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Fission yeast pheromone blocks S-phase by
inhibiting the G, cyclin B-p34°9¢? kinase

Bodo Stern and Paul Nurse phosphorylation facilitates binding of FAR1 to the CDK
. CDC28 associated with the;&pecific CLN cyclins (Peter
Cell Cycle Laboratory, Imperial Cancer Research Fund, etal, 1993; Peter and Herskowitz, 1994), and the inhibition

44 Lincoln's Inn Fields, London WC2A 3PX, UK of this CDK blocks cell cycle progression. The CLN—

CDC28 kinase activity promotes the onset of S-phase in
two ways (Diricket al, 1995): it activates the {specific
transcription factors necessary to transcribe genes required
for S-phase (Cross and Tinkelenberg, 1991; Nasmyth and
Dirick, 1991) and it inactivates SIC1, an inhibitor of the
cyclin B-associated CDC28 kinase which is required for
the initiation of S-phase (Mendenhall, 1993; Schwob
et al, 1994). Given that SIC1 is not essential for the
pheromone response (Nugroho and Mendenhall, 1994), it
is the inhibition of the G-specific transcription which is
the crucial target for the pheromone-inducedagest in
budding yeast.

The mechanism of Garrest in fission yeast is much
less well understood. Normally the sexual pheromones
P- and M-factor only have an effect on nitrogen-starved
fission yeast cells, because components of the pheromone
signal transduction cascade are only expressed when
nutrients are limiting (reviewed in Nielsen and Davey,
1995). However, pheromone effects on exponentially
mone in fission and budding yeast acts similarly in growing pells can be stu.dled In a mutant background
inhibiting the G ; cyclin-dependent kinase (CDK), but that mimics aspects .of nitrogen starvation and reduce_s
differs in its effects on the G/S transcriptional control, pheromone proteolysis (Davey and Nielsen, 1994; Imai
suggesting that inhibition of CDKs may be a more and Yamamoto, 1994). E_Ilmlnatlon of the adenylate
general mechanism for the control of G progression cyclase geneyrl lowers the intracellular cAMP level and

Yeast pheromones block cell cycle progression in G
in order to prepare mating partners for conjuga-
tion. We have investigated the mechanism underlying
pheromone-induced G arrest in the fission yeast
Schizosaccharomyces pombé&Ve find that the G;-
specific transcription factor p65°dclp7Zeslisctlyyhjch
controls the expression of S-phase genes is fully
activated in pheromone, unlike the analogous control
in budding yeast. In contrast, the G, function of p34°dc2
acting after activation of the G;-specific transcription

is blocked. Pheromone inhibits the p3#%° kinase
associated with both the G-specific B-type cyclin
p45°i92 and the B-type cyclin p569c3and overexpres-
sion of p4%'92 or p47¢dc1d0 gyercomes the pheromone-
induced G, arrest. G, arrestis compromised in enlarged
cells. We suggest that onset of S-phase is controlled by
pheromone inhibiting the B-cyclin-associated kinase in
G,, and that increasing cell size contributes to the
mechanism for pheromone adaptation. Thus, phero-

compared with Gy/S transcriptional control. leads to constitutive expression of genes under nutritional
Keywords cyclin B—cdc2 kinase/pheromone/S-phase/ control, thus mlmlpklng nitrogen starvation (Maeeiaal.',
Schizosaccharomyces ponftbenscription control 1990; Kawamukakt al, 1991; Sugimoto, 1991), whilst

elimination of the P-factor-degrading protease gene
sxa2enhances the effects of P-factor addition (Imai, 1992;
. Ladds et al, 1996). Exponentially growing cells of a
Introduction cyrlAsxa2\ double mutant respond to the addition of
An important step in the eukaryotic cell cycle is the control P-factor by undergoing G arrest, although cells do
which determines whether a cell continues progression eéventually enter S-phase after a delay of ~1-2 generations
through G- to S-phase or undergoes an alternative (Imai and Yamamoto, 1994).

developmental programme, such as withdrawal from the Similar to other eukaryotes, the onset of S-phase in
cell cycle or cellular differentiation (reviewed in Sherr, fission yeast requires the execution of two functions:
1994). A good model system for studying this control is activation of the G-specific transcription factor consisting
provided by the yeasts which become arrested;ib&ore of p659cl9(Aves et al, 1985; Lowndet al, 1992) and
initiating sexual differentiation. The addition of sexual p72es¥s(Tanakaet al, 1992; Caligiuri and Beach, 1993)
pheromones to cells of either budding or fission yeast and activation of the CDK cdc2 (Nurse and Bissett, 1981).
causes them to block in (G after which two haploid  Activation of p6&9c1e-p72esi/sctiprings about the periodic
mating partners undergo conjugation to form a diploid expression of genes required for S-phase. Thé&uGction
zygote (reviewed in Hirsch and Cross, 1992; Nielsen and of cdc2 requires the association of 3% with B-type
Davey, 1995). In both yeasts, a conserved MAP kinase cyclins. p459 is the major partner of p3#2 in G,
pathway transduces the pheromone signal from membrane{Martin et al, 1996; Mondesereét al., 1996) but can be
located pheromone receptors (reviewed in Herskowitz, replaced by the mitotic B-cyclin p5&13and to a minor
1995). In the budding yeast, the MAP kinase pathway extent by p489 (Fisher and Nurse, 1996; Mondesert
phosphorylates and activates the cyclin-dependent kinaseet al, 1996). The dependecies between the °f6%-
(CDK) inhibitor FAR1 (Chang and Herskowitz, 1990; p72es¥/s¢! transcription factor and p3%2 remain
Peteret al, 1993; Peter and Herskowitz, 1994). This unknown, but it has been suggested that activation of
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p6Fdcllp72estisctl requires the @ form of p344dc2 p65°9cl0activity. This decline otdcl18transcripts at 36°C

(Reymondet al, 1993). was not due to the temperature shift as control cells
Here we have characterized the mechanism of P-factor- subjected to the same temperature regime expressed high

induced G arrest using the fission yeasyrlAsxa2\ levels ofcdc18(Figure 2B).

double mutant. We show that pheromone acts by inhibiting We conclude that pheromone arrests cegllbyin G

the p3492 associated with B-type cyclins, but does not a mechanism which is independent of thg-gpecific

block activation of the p69°1&p72esl/sctitranscription transcription factor complex.

factor. This is a major difference in the mechanism of

G, arrest from that operating in budding yeast. It also Pheromone blocks activation of G; p34°9¢2-p45¢i9?

suggests that p3%-2is required after the activation of the  kinase

G;-specific transcription factor. The pheromone-induced Another important function required; foro@ression

G, arrest is sensitive to cell size as enlarged cells do notin fission yeast is the CDK p3%?2 protein kinase (Nurse

G; arrest in response to pheromone because the cyclin and Bissett, 1981). To investigate the role of this protein

B-associated p34°? kinase activity becomes activated kinase in the pheromone-induced, ®lock, we tested

despite the presence of pheromone. We propose a model whetf872[s34till required for cells to enter S-phase

in which the cyclin B-associated p3%°kinase activity is after they have been released from P-factor-induced G

inhibited by pheromone and this inhibition is lost during arrest. For this experiment, we ushrPa(cdc2.M26

adaptation partly because of increasing cell size. mutant strain which blocks Gprogression at 36.5°C.

Wild-type and thecdc2s strains were arrested in,Gy

addition of pheromone for 6 h at the permissive temper-

Results ature of 25°C (Figure 2A). Both strains were shifted to
Activity of the G;-specific transcription factor is 36.5°C for 1 h in the continued presence of pheromone,
not inhibited by pheromone and then the pheromone was removed. The wild-type cells
The G-specific transcription factor complex p8Si& entered S-phase within a furthé h (Figure 2A), whilst

p72estsctiAveset al, 1985; Lowndegt al,, 1992; Tanaka, theedc2® strain remained blocked in Gfor the 3 h

et al, 1992; Caligiuri and Beach, 1993) controls the duration of the experiment (Figure 2A). In the wild-type
periodic expression of genes required for S-phase onset. stdmib8transcript levels were elevated in pheromone
These genes includedc22 encoding ribonucleotide and remained elevated for 1 h after pheromone removal
reductase (Gordon and Fantes, 198&)2 encoding a @ at 36.5°C, only falling as cells completed S-phase (Figure
S B-type cyclin (Obara-Ishihara and Okayama, 1994) and 2B). In the cdcZ® strain, the levels oftdc18 transcript

cdcl8(Kelly et al, 1993) andcdtl (Hofmann and Beach, continued to remain elevated at 36.5°C after pheromone
1994) encoding replication initiation proteins. To follow removal. We conclude that p342 performs an essential

the activity of the G transcription factor complex after function after the pheromone block point, and that this acts
pheromone addition, we have monitored the levels of downstream of activation of the &pecific transcription
cdcl8transcripts. These fluctuate in level during the cell factor complex.

cycle, being minimal in G and maximal in G and S- Given that P-factor blocks prior to completion of some

phase cells (Kellyet al, 1993). Certain key experiments 1@nction of p349°2 an obvious hypothesis is that the
were also repeated measuring the levels of the otherP-factor response pathway directly blocks the §%4
transcripts and these gave similar results. Within 2 h of activity required f@r@ression. Recently it has been
P-factor pheromone addition to eyrlAsxa2\ double shown in fission yeast that a major §3#activity in G,
mutant, 40% of the cells were blocked in,Gand after is brought about by a complex between®§s34nd G/S
one generation (which is 6 h in this strain) nearly 100% B-type cyclin encoded bgig2 (Fisher and Nurse, 1996;
of the cells were blocked (Figure 1A) (Davey and Nielsen, Maetiral., 1996; Mondeseret al, 1996). Therefore,
1994; Imai and Yamamoto, 1994). Over the same time we monitored p4%9%2-associated p34°? protein kinase
period, cdc18 transcript levels increased at least 3-fold activity in a synchronous culture, both in the presence
(Figure 1B and D) as did theig2 3.2 kb transcript and absence of P-factor. A synchronous culture was
(Figure 1B). These results indicate that the-gpecific prepared by elutriation and split in two when cells were
transcription factor complex is active in cells blocked in in the early G-phase of the cell cycle. P-factor was added
G; by pheromone addition. The level ofic18transcripts to one culture and the cells proceeded through mitosis
observed in the pheromone block was similar to that seenand cell division (Figure 3A) and then arrested ip iG
in cells in mid S-phase using hydroxyurea (Figure 1D), the next cell cycle (Figure 3B). Notably, septation in the
when the activity of the Gspecific transcription factor is  pheromone-treated culture peaked nearly 40 min earlier
reported to be maximal (Fernandez-Saradtial, 1993). than in the control culture. This observation suggests that
The elevated level ofdc18transcript was shown to be  pheromone not only affects (5 progression but also
dependent upon continuedic10function using acdc1(® advances entry into mitosis by 0.1 of a cell cycle (see
(cdc10-129 mutant strain. P-factor was added to these below). In the culture lacking pheromone, the §#%5
cells at the permissive temperature of 25°C, which led to associated°pRihase activity rose to a peak during
arrest in G with elevatedcdc18transcript levels (Figure  G; and S-phase (Figure 3C and D), confirming earlier
1C). The cells were then shifted to 36°C inactivating data (Maetinal., 1996; Mondeseret al, 1996). In
p65910 in the continued presence of pheromone. Within contrast, in the culture containing pheromone, the peak in
1 h, the level ofcdcl8transcripts dropped dramatically, protein kinase activity was not observed (Figure 3C and
indicating that in the presence of pheromone the elevatedD). This result was confirmed using cells synchronized in
levels of cdc18 transcript are maintained by continued | By nitrogen starvation and then released into rich
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Fig. 1. Effects of P-factor on the activity of the ,Gpecific p65c1&p77esl/sctiranscription factor.&) Flow cytometric analysis of ayrlAsxa2\

double mutant exposed to pheromone at 29°C for 8 h. The 1C and 2C DNA content are indicated by arroBh¢dds. §amples of the same
experiment examined by Northern blotting for the expressiondefl8 his3 and cig2 transcripts. The upper 3.2 kiig2 transcript depends on the
p65dclQ p7gestisctiyanscription factor (Obara-Ishihara and Okayama, 1994; data not shown). The lower 3 kb transcript is induced by pheromone.
(C) A cdc10.129cyrAsxa?\ mutant strain blocked fo6 h in P-factor at the permissive temperature of 25°C was shifted to the restrictive
temperature of 36°C. RNA samples were prepared at the indicated times and examioécll®and his3 expression by Northern blotting.

(D) A cyrlAsxa\ strain exposed to P-factorifé h at29°C was washed and resuspended in pheromone-free medium containing 11 mM
hydroxyurea. Samples for RNA preparation were taken atd@bh in P-factor and after 2.5 h in hydroxyurea.

medium. When the medium contained P-factor, cells
remained in G and had a low p4%?-associated protein
kinase activity (Figure 4A). In contrast, control cells
lacking P-factor activated the p3%%-p4592 kinase and
entered S-phase 5 h after release from thélGck (Figure
4A). We conclude that P-factor blocks cells i ®y
inhibition of the p4592-associated p34-2kinase activity.

To test this possibility further, we added P-factor to a
culture expressingig2 to high level from an integrated
plasmid containing theig2 gene, and to a second control
culture harbouring an identical empty vector plasmid.
Addition of P-factor to the cells with the vector plasmid
resulted in G arrest (Figure 5A) and little further cell
division after 6 h (Figure 5B). In contrast, the cells
containing thecig2 plasmid failed to arrest in 3(Figure
5A) and continued to divide (Figure 5B). There was an
initial transient delay in @ but most cells had undergone
S-phase by 10 h when the control cells were still fully
arrested. This demonstrates that the drest due to P-
factor addition can be overcome by elevated954tevels
and strongly supports the idea that P-factor induces G
arrest by inhibiting the p4%%associated p34°? kinase
activity.

The initial G; delay in cig2-overexpressing cells sug-
gests that high levels afig2 cannot completely override
the pheromone effect. Aig2-independent mechanism
might, therefore, contribute to the pheromone-induced G
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arrest. In particulacdtt®kinase associated with other
B-type cyclins might also be inhibited by pheromone,

given the redundancy of B-type cyclins at th® G
transition (Fisher and Nurse, 1996; Martn al., 1996;
Mondesest al., 1996). The major gcyclin that compens-
ates for the loss otig2 is the mitotic B-cyclincdcl3
which becomes activated later in the cell cycle (Fisher
and Nurse, 1996; Mondesest al, 1996). We found that

the activity of the F%4-p569c3 kinase was inhibited
in the P-factor-induced Garrest (Figure 6A). The kinase
activity associated with a third B-type cyclifi¢ p48
(Buenoet al, 1991; Bueno and Russell, 1993), was not
investigated as suitable antfi{j4&ntibodies were not
available. However, the p48l-associated kinase activity
has been shown to follow closely the g58tassociated
kinase activity (Basi and Draetta, 1995), and the contribu-
tionadg1 to the promotion of S-phase is minor compared
with cig2 and cdc13(Fisher and Nurse, 1996).

We overexpressait13lacking the N-terminal cyclin
destruction box ¢dc13\90) to investigate whether high
levels of p569c3can also override the pheromone arrest.
We chose a non-degradable version because levels of
p56913 are known to be low in @ most likely due to
an activated cyclin proteolysis machinery (Haytgsal,

1994). The terminal phenotype of cells overexpressing
cdc190is mitotic arrest (J.Hayles, personal communica-
tion). However, in the current experiment P-factor was
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A cycle in G (Nasmythet al, 1979) whereas P-factor-
25°C 36°C adapting cells spend 60% of their cell cycle iR.G
+ pheromone - pheromone The adaptation starts with an increase of #4&sso-

' . h B m am swE ciated p349c2kinase activity (Figure 6A), consistent with

the idea that adaptation to P-factor involves up-regulation
of the p45'92-associated p34°2kinase activity. The notion
wi that p45'9%-associated kinase plays a role in adapting cells

is also supported by the observation that adaptation is
] —‘ ] slightly delayed in aig2A mutant (Figure 6C). However,

cig2 is not essential for the adaptation processcaR
mutant cells eventually adapt (Figure 6C). The 56

) associated kinase activity might compensatecig® in a

1C 2 cig2 mutant because this kinase activity, which drops to
very low levels in G arrest, reappears at 10 h concomitant
with the onset of S-phase.

cdc2ts

B What signal leads to the reactivation of the 82
wt cde2ts kinase activity associated with B-cyclins during adaptation
+P P +P P to pheromone? Cell size measurement revealed that the
Y A \j A p45i92_p349°2 kinase activity was correlated with cell
ey we T weT % size (Figure 6A). An initial cell size decrease is the result

= ==z 2 £ of the pheromone-induced advancement of mitosis (Figure

' 3A). Cell size starts to increase 6 h after addition of
ol I’”' .M pheromone as a result of the formation of conjugation
tubes (‘shmooing’). A similar cell size profile has been
described for &yrl mutant and gatl-114mutant treated
his3 .'.q. " el ..d with M-factor (Davey and Nielsen, 1994). Cell elongation
coincides with an up-regulation of the pF#8-p34dc2
kinase activity (Figure 6A). This result suggests that the

Fig. 2 The cdc2function in G, is required after activation afdc10 pheromone-dependentl@rrest might be weakened in
and is blocked by pheromon€yriAsxaz, andcdc2-M26 cyrhsxads — — enlarged cells because the pheromone-mediated inhibition
strains were blocked in pheromone at 25°C for 6 h, shifted to 36.5°C f th AKi02_1y 36002 i . terbal d by th
and P-factor washed od h later. Samples were taken at the indicated 0 € p p . Inase Is ,Coun erba a,nce y the
times and examined for DNA content by flow cytometric analysis ( increasing cell size. To test this hypothesis, we created
and for expression ofdc18and his3 by Northern blotting B). long cells using acdc25° allele which blocks cell cycle

progression in @ at the restrictive temperature of 36°C.

A cdc25-22 cyrisxa\ triple mutant was incubated at
added 20 h after induction of themt promoter when 36°C for 6 h before release to the permissive tempera-
p4TeIc1R0 levels were not yet maximal (data not shown) ture. Pheromone was added after 5 h at the restrictive
and cells were still proliferating with an almost normal temperature to half of the culture. Upon release, both
generation time (Figure 5B). Ten hours after addition of pheromone-treated and untreated cells underwent a syn-

P-factor, the control culture was still arrested ip&hile chronous mitosis as seen from the peak of septation. The
nearly all cells with high levels of p4%1290 were in G, control cells continued proliferation as indicated by a
indicating that the pheromone-induced; @rrest was  synchronous S-phase after 60 min (4C peak in the FACS
severely compromised (Figure 5A). analysis, Figure 7C), an additional cell number doubling

Thus, both the p4%% and the p56'°2associated  (Figure 7A) and a second septation peak at ~200 min
kinase activities are down-regulated in pheromone, and (Figure 7B). Similarly, the majority of cells in pheromone
high levels of either p4%?2 or p4 79130 can overcome  entered S-phase, as indicated by the 4C peak at 60 min
the pheromone-induced ;Garrest. We conclude that P-  (Figure 7C). In addition, the septation index peaked a
factor induces G arrest by inhibiting the activity of the  second time at 180 min (Figure 7B) and the cell number

p3492kinase associated with B-type cyclins. nearly quadrupled during the time course (Figure 7A). All
these observations indicate that the cells went through

Pheromone does not block activation of two cell divisions despite the presence of pheromone.

p45°92_associated kinase in enlarged cells After the completion of two cell divisions during which

It has been described that the pheromone-induced G the cell size is considerably reduced compared with the
arrest is transient and cells eventually adapt to P-factor ,-ar@&sted starting culture, the cells finally arrested in
by entering S-phase (Davey and Nielsen, 1994; Imai and G, (Figure 7C). Figure 7D shows that the §45-p344dc2
Yamamoto, 1994). The beginning of this adaptation is kinase activity and th&%%4fotein level reach a
shown in Figure 6A, where 10 h after P-factor addition maximum during S-phase very similar to the untreated
cells can be observed to begin entry into S-phase. At a control. From these results, we conclude that pheromone
later stage (15-23 h, Figure 6B), cells in P-factor proliferate does not inhibit the p4#%2-p349 kinase activity in
with a generation time indistinguishable from control cells. highly enlarged cells.

However, unlike the control cells, the adapting P-factor-  The failure of enlarged&dc25-22cells to arrest in the
treated cells spend an extended period in thekase. In first Gis not due to an increased pheromone requirement
pheromone-free medium, cells spend 10% of their cell because a 5-fold higher pheromone concentration gives
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Fig. 3. p4592-associated kinase activity is not activated in pheromone-treated cells synchronized by elutriatjoigxa?\ culture was
synchronized by elutriation, and pheromone added to half of the culture 45 min after elutriation when cells wer&he @ercentage of septated
cells is shown in &) and flow cytometric analysis of the DNA content i8)( with 1C and 2C DNA content indicated by arrowheads.
Autoradiograph of the p4%2-associated kinase activity in the absence (-P) or preser} ¢f P-factor at the indicated times after elutriation is
shown in C), and P) shows a quantification of the kinase data.

similar results (data not shown). In addition, the bypass these ‘smatleB5-22cells arrest in the first cell cycle
of the pheromone response in the first cycle is not due to after relase to 25°C (data not shown).
an insufficient exposure time to P-fact@dc25-22cells The data in Figure 3A show that P-factor advances

that were incubated for only 4 h at 36°C, including 1 h septation in an elutriated culture. Thus, P-factor affects
in P-factor, arrested mostly in the first cycle after release G, cells in two ways: it reduces growth rate (Figure 8A)
to 25°C (Figure 7E). This indicates thel hpre-incubation ~ and it accelerates entry into mitosis (Figure 3A). A
in P-factor is sufficient to activate the pheromone response. nutritional reduction of growth rate is known to cause
Figure 7E also shows that the longer the incubation at mitosis at a smaller cell size (Fantes and Nurse, 1977),
36°C, the more cells fail to arrest in the first cell cycle and so pheromone could have a similar effect.

after the release. Because the incubation time at 36°C We have shown that in Gcells P-factor blocks the
reflects cell size, this result supports the notion that a cell activation of cyclinB p56'“'2associated p34°2but in G,

size-dependent signal counteracts the inhibitory effect of cells mitosis is advanced which requires the activation of
pheromone on the cell Cyc|e. the p56dCl3'aSSOC|ated p?ﬂcz kinase. Flgure 8B shows

that the p56°¢13-p3492kinase is, indeed, activated during
mitosis in P-factor-treated cells, suggesting that pheromone

Pheromone has distinct effects in G; and G, o s .
: ; does not block the activation of the mitotic kinase activity
We observed that pheromone stimulation of €lis has in G, cells. We conclude that P-factor signalling is active

a significant affect on growth rate. When pheromone- . ; 2
treatedcdc25-22cells were grown for 90 min at 36°C, :(ri]nggteha%[iﬁ?yd G. but has different effects on pSi

followed by a 3.5 h incubation in P-factor at 36°C, the
mean cell size was reduced by 30% compared with control
cells incubated at 36°C without P-factor (Figure 8A).
These G cells had a reduced growth rate. Consistent with We have shown that activation of the (53 kinase
the results presented in the previous paragraph, most ofassociated with the major ;Goyclin p45'92 is blocked

Discussion
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during pheromone-induced ;Garrest in fission yeast
(Figures 3 and 4). The functional redundancy of {45
and p56%13in G, requires the inhibition of the p3%?
kinase activity associated with both B-type cyclins and,
indeed, pheromone also blocks the f5Btassociated
kinase activity in G (Figure 6A). The inhibition of both
the p45'92- and the p58*1iassociated kinase activities is
essential as ectopic expression of either §45or
p47edcidN0 compromises pheromone-induced; @rrest
(Figure 5A). This indicates that the cyclin B-associated
p3492 kinase activity is a crucial target for pheromone
to bring about a G arrest. The observation thaig2
mMRNA levels increase in pheromone (Figure 1A) and
cdc13mRNA levels remain unchanged (data not shown)
suggests that regulation of B-type cyclins is post-transcrip-
tional.

In contrast to the effects on the cyclin B-associated
p3492kinase, there were no pheromone effects on the G
specific p65iclp72eslisctiyranscription factor complex.
This indicates thatdc2functions downstream or parallel
to the activation of the p64°-1ep72eslsctitranscription
factor. Given that pheromone-dependent regulation pof G
progression occurs with a fully activated transcription
factor, it seems unlikely that the transcriptional regulation

Fission yeast pheromone inhibits cyclin B-p34°d¢2 kinase
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Fig. 5. Overexpression of p4!92 or p474¢1390 compromises the
pheromone-induced Garrest.cyrlAsxa2\ mutants with the indicated
integrated plasmids were exposed to pheromone at 20 (REP5, REP44-
sup3-5 cdc1890) or 24 h (REPS cig2) after induction of timent

promotor. Samples were taken to analyse DNA conténtand cell
number B).

the analysis of the ‘adaptation’ process starting after ~1-2
generations in pheromone (Figure 6A). Since pheromone-
arrested G cells continue growth, cell size increases
from 6 h onwards (Figure 6A). Entry into S-phase starts
at 10 h and is not due to a declining pheromone activity
in the medium, as the same medium can arrest fresh cells
in G, (Davey and Nielsen, 1994, and data not shown).
We suggest that adapting cells can enter S-phase more
readily after they have aquired a critical cell size. Because
pheromone activity maintains the increased cell size
requirement for the &S transition, the & portion of

the cell cycle increases to-60% without affecting the

of S-phase genes constitutes a general regulatory step ageneration time (Figure 6B). This interpretation is con-

the G—S transition in fission yeast. This suggests that
p3492p45i9? js not required for the expression of
replication proteins such as pg85€but acts closer to
the replication initiation event, possibly by activating the
origin  recognition complex via phosphorylation
(Leatherwoodet al, 1996). It is possible that pS¥Z2in
association with different cyclins fulfils a second function
earlier in G which might be required for the activation
of G;-specific transcription, but such a function cannot be
subject to inhibition by the pheromone pathway.
Pheromone-induced Garrest is compromised in
enlarged cells (Figures 7 and 8). This is consistent with

sistent with changes in cell size monitored in a previous
study of the response to M-factor (Davey and Nielsen,
1994). Therefore, fission yeast pheromone appears not to
be acting simply as an ‘antimitotic’ factor like budding
yeast pheromone, but rather it delays the onset of S-phase
as a consequence of the increasing cell size requirement
for entry into S-phase.

Re-entry into the cell cycle may be promoted by the
increasing cell size during pheromone-induced cell cycle
arrest. However, this is not the sole adaptation mechanism
in wild-type Schizosaccharomyces pomlsells where

the P-factor-degrading preiedsis involved in the
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Fig. 6. An increase in cell size and p4%-associated kinase activity precedes the adaptation to pherorfgna. ¢yriAsxa\ strain was exposed to
P-factor for 12 h at 25°C. Samples for DNA content analysis (upper panel) af%4Hd p569c13associated kinase activities (middle panel) were
taken every 2 h. The lower panel shows a quantification of the two kinase activities and the mean cell size of ethanol-fixB}l Getiwitlf curve

of a cyrlAsxa?\ strain in the presence or absence of P-factor. Cell number was followed between 15 and 23 h (left panel). The right panel shows a
DNA profile of the cyrlAsxa\ culture 15 and 19 h after addition of P-factdC)(Adaptation to pheromone is delayed ircig2 mutant. A

cyrlAsxa2d mutant and aig2AcyrlAsxa2\ mutant were treated for 16 h with P-factor. The increasing percentage of G2 cells reflects the adaptation
to pheromone.

adaptation process (Imai, 1992; Imai and Yamamoto, mone signal and an activating cell size signal—converge
1994). on the same effector, the cyclin B—f8%# G, kinase

The cell size signal may overcome the effect of phero- activities, and that these kinase activities can promote
mone by activation of the cyclin B-pS%2 kinase in S-phase once a certain threshold level is obtained.
G,, given that the p4¥2associated kinase is activated The addition of P-factortecdls advances onset of

normally in enlargeccdc25mutant cells in the presence mitosis (Figure 3A) and reduces growth rate (Figure 8A)

of P-factor (Figure 7D) and that the g%B- and the resulting in a reduced cell size (Davey and Nielsen, 1994;
p569cliassociated p34°2kinase activities increase when  Figure 6A). Given that an increase in cell size contributes
cells enlarge after pheromone addition (Figure 6A). We to the recovery from pheromone-induced cell cycle arrest,
conclude that two opposing signals—an inhibitory phero- itis plausible that the cell size reduction initially facilitates

540



Fission yeast pheromone inhibits cyclin B-p34°d¢2 kinase

A 9E+06 D.D-U B
BE+0s F-
TF405
o 6E+06 %
& s g
E SE+06 2
= o
= 4E+D6 =
X o
- o
&
3E+06 -
O . PP -]
—— 4P
=TT T T T T T 7
= g 8 8 8§ § § 8B 8 8
time (min) time (min)
o 60' 120 300
-P B
+P 3
; E 5
: A A oo
20 1C 2C
B 0
D -P +P =
@ : - = 2 < ™ 5 s = = @ -
& § & = g § 3 §F &8 8 = &8 PRl
® :
i nase - o]l
p45cig2 - [ — — R — - 20 -
~+ “ " " ©
o-tub FP““ - - --‘ ~

time (h) at 36°C

Fig. 7. Pheromone does not block cell cycle progression and activation of tH&¥%d8sociated kinase activity in enlarged cellscdc25-22 cyr

sxa)d mutant was blocked in £by a 6 hincubation at 36°C with P-factor being present during the last hour. After release to 25°C, cell number
(A), septation indexB), DNA content C) and p4592 protein level and associated kinase activi) (vas analysed.H) Correlation of cell size and
failure to arrest in Gin response to pheromone. d&ic25-22 cyrd sxa2d mutant was incubated at the restrictive temperature for various times
between 4 ath 6 h and P-factor addel h before release to 25°C. The incubation time at 36°C reflects increasing cell size and the figure shows the
percentage of ¢cells after completion of the first cell division (160 min after release fromctte25block).

G, arrest. The effects of pheromone on the onset of mitosis response to nitrogen starvation which also induces G
and on growth rate demonstrate thaj Gells are not arrest preceded by an advanced mitosis and a slower
refractory to the pheromone signal. However, P-factor still growth rate . ir(Egel and Egel-Mitani, 1974). Given
allows activation of the mitotic p58-'12associated p34°? that both pheromone addition and nitrogen starvation have
kinase in G (Figure 8B) while it inhibits the same kinase similar effects op d&d G cells, they might operate

in G; (Figures 3 and 4). One possibility is that P-factor through the same signalling pathway in bringing about
mediates the different cell cycle responses ina@d G G, arrest.

through distinct signalling molecules. A candidate for a
G;-specific signalling molecule is p28, which is a Comparison with S.cerevisiae
potent inhibitor of the cyclin B-associated 3% kinase The pheromone-induced ;Garrest which we have
(Moreno and Nurse, 1994; Correa-Bordes and Nurse, described here shows similarities and differences with
1995). p28'™ is only expressed in G(Correa-Bordes  budding yeast. In both yeasts, inhibition of a CDK step
and Nurse, 1995) and thus could mediate the pheromone- is crucial to block cell cycle progressign Iim G
induced inhibition of the cyclin B kinase in ;Gwithout Saccharomyces cerevisjahe G-specific CDK complex
affecting progression through mitosis. comprising the CDC28 protein kinase and, tit )b

The cell cycle effects of P-factor are reminiscent of the cyclins is inhibited by FAR1 which is phosphorylated by
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A yeast so that the specific transcription factor is fully
activated in pheromone.

We conclude that in both budding and fission yeagt G
CDKs are inhibited by pheromone. In budding yeast, the
CLN-associated CDC28 kinase activity is inhibited by
pheromone. Fission yeast pheromone, however, inhibits
the activities of cyclin B—-p34°2in G, which occur later
in the cell cycle. As a result, the CLN-CDC28-dependent
G;-specific transcription is down-regulated in budding
yeast whereas the corresponding transcription factor in
fission yeast, which does not depend on the cyclin B—
p3492kinase, is fully activated. We conclude that inhibi-
tion of CDKs in G is a more general mechanism for the
control of S-phase onset compared with/$s transcrip-

0 T tional control.
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Materials and methods

, \ \ . : s x Fission yeast strains and methods

0 20" 40' 60" 80' 100° 120 The following new strains were constructeacyrlA::LEU2 "sxa2\::
ura4*leul-32 ura4-D18hcdc10-129cyrA::LEU2 *sxa\::ura4 tleul-
psecdeid - 32ura4-D18 hcdc2-M26¢yrh::LEU2 tsxah::ura4 tleul-32ura4-D18;
Kkinase . hcdc25-22cyr::LEU2* sxav::urad tleul-32ura4-D18hcig2A:urad*

cyrlA:LEU2 sxa2h::urad tleul-32ura4-D18 hcyrlA:urad*sxa\:
uradtleul-32ura4-D18ade6-704 REPSintegrant; hcyrlA:urad™
Fig. 8 An exponential growingdc25-22 cyrh sxah mutant was sxami::ura4*|eul;32ura4—Dl8ade6—704REP5—0|gﬁegrant;h‘cyrlA::
shifted to 36°C and P-factor added after 90 min. After a further 3.5 h ~ Ura4”sxai:ura4"leul-32ura4-D18ade6-704REPA44-sup3-5-cdsd(®
incubation at 36°C, the culture was released to the permissive The media and growth conditions were as described by Moetral

temperature. The cell size distribution in tbéc25-22block was (1991).

compared with control cells that had not been exposed to P-fagjor ( Ex_periments with theyr;A::LEU_Z strain were carried out in minimal
The mean cell size is 21.2 5.3 um without P-factor and 13.& medium supplemented with leucine sincEU?2 at thecyrl locus does

3.1um in the presence of P-factor. After the release we followed the ~ Not fully complement thdeul-32allele. _
p5Eciiassociated kinase activitB). P-factor was synthesized by a solid phase method using an auto-

mated synthesizer. The peptide was stored in methanol at a concentration
. . of 5 mg/ml and was used at a concentration of i@ml in liquid
the pheromone-activated MAP kinase FUS3 (Petedl, culture and at a concentration ofi@/ml on minimal agar plates.

1993; Peter and Herskowitz, 1994). Loss of FAR1 (Chang For the construction of the integrantdyzcyrlA::urad ™ sxa\::urad ™
and Herskowitz, 1990) and mutations that stabilize CLN leul-32 ura4-D18 ade6-704train was transformed with the plasmids

: : . pREPS5, pREP5-cig2 and REP44-sup3-5 cdB(see Construction of
cyclins confer resistance to pheromone (Cross, 1988, Na‘Shplasmids below). REP5 contains the full-strength thiamine-repressible

et al, 1988; Hadwigeet al, 1989; Lankeret al, 1996). nmt1 promoter and thesup3-5marker (Maundrell, 1993), whereas the
The CLN-CDC28 kinase promotes progression through REP44-sup3-5 plasmid contains a mutated, medium strengttl
G, by activating the SWI4-SWI6 and MBP1-SWI6 tran- promoter (Basiet al, 1993) with bothLEU2 and asup3-5markers.

scription factors which are required for the cell cvcle- Transformar_\ts that formed white_ colonies, indic_at_ing stable integration
P q y of the plasmid, were selected. To induce expressiaigZandcdc190

spec_:|f|c expression of genes in late; @nd S-phase . ihe thiamine-repressiblemtpromoter, cells were grown in minimal
(reviewed in Koch and Nasmyth, 1994; Koehal,, 1996). medium containing Gug/ml thiamine to mid-exponential phase, spun
Full activation of the CLN-associated CDC28 kinase down, washed three times in minimal medium and resuspended in
activity itself requires activation of SWI4-SWI6 as both fresh medium lacking thiamine at a concentration of 10° cells/ml.
CLN1and CLN2 are under the transcriptional control of Fheéromone was added 20 ¢d€1390) and 24 h ¢iga) after induction

L . of the nmt promoter. Expression of p482 and p4? was verified
SWI4-SWI16 (Na;myth and Dirick, 1991; ngﬂ al, by Western blotting (data not shown).
1991). Thus, during pheromone arrest, activation of the
G;-specific transcription factors is viewed as the rate- Flow cytometric analysis
limiting step for the onset of S-phase (Tyatsal, 1993; A total of 2x10° cells were fixed in 70% ethanol, washed in 3 ml of

i ; ; 50 mM Ng citrate and resuspended in 1 ml of 50 mM JNatrate,
Dirick et al, 1995). Our observation i8.pombeahat the 0.1 mg of RNase A, 2ug/ml of propidium iodide. Analysis was

_p65:d01o_p7ZESl/SCtltr_anSC”ptlon factor is fu”y ac.tlvate.d carried out as described (Sazer and Sherwood, 1990) using a Becton-
in the pheromone-inducedGarrest contrasts with this  Dickinson FACScan.

view and suggests that, at least in fission yeast, transcrip-

tional control is not the major regulatory step at the-G  Cell number o o

S transition during pheromone arrest. We note that an Focrj Cl‘g/" ””Ir.“ber dde‘e'm'”*g'onv cells Were,\;'_xed ”}I3-7% fO::ma'dehydﬁ
artificial promotor containing the MBP1-SWI6-responsive white élziéng;?ch?nunn;ﬁ on a Sysmex Microcellcounter F-800 on the
element confers periodic expression of a reporter gene in

S.cerevisiaebut is not repressed ia-factor (Lowndes Cell length measurement

et al, 1991). One possible interpretation of this result is Ethanol-fixed cells were rehydrated in saline and photographed. The
that expression of S-phase genesifector is not blocked  ECAES T2 el o B K et using the NIF image 189
via Ir.]hlbltlon of the MBPl—SWIG transcrlptl_on factor programrr?e. Th.e lpresenteg data represent the avgrage size of agI]I cellls in
but via an MBP1-SWI6-independent mechanism. Such a gyture. The size of ethanol-fixed cells is slighly reduced compared with

pheromone-specific mechanism might not exist in fission living cells because of fixation.
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Synchronized cultures detected using ECL (Amersham). Dilutions of the antibodies were 1:1000
Elutriation of acyrlA sxa?\ strain was carried out using a Beckman J6  for the anti-p4592 affinity-purified polyclonal antibody and 1:50 000
centrifuge and elutriator rotor. P-factor was added to half of the culture for thexenbulin monoclonal antibody (Sigma T5168).

45 min after the elutriation.
For starvation-induced synchronization in,G cyrlAsxa?\ strain
was deprived of nitrogen for 20 h, then NEl was added to a Acknowledgements
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RNA preparation and Northern blot
RNA was prepared by glass bead lysis in the presence of phenol and
SDS and subsequently was separated on a formaldehyde gety 46
measured by ORyywas loaded in each track. Probes for blotting were
prepared by random oligo priming with2P]dATP using a Prime-It kit
(Stratagene). The template DNA for the probes werddE—BanH]|
cdc18" fragment from a REP1-cdc18cDNA plasmid, Ndd—EcoRV
cig2 fragment from a genomicig2 clone in pAL-SK and aSal-Kpnl References
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