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ABSTRACT 
In fission yeast, regulation of ~34'~' '  plays an  important role in the checkpoint  coupling mitosis to 

completion of DNA replication. The cdc2 mutations cdc2-3w (C67Y) and cdc2-4w (C67F) abolish check- 
point  control without seriously affecting normal cell proliferation. However the molecular basis of this 
phenotype is not known. To  better  understand  the role of p34""'in checkpoint  control, we have screened 
for  more mutations in Schizosaccharomyces pombe cdc2 with this phenotype. We have isolated cdc2-3w and 
cdc2-4w, as well  as three new cdc2 alleles: cdc2-6w (N66I), cdc2-7w ( E N )  and cdc2-8w (K9E). The altered 
residues map  to two different  regions on opposite faces of the  protein, suggesting that  the interaction 
between p3TdC2 and  components of the checkpoint pathway  may be  complex. In contrast to cdc2-3w and 
cdc2-4w, the new mutations alter residues that  are conserved between the fission  yeast c d c p  and  other 
cdks, including  the  human W C 2  protein. Expression of the equivalent human W C 2  mutants  in fission 
yeast abolishes checkpoint  control, suggesting that these residues could  be involved in  checkpoint- 
dependent regulation of other eukaryotic cdks. 

C HECKPOINT controls delay or block late cell  cycle 
events if earlier events have not  been  completed 

(HARTWELL and WEINERT 1989).  A well-studied check- 
point,  referred to here as the S" checkpoint,  ensures 
that DNA synthesis (S) has been  completed  before initi- 
ation of  mitosis (M) . Many genes involved in this check- 
point have been  identified  in  both Saccharomyces cmeuis- 
iae and Schizosaccharomyces pombe (SHELDRICK and CARR 
1993). In S. pombe, one target of the S M  checkpoint 
pathway  is  likely to be p34'&', the catalytic subunit of 
the major fission  yeast cdk (ENOCH and NURSE 1990; 
ENOCH et al. 1991) that is required  for initiation of 
mitosis. The mitotically  active form of ~34'"' is found 
in a  complex with a B-type  cyclin encoded by the cdcI3+ 
gene.  During G2,  this complex is maintained in an inac- 
tive state by phosphorylation of ~34'~' '   on tyrosine 15 
(Y15). The length of  G2  is determined by the balance 
between the activity  of inhibitory tyrosine kinases, en- 
coded by the weel+ and mikl+ genes, and activating 
tyrosine phosphatases, encoded by the cdc25+ and 
pyp3+ genes (NURSE 1990; LUNDGREN et al. 1991; MIL- 
LAR et al. 1992). 

Mutations that completely abolish p34""' tyrosine 
phosphorylation dramatically reduce  the  length of the 
fission  yeast  cell  cycle, resulting in cells that  enter mitc- 
sis at a very small size. Under these conditions mitosis 
is often  lethal, and such an event is termed "mitotic 
catastrophe." Such mutants  are inviable or display a 
greatly increased generation time compared to wild- 
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type  cells. Examples of such mutations are cdc2-Fl5 
(COULD and NURSE 1989) in which the tyrosine has 
been  changed to a  nonphosphorylatable residue phe- 
nylalanine, and a mikl  weel (LUNDGREN et al. 1991 ) 
double  mutation  that eliminates both inhibitory ki- 
nases. Tyrosine phosphorylation of ~34""' must also be 
required  for cell  cycle arrest  in response to unreplicated 
DNA, since mikl  weel and cdc2-Fl5 mutants do not un- 
dergo cell  cycle arrest when DNA replication is blocked 
by inhibitors such as hydroxyurea (HU)  (ENOCH et al. 
1991; LUNDGREN et al. 1991). Tyrosine phosphorylation 
of cdks  also  negatively regulates mitosis in many other 
eukaryotic cells (MALLER 1990), however it does not 
regulate the timing of mitosis or the S M  checkpoint 
in S. cmeuisiae (AMON et al. 1992; SORGER and MURRAY 
1992). 

There  are also cdc2 mutations  that  alter cell  cycle 
control in a  more subtle fashion,  but  that still com- 
pletely abolish checkpoint  control. These alleles were 
first identified because they reduce  the  length of G2 
and suppress loss  of cdc25+ function (FANTES 1981). 
Because these mutations  reduce cell  size at division, 
they were called "wee" mutants  (NURSE  1975). Exam- 
ples of such alleles include two dominant cdc2 alleles, 
cdc2-3w (C67Y) or cdc2-4w (C67F) (ENOCH and NURSE 
1990). However, other wee alleles of cdc2+, including 
cdc2-lw (G146D),  arrest normally when DNA replica- 
tion is blocked (ENOCH and NURSE 1990).  Thus,  the 
checkpoint defects of cdc2-3w and cdc2-4w are  not simply 
a  consequence of the  reduction of  G2. In addition, 
genetic studies have  shown that cdc2-lw and cdc2-3w 
respond differently to loss  of weel+ or cdc25' function 
(RUSSELL and NURSE 1986, 1987).  These results suggest 
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FIGURE I.-Alignment of the sequences of the fission  yeast cdc2 protein (cdc2+) ,  and  the  human W C 2  and W K 2 ,  and S. 

cermisiae WC28 showing that  the L5 region is structurally unique in cdc2+. The location of the alterations  in checkpointdeficient 
mutants is also shown. The secondary structure, based on  the crystal structure of CDK2 (DE BONDT et al. 1993), is shown below 
the alignments. The residues altered  in  the  mutants  are in  hold, and  the  mutant  sequence is shown above the arrows. The two 
residues TI4  and Y15 that  are regulated by tyrosine-phosphorylation are also in bold. 

that  there  are  different ways to partially deregulate 
~34 '~ ' ' ~  however the molecular basis  of these pheno- 
types is not  understood.  In  particular,  it is not clear why 
mutation of  C67 abolishes checkpoint  control since this 
residue is not  near tyrosine 15, and in addition levels 
of ~34""" tyrosine 15 phosphorylation are  reported to 
be normal in both cdc2-3w and cdc2-lw (GOULD et al. 
1990). 

It is also not known whether similar mutations would 
abolish checkpoint-dependent regulation of ~ 3 4 " ~ "  in 
other eukaryotes. C67  is located in a region of S. pombe 
p34'"' that is structurally unique  compared to other 
cdks (see Figure 1). The loop in which the residue is 
found, L5,  consists  of  seven amino acids in other cdks, 
but is 11 amino acids long in ~ 3 4 ' ~ ' .  Furthermore,  the 
position equivalent to C67 (63 in  human CDC2 and 
WK2,70 in S. cereuisiae CDC28) is occupied by an isoleu- 
cine in many other cdks. It is therefore possible that 
the  mutant  phenotype  in fission  yeast is a  consequence 
of the  unique  structural  features of  fission  yeast protein 
in the L5 region.  Indeed,  mutation of the equivalent 
residue (163) in human CBC2 does not alter cell cycle 
control when the  mutant alleles are expressed in fission 
yeast (MACNEILL and NURSE 1993a). 

We would like to  understand how ~ 3 4 ' ~ '  is regulated 
by the S-M checkpoint pathway in fission  yeast, and to 
determine if checkpoint-dependent regulation works 
by similar mechanisms in other eukaryotes. For these 
reasons, we have screened  for  more cdc2 alleles that 
abolish checkpoint  control without significantly  dis- 
rupting  the  normal cell cycle. We were able to isolate 
five such alleles including cdc2-3w and cdc2-4w, as  well 

as three new alleles that we are calling cdc2-6w,  cdc2-7w, 
and cdc2-8w. All the  mutants  are phenotypically identi- 
cal by several criteria, suggesting that they disrupt 
checkpoint  control by the same mechanism. However, 
the  mutated residues are  found in two different do- 
mains predicted to lie on  opposite sides of ~ 3 4 ' ~ ~ '  mole- 
cule. In contrast to cdc2-3w and -4w, the new cdc2-w 
alleles alter residues that  are conserved in other cdks. 
We constructed equivalent human CDC2-7w and CBC2- 
8w mutants and introduced  them  into fission  yeast 
strains where human CDC2 replaces the S. pombe cdc2 
(MACNEILL and NURSE 1993a). Expression of the mu- 
tant alleles abolished checkpoint  control suggesting 
that these conserved residues could also be involved 
in checkpoint-dependent regulation of cdks in other 
eukaryotic cells. 

MATERIALS  AND METHODS 

Growth of S. pornbe: We used standard media and growth 
conditions (MORENO et al. 1991). The following strains were 
used: TE280 (leul-32 h-),  TE281 (cdc2-L7 leul-32 h-),  TE282 
(cdc25-22 l e d - 3 2  h-),  TE354 (weel-50 leul-32 h - ) ,  TE460 
(cdc2::  W C 2  his3-237 leul-32 h-). All except TE460 were gen- 
erous gifts Of PAUL NURSE. TE460 is the  generous gift of Stuart 
MACNEILL.  Cells were grown at 25" (TE282, TE354, TE460) or 
29" (TE280, TE281) in Edinburgh Minimal Medium (EMM) 
containing 5 PM thiamine. For derepression of the nmtl pro- 
moter  on REP81, cells were shifted to EMM without  thiamine 
for 24 hr. After derepression of the  promoter, hydroxyurea 
(HU) sensitivity was tested by growing cells in EMM con- 
taining  5 or IO mM HU (Sigma). Growth temperatures used 
in particular  experiments are indicated  in the figure legends. 

Vectors and molecular  genetic  techniques: General proce- 
dures used in DNA cloning  and sequencing are described  in 
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SAMBROOK et al. (1989). For all the experiments  described in 
this manuscript  the vector pREP81, with a weak thiamine 
repressible promoter, was used (MAUNDRELL 1990; BASI et al. 
1993). cDNAs encoding  either fission yeast cdc2+ (GOULD 
and NURSE 1989) or  human  WC2  (DUCOMMUN et al. 1991) 
were cloned  in  the NdeI and BamHI sites of pREP81. The 
following three oligonucleotides were used to sequence cdc2 
mutants: nmtl-5' (5'ATCATCAAlTGAATAAGTTG) comple- 
mentary to the nmtl promoter, nmtl-3' (5'CAAAATCGTAA- 
TATGCAGCTTG) complementary to the polyadenylation re- 
gion of nmtl, and cdc2-1 (5'TGTATCTTGTTTITGAGT) 
complementary to  the cdc2+ sequence. Plasmid recovery from 
S. pombe was carried  out essentially as described in HOFFMAN 
and WINSTON (1987), with addition of a  precipitation of the 
DNA in 70% ethanol between the  phenol extraction step  and 
transformation  in Escherichia  coli. Transformation of S. pombe 
was carried  out by the lithium  acetate method (MORENO et 
al. 1991), unless otherwise indicated. 

PCR mutagenesis  and library construction: PCR mutagene- 
sis of the S. pombe cdc2  cDNA  was done according to the 
method of LEUNC et al. (1989)  in the absence of MnC12. The 
two oligonucleotides, nmtl-5' and nmtl-3' (see  above), were 
used for  the PCR, and pREPSl-cdcZ+ linearized with PstI  was 
used as a  template. After PCR the amplified fragment was 
purified by electroelution from agarose gel,  digested with NdeI 
and BamHI, and subcloned into NdeI- and BamHI-digested 
pREP81. The ligation mix was then transformed in E. coli by 
electroporation. More than lo5 independent colonies were 
obtained.  The colonies were pooled and grown for 4 hr in 
liquid LB medium  containing 100 pg/ml ampicillin. The 
DNA  was prepared by alkaline lysis and purified with Qiagen- 
tips (Qiagen) . 

Screening for cdc2 mutants defective in  the S" check- 
point: The conditions for  screening were optimized using 
the temperature-sensitive TE281 (cdc2-L7 bul-32 h-) strain 
carrying either  the plasmid pREP81-cdc2+, or PREP81 cdc2- 
F15. The library of cdc2 mutants was transformed  in the strain 
TE281 by electroporation as described (PRENTICE 1991). After 
transformation the plates were grown at 29" for 1 day and 
then shifted to 36" for 3 days, to eliminate  transformants 
expressing nonfunctional cdc2 protein.  The colonies were 
transferred by replica  plating to EMM plates with phloxine B 
(Fisher) with or without 5 mM HU,  and  then grown for 2-3 
days at 32". Colonies unable to grow in the presence of HU 
were identified. More than 2 X lo4 colonies were screened 
and 70 were isolated that were HU sensitive. Fourteen trans- 
formants  that displayed a strong  phenotype  on HU while 
growing well in its absence were selected for  further analysis. 
Plasmid was recovered from  each of these by transformation 
of E. coli and used to retransform the original TE281 strain. 
Eleven  of these plasmids conferred HU sensitivity upon re- 
transformation. These were subjected to DNA sequence analy- 
sis. The predicted amino acid alterations of each of these cdc2 
mutants is listed in  Table 1. The  corresponding nucleotides 
mutated  are as follows: mutant #6: C67F (G200T); #11: ESV 
(A23T), M273T (T818C); #13: E8V (A23T); #21:  E8V (A23T); 
#28: K9E (A25G), E40G (AllgG), I72V (A214G); #29:  K9E 
(A25G), A76V (C227T) ; #42: C6W (G200A), H75L (A224T), 
L255M (T763A); #45: C6W (G200A); #54:  E8V (A23T), 
S188T (T562C); #59:  N66I (A197T); #67: K9E (A25G), N120D 
(A358G). 

Flow cytometry  and  microscopy: Cells were fixed in 70% 
ethanol, stained with propidium  iodide,  and analyzed using 
a FACScan flow cytometer  (Cytofluorograph 11, Ortho Diag- 
nostic Systems), as described  in SUER and SHERWOOD (1990). 
DAPI staining was carried out as described in BASI and 
DRAETTA (1995). Phase  contrast and fluorescence micro- 
graphs were obtained using  a Zeiss Axiophot  microscope and 

a Photonic Microscope Image Processor C1966 (Hama- 
matsu). 

Construction of human CDC2-7w and CDC2-8w: The muta- 
tions E8V and K9E were introduced in the  human  WC2 
cDNA using two complementary  oligonucleotides  corre- 
sponding  to  the 5' region of WC2. For the E8V mutation, 
the oligonucleotides E8V-5'  (TAGGATCCATATGGAAGAT- 
TATACCAAAATAGTGAAAATTGGAG AAGGTAC) and E8V- 

CATATGGATCC) were used. For the K9E mutation,  the 
oligos K9E-5' (TAGGATCCATATGGAAGATTATACCAAAA- 
TAGAGGAAATTGGAG  AAGGTAC) and K9E-3' (CTTCTG 

TCC) were used. Each pair of oligonucleotides was annealed 
and  the fragments, which had NdeI- and KpnI-compatible 
ends, were used in  a three-way ligation together with a KpnI- 
BamHI fragment of the wild-type human  WC2 cDNA, and 
with the pREP81 vector cut  at  the NdeI and BamHI sites. To 
assess the affects of these  mutations on  checkpoint  control, 
WC2 constructs were transformed into TE460 (cdc2:: WC2 
his3-237 bul-32 h-) ,  where the  endogenous S. pombe cdc2+ 
has been replaced by the  human  WC2  gene (MACNEILL and 
NURSE 1993a). 

Structural  analysis of cdc2w mutants The location of the 
residues altered  in cdc2-w mutants was visualized on  the pre- 
dicted three-dimensional structure of CDKZ/cyclinA using 
RasMol version 3.5. Crystallography coordinates were gener- 
ously provided by Dr. Nikola Pavelitch. 

3' (CTTCTCCAATTTTCACTATITTGGTATAAT CTTCCAT- 

CAATTTCCTCTA'ITTTGGTATAATCTTCCATCATATGGA- 

RESULTS 

Isolation of checkpointdeficient cdc2 mutants: We 
developed a  method for screening plasmid-born copies 
of cdc2+ for mutations that abolish the S" checkpoint. 
Wild-type cdc2+ and the cdc2-FI5 mutants were sub- 
cloned into  the REP81  vector that bears a  mutated ver- 
sion of the thiamine-repressible nmtl promoter (MAG 
NEILL and NURSE 1993a). Upon induction this 
promoter directs expression of  physiological  levels of 
p34cdc2 (our unpublished  data; LABIB et al. 1995). Plas- 
mids bearing wild-type and  mutant alleles of cdc2 were 
introduced  into TE281 (cdc2-L7  leul-32 h-) ,  which  has 
a temperature-sensitive allele of cdc2+, called cdc2-L7 
as  well  as a Lul marker that can be used for selection 
of transformants. Colonies were  initially  grown in the 
absence of thiamine at 36.5", the restrictive temperature 
for cdc2-L7, to establish that plasmid-born copies of cdc2 
were functional. Checkpoint function was assayed by 
examining the phenotypes of transformants on HU at 
32", as HU arrest is more efficient at this temperature. 
Cells transformed with  wild-type cdc2-t initially undergo 
cell  cycle arrest under these conditions, and  then re- 
sume the cell  cycle  with a greatly extended S-phase. 
The result is a slow growing  colony of highly elongated 
cells. In contrast, cells transformed with cdc2-FI5 fail to 
form colonies as  cells die  attempting to undergo mitosis 
in the absence of DNA replication (data  not  shown). 

To identify new checkpoint-defective cdc2 mutants, a 
cdc2 mutant library was constructed in  the vector REP81 
(see MATERWS AND METHODS). The library was trans- 
formed  into TE281 strain and was initially  grown at 36" 
under inducing conditions for the nmtl promoter. This 
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was done to eliminate  nonfunctional cdc2 molecules. 
Approximately  70% of the  colonies  contained plasmids 
that allowcd growth of the cells at  the restrictive  temper- 
ature. To identifv  checkpoint-defective  mutants, 20,000 
transformants  capable of growth at 56" were  replica- 
plated to platcs with and without  HU,  and trans- 
formants  that were unable  to  form  colonies  on  HU 
were identified.  From an initial  set  of  70 HU sensitive 
transformants, 14 that showed the  strongest  phenotypes 
were selected  for  further study. 

Plasmid DNA  was isolated  from  each HU-sensitive 
transformant,  rccovered in E .  coli, and  then retested in 
TE281 for  the ability to  confer  HU sensitivity. Eleven 
of the plasmids conferred  HU sensitivity upon  retrans- 
formation. Typical results  from cells that were  trans- 
formed with five of the plasmids that were  ultimately 
selected  for  further analysis (see  below) are shown in 
Figure 2. Panel  A shows cells transformed with cdc2+ 
or  each of five checkpoint-deficient cdc2 mutants  on 
standard plates at 52". As can  be  seen all six trans- 
formants grow well. Panel €3 shows the  same trans- 
formants  growing  at 32" on plates containing  HU.  Only 
the rtlr2+ transformant is capable  of  forming  colonies 
in the  presence of HU. 

All 11 of the plasmids bearing  checkpoint-deficient 
rdc2 alleles  were  subjected to DNA sequence analysis. 
The results  of  this  study are  summarized in Table 1, 
which lists the  mutant  and  the  predicted  amino acid 
alterations. Many of the  mutants were found to have 
more  than  one  amino acid alteration. However each 
plasmid with multiple  mutations was found to have only 
one alteration in common with other plasmids. From 
this data we were able to determine five amino acid 
alterations of cdr2 that  can abolish checkpoint  control. 
Two of  these  alterations, C67Y (found singly or  in com- 
bination with other  changes in mutants 42,  45, and 
.?8) and C67F (found in mutant  6)  are  identical  to  the 
alterations  found in the hvo previously identified cdc2 
checkpoint  mutants cdc2-370 and cdc2-4ru (CARR et nl. 
1989).  The multiple isolates of  these  mutants in our 
collection  confirms the effectiveness of our  screening 
procedure. 

In addition to confirming  the  importance of C67 in 
checkpoint  control,  our collection  identifies three new 
p34""' residues that  are also likely to be involved. The 
alteration N66I is found in mutant 59 and changes a 
residue  that is next to C67, confirming  the  importance 
of this  region  of  the  protein in checkpoint  control. 
The  other seven mutants  contain  either  one of the two 
mutations E8V or  K9E (Figure 1). These two adjacent 
residues,  glutamic  acid in position 8 and lysine in posi- 
tion  9,  identify a new region of ~34""" that is required 
for checkpoint  control.  Three  mutants were found  to 
carry the  mutation E8V, either as a single mutant  (mu- 
tant  13)  or in combination with other mutations  (mu- 
tant l l  and  mutant 54). Three  mutants  (mutant 28, 
mutant 29, and  mutant 67) were found  to carry the 
mutation K9E in combination with an additional  muta- 
tion. The  mutant? N66I (mutant 59), E8V (mutant 13), 
and K9E/A76V (mutant  29) were  chosen  for  further 
studies. A76V  is a conservative substitution  in a residue 
that is not conserved  between cdks. Since  expression  of 
these cdc2 mutant alleles confers a wee phenotype  to 

TABLE 1 

Predicted amino acid  alterations  in 
checkpointdefective cdc2 alleles 

Mutant Mutation Mutation Mutation Isolate 
name 1 2 3 number 

rdr-3111 C67Y 45 
C67Y K221R 58 
C67Y H75L L2.55M 42 

~ d d - 4 7 0  C67F 6 
rrlr2-61o N66I 59 
cdc2- iw E8V 13 

E8V S188T 54 
E8V M273T 1 1  

rdc2-8111 K9E A76V 29 
K9E N120D 67 
K9 E E40G I72V 28 

Mutants are classified according to allele name  (left col- 
umn). Mutations found in the  corresponding cDNAs together 
with our original isolate number arc listed. 
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the cells (see  below),  the alleles  were named Cdf2-6711 
(NMI),  cdc2-7711 (E8V),  and cde2-87o (K9E/A76V). 

Transformation with cdc2-6w, cdc2-7w and cdc2-8w al- 
leles abolishes  the S” checkpoint: We wished to  estak 
lish that  the HU sensitivitv conferred by the new ch-2- 
71) alleles was due  to loss of checkpoint  control. ”hen 
checkpointdeficient cells are  exposed to hydroxyurea, 
mitosis is initiated, and cells die  because  the  septum 
cleaves the single  nucleus or divides the cell such  that 
one  daughter is anucleate.  This  phenotype  resembles 
that of cut mutants, which undergo cytokinesis in the 
absence of chromosome  segregation  under restrictive 
conditions  (HIRZNO rt nl. 1986). Therefore,  the  induc- 
tion of “cut” cells by treatment with HU  indicates  that 
the cells are  checkpoint defective, and  the kinetics and 
extent of cut  formation  can  be used to assess the severity 
of the  checkpoint  defect (ENOCII pt (11. 1992). To assess 
the  checkpoint  defect  conferred by the new crif-2-70 al- 
leles, HU was added  to mid-log cultures of TE281 cells 
transformed with different  mutant alleles  growing at 
92”. At various  times after  HU  addition, cells were fixed 
and stained with DNA specific  dye, DAPI. Representa- 
tive photomicrographs  for  each  strain  are shown in  Fig- 
ure 3. The left panels  show  cultures  before  the  addition 
of HU;  the  right  panels show cells after  4 hr  of incuha- 
tion in HU. All the  transformants  are  morphologically 
normal in the  absence of HU  (Figure 3, a, c, e and  g). 
HU  induces cell cycle arrest in cdc2+ transformants, so 
the cells arc  elongated,  unseptated  and have a single 
nucleus  (Figure 9b, compare to a). In  contrast  many  of 
the cells in the HU treated cdc2-71) transformants are 
septated, however none of the  septatcd cells are hinu- 
cleate.  Instead  the  septum bisects the  nucleus, or di- 
vides the cell into  nucleate  and  anucleate  compart- 
ments  (Figure 9, d, f and g; examples of cut cells in 
each  panel  are  indicated by arrows). M7e conclude  that 
all the new Cdd-71) transformants  initiate mitosis when 
DNA replication is blocked with HU  and  must  therefore 
he deficient in the S” checkpoint. Similar  results  were 
obtained when cde2-nr plasmids  were introduced  into 
TE280 ( h I - ? 2 l z - ) ,  which is  wild type for cdc2+, indicat- 
ing  that  these  mutants, like cde2-371~ and cdc2-4ro, are 
dominant  (data  not  shown). 

The new cdc2-w mutants  are as checkpointdeficient 
as cdc2-3w: Previous work has  established that  although 
cde2-3711 cells grow almost  normally under most  condi- 
tions,  they are completely  deficient in the S” check- 
point (ENo(:M and NURSE 1990). To determine  the ex- 
tent of the  checkpoint  defect  or  the new ch-2-70 mutants, 
we quantitatively compared  the  HU responses  of all the 
cdc2-7o transformantq. To   do  this, we determined  the 
percentage of cells initiating mitosis in HU  (cuts) in 
cultures of each  transformant.  Figure 4A shows that 
HU-treated CUI tures cdc2-6111, c d e 2 - h ,  and cdc2-871) trans- 
formants  contain  about  the  same  proportion of cuts as 
similarly treated fdf2-?7(! cultures  indicating  that all four 
mutants  are equally  deficient in the  checkpoint re- 

- HU + HU 
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tosis in HU. Derivatives ofTE!!Xl (cdc2-I.7 hc l -32  h - )  trans- 
formed with REP81 plasmids  hearingwild-type or mutant cdr2 
alleles  wcrc  grown in liquid  culture  at 32”. in thc  absence o f  
thiamine  without ( -HU)  o r  with (HU) 10 mxf HU. After 6 
hr, cells were fixed and  stained with the DNA binding  dye, 
DAH.  Resulting  fluorescence  micrographs  are  shown. ( a  and 
I)) cdc2+, (c  and cl)  cdc2-770, ( e  and I) cr/c2-Ao, ( g  and 11) crh-2- 
67cr. Arrows indicatc cells initiating mitosis  in the  absence of 
DNA replication  resulting in cut morpholo<gy. 

sponse. As another measure of checkpoint deficiency, 
we measured cell death in HU  for  each  transformant 
by determining  the  percentage of viable cells in each 
culture  after 2, 4 and 6 hr of HU  treatments  (Figure 
4B).  Aliquots of cells were  taken at different  time  points 
after  addition of HU to asynchronous  cultures  and 
plated on minimal  media. Plates were incubated  for 2- 
3 days and  the  number of viable cells was determined 
by counting  colonies. As shown in Figure 4B, loss of 
viability in cd1-2-7n) and cdc2-871) cultures is kinetically 
and quantitatively  similar to loss of viability in the cdc2- 
?71) culture, while ch2-670 is somewhat less sensitive. In 
these  experiments,  the cde2-?ru transformant may be 
slightly less checkpoint-clefective than  strains  hearing 
the cde2-?ro allele at  the cdc2 locus.  Since cdc2-370 is com- 
pletely deficient in the S” checkpoint (ENOCH and 
NURSE 1990), i t  seems likely that  the cdc2-77aand ctlc2-8ru 
mutations also completely  abolish  the S M  checkpoint. 

Despite its affects on  the S” Checkpoint, the cdc2- 
3rcr mutation  has  no affect on  the  checkpoint  required 
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FIGURE 4.--Quantitative  analysis ofviability and cut pheno- 
type of the cdc2-ru mutants in response to HU.  Dcrivatives of 
TE281  (cdc2-1,7IPul-32 / I - )  carrying  plasmids containingwild- 
type or mutant cdc2were  grown at 32" in E". After derepres- 
sion of the promoter 10 mu HU was added to the medium. 
(A) The number of cells entering mitosis without completing 
DNA replication was determined by counting the number of 
cut cells as determined by fluorescence  microscopy as shown 
in Figure 3. Measurements were made  at time 0 (-HU) or 6 
hr after the addition of HU to the medium (+HU). One 
hundred cells  were counted for each data point. (B) Viability 
of derivatives of  TE281  (cdc2-1,7 hrl-32 / I - )  cells  transformed 
with wild type of mutant cdc2 alleles after incubation in HU. 
Aliquots of cells  were  removed at the indicated  times and 
plated on EMM plates  lacking thiamine. Plates  were incubated 
at 32" and the number of viable colonies was determined after 
2-3  days. The 100% data point consisted of 100-300  cells 
for  each experiment. 

for G2 arrest  in  response  to DNA damage  induced by 
W or ionizing  radiation.  Thus, cdc2-37r1 mutants show 
wild-type levels of  resistance  to  radiation in contrast  to 
other  checkpoint  mutants  that  are  deficient in both 
the S M  and DNA damage  checkpoints (SHEIDRICK and 
CARR 1993). Similarly, none of our  new cdc2-7u muta- 
tions  affect  resistance to W irradiation,  indicating  that 
they also do  not  affect the DNA damage  checkpoint 
(data  not  shown). 

The  length of G2 is  reduced in cdc2-w transformants: 
Cells expressing  the new fdf-2-70 mutants  had  the  same 
generation  time as cells expressing cdc2+, but showed 
a reduced size at cell division (Figure 3, compare  the 
lengths of binucleate cells in a to  binucleates in  c, e, 

and g). In S. pornbe this 7uee phenotype has been shown 
to be  due to a shortening  of G2,  which represents  80% 
of the cell cycle in  logarithmically  growing wild-type 
cells. To determine if our cdc2-ru transformants were 
also advanced  into mitosis, we analvzed the cell cvcle 
distribution of asynchronous  cultures  using FACS analy- 
sis of DNA content. As shown  in  Figure SA, the cdc2+ 
transformant  population is made  up almost  entirely of 
cells with a 2C DNA content.  In  these cells, Sphase is 
initiated  immediately  after  anaphase, even before cyto- 
kinesis. Thus, by the time the cells complete cell divi- 
sion  they  already  have a 2C DNA content.  In  contrast 
a 1C  population  can readily be  detected in cdc2-3ru 
transformants  (Figure 5B) and in the cells transformed 
with the new crk2-70 alleles (Figure 5, C-E).  This is 
because ruee cells enter mitosis prematurely  and  are be- 
low the size threshold  for  initiation of Sphase  upon 
completion  of  anaphase  (NURSE  1975).  These cells  un- 
dergo cvtokinesis first and  then  after  growing  for  an 
in t end ,  initiate Sphase.  Therefore  the  proportion  of 
a population  in G1 is a measure  of  the  degree  to which 
cells are  advanced  into mitosis. In  cells expressing  the 
CdC2-?7~ allele, 38% of the  population was in G1 (Figure 
5A).  For all the  other  mutants a significant  proportion 
of the cells was in G1, confirming  that  the  mutants 
were  advanced  in mitosis. The  percentage of cells in 
G1 ranged  from  26% in cdc2-67u to 43% in c d c 2 - 8 ~ .  
These values correlate well with the  observation  that  the 
length of the cells was shortest in cdc2-87u and longest  in 
cdc2-61u (see  Figure 3).  

cdc2-7w and c d c 2 - 8 ~  transformants  are  independent 
of cdc25+ and  very  sensitive to the  absence of 
w e e l + :  Many wee mutants have been  identified in fis- 
sion yeast, and  genetic  studies have established  that they 
must be  disrupting cell cycle control by different  mech- 
anisms. For  example,  the cdc2-17~ allele  reduces  the 
length  of G2, but in contrast  to cdc2-37u displays normal 
checkpoint  control.  There  are also differences  in the 
way wee mutants  respond  to loss of cdc25+ or 7uee1+. 
The cdc2-?7o and cdc2-47~ mutations  completely  suppress 
loss of cdc25 fhc t ion ,  while the cdc2-17u suppresses cdc25 
mutations poorly. The  combination  of cdc2-?7o with loss 
of rueel is synthetically  lethal,  while the  phenotype  of  the 
cdc2-~zu 7uee1 double  mutant is indistinguishable  from 
either single  mutant (RUSSELL. and NURSE  1986, 1987). 
Since the cdr2-7wand -8romutations define a new region 
of ~34"'"  required for cell cycle control, we wanted  to 
determine if these  mutants  behave  more like cdc2-3w 
or cdc2-lro with respect  to  their  interactions with cdc25 
and weel mutations. 

To test interactions with I U P P ~ ,  plasmids bearing 
cdr2+, cdc2-?lo, cdc2-77r1 and CdC2-87~ were introduced 
into  TE354 ( 7 0 ~ ~ 1 - 5 0   h ~ 1 - 3 2  h-) ,  which  has ruee1-50, a 
temperature-sensitive  allele of 7 ~ ~ 1 .  Transformants 
were then  tested  for growth at  the permissive (25") and 
nonpermissive (36") temperatures  for 7 ~ ~ 1 - 5 0 .  As 
shown  in  Figure 6A, all the transformants grew at 25". 
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However,  as  shown in Figure 6B,  only the cdc2+ trans- 
formants  formed colonies at 36".  Microscopic  analysis 
revealed that  the cdc2-3w,  -7w and -8w transformants all 
appeared  to be undergoing mitotic catastrophe  (data 
not shown). We also examined  the ability of our new 
mutants to suppress loss  of cdc25 function. cdc2+ and 
cdc2-w plasmids were introduced  into TE282 (cdc25-22 
leul-32 h-),  a strain that carries a temperature-sensitive 
allele of cdc25. Transformants were  grown to early mid- 
log phase and  then  equal  numbers of cells were plated 
at 25" (the permissive temperature)  and 36" (the restric- 
tive temperature). After 2-3 days the  number of colo- 
nies on each plate was determined;  percentage of sur- 
vival  was calculated by dividing the  number of colonies 
on  the 36" plate by the  number of colonies on the 25" 
plate. The results are  plotted in Figure 7. As expected, 
the cdc2+ transformants could not form colonies at 36". 
However transformation with  any  of the cdc2-w mutants 
rescued cdc25-22. The  extent of colony formation dif- 
fered between the  mutants, being the lowest for cdc2- 
6w (12%), highest for cdc2-8w (75%) and intermediate 
for cdc2-3w (39%)  and cdc2-7w (28%).  The cdc2-3wallele 
at  the cdc2+ locus efficiently complements cdc25-22 and 
a  complete  deletion of cdc25 (RUSSELL and NURSE 
1986). We conclude  that cdc2-7w and cdc2-8w are, like 
cdc2-?w, largely independent of cdc25+ function. cdc8 
6w appears to be somewhat less able to function in the 
absence of cdc25+. This correlates with  its  relatively 
greater viability in HU (Figure 4B) and longer G2 (Fig- 
ure 5). We conclude  that  the checkpoint-deficient cdc2 
alleles we have isolated have  many characteristics in 
common with cdc2-?w, even though we did not deliber- 
ately select for these characteristics in our screen. 

The human CDC2-K9E and CDC2-E8V alleles are 
checkpointdeficient in fission yeast: To  understand 
the  importance of mitotic regulation in multicellular 
organisms, it would be valuable to have wee alleles of 
the  human CDC2. Human CDC2 alleles equivalent to 
cdc2-3w and -4w do  not show  any abnormalities in cell 
cycle control (MACNEILL and NURSE 1993a),  perhaps 
because this region of the  protein is not well conserved 
between fission  yeast and  humans (see Introduction). 
However, the E8 and K9 residues, which are  altered in 
cdc2-7w and cdc2-8w, are conserved between the fission 
yeast cdc2 and  the  human CDC2 proteins. We therefore 
investigated whether phenotypically similar human 
CDC2 wee alleles could be created by introducing  the 
E8V and K9E alterations in the  human  protein. 

The E8V and K9E mutations were introduced by site- 
directed mutagenesis into a  human CDC2 cDNA under 
the  control of the REP81 promoter (see MATERIALS AND 

METHODS). These new alleles were designated CDC2-7w 

FIGURE 5.-Cells carrying the newly isolated cdc2 mutants 
are advanced  in mitosis. Flow cytometric analysis of distribu- absence of thiamine at 32". The estimated  percentage of 
tion of DNA content of derivatives of TE281 (cdcZL7 led-32 Glcells was determined using HU arrested cells as a standard 
h- )  carrying REP81 plasmids bearing wild-type or  mutant and bracketing the  corresponding region  in experimental 
alleles of fission yeast cdc2. Cells were grown 24 hr in  the samples in the FACS output. 
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and (;DC;2-871! (by convention  the  uppercase letters are 
used to designate  the  human  gene  and lowercase letters 
are used for  the fission yeast gene). To study the new 
alleles, we transformed  mutant  and wild-type plasmids 
into TE46O (ul1-2::CDC2 hid-27 kt1-32 h - )  an S. pnmfw 
CDC2 strain, in which the fission  yeast dr2+  gene has 
been  replaced by the  human CDC2 gene (MA<:NEII.I. 
and NCKSE 1993a). 

To examine  checkpoint  control in these trans- 
formants, we investigated their ability to grow in the 
presence of HU. CDC2 cells transformed with the 
REP81 vector alone  or with  wild-type CDC2 were able 
to grow on plates containing  HU.  In  contrast cells trans- 
formed with either (;D(;2-h or  CDC2-RIVwere inviable 
in the  presence of HU although they were  able to form 
colonies on  standard plates,  suggesting that they are 
checkpoint defective, like the  equivalent S. @mfw mu- 
tants (data  not  shown). To assess whether  the  mutants 

100 

75 - 
Kl > .- 
2 50 

' 25 

3 
U J  

0 
cdc2+ cdc2-3w  cdc2-7w cdc2-8w cdc2-6w 

FIGC'KE f.-edr2-67t1, cdc2-77t1, and cdc2-8rt~ complement 
ch-25-22. Derivatives of TE282 (cdc25-22 1 ~ ~ 1 - 3 2  h - ) ,  a  strain 
carrying a temperature-sensitive allele of cde25, were trans- 
formed with REP81 plasmids bearing wild-type or  mutant cdc2 
alleles antl grown to early mid-log phase in EMM without 
thiamine. Aliquots of cells were removed and plated on EMM 
plates that were incrhated  at 25" or 36" for 3 days before 
counting colonies. Data represent  the nrlmber of colonies 
grown at 36" expressed as a percentage of the colonies grown 
at 25" (l00Cr). The l00% data point  corresponds to between 
100 antl 300 colonies depending  on  the  experiment. 

c d c 2 - 7 ~  

were checkpoint deficient, we examined  their  morphol- 
otgy before and after  exposure to HU  for 6 hr.  Represen- 
tative photomicrographs  are shown in Figure 8. Cells 
transformed with  wild-type CDC2 undergo cell cycle ar- 
rest in HU and  are  elongated  (Figure 81)) compared to 
untreated cells (Figure 8a). However cells transformed 
with CI)(;2-770 o r  (;11(;2-871~ fail to elongate,  and as with 

- HU + H u  

CDC2 

CDC2-7w 

CDC2-8W 

FIGL'KI:. 8.-Hrmxln ( ;1)(2-i)v ; I I I ~  (;1)(2-S\~ allclcs cnter 
mitosis without  completing DSA replication. TE460 
(edc2::(:I)C2 hi.7 3-27 lntl-32 / I - ) ,  a human C1)(;2ycast strain 
i n  which the yeast crh-2 has been  replaced with the  human 
CDCZ (MKNKIIL and NL'RsK 1993a), was transformed with 
REP81 plasmids bearing wild-type or  mutant hrlman CDC2 
alleles. (;ells were grown to early mid-log phase in the absence 
of thiamine to derepress  the n m / l  promoter  and then HU 
was added to 10 m\l to half of each culture. Cells were incu- 
bated  for 6 hr  and  then fixed and stained with DAPI as de- 
scribed in Figure 3. Arrows indicate cuts. (a  and  b) CIlC2, (c 
and  d) cDc2-7rt1, ( e  and fJ (;IlC2-8?:1. 
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FIGL~RE 9.-Qrlantitative analvsis of checkpoint defect of 
CBC2-7ru and CfIc2-87~ alleles in fission  yeast. The  checkpoint 
defect of human CDC2 yeast strains  transformed with w i l d -  
type and mutant alleles of CXC2 was measured qlrantitatively. 
(A) Percentage of cut formation. The percentage of cells en- 
tering mitosis in the absence of DNA replication (cuts) was 
determined in samples prepared as dcscrihcd in Figure 8. (B) 
Loss of viability i n  cultures of CDC2 strains  transformed w i t h  
mutant o r  wild-type CDC2allcles was determined as tlcscribcd 
in Figure 4. 

the S. p m h ~  mutants, a high  proportion of cells initiate 
mitosis and septate with only one nucleus  (Figure 8, d 
and 0 .  These  resulh  are  presented quantitatively  in 
Figure 9A where  the  percentage of cuts  before and after 
HU  treatment is shown. Even in  the  absence of HU, 
cells transformed with the CDC2-7ru or  -87u were ex- 
tremely short, with high  number of binucleate cells and 
some  cuts  (Figure 8, c and  e; Figure  SA), although  the 
proportion of cuts was increased by treatment with HU. 
We also quantitatively  measured loss of viability of the 
transformant5 in HU by plating  aliquots of the  cultures 
after  various  lengths of time  in  HU. As shown in Figure 
9B, wild-type CDC2 transformants  remain viable after 6 
hr  of  incubation in HU  whereas 90% of C J ) C ~ - ~ J  and 
CDC2-8ru mutants  die. 

"hen  the  human CDC2-7roand CI)C2-870 mutants were 
expressed in TE461 (cdc2::CBC2  rdr25-22 hcl-32 hi~3-27 
h-) ,  a CDC2 strain with the temperature-sensitive rdc25- 
22 allele, cells were wee at 29". In contrast, cells trans- 
formed with  wild-type human CDC2were somewhat elon- 
gated, suggesting that, like the equivalent fission  yeast 

mutants, (2nC2-77~ and -871) mutations render cells inde- 
pendent of rdc25. However, we could not test their  abiliq 
to rescue rdr25-22 at 36", because expression of the mu- 
tants at  that  temperature was lethal even  in a strain con- 
taining wild-type cdr25+ (data  not  shown). 

These results establish that  the ERV or  K9E mutations 
in both  human CDC2 and fission  yeast rdcZ+ creates 
dominant, checkpoint-deficient alleles. I t  therefore 
seems likely that  the  introduction of CDC2-7ru or -87~~ 
into  human cells w i l l  also disrupt  checkpoint  control. 

DISCUSSION 

Mutation of conserved residues of ~ 3 4 ~ ' '  can abolish 
checkpoint  control  without  disrupting normal cell  divi- 
sion: To better  understand  checkpoint-dependent reg- 
ulation of pS4""', we have screened a library of cdr2 
mutants  for novel checkpoint-deficient alleles that per- 
mit normal cell division under  standard  conditions. Us- 
ing this approach we have reisolated  both the known 
checkpoint-deficient rdr2 alleles rdc2-37~ ( C 6 n )  and 
rdr2-4rt~ (C67F), which confirms  the effectiveness of our 
screen. In addition we have identified three novel 
checkpoint-deficient alleles, rdc2-6711 (N661), rdc,!?-770 
(E8V) and fdC2-8711 (K9E). Most of the  mutations were 
isolated more  than  once  independently suggesting  that 
the  screen is close to saturation  (Table 1). We did  not 
expect to identie cdr2-Fl5 mutants, as these are defec- 
tive for proliferation under standard  conditions, and 
we limited our analysis to  mutants  that grew normally 
in the  absence of HU. 

In addition  to  being checkpoint-defective, the new 
mutants  share several other distinctive phenotypes with 
"2-3ru. All of the  mutants  are small (or WPP),  and this 
is due to a reduction in the G2 phase of the cell cycle 
(Figure 5).  In addition,  the new mutants  render cells 
hypersensitive to loss of r u ~ e l +  activity (Figure 6) and 
independent of cdc25+ (Figure 7). These  genetic  inter- 
actions are  not a consequence of the  shortening of G2, 
as rdrZ-Ir~~, another wee allele of cdr2+, does  not  interact 
with ~ O P P ~ +  or  cdc25+ in this manner (RUSSELL and 
NURSE 1987). The similarities between cdc2-37i1, cdc2- 
~ U J ,  cdrZ-67u, rdc2-770 and cdr2-8ru suggests that all of the 
mutations  alter  checkpoint-dependent regulation of 
p34""' by the  same mechanism. 

In  contrast  to C67, the residues  altered in the new 
mutants  are conserved in other  members of the  cdk 
family. N661, the cdr2-6rumutation, alters a residue that 
is conserved in many kinases (HANKS and QUINN 1991). 
Another rdc2 mutant  altered  at this residue, cdc2-N66D, 
has previously been  described  (MACNEIIL  and NURSE 
199%). However unlike N661, this  mutation  does  not 
alter  regulation of p34'"' by cdc25. The checkpoint  phe- 
notype of this mutant is not  reported. E8V and K9E, 
the rdr2-7ru and cdr2-8u mutations,  alter  residues  that 
are  unique to a subfamily of cdks that  includes cdcZ+, 
CDC28, human CDC2 and CDKZ (Figure 1 ) , as well as 
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WD, WK5 and other members of the PSTAIRE  fam- 
ily. The residues are not conserved  in W K 4 ,  or in gen- 
eral  in other kinases (HANKS and QUINN 1991). Since 
the altered residues are located near the phosphory- 
lated  tyrosine  15,  they may be part of a phosphorylation 
consensus  sequence for a cdk  tyrosine  kinase.  This 
would explain why these  residues are mostly unique to 
cdks, as these are the only  kinases  known  to be regu- 
lated by tyrosine  15  phosphorylation.  However  tyrosine 
15  phosphorylation of ~34"" is reportedly  normal in 
cdc2-3w (GOULD et al. 1990), instead of reduced, as this 
model  would  predict. 

Alternatively, the mutations may prevent ~34"" '~  from 
interacting with unidentified  components of the S" 
checkpoint  machinery.  In  this  regard, it is interesting 
that the Aspergillus nidulans nimA kinase  is one of the few 
non-cdk  kinases that does  have E and K at  positions 8 
and 9.  However  in contrast  to the cdks,  position  15 in 
nimA is occupied by a nonphosphorylatable  residue,  phe- 
nylalanine.  Like cdc2+, nimA kinase  is a rate-limiting  reg- 
ulator of entry  into  mitosis (OSMANI et al. 1988) and may 
therefore  also  interact  with the S M  checkpoint  machin- 
ery,  even though  it is not regulated by tyrosine  kinases. 
If E8 and K9 residues are required  for  checkpoint  con- 
trol but not for  control of  tyrosine  phosphorylation, 
nimA-E8V and nimA-K9E mutations  would  be  predicted 
to  alter S" checkpoint  control in  Aspergillus, a hypothe- 
sis that is readily  testable. 

It is also interesting that E8 and K9 are not conserved 
in W K 4 ,  which  is  also regulated by tyrosine  phosphory- 
lation  (TERADA et al. 1995). If E8 and K9 are required 
for interactions with  tyrosine  kinases,  this  may  allow 
W K 4  to  be  regulated independently of W K 2  and CDC2 
by different tyrosine  kinases.  Alternatively,  if E8 and K9 
are required for interactions with the S" checkpoint 
machinery,  they may not be  necessary for W K 4  regula- 
tion,  since W K 4  is  believed to function during G1 in- 
stead of  G2. 

Residues  mutated in cdc2-w mutants are in two spa- 
t idy  separated  regions on the  three  dimensional 
CDK2/cyclin A structure: As discussed  above, it seems 
likely that the new mutations  cause the same  molecular 
defect as C67Y or C67F, the alterations found in cdc2- 
3w and cdc2-4w. To understand the molecular basis  of 
the mutant phenotype, we examined the location of  all 
the altered residues on the predicted three-dimensional 
structure of  CDK2/cyclin A. Figure  10 is a schematic 
representation of the location of each  mutation on a 
space-filling  model of  cyclin  A/CDK2 derived  from the 
crystallographic  coordinates (JEFFREY et al. 1995). In 
Figure lOA, the structure is oriented with the CDK2 
subunit (colored aqua) on the left and the cyclin A 
subunit (colored gray) on the right. The molecule is 
positioned so that we are looking into the ATP-binding 
cleft  (ATP  is dark green), with the PSTAIRE helix (dark 
blue) located  along  an axis that is perpendicular to the 
page. The T-loop is colored yellow.  [This  is approxi- 

~ 

" 

FIGURE 10.-Predicted  location of altered residues  in cdc2- 
w mutants on the three-dimensional structure of  CDK2/ 
CyclinA. Crystallography coordinates for the CDK2/cyclinA 
structure (JEFFREY et al. 1995)  were  generously  provided by 
Dr. NIKOLA PAVELITCH  of  Memorial Sloan-Kettering  Cancer 
Center. RasMol version  3.5  software was used  to generate a 
space-filling model of the complex, and the residues  equiva- 
lent to  those mutated in cdc2-w alleles were highlighted with 
distinctive  colors. The CDK2 subunit is colored aqua; the 
cyclin A subunit is  gray. The PSTAIRE helix (residues 43- 
57) is colored dark blue; the T-loop (residues 152-170) is 
colored yellow.  ATP  is dark green. The fission  yeast number- 
ing system  has been used to indicate the altered residues 
in the figure. The actual residues in CDK2 are N62 (N66), 
163(C67) and G139 (G146). The loops L2 (residues  10-14) 
L5 (residues 58-61) and L11 (residues 136-138) are colored 
white.  (A) The molecule looking into the ATP-binding  cleft. 
This is approximately the same orientation shown in Figure 
2a  ofJEFFREY et al. (1995). (B) The molecule rotated "180" 
about the axis perpendicular to the page. 

mately the same orientation as the ribbon structure 
shown inJEFFREY et al. (1 995), Figure  2a]. As can  be  seen 
in Figure lOA, E8 and K9 (shown in red) are solvent- 
accessible  residues at the end of Pl.  They are linked  to 
the phosphorylated  tyrosine, Y15 (orange) by the L2 
loop (shown  in white). C67 and N66  (shown in red in 
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Figure 10B) are located  at  the base  of  L5, (shown in 
white) a  loop  that  protrudes  out of the surface of the 
protein. Possibly the mutations  alter the configuration 
of  L5, thus  changing  the  shape of this surface of cdk. 
This may be particularly significant in S. pornbe, where 
L5  is unusually large (see Figure 1). 

It is clear from Figure 10 that  the  mutated residues 
map  to two separate  domains  on  opposite faces  of the 
protein  (in Figure 10B the structure is rotated  about 
the axis perpendicular  to  the page compared to A). 
However, our genetic analysis argues that all four resi- 
dues  are  required  for  the same molecular process. It is 
difficult to imagine an interaction with a single mole- 
cule involving such widely separated residues and also 
to  understand why no residues between these regions 
are  required.  Perhaps tyrosine kinases or components 
of the S M  checkpoint machinery wrap around  the cdk 
subunit making contacts with residues on  both sides of 
the molecule. Alternatively, in vivo two or more cdk/ 
cyclin complexes may be physically associated. Perhaps 
in such a multimeric structure N66 and C67 on  one 
cdk molecule are adjacent to E8 and K9 on a second 
molecule. 

There could also be  more trivial explanations  for 
these findings. As has been  mentioned,  the S. pombe 
~34'~' '  protein  structure is unique in the L5 region. 
Furthermore, when ~ 3 4 " ~ "  interacts with tyrosine ki- 
nases, it is found  in  a complex with  p56cdc'3 a B-type 
cyclin (HAYLES and NURSE 1995).  Thus  there may  be 
aspects of the p34"d"2/p56"dc'3 structure  that cannot be 
adequately modeled using the CDK2/cyclin A coordi- 
nates. It is also possible that,  despite the phenotypic 
similarities, the two classes of mutants  are  disrupting 
cell cycle control by different molecular mechanisms. 
For example,  alteration of N66 and C67,  which are  near 
the PSTAIFCE loop,  could  be affecting the cyclin/cdk 
interaction directly and thus somehow indirectly reduc- 
ing  the interaction with tyrosine kinases or the S" 
checkpoint machinery while the E8 and K9 mutations 
could be directly disrupting  interactions with tyrosine 
kinases. 

We also examined  the location of the residue altered 
in cdc2-lw (G146 in cdc2+, G139 in CDK2). Although 
the cdc2-lw mutation  does not alter  checkpoint  control, 
it  must  interact abnormally with some cell  cycle regula- 
tors since the length of  G2 is also reduced in this mu- 
tant. As shown in Figure 10B, like C67 and N66, GI46 
(shown in magenta  in Figure 10B) is located at  the base 
of a solvent-accessible loop,  in this  case L11 (shown in 
white). Interestingly, the  altered residue is fairly near 
C67 and N66 again suggesting that this surface of the 
protein may be involved in  interactions with G2/M cell 
cycle regulators. 

Construction of  checkpoint-defective  alleles of hu- 
man CDC2: Because the ESV and K9E mutations  alter 
conserved residues of p34"&',  we were able to construct 
equivalent human W C 2  mutants, which we call W C 2 -  

7w and W C 2 - 8 w .  Since human W C 2  can fully replace 
cdc2+ in fission  yeast (MACNEILL and NURSE 1993a) 
we were able to introduce plasmid-born copies of the 
mutant alleles into W C 2  yeast and show that  the mu- 
tant alleles disrupt  the S M  checkpoint in a  dominant 
fashion (Figure 8 and  9). MAcNEILL and NURSE have 
previously attempted  to  generate  checkpointdeficient 
alleles of human CDC2 by constructing alleles that were 
equivalent to cdc2-3w and cdc2-4w ( W C 2 - I 6 3 Y  and 
WC2-I63F) .  However, expression of these mutants  did 
not alter cell cycle control when they were introduced 
into W C 2  yeast, perhaps because, as  previously  dis- 
cussed, the  entire L5 regions is not well conserved be- 
tween the yeast and  human proteins (MACNEILL and 
NURSE 1993a). 

In  contrast to the fission  yeast cdc2-w mutants,  the 
W C 2 - 7 w  and W C 2 - 8 w  disrupt  normal cell division to 
some extent in the absence of HU. At  29" the cells 
are very small, there  are many binucleate cells and a 
significant proportion of cuts (Figure 8, c and  e; Figure 
9A). At  36" the transformants are inviable and  appear to 
be  going  through mitotic catastrophe. This phenotype 
resembles the phenotypes of other fission  yeast strains 
such as cdc2-Fl5, cdc2-3w wee 1-50 or rnikl weel-50. Re- 
placement of the fission  yeast cdc2-t gene with  wild- 
type W C 2  has been shown to  render fission  yeast  wee, 
probably because fission  yeast regulators interact less 
efficiently with the  human  protein (MAcNEILL and 
NURSE 1993a). The checkpoint  defect in W C 2 - w  mu- 
tants,  combined with  this intrinsic tendency of the hu- 
man protein to be  deregulated in fission  yeast, may 
explain the relatively  severe phenotype of these mu- 
tants. It seems likely that expression of W C 2 - 7 w  and 
W C 2 - 8 w  will have a less significant effect on cell divi- 
sion in  human cells, since the proteins will come under 
the  control of their  natural regulators. 

The role of W C 2  in  checkpoint  control in other 
eukaryotic cells has previously been  studied by introduc- 
ing plasmids bearing W C 2 - F l 5  mutants into cultured 
cells. Transfected cells undergo  abnormal mitoses that 
cannot be blocked by inhibitors of DNA replication, 
indicating  that this mutation completely disrupts cell 
cycle control,  much like the S. pornbe cdc2-F15 mutant 
(KREK and NIGG 1991; HEALD et nl. 1993).  It could be 
useful to have W C 2  mutants  that  disrupt  checkpoint 
control  more specifically. We have demonstrated  that 
plasmid-born W C 2 - 7 w  or W C 2 - 8 w  alleles disrupt 
checkpoint  control  in  a yeast carrying a chromosomal 
copy  of  wild-type human W C 2 .  It  therefore seems likely 
that expression of these mutant alleles will also disrupt 
checkpoint  control  in other eukaryotic cells. 
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