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clude that detectable actin cables disassemble in tpm1-2
tpm2D cells within 1 min of shifting to 34.58C, demonstrat-
ing that the conditional phenotype appears very rapidly
and that cables are highly unstable in the absence of func-
tional tropomyosin.

Loss of tropomyosin localization was equally rapid (Fig.
5, I–L, and Fig. 6 B). Whereas tropomyosin-staining cables
were evident in tpm1-2 tpm2D cells at permissive tempera-
tures, Tpm1p staining was diffuse within 1 min of shifting
to 34.58C. TPM1 tpm2D control showed virtually no loss of
cable staining through 15 min at 34.58C (Fig. 6 A). We con-
firmed the rapidity of fixation of Tpm1p-staining cables
using the same control as described for actin above. The
Tpm1p-staining ring noted at the necks of large-budded
cells also vanished within 1 min at 34.58C. Thus, although
the tropomyosin protein in tpm1-2 tpm2D cells is stable at
the restrictive temperature (Fig. 3 B), it cannot stabilize
actin cables or assemble at the bud neck at restrictive tem-
peratures.

In contrast, the distribution of actin cortical patches re-
mained polarized and unperturbed for the first 5 min after
shifting to 34.58C, and then gradually became depolarized
over the next 10–20 min (Figs. 5 H and 6 B). For the first 5
min, clustering of cortical patches did not appear to be dis-
turbed (sample small buds are depicted in Fig. 5, E–G, in-
sets). Another cortical patch component, the unconven-
tional type I myosin, Myo5p, was examined in tpm1-2
tpm2D cells by tagging the chromosomal MYO5 locus with
a triple-HA epitope; COOH-terminal tagging of this gene
does not interfere with its function (Goodson et al., 1996).
After shifting to 34.58C, Myo5pHA3 remained colocalized
with actin cortical patches throughout a 15-min time
course (data not shown). Similarly, a GFP-tagged capping
protein, GFPCap2p, which also has been shown to be
functional and to colocalize with cortical patches (Waddle
et al., 1996), gradually assumed a depolarized distribution
in tpm1-2 tpm2D cells in a manner indistinguishable from
that observed for actin. Thus, cortical patches appear to
initially retain their polarized distribution after loss of tro-

pomyosin function, but gradually depolarize in the ab-
sence of tropomyosin-containing cables.

Membrane Trafficking in Tropomyosin-deficient Yeast 
Still Occurs Efficiently

Fluid-phase endocytosis has been shown to depend upon
an intact actin cytoskeleton, and to be abolished in cells
lacking functional components of cortical patches, such as
actin (Act1p), fimbrin (Sac6p), and cofilin (Cof1p) (re-
viewed in Geli and Riezman, 1998; Wendland et al., 1998).
To determine whether fluid phase endocytosis still occurs
in the absence of functional tropomyosin, tpm1-2 tpm2D
cells were incubated at 368C for 1 h, then Lucifer yellow
was added as an endocytic tracer for another hour at 368C.
The tropomyosin double mutant accumulated the dye to
the same extent as wild-type control cells (data not
shown).

Figure 6. Shift to restrictive tem-
perature rapidly disrupts cyto-
skeletal and secretory protein dis-
tributions in tpm1-2 tpm2D cells.
ABY987 TPM1/TPM1 tpm2D/
tpm2D SEC8:HA3/SEC8:HA3
control (A) and ABY988 tpm1-2/
tpm1-2 tpm2D/tpm2D SEC8:
HA3/SEC8:HA3 (B) were shifted
to 34.58C for 0, 1, 2, 5, 10, and 15
min. Small-budded cells, defined
as having a bud diameter half of
or less than the mother cell diam-
eter, were scored for the pres-
ence of the following markers:
actin cables ( ), cortical patches
clustered in the bud ( ), Tpm1p-
staining cables (diamonds), Myo2p
cap ( ), Sec4p cap (striped
boxes), and Sec8 pHA3 cap ( ).
100–300 cells were scored per
data point.

Figure 7. Formaldehyde fixation preserves actin cables rapidly.
ABY971 tpm1-2/tpm1-2 tpm2D/tpm2D was grown at room tem-
perature and treated for actin immunofluorescence after: (A) fix-
ation for 1.5 h at room temperature; (B) shift to 34.58C for 1 min,
followed by addition of fixative, then incubation for a further 1.5 h
at room temperature; and (C) addition of fixative and incubation
at room temperature for 10 s, shift to 34.58C for 1 min, then con-
tinued incubation for 1.5 h at room temperature. Images of actin
immunofluorescence have been brightened to enhance the detec-
tion of actin cables at the expense of the resolution of actin corti-
cal patches. Bar, 10 mm.
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Post-Golgi trafficking of secretory vesicles has also been
shown to be affected in cells conditionally defective in
actin function (Novick and Botstein, 1985). Recently, it
has been found that two secretory markers, invertase and
the cell wall endoglucanase encoded by BGL2, are trans-
ported from the Golgi apparatus to the plasma membrane
by separate vesicle populations (Harsay and Bretscher,
1995). Therefore, we examined whether either of these
markers accumulated in tpm1-2 tpm2D cells at their re-
strictive temperature. After induction of invertase at 368C
for 1 h, cells were fractionated into external (cell wall and
periplasmic) and internal protein and assayed for inver-
tase activity. For both the tpm1-2 tpm2D mutant and
TPM1 tpm2D control, all glycosylated invertase produced
was efficiently exported, while a secretion-defective con-
trol strain (sec6-4) retained all glycosylated invertase in-
ternally (data not shown). To examine whether Bgl2p ac-
cumulated internally, tpm1-2 tpm2D and TPM1 tpm2D
cells were incubated at 368C for 1, 2, 3, or 4 h, fractionated
into external and internal fractions, and assayed for Bgl2p
by Western blot. The distribution of internal versus exter-
nal protein was identical between the TPM1 tpm2D con-
trol and tpm1-2 tpm2D cells (data not shown).

Since vesicles resembling post-Golgi secretory vesicles
accumulate in a fraction of tpm1D TPM2 cells (Liu and
Bretscher, 1992), we examined tpm1-2 tpm2D cells by thin
section electron microscopy for accumulation of secretory
membranes. TPM1 tpm2D, tpm1-2 tpm2D, and sec6-4
strains were shifted to 368C for 20 min, fixed, and pro-
cessed for electron microscopy. A subset of tpm1-2 tpm2D
cell profiles showed an accumulation of membrane-bound
structures in their cytoplasm identical to those accumu-
lated in the sec6-4 strain at 368C (Fig. 8 A, compare arrows
in panel b to panels c and d). However, only 15% of the
tpm1-2 tpm2D cells showed such structures, which was
much less than the sec6-4 control (85%). Further, the ac-
cumulation was not temperature dependent (Fig. 8 B).
Therefore, both bulk secretion and fluid phase endocytosis
occur efficiently in the absence of functional tropomyosin.

Loss of Tropomyosin and Cables Leads to a
Rapid Delocalization of Myo2p and Sec4p and a
Much Slower Delocalization of Sec8p

Since membrane trafficking remains efficient in the ab-
sence of functional tropomyosin, we wished to determine
whether spatial targeting of secretion was affected by tro-
pomyosin defects. As previously discussed, Myo2p and
Sec4p distributions correlate with directed growth. The lo-
calization of Myo2p and Sec4p was examined after shifting
tpm1-2 tpm2D cells to 34.58C.

Myo2p became delocalized rapidly, appearing as a dif-
fuse stain after 2 min (Fig. 5, M–P, and Fig. 6 B), whereas
in control cells (TPM1 tpm2D) the distribution of Myo2p
did not change (Fig. 6 A). Sec4p also rapidly delocalized in
tpm1-2 tpm2D cells at 34.58C (Fig. 5, Q–T, and Fig. 6 B).
Again, TPM1 tpm2D control cells were not perturbed sig-
nificantly (Fig. 6 A).

The effect on the polarized distribution of Sec8p was
also examined. Sec8p is a component of the exocyst, a
complex of eight proteins necessary for the fusion of secre-
tory vesicles to the plasma membrane (Novick et al., 1980;

TerBush et al., 1996). This complex also colocalizes with
regions of cell growth (TerBush and Novick, 1995). Sec8p
was examined in tpm1-2 tpm2D cells by replacing the
endogenous SEC8 locus with COOH-terminally HA
epitope–tagged SEC8. Since this is the sole copy of the es-
sential SEC8 and replacement conferred no deleterious
phenotype, SEC8:HA3 must provide functional Sec8p. Im-
munofluorescence microscopy revealed that shifting tpm1-2
tpm2D cells to 34.58C initially had no effect on the localiza-
tion of Sec8pHA3. With longer incubations, the polarized
staining decreased significantly, although some bud tip en-
richment of Sec8pHA3 was evident in tpm1-2 tpm2D cells
even after 15 min at 34.58C (Fig. 5, U–X, and Fig. 6 B), in-
dicating Sec8p is able to remain localized independent of
actin cables. Prolonged incubation at 34.58C (1 h) eventu-
ally delocalized Sec8pHA3. Conversely, although TPM1
cells had a modest decrease in Sec8pHA3 polarization at
34.58C over a 15-min time course (Fig. 6 A), by 1 h they
had reestablished a strong polarized distribution of Sec8
pHA3.

Cables Quickly Reassemble in Tropomyosin
Mutants with Rapid Repolarization of Myo2p,
Sec4p, and Sec8p

To examine the effects of the restoration of functional tro-
pomyosin, we studied recovery of the tropomyosin double
mutant from the restrictive temperature. tpm1-2 tpm2D
cells were incubated at 34.58C for 1 h to completely depo-
larize the actin cytoskeleton, then cooled to 268C for vari-
ous times before fixation and localization of actin and
Tpm1p. Astonishingly, tpm1-2 tpm2D cells showed resto-
ration of Tpm1p-containing cables within 1 min, changing
from a diffuse Tpm1p staining to a filamentous one (Fig. 9
A, a and b). In z37% of cells examined after just 1 min
of recovery, cables visibly emanated from a single focus
within the cell (Fig. 9 A, arrowheads in a, and Fig. 10). Ac-
tin-staining cables were not readily apparent (using actin
antibodies) in most cells at early recovery times (for ex-
ample, Fig. 9 C, m–o). However, we assume tropomyosin
is associating with F-actin for several reasons. First, tro-
pomyosin is only known to assemble into filaments under
physiological conditions in the presence of F-actin. Sec-
ond, double-labeling of recovering cells for Tpm1p and ac-
tin (by rhodamine-phalloidin staining) showed colocaliza-
tion of Tpm1p with a focal point of actin (Fig. 9 D, q and
r). Third, although the conditions used for double-labeling
using rhodamine-phalloidin were not optimal for preserv-
ing nascent cables, when Tpm1p-positive cables were noted
under those conditions, they also stained with rhodamine-
phalloidin (Fig. 9 D, q and r). We attribute the lack of ca-
ble staining with actin antibodies to high background fluo-
rescence from abundant cortical patches.

Myo2p, Sec4p, and Sec8pHA3 rapidly repolarized at
268C (Fig. 9 A, c–h, and Fig. 10), although recovery of
Sec8pHA3 appeared delayed by z1 min relative to Sec4p
and Myo2p (Fig. 10, arrowhead). Double-labeling for
Myo2p and Sec4p (Fig. 9 D, u and v) and for Myo2p and
Sec8pHA3 (Fig. 9 D, w and x) showed these proteins all
polarized to the same location in recovering cells. Further,
double-labeling for Tpm1p and Myo2p (data not shown)
and for Tpm1p and Sec4p (Fig. 9 D, s and t) showed that
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Myo2p and Sec4p both repolarized at the convergence of
the tropomyosin-containing cables. The recovery of these
markers was even faster when the recovery temperature
was 118C, with significant polarization of cables (40% cells
viewed) and Myo2p visible in as little as 10 s, showing that
both cable reformation and cable-dependent transport are
extremely rapid.

With repolarization of the secretory pathway, budding
resumed in tpm1-2 tpm2D cells. Tropomyosin double mu-
tant cells were placed under 2% agarose/synthetic medium
and incubated for 4 h at 358C, resulting in large, round un-
budded cells (Fig. 9 B, i). The cells were then cooled to
268C over a 5-min period and permitted to recover. Bud
emergence resumed rapidly, in that within 5 min of reach-
ing 268C, new growing buds were visible (Fig. 9 B, j–l). The
recovering cells did not resume budding in a uniform man-

ner. While some established new buds quickly, others de-
layed formation of a new bud for 1 h or more. This corre-
lates with the observation that not all cells showed a rapid
repolarization of Tpm1p, Myo2p, Sec4p, or Sec8p during
recovery (Fig. 10).

The overall distribution of cortical patches did not
change during the short time points at 268C during which
Myo2p, Sec4p, and Sec8p repolarized (Fig. 9 C, m–o).
Rather, between 15 and 30 min were required for patches
to resume an overall polarized distribution (Fig. 9 C, ar-
rows in p show cells with repolarized cortical patches). Ob-
servation of Myo5pHA3 and Cap2pGFP yielded identical
results, suggesting that cortical patches repolarize slowly
with the restoration of actin cables. However, double-
labeling of actin with Tpm1p (Fig. 9 D, q and r) and with
Myo2p (data not shown) showed a localized concentration

Figure 8. Vesicle accumulation after shift to re-
strictive temperature. (A) ABY973 TPM1/
TPM1 tpm2D/tpm2D (a), ABY971 tpm1-2/tpm1-2
tpm2D/tpm2D (c and d), and ABY703 sec6-4 (b)
were shifted to 368C for 0 or 20 min, and fixed
and prepared for thin section electron micros-
copy. Arrows in b, c, and d indicate vesicles. d
shows examples of tpm1-2 tpm2D cells with sev-
eral vesicles (the cells on the left) and few vesi-
cles (the cell on the right). Bar, 1 mm. (B)
ABY973, ABY971, and ABY703 were scored
for the accumulation of vesicular profiles. 52–55
cells were scored per data point.
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of actin at the focal points for those two proteins at early
recovery times, but we have not determined whether that
actin corresponds to locally clustered cortical patches.

Repolarization of Sec4p and Sec8p Requires Myo2p

To determine whether the rapid recovery of Sec4p and
Sec8p depends upon Myo2p, those markers were exam-
ined in a myo2-66 tpm1-2 tpm2D SEC8:HA3 strain. At the
permissive temperature, Myo2p, Sec4p, and Sec8p all
showed a wild-type distribution, and after 1 h at 34.58C
they all stained diffusely. When permitted to recover at
268C for 5 min, however, only a small percentage of the
cells showed any recovery of Myo2p to a single focal point,
in contrast to the 77% recovery seen in the MYO2 tpm1-2
tpm2D SEC8:HA3 control (Fig. 11). This demonstrates
that in the myo2-66 mutant, Myo2p remains nonfunctional
for longer than 5 min after returning to the permissive
temperature. Under these conditions, polarized cables de-
tected with Tpm1p antibodies reformed in the myo2-66

tpm1-2 tpm2D cells to the same extent as in the MYO2
control. After 5 min of recovery, myo2-66 tpm1-2 tpm2D
cells also showed very little repolarization of either Sec4p
or Sec8pHA3 (Fig. 11). Therefore, polarized actin cables
can reform despite reduced Myo2p function, but Sec4p
and Sec8pHA3 do not repolarize without functional
Myo2p.

Discussion
This study establishes that actin cables in budding yeast
target the delivery of secretory vesicles by Myo2p, and
thus direct the polarity of bud growth. We have isolated
yeast with conditionally defective tropomyosin, and dem-
onstrated that several proteins involved in polarizing se-
cretion respond very rapidly to the presence of functional
tropomyosin and actin cables, but are unaffected by the
overall distribution of cortical actin patches.

Tropomyosin is essential to budding yeast, since dele-
tion of both tropomyosin genes, TPM1 and TPM2, is le-

Figure 9. Recovery of ABY988 tpm1-2/tpm1-2
tpm2D/tpm2D SEC8:HA3/SEC8:HA3 at room
temperature after incubation at restrictive tem-
perature. (A) Several cytoskeletal and secretory
proteins repolarize rapidly: ABY988 was incu-
bated at 34.58C for 1 h then cooled to 268C for ei-
ther 0 (a, c, e, and g), 1 (b, d, and f), or 2 min (h)
before fixation. Fixed cells were processed for
immunofluorescence to detect Tpm1p (a and b),
Myo2p (c and d), Sec4p (e and f), or epitope-
tagged Sec8p (g and h). Arrowheads indicate re-
polarized protein. (B) Budding resumes quickly
at the permissive temperature: ABY988 was in-
cubated at 358C for 4 h, then cooled to 268C. DIC
images of growing cells were acquired 0, 10, 25,
and 40 min after cooling (i–l). The arrow (1) des-
ignates a bud grown before the shift to 358C,
then abandoned during growth at 358C. The ar-
row (2) designates a newly emerging bud. (C)
Repolarization of actin cortical patches is more
gradual: ABY988 was incubated at 34.58C for 1 h
then cooled to 268C for 0 (m), 1 (n), 2 (o), or 15
min (p) before fixation. Fixed cells were treated
for immunofluorescence using Act1p-specific an-
tibodies. Arrows in p denote cells showing corti-
cal patch polarity and visible actin cables. (D)
Double-labeling of repolarized cytoskeletal and
secretory proteins: ABY988 was incubated at
34.58C for 1 h, cooled to 268C for 2 min, then
fixed. Cells were double labeled for: Tpm1p and
actin (rhodamine-phalloidin staining) (q and r);
Tpm1p and Sec4p (s and t); Myo2p and Sec4p (u
and v); Myo2p and epitope-tagged Sec8p (w and
x). Bars, 10 mm.
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thal (Drees et al., 1995). A recent report has suggested
that tropomyosin may not be essential (Kagami et al.,
1997); however, further analysis of strains thought to lack
tropomyosin revealed that they still express Tpm2p. Addi-
tional experiments have confirmed that the loss of all tro-
pomyosin is indeed lethal (our results and Kagami, M., A.
Toh-e, and Y. Matsui, personal communication).

Actin cables require functional tropomyosin for stabil-
ity. In wild-type cells, both Tpm1p and Tpm2p localize
specifically to actin cables and, in large-budded cells, to a
bud neck ring, but they are not associated with actin corti-
cal patches. Although tpm1D cells lack detectable actin ca-
bles, Tpm2p is still localized to regions of cell growth and
actin concentration. Furthermore, although Tpm2p stain-
ing in these cells overlaps cortical patches, it does not colo-
calize with patches. Rather, Tpm2p staining, particularly
in small-budded tpm1D cells, resembles the appearance of

tropomyosin in the small buds of wild-type cells, suggest-
ing it may be associated with truncated cable-like struc-
tures within the bud. Since overexpression of Tpm2p in
tpm1D cells produces extended actin cables, the absence of
detectable cables may simply reflect the lower overall
level of tropomyosin in tpm1D cells, which is about eight-
fold less than in wild-type cells (Drees et al., 1995). As
Tpm2p binds avidly to F-actin (Drees et al., 1995), we sug-
gest that Tpm2p in these cells is bound to truncated actin
cables in the bud and possibly longer tenuous cables in the
mother, too thin for detection by light microscopy. Work
by Karpova et al. (1998) showing that actin cables can vary
in thickness along their length supports this possibility.
The presence of tenuous tropomyosin-containing actin ca-
bles in tpm1D cells would explain how Sec4p and Myo2p
become polarized despite the absence of detectable actin
cables in the mother cell.

To study the short-term effects of the loss of tropomyo-
sin, we generated a conditionally defective tropomyosin
mutant. Specifically, we isolated a temperature-sensitive
tpm1-2 allele in a tpm2D background. Shifting the tpm1-2
tpm2D cells to 34.58C results in the loss of tropomyosin
function. A summary of the relationships between the
presence of tropomyosin-containing actin cables and the
polarity of several cell components is shown in Fig. 12.

The most rapid phenotype of the loss of functional tro-
pomyosin is the disappearance of actin cables. Like wild-
type tropomyosin, Tpm1p in tpm1-2 tpm2D cells localizes
to actin cables as well as to a bud neck ring at permissive
temperatures. However, within 1 min of shifting tpm1-2
tpm2D cells to 34.58C, tropomyosin staining becomes dif-
fuse, suggesting a rapid dissociation of the protein from
F-actin structures (Fig. 12, step 1). At the same time, actin
cables vanish, possibly reflecting either depolymerization
of their actin or unbundling of the actin filaments to the
point that they can no longer be resolved. In support of the
actin depolymerization model, study of the actin-depoly-
merizing drug latrunculin-A shows that the F-actin of ca-
bles is capable of rapid turnover (Ayscough et al., 1997).
Further, a recent report by Belmont and Drubin (1998)
suggests that loss of tropomyosin from cables can lead to
recruitment of the actin-depolymerizing protein cofilin
(Cof1p), and that the F-actin of tropomyosin-free cables
would be depolymerized.

The product of tpm1-2 is not degraded at high tempera-
tures and the temperature-sensitive phenotype is rapidly
reversible. When tpm1-2 tpm2D cells are restored to a per-
missive temperature, cables reappear within 1 min, sug-
gesting that cables are highly dynamic structures that can
assemble quickly (Fig. 12, step 5). Reassembled cables
converge upon a single point, demonstrating that their po-
larity is reestablished as they reform. Again, two models of
reassembly are possible. If cable disassembly reflected ac-
tin depolymerization, cable reformation would reflect a
rapid polymerization event. If cable disassembly were due
to unbundling, cable reformation may reflect rapid bind-
ing of tropomyosin to preexisting fibers and the recruit-
ment of an actin bundling protein to the tropomyosin/ac-
tin, leading to consolidation into cables.

Loss of tropomyosin and detectable actin cables leads to
the loss of polarized growth. That is, when small-budded
tpm1-2 tpm2D cells are shifted to 34.58C, bud growth

Figure 10. Repolarization of cytoskeletal and secretory proteins.
ABY988 tpm1-2/tpm1-2 tpm2D/tpm2D SEC8:HA3/SEC8:HA3
was incubated at 34.58C for 1 h then shifted back to 268C for re-
covery and fixed after 0, 1, 2, 5, 10, or 15 min. Cells were then
treated for immunofluorescence to visualize Tpm1p( ),
Myo2p( ), Sec4p( ), or HA epitope-tagged Sec8p( ). Cells
were quantitated for the presence or absence of a visible focal
point of fluorescence. 100–300 cells per data point were scored.
Arrowhead indicates a 1-min time point where recovery of
Sec8pHA3 lags behind the other markers.

Figure 11. Myo2p is required
for restoration of polarity of
secretory proteins. ABY988
tpm1-2/tpm1-2 tpm2D/tpm2D
SEC8:HA3/SEC8:HA3 and
ABY1100 myo2-66 tpm1-2
tpm2D SEC8:HA3 were incu-
bated at 34.58C for 1 h, then
permitted to recover at 268C
for 5 min, fixed, and treated
for immunofluorescence to

visualize Tpm1p, Myo2p, Sec4p, or HA epitope–tagged Sec8p.
Cells were then quantitated for the presence or absence of a visi-
ble focal point of fluorescence. 100–150 cells per data point were
scored.
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ceases and the mothers become big and uniformly round.
For large-budded cells, the tropomyosin neck ring disas-
sembles and the bud neck thickens until distinction be-
tween the mother and daughter is lost, again generating
uniformly round large cells. When tropomyosin function is
restored, polarized growth resumes very rapidly.

This isotropic growth in tpm1-2 tpm2D cells reflects the
loss of targeted secretion. An extremely tight correlation
was seen between the presence of polarized cables and the
polarized distribution of several proteins involved in tar-
geted secretion, namely: the secretory vesicle-bound Rab-
GTPase Sec4p, the unconventional type V myosin Myo2p,
and the exocyst component Sec8p. Both Myo2p and
Sec4p have been implicated in targeting secretory vesicles
(Johnston et al., 1991; Govindan et al., 1995; Walch-Soli-
mena et al., 1997). All three proteins are localized to re-
gions of cell growth, paralleling the polarization of both
actin cables and actin cortical patches (Adams and Pringle,
1984; Brennwald and Novick, 1993; Lillie and Brown,
1994; TerBush and Novick, 1995), although it had not been
clear how they might interact with the actin cytoskeleton.

When tropomyosin-containing actin cables are lost from
tpm1-2 tpm2D cells, Myo2p and Sec4p become delocalized
within 2 min (Fig. 12, step 2). When cables are restored,
Sec4p and Myo2p repolarize within minutes (Fig. 12, step
6), demonstrating a rapid response of those two proteins
to the presence of tropomyosin-bound actin cables and in-
dicating that the newly restored cables are functional for
transport of secretory components. The swift recruitment
of Myo2p in response to actin cables suggests that the pro-
tein acts as a motor to translocate along actin cables to re-
gions of cell growth and that the actin cables are polarized

with their barbed ends directed toward regions of cell
growth. The repolarization of Sec4p in response to newly
formed actin cables depends upon Myo2p, as when recov-
ery is observed in a myo2-66 tpm1-2 tpm2D triple mutant,
Sec4p does not repolarize despite the formation of cables.
This result agrees well with a previous report that Sec4p
localization is Myo2p dependent (Walch-Solimena et al.,
1997) and is consistent with models whereby Myo2p binds
secretory vesicles (with attached Sec4p) and ferries them
along actin cables to sites of cell growth.

Sec8p redistributes more gradually than Myo2p or Sec4p
after the loss of tropomyosin function, suggesting it binds
to the plasma membrane at sites of cell growth by an actin
cable–independent method (Fig. 12, steps 3 and 4). How-
ever, after extended periods in the absence of tropomyosin
function, Sec8p also becomes delocalized, and, after the
restoration of functional tropomyosin, Sec8p repolarizes
very rapidly, though just delayed relative to Sec4p and
Myo2p (Fig. 12, step 7). The delay may reflect a need for
some factor delivered by cables, probably secretory vesi-
cles, to growth sites for Sec8p recruitment, but, once Sec8p
is bound there, it can remain for longer periods in the ab-
sence of both actin cables and nascent secretory vesicles.
Consistent with this view is the report that Sec8p depends
upon secretion in order to remain localized (Finger et al.,
1998). As further support, Sec8p repolarization, like Sec4p,
depends upon functional Myo2p and does not occur in the
myo2-66 tpm1-2 tpm2D mutant.

Cortical actin patch distribution was also perturbed by
the loss of tropomyosin function, but the response, to any
degree that we could detect, was more than 10 times
slower than that of any of the above markers (Fig. 12, step 3).

Figure 12. Steps of depolarization and repolarization in response to loss and gain of tropomyosin-containing cables in tpm1-2 tpm2D
cells. Upon shift to 34.58C, (1) 1 min: actin cables disappear, (2) 2 min: Myo2p and Sec4p staining at the bud tips is lost, (3) 15–30 min:
cortical patches gradually assume an isotropic distribution and Sec8p staining at the bud tip diminishes, (4) 1 h: Sec8p completely delo-
calizes and isotropic growth occurs. Upon return to 268C, (5) 1 min: actin cables reassemble, although this occurs as a distinct step only
in myo2-66 cells, (6) 1 min: Myo2p and Sec4p repolarize in MYO2 cells as cables are reformed, (7) 2 min: Sec8p repolarizes, (8) 10–15
min: cortical patches are cleared from the mother and repolarize to the growing bud site.
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While either Tpm1p or Tpm2p alone can maintain at least
a partially polarized distribution of cortical patches, with
the total loss of functional tropomyosin, cortical patches
migrated to an isotropic distribution over the cell surface.
The composition of the cortical patches under these cir-
cumstances appeared normal in that two known patch
components, Cap2p and Myo5p, remained associated with
the patches. Upon restoration of actin cables, the cortical
patches gradually repolarized (Fig. 12, step 8), suggesting
that the overall distribution of cortical patches depends
somehow upon actin cables, possibly responding to some
polarity cue delivered by cables to sites of growth. An
overall polarized distribution of cortical patches is re-
stored only after 10–15 min, although localized clustering
of patches near the cable focal points occurs earlier.

Actin cortical patches are commonly thought to be the
nucleators of actin cables. However, a recent report dem-
onstrates that cables do not always terminate upon cortical
patches (Karpova et al., 1998). Further, the report shows
that actin cables can exist with cortical patches close to
both ends, suggesting that association with patches is not
an indicator of the inherent polarity of actin cables. In-
terestingly, Tpm1p-containing cables, Myo2p, Sec4p, and
Sec8p all repolarize long before actin cortical patches re-
sume an overall polarized distribution, suggesting cortical
patches by themselves are not nucleators of actin cables.
One possible explanation for this observation is that some-
how a subset of cortical patches becomes established as
nucleators of actin cables. An alternative explanation is
that actin cables do not nucleate from cortical patches, but
from some other site on the plasma membrane. It has been
noted previously that Myo2p, Sec4p, and Sec8p all polar-
ize similarly to cortical patches, but they do not colocalize
with the patches (Brennwald and Novick, 1993; Lillie and
Brown, 1994; Finger et al., 1998). The distribution of
Myo2p, Sec4p, and Sec8p in wild-type cells might reflect
their accumulation at a nucleation site where the barbed
ends of actin cables converge that is distinct from cortical
patches, explaining the lack of colocalization.

If cortical patches might not play a role in targeting
secretion, what role might they play at regions of cell
growth? One possibility is that cortical patches mediate
some activity required to maintain efficient active growth.
Actin patches are likely to function directly in endocytosis.
There is a remarkable correlation between defects in com-
ponents of cortical patches, such as Act1p/End7p, Arp2p,
Cof1p, Sac6p, Dim2p/Pan1p, and Myo5p, and defects in
endocytosis (reviewed in Geli and Riezman, 1998; Wend-
land et al., 1998). To maintain efficient secretion at the
ends of cables throughout the cell cycle, actin cortical
patches may be required to recycle membranes from those
same locations to retrieve such components as v-SNARES
and lipids for further rounds of exocytosis.

An interesting question is the nature of the polarizing
signal that remains localized in tpm1-2 tpm2D cells to redi-
rect actin cable assembly. Currently, the molecular nature
of this polarizing cue is unknown. However, several pro-
teins important to the establishment and maintenance of
cell polarity and actin organization have been localized to
the same regions toward which cables converge, notably
the Rho-GTPases Cdc42p and Rho1p, as well as several
proteins shown to interact with these GTPases, including

the F-actin–binding protein Bem1p and the yeast formin
Bni1p. Interestingly, Bni1p has been reported to bind two
more actin-binding proteins, Bud6p/Aip3p and EF1a, as
well as to yeast profilin, which could serve to locally stimu-
late F-actin formation and thereby nucleate cable refor-
mation (reviewed in Tanaka and Takai, 1998). Further
studies will be needed to determine which molecules re-
main polarized within cells lacking tropomyosin function.
The use of appropriate mutants may then reveal which
genes are required to generate polarized actin cables, and
thereby establish polarity in budding yeast.
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