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The cdc2 kinase and B-type cyclins are known to be components of maturation- or M-phase-promoting factor
(MPF). Phosphorylation of cyclin B has been reported previously and may regulate entry into and exit from
mitosis and meiosis. To investigate the role of cyclin B phosphorylation, we replaced putative cdc2 kinase
phosphorylation sites in Xenopus cyclins B1 and B2 by using oligonucleotide site-directed mutagenesis. We
found that Ser-90 of cyclin B2 and Ser-94 or Ser-96 of cyclin B1 are the main phosphorylation sites both in
functional Xenopus egg extracts and after phosphorylation with purified MPF in vitro. Microtubule-associated
protein (MAP) kinase from Xenopus eggs phosphorylated cyclin Bi significantly at Ser-94 or Ser-96, whereas
it was largely inactive against cyclin B2. The substitutions that ablated phosphorylation at these sites, however,
resulted in no functional differences between mutant and wild-type cyclin, as judged by the kinetics of M-phase
degradation, induction of mitosis in egg extracts, or induction of oocyte maturation. These results indicate that
the phosphorylation of Xenopus B-type cyclins by cdc2 kinase or MAP kinase is not required for the hallmark
functions of cyclin.

The onset of M-phase is regulated by a mechanism com-
mon to all eukaryotic cells. The key component regulating
M-phase is called maturation- or M-phase-promoting factor
(MPF). MPF is now known to be a complex of the cdc2
kinase with B-type cyclins (for reviews, see references 21,
29, and 32). However, simple association of the two subunits
is not sufficient for activation, as judged by the presence of
pre-MPF cyclin/cdc2 complexes in Xenopus oocytes (8) and
the lag often seen between accumulation of cyclin to high
levels and the activation of cdc2 (24, 31). Additional post-
translational modifications of MPF components are re-
quired. These modifications include phosphorylation (38)
and dephosphorylation (4, 9, 11, 26) on tyrosine and possibly
threonine residues of the cdc2 kinase itself. Another possible
mechanism is the phosphorylation of cyclin B. In Xenopus
cells, there are two closely related B-type cyclins, desig-
nated Bi and B2 (23). Cyclin B has been reported to be
phosphorylated in Xenopus oocytes and eggs (8) and in
cultured human cells (31). Furthermore, the appearance of
histone Hi kinase activity in cleaving sea urchin eggs has
been shown to correlate closely with phosphorylation of the
cyclin subunit of the Hi kinase complex (22). Since the cdc2
kinase is complexed with both cyclin Bi and cyclin B2 and
purified MPF is known to phosphorylate cyclin B2 in vitro
(10), one kinase that phosphorylates cyclin B is probably the
cdc2 kinase itself, although other kinases such as the Xeno-
pus c-mos product may also phosphorylate cyclin B2 (34).

In this investigation, we have studied the sites and the role
of cyclin B phosphorylation by constructing mutants of
Xenopus cyclins Bi and B2. We found that (i) Ser-90 of
cyclin B2 and Ser-94 or Ser-96 of cyclin Bi, the only serines
which are followed by proline residues, are the main phos-
phorylation sites of these cyclins in Xenopus egg extracts;
(ii) these sites are also the only ones phosphorylated by
purified MPF in vitro; (iii) cyclin Bi can also be phosphor-
ylated by Xenopus microtubule-associated protein (MAP)
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kinase with similar specificity; and (iv) the elimination of
these phosphorylation sites does not affect cyclin degrada-
tion during exit from M-phase, induction of mitosis, or
oocyte maturation.

MATERIALS AND METHODS

Site-directed mutagenesis of cyclin cDNAs. Xenopus cyclin
Bi and B2 cDNAs (23) were kindly provided by Tim Hunt
(ICRF Clare Hall Laboratories, United Kingdom) and Jer-
emy Minshull (University of California, San Francisco).
Site-directed mutagenesis of cyclin Bi and B2 cDNAs was
performed as described by Kunkel et al. (14). Normal cyclin
B2 cDNA contained in pGEM1 was excised by EcoRI and
cloned into the EcoRI sites of M13mpl8. Cyclin Bi cDNA
contained in pGEM1 (designated pGEMB1) was excised by
EcoRI and BamHI digestion and also cloned into the EcoRI
and BamHI sites of M13mpl8. Synthetic deoxyoligonucle-
otides were chemically synthesized and used as mismatched
primers to introduce Ser-to-Ala mutations or Thr-to-Val
mutations by annealing with a single-stranded uracil residue-
containing template of the Xenopus cyclin B2 noncoding
strand or B1 coding strand (Fig. 1). The following oligonu-
cleotides were used: B2 Ala 90, 5'-GCCCCCAAAGTGCCG
GCCCCTGTGCCGATG-3'; B2 Val 224, 5'-TATGAAGAG
ATGTACGTACCAGAGGTTGCAGAC-3'; Bi Ala 94 Ala
96, 5'-CAGATGTTTCCATTGGGGCTGGCGCGCTGGGT
TCAACCTGAG-3'; Bi Val 306, 5'-CTGCTAl-TTTGGGAAG
GCACGAAGTGTACCATATCATAATC-3'; and Bi Val
328, 5'-TGATGGAGTGTTGGGACCCAGTCACCTGCAT
T-3'. The mutated bases are underlined. Putative mutants
were first identified by NaeI (B2 Ala 90), SnaBl (B2 Val
224), BssHII (Bi Ala 94 Ala 96), DrallI (B1 Val 306), and
EcoO109I (Bi Val 328) digestion, the site of which is
introduced artificially in each oligonucleotide. All sequences
were confirmed by direct DNA sequence analysis. In the
case of B1 Val 306 and Bi Val 328, both oligonucleotides
were used at the same time as primers to produce double
mutants. The mutated EcoRI-HindIII fragments of B2 (Ala-
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FIG. 1. Sites of in vitro mutagenesis in Xenopus cyclins Bl and

B2. Numbers above amino acids correspond to the numbering
previously reported by Minshull et al. for the amino acid sequences
of Xenopus cyclins B1 and B2 (23).

90) (0.65 kb) and the mutated HindlIl-EcoRI fragments of B2
(Val-224) (0.75 kb) were then inserted into the EcoRI site of
pGEM1 to make cyclin B2 cDNA mutated at both B2 Ala-90
and Val-124. Similarly, the EcoRI-SacI fragments of Bi
(Ala-94, Ala-96) (0.4 kb) and the SacI-BamHI fragments of
Bi (Val-306, Val-328) (1.0 kb) were inserted into the EcoRI
and BamHI sites of pGEM1 to make cyclin Bi cDNA
mutated at all four sites. The resultant mutant Bi and B2
plasmids were designated pGEMB1* and pGEMB2*. These
mutations eliminate all of the Ser and Thr residues followed
by Pro, a motif which forms an essential part of the consen-
sus sequence recognized by cdc2 kinase (25, 37).

Expression of Xenopus cyclins in Escherichia coli. The
normal Bi and B2 expression plasmids, kindly provided by
Tim Hunt and Jeremy Minshull, were designated pET3bB2
and pET3d-B1 EGEEF, respectively (24). To construct the
mutated cyclin B2 expression plasmid, the BstXI-SacI frag-
ments of cyclin B2 cDNA in pET3bB2 (1.2 kb) were replaced
by the counterpart fragment of pGEM B2* (pET3b B2*). To
construct the mutated cyclin Bi expression plasmid, the
StyI-BglII fragments of pGEM B1* (0.9 kb), the SalI-BamHI
fragments of pET3d-B1 EGEEF (4.2 kb), and the SalI-StyI
fragments of pET3d-B1 EGEEF (0.5 kb) were ligated to-
gether. The resulting construct (pET3d-B1*) has the correct
N terminus of Xenopus cyclin Bi but lacks 56 residues from
its normal C terminus and ends with the noncyclin sequence
PAANKARKEAELAAATAEQ, starting at amino acid 342.
The normal counterpart of cyclin Bi (pET3d-B1) was con-
structed in the same way. The cyclin expression plasmids
were transformed into E. coli BL21 (DE3) (39), and cyclin
proteins were expressed and purified as described previously
(10, 34).

Anticyclin antibodies. Antibodies against cyclins Bi and
B2 expressed in bacteria were produced in sheep by using
cyclins purified by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis. Anti-cyclin Bi antibodies were
purified by affinity chromatography on a column of bacteri-
ally synthesized cyclin coupled to activated CH-Sepharose
4B as described by Harlow and Lane (12). Western immu-
noblotting with anticyclin antibodies was performed as de-
scribed previously (10).

In vitro transcription and translation. Synthetic mRNAs
were transcribed from cDNA subcloned into pGEM1 vec-
tors. Capped transcripts were synthesized by using T7 RNA
polymerase as described previously (30). RNAs were trans-
lated in an mRNA-dependent reticulocyte lysate system
(Promega) according to the manufacturer's instructions.
mRNA-dependent CSF-arrested extracts. The extracts

were prepared as described by Murray et al. (27, 28), with
the following modifications. The cytostatic factor (CSF)-
arrested (metaphase) extracts (28, 38) were incubated with
boiled RNase A (final concentration, 1.0 ,ug/ml; Boehringer
Mannheim) at 10°C for 20 min and then incubated with 6,000
U of placental RNase inhibitor (RNasin; U.S. Biochemical)
per ml and 1.4 mM dithiothreitol at 10°C for 10 min. These
modifications were found necessary for destruction of all of
the endogenous mRNA in egg extracts as judged by incor-
poration of [35S]methionine (see Fig. 5). After addition of
calf liver tRNA to 50 ,ug/ml, 0.02 volume of a concentrated
amino acid mixture (Promega) containing [35S]methionine
(ICN) to 0.4 mCi/ml, and 0.19 volume of nuclease-treated
rabbit reticulocyte lysate, the extract was incubated at 23°C
in the presence of 0.15 mM CaCl2. After 40 min, cyclin
mRNA was added to 20 to 40 ,xg/ml. Although the extract
showed cell cycle oscillations in the absence of reticulocyte
lysate, we found that the addition of reticulocyte lysate
significantly increased the translational activity of the ex-
tracts and improved the oscillatory behavior. To examine
the morphology of sperm nuclei, nuclei were added to the
extracts at 10 min after calcium treatment at a final concen-
tration of 7 x 104 per ml and examined as described
previously (19).

Phosphorylation and immunoprecipitation of synthesized
cyclin proteins in mRNA-dependent CSF-arrested extracts.
Cyclin mRNA and 5 mCi of 32p; (ICN) were added to 250 pul
of mRNA-dependent CSF-arrested extracts at 40 min after
CaCl2 addition. The 32Pi added is rapidly converted to [y_32p]
ATP by the extracts. Since the exact time course of the cell
cycle varied with different extracts, one-third of each extract
was removed and frozen in an ethanol-dry ice bath at 80,
100, and 120 min after CaCl2 addition. The aliquots were
then stored at -70°C. After checking of the time course of
the cell cycle in the extracts by histone Hi kinase assays and
Western blotting with anticyclin antibodies, the aliquots that
showed neither high mitotic Hi kinase activity nor cyclin
degradation were combined and used for the immunoprecip-
itation experiments. For immunoprecipitation, the extracts
were diluted sixfold in lysis buffer containing 30 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.5,1% Triton X-100, 0.1% SDS, 200 mM NaCl, 100 mM
NaF, 10 mM NaPPi, 2 mM Na3VO4, 50 mM ,-glycerophos-
phate, 5 mM EDTA, 5 mM ethylene glycol-bis(,-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), 1 mM dithio-
threitol, 10 pug of leupeptin per ml, 10 p.g of aprotinin per ml,
and 1 mM phenylmethylsulfonyl fluoride and incubated with
300 p.1 of 10% (vol/vol) Omnisorb (Calbiochem) at 4°C for 1
h in order to remove nonspecific binding materials. After
centrifugation at 12,000 x g, the supernatant was incubated
with 1/200 volume of anti-cyclin B2 serum or 10 pug of
affinity-purified anti-cyclin Bi per ml at 4°C for 2 h with or
without blocking of the serum by 40 ,ug of bacterially
synthesized cyclin protein. The antibodies were immobilized
on Omnisorb at 4°C for 1 h, and the immunoprecipitates
were washed twice with the lysis buffer described above,
twice with the lysis buffer containing 1 M NaCl, and once
with the lysis buffer containing 0.1% Triton X-100. Immu-
noprecipitates were then eluted with SDS sample buffer and
analyzed by SDS-polyacrylamide gel electrophoresis as de-
scribed by Anderson et al. (1). Phosphoamino acid analysis
was performed as described previously (3, 13).

Protein kinase assays with bacterially expressed cyclin pro-
teins. Highly purified MPF was taken through Mono S
chromatography as described by Lohka et al. (18), and MPF
kinase assays were performed as described previously (9).
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Xenopus MAP kinase was purified as described elsewhere
(2). MAP kinase assays were performed in a final volume of
30 ILI containing 20 mM HEPES, pH 7.0, 5 mM P-mercap-
toethanol, 0.1 mg of bovine serum albumin per ml, 5 mM
MgCl2, 100 ,uM ATP, and 30 ,uCi of [y-32P]ATP (ICN).

Microinjection of mRNA into Xenopus oocytes. Stage VI
oocytes from Xenopus laevis frogs primed 3 days previously
with 35 IU of pregnant mare serum gonadotrophin were
manually dissected from their follicular envelopes on the
ovary and cultured in modified OR-2 medium containing 10
mM NaHCO3, pH 7.8. Fifty nanoliters of mRNA solution
was microinjected into each oocyte. Germinal vesicle break-
down (GVBD) was judged by the appearance of a well-
defined white spot at the animal pole, as confirmed by
dissection after trichloroacetic acid treatment in doubtful
cases. For histone Hi kinase assays, injected oocytes were
lysed in buffer (8.4 ,ul per oocyte) containing 20 mM HEPES,
pH 7.5, 80 mM 3-glycerophosphate, 15 mM MgCl2, 20 mM
EGTA, 50 mM NaF, 1 mM Na3VO4, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, and 10 p.g of leupeptin
per ml and centrifuged for 3 min at 15,000 x g. Three
microliters of clear supernatant was used per assay under the
conditions described (9).

RESULTS

Phosphorylation of cyclins Bi and B2 in mRNA-dependent
CSF-arrested extracts. A number of proteins have been
reported to be substrates for cdc2 kinase in vitro. Examina-
tion of the phosphorylation sites has shown that the acceptor
for serine or threonine is N terminal to a proline, and usually
a basic residue is C-terminal or N-terminal to the site (25,
37). Since cyclin is autophosphorylated by cdc2 kinase in
purified MPF (18) as well as when supplied as an exogenous
substrate (10), Ser-Pro or Thr-Pro sites are likely candidates
for the phosphorylation sites in cyclin. Therefore, we mu-
tated all of the Ser and Thr residues followed by Pro in
Xenopus cyclins B1 and B2. The resultant mutant cyclin B2
(designated cyclin B2*) contained Ala-90 and Val-224 in
place of Ser-90 and Thr-224. Similarly, in the mutant cyclin
B1 (cyclin B1*), Ser-94 and Ser-96 were replaced with Ala,
and Thr-306 and Thr-328 were replaced with Val (Fig. 1).

First, we examined whether these mutated sites were the
real phosphorylation sites in metaphase-arrested (CSF) ex-
tracts of unfertilized eggs that reenter the cell cycle in a
calcium- and mRNA-dependent manner. Although not quite
equivalent to phosphorylation in vivo, egg extracts can be
induced to oscillate between M-phase and DNA synthesis in
vitro, as judged by nuclear morphology, MPF activity, Hi
kinase activity, and cyclin synthesis and degradation (19, 23,
24, 27, 28). Therefore, phosphorylation changes in the ex-
tracts almost certainly reflect in vivo situations, and further-
more, since the endogenous cyclin proteins are degraded
when the metaphase extracts are induced to enter interphase
by calcium addition, this system is appropriate for determin-
ing the functional activity of mutant cyclins in the absence of
any other cyclin molecules. After RNase treatment to block
endogenous cyclin synthesis and calcium addition to stimu-
late cyclin degradation and exit from M-phase, the extracts
were labeled with 32p;, and new cyclin proteins synthesized
by added mRNA were immunoprecipitated with anticyclin
antibodies. When wild-type cyclin B2 mRNA was added,
two major phosphoproteins of 54 and 34 kDa were specifi-
cally immunoprecipitated (Fig. 2A, lanes a and b). The
54-kDa protein is considered to be cyclin B2, since it has
been reported to migrate on Anderson gels (1) with similar
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FIG. 2. Phosphorylation of wild-type and mutant cyclins Bl and
B2 in mRNA-dependent CSF-arrested extracts. (A) mRNA-depen-
dent CSF-arrested extracts were induced to reenter the cell cycle by
the addition of CaC12 as described in Materials and Methods. At 40
min after calcium treatment, 32Pi and either wild-type (lanes a and b)
or mutant (lanes c and d) cyclin B2 mRNA was added. Labeling was
stopped at 80, 100, and 120 min, and all three fractions were
combined and immunoprecipitated with anti-cyclin B2 antibodies
with (lanes a and c) or without (lanes b and d) blocking by bacterially
expressed cyclin B2 protein. The positions of cyclin B2 protein and
cdc2 kinase are indicated with arrows. (B) Aliquots were removed
from the samples described above, in which the labeling was
stopped at 80 (lanes a and d), 100 (lanes b and e), and 120 (lanes c
and f) min. The expression levels of wild-type (lanes a to c) and
mutant (lanes d to f) cyclin B2 protein were determined by Western
blotting with anti-cyclin B2 antibodies. (C) CSF-arrested extracts
without RNase treatment were labeled with 32Pi as for panel A and
immunoprecipitated with anticyclin antibodies. Phosphoamino acid
analyses of endogenous cyclin B2 (top) and Bi (bottom) were
performed. S, phosphoserine; T, phosphothreonine; Y, phosphoty-
rosine. (D) Newly synthesized cyclin Bi in an mRNA-dependent
CSF-arrested extract was labeled with 32Pi as described for panel A.
Wild-type Bi is shown in lanes a and b; mutant B1* is shown in lanes
c and d. Cyclin Bi proteins were immunoprecipitated with anti-
cyclin B1 antibodies with (lanes a and c) and without (lanes b and d)
blocking by bacterially expressed cyclin Bi proteins. Sizes are
shown in kilodaltons.

mobility (10, 23, 24), and it was not present in blocked
immunoprecipitates. Just below this band, a faint 51-kDa
phosphoprotein could also be detected, which is compatible
with previous reports showing that cyclin B2 is detected as a
doublet (8, 10, 23, 24). The 34-kDa protein is cdc2 kinase,
which is well known to become complexed with cyclin, after
which it undergoes phosphorylation on tyrosine and threo-
nine residues (38). On the other hand, in mutant cyclin B2*
mRNA-dependent extracts, only the faint 51-kDa phos-
phoprotein could be detected, whereas the level of the
34-kDa phosphoprotein was equivalent to that of wild-type
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immunoprecipitates (Fig. 2A, lanes c and d). In both ex-
tracts, analysis of cdc2 kinase eluted from the band showed
that it was phosphorylated equally on both tyrosine and
threonine residues (data not shown). Recently, Solomon et
al. (38) have shown that phosphorylation of cdc2 kinase can
occur only after binding to cyclin. Therefore, the fact that
almost equal amounts of phosphorylated cdc2 kinase were
coimmunoprecipitated by anti-cyclin B2 antibodies from
each extract strongly suggests that equivalent amounts of
cyclin B2 protein were synthesized and that phosphorylation
of cyclin is not required for cdc2 kinase phosphorylation. As
a further test, we confirmed by Western blotting that both
wild-type and mutant cyclin B2 were synthesized to the
same extent in these extracts (Fig. 2B). Again, wild-type
cyclin B2 was detected as a doublet, and the proportion of
the upper band increased with time, whereas mutant cyclin
B2 was detected as a single band (Fig. 2B). These results
clearly indicate that the dramatically reduced phosphoryla-
tion of mutant cyclin B2 was not due to a lower amount of
the newly synthesized mutant B2 in the extract. Phosphoam-
ino acid analysis revealed that both endogenous cyclin B2
(Fig. 2C, top) and newly synthesized wild-type cyclin B2
(data not shown) were phosphorylated on serine residues. In
addition, both the lower band of wild-type cyclin B2 and
mutated cyclin B2 were also weakly phosphorylated on
serine residues (data not shown).

Similar results were obtained with wild-type and mutant
cyclin Bi. cdc2 kinase (34 kDa) was also coimmunoprecip-
itated with cyclin Bi (50 kDa). Phosphorylation of mutant
cyclin Bi was dramatically reduced (Fig. 2D), although the
two cyclins were synthesized to the same extent (data not
shown). However, phosphorylation of wild-type cyclin Bi
did not retard electrophoretic mobility on gels. The phos-
phorylation occurred on serine residues in all cases, endog-
enous (Fig. 2C, bottom), newly synthesized wild-type, and
mutant cyclin Bi (data not shown).
From these results, we concluded that (i) the main phos-

phorylation sites of Xenopus cyclins in the extracts are Ser-
90 in B2 and Ser-94 or Ser-96 in Bi, whereas other threonine
residues and serine residues are not significantly phosphor-
ylated, and (ii) phosphorylation of Ser-90 in cyclin B2 causes
electrophoretic retardation, whereas phosphorylation of
Ser-94 or Ser-96 in Bi does not.

Phosphorylation of bacterially expressed cyclins Bi and B2
by purified MPF and MAP kinase in vitro. One kinase likely
to be responsible for B-type cyclin phosphorylation in ex-
tracts is cdc2 kinase, which is known to combine with B-type
cyclins to form active MPF (10, 18, 22, 31). Previously, we
have shown that purified MPF can phosphorylate bacterially
expressed Xenopus cyclins Bi and B2 in vitro (10) as well as
cyclin associated with cdc2 kinase in the MPF complex (18).
Therefore, we examined whether bacterially expressed mu-
tant cyclin proteins could be substrates for purified MPF.
Wild-type cyclin B2 protein phosphorylated by MPF exhib-
ited a retarded electrophoretic mobility relative to the posi-
tion of the Coomassie-stained band and had the same mo-
bility as phosphorylated endogenous cyclin B2 in the MPF
preparation, which could be seen after longer exposure (Fig.
3A, lanes c and e). In contrast, the mutant B2 protein was
not detectably phosphorylated in vitro by MPF (Fig. 3A,
lane d). Similarly, wild-type cyclin Bi protein was phosphor-
ylated by MPF, whereas mutant Bi was not (Fig. 3A, lanes
a and b). Interestingly, both wild-type cyclin Bi and B2
proteins were phosphorylated in vitro on threonine as well as
serine residues (Fig. 3B), in contrast to the situation in the
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FIG. 3. Phosphorylation of bacterially expressed cyclin proteins
by Xenopus MPF and MAP kinase in vitro. Purified MPF (lanes a to
e) and purified MAP kinase (lanes f to j) were incubated with 2 ,ug of
wild-type Bi (lanes a and f), mutant Bi (lanes b and g), wild-type B2
(lanes c and h), mutant B2 (lanes d and i), or no exogenous cyclin
(lanes e andj). The proteins were analyzed on a 10%o polyacrylamide
gel prepared as described by Laemmli (15). (A) Autoradiographs;
(B) phosphoamino acid analysis of wild-type Bi and B2 phosphor-
ylated by MPF. S, phosphoserine; T, phosphothreonine; Y, phos-
photyrosine.

extracts in which only phosphoserine was detected (Fig.
2C).

Next, we determined whether another egg kinase such as
MAP kinase could phosphorylate cyclin protein. This kinase
is known to be activated during oocyte maturation and
during the first embryonic cell cycle in X. laevis (2, 7). We
found that cyclin Bi was very heavily phosphorylated by
purified MAP kinase, whereas B2 was not significantly
phosphorylated (Fig. 3A, lanes f and h). Again, mutant
cyclins Bi and B2 were not phosphorylated (Fig. 3A, lanes g
and i). Therefore, MAP kinase also appears to recognize the
Ser/Thr-Pro motif in some substrates, as also reported
recently for the MAP kinase phosphorylation site in myelin
basic protein (5). The latter site is remarkably similar in
primary structure to Ser-94 in cyclin Bi.

Cyclin degradation in CSF-arrested extracts. One possible
role of cyclin B phosphorylation is to affect its ability to
undergo subsequent destruction at the metaphase/anaphase
transition. To test this hypothesis, we incubated cyclin
proteins translated in an mRNA-dependent rabbit reticulo-
cyte lysate with CSF-arrested extracts in which resynthesis
of cyclin was prevented by emetine treatment. After calcium
addition, both wild-type cyclins Bi and B2 were rapidly
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FIG. 4. Degradation of in vitro-translated cyclin in CSF-arrested

extracts. Thirty microliters of CSF-arrested unfertilized egg extract
(28) was incubated with 10 ,ul of reticulocyte lysate containing
approximately 15 to 20 nM [35S]methionine-labeled cyclin as indi-
cated together with 150 ,uM emetine before addition of CaCl2 to
stimulate exit from M-phase. The extracts were then incubated at
23°C, and samples were taken at 0 (lanes 1), 10 (lanes 2), 20 (lanes 3),
30 (lanes 4), 40 (lanes 5), and 60 (lanes 6) min after the addition of
calcium and analyzed by SDS-gel electrophoresis for the level of
cyclin remaining.

degraded as reported previously (28) (Fig. 4). Similarly, both
mutant cyclins Bi and B2 were degraded with the same

kinetics as those of the wild-type cyclins (Fig. 4). Therefore,
phosphorylation of cyclin Bi or B2 at these sites does not
appear to be important in their degradation, at least in exit
from meiosis II. Interestingly, Xenopus cyclin A, another
type of cyclin, was not degraded as efficiently as either
B-type cyclin. At 40 min after release from M-phase arrest,
50% of the cyclin A protein remained; for cyclins Bi and B2,
only 4 and 22%, respectively, was left (Fig. 4).

Cyclin induction of mitosis in mRNA-dependent CSF-ar-
rested extracts. Another possible role for cyclin phosphory-
lation is in regulation of cdc2 kinase activity. Therefore, we
examined mRNA-dependent CSF-arrested extracts for
sperm nuclear morphology, cyclin synthesis, and histone Hi
kinase activity, the latter thought to reflect cdc2 kinase
activity. We confirmed that no protein was synthesized
during the time after release from metaphase by calcium
treatment until mRNA addition (Fig. 5A and B, top, lanes 1)
and that proteins other than cyclin were not synthesized
after mRNA addition (Fig. 5A and B, top, lanes 2 to 10 and
2' to 10'). Either wild-type or mutant cyclin B2 mRNA
induced two cycles of activation of cdc2 histone Hi kinase
activity in a manner dependent on cyclin synthesis (Fig. 5A).
In addition, the nuclear envelopes of pronuclei broke down
and chromosomes condensed in both extracts (data not
shown), indicating that a true mitotic state had been pro-

duced by both wild-type and mutant cyclin. It is noteworthy
that Wild-type cyclin B2 was detected as a doublet and that
the proportion of the upper band increased throughout
interphase, whereas mutant cyclin B2 was a single band

43,, --

1234 5678 910234567'Sl1O'

0 1 2 3 45 6 789102 345'6'7 8910
FIG. 5. Cyclin synthesis and histone Hi kinase activity in

mRNA-dependent CSF-arrested extracts. (A) mRNA-dependent
CSF-arrested extracts were incubated with [35S]methionine and
induced to reenter the cell cycle by the addition of CaCl2. At 40 min
after calcium treatment, the extracts were split and the halves were
incubated with mRNA of either wild-type (lanes 2 to 9) or mutant
(lanes 2' to 9') cyclin B2. Samples were taken every 20 min and
analyzed for 35S-labeled protein synthesis (top) and histone Hi
kinase activity (bottom). (B) The experiments were performed as for
panel A with mRNA of wild-type (lanes 2 to 10) or mutant (lanes 2'
to 10') cyclin Bi. In both panels, samples were taken at 0 min before
CaCl2 addition (lanes 0, for histone Hi kinase assay only) and then
at 40 (lanes 1), 60 (lanes 2 and 2'), 80 (lanes 3 and 3'), 100 (lanes 4
and 4'), 120 (lanes 5 and 5'), 140 (lanes 6 and 6'), 160 (lanes 7 and 7'),
180 (lanes 8 and 8'), 200 (lanes 9 and 9'), and 220 (lanes 10 and 10'
[only in panel B]) min after the addition of CaCI2.

throughout the entire cycle (Fig. 5A, top). After mitosis,
both wild-type and mutant cyclin B2 protein levels and the
cdc2 histone Hi kinase level declined dramatically. Simi-
larly, mutant cyclin Bi could activate histone Hi kinase
activity (Fig. 5B), induce nuclear envelope breakdown and
chromosome condensation (data not shown), and be de-
graded efficiently (Fig. SB, top). In this experiment, mutant
cyclin Bi mRNA induced only one cell cycle. However, it
should be noted that mutant cyclin Bi was not synthesized
as efficiently after first mitosis in this extract as was the
wild-type protein. Since a threshold amount of cyclin is
required for cdc2 kinase activation, the absence of a second
cycle is not indicative of an intrinsic deficiency of mutant Bi
for stimulation of M-phase. Furthermore, in some experi-
ments, wild-type mRNA drove fewer cycles than mutant
mRNA, and in numerous experiments there was no pattern
of difference in induction of mitosis between wild-type and
mutant Bi that could not be accounted for by differences in
the rate of cyclin translation (data not shown). One possible
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TABLE 1. Effect of cyclin mRNA on oocyte maturation

Expt mRNA injected' No. of GVBD

1 B2 10 90
B2* 10 90
B1 14 79
B1* 8 100
None 9 0

10 ,uM progesterone 9 100
2b B2 20 90

B2* 23 96
B1 14 100
B1* 12 83
None 14 0

10 ,uM progesterone 26 96

a The amount of mRNA injected was 125 ng per oocyte. GVBD was
assessed 3 to 4 h after injection, and assessment began earlier with cyclin than
with progesterone.

b In this experiment, histone Hi kinase activity of the oocyte extract was
also measured (Fig. 6).

reason for activation of a single cycle by either wild-type or
mutant mRNA is the degradation ofmRNA due to reactiva-
tion of micrococcal nuclease in the reticulocyte lysate com-
ponent upon addition of calcium to release CSF arrest. The
subsequent reduction in the rate of cyclin synthesis could
lead to slower rates of cdc2 kinase activation or levels of
cyclin below the threshold for activation of cdc2 kinase.

Cyclin induction of oocyte maturation. It is well known that
cyclin mRNA from heterologous species can induce oocyte
maturation when microinjected in Xenopus oocytes (30, 40,
41). In addition, we have recently shown that recombinant
cyclin proteins are sufficient to induce maturation in the
absence of new protein synthesis (35). It is possible that in
the special cell cycles of meiosis I and II, cyclin B phosphor-
ylation plays an important role, because in many respects
the cell cycle is different in oocytes and eggs. For example,
the Xenopus c-mos proto-oncogene kinase that is active only
in the meiotic cycles of oocyte maturation has been shown to
phosphorylate cyclin B2 in vitro (34, 36). Therefore, we
tested whether mRNA for mutant cyclins Bi and B2 could
induce oocyte maturation. As shown in Table 1, we found
that both mutant and wild-type cyclin Bi and B2 mRNAs
could induce GVBD. Furthermore, we confirmed that both
wild-type and mutant cyclin mRNAs could activate histone
Hi kinase activity in injected oocytes (Fig. 6) to levels even
greater than that observed at GVBD in controls treated with
progesterone.

431r

30>* Ipws-H1

a b c d e f
FIG. 6. Effect of cyclin mRNA injection on histone Hi kinase

activity in oocytes. In experiment 2 of Table 1, three oocytes from
each treatment were removed and lysed as described in Materials
and Methods. An aliquot of the extracts corresponding to 0.3 oocyte
was assayed for kinase activity. Lanes: a, 10 ,uM progesterone; b,
no treatment; c, wild-type B2; d, mutant B2; e, wild-type B1; f,
mutant B1.

DISCUSSION

In this report we have shown that Ser-90 of cyclin B2 and
Ser-94 or Ser-96 of cyclin B1 are the main phosphorylation
sites for these cyclins in Xenopus egg extracts. Since this
extract reproduces the morphological and biochemical char-
acteristics of the cell cycle (19, 27, 28), the data strongly
suggest that these sites are the real phosphorylation sites in
vivo. In addition, we have shown that purified MPF phos-
phorylates exclusively these sites in vitro. Therefore, we
conclude that these are the phosphorylation sites of cdc2
kinase in the cyclin Blcdc2 MPF complex. For both cyclin
Bi and B2 there was a very low level of residual phosphor-
ylation present even in mutant forms (Fig. 2A and D).
Whether this represents an additional site(s) of phosphory-
lation by other kinases or has any functional significance
cannot be determined from these data. Although Thr-224 of
cyclin B2 and Thr-306 or Thr-328 of cyclin Bi were phos-
phorylated by purified MPF in vitro, no phosphothreonine
was detected in either cyclin in extracts, making it unlikely
that these sites are phosphorylated in vivo. Although all of
the phosphorylated serine residues are followed by proline,
as shown in Fig. 1, the neighboring sequences do not contain
polar or basic residues as previously observed in most
consensus sequences recognized by cdc2 kinase (21, 25, 37).
The lack of requirement for polar or basic residues for cyclin
B phosphorylation could reflect a less stringent consensus
for cyclin, since it is normally physically bound to cdc2 when
it is autophosphorylated in the cell. Data presented here
suggest similarity in the substrate specificity of MAP kinase
and cdc2 kinase. Both kinases are regulated by dual phos-
phorylation on tyrosine and threonine residues although with
opposite effects on activity. Both phosphorylated cyclin Bi
in vitro on both Ser and Thr residues, but phosphorylation in
extracts or in vitro was abolished by the mutations. Ser-94 in
Bi fits most closely the established site of phosphorylation
of myelin basic protein for MAP kinase, but further work is
needed to directly identify the site in cyclin B1 phosphory-
lated by each kinase.
Another important finding of this study is the lack of

functional effect on cyclins of mutations that prevent phos-
phorylation. Mutant cyclins could be degraded as efficiently
as wild-type proteins at the end of both meiosis and mitosis.
Fdlix et al. (6) have reported that cyclin proteolysis can be
triggered by adding cdc2 kinase. to interphase Xenopus
extracts and suggested models in which phosphorylation of a
cyclin protease or of cyclin itself by cdc2 kinase regulates
degradation of cyclin. However, our data clearly exclude the
possibility that phosphorylation of cyclin itself by cdc2
kinase or MAP kinase is a trigger for its destruction. This
conclusion is also consistent with previous findings (8, 20,
24) and present data (Fig. 1B and 5A) showing that the
phosphorylated form of cyclin B2 with a retarded electro-
phoretic mobility can be detected early in interphase. Re-
cently, Lee et al. (16) reported that a form of phosphatase
2A, designated INH, could prevent the spontaneous activa-
tion of pre-MPF in ammonium sulfate fractions of oocytes.
Moreover, they showed that sea urchin cyclin B labeled with
32p in an egg extract could be dephosphorylated in vitro by
INH when Hi kinase activity by the cyclin/cdc2 complex
was also declining. Although a physiological role for INH in
cell cycle regulation has not yet been established, the results
presented here suggest that effects of INH/phosphatase 2A
are not due to dephosphorylation of sites in cyclin fitting the
cdc2 kinase consensus sequence.
Mutant cyclins could also induce mitosis in egg extracts
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and resumption of meiosis in oocytes as well as the wild-type
protein could. Therefore, cyclin phosphorylation by cdc2
kinase most likely does not contribute to MPF activation but
rather is a consequence of activation of MPF. It is of some
interest that the level of cdc2 Hi kinase activity in oocytes
injected with wild-type or mutant mRNAs was significantly
higher than with progesterone treatment of control oocytes.
We and others have previously shown (35, 38) that introduc-
tion of new cyclin proteins into egg extracts or oocytes
activates cdc2 kinase to levels greater than normal meta-
phase, and this is most likely due to activation of endoge-
nous pre-MPF cyclin/cdc2 complexes as well as recruitment
of additional monomeric cdc2 molecules into activated com-
plexes with the introduced cyclin species.
We have shown that a single species of B-type cyclin

could induce mitosis and resumption of meiosis, which is
consistent with previous findings (23) demonstrating the
necessity of ablating the mRNA for both cyclins B1 and B2
to prevent entry into mitosis in Xenopus egg extracts.
Currently, we do not understand the differential roles of
cyclins B1 and B2 or cyclin A. Cyclin A has been reported to
behave differently from B-type cyclin to some extent (17, 24,
33). In particular, cyclin A has been suggested to bind other
kinases distinct from cdc2 in human cultured cells (33), but
in Xenopus egg extracts, available evidence indicates all
three cyclins bind cdc2 kinase itself and exhibit similar
substrate specificity (24). Although each cyclin complex
exhibits different kinetics of activation in egg extracts, the
results in this report suggest that these differences are not
due to altered phosphorylation of the cyclin B component by
MAP kinase or cdc2 kinase itself. A surprising result from
the work described here was the discovery that a substantial
fraction of cyclin A (50%) was not degraded upon exit from
meiosis II in CSF extracts. This finding suggests that this
level of cyclin A is insufficient to cause M-phase, although
we have not yet demonstrated that the residual cyclin A is
associated with cdc2 kinase. Further work examining the
potential role of phosphorylation in the function of cyclin A
and regulatory differences between A- and B-type cyclins is
clearly warranted.

ACKNOWLEDGMENTS

We thank T. Hunt, L. Roy, R. Golsteyn, and J. Minshull for their
generous support and useful discussions. We are indebted to C.
Brent Barrett of this laboratory for providing purified Xenopus egg
MAP kinase. We also thank J. Kyes for technical assistance and K.
Eckart for secretarial assistance. We are grateful to E. Erikson for
critical reading of the manuscript.

This work was supported by a grant from the NIH (GM 26743) and
in part by a grant to the Molecular Biology Program from the Lucille
P. Markey Charitable Trust. T.I. is on leave from the Faculty of
Medicine, University of Tokyo, Tokyo, Japan.

REFERENCES
1. Anderson, C. W., P. R. Baum, and R. F. Gesteland. 1973.

Processing of adenovirus 2-induced proteins. J. Virol. 12:241-
252.

2. Barrett, C. B., E. Erikson, and J. L. Mailer. 1991. Purification
and characterization of a Xenopus S6 kinase kinase. J. Biol.
Chem., Submitted for publication.

3. Cooper, J. A., B. M. Sefton, and T. Hunter. 1983. Detection and
quantification of phosphotyrosines in proteins. Methods En-
zymol. 99:387-402.

4. Dunphy, W. G., and J. W. Newport. 1989. Fission yeast pl3
blocks mitotic activation and tyrosine dephosphorylation of
Xenopus cdc2 protein kinase. Cell 58:181-191.

5. Erickson, A. K., D. M. Payne, P. A. Martino, A. J. Rossomando,
J. Shabanowitz, M. J. Weber, D. F. Hunt, and T. W. Sturgill.

1990. Identification by mass spectrometry of threonine 97 in
bovine myelin basic protein as a specific phosphorylation site
for mitogen-activated protein kinase. J. Biol. Chem. 265:19728-
19735.

6. Felix, M.-A., J. C. Labbe, M. Doree, T. Hunt, and E. Karsenti.
1990. Triggering of cyclin degradation in interphase extracts of
amphibian eggs by cdc2 kinase. Nature (London) 346:379-382.

7. Ferrell, J. E., M. Wu, J. C. Gerhart, and G. S. Martin. 1991.
Cell cycle tyrosine phosphorylation of p34cdc2 and a MAP kinase
homolog in Xenopus oocytes and eggs. Mol. Cell. Biol. 11:1965-
1971.

8. Gautier, J., and J. L. Maller. 1991. Cyclin B2 and pre-MPF
activation in Xenopus oocytes. EMBO J. 10:177-182.

9. Gautier, J., T. Matsukawa, P. Nurse, and J. Maller. 1989.
Dephosphorylation and activation of Xenopus p34cdc2 protein
kinase during the cell cycle. Nature (London) 339:626-629.

10. Gautier, J., J. Minshull, M. Lohka, M. Glotzer, T. Hunt, and
J. L. Maller. 1990. Cyclin is a component of maturation pro-
moting factor from Xenopus. Cell 60:487-494.

11. Gould, K. L., and P. Nurse. 1989. Tyrosine phosphorylation of
the fission yeast cdc2+ protein kinase regulates entry into
mitosis. Nature (London) 342:39-45.

12. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory man-
ual. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

13. Kamps, M. A., and B. M. Sefton. 1989. Acid and base hydrolysis
of phosphoproteins bound to Immobilon: a rapid technique for
the analysis of phosphoamino acids in gel-fractionate proteins.
Anal. Biochem. 176:22-27.

14. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and
efficient site-specific mutagenesis without phenotypic selection.
Methods Enzymol. 154:367-382.

15. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

16. Lee, T. H., M. J. Solomon, M. C. Mumby, and M. W.
Kirschner. 1991. INH, a negative regulator of MPF, is a form of
protein phosphatase 2A. Cell 64:415-423.

17. Lehner, F., and P. H. O'Farrell. 1990. The role of Drosophila
cyclin A and B in mitotic control. Cell 61:535-547.

18. Lohka, M. J., M. K. Hayes, and J. L. Maller. 1988. Purification
of maturating-promoting factor, an intracellular regulator of
early mitotic events. Proc. Natl. Acad. Sci. USA 85:3009-3013.

19. Lohka, M. J., and J. L. Mailer. 1985. Induction of nuclear
envelope breakdown, chromosome condensation, and spindle
formation in cell-free extracts. J. Cell Biol. 101:518-523.

20. Luca, F. C., and J. V. Ruderman. 1989. Control of programmed
cyclin destruction in a cell-free system. J. Cell Biol. 109:1895-
1909.

21. Mailer, J. L. 1991. Mitotic control. Curr. Opin. Cell Biol., in
press.

22. Meijer, L., D. Arion, R. Golsteyn, J. Pines, L. Brizuela, T. Hunt,
and D. Beach. 1989. Cyclin is a component of the sea urchin egg
M-phase specific histone Hi kinase. EMBO J. 8:2275-2282.

23. Minshull, J., J. J. Blow, and T. Hunt. 1989. Translation of cyclin
mRNA is necessary for extracts of activated Xenopus eggs to
enter mitosis. Cell 56:947-956.

24. Minshull, J., R. Golsteyn, C. S. Hill, and T. Hunt. 1990. The A-
and B-type cyclin associated cdc2 kinases in Xenopus turn on
and off at different times in the cell cycle. EMBO J. 9:2865-
2875.

25. Moreno, S., and P. Nurse. 1990. Substrates for p34cdc2: in vivo
veritas? Cell 61:549-551.

26. Morla, A. O., G. Draetta, D. Beach, and J. Y. J. Wang. 1989.
Reversible tyrosine phosphorylation of cdc2: dephosphoryla-
tion accompanies activation during entry into mitosis. Cell
58:193-203.

27. Murray, A. W., and M. W. Kirschner. 1989. Cyclin synthesis
drives the early embryonic cell cycle. Nature (London) 339:275-
280.

28. Murray, A. W., M. J. Solomon, and M. W. Kirschner. 1989. The
role of cyclin synthesis and degradation in the control of MPF
activity. Nature (London) 339i280-286.

29. Nurse, P. 1990. Universal control mechanism regulating onset of

MOL. CELL. BIOL.



PHOSPHORYLATION OF CYCLINS B1 AND B2 3867

M-phase. Nature (London) 344:503-508.
30. Pines, J., and T. Hunt. 1987. Molecular cloning and character-

ization of the mRNA for cyclin from sea urchin eggs. EMBO J.
6:2987-2995.

31. Pines, J., and T. Hunter. 1989. Isolation of human cyclin cDNA:
evidence for cyclin mRNA and protein regulation in the cell
cycle and for interaction with p34cdc2. Cell 58:833-846.

32. Pines, J., and T. Hunter. 1990. p34cdc2: the S and M kinase?
New Biol. 2:389-401.

33. Pines, J., and T. Hunter. 1990. Human cyclin A is adenovirus
ElA-associated protein p60 and behaves differently from cyclin
B. Nature (London) 346:760-763.

34. Roy, L. M., B. Singh, J. Gautier, R. B. Arlinghaus, S. K.
Nordeen, and J. L. Mailer. 1990. The cyclin B2 component of
MPF is a substrate for the c-mosre proto-oncogene product. Cell
61:825-831.

35. Roy, L. M., K. I. Swenson, D. H. Walker, B. G. Gabrielli, R.-S.
Li, H. Piwnica-Worms, and J. L. Maller. 1991. Cyclin activation
of p34cdc2 kinase by cyclin A. J. Cell. Biol. 113:507-514.

36. Sagata, N., M. Oskarsson, T. Copeland, J. Brumbaugh, and
G. F. Vande Woude. 1988. Function of c-mos proto-oncogene
product in meiotic maturation in Xenopus oocytes. Nature
(London) 335:519-525.

37. Shenoy, S., J.-K. Choi, S. Bagrodra, T. D. Copeland, J. L.
Maller, and D. Shallaway. 1989. Purified maturation promoting
factor phosphorylates pp 60"' at the sites phosphorylated
during fibroblast mitosis. Cell 57:763-774.

38. Solomon, M. J., M. Glotzer, T. H. Lee, M. Philippe, and M. W.
Kirschner. 1990. Cyclin activation of p34cdc2. Cell 63:1013-1024.

39. Studier, F. W., A. H. Rosenburg, J. J. Dunn, and J. W. Duben-
dorff. 1990. Use of T7 RNA polymerase to direct expression of
cloned gene. Methods Enzymol. 185:60-89.

40. Swenson, K. I., K. M. Farrell, and J. V. Ruderman. 1986. The
clam embryo protein cyclin A induces entry into M phase and
the resumption of meiosis in Xenopus oocytes. Cell 47:861-870.

41. Westendorf, J. M., K. I. Swenson, and J. V. Ruderman. 1989.
The role of cyclin B in meiosis I. J. Cell Biol. 108:1431-1444.

VOL. 11, 1991


