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ABSTRACT Wild-type actin and a mutant actin were
isolated from yeast (Saccharomyces cerevisiae) and the poly-
merization properties were examined at pH 8.0 and 20°C. The
polymerization reaction was followed either by an increase in
pyrene-labeled actin fluorescence or by a decrease in intrinsic
fluorescence in the absence of pyrene-labeled actin. While
similar to the properties of skeletal muscle actin, there are
several important differences between the wild-type yeast and
muscle actins. First, yeast actin polymerizes more rapidly than
muscle actin under the same experimental conditions. The
difference in rates may result from a difference in the steps
involving formation of the nucleating species. Second, as
measured with pyrene-labeled yeast actin, but not with in-
trinsic fluorescence, there is an overshoot in the fluorescence
that has not been observed with skeletal muscle actin under
the same conditions. Third, in order to simulate the polymer-
ization process of wild-type yeast actin it is necessary to
assume some fragmentation of the filaments. Finally, gelsolin
inhibits polymerization of yeast actin but is known to accel-
erate the polymerization of muscle actin. A mutant actin
(R177A/D179A) has also been isolated and studied. The
mutations are at a region of contact between monomers across
the long axis of the actin filament. This mutant polymerizes
more slowly than wild type and filaments do not appear to
fragment during polymerization. Elongation rates of the wild
type and the mutant differ by only about 3-fold, and the slower
polymerization of the mutant appears to result primarily from
poorer nucleation.

The budding yeast Saccharomyces cerevisiae expresses a single
actin, encoded from the ACTI gene (1, 2), that is 87-90%
identical to muscle and cytoplasmic actins. This actin repre-
sents an excellent model to study, not only because of its
conserved nature but because the ACT! gene can be mutated
to give rise to a large number of site-directed mutants whose
function can be studied both in vivo and in vitro (3-5). Because
of the high degree of homology between actins from different
sources, yeast actin can be and has been used as an analog of
muscle actins. Rubenstein and coworkers and others, for
example, have investigated the role of various amino acid
residues in yeast actin alone (6, 7) and its interactions with
muscle myosin (8, 9).

Yeast actin was first purified by Greer and Schekman (10),
who reported some unusual properties with respect to the Ca?*
dependence of the polymerization. These properties and oth-
ers were reexamined by Nefsky and Bretscher (11), who
concluded that yeast actin was relatively well behaved and
suggested that the unusual polymerization properties seen
earlier might have been due to a minor contaminant.

In spite of the fact that yeast actin represents an excellent
system to use for understanding the molecular basis of actin
polymerization and interactions with actin-binding proteins,
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the kinetics of the polymerization process have not been well
studied. There is a need for such studies because of the number
of investigators who use the yeast system to examine pheno-
typic changes that occur as a consequence of mutations (4, 5,
12). It appears to be implicitly assumed that the polymerization
characteristics of yeast actin are the same as those of muscle
actin. Although there is a high degree of sequence identity
among all actins, comparison of yeast and muscle actins shows
that there are clusters of amino acid residues that do differ and
that at least two of these clusters occur in regions of interaction
between monomers in the actin filament as proposed by
Holmes et al. (13).

This paper examines the kinetics of the polymerization of
yeast actin and a yeast actin mutant at a constant pH and
temperature. We find that while the kinetics of yeast actin
polymerization are qualitatively similar to those of muscle
actin, there are some important differences in describing the
process. The mutant actin examined is one in which residues
proposed to be in close contact in the filament have been
altered. This actin, in which residues at positions 177 (arginine)
and 179 (aspartate) are changed to alanine, is strikingly
different from the wild type with respect to both nucleation
and fragmentation of the filaments.

MATERIALS AND METHODS

Materials. Mutant yeast strains were from a collection made
by Wertman et al. (3). DNase I was obtained from Boehringer
Mannheim. The DNase I column was prepared by linking the
DNase I to Affi-Gel 10 (Bio-Rad) according to the published
procedure (14). Gelsolin was from Sigma. Spectrin/F-actin
seeds were the gift of Dorothy Schafer (Washington Univer-
sity) and had been prepared according to a method adapted
from procedures in the literature (15, 16). Pyrene-labeled
muscle actin (chicken skeletal muscle pyrene-actin) was a gift
from Christopher Hug (Washington University). All other
chemicals were reagent grade.

Yeast Growth. The mutant yeast strain was grown to satu-
ration at permissive temperature in 6-liter batches of YPD
medium (17) for 48—60 hr with one or two feedings of glucose
(2%, wt/vol) and adenine (35 ug/ml). Cells were harvested by
centrifugation, washed with cold distilled water, and stored
frozen at —75°C.

Actin Purification. Actin purification, as described by Cook
et al. (7), was carried out at 4°C unless otherwise specified. For
wild-type actin, 75-100 g of wet-packed yeast cells, or one-
fourth of a commercially available bakers’ yeast cake (Red
Star), were thawed and lysed by beating with glass beads in G
buffer (10 mM Tris Cl, pH 7.5/0.2 mM CaCl,/0.2 mM ATP)
containing protease inhibitors (pepstatin, phenylmethylsulfo-
nyl fluoride, leupeptin, aprotinin, and antipain). The lysate was
spun 45 min at 40,000 rpm in a Beckman model 45Ti rotor to
remove unlysed cells. Large fat particles were removed by
filtering through a coarse filter (Zeta-Plus 30LP; Cuno). This
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filtrate was applied directly to a 25-ml DNase I-Affi-Gel
column and the column was washed in G buffer including the
protease inhibitors, G buffer plus 0.4 M NH,4Cl, and G buffer
alone, and the actin was eluted with 50% formamide in G
buffer onto a 1-ml DES52 (Whatman) column saturated in ATP
and equilibrated with G buffer. After extensive washing with
G buffer, the actin was eluted from the DE52 column with 0.3
M KCl in G buffer. Fractions containing protein were iden-
tified by spotting onto Whatman filter paper and staining with
Coomassie brilliant blue. These fractions were pooled and
dialyzed against G buffer to remove salt and excess ATP. The
actin was then polymerized for 1 hr at room temperature by
addition of 50 mM KCI and 2 mM MgSO, and collected by
centrifugation for 1 hr at 48,000 rpm in a Beckman 50Ti rotor.
The polymerized actin was depolymerized by redissolving in
buffer containing 2 mM Tris CI (pH 8.0), 0.2 mM CaCl,, 0.2
mM ATP, 0.5 mM dithiothreitol, and 0.01% NaNj3; and dia-
lyzed against this buffer for 2-3 days. After centrifugation to
remove any remaining filamentous actin, the monomeric actin
was frozen in aliquots in liquid nitrogen and stored at —75°C.
A typical yield of pure actin was 4.5-5 mg. The preparation of
mutant actin followed the same procedure as for the wild type
except that 5 mM Mg?* at 25°C was required for complete
polymerization. Actin protein concentration was determined
by Coomassie blue dye assay relative to rabbit skeletal muscle
actin, using a bovine serum albumin standard solution.

Polymerization Assays. Actin polymerization was assayed by
fluorescence with trace amounts of pyrene-labeled muscle
actin (excitation at 365 nm, emission at 386 nm) or by intrinsic
fluorescence changes of the actin itself (excitation at 300 nm,
emission at 335 nm). Fluorescence measurements were made
with a PTI (Alphascan) spectrofluorometer. The final volume
of the assay was 0.2 ml. All experiments were at 20°C.

Kinetic Simulation. Simulation of the time course of actin
polymerization (as in Fig. 3) was done with KINSIM (18) and the
mechanism

(HA+A=A,
(i) Ar + A=A,
(i) Ay + A=A,
(iv) Ay + A = As

V) As + A= Ag

Wi)Ag + A=A,
(ii) A, + A= A, (elongation)
(viii) A, = 2A, (fragmentation)

as described elsewhere (19).

RESULTS

Pyrene-labeled actin has frequently been used in tracer
amounts to measure the time course of polymerization (20,
21), since there is about a 20-fold increase in fluorescence on
incorporation of the labeled monomer into polymer. Fig. 1
shows such a time course for the polymerization of yeast
wild-type actin, muscle actin and a yeast mutant (R177A/
D179A) actin. It can be seen for both yeast actins that the
fluorescence reaches a maximum value and then begins to
decrease and eventually levels off. This decrease does not
appear to be a change in the extent of polymerization (see
below, Fig. 2) but rather some other process and makes the
time course of the reaction difficult to describe quantitatively.
The data in this figure are still useful, however, in showing that
the mutant actin polymerizes more slowly than wild type. Fig.
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Fig. 1. Comparison of the time courses of polymerization of yeast
wild-type (O), yeast R177A/D179A mutant (O), and skeletal muscle
() actins. The experiment was performed at pH 8 in 2 mM Tris Cl
buffer containing 200 uM ATP, 200 uM Ca?*, and a trace amount of
pyrene-labeled muscle actin at 20°C. The actin concentration used was
0.5 mg/ml in all experiments. Polymerization was initiated by the
addition of 2 mM Mg2*. The change in fluorescence is given in
arbitrary units.

1 also shows that skeletal muscle actin polymerizes much more
slowly than wild-type yeast actin under the same conditions but
does not show the same fluorescence decrease. Selden et al.
(22) have observed that a decrease in the intrinsic fluorescence
of actin (excitation at 300 nm, emission at 335 nm) is also a
measure of the polymerization process. Fig. 2 shows data for
wild-type yeast actin, comparing, after normalization, the
change in the intrinsic fluorescence to that observed with
pyrene-labeled actin. In contrast to the measurement with
pyrene-labeled actin, no decrease is observed in the intrinsic
fluorescence measurement at the end of the reaction and the
two curves appear otherwise to follow a very similar time
course. Since Selden et al. (22) noted that a smaller change in
intrinsic fluorescence also was observed on exchange of the
tightly bound Ca?* with Mg?*, the data in Fig. 2 were collected
after EGTA and a small amount of Mg?* were added and the
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Fig. 2. Comparison of the time course of polymerization of
wild-type yeast actin using either pyrene-labeled actin (O) or the
intrinsic fluorescence (a). Experimental conditions were as in the
legend to Fig. 1 except that the actin was incubated for 5 min with 475
uM Mg2* and 2 mM EGTA prior to addition of Mg2* to a final
concentration of 2.4 mM to initiate the polymerization. The actin
concentration was 0.25 mg/ml and the time courses were normalized
since the intrinsic fluorescence decreases while the pyrene fluores-
cence increases on polymerization.
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FiG. 3. Elongation as measured by the increase in fluorescence of
pyrene-labeled actin in the presence or absence of nucleating spectrin/
F-actin seeds. The concentration of either wild-type (O) or mutant (0)
actin was 0.1 mg/ml. The solid symbols are for the polymerization of
either wild-type or mutant actin in the absence of seeds. In the
presence or absence of spectrin/F-actin seeds, the reaction was
initiated by addition of 2 mM Mg?*.

mixture was allowed to incubate for several minutes. No
polymerization occurred during this incubation period. These
conditions, incubation with EGTA and Mg?*, and following
intrinsic fluorescence were used for the concentration-
dependence studies described later.

Relative Rates of Elongation of Wild-Type and Mutant
Actin. Spectrin/F-actin seeds were used as nuclei to determine
elongation rates of wild-type and mutant yeast actins. Fig. 3
shows the results of these experiments. With actin at 0.1 mg/ml
in the presence of 2 mM Mg?*, where there was no polymer-
ization of either the wild-type or the mutant actin for at least
100 sec, the seeds promoted incorporation of monomer into
filaments as measured by the increase in fluorescence of a
trace amount of pyrene-labeled actin. While the concentration
of the nuclei is unknown, the data of Fig. 3 provide relative
rates of elongation. The difference in the slope between
wild-type and mutant actin is 3-fold, indicating that the
elongation rate for wild-type actin is 3 times faster than that for
the R177A/D179A mutant. This 3-fold difference was incor-
porated into the simulations as discussed below.
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Simulation of the Time Course of Polymerization. Fig. 4
shows the concentration dependence of wild-type and mutant
actin polymerization measured by intrinsic fluorescence
changes. Fits to the data, shown in Fig. 4, were simulated with
the mechanism shown in Materials and Methods by KINSIM (18).
For fitting the wild-type data we assumed that each association
rate constant used for steps i~vii was 2 X 10° M~ Isec™!, a value
within the range of a diffusion-controlled reaction. The data
were best fit by assuming the trimer as the effective nucleus
with an overall dissociation constant for trimer formation of
4.5 X 107 uM~2. Reverse rate constants for steps iii and iv were
set to 1 sec™! and that for step v was set to 0 (19). To fit the
data it was necessary to assume a fragmentation rate constant
(step viii) of 0.004 sec™!. To fit the time course of the mutant
actin, the association rate constants used were 0.7 X 10°
M~lsec™!. It was found necessary to assume a tetrameric
nucleus with an overall dissociation constant of 2.1 X 10!
M3, indicating a poorer nucleation process. It was not
necessary to include a fragmentation step in describing the
time course of the polymerization of the mutant actin.

Effect of Gelsolin. The actin-binding protein gelsolin has
several effects on muscle actin: it forms a 2:1 G-actin/gelsolin
complex that can nucleate the polymerization (23), it caps the
fast growing (barbed) ends of actin filaments and it severs actin
filaments (reviewed in refs. 24 and 25). As a consequence of
the formation of the G-actin/gelsolin complex, small amounts
of gelsolin markedly increase the rate of skeletal muscle actin
polymerization (23). A similar effect is not observed with yeast
actin. Instead, gelsolin increases the lag time of the polymer-
ization and decreases the rate and extent (Fig. 5). The de-
creased rate of polymerization and lower extent suggest that
gelsolin cannot nucleate the polymerization but can cap yeast
actin filaments, presumably at the fast-growing end. The lower
extent of polymerization suggests a higher critical concentra-
tion for the slow-growing end of the yeast actin filament, much
as has been observed for muscle actin.

DISCUSSION

Attempts to express actin in bacteria or other systems usually
results in low yields (26, 27) or in material expressed in
inclusion bodies from which it is not possible to reconstitute
native actin (unpublished observations). Yeast appears to be
an excellent source of actin for examining the effects of
site-directed amino acid changes either in vivo or in vitro (4, 5,
28-30), since the one actin gene can be easily mutated. Yet
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FIG. 4. Polymerization of wild-type (4) and mutant (B) actin as a function of actin concentration. Polymerization was monitored by changes
in intrinsic fluorescence. The actin was incubated for 5 min with 95 uM Mg?* and 2 mM EGTA prior to addition of Mg?™ to a final concentration
of 2 mM to initiate the polymerization. The wild-type actin concentrations (4), top to bottom, were 0.61, 0.3, and 0.12 mg/ml. The mutant actin
concentrations (B), top to bottom, were 1, 0.75, and 0.5 mg/ml. The triangles (») represent the data fitted by use of the mechanism shown in Materials
and Methods and the rate and overall dissociation constants given in the text. Other experimental conditions were as in the legend to Fig. 1.
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F1G. 5. Effect of gelsolin on the polymerization of wild-type actin.
The polymerization was monitored by changes in intrinsic fluorescence
in the absence (O) or presence (a) of gelsolin (0.5 ug/ml, a 400:1
actin/gelsolin molar ratio). The actin concentration was 0.1 mg/ml and
it was preincubated with 250 uM Mg?* for 5 min prior to addition of
Mg?>* to a final concentration of 2 mM to initiate the polymerization.
Other experimental conditions were as in the legend to Fig. 1.

very few extensive kinetic studies have been carried out with
yeast actin, and available data suggest that its properties are
similar to those of muscle actin (11). The present study shows
that while there are similarities between muscle and yeast actin
with respect to polymerization properties, there are also
striking differences. First, we observed that yeast actin poly-
merized much more rapidly than muscle actin under the same
experimental conditions. Simulation of the time course of
polymerization suggests that this difference is a consequence
of more effective nucleation and that a trimer can serve as an
effective nucleus for wild-type yeast actin polymerization. Previ-
ous simulations suggested that a nucleus size close to a
tetramer was needed to describe the polymerization of muscle
actin (19). Second, in order to fit the time course of yeast actin
polymerization it is necessary to include fragmentation of the
filaments during polymerization, a process that is not normally
seen in polymerization of muscle actin (19). This implies that
some contacts between monomers along the axis of the
double-stranded structure may be weaker for yeast than for
muscle actin. Third, there is an overshoot in polymerization as
measured by pyrene fluorescence—a result that differs from
that obtained with muscle actin except under conditions of
rapid polymerization by, for example, continuous sonication
(31, 32). For yeast actin, this overshoot occurs over a wide
range of polymerization rates and must represent some other
process. The overshoot is not observed when intrinsic fluo-
rescence changes are monitored, suggesting that the environ-
ment of the four tryptophans in the molecule may be different
from the one pyrene moiety attached to Cys-374.

Finally, gelsolin inhibits yeast actin polymerization. While
the structure of yeast actin has not been determined, the amino
acid sequence of yeast actin is about 90% identical to that of
skeletal muscle actin. Comparisons of the two sequences show
that amino acid differences can occur at points of contact
between subunits in the filament and these differences must be
responsible for the different kinetic properties. In view of the
high degree of identity, the inhibition of the polymerization of
yeast actin by gelsolin, compared with its activation of muscle
actin, is quite surprising. One possibility is that gelsolin cannot
form a complex with yeast monomeric actin as it does with
muscle actin. The inhibition of the yeast actin polymerization
does suggest, however, that gelsolin can cap actin filaments.
Way et al. (33) have dissected the gelsolin molecule and shown
that one domain consisting of segments 1-3 can cap and sever
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filaments but cannot nucleate polymerization. McLaughlin et
al. (34, 35) have characterized the interaction of gelsolin
segment 1 with muscle actin and postulated several amino acid
residues involved in the capping and severing. According to
those investigators, the important feature of the interaction is
the insertion of Ile-103 of gelsolin between Leu-346 and
Leu-349 of subdomain 1 and Tyr-143 of subdomain 3 of actin
(35). Differences in sequence between yeast and muscle actins
do occur near some of these residues but they are not large, so
that capping may still occur with yeast actin. Crosslinking
experiments have suggested that the N-terminal 12 amino acid
residues of actin are involved in the interaction of monomeric
actin with gelsolin (36). Comparison of the N-terminal regions
of yeast and muscle actin shows some differences in se-
quence—particularly at position 10, which is cysteine in muscle
but isoleucine in yeast.

The properties of the mutant actin (R177A/D179A) are
strikingly different from wild type in that the polymerization
process is much slower and there appears to be no need to
include a fragmentation step to simulate the time course of the
reaction (Fig. 4B). The data obtained when nucleating seeds
were used indicates that the elongation rates between wild-
type and mutant actin differ by only about 3-fold, so that the
difference in overall polymerization rates is associated with the
nucleation process rather than with elongation. This is perhaps
not surprising, since the mutation does not directly involve
either the fast- or slow-growing end of the molecule but rather
the interactions that occur between monomers across the long
axis of the filament. Examination of the filament structure (13)
shows close interactions of Arg-177 and Asp-179 with residues
199-201 (Ser-Phe-Val) of a neighboring subunit. In the ab-
sence of a yeast actin structure we must assume that these
interactions are important in the formation of nuclei. As noted
by Drubin et al. (37), there are in vivo consequences of this
mutation, since yeast strains expressing this mutation cannot
grow at 37°C and have moderate defects in actin organization
even when grown at 25°C. Preliminary data show a similar
temperature dependence of polymerization of wild-type and
mutant actin (data not shown). The assembled actin cables and
patches seen in yeast cells also could not be labeled by
rhodamine-phalloidin for this mutant. Drubin et al. (37)
suggested that phalloidin may interact with two or three
monomers via residues 177/179 as a mechanism for stabilizing
the normal filament. The loss of this interaction with phalloi-
din may be consistent with the poorer nucleation observed.

Phenotypic effects of a number of actin mutants of yeast
strains have been observed (6, 7, 29, 30, 38). In order to relate
these effects to the properties of actin, it is essential to
determine the characteristics of the polymerization process
and also of the interactions of actin with actin-binding proteins.
The present results represent a step in that direction.
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