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Summary

Schizosaccharomyces pomigells divide by medial fission
throughout contraction of an actomyosin ring and
deposition of a multilayered division septum that must be
cleaved to release the two daughter cells. Although many
studies have focused on the actomoysin ring and septum
assembly, little information is available concerning the
mechanism of cell separation. Here we describe the
characterization of engl, a new gene that encodes a
protein with detectable endoB-1,3-glucanase activity and
whose deletion is not lethal to the cells but does interfere

This suggests that it could also be involved in the cleavage
of the cylinder of the cell wall that covers the division
septum. The expression oéngl" during vegetative growth

is regulated by a C2H2 zinc-finger protein (encoded by the
SPAC6G10.12¢c ORF), which shows significant sequence
similarity to the Saccharomyces cerevisiae&scAce2p,
especially in the zinc-finger region. Mutants lacking this
transcriptional regulator (which we have namedace2?)
show a severe cell separation defect, hyphal growth being
observed. Thus, ace2p may regulate the expression of the

in their separation. Electron microscopic observation of
mutant cells indicated that this defect is mainly due to the
failure of the cells to degrade the primary septum, a
structure rich in B-1,3-glucans, that separates the two
sisters cells. Expression oengl" varies during the cell

cycle, maximum expression being observed before
septation, and the protein localizes to a ring-like structure
that surrounds the septum region during cell separation.

engl gene together with that of other genes whose
products are also involved in cell separation.

Movies available online
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Introduction actomyosin ring, the localization of actin patches at the site of

Cytokinesis is the final stage of the cell cycle during whicteell division, and for the physical assembly of the division
the daughter cells physically separate and become twgeptum (Balasubramanian et al., 1998; Balasubramanian et al.,
independent entities. In a variety of organisms, this is achieve#00; Chang et al., 1996; Gould and Simanis, 1997; Le Goff
by the use of an actomyosin-based contractile ring, whicht al., 1999a; McCollum and Gould, 2001; Simanis, 1995). The
provides the force necessary for cell cleavage. Newlynidl", plol" andpomI genes are required for the division
synthesized membrane is inserted at the division sit@lane to be established and for correct positioning of the
concomitant with constriction of the actomyosin ringactomyosin ring (Bahler and Pringle, 1998; Bahler et al.,
(reviewed by Guertin et al., 2002; Hales et al., 1999; Robinsoh998a). Once the division plane has been established, the
and Spudich, 2000). In yeast and fungi, cytokinesis is coupleaedial ring is formed, and this process is dependent on many
with the synthesis of a separation septum: an extension of tigenes, includingdc3', cdc4, cdc8, rng2*, rng3" andmyo2
cell wall that completely surrounds these cells. (reviewed by Balasubramanian et al., 2000; Guertin et al.,
Schizosaccharomyces pomisls are cylindrical, growing 2002; Le Goff et al., 1999a). F-actin patches are subsequently
by elongation of their ends and dividing by medial septatioiecruited to the medial ring, where they form the actomyosin-
followed by cleavage of the septum, a process known as binaepntractile ring. Coordination of ring contraction and the
fission (for a review, see Johnson et al., 1982). Cytokinesis amdiclear cycle requires a network of regulatory proteins that are
cell division are brought about by the action of the actomyosinollectively referred to as the septation initiation network
ring, whose constriction is perfectly coordinated with the(SIN). These proteins also control the formation of the primary
synthesis of the primary septum. Genetic studies haveeptum during constriction of the actomyosin ring. Genetic
identified many genes that are important in the different stepudies have indicated that activation of the SIN pathway might
of cytokinesis, such as for the positioning and assembly of thegulate cpslp, 8-1,3-glucan synthase subunit essential for
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the assembly of the division septum (Le Goff et al., 1999b; Liu Table 1. Yeast strains used in this study
et il" I200_0). This s?ptum h‘i‘sl a three-laygr sftrlt_Jcture,?)wnh Hrain Genotype Source
clen ral primary (?eg um t()mt?]m ydcorrgpo?e o mﬁéﬁ, - h%o S S Moreno®
glucan) surrounded on both sides by two secondary sep{g,s h- urad-dis S Moreno*
(composed of-1,6-branched-1,3-glucan ang-1,6-glucan)  ppG148 h-urad-d18 cdc25-22 S. Moreno*
(Humbel et al., 2001). YAB14 h-ura4-d18 engl::kanMX4 This study
Cell separation requires dissolution of the primary septun’(ﬁgég E;'eui'gzl 88”31'2(;':22 A ms S:Ugy
; e ura4- cdc25-22 engl::kan is study
for the daughf[er ceIIs_to _become two independent entltle%E25 - Urad-d18 ace2.-kanMX4 urdd This study
Upon completion of mitosis, the primary septum undergoeggzg h-ura4-d18 spaC4G8.13c::urd4 This study

rapid autolytic degradation, accompanied by local erosion of

the adjacent regions of the cell wall. Although the mechanism *Centro de Investigacion del Cancer, University of Salamanca, Spain.

of actomyosin ring assembly, constriction and formation of the

division septum have received considerable attention, very ) ) o

little is known about how the cleavage of the cell wall andnutation was achieved by growing the cells at the permissive

primary septum is achieved. To address this question, mutaﬁﬁé“perat“re (25°C) to early log phase ¢90.5) and then shifting

showing complete or partial defects in cell separation: e cultures t? 37°C for 4 hours. Cells were released_from arrest by
. . . . ransfer to 25°C, and samples were taken every 20 minutes.

resulting in the formation of chains of cells, have been

previously isolated and classified in 16 different groups,

namedsep?t to seplB (Grallert et al., 1999; Sipiczki et al., Plasmid and DNA manipulations

1993). sepf encodes a transcription factor highly The oligonucleotides used for different DNA manipulations are shown

homologous to the HNF-3/forkhead family present in highein Table 2. Construction of plasmid pAB10, carryingeénhg coding

eukaryotic cells and also in other microorganisms (Ribar etequence under the control of thtl" promoter, was achieved by

al., 1997). Interestingly, another two members of this family°PCR amplification of the coding sequence of the eBdoB-

of transcription factors (th8accharomyces cerevisig&&hlp glutgtaan;}lse gsmg toltlﬁonuc:je(;tldez 42|3 and 3(f)2t rSwh|ch ||rtl_trodfau>f1d t

and Fkh2p proteins) have also been implicated in ceff"d P9l Sit€s at ih€ ends) and cloning of th€ resulling fragmen

separation (Hollenhorst et al., 20063p15 has recently been °etWeen th&hd andBamHi sites of plasmid pREP3X.

cloned and characterized, and found to encode an essential

protein that shows a high degree of similarity to Med8p, on€onstruction of null mutants and GFP-tagged strains

Of the Subunits Of the mediator Comple)(SchereViSiaRNA The entire Coding sequences e‘hgl" (SPAC82109)’ ace?2

polymerase Il (Zilahi et al., 2000). In addition, recent work(SPAC6G10.12c), and SPAC4G8.13c were deleted to create the null

has pointed to the importance of the exocyst complex in cethutants by replacing the coding sequences byith4" or kanMX4

separation (Wang et al., 2002). The exocyst is an octameri@assette. The deletion cassettes were constructed using the

protein complex present in many organisms and is involved ifgcombinant PCR approach described by Wach (Wach, 1996). For

tethering vesicles to specific sites on the plasma membrari8is purpose, DNA fragments of 300-500 bp corresponding to'the 5

Based on the fact that mutants in different subunits show 'd 3 flanking regions of each gene were PCR amplified using

. . . ecific oligonucleotide pairs. The resulting fragments were then
defect in C.e” separatlon, |t.has been_ proposed  that .th%Jsed, by recombinant PCR, to tkenMX4cassette (which confers
complex might be involved in the delivery of hydrolytic resistance to the G418 antibiotic) or to thead* gene. For

proteins that are important for cell cleavage. _ engl:kanMX4 the oligonucleotide pairs 755-359 and 360-756

Here we demonstrate that cell separatioS.ipombeés an  were used to amplify, respectively, specific regions of thenl 3
enzymatic process that requires the hydrolysis of certaignds, which were subsequently fused to KenMX4 cassette
components of the cell wall. The characterizatiormfl’, a  obtained from plasmid pFKanMX4(Wach et al., 1994). A similar
gene encoding a protein with enflet,3-glucanase activity approach was implemented to constructdbe2::kanMX4cassette
that transiently localizes to the septum region in a ring-likdusing oligonucleotides 675, 676, 677 and 678) or the
separation. According to observations obtained fronfnd 682).

P : he C-terminally GFP-tagged strain was constructed by direct
fransmission electron microscopy, the englp glucanase Seegpl%—omosome integration of PCR fragments generated using the

to be required for_ dissolution of tfe1,3-glucan material that pFA6a-GFP-kanMX6 plasmid as a template and oligos 434 and 435
composes the primary septum. (Bahler et al., 1998b). The amplified fragment contained the GFP
coding region fused in frame to the last codon ofethgT” gene and
thekanMX6cassette that was used to select for transformants. Correct
integration of the DNA fragment was verified by PCR.

Materials and Methods

Strains, growth conditions and genetic manipulations

The S. pombestrains used in this study are listed in Table 1. Yeast ) ] )

cells were grown on YES medium or minimal media (EMM) with RNA isolation and northern blot analysis

appropriate supplements (Moreno et al., 1991). Yeast transformatio@ells (1.310°) were collected at different time intervals after

were performed with the lithium acetate method (lto et al., 1983). Farlease from the restrictive temperature (37°C) or from different

overexpression experiments using tm@atl" promoter, cells were mutant strains, and total RNA was prepared using the method

grown in EMM containing 15.M thiamine up to the logarithmic described previously (Percival-Smith and Segall, 1984). For

phase. Then, the cells were harvested, washed three times with EMNprthern blot analysis, 53 of RNA was used. The DNA probes used

and inoculated in fresh medium (without thiamine) at arsdgbf to detect the different transcripts weeng®', a 534 bp internal

0.01. fragment (from +1901 to +2435) obtained by PQR34*, a 1.7 kb
Synchronization of strains carrying the thermosensitide25-22  BanHI-Hindlll fragment obtained from plasmid pSikta4*; and
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Table 2. Oligonucleotides used for gene deletion and epitope tagging

Name Sequence'(s")
engl:kanMX4cassette

755 TAACTCGAGCTTAAAAAGGGCTGGCTGTTAAG

359 GGACGAGGCAAGCTAAACAGAAGTTCCTAACAATAAAGTAAGTGA

360 GAGCTCGAATTCATCGATGATGCATGACCAAAGTCCGGAATTGTA

756 TAAAGATCTATACCATCGTTTCATCTTTGTTG

Pnmt1-eng1* fusion

423 TAACTCGAGGGAACTATGAGTTCCTATTTA

302 TAAAGATCTTTTGTTTTGCATCGTTGAGTTCG

engI-GFP fusion

434 GCTTGTGGTAATGCGTGCTATGACTCCTCTATATACGGTTGCTCCAATGGTGCACTTGTTGCTGCTCGGATCCCCGGGTTAATTAA
435 TATCCAAAAAGGGTTTCAAGTTGAGAGTAGTTCACGTTCCAGACGTGTATTATGAACAAAATGTAGGAATTCGAGCTCGTTTAAAC
ace2::kanMX4cassette

675 CTGGGTCTGTGTTTACACTTG

676 GGGGATCCGTCGACCTGCAGCGTACTGTCTTGTTTACTTAGGATAGCGAG
677 AACGAGCTCGAATTCATCGATGATATAATGATGACAGCTGTACAACTTG
678 GGTGCGAGTGAAAGCAAACAC

SPAC4G8.13cura4™ cassette

679 TCTCATTTGTCGCACTCTCTC

680 GCAAGCTTATCGATACCGTCGCCACTGACCTTTGACGCTCCATCGATG
681 TAAGCTGGCATGCCTGCAGCCCGGAAGACAGCAGTGGCCTCGACAAGC
682 TAAACAACTCTTGGTCGACGG

actl*, a 1.1 kb fragment containing the whole coding regionResults

obtained by PCR. englp is an endo-B-1,3-glucanase
A search of th&. pombelatabase (Sanger Centre) for proteins
Microscopy techniques with sequence similarity to th&. cerevisiaeendof-1,3-

For light microscopy, cells were fixed in 3.7% formaldehyde anddlucanase ScEnglp allowed the identification of the englp
stained with DAPI (46-diamino-2-phenylindole) or Calcofluor White Protein (the product of the SPAC821.09 ORF). This protein
as previously described (Balasubramanian et al., 1997). Samples wé&fares common features with ScEnglp, such as the presence
viewed using a Leica DMRXA microscope equipped for Nomarskiof a predicted sequence signal at the N-terminal end, a region
optics and epifluorescence and photographed with a Photometriegth a high concentration of Ser/Thr, and a domain of around
Sensys CCD camera. For time-lapse photography, cells were mountgd0 amino acids with strong sequence similarity to members
on medium containing 0.5% agar. Confocal microscopy wagf the glycosyl hydrolase family 81 (GHF81) (Henrissat and
performed on a Zeiss Axiovert microscope equipped with a LSM51@5iroch "1996: Baladron et al.. 2002 Mouyna et al., 2002).
laser scanning system, and the images were analysed with LSM5 Weve1r the ,structure of thS’ pomlSeprotein is slig’htly

software. &iifferent from that of5. cerevisiagbecause the Thr-rich region

For scanning electron microsco SEM), cells were harveste . N
washed in 0.1g|v| sodium phosphgt)é (buffer) pH 7.4, prefixed withs located at the C-terminal end of the proteins instead of at the

glutaraldehyde (5% glutaraldehyde in phosphate buffer) for 1 houlN-terminal region (Fig. 1A). S _
washed twice in buffer, and placed in 1% osmium tetraoxide for 1 TO analyse whether the protein identified on the basis of
hour at 4°C. The material was subsequently washed in distilled watsequence similarity also showed endoglucanase activity,
and dehydrated in a graded acetone series. The dehydrated cells wigre coding region was PCR-amplified using specific
mounted on specimen holders, air-dried, coated with gold, andligonucleotides and was cloned under the control of the strong
examined under a Zeiss DSM 940 scanning electron microscope. Fgiducible promotemmtl*, which is regulated by thiamine
transmission electron microscopy (TEM), the cells were stained Wi"@Forsburg, 1993). The resulting plasmid (pAB10) was

potassium permanganate according to the protocol describqllq,,ced into strain h20 an@-glucanase activity was
previously (Johnson et al., 1973). Electron photomicrographs Were caved on cell extracts using laminarin A4, 3-glucan
taken with a Jeol Jam-1010 electron microscope. Y g g

polymer) as substrate. The results showed that in presence of
thiamine (mt1" promoter repressed) the level®flucanase
Assay for B-glucanase activity activity was similar to that found in cells carrying the vector
B-1,3-glucanase activity was assayed in cell extracts or in culturalone (pREP3X). However, in cells that had been growing for
supernatants as previously described (Baladron et al, 2002)6 hours in the absence of thiaminen(I* promoter induced),
Determination of the redUCing sugars released in the reactions was four- to fivefold increase irB_g'ucanase activity was

performed by the methods of Somogyi (Somogyi, 1952) and Nelsogpserved (Fig. 1B). This result indicates that Siepombe
(Nelson, 1957). One unit of activity was defined as the amount g nglp hag-glucanase activity.

enzyme that catalysed the release of reducing sugar groups equivalén e .
to 1 pumol of glucose per hour, and specific activity was expressed a ut_)gtréite ts)peC'f'C'ty was teSteﬂ undeL the Same Conld't'ons
units per milligram of protein or per milligram of dry cell weight. For described above, using two other substrates: pustulan (a

activity against PNPG, the amount pinitrophenol released was linear B-1,6-glucan) and p-nitrophenfHD-glucopyranoside

determined spectrophotometrically by measuring optical density dPNPG), a synthetic compound that is only cleaved by
410 nm. One unit of enzyme catalyzed the releasejohdl of p-  glucanases with an exo-hydrolytic mode of action. As shown
nitrophenol per hour under the reaction conditions used. in Fig. 1C, no activity was detected against these two
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Fig. 1.englp is an endf-1,3-glucanase. (A) Schematic
representation of th®. cerevisiaéScEnglp) an®. pombendof-
1,3-glucanases (Spenglp). The structure of each protein is shown &
the same scale (indicated at the top as the number of amino acids),
with a gray rectangle indicating the conserved region between the
proteins. A black box in the N-terminal region indicates the predicter_ ] ) )
secretory signal sequence, while triangles mark the position of ~ Fig. 2.Microscopic appearance of wild-type agg]A mutant cells.
putative N-glycosylation sites. White boxes represent Ser/Thr-rich Wild-type (h20) or the isogenengA mutants cells (YAB14) were
regions (indicated by S/T) or the Thr-rich domain (marked with a T).grown in rich medium (YES), washed, and stained with Calcofluor.
(B) B-glucanase activity against laminarf1,3-glucan) in cells Photographs of differential interference contrast microscopy (DIC) or
(strain h20) transformed with plasmid pAB10 (carrying®eng?) Calcofluor-stained cells (CF) are shown.
or vector alone (pREP3X). Cells were grown for 16 hours in the
presence (white bars) or absence (black bars) of thiamine to induce
the expression of theng* gene. (C) Enzymatic activity of cells cytokinesis normally but that they have a defect in cell
overexpressingngl against pustularf1,6-glucan) or separation, resulting in the formation of groups of cells.
p-nitrophenylB-D-glucoside (PNPG). To analyse the separation defect in greater detail, cell growth
was monitored using time-lapse differential interference
contrast (DIC) microscopy. In wild-type cells, cell division
compounds, confirming that englp, as previously described f@groduced two equivalent cells that separated immediately
other GFH8L1 proteins (Baladrén et al., 2002), is specififfor after cell division (Fig. 3A). In contrasgnglA cells failed
1,3-glucans and that it acts by cleavage of the internal bondis complete septum dissolution and cell separation (Fig. 3B,
of the polymer chains. black arrows). However, even under these conditions, they
were able to reinitiate polarized growth and undergo a
new round of mitosis and cell division, constructing new
englp is involved in cell separation in S. pombe septa (white arrows) that resulted in the formation of
To investigate the function of englp erfld;3-glucanase groups of four cells (see supplementary movies:
during the cell cycle of fission yeastnglA cells were http://jcs.biologists.org/supplemental). A similar morphology,
generated using a PCR-based system (Wach, 1886JA  four connected cells, was observed when cells were prepared
mutants were viable at all temperatures and showed rfor scanning electron microscopy (Fig. 3C). All of these results
apparent growth defect in either rich or minimal mediumtherefore suggest that the protein encodeeng" is involved
When the morphology of mutant cells was analysed byn cell separation.
microscopic observation, a defect in cell separation was
apparent: most of the mutant cells in the culture were clustered
in groups of four cells (95% of cells=210 cells) compared €nglp is required for degradation of the primary septum
with the wild-type strain (3% of cell$i=234 cells). Staining To further assess the nature of the separation defectgdf
with Calcofluor, a dye that i8. pombeshows greater affinity mutants, transmission electron microscopy was used to
for the B-1,3-glucans present in the primary septum thatompare the morphology of the septum region between the
separates the two sisters cells, revealed that a septum had bedld-type and the mutant strain. In wild-type cells, the three-
assembled between the cells (Fig. 2). In addition, DAPlayer structure of the septum was apparent, with a clear primary
staining of DNA indicated that each cell contained a singleseptum surrounded by two darker layers corresponding to the
nucleus (not shown). These results therefore indicate thatcondary septum (Fig. 4A). In these cells, it was observed that
englA cells are able to complete nuclear segregation anthe primary septum was being degraded centripetally, from the
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The endo-f3-1,3-glucanase englp localizes to the septal

region

To determine the subcellular localization of englp, the coding
sequence of the green fluorescent protein (GFP) was fused in-
frame before theng stop codon using a PCR based approach
(Bahler et al., 1998b). The C-terminus was chosen because a
putative signal sequence is present at the N-terminal end of the
protein, which could be important for entry into the secretory
pathway and for the proper localization of figlucanase. All

the resulting strains contained the fusion under the control of
the native eng? promoter and the fusion protein was
functional.

Since englp may exert its function in a cell-cycle-regulated
manner during cytokinesis, the localization of the englp-GFP
protein was first analysed in a synchronous population of
S. pombecells. To this end, a strain containingcdc25-22
thermosensitive allele, which arrests at théM=boundary, and
the englp-GFP fusion was constructed. Cells were arrested by
incubation at the restrictive temperature for 4 hours and then
transferred to the permissive temperature. The fluorescence
corresponding to the englp-GFP appeared 90 minutes after
release, coinciding with the first peak of synchronous septation
(Fig. 5). Interestingly, in all the cells observed, eng1p-GFP was
localized to the region of the cell where polarized growth
occurs at this time point (i.e. the septum). Thus, englp appears
to be synthesized periodically during the cell cycle and seems
to accumulate in the septum region, in agreement with the
proposed role in cell separation.

The localization of the englp-GFP fusion was further
analysed in cells that had also been stained with Calcofluor to
assess septum formation. The localization of englp-GFP was
found to be almost coincident with the position of the primary
septum, as shown when the fluorescence from Calcofluor
and GFP were overlain (Fig. 6A). Interestingly, the green
fluorescence observed in cells carrying the englp-GFP fusion
reporter was more intense in a circumference surrounding the
primary septum (indicated by the Calcofluor fluorescence)
rather than in the septum itself, suggesting that the protein

cells (B). Black arrowheads mark the position of the previous septurﬁgmd bt(? Iocallﬁed Im a ring structure.d T'?h conflrrlrt1 t?ltsh
while white arrowheads indicate the new septum formed before observation, confocal miCroscopy was used. 1he resufts or the

dissolution of the previous one. Numbers indicate the hours elapsecd3D reconstruction of the green fluorescence found in cells
(C) Scanning electron microscopy of wild-type (panels 1)emgds  carrying the englp-GFP indicated that in the cell wall his
cells (panel 2). Bars, 2m. glucanase is localized to a ring-like structure that completely

surrounds the primary septum (Fig. 6B; see supplementary
movies online).

Fig. 3. Time-lapse DIC images of wild-type (A) ardglmutant

cortex to the midpoint of the septum, and no remnants of this

structure were seen in the region from which the two cells ha@ng1* expression and B-1,3-glucanase activity peak

already detached themselves. Inspection of the septal regiondHring the septation process

mutants lacking the englp enflet,3-glucanase also revealed The above results suggested that the endoglucanase-encoding
the typical three-layer structure, indicating that the septum hageneeng? is expressed periodically during the cell cycle. To
been normally assembled. However, in this case it was evideoonfirm this point, the expression of this gene was monitored
that cell separation had not proceeded in the usual way, becaudse northern blot analysis indc25-22mutant cells that had
abundant cell wall material that had not been correctlypeen synchronized by arrest-release. When the leaigif
degraded was present between the two sister cells (indicatetRNA was examined, a periodic cell cycle variation was
by arrows in Fig. 4B,C). Interestingly, most of the extrafound, maximum accumulation being observed 20-40 minutes
material clearly corresponded to fBid,3-glucan-rich primary before the peak of septation (Fig. 7A), in good agreement with
septum. These observations therefore indicate that cete results obtained from the protein localization experiments.
separation ir5. pombeequires enzymatic degradation of the As a control for RNA loading in all the lanes, a gene that
primary septum, and that the en@d-3-glucanase englp is displayed no cyclic variation such asa4" was used.

required for this process. B-glucanase activity against laminarin was also assayed in
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Fig. 4. Electron microscopy ultrastructure of wild-type (A) ary]A mutant septa (B,C) during the separation process. p, primary septum; s,
secondary septum. Arrows mark the remnants of the primary septum that has not been dissolved in mutant cellgnBars, 0.5

cdc25-22synchronised cells at the same time intervals as thogerming large aggregates of cells. BLAST searches ofSthe
used for northern analysis. The results, shown in Fig. 7Bjombegenome revealed the presence of two proteins with
indicated the existence of a periodic increas@-glucanase significant similarity to ScAce2p: namely, the products of
activity, that slowly rose to reach a maximum coincident witthe SPAC6G10.12c (e value=—21) and SPAC4G8.13c (e
the septation peak. The maximum activity was detected 20-A@lue=—10) ORFs. However, this latter protein is more similar
minutes after the time of maximum MRNA accumulationto the S. cerevisiaeCrz1p transcription factor (e value=—23),
(compare the septation index of both experiments), suggestisgggesting that the former could be the functional homolog of
that the protein accumulates until the separation process $&Ace2p. To test this possibility, both genes were independently
completed. To check that the increase in activity was indeedkeleted in a wild-type background by replacing the coding
due to the product @ng?", this gene was deleted in tbdc25-  region with thekanMX4(for the SPAC6G10.12c ORF) ora4*
22 mutant strain. Whef-glucanase activity was measured in (for SPAC4G8.13c) marker genes. The resulting strains, LE25
the doublecdc25-22 engd mutant, only a basal level of (lacking SPAC6G10.12c, which will be referred to aae?
activity (mainly due to the protein encoded by ¢éing2 gene, based on the homologies to ScAce2p, see below) and LE26
data not shown) was detected in all samples. TRus3-  (lacking SPAC4G8.13c), were used to anabsglt expression
glucanase activity ir5. pombeperiodically oscillates during and to check the morphological appearance of the cells.
the cell cycle, maximum accumulation coinciding with the Northern analysis was performed in the two mutant strains
septation and cell separation processes, in good agreement vatid in the isogenic wild-type strain to test whether either of
the expression pattern of teag1 gene. the two putative transcriptional regulators were controlling the
expression oengl in S. pombeAs can be seen in Fig. 8A,
o o the accumulation oéngt¥ mRNA is slightly reduced in the
eng1* expression is regulated by the ace2* transcription | E26 strain (lacking SPAC4G8.13c) but was almost absent in
factor theace2\ mutant. This observation therefore clearly indicates
In budding yeast, ScAce2p regulates the expression of a grothmtengI expression requires ace2p, which is similar to what
of genes involved in cell separation, such as chitin@a3&3, has been described for tBe cerevisiae ENG@dene (Baladron
endof-1,3-glucanaseENGY), and YHR143w(Dohrmann et et al.,, 2002), although a minor contribution of the
al., 1992; Doalin et al., 2001; Baladron et al., 2002), and foBPAC4G8.13c protein to its regulation cannot be ruled out.
this reasonace2 mutants display a cell separation defect, The morphology oface2A cells was also analysed by
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microscopic inspection (Fig. 8B). In contrast to wild-type cells
(panel 1) or mutants lacking SPAC4G8.13c (paneheg\-

null mutants displayed a severe cell separation defect (panel
3), resulting in the formation of mycelial cells with a branched
morphology, as has been reported for other genes sselp#is

and spll*f (Sipiczki et al., 1993). Thus, the product of the
SPAC6G10.12¢c ORF appears to be a functional homolog of
ScAce2p, regulating the expression of a group of genes
required to complete cell separatiorSinpombégone of which

is the endd3-1,3-glucanase encoded bygigl).
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Fig. 5.englp protein is synthesized periodically during the cell 5]
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Fig. 7.eng1 expression anfl-1,3-glucanase activity vary

periodically during the cell cycle. Synchrony was induced by arrest-
release otdc25-22mutants and samples were taken at the indicated
time points (minutes) for RNA extraction (A) Brglucanase activity
determinations (B). (A) RNA was probed with specific probes for
engl orura4*. The graph represents the anaphase inogo(
septation index@®) at each time point. In this experiment, the peak
Fig. 6.englp localizes to the septum. (A) Wild-type cells containing of septum formation occurred at 70-90 minutes.§Bjucanase
theengl-GFPfusion allele were grown to early-log phase and activity was assayed using laminarin as substrate in samples from a
stained with Calcofluor before microscopic observation. Calcofluor cdc25-22upper panel) ocdc25-22 engA (lower panel) mutant
fluorescence (CF), GFP fluorescence and the overlay of both imagestrains. The septation index for each strain is indic@§dThe

(Merge) are shown. (B) Three-dimensional reconstruction of englp anaphase index was determined by counting the percentage of
localization. Cells containing trengl-GFPfusion allele were anaphase cells (cells with two nuclei and without a septum) after
observed under a confocal microscope and z-sections piOv@ere DAPI staining. The septation index was determined by counting the
taken. The image was reconstructed using LSM510 software. percentage of cells with septum after calcofluor staining.
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A 1 2 3 enzymatic activity §-glucanase) has been demonstrated to be
directly involved in cell separation B. pombe
engl | W W

L L

Cell separation in S. pombe requires enzymatic
hydrolysis of the primary septum

The goal of cytokinesis is common in all organisms: to
physically separate a mother cell into two daughter cells. This
is achieved by a common set of mechanisms and involves the
use of an actomyosin contractile ring that provides the
mechanical force required for the separation process. However,
fungi and yeast cells synthesize a division septum behind the
ring as it constricts, generating new cell wall material between
the daughter cells. Thus, cell separation in these organisms
requires dissolution of both the primary septum and the
cylinder of cell wall that surrounds it (Robinow and Hyams,
1989).

In budding yeast, the chitin-rich primary septum is
synthesized by the action of chitin synthase Il [the ScChs2p
protein (Schmidt et al., 2002; Shaw et al., 1991)], after which
a secondary septum is laid down at both sides. Cell separation
in S. cerevisiaerequires partial hydrolysis of the primary
septum between the mother cell and the new daughter cell, a
process that is mediated by the action of the endo-chitinase
encoded byCTS1(for a review, see Cabib et al., 2001). In
addition, other cell wall components, such as glucans, must be
hydrolysed for cell separation to be completed, and the endo-
-1,3-glucanase ScEnglp has recently been shown to
participate in this process (Baladrén et al., 2002). Interestingly,
both these proteins localize to the mother-daughter neck region
during the time of cell separation, but in an asymmetrical
manner, according to the division pattern of budding yeast.
They are only present at the daughter side of the septum
Fig. 8.aceZ2 is required for cell separation. (A) Expressiorenf because the genes that encode them are expressed only in

andactI’ genes in wild-type (lane lace2null mutants (cells newborn cells (Baladrén et al., 2002; Colman-Lerner et al.,
lacking the SPAC6G10.12C ORF, lane 2), or cells containing a 2001).

deletion of SPAC4G8.13c (lane 3). (B) Morphology of the mutant In fission yeast, the primary septum, which is rich in linear

cells grown in rich medium to early-log phase. Wild-type (1) and 12 : y .

mutants lacking SPAC4G8.13c (2) show a normal morphology, whikg',[l’l3 gzllé%?n (Hotrr:sb?rgter antdt R%uvler_(;/e(ljuthey_, 1985; I-:u_mt:ell
ace2mutants (3) have a clear mycelial and branched phenotype, etal, _)’_'S € Tirst part 1o be faid down 1n a centripeta
indicating severe cell separation defects. fashion until it completely closes and compartmentalizes the

two daughter cells. Cpslp, an integral membrane protein
known as the putative catalytic subunit @f1,3-glucan

) ) synthase, is essential for division septum assembly and it
Discussion localizes to the division site (Ishiguro et al., 1997; Le Goff et
In this work we describe the identification of a nBwpombe al., 1999b; Liu et al., 1999; Liu et al., 2002; Cortés et al., 2002)
gene,engl, that codes for a protein with significant sequencd-ollowing this, each daughter contributes cell wall material to
similarity to other glycosyl hydrolases grouped in family 81its own side of the primary septum, building a secondary
(GHF81) (Henrissat and Bairoch, 1996). Like other members afeptum mainly composed ##1,6-brancheg-1,3-glucan and
this family of proteins, englp shows detectgble3-glucanase [-1,6-glucan (Horisberger and Rouver-Vauthey, 1985; Humbel
activity in vitro and is active against line@-1,3-glucans et al., 2001). Separation of the sister cells requires two
(laminarin) with an endo-hydrolytic mode of action. Severaldegradative processes: erosion of the surrounding cylinder of
observations suggest that this enzymatic activity would beell wall at its junction with the septum and dissolution of the
involved in cell separation i8. pombeFirst, the endo-glucanase primary septum (Robinow and Hyams, 1989). It has been
englp localizes to the septum region at the time of cefproposed that degradation of the primary septum might be a
separation. Second, mutants lacking this gene form short chaimechanical process triggered by rupture of the cell wall of the
of cells that do not separate completely. Finally, microscopimother cell (Sipiczki and Bozsik, 2000). Here we have shown
observation of mutant septa reveals the presence of remnatfiat cell separation requires enzymatic hydrolysis of the
from the uncleaved primary septum. Although previous reportgrimary septum in a process that is mediated by the @ndo-
have postulated the participation of hydrolases in the dissolutidh3-glucanase encoded bpg®. The fact that this protein is
of the primary septum or the cell wall that surrounds it, to oupresent in a ring-like structure surrounding the septum before
knowledge this is the first description of a protein for whichcell separation has started suggests that englp could perhaps

acti
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be involved in the dissolution of the cell wall material thatSince englp localizes to the septum region at the time of cell
surrounds the separation septum, a process that may trigggeavage, it is therefore possible that it could be one of the
cell separation. Once the cell wall has been dissolved, tr@mponents being transported in such vesicles.
phenotype ofenglA mutants clearly supports the idea that
the endoB-1,3-glucanase englp would be involved in the . ) .
degradation of the fibrillag-1,3-glucans that are so abundant Temporal regulation of eng1* expression requires the
in the primary septum of fission yeast. However, we wer@ce2p protein
unable to detect the constriction of the fluorescent ringn addition to the tight spatial regulation observed for the englp
concomitant with the disappearance of the primary septunprotein, we also observed a strict temporal regulatigi hB-
perhaps due to the fact that the eng1p-GFP fluorescence is vgltycanase activity during the cell cycle, the maximum being
faint and rapidly disappears or, alternatively, because they deached at the time of cell separation. Furthermore, the
not occur in a synchronic manner. In the absence of englp, celiriation in activity is in good agreement with the expression
separation is delayed in comparison with wild-type cells, angattern ofeng’, indicating that this activity is regulated at
may be achieved either through participation of othetranscriptional level and not by any other post-transcriptional
hydrolytic enzymes or through mechanical rupture of the celinechanism. The expression eigl requires the product of
wall in a process in which the primary septum is not completelthe SPAC6G10.12¢c gene, a protein that shows strong sequence
hydrolysed. The observation that the phenotypengflA cells  similarity to the ScAce2p especially in the DNA-binding
is much less severe than that of other previously identifiecegion, although the product of the SPAC4G8.13c ORF could
mutants (such asepA or spl1A) or that brought about by the have a minor role in its regulation. Similarly to what has been
ace2deletion clearly suggests that additional proteins (perhapdescribed for ScAce2p (Dohrmann et al., 1992), deletion of the
other hydrolytic activities) would also be involved in cell S. pombeprotein results in a severe cell separation defect
separation. In this context, and similar to the caseSof because null mutants are unable to separate and show a hyphal
cerevisiae other proteins with sequence similarity to and branched pattern of growth similar to thatseplA or
glucanases are present in iggombgenome. Thus, a protein spllA mutants (Grallert et al., 1999; Ribar et al., 1999; Sipiczki
related to englp has recently been reported.ipombdthe et al.,, 1993). Based on these functional and sequence
product of the SPAC23D3.10c ORF (Baladron et al., 2002)Jsimilarities, we have named the SPAC6G10.12c QREZ.
This protein, named eng2p, also exhibits efidh3-glucanase The phenotype aice2A mutants is much more severe than that
activity, buteng2\ mutants do not have a cell separation defecbbserved irenglA mutants, which indicates that ace2p might
(A.B.M.-C. and F.d.R., unpublished), which suggests thategulate the expression of other genes also involved in the cell
eng2p is not involved in cell separation. Additionally, threeseparation process, including additional hydrolytic enzymes
genes that show similarity to yeast €%d-3-glucanases and required for the dissolution of other cell wall components.
two proteins related to fungelglucanases are also present in
the S. pomb@enome, a|th0ugh no data about their putative We thank Pilar Pérez, Beatriz Sa_ntos, AHQE| Duran and Jair_ne
involvement in morphogenetic processes are yet available. Correa for helpful comments and discussions on the manuscript,
The spatial regulation of hydrolases during cell separation {glor1a Holgado and Antonio Santos for help with confocal

: ; icroscopy and Nick Skinner for language revision of the manuscript.
also important for the process to be achieved successful his research was supported by grants from the Comision

Unlike cell separa.tlon 8. Cere\.”SIaethh IS an asymmetrlc? Interministerial de Ciencia y Tecnologia (1FD97-1897-C02-02 and
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