
matnmalian cells in that mutations in tnis- 
match revair genes do not result in a n  in- 

,> 

creased tolerance to treatment with the al- 
kylating agent hT-methyl-hT'-nitro-hT-ni- 
trosoguanidine ( M N N G )  (30).  It is possible 
that genetic redundancy and the expression 
levels of different tnismatch repair genes 
influence the biological consequences of a 
tnutation in a tnistnatch repair gene. 

It is thoueht that a n  increase in the " 

spontaneous accumulation of mutations 
that are the result of an inability to process 
tnispairs leads to  the development of cancer 
associated with HNPCC.  However, this 
theor\- does not explain the unique spec- 
trum of tutnors associated with H N P C C  
(predominantly colon) or the differences in 
the tutnors observed in mismatch repair- 
defective mice (lytuphomas) (26) and 
H N P C C  patients. It is possible that the 
inactivation of the ability to process mis- 
pairs is not the cause of tumorigenesis in 
HNPCC. Nucleotide excision r e ~ a i r  recop- 
nizes a wide spectrum of D N A  lesions pro- 
duced by physical and chemical agents 
present in the  environment (31).  Further- 
more, T C R  has been demonstrated for suh- 
strates of nucleotide excision repair and 
hase excision repair (32).  Although the en- 
hancement of excision repair by transcrip- 
tion may appear subtle, if mutations in hu- 
man ~uismatch repair genes abolish many 
types of TCR,  then a reduction in the repair 
of environmentallv induced D N A  damane 
could affect the development of cancer as- 
sociated with defects in mismatch repair 
genes. 

In addition, a subtle defect in the repair 
of D N A  darnage could have a tnore pro- 
found impact on tumorigenesis if it is less 
likely to  be lethal to the cell. Although 
predisposition to cancer is not associated 
with Cockayne's syndrome, these patients 
die on  average by 12 years of age (33).  In 
general, tumors associated with H N P C C  
develov later in a vatient's life. This could 
explain the observation tnade by Parsons et 
al. (25) that although there appeared to he 
widespread mutations in non-neoplastic 
cells frotn several different tissues in a sub- 
set of H N P C C  patients, there was n o  sig- 
nificant increase in the frequency of tu- 
mors. O n  the basis of these results, they 
suggested that an increase in spontaneous 
tnutations tnay not be sufficient for tutnor- 
igenesis and exposure to environmental 
tnutagens may have a part in the process. 
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Linkage of Replication to Start 
by the Cdk Inhibitor Sicl 

B. L. Schneider,* Q.-H. Yang," A. B. Futcherf- 

In Saccharomyces cerevisiae, three G, cyclins (Clns) are important for Start, the event 
committing cells to division. Sicl, an inhibitor of Clb-Cdc28 kinases, became phospho- 
rylated at Start, and this phosphorylation depended on the activity of Clns. Sicl was 
subsequently lost, which depended on the activity of Clns and the ubiquitin-conjugating 
enzyme Cdc34. Inactivation of Sicl was the only nonredundant essential function of Clns, 
because a sic1 deletion rescued the inviability of the cln1 cln2 cln3 triple mutant. In sic1 
mutants, DNA replication became uncoupled from budding. Thus, Sicl may be a sub- 
strate of Cln-Cdc28 complexes, and phosphorylation and proteolysis of Sicl may regulate 
commitment to replication at Start. 

Before  yeast can replicate DNA,  they must 
pass Start, which requires a cyclin-depen- 
dent protein kinase composed of a catalytic 
subunit (Cdc28) and one of three G,  cyc- 
lins ( C l n l ,  -2, or -3) (1 ) .  After Start, B-type 
cyclin-Cdc28 kinases such as Clb5-Cdc28 
and Clb6-Cdc28 must be activated to allow 
replication (2).  Although Clb5- and Clb6- 
Cdc28 cotnplexes are present in GI  phase, 
they are initially inactive because of inhi- 

bition by the Sicl  protein (2, 3) .  Activa- 
tion of Clh5- and Clb6-Cdc28 occurs after 
Sicl is targeted for proteolysis by the ubiq- 
uitin-conjugating enzyme Cdc34 (2).  Thus, 
a cdc34 mutant arrests with a I N  D N A  
content because it cannot degrade S ic l ,  but 
nevertheless buds, a ~ l d  duplicates its spindle 
pole body. 

It is not  known holv Start triggers Sicl 
inactivation or how replication is tied to 
other Start-dependent events such as hud- 

B. L Schneder and A B. Futcher, Post Offlce Box 100, ding alld dupiication of the spindle pole 
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1 1724 USA. hody. Is Start a single event that affects 
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Fig. 1. Sic1 is a phos- i 
phoprotein in vivo. Ex- - 

tracts were made as de- 9 - 2 a 
scribed (Ti ' ) ,  and Sicl g .$ 5 '1 - -, 
was immunoprecipitated 
(74). The immunopre- 
cipitates were treated or 
not treated with phos- b 
phatase (78), resolved 
by SDS-PAGE (75), blot- 
ted to nitrocellulose, and 1 2 - " 
Sicl was detected (76). 
Lane 1, asynchronous cells; lane 2, asynchronous 
sicl cells; lane 3, strain #31 (79) arrested at the 
cdc34 block at 37°C; lane 4, as in lane 3, but 
treated with calf intestinal phosphatase (CIP); lane 
5, as in lanes 3 and 4, but treated with CIP and the 
phosphatase inhibitor 6-glycerolphosphate (Inh.). 

Cdc28 (4), has one of the highest densities 
of potential Cdc28 phosphorylation sites of 
any known yeast protein (5), and can be 
phosphorylated on many sites by Cdc28 in 
vitro (4, 6). 

Sicl is a phosphoprotein in vivo. Reso- 
lution of Sicl by SDS-polyacrylamide gel 
electrophoresis (PAGE) followed by immu- 
noblotting showed a broad, fuzzy band that 
may contain multiple forms of Sicl. Phos- 
~hatase  treatment converted this fuzzv band 
imore phosphorylated form) to a band of 
greaterrnobility (less phosphorylated form) 
(Fig. 1). 

To  study the relation between the Clns, 
phosphoryl'ation and proteolysis of Sicl, 
and DNA synthesis, we constructed a clnl 
cIn2 GAL-CLN3 cdc34-2 (temperature-sen- 
sitive) strain and did reciprocal shift exper- 
iments. As expected, cells shifted from the 
ClnPCdc34+ state to the Cln'Cdc34- 
state arrested with a Cdc34- phenotype 
without dividing. Sicl accumulated in the 
less phosphorylated form in Cln--arrested 
cells, but was phosphorylated to a greater 
extent when Cln was restored (7) (Fig. 2A, 
compare lanes 3 and 4). However, in the 
absence of Cdc34 function (Cln+Cdc34-), 
this highly phosphorylated Sicl remained 
undegraded (Fig. 2A, lanes 4 to 9). In con- 
trol cells arrested in the Cln-Cdc34+ state, 
then released to the Cln+Cdc34+ state, 
Sicl became more phosphorylated when 
Cln was restored, and then disappeared, 
presumably because of proteolysis (7) (Fig. 
2A, lanes 10 to 15). These cells then reen- 
tered a normal cell cycle. Thus, in vivo, the 
Cln-Cdc28 complexes are needed to gener- 
ate highly phosphorylated Sicl, which is 
stable in the absence, but not in the pres- 
ence, of Cdc34 function. 

Cdc34 has been considered to act down- 
stream of Clns and Cdc28. Surprisingly, how- 
ever, cells shifted from the Cln+Cdc34- state 
to the Cln-Cdc34+ state did not enter S 
phase or divide and in all respects maintained 
a Cdc34- phenotype. This result suggests that 
the Cdc34 function cannot be completed in 

Fig. 2. Loss of Sicl depends on CLNs and on A 
CDC34. Abundance and phosphotylation of Sic1 $3 Release 
were analyzed in reciprocal s h i  experiments (20). C,n+Cdc34- 
Strain #31 (clnl cln2 GAL-CLN3 cdc34) (79) was 2 = Cln+Cdc34+ 

used. (A) Cells were grown in galactose medium O EO lZ0 lM laO 30 lZ0 lS0 

at 23°C (lane I), shifted to glucose at 23°C for 3 
hours to synchronize cells at Start (lane 2), then 
shifted to 37°C for another hour to inactivate . 
Cdc34 (lane 3). Cln expression was then restored 
by shiftkg back to galactose medium, but cells , ,,, l l  12 13  14 
were held at 37°C (Cdc34-). Samples were taken 
every 30 min (lanes 4 to 9). AS' a control, Cln 
expression and Cdc34 function were both re- Release % 
stored (lanes 10 to 15) to doubly blocked cells. (B) $ , $ , p Cln-Cdc34+ Cln+Cdc34+ Cells were grown in galactose medium at 23°C 6 30 so la 30 EO so 150 leo 
(lane I), shifted to 37°C for 3 hours to synchronize 
cells at the cdc34 block (lane 2), then shied to 
glucose at 37OC for 1 hour to shut off GAL-CLN3 
(lane 3). Cdc34 function was restored by a shift to 
23"C, but cells were kept in glucose medium 
(Cln-). Samples were taken evety 30 min (lanes 4 
to9).Asacontrol,Cdc34functionandClnex- ' 
pression were both restored (lanes 10 to 15) to doubly blocked cells. FACS analysis showed that the cells 
in lanes 4 to 9 (A and 6) failed to replicate DNA, whereas the cells in lanes 10 to 15 did replicate DNA. 

the absence of Cln-Cdc28 activity. Highly 
phosphorylated Sicl accumulated in the 
Cln+Cdc34- cells (7) (Fig. ZB, lane 2); Sicl 
then became less phosphorylated, but not de- 
graded, after the shift to the Cln-Cdc34+ 
state (7) (Fig. 2B, lanes 4 to 9). This result 
suggests that the Cdc34- phenotype is main- 
tained in the Cln-Cdc34+ cells because the 
less phosphorylated form of Sicl cannot be 
degraded in the absence of Cln activity. 
When cells were.shifted from Cln+Cdc34- to 
Cln+Cdc34+, the more phosphorylated form 
of Sicl that had accumulated at the cdc34 
block disappeared (Fig. 2B, lanes 10 to 15), 
and the cells went through S phase and reen- 
tered a normal cycle. These experiments show 
that Sicl loss requires Cln function as well as 
Cdc34 function, and that the more phospho- 
rylated form of Sicl is dependent on Cln 
activity and correlated with Sicl loss. Because 
cells arrest before S phase regardless of the 
phosphorylation state of Sicl, both forms 
must inhibit Clb-Cdc28 complexes. 

These results are consistent with a model 
wherein Cln-Cdc28 complexes phospho- 
rylate Sicl, and this phosphorylation targets 
Sicl for degradation by the Cdc34 pathway. 
However, the experiments are correlative, 
and other mechanisms are also possible. For 
example, Cln-Cdc28 complexes may serve 
to activate Cdc34 itself, and the phospho- 
rylation of Sicl may be a correlated but 
irrelevant event. 

If a major function of Clns is to promote 
proteolysis of Sicl, then Clns should be less 
important in a sicl mutant. Indeed, a sicl 
mutation suppressed the lethality of a clnl 
cIn2 cln3 triple null mutation (Fig. 3B, sec- 
tors 1,3,  and 4). Thus, the only nonredun- 
dant essential function of the Clns is to 
inactivate Sicl. The clnl cIn2 cln3 triple 
mutation is also suppressed by a mutation 

3 J 

Fig. 3. A sic1 deletion suppresses lethality of cln1 
cln2 cln3. (A) YEP + 1 % raffinose + 1 % galac- 
tose. (B) YEP + 2% glucose. Plates were incubat- 
ed at 30°C for 3 days. Strains were as follows: 1, 
BS147 @GAL-CLN3 Aclns Asicl); 2, BS100 
(GAL-CLN1 Aclns); 3, BS178 (GAL-CLN7 Aclns 
Asicl); and 4, BS152 (Aclns Asicl) (19). 

called BYCl (8), and it now appears that 
BYCl is allelic to sic1 (9). This suppression 
by BYCl occurs even if clb2, clb5, or pcll is 
also deleted (8). Clnsl, -2, and -3 have 
other important functions that are compro- 
mised in the clnl cIn2 cIn3 sicl quadruple 
mutant: Plating efficiency is poor, budding 
and cell morphology are highly abnormal, 
and the cells are generally sick. Presumably, 
budding is now mediated by combinations 
of other cyclins such as Pcll, Pc12, Clb5, 
and Clb6 (1 0). 

If Sicl is an important and specific in- 
hibitor of replication, then a sicl mutation 
might uncouple DNA replication from oth- 
er Start events, such as budding. To test this 
hypothesis, we obtained small unbudded 
cells from an exponential culture of sicl 
cells and examined the cells for DNA con- 
tent by fluorescent-activated cell sorting 
(FACS). At least 20% of the unbudded 
cells were alreadv 2N. whereas there were , , 

essentially no 2N cells in the equivalent 
fraction from a wild-tv~e culture. After re- , . 
inoculation into fresh medium, the sicl cells 
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Fig. 4. A s i c l  deletion uncouples S 
phase from budding. (A) Small un- 
budded cells of strain W303a (19) (0) 
or its isogenic sicl::URA3 derivative 
BS193 (H) were obtained by elutria- 
tion (21). Cells were reinoculated in 
fresh, warm medium, and samples 
were taken every 15 min and ana- 
lyzed for budding, cell volume, and 
DNA content (FACS) (22). (B) Strain 
BS147 @GAL-CLN3 Aclns Asicl) 
(19) was grown in sucrose plus galac- 
tose. Cells were washed and resus- 
pended in medium containing su- 
crose but n o  galactose t o  turn off 
GAL-CLN3. After 1 hour, small un- 
budded cells were collected by elu- 
triation (21). Half the sample was re- 
inoculated into YNB medium with 2% 
sucrose (GAL-CLN3 off) (O), and the 
other half was reinoculated into YNB 
medium with 1 % sucrose and 1 % ga- 
lactose (GAL-CLN3 on) (@). Samples 
were taken every 3 0  min and ana- 
lyzed as in (A). W303a cells (19) 
grown in YNB + 2% sucrose were 
elutriated and monitored after reinoc- 
ulation (0). 

Cell size (fl) 

o GAL-CLN3 clnf 2 3 ssc 1 - Suc 
GA~.CLN3~8n1,23~8cl - Gal 

replicated DNA much earller than the 
wild-type cells, but budded at about the 
same time (Fig. 4A) [In other, s~mllar ex- 
perlments, the slcl mutation did advance 
budding slightly, although never as much as 
the advance In S phase (2,  11) The early 
activation of Clb5 that occurs In s~c l  cells 
may advance buddlng ] 

In a second experiment, clnl cln2 GAL- 
CLN3 slcl cells were grown with GAL- 
CLN3 on, and then GAL-CLN3 was turned 
off for 1 hour Small unbudded cells were 
obtalned by elutrlatlon. Fifty to 80% of 
these cells had a DNA content greater than 
IN ,  desplte thelr lack of Cln. (The large 
fraction of 2N cells probably resulted from 
overexpression of CLBS induced by GAL- 
CLN3.) When the cells were released into 
fresh medium, efficient budding was still 
dependent on  reexpression of Cln3, where- 
as S phase was not (Fig. 4B). Thus, in sic1 
mutants, replication and budding are un- 
coupled; they occur at different times, and 
budding is much more dependent on Cln 
than is replication. 

Although phosphorylation and loss of 
Sicl are dependent on both Cln and Cdc34 
function, we have not shown that Sicl is a 
direct substrate of the Cln-Cdc28 kinase in 
vivo, nor that Sicl proteolysis is ubiquitin- 
mediated. However, these are both strong 
possibilities. Phosphorylation converts at 
least one other protein into a substrate for 
Cdc34-mediated proteolysis (1 2). Whatev- 
er the precise mechanism by which Clns 
and Cdc34 cause the loss of Sicl ,  our ge- 
netic exueriments show that this loss is 
largely responsible for the normal depen- 
dence of DNA replication on Start. 

A n  analogous system may be used by 
mammalian cells. Cyclin D-Cdk4 complex- 
es promote S phase by inhibiting function 
of the retinoblastoma protein. In cells lack- 
ing retinoblastoma, the cyclin D-Cdk4 ac- 
tivity is n o  longer required (1 3). 

The identification of Sicl as a target of 
Clns suggests that Start consists of several 
component events. The  Start event con- 
trolling S phase is probably phosphorylation 
of Sicl; phosphorylation of other substrates 
may control budding and duplication of the 
spindle pole body, and together these phos- 
phorylations constitute Start. 
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BS178 [(MATa c1nl::LEUZ-GAL-CLN1-HA3 cln2 cln3 
sic1::TRPl ura3 trpl his(2 or 3)]. The sic1::TRPl allele 
was from M. Tyers; the parent of BS147 was from F. 
Cross. 

20. Cells were mown to 1 x 10' cells Rer milliliter. The 
galactose medium was YEP (1 % ykast extract, 1 % 
peptone) with 1 % raffinose and 1 % galactose; the 
glucose medium was YEP with 1 % raffinose and 2% 
glucose. Before shifting from one medium to anoth- 
er, cells were first washed twice with the new medi- 
um that had been prewarmed to the target temper- 
ature. Sicl was detected as described (15, 76). Rep- 
resentative samples were treated with phosphatase 
as shown (Fig. 1) to demonstrate that the mobility 
shift was due to phosphorylation. 

21. Cells were grown in SD medium [F. Sherman, Meth- 
ods Enzymol, 194, 3 (1991)l with required amino 
acids to 2 x 10' cells per milliliter with 2% filter- 
sterilized sucrose (W303 and BS193) or 1 % filter- 
sterilized sucrose plus 1 % galactose (BS147). Cells 
were centrifuged, sonicated, and elutriated in medi- 
um at 30°C. 

22. A computer curve-fitting algorithm estimated the 
number of cells with DNA content of IN,  2N, or 
between 1 N and 2N. 
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Cleary and M. Luke for reading the manuscript. Sup- 
ported by NIH grant GM 39978 and U.S. Army 
Breast Cancer grant DAMD17-94-J-4050 to A.B.F. 

1 1 December 1995; accepted 28 February 1996 

SCIENCE VOL. 272 26 APRIL 1996 




