"Vb:_luiné 33, number 2

"FEBS LETTERS

Augnst 1973,

REGULATION OF WALL SYNTHESIS DURIN
SA C’ CHAR oM YCES CEREVISIAE CELL ‘CYCLE

IM. SIERRA R. SEWA‘EDREU and JR. VILLANUEV'A

Departamento de Microbiologia, Instituto de Bm]ogm Cehilar, CSIC, Farulind ﬁe Czen,r,as o
Universidod de Salamanca, Selermanca, Spain

" Received 5 June 1973

- 1. Intreduciion

In recent years, studies on specific enzyme forma-
tion during the cell cycle have proved very useful for
investigating the regnlatory mechanisms operating in
dividing celis. The correlation beiween cell cycle and
activities of several enzymes has been interpreted =s
the “linear reading™ »f the s&mcwral genes involved
[1,2).

Although there are many. smmes on the biosynthe-
sis of wall components in Sgccharomyces cerevisiae,
the pattern of formation of these macromolecules
during the call cycle is largely unknown and know-
ledge on this topic wounld provide information about
the regulatory mechanisms controlling the pathways
fnvolved in the formation of yeast cell wall. -

Recently, Cabib and Farkas [3] have shown that
chitin, the specific component of the septum between
mother and dangther cells, is synthesized during a
limited portion of the cell cycle. A perindic synthesis
has also been suggested for ghacan, one of the two

- main yeast wall polymers [4], but not for mannan,
the other main polymer [5]. The interest in mannan
polymers is due to the fact that they are 2 group of
glycoproteins, some of which show catalytic activity
[6]. In this context it may ] ‘be emphasized that one of
the catalytic mannan-containing proteins, invertase,

I8 possibly synihemzed in 2 periodic. manner since the -

activity of the enzyme varies 1}1rough the cell cycle. 171

‘The aim of the present study was to investigate the

“bmsynﬂmesm of mannan and-alkali- and acid-insoluble

glucan during the division of 8. wcerevisige. Our results ©
-showed that both yeast. wall components “are: s}mﬂlea o

mzeﬂ contmuously throug‘h the enme cell ‘cycle "Iins

Norxh-ﬂolland heb!;shmg Company Amsterdam

information together with the data élmeaﬁy phbﬂisht d
[8] suggest that the continuous synthesis is probabi .
due to the slow turnover of the enzymes invoived,

2. Materials a:mi mLf}lDﬂb

S. cerevisine LK2G12 was obiained from Dr. .

- Lindegren, Carbondale, Ill., USA and grown in the

following medinm {gf%): glucose 20, yeast extract 3.
8. cerevisize 369 D-1, a temperature-sensitive mutan
was obinined from Dr. L. H. Hartwell, Derpartment
of Genetics, University of Washington, USA. Tha
characteristics and growth conditions of this rnmilan:
have previously been described [9].

2.1. Synchronization of cells

Two methods have been used to obtain synchronous
culturss of yeast cells. 1) An asynchronous, exponential-

- 1y growing population of 5. cerevisize LK2G12 {20—25

mg) was collected by centrifugation, chilled by immers-
ing in ice-water, suspended in 2 ml of growth medium

“and lavered on the top of a discontinous Ficoll density
- gradient (Pharmacia, Uppsala, Sweden). The gradient
- was formed by the following solutions of Ficoll, 10 mi

29% {wjw), 30 mi 26.5% (v/w) apd 5 ml 265 ().

~ The graﬁlem was cenirifuged at 27 \ODD £ for 128 min

at4°Cina Spmcm L2658 unracennﬁuge “Three 1o
five percent of the total celis were located at the inter-

-face between 26-25. 5% Ficoll. The cells of thisband -
- were removed from the tbe with a2 peristzltic pump,
washed. thrze 1imes and moculaied into growth medi-
o um 11) An -v.,xponemxa“ﬂy growmg, asynchmnous cul-
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mre of 8
the pe:rmlSSIblE (23°C) io the nnm—pemlsmble tempera-
ture (37°C) for 120 min. On returning to 25°Cin a

fresh medium, the cells divide synchronously.
2.2. Monitoring cell number and budding

Samples of the growing cells were removed at dif-
ferent times and fixed with a selution of NaCl contain-
ing 3.7% formaldehyde. After 10 min all szemples were
sonicated for 5 sec to disperse cells clumps. Cell nom-
ber and budding were then measured by visual inspec-
tion and counting in a Zeiss phase-conirast microscope.

2.3. Nucleic acids syntheses

RNA and DNA syntheses were measured by the in-
<erporation of [**Cluridine [10]. For RNA synthesis,
= sample of cell suspension {1 ml) was removed from
ihe culture and added to cold 10% {w/fv) trichloro-
#eetic acid {1 ml) containing 100 pg DNA (from calf

- thymus). After 20 min at 0°C, cells were collected on
Yhatman GF/C glass fiber filter paper, washed with
weld 5% trichloroacetic (50 ml) and dried [11]. For
INA synthesis, a sample of cells suspension (1 mi) _
was removed from the culture and added 1o 2 N NaOH
{1 ml). RNA was hydrolyzed by incubation of the
#lkaline suspension at 80°C for 60 min [12], the resi-
fhag chilled and carrier DNA (100 ug) and 50% 1ri-
vhloroacetic acid {1 ml) added. The precipitates ob-
‘tained were collected on a giass fiber filter and washed
as before. Radioactivity was counted in a Packard.
Tri-Carb liguid scintillation spectrometer.

2.4, Mannan and glucan determination
A population of synchronized cells was mcubaieﬂ

in"the appropriate growth medivm supplemented with
1" Clglucose {specific activity 350 nCi/nmole). At-

intervals, samples (5 ml) were rémoved and cold 10% 8

,nch}oroace’mc acid (5 m?) added. After 15 min the .
suspension was centrifuged at 2000 £ for 10 min and
the pellet transferred to ampoules fcomammg 2N
NaGQH (3 ml). The extraction of mannan and alkaji-
‘and acid-insoluble | glucan, and: dexexmmahon of the

‘radioactivity mcorporated wag carried out follow;ng o

t}xe procedme jp:evmus}y descnbed 11 1]
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3. Resnits

- When an asynchronous culiure of growing

- 8. cerevisige LX2G12 is centrifuged at 27 000 g for

120 min in a continous Ficoll gradiert (26—29%,
wiw) the cells are widely distributed along the
gradien?. Examination of the different bands from

~such a gradient indicated that the fractionation of

cells was correlated with the position of the cell in
the division cycle. The cells of lightest density wers
mostly those with very large buds, whereas the cells
with greatest density wers those with small buds.

In subseguent experiments we used discontinous
gradienits. This facilitaied isolation of ¢ell bands and
reduced diffusion to a minimumni. When exponential-
ly growing 5. cerevisinelL K2G12 was centrifuged under
the conditions described in Materials and methods
most of the cells at the interface between 26—26.5%
{w/w) of Ficoll has a very large bud. A few cells
{5—10%) without a bud could also be found. Electron
microscopy of the cell present in this band indicated
that most of them were at the point in which the sep-
im between mother and danghter had already besn -
laid down. The unbudded cells seemed to be the prod-
ucts of cell separation. 7

Biochemical events in a single cell can be deduced
by following the conduct of a synchronously growing
culture but this kind of investigation has been hindered
by the difficulty encountered in preparing Yarge baiches
of cultures. To overcome this obstacle, we investigated
the behavior of a temperature-sensitive mutant [9].
This mutant,S. cerevisine 369 D-1, is defective in a
gene function needed at a specific stage of the cell
cycle. When 2n exponentially growing population of

- these cells was transferred at 37°C, they stopped grow-
. ing at the “execution point™

( > probably at the time of
DNA replication they carried a tiny bud. Viability of
the cells depended on the duration of incubation at

" the non-permissible ftﬁmveratiirp i{fig. 1) and was in
- agreement with that previously described [9]. After

incubation at 37°C for 120 min, the residnal viable
cells grew synchmn_ously when they were transferred
to a fresh medium at 25°C. This afforded a practical

method for prepanng large amounts of synchmmzed :
cells with a minimum of operahom and avoided the

use of graﬁ:ems
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Fig. 1. Viability of §. cerevisive 369 D-1 cells at the non-permissible temperature. An exponentially growing populatiun of czlis
was incubated at non-permissible temperamre (37°C) (A). Samples were removed at different times {1, 11, 111, 1V} and incubated

in a fresh medinm at 25°C {(B).
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Fig. 2. Timing of budding, DNA synthesis and RMNA synihesis in sym:hmnom cultures of § xferewgrzae ILKZG]Z Celis {5 mp) col- -~
Iected from ~he Ficoll gradient were sospended in a medinm {100 ml) at 28°C comtaining 3 nCi of [[ f’]unﬁms {speciiic activily
071 nCifnmole). Samples {1 ml) were withdrawn at the times ndicated and budding {32), radioavtivity intorporzted into RNA {o)
and DMNA {(») determined as indicated in | Ma:enals angd maﬂmﬂs Arrpws indicate bugding miﬁatmn.

Symhenis of macromolecules such as DNA and spe-
cific proteins during the cell cycle can be used as bio-
chemical markers for cell grow ing synchronounsly.
Autoradiography and chemical measurements have -~

- shown that DNA is synthesized periodically throngh

ihe gell cycle of . ceréva'sizzé_a [13]. This finding affords
2 useful marker for studying the degree of synchrony
obtained by both methods, The behavior of 5. cerevisia:
LK2G12 synchronized by gradient centrifugation is
swmmarized in fig: 2. Cells at the interface between
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Fig. 3. Timing of DNA ani RNA synithesis i in synchronous cultures of S. cerevisize 369 D-1. Cells previously treated at 37°C during

120 min were incibated in a fresh medium containing 3 uCi of | 1¥Cluriding {speeific activity 0.7 nCifnmole) at 25°C. Samples
{1 ml) were withdrawn at the times indicated and radipaciivity incorporated i inl RNA (o) and DNA {») cd%mmnmeﬁ Arrows indi~

cate budding initiation.

26—26.5% {(wjw) Ficoll had a large bud and, after in-
oculation into a fresh medium, separated and began-
to bud zgain. As growih went on, a progressive decay
of synchrony was observed. The rate of synthesis of

DNA began just after budding initiation and continued

for about a quarter of the total cycle. This period de-
fines the interval of total DNA replication in-the cul

ture. RNA synthesis, by contrast, occurred ﬂxmughau]t."

the cell cycle 2t a constant rate.
The same pattern of nuclzic m::d synthesis was ob-

served with the temperature-sensitive .S, cerevisiae

369 D-1 (fig. 3). In this case, the generation time was -

longer, but as before, DNA synthesis was periodic -
while RNA synﬂlesm was continuous, Oul results i m— :
dicated that we o‘btamed synchronons cul’tures with
‘both S, cerevisiae strains although different :methods
were used for both culrures Moreover, the nonnal
periodic DNA synthesis and also [* Clglucose incor-

'pozatmn mto the celle (unpu bhshed data) by tempex- L .

jmtun?e-n'mfﬂ&:x;'i 5. cerevisiae 369 D-1 suggested that
“balanced growth™ [14] had taken place and that

“this method of synchronization x:an be used in bio-

chemical determinations.

Incorporation of radicactivity from [ Clglucose
into yaast cells and into the two main polymers of
the w* ~ “s'shown in fig, 4. It is evident that vnder
onr expcrimental conditions radicactivity increased
exponentially through the whole incubation time

~ {fig; 4A). The resnlts summarized in fig. 4B are con-

sistent with the fact that both mannan and alkali- and
acid-insoluble glucan were also synthesized exponen-

. tHally through the entire cell division cycle. We em-
:- "phasize that the rate of synthesis was constant at all.
" stages of the cell’ Cycle and specific 1o each pnlymer.

"This expenment was yepeateﬂ with S. cerevisiae

‘369 D-1 and synthesxs of glucan and mannan pro- :
' ’cedeé in ‘the same manner, '

Although the tesults seem clear, 11 ‘was posmble
: 'Jty'ﬂza?. accmnnlated afte;r a long
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Fig. 4. Timing of glucan and mannan synihesis in synchronous cultares of 5. cerevisise LK2G12. Cells {5 mg) collected from the
discontinons gradient of Ficoll were suspended in a medium {100 ml) containing 5 pCi of [ ¥ C)glncos: (sparific activity, 3 X 10
nCifnmole) at 28°C. Samples {5 ml) were withdrawn at the times indicated and radiosctivity incorporated into whole eells {A),
manman {B, ¢ and alkali- and acid-insoluble glucan (B, ») determined. Arrows indicate badding initiation and (X) percentags of

Iate budding cells.

Table 1
Yeasi cell eycie: synthesis of ghean and mannan.

Cell cycle Radioactivity incorporated Glucan {cpm/mg eslls)

fraction {é:ﬁ;;:i:;}g caﬂs%!mm  Mannan (cpmfmg cells) .
D 2334 - 1650 1.46

0.2 3000 2200 1.36

D.4 4100 2800 ’ 1.4%

0.6 5300 4000 1.45

0.8 2000 £200 - 145

1.0 17200 11400 D150

&izthmoniéeﬁ cells of 8. cerevisive 369 D-1 wém: incubaied a1

25°C. Samples were collectzd at different points of time during

the cellcycle {8, 0.2, 0.4,0.6, 0.8, 1.0) and grown with *C]-
. ghucose {specific activity 360 nCi/nmoley for 10 mm. Wall
: polymexs were exnacteﬂ :anﬁ the mdma»‘imiy measmed @1 l'ﬁ

incubation might have masked any small variations

in the rates of the synthesis at these times. To deter-
mine small variations, we have measured the instanta-
neous synthesis of both polymers by following incor-
poration of radioactivity into cell samples at different

 stages of the cell cycle {(iable 1). The ratio of radic-

activity incorporated into glucen 1o that incorporated
inio mannan remained constant during all stages of
the division cycle. The increase of total radioactivity
incorporaied in both cases {iable 1) was the result of

an increase in the specific activity of the [**Clglucose
in the different ‘samples due 1o the uptake ‘of *eold™

g.‘lucose by the mowmg u:Blls.
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a}, Discussion

The 5. cerevisize wail is built largely by a S-linked
glucan and several glycoproteins whose carbohydrate
moiety is generally kncwn as yeast mannan. In this
paper we report some : spects of the synthesis of these
iwo polymers during the cell eyele of the yeast.

The resnlts summarized in fig. 2 show that
5. cerevisine LK2G 12 «<¢lls exhibit fluciuations in
density during the division cyele. This has also been
shown in other strains [10, 15]. Cell density fluctua:
1ions seesn to be the resull of the changing ratio of
masyvolume during the cell cycle [16—18]. Wiemken
et ai. [15] have demonsirated the existence of vacuolar

changes in yeast during the cell cycle but an understand-

ing of these changes at the molecular level require fur-
ther work.

The synthesis of DA and the normal incorporation
of glucose in synchronized 5. cerevisine 369 D-1 (fig. 3)
suggested that “balanced prowth™ [14] was taking
rlace. We think that the method used affiords an easy
way of preparing large amounts of synchronized celis
for bicchemical studies.

Investigations on the biosynthesis of mannan and
alkali- and acid-insoluble glnean, the two main
. cerevisice wall components, have been carried out
in synchronized culiures of both yeast strains. The
resnlts (fig. 4 and table 1) indicated thai both poly-
mers were synthesized exponentially throngh out the
entire cell division cycie. Moreover, the rate of syn--
thesis, though specific for each polymer, was constant
for all stages of the cycle (table 1).

Thesz findings indicated that sither 1) the genes in-
volved in the synthesis of the RNA messengers of the
gloean and mannan-synthetases or the mannoproteins
were always available for transcription or ii) these
FNA messengers, or the glucan and mannan synthe-
tases had a slow decay, or fii) the number of the genes
irvolved is larp2 and scaitered throughout the whole
cell genome. At the present it is impossible to decide
between these hypotheses but it has recently been
szgested that the RNA messengers of the acid phos-
rhatase and invertase, twe of the catalytic mannopro-
‘tzins of the wzll, have 2 relatively long life [19]. Simi-
larly we have been adle 1o show by inhibiting pmtem
synthesis with cycloheximide that the glucan and =
miannan syniheiases have also a very low iurnover IS]

With this in mind and independenily of any control .
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~at the transcription level, the existence of RNA mes-

sengers and synthetases of low decay would resnlt in

‘the continuous synthesis of both glhican and mannan

throughout the whole cell cycle.
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