Association of Human Cyclin E with a Periodic
G,-S Phase Protein Kinase
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G, cyclins control the G, to S phase transition in the budding yeast, Saccharomyces
cerevisiae. Cyclin E was discovered in the course of a screen for human complementary
DNAs that rescue a deficiency of G, cyclin function in budding yeast. The amounts of both
the cyclin E protein and an associated protein kinase activity fluctuated periodically through
the human cell cycle; both were maximal in late G, and early S phases. Cyclin E-asso-
ciated kinase activity was correlated with the appearance of complexes containing cyclin
E and the cyclin-dependent kinase Cdk2. Thus, the cyclin E-Cdk2 complex may con-

stitute a human G,-S phase-specific regulatory protein kinase.

In budding yeast, Saccharomyces cerevisi-
ae, a specialized class of cyclins known as
Clns activates the Cdc28 kinase, thus
promoting the G, to S phase transition
(1-5). Evidence for the existence of sim-
ilar cyclins in vertebrates was obtained by
the isolation of human ¢cDNAs that could
perform this function when expressed in
yeast (6-8). Cyclin E was identified in this
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Fig. 1. Analysis of cyclin E protein and associ-
ated protein kinase activities in synchronized
HelLa cells. (A) HelLa cells were synchronized
at the G, to S phase boundary by means of a
double thymidine block (6, 9). Samples were
taken at the indicated times after release from
the block. The synchrony of the cycling popu-
lations was monitored by subjecting the sam-
ples to flow cytometric analysis after staining of
nuclear DNA with propidium iodide (24). (B)
Hela cells were released from the double thy-
midine block and total cell lysates were sub-
jected to immunoblot analysis at the indicated
times (25). Extracts were prepared from cells
incubated with nocodazole (Noc; 100 ng/ml)
after release from the block, as a mitotic con-
trol. Blots were probed with affinity-purified an-
tibodies to cyclin B1 and cyclin E and crude
antiserum to cyclin A (Fig. 2) (26, 27). (C)
Histone H1 kinase assays were done on anti—
cyclin B1, anti—cyclin A, and anti—cyclin E im-
mune complexes prepared from extracts at
each time point (28). (D) Cdk subunits co-
immunoprecipitated with cyclin E. Proteins
were immunoprecipitated from lysates of cells
released from double thymidine block (28) with
anti—cyclin E coupled to protein A beads (29),
separated on an SDS-polyacrylamide gel
(11%), and immunoblotted with a monoclonal
antibody (MAb) to Cdc2 and an MAb to

way. The amount of mRNA encoding
cyclin E fluctuates through the cell cycle
and is maximal near the G,;-S phase
boundary. These properties indicate that
cyclin E might regulate the G, to S phase
transition in human cells (6).

The cyclin E protein and the associated
protein kinase activity were analyzed at
various stages of the cell cycle in Hela
cells synchronized by two independent
methods. Extracts were prepared from cul-
tures induced to synchrony by the double
thymidine block-release procedure (Fig.
1A) (9) or from cultures separated accord-
ing to cell size by centrifugal elutriation
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PSTAIRE (26, 27). (E) HelLa cells were separated according to size by

centrifugal elutriation (70). The relative percentages of G,, S, and G, or M
cells in asynchronous culture (As) and in elutriated fractions were
determined by flow cytometric analysis of nuclear DNA content (24). Total
cell lysates were subjected to immunoblot analysis with antisera to cyclin
A and cyclin E (25-27). (F) Histone H1 kinase assays were performed on
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(Fig. 1E) (10). The amount of cyclin E
protein in the extracts was determined by
immunoblotting (Figs. 1, B and E, and 2),
and the cyclin E-associated protein kinase
activity was measured in immunoprecipi-
tates prepared with antibody to cyclin E
(anti-cyclin E) (Figs. 1 and 2). In the
thymidine block-release experiment, the
amount of cyclin E was maximal near the
G,-S phase boundary as was the amount of
cyclin E-associated protein kinase activity
(Fig. 1, B and C). The cyclin E-associated
kinase activity had decreased to approxi-
mately one-fifth of its maximal activity by
8 hours after release from the thymidine
block (11), at which time most cells had
entered G,. This was in marked contrast
to patterns of accumulation and activation
of kinase activity for cyclins A and Bl
(12). Whereas cyclin E-associated kinase
activity reached a maximum in late G,
and early S phases and then decreased,
cyclin A- and Bl-associated kinase activ-
ities began to accumulate later and were
maximal in the G, and M phases of the
cell cycle (Fig. 1C). The elutriation ex-
periment confirmed that cyclin E and cy-
clin E-associated kinase activity were pre-
sent in G;-enriched populations, which
lacked cyclin A-associated protein kinase
activity (Fig. 1, E and F). The persistence
of both cyclin E and cyclin E-associated
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anti—cyclin A and anti—cyclin E immune complexes prepared from each
elutriated fraction (28). (G) Cdk subunits co-immunoprecipitated from
lysates of elutriated cells. Immunoblots of anti-cyclin A, anti—cyclin B1,
and anti—cyclin E immunoprecipitates were developed with anti-PSTAIRE
as described (Fig. 1D) (24, 25).



kinase in subsequent fractions was likely
due to the universal presence of late (and
therefore larger) G, cells in these frac-

correlation between

tions; in HelLa cells there is not a strong

into S phase. Larger G, cells, however,

have a higher probability of being near the
G,-S phase boundary and therefore are
expected to have high levels of cyclin E
and cyclin E-associated kinase activity.

cell size and entry
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encoding cyclin E (lanes 2 and 4) or cyclin C (lane 3) (6) genes were immunoprecipitated either with
anti—cyclin E (lanes 1 and 2) or with anti—cyclin C (lanes 3 and 4). Immunoprecipitated complexes
were assayed for histone H1 kinase activity (28). (C) Rabbit antibodies to bacterially produced
human Cdk2 specifically recognized Cdk2 in yeast cells. Proteins in lysates from the strains

expressing human Cdk2 (lanes 1, 4, 7, and 10), human Cdc2 (lanes

endogeneous Cdc28 (lanes 3, 6, 9, and 12) were separated by SDS-PAGE (11% gel) and
transferred to an Immobilon membrane. The blots were probed with anti-PSTAIRE (lanes 1 to 3),
antibody to the COOH-terminus of Cdc2 (Cdc2-Cter) (lanes 4 to 6), and with affinity-purified rabbit
antisera to human Cdk2 (lanes 7 to 9) or to the COOH-terminus of Xenopus Cdk2 (Cdk2-Cter) (lanes
10 to 12) (25). (D) Anti—cyclin E and anti-Cdk2 recognize cyclin E and Cdk2, respectively, in ML-1
cells. Protein extracts from asynchronous (lane 1) and G,-S arrested (lane 2) ML-1 cells were
separated by SDS-PAGE polyacrylamide gels (11% gel) and transferred to an Immobilon mem-
brane. The blot was cut and the upper half was probed with affinity-purified anti—cyclin E. The lower
half was probed with affinity-purified anti-Cdk2. The proteins were detected as described.

Fig. 3. Analysis of cyclin-dependent kinase subunits associated with cyclin E.
(A) Immunoblot analysis of anti-cyclin E immune complexes with antiserum to
Cdk2. Immunobilots of proteins immunoprecipitated with anti—cyclin E (lanes
1 to 3), or total protein from extracts of asynchronous (lane 4) or G,-S-
enriched (lane 5) Hel a cells, were probed with anti-PSTAIRE (lane 1) or rabbit
antibodies to Cdk2 (lanes 2 to 5) (27, 36). Immunoprecipitates were prepared
with either rabbit (lane 1) or mouse (lanes 2 and 3) anti-cyclin E (26) from
asynchronous (lanes 1 and 2) or G,-S-arrested (thymidine-blocked; lane 3)
Hela cells. (B) Immunoblot analysis of anti-cyclin E immune complexes with
MAD to phosphotyrosine. Immunoprecipitates prepared from asynchronous
(A) and thymidine-blocked (TB) Hela cells were immunoblotted first with
antibodies to phosphotyrosine (lanes 1 to 4) and then with anti-PSTAIRE
(lanes 5 to 8) (26, 27). The reprobing does not represent a quantitative
analysis because the signal exceeded the saturation point. However, all
proteins expected to react with anti-PSTAIRE were observed. (C) Phospha-
tase treatment of anti-cyclin E immune complexes. Proteins immunoprecip-
itated from HelLa cell lysates (28) with rabbit anti-cyclin E (lanes 1, 2, 5, and
6), anti—cyclin A (lanes 3 and 4), or anti—cyclin B1 (lanes 7 and 8) were treated
with potato acid phosphatase (lanes 1, 4, 5, and 8) or phosphatase buffer
(lanes 2, 3, 6, and 7) (28). The same immunoblot was probed with mouse
MAD to Cdc2 and anti-PSTAIRE. The lysates were from asynchronous (lanes
1,2, 7, and 8) or thymidine-blocked (lanes 3 to 6) cells. The anti-cyclin B1
immune complex was not immunoblotted with anti-PSTAIRE. (D) Phospha-
tase treatment of Cdk2 in cyclin E immune complexes. Proteins immuno-
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corresponds to Cdc2 (Fig. 3C). This was
established by reacting the same immuno-
blot sequentially with anti-Cdc2 and anti-
PSTAIRE. Cyclin E-associated kinase ac-
tivity through the cell cycle was correlated
with co-precipitation of the most rapidly
migrating species (Fig. 1, D and G) but
not the others, including Cdc2 (19). The
most rapidly migrating cyclin E-associated
-species comigrates with Cdk2 immunopre-
cipitated with cyclin A (Fig. 1G) (12,
17). Furthermore, immunodepletion of
Cdk2 removed most (75 to 80%) of the
cyclin E-associated kinase activity from

2, 5, 8, and 11), and
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precipitated from HeLa cell lysates with mouse anti—cyclin B1 (lanes 1 and 2)
or mouse anti-cyclin E (lanes 5 and 6) were treated with potato acid
phosphatase (lanes 2 and 6) or with phosphatase buffer alone (lanes 1 and
5) (30). Total protein extracts of asynchronous (lane 3) and thymidine-
blocked (lane 4) Hela cells were used as standards. The immunoblot was
probed sequentially with rabbit anti-Cdk2 and anti-PSTAIRE.
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lysates, whereas immunodepletion of
Cdc2 removed none of this activity (20).
Thus, cyclin E complexes having protein
kinase activity are likely to contain Cdk2
but not Cdc2.

The most rapidly and least rapidly mi-
grating proteins of the cyclin E-associated
Cdk triplet were identified as Cdk2. Pro-
teins from HeLa cells were immunoprecip-
itated with anti—cyclin E and immuno-
blotted with a Cdk2-specific antiserum
(anti-Cdk2) (Fig. 3A). The most rapidly
migrating and least rapidly migrating pro-
teins reacted with anti-Cdk2, whereas the
middle band identified as Cdc2 did not.
Comparable amounts of both forms of
Cdk2 (Cdk2-1 and Cdk2-2) were observed
when proteins from unfractionated HeLa
cell extracts were immunoblotted directly
with anti-Cdk2 (Fig. 3, A and D).

The two forms of Cdk2 differed both
qualitatively and quantitatively in their
states of phosphorylation. Only the more
rapidly migrating form (Cdk2-2) con-
tained a detectable amount of phosphoty-
rosine (Fig. 3B). Furthermore, treatment
of anti-cyclin E immunoprecipitates and
anti—cyclin A immunoprecipitates with a
general phosphatase converted the
Cdk2-2 to the low-mobility form (Cdk2-
1) (Fig. 3, C and D). The cyclin E-asso-
ciated Cdc2 did not change in mobility
after treatment with the phosphatase and
comigrated with dephosphorylated Cdc2
derived from anti—cyclin Bl immunopre-
cipitates (Fig. 3C). Thus, Cdk2-2, which
is associated with cyclin E (and with
cyclin A; Fig. 3C) in active complexes, is
a phosphorylated derivative of Cdk2-1.
Although some or all of the Cdk2-2 con-
tained phosphotyrosine, other phosphoryl-
ated amino acids may also be present in
this species and responsible for its in-
creased electrophoretic mobility.

These data suggest that cyclin E-asso-
ciated kinase activity may be regulated by
phosphorylation of Cdk2 and by accumu-
lation of cyclin E. Cyclin E also under-
went changes in electrophoretic mobility
that correlated with associated kinase ac-
tivity (Fig. 1B). Whereas the predominant
species in late G; and S phases, in which
kinase activity was high, migrated at 51
kD, a more slowly migrating protein (55
kD) was observed in G, and early to
mid-G;, when kinase activity was low.
Also, the electrophoretic mobility of the
51-kD form appeared to change in late G,
cells (Fig. 1B). Thus, the protein kinase
activity associated with cyclin E may also
be regulated by phosphorylation of cyclin
E itself.

Our results indicate that, like control
of mitosis, control of the G; to S phase
transition may be similar in yeast and
vertebrates. One possible target of a G;-S
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phase—specific kinase in human cells is the
retinoblastoma  susceptibility  protein,
p105-Rb. Phosphorylation of p105-Rb in
G; has been proposed to be a key factor in
the G, to S phase transition (21). The
cyclin E-associated kinase described above
can efficiently phosphorylate p105-Rb in
vitro (22). Furthermore, exogenous cyclin
E stimulates phosphorylation and inacti-
vation of pl05-Rb in vivo (23). Thus,
growth regulatory signals may affect the
cell cycle by controlling cyclin E-mediat-
ed phosphorylation of pl105-Rb or other
regulators of cell cycle progression.
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tected the same spectrum of peptides in human
cell lysates prepared under a number of different
conditions. One of the mouse antisera to cyclin E
has been further characterized by partial proteol-
ysis analysis of immunoprecipitated metabolically
labeled protein (32). Furthermore, when lysates
prepared from recombinant yeast cells express-
ing either a truncated or full-length cyclin E were
analyzed by immunoblotting, bands of the appro-
priate mobility were detected (Fig. 2A). Also,
cyclin E-associated kinase activity was only de-
tected in immunoprecipitates of yeast cells ex-
pressing cyclin E (Fig. 2B). Antisera to another
cyclin did not immunoprecipitate histone kinase
activity from these yeast cells. These observations
indicate that the antisera used in this study are
specific for cyclin E.

The various Cdk antiserum were characterized
with three recombinant yeast strains—one ex-
pressing only human Cdk2 (76), one expressing
only human Cdc2, and one expressing only the
endogenous protein Cdc28. The MAb to PSTAIRE
reacted with human Cdk2, human Cdc2, and
yeast Cdc28 (Fig. 2C). The MAb to human Cdc2
reacted only with lysate prepared from yeast
expressing human Cdc2. The rabbit polyclonal
antiserum to human Cdk2, and affinity-purified
antibody to Xenopus Cdk2, reacted only with
lysate prepared from yeast expressing human
Cdk2.

To confirm that our results could be generalized to
other human cell lines, lysates were analyzed from
asynchronous and thymidine-blocked ML-1 cells
derived from a human myeloid leukemia. Similar
cyclin E species were detected and enhanced by
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the thymidine block, as were seen in Hela cell
lysates (Fig. 2D). Also, the same characteristic Cdk2
doublet was observed in both cell lysates.

We immunoprecipitated cyclins from cell extracts
(30 to 50 pl at A,g, of 15 to 30) by adding
antiserum to cyclin E (5 ul), cyclin A (1 wl), or
cyclin B1 (1 pl) and incubating the mixtures at 4°C
for 1 hour. Immune complexes were collected by
adding 25 to 30 pl (0.1 g/ml) of protein A-Seph-
arose beads (Sigma); samples were then incubat-
ed for 1 hour with frequent mixing at 4°C. The
beads were then washed three times with RIPA
buffer [1% deoxycholate, 1% Triton X-100, 0.1%
SDS, 50 mM tris-HCI (pH 7.5), 1 mM sodium
pyrophosphate], once in RIPA without SDS and
pyrophosphate, and three times in reaction buffer
[20 mM tris-HCI (pH 7.5), 4 mM MgCl,]. The
beads were then resuspended in the kinase as-
say mixture or, alternatively, dissolved in SDS—
sample buffer (36). When high resolution was
required, the SDS-PAGE (11%) was done at 60
mA (constant current) on long (20 cm) gel slabs.
For protein kinase assays, the cyclin complexes
were immunoprecipitated with Protein A-Sepha-
rose beads. The beads were then mixed with 5 pl
of a mixture consisting of 2x reaction buffer with
80 wM [y-32P]ATP (adenosine triphosphate) and
histone H1 (2 pg) (Sigma). After incubation at
37°C for 30 min, the reaction was stopped by the
addition of 2x Laemmli gel sample buffer (36).
Proteins were separated by electrophoresis on an
11% polyacrylamide gel. Histone H1 was visual-
ized by Coomassie blue staining and the gel was
boiled in 5% trichloracetic acid for 20 min and
then dried. Bands were detected by autoradiog-
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30.

31.
32.
33.
34.
35.

36.
37.

raphy of dried gels with XAR-5 film (Kodak).
Antibodies to cyclin E were coupled to protein
A-Sepharose beads (Pharmacia) with dimeth-
ylpimelimidate (DMP) (Pierce) (35).

Immune complexes on protein A-Sepharose
beads were washed once with acid phosphatase
buffer [100 mM (2-[N-morpholino)ethanesulfonic
acid (MES) (pH 6.0)] and then incubated in 100 .l
of the same buffer containing potato acid phos-
phatase (1 unit) (Boehringer Mannheim) for 15
min at 37°C. The supernatant was then removed
by aspiration, and the beads were suspended in
2x SDS-PAGE sample buffer (36).
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