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A new human p34 protein kinase, CDK2, identified by
complementation of a cdc28 mutation in
Saccharomyces cerevisiae, is a homolog of Xenopus
Egl
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The onset of S-phase and M-phase in both Schizosac-
charomyces pombe and Saccharomyces cerevisiae requires
the function of the cdc2/CDC28 gene product, p34, a
serine-threonine protein kinase. A human homolog,
p34CdC2, was identified by functional complementation of
the S.pombe cdc2 mutation (Lee and Nurse, 1987). Using
a human cDNA expression library to search for
suppressors of cdc28 mutations in S.cerevisiae, we have
identified a second functional p34 homolog, CDK2
cell division kinase). This gene is expressed as a 2.1 kb
transcript encoding a polypeptide of 298 amino acids.
This protein retains nearly all of the amino acids highly
conserved among previously identified p34 homologs
from other species, but is considerably divergent from
all previous p34Cd homologs, - 65% identity. This gene
encodes the human homolog of the Xenopus Egi gene,
sharing 89% amino acid identity, and defines a second
sub-family of CDC2 homologs. A second chromosomal
mutation which arose spontaneously was required to
allow complementation of the cdc284 mutation by CDK2.
This mutation blocked the ability of this strain to mate.
These results suggest that the machinery controlling the
human cell cycle is more complex than that for fission
and budding yeast.
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Introduction
In the last several years it has become increasingly clear that
the basic mechanisms which regulate the cell cycle have been
conserved throughout the evolution of eukaryotes, from yeast
to humans. Of particular importance is the finding that a

number of the proteins controlling these mechanisms are

interchangeable from one organism to another. One of these
proteins, the CDC28/cdc2 protein kinase, plays a critical
role in cell division control in eukaryotes. In the yeast cell
cycle, the induction of both DNA synthesis (S-phase) and
mitosis (M-phase) requires this serine -threonine-specific
protein kinase which is the product of the CDC28 gene in
Saccharomyces cerevisiae (Hartwell et al., 1974; Reed,
1980; Lorincz and Reed, 1984) and the cdc2 + gene in
Schizosaccharomyces pombe (Nurse and Bissett, 1981). It
has been suggested that p34cdc2 performs these mutually
exclusive functions by phosphorylating different sets of
substrates through a cell cycle phase-dependent association
with different proteins that alter its substrate specificity
and/or catalytic efficiency (Pines and Hunter, 1990b).
These proteins are known as cyclins and their abundance
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varies through the cell cycle (Evans et al., 1983; Swenson
et al., 1986; Standart et al., 1987; Nash et al., 1988;
Westendorf et al., 1989; Pondaven et al., 1990; Wittenberg
et al., 1990).

In higher eukaryotes, an essential role for the kinase
activity has been demonstrated at the G2 to M-phase
transition by several criteria. Microinjection of antibodies
against a human homolog, p34cdc2Hs, arrests cells in G2
(Riabowol et al., 1989), a temperature sensitive mutation
in the mammalian CDC2Hs gene arrests cells at the G2-M
phase boundary at the non-permissive temperature and this
arrest can be suppressed by expression of the wild-type
human protein (Th'ng et al., 1990). Further supporting
evidence for a role in G2 is that the CDC2Hs gene is cell
cycle regulated at the level of transcript abundance, being
maximally expressed in G2 (McGowan et al., 1990). In
addition, the HI kinase activity of the CDC2Hs containing
complex is maximally active in G2 (Draetta and Beach,
1988). Although a role in G2 has been demonstrated for
p34cdc2 in mammalian cells, its role in GI has yet to be
clearly demonstrated. It is possible that this protein is specific
for G2 and that other p34 homologs exist which have roles
in other stages of the cell cycle. This work discusses the
identification of a new human cdc2 homolog suggesting that
the regulation of the human cell cycle is more complex than
the cycle of yeast.

Results
Isolation of human cDNAs capable of suppressing the
conditional lethal phenotype of the cdc28-4 mutation
in S.cerevisiae
A number of cell cycle regulatory genes have been
cloned in yeast by overproduction suppression of mutant
phenotypes. For example, CLNJ, CLN2 and CKSJ were
originally identified as dosage-dependent suppressors of
cdc28 mutations in S. cerevisiae (Hadwiger et al., 1989a,b).
The sucl + gene from S.pombe was identified in a similar
manner as a suppressor of certain cdc2 alleles (Hayles
et al., 1986). We sought to exploit the evolutionary
conservation of function among cell cycle regulatory proteins
to identify mammalian proteins capable of suppressing
temperature-sensitive cdc28 mutations. A human cDNA
library was constructed in the yeast cDNA expression vector
X YES-R (Elledge et al., 1991) from mRNA prepared from
EBV transformed human peripheral lymphocytes. X YES-R
is a cDNA expression vector containing the URA3, ARS]
and CEN4 sequences for selection and replication in yeast
and bla and pBR322 ori sequences for replication and
selection in Escherichia coli. cDNAs inserted into X YES-R
come under the control of the GAL] promoter. 1 x 107
independent recombinants were obtained, amplified, and
converted into plasmids by cre-mediated automatic excision
as described. This library was transformed into the yeast
strain Y1O (cdc28-4), pooled, a,nd grown at 30°C in liquid
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minimal media lacking uracil with glucose as a carbon
source. Approximately 106 independent transformants were
obtained in this experiment. Cells were plated on YP
galactose plates, incubated at 300C for 5 h to induce the
GALI promoter, and then transferred to the non-permissive
temperature, 350C, and incubated for 3 days. Twenty-four
colonies which grew at 350C were tested for plasmid
dependence of the suppression phenotype by measuring their
ability to grow on complete minimal media supplemented
with 5-fluoro-orotic acid (5-FOA) at 300C and 35°C. 5-FOA
selects against cells expressing the URA3 gene (Boeke et al.,
1988). Since minichromosomes containing centromeres are
not as stable as larger chromosomes, a fraction of cells in
each colony, 5 %, have lost the plasmid and can grow
on media containing 5-FOA. Twenty clones were able to
grow on 5-FOA at 30°C but not at 35°C and were chosen
for further study.
These clones fell into two general classes based on growth

rates. Class 1 had 18 members and grew at rates similar to
wild-type CDC28 strains. Class 2 had two members and
grew slowly at 35°C, but equally well as class 1 clones at
30°C on galactose. Representatives of these classes are
shown in Figure 1 grown under selective and non-selective
conditions. Both classes showed plasmid dependence for
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growth at 35°C and galactose dependence, indicating that
the suppressing function was under the control of the GAL]
promoter which is repressed by the presence of glucose. Four
class 1 clones were not galactose dependent for growth at
35°C. Plasmid DNAs were recovered from the yeast clones
by transformation into E. coli. Restriction mapping coupled
with DNA hybridization analysis revealed that the clones
fell into the two classes which precisely corresponded to the
growth rate classes. Class 1 clones had insert sizes ranging
from 1.0 kb to 1.6 kb. Both class 2 members each had
2.0 kb inserts. These classes did not show cross hybridization
at high stringency. A class 1 clone with a 1.6 kb insert,
pSE999, and a class 2 clone, pSEIOOO, were chosen for
further study.

DNA sequence analysis reveals that class 2 cDNAs
encode a new human p34 homolog
XhoI adaptors were added to the cDNAs as part of the
library generation method and neither pSE999 nor pSE1000
contained an internal XhoI site. The entire cDNA from each
plasmid was introduced into pBS KS' and pBS KS- as
XhoI fragments and sequenced by the generation of nested
deletions as described previously (Elledge and Davis, 1987).
Since it was known that the human p34 homolog identified

Fig. 1. Complementation of the cdc28-4 mutation by pSE998 (CDC28), pSE999 (CDC2Hs) and pSE1000 (CDK2). The key to the left of the plates
is a guide to the location of the strains on the plates to the right. Position 1, Y10 containing pSE998, a clone of the S.cerevisiae CDC28 gene;
position 2, Y1O alone; position 3, Y60 containing pSE999 (CDC2Hs); position 4, Y60 alone; position 5, Y61 containing pSE1000 (CDK2); position
6, Y61 alone. The strains lacking a plasmid were derived from the strain containing the plasmid by growth on media containing 5-FOA. The carbon
source for each row is indicated to the left of the row. Other essential nutrients were provided by yeast extract and peptone. The temperature at
which each column of plates was grown is indicated at the top of the column.
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by Lee and Nurse (1987) through complementation of the
S.pombe cdc2 mutation would also complement the S.
cerevisiae cdc28 mutation (Wittenberg and Reed, 1989), we
anticipated isolation of this class of cDNA insert. DNA
sequencing analysis revealed that the class 1 cDNA was
identical to the p34cdc2 gene as described previously
(Elledge et al., 1991) and will not be discussed further
here. The nucleotide sequence of class 2 cDNAs (Figure
2) predicts a protein of 298 amino acids. This protein shows
significant homology to p34 proteins isolated from a number
of organisms (Figure 3). Long stretches of amino acid
identity are shared among all members of this gene family.
In particular the new human homolog shares identity in the
ATP-binding site in the amino-terminal region, residues
11-20, and in the EGVPSTAIRELLKE region, residues
42-56. This second region has significance because anti-
peptide antibodies to this region have been used frequently
to identify the human p34 protein. The most divergent
portion of these homologs is located in the central portion
of these proteins, amino acids 64-117, and the carboxy-
terminal portion beyond amino acid 243. We have named
this protein homolog p34cdk2 and the gene CDK2 (cell
division kinase) to distinguish it from the homolog discovered
by Lee and Nurse (1987).
Amino acid sequence alignment shows that p34 proteins

now fall into at least two sub-families based on sequence
identity. One sub-family consists of the original CDC2Hs,
and the proteins from Drosophila, mouse and chicken. The
second consists of CDK2, Xenopus Egl (Paris et al., 1991),

M E N F Q K V E K I G E G T Y

and possibly the Drosophila 2c protein (Lehner and
O'Farrell, 1990). CDK2 and Egl are clearly in the same
group being 89% identical (Table I), suggesting a possible
functional difference with the CDC2Hs class. Placement of
the Drosophila 2c protein into this class is less clear because
although it is more homologous to CDK2 (63%) and Egi
(65%) than to CDC2Hs (57%), it shows no more overall
similarity to the CDK2 class than members of the CDC2Hs
class do to the CDK2 class (-64%). One fact suggesting
that 2c may be a member of the CDK2 class is that there
are 17 amino acid positions at which CDK2, Egl and 2c
are completely conserved and different from the CDC2Hs
class, and one position where an amino acid is deleted,
although two are deleted in 2c and only one in EgI and
CDK2. The isolation of additional homologs from other
organisms will allow the more precise definition of CDC2
kinase subclasses.

Expression of CDK2 in human cell lines
It was important to demonstrate that CDK2 was of human
origin and not a result of library contamination. Thus, to
identify the message in other cell lines of human origin and
to determine the message size and potential complexity of
the CDK2 gene, RNA blot analysis was performed.
Poly(A)+ mRNA was isolated from Hep 3B2, a human
liver cell line (Aden et al., 1979), fractionated on a 1%
agarose-formaldehyde gel, blotted to nitrocellulose and
hybridized with radioactive CDK2 and CDC2Hs cDNAs at
high stringency (Figure 4). A unique 2.1 kb transcript was

3GAGTTGTGTACAAAGCCAGAAACAAGTTGACGGG 80
G V V Y K A R N K L T G 27

AGAGGTGGTGGCGCTTAAGAAAATCCGCCTGGACACTGAGACTGAGGGTGTGCCCAGTACTGCCATCCGAGAGATCTCTC 160
E V V A L K K I R L D T E T E G V P S T A I R E I S 53

TGCTTAAGGAGCTTAACCATCCTAATATTGTCAAGCTGCTGGATGTCATTCACACAGAAAATAAACTCTACCTGGTTTTT 240
L L K E L N H P N I V K L L D V I H T E N K L Y L V F 80

GAATTTCTGCACCAAGATCTCAAGAAATTCATGGATGCCTCTGCTCTCACTGGCATTCCTCTTCCCCTCATCAAGAGCTA 320
E F L H Q D L K K F M D A S A L T G I P L P L I K S Y 107

TCTGTTCCAGCTGCTCCAGGGCCTAGCTTTCTGCCATTCTCATCGGGTCCTCCACCGAGACCTTAAACCTCAGAATCTGC 400
L F Q L L Q G L A F C H S H R V L H R D L K P Q N L 133

TTATTAACACAGAGGGGGCCATCAAGCTAGCAGACTTTGGACTAGCCAGAGCTTTTGGAGTCCCTGTTCGTACTTACACC 480
L I N T E G A I K L A D F G L A R A F G V P V R T Y T 160

CATGAGGTGGTGACCCTGTGGTACCGAGCTCCTGAAATCCTCCTGGGCTCGAAATATTATTCCACAGCTGTGGACATCTG 560
H E V V T L W Y R A P E I L L G S K Y Y S T A V D I W 187

GAGCCTGGGCTGCATCTTTGCTGAGATGGTGACTCGCCGGGCCCTGTTCCCTGGAGATTCTGAGATTGACCAGCTCTTCC 640

S L G C I F A E M V T R R A L F P G D S E I D Q L F 213

GGATCTTTCGGACTCTGGGGACCCCAGATGAGGTGGTGTGGCCAGGAGTTACTTCTATGCCTGATTACAAGCCAAGTTTC 720
R I F R T L G T P D E V V W P G V T S M P D Y K P S F 240

CCCAAGTGGGCCCGGCAAGATTTTAGTAAAGTTGTACCTCCCCTGGATGAAGATGGACGGAGCTTGTTATCGCAAATGCT 800
P K W A R Q D F S K V V P P L D E D G R S L L S Q M L 267

GCACTACGACCCTAACAAGCGGATTTCGGCCAAGGCAGCCCTGGCTCACCCTTTCTTCCAGGATGTGACCAAGCCAGTAC 880
H Y D P N K R I S A K A A L A H P F F Q D V T K P V 293

CCCATCTTCGACTCTGATAGCCTTCTTGAAGCCCCCGACCCTAATCGGCTCACCCTCTCCTCCAGTGTGGGCTTGACCAG 960
P H L R L * * 298

CTTGGCCTTGGGCTATTTGGACTCAGGTGGGCCCTCTGAACTTGCCTTAAACACTCACCTTCTAGTCTTAACCAGCCAAC 1040

TCTGGGAATACAGGGGTGAAAGGGGGGAACCAGTGAAAATGAAAGGAAGTTTCAGTATTAGATGCACTTAAGTTAGCCTC 1120

CACCACCCTTTCCCCCTTCTCTTAGTTATTGCTGAAGAGGGTTGGTATAAAAATAATTTTAAAAGCCTTCCTACACGT 1200

TAGATTTGCCGTACCAATCTCTGAATGCCCCATAATTATTATTTCCAGTGTTTGGGATGACCAGGATCCCAAGCCTCCTG 1280

CTGCCACAATGTTTATAAAGGCCAAATGATAGCGGGGGCTAAGTTGGTGCTTTTGAGAATTAAGTAAAACAAAACCACTG 1360

GGAGGAGTCTATTTTAAAGAATTCGGTTAAAAAATAGATCCAATCAGTTTATACCCTAGTTAGTGTTTTCCTCACCTAAT 1440

AGGCTGGGAGACTGAAGACTCAGCCCGGGTGGGGGT

Fig. 2. The CDK2 cDNA sequence and deduced amino acid sequence. The deduced amino acid sequence (298 amino acids) of the putative protein is
shown in single letter code below the cDNA sequence. The sequence shows the first 1476 nucleotides from the ATG, the remaining 600 nucleotides
of the 3' untranslated region were not sequenced in their entirety and are not shown.
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* * * * *

M E NFQKVEKIGEGTYGVVYKARNK LTGE WVALKKIRLDTETEGVPSTAIREISLLKELNHP N 62
- -R E--- I-

- - DYT-I-------------G-H- T--Q ---M-----ES-E-----------------R-- -
- - DYI-I-------------G-HR V--Q I--M-----ES-E-----------------R-- -
- - DYT-I-------------G-H- T--Q ---M-----ES-E-----------------H-- -
- - D-E-I-------------G--R ---Q ---M-----EDDE-----------------K-E -
-TTILD---RA---------I-----TN S--Q D--------EG-----------------N-K-- -
- - -Y------------------H- -S-R I--M-----ED-S-----------------V-DENNRS-
-SG-LA-YKRL--V-----------LDLRPGQ-QR---------ES-D-----------------KDD -

* *

IVKLLDVIHTEN KLYLVFEFLHQDLKKFMDA SALTGI PLPLTKSYLFQLLQGLAFCHSHRVLHRDLKPQ 131
------------ ---------N--------G -NIS-- S-A-V---------------------------
--S-Q--LMQDS R---I----SM----YL-SIPPGQYM DSS-V----Y-I---IV----R----------
--S-Q--LMQDS R---I----SM----YL-SIPPGQFM DSSTV----H-IM--IV----R----------
--C-Q--LMQDA R---I----SM----YL-TIPSGQYL DRSRV----Y-I---IV----R----------
--C-E--LME-- RI--I----SM----Y--SLPVDKHM ESE-VR---Y-ITSAIL----R----------
V-Q-F--V--SG- N--MI--Y-NM----L--K KKDVF TPQ-----MH-I-DAV----TN-I--------
C-R---IL-A-S ---------DM----Y--RI-ETGATSLDPR-VQKFTY--VN-VN----R-II-------
--R-Y-IV-SDAH---------DL---RY-EGIPKDQPLGAD IV-KFMM--CK-I-Y-----I--------

* * * * * *

NLLINTEGAIKLADFGLARAFGVPVRTYTHEVVTLWYRAPEILLGSKYYSTAVDIWSLGCIFAEMVTRRALFP 204
-----SD----------------T---F-----------------C-F-----------------I-------
----DDK-T-------------I-I-V-----------S--V----AR---P-----I-T----LA-KKP--H
----DDK-T-------------I-I-V-----------S--V----AR---P-----I-T----LA-KKP--H
----DDK-V-------------I---V-----------S--V----AL---P-----I-T----LA-KKP--H
----DKS-L--V-----G-S--I---1----I---------V----PR--CP-----I-------A--KP--Q
---VD-A-K------------N--M-A------------------T-F---G----------S--IM--S---
----DK--NL---------S----L-N----I--------------RH---G-----V-------IR-SP---
-----KD-NL--G----------L-A----I-------------G-Q---G-----I-------CN-K-I-S

* * *

GDSEIDQLFRIFRTLGTPDEVVWPGVTSMPDYKPSFPKWARQDFSKVVPPLDEDGRSLLSQMLHYDPNKRISA 277
---------------------S-----T-----ST----I----------------D--A---Q--S------
-------------A----NNE---E-E-LQ---NT----KPGSLASH-KN---N-LD---K--I---A----G
-------------A----NNE---E-E-LQ---NT----NPGSLASH-KN---NCLDF--K--V---A----G
-------------A----NND---D-E-LQ---NT----KPGSLGTH-QN---D-LD---K--I---A----G

N---M--I-K--T-DI----L-----NT--C-STNQLTNQLKN--AN-ID-I-K--I---VH----
--------Y------S----TN-----GL--F-TK--R-E GTNMPQ-ITEHEAHE-IMS--C----L----
------EI-K--QV----N-E------LLQ---ST--R-K-M-LH-----NGE--AIE---A--V---AH----
---------K---A----N-AI--DIVYL--F-----R-K-M-H-----S--PRGID--DKL-A---IN----

* *

KAALAHPFFQDVTKPVPHLRL 298
-V--T----R--SR-T---I
-M--N--Y-N-LDNQIKKM
-M--K--Y-D-LDNQIKKM
-M--N--Y-D-LD-STLPAN-IKKF
-DI-E--Y-NGFQSGLVRN
-D--Q-AY-RN-QH -D-VA-PVDPNAGSASRLTRLV
-R--QQNYLR-FH
RR-AI--Y--ES

Fig. 3. Comparison of the amino acid sequence of the human CDK2 protein with p34cdc2 homologs from humans (Lee and Nurse, 1987), Xenopus
(Paris et al., 1991), mouse (Spurr et al., 1990), chicken (Krek and Nigg, 1989), Drosophila (Jimenez et al., 1990; Lehner and O'Farrell, 1990),
S.pombe (Hindley and Phear, 1984) and S.cerevisiae (Lorincz and Reed, 1984). Sequences were aligned by eye for maximal homology with the
minimum number of gaps. Dashes represent identities, spaces in the sequence indicate positions of insertions or deletions in one of the homologs.

observed for CDK2, roughly corresponding to the size of
the cDNA isolated by complementation. Two mRNA species
were apparent for CDC2Hs in accordance with published
reports. Three other human cell lines were tested for CDK2
expression: CEM cells, a B-cell line, MOLT-4, a T-cell line
and HeLa cells. All four cell lines gave an mRNA species
of 2.1 kb (data not shown). This confirms that CDK2 is of
human origin and is derived from a 2.1 kb polyadenylated
transcript. Furthermore it is expressed in all human cell lines
tested.

A spontaneous mutation in Y10 allows CDK2 to
complement cdc28 mutations
Complementation was shown to be plasmid dependent as

described above. It was anticipated that upon reintroduction
of the plasmids into Y1O, complementation of the cdc28-4
mutation would be observed. However, this was not the case.

Class 1 clones showed very weak complementation, and class
2 clones completely failed to complement. To investigate
this further, strains isolated by complementation were grown

on 5-FOA at the permissive temperature to select for isolates
that had lost the pSE999 and pSE1000 clones. Both these
strains, Y60 and Y61 respectively, became uracil auxotrophs
and temperature sensitive for growth, restoring the properties
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Table I. Percentage identity between p34 homologs

Gene % identity % identity
to CDK2 to CDC2Hs

CDK2 100 66
CDC2Hs 66 100
Xenopus Egi 89 64
Mouse 67 96
Chicken 65 93
Drosophila 63 72
Drosophila 2c 65 57
S.pombe 66 66
S. cerevisiae 65 66

Percentage identities were calculated by subtracting the number of
amino acid substitutions according to the alignment in Figure 3 from
the total number of amino acids in common between the two proteins,
ignoring internal amino acid gaps and carboxy-terminal length
differences.

of the parent strain Y10. Introduction of pSE999 or pSEl000
into either of these strains could rescue the temperature
sensitivity phenotype when grown with galactose as a carbon
source but failed to rescue when glucose was used as a
carbon source. Furthermore, pSE999 showed more complete

S.J.Elledge and M.Spottswood
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Probe CDK2 CDC2Hs

2.1 kb --i

1.4kb

not dependent upon the cdc28-4 mutation, because introduc-
tion of a plasmid carrying CDC28, pSE998, failed to restore
the ability to mate. Further analysis will be required to deter-
mine the nature of the suppressing mutation(s) and whether
the same mutation is responsible for both the suppression
and sterility.

es

Fig. 4. Expression of CDC2Hs and CDK2. Poly(A)+ RNAs from Hep
3B2 cells were probed on Northern blots with a CDK2 probe (lanes 1

and 2) or CDC2Hs probe (lanes 3 and 4) as indicated. Lanes 1 and 2
each contain 5 ug of poly(A)+ Hep 3B2 RNA from two different
preparations of Hep 3B2 RNA. After probing with CDK2, the filter
was stripped and subsequently probed with a CDC2Hs probe.

complementation of the cdc28-4 allele in Y60 and Y61
than in Y10.
One possible explanation for the difference between the

ability of pSE999 and pSE1000 to complement YIO could
be the expression levels of the clones. The adaptor method
employed for construction of the cDNA libraries used for
complementation generated a small inverted repeat of 19 bp
at the ends of 50% of the cDNAs (Elledge et al., 1991) that
may alter the translational context of particular clones.
cDNAs from both pSE999 and pSEI000 contained this 19 bp
repeat and have differing amounts of 5' untranslated regions.
Either or both of these could contribute to differential
translation of these clones. To minimize potential trans-
lational differences due to differing translational contexts,
polymerase chain reaction (Saiki et al., 1988) was used to
create versions of these clones that removed the adaptor and
provided identical 5' untranslated regions. These clones
showed properties identical to pSE999 and pSEIOOO with
respect to complementation of YIO and Y61 (data not
shown), suggesting that the complementation difference was

not due to a variation in the translational context of the two
messages. However, the new version of CDK2, pSE1037,
appeared to provide better complementation of Y61 as

measured by larger colony size at the non-permissive
temperature. Furthermore, the amount ofmRNA from cells

bearing each construct grown on galactose was quantified
and found to be equal, ruling out differential RNA expression
or stability (data not shown).
The mutation allowing CDK2 to complement cdc28-4 is

likely to have arisen spontaneously in the culture prior to
the introduction of the library because multiple independent
transformants had acquired the ability to be complemented
by CDK2. To determine whether the mutations in these
strains were linked to cdc28-4 or were dominant or recessive,
we attempted to mate Y60 and Y61 with different haploids
to produce diploids for genetic analysis. However, both

strains were sterile, failing to mate with strains of either
mating type. They also failed to sporulate on sporulation
media suggesting that they are not diploids. The sterility was

CDC2Hs and CDK2 can complement a null mutation
in CDC28
A second possible explanation for the differential ability of
pSE999 and pSEIOOO to complement the cdc28-4 mutation
is that CDK2 cannot compete efficiently with the mutant
cdc28-4 protein for a common subunit of the kinase. In this
scenario, the mutant protein encoded by cdc28-4 would block
the ability of CDK2 to complement in a dominant negative
fashion. To test this hypothesis, we assessed the ability of
each human kinase to complement a cdc28 null mutation.
A diploid, Y62, was constructed that was heterozygous for
an insertion in CDC28, cdc28::TRP1. pSE999 and pSE1000
were introduced into Y62 and subsequently sporulated.
Tetrads were dissected and allowed to germinate on
YP galactose medium at 30°C. CDC2Hs was able to com-
plement the cdc28 null mutation; however, CDK2 was not
(Table H), suggesting that if a dominant negative relationship
did exist, it was not the sole block to complementation.

Twice, in the analysis of positions that failed to grow into
colonies from the tetrad analysis of Y62 pSE1000, a micro-
colony of - 100 cells would appear. Micromanipulation of
cells from these microcolonies to unique positions revealed
that - 50% of these cells would double once approximately
every 30 h. We were unable to establish a strain from
these cells that would grow faster to analyze the plasmid
content of these cells, although at least one of the sister spore
clones in each tetrad that generated these microcolonies was
a uracil auxotroph suggesting that there was a possibility that
these cells contained the pSE1000 plasmid. Microcolonies
of this nature were not observed from the tetrad analysis
of Y62 alone.
The presence of microcolonies suggested the possibility

of weak complementation. Since pSE1037 showed a slightly
better complementation of cdc28-4 than pSEIOOO, further
tetrad analysis was performed using pSE1037 in the Y62
background. In general, pSE1037 failed to show complemen-
tation at the rate anticipated for co-segregation of the plasmid
with the cdc28::TRPI allele. However, we recovered two
tetrads out of 20 in which three colonies grew. In these
tetrads, two colonies were large, and one was small. The
small colonies were Trp+, galactose dependent, and
sensitive to 5-FOA indicating that the cells contained
pSE1037 and that it was essential for growth. Southern
analysis confirmed that the strains contained the cdc28::TRP1
allele and lacked the wild-type CDC28 gene (data not
shown). The fact that complementation of the null allele of
CDC28 did not occur at the rate anticipated may reflect a
failure to efficiently complement the germination role of
CDC28, or perhaps complementation depended on a spore
receiving two copies of the plasmid instead of one, a rarer
event. Although the CDK2 gene on pSE1037 was derived
from PCR and may have a PCR induced mutation, we think
that the difference between it and pSEIOOO's ability to

complement the null mutation is more likely to be due to
differences in expression levels because CDK2 driven by a

GAL promoter on a 2-micron plasmid vector was found to
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Table H. Complementation of cdc28::TRPJ null mutants by CDC2Hs and CDK2

Strain Number of viable spores Number of tetrads Genotype
per tetrad observed tplura3 7RPIURA3 trpIURA3 7RPlura3

Y62 (pSE1000) 4 0 0 0 0 0
(CDK2) 3 0 0 0 0 0

2 19 20 0 18 0
1 2 1 0 1 0

Y62 (pSE999) 4 6 12 12 0 0
(CDC2Hs) 3 13 14 12 13 0

2 5 1 1 8 0
1 0 0 0 0 0

Y62 (CDC28/cdc28::TRP1) strains bearing either pSE999 (CDC2Hs) or pSE1000 (CDK2) were sporulated. Tetrad analysis was performed on the
meiotic products and spores were allowed to germinate on YP media with 21% galactose as a carbon source. All strains recovered with the
TRPIURA3 genotype were found to die on media containing 5-FOA, indicating that the plasmid in these strains is essential for viability.

complement a cdc28 null (J.Tsuji and K.Matsumoto,
personal communication).

In an attempt to isolate further suppressors of CDK2 that
would allow complementation of cdc28-4 alleles, we
introduced pSEIOOO into a cdc28-4 background, Y82, with
genetic markers more amenable to later genetic analysis than
YIO. Surprisingly, CDK2 was capable of complementing
the temperature sensitivity of this strain on galactose media,
unlike YlO. This result suggests that the strain background
may have a profound influence on the ability to observe
complementation.

Discussion
The primary observations of this study are that human cells
contain at least two functional cdc2-like genes, each of which
is capable of complementing some or all of the defects
associated with the cdc284 mutation. Because CDK2 can
perform nearly all of the functions of the CDC28 protein
in budding yeast it is reasonable to assume that it performs
a similar role to CDC28 in controlling the human cell cycle.
This conclusion is supported by the structural similarity
between the genes both in homology and size of the proteins.
The presence of this protein in mammalian cells has yet to
be demonstrated but will be tested once specific antisera are
generated. However, evidence for a second cdc2-like protein
has appeared in the literature. Pines and Hunter have shown
that immunoprecipitation of cyclin A also brings down a
33 kDa phosphoprotein that cross-reacts with antipeptide
antibodies directed against the PSTAIRE region of CDC2Hs,
but which is not recognized by antisera directed against the
carboxy terminus of CDC2Hs (Pines and Hunter, 1990a).
Furthermore, this protein has a very similar fragmentation
pattern to p34cdc2Hs when cleaved with N-chlorosuccinimide
which cleaves after tryptophan residues, but a distinct pattern
when treated with trypsin which cleaves after arginine and
lysine residues. It is possible that CDK2 encodes this protein
because it has a similar size, shares conservation of all four
tryptophan residues, has a distinct trypsin fragmentation
pattern, and has a divergent carboxy terminus that would
not be recognized by antipeptide antisera directed against
the carboxy terminus of CDC2Hs.
What are the roles of these cdc2+ homologs in the

human cell cycle? The most likely points of action during
the human cell cycle are analogous to start and the control
of mitosis in S.cerevisiae and S.pombe, in late G1 at the
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R-point and in late G2 at the beginning of mitosis. Studies
of the function of CDC2Hs in mammalian cells point to a
role in mitosis. A ts mutation in the CDC2Hs gene in the
FT21O cell line gives a G2 arrest at the non-permissive
temperature. The CDC2Hs transcript shows cell cycle
regulation being maximally expressed in G2 and gives
further, though circumstantial, support for a role in G2.
Interestingly, however, although the message fluctuates, the
protein level remains constant. This may be due to the
inability to distinguish between the various homologs.
Evidence for a role in mitosis has been generated by antibody
injection studies. There is also evidence for a role in S-phase
demonstrated in vitro in oocyte extracts by depletion studies
(Blow and Nurse, 1990); however, these experiments cannot
rule out a role for indirect inhibition of DNA synthesis by
depletion of a cdc2 associated factor, not the cdc2 protein
itself. However, based on the genetics in yeast and the
relatedness of eukaryotes, it is quite likely that these proteins
will have roles in G1 and G2 transition points. The question
then becomes why do human cells have multiple cdc2-like
genes and what are their precise functional roles. Are they
expressed in different tissues or at different times in develop-
ment, or at different times in the cell cycle? Do they associate
with different proteins to control the phosphorylation of
different substrates? Do they control different transition
points? It is likely that they do not have completely over-
lapping functions because ts mutants in the CDC2Hs gene
which give a conditional mitotic arrest phenotype can be
overcome by the CDC2Hs gene (Th'ng et al., 1990). Assum-
ing that a functional CDK2 protein is expressed in that cell
line, it would not be capable of carrying out all of the func-
tions of the CDC2Hs gene. This argument is dependent upon
the assumption that the CDC2Hs mutation is completely
recessive. It is important to point out that although there is
a clear functional difference between CDC2Hs and CDK2
when expressed in S. cerevisiae, this cannot be taken as
evidence for functional differences in mammalian cells.
Conversely, although CDC2Hs alone can carry out all of
the functions of cdc2 + and CDC28 genes in yeast, this does
not mean that it is all that is needed in mammalian cells.
Clearly it will be important to determine the precise
individual roles of these proteins in the mammalian cell
cycle. It is likely that Egl and CDK2 define a new family
of cdc2 kinases and their close sequence similarity suggests
a common and distinct cellular function relative to CDC2Hs.
Due to the homologs overall relatedness, many
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experiments that rely on polyclonal antisera to CDC2Hs or
antipeptide antisera to the PSTAIRE region are likely to
cross-react with CDK2 and therefore cannot be used to
distinguish among these proteins. We have observed cross-
reaction between antisera directed against CDC2Hs with the
CDK2 protein (S.J.Elledge and W.Harper, unpublished
results). Therefore, many of the properties previously
assigned to CDC2Hs must be re-examined when more
specific reagents become available.

Materials and methods
Bacterial, yeast and plasmid strains
E. coli JM107 (endA1, gyrA96,thi,hsdR17,sup E44, relA I,A(lac-proAB),
tF', traD36,proAB+,lacIqZAM15) (Yannisch-Perron et al., 1985) was
used as a transformation recipient for all plasmid constructions unless
indicated otherwise. pMC9 (lacl) was a gift from M.Calos. CMY478
(cdc28-4, ura3-52, tryl, ilel, trpl-l) was a gift from C.Mann. YIO was
an ilv+ revertant of CMY478. pSE998, a genomic clone of the yeast
CDC28 gene, was isolated by introduction of a S. cerevisiae genomic library
made in X YES (S.W.Ramer, S.J.Elledge and R.W.Davis, unpublished)
into Y1O and selecting for complementation of the cdc28-4 allele. Restriction
analysis of the clone recovered from this strain agreed with the published
restriction map (Reed et al., 1982). Y62 (CDC28/cdc28::TRPJ) was
constructed by disruption of one of the two CDC28 genes of CRY3
(MATa/MAToh ura3-1/ura3-1, trpl-J/trpl-1, his3-11,15/his2-11,15,
ade2-1/ade2-1, leu2-3,112/leu2-3,112, canl-100/canl-100) (a gift from
B.Fuller, Stanford), with a fragment of DNA from pSE1040, containing
the TRPI gene inserted into the Styl site of the CDC28 gene. Disruptions
were confirmed by Southern analysis. Y82 (MATa ade2-1 cdc28-4 ura3
leu2-3,112) was derived from the sporulation of a diploid generated from
a cross between CRY2 (MAThs his3-11,15 trpl-l canl -100 ade2-1 ura3-1
leu2-3,112) (B.Fuller, Stanford) and 4018-28-1 (MATa cdc28-4 leu2-3,112
ura3) (M.Cai, Seattle). The 5' PCR primer used to generate the 5' end
of CDK2 cloned in pSE1037 was 5'-CCTCGAGCCACCATGGAGACCTT-
CCAA-3'. The 3' primer was derived from vector sequences and a BamHI
site in the 3' untranslated region was used as the 3' restriction site for clon-
ing purposes.

Media, enzymes, assays and genetic methods
Fordrug selection, LB plates were supplemented with ampicillin (50 mg/ml).
Restriction endonucleases, E.coli DNA polymerase I large fragment, T4
polynucleotide kinase, T4 DNA polymerase and T4 DNA ligase were
purchased from New England Biolab. Deoxyribonucleotides and ATP were
purchased from P-L Biochemicals. Drugs were purchased from Sigma.

cDNA library construction
Poly(A)+ mRNA (5 utg) prepared from Epstein-Barr virus transformed
human peripheral lymphocytes (a gift from D.Denny, Stratford) was used
for production of cDNA as previously described. cDNA, -4yg, was
resuspended in 7yl of TE and was ligated to 2 Ag of an equal mixture of
two different adaptors in a total volume of 10 tl at 4°C overnight.
The sequence of the kinased adaptors was: adaptor 1, top strand
5'-CGAGATTTACC-3' and bottom strand 5'-GGTAAATC-3'; adaptor 2,
top strand 5'-CGAGAGTTCAC-3' and bottom strand 5'-GTGAACTC-3'.
cDNA was spermine precipitated and gel purified on a 1% low melting
point agarose gel (Seakem) selecting cDNA >700 bp. 0.1 g of cDNA
was ligated to 2 tg ofXhoI cleaved XYES-R plasmid DNA that was modified
by filling-in in the presence of only dTTP as described in a volume of 4 Al
at4°C overnight and packaged using one Gigapack Gold packaging extract
(Stratagene, La Jolla, CA). 2 x 107 independent recombinants were
obtained. This phage library was amplified on LE392 containing pMC9,
a clone of lacl on pBR322, to reduce expression of the lac promoter.
2 x 10i phage were converted into plasmid by infection into BNN132
(Elledge et al., 1991) and selecting for ampicillin resistant colonies. These
colonies were pooled, grown to saturation in 6 1 of LB supplemented with
50 ;tg/ml ampicillin, and plasmid DNA was prepared by CsCl density
centrifugation. Transformation into yeast was performed as described
previously (Elledge et al., 1991).

DNA sequencing and Northern analysis
Plasmid DNAs were sequenced by the method of Sanger et al. (1977).
Single-stranded plasmid DNAs were prepared by the method of Zagursky
and Berman (1984) using R408 as a helper phage (Russel et al., 1986).

Hep 3B2 RNA was a gift from D.Wilson (Baylor). Northern blot analysis
was performed as described previously (Elledge and Davis, 1990).
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