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INTRODUCTION

It is generally accepted that proteolysis plays an important role in the regulation of the
eukaryotic cell cycle. Eukaryotic cells contain a nonlysosomal large protease called the protea-
some (or the multicatalytic protease) which is found in all eukaryotes, from yeast to man [Or-
lowski, 1990]. Proteasomes have been isolated as latent forms which can be activated by several
agents such as SDS , fatty acids [Dahlman et al.,1985], poly-lysine [Tanaka et al., 1986] and by
heat treatment [Mykles, 1989]. Although it has been suggested that proteasomes are involved in
the ubiquitin-dependent proteolytic system, their exact role in intracellular protein breakdown is
still uncertain.

In teleost fishes, like in most other vertebrates, full-grown postvitellogenic oocytes in the
ovary are physiologically arrested at the G2/M border in first meiotic prophase and cannot be
fertilized. For the oocytes to be fertilizable, they must complete the first meiotic division. Under
an appropriate hormonal stimulation, full-grown oocytes resume their first meiotic division
which involves breakdown of the germinal vesicle (GVBD)}, chromosome condensation,
assembly of the first meiotic spindle, and extrusion of the first polar body. Meiosis is again
arrested at the second metaphase. Shortly thereafter, mature fertilizable oocytes are ovulated.
The meiotic process leading to extrusion of the second polar body is resumed again at the time of
fertilization, immediately after sperm penetration (egg activation). The time period between the
resumption of meiosis and the second meiotic metaphase has been referred to as the period of
oocyte maturation. Thus, the process of cocyte maturation and egg activation is a prerequisite
for successful fertilization and normal development.

Recent studies using various protease inhibitors suggest that proteasomes are involved in
meiotic maturation of animal oocytes. For example, N-tosyl-L-phenylalanine chloromethyl
ketone (TPCK), a synthetic inhibitor of chymotrypsin, has been reported to prevent
progesterone-induced meiotic maturation of frog oocytes [Ishikawa et al., 1989; Azuma et al.,

1991]. More recent studies have demonstrated that the termination of mitosis and meiosis, tran-



sition from metaphase to anaphase is induced by the degradation of cychn, a regulatory subunit
of maturation-promoting factor or M-phase promoting factor (MPF) [Maller, 1991]. Further-
more, it has been suggested that cyclin is degraded by an ubiquitin-dependent proteolytic path-
way [Glotzer, 1991]. Since proteasomes are known to be a component of the ubiquitin-
dependent proteolytic system, it can be hypothesized that proteasomes play arole in cyclin
degradation. However, there is no direct evidence for this hypothesis at present.

Fish oocytes provide an appropriate experimental system to investigate the above prob-
lems. In recent years, considerable progress has been made in identifying the factors responsible
for the regulation of meiotic maturation of fish oocytes; these include the isolation and character-
ization of a fish maturation-inducing hormone (17a,20B-dihydroxy-4-pregnen-3-one, 170.,20p3-
DP) [Nagahama and Adachi, 1985] and the components of MPF (p34°92, the catalytic subunit
and cyclin, the regulatory subunit [ Yamashita et al., 1992a; Yamashita et al., 1992b; Hirai et al.,
1992].

This study was designed to investigate the possible role of proteasomes in the regulation of
meiotic maturation and egg activation, in particular cyclin degradation. A teleost fish, the gold-
fish, Carassius auratus, was used, since in this species maturation-inducing hormone (17¢,20B-
DP) has been identified and the two components of MPF, cdc2 kinase and cyclin B, have also
been characterized. I first purified and characterized a SDS-dependent (latent) proteasome (20 S
proteasome) from goldfish oocyte cytosols and raised monoclonal antibodies against this
enzyme. During the course of this study, I also found that goldfish cocyte cytosols contain a
SDS-independent (active) proteasome (26 S proteasome) which is quite labile and easily coverts
to the latent form. A newly developed procedure was used to purify active proteasome. I then
produced several monoclonal antibodies against latent proteasome, and used these antibodies to
examine cyclic changes in the activity and protein levels of proteasomes in oocytes during
170,20B-DP-induced meiotic maturation [Tokumoto et al., 1993a] and egg activation. Finally,
the role of proteasomes in the regulation of cyclin degradation was investigated using bacterially

produced goldfish cyclin B and purified active proteasoine.



ABBREVIATIONS

Boc, butyloxycarbonyl; DMSO, dimethyl sulfoxide; HCG, human chorionic gonadotropin;
-MCA, -4-methlcoumaryl-7-amide; -NA, -2-naphthylamide; Suc, succynyl; TBS, Tris buffered

saline; Z, carbobenzoxy.



MATERIALS AND METHODS

Materials

Goldfish were purchased from a local supplier (Yatomi, Japan) and maintained at 15°C
until use. Femail gravid African clawed frogs (Xenopus laevis) were purchased from Hamamat-
su Seibutsu Kyozai Corp. and maintained at 20°C. Fluorogenic peptide substrates (ex., Suc-
LLVY-MCA, Suc-AAPF-MCA, Boc-FSR-MCA, Boc-QRR-MCA, Boc-LRR-MCA, etc.) were
purchased from Peptide Inc. Corp. except for Z-LLE-BNA and Z-GGL-PBNA which were from
Sigma. Arginine-Sepharose 4B, Blue-Sepharose CL-6B, Mono-Q, Sepharose CL-4B, Phenyl
Sepharose Fast Flow, Superose 6, Activated-CH Sepharose and ECH-Sepharose were from
Pharmacia. DEAE-cellulose (DE52) and CM-cellulose (CM52) were purchased from Whatman.
TSK gel Phenyl SPW-RP and TSK gel G4000 SWxL were from Tosoh Corp. Dried polyacryla-

mide beads were from Atto Corp. All other chemicals were of reagent grade.

Purification of latent proteasome (20 § proteasome)

Ovaries were dissected into fragments of 50-100 oocytes in goldfish Ringer’s solution (125
mM NaCl, 2.4 mM KClI, 0.28 mM MgCl,, 2.4 mM CaC]Z, 2 mM HEPES, 5.6 mM glucose,
100,000 TU/1 penicillin, 0.2 g/l streptomysin, pH 7.5). Oocytes allowed to settle in centrifuge
tubes and after removal of excess medium, they were centrifuged at 150,000 g for 60 min. The
cytosol fraction between the lipid layer and the packed components was applied to a DEAE-
cellulose column (2.6 x 12.0 cm) equilibrated with 50 mM Tris-HCIl, pH 7.5 containing 20%
glycerol and 10 mM 2-mercaptoethanol (TGM buffer). The column was washed with TGM
buffer and bound materials were eluted with a step elution of 0.2 M NaCl in TGM buffer at a
flow rate of 60 ml/h (fraction volume: 10 ml). Active fractions were pooled and concentrated to
less than 10 ml by adding dried polyacrylamide beads and were chromatographed on a Sepharose
CL-4B column (2.6 x 84.0 cm) equilibrated with TGM buffer at a flow rate of 40 mi/h (fraction
volume: 5 ml). Active fractions were pooled and applied to a Mono-Q column (HR 5/5)

equilibrated with TGM buffer. Proteins were eluted using a linear gradient (total volume: 40 ml)



of 0 ~ 0.5 M NaCl in TGM buffer at a flow rate of 30 ml/h (fraction volume: 2 ml). Active
fractions were pooled and bound to DEAE-cellulose (0.9 x 4.0 cm) after dilution with 20 mM
Tris-HCI, pH 8.0 (TN buffer). The column was then washed extensively with TN buffer to
remove glycerol. Bound proteins were eluted with a high salt buffer (TN buffer containing 2 M
NaCl) and the concentration of NaCl in active fractions was adjusted to 2 M by adding solid
NaCl. The fractions were then passed through a Phenyl Sepharose Fast Flow column (1.0 x 6.4
c¢m) equilibrated with TN buffer containing 2 M NaCl (fraction volume: 2 ml). Active fractions
were pooled, dialyzed overnight against TGM buffer, and stored at 4°C. All procedures were

performed at 4°C,

Purification of active proteasome (26 S proteasome)

Ovaries were homogenized with four volumes of 50 mM Tris-HCI buffer, pH 7.5,
containing 10 mM 2-mercaptoethanol and 0.25 M sucrose and the homogenate was centrifuged
at 150,000 g for 1 hour. The supernatant was applied to a DEAE-cellulose column (2.6 x 12.0
c¢m) equilibrated with TGM buffer. The column was washed with ten volumes of the same
buffer and bound materials were eluted with TGM buffer containing 0.2 M NaCl, and 10 ml
fractions were collected. Active fractions were pooled, diluted four-fold with TGM buffer, and
supplemented with 0.1 mM ATP (TGMA) and applied to Arginine-Sepharose 4B column (1.6 x
10.0 cm) equilibrated with TGMA buffer containing 50 mM NaCl. Absorbed materials were
eluted with TGMA buffer containing 0.2 M NaCl, and fractions of 10 ml were collected. Active
fractions were pooled and concentrated to less than 10 ml with dried polyacrylamide beads.
Concentrated fractions were then chromatographed on a Sepharose CL-4B column (2.6 x 84.0
cm) equilibrated with TGMA buffer, and fractions of 10 ml were collected. Fractions with a
high SDS-independent activity were pooled and passed through a Blue-Sepharose column (1.0 x
6.4 cm) equilibrated with TGMA buffer, and the enzymes were concentrated by DEAE-cellulose
column (1.0 x 2.5 ¢cm). The enzymes were then applied to a Superose 6 column (1.0 x 30.0 cm)
equilibrated with TGMA buffer, and fractions of 0.5 ml were collected. Active fractions were

obtained at the position near the void volume and peak fractions were collected as purified



enzyme. The purified enzyme was analyzed by gel chromatography on a TSK gel G4000SWxL

column (0.78 x 30.0 cm). Fractions of 0.5 ml were collected.

Purification of ubiguitin

Goldfish ovaries were dissected into fragments of 50 - 100 oocytes in goldfish Ringer’s
solution (125 mM NaCl, 2.4 mM KCl, 0.28 mM MgClZ, 2.4 mM CaClz, 2 mM HEPES, 5.6 mM
glucose, 100,000 IU/I penicillin, 0.2 g/l streptomysin, pH 7.5) and washed with the Ringer’s
solution three times. Qocytes were homogenized with four volumes of 50 mM Tris-HCI buffer,
pH 7.5, containing 10 mM 2-mercaptoethanol and 0.25 M sucrose and the homogenate was
centrifuged at 150,000 g for 1 hr. The supernatant was applied to a DEAE-cellulose column
(DES52, 2.6 x 12.0 cm) equilibrated with TGM buffer. Flow-through and first one column
volume eluate were collected and used for ubiquitin purification. After pH was adjusted to 4.5
with HCI, the DEAE flow-through fraction was applied to a CM-cellulose column (CM352, 2.6 x
18.8 cm) equilibrated with 25 mM ammonium acetate at pH 4.5 (buffer A, pH adjusted at room
temperature). The column was washed with five column volumes of buffer A and bound
materials were eluted with 50 mM ammonium acetate at pH 5.5 at room temperature, and 20 ml
fractions were collected. Fractions were assessed by SDS-PAGE or immunoblotting with anti-
bovine ubiquitin anti-serum (Sigma) and the fractions containing ubiquitin were collected and
concentrated with a CM-cellulose column as following; pH of fraction was adjusted to 4.5 and
applied to column (1.0 x 6.4 cm), then proteins were eluted with buffer A containing 500 mM
NaCl. The concentrated fraction was applied to Bio Gel P-30 column (Bio Rad, 1.6 x 50.0 cm)
equilibrated with buffer A, and 5 ml fractions were collected. Fractions containing ubiquitin
were pooled and applied to a Mono-S column (Pharmacia, HR 5/5) equilibrated with buffer A.
Proteins were eluted using a linear gradient (total volume: 30 ml) of 0 - 0.3 M NaCl in buffer A
(fraction volume: 2 ml). The peak fraction at a concentration of 0.15 M NaCl was collected as

purified ubiquitin. All procedures were performed at 4 °C.

Molecular weight determination

1¢C



Purified enzyme was applied to TSKgel G4000SWxL equilibrated with TGMA buffer, and
fractions of 0.5 ml were collected. Molecular weight was calculated using molecular weight

markers.

Protease assay

In all assays, 100 pl of the reaction mixture, containing 100 mM Tris and 10 or 100 uM
fluorogenic substrate with or without SDS (0 ~ 0.15%), was preincubated for 10 min at 37°C.
Ten Wl of one of the chromatography fractions or of the purified proteasome (0.1 nug) was added
and the incubation continues for 10 min at 37°C. The reaction was terminated by the addition
{100ul) of 10% SDS (wt/v) and 2.0 m] of 0.1 M Tris-HCI, pH 9.0. Fluorescence was determined
on a fluorescence spectrophotometer (F-5000, Shimazu) or fluorescence microplate reader (MTP
100-F, Corona) with an excitation wavelength of 360 nm and an emission wavelength of 460 nm
for MCA-substrate or an excitation wavelength of 335 nm and an emission wavelength of 410

nm for NA-substrate.

Effect of pH on protease activity

The pH of the reaction mixture was adjusted with hydrochloric acid or sodium hydrochlo-
ride and the volume of reaction mixture was adjusted to 200 yl. After the reaction, one half of
the reaction mixture was diluted five-fold with distilled water and the pH was measured. The

other half of the mixture was used to determine protease activity.

Protein assay
The protein concentration of pooled fractions was measured by the method of Bradford

[Bradford, 1976] using bovine serum albumin as a standard.

Electron microscope observations

The purified enzyme was observed with electron microscope by the method described
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previously {Ikai, 1991]. The enzyme was diluted to 50 pg/mil with TGMA buffer. The sample
solution was then deposited on the film and excess solution was removed by blotting. Three
percent uranyl acetate solution was applied to the sample and blotted within 30 sec. The sample

was dried and observed by a electron microscope (JEOL-100CX).

Preparation of monoclonal antibodies against goldfish latent proteasome

a) Immunization: Protein was diluted with HEPES buffer (20 mM, pH 7.5) and emulsified
in an equal volume of Freund’s adjuvant (complete for the initial injection, incomplete for subse-
quent injections). For each injection, 100 g of protein in a total volume of 0.5 ml was used per
mouse. BALB/c mice were injected at 2 week intervals. Two weeks after the second injection,
titer of sera was checked by ELISA. Three days prior to fusion, mice were injected with 200 pg
of protein in a total volume of 0.5 ml. Mice with higher titers were used for fusion.

b) Hybridoma production: Mice were killed by cervical dislocation. Spleens were re-
moved, minced in Dulbecco’s medium and washed with serum-free medium. Mouse myeloma
cells in log-phase growth were also washed using serum-free medium and low speed centrifuga-
tion. The cells were combined and added to 1 m! of polyetylenglycol 4000 (50%) with gentle
shaking. The cells were diluted to 60 ml with Iscove’s-supplemented HAT selection medium
(containing 100 uM hypoxanthine, 0.4 pM aminopterin and 16 uM thymidine) and plated in 96
well plates. Culture supernatants were tested for reactivity to antigen by ELISA and positive
wells were cloned by the limiting-dilution method. Cells were frozen in medium containing 10%
fetal bovine serum and 10% DMSQO at -80°C. Pristane-treated BALB/c mice were used to gener-

ate ascites fluid.

ELISA

Antigen in HEPES buffer was absorbed on a Xenobind plate (Bokusui Brown) during an
overnight incubation at 37°C. Nonspecific binding was blocked by incubation of wells with 5%
non-fat dry milk in TBS containing 0.1% Tween 20 (TTBS). Serum culture supernatant was

incubated on the antigen-coupled Xenobind plate for 1 hour at 37°C, and antigen-antibody
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complexes were detected using alkaline phosphatase conjugated anti-mouse immunoglobulins (

Zymed).

Preparation of IgG-Sepharose and immunoprecipitation

Anti-proteasome IgG was purified from ascites fluid using a protein A-Sepharose column and
was dialyzed against distilled water. Pre-immune (control) and anti-proteasome IgG (0.2 mg)
were coupled to ECH-Sepharose (1 ml) according to the manufacturer’s instructions. Cytosol
fractions (150 ul) were incubated with non-immune (control) IgG-Sepharose or anti-goldfish
proteasome IgG-Sepharose (800 ul) for 2 hours at 4°C. After centrifugation at 1,200 g for 5 min,
the supernatants were used for protease assay. Precipitated beads were washed three times with
TTBS and mixed with SDS sample buffer and boiled for 5 min. Proteins in supernatants and in
extracts from precipitated beads were separated on SDS-PAGE followed by immunoblotting

with anti-proteasome antibodies.

Production of polyclonal antibodies against active proteasome

a) Preparation of antigens: A large quantity of active proteasome was purified as follows:
The Sepharose CL-4B fraction (the third step in purification of active proteasome) was applied to
a Fast Flow Q-Sepharose column (1.0 x 12.7 cm ). Bound proteins were eluted with a linear
gradient (total volume: 150 ml) of 0.2-0.5 M NaCl in TGMA buffer. Although a SDS-
independent protease activity was almost lost during this step, highly purified components of
active proteasome were obtained in large quantities at the 0.3 M NaCl fraction.

b) Preparation of antiserum: An antiserum against purified goldfish active proteasome was
prepared by the procedure of Winberry and Holten [Winberry and Holton, 1977]. Purified
enzyme (5 mg) was emulsified in an equal volume of complete Freund’s adjuvant (Difco), and
injected into the back of female white rabbit weighing about 2.5 kg. A booster injection of
purified enzyme emulsified in an equal volume of incomplete adjuvant was given 2 weeks later
and 2 week after the second booster injection, blood was collected from the carotid artery and the

heart, and the serum was separated by centrifugation. The IgG fraction was purified by a protein
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A-Sepharose affinity chromatography.

Electrophoresis and immunoblotting

Electrophoresis followed the method of Lagmmli [Laemmli, 1970]. Proteins were then
transferred to an Immobilon membrane (Millipore) using a semi-dry electroblotter. The
membrane was blocked with 5% non-fat dry milk and incubated with culture supernatant
containing anti-proteasome antibodies for 1 hour at room temperature. Immunocomplexes were
visualized using alkaline phosphatase conjugated anti-mouse immunoglobulin, as described
previously [Yamashita, 1992a] or peroxidase conjugated immunoglobulin using an ECL

detection kit (Ammersham),

Separation of components of latent proteasome

Purified proteasome was separated into components by reversed-phase high performance
liquid chromatography on a TSK-gel Phenyl-5SPW-RP column as previously described [Tanaka,
1989].

Glycerol density gradient centrifugation
A linear gradient of glycerol (10 ~ 35%) was made in a total volume of 12.5 ml. The
glycerol concentration of samples was adjusted to 10% and 100 ul was centrifuged at 152,000 g

for 12 hour at 4°C. Samples were fractionated (0.5 ml/fractions) from top to bottom.

Amino acid analysis

Samples (32 and 14 pg of latent and active proteasomes) were hydrolyzed with 0.1 ml of
6N HCl in sealed, evacuated glass tubes at 110°C for 24, 48, and 72 hr. The hydrolysates were
analyzed a in Hitachi 835 amino acid analyzer. Tryptophan was determined spectrophoto-

metrically [Edethoch, 1967].

Determination of sedimentation coefficient
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Purified enzyme in TGM buffer was concentrated by centrifugation (372,000 g for 2 hr)
and dialyzed against TGMA buffer and diluted to absorvance at 280 nm between 0.2 to 0.5. The
sample was centrifuged in double sector cells with buffer used in dialysis at 60,000 rpm (Hitachi
model 282 analytical ultracentrifuge). The sedimentation coefficient of the enzyme was
calculated using a partial specific volume of 0.725 and 0.733 ml/g for latent and active

proteasomes estimated from its amino acid composition.

Culture of oocytes

Oocyte maturation was induced in vitro by incubating fragments of ovaries (each contains
20-40 oocytes) in goldfish Ringer’s solution (125 mM NaCl, 2.4 mM KCI, 0.28 mM MgCl,, 2.4
mM CaCl,, 2 mM HEPES, 5.6 mM glucose, 100,000 TU/] penicillin, 0.2 g/l streptomycin, pH
7.5) containing 1 uM of 17x,20B-DP, as described previously [ Yamashita et al., 1992a].
Maturation processes were assessed by immersing the oocytes in a clearing solution [Lessman
and Kavumpurath, 1984], enabling easy microscopic examination for the presence or absence of

a germinal vesicle.

Production of goldfish cyclin B in bacteria
Wild type (A0) and N-terminal deleted (A41, A68, and A96) goldfish cyclin Bs were
produced in Escherichia coli using the T7 promoter system [Studier et al., 1986; Rosenberg et

al., 1987]. E. coli BL21(DE3) were grown to an OD__ of 0.7 in 1 liter of NZCYM or LB

600
medium containing 100 pg/ml ampicillin. Then cyclin synthesis was induced by 1 mM
isopropylthio-f3-galactoside (IPTG) for 3 hr. The bacteria were collected, suspended in 6 ml
lysis buffer (50 mM Tris-HCI, 1mM EDTA, 100 mM NaCl, 1 mM DTT, 100 mM p-
amidinophenylmethanesulfonyl fluoride, pH 8.0) containing 1.6 mg lysozyme, stirred at 4°C for
20 min, and lysed with a sonicator (model W-225R; Heat-Ultrasonics). The lysate was

centrifuged at 12,000 g for 15 min at 4°C. Pellets were washed with lysis buffer containing

0.5% Triton X-100 and 10 mM EDTA, and insoluble inclusion bodies were separated on SDS-
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PAGE, and the cyclin band was excised after being visualized with 250 mM KCl. For the large
scale preparation, proteins were separated by Prep Cell Model 491 (BIO RAD). Cyclin proteins
were electroeluted from the gel (Max Yield-NP; ATTO) in a buffer containing 2.5 mM Tris and
19.2 mM glycine, dialyzed against 1 mM HEPES (pH 7.0), and then lyophilized. Cyclins were

stocked at -80°C until used.

Preparation of cell-free extracts from Xenopus eggs

Xenopus laevis females were primed with 50 1.U.pregnant mare serum gonadotropin at day 1
and 25 L.U. at day 3. Eggs were collected in modified modified ringer (100 mM NaCl, 2 mM
KCl, 1 mM MgClz, 2 mM CaClz, 0.1 mM Na-EGTA, 5 mM NaHEPES, pH 7.8; MMR) after
injection with 1000 I.U. human chorionic gonadotropin and de-jellied in 2% cysteine {pH 7.8).
Dejellied eggs were washed four times in an extraction buffer (100 mM KCl, 0.1 mM CaCl,, 1
mM MgClz, 50 mM Sucrose, 10 mM HEPES, pH7.7), transferred to 2 ml tubes containing the
extraction buffer supplemented with 1 mM MgCl,, 5 mM EGTA, 10 pg/ml protease inhibitors
(chymostatin, leupeptin, and pepstatin) and 100 pg/ml cytochalasin B, overlaid with 0.25 m]
Versilube oil and packed during a 1 min 600 g spin. Displaced buffer above the oil were
removed and the eggs were crushed by a 10 min centrifugation at 15,000 g at 16°C. The material
between the lipid cap and the yolk in the pellet was collected, cytochalasin B and protease
inhibitors were added to 10 pg/ml, and the extracts were centrifuged again at 4°C, The
supernatant was used or freezed by liquid N, immediately. Activation of extract was induced by

addition of Ca?* to a final concentration of 0.2 or 0.4 mM at room temperature.

Kinase assay

Kinase activity of p34°¥? was measured according to Yamashita et al.[1992b], using a
synthetic peptide (SP-peptide: KKAAKSPKKAKK), which includes the consensus sequence of
the site phosphorylated by p34°¢“2. The samples were incubated for 2 min at 30°C in the
presence of the followings : 100 mM SP-peptide, 500 mM ATP, 1.5 mCi [y-**P]ATP, | mM
EGTA, 10 mM MgCl,, 4.5 mM B-mercaptoethanol, 20 mM Tris- HCI (pH 7.4). The reaction

16



was stopped by phosphoric acid, and the SP-peptide was absorbed on P81 phosphocellulose
paper (Whatman). The paper was washed in phosphoric acid, and the radioactivity remaining on

the paper was measured by a scintillation counter.
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RESULTS

1. Purification and characterization of latent proteasome (20 S proteasome)

Purification

The 150,000 g supernatant prepared from goldfish ovaries possessed Suc-LLVY-MCA
hydrolyzing activity at neutral pHs (Fig. 1A). Since proteasomes are known to be activated by a
low concentration of SDS, the effect of SDS on Suc-LLVY-MCA hydrolyzing activity was
examined. At lower and higher concentrations of SDS (0.02 ~ 0.06%: higher than 0.12% respec-
tively), activity decreased. However, at 0.08 ~ 0.1% SDS, activity was similar to that in the
absence of SDS (Fig. 1B). During the following purification steps, the proteasome activity was
determined using two assay systems (in the presence and absence of SDS). Four steps of chro-
matography were used. Using a step elution in a DEAE-cellulose, these two activities eluted at
0.2 M NaCl (Fig. 2A). Both activities eluted as a broad peak after a Sepharose CL-4B gel
chromatography (Fig. 2B), these fractions were pooled and applied to a Mono-Q column. Using
a linear gradient of NaCl, activities eluted at 0.25 M NaCl with a symmetrical peak, and with a
marked decrease in the SDS-independent activity (Fig. 2C). Since fractions from the Mono-Q
column chromatography contained several high molecular weight proteins (M.W. 60-100 kDa),
these proteins were removed by a Phenyl-Sepharose column (Fig, 2D). By these chromatograph-
ic steps, one mg proteasome was purified from 79 g of goldfish ovaries (Table 1). The purified
proteasome migrated as a single band on native PAGE and as ten bands on one dimensional
SDS-PAGE, with molecular weights ranging from 23.5 to 31.5 kDa (Fig. 3). The molecular
weight and sedimentation coefficient of the purified proteasome were 620 kDa (Fig. 4) and 19.2
S, respectively. The amino acid composition of the goldfish proteasome was similar to that of
proteasomes from other species [Tanaka et al., 1988] except that serine and tryptophane content
was high (Table 2). The purified enzyme hydrolyzed peptides containing Tyr, Arg and Glu, thus
displaying chymotrypsin-like, trypsin-like, and V8 protease-like activities, respectively. Among

these activities, chymotrypsin-like and V8 protease-like activities were increased in the presence

18



of 0.03 ~ 0.04% SDS (Fig. 5), a finding similar to those by Tanaka et al and Ozaki et al [Tanaka
et al., 1988; Ozaki et al., 1992]. At the ultrastructural level, purified goldfish proteasome

appeared as a ring-shaped particle with cylindrical structure (Fig. 17).

Production of monoclonal antibodies

Monoclonal antibodies were raised against purified goldfish latent proteasome. Three
positive clones were obtained; these clones recognized a single species of protein on
immunoblots of native PAGE. However, each of these clones recognized three separate proteins
(p-25, p-31.5 and p-30) on immunoblots of SDS-PAGE (Fig. 6). To further characterize these
antibodies, the purified proteasome was separated into components by reversed phase HPLC on
TSK gel Phenyl SPW-RP (Fig. 7). Ten major peaks were obtained, namely goldfish components
1 to 10 (GC1-10). On SDS-PAGE, proteins of some of these peaks (GC1, 2, 4, 6, 8, and 10)
exhibited only one component per individual peak. However, proteins of each of the remaining
peaks (GC3, 3, 7, and 9) consisted of several components. Some of these were identified as a, B,
v and so on according to decreasing molecular size on SDS-PAGE: e.g. GC3a, 3, v and so on;
GC4aq, P, Y and so on. A total of 15 major components were obtained by HPLC including
several minor bands. In Western blots of the Phenyl SPW-RP fraction, the anti-25K, 31.5K, and

30K antibodies recognized GC4 and GC5, GC3a, and GC3p, respectively.

Immunoprecipitation analysis

Cytosol fractions from goldfish ovaries possessed some peptidase activities. These activi-
ties were not inhibited by the addition of the antibodies to the cytosol, but could be removed by
immunoadsorption with the antibody-Sepharose (Table 3). Proteasome removal was confirmed
by the presence of the subunits of the proteasome in the immunoprecipitates and their absence
from the supernatant (Fig. 8). Table 3 compares hydrolyzing activities against various substrates
between the cytosol fraction and the purified latent proteasome. Hydrolyzing activities in the
cytosol against Suc-LLVY-MCA and substrates containing Arg or Glu at the P1 position, in the

absence of SDS, were found to significantly higher than those of the purified latent proteasome.



Accordingly it is thought that these activities were lost during purification.

Fractionation of active and latent proteasomes

Reduction of the SDS-independent activity was also observed after incubation of the
cytosol at 37°C for one hour (Fig. 9) or after storage at 4°C for several hours (data not shown).
In contrast, the SDS-dependent activity was maintained after these treatments.

Proteasomes from temperature (37°C) -treated and non-treated cytosols were fractionated
by DEAE-cellulose and glycerol density gradient centrifugation. When the non-treated cytosol
was fractionated, Suc-LLVY-MCA hydrolyzing activity was recovered in a fraction with a
sedimentation coefficient higher than that of purified latent proteasome; the hydrolyzing activity
in the presence or absence of SDS was almost identical. In contrast, the temperature-treated
cytosol exhibited only a SDS-dependent activity in the same fraction as that of purified latent
proteasome (Fig. 10A, B). Immunoblot analyses revealed that proteasome from the non-treated
cytosol was different from either purified latent proteasome or proteasome from the temperature-

treated cytosol (Fig. 10C, D).

2. Purification and characterization of active proteasome (26 S proteasome)

Purification

As described in the preceding section, cytosol fractions of goldfish ovaries exhibited high
peptidase activities against several kinds of peptide substrates. It was demonstrated by immuno-
precipitation assay that these activities were mainly attributable to proteasome (Table 3).
However, the activities were lost during a series of chromatographic steps, except for the Bz-
GGL-BNA hydrolyzing activity. The loss of activities occurred mainly during a linear gradient
elution on ion-exchange or affinity chromatography resins. Ialso tested several other resins such
as DEAE-cellulose, hydroxylapatite, arginine-Sepharose, phosphocellulose, efc. In all cases

however, the SDS-independent activity was greatly reduced by a linear gradient elution. In
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contrast, the SDS-dependent activity against Suc-LLLVY-MCA was quite stable and there was no
reduction in activity with this substrate.

It was then found that the loss of SDS-independent activity was greatly reduced when the
enzyme was eluted using a step elution at a concentration of ions higher than that used to elute
SDS-dependent 20 S proteasome activity by a linear gradient in each resin. I also found that
the presence of ATP prevents the reduction of activity during gel filtration. Based on these
properties, a purification procedure was developed as follows. On an DEAE-cellulose and
Arginine-Sepharose chromatography, the SDS-dependent activity was eluted by a linear gradient
at 0.18 and 0.13 M, respectively. On the DEAE-cellulose column chromatography, the SDS-
independent activity was recovered with step elution at 0.2 M NaCl, but lost during elution with
linear gradient, irrespective of the absence or presence of ATP (Fig. 11). When enzymes were
eluted with a step elution of 0.2 M, a high yield of SDS-independent activity was also obtained
on the Arginine-Sepharose 4B (Fig. 12). Further purnification was carried out by gel filtration
using a buffer supplemented with ATP (Figs. 13, 14). On the Superose 6 chromatography, active
fractions were obtained at a position following the void volume and peak fractions were
collected as purified enzyme (Fig. 14, Table 4). Purified enzyme was analyzed by gel
chromatography on a TSKgel G4000SWxL column, and showed a symmetrical peak of protein

and enzyme activity at a position corresponding to a molecular mass of 1,200 kDa (Fig. 15).

Molecular characteristics

On native PAGE, active proteasome had two high molecular weight bands (Fig. 16A).
These two bands were excised from the gel and analyzed by SDS-PAGE. Subunits with molecu-
lar weights ranging from 35.5 to 110 kDa overlapped between these two bands (Fig. 16C).
However, subunits corresponding to 20 S proteasome were found only in the lower band. These
results are consistent with the observation that the antibodies recognized only the lower band in
Western blots after native PAGE (Fig. 16A). When extracted from the gel, these two bands
showed no SDS-independent Suc-1.LVY-MCA hydrolyzing activity {data not shown).

The SDS-PAGE analysis demonstrated that active proteasome consists of multiple subunits

21



with molecular weights ranging from 23.5 to 140 kDa (Fig. 16B). Subunits with molecular
weights ranging from 23.5 to 31.5 kDa resemble those of 20 S proteasome. Western blot
analyses revealed that three kinds of monoclonal antibodies against goldfish 20 S proteasome
recognizes a band which is the counterpart of 20 S proteasome (Fig. 16B).

In electron micrographs, active proteasome appeared as several forms; these include a
cylindrical dumbbell image, a smaller complex with only one terminal domain, and a particle
with similar size of terminal domain (Fig. 17). The sedimentation coefficient of active protea-
some was 29.4 S. Amino acid composition of active proteasome was similar to those of latent
proteasome except the contents of serin and tryptophan residue were lower than those of latent

one [Table 2].

Enzymatic properties

The hydrolytic activities of the purified active and latent proteasomes were compared using
various peptide substrates (Table 5). The active proteasome hydrolyzed four kinds of peptides,
all of which have Tyr, Leu, Arg, and Glu at P1 position, but did not hydrolyze their sinble
peptide substrates, Hydrolysis of peptides containing Tyr or Leu, Arg, and Glu indicated that the
active proteasome possesses chymotrypsin-like, trypsin-like, and V8-protease-like activities,
respectively [Orlowski, 1990; Haas et al., 1990]. Both the Suc-LLVY-MCA and Z-GGL-BNA
hydrolyzing activities are chymotrypsin-like; however, these two activities could be separated by
their SDS dependency (Fig. 18) and inhibitor sensitivity (will be described later), The Suc-
LLVY-MCA hydrolyzing activity and V8 protease-like activity of 20 S proteasome are known to
be stimulated by a low concentration of SDS. These activities were also stimulated by addition
of 0.03 ~ 0.04% SDS to goldfish 20 S proteasome. The SDS-independent Suc-LLVY-MCA
hydrolyzing activity of active proteasome was similar to that of the cytosol fraction (Fig. 1 and
Fig. 18). The V8 protease-like activity of the active proteasome was stimulated by SDS, but the
activity in the absence of SDS was higher than that of the latent proteasome. The trypsin-like
activity of the active proteasome was also significantly higher than that of the 20 S proteasome.

Another kind of chymotrypsin-like activity, recognizing the peptide sequence GGL, was not
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stimulated by SDS. Latent and active goldfish proteasomes hydrolyzed this peptide to the same

degree.

Effect of protease inhibitors on hydrolyzing activity

Among the competitive inhibitors tested in this study, both chymostatin and elastatinal
were very effective in inhibiting Suc-LLVY-MCA hydrolyzing activity (Table 6). Similarly,
leupeptin and antipain strongly inhibited the trypsin-like activity. In almost every case, the
divalent cation chelating reagents, EDTA and EGTA, inhibited all activities by 20 ~ 60%.
Among the irreversible serine protease inhibitors, APMSF strongly inhibited the Suc-LLVY-
MCA hydrolyzing activity and trypsin-like activity. DFP also inhibited the Suc-LLVY-MCA
and Z-GGL-BNA hydrolyzing activity. TLCK exhibited a strong inhibitory effect on these

activities, especially the V8 protease-like activity and Z-GGL-BNA hydrolyzing activity.

Effect of ATP on the chymotrypsin-like activity

The reaction was performed in the presence of various concentrations of ATP. The Suc-
LLVY-MCA hydrolyzing activity of active proteasome and cytosol fractions was reduced to
about 30% of the initial level in the presence of 1 mM ATP (Fig. 19). This reduction of activity
was found to be reversible. The Suc-LLVY-MCA activity was restored by the incubation of the
cytosol for several times at 37°C (data not shown), as reported in Xenopus oocyte extracts
[Tokumoto and Ishikawa, 1993a]. Restration was thought to be caused by the consumption of

ATP due to the action of an endogenous ATPase.

Effect of pH and temperature on the chymotrypsin-like activity

The optimal pH for active proteasome was ranging 7.2 ~ 7.6 (Fig. 20), a finding consistent
with the pH dependence for proteasome activity in the cytosol (Fig. 1). Active proteasome was
stable for at least 10 min at temperatures lower than 37°C in TGM buffer containing 0.1 mM
ATP, but was inactivated at temperatures higher than 40°C (Fig. 21A). It was found that the

temperature optimum for the Suc-LLVY-MCA degrading activity was between 34 and 37°C
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(Fig. 21B).

3. Changes in the activity and protein levels of active proteasome during cocyte maturation

and egg activation

In goldfish, like in other vertebrates, the fully grown oocyte possesses a large nucleus
(germinal vesicle) in meiotic prophase. The germinal vesicle of this stage is located centrally.
The first visible event associated with 170,208-DP-induced final maturation is the migration of
the germinal vesicle to the animal pole where the micropile is situated; at this stage their
germinal vesicle becomes visible under the dissecting microscope. The membrane of the
germinal vesicle then breaks down (germinal vesicle breakdown) (Fig. 22A).

It was shown previously that the proteasome activity could be detected only in the presence
of a low concentration of SDS in the reaction mixture. However, in this study the 150,000 g
supernatant of crushed goldfish oocytes exhibited the proteasome activity regardiess of the
addition of SDS to the reaction mixture. Therefore, in this study the proteasome activity was
determined in the absence of SDS. The proteasome activity in oocyte extracts prepared during
oocyte maturation was measured with a synthetic peptide substrate specific to proteasomes,
succinyl-Leu-Leu-Val-Tyr-4-methylcoumaryl-7-amide (Suc-LLVY-MCA). Since the proteo-
Iytic activity measured with this substrate was completely precipitated with the antibodies
against proteasome (Table.3), the obtained activity can be considered to be solely derived from
active proteasome.

Upon stimulation of oocytes with 170,20B-DP, there was a 2-fold increase in the protea-
some activity within 1 hr that graduvally decreased to the lowest level by 6 hr post 170,203-DP.
The proteasome activity elevated again at 7 hr after 170,208-DP treatment, followed by a sharp
drop at 8 hr (Fig. 22A). The data presented in Fig. 22A are derived from a representative
experiment utilizing oocytes from a single gravid female goldfish. Similar experiments were

repeated several times with oocytes from different females to confirm the reproducibility of the
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data. Although the absolute values varied between experiments, the relative pattern of changes
was consistent between experiments.

Changes in protein levels of proteasomes were examined using three different monoclonal
antibodies (GC4/5, GC3o and GC3p) against purified goldfish latent proteasome. An analysis
by immunoblots of native PAGE revealed that all of the three antibodies recognize a single
species of protein. The density of the band was proportional to the proteasome activity
throughout the maturational processes (Fig. 22B). On immunoblots of SDS-PAGE, each of these
three antibodies recognized three separate components of subunits of goldfish 20S proteasome.
Again, their density fluctuated in harmony with the changes in the activity (Fig. 22C). Changes
in the density of the three bands were synchronous, showing no specific changes in a specific
band.

Activation of goldfish eggs can easily be induced by immersing ovulated oocytes in water.
Upon egg activation, proteasome activity increased two-fold within a few minuites, and then
significantly decreased (Fig. 23A). The immunoblot analysis of extracts from activated eggs did
not appear to show a direct correlation between the increase in the activity and the intensity of
protein bands. Nevertheless, the sharp drop of the enzyme activity were found to be associated
with the disappearance of the protein bands (Fig. 23B). It is of interest that a new anti-GC4/5-
positive band appeared after egg activation (Fig. 23B,b). This protein continuously existed in
soluble fraction. It was shown by immunoblotting with an anti-cyclin B that cyclin B is
degraded within 3 minuites after egg activation in goldfish (Fig. 28). Proteasome activity

remained high throughout the period of cyclin B degradation.
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4, Role of active proteasome in the regulation of cyclin B degradation

In vitro digestion of E. coli-produced goldfish cyclin B by the active proteasome

It has been proposed that active proteasome (26 S proteasome) containing a 20 S latent
proteasome is an ubiquitin-dependent protease in eukaryotic cells. However, active proteasome
has also been reported to mediate an ATP-dependent and ubiquitin-independent proteolysis
[Tanaka et al, 1983; Matthews et al., 1989]. In fact, ornithine decarboxylase, a key enzyme in
polyamine biosynthesis, was shown to be degraded by 26 S proteasome without ubiquitination
[Murakami et al., 1992]. In the next series of experiments, I examined whether the active
proteasome is involved in the process of cyclin B degradation.

To this end, the wild type cyclin B (A0) and three kinds of N-terminal truncated cyclins
were used. These truncated cyclins incude cyclin B A41 missing the 41 N-terminal amino acids
including consensus three amino acids in the destruction box, cyclin B A68 missing the 68 N-
terminal amino acids with a half of the lysine-rich stretch, and cyclin B A96 missing the 96 N-
terminal amino acids without both the destruction box and lysine-rich stretch (Fig. 24). Figure
25A shows the results of digestion of goldfish cyclin B AQ by purified active proteasome,
producing two intermediate proteins which could be detected by the anti-cyclin B antibody (42
and 45 kDa proteins). The major 42 kDa intermediate (band 3 in Fig. 25) was found to be
specific to active proteasome. In contrast, the minor 45 kDa intermediate (band 2 in Fig. 25) was
not specific to active proteasome, since this protein also appeared after incubation with latent
proteasome. Therefore, it is most likely that the minor intermediate was produced by latent
proteasome which was derived from the conversion of active proteasome during incubation.

In the next series of experiments, I focused my attention upon the 42 kDa intermediate
cyclin B, since active proteasome was thought to be a form of proteasome in the physiological
state. 1 first determined whether active proteasome-induced cyclin B degradation occurs in the
N-terminal or C-terminal region of the cyclin B molecule. To this end, two kinds of anti-cyclin
B antibodies were used; the anti-cyclin B63 recognizes the C-terminal of cyclin B, whereas the

anti-cyclin B112 recognizes its N-terminal. Immunoblotting with these two antibodies clearly
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revealed that the former antibody recognizes the 42 kDa intermediate and the N-terminal deletion
mutant of cyclin B. In contrast, the latter did not cross-react with the intermediate, but
recognized the cyclin B AO (Fig. 26). The N-terminal deletion mutants of goldfish cyclin B
lacking the first 41 (A41), 68 (A 68), or 96 (A 96) amino acids including the destruction box were
not digested by purified active proteasome (Fig. 24 and 26). The molecular weight of the
intermediate was estimated to be smaller than that of A41, but larger than that of A68.

The effects of various protease inhibitors on cyclin B degradation in vitro were also
determined. Antipain and elastatinal, which are known to inhibit trypsin-like enzymes, were
found to be very effective in blocking the action of active proteasome on cyclin B degradation.
In contrast, neither chymostatin nor pepstatin, which inhibits the chymotrypsin-like and
calboxyendopeptidase-like activity, respectively, was ineffective (Fig. 27A). These results
suggest that the trypsin-like activity of proteasome may be responsible for cyclin B digestion.

It was also found that the addition of a N-terminus of Xenopus cyclin B2 (B2Nt, a gift from
Dr. Lohka)[ Velden and Lohka, 1993], prevented the active proteasome-induced digestion of
goldfish cyclin B in a dose-dependent manner. However, lysozyme, a basic and low molecular
weight protein like B2Nt, did not compete this reaction (Fig. 27B). These results suggest that the
N-terminus of cyclin interacts specifically with active proteasome.

The 42 kDa intermediate cyclin B was also detected in extracts from goldfish activated
eggs. As shown in Figure 28A, cyclin B was degraded within a few minutes after egg activation.
In a partially purified and highly concentrated fraction from egg extracts, the intermediate cyclin
B was detected 3 min after activation (Fig. 28B). Active proteasome also digested the natural
cyclin B/cdc2 kinase complex. As shown in Fig. 29, ¢yclin B which was included within the
active MPF complex (precipitated with Suc-1 beads) prepared from carp unfertilized oocyte
extracts was digested by goldfish active proteasome, giving an intermediate protein similar to
that seen in the case of the goldfish recombinant cyclin B. These results suggest that digestion by
active proteasome is an initial reaction of in vivo cyclin B degradation.

The next experiment was designed to determine the site of cyclin B which is cleaved by

active proteasome. For this purpose, a large scale purification of cyclin B was conducted using a
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preparative SDS-PAGE system (Prep Cell Model 491), followed by a long term digestion with
active proteasome. Although purified cyclin B was completely digested after this treatment (Fig.
30), I cound not purify the intermediate cyclin B from the reaction mixture even using either
either liquid chromatography or reverse-phased chromatrography. Nethertheless, the use of
SDS-PAGE (Multi gel 12.5, Daiichi Pure Chemicals) mede it possible to separate the band of the
intermediate cyclin B from those of active proteasome subunits (Fig. 30A). The N-terminal
amino acid sequence of the intermediate was determined directly by excision of the electro-
blotted band. Amino acid sequence anylysis revealed that the site of cyclin B cleaved by active
proteasome is the C-terminal peptide bond of lysine 57 (Fig. 30B). These results are consistent
with those of the inhibitor experiments, suggesting that the trypsin-like activity of the

proteasome is responsible for the digestion of cyclin B.

Degradation of E. coli-produced goldfish cyclin B in Xenopus cycling extracts

Next, | examined whether E. coli-produced goldfish cyclin B can be degraded in a Xenopus
cycling extract, a cell-free system widely used for the studies of cell cycle, which contains a
complete system necessary for cyclin B degradation. It is well known that cell-free extracts of
unfertilized Xenopus eggs, which are naturally arrested in metaphase of meiosis Il, retain many
of the properties of intact metaphase cells. The extracts possess high MPF activity (protein
kinase activity of the p34°d2/cyclin B), and can induce nuclear envelope disassembly and
chromosome condensation both when added to the cell-free system and injected into oocytes.
The addition of low amounts of Ca?* to the extracts causes the cyclin B degradation and loss of
histone H1 kinase activity, leading to the release of metaphase arrest. To confirm the results
obtained hypothesis from in vitro studies, degradation of goldfish cyclin B in extracts of
Xenopus eggs was examined. As shown previously, egg extracts prepared according to the
procedure of Marray et al. [1990] exhibited a cyclic change in H1 kinase activity after addition of
Ca’* (Fig. 31A). Full-length goldfish cyclin B (cyclin B AQ) was completely degraded within 30
min after addition of Ca®*, but was not degraded in none-activated extracts (Fig. 31B). However,

N-terminus deleted cyclins {cyclin B A41 and A68) were not degraded or degraded at a slow rate
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(Fig. 32). The degradation of cyclin B A0 was also prevented by antipain (Fig. 33). These
results indicate that the behavior of goldfish cyclin B in the Xenopus egg extracts was the same
as that seen under in vitro conditions. Finally, the degradation of cyclin B was prevented by
immuno-precipitation by an affinity purified anti-active proteasome polyclonal antibody. As in
Figure 34A, this polyclonal antibody could precipitate more than half of Xenopus proteasome
from highly concentrated egg extracts. In control-IgG treated extracts, goldfish cyclin B was still
degraded after Ca®* addition, whereas only a small amount of degradation was observed in anti-

IgG treated extracts (Fig, 34B).

Purification and characterization of ubiquitin

Ubiquitin is an 8,600 dalton heat stable protein widely distributed in eukaryotic cells and
its amino acid sequence exhibits a high degree of evolutionary conservation [Gavilanes et al.,
1982; Goldstein, 1975; Ozkaynak et al., 1984; Schlesinger et al., 1975; Watoson et al., 1978].
Within the cells ubiquitin occurs either free or as a covalent adduct to various target proteins
[Ciechanover et al., 1984], with the linkage occurring between the carboxyl terminal of ubiquitin
and the lysyl e-amino groups of the target protein [Hershko et al., 1980]. Although there are
numerous studies describing the mechanisms of ubiquitin conjugate formation, the physiological
role of this post-ribosomal modification is still unclear. A widely accepted candidate for the role
of ubiquitin conjugation is ubiquitin-dependent proteolysis. In the cytoplasm, ubiquitin
conjugation marks the target proteins for degradation by the ubiquitin-dependent proteolytic
system [Haas and Rose, 1985].

In this study, sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis was used
to assay ubiquitin, since ubiquitin is known to migrate as a 5.5 kDa band [Haas and Wilkinson,
1985]; bovine ubiquitin was used as a standard. Immunoblotting using an anti-ubiquitin antibody
was also used for assaying ubiquitin. Ubiquitin was purified from the 150,000 xg supernatant

prepared from goldfish ovaries containing full-grown postvitellogenic oocytes. Four steps of
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column chromatography (DEAE-cellulose, CM-cellulose, Bio Gel P-30 and Mono-S) were
employed. On Bio Gel P-30 gel chromatography, ubiquitin was eluted at the position as the free
form (Fig. 35A). In the final step of purification on Mono-S column chromatography, goldfish
ubiquitin was eluted at 0.15 M NaCl with a symmetrical peak (Fig. 35B). By this procedure, 1.2
mg of ubiquitin was purified from 80 g goldfish ovary. Purified ubiquitin gave a single band
with a molecular weight of 5.5 kDa (Fig. 36A). This 5.5 kDa band reacted with the anti-bovine
ubiquitin antibody (Fig. 36B).

The primary structure of ubiquitin has been reported in bovine [Schlesinger et al., 1975],
human [Goldstein, 1975}, trout [Watson et al., 1978], insect [Gavilanes et al., 1982] and yeast
[Ozkaynak et al., 1984]. The amino acid sequence of these ubiquitins is completely identical,
except for that of yeast ubiquitin which differs in only three of 76 residues from that of the
animal ubiquitins. I determined the first 40 amino acid residues of the N-terminal sequence of
the purified goldfish ubiquitin. To this end the purified ubiquitin was further purified by a
reverse-phased HPLC. As shown in Fig. 37, the N-terminal 40 amino acid sequence of goldfish
ubiquitin is identical with that of the animal ubiquitins and differs in only three amino acid

residues from that of yeast ubiquitin.
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DISCUSSION

1. Purification and characterization of oocyte proteasomes

In most cases, proteasomes have been isolated as latent forms; these inactive forms can be
activated by several agents such as SDS, poly-lysine and fatty acids [Orlowski, 1990]. In the
present study, chymotrypsin-like activity of goldfish latent proteasome was markedly activated
by a low concentration of SDS. Furthermore, it was found that purified goldfish latent
proteasome showed hydrolyzing activity only in the presence of SDS. These results are
consistent with the view that proteasomes are present in a latent state in cells.

In the present study, I used a fluorogenic peptide substrate, Suc-LLVY-MCA, to assay
hydrolyzing activity during the purification of latent proteasome from the 150,000 g supernatant
of goldfish oocytes. The four steps of chromatography employed resulted in a 135-fold
purification of latent proteasome. The structural and enzymatical properties of purified latent
proteasome are as follows: 1) the enzyme is composed of several protein subunits with molecular
masses ranging 23.5-31.5 kDa; 2) the molecular weight and sedimentation coefficient of the
enzyme are estimated to be 620 kDa and 19.2 §, respectively; 3) the enzyme shows
chymotrypsin-like, trypsin-like and S. aureus V8 protease-like activities; and 4) the enzyme
appears to be a ring-shaped particle with a small central hole and cylindrical structure. It is
concluded from these properties that the purified goldfish latent proteasome corresponds to 20 S
proteasomes previously purified from a variety of eukaryotic cells [Orlowski, 1990].

The demonstration that the 150,000 g supernatant possesses a high Suc-LLVY-MCA
hydrolyzing activity in the absence of SDS is of great importance. This form of proteasome
possessed three distinct protease activities (Chymotrypsin-like, trypsin-like and V8 protease-like
activities) even in the absence of SDS. In fact, we could not detect any latent (SDS-dependent)
proteasome in freshly prepared goldfish oocyte cytosol preparations. Immunoprecipitation ex-
periments also confirmed the existence of a high SDS-independent protcasome activity in the
oocyte cytosol. Similarly, I have also shown that the cytosol fractions (150,000 g supernatant) of

Xenopus laevis and Bufo japonicus oocytes possess a high Suc-LLVY-MCA activity in the
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absence of SDS [Tokumoto and Ishikawa, 1993a; M. Takahashi et al., 1993]. I thus consider
these proteasomes present in the oocyte cytosol to be "active” proteasomes. As far as I aware,
this is the first demonstration of active (SDS-independent) proteasome in cells under
physiological conditions.

In this study, the SDS-independent proteasome activity was lost during purification by a
series of chromatographic steps, especially during a linear gradient elution. Thus, it seems most
likely that the loss of the activity is caused by the instability of this enzyme. In this respect, it is
of great interest to note that cytosol fractions containing the SDS-independent proteasome
activity had a band which migrated slower than that of the purified latent proteasome on native
PAGE. During glycerol density gradient centrifugation, active proteasome migrated faster than
latent proteasome, indicating that the molecular weight of active proteasome is larger than that of
latent proteasome. Furthermore, the SDS-independent proteasome activity was removed by
immunoadsorption with the antibody-Sepharose. Thus, it is conceivable that active proteasome
was converted to the latent form during purification, in accord with an earlier finding that 20 S
proteasome assembles to form 26 S proteolytic complex [Driscoll et al., 1990; Armon et al.,
1990]. These results, together with the accepted view that the 26 S proteolytic complex is active
in the absence of SDS, suggest that the active proteasome present in the goldfish ococyte cytosol
is closely related to the 26 S proteolytic complex reported from other sources [Drriscoll and
Goldberg, 1990; Armon et al., 1990; Kanayama et al., 1992].

I have shown that the 150,000 g supernatant of goldfish ovarian homogenates exhibits high
hydrolyzing activities in the absence of SDS. In this stidy, a method to stabilize active
proteasome for further purification was depeloped. This method was based on the use of a step
elution and ATP. Using this method, I was able to purify the active proteasome to homogeneity.
The properties (subunit composition, structure, molecular weight and enzymatic activity) of
active proteasome purified in this study is identical to, or closely related to those of the 26 §
proteolytic complex reported from rabbit reticulocyte [Haas et al., 1990; Driscol and Goldberg,
1990; Armon, 1990] and human kidney [Kanayama et al., 1992].

Goldfish active proteasome purified in this study exhibited two bands (lower and higher) on
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native PAGE. It was shown on SDS-PAGE that the lower band contained all of the components
of this complex except for the 140 kDa band. The higher band possessed subunits with molecu-
lar weights ranging from 35.5 to 110 kDa, which overlapped with those of the lower band, as
well as the unique 140 kDa band. The subunit composition of the higher band is closely related
to the subunit pattern of the ball structure reported for rabbit reticulocyte lysate [Hoffman et al.,
1992]. The ball structure is associated with 20 S proteasome and other proteins to form the 26 S
proteolytic complex and is thought to be the major part of the terminal domain of active protea-
some. Thus, it seems likely that the higher band appearing on native PAGE is a terminal domain
of 26 S proteasome or a particle structure observed in electron micrographs. Thus, it is possible
that during electrophoresis, the cylindrical dumbbell structure (the 26 S proteolytic complex) was
cleaved into the complexes with only one terminal domain (the lower band on native PAGE) and
particles (the higher band). This is supported by the fact that neither of these two bands showed
Suc-LLVY-MCA hydrolyzing activity in the absence of SDS. Although the reason why only
one side was cleaved is unclear, it is possible that this was caused by the structural asymmetry
due to the presence of the unique 140 kDa component in the higher band.

Immunoblot analyses using monoclonal antibodies against the latent goldfish proteasome
revealed that the cytosol fraction of goldfish oocytes exhibited only one band which
corresponded to the lower band of the active proteasome. There was no band which
corresponded to that of the latent proteasome (Figs. 10 and 16). These findings are consistent
with the above finding that goldfish oocytes mainly contain active protcasome, but not free,
latent (20S) proteasome.

It has been shown that ATP is required for the formation and functioning of 26S proteolitic
complex [Driacol and Goldberg, 1990; Armon et al., 1990; Kanayama et al., 1992] . ATP was
also reporied to promote the degradation of abnomal proteins and '**I-lysozyme-Ub conjugates
in reticulocyte lysate [Etlinger and Goldberg, 1977; Hershko et al., 1984]. Furthermore, ATP
enhanced the Suc-LLVY-MCA hydrolyzing activity in K562 cell lysate [Tsukahara et al., 1988].
In contrast, in the present study there was a marked reduction of the chymotrypsin-like activity

of active proteasome in the presence of higher concentations of ATP. Similar observations were
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reported in Xenopus oocytes [Tokumoto and Ishikawa, 1993a]. These inhibitory effects of ATP
may be specific to the oocytes. However, more recently it was shown that an inhibitor which
supresses the hydrolyzing activity of 20S proteasome is a component of 26S proteasome com-
plex [Driscoll et al., 1992]. Thus, it is possible that the inhibitory effect of ATP on oocyte pro-
teasomes is due to the presence of this inhibitor. If so, the inhibitor is inactive under the condi-
tion of a low concentration of ATP (0.1 mM), but can be activated in the presence of higher
concentrations of ATP (1 mM). I have shown that proteasomes in fish and frog oocytes consist
mainly of 26S proteasome. Thus, it seems likely that proteasome activity in oocytes is not due to
the conversion of 208 protesome to 268 proteasome, but is rather related to a ATP-dependent
mechanism,

The purified active proteasome possessed various peptide hydrolyzing activities.
However, the sensitivity of these activities to various inhibitors differed. It seems likely that the
activities were catalyzed by different catalytic sites as previously described for the 20S
proteasome [Tanaka et al., 1988]. Although the purified 20 S proteasome showed only a weak
activity toward most of the peptides in the absence of the activator, the activity toward Z-GGL.-
BNA was the same as that of the active proteasome. It has been reported previously that
mammalian and Xenopus 20 S proteasomes could not hydrolyze the C-terminal of Tyr and Arg
residues but hydrolyzed the C-terminal of Leu when oxidized insulin-B chain was used as a
substrate [Rivett, 1985; Dick et al., 1991; T. Takahashi et al., 1993]. These results suggest that

20 S proteasomes possess higher activity against a Leu-containing sequence.
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2. The role of oocyte proteasomes in the regulation of meiotic maturation and fertilization.

This study demonstrates, for the first time, the changes in the activity and protein levels of
proteasomes during oocyte maturation and egg activation. Both the activity and protein levels
exhibited a similar pattern of fluctuation during the 170,203-DP-induced oocyte maturation and
egg activation in goldfish. These results suggest that the activity of proteasome is dependent on
the amount of the protein. There were two peaks of the activity and protein levels of protcasome
during oocyte maturation: the first peak immediately prior to the migration of germinal vesicle
and the second one just after the completion of germinal vesicle breakdown. At present there is
no experimental data to explain the functional significance of the first peak. However, some
discussion could be made on the second peak. The time of the second peak appears to
correspond to the time of the first polar body extrusion (between the first and second meiotic
metaphase). Itis also of great interest to note that the time of the increase in the activity and
protein levels after egg activation corresponds to the time of the transition from metaphase to
anaphase. At present less is known about exit from mitosis than entry into mitosis. In Xenopus
oocytes, it was found that MPF activity decreased rapidly after fertilization (Murray et al., 1987).
More recently, it has been suggested that this rapid inactivation of MPF is induced by the
degradation of cyclin B, the regulatory subunit of MPF [Glotzer et al., 1990; Kobayashi et al.,
1991; Maller, 1991]. In fact, goldfish oocytes H1 histone kinase (MPT) activity decreased
transiently when the first polar body was eliminated [Yamashita et al., 1992a]. Thus, it is
possible that proteasomes are responsible for the decrease in the MPF activity, probably by
inducing the degradation of the regulatory subunit of MPF, cyclin B.

Immediately prior to the transition from metaphase to anaphase the protein kinase activity
of MPF is inactivated by a mechanism that involves the degradation of the cyclin B subunit
(Nurse, 1990; Murray et al., 1990}. This was confirmed by the present study using goldfish
oocytes. The mechanism of cyclin degradation, which must be a highly selective process since
few other proteins are degraded only at this time, is only poorly understood. In this study, the

availability of E. coli-produced goldfish cyclin B and purified goldfish active proteasome has
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made it possible for the first time in any animal system to test the role of proteasomes in the
regulation of cyclin degradation during egg activation. It was shown clearly in this study that
purified goldfish active proteasome can degrade not only bacterially produced goldfish cyclin B,
but also native cyclin B. These results were complemented with Xenopus cycling exiracts.
Finally, the immunodepletion of proteasomes from the Xenopus extracts prevented the
degradation of goldfish cyclin B. Recently, I also purified and characterized both latent
[Tokumoto and Ishikawa, 1993b] and active proteasomes [Tokumoto et al., in preparation] from
Xenopus oocyte extracts, and used these proteasomes to test whether Xenopus proteasomes can
digest goldfish cyclin B. The results clearly indicate that Xenopus active proteasome is able to
digest goldfish cyclin B (data not shown), suggesting a similar role of goldfish and Xenopus
proteasomes in the regulation of cyclin degradation.

It has been suggested that the N-terminal sequences of cyclin B, including a consensus
sequence that is called the destruction box, have been shown to play a critical role in targeting
cyclins for degradation, since truncated sea urchin (Marray et al., 1989), humman (Lorca et al.,
1991) and clam [Luca et al., 1991] B-type cyclins missing the first 90, 72 or 97 amino acids,
respectively, and clam [Luca et al., 1991] and Xenopus (Kobayashi et al., 1992) A-type cyclins
missing the N-terminal 60 or 62 amino acids are resistant to degradation. Each of these truncated
cyclins continuously activates p34°42, which prevents cells or cellular extracts from leaving
mitosis. A truncated protein containing only the first 89 amino acids of Xenopus cylcin B2
(B2Nv), including sequences known to be essential for cyclin degradation in other species, also
inhibited cyclin degradation, even though the trancated protein was stable in extracts following
Ca’* addition [Velden and Lohka, 1993].

The results of the present study using various goldfish N-terminus cyclin B mutants
confirm the importance of the N-terminal amino acids for cyclin B to be degrated by active
protcasome. The present finding that active proteasome first digests the C-terminal peptide bond
of Lys 57 further confirms the important role of the N-terminal sequence of cyclin B. However,
it is important to note that the cyclin B A41 lacking the first 41 N-terminal amino acids was not

digested by purified active proteasome. These results are consistent with the suggestion that the
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destruction box known 10 be essential for cyclin degradation in other species is also necessary for
cyclin B degration in goldfish eggs.

It was found in this study that goldfish cyclin B was completely degraded in Xenopus
cycling extracts and no intermediate cyclins were detected. Mechanisms of further degradation
of cyclin B after the first cutting by active proteasome remain to be determined. The most likely
candidate will be ubiquitination of cyclin B, because goldfish cyclin B A41 and A68 mutants
were not digested either in vitro or in Xenopus cycling extracts. In an earlier study, it was shown
that proteins to be degraded by the ubiquitin pathway are ligated to ubiquitin through their lysine
amino acid groups and then degraded by the 26 S proteolytic complex {Hershko and
Ciechanover, 1982]. More recently, it has been suggested that the degradation of cyclin B is
induced by the ubiquitin-dependent proteolysis [Glotzer et al., 1990]. Other support for the
involvement of a ubiquitin-dependent pathway in the cyclin degradation comes from observation
that methylated ubiquitin, which prevents the polyubiquitination of proteins destined for
degradation, delays cyclin degradation in an extract from clam embryos [Hershko et al., 1991].
These results, taken together with the findings of the present study, suggest that the cell-cycle
specific cyclin degradation is mediated by an ubiquitin-dependent proteolytic system and the N-
terminus of cyclin is a recognition site for ubiquitination. The present study also indicates that a
large amount of ubiquitin occurs as a free polypeptide in immature oocytes of goldfish
[Tokumoto et al., 1993b]. I have also shown that approximately the same amount of proteasome
as ubiquitin is present in immature oocytes of goldfish (Table 1 and Table 4, see also the result
section, p. 30). Thus, these results are consistent with the notion that both proteasome and
ubiquitin are involved in cyclin B degradation during meiotic cell cycle of goldfish oocytes,
which in turn leads to the inactivation of MPF.

In conclusion, this study provides the first evidence that proteasomes play an important
role in triggering cyclin B degradation, the event which is crucial in exiting metaphase and
entering the next interphase during the cell cycle. It was also suggested that the first cut of cyclin
B by proteasome is a crucial step for cyclin B to be recognized by the ubiquitin-conjugating

system. An understanding of this recognition step may be required for a complete understanding
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of the mechanisms regulating cyclin B degradation that leads to the completion of mitosis and

meiosis.
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SUMMARY

Evidence is now accumulating to suggest that proteolysis plays an essential role in the
regulation of the eukaryotic cell cycle. In this study, the structure of proteasomes, a
nonlysosomal large protease, and their role in the regulation of oocyte maturation and egg
activation were investigated using the goldfish (Carassius auratus) as an experimental animal.
The results obtained in this study are as follows.

(1) Latent proteasome was purified and characterized from cytosol fractions (150,000 g
supernatants) of goldfish ovaries using four steps of column chromatography. The cytosol
hydrolyzed a fluorogenic peptide, succinyl-Leu-Leu-Val-Tyr-4-methylcoumaryl-7-amide, a well-
known substrate for proteasome, regardless of the addition of SDS to the reaction mixture. The
purified latent proteasome possessed weak hydrolyzing activity (chymotrypsin-, trypsin-, and V8
protease-like activities) even in the absence of SDS; the chymotrypsin- and V8 protease-like
activities were significantly increased in the presence of SDS. Its molecular weight and
sedimentation coefficient were estimated to be 620 kDa and 19.2 S, respectively. Three kinds of
monoclonal antibodies were raised against the purified latent proteasome. Western blot analyses
revealed that these antibodies recognized a single species of protein on native PAGE, but
recognized several subunits ranging in molecular mass from 23.5 to 31.5 kDa on SDS-PAGE.
Cytosol fractions containing the SDS-independent activity had a band which migrated slower
than that of purified latent proteasome. The SDS-independent protease activity was depleted
when the cytosol fraction was immunoprecipitated with the anti-protcasome antibody. From
these structural and enzymatical properties it is concluded that the purified latent proteasome
corresponds to 20 S proteasomes reported in other eukaryotic cells.

(2) With the use of a newly developed purification procedure involving five steps of
chromatography, active proteasome was purified to homogeneity from the ovarian supernatants.
The purified active proteasome had chymotrypsin-like, trypsin-like, and V8 protease-like
activities even in the absence of SDS. The enzyme exhibited two bands on native PAGE.

Electrophoresis and Western blot analyses showed that the enzyme consisted of at least 15
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protein components ranging in molecular mass from 35.5 to 140 kDa, as well as the multiple
subunits of the latent proteasome (20 S proteasome) ranging in molecular mass from 23.5 to 31.5
kDa. The molecular weight and sedimentation coefficient of the active proteasome were
estimated to be 1,200 kDa and 29.4 S, respectively, both of which are larger than those of the
latent proteasome of the same species. In electron micrographs, the active proteasome appeared
as a dumbbell-like image. It is concluded that the active proteasome purified from goldfish
cocyte cytosol is identical to the 26 S proteolytic complex reported in human and rabbit.

(3) Using the monoclonal antibodies against the goldfish proteasome, protein levels of
proteasome during oocyte maturation and egg activation were determined. Proteasome activity
was also measured using the fluorogenic peptide. During oocyte maturation, the activity and
protein levels of proteasome changed synchronously with two peaks, one prior to the migration
of germinal vesicle and the other just after the completion of germinal vesicle breakdown. Upon
egg activation, the activity increased two-fold then significantly decreased after cyclin
degradation occurred. Protein levels of proteasome components detected by antibodies also
decreased as the activity declined, except for one component that weakly cross-reacts with anti-
GC4/5. These results suggest that proteasome is involved in oocyte maturation and egg
activation.

(4) The possible role of active proteasome in the regulation of cyclin B degradation was
investigated, for the first time, using E. celi produced goldfish cyclin B and purified goldfish
active proteasome. It was found that active proteasome can digest the wild type cyclin B (cyclin
B AO0), producing an intermediate cyclin B (42 kDa). In contrast, cyclin B mutants lacking the
first 42, 68, and 96 N-terminal amino acids (cyclin B A42, A68, and A96, respectively) were not
digested by active proteasome, suggesting that the N-terminal amino acids are necessary for
cyclin B degradation. Amino acid sequence analysis of the 42 kDa intermediate protein revealed
that active proteasome cuts the C-terminal peptide bond of lysine 57. Experiments using various
protease inhibitors suggest that trypsin-like activity may be responsible for cyclin B degradation.
Full-length goldfish cyclin B was also degraded in Xenopus egg extracts after activation by the

addition of Ca®*. Taken together, these results provide the first evidence to indicate that
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proteasomes are involved in the regulation of cyclin B degradation.

(5) Ubiquitin was purified from the cytosol fraction (150,000 g supernatant) of goldfish
ovaries containing full-grown postvitellogenic oocytes using four steps of column
chromatography. The purified goldfish ubiquitin gave a single band with a molecular weight of
5.5 kDa on denaturing polyacrylamide gel electrophoresis and reacted with an anti-bovine
ubiquitin antibody on Western blot. The first 40 amino acid residues of the N-terminal sequence
of goldfish ubiquitin are identical with those of ubiquitins in other higher eukaryotes. These
results indicate that ubiquitin exists and occurs as a free polypeptide in immature oocytes of
goldfish.

(6) Figure 38 illustrates a current hypothetical model for the possible participation of
proteasomes in the regulation of cyclin B degradation. This scheme is derived from data
produced using not only goldfish but also other species. Upon fertilization (egg activation), an
increase in Ca®* activates a Ca®*/calmodulin-dependent protein kinase [Lorca et al., 1993]. This
serine/threonine kinase either directly activates proteasome or makes cyclin B a better substrate
for the proteasome through an unknown mechanism. Proteasome then cuts the N-terminus (Lys
57) of ¢cyclin B and exposes an ubiquinating site of cyclin B, thus enabling cyclin B to interact
with ubiquitinating enzymes. After ubiquitination, cyclin B-ubiquitin complexes are degraded

by active proteasome to small peptides, leading to the inactivation of MPE
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Table 1. Purification of proteasome from goldfish ovary. Activity of pooled fractions were determined by

Suc-LLVY-MCA hydrolyzing activity in the presence of optimal concentration SDS for each fraction.

Protein Total activity Specific activity -fold Yield

(mg) { « mol AMC / min) ( « mol AMC / min / mg) (%)
Cytosol 784.0 235.0 0.30 1.0 100.0
DEAE-cellulose 176.4 100.0 0.57 1.9 42.6
Sepharose-CL-4B 19.5 120.1 6.16 20.5 511
Mono-Q 1.9 63.1 34.26 114.2 27.7
Phenyl-Sepharose 1.0 40.6 40.60 135.3 17.3




Table 2. Amino acid composition of the proteasomes

Latent(20S)  Active(26S)

mol %
Asn or Asp 9.8 : 1.3
Gin or Glu 10.6 I1.5
Arg 4.7 4.1
Lys 4.4 5.6
His 1.4 1.6
Ala 8.1 8.1
Gly 6.7 6.8
Leu 7.4 9.4
lle 4.8 5.2
Val 59 6.6
Phe 24 27
Tyr 5.6 4.8
Trp 3.7 1.0
Ser 10.2 6.4
Thr 7.9 6.8
Half-Cys N.D. N.D.
Met 1.9 24

Pro 4.5 5.7



Table 3. Substrate specificity of proteasomes in the cytosol fraction and purified
proteasome. Actvities toward fluorogenic peptides are given in arbitrary units with values for
Suc-LLVY-MCA hydrolyzing activity in the presence of SDS set at 100. Inhibition by
immunoprecipitation was calculated from the remaining activity in the supernatant of control-IgG
and anti-IgG, and the deduced proteasome activity in the cytosol fraction was defined from initial
~ activity and %inhibition by immunoprecipitation.

substrate SDS cytosol %inhibition  deduced proteasome purified
activity in cytosol proteasome

LLVY + 100.0 79.5 100 100

- 93.5 100 117.6 1.4
AAPF - 8.0 0 0 0
LRR - 150.5 51.8 98.1 1.9
FSR - 427 47.4 25.5 0.5
QRR - 34.5 38.3 16.6 0

LLE - 10.0 67.6 8.5 1.4




Table 4. Purification of active proteasome from goldfish ovary. Activity of pooled fractions were determined by
Suc-LLVY-MCA hydrolyzing activity in the presence and absence of an optimal concentration of SDS.

Protein  SDS Total activity Specific activity -fold Yeild
(mg) { 2 mol AMC / min) ( 22 mol AMC / min / mg) (%)
Cytosol 1800 - 340.9 0.19 1.0 100
+ 238.1 , 0.13 1.0 100
DEAE-celiulose 648 - 59.2 0.09 0.5 17.4
+ 84.0 0.13 1.0 353
Arginine-Sepharose 36.5 - 32.3 0.88 4.6 9.5
+ 90.7 2.48 19.1 38.1
Sepharose-CL-4B 4.2 - 23.8 5.67 29.8 7.0
+ 55.3 13.17 101.3 232
Blue-Sepharose 1.5 - 12.4 8.27 43.5 3.6
+ 21.5 14.33 110.2 9.0
Superose 6 0.23 - 1.9 8.26 43.5 0.6

+ 3.0 13.04 100.3 1.3




Table S, Protease activity of active proteasome and 20 S proteasome.  Aclivilics
toward fluorogenic peptides are given in the unit and arbitrary value designated the value
for Suc-LLVY-MCA hydrolyzing activtiy in the presence of SDS as 100.

Substrate SDS Activity (¢ mol/min/mg ) Ralative activity
Active Latent Active Latent
Suc-LLVY-MCA - 6.8 0.30 56.7 1.4
+ 12.0 21.0 100 100
Bz-Y-pNA - 0 0 0 0
Suc-AAPF-MCA - 0 0 0 0
F-MCA - 0 0 .0 0
Boc-AGPR-MCA - 0 0 | 0 0
Boc-FSR-MCA _ 0 0.1 0 0.5
Boc-LRR-MCA - 3.4 0.4 28.3 1.9
Boc-QRR-MCA _ 1.6 0 13.3 0
Bz-R-MCA _ 0 0 0 0
Z-LLE- § NA - 0.6 0.3 5.0 1.4
+ 27 1.6 - 225 7.6
E-pNA - 0 0 0 0
Z-GGL- B NA - 0.3 0.5 2.5 2.4

L-MCA 0.2 0 1.7 0




Table 6. Effect of various inhibitors on protease activily.  The aclivity is given in
the arbitrary unit designated the value in the absence of the inhibitors as 100.

( mM) LLVY LRR LLE GGL
Control 100 100 100 100
Leupeptin 0.125 89 9 151 106
Antipain 0.125 89 27 128 93
Chymostatin 0.125 36 69 111 131
Pepstatin 0.125 79 96 116 163
Elastatinal 0.125 12 56 111 94
TAME 0.125 89 96 102 86
E64 0.125 115 148 170 59
NEM 2 92 90 153 50
Jodoacetamide 2 107 113 173 53
EDTA 5 60 66 58 55
EGTA 5 76 89 58 59
APMSF 2 8 0 48 78
DFP 0.63 70 92 91 77
2 58 85 78 37
10 16 54 65 0
TLCK 0.25 39 37 0 0

TPCK 0.5 66 33 - 70 96
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Fig. 1. Effect of pH and SDS on Suc-LLVY-MCA hydrolyzing activity in cytosol

fraction.

The Suc-LLVY-MCA hydrolyzing activity of the cytosol fraction was determined at
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various pH (A) or in the presence of 0 ~ 0.15% of SDS (B).



Fig. 2. Purification of latent (20 S) proteasome.

A) DEAE-cellulose column chromatography: cytosel fraction (18 ml) was applied to a
DEAE-cellulose column (2.6 x 12.0 cm), and bound proteins were eluted with 0.2 M
NaCl in a step-wise gradient.

B) Sepharose CL-4B gel chromatography: active fractions from a DEAE-cellulose
column were concentrated to 10 ml and applied to a Sepharose CL-4B column (2.6 x
84.0 cm) equilibrated with TGM Buffer.

C) Mono-Q column chromatography: active fractions from a Sepharose CL-4B gel were
pooled and applied to a Mono-Q column (0.5 x 5.0 cm). Proteins were eluted with a
linear gradient of NaCl and the 0 ~ 0.5 M eluate was collected in 2 mi fractions.

D) Phenyl Sepharose Fast Flow: buffer of active fractions was exchanged as described in
"Materials and Methods" and applied to a Phenyl-Sepharose Fast Flow column (1.0 x 6.4
cm) equilibrated with TN buffer containing 2 M NaCl. In each purification step, Suc-
LLVY-MCA hydrolyzing activity was determined using 10 [l of fractions both in
absence (0) and presence (@) of 0.04 % of SDS. Elution profile was monitored by

absorbance at 280 nm ( ---- ). Pooled fractions are indicated by the horizontal line.
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Fig. 3. Polyacrylamide gel electrophoresis of fractions during purification and of puri-
fied latent proteasome

A) Fractions during purification were separated on 5% native PAGE and stained with
CBBR-250. Lane 1, cs/tosol; lane 2, DEAE-cellulose; lane 3, Sepharose CL-4B; lane 4,
Mono-Q; lane 5; Phenyl-Sepharose Fast Flow (purified proteasome). Molecular weight
of standard proteins were indicated at the left.

B) Purified latent proteasome (20 pg) was separated on 12,5 % SDS polyacrylamide gel
and stained with CBBR-250. Molecular weight of standard proteins are indicated at the

left.
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Fig. 4. TSK Gel G4000SWxL chromatography.

The purified enzyme fraction (50 pl) was chromatographed in a TSK Gel G4000SWxL
column (0.78 x 30.0 cm) equilibrated with TGM buffer, and fractions of 0.5 ml were
collected. Suc-LLVY-MCA hydrolyzing activity was determined using 10 pl of frac-
tions in the absence () or presence (@) of 0.04% SDS. Elution profile was monitored
by absorbance at 280 nm ( ---- ). Arrows indicate the eluted position of molecular
weight standards as follow: 1, blue-Dextran 2000; 2, thyrogloblin; 3, ferritin; 4, aldo-

lase.
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Fig. 5. Effect of SDS on three kinds of protease activity of latent proteasome,

Hydrolyzing activities of Suc-LLVY-MCA (A), Boc-LRR-MCA (B) and Z-LLE-BNA

(C) were measured at various concentrations of SDS. Activities are indicated as the

percentage of the maximum activity.
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Fig. 6. Immunoblotting of cytosol fraction and purified latent proteasome using
anti-goldfish latent proteasome monoclonal antibodies.

Immunoblotting of cytosol fraction (A, a) and purified latent proteasome (B, b). Panels
A and B were immunostained after SDS-PAGE and a and b were immunostained after
native PAGE. Lanes M and A, amide black staining of standard proteins (M) and
sample (A), lanes 1 ~ 3, immunostaining by anti-25k (1), anti-31.5k (2), and anti-30k
(3).
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Fig. 7. Separatlonofcomponents V(V)Vfrbroteasomes by reversed-phaéé HPLC and
immunoblotting of components.

Purified latent proteasome (1 mg) was dialyzed against 0.05% TFA solution and ad-
sorbed to a Phenyl SPW-RP column. Proteins were eluted with linear gradient of aceto-
nitrile (35 ~ 50%). The elution profile was monitored by absorbance at 215 nm (A).
Peak fractions were lyophilized, subjected to 12.5% SDS-PAGE and stained with
CBBR-250 ( B ) or immunoblotted with three antibodies; anti-25k (C), anti-31.5k (D),
and anti-30k (E). Purified proteasome was electroloaded in lane P; and other lanes

correspond to the peaks of the elution profile.
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Fig. 8. Immunopreci:pitation of proteasome by anti-goldfish latent proteasome.

Cytosol from goldfish ovaries (150 pl) was incubated with anti-proteasome-Sepharose or
control-IgG-Sepharose for 2 hours at 4°C. Immunocomplexes were precipitated by
centrifugation and protease activity in the soluble fraction was determined. Proteins in
each fraction were separated on SDS-PAGE and detected by immunoblotting using a

mixture of three anti-proteasome antibodies.
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Fig. 9. Changes in Suc-LLVY-MCA hydrolyzing activity during incubation at 37°C.
Freshly prepared cytosol fractions were incubated at 37°C. During incubation, Suc-
LLVY-MCA hydrolyzing activity in the absence (0) or presence (@) of 0.09% SDS was

determined every 15 min.



Fig. 10. Fractionation of proteasomes from cytosols before and after temperature
treatment.

Cytosol fractions incubated either at 37°C for one hour or without temperature-treatment
were separated on a DEAE-cellulose column by 0.2 M NaCl step wise elution, Active
fractions from DEAE-cellulose chromatography were subjected to glycerol density
gradient centrifugation (10-35%) as described in "Materials and Methods.” Suc-LLVY-
MCA hydrolyzing activity in the absence (O} or presence (@) of 0.04 % SDS was
determined (A, non-treated; B, incubated). The peak fraction of purified proteasome is
indicated by arrows. The effect of SDS on Suc-LLVY-MCA hydrolyzing activity of
peak fractions was also determined (non-temperature-treated, a; treated, b). Cytosol
fractions (C) and the peak fractions from glycerol density gradient centrifugation (D)
were analyzed by immunoblotting after native-PAGE (lane 1, punified latent proteasome;
lane 2, non-treated cytosol; lane, 3, temperature-treated cytosol; lane 4, purified latent

proteasome with non-treated cytosol; lane 5, non-treated cytosol with incubated cytosol}.
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Fig. 11. DEAE-cellulose column chromatography of cytosol.

Cytosol fraction (10 ml) was applied to DEAE-cellulose column (2.0 x 10.0 cm)
equilibrated with TGM buffer (A, B) or TGM buffer containing 2 mM ATP (a, b).
After washing with the same buffer, proteins were eluted by step elution with TGM
buffer containing 0.2 M NaCl in the absence (A) or presence (a) of 2 mM ATP, or
eluted by linear gradient of NaCl (0 - 0.3 M) in the absence (B) or presence (b) of 2 mM
ATP. The activity toward Suc-LLVY-MCA in the presence (@) or absence (0) of

0.049 SDS and the absorbance at 280 nm ( ---- ) were measured.
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Fig. 12. Arginine-Sepharose 4B chromatography.

Active fractions from DEAE-cellulose chromatography were separated by Arg-Sephar-

ose 4B column as described under "Materials and Methods,’

' The activity toward Suc-

LIVY-MCA in the presence (@) or absence (0) of 0.04% SDS and the absorbance at

280 nm ( ---- ) were measured. The bar at the top indicates the fractions pooled.
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Fig. 13. Sepharose CL-4B chromatography.
Details of the procedures are described under "Materials and Methods." The activity
toward Suc-LLVY-MCA in the presence (@) or absence (0) of 0.04% SDS and the

absorbance at 280 nm ( ---- } were measured. The bar at the bottom indicates the frac-

tions pooled.
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Fig. 14. Superose 6 chromatography.
Details of the procedures are described under "Materials and Methods." The activity for
Suc-LLVY-MCA in the presence (@) or absence (0) of 0.04% SDS and the absorbance

at 280 nm { ---- ) were measured. The bar at the bottom indicates the fractions pooled.
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Fig. 15. TSK gel G4000SWx. chromatography.
Details of the procedures are described under "Materials and Methods.” The activity
toward Suc-LLVY-MCA in the presence (#®) or absence (0) of 0.04% SDS and the

absorbance at 280 nm ( ---- ) were measured.



TR TP T R T R YT O S E TR VI TAEE

A ' B C
CBBR 4/5 CBBR 4/5 30 38
MLALALALA

973
66>

45~

31 <o
31>

21 s 21

67

Fig. 16. Polyacrylamide gel electrophoresis and immunoblotting of purified latent
and active proteasome.

A) Latent (10 ug) and active proteasome (2.7 pg) was electrophoresed under nondena-
turing conditions (5% gel) and stained with CBBR-250, or immunostaining with anti-
GC4/5. Lanes L and A correspond to the latent and active proteasome. B) Latent (10
pg) and active proteasomes (27 pg) were elect;‘ophoresed under denaturing conditions
(12.5% gel) and stained with CBBR-250, or immunostaining with three E(inds of mono-
clonal antibodies (anti-GC4/5, GC3o and, GC3P). C) Protein constituents of two bands
in electrophoresis under nondenaturing conditions of active proteasome were extracted
from the gel and electrophoresed under denaturing conditions (12.5% gel). Protein
bands were visualized by silver-stain. Lanes 1 and 2 correspond to the higher and lower

band in A, respectively. Molecular weights of standard proteins are indicated at the left.




Fig. 17. Electron micrographs of latent and active proteasomes.
Latent (A, a, b) and active (B, ¢, d, e) proteasomes were negatively stained as described
under "Materials and Methods.” Typical structures were indicated in high magnification
as follows: (a), ring shaped particle; (b), four stacked layer; (c), cylindrical dumbbell

structure; (d), complex with only one terminal domain; (¢), ball structure. Bar= 100 nm.

T
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Fig. 18. Effect of SDS on peptide hydrolyzing activity.

Peptide hydrolyzing activities of active proteasome toward Suc-LLVY-MCA (A), Boc-

LRR-MCA (B), Z-LLE-BNA (C), and Z-GGL-BNA (D) were measured in the presence

of various concentrations of SDS (0 ~ 0.10%).
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Fig. 19. Effect of ATP on Suc-LLVY-MCA hydrolyzing activity.

Suc-LLVY-MCA hydrolyzing activities of active proteasome (@) and cytosol (0) were

measured in various concentrations of ATP.




Fig. 20. Effect of pH on Suc-LLYVY-MCA hydrolyzing activity.

Suc-LLLVY-MCA Degradation
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Suc-LLVY-MCA hydrolyzing activity of active proteasome was measured at various

pHs.
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Fig. 21. Effect of temperature on Suc-LLVY-MCA hydrolyzing activity.

A) Active proteasome in TGMA buffer was treated for 10 min at the temperature indi-
cated; Suc-LLVY-MCA hydrolyzing activity was then measured at 37°C. B)
Suc-LLVY-MCA hydrolyzing activity of active proteasome was measured at the tem-

perature indicated.



Fig. 22. Changes in the morphology of the oocyte (A, ---), and the activity (A, o)
and protein levels (B, native PAGE; C, SDS-PAGE) during the 17x,203-DP-in-
duced oocyte maturation in goldfish.

A) Schematic diagram above the figure indicates the state of the germinal vesicle: intact
germinal vesicle (I), germinal vesicle during migration (M}, germinal vesicle attached to
the oocyte periphery (A), GVBD, germinal vesicle breakdown (see text for details). To
determine the activity and protein levels of proteasome, oocyle cytosol was extracted as
follows: thirty oocytes manually isolated from ovarian fragments were washed with
goldfish Ringer. After excess medium was removed, 150 pl of new Ringer was added.
The oocytes were crushed by ultracentrifugation at 150,000 g for 30 min at 4°C and the
clear supernatant was collected. Protease activity of proteasome was measured using a
fluorogenic substrate, Suc-LLVY-MCA (Peptide Insntute Inc.),

B, C) Proteins were separated by polyacrylamide gel electrophoresis in either non-
denaturing (native PAGE with 5% gel, B) or denaturing condition (SDS-PAGE with
12% gel, C) by the method of Laemmli (1970), and transferred to Immobilon membrane
(Millipore). Membranes were blocked in 5% non-fat dry milk, and incubated with the
mixture of three monoclonal antibodies against goldfish latent proteasome (GC4/5,
GC3q, and GC3P) for 1 hr at room temperature. Immunocomplexes were visualized

using alkaline phosphatase conjugated anti-mouse immunogloblin.
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Fig. 23. Changes in the activity and protein levels of proteasome during egg activa-
tion.

Egg extract was prepared as follows: 200 pul of ovulated eggs were combined with 300
pl of goldfish Ringer and induced activation. During incubation at room temperature,
each samples were chilled on ice at the indicated time. Cytosol was extracted by ceniri-
fugation at 200,000 g for 45 min at 4 °C. Protease activity of proteasome was measured
using Suc-LLVY-MCA (A). Proteins were separated by polyacrylamide gel electro-
phoresis in either non-denaturing (native PAGE with 5% gel, a) or denaturing condition
(SDS-PAGE with 12% gel, b) by the method of Laemmli (1970), and transferred to
Immobilon membrane (Millipore). Membranes were blocked in 5% non-fat dry milk,
and incubated with the mixture of three monoclonal antibodies (GC4/5, GC3a, and
GC38 ) or each antibody against goldfish latent proteasome for 1 hr at room tempera-
ture. Immunocomplexes were visualized using alkaline phosphatase conjugated anti-

mouse immunogloblin in the case of anti-proteasome.
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Fig. 24. Amine acid sequence of the N-terminal region of E. coli-produced goldfish

cyclin B,

Amino acid sequence of N-terminal region (1 - 100} of goldfish cyclin B is indicated.
Truncated sites of deletion mutants {A41, A68, and A96) are indicated by arrows. The

destruction box is indicated by $. Lysine-rich stretch predicted to be conjugated with

ubiquitin is indicated by #.
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Fig. 25. Digestion of cyclin B by purified proteasomes.

Cyclin B AO (final concentration; 5 |tg/ml) was mixed with purified active protcasome or
latent proteasome (60 pg/ml) and incubated at room temperature with agitation. Sam-
ples were combined with SDS sample buffer at the indicated times during incubation.
Degradation of cyclin B was assessed by immunoblotting using anti-cyclin B (B63).
Arrowheads indicate bands as follows: 1, cyclin B AO; 2, cyclin B digested by latent
proteasome; 3, cyclin B digested by active proteasome, Molecular weights of standard

proteins are indicated at the lefl.
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Fig. 26. Digestion of truncated cyclin Bs by active proteasome.

Intact and truncated forms of cyclin B (A0, A41, A68, and A96) were incubated in the
absence (-) or presence (+) of active proteasome for 120 min at room temperature.
Cyclin degradation was assessed by immunoblotting using two kinds of anti-cyclin B

(B63 and B112). The migrating position of digested cyclin B is indicated by asterisks.
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Fig. 27. Effects of various protease inhibitors on cyclin B digestion in vitro induced
by active proteasome,

A) Cyclin B A0 was digested for 120 min in the absence (Control) or presence of various
protease inhibitors. The final concentration of inhibitors was adjusted to 0.125 mM.

B) Cyclin B was digested in the absence (Control) or presence of various concentrations
of B2Nt or lysozyme. Digestion of cyclin B was assessed by immunoblotting using anti-

cyclin B (B63).
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Fig. 28. Cyclin B digestion during goldfish egg activation.

A) Cytosol fraction of eggs was prepared as follows: 200 pl of ovulated eggs were
combined with 300 pl of goldfish Ringer and induced activation. During incubation at
room temperature, each sample was chilled on ice at the indicated times (min). Cytosol
was extracted by centrifugation at 200,000 g for 45 min at 4 °C. Cyclin B in the cytosol
was detected by immunoblotting using anti-cyclin B (B63).

B) Activating egg extracts were prepared as follows: ovulated eggs (2 ml) were activat-
ed with goldfish Ringer (3 ml). At the indicated times (min), activating eggs were
instantly homogenized with Laemmli’s SDS sample buffer (5 ml). Proteins with molec-
ular weights ranging about 40 - 50 kDa were separated from the homogenates by SDS-
PAGE (Prep Cell Model 491) and concentrated. Cyclin B in these fractions was detect-

ed by immunoblotting using anti-cyclin B (B63).
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Fig. 29. Digestion of cyclin B in MPF complex by active proteasome.

MPF complex in M-phase extracts of carp was prepared by Suc-1 beads. Beads were
washed with TGMA buffer and combined with active proteasome. Reaction was per-
formed at room temperature with agitation. During incubation, samples were combined
with SDS sample buffer at the indicated time. Degradation of cyclin B was assessed by

immunoblotting using anti-cyclin B (B63).
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Fig. 30. Determination of the digestion site of cyclin B.

A) Cyclin B was digested in the large scale (Total amount of cyclin B; 300 ug) for 4
hours. Proteins in reaction mixtures were separated by SDS-PAGE (Multi gel 12.5,
Daiichi Pure Chemnicals) and visualized by CBBR staining or immunoblotting using anti-
cyclin B (B63). Lanes c, {0 and 4 indicate cyclin B, reaction mixtures at time zero, and
reaction mixtures at four hours, respectively. Arrowheads indicate intact cyclin B (AQ)
and intermediate (intermed.) cyclin B.

B) Amino acid sequence of goldfish cyclin B (1 - 100). The site (C-terminal of Lys 57)

which is digested by active proteasome is indicated.
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Fig. 31. Degradation of goldfish cyclin B in Xenopus egg extracts.

A) Xenopus egg extracts were prepared as described in "Materials and Methods" and
activated by adding Ca?*. Changes in Suc-LLVY-MCA degrading activity and kinase
activity (SP peptide) in Xenopus egg extracts were measured during various periods of
time (0 - 60 min) after activation.

B) Goldfish cyclin B was added to Xenopus egg extracts at a concentration of 5 pg/ml.

Activation was then induced by adding Ca?*. Degradation of cyclin B was assessed by

immunoblotting using anti-cyclin B (B63).
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Fig. 32. Degradatioﬁ of goldfish cyclin Bs in Xenopus egg extracts,

Intact and truncated forms of cyclin B (AQ, A41, and A68) were added to Xenopus egg
extracts and then activation was induced by adding Ca?*. Degradation of cyclins during
various periods of time (0 - 90 min) was assessed by immunoblotting using anti-cyclin B
(B63). Membranes were also stained by anti-cyclin B and anti-latent proteasome (anti-
GC4/5). Arrowheads C and P indicate cyclin B and subunits of Xenopus proteasome

which cross-reacted with anti-GC4/5.
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Fig. 33. Effects of various protease inhibitors on goldfish cyclin B degradation in
Xenopus egg extracts.

Goldfish cyclin B AO was incubated in the absence (Control) or presence of various
protease inhibitors for 60 min at room temperature. Lane none means no reaction.

Degradation of cyclin B was assessed by immunoblotting using anti-cyclin B (B63).



Fig.34. Inhibition of cyclin B degradation in Xenopus egg extracts by immunodepletion
of proteasome,

A) Cytosol from goldfish immature oocytes (Goldfish) and Xenopus egg extracts
(Xenopus) were immunoprecipitated with control-1gG (Cont) or anti-goldfish protea-
some polyclonal antibodies (Anti). Proteasome in the supernatant (S) or precipitate (P)
was detected by immunoblotting using anti-proteasome (mixture of GC4/5, GC3q, and
GC3f).

B) Cyclin BAO was incubated in the immunodepleted (with control-IgG, Cont; with
anti-proteasome antibodies, Anti) supernatant of Xenopus egg extracts for various peri-
ods of time (0 - 80 min). Cont and Anti correspond to immunodepleted with control-IgG
and anti-proteasome antibodies. Degradation of cyclin was assessed by immunoblotting
using anti-cyclin B (B63) and anti-proteasome (anti-GC4/5). Arrowheads C and P
indicate cyclin B and subunits of Xenopus proteasome which cross-reacted with anti-

GC4/s.
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Fig. 35. Purification of ubiquitin from goldfish oocytes.

A) Bio Gel P-30 column chromatography: Fractions from CM-cellulose column chro-
matography were pooled and concentrated, and chromatographed on Bio Gel P-30
column (1.6x50 cm). Arrows indicate the eluted position of molecular weight standards
as follow: 1, bovine serum albumin (66 kDa); 2, chymotrypsinogen (25 kDa); 3, Ace-
tone. Pooled fractions are indicated by the horizontal line. B) Mono-S column chro-
matography: Fractions from Bio Gel P-30 column chromatography were pooled and
chromatographed on Mono-S (HR 5/5) column. The pooled fraction is indicated by the
horizontal line. Protein content was determined from absorvance at 280 nm using

bovine ubiquitin as standard.
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Fig. 36. SDS-PAGE and immunoblotting of purified goldfish ubiquitin.
Electrophoresis followed the method of Laemmli using 15/25% gradient gels (Daiichi
pure chemicals). Proteins were then transferred to an Immobilon membrane (Millipore)
using a semi-dry electroblotter (EIDO). The membrane was blocked with 5% non-fat
dry milk and incubated with the anti-bovine ubiquitin anti-serum (1/100 in Tris-buffered
saline) for 1 hr at room temperature. Immunocomplexes were visualized vusing alkaline
phosphatase conjugated anti-rabbit immunoglobulin. (A) SDS-PAGE of goldfish (G)
and bovine (Bo) ubiquitin stained with Coomassie blue R-250. Molecular weights of
standard proteins (M) are indicated at the ieft.

(B) Immunoblotting analysis of goldfish ubiquitin (G) and bovine ubiquitin (Bo).
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Fig. 37. Alignment of the N-terminal amino acid sequences of bovine, goldfish and
yeast ubiquitin.

For the determination of the N-terminal amino acid sequence, purified ubiquitin was
further purified by a reversed-phase HPLC on a pPRC C2/C18, PC3.2/3 column using a
SMART system (Pharmacia). Proteins were eluted with a 0 - 100% (v/v) linear gradient
of acetonitrile/water containing 0.1% (w/v) trifluoroacetic acid. The peak fraction was
directly loaded onto a glass filter for sequencing the peptides using a 470A Protein
Sequencer (Applied Biosystems Japan). Three amino acids of yeast ubiquitin different

from those of bovine and goldfish ubiquitin are underlined.
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Fig. 38. A current hypothetical model for the possible participation of proteasomes
in the regulation of cyclin B degradation (see the text for details).

Abbreviations used in diagram are as follows: CaMKII, calcium/calmodulin dependent
protein kinase II; cycB, cyclin B; ub, ubiquitin; and X, unknown protein(s) which block

the degradation of cyclin B.
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High molecular weight-multicatalytic proteinases in premature and mature
oocytes of Rana pipiens

Yoshiaki Azuma, Toshinobuy Tokumoto and Katsutoshi Ishikawa
Department of Biology, Faculty of Science, Shizuoka University, Shizuoka 422, Japan
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Abstract

These enzymes, pooled separately as two fractions sedimenting between around 195 and the bottom {over
278) on glycerol density gradient centrifugation, were composed of several molecular forms with apparent
high molecular weights ranging from over 700 kDa, as judged on Sepharose 6B gel filtration. in addition,
both the fractions hydrolyzed distinctly a Tyr-containing substrate in the presence of SDS as an activator, and
exhibited higher activities toward Arg-containing substrates in the absence of SDS, and activity toward a
Glu-containing substratc in (he presence and absence of SDS. Immunological experiments using antibodies
against proteasomes purified from ovaries of Xenopus laevis clearly revealed characteristic cross-reactivity
with both the fractions found in Rana.

These data suggest that these enzymes in the two fractions from the respective oocyles in Rana are very
simifar or identical to the proteasomes of Xenopus. The enzymesin premature cocytes eluted at 0.15-0.18M
NaCl on a DEAE-cellulose colump disappeared on treatment with TPCK, a well-known chymotrypsin
inhibitor, suggesting that the 0.15-0.18M NaCl-eluate contained chymotrypsin-like proteinases probably
latent in ove. The enzymes in mature oocytes had not similar chromatographical patlerns to those in
premature oocytes.

These results suggest that the enzymes already present in premature oocytes may be involved through

conformational alterations as to the protein pattern in oocyte maturation following induction by progester-
one.

Abbreviations: AMC-'IvAmino-4—mclhylcoumarin, Boc-r-Bu!yloxycarbonyl, Cbvaarbobcnzoxy, GVBD-
Germinal Vesicle Breakdown, MCA—4—Mcthylcoumaryl-?—Amide, MPF-Maturation Promoting Factor,
NA-2-Naphthylamide, $DS-Sodium Dodecyl Sulfate, Suc-Succinyl, TPCK-Nu-TosyI-L~Phcnylalaninc
Chloromethy! Ketone

Introduction of the proteinaceous cytoplasmic maturation pro-

. . molingfactor(MPF)appcars due tothe decrease in
Qocyte maturation in amphibians in vitro is in- the amount of cAMP and protein synthesis, and, in
duced by progesterone [1, 2]. Following exposure turn, causes germinal vesicle break down (GVBD)

of the oocyte surface 1o progesterone [3-7], activity [1, 8-10].
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During the past years, evidence has accumulated
that some proteinases may be involved in proges-
terone-induced GVBD in cocytes of amphibians
with the use of various proteinase inhibitors [11-
13]. In addition, we showed recently that GYBD
was triggered in non-hormone-treated frog (Rana
Pipiens) oocytes following transient cxposure 1o
the synthetic chymotrypsin inhibitor, Na-tosyl-L-
phenylalanine chloromethyl ketone (TPCK) [14].
GVBD was not induced in oocytes on continuous
exposure to a higher dose of TPCK in the presence
ot absence of progesterone. These results suggest
that some enzymes, including a chymotrypsin-like
proteinase, play a role in the physiological regu-
lation of the cocyte maturation process. However,
it remains to be determined whether enzyme acti-
vation is specifically required for oocyte matura-
tion. Detailed biochemical studies of the proteinas-
cs will be required 1o answer these questions. Until
now_ there has been little information on the chem-
ical entities of proteinases in the vocyles of am-
phibians. As some biochemical evidences, Slaugh-
ter and Triplett [15-17] demonstrated that ovaries
and/or oocytes from Rana pipiens contain both chy-
motrypsin- and trypsin-like proteinases. More re-
cently, non-lysosomal multicatalytic proteinases of
unusually large size, such as about 208 patiicles
named proteasomes, were found in the ovaries
and/or oocytes of Xenopus laevis [18, 19], which
were found to be similar to proteasomes from eu-
karyotic cells [19, 20]. However, the physiological
function of these proteinases found in amphibian
ovarties andfor oocytes is completely unknown,

In the course of studying the role of proteinases
in oocyte maturation, using Rana pipiens, protea-
sotnes from non-hormone-treated (premature) and
progesterone-treated {mature) oocyles were for
the {irst time separated and partially characterized
in this study. The results show that the proteasomes
in premature oocytes had activities with nearly
identical characteristics o thosc in malure oocytes,
but the protein patterns were not identical.

Considering the results together, it will be dis-
cussed that these high molecular weight, multicata-
Iytic proteinases which are latent in premature oo-
cyles may undergo some alterations following oo-

cyte maturation (designated as GVBD) induced by
progesterone.

Materials and methods

Animals

Gravid fematle leopard frogs (Rana pipiens) were
purchased from a commercial supplier (Nasco,
USA). The animals were maintained in 10% am-

phibian Ringer's solution at 4° C, as previously de-
scribed [14].

Chemicals

Suc-Leu-Leu-Val-Tyr-MCA Boc-Phe-Ser-Arg-
MCA and Boc-Gln-Arg-Arg-MCA  were pur-
chased from Peptide Institute Inc, (Osaka, Japan).
Cbz-Leu-Leu-Glu-NA was a gilt from Dr. K. Ta-
naka of Tokushima University. DEAE cellulose
(DE-52) was from Whatman (UK), Sepharose 68
from Pharmacia (Sweden), and progesterone and
TPCK from Sigma (USA). All other chemicals
were of special grade.

Preparation of oocytes

Animals were sacrificed, and their ovaries were
temoved and placed in freshty prepared amphibian
Ringer's solution. Fully grown, intact follicles were
isolated from ovaries under magnification using
watchmaker’s forceps. Oocytes were used without
removing the adhering follicle cells. Qocytes of a
particular female were pooled and checked careful-
ly under high magnification for damage,

In vitro vocyte culiure

All incubations were carried out in amphibian
Ringer's solution (AR) (112.92mM Nacl, 2.01mM
KCt and 1.35mM CaCl, with 10mg streptomycin
sulfate and 100,0001U potassium penicillin G per
liter) buffered with 2.4mM NaHCO, and adjusted
to pH 7.4 with IN HCI. Incubations were carried
out in multiwell dishes (24 wells/dish, Costar 3524;
USA). Routinely, 20 oocytes were incubaled per
wellin2ml of AR at 22 + 2°C for 24 hours without
shaking. According to the following procedure,
Oocyle maturation induced by progesterone was



assessed after 24 hour culture, after the oocytes had
been heat-fixed by boiling. Individual oocyles were
ruptured under a dissecting microscope to check
for the presence of the germinal vesicle. Germinal
vesicle breakdown (GVBD) was used as an in-
dicator of oocyte maturation.

Frogesterone and TPCK

Progesterone was dissolved in ethanol at 2 x
10°?M | as a slock solution, 5 ul of which was added
to the test wells after dilution, Following the addji-
tion of progesterone or the vehicle, oocytes were
checked for GVBD at 24 hours, In addition, when
itwas used, TPCK was dissolved in dimethylsulfox-
ide at I0mg per ml, as a stock solution, 5 ! of
which was added (o the test wells. Afiler 1 hour
culture, the jncubation medium was removed by
suction and 2 m! of TPCK-free fresh medium was
added for a 5 minute-period. The ooncytes were
washed twice more in the same manner and then
cultured with progesterone as desciibed above.

Preparation of the Supernatant fraction from
oocytes .

Four hundred oocytes (premature ones cultured
with the vehicle and mature ones treated with pro-
gestesone, respectively) were homogenized in 5 m]
of Bulfer A (0.25M sucrose, 10mM 2-mercaploeth-
anol, 25mM Tris-HCl, pH 7.5) with a motor-driven
Tellon-pestle  glass homogenizer (300 rpm, 5
strokes). The homogenates were centrifuged at
35,000 rpm (105,000xg) for 65 minutes at 4°Cina
Beckman 50.3Ti rotor. The clear supernatant frac-
tions between the lipid cap and packed yoik-pig-
menls were retained as extracts.

Separation of the enzyme active fractions by
glycerol density gradien: centrifudation

Analiquot (1.5 ml) of each extract was loaded onto
20ml of a 10-30% (v/v) glycerol density gradient in
Buffer A plus 4 mi of Buffer A as an overlay, fol-
lowed by centrifugation at 35,000 rpm {105,000xg)
for 12 hours at 2°C in a Beckman 10T rotor. Frac-
tions of 20 drops were collected, from the top to the
bottom, using an automatic liquid charger, at 4°C,

and an aliquot (10 p1) of cach was assayed for

173

enzyme activity, As marker proteins for sedimen-
tation coefficient determination, thyroglobulin
(195}, catalase (11.3S) and bovine serum albumin
(4.5S) were used.

Separation of the enz yme active fractions by
DEAE-cellulose column chromatography

An aliquot (0.5ml) of an extract was applied 1o a
column (0.6 x 3cm) of DEAE-cellulose which had
been previousty cquilibrated at 4°C with Buffer B
[25mM Tris-HC, pH 7.5, containing 20% (v/v)
glycerol and 10mM 2-mcrcaploclhanol], and then
the column was washed with the same buffer and
eluted at the flow rate of 15 mlhour with 20 m! of a
0-0.4M linear gradient of NaCl in the same buffer.
Fractions of 0.5 mi were collected and aliquots (10
and 40 ul) were assayed for enzyme activity and
protein content, respectively.

Estimation of molecular weights of the enzyme
active fractions by gel [filtration

The enzyme active fractions (3-16 ml) obuained af-
ter glycerol density gradient centrifupation were
dialyzed against glycerol-free Buffer A and then
concentrated seven to ten times by immersion of
solid sucrose. Then, the concentrated samples
(0.3-0.8ml) were applied to a Sepharose 6B co.
lumn (0.9 x 90 cm) equilibrated a1 4° C with Buffer
B and eluted with the same buffer at the flow rafe
of 2.5mlMour, fractions of 1ml being collected.
Aliquots (10 and 100 1l) were assayed for enzyme
activity and protein content, respectively. As mole-
cular weight marker proteins, thyroglobulin (Mr =
669 kDa), ferritin (440kDa), aldolase (158 kIda)
and bovine serum albumin (67kDa) were used.

Enzyme assay

Eighty xl of 125mM Tris-HCl (pH 8.5) contatning
125uM  substrate (Suc—Lcu—LewVal-Tyr-MCA,
Boc~Phc-Scr-Arg-MCA, Boc-Gln-Arg-Arg-MCA
or. Cbercu-Lcqulu‘NA) was first preincubated
at37°C with 10 pi 0f 0.5% SDS, After 10 minutes,
an aliquot (10 k1) of the enzyme solution was add-
ed, followed by incubation at 37°C. After 1 hour,
the reaction was stopped by adding 100 ul of 10%,
SDS and 2ml of 100mM Tris-HCI (pH 9.0), and
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Fig. 1. Separation of enzyme active fractions from extracis of oocytes by glycerol density gradient centrifugation. The extract (0.5 ml) of

premature oocytes (panef A)

centnfugation at 105 000xg for 12 hours at 2°C, as described under

or malure oocytes {panel B} was applied to a 10 10 30%
‘Materials and Methods'. An aliquot (10 k) of each 20-drop-fraction

(v/v) glycerol density gradient. lallowed by

was assayed {or Suc-Leu-Leu-Val-Tyr-MCA {with SDS) (@—®) and Boc-Phe-Ser-Arg- MCA (without SDS)Y (O-—0G) hydrolyzing
activities. respectively. An aliquot (100 ul) was used for protein content determination (~--) by Bradford's method [21). The arrows
indicate the § values of the profein markers: 1: bovine serum albumin (4.35), 2: catalase (11.35) and 3: thyroglobulin {195}, applicd to a
patallel pradient. T and 11 at the bottom of the graph denote the pooted [raclions.

then the amount of 7-amino-4-methylcoumarin
{AMC) was measured Mluorometrically (excitation
at 360 nm, emission at 460 nm) with a Hitachi fluor-
escence spectrophotometer (type F-3000).

Immunological analysis

Filty pl of the enzyme solution was incubated with
50 piof rabbit anti-IgC (a gift from Dr. K. Tanaka
of Tokushima University) directed against the pu-
tified proteasomes of Xenopus laevis (diluted from
50 pg protein/ml with Buffer B) for 1 hour at 37°C.
Thirty ul of a Staphylococcus aureus cell suspen-
sion was added, followed by incubation with the
antigen-antibody solution for 30 minutes at 37°C.
Immunoprecipitates were removed by centrifuga-
tion and the supernatant was analyzed for enzyme

aclivity using Suc-Leu-Leu-Val-Tyr-MCA  with
SDS, as described in the previous section,

Protein concentration

The protein content was estimated according 1o
Bradford’s method [21] with bovine serum albumin
(BSA) as a standard.

Resulls

Separation of the enzyme active fractions front ex-
tracts of premature and mature oocytes by glycerol
density gradient centrifugation

Wlien the extracts of premature and mature co-
cytes in Rana pipiens were separated by glycerot



density gradient centrifugation, we examined both
Suc-Leu-Leu-Val-Tyr-MCA  and Boc-Phe-Ser-
Arg-MCA hydrolyzing activities, as shown in Fig.
1. To ensure the Suc-leu-Leu-Val-Tyr-MCA hy-
drolyzing activity, the test was performed in the
presence of SIS, which increased the activity. This
fipure shows that strong aclivities were found, as
two peaks centered between around 195 and over
275 (the bottom) (as estimated from the calibration
curve}, in fraction Nos. 1I-bottom, in premature
vocytes. However, a different profile was obtained
for mature oocytes {(designated as 90% GVBD),
i.e., three peaks centered at 195, 248 and over 278
(the bottom), in the same fractions when compared
to in the case of premature oocyles.

Furthermore, the Boc-Phe-Ser-Arg-MCA hy-
drolyzing activity in the absence of SDS was found
in similar fractions of the extracts of premature and
mature oocytes, despite the enzyme aclivity being
low. The enzyme in the peak centered at 195 were
suggested to be high molecular weight, muliicata-
Iytic proteinases (named proteasomes), as judged
from the known characteristics [18-20}, but peaks
with S values larger than 19 were also found. In
addition, a peak exhibiting strong Boc-Phe-Ser-
Arg-MCA hydrolyzing aclivity was found at frac-
tion Nos. 3-8, centered at around 75, but no Suc-
[eu-leu-Val Tyr-MCA hydrolyzing activity was
found, in the extracts of both premature and ma-
ture cocytes. These enzymes with low § values,
were not analyzed further in the present study.

In this work, to clarify and compare the additive
characteristics of proteinases with larper S values
found in both types of oacytes, fractions containing
enzyme activities were separately combined as |
and 11, corresponding to fraction Nos. 11-16 (or 17)
and 17 (or 18)-bottom, constituting the distinct Suc-
Leu-Leu-Val- Tyr-MCA hydrolyzing activities ob-
tained on gradient elution (see Fig. 1), and then
analyzed.

dentity of enzymes found in vocyles from Rana
pipiens with proteasomes from ovaries of Xenopus
laevis, as judged on immunological analysis

To identify these enzymes as proteasomes, we first
used a rabbit- antibody against the purified protea-
somes obtained from ovaries of Xenopus laevis,
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which were characterized previously by Tanaka et
al. [19], and examined the immunological CrOSs-
reactivities of these enzymes (Fig. 2). lmmuno-
titration analysis revealed that when Suc-Leu-Leu-
Val-Tyr-MCA was used to detect the enzyme ac-
tive fraction including the proteasomes, complete
inhibition of the residual enzyme aclivities in the
two fractions from premature oocyles was achieved
bry the addition of 50ugof 1gG per 2 ml. However,
in those from mature cocytes, the addition of
100 41g of 1 gG per 2 ml was necessary for complete
inhibition. These results show that the enzymes
found in premature and mature oocytes from Rana
pipiens were more or less different, but suggesied
to be identical or very similar to proteasomes by the
immunological cross-reactivities with proteasomes
from ovaries of Xenopus, despite the difference in
species.

Estimaiion of the apparent molecular weights of
fraciions [ and U from premature and mature
oocytes by gel filtration on Sepharose 68

In order to estimate (he apparent molecular
weights af the enzymes found in oocyles, fractions |
and 11, from the extracts of premature and mature
oocytes, respectively, were loaded on a Sepharose
6B column (0.9 x 90cm). The eluation profiles of
the Suc-Leu-Leu-Val-Tyr-MCA hydrolyzing activ-
ity are shown in Fig. 3. In premature oocyles, as
shown in Fig. 3A, fraction I was eluted as a major
peak centered at 700kDa (as estimated from the
calibration curve), and fraction 1 was eluted as
double peaks centered at 700 and 1000 kDa. On the
other hand, in mature oocytes, asshownin Fig. 38,
fraction 1 gave a major peak centered at 700 kDa
with a shoulder peak centered at 440kDa, and
fraction 11 was eluted as double peaks centered at
700 and 1000 kDa. Although the different patierns
showed the heterogeneity between premature and
mature oocytes, as expected from the resulis of
glycerol density gradient centrifugation, most of
these enzymes were termed high molecular weight
proteinases (over 700 kDa). The molecular mass of
around 700 kDa, carresponding to 195, was similar
to that of 830kDa estimated for proteasomes of
Xenopus [19].
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Fig. 2. Tmmunotitration of enzyme active Fractions with proteasomes from ovaries of
Premature and mature oocytes, respectively, asshown in Fig. I, wereincubated withr
3T C.asdescribed under ‘Materials and Methods®. Each mixlure was then incubated
immunoprccipitarcs were removed by centrilugation. The Supernatant was assayed for residual

ing activity with SDS. The aclivities are given as

Comparative en; yme activities of fractions I and Il
Ascanbe seen in Table 1, the hydrolyzing activities
of the two fractions from ptemature and mature
oocyles, respectively, with the use of four fluoro-
genic syathetic substrates, were examined with re-
gard to the effect of SDS. Al the substrates tested
were originally designed for assaying the activities
of proteasomes [19, 20]). The Suc-Leu-Leu-Val-
Tyr-MCA hydrolyzing activities in all fractions
were increased 5-23 fold by SDS, as expected. The
enzymes in fraction Il from premature oocytes
were most responsible for this increase dueto SDS,
when compared with other fractions. In addition,
the optimal concentration of SDS was 0.05% {data
nat shown). Fraction Il of premature oocyles
showed an increase in Cbz-Leu-Leu-Glu-NA hy-
drolyzing activity of 7 fold in the presence of SDS,
while fraction I and both fractions of mature oo-

Xenopus laevis. Fractions [ and U from extracts of
abbitanti-(Xenopus proteasome) 1gG for 1 hour at
with Staphylococcus aurens for 30 minukesat 37° ¢
Suc-Lcu-Lcu-VaI-TerCA hydrolye-

percentages of those of controls containing the enzyme solution and the IgG dilution
buffer. Fractions | (O—O)and 1§ (B~-—~-A) from premature oocyles; Fractions | (e—o

Y and 1l (A~-—4) from mature oocyles.

cytes showed no enhancement with SDS. On the
contrary, Arg-peptides such as Boc-G[n-ArgArg-
MCA and Boc-Phe-Ser-ArgMCA were scarcely
or not hydrolyzed at all in the presence of SDS,
irrespective of the fraction, and Boc-GI‘rH\rgvArg-
MCA was a more or Jess responsible substrate than
another one in the absence of SDS.

As shown by these observations, the effec of
SDS on the substrate hydrolyzing activities of each
fraction was more or less different. Thus, several
genetal conclusions could be drawn;i.e., thatin the
presence of SDS, Suc-Leu-Leu—VaI-Tyr—MCA was
degraded at a measurable rate and Cbz-Leu-Ley-
Glu-NA was degraded at a more or less measurable
rale. Boc-Gln-Arg—Arg-MCA was scarcely de-
graded, but Boc-Phe-Ser-Arg-MCA was not de-
graded at all.

On the basis of these findings, the substrate hy-
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Fig. 2. Gelfiltration of enzyme active fractions by glycerol density gradient centrifugation on a Sepharose 6B column. Fractions [(1)and

A (0.3-0 8mb) from extracts ol premature oocytes {panel A) and mature oocyles (panel B), respeclively, as shown in

Fig 1, were

applied an the column (0.9 x %) em) equilibrated at 4°C with the clution bulfer {20% (vrv) glycerol- 10 mM 2-mercaploethanol-25 nahg
Tris 1T, pH T.5) at the ftow rate of 2.5 mhour, as described under ‘Malternials and Methods’. Aliquots {10 and 10U 2 of 1 ml fractions
were assayed for Suc-Leu Leu-Val Tyr-MCA hydrolyzing activity with SDS (®—®) and protein conient {(---}, respectively. The
arrows indicate the elution positions of the MW markers, The markers used were 1: Blue dexiran, 2: thyroglobulin (Mr = 670 kDxa), 3:
ferritin (440 kDa), 4 aldolase {158 kDa) and 5: bovine serum albumin (67 kDa).

drolyzing activities may have subtly different prop-
erties in fractions 11 from premature and mature
oocytes, but all of thege enzymes were termed mul-
ticatalytic proteinases [ 19, 20].

Separation of the enzyme active fractions from
extracts of premature and mature ooacytes by
DEAE-cellulose column chromatography

To gain further information on the enzymes found,
the remaining paris of the same extracts of the
respeclive oocytes that were subjected to the glyce-
rol density gradient, were subjected to DEAE-

cellulose column chromatography and Suc-Leu-
Leu-Val- Tyr-MCA  and Boc-Phe-Ser-Arg-MCA
hydrolyzing activities were assayed (Fig. 4). The
prominent Suc-Leu-Leu-Val-Tyr-MCA hydrolyz-
ing activity was recovered as a broad peak centered
at 0.18M NaCl, with a shoulder peak centered at
0.25M NaCl, for the extract of premature oocytes
(Fig. 4A). In addition, the Boc-Phe-Ser-Arg-MCA
hydrolyzing aclivity was found as a peak centered
at 0.15M NacCl, bui it overlapped with the promi-
nent Suc-Lcu~Lcu-Va]-Tyr-MCA hydrolyzing ac-
tivity. On the other hand, the prominent Suc-Leu-
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Leu-Val-Tyr-MCA hydrolyzing activity in the ma-
ture oocyles was recovered as a more symmetrical
peak centered at 0.18M NaCl, and the Boc-Phe-
Ser-Arg-MCA hydrolyzing activity was found as a
broad peak in a similar range (Fig. 4B), although a
difference in these profiles between premature and
mature vocyles was found. These binding behav-
iors on the DEAE-cellulose column can be corre-
lated with the proteasomes found in rat fiver [22).
In addition, both enzyme active fractions I and I}
obtained from the extracts of premature and ma-
ture oocytes on glycerol density gradient centrifu-
gation were recovered as the same peaks, 0.15-
0.18M NaCl-eluate, on the same DEAE-celiulose
column (data not shown). These resulls also con-
firmed that the premature and mature ooacyles
themselves possess at least two different proteinas-
es showing Suc—I,.eu-LeunVal-Tyr-MCA and Boc-
Fhe-Ser-Arg-MCA hydrolyzing activities, as
shown in Fig. 1.

Since a higher dose of TPCK has been found to
interfere with progesterone-induced GvBD [i4],
apparent involvement of a chymoltrypsin-like pro-
teinase has been suggested in a certain step of
Oocyle maturation. Accordingly, as the following
experiment, the extract obtained from premature
vocytes exposed previously to a higher dose of

TPCK was applied (o the same DEAE-celiulose
column as used above, but Suc-Leu-Leu-Val-Tyr-
MCA hydrolyzing aclivity was not found in any
fractions (Fig. 4a). In another experiment, no ac-
tivity was also detectable in any [raction, even with
the extract from oocytes whose maturation was
suppressed when treated with progesterone follow-
ing previous exposure of the oocylesto TPCK (des-
ignated as 40% GVBD) (Fig. 4b). These resulis
show that proteasomes, which are present in pre-
mature oocytes and not synthesized after proges-
lerone treatment, may consist of a TPCK-sensitive

proteinase, a probably chymotrypsin-like protei-
nase.

Discussion

We showed for the first time (hat supernatant [rac-
tions derived from full-grown premature oocytes as
well as mature oocytes of Rana pipiens treated with
progesterone contain high molecular weight, mul-
ticatalytic proteinases, despite being suggested (o
be different entities by glycerol density gradient
centrifugation (Fig. 1).

These enzymes, found through the use of vo-
cytes enclosed with follicle cells, seem to be derived

Table I. Comparison of the enzyme activities of fractions I and [] separated by glycerol density gradient cemirifugation from extracts of
premature and mature oocyles toward several fluorogenic substrates (zmole AMChi/mg protein)

Substrate SnDs Premature oocytes - Mature cocytes
i 1 1 it

Suc-Leu-Leu-Val-Tyr-MCA - 369 334 546 383
+ 2844 1779 2848 2551
.n (23.3) (5.2) (7.7
Boc-Gln-Arg-Arg-MCA - 215 287 339 423
+ 9 38 51 i
0.m .1 (0.2) 0.0
Boc-Fhe-Ser-Arg-MCA - 51 3! 119 211
+ 0 0 0 t
(N.E)) (N.E)} {N.E)) (0.1)
Chz-Lew-Leu-Glu-NA - 255 pirY 898 485
+ 350 1457 1025 523
(t.4) (7.0) (1.1) (1.1)

Fractions | and Tt from premature and malure cocytes were assayed for enzyme activities as described under 'Materials and Mcihods',
Values in parentheses show the rale aceeleration {-lold) on the addition of $DS (0.05%). N.E., not estimated.
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Boc Phe-Ser-Arg-MCA (without SDS) (O hydrolyzing activities, respectively. An aliquot (40 ul) was subjected to protein content
determination (- --) by Bradford's method {21). in paraltel, aliquots (0.5 ml) of extracts from cocytes pretreated with TPCK (panei a)
and ones treated with progesterone following TPCK-pretreatment {panel b), respectively, were chromatographed as described above,

not from the follicle cells but from the occytes, and
have similar properties to those of proteasomes
from eukaryotic somatic and germcells[19, 20, 23],
with respect to sedimentation coefficient (Fig. 1),
molecufar mass range (Fig. 3), immunological
cross-reactivity (Fig. 2}, and hydrolyzing acitivities
toward different substrates and their SDS sensitiv-
ity (Table 1). In addition, it is unclear whether or
not the components with targer S values than 195
and higher molecutar weights (over 700 kDa) were
derived through the association of proteasomes
with some components. Here, these enzymes with
larger S values may have similar properties to those
of ubiguitin-dependent degrading enzyme found in
somatic cells {24, 25). We also demonstrated that
these proleinases were not newly synthesized fol-

lowing progesterone treatment, but present in pre-
mature oocytes (Fig. 4).

In the cases of alf the oocyle enzymes, the Suc-
Lcu-Lcu~Val-Tyr-MCA hydrolyzing activity, cor-
responding to chymoltrypsin-like aclivity, as a sen-
sitive indicator, was appreciably enhanced by SDS,
and peptidyl-glutamyl peptide bond hydrolyzing
activity was also found, but Arg-containing peptide
bond hydrolyzing aclivity was not enhanced by
SDS (Table 1). The concentration of SDS (0 05%)
required to activate the vacyle enzyme was also the
same order of magnitude as that requisred for acti-
vation of mammalian Proteasomes [26, 27]. Al-
though the enzymes found in mature oucytes as
well as premature oocyles have been shown 10 be
converted from latent forms to activaled ones by
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SDS, it is known that fatty acids, in place of SDS,
also activate the proteasomes [23, 26, 27], but we
did not examine this in this study. The incorpora-
tion of arachidonic acid, a polyunsaturated fatty
acid. into phosphatidyl choline has been followed
and its release on induction of oocyles of Rana
pipiens with progesterone has been reported [28].
Therefore. it may regulate the activity of the en-
zyme in ova. In addition, i may be necessary o
clarify the optimal pH and temperature, and the
action of various proteinase inhibitors {or the dif-
ferent enzyme fractions.

Until now, the named proleasome has been as-
sumed to be homologous or identical 1o the 208
cylinder particle from Xenopus oocytes [18], the
cytoplasmic 195 ribonucleoprotein from Drosophi-
ta [29], and the 195 'prosome’ particle from mam-
malian cells [30}. Thus, all of them appear o exist
as large molecules composed of different proteins
and RNA components often found to be associated
with large particles, but we have not demonstrated
a subunit composilion characteristic for protea-
somes in this study.

When combined with the above observations,
one possible reason for the different patterns of
premature and mature ococytes on glycerol density
gradient centrifugation and gel filtration seems 1o
be the different subunit components, as sugpested
in Drosophila (31}, including that the alteration
seems (o be a post-translational modification
(phosphorylation) of the polypeptides.

On the other hand, it was demonstrated that
oocyle maturation (designated as GVBD) induced
by progesterone was inhibited following contin-
uous exposure to higher dases of TPCK [14; this
paper]. Fuithermore, as has been repotted for
other proteinase inhibitors (chymostatin, leupep-
tin and antipain) [11, 13], which were ineffective
following the injection of MPF. These demonstra-
tions suggest that the possible multicatalytic nature
of the enzyme in premature cocyles may be in-
volved before and after the MPF formation in oo-
cyte maturation. A TPCK-sensitive proteinase,
probably proteasome, may be suggested to be at
least one component of the proteinases involved in
wocyle maturation (Fig. 4).

Furthermore, it has been recently reported that a

protein named cyclin is the only newly synthesized
protein required for the induction of cocyte matu-
ration through the activation of MpPF in Xenopus
[32]. Succeedingly, the activity of this protein is
thought to be controlled by means of proteolysis.
Thus, this protein is thought to be one of the essen-
tial components for cells 1o enter meiosis. Such a
prolein might be an endogenous target for protea-
somes of oocytes.

Further studies are necessary lo clarify more
chemical properties of this oocyle enzyme and to
find natural substrates of a protein nature for this
enzyme, and to define its physiological function in
vocyle maturation in amphibians.
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This paper reports the nucleotide and predicied amino acid
cycle regulator cde2 The predicted pratein sequence shows st

sequences of the goldfish cdk?2, a cognale varianl of the cel]
rong homology to the other known cdk2 (B8% for Xenopus

and 3% for human). A monoclonal antibody against the C-terminal sequence of goldfish cdk?2 recognized a 3-kDa

protein in extracts from various goldfish tissues.
ing actively dividing cells. P
which ede2 forms a complex
level did not remarkably cha

rotein cdk2 binds to p1g=e
The kinase aclivity of cdk
nge.

The protein level wa
+ the fission yeast syeyt ge
2i
Anti-cdk?2 immunaprecipitates from zp

s high in such tissues as testis and ovary contain-
ne product, bul not (o cyclin B, with
ncreased 30-fold when aoeyles matured, although its prolein

-labeled mature Oocyte exlracts contained a

47-kDva protein, which was not recognized by vither anti-cyelin A or anli-cyclin B anlibody, indicating complex forma-

tion of cdk2 with a protein other tha

INTRODUCTION

Ooeyte maturation is induced by maturation-promot-
ing factor (MPF) under the influence of maturation-in-
ducing hormone secreted from the follicle cells
surrounding the oocyle {Nagahama, 1987, Smith, 1989).
MPF was first described as an activity present in ma-
ture oocyte cytoplasm, which induces maturation under
protein synthesis inhibition when microinjected intg
full-grown immature oacytes (Masui and Markert, 1§71;
Smith ang Ecker, 1971) 11 is now known to be a unjver-
sal regulator of the G2 to M phase transition in eukary-
otes (Kishimato, 1988; Hunt, 1989; Dorée, 1990; Nurse,
1990; Maller, 1991). MPF has been purified from mature
oocytes of Xenopus (Lohka ef al, 1988), starfish (Labba
ef ul, 1989a.b), and carp (Yamashita et al, 1992a.h), and
it consists of {wo subunits: the catalytic subunit is a
serine/threonine protein kinase, which js a homolog of
the product of the cdeg! gene of fission yeast (Schizosae-
charomyees pombe), referred to as cde?, and the regula-
tory subunitis cyelin B {Gantjer el al, 1988, 1990; Labbé
el al, 1988, 19894 b: Yamashita et al, 1992a b: for review,
see Hunlt, 1989, Doreée, 1990; Maller, 1991).

The following characteristics are noted for cde2
(Nurse, 1990). (1) it contains a specific 16-amino-
acid sequence, the PSTAIR sequence (EGVPSTAIR-
EISLLKE); (2) it binds to P13 the product of suei
gene of fission yeast, and (3} it binds to cyelin B at M
phase. Recently, however, cde?'-like genes have been
isalated from the toad Xenopus (Paris ef al, 1991), the

'Current address Department of Biological Sciences, The Nishi Tg-
Lyvo University, 2525 Uenchara, Yamanashj 403-01, Japan.

neyelins AorB. o 1992 Academic Press,

Inc.

fruit fly Drosophila (Lehner and O'Farrell, 1990, hu-
man (Elledge and Spottswood, 1991; Ninomiya-Tsuji et
al, 1991; Tsai et ul, 19913, maize (Colasanti et al, 1591},
and the flowering plant Arabidopsis (Hirayama et al,
1991), Cell division kinase or eyclin-dependent kinase,
referred 1o as cdk? {formerly Eg I, in Xenopus), is a
cde2-like protein (Solomon, 199¢; Elledge and Spolts-
wood, 1991; Fang and Newport, 1991; Ninnmiya-Tsuji ef
al, 1991; Paris ef al, 1991: Tsai ef (b, 1991) It shares all
the characteristics of cde? listed above, except for the
ability to form a complex with cyelin I3 (Selomon ef ul,
1990; Fang and Newport, 1991}, In yeast, cde2is involve(
in both G2/M and 0 1/8 transitions (Brock ef of 19491).
In vertebrates, however, cde? and cdk2 apparently play
different roles. Experiments in g Xenopus cell-free sys-
tem have sugpested that ede and cdk? are involved in
G2/M and G1/8 Lransitions, respectively (Fang and
Newport, 1991). It is likely that during evolution cdez
differentiates into several variants including cdk2, each
of which functions at different phases of the cel] cxcle,
Therefore, isolation of cde2' -like genes and characteriza-
tion of their products are of great importance for under-
standing the regulatory mechanisms of the cell cyele in
higher eukaryotes,

From a ¢DNA library constructed from mature gold-
fish oocytes, we isolated a cDNA clone encoding the
PSTAIR sequence, the hallmark of cde?2 family proteins,
In this study, we sequenced the clINA, predicted its
amino acid sequence, and identified this clone as gold-
fish cdk2 ¢cDNA. We also characlerized jtg product with
monoclonal antibodies against the C-terminal sequence
of the cdk2 protein, the PSTAIR sequence (Yamashita ef
al,, 1991) and Escherichia colt-produced goldfish eyclins
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A and B (Yamashita ef al., 1992a; Hiraj et al, 1992).
Changes in the activity and protein level of goldfish
cdk2 were also examined during oocyte maturation.

MATERIALS AND METHODS
Aunimals and Oocytes

Gravid female goldfish were raised at 15°C until use,
Mature oocytes (ovulated eggs} were obtained by inject-
ing 200 1U of human chorionic gonadotropin (Pubero-
gen, Sankvo Zoki; Yamashita of al, 1990). Full-grown
immature oocvies were isolated from the ovary hy pi-
petting. In vifro oocyte maturation was induced by incu-
bating full-grown immature oocyles with 1 ug/ml
lTn,ZOﬂ‘dih_vdroxyAd-pregnmn’-l-()ne, a natural matura-
tion-inducing hormone in fish (Nagahama and Adachi,
1985), as described previously (Yamashita of nf., 19922a).
Maturational processes were assessed hy microscopic ex-
amination of the commencement of germinal vesicle
hreakdown (GVBD), after soaking the oocytes in a
clearing solution (Lessman and Kavumpurath, 1984).

Cloning and Sequencing of cI)NAs

A cDNA library from poly(A)' RNA isolated from
mature goldfish oocytes was constructed in Agtl10 using
the cDNA synthesis system plus and the cDNA clening
system Agt10 (Amersham).

For =screening ¢DNAs encoding cde2 family, an
oliganucteotide (35 mer; (lAAATTT(?(A/'[’)CG(A/G)A T
(T/GYGCAGTACT(T/G JGGAAC(T/A JCCTTC),
which corresponds to part of the PSTAIR sequence
(EGVPSTAIREIS), was synthesized on an Applied Bio-
svetemns Madel 391 DNA syntlhesizer. The oligonucleo-
tide was 5 end fabeled with [y-*PIATD (11] TBg/minol;
NEN), and used for screening approximately 1 x 10°
Maques. Plaques transferred onto nyvlon membranes
were hyvbridized at 50°C overnight with a 1 x 107 cpm
probe in 30 ml of hybridization solution containing 6x
SSC 1SS 150 mAf NaCl, 15 maf sodium cilrate, pli
.00 1% sodium dodeevi sulfate (8138}, and 0.02% each
of Ficoll, bovine servin albumin (BSA, fraction V), and
polyvinylpyrrolidone. Membranes were washed Lwice at
M7C for 1 hr with 6 x SS(! containing 0.1% SDS.

The ¢cDINA inserts of isolated clones were subeloned
into the plasmid veclor pBluescript IT K M13* {Strata-
gene). Serial delelion mutanis of subctones were made
according to Yanisch-Perron of af (1985). Nucleotide se-
quences were determined with the Sequenase version 2.0
DNA sequencing kit (United States Biochemical) using
[e-"PRICTP and analvzed on GENETYX software
(SNC).
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Extraction of Tissues

One hundred micrograms of tissues {ovary, teslis, in-
testine, liver, and muscle) was dissected from goldfish
and homogenized in 200 ul of an extraction buffer {EB:
100 mAf B-glycerophosphate, 20 ma Hepes, 15 maf
MgCl,, 5 mM EGTA, 100 #M p-amidinophenyl methane-
sulfonyi Auoride, 2 ug/ml leupeptin, pH 7.5). After cen-
trifugation at 15,0005 for 5 min at 4°C, 200 pl of the
supernatant was mixed with 200 #l of 2% SDS sample
buffer and then boited for 2 min. The samples were elec-
lrophoresed and immunob]otted, as described below.

Immature and mature oocyles were extracted by
erushing in EB by ultracentrifugation (100,000, 1 hr,
4°C), as described previously (Yamashita et al., 1992a).
A portion of the extracts was mixed with SDS sample
buffer immediatel_v afler extraclion, and the remainder
was stored at —80°C until use,

Oocytes in the process of maluration were extracted
as follows: AL 1-hr intervals, 50 oocytes were washed in
EB. After excess EB was removed with filter paper, 50 pl
of fresh EB was added. The vocyles were homogenized
and centrifuged at 15,0007 for 10 min at 4°C. The super-
natant was mixed with SDS sample buffer and immune-
blotted, as described below.

Production of Monoclonal Auntibodies against the
C-terminal Sequence of cdk2

A peptide (cdk2-C1: CRF‘FRDVTMPVPPLRL), which
corresponds to the C-terminal sequence of goldfish cdk2
(Fig. 1) and has an additional cysleine in the N-ter-
minus, was synthesized using the solid-phase method
(using F-moe protocol) on an Applied Biosystems Model
431A peptide synthesizer. The peptide was purified by
reverse-phase HPLC and coupled to BSA and keyhole
limpet hemoeyanin (KLLH) through its N-terminal cvs-
leine by N-(umaleimiducaproyloxy)succinimide {Do-
Jin). The peptide coupled toe BSA and KLH was emulsi-
fied with Freund’s complete adjuvant and injected tnto
T-week-old female BALB/c mice. Incomplete adjuvant
was used for subsequent injections. After a total of four
injections at 2 week intervals, hybridomas were pro-
duced by fusion of the spleen cells isolated from the im-
munized mice with mouse myeloma cells ('3-X63- Aps-
Ul using 50% polyethyleneglycol 4000 {Merck). The hy-
bridomas were first screened by ELISA with a
carrier-free peplide as an anligen, and the positive cells
were cloned by limiting dilution, as described previously
(Yamashita ot af, 1991). The hybridomas were finally
screened by immunoblolling. One clone (C1-42) was
used to delect edk? by immunoblotting. The isutype of
this antibody was IgG, containing x light chains. This
antibody could not precipitate cdk2 efficiently from oo-
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eyte extracts; therefore g polyclonal antibody (serum
obtained from an immunized mouse) was used for im-
munoprecipitation.

Electrophoresis and Immunoblott ing

Proteins were separated on a 12.5% SDS-polyacryl-
amide gel {(Laemmli, 1970) and then transferred to an
Immobilon membrane (Millipore) by semidry electro-
blotting. Following blocking in 59 nonfat dry milk, the
membrane was incubated for 1 hr with culture superna-
tant containing either anti-PSTAIR (Yamashita et al,
1991) or anti-cdk? antibodies. Immunocomplexes were
detected using alkaline plmsphatase—conjugated anti-
mause immunoglobulins (Zymed), as described previ-
ously (Yamashita et al, 1991).

Precipitation with prgeet

The fission yeast syezt gene product, P13™9, was used
ta isolate cdc? family proteins from oocyte extracts
(Dunphy and Newgort, 1989). The protein was coupled
with CNBr-activated Sepharose beads aceording to the
manufacturer’'s instructions. Oocyte extracts (60 ul)
were mixed with 10 p] of p13™ Sepharose beads and
incubated avernight at 4°C under continuous agitation,
The beads were washed in ER containing 0.2% Tween
20, mixed with 10 ulof 2x SDS sample buffer, and boiled
for 2 min. After g brief cenlrifugation, 10 ul of the su-
pernatant was separated by SDS-PAGE, followed by
anti-cdk2 immunuhlolting.

Im ratNoprecipritalion

Oocyte extracts (50 #l) were mixed with 10 ul of pro-
tein A-Sepharose beads and incubated for I hr at 4°¢,
Aflter centrifugation at 15,000g for 5 min, the superna-
tant was mixed with | nlof either ascites ftuid contain-
ing anti-cyclin B monoclonal antibody (BL3: Hirai el ul,
1992} or anti-cdk? serum. After incubation for 1 hr at
1°C, 10 4l of protein A-Sepharose beads was added and
incubated for 1 hr at 4°C under continuous agitation.
The beads were washed in EJ} containing 0.2% Tween
20, mixed with 2x SIS sample huffer, hoiled for 2 min,
thenseparated by SDS-PAGE, followed by immunoblot-
Ling with anti-PSTAIR, anti-edk2, anti-cyelin A (Yama-
shita et al, 1992a} or anti-eyclin B monoclonal antibody
(Hirai ef al, 1992). To detect cyclins in the immunopre-
cipitates, bintinylated anti-eyclin antibodics and avi-
din-conjugated biotinylated alkaline phosphatase (ABC
kit; Vector Lab.) were used to avoid visualization of the
antibody used for immunnprecipilation, since portions
of them migrated to positions similar to those of cycling
on SDS-PAGE (cf. Fig. 7).

Characterization of Goldfisk adk 2
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Kinase Assay

Immature ang mature oocyte extracts {50 4xl) were
immunoprecipitated with anti-cyelin B and anti-cdk2
antibody, ag described above, Kinase activities of the
immunoprecipitales were measured using histone |1 or
a synthetic peptide (SP-peptide, KKAAKSI’KKAKK;
Yamashita ef al, 1992h) containing the "ONSENsIS ge-
quence phosphorylated by ede? (Moreno and Nurse,
1990}, according to the procedure of Yamashita et ol
{1992h), except for a 10-min reaction.

Labeling of Oocyte Extracts with *p

Mature goldfish oocyte extracts (40 ul) were incu-
bated with 5 mCi/m] of [v-FPJATP (222 TBg/mmol:
NEN) for 1 hr at 25°C. After centrifugation at 15,0004
for 5 min at 4°C, the supernatant was divided into two.
One was precipitated with breimmune serum ang the
other was precipitated with anti-cdk2 serum, as de-
scribed above. The precipitates were analyzed by autora-
diography following anti-PSTAIR immunob]olling.

RESULTS AND DISCUSSION
Tsolation of Goldfish cdk2 cONA

Six clones were isolated with ap oligonucleotide
corresponding to the PSTAIR sequence. The Jongest
clone had an insert of 1205 bp containing a poly(A)* {ail
and an open reading frame encoding 298 aming acids
(Fig. 1). It encodes a putative protein kinase containing
the PSTAIR sequence and four tryptophan residues

Eeneis 33,998 The amino acid sequence of this clone hag
a significant homology {64-69%) with the cde2 of other
species, hut much higher homology was found with the
cdk2 of Xenopus {88% ) and human (90% ) (Fig 2). There-
fore, we identified this clone as goldfish cdk2 ¢DNA,
which was alse confirmed by several tmmunological
studies as described below. The remaining five elones
isolated with the I’S’I‘AIR-olig(JnucIeotide also encoded
edk2 (data not shown). These results suggest that in ma-
ture goldfish oocytes the levels of cdk2 mRNA are more
abundant than those of ede2 mRNA. Proteins edk? and
cde2 differed by 15 amino acids {Fig. 2). These should be
useful in distinguishing cdk? from cde2, and should be
key residues of cdk?, if the two proteins have different
funetions.

Detection of cdh2 with o Monoclonal ntibody aguainst its
C-terminal Sequence

Anti-PSTAIR antibody recognized 33- to 35-kDa
bands in extracts from various goldfish tissues (Fig.
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F16. 1. The nuclentide and nredicted amine acid Sequence of the goldfish cdk2. The PSTAIR sequence is underlined. The residues conserved in

kinases {Hanks of ol 1988) are indicaled by closed circles
cde2 Tamily are chown by = and #, respectively,

3A). Since the PSTAIR sequence is common Lo the ede?
family proteins including cdk2 (Fig. 2), the antj-
PSTAIR reactive hands should contain cdk2. To deter-
mine which band was cdk2, we raised a menoclonal anti-
hody against the C-terminal sequence of goldfish cdk2.
The antibody recognized the anti-PSTAIR reactive 34-
kDa band {(Fig. 31), though cde? was also located in the
same bhand, Therefore, we concluded that the anli-
PSTAIR reactive 34-kDa band detected in crude ex-
tracts contains both cde? and cdk2. The cdk? conlent
was highest in the testig {Fig. 3B). Although the cdk2
tevel in the ovary appeared Lo he lesy than that in the
teslis, the content per cell should be mucl;, higher, since
the number of cells in the same weight of tissues should
he much less in ovary than in other tizssues, because Lhe
oocvtes are large. [t s likely that tissues undergoing
frequent cell division contain high levels of ¢dk2, Simi-

. The tentative phesphorylation sites and the four tryptophan residues conserved in

lar results have been reported for cde2 in the chick
(Krek and Nigg, 1989), wheat (John et al, 1990), and
maize (Colasantj et al, 1991). A decrease in the amount
of cde2 family proteins between periods of cell division
and subsequent cell growth may be a key element in the
switch from cell division (o cell differentiation.

The anti-goldfish cdk2 monoclonal antibody also ree-
ognized carp cdk? (Fig. 4D}, but not calfish, medaka, or
eel cdk?2 (data not shown), indicating that the C-termi-
nal sequences vary from species tg species.

Characterization of cdk2

As described above, the anti-cdk2 monoclonal antj-
body recognized a 34-kDa protein in extracts from
various goldfish tissues (Fig. 3). However, part of the
d4-kDa cdk2 was modified into a 33-kDa form in vocyte
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Churacterization of Goldfish cdhz 117
s ..
Goldtlesh cdkl L I !IDIVIIIGIDT\'G’VVYKMH‘K YTOR T\'ALKIIILD‘IITIGVF!TAIIII!LLISLN’HP NIVRKLHDVINTEN KLYLVPRPLYN [ E ]
Xepopus cdk2 (Xg1l} - S ML, RRR-oo Meeenno LI MIVHL L----u-o .. (Y
Buman ¢dk2 - - MW Leoe Moo DD T L------. [ 1]
Human cdel - - DYT-1--. T--0Q v- Ey-&---e oL A-- ---8-Q--LuQle [ X}
Mouss cdc]) - - Drl-g--- ---0 I- EB-K-- oo L R-- -=-0-Q- - LNQDE “
Chicken cdc} - - bt T--Q V- RS -Reme e M- ---C-0--LugDA "
Drosophils cdcl -+ D-R-To-aoo.._ L--g¢ D- EDDR- - - oL -z =--C-R--LME-- (X}
Drosopbila cdelc STTILIN--AA 8--Q D---n L BQaaa L. M-K-- -¥-Q-r--v-sg- i
Arabldcpsls cdela - D QYR------____ --N- -1 EQ-D---- ----hQ-®§ ... Q--v-8.% L X
Natrs cdcia - - arx TAM- -I RQ-D-eemeooo --¥d-g --R---.¥.8-% '
Fleslon yeast cdcl - - W LE- RI--x RD-#---- ... --V-DENWRS-C-R-L-IL-A-8 a
Budding yesat c4c28 - SC LANYRRL--Veoo . ... .. LDLRPGG - QRY - - - B8 -D- e XDD ---R-T-IV-SDAN 2
. - - - -
Caldtish cdx2 OUDLRAPHDARTVTOL 5L P LYREYLYQLLOOLAPCHEHRVLKADLRFONLL INAQUR KLADFOLARAFOVFVATY THEVVILNYRAPEILLG 174
Xenopus cdkl (Bgi) TIITRITIAANIE . -k e e n FIADROLARA Y LR R 176
Muman cdka x v ivreor pes  IITiTTT s m e een o IR IN T 176
Ruman cdcl WoITRTL--IPPOOYK DS ----¥.X.-qyo_..pool...llL. .l ppR T IITIITIITIs T-1-V-- oL s 17
Mouse cdcl WOl TRL--IREGQPM  DSST- - W-IM--IV----Ree .. _..._ . ppRogo oo ol T-T-Veeuooooo . [} LT
Chicken cdc2 M---KTL-TIPSOQYL DRSR-- ... Yol IV R oo e . DDKVY e To-oVem ol 177
Droscphila cdcl M---RY-.-L--DEMM B9%--N---Y-ITEAIL DXS-L- -V-cuo Q-8 -Fuofan_. 177
brosophila cdele M---RL--K KRDVF T-Q-I---WM-I-DAYV VOTA-K- - -- LR T T S 17y
Arabldopsis cdcia L---KH---TDDFSRD  LMWI-T--Y-I-K-I-y ---DRRTWAL--- EEETS S S 177
Malze cdcla Lo--K----CPREAXN - T_I---_¥QI-H.vAY - - -DRATNAL- - _ EEGEE STTE 1717
Ples{on yeast cdc2 I--—l'--ﬂlll--RT-—D-I--QKPT!--W-V‘H- ---DER-ML --.. e--L-W--.1-- i
BPudding yesst cdcis L~*--T-I0!PKDQPLOA.D I--KFMN-.CX-J1-Y R R T DML - -0---eoo L LAyl 198

- - -
Goldfish cdka CEYYSTAVDINSLAGC] FAEMITRRALYPODS R IDQLERY FRTLGTFDES IHPOVTIKPDYRlll’!K‘HMQDL’KWI’PLD!DGlDle!TDFI 172

Yencpus cdki (Rgl} LA TP Reme e L L BT Te-oo- LEAEEES TR EE LTS R A---Q--8- 273
miman caey  dattromrmoessoesseoveon CIIIIITIIIIIIIIIIOITUAS oo et L L T 8--9--.-m---- 27131
Ruman cdcl CE-LQ---NT- - PGS -ASH-KM-- W L. gK_ ... A any
Nousa cdc2 I.D—-Alrr----HPG!-MILI:II-—-H(‘l.-!-ll--Vv--A 273
Chicksn cdc2 LQ---¥T----XPOA GTH-QN- - - -- L---8X-_ ... A 113
Drosophila cdec) lr'r--c-snro-wol.n-—u—z--ln ------ ¥ 11
Drosophila cdcie TR--R-R OTMRPO - ITRARANE - Ik -.C- - - . a1y
Arabidopsis cdcla  EMM---B---_.y........ IA--—-lP‘l‘v-"P-*H--F-—V-—-llfvu—-'r 7]
Maire cdcie —'I‘A--IAQA--—ATv--H--'A-L-—fllA—l-lv’ 171
Fisslon yesse cdci S R-RP.. L BI-K--QV----H-qV---_- LLQ sruh-l-m-u----mr—u!--n--v---A 27y
Budding yeawt cdcas O-0- -0 CW- T M- R---h---M-A---DLVYL,- -----lfK-l-ll-f---l--l‘l-l--fbll.-.ln-l 20
.
Goldfish cdki KRISARNALVHRF FRDVTHEYP PLXL an
Xspopus cdk? (Zgl)  -..... V--T-F----. SR-T-H-I 97
Fumap ¢dk2 e Ry T SET: EIERY SRpN S a9
Rumab cdcl T G-M--M-PY-N-LIHGI KEX 17
Nouse cdc2 --=-0-K--K-FY-D- LDNQTRKM 197
Chicken cdciy ----C-ll-‘HwPI-D-LDK!Tb-MvIKl! 101}
Proscphila cdca L DI-X-PY-NAFQSOLVRE PR
Droscphila cdcice L-----D--Q-AY--N-OH -DHVH-PVDPNAGIASALTALY 314
Arabldopeis cdcia ==-M-AA--B-BY-K-LOGHF 294
Halza edcin ---T-RQ- -E-XT-K-LIVVQ I
Flaslonh yesst cdel L R R--QONTLR-FH 17
Budding yesst cdcin N----AR-AT-FY-QRES 19

F1G. 2. Comparison of the amino acid sequences of Lhe goldfish cdk2 with cdk? hoemologs from toad {Xenopus, Paris ef af, 1991) and human

{Elledge and Spoltswood, 1991: Ninomiya-Tsuji et al, 1991; Tsai et al, 1991) and with cde2 hemologs from human (Lee and Nurse, 1987), mouse
tCisek and Corden, 1989), chicken (Krek and Nigg, 1989}, fruit fiy {Drosophila, Jimenez ef ul, 1990, Lehner and O'Farrell, 1990), flowering plant
(Arabidopsis, Hirayama ef al | 1991}, maize (Colasanti ef al, 1981), fission yeast (Hindley and Phear, 1984), and budding yeast (Lorincz and Reed
ef al, 1981} 1dentical residues are shown by dashes. The residues that differ between edk2 and ede2 are indicated by asterisks.

extracts after freeze-thawing (Fig. 4A, lanes 1 and 2),
The modification was more prominent in mature than in
immature oocyte exlracts {Fig. 4A, lanes 3 and 4). The
34-kDa cde2 protein isolated with anticyclin B antibody
from mature cocyte extracts stored at ~80°C was not
remarkably modified (Fig. 4B, lane 8), indicating that
this modification is specific Lo cdk2. These results sug-
zest that cdk?2 and cde2 have different protein charac-
teristics. The chemical nature of this modification re-
mains to be characterized.

Previous studies have reported that cdk? binds to
P13 but, uniike ede2, it does not form a complex with
cyclin B (Solomon ef at, 1990; Fang and Newport, 1991).
Ta confirm this, we precipitated cocyte extracts with
p13™'conjugated heads and anti-cyclin B antibody.
The p13* precipitates from goldfish cocyte extracts
contained edk?2 (Fig. 4A, lanes 3 and 4}, confirming the
binding of cdk2 to p13***'. The anti-cyclin Bimmunopre-

cipitate from mature goldlish oocyte extracts did not
contain anti-cdk2 reactive proteins (Fig. 4B, lane 6),
whereas it contained an anti-PSTAIR reactive 34-kDa
protein, which is probably cde2 (Fig. 4B, lane 8). We also
tried to examine the absence of cyclin B in anti-cdk?
immunoprecipitates. However, the monoclonal anti-
body could not precipitate cdk2 efficiently. Therefore,
we used a polyclonal antibody against the C-lerminai
sequence of poldfish edk2. The immunoprecipitates
from mature oocyte extracts stored al —80°C contained
33- and 34-kDa cdk2s (Fig. 4B, lane 5), but not cyclin B
(Fig. 4C, lane 9). These resuylts clearly demonstrate that
edk2 does not form a complex with cyelin B.

MPF consists of cde2 forming a complex with cyclin B
{see Maller, 1991, for review), The absence of the binding
of edk2 to cyclin B suggests that cdk2 s not a component
of MPF. To confirm this, MPF highly purified from ma-
Lure carp cocytes (Yamashita ef ul., 1992a) was stained
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Fig. 3. Immuneblots of goldfish ovary {0), testis {T), intestine {I),
liver (L), and muscle (M) extracts, as revealed by anti-PSTAIR (A)
and anti-edk2 (B) antibodies. Anti-PSTAIR reactive 33- to 35-kDa
proteins are indicated by the asterisk. Figures show molecular welght
in kDa.

with the anti-cdk2 antibody. The purified MPF con-
tained anti-PSTAIR reactive 88- and 34-kDa proteins
(Fig. 4D, lane 12). The anti-edk2 antibody recognized the
33-kDa protein, but not the 34-kDa protein (Fig. 4D,
tane 11). The 84-kDa protein, which is probably cdc2,
corresponded to the MPF activity, but the 33-kDa pro-
tein did not (Yamashita et al, 1992a). Therefore, it is
likely that edk2 is not a component of MPF. However, it
is also evident that edk2 was found in the highly purified
MPF (Fig. 4D) and activated in mature oocytes (see be-
low, Fig. 5). Further studies are required to determine
the relationship between c¢dk2 and MPF. As described
above, the 33-kDa cdk? is a modified cdk2, since MPF
was purified from extracts stored at —80°C.

Changes in edk2 Activity and Protein Level during
Goldfish Qoeyte Maturation

As predicted from the ¢eDNA, c¢dk2 should be a protein
kinase (Fig. 1). Since cde2 prefers histone H1 as an exog-

A B C D
A — 34
Ur S mem m I - — — =Y
Y ! 3
12 3 4 5 6 7 8 910 1 12

F1G. 4. Immunologiczl characterization of edk?, {A} Appearance of
33-kDa ¢dk2 in exiracts stored at —80°C, as revealed by anti-cdk?
immenoblots of mature ooeyte extracts prepared freshly (1) and
stored at —80°C (2), and of p13m precipitates from immature (3) and
mature (4} oocyte extracts stored at —80°C. (B) Absence of anti-edk?2
reactive proteins in anti-eyclin B immunoprecipitate from mature oo-
cyte extract, as revealed by anti-cdk2 immunoblots of anti-edk2 (5)
and anti-eyelin B (6) immunoprecipitates. Anti-PSTAIR immunoblots
of anti-cdk2(7) and anti-eyelin B (8) immunoprecipitates demonstrate
3-kDa cde2 in the anti-cyelin B immunoprecipitate. {C) Absence of
cyclin B (asterisk) in anti-cdk? immunoprecipitates from mature oo-
cyte extract, as revealed by anti-cyelin B immuneblots of anti-cdk2 (9)
and anti-cyelin B (10) immunoprecipitates. (D) Detection by anti-cdk2
antibody of anti-PSTAIR reactive 33- but not 34-kDa protein, found in
MPF purified from mature carp oocyles, as revealed by anti-cdk2 (11)
and anti-PSTAIR (12) immunoblotting. .
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F1G. 5. Kinase activities of the immunoprecipitates from immature
(1) and mature (M} goldfish oocyte extracts with preimmune serum,
anti-cdk2 serum, and anti-eyclin B ascites fluid, as measured using
histone H1 (A) and SP-peptide (B). Mean + standard deviation (n = 2).

enous substrate, it is also probable that ¢dk? has histone
H1 kinase activity. We examined the kinase activity of
¢dk2 isolated from immature and mature goldfish oo-
cyte extracts using the anti-cdk? polyclonal antibody.
Similar to ede2 isolated with anti-eyelin B antibody,
cdk2 had histone H1 kinase activity. The activity of
cdk2, as well as of cde2, increased threefold when oo-
cytes matured (£ < 0.01, Student’s ¢ test) (Fig. 5A). A
more prominent (20- to 30-fold) increase in the kinase
activity of cdk2 and ede¢2 was obtained when a specific
substrate for cde2 (SP-peptide) was used as the exoge-
nous substrate (Fig. 5B). It is unlikely that the kinase
activity detected in the anti-cdk? immunoprecipitates is
due to contamination of cde2, since it did not contain
cyelin B that binds to active ede? (Fig. 41C). These results
indicate that the activity of cdk2 actually inereases dur-
ing oocyte maturation and that its substrate specificity
is similar to that of cde2.

We also examined changes in cdk? protein level dur-
ing oocyte maturation. Despite the increased activity,
the cdk2 protein level did not remarkably change during
oocyte maturation (Fig. 6), as reported for ede? (Simanis
and Nurse, 1986; Labbé et al 1988; Hiral et al, 1992) [t is
likely that the activity of cdk2 is not controlled by its
level but by chemical modifications such as phosphory-
lation and interaetions with other proteins including
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cyelins, as proposed for cdc? (see Maller, 1991, for re-
view). In fact, the four phosphorylation sites in ede2
(Krek and Nigg, 1991), each of which is believed to have
a crucial rele in regulating cde2 activity, are also con-
served in cdk2 (Figs. 1 and 2).

Association of edk2 with Other Proteins

The results deseribed above confirm that edk2 does
not bind to cyclin B, which is a regulatory unit and an
endogenous cdc? substrate (Labbé et al, 1989a; Gautier
et al, 1990; Izumi and Maller, 1991; Yamashita et al.,
1992a). To determine the regulatory unit for cdk2, we
examined the association of cdk2 with other proteins by
precipitating ¥P-labeled oocyte extracts with anti-edk?2
polyclonal antibody, then autoradiographing them. The
anti-cdk2 immunoprecipitates contained a 47-kDa pro-
tein (Fig. 7). Although its electrophoretic mobility on
SDS-PAGE was similar to those of cyelins A and B
(Hirai et al, 1992), the 47-kDa protein is not eyclin A or
B, since neither anti-cyelin A nor anti-cyelin B antibody
recognized this protein (Fig. 4C, data for eyelin A not
shown). Fang and Newport (1991) have reported that
Xenopus edk2 is associated with a 54-kDa protein doub-
let and a small amount of cyclin A. The 54-kDa protein
was not yet been characterized, but it may be a cyclin,
since its level fluctuates aceording to the cell cycle (Fang
and Newport, 1991). Therefore, in homology with the
control mechanisms of cde?, the activity of edk2 may
also be controlled by cyelins other than cyelins A and B,

The role of cdk2in cell cyele control is not fully under-
stood. Inhibition of DNA replication by depleting edk2
from Xenopus egg extracts suggests an important role in
G1/8 transition (Fang and Newport, 1991), However, we
demonstrated the increase in edk? kinase activity dur-
ing oocyte maturation, suggesting that it also plays a
role in this process. Further studies are required to fully
understand the role of cdk2.

GVBD (%)
0 00 0 0 0 0 0 3090100
M - -

01234567:8910
Time after Hormone Treatment (hr) .

FIG. 6. Anti-edk2 immunoblot of goldfish cocytes during matura-
tion, showing that the 34-kDa cdk2 protein does not remarkably
change during cocyte maturation. Time after hormone treatment and
the percentage of germinal vesicle breakdown (GVBID) are shown be-
low and above each lane, respectively.
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FiG. 7. Anti-PSTAIR immunoblot (1, 2) and corresponding autora-
diograph (3, 4) of immunoprecipitates from =P-labeled mature gold-
fish ooeyte extracts with preimmune (1, 3) and anti-edk? serum (2, 4).
Note the ¥P-labeled 47-kDa protein in the anti-cdk? immunoprecipi-
tate (4), in. which 83- and 84-kDa edk2s are also present (2), since the
extract stored at —80°C was used in this experiment. Immunoglobu-
lins (Ig) used for Immuncprecipitation are also shown, since anti-Ig
antibody was used for visualizing the antibody-antigen complex on
immunoblots.
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Leu'"-Val™, of the peptide. Cleavage at Leu*-Cya
enzyme. The enzyme did not cleave GIn*'-His® and

y which are commonly hydrolyzed by proteasomes from rat and mouse liver, and

ficity of Xenopus proteasome. To our knowledge, only a few
synthetic substrates {12, 13), but no natural peptide
substrate, have been tested for the Xenopus enzyme Inthe
present study, we investigated the specificity of action of
Xenopus protessome toward a peptide substrate, oxidized
bovine insulin B chain. This substrate was chosen so that
the results of this work could be compared directly with the
available data for mammalian proteasomes (20, 21). We
found that the proteasome selectively hydrolyzed the
peptide bonds of Leu*.Cya’, Glu'-Ala", Leuws-Tyr's, and
Leu'-Val'®, and the activities were inhibited by chymos.
tatin but not by leupeptin or antipain. Thus, the Xenopus
enzyme shows significant differences in specificity and
inhibition profile as compared with the mammalian en.
zymes, which do not hydrolyze the Leu®-Cya’ bond in the
oxidized insulin B chain and are insensitive to chymostatin.

l MATERIALS AND METHODS

Materials-——The B chain of oxidized bovine insulin was
purchased from Sigma. Suc-Leu-Leu-Val-Tyr-MCA and
Boc-Leu Arg-Arg-MCA were obtained from Peptide Insti-
tute {Osaka}. Leupeplin, antipain, and chymaostatin were
kindly supplied by Dr. Takaak; Aoyagi {(Institute of
Microbial Chemistry). Other reagents used were of the
highest grade available.

Xenopus Oocyte 208 Proteasome -
from female gravid African clawed frog {X. laevis) was
prepared through one-step ultracentrifugation without
homogenization of ovarian fragments (22). The 208 pro-

the

ytosol of ovaries

! This work was supported in part b
of Education, Science and Cultur
Foundation, Shizuoka.

Abbreviations: AMC, 7.amino-4-meth
carbonyl: Cya, eysleic acid; HP
matography; MCA, 4-methylcou
25 mM Tris-HCl (pH 7.5) co
2-mercaptoethanol.

Vol 113, No. 2, 1993

¥ Grants-in-Aid from the Ministry
e of Japan, and the Saito-Chion
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teasome was purified from the ¢ytosol according to the
procedure established by us. The details will be described
elsewhers. In brief, the cytosol fraction was applied to a
DEAE.-cellulose column in 25 mM Tris-HCl buffer (pH 7.5)
containing 20% glycerol and 10 mM 2-mercaptoethanol
(TGM buffer). The retained proteins including proteasome
were eluted with TGM buffer containing 0.2 M NaCl. The
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active fractions were pooled, concentrated through a small
DEAE-cellulose column, and fractionated on a Sepharose
CL-6B column in the same huffer. The active fractions were
pooled and again concentrated on a DEAE-cellulose column,
and chromatographed on a Phenyl-Sepharose CL-48B col.
umn in 20 mM Tris-HCI (pH 8.0) containing 0.5 M NaCl.
The flow-throuwgh fractions containing enzyine activity were
collected, diluted 10-fold with TGM buffer and applied to a
DEAE-cellulose column. The column was eluted with a
linear gradient of Na( (0-0.4 M) in the TOM buffer, and
the active fractions were pooled. The sample thus purified
was active and had specific activities of 8.2 and 1.6 pmol/
min/mg protein toward Suc-Leu-Leu-Val-Tyr-MCA and
Boc-Leu-Arg-Arg-MCA, respectively. This enzyme prepa-
ration was used in the present study without any treatment
for further activation. We presumed that the enzyme was
activated during purification.

Enzyvme and Pretein Assay—Enzyme activities toward
peptide substrates containing MCA were assayed at 37°C as
described (23), essentially based on the Barrett method
(24). The release of the fluorophore AMC was measured by
a spectrefluorometer using an excitation wavelength of 370
nm and an emission wavelength of 460 nm. Protein concen-
trations were measured by the method of Bradford (25)
with bovine serum albumin as a standard, and 700 xg of
protein was assumed to represent 1 nmol of enzyme.

Digestion of Oxidized Insulin B Chain and Analysis of
the Peptides—In analytical runs, the B chain of oxidized
insulin (1 nmol) was digested at 37°C with proteasome (2.8
pmol, 2 4g) in 50 ) of 50 mM sodium phosphate (pH 5 and
6}, 50 mM Tris. Yl (pll 7 and 8}, or 50 mM sodium borate
(pH 9 and 10). Aliquots of 25 4] were removed at appropri-
ate time intervals and subjected to HPLC using an Applied
Biosystems 130A Separation System on a column (2.1 x 30
mm) of Spheri-5.RP-18 (Applied Biosystems). The elution
was performed with a linear gradient of acetonitrile in 0.1%
trifluoroacetic acid from 0 to 70% in 20 min at a flow rate of
0.5 ml/min. The eluate was monitored by measuring the
absorbance at 220 nm. In preparative runs, the amounts of

—

|

¢

L

| >

Absorbance at 220nm

25h Fig. 1. Time-course of hydroly-
sis of oxidized insulin B chain by

JI Xenopus proteasome. The B chain
ﬂ‘/_,‘ 5h_- of oxidized insulin (1 nmol} was in-
-~ cubated at 37°C with the proteasome

! | (2.8 pmol) in 6O 4l of 50 mM Tris.
" HCI (pH 8). After incubation for the
3 indicated time period, a half of the
0 5 10 ! mixture was analyzed by HPLC using
a Spheri-5-RP- 18 column.

Elution Time (min})

T. Takahashi et al.

both substrate and proteasome were increased 5 times and
the digest was anaiyzed in a Hitachi 655A-11 systerm on a
colurnn (46 % 25 cm) of TSKgel ODS-120T (Tosoh). The
peplides were eluled with a gradient of acetonitrile (0 50%
in 30 min) in 0.1% trifluorcacetic acid at a flow rate of 3.8
ml/min. The eluate was monitored by measuring the
absorbance at 215 nm. The peak fractions collected were
hydrolyzed, and an aliquot of each hydrolysate dissolved in
water was analyzed for amino acid composition using an
Applied Biosystems aulomated derivatizer-analyzer
(420A/1304).

RESULTS

Figure 1 shows the changes in HPLC patterns of oxidized
insulin B chain digested with Xenapus proteasome at pH
8.0 and 37°C for various lime periods. Even when the
incubation was prolonged, the pattern was qualilatively the
same: the height of each peak produced apparently in.
creased with a concomitant decrease in that of the original
peplide, and no additional peaks appeared. Furthermore,
the produced peaks appeared to be resistant to further
proteolysis by the proteasome. These results indicate that
the hydrolysis takes place at rather restricted peptide
bonds of the substrate.

The cleavage sites and the extents of hydrolysis were
determined with the 2.h digest of the peptide. A typical
HPLC pattern is shown in Fig. 2, and the peaks were
analyzed for arnino acid composition. As summarized in
Fig. 3, the proteasome cleaved the peptide mainly at four
sites, although other bonds could also be cleaved to very
limited extents as suggested by many smaller, unidentified
peaks observed in Fig. 2. The extents of cleavage at pH 8.0
of Leu®-Cya’, Glu"-Ala'", Leu'*.-Tyr'®, and Leu"-Val'
were estimated to be 34, 23, 21, and 16%, respectively The
relalive rates of cleavage at the individual peptide bonds

)

Abserbance at 2!5nm ¢

Acetonitrile (%, ~—)

010 20 30

Elution Time {min)

Fig. 2. HPLC analysis of oxidized insulin B chain digested
with Xenopus proteasome. The 2.4 digeat at pH B.0 was analyzed
by HPLC using e TSKgel ODS-120T colurnn. All peak fractions were
collected, hydrolyzed, and analyzed for mmino acid compoaition. The
peptide peaks identified by the analysis have been given numbers
which correspond to those shown in Fig. 3. Peak 7 wag the original
unhydrolyzed peptide, and a peak eluted at 21 min contained no
significant amount of amino acids.

J. Biochem.
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Fig. 3. Positions of cleavage of oxidized insu-
lin B chain hy Xenopus proteasome. Arrows
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1 5 0 15 20 5 30
Phe-Vat Asn-Gin His Leu-Cya-Gly-Ser His Ley - Val Gie AlabeuTyrLeu Val-[ya Gly-Glu-arg Gly-Phe- Phe-Tyr ThrProlys Ala

below the sequence indicate the location of the ! 2 t t ! 6

peptide bonds that are cleaved at pHBOIn2h The +— —-

peptides produced by the digestion are indicated by 4 e 5

horizontal bars with numbers which correspond to 1 3

those shown in Fig. 2. ' S a— - . *

TABLE 1. Effects of inhibitors on the enzyme aclivily. The B

chain of oxidized insulin was digested at pl1 8.0 and 37°C for 2 h with

Xenopus proteasome 8t a molar ratio of 357 : 1. The digests were analyzed by HPLC as described in "MATERIALS AND METHODS. "
Activities toward Suc. Leu-Leu-Val-Tyr-MCA and Boc-Leu-Arg-Arg- MCA were assayed at 37°C and & final substrate concentration of 0.1 mM.

Inbibitor Activity remaining (%)
Insulin B chain Sue-Leu-Leu-Val. Tyr-MCA Boc-Leu Arg-Arg - MCA
Leupeptin 10 4 M 108 103 3
100 4 M 106 97 1
Antipain 10uM 102 99 2
100 4 M 96 93 1
Chymostatin = 10 xM 83 68 66
100 1M 42 19 3z
60f Boc-Leu-Arg-Arg-MCA hydrolyzing activily of the pro-
teasome. The results are consistent with the finding by
Tanaka et al, {12) that leupeptin and chymostatin prefer-
entially inhibited the cleavages of N-benzyloxycarbonyl-
o LOF Ala-Arg—Arg-4-methoxy-2’naphf.hyl&mide and Suc-Leu-
= Leu-Val-Tyr-MCA, respectively.
n
[
> DISCUSSION
2 20t
A4 In the present study, we investigated the cleavage speci-
T ficity of 208 Xenopus proteasome toward oxidized bovine
insulin B chain. Four peptide bonds in the peptide were
e e mainly hydrolyzed. Three of them (Glu'*.Ala', Leu's-
5 6 7 8 9 1o Tyr'®, snd Leu'’-Val'*} are also reported ic be the major
pH cleavage sites by human erythrocyte (2I) and rat and
mouse liver (20) proteasomes, However, these mammalian
Fig. 4. pH.dependence of cleavage at the individual peptide

bonds. The B chain of oxidized insulin digested with Xenopus
protessome at various pHs for 2 h was analyzed by HPLC. Percent
hydrolysis at the four different cleavage sites was estimated from the
amounts of the peptides produced. Cleavage sites are: 01, Leu*.Cya’;
e, Gl Ala’ o, Leu™ Tyr'; and », Leu"-Val'*.

were further examined at various pH values ranging from
510 10 (Fig. 4). The Glu"- Ala** bond was cleaved optimally
at pH 6 while the maximum hydrolysis was commonly seen
at pH 8 for the other three peptide bonds.

Tabte I summarizes the effects of some proteinase in-
hibitors on the hydrolysis of oxidized insulin B chain by the
proteasome. The eflects on the activities toward two
synthetic substrates, Suc-Leu-Leu-Val-Tyr-MCA and
Boc-Leu-Arg-Arg-MCA, are also included for comparison.
Of the three inhibitors, only chymostatin suppressed the
degradation of oxidized insulin B chain. It was found that in
the presence of the inhibitor, all peaks resulting from the
cleavages al the four different sites were apparently
reduced to similar extents (data not shown). The concentra-
tion of chymostalin required to produce 50% inhibition of
the inhibitor-free, control level wag approximately 60 4 M.
Chymostatin also inhibited the enzyme activities toward
the synthetic substrates. In contrast, leupeptin and anti-
pain were more potent inhibitors than chymostatin for the

Vol. 113, No. 2, 1993

proteasomes showed no or little cleavage at the Leu*.Cya’
bond, which was hydrolyzed most rapidly by the Xeropus
proteasome. Another difference is that Gln‘-Hig® and
Cya'-Gly® were rapidly cleaved by the mammalian pro-
teasomes (20, 21), whereas these bonds were resistant to
the Xenopus enzyme.

Interestingly, studies on the effect of various pH on the
proteolytic activities responsible for the respective cleav-
Ages revealed that the Glu''-Ala'* bond was optimally
hydrolyzed at pH 6, which is 2 pH units lower than the
others. However, all four hydrolyzing sctivities were
inhibited only by chymostatin. Thus, it is reasonable to
conclude that the catalytic center(s} that degrades oxidized
insulin B chain is probably not the one associated with
trypsin-like activity. Although more detailed studies are
required to determine which catalytic center(s) is respon-
sible for each cleavage, two different subunits with
chymolrypsin-like activity and peptidylglutamyl-peptide
hydrolyzing activity might be involved. Alternatively, only
a single subunit with chymotrypsin-like activity could
cleave ali the peptide bonds, assurning that its substrate-
binding subsite (S,) accepts the side chain of leucine as well
as that of glutamic acid,

1t should be noted that cleavages at Glu'-Ala', Leu'*.
Tyr'®, and Leu'’-Val' bonds found with human erythrocyte
proteasome were not suppressed in the presence of chymos-
tatin. In addition, in contrast to virtually no effect of



228

leupeptin on the cleavages at these sites with Xenopus
proteasome, the same inhibitor enhances the rate of these
cleavages catalvzed by the human protessome (21).

Tanaka et al_ {12) showed that proteasormnes from various
eucaryolic sources resemble each ather in many respects.
In the present work we demonstrated that Xenopus pro-
teasome has unigue cleavage specificity toward the Leuy®.
Cya™ bond in addition to the specificity similar to the
mammalisn counterparls so far reported (20, 21). The
results demonstrate the existence of species difference in
specificity as well as the general importance of proteasomes
for proteolysis. To examine the involvement of Xenopus
broteasome in oocyte maturation, detailed analysis of
protein degradation associated with the phenomenon will
be necessary. Identification of a physiclogical substrate(s)
of the proteasome in the oocyte is particularly important,
and this is being attempted at present.

We thank Dr. Takanaki Aoyagi (Institute of Microbial Chemistry,
Tokyo) for the generous gift of leupeptin, antipain, and chymostatin,
and Mrs. Yasuko Sakurai for her assistance in amino acid analysis,
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SUMMARY: The cytosol fraction prepared from Xenopus laevis ovaries by one-step
wltracentrifugation catalyzed the hydrolysis of succiny]flcucyt—lcucyl-valyl—tymsinc-4-
methylcoumaryl-7-amide with or without SDS, an activalor of 205 latent protcasomes.
Both activities were lost on immunodepletion with antibodies against 208 proteasome.
Storage of the cytosol at 41C led to abolition of the SDS-independent activity, but not the
SDS-dependent activity. Upon DEAE-cellulose chromatography, the enzyme catalyzing
the SDS-independent activity could be separated from that responsible for the SDS.-
dependent activity.  These results indicate that the ovary cytosol contains a large
proportion of a novel, "active” form of proteasomes which does not require SDS bus is
unstable and is readily converted to a latent form which requires SDS. ATP is known to
stabilize 265 protease complex, but ATP reduced SDS-independent activity. It scems that
the "active” form of proteasomes (molecular weight : about 1000-kDa) is different from
265 protease complex. e 1993 academic Press, Inc.

Proteasomes are non-lysosomal high molecular weight mublticatalytic protease com-
plexes that exist widely in eukaryotic cells in a latent state [1-16]. The latent form can be
activated by such agents as SDS, polylysine and falty acids (1.4,7,10-16]. Alithough their
physiological functions are not yet fully understood, recent studies have suggested that
proteasomes are involved in oocyte maturation in the leopard frog, Rana pipiens [14].
The occurrence of proteasomes in the cytosol and nucleus of Xenopus laevis oocytes has
also been reported [11,16-18], but their possible involvement in maturation has nol yet
been examined. In the meiotic maturation of amphibian vocytes, which is induced by
progesterone in vitro [19], progesierone is thought to interact with the oocyte surface and
thus trigger the breakdown of germinal vesicles, followed by the syntheses of the c- mos
protein product (Mos) and cyclin and activation of a maturation promoting faclor {20-22).
Ouw study is to elucidate the regulatory mechanism underlying oocyte maturation,

particularty on the role of proteasomes in this process.  To this end, it is necessary to

1To whom correspondence should be addressed.

Abbreviations: SDS, sodium dodecyl sulfate; Suc-LLVY-MCA, succinyl-leucyl-leucyl-
valyl-tyrosine-4-methylcoumaryl-7-amide.
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study the nature of proteasomes in ove. In this study, we prepared a cytosol fraction from
Xenopus laevis ovaries by one-step  ultracentrifugation, which does not involve
homogenization with a buffer, and found that it catalyzed the hydrolysis of a Iyrosine-
containing peptide without SDS. From this and other findings, we postulate that the ovary
cytosol contains a novel, "active” form of proicasomes, with previously unrecognized
properties, that is distinct from the known 208 latent form[11,16,23}. In addition, the
“active” form seems not 1o be identical with the known ATP-dependent 265 prolease
complex.

MATERIALS AND METHODS

Cyxtosol preparation from ovaries — Ovaries were isolated from sacrificed female
gravid frogs (Xenopus laevis) (Hamamatsu Seibutsu Kyozai Corp.) and placed in freshly
prepared Banth's mediom (88 mM NaCl, 1.0 mM KCi, 2.4 mM NalCQO,, 0.33 mM
Ca(NO,),, 0.41 mM CaCl,, 0.82 mM MgSO., 7.5 mM Tris-HCL, pH 7.6, 10 mg/liter
streptomycin sulfate and 100,000 1Uiter potassium penicillin G). Qvarian fragments
were allowed 1o seitle in a 4-ml centrifuge tube, the excess medium being removed. The
seliled fragments were then subjected to one-step ultracentrifugation for 1 hr at 105,000 x
g and 4 (50.3Ti rotor; Beckman Co.). The clear supematant fraction between the lipid
cap and the packed precipitate was carefully collected with a Pasteur pipet and used as the
cytosol (~ 20 mg protein/ml).

Enzyme assay — The hydrolytic activity toward a fluorogenic peptide subsirate, Suc-
LLVY-MCA (Peptide Institute Inc.), was determined by measuring the {luorescence of
groups liberated from this peptide as previously described [14).

Immunological analysis — The enzyme solution (300u1/60p1) was incubated at 37T for
I hr with 100ut/20ul of rabbit non-immune serm IgG (Vector Laboratories Inc.) or rabbit
anti-proteasome IgG (antibodies raised against 208 lalent proteasomes from Xenopus
laevis ovaries {11], purified from serum on a protein A-Sepharose CL-4B (Sigma Co.)
column  with Buffer A, ie., 25 mM Tris-HCI-20% glycerol-10 mM 2-mercaptoethanol,
pH 7.5). The antigen-antibody solution was incubated for 30 min at 37 C with prolein A-
Sepharose CL-4B (60ul/12p1) suspended in Buffer A. The supernatant was used for the
€nzyme assay after centrifugation for 5 min at 10,000 pm.

DEAE-cellulose column chromatography of the cytosol — An aliquot (3.0 ml) of
cytosol was applied 10 a DE-52 (Whatman Co.) column (1.2 x 4.0 cm) equilibrated at 4
with Buffer A, the column then being washed with the same buffer, and eluted with 150,
200 and 400 mM NaCt in Buffer A at the flow rate of 25 ml/hr. Aliquots (20 niyaoply of
1.0-mi-fractions were used for measuring the enzyme activity and protein content.
Sepharose 6B gel fillration of the cytosol — An aliquol (0.5 ml) of cytosol was applied
to a Sepharose 6B (Pharmacia) column (0.9 x 90 cm) equilibrated at 4°C with Buffer A,
and eluted with the same buffer at the flow rate of 2.5 mi/hr. Aliquots (20 Hif40uly of 1.0-
ml-fractions were used for measuring the enzyme aclivity and protein content.

Protein content — The protein content was determined according to Bradford's method
[24] with bovine serum albumin as a standard.,

RESULTS AND DISCUSSION

The Xenopus laevis ovary cytosol prepared by one-step ultracentrifugation exhibited
significant Suc-LLVY-MCA hydrolyzing activity without SDS (Fig. 1A). This activity
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Fig 1. Effects of $DS and anti-proteasome IgG on enzyme activity in the cytosol. (A)
Aliquots of cytosol were incubated for | hr at 37T with rabbit anti-proteasome IgG (final,
1 mg protein/ml)( @ ), non-immune IgG (final, | mg protein/ml}{ (O ) or buffer A (o)
Immunoprecipitates with protein A-Sepharose CL-4B were removed by centrifugation and
then the residual Suc-LLVY-MCA (10uM) hydrolyzing activily in the supematant was
measured with varipus SDS concentrations afier 10 min at 3 1T.B) Aliquots of cytosol
were incubated wnder the conditions given for panel (A) except thal differem
concentrations of rabbit anti-proteasome and non-immune 18Gs were added.  Then the
enzyme activity was measured as described for Panel (A), except without or with 0.10%
SDS. The symbols are as follows: rabbit anti-proleasome 1gG: withoutl { —()— Ywith
{—&—) SDS; non-immune TgG: without (- -~ _Y/with {~-@-SDS.

was drastically reduced with 0.03-0.06% SDS. With a further increase in the SDS
concentration, however, the activity increased again, reaching a maximum at abour 0. 10-
0.12% SDS. Immunodepletion of proteasomes from the cytosol with anli-proteasome IgG
led to the almost complete loss of the activities without and with SDS. Non-immune
IgG did not affect either activity. In addition, both activities were similarly and dose-
dependently inhibited by anli-proteasome IgG (Fig. 1B). These observations indicale 1hat
the ovary cytosol prepared in this study contained a large percentage of a form of
proteasomes that can hydrolyze the peplide without SDS, which is called the "active" form.
The above resulis suggest that low concentralions of SDS caused the conversion of the
“active” form info the latent form, which has been shown 10 require a cenain concentration
ol SDS and is known as 20§ proteasomes {1-16]. This conversion also seemed to take
place when freshly prepared cylosollwas stored at 4°C (Fig. 2). The activity without SDS
decreased: 64, 82 and 88% of the initial level being lost afer storage for 1, 4 and 8 days,
respeclively. However, the SDS-dependent activity remained unchanged for at least 8
days,
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Fig. 2. Enzyme activity after keeping the cytosol at 4. Fresh cytosol was keptat 47
for various days. Then (he peptide (10uM) hydrolyzfng activily in an aliquot of cytosol
was measured without { (O ) or with (®)0.12% SDS, as described in Fig. 1.

with 0.06% SDS, which may be due to the “active” form (Fig. 3B, lefi-hand panel). The
SDS concentration (0.06%) giving the maximal activity determined here was considerably
lower than that for the unfractionated cytosol {0.10-0.12%, see Fig. I). A possible
reason for this difference is the removal of an unknown cytosolic factor(s) that modulates
the activity of the latent form of proteasomes. The small peak materiat (fraction 47) (Fig.
3A). on the other hand, showed only very low enzyme activity, but this activity increased
16-fold with 0.06% SDS, which may be due to the latent form (Fig. 3B, right-hand
pancl).  The activities of both fractions were strongly inhibited by anti-protcasome IegG
(Fig. 30), indicating that the aclivities without and with SDS were catalyzed by two
distinct forms of proteasomes. It seems that fraction 47 contained proteasomes that had
already been converted to the latent form because of their instabitity during
chromatography. In addition, Sepharose 6B ge! filtration experiments indicated that the

-

apparent molecular mass of the “active™ form was estimated to be about 1000-kDa (Fig. 4),
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of 1 0-ml-fractions were assayed for both peptide hydrolyzing aclivity without SDS ( ®)
and protein content (.. ..), (B) Aliquots (10 1) of fractions 28 and 47 were assayed for
enzyme aclivity with various SDS concentrations. (C) Aliquots (10 W) of the same
fractions were incubated at 377 for 1 hr with differen amounts of anti-proleasome andg
non-immune IgGs. The residual activity in the supematant was assayed without/with

0.06% SDS (fraction 28) or 0.05% SDS (fraction 47),

The SDS concentrations were

obtained from (B). Non-immune TgG: without { (O )/with (A )SDS; anti-proteasome IgG:
without { @ )with { &) SDS.

several subunits from the "active” form,
mammalian 265 protease complex (apparent molecular mass: 1500-kDa),

It has recently been reported that the known

which is

formed through the association of 208 latent proteasomes with (wo ubiquitin-conjugate-

degrading factors

in an ATP-requiring process, may be involved in ubiquitin-de pendent
proteolysis [15,25-29].

To clarify the properties of the "aciive” form found in the ovary

cytosol, the effect of ATP on the Suc-LLVY-MCA hydrolyzing activities with various

concentrations of SDS was examined,

I mM ATP-addition caused a reduction in the
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Fig. 4. Sepharose 6B gcl filtration of the cytosol.  Gel filtration was performed as
described under MATERIALS AND METHODS, Aliquots (2001740083 of 1.0-ml.
fractions were assayed for both peptide hydrolyzing aclivity withowt $D3 { &) and

protein content (.. . .. }. The arrows indicate tha elution position of the molecular weight
markers: V,: blue dextran 2000, 1: thyroglobulin (670-kDa), 2: ferritin (440-kDa) and 3:
aldolase (158 kDya).

activity without SDS to 30% of the initial level, but did not affect either activity in the
presence of SDS (Fig. 5A). In addition, the dose-dt:pendcncy as to ATP of the SDS.-
independent aclivity was studied (Fig. 5B). The activity decreased with increasing
concentrations of ATP, but the reduced activity remajned unchanged (30-40% of the

1.25 mM ATP, but at 3 ke with 5 mM ATP. Thus, the aclivity was rapidly restored with
the low concentration of ATP when compared with the case of the high concentration of
ATP. With subsequent storage, both activities gradually decreased. Mg 2+ added as a
cofactor had no effect gn the time course, In addition, the activity level on storage with
Mg?+ alone withowt ATP decreased almost linearly, as in the case of the control (see Fig.
2). These observations suggested that a given amount of ATP added 10 1he Cytosol
appears to alter the conformation of the "active” form and subsequently the accompanying
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Fig. 3. Effect of ATP on enzyme activity in the cytosol. (A) Suc-LLVY-MCA (10 pM)
hydrolyzing activity was measured in the presence ( @ ) or absence ( (3 ) of 1 mM ATP
with various SDS concentrations after 10 minat 377C. (B) Increasing amounts of ATP
were added to aliquots of cytosol, followed by assaying for enzyme activily without SDS.

the reactivation following subsequent storage may be due 1o the “aclive” form being
reformed following the ATP-consuming step due to the action of a probable endogenous
ATPase. Since on further storage the "active” form was unstable, it may be converted 1o
the latent form such as shown in Fig. 2. From the above observations, 2 large propontion
of the "active form” in the ovary cytosol is suggested 10 be different from the probable
ATP-dependent 265 protease complex, Judging from not only molecular mass but also
the requirernent of ATP for activity (Figs. 4 and 5). In addition, the endogenous inhibitor
ol proteasome has been very recently found in the extracts of rabbit reticulocytes, which
may be one component (250-kDa) of ATP-dependent 265 protease complex {30]. If so,
the "active” form found in this study may be due 1o the lack of the inhibitor from ATP-
dependent 26S protease complex.  However, the biochemical mechanism(s) by which
ATP-addition to the cytosol causes fluctuation of the enzyme’s conformation and activity
is unclear. It has been reported that 26S-Tike protease complexes (in the presence of ATP)
with a core of 205 latent forms have been found under near-physiological conditions in
the Xenopus ovary cytosol (18]. However, we cannot discuss them in relation 10 the
“active” form since their enzyme activilies were not examined. In previous work
performed to detect proteasomal aclivity, tissues were first homogenized with a buffer, a
procedure leading to dilution and being time-consuming, and, therefore, conversion of the
“active” form to the latent form [14]. In this study we prepared the cytosol by one-slep

ultracentrifugation and thus obtained an undiluted cytosol fraction. It can be concluded
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Fig. 6. Time-dependent fluctuation in enzyme aclivity after keeping the cytosol with ATP.
Ahlquots of cytosel were kept with 1.25 mM ATP ( —a—) 1.25 mM ATP + 10 mM
Mgl (—a—), 5mM ATP (—O—) 5SmMATP + 10 mM Mg ( —@—), 10mM Mg+
(- -A--)or DDW (- - O- -} on ice. At the indicated times, the peptide (10 puM)

hydrolyzing activity in an aliquot of cytosol was measured as described under
MATERIALS AND METHODS,

that the cytosel fraction of Xeropus laevis ovaries contains a hitherto unknown "active™
form of proteasomes. Thus, its instability accounts for the fact that this form has
previously eluded detection. In other words, the “"active" form seems to represent the
physiological native state of proicasomes. In addition, it has recently been reported that
the rapid degradations of both Mos and cyclin proteins are the crucial events dunng
meiotic maturation in Xenopus oocyles and recognition of both proteins has been
suggested to be triggered by the action of proteasomes [22,29]. However, before a final
conclusion can be reached, further work is needed on the biochemical and physiological
properties of the "active” form of proteasomes, and its relationships with (he 20S latent
proteascmes and the 265 protease complex as to the amount of ATP,
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Changes in the activity and protein levels of proteasomes during oocyte
maturation in goldfish (Carassius auratus)

TosiNOBU TOKUMOTO 2. MASAKANE YAMASHITAY, Mic11YASU YosHIKUNI® and YosHITAKA NAGAHAMA’
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ABSTRACT

Changes in the activity and protein levels of proteasomes were determined in goldlish
oocytes during meiotic maturation induced /n vitro by 17a.208-dihydroxy-4-pregnen-3-one
{17a,2058-DP), a naturally occurring maturation-inducing hormone in this species. Both the
activity and protein levels of proteasome exhibited two peaks during the 17«,208-DP-induced
oocyte maturation with a similar pattern of fMuctuation. The first peak {a 2-fold increase)
occurred before the migration of germinal vesicle (GV) (within 1 h after 17a,205-DP treat-
ment), followed by a gradual decrease towards GV breakdown (GVBD), reaching the lowest
level at 6 h. The second peak occurred immediately after GVBD (7 h after the treatment),
followed by a sharp decrease at § h. The time of the second peak appears to correspond to the
time of the first polar body extrusion, a time when maturation-promoting factor (MPF)
activity was shown to decrease transiently in goldfish oocyles during the 17q,208-DP-
induced meiotic maturation. Thus, it is suggested thal proleasomes are involved in the

decrease in MPF activity during the first polar body extrusion.

Meiotic maturation of fish cocytes is triggered by
maturation-inducing hormone (MIH), which acts
on the cocyte surface and induces the activation of
maturation-promoting factor (MPF) in the oocyte
cytoplasm (11). Previous studics using various
protease inhibitors suggest that proteases are
involved in the MIH-induced meiotic maturation
of frog (3, 5) and starfish (6, 14) oocytes. Recently,
a non-lysosomal multicatalytic protcase named
proteasome has been identified in varicus eu-
karyotic sources (13, 15). Proteasome posscsscs
three distinct proteolvtic activities (chymotrypsin-
like, trypsin-like and peptidylglutamy! peptidasc
activities), and arc scnsitive to serine and thiol pro-
tease inhibitors (4, 13). In frog oocytes, serine
protease inhibitors have been reported to prevent
both the proteasome activity and oocyte matura-
tion (1). [t is thus suggested that proteasome is one
of the most likely candidates for proteases respon-
sible for the MIH-induced oocyte maiuration. In
this study, we examined changes in the activity and
protein levels of protcasomes during the 17a,203-

dihydroxy-4-pregnen-3-one (17a,205-DP, a4 natural
MIH in fish)-induced oocyte maturation in vitro in
goldlish (12).

Qocyle maturation was induced in vitro by incu-
bating fragments of ovaries {each contains 20-40
oocytes) in goldfish Ringer's solution (125 mM
NaCl, 24 mM KCI, 0.28 mM MgCl,, 2.4 mM
CaCl,, 2mM HEPES, 5.6 mM glucose. 100.000
1U/] penicillin, 0.2 g/1 streptomycin, pH 7.5) con-
taining 1 gg/ml ol 17¢,205-DP, as described pre-
viously (17). Maturation processes were assessed by
immersing the oocytes in a clearing solution (9),
enabling easy microscopic examination for the
presence or absence of a germinal vesicle.

In goldfish, like in other vertebrates, the fully
grown oocyle posscsses a large nucleus (germinal
vesicle) in meiotic prophase. The germinal vesicle
of this stage is located centrally. The lirst visible
cvenl associated with 17a,205-DP-induced final
maturation is the migration of the germinal vesicle
to the animal pole where the micropile 1s situated;
at this stage their germinal vesicle becomes visible
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Fig. | Changes in the morphology of the oocyte (A,
---), and the aclivity (A, @) and protein levels (B, native
PAGE: C. SDS-PAGE) during the 17a.20#-DP-induced
oocyte maturation in goldfish.‘Schemaltic diagram above
the figure ‘indicates the state of the germinal vesicte:
intact germinal vesicle (I), germinal vesicle during
migration (M), germinal vesicle attached to the oocyte
periphery (A), GVBD, germinal vesicle breakdown (see
text for details). To delermine the activity and protein
levels of proteasome, oocyte cytosol was extracted as fol-
lows: thitty cocytes manually isolated from ovarian frag-
ments were washed with goldfish Ringer. After excess
medium was removed, 150 4l of new Ringer was added,
The oocytes were crushed by ultracentrifugation al
150,000 g for 30 min at 4°C and the clear supermatant
was collected. Protease activity of proteasome was meas-
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ured using a fluorogenic substrate, Suc-LLVY-MCA
{Peptide Institute). Reaction was initiated by adding
10 ul of the sample to 100 4l of the reaction mixture con-
sisting ol 100 mM Tris-HCland 10 M Suc-LLVY-MCA
(pH 7.6) which was preincubated for 10 min at 37°C.
After 10-min incubation, the reaction was terminated by
the addition of 100 gl of 10% SDS and 2ml of 0.1 M
Tris-HC! (pH 9.0). The concentration of the released
MCA was determined on fluorescence spectrophotom-
eter (F-5000, Shimazu) with an excitation wavelength of
360 nm and an emission wavelength ol 460 nm. One
unit of the activity corresponds to 1 nmol MCA liber-
ated/min/ml. Proteins were separated by polyaeryl-
amide gel eclectrophoresis in ecither non-denaturing
{native PAGE with 5% gel) or denaturing condition
(SDS-PAGE with [2% gel) by the method of Lacmmli
(8), and transferred to Immobilon membrane (Milli-
pore). Membranes were blocked in 5% non-fat dry milk,
and incubated with the mixture of three monoclonal
antibodies against goldfish proteasome (GC4/5, GCla
and GC35; Tokumeto er al., unpublished) for 1 h at
room temperature, Immunocomplexes were visualized
using alkaline phosphatase conjugated anti-mouse
immunogloblin, as described previously (18).

under the dissecting microscope. The membrane
of the germinal vesicle then breaks down (germinal
vesicle breakdown) (Fig. 1A).

It was shown previously that the proteasome
aclivity could be detected only in the presence of
a low concentration of sodium dodecyl sulfate
(SDS) in the reaction mixture. However, in this
study the 150,000 g supernatant of crushed goldfish
oocytes induced to mature in vitro by 17¢.,2038-DP
exhibited the proteasome activity regardless of the
addition of SDS to the reaction mixture. Therefore,
in this study the proteasome activity was deter-
mined in the absence of SDS. The proteasome
activily in oocyte extracts prepared during vocyte
maturation was measured with a synthetic pep-
tide substrate specific to proteasomes, succinyl-
Leu-Leu-Val-Tyr-4-methylcoumaryl-7-amide (Suc-
LLVY-MCA). Since the proteolytic activity meas-
ured with this substrate was completely precipitat-
ed with antibodies against proteasome (16, Toku-
moto et af., unpublished), the obtained activity can
be considered to be solely derived from active
proteasome,

Upon stimulation of oocytes with 17¢,203-DP,
there was a 2-fold increase in the proteasome activ-
ity within 1 h that gradually decreased to the lowest
level by 6h post 17a,208-DP. The proteasome
activity elevated again at 7 h after 17a,208-DP
treatment, followed by a sharp drop at 8 h (Fig.
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1A}. Thedata presented in Fig. 1A are derived from
a representative experiment utilizing oocytes from
single gravid female goldlish. Similar experiments
were repeated several times with oocytes from dif-
ferent females to confirm the reproducibility of the
data. Although the absolute values varied between
experiments, the relative pattern of changes was
consistent between experiments,

Changes in protein levels of proteasomes were
examined using three different monoclonal anti-
hodics (GC4/5, GC3a and GC34) against purified
goldfish proteasome (Tokumoto er al. unpub-
lished). An analysis by immunoblots of native
PAGE revealed that all of the three antibodies
recognized a single species of protein. The density
of the band was proportional to the proteasome
activity throughout the maturational processes

(Fig. 1B). On immunoblots of SDS-PAGE, each ol

these three antibodies recognized three sepurale
components of subunits of goldish 20S protea-
some. Again, their density fluciuated in harmony
with the changes in the activity (Fig. 1C). Changes
mn the density of the three bands were synchronous,
showing no specific changes in a specific band.
The present study demonstrates for the first time
the changes in the activity and protcin levels of pro-
teasome during oocyte maturation. Both the activ-

ity and protein levels exhibited a similar pattern of

fluctuation during the 17¢,205-DP-induced nocyte
maturation in goldfish, These resulls suggest that
the activity of proteasomc is dcpendent on the
amount of the protein. There were two peaks of the
activity and protein levels of protcasome during
oocyte maturation: the first pecak immediately prior
to the migration of germinal vesicle and the second
one just after the completion of germinal vesicle
breakdown. At present there is no experimental
data to explain the lunctional significance of the
first peak. However. some discussion could be
made on the second peak. It is of great interest to
note that the time of the second peak appears 10
correspond to the time of the first polar body extru-
sion (between the first and second meiotic meta-
phase). At present less is known about exit from
mitosis than cntry into mitosis. In Xenopus
oocytes, it was found that MPF activity decreased
rapidly after fertilization. More recently, it has been
suggested that this rapid inactivation ol MPF is
induced by the degradation of cychn B, the regula-
tory subunilt of MPF (2, 7. 10). In fact, we pre-
viously reported that in goldfish cocytes HI his-
tone kinase (MPF) activity decreased transicntly
when the first polar body was eliminated (I8).
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Thus, it is possible that proteasomes are respon-
sible for the decrease in the MPF activity, probably
by inducing thec degradation of the regulalory
subunit of MPF, cyclin B.

This work was supported by grants-in-aid for Scientific
Rescarch from the Ministry of Education, Science and
Culture of Japan (02102010 and 04044177 to Y. N.). the
Naito Foundation, and the Japan Hecalth Scicnces Foun-
dation.
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Purification of ubiquitin from goldfish (Carassius auratus) oocyte cytosol
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YosHITAKA NAGAHAMA®
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ductive Biology, Nuational Institute for Basic Biology, Okazaki 444, Japan

ABSTRACT

Ubiquitin was purified from the cytosol fraction (150,000 g supernatant) of goldfish ovaries
containing full-grown postvitellogenic oocytes using four steps of column chromatography.
The purified goldfish ubiquitin gave a single band with a molecular weight of 5.5 kDa on
denaturing polyacrylamide gel electrophoresis and reacted with an anti-bovine ubigquitin
antibody on Western blot. The first 40 amino acid residues of the N-terminal scquence of
goldfish ubiquitin are identical with those of ubiquitins in other higher eukaryotes. These
results indicate that ubiquitin exists and occurs as a free polypeptide in immature oocytes of

goldfish,

Ubiquitin is an 8,600 dallon heat stable protein
widely distributed in eukaryotic cells and its amino
acid sequence exhibits a high degree of evolution-
ary conservation (3, 5, 13, 14, 17). Within the cells
ubiquitin occurs either free or as a covalent adduct
to various target proteins (2), with the linkage
occurring between the carboxyl terminal of ubi-
quitin and the lysyl g-amino groups of the target
protein (8). Although there are numerous studies
describing the mechanisms of ubiquitin conjugate
formation, the physiological role of this post-ribo-
somal modification is still unclear. A widely accept-
ed candidate for the role of ubiquitin conjugation is
ubiguitin-dependent proteolysis. 1n the cytoplasm,
ubiquitin conjugation marks the target proteins for
degradation by the ubiquitin-dependent proteo-
lytic system (6). i

Mitosis is induced by the activation of matura-

- tion-promoting factor (MPF), which consisis of

two components, cdc? kinase (p34°9?), a catalytic
subunit, and cyclin B, a regulatory subunit {10).
Cyclin B degradation is a critical part of the
eukaryotic mitotic cell cycle (11). Recently il has
been suggested that this cyclin degradation is
induced by the ubiquitin-dependent proteolysis
(4). However, the involvement of the ubiquitin-
dependent proteclysis in meiotic cell cycle remains
unknown. As a first step to answer this guestion.

we purified ubiquitin {rom goldfish cocyte cytosol
and determined its amino acid residucs of the N-
terminal sequence.

In -this study, sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis was used to
assay ubiquitin, since ubiquitin is known 1o mi-
grate as a 5.5 kDa band (7); bovine ubiguitin was
used as a standard. Immunoblolting using an anti-
ubiquitin antibody was also used for assaying ubi-
quitin. Ubiquitin was purified from the 150,000 g
supernatant prepared from goldlish ovaries con-
taining full-grown postvitellogenic oocytles. Four
steps of column chromatography (DEAE-celtulose,
CM-cellulose, Bio Gel P-30 and Mono-S} were
emploved. On Bio Gel P-30 gel chromatography,
ubiquitin was eluted at the position as the [ree form
{Fig. 1A). In the final step of purification on Mono-
S column chromatography, goldfish ubiguitin was
eluted at 0.15 M NaCl with a symmetrical peak
(Fig. 1B). By this procedure, 1.2 mg of ubiguilin
was purified from 80 g goldfish ovary. Purified ubi-
quitin gave a single band with a molecular weight
of 5.5 kDa (Fig. 2A). This 5.5 kDa band reacted
with the anti-bovine ubiquitin antibody (Fig. 2B).

The primary structure of ubiquitin has been
reported in bovine (14), human (5), trout (17),
insect {3) and yeast (13). The amino acid sequence
of these ubiquitins is completely identical, except
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Fig. 1 Purification of ubiguitin from goldfish oocytes. Goldfish ovaries were dissected into fragments of 50-100
oocytes in goldiish Ringer's solution (125 mM NaCl. 2.4 mM KCIL, 0.28 mM MgCl,, 2.4 mM CaCly, 2 mM HEPES,
5.6 mM glucose, 100,000 TU/1 penicillin, 0.2 g/l streptomysing, pH 7.5) and washed with the Ringer’s solution three
times. Oocyles were homogenized with 4 vol of 50 mM Tris-HCL buffer, pH 7.5, containing 10 mM 2-mercaptoetha-
nol and (.25 M sucrose and the homogenate was centrifuged at 150,000 g for 1 h, The supernatant was applicd 10«
DEAE-cellulose column {(DES2. 2.6 12.0 cm) cquilibrated with 50 mM Tris-HCL buffer, pH 7.3, containing 20% glyc-
erol and 1) mM 2-mercaptoethanol. Flow-through and first one column volume cluate were collected and used for
ubiguitin purification, After pH was adjusted to 4.5 with HCI, the DEALE flow-through fraction was applicd to a CM-
cellulose column (CM52. 2.6 18.8 cm) equilibrated with 25 mM ammoniun acctate at ptl 4.5 (buffer A, pH adjust-
cd at room temperature). The column wis washed with five column volumes of bulfer A and bound materials were
eluted with 50 mM ammoniuny acetate at pll 3.5 at room temperature, and 20 ml [ractions were collected. Fractions
were assessed by SDS-PAGE or: immunoblotting with anti-bovine ubiguitin anti-serum (Sigma) and the fractions
containing ubiquitin were collected and concentrated with u CM-cellulose column as following: pH of fraction was
adjusted to 4.5 and applicd 1o column (1.0 x 6.4 cmy), then proteins were eluted with buffer A containing 500 mM
NaCi, The concentrated raction was applied to Bio Gel P-30 column (Bio Rad, 1.6 x 50.0 cm) equilibrated with buffer
AL and 5 ml fractions were collected. Fractions containing ubiquitin were pooled and applicd to 1« Mono-S column

{Pharmacia, HR 575y equilibrated with bulTer A. Proteins were eluted using a linear gradient (total volume: 30 ml) of

0-0.3 M NaCl in buffer A (fraction volume; 2 ml). The peak fraction at a concentration of 0.15 M NaCl was collected
as purified ubtquitin, All procedures were performed at 4°C. A: Bio Gel P-30 column chromatography: Fractions from
CM-cellulose column chromatography were pooled and concentrated, and chromatographed on Bio Gel P-30 column
(1.6% 50 cm). Arrows indicate the eluted position of molecular weight standards as follows: 1, bovine serum albumin
(66 kDa): 2, chymotrypsinogen (25 kDa): 3, acetone, Pooled fractions arc indicated by the horizontal line. B: Mono-S
column chromatography: Fractions from Bio Gel 30 column chromatography were pooled and chromatographed
on Mono-S (HR 3/5) column. The pooled fraction is indicated by the horizontal line. Protein content was determined
from absorbance at 280 nm using bovine ubiguitin as standard.
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Fig. 2 SDS-PAGE and immunoblotting of purified
goldfish ubiquitin. Electrophoresis lollowed the method
of Laemmli (9) using 15/25% gradient gels (Daiichi Purc
Chemicals). Proteins were then transferred to an Immo-
bilon membrane (Millipore) using a semidry clectroblot-
ter (EIDO). The membrane was blocked with 5% non-fat
dry milk and incubated with the anti-bovine ubtquitin
anti-serum (1/100 in Tris-buffered saline) for 1 h at
room temperature. immunocomplexes were visualized
ustng alkaline phosphatase conjugated anti-rabbit im-
munoglobulin, as described previously (16). A: SDS-
PAGE of goldfish {G) and bovine (Bo) ubiquitin stained
with Coomassie blue R-250. Molecular wetghts of stand-
ard proteins (M) are indicated at the left. B: Immuno-
blotting analysis of goldfish ubiquitin () and bovine
ubiquitin (Bo)

for that of yeast ubiquitlin which differs in only
three of 76 residues from that of the animal ubiqui-
tins. We determined the first 40 amino acid resi-
dues of the N-terminal sequence of the purified
goldfish ubiquitin. To this end the purified ubiqui-
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tin was further purified by a reverse-phasc HPLC.
As shown in Fig. 3, the N-terminal 40 amino acid
sequence of goldfish ubiquitin is identical with that
of the animal ubiguitins and differs in only three
amino acid residues from that of yeast ubiguitin.

Evidence is now accumulating to suggest that
proteolysis plays an essential role in the progression
of the eukaryotic cell cycle. Recently, nonlysosomal
high molecular weight multicatalytic protease com-
plexes, named proteasome, have been identified in
various eukaryotic sources (12). In frog oocyles,
serine protcasc inhibilors prevent both the protea-
some activity and meiotic maturation of oocytes
{1). It is thus suggested that proteasome is one of
the most likely candidates for protease responsible
for meiotic cell cycle. Recently, we have purified
and characterized 20 S (latent) proteasome and
active proteasome (268 proteolytic complex) [rom
full-grown ovaries of goldfish (Tokumoto et al.,
unpublished). In the accompanying paper (15), we
have suggested that the proteasome is involved in
the degradation ol c¢yclin B during the first polar
body extrusion in goldfish oocytes. The present
study clearly indicates that a large amount of ubi-
quitin occurs as a free polypeplide in immalure
cocyles of goldfish. We have also shown that ap-
proximately the same amount of protcasome is
present in immature oocytes of goldfish (Toku-
moto ef al., unpublished). It is possible that both
ubiquitin and proleasome are involved in the
degradation of cyclin B during meiotic cell cycle of
goldfish oocytes, which in turn leads to the inacti-
vation of MPF.

This work was supported by grants-in-aid for Scientific
Research from the Ministry of Education, Science and
Culture of Japan (02102010 and 04044177 to Y.N.), the
Naito Foundation, and the Japan Health Sciences Foun-
dation.

1 ’ 10 20 30 40
Bovine MQIFVKTLYGKTITLEVEPSDTIENVKAKIQDKEGIPPDQ
Goldfish MQIFVKTLYGKTITLEVEPSDTIENVKAKIQDKEGIPPDQ
Yeast MQIFVKTLYGKTITLEVESSDTIRDNVKSKIQDKEGIPPDQ

Fig. 3 Alignment of the N-terminal amino acid sequences of hovine, gotdfish and yeast ubiquitin,
For the determination of the N-terminal amino acid sequence, purified ubiquitin was further purified
by a reversed-phase HPLC ona uPRC C2/C18, PC3.2/3 column using a SMART system (Pharmacia).
Proteins were cluted with a 0-1008% (v/v) lincar gradient of acetonitrile/water containing 0.1% (w/v)
trifluoroacetic acid. The peak fraction was directly loaded onto a glass filter for sequencing the pep-
tides using a 470A Protein Sequencer (Applied Biosystems Japan). Three amino acids of yeast ubiqui-
tin different from those of bovine and goldfish ubiquitin arc underlined.
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20S LATENT PROTEASOMES ISOLATED FROM THE CYTQSOL OF
XENOPUS OOCYTES: PURIFICATION AND PARTIAL

CHARACTERIZATION

Tosmnory TokumoTo™ and K AaTsutosHr Isikawa'?

"Department of Binlogy, Faculty of Science, Shizuoka Universily, Shizuoka 427, Japan

ABSTRACT

205 Jatent proteasomes (multicatalytic protease complexes) have been purified from the cyto-
sol of XYenopus laevis oocytes by means of conventional chromatographic techniques. The
enzyvme thus obtained showed & molecular weight ol approximalely 670 kIDa as estimated on
gel filtration. Polyacrylamide gel clectrophoresis of the enzyme gave a single band under non-
denaturing conditions, and at Jeast 9 bands in the range of 25-33 kDa under denaturing con-
ditions. The cnzyme hvdrolyzed some peptide 4-methylcoumaryl-7-amide (MCA) sub-
strates. with a special preference for Tyr-MCA and Arg-MCA bonds. [Further, the enzyme
was shown to significantly cleave the Tyr-MCA bond in the presence of SDS, which is known
as an activator of 208 latent proteasomes, but under the same conditions, the Arg-MCA bond
was resistant Lo the enzyme. Degradation of the Tyr-MCA bond by the enzyme showed a pH
optimum in the slightly alkaline range. Immunological experiments using antibodies against
Xenopus 208 proteasomes clearly revealed cross-reactivity with the purilied enzyme. The pro-
pertics examined are similar to those ol 208 proteasomes isolated from various eukaryotic

ceijls.

The multicataivtic protease complexes named pro-
teasomes are thought to play a main role in the
non-fvsosomal proteolytic pathway in eukaryotes
(7). Tt was recently shown that there are dilferent
forms, named mainly 20S and 26S proteasomes.
Amaong them, 208 proteasomes may be the princi-
pal core of ubiquitin/ATP-dependent 265 pro-
teasomes from various sources (3, 7, 14, 15, (8, 19,
21.23,25-27). and arc called latent (inactive) forms
since they can be activated by some agents such as
SDS. polyvtvsine and fatty acids (3, 15, 21, 25). Re-
cent studies by Tanaka e al. (23} and Kleinschmidl
et al. {10} have shown the presence of proteasomes
in the cytoplasm and the nucleus of amphibian
(Xenopus faevis) vocyte. This finding is interesting

"Present address: Department of Molecwlar Biomechan-
tcs. The Graduate University for Advanced Studics,
Laboratory of Reproductive Biology, National Institute
for Basic Biology, Okazaki 444, Japan

*To whom correspondence should be addressed

in connection with the maturation of amphibian
oocytes, which is known to be induced by pro-
gesterone (8, 12, 13). Here, it is suggested that
some proteolysis may be involved in the in viro
oocyte maturation in amphibians (6). Recently, we
also reporled that some proteasc inhibitors, e.g..
N-a-osyl-L-phenylalanine  chloromethyl ketone
{TPCK), specific for chymotrypsin, and diisopropyl
fluorophosphate (DFP), specific for serine-pro-
tease, inhibited the oocyte maturation in Rana
pipiens (1, 9) and Bufo japonicus (Takahashi, Toku-
moto and [shikawa, in preparation), respectively. In
addition, the proteasomes in premature oocyles
were found to be sensitive to TPCK and DFP
These observations suggest for the first time that
some proteolysis in oocyte maturation in frogs may
be due to the action of proteasomes,

On the other hand, it was recently suggested that
the c-mas product (Mos protein), and cyclin pro-
tein, a specific component of maturation promot-
ing factor, which may be synthesized following
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induction by progesterone, may he degraded spe-
cifically by probable ubiquitin/ ATP-dependent 265
proteasomes during oocyte maturation in Yenopus
facvis (4, 16). Thus, it ts very important that the
involvement of proteolysis may be analyzed by
focusing on the proteasomes. However, the forms
of proteasomes in the physiological state and their
activation mechanism remain unclear. The final

goal of our study is to clarify the involvement of

proteasomes in the oocyte maturation in amphib-
1ans,

Very recently, we found for the first time the
presence of @ novel proteasome that can hydrolyze
succinyl(Suc)-Leu-Leu-Val-Tyr-MCA, as a typical
peptide substrate for proteasomes, without SDS, in
the extosol of Xenopus vocyies (24). We proposed to
call 1t the ‘active’ form of proteasome, The ‘active’
form mayv be easily dissociated into a very stable
205 latent form and regulatory factors like 268 pro-
teasomes, but different from 265 proteasomes (24).
Thus, the fatent form of proteasome may be the
core of the “active’ form, Among proteasomes, the
sactive” form ilsell may play a critical role in the
physiological state in the cocyte maturation proc-
ess. In order to clarify the nature of the ‘active’
form. it is necessary, as a first step, (o completely
clucidate the nature of the stable 20S latent protea-
some, because it is casy to iselate and purify.

In the present paper, we report a procedure for
purifyving 205 latent proteasomes from cytosol pre-
pared through one-step ultracentrifugation from
Xenopus laevis oocytes, involving conventional
column-chromatographic techniques, and charac-
terized some properties of the purified enzyme. in
addition, the partial specilic characteristics of the
same 205 proteasome were previously reported by
us (20).

MATERIALS AND METHODS
Animals

Female gravid African clawed (rogs (Xenopus laevis)
were purchased from Hamamatsu Seibutsu Kyozai
Corporation (Hamamatsu, Japan).

Chenticals

Chemicals were obtained from the sources indicat-
ed. 4-Methylcoumaryl-7-amide (MCA) substratces,
i.e.. Suc-Leu-Leu-Val-Tyr-MCA (Suc-LLVY-MCA),
Suc-Ala-Ala-Pro-Phe-MCA  (Suc-AAPF-MCA),
Boc-Leu-Arg-Arg-MCA  (Boc-LRR-MCA) and
Boc-Phe-Ser-Arg-MCA (Boc-FSR-MCA) from Pep-
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tide [fnstitute (Osaka, Japan); sodium dodeeyl
sulfate (SDS) from Nacalai Tesque (Kyoto, Japan):
DEAE-cellulose (DE-52) from Whatman (U.K.);
Sepharose CL-6B, Phenyl-Sepharose CL-4B3 and
Protein A-Sepharose CL-4B from Pharmacia (Swe-
den); hydroxylapatite (Bio-Gel HTP) from Bio-Rad
(U.S.A): normal rabbit serum and ABC-ATP kit
from Vector Lab. (US.A); and a nitrocellulose
membranc (Immobilon) from Millipore (U.S.A.).
All other reagents were of the highest grade avail-
able.

Preparation of Cyiosol from Ovarian Oocyles

QOvaries were isolated from sacrificed animals and
placed in freshily prepared Barth's medium {88 mM
NaCl, 1.0 mM KCI, 2.4 mM NaHCO,, 0.33 mM
Ca(NO,), 041 mM  CaCly, 0.82 mM MgSQy,
7.5 mM Tris-HCI, pH 7.6, with 10 mg streplomyein
silfate and 100,000 1U potassium penicillin G per
fiter]. Ovarian fragments were washed three times
with cold Barth’s medium and then allowed to
settle in a centrifuge tube, and then excess medium
was removed. The clear supernatant (cytosol)
between the lipid cap and the packed components
was obtained by one-step ultracentrifugation at
105,000 g for 1 b (50.3 Ti rotor; Beckman) without
homogenization of ovarian fragments. Cytosol
(= 20mg protein/ml) was carefully withdrawn
using a Pasteur pipet.

Lnzyme Assay

The substrate solution (10 x4l of substrate dissolved
in dimethylsulloxide with 20 4l of 0.5 M Tris-HCI,
pH 8.5, and 60 g1 of different SDS concentrations
in distilled water) was first preincubated for 10 min
at 37°C, and then an aliguot (10 u1) of the enzyme
solution was added (final concentration of each
substrate, 10 zM), followed by incubation at 37°C
for a given period. The reaction was stopped by
adding 100 g1 of 10% SDS and 2 m! of 0.1 M Tris-
HCI, pH 9.0. The enzyme activity was determined
by measuring the fluorescence (excitation at
360 nm and emission at 460 nm) of 7-amino-4-
rnethylcoumarin (AMC) with a fluorescence spec-
trophotometer (F-3000; Hitachi, Japan). One unit
ol activily was defined as the amount of the enzyme
that liberated 1 gmol of AMC per minute.

Purification of the Enzyme
205 proteasomes were purified from cytosol by
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sequential column chromategraphies on DEATL-
cellulose.  hydroxylapatite,  Sepharose  CL-6B,
Sepharose CL-6B again and then DEAE cellulose
agamn. All procedures were performed at 4°C,
Cytosol was applied to a column (2.74 x {0 cm)
of DEALE-cellutose equilibrated with 25 mM Tris-
HCL pH 7.5, containing 20% glycerol and 10 mM 2-
mercaptoethanel {TGM builer). After the column
had been washed with the same bufler, the enzyme
was cluted at a flow rate of 25 ml/h with a linear
gradient of NaCl (0-(4 M total, 500 ml). Fractions
were collected at S ml/tube. The enzyme activity
fraction obtained was pooled and then dialyzed
against 25 mM sadium phosphate, pH 6.8, contain-
ing 20% glveerol and 10 mM 2-mercaptocthanol
(PGM bulfer). The enzyme activity fraction thus

obtatned was applied to a column (2.75 x 10 cm) ol

hydroxviapatite equilibrated with PGM buffer. The
column was washed thoroughly with the same
buffer, and then the enzvime was cluted at a flow
rate of 15 mi/h with a lincar gradient of sodium
phosphate (25-300 mM: total, 500 mi). Fractions
were collected at 5 ml/tube. The enzyme activity
fraction ebtained was pooled and then concentrat-
ed to about 10 ml on a column (1.25 x 4.1 cm) of
DEAT -celfulose, and then chromatographed on a
column of Sepharose CL-6B in TGM bufler at a
flow rate of 20 mi/h. Fractions were coflected at
5 mi/tube. The enzvme activity fraction obtained
was rechromatographed on a Sepharose CL-6B
column in the same manner as above. The pooled
enzyme activity fraction from a column of Sepha-
rose CL-6B was again applied to a column
(0.95 x 43 em) of DEAE-cellulose equilibrated
with TGM buffer, and then cluted with a lincar
gradient of NaCl(0-0.4 M: total, 100 m). Fractions
were collected at 2 ml/tube. The enzyme activity
fraction eluted at 0.16-0.18 M NaCl was pooled as
the purified enzvme and then stored at 4 or —20°C
for subsequent studies.

Gel Electrophoresis

Protein samples werce clectrophoretically separated,
with or without SDS, according to the protocol of
Laemmli (11).

Immunological Analysis

For immunoprecipitition, anti-C.Xenopus protcasome)
TeG and control TgG were purified from rabbit anti-
Xenopus anti-serum and normal rabbit serum,
respectively, with Protein A-Sepharose CL-4B.
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Samples were incubated with these 1gGs in TGM
buffer for 1 h at 2 or 37°C, and then Protein A-
Sepharose CL-4B suspended in TGM buffer was
added, followed by further incubation (30 min at 2
or 37°C). Immuno-complexes were precipitated by
centrifugation and residual ecnzyme activily in the
supernatant was determined.

Forim munoblotting, samples separated by S1)S-
polyacrylamide get electrophoresis (PAGE) were
clectrophoretically (ransferred to  nitrocellulose
membrane. The membrane was blocked with 3%
gelatin and then incubated with anti-(Xenopus pro-
teasome) l1gG. The antigen-antibody comptex was
visualized with the ABC-AP kit.

Protein Assay

The protein content was ecstimaled from the
absorbance at 595 nm according to Bradiord's
method using bovine serum albumin as a standard

{2).

RESULTS

[;;ffecr of SDS on the Enzyme Activity in the
Cyrosol

As shown in Fig. 1A, the Xenopus lacvis oocyle
cytosob prepared by one-step ultracentrifugation
exhibited significant Suc-LLVY-MCA-hydrolyzing
activity in the abscnce of SDS. This activity was
drastically reduced at 0.04-0.07% SDDS. With a fur-
ther increase in the SDS concentration, however,
the activity increased again, reaching a maximum
at about 0.12% SDS. Both the SDS-dependent and
-independent hydrolyses reached a plateau afler
about 30 min (Fig. 1B). Immunodeplction of pro-
teasomes from the cytosol with anti-proteasome
182G led to an almost complete loss of the activity in
both the absence and presence of SDS (Table i)
The activities with and without SDS have been
conflirmed to be due lo proteasomes, which may be
205 latent and ‘active’ proteasomes, respectively
(24). In addition, Table 1 shows the relative rates of
hydrolysis of several fluorogenic peptide substrates
by the fresh cytosol in the absence of SDS. Suc-
LLVY-MCA was by far the best substrate, whereas
Suc-AAPTF-MCA was the poorest. Among the Arg-
containing peptides tested, Boc-LRR-MCA was
hydrolyzed well, but Boc-FSR-MCA was poorly
atlacked.  These resulls suggest that  ‘active’
proteasomes contain chymotrypsin-like and tryp-
sin-like enzymes as components, as expecled
(24).
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Fig. 1 Effect of SDS on the enzyme activity in cytosol. (A) Suc-LLVY-MCA-

hydrolyzing activity was measured for various SIS concentrations alter 10 min al
377C.(B)Y The same aclivity was also measured after various times at 37°C withoul
() and with (@) 0.12% SDS.

Table 1 Lffect of mmunatitration of the Enzynie in Cytosol with Anti-Proteasome
fe(s
$DS Remaining activity (m units/ml)  [nhibition
Suhstrate
(0.12%) Control-lgG Anti-1gG (%)
Suc-LLVY-MCA — 28.6 1.9 93
+ 27.1 0.3 99
Suc-AAPF-MCA — 57 6.6 0
Boc-LRR-MCA - 26.1 3.9 66
Boc-IFSR-MCA — 9.8 6.2 37

Cytosol fractions were incubated with rabbit anti-(Xenopus proteasome) IgG (anti-
1£G) or control-1gG. and then Protein A-Sepharose CL-4B as described under Ma-
terials and Methods. Tmmunoprecipitales were removed by centrifugation. The

supernatant was assayed for residual peptide hydrolyzing activity.

Purification of 20§ Proteasomes

The results of purification of 208 latent pro-
teasomes, which can be activated by SDS (Figs. 2-
5). are summarized in Tabfe 2. Here, we measured
Suc-LLVY-MCA-hvdrolvzing activity in both the
presence and absence of 5DS during purification:
In addition, the optimal SDS concentration for
stimulation of the enzyvme in cylosol was 0.11-
0.12%, as shown in Fig. I, but chromatography
caused a decrease in the S5 concentration {0.04-
0.05%) giving the maximal SDS-dependent activ-

ity. The enzyme gave a single activity peak upon gel
filtration on a Sepharose CL-6B column, and its
molecular weight was estimated to be approximate-
ly 670 kDa, as shown in Fig. 4 From 6lg of
Xenopus ovaries, 0.32 mg of proleasomes was
obtained, with 123-fold purification and a vield of
5.3%, with SDS.

Analyses of Enzyme Purity and Subunit
Composition

We conducted non-denaturing and denaturing
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Fig. 4 Sepharose CL-6B column chromatography. The
details of the procedure are given under Materials and
Methods. The absorbance at 595 nm (—-) and the activ-
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top indicales the fractions pooled. The column was cali-
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blue dextran; 1, thyroglobulin (669 kDa); 2, apoferritin
(440 kDa); 3, catalase (240 kDa); 4, alcohol dehydrogen-
ase (150 kDa)
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PAGESs to assess the purity and subunit composi-
tion of the final enzyme preparation. Non-denatur-
ing PAGE gave one major band (Fig. 6A). Suc-
LLVY-MCA-hydrolyzing activity in the presence
of SDS was detected in the same band (data not
shown). This enzyme seems to be homogeneous.
SDS-PAGE resolved the enzyme into at least nine
protein components in the molecular weight range
of 25-33 kDa, which were distinct subunits of 208
latent proteasomes (23) (Fig. 6B).

669

2407%
232

140 Immunological Analysis of the Enzyme

Immunological cross-reactivity of the purified en-
Zyme was examined by using poiyclonal antibodies
raised against 20S proteasomes from Xenopus
ovaries (23) (Fig. 6C). Four of the subunit compo-
sitions reacted significantly with the antibodies. In
addition, the purified enzyme was immunoprecipi-
tated with ‘anti-proteasome IgG, but not with con-
trol IgG (Fig. 7).

Fig, 6 Polyacrylamide gel electrophoresis (PAGE) of
the purified enzyme. The purified enzyme (1.2 ug) was
electrophoresed under non-denaturing conditions
(panel A; lane P, 5% gel), and 5.3 ug was electrophoresed
under denaturing conditions {panel B; lane P, 12% gel).
The gels were stained with Coomassie Brilliant Blue R-

Substrate Specificity of the Enzyme
250. The molecular weights (kDa) of the standard pro-

teins are indicated at the left side (lane M). Panel C
shows the immunoblotting analysis of the purified
enzyme separated by SDS-PAGE in 12% gel using poly-
clonal antibodies against 208 proteasomes, as described
under Materials and Methods.

The activity of the enzyme toward several MCA-
substrates is shown in Table 3. Among those tested,
Suc-LLVY-MCA with SDS was the best substrate,
as expected. Suc-LLVY-MCA, Boc-LRR-MCA,
Boc-QRR-MCA and Boc-FSR-MCA were hydro-
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Fig. 7 Immunoprecipitation of the purified enzyme
with anti-proteasonte 1gG. The enzyime (final cancentra-
tion, 30 gp/mly treated with the indicated amounts of
controd 1gG or anti-proteasome 1gG and imntuno-com-
plexes were precipitated with Protein A-Sepharose CL-
4B. Then, the remaining activity in the supernatant was
determined. The solid lines and broken fines indicate
treatment with anti-lgG and control 1gG. respectively.
The closed circles and open circles indicale the Suc-
LLVY-MCA-hvdrelyzing activity without () and with
(@) 0.05% SDS. respectively.

Ivzed without SDS to some extenl. Suc-AAPF-
MCA was not hydrolvzed at all. Thus, the enzyme
showed latent Suc-LLVY-MCA activity.

Effect of SDS on the Enzyme Activity

Fig. 8 shows the SDS-dependence of the activity of
the purified enzyme toward Suc-LLVY-MCA
(panel A) and not that of that toward Boc-LRR-
MCA (panel B). The optimum SDS concentration
for Suc-LLVY-MCA-hydrolyzing activity is 0.05%
SDS. and this activity is 24.3-fold when compared
with that without SDS.

Effect of pH on the Enzyme Activity

Fig. 9 shows the ptl dependence of the activity
toward Suc-LLVY-MCA of the purificd enzyme.
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The optimum pH value lies at pH 8.1 and 7.5, with
and without SDS, respectively. Thus, it is a neutral
or slightly alkaline protease.

Effects of Protease Inhibitors on the Eunzyme
Activity
Table 4 shows the effects of some protease inhibi-
tors on the peptide-hydrolyzing activity of the
puriied enzyme. Antipain and DFP (10 mM)
strongly inhibited the Suc-LLVY-MCA-hydro-
lyzing activity of the enzyme with SDS under the
conditions used. Further, the enzyme was some-
what inhibited by chymostatin. Leupeptin, TPCK
and DFP (1 mM) had little effect on the activity.
However, a higher concentration (2 mM) of leu-
peptin had an inhibitory effect (data not shown).
On the other hand, inhibitory effects of the same
inhibitors on the hydrolyses of Suc-LLVY-MCA
and Boc-LRR-MCA without SDS are also shown.
The effects are a little different between the two
activities, Thus, Suc-LLVY-MCA-hydrolyzing ac-
tivity was inhibited by DFP (10 mM) and chy-
mostatin, Boc-LRR-MCA-hydrolyzing activity was
strongly inhibited by leupeptin and antipain.
TPCK had little effect on either activity.

DISCUSSION

In the present paper, we report for the first time in
more detail the purification of 20S latent (inactive)
proteasomes [rom cytosol obtained on one-step
ultracentrifugation of Xenopus oocytes through
conventional column chromatographies, and char-
acterized some of their properties. These enzymes,
found through the use of vocytes enclosed with fol-
licle cells, seem to be derived not from the follicle
cells but from the oocytes. In addition, the ‘active’
proteasome, which is found in cytosol and can
hydrolyze Suc-LLVY-MCA, a typical peptide sub-
strate for proteasomes, without SDS, may be disso-
ciated into a 208 proteasome and other regulatory
factors through the repeated purification procedures,
because the amount of the ‘active’ form with
the Suc-LLVY-MCA-hydrolyzing activity without
SDS decreased gradually (Table 2), as described
previously (24). On the other hand, it has been
reported by Tanaka et al. (23) and Kleinschmidt er
al. (10) that 208 proteasomes were purified from
the same source and that their partial properties
were characterized, but the ‘active’ proteasomes
were not examined.

The enzyme which was purified in the present
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Table 2 Summary of Purification of 205 Proteasome from Xenopus lacvis Ovary

. .. Specilic activit . . .
Total protein Total activity P ity Purification Yield

D, 1 ai - .
Purtfication step (me) SDS (units) (E:loltz/[:‘;g (-fold) (%)
Cxlosol fraction 7315 - 1.958 2.7 1.0 100
+ 2,744 ) 37 1.0 160

' (1.4)
DEAE-cellulose (1) 2058 - 754 28 1.1 385
+ 2,379 9.0 86.7

(3.2)
Hydroxvlapatite 16.3 - 87 5.3 2.0 44
+ 1,780 109.0 29.2 64.9

(20.6)
Sepharose CL-6B (1) 6.46 - 63 . 98 1.6 3.2
+ 955 147.9 39.7 348

(15.1)
Sepharose CL-6B (2) 2.19 - 66 30.0 11.2 - 34
+ 684 3122 818 249

. {10.4)
DEAE-cefulose (2) 0.32 — q 18.6 6.9 0.3
+ 146 457.7 122.8 5.3

(24.6)

Activities of cach fraction toward Suc-LLVY-MCA were determined in the presence (+) and

absence {(—) of 0.05% SIS (6 129% SIS in cytosol fraction alone) as described under Materials and
Methods. Values in parentheses show the rate acceleration {(-feld) on the addition of SDS,

Table 3 Activities of the Purified Enzyme toward Several MCA
Substrates
Specific activity Relative activity*
Substrate SD3 (units/mg protein) (%)
Suc-LLVY-MCA — 18.6 100
+ 4577 2,461
Suc-AAPF-MCA — 0.0 0
Boc-LLRR-MCA — 17.1 92
Boc-QRR-MCA - 8.2 44
Boc-FSR-MCA -— 7.3 39

Activities toward several peptide substrates were determined as de-
scribed under Materials and Methods. *The activity without 0.05%
SDS toward Suc-LLVY-MCA was taken as 100%.

study was shown to cross-react immunologically
with antibodies against 20S proteasomes purified
from Xenopus ovaries by Tanaka of al. (23) (Figs. 6
and 7). In addition, it showed similar properties to
those from various cukaryotic cells inctuding
Xenopus oocvtes {see below). Therefore, it has
been confirmed that the purified chzyme may be a
typical 205 proteasonte. 1) The molecular mass is
estimated 1o be about 670 kDa (Fig. 4), which is

stmilar to that of 675 kDa estimated by Kleinsch-
midt et al. (10). However, this value is less than the
840 kDa estimated physicochemically by Tanaka er
al. (23). 2) The enzyme consists of about nine pro-
lein subunil components in the molecular weight
range of 25 to 33 kDa (Fig. 6). These results indi-
cate that the purified enzyme giving a single band
in non-denaturing PAGE is similar to that reported
previously for proteasomes purified by Tanaka ef af.
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Fig. 8§ Effect of SIIS on the enzyme activity. The Suc-LLVY-
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expressed as percentages of the maximum ones.
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Fig. 9 EfTect of pH on the enzyme activity. The Suc-
LLVY-MCA-hvdrolyzing activity of the purilicd enzyne
(0.1 pg) was measured after S min at 37°C at various plls
without (0) or with (@) 0.05% SIS,

(23), and Kleinschmidt er a/. (10). Immunological
analysis with anli-proteasome IgG gave bands for
four of the protein components recognized by the
antibodies previously reported (23). 3) The enzyme
has at least chymotryptic and tryptic activities
(Table 3 and Fig. 8). In addition, the enzyme was
found to have additional peptidyl glutamyl pepti-
dase activity by Tanaka er al. (23). 4) Suc-LLVY-
MCA-hydrolyzing activity is significantly en-
hanced by the addition of low concentrations of
SDS (Table 3 and Fig. 8A), whereas Boc-LRR-
MCA-hydrolyzing activity is not enhanced by the
addition of SDS (Fig. 8B). Thus, this enzyme
showed latent Tyr-containing peptide hydrolyzing
activity, but not latent Arg-containing peptide
hydrolyzing activity. This observation is similar to
that of Tanaka ef a/. (23). 5) The optimal pH of Suc-
LLVY-MCA-hydrolyzing activily may be a little
dependent on the presence or absence of SDS, but
it is a neutral or slightly alkaline pH value (Fig. 9).
In addition, the optimal pH of the enzyme with
SDS reported by Tanaka et al. (23) was §.0-8.5.
On the other hand, among protease inhibitors
tested, Suc-LLVY-MCA-hydrolyzing activity with
SDS was inhibited by chymostatin, but not by anti-
pain (Table 4). These observations were not incon-
sistent with the previous ones (20). Boc-LRR-
MCA-hydrolyzing activity was inhibited by leupep-
tin and antipain, but not by chymostatin. These
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Table 4 Lffects of Some Protease Inhibitors on the Activity of the Purified Enzyme

_ Final concentration
Inhibitor ¢ )

Inhibition (%)
Suc-LLVY-MCA

(mM) Boc-LRR-MCA
o B (=) () (—)
None 0 0 0
Antipain 0.2 5 . 72 70
Chymostatin 0.1 61 46 6
Leupeptin 0.3 8 6 74
DFP 1.0 3 12 0

10.0 77 71 3
TPCK 0.4 7 10 5

Purified enzyme (0.1 zg) was used for assay. Activities were measured using Suc-
LLVY-MCA and Boc-LRR-MCA as the substrates in the presence (+} or absence
() of 0.05% SDS as described under Materials and Methods.

fower inhibitory effects were also similar to the pre-
vious observations (20). In addition, Suc-LLVY-
MCA-hvdrolvzing activity stimulated by low con-
centrations of SIDS may be due 1o degradation by
the enzyme through the probable interaction of the
substrate with SIJS. as described by Tanaka er af,
(22}. As the enzyme is inactivated on preincuba-
tion with SIS (data not shown), the enzyme activ-
tty was determined after preincubation of the sub-
strate with SDIS in the present study. Thus, some
conformational alteration may afTect the catalytic
sites of the enzyme complex.

From the above observations, # was confirmed
that 20S proteasomes purified from the cytosol of
Xenopus oocytes may be similar to those found in
cukaryotic cells. However, as described previously
(17, 20), there may he some species difference in
specificity as well as the general importance of pro-
teasomes for proteolysis.

Here, it has been reported that not 208 but 265
proteasomes may be involved in the ubiquitin/
ATP-dependent non-lysosomal proteolytic path-
wav of various eukaryotic cells (5). Tt is known that
265 proteasomes consist of 208 proteasomes and
several regulatory factors, such as the ‘active’ pro-
teasome found in Xenopus oocytes (24). In addi-
tion. we suggest that the ‘active’ proteasomes found
in Xenopus oocyviles may be converted {o the prob-
able 265 proteasomes on the addition of ATP (24).
Therefore, the degradation of Mos and cyclin pro-
teins following ubiguitination involved in the
oocyte maturation in XYenopies may be due to 265
proteasomes or ‘active’ proleasomes.

As the next step. it will be necessary 1o clarify the
biochemtical properties of ‘active’ proteasomes

found in Xenopus oocytes and to look for a ny endog-
cnous substrates. In addition, the physiological
role of the 20S proteasome may be insignificant,
but since this enzynie can cleave some kinds of pep-
tide bonds without SDS (20), we may not be able to
rule out some involvement of 208 proteasomes in
the regulation of intracellular proteolysis during
the amphibian oocyte maturation process.
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ABSTRACT

The inhibition by diisopropylfluorophosphate (DFP), a typical serine protease inhibitor,
of progesterone-induced 00Cyte maturation was investigated in oocytes of the Japanese
toad Bufo japonicus for the first time. Oocytes with DFP applied externally did not undergo
germinal vesicle breakdown {(GVBD), which is an early signal of oocyte malturation, in
response 10 progesterone. The most inhibitory period was found to be 0~0.5GVBDso
(when 50%GVBD was taken as 1.0), i.e., before the beginning of GVBD. DFP-sensitive
proteases, which seem to be multifunctional non-lysosomal protease complexes
{(proteasomes) were suggested to be already present in the cytosol of premature oocytes.
Peptide hydrolyzing activity, as reflected by proteasome activity, was found to be regulated
before and after GVBD, In addj lion, immunoblotting experiments regarding the native
electrophoretic protein pattern of the proteasomes throughout the maturational process
demonstrated that the proteasomes undergo alterations in their mobility dependent on the
malturational process.

These data raise the possibility that the activities of some endogenous DFP-sensitive
proteasomes among proteases play distinct, essential roles in oocyle maturation triggered by
progesterone in Bufo. In addition, the effect of sodium dodecyl sulfate (SDS), which is

known as an activator of proteasomes, on enzyme activity will be discussed.

Key words: Protease, Oocyte, Germinal vesicle breakdown, Amphibian



INTRODUCTION

Itis known that meiotic maturation of amphibian oocyles is arrested at the firs prophase
and reinitiated by progesterone (Masui and Clarke, 1979, Schuetz, 1985). Progesterone acts
on the oocylte surface (Ishikawa er al., 1977; Godeau et al., 1978) 1o produce a cytoplasmic
maturation promoting factor (MPF) and thus germinat vesicle breakdown (GVBD), as the
first easily observable event of meiolic reinitiation, is caused. Here, the synthesis of the c-
mos protein product (Mos) occurs soon after hormonal stimutation and this synthesis is
required for both activation of MPF and GVBD (Sagata e al., 1989). In addition, it seems
that Mos proteins are rapidly degraded by the ubiquitin-dependent proteolytic pathway
(Nishizawa et al., 1992). MPF is composed of proteins exhibiting histone H1 Kinase
activity whose principal subunit is p34<9°2 angd cyclin, a regulatory subunit whose
abundance fluctuates throughout the cell cycle (Maller, 1990). The transition following the
cession of GVBD is induced by the degradation of cyclin, which in turn leads to the
inactivation of MPF. In addition, it has been reported that oocytes treated with leupeptin,
antipain and chymostatin, protease inhibitors of microbial origin, do not undergo
progesterone-induced GVBD in amphibian (Xenopus laevis) (Guerrier et al., 1977; Picard et
al., 1987). We showed that a higher concentration of N-a-losyl-L-phenylalanine
chloromethyl ketone (TPCK), a synthetic inhibitor of chymotrypsin, inhibited progesterone-
induced GVBD (Ishikawa e/ al., 1989).

These results suggest that proteolysis plays a critical part inthe oocyte maturation
process. However, until now, there has been little information on the nature and mode of
action of the endogenous proteases in amphibian oocytes. More recently, non-lysosomal
multicatalytic protease complexes of unusually large size, such as about 208 panticles named
proteasomes, were found in the ovaries and/or oocytes of Xenopus laevis (Kleinschmidt et
al., 1988; Tanaka et al., 1988; Takahashi et al., 1993; Tokumoto and Ishikawa, 1993), which
were found to be similar to proteasomes from eukaryotic cells (Orlowski, 1990; Goldberg,

1992). Proteasomes have been proposed to be chymotrypsin-like, trypsin-like and



peptidylglutamyl peptidases. We showed that in an amphibian (Rana pipiens), proteasomes
showed predominantly cytoplasmic localization in non-hormone treated (premature) and
mature oocytes (Azuma et al., 1991). The results show that the protein patterns of
proteasomes in premature Oocyles are not identical to those in mature oocyles,

No studies have yet been reported on clarification of the relationship between the
inhibition of GVBD by protease inhibitors and the protease (proteasome) entity. Taking
these points into consideration using the Japanese toad (Bufo japonicus) in the present study,
we report for the first time the results of investigations on the inhibition by
diisopmpylﬂuorophOSphate (DFP), an irreversible synthetic inhibitor of a serine protease
(Powers and Harper, 1986), of meiotic maturation, and analysis of the dynamics of the
nature or action of DFP-sensitive proteasomes throughout oocyte maturation. The results
indicate that a DFP-sensitive protease with at least two different calalylié sites which is
present in premature oocytes and identical or similar to proteasomes may be involved in
GVBD. This observation that proteasomes can be found in close association with a DFP-
effect raises the possibility that the toad proteasomes may be involved in oocyte maturation.

In addition, the toad (Bufo japonicus) has several advantageous characteristics compared
to popular Xenopus oocytes: (a) the size of the oocyte is larger, therefore the cytosol can be
easily obtained in sufficient amounts for biochemical analysis; (b) many homogeneous
populations of oocytes can be casily manually obtained from one animal; and (c) if isolated

oocytes are kept under cold air, an experiment can take up to five days.

MATERIALS AND METHODS

Animals

Adult female toads (Bufo Japonicus) captured in October were purchased from a
commercial dealer in Saitama (Japan). The animals were keptin the open air until the next

January, and then moved to an indoor cold room and maintained at 4°C,



Chemticals

The chemicals were oblained as follows: fluorogenic peptide substrates, i e., Succinyl
(Suc)-Lnu*Leu—Val—Tyr-4-methy1c0umaryl-7-amide (MCA) (LLVY), Suc-Ala-Ala-Pro-Phe-
MCA (AAPF), t-Butyloxycarbonyl (Boc)-Phe-Ser-Arg-MCA (FSR), Boc-Leu-Arg-Arg-
MCA (LRR) and Boc-Gln-Arg-Arg-MCA (QRR) from Peptide Institute Inc. (Japan),
progesterone, DFF, cycloheximide and protein A-Sepharose CL-4B from Sigma Co. (USA),
sodium dodecyl sulfate (SDS) from Nacalai Tesque Co. (Japan), and non-immune rabbit
serum and a Vectastain ABC-alkaline phosphatase kit from Vector Laboratories Inc. (USA).
Polyclonal rabbit antibodies raised against 208 proteasomes from Xenopus laevis ovaries
were a gift from Dr. K. Tanaka {Tokushima Universily, Japan) (Tanaka et al,, 1988). All
other chemicals were of special grade and commercially available.
Isolation of Intact Follicles

Fully grown, intact follicles were manually removed from ovarian tissues, isolated from
the sacrificed animals, under magnification, using watchmaker’s forceps, and placed in
freshly prepared De Boar’s medium (110 mM NaCl, 1.3 mM KCl, 1.3 mM CaClz. 5mM
Tris-HCl, pH 7.4) (Yamasaki et al., 1988) with 20 mg penicillin G potassium and 20 mg
streptomycin sulfate per liter.
In Vitro Culture of Follicles

All incubations were carried out in De Boar’s medium. Incubations were carried out in
multiple-well dishes (12 wells/dish, Costar 3524; USA). Routinely, 20 follicles were
incubated per well in 2 ml of De Boar’s medium at 2011°C for 12 ~ 15 hr. Each treatment
was performed in duplicate, unless otherwise noted. After the follicles had been heat-fixed
by boiling, breakdown of the germinal vesicle (GVBD) as an indication of oocyte
maturation was assessed as following; follicles were checked carefully for damage and
cytolysed oocytes were removed and individual Oocytes were ruptured under a dissecting
microscope to check for the presence of the germinal vesicle,
Hormones and Test Reagents

Progesterone was dissolved in ethanol at 40 mM as a stock solution, and 5 or 10 ul was



added to the test wells after dilution. DFP was diluted with propyleneglycol and 5 pl was
added to the test wells. Cycloheximide was dissolved in De Boar’s medium and 5 pl was
added to test wells. If necessary, after designated culture periods, the incubation medium
was removed by suction and 2 ml of agent-free fresh medium was added for a 5-min period.
The follicles were washed twice more in the same manner. After 12 ~ 15-hr additional
incubation, the follicles were fixed and checked for GVBD.
Cytosol Preparation

Iniact follicles were allowed to settle in a 4-ml centrifuge tube, the excess media being
removed. The cylosol was obtained as the clear supernatant fraction between the lipid cap
and packed components obtained on one-step ultracentrifugation for 1 hr at 35,000 rpm
(105,000xg) and 4°C (50.3 Ti rotor; Beckman Co.). The Cytosol (=8 mg protein/ml) was
then carefully withdrawn for the tnzyme assay using a Pasteur pipet.
Enzyme Assay

The substrate solution (IO il of substrate dissolved in dimethy! sulfoxide (DMSO) with
20 ul of 0.5 M Tris-HCI, PH 8.5, and 60 pl of distilled water or different concentrations of
SDS) was first preincubated for 10 min at 37°C, and then an aliquot (10 pl) of the enzyme
solution was added, followed by incubation at 37°C in a tota] volume of 100 ul. Afier 10
min, the reaction was stopped by adding 100 pd of 10% SDS and 2 ml of 0.1 M Tris-HCl
(pPH 9.0), the enzyme activity then being determined by measuring the 7-amino-4-
methylcoumarin (AMC) fluorescence (excitation: 360nm, emission: 460 nm) with a
fluorescence spectrophotometer (F-3000; Hitachi Co.). One unit of enzyme activity is
defined as that releasing n mole of AMC min’ mJ! under the conditions specified,
Immunological Analysis

The enzyme solution (300 pl) was incubated at 37°C for 1 hr with 100 ui of non-immune
IgG/anti-proteasome 1gG (purified from serum on a protein A-Sepharose CL-4B column
with Buffer A, i.e., 25 mM Tris-HCI-20% glycerol-10 mM 2-mercaptoethanol, pH 7.5).
Protein A-Sepharose CL-4B (60 pl) suspended in Buffer A was then added, followed by 30-



min incubation at 37°C with the antigen-antibody solution. The supernatant was used for the
enzyme assay after centrifugation for 5 min at 16,000 rpm.
Western Blotting Analysis

Polyacrylamide gel electrophoresis under non-denaturing conditions using the method
of Laemmli (1970) was accomplished with 5% (wt/vol) acrylamide gels, and proteins were
transferred to nitrocellulose membrane sheets (Immobilon from Millipore, USA). The
membranes were blocked with 3% (w/v) gelatin in 500 mM NaCl-20 mM Tris-HCl (pH T7.4)
at 37°C and then incubated with anti-proteasome IgG for 1 hr at room temperature, The
membranes were then washed and antigen-antibody complexes were visualized with the
Vectastain ABC-alkaline phosphatase kit.
Protein Content

The protein content was estimated according to Bradford’s method (1976) with bovine

serum albumin as a standard.

RESULTS

Inhibition of Progesterone-Induced GVBD by DFP

After intact follicles had been initially incubated for specified periods (0.5, 1 or 2 hr) with
two different doses of DFP, different doses of progesterone were added to the culture
medium and GVBD was assessed (Fig. 1).  With the concentration of 1.36 mM DFP for a
2-hr period, GVBD induced by progesterone (1 uM) was significantly prevented. Whereas
GVBD in the presence of 1 KM progesterone was completely inhibited with 2,72 mM DFP
for a 0.5-hr period, 70% inhibition of GVBD occurring when the concentration of
progesterone was increased to 10 tM. These results suggest that DFP-sensitive proteases
are present in premature oocyles and involved in GVBD induced by progesterone. In
addition, some variations were found to occur in groups of oocyles derived from different

females.

(Fig. 1)



To determine whether or not DFP-sensitive proteases act in any step before GVBD
occurs, DFP was administered every 1 hr before and after progesterone addition, and GVBD
was assessed following the additive culture (Fig.2). The inhibitory periods for GVBD with
DFP were found to be until about 0.52 GVBDso when 509 GVBD was taken as 1.0, On the
other hand, it is known that GVBD is either prevented or occurs, depending upon the time of
cycloheximide, an inhibitor of protein synthesis, addition to progesterone-treated oocytes
(Ishikawa ez al., 1989). This inhibitory periods were found to be until about 0.69 GVBDso
which was later than that with DFP. Thus, the results Suggest that DFP-sensitive proteases
may involve the preceding step of cycloheximide sensitivity,

(Fig. 2)

In addition, DFP was pulse-administered every 1 hr before and after progesterone
addition, and GVBD was assessed following the additive culture (Fig. 3). The most
inhibitory periods for GVBD with DFP were found 1o be 0 - 0, 1,0.2~0.3and 0.35 ~ 0.45
GVBDso, respectively, after progesterone addition. These results indicate that DFP-
sensitive proteases in Premature oocyles may aci primarily in the period {on average, 0~
0.5 GVBDso, in spite of the difference between animals) prior to the protein synthesis period
before GVBD occurs.

(Fig. 3)
Enzyme Activity in the Cytosol

To analyze the nature of possible DFP-sensitive proteases in premature oocyies, seme
typical peptide substrate hydrolyzing activities of proteasomes were measured with different
concentrations of SDS, an activator of latent 20S proteasomes (Orlowski, 1990; Goldberg,
1992), utilizing cytosol obtained through one-step ultracentrifugation (Fig. 4).

(Fig. 4)
It was found that cytosol from premature oocytes showed significant LLVY-
hydrolyzing activity even in the absence of SDS. TI'he activity was profoundly reduced in

the presence of 0.02 ~ 0.07% SDS. However, 74% of the activity appeared again as the



SDS concentration was further increased, the maximum being reached at about 0. 10% SDS,
but it decreased with a further increase in the SDS concentration. It should be noted that the
activity without SDS was at least 1.2-fold that &1 0.10% SDS. LLVY-hydrolyzing activities
with and without SDS were inhibited to 60 % and 80 %, respectively, by the continuous
presence of 1.36 mM DFP. When the OoCytes were treated with 1.36 mM DFP for | hr
before progesterone addition (as shown in Fig. 1 or 3), LLVY-hydrolyzing activities with
and without SDS were inhibited to 50 % (data not shown). In addition, LRR and QRR, as
peptide substrates containing Arg, were hydrolyzed without SDS. The activity was reduced
with 0.04 ~ 0.05% SDS. When SDS was gradually increased, the maximum activity was
observed ata SDS concentration of 0.06 ~ 0.07%, but the activity with SDS recovered (o
1210 31% without SDS. On the other hand, cytosol from mature oocytes showed the same
LLVY~hydrolyzing activity proﬁ]e, but the optimal SDS concentration was lower, being
0.09 ~0.10%. The results presented indicate that the enzyme may be present in probable
DFP-sensitive proleasomes, which do not require SDS and which has two different catalytic
(chymotryptic and tryptic) sites.

To confirm that cytosol contains proteasomes, we used rabbit-antibodies against
proteasomes purified from ovaries of Xenopus laevis, which were characterized previously
by Tanaka et al. (1988), and estimated the residual enzyme activity through the addition of
antibodies, with the use of five fluorogenic synthetic substrates (Table 1. Immunotitration
analysis revealed that 78% and 98% of the enzyme activity against LLVY without and with
SDS, respectively, found in the cytosol may be due to an enzyme identical or similar to
proteasomes from ovaries of Xenopus, despite the difference in species. Sixty percent of the
enzyme activities against QRR and LRR without SDS may be proteasome activity.
However, the enzyme aclivity against FSR or AAPF were less or not found, These results
show that as long as the specified substrates, e.g., LLVY, QRR and LRR, are concerned (as
shown in Fig. 4), the enzyme in the cytosol has two different catalytic (chymotryptic and
lryptic) sites, as expected if it is identical or very similar to proteasomes.

(Table 1)



Enzyme Activity Fluctuates During the Oocyte Maturation Process

In order to clarify the physiological role of proteasomes, as Fig. § illustrates, the time
course changes in enzyme activities toward two substrates (LLVY and LRR) due 10
Proteasomes in the oocyte maturation process in the cytosol from oocyltes treated with
Progesterone only (GVBD after 24-hr culture: 100%) were compared with those in the case
of follicles treated with ethanol only (GVBD after 24-hr culture: 0%) or progesterone- and
DFP-treatment (GVBD after 24-hr culture: 0%).

(Fig. 5)

Fluctuation of the LLVY-hydrolyzing activity of proteasomes, which do not require SDS,
was observed for the experimental group treated with progesterone only, showing increases
at0.3 and 0.9 ~ 1.5 GVBDso. In addition, the time course changes of acﬁvily with SDS
were similar to that without SDS, except for the increased activity at 0.3 GVBDso, but the
activities in the DFP-treated group were lower than those in the contro] group. Fluctuation
of the LRR-hydrolyzing activity without SDS was observed for the experimental group
treated with progesterone only, showing increases at 0.3 and 1.2 ~ 1.5 GVBDso. This profile
was similar to that of the LLVY—hydrolyzing activity, which does not require SDS, but the
activity in the DFP-treated group was not different from that in the control group.

These results show that significant LLVY- and LRR- hydrolyzing activities, which do not
require SDS, were seen at 0.3 GVBDso after progesterone addition, but the LLVY-
hydrolyzing activity, which requires SDS, was not significant. When GVBD began, all
activities increased significantly. The period of the transient increase in enzyme activity
before initiation of GVBD may correspond to the inhibitory period (0 ~ 0.5 GVBDso) for
GVBD on pulse application of DFP, as shown in Fig. 3. This suggestion was confirmed
when the changes of €nzyme activities in the cytosol, along with the inhibitory effect of
pulse exposure to DFP on GVBD, were analyzed in the same animal (Fig. 6).

(Fig. 6)
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On the other hand, in order to determine the change in the molecular form of proteasomes
during oocyte maturation, the cytosol was electrophoresed on a polyacrylamide gel under
non-denaturing conditions and the bands were detected by Western blotting analysis using
anti-proleasome antibodies (Fig. 7). When treated with progesterone, the bands migrated
more or less at 0.6 GVBDso and slightly at 1.2 GVBDso 10 the anode, whereas the bands in
the case of the control cytosol remained invariant during the 24-hr culture. This observation
also provides key support for that proteasome activity may fluctuate during oocyte

maturation.

(Fig. 7)

DISCUSSION

The present study has for lhé first time demonstrated that during oocyte maturation
induced by progesterone in Bufo japonicus, the apparent peptide hydrolyzing activity in the
absence of SDS, an activator of latent 20S proteasomes, of multicatalytic protease
complexes (Orlowski, 1990; Azuma ef al., 1991; Goldberg, 1992) found in the cytosol from
Premature oocytes increases in two different steps: preceding and after completion of GVBD
(0.3and 0.9 - 1.5 GVBDso when 50%GVBD was taken as 1.0) (Figs. 5 and 6).
Furthermore, the increase in LLVY-hydrolyzing aclivity in the presence of SDS was not
observed before the beginning of GVBD, but only in the step following completion of
GVBD (Fig. 5). These enzymes, found through the use of oacytes enclosed in follicle celis,
seem to be derived not from the follicle cells but from the oocytes, and are clearly both
chymotrypsin- and trypsin-like proteases, as expected (Figs. 4-6 and Table 1). In addition,
the enzyme activity did not increase in oocytes treated with progesterone. following DFP-
treatment or control oocytes during the culture (Figs. 5 and 6). Therefore, it is suggested
that DFP-sensitive proteases may be involved in oocyte maturation, One of these results
shows that when the GVBD assay was indicated DFP inhibited at 0 — 0.5 GVBDso before
the beginning of GVBD following progesterone addition, corresponding to the increasing

period of LLVY-hydrolyzing activity due to proteasomes, which do not require SDS (Figs.
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1-3, 5 and 6).

Here, microinjection of MPF from mature oocytes of Xenopus laevis into DFP- treated
Bufo oocytes led to GVBD (data not shown). Thus, we consider that the protease highly
susceptible to DFP must participate somewhere between progesterone binding and MPF
formation/activation. This is consistent with the previous report that microbial protease
inhibitors (leupeptin, antipain and chymostatin) prevented Xenopus laevis oocyle raturation
induced by progesterone, but did not inhibit the maturation induced by MPF injection
(Guerrier et al., 1977). In addition, it was reported by us that the probable involvement of
TPCK (a known inhibitor of chymotrypsin)-sensitive proteasomes before initiation of
GVBD was also observed in a system of oocytes from Rang pipiens (Azuma ef al., 1991).

It is highly likely that the alterations in the enzyme activity during 00Cyte maturation
may be due 1o one of the net charge of proteasomes existing in vivo through the electropho-
retic pattern (Figs. 5-7). Post-translational modification, such as protein phosphorylation,
has been suggested to be responsible for the developmental-regulational alterations in their
subunit patterns of proteasomes from Drosophila (Haass and Kloetzel, 1989) and chick
(Ahn et atl, 1991), Any modification that brings the changes in the elecirophoretic pattern
should alter the position of the bands of the proteasomes (Fig. 7). Therefore, the changes in
the subunit pattern may be attributed to the maturation- -specific alterations in the expression
of the proteasomes in oocytes.

In this study it is shown that the oocyte cytosol contained a form of proteasomes that can
hydrolyze LLVY in the absence of SDS (Fig. 4). The similar observation is indicated in the
cytosol from Xenopus laevis ovaries (Tokumoto and Ishikawa, 1993). We proposed to call it
the active form of proteasomes. The above resulls also suggest that low concentrations of
SDS converted the active formi into a known 208 latent form, which has been shown to
require a certain concentration of SDS (Orlowski, 1990; Azuma etal, 199%; Goldberg,
1992). The latent form of proleasomes may be the core of the active form of proteasomes,

since the LLVY-hydrolyzing activity with or without SDS was precipitated with anti-
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proteasome IgG of Xenopus laevis (Table 1).

Recently, it was reported that ATP-dependent 26S multicatalylic protease complexes were
found in the physiological state in the presence of ATP in mammalian cells and converted to
20S proteasomes through the release of regulatory components from them in the absence of
ATP (Armon et al.. 1990; Driscoll and Goldberg, 1990; Orino et al., 1991; Tsukahara et al.,
1991). If the active form of proteasomes is identical with these complexes, then the
possibility arises that the former plays a critical role in the oocyle maturation process. These
recent reports are very helpful for explanation of our data. However, at present, we have no
data indicating that the active form may regulate ATP-dependent activity.

Proleasomes existing in premature cocyles from Bufo were inhibited by DFP, but the
general inhibitory effect on proteasomes of DFP may be dependent on the substrates used
and the source of proteasomes tOrIowski, 1990). Thus, DFP inhibited a chymotrypsin-like
enzyme alone in one proteasome specimen, but chymotrypsin, trypsin and peptidylglutamyl-
peptide hydrolyzing activities in another specimen. In addition, proteasomes contain a
serine-like protease, such as chymotrypsin and trypsin, but it is not a typical serine protease.
The amino acid sequence of some subunit component of proteasomes from rat shows no
homology with the sequence of a known protease (Orlowski, 1990; Goldberg, 1992).

On the other hand, the increases in LLVY- and LRR-hydrolyzing activities due to
proteasomes in the periods (0.3 and 1.0 GVBDso) during oocyte maturation (Figs. 5 and 6)
may correspond to the periods when the degradations of Mos and cyclin proteins are
triggered by ubiquitin-dependent proteolysis (Gloetzer et al., 1991; Nishizawa et al., 1992).
Thus, a ubiquitinated conjugated protein may be degraded by ATP-dependent 268 protease
complexes. Afierwards, endogenous protein substrates should be clarified.

According to the above observations, during oocyte maturation in Bufo, DFP-sensitive
proteolysis may be related to the activation and inactivation, through a dissociation-
association cycle, of the 26S protease complexes or the active form of proteasomes. These
results prompt us to consider that bocyte maturation is a good model with which to study the

physiological role of proteasomes. In addition, the cytosol exhibits FSR- and A APF-
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hydrolyzing activities, but these activities may not be due to proteasomes (Table 1). When
the role of proteolysis in 00Cyte maturation is discussed, attention should be paid to some

proteases other than proteasomes.
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Table 1

Enzyme activities toward several peptide substrates afier immunodepletion of
proteasomes in the cytosol.

Substrate SDS Activity(U/ml) Inhibition (%)
control-IgG anti-lgG

LLVY - 4758 1068 71.5

+ 9969 162 08.4
QRR - 1446 558 61.5
LRR - 3004 1188 60.5
FSR - - 3506 2873 18.1
AAPF - 3289 3329 0.0

Aliquots of cytosol from intact follicles were incubated for j hr at 37T with rabbit
anti-proteasome IgG (anti-IgG: finally, 2 mg/ml) or non-immuae IgG {control-1gG:
finally, 2 mg/ml). Immunoprecipitates obtained with protein A-Sepharose CL-4B were
removed by centrifugation, and then the residual substrate (lOmM)-hydrolyzing activities
in the supernatant were assayed, against several substrates, with or without 0.10% SDS,
as described under "MATERIALS AND METHODS". Values are expressed as U(unit) of
remaining activity as to p mole of AMC min -,
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Figure legends
Fig. I. Effect of DFpP on progesterone-induced GVBD. Intact follicles were preincubated
at 20°C in 2 m! medium containing differeng concentrations of DFP | () (propyleneglycol)
(0),1.36 (¢ )and 2.72 mM (Aa)) (o fo]licles/well; duplicate wells per treatment),
After various periods {0.5 (A), 1 B)or?2 hr (C)) of culture a 20°C, different doses of

ethanol or progesterone were added. GVBD in g 00Cyles was assessed after 15-hr

culture.

Fig. 2. Comparison of effects of DFP and cycloheximide op progesterone-induced
GVBD. Different groups of intact follicles from the Same animal were incubated with

I UM progesterone at 20°C (20 follicles/well; duplicate wellg Per treatment). Qpe group
was fixed at regular intervals in order to establish the Occurrence and fiming of GVBD
(---). Separate groups were treated with DFp (finally, 1.36 mM) (e) or Cycloheximide
(finally, 28 .4 HM) ( 0 ) added at designated times relative to time zero (hormone

addition). Such DFP- or cycloheximide—lrealed follicles were cultured for g further 15 hr

50% GVBD has been normalized to a scale of 0 ~ | GVBDso to facilitate comparison

with other data.

follicles were washed with 2 ml medjum as described under "MATERIALS AND
METHODS", Ope group was then fixed at regular intervals in order to e€stablish the

Occurrence and timing of GVBD (--9). In separate groups, DFP (finally, 1 36 mM) was



The effects of the Uiming of DFP addition on GVBD are shown as barg (+—) at the timeg

of DFP addition. In addition, the period after hormone addition has been normalizeqg (as

described in Fig. 2)(a~c ).

Fig. 4. Effect of SD3 Onenzyme activities in the Cytosol. Peptide substrate hydrolyzing
activities in the Cytosol were measured with various concentrations of SDS after 10 min
at 37°C, as described under "MATERIALS AND METHODS" The enzyme sources
were as follows: ethanol-treated follicles (GVBD after 12-hr culture: 0%): LLVY (-e-),
LRR (~0-) and QRR (-a-); progesterone (1 tM)-treate follicles (GVBD after 12-hr

culture: 100%): LILVY --0-); progesterone (1 uM)-and DFP (1.36 mM)-treated follicles
(GVBD after 12-hr culture: 5%). LLVY (—a—).

groups of follicles were cultured with progesterone (1 uM) (without,—@ -, or with,~A—
1.36 mM DFP) or ethanol --0-3. GVBD at each point after hormone treatmen was as-
sessed using 40 oocytes (----). Cytosol specimens were collected from 440 follicles at
every 2 hr afier hormone addition, as described under "MATERIALS AND METHODS",
Aliquots of each Cylosol specimen were assayed for enzyme activitjes using various
peptide substrates: A Livy (without SDS); B, LLvYy (with 0.10% SDS): C,LRR
{(without SDS). In addition, the period after hormone addition has been normalized on (he

upper line.



(2 ml). A group of progesterone (1 uM)-treated follicles was fixed at regular intervals
and GVBD wag assayed until 10 hr. In S€parale groups of progesterone-treated follicles,
DFP (finally, 1.36 mM) was added as described inFig. 2. After 1-hr exposure, all such
DFP-treated follicles were Cultured for a further 12 hr after time zero, and examined for
GVBD as shown in Fig. 2. On the other hand, cytosol specimens were collected from
440 follicles at the designated times and aésayed for enzyme activities without SDS
against two substrates (LLVY, ¢ ; LRR, 0 ). In addition, the period after hormone

addition has been normalized on the upper line,

Fig. 7. Western blotting analysis of proteasomes during oocyte maturation induced by
Progesterone. At various times after the addition of progesterone (1 uM) (@) or
ethanol (@), GVBD was assessed (A). The period after hormone addition has been
normalized on the upper line. Aliquots of the cytosol collected from the follicles during
oocyte maturation (as shown in Figs. 5 and 6) were electrophoresed under non-
denaturing conditions in 5% polyacrylamide gel and Western blotted with antj-
proteasome IgG as described under "MATERIALS AND METHODS"(B). The eight
lanes (from left to right) correspond to the following times: 0, 2, 4, 6, 8, 10and 12 hy 0,
0.3,06,09,1.2, 1.5and 1.8 GVBDso, respectively), and 24 hr following progesterone
(1) or ethanol (2) treatment. Only the region of the blot corresponding to typical

proteasomes is shown.
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The fish cocyte-An experimental model for'the study of oocyte maturation.

Oocyle maturation has been investigated cextensively using oocyvtes of various fishes such as salmonids, goldfish and

medaka. Three magjor mediators of oocyle maturation, gonadotropin, maturation-inducing hormone and maturation-

promoting factor, have been purified and characterized. They function scequentially at the level of the [ollicle layer, the

oocyle surface and the cocyte eytoplasm. Fish oocytes provide an exeellent model syslem (o investigate molecular mechan-

isms of oocyte maturation in multicellular arumals
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