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Abstract

In nonmammlian vertebrates, ovarian follicle cells produce two different
steroid hormones, estradiol-17 and maturation-inducing hormone
(progestogens), in response to pituitary gonadotropins, which play
important roles in two phases of oogenesis, vitellogenesis and oocyte
maturation, respectively. Estradiol-17Bp promotes vitellogenesis in
members of all nonmammalian vertebrates. On the other hand, a variety
of progestogens have been shown to be effective in the initiation of meiotic
maturation in fish and amphibian oocytes. A distinct shift from estradiol-
17 to progestogens has been reported to occur in ovarian follicles
immediately prior to oocyte maturation, and seems to be a prerequisite step
for growing oocytes to enter the final stage of maturation. However, the
regulatory mechanism of this steroidogenic shift is not clearly understood.

The medaka, Oryzias latipes, under a long photoperiod (14 hours light -
10 hours dark) at 26°C, spawns daily within 1 hr of the onset of light for a
number of consecutive days. Under these conditions, the sequence of
events leading to spawning such as vitellogenesis, oocyte maturation, and
ovulation can be timed accurately. These features make medaka an ideal
model in which to investigate the regulatory mechanism of the steroidogenic
shift occurring in ovarian follicles prior to oocyte maturation.

The medaka ovarian follicle produces estradiol-17p during vitellogenesis
and 170,20B-dihydroxy-4-pregnen-3-one (17¢,20B-DP, the most potent
maturation-inducing hormone of medaka) during maturation. Although
the cytochrome P-450 aromatase (P-450arom, the enzyme which converts
testosterone to estradiol-178) and 20B-hydroxysteroid dehydrogenase (20p-

HSD, the enzyme which converts 17a-hydroxyprogesterone to 17¢,208-DP)



are known to be involved in the shift from estradiol-17f to 17¢,20B8-DP
production in the medaka ovarian follicles, the key steroidogenic enzyme
responsible for the shift remain unknown.

In this study, I first investigated changes in the steroidogenic
pathway in medaka ovarian follicles during vitellogenesis and oocyte
maturation by incubating the follicles in vitro with several radiolabeled
steroid precursors, followed by thin layer chromatography (TLC)
fractionation and recrystallizaion. When vitellogenic follicles collected at
18 hours before the expected time of spawning (vitellogenic follicles) were
incubated with 3H-labeled pregnenolone, the major metabolites were 17c-
hydroxypregenenolone, 17a-hydroxyprogesterone, and androstenedione.
Incubations of vitellogenic follicles with androstenedione produced
testosterone and estradiol-17B. By contrast, when maturing follicles
(postvitellogenic follicles undergoing maturation) collected at 10 hours
before spawning were incubated with 3H-labeled pregnenolone, the major
metabolites were 17a-hydroxypregnenolone, 17a-hydroxyprogesterone, and
170,20B-DP; androstenedione was not detected. Neither vitellogenic and
maturing follicles produced progesterone when they were incubated with
3H-labeled pregnenoclone, suggesting that in medaka ovarian follicles both
estradiol-17B and 17c,20B-DP are synthesized by the 5A-steroid pathway.
Thus, there is a distinct shift in the steroidogenic pathway from estradiol-
178 to 17c,20B-DP production in medaka ovarian follicles, and it is
suggested that the decrease in C17,20-lyase activity is responsible for this
shift.

In the next series of experiments, the effects of several reagents on
C17,20-lyase activity in the medaka ovarian follicles were examined. The

phosphodiesterase inhibitor IBMX, but not pregnant mare serum



gonadotropin (PMSG), enhanced androstenedione production in incubation
of vitellogenic follicles with 14C-labeled progesterone. Calcium ionophore
A23187 and the phorbol ester TPA (a protein kinase C activator) blocked the
stimulatory actions of IBMX on androstenedione production. These
findings suggest that multiple signaling pathways may participate in the
regulation of ovarian steroidogenesis, especially in the regulation of P-
450¢17 activity.

The preceding findings suggest that the rapid decrease in C17,20-lyase
activity is responsible for the shift in the steroidogenic pathway from
estradiol-17p to 17¢,20B-DP production by medaka ovarian follicles prior to
oocyte maturation. To further investigate the mechanism of this shift at
the molecular levels, I have attempted to isolate cDNA clones encoding
medaka F450cl17 from an ovarian cDNA library. Two types of F-450cl17
cDNA (P-450c17L and P-450c178S: lacking 87 nucleotides comparing with #-
450¢17L in coding region) were isolated. The RNase protection assay and
RT-PCR revealed that the existence of both transcripts. By comparing the
sequences of these two cDNAs with that of genomic DNA, it was shown that
nucleotides which were missing in P450¢17S was exon 4. P-450cl7L
products which were expressed in both mammalian COS 1 cells and £. coli
showed both 170-hydroxylase and C17,20-lyase activities, but P-450cl17S
product showed neither activity. These findings confirm that a single
product of the cytochrome F-450c17 gene has both 17¢-hydroxylase and
C17,20-lyase activities, and further suggest that the differential regulation
of 17a-hydroxylase and C17,20-lyase activities of P-450¢17 is an important
mechanism responsible for the shift in the steroidogenic pathway from
estradiol-17p to 170,20B-DP production by medaka ovarian follicles.

Genomic Southern blot analysis revealed that medaka P-450cl7 was a



single copy gene. Accordingly, two types of transcripts were synthesized by
alternative splicing. Both transcripts were abundant in both ovary and
testis. Northern blot analysis revealed two different sizes of transcripts,
2.4 and 6.4 kb, both of which are present in follicles during vitellogenesis
and disappear during oocyte maturation. The amounts of these two tran-
scripts begin increasing 29 hours before spawning and reach peaks around
23 hours. Amounts decrease to an almost undetectable level at 8 hours
before spawning. Another small peak was observed at 47 hours. Thus,
the amounts of P-450c17 transcripts present in medaka ovarian follicles
correlate to a daily cycle of ovulation. The transcripts are present during
vitellogenesis and begin to decrease prior to the production of maturation-
inducing hormone (17 hours before spawning). These findings are
consistent with the role of 72450c17 in the production of androgens and
estradiol-17p during active vitellogenesis. However, the significance of two
different sizes of P-450c17 transcripts remains unknown.

A possible involvement of cytochrome bs in the differential

regulation of P-450¢17 enzyme activity is also examined. Both NADPH:F-
450 reductase and cytochrome bg transcripts were detected in medaka
ovarian follicles. Expression of these mRNA levels was higher in follicles
collected during vitellogenesis than those during oocyte maturation.
NADPH:P-450 reductase purified from pig supported the metabolism of
progesterone by medaka P-450¢17, and pig cytochrome bj affect influenced

the activities of P-450c¢17. These results are consistent with the notion that
cytochrome bs play a role in the differential regulation of P-450c17 by

medaka ovarian follicles.



j A Steroidogenesis in the Ovarian Follicles of the Medaka (Oryzias
latipes) during Vitellogenesis and Oocyte Maturation

INTRODUCTION

In nonmammalian vertebrates, ovarian follicle cells produce two different
steroid hormones, estradiol-173 and maturation-inducing hormone
(progestogens), in response to pituitary gonadotropins, which play
important roles in two phases of oogenesis, vitellogenesis and oocyte
maturation, respectively. Estradiol-173 promotes vitellogenesis in
members of all nonmammalian vertebrates (Ho, 1987). In each of these
groups, the time of vitellogenin production corresponds to the period of
elevated plasma estradiol-178 levels. Vitellogenin is the precursor
molecule for egg yolk, which is of considerable importance as the source of
metabolic energy for the developing embryo. In response to increased
levels of plasma estradiol-17f3, the liver synthesizes and secretes vitellogenin,
which is carried in the bloodstream to the oocvtes. The developing oocytes
take up vitellogenin and convert it to egg yolk. On the other hand, a
variety of progestogens have been shown to be effective in the initiation of
meiotic maturation in fish and amphibian oocytes (Nagahama, 1987). Two
progestogens,  170,20B-dihydroxy-4-pregnen-3-one  (17¢,208-DP)  and
17c,20B,21-trihydroxy-4-pregnen-3-one, have been identified as the
maturation-inducing hormone of several teleost fishes. These ovarian
steroid hormones are known to be secreted from ovarian follicles in response
to pituitary gonadotropins. A distinct shift from estradiol-17p to 17¢,20pB-
DP has been reported to occur in ovarian follicles immediately prior to

oocyte maturation (Nagahama, 1994), and seems to be a prerequisite step



for growing oocytes to enter the final stage of maturation. However, the
regulatory mechanism of this steroidogenic shift is not clearly understood.
The medaka, Oryzias latipes, under a long photoperiod (14 hours light -
10 hours dark) at 26°C, spawns daily within 1 hour of the onset of light for a
number of consecutive days. Under these conditions, the sequence of
events leading to spawning such as vitellogenesis, oocyte maturation, and
ovulation can be timed accurately (Iwamatsu, 1978). These features make
medaka an ideal model in which to investigate the regulatory mechanism of
the steroidogenic shift occurring in ovarian follicles prior to oocyte
maturation. It has previously been shown that medaka ovarian follicles
produce estradiol-17p during vitellogenesis and 170,20B-DP during oocyte
maturation (Fig. 1). During vitellogenesis, cytochrome P-450 aromatase
(P-450arom) activity is high, but 20B-hydroxysteroid dehydrogenase (20[3-
HSD, the enzyme which converts 17a-hydroxyprogesterone to 17¢,208-DP)
activity is non detectable, leading to the production of estradiol-178. By
contrast, during oocyte maturation, P-450arom activity is low, but 203-HSD
is high, leading to the production of 17¢,,208-DP. 170,20B8-DP was identified
as a major maturation-inducing hormone in medaka (Fukada et al, 1994).
Thus, there is a shift in steroidogenic enzyme activity (a decrease in P-
450arom activity and an increase in 20B-HSD activity) and this shift is a
mechanism regulating the shift from estradiol-17p to 17a,20B-DP production
in medaka ovarian follicles. However, a shift in precursor production from
testosterone to 17ca-hydroxyprogesterone is also an important mechanism
for the shift from estradiol-17B to 170,20B-DP production. To determine a
key enzyme(s) responsible for this shift in steroid precursor production, the
precise information on the steroidogenic pathway during vitellogenesis and

oocyte maturation is required.



In this study, the steroidogenic pathway in medaka ovarian follicles
during vitellogenesis and oocyte maturation was determined. To this end,
intact follicles or follicle cell layers, isolated at appropriate time before
spawning, were incubated with radiolabeled steroid precursors, and
metabolites were analyzed by TLC fractionation and recrystallization.
Since the conversion of 17a-hydroxyprogesterone into androstenedione is
expected to be a key step of the shift in medaka ovarian steroidogenesis from
vitellogenesis to oocyte maturation, I focused on the production of
androstenedione. I also tested the effects of several reagents on the

production of androstenedione in vitro.

MATERIAL AND METHODS

Chemicals

[7-3H(N)]-pregnenolone (370-925 GBg/mmol), [1,2-3H]-170-
hydroxyprogesterone (1.48-2.22 TBq/mmol) and [4-14C)-androstenedione
(1.67-2.22 GBg/mmol) were obtained from NEN research products. These
steroids were purified by TLC with appropriate solvent systems before use.
Cold steroids, progesterone, androstenedione, 17a-hydroxyprogesterone,
testosterone, and 17¢,20B-DP were obtained from Sigma. Pregnant mare
serum gonadotropin (PMSG) was purchased from Teikyo Zohki (Tokyo,
Japan). The phosphodiesterase inhibitor 3-Isobutyl-1-methylxanthin
(IBMX), calcium ionophore A23187, and the phorbol ester TPA (phorbol 12-
myristate 13-acetate, a protein kinase C activator) were purchased from

Sigma.
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Ovarian follicle incubation

Medaka were obtained from a local fish farm (Yatomi, Aichi, Japan).
Fish were killed by decapitation and ovaries were immediately removed and
kept in cold modified Earl's medium 199 (Gibco BRL, containing 30 mg/liter
streptomycin sulfate and penicillin G potassium. pH was adjusted with 25
mM Hepes-NaOH into 7.3, diluted into 90% of original concentration).
Vitellogenic and maturing (follicles undergoing maturation) follicles were
collected from several ovaries with the aid of fine forceps. In some
experiments, follicle cell layers were obtained by squeezing out yolk from
intact follicles. Isolated follicle cell layers or intact follicles were incubated
in six well/flat bottom plastic cell wells containing 10 ml modified Earl's
medium 199 with radiolabeled steroid precursors. In some experiments
follicle cell layers or intact follicles were incubated in the presence of PMSG
(100 units/ml) or other chemical reagents. Incubations were performed

under humid conditions at 26°C.

Analysis of metabolites

Steroids were extracted from incubation media with 3 ml of
dichloromethane five times and dried on warm sand bath under nitrogen
gas. Dried extracted steroids were resuspended with a small volume of
dichloromethane and applied on a TLC plate containing a fluorescent
indicator (Merck). Mixture of progesterone, androstenedione, 170-
hydroxyprogesterone, testosterone, and 170,20B-DP was applied on a TLC
plate with samples as standards of mobility. Standard steroids were
detected by UV absorption at 254 nm. The plates were usually developed in
benzene:acetone (4:1; v/v) and in some experiments in other solvent systems.

When 3H-labeled steroids were used as precursors, autoradiography was
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carried out with 3H-hyperfilms (Amersham). In case of 14C.1abeled
precursors, results were analyzed with a BAS-2000 Bio-Imaging Analyzer
(Fujifilm). Some of the bands were scraped and metabolites were extracted
with dichloromethane. Extracted steroids were identified by
recrystallization method. Recrystallization was performed in accord with

Axelrod et al. (1965).

RESULTS

Incubations of vitellogenic and maturing follicles with [7-2H(N)J-
pregnenolone and [1,2- 3Hj-! 7a-hydroxyprogesterone

Vitellogenic follicles (200/dish) collected at 18 hours before the expected
time of spawning and maturing follicles (200/dish) (follicles undergoing
maturation) collected at 10 hours were incubated with 5 X 108 cpm of [7-
3H(N)]-pregnenoclone for 3 hours and the steroid metabolites produced
during incubations were separated by TLC-I, benzene:acetone (4:1). There
was a marked difference in the pattern of radioactive steroid metabolites
between vitellogenic and maturing follicles. The following steroid
metabolites produced in vitellogenic follicle incubations were identified by
their chromatographic mobilities in TLC: pregnenolone (precursor,
metabolite 1), 17a-hydroxyprogesterone (metabolite 2), 17ct-
hydroxypregnenolone (metabolite 3), and androstenedione (metabolite 4)
(Fig. 2A). The identities of the two metabolites as 17¢-
hydroxyprogesterone and androstenedione were confirmed by
recrystallization to constant specific activity (Table 1). When maturing
follicles were incubated with 3H-labeled pregnenolone, two major

metabolites (17a-hydroxypregnenolone and 17c-hydroxyprogesterone) and
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two minor polar metabolites were found; however, no radioactivity
comigated with androstenedione (Fig. 2B). Vitellogenic and maturing
follicles were also incubated with 5 X 106 cpm of [1,2-3H]-170-
hydroxyprogesterone for 3 hours. Autoradiographs of the steroid
metabolites showed that 17c-hydroxyprogesterone was not extensively
metabolized by either vitellogenic or postvitellogenic follicles. The yield of
androstenedione was much higher in incubations of vitellogenic follicles
than those of maturing follicles (Fig. 2C). Minor polar metabolites were
found in incubations of maturing follicles (Fig. 2D). Vitellogenic and
maturing intact follicles (follicle enclosed oocytes) were also incubated with
5 X 106 cpm of [1,2-3H]-17c-hydroxyprogesterone for 3 hours. No
significant difference between follicles and intact follicles was seen (Fig. 3).
These observations indicate that the presence of oocytes did not affect the

steroidogenic capacity of ovarian follicles.

Incubation of vitellogenic and maturing follicles with [4-14].
androstenedione

After chromatography of the vitellogenic follicle (190/dish) incubation
with androstenedione gave several radioactive metabolites corresponding to
carriers androstenedione (precursor, metabolite 1), testosterone (metabolite
2) and estradiol-17B (metabolite 3)(Fig. 4A). The testosterone area when
rechromatographed in TLC-II, cyclohexane:ethanol (9:1), gave a major
metabolite (metabolite 1) with the same mobility as the carrier standard
testosterone (Fig. 5A). The estradiol-17B area when rechromatogaphed in
TLC-II gave three metabolites: one of the metabolites was comigrated with
estradiol-17p (Fig. 5B). Androstenedione was not extensively metabolized

by maturing follicles with very few metabolites produced (Fig. 4B).
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Incubation of vitellogenic follicles with [4-14C]-17a-hydroxyprogesterone in
the presence of PMSG
Medaka vitellogenic follicles collected at 22 hours before spawning do not
undergo spontaneous maturation, but undergo maturation in response to
17c,20B-DP (M. Yoshikuni and Y. Nagahama, unpublished data). Intact
follicles (200 /dish) were incubated in the presence or absence of PMSG for 2
and 12 hours. These follicles were further incubated with or without [4-
14C) 17a-hydroxyprogesterone for 6 hours. The pattern of steroidogenesis
was similar to that seen in controls during the first 2 hours of incubation
with PMSG (Figs. 6A and 6B). The major metabolites were
androstenedione (metabolite 1) and a more polar metabolite. Incubation of
intact follicles with PMSG for 18 hours resulted in marked changes in the
pattern of 17o-hydroxyprogesterone metabolites; the pattern was similar to
that seen in maturing follicles incubated with 17o-hydroxyprogesterone
(Figs. 6C and 6D). Although there was no obvious decrease in
androstenedione (metabolite 2) production, a polar metabolite corresponding
to 17a,20B-DP (metabolite 3) was observed with several other polar

metabolites (Fig. 6D).

Incubation of vitellogenic follicles with [4-19C]-progesterone in the
presence of IBMX alone and in combination with TPA and/or A23187

Effects of IBMX (a phosphodiesterase inhibitor) alone and in combination
with TPA (a protein kinase C activator) and/or A23582 (a calcium ionophore)
on progesterone metabolites were investigated using vitellogenic follicles
collected at 18 hours before spawning. The follicles (100/dish) were

incubated in media containing test compounds for 8 hours. After
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incubation, 1.0 X 105 cpm of [4-14C]-progesterone was added as a
precursor. After further 3 hours of incubation, metabolites were extracted
from incubation media and fractionated by two-dimensional TLC:
benzene:acetone (4:1) in the first development system and
cyclohexane:ethylacetate (1:1) in the second development system. IBMX (1
mM) stimulated androstenedione production (Fig. 7, column 2). This
IBMX-stimulated androstenedione production was completely blocked by
A23187 (5 uM) or TPA (0.5 pM) alone, or in combination with both

compounds (Fig. 7, columns 3-6).
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DISCUSSION

Data presented in this study indicate that there is a distinct shift in the
steroidogenic pathway from estradiol-17p to 17a,208-DP by medaka ovarian
follicles. It was shown that both estradiol-178 and 170,20B-DP are
synthesized by the 9A-steroid pathway (cholesterol — pregnenolone —
170-hydroxypregnenolone — 17a-hydroxyprogesterone)(Fig. 8). Thus, in
medaka ovarian follicles, the steroidogenic enzyme which serves as a branch
point for estradiol-17f and 17¢,20B-DP production is cytochrome P-450 17a-
hydroxylase/C17,20-lyase (P-450c17). P-450c17 is a single cytochrome P-
450 enzyme mediating both 17a-hydroxylase and C17,20-lyase activities (pig,
Nakajin and Hall, 1981, Nakajin et al,, 1981, 1984; guinea pig, Tremblay et
al, 1994; bovine, Zuber et al., 1987; rat, Namiki ef al, 1988; human, Yanase
et al., 1989; rainbow trout, Sakai et al, 1992). Recently, I isolated a cDNA
encoding P-450c17 from a medaka ovarian follicle cDNA library. The
medaka P-450c17 expressed in non-steroidogenic COS 1 cells showed both
17a-hydroxylase and C17,20-lyase activities (see Chapter II, Kobayashi et
al, manuscript in preparation).

When medaka vitellogenic follicles were incubated with 3H-labeled
pregnenolone, the major metabolites were 170-hydroxypregenenolone, 170
hydroxyprogesterone, and androstenedione. By contrast, maturing follicles,
under the same conditions, produce 17a-hydroxypregnenolone and 17c-
hydroxyprogesterone. There is substantial reduction in the synthesis of
androstenedione and, almost complete inhibition of testosterone and
estradiol-178. Subsequently, there is an increase in the synthesis of
17¢,20B-DP. Furthermore, it was shown that the absence of

androstenedione is not due to its rapid conversion to other metabolites.
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These results suggest that there is a distinct decrease in C17,20-lyase
activity of P-450c17 and this decrease is a critical mechanism that regulates
the shift in the steroidogenic pathway. In mammals, inhibition of
estradiol-17p production following the preovulatory LLH surge is primarily
the result of decrease in androgen production in theca and interstitial cells.
In in vitro study with rat Grafian follicles in culture, inhibition of androgen
secretion appeared to result from reduced 17a-hydroxylase and/or C17,20-
lyase activity (Gore-Langton and Armstrong, 1988). In the tropical catfish,
Clarias macrocephalus, human chorionic gonadotropin (hCG) treatment 7n
vitro induces an switch in ovarian steroidogenesis from predominantly
testosterone to 170,20B-DP: a decrease in both 17a-hydroxylase and C17,20-
lyase activities of P-450c17 and a rapid increase in 20B-hydroxysteroid
dehydrogenase (208-HSD) activity (Suzuki et al, 1989). It was hypothe-
sized that the shift is regulated by the inhibition of C17,20-lyase by
gonadotropin (Scott and Baynes, 1982). However, our PMSG experiments
using vitellogenic follicles collected at 22 hours before spawning
demonstrated that gonadotropin is probably not directly responsible for the
decrease in C17,20-lyase activity in medaka ovarian follicles. The fish
described by Suzuki et al (1989) were post-ovulatory. The differences in
the effect of gonadotropin on ovarian steroidogenesis suggest that there may
be major changes in steroidogenic activity over a very short time interval
during the preovulatory phase. Further studies using larger numbers of
fish at a more frequent sampling schedule are required to delineate more
precisely the steroidogenic changes occurring during this period.

A very rapid steroidogenic pathway shift from androgen (11-
ketotestosterone) to progestogen production has also been reported in

several spermiating male fishes (Barry ef al, 1990). Thus, the differential
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regulation of 17o-hydroxylase and C17,20-lyase activities of P-450cl7 is
important for the process of final gamete maturation in both female and
male fish. Barry et al (1990), using cultures of testicular fragments of
spawning male common carp, Cyprinus carpio, demonstrated that
gonadotropin was not probably directly responsible for controlling the shift
in the steroidogenic pathway from androgen to progestogen production. On
the basis of data from Inano et al (1967), Baynes and Scott (1985)
postulated that the steroidogenic shift in rainbow trout may be regulated by
the inhibition of C17,20-lyase by 17a,203-DP. In fact, Barry et al (1989)
tested this hypothesis in common carp and demonstrated that at least one of
the two enzymes that convert testosterone to 1l1-ketotestosterone, 11j-
hydroxylase and 11B-hydroxysteroid dehydrogenase, and probably C17,20-
lyase, are inhibited in a dose-dependent manner by physiological levels of
170,20B-DP. Certainly, this hypothesis merits further investigation using
medaka ovarian follicles.

In this study, IBMX stimulated androstenedione production. It is of
interest to note that A23187 and TPA suppressed IBMX-induced
androstenedione production. These results suggest that calcium and C-
kinase regulate C17,20-lyase a-ctivity in medaka ovarian follicles. In fact,
the promoter regions of bovine and human 7450c17 contain not only cAMP
responsive sequence (CRS) but also TPA responsive element (TRE). TPA
was reported to suppress basal and cAMP stimulated transcription of P-
450c¢17 through the TRE (Bakke et al, 1992, Brentano ef al, 1990). Thus,
it is possible that in medaka P-450c17 TRE also functions as a regulator of
P-450c17 transcription in concert with CRS.

Another regulator of the enzymatic activities of P-450c17 is cytochrome

bs. It has been reported that in reconstituted systems, the C17,20-lyase
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activity in human P-450c17 is virtually undetectable in the absence of
cytochrome bs. However, the addition of cytochrome bz enhances C17,20-
lyase activity to a level much higher than 17a-hydroxylase activity (Katagiri

et al, 1995, Lee-Robichaud et al, 1995). A similar enhancing effect of
cytochrome by on the C17,20-lyase activity is also seen in pig P-450c17

(Lee-Robichaud e# al, 1995). These results suggest that cytochrome b
play an important role in the differential regulation of the hydroxylase and
lyase activities of P-450c17. Whether the level of cytochrome bj influences
the C17,20-lyase activity in medaka ovarian follicles needs to be
determined.

In summary, this study demonstrated that a distinct shift in the
steroidogenic pathway from estradiol-17f to 17a,20B-DP production occurs in
medaka ovarian follicles prior to oocyte maturation. The inhibition of
C17,20-lyase activity may be directly responsible for controlling this shift.
The inhibition of C17,20-lyase would lead not only to a decrease in
estradiol-17p production, but also to an accumulation of 17¢-
hydroxyprogesterone, the immediate precursor of 17,20B-DP, the
maturation-inducing hormone of medaka. Fish ovarian follicles represent
a useful model for future studies on the molecular mechanism of differential

regulation of 17c-hydroxylase and C17,20-lyase activities of P-450¢17.
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II. Isolation, Characterization, and Expression of two cDNA Clones

Encoding Medaka P-450c17

INTRODUCTION

In lower vertebrates, estradiol-17p and maturation-inducing hormone
(progestogens) play very important roles in two different stages of oocyte
development, vitellogenesis and maturation, respectively (Jalabert et al,
1991; Nagahama, 1994). These two steroid hormones are synthesized in
the same ovarian follicle cells, which means that production of each is
regulated in a stage-specific manner.

In medaka, the change in enzymatic activities involved in ovarian
steroidogenesis correlates with the daily spawning cycle. Coupled with the
knowledge of the steroidogenic pathway in medaka, this predictability
makes medaka an ideal animal to investigate molecular mechanism of
ovarian steroidogenesis (Iwamatsu, 1987). A common steroidogenic
pathway (PA steroid-pathway) was shown to share for both estradiol-17 and
maturation-inducing hormone production by medaka ovarian follicle cells
(see Chapter I; also Kobayashi et al, 1996). 17a-Hydroxyprogesterone is
converted from pregnenolone via 17c¢-hydroxypregnenolone by 170-
hydroxylase and 3B-hydroxysteroid dehydrogenase activities. During
vitellogenesis, C17,20-lyase further converts 17o-hydroxyprogesterone to
androstenedione. Immediately prior to maturation, however, C17,20-lyase
activity dramatically decreases and 20B-hydroxysteroid dehydrogenase
activity increases to produce maturation-inducing hormone. The key
enzyme in the choice of pathways leading to estradiol-17p and progestogens
is the cytochrome P-450c17 (P450c¢17). This enzyme is found in vertebrate
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adrenals, testes, and ovaries. Interestingly, a single product of P-450c17
gene has both 17a-hydroxylase and C17,20-lyase activities in several species
(pig; Nakajin and Hall, 1981, Nakajin et al,, 1981, 1984: bovine; Zuber et al.,
1986: guinea pig; Tremblay et al, 1994: rat; Namiki et 2/, 1981: human:
Yanase et al, 1989: rainbow trout; Sakai et al, 1992). It has been
suggested that cytochrome bg plays a role in regulating the ratio of 17a-
hydroxylase and C17,20-lyase activities in various tissues. In human, F-
450c17 product has low C17,20-lyase activity in the absence of cytochrome
bs and cytochrome by stimulates C17,20-lyase more than 17a-hydroxylase
in vitro (Katagiri et al,, 1995). However, the mechanism by which a single
polypeptide regulates these two distinct activities differentially through
oogenesis remains to be elucidated.

To answer these questions as well as to provide a basis for studies on
the role of P-450¢17 in the steroidogenic shift occurring in medaka ovarian
follicles immediately prior to oocyte maturation, I cloned P-450c17 cDNAs
from medaka ovarian follicle cells. Changes in P-450c17 transcript levels
have correlated with the changes in steroidogenic activities in medaka
ovarian follicle cells. The presence of a novel type of P-450c17 transcript as
well as the known type was detected. To verify transcripts as P-450¢17, the
enzymatic activities of both types of P-450c17 transcripts were determined
using two kinds of heterologous expression systems, COS1 monkey kidney
tumor cells and FEscherichia coli (K. coli). Furthermore, a series of ex-

periments were carried out to investigate whether cytochrome bg has an

enhancing effect on 170-hydroxylase and C17,20-lyase activities of medaka

P-450c17 product. I also determined changes in the levels of cytochrome bj

transcripts as well as those of NADPH:cytochrome /Z450 reductase
(NADPH: P-450 reductase) in medaka ovarian follicles during vitellogenesis
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and oocyte maturation.
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MATERIALS AND METHODS

cDNA library construction and screening

Total RNA from medaka ovarian follicle cells (isolated theca and
granulosa cell layers) at 22 hours before the expected time of spawning was
isolated using a Total RNA Isolation Kit (Invitrogen). Poly(A)t RNA was
then purified from total RNA using OligotexTM-dT30 (Takara). A cDNA
library was constructed from 50 ng of poly(A)* RNA using a cDNA Synthesis
Kit (Pharmacia Biotech), AZAPII vector (Stratagene), and GigapackIl Gold
Packaging Extract (Stratagene). F450c17 ¢cDNA was screened from 8.9X
104 plaques. Oligonucleotide primers 1 and 2 (Table 2) were synthesized
and used as primers for PCR; primers were designed based on the sequence
data of the medaka P450c17 gene (M. Matsuyama, M. Tanaka, D.
Kobayashi and Y. Nagahama, unpublished). PCR was performed in the
presence of [0-32P]-dCTP (Amersham) using AmpliTaq DNA polymerase
(Perkin Elmer) with medaka F-450c17 genomic DNA fragment as a

template, and PCR product was used as a probe for plaque hybridization.

Northern blot analysis of P-460c17

Total RNA was collected from medaka ovarian follicle cells at various
times prior to spawning. Ten pg of total RNA was electrophoresed under
denaturing conditions and immobilized on Hybond Nt membranes
(Amersham). Membranes were hybridized with the PCR probe described
above. Hybridization signals were detected by the BAS-2000 Bio-Imaging
Analyzer (Fujifilm).
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RNA preparation for ribonuclease protection assay and RT-PCR

Intact follicles, collected at appropriate times before spawning, were
immersed in ISOGEN (Nippongene) solution and shaken gently for 5
minutes to extract follicular cytosolic contents. Other tissues (testis,
kidney, liver, brain, and spleen) were sonicated in ISOGEN solution. Total

ig of total RNA was then extracted as described above.

Ribonuclease protection assay

A complementary RNA (cRNA) probe was designed to hybridize from
positions 745 - 907 of the P-450c17 mRNA. This region contains 29
nucleotides of exon 4 and 11 nucleotides of vector sequence. The cRNA
probe was synthesized by a RNA transcription kit (Stratagene) with T7
polymerase (Takara) in the presence of [a-32P]CTP (Amersham T7/SP6
grade). The synthesized probe was purified by 6% polyacrylamide gel
electrophoresis containing 8 M urea before hybridization (Ausubel et al.).
Five pg of total RNA were hybridized with 1.4 X104 cpm of ¢cRNA probe at
55C and subsequently digested with RNase A (RNase protection Kkit,
Boehringer Mannheim). Protected RNAs were eletrophoresed in a 6%
polyacrylamide gel containing 8 M urea. Hybridization signals were
detected with the BAS-2000 Bio-Imaging Analyzer (Fujifilm).

Southern blot analysis of RT-PCR products

Reverse transcription was performed using Superscriptll (Gibco BRL)
with primer 8 (Table 2). One ug total RNA extracted from ovarian follicle
cells, testis, kidney, liver, brain, and spleen served as templates. Reverse
transcription without RNA template was performed as a negative control.

PCR was then carried out with 1/20th of the first strand DNA using primers
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3 and 4 (Table 2).

The amplified DNA fragments were electrophoresed on 1.5% agarose gel
and transferred to Hybond N* membrane (Amersham). Transferred DNAs
were hybridized with an internal probe for F-450c¢c17 to verify that the
amplified products represented /F-450c17 cDNA. The internal
oligonucleotide probe (Table 2 - NO. 5) was labeled with digoxigenin(DIG)-
11-ddUTP using the DIG Oligonucleotide 3'-End Labeling Kit (Boheringer
Mannheim). Detection was performed using Anti-DIG, Fab fragment-
alkaline phosphatase conjugate (Boheringer Mannheim) and CSPDTM

(Tropix).

Expression of medaka P-450c17 cDNA in COS1 cells and their enzymatic
activities

Two types of medaka P-450c17 cDNA were ligated into the pSVL vector
containing the SV40 late promoter. Transfection and incubation
procedures were conducted according to Sakai ef al (1992). [4-14C]-
Progesterone was added as a precursor. Metabolized steroids were
extracted, fractionated and identified by two dimensional thin layer
chromatography (TLC, Merck), with benzene:acetone (4:1) (direction a)
followed by cyclohexane:ethylacetate (1:1) (direction b). Cold progesterone,
17o-hydroxyprogesterone, androstenedione, testosterone, and 17,20B8-DP
served as mobility markers detected by UV light. [1,2-3H®N)]-17c-
Hydroxyprogesterone and [7-3H(N)]-pregnenolone were also used as

precursors.
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Expression of medaka P-450c17 ¢DNAs in E. coli and their enzymatic
activities

The nucleotide sequence of both types of ¢cDNAs surrounding the first
methionine was modified from CGATGG to CCATGG using conventional
PCR techniques; the modified ¢cDNA sequences were confirmed by
sequencing (Frohman et al., 1994). The resulting sequence is a recognition
site of Neol. P-450c17 cDNA containing Neol and Xhol were digested and
ligated into the Necol and Xhol site of the pET15b expression vector
(Novagen). £E. coli BL21(DE3) were then transformed. Transformed E.
coli was cultured in 40 ml of LB media containing 50 pg/ml ampicillin.
Isopropyl-p-D-thiogalactopyranoside (IPTG) was added to 1 mM to induce
the expression of Z450c17. After 3 hours of incubation with agitation at
377C, bacteria were harvested, washed with 10 ml of MOPS buffer (50 mM
MOPS (3-(N-Morpholino)propanesulfonic acid, 100 mM KCl, 1 mM EDTA
and 1 mM dithiothreitol, pH 7.5), spun, and resuspended into 5 ml of MOPS
buffer. [4-14C]-Progesterone was added to the resuspeneded cells which
were incubated at 28°C with gentle shaking. Metabolized steroids were
extracted after 24 hours of incubation, fractionated, and identified as

described above.

Genomic Southern blot analysis

Genomic DNA of medaka was extracted from whole medaka (Hd-rR
inbred strain) without viscera and gill (Fukada et al, 1995). Genomic DNA
was digested with Dral, Hindlll, Pstl, and Pvull. The digested DNA
fragments were fractionated by gel electrophoresis and transferred onto
Hybond N* membranes. Membranes were then hybridized to a probe

generated by PCR using primers 6 and 7 (Table-2), full length medaka P-
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450c17 cDNA, and [0-32P]-dCTP.

Heverse transcription and polvmerase chain reaction to obtain PCR
fragments of medaka cytochrome bs and NADPH:P-450 reductase

Total RNA was extracted from intact follicles collected at 32 hours before
the expected time of spawning as described above. Reverse transcription
and PCR were performed as described above with synthetic oligo dT primer
for the first strand synthesis and primers 1-4 in Table 3 for PCR.
Degenerate primer design was based on the reported cytochrome bg ¢cDNA
sequences of chicken, bovine, human, and rat or NADPH: ”-450 reductase
cDNA sequence of guinea pig, rabbit, and rat. NADPH:P-450 reductase
amino acid sequence of brown trout was also available and this sequence
was also used to determine the primer sites. These sequences were
obtained from cytochrome P450 family in gene family database (Voltz and
Fasman). Amplified cDNA fragments were fractionated by 1.5% agarose
gel and recovered by GEANCLEANII (BIO 101), then ligated into the PCRII
vector using a TA Cloning Kit (Invitorogen).

Northern blot hybridization of NADPH:P-450 reductase and cytochrome bz
Total RNAs were collected from medaka ovarian follicle cells at 8, 14, 32,
and 38 hours before the expected time of spawning. Twenty pg of total

RNA were electrophoresed and immobilized on Hybond N* membrane

(Amersham). These membranes were hybridized with PCR probes. PCR
was carried out with PCR clones of medaka cytochrome bz or NADPH: P-450

reductase in the PCRII vector as templates, using AmpliTaqg DNA

Polymerase (Perkin Elmer) and primer sets shown in Table 3 (No. 5-8).
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Expression of medaka P-450c17 ¢DNAs in E. coli and preparation of
membrane fractions

The nucleotide sequence of both P-450c¢17S and P-450c17L around the
first methionine was modified from CGATGG to CCATGG which results in a
generation of a restriction sequence of Neol. Six histidine residues, stop
codon, and Xhol recognition sequence were added after the open reading
frame (P-450c17S(His) and P-450c17L(His)), using a conventional PCR
technique. Modified cDNA sequences were confirmed by sequencing. F#-
450c¢17 ¢cDNAs which contain the Necol and Xhol sites were digested with
Neol and Xhol and then ligated into the Neol and Xhol sites of the pET15b
expression vector (NOVAGENE) and transformed into E. coli BL21(DE3).
The transformed E. coli were inoculated to 5 ml of LB media containing 50
ug/ml ampicillin. Overnight cultures of E. coli at 37C with a gentle
shaking at 280 rpm were seeded into 500 ml of LB media. IPTG (2 mM)
and 5-aminolevulinic acid (1 mM) were added to induce the expression of FP-
450c17 when A600 reached between 0.3 to 0.6. Membrane fractions were
prepared according to Katagiri ef al (1995) with some modification as
follows. After 3 hours of incubation at 37C with a gentle shaking at 280
rpm, bacteria were harvested and resuspended into 15 ml of TES buffer (0.1
M Tris-acetate, pH 7.8, 0.5 mM EDTA, 0.5 M sucrose). Lysozyme (200 mg)
was added followed by 30 minutes of incubation on ice with continuous
mixing. Sphroplasts were harvested and resuspended in 20 ml of ice-cold
0.1 M sodium phosphate, pH 7.2, containing 20% glycerol, 50 pM 4-(2-
aminoethyl)-benzenesulfonyl fluoride hydrochloride (Wako), 1.0 pM
pepstatin A (Peptide institute), and 5 pg/ml leupeptin (Peptide institute).
After freezing and thawing, samples were homogenized by physcotrone

followed by sonication. Unbroken cells and debris were pelleted at 3,000 X

28



g for 10 minutes and supernatant were centrifuged at 225, 000Xg for 30
minutes at 4C. The resulting pellet was resuspended with 2 ml of 0.1 M
sodium phosphate, pH 7.2, containing 20% glycerol using a tefron-glass

homogenizer.

Western blot analysis

Fifteen amino acids at the C-terminal region of medaka P-450c17 without
the last amino acid (CTPRPGCHSGLFPAN) were conjugated with
hemocyanin, keyhole limpet (Calbiochem) and used as an antigen.
Antiserum of rabbit (New Zealand white) was obtained and used for
Western blotting.

E. coli itself or its membrane fractions were suspended in water and
mixed with 2 X SDS (sodium dodecyl sulfate) buffer (Shmbrook et al.,
1989) followed 5 minutes boil. These samples were electrophoresed in
12.5% polyacrylamide gel and transferred to a immobilone (Millipore).
After a blocking step with 5% dried milk, the filter was hybridized first with
an antiserum against C-terminal of medaka FP450c17 products (1:1000
dilution) and second with affinity isolated goat antibody anti-(rabbit IgG g
and light chains) human Ig adsorbed alkaline phosphatase (Biosourse).
Detection was carried out using nitro blue tetrazolium (Sigma) and 5-

bromo-4-chloro-3-indolyl phosphate (Sigma)

Measurement of enzymatic activities of P-450c175(His) and P-450c17L(His)
products in membrane fractions

17a-Hydroxylase and C17,20-lyase activities were analyzed as follows.
Membrane fractions (50 pl, collected as described above) and 1 unit of pig
liver NADPH:P-450 reductase were preincubated at 37 C for 5 minutes in
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the presence or absence of 200 pmol pig liver cytochrome bs. Cold
progesterone was mixed with 5% 104 ¢cpm of [4-14C)-progesterone in
reaction buffer (50 mM sodium phosphate, pH 7.2, 10 mM magnesium
acetate, and 20% glycerol) and added up to 450 ml. Final concentration of
progesterone was adjusted to 5 uM. After 5 minutes preincubation at 37C,
reactions were started by the addition of 50 ml of 10 mM NADPH. Aliquots
(100 pl) were removed at 15, 30, 45, 60, and 120 min. Steroids were
extracted with diethylether and evaporated on the warm sand bath under
gentle nitrogen gas stream. Steroids were mixed with cold progesterone,
170-hydroxyprogesterone and androstenedione and then separated by high
performance thin layer chromatography (HPTLC, Silica Gel 60 F254, Merk)
with chloroform:ethylacetate (4:1)(McCarthy et al, 1988). Mixed cold
steroids were detected by UV light and used as mobility markers. Data
were analyzed by the BAS-2000 Bio-Imazing Analyzer (Fujifilm).
NADPH:P-450 reductase and cytochrome b of pig were kindly gifted from
Dr. Harada (Division of Molecular Genetics, Fujita Health University, Aichi,

Japan).
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RESULTS

Cloning of two types of medaka P-4560c17

A genomic fragment of the medaka P450c17 gene was cloned previously
(M. Matsuyama, M. Tanaka, D. Kobayashi and Y. Nagahama, unpublished).
Northern blot hybridization using a region of this genomic fragment,
showed the presence of two sizes of transcripts, 6.4 kb and 2.4 kb, in medaka
ovarian follicle cells (Fig. 9A).

Since the steroidogenic capacity of medaka ovarian follicle cells fluctuates
in a well-regulated daily cycle (Fukada et al, 1994, , Saskai et al, 1987,
1988), total RNA from various stages of ovarian follicle cells was used to
determine if there is also a daily fluctuation of P-450c17 transcript levels.
Northern blot analysis clearly demonstrated that the peak amount of both
transcripts was observed at 23 and 47 hr before spawning (Fig. 9B). The
amount of both transcripts decreases rapidly and becomes almost
undetectable at 8 hours before spawning. The timing of the decrease is
consistent with the onset of maturation-inducing hormone secretion from
ovarian follicle cells, which was previously reported by Fukada et al (1994)
and Sakai et al (1987, 1988).

Screening of cDNA library constructed from poly(A)t RNA collected at 22
hours before the expected time of spawning resulted in isolation of 13
positive clones. Two clones containing a 2.4 kb insert were selected for
sequencing. These two cDNAs contained different size open reading
frames (Fig. 10). One ¢cDNA, which was expected to have a longer open
reading frame (F-450cl17L, 518 amino acid residues), was similar in
sequence to P-450c17s of other species.  The other cDNA was a novel type
of cDNA (P-450c17S, 489 amino acids) lacking 87 nucleotides (boxed in Fig.
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10) in the coding region. Comparing the cDNA sequences to the genomic
sequence (M. Matsuyama, M. Tanaka, D. Kobayashi, Y. Nagahama,
unpublished data), /~450c17L was found to consist of eight exons (Fig. 11).
The introns were inserted at exactly the same positions as those of bovine,
pig and human (Bhasker, 1989, Zhang, 1992, Picado-Leonard, 1987). The
87 nucleotides lacking P-450¢17S corresponded to exon 4 and éncnded 29
amino acids. PCR using primers 3 and 4 (Table 2) confirmed that two out
of thirteen positive clones lacked exon 4 (Fig. 12). Medaka P-450c17L
shows a high degree of homology with rainbow trout (76.8%), chicken
(65.1%), and dogfish (61.5%) at the amino acid level (Sakai ef a/, 1992, Ono
et al., 1988, Trant et al., 1995); however, it showed less than 50% homology
with those of mammalian species (Tremblay, 1994, Conley, 1992, Chung,
1987, Fevold, 1989, Youngblood, 1991, Fig. 13, Table 4). N-terminal
hydrophobic region, conserved P-450¢17 sequence, highly conserved regions
in other species(Ono et al., 1988), Ozols tridecapeptide region (Ozols, 1981),
and heme binding region (Gotoh et al., 1983) were also conserved in medaka

P-450c17 (underlined in Fig. 10a, b, ¢, and d, and Fig. 13 a, b, ¢, and d).

Two types of P-450c17 transcripts in medaka ovarian follicles

RNase protection assays and RT-PCR confirmed the presence of two types
of transcripts. A cRNA probe was designed to hybridize 134 nucleotides of
exon 5 region and 29 nucleotide of exon 4 region. This cRNA also contained
11 nucleotides of vector sequence. Therefore, fragments of 163 and 134
nucleotides were expected to be protected from RNase digestion for P
450c17L and F-450cl7S transcripts, respectively. Protected fragments of
appropriate sizes for ~450c17L and P-450c17S were detected in follicle cell
RNA at 14, 21, 32, and 38 hours before spawning. No bands were detected
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at 8 and 11 hours (Fig. 14). This indicates that P-450c17L and P-450c17S
transcripts are present during vitellogenesis but absent during oocyte
maturation.

RNase protection assays were also carried out using total RNA from
several tissues (brain, kidney, liver and spleen in females; brain, kidney,
liver, spleen and testis in males). There were no protected fragments
except for testis and ovarian follicle cells (Fig. 15). RT-PCR with primers 3
and 4 (Table 2) also confirmed the presence of transcripts lacking exon 4.
Total RNA was extracted from several different tissues. The amplified
fragments were hybridized with oligonucleotide probe (NO. 5 in Table 2)
whose sequence was found both in P-450¢17S and P-450c17L (Fig. 10).

Medaka P-450c17 was a single copy gene

Exon 4 of medaka P-450c17 ¢cDNA contained Pstl and Pvull restriction
enzyme sites. Genomic Southern blot analysis using Pstl or Pvull digested
genome cDNA generated only one positive band (Fig. 16, lanes 3 and 4).
There was no difference between male and female genome. This clearly

demonstrates that medaka F~450c17 is a single copy gene

17a-hydroxylase and C17,21-lyase activities of medaka P-450c17L product
and no activities of P-450c178 product

Since it was reported that E. coli can express functional mammalian FP-
450c17s (Barnes et al., 1991, Waterman, 1993, Imai ef al, 1993) and £. coli
itself supports P-450c17 enzymatic activities (Jenkins et al., 1994), two
types of medaka Z-450cl7 were expressed in & coli to determine their
enzymatic activities. After IPTG induction, E coli was incubated in the

presence of {4-140}-pr0gesterone, and metabolized steroids were extracted
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and identified by two dimensional TLC. The expression of P-450cl17s was
confirmed by Western blot analysis (Fig. 18). Two metabolized steroids
extracted from FP-450cl7L-transfected E. coli comigrated with cold steroid
markers 17a-hydroxyprogesterone and androstenedione (Fig. 19C). These
steroids were not observed in control expression vectors without F-450c17
cDNA inserts (Fig. 19A). This indicates that E. coli which is transformed
with the P-450c17L expression vector exhibits 17a-hydroxylase and C17,20-
lyase activities. E. coli harboring P-450c17S ¢cDNA showed neither 170-
hydroxyprogesterone nor androstenedione in its metabolites (Fig. 19B).
Using 170-hydroxyprogesterone as a substrate for C17,20-lyase activity, £.
coli with P-450¢17L ¢cDNA produced androstenedione (Fig. 20C); however, .
coli with P-450c¢17S ¢cDNA showed no C17,20-lyase activities (Fig. 20B).

When mammalian non-steroidogenic COS1 cells were transfected with
expression vectors containing P-450c17L or P-450c17S cDNA, [4-14C)-
progesterone was converted to 170-hydroxyprogesterone  and
androstenedione (Fig. 21). COS 1 cells, harboring P450c17L also
metabolized 17c~hydroxyprogesterone (Fig. 22) and pregnenolone (Fig. 23).
In contrast, COS 1 cells which were transfected with expression vector
containing P-450c17S showed neither 17a-hydroxylase and C17,20-lyase
activity. These observations suggested that the product of F-450cl7L
¢cDNA has both 17a-hydroxylase and C17,20-lyase activities, but neither
activity was found in the product of 2450c17S.

RT-PCR cloning of medaka cytochrome bz and NADPH:P-450 reductase
RT-PCR fragments of cytochrome bs and NADPH: P-450 reductase were

obtained. Comparing the homology of these fragments with the
cytochrome b5 and NADPH:P-450 reductase of pig, medaka cytochrome by
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showed 59.0% homology to pig (Fig. 24) and NADPH:P-450 reductase

showed 78.6% homology to pig (Fig. 25) at the amino acid level.

Expression level of cytochrome bz and NADPH:P-450 reductase during

vitellogenic and maturation stages

Cytochrome bg and NADPH: P-450 reductase transcripts were detected in
medaka ovarian follicle cells. The levels of transcripts were normalized
with the levels at 8 hours before the expected time before spawning (Fig. 26).
NADPH: P-450 reductase transcripts at 32 hours were 3.0 times higher than
the levels at 8 hours. Cytochrome bs transcripts at 32 hours before the
expected time of spawning were 1.6 times higher than the amount at 8

hours.

Effects of cytochrome bg on 17a-hydroxylase and C17,20-lyase activities of

medaka P-450c17 in membrane fractions

The presence of P-450cl7 products in membrane fractions was detected
by Western blot analysis (Fig. 27). The conversion of progesterone to 17a-
hydroxyprogesterone by P-450c17L products in membrane fractions was

much faster in the presence of cytochrome bs (Fig. 28B) than its absence

(Fig. 28A). Furthermore, androstenedione, though small in amount, was

observed only in the presence of cytochrome bs. Membrane fractions

harboring F-450c17S products or mock did not convert progesterone (data
not shown). In the absence of NADPH:P-450 reductase, membrane
fractions containing #-450c17L products showed no conversion of

progesterone (data not shown).
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DISCUSSION

This study demonstrates, for the first time, the presence of two types of
P-450c17 cDNA (FP-450c17L and P-450c17S) which were obtained as 2.4 kb
cDNA clones. The RNase protection assay and RT-PCR revealed that
there were two types of transcripts in medaka ovarian follicle cells. By
comparing the sequences of these two cDNAs with that of genomic DNA, it
was shown that nucleotides which were missing in P-450c17S was exon 4.
Exon 4 of medaka P-450c17L consists of 87 nucleotides and encodes 29
amino acids. Exon 4 of mammalian FP-450c17 also consists of 87
nucleotides and encodes 29 amino acids (Bhasker ef al, 1989; Zhang et al,
1992; Picado-Leonard et al, 1987). Consequently, the structure of exon 4 is
extremely conserved, which suggests that F-450cl17S also occurs in
mammalian species.

P-450c17L products which were expressed in both mammalian COS 1
cells and E. coli showed both 170-hydroxylase and C17,20-lyase activities,
but P-450¢17S product showed neither activity. Amino acid positions 236L
and 246R, both of which are present in exon 4, are highly conserved and
thought to be involved in the substrate binding (Dong et al, 1994). The
possibility therefore exists that the lack of enzyme activity of P-450cl7S
products could be due to the change in the steroid binding site. The
significance of the absence of exon 4 in terms of the steroid binding capacity
and enzyme activity requires further investigation. It is also possible that
the lack of the enzyme activity of P-450c17S is due to the absence of other
factors in COS 1 cells and E. coli which are necessary for enzyme activity of
the P-450c178S.

Genomic Southern blot analysis clearly showed that P-450cl17 was a
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single copy gene. The results of RNase protection assay, RT-PCR, and
genomic Southern blot analysis revealed that these two transcripts were
synthesized by alternative splicing. The exon/intron boundary sites were
identical as those reported in other species (M. Matsuyama, M. Tanaka, D.
Kobayashi, and Y. Nagahama, unpublished). Comparing the amino acid
sequence to those of other species, P-450c17]l. showed a high degree of
homology with chicken, rainbow trout, and dogfish, but low homology with
mammals. This suggests that P450c17 can be phylogenetically divided
into two groups, mammalian and non-mammalian, based upon the degree of
homology. Chicken P-450¢17 is grouped with fish 2450¢17 (Fig. 27). This
situation appears to differ from that of cytochrome P-450 aromatase (2~
450arom, CYP19), a member of the steroidogenic cytochrome P-450 family.
Chicken P-450arom (McPhaul et al, 1988) shows more similarity with
mammalian P-450arom (Harada, 1988; Hickey ef al, 1990; Hinshelwood et
al, 1993; Terashima et al, 1991) than with medaka (Tanaka et al, 1995),
rainbow trout (Tanaka et al, 1992), and catfish (Trant, 1994)(Fig. 28).
Thus, chicken P-450arom is grouped with the mammalian FP-450arom.
This difference in the phylogenetic relationship between CYP17 and CYP19
is of considerable interest in view of the molecular evolution of the P-450
multigene superfamily. To discuss this issue in more detail, it is necessary
to gain more information regarding the sequences of these two genes from
other vertebrate species such as reptiles and amphibians. It is also of
important to obtain cDNA sequences of CYFP21 (F-450c21) and CYP1A1 (F-
4501A1), which belong to the same subfamily of P-450c17 (Degtyarenko et
al, 1993), of various species of vertebrates.

Northern blot analysis revealed two different sizes of transcripts, 2.4 kb

and 6.4 kb. Although the significance of two different sizes of transcripts
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remain unknown, the levels of transcripts exhibited a similar pattern of
changes during vitellogenesis and maturation. The levels of these two
transcripts begin increasing 29 hour before spawning and reach peaks
around 23 hour. The decrease to an almost undetectable level at 8 hour
before spawning (Fig. 9B). Another small peak was observed at 47 hour.
Since medaka i1s a daily spawner, the amounts of P-450cl17 transcripts
present in ovarian follicle cells correlate to a daily cycle of ovulation. The
transcripts are present during vitellogenesis and begin to decrease prior to
the production of maturation-inducing hormone (17 hours before spawning).
These findings indicate that P-450c17 is involved in both the decrease in
estradiol-178 production and the increase in 170,20B-DP production and
further emphasize the importance for the shift in steroidogenesis in follicles
immediately prior to oocyte maturation.

During vitellogenesis, 17a-hydroxylase and C17,20-lyase activities were
found to be high in medaka ovarian follicle cells (see Chapter I). Presence
of both activities results in the production of androstenedione from
endogenous precursor pregnenolone via 17o-hydroxypregnenolone and 17a-
hydroxyprogesterone. Androstenedione is further converted to estradiol-
17B (indispensable steroid hormone for vitellogenesis) through testosterone.
Prior to maturation, C17,20-lyase activity decreases, bringing about the
disappearance of androstenedione. 17a-Hydroxyprogesterone is then used
as a substrate for the production of maturation-inducing hormone, 17c,20pB-
dihydroxy-4-pregnen-3-one. These observations indicate that 17a-hy-
droxylase and C17,20-lyase activities of P-450cl17 are differentially
regulated during oogenesis in medaka. FElucidation of the molecular
mechanisms regulating the decrease in only C17,20-lyase is critical to

understand the shift in the steroidogenic pathway in medaka ovarian follicle
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cells from vitellogenesis to oocyte maturation.

It has been reported that P-450cl7 activities are supported by
NADPH:P-450 reductase, and cytochrome by affects two activities of P-

450c¢17. In human, C17,20-lyase activity is low in the absence of
cytochrome bs and is stimulated by the addition of cytochrome bg in vitro

(Katagiri ef al, 1995; Lee-Robichaud et al, 1995) in the reconstitute system
with NADPH:P-450 reductase. This effect of cytochrome bs is also

observed in pig; pig C17,20-lyase activity is more affected than 17a-
hydroxylase activity by the addition of cytochrome bg (Lee-Robichaud et al,

1995). These findings suggest that C17,20-lyase activity is more affected
by the presence of cytochrome bz than 17a-hydroxylase activity and that
cytochrome by plays a role in the differential regulation of 17a-hydroxylase
and C17,20-lyase activities. In the present study, both NADPH: 450
reductase and cytochrome bz transcripts were detected in medaka ovarian
follicles. Expression of these mRNA levels was higher in follicles during
vitellogenesis than those during oocyte maturation. NADPH:P-450
reductase purified from pig supported 17a-hydroxylase and C17,20-lyase

activities of medaka P-450c17L product expressed in Z. coli. Moreover, pig

cytochrome by was found to influence the metabolism of progesterone by

medaka P-450c17. These results suggest that cytochrome bz plays a role in

the differential regulation of P-450¢17 activities in medaka ovarian follicles.
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Table-1 Specific Activities of Recrystallization

Specifc activities of crystals (cpm/mg)

Steroid Hours before spawning  1st.  2nd. 3rd.  before crystallization
17a-hydroxyprogesterone 10 170 167 169 195
17a-hydroxyprogesterone 18 267 2546 264 28.6

Androstenedione 18 154 148 14.6 17.1




Table 2 Oligonucleotides for primers and probe

-Jd‘)Utnh-CﬂMi—t%,

sequence position direction
GTCACCAACGTCATCTGCTC 544-563 sense
CTGTAACCAGGGGAAGATGT 687-668 antisens

CGTCATCTGCTCGCTCTGTTTC  552-573 sense
CTGAACTCTGCGGCGGTGTTG 569-549 antisens:
GTTTGAGGCCATGCTGCGCTAC  603-624 sense
GCAACAGAAGTACGGACAGACCT 183-204 sense
ACCCTCTCCAAACATGCACAGAG 429-407 antisens:




Table 3 Oligonucleotide for PCR primers

NO. sequence target  direction
1 CT(GA)GA(GA)GAG(GA)T(GCT)CAGAAGCA(TC)AA cyt b5 sense
2 TGG(CRTGATCCCATG)GCATC)AT(ACKGT)C cyt b5 antisense
3 GG(GCA)GA(CT)CCCAC(CGMGA(CTHAA(CT)GC P-450red  sense
4 AA(GT)GGATT(CT)TT(AG)GCATC(GA)AA(GT)GG P450red antisense
5 ACATTAGAGGAGATAAGAGTACAC cyt b5 sense
6 AGCCGGGATCAGCCAAAAGG cyt b5  antisense
7 GGACCTCAAAACTCTTCAGGCG P-450red  sense
8 CCCACGGATAACGCCCAGGAT P-450red antisense




Table-4 The homology of P-450¢c17 among 10 species at amino acid level.

Trout Doglish Chicken Mouse Rat Guina pig ?ig Bovine Human

Medaka 76.8 61.5 65.1 46.3 475 46.9 15.3 481 48.1

Trout 62.3 66.3 469 472 46.4 443 46,5 478
Dogfish 62.3 46.2 472 47.2 46.3 47.2 47.2
Chicken 46.5 482 46.4 47.1 48.1 48.2
Mouse 83.2 68.1 59.8 624 66.7

Rat 68.5 61.6 64.2 68.3
Guinia pig 61.8 64.0 70.5
Pig 77.6 65.9

Bovine T1.1




Fig. 1. Steroidogenesis pathway in ovarian follicle cells. The precise

pathway and its shift mechanism are not known.
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Fig. 2. Autoradiograms of steroid metabolites produced by medaka ovarian
follicles incubated with [7-3H(N)]-pregnenolone (A, B) or [1,2-3HN)]-17c-
hydroxyprogesterone (C, D). Ovarian follicle cells were collected at 18
hours (A, C) or 10 hours (B, D) before spawning. 1, pregnenolone; 2, 17a-

hydroxyprogesterone; 3, 17a-hydroxypregnenolone; 4, androstenedione.
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Fig. 3. Autoradiograms of steroid metabolites produced by medaka ovarian
intact follicles incubated with [1,2-3H(N)]-17a-hydroxyprogesterone.
Ovarian intact follicle cells were collected at 18 hours (A) or 10 hours (B)

before spawning. 1, 17a-hydroxyprogesterone; 2, androstenedione.






Fig. 4. Autoradiograms of steroid metabolites produced by medaka ovarian
follicles incubated with [4-14C] androstenedione. Ovarian follicle cells
were collected at 18 hours (A) or 10 hours (B) before spawning. 1,

androstenedione; 2, testosterone; 3, estradiol-17p.
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Fig. 5. Autoradiograms of steroid metabolites. The secondary TLC of
testosterone and estradiol-17p, scraped from TLC plate in Fig. 2A. 1,
testosterone; 2, estradiol-17p.






Fig. 6. Autoradiograms of steroid metabolites produced by medaka follicle
enclosed oocytes incubated with [4-14(3]-17a-hydmxyprogesterone in the
presence (B, D) or absence (A, C) of PMSG. [4-14C)-17a-
hydroxyprogesterone was added at 2 hours (A, B) or 12 hours (C, D) after the
incubation started. Six hours after the addition of steroid, metabolites
were extracted from media and applied to TLC fractionation. 1, 170-

hydroxyprogesterone; 2, androstenedione; 3, 17¢,20B-DP.
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Fig. 7. Effects of IBMX, TPA, and A23187 on progesterone metabolites by
vitellogenic follicles collected at 18 hours before spawning. Data are shown
as a percentage of recovered radioactivity. 1, control; 2, IBMX (1 mM); 3,
IBMX (1 mM) + A23187 (5 uM); 4, IBMX (1 mM) + TPA (0.5 uM); 5, IBMX (1
mM) + A23187 (5 uM) + TPA (0.1 uM); 6, IBMX (1 mM) + A23187 (5 uM) +
TPA (0.5 uM).
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Fig. 8. Steroidogenesis pathways of estradiol-178 and 17¢,20B-dihydroxy-4-
pregnen-3-one biosynthesis by medaka ovarian follicles during

vitellogenesis and oocyte maturation.
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Fig. 9. Northern bolt analysis. A: 2.4 kb and 6.4 kb transcripts are detected
in medaka ovarian follicle cells at 26 hours before the expected time of
spawning. B: Time course change in the amount of P-450c17 transcripts in
medaka ovarian follicle cells. Total RNA was extracted every 3 hours,
blotted onto nylon membranes and hybridized with a PCR probe using
genome fragment as a template. The relative amount of transcripts were
normalized with the amount of 2.4 kb transcripts at 23 hours before

spawning.



A

o s
= =
: O 100
o 'T?; 80
+%)
6 4kb> %’wi“ m - 60 I
i £ E 40
2.4kb 5 £
o .g 20
. E >

70 60 50 40 30 20 10 O

Time before spawning / hours



Fig. 10. The nucleotide and deduced amino acid sequence of medaka P
450c17 ¢DNA. Exon 4, which is removed in P-450¢17S is boxed. a: N-
terminal hydrophobic sequence, b: conserved P-450c¢17 sequence (Ono et al,
1988), c: Ozols tridecapeptide region (Ozols et al, 1981), d: conserved heme
binding region (Gotoh et. al, 1983).
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CTECCCTACCTROCCGTRCT TEGCAGCC TR TEAGCC TRCRCAGCOCOCACCCTOCTCATGTGT TGT TCAMGAGCTGEAACAGANGTACGGACAGACCTACTCC 210

LPYLPYLGSLLSLRSPHPPHYLFKELOQOAOKYGOQTYS
v

CTGAAGATGAGT TOCCACCAAGTCATCATCGTCAACCA TCACGURCACGCCAGGGAGGTCC TRCTRAAGAGGGGGAGGACGTT TGURGGACGACCCAGAACTGTG 315

LKMGSHOQY I | VNHHAHAREVYLLKRGRTFAGRPRTYV

ACCACAGATGTGC TGACCAGAGACGECAMGACATCGCC TTTGGAGAT TACAGCGOCACCTEGAGG T TCCACCGAAMGATCGTGCATGGAGC TCTGTGCATGTTT - 420
TTDYLTRDGKD | AFGDYSATWNRFHRKIVYHGALTCIHEETF
v
GGAGAGGGT TCTEOGTOOCTCCAGAGGATCATCTGT)
GEGSASLQRI I CTEAQSLCSTLSEAAATGLALDLS

CCTBAGCTGACCOGGEC0GTCACCAACGTCATCTRCTCRCTCTGT T TCAACTCCTOCTACAGCOGGGGTGACCCCGAGTT TGAGGCCATGCTBOGCTACAGOCAM. 630
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GOCATTGTOGACACAGTOGCCAMGGACAGCC TRG TRGACATCTTCCOCTGGT T, 735
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AGAGACCAGCTGCTGCAGAAGANGT TTGAAGAACAT) 840

RDOLLOQKKTFETEHEK DYSDHVOAORDLLDALLRAKRSA

TCTOCTCATGACAGTGOGEGACATCTTTGEGGCABGAGTTGAMCG 945

ENNNTAAEFSAEAYGLSDDHLLMMTVYGDIFGAGVET
v b

ACCACCACOGTACTCAAATGGGOCATCACCTACC TGATOCAT TATCCAGAGGTRCAAMGCAAAT TCAGGAGGAGC TGGACAGGAAGG TGEGGGTBEACCEOCCE 1050

TTTVYLKWAITYLIHYPEVOQKQIQEELDRKVYGVDREP

TCAGGGAGGTGCTCOGGATCCRC0COGTRROCCCTCTGCTCATCCOOCATETGACCETE 1155
POLSDRGSLPFLEATIREVLRIRPVYAPLLIPHVYAL
¥ c
AGTGACACCAGCCTOGGAGAT T TCACCG TGAGAMAMGGAACCAGGGTGG TCATCAACC TG TBGTCTCTRCACCACGATGAGAAGGAGTGGACCAACCOOGACCTC 1260
SDTSLGDODFTVYVRKGTRYVY I NLWSLHHDEKEWNTNPDL
v
TTCAACOCAGGCCGRGT TOCTRAGCGC TGACGGC TOCAGCC TRACOC TCOCCTCATCCAGC TACCTGODGT TCRGAGCOBGECTCAGGGT TTGTT TGEEEGAGECT 1365
FNPGRFLSADGSSLTLPSSSYLPFGAGLRVYCLGEHA
d
TTGGCCAAMATGGAGCT TTTCCTCT TCCTGTCCTEGATCC TRCAGDGRCT TCACGCTCTCOGTCOCACCGAGTCAGTOBCTCCCTAGTCTGGAGGGGAAGTTCGGE 1470
LAKMWMELTFLFLSWILORFTLSYPPSOQSLPSLEGKTFSEE

GTGGTOCTGCABCOGGTCAAGT ATGCAGTGAAAGCCACACCCAGACCGEGCTRCCACTCTUGGT TATTOCCCGCAMTCCTTGA 1554
VYLOPYKYAVYKATPRPGCHSGLFPANP®*



Fig. 11. c¢DNA and genome structure of medaka F-450c17. Exon IV which
is spliced out in P450c¢17S is shadowed.
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Fig. 12. Two out of 13 positive clones lacked exon 4. PCR was carried out
using primers 6, 7 (Table 2). PCR fragments were electrophoresed on 1.5 %
agarose gel and detected by ethidiumbromide staining and UV illumination.
A, PCR amplified fragment containing exon 4.; B, PCR amplified fragment

without exon 4.
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Fig. 13. Comparison of deduced amino acid sequences of medaka, rainbow
trout, dogfish, chicken, mouse, rat guineapig, pig, bovine, and human P
45017. Alignment was made using GENETYX (Software development).
Identical amino acids among the 10 species are indicated by *. a: N-terminal
hydrophobic sequence, b: conserved 2450c17 sequence (Ono et al., 1988), c:
Ozols tridecapeptide region (Ozols et al, 1981), d: conserved heme binding
region (Gotoh et. al,, 1983).
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Fig. 14. RNase protection analysis in medaka ovarian follicles. Lane 1: size
marker (DNA), 2: probe, 3-8: 8, 11,14, 21, 32, 38 hours before spawning. Five
micrograms of total RNA from ovarian follicles at indicated times before
spawning were hybridized with 173 base cRNA probe indicated by
arrowhead in lane 2. Two length of protected fragments, 163 base and 134,
were detected during vitellogenic stage. 134 base band indicates the

presence of transcript lacking exon 4 region.
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Fig. 15. RNase protection analysis in medaka tissues. Lane 1: size marker
(DNA), 2: probe, 3-7: male, 3: testis, 4: kidney, 5: liver, 6: brain, 7: spleen. 8-
12: female 8: ovary, 9: kidney, 10: liver 11: brain, 12 spleen. Five pg of total
RNA from each tissue were hybridized with 173 base cRNA probe indicated
by arrowhead in lane 2. Two length of protected fragments, 163 base and

134, were detected only in testis and ovary.
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Fig. 16. Southern blot analysis of RT-PCR products. The template
DNAs used for reactions are as follows. 1: without template DNA, 2: P
450c17L, 3: P-450c17S, The first strand DNAs were synthesized from total
RNAs. 4-8: ovarian follicle cells, kidney, liver, brain, and spleen, of female,
respectively, 9-13: testis, kidney, liver, brain, and spleen, of male,
respectively. Reverse transcription was performed using Superscriptll with
primer 8 (Table 2). PCR was carried out with primers 3 and 4 (Table 2).
PCR fragments were electrophoresed on 1.5% agarose and transferred to
Hybond Nt membrane (Amersham). Transferred DNAs were hybridized
with an internal oligonucleotide probe for 2450c¢17 (Table 2 - NO.5)






Fig. 17. Genomic Southern blot analysis. Genomic DNAs were extracted
from inbred strain Hd-rR and digested with the following restriction
enzymes. PCR amplified DNA with primers 6 and 7 (Table-1) was used for
the probe. 1: Dral, 2: Hind1ll, 3: Pst1, 4: Pvu II. A: female, B: male. The
digested DNA fragments were fractionated by gel electrophoresis and
transferred onto Hybond N1* membranes. Membranes were then

hybridized to a probe generated by PCR using primers 6 and 7 (Table-2).
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Fig. 18. Western blot analysis of P-450¢17 products expressed in E. coli. 1,
P-450c17L + IPTG; 2, P-450c17L - IPTG; 3, P-450c17S + IPTG; 4, P-450c17S,
- IPTG; 5, Pre-stain molecular weight marker (Bio-rad), numbers are the
size of standard proteins (kDa). A; P-4501cl7L product, B; P-450c17S

product.
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Fig. 19. Activities of P-450¢17S and -450c17L expressed in £ coli [4-
14(C]-Progesterone was added as a precursor. Steroids were fractionated by
the two dimensional TLC system developed with benzene-acetone (4:1,
direction a) and cyclohexane:ethylacetate (1:1, direction b). A: mock, B: P-
450c17S, C: P-450c17L. Progesterone is indicated as spot 1. 17o-

Hydroxyprogesterone (spot 2) and androstenedione (spot 3) were detected.






Fig. 20. Activities of P-450c17S and P-450c17L expressed in E. coli. [1,2-
SH(N)]-170-Hydroxyprogesterone was added as a precursor. Steroids were
fractionated by the two dimensional TLC system developed with benzene-
acetone (4:1, direction a) and cyclohexane:ethylacetate (1:1, direction b). A:
mock, B: P-450c178S, C: P-450c17L. 170-Hydroxyprogesterone is indicated as
spot 1. Androstenedione spot 2) were detected.
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Fig. 21. Activities of P-450c17S and P-450c17L expressed in COS 1 cells.
[4-14C]-Progesterone was added as a precursor. Steroids were fractionated
by two dimensional TLC system developed with benzene-acetone (4:1,
direction a) and cyclohexane:ethylacetate (1:1, direction b). A: mock, B:
P-450c17S, C: P-450¢17L. Progesterone is indicated as spot 1, 170-

Hydroxyprogesterone (spot 2) and androstenedione (spot 3) were detected






Fig. 22. Activities of P-450c17S and P-450c17L expressed in COS 1 cells.
[1,2-3H(N)]-17a-Hydroxyprogesterone was added as a precursor. Steroids
were fractionated by the two dimensional TLC system developed with
benzene-acetone (4:1, direction a) and cyclohexane:ethylacetate (1:1,
direction b). A: mock, B: P450¢17S, C: P-450c17L. 17a-
hydroxyprogesterone are indicated as spot 1. Androstenedione (spot 2)

were detected.






Fig. 23. Activities of P-450c17S and P-450cl7L expressed in COS 1 cells.
[7-3H(N)]-Pregnenolone was added as a precursor. Steroids were
fractionated by the two dimensional TLC system developed with benzene-
acetone (4:1, direction a) and cyclohexane:ethylacetate (1:1, direction b). A:
mock, B: P450c17S, C: P-450c17L. Pregnenolone is indicated as spot 1.
17a-Hydroxypregnenolone (spot 2) and dehydroepiandrosterone (spot 3)

were detected.
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Fig. 24. Comparison of deduced amino acid sequences of medaka

cytochrome bz PCR fragment with that of pig cytochrome bz (Abe et al,

1985). Alignment was made using GENETYX (Software development).

Identical amino acids are indicated by ~



Pig 1 AEQSDKAVKYYTLEE | QKHNNSKSTWL | LHHKVYDLTKFLEEHPGGEEVLREQAGGDATE
dokkdok, Kok Rk, k kokk |k, kRkoioklolok ok k| koo

Medaka 1 TLEEIRVHNMINDTWLV IHDKVYD | SSFVEEHPGGEEVLLEQGGADATE

61 NFEDVGHSTDARELSKTF | |GELHPDDRSK | AKPSETL ITTVESNSSWHTNWV | PAISAL

Cdekdolokdkk kfokk, | | dkekkkk | kR ok k0 X% ve . Wk Rk k| ok

50 SFEDVGHSLDAREMLQQYY | GELHLADRKKEKKNVE—-ASSSQESSSWTFWL | PA

121 VVSLMYHFYTSEN



Fig. 25. Comparison of deduced amino acid sequences of medaka
NADPH:P-450 reductase PCR fragment with that of pig NADPH:P-450
reductase (Haniu et al, 1986). Alignment was made using GENETYX

(Software development). Identical amino acids are indicated by *.



Pig

Pig

Medaka

Pig

Medaka

Pig

Medaka

1 GDSNVDTGTTTSEMVAEEVSLFSATDMVLFSL IVGLLTYWF | FRKKKDEVPEFSKIETTT
61 SSVKDSSFVEKMKKTGRNI IVFYGSQTGTAEEFANRLSKDAHRYGMRGMAADPEEYDLSD

121 LSSLPEIENALAVFCMATYGEGDPTDNAQGDFYDWLQE-ADVDLTGVKYAVFGLGNKTYEH
skl |k Rk, kK Rk, skl

1 GDPTDNAQDFYDWLQENDDEDLSGLNYTVFALGNKTYEH

180 FNAMGKYVDKRLEQLGAQR | FDLGLGDDDGNLEEDF | TWREQFWPAVCEHF GVEATGEES

L kkselokokokokokokokok | kil skololoksioksoksolok | dekokoksok | skeloksiolololokokekokskololokokok | | | K

40 YNAMGKYVDKRLEELGAKR | FDLGLGDDDSNLEEDFVSWREQFWPAVCEHFGVEASADEL

240 SIRQYELVVHTDMDTAVVYTGEMGRLKSYENQKPPFDAKNPFLAVVTTNRKLNQGTERHL

sokkdckdkk |k k| %k kkok, dkkokk, b ekaokaokaokokk

100 SIRQYELKLHNDVNMNKVFTGE | GRLKSFEVQKPPFDAKNP

300 MHLELD|SDSKIRYESGDHVAVYPANDSALVNQLGE [LGTDLD [ VMSLNNLDEESNKRHP
360 FPCPTTYRTALTYYLDITNPPRTNVLYELAQYASEPSEQEQLRKMASSSGEGKELYLSWV
420 VEARRHILAILQDYPSLRPP IDHLCERLPRLQARYYS ASSSKVHPNSVH | CAVVVEYET
480 KSGRVNKGVATSWLRAKEPAGENGRRALVPMFVRKSQFRLPFKATTPV IMVGPGTGVAPF
540 |GF1QERAWLQEQGKEVGETLLYYGCRRSDEDYLYREELAGFHAKGALTRLSVAFSREQP
600 QKVYVQHLLKRDKEHLWKL |HDGGAH I'Y | CGDARNMARDVQNTFCD I VAEQGPMEHAQAV
660 DYVKKLMTKGRYSLDVWS



Fig. 26. The relative amount of cytochrome bz (A) and NADPH: 2450

reductase (B) transcripts detected by Northern bolt analysis during
vitellogenesis (32, 38 hours) and oocyte maturation (8, 14 hours). Twenty
micrograms of total RNA were extracted at 8, 14, 32, and 38 hours before
the expected time of spawning, blotted onto nylon membranes and
hybridized with PCR probe using RT-PCR fragment as a template. All

values were normalized to the value at 8 hours before spawning.
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Fig. 27. Western blot analysis of P-450¢17 products in membrane fractions.
1, P-450c17S + IPTG; 2, P-450c17L + IPTG; 3, Pre-stain molecular weight
marker (Bio-rad), numbers are the size of standard proteins (kDa). A; P-

4501c17L product, B; P-450c¢17S product..






Fig. 28. Effects of cytochrome bz on profiles of metabolites produced by
medaka P-450c17 products in membrane fractions. [4-14C]-Progesterone
was added as a precursor (@). The rate conversion of metabolites was
calculated from the amount of radioactivity associated with each metabolite
on TLC, using BAS-2000 Bio-Imazing Analyzer (Fujifilm). A: in the
absence of cytochrome bs. B: in the presence of cytochrome bg. 17a-

hydroxyprogesterone (O), androstenedione ().
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Fig. 29. The relative amount of P-450c17S and P-450c17L transcripts
detected by RNase protection assay. Five micrograms of total RNA from
ovarian follicles and testis at indicated times before spawning were
hybridized with 173 base cRNA probe. The relative amount of radioactivity
between 163 base (F-450c17L) and 134 base (F-450c17S) fragments, were
calculated, using BAS-200 Bio-Imazing Analyzer (Fujifilm).
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Fig. 30. Phylogenetic tree of vertebrate P-450c17. Phylogenetic relations
were analyzed using CLUSTAL W (Thompson et al, 1994). P-450c17 was

divided into two groups, mammals and non-mammals.
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Fig. 31. Phylogenetic tree of vertebrate P-450arom. Phylogenetic
relations were analyzed using CLUSTAL W (Thompson ef al., 1994).
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