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Cyclin E is a regulatory subunit of the cdc2-related protein
kinase cdk2, which is activated shortly before S-phase
entry, thus defining it as a G1 cyclin. We report here the
existence of a 43 kDa splice variant of human cyclin E,
termed cyclin Es, which lacks 49 amino acids within the
cyclin box compared to the known 48 kDa cyclin E. Cyclin
Es is expressed at approximately 1/10 of the level of full-
length cyclin E in several cell lines analysed. The two cyclin
E forms differ functionally in that cyclin E, but not cyclin

Es, is able to complex with cdk2, to activate the histone H1,
pRb and p107 in vitro kinase activity of cdk2 and to rescue
a triple CLN mutation in S. cerevisiae. Cyclin Es is the first
splice variant of a cell cycle regulatory protein to be
described. Our findings also indicate that the cyclin box in
cyclin E mediates the interaction with cdk2.
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SUMMARY
INTRODUCTION

The cyclins represent a major group of cell cycle regulatory
proteins present in all eukaryotic cells. They were originally
identified as proteins that accumulate during the cell cycle and
are degraded in mitosis (for reviews see Hunt, 1989; Hunter
and Pines, 1991; Lew and Reed, 1992; Lewin, 1990; Müller
et al., 1993; Nigg, 1993; Sherr, 1993), thus controlling entry
of the cell into M-phase. The mitotic cyclins function by mod-
ulating the activity of the serine-threonine protein kinase
cdc2/CDC28. More recently, another group of cyclins was
detected whose members do not show the pattern of
expression and destruction typical of the mitotic cyclins.
Some members of this group have been shown to play a
pivotal role in the regulation of S-phase entry, most notably
the CLN1, CLN2 and CLN3 genes in S. cerevisiae (for
reviews see Herskowitz, 1988; Nasmyth et al., 1991; Müller
et al., 1993). Mammalian cells contain, besides the mitotic A
and B-type cyclins, another set of structurally related proteins
(Koff et al., 1991; Lew et al., 1991; Matsushime et al., 1991;
Xiong et al., 1991) which, like the CLN proteins in S. cere-
visiae, seem to play a role in G1tS progression (for a recent
review see Sherr, 1993). The best characterised cyclins of this
category are the D-type cyclins and cyclin E. These human
cyclins were identified by virtue of their ability to rescue S.
cerevisiae cells lacking all 3 CLN gene products (triple CLN
mutants) (Koff et al., 1991; Lew et al., 1991; Xiong et al.,
1991). Murine D-type cyclins (previously called cyl) were
identified independently by differential screening of a cDNA
library from CSF-1-stimulated mouse macrophages (Mat-
sushime et al., 1991), and as a putative proto-oncogene asso-
ciated with chromosomal translocations, gene amplifications
and proviral insertions in human and murine tumours
(Lammie et al., 1991, 1992; Motokura et al., 1991; Rosenberg
et al., 1991).

The D-type cyclins, D1, D2 and D3, associate with different
proteins, such as cdk2, cdk4, cdk5, the retinoblastoma sup-
pressor protein pRb, the DNA polymerase δ subunit PCNA and
an unidentified protein termed p21 (Matsushime et al., 1992;
Xiong et al., 1992; Dowdy et al., 1993; Ewen et al., 1993; Kato
et al., 1993). The role of these diverse interactions in cell cycle
regulation remains however largely elusive. It has been
suggested that cdk4 is the natural catalytic subunit of cyclin D
(Matsushime et al., 1992), since its kinase activity is not sig-
nificantly activated by any of the other known cyclins
expressed in a baculovirus system (Ewen et al., 1993; Kato et
al., 1993). Complexes between D-type cyclins and the tumour
suppressor gene product pRb, and cdk4/cyclin D-mediated pRb
phosphorylation, have been detected in baculovirus-infected
insect cells, although there is some controversy as to the
function of individual members of the cyclin D family (Dowdy
et al., 1993; Ewen et al., 1993). To date, however, cyclin D-
associated kinase activity in mammalian cells has not been
demonstrated. It has also been shown that D-type cyclins can
rescue cells arrested in G1 by the ectopic expression of pRb
(Hinds et al., 1992; Dowdy et al., 1993; Ewen et al., 1993), but
this function of cyclin D apparently does not require its
physical interaction with pRb and may therefore be associated
with a process located further downstream of pRb inactivation
(Ewen et al., 1993). Recently, it has been shown that the
ectopic expression of cyclin D1 leads to a shorter G1-phase
(Ewen et al., 1993) and, conversely, that the inhibition of
cyclin D1 by microinjected antibodies or antisense RNA
arrests cells in G1 (Baldin et al., 1993; Ewen et al., 1993). From
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these data it seems very likely that D-type cyclins fulfil a
critical role in G1tS progression.

The picture appears somewhat clearer with respect to cyclin
E, a regulatory subunit of cdk2. Cyclin E forms a complex with
cdk2 and activates its serine-threonine activity shortly before S-
phase entry (Dulic’ et al., 1992; Koff et al., 1992). This leads to
the hypothesis that cyclin E/cdk2 complexes might play a direct
role in controlling the onset of DNA replication. In agreement
with this conclusion is the observation that the inhibition of cdk2
causes a G1 block (Tsai et al., 1993), while the ectopic
expression of cyclin E leads to a shortening of G1 (Ohtsubo and
Roberts, 1993). In addition, cyclin E has been shown to release
a pRb-induced G1 block (Hinds et al., 1992), as described above
for D-type cyclins. The situation is, however, more complex,
since later in S-phase cyclin E is found not only in complexes
with cdk2, but also with the pRb-related protein p107 and
members of the E2F transcription factor family (Lees et al.,
1992). Similar complexes are also seen with cyclin A (Mudryj
et al., 1991; Bandara et al., 1991, 1992; Devoto et al., 1992;
Ewen et al., 1992; Faha et al., 1992; Lees et al., 1992), which
seems to have multiple functions in that it is required for both
S-phase progression and entry into mitosis (Girard et al., 1991;
Walker and Maller, 1991; Pagano et al., 1992).

In the present study, we have identified a new splice variant
of human cyclin E, which differs from its known full-length
counterpart by a 49 amino acid deletion in the cyclin box. This
shorter cyclin E form is defective in cdk2 binding and activat-
ing cdk2 kinase activity, indicating that cdk2 binding is
dependent on a functional cyclin box in cyclin E. In addition,
cyclin Es is unable to rescue a triple CLN mutant of S. cere-
visiae or to interfere with a cyclin E-mediated rescue.

MATERIALS AND METHODS

Cell culture
HL-60 cells were grown in RPMI-1640 supplemented with 5% fetal
calf serum (FCS) plus 5% newborn calf serum. All other cell lines
were cultured in Dulbecco-Vogt modified Eagle’s minimum essential
medium (DMEM) supplemented with 10% FCS and 0.5% glucose.
Serum stimulation of quiescent WI-38 cells was carried out as
described (Sewing et al., 1993).

Detection of RNA by polymerase chain reaction (RNA-
PCR)
RNA-PCR was performed as previously described (Mumberg et al.,
1991; Sewing et al., 1993). The following primers were used in this
study:
cyclin E (Koff et al., 1991):
P54 5′-ATGGCTCGAGACACCATGAAGGAGGACGGC-3′ (−4-15)
P1194 5′-AACGGAATTCGGTGGTCACGCCATTTCCGG-3′ (1174-
1195)
P387 5′-GACATACTTAAGGGATCAGC-3′ (387-406)
P742 5′-GGGGACTTAAACGCCACTTA-3′ (727-742)
p107 (Ewen et al., 1991):
5′-CGAGGATCCAGCAGTCATTACTCTTGTTGT-3′ (744-764)
5′-GATCTCGAGATTCGCCAAGTCGTATTTCAG-3′ (2440-2460)
cdk2 (Tsai et al., 1991):
5′-GGAGTGGATCCATGGAGAACTTCCAAAAG-3′ (170-189)
5′-TTGAGAATTCTATCAGAGTCGAAGATGGGG-3′ (278-298)

Southern blotting
Southern blotting of genomic DNA was carried out at described
(Mumberg et al., 1991).
Expression of GST fusion proteins in E. coli
Human cyclin E, pRB, and p107 were expressed in bacteria using the
GST-expression system (Pharmacia-LKB). cDNAs encoding the
entire cyclin E open reading frame (XhoI/EcoRI fragment), amino
acids 300-928 of pRB (BamHI/EcoRI) and amino acids 248-821 of
p107 (BamHI/XhoI) were cloned into appropriate sites of pGEX-3XP,
which had been generated by insertion of a new polylinker (GAT-
CACGGATCCATGGTACCGCGGAGCTCGAGAAGCTTG) into
the BamHI/EcoRI sites of pGEX-3X (Pharmacia-LKB). Expression,
induction, and purification were performed according to the instruc-
tions of the manufacturer.

Generation and purification of antibodies
Bacterially expressed cyclin E fusion protein was used for the pro-
duction of antisera. Castor Rex rabbits were immunised with 250 µg
of protein emulsified in ABM-S (Linaris, Germany) and boosted at
three week intervals. Small scale affinity purification was performed
according to Harlow and Lane (1988) using baculovirus-expressed
recombinant cyclin E. 

Generation of recombinant baculoviruses
Cyclin E, Es, A, and cdk2 cDNAs encoding the respective entire open
reading frames were cloned into the baculovirus transfer vector
pVL1392 (Pharmingen). For generation of recombinant viruses, lin-
earized Baculogold DNA (Pharmingen) was cotransfected with the
transfer vector into Sf9 cells using the Lipofection reagent (Gibco-
BRL). Growth of cells and viral propagation were carried out as
described (Summers and Smith, 1987).

Immunoprecipitation and immunoblotting
Immunoprecipitation of cyclin E and cdk2 protein complexes from
metabolically labelled Sf9 cells was carried out as described (Sewing
et al., 1993), except that the cells were labelled with 200 µCi of
[35S]methionine/ml of medium for 3 hours. Immunoblotting was
performed as described (Sewing et al., 1993), with the exception that
affinity-purified cyclin E antibodies were used.

In vitro protein kinase assay
Forty to forty-four hours post-infection, 2×106 infected Sf9 cells were
harvested and sonicated (2× 5 seconds, 30 W) at 4˚C in 200 µl of
kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM DTT,
1 mM PMSF, 0.1% aprotinin, 20 mM NaF, 10 mM β-glycerophos-
phate) and lysates were cleared by centrifugation. For kinase reactions
4 µl lysate (15-20 µg protein) were incubated with either 10 µg
histone H1, 5 µg GST-RB, or GST-p107 in 20 µl kinase buffer with
100 µM ATP and 10 µCi [γ-32P]ATP (5000 Ci/mmol, Amersham) for
20 minutes at 30˚C.

Yeast strains and techniques
The strain DL1 (MATα; ade1; his2; leu2-3, 112; trp1-1a; ura3;
cln1::TRP1; cln2; cln3; leu2::GAL1::CLN2), was kindly provided by
Steve Reed. DL1 was grown on YPG (1% yeast extract, 2% Bacto-
Peptone, 4% galactose) and on selective medium SD or SG (Ausubel,
1987) with or without 1 mM methionine. Cyclin E and Es expression
vectors are based on the plasmids pRS416 (Sikorski and Hieter,
1989), pRS425 and pRS426 (Christianson et al., 1992). The MET25
(Thomas et al., 1989) and ADH (Bennetzen and Hall, 1982)
promoters were inserted as PCR-generated SacI/XbaI-fragments and
the CYC1-terminator (Osborne and Guarente, 1989) as a PCR-
generated XhoI/KpnI-fragment. Transformations were carried out
according to Gietz et al. (1992). Proteins were extracted using the
glass bead method (Ausubel, 1987) and lysis buffer (50 mM Tris,
pH7.5, 150 mM MgCl2, 1% NP-40, 40 mg/l aprotinin, 0.1 mM
sodium orthovanadate, 1 mM DTT, 1 mM PMSF and 60 mM β-glyc-
erophosphate).
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Fig. 1. (a,b) Detection of two PCR products in cDNA from different
cell lines using cyclin E-specific primer pairs (P54/P742 in (a) and
(b); P387/P742 in (b)). M, size markers; Co, control without cDNA
input. (c) Expression of cyclin E and Es in serum-stimulated WI-38
human fibroblasts. Results obtained by RNA-PCR were
quantitatively evaluated by β-radiation scanning (Molecular
Dynamics PhosphorImager) and normalised for L7 expression as
described (Sewing et al., 1993). 

a

c

b

RESULTS AND DISCUSSION

Detection of two mRNAs encoding different forms of
human cyclin E: evidence for alternative splicing
In the course of analysing the expression of the cyclin E gene
in different cell lines we observed a second minor RNA species
that was slightly smaller than the major RNA representing the
previously described cyclin E (Koff et al., 1991). This shorter
cyclin E RNA, termed cyclin Es, was detected by PCR analysis
of cDNA from 6 different cell lines, i.e. the small cell lung
carcinoma cell line NCI-H69, HepG2 hepatoma cells, the lung
adenocarcinoma cell line A549, the human diploid fibroblast
line WI-38, promyelocytic HL-60 cells and the cervical
carcinoma cell line HeLa (Fig. 1). In order to verify this result,
the experiment was repeated using a different PCR primer pair
with cDNA synthesised from HeLa cell RNA. In both cases,
the major upper bands corresponded to the expected sizes of
688 bp and 355 bp, respectively, while the minor lower bands
represented fragments that were approximately 150
nucleotides shorter. We also analysed the expression of cyclin
E and Es mRNA in serum-stimulated WI-38 cells. As shown
in Fig. 1c, both cyclin E forms were coordinately expressed
over the investigated period of 27 hours post-stimulation, indi-
cating that at least under these conditions the alternative
splicing of the transcript is not regulated.

A closer inspection of the nucleotide sequence between
positions 387 and 742 revealed the presence of potential splice
donor (SD; AG/GTGAGA) and splice acceptor (SA; CAG)
sites (see Fig. 2b), which might lead to the expression of an
alternative mRNA with an in-frame deletion of 147 nucleotides
compared to full-length cyclin E. To test this hypothesis, we
isolated the smaller amplified fragment by agarose gel elec-
trophoresis and cloned it into pBluescript KS. The DNA
sequence of the insert was determined and compared to the cor-
responding region of cyclin E. The sequence of the relevant
region around the splice junction is shown in Fig. 2a and b. It
is obvious that the sequence of cyclin Es is identical to that of
cyclin E until the position of the SA site is reached and merges
with the cyclin E sequence immediately 3′ of the SA site. This
strongly suggests that cyclin Es is indeed an alternative splice
product of the cyclin E transcript. As shown in Fig. 2c, the
putative product of cyclin Es lacks 49 amino acids within the
cyclin box, which includes a region that in cyclin A has been
shown to be required for cdc2 and cdk2 binding (Kobayashi et
al., 1992; Lees and Harlow, 1993).

The two cyclin E mRNA forms are derived from a
single gene
In order to verify that the two mRNA forms are indeed
generated by alternative splicing of a single primary transcript
rather than by the transcription of two related genes we
performed Southern blot analyses of human genomic DNA
(Fig. 3). DNA from lymphocytes and HeLa cells was digested
with either BamHI or EcoRI, and the blot was hybridised to a
cDNA probe covering the cyclin E coding region. It is known
that the cyclin E cDNA contains one BamHI and no EcoRI site
(Koff et al., 1991). The observed number of hybridising
fragments (2 for BamHI; 1 for EcoRI) shows that the cyclin E
gene does not contain additional BamHI or EcoRI sites and
indicates that all fragments were derived from a single gene.
This result therefore supports the conclusion that cyclin Es is
generated by alternative splicing.

Identification of cyclin Es protein
In an attempt to identify the cyclin Es gene product and to
detect potential functional differences between cyclin E and
cyclin Es we expressed both cDNAs in insect Sf9 cells by
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Fig. 2. Identification of cyclin Es as a splice variant. (a) Nucleotide
sequence of cyclin Es around the site of deviation from cyclin E. The
splice junction is marked by a vertical line. (b) Schematic
representation of cyclin E protein (Koff et al., 1991) indicating the
deletion in cyclin Es (49AA) and the splice donor (SD) and splice
acceptor (SA) sites in the corresponding nucleotide sequence. The
cyclin box is shown as a striped box. Numbers refer to amino acid
positions. (c) Comparison of the cyclin box regions in cyclin A,
cyclin E and cyclin Es. Sequences in cyclin A required for
interaction with cdc2 (Lees and Harlow, 1993) are marked by
underlining.

Fig. 3. Southern blot analysis of DNA
from human lymphocytes and HeLa
cells after digestion with either
BamHI or EcoRI, using a probe
covering the cyclin E coding region.
The numbers on the left show the
positions of the size marker bands.
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Fig. 4. (a) Specificity
of the α-cyclin E
antibody αK49. IVT,
cyclin E protein
generated by in vitro
transcription/
translation; PRE,
cyclin E
immunoprecipitated
with preimmune
serum; αK49, cyclin E
immunoprecipitated
with the αK49
antiserum in the
presence (+rCyc E) or
absence (−comp) of
competing recombinant
GST-cyclin E protein.
(b) Co-
immunoprecipitation of
cdk2 (arrow) with
cyclin E but not cyclin
Es from metabolically
([35S]methionine)-
labelled insect Sf9 cells
co-infected with
baculoviruses
expressing cyclin E,
cyclin Es or cdk2,
using the αK49
antiserum.
(c) Detection of two
cyclin E proteins of
approximately 48 and
43 kDa in HeLa cells
by immunoblotting
using affinity-purified
αK49 antibodies. The
specificity of the
immunodetection was
shown by competition
with recombinant GST-
cyclin E (+rCycE, right
lane). −Co, no
competitor.
means of a baculovirus expression vector. In addition, anti-
bodies were raised in rabbits against a GST-cyclin E fusion
protein expressed in E. coli. As shown in Fig. 4a, these anti-
bodies (αK49) immunoprecipitated cyclin E protein synthe-
sised by in vitro transcription/translation, and this binding was
inhibited by competitor GST-cyclin E protein, confirming the
specificity of the antibodies. 

Sf9 cells infected with recombinant cyclin E and cyclin Es
baculoviruses were metabolically labelled with [35S]methion-
ine and cell extracts were immunoprecipitated using αK49
antibodies. This experiment showed that both cyclin E and
cyclin Es were expressed in the infected insect cells, giving
rise to proteins of approximately 48 kDa and 43 kDa, respec-
tively, corresponding to the expected sizes (Fig. 4b). Proteins
of very similar size were identified by immunoblotting in HeLa
cells using affinity-purified αK49 antibodies (Fig. 4c). Both
bands disappeared when the antibodies were incubated with
recombinant GST-cyclin E, indicating the specificity of the
immunodetection. The two cyclin Es proteins were expressed
at a similar ratio as the corresponding mRNAs, i.e. cyclin Es
protein was found at about 1/10 to 1/20 of the level of cyclin
E (compare Figs 1 and 4c). These findings show that both
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Fig. 5. Activation of cdk2 kinase activity by cyclin A and cyclin E,
but not by cyclin Es in immune complexes precipitated from doubly
infected insect cells (as in Fig. 4), using histone H1 (a), or fragments
of p107 or pRb (b) as the substrate. The latter two proteins were GST
fusion products expressed in E. coli. (c) cdk2/cyclin E-dependent
phosphorylation of histone H1 in the presence of increasing amounts
of cyclin Es (from left to right 1-, 2-, 5- and 10-fold molar excess of
cyclin Es). Extracts from Sf9 cells infected with either cdk2 or cyclin
Es-expressing baculoviruses were mixed in vitro, preincubated for 30
minutes prior to the addition of cyclin E extract and incubation with
the substrate after another 30 minutes. The arrow points to the
histone H1 band.
cyclin E mRNA forms are translated into readily detectable
proteins in vivo, and strongly suggest that both cyclin E and
cyclin Es are expressed as endogenous proteins in HeLa cells.

Cyclin E, but not cyclin Es, binds to and activates
cdk2
We next analysed the interaction of cyclin E and cyclin Es with
cdk2. For this purpose, we generated a recombinant bac-
ulovirus expressing cdk2 to be able to perform double infec-
tions with this virus and either of the cyclin-expressing viruses.
The data in Fig. 4b show that cdk2 coprecipitated with cyclin
E, as expected (Dulic’ et al., 1992; Koff et al., 1992), but not
with cyclin Es. In addition, we measured the protein serine-
threonine kinase activity in Sf9 cells coinfected with cdk2 and
either cyclin A (as a control), cyclin E or cyclin Es, or with
either of the three cyclins alone. The data displayed in Fig. 5a
clearly show that cyclin A-, cyclin E- and cyclin Es-express-
ing cells contained only marginal histone H1 kinase activity,
if any, and that the coexpression of either cyclin A or cyclin E
led to a dramatic increase in activity, which is in agreement
with published data (Dulic’ et al., 1992; Giordano et al., 1991;
Koff et al., 1992; Tsai et al., 1991). The same experiments were
performed with pRb and p107 as the substrate with very similar
results (Fig. 5b). These data also demonstrate that, in contrast
to cyclin E, cyclin Es is unable to interact with cdk2 and to
activate its protein kinase activity.

We also analysed whether cyclin Es might be able to
interfere with the kinase activity of cdk2/cyclin E complexes.
For this purpose, cdk2/cyclin E-dependent phosphorylation of
histone H1 was determined in the presence of increasing
amounts of cyclin Es (1- to 10-fold molar excess of cyclin Es;
see Fig. 5c). Extracts from Sf9 cells infected with either cdk2-
or cyclin Es-expressing baculoviruses were mixed in vitro,
preincubated for 30 minutes, then incubated with cyclin E
extract for another 30 minutes and finally incubated with
histone H1 as the substrate. The results shown in Fig. 5c clearly
indicated that even in the presence of a 10-fold molar excess
of cyclin Es the cdk2/cyclin E-directed kinase activity was not
affected.

Cyclin Es is unable to rescue a triple CLN mutant of
S. cerevisiae
Human cyclin E was originally discovered by its ability to
rescue a triple CLN mutant of S. cerevisiae (Koff et al., 1991;
Lew et al., 1991). We therefore decided to investigate whether
cyclin Es is also defective in this function, as suggested by its
inability to activate cdk2, and, if so, whether it might antago-
nise the function of cyclin E. The later question was of partic-
ular interest, since the cyclin E-mediated rescue seems to
involve interactions outside the cyclin box (our unpublished
observations), raising the possibility that cyclin Es might
squelch functionally crucial proteins. For this purpose, cyclin
D1 (for comparison), cyclin E and cyclin Es were expressed
under the control of the methionine repressible MET25
promoter in the S. cerevisiae strain DL1 whose CLN genes
were changed by homologous recombination in such a way that
CLN1 and 3 function was deleted and CLN2 was under the
control of the GAL promoter (Lew et al., 1991). The MET25
promoter is repressed approximately 100-fold in the presence
of methionine (D. Mumberg and M. Funk, unpublished obser-
vation).

Fig. 6a shows that in the presence of galactose, that is, in
the presence of CLN2, all clones were able to grow, irrespec-
tive of the presence of cyclin D1, cyclin E or cyclin Es (Gal
1mM Met). In contrast, in the absence of CLN2 (i.e. in the
presence of glucose), cells not expressing exogenous cyclin or
cyclin Es did not grow, while cyclin D1 and cyclin E were able
to rescue the triple CLN mutant (Fig. 6a, bottom panel). In the
case of cyclin E cell growth was detectable only at a low level
of expression, that is, in the presence of the repressing methio-
nine (Glc 1mM Met), while the level of cyclin D1 expression
did not seem very crucial. This observation confirms the
described toxic effect of cyclin E when expressed at high levels
(Lew et al., 1991). 

In another set of experiments cyclin Es was co-expressed
with cyclin E in order to detect potential antagonistic effects.
In this case, cyclin E was expressed under the control of the
ADH promoter on a centromer plasmid while cyclin Es was
driven by the MET25 promoter on a 2µ plasmid. In the absence
of methionine, the MET25 expression vector gives rise to
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Fig. 6. (a) Rescue of triple CLN S. cerevisiae mutants by cyclin D1
and cyclin E, but not by cyclin Es. The expression vectors indicated
in the top left panel were transformed into the strain DL1 and growth
was monitored under different conditions. Gal 1mM Met, cells
grown in galactose plus 1mM methionine; Glc-Met, cells grown in
galactose in the absence of methionine; Glc 1mM Met, cells grown
in glucose plus 1 mM methionine. (b) cyclin Es does not interfere
with the ability of cyclin E to rescue a triple CLN mutant. The
plasmids indicated in the left panel were cotransferred into GAL-
CLN2 cells (grown in glucose) and growth was monitored in the
absence of methionine. The strength of the promoters as measured
with lacZ fusion genes is as follows (arbitrary units): ADH, 1;
MET25 + 1 mM methionine, 2; MET25 in the absence of
methionine: 200 (see text for details).

a

b

Fig. 7. Detection of human cyclin E and cyclin Es in transformed S.
cerevisiae cells by immunoblotting using affinity-purified αK49
antibodies. The lower bands presumably represent degradation
products of cyclin E and cyclin Es.
approximately 200-fold higher expression levels than the ADH
vector, as determined by comparing the activity of the respec-
tive promoter-lacZ constructs (D. Mumberg and M. Funk,
unpublished observation). This experimental setup was chosen
to allow a strong overexpression of cyclin Es relative to cyclin
E. However, as shown in Fig. 6b, even under these conditions
cyclin Es did not affect the ability of cyclin E to rescue the
triple CLN mutant cells. 

In order to verify that both cyclin E forms were indeed
expressed in the yeast cells, we performed immunoblot
analyses of cells transformed with either MET25-cyclin E or
MET25-cyclin Es constructs. Cells expressing cyclin E or
cyclin Es were pre-grown on selective minimal medium sup-
plemented with 1 mM methionine and shifted to methionine-
free medium for 6 hours in order to achieve a comparably high
expression of both constructs. As shown in Fig. 7, both proteins
were clearly detectable using affinity-purified αK49 antibod-
ies (see above and Fig. 4a), cyclin Es apparently being slightly
stronger expressed than cyclin E. The faster migrating bands
seen in Fig. 7 most likely represent degradation products of
cyclin E and cyclin Es, respectively. The results of the
immunoblot analysis, taken together with the data presented
above, strongly suggest that cyclin Es is neither able to sub-
stitute for a CLN function in S. cerevisiae nor to interfere with
the rescue by cyclin E.

Conclusions
In this study, we have shown that a number of different human
cell lines expresses a novel cyclin E mRNA generated by alter-
native splicing. Translation of the cyclin Es mRNA gives rise
to a protein that differs from the known cyclin E gene product
by an internal deletion of 49 amino acids within the cyclin box.
This structural difference leads to a loss of cdk2 binding and
activation, indicating that the cyclin box in cyclin E mediates
the interaction with cdk2 and perhaps other related proteins.
This conclusion is in agreement with the recently reported
observation that parts of the cyclin box in cyclin A are required
for the interaction with its catalytic subunits cdc2 and cdk2
(Kobayashi et al., 1992; Lees and Harlow, 1993). As shown in
Fig. 2c, the N-terminal 20 amino acids of the region removed
by alternative splicing overlaps with a homologous region in
cyclin A shown to be indispensable for cdc2 binding (Lees and
Harlow, 1993). 

We also analysed the potential of cyclin Es to rescue a triple
CLN mutant of S. cerevisiae and to interfere with the ability
of cyclin E to do so. The latter experiment was of particular
interest, since it provided the opportunity to detect a potential
antagonistic function, but even a vast overexpression of cyclin
Es did not show any detectable effect. In agreement with this
result, we were also unable to detect an antagonistic function
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of cyclin Es in an in vitro kinase assay using histone H1 as the
substrate, at least within the range of 1- to 10-molar excess of
cyclin Es. 

These results, however, do not necessarily mean that cyclin
Es has no biological function. In the case of D-type cyclins,
for instance, it was shown that a N-terminally located domain
outside the cyclin box mediates binding to the tumour sup-
pressor gene product pRb (Dowdy et al., 1993), indicating that
domains distinct from the cyclin box are involved in the inter-
action with other proteins. Unfortunately, functional domains
other than the cyclin box, shown in the present study to mediate
the interaction with cdk2, are not known for cyclin E. The
search for a function for cyclin Es therefore has to await the
results of more detailed structure-function analyses. It will be
interesting to see whether such a putative function might be
associated with the regulation of cyclin E activity or is
otherwise related to the control of cell cycle progression.
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