
staining. This was probably due to the effect of overexpressing
Pan1. However, most if not all of the actin patches could also
be observed in the anti-HA staining. Interestingly, the Pan1
protein was found to be associated only with cortical actin
patches and not with actin cables (data not shown). The stain-
ing patterns visualized with the anti-HA antibody were specific,
because no staining was detected in strains without the tagged
Pan1 (data not shown).
We also examined the cellular localization of the Pan1 pro-

tein by means of fractionation. Cell extracts made from
YMC395 grown in galactose were subjected to centrifugation
and assayed by Western blotting to see the partition of Pan1 in

soluble and insoluble fractions. As shown in Fig. 9B, Pan1 was
found to be present in both the supernatant and the pellet. The
insoluble portion of Pan1 could not be dissociated by treat-
ment with high pH (0.1 M Na2CO3) or 1% Triton X-100 (Fig.
9C). It, however, could be partially dissociated by 2 M urea and
completely by 1% SDS (Fig. 9C). This result indicated that the
Pan1 protein, when overexpressed in a tagged form, exists in
two pools in the cell, soluble and membrane bound, which is
consistent with our immunostaining data presented above. The
latter was tightly associated with membrane (or membrane-
bound structures such as the cytoskeleton) but was unlikely an
integral membrane protein, again supporting the immunoflu-

FIG. 8. Effect of PAN1 overexpression. (A) Photographs of YMC392 (YMW2::pGAL-PAN1 CEN6), YMC393 (YMW2::pGAL-PAN1 2mm), and YMC394
(YMW2::pGAL 2mm) on SC-Leu glucose (left) and SC-Leu galactose (right). (B) Actin distribution in YMC398 (pan1D::pGAL-PAN1 CEN6). Cells grown in SC-Leu
galactose at 308C were fixed and analyzed with anti-actin antibody. Bar, 8 mm.
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orescence staining result that Pan1 was localized to cortical
actin patches.

DISCUSSION

Actin cytoskeleton organization may contribute to the con-
trol of Start. Start in the yeast cell cycle defines the step to
initiate bud growth, DNA replication, and other events that are
required for cell division. The execution of Start requires the
activity of Cdc28 kinase activated by G1-specific cyclins (Cln1,
Cln2, and Cln3). Cln1- and Cln2-associated Cdc28 kinase is
thought to be responsible for budding, while DNA replication
and other events are triggered by Cdc28 in association with
other types of cyclins (54). The molecular mechanism of Start
control has been under intensive investigation in recent years
(17). One of the approaches that were used to decipher the
Start control has been the isolation of mutations that conferred
a lethal phenotype either in the Start-deficient cdc28 mutants
or in the absence of CLN1 and CLN2 genes (7, 19, 41). This
approach has proven successful in finding some new factors
involved in the execution of Start. Interestingly, genes identi-
fied by this approach, such as SLT2 (41, 63), CLA2/BUD2 (7,
19), and CLA4 (18), are all found to be required for normal
organization of actin and septin cytoskeletons and bud growth.
CLA4, encoding a Ste20-like protein kinase capable of inter-
acting with the Rho-type GTPase Cdc42, is also involved in
control of cytokinesis (18).
In order to further elucidate the mechanism of Start control,

we initiated a screening process which is similar to, but not the
same as, the approach described above. This method relies on
the assumption that mutations that disrupt the cell cycle arrest
of the Start-deficient cdc28 mutants will likely result in rapid

loss of cell viability at restrictive temperature. Hence, by
screening for the rapidly dying mutants of cdc28-4 at 378C, it is
possible to isolate mutations occurring in genes required for
proper control of the Start events. Using this method, we were
able to isolate pan1-4, which specifically conferred the rapid-
death phenotype in the cdc28-4 background. Although it was
not clear why pan1-4 made cdc28-4 cells die rapidly at 378C, it
nevertheless did disrupt the cell cycle arrest of cdc28-4 at 378C
in terms of the organization of the actin cytoskeleton. Such a
phenotype may provide an explanation to account for the rapid
death of the cdc28-4 pan1-4 double mutant at restrictive tem-
perature, if the abnormal aggregation of the actin cytoskeleton
in the double mutant was irreversible so that the temperature
down-shift could not resume the actin organization to a state
capable of supporting cell proliferation. At any rate, genetic
and biochemical analyses of Pan1 have led to the conclusion
that PAN1 is required for normal organization of the actin
cytoskeleton (see below). Therefore, our screening method has
enabled us to identify a new factor involved in polarized
growth of yeast cells. This result further demonstrated the
similarity between our method and the methods described
above. Like slt2, which encodes a MAP kinase required for
polarized growth (41), pan1-4 exhibits the property of forming
synthetic lethality only with the Start-deficient (cdc28-4), but
not with the G2/M-deficient (cdc28-1N) cdc28 mutants. Since
polarized growth, or bud formation, cannot occur without
proper distribution of the actin cytoskeleton, these results to-
gether imply that the organization of the actin cytoskeleton
responsible for control of polarized growth may constitute an
important aspect of Start. Indeed, reorganization of the actin
cytoskeleton from randomization to polarization prior to bud
formation requires the activity of Cdc28 kinase (37, 38). It is

FIG. 9. Expression and fractionation of the Pan1 protein. (A) Western analysis of HA-Pan1 in crude extracts from cells containing GAL-PAN1 (pMC213; lane 1),
GAL-HA-PAN1 (pMC216; lane 2), GAL-HA-PAN1D1055-1480 (lane 3), and GAL-HA-PAN1D1208-1480 (lane 4). All cells were grown in galactose-containing selective
media at 308C to log phase. (B) Cellular fractionation of Pan1. Anti-HA immunoblot analysis of samples derived from differential centrifugation of YMC395 lysate.
S1, 300 3 g supernatant; P2, 10,000 3 g pellet; S2, 10,000 3 g supernatant; P3, 100,000 3 g pellet; S3, 100,000 3 g supernatant. (C) Solubilization of Pan1 from the
particulate fraction. The 10,0003 g pellet was resuspended in buffer and identical aliquots were treated for 60 min at 48C with 1% SDS, 1% Triton X-100, 0.1 M Na2CO3
(pH 11), 2 M urea, and water (untreated). The samples were then spun at 10,000 3 g to produce the pellet (P) and supernatant (S) fractions. Equivalent amounts of
the supernatants and solubilized pellets were then analyzed by Western blotting with the anti-HA antibody.
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reasonable to speculate that the function of the budding-re-
lated factors identified by using Start-deficient mutations may
be under direct or indirect control of Cdc28. As a support for
this speculation, Slt2 MAP kinase has been found recently to
be partially dependent on Cdc28 for its activation (63).
PAN1 is required for normal organization of the actin cy-

toskeleton. PAN1 was originally discovered as a gene coding
for the yeast poly(A) nuclease required for initiation of trans-
lation by Sachs and Deardorff (52). Although these authors
and their coworkers have reported recently that Pan1 was no
longer responsible for the poly(A) nuclease activity (8, 52a), its
role in initiation of translation has not yet been clarified. To
test whether inhibition of protein synthesis would give rise to a
phenotype similar to that of the pan1-4 mutation, we per-
formed the following experiments. If pan1-4’s phenotype was
due to inhibition of protein synthesis, the cdc28-4 mutant
which we used to isolate the pan1-4 mutation would be ex-
pected to die rapidly with aggregated actin at 378C in the
presence of cycloheximide, a drug that inhibits protein synthe-
sis (28). However, this was not the case. The cdc28-4 cells still
showed randomized cortical actin patches at 378C in the pres-
ence of cycloheximide and in fact survived better in the drug-

containing medium at 378C than in the normal medium (data
not shown). Therefore, actin aggregation in the cdc28 mutant
in the pan1-4 background was not the consequence of inhibi-
tion of protein synthesis. This result cast doubts on the original
report that PAN1 had an important role in initiation of trans-
lation.
Instead, our data strongly suggest that Pan1 is directly in-

volved in the normal organization of the actin cytoskeleton.
Firstly, analysis of the pan1-4 single mutant at restrictive tem-
perature revealed that the mutant had an abnormal actin cy-
toskeleton. In wild-type cells, the actin cytoskeleton showed
two identifiable structures. The cortical actin patches were
highly polarized, being mostly confined to the bud during the
phase of bud growth, whereas the actin cables were arrayed
along the mother-bud axis. In the pan1-4 mutant, however,
both structures were disturbed at nonpermissive temperature.
The cortical actin patches were spread all over the mother and
the daughter, and the actin cables were disarrayed from the
mother-bud axis. Moreover, the mutant was no longer capable
of reorganizing its cortical actin patches according to the cell
cycle stages and therefore experienced lesions late in the cell
cycle which might include the inability to proceed through

FIG. 10. Colocalization of the Pan1 protein and the cortical actin cytoskeleton. Log-phase cells of YMC395 (pan1D::pGAL-HA-PAN1 CEN6) grown in SC-Ura
containing 2% galactose at 308C were processed for double labelling as described in Materials and Methods. Left, indirect immunofluorescence of the actin cytoskeleton
with anti-actin antibody. Right, localization of Pan1 by indirect immunofluorescence with anti-HA monoclonal antibody 12CA5. Bar, 4 mm.
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cytokinesis. Consistent with this notion, the actin staining of
the pan1-4 mutant at 378C never showed congregation of actin
at the mother-daughter junction, a step necessary for cytoki-
nesis (34, 37, 38). However, the possibility that Pan1 is also
directly involved in cytokinesis had not been ruled out.
Secondly, the pan1-4 mutant showed serious defects in its

budding pattern. It frequently generated two-budded cells and
showed random budding patterns. Even at permissive temper-
ature (258C), both haploid and homozygous diploid pan1-4
mutants demonstrated a random budding pattern as visualized
with Calcofluor staining. At 378C, the chitin distribution be-
came delocalized and caused the whole cell surface to be
brightly stained. This phenotype was in agreement with the
well-established phenomenon that defects in the actin cy-
toskeleton organization lead to abnormal budding patterns and
changed chitin deposition (3, 5, 15, 21, 25, 39, 44, 45).
Thirdly, the pan1 mutation disrupted the pattern of actin

cytoskeleton distribution in cdc28-4 arrested cells. It has been
reported that, although actin polarization in wild-type cells
required the activity of Cdc28 kinase, prolonged incubation of
the Start-deficient cdc28 mutants at restrictive temperature
would eventually result in polarization of the cortical actin
patches (40). This phenomenon has been interpreted to be
unrelated to the Start function because it happened well after
the wild-type cells had formed buds (38). The cdc28-4 mutant
used in our experiments (and previously used in reference 56),
however, did not polarize the actin patches during the ob-
served time course (up to 8 h) at 378C and remained more or
less a spherical shape other than forming long projections, as
seen in some cdc28 strains (27). Nevertheless, this strain was a
genuine cdc28 mutant since the temperature sensitivity could
be complemented by a copy of the wild-type CDC28 gene (data
not shown). Therefore, we attributed the discrepancy in cdc28-
arrested morphology to the different strain background. The
facts that the pan1-4 cdc28-4 double mutant aggregated its
actin patches within the first three hours at the restrictive
temperature and that transformation of the double mutant
with the wild-type PAN1 gene reversed the phenotype back to
randomized actin structures, as in the cdc28-4mutant (data not
shown), suggested that pan1-4 was solely responsible for dis-
ruption of the randomized actin distribution in the cdc28-4
cells.
Fourthly, the PAN1 gene sequence itself reveals some fea-

tures indicative of cytoskeletal proteins. For example, there is
a motif of 19 amino acids in Pan1 (MMPQTSFGVNLGPQLT
GGA) that is repeated twice in another yeast protein, Sla1.
While it has not been known whether the motif shared by Pan1
is important for the function of Sla1, it is located in the essen-
tial region of Pan1 (Fig. 6). SLA1 was isolated as a synthetically
lethal mutation with a null mutation of ABP1 encoding an
SH3-containing cortical actin-binding protein (29). Sla1 itself
contains three SH3 domains and has been implicated in the
control of cortical actin cytoskeleton assembly. At permissive
temperature, the sla1 null mutant displayed large actin spots
instead of the punctate actin structures seen in wild-type cells.
When shifted to the restrictive temperature, the cortical actin
structures became delocalized (29). Both large actin spots and
delocalization of the cortical actin structures were also ob-
served in the pan1-4 mutant at nonpermissive temperature, as
well as in cells overexpressing the Pan1 protein. This suggests
that Pan1 and Sla1 may share certain functions. In support of
this, the sla1 and pan1-4 mutations were found to form non-
conditional synthetic lethality. It is reasonable to speculate that
Sla1 could interact physically with Pan1 through its SH3 do-
mains binding to the proline-rich domain of Pan1. However,
coimmunoprecipitation experiments have so far failed to dem-

onstrate such interaction (data not shown). Another structural
feature of Pan1, located also in the essential region, is the
EF-hand calcium-binding domain, which is found in some
other proteins implicated in organization of the actin cytoskel-
eton, such as End3 (5; also see below). Furthermore, Pan1 has
a putative PIP2-binding motif which is again a common feature
found in some known actin-binding proteins such as profilin,
cofilin, and gelsolin (62).
Finally, and mostly strongly, the cellular localization of the

Pan1 protein suggested that Pan1 was directly involved in actin
cytoskeleton organization. Using epitope-tagged Pan1, we
were able to show that Pan1 was co-localized with cortical actin
patches. Pan1, therefore, may be a novel actin-binding protein,
although direct interaction between Pan1 and actin has yet to
be demonstrated. The protein fractionation experiment also
suggested that at least some fractions of the Pan1 protein were
associated with membrane-bound structures, supporting the
data obtained with immunofluorescence staining.
These data have led us to conclude that Pan1 is directly

involved in the organization of the actin cytoskeleton. A recent
report by Zoladek et al., who isolated the pan1 mutation along
with other mutations that affected the organization of the actin
cytoskeleton from a screening for mutants that failed to dis-
tribute yeast subcellular proteins to their destinations, further
lends support to our conclusion (64). Since the finding that
PAN1 was not responsible for poly(A) nuclease activity was not
known to these authors at the publication of their report, their
conclusion that both the actin cytoskeleton and mRNA 39 ends
are involved in subcellular protein distribution is apparently
partially incorrect (64).
The EH domain may define a subset of cytoskeleton-inter-

acting proteins. A recently identified protein motif, the EH
domain, has been found in proteins from humans, mice, nem-
atodes, and S. cerevisiae (61). A database search for more EH
domain-containing proteins yielded one from Schizosaccharo-
myces pombe and another from the filamentous fungus As-
pergillus nidulans (Fig. 6). The putative fission yeast gene,
c27F1.01c, encodes an open reading frame whose product is
about 20% identical to Pan1 in a 1,379-amino-acid overlap
(data not shown). The EH domain has been reported to be
involved in protein-protein interactions (61). However, its
physiological function is still unknown at present. Here we
propose that the EH domain may define a new family of
proteins whose functions are related to, or dependent on, the
actin cytoskeleton. This proposal is based on studies of three
EH domain-containing proteins whose functions are at least
partially known, namely, Eps15, End3, and Pan1. Both Eps15
(6) and End3 (5) are involved in clathrin-mediated endocyto-
sis. The END3 gene was isolated from a screen for mutants
defective in endocytosis, along with other genes such as ACT1
(encodes actin), SAC6 (encodes fimbrin, an actin filament-
bundling protein), SLA2/END4, VRP1, RVS161, and RVS167,
all of which were involved in actin cytoskeleton organization
(5, 35, 42). Interestingly, SAC6 and SLA2/END4 were inde-
pendently isolated, along with SLA1, from a screen for mutants
which formed synthetic lethality with a null mutant of ABP1
(29). These results suggest that endocytosis is a process that
requires the function of the actin cytoskeleton. Loss of the
END3 function resulted in cytoskeletal defects similar to that
observed in the pan1 mutant (5). Indeed, we have found that
the END3 gene was a multicopy suppressor of the pan1-4
mutation (data not shown), suggesting that End3 and Pan1
interact with each other and/or play some overlapping roles in
the organization of the actin cytoskeleton. There are still other
EH domain-containing proteins (as shown in Fig. 6E) whose
functions are completely unknown. It is tempting to speculate
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that they may also function in actin cytoskeleton-dependent
processes.
In summary, we have isolated PAN1 as a new factor required

for normal organization of the actin cytoskeleton in yeast cells.
The genetic analysis of the mutant and cellular localization of
the protein support the suggestion that PAN1 is directly in-
volved in controlling actin cytoskeleton organization. PAN1
may prove important in our understanding of cellular morpho-
genesis and control of cell polarity in eukaryotic organisms.
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