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In budding yeast, contraction of the actomyosin ring
and formation of the primary septum at cytokinesis

depend on each other
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Summary

Saccharomyces cerevisiae chs®utants are unable to
synthesize primary septum chitin, and myol mutants
cannot construct a functional contractile ring. The
morphology of the two mutants, as observed by electron
microscopy, is very similar. In both cases, neither an
invagination of the plasma membrane, which normally
results from contraction of the actomyosin ring, nor
generation of a chitin disc, the primary septum, is observed.
Rather, both mutants are able to complete cytokinesis by
an abnormal process in which lateral walls thicken
gradually and finally meet over an extended region, giving
rise to a thick septum lacking the normal trilaminar
structure and often enclosing lacunae. Defects iohs2 or
myolstrains were not aggravated in a double mutant, an
indication that the corresponding proteins participate in a

common process. In contrast, in achs3 background the
chs2 mutation is lethal and the myol defect is greatly
worsened, suggesting that the synthesis of chitin catalyzed
by chitin synthase Il is necessary for the functionality of
the remedial septa. Bothchs2 and myol mutants show
abnormalities in budding pattern and a decrease in the
level of certain proteins associated with budding, such
as Bud3p, Bud4p and Spa2p. The possible reasons for
these phenotypes and for the interdependence between
actomyosin ring contraction and primary septum
formation are discussed.
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Introduction

Several aspects of the septation process remain obscure: for

In budding yeast, cytokinesis starts with the invagination of th#stance, can synthesis of the primary septum take place in the
plasma membrane at the neck between the mother and daugt@&egence of contractile ring closure and vice versa? Is at least
cell. Concomitantly, the polysaccharide chitin is extruded int®ne of these two processes required for viability? What is the
the invagination as the latter advances toward the center bfiture of the remedial septation that takes placeh@2and
the mother-daughter channel (Fig. 1B) (Cabib et al., 1996)nyolmutants?
Eventually, this process results in pinching off of the We have reinvestigated the events that occur during
membranes and separation of the two cells by a chitin disk, tfeytokinesis in different mutants and have come to the
primary septum (Fig. 1C). Subsequently, secondary septa agenclusion that contractile-ring closure and formation of the
added from both mother and daughter cells, so that théhitin primary septum are interdependent phenomena. The cell
complete septum has a trilaminar structure, with the chitin diskan survive even when both mechanisms are not functional.
in the middle (Fig. 1D). The formation of primary septumThe remedial septa formed under those conditions are probably
chitin is catalyzed by one of the three yeast chitin synthasea, modification of the secondary septa laid down at the end of
Chsll. Its putative catalytic subunit, Chs2p, is encoded by theormal cell division. Another chitin synthase, Chslll, is
CHS2gene (Silverman et al., 1988). Null mutantsGfiS2  required for the successful execution of the repair mechanism.
have abnormal and very thick septa but are able to survive
(Bulawa and Osmond, 1990; Shaw et al., 1991).

Recently, it has been found that the invagination of thaterials and Methods
plasma membrane at cytokinesis is brought about by th€;ains and growth conditions

contraction of an actomyosin ring (Epp and Chant, 19971'(east strains are listed in (Table 1). Culture medi&gwherichia coli

L!p_pi_ncott and Li, ;998; Bi et al., 1998)' as i_s the case fo(‘Nere described in Ausubel et al. (Ausubel et al., 1994)oliDH10B
division of mammalian cells. MutantsiiyOZ, which encodes  (Gihco-BRL) was used as plasmid host. Yeast cells were grown either

the type Il myosin required for function of the contractile ring.in YEPD (2% glucose, 2% peptone, 1% yeast extract) or in SD (2%
show abnormal septation (Rodriguez and Paterson, 1990) ylticose, 0.7% Difco Yeast Nitrogen Base). Generation time was
are still able to complete cytokinesis (Bi et al., 1998). determined by monitoring the QB
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A Fig. 1. Schematic view of septation in wild-type (A-D) ancchs2
or myolmutants (A,E-G). The neck region between the mother and
daughter cell is represented, with the cell walls as the grey area and
the plasma membrane as the brown line. The red spots indicate the
location of Chs2p. Chitin is shown in green. In (B), the membrane
invaginates and chitin is laid down in the invagination. Continuation
of this process leads to generation of the primary septum disk and to
B E pinching off of the membrane (C). Next, secondary septa (yellow)
are built up from both the mother and daughter cell sides. A
trilaminar septum results (D). Bhs2andmyolmutants,
invagination of the plasma membrane in a small area and growth of a
primary septum do not take place. Instead, inward growth of cell wall
material over a large portion of the plasma membrane pushes the
membrane toward the center of the channel (E,F), finally closing the
latter and generating a thick and uniform septum (G). In our
hypothesis, this represents growth of secondary septa, which would
occur at 90° to the normal direction. Thus, in the cell cycle, stage E
would start between the normal times for (C) and (D). The green
spots in (E-G) designate chitin formed by the action of chitin
synthase lll that is required for the remedial septa but not for the
normal secondary septa. In (G), a lacuna resulting from the uneven

>Dc
—

D G fusion of the advancing secondary septum is also shown.
\ / () () °
° 0' . pLP7 and pLP8 (Lippincott and Li, 1998), respectively. This
- - . exchanged theEU2 markers of the original plasmids with thd&kRA3
// \ gene and yielded plasmids pMS53, pMS54 and pMS55 (Table 2).

To construct pEC28 for the detection of synthetic lethality with

) chs3mutants, plasmid pHV7 (Valdivieso et al., 1991) containing the
Yeast transformation CHS3gene was cut witkClal andPvul. The digest was treated with
Yeast transformation was performed according to Gietz et al. (Gietklenow fragments to remove the overhang; the 5.2-kb fragment
et al., 1992). For kanamycin selection, the standard transformatiaontaining CHS3 was isolated and ligated to theDE2-harboring
protocol (Ausubel et al., 1994) was followed. After heat shock, theector pRS412 (Brachmann et al., 1998) that had been cuSwidh
cells were suspended in 5 ml of YEPD medium and incubate#or construction of pMS52, used in the detection of synthetic lethality
overnight at room temperature before being spread on YEPD platedth chs2 mutants, pMS11, containing thEHS2 gene in the
containing 250 mg/L G418 (Gibco-BRL). After a three-day BanHI/Hindlll sites of pRS316 ,was cut witkpnl/BanHl. The 3.9-
incubation at 30°C, the colonies were replicated onto fresh G418 fragment was purified and ligated topnl/BanHI-digested
plates and incubated for another two days at 30°C before resistgnRS412.
colonies were picked.

Gene disruption
Plasmid construction Disruption of CHS2and CHS3was performed according to Crotti et
General methods of DNA manipulation were used as described wl. (Crotti et al., 2001). For disruption dMYOZ1 a 6.2-kb fragment
Ausubel et al. (Ausubel et al., 1994) except when followingcontaining theMYO1 ORF and 200 bp each of &nd 3 flanking
procedures recommended by the manufacturers of the enzymes awtjuences was amplified by PCR from chromosomal DNA with
DNA isolation kits used (New England Biolabs; Qiagen). To obtainoligonucleotides 53CCCTCCTTGGAATTTGG-3 and 3-GACTT-
URA3containing vectors with gen&&PA23xHA, MYO1l-c-mycand  TATTTCCGCTGC-3. The fragment was then treated with Klenow
MYO1-GFR a 2.9 kbPvu fragment from pRS316 was ligated to the fragments and T4 polynucleotide kinase and ligatedE¢oRV-
large fragment of thé>vu-digested plasmids pBU4 (M. Snyder), linearized pBluescript Il KS+ vector (Stratagene). From the resulting

Table 1. Strains used in this study

Strain Genotype Source
ECY46-4-1B MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2Al chs3::LEU2 Crotti et al., 2001
YMS8 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2Al chs3::LEU2 chs2:: TRPAEC28 This study
YMS11 MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2Al chs2: TRP1 Crotti et al., 2001
YMS57 MATa ura3-52 lys2-801 ade2-101 trg¥63 his3A200 leu2A1 myol: TRP1 This study
YMS75 MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2Al chs3::LEU2 myol::URA3 This study
YMS135 MATa ura3-52 lys2-801 ade2-101 trg863 his3A200 leu2Al chs2::TRP1 myol::URA3 This study
YMS159 MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2A1 BUD3::GFP-kanMX6 This study
YMS160 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2A1 BUD4::GFP-kanMX6 This study
YMS161 MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2Al chs2::TRP1 BUD3::GFP-kanMX6 This study
YMS163 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2A1 myol:: TRP1 BUD3::GFP-kanMX6 This study
YMS164 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2Al chs2::TRP1 BUD4::GFP-kanMX6 This study
YMS166 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2A1 myol:: TRP1 BUDA4::GFP-kanMX6 This study
YMS167 MATa ura3-52 lys2-801 ade2-101 trg163 his3A200 leu2A1 CHS2::GFP-kanMX6 This study
YMS171 MATa ura3-52 lys2-801 ade2-101 trg863 his3A200 leu2A1l myol:: TRP1 CHS2::GFP-kanMX6 This study

YPH499 MATa ura3-52 lys2-801 ade2-101 trg63 his3A200 leu2A1 Sikorski and Hieter, 1989
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Table 2. Plasmids used in this study Fluorescence microscopy
Plasmid Description Source GFP fluorescence was observed with a Zeiss Axioskop microscope
bBU4 PRS3155PA2-HA M. Snyder equipped with a Chroma 41018 filter set (exciter 470 nm, dichroic 495

nm, emitter 500 nm). To enhance fluorescence intensity, cultures were

SE{%B $CR§;()1§HHSS:,,3 \T,Q;Zi\‘jit:sg etal. 1991 saturateql with oxygen for 20 minutes at room temperature before
pLP7 PRS318MYO1-c-myc Lippincott and Li, 1998 observation.

pLP8 pRS319VYO1-GFP Lippincott and Li, 1998

MS11 RS316HS2 This stud . .

SMS48 gBluescript Il KSmyol:TRPL  This studz Synthetic lethality

pMS50 pBluescript Il KSmyol:URA3  This study For assessment of synthetic lethality, segregation ofABME2
pMS52 pPRS41EHS2 This study containing plasmid from strains carrying ade2-101mutation was
pMS53 PRS316BPA2-HA This study monitored by the appearance of red sectors. The screen for mutants
pMS54 PRS316MYO1-c-myc This study synthetically lethal witiths3::LEU2was performed in strain ECY46-
PMS55 PRS3164YO1-GFP Thisstudy 4-1B complemented by a plasmid harboring BEIS3 gene in
Esgiig EEH Xgég S'rgzrﬁrlﬂ a?\”nd eT:t.,erl,gZLSJSSQ addition to theADE2marker (pEC28). Correspondingly, for detection

of synthetic lethality witlths2:: TRP1YMS11 was complemented by
a plasmid containinDE2 and CHS2(pMS52). After disruption of
plasmid a 3.3-kiMfel fragment was cut out and replaced with a blunt-the genes under investigation, synthetic lethality with eitheRor
ended 1.0-k@RP1lor 1.2-kbURA3fragment, both generated by PCR chs3 mutations leads to an inability of the strain to segregate the
with subsequent Klenow filling-in and phosphorylation. This yieldedADE2containing plasmid, hence yielding white colonies devoid of
plasmids pMS48 and pMS50, respectively. Plasmids were cut withred sectors when grown on medium containing 8 mg/L of adenine.
EcoRI/Clal (pMS48) or EcaRIl (pMS50) before transformation of
yeast strains.
Determination of budding pattern

) For the determination of budding pattern, strains were grown
GFP-tagging of Bud3p, Bud4p and Chs2p overnight in YEPD medium at 30°C to “6ells/ml, then spread on
PCR-based C-terminal tagging of Bud3p, Bud4p and Chs2p wasEPD plates at room temperature. Cell pairs were then separated with
performed as described by Longtine et al. (Longtine et al., 1998}jhe use of a micromanipulator, and the position of emerging new buds
Primers consisted of a 40-bp sequence homologous to the target gevess recorded at 30-minute intervals.
(followed, in the case o€EHS2,by a linker encoding a stretch of 8
glycines) and a 20-bp sequence homologous to the pFA6a- )
GFP(S65T)-kanMX6 plasmid. The oligonucleotide sequences were &Jotein sample preparation

follows: 0.1-1.0 L cultures of yeast were grown td &ells/ml, centrifuged at
BUD3UP: B3-GAACTGCGCTGTTGGTGGCCCAGAGAAACT- 3,000g and washed with ice-cold water. Cell pellets were frozen at
GAAATTTTATCGGATCCCCGGGTTAATTAA-3 —80°C. 50ul of wet cells were mixed with 100l of water and 150
BUD3DOWN: B-TTGCATTAAATTAAAAAGAAAAAAAAA- pl of 2x sample buffer (63 mM Tris-HCI, pH 6.8, 10% glycerol, 2%
ATCAATAAAACACGAATTCGAGCTCGTTTAAAC-3’ SDS [sodium dodecyl sulfate], 0.0025% bromphenol blue) with 1mM
BUD4UP: 3-GACTCGAACAACCGGTCATAATTTGAAGCAA- phenylmethylsulfonyl fluoride and 1% 2-mercaptoethanol. After
GATTTTAATCGGATCCCCGGGTTAATTAA-3 heating the cell suspension at 95°C for five minutes, |[#0@lass
BUD4DOWN: B-TCATCAGATTATATGCTGTTTTCATTCCA- beads were added and the cells were broken by vortexing for three
TTAATCACCTTGAATTCGAGCTCGTTTAAAC-3 30-second periods. The liquid was aspirated with a Pasteur pipette and

CHS2UP: 5CTCTAAATTAGACTTACCAAATGTTTTCCACA- centrifuged at 13,009 for two minutes. Samples of the supernatant
AAAAGGGCGGTGGAGGTGGAGGTGGAGGTGGACGGATCCC- were loaded on the polyacrylamide gel. In the case of Pmalp, both
CGGCTTAATTAA-3 the addition of 2-mercaptoethanol and the heating at 95°C were

CHS2DOWN: 5AAAGAGGGAATGACGAGAAATTAGCTG- omitted.

AAAAATACTGGCAGAATTCGAGCTCGTTTAAAC-3'

PCR conditions were: one minute at 94°C, then 30 cycles of one )
minute at 94°C, one minute at 55°C, two minutes at 72°C, followedElectrophoresis and western blot
by 15 minutes at 72°C with Takara ExTaqg polymerase (Takara) andD pug of protein were loaded on Tris-glycine gels (thickness 1 mm,
the supplied buffers. After transforming yeast with the resultingd-12% or 4-20% polyacrylamide, Invitrogen). The electrophoresis
fragments, G418-resistant transformants were selected (see abovelas run for two hours in 25 mM Tris, 192 mM glycine and 0.1%

SDS at 125 V. Proteins were transferred onto PVDF membranes

) (Invitrogen) at 30 V for two hours in 12 mM Tris, 96 mM glycine,
Electron microscopy 0.1% SDS and 20% methanol. After transfer, membranes were
Cells were fixed and embedded essentially as described by van Tuinglocked for one hour in 5% nonfat dry milk in TTBS/0.9% NacCl
and Riezman (van Tuinen and Riezman, 1987). Aliquots of cells wer®.1 M Tris chloride, pH 7.5, 0.9% NaCl, 0.1% Tween 20) and
washed in 0.1 M sodium phosphate buffer, pH 7.2 (PB) and fixed bipcubated overnight at 4°C in 20 ml of the same buffer, containing 10
suspension in 3% formaldehyde with 0.5% glutaraldehyde for twaql of one of the following antibodies: a) anti-c-myc 9E10 (Santa Cruz
hours at room temperature. The cells were subsequently washed twBm®technology) for detection of Myol-c-mycp; b) anti-HA (Roche)
in PB, treated for 30 minutes with aqueous 1% metaperiodate, rinséor detection of Spa2-HAp; c) anti-Hsp104p (Stressgen); d) anti-
in PB and quenched for 30 minutes in 50 mM48Hin PB. After = Rholp (Drgonova et al., 1999); e) anti-Cdc42 y-191 (Santa Cruz
rinsing in PB, the cells were enrobed in low melting point agaroseBiotechnology); f) anti-Bud3p (S. Sanders); g) anti-Bud4p (S.
cut into small blocks and dehydrated in cold ethanol. The cells wer8anders); or h) Rl of anti-Pmalp (C. Slayman).
embedded in LR White resin (Electron Microscopy Science). Thin The blots were washed three times for 15 minutes with TTBS/0.5M
sections were stained in aqueous 1% uranyl acetate, followed by leddCl (0.1 M Tris-chloride, pH 7.5, 0.5 M NaCl, 0.1% Tween 20) and
citrate and carbon-coated before examination in the electromcubated for two hours at room temperature with these secondary
microscope. antibodies: 1Qul/20 ml of anti-mouse IgG-POD/Fab fragments-HRP
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(Roche) for a) and b) or @/20 ml of anti-rabbit-HRP (Pierce) for mutants, which are deficient in chitin synthase Il (the enzyme
¢)-h) in TTBS/0.9% NaCl. The blots were then washed again threresponsible for the formation of primary septum chitin),
times for 15 minutes each time with TTBS/0.5 M NaCl, rinsed withcytokinesis does occur but in an aberrant manner. No localized
water and developed with the ECL detection kit (Pierce) and KOdaIﬁvagination of the membrane can be seen. Rather, a wide area

BioMax ML film. of the cell wall at the neck between the mother and daughter
cell thickens gradually, squeezing the membrane (Fig. 2D) and
finally causing its pinching off. In this case, the closure of the

Results _ - channel is an irregular process, as shown by the lacunae that

A mutual requirement between contractile ring and often remain in the thick septa formed in thes2strains (Fig.

primary septum 2E) (Shaw et al., 1991). Note that although the cell wall pushes

As mentioned above, cytokinesis in budding yeast starts witthe plasma membrane in, the wall growth occurs by secretion
invagination of the plasma membrane and simultaneousnd extrusion of material from the interior of the cell through
deposition of chitin in the invagination (Fig. 2A). Continuationthe membrane itself.

of this process results in the pinching off of the membrane, Cells defective in Myolp, an essential component of the
while a thin chitin disk, the primary septum, separates theontractile ring (Lippincott and Li, 1998), are similarly able to
mother and daughter cell (Fig. 2B). Subsequent deposition @bmplete cytokinesis (Bi et al., 1998) despite abnormalities in
secondary septa, both from the mother and daughter sidegptation (Rodriguez and Paterson, 1990). In fact, we have
generates the complete, trilaminar septum (Fig. 2C) [foexaminedmyolA and chs2\ mutants by light and electron
electron microscope images showing in detail the steps imicroscopy and found their cytokinesis defect to be
septum formation see Cabib et al. (Cabib et al., 1974¢hd8 indistinguishable. Both mutants are characterized by the

Fig. 2. Electron microscopy of
septa in wild-type (YPH499),
chs2A (YMS11) andmyolA
(YMS57) strains. (A) early
invagination in cytokinesis of
wild-type; (B) completed
primary septum in wild-type;
(C) completed trilaminar
septum in wild-type; (D) an
advancing abnormal septum
(right) and a completed septum
(left) in thechs2A mutant; (E)
a completed septum in the
chs2A mutant, showing a
lacuna; (F), an advancing
abnormal septum in thayolA
strain; (G), an advancing
septum (left) and two
completed septa in theyolA
mutant. White arrows indicate
an advancing primary septum;
black arrows point to lacunae.
Bars represent im.
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formation of large clumps (Fig. 3), inward growth of cell walls (Lippincott and Li, 1998; Bi et al., 1998) localize at the neck
at the neck (Fig. 2D,F,G) and thick septa, occasionallypetween mother cell and bud, although they reach that area at
enclosing lacunae (Fig. 2D,E,G). different points in the cell cycle. Because of the close
These observations suggest that ring contraction and primarglationship between their function, we asked whether either
septum formation are processes that depend on one anoth@otein is localized correctly in the absence of the other. Chs2p-
Thus, interference with one function would also block theGFP and Myolp-GFP fusion proteins were used in these
other. A prediction of this hypothesis is tinagyol chs2louble  experiments. Morphological observations showed that Myolp-
mutants should have the same phenotype as the single muta@g.P totally complemented MYO1 defect, whereas a strain
That turned out to be the case. By using a variation of thearrying an integrated copy 6HS2-GFPwas largely normal
white-red selection devised by Bender and Pringle (Bender armlit still exhibited some clumping. Myolp rings were easily
Pringle, 1991) we found that null mutations @HS2 and visible both in the wild-type and in thehs2\ mutant (Fig.
MYO1lare not synthetically lethal. In fact, the double mutané4A,B,C,D). In the wild-type, 26% of the cells showed rings
hardly differs from the single mutants, both in morphology and536 cells counted, mother cell and bud counted as two cells);
in generation time (Fig. 3C). in a chs2\ strain, 21% of the cells had rings (404 cells
Both Chs2p (Chuang and Schekman, 1996) and Myolpounted). Chs2p-GFP could be seen in the wild-type in only
1.7% of the cells (700 cells counted, Fig. 4E,F). This is not
surprising because Chs2p is apparently synthesized just before
septum formation and is degraded immediately afterwards
(Choi et al., 1994; Chuang and Schekman, 1996). If one
assumes that Chs2p will be at the neck only during contraction
of the actomyosin ring, its presence there would last only

Fig. 4. Localization of Chs2p or Myolp in strains lacking the other
protein. (A) Myolp-GFP rings in wild-type (YPH499[pMS55]).

Fig. 3. Morphology of single and double mutantdMiyOland (C) Myolp-GFP rings in ahs\ strain (YMS11[pMS55]).

CHS2as seen by differential interference contrast. The strains used (E,G) Chs2p-GFP rings in wild-type (YMS167) and imgolA

are YMS11 ¢hs2\) (A), YMS57 (myold) (B) and YMS135¢hs2A strain (YMS171), respectively. The pictures on the right (B,D,F,H)
myold) (C). The generation time in YEPD at 30°C was 145 minutes are the corresponding frames, as seen under phase contrast. Bars
for YMS11, 226 minutes for YMS57 and 230 minutes for YMS135. represent fum.
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B 26°C 37°C
chs3
myol
y. chs3 myol
; aberrant septa or whether it took place independently but with
10 pm detachment of the ring from the plasma membrane.

The remedial septation in chs2 and myol mutants

What is the nature of the remedial septation observed both in
chs2A andmyoA mutants? The septa formed in those strains,
although thicker than the normal ones, do not show a trilaminar
structure, that is, there is no indication that secondary septa are
formed in these cases (Fig. 2). This observation suggests that
the thickening of the cell wall seen at cytokinesis in the mutants
is itself a manifestation of secondary septum formation. Here,
rather than having two portions of membrane facing each other
across the primary septum (Fig. 1C), we have a single
cylindrical portion of membrane parallel to the axis connecting
mother and daughter cell (Fig. 1A). Therefore, when
appropriate signals elicit the formation of secondary septa, a
!‘7’11-’01 chs N X g singl_e such septum would arise, as an an_nular structure,

¥ . growing at 90° from the normal direction (Fig. 1E,F) and
finally closing the channel between mother and daughter cell
(Fig. 1G).

For this salvage process to take place, another chitin
synthase, Chslll, appears to be necessary. As already reported,
chs2and chs3mutants are synthetically lethal (Shaw et al.,
1991). We now find, by a modification of the red-white screen
(Bender and Pringle, 1991), thailyoland chs3mutants are
also synthetically lethal by that test. Despite this result, we
were able to isolate thayol chs3louble mutant by deletion
of theMYQOZ1gene in &hs3background. However, these strains
grew very slowly and gave rise to extremely large clumps (Fig.
Fig. 5.Morphology by differential interference contrast (A) and 5A). Staining with methylene blue showed that many cells in
temperature sensitivity (B) of single and double mutankYi©1 the clump were dead (results not shown). Frequently, cells were
andCHS3 In (A), arrows point to cells that are enlarged and lysed. enlarged, lysed and practically empty (Fig. 5A, arrows).

In (B), successive tenfold dilutions are shown. The strains used are Fyrthermore, the double mutant could not grow at all at 37°C
ECY46-4-1B ¢hsQ\), YMS57 (nyold) and YMS75 fnyolA chs®).  (Fig 5B).

The generation times of the strains in YEPD at 30°C were 160
minutes for ECY46-4-1B, 226 minutes for YMS57 and 800 minutes
for YMS75.

An abnormal budding pattern in chs2 and myol mutants
Observation of some of the mutants used in this study
approximately five minutes, about 5% of the cell cycle (Bi esuggested an abnormal budding pattern. However, accurate
al., 1998). I)myoA strains, Chs2p-GFP could also be detectedleterminations of the budding pattern by the usual methods
(Fig. 4G,H) in about the same proportion as in wild-typewere practically impossible, owing to the clumping manifested
(1.5%; 700 cells counted). This result indicates that Chs2p doby those strains (Fig. 3). Therefore, an alternative procedure
not need a functional contractile ring to attain its localizationwas used. Cells with a single bud, rare but still present in the
By using time-lapse fluorescent microscopy, we were ablmutants, were micromanipulated with a spore-dissecting
to show that at least some of the myosin ringsdhs2mutant  apparatus to established positions on a plate. The plate was
(as in Fig. 4C) do contract (results not shown). However, thisxcubated at room temperature and observation of the cells was
result is not easily interpretable, because it is not possible tarried out every 20-30 minutes. Thus, the budding pattern
ascertain whether the contraction was caused by closure of t{fighant and Herskowitz, 1991) for two generations could be
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Table 3. Non-axial budding inAchs2and Amyolstrains A
Non-axial Total
Strain Relevant genotype budding, % observations & ‘} -.0\
YPH499 Wild-type 0 43 Q[T W
YMS57 myol:TRP1 23 117
YMS11 chs2::TRP1 53 115 - . » Bud3p
YMS164 chs2:TRP1 42 99
BUDA4::GFP-kanMX6 - - Bud4p
YMS135 chs2::TRP1 51 124
myol::URA3 SRR Cdc42p
WSS Rholp
determined. However, a polar pattern could not be easil Waes Pmalp
distinguished from a random one with this method; therefor B
. . ' ; Hsp104
the patterns are recorded in (Table 3) as axial or non-axial, ﬂ PR
distinction that could easily be made. Batis2\ and myolA
mutants exhibited an abnormal, non-axial budding patterr ﬁ. Spa2-HA
with a more pronounced defect ams2\ mutants. Achs2\
myodA double mutant was not more defective thacha\ RS- Hspl04p

mutant (Table 3). Some abnormality in budding pattern o

myol mutants was reported by Rodriguez and Patersc ®= Myol-myc

(Rodriguez and Paterson, 1990), although the defect was le - Hsp104p
noticeable in their strains, which contained partial deletions ¢
MYO1

We also examined the levels of Bud3p and Bud4p, tw Ql& \\Qz Qo\
proteins required for the axial budding pattern (Chant an B & ,,\\0_\\0\‘
Herskowitz, 1991), irchs2and myol mutants. Both proteins QQ QQ\QQ‘
were severely reduced in the mutants, especially inmiyel \ 7>(O N, NO
strains (Fig. 6A). Another protein showing a low level in the qgg \Q’ ﬁo S $ L
mutant strains is Spa2p (Fig. 6), which localizes at bud tips ar ¢ YYD
is involved in cell polarization (Sheu et al., 1998). In contrast
other proteins usually localized at the cell cortex, such a .-’ Buip
Rholp, Cdc42p and the plasma membrane ATPase Pma! S== - == Hspl04p

were not diminished in the mutants (Fig. 6A). This resull

prompted us to find out whether the localization of Bud3p angig. 6. There are low levels of some proteins (Bud3p, Bud4p and
Bud4p in double rings at the junction between mother cell anfpa2p) inrchs2andmyolmutants (A). In (B), the decrease in level of
bud (Chant et al., 1995; Sanders and Herskowitz, 1996) wd®id4p, when fused to GFP, is much less than with the native protein.
maintained irchs2andmyolmutants. GFP-fusions of Bud3p The strains used are YPH499 (wild-type), YMS&As@\), YMS57

and Bud4p were constructed for this purpose. Surprisinglfmyo®), YMS160 (Bud4p-GFP), YMS164lis2\, Bud4p-GFP)
fluorescence microscopy showed that the rings were inded@d YMS166 fnyold, Bud4p-GFP). For the detection of Spazp-HA
present both in wild-type and mutants (Fig. 7). An interesting;moI Myolp-c-myc, YPH499 containing pMS53 or pMS54,

espectively, was used. Hsp104p was detected as a loading control. In

observation was that the double rings showed much greatfﬂis figure, relevant genotypes are listed above the blot and detected

separation in the mutants than in wild-type (Fig. 7), perhaps g3oteins on the right side of it. For the western blotting technique
a consequence of the thicker septa present in the mutant straifSed see Materials and Methods.

In contrast with the results obtained with native Bud3p and
Bud4p (Fig. 6A), the level of the GFP fusion proteins was not
much diminished in the mutants (Fig. 6B). However, theunable to construct a chitin primary septumdas2mutants)
budding pattern of the mutant harboring the Bud4p-GFP fusioar a contractile ring (amyolmutants) exhibit a remarkable
in achs2background was as different from wild-type as thatsimilarity in their aberrant mechanism of cytokinesis and
of thechs2strain containing the unmodified Bud4p (Table 3).septation. As judged from observations by electron
Therefore, the low level of the Bud proteinschis2andmyol  microscopy, in both cases invagination of the plasma
mutants does not appear to be the cause of the abnornmaémbrane and the pinching off of the membrane in a restricted
budding pattern. Rather, both the aberrant budding and Budrea does not take place. Instead, the lateral cell wall at the
protein depletion seem to result somehow from the abnormalkeck between mother cell and bud grows inward over a wide
septation of thehs2andmyolmutants. We will return to this region, gradually closing the gap between the two cells and
point in the Discussion. giving rise to a thick septum lacking the normal three layers.
In this process, a wide portion of plasma membrane becomes
) ) involved in the closing of the septum, rather than the very small
Discussion area pinching off in normal cytokinesis. The thick aberrant
The recent discovery that cytokinesisSncerevisiaéncludes septum, as it grows, may pinch off the membrane at more
the contraction of an actomyosin ring prompted us to rethan one point, thus giving rise to the cytoplasm-enclosing
examine the process of septation in this organism. Mutantacunae that are frequently observed (Fig. 1G; Fig. 2E,F). As
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Fig. 7.Fluorescent rings of
Bud3p-GFP (A,C,E) and
Bud4p-GFP (G,I,K).
(B,D,F,H,J,L) are phase-
contrast pictures of the same
cells. For Bud3p,(A) and (B)
show wild-type (YMS159), C
and Dchs2\ (YMS161), E
and FmyoIA (YMS163). For
Bud4p, G and H represent
wild-type (YMS160), | and J
chs2A (YMS164), K and L
myoIA (YMS166). Double
rings inmyolandchs2
mutants are more separated
from each other (about 1.5
times) than those in wild-type.

mentioned in the Results, we interpret the salvage mechanisterevisiaewith that of the fission yeaschizosaccharomyces
of septation found ikhs2andmyolmutants as the growth of pombe S. pombealso form a contractile ring (Gould and
secondary septa at 90° of the normal direction. This is becauSémanis, 1997), as well as primary and secondary septa, except
of lack of the orientation, which is usually provided by thethat in this case the primary septum appears to consist of
primary septum (Fig. 1E-G). B(1- 3)glucan rather than chitin. It has been recently reported
Thus, it appears that primary-septum formation andhat ring contraction and formation of the primary septum are
actomyosin ring contraction are parts of the same process ahdth required for cytokinesis, as we foundsincerevisiaéle
are interdependent. This concept is consistent with the findingoff et al., 1999; Liu et al., 1999). The difference with budding
thatchs2andmyolmutants are not synthetically lethal. In fact, yeast is that irf§. pombga defect in either structure is lethal,
the double mutant does not differ significantly from the singldecause there is no alternate route for cytokinesis. This
ones, either in morphology or growth rate. In contids2and  lethality may be caused by the lack of chitin in the wall of
chs3mutations are synthetically lethal (Shaw et al., 1991), andegetative cells (Arellano et al., 2000) or by the larger distance
amyol chs3louble mutant grows extremely slowly, forming that the salvage septa would have to cover to close the gap in
very large clumps, which contain many lysed cells (Fig. 5)the cigar-shaped cells.
Thus,CHS3seems to be necessary for the salvage route that In addition to their septation defecthis2andmyolmutants
leads to the abnormal but ultimately successful cytokinesishow abnormalities in their budding pattern (Table 3).
found in myol or chs2 mutants. In this connection, it is Concomitantly, they are depleted in some proteins necessary
interesting that we observed a high concentration of chitin, &sr axial budding, such as Bud3p and Bud4p, and in a protein
judged from wheat germ agglutinin-gold staining in the thickocalizing at the tip of a new bud, Spa2p (Fig. 6A). It would
septa ofchs2mutants (Shaw et al., 1991). Those strains alsbe tempting to assume that the decrease in the Bud proteins is
showed a higher level of chitin than wild-type in their cell wallthe cause of the abnormal pattern. However, Bud3p and Bud4p
(Shaw et al., 1991) and an enhanced activity of chitin synthasouble rings were normally formed imyolandchs2mutants
Il (Crotti et al., 2001). An increase in chitin content (Fig. 7), albeit with more separation between them than in the
(Rodriguez-Medina et al., 1998) and in the activity of chitinwild-type. Furthermore, the strains in which the rings were
synthases (Cruz et al., 2000) has also been reportegat  observed harbored Bud3p-GFP or Bud4p-GFP fusion proteins,
mutants. The extra chitin may be needed to reinforce thehich were maintained at much higher levels than the original
growing aberrant septa by cross-linking3tglucans (Kollar et  Bud3p and Bud4p (Fig. 6B). Nevertheless, those strains had
al., 1995; Kollar et al., 1997). This reinforcement would not béhe same axial budding defect as the others. Therefore, it is not
needed for normal secondary septa, whose function is not the depletion of the proteins in itself that causes the aberrant
effect cytokinesis but to fill in bud and birth scars. Thesédudding pattern. Rather, the reason for this behavior may reside
fillings protect the cells after a chitinase hydrolyzes part of then the abnormal septation ohs2andmyo2strains. As shown
primary septum chitin to effect cell separation (Kuranda anith the scheme of Fig. 1B, the wide area along which repair
Robbins, 1991). Indeedths3 mutants assemble trilaminar septa make contact may result in the loss of a fairly large
septa, which lacks only the external chitin ring laid down aportion of plasma membrane, some of it remaining entrapped
early budding (Shaw et al., 1991). in lacunae. This part of the plasma membrane may contain
It is interesting to compare the process of septatio8.in binding sites where certain proteins, such as Bud3p, Bud4p or
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Spa2p, would attach in the next budding event. Elimination ofusubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
those sites may lead to the abnormal budding pattern and toSmith, J. A. and Struhl, K. (1994). Current Protocols in Molecular

; ; ; i~ Biology, John Wiley & Sons, New York.
enhanced. degr_adatlon of those proteins with a IFesu“mgender, A. and Pringle, J. R(1991). Use of a screen for synthetic lethal and
decrease in their cellular level.

. . . . multicopy suppressee mutants to identify two new genes involved in
Finally, why are formation of the chitin primary septum and morphogenesis irsaccharomyces cerevisiadlol. Cell. Biol. 11, 1295-

contraction of the actomyosin ring interdependent processes?305. _

First of all, this is not due to delocalization of the proteins ofi: E.. Maddox, P., Lew, D. J., Salmon, E. D., McMillan, J. N., Yeh, E. and

. . . : f Pringle, J. R. (1998). Involvement of an actomyosin contractile ring in
interest in the mutants used in this study. Chs2p localized Saccharomyces cerevisiagtokinesis.J. Cell Biol. 142, 1301-1312.

Co.rrectly inmyolmutants and so did Myolp trthmutants Brachmann, C. B., Davies, A., Cost, G. J., Caputo, E., Li, J., Hieter, P. and

(Fig. 4). Second, Chs2p and Myolp do not seem to interactBoeke, J.(1998). Designer deletion strains derived fr@accharomyces

directly. This notion is supported by the lack of effect of one cerevisiaeS288C: A useful set of strains and plasmids for PCR-mediated

protein on the localization of the other. Furthermore, we werg 9°"° disruption and other applicatiolsastl4, 115-132. "
ble to detect two-hybrid interaction between the two ulawa, C. E. and Osmond, B. C(1990). Chitin synthase | and chitin

una g Yy ) 8 g synthase |l are not required for chitin synthesisivo in Saccharomyces

proteins (results not shown). Finally, Chs2p is located in the cerevisiae Proc. Natl. Acad Sci. US87, 7424-7428.

plasma membrane and in secretory vesicles, whereas MyoCgbib, E., Ulane, R. and Bowers, B(1974). A molecular model for

is in the cytoplasm. Fractionation of cell extracts by morphogenesis: the primary septum of yeasCuinr. Top. Cell Reg.Vol.
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