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A method was investigated for monitoring the activity of protease(s) in cytosol of a single
starfish oocyte using succinyl-Phe-Leu- Arg-coumarylamido-4-methanesulfonic acid as the
substrate, which was injected into the cell. After preincubation of immature oocytes with
a proteasome inhibitor, iV-carbobenzoxy-L-leucinyl-L-leucinyl-L-norvalinal, the initial
hydrolysis of the substrate was remarkably inhibited. The inhibitor blocked 1-methyl-
adenine-triggered cyclin degradation, which is known to be mediated by proteasome.
However, calpain inhibitor E-64 did not inhibit the hydrolysis of the substrate. These
results suggested that the protease activity measured by this method is mainly attributable
to cytoplasmic proteasome. The hydrolysis of the substrate was partially inhibited by
bestatin, suggesting that the substrate was cleaved by aminopeptidase. Thus, the initial
velocity of hydrolysis of the substrate (Vo) by proteasome was assayed in a living oocyte
after preinjection of bestatin. The values of Vo increased gradually after 1-methyladenine
addition and reached the maximum level at the time corresponding to cyclin degradation.
The calculated maximum velocity of hydrolysis by a mature oocyte was approximately
three times higher than that by an immature oocyte. The Michaelis-Menten constant value
was also higher in mature than immature oocytes. These results suggest that proteasome-
dependent proteolysis is regulated not only by ubiquitination of substrates, as is generally
believed, but also by the proteasome activity itself.
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Cellular proteolysis is a highly controlled, complex process
that takes place in virtually all compartments of cells.
Biochemical and histochemical methods have been used to
characterize and localize such proteases as cathepsins in
lysosome, signal peptidases in endoplasmic reticulum and
mitochondria, processing proteases in secretory granules,
metallo-proteases in plasma membrane, and calpains or
proteasomes in cytosol (I). These methods, however, have
the disadvantage that protease activity has to be assayed
after homogenization and fractionation, or after fixation,
which may cause unexpected artifacts. It has been difficult
1 This study was supported in part by grants from the Ministry of
Education, Culture, Sports and Sciences of Japan to Hoshi
(#05558092) and Chiba (#08275214, #08780671).
2 To whom correspondence should be addressed. Department of
Biology, Ochanomizu University, 2-1-1 Ohtsuka, Tokyo. Phone:
+ 81-3-5978-5370, Fax: +81-3-5978-5369, E-mail: kchiba@cc.
ocha.ac.jp
Abbreviations: AMC, 7-amino-4-methylcoumarin; ACMS, 7-amino-
coumarin-4-methanesulfonic acid; Vn,Bx, the maximum velocity; id ,
Michaelis-Menten constant; ICEA, in vivo, real time, cytosolic
enzyme assay; 1-MA, 1-methyladenine; GVBD, germinal vesicle
breakdown; Vo, initial velocity of hydrolysis of the substrate; Z-
Leu-Leu-NVa-H, iV-carbobenzoxy-leucyl-leucyl-norvalinal; Z-Leu-
Leu-Leu-H, iV-carbobenzoxy-leucyl-leucyl-leucinal; [S]o, initial
concentration of substrate; Suc-Phe-Leu-Arg-CAMS, succinyl-Phe-
Leu-Arg-coumarylamido-4-methanesulfonic acid; Boc-Leu-Met-
CMAC, t-butoxycarbonyl-Leu-Met-7-amino-4-chloromethylcoumarin;
Boc-Leu-Met-MAC-SG, Boc-Leu-Met-7-amino-4-methylcou-
marin-glutathione conjugate.

to detect the enzyme activity in living cells in real time.
In this study, we developed a sensitive and continuous

assay of cytosolic proteases in a single living cell. To
quantify cytosolic protease activity in living cells, sub-
strates for the enzyme need to be present in the cytosol
throughout the assay. In other words, substrates and
produced dyes should be membrane-impermeant. Although
peptide amides of 7-amino-4-methylcoumarin (AMC) have
been widely used as fluorogenic substrates of proteases in
biochemical assays, AMC was not suitable for our purpose
because it was membrane-permeant. We demonstrated in
this work that a water-soluble fluorogenic amine, 7-amino-
coumarin-4-methanesulfonic acid (ACMS), designed by
Sato et al. (2), was membrane-impermeant and that the
peptide amide of ACMS could be used as a substrate for in
vivo cytosolic protease assays. Using this substrate, we
developed a method to quantify the maximum velocity
(Vmax) and the Michaelis-Menten constant {Km) in a single
living cell, termed in vivo, real time, cytosolic enzyme
assay (ICEA).

Meiosis reinitiation in starfish is induced by the hormone
1-methyladenine (1-MA) (3). Receptors of 1-MA couple to
the a/3y trimeric G protein (4), which is sensitive to
pertussis toxin (5-7). Since activation of cyclin B/cdc2
kinase and germinal vesicle breakdown (GVBD) are trig-
gered by the injection of purified Py subunit into immature
oocytes, it is concluded that hormonal stimulation dissoci-
ates Py from a and that the dissociated Py mediates the
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signal of 1-MA (8, 9).
It is well documented from yeast to human that the

entrance into metaphase in mitosis as well as meiosis is
governed by cyclin B/cdc2 kinase. Exit from metaphase is
initiated by rapid cyclin destruction in sea urchin (20),
starfish (11), frog (12), clam (13), and human (14). In
yeast, B-type cyclin destruction is necessary for exit from
mitosis (15), supporting the hypothesis that, in eukaryotic
cells, exit from metaphase is controlled by a specific
protease. Indeed, the cyclin destruction that causes in-
activation of cdc2 kinase is mediated by a large multi-sub-
unit protease complex called proteasome.

Proteasome degrades many cytosolic proteins including
cyclin when they are ubiquitinated (16-21). A cyclin-selec-
tive ubiquitin ligase in a large component is activated near
the end of metaphase whereas it is inactive during inter-
phase (22-24), indicating that proteolysis of cyclin is
directly regulated by ubiquitination to cyclin. Using bio-
chemical methods, Sawada et al. (25) reported that the
activity of proteasome in starfish oocytes is increased more
than twice under the influence of 1-MA before GVBD
during maturation. Also, it is reported that the proteasome
is activated during in vivo Xenopus egg activation (26) or in
the ascidian cell cycle (27), although the activity of
proteasome appears to be constant during the cell cycle in
frog egg extract (28). The regulatory mechanism of pro-
teasome activity is still unclear.

To determine whether the proteasome activity in vivo is
really changed during oocyte maturation, we applied our
new method, ICEA, to starfish oocytes. When we microin-
jected the membrane-impermeant substrate of proteasome
into starfish oocytes, the initial velocity of the hydrolysis of
the substrate (Vo) increased after 1-MA addition and
reached the maximum level at the time of cyclin destruc-
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tion. Calculated Vmax of proteasome was approximately
three times higher in mature oocytes than in immature
ones. The Km value was also higher in mature oocytes than
in immature ones. These results suggest that proteasome in
immature oocytes is activated by the hormonal stimulation
to hydrolyze cyclin B at the end of metaphase.

MATERIALS AND METHODS

Animals and Oocytes—Starfish Asterinapectinifera were
collected on the Pacific coast of Honshu and kept in labora-
tory aquaria supplied with circulating seawater at 17°C. To
remove follicle cells, isolated ovaries were incubated in
ice-cold calcium-free seawater and released oocytes were
washed twice with calcium-free seawater. They were
stored in artificial seawater at 20°C. Oocytes obtained by
this procedure are at the first meiotic prophase (germinal
vesicle stage) and are referred to as "immature." Oocyte
maturation was induced by the addition of 1 pcM 1-methyl-
adenine. We refer to an oocyte that has undergone GVBD as
a "mature oocyte."

Reagents and Antigen—ACMS and succinyl-Phe-Leu-
Arg-coumarylamido-4-methanesulfonic acid were synthe-
sized as described previously (2). iV-Carbobenzoxy-L-leu-
cinyl-L-leucinyl-L-norvalinal (Z-Leu-Leu-NVa-H), Z-Leu-
Leu-leucinal (Z-Leu-Leu-Leu-H), and E-64 were pur-
chased from Peptide Institute, Osaka. Bestatin and leupep-
tin were purchased from Sigma Chemical (St. Louis, MO).
Rabbit anti-cyclin B antibody was kindly provided by Dr. T.
Kishimoto (Tokyo Institute of Technology).

Optical Equipment and Recording Fluorescence Inten-
sity—Fluorescence from an oocyte injected with ACMS or
the substrate was collected with a 20 X, 0.5 N.A. objective
and focused onto a photomultiplier (Nikon, PI) mounted on
an inverted fluorescence microscope TMD with a xenon
lamp (Nikon, Tokyo). The photomultiplier was connected
with a pen recorder Type 3066 (Tosoh, Tokyo). To measure
fluorescence, an excitation filter at 380±10nm (Nikon), a
dichroic beam splitter at 400 nm (Nikon), and a 450-nm
emission filter (Nikon) were used. An oocyte was illuminat-
ed for 1 s to measure fluorescence intensity at intervals of
10 s or more. Continuous illumination caused a gradual
decrease of fluorescence. Fluorescent micrographs were
taken on Neopan-400 film (Fuji Photo Film, Tokyo) from
the microscope. Exposure time was 5 s.

Microinjection—Microinjection into an oocyte and
quantitation of injection volumes were done according to
the methods of Hiramoto (29) and Kishimoto (30). Oocytes
were held between two coverslips separated by two pieces

Fig. 1. Plasma membrane is per-
meable to AMC. (A) After recording
autofluorescence of an immature
oocyte, AMC was injected into the
oocyte at the final concentration of 23
yM. (B) Fluorescent micrographs
show the oocyte before and after injec-
tion of 23 //M AMC. Time after injec-
tion is indicated. Immediately after
injection, fluorescence intensity of
AMC decreased. The micropipet filled
with AMC is visible in the photo-
graphs taken before injection and at 0
s. Bar: 50 j/m.

15 sec
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of double-stick tape during microinjection and observation
(7).

Solution—Suc-Phe-Leu-Arg-CAMS dissolved in dimeth-
yl sulf oxide at the concentration of 50 mM was diluted with
9 volumes of 100 mM Hepes buffer, pH 7.0, to make 5 mM
Suc-Phe-Leu-Arg-CAMS solution for injection. Leupeptin,
bestatin, E-64, and ACMS for injection were dissolved in
distilled water at the concentration of 25, 25,10, and 1 mM,
respectively. To inhibit proteasome, oocytes were incubat-
ed in seawater containing Z-Leu-Leu-NVa-H (100 /xM) or
Z-Leu-Leu-Leu-H (100 ^M) for 2-3 h.

SDS-PAGE and Immunoblot Analysis—Oocytes treated
with or without 1-MA and Z-Leu-Leu-NVa-H were ana-
lyzed by SDS-PAGE on 10% gels, and proteins were
transferred to a PVDF transfer membrane (Millipore,
Bedford, MA). The membrane was blocked with PBS
containing 5% skim milk and incubated with anti-cyclin B
antibody for 1 h at room temperature. After washing with
PBS, the membrane was incubated with horseradish
peroxidase-conjugated goat anti-rabbit antibody at a dilu-
tion of 1:200 for 1 h. After washing the membrane, bound
antibody was detected using an immunostaining kit HRP-
1000 (Konika, Tokyo).

Determination of Kinetic Constants—Fluorescence in-
tensity of the oocyte injected with the substrate was
captured at 10 s after the injection of the substrate and then
at 10 s intervals in real time continuously for a few min.
Each capture required 1 s as mentioned in " Optical Equip-
ment and Recording Fluorescence Intensity." The rate of
increase of ACMS was constant for at least 1 min after
injection of the substrate. Thus, Vo was calculated from the
data of the first 1 min after injection. Fluorescence inten-
sity was normalized using the data of preinjected ACMS as
shown in Fig. 3. Vo was expressed as /*mol liberated
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To estimate in vivo values of Vmax and Km, oocytes were

injected with the substrate at final concentrations of 20, 30,
50, 85, 100, and 170/^M in cytoplasm. These substrate
concentrations were used as the initial concentrations of the
substrate ([S]o). Vo obtained at each [S] 0 was plotted as Vo

on the ordinate and Vo/ [S] 0 on the abscissa (Eadie-Hofstee
plot). The line has an intercept of Vmax on the Vo axis and
a slope of —Km. The mean ± standard error of the mean
(SE) was calculated.

RESULTS

Permeability of Plasma Membrane to AMC and
ACMS—Peptide amides of AMC have been used for the
biochemical study of various proteases including protea-
some. Since protease activity is determined by fluorescence
intensity of AMC produced in the course of enzymatic
hydrolysis, we microinjected AMC into a starfish oocyte to
determine whether this compound was stably retained in
the cell. Immediately after injection of AMC, however,
fluorescence intensity decreased (Fig. 1, A and B), which
suggests that the plasma membrane is permeable to AMC.
Op the other hand, when ACMS was injected into an oocyte,
no significant decrease of fluorescence intensity was ob-
served (Fig. 2, A and B). These results indicate that ACMS
does not permeate the plasma membrane and is stable in
the cell. Also, ACMS diffused to homogeneity throughout
cytoplasm within 10 s after injection (Fig. 2B). Thus, we
chose peptide amides of ACMS as substrates for cytosolic
proteases.

Proteolytic Hydrolysis of a Peptide Amide of ACMS—
Proteasomes exhibit proteolytic (tryptic) activities against
peptide amides of AMC (25, 31). We thus predicted that
the peptide amide of ACMS, succinyl-Phe-Leu-Arg-cou-
marylamido-4-methanesulfonic acid (Suc-Phe-Leu-Arg-
CAMS), should be a suitable substrate for monitoring
proteasome activity. In fact, Boc-Phe-Ser-Arg-MCA was
used to detect the fractionated proteasome activity of
starfish oocytes (25).

When Suc-Phe-Leu-Arg-CAMS was microinjected into a
starfish immature oocyte, fluorescence of ACMS increased
(Fig. 3A), indicating that tryptic activity in the living cell
could be monitored with this substrate. To measure the
enzyme activity quantitatively, we first injected ACMS and
calibrated the fluorescence intensity of ACMS without
autofluorescence of the oocyte (Fig. 3B). Then, we injected
Suc-Phe-Leu-Arg-CAMS and monitored the increasing
fluorescence intensity of released ACMS (Fig. 3B). The

Fig. 2. Plasma membrane is
impermeable to ACMS. (A) After
recording autofluorescence of an
immature oocyte, ACMS was in-
jected into the oocyte at the final
concentration of 8 fiM. (B) Fluores-
cent micrographs show the oocyte
before and after injection of 23 //M
ACMS. Time after injection is in-
dicated. Fluorescence intensity of
ACMS was stable in the oocyte. The
micropipet filled with ACMS is
visible in the photograph taken
before injection. Bar: 50 pun.
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initial rate of hydrolysis was constant for at least a few min.
Calculated Vo was 2 /*M/min.

Effects of Protease Inhibitors on Hydrolysis of Suc-Phe-
Leu-Arj-CAMS—When leupeptin, a known inhibitor of
tryptic activities, was injected into an oocyte that had been
preinjected with the substrate, the rate of hydrolysis
decreased (Fig. 4A). This indicates that the liberation of
CAMS is, at least partly, due to tryptic activities in the cell.

N-Carbobenzoxy-leucy 1 -leucy 1 -norvalinal (Z - Leu - Leu -
NVa-H) is an inhibitor of proteases such as proteasome
(31). When immature oocytes were preincubated in sea-
water containing Z-Leu-Leu-NVa-H for 2 h, the initial
hydrolysis of the substrate was inhibited (Fig. 4B). Similar
results were obtained with iV-carbobenzoxy-leucyl-leucyl-
leucinal (Z-Leu-Leu-Leu-H), which also inhibits protea-
some (32) (Fig. 4C). These results suggest that Suc-Phe-
Leu-Arg-CAMS was mainly hydrolyzed by the proteasome.
Other nonlysosomal intracellular proteases such as calpains
are sensitive to E-64, while the proteasome is insensitive to
it (31). When E-64 was injected, no decrease in the
hydrolysis of the substrate was observed (Fig. 4D). Thus, it
is concluded that the proteasome is responsible for the
observed enzymatic activity.

Although the initial hydrolysis of the substrate was
completely inhibited by two proteasome inhibitors, as
shown in Fig. 4, B and C, the rate of hydrolysis increased
gradually and reached maximum at 5 min after injection of
the substrate. These results suggest that endopeptidases
may hydrolyze the substrate, and newly formed peptidyl
CAMS without the protecting group may be hydrolyzed by
exopeptidases. As expected, when an inhibitor against
exopeptidases, bestatin, was injected into an oocyte that
had been treated with proteasome inhibitor Z-Leu-Leu-
NVa-H, the rate of hydrolysis decreased (Fig. 4 E), while
leupeptin, an inhibitor of endopeptidase, had no significant

Fig. 3. Injected Suc-Phe-Leu-Arg-
CAMS in cytosol is cleaved and
ACMS is released. (A) Fluorescent
micrographs show the oocyte before and
after injection of Suc-Phe-Leu-Arg-
CAMS at the final concentration of 120
JJM. Time after injection is indicated.
Bar: 50 ̂ m. (B) After recording auto-

60 Sec 90seC 120seC fluorescence of an immature oocyte,
ACMS was injected into the oocyte at
the final concentration of 3.6 //M. Then

Suc-Phe-Leu-Arg-CAMS was injected into the oocyte at the final concentration of
130 ̂ M. Fluorescence intensity of the oocyte increased after injection of the

10.8 substrate.

7.2= additional effect (Fig. 4F).
w Inhibition of Cyclin Degradation by Z-Leu-Leu-NVa-
«) H—Hormonal stimulation of 1-MA in starfish oocytes

leads to the activation of cdc2/cyclin complex in cytoplasm
without the requirement for new protein synthesis, and
GVBD occurs 25 min after 1-MA addition. During meta-

0 0 phase, the cdc2/cyclin complex is stable, but 70-80 min
after 1-MA addition, cyclin is suddenly degraded by the
proteasome, which results in exit from metaphase. The first
polar body is released 80-90 min after 1-MA addition (Fig.
5).

To confirm that Z-Leu-Leu-NVa-H inhibited starfish
proteasome in vivo, degradation of cyclin was monitored by
Western blots. Figure 5 shows that this peptide aldehyde
inhibited cyclin degradation and polar body formation of
1-MA-treated oocytes, but did not inhibit GVBD. Thus, it
is concluded that Z-Leu-Leu-NVa-H inhibited proteasome,
proteasome-dependent cyclin degradation and exit from
metaphase. This inhibitory effect was highly specific,
because GVBD occurred normally (Fig. 5).

Hydrolysis of Suc-Phe-Leu-Arg-CAMS Was Enhanced
after Hormonal Stimulation—The possible substrate of
proteasome, Suc-Phe-Leu-Arg-CAMS, was cleaved in
starfish oocytes, and this cleavage was inhibited by the
proteasome inhibitors (Fig. 4, B and C). These results
strongly suggest that proteasome is mainly involved in the
hydrolysis of the substrate, although this substrate or its
degradation product by other endoprotease was also
cleaved partly by exopeptidases (Fig. 4E). To measure
solely the activity of proteasome, we determined the
concentration of bestatin required to eliminate the contri-
bution of exopeptidases. Figure 6 shows that 420 piM
bestatin was sufficient. In the following experiments,
oocytes were preinjected with 420 piM bestatin in order to
estimate the Vo of proteasome-dependent hydrolysis of the
substrate.

Figure 7 shows the Vo values during oocyte maturation.
Proteasome activity increased gradually after 1-MA treat-
ment and reached an almost maximal level just before the
first polar body formation.

To calculate Vmax, the substrate at 20-170/xM was
injected into immature or mature oocytes (70-100 min
after 1-MA addition). The measured Vo at the initial
concentration of the substrate ([S]o) was plotted on the
ordinate against V0/[S]0 on the abscissa (Eadie-Hofstee
plot), as shown in Fig. 8. The intercept of Vmax on the
ordinate was high in mature oocytes (2.3±0.17 ^M/min)
and low in immature oocytes (0.84±0.068 /zM/min). The
Km value was determined from the slope of each line;
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Fig. 4. Effects of protease inhibitors on the in vivo hydrolysis
of Suc-Phe-Leu-Arg-CAMS. The substrate was injected into an
immature oocyte at time 0. Fluorescence intesity of the oocyte was
normalized by injection of ACMS as shown in Fig. 3B. The final
concentrations of compounds in the oocyte or seawater are indicated in
parentheses. (A) Leupeptin was injected into the oocyte. Lines are
extended in order to distinguish rates of hydrolysis between the
experiments before and after injection of leupeptin. (B) Oocytes were
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pretreated with (closed circle) or without (open circle) Z-Leu-Leu-
NVa-H in seawater before injection of the substrate. (C) Oocytes were
pretreated with (closed circle) or without (open circle) Z-Leu-Leu-
Leu-H in seawater before injection of the substrate. (D) E-64 was
injected into the oocyte. (E) An oocyte treated with Z-Leu-Leu-NVa-H
in seawater was injected with the substrate, then bestatin was
injected. (F) An oocytes treated with Z-Leu-Leu-NVa-H in seawater
was injected with the substrate, then leupeptin was injected.

mature oocytes showed high Km (60±9.7//M), while
immature gave low K^ (30±6.6 >uM). Similar results were
obtained from different animals, as shown in Table I.

DISCUSSION

In this study, we have developed an in vivo, real time,
cytosolic enzyme assay, ICEA. This new method, unlike the
standard biochemical or histochemical assay, measures
enzyme activity of a living cell in real time without frac-

tionation or fixation. Using ICEA, we found that the
activation of proteasome in starfish oocytes was triggered
by hormonal stimulation. The proteasome activity
continued to increase after GVBD and reached the maxi-
mum level near the end of metaphase, when native cyclin B
was hydrolyzed by the enzyme. Indeed, Vmax was approxi-
mately three times higher in mature oocytes than in
immature ones. Since de novo protein synthesis is not
required for 1-MA-induced GVBD (33) and proteasome
was activated immediately after 1-MA addition (Fig. 7),
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Fig. 5. Z-Leu-Leu-NVa-H blocked cyclin destruction and
polar body formation but did not inhibit 1-MA-induced GVBD.
Immature oocytes were treated with ( + ) or without ( —) 100//M
Z-Leu-Leu-NVa-H for 2 h, then with ( + ) or without ( - ) 1 //M 1-MA.
GVBD was scored 25min after 1-MA addition. First polar body
formation was scored 90 min after 1-MA addition. At least 40 oocytes
were scored for each point. Also, 60 oocytes were collected before or
100 min after 1-MA addition for Western blotting analysis of cyclin
B.
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Vo/ [S ] 0

Fig. 8. Eadie-Hofstee plot using the data of in vivo hydrolysis
of injected Suc-Phe-Leu-Arg-CAMS. Oocytes were preinjected
with 420 //M bestatin. See text for details.
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Fig. 6. Immature oocytes were injected with bestatin, then
with 84 fiM Suc-Phe-Leu-Arg-CAMS. Similar results were obtain-
ed in mature oocytes (data not shown). Velocities were calculated
from the data of the first 1 min after injection.

1.6

1.4

0 . 8

0 .6

0.4 "-

'O f
Polar Body

L I j

0 50 100 150

Time after 1-MA addition (min)

Fig. 7. Changes in Vo values of Suc-Phe-Leu-Arg-CAMS after
1-MA addition. The substrate was injected into 420 /JM bestatin-
preinjected oocytes to a final concentration of 85 //M. GVBD and first
polar body formation occurred at 25 and 75 min after 1-MA addition,
respectively.

the increase in the activity is not likely to be due to
translation of new proteasome. Thus, we concluded that the
proteasome is rather inactive in immature oocytes, but that
it is activated after hormonal stimulation to destroy cyclin
at the end of metaphase. High activity of proteasome was

TABLE I. Kinetic parameters, Vmax and Km, for proteasome as
determined in immature and mature oocytes of three starfish
using Suc-Phe-Leu-Arg-CAMS.

Batch

A
B
C

0
0
0

Immature
.84±0.068
.75±0.060
.86±0.099

1/n

2
2
3

iin)a

Mature
.3±0.17
.7±0.47
.0±0.57

Km (/
Immature
30±6.6
16±4.8
22 + 8.7

;M)"
Mature
60 ± 9.7
71±21
66 ±24

"Means value ±SE (n = 6).

maintained after metaphase or after the end of meiosis I
(Fig. 7).

Our conclusion was partly supported by biochemical
study: Using gel filtration, Sawada et al. (25) fractionated
extracts from immature or maturing starfish oocytes and
found that the protease activity in the proteasome fraction
of maturing oocytes (5-30 min after 1-MA treatment) was
two times higher than that of immature oocytes (before
1-MA treatment). However, after GVBD, the activity of
fractionated proteasome from mature oocytes (50 min
after 1-MA treatment) was reduced to the level of the
immature oocytes (25), which was not confirmed in this
study. Further study is necessary to understand the reason
for this apparent discrepancy.

Proteasome activity is influenced by calcium (34, 35) and
ATP concentration (36), and regulatory factors (37-39).
Although 1-MA induces a transient calcium elevation,
which is insufficient for maturation, calcium decreases
rapidly to a resting level during oocyte maturation (40).
Also, ATP levels are stable during maturation (Chiba,
Nakano, and Hoshi, unpublished results). Thus, regulators
may be involved in the change of the proteasome activity.
The change of Km during maturation (Table I) may support
this assumption: change of Km was demonstrated when an
activator (PA28) was added to proteasome, although the
activator decreased the Km value (38).

Rosser et al. (41) synthesized a fluorogenic calpain sub-
strate £-butoxycarbonyl-Leu-Met-7-amino-4-chlorometh-
ylcoumarin (Boc-Leu-Met-CMAC). Boc-Leu-Met-CMAC
is a membrane-permeant compound. After diffusion into
cells, Boc-Leu-Met-CMAC is conjugated to endogenous
glutathione (GSH) by endogenous glutathione S-trans-
ferase forming Boc-Leu-Met-7-amino-4-methylcoumarin-
glutathione conjugate (Boc-Leu-Met-MAC-SG). Intracellu-
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lar proteolytic hydrolysis of Boc-Leu-Met-MAC-SG re-
leases the fluorescence of MAC-SG. They measured fluo-
rescence intensity of MAC-SG in a single, cultured rat
hepatocyte using digitized video fluorescent microscopy and
found calpain activity was increased by ATP-induced
intracellular calcium release. However, MAC-SG was
rather membrane-impermeant, although a significant por-
tion of this compound showed diffusion from cells (ca. 20%
in 25 min). Although they estimated relative activity of
calpain, they could quantitate neither Vo nor Km and Vmax

value, because the initial concentration of the substrate and
released MAC-SG in a cell was unknown. Also if gluta-
thione conjugation is the rate-limiting step, this method
cannot be used to detect the protease activity.

In principle, all cytoplasmic protease activities can be
measured by ICEA using suitable substrates. However, a
few points must be noted when ICEA is applied. First, not
all peptide amides of ACMS are readily soluble in aqueous
solutions at millimolar level, while ACMS is readily sol-
uble. The solubilities of these substrates depend on their
peptide sequences and protecting groups. In this study, we
made several substrates like Z-Phe-Leu-Arg-CAMS, but
they were hardly soluble in water (data not shown).
Although Z-Phe-Leu-Arg-CAMS was readily soluble in an
organic solvent such as dimethylsulfoxide, it was deposited
in the cell immediately after injection of the solution. This
problem was overcome by changing the protecting group to
a succinyl group. The second important point is that the
detected protease does not always originate from a single
enzyme. More than two enzymes may be involved in the
apparent activity. To clarify this possibility, the peptide
sequence of the substrate should be specific for the enzyme
of interest. Also, a specific inhibitor of the enzyme should
be used to demonstrate that it affects the in vivo protease
activity measured by ICEA. If the hydrolysis of the sub-
strate is completely inhibited by the inhibitor, the enzyme
of interest is likely to be involved in the substrate cleavage
measured by ICEA. In this study, Z-Phe-Leu-Arg-CAMS
was hydrolyzed by a two-enzyme system consisting of an
endopeptidase and exopeptidase. To deactivate the exopep-
tidase, oocytes were preinjected with bestatin. Moreover, if
the hydrolysis of a substrate is demonstrated to originate
from one enzyme, in vivo effects of new inhibitors can be
evaluated using ICEA. The last point to be noted is that the
values of Vo, Vmax, and id in this study are apparent,
because the real volume of cytosol, excluding organelles
such as endoplasmic reticulum, mitochondria, and lyso-
some, is unknown. Thus, real values should be higher than
the apparent values obtained in this study.

ICEA will be applicable for studies of proteases involved
in protein stability, apoptosis, immune response, cell cycle,
fertilization, development, and differentiation. Also, this
new method will be useful to confirm hypotheses presented
by biochemical and histochemical methods. Using ICEA, a
cell can be treated as a tiny, living test-tube.

REFERENCES

1. Bond, J.S. and Bulter, P.E. (1987) Intracellular proteases. Annu.
Rev. Biochem. 56, 333-364

2. Sato, E., Matsuhisa, A., Sakashita, M., and Kanaoka, Y. (1988)
New water-soluble fluorogenic amine, 7-aminocoumarin-4-meth-
anesulfonic acid (ACMS) and related substrates for proteinases.

Chem. Pharm. Bull. 36, 3496-3502
3. Kanatani, H., Shirai, H., Nakanishi, K., and Kurokawa, T.

(1969) Isolation and identification of meiosis inducing substance
in starfish Asterias amurensis. Nature 221, 273-274

4. Tadenuma, H., Takahashi, K., Chiba, K., Hoshi, M., and Katada,
T. (1992) Properties of 1-methyladenine receptors in starfish
oocyte membranes: involvement of pertussis toxin-sensitive
GTP-binding protein in receptor mediated signal transduction.
Biochem. Biophys. Res. Commun. 186, 114-121

5. Shilling, F., Chiba, K., Hoshi, M., Kishimoto, T., and Jaffe, L.A.
(1989) Pertussis toxin inhibits 1-methyladenine-induced matu-
ration in starfish oocytes. Dev. Biol. 133, 605-608

6. Tadenuma, H., Chiba, K., Takahashi, K., Hoshi, M., and Katada,
T. (1991) Purification and characterization of a GTP-binding
protein serving as pertussis toxin substrate in starfish oocytes.
Arch. Biochem. Biophys. 290, 411-417

7. Chiba, K., Tadenuma, H., Matsumoto, M., Takahashi, K.,
Katada, T., and Hoshi, M. (1992) The primary structure of the a
subunit of a starfish guanosine-nucleotide-binding regulatory
protein involved in 1-methyladenine-induced oocyte maturation.
Eur. J. Biochem. 207, 833-838

8. Jaffe, L.A., Gallo, C.J., Lee, R.H., Ho, Y.-K., and Jones, T.L.Z.
(1993) Oocyte maturation in starfish is mediated by the fiy
subunit complex of a G protein. J. Cell Biol. 121, 755-783

9. Chiba, K., Kontani, K., Tadenuma, H., Katada, T., and Hoshi, M.
(1993) Induction of starfish oocyte maturation by the /?y subunit
of starfish G protein and possible existence of the subsequent
effector in cytoplasm. Mol. Biol. Cell 4, 1027-1034

10. Evans, T., Rosenthal, E., Youngblom, J., Distel, D., and Hunt, T.
(1983) Cyclin: a protein specified by maternal mRNA in sea
urchin eggs that is destroyed at each cleavage division. Cell 33,
389-396

11. Standart, N., Minshull, J., Jonathon, P., and Hunt, T. (1987)
Cyclin synthesis, modification and destruction during meiotic
maturation of the starfish oocyte. Dev. Biol. 124, 248-258

12. Murray, A.W., Solomon, M.J., and Kirschner, M.W. (1989) The
role of cyclin synthesis and degradation in the control of
maturation promoting factor activity. Nature 339, 280-286

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

14. Pines, J. and Hunter, T. (1989) Isolation of a human cyclin
cDNA: Evidence for cyclin mRNA and protein regulation in the
cell cycle and for interaction with p34ctlc2. Cell 58, 833-846

15. Irniger, S., Piatti, S., Michaelis, C, and Nasmyth, K. (1995)
Genes involved in sister chromatid separation are needed for
B-type cyclin proteolysis in budding yeast. Cell 81, 269-277

16. Glotzer, M., Murray, A.W., and Kirschner, M.W. (1991) Cyclin
is degraded by the ubiquitin pathway. Nature 349, 132-138

17. Hershko, A., Ganoth, D., Pehrson, J., Palazzo, R.E., and Cohen,
L.H. (1991) Methylated ubiquitin inhibits cyclin degradation in
clam embryo extracts. J. Biol. Chem. 266, 16376-16379

18. Ciechanover, A. (1994) The ubiquitin-proteasome proteolytic
pathway. Cell 79, 13-21

19. Deshaies, R.J. (1995) Make it or break it: the role of ubiquitin-
dependent-proteolysis in cellular regulation. Trends Cell Biol. 5,
428-434

20. Rechsteiner, M. (1987) Ubiquitin-mediated pathway for intra-
cellular proteolysis. Annu. Rev. Cell Biol. 3, 1-30

21. Hilt, W. and Wolf, D.H. (1996) Proteasomes: destruction as a
programme. TIBS 21, 96-102

22. Hershko, A., Ganoth, D., Sudakin, V., Dahan, A., Cohen, L.H.,
Luca, F.C., Ruderman, J.V., andEytan, E. (1994) Componentsof
a system that ligates cyclin to ubiquitin and their regulation by
the protein kinase cdc2. J. Biol. Chem. 269, 4940-4946

23. Sudakin, V., Ganoth, D., Dahan, A., Heller, H., Hershko, J.,
Luca, F.C, Ruderman, J.V., and Hershko, A. (1995) The cyclo-
some, a large complex containing cyclin-selective ubiquitin ligase
activity, targets cyclins for destruction at the end of mitosis. Mol.
Biol. Cell 6, 185-198

24. King, R.W., Peters, J.-M., Tugendreich, S., Rolfe, M., Hieter, P.,
and Kirschner, M.W. (1995) A 20 S complex containing CDC27

J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


In Vivo Proteasome Activity 293

and CDC16 catalyzes the mitosis-specific conjugation of ubiquitin
to cyclin B. Cell 81, 279-288

25. Sawada, M.T., Someno, T., Hoshi, M., and Sawada, H. (1992)
Participation of 650-kDa protease (20 S proteasome) in starfish
oocyte maturation. Dev. Biol. 150, 414-418

26. Aizawa, H., Kawahara, H., Tanaka, K., and Yokosawa, H. (1996)
Activation of the proteasome during Xenopus egg activation
implies a link between proteasome activation and intracellular
calcium release. Biochem. Biophys. Res. Commun. 218, 224-228

27. Kawahara, H., Sawada, H., and Yokosawa, H. (1992) The 26S
proteasome is activated at two points in the ascidian cell cycle.
FEBS Lett. 310, 119-122

28. Mahaffey, D., Yoo, Y., and Rechsteiner, M. (1993) Ubiquitin
metabolism in cycling Xenopus egg extract. J. Biol. Chem. 268,
21205-21211

29. Hiramoto, Y. (1974) A method of microinjection. Exp. Cell Res.
87, 403-406

30. Kishimoto, T. (1986) Microinjection and cytoplasmic transfer in
starfish oocytes. Methods Cell Biol. 27, 379-394

31. Rock, K.L., Gramm, C, Rothstein, L., Clark, K., Stein, R., Dick,
L., Hwang, D., and Goldberg, A.L. (1994) Inhibitors of the
proteasome block the degradation of most cell proteins and the
generation of peptides presented on MHC class I molecules. Cell
78, 761-771

32. Tsubuki, S., Saito, Y., Tomioka, M., Ito, H., and Kawashima, S.
(1996) Differential inhibition of calpain and proteasome activ-
ities by peptidyl aldehydes of di-leuicine and tri-leucine. J.
Biochem. 119, 572-576

33. Guerrier, P. and Doree, M. (1975) Hormonal control of reinitia-
tion of meiosis in starfish: The requirement of 1-methyladenine

during nuclear maturation. Dev. Biol. 471, 341-348
34. Kawahara, H. and Yokosawa, H. (1994) Intracellular calcium

mobilization regulates the activity of the 26 S proteasome during
the metaphase-anaphase transition in the ascidian meiotic cell
cycle. Dev. Biol. 166, 623-633

35. Realini, C. and Rechsteiner, M. (1995) A proteasome activator
subunit binds calcium. J. Biol. Chem. 270, 29664-29667

36. Dahlmann, B., Kuehn, L., andReinauer, H. (1995) Studies on the
activation by ATP of the 26 S proteasome complex from rat
skeletal muscle. Biochem. J. 309, 195-202

37. Ma, C.-P., Slaughter, C.A., and DeMartino, G.N. (1992) Identifi-
cation, purification, and characterization of a protein activator
(PA28) of the 20S proteasome (Macropain). J. Biol. Chem. 267,
10515-10523

38. Ma, C.-P., Vu, J.H., Proske, R.J., Slaughter, C.A., and DeMar-
tino, G.N. (1994) Identification, purification, and characteriza-
tion of a high molecular weight, ATP-dependent activator
(PA700) of the 20S proteasome. J. Biol. Chem. 269, 3539-3547

39. Dubiel, W., Pratt, G., Ferrell, K., and Rechsteiner, M. (1992)
Purification of an 11S regulator of the multicatalytic protease. J.
Biol. Chem. 267, 22369-22377

40. Witchel, H.J. and Steinhardt, R.A. (1990) 1-Methyladenine can
consistently induce a fura-detectable transient calcium increase
which is neither necessary nor sufficient for maturation in oocytes
of the starfish Asterina miniata. Dev. Biol. 141, 393-398

41. Rosser, B.G., Powers, S.P., and Gores, G.J. (1993) Calpain
activity increases in hepatocytes following addition of ATP.
Demonstration by a novel fluorescent approach. J. Biol. Chem.
268, 23593-23600

Vol. 122, No. 2, 1997

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

