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ABSTRACT M-phase promoting factor or maturation
promoting factor, a key regulator of the G, — M transition of
the cell cycle, is a complex of cdc2 and a B-type cyclin. We have
previously shown that Xenopus cyclin B1 has five sites of Ser
phosphorylation, four of which map to a recently identified
cytoplasmic retention signal (CRS). The CRS appears to be
responsible for the cytoplasmic localization of B-type cyclins,
although the underlying mechanism is still unclear. Phos-
phorylation of cyclin B1 is not required for cdc2 binding or
cdc2 kinase activity. However, when all of the Ser phosphor-
ylation sites in the CRS are mutated to Ala to abolish
phosphorylation, the mutant cyclin B1212 is inactivated; ac-
tivity can be enhanced by mutation of these residues to Glu to
mimic phosphoserine, suggesting that phosphorylation of
cyclin B1 is required for its biological activity. Here we show
that biological activity can be restored to cyclin B1412 by
appending either a nuclear localization signal (NLS), or a
second CRS domain with the Ser phosphorylation sites mu-
tated to Glu, while fusion of a second CRS domain with the Ser
phosphorylation sites mutated to Ala inactivates wild-type
cyclin B1. Nuclear histone H1 kinase activity was detected in
association with cyclin B1412 targeted to the nucleus by a
wild-type NLS, but not by a mutant NLS. These results
demonstrate that nuclear translocation mediates the biolog-
ical activity of cyclin B1 and suggest that phosphorylation
within the CRS domain of cyclin B1 plays a regulatory role in
this process. Furthermore, given the similar in vitro substrate
specificity of cyclin-dependent kinases, this investigation pro-
vides direct evidence for the hypothesis that the control of
subcellular localization of cyclins plays a key role in regulating
the biological activity of cyclin-dependent kinase-cyclin com-
plexes.

M-phase promoting factor or maturation promoting factor
(MPF), the key regulator of the G, — M transition during the
cell cycle (1, 2), is regulated by phosphorylation of both of its
component proteins: the serine/threonine protein kinase cdc2
and a B-type cyclin. Three phosphorylation sites govern the
activity of cdc2: phosphorylation of Thr-14 and Tyr-15 inhibits
cdc2 activity, while phosphorylation of Thr-161 acts as a
positive regulatory signal (3-9).

B-type cyclins are phosphorylated in a variety of cell types,
including somatic cells, oocytes, and embryos (10-12). Phos-
phorylation of B-type cyclins temporally correlates with MPF
activation (11, 12). Five phosphorylation sites have been
identified for Xenopus cyclin B1 at Ser-2, -94, -96, -101, and
-113 (13, 14). Phosphorylation of cyclin B1 is required for its
biological activity, as demonstrated by the fact that mutation
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of these five Ser phosphorylation sites to Ala inactivates cyclin
B1, whereas mutation of the same residues to Glu to mimic
phosphoserine enhances the activity of cyclin B1 (13). How-
ever, the precise role of phosphorylation in regulating cyclin
activity has remained obscure. It is known that phosphoryla-
tion of cyclin B1 is not required for cdc2 kinase activity or cdc2
binding (13). In Xenopus oocytes, phosphorylation of cyclin B1
does not affect its stability before meiosis or its destruction
between meiosis I and II or after egg fertilization (13).

In human cyclin B1, a cytoplasmic retention signal (CRS)
has been identified that is highly conserved among B-type
cyclins in higher eukaryotes. The CRS appears to retain cyclin
B1 within the cytoplasm during G, although the underlying
mechanism is unknown (15). Interestingly, four of the five
phosphorylation sites in Xenopus cyclin B1, Ser-94, Ser-96,
Ser-101, and Ser-113, are located within this CRS domain and
are also conserved among B-type cyclins in higher eukaryotes
(13, 15). B-type cyclins have been observed to translocate from
the cytoplasm to the nucleus at the beginning of M phase in
both cultured animal cells and starfish oocytes (16-18), al-
though the biological role and the regulation of this nuclear
localization is undetermined.

Because phosphorylation occurs at sites within the CRS and
both phosphorylation and nuclear translocation of cyclin B1
happen at M phase, we wished to examine whether phosphor-
ylation controls the activity of cyclin B1 by regulating its
subcellular localization. We propose that the nuclear localiza-
tion of cyclin B1 is regulated by phosphorylation at sites within
the CRS domain, which abolishes cytoplasmic retention and
allows nuclear translocation.

MATERIALS AND METHODS

Oocyte Microinjection. Oocyte microinjection was per-
formed as described (13). For each construct, a minimum of 20
stage VI oocytes were injected, and three independent exper-
iments were performed. Xenopus oocyte maturation, induced
by microinjection of in vitro synthesized RNAs encoding cyclin
B1 fusion proteins, was scored as the percentage of microin-
jected stage VI oocytes that underwent germinal vesicle break-
down (%GVBD). Isolation of nuclei from oocytes was per-
formed as described (19). Briefly, defolliculated oocytes were
torn in the middle of the animal pole in “intracellular medium”
(102 mM KCI/11.1 mM NaCl/7.2 mM K,HPO4/4.8 mM
KH,POy4, pH 7.0/2% BSA). The nuclei were squeezed out of
the oocytes and washed in the same medium. Then the nuclei
and the enucleated oocytes were transferred to lysis buffer and
subjected to immunoprecipitation and histone H1 kinase
assay, as described (13). To detect cdc2 binding, samples of
oocyte lysates expressing cyclin Bl fusion proteins were im-
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munoprecipitated with the mAb P5D4 directed against the
epitope tag, subjected to 12.5% SDS/PAGE, and then immu-
noblotted. A mouse mAb specific to p34cdc2 (Santa Cruz
Biotechnology) was used as the primary antibody, and perox-
idase-labeled anti-mouse Ig (Amersham) served as the sec-
ondary antibody; cdc2 proteins were then detected by ECL
(Amersham).

Construction of Cyclin Bl-Derived Fusion Proteins. A
nuclear localization signal (NLS) or mutant NLS (NLS™") was
fused to the N terminus of derivatives of Xenopus cyclin Bl.
The NLS is a 16-amino acid peptide with a bipartite structure
derived from Xenopus nucleoplasmin (20). In the NLS™", the
six basic amino acids in the bipartite signal were mutated to
Asn to inactivate the NLS (20). B1 refers to wild-type cyclin
B1. B12A2 has Ser — Ala substitutions at residues 94, 96, 101,
and 113 to abolish phosphorylation of cyclin B1, and B19" has
Ser — Glu substitutions at residues 94, 96, 101, and 113 to
mimic phosphoserine (13). The CRS used in N-terminal
fusions consists of residues 78-127 of Xenopus cyclin B1 (15).
CRSA* and CRSO!™ contain Ser — Ala or Ser — Glu substi-
tutions, respectively, at residues 94, 96, 101, and 113. N-
terminal fusions of the NLS or CRS had the first 28 or 34 amino
acids of cyclin B1 deleted, respectively, which has no effect on
its biological activity (21). All constructs used in this work were
epitope-tagged at the C terminus with an epitope for the
mouse mAb P5D4 (22). C-terminal epitope-tagging of cyclin
B1 has no effect on its biological activity (13). NLS-BI,
NLS-B16, NLS™B1, and NLS™B16" were made by
ligating pairs of complementary oligonucleotides encoding
either NLS or NLS™ into EcoRI and StyI sites of cyclin Bl
or cyclin B16 (13, 20, 23) pSP64(polyA) vector. NLS-B1Al
was also made with oligonucleotides encoding the NLS but
ligated into EcoRI and Bgll sites of cyclin B1412 (13) in a
pSP64(polyA) vector. NLS™-B1412 was created by exchang-
ing BglI fragments of NLS™*-B1 and cyclin B14!2 (13). Fusion
constructs containing CRSA™ or CRSS! used similar cloning
strategies. The design of the N-terminal NLS and CRS fusion
proteins included a Kozak sequence for optimal translational
initiation (24). All sequences derived from synthetic oligonu-
cleotides were confirmed by DNA sequencing.

Immunofluorescence. COS-1 cells on coverslips were tran-
siently transfected with cyclin B1 mutants in the vector
pCDNA3 under cytomegalovirus promoter control. Two days
after transfection, the cells were fixed with 3% paraformalde-
hyde in PBS and permeabilized with 0.1% Triton X-100, 0.2 M
glycine, and 2.5% fetal bovine serum in PBS. Triple label
immunofluorescence was performed. Primary antibody mAb
P5D4 (22) was used to locate the epitope-tagged cyclin Bl
derivatives and a fluorescein-conjugated goat anti-mouse an-
tiserum as the secondary antiserum. Antilamin A, B, C
primary antiserum was used to detect the nuclear membrane
and visualized with a rhodamine-conjugated goat anti-rabbit
secondary antibody. Finally, DNA in the nuclei of cells was
detected with Hoechst dye 33342.

RESULTS

NLS Activates Cyclin B1212, To examine the importance of
nuclear translocation for cyclin Bl function and the role of
phosphorylation within the CRS in regulating this nuclear
translocation, chimeric proteins were designed that contain a
NLS or a second CRS domain appended to the N terminus of
cyclin B1, as diagrammed in Fig. 1. Expression of all constructs
was verified by immunoprecipitation and SDS/PAGE analysis
from radiolabeled lysates of microinjected oocytes, which
yielded proteins of the expected molecular weight as shown in
Fig. 24.

The biological activity of these constructs, as indicated by
meiotic maturation of Xenopus oocytes, was assayed by mi-
croinjection of resting stage VI Xenopus oocytes with in
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FiG. 1. Structure and activity of cyclin B1-derived fusion proteins.
A NLS or nonfunctional mutant NLS (NLS™u) was fused to the N
terminus of derivatives of Xenopus cyclin B1. Bl refers to wild-type
cyclin B1. B1A12 has Ser — Ala substitutions at residues 94, 96, 101, and
113, and B16™ has Ser — Glu substitutions at residues 94, 96, 101, and
113. CRSA and CRSCM contain Ser — Ala or Ser — Glu substitu-
tions, respectively, at residues 94, 96, 101, and 113. Xenopus oocyte
maturation, induced by microinjection of in vitro synthesized RNAs
encoding these proteins, was scored as the percentage of microinjected
stage VI oocytes that underwent GVBD. The percentage reaching
GVBD represents the mean of three independent experiments.

vitro-synthesized RNAs encoding the various fusion proteins.
The total percentage of oocytes that reached GVBD during
overnight incubation is presented in Fig. 1. We first charac-
terized chimeric proteins consisting of wild-type or mutant
forms of a well characterized NLS, derived from Xenopus
nucleoplasmin (20), fused with wild-type or mutant forms of
cyclin Bl. Fig. 3 presents the kinetics of oocyte meiotic
maturation in response to expression of these chimeric pro-
teins. As shown previously (13), cyclin B1412 is unable to induce
oocyte maturation (Figs. 1 and 34). Fusion of the NLS to cyclin
B1412 completely restored its activity; in contrast, fusion of the
nonfunctional NLS mutant did not restore the biological
activity as shown by the failure of NLS™-B142 to induce
oocyte maturation (Figs. 1 and 34). These results suggest that
nuclear translocation of cyclin B1 may mediate its biological
activity, and also suggest that elimination of phosphorylation
abolishes nuclear translocation. In support of this, B-type
cyclins have been observed to undergo nuclear translocation at
the beginning of M phase in cultured animal cells and starfish
oocytes (16-18).

To ensure that the differences in biological activity did not
result from varying protein levels, we compared the expression
of the fusion proteins in oocytes at 5 h after injection, prior to
the time when maturing oocytes begin to undergo GVBD. As
shown in Fig. 24, no significant differences were observed
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FiG. 2. Expression and cdc2 binding of cyclin B1 fusion proteins.
Microinjected oocytes were labeled for 5 h as described (13) using 0.5
mCi/ml (1 Ci = 37 GBq) [**S]Met and 0.25 mCi/ml [3S]Cys. (4)
Oocytes were lysed and half of the lysate was subjected to immuno-
precipitation to recover labeled cyclin proteins using a mAb directed
against the epitope tag. Proteins were analyzed by 12.5% SDS/PAGE
and detected by fluorography. (B) The other half of each sample was
immunoprecipitated as in A, and cdc2 proteins were detected by
immunoblotting as described. The last lane in B shows in vitro
translated cdc2 as a control.

between the biologically active and inactive cyclin B1 fusion
proteins with respect to their level of protein expression. In a
separate experiment (data not shown), we also examined the
expression of the inactive mutant proteins 10 h after injection,
and found that the relative amounts of protein had increased
compared with the 5-h time point. These data indicate that the
lack of biological activity of NLS™*-B14! was not the result
of decreased expression.

To confirm that NLS-B142 js directed to the nucleus and is
complexed with cdc2 as active MPF, we examined the histone
H1 kinase activity associated with NLS-B1412 and NLS™u-
B1412 from isolated nuclei versus enucleated oocytes, at 2.5 and
4.5 h after injection. As presented in Fig. 4, histone H1 kinase
activity was readily detected in association with NLS-B14%
recovered by immunoprecipitation from nuclear lysates (lanes
6 and 12). In contrast, only background levels of associated H1
kinase activity were detected in the nuclear samples of oocytes
expressing the biologically inactive mutant, NLSMU(-B1Al
(lanes 5 and 11). These differences in the associated in vitro H1
kinase activity were not due to an inability of the inactive
mutant, NLS™-B1412  to bind cdc2. This is demonstrated in
Fig. 2B, which shows that all of the cyclin B1 fusion proteins
examined here are able to bind cdc2, which is detected as three
closely migrating species differing in their phosphorylation
states (9). These data indicate that only NLS-B1412, but not
NLS™ut_B1Al2 accumulates in an active form within the nuclei
of oocytes as they progress toward GVBD. Only basal levels of
histone H1 kinase activity were found in the cytoplasmic
fraction of oocytes expressing NLS-B1412 and NLS™“-B14a,

As shown in Fig. 3B, fusion of the NLS to cyclin B1 or cyclin
B16! significantly accelerated oocyte maturation, as com-
pared with fusions containing the mutant NLS. This also was
not due to significant differences in levels of expression of the
cyclin B1 fusion proteins or in their ability to bind cdc2, as
shown in Fig. 2. These data are consistent with a role for
nuclear translocation of cyclin Bl in promoting the G, — M
transition of the cell cycle.

CRSA™? Inactivates Cyclin B1. A recently identified CRS
(15) contains four out of five phosphorylation sites in cyclin
B1. To examine the role of phosphorylation in regulation of
CRS activity, we fused a mutant CRS domain, CRSA!, con-
taining Ser — Ala substitutions to abolish phosphorylation
sites, to the N terminus of wild-type cyclin B1 (Fig. 1).
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Fic. 3. Kinetics of oocyte maturation in response to cyclin Bl
fusion proteins containing a wild-type NLS or NLS™" derived from
nucleoplasmin. In vitro-synthesized RNA of each construct was mi-
croinjected into a minimum of 20 stage VI oocytes. Oocytes were
monitored every 30 min to determine whether they had reached
GVBD. (4) NLS-B1Ala, NLS™t_B1Ala_and cyclin B1Ak. (B) NLS-
B1, NLS-B1Glu NLS™u_B1, and NLSmut-B]Gl,

Microinjection of in vitro synthesized RNA encoding
CRSA2_B1 into Xenopus oocytes demonstrated that the
CRSA2 completely abolished the biological activity of cyclin
B1 in this fusion protein (Figs. 1 and 54). In contrast to
CRSA12 the N-terminal fusion of CRS®!, containing Ser —
Glu substitutions at the phosphorylation sites to mimic phos-
phoserine, did not significantly affect the biological activity of
cyclin B1 (Figs. 1 and 54). As shown in Fig. 2, the level of
protein expression and the ability to bind cdc2 are comparable
for the different fusion proteins. For the mutants that did not
induce GVBD, such as CRSA12-B1, the level of protein ex-
pression was also examined at 10 h after injection (data not
shown) and was found to have increased compared with the
level of expression observed at 5 h (Fig. 2). Thus, the inability
of some mutants to induce GVBD was not due to decreased
expression or inability to bind to cdc2. These results suggest
that CRSA12 provides for constitutive cytoplasmic retention
when fused to wild-type cyclin Bl.

Ser — Glu Mutations Compared with Ser — Ala Mutations.
We also investigated the effect of fusing CRSC! to the inactive
cyclin B1412, As shown in Figs. 1 and 5B, CRSCl-B1Al
exhibited partial biological activity. Similarly, the construct
CRSAR-B16W also exhibited partial biological activity. Both of
these fusion proteins have two CRS domains, one containing
Ser — Glu substitutions and the other containing Ser — Ala
substitutions at the phosphorylation sites; these should be
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FiG. 4. Localization of NLS-B14!2 and NLS™*-B1Al associated
H1 kinase activity. Nuclei were manually isolated at either 2.5 or 4.5 h
from oocytes microinjected with in vitro-synthesized RNA encoding
NLS-B142 and NLS™*-B142 Nuclear and cytoplasmic fractions
were then immunoprecipitated using P5SD4 antibody to recover the
epitope-tagged cyclin B1 fusion proteins, and immunoprecipitates
were examined for histone H1 kinase activity, associated with active
MPF. Phosphorylated histone H1 was detected by autoradiography
after separation by 15% SDS/PAGE. Samples from nuclei (Nuc) or
from enucleated oocytes (Cyto) were analyzed at two different time
points after microinjection; 2.5 h (lanes 2, 3, 5, and 6) and 4.5 h (lanes
9-12). As a negative control, the cytoplasmic (lane 1) and nuclear
(lane 4) fractions from uninjected oocytes were similarly analyzed. For
lanes 1-6 and 9-12, each sample corresponds to three nuclei or
enucleated oocytes. As a positive control, oocytes that reached GVBD
(at ~5.5 h) after microinjection with RNA encoding NLS-B1412 were
similarly analyzed for histone H1 kinase activity. Lanes 7 and 8
correspond to one-quarter and to one-half of an oocyte, respectively.

compared with the inactive control, CRSA-B1412 and the
active control CRSC-B16!, each of which has two identical
CRS domains (Figs. 1 and 5B).

These results demonstrate that CRS®", mimicking a phos-
phorylated CRS domain, can rescue the biological activity of
an inactive cyclin B1 derivative whether appended at the N
terminus or at its usual location within cyclin. The interme-
diate levels of activity exhibited by CRSCG"-B14% and by
CRSA2-B1S also suggest that neither of the fully substituted
CRS domains, CRSC" or CRSA", can act in a completely
dominant fashion over the other; rather, they appear to act as
codominant localization signals.

To directly examine nuclear translocation, triple label indi-
rect immunofluorescence was performed on COS-1 cells tran-
siently transfected with the cyclin B1 mutants. All of the
constructs contained an epitope tag derived from vesicular
stomatitis virus glycoprotein that was recognized by the mu-
rine mAb P5D4 (22) (Fig. 6 Right). As seen in Fig. 6 B, C, and
F, the constructs that exhibited biological activity, cyclin B16™,
NLS-B142 and CRSC-B16M, also exhibited nuclear local-
ization. The antilamin staining confirmed that the nuclear
membrane appeared to be intact (Fig. 6 Center). The cyto-
plasmic staining (Fig. 6 A, D, and E) exhibited by cyclin B1412,
NLSmut_Bi1Ala and CRSAL-B14l2 was also consistent with
their inability to induce oocyte maturation.

Phosphorylation at Ser-2 Is Unimportant for Biological
Activity. Ser-2 in Xenopus cyclin B1 is not conserved among
B-type cyclins (16, 23), and resides outside the CRS domain
(13, 15). However, because Ser-2 is removed in the cyclin Bl
fusion proteins examined here, it was important to exclude the
possibility that this phosphorylation site plays a regulatory role
in the induction of Xenopus oocyte maturation by cyclin B1. To
examine this, we made the following cyclin B1 mutants:
S2A-QDE with Ser 2 mutated to Ala and Ser-94, Ser-96,
Ser-101, and Ser-113 mutated to Glu, and S2A-QDA with
Ser-2 mutated to Glu and Ser-94, Ser-96, Ser-101, and Ser-113
mutated to Ala. These two mutants were assayed in oocytes
along with wild-type cyclin B1, cyclin B1A12 (all five Ser
phosphorylation sites mutated to Ala), and cyclin B16! (all
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Fi1G. 5. Kinetics of oocyte maturation in response to cyclin Bl
fusion proteins containing a second CRS appended at the N terminus.
Procedures for RNA injections and monitoring oocytes were the same
as in Fig. 3. (4) CRSA2-B1 and CRSOM-B1. (B) CRSAlR-B1Ala
CRSAlR_B1Glu CRSCi-_B14la and CRSC-B161,

five Ser phosphorylation sites mutated to Glu). Fig. 7 shows
oocyte maturation kinetics induced by cyclin Bl and its
mutants. The activity of cyclin B19" and S2A-QDE was similar
and was enhanced as compared with wild-type cyclin B1. On
the other hand, both cyclin B142 and S2A-QDA were inactive.
These results suggest that Ser-2 phosphorylation is unimpor-
tant for cyclin Bl activity, although we cannot rule out the
possibility that Ser-2 phosphorylation may play some uniden-
tified role specific to Xenopus.

DISCUSSION

Phosphorylation of the CRS Mediates Nuclear Transloca-
tion. While previous work from other laboratories has dem-
onstrated nuclear translocation of B-type cyclins as cells
approach M phase (16-18), the biological role of such nuclear
translocation is undefined and how this is regulated is still
unknown. Data presented here provide compelling evidence
that phosphorylation at sites within the CRS (13, 15) disrupts
the cytoplasmic retention function of this domain, resulting in
translocation of cyclin B1 to the nucleus where it acts to
promote the G, — M transition of the cell cycle. Confirming
this model, Ser — Glu substitutions at phosphorylation sites
within the CRS result in nuclear localization and activation of
cyclin B1. Similarly, fusion of a well characterized NLS or a
second CRS domain with the Ser phosphorylation sites mu-
tated to Glu can rescue the activity of cyclin B1412, which
carries Ser — Ala substitutions at the phosphorylation sites
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F1G6.6. Localization of cyclin B1 mutants in COS-1 cells by indirect
immunofluorescence. Hoechst dye 33342 immunofluorescence (Left);
a-lamin immunofluorescence (Center); and mAb P5D4 immunofluo-
rescence (Right) to detect cyclin B1 derivatives: cyclin B1412 (4), cyclin
B16Glu (B), NLS-B14la (C), NLS™u-B14l2 (D), CRSAl2-B14l2 (E), and
CRSCl-B16l (F).

within the CRS. In contrast, fusion of a second CRS domain
with the Ser phosphorylation sites mutated to Ala inactivates
cyclin B1. Interestingly, appending CRSA! to wild-type cyclin
B1 (CRS#!4-B1) resulted in complete inactivation (Fig. 54). In
contrast, appending CRSA! to cyclin B16! (CRSAR-B16Mv)
resulted in only a partial inhibition of activity (Fig. 5B). In our
previous work (13), we showed that wild-type cyclin B1 is less
active than cyclin B1 in oocyte maturation assays, probably
due to partial phosphorylation of Ser-94, Ser-96, Ser-101, and
Ser-113 of exogenously expressed wild-type cyclin B1. There-
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Fic. 7. Kinetics of oocyte maturation in response to cyclin Bl
mutants at phosphorylation sites. Procedures for RNA injections and
monitoring oocytes were the same as in Fig. 3.

fore, the nonphosphorylatable CRSA may be strong enough
to inactivate wild-type cyclin B1, but not strong enough to
completely inactivate cyclin B16M,

Selective transport of proteins into the nucleus is an impor-
tant regulatory mechanism (25-28). In many instances, phos-
phorylation is a critical step in the cytoplasm retention or
nuclear translocation, as demonstrated in the cases of mam-
malian NF-«B (29), lamin B2 (30), yeast SWI5 (31) and simian
virus 40 T antigen (32). To our knowledge, this is the first
demonstration that nuclear translocation of a key cell cycle
component is regulated by phosphorylation. This investigation
also provides evidence that the subcellular localization of
different cyclins may play a crucial role in regulating cyclin—
cyclin-dependent kinase activity (2, 33).

Roles of Cyclin B Nuclear Translocation. Several substrates
of MPF, such as nuclear lamins and histone H1, are predom-
inantly nuclear proteins (34-39). Therefore, nuclear translo-
cation of cyclin B may be important in facilitating access of
MPF to its nuclear substrates. Another role of nuclear trans-
location may be to bring pre-MPF together with activators of
MPF kinase activity. This is supported by the observation that
the MPF activator, cdc25, is detected as a nuclear protein or
a cytoplasmine protein which undergoes nuclear translocation
during G,/M transition (40-42).

Where Is the Nuclear Localization Signal? There is no
putative NLS in cyclin B1. Although observations made in this
investigation might suggest that the phosphorylated CRS
domain functions as a NLS itself, we do not believe this to be
the case. Fusion of the CRS®™ domain to the protein pyruvate
kinase, often used as a reporter to characterize nuclear local-
ization, did not result in nuclear localization of the reporter
protein (data not shown). How phosphorylation of cyclin Bl
leads to its nuclear translocation is still unclear. One expla-
nation may be that phosphorylation within the CRS may allow
this domain, acting in concert with another portion of cyclin
B1, to form a functional NLS. Alternatively, phosphorylation
within the CRS could allow cyclin B1 to undergo piggyback
transport to the nucleus by binding to another protein. We are
currently investigating these possibilities.

Does MPF Autophosphorylation Regulate Its Nuclear
Translocation? One mechanism leading to cyclin B phosphor-
ylation and nuclear translocation may be the autophosphory-
lation of MPF itself. Active MPF has been shown to auto-
phosphorylate its cyclin subunit, either as part of MPF or if
supplied as an exogenous substrate (43, 44). In vitro, purified
MPF is able to phosphorylate Ser-94 and Ser-96 in cyclin B1
and Ser-90 in cyclin B2 (14). It is certainly possible that the
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autocatalytic activation of MPF not only includes activation of
cdc25 and inactivation of weel by MPF (45), but also involves
promoting its nuclear translocation by autophosphorylation of
cyclin B.

Mitogen-Activating Protein (MAP) Kinase and Casein Ki-
nase II: Possible Cyclin Kinases. Previously, we have shown
that phosphorylation of cyclin B1 either at Ser-94 and Ser-96
or at Ser-101 and Ser-113 is sufficient for its biological activity,
suggesting that these phosphorylation sites are redundant (13).
MAP kinase represents one candidate cyclin kinase that has
been shown to phosphorylate Ser-94 and/or Ser-96 in cyclin B1
and Ser-90 in cyclin B2 in vitro (14). During Xenopus oocyte
maturation, phosphorylation of cyclin B2 temporally corre-
lates with MAP kinase activation (46). Both Ser-101 and
Ser-113 in cyclin Bl are followed by multiple acidic amino
acids, which resemble the consensus phosphorylation sites of
casein kinase II (47). Thus, there could be two separate
pathways regulating B-type cyclin nuclear translocation. One
pathway might involve activation of the MAP kinase pathway
leading to phosphorylation of cyclin B at Ser-94 and Ser-96. A
second, and possibly redundant, pathway could involve casein
kinase II or a related protein kinase that phosphorylates
Ser-101 and Ser-113, resulting in nuclear translocation of
B-type cyclins. In support of this, casein kinase II is active
during M phase (48-50).

Because the Ser phosphorylation sites within the CRS are
conserved among B-type cyclins in higher eukaryotes (13, 15),
it seems likely that the role of phosphorylation in regulating
cyclin B localization will emerge as a general feature of cell
cycle control. Further elucidation of cyclin B nuclear translo-
cation and identification of physiological cyclin kinases and
phosphatases will contribute greatly to our understanding of
cell cycle regulation.
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