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Summary--For ~entification of microsomfl cytochromc P-450 (P-450) enzymes wh~h 
cat~yze 2- or 4-hydroxylations of es~ogens ~ the rat Heel e s t r a ~  (E~) and e s t r a ~  
1%sulfa~ (E~-1%S) were ~lected as the substrates and incubated with various kinds of purified 
P-450 enzymes: PB-1, PB-~ PB-4 and PB-5 obt~ned from phenobarbital-t~ated mile ra~ 
(Sprague-Dawley); MC-1 and MC~ from 3-methykholanthrene-treated mak ra~; and UT-1, 
UT-2, UT-4 and UT-5 ~om untrea~d animM~ The ~acfions were carded out under the 
P-450-recon~ructed system, and the ~sulting produc~ were de.trained by I-IPLC ufing 
elcc~ochemical detectio~ All the enzymes ~ e d  were shown to have varying degrees of 
catalytic acfi~ties for 2-hydroxylafion of the two s u b ~ r a ~  UT-1 and UT~ had the ~ghe~ 
acfifity. Of the induced P-450 enzymes, PB-2 and MC-1 showed fairly ~gh cat~ytic aedfity 
for 4-hydrox~afion of F.:. The P-450 enzymes obta~ed from the untreated mak ra~, 
especially UT-~ showed the highe~ catMytic activity for 4-hydrox~afion of the two 
s u b s ~ a ~  From the~ resul~ and flso from kinetic experiments, the P-450 enzymes which 
catalyze 2- and 4-hydrox~ations of estrogen were ten.tiered to be ~fferent sperm. A pa~ 
of E: was converted to such metaboH~s as es~one and those ha~ng a hydrox~ group at 
petitions 6~ 15~ or 16~ each production of which was estimated to be cat~yzed by ~n~e 
or multiple P-450~ 

INTRODUCTION 

E~radiol  17-sulfate (E:- 17-S) was demonst ra~d  
to be endogenous sulfate in the human [1] and in 
the rat  [2], and was found to be metabofizcd ~ 
vitro in rats m~nly  to the catechol metabo~tes, 
2-hydroxyes~adiol 17-sulfa~ (2-OH-E:-17-S) 
and 4-hydroxyes~adiol 17-sulfate (4-OH-E~ 17- 
S) ~,  ~ .  From enzymatic ~udies of these bio- 
~ansformations,  the enzymes which catalyze the 
C-2 or C-4 hydroxylation of E~ were considered 
to be different molecular species of cytochrome 
~-450 (e-4~0) ~,  ~.  

It has been weft rccogn~ed that  the m ~ o r  
m~abofic pathway of E: ~ hydrox~afion at 
C-2 or C-4 to the ca~chol  products 2- and 
4-hydroxye~radiol (2- and 4-OH-E:)[~.  From 

*To whom corresponden~ sho~d be addressed. 

the induction[8] and ~ b ~ o n  stu~es[9] 
on these m~abolism, the ca~chol -brming  
enzymes, E2-~ and ~ h y d r o x ~ a s ~ ,  w e n  ~so  
confidered as d i f f e ~  P-450. 

Recentl~ the p~senc¢ of m~t ip le  speci~ of 
P-450s became e~dent,  and numerous ~ n d s  of 
the enzym~ have been ~ p a r a ~ d  and c h a r a c ~  
izcd D~.  Dannan  a aL [8] diffe~ntiated the 2- 
and ~hydrox~af ion  enzymes of E~ by using 
i m m u n o ~ o c ~  methodg 

T ~ s  paper d&~dbes the ~enfification of 
P ~ 5 0  wh~h  catMyze C-2 and C-4 hydrox~- 
afion of E2-1%S by ufing 10 ~nds  of different 
~ r m s  of hepatic P d S ~ ,  the U T - ~ p e  enzymes 
ob ta~ed  ~ o m  u n h e a r d  m a ~  rat~ and PB- 
or MC-type enzymes o b e y e d  ~om an imus  
t~a ted  p~l iminaf i~  with phenobar~ ta l  or 
~ m e ~ y ~ h ~ a n t h ~ n e ,  respectively [11, 1~, and 
on the ~laf ion with ~ m i ~ r  P ~ 5 0  w ~ c h  ca~-  
~ze  2- and ~hydroxyhf ion  of E:. 
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EXPERIMENTAL 

Chemica~ 

The authentic ~ernids were prepared by 
known methods ~, 13-1~. Es~one (E~ ~tradiol 
(E~), estriol (E~) and ~hydroxyestri~ (2-OH-E~) 
were purchased from ~gma (St Louis, MO, 
U.S.A.~ Glucos~phospha~ (G-6-P), NADP 
and G-6-P dehydrogenase (G-GP DH) were 
obt~ned ~om Orient~ Yeast (Osak~ Japan). 
Dihuryl-L-3-phosphatidylcholine (DLPC) was 
pu~hased ~om Sardaryl Inc. (Ontario, 
Canada). Sep-Pak C~s ca~ridges and column 
guards were obtained from Waters Ltd 
(Milford, MA, U~.AO and Mi~pore Co. 
(Bedfor~ MA, U.S.A.~ respectively. All other 
reagen~ and s~vents were of reagent grade. 

Enzyme sources 

Hepatic m~rosomes were prepared according 
to the method desc~bed pre~ou~y ~, ~ ~om 
Sprague-Dawiey m~e rata age 58 ± 5 days and 
weighing 230-280 ~ The proton con~nt of the 
microsomes was determined by the method of 
Lowry et al. [I~ with bofine ~rum ~bumin as 
the ~andard. The different forms of purified 
P-450 enzTme~ UT-I and UT-4 [1~ and UT-2, 
UT-~ PB-1, PB-~ PB-5, MC-1 and MC-5 [1 ~ 
were p~pared from ma~ Sprague-Dawley rats 
weighing 200-250g (Nippon Clea~ Kyoto, 
Japan) by the m~hod de~fibed pre~ous~. 
Cytochrome ~ (Cyt-bJ and cytochrome P-450 
reducta~ (reductas~ were prepared by the 
method of Kamata~ et al. [1~. The amount of 
P-450 was determined by the method of Omura 
and Sato[l~ by using Hitac~ model 556 
spectrophotometer. 

Incubation 
Microsomes. Ice~o~ reaction vessds con- 

t~ned microsom~ pro~in (I .0 mg/ml), KC1 
(90mMg EDTA ~. lmM),  a~orhic add 
(AA, 0.1 raM) an NADPH-generating system 
(NADP ~5 raM, G-6-P 5 mM, MgCI: 5 mM, 
G~-P DH (1 U/mO and the subs~ate ~00 #M). 
The m~ture was ~luted with 50 mM Hepes 
buffer sdufion (pH %4) to 1~ ml fin~ vdume 
and incuba~d at 37°C under aerohic conditions 
for 30 rain. B~kd microsomes were used for 
contr~ experiment. 

Purified P-450. I c e ~ d  reaction vess~s con- 
t~ned purified enzymes (20-50 pmol), Cyt-~ 
~5 pmol), reductase (0.5 U/ml), DLPC ~ #g), 
AA (0.1 mM), an NADPH-generating sy~em 
(as the microsomal condifion~ and substrate 

(2.5-200#M). The mixture was dilu~d with 
50mM Hepes buffer solution (pH 7.4) to 0.5 ml 
fin~ volume and incubated at 37°C under 
aerobic conditions for 10 mira As blank ~st~ 
incubations were carried out using P-450 
enzymes heated in boiling wa~r for 2 min. 

Work-up procedure 

Reac~ons were ~opped by heating the reac- 
tion vessels in boiling wa~r for 2 mi~ followed 
by the addition of an exact amount (1 #g) 
of intern~ standards (6-oxoestradiol [12 and 
2-methoxyestradiol 17-sulfate0], for exper- 
iments on E2 and E2-17-S, respectively). The 
reaction mixture Ore supernatant ~action 
obtained by centfifugation in the microsom~ 
incubation) was diluted with 1 ml of distil~d 
wa~r and passed through a Sep-Pak C~s car- 
tridge. After washing the cartridges with 2 ml of 
distil~d w a ~  the steroid-cont~ning ~acfion 
was obtained by ~ution with methanol (4 ml). 
The ~uate was passed through a column guard, 
and the m~hanol~ solution was evaporated 
under a nitrogen stream at 40°C to bye the 
residue, which was su~ected to HPLC as the 
methanol~ solution. 

HPLC 

HPLC was carried out in a modal 803D 
chromatograph equipped with an EC-8 cicero- 
chemical detector (Toso~ Tokyo) at 0~ V vs the 
Ag/AgCI reference ele~rode. A reversed-phase 
column packed with ODS- 120A ~ fl m, Tosoh) in 
a ~ n ~  steel column (250 × ~6 ram, i~J  was 
used and m~ntained at 40°C in a drculating 
wa~r bath. Mixtures 50:50 and 60:40 (both, 
v/v) of 0.5% NI-I4H2PO 4 (pH 3.0) and m~hanol 
were used as mobile phases for the ana~ses of 
free and co~ugated ~eroid~ respecfive~; and 
at a flow rate of 1 • and 1.1 ml/min, respectively. 
The column pre~ure was set at 120 kg/cm ~ in 
both analyses. Quantification of the metabolites 
was done by in~rn~ standard m~hod. 

Recovery test 

A known amount of s~roids wer~ added 
to the incubation medium of purified P-450 
enzyme~ the mixtures were treated in the same 
way as describ¢~ 

Measurement of nonenzymat~ catechol estrogen 
formatDn 

Either E: or E~-17-S ~ach 200 #M) was incu- 
bated under the same conditions as described, 
except in the absence of P-45~ cyt-~ and 



red~tase, and the mixture was treated ~ the 
same w ~  as ~ the above ex~fiments. 

~ U L ~  

Tab~ 1 shows the relation of 10 different 
forms of hepatic P-450 enzymes obt~ned in 
our ~boratory ~om ma~ rats [11, 1~ to those 
obt~ned by other investigators ~, 21-2~. 

Before the incubation experiments, the recov- 
ery test was carried out using authentic samples. 
A known amount of s~roid was added to the 
incubation medium and the ~eroid recovered 
through a who~ clean-up procedure was deter- 
mined, the resul~ of which are shown in 
Table 2. 

Because catechol e~rogen h produced non- 
enzyrnatical~ in pa~s under the ~ vitro con- 
dition of microsomfl metabolism of E2 ~ and 
of E2-17-S ~ ,  R becomes necessary to measure 
the exact amount of a nonenzymatic catechol 
formation under the present experiment. The 
results obt~ned in the absence of the P-450- 
recongructed sys~m revealed an occurrence of 
autoxidation and the vdo~ty constants for each 
catechol formation were obt~ned (Table ~. 

As the experimental conditions were estab- 
~shed, either E2 or E2-17-S was incubated with 
microsomal or purified enzymes. Tab~ 4 shows 
the catalytic acfi~fies for production of the 
impoaant me tabo l i~  such as the~ turn-over 
numbers. No product formation was confirmed 
when boiled enzymes were used. 

In the metabohsm of E2, the 2-hydrox~ation 
was catalyzed by every P-450 employed, es- 
pecially by UT-1 and UT-~ which also showed 
catalyt~ acti~ty for the 16~-hydroxylation. The 
formation amount of 4-OH-E2 was small except 
by UT-~ which also showed the greate~ activity 
for conversion of E2 to E~. 

Hydrox~ation of E2 at the 6fl pofifion was 
observed when PB-~ PB-5, UT-1 or UT-4 was 
used, and the highe~ activity was found when 
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Tab~ Z Vafiow mu~em recovered ~om thc incubadon medium 
through the whole dmn-up procedure 

E ~ n  Added ~ Detected (rig) P.,.eeovery (%y 

~OH-E 2 100 1~  102 ± Z0 
1000 9 ~  9Z3 ± %5 

4--OH-~ 10 1~0 I00 ± &4 
100 996 9&6 ± Z4 

~ 100 ~.8  94.8 ± ~7 
6~-OH-~ 100 9~8 9~8 ± ~4 
E~ 100 9~8 9~8 ± Z8 
2-OH-E2-17-S 100 9~4 93~ ± ~2 
4-OH-E~-17-S 100 ~ . ?  96.7 ± ~8 

°Mean ± SD @ =3). 

PB-5 was employe~ The metabofite~ 6a~ 7a- 
and 7fl-OH-E2, were produced on~ when E2 
was incuba~d with MC-~ UT-4 and UT~. The 
formation of the 15a- or 16a-hydroxylated 
metaboli~ was observed mMnly in the case 
of UT-type enzymes. The occurrence of the 
dehydrogenation at C-17 to Et was observed in 
e v e r y  c a s e .  

In the metabo~sm of E2-17-~ the 2-hydrox:- 
ation occurred in a~ case~ and the g r e a ~  
activity was obtained by the use of UT-1 and 
UT-L A ~gnilicant amount of the 4-hydroxyl- 
ated metaboHtes was produced in the reaction 
with UT-4 and UT-5. Except for these caM- 
chols, no other m~abolites were d~ec~d, thh 
agrees will with the results u~ng microsomes 
~ .  

Lastl~ ~netic expefimen~ on the 2- and 
4-hydroxylation of two substrates were carried 
out to de~rmine which P-450 catMyzes each 
biotransformation. Either E2 or E2-17-S was 
incubated with 5 sdec~d P-450 enzymes which 
have fairly high catMytic activit~s for both 
hydrox#afions shown in TabM 4. The results 
obtained are summarized in Table 5. 

Metabolism of E2 by PB-~ MC-I, UT-1, 
UT-2 and UT-4 was demons~ated in the P-450- 
reconstructed system. Of these, PB-2 exhibited 
the smMMst K= v~ue for the 2- and 4-hydroxyl- 
ation~ 5.2 and ~3 #M, respectively, meaning 
that E2 has the higheg alTm~y to PB-2 in 
the aromatic hydrox~ation. In contra~ to K= 

Table I. Comparison of different forms of cytochrome P-450 species 
purified in present investigation with those of other laboratories 

Present repo~ Le~n et aL Guengefich Schenkman 
[11, 1~ ~1,2~ ~ al. [8, 2~ e t a L ~ 2 ~  

PB-I - -  - -  - -  

PB'2pB~ ~ P~50b PB-B PB-c ---- 

PB-5 P ~ 5 ~  PB-D - -  
M C - ~  p-450d ~ N ~  - 

MC-~ p ~ 5 ~  ~ N ~ B  - 

UT'IuT-2 P~50h U~"A RLM5__ 

UT~uT-5 P~508 ---- RLM3 RLM2 

TabM 3. Nontmzymafic ~ and ghydrox#afiom of E2 and ~ - I % ~  

Production 
Sutmtra~ Membolit~ (pmol/mb~/10 min~ 

E2 ~OH.E 2 1&7 
~OH-E 2 2X0 

E2-t%S ~OH-~-[7-S I I ~  
4-OH-~-i7-S e3 

"Ir~uba~ons were carried out ~ ~olu6on ¢ontai~n~ AA (0, I raM), 
EDTA (0.1 raM), NADP (0.SmM~ G-6-P (SmM), MgCI~ 
~ raM), G-6-P DH 0 U), Helx~ buffer ~lution (50 raM, pH 7,4) 
and substra~ (200 #M). 

~l~ml. 
~Means ~ = 3). 
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Tabk • ~ m p ~ n  

KAZUHIRO WATANABE ~ a~ 

of ~talyti¢ a~ti~fi~ ~ putifl~ ~toch~m¢ P 4 ~  for hyd~xy~fion ~ ~fferent positions ~ ~ and i~ 1%~ 

~ '  I%S 

Enzyme 2 4 6fl 15~ 16~ 17 ~ 2 4 

Mi~osom~ ZS~ ~1~  ~14 ~03 ID6 ~72 ~54 ~03 
PB- I ~$8 ~04 ~03 ND f ~06 ~46 • 15 ND 
PB~ ~33 ~18 ND ND ~65 ~84 ~65 ~08 
PB~ ~71 ~08 ~25 ND ~06 ~40 ~1~ ND 
PB~ ~38 ~07 ~85 ND ~02 ~03 ~ 17 ND 
MC- I ~ 19 • 10 ND ~0~ ~03 ~05 ~ 19 ND 
MC.2 1.2~ ~15 ~06 ~06 ~03 ~31 ~15 ND 
UT-I 1~6 ~59 ~32 ~10 Z68 1.23 1.39 ~06 
Lrr~ 1 ~5 ~47 ~07 • 11 Z41 1.25 1.64 ~08 
UT~ ~23 I • 1 ~60 ~ 13 ~24 I ~3 0~8 ~23 
UT~ ~95 ~13 ~04 ~44 ~43 1.08 ~17 ~15 

*Cat~ly~ acfi~ti~ by P450  enzym~ a~  ~own ~ nmol/nmol P~50[30 ~in, and tho~ ~ micro~mes are nmol/mg p r o ~ 1 0  min. Each 
figure h a mean v~ue ~ ffi 3). Inc~bafio~ using P450s w~e carri~ out M the enzyme ~ncen~ation ~ ~ pmol, and ~ o ~  ~ i ~  
micro~m~ ~ 1 mg pmtein/tu~. 

bThe m ~  metabo~tes, s~h  ~ ~ ~ -  and 7~-OH-E2, I~-OH-E~ and o~ers a~  not i~ lud~ .  
~Conversion ~ ~ ~ .  
~Sum ~ ~OH-E] ~ d  ~OH-E~. 
~Sum ~ ~-OH-E~ and &OH-~. 
~Not detected. 

value~ UT-I and UT-4 gave the greate~ V ~  
values for the 2- and 4-hydroxylation~ respect- 
ively. Thu~ UT-I and UT-4 have the highe~ 
turn-over activities for hydroxylation of the 
aromatic ~ng. 

The kinetic parameters for aromatic hy- 
droxylation of E2-17-S using PB-I, UT-I, UT-2, 
UT-4 or UT-5 were measured. Of thes~ UT-4 
had the smallest K, values for the 2- and 
4-hydroxylations. As for Vm~ values for pro- 
duction of these catechol~ UT-2 and UT-4 
exhibited the highe~ turn-over activity toward 
the 2- and 4-hydroxylation~ respectiv~y. 

D ~ C U S S I O N  

The molecular forms of hepatic P-450 en- 
zymes in raU are different in males and females 
[29], and the expression of physiological action 

Tabk ~ Kinetic i m r a m e ~  for ~ and &hydroxylafion of E~ and 
E2-1~S by ~fferent forms of cytochrome P45& 

~ H ~ r o x ~ o n  ~ H ~ r o x ~ n  

P450 g,~ ~.~ g.~ ~ 0  

P~2  ~2 L58 ~3 ~12 
M ~ I  ~9 ~85 113 ~ 
~ - I  Z6 1~2 1~5 ~ 
~ ~4 I Z 1 ~ • • 86 
~ 4  ~5 ~76 ~9 1.57 

~ t ~ s  
PB-2 3~8 ~25 I&0 ~ 
UT-I 3Z6 I . ~  1&3 ~12 
UT-2 3&3 ZII  3~2 ~18 
UT~ 1~6 ~63 IZ6 ~32 
~ - 5  H ~  ~ 2~0 ~15 

q n c u ~ n s  ~ ~ e d  out ~ ~e  substra~ concenUafion & 
Z ~ I ~ M  ~ing ~tochrome P 4 ~  (20pmol/m~). ~ ¢ h  
~ u ~  ~ a m~n v ~  ~ ~ ~. 

~ 
~ n m ~ m ~  ~ t ~ o r n e  P45~m~.  

of sex~pecific P-450 h controlled by gonadal 
hormones ~ .  In view of these point~ R would 
be de~raMe to examine P-450 enzymes ~om 
both sexes to complete the ~udies. In t~s 
report, howeveL the enzymes used were re- 
aficted to o~y those from male ra~ for the 
following reason: a ~g  sex difference of rat 
hepatic microsomal oxygenase was observed 
~ ~hydrox~ation of E:, w~ch for hepatic 
enzymes ~om ~mak rats did not fohow the 
classical Michaelis-Menten ~neti~ ~ 1]. Tber~ 
fore, a kinetic analysis on the reaction by 
purified P-450 enzymes was expected to become 
compficated. 

TaMe I shows 10 different k~ds of rat hepatic 
P-450 enzymes used ~ the present gudies and 
the relation of these enzymes purified ~ our 
hboratory to that puhfied ~ other. Most of 
these enzymes are m~or componen~ of the 
constitutive P-450 invdved ~ the rat fiver 
[11, 1~. 

The present ~ud~s purpose ~ to investig~¢ 
the characteristics of each enzyme participation 
in the fing-A hydroxylation of E~ and E~-l%~ 
for w~ch ~ became necessary to estab~sh 
an exact quantification method for extreme~ 
~bile catechM produc~. The quantification 
method was estaM~hed by ad~ng AA as 
the antioxidant [32, 3~ to the reaction minute, 
fo~owed by careful ~eatment. 

As was observed in a microsomal ~cubation 

dation °f estr°genof E~'or ~ - g ~ ; t c c e u ~ t  a~sfo ~ Y t ~  

present reaction (TaMe 3). Such nonenzymati¢ 
c~tech~ production ~ no ~nger negli~ble, 
especial~ ~ cases where the catalytic activity 
of P~50 ~ fairly ~w. Thus, measurement of 
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the production rates of nonenzymafic caWch~ 
formation became important, and these v~ues 
(in Table ~ were used as b~nk values for the 
auto~dation. 

In the hepatic metabofism of E~ in rat~ 
o~dafion of the molecule occurred rather at 
random [34]. The results in Table 4 led us to 
s p e c u ~  that each hydroxyh~on ~ cat~yzed 
by the specific P-4~0(s). 

In the microsom~ metabolism of E~, the 2-, 
4-, 6~-, 6 ~  7~-, 7~-, 15~- and 16~-hydroxyl- 
ated metabofites and E~ were produced, i.e. an 
almost random o~datio~ Of the microsom~ 
enzymatic acti~tk~ the 2-hydroxylafion (the 
sum of the 2-hydrox~ation of E] and FO was 
~ghesL fofiowed by the 16~-hydroxylation and 
the dehydrogenation at C-17. 

In the metabolism of E~ by purified P-450~ 
on the other hand, each hydrox~afion ~ con- 
~dered to be catalyzed by particular e n z y m ~ .  
UT-I and UT-2 showed ~gh catalytic activity 
for the 2-hydroxylation. The enzyme UT-1 
in the present studies corresponds to RLM5 
~ 25], and the enzyme UT-2 to P-450h ~1] or 
UT-A ~, 2~, and these enzymes were reported 
to cat~yze 2-hydroxylation of E~. Due to these 
result~ and by comparison of the Vm~ and K= 
values of each P-450s (Table ~,  and, ~so due 
to the fa~ that UT-I and UT-2 are the m~or 
cons~tufive hepa~c P-450s of rats[l l, 12], k 
was sngges~d that UT-1 and UT-2 are ~a~ng  
m~or r~es in the ~ v~o ~hydroxy~fion of E2. 
Th~ ~ supported by the evidence on the pa~ici- 
pa~on of multiple enzymes in the 2-hydroxyl- 
ation of ~ ~ .  

Of the P-450 enzymes ~ora untreated ra~, 
UT-I, UT-2 and espechfiy UT-4, had ~gh 
catalytic acti~ty for 4-hydroxyla~on of E~. The 
enzyme UT-4 corresponds to RLM2, which was 
reposed to catalyze not only the hydroxylation 
of proges~rone at 6¢-, 6fl~ 15~-, 15~- or 
16¢ ~ ,  but ~so that of ~ o s ~ r o n e  at 7~-, 
15~- or 15~ ~ .  On the other hand, UT-A 
(UT-2) was shown to possess high cat~ytic 
acti~ty for 4-hydrox~afion of F.~ [8]. However, 
the enzyme that catalyzes the 4-hydrox~afion ~ 
considered not to be UT-2 but UT-4 (RLM2), 
because UT-4 showed higher cat~ytic acti~ty 
and sub.rate a~nity h the 4-hydrox~ation 
than UT-~ as shown in Tab~ 5. 

It may be h~resting that the UT-4 enzyme 
(RLM2) has shown the highest catMytic acti~ty 
for 6~-hydroxyhfion of Ee of the UT~ype 
enzymes ~ste~ Because of the high cat~ytic 
acfi~ty of RLM5 obtained for 6#-hydroxyl- 

afion of ~ o s ~ r o n e  as well as proges~rone 
[24, 2~, and of the simile capaci~ by UT~ 
for 6~ydroxyhf ion  of ~ (Table ~ ,  P-450 
(UT~ or RLM~ may catalyze a hydroxylation 
at the allyfic pos~on in common with the 
endogenous s~roid~ hormones ha~ng parti~ 
~ h c  ~ruc~re. 

As ~ r  15~ohydroxyhfion of E~, the micro- 
som~ enzyme acti~ty was extremely ~w com- 
pa~d  with other hydrox~afions. Of the P-450 
enzymes tested, o~y UT-5 (correspon~ng m 
RLM3 [24, 25]) showed a ~gnificantly ~gh cat- 
~ytic a c t i ~  ~ r  the 15~-hydroxyla~o~ T~s 
~sult co~esponds with the ~po~  by Cheng and 
S c h e n k m a n ~  that RLM3 had the ~ghest 
cat~ytic acti~ty ~ r  15~-hydroxylation of E~. 

Regar~ng the mi~osomal expe~ment on E~, 
~ was produced ~gnificant~ ne~ ~ 2- or 
1 6 ~ y d r o x y ~ d  metabofites (Table 4). In the 
membofism of Ee ~ human~ the conversion to 
Em ~ the m~or pathway, followed by the com- 
pet~ve hydroxy~fions between the C-2 and the 
C-16~ A pa~ of 16~-hydroxyestrone thus pro- 
duced ~ then converted ~ E~ ~ .  In the hepatic 
metabolism of E~ ~ the ma~ rat~ howeve~ the 
major pathway ~ not the conversion to ~ ,  but 
rather the hydrox~ation at C-2 or C-16~ ~ .  
In fac~ the amou~ o f ~  and 4-OH-E~ produced 
by microsom~ expe~ments was <2% of each 
of the tot~ 2- and 4-cat~hol, and th~ of 
16~-OH-~ produced w ~  n e g l i 0 ~  Furthe~ 
o~y negligee amounts of E~, ~ and ~OH-E~ 
we~ produced ~ the incubations with pu~fied 
P ~ 5 ~  Thus, the fol~wing membofic p~hwa~  
a ~  not impo~a~ ~ the rat five~ 

E~ ~ ~ ~ ~ and ~OH-E~ 

and 

16~-E~2-  and ~OH-E~ and E~. 

The~ thr~ final membofites shoed be pro- 
duced by the ~ r ~ t  hydrox~afion of E~. 

Due to the gre~ degr~ of c a t ~  acti~ty 
p ~ n t  in E~ ~rmat io~ howeve~ UT-1 and 
UT-2 ~ e  thought to catalyze a hydrox~afion 
not o ~ y  at C-2 but a~o at C-16~. Th~ agrees 
well with the recent ~port  by S u o ~  et al. ~ 
who ~ o v e r e d  that the rat hepatic P-450 
specie~ P ~ 5 0 ~  cat~yzed the hydrox~afion 
of E~ ~ C-16e as weft as at C-~ 

The e~dence that UT-1 and UT-2 are the 
m~or enzymes among the P-450s of the ma~ 
rat fiver and th~ their chromatographic beha~ 
io~ ~semble each ~her [1 l, 1~, ~d us to con- 
~der the p o s t b o y  of cooperative action of 
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the two enzymes in the ~ v ~o  estrogen metab- 
o~sm at hngs -A and -D, j ud~ng  ~om  the 
results in T a b k  4. The catalytic acfi~ty for E3 
formation by microsomes ~ a ~gnificant~ high 
v~ue,  l ~& whereas the v~ues for such fo~  
marion by UT-I and UT-2 are only 2.68 and 
2.41, respectively. No ~gnificant increases of 
the spe~fic acti~ties are observed in spi~ of 
the multipl~fold purifications of the enzyme. 
Because of such a low cat~ytic acti~ty, UT-1 
and UT-2 are not important  enzymes for E3 
format io~ and P-450(s), other than those ~sted 
in Table 1, may be present to act for the 
16g-hydroxylation. 

App~cation of sim~ar considerations for 
UT-4 is, howeve~ impossible, even though the 
cata~tic a ~ i ~ t y  for E~ formation by UT-4 h 
1.63, i~. only about 2 times higher (0.72) than 
that by microsomes. Because UT-4 ~ a rather 
minor constitutive P-450 enzyme [11, 1~, the 
microsom~ acti~ty for the dehydrogenation 
at C-17 of E 2 appea~  bw.  Essentiall~ a 17~- 
hydroxys~roid dehydrogenase may be ident- 
ified as UT-4. 

In eont ra~  with E2, m ~ r o s o m ~  m ~ a b o l ~ m  
of Fa-I%S was very poo~ 2-hydrox~ation 
was the only major metabo~sm, foflowed by 
minor 4-hydrox~ation. W~h respect to the 
2-hydroxylation by purified P-450~ UT-1 and 
UT-2 showed high catalytic aeti~ty compared 
to other enzymes (Table ~ ,  but t ho r  affinity 
to the sulfate was lower than that of UT-4 
or UT-5. Converse~, the g r e a ~  turn-over 
number for this hydrox~at ion was observed 
when UT-2 was used. Because UT-2 and UT-1 
are the m ~ o r  P-450s in the rat  hve r [ l l ,  12], 
both enzymes might be the leading P-450s 
w~ch  cat~yze a ~hydrox~a t ion  of E2-1%S. 
Regarding 4-hydrox~ation of E2-17-~ the 
highe~ M~haelis con~n t  and V ~  value were 
obtained when UT-4 enzyme was use& 

From these result~ ~ may be concluded that 
2-hydrox~ation of E2 and E2-1%S ~ catalyzed 
m~nly  by UT-1 and UT-2, and that the 4- 
hydrox~at ion is by UT-4. Table 5 shows such 
a ~ n d e n c ~  as the induced P-450 enzymes PB-2 

Table ~ Ra~$ ~ the a~nity ~ substra~s ~ P~50 c~ym~ a~ ~ 
• e mm~ver num~n for ~ and g h ~ x ~ o n  ~ and ~ 17-S 

~Hydmx~afion &Hydrox~ation 
P450 Affimty" Turn-over b A ~ t f  Tum-ove~ 
PB~ ~9 1~3 L9 1.5 
UT-1 ~4 ~6 1.2 Z5 
UT~ ~2 g7 1.6 ~8 
UT~ ~4 &0 1.8 ~9 
'A~nit~ ~K.  ~ ~)/(l/X. of E 2 - ~ .  
bTum-over: (V~o~ ~ ~)~V~ ~ E~-l%~. 

and MC-1 have a rather higher substra~- 
enzyme affi~ty to E 2, but a rather lower affinity 
to E2-1%S than UT-type enzyme~ Compkx 
formation between the subs~a~  and the enzyme 
may become &fficult when the substrate 
changes ~om a free s ter~d to its l%sulfa~. This 
may be shown by the comparison of the reeipro- 
c ~  K~ values for 2- and 4-hydroxylation of the 
two sub~ra~s  and t h o r  turn-over numbers as 
shown ~ Tab~  & 

As the reciproc~ of the MichaeHs constant 
~ defined as affinity of the subs~ate to the 
enzym~ we can compare the ability for eomp~x 
formation of the enzyme with E 2 or with i~  
1%sulfa~. The compkx formation between E2 
and PB-2 for the 2- and 4-hydroxyhfion h 
about 6 and 3 times ~gbeL ~spectively, than 
that between E2-1%S and the same enzyme. 
Induced P-450 enzyme thus appea~ to have low 
affinity to E ~ l % ~  Con~ary  to the induoed 
enzymes, the UT-type ones have rather high 
affinity v~ue~  meaning that the natural consti- 
tutive enzymes have high affinity even though 
the hydrophilic ~eroids Hke sulfa~. This ten- 
dency ~ ~gnificant in the case of 4-hydroxyl- 
ation, because the ratios for UT~nzymes are ~1 
twice as small. 

Acknowledgemen~--Tl'fis work was supported ~ part by 
a Gra~An-Aid ~r  Encouragement of Young Scienfis~ 
(W~anabe, No. 6377196~ and by a Grant-in-Aid for 
Cancer gesea~h (Yos~zaw~ N~ 6301508~ ~om the 
M i ~  of Education of Japa~ and the Akiyama Foun- 
da~on ('l'aka~, 1988; Yoshizawa, 1990), w~ch a~ grate- 
ful~ acknowledged. 

~ N C ~  

1. W a m ~  ~ ,  T a k a n ~  ~ ~ d  Y o ~ w a  L: ~ 
~ n a ~ n  ~ ~ a d ~  17-s~fa~ ~ ~ e  ~ ~ n e  by 
a ~ t  r a ~ o ~ o ~ %  ~ n a ~  levels ~ o ~ o u t  
• e m ~ s ~  ~c~. ~ e r o ~  ~ ~ 12~13~ 

2. W a m ~  ~ ,  Tak~as~ ~ ~ d  Yos~wa I.: ~ 
e s ~  l ~ s M ~  ~ d  ~ h y d r o x y e s ~  l ~ e  
~ve~ and ~e~ mem~c  c l ~ n ~  mt~ ~ m~. 
~ Stero~ Bi~hem ~ (1989) ~3~2~ 

3. W a ~  ~ ~ d  Y o s ~  1.: ~ t ~ d ~  I~-s~fate 
as a su~tra~ ~r  ~hy~ox~fion e ~  of rat ~v~ 
~crosom~ ~ a n M ~  on steroids. XX). • P ~ -  
~cobio-Dyn. 5 ( 1 ~  3 ~ M ~  

4. W a m ~  ~ ,  ~ ~ and Yos~wa L: E ~  
for &hydroxylafion ~ e s t r ~  I % s ~  by ~t ~v~ 
microsom~ ~ n i ~  ~ on s t e r~ .  ~ C~m. 
~armac. ~ ~ (19~ 274~2~1. 

5. W a ~  ~ K~ura ~ and Y o ~ w a  1.: An indu~ 
fion eff~t of p h ~ o b a r ~  on ~t  ~ver ~ s o ~ l  
~hydro~fion of ~tradi~ l % s ~ e .  • P ~ r ~ -  
D~. 7 (19~ 6~-701. 

• W a ~  ~ and Yos~wa I.: CHm~l a ~ y ~  
on stero~.  ~ L  ~ y  of e s ~  17-s~a~  • 
h y d r o x ~  a¢fi~ty ~ ~ - ~ f f o ~ a n ~  liq~d ¢~o- 
mato~aphy with e l ~ r o - ¢ h ~  det~or. ~ C h r ~  
337 G ~  11~120. 



P~50s c a r r y i n g  catech~ ~trogen ~rmafion 

% Spicer ~ £ and Hammond ~ M.: Regulation of ova~an 
function by catech~ ~trogens: current concept. 
~ Stero~ Biochem. 33 (198~ 489-501. 

8. Dannan G. A., Porubek D. J., Nelson ~ D ,  Waxman 
D. ~ and Guengrich ~ F.: 1 7 ~ - E s ~ a ~  ~ and 
• hydroxylafion catalyzed by ~ t  hepa~¢ cytochrome 24. 
P~50; rol~ of i n ~ d u a l  ~rms, ~ductive effect, devel- 
opmental pat~rn~ and ~terations by gonadectomy 
and hormone ~placement. Endocr~ology I15 (198~ 
1952-1960. 25. 

~ Chakrabogy C., Hue~Hudson Y. M. and Dey S. K.: 
CatecholesUogen synthesis and metabolism ~ the mb- 
Et  u~rus during the periimplantation peri~l. ~ Steroid 
Biochem. 35 (1990) 3~46. 2~ 

1~ Ori~ De Monteflano ~ R. (Ed.): Cy~chrome P~50,  
Strucmre, Mechan~m, and Biochem~try. Plenum Press, 
New York (198~. 

I 1. Funae Y. and lmaoka S.: Purification and charaf~riz- 2% 
ation of fiv~ microsom~ cytochrome P~50  ~om un- 
treated m~e ~ .  Biochim. B~phys. A c ~  926 (198~ 
349-358. 2~ 

12. Funae Y. and lmaoka ~: S i m ~ n e o u s  purification of 
m u ~ e  ~rms of rat fiv~ mi~osomal cytochrome 
P~50  by ~gh-performanc¢ fiq~d chromatography. 
Biochim. Biophys. A c ~  842 0985) 119-132. 2~ 

13. Yoshizawa L Nakagawa A., Kamiya ~ and Itoh S.: 
Clinical an~ysis on s t ~ d s .  XIV. Preparation of 2- 
h y d r o x y ~ a ~  1 7 ~ o ~ u g a t ~ .  Yakugaku Zasshi 100 
(1980) 867~87~ 

l& Wamnabe K. and Yoshizawa I.: Preparation and ~gh- 
pcr~rmance fiq~d chromatograp~c determination 3~ 
of guaiacol ~trogen 1 7 ~ o ~ u g a t ~ :  the enzymatic 
O-m~thylafion produc~ of 2-hydroxyestradiol 17~- 
co~ugat~ (chnical an~ysis ~ ~ d ~  XXID. Chem. 
Pharmac. Bu~ 30 (198~ 3231-3238. 

15. Watanabe K., Kimu~ R. and Yoshizawa I.: EHdence 
for ~hydroxylafion of ~ t r a ~  1 % s ~  by rat ~ver 31. 
microsomes ~ c a l  an~y~s on s~r~ds. XXIX). Chem. 
Pharmac. Bull. 32 (198~ 2745-2751. 

1~ Lowry O. H., Ro~brough N. £, Fa~ A. L. and Randall 3~ 
R. £: Proton measurement with the FoHn phen~ 
~agenL ~ Bio~ Chem. 193 0951) 265-275. 

17. K a m a ~  T., Maeda K., Yamazoe Y., Nag~ T. and 
Kato R.: Evidence ~ r  the involvement of m~fi~e 33. 
~rms of c~ochrome P~50  ~ the occuffence of ~x- 
~ t e d  ~fferences of drug metabolism ~ the rat. L~e 
Sc~ 31 (198~ 2603-261~ 

18. Omura T. and Sato R.: The carbon mono~de-bin~ng 34. 
~gment of fiver m~rosom~. IL S~u~fizafio~ purifi- 
cation and properfes. ~ Bio£ Chem. 239 (1964) 
2379-2385. 

I~ Garza G. A. and Rao E N.: Chromic anhydride-3,~ 35. 
~methylpyrazo~ comple~ an effluent ~agent ~ r  o~- 
clarion of ~er~dM e~rogens to ~oxo-derivativ~. 3~ 
Steroid~ 42 (198~ 469-474. 

2~ Wa~nabe K. and Yos~zawa I.: Preparation and ~gh- 
pcfforman~ fiq~d chroma~graphic determination 
of gu~ac~ e~rogen 17~o~ugates ;  the enzymatic 
O-methylafion produ~s of 2-hydroxyest ra~ 17~- 37. 
co~ugates (c~nical ana~s~ on steroids. XXII). Chem. 
Pharma~ Bu~ 30 (198~ 3231-3238. 

21. Ryan D. ~ ,  Thomas ~ ~ ,  Re~ ~ M. and Lev~ W.: 
Pufificafio~ charac~rizafion and ~gulnt~n of five 38. 
mt hepatic microsom~ cytochrome P~50 ~ozym~. 
Xenob~t~a 12 (198~ 727-744. 

22. Ryan D. E., fida ~, Wood A. W., Thomas E E., ~eber 3~ 
C. ~ and Le~n W.: Charac~rization of ~ree ~ghly 
purified c~ochrome P~50 ~om hepatic m~rosom~ of 
ad~t  ma~ rats. L Biol. Chem. 259 (198~ 1239-125~ 

2~ Guenge~ch ~ ~ ,  Dannan G. A., Wright S. T., 
Mat in  M. V. and Kaminsky ~ ~: Purification and 

743 

~ a r ~ f i o n  of fiver m i ~ s o m ~  c ~ h r o m e  P ~ 5 ~  
~ m p h o ~ f i ~  s ~ a l ,  ca~yfic, and ~ m u n ~ m i -  
~ p m ~ e s  and ~ d u ~  of ~ ~ o ~  i ~ l a t ~  
born mrs tma t~  ~ ph~ob~biml  or ~ - n a ~ h o -  
~vone.  B i o c ~ m ~  21 ( 1 ~  ~ 1 ~ 3 ~  
C ~ n g  ~ and S ~ n ~ a n  ~ B.: ~ f i o n  and charac- 
t ~ t ~ n  of two ~nsfitutive f o ~ s  ~ rat fiver m~ro- 
s o ~ l  ~ h ~ m e  P~50. ~ BioL C~m.  ~ 7  (198~ 
~ 
Jan~on I., M~e J. and S h e e n  ~ K: ~ c a t i o n  
a ~  ~ a c t e ~ n  of a n ~  ~ ~ L M ~  ~ ~ e r  
~c ro~mM ~ t ~ h r o m e  P~50  ~om u n t ~ t ~  raL 
~ Biol. C~m.  ~ ( 1 ~  708~7~3.  
~ s ~ n  L ~ d  No ,on  K: S ~ c  a ~  n o n s ~  
~mponents ~ ~¢  o f id~ve  m ~ b ~ s m  of e s t r a ~  
by ~e  rat br~n ~ ~tro. ~ SteroM &~chem. 19 0 9 8 ~  
21 ~228. 
W a ~ n a ~  K. and Y o s ~ w a  L: ~ u e  ~ r i b u f i o n  of 
e s t r a ~  l % s u ~  2- and ~ d r o x ~ o n  e ~  ~ 
• e rat. & P h a r ~ o b ~ - D y n .  10 0 ~  3 ~ .  
Wamna~ ~ a ~  Y ~ w a  L: ~ 1  a n ~  on 
steroids. ~ .  A ~ y  ~ estradi~ 17-s~fate ~ h y d r o x ~  
~ a c t ~  ~ ~ f f o ~ n c e  Hq~d c ~ o m ~ o ~  
raphy. • C~oma~ 2 ~  (198~ 71-7% 
~ a ~ k i  %, M a ~ a  K., Y a ~ z o e  ~ ,  N ~  ~ and 
K~o  ~ :  ~ x  ~ r ~  ~ ~ h r o m e  P450  ~ t ~  
rat: ~ c a f i o ~  c h a r ~ m ~ n  and q~fi f icaf ion of 
consfi~five ~ s  of ~ o m e  P ~  ~om fiver 
~crosomes of ~ k  a ~  ~m~e rats. Arc~  Bioc~m. 
Biophys. 2 ~  ( 1 ~  ~ 7 7 0 .  
K a m a ~  ~ ,  M a ~ a  ~ ,  S ~ a  M., ~ K., N ~  
~ and K~o  ~ :  Age-re~t~ ~teration ~ ~e  ~ f i ~ s  
of d ~ g - m e t a b o l i ~  e ~ e s  and c o ~ t  of ~x- 
s ~  ~ s  ~ ~ o m e  P 4 ~  ~ fiver ~c rosom~ 
from ~ l e  and f e t e  rats. & ~ c .  Exp. ~er .  ~ 3  
( 1 ~  ~ 2 ~ .  
B ~ g ~ m ~ e r  ~ W.: ~ n e t ~  of ~ t  Hver m~rosom~ 
e ~ r o ~  2 ~ o x ~ .  ~ B ~ .  ~ e m .  ~ (1981) 
l ~ 3 ~ 1 0 ~ Z  
~ k e  H. ~ and S t u ~ a n c h  ~ :  ~ e  d ~ o n  of 
~ n g  ~ o x y l a ~  ~ o g e n s  and the~ m e ~  ethers 
on ~ o r b ~  ~ m p r e g n a t ~  p a ~ r  and ~ n - l a ~ r  
c h r o ~  Z C h r o ~ L  1 ~  (197~ 2 3 ~ 2 .  
~ H  ~ H a ~ t  M. and K n u p ~  ~ :  C o m ~ r ~ v c  
~ on ~ e  m e t a ~  ~ ~ t r a d ~  ~ ~ e  b ~  ~e  
~ and the Hver ~ t h e  rat. Ac~  ~ c r .  ~ ( 1 ~  
1-11. 
Hop~n  ~ ~ B o ~  H. ~ Wemer M. a ~  Knup~n 
~ :  M e ~ b ~ s m  of oe~rone a ~  ~ t r a ~  ~ ~ e  ~o- 
~ d  ~ r ~ d  rat hver. H o p p e - S e y l ~  ~ Physiol. 
Chem. 3 ~  O ~  67-~.  
B ~ g e m ~ r  ~ W.: ~ b i t i o n  ~ ~ t r o g ~  2-hydroxyl- 
s .  • Stero~ B W ~ m .  ~ 0 9 8 ~  1 ~ 1 ~  
N u m ~ w a  M,  ~ t o h  ~,  O ~ a  Y. and N a ~ a  M.: 
D e t ~ n ~ o n  ~ ~ t r a d ~  ~ and l ~ o x ~  ac- 
fi~fi~ ~ rat liver ~ m e s  ~ ~ r ~ a n ~  
Hq~d c ~ o ~ a p ~ .  A~ly~  Biochem. 1 ~  ( 1 9 ~  
~ 1 ~  
~ n g  K. a ~  ~henkman £ K: M e ~ m  of p~ -  
~s~rone and ~ ~ microsom~ a ~  pur i~d 
c ~  P ~  RLM3 and RLMS. D ~ g  M e ~  
D ~ o s .  12 ( 1 ~  ~ 2 ~ M .  
H e ~ h c ~  ~ Brad~w H. L and F i s ~ a n  J.: ~ w  
fi~ ~ o x ~ o n s  ~ ~trone and e ~  ~ ma~ 
~ Clin. En~c~ M e t e .  ~ ( 1 ~  17~17~ 
S ~  ~ ,  S ~  S., M i y ~  S., ~ n  J., Kubo~ I ,  
N o ~ c ~  % and K ~ s  ~ :  C ~ r o m e  P~50OM~ 
a n ~  c o n ~ t ~ v e  ~ of micro~m~ ~ o m e  
P ~  ~ m~e and ~ m a k  mt fiver ~ t h  ~Wo~n 2- 
and l ~ & ~ x ~ a ~  ~t i~ty .  Bio~em. 27 (198~ 
~ 8 ~ .  


