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Abstract. In Saccharomyces cerevisiae, the mother cell
and bud are connected by a narrow neck. The mecha-
nism by which this neck is closed during cytokinesis has
been unclear. Here we report on the role of a contrac-
tile actomyosin ring in this process. Myolp (the only
type Il myosin in S. cerevisiae) forms a ring at the pre-
sumptive bud site shortly before bud emergence.
Myolp ring formation depends on the septins but not
on F-actin, and preexisting Myolp rings are stable
when F-actin is depolymerized. The Myolp ring re-
mains in the mother-bud neck until the end of
anaphase, when a ring of F-actin forms in association
with it. The actomyosin ring then contracts to a point
and disappears. In the absence of F-actin, the Myolp
ring does not contract. After ring contraction, cortical
actin patches congregate at the mother—bud neck, and
septum formation and cell separation rapidly ensue.

Strains deleted for MYOI are viable; they fail to form
the actin ring but show apparently normal congregation
of actin patches at the neck. Some myol A strains divide
nearly as efficiently as wild type; other myol A strains
divide less efficiently, but it is unclear whether the pri-
mary defect is in cytokinesis, septum formation, or cell
separation. Even cells lacking F-actin can divide, al-
though in this case division is considerably delayed.
Thus, the contractile actomyosin ring is not essential for
cytokinesis in S. cerevisiae. In its absence, cytokinesis
can still be completed by a process (possibly localized
cell-wall synthesis leading to septum formation) that
appears to require septin function and to be facilitated
by F-actin.
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temporal control are important problems for both

cell and developmental biology (Conrad and
Schroeder, 1990; Wick, 1991; Miller and Kiehart, 1995;
Rappaport, 1996). These mechanisms may be fundamen-
tally different in different types of cells. In most plant cells,
cytokinesis occurs through the construction of a new mem-
brane-enclosed disc of cell wall, the cell plate, which forms
in the cell interior and then grows centrifugally until it
fuses with the plasma membrane (Wick, 1991; Stachelin
and Hepler, 1996). In contrast, in most animal cells, actin
and nonmuscle myosin II become concentrated in a band
at the cortex that then contracts, invaginating the plasma
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membrane to form the cleavage furrow (Satterwhite and
Pollard, 1992; Fishkind and Wang, 1995; Rappaport, 1996;
Glotzer, 1997). Contraction of the actomyosin ring is
sometimes followed directly by the completion of cell divi-
sion, but in other cases the daughter cells remain con-
nected for considerable periods by a narrow bridge with a
central midbody, which is typically filled with residual spin-
dle microtubules (Byers and Abramson, 1968; Mullins and
Biesele, 1973, 1977; Mullins and McIntosh, 1982). The ba-
sis for eventual cell separation in these cases is unclear.
Like plant cells, typical fungal cells are surrounded by a
rigid cell wall. However, in many fungi, cytokinesis ap-
pears to involve the centripetal growth of a septum from
the cell cortex rather than the centrifugal growth of a cell
plate (Hoch and Howard, 1980; Streiblova and Hasek,
1984; Roberson, 1992; Momany and Hamer, 1997). Actin
is typically concentrated at the site of septation in the form
of a cortical band, clustered cortical patches, or both (Gir-
bardt, 1979; Marks and Hyams, 1985; Alfa and Hyams,
1990; Roberson, 1992; Momany and Hamer, 1997). In the
fission yeast Schizosaccharomyces pombe, recent studies
have shown that an actomyosin ring forms at the cell cor-
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tex and then contracts (Chang and Nurse, 1996; Gould and
Simanis, 1997; Bezanilla et al., 1997; Kitayama et al., 1997;
May et al., 1997). During or after ring contraction, actin
patches cluster at the cytokinesis site and the septum
grows inwards (Marks and Hyams, 1985; Jochova et al.,
1991). These studies suggest that cytokinesis in fission
yeast involves a step similar to that of animal cell cleavage,
coupled to an additional mechanism for septum formation.

The situation has been less clear for the budding yeast
Saccharomyces cerevisiae, in which cytokinesis occurs at
the narrow neck that connects the mother cell and bud.
Although early studies of actin localization in S. cerevisiae
noted cells late in the cell cycle that had an apparent ring
of actin at the neck (Adams and Pringle, 1984; Kilmartin
and Adams, 1984), this structure was not observed consis-
tently. In addition, although a type II myosin heavy chain
(the MYOI gene product) was detected in early studies
(Watts et al., 1985, 1987; Rodriguez and Paterson, 1990),
these studies did not resolve either the localization or the
function of this protein (Brown, 1997). Moreover, the nar-
rowness of the mother—bud neck (at ~1 pm, it is close to
the diameter of a mammalian midbody) suggested that
budding yeast cells might have no need for a contractile
cytokinesis mechanism (Sanders and Field, 1994). The
narrowness of the neck has also made it difficult to be cer-
tain whether the S. cerevisiae septum grows centripetally
from the cell cortex or by fusion of vesicles in the midline
of the neck (Byers and Goetsch, 1976; Cabib et al., 1982).
Cortical actin patches congregate at the neck before divi-
sion and have been thought to be involved in directing cell
wall deposition to the septation site, but the details of actin
function have remained unclear, a problem emphasized by
the recent report that at least half of the budded cells in an
asynchronous population can complete division in the ab-
sence of F-actin (Ayscough et al., 1997). Thus, it has re-
mained unclear how closely the roles of actin and myosin
in S. cerevisiae cytokinesis resemble those in other types of
cells.

Another important question about cytokinesis concerns
the role(s) of the septins, a family of proteins that was
originally identified by the analysis of S. cerevisiae mutants
that are defective in cytokinesis but otherwise continue to
progress through the cell cycle (Hartwell, 1971; Pringle
and Hartwell, 1981; Longtine et al., 1996). The S. cerevi-
siae septins are constituents of a filamentous ring that is
found adjacent to the plasma membrane in the mother—
bud neck. The diameter of this ring appears to remain
constant (or even increase) during division (Byers and
Goetsch, 1976; Byers, 1981; Kim et al., 1991; Ford and
Pringle, 1991), indicating that it is not contractile. Al-
though it appears that a primary role of the septins is to
serve as a scaffold or template for the assembly of other
proteins at the cell surface (Chant et al., 1995; DeMarini et
al., 1997), their precise role in S. cerevisiae cytokinesis re-
mains unknown. Septins have now also been found in
other fungi and in many animal species, although not yet
in plants. In animal cells, the septins are concentrated in
the cleavage furrow and appear to be required for cytoki-
nesis (Neufeld and Rubin, 1994; Fares et al., 1995; Kino-
shita et al., 1997), but their precise role remains unknown.

In this paper, we report that there is indeed a contractile
actomyosin ring in S. cerevisiae but that this ring is not es-
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sential for cytokinesis. Assembly of the actomyosin ring
requires the septins, thus defining one role (although ap-
parently not the only role) for the septins in S. cerevisiae
cytokinesis.

Materials and Methods

Strains, Growth Conditions, and Genetic Methods

Strains used in this study are listed in Table I or described where appropri-
ate below. Standard media (Guthrie and Fink, 1991) including synthetic
complete (SC)! medium were used except where noted; in some cases, the
rich, buffered medium YM-P (Lillie and Pringle, 1980) was used for
growth of yeast in liquid culture. Glucose (2%) was used as carbon source.
Cultures were grown at 23°C except where noted. Standard procedures
(Sambrook et al., 1989; Guthrie and Fink, 1991) were used for genetic ma-
nipulations, polymerase chain reaction (PCR), and other molecular bio-
logical procedures except where noted.

Construction of Strains Carrying MYOI1:GFP or
MYOlI Deletions

A strain expressing Myolp with green fluorescent protein (GFP) fused in
frame at its COOH terminus (and not expressing untagged Myolp) was
constructed using a PCR method (Wach et al., 1997; Longtine et al., 1998)
to tag the MYOI gene in its normal chromosomal location. The GFP
(S65T)-kanM X6 fragment from plasmid pFA6a—GFP(S65T)-kanMX6
was amplified together with sequences immediately flanking the stop
codon of MYOI (GenBank/EMBL/DDBJ accession number U10399) us-
ing forward primer 5'-AAATATTGATAGTAACAATGCACAGAG-
TAAAATTTTCAGTCGGATCCCCGGGTTAATTAA-3' and reverse
primer 5'-GGATATAAAGTCTTCCAAATTTTITAAAAAAAAGTT-
CGTTAGAATTCGAGCTCGTTTAAAC-3' (the sequences flanking the
MYOI stop codon are underlined). The amplified fragment was trans-
formed into strain YEF473, and the transformants were plated on YPD
medium and incubated overnight at 30°C. The lawn of cells was then rep-
lica-plated onto YPD containing 200 pg/ml G418/geneticin (Life Technol-
ogies, Inc., Gaithersburg, MD) to select stable G418-resistant transfor-
mants. The success of the GFP tagging was confirmed by PCR using
genomic DNA as template, the reverse primer described above, and a for-
ward primer (5-GAGATTGAGATGAAAAAATCCATTAGAGA-
TAATTCT-3") internal to MYOI. In addition, all clones that were posi-
tive by the PCR test showed Myolp-GFP signal. MATa and MATo
segregants from one transformant carrying the MYOI:GFP allele were
mated to create diploid strain YEF1698. In addition, a MATa MYOI:GFP
segregant was crossed to strain M-238, and appropriate segregants were
mated to create strain YEF1798.

Strains carrying deletions of the MYOI open reading frame (ORF)
were constructed in two genetic backgrounds using the PCR method of
Baudin et al. (1993). First, the kanMX6 marker from plasmid pFA6a—
kanMX6 (Wach et al., 1997) and the His3M X6 marker from plasmid
pFA6a-His3MX6 (Wach et al., 1997) were amplified together with
sequences corresponding to the regions immediately upstream and down-
stream of the MYOI ORF using forward primer 5-GAAGATC-
ATAACAAAGTTAGACAGGACAACAACAGCAATACGGATCC-
CCGGGTTAATTAA-3' (the MYOI flanking sequence is underlined) and
the same reverse primer as used in the GFP-tagging. The amplified frag-
ments were transformed into strain YEF473, selecting for Kan' or His™ as
appropriate, yielding strains YEF1750 and YEF1751. The success of the
deletions was confirmed by PCR using the reverse primer described above
and a forward primer (5-ATGACCAGCTACTTTATTCATACTCTTC-
CACAC-3’) corresponding to sequences 122-90 nucleotides upstream of
the MYOI ORF. myol A segregants from strains YEF1750 and YEF1751
were mated to create diploid strain YEF1820. Second, the URA3 marker
from plasmid pRS306 (Sikorski and Hieter, 1989) was amplified together
with sequences near the ends of the MYOI ORF using forward primer 5'-

1. Abbreviations used in this paper: DIC, differential interference contrast;
GFP, green fluorescent protein; LAT-A, latrunculin-A; ORF, open read-
ing frame; SC, synthetic complete medium.
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GCAGTCTTGCAGTTCTAATATGATCGTCTGGATACCAGATGG-
CGCGTTTCGGTGATGAC-3" and reverse primer 5-CTTGGG-
CCATTTCCTGCACTTTGTCGCGGTAAGAAGAATTTTTCCTGA-
TGCGGTATTTTCTCCT-3' (the MYOI sequences are underlined). The
amplified fragment was transformed into strain DLY?S, selecting for stable
Ura* transformants. The success of the deletion was checked by PCR us-
ing two different combinations of primers. For one reaction, the forward
primer was 5'-AAAAGGGTAATTGCGTAAACAT-3' (corresponding
to sequences 185-164 nucleotides upstream of the MYOI start codon),
and the reverse primer was 5'-TTCAAACCGCTAACAATACC-3' (cor-
responding to sequences internal to URA3). For the second reaction,
the same forward primer was used, but the reverse primer was 5'-
TAAAAATAAGCCGGAATAGGTG-3' (corresponding to sequences
within the MYO1 OREF). This deletion removes all but 52 nucleotides at
the 5" end and 132 nucleotides at the 3’ end of the MYOI ORF. MATa
and MATa segregants from one transformant that carried the myolA de-
letion were mated to create diploid strain JMY1318.

Morphological Observations

Except where noted, cells were fixed by adding formaldehyde directly to
the growth medium (final concentration, 3.75%). Overall cell morpholo-
gies were observed by differential interference contrast (DIC) micros-
copy. In some cases, cell clumps were dispersed either by lightly sonicating
the fixed cells (Pringle and Mor, 1975) or by digesting them for 60 min at
37°C with 35 U/ml of lytic enzyme (ICN Biochemicals, Inc., Cleveland,
OH) to remove the cell walls. The latter procedure separates cells that
have completed cytokinesis even if cell separation is incomplete
(Hartwell, 1971; Pringle and Mor, 1975). Indirect immunofluorescence
was performed as described previously (Pringle et al., 1991), using a rat
monoclonal anti-tubulin antibody (YOL1/34; Accurate Chemical and Sci-
entific, Westbury, NY) to visualize microtubule structures (Kilmartin et al.,
1982; Kilmartin and Adams, 1984) and rabbit polyclonal antibodies
against Cdcllp to visualize septin localization (Ford and Pringle, 1991).
Actin rings and patches were visualized by staining cells with 0.2-20 U/ml
of rhodamine-conjugated phalloidin (Molecular Probes, Inc., Eugene,
OR) for 5-30 min (see also below). Nuclear DNA was stained by incorpo-
rating 1 pg/ml of bisBenzimide (Sigma Chemical Co., St. Louis, MO) in
the mounting medium. The secondary antibodies used were FITC-conju-
gated goat anti-rat IgG and goat anti-rabbit IgG (both from Jackson Im-
munoResearch Laboratories, West Grove, PA).

To visualize F-actin, Myolp—GFP, and DNA in the same cells, expo-
nentially growing cells were pelleted by centrifugation in a microfuge and
then fixed by resuspending the cell pellet in ice-cold 70% ethanol and in-
cubating on ice for 10 min. Cells were then pelleted by centrifugation for
20 s in a microfuge at top speed and incubated for 2 min at 23°C with vari-
ous concentrations of rhodamine-phalloidin in PBS containing 10 mg/ml
BSA: 0.2 U/ml to visualize the polarized actin cytoskeleton and Myolp—
GFP ring at the presumptive bud site (at higher concentrations, bleed-
through rhodamine fluorescence obscured the GFP signal), 2 U/ml to
visualize the actin ring and Myolp-GFP ring at the neck, and 20 U/ml to
visualize the general organization of the actin cytoskeleton. After the in-
cubation with rhodamine-phalloidin, the cells were washed three times
with PBS by centrifugation and then resuspended in mounting medium
containing 1 pg/ml of bisBenzimide. 2-3 .l of this suspension were placed
on a slide, covered with a coverslip, and then pressed with a weight (usu-
ally a centrifuge rotor) for 10 min before microscopic examination.

Time-lapse Microscopy

To visualize the Myolp—GFP ring in side view, exponentially growing
cells were spotted onto a thin layer of SC medium containing 25% gelatin

Table 1. S. cerevisiae Strains Used in This Study

(Yeh et al., 1995). To visualize the ring in an angled or en face view, cells
were mixed with molten (but cooling) gelatin-containing medium, then
spotted onto a slide at 23°-25°C. A computer-controlled microscope
(model FXA; Nikon, Tokyo, Japan) with a cooled, slow-scan CCD camera
(model C4880; Hamamatsu Photonics, Bridgewater, NJ) was used in time-
lapse experiments (Shaw et al., 1997a,b). Five fluorescence images (3-s ex-
posure) at different focal planes and a single DIC image corresponding
to the central fluorescence image were taken at 1-min intervals. Excita-
tion was attenuated to between 1 and 10% of the maximum to avoid pho-
totoxicity (Shaw et al., 1997b). For presentation, the five fluorescence im-
ages were overlaid and paired with the corresponding DIC image.
Contrast was enhanced using the MetaMorph (Universal Imaging Corp.,
West Chester, PA) and/or Photoshop (Adobe Systems Corp., San Jose,
CA) systems.

Latrunculin Treatment

To examine formation of the Myolp—-GFP ring in the absence of F-actin,
unbudded cells were isolated and treated with latrunculin A (LAT-A)
(Molecular Probes, Inc.) essentially as described by Ayscough et al.
(1997). A 200-pl aliquot of an overnight culture of strain YEF1698 was
spread onto each of two YPD plates. The cells were then grown at 30°C
for 24-30 h, scraped into YM-P liquid medium at 23°C, and immediately
pelleted. After resuspension in 40 ml of YPD medium that had been di-
luted twofold with 2 M sorbitol, the cell suspension was centrifuged at 500 g
for 3 min. The pellet was discarded, and the supernatant was centrifuged
again at 500 g for 3 min. This step was repeated several times until essen-
tially all of the remaining cells were unbudded. These cells were resus-
pended in fresh YM-P medium to a final concentration of ~0.67 X 107. 0.6 ml
of this cell suspension was treated with LAT-A (added to a final concen-
tration of 200 pM from a 20-mM stock solution in DMSO) or with an
equal volume of DMSO as a control.

For time-lapse analysis of the behavior of the Myolp ring in the ab-
sence of F-actin, cells of strain YEF1698 growing exponentially in SC me-
dium were treated with LAT-A (as above) for 10 min before spotting onto
a thin layer of SC medium containing 25% gelatin and 200 uM LAT-A.
Time-lapse microscopy was then performed as described for cells without
LAT-A treatment.

Results

Assembly of an Actin Ring at the Mother—Bud
Neck Late in the Cell Cycle and Its Contraction
After Anaphase

During experiments done for other purposes, we serendip-
itously observed that brief incubation of fixed cells with
low concentrations of rhodamine-phalloidin allowed the
clear and consistent visualization of a distinct actin ring
structure in a subset of the cells in an asynchronous popu-
lation (Fig. 1, cells 3-6). Although such a structure had
been observed previously (Adams and Pringle, 1984; Kil-
martin and Adams, 1984), it had been difficult to visualize
consistently using the usual staining techniques. Thus, it
had remained unclear whether a distinct actin ring struc-
ture was normally formed during a particular (perhaps
brief) stage of the cell cycle or whether the structures visu-

Strain Genotype Source
YEF473 a/a his3/his3 leu2/leu2 lys2/lys2 trpl/trpl ura3/ura3 Bi and Pringle, 1996
YEF1698 as YEF473 except MYO1:GFP/MYOI1:GFP See text

YEF1820 as YEF473 except myol A::kanMX6/myol A::His3MX6 See text

DLY5 a/a adel/adel his2/his2 leu2/leu? trpl/trpl ura3/ura3 Lew and Reed, 1993
IMY1318 as DLYS except myol A::URA3/myol A::URA3 See text

M-238 a his3 leu2 trpl ura3 cdcl2-6 Pringle lab stock
YEF1798 a/a his3/his3 leu2/leu2 LYS2/lys2 trpl/trpl ura3/ura3 cdc12-6/cdc12-6 MYOI1:GFP/MY01:GFP See text

Bi et al. Contractile Ring and Septins in Yeast Cytokinesis
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Figure 1. Formation and contraction of an actin ring during the
cell cycle. Cells of strain YEF473 growing exponentially in SC
medium were triple-stained for F-actin (A), tubulin (B), and
DNA (C) as described in Materials and Methods. Cells shown are
in G1 or S phase (1), S or G2 phase (4 bottom cell), early
anaphase (2), late anaphase (3 and 4, top cell), or after anaphase
(5 and 6). All cells are shown at the same magnification. The cells
shown were chosen for presentation because they had been dis-
torted enough during preparation (note also the bend in the spin-
dle of cell 3) to allow the actin rings to be seen more or less en
face. More typical side views of the actin ring can be seen in Fig. 4.

alized might only represent occasional fortuitous arrange-
ments of the well known actin cables and/or patches. With
the lower phalloidin concentration used here, the cables
and patches are less strongly stained, and the actin ring is
much easier to see. Although it is not clear why the ring
should be preferentially stained at lower phalloidin con-
centrations, it is clear from the work described here and
from recent work by others (Epp and Chant, 1997; Lippin-
cott and Li, 1998; see Discussion) that the ring is indeed a
distinct structure and not an artifact.

To characterize the timing of actin ring appearance and
its behavior during the cell cycle, wild-type cells were tri-
ple-stained to visualize F-actin, tubulin, and DNA. Actin
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rings were observed in ~5% of the cells in asynchronous
populations of two different strains (YEF473 and M-238)
grown in SC liquid medium at 23°C (>700 cells counted
per strain). Rings were observed only in late-anaphase or
post-anaphase cells with fully separated chromosomes
(Fig. 1, compare cells I and 2 with cells 3-6) and were seen
in nearly all such cells. The diameter of the actin ring was
not identical in every cell. The largest rings (~1 wm-diam)
were consistently observed in cells with fully elongated
spindles that were intact (Fig. 1, cell 3) or just beginning to
disassemble (Fig. 1, cell 4). Smaller rings were seen in cells
with disassembling or disassembled spindles (Fig. 1, cells 5
and 6). Thus, the actin ring assembles near the end of
anaphase and appears to contract during or after spindle
disassembly.

Assembly of a Myolp Ring Early in the Cell Cycle and
Its Contraction After Anaphase

The behavior of the actin ring was reminiscent of that of
the contractile actomyosin ring involved in animal cell cy-
tokinesis. To ask if the yeast actin ring also contains a type
II myosin, we fused GFP-encoding sequences to the

Figure 2. Formation of the Myolp—GFP ring relative to bud
emergence. Cells of strain YEF1698 growing exponentially in SC
medium were spotted onto SC medium containing 25% gelatin
and observed by time-lapse photomicroscopy as described in Ma-
terials and Methods. Pairs of GFP (left) and DIC (right) images
were recorded at the indicated times. Similar series of images
were obtained for five different cells undergoing bud emergence.
Formation of the Myolp ring before bud emergence was also
supported by observations on fixed cells (Fig. 4, cell I; Fig. 7; and
data not shown). Bar, 2 pm.
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Figure 3. Contraction of the Myolp—GFP ring late in the cell cy-
cle. Time-lapse analysis of strain YEF1698 was performed as in
Fig. 2. (A) Pairs of GFP fluorescence and DIC images were re-
corded at the indicated times from a cell positioned such that the
Myolp-GFP ring was seen from the side. Very similar series of
images were obtained from four different cells. (B) GFP fluores-
cence images were recorded at 1-min intervals from a cell posi-
tioned such that its Myolp-GFP ring was seen en face. Very similar
series of images were obtained for two additional cells. Bars, 2 pm.

Bi et al. Contractile Ring and Septins in Yeast Cytokinesis

COOH-terminal end of MYOI, which encodes the only
type II myosin in S. cerevisiae. The tagged Myolp was ex-
pressed from its own promoter at its normal chromosomal
locus and appeared to be fully functional by several crite-
ria, including the normal morphology and cell separation
of the strain harboring the tagged gene (see also below,
and note that the strain background in which the tagging
was done was that in which deletion of MYOI produced
the more conspicuous phenotype). We then performed
time-lapse analysis of living cells expressing Myolp-GFP.
Newborn unbudded cells did not display localized Myolp
(Fig. 2, 00:00). Before bud emergence, a ring of Myolp as-
sembled at one pole of the cell (Fig. 2, 07:59; that these
structures were indeed rings was verified by observations
on cells in suspension), and a bud emerged from that site
~5-6 min later (Fig. 2, 13:10). As the bud grew, the ring of
Myolp remained visible at the mother-bud neck and re-
tained a constant diameter of ~1 = 0.1 pm (n = 6) (Fig. 2,
18:10 and 49:27; Fig. 3 A, 00:00 and 02:59) until nuclear di-
vision. (The timing of nuclear division is difficult to discern
in Fig. 3 but was clear in other series.) The Myolp ring
then contracted to a point and disappeared (Fig. 3, A, 02:
59-09:59, and B). Contraction of the ring took 7-9 min
from the initiation of contraction to the disappearance of
the Myolp-GFP signal. After contraction of the Myolp
ring, a septum visible by DIC microscopy formed rapidly

Figure 4. Coincidence of the actin and Myolp rings. Cells of
strain YEF1698 growing exponentially in YM-P medium were
fixed with ice-cold 70% ethanol (refer to Materials and Methods)
and then stained for F-actin (A) and DNA (C). The GFP signal
was also recorded (B). Cells 1-6 show successive stages in the cell
cycle. All cells are shown at the same magnification.
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(Fig. 3 A, 9:59), and cell separation (detected as a rotation
of the daughter cell relative to the mother; e.g., Fig. 3 A,
19:10) occurred ~10 min later.

Coincidence of the Actin and Myolp Rings

To examine whether the actin and Myolp rings were part
of the same structure, exponentially growing cells express-
ing Myolp-GFP were fixed with ice-cold 70% ethanol and
stained with rhodamine-phalloidin and bisBenzimide. Be-
fore bud emergence, actin patches clustered at the pre-
sumptive bud site together with the Myolp ring (Fig. 4,
cell 1), but no actin ring was detected. In budded pre-
anaphase cells, the Myolp ring was visible at the neck,
while actin patches were concentrated in the bud (Fig. 4,
cell 2). In late-anaphase and post-anaphase cells, the
Myolp and actin rings appeared to coincide at the neck
(Fig. 4, cells 3 and 4). In all cells with a detectable actin
ring (25 cells scored), the diameters of the Myolp and ac-
tin rings were similar (Fig. 4, cells 3 and 4). Thus, the actin
ring assembles at the site of the preexisting Myolp ring,
and the actomyosin ring then contracts to a point and dis-
appears. Using the Myolp—GFP as a guide in these prepa-
rations, it was possible to observe smaller actin rings that
had previously escaped detection and that represented the
final stages of ring contraction; including these structures,
~9% of the cells (n = 373) in an asynchronous population
contained an actomyosin ring. In addition, ~7% of the
cells in the same population contained clusters of actin
patches symmetrically disposed on both sides of the neck;
none of these cells contained a Myolp ring (Fig. 4, cells 5
and 6). This suggests that the actomyosin ring contracts
and disappears before the actin patches congregate at the
neck.

Dependence of Actin Ring Assembly on Myolp

To determine whether Myolp is important for the forma-
tion or contraction of the actin ring, we generated MYOI
deletion strains in two genetic backgrounds (refer to Ma-

Figure 5. Dependence of actin ring formation on Myolp. Cells of
wild-type strain YEF473 (A-C) and myolA/myolA strain
YEF1820 (D-F) growing exponentially in SC medium were tri-
ple-stained for F-actin (A and D), tubulin (B and E), and DNA
(Cand F).
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terials and Methods). These strains were viable, and their
phenotypes are described in more detail below. We were
unable to detect any cells containing actin rings in either
strain YEF1820 or JMY1318 (>1,000 cells scored in each
case). Examples of myol A cells with fully elongated spin-
dles are shown in Fig. 5, D-F; wild-type cells at this stage
of the cell cycle almost always contained a detectable actin
ring (Fig. 5, A-C). Thus, Myolp appears to be required for
formation of the actin ring. Myolp—-GFP supported actin
ring formation and contraction (see above), indicating that
it was functional in these regards.

Dependence of Myolp Ring Contraction, but Not
of Myolp Ring Formation or Maintenance, on F-actin

To determine whether F-actin is important for the mainte-
nance or contraction of the Myolp ring, we treated expo-
nentially growing cells of a Myolp—GFP-expressing strain
with 200 uM LAT-A and observed them by time-lapse
video microscopy. At this concentration, LAT-A caused
the loss of all detectable F-actin within 10 min (Fig. 6, B
and C) (Ayscough et al., 1997). Most budded and some
unbudded cells retained a strong Myolp-GFP signal after
LAT-A treatment (Fig. 6 A, 03:38 and 16:37). In five
small-budded cells observed, the intensity of the Myolp-
GFP ring did not change significantly during 1-4.5 h of
filming (Fig. 6 A, right-hand cell, and data not shown), in-
dicating that maintenance of the Myolp ring does not re-
quire F-actin. In contrast, observations on large-budded
cells revealed that the Myolp—GFP ring disappeared fol-
lowing anaphase (nuclei visualized by DIC microscopy),
but that it did so without contracting (Fig. 6 A, left-hand
cell, 21:37-27:37). In the seven cells observed, the disap-
pearance of the Myolp ring took ~8 min, which was very
similar to the time required for contraction of the ring
when F-actin was present (see above). During its disap-
pearance in the LAT-A-treated cells, the Myolp-GFP
ring appeared to remain constant in diameter at ~1 = 0.1
pm (n = 7), indicating that F-actin is essential for contrac-
tion of the Myolp ring.

To determine whether F-actin is essential for the initial
formation of the Myolp ring at the presumptive bud site, we
isolated stationary phase cells of a Myolp—GFP-express-
ing strain and inoculated them into fresh medium in the
presence or absence of LAT-A. In the absence of LAT-A,
most cells assembled detectable Myolp-GFP rings (Fig. 7,
A, open circles, and B) and budded (data not shown) dur-
ing the 4-h time course. In the presence of LAT-A, cells
did not form buds over the course of the experiment, but
they did form Myolp—GFP rings (Fig. 7, A, closed circles,
and C). However, ring formation was significantly de-
layed: at 2 h, only 9% of the cells contained detectable
Myolp-GFP rings, compared with 41% of the cells incu-
bated in the absence of LAT-A. In contrast, other (actin-
independent) markers of the presumptive bud site appear
with normal kinetics when cells are treated with LAT-A
under these conditions (Ayscough et al., 1997), indicating
that such treatment does not produce a nonspecific delay
in reentry into the cell cycle. Thus, it appears that F-actin
is not essential for the initial assembly of the Myolp ring
but does contribute to the efficiency and timing of ring for-
mation.
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Figure 6. Dependence of Myolp
ring contraction, but not of Myolp
ring maintenance, on F-actin. (A)
Cells of strain YEF1698 growing
exponentially in SC medium
were treated with 200 uM LAT-A
for 10 min and then spotted onto
solid SC/25% gelatin medium
containing 200 uM LAT-A and
observed by time-lapse video mi-
croscopy. Pairs of GFP fluores-
cence (left) and DIC (right) im-
ages were recorded at the times
indicated. Arrows in DIC im-
ages, ends of the late-anaphase
nucleus. Recording was contin-
ued for an additional 35 min be-
yond the images shown without
obvious change in the appear-
ance of the Myolp—GFP ring in
the right-hand cell. (B and C)
Rhodamine-phalloidin staining of
cells before (B) or 10 min after
(C) the beginning of LAT-A
treatment. Bar, 2 pm.

Septin Dependence of Myolp Ring Formation
and Maintenance

To determine whether the formation and/or maintenance
of the Myolp ring requires the septins, we generated a dip-
loid strain homozygous both for MYOI-GFP and for the
temperature-sensitive cdcl2-6 septin mutation. Cells were
fixed and processed for visualization of Myolp—GFP or
the septin Cdcl1p during exponential growth at 23°Cor 1 h
after a shift to the restrictive temperature of 37°C. At
23°C, most cells displayed normal septin localization to the
presumptive bud site or the bud neck, but some cells had
aberrantly elongated buds and/or lacked detectable septin
staining at the bud neck (Fig. 8 C), indicating a partial de-
fect even at 23°C, as observed previously for other cdc12-6
strains (Adams, 1984). At this temperature, Myolp—-GFP
rings were seen in 43% of the cells (Fig. 8 A; n = 207).
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Figure 7. Formation of Myolp-GFP rings in the absence of F-actin.
Unbudded cells of strain YEF1698 were isolated as described in
Materials and Methods and reinoculated into fresh YM-P me-
dium in the absence or presence of 200 pM LAT-A. (A) Time-
course of Myolp—GFP ring formation in the absence (open circles)
or presence (closed circles) of LAT-A. (B and C) Representative
cells from the cultures without (B) and with (C) LAT-A, photo-
graphed 4 h after reinoculation.

However, after a shift to 37°C for 1 h, no septin staining or
Myolp-GFP rings were detected (Fig. 8, B and D; n =
229). For comparison, wild-type cells expressing Myolp-
GFP showed a detectable Myolp—GFP ring in 71% of
cells (n = 215) at 23°C and 65% of cells (n = 234) at 37°C.
Thus, assembly and maintenance of the Myolp ring ap-
pear to require septin function.

Cytokinesis and Cell Separation in myol Mutants

Previous studies using disruptions or partial deletions of
MYOI suggested that loss of Myolp function caused a
partially penetrant defect in cytokinesis and/or cell separa-
tion associated with aberrant septum deposition (Watts
et al., 1987; Rodriguez and Paterson, 1990; Brown, 1997;
Rodriguez, J., personal communication). To examine fur-
ther the function of Myolp, we generated complete or
nearly complete deletions of the MYOI coding region in
two different strain backgrounds. The myolA cells dis-
played growth defects relative to wild-type cells that were
variable but relatively mild in one strain background and
variable but relatively severe in the other. In particular,
diploid strain JMY1318 grew nearly as well as wild type,
and although haploid myol A segregants from this diploid
formed colonies of variable size, many of these were com-
parable to wild-type colonies. In contrast, diploid strain
YEF1820 grew significantly more slowly than wild type,
and haploid myolA segregants in this strain background
were either inviable or formed small or medium-sized col-
onies. Much of this variability in colony size appeared to
be epigenetic and/or to reflect differences in the efficiency
of spore germination or the initial outgrowth of single
cells, because in both strain backgrounds, restreaking cells
from a single colony resulted again in a range of colony
sizes.
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Figure 8. Dependence of Myolp-GFP ring formation and main-
tenance on the septins. Cells of strain YEF1798 were fixed with
70% ethanol (refer to Materials and Methods) and processed for
the observation of Myolp-GFP (A and B) or fixed with formalde-
hyde and processed for the visualization of Cdcllp (C and D)
during exponential growth in YM-P medium at 25°C (A and C)
or 1 h after a shift to 37°C (B and D).

Phenotypes at the single cell level were also somewhat
variable. In strain JMY1318, many cells appeared normal,
but there were also chains of cells (Fig. 9 B) suggestive of a
partially penetrant cytokinesis or cell separation defect.
Light sonication readily separated the cells (Fig. 9 C), indi-
cating that cytokinesis had in fact been completed. The de-
fect was more severe in strain YEF1820, which formed
longer chains (Fig. 9 D) that were resistant to sonication
(data not shown). However, most cells could be separated
by treating the fixed cells with lyticase to digest the cell
walls (Fig. 9 E), indicating that the principal defect was in
septum formation or cell separation and not in cytokinesis.
Thus, it seems clear that cells can undergo cytokinesis and
(with lesser and more variable efficiency) cell separation
in the absence of Myolp and hence of the contractile ring.

In addition to the defect in cell separation, some of the
myol A cells were aberrantly large and/or multinucleate
(Fig. 9, D, J, and K; cf. A, G, and H). Cell shape was also
aberrant in some of the cells in various ways: some cells
were rounder than wild-type, whereas others were more
elongated. Some cells also had abnormally wide mother—
bud necks (Fig. 9 D). As with the growth defect, these
phenotypes were considerably more severe for strain
YEF1820 (e.g., 36% of the cells had two or more nuclei;
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n = 234) than for strain JMY1318, in which the large ma-
jority of the cells had a normal morphology. Although
myol A cells of either strain background completely lacked
an actin ring (see above), the subsequent clustering of ac-
tin patches at the neck seemed to occur normally (Fig. 9, F
and 7), indicating that this process does not require the
prior presence or contraction of the actomyosin ring.

Cytokinesis without F-actin

Ayscough et al. (1997) reported that many of the cells in
an asynchronous population could undergo cell separation
in the presence of 200 uM LAT-A, suggesting that cytoki-
nesis in S. cerevisiae does not require F-actin. We have
confirmed this result. Using strain YEF1698 growing ex-
ponentially in SC medium, and scoring budded cells under
conditions (sonication after fixation) that minimize the
number of cells that have completed cytokinesis but not
cell separation (Pringle and Mor, 1975), we found that the
proportion of budded cells decreased from 60 to 28% dur-
ing a 4-h incubation in the presence of 200 uM LAT-A.
Treatment of fixed cells from the population before LAT-A
treatment with cell wall-digesting enzymes reduced the
proportion of budded cells from 60 to 51%, implying that
only 6% of the population had completed cytokinesis but
not cell separation (recall that each budded cell produces
two unbudded cells upon division); thus, most of the de-
crease in the percent budded cells during LAT-A treat-
ment indeed involved the completion of both cytokinesis
and cell separation. We also used time-lapse microscopy to
examine possible cell separation in LAT-A-treated cells.
As described above, untreated cells developed a visible
septum shortly after contraction of the Myolp ring, and
cell separation was observed ~10 min later. In contrast,
we observed neither septum formation nor cell separation
during the 30 min after the disappearance of the Myolp
ring, in the LAT-A-treated cells. In one case, a cell that
was before anaphase when first observed was seen to form
a septum and undergo cell separation ~3 h after the begin-
ning of LAT-A treatment. Thus, it appears that cytokine-
sis and/or septum formation is delayed or partially defec-
tive in the absence of F-actin.

Discussion

An Actomyosin Contractile Ring in S. cerevisiae

The timing and geometry of cytokinesis in budding yeast
differ in several ways from those in other eukaryotes.
First, the eventual site of cytokinesis is determined at the
beginning of the cell cycle when the bud site is selected
(Pringle et al., 1995; Drubin and Nelson, 1996). Second, a
ring of septin proteins, which is essential for eventual cy-
tokinesis (Hartwell, 1971; Longtine et al., 1996), appears at
the presumptive bud site before bud emergence (Kim et al.,
1991; Ford and Pringle, 1991) and remains in place at the
mother-bud neck until the end of the cell cycle. Third, a
ring of chitin is deposited in the cell wall at the presump-
tive bud site before bud emergence (Hayashibe and Ka-
tohda, 1973; Cabib et al., 1982; Kim et al., 1991); this chitin
ring forms a constriction at the mother—bud neck through-
out the period of bud growth and ultimately is extended
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across the neck to form the primary septum. In sum, it ap-
pears that the first steps toward eventual division are
taken very early in the cell cycle, and cytokinesis after
anaphase only needs to complete the process by closing
the narrow neck. For this and other reasons (refer to In-
troduction), it has been unclear whether cytokinesis in
budding yeast involves mechanisms similar to those used
in other cells.

The results presented here, together with the recent re-
sults of others (Epp and Chant, 1997; Lippincott and Li,
1998), demonstrate that an actomyosin ring assembles and
contracts after anaphase in S. cerevisiae cells. Although it
is not yet proven that this contraction involves the produc-
tion of force by actin-myosin interaction, the data suggest
that cytokinesis in budding yeast involves the same
broadly conserved cleavage furrow mechanism that is
found in animal cells, slime molds, and fission yeast. As in
fission yeast (refer to Introduction), the function of the
contractile ring is presumably coupled to mechanisms for
the localized synthesis of cell wall to form the septum.
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Figure 9. Phenotypic effects of MYOI deletions.
(A-E) Cells of wild-type strain YEF473 (A) and
of myol A/myol A strains IMY1318 (B and C) and
YEF1820 (D and E) were fixed during exponen-
tial growth in SC medium and examined by DIC
(A-D) or phase-contrast (E) microscopy. Cells
were examined without additional treatments (A,
B, and D), after light sonication (C), or after
treatment with lytic enzyme to remove cell walls
(refer to Materials and Methods) (E). (F-K)
Cells of strains YEF473 (F-H) and YEF1820
(I-K) were fixed during exponential growth in
YM-P medium, double stained for F-actin (F and
I) and DNA (G and J), and observed also by DIC
(H and K). All cells are shown at the same magni-
fication.

Sequential Assembly of Myosin and Actin into the
Contractile Ring

Myolp forms a ring at the presumptive bud site in late G1
or early S phase, shortly before bud emergence. This
Myolp ring then remains at the mother-bud neck until the
end of anaphase, when a corresponding ring of actin as-
sembles and the resulting actomyosin ring contracts. In
many other cell types, actin and myosin coassemble into
the contractile ring near the end of the cell cycle, and it has
generally been supposed that actin filaments are tethered
to the plasma membrane and that the myosin filaments as-
semble by association with the actin. This is clearly not the
case in S. cerevisiae. Not only does the Myolp ring assem-
ble at a time when no actin ring is detectable, but preexist-
ing Myolp rings persisted, and new Myolp rings could
even form, in cells lacking F-actin. In contrast, the actin
ring failed to assemble in cells lacking Myolp. Evidence
from other organisms suggests that such a role for myosin
IT in the recruitment of actin may in fact be a common fea-
ture of contractile ring assembly. For example, Dictyostel-
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ium cells lacking myosin II fail to concentrate actin fila-
ments in the cleavage furrow (Neujahr et al., 1997), and a
study on isolated contractile rings from sea urchin eggs
found that myosin II remained in a ring even after actin
was depolymerized (Schroeder and Otto, 1988).

Although F-actin is not required for formation of the
Myolp ring, ring formation is more efficient when F-actin
is present. Given the motor function of myosins, it is possi-
ble that Myolp molecules (perhaps assembled into fila-
ments) are transported to the presumptive bud site by
movement along the actin cables that become oriented to-
wards that site before bud emergence (Adams and Pringle,
1984; Kilmartin and Adams, 1984; Ford and Pringle, 1991;
Lew and Reed, 1993; Bretscher et al., 1994; Drubin and
Nelson, 1996). However, the eventual formation of Myolp
rings in the absence of F-actin suggests that binding inter-
actions between freely diffusing Myolp molecules (or fila-
ments) and other components at the cell cortex are suffi-
cient to allow Myolp ring assembly even in the absence of
directed transport.

In most cell types, myosin II is thought to form bipolar
filaments through interactions of its long coiled-coil tails.
Studies using mutant forms of myosin II in Dictyostelium
indicate that a myosin that cannot form bipolar filaments
does not assemble at the cleavage furrow and cannot pro-
mote cytokinesis of nonadherent cells (Burns et al.,
1995a,b). At present, it is unclear whether myosin II from
yeasts forms bipolar filaments. Interestingly, the coiled-
coil domains both of Myolp (GenBank/EMBL/DDBJ ac-
cession number U10399) and of the two fission yeast myo-
sin IT heavy chains (Kitayama et al., 1997; Bezanilla et al.,
1997; May et al., 1997) contain multiple proline residues
that would be expected to form kinks in the tails. It may
also be relevant that our Myolp—GFP fusion appeared to
retain full activity even though the GFP was fused to the
Myolp COOH terminus. Thus, the issues of whether yeast
myosin tails mediate bipolar filament formation, and of
whether bipolar filament formation is necessary for func-
tion in the contractile ring, require further investigation.

The assembly of the Myolp ring early in the cell cycle
suggests that it may play a role in the function of the actin
cytoskeleton during bud formation in addition to its role in
cytokinesis. Consistent with this hypothesis, many myolA
cells were large, aberrantly shaped, and/or multinucleate.
The variable penetrance of these phenotypes has made it
difficult to determine the underlying defect(s). However,
it is difficult to envisage how these phenotypes could all
arise simply as consequences of a primary defect in cytoki-
nesis or septum formation, especially given that the cyto-
kinesis-defective septin mutants do not show a similar con-
stellation of phenotypes.

A Role for Septins in Contractile Ring Assembly

The Myolp ring assembles at the same site as the septin
ring. Moreover, new Myolp rings failed to form and pre-
existing Myolp rings disappeared when a temperature-
sensitive septin mutant was incubated at restrictive tem-
perature. These observations suggest that one role of the
septins in budding yeast cytokinesis is to serve as a scaffold
for the assembly of Myolp, and hence subsequently of ac-
tin, into the contractile ring. It will be interesting to see
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whether this role of the septins in assembly of the actomy-
osin ring holds true for animal cells and explains the de-
pendence of cytokinesis on septin function in such cells
(Neufeld and Rubin, 1994; Kinoshita et al., 1997).

Contraction or Disassembly of the Ring in Response to
a Cell Cycle Signal

After anaphase, the actomyosin ring contracted to a point
and disappeared. Contraction of the ~1-um-diam ring
took 7-9 min. This rate is rather slow relative to that in
Dictyostelium cytokinesis, where contraction of an ~12-
pm-diam furrow takes =4 min (Sabry et al., 1997; Zang
et al.,, 1997), but may be comparable to that in fission
yeast, where contraction of an ~3-pm-diam ring is re-
ported to take ~30 min (Kitayama et al., 1997). However,
the exact rates in both yeasts must be regarded as uncer-
tain, because it is not clear that the GFP-tagged myosins
used in these studies constrict the ring at the same rate as
normal myosin.

In the absence of F-actin, Myolp rings failed to contract,
as expected on the hypothesis that sliding of actin and my-
osin filaments provides the force for contraction. Instead,
after anaphase, the Myolp ring grew progressively fainter
and soon disappeared; disappearance of the ring took
about as long as ring contraction in cells containing F-actin.
In contrast, the Myolp rings were stable for long periods
in cells arrested early in the cell cycle by the LAT-A treat-
ment. It has long been presumed (Schroeder, 1972) that
actin and myosin filaments must be released from the con-
tractile ring during contraction of the cleavage furrow in
order to maintain the approximately constant thickness of
the ring. Thus, the gradual disassembly of Myolp from the
ring in post-anaphase cells lacking F-actin may reflect the
action of this release mechanism occurring without con-
current contraction. In any case, these observations indi-
cate that the behavior of Myolp is subject to cell cycle reg-
ulation after anaphase, even in the absence of F-actin.

Cytokinesis and Cell Separation without a
Contractile Ring

After contraction of the actomyosin ring, a septum visible
by DIC developed within 1-2 min. Cell separation, reflect-
ing degradation of the primary septum, occurred 10-11
min later. Cells lacking Myolp were able to complete cy-
tokinesis, septum formation, and cell separation. Because
no actin rings were detected in the myolA cells, we con-
clude that there is no redundant mechanism for generating
an actomyosin ring in the absence of Myolp. Instead,
there must be an alternative pathway for completing cy-
tokinesis without a contractile ring. Cytokinesis without
myosin II has also been observed in Dictyostelium. In this
case, the cells are able to complete a process that resem-
bles normal cleavage provided that they have access to an
adherent surface (DeLozanne and Spudich, 1987; Knecht
and Loomis, 1987; Neujahr et al., 1997; Zang et al., 1997);
traction generated by surface contact may play a role in
this process (Spudich, 1989). In yeast, it seems likely that
the localized synthesis of cell wall that normally produces
the septum may be sufficient to drive cytokinesis of the
narrow neck in the absence of the contractile ring.

In this regard, the behavior of the actin patches is of in-
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terest. These patches appear to represent the points at
which cytoplasmic actin cables contact the plasma mem-
brane, and thus their distribution is thought to reflect the
pattern in which new plasma membrane and cell wall ma-
terials are being delivered to the cell surface (Adams and
Pringle, 1984; Kilmartin and Adams, 1984; Lew and Reed,
1993; Bretscher et al., 1994; Mulholland et al., 1994, 1997;
Doyle and Botstein, 1996; Waddle et al., 1996; Brown,
1997). Congregation of these patches at the mother-bud
neck follows closely upon contraction of the actomyosin
ring, consistent with the hypothesis that a localized, actin-
based delivery of new cell-surface materials plays a role
in septum formation. Thus, the observation that these
patches still congregate at the neck in the absence of
Myolp is consistent with the hypothesis that septum for-
mation may drive cytokinesis under these conditions. In
this regard, it is remarkable that many cells are able to
complete cytokinesis and cell separation even in the ab-
sence of F-actin (Ayscough et al., 1997; this study). How-
ever, the time-lapse studies indicated that cell division was
considerably delayed under these conditions, as if local-
ized cell-wall synthesis could drive cell division, but only
very inefficiently, in the absence of F-actin.

Although myol A cells could complete cytokinesis effi-
ciently, they displayed a partially penetrant defect in cell
separation, forming short chains or clumps of connected
cells. It seems unlikely that Myolp plays a direct role in
cell separation per se (i.e., in the dissolution of the primary
septum), because the Myolp ring has disassembled by the
time when this occurs. Thus, the cell separation defect is
more likely an indirect consequence of an earlier defect in
cytokinesis or septum formation; for example, the lack of
Myolp might result in formation of an abnormal primary
septum whose dissolution is then retarded. This possibility
is supported by electron microscopic observations of ab-
normal septum structures in a myol mutant strain (Rod-
riguez and Paterson, 1990), although these observations
would bear repeating with the myol A strains used here.

Unlike Myolp and the actomyosin ring, the septins ap-
pear to be absolutely required for cytokinesis (Hartwell,
1971; Longtine et al., 1996). Thus, the septins presumably
contribute to the alternative pathway for cytokinesis as
well as to the formation of the actomyosin ring. One likely
possibility is suggested by the role of the septins in localiz-
ing the chitin synthase III complex that forms the chitin
ring before bud emergence (DeMarini et al., 1997). It
would not be surprising if the septins play a similar role in
localizing the activity of chitin synthase II (which appears
to be primarily responsible for synthesis of the primary
septum: Bulawa, 1993) or other proteins required for sep-
tum formation, such as proteins required for targeted se-
cretion. Thus, the absolute dependence of cytokinesis on
the septins in S. cerevisiae would reflect the dual roles of
these proteins in serving as a scaffold both for cytoskeletal
elements and for proteins involved in targeted secretion
and/or cell-wall biosynthesis.
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