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SUMMARY

Oocyte maturation is a prerequisite for successful fertilization. This process in fish
oocytes has been reported to be regulated by three major mediators: gonadotropin,
maturation-inducing hormone (170,20-dihydroxy-4-pregnen-3-one, 170,20B8-DP, in
fish) and maturation-promaoting factor (MPF, a complex of cde2 kinase and cyclin B).
Cyclins have been reported to regulate the kinase activity of cdc2, leading to the activation
and inactivation of MPF. The present study investigates the roles of cyclin A and B and
the mechanisms of translational activation of maternal cyclin B mRNA during 170,208-
DP-induced oocyte maturation in goldfish (Carassius auratys),

Western blot analysis was used to examine changes in the protein levels of cde2
kinase and cyclin B during goldfish oocyle maturation induced in vitre with 17a,203-DP.
Immature oocyles contained a 35-kDa cde2. In addition o this protein, a 34-kDa cdc?
was detected in mature oocytes. The purified MPF contained the 34-kDa cdc2, but not
35-kDa cdc2. Thus, it is concluded that (he 34- and 35-kDa cdc2 proteins are active and
iactive forms, respectively. The 34-kDa active cdc? appeared in accordance with the
onset of germinal vesicle breakdown (GVBD), Cyclin B was absent in immature oocyte
extracts and appeared when oocyles underwent GVBD, coinciding with the appearance of
the 34-kDa active cde2. Precipitation experiments with p13suct and anti-cyclin B antibody
revealed that cyclin B that appeared during cocyte maturation formed a complex with
cde2, as soon as it appeared. It is mosi likely that the 35-kDa inactive cdc? preexisting in
immature oocytes forms a complex with de oo synthesized cyclin B at first, then is
immediately converted into the 34-kDa active form, which triggers all changes that
dccompany oocyte maturation, such as GVBD, chromosome condensation and spindle
formation. Introduction of £ coli-produced cyclin B into immature oocytes using
microinjection induced oocyte maturation under condition of inhibited protein synthesis.
These results strongly suggest that MPF activation in fish oocytes is induced by complex

formation with preexisting cde?2 kinase and newly synthesized cyclin B during oocyte



maturation, a situation differing from that in Xenopus and starfish, in which the cdc?
kinase-cyclin B complex is already present in immature oocytes.

Both in Xenopus and fish, unfertilized mature oocytes are arrested at the second
meiotic metaphase until fertilized. In contrast to Xenopus, an inhibition of protein
synthesis in unfertilized mature goldfish oocyles with cycloheximide caused a 30-50 %
decrease in the cdc2 kinase activity/cyclin B protein levels and an exit from meiotic
metaphase-arrest. As compared with that occurring upon normal activation, the induced-
decrease in the MPF activity was partial, and the cell cycle of the cycloheximide-treated
vocytes was arrested again at the second meiotic anaphase. These results show that cdc2
kinase activity, cyclin B protein level, and cel] cycle progression are closely linked.
Furthermore, it is suggested that in addition to a difference in the mechanisms of MPF
activatiion, the mechanisms of mamtaining MPF activity in unfertilized mature goldfish
oocytes differ from those in mature X enopus oocytes.

Although cyclin A is thought to be involved in the regulation of both S and M phase
in eukaryotic cell cycle, its exact role in the cell cycle, especially in the meiotic cycle
(oocyte maturation) is uncertain. To investigate the role of cyclin A in oocyte maturation,
a goldfish cyclin A ¢DNA was cloned and antibodies against its product were produced.
Unlike goldfish cyclin B that is absent in immature oocytes, cyclin A was already present
i immatuere oocytes and ils protein level was not remarkably changed during oocyte
maturation. These observations differ trom those ol Xenopus oocytes, showing an
undetectahle amount of cychin A and a large amount of stockpiled cyclin B at the onset of
oocyte maturation. Thus, the behavior of eoldfish cyclin A resembles that of Xennplus
cyclin B, whereas that of goldfish cyelin B resembles Xenopus cyclin A. In the goldfish
oacyte system. cyclin A binds (o cde2, but not ¢dk2, and that it activates cde? both in
vivo and in vitro, raising the possibility that cyclin A plays a role in oocyte maturation.
Changes in cyclin A-cde2 and cyclin B-cde? kinase activity during oocyte maturation
were also examined. Cyclin B-cde2 kinase activity increases according to the occurrence
of GVBD. Although the timing of the activation of the cyclin B-cde2 and cyclin A-cdc2

complexes is almost the same, the rapid increase in cyelin A-cde2 kinase activity ocurrs



only after the completion of GVBD. Itis possible that cyclin A-cdc? kinase may play an
important role in steps after GVBD; [or example, the kinase may help the rapid activation
of cyclin B-cdc2 kinase at meiosis I to II transition or play a part in the maintenance of
high cyclin B-cde2 kinase activity in mature unfertilized oocytes. It is concluded from
these results that cyclin B-cdc2 kinase, but not cyclin A-cdc2 kinase, is important for
oocyte maturation (especially GVBD).

In the preceding sections, it was demonstrated that in goldfish oocytes de novo
synthesis of c¢yclin B protein is required for the activation of MPF (cyclin B-cde?
complex) during oocyle maturation. The next series of experiments were designed to
mvestigate the mechanism of I74,20B-DP-induced cyclin B synthesis. It was found that
17, 20B8-DP-induced oocyte maturation was inhibited by a protein synthesis inhibitor
(cycloheximide), but not by an RNA synthesis inhibitor (actinomycin D). Northern biot
analysis showed that cyclin B mRNA is present in both immature and mature oocytes
with no significant difference between them. Taken together, these results suggest that
the synthesis of cyclin B protein is regulated at the translational level. Since it has long
been recognized that the translational activity of matermnal mRNAs generally correlates
with changes in polyadenylation, | examined the involvement of polyadenylation in cyclin
B mRNA translation. Examination of the 3'UTR of goldfish cyclin B mRNA revealed
that it posesses a conseved sequence AAUAAA with four copies of cytoplasmic
polvadenylation element (CPE, consensus Ug oA 12U) motifs which are the cis-acting
sequence that specifies cyloplasmic polyadenylation. A PCR poly (A) test revealed that
poly (A) elongation occurs in goldfish cyclin B mRNA during oocyte maturation.
However, it is noteworthy that this poly (A) addition occurred in oocytes which
underwent GVBD, that is, after the appearance ol cyelin B protein in oocytes, probably
alter MPF activation. Thus, it is concluded (hat cyclin B mRNA polyadenylation is not
the major mechanism which is responsible for the initiation of cyclin B mRNA translation
in goldfish oocyies.

It has aiso been suggested that some RNA-binding proteins mediate translational

process of stored maternal mRNAs. When poly (A)* RNA from goldfish immature
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vocyles was mixed with the reticulocyte lysate system, cyclin B could be synthesized,
suggesting the translational ability of goldlish maternal cyclin B mRNA. Furthrmore, the
efficiency of cyclin B translation was much lower with extracts from immature oocytes
than with those from mature oocytes, Thus, it is most likely that the initiation of cyclin B
synthesis in goldfish oocytes is regulated by a translational inhibitory factor (RNA-
binding protein). In this study, a cDNA clone encoding a goldfish Y box protein, which
is known to sequester mRNA from translation in Xenopus oocytes, was isolated and
partially characterized. The identilication of the mhibitory factor and clarification of its
role should elucidate the translational regulation of ¢yclin B synthesis during hormone-
mduced oocyte maturation in goldfish. Thus, the goldlish oocyte will provide a valuable
model to gain better understanding of a basic mechanism for translational regulation of
gene expression which has currently been accumulating as a primary regulatory

mechanism in eukaryotic systems.



Chapter L.

Behavior of the Components of Maturation-Promoting Factor,

cdc2 Kinase and Cyclin B, during Oocyte Maturation of Goldfish



INTRODUCTION

Under the influence of maturation-inducing hormone (MIH) secreted from follicle
cells, oocyte maturation is finally induced by maturation-promoting factor (MPF), which
triggers all the changes that accompany oocyte maturation, such as germinal vesicle
breakdown (GVBD), chromosome condensation, and spindle formation (reviewed by
Nagahama, 1987a,b; Nagahama and Yamashita 1989). MPF has been purified from
mature oocytes of Xenopus (Lohka er af.. FO88), starfish (Labbé ef al.,1989ab), and
carp (Yamashita ef of., 1992a), and consists of two components; one is a homolog of the
ede2* gene product of fission yeast, referred to as cde? kinase, and the other is cyclin B
(see review by Nurse, 1990; Maller, 1991 Jacobs, 1992). The association of cde2 kinase
with cyclin B is necessary to turn on its protein kinase activity (Desai er ai.,1992:
Solomon ef al., 1990; Solomon ef al., 1992). and the destruction of cyclin B just before
the onset of anaphase turns ofi the kinase activity (Luca and Ruderman, 1989; Murray et
al.,, 1989; Luca er af., 1991).

In contrast to mammals and starfish, the activation of MPF in immature frog and fish
vocyles requires de nove protein synthesis during the first few hours after MIH treatment
(Ford. 1985: Maller, 1985; Goetz, 1983). The proteins that are synthesized at the initial
phase of vocyte maturation and induce MPF activation are called initiators, but their
chemical natures have not vet been understood. The finding that microinjection of cyclin
MRNA can induce XNenopus oocvie maturation (Swenson of al., 1986; Pines and Hunt,
1987) suggested that one of the initiators s cyclin. However, cyelin B is present in
immature Xenopis oocytes as i component ol iictive MPF (pre-MPF; Gerhart ef of.,
1984, Cvert and Kirschier 1988: Gautier and Maller 1991; Kobayashi ef af.; 1991) and
that new cyclin synthesis is not required for inducing cocyte maturation (Minshull et af.,
1991). Therefore, proteins other than cyclin should be synthesized during Xenopus
vocyte maturation. One of the most likely initiators is c-mos, since its synthesis is
required and is suflicient for imducing Xenopus oocyte maturation (Sagata et al., 1988;

1989; Yew et al., 1992),
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To date, detailed examinations ol the proteins responsible for inducing oocyle
maturation, such as cde2 Kinase, cyclin B, and ¢-mos during oocyte maturation, have
been confined to Xenopus. Studies using other species could provide further evidence for
the control mechanisms of MPF activation. In the present study, I first describe the
behavior of the components of MPF, cde? kinase and eyclin B, during goldfish oocyle
maturation by means of immunoblotting using monoclonal antibodies raised against the
C-terminal region of goldfish cde2 kinase and Lscherichia coli-produced full length
goldfish cyclin B. [ also describe changes in cde2 kinase activity, the cyclin B protein
level and cell cycle progression, which were induced in unfertilized mature goldfish

oocytes treated with the protein synthesis inhibitor, cycioheximide.

MATERIALS AND METHODS

Animals and Oocyvies

Goldfish were purchased commercially and raised at 15°C untjl use. Full-grown
immature oocyles were isolated from ovaries using a pipet, and induced to mature in vifro
by incubating at room temperature in goldlish Ringer's solution (Kagawa ef al., 1984)
contaming | pg/ml 17, 20B-dihydroxy-d-precnen-3-one (17w, 208-DP), a natural MIH
in fish (Nagahama and Adachi, 1985). Maturational processes were assessed by
immersing the oocyltes in a clearing solution (5% formalin and 4% acetic acid in Ringer;
Lessman and Kavumpurath, 1984), tacilitating microscopic examination of the

occurrence of GVBD.

Preparation of Qocyvte Extracts

Oacyte extracts were obtained as described previously (Hirai ef al., 1992a). Briefly,
oocyles were homogenized with a pestle (Pellet Pestle: Kontes) in | pl/oocyte of ice-cold
extraction buffer (100 mM p-glycerophosphate, 20 mM HEPES, 15 mM MgCh, 5 mM

EGTA, 100 pM p-amidinopheny! methanesulfonyl Muoride, 3 pg/ml leupeptin, pH 7.3).
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The homogenate was centrifuged at 15,000 g for [0 min at 4°C, and the supernatant was

frozen in liquid nitrogen and kept at -80°C until use.

Production of Monoclonal Antibodies against cdc2 Kinase and Cyclin B

A peptide (GFC3C, CPYFDDLDKSTLPASNLKI), which corresponds to the C-
terminal sequence of goldfish cde2 ¢DNA (Kajiura et al., 1993) with an additional
cysteine in the N-terminus, was synthesized using the solid-phase method (using the F-
moc protocol) on an Applied Biosystems Model 431 A peptide synthesizer. The peptide
was purified by reverse-phase HPLC and coupled 10 bovine serum albumin and keyhole
limpet hemocyanin through its N-terminal cysteine by N-(e-maleimidocaproyloxy)
succinimide (Dojin). The coupled peptides were injected into 6-week-old female BALB/c
mice to obtain monoclonal antibodies, according to the procedures described previously
Yamashita e7 al., 1991). One clone (GFC3C-9) was used to detect cdc? kinase by
immunoblotting. The isotype of this antibody was 1gG1 containing «x light chans. This
antibody could not precipitate active cde2 kinase binding to cyclin B.

Anti-cyclin B menoclonal antibodies were raised against L. cofi-produced full-length
goldfish cyclin B. Cyclin B proteins were produced as follows: A cDNA GFCYCBI-1,
which encodes full length goldfish cyclin B and contains EcoR] adaptors (Amersham) at
hoth ends of the insert (Hirai o af.. 1992y, was digested with BamHI and ligated into
the BamHI site of the pET3h expression vector (Studier ef al,, 1990). The predicted
amuno acid sequence of the new construet includes the {irst I2-amino acid sequence of the
T7 gene 10 protein, MASMTGGOQOMGR. followed by DPGTMGNLPK, which is
derived from the adaptor and the § noncading region of GFCYCB1-1, and full-length
cyeim B. The prolein expressed in £, coli BL2I (DE3) was puritied by SDS-PAGE as
described (Hirai et af., 19924) and mjected into mice to produce monoclonal antibodies.
Two clones (B111 and B112) were selected for this study. Both antibodies are thought to
recognize the first 41 amino acids of goldfish cyclin B (a4l cyclin B; Hirai ef al., 1992a)
did not react to these antibodies in immunoblotting. Immunoprecipitation was preformed

using the B112 antibody (the isotype was 1eG2a with a  light chain) that precipitated the
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formation of a complex between cyclin B and cde?2 kinase. B 111 antibody was used for
immunoblotting anti-cyclin B (B112) immunoprecipitates. Since the 1solype of the Bl 11
antibody was IgM, anti-IgM as the second antibody coud not reveal the IgG heavy chains
of the B112 antibody used for immunoprecipitation, which migrated near cyclin B, and

disturbed detailed observations (cf. Fig. 2B).

Precipitation with p] 3sucl qpdd Anti-cyelin B Antibody

Precipitation of ede2 kinase and cyclin B with pl3sucl-Sepharose and anti-cyclin B
(B112) antibody, respectively, was perfornied as described previously (Yamashita et af.,
F991). Precipitates from 10 pl extracts derived from 10 oocyles were separated by SDS-
PAGE and immunoblotied with monoclonal antibodies against cde2 kinase and cyclin B,

as described previously (Yamashita es al., 1991},

Kinase Assay

The activity of cdc2 kinase was measured with a synthetic peptide (SP-peptide:
KKAAKSPKKAKK), which is phosphorylated specifically by c¢dc2 and its related
kinases (Yamashita et al., 1992b). The sample was incubated for 20 min at 30°C in the
presence of the following: 100 uM SP-peptide, 500 uM ATP, 1.5 uCi [y-32PJATP, 1
mM EGTA, 10 mM MgCls, 4.5 mM B-mercaptoethanol, 20mM Tris-HCI (pH 8.0). The
reaction was stopped with phosphoric acid, and the SP-peptide was adsorbed onto P81
phosphocellutose paper (Whatman). The paper was washed in phosphoric acid, and the

radioactivity remaining on the paper was measured by Cherenkov counting.

Microinjection of Cyclin B protein into Croldfish Qocytes

Fully grown immature oocytes were mjected with 20 nl of various concentrations of
full-length cyclin B produced in £. coli. The injected vocyles were cultured in goldfish
Ringer's for 8 hr in the absence or presence of cycloheximide (10 pg/ml) and then fixed

in a clearing solution to examine the occurrence of GVBD,
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Cytological Examination

After fixation of oocytes in Bouin's solution, the cytoplasm at the animal pole was
skinned from the underlying yolk layer with a fine razor blade under a dissecting
microscope. The cytoplasm was embedded in paraffin and the serial sections were stained
with Delafield's hematoxylin and eosin to determine the cell cycle progression by means

of chromosome and spindle morphology.

RESULTS

Characterization of Antibodies A gainst cde2 Kinase and Cyclin B

The specificity of the antibodies was examined by immunoblotting highly purified
carp MPF (Yamashita er af., 1992a). The purified MPF contained four proteins, with
apparent molecular masses of 33-, 34-, 46-, and 48-kDa (Fig. 1, lane 1). Both the 33-
and 34-kDa proteins were recognized by anti-PSTAIR antibody (Fig. 1, lane 2),
indicating that they are the cyclin-dependent kinases (Meyerson et al., 1992). A
monoclonal antibody against the C-terminal region of goldfish cdc? kinase reacted with
the 34-, but not the 33-kDa protein (Fig. 1 lane 3). The latter was recognized with
monoclonal antibody against the C-terminal sequence of goldfish cdk2 kinase (Fig. 1 lane
4, see also Hirai ef al., 1992b). Thus, the anti-cde? kinase antibody does not react with
cdk2 and seems to be specific for cde2 kinase.

The 46- and 48-kDa proteins, which have been already identified as cyclin B using
monoclonal antibodies against N-terminal truncated goldfish cyclin B (Yamashita ef al.,
1992a), were also recognized by anti-full length goldfish cyclin B antibodies (Fig. 1, Iane
3).

Absence of Cyclin B in Immature Goldfish Qocvtes
It has been reported that in Nenopus {(Gautier and Maler., 1991; Kobayashi et al.,

1991), starfish (Strausfeld et /., 1991) and clam (Westendorf et al., 1989), immature
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oocytes contain sutficient cyclin B to induce oocyle maturation. In contrast, Hirai er al,
(1992a) previously reported that immature goldfish oocytes contained no cyclin B
detectable by immunoblotting. However, because of the high protein concentration, only
a small amount of the sample (corresponding to the extract from 5/8 oocyte) could be
analyzed previously (Hirai er al., 19922). The new method using two species of
antibodies, in which cyclin B was first precipitated with one antibody (1gG) then
immunoblotted with another (IgM), increased the detection sensilivity of cyclin B (see
MATERIALS AND METHODS). | reexamined cyclin B in immature goldfish oocytes
using this procedure. However, cyclin B was not detected in immature oocyle extracts,
whereas it was in mature cocyte extracts (Fig. 2A, lane ).

Cyclin B is stored in immature clam oocytes as an insoluble form, which is
solubilized during oocyte maturatton (Westendor! et al ., 1989). To investigate whether
tmmature goldfish oocytes also contain insoluble cyclin B, | extracted immature oocytes
by sonication in a buffer contatning detergents or a high concentration of salt. However,
cyclin B was not detected in the extracts (data no shown), suggesting that immature
goldfish oocytes have no stores of cyclin B.

Extracts derived from 10 immature oocytes were analyzed as described, and the
amount of cyclin B detected by immunoblotting was 50 pg. Therefore, even if stocks are
present in immature oocytes, the cyclin B content in one immature oocyte should be less
than 5 pg (the concentration in the oocyte ts 10 ng/ml when the oocyte diameter is
estimated to be | mm). On the other hand, the cyclin B level in one mature oocyte was |
ng (the concentration is 2 ng/ml)y. Therefore, cyclin B should increase more than 200
times during vocyte maturation.

Cyclin B in mature goldfish vocytes migrated as two distinet bands on SDS-PAGE
with apparent molecular mass of 46- and 48-kDa, as found in purified carp MPF (Fig,
I). The two bands were equally recognized by 5 species of monoclonal antibodies raised
against £. coli-produced goldfish cyclin B (data not shown), indicating that they are the
same molecule with different chemical modifications or are highly homologous proteins.

Since the two bands were equally labeled with 2P (Yamashita e al., 1992a) and
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phosphatase digestion did not promote conversion of the two bands into one (data not
shown), it is unlikely that the two bands are differently phosphorylated forms of the same
molecule. Although we can not exclude the possibility that the two bands have different

functions (see also DISCUSSION), I do not distinguish between them in this study.

Appearance of 34-kDa Active cde? Kinase in Mature Qocytes

In a previous study using immunoblotting with anti-PSTAIR monoclonal antibody,
Hirai er al. (1992a) were unable 1o find any remarkable changes in cdc? kinase during
vocyle maturation. However, it has been revealed that the anti-PSTAIR antibody also
reacts to cde2-related proteins including ¢dk2 kinase, which has the same electrophoretic
mobility as cde2 kinase (Hirai ef al.. [992D). Thus, it is plausible that changes in cdc?2
kinase during oocyte maturation were masked behind the cdk? kinase also visualized by
the PSTAIR antibody. I investigated changes in cde2 kinase more definitively during
oocyte maturation, using the new monoclonal antibody specific to cdc2 kinase (Fig. 1).
Immature oocytes contained a 35-kDa cdc? kinase, whereas mature oocytes contained a
34-kDa cde2 kinase, in addition to the 35-kDa form (Fig. 2B, lane 2). As described, the
purified MPF contained the 34-, but not the 35-kDa cde? kinase, which was eliminated at
the first step of the purification with a Q-Sepharose Fast-Flow anion exchange column
(Fig. 1, see also Yamashita ef af.. 1992a). In addition, anti-cyclin B immunoprecipitates
from mature oocyte extracts, which contained only the 34-kDa cdc2 kinase (Fig. 2B, lane
1), had high kinase activity (data not shown), whereas anti-PSTAIR immunoprecipitates
from mature cocyte extracts, which contained mainly the 35-kDa cde2 kinase, had no
kinase activity (Yamashita et al, 1991), Therefore, it is concluded that the 35- and 34-kDa

cdce2 kinases are the inactive and active forms, respectively,

Association of Cyclin B with cde2 Kinase
The finding that immature goldfish oocytes contain an inactive cdc2 kinase but no
cyclin B (Fig. 2) shows that in goldfish the association of inactive cde? kinase and cyclin

B might be a step regulating MPF activation, in contrast to Xenopus and starfish, in
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wltich the cde2 kinase-cyclin B complex is already present in immature oocytes (Gautier
and Maller, 1991]; Kobayashi er af., 1991 Strausfeld e al., 1991). I examined the
complex formation of cde2 kinase and cyclin B during goldfish oocyte maturation by
precipitation with p13suc! and anti-cyclin B antibody. Cyclin B was found in the pl3sucl
precipitates from mature, but not from Immature oocyles (Figs. 2A and B, lane 2),
indicating the complex formation of cde2 kinase and cyclin B in mature oocytes. Anti-
cyclin B immunoprecipitates from mature bocyle extracts contained the 34-kDa active, but
not the 35-kDa inactive form (Fig. 2B, lane 1). This result demonstrates that the cde?

Kinase which binds to cyelin B in mature vocyles is mainly the 34-kDa active form.

Changes in cdc2 Kinase and Cyclin B Protein Levels During Oocyte Maturation

To further investigate cdc2 kinase and cyclin B protein levels during oocyte
maturation, oocyle extracts al various times after the addition of 17a,20p-DP were
precipitated with either p13suct op anti-cyclin B antibody, and immunoblotted with anti-
cdc2 kinase and anti-cyclin B antibody. As described above, immature oocytes contained
the 35-kDa inactive cdc2 kinase but no cyclin B, and mature oocytes contained both the
35-kDa inactive and the 34-kDa active cde? kinases, and cyclin B (Figs. 3A and C). The
appearance of the 34-kDa active cdc2 kinase coincided with the appearance of cyclin B
Just before GVBD (Figs. 3A and C). Anti-cyclin B immunoblots of the pl3sucl
precipitates (Fig. 3B) and anti-cde2 kinase immunoblots of anti-cyclin B
immunoprecipites (Fig. 3D) showed that the binding of ¢dc?2 kinase and cyclin B
coincided the appearance of cyclin B and the 34-kDa active cde? kinase.

Hirai et al. (19924) previously showed that the cyclin B which appeared during
oocyle maturation was labeled with ¥3S-methionine, demonstrating de novo synthesis
during cocyte maturation. On the other hand, anti-cyclin B immunoprecipitates from
mature oocyle extracts sometimes contained the 35-kDa inactive cde? kinase (Hirai ef af.,
[992a), and the 35-kDa cde? kinase, as well as the 34-kDa form, can bind to cyclin B in

a cell-free system (Yamashita ef al., unpublished). Therefore, it is most likely that the 35-
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kDa inactive cde2 kinase binds to de nove synthesized cyclin B at first, then is rapidly

converted into the 34-kDa active form,

Induction of MPF Activation by Cyclin B Protein

These results indicate that the appearance of cyclin B is required and is sufficient for
inducing oocyte maturation in goldfish. To confirm that the appearance of cyclin B is
sufficient for inducing oocyte maturation, purified L. coli-produced full length goldfish
cyclin B protein was injected into immature vocytes. Even under condition of inhibited
protein synthesis, injected cyelin B induced oocyte maturation within Ihr after injection,
in a dose-dependent manner (Fig. 4). Injection of | ng of cyclin B fully induced GVBD
in the recipient oocytes. The concentration of cyclin B within the injected oocyte was
estimated to be 2 pg/ml. This is about equal to the cyclin B concentration in mature
oocyles, as described above. Introducing of cyclin B protein into immature oocyte
extracts also induced MPF activation (data not shown, Katsu ef al., 1993), The threshold
concentration of cyclin B for mducing the activation was around 2 pg/ml, being
equivalent to that for inducing cocyte maturation by injection. These results demonstrated
that the presence of 2 pg/ml cyclin B, corresponding to the concentration in mature

oocytes, is sufficient for inducing cocyte maturation,

MPE Activity in Cveloheximide-Treated Matire ¢ Jocytes

Both in Xenopus and fish, mature oacytes are arrested at the second meiotic
metaphase until fertilized (cf., Fig. 6A). When inseminated or artificially activated, the
Kinase activity maintained at a high level during arrest is precipitated, accompaning cyclin
B destruction (Minshull ef al., 1989: Murray and Kirschner, 1989; Murray et al., 1989:
Hirai et al., 1992a; Yamashila es al., 1992b). Unfertilized mature Xenopus oocytes can
maintain a high MPF level, even if protein synthesis is inhibited (Gerhart ef al., 1984). 1
examined whether unfertilized mature goldfisl vocytes can resist protein synthesis
inhibition. When protein synthesis was inhibited by 20 pg/ml cycloheximide, the kinase

activity fell to 50%~70%, according to the batch, of the original activity within 30 min
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after the exposure (Fig. SA). The control mature oocytes without cycloheximide
maintained high kinase activity level under the same culture conditions (data not shown).
In accordance with the drop in kinase activity, the cyclin B protein level also decreased in
the cycloheximide-treated vocytes, but did not disappear completely (Fig. 5B). After the
sudden drop of the kinase activity and cyelin B protein level within 30 min after the
(reatment. the remaining activity and cyclin B were maintained even after a prolonged
mcubation of the vocvies with cycltoheximide (Fig. SB). When mature goldfish oocyles
are activated, the Kinase activity decreases to 1/10 of the itial value (Yamashita e al.,
1992b), and the cyclin B level drops below the detection limit of immunoblotting (Hirai ef
al., 1992a). Thus, the decreases in the kinase activity and the cyclin B level induced by
cycloheximide-treament is partial, as compared with that occurring upon normal
activation. Cytological examination of the cycloheximide-treated mature cocytes showed
that the cell cycle was liberated from the arrest at the second meiotic metaphase within 30
min and proceeded (o the second meiotic anaphase, where it was arrested again (Figs. 6B
and C). Therefore, the cell cycle progression is also partial in the cycloheximide-treated
vocytes, as compared with normally activated mature oocytes, in which the cell cycle
proceeds to interphase (Yamashitu ef al., [990). These results show that cdc2 kinase
activity, cyclin B protein level, and celil cycle progression are closely linked.
Furthermore, it is suggested that the mechanisms of maintaining MPF activity in
unfertilized mature coldlish oocytes differ from those in mature Xenopus ovcytes, in

addition to a difference in the mechanisms of MPF activation.



DISCUSSION

MPF consists of cde2 kinase and cyclin B (Dunphy et al., 1988; Gautier ef al.,
1988, 1990; Labbé er al., 1989a,b: Yamashita et al., 1992a). To understand how MPF is
activated, 1 examined the time course of cde2 kinase and cyclin B protein Jevels during
goldfish oocyte maturation, using monoclonal antibodies specific to goldfish cdc2 kinase
and cyclin B (Figs. 1-3). The following results were obtained, Cyclin B is absent in
immature oocytes, and, probably by means of de noro protein synthesis, it appears just
before GVBD. Immature oocytes contain only the 35-kDa inactive cde? kinase, but in
accordance with the appearance of cyclin B, the 34-kDa active cde? kinase forming a
complex with cyclin B (MPF) appears in maturing vocyles. These results indicate that
cyclin B synthesized during cocyte mawration forms a complex with preexisting 35-kDa
mactive cdce? kinase and activates it, which is accompanied with a shift in the
electrophoretic mobility of cde2 kinase from 35- to 34-kDa. In this case, MPF activation
should be controlled at the level of cyclin B accumulation. These mechanisms of MPF
activation in fish apparently differ from those in Xenopus (Gautier and Maller, 1991;
Kobayashi ef a/., 1991) and starfish (Strausfeld ef al., 1991), in which cyclin B is
present in immature cocytes and forms a complex with cde? kinase (pre-MPF).

The cde2 Kinase is activated by post-translational modifications including
phosphorylation and dephosphorylation after binding to cyclin (see review by Jacobs,
1992}, Therefore, it is plausible that cde? kinase undergoes chemical modifications in
maturing fish cocytes after binding to cyelin B, although the complex formation of cyclin
B and cde2 kinase during maturation is a critical step for activating cdc2 kinase in these
vocytes. Actually, this has shown that the activation of ede?2 kinase is accompanied with a
shift in its electrophoretic mobility from 35- (0 34-kDa (Figs. 2 and 3). Yamashita ef /.
(1992a) previously showed that the 34-kDa cde? kinase, but not the 35-kDa form, was
labeled on threonine residue(s) when oocytes matured in the presence of 32P, Thus, it is
fikely that threonine phosphorylation of cdc2 kinase, which may cause the electrophoretic

mobility shift, is involved in the activation of ¢de2 kinase. indeed, recent studies using
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mutant cde? kinases have demonstrated that in addition to dephosphorylation of Thrl14
and Tyrl5, phosphorylation of Thrl6] is required for cde2 activation (Ducommun ef al.,
1991; Gould et al., 1991; Solomon et al., 1992).

In contrast to Xenopus (Gautier and Maller 1991, Kobayashi ez al., 1991), goldfish
cyclin B is not stockpiled in immature oocytes (this study), and it is abruptly synthesized
during oocyte maturation (Hirai ef af., 1992a). Thus, cyclin B is still a potential initiator
of goldfish oocyte maturation. If so. synthesis of cyclin B is required and is sufficient for
inducing oocyte maturation in goldfish, In fact, Cyclin B is sufficent for inducing
goldfish vocyte maturation, as demonstrated by inducing MPF activation by cyclin B
proteins both in vive (Fig. 4) and in virro (Katsu ef al., 1993). To confirm the
requirement of cyclin B during goldfish oocyle maturation, I investigated the effects of
antisense oligonucleotides on 17a,203-DP-induced oocyle maturation. So far, however, 1
have been unable to obtain an inhibitory effect that is stgnificantly different between sense
and antisense oligonucleotide injections. Therefore, it is premature to say that cyclin B is
an initiator of goldfish oocyte maturation.

In unfertilized mature Xenopus oocytes, MPF activity is maintained at a high level,
even 1if protein synthesis is inhibited by cycloheximide (Gerhart ef al., 1984). The
stability of MPF activity depends on a cytostatic factor (CSF; Gerhart et af., 1984
Newport and Kirschner 1984: Murray ef «l.. 1989). Since ¢-mos, a probable component
ob CSF, is not altected by protein svathesis nhibition (Watanabe e al., 1989), this
protemn seems to be involved in stabilizing MPF in cycloheximide-treated mature oocytes.
Unlike Xenopus, the cycloheximide-treated unfertilized mature goldfish oocytes caused a
drop in MPF activity to S0~70% of its initial level (Fig. 5) and an exit from metaphase
followed by arrest at anaphase (Fig. 6). Release from metaphase-arrest caused by protein
synthesis inhibitors has been reported m the mouse (Clarke and Masui, 1983) and
mollusk (Patella, Loon er al., 1991). However. in those species, the cell cycle is not
arrested at anaphase but it reaches interphase. The difference in the sensitivity of MPF to
protein synthesis inhibitors indicates the existence of species specific mechanisms that

maintain MPF activity in unfertilized mature oocytes. The mechanisms functioning in
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Xenopues are independent of protein synthesis, whereas those in the mouse and mollusk
are dependent. Mature goldfish vocyles may be equipped with both mechanisms. Since
cyclin B continues to be synthesized in unfertilized mature goldfish oocyles (Hirai ef al.,
1992a), the partial decrease in the cyclin B protein level found in cycloheximide-treated
0ocyies may be due to an interruption of the continuous supply of cyclin B. The presence
of molecular mechanisms of maintaining MPF activity independent of protein synthesis is
not certain, but c-mos may contribute to them, as it works in unfertilized mature Xenopus
oocytes (Watanabe ef af., 1089).

Itis notable that a 30~50% decrease in the kinase activity and cyclin B protein level
mduces cell cycle progression to some extent (from metaphase to anaphase). This finding
indicates a close correlation between the kinase activity/cyclin B protein level and cell
cycle progression. The mechanism that links (he Kinase activity and the cell cycle
progression is not certain. but, as proposed for the cell cycle control in somatic cells {(see
review by Jacobs, 1992), one possibility is that plural cyclins are involved at each step of
the cell cycle. For example, although I was unable to detect any difference between cyclin
B that disappeared after the cycloheximide-treatment and cyclin B that remained even
thereafter (Fig. 5), there may be at least two cyclin Bs, both of which are equally
recognized by the anti-cyclin B antibodies used in this study. One is sensitive to protein
synthesis inhibition and its destruction may be responsible for inducing an exit from
metaphase, and the other is insensitive to the inhibitors and its destruction may induce
further progression of the cell cycle towards interphase. Indeed, Hirai er af. (1992a)
1solated two species of goldfish cyclin B ¢cDNA hetween which, the homology is more
than 955 These cyclins may have different functions in initiating oocyte maturation and
maintainmg MPF activity, irrespective of their high homology. Further studies are
required to understand the precise roles of each player involved in vocyte maturation, as
well as to identify new plavers.

MPF, consisting of a cdc2 kinase-cyclin B complex, is a universal factor that
promotes oocyte maturation (Kishimoto, 1988). As this study shows however, the

mechanisms of MPF activation and its stabilization viry among species, in spite of the
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imvolvement of the same players. Despite the impressive progress in recent years, there is
stll much to be tearned about the control of oocyle maturation. Further studies using

various species should provide comprehensive understanding of the control mechanisms

of oocyte maturation.
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Fig. 1. SDS-PAGE analysis of highly purified MPF from carp egys,
Silver staining (lane |) and immunoblotting with anti-PSTAIR (lane 2), anti-cde2 (lane

3), anti-cdk2 (lane 4) and anti-cyclin B (Iane 5) antibodies.
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Fig. 2. Cyclin B and cdc2 Kkinase in goldfish immature (I) and mature
(M) oocytes.
Anti-cyclin B (A) and anti-cdc? antibody and anti-cyclin B (B) immunoblots of anti-
cyclin B (lane 1) and pl3suc! (lane 2) precipitates. The band with lower electrophoretic
mobility than cyclin B, noted by the asterisk, is not cyclin B, but was recognized non-

specifically with the second antibody.
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Fig. 3. Changes in cdc2 kinase (A and D) and cyclin B (B and C) protein
levels during goldfish oocyte maturation induced by 17u, 203-DP,
Anti-cde2 kinase (A and D) and anti-cyclin B (B and C) immunoblots of pl3suel (A and

B) and anti-cyclin B (C and D) precipitates.
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Fig. 4. Induction of oocyte maturation by E. coli-produced cyclin B
protein in the absence of protein synthesis.
Oocytes were incubated for 8hr with 170, 208-DP or after microinjection of indicated
amount of cyclin B protein, and were scored for GVBD. A, 170,20B-DP (diol); B,
17a,208-DP (diol)+cycloheximide (CH); C, buffer alone (ImM HEPES, pH7.0); D,

cyclin B protein; E, cyclin B protein+cycloheximide (CH).
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Fig. 5. Decrease in cdc2 kinase activity (A) and cyclin B protein levels

(B) in mature oocytes treated with a protein synthesis inhibitor,
Occytes matured in vitro were continuously treated with 20 pg/ml cycloheximide and the

kinase activity and cyclin B protein levels were examined at the indicated times.
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Fig. 6. Cytological examination of mature oocytes treated with a protein

synthesis inhibitor.

The cell cycle arrested at metaphase I1 (A) was released and proceeded to anaphase (B

and C). Bar=3 um. A) untreated, 60 min B) cycloheximide, 20 min C) cycloheximide, 60

min
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Chapter II.

Molecular Cloning and Immunological Analysis of
Goldfish Cyclin A During Oocyte Maturation
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INTRODUCTION

Cyclins are proteins that regulate progression through the eukaryotic cell cycle, and
are classified into G1 cyclins or CLNs and mitotic cyclins or CLBs (reviewed by Hunter
and Pines, 1991; Pines, 1993; Sherr, 1993). They associate, as regulatory subunits, with
members of cyclin-dependent kinase (CDK) family, such as cdc2 and cdk?, and are
thought to regulate distinct steps in the cell cycle (Girard ef al., 1991; Meyerson et al.,
1992; Dulic ef al., 1992; Koff ef al., 1992: Pagano et al., 1992a; Heuvel and Harlow,
1993 and reviewed by Pines, 1993; Sherr, 1093),

Cyclin A was first discovered in clam embryos and was the first cyclin to be cloned
and sequenced (Swenson ef al., 1986). The involvement of cyclin A in the G2-M
transition has been demonstrated by the entry into metaphase of prophase-arrested
Xenopus oocytes microinjected with cyclin A mRNA (Swenson ef al., 1986). In addition
to the involvement in the G2-M transition, cyclin A forms an S phase-specific complex
with ¢dk2, E2F (a cellular transcription factor) and p107 (an Rb-related protein), and
plavs a role in regulating S phase (Giordano et af., 1989; Pines and Hunter, 1990;
Pagano er al., 1992b; Mudryj ef al., 1991; Faha et al., 1992; Ewen et al., 1992 Cao et
al., 1992; Devodo et al., 1992; Shirodkar ef af., 1992 and see review by Nevins, 1992).
Besides cyclin A, cyclin B complexed with cde2 controls the G2-M transition in the cell
cyvcle (see review by Nurse, 1990: Maller, 1991). The functional differences between
cyclin A and cyclin B in the G2-M transition have not been clarified. Introduction of
either cyclin A or B into interphase-arrested cell extracts induces entry into M phase
(Murrey and Kirschner, 1989; Clarke e/ al., 1992). In addition, both A- and B-type
cyclin-cdk complexes have very similar substrate specificities in vifro: they phosphorylate
histone H1 and H2B on identical residucs (Draetta ef al., 1989; Minshull ef al., 1990:
Parker et al.. 1991). Although there are many functional similarities, cyclins A and B do
not seem to be redundant in the regulation of the cell cycle. For example, the histone H1
kinase activity of cyclin A-dependent kinase increases earlier than cyclin B-dependent

kinase, although heir activities patierns partially overlap (Minshull ef al., 1990: Pines
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and Hunter, 1990; Dulic ef al., 1992}, In mitotic cycles, cyclin A is degraded ahead of
cyclin B in several organisms (Westendor( er al., 1989: Minshull et al., 1989).

The functional difference between cyclin A and B during oocyte maturation (meiotic
cell cycle) is also uncertain. Maturation-promoling factor (MPF), a key regulator of
oocyle maturation, consists of cde? Kinase and cyclin B, but not of cyclin A (see review
by Nurse, 1990: Maller. 1991; Jacobs, 1092, However, the microinjection of cyclin A,
as well as evelin B, into immature oocytes mduces maturation (Swenson ef al., 1986;
Pines and Hunt, 1987, Westendorf of .. TOS9). In Xenopus oocyte maturation, cyclin A
is first detectable at about the time of gernunal vesicle breakdown (GVBD) and its protein
level decreases slightly when GVBD is completed and increases thereafter. However,
Xenopus cyclin A binds neither to cde2 nor cdk2 and it is not associated with histone HI
kinase activity until the egg is activated at fertilization (Kobayashi er al., 1991).
Therefore, it is completely uncertain whether or not cyclin A plays any roles in vocyte
maturation.

I'first describe the molecular cloning of goldfish cyclin A cDNA and immunological
characterization of its product. This study also determine the association of cyclin A with
¢de2 and cdk2 proteins, and changes in the kinase activity of the cyclin A-cdc?2 complex
during oocyte maturation. Furthermore, I examined whether cyclin A mRNA can induce
GVBD when microinjected into goldfish immature vocytes. The results suggest the role
of cyclin A-cde2 kinase in the later events of oocyle maturation, such as the transition

between meiosis 1 and Il and the maintenance of high MPF activity in unfertilized eggs.

MATERIALS AND METHODS
cDNA Cloning of Goldfish Cvelin A
Iused two cDNA libraries for isolating goldtish cyclin A ¢cDNA; one is a AgtlO library

constructed from ovulated goldfish eggs (Hirai ef al., 1992a), another is a AZAPII library
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constructed front a full-grown goldfish ovary. The hgtiO library was screened under
relaxed hybridization conditions with a lull-length Xenopus cyclin A ¢cDNA probe
(Minshull es al., 1990). Hybridization was performed at 45°C for 16 hr in a buffer
containing 5x SSC (1x SSC: 150 mM NaCl, 15 mM sodium citrate, pH 7.0), 5x
Denhardt's regent (1 mg/m! each of Ficoll, polyvinylpyrrolidone and bovine serum
albumin), 0.1% sodium dodecy! sulfate (SDS), and 200 ug/ml herring sperm DNA,
Membranes were washed in 5x $SC at the same temperature. Fifty clones were isolated,
but even the longest clone seemed 1o be truncated, lacking several amino acids at the N-
terminal. Therefore, we screened the AZAPI ¢DNA library with an oligonucleotide probe
corresponding to the S'-terminal sequence of the truncated cyclin A (Fig. 1), to obtain a
clone containing the complete cyclin A coding sequence. Hybridization was carried out at
65°C for 14 hrin the same buffer as described above. Bluescript plasrﬁids containing the
cDNA inserts were rescued from the ZAPII phages according (o the instructions of the
manufacturer (Strategene) and sequenced by dideoxy chair termination sequencing
methods (BcaBEST sequencing kit, TAKARA) using double-stranded plasmid DNA as

templates.

Anmimals and Oocytes
Goldfish were purchased commercially and raised at 15°C until use. Immature oocytes
were solated from avaries using a pipet, and induced 1o mature in vitro by incubating at
room temperature in goldfish Ringer's solution (Kagawa ef al., [984) containing | pg/ml
76, 2005-dihydroxy-4-pregnen-3-one (17, 2008-DP), a natural malluraliml—induciﬁg
hormone in fish (Nagahama wnd Adachi, 1985). Maturational processes were assessed
by immersing the occytes in a clearing solution (5% formalin and 4% acelic acid in
Ringer; Lessman and Kavumpurath, 1984), which facilitates nicroscopic examination of
the occurrence of GVBD.
Xenopus laevis was obtained from a dealer in Hamamatsu, and maintained in

faboratory aquaria at 20°C. Qocytes were obtained by surgically removing a portion of an



ovary and then removing the follicular layers of fuil-grown oocytes with Torceps. All

operations on cocyles were conducted in modified Barth's medium (Laskey er al., 1977).

Preparation of Goldfish Qocyte Extracts

Oocyte extracts were obtained as described previously (Hirai ef al., 19923). Briefly,
oocytes were homogenized with a pestle (Pellet Pestle: Kontes) in I ul/oocyte of ice-cold
extraction buffer { 100 mM B-glycerophosphate, 20 mM HEPES, 15 mM MgCly, 5 mM
EGTA, 100 uM p-amidinophenyl methanesulfonyl Tuoride, 3 pg/ml leupeptin, pH 7.5).
The homogenate was centrifuged at 15,000 ¢ for 10 min at 4°C, and the supernatant was
used for Kinase assay, immunoblotting and immunoprecipitation, as described below.

Bulk extracts were prepared from immature and mature oocytes by crushing them in
extraction buffer followed by ultracentrifugation (100,000 g, | hr, 4°C), as described
previously (Yamashita ef al., 1992a). A portion of the extracts was mixed with SDS
sample buffer immediately after the extraction and the rest was frozen in liquid nitrogen

and stored at -80°C until use in the cell-free system described below,

Production of Goldfish Cyclin A Proteins

Cychin A truncated by 13 amino acids at the N-terminal, was produced from a cDNA
clone (Fig. 1). The ¢DNA was digested with BeynHI and ligated into the BamBI site of
the pET3a (Studier of al., 1990). The predicted amine acid sequence of the construct is as
ollows: MASMTGGQOMGR (the first 1 2-amino-acid sequence of the T7 gene 10
protein). GSGYHG (a sequence derived from the adapter) (Amersham), and the goldfish
cyclin A sequence starting from the 14th amino acid (Fig. ).

A full-length cyclin A protein was constructed as follows: The ¢DNA clone encoding
the full-length cyclin A (Fig. 1) was amplified by PCR using the oligonucleotide §'-
CGCCATATGGCTTCCCGTGGCTTCGCTCC-3' (5 primer introducing a Ndel site)
and 5-CGCGATCCAAAACATCAAGGGAGAGGC-3' (3" primer introducing a

EcoRV site). The PCR fragment was digested with Ndel and LcoRV, then subcloned
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inte pET3a that was cut with Nefel and FeoRY. The construct expresses the full-length
goldfish cyclin A without any additional amino acid residues on its N- and C-terminals.

Both the truncated and full-length goldfish cyclin A proteins were expressed in
£scherichia coli BL21 (DE3), and the produced cyclin A proteins were electrophoretically
purified with a Prep-Cell (Bio-Rad).

Goldfish cyclin A fused with protein A (PA-cyclin A) was consiructed by amplifying
the full-length cDNA clone by PCR with the oligonucleotide; 5'-
CGCGAATTCGATGGCTTCCCGTGGCTTCG-3! (5" primer introducing a EcoR1 site)
and S-CGCGAATTCCAAAACATCAAGGGAGAGGC-3' (3" primer introducing a
LeoRlI site). The PCR fragment was digested with £coRI and ligated into LeoRI-digested
protein A-pET3b vector (a gift from Tim Hunt). The predicted sequence of the fusion site
between PA and cyclin A is DDPGNS (sub C-terminal region of PA) followed by the
first methionine of goldfish cyclin A. PA-cyclin A protein was translated in the TNT T7

coupled reticulocyte lysate system (Promega),

Antibodies

Anti-goldfish cyclin A monoclonal antibody was raised against the N-terminal
truncated proteins, according to the procedure described previously (Yamashita ef al.,
1991). The monoclonal antibody does not react with goldfish cyclin B. This antibody,
however, was unable to precipitate cvelin A from vocyle extracts (data not shown),
Therefore. immunoprecipitation was performed using an anti-cyclin A polyclonal
antibody (antiserum) raised against the full-ength cyclin A protein. Anti-cde2 amibnd‘y,
anti-cdk2 antibody and anti-cyclin B antihody were described elsewhere (Kajiura et al,

1993; Hirai et af., 1992b; Katsu ef af.. 14993,

Immunoprecipitation
Oocyte extracts (50 pl) were mixed with 20 il of protein A-Sepharose beads
(Pharmacia) and incubated for 2 hr at 4°C. After centrifugation at 3,000 g for | min, the

supernatant was mixed with | ul ol either ascites fiuid containing anti-cyclin B
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monoclonal antibody or anti-cvelin A seram. After incubation for 5 hr at 4°C, 20 ul of
protein A-Sepharose beads was added and incubated overnight at 4°C under continuous
agitation. After washing in extraction buifer containing 0.2% Tween 20, the beads were
divided into two: one portion was used 1o measure kinase activity associaled with the
beads and the other was mixed with 2x SDS sample bulfer and boiled for 2 min, then
proteins associated with the beads were analyzed by immunoblotting. Anti-cyclin B
immunoblotting of anti-cyclin A immunoprecipitates has revealed that cyclin B is not
coprecipitated with anti-cyclin A antibody. Stmilarly, cyclin A was not precipitated with

anti-cyclin B antibody.

Kinase Assay

The kinase activity of immunocomplexes was measured using a synthetic peptide (SP-
peptide: KKAAKSPKKAKK), which is phosphorylated specifically by cdc2 and its
related kinases (Yamashita e/ af., 1992b). Samples were incubated for 20 min at 30°C in
the presence of the following: 100 M SP-peptide, 500 uM ATP, 1.5 uCi [7-32P]ATP, 1
mM EGTA, 10 mM MgCly, 50 mM B-glycerophosphate, 20 mM Tris-HCI (pH 8.0). The
reaction was stopped with phosphoric acid, and the SP-peptide was adsorbed onto P$1
phosphocellulose paper (Whatman). After washing in phosphoric acid the radioactivity

remaining on (he paper was counted by liquid scintillation.

Activation of Cde2 Kinase by Cyclin A in a Cel-Free Svsfem

Immature goldlish oocvie extracts (100,000 ¢ supernatant) were thawed and
centrifuged at 15,000 ¢ for 10 win al 4°C. The supernatant (75 ul) was mixed with 25 pl
obin vifro translated PA-cyclin A protein. The mixture was incubated with I mM ATP at
25°C. One hour later, 30 nl 1¢G-Sepharose beads (Pharmacia) were added, and the
incubation was continued for 2 hr at 4°C. Afier washing with extraction buffer containing
0.2% Tween 20, the kinase activity was measured and proteins were analyzed by

immunoblotting.



In Vitro RNA Svinthesis

To synthesize cyclin mRNA in vitro, the pBluescript vector containing the cyclin A
C¢DNA and the pET3b vector containing cyclin B cDNA (Hirai et al., 1992) were digested
with either EcoRV (for sense mRNA) or Smal (for antisense mRNA), and capped
mRNA was synthesized by T3 RNA polymerase (for sense mRNA) or T7 RNA
polymerase (for antisense cyclin A mRNA and sense cyclin B mRNA) using a mCAP

mRNA capping kit (Stratagene).

Assay for Meiosis-Reinitiation Activi Iy

In vitro synthesized mRNA (] mg/ml), was microinjected into immature oocyles (50
nl for Xenopus and 20 nl goldfish). In Xenopus, GVBD was detected by a white spot
appearing at the animal pole within 6 hr after the Injection. The presence or absence of the
germinal vesicle was verified by dissection of the oocytes after fixation with 10%
trichloroacetic acid. In goldfish, the injected ;mcyies were incubated in goldfish Ringer's
solution for 8 hr and then fixed in a clearing solution to examine the occurrence of

GVBD.
RESULTS

Molecular Cloning of Goldfish Cyvelin A eDNA

[ screened a goldfish egg ¢cDNA library with Xenopus cyclin A ¢cDNA. Of 1x105
plagues screened, SO were positive and the longest clone was sequenced. This clone had
an insert of 1486 bp (Fig. 1), and the predicted amino acid sequence exhibited significant
homology with A-type cyclins of other species, although the entire coding region was not
covered. To isolate clones including the entire coding region, [ screened another goldlish
¢DNA library constructed from full-grown ovary with the 5" fragment of the truncated
¢DNA (Fig. I, underlined). Twenty-seven positive plaques were isolated from 50,000,
and the longest clone was sequenced. Although the longest cDNA was about 350 bases

shorter than the corresponding mRNA that was estimated at 1.9 kb by Northern blotting
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(data not shown), the sequence contained an open reading frame of 391 amino acids,
starting with an AUG codon in accordance with Kozak's rules (Kozak, 1986). The
sequence contained a stop codon in the same reading frame upstream of this AUG,
suggesting that this is the authentic translation starting point. The predicted molecular
weight and pl of the cDNA product were 43,594 and 5.1, respectively.

The deduced amino acid sequence of the isolated cDNA resembled cyclin A, rather
than cyclin B (Fig. 2). When the cyclin box were compared, the identity with Xenopus
cyclin A was 85% (Minshull et af., 1990) and that with human cyclin A, 81% (Wang et
al., 1990). The identity was 49% with goldtfish cyclin B1 (Hirai et al., 1992a) and 50%
with Xenopus cyclin Bl (Minshull et /., 1989). Therefore, [ referred to the isolated

clone as goldfish cyclin A ¢cDNA.

Cyclin A Protein Is Present in Both [immature and Mature Goldfish Qocytes

To examine the behavior of cyclin A protein in goldfish oocytes, I raised monoclonal
antibody against bacterially-produced goldfish cyclin A. This antibody does not react
with £. coli-produced goldfish cyclin B or anti-cyclin B reactive 46-48 kDa proteins in
highly purified carp MPF (data not shown; see Yamashita et /., 1992a), indicating that
the anti-cyclin A antibodies do not react with cyclin B. This monoclonal antibody
recognized a single 47 kDa band in both immature prophase- and mature metaphase 11-
arrested oocytes by immunoblotting (Fig. 3A). The 47 kDa band disappeared when the
eggs were activated by insemination (data not shown). Based on the disappearance upon
egg activation and the approximate correspondence between the molecular weight of the
anti-cyclin A reactive protein and that of goldfish cyclin A deduced from its cDNA, I
concluded that the 47 kDa protein found in both immature and mature oocytes is goldfish
cyclin A.

I then examined changes in cyclin A protein levels during goldfish cocyte maturation
induced in vitro by 17¢,208-DP (Fig. 3B), and found that there were no remarkable
changes. In this experiment however, | used the 100,000 g supernatant of crushed

oocytes for immunoblotting. Since cyclin A has been reported to be associated with
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chromatin (Maldonado-Codina and Glover, 1992), I cannot exclude the possibility that

cyclin A was precipitated by the ultracentrifugation.

Anti-Cyclin A Immunoprecipitates from Mature Goldfish Oocyte Extracts Contain Active
Cdc2 Kinase

Immunoblotting revealed the presence of cyclin A in both immature and mature
goldfish oocytes. I then examined whether cyclin A confers kinase activity in goldfish
oocytes. Anti-cyclin A immunoprecipitates from mature goldfish oocyte extracts had
kinase activity, but those from immature oocyte extracts did not (Fig. 4A). I further
examined whether goldfish cyclin A was interacted with cdc2 and/or cdk2 during oocyte
maturation. The anti-cyclin A immunoprecipitates from mature oocyte extracts contained
an anti-cdc2 reactive 34 kDa protein, but those from immature oocyte extracts did not
(Fig. 4B). Anti-cdk2 reactive proteins were not detected in either immunoprecipitate (data
not shown). I showed that the anti-cdc2 reactive 34 kDa protein is active cdc2 (Katsu et
al., 1993; Kajiura ef al., 1993). Therefore, these results suggest that the kinase activity
associated with anti-cyclin A immunoprecipitates from mature oocyte extracts is

responsible for cde2.

Activation of Cdc2 Kinase by Cyclin A in a Cell-Free System

Immunological studies showed that cyclin A binds to cde2 and probably activates it
during goldfish oocyte maturation. To confirm this, experiments were designed to
examine whether recombinant cyclin A can bind to and activate cdc2 in a cell-free system.
I used PA-cyclin A produced in the reticulocyte lysate system and immature goldfish
oocyte extracts, in which all cdec2 is inactive and monomeric (Kajiura et al., 1993). PA-
cyclin A was added to the extracts, and after an appropriate incubation, it was recovered
with 1gG-Sepharose beads. The kinase activity associated with the beads was apparently
higher than that in controls (Fig. SA). Protein A alone did not confer kinase activity (data
not shown). The catalytic partner of PA-cyclin A was examined by immunoblotting the

proteins associated with the IgG-Sepharose beads with anti-cdc2 and anti-cdk2
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antibodies. The 1gG-Sepharose beads contained a 34 kDa active cdeZ, but not cdk2 (Fig.
SB). These results indicate that cyclin A binds to and activates ¢de2 in a cell-free system,

as it does in vivo (Fig. 4B).

Changes in Cyvelin A-Cde2 and Cvelin B-Cde2 Kinase Activities During Oocyie
Maturation

I demonstrated that goldfish cyclin A binds to and activates cdc2. To determine the
changes in cyclin A-cde2 kinase activity during oocyte maturation, 1 prepared oocyte
extracts at various stages of oocyte maturation induced by 17a,20p-DP,
immunoprecipitated them with anti-cyclin A serum and measured the kinase activity
associated with the anti-cyclin A immunoprecipitates (Fig. 6). Cyclin A-cde2 kinase
activity was undetectable in immature oocytes, and appeared at about the time of GVBD,
The level increased slightly until GVBD was completed, then increased drastically after
completion of the first meiotic division.

Next, [ compared cyclin A- and cyclin B-ede2 kinase activities, by measuring the
kinase activity in anti-cyclin B immunoprecipitates. Cyclin B-cde2 kinase activity
appeared just before GVBD and increased gradually during oocyte maturation (Fig. 6), in
agreement with the previous observation (Katsu ef af., 1993). On the other hand, the
level of cyelin A-cde2 Kinase activity was about 10-times lower than that of cyclin B-cde2

and 1ts activation occurred more abruptly at the later phase of cocyte maturation (Fig. 6).

Syathetic Cyelin A mRNA can not Induce GV of Goldfish Oocytes
Goldfish cyclin A mRNA was transcribed in vitro. When microinjected into
Nenopus immature oocytes, the voldfish synthetic sense cyclin A mRNA caused GVBD,
but the antisense mRNA did not (Table 1), The results are consistent with those of
previous studies showing that cyclin A drives Irog ovcyles into metosis (Swenson ef af.,
1936:; Pines and Hunt, 1987: Westendor[ ef al., 1989y,
I'then examined whether goldiish cyclin A mRNA can induce GVBD in goldtish

oocytes. Cyclin A mRNA did not cause GVBD in goldfish oocytes, whereas cyclin B
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MRNA did cause GVBD (Table 1), Cyehin A mRNA microinjection increased Hi Kinase
actvity in ooveyte extracts (Fig. 7). These resulls suggest that in contrast to cyclin B-cde2
kinase, cyclin A-cde2 kinase can not induce GVBD in goldfish oocytes, in spite of the

activation of the kinase.

41



DISCUSSION

To study the behavior of cyclin A during goldfish oocyte maturation, I cloned
goldfish cyclin A ¢DNA and produced antibodies against its product. I found that
goldfish cyclin A protein is present in both immature and mature oocytes, and remains at
a steady level during oocyte maturation; cyclin A binds to cdc2, but not to c¢dk?2, and
activates it during oocyte maturation; and that the kinase activity of the cyclin A-cdc?2
complex starts 1o increase just before GVBD like cyclin B-cde2, but it increases only
shightly until GVBD is completed. A rapid increase occurs after the completion of
GVBD.

I'showed that goldfish cyclin B is absent in immature oocytes and that it appears in
concert with the beginning of GVBD (Hirai er af., 1992a; Katsu et al., 1993). This
situation differs {rom that of Xenopus (Gautier and Maller, 1991; Kobayashi ef al.,
1991) and starfish (Strausfeld es el 1991, in which cyclin B is already present in
immature oocytes and forms a complex with cde2 kinase. In contrast (o goldfish cyclin
B, this study demonstrated that goldfish cyclin A is stockpiled in immature vocyles, and
that its content is not remarkably changed during maturation. In Xenopus, cyclin A is
undetectable at the outset of oocyte maturation, in contrast to the large amounts of
stockpiled cyclin B in immature oocytes (Kobayashi ef al., 1991). These results showed
that the hehavior of goldfish cvelin A resembles that of Nenopus cyclin B, whereas that
of goldfish cyclin B resembles Nenopirs cyelin A According to its homology and its
absence in purified MPF, it is cortain that the anti-cyelin A reactive 47 kDa protein is not
cyelin B but cyclin AL Therefore, this study showed that the behavior of cycling A and B
differ completely between goldfish and Nenopus, suggesting the presence of different
mechanisms of cyclin A and B activation that are species specific, Indeed, I revealed that
the molecular mechanisims of cyelin B activation during vocyte maturation differs among
species (Katsu ef aof . 1993 Yamashita of af., submitted).

A previous study of Xenopus cyclin A during oocyte maturation found that pl3sucl.

precipitates and anti-cyclin A immunoprecipitates from mature Xenopus oocyte extracts
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do nothave cyelin A or histone H1 kinase activity, respectively (Kobayashi ef af., 1991).
This suggests the absence of complex Tormation of cyclin A with cde2 and/or cdk?2
during Xenopus oocyte maturation, miplying that cyclin A does not play any roles at least
i vocyte maturation. Contrary to this finding, I have shown that, in the goldfish vocyle
system, cyclin A binds to cde2, but not to ¢dk2, and that it activates cdce2 both in vive
and 1 vitro. raising the possibility that cyclin A plays a role in oocyte maturation at least
m geldfish, The question is the role that cyclin A-cde2 kinase plays during oacyte
maturation. MPF, a Timal indducer of aocyle maturation (see review hy Nagahama,
1987a). consists ol cde2 hinase and cvelin Boand evelin A s not a component (Draetta of
el 1989: Dunphy e ol 1983 Gaudier of af., TO88, 1990: Labbé et al., 1989a,b;
Yamashita ef af., 1992a.b). Cvelin B-cde2 Kinase activity increases according to the
oceurrence of GVBD. Although the point where cyelin B-cde? and cyclin A-ede? begin
to be activated is almost the same, the vapid increase of cyclin A-cde2 kinase aclivity
ocurrs only after the completion of GVBD. Furthermore, microinjection of cyclin A
mMRNA into goldfish immalture oocytes does not induce GVBD. Collectively, these
results suggest that cyclin A-cde2 kinase is not required for inducing GVBD, which is
under the control of cyclin B-cdc2 activity. It is possible that cyclin A-cdc2 may play an
important role in steps after GVBD. For example, cyclin A-cde2 kinase may help the
rapid activation of cyclin B-cde2 kinase at meiosis | to 11 transition. The cyclin A-cde2
kmase may play a partin the maintenance of high cyclin B-cde2 kinase activity in mature
unfertilized oocyles by inactivating cde-specitic tyrosine kinases, such as weel and
mik] (Devault ef af., 1992, Further mvestigations are required to understand the role of
cyehin A-cde Kinase and the connection between cyclin A- and B-cde2 kinase during
cocvle maturation,

The present findings that goldlish evelin A binds 1o and activates ede? in both mature
oocyles and a cell-free system derived [rom immature oocytes raise the question of why
cyehn A-cde2 Kinase is not activated in immature oocytes regardless of the presence of
cyehn AL Kajivra ef ol (1993) have shown in a previous study that all cde2 proteins in

imimature goldfish oocyies are moenomeric. Thus, it is most likely that cyclin A is

43



prevented from interacting with the immature oocyte edel proteins. Although cyclin A is
found in the soluble fraction (100,000 g supernatant), it should be in a 'masked’ form in
immature oocytes. It is plausible that the hormone changes the chemical state of cyclin A
and allows it to interact with cdc2. This situation is similar to that of cyclin B during clam
oocyte maturation, except that cyclin B in immature clam oocytes is stocked as the
msoluble form (Westendorf er af., 19803, Unfortunately, the unavailability of an anti-
¢de? antibody that immunoprecipitates cdc2 proteins does not allow us to determine the
tinting of the association of cyclin A with cde2 kinase nor the relationship between this
association and the increase in the kinase activity. [ also examined anti-cyclin A
immunoblots of sucl precipitates. However, I found that in goldfish oocytes cyclin A
protein binds to suc | protein directly, so that [ could not identify the timing of cyclin A-
cde2 complex formation. The molecular mechanisms of the chemical modifications of

cyclin A during oocyte maturalion remain to be resolved.
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EFFECT OF MICROINJECTION OF GOLDFISH CYCLIN mRNA
INTO XENOPUS AND GOLDFISH OOCYTES

% GVBD in
Xenopus Goldfigsh
Materials injected oocytes cocytes
Synthetic RNA
sense cvelin 2 mRNA 100 (21 0(28)
antlsense cyclin A mRNA 8(259) —
sense cyclin B mRNA — 81 (21)
Control experiments
cocytes treated with P3 91.7(24) —
occytes treated with 17,20-Dp* — 84(25)
ncntreated ococvtes D(24) 0{24)

I. Number of oocytes used.
2. Not examined,
3. Progesterone (10 pg/ml)

4. 17a, 208-Dihydroxy-4-pregnen-3-one (I pg/mi)

Table |
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TATTGGTTCTTTAAGAGTTTAACGCAGCAAAAGCAGATAAG ~-41

ATGGCTTCCCGTGGLTTCGUTCCTTITGTCCGGTCGTCAGGAGAACATCATGGTCCTGGGAAGAGCGGATGGCCTG 75
M A $§ R G F A P L 5 G R @ E N I M V L G R A D G L 25

CACGCTCTCAAGCCTGGCCAGAGGGTCGTGCTCGGTGTTCTCGACCGAGAATGATCAGCATAATCGAGTATTTGGA 150

H & L ¥ P G Q R V VvV L & ¥ L T E W D ¢ H N R ¥V F & 50
CAGGTTICGICCAARTATGTGCCAGCCCTTCGTHRATGCATUGALCCTTGACGTCAGCACATCGAGTGCTACALTG 225
Q v 5 5 K Y vV P A L R D A 5 T L D WV 5 T 3 5 A T L 75

GGTETTCACGTGETCGACGCCAGTCATTGOGUAGGUAACTAAACCOACCTCATTCTTACTGCCCTCAGAGCTTCTG 300
v B vV v E P ¥V I A 9O A T E I T % F L L P S E L L 100

CTARGTRAGATCATGTGETCCAAGATCTTGE T TUAGGETUTTHUATHGATTUTTCCATSCACTCATIGCCGGAGGAG 375
L v b b v Vv O o L o o5 s o0 Mo nooso o noM 5 LoP E R 125

TGTGTTCCAGAATATCOCGAGGATATCUACAGATACCTYGCGTGAATGTGAAGTT 450
vV p E Y A E I I H #® Y L E E C E V 150

GUTGHUTTATGAGGACATCLT
A A Y E D I L O

AAATACAGGCCGAAGCCTGGTTACATGAGAARASCAGCUTGRCATAACCAAC TG TATGAGGETCATCCTTGTTGAL 525
Y 2 p K P ¢ Y M B K @ ¢ o0 - T N O M R V I L VvV D 175

TOGUTGGETTCAGGTTGE TGAGGAATACARAL TG TGO TCGGAGACUCTTTTUTTGGCTGTCAATTACCTGGACCGE 600
W L VvV £E V 66 E E Y K i ¢ L & T L ¥ L A V N Y L T R 200

TTCCTTTCGTGCATGTCTGTCC TGAGAGGAARA TTECAGLTTGTLGGGAACAGCTCCTCTACTCCTGGCTGCGAAR 675
F L & ¢ M 5 ¥ L R G ® L o L ¥ ¢ T »~n A v L L A & K 225

TATGAGGAGGTGTATCCTCCGGAAGTCCATCAGTTTG TG TACATCACGGATGACACC TACACAAAGAAACAGCTG 750

Yy & E Vv Y P P E ¥V D E ¥ WV ¥ > T 0 Db T ¥ T K K Q L 250
CTTOGOATGGAGCAGCACCTGCTCCOTGTGU TGGC TITTGACATCACCCCTCCCACSGTTCACCAGTTTTTGATG 825
i R M B @ H L i R ¥ L A 7 b M T A P T V H © F L M 275

CAGTACACATTGGAGGGSCATATCTGCTGCCAGGAC TGTAAACUTTLCTTTGTATUTTTCAGAGTTIGAGCCTGCTT 900

g vy T L E G W I € A R T ¥V N L A L ¥ L & E L 5 L L 300
GAGGTGLATCCCTTTGTGCAGTATCTACC TTCARAGACTGOTGUAGUTGCATATTGTCTGGCCAACTACACTCTA 975
£E VvV D P PV o Y L P 53 K T A A A A Y C L A N Y T L 323
AATHGEGTITTCG TCOCOC TEAGAACCTGTATGUC TTCAC TGO TTACTOAC TGHULGTGATCATCCCATGTCTGATEG 10560
N 3 ¥V L W p FE N L Y A F T oY LA v I I P C L M 350
GAGCTTCATARACTTCA "C TAGGGGC TGUAGHTUGLCCU GO AACAGGU TATOCAGGALARATACAAGGGCTCARRAA 1125
E L 4 ¥ L H L o A A G RoOP oo T o EOY KOG 8 K 375

TATTGTGGCGTOTCCC TGO TTCAGCC TG TGHAGTC TUTGCUT TGATOTTTTGGTIGACCACATTGGTTTG 1200
Yy ¢ &6 v 5 L L E P ¥V E I L P L P = 391

AGGCCAACAAATGAACTECAGOGL T TAAGTC TAT TG TARATAT LGATTCAACTTTTGTTTTTARATGTGGCTTTT 1275
AATCTTTTTAARAACGTGATTTTTATCATAGG TTGCTTAASACTAATCAACAAGTGACTTGTTTCTGTAAATCCAA 1350
CACGUAGTTGGTC TCAAGGC TG TTUTCCCCTOTTTGTATATGACATGARCAAR TG TACCACTTTATCTACTCTCC 1425,
TTAGGETCTC T T ICTCTGGTAACCATG TAT T TTACTTGTATAGTAAGTGCAATATCATGTACTTCAAACTGAATT 1500
TCAATRAACGAAACAAGTTGOARAR 1525

Fig. 1. Nucleotide and deduced amino acid sequence of goldfish
cyclin A,
The underlined sequence was used as a probe for isolating clones that contain the entire

coding region. The first nucleotide of the truncated ¢DNA clone isolated initially is

shown by #.
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A Cconsensus

GFocych 169
XLcoycA 196
HScycA 210
GFcycB 167
XLcyecBl 167
XLcycB2 162

AB consensus

A CONSEensus

GFcych 209
XiLcych 236
HS5cych 250
GFcycB 207
XLcycBl 207
XicycBz 202

AR consensus

A consensus

Grcych 249
XLcych 276
H3cych 280
GFcycR 247
XLcycBl 247
XLeycBZ2 242

AR consensus

2

A comparison of goldlish cyclin A (GFeyeA)

(XLeyveA) (Minshull ef ol

r duddddidadaradd FHE B4 HF #HHEF HAH4
MRVILVDWLVEVGEEYKLC3ETLFLAVNYLDRFLSCMSVL
MRTILVDWLVEVGEEYKLHTETLYLAMNYLDRFLSCMSVL
MRAILVDWLVEVGEEYKLONETLHLAVNY IDRFLSSMSVL
MRATILIDWLVQVQIKFKLLOETMYMIVAVIDRFLQDHPVP
MEAILIDWLVQVOMKERLLOETMEMTVGI IDRFLQFHEPVE
MRAILVDWLVOVHSRFOLLOETLYMGVATIMDRFLQVQPVS

* A kok ok k ok ok Kk * * & LR *

wHEdAFRAE S HAF A FE FEE G AEFERAEAEE
RCKLOLVGTAAVLLAAKYEEVYPPEVDEFVYITDDTY TKK
RGKLOLVGTAATLLASKYEEIYPPDVDEFVYITDDTYSKK
RGKLOLVGTAAMLLASKFEE IYPPEVAEFVYITDDTY TKK
KKQLOLVGVTAME IASKYEEVYPPETADFAFVTDRAYTTG
KNOLQLVGYVTAMELAAKYEEMYPPEIGDF TFVTDHTYTKA
REKLOLVGVTSLLIASKYEEMYTPEVADFVY ITDNAYTAS

koA Kok ow * ok ok k A & * * o *

# oBERd i O#4 4 B4 #d+
QLLRMEOHLLRVLAFDMTAPTVHQEFL
OLLRMEAVLLEKVLAFDLTVETVNOEL
OVLRMEHLVLEVLTFDLAAFTVNQEL
QIRDMEMKILRVLDEFSEGKPLPLOFL
QIRDMEMKILRVLKFAIGRPLPLHFL
QIREMEMITLRLLNEDLGRPLPLHEL

* % K * * ok * B

2. Comparison of amino acid sequence of cyelin.

with ¢yelin A homologs from Xenopus

1990) and human (HScycA) (Wang el al., 1990) and with

cychin B homologs from goldlish (GFeyeB) (Hirai er af., 1992a) and Xenopus
(XLeyeB1 and XLeyeB2) (Minshull ef af., 1989). The most conserved region is shown.
Residues identical in A-type cyclins (GFeycA, XLeyceA and HScycA) are marked #
above the sequence of GFeycA. Residues conserved in all A-type and B-type cyclins are

marked with asterisks below the sequence of XLeyeB2,
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protein  u-cyelin A

100
Y I M J
6y, 3 : 80 =
554 ¢ 604
h% Py .
2 404
o L
204
T %
.5 Q
o Hours of exposure to hormone
cyclin Aw -
3

Fig. 3. Immunoblots of geldfish vocyte extracts with an anti-cyclin A
monoclonal antibody.
Oocyte extracts (5 pl) were separated by 12.5% SDS-polyacrylamide gel electrophoresis
and stained with Coomassie blue for otal proteins. Identical samples were blotted and
probed with the anti-cyclin A antibody. (A) Cyclin A (CycA), 47 kDa in immature (I) and
mature (M) oocyte extracts. The positions of protein molecular mass markers (in kD) are
indicated. (B) Anti-cyelin A immunoblots of goldfish oocyte extracts during maturation.
The percentage of GVBD in the same experiment is shown above the blots. The 47 kDa

cychin A protein is not remarkably changed durng oocyte maturation,

49




o i e e p T T o

£

g

=2

. Fay
2
g
: Q
wy
a1
! =
: b

I M I M
Preimmune Anti-cyclin A
a-cdc2

Fig. 4. Binding of cyclin A and cde2 and its activation in- mature
oocytes.
(A) Kinase activity of immunoprecipitates from immature (1) and mature (M) oocyte
extracts with anti-cyclin A or preimmune serum. (B) Anti-cdc2 immunoblots of
immunoprecipitates from immature and mature oocyte extracts with anli-cyclin A
antiserum or preimmune serum. The band noted by an asterisk is 35 kDa inactive cdc2,

which is nonspecifically precipitated with protein A-Sepharose beads.
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kinase activity (c.p.m.)
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PA-cycA + + -

IgG-bead + + +
oocyte ext. - + +

Extract - + +
PA-cycA  +

anti-cdc2
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*
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anti-cdk2
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Fig.

th

The binding of recombinant PA-cyelin A to cde2 and its
activation in a cell-free system.

(A) Kinase activity of PA-cyclin A protein harvested from immature oocyte extracts with
[gG-Sepharose. (B) Immunoblots of the same sample as A, probed with anti-cde2
antibody or anti-cdk2 antibody. Inactive 35 kDa cdc2 noted by the asterisk was

nonspecifically precipitated with teG-Sepharose. Anti-cdk2 immunoblot of pi3sucl

precipitates from the same oocyte extract revealed ¢dk2 in the original extracts.
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Fig. 6. Cyclin A- and B-cde2 activities during goldfish oocyte
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kinase activity (cpm/min)

Fig. 7. Kinase activity of synthetic cyclin A mRNA injected oocytés.
Ten oocytes were incubated in goldfish Ringer's solution after injection of synthetic
cvelin A mRNA. After 8§ hr, oocyles were washed with extraction buffer and
homogenized with a pestle in 10 1 of ice-cold extraction buffer. The homogenate was
centrifuged at 15,000 ¢ Tor 10 min at 4°C, and the supernatant was used for kinase
assay as described in Materials and Methods. The kinase activity of cyclin A mRNA-
injected oocytes (lane 1) and non-mjected control vocytes (lane 2) was measured.

Mean = standard deviation (n=2)



Chapter 111.

Translational Control of Maternal Cyclin B mRNA
during Goldfish Oocyte Maturation
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INTRODUCTION

MPF has been purified from mature oocyles of Xenopus (Lohka et al., 1988),
starfish (Labb er al., 1898a,b), and carp (Yamashita ef «f., 1992) and consists of two
components; one is a homolog of the cde2* gene product of fission yeast, referred Lo as
cde2 kinase, and the other is cyclin B (reviewed by Nurse, 1990): Maller, 1991; Jacobs,
1992). The association of ¢de2 kinase with cyclin B is necessary (o turn on its protein
Kinase activity (Desai et af., 1992). The mechanisms of MPF activation differ from
species to species, in spite of the involvement of the same molecules. For example, in
immature vocyltes ol Xenopus (Gautier ef al., 1991 Kobayashi et al., 1992) and starfish
(Strausfeld ef al., 1991), inactive cde? is already in a complex with cyclin B as pre-MPF;
in clam oocytes, cde2 forms a complex with cyclin B that insolubilized in process of
oocyte maturation (Westendorf ez af., 1989); in goldlish, there is no detectable cyclin B in
immature oocyles and cyclin B is synthesized de novo during oocyte maturation (Hirai es
al., 1992; see also chapter | in this thesis). In goldfish, therefore, the synthesis of cyclin
B during oocyte maturation appears to have a crucial role in activating cdc2 and in
inducing oocyte malturation.

Patterns of translational control in the oocyte maturation and early embryo are
diverse. Maternal mRNAs that regulate key events in the embryo often are repressed
during oogenesis and activated either during meiotic maturation or shortly after
tertilization. It is not yet known how many dilferent biochemical mechanisms are
responsible for the timing of ranslational control. Generally regulation of maternal
MRNA translation is separated into two control mechanisms: the control of translational
repression and the control of translational activation. The majority of the maternal mRNA
that will be untilized during early development is sequestered during vogenesis into
storage ribonucleoprotein particles (mRNPs)Richter, 1991). Assembly of these storage
mRNPs is believed to prevent the recruitment of mRNA 10 ribosomes for translation until
the correct devevopmental time; thus, the maternal mRNA is described as being masked

from the translational apparatus (Kandror and Stepanov, 1988). In Xenopus oocytes,
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two major proteins, mRNP3 and mRNP4. are associated with maternal mRNA in the
storage mRNPs of mature vocytes (Dambroygh and Ford, 198 1) and these proteins have
been directly implicated in the repression of mRNA translation in the oocyte (Richter and
Smith, 1983, 1984). Recently, the deduced amino acid sequences of mRNP3 and
MRNP4 have been obtained {(Murray er al., 1992) and these proteins are identical to the
protein FRGY2, recently reported (Tafuri and Wolffe, 1990) as a DNA-binding
transcription factor specific for the DNA ™Y box" motif located in the promoter region of
certain genes. However, the molecular mechanisms for repression system by FRGY?2
and tor releasing the template for translation have not been defined.

Regulation of the Tength of polv (A) on specilic maternal mRNA appears (o be a
common means ol translational activation in oocyles and earty embryos. The extent of
polyadenylation of mRNAs is correlated with its translation (MacGrew et al., 1989;
Vassalli et a/., 1989; Paris and Richter., 1990 Sheets ef af., 1994; Fox ef al., 1989,
These general correlations are not absolute, however, with some maternal mRNAgs, poly
(A) tail length either does not change, or is even reduced, during translational activation
(Ruderman et al., 1979).

As an initial step to understand the regulation of cyclin B synthesis during 17¢,208-
DP-induced oocyte maturation in goldfish, 1 first examined the effects of protein and
RNA synthesis inhibitors on 170, 208-DP-induced cyclin B synthesis and GVBD. A
reticilocyte lysate system was also used 1o determine (1) whether goldfish maternal
cyvelin B mRNA has the ability to be translated i vifro, and (2) whether factors which
mhibit evelin BmRNA translation are present in cell extracts from immature and mature
oocyvies. In addition, a PCR poly (A) test was used 1o examine the polyadenylation state
of cyelin B mRNA during oocyte maturation. Finally. a ¢DNA c¢lone encoding goldfish Y
box protein (RNA-binding protein) was isolated from a goldlish vocyte ¢cDNA library,

and its expression was examined by Northern blot analysis.
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MATERIALS AND METHODS

Animals and Qocytes

Goldfish were purchased commercially and raised at 15°C until use. Full-grown
immature oocyles were isolated from ovaries using a pipet, and induced to mature in vitro
by incubating at room temperature in goldfish Ringer's solution (Kagawa ef al., 1984)
containing 1 pg/ml 17q, 20p-dihydroxy-4-pregnen-3-one (17q, 20B-DP), a natural MIH
in fish (Nagahama and Adachi, 1985). Maturational processes were assessed by
immersing the oocytes in a clearing solution (5% formalin and 4% acetic acid in Ringer;
Lessman and Kavumpurath, 1984), tacilitating microscopic examination of the

occurrence of GVBD,

Immunoblot

Oocyle extracts were obtained as described previously (Hirai ef af., 1992a). Proteins
were electrophoresed m SDS/12.5% polyacrylamide gels, transferred to Immobilon
membranes (Millipore), blocked with 10% skim milk, and probed with anti-cdc? (Kajiura
et al., 1993) and anti-cyclin B (Katsu ef af., 1993) momoclonal antibodies. The blots
were incubated with anti-mouse I¢G peroxidase conjugate (ZYMED). The antigen-
antibody complexes were visualized by chemiluminescence (ECL detection syslem;

Amersham).

Narthern Biofs

Total RNA was isolated by the method of Chomezynski and Sacchi (1987) using
ISOGEN (Nippon GENE). Polv {A)F RNA was puriticd from total RNA of immature
and mature vocytes by using oligo(dT)-Latex heads (OIigolexTM~dT3(J, TaKaRa)
according to the manufacturer's procedure. RNA samples were treated with formamide
and formaldehyde, and run on Mops-bullered agarose gels as described by Maniatis ef af.
(1982). The RNA was transferred onto Hybond-N+ (Amersham) after electrophoresis.

Probes were labeled using the Random Primer PLUS Extension Labeling System
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(NEN). Hybridizations were performed at 42°C overnight, and the blot was washed at
high stringency (60°C, 0.1 x SSC: 15 mM NaCl, 1.5 mM sodium citrate, pH 7.0), and
analyzed by a BAS 2000 Bio-Image Analyzer (Fuj1)

In Vitro Translation Assav

Poly (AY* RNAs [rom immature and mature oocyles were translated at a final
concentration ol 400 pg/ml in the nuclease-treated reticulocyte lysate (Promega).
Typically, 3 pl of RNA was added 1o 17.5 pt of reticulocyte lysate mix with 0.5 mCi/ml
43S methionine and incubated for | hr at 30°C. A portion of the translational products
wits mixed with SDS sample buffer immediately and the rest was rmmunoprecipitated
with anti-cycling B oantibody. Samples were processed for analysis on SDS-
polyvacrylamide gels. For translational inhibition assay, synthetic goldfish cyclin B
MRNA was used. To synthesize mRNA in vifro, the pLET3b vector containing cyclin B
cDNA (Katsu er al., 1993) was digested with EcoRV, and capped mRNA was
synthesized by T7 RNA polymerase lor cyclin B mRNA using a mCAP mRNA capping
kit (Stratagene). Synthetic mRNAs were incubated with aocyte extractls on ice for 20
min, folowed by [ hr of incubation at 30°C in reticulocyte lysate containing 0.5 mCi/ml
335 methinine. The transiational products were then mixed with SDS sample buffer and

analyzed on SDS-polyacrylamide gels {ollowed by awtoradiography.

PR Poly (A} Test

PCR poly (A) test was performed as described previously (Sallés ef al., 1992). RNA
from vocytes was isolated and teverse transcribed witlh 20 units of SuperScript RNase H-
reverse transcriptase (BRL) using 2000 ne of (he oligo (dT) primer/adapter (5'-
GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT-3'). The CG-rich adapter region
allows increased annealing temperature in the subsequent PCR. The synthesized first-
strand ¢cDNAs were then amplified with adapter oligo (dT) primer as 3' primer and
goldlish cyclin B specilic 5' primer O-AAATGTTGTGAGAGTCAATGAGGG-3).

The amplification procedure was | min at 94°C, 1 min at 60°C, and 2 min at 72°C {or 30



cycles. Final products were electrophoresed on a 4% acrylamide-6M urea gel and then
electrotransfered onto Hybond-N+ (Amersham). The filter was Southern blot using

labeled goldfish cyclin B cDNA as a detection probe.

cDNA Cloning of Goldfish Y Box Protein

To screen a goldfish Y box protein ¢cDNA, I used a AZAPII ¢DNA library
constructed from an early vitellogenesis goldfish ovary. The AZAPII cDNA library was
screened with a redundant oligonucleotide (5" AACAGRAATGACACCAARGAAGAY-
GTGTTTGT 3, R:A or G, Y:C or T). Hybrydization was performed at 37°C for 16 hr in
a buffer containing 5x SSC (1x SSC: 150 mM NacCl, 15 mM sodium citrate, pH 7.0), 5x
Denhardt’s regent (1 mg/ml each of Ficoll, polyvinylpyrrolidone and bovine serum
albumin), 0.1% sodium dodecy! sulfate (SDS), and 200 pg/mi herring sperm DNA.
Membranes were washed in 5x SSC at the same temperature. Fourteen clones were
1solated and the longest clone was sequenced by dideoxy chair termination sequenceing
methods (BcaBEST sequencing kit, TAKARA) using a double-stranded plasmid DNA as

a template.

RESULTS

Cyclin B Protein Synthesis is Regulated at the Translational Level, but not at the
Transcriptional Level

In Chapter L, it was shown that in goldfish cyclin B protein synthesis is necessary
for 17a¢,208-DP-induced oocyte maturation. To further study the mechanism of cyclin B
protein synthesis by goldfish oocytes, the first series of experiments were carried out to
examine the effects of inhibitors of protein synthesis (cycloheximide) and RNA synthesis
(actinomycin D) on 170,208-DP-induced cyclin B synthesis and oocyte maturation.
Immature oocytes were induced to mature in vitro by incubating in goldfish Ringer's

solution containing 1 pg/mi 17¢,203-DP in the presence or absence of cycloheximide (10
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ug/ml) or actinomycin D (100 ug/ml) for 8 hr. The occurrence of GVBD was used as an
indication ot oocyte maturation and was visualized in intact follicles through a dissecting
microscope. Oocyte extracts were oblained for immunoblot analysis. Cycloheximide-
treated oocytes failed to undergo maturation. In this group, neither cyclin B nor 34-kDa
active cde2 could be detected (Fig. 1, lane 3). In contrast, actinomycin D-treated oocytes
underwent maturation in a fashion similar to that ol 17¢,20p-DP-treated oocytes without
treatment of the inhibitors. In these groups, both cyclin B and 34-kDa active cde2 were
observed (Fig. 1, lane 4). Similar results were obtained when actinomycin D was
microinjected into vocytes (data not shown).

The next experiment was designed to examine whether cyclin B mRNA is present in
immature oocytes. Total RNA from immature and mature oocytes was extracted and
fractionated on Mops-agarose gels, followed by transier to nitrocellulose filters before
hybridization to the goldfish cyclin B ¢cDNA (Fig. 2). Northern blot analysis showed a
single distinct signal at about 1.9 kb (Fig. 2A). In addition, poly (A)* RNA from
immature and mature oocytes were analyzed by Northern blot using goldfish cyclin B and
actin cDNAs as probes (Fig. 2B). A single distinct signal for cyclin B and actin mRNAs
was found in both immature and mature oocyles, showing no marked difference in the

amount of the mRNAS between two oocyte groups.

Goldfish Maternal Cyclin B inRNA Possesses the Translational Ability

Northern blot analysis using poly (A)* RNA clearly showed that goldfish immature
oocytes contain ¢yclin B mRNA and this mRNA has poly (A) tails (see above). The next
series of experiments were performed to examine whether maternal cyclin B mRNA is
translationally active. Poly (A)* RNA isolated {rom immature and mature oocytes was
used for template RNA in the reticulocyte lysate system. Translational products were
analyzed by SDS-PAGE and autoradiography. Figure 3A shows protein products
visualized by 35S methionine incorporation. The patterns of products are essentially
identical, except for two protein bands (about 50-kDa and 40-kDa, marked in Fig. 3A)

which appear to be specific for immature and mature oocytes, respectively. Poly (A)*
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RNA from immature cocyles was immunoprecipitated with the anti-goldfish cyclin B
antibody and analyzed by SDS-PAGE and autoradiography. The immunoprecipitates
contained a distinct band corresponding to goldfish cyclin B protein (Fig. 3B). Cyclin B
protein was also present in poly (A)* RNA translation products from mature oocytes

(data not shown).

Inhibition of Cyclin B Translation by Goldfish Qocvte Extracts

As shown above, when poly (A)* RNA from goldfish immature oocytes was mixed
with nuclease-treated rabbit reticulocyte lysate, cyclin B protein could be synthesized
(Fig. 3). Thus, it is possible that cyclin B translation is inhibited in immature oocytes.
To test this possibility, in vitro synthesized cyclin B mRNA was mixed with immature
and mature oocyte extracts, and then rabbit reticulocyte lysate was added. As shown in
Fig. 4, incubation of synthetic cyclin B mRNA with immature oocyte extracts resulted in

approximately 2-fold lower translation than with mature oocyte extracts (Fig. 4).

3" End of Goldfish Cyclin B mRNA

It has been reported that changes in the translational activity of specific mRNAs are
correlated with changes in the length of their poly (A) tails. In general, mRNAs that
receive poly (A) become translationally active, whercas those that lose poly (A) become
translationally quiescent (see reviews by Bachviarova, 1992; Wornington, 1993; Richter,
1993). The 3'-untranslated regions (3" UTR) of specilic maternal mRNAs have been
implicated i a wide variety ol processes. including translational control, mRNA
degradation, and intracellular localization of mRNAs. Sequences in the 3' UTR also
determine whether or not an mRNA receives poly (A) during frog and clam oocyte
maturation; maturation-specific polyadenylation depends on the presence of two
sequences: the usual nuclear polyadenylation signal AAUAAA and a nearby U-rich
cytoplasmic polyadenylation elements (CPE, consensus Uy (A 1.2U), whereas mRNAs
that lack such a sequence lose their tails instead (Fox ef al., 1989; Paris and Richter,

1990:; Salles er al., 1992).
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A comparisen of the 3' noncoding region of goldtish cyelin B mRNA with those of
several other transcripts that undergo pely (A) elongation during early development
reveals one conserved region, the hexanucleotide AAUAAA. Further examination of the
distal portion of the 3' noncoding region also reveals that it contains four copies of Uy
oAA/U motifs, which are very similar in sequence to the U-rich cytoplasmic

polyadenylation clements identified in frog mRNA {Fig. 5). Thus, it was confirmed that

the 3'UTR of goldfish cyclin B possesses the cytoplasmic polyadenylation elements.

Polvadenyiation of Cvelin B mRNA during Goldfish Oocyte Maturation
A PCR-based assay recently developed by Salles ef al, (1992) was used to detenmine
whether goldfish cyclin B mRNA is regulated by polyadenylation upon oocyle
maluration. This assay is an application of anchored PCR and can rapidly determined the
polyadenylation state of an mRNA. RNA was isolated from either immature or mature
oocyles and reverse transcribed with an oligo (dT) primer/adapter, 5'-
GCGAGCTCCGGCGGCCGCGT(12). In theory, the olige (dT) primer/adapter can
anneal anywhere on the poly (A) tail of the mRNA during the reverse transcription. If the
specific mRNA is further polyadenylated upon meiotic maturation, an increase in the size
of the cDNAs should vceur, resulting [rom the greater number of priming sites for the
ohgo (dT) primer/adapter and a second sense primer (in this case goldfish cyclin B
specific 5" primer) that recognizes the specific clone {Fig. 6A). The adapter anchors the
oligo (dT) primer preventing internal priming in the poly (A) region, which would
gradually shorten the PCR products. Increased heterogeneity can be visualized as a
slower electrophoretic mobility of some of the PCR fragments. If the mRNA was not
adenylated further, there should be no change in mobility of the amplified products.
Using the PCR poly (A) test, | first examined the pely (A) status of the cyclin B
MRNA in immature and mature oocytes. The ¢cDNAs from immature and mature oocytes
were electrophoresed and transferred to membranes. Figure 6B showed that PCR
products derived from the transcripts of mature vocyles were more heterogenous and

longer than those mRNASs from immature oocytes. The poly (A) tail length of cyclin B



MRNA in mature oocytes as manilesied by this assay is about 100 nt, indicating that
cyclin B mRNA was polyadenylated during oocyte maturation. The same approach was
also used to determine the poly (A) status of cyclin B mRNA during 170,20B-DP-
induced oocyte maturation. Al various times after the addition of 17¢,20p-DP, RNA was
extracted, followed by the PCR poly (A) test. As shown in Fig. 6C, there was a
significant change in the poly (A) length of cyclin B mRNA during oocyte maturation,
but this change could be detected only after GVBD, that is, after cyclin B protein

becomes detectable (Fig. 6C, also Fig. 4 in Chapter 1).

Cloning of Goldfish Y Protein and ity Lxpression

The Xenopus Y box proteins were originally identified as an oocyte-specific
transcription factor that associates with the Y box, a regulatory element prevalent in genes
selectively active in oocytes (Taluri and Wolffe, 1990, 1993) and association of the Y
box proteins with maternal mRNA offers a potential general repression mechanism for
translation. To examine whether Y box proteins play an important role in repression of
cyclin B mRNA translation in goldfish oocytes, [ identified a goldfish Y box protein
cDNA clone from a goldfish immature ovary ¢cDNA library, From the most conserved
region of Xenopus Y box proteins (FRGY 1, 2: Tafuri and Wolffe, 1990) and a mouse Y
box protein (MSY 1: Tafuri ef «f., 1993), 1 8-fold redundant oligonucleotide was
designed (Fig. 7A). Approximately 250,600 clones were screened and 14 potential
positives isolated. The longest of these clones (1.5 kb) was partially sequenced and the
peptide domains conserved among all Y box proteins (Wolfle et al., 1992) were
determined (Fig. 7). Although a comparative analysis of the nucleic acid sequence and
amino acid sequence showed that the isolated clone is one of the Y box protein family,
this study could not determine whether this clene belongs to either the FRGY 1 group or
FRGY2 group. The next experiment was designed to determine the size of a goldfish Y
box protein (GFYP) mRNA, RNA was extracted from oocytes, resolved on denaturing
gels, blotted and probed with the GFYP ¢cDNA (Fig. 8). Two signals of 1.7 kb and 3.3

kb were detected in total RNA with no significant changes during cocyte maturation (Fig.

63



8A). However, it was found that in poly (A)* RNA. the 1.7 kb signal was much stronger

than that of 3.3 kb {Fig. 8B).
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DISCUSSION

It has previously been shown that in goldfish cyclin B protein synthesis is required
for 17¢,20B-DP {maturation-inducing hormone of goldfish)-induced oocyle maturation
(Hirai er af., 1992; Katsu ef al., 1993 Chapter I in this thesis). The results of the present
study demonstrate that (1) 17¢,208-DP-induced cychn B protein synthesis is inhibited by
cycloheximide, but not by actinomycin D, and (2) immature oocytes contain cyclin B
MRNA which shows no significant change in its amount during oocyte maturation.
Thus, this study confirms our previous findings and further suggests that 170,208-DP-
induced expression of cyclin B protein is regulated at the translational level.

Oocytes synthesize and accumalate a large pool of maternal mRNAs. Some of these
MRNAs are masked until their activation at subsequent developmental stages. This
translational control is the principal mechanism for regulating gene activity during early
development, as maternal mRNAs direct all protein synthesis before the onset of Zygotic
transcription. It has long been recognized that the stage-specific translational control of
maternal mRNA is determined by their differential polyadenylation and deadenylation.
The translational activity of maternal mRNAs generally correlates with changes in
pelyadenylation (reviews by Jackson and Standart, 1990; Bachvarove, 1992: Wickens,
1990). In general, mRNAs that receive poly (A) become translationally active, whereas
those that lose poly (A) become translationally quescent. Furthermore, at least in certain
MRNAs, the changes in poly (A) length cause the change in translational activity; in fact,
the elongation of poly (A) tail is necessary and sufficient to trigger translation (Fox et al.,
1992; Sheets ef al., 1994 Vassalli e al., 1989; McGrew et al., 1989: Simon et al.,
1992). It has also been reported that the cis-acting sequences that specify cytoplasmic
polyadenylation have been determined in several mMRNAs from frog and mouse oocytes.
These sequences include the usual cyloplasmic pelyadenylation element (CPE, consensus
Us oA 12Uy (McGrew ef al., 1989: Fox et al., 1989, 1992; Vassali et al., 1989: McGrew
and Richter, 1990; Paris and Richter, 1990; Fox and Wickens, 1990; Huarate et a/.,

1992). Examination of the 3'UTR of goldfish cyclin B mRNA revealed that it contains
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four copies of CPE motifs. This observation raises the possibility that goldfish cyclin B
MRNA can be polyadenylated during vocyte maturation. Finally, the PCR poly (A) test
revealed that cyclin B mRNA receives poly (A) during oocyte maturation, However, it is
noteworthy that this poly (A) addition occurs after GVBD, that is, after the appearance of
cyclin B protein, probably after MPF activation. In this regard, it is of great interest 1o
note a recently proposed hypothesis that polyadenylation can be activated in cacyte
extracts by p34¢de? kinase (Paris e al. 1991). In fact, a CPE-binding protein isolated
from Xenopus oocytes was reported (o contain a single putative cde2 kinase
phosphorylation site and is phosphorylated during cocyte maturation (Hake and Richter,
1994). Thus, it is unlikely that in goldfish 17@,208-DP-induced cyclin B translation is
initiated by poly (A) addition. It is possible that addition of poly {A) which occurs after
GVBD, probably induced by activated MPF, may play a role in increasing translational
rate during the later stages of oocyte maturation.

Another mechanim for translational control of maternal mRNA is that the proteins
bound to maternal mRNA act as translational inhibitors which are released or inactivated
at the appropriate stage in development, leading to translation of the previously dormant
MRNA. I first demonstrated that cyclin B mRNA isolated from goldfish immature
oocytes can be translated in the reticulocyte system. It was also shown in this study that
the efficiency of cyclin B translation is much lower with extracts from immature oocytes
than with those from mature vocytes. These resul(s suggest that the initiation of cyclin B
synthesis is controlled by a translational inhibitory factor, so called the RNA-binding
proteins. In Xenopus, Y box proteins (FRGY?2, mRNP3) which bind maternal mRNAs
within 68 mRNP storage particles have been shown to regulate translation in developing
oocytes and embryos. In this study, | was also able to isolate a goldfish ¢cDNA clone,
which encodes the Y box protein, Thus, il is possible that in immature oocytes cyclin B
MRNA is packaged into ribonucleoprotein particles (RNPs) that render the mRNA
nontranslatable and may be masked by this RNA binding protein. Activation of the signal
transduction system by maturation-inducing hormone treatment may induce inactivation

of the binding protein (probably by its phosphorylation or dephosphorylation), leading 1o

60



the inttiation of translation (Cumntings and Sommerville, [988). 1am now attempting to
produce recombinant GFTPs which will be used 1o investigate the role of the GFYP in
the translational regulation of ¢yclin B mRNA in goldfish oocyles.

In conclusion, these results, together with our earlier observations, suggest the
following sequence for the translational control of cyclin B mRNA during hormone-
induced oocyte maturation in goldfish. Cyclin B mRNA is stored, stable and untranslated
in the cytoplasm of fully grown immature oocytes. 17a,208-DP stimulation releases or
tnactivates the inhibitor of cyclin B mRNA translation, leading to cyclin B protein
synthesis. As soon as cyclin B is synthesized, cyclin B binds to pre-existing cdc2,
forming active MPF. Active MPF may then phosphorylate (he frans-acting factor (CPE-
binding protein), leading to addition of poly (A) to cyclin B mRNA. In turn, this
adenylation may increase the rate of translation. The identification of the inhibitory factor
and clarification of its roles should greatly increase our knowledge of not only the
translational regulation of cyclin B synthesis but also the hormonal regulation of oocyte
maturation in general. Thus, the goldfish vocyte should provide a valuable model to gain
better understanding of a basic mechanism for translational activation of maternal mRNA

which occurs during meiotic maturation andfor early embryogenesis.
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Fig. 1. Effects of cycloheximide and actinomycin D on expression
of cyclin B protein 17«, 203-DP. Goldfish oocyles were treated with 17w, 208-DP
(I pg/ml} and a protein (cycloheximide, 10 pg/ml) or an RNA (actinomycin D, 100
ng/ml) synthesis inhibitor, and then vocyte extracts were obtained. lane I, control; lane 2,
17w, 20B-DP treatment alone; lane 3, 17, 206-DP plus cycloheximide; lane 4, 17, 20p3-
DP plus actinomycin D. Each extract was analyzed by SDS-PAGE and processed for

Western blotting with anti-cyclin B and anti-cde? antibodies.
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Fig. 2. Northern blot analysis of cyclin B mRNA in immature and
mature oocyte of goldfish. (A) Total RNA (20 ug) extracted from immature oocytes
was separated by electrophoresis on a Mopes-agarose gel. The positions of size standards
are indicated in kb. (B) Four pg poly (A)* RNA from immature (I) and mature (M)
vocytes were separeted as described above. Goldfish cyclin B cDNA (uper lane) and

goldfish actin cDNA (lower lane) were used as detection probes.
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Fig. 3. In vitro translation of goldfish maternal mRNAs. (A) Poly
(A)t RNAs of immature (1) or mature oocytes (M) were translated using the nuclease-
treated rabbit reticulocyte lysate in vitro. The translation products were analyzed by SDS-
PAGE and autoradiography. The size of molecular weight markers are indicated in kd.
(B) The translation products from poly (A)* RNA of immature oocyles were
immunoprecipitated with an anti-cyclin B antibody {«-cycB) or a rabbit anti-mouse IgG

(cont.). The immunoprecipitates were analyzed by SDS-PAGE and autoradiography.
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Fig. 4. Inhibition of cyclin B mRNA translation by goldfish oocyte
extracts. (A) Extracts from immalture oocytes (lane 1) or mature oocyles (lane 2) were
mixed with cyclin B mRNA, followed by translation in vitro in the nuclease-treated rabbit
reticulocyte lysate. The translational products were analyzed by SDS-PAGE and

autoradiography. (B) The cyclin B signals in (A) were quantified by a Fuji BAS2000

phosphorimager.
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UGUGGGAUUGUUAAAGAGACUUGAGCACUGUGUGCUGUUUUGUAAARA
CUGUAAUUUAUGCAUUGAUUUUACUGUUGCAATYUIUAUUGUUUGAGG
UUUUUACAGAUUUUUUUUUCACCUGUACUGCCAUGUCCUGAAUUAAGG
UGAUAAGUGUUUAUGCAACCCUGUACAUUCUGAUUUCAAAUARACA

UUUUACCAUUUUAAGGGTG (A) n

Fig. 5. The 3' untranslated regions of goldfish cyclin B mRNA.
Shown are the terminal 209 nucleotides of the 3' UTR of goldfish cyclin B mRNA (Hirai
et al., 1992). The polyadenylation sequence AAUAAA is in bold letters, and the U-rich

sequences referred to in the text are underlined.
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Fig. 6. Polyadenylation of goldfish cyclin B mRNA during oocyte
maturation. (A) Shematic representation of the PCR poly (A) test. If an mRNA has
long poly (A} tail, the products from anchored PCR amplification using a specific primer
and adapter oligo (dT) primer will be various lengths. (B) Autoradiograph of the PCR
poly (A) test applied to mRNAs [rom immature (I) and mature (M) oocytes using a cyclin
B specific 5’ primer. PCR products were then analyzed by PAGE and Southern blot. (C)
Changes in polyadenylation state of cyclin B mRNA during 17a, 20B-DP-induced
oocyte maturation in goldfish. The percentage of GVBD in the same experiment is shown

below the blots.
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Fig. 7. Goldfish. Y-box protein amino acid. (A) The sequences of the
redundant oligonucleotide probe and the corresponding region in the goldfish cDNA
clone for Y-box prot'ein. The encoded amino acids are given in one-letter code. (B)
Amino acid sequence comparison of the Y -box proteins. A comparison of goldfish Y-box
protein (GFYP) with those proteins from mouse (MSY I, Tafuri ef al., 1993), and
Xenopus (FRGY1 and FRGY?2, Tafuri and Woffe, 1990), (mRNP3, Murray et al.,

1992). The most conserved region is shown. Residuces identical in all Y-box proteins are

marked #.
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Fig. 8. Expression of goldfish Y-box protein mRNA in goldfish
oocytes. Total RNA (20 pg) (A) or poly (A)* RNA (5pg) (B) from oocytes as indicated
was electrophoresed on 1.2 % MOPS agarose gel. After transfer to nitrocellulose, the
filter was hybridized to labelled GFYP ¢DNA insert, wash, and autoradiographed.

Goldfish actin cDNA was used as a control.
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Behavior of the Components of Maturation-Promoting Factor, cdc?
Kinase and Cyclin B, during Oocyte Maturation of Goldfish
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Weexamined the changes that oceurred in the two compo-
nents of maturatien-promoting factor (MPF), cdc2 kinase
and cyclin B, during oocyte maturation in geldfish, using
monoclonal antibodies against the C-terminal sequence of
goldfish cde? kinase and Escherichie coli-produced full-
length goldfish cyclin B. Immature oocytes contained a 35-
kDa inactive cdc?2 kinase. In addition to the 35-kDa form, a
34-kDa active cdc2 kinase was detected in oocytes undergo-
ing germinal vesicle breakdown (GVBD). Cyclin B was ab-
sent in immature oocytes and appeared just before GVBI,
coinciding exactly with the appearance of the 34-kDa ac-
tive cdc2 kinase. Precipitation with p13™¢' beads and anti-
cyclin B antibody revealed that cyclin B formed a complex
with cde2 kinase as soon as it appeared. MPFEF activation was
induced by 1 ng cyclin B after introduction into immature
oocyles or oocyte extracts. This corresponds to the amount
of eyelin B found in mature oocytes (the concentration in
the oocyte is 2 ug/ml). These vesults suggest that MPF acti-
vation in fish oocytes is induced by complex formation with
preexisting edc2 kinase and newly synthesized cyclin B
during voeyie maturation, a situation differing from that in
Xenopus and starfish, in which the cde2 kinuse—cyclin B
complex is already present in immature oocytes. Unlike
that in Xenopus, an inhibition of pretein synthesis in unfer-
tilized mature goldfish oocytes caused a decrease in the
cde2 kinase activity/cyelin B protein level and led to a pro-
gression from meiotic metaphase to meiotic anaphase. This
result indicates that the mechanisms of maintaining MPF
activity in mature goldfish oocytes differ from those in
Xenopus. ,

G 1998 Acndemic Press, Ine.

INTRODUCTION

Under the influence of maturation-inducing hormonce
{MIH) secreted [rom follicle cells, oocyte maturation is
finally induced by maturation-promoting factor (MPF),
which iriggers all the changes thal accompany oocyte
maturation, such as germinal vesicle breakdown
(GVBD), chromosome condensation, and spindle forma-
tion (reviewed by Nagahamea, 1987ab; Nagahama and

Yamashita 1959). MI'F has becn purified from mature
vocevtes of Xenopus (Lohka of ol 1988), starfish (Labbé
et al, 1989:4.D), and carp (Yamashita ¢f «l, 1992a) and
consigts of two components; one is a homolog of the
cde2” gene product of fission yeust, referred to as cde2
kinase, and the other is eyelin B (see review by Nurse,
1990; Maller, 1991; Jacobs, 1992). The association of cde2
kinase with evelin B iy necesgary to turn on its protein
kKinase activity (Desal of al, 1992; Solomon et «l, 1990,
1992), and the destruction of cyelin B just before the
onset of anaphasce turns off the kinase aetivity (Luca
and Ruderman, 198% Murray of afl, 1939, Luca of «l,
19417,

In contrast to that in mammals and starlish, the acti-
vation of MPF in immaturce {rog and fish ooevtes re-
quires de wooo protein synthesis during the fivet few
hours after MIH treatment (Ford, 1985; Muller, 1985;
(zoelz, 14983). The proteins that are synthesized at Lhe
initial phase of oocyte maturation and induce MPF acli-
vation are called initiators, but their chemical natures
are not yel understood. The finding that mieroinjection
of cvelin mRNA ean induce Xenopies ooeyte maturation
(Swenson ef ol 1986; Pines and Hunt, 1987) sugpested
that one of the initiators is cyelin, However, eyelin B is
present in immature Xenopus ooeytes 48 a component of
inactive MPI {pre-MDF: Gerhart of ¢f, 1984; Cyvert and
Kirschner, 1988 Gautier and Maller, 1991; Kobayashi e
af., 1991) andd new evelin synthesis is not required for
inducing cocyte maturation (Minshull of «fl, 1991).
Therefore, proteins other than eyelin should be synthe-
sized during Xewogpres oocyte maturation. One of the
most hikely mitiators 1s ¢-mos, since ibs synthesis is re-
quired and is sufficient for inducing Nenopus oocyte mat-
uration (Sapgata el af, 1988; 1989; Yew ef al, 1992).

To date, detailed examinations of the profeins respon-
stble for inducing coevte maturation, such as ede2 ki-
nase, cyelin B, and e¢-mos during cocyte maturation,
have been confined to Xenopus, Studies using other spe-
cies may provide further evidence for the control mecha-
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nisms of MPF activation. In this report, we deseribe the
behavior of the components of MPTF, cde2 kinase and
eyelin B, during goldfish oocyte maturation by means of
immunoblotting with monoeclonal antibodies raised
against the C-terminal region of goldlish ede2 kinase
and Escherichia coli-produced full-length goldfish cy-
elin B We demonstrate that although inactive cde2 ki-
nase is present, eyvelin B is absent in immature socytes
and it appears Just before GVBD, in accordance with the
appearance of aclive ede2 kinase binding to cyelin B
This result indicates that MPF activation is regulated
by evelin B accumulation and its association with the
preexisting cde2 kinase, in contrast to the situation in
Xenopies, in which MPF activation is controlled by post-
translational medifications {phosphorylation and de-
phosphorylation) of cde2 kinase and cyclin B (Gautier
and Maller, 1991; Kobayvashi ef af, 1981). We also de-
seribe changes in ede kinase activity, the eyelin B pro-
tein level, and cell eycle progression, which were indueed
in unfertilized mature goldfish ooeytles treated with the
protein synthesis inhibitor, eyeloheximide. The induced
changes arce remarkably different from those reported
for other species, suggesting that species-specific mech-
anisms arc responsible for stabilizing MPF activily in
unfertilized mature oocyles.

MATERIALS AN METIHOLS
Animads and Oocyles

Goldfish were purchased commercially and raised at
15°C until use. Full-grown immature oocytes were iso-
lated from ovaries using a pipel and induced to mature
i3 witro by incubation at room temperature in goldiish
Ringer’s solution (Kagawa of «f, 1984} containing 1 pg/
ml 17, 208-dihydroxy-4-pregnen-3-one {17,208-D1), a
natural MIH in fish (Nagahama and Adachi, 1985). Mat-
urational processes were assessed by Immersing the oo-
evies in a clearing solution (5% formalin and 4% acetic
acid in Ringer’s; Lessman and Kavumpurath, 1984), fa-
eilitating microscopic examination of the occurrence of

GVBD.

Propuration of Ooeyle Letracts

Oocyle extracts were obtained as deseribed previcusly
(Hirai et al, 1992a). Briefly, cocytes were homogenized
with a pestle (Pellet Pestle; Kontes) in 1 ul/oocyte of
ice-cold extraction buffer (1M mM g-ulveerophosphate,
20 mM Hepes, 15 mA MgCl,, 5 mM EGTA, 100 oM p-
amidinophenylmethanesulfony! fluoride, 3 pg/ml leu-
peptin, pH 7.5). The homogenate was centrifuged at
15,000¢ for 10 min at 4°C, and the supernatant was fro-
zen in lquid nitrogen and kept at —80°C until vse.
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Prodacction of Movocloned Avwiibodies agieinst cde?

Kinase and Cyeline B

A peptide (GFC3C, CPYFDDLDEKSTLPASNLKI,
which corresponds to the C-terminal sequence of gold-
fish cede2 ¢eDNA (Kajiura ef «l, unpublished) with an
additional cysteine in the N-terminus, was synthesized
using the solid-phase method (using the I'-moc protocol)
on an Applied Biosystems Maodel 431 A peptide synthe-
sizer, The peptide was purified by reverse-phase HPLCG
and coupled to bovine serum albumin and keyvhole 1lim-
pel hemocyvanin through its N-terminal cysteine by
N-{e-maleimidocaproyioxy) suceinimide (Dojin). The
coupled peptides were injected into 6-week-old femaile
BALB/¢ mice to obtain monocional antibodies, accord-
ing to the procedures deseribed previously (Yamashita
et al, 1991 One clone (GTC3C-9) was used to detect ede2
kinase by immunoblotiing. The isotype of this antibody
was [gG1 containing « Hght ehaing. This antibody could
not. precipitate active ede2 kinage binding Lo eyelin B.

Anti-eyelin B monoclonal antibodies raised
against B coli-produced full-length goldfish eyelin B.
Cyelin B proteins were produced as follows: A ¢DNA
GFCYCDBI-1, which encodes full-length goldlish eyelin B
and containg Feolll adaptors (Amersham) at hoth ends
of the inscert (Hlirail of ol, 19921), was digested with
BumHI and ligated into the BemHI site of the pET3D
expression vector (Studier of af, 1990). The predicted
amino acid sequence of the new construct includes the
first 12-amino-acid sequence of the T gene 10 protein,
MASMTGGUQMGR, followed by DPGTMGNLPE,
which 1s derived from the adaptor and the 5 noncoding
region of GFCYCBI-1, and [ull-length cyelin B. The pro-
tein expressed in I coli BL21(DES3) was purified by
SDS-PAGE as descerihed (Hiral of of, 1992a) and in-
jeeted into mice to produce monoclonal antibodies, Two
clones (B111 and B112) were selected for this study. Both
anlibodies are thowsht to recognize the first 41 amino
acids of goldhsh eyelin B, sinee N-terminal truncated
evelin B (Ad] eyelin B; Hiral of ol 19922) did not react to
these antibodies In immunoblotling, Immunoprecipita-
tion was performed using the B112 antibody (theisotype
was [gG2a with a « Hght chain) that precipitated the
formation of a complex between eyclin B and ede2 ki-
nase. Bl11 antibody was used for immunoblotting anti-
cvelin B(B112) immunoprecipitates. Since the isotype of
the B111 antibody was IgM, anti-TgM as the second anti-
body could not revenl the [gG heavy chains of the B112
anlibody used for immunoprecipitation, which mi-
grated near cyelin B, and disturbed detailed observa-
tions (cef. Fie. 213).

were

Precipilation with p 13 wnd Anti-cyalin B Awtibody
Precipitation of ede2 kinase and cyelin B with
pld-Sepharose and anti-cyelin B (B112) antibody, re-
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spectively, was performed as deseribed previously (Ya-
mashita et al, 1981). Precipitates from 10-ul extracts
derived from 10 oocytes were separated by SDS-PAGE
and immunoblotted with monoclonal antibodies against
ede2 kinase and cyelin B, as described previously (Ya-
mashita et ¢, 1991).

Kinuse Asswy

The activity of cde2 kinase was measured with a syn-
thetic peptide (SP-peptide, KEAAKSPKKAKK]), which
is phosphoryiated specifically by cde2 and its related
kinases {Yamashita ef al, 1992b}. The sample was incu-
hated for 2 min at 30°C in the presence of the following:
100 pM SP-peptide, 500 udf ATP, 1.5 pCi [v-*#*PJATT, 1
mM EGTA, 10 mM MgCl,, 4.5 mM g-mereaptoethanol,
20 mM Tris-HCl (pH 8.0). The reaction was stopped
with phosphorie acid, and the SP-peptide was adsorbed
onto P81 phosphocellulose paper (Whatman). The paper
was washed in phosphoric acid, and the radicactivity
remaining on the paper was measured by Cherenkov
counting.

Microinjection of Cyclin B Protein into Goldfish Oocyles

Fully grown immature oocytes were injected with 20
nl of various concentrations of full-length cyelin B pro-
duced in E eoli. The injected ooeytes were cultured in
goldfish Ringer's for 8 hr in the absence or presence of
cyeloheximide (10 wg/ml) and then fixed in a clearing
solution to examine the oceurrence of GVBD.

Activation of ede2 Kinuse in o Cell-Free Systein

Extracte from immature goldfish oocytes were ineu-
wated with various concentrations of K coli-produced
full-length goldfish cyelin B for 30 min at 25°C. After
incubation, the kinase activity was measured as de-
seribed ahove.

Cytological Examination

After fixation of voeytes in Bouin's solution, the eyto-
plasm at the animal pole was skinned from the underly-
ing volk layer with a fine razor blade under a dissecting
microscope. The cytoplasm was embedded in paraffin
and the serial sections were stained with Delafield’s he-
matoxylin and eosin to determine the cell cycle progres-
sion by means of chromosome and spindle morphology.

RESULTS

Characterization of Antibodies aguinst ede? Kinase arned

Cyclin B

The specificity of the antibodies was examined by im-
munoblotting highly purified carp MPF (Yamashita et
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716, 1. SDS-PAGE analysis of highly purified MPF from carp eggs.
Silver staining {lane 1) and immunoblotting with anti-PSTAIR (lane
2}, anti-ede? (lane 3), anti-edk2 (lane 4), and anti-cyclin B (lane 5)
antibodies.

al, 1992a). The purified MPF contained four proteins,
with apparent molecular massesof 33, 84, 46, and 48 kDa
(Fig. 1, lane 1). Both the 33- and the 34-kDa proleins
were recognized by anti-PSTAIR antibody {Fig. 1, lane
2), indicating that they are the eyelin-dependent kinases
(Meyerson et l, 1992). A monoclonal antibody against
the C-lerminal region of goldfish ede? kinase reacted
with the 34- but not the 83-kDa protein (Fig. 1, lane 3).
The latter wag recognized with a monoclonal antibody
against the C-terminal sequence of goldfish edk2 kinase
(Fig. 1, lane 4; see also Hirai ef al, 1992b). Thus, the
anti-cde2 kinase antibody does not react with edk2 and
seems to be specific for cde2 kinase.

The 46- and 48-kDa proteins, which we have already
identified as cyclin B using monoclonal antibodies
against N-terminal truncated goldfish eyelin B (Yama-
shita ef afl., 1992a), were also recognized by anti-full-
length goldfish cyelin B antibodies (Fig. 1, lane 5).

Absence of Cyclin B in Immature Goldfish Oocytes

It has been reported that in Xenopus (Gautier and
Maller, 1991; Kobayashi et al, 1991), starfish {Strausfeld
ol al, 1991}, and clam (Westendor{ ef al, 1989), imma-
turc oocytes contain sufficient cyelin B to induce oocyte
maturation. In contrast, we previously reported that
immature goldfish oocytes contained no ¢yelin B detect-
able by immunoblotiing (Hirai el af, 19%2a). However,
because of the high protein concentration, only a small
amount of the sample (corresponding to the extract
from 5/8 vocyte) could be analyzed (Hirai ef al, 1992a}.
The new method using two species of antibodics, in
which eyelin B was first precipitated with one antibody
(IgG) and then immunoblotted with another (IgM), in-
creased the detection sensitivity of cyclin B (see Mate-
rials and Methods). We reexamined eyelin B in imma-
ture goldfish oveytes using this procedure. However, cy-
clin B was not detected in immature ooeyte extracts,
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116, 2. Cyelin B and edez Kinase in goldfish immature (1) and mature
(M} ooeyles. Anti-eyelin B (A) and anti-ede? plus anti-eyelin B (B)
immunoblots of anti-cyelin B (lane 1) and plieet (lance 2) precipitales.
The band with an electropheret ic mobility lower than that of evelin B,
noted by the asterisk, is not eyelin B, but was recognized nonspecifi-
cally with the second antibody.

whereas it was in mature ooeyte extracts (Fig. 2A,
lane 1).

Cyclin B is stored in immature clam oocytes in an
insoluble form, which is solubilized during vocyle matu-
ration (Westendorf et al, 1089). To investigate whether
immature goldfish oocytes also contain insoluble eyelin
B, we extracted immature oocytes by sonication in a
huffer containing detergents or a high concentration of
salt. However, eyclin B was not detected in the extracts
{data not shown), suggesting that immature goldiish
pocytes have no stores of cyelin B

Extracts derived {rom 10 immature oocytes were ana-
lyzed as described, and the amount of cvelin B detected
by immuncblotting was 50 pg. Therefore, even if stocks
are present in immature oocytes, the eyelin B content in
one immature oocyle should be less than 5 pg {the con-
centration in the oocytie is 10 ng/mi when the oocyte
diameter ig estimated to be 1 mm). On the other hand,
the cyclin B level in one mature oocyte was 1 ng (the
concentration is 2 pg/ml). Therelore, cyelin B should
increase more than 200 times during oocyte maturation.

Cyclin B in mature goldfish oocytes migrated as two
distinet bands on SDS-PAGE with apparent molecular
masses of 46- and 48-kDa, a8 found in purified carp MPF
(Fig. 1). The two bands were equally recognized by five
apecies of moneclonal antibodies raised against B coli-
produced goldfish cyelin B (data not gshown), indicating
that they are the same motecuie with different chemical
modifications or are highly homologous proteins. Since
the two bands were equally labeled with %P {Yamashita
ot al, 1992a) and phosphatasc digestion did not promote
conversion of the two bands into one (data not shown), it
is unlikely that the two bands are differently phosphor-
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ylated forms of the same molecule. Although we cannot
exclude the possibility that the two hands have different
functions (see also Diseussion}), we do not distinguish
between them in this study.

Appearance of &=kl Actine ode? Kinase in Mature
Oocytes

In a previous study using immunoblotling with the
anti-PSTAIR monoclonal antibody, we were unable Lo
find any remarkable changes in ede2 kinase during oo-
eyte maturation (Hirai et ol, 1992a). However, it has
heen revealed that the anti-PSTAIR antibody also
reacls to ede2-related proteins, including cdk?2 kinase,
which has the same electrophoretic mobility as cdeZ ki-
nase (Hirai ef ol, 1992b). Thus, it is plausibie that
changes in cde2 kinase during oocyte maturation were
masked behind the cdk2 kinase also visualized by the
PSTAIR antibody. We investigated changes in cde2 ki-
nase more definitively during oocyle maturation, using
the new monoclonal antibody specific to cde2 kinase
{T'ig. 1). Immature oocytes contained a 35-kDa cde2 ki-
nase, whereas mature oocytes contained a 34-kDa edeZ
kinase, in addition to the 95-kDa form (Fig. 2B, lane 2).
As deseribed, the purified MPF contained the 34- but
not the 35-kDa ede2 kinase, which was eliminated at the
first step of the purification with a Q-Sepharose Fast-
Flow anion exchange column (Fig. 1, see also Yamashita
et al, 1992a). In addition, anti-cyelin B immunoprecipi-
tates from mature oocyte extracls, which contained only
the 34-kDa ede2 kinase (Fig 2B, lanc 1), had high kinase
activity (data not shown), whereas anti-PSTAIR im-
munoprecipitates {rom maturc oocyte extracts, which
contained mainiy the 35-kDa ede2 kinase, had no kinase
welivily (Yamashila et al, 1991). Therefore, it is con-
cluded thatl the 35- and 34-kDa cde? kinage are the inac-
tive and active forms, respectively.

Association of Cyelin B will cide? Kinase

The finding that immature goldfish cocytes contain
an inactive cae? kinase but no cyelin B {(Fig. 2) shows
that in goldfish the association of inactive cde2 kinase
and eyclin B might be a step regulating MPF activation,
whereag in Xenopus and starfish the ede2 kinase-cyelin
B complex is already present in immature oocytes (Gau-
tier and Maller, 1991; Kobayashi et al., 1991; Strausfeld
etal,1991). We examincd the complex formation of cde2
Linase and eyclin B during goldfish oocyte maturation
by precipitalion with pi3=t and anti-cyclin B antibody.
Cyclin B was found in the p13® precipitates from ma-
ture but not from immature oocyles (Figs. 2A and 2B,
lane 2), indicating the formation of a complex between
ede? kinase and cyelin B in mature oocytes. Anti-eyelin
B immunoprecipitates from mature pocyte extracts con-
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tained the 34-kDa active but not the 35-kDa inactive
form (Fig. 2B, lane 1). This result demonstrates that the
cde2 kinase which binds to cyclin B in mature oocytes is
mainly the 34-kDa active form.

Changes tn cide? Kinase and Cyclin B Protein Levels
during Qocyte Matuwralion

To further investigate ede2 kinase and cyelin B pro-
tein levels during ooeyte maturation, oocyte exiracts at
various times after the addition of 170,208-DP were pre-
cipitated with either pl13™ or anti-cyclin B antibody
and immunoblotted with anti-cde? kinase and anti-cy-
clin B antibody. As described above, immature oocytes
contained the 35-kDa inactive ede2 kinase but no cyelin
B, and mature oocytes contained both the 356-kDa inac-
tive and the 34-kDa active ede2 kinases and cyclin B
{Figs. 3A and 3C). The appearance of the 34-kDa active
cde2 kinase coineided with the appearance of ¢yelin B
just before GVBD (Figs. 3A and 3C). Anti-cyelin B im-
munohlots of the pl13® precipitates (Fig. 3B) and anti-
ede2 kinasc immunoblots of anti-cyelin Bimmunopreci-
pites (Fig. 3D) showed that the binding of cde2 kinase
and eyelin B coincided with the appearance of cyelin B
and the 34-kDa active cde2 kinase.

We previously showed that the cyclin B which ap-
peared during cocyte maturation was labeled with [(35]-
methionine (Hiral ¢t af, 1992a), demonstrating de nove
gvnthesis during ooeyte maturation. On the other hand,
anti-cyclin B immunoprecipitates from mature oocyte
extraets sometimes contained the 35-kDa inactive ede2
kinase {Hirai ef «l., 1992a), and the 35-kDa cde? kinase,
as well ag the 34-kDa form, can bind to c¢yclin B in a
cell-free svstem (Yamashita ef ¢l unpublished). There-
fore, it is most likely that the 35-kDa inactive cde2 ki-
nase hinds to de novo synthesized cyelin B at {irst and
then is rapidly converted into the 34-kDa active form.

GVBD (%) ¢ o o o0 655 80 B88.6 100 100

AT s s o gone e TR oew e < 35k d
¥ 34kd

B - oo oo o i oo 3 :48kd
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C : Fom owyg wem omes 2 48kd
Y 46kd

di .
D PR e L -« 34kd
0 2 4 5 8

Time after Hormone Treatment {hr)

F1G. 3. Changes in ede2 kinase (A and D) and cyelin B (B and €)
protein levels during goldiish oceyte maturation induced by 17, 204-
DP, Anti-ede2 (A and D) and anti-eyelin B (B and C) immunoblots of
plaet (A and B) and anti-eyelin B (C and D) precipitates.
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F16. 4. Induction of vocyle maturation by /) coli-produced eyelin B
protein in the absence of protein synthesis. Qoeytes were treated with
17, 206-DF or Injected with the indicated amount of cvelin B protein
and then seored for GVED 8 hr luler. (A) 17¢,205-DP; (B) 170, 208-F
I eyeloheximide; (C) no eyelin B protein (1 mM Iepes, pH 7.0%; (D)
evelin B oprotein; (133 cyelin B protein 4 eyeloheximide.

Duchwetioe of MPF Activation by Cyelin B Protein

These results indicate that the appearance of eyelin B
is required and is sufficient for inducing oocyte matura-
tion in goldfish, To confirm that the appearance of cy-
¢lin B is sufficient for inducing oocyte maturation, puri-
fied . coli-produced full-length goldfish cyelin B pro-
lein wag injected into immature oocytes. Even under
conditions of inhibited protein synthesis, injected cvelin
B induced soeyte maturation within 1 hr after injection,
in a dose-dependent manner (Fig. 4). Injection of 1 ng of
eyelin B fully induced GVBD in the recipient oocytes.
The concentration of cyclin B within the injected oocyte
was estimated to be 2 gg/mi. This is about equal to the
cyelin B concentration in mature ooceytes, as described
above.

The introduction ol eyelin B protein into immature
ooeytle extracts also induced MPF activation and the ac-
Livation occurred in an almost “all or nothing” manner
(Fig. 3; see also Hirai ef «l, 1992a). The threshold con-
centration of eyelin B for inducing the activation was
around 2 pg/ml, equivalent to that for inducing ooccyte
maturation by injeclion. These results demonstrated
that the presence of 2 pg/ml cyelin B, corresponding to
the concentration in mature oocytes, is sufficient for
inducing oocyle maturation.

MPF Activity in Cyclobhevimide-Treated Mature Oociytes

In both Xewopus and fish, mature oocytes are arrested
at the sceond meiolic metaphase until fertilized (ef. Fig.
7A). When they are inseminated or artificially acti-
vated, the kinase activity maintained at a high level
during arvest is precipitated, accompanying eyclin B de-
struetion (Minshull ef af, 1989; Murray and Kirschner,
1989 Murray ef al, 1989; Hirai el al, 1992a; Yamashita ¢f
al, 1992h). Unfertilized mature Xenopus oocytes can
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maintain a high MPF level, even if protein synthesis is
inhibited {Gerhart et al, 1984). We examined whether
unfertilized mature goldfish ooeytes can resist protein
synthesis inhibition. When protein synthesis was inhib-
ited by 20 pgz/ml eycloheximide, the kinase activity fell
Lo 50% —70%, according to the batel, of the original ac-
tivity within 30 min after the exposure (Fig. 6A). The
control mature oocytes without cycloheximide main-
tained high kinase activity tevel under the same culture
conditions (data not shown). In accordance with the
drop in kinase activity, the cyclin B protein level also
decreased in the cyeloheximide-treated cocytes, hut did
not disappear completely (Fig. 6B). After the sudden
drop in the kinase activity and eyelin B protein level
within 30 min after the treatment, the remaining activ-
ity and cyclin B were maintained even after a prolonged
incubation of the oocytes with eycloheximide (Fig. 6B).
When mature goldlish oocytes are activated, the kinasc
activity decreases to 1/10 of the initial value (Yama-
shita ef al, 1992h), and the cyclin B level drops below the
deteetion limit of immunoblotting (Hiral ef ol., 1992a).
Thus, the decreases in the kinase activity and the cyclin
B level induced by cycloheximide treatment are partial
compared with that occurring upon normal activation.
Cytological examination of the cycloheximide-treated
mature oocytes snowed thal the cell eycle was liberated
from ihe arrest at the second meiotic metaphase within
30 min and proceeded to the second meiotic anaphase,
where it was arrested again (Figs. 7B and 7C). There-
fore, the cell cycle progression 1s alse partial in the cy-
cloheximide-treated oocytes compared with normally
activated mature vocytes, in which the cell eyele pro-
ceeds to interphase {Yamashita ef ¢l, 1990). These re-
sults show that ede? kinase activity, cyelin B protein
jevel, and cell evele progression are closely linked. Fur-

Kinase Activity
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FIG. b. Activation of cde2 kinuse with B coli-produced cyelin B in a
celi-free system. Immature oocyle extracts were treated with varying
concentrations of full-length cyelin I3 for 30 min at 25°C, and then the
kinase aclivity was measured using a synthetic peptide (8P-peptide),
which is specifically phosphorylated with cde2 and its related kinases.
Mean + standard deviation (n = 2).
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FrG. 6. Decrease in ede? kinase activity (A) and eyclin B protein level
(B) in mature cocyles treated with protein synthesis inhibiter. Qo-
eytes matured s witre were continuously treated with 20 gie/mleyelo-
heximide and the kinase activity and eyelin BB protein levels were ex-
amined at the indicated times.

thermore, it is suggested that the mechanisms of main-
taining MPF activity in uafertilized mature goldfish oco-
cytes differ from those in mature Xenopus oocytes, in
addition to a difference in the mechanisms of MPI acti-
vation.

DISCUSSION

MPF congists of ede2 kinase and cyclin B (Draetta et
al, 198%; Dunphy ef al, 1988; Gautier et al, 1988, 1990,
Labbé et al, 1989a,b; Yamashita et al., 1992a). To under-
stand how MPF is activated, we examined the time
course of ede2 kinase and cyelin B protein levels during
goldfish oocyte maturation, using monoclonal antibod-
ies specific to goldfish cde2 kinase and cyclin B (Figs.
1-3). We obtlained the following results. Cyclin B is ab-
sent in immature oocytes and, probably by means of de
novo protein synthesis, it appears just before GVBD.
Immature oocyles contain only the 35-kDa inactive ede2
kinase, but in accordance with the appearance of cyclin
B, the 34-kDa active cdc2 kinase that forms a complex
with eyelin B (MPF) appears in maturing cocytes. These
results indicate that eyelin B synthesized during oocyte
maturation forms a complex with preexisting 35-kDa
inactive cdc? kinase and activates it, which is accompa-
nied by a shift in the electrophoretic mobility of cde2
kinase from 35- to 34-kDa. In this case, MPF activation
ghould be controlled by the level of cyclin B accumula-
tion and the complex formation of cde2 kinase and cyclin
B. These mechanisms of MPF activation in fish appar-
ently differ from those in Xenopus (Gautier and Maller,
1991; Kobayashi et al, 1991) and starfish (Strausfeld ef
al, 1991), in which cyclin B is present in immature co-
cytes and forms a complex with ¢de2 kinase {pre-MPE).

The cdc? kinase is activated by post-translational



KATSU BT AL

1G. 7. Cytological examination of mature ooevtes treated with pro-
Lein synthesis inhibitor. The cell cyele arrested at metaphase 1] (A)
was released and proceeded to anaphase (B and €). Bar 5 um. (A)
Untreated, 80 min: (B) evcloheximide, 20 min; () cyeloheximide, 60
min.

modifications including phosphorylation and dephos-
phorylation after binding to eyelin {see review by Ja-
cobs, 1992). Therefore, it iz plausible that cde? kinase
undergoes chemical medifications in maturing fish oo-
cytes after binding to eyclin B, although the complex
formation of cvelin B and ede? kinase during matura-
tion is a critical step for activating cde2 kinase in these
oocytes. Actually, this has shown that the activation of
ede2 kinase is accompanied by a shift in its electropho-
retic mobility from 35- to 34-kDa (Figs. 2 and 3). We
previously showed that the 34-kDa ede? kinase, but not
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the 35-kDa form, was labeled on threonine residues

when oocytes matured in the presence of 32p {Yamashita
et wl, 1992a). Thus, it is likely that threonine phosphory-
lation of ede2 kinase, which may cause the ¢lectropho-
retic mobility shift, is involved in the activation of ede2
kinase. Indeed, recent studies using mutant cde2 kinases
have demonstrated that in addition to dephosphoryla-
tion of Thri4 and Tyrl5, phosphorylation of Thr161 is
required for ede2 activation (Ducommun ef al, 1991;
Gould et al, 1991; Solomon ot al, 1992). We are now in-
vestigating whether similar control mechanisms for
MPF activation work after cde? kinase binds to cyelin B
in maturing fish oocytes, using mutant goldfish cde?
kinases.

In contrast to Xenopus (Gautier and Maller, 1991;
Kobayashi et al, 1991), goldfish cyelin B is not stock-
piled in immature oocytes (this study), and it is abruptly
synthesized during cocyte maturation {(Hirai et al,
1992a). Thus, cyclin B is still a potential initiator of
goldfish oocyte maturation. If so, synthesis of ¢yelin B is
required and is sufficient for inducing oocyte matura-
tion in goldfish. Cyclin B is sufficient for inducing gold-
fish oocyte maturation, as demonstrated by inducing
MPF activation by eyclin B proteins both 57 vive (Fig. 4)
and in vtro (Fig. 5). To confirm the requirement of cy-
¢lin B during goldfish oncyte maturation, we investi-
gated the effects of antisense oligonucleotides on
Mo, 208-DP-induced cocyte maturation. So far, how-
ever, we have heen unable to obtain an inhibitory effect
that is signiticantly different between sense and anti-
sense oligonucleotide injections. Therefore, it is prema-
ture to say that cyelin Bis an initiator of goldfish ovcyte
maturation. Furthermore, the involvement of C-108,
one of the candidates for the initiator of Xenopus oocyle
maturation, in goldfish oocyte maturation remains un-
known.

Inunfertilized mature Xenopus oocytes, MPF activity
is maintained at a high level, even if prolein synthesisis
inhibited by cycloheximide (Gerhart et al, 1984). The
stability of MPF activity depends on a cytostatice factor
{CS¥; Gerhart et al, 1984; Newport and Kirschner, 1984;
Murray et al, 1989}, Since c-mos, 4 probable component
of CSF, is not affected by protein synthesis inhibition
(Watanabe et ul, 1989), this protein seems to be involved
in stabilizing MPF in eyeloheximide-treated mature oo-
eyles. Unlike Xenopus, the cycloheximide-treated unler-
tilized mature goldfish oocytes caused s drop in MPF
activity to 50-70% of its initial level {(Fig. 6) and an exit
from metaphase followed by arrest at anaphase (Fig. 7).
Release from metaphase arrest caused by protein syn-
thesis inhibitors has been reported in the mouse (Clarke
and Masui, 1983) and mollusk (Patella, Loon ef al, 1991).
However, in those species, the cell cycle is not arrested
at anaphase but reaches interphase. The difference in
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the sensitivity of MPF to protein synthesis inhibitors
indicates the existence of species-specific mechanisms
that maintain MPF activity in unfertilized mature oo-
cytes. The mechanisms funetioning in Xenopus are inde-
pendent of protein synthesis, wheread those in ihe
mouse and mollusk are dependent. Mature goldfish co-
cytes may be equipped with both mechanisms. Since cy-
¢lin B continues to be synthesized in unfertilized mature
uoldfish oocytes (Hiral et al,1992a), the partial decrease
in the cyclin B protein level found in eveloheximide-
treated oocytes may be due to an interruplion of the
continuous supply of eyclin B. The presence of molecular
mechanisms of maintaining MPF activity independent
of protein synthesis is not certain, but c-mos may con-
tribute to them, as it works in unfertilized mature Xeno-
pus oocytes {Watanabe et al., 1989).

It is notable that a 30-50% decreage in the kinase
activity and cyelin B protein ievel induces cell cycle pro-
grression to some extent {from metaphase to anaphasc).
This finding indicates a close correlation between the
kinase activity/evelin B protein level and cell eycle pro-
gression. The mechanism that links the kinasc activity
and the cell cycle progression is not certain, but, as pro-
posed for the cell cycle control in somatic cells (see re-
view by Jacobs, 1992), one possibility is that plural cy-
clins are involved at each step of the cell cycle. It is
possible that goldfish oocytes at the second meiolic
metaphase contain two types of eyclin B. One is sensi-
{ive to protein synthesis inhibition and its destruction
may be responsible for inducing an cxit from meta-
phase, and the other is insensitive to the inhibitors and
its destruction may induce further progression of the
cell eycie toward interphase. Indeed, we isolated two
species of eyelin B, the homology between which is more
than 95% (Hirai et al., 1992a). These eyelins may have
different functions in initiating oocyte maturation and
maintaining MPF activity, irrespective of their high ho-
mology. Further studies are required to understand the
precise roles of each player involved in oocyte matura-
tion, as well as to identify new players.

MPF, consisting of a cde2 kinase-cyelin B eomplex, is
s universal factor that promotes oocyte maturation (Ki-
shimoto, 1988). As this study shows, however, the mecha-
nisms of MPF activation and its stabilization vary
among species, in spite of the involvement of the same
players. Despite the impressive progress in recent years,
there is still mueh to be learned about the controf of
oocyte maturation. Further studies using various spe-
cies should provide comprehensive understanding of the
control mechanisms of oocyle maturation.
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We have isalated a cdc? cDNA from a liorary constructed from immature goldfish cocytes.  The isolated
clone has a PSTAVR sequence, instead of the PSTAIR sequence common to cdc2 in other species. Its
product was characterized by monoclonal antibodies against its C-terminal amino acid sequence. The
antivodies recognized an anti-PSTAIR-reactive 35 kDa protein in immature oocyte extracts, which was not
recognized by anti-goldfish cdk2 antibody.  In addition t¢ the 35 kDa cdc?2, mature cocytes corttained a 34
kDa cde2. which was a component of MPF purified from carp eggs.  Upon gel filtration column, the 35 kDa
cdc? migrated at monomeric position, while the 34 kDa cdc2 migrated al around 100 kDa, where cyclin B
also comigrated.  These rasults strongly suggest that the 35 kDa protein is monomeric inactive cdc2, while
5 the 34 kDa protein is cyclin B-bound active cdc2.  The finding that the 35 kDa inactive cdc? does not form a
complex with any other proteins in immature oocytes 1s in contrast to the situation in Xenopus and starfish, in
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which cdg2-cyclin B complex exists already as pre-MPF in immature oocyles.

introduction

Cocyte maturation is induced by maturation-
promoting facter (MPF) under the influence of
maturation-inducing hermone secreted from follicle
cells (19, 20, 213, MPF has nc species specificity,
and it is not only responsible for inducing cocyte
maturation but is a universal regulator of the G2/M
transition in eukaryolic cell cycle (8). To date,
MPF has been purified from eggs of Xenopus (13),
starfish (10, 11) and carp (31). MPF is composed
of two subunits. A catalytic subunit 15 a serine/
threonine protein kinase, which is a homolog of the
fission vyeast (Schizosaccharomyces pombe)
cdc2™ gene product, and a regulatory subunit is
cyclin B, which was first discovered in the early
embryos of marine invertebrates (6, 15, 23).

The behavior of the components of MPF, cdc?
and cyclin B, during oocyte maturation must be
known to understand the molecular mechanisms of
MPF activation that lead the oocytes o mature, via
germinal vesicle breakdown, chromoscme con-
densation and spindle formation.  To do this, we
produced a menoclonal antibody against the
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PSTAIR sequence of cdc2, which recognized all
eukaryotic cdc2 proteins examined so far (30).
Using this antibody, we examined changes in
anti-PSTAIR-reactive  proteins  dunng  oocyte
maturation of goldtish, but we were unable to find
any remarkable changes (4}, However, the
PSTAIR sequence, which was thought to be a
hallmark of cdc2, is alsc conserved in cdcZ-like
proteins, such as cdk2 and cdk3 (16), Theretore,
it should be necessary to use antibodies specific to
cdc? for the detailed examination of changes in
cdc? proteins during occyte maturation,

To obtain antibodies specific-to goldfish cdcz
protein, we first isclated a partial cdc2 cDNA clone
by polymerase chain reaction (FCR), then isolated
a fuil-length cONA from a {ibrary constructed from
immature goldfish cocytes.  In this report, we de-
scribe the isolaticn and sequence of goldfish cde2
cDNA clone, and characterize its product with
monocional antibedies against the C-terminal ami-
no acid seguence.

Copyright 3 by The Japarese Suciety of
Oevelopmental Biclogists 1993
All rights of repreduction in any form reserved
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Materials and Methods

Extraction of cocytes: Goldtish (Carassius au-
ralus) was purchased from a dealer, and raised at
15°C until use. Full-grown immature oocytes were
isolated from ovaries by pipetting. Mature
oocytes {ovulated eggs) were obtained by inject-
ing 200 U of human chorionic gonadotropin
{Puberogen, Sankyc Zoki; 29),  Immature and ma-
ture oocyles were extracted with an extraction
buffer containing 100 mM S-glycerophosphate and
5mM EGTA by ultracentrifugation, as described
previously {30).

PCRA: Total RNA was prepared from full-grown
immature goldfish oocytes by acid guanidium
thiocyanate-phenol-chloroform (AGPC) extraction
method (1), Poly(A)™ RNA was Isolated by oli-
go{dT)-Latex beads (Oligotex-dT30, Takara).
Single-strand cDNA was synthesized by incubat-
ing poly(A)* RNA with 1 g of oligo-dT primer {12-
18dT), 0.5 mM each of dATP, dCTP, dGTP and
dTTP, 10 mM dithiothreitol {DTT), 5 U of reverse
transcriptase (RAV-2, Takara}, and 10 U of human
placental ribonuciease inhibitor.

To isolate cdc2 homolog from goeldiish cDNA
library, we produced two degenerate FCR primers,
which contains BamHi recognition site at the 5
end, with Applied Biosystems DNA Synthesizer
model 381: 57 primer, 5-TAAGGATCCGGMNACN-
TAYGGNGTNGTNTAYAA-3", and 3" primer, 5'-
TAAGGATCCRTTYTGNGGYTTNARRTCNCKRTG -
3 (Y=C+T, R=A+G, N=A+C+G+T, K=G+
T, BamHIl site is underlined). The 5" and 3" prim-
ers correspond o the amino acid sequences,
GTYGVVYK and HRDLKPQN, respectively (Fig.
14).

PCR was carried out in 50 4 reaction mixture
consisting of 50 mM KCI, 10 mM Tris (pH 8.3}, 1.5
mM MgCl,, 0.01% ‘gelatin, 0.2 mM each of dATP,
dCTP, dGTP and dTTP, 25U Tag DNA
polymerase (Perkin Elmer), 50 ng singie strand
cDNA, and 1 M each primers.  The first run of
PCR was 30 cycles of 94°C for 1 min, 55°C for 1
min, and 72°C for 2 min.  After the run, 2.5 U Taq
DNA polymerase was added to the reaction mix-
ture, and further reacted at the same condition as
the first run,

Isofation of goldfish cdc2 cDNA: PCR products
were fractionated on 5% polyacrylamide gel, and
digested with BamH!  The isclated DNA frag-
ments were subcloned into a plasmid vector
pBluescript 1l KS M137 (Stratagene) and se-

quenced using the dideoxy-sequencing methods
(BcaBEST sequencing kit, Takara). The PCR pro-
duct, which had the strongest homology to the
conserved domain of cde2, was used to isolate a
full-length cCNA clone.

To isolate a full-length cDNA, a Agt10 cDNA
library constructed from full-grown immature
galdfish oocytes was screened with & 24-mer oli-
gonucleotide, which was selected from the se-
quence of the PCR product (Fig. 1A}, Approx-
imately 2% 10° of plagues were transferred onto a
nylon membrane {Hybond-N', Amersham), and
hybridized with 2% 10° cpm *?P end-labeled probe
at 80°C overnight in 20 ml of hybridization solution
containing 5= SSC (1 x8SC: 150 mM NaCl, 15 mM
sodium citrate, pH 7.0), 5xDenhardt’s reagent (1
mg/ml each of Ficcll, polyvinylpyrrolidone and
bovine serum albumin), 0.1% sodium dodecyl sul-
fate (8DS), and 200 pg/ml herring sperm DONA.
Membrane were washed twice at 55°C for 30 min
with 1xS83C contaning 0.1% SDS.  Isolated

clones were subcloned into pBluescript 11 KS
M13*, and serial deletion mutants were produced
with  excnuclease Il The segquence dala

obtained with the dideoxy scguencing method
were analyzed on GENETYX software (SDC).

Northern blotting: Poly{A) ' RNA was prepared
from full-grown immature and mature oocytes, as
described above. One microgram of poly(A)™
RNA was electrophoresed in 1.1% agarose gel
containing 6% formaldehyde, with a running bufter
consisting of 20 mM MOPS (pH 7.0), 5mM EDTA
and 8 mM sodium acetate. RNA was transferred
onto Hybond-N™, and hybridized with 1107 cpm
of 35-mer oligonucleotide probe (Fig. 1A) at 60°C
overnight. Membrane was washed twice at 55°C
for 30 min with 1 xSSC containing 0.1% SDS, and
analyzed by a BAS 2000 Bio-Image Analyzer {(Fuji).

Monoclonal  antibodies against the C-terminal
sequence of cdcz: A peptide, CPYFDDLDK-
STLPASNLK!, which correspondsto the C-terminal
sequence of goldfish cdc2 with an additional cys-
teine in the N-terminus (Fig. 1A}, was synthesized
using the F-moc protocol on an Applied Biosystem
model 431A peptide synthesizer. The peptide
was purified by reverse-phase HPLC and conju-
gated to bovine serum albumin and keyhole limpet
hemocyanin through its N-terminal cysteine by
iN-(e-maleimidocaproyloxy)succinimide {Dojin).
The coupled peptides were injected to 6-week-old
female BALB/¢c mice to obtain monccional anti-
bodies, according to the procedures described




Isolation and Characterization of Goldfish cde?2

A

649

CTCACGCTCTCTICTGTTICT 19

CAAAGACTTTCATAAAGATAT YGGAAGGAARAYTAGARGAGY TTGGT TATTCATCCATATICGTATATAGTTACAGCGACAAGTATTGAGAAR 109
ATGGATGACTATCTGAAGATAGAGARR AT YCGTYTGRAAGGCTACATATCCTCTGGTATATARCCCCAGCAATAABACCACTCGCACAAGTGCTT 199
M D D Y L X I EKE XK I ¢ E G T Y G ¥V Vv ¥ X G R ® X T T ¢ O V V¥ 30
GCTATGRAGCAAGATCCGCCYGGAGAGTGAGGAGGAGGGAGTTCCCAGCACCGCTGTCAGAGABATCTCCCTCCTCAAGGAGCTCCAGCAT 289
A M X K I R L E 8 ¥ E E 6 ¥ P 5 T A VvV R E I 5 E L K E L ©Q H 60
CCCAACGTTGTACGCCTGCTGGATGTATITGATGCAGGAGTCARAGT T ATACCTGCTGTTTCAAT T TCTGCGTCCATCGGATCTCGAAGAAGTAL 379
| 1 ¥ Vv R L L | v L M (o] E 5 X L Y 1 v F L3 ¥ T 5 H D L K K Y 90
TYGGACTCCATCCCATCAGGCCAGTTICATGGATYCCCAYGCTTGTCAAGAGTTACCTGTATCAGATCCTTGAGGGGATYCYGYYCTGCCAC 469
L D 8§ 1 P S G Q@ F M »P P M L ¥ K S Y L ¥ © I L E & 1 L F C R 120
TGTCGCAGGGTTCTGCATCGTGACCTARAGCCCCAGRAATCTGCYGATTGATAATRBAAGCTGTGAYTAAGCTGGCAGACTTTGGGCTGGCA 559
¢ R KR ¥V L H R D L K P ¢ N L L I D NN K 6 ¥ I X L A D F G L R 1%0
CGTGCCTTTGGAGTCCCGGTCAGAGTGTACACACATGAGGTGGTCACTCTGYIGGTACAGAGCTCCAGAAGTCTTGCTGGGGGCCTCACGT 649
R A F G Vv P v R vy Y T H .4 v Vv T L L R A P .4 v L L G A 3 o 180
TATTCCACACCAGTAGATGTCTGGAGTATTGGTACCAYCTTITGCCGAACTCGCTACAAAGARACCTCTCTTCCATGCGAGACTCAGARATA 739
¥ 3 * P ¥V P ¥V ¥ 38 I 66 T I F A E L A T K X P L F H G D 85 E 1 210
CACCAGUTCYITCAGGATC T TCAGGACTCTYGGAACCCCTRAACAATGAGGCTCTCGCCACATCTTGAGTCGCCTGCCAGATTATAAGAATACC 829
P 9 L ¥ R I F R T L G ¥ P W XN E VvV ¥W P D ¥V E 5 L P D Y K N T 240
TYTCCCAAAGTGGAAATCTGGGAAT CTGGCCAGTACTGTCGAAAAACCTGGACARGRACGGCATIGACCYGCTCACGAARATGCTGATTTAT 919
F P K W K S cC N L A 3 T v K N L D K n [+ I D L L T X M L I Y 270
GACCCTCCTAAGCGGATCTCAGCACGGCAAGCARTGACACATCCATYATTTYGACGATTYAGACRAAGAGCACTCTTCCAGCCAGTAACCTG 1009
D P P X R I 5 A R O A H T H P Y ¥ D D L D K s T L F A s N L 300
AAGATATAGACTTCAGY TCTARAAGCAATGGAAGCT TAGTCTTTTGRACATGCAATAATTARCCTYTYIGCTCATTIYGTTITATTIGCGGTIGGCTT 1099
K I * 302
TTGTACTTITCTACTITTICTACTITIGY ITIGTICTTITIIGIATGYCY T TTITCCYATCCYCTYTTATGITTCATCAARCACCCGTTTGTA 1189
ARYTRARCAYTATATATTITITTIGTGGACCCARAGTGGCATATTACAMAGGTARACTGTTCATAATARAGAACARRARARAARARARRARARAN 1279
ARRRR 1284
Goldfish cdc2 M D DYLERIERIGEGTYGVVYRGRNK TTGQ WAMKKIRLESEEEGVFSTAVREISLLKELQHP N’V‘V}'{LLDVLHQES KLYLVFEFLS a4
Xenopus cdez - - N [, Y. T - ad
Human cdc2 - E -I-5- Q-”_-n. Bd
Goldflah cdk2 - E -I-X-H--IHT-N 84
Xencpua cdk2Z (Egl} -~ E -I-K----IHT-N Y
Human cdk2 E Hd
Goldfish cdc2 177
Xencpus cdc2 177
Human cdez 177
Goldfish cdx2 178
Xencpus cdk2 {Egl) --F-L-Q-LA---SH~- 176
Human cdk2 g----FM-ASALTCI PL - -I----F-L-Q-LA---8H--rcecmmcumann 1786
Goldfish cdcz ASRYSTPVDV‘WSIGTIFJ\ELATKKPLPHGDSEIDQLFRIFRTLGTFNNEVWPDV’ESLPDYKNTFPMSGNLASTVKNLDKNGIDLLTK}LLIYDPP 273
Xanopus cdc? A 273
Human cdc2 273
Goldfish cdk2 -ARQD-SKV-PP~-ED-R---GQ--1---N 272

Xenopus odk2 (Egl)

-IRQDFSKV-PP--ED-R---AQ--G--SN 272

Human cdk2 EXY---A--I--L-0O-~--MV-RRA--P--———---—— -+ -m-vv o~ DEV---G-f-M-~--PS----ARQDFSKV-PP--ED-RS--8Q--H---N 272
goldfish cdcl ERISARQMAMTHPYFDDLDESTLPASNLKI 302
Xenopus cdc2 =00 o—---- RR-LL-----mmmun S--DHQIRN 302
Kuman cde2 ~-~~GFM-LN----N---NQIKXM 237
Goldfish cdk2 @ @ -a-- FN-LV-RF-R-VTHPVP-LRL 298
Xepopus cdk?2 (EQl)  --~-- KV-L---F-R-Y3RPTFELI 297
Human cdx2 =00 0ce--- KA-LA--F-Q-VT-PVYPELRL 298

Fig. 1 A) Nuclectide and predicted amino acid sequences of goldfish cde2.  Amino acid sequences indicated by underline
correspond to PCR primers.  Nuclectide sequences remarked by underling are used as prebe o isolate fuli-length cDNA clone,  B)
Comparison of amino acid sequences of the goldfish cdc? with cdc? homologs from Xenopus (18) and human (12) and cdk2

homologs from goldfish (5), Xenopus (24} and human (2, 22, 26). Identical residues are shown by dashes.
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praviously (30}.

We obtained 11 monoclonal  antibodies.
Although all antibodies recognized 34 and 35 kDa
proteins in mature cocyte extracts in common, one
antibody (GFC3-9) recagnized these proteins with
high specificity (cf. Fig. 2). Thus, this clone was
used for further analysis of cdc2 proteins by im-
munoblotting.

immunoblotting and p13°4¢T precipitation: Pre-
cipitates from immature and malure cocyte ex-
tracts with p13%“€'-conjugated beads (30) were
analyzed with SDS-poiyacrylamide gel elec-
trophoresis (PAGE), followed by immunoblotting
with anti-PSTAIR (30), anti-cdk2 (5), or anti-cdc2
C-terminal (GFC3-9) antibodies, as described pre-
viously (30).

Gel filtration of oocyte extracts: Five hundred
microliters of occyte extracts were loaded onto a
Superose 12 gel filtration column (130 cm, Phar-
macia) equilibrated in the extraction buffer at a flow
rate of 0.5 ml/min, and 0.5 ml fractions were col-
lected. Protein cdc2 in each fraction was precipi-
tated with p13%%°" beads and immunoblotied with
anti-cde? C-terminal antibody and anti-goldfish
cyclin B antibody (4).

Resulis

isolation of goldfish cdc2 cONA

To amplify cdc2 cDNA by PCR, we used a pair
of degenerate oligonucleotide primers corre-
sponding to highly conserved seguences in cdc2
family, GTYGVVYK and HRDLKPQN (Fig. 1B).

1 2 3 4

According to their sequence homology, the
chtained PCR products were categorized into 3
species; cdc2, cdk2 (5), and cdk5 (16, 28). Us-
ing the partial cdc2 clone obtained by PCR, we
isclated full-length cdc2 cDNA from a Agti0 library
constructed from full-grown immature goldfish
oocytes.  The isolated clone had an insert of 1284
bp containing a poly(A}* tail and an open reading
frame encoding 302 aminc acids (Fig. 1A).  North-
ern blot analysis showed a hybridization signal at
the 1.3 kbp position (datz not shown), indicating
that the clone is nearly full-length.

The PSTAIR sequence motif (EGVP-
STAIREISLLKE)Y is a hallmark of cdc2, cdk2 and
cdk3 (16), but the isolated clone encodes a
PSTAVR seguence, in which iscleucine changes to
valine (Fig. 1). To examine whether the PSTAVR
seguence is a genuine sequence in goldfish cdc2
or merely an artifact obtained during the cloning
procedures, we also used another cDNA library
in AZAPH vector (Stratagene), which was independ-
ently constructed from mRNA different from that
use to construct the Agt10 library. Nevertheless,
we obtained the same cDNA clone with the
PSTAVR sequence (data not shown). Further-
more, a 2.2 kbp cdc2 genomic DNA fragment
isclated from goldfish biood cells also had the
PSTAVR sequence (data not shown). Therefore,
the PSTAVR sequence is not an artifact but an
authentic sequence present in goldfish cdez.

The predicted molecular weight of the protein
encoded by this gene is 34,499, As shown in Fig.
1B, this clone had higher homology with cdc2
(85% for Xenopus, 85% for human and 84% for
mouse) than cdk2 (67% for goldfish, 66% for

10“ 11 | 12

Fig. 2 Immunablots of crude mature cocyle extracls with monoclonal antibodies against the C-terminal sequence of goldfish
cde? and the PSTAIR sequence. Lanes 1-11, anti-C-terminal anlibodies (GFC3-1, 2, 3, 5, 6,9, 10, 17, 18, 21, and 22); Lane 12,

anti-PSTAIR antibody.
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Xenopus and 67% for human) at amino acid se-
quence level. Therefore, we refer to this clone as
goldfish cdc2 cDNA, which was also confirmed by
several immunological studies described below.

Characterization of goldfish cdc2

To confirm that the product of cDNA that we
identified is cdc2, we produced monoclonal anti-
bodies against the deduced C-terminal aminc acid
sequence cof the cDNA. We obtained 11 mono-
clonal antibodies, all of which recognized a 35 kDa
protein in immature cocyte extracts and 34 and 35
kDa proteins in mature cocyte exfracts {Figs. 2 and

PST C2 K2

kDa

66.3>

55.4 =

36.5=: Jode?
Jedk?2

31.0=

M T M 1 M

Fig. 3 Immunoblots of p13¥! precipitates from imma-
ture (1 and mature (M) goldfish occyte extracts, probed with
anti-PSTAIR antibody (PST), anti-cdc2 C-terminal antibody {C2)
and anti-cdk2 C-terminal antibody (K2).

kDa

PST C2
Fig 4 Immunoblots of MPF purified from carp eggs with
anti-PSTAIR antibody (PST) and anti-cde2 C-terminal antibody
(C2).

3). Both 34 and 35 kDa proteins were recognized
by anti-PSTAIR antibody and precipitated with
p13%“=! (Fig. 3), indicating that they both belong to
the cdc2 family. MPF highly purified from carp
eggs contained anti-PSTAIR-reactive 33 and 34
kDa proteins (Fig. 4, cf,, 31). The 33 kDa protein
was cdk2, which did not correspond to MPF activ-
ity, whereas the 34 kDa protein was most likely
cdc?, since it closely corresponded tc the MPF
activity throughout the purification steps (32}.  The
anti-cdc2 C-terminal antibodies recognized the 34
kDa protein found in highly-purified MPF (Fig. 4).
The 34 kDa protein recognized by the anti-C-
terminal antibodies was also found in anti-cyclin B
immunoprecipitates from mature oocyte extracts
(7). indicating that a complex between the 34 kDa
protein and cyclin B can be formed in vive. These
immunological studies demonstrated that the
product encoded by the cDNA we have isolated
has all characteristics belonging to cdc2, and
prebably encodes goldfish cdc2.

Anti-PSTAIR reactive 34 and 35 kDDa proteins are
active and inactive cdcZ, respectively

We previously repcrted that the anti-PSTAIR
antibody recognized 33, 34, and 35 kDa bands in
crude extracts from immature and mature goldfish
oocytes (30, 31). Recently, however, we noticed
that the 34 kDa band was sometimes separated
into two bands, when SDS-PAGE was carried out at
lower current (15 mA instead of 35 mA) (Fig. 3).
The anti-PSTAIR-reactive 33 and lower 34 kDa
bands were c¢cdk?, as revealed by anti-cdk2 anti-
body (Fig. 3). The monccional antibedies against
the C-terminal sequence of goldfish cdc2 recog-
nized the ant-PSTAIR-reactive 35 and upper 34
kDa bands. Since they were alsc recognized by
monoclonal antibodies against mouse cdc2 pro-
tein (Yamashita ef a/, unpublished), it is highly
likely that both are cdcZ proteins.  Thus, the anti-
PSTAIR-reactive 33 and 35 kDa bands are cdkz2
and cdc2, respectively, and that the 34 kDa band,
which was not well resolved by previous SDS-
PAGE, is a mixture of cdk2 and cdc2.

To characterize the two cdc?2 proteins found in
goldfish cocytes, we examined the changes in
these proteins during oocyte maturation.  The 35
kDa cdc2 was found in both immature and mature
oocyte extracts, but the 34 kDa cdc2 was detect-
able cnly in mature oocyte extracts (Fig. 3).  Anti-
cyclin B immunoprecipitates from mature oocyte
extracts, which had high kinase activity, contained
mainly the 34 kDa cdc2 (5, 7), while anti-PSTAIR
immunoprecipitates, which contained mainly the
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35 kDa cdc?2, had no kinase activity (30).  in addi-
tion, the 34 kDa cdc2 was found in highly purified
MPE while the 35 kDa one was not (Fig. 4; ¢f. 31).
Therefore, it is likely that the 34 kDa cdc? is active
and the 35 kDa one is inactive form of cdc2.

Goldfish cdc? does not form a complex with any
proteins in immature oocyles

In immature oocytes of Xenopus and starfish,
cdc2 protein has already formed a complex with
cyctin B as pre-MPF (3, 9, 25). In contrast to
these species, we find that there is no detectable
cyclin B in immature goldfish oocytes {5,7). This
finding strongly suggests that cdc2 protein in im-
mature goldfish cocytes is monomeric.  To
confirm this, we examined the consecutive frac-
tions of immature and mature ococyte exiracts
eluted from gel filtration column, by immunoblotting
with anti-cdc2 C-terminal and anti-cyclin B anti-
bodies. When immature oocyte extracts were ap-
plied on the gel filtration column, cdc2 protein was
eluted as a single peak at the monomeric position
around 35 kDa (Fig. 5A). However, cdc? proteins

kDa

11 e —h

in mature oocyte extracts were eluted as two peaks
at around 100 kDa and 35 kDa. The 34 kDa cdc2
protein was found only in the first peak at 100 kDa,
where cyclin B was also detected (Fig. 5B). We
have already shown that highly puriiied MPF and
histone H1 kinase consist of a complex of cyclin B
and 34 kDa cdc2, which exhibit an apparent
molecular weight of 100 kDa on Superose 12 (31,
32). Therefore, the 100 kDa complex of cyclin B
and 34 kDa cdc? found in this study should be
active MPF and histone H1 kinase. The vast
majority of the inactive 35kDa cdc2 proteins in
mature cocytes migrated at the monomeric posi-
tion {Fig 5B). These results cemonslrate that
most, if not all, cde? proteins (inactive 35 kDa form)
in immature occytes are monomeric and that, when
oocyles mature, a part of cdc2 proteins form
complexes with cyclin B and are activated (active
34 kDa form). It is also notable that a minor frac-
tion of the 35 kDa cdc? proteins was also getect-
able at 100 kDa (Fig. 5B). This means that not all
cdc? proteins that bind to cyclin B are activated.
Taken together, it is most likely that inactive 35 kDa

A 97~
66>

45

31=

=35 cde?2

66

45m

13 15 17

19 21 23 25 27 29
Fraction Number
Fig. 5 Immuncblots of consecutive fractions eluted from gel filtration column (Superose 12), as probed with both anti-goldfish
cdc2 C-terminal antibody (GFC3-9) and anti-goldfish cyclin B antibody (B63; cf. 4). A) Immature ococyle extracts. B)Mature oocyte
extracts. Arrowheads indicate the positions of molecular weight markers: 1, aldorase (158 kDa), 2, bovine serun albumin (67 kDa); 3,
ovalbumin (43 kDa}; 4, chymotrypsinogen A (25 kDa); 5, ribonuciease A (13.7 kDa).
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cdez binds to cyclin B at first, then it is activated,
which is associated with an electropheretic mobil-
ity shift from 35 to 34 kDa.

Discussion

We isolated goldfish cdc2 cDNA with the aid
of PCR. The isolated clone had PSTAVR se-
quence, instead of FSTAIR sequence that is com-
mon to cdcZ in many species.  Since the PSTAVR
seguence was found in clones isoclated from
another cDNA library prepared independently and
from a genomic DNA, the seqguence is a genuine
sequence specific to goldfish cdc2.  Minor mod-
ifications in the PSTAIR sequence have also been
reported for a slime meld, Dictyostelium dis-
coideurn (17).

All monoclonal antibodies raised against the
C-terminal sequence of geldfish cdc? recognized
a 35 kDa protein in immature cocyte extracts and
34 and 35 kDa proteins in mature oocyte extracts in
common (Figs. 2 and 3).  Both the 34 and 35 kDa
proteins were alse recognized by monoclonal anti-
bodies raised against bacterially expressed mouse
cdce proteins, which do not react with cdk2 pro-
teins (Yamashita et af, unpublished). In addition,
both the 34 and 35 kDa cdc2 bind to cyclin B in
vitro (Yamashita et a/, unpublished; see also Fig.
5B) and the 34 kDa cdc?2 was found in MPF highly
purified from carp eggs (Fig. 4;, although the 35
kDa form was not.  These results strongly suggest
that both the 34 and 35kDa proteins are cdcZ
gene products with different chemical modifica-
tions.  What is the difference between the 34 and
35 kDa forms of cde2?  Since the 34 kDa cdc? is
found only in mature occyte extracts and a compo-
nent of highly purified MPF, this protein should be
active cdc2 In fact, the present fractionation
experiment of mature cocyte exiracts with gel
filtration column has demonstrated that almoest all
the inactive 35 kDa cdc?2 is monomeric and all the
active 34 kDa cdc?2 forms a complex with other
proteins (Fig. 5). Since cyclin B is present in the
same fractions as the 34 kDa cdc? (Fig. 5B), it is
highiy likely that the active 34 kDa cdc2 binds to
cyclin B, The mokility shift from the 35 kDa to 34
kDa upoen cdc? aclivation seems to be due (o
changes in phosphorylation state of cdc2.  Phos-
phoamine acid analysis revealed that only the 34
kDa cdc2 was threonine phosphorylated
(Yamashita et al, unpublished). Although it is
common that the phosphorylation of proteing
caused slower electrophoretic mobility, phos-
ghorylation of cdcZ may cause faster mobility on

SDS-PAGE (14).

In immature oocytes of Xenopus (3, 9) and
starfisn (25}, inactive cdc2 is already in a complex
with cyclin B as pre-MPF.  We have demaonstrated
in this study that inactive 35kDa cdc? is
monomeric in immature goldfish oocytes. This
result clearly differs from the situation in Xenopus
and starfish and seems to resemble the case of
clam, in which cdc?2 forms a complex with cyclin B
that is solubilized in process of oocyte maturation
(27). However, we have also found that there is
no detectable cyclin B in immature goldfish
oocytes and that cyclin B is synhtesized de rniovo
during oocyte maturation (5, 7). In goldfish, there-
fore, the synthesis of cyclin B during cocyte
maturation appears to have a crucial role in activat-
ing cdc? and in inducing oocyle maturation.
These results have clearly shown that the mecha-
nisms of MPF activation differ from species to
species, in spite of the involvement of the same
molecules.
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A fish homolog of the cdc2-related protein p40“°'*: its cDNA cloning and
expression in oocytes
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ABSTRACT

We have previously shown that threaomne (probably Thr-161) phospiiorylation of cde2 kinase
(p34°9eh), the catalytic subunit of maturation-promoting factor (MPF), is a crucial step
for the 17a,208-dihydroxy-4-pregnen-3-one (17a,208-DP, a mawration-inducing hormonc)-
induced activation of MPF in goldfish (Carassius auratis) cocyles. In this study, we have
cloned 2 cDNA that encodes a goldfish homolog of pd0™0%, the catalytic subunitola prolein
Linase which has been shown to activate cde? kinase through phosphorylation of Thr-161,
from a goldfish oocyte cDNA library. Reverse transeription PCR using oligonucleotide prim-
crs corresponding 1o highly conserved sequences in cde2-reiated genes was used to generate
a4 144 bp ¢cDNA PCR product from poldhsh oocyte RNAL This probe was then used to screen
e cDNA library for a full-length cDNA encoding a homolog ol pdOMP15 10 goldfish. The iso-
lated clone of approximately 1.3 kbp contamed an open reading frame encoding a 344 amino
acid protein that was 83% and 55% identical to Xenopus p40MOT and a homolog of p40™9' in
rice. respectively. Using Northern blof icchniques, a 1.3 kb MO/5 mRNA was detected in
hoth (ull-erown immature oocytes and mature oocyles of ginbuna (Carassius auratis Jengs-
dorfi), a species closely refated to goldfish. These data suggest that pdO™“" homolog is pro-
duced in Nish oocytes and plays an important role in the 17a,204-DP-induced activation of
MPT through threonine phosphorylution of cde2 kinase.

The p34¥= protein kinase {cde? kKinasg), the cita- (rce and induces the activation of MPF in the
Ivtic subunit of maturation-promoting  factor pocyte cytoplasm (10, 17, 18). Our previous
(MPF), is a key regulator of G/M transition findings suggest that in goldfish 17¢,204-DP
cukaryotes (11). The activity of cde2 kinasc is regu- induces oocyles to synthesize cyelin B, which in
fated not only by association with cyclin B, the turn activates preexisting 35 kDD inactive cde?
regulatory subunit of MPE, but also by ils phosphor- kinase through its threonine (probably Thr-101)
ylation and dephosphorvlation For instance, cde? phosphorylation, producing the 34 kD active cde
kinasc can be positively regulated by dephaesphory- kinase {9). From the studies in goldfish it is clear

lition on Thr-14 and Tyr-15 and phosphorylation that o protein kinase that phosphorylates Thr-161
on The-tol (14). plays a key role in the activation of cde? kinase dur-

Oocyte maturation 0 goldhsh (Carassius aura- ing the 17¢,208-DP-induced meictic maturation
rus) is Lriggered by the release of maturation-in- in fish oocytes. An enzymatic aclivity that causes
ducing hormone (17a,208-dihydroxy-4-pregnen-3- ihe phosphorylation of cde2 kinase on Thr-161 1n

ane, 17¢.203-DP) by the follicle cells surrownding the presence of cyclin B has been identificd in
the oocyle under the influence of cireulating Xenopus ceg extracts (16) and mammalian tissue
econadotropin, 17¢,204-DP ucts on the oocyte sur- culture cell extracts (2). Most recent biochemical
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Fig. | Nucleotide and deduced aming acid sequences
of the eDNA encoding goldfish coeyte pdOM?!® homo-
log. Sequences used as PCR primers are underlined.

S. ONOE er ol

work has provided evidence to indicate that this
kinase corresponds to pa0MO (4, 12, 15), which
was originally isolated from Xenopus oocytes dur-
ing a search for homologues of {rog cdc2 kinase
(13). In this study, a full-length cDNA for p4QMeL
homolog was isolated {rom = goldfish coeyte cDNA
library, and its nucleotide sequence was deter-
mined. In addition, expression of MO75 mRNA in
socytes of ginbuna (Caressivs auratus langsdorfii, a
species closely related to goldfish) was investigated.

To isolate a p40MCH homolog from a goldlish
cDNA library, we produced two degenerate PCR
primers correspending to highly conserved se-
quences in cdeZ-related genes. The 5" and 3" prim-
ers correspond to the amino acid scguences,
DLKPNN and VITRWYR, respectively (3, Fig. 1)
Totai RNA was prepared from [ull-grown immature
goldfish oocytes by the acid guanidium thiocya-
nate-phenol-chloroform  extraction method (1),
Poly(AY'RNA was isolated by oligo(dT)-Latex
beads (Oligotex ™-dT30, TaKaRa). cDNA was syn-
(hesized by incubating poly(A)"RNA with the 37
primer with reverse transcriptase (cDNA Synthesis
System Plus, Amersham) and amplified by PCR
according to the procedure recommendced by the
manufacturer (AmpliTaqu DNA polymerase,
TaKaRa). Thirty cycles of amplification were per-
formed with 1 min denaturation at 94°C, 1 min
anpecaling at 55°C, and 2 min extension at 72°C.
The amplified products of 100-250 bp were sub-
cloned into pBluescript vector (Stratagene). Thirty
‘wo clones were ohtained and their nucleotide
sequences were determined using a DNA sequenc-
ing kit (BcaBEST™ Dideoxy Scquencing Kit,
TaKaRa). Among them, six clones were found to
be identical, having 144 bp which are highly
homologous at the amino acid level Lo that of Yeno-
pus pd0M (9206 in 48 amino acids).

The PCR-derived probe {the 144 bp [ragment)
was then used to screen a goldfish ococyte cDNA
lbrary (8) for a full-length ¢cDNA clone of goldfish
pd0OMO* homolog. Approximately 3 x 10° plaques
were translerred onto a nylon membrane (Hybond-
N*  Amersham) in duplicate and hybridized at
65°C overnight with the [*’P]labeled probe. One
positive clone, containing an insert of approxi-
mately 1.3 kbp, was obtained and its cDNA se-
quence was determined as described above. This
clone contained an open reading {rame cncoding a
344 amipo acid protein (Fig. 1). The overall amino
acid sequence of gotdfish p40MPY homolog exhibits
83% identily with Xenopus p40™© (13) and lower
(5504 identity with pd0™7" homolog in rice (6,
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*  * * * Ed
GFMO15  MA- -« «--- LOVKSRAXL YEKLDFLGEGOFATYYKARDKTTNT IVAIKK
XLMO15  —E-GIAARGY-—Ro---Qommmomm oo oo VY- T
A2 ——SGDGGDDAG--RY-DR-L-REV--——TYGY-F--V-TK-GNT-=non-
*
GFMO15  KVGHRTEAKDGINRTALAE IKLLOELSHPN I |GLLDAFGHKSNISL-LCF
XLMOTS  —LmmmAm N oo o e o e oo e e VFO-
A2 Rl KY—E-VoF oo wKeoKDG o F-1-nePYuG-LH-VFE-
* *
GEMO1S  METOLEVI IKDTSLVLTPANIKAY [LMSLOGLEYMHNHK I LHRDLKPNNL
XLMO1E  cmm o mmm e HooS-Mo-Tooooo 1]
R AV-R-RN[--8--DT-8--0-N-K--AFC-KK-Vomun [
* * :
GFMO15  LLDENGVLKLADFGLAKAFGSPNAVYTHOVVIRWYRAPELLFGARMYGYG
XLMOTE oo CJEp— SR §ocommmmmmmooe
RZ  —IGAD-f--wommmm Rl —E-NF—oo—Fh- oo TKO--SA
» -
GEMOTS  VDMWAVGSILAELLLRYPFLAGDSOLOGLTGIFEALGTPTEETHPGHSNL
XLMOVS  —oommo Commm e R B e [ P— S-
R2  ——1-—A-C-Fooor - =B 0-§—— | ———GK--A-F---KSS0--D-¥Y-
GFMO15  PDYYSFKLFPGTPLENIFSAAGDDLLELLKGLFTFNPCTRTTASOALKMR
XLMOIS  —ommA-mSemmom ] I R (P ArCommrmm e RK-
RZ  ————EYOFYSAP-—RS| - PM-S--A-D--SRM--¥D-KA-|--0---EH-
GEMO15  YFSIRPGPTPGPOLPRP - -NSSTEALXEKERLLIGIKRKR-DSIEQGTL
XLMO1S o oNe—A——o—Hl—wom o€ | oo =00 —NL - - - TEGHD-KD |
RZ  --[S¥-A--KPS-—-—— PPKGD-GHNK I PDL--0D-FVVLSPPRELRRYT
GFMO15  KKKLVF
XLMO15  A-w-S-
R2  AHEGMEVHMHRADRTEEHPSGARHMDDMSSGSSRIPMSYDVGAIFGTRPA
RZ PRPTLNSADKSRLKRKIOMDPEFGYTE
Fig. 2 Comparison of the deduced amino acid sequences [o)
eoldhish (GFMOI13), Xenopus (XIMOI5) and rice (R2)
P40 Tlighly conserved amino acids present in all serine/

threonine kinases are indicated by asterisks (3)

Fig. 2). Some of this scquence similarity i1s duc 1o
the conserved nucleotide binding and catalytic
domains (ound in all serine/threonine kinases. The
sequence of goldfish p40™°Y homolog shows 42%
identity with goldhish cde2 kinasc (8) and 43% iden-
ity with goldfish cdk2 kinase (p33°'*) (7).
Northern blot analysis was perfermed using the
goldlish cDNA clone as a probe, For this experi-
ment, we used oocyles of ginbuna, since no
goldlish oocvies at the apprepriate developmental
stages, i.e, full-grown immature oocytes and

mature oocyles. were available during the time of

this experiment. Two wg each of poly(A} RNA

were isolated from full-grown immature oocyies
and mature oocytes. As shown in Fig. 3, a single
MO mRNA of approximalely 1.3 kb was detected
in both immature and mature oocytes, indicating
that the transcripts are contained in ginbuna
oocyles prior to and after meiotic maturation. 1t
has been reported that in Xewmopus, the MOIS
mRNA s accumulated during oogenests, and is
degraded after the mid-blastula-transition stage of
cmbryogenesis (13). [t is noteworthy that in Xeno-
pus MOIT mRNA is de-adenylated during oocyle
maturation. Tt is ol intcrest to determine if this is
the case with goldfish p40™?" homolog in matur-
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IFig. 3 Northern blot analvsis of ginbuna  oocyte
MRNA. Polv(A) RNA was isolated from ginbuna full-
grown immature oocyles (feff) and mature oocytes
(right); 2 g cach were then size fractionated by clectro-
phoresis. The RNA was transferred onto a nylon mem-
branc and probed with i”l’]labc!ed goldlish MO/S
cDNA, The membrane was exposed to an imaging plate
for 30 h and analyzed using o BAS 2000 image analveer
(FFuji Photo Film, Tokyo). The mobilitics of 288 and 188
RNA are indicated on the right of the figures with
ATTOWS,

ing oocvles of fish,

In summary, the data presented in the present
study suggest that p4O™"Y homolog is produced in
fish oocvtes and plays an important rolein the acti-
vittion of MPF tirrough threonine phosphorylation
of cde2 kinase. The availability of the goldfish
cIDNA probe should allow questions o be an-
swered  regarding the structure, function, and
mechanism of action of p40™°" homolog during
hormonally imduced meiotic maturaton of fish
0ocyLes
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Meiosis-Reinitiatien-Inducing Factor of Tefrahymena
Functions Upstream of M-Phase-Promoting Factor

MASAHIRO FUJISHIMA,*' YOSHINAO KATSU* EISHI OGAWA* MASANORI SAKIMURA*
MASAKANE YAMASITITA** and YOSHITAKA NAGAHAMA®*
*Riological Instituee, Facoliv of Science, Yamuguchi University, Yamaguchi 753, and
**7 aboraton of Reproductive Biology, National Instinute jor Basic Biology, Okazaki 444, Japan

ABSTRACT. Reinitiation of meiosis (maturation) of amphibian Bufo and Xenopus oocytes can be induced if Tefrahymena extract is
injected into them. The aclivity differed from M-phase-promoting factor, because action of the former factor on the induction of
maturalion was inhibited by treatment of the cocytes with cycloheximide. Activity of M-phase-promoting factor was not detected in
Tetrahymena extract regardless of the presence of cde2 homologues in the extract. However, cycloheximide-resistant-maturation-
inducing activity appeared in the recipicnts, when the maturation was induced by injection of Tetrahymena extract. Immunoblats using
antibadies against cde? showed that injection of Tetrahiymena extract induced fast mobility of the recipient ede2 in the presence of the
recipient protein synthesis, The same mohility shift of the cde2 was also induced when M-phase-promoting factor containing Xenopus
ooeyte extract was injected inlo immature gocytes or when the Immature ooeyte extract was treated with alkiline phosphatase, These
results indicate thal meiosis-reinitiation-inducing factor of Tetrahpmicena Tunctions upstream of M-phase-promoting factor 1o induce
dephosphorylation of the recipient ede2, 7errahymena cde2 homologues also showed fast mobility when the Terrahymena extract was
treated with alkaline phosphatase. Preliminary experiments showed that the meiosis-reinitiation-inducing lactor of Tetratymena was

a soluble protein.

Key words. Amphibian oocyle, dephosphorylation ol p34:<* germinal vesicle breakdown, microinjection,

ARAMECIUAM caudatunt [4] and Tetrahymenda pyriformis
[5] have a germinal vesicle breakdown (GVBID)-inducing
factor of amphibian oocyles in their cell extracts. This factor,
called meiosis-reinitiation-inducing factor (MRIF), is different
from the M-phase-promoting factor (MPF) in three ways: 1)
MRIF needs protein synthesis of the recipient cocytes [or in-
duction of GVBD [4, 3]. whercas MPF does not; 2) MRIF
activity appears in the M-phasc in the cell eyele as well as in
the premeiotic G, phase in P cawdarun [4], whereas MPE ac-
tivity appears only in the M-phasc: and 3) MRIF of T2 pyriforsy
can induce GVBID in amplubian ffufo hufo japonicim and Yen-
opus faevis oocytes but nolin starlish Asterinag pectinifera oocyles
(5], whereas MPF can induce GVBD in all of them. M-phasc-
promoting [actor activity (cycloheximide-resistant GVBID-in-
ducing activity) has not yet been detected in mitotically growing
cells und conjugating cells of P caudarin [4] and even in highty
synchronized cells at the cell division stage of 770 pyriformis [5].
However, it is unknown whether Terrafyinena cells have
MRIF or MPF activitics in the meiotic cell cycle, because 7.
pyriforniis used in a previous study [5] cannot conjugate and
has no germinal micronucleus. Furthermore, the functions of
MRIF in its action for induction of GVBD in the recipient
oocytes and functions of MRIF in cell cycle regulation in ciliates
themselves are unknown. In the present study, we examined
MRIF and MPT activitics in varicus stages of the conjugation
and the asexual reproduction in micrenucleate strains of 77
thermophila. Furthermore. since it is known that MPF consists
of a ede2t gene product and a B-type cyclin [6, 12] and that
dephosphorylation of the cde? is needed for active MPF [7. 1]
we examined whether MRIF dephosphorylated the recipient
oocyte cde? 1o induce active MPF in the cocyle.

MATERIALS AND METHQDS

Cells and culture. Cells of Terrahvmernia thermophila strains
B7 and B4051 {(mating type 1D, B112 (mating type [T1), B19 and
B4104 (mating type 1V) and 703 (mating type unknown) were
grown ina culture medium described previously [3]. In ordinary
culture, about 1 x 107 cells were inoculated into 3 ml ot fresh
culture mediuvm without shaking. For mass culture, about 3 %
104 ¢cells were inoculated into 50 ml of fresh culture medium
and grown axenically at 25° C without shaking. Two days after

' To whom correspondence should be addressed

the tnoculation, the culture reached a stationary phase of growth
at a density of about 1T % 10% cells/ml.

Cell density was counted as lollows. Fifty microliters of the
culiure was mixed with § ml ol fixative containing 0.0 1% Alcian
Blue, 5% formaldehyde and 10 mM Tris-HCI, pH 7.4, One
hundred microliters of the mixture was then observed, using a
Nomarski differential interference-contrast microscope (BH2-
N. Olympus Co., Tokyo, Japan).

Induction of conjugation. Cells of complementary mating
lypes were grown 0 2 days in 30 ml of culture medium, washed
3 times by centrifuging at 170 g for 3 min with 10 mM Tris-
saline bufler containing 0.2% NaCl, 0.008% K1, 0.012% CaCl,
and 10 mM Tris-HCL pH 7.4, and suspended in 200 ml of the
builer in Petri dishes (20 cm in diameter) for 24 h at 25° C
(initiation period). Their cell density was then adjusted o 2 X
10* cells/ml by adding the bufler and equal volumes of the ccll
suspensions were mixed at 25° C. After 30 min of mixing, the
first pair appearcd and the conjugation ratio increased to about
0% at | h and about 90% at 2 h. The first exconjugant cell
appearcd at 10 h.

Preparation of Terrahymena cell extracts. Tetraliyvmena cells
were concentrated by centrifuging at 300 ¢ for 3 min and washed
3 times by the same centrifugation with 10 mM Tris-HCl, pH
7.4. The cell pellet was then mixed with an equal or twofold
volume of extraction medium T consisting of 0.25 M sucrosc,
0.2 M NaClL 10 mM MgS80,-7H,0, 2 mM EGTA and 10 mM
Nz, K-phosphate buffer. pH 6.8. In some cxperiments, the fol-
lowing extraction media were used. Extraction medium [A con-
tained extraction medium 1 with 30 uM Na-benzoyl-rL-arginine
methyl ester (BAME, Sigma Chemicat Cio., St. Louis, MO}, 28
uM L-1-tosylamide-2-phenylethylehloromethyl ketone (TPCK,
Sigma), 300 uM phenylmethylsulfonyl fluoride (PMSF, Sigma),
L mM dithiothreitol (DTT, Kanto Chemical Co., Tokyo, Japan),
I mM iodoacetamide (TAA, Sigma), 10 gg/mllcupeptin (Sigmay),
80 mM di-sodium g-glycerophosphate (Kanto) and | mM ATP-
+-5; extraction medium IB contained extraction medium I with
30 pm BAME, 28 uM TPCK, 1 mM DTT, | mM TAA 10 pg/
m) leupeptin, 80 mM di-sodium g-glycerophaosphate and | mM
ATP-y-5; and extraction medivm FC contamed extraction me-
dium Twith 300 pM PMSF, 1 mM DTT and {0 pg/ml leupeptin,

For alkaline phosphatase treatment experiments, cxtraction
medinm 1T consisting of 0.25 M sucrose, 0.2 M NaCl, 10 mM
MgSO, 7H,0, 2 mM EGTA, 30 mM BAME, 28 uM TPCK, |
mM DTT. 1| mM IAA, 10 gg/ml leupepting 300 pM PMSTE and
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10 mM Tris-HCLL pH 8.0, was used. Cells were then homoge-
nized by 3 strokes in a Teflon homogenizer at (° . The ho-
mogenates were centrifuged at cither 18,000 ¢ for 30 min or
132,000 g for 1 h at 2° C, and the supernatants were kept at 0°
Cuntil use. Usually, GVBD-inducing activity in the extract was
retained for 7 days in the extraction media. i the semple was
kept at 0° C

Preparation of Bufo and Xenopus oocytes and Yenopus oocyle
extracts.  Qocyles of Bufo bufor japonicum and Xenopus lacvis
were prepared as described previously [4, 3], Bufo oocytes were
suspended i De Boer's solution {113 mM NaCl, 1.3 mM K,
[.3mM CaCla, 5.7 mM Tris-HCL pH 7.4). and Nenopius oocyles
were suspended in modified Barth’s medium [13].

Bufo oocyles containing MPF were prepared by treating im-
mature vocytes with e Boer's solution containing 10 ug/ml
progesterone (Tokyo-kasei Chemical Inc., Tokyo, Japan) for 20
hat 18° C. XYenopus oocytes containing MPF were prepared by
the [ollowing two metheds. One was 1he same as the methad
used for Bufo oocytes but substituting modified Barth’s medium
for D¢ Boer’s soiution. The other was a modilied Lohka and
Maller's method [4. 15). Namely, ovulated unfertilized eggs were
oblained by injecting 300 units of human choricnic gonadotro-
pin (HCG, Teikoku-zouki Chemical Co.. Tokyo. Japan}, and
the cggs were dejellied in 2% cysteine and washed three times
with 0.1 M NaCl, 50 mM Tris-HCI, phl 7.4,

Yenopus oocyte extracts were obtained as follows. The oocvies
were washed onee by a hand-operated centrifuge with an ex-
traction medium TA and centrifuged in a twolold volunie ol the
same extracton medium at 109000 ¢ lor 1S min at 2° . The
clear supernatants between the liptd cap and the pellet were then
harvested and centrifuged at 132,000 ¢ for [ hat 2° .

Assay for germinal vesicle breakdown-inducing activity. In
the case of i/ cocytes, 30 nl ol cach sample was injected into
cach oocyte. The injected oocyles were suspended in De Boer's
solution and incubated for 20 h at 21-23° O, fixed with 2.5%
trichloroacetic acid for 4-6 h at room temperature, and dissected
with a razor blade to inspect for germinal vesicle breakdown
(GVBD). In the case of Xenopus cocyies, 100 nl of cach sample
was injected into cach oocytle, and the injected oocyvies were
suspended in medificd Barth's medium for S5 hor 20 hat 21—
23° C and fixed for =3 h. The Terrahyoiena extracts used in-
duced 100% GVBD within 5 h after the injection. In cach ex-
periment, no GVBID was observed afier a control tnjection of
the same volume of the extraction medivm. Qocyles which were
treated with 10 pg/ml of progesierone showed 100% GVRD,
and non-treated oocytes showed 0% GVRBD.

Treatment with cycloheximide. Immediately alter microin-
Jection, the injected oocyles were suspended in De Boer's so-
lution containing 50 ug/ml cycloheximide (Wako Chemical Co..
Tokyo, Japan) for 20 b or modificd Barth's medium containing
20 ug/ml cycloheximide for 5.5 hat 21-23° (.

Paraffin section and cytology. Oocyles were hixed in Smith's
solution [24] and embedded in paralfin. Twelve-micromeler
thick scrial sections were stained with Feulgen’s reagent and
Fast Green and observed at 400 using a Nomarski differential
interference-contrast microscope (Olympus, BHZ2-N). Nuclear
conditions in cenjugation of T thermaphila were observed in
cells stained with a DNA-specific Muorochrome, 4' 6-diamidi-
no-2-phenylindole (DAPI) as described previously [S]. About
200 cells were observed at each time of the conjugation process.

Elcctrophoresis and immunoblotting. For sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),

132.000-g supernatants of 77 thermophila and X. laevis vocytes
were prepared with extraction medium TA orextraction medium
11, in iwofold volume relative to the cell pellets. The protein
contents of the supernatants were measured spectropholomet-
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rically with a Protein Assay (Bio-Rad, Richmond, CA). The su-
pernatants were boiled for 5 min in Lacmmli’s lysis bufler [14]
and loaded on a slab gel consisting of 3% stacking gel and 12.5%
separation pel and clectrophoresed at 15 and 30 mA constant
current for stacking and separation gels, respectively, Alter SDS-
PAGE, proteins of the gel were transferred 10 4 Immohilon-T
membrane (Nihon Millipore, Tokyo, Japan) by a semi-dry Sar-
Ltoblot (Sartorius GmbH, Goettingen, Germany) at 0.8 mA/cm?
constant current for 90 min. The rmembrane was then incubated
with a monoclonal antibody against the most conserved amino
acid scquence, the PSTAIR sequence (EGVPSTAIREISLLKE)
at p34+¢2 [30], then bictinylated anti-mouse Ig(. and finally
with an avidin GH-biotinylated alkaline phosphatase 1 com-
plex (Vectastain ABC-AP kit: Vector Laboratories, Inc., Bur-
lingame, CA). Molecular weights were measured with a prestain
marker kit (Bio-Rad).

Treatment with alkaline phosphatase, Tetralivinena cells of
48-h culture were centrifuged at 300 ¢ for 3 min, homogenized
m a twolold volume of extraction medium 1} and centrifuged
at 123200 ¢ for 1 h at 2° C. XYenopus immature oocytes and
unfertilized eges were centrifuged in a twofold volume of the
extraction medium at 123,200 ¢ for 1 h at 2° ¢, These super-
natants were incubated with an equal volume of 50 units/mi
alkaline phosphatase solution (Sigmu} containing 2 mM MgCl,,
1O mM Tris-HCL pH 8.0, for 6 h at 4° .

RESULTS

Germinai vesicle breakdown-inducing activity in Terrahymena
extracts obtained from cells in different phasces of culture age,
Cells harvested [rom the log phase of growth 24 h afier the
moculation were homogenized in an equal volume of extraction
medium 1 and their 15.000-g supernatant was injected inte 11
Bufo vocyles, The pellet wis mixed with the extraction medium
ol an cqual volume with the supernatants and then imjecled into
L0 vocytes. Gerntinal vestele breakdown was induced in 91%
(10/11) ol the oocytes in the former and 0% (0/10) in the latter.
To know whether the supernatant can induce not only GVBD
but also the other nuclear events in the gocyte maturation, three
oocy¥tes were hixed at 18 hafter the injection of the Tetrahyniena
supernatant and serially sectioned (Fig. 1) In cach oocyle. a
mitotic spindle with condensed chromosomes was observed in
the animal pole. However, the first polar body was not observed
in them, although progesterone-treated vocyles showed the first
polar body 16=17 h after treatment. In the injected oocyies, the
first polar body might be mechanically torn off durmg Axation
or during embedding in paraifin, although the possibility that
Tetrahymena extracts did not induce the st polar body could
not be climinated. However, the result at least shows that 7.
thermophifa extraets can induce the irst meiotic metaphase of
the recipient oocyvtes.

Germinal vesicle breakdown-inducing aclivities in different
phascs ol culture age were monitored using strain 703 of 7.
thermophila. About 3 x 10° cells were moculated into 50 ml of
culture medivm and cultivated at 25° C. The cells were harvested
24,48, 72 and 96 h alter inoculation and centrifuged at 300 g
for 3 mun. The growth curve of the cells is shown in Fig. 2. The
cell peliets were added with an equal volume ol extraction me-
dium 1€, homogenized and their 132.000-g supernatanis were
prepared. The protein contents at 24, 48, 72 and 96 h were .65,
0.675, 0.97 and 0.76 pg/100 nl, respectively. To compare the
degrees of GYBD-inducimg activity among the cell extracts, cach
supcrnatant was diluted 1o 1 1:2 and 1:3 with the same ox-
traction medium and then injecied into 10 Nenopus oocvies,
100 nl cach. 1o monitor their %GVBD. The GVED of the
oocytes in which three levels of concentrations of 24-h culiure
supernatant were injected were 100%. 60% and 20%, respec-
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Fig. 1. Chromosome condensation and spindle formation in Sufo
oocyte induced by microinjection of MRIF-containing 7. thermophilu
extract, 18 h after the injection. Paraffin sections of the animal pole half
of the recipient oocyle were stained with Feulgen and Fast Green. S,
spindle apparatus of the first meiotic metaphase. Arrows indicate con-
densed chromosomes. Nomarski differential interference-contrast pho-
tomicrograph. Bar = 10 pm.

tively. Similarly, thosc of the 48-h cuiture supernatants wcere
80%. 40% and 0%, those of the 72-h culture supernatants were
80%. 20% and 0%, and those of the 96-h culture supernatants
were 30%, 0% and 0%. When 50% ol the recipient oocytes
showed GVBD, the activity of the injected sample was defined
as onc unit. The supernatants of 24-, 48-, 72- and %6-h culture
were calculated as 2.25, 1.75, 1.51 and 0.60 vnits/100 nl, re-
spectively (Fig. 2). When specific activity was defined as units/

ug injected protein, the specific activities of the four kinds of

samples were 3.46, 2.59, 1.56 and 0.79 units/pg prolein/100 nl
{Fig. 2). Each cxperiment was repeated three times, and the
results were reproducible. Since the specific activity of MRIF
decreased in the stationary phase of growih, MRIF may function
for phenomena associated with cell division in Tetraiiymena.

Germinal vesicle breakdown-inducing activity in cells of ini-
tiation, costimulation and various stages of the conjugation pro-
cess. Sexual cell recognition and conjugation in T thermophila
involves two stages, which are termed ““initiation” and **costim-
ulation” [2]. Initiation is induced by starvation and occurs in
the presence or absence of a complementary mating type [29].
Costimulation follows initiation and requires contact between
the mature initiated cells of the complementary mating types.
During the costimulation, the cells acquire the ability to unite
at their anterior ends to form conjugating pairs. Under our
experimental conditions, the costimulation period was about 30
min, and the period was not shortened if the starvation period
was prolonged more than 24 h, suggesting that cells which were
starved for 24 h were fully initiated. We compared degrees of
GVBD-inducing activities in cells of initiation, cestimulation,
and various stages of the conjugalion process.

The initiated cells were prepared by washing and suspending
them in Tris-saline buffer for 24 h at 25° C {see Materials and
Methods). The cells in the costimulation period were those ob-
tained 0.5 h after mixing the initiated cells of complementary
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Fig. 2. Germinal vesicle breakdown-inducing activity in 7. ther-
mophila cells of different phases of culture age. About 3 x 107 cells of
strain 703 were inoculated inte 30 ml of culture medium and cultivated
at 25° C. Their cell densities {2) and GVBD-inducing activity of the
cell extracts {(units/100 nl, &; uniis/ug protein/ 100 ni, [P were mont-
tored. The cell extracts were prepared and injected into Xermopus oocyles
as described in Results. When 50% of the oocytes showed GVBD, the
activity of the injected sample was defined as one unit. Note that MRIF-
activity decreases in the siationary phase of growth.

mating types. The conjupating cells used were obtained 2, 3, 4,
6, 7. 8.5 and 10 h after the mixing. Tetrafiymena cells conjugate
with a G, macronucleus and a G, micronuciecus, so that the first
morphological change of the micronucleus of conjugating cells
shows the beginning of the meiotic prophase. The first pair
appears at 0.5 h after mixing; about 90% of the cells formed
pairs at 2 h. In about 80% of the conjugating cells the micro-
nucleus began to swell at 2 h. At 3 h, about 80% of the conju-
galing celis elongated their micronucleus. At 4 h, about 60% of
the conjugating cells curved their micronucleus forming a horse-
shoe shape. At 6 h, about 70% of the conjugating cells entered
meioctic melaphases I and I1. At 7 h, one of four haploid nuclel
divided to form a stationary and a migratory nuclei and ex-
changed the migratory nuclei in about 50% of the conjugating
cells. A1 8.5 h, a zygotic nucleus divided once or twice, and two
of four post-zygotic nucle! increased their volume and differ-
entiated to macronuclear anlagen in about 60% of the conju-
gating cells, Al 10 h, the macronuclear anlagen increased their
volume and an old macronucleus began to contract and degen-
crate in about 65% of the cells. Exconjugant cells appeared 9.5~
10 h after mixing.

The cell pellets from centrifugation at 300 g were suspended
in a fivelold volume of extraction medium I, homogenized, and
their 18,000 g supernatants were injected into Bufo oocyles
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Table 1. Germinal vesicle breakdown-inducing activities of 7. ther-
rmophifa extracts obtained from cells in initiation, costimulation and
various stages of conjugation.”

Source of 18,000-¢

supernatants injecied RACRSH Y
Cells in initiation period 20%
Cells in confugation process
0.5 h (costimulation period) 60%
2 h 90%
3h 60%
4 h 50%
6 h 45Y%
7h 35%
8.5 35%
10h 45%
Control experiments
Injection of extraction medium | (i
Oocyles treated with progesteronc 100%
Non-treated oocyles 0%

* Conditons flor initiation and conjugation arc given in Materials and
Methods section.
*1a all cases, 20 oocytes were examined.

(Table 1). The supernatant obtained from the initiated celis
showed 20% GYVBD. This indicates that the GVBD-inducing
activity of cells in the 2-day culture (the first dav ol'the stationary
phase of growth) decreases when the cells were washed and
starved one day for the mitation: whereas, if the cells in the
2-day culture were starved for a further 2 days withcut washing,
they still maintained strong GVBD-inducing activily {(Fig. 2).
This shows that the activity casily decreases when the cells were
compulsorily starved.

The GVBD-inducing activity, however, increased again Lo
60% GVBD when the initiated cells of complementary mating
Lypes were mixed for 0.3 h for costimulation. The activity in-
creased to 90% GVBD at the beginning of the meiotic prophase
2 h after mixing, and then the activity decreased. These results
show that the GVBiD-inducing activity appears not only in mi-
totically growing cells or in stationary phase cells but also in
cclls of initiation, costimulation and the conjugation process. [t
should be noted that cells at 0.5 h and 2 h after mixing were at
the premeiotic G, and early meiotic prophase: nevertheless, they
showed strong GVBD-inducing activity compared with those
in metaphases [ and II 6 h after mixing.

Effects of cycloheximide on the action of GVBD-inducing ac-
tivity of Terrahymena cxtracts and MPF of maturing Bufo oo-
cytes. M-phase-promoting factor does not need protein svn-
thesis of the recipient cocytes 10 induce GVBD [16, 27]. On the
other hand, MRIF ol £ candatunt and T, pyrifornis need the
recipient protein synthesis for induction of GVBD [4, 5]. To
know whether the GVBD-inducing factor of 7% thermophiia
requires protein synthesis of the recipient occvtes for induction
of GVBD. cells in the log phasc {24 h) and carly slattonary phase
{48 h) of growth, and those in the conjugation process 3.5 h
afier mixing of complementary mating types were washed and
their 300 g pellets were added with a twolold volume of ex-
traction medium IB and homogenized. Then, 132,000-g super-
natants of the homogenates were injected into Bufo oocyles. In
cach experiment soon after the injection, 10 Bufo oocyles were
suspended in De Bocer’s solution for 20 h at 20° C and 10 other
oocytes were suspended in the solution containing 50 ug/m!
cycloheximide. Bufo oocytes injected with cach Tetrahymcna
extract showed 100% GVBD but 0% GVBD if the cocytes were
treated with cycloheximide after the injection. On the other
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Table 2. Effects of cycloheximide on GVBD-inducing activity of
foeirahivmena extracts and MPF-comtaining cytoplasm of Bufe oocytes,

%GVRDE
With Without
50 pg/ml 50 wp/mi
cyclo- cyclo-
Materials injected heximide heximide
Tetrahymona exiracts®
Log phase of growth (24 h) (1% 100%
Stationary phase of growth (48 h) 0% 100%
Conjugation process {3.5 h) 0% 100%
MPF-containing Bufts
oocyte cytoplasm 100% 100%
Control ¢xperiments
Injection of extraction medium [A 0% 0%
Oocyles treated with progesterone 0% 100%
Non-treated oocyles 0% 0%

“In all cases, 10 oocytes were examined.
"Hours in parentheses are culture times after inoculation or hours
after mixing of complementary malting type cells.

hand, if MPF-containing Bufo cvioplasm was injected into Hufe
vocvies, 100% GVBD was induced with or without the presence
of 50 ug/ml cycloheximide {Table 2). Thus. we could not detect
MPF activity (cyclohcximidc-rcsislum-GVBD-inducing activ-
1ty) in mitotic and meiotic cell eycles of 77 thermaophifa. Instead,
our results show that, like the MRIF of 7. caudatum and 7
pyriformgs (4, 5], the GVBD-inducing factor of 7° thermophita
extracts cannot induce GVBD in the absence of protein synthesis
of the recipient oocyles. Therefore, hereafter, we call this GVBD-
inducing factor the “MRIF” of T thermiophila.

Does MRIF function upstream of MPF to induce MPF activity
in the recipient oocyte eytoplasm? To know whether the in-

Jected MRIF induces MPF activity in the recipient cocytes, we

injecled MRIF-containing Terrakhymiena extract (experiment A)
and MPF-containing Bufo coeyte cytoplasm (experiment B) into
the first recipient Bufo oocytes and the oocytes were incubated
in De Boer’s soiution for 20 h at 20° ¢ The Tetrahymena
extracts were prepared as follows, Cells of the stationary phase
of grewth (48-h culture) were centrifuged ar 300 ¢ The pellet
was homogenized in a twofold volume of extraction medium
1B and its 132.000-¢ supernatant was obtained. The njected
first recipients showed a clear white spot at the antmal pole, as
in the case of progesterone-treated oocyles. Their eytoplasm was
theninjected into the second recipicnt Bufo vocyles (50 nl cach),
the oocyles were suspended in [De Boer’s solution with or with-
out 50 pg/ml cycloheximide for 20 h at 20° ¢ and their GvBRD
wis examined. It is known that injection of MPF induces MPF
activily in the recipient oocyle cytoplasm in the absence of the
recipient oocyte prolein synthesis [27]. Therefore, if MPF ac-
tivity was induced in the first recipicnt by injection of MRIF
{experiment A) as well as the first recipients in experiment B3,
the maturing oocyic cytoplasm in cxperiment A is expected 1o
induce GVBD in the sccond recipients in the absence of the
oocyle protein synthesis. However, if the injected MRIF did
notinduce MPFactivity in the first recipients, then it is expected
that the muturing cocyte eytoplasm is unable 1o induce GVBD
in the sccond recipients in the absence of the 0ocyte protein
synthesis. As summarized in Table 3, in both cxperiments A
and B, the first recipient cytoplasm could induce GVBD in the
sccond oocyles regardless of the presence or absence of the oo-
cyte protein synthesis. The resulis strongly suggest that MRIF
induced MPF activity in the oocyles.
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Table 3. Induction of MPF activity in Bufo oocytes by injection of
MRIF-containing Tetrahymena cxtracts and MPF-containing oocyte
cytoplasm.

%GVBD of
2nd reciprent®

With Without
50 ug/ml 30 pgiml
cyclo- cyclo-
Materials injected intn 1st recipient heximide  heximide
Experimeni A
MRIF-cantlaining 7etrahymena cxtract 8§0% S0%
Experiment B
Bufo vocyle cyloplasm containing MPF 20% 90%
Non-treated Bujo oocyte cytoplasm ND* 0%
Control experiments
Injection of extraction medium TA ND 0%
Qocytes treated with progesierone ND 100%
Non-treated cocytes ND 0%

= In all cases, 10 oocytes were examined.
t ND, not done.

To confirm whether the cycloheximide-resistant GVBD-in-
ducing activity induced by injection of MRIF is duc to appear-
ance of active MPF, we examined ehanges in relative mobilities
of the oocyte p3d<dz by SDS-PAGE and its immunoblot with
a monoclonal anti-cde2 antibody (PSTAIR antibody) before and
afier the injection. If active MPF appears in the recipient 00-
cyles, the p34e? of the oocytes is expecled 1o be dephosphor-
viated, and this transition from the phosphorylated form to the
dephosphorylated form of p34e is cxpected 10 be detected as
A different relative mobility of the cdc2. Tetrahymena cells con-
taining MRIF were harvested from a 48-h culture and were
centrifuged at 300 g for 3 min. The cell pellets were added with
a twofold volume of extraction medium 1A, homogenized and
their 132.000-g supernatants were prepared. Yenopus oocyic
extracts containing MPF were prepared from ovulated oocyles
(see Materials and Mecthods). Tetrahvimena extracts and Xen-
opus oocyle extracts were injected into 220-230 Xenopus oo-
cytes, respectively, Scon after the injection, 12 oocyles of the
former and 10 oocytes of the latter were suspended in modified
Rarth’s medium containing 20 xg/m! cycloheximide for 5.5 h
at 21-23°C, and 12 oocytes of the former and 1C oocytes of the
latter were suspended in the cycloheximide-free modified Barth's
medium for 5.5 h at 21-23° C to inspect their %GVBD. About
200 remaining oocytes of cach group were divided equally and
suspended in the modified Barth's media in the presence or
absence of 20 zg/ml cycloheximide for 5.5 h at 21-23°C. Their
132.000-g supernatants were then prepared using cxiraction me-
diurm 1.

Terrahymena exiract induced 0% GVBD (0/12) when the re-
cipient oocyles were treated with cycloheximide but induced
75% GVBD (9/12) when the recipicnls were not treated with
cycloheximide. On the other hand, Xenopus cxtract induced
100% GVBD (10/10) regardless of the presence or absence of
cycloheximide. Figure 3 shows an immunoblot with PSTAIR
antibody. At least two closely adjacent bands of p34e% and
another PSTAIR reactive band of molecular weight 32 kDa were
detected in both immature cocytes (lane 5)and ovulated vocytes
(lane 6). The immature oocyle had no MPF activily but the
ovulated cocyte had MPF activity. The p32isknown asa pl4geee?
“look-alike” protein encoded by Egl [20, 25]. In lanc 6, the
upper band of p34%#* was a trace amount compared with that
in lane 5. Instead. the lower band of p34¢<? increased its amount.
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Fig. 3. Tetrahymena MRIF induces fast mobility of Xenopus oocyte
cde2 in the presence of the vocyte protein synthesis. Tetrahymena ex-
tracts conlaining MRIF and Xenopus cocyte extracts containing MPF
were injected into Xenopus oocytes, and the oocytes were suspended in
modified Barth’s medium for 5.5 h at 21-23° C, with or without 20 pg/
ml cycloheximide (CH). The oocyle extracts were then electrophoresed
(20.8 ug protein/lane), transferred to an immobilon membrane and
immunostained with PSTAIR antibodies. Lane 1. MRIF-injected co-
cyies, untreated, Lane 2. MR IF-injected cocytes, treated with CH. Lane
3. MPF-injected cocytes, untreated. Lane 4. MPF-injected cocytes, treated
with CH. Lane 5. Nonr-injected oocytes, untreated. Lane 6. Non-injected
ovulated oocyles, untreated. Lane 7. Tetrahymena.

1t is known that this shift in relative mobility of p34¢#2 is caused
by dephosphorylation of p34« on tyrosine and threonin res-
idues and that this dephosphorylation is needed for acquisition
of MPTF activity [3. 6, }9]. Injection of active MPF into im-
mature cocyles induced the mobility shift of the recipient p34ude?
regardless of the presence (lane 3) or the absence (lane 4) of the
recipient protein synthesis. However, unlike MPF, MRIF in-
duced the mobility shift of the recipient p34%? only in the
presence of the recipient protein synthesis (lanes | and 2). These
results coincide well with the observation that cycloheximide-
resistant GVBD-inducing activily had been induced by injection
of MRIF in the recipient oocyles. These results strongly suggest
that the cycioheximide-resistant GVBD-inducing activity in-
duced by injection of MRIF is MPF activity. The results also
suggest that MRIF functions upstream of MPF to induce active
MPF in the presence of the tecipient protein synthesis.

It should be noted that PSTAIR-reactive polypeptides were
also present in Tetrafivmena extracts (lanc 7}. Molecular weights
ol the major cde2 homologues of Tetrahymena were 37 and 35
kDa, and several minor PSTAIR reactive bands which seemed
1o result from proteolysis of the cde2 homologues appeared in
the low molecular weight region, 1t seemed that trace amounts
of PSTAIR-reactive bands of 37 and 35 kDa in lanes | and 2
were Tetrahymena cde2 homologues which had been injected
into the oocyles, because these two bands could not be detected
in lanes 3-6.

Treatment of Tetrahymena and Xenopus cocyte extracts with
alkaline phosphatase. [t is known that alkalinc phosphatases
selectively dephosphorylate phospho-Tyr-protein [26] and that
cdc? protein kinase must undergo 1yrosine dephosphorylation
as a prerequisite for the activation of MPF [7, 11}. To confirm
that the relative mobility shift of p34=%? in Fig. 3 is really caused
by dephosphorylation of ede2, Xenopus immature oocyle and
ovulated oocyte extracts were treated with 50 units/ml alkaline
phosphatase for 6 h a1 4° C (see Materials and Methods). Im-
munoblots of SDS-PAGE gels are shown in Fig. 4. When the
immature oocyte exiract which had no MPF activity was treated
with alkaline phosphatase, an upper band of the two cde2 bands
hecame a trace amount (lane 1) and the lower band increased
in amount compared with those of non-treated oocyte extracts
{lanc 2). On the other hand, when MPF activity bearing ovulated
oocyte cxiract was treated with alkaline phosphatase (lane 3},
the upper band of the cdc2 which had been a trace amount in
the non-treated extract in lanc 4 disappeared. Thus, alkaline
phosphatase treatments induced a mobility shift of the cdc2
protein. These results indicate that dephosphorylation of cdc2
is g causc of the mobility shift. It should be noted that the
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Fig. 4. Alkaline phosphatase induces fast mobility of the Xenopus
oocyte cde? and Terrafiymena cde2 homologues in SDS-PAGE gel.
Xenopus immature oocyte exiract, ovulated cocyte extract and Tetra-
frimena extract were treated or untreated with 50 units/ml alkaline
phosphatase (AP) for 6 h at 4° C, and then clectrophoresed (£4.5 He
protein/lane), transferred to an immobilon membrane and immuno-
stained with PSTAIR apntibodies. Lane 1. Immature oocyle extracl,
ireated with AP. Lane 2. Immature cocyte extract, untreated. Lane 3.
Ovulated oecyte extract, treated with AP. Lanc 4. Ovulated oocyte
cxtract. untreated. Lane S. Tetrahymiena extract, treated with AP. Lane
6. Teirahymena extract, untreated.

mobilities of the lower band of cde2 in lancs 1—6 were almost
the same, but thosc treated with alkaline phosphatase in lanes
I and 3 were slightly faster compared with those of the non-
treated ones in lanes 2 and 4. The cdc? of active MPF was also
shifted by the treatment (lane 3). Solomon et al. [25] proposed
the following model for activation of p34<<® The cdc2-cyclin
complex is inactive in its MPF activity if one tyrosine and on
threonin residue of the ¢dc? is phosphorylated but is active if
one threonin is phosphorylated and onc tyrosine is dephos-
phorylated. Therefore, the enhanced mobility shifl of cdc2 by
treatment with alkaline phosphatase may be due to dephos-
phorylation of the phosphorylated threonin residue ol the active
c¢dc2, However, another possibitity that the enhanced mobility
shift of cdc2 may resull from partial proteclysis of the cdc? by
contaminated protease in the alkaline phosphatase cannot be
eliminated.

Tetralymenaextracts prepared from cells of 48-h culture were
also treated with 50 units/ml alkaline phosphatase for 6 h at 4°
C. PSTAIR-reactive bands including 37 and 35 kDa increased
their mobilities by the treatment (lane 5) compared with the
non-treated sample (lane 6), suggesting that phosphorylated and
dephosphorylated forms of the Tetrahyvmenu cde? homologue
may have some role in the cell cycle regulation.

Timing of GVBD and mobility shift of cdc2 after injection of
Tetrahymena MRIF. Tetrahymena extract (132,000-g super-
natant) was prepared with cxiraction medium 11 from cells in
the 48-h culture as described above. Then, the extract was in-
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jected into 312 Xenopus immature oocytes and the oocytes were
incubated at 22° C. After the injection, ¢ach of the 12 oocyte
samples was fixed with 2.5% TCA at 15 min and every 30 min
up 10 6 h, and their %GVBD was observed. At the same time,
each of the 12 oocyte samples was washed three times with 30
mM Tris-HCI, pH 7.4, containing 0.1 M NaCl and was quick’y
frozen at —83° Cin 150 ul of extraction medium I to stop the
maturation process of the cocytes. The oocytes were then thawed
and centrifuged at 132,000 g for | h at 2° C. The supernatants
were then mixed with an equal volume of Lacmmli’s lysts bufler,
boiled for 5 mun and clectrophoresed. Fifteen micrograms of
protein was loaded on each lane. Germinal vesicle breakdown
was induced at 2.5 h {16.7%) and thereafter the ratic was in-
creased (Fig. 5). An immunobiot with PSTAIR antibody showed
that relative amounts ol two closely adjacent bands of the oocyte
p34eee were almost the same up to 3.5 h after the injection. At
4 h, however, the lower band apparently increased in amount,
whereas the upper one decreased. AL S h, the upper band became
atrace amount. These results suggest that the dephosphorylation
of the oocyte ede2 begins at least at 4 h after the injection,

In Coomassic Brilliant Blue-stained gels (Fig. 3-5), bands of
oocyte cde? were hardly distinguishable (data not shown) in-
dicating that ede2 proteins were minor components of the cell
extracts.

Effects of trypsin and RNase against MRIF activity. Cells
in the early stationary phase {48 h) of growth were washed and
their 300-g pellet was mixed with a twolold volume ol extraction
medium 1B, homogenized and centrifuged at 132.000 glorlh.
Nine volumes of the supernatant were mixed with either ane
volume of 0.2% (w/v) trypsin (Sigma) dissclved in the extraction
medrum or one volume of extraction medium and incubated
for 30 min a1 25° C. Then 0.4% (w/v) trypsin inhibitor (Sigma)
dissolved in the extraction medium was added 10 these mixtures
1o give a final concentration of the inhibitor of 0.04% (w/v),
The mixtures were incubated for 20 min at 25° C and injected
into Bufo oocytes. Percentages of GVBD induced in the cocytes
were 0% (0/10) in the [ormer and 90% (5/10) 1n the latter. On
the other hand, if the cell extract was treated with 1.5 uniis of
insoluble RNase (Sigma) with shaking at 25° C for 1 h and the
supernalant was injecled into Bufo oocytes, 100% (10/10) GVED
was induced. When the extraction medium alone was treated
with the RNase and injected into the oocytes, 0% (0/10) GVBD
was induced. These results show that the MRIF of T thermeo-
phila s a trypsin sensitive, RNase-resistant, soluble protein.

DISCUSSION

M-phase-promolting lactor is believed to be an ubiquitous
cytoplasmic factor in controlling the induction of nuclear mem-
branc breakdown and chromosome condensation in both mei-
osis and mitosis of various eukaryotic cells, and it can mnduce
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Fig. 5. Timing of GVBD of Xenopus oocyte and mobility shift of the oacyte p34«2 afier injection of Tefrahymena exiracts containing MRIF.
At various limes after the injection, 12 cocytes were fixed for obscrvation of %GVBD, and 12 cocyles were used for preparation of the oocyte
cxiracts in each time. The extracts were electrophoresed (about 15 ug protein/lane), transferred 1o an immobilon membrane and immunostained

with PSTAIR antibodies. Lane 1. 15 min, 0% GVBD. Lane 2. 30 min, 0% GVBD. Lane 3, | h, 0% GVBD. Lanc 4.
2.5 h, 16.7% GVBD. Lane 7. 3 h, 16.7% GVBD. Lanc 8. 3.5 h, 16.7% GVBD. Lane 9. 4 h, 50% GVBD. Lanc 10, 4.5

2 h, 0% GVBD. Lane 6.

1.5 h, ®% GVBD. Lane 5,

L. 41.7% GVBD. Lane 11. 5 h, 83.3% GVBD. Lane 12. 5.5 h, 91.7% GVBD. Lane 13. 6 h, 100% GVBD. Lane 14. Non-injected ococytes. Lane

15, Ovulated oocytes.
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GVBD in the absence of oocyte protein synthesis. However,
MPF activity has not yvet heen detected in ciliate P caredatin
[4] and T. pyrifornis [5]. In the present study, we also could
not detect the MPF activity in 7. thermophila. Instead, as in
previous studies [4, 51 77 thermophila showed MRIF activity
i all stages of the mitotic and meiouce stages examined. The
activity was detected even il the cells were not in the M-phase

in the cell cycle, such as the cells in the stationary phase of

growth and in the initiation and costimulation perieds, The
degrees of the activity changed in culture age and in conjugation
process. in the present study, however, we did not compare the
aclivities in units/ug of protein between the cell extracts of log
phase of growth and of conjugation process.

Except for MPF, so (ar. several proteins are known 1o have
activity for inducing reinitiation of meiosis of oocytes; the reg-
ulatory subunit of ¢cAMP dependent protein kinase (17}, the
subunit of G,, protein [9], the p2 1= oncogene product (Ras) [ 1],
the p39er oncogene product {Mos) [22], and the eycloheximide-
sensitive meiotic maturation inducing factor (CMF) of Venopus
[8. 10]. Among these proteins, the regulatory subunit of cAMP
dependent protein kinase [17) the subunit of G, protein {9].
and CMFE [8, 10] need prolein synthesis to induce GVBI and
function upstream of MPF 1o activate pre-MPF. Therclore,
MRIF may be closely related 1o either of them. OQur recent study
shows that the molecular weight of MRIF is 100-200 kDa by
gel filtration (Katsi, Y. & Fujishima, M., unpubl. data). On the
other hand, CMT 1s 190 kDa by gel filtration and 74 kDa by
SDS-PAGE {10]. This suggests that MRIF differs from MPF
and may be a molccule stmilar to CMF.

Owr resalts show that MRIF eventually induces dephosphor-
ylation ol p34<4<? o the recipient Yenopus oocytes, as did MPF,
though the MRIF needs the recipient protein synthesis for this
dephosphorylation. Namely, the protein which is newly syn-
thesized by injection of MRIF seems 1o be responsible for the
induction of dephosphorylation of p34=<2 Our reeent study
shows that a protein recognized by immunoblotung with poly-
clonal anti-p39™™ antibodics appears in the Yenopus oocytes

when MRIF was injeeted into the oocytes and fast mobility of

the vocyte ede? and GVBD were induced in the oocytes (Fu-
Jishima, M. & Ogawa, ., unpubl. data). This strongly suggests
that the primary function ¢f the injected MRIF in the oocyle
may be induction of Mos protein. because Mos is not synthe-
sized in the cocytes in the presence of eycloheximide [23, 28]
and Mos phosphorylates cyclin to form active MPFEF [22] and
Mos induces active MPTF [231. We are now examining whether
the protein detected with anti-Mos antibodies is really Mos or
nol. We cannot eliminate the other possibility that MRITF may
induce synthesis of cde2 phosphatase p80<«** which dephos-
phorylates cde? 1o activate its protein kinase activity [18]
Recently, Roth et al. [21] showed the presence ol a cde2-like
kinase of 36 kDa in 7. thermophila. They showed that Terra-
Simena cde homologues are present in isolated macronuclei
and that the ¢de? homologue possessed HI histone kinase ac-
tivity like that of other cde2 proteins. In the present study, we
also showed that 77 thermophila had PSTAIR-reactive poly-
peptides, though the molecular weights of the PSTAIR-reactive
major bands were 35 and 37 kDa. The reason why MIPFactivity
could not be detected in Tetralninena extract, besides the pres-
ence of cde? homologues in the extract, cannot be explamed.
Recently, we leund that relative amounts of phosphorylated
and dephosphorylated forms of T ppriforsis cde2 homologue
do not change during the cell evele even if the cell division is
highly synchronized {Fujishima, M., Tmai, R,. Yamashita, M.
& Nagahama, K., unpubl. data). This may suggest that the Yer-
rahyvinena cde2 homologue docs not play an important role in
regulation of the cell division. Furthermore, our recent studly
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showed that MRIF-activity was not lost it the 77 thermophila
extract was incubated with pl3*<'-conjugated sepharose beads.
though the majority of the cde2 homoelogues was absorbed by
the beads (Katsu, Y. & Fujishima, M., unpubl. data). This mn-
dicates that MRIF at least differs from MPF.
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Induction of Reinitiation of Meiosis in Amphibian Bufo and Xenopus
Oocytes by Injection of M-Phase Extracts of Ciliate Tetrahymena
Needs the Recipient Protein Synthesis

MASAHIRO FUNsHIMA,' ITIRO KobaMa, Makl Horl, MANABU HORE, YOSHINAO KAaTsU, aND RYoko IMAI

Biological Institide, Facwlty of Seience, Yamaguchs Uniiversity, Yamaguel! 753, Jopan

We show here that germinal vesicle breakdown of am-
phibian Bufo and Xenopus cocytes can be induced if ci-
liate Tetrahymena exiracts are injected into them. The
activity of meiosis-reinitiation-inducing factor (MRIF)
appeared only at M-phase of a synchronously dividing
culture, indicating that this MRIF has an important
function for induction of M-phase in the mitotic cell cy-
cle. MRIF of Tetrahymena differed from MPF (M-
phase-promoting factor), because its action on the in-
duction of GVBD was inhibited by ¢ycloheximide and it
could not induce GVBD in starfish cocytes by microin-
jection. MPF activity was not detected in extracts of
vegetatively growing Tetrahymena. Preliminary ex-
periments showed that MRIF was a heat-labile, Ca**-
sensitive, and trypsin-sensitive soluble protein. « 199

Academic Press, Inc.

INTRODUCTION

Previously, Fujishima and Hori [1] reported that ci-
liate Paramecium caudatum had a protein which could
induce reinitiation of meiosis in amphibian Bujfo oocytes
if Paramecium extracts obtained from cells in conjuga-
tion process and cells in log phase of growth were in-
jected into them, and that this melosis-reiniiation-in-
ducing factor (MRIF) was different from MPF (M-
phase-promoting facter) on its action of induction of
germinal vesicle breakdown {(GVBD): MRIF neceded
protein synthesis of recipient oocytes for induction of
GVBD, whereas MPF did not. MRIF activity Ouctuated
according to the degrees of micronuclear chromatin
condensation in meiotic cell cycle, and cells in the sta-
tionary phase of growth did not show MRIF activity, but
detailed changes of the MRIF activity in each stage of
the mitotic cell cycle could not be examined because of
low synchrony of the mitotie cell cycle in Paramecium.
Therefore, in the present study, we used Totrahymena

'To whom reprint requesis should be addressed. FAX: 0839.32-
2041.

pyriformis strain W as the source of the GVBD-inducing
factor, because highly synchronized mitotic cells can be
obtained by a periodic heat-shock treatment in this spe-
cies [2, 3]. Furthermore, to know differences on the ac-
tion for induction of GVBD between MPF and GVBD-
inducing factor of Tetrahymena, we examined whether
the factor of Tetrahyvmena needs protein synihesis of
the recipient amphibian oocytes forinduction of GVBD,
and whether it can induce GVBD in starfish oocytes.

MATERIALS AND METHODS

Cells and celf synchrony.  Cells of T pyriformis strain W (amicro-
nucleate strain) were grown in a culture medium containing 2% {(w/v)
proteose peptone {(Difco, No. 3), 19 (w/v) yeast extract (Difco), and
0.6% (w/iv) glucose (Wako). About 4 ¥ 10” cells were inoculated inlo &
ml of (resh culture medium and grown axenically at 25°C without
shaking. 'wo days alter the inoculation, the culture reached station-
ary phase of growlh at a density of about 2 X 10° cells/ml. Synchro-
nous cell division was induced according to Scherbaum and Zeuthen
[2] with a slight modification. About 300 gl of the 2-day culture was
Lhen inoculated Lo 200-m) flasks containing 50 ml of culture medium
and was cullured lor 18-20 h with shaking at 26°C, and the cells were
subjected Lo a controiled temperature cycle: eight alternate 30-min
exposures to temperatures of 33.8°C (instead of #4°C of original
method) and 26°C. Under this condition, dividing cells appeared at 68
min and reached the iirst peak at 75 min and the second peak at
180-250 min, When cells were treated at 34°C occasional dead cells
appeared during the heat treatment; consequently we used 33.8°C in
this study.

The percentage of dividing cells was caleulated as [ |2(number of
dividing cells)]/[number of nendividing cells + 2(number of dividing
cells) ]| = 100,

Observation ol syachronocus cell division was performed as follows.
Filty microliters of the culture was mixed with 5 ml of fixative con-
taining 0.01% (w/v) Alcian blue, 5% (v/v) formaldehyde, and 10 mM
Tris-HCI1, pH 7.4. One hundred microliters of the mixture was then
examined for cell density and percenlage of dividing cells, using a
differential interference-contrast microscope (Olympus, BH2-N). An
aliquot of the fixed cells was stained with 1 pgg/ml of a DNA specific
Nuorochrome, 4’,(5—(1'1211111(1'111()-2—1>henylindole (DALY, and nuclear
conditions of the cells were examined using a flucrescence differential
interference-contrast microscope (Olympus, BH2-RFC).

Preparation of Tetrahymena cell extracts.
concentrated by centrifugation at 300g for 3 min and washed three
times by the same centrifugation with 10 mAf Tris—HCI, pH 7.4, and
then the cell pellet was added with an equal volume of the extraction
medium containing 0.2 M NaCl, 0.25 M sucrose, 10 mM MgS0,, 2

Tetrahymena cells were

0014-4827/81 $3.00
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mM EGTA, 30 ¢M Na-benzoyl-L-arginine methyl ester (BAME,
Sigma), 28 pM L-1-tosylamide-2-phenylethylehloromethyl ketone
{TPCK, Sigma), 1 mM dithiothreitol (DTT, Kantokagaku}, 1 mM
iodoacetamide {1AA, Sigma), 10 gg/ml leupeptin (Sigma), 80 mAf dis-
odium 3-glycerophosphate (Kantokagaku), | mM ATP-y-5, and 10
mM Na-phosphate buffer, pH 6.8. Cells were then homogenized by
tive strokes in a Teilon homogenizer at 0°C. The homogenates were
centrifuged at 110,000g, for 1 h at 2°C, and the supernatants were
kept at 0°C until use. Usually, MRIF activity in the extracts was
retained for 1 week at 0°C.

Preparation of Bufo and XNenopus ovocytes. Qoeytes of Bufo bufo
Japonicum were obtained by surgically removing a portion of an ovary
and then removing the follicular layers of full-grown vocytes with
[urceps. All operations on oocyles were conducted using De Boer's
solution {113 mM NaCl, 1.3 mM KL, 1.3 mM CaCly, 5.7 mM Tris
HCI, pH 7.4). Ovcyvtes of Xenopus lacvis were prepared in the same
way, but moedified Barth’s medium [4] was used instead of e Boer's
solution.

Preparation of MPF-containing Xenopus gy extracts. MDPF con-
taining Xenopus egg extracts were obtained according to Lobka and
Maller 5] with slight modilications. Unfertilized eggs were obtamed
Ly injecting 500 units human chorionic gonadotropin (HCG, Tei-
koku-zouki) instead of 750 units HCG, and the eggs were dejellied in
2% (w/v) eystein (pH 7.8) and washed three times with 0.1 M NaCl, b0
mM Tris-HCI, pH 7.4 {instead of pH 7.0}, Then, the eggs were
washed in an extraction medium used lor Tetrahymena extracts and
transferred to a 1.5-ml centrifuge Lube, conlaining the same medium.
After the excess medium was withdrawn, the eggs were crushed by
centrifugation at 18,000g for 30 min Gnstead of 10,000g for 10 min} at
0°C. The material between the lipid cap and the yolk in the pellet was
transferred to a 1-ml centrifuge tube and centrifuged again at
110,000¢ for 1 h (instead of 100,000 for 10 min) at 2°C, and the
supernatant wus kept at 0°C until use. For injection, the supernatant
was diluted to o by adding extraction medium and used as MDPF-con-
taining injection material.

Preparation of starfish cocytes. Starfish, Astering pectinifera, were
collected during breeding season and kept at 15 18°C in laboratory
aguariums. Ovaries were isolated and cut into small fragments to
release immature oocytes and the cocytes were washed with several
changes of modified vant Hof’s artificial seawater (ASW) [6] and
then suspended in calcium-free seawater (CaF3W) Lo remove [olli-
cles. Caleium-free seawater was prepared by replacing CaCly in ASW
with NaCl. When follicles were removed, the oocvies were washed
with several chanpges of ASW and suspended for at least 30 min
hefore usce.

Assay for GVBD-Iinducing actinity. Inthe case of Bufo socytes, 100
nl of each sample was injected into each oocyte. The injected cocyles
were suspended in De Boer's solution, incubated for 20 h at 2070,
fixed with 2.5% (v/v} trichloroacetic acid for 4-6 h at room tempera-
ture, and dissected by a razor hlade to inspect for germinal vesicle
breakdown. In the case of Xenopus vocytes, b0 nl of ench sample was
injected into cach oocyte, and the injected oocytles were suspended in
modified Barth’s medium for 20 h at 20°C and fixed for 1- 3 h. In each
experiment, at least three control experiments were performed. The
first was an injection of 100 or 50 nl of extraction medium, the second
a treatment of socytes with 10 pg/ml of progesterone (Tokyo-kasei},
and the third a nontreatment of the oocytes.

In the case of Astering ococytes, 15 pl of each sample was injected
into each oocyte. The injected vocytes were suspended in 809 (v/v)
ASW for 2 h at 24-25°C, and then GVBI) was observed under a micro-
scope without fixation. In each experiment, at least three control ex-

periments were performed. The first was an injection of 150 pl of

extraction medium, the second a treatment of oocvtes with 2 p M 1-
methyladenine (1-MA, Sigma), and the third a nontreatment of the
nocyles. A maturing oocyte containing MPF of Astering was prepared
by treating immature occytes with ASW containing 2 oM 1-MA for

FUJISHIMA ET AL,

20-40 min at 20-237C, hecause during this period strong MPEF activ-
ity appears |7].

lmmediately after microinjection,
the injected oocytes were suspended to De Boer's solution or modified
Barth's medium containing 50 gg/ml eveloheximide for 20 h at 20°C
and GVBD was examined

Treatment with oycloheximide.

Treabment with trypsin. One hundred microliters of Tetrahymena
extract was incubated with 10 gl of 0.2% {w/v) trypsin {Sigma, type
1) and dissolved in extraction medium or 10 gl of extraction nedium
alone for 30 min at 267C, and then the mixture was incubated with 11
ul of 0.44% (w/v) trypsin inhibitor (Sigma, type [-8} for 10 min at
257C and injected into Bufu oocytes. 'To avold the possibility that
trypsin or trypsin inhibitor may affect the induction of GVBI of the
oocyles, extraction mediun, instead ol Tetrahyvmena extracts, was
treated with trypsin and trypsin inhibitor in the same way and in-

jected into the veeytes, Furthermore, Teiraiyvmena extracls woere

troated with extraction medium, instead of trypsin and Lrypsin inhibi-
tor in the same way, and injected into the cocytes.

RESULTS

Germunal Vesicle Breakdown-Inducing Activity in
Mitotic Cell Cyele of Tetralhymena Extracts

To monitor GVBD-inducing activity in mitotic cell
cycle of Tetrahymena, synchronous cell division was in-
duced by a periodic heal treatment, and changes in the
cell density and division index were examined afier the
heat trealment. Cell division usually began at 68 min
after the heat treatment. The first and the second peaks
of the synchronous cell divisions appeared at 75 and at
180-250 min, with the maximum division indices being
ncarly 75 and 15-30%, respectively (Figs. 1 and 2). The
tuning and the maximum division index of the first peak
were almost constant in experiments but those of the
second peak were variable in experiments. Therelore,
we monitored changes of GVBD-inducing activity from
the end of heat treatment {0 min} to just before the
second cell division {150 min). Results of the two exper-
iments are summarized in Fig. 2. [n Experiment A, cells
were harvested at 0, 60, 75, and 150 min after the heat
treatment, and their 110,000g supernatants were 1n-

jected into 10 Bufo oocytes to compare their GVBD-in-

ducing activities. In Experiment B, the supernatants
were obtained from cells of 80, 70, 75, and 856 min and
injected into 10 Bu/fo oocytes. Figure 1 and the graphs of
division index and cell density in Fig. 2 represent Ex-
periment A. Nuclear conditions of cells from which ex-
tracts were prepared showed that a majority of the cells
al 75 min were at M-phase in the mitotic cell eycle, he-
cause most cells showed an elongated or constricted nu-
cleus as well as a furrow for cell division, while cells at 0,
60, and 150 min did not (Fig. 1). Figure 2 shows that
GVBD-inducing activity coincided with the first peak of
the synchronocus cell divisions. In the two experiments,
10 oocytes in which extraction medium alone was in-
jected showed (0% GVBD, 10 oocytes which were treated
with progesterone showed 1009% GVBD, and 10 non-
treated oocytes showed 0% GVBD, respectively. Since
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(A}, 0 min (B}, 75 min (C), and 150 min (D)) after a periodic heat treatment. Cells were fixed in a fixative containing .01% (w/v) Alcian blue,
5% (v/v) formaldehyde, and 10 mM Tris-HCL, pH 7.4, stained with 1 pg/m! DAPL Note that cells form a furrow and their nucleus elongates
and constriets for cell division and nuclear division in (C), but not in other preparations. Bar, 50 ugm.

the GVBD-inducing activity is detectable only at M-
phase in the mitotic cell cycle of Tetrahymena, it is
strongly suggested that the factor has an important role
for induction of M-phase in the cell cycle.

Hereafter, Tetrahymena exiracts were obtlained from
cells at 75 min after the heat treatment.

Efect of Trypsin on GVBD-Inducing Activiiy of
Tetrahymena Cell Extracts

Tetrahymena extracts were treated with either 0.02%
(w/v) trypsin or 0.02% (v/v) extraction medium for 30
min at 25°C and then with 0.04% (w/v) trypsin inhibitor
for 10 min at 25°C to inactivate the trypsin and were
injected into Bufo oocytes (Table 1, Experiment A). Per-
centages of GVBD induced in the oocytes were () and
40%, respectively. When extraction medium was
treated and injected into vocytes in the same way, how-
ever, the oocytes showed 0% GVBD (Table 1, Experi-
ment B). On the other hand, if the extracts which had
been kept at 0°C were heated at 25°C for 40 min as well
as the time in Experiments A and B and then were in-
jected into the oocytes, 100% GVBD was observed (Ta-
ble 1, Experiment C). This indicates that MRIF activity
does not decrease during the 40-min incubation at 25°C.
Injection of extraction medium alone did not induce
GVBD in the oocytes (Table 1, Experiment D). These
results suggest that MRIF of Tetrahymena is a trypsin-
sensitive protein. However, the trypsin inhibitor might
prevent the action of MRIF on induction of GVBD, as
40% GVBD in the second experiment in (A) of Table 1
was lower than that in (C).

Effect of Ca®' and EDTA on GVBD-Inducing Activity of
Tetrahymena Extracts

It is well known that MPF is Ca®*"-sensitive and
Mg?*-dependent in its activity. To determine the effect
of Ca?' and ethylenediaminetetraacetic acid (EDTA) on
GVBD-inducing activity of Tetrahymena, CaCl, or
EDTA was added to cell extracts to give the final con-
centrations of 100 and 10 mM, respectively, and then
were injected into Bufo oocytes {Table 2). Addition of
CaCl, to the cell extracts completely inhibited the
GVBD-inducing activity, indicating that the activity of
Tetrahymena is Ca*'-sensitive. Furthermore, the fact
that addition of EDTA also induced complete loss of the
GVBD-inducing activity of the cell extracts suggests
that the activity is Mg?"-dependent. In these points,
therefore, GVBD-inducing activity of Tetrahymena re-
sembles that of MPF.

Effect of Cyeloheximide on the Action of GVBD-
Inducing Activity of Tetrahymena Cell Extracts

MPF does not need protein synthesis of the recipient
oocytes to induce GVBD [6]. To know whether GVBD-
inducing factor of Tetrahymena requires protein synthe-
sis of the recipient oocytes for induction of GVBD, Tet-
rahymena extracts were injected into Bufo cocytes.
After the injection, 10 Bufo ococytes were suspended in
De Boer's solution for 20 h at 20°C, and another 10
oocytes were suspended in the solution containing 50
ug/ml cyeloheximide. Bufo oocytes injected with Tetra-
hymena extracts showed 70%, but 0% GVBD if the oco-
cytes were treated with cycloheximide after the injec-
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FIG. 2. MRIF activity in mitolic cell cycle of Tetrafiymtena pari-

formis. Synchronocus cell divisions were induced by a periodic heat

treatment. Changes in GVBD-inducing activity from the end ol heat
treatment (0 min} to just before the second cell division (150 min)

were monitored, because timing and the maximum division index of

the first peak were almost constant in experiments, but those of the
second peak were variable in experiments. In Experiment A, cells
were harvested at 0, 80, 75, and 130 min after the heal treatment and
homogenized, and then 110,000z supernatants ol the homogenates
were injected into 10 Bufe voeytes. In Experiment B, cells were har-

vested at GO, 70, 76, and 85 min after the heat treatment. Graphs of

division index and cell density are those of Experiment A, Numbers
under each arrow indicate pereentage of oocytes in which GVBI) was

induced. Note that GVED-inducing activity appears only at 75 min of

o peak of the cell divisions, Abscissa, time after the heat treatment
o

(min). Qrchinate (left), percentage of dividing cells (%) {closed cirele).
Ordinate (right}, cell density (cells/ml) (open circle).

tion. On the other hand, if MPF-containing Xenopus
egg extracts were prepared using the same extraction
medium used for Tetrahvmena extracts (see Materials
and Methods), diluted to l, with the extraction medium
and then injected into Xenopus oocytes, 90 and 100%
GVBD were induced with or without the presence of 50
ug/ml cycloheximide, respectively (Talile 3). Therefore,
if Tetrahymena extracts contained MPF activity, the re-
ciptent vocytes were expected to show GVBD in the pres-
ence of cycloheximide, because our results showed that
the extraction medium and 50 pg/ml cycloheximide did
not inactivate MIPF activity nor prevent GVBD of the
recipient oocytes. Our results suggest that, unlike other
eukaryotes, ciliate Tetrahymena has no MPF activity.
Instead, the results show that, like the meiosis-reinitia-
tion-inducing factor of Paramecium {1}, the GVBD-in-
ducing factor of Tetrahymena extracts cannot induce
GVBD in the absence of protein gsynthesis of the recipi-
ent. cocyles. Therefore, hereatier, we call this GVBD-
inducing factor the MRIF of Tetrahymena.

FUJISHIMA ET Al

TABLE 1

Effect of Trypsin on GVBD-Inducing Activily
of Tetrahvmena Extracts

Materials injected % GVBD

(A) Tetrahymenn extracts treated with
0.02% (w/v) trypsin, 30 min, 265°C, and
(L% (w/v) trypsin inhibitor, 10 min, 25°C
0.02% (v/v} extraclion medium, 30 min,
2570, and
D04% (w/v) Lrypsio inhibitor, 10 min, 25°0

(1)

40 {10)
(B

Fxtraction medium treated with
0.02% {w/v} trypsin, 30 min, 25°C, and
0049 {w/v) trypsin inhibitor, 10 min, 25°¢
{00} Petrakymene extracts treated with

25°C7, 40 min
(1)) Extraction medium
Control experiments

0 (10}

100 (10}
O
Ouoeytes trealed with progesterone L0360 (10)
0

Montreated cocytes

Note. Numbers in parentheses are number of oocytes observed. Tet-
rafrymena extracts were 110,000g supernatants ohtained from cells at
the first peak of synchronous cell division (75 min). Each Bufo ooeyle
wis injected with 100 pl sample, incubated in De Boer's solution for
20 hoat 20°C, and fixed with 2.5% (v/v) trichlorvacetic acid 20 h for
inspecting GVIIY In (A), the cell extracts (100 ul) were treated with
0.2% (w/v) trypsin (10 al) for 30 min at 25°C and with 0.44% (w/v)
trypsin inhibitor (11 gl} Tor 10 min at 25°C, or treated with 10 pl of
extraction medium and trypsin inhibitor as described above. In (B),
extraction medium was trealed with trypsin and trypsin inhibitor as
in (A), ITn ({0}, the cell extracts which had been kept ot 0°C were
heated at 25070 for 40 nun betore the injection. In (1), extraction
medium alone was injected. For control experiments, oocytes were
treated with or without 10 g/l progesterone.

Effect of Microinjection of Tetrahymena Exiracts inte
Starfish Astering Oocyles

I 15 known that MPF acts in a non-spectes-specific
manner across different phyla playing a key role in pro-

TABLE 2

Effects of Ca*' and EDTA on GVBD-Inducing
Activity of Tetrahvmena

Muaterials injected % GVIID

Tetrahvmeng extracts

Treated with 1000 mM CaCl, O (1o
Treated with 10 inM EDTA 010}
Nontreated 100 (1
Extraction medium 0 {10

Control experiments
Qoceytes treated with progesterone
Nontreated vocyles

Note. Numbers in parentheses are number of Bufo ooeytes ob-
served. Tetrahvimena extracts were 110,000¢ supernatants obtained
from cells at the first peak of synchronous cell division (75 min). Each
oocyle was injected with 100 x4l sample, incubated in De Boer’s solu-
tien for 20 h at 20°C, and fixed with 2.5% (v/v) trichloroacetic acid for
200 h for inspecting GVTID,
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TABLE 3

Effect of Cycloheximide on GVBD-Inducing Activity
of Tetrahymena Extracts

% GVRBD
50 ug/ml eveloheximide

Materials injected [Presence Absence
Tetrahvmena extracts® O (10} 700N
MPF-containing Xenopus

egy extracts” 100 {10 a0 (10
Extraction medium” 010} SRR
Fxlraction medium® 010 (1M
Control experiments

Bufo oocytes treated with

progesterone {0 (10) 100 (10)
Xenopus oocyles treated

with progesierone 01 100 (10}
Nontreated Bufu oocytes 001 0m
Nontreated Xenopus

QOCYLeS 01 {1y

Note. Numbers in parentheses are number of oocytes observed. Tet-
rahvmena extracts were 110,000g supernatants obtained from cells at
the first peak of synchronous cell division (75 min). MPF-containing
oocvte extracts were 110,000g supernatants obtained from unfertil-
ized epps using the same extraction medium used for Tetrahiymena
extracts. Injection volumes for fufo and Xenopus oocytes were 106
and 30 ul, respectively. Injected Bufo voeyles were incubated in De
Boer's selution with or withoul the presence of H0 pg/ml evelohexi-
mide for 20 h at 20°C and fixed with 2.5% (v/v) Lrichloreacetic acid
for inspecting GVBD. For injected Xenopus coeytes, modified Bartl's
medium was used mstead of De Boer’s solution.

2 Bufo cocyles were used as recipients.

" Xenopues oocytes were used as recipients.

moting M-phase within the cytoplasm during both

meiosis and mitosis [9]. To examine whether MRIF of

Tetrahymena can induce GYBD in starfish oocytes, the
cell extracts were injected into the starfish A. pectinifera
oocytes (Table 4). It was tound that MRIF of Teirahy-
mena could not induce GVBID in Asterina oocytes al-
though it could induce GVBD in Bu/fo oocytes and Aster-
ina cytoplasm containing MPF could induce GVBD in
Asterina oocytes. This and the results so far obtained
indicate that MRIF apparently differs from MPF in its
action on induction of GVBD.

DISCUSSION

MPF is helieved to be a ubiquitous cytoplasmic factor
in controlling the induction of nuclear membrane cell
extracts. The same had been shown in Paramectum cells
of conjugation process in our previous work [1].

What is the function of MRIF? The fact that the
MRIF activity appeared and disappeared in good accor-
dance with that of dividing cells indicates that MRIF
has an important role for induction of M-phase in ciliate
cell cycle. Except MPF [7, 10-12], so far, several pro-
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teins are known to have an inducing activity of oocyte
maturation: cyclinsg [13], p34°? M-phase-specific H1
histone kinase [14, 15], regulatory subunit of cAMP-de-
pendent protein kinase [16], p21™ oncogene product
[L7], and pp338™* ¢-mos protooncogene product [18]. In
these proteins, it is known that the regulatory subunit of
cAMP-dependent protein kinase and p21™° need pro-
tein synthesis to induce GVBD, and function upstream
of MPF to activate pre-MPF [17]. Furthermore, re-
cently, Kuge and Inoue [19] and Inouve and Kuge [20]
purified a cycloheximide-sensitive meiotic maturation-
inducing factor (CMF) from Xenopus oocytes and con-
sidered that CMF probably induced synthesis of activa-
tor of MPF. Therefore, MRIF may be closely related to
the regulatory subunit of cAMP-dependent protein ki-
nase, p21™, or CMF. Recently, we found that Tetrahy-
mena thermophila had MRIF, too, and that cyelohexi-
mide-resistant GVBD-inducing activity (MPF activity)
appeared in the recipient Bufo oocyte cytoplasm when
GVBD was induced by injection: of the MRIF (Fujishima
and Sakimura, in preparation). This shows that MRIF
functions upstream ol MPF to induce MPF activity in
Bufo vocyles. On the other hand, in this study, we
showed that MRIF could not act on induction of GVBD
in starfish cocytes. It is known that protein synthesis is
required for induction of GVBD with progestereone in
amphibian oocytes, but such protein synthesis is not
required for induction of GVBD with 1-MA in starfish
oocytes [21]. These results suggest that MRIF may in-
duce protein synthesis in recipient oocytes and the pro-
tein synthesized may be the same as that synthesized by

TABLE 4

Effect of Microinjection of Tetrahymena Extracts into
Starfish Asterinag Qocytes

% GVBD in

Asterona Bufo
Materials injecied oocyles oocytes

Tetrahvmena extracts 0(m 80 (10)
Asterina oocvie evtoplasms

Maturing cyvtoplasm 106 (20) —

[mmature cytoplasm 0(20) —
Extraction medium 0(10) 0 (10)
Clontrol experiments

Oocytes treated with progesterone — 104y (160

Oocevies treated with 1-MA 100 (25) —

Nontreated oncytes ({22) 0 (I

Nuote. Numbers in parentheses are number of oocytes observed. Tei-
rahymena extracts were 110,000g supernatants obtained {rom cells at
the first peak of synchronous ceil division (75 min). Injection volumes
were 150 pl lor Astering oocytes and 100 nl for Bufo oocytes, respec-
tively. GVBD was observed at 2 h after the injection in Asterinag oo-
cyles and at 20 hr in Bufe cocyvtes, Maturing oocyte containing MPF
of Asterina was prepared by treating immature oocytes with ASW
contaimng 2 aM 1-MA for 20-40 min at 20-23°C,



160

treatment with progesterone and required for induction
of GVBD.

However, the question why MPF activity cannot be
detected in ciliate cell extracts remains. The following
possibilities can be considered. First, MPF is present
and functions for induction of M-phase in these ciliates,
but the activity is unstable and easily disappears in the
cell extracts. 4 is known that MPF is a Ca*"-sensitive,
Mg?*-dependent soluble protein, and that the activity
can be stabilized in the presence of ATP, g-glycerophos-
phate, [AA, and DTT. Therefore, to eliminate the above
possibility we used an extraction medium containing 2
mM EGTA, 10 mM MgSO,, protease inhibitors (30 uM
BAME, 28 uM TPCK, 10 gg/ml leupeptin), phospha-
tase inhibitors (80 mM g-glycerophosphate), 1 mM
ATP-v-S, and 1 mM TAA in this study. The result ob-
tained suggests the second possibility; that is, MPF was
not present in the extracts. This possibility was strongly
supported by the present experiments. Namely, MPF-
containing Xenopus egg extracts which were prepared
using the extraction medium used for Teirahymena ex-
tracts could induce GVBD of the cycloheximide-treated
oocyles.

Then, does MRIF induce M-phase in the presence of
protein synthesis, or in the absence of it in the ciliate
cell? This problem will be clarified if the MRIF is puri-
fied using induction of GVBD of amphibian oocytes as a
bioassay system and if the purified MRIF is injected
into ciliate cells in the presence or absence of cyclohexi-
mide. If MRIF needs protein synthesis {or induction of
M-phase in ciliates, we have to postulate another factor
in downstream of MRIF, that appears as aresult of pro-
tein synthesis after injection of MRIF and functions lor
induction of M-phase in «iliates but cannot act for in-
duction of GVBD in amphibian and starfish occytes.

In ciliates, nuclear membrane breakdown never oc-
curs in the whole cell eycle. This may come {rom differ-
ences between the M-phase-inducing factor in ciliates
and the MPF, although another possibility that ciliate
nuclear membranes may structurally differ from meta-
zoan nuclear membranes cannot be eliminated. There-
fore, MRIF or its derivative may affect induction of
chromatin condensation of micronucleus or formation
of spindle apparatus of the micronucleus in the ciliate
cell.

If MRIF or another factor induced by MRIF appears
or increases its amounts at or near M-phase in the cell
cycle, we expect that the polypeptides can be detected
on two-dimensional 8DS-polyacrylamide gels. We
compared protein compositions of the cell extracts ob-
tained from cells at 0, 45, 60, 75, and 150 min after heat
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treatment, bul such polypeptides have not yet been
found on the gels (data are not shown). This suggests
that these proteins are probably minor polypeptides on
the gels.
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