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Cyclin-dependent kinase (Cdk) mutations that prevent entry into the mitotic 
cell cycle of budding yeast fail to block meiotic DNA replication, suggesting 
there may be fundamental differences between these pathways. However, S 
phase in meiosis was found to depend on the same B-type cyclins (Clb5 and 
Clb6) as it does in mitosis. Meiosis differs instead in the mechanism that 
controls removal of the Cdk inhibitor Sicl. Destruction of Sicl and activation 
of a Clb5-dependent kinase in meiotic cells required the action of the meiosis- 
specific protein kinase Ime2, thereby coupling early meiotic gene expression to 
control of DNA replication for meiosis. 

In eukaryotes. both mitotic chromosomal 
DNA replication ( S  phase) and cl~rornoso~ne 
segregation (&I 1111ase) are triggered b!- cy- 
clin-dependent liinases (Cdks).  In budding 
!-east. specific B-type cyclins activate the 
principal Cdk. Cdc28, to control entry into 
S phase. Late in G , ,  a series of events leads 
to actiI,ation of the S-phase p ro~no t i~ lg  fac- 
tor (SPF).  a complex of CdcZS n-it11 either 
of two silnilar B-type cyclins. C l b j  and 
Clb6 (1-3). Before S pllase. the C l b j . 4  
Cdc2X ltinase is maintained in an inacti\.e 
state by its association with the CDK in- 
hibitor (CDI)  S ic l .  Targeting of Sicl for 
degradation requires actiI.ity of the Cdc28 
lcinase in conjunction n-it11 the G,-specific 
cyclins Clnl  and Cln2 (4-7).  In mutants 
lacliillg C l b j  and Clb6, S phase occurs but 
is delayed. because other B-type cyclins 
(CLB1-4 ) that arise later in the cell cycle 
can also fulfill this fi~nction ( 8 ) .  

In meiosis, the G , -  to S-phase transition is 
controlled differently. The temperature-sensi- 
t i le CDK lnutation that blocks mitotic S 
pllase. cclr38-4. has no effect on meiotic S 
phase (9).  Thus. Cdc2S might render mitotic 
DXA synthesis dependent on growth condi- 
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tions. \vhile being dispensable for ~neiotic S 
phase (10) .  One possibility is that the meio- 
sis-specific kinass illcoded by I11E2. a41ich 
has sequence similarity to Cdc28 and is re- 
quired for meiotic S phase 111-13). replaces 
Cdc2S in an SPF-like fu~lctioil that is required 
in meiosis. To find out. we ha\ e reinr-esti- 
gated genetic interactions that influence DNA 
replication in meiosis. 

Yeast strains rnutant for the GI-specific 
c!-clins CLX1,-2.-3 are bloclced in ~nitosis 
at G I  (14, 1 5 )  but form I-iable spores to the 
same extent as do wild-type (117T) cells (16. 
17 ) .  Liliexise. ~nu ta t io~ l s  eli~ninating corn- 
ponents of transcription factors for the 
CLh71 and CLV2 genes (SBF and :lU?F) 
cause mitotic G ,  arrest (1iY) but fail to 
block meiosis (16. 1 7 ) .  These findings are 
consisteilt with a differential control of S 
phase betvl een mitosis and meiosis, but the 
results of introducing mutations in CLBS 
and CLBh (19)  are not. Although a strain 
deleted for CLB6 is fully proficient in 
sporulation, a cIb5A homozygote fails to 
sporulate ( 1 6 )  (Fig. 1C).  Because different 
genetic backgrounds m r y  in sporulation ef- 
ficiency. we also tested t iDS1 in two other 
strain backgrounds (14'303 and k'K) and 
obtained similar results (16. 19 ) .  hleiotic S 
phase (20 )  in a c lhZ l  l~omoz>gore mas 
dela!ed about 3 hours relative to the 11 T 
(Fig. 1B) and ineiotic progressioll was 
bloclced either in G2 (60°b of cells) or in 
ineiosis I (4O0,i, of cells) (Fig.  1. A and C) .  
The delay of S phase did not result from 
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delayed initiation of meiosis. for the in- 
crease in transcription of both IiVlE2 (an 
earl!- ~neiotic gene) and CLB6 occurred on 
schedule and to even higher levels than that 
in LVT cells (Fig. ID) (20) .  Assessment of 
intragenic recombination lvithin the HIS4 
locus revealed no H i s  progen!- (21); indi- 
cating either that CLB5 is required for re- 
coinbination or that recolnbinants are invi- 
able. LVe conclude that CLBS function is 
required for scheduled entry into S phase 
and that c ib51  hornor!-gotes. despite their 
capacity for extensive DNA replication. are 
unable to progress normally through subse- 
quent stages of meiosis. These latter anom- 
alies might reflect either qualitative defects 
in the newly replicated DNA or an addi- 
tional requirement for CLBS function in the 
trallsitioll from G ,  to meiosis I .  The finding 
that CLBS is also activated by the G,- 
s ~ e c i f i c  ineiotic transcription factor NdtSO 
(23) favors the latter explanation. 

Because CLB6 is functionally redundant 
a.it11 CLB5 in mitosis (1-3); we also tested 
strai~ls deleted for both genes (16).  In both 
genetic backgrounds tested, spo~ulatio~l 
failed to occur and DKA replication was 
irnpaired to a greater extent than in cells 
laclcing CLBS alone (Fig. 1. B and C); which 
indicates that either CLBS or CLB6 call act to 
promote nleiotic DNA synthesis. Flow c!-to- 
metric profiles showed late and incomplete 
DNA replication. and further progression 
through the meiotic pathwa!- did not occur 
(Fig. 1. A and B) (31). 

Because both the C l b j  and Clb6 cyclins 
and the In1e2 lcinase are required for mei- 
otic DXA replication (Fig. 1) (11-13), they 
might constitute a single complex that pro- 
motes the G , -S  transition in meiosis (Fig.  
-1BZ). Alternatively. IlneZ might mediate 
entr)' into S phase indirectly by controlling 
removal of an inhibitor. such as Sicl  (Fig. 
-1B3). The target of this inhibitor would be 
an uns~ecif ied  nleiotic Cdk (designated X) 
that is activated by associatioll w-it11 Clb5 
and Clb6, and the role of Ime2 in meiosis 
would parallel that of Cln1,-2, Cdc2S in 
mitosis. In this case. deletion of SIC1 might 
render I11fE2 dispensable for DNA replica- 
tion. Indeed. deletion of SIC1 in iine2A 
cells restored DXA replication to the level 
and kinetics observed for the control sic1A 
strain (Fig. 2). Thus; Sicl  acts by blocking 
elm!- into meiotic S phase, and Ime2; in- 
stead of proinoting entry directl!.. may con- 
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Fig. 1. Phenotypes of clb5.I and clb6A mutants in mei- 
os~s. (A to C) Meiotic processes were scored for alcl 
strains L179 (WT), L180 (clbSA/A), L243 (clb61/A), and 
L246 (clb51/A clb6A/I) at the indicated times after 
transfer to sporulation medium (SPM). (A) Meiotic nu- 
clear division. a single round nucleus (C, + S + C,), two 
nuclear lobes (MI), and four nuclear lobes (MII). After t = 
10 hours, nuclear staining of clb51/A and clbSA/A 
clb6UA cultures was too diffuse to  score. (5) Percent- 
age of cells with replicated DNA content (C,) by FACS 
analysis. (C) Percentage of asci (sporulated cells) in the 
same cultures. (D) Meiotic transcripts for the /ME2 and 
CLB6 genes in W303 WT (L51) and clb5A/.I (L139) cells. 
IC, internal control (PC4 from J. Segal). 
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trol it indirectly by mediating destruction of 
the SPF inhibitor Sicl. 

If Ime2 regulates the amount of Sicl, 

addition, we have ruled out Ime2 as an 
essential component of meiotic SPF (Fig. 
2). Lacking a cdc28 allele that is specifi- 
cally defective in Clb5,-6 activation in 
vivo, we cannot exclude the possibility that 
enzyme X is Cdc28 itself. It has been 
shown that cdc2, the enzyme in Schizosac- 
charomyces pombe that is analogous to 
Cdc28, is required for meiotic S phase, but 

a relevant cyclin is unidentified (24). In 
vertebrates, Cdk functions needed for the 
G,/S transition are performed by several 
Cdks (25) and meiosis-specific activities 
remain unresolved. 

How might meiosis have evolved from a 
mitotic cycle? Because the precondition in 
yeast for mitosis (growth conditions) dif- 
fers so markedly from that for meiosis 

ime2A cells should accumulate Sicl protein 
and Clb5-associated kinase should be ab- 
sent from ime2A cells undergoing meiosis. 
Protein immunoblot analysis of the meiotic 
cells (23) demonstrated that Sicl was lost 
near the time of S phase in WT cells but 
accumulated in ime2A cells under identical 
conditions (Fig. 3A). Furthermore, histone 
H1 kinase assays (23) on extracts of mei- 
otic cells showed a transient increase in 
Clb5-associated kinase in WT cells, but not 
in ime2A cells, around the time of DNA 
replication (t = 6 to 10 hours; Fig. 3B). In 
ime2A cells, Sicl persisted and Clb5 kinase 
activity was absent (Fig. 3, A and B). The 
presence of increased Clb5-associated ki- 
nase activity in the WT at late time points 

Fig. 2. Effect of SIC7 de- en 
letion on meiotic DNA 
replication in an ime2A - ime2 

strain. FACS analysis of -z- ime2 sic1 

SKI a la  strains 'bearing u 

sic7NA (L182). ime2NA 
(L213), and ime2NA 
s ic lNA (L234). Because 
many sic7A cells remain 
blocked in C, of mitosis 
after transfer to  sporula- 0 z : 4 : : :  
tion medium (27), the Time in SPM (hours) 
percentage of budded C, 

Time in SPM (hours) 
(up to 10 hours) might result from persis- 
tent CLB5 transcription in G, (22), consis- cells wassubtracted from 

the total percentage of mitotic G2 
cells with replicated DNA (budded) 

U I 
meiotic G2 

(un budded) 
tent with a possible role for this kinase in 
meiosis I. 

We have shown here that meiotic SPF 
has two predominant characteristics ex- 
pected for a cyclin BICdc28 complex- 
dependence on Clb5,-6 (Figs. 1 and 3B) 
and inhibition by Sicl (Figs. 2 and 3A). In 

t o  yield the percentage of 
meiotic cells with C, DNA 
content. Electron micros- 
copy confirmed the pres- [ & l o - @  
ence of condensed chro- 
mosomes and other meiotic features in the unbudded cells of the ime2A/A siclA/A culture (27). 
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(starvation), the SBF/MBF transcription specific early transcription program trig- 
program triggered by Cln31Cdc28 for mito- gered by ZMEI (16, 26) (Fig. 4, A and B). 
sis may have been supplanted by a meiosis- However, the demonstrated conservation in 

Fig. 3. Amounts of 
Sicl protein (Siclp) 
and Clb5-associated 
kinase in WT and 
ime2A meiotic cells. 
(A) (Top) Protein im- 
munoblot analysis (23) 
with polyclonal anti- 
body to  Sicl in WT 
(L179) and ime2A 
(L213) during a meiot- 
ic time course. (Bot- 
tom) FACS analyses of 
DNA replication. The 
siclA control is L182. 
(B) Histone H I  kinase 
assay of anti-HA im- 
munoprecipitates (23) 
from WT (L535) and 
ime2A (L545), both 
carrying two CLBS- 
HA3 alleles. Note the 
faint kinase activity 
due to  remaining mi- 
totic S-phase cells at t 
= 0 and 2 hours. YPD, 
samples from cycling 
mitotic cultures. 
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Fig. 4. Comparative models for control of entry SIC1 

into S phase for mitotic and meiotic cell cycles. I 
(A) Mitotic C,/S. Late C,-specific transcription CLB5,wX - DNA synthesis 
factors SBF (Swi41Swi6) and MBF (MbplISwi6) 
stimulate expression not only of the C, cyclins (CLN7, CLN2) that target Sicl for proteolysis but 
also of CLBS and CLB6. S-phase B-type cyclins Clb5 and Clb6 combine with Cdc28 to  form SPF, 
which promotes entry into S phase. (B) Meiotic C,/S. (Bl) After transcription from ImellUme6 
(early meiotic transcription factors), the lme2 (inducer of meiosis) kinase directly triggers entry into 
S phase. (BZ) As in (Bl) but showing Clb5 and Clb6 as potential activators of Ime2. (83) Revised 
model. Like the Cln1,-2-associated kinase in model A, lme2 promotes S phase indirectly by 
triggering destruction of Sicl, thus allowing increased activity of an unidentified kinase (X) 
associated with Clb5 and Clb6. 

meiosis of roles for the same cyclins 
(Clb5,-6) and their inhibitor (Sicl) as in 
mitosis strongly implicates Clb5,-6lCdk 
complexes in the control of meiotic S 
phase. This suggests that functions of the 
cyclin BICdk complex in controlling DNA 
replication were conserved in the evolution 
of meiosis, whereas the role of Cln1,-2lCdk 
complexes in Sicl removal in the mitotic 
cycle was replaced by action of the Ime2 
kinase in meiosis. 
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of the disintegrin donlain that has been 
~lredicted to include the actixe bindin2 site - 

from Mice Lacking Fertilin of fertilin p (9 .  I,?) (Fig.  1.4). Fertilin P, 
using this actixe site. apparently binds to 
an egg integrin a$, ( 13) .  Homozygous 

Chlanghee Cho, Donna O'DeBL Bunch, Jean-Emmanuel Faure,* (fertilin - 1  mutant mice were identi- 
Eugenia W. Goulding, Edward M. Eddy, Paul Primaksff, fied b) po1)merase chain reaction (PCR) 

Diana C. Myleal and Southern (DNA)  blot analyses of 
genonlic DNA (Fig .  1B). Fertilin P - 

F e r t i l i n ,  a m e m b e r  of t h e  ADAM f a m i l y ,  is  found on t h e  p l a s m a  m e m b r a n e  of nnce (both inale and female) are x iable and 
m a m m a l i a n  sperm.  S p e r m  from m i c e  l a c k i n g  f e r t i l i n  P  w e r e  s h o w n  to  b e  d e f i c i e n t  de\elop normally. Both precursor and pro- 
in s p e r m - e g g  m e m b r a n e  a d h e s i o n ,  s p e r m - e g g  f u s i o n ,  m i g r a t i o n  from t h e  u t e r u s  cessed fertilin p  proteins were absent 
into t h e  o v i d u c t ,  a n d  binding t o  t h e  e g g  z o n a  p e l l u c i d a .  E g g  a c t i v a t i o n  w a s  fro111 spernlatogenic cells and mature 
u n a f f e c t e d .  T h e  r e s u l t s  a r e  c o n s i s t e n t  with a d i r e c t  r o l e  of f e r t i l i n  in s p e r m - e g g  sperm. respecti\ely. from fertilin P- - 
p l a s m a  m e m b r a n e  i n t e r a c t i o n .  F e r t i l i n  c o u l d  a l s o  h a v e  a d i r e c t  r o l e  in s p e r m -  nlale nlice (Fig. 1C).  In nlice lacking ferti- 
z o n a  binding or o v i d u c t  m i g r a t i o n ;  a l t e r n a t i v e l y ,  t h e  e f f e c t s  on t h e s e  f u n c t i o n s  lin p. the le\ el of fertilin a precursor \\.as 
c o u l d  r e s u l t  from t h e  a b s e n c e  of f e r t i l i n  a c t i v i t y  during s p e r m a t o g e n e s i s .  reduced (Fig.  1C) .  Fer t~l in  a nlay be de- 

graded when unable to form a hetero- 
The sperm surface protein fertilin. a mem- \L'2 disrullted the fer t~l in  P gene. n.hich d ~ m e r  with P. Sinnlar loss of one subunit 
ber of ths XD.AL1 family. is a heterodimer shon-s testis-specific expression. by delet- of a plasma membrane heterodimer has 
composed of a and P subunits (1-4) .  The ing exon 11. This exon encodes a region been observed 111 other cases u h e n  the gene 
ADAL1 famil! is comprised of structurally 
related cell surface proteins proposed to Table 1. Phenotypic analysis in  fer t i l in P-'- and fert i l in P - '  mice. Data in  sperm analysis (20) represent 

ha\ cell adllesioll activity, protease acti\-- t h e  mean i SEM o f  n Indiv idual  measurements indicated in  parentheses. Cauda epididymal sperm were 

or  borll (j ) ,  Fertilill a and are lllade used fo r  m o t i l i t y  analysis M o t l l i t y  parameters were measured b y  computer-assisted sperm analysis (27). 
Addit ional  m o t i l i t y  parameters measured, including ampl i tude o f  lateral  head displacement, beat cross 

as precursors sl)ermatogenic frequency, mean angle o f  deviation, average path veloci ty,  and straight l ine veloci ty,  were n o t  di f ferent 
are 1)rocessed before spzrlll lllaturatioll is between + I +  and I - .  Also, there was n o  t ime-dependent difference dur ing capacitation ~n al l  t h e  
conlplete ( 2 ,  6 ) .  Both precm.sors are com- m o t i l i t y  parameters between +I-  and I - .  The values shown for acrosome reaction are f r o m  sperm 

posed of the multiple domaills found ill all incubated i n  m e d i u m  w l t h  3% BSA. A t  a lower  concentrat ion o f  BSA (0.5%), t h e  values fo r  acrosome 

AD.qn1 family reaction were also n o t  di f ferent between + I +  and I - .  The numbers o f  eggs observed in  egg activation 

metalloprotease. disintegrin. cysteine-rich. ('O) are shown in parentheses. 

transmembrane. and cytoplasmic donlains 
Genotype (4.  -1. Proteol) tic processing remol es the 

Parameter 
~ r o -  and metalloprotease domains. lea\.ing + I +  -1-* 
an NHZ-terminal disintegrin domain on 
mature forms of the a and p subunits ( 3 .  8 ) .  Sperm analysis 

Processed fertilin may prolnote sperm- 
egg binding. f i~sion.  and egg actix ation ( 9 -  
1 1 ) .  
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N u m b e r  o f  sperm 
Epidldymal (X107) 3.8 i 1.0 (4) 4.4 % 0.7 (4) 
Ejaculated (X lo5) 3.2 2 0.9 (7) 3.7 % 0.3 (8) 

M o t i l i t y  
Mot i le  sperm (%) 67 2 8 ( 1 6 )  62 % 5(17)  
Curvil inear veloci ty ( I J . ~ / s )  266.0 i 7.1 (4) 245.8 i 20.4 (3) 
Linearity (%) 21.5 t 2.9 (4) 20.6 i 4.4 (3) 
Straightness (%) 62.9 + 5.4 (4) 62.9 % 7.5 (3) 

Acrosome reaction (%) 
Incubat ion t i m e  (min) 

0 1 4  + 4 ( 2 )  15 i 4 (2) 
120 39 + 7 (2) 38 % 2 (2) 
270 5 7 %  6 ( 4 )  60 % 3 (4) 

Egg act ivat ion 
Fused eggs w i t h  Ca2- oscil lations (%) 100 (219) 98.2 (56) 
Fused eggs w i t h  polar body  fo rmat ion  (%) 100 (29) 82.4 (1 7) 

Values for all parameters are not significantly different from -1- (P > 0.3, Student's t test). 
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