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Schizosaccharomyces pombe cells have a well-defined pattern of polarized growth at the cell ends during
interphase and divide symmetrically into two equal-sized daughter cells. We identified a gene, pom1, that
provides positional information for both growth and division in S. pombe. pom1 mutants form functioning
growth zones and division septa but show several abnormalities: (1) After division, cells initiate growth with
equal frequencies from either the old or the new end; (2) most cells never switch to bipolar growth but instead
grow exclusively at the randomly chosen end; (3) some cells mislocalize their growth axis altogether, leading
to the formation of angled and branched cells; and (4) many cells misplace and/or misorient their septa,
leading to asymmetric cell division. pom1 encodes a putative protein kinase that is concentrated at the new
cell end during interphase, at both cell ends during mitosis, and at the septation site after mitosis. Small
amounts of Pom1p are also found at the old cell end during interphase and associated with the actin ring
during mitosis. Pom1p localization to the cell ends is independent of actin but requires microtubules and
Tea1p. pom1 mutations are synthetically lethal with several other mutations that affect cytokinesis and/or
the actin or microtubule cytoskeleton. Thus, Pom1p may position the growth and cytokinesis machineries by
interaction with both the actin and microtubule cytoskeletons.
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The generation of a specific cell shape and three-dimen-
sional organization is crucial for cell function in both
unicellular and multicellular organisms. A central as-
pect of cellular morphogenesis is polarization of the cell
along an appropriate axis. Polarization depends on posi-
tional information within the cell and is critical for both
cell division and development (Strome 1993; Lehmann
1995; Drubin and Nelson 1996). The mechanisms that
generate and maintain cell polarity are not yet well un-
derstood, but they presumably involve positional signals
from within or outside the cell, signal transduction ele-
ments, and the cytoskeleton. For example, in the bud-
ding yeast Saccharomyces cerevisiae, polarization of
the cytoskeleton toward the bud site involves both cor-
tical positional markers and GTPase signaling modules
that communicate the positional information to the
cytoskeleton (Pringle et al. 1995; Drubin and Nelson
1996).

In the fission yeast Schizosaccharomyces pombe, po-
sitional information is required both for polarized

growth at the cell ends and for proper positioning of the
centrally located plane of cell division. S. pombe cells
grow as cylindrical rods of constant diameter by elongat-
ing at the cell ends. After cell division, both daughter
cells initiate polarized growth by elongating exclusively
at the end that existed in the mother cell prior to divi-
sion (the old end). In early G2 phase, the end generated by
the preceding cell division (the new end) also begins to
grow. This transition from unipolar to bipolar growth is
known as new end take off (NETO; Mitchison and Nurse
1985). After mitosis, cytokinesis and septum formation
occur at a site that is normally midway between the cell
ends. The sites of cell growth and division are reflected
by the distribution of the actin cytoskeleton (Marks and
Hyams 1985; Marks et al. 1986). During interphase, F-
actin patches are concentrated at the growing cell end(s).
At mitosis, cell elongation ceases, and actin redistributes
to the cell center to form a cortical ring, and later adja-
cent patches, in preparation for division. After division,
actin relocates to the old ends of the two daughter cells,
where polarized growth is reinitiated.

The microtubule cytoskeleton also appears to be in-
volved in the positioning of polarized growth in S.
pombe: Mutations in tubulin genes or treatment with
microtubule-disrupting drugs leads to the formation of
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bent and/or branched cells (Umesono et al. 1983;
Hiraoka et al. 1984; Yaffe et al. 1996). During interphase,
cytoplasmic microtubules are organized longitudinally
in the cell, with many appearing to run from end to end
(Hagan and Hyams 1988). At the onset of mitosis, these
microtubules are replaced by spindle microtubules, and,
after nuclear division, new cytoplasmic microtubules are
formed from two microtubule-organizing centers at the
cell center.

Recent genetic analyses of morphogenesis in S. pombe
have identified several interesting types of mutants
(Snell and Nurse 1993, 1994; Nurse 1994; Verde et al.
1995). For example, the ban and tea mutants are defec-
tive in the orientation of growth polarization; they can
still polarize their growth machinery, but they form bent
and/or T-shaped cells. Recently, Mata and Nurse (1997)
have reported that Tea1p is directed by microtubules to
the two cell ends, where it may act as a positional
marker for the growth machinery. In contrast, the prod-
ucts of the mid1 (or dmf1) and pos genes are involved in
determining the site of cell division. Mutants defective
in these genes place septa at seemingly random positions
and orientations, rather than at the cell center (Chang et
al. 1996; Edamatsu and Toyoshima 1996; Sohrmann et
al. 1996). Mid1p localizes to the nucleus during inter-
phase but forms a central ring at the cell cortex at mito-
sis; this ring might direct the cell division machinery to
the cell center (Sohrmann et al. 1996).

In this report, we describe a novel gene, pom1, that
encodes a predicted protein kinase that is involved in
selecting the sites for both polarized growth and cell di-
vision in S. pombe.

Results

Isolation of morphogenetic mutants

To identify S. pombe mutants with defects in morpho-
genesis, 7100 individual clones of mutagenized cells
were screened by fluorescence microscopy as described
in Materials and Methods. Forty mutants were identified
that had interesting morphogenetic phenotypes caused
by single mutations. Some of these mutants had pheno-
types similar to those of previously described mutants,
such as the formation of round, bent, or branched cells
(see introductory section). Among these, six mutants
that formed T-shaped cells all proved to contain muta-
tions in the previously described tea1 and tea2 genes
(data not shown). Other mutants showed novel alter-
ations of cell shape, septum formation, and/or cell-wall
deposition. One mutant harbored a recessive mutation
that we named pom1-1 (polarity misplaced); it showed
defects in the positioning and orientation of division
septa, as well as a few angled and T-shaped cells (Fig. 1A).
The abnormal septum localization in the pom1-1 mu-
tant resembled that of mid1 mutants (Chang et al. 1996;
Sohrmann et al. 1996), but pom1-1 segregated indepen-
dently of mid1 as well as of various other mutations
affecting morphogenesis or cytokinesis, including tea1,
tea2, ban1, ban2, ban3, and ban4 (data not shown). The

remainder of this report describes our analysis of the
pom1 gene and its product.

Cloning of pom1, a novel protein kinase gene

To clone the gene defined by the pom1-1 mutation, we
exploited the synthetic lethality of the pom1-1 dmf1-6
and pom1-1 cdc14-118 double mutants (see below and
Materials and Methods). Several plasmids with overlap-
ping inserts rescued the viability of both double mutants
as well as the morphological phenotypes of the pom1-1
single mutant. Partial sequencing revealed that the in-
serts were derived from a region near cdc25 on chromo-
some I that had been sequenced as part of the S. pombe
genome project (cosmid c2F7; EMBL/GenBank/DDBJ ac-
cession no. Z50142). Crossing of pom1-1 (JB99) and
cdc25-22 (JB20) strains showed that the two genes are
linked (26 wild-type segregants among 460 segregants
analyzed), suggesting that the isolated plasmids indeed
contained pom1 and not a multicopy suppressor. Sub-
cloning experiments showed that ORF SPAC2F7.03c
was responsible for the rescue of pom1-1 (data not
shown). This ORF was deleted by use of a PCR-generated
fragment containing the ura4+ marker (see Materials and
Methods). The phenotype of the resulting pom1-D1 mu-
tant was indistinguishable from that of pom1-1 (see be-
low), and pom1-D1 did not complement pom1-1 in a dip-
loid strain (data not shown). Thus, SPAC2F7.03c is
pom1.

pom1 encodes a predicted protein of 1087 amino acids
with a putative protein kinase catalytic domain near its
carboxyl terminus (Fig. 2). This domain shows all 12 of
the major conserved protein kinase subdomains (Hanks
and Hunter 1995), including an ATP-binding site (amino
acids 705–728). No other significant sequence motifs
have been detected in Pom1p. pom1 does not contain
any consensus splicing sites, suggesting that it has no
introns, a conclusion supported by the sequences of par-
tial cDNA clones (see Materials and Methods). The clos-
est Pom1p homolog found in the databases was another
predicted S. pombe protein kinase (accession no.
Q09815; SPAC16C9.07). The two proteins are 55% iden-
tical in their kinase domains but otherwise share only a
short region of homology immediately upstream of the
kinase domains (33% identity between amino acids 592–
698 of Pom1p and the corresponding region in the
SPAC16C9.07 product). Other protein kinases with
strong homology to Pom1p are rat Dyrk (Kentrup et al.
1996), human Dyrk2 and Dyrk3 (accession nos. Y13493
and Y12735), the Caenorhabditis elegans F49E11.1 prod-
uct (accession no. Z70308), S. cerevisiae Yak1p (Garrett
and Broach 1989), and the Drosophila and human Mini-
brains (Tejedor et al. 1995; Smith et al. 1997), which
show 43% to 52% identity to Pom1p in their kinase
domains. These proteins belong to an emerging novel
family of protein kinases with potential dual specificity
(Kentrup et al. 1996). Minibrain is involved in postem-
bryonic neurogenesis and is implicated in learning de-
fects associated with Down Syndrome (Tejedor et al.
1995; Smith et al. 1997; and references cited therein).
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Outside the kinase domains, only Dyrk2, Dyrk3, the
F49E11.1 product, and Minibrain show any homology to
Pom1p (31% to 47% identity over 29–73 amino acids
immediately upstream of the kinase domain). Notably,
no homology other than to the kinase domain was found
with any protein predicted by the S. cerevisiae genome
sequence.

Mislocalization and misorientation of septa in pom1
mutant cells

pom1-D1 mutants (strains JB109 and JB110) are viable at
temperatures from 20°C to 36°C and showed no obvious

defects in mating, meiosis, or sporulation; they did, how-
ever, have generation times ∼20% longer than those of
wild type (data not shown). As with the pom1-1 mutant,
the most obvious phenotype of pom1-D1 cells was fre-
quent misplacement and/or misorientation of the sep-
tum (Fig. 1B,C). The misplaced septa colocalized with
equivalently misplaced actin rings (Fig. 1B), as expected
from the role of actin in septation. To investigate the
positioning of the misplaced septa relative to the cell
ends, we visualized the growing ends and septa simulta-
neously (see Materials and Methods). This revealed a
strong bias in septum positioning: Among 122 cells with
asymmetrically positioned septa, 119 had the septum po-
sitioned closer to the nongrowing (or less extensively
growing) end (as illustrated in Fig. 1D). This bias was also
evident in time-lapse studies (Fig. 3, 43 to 263 min).

Figure 2. Predicted sequence of Pom1p (accession no. Z50142).
The kinase domain (amino acids 699–995) is shown in boldface
type.

Figure 1. (A) Abnormalities in cell shape and cell division in
pom1-1 mutant cells. Strain JB100 cells growing exponentially
at 30°C were stained with Calcofluor and bisBenzimide to vi-
sualize septa and DNA. (Asterisks) Cells with branched or
angled growth; (arrows) cells with septa in abnormal positions
and/or orientations; (arrowheads) cells with longitudinal or ir-
regular septa. (B–D) Abnormal septum placement in pom1-D1
mutant cells. (B) Cells of wild-type strain 972 (left panels) and
pom1-D1 strain JB110 (right panels) growing exponentially at
36°C were stained with Calcofluor and bisBenzimide (upper
panels) and with rhodamine–phalloidin to visualize F-actin
(lower panels). (a, b, and c) Cells with different degrees of sep-
tum misplacement, as used for the quantitative analysis in C.
(C) Septation patterns were scored in >300 cells from each cul-
ture shown in B. (Left) Septum position was scored relative to
the long axis of the cell as divided into five equal compartments
(see examples in B). (Right) Septum angle was scored relative to
the long axis of the cell. Septa with angles of 80° to 90° were
designated as orthogonal and septa with smaller angles as tilted.
Septa that looked very aberrant (e.g., consisting of several
sheets) or were placed longitudinally in the cell (see examples in
A) were scored as irregular. (D) JB110 cells growing exponen-
tially at 30°C were treated with FITC-conjugated lectin to stain
their cell walls, then washed and grown for 45 min before stain-
ing with Calcofluor (left). The cell ends that had grown during
the 45 min after labeling with lectin can be identified by their
unlabeled surface (right) and are marked with asterisks (left).
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In contrast to the septa, nuclei appeared to be posi-
tioned normally at the cell center during interphase, and
to divide normally, in pom1 mutant cells (Figs. 1A,B and
5C). Time-lapse observations (Fig. 3) suggested that the
mislocalized and misoriented septa are generally func-
tional for cell division, a conclusion supported by the
observations that the percentages of cells with visible
septa or with actin rings in the pom1 mutants are similar
to those in wild type (Fig. 4B and data not shown). How-
ever, anucleate cells were not observed in the pom1 mu-
tants, suggesting that septa forming anucleate compart-
ments (e.g., Fig. 1B, cell c) may not be cleaved.

The time-lapse studies also showed that the asymmet-
ric cell divisions can lead to a pronounced asynchrony in
the subsequent cell divisions of the unequal-sized daugh-
ter cells (e.g., Fig. 3, cells 1 and 2). On average, however,
pom1 mutant cells are only ∼10% shorter than wild-type
cells at cell division (data not shown), suggesting that
cell size regulation is largely normal.

Mislocalization of polarized growth in pom1 mutant
cells

Wild-type cells grow initially at one end but later (after
NETO; see introductory section) grow at both ends. In
contrast, cell-surface staining (Fig. 1D) and time-lapse
observations (Fig. 3, arrows) suggested that pom1 mutant
cells grow only at one end until septum formation. To
explore further the apparent defect in the switch to bi-
polar growth, we examined the organization of actin in
pom1 mutant cells. Long wild-type cells consistently
have F-actin patches concentrated at both cell ends (Fig.
4A,B). In contrast, long pom1 mutant cells showed pre-
dominantly unipolar actin staining (Fig. 4A,B). To ask

whether the switch to bipolar growth was blocked or
merely delayed in the cell cycle, we used a temperature-
sensitive cdc25 mutation. The cdc25 single mutant be-
comes arrested in G2 after NETO (Mitchison and Nurse
1985), as reflected by the localization of actin to both
ends of the cells (Fig. 4A,B). In contrast, a pom1 cdc25
double mutant showed unipolar actin localization (Fig.
4A,B), suggesting that the switch to bipolar growth is
permanently blocked by the loss of Pom1p function.

The time-lapse studies revealed another interesting as-
pect of the pom1 mutant phenotype. In wild-type cells, it
is always the old end that initiates growth after cell di-
vision. In contrast, in pom1 mutant cells, either the old
end (Fig. 3, cell 6, 263–312 min) or the new end (Fig. 3,
cells 5, 7, and 8, 346–487 min) could initiate growth.
These few examples also suggest that there is no neces-
sary correlation between the ends selected for growth by
the two daughter cells generated by one cell division.

To explore further this apparent defect in the selection
of the growth pole, we stained cdc10 and pom1 cdc10
mutant cells with Calcofluor, which reveals the division
scars as weakly stained regions of the cell wall (Mitchi-
son and Nurse 1985). At restrictive temperature, cdc10
mutants arrest in G1 prior to NETO (Mitchison and
Nurse 1985); thus, actin polarization (Fig. 4B) and cell
growth occur only at the old end, and the most recent
division scar is seen as a dark hemisphere at the new cell
end (Fig. 4C,D). The pom1 cdc10 double mutant also
polarized to just one end (Fig. 4B); however, that end
could be either the old end (division scar thus seen at the
new end) or the new end (division scar thus displaced
from the new end by growth at that end), in approxi-
mately equal frequency (Fig. 4C,D). Similar results were
obtained with cdc25 and pom1 cdc25 mutant strains. As
noted above, the cdc25 single mutant undergoes NETO,
so that the division scar is invariably displaced from the
new end (Fig. 4C). In contrast, the pom1 cdc25 double
mutant, which grows only at one end (see above), could
grow either at the old end (Fig. 4C) or the new end (not
shown), in approximately equal frequency (Fig. 4D).
Thus, cells lacking Pom1p appear to pick one end at
random for growth after cell division and then, because
of the defect in switching to bipolar growth, grow exclu-
sively at this end until the next cell division.

Although most pom1 mutant cells picked one or the
other end for growth after division, about 5% of cells
mislocalized their growth axis altogether and formed
angled or T-shaped cells (Figs. 1A and 5A,B). This phe-
notype was more dramatic in a pom1 cdc11 double mu-
tant. At restrictive temperature, the cdc11 mutation
causes a defect in cytokinesis, but the nuclear and
growth cycles continue (Nurse et al. 1976; Mitchison
and Nurse 1985). cdc11 mutant cells grow at both ends
after each mitosis, as reflected by the actin cytoskeleton,
which forms rings during mitosis and cycles back to the
cell ends during interphase (Marks et al. 1986). Presum-
ably, after each mitosis, cdc11 mutant cells must decide
where to reinitiate growth. In the absence of Pom1p,
these decisions are often aberrant, leading to the forma-
tion of cells that are branched and often wildly so (Fig.

Figure 3. Time-lapse analysis of the growth of a pom1-1 strain.
JB100 cells growing at room temperature in YE medium were
observed by DIC microscopy (see Materials and Methods). The
times in minutes since the beginning of observation are indi-
cated. Individual cells are numbered for reference in the text.
(Arrows) Growing cell ends.

Pom1p and positional information in S. pombe

GENES & DEVELOPMENT 1359



5A,B). Staining for actin showed only one or two appar-
ent growth zones per cell (data not shown), suggesting
that the branching is caused by mislocalization of polar-
ity in successive cell cycles and not by simultaneous
activation of multiple growing ends. This interpretation
is supported by the increase over time in the percentage
of branched cells in the pom1 cdc11 mutant (Fig. 5B); no
such increase in cell branching over time was observed
in pom1 cdc10 or pom1 cdc25 double mutants (Fig.
4A,C, and data not shown), in which repeated mitotic
cycles did not occur.

Microtubule organization in pom1 mutant cells

Mutations or drugs that compromise microtubule func-
tion also cause bending and branching of S. pombe cells
(see introductory section). Therefore, we examined the
microtubule cytoskeleton in pom1-D1 cells. The mutant
cells displayed apparently normal arrays of interphase
cytoplasmic microtubules (Fig. 5C, cells labeled 1) and
normal mitotic spindles (Fig. 5C, cell 2). However, the
mutant cells differed from wild-type cells in the place-
ment of the post-anaphase microtubule-organizing cen-
ters, which nucleate the new cytoplasmic microtubules.
In wild-type cells, these structures appear in the center
of the cell (Fig. 5C, arrowhead; Hagan and Hyams 1988),
but in pom1 mutants they are frequently displaced from

the center (Fig. 5C, arrows). The displaced microtubule-
organizing centers coincide with the mislocalized septa
as visualized by differential-interference contrast (DIC)
microscopy (data not shown).

Genetic interactions of pom1

To gain additional insights into the function of Pom1p,
we investigated the possible genetic interactions (syn-
thetic lethality, suppression, or epistasis) between pom1-
D1 and other mutations affecting cytoskeletal function
and/or cytokinesis (by use of strains indicated in Table 1,
below). Interestingly, we observed synthetic lethal inter-
actions between pom1-D1 and mutations affecting both
the actin and microtubule cytoskeletons. In particular,
pom1-D1 and the cold-sensitive act1-48 mutation (Mc-
Collum et al. 1996) were synthetically lethal at all tem-
peratures tested (18°C to 36°C). In addition, pom1-D1
cdc3-6 (profilin; Balasubramanian et al. 1994) and pom1-
D1 cdc8-110 (tropomyosin; Balasubramanian et al. 1992)
double mutants grew slowly at 23°C and failed to grow at
30°C, temperatures at which the cdc3-6 and cdc8-110
single mutants grew well. Similarly, a pom1-D1 nda3–
KM311 (b-tubulin; Hiraoka et al. 1984) double mutant
failed to grow at 28°C, a temperature at which the cold-
sensitive nda3–KM311 single mutant grew well. In ad-
dition, a pom1-D1 ban5-3 (a2-tubulin; Adachi et al. 1986;

Figure 4. Abnormal polarization of growth in pom1-D1 strains. (A) Strains 972 (wild type) and JB110 (pom1-D1) were grown at 36°C
to 5 × 106 cells/ml, then stained with rhodamine–phalloidin to visualize F-actin organization. Strains JB20 (cdc25-22) and JB120
(pom1-D1 cdc25-22) were grown to the same titer at 25°C, then shifted to 36°C for 3 hr before staining. (B) Cells from the populations
shown in A were scored for unipolar or bipolar actin localization, as were cells of strains SP622 (cdc10–V50) and JB121 (pom1-D1
cdc10–V50) (grown as described for the cdc25-22 strains in A). For strains 972 and JB110, the percentages of cells with an actin ring
were also scored. In the other strains, these percentages were <5%. At least 250 cells of each strain were evaluated. (C) Strains SP622,
JB121, JB20, and JB120 were grown at 25°C to 5 × 106 cells/ml, shifted to 36°C for 4 hr, and stained with Calcofluor. (D) Cells (ù250)
from each population shown in C were scored for the presence or absence of new-end growth.
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Yaffe et al. 1996) double mutant grew very slowly at
30°C and 36°C, temperatures at which the ban5-3 single

mutant grew well. pom1-D1 also showed a temperature-
sensitive synthetic lethality with the cytokinesis muta-
tions cdc14-118 (Nurse et al. 1976; Fankhauser and Si-
manis 1993) and dmf1-6 (an allele of mid1; Sohrmann et
al. 1996). A pom1-D1 tea1D double mutant was viable at
temperatures from 23°C to 36°C but showed an additive
phenotype of strong cell branching (like the tea1D single
mutant; Mata and Nurse 1997) and misplaced septa (like
the pom1-D1 single mutant; see above). No obvious ge-
netic interactions were seen between pom1-D1 and arp3-
c1 (actin-related protein; McCollum et al. 1996).

Localization of Pom1p

We used three methods to investigate the intracellular
localization of Pom1p. First, we generated polyclonal an-
tibodies specific for Pom1p (see Materials and Methods).
In addition, we tagged the 38 end of pom1 (under its own
promoter and in its normal genomic location) with se-
quences encoding either a triple hemagglutinin epitope
(3HA) or green fluorescent protein (GFP) (see Materials
and Methods). The growth rates and cell morphologies of
strains containing the tagged genes were indistinguish-
able from those of wild-type strains (data not shown),
indicating that the tagged genes are functional. Immu-
nofluorescence staining of wild-type cells with the
Pom1p-specific antibodies, immunofluorescence stain-
ing of pom1–3HA cells with HA-specific antibodies, and
observations on pom1–GFP cells all revealed the same
patterns of Pom1p localization, as described below. The
failure of pom1-D1 cells to stain with the Pom1p-specific
antibodies (Fig. 6B) further confirmed the specificity of
the staining. Because the tagged strains yielded stronger
and more reproducible Pom1p localization signals than
did the Pom1p-specific antibodies, we used these strains
for most of the studies described below.

Pom1p was observed at both cell ends in most cells
(Fig. 6A,C,F), although one end usually had a stronger
signal than the other. In some cells, Pom1p could also be
observed in association with filaments (possibly micro-
tubules; see below) running along the cell (Fig. 6C, ar-
rows; Fig. 6F, white arrows). In addition, Pom1p was ob-
served at the center of cells undergoing division (Fig.
6D,F, arrowheads). This signal was very faint in cells
early in nuclear division (Fig. 6D,E, upper cell; Fig. 6F,
cell 1, 0 min) but became much stronger as nuclear di-
vision and septation were completed (Fig. 6D,E, lower
cell; Fig. 6F, cell 1, 10–45 min). The central Pom1p signal
always spanned the full cell diameter (i.e., it did not ap-
pear to contract) until after cell division, when it marked
the new ends of both daughter cells (Fig. 6F, cell 1, 45 and
75 min).

The cell cycle dynamics of Pom1p localization were
revealed most clearly by time-lapse studies of living
pom1–GFP cells. In addition to the progressive changes
in Pom1p signal at the cell center (see above), it was
apparent that the new ends of cells had a high concen-
tration of Pom1p at the time of birth and through much,
if not all, of interphase (Fig. 6F, cell 1 daughters, 75–160
min; cells 2 and 3, 0–110 min). (Note that cells 4 and 5

Figure 5. Mislocalization of growth poles and of microtubule-
organizing centers in pom1-D1 strains. (A) Cells of strains JB110
(pom1-D1), JB22 (cdc11-136), and JB122 (pom1-D1 cdc11-136)
were grown at 25°C to 5 × 106 cells/ml, shifted to 36°C for 4.5
hr, and stained with Calcofluor. (B) 600 cells from each popu-
lation shown in A were scored for the extent of cell branching as
a function of time after the shift to 36°C. The ‘‘branched’’ cell
population in the pom1-D1 single mutant consisted mainly
(∼90%) of angled cells (see A, cell 1); the rest were T-shaped
cells, the majority of which (∼90%) had a division scar at each
end (see A, cell 2). The cdc11-136 single mutant showed <1%
cell branching at all times. (C) Cells of strains 972 and JB110
were grown at 30°C to 1 × 107 cells/ml, then fixed and stained
with anti-tubulin antibodies and with bisBenzimide to visualize
DNA. Some cells are numbered for reference in the text. (Ar-
rowhead and arrows) Post-anaphase microtubule-organizing
centers.
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were apparently nonsister cells that had happened to
settle into the medium with their old ends adjacent.) The
concentration of Pom1p seemed to be high and approxi-
mately equivalent at the two cell ends during the early
stages of septum formation (Fig. 6F, cell 1, 10 min; cell 2,
110–160 min) and then decreased while the concentra-
tion at the cell center increased as cell division pro-
ceeded (Fig. 6F, cell 1, 10–75 min).

Actin independence of Pom1p localization

Although Pom1p and actin both localize to the cell ends
and to the cell center, their patterns of localization
through the cell cycle differ, as shown by comparison of
the Pom1p localization described above to the previously
described distribution of actin (see introductory section)
and by double-staining experiments (Fig. 6G–I). In wild-
type cells, when actin relocalized from the cell ends to
the cell center in preparation for division, Pom1p was
still found predominantly at the cell ends, although a
small amount of Pom1p colocalized with the central ac-
tin (Fig. 6G). In interphase cells, there was typically a
negative correlation between the amount of Pom1p and
the amount of actin at a particular end, which reflects, at
least in part, the high concentration of Pom1p at the new
end (Fig. 6F) and the high concentration of actin at the
old end (Marks and Hyams 1985) in recently divided
cells. This negative correlation was also apparent in
cdc10 and cdc25 mutant backgrounds. In cdc10–V50
cells, where actin was concentrated only at the old end,
Pom1p was found almost exclusively at the new end (Fig.
6H). In cdc25-22 cells, where actin was typically concen-
trated at both ends (Fig. 4A,B; Fig. 6I), only small
amounts of Pom1p were typically seen at either end (Fig.
6I). In some cdc25-22 cells, particular ends had lower
concentrations of actin; such ends typically also had
more distinct concentrations of Pom1p (Fig. 6I, asterisk).

These results suggested that Pom1p localization does
not depend on actin. To test this hypothesis, we treated
cells with the inhibitor latrunculin-A (LAT-A), which
quickly and completely disrupts the S. cerevisiae actin
cytoskeleton (Ayscough et al. 1997). S. pombe cells
treated for 3 hr with LAT-A had no remaining visible
actin structures (Fig. 7A, right), but Pom1p was still lo-
calized to the cell ends (Fig. 7A, left), indicating that
Pom1p localization to the cell ends is indeed indepen-
dent of actin. In contrast, Pom1p was not observed at the
cell centers in LAT-A-treated cells, suggesting that actin
is required (directly or indirectly) for localization of
Pom1p to the division site. In some LAT-A-treated cells,
small amounts of Pom1p were also observed in associa-
tion with filament-like structures (Fig. 7A, arrows), as
noted also in untreated cells (Fig. 6C,F). Thus, these
structures do not appear to be actin filaments.

Microtubule dependence of Pom1p localization

To ask whether Pom1p localization depends on the mi-
crotubule cytoskeleton, we depolymerized microtubules
using thiabendazole (TBZ; Umesono et al. 1983). Treat-

Figure 6. Localization of Pom1p. (A–E) Immunolocalization.
All strains were grown at 30°C. (A,B) Wild-type strain 972 (A)
and pom1-D1 strain JB110 (B) were stained with antibodies to
Pom1p. (C–E) The pom1–3HA strain JB111 was stained with
HA-specific antibodies (C) or double-stained with HA-specific
antibodies (D) and bisBenzimide to visualize the DNA (E). Ar-
rows and arrowheads indicate structures discussed in the text.
(F) Time-lapse study of Pom1p–GFP localization through the
cell-cycle. Strain JB115 was grown at room temperature in EMM
medium and observed by fluorescence and DIC microscopy (see
Materials and Methods). The times in minutes since the begin-
ning of observation are indicated. Individual cells are numbered
for reference in the text. (White arrows) Filamentous structures;
(arrowheads) central Pom1p; (black arrows) growing ends. (G–I)
Comparison of Pom1p and actin localization in wild-type and
mutant strains. Cells expressing Pom1p–3HA were double-
stained with antibodies to HA (top) and actin (bottom). (G)
Strain JB111 (wild-type except for pom1–3HA) was grown at
30°C to exponential phase before staining. (H,I) cdc10-V50
strain JB113 (H) and cdc25-22 strain JB114 (I) were grown at
25°C to 5 × 106 cells/ml, then shifted to 36°C for 3 hr before
staining.
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ment of cells with TBZ for ù60 min caused a drastic
shortening of microtubules and essentially complete loss
of Pom1p from the cell ends (Fig. 7B), and a significant
decrease in the Pom1p staining of cell ends could be
detected within 10 min of TBZ addition (data not
shown). Thus, the polar localization of Pom1p appears to
depend directly or indirectly on microtubules. In con-
trast, some TBZ-treated cells still showed Pom1p stain-
ing at the cell centers (Fig. 7B, right, arrowhead), indicat-
ing either that this aspect of Pom1p localization is mi-
crotubule independent or that the short residual
microtubules near the cell nucleus are sufficient for it. In
some TBZ-treated cells, Pom1p staining was observed
along short filaments (Fig. 7B, right, arrows) that were
probably residual spindle microtubules, as judged from
their colocalization with the nuclear DNA. This obser-
vation suggests that Pom1p has some affinity for micro-
tubules and that the filaments seen in untreated cells
(Figs. 6, C and F, and 7, A and B, left, arrows) may rep-
resent microtubules. Indeed, the positions of some of
these Pom1p-stained filaments suggested that they
might be spindles (Fig. 7B, left, arrows), raising the pos-
sibility that a fraction of Pom1p localizes to the spindle
during mitosis.

To confirm that the loss of Pom1p localization from
the cell ends in TBZ-treated cells was caused by disas-

sembly of microtubules and not by some other effect of
the drug, we also examined conditional nda3 and atb2
mutants. These tubulin mutations caused a more nearly
complete loss of microtubules than did TBZ treatment
(data not shown). As expected, both mutants failed to
localize Pom1p to the cell ends (Fig. 7C); in addition, the
mutant cells did not show detectable Pom1p at the cell
center (see Discussion).

Relationship between Pom1p and Tea1p localization

Like pom1 mutants, tea1 mutants form branched cells
(Snell and Nurse 1994; Verde et al. 1995), and Tea1p also
localizes to the cell ends in a microtubule-dependent
manner (Mata and Nurse 1997). Thus, we examined the
relationship between Pom1p and Tea1p localization. In a
tea1 mutant, Pom1p was not observed at the cell ends at
either 25°C (data not shown) or 36°C (Fig. 7D), although
some cells did show weak Pom1p signals along filaments
(Fig. 7D, arrow) and/or at the cell center (Fig. 7D, arrow-
heads). In contrast, Tea1p localization appeared normal
in a pom1-D1 strain (Fig. 7E). Thus, Tea1p localization
does not require Pom1p, but at least some aspects of
Pom1p localization depend directly or indirectly on
Tea1p.

Figure 7. Effects of cytoskeletal inhibi-
tors and mutations on Pom1p localization.
All strains expressed Pom1p-3HA and
were stained with antibodies to HA. Ar-
rows and arrowheads indicate structures
discussed in the text. (A) Strain JB111
(wild type) was grown at 30°C to 2 × 106

cells/ml, and LAT-A was added to 100 µM.
After 3 hr, cells were stained separately for
Pom1p and for F-actin (using rhodamine–
phalloidin). (B) Strain JB111 was grown at
30°C to 5 × 106 cells/ml and TBZ was
added to 100 µg/ml (right panels). A con-
trol culture (left panels) received no TBZ.
After 1 hr, aliquots of cells from each cul-
ture were double-stained for Pom1p (top
panels) and DNA (middle panels) or
stained separately for microtubules (bot-
tom panels). (C) Strain JB130 (nda3-
KM311; left panel) was grown at 32°C to
5 × 106 cells/ml and shifted to 20°C for 1.5
hr before staining for Pom1p. Strain JB132
(ban5-3; right panel) was grown at 25°C to
5 × 106 cells/ml and shifted to 36°C for 3
hr before staining for Pom1p. (D) Strain
JB131 (tea1-1) was grown at 25°C to
5 × 106 cells/ml, shifted to 36°C for 3.5 hr,
and stained for Pom1p. (E) Strains 972
(wild type) and JB110 (pom1-D1) growing
exponentially at 30°C were fixed and
stained with antibodies to Tea1p.

Pom1p and positional information in S. pombe

GENES & DEVELOPMENT 1363



Discussion

This report describes a novel S. pombe gene, pom1,
whose product is required for the proper positioning of
growth zones and division septa but not for polarized
growth or division per se. Although the available data do
not yet allow a comprehensive model of Pom1p func-
tion, there are intriguing clues to its role in each of the
processes in which it is implicated.

Role of Pom1p in distinguishing the old from the new
cell end

An important problem in S. pombe morphogenesis is
how a newborn cell distinguishes its old end (which will
grow immediately) from its new end (which will grow
only after a delay). Pom1p is the first protein shown to
play a critical role in this process: In pom1 mutants,
newborn cells initiate growth from either end with equal
frequency. Strikingly, in newborn wild-type cells,
Pom1p is highly concentrated at the new end and virtu-
ally absent from the old end. This suggests that the high
concentration of Pom1p may mark the new end as such
and provide a negative signal for assembly of the growth
machinery at that end. However, a negative signal from
Pom1p cannot be the only mechanism determining the
selection of a growth pole, because wild-type cells faith-
fully begin growth from the old end and not from the
sides of the cell, and even pom1 mutant cells usually
begin growth from one end or the other.

Role of Pom1p in defining the ends of the cell

About 5% of pom1 mutant cells show a defect in orien-
tation of the growth axis relative to the ends and sides of
the cell, leading to the formation of angled and T-shaped
cells. Similar aberrations are more frequent in the tea1
and tea2 mutants (Verde et al. 1995; Mata and Nurse
1997), suggesting that the cytoplasmic microtubule/
Tea1p (and perhaps Tea2p) system (Mata and Nurse
1997) plays the primary role in defining the ends of the
cell and that Pom1p plays a secondary role, perhaps as
one of several factors communicating positional infor-
mation from the cytoplasmic microtubule/Tea protein
system to the actin cytoskeleton (see also below). In this
regard, the extensively branched cells produced by the
cdc11 pom1 double mutant are of interest. As a cdc11
mutant reorganizes growth poles after each mitosis and
failed cytokinesis (Mitchison and Nurse 1985; Marks et
al. 1986), the extensive branching of the cdc11 pom1
double mutant may reflect primarily the inappropriate
resumption of growth from ‘‘new ends’’ (actually the
centers of the cells because of the failure of cytokinesis)
after mitosis in the absence of Pom1p and only secon-
darily the difficulties of Pom1p-deficient cells in orient-
ing the growth axis relative to the ends and sides of the
cell. Consistent with this interpretation, cdc10 pom1
and cdc25 pom1 double mutants, which do not undergo
repeated cycles of mitosis and failed cytokinesis, do not
branch upon extended arrest, although the cells are less

straight than those of cdc10 and cdc25 single mutants.
Taken together, the results suggest that a major role of
Pom1p is in proper polarity re-establishment after mito-
sis.

Role of Pom1p in NETO and the function of bipolar
growth

During interphase, Pom1p is required for the initiation
of a second growth pole at the new end (NETO): pom1
mutant cells continue to grow at the one randomly se-
lected end until division. It is possible that NETO is
normally triggered by a loss of the negative signal hy-
pothesized to prevent growth at the new end immedi-
ately after division; although the concentration of
Pom1p at the new end seems to remain high until well
after NETO, the protein might be inactivated at the ap-
propriate stage in the cell cycle. However, in this case,
one would expect a pom1 mutant to initiate bipolar
growth immediately after cell division. Thus, it seems
more likely that Pom1p plays a positive role in the es-
tablishment of bipolar growth; for example, a change in
Pom1p substrate specificity at the appropriate cell cycle
stage might simultaneously eliminate the negative sig-
nal and produce a positive signal for recruitment of the
growth machinery to the new end. Further studies will
be needed to discriminate among these and other pos-
sible models.

Whatever the actual role of Pom1p in NETO and the
establishment of bipolar growth, the viability of the
pom1-D1 mutant demonstrates that NETO is not essen-
tial for viability or cell-cycle progression. This conclu-
sion is supported by observations on other mutants
(tea1, orb2, and ban2) with NETO defects (Verde et al.
1995). However, the switch to bipolar growth may pro-
vide for more efficient cell elongation. On average, pom1
mutant cells are about 10% shorter than wild-type cells
during septation. Moreover, pom1 cdc25 double-mutant
cells are clearly shorter on average than cdc25 single-
mutant cells (Fig. 4A,C). In addition, bipolar growth may
contribute to the cell’s ability to distinguish its ends
from its sides: It was striking that most T-shaped pom1
mutant cells had a division scar at each of the original
cell ends (such as would result from old end growth,
without NETO, followed by division), suggesting that
ends that had not grown were not recognized efficiently
as appropriate sites for polarized growth.

Role of Pom1p in the positioning and orientation
of division planes

The phenotypes of pom1 mutants and of the other mu-
tants (mid1 and pos1, pos2, and pos3) with misplaced
division sites suggest some general conclusions about
the mechanisms governing the positioning and orienta-
tion of division planes in S. pombe. First, all of the mu-
tants produce septa that are misoriented (i.e., not or-
thogonal to the long axis of the cell) as well as misplaced
(Chang et al. 1996; Edamatsu and Toyoshima 1996;
Sohrmann et al. 1996; this study); this suggests that the
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mechanisms for positioning and orienting division
planes are related. Second, at least in the mid1 and pom1
mutants, the post-anaphase microtubule-organizing cen-
ters are also misplaced (Chang et al. 1996; this study),
suggesting that their placement is governed by the same
signal(s) that govern the placement of division sites. Fi-
nally, in both mid1 and pom1 mutants (this is less clear
for the pos mutants; see Edamatsu and Toyoshima 1996),
septa that would form anucleate cells do not seem to be
cleaved (Chang et al. 1996; this study), raising the pos-
sibility of a checkpoint that monitors whether there is a
nucleus on either side of the septation site (Chang et al.
1996).

Despite such insights, the mechanisms controlling
septum placement in S. pombe remain poorly under-
stood. Among several possible models, the most attrac-
tive at present is that the position of the nucleus deter-
mines the position of the division site (Chang and Nurse
1996). In this regard, it is of interest that Pom1p was not
detected in or associated with the nucleus (except for the
possible association of some Pom1p with spindle micro-
tubules). However, Pom1p might be involved in receiv-
ing and/or transmitting a signal (perhaps carried by
Mid1p; see introductory section and Sohrmann et al.
1996) that emanates from the nucleus. Whether or not
the signal for positioning the division site originates in
the nucleus, Pom1p might be involved either in directing
components of the cytokinesis machinery to the cell
center or in anchoring them there. Consistent with these
possibilities, a faint Pom1p signal was detected at the
center of cells at the beginning of nuclear division,
which is approximately the time at which the medial
actin ring also appears. However, this ring constricts dur-
ing septation (Jochová et al. 1991; McCollum et al. 1995;
Kitayama et al. 1997), whereas the centrally located
Pom1p signal spans the full cell diameter both during
and after septum formation. Thus, Pom1p is unlikely to
be a structural component of the medial actin ring.

It is also striking that in all of the known mutants
with misplaced septa, the nuclei themselves are posi-
tioned normally at the cell center during interphase and
appear to divide normally. It is possible that in all of
these mutants, the hypothetical signal either is not sent
by the nucleus or cannot be received by the cell cortex,
and that in the absence of a signal, the division machin-
ery is free to assemble at an abnormal position. However,
these observations also might indicate that the posi-
tional information for division does not in fact come
from the nucleus.

Another challenge for the nuclear-signal model is
posed by the observation that pom1 mutants preferen-
tially place their septa closer to the nongrowing end of
the cell. It is not yet clear whether such a bias also exists
in the other mutants with defects in septum placement.
This bias could be reconciled with the model by suppos-
ing that the cortical site is marked by the nucleus during
interphase and then gets displaced from the cell center
by the continuing unipolar growth of the pom1 mutant
cells. In this case, Pom1p might actually play no direct
role in selection of the division site, and the septum-

localization defect would be merely an indirect effect of
the failure of NETO. (The movement of Pom1p to the
cell center might in this case be only a step toward the
marking of the new end after division.) However, early
marking of the cortical site is difficult to reconcile with
the behavior of other mutants such as wee1, tea1, orb2,
and ban2, which divide symmetrically despite growing
mainly from one end (Mitchison and Nurse 1985; Verde
et al. 1995; Chang and Nurse 1996). Moreover, if Pom1p
plays no direct role in selection of the division site, it is
hard to understand why septum orientation as well as
septum placement is perturbed in pom1 mutants and
why pom1 mutations show genetic interactions with
mutations affecting cytokinesis.

Interactions of Pom1p with the actin and microtubule
cytoskeletons

In S. pombe, actin is required for polarized growth and
the cytoplasmic microtubules are involved in the posi-
tioning of such growth (see introductory section). Thus,
a possible role for Pom1p is in the signal chain that com-
municates positional information from the microtubules
to the actin cytoskeleton. Consistent with this hypoth-
esis, Pom1p requires microtubules, but not actin, for lo-
calization to the cell ends, and some Pom1p may localize
along microtubules. Moreover, pom1 mutations show
synthetic-lethal interactions both with tubulin muta-
tions and with actin cytoskeleton mutations. Pom1p ap-
pears to be a protein kinase, and it might function by
phosphorylating one or more components of the actin
cytoskeleton. However, this general view of Pom1p
function faces the difficulty that although Pom1p and
actin both localize to the same regions of the cell, they
do not do so synchronously. Indeed, at the cell ends, the
concentration of actin is typically high when that of
Pom1p is low, and vice versa. There are at least three
possible explanations for these observations. First, the
level of Pom1p protein kinase activity may not always
simply reflect the abundance of the protein. Second, as
noted above, the specificity of Pom1p may be altered in
response to cell cycle signals, so that it could provide
both positive and negative signals to the actin cytoskel-
eton at different times. Finally, as the localization of
Pom1p is dynamic, it could be marking sites at one time
that are used only later; for example, the Pom1p that
accumulates transiently at the old end prior to septation
may mark this site for actin assembly in the next cell
cycle.

Examination of events at the cell center also does not
reveal a simple story. A faint Pom1p signal is observed at
about the same time that the actin ring forms, but it is
not clear that the Pom1p is present in time to direct
actin to that site. Subsequently, actin patches become
highly concentrated at the cell center before the major
increase in Pom1p concentration at that site. Moreover,
in pom1 mutants, actin rings form and actin patches
become concentrated at the septation sites, even when
these are misplaced. Finally, it is not clear whether mi-
crotubules, actin, or both are involved in localizing
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Pom1p to the cell center. In addition to the cytoplasmic
and spindle pole body-associated microtubules present
earlier in the cell cycle (Hagan and Hyams 1988; Ding et
al. 1997), a microtubule ring colocalizes with the medial
actin ring during nuclear division (Pichová et al. 1995).
We did not detect Pom1p at the cell center in tubulin
mutant cells, but some TBZ-treated cells still showed
central Pom1p localization. This localization might have
been attributable to residual microtubules in the TBZ-
treated cells; alternatively, the failure of central Pom1p
localization in the mutants might be an indirect effect of
cell cycle blockage resulting from the loss of microtu-
bules. We also did not detect central Pom1p staining in
LAT-A-treated cells; it is not yet clear whether this re-
flects a direct or indirect effect of the loss of actin func-
tion.

Functional relationship of Pom1p and Tea1p

Like Pom1p, Tea1p requires microtubules for localiza-
tion to the cell ends (Mata and Nurse 1997). However,
the detailed patterns of Pom1p and Tea1p localization
differ. Moreover, although Tea1p requires continuous
microtubule function to maintain its localization at the
cell ends (Mata and Nurse 1997), Pom1p delocalizes and
relocalizes only slowly in response to microtubule dis-
ruption and recovery, respectively (see Results; J. Bähler,
unpubl.), and it remains concentrated at the cell ends
when the cytoplasmic microtubules disassemble at the
time of spindle formation. In addition, Tea1p, unlike
Pom1p, localizes to the tips of microtubules and directly
affects microtubule organization (Mata and Nurse 1997).
Thus, the mechanisms for delivery and/or retention of
Pom1p and Tea1p to the cell ends may differ.

Interestingly, Pom1p requires Tea1p for localization to
the cell ends, whereas Tea1p localization is independent
of Pom1p. This suggests that Pom1p acts downstream of
Tea1p at the cell ends. In this case, tea1 mutants should
show the same abnormalities as do pom1 mutants. In-
deed, there are striking similarities in the mutant phe-
notypes, such as the formation of T-shaped cells and the
NETO defects (Verde et al. 1995; Mata and Nurse 1997).
Moreover, some tea1 cells seem to initiate growth at the
new end after cytokinesis (J. Mata and P. Nurse, pers.
comm.). However, Tea1p does not appear to function
exclusively through Pom1p, as tea1 mutants have the
additional phenotypes of abnormal microtubule organi-
zation and more prevalent cell branching (Mata and
Nurse 1997). Conversely, Pom1p appears to have some
functions that are independent of Tea1p, as Pom1p lo-
calizes to the cell center (although, interestingly, not to
high levels) in the absence of Tea1p, and tea1 mutants
are not defective in septum placement. Moreover, a tea1
pom1 double mutant shows an additive phenotype, con-
sistent with the hypothesis that Tea1p and Pom1p act in
part in a common pathway, but that each protein has
additional independent function(s).

Conclusions

Pom1p is involved in providing positional information

both for polarized growth and for cell division in S.
pombe. Both processes involve assembly of actin and
associated proteins at defined sites, and Pom1p may
transmit positional information from the microtubule to
the actin cytoskeleton. However, at present the exact
role of Pom1p in directing the organization of the actin
cytoskeleton is not clear; it may involve negative sig-
nals, positive signals, or both. It will be important to
identify proteins that interact with Pom1p, either as
regulators or as substrates, and to examine the role and
cell cycle regulation of the putative protein kinase activ-
ity. As signaling pathways involving protein kinases
may also be important in the organization of the actin
and/or microtubule cytoskeletons in other eukaryotes,
elucidation of the mechanisms of Pom1p function
should be of general interest for an understanding of eu-
karyotic cellular morphogenesis.

Materials and methods

Strains, growth conditions, and inhibitor methods

The S. pombe strains used are listed in Table 1; all are isogenic
to 972 (Leupold 1970). Standard growth media were used
(Moreno et al. 1991); except where noted, cells for experiments
were grown at 30°C in EMM minimal medium. Growth rates
were determined both in EMM and in YE rich liquid medium at
23°C, 30°C, and 36°C; exponentially growing cultures (<5 × 106

cells/ml) were diluted twofold, and the times required for re-
turn to the original absorbances were measured. For experi-
ments with microtubule and actin inhibitors, cells were grown
to early exponential phase (<3 × 106 cells/ml). TBZ (Sigma; final
concentration 20–100 µg/ml) or LAT-A (Molecular Probes; final
concentration 100 µM) was then added, and the culture was
incubated further before examination.

Genetic and molecular biology methods

Standard genetic and recombinant DNA methods (Moreno et al.
1991; Sambrook et al. 1989) were used except where noted.
Yeast transformations were performed by use of a lithium ac-
etate method (Keeney and Boeke 1994). DNA was prepared from
bacteria and isolated from agarose gels by use of Qiagen kits and
from yeast cells as described by Hoffman and Winston (1987).
DNA was sequenced by the UNC–Chapel Hill Automated Se-
quencing Facility. Oligonucleotide primers were obtained from
Integrated DNA Technologies.

Mutant screen

Strain 972 was grown in EMM medium to stationary phase and
mutagenized with 300 µM nitrosoguanidine (Sigma) for 60 min
(∼10% survival) as described by Moreno et al. (1991). Individual
colonies of mutagenized cells were picked into 20-µl aliquots of
water in the wells of microtiter plates. Cells were then trans-
ferred with a multiprong device onto two YE plates and two
plates of YE containing 6% ethanol (Jimenez and Oballe 1994);
one plate of each type was incubated at 25°C and one at 36°C.
All plates contained 2 µg/ml phloxin B, which accumulates in
dead cells (Kohli et al. 1977). Growth of the clones was scored
after three days. Cells were then transferred with the multi-
prong device from the YE + ethanol plates at 36°C to microtiter
plates with 50 µl of water in each well, and 10-µl aliquots of the
clonal cell suspensions were then spotted with a multipipettor
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onto gelatin-coated slides, stained with Calcofluor, and exam-
ined by fluorescence microscopy (Zahner et al. 1996). Clones
that showed aberrations in cell shape, cell division, and/or Cal-
cofluor staining pattern were recovered for further analysis from
the YE plates that had been kept at 25°C. The original pom1-1
mutant was backcrossed four times to wild-type strains JB12
and 972, yielding strains JB99 and JB100, before detailed char-
acterization.

Cloning, deletion, and tagging of pom1

To clone pom1, we exploited the observations that the pom1-1
dmf1-6 and pom1-1 cdc14-118 double mutants are viable (al-
though slow growing) at 23°C but inviable at 30°C. Double mu-
tants that also carried leu1-32 (strains JB101 and JB102) were
grown at 23°C and transformed with a S. pombe genomic DNA
library (a gift from P. Young, Queens University, Ontario,
Canada) constructed in plasmid pWH5 (Wright et al. 1986). Leu+

transformants were grown for 12 hr at 23°C and then shifted to
30°C for three days. Plasmid DNA was recovered from three
transformants that showed plasmid-dependent rescue. These
plasmids had identical or overlapping inserts as judged from
restriction digests, and all three complemented both of the
double mutants as well as the pom1-1 single mutant (strain

JB100) upon retransformation. The ORF responsible for comple-
mentation of pom1-1 was identified by gel purification of dif-
ferent restriction fragments of the original inserts and cotrans-
formation of these fragments into strains JB101 and JB102 along
with plasmid pREP3 (Maundrell 1993). (Many transformants se-
lected for the pREP3 selectable marker also have the cotrans-
formed fragment integrated in the genome.) In addition, cDNA
clones containing partial pom1 sequences (codons 696–1087)
were recovered from two different libraries (Fikes et al. 1990;
Kelly et al. 1993) by colony hybridization.

pom1 was deleted by use of a PCR-generated fragment (Bähler
et al. 1998). The S. pombe ura4+ gene was amplified by use of
plasmid KS–ura4 (which contains ura4+ as a 1.8-kb HindIII frag-
ment in the HindIII site of pBluescript KS−; a gift from S. Parisi,
University of Bern, Switzerland) as template, a forward primer
that contained 76 nucleotides from the 58-end of pom1 (from
position −55 to +21 relative to the start of the ORF) and the 24
nucleotides of the M13 forward primer, and a reverse primer
that contained 76 nucleotides from the 38-end of pom1 (the last
five codons of the ORF and the 61 nucleotides immediately
downstream) and the 24 nucleotides of the M13 reverse primer.
The PCR product was purified by phenol extraction and trans-
formed into diploid strain JB16 under selection for Ura+. Geno-
mic DNAs from 16 transformants were checked by PCR for

Table 1. S. pombe strains used in this study

Strain Genotype Reference/Source

972 wild-type h− Leupold (1970)
JB12 leu1-32 h+ J. Kohli,
JB16 ade6–M210/ade6–M216 ura4–D18/ura4–D18 h−/h+ this studya

JB20 cdc25-22 h− Thuriaux et al. (1980)
SP622 cdc10–V50 ura4–D18 h− Reymond et al. (1992)
JB22 cdc11-136 leu1-32 h− Nurse et al. (1976)
JB23 cdc14-118 leu1-32 h− Nurse et al. (1976)
JB24 cdc3-6 h− Nurse et al. (1976)
JB26 cdc8-110 h− Nurse et al. (1976)
JB30 nda3–KM311 leu1-32 h− Umesono et al. (1983)
JB31 tea1-1 leu1-32 ura4–D18 h+ Snell and Nurse (1994)
JB32 ban5-3b ade6–M210 leu1-32 h− Verde et al. (1995)
JB40 dmf1-6 leu1-32 h− Sohrmann et al. (1996)
JB50 tea1D leu1-32 ura4-D18 h− Mata and Nurse (1997)
KGY1010 act1-48 leu1-32 lys1-131 ura4–D18 h− McCollum et al. (1996)
YDM188 arp3–c1 ade6–M210 leu1-32 ura4–D18 h− McCollum et al. (1996)
JB99 pom1-1 h+ see text
JB100 pom1-1 leu1-32 h− see text
JB101 pom1-1 cdc14-118 leu1-32 h− JB23 × JB99
JB102 pom1-1 dmf1-6 leu1-32 h− JB40 × JB99
JB109 pom1-D1 ade6–M216 ura4–D18 h+ see text
JB110 pom1-D1 ura4–D18 h− 972 × JB109
JB111 pom1–3HA h− see text
JB112 pom1–3HA h+ see text
JB113 pom1–3HA cdc10–V50 h− SP622 × JB112
JB114 pom1–3HA cdc25-22 h− JB20 × JB112
JB115 pom1–GFPS65T h− see text
JB120 pom1-D1 cdc25-22 ura4–D18 h− JB20 × JB109
JB121 pom1-D1 cdc10–V50 ura4–D18 h− SP622 × JB109
JB122 pom1-D1 cdc11-136 ura4–D18 h− JB22 × JB109
JB130 pom1–3HA nda3–KM311 h− JB30 × JB112
JB131 pom1–3HA tea1-1 h− JB31 × JB111
JB132 pom1–3HA ban5-3b h− JB32 × JB112

aDerived by mating two haploid strains obtained from J. Kohli.
bban5-3 is an allele of atb2 (Adachi et al. 1986; Yaffe et al. 1996), one of the two genes for a-tubulin in S. pombe.
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integration of ura4+ at the pom1 locus, using the forward primer
(see above) together with a primer corresponding to nucleotides
78–105 downstream of the pom1 stop codon. Six transformants
produced a PCR fragment of the expected size (1.9 kb). Tetrads
were dissected from four of these transformants. Most tetrads
yielded four viable spores, and all of the four-spored tetrads
showed a 2:2 segregation of Ura+:Ura− that correlated with the
presence of the pom1 phenotype and the PCR product diagnos-
tic for correct integration. Strain JB109 is one of these segre-
gants; its deletion allele was designated pom1-D1 and used in
further analyses. The success of the deletion construction was
also confirmed by Southern blotting (data not shown).

Pom1p was tagged at its carboxyl terminus with GFP carrying
the S65T mutation (Heim et al. 1995) or with a 3HA epitope by
direct chromosomal integration of PCR-generated fragments
(Bähler et al. 1998). Sequences encoding each tag together with
a G418-resistance marker were amplified with plasmids pFA6a–
GFP(S65T)–kanMX6 and pFA6a–3HA–kanMX6 as templates.
The two primers had 80-bp tails corresponding to the regions
just upstream and 200–280 bp downstream of the pom1 stop
codon. The PCR fragments were then used to transform strain
972. Transformants were selected on YE plates containing 100
µg/ml G418 (Geneticin; Life Technologies), and both junctions
were checked for correct integration by PCR using primers hy-
bridizing to the kanamycin marker and primers hybridizing
2400 bp upstream or 400 bp downstream of the pom1 stop
codon. For each construct, one strain showing a PCR reaction
diagnostic for correct integration was analyzed by crossing to
strain JB12 and dissecting tetrads. This revealed a 2:2 segrega-
tion of G418 resistance in both cases, indicating that each
marker had integrated at a single site in the genome. Strains
JB111, JB112, and JB115 are segregants from these crosses.

Generation of Pom1p-specific antibodies

A 878-bp fragment of pom1 (codons 283–575) with BclI and
EcoRI sites at the upstream end and BclI and XhoI sites at
the downstream end was PCR amplified by use of the Expand
System with primers 58-CTATTCCTCCTAATATGATCAA-
TGAATTCGATCACCAACATCCTAAAGCAAATATATC-38

and 58-CATTTGAAGACTCGAGAGTGATCAAAGGCTGTA-
ATGATTCACTCGTATCAG-38 (restriction sites underlined).
The PCR product was digested with EcoRI and XhoI or with BclI
and cloned into the corresponding sites of plasmids pMAL–c2
(New England Biolabs) and pGEX3X (Pharmacia), respectively,
to generate fusions of Pom1p to MalE and glutathione S-trans-
ferase (GST). The Pom1p fusion proteins were expressed in
Escherichia coli strain DH5a (Life Technologies). Attempts to
purify the GST fusion protein with glutathione–agarose beads
resulted in extensive degradation. Therefore, full-length GST–
Pom1p was obtained by separation of whole-cell extracts by
SDS-PAGE. The gel slices containing the fusion protein were
used to inject two rabbits by use of standard procedures (Co-
calico Biologicals). Antibodies were affinity purified as de-
scribed previously (Pringle et al. 1991) by use of nitrocellulose
strips containing MalE-Pom1p and elution with 4.5 M MgCl2.

Microscopy

Cells were observed by fluorescence microscopy using a Nikon
Microphot SA microscope with a 60× Plan-apo objective. F-ac-
tin was stained with rhodamine-conjugated phalloidin (Sigma)
as described by Balasubramanian et al. (1997). To visualize actin
together with septa and nuclear DNA, cells were stained with
rhodamine–phalloidin as described by Alfa et al. (1993) with the
addition of 50 µg/ml Calcofluor (Sigma) to the staining solu-

tion. Cells were then examined in mounting medium contain-
ing 0.05 µg/ml bisBenzimide (Sigma). Birth scars were visual-
ized by staining with Calcofluor as described by Verde et al.
(1995). To visualize growth zones by use of FITC-conjugated
Bandeiraea simplicifolia lectin (May and Mitchison 1986), cells
grown in EMM medium were resuspended in EMM plus 5 µg/
ml FITC-lectin (Sigma, L-9381) for 5 min, washed twice in
EMM, and incubated further in EMM in the dark for 30–60 min.
Cells were then counterstained with Calcofluor (1 mg/ml in
ice-cold 1% NaCl) and observed.

To visualize 3HA-tagged Pom1p by immunofluorescence, ex-
ponentially growing cells were fixed with 3.8% formaldehyde
for 30 min in EMM medium, washed three times with PEM (100
mM Na-PIPES at pH 6.9, 1 mM EGTA, 1 mM MgSO4) (Hagan and
Hyams 1988), and digested for 15 min at 30°C in PEM plus 1 M

sorbitol (PEMS) containing 0.5 mg/ml yeast lytic enzyme (ICN
Biochemicals) and 0.1 mg/ml lysing enzymes (Sigma, L2773).
Cells were washed once in PEMS plus 1% Triton X-100 and
three times in PEM, resuspended in PEMBAL (PEM plus 0.1 M

L-lysine, 1% BSA, 0.1% sodium azide), and shaken gently for 30
min. Cells were then applied to multiwell slides as described
previously (Pringle et al. 1991) and incubated for 16 hr at room
temperature with the monoclonal HA11 antibody (Berkeley An-
tibody Co.) diluted 1:200 in PEMBAL. After three 10-min
washes with PEMBAL, FITC-tagged anti-mouse-IgG secondary
antibodies (Jackson ImmunoResearch) diluted 1:200 in PEM-
BAL were applied for 4 hr at room temperature. Cells were again
washed three times with PEMBAL and then observed in mount-
ing medium as described above. For double staining of Pom1p
and actin, cells were treated with −20°C methanol and acetone
for 6 min and 30 sec, respectively, before incubation with the
primary antibodies. Goat antibodies to S. cerevisiae actin (a gift
from J. Cooper, Washington University, St. Louis, MO) were
diluted 1:100 in PEMBAL, applied to the cells together with the
HA11 antibody, and detected by use of TRITC-tagged anti-goat-
IgG antibodies (Jackson ImmunoResearch) diluted 1:200 in
PEMBAL and applied to the cells together with the FITC-tagged
anti-mouse-IgG antibodies. Photographs of double-stained cells
were taken using a Zeiss laser-scanning confocal microscope
with a 63× objective and were analyzed by Zeiss and Adobe
Photoshop software.

Immunofluorescence with anti-Pom1p antibodies followed
the same protocol as just described. Affinity-purified antibodies
were diluted 1:20 to 1:50 in PEMBAL and detected by use of
FITC-conjugated anti-rabbit-IgG secondary antibodies (Jackson
ImmunoResearch) diluted 1:200 in PEMBAL. To visualize
Tea1p, cells were fixed with −70°C methanol for 30 min,
stained with anti-Tea1p antibodies (Mata and Nurse 1997) di-
luted 1:30 in PEMBAL, and detected with anti-rabbit-IgG anti-
bodies as described above. To stain microtubules with the
monoclonal anti-tubulin antibody TAT1 (Woods et al. 1989),
cells were fixed using a combination of formaldehyde and glu-
taraldehyde and then treated with sodium borohydride as de-
scribed previously (Hagan and Hyams 1988). TAT1 was diluted
1:10 in PEMBAL, and FITC-tagged anti-mouse-IgG secondary
antibodies were used as described above.

To observe GFP-tagged Pom1p in living cells, cells were
grown to early exponential phase (<5 × 106 cells/ml), mounted
on a thin layer of EMM containing 25% gelatin, sealed under a
coverslip with Valap (1:1:1 vaseline/lanolin/paraffin), and ob-
served at room temperature using a Nikon FXA microscope
equipped with a Hamamatsu cooled-CCD camera and an Apo
60X/1.4 n.a. objective in combination with a 2× Optivar
(Salmon et al. 1994). Images were collected every 1–5 min by a
3-sec exposure of 490-nm light and analyzed using the Universal
Metamorph Imaging System. For some time-lapse series of the
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GFP-tagged cells, digitally enhanced DIC images were recorded
in parallel (Yeh et al. 1995; Shaw et al. 1997). Time-lapse studies
of non-GFP-tagged cells growing on YE medium were recorded
by DIC with the same procedure.
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