeast actin was not a factor in the

t, = 04D

obtained at pH 8.0 using 28V (1 mg/mL actin) polymer-
ized with 2 mM Mg at different concentrations of cofilin.
In the absence of cofilin, yeast actin is immobilized similar
to the results previously observed for muscle actib).(At
very low molar ratios of cofilin to actin (1:64), actin filaments

polymerization process in the absence of cofilin. That is,
the data shown in Figures 1 and 4 could be easily fit by the
mechanism shown in Scheme 1 without assuming fragmen-
tation. Since these results were different from those previ-
ously published, we turned to the investigation of effect of

become mobile, suggesting that the filaments are beingcofilin on polymerization. Although such effects have been
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Ficure 8: Recovery of actin polymerized in the absence or presence of cofilin using fluorescence photobleaching recovery (FPR) as the
measure of diffusion. Experiments were performed by polymerizing actin with a trace amount of rhodamine-labeled actin at pH 8 for
approximately 30 min before measurements were taken. The actin concentration usedava&l28g/mL) and the molar cofilin-to-actin

ratios are given in the figure. Recovery times for the major slow process are calcudadesl @:32), 2.3 s (1:16), 1.1 s (1:8), and 0.6 s

(1:4). Note that the total time for the experimental data on the left side of the plot is 20 s while that on the right side is 10 s. Other
experimental details are given in Materials and Methods.

examined by a number of investigators most studies on thecofilin concentrations, and the fragmentation rate constants
polymerization or depolymerizaton of actin have used actin are essentially the same at both pH 6.6 and 8.0 (Table 1).
and cofilin/ADF proteins from different sources. In this The saturation behavior of the rate constant may reflect
investigation, both the actin and cofilin are from yeast, and cooperativity with respect to binding and the corresponding
therefore the effects might be expected to more closely mimic change in the filament twis2{). To fit the polymerization
the in vivo situation or at least be more relevant to the data at the higher cofilin-to-actin ratios, however, it was
interactions that may occur in vivo. necessary to make two more assumptions. The first is that
The kinetic data presented here show (1) that there is acofilin binds to G-actin and that this complex cannot undergo
complex effect of cofilin on actin polymerization and (2) a polymerization. Such an interaction has been demonstrated
pH dependence of release of G-actin from filaments in the for ADF (19, 32, 33. The second, somewhat more specula-
presence of cofilin. At either pH 8 or 6.6 and low cofilin-  tive assumption is that either a small proportion (less than
to-actin ratios, the polymerization rate increases only after 0.1%) of the G-actircofilin complex may serve as a
a cofilin-independent lag period. At higher cofilin concen- nucleating species or that the complex itself has a low
trations, approaching stoichiometric, there is a long lag nucleating activity. This assumption arises from the small
period, and at a 1:1 ratio of cofilin-to-actin, polymerization changes in nucleation steps needed for data fitting (see Table
does not occur. In describing the effect of cofilin on actin  1).
polymerization, we found that it was not possible at thistime  There is evidence both fo7( 19, 34, 3% and againstg)
to write a specific mechanism that would explain the results cofilin-induced fragmentation. Although Carlier et a&b) (
on polymerization as a function of cofilin concentration. It have presented evidence that ADF1 increases the rate of
was possible, however, to satisfactorily fit the data at the treadmilling by increasing dissociation of subunits from the
lower cofilin concentrations by assuming that there is pointed end of the filament, we have not been able to
fragmentation of the filaments and that the fragmentation construct a mechanism that incorporates just these steps and
step is dependent on cofilin concentration. Interestingly, the can still fit the data as a function of cofilin concentration.
rate constant for the fragmentation step levels off at high Fluorescence photobleaching recovery experiments clearly
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1.2 10* present at this cofilin-to-actin ratio. Instead, there is a mobile
phase corresponding to a filament size of about 2 mm
consisting of about 800 subunits, shorter than that observed
at pH 8 using the same cofilin-to-actin ratio. Thus, it appears
that cofilin-induced release of G-actin from actin filaments
is strongly pH dependent. In this experiment, the concentra-
tion of G-actin present at pH 8 at the completion of the
polymerization {10 «M, about 46-50% of the total actin)
is much larger than the cofilin concentration used (iM).
Second, the filaments are much longer than would expected
for a random severing process. If cofilin were similar to
gelsolin, for example, one would expect rather short filaments
at cofilin-to-actin ratios greater than 1:32. Both of these
points indicate that the cofilin binding to filamentous actin
is cooperative and that the cooperativity may be pH depend-
ent.
Cofilin and cofilin-like proteins have been shown to exhibit
a pH-dependent control of actin polymerizatid®( 20, 33.
The pH-dependent effects of cofilin may be related to the
0 05 1 1%me2(se§)-5 3 35 4 pH dependence of actin polymerization, to the extent of
_ fragmentation or to the amount of G-actin induced by the
FiGUrRe 9: FPR experiments at pH 8.0 (G8.0 buffer) and 6.6 (G6.6

buffer). Actin was polymerized at 2Z for 30 min in the presence presence of cofilin.  Hawkins et aI_lQ)_ have observed a

of 1 mM Mg2* at either pH and FPR measurements made with a PH dependence of human ADF binding to muscle actin,
scan time of 90 s (A) 104 s (B) using a 4 objective. At both pH binding occurring at pH 6.6 but not at pH 8.0 and proposed
values polymerization was complete. The actin concentration useda pH sensitive cofilin-induced destruction of actin filaments.
was 23uM (1 mg/mL) and the molar cofilin-to-actin ratio was 1:16.  yeagast cofilin appears to bind well to yeast actin at both pH

. ) o 8 and 6.6 since strong cofilin effects are observed at both
show that low levels of cofilin result in shorter actin filaments pH values. On the other hand, cofilin-induced depolymer-

and the kinetic data of Figures 2 and 5 are most consistentization is pH sensitive, being faster at pH 8.0 than at pH 6.6
with filament fragmentation. (Figure 7 and Table 2).

It is of interest to examine more closely the data shown  Figure 7 shows that cofilin markedly increases the rate of
in Figures 8 and 9. First, as shown elsewhédi®),(and here  depolymerization of actin in contrast to the data presented
for the yeast protein (Figure 8), actin becomes immobile as by Carlier §). This figure also shows that depolymerization
a consequence of polymerization. This has been interpreteds faster at pH 8.0 than at pH 6.6, reinforcing the idea that
to mean that there is formation of a network of actin filaments the effect of cofilin is pH dependent.
probably related to the high viscosity observed in nonper-  Finally, it has been noted here and elsewhajéhat when
turbed actin solutionsl§). At the lowest cofilin concentra-  pyrene-labeled actin is used as a probe of polymerization,
tion used (cofilin-to-actin ratio 1:64), the filaments become there is an apparent overshoot in the fluorescence. We now
mobile but the shape of the curve reflects some movementknow that this behavior is a consequence of the presence of
of the bleached spot with time implying some disruption of cofilin as shown here (Figure 3) as also demonstrated by
network. As the concentration of cofilin increased, however, Moon et al. using muscle actir24). Comparison of the
the filaments become completely mobile and there are at leastintrinsic fluorescence data and data obtained with pyrene-
two recovery times observed. The slower of the two is labeled actin (compare Figures 2 and 3) show that the
probably too slow to represent a single species rather beingdecrease in fluorescence occurs only after polymerization is
some type of partial network, i.e., smaller groups of complete. A similar overshoot phenomenon is not observed
noncovalently associated filaments. For example, a recoveryat pH 6.6. While it is still not clear what this overshoot
time o 8 s (corresponding to a diffusion coefficient of<l represents, one can model this decrease at pH 8 by assuming
10°° cn? s7Y) is observed at a ratio of cofilin to actin of  dissociation of a species from the filament with a high critical
1:32 (Figure 8). This would correspond, for a cylind@)( concentration or filaments with a lower fluorescence. Mc-
to a filament length of about 80 mm (about 30 000 subunits) Gough et al. 27) noted dramatic differences in appearance
which seems unreasonable. At a cofilin-to-actin ratio of 1:16, of cofilin labeled filaments in cryomicrographs at pH 6.6
that used for the data shown in Figure 9, the filament length and 8 with the latter forming bundles of short filaments. It
would be about 10 mm. There are two points to consider. should be noted in this regard that while polymerization
First, if the mechanism of cofilin action is simply filament measured using pyrene-labeled actin or intrinsic fluorescence
shortening, this would imply an increase of G-actin concen- track together well at pH 8.0, some differences are seen at
tration on the order of 85%. To detect the presence of pH 6.6 (data not shown).

G-actin, FPR experiments were performed with a microscope

objective that decreases the observed recovery times by abouf CKNOWLEDGMENT
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