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SUMMARI
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When the labeled synthetic progestin, [4-14C ]- or [6,7-3H]norethvnodrel, was incubated
with rat liver microsomes, the steroid became tightly bound to proteins. The binding

process required oxygen and NADPH. and was inhibited by carbon monoxide and SKF

525-A. Microsomes from animals treated with phenobarhital were more effective in

causing binding. Precipitation of the proteins with trichloracetic acid, washing with
organic solvents, dialysis against water, and filtration through Sephadex G-200 all (‘ailed
to dissociate the radioactivity from the proteins. Unlabeled steroid added after the

initiation of the incubation was unable to displace radioactivity f’rom the proteins. Disc
gel electrophoresis of the solubilized proteins indicated that the steriod was bound
randomly to all proteins. Reduced glutathione and compounds that react with thiol
groups inhibited radiolabeling of the proteins. Moreover, glutathione increased the

water-soluble radioactivity at the expense of the protein bound radioactivity. Experi-
ments using tritiated glutathione and [4-’4C ]norethynodrel demonstrated the formation
of norethynodrel-glutathione conjugates. It was suggested that liver cytochrome P-450
oxygenase metabolized norethynodrel to a reactive intermediate(s) which could react

with and bind covalently to proteins and glutathione. The implication of’these findings is
discussed.

INTRODUCTION

The oxygenase system in the endoplas-

mic reticulum of hepatocytes is capable of

oxygenating a great variety of xenobiotics
and endogenous materials (1). This broad

spectrum of substrate specificity is ideally

suited for the study of the mechanism, the

disposition of substrates, and the implica-
tions in vivo of the oxygenation reactions of

selected compounds.
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the National Institutes of Health.

409

Previous work in our laboratory identi-
fied hydroperoxides as intermediates in

microsomal hydroxylation reactions (2-4).
In addition, evidence that epoxide and
N-hydroxide are the initial products of

oxygenation has been reported (5, 6). Since
some of’ these oxygenated metabolites

and/or their conversion products are highly
reactive, one might expect them to react
with cellular constituents such as proteins

and nucleic acids (7-9). It has been in-
ferred that occasional hepatonecrotic ef-
fects of some inert compounds are medi-
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ated by chemically active metabolites
formed by this liver microsomal oxygenase

system (7).
In this communication we report a ste-

roid-protein binding complex of the syn-

thetic progestin, norethynodrel’ and liver
microsomes.

Norethynodrel is the f’irst and most fre-
quently prescribed progestin in oral con-
tracept ives (10). Its metabolism (11-13)

and its untoward effects in oral contracep-
tive preparations (14, 15) have been de-
scribed.

MATERIALS AND METHODS

Animals. Male Charles River
Sprague-Dawlev rats weighing 200-250 g
were used. The rats were allowed free

access to food (Purina laboratory chow)
and water. When phenoharhital treatment
was desired, the rats were supplied with a
0.1% aqueous solution of’ sodium phenobar-
bital as drinking water f�r 10 days (16).

Chemicals. Norethynodrel, noreth in-
drone. et hynylest radiol. and mest ranol
were supplied by G. D. Searle and Com-

pany. Estr-5( 10)-en-17�3-ol-3-one was a gif’t
from Eli Lilly and Company. SKF 525-A2
was a gift from Smith Kline & French

Laboratories. All the steriods were purified
by recr�’st allizat ion before use.

NADPH, NADH, NADP glucose-
6-phosphate dehydrogenase (type XV), ri-
hon u cle ase h, N- et h vla male i m ide, p -

chloromercuriben zoate, 2- mercaptoet ha-
nol, iodoacetamide. dit hiothreitol, gluta-
thione, estradiol- 17�3, and 19-nortestoster-
one were purchased from Sigma Chemical

Company. Coomassie brilliant blue was
obtained from Mann Research Laborato-
ries. Guanidine HC1 was purchased from

Eastman Kodak. Instagel was obtained

Systematic nomenclature for compounds given

trivial names in the text includes: 17cv-ethvnyl-5)10)-

estren-17�3-ol-3.one for norethynodrel; 17o.

ethvnvlest r-4-en- 1713-ol -:3-one for norethindrone: 17o�

ethvnyl-1,3,5( 10)-estratriene-3,17�(-diol for ethynyles-

tradiol; 17cs-ethynyl-3-methoxy-1,3.5( 10)-estratrien-

17f3-ol for mestranol: 1,3,5-estratriene-�3,i7fl-diol for

estradiol.1743; estr-4-en-17�3-o1-3-one for 19-nortestost-

erone.

2The abbreviation used is: SKF 525-A, �-di-

ethylaminoethyldiphenylprop’�l acetate.

from Packard, and chicken ovalbumin,
from Miles Laboratories.

L-Glutathione- ([2- 3H Jglycine) (specific
radioactivity, 285 mCi/mmole) which con-
tained some of’ the oxidized form was

purchased from New England Nuclear

Corporation. [6, 7- �H jNorethynodrel (105
mCi/mmole), purity 99%, and [4- ‘4C �nor-
ethynodrel (5.4 mCi/mmole), purity 95%,
were generously supplied by G. D. Searle

and Company. The purity was checked by
thin-layer chromatography (Brinkmann
coated silica gel) using solvent systems of
ethyl acetate-cyclohexane (1:1, v/v) (17)
and benzene-ethyl acetate (85:15, v/v).

Scintillation grade 2,5-diphenyloxazole

(PPO) and 1,4-his [2-(5-phenyloxazolyl) j-
benzene (POPOP) were purchased from
Amersham/Searle.

Sephadex G-200 and G-50 were pur-
chased from Pharmacia Fine Chemicals.
Acrylamide, N,N’-methylenebis(acryla-
mine), N,N,N’,N’-tetramethylenediamine,
and ammonium persulfate were obtained
from Canal Industrial Corporation. So-

dium dodecyl sulf’ate and Pyronine Y were
purchased from Matheson, Coleman, and
Bell. Amberlite XAD-2 heads were Rohm
and Haas products.

Preparation of rat liver subc’ellular frac-

tions. The rat was decapitated. The liver
was perfused thoroughly with ice-cold
1.15% KC1 via the portal vein before re-
moval, cut into small pieces, and passed
through a garlic press. One part of’ the liver
slurry in 2 parts of’ 1.15� KC1 (w/v) was

homogenized in a Potter-Elvehjem homog-
enizer with a loosely fitting Teflon pestle.

Cellular fractions were prepared by differ-
ential centrifugation in a Sorvall centrifuge

(model RC2-B) and a Spinco model L
preparative ultracentrif’uge.

Nuclei, mitochondria, and cell debris
were removed by centrif’uging the homoge-

nate for 20 mm at 10,000 � g. The micro-
somal fraction was obtained f’rom this su-
pernatant f’raction by centrif’ugation at
105,000 �< g for 1 hr. The supernatant

(cytosol fraction) was removed. The micro-
somal pellets obtained were rehomogenized
in the same volume of’ f’resh KC1 solution

and centrif’uged again at 105,000 ‘� g for
another hour. The supernatant was dis-
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carded, and the tubes containing the mi-
crosomal pellets were stored at - 20#{176}and

used within 4 days. All the preparations
were done at 0-4#{176}.The difference spectrum
of norethynodrel with liver microsomes
from rats that had been treated with phe-

nobarbital was determined according to
Schenkman et al. (18) on a Cary 14 spec-
trophotometer.

Incubation and fractionation of incuba-

tion mixture. The frozen microsomal pel-
lets were thawed and homogenized gently
in 0.1 M phosphate buffer, pH 7.4. Incuba-
tion was carried out in a Dubnoff’ metabolic

shaker under air at 37#{176}unless otherwise
specified. The standard incubation mix-

ture contained [6,7-3H Jnorethynodrel or
[4- ‘4C ]norethynodrel in benzene solution

(benzene was removed by a gentle stream
of nitrogen gas), 8 m�i MgSO4, 10 mM
nicotinamide, a NADPH-generating sys-
tem (0.6 mr�i NADP �, 6 m�t glucose-6-P,
and 0.5 Kornberg unit of glucose-6-P dehy-
drogenase), and 10 mg of’ microsomal pro-
tein. The final mixture was suspended in 5
ml of 0.1 M phosphate buffer, pH 7.4. In the
control blank the NADPH-generating sys-
tem was omitted. Protein concentration
was determined by the biuret method (19),

using crystalline bovine serum albumin as
the standard.

The reaction was stopped by extracting
the incubation mixture twice with perox-
ide-free ether. After drying over anhydrous
Na2SO4, the ethereal f’raction was evapo-
rated to dryness and the residue was redis-
solved in 2 ml of methanol-ethyl acetate
(1:1, v/v) for radioactivity assay.

Precipitation of the microsomal proteins
from the aqueous f’raction was facilitated

by the addition of trichloracetic acid (to a
final concentration of 5%) and by cen-

trifuging the turbid solution at 1000 g for
15 mm. The supernatant obtained was

designated the aqueous supernatant.
The protein precipitate was washed

twice with 5 ml each of ethanol (95#{176}),ethyl
acetate, trichloracetic acid, and H2O by
resuspension and centrifugation to remove
nucleic acids and lipids (20). The final
residue was transferred to filter paper,
dried, and combusted in a Packard sample

oxidizer. Tritiated water and/or ‘4C02 re-

sulting from combustion were trapped and

counted.

Gel filtration. The ether-extracted aque-
ous fraction was dialyzed according to the

procedure of Zaffaroni (21). Methanol (2
ml) was added to the protein solution,
which was then dialyzed against 20 ml of
60% aqueous methanol and 10 ml of chloro-
form. After 22 hr the protein residues in the
dialysis bag were made soluble by the
addition of guanidine HC1 (to a final con-
centration of 5 M).

Sephadex G-200 was allowed to swell for
several days in 0.05 M phosphate buffer, pH

7.4, containing 5 �i guanidine HC1. A
column, 0.9 x 30 cm, was then prepared

and allowed to equilibrate with the same
phosphate-guanidine HCI buffer. Two

milliliters of the solubilized microsomal

protein were applied to the top of the col-

umn and eluted with 0.05 M phosphate-
5 M guanidine HCI buffer. Fractions of 1.5
ml were collected. The ultraviolet absorp-
tion at 280 nm of each fraction was deter-
mined. In addition, portions were taken

from each tube for radioactivity assay. The
void volume of the column was 4.5 ml, and

all the gel filtration procedures were done
at room temperature (22).

Gel electrophoresis. For gel electrophore-
sis, [6,7-3H ]norethynodrel (0.5 MCi) was
incubated with NADPH (0.6 mM), MgSO4
(10 mM), nicotinamide (8 mM), and micro-
somal proteins (10 mg) under air at 37#{176}f�r
30 mm. After ether extraction, the aqueous
fraction was dialyzed against 0.05 M phos-
phate buffer, pH 7.4, for 24 hr. The con-
tents in the dialysis bag were made soluble
by the addition of an equal volume of’ a
reagent mixture [6% sodium dodecyl sul-
fate, 10 m�i EDTA. 10 m�i 2-mercaptoetha-
no!, 4 M urea, and 30% (w/v) sucrose] and

brief’ boiling. To each disc electrophoretic
tube, 0.1-0.15 ml of’ this soluhilized protein
solution was applied.

The conditions for acrylamide disc gel
electrophoresis, described in the legend of’
Fig. 4, were the same as those employed by
Lenard (23) except that the pH of’ the
phosphate buffer was 7.4 instead of’ 7.0,

and 2 M urea was present in the 6.25%
acrylamide gel.

Protein fixation and staining were done
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with propan-2-ol and Coomassie brilliant

blue (24). The gel was scanned with a
Photovolt densitometer. Several gel pieces

were combined, sliced, and combusted in
the Packard oxidizer for the detection of

radioact ivitv distribution.

Conjugation with glu ta th ion e.

Glutathione-([2-3H]glycine) (1.2 MCi) and

14-’4Clnorethynodrel (0.5 MCi), or i.-

glutathione (5 mM) and norethynodrel (1
m�i), were incubated in the standard incu-
hat ion mixture. After shaking at 37#{176}for 30
mm, the incubation mixtures, containing
either radioactive or nonradioactive sub-
strates, were pooled and the trichloroacetic

acid-soluble fraction was obtained as de-
scribed earlier. This aqueous fraction was
then passed through a 37 � 2 cm XAD-2

column that had been washed with ethanol
and water (25). The column was then
washed with 300 ml of water and 200 ml of
ethanol. In this manner, the hulk of un-
reacted reduced glutathione was eluted
with water. There was 95% recovery of’ ‘4C
counts in the ethanolic wash.

The ethanol f’ract ion was concentrated to
a small volume under reduced pressure. A
portion was spotted on Whatman No.
3MM paper for descending chromatogra-

phy. 1-Butanol-acetic acid-water (25:4:10.
v/v) and 1-propanol-water (70:30, v/v)
were used as the developing solvents (26).

The chromatogram was run for 18 hr,
dried, and sprayed with ninhydrin (Sigma)
or with divalent sulfur reagent (K2Cr2O7-

AgNO3) (27). The paper strips were cut
into 1 2 cm pieces and counted in
scintillation vials. An external standard

curve was constructed with ‘33BaSO4 for

calculation of the disintegrat ions per min-
ute of ‘4C and 3H.

Photo -oxygen at ion - induced binding.
The incubation condition was the same as
that used in the chemical synthesis of
l7ct - ethynyl- 10� - hydroperoxy- 19-nortesto-

sterone from norethynodrel by Shapiro and

co-workers (28). [4- ‘4C ]Norethynodrel
(0.6 MCi), chicken ovalbumin (20 mg), and
eosin (2 mg) in 20 ml of water were stirred
with or without 7 M urea in an atmosphere

of oxygen. A desk-top fluorescent lamp
with two 15-W Sylvania white light tubes
was placed within I in. of the reaction flask

to provide illumination. Samples of 2 ml
were removed at various intervals and

extracted twice with ethyl acetate. The

aqueous fraction was dialyzed against dis-
tilled water. The radioactivity remaining

in the bag was measured. In addition, the

bag contents were subjected to gel filtra-
tion on a Sephadex G-50 column. The
column (2 32 cm) was eluted with water.
Fractions of 3 ml were collected and as-
sayed f’or radioactivity and protein con-

tent. The latter was determined by method
of Lowry et al. (29).

Measurem ent of radiuactiL itv. A Nu-
clear-Chicago mark I scintillation spec-

trometer was used for counting. A toluene-
based scintillator (0.4% 2,5-diphenylox-
azole and 0.005% 1,4-his [2-(5-phenylox-

azoly!) ]benzene) was used f�r the organic
extract, while a 1,4-dioxane-based scintil-

lator (0.004% 1,4-bisl2-(5-oxazolyl) ]ben-
zene, 1.4% 2,5-diphenvloxazole. and 12.5%
naphthalene) was used f�r aqueous and
ethanol fractions, and Instagel for Sepha-
dex G-200 eluents.

Combustion of’ insoluble proteins and gel
slices was carried out in a Packard Tn-

Carb sample oxidizer (model 305. ‘4C02-
trapping reagent and scintillation mixture
were prepared as described in the Packard
manual.

RESt I.TS

Form ation of protein-bound metabolite.

After aerobic incubation of’ [6,7-3H ]nor-
ethynodre! or [4- ‘4C ]norethvnodrel with
NADPH and rat liver microsomes, 23.8% of’

the radioactivity was recovered in the

washed, trichloracetic acid-precipitated
proteins (Table 1). The f�rmation of’ this
metaholite proceeded rapidly in the com-

plete oxygenase system. It started at a
linear rate and reached a plateau within 10
mm (Fig. 1). with an apparent Km of 3.33

10 (Fig. 2). The reaction had a pH
optimum of 7.5-8.0. It required oxygen as

well as NADPH. Neither NADH or
NADP�, nor ferrous ion or hemoglobin
(30), was effective. Phenoharbital treat-

ment of’ the rats doubled the radioactivity
incorporation (Table 2). Carbon monoxide
and SKF 525-A, both inhibitors of’ the
NADPH-dependent microsomal oxygenase



The enzyme system was located in the
microsomal fraction. The cvtosol fraction

(105,000 � g supernatant) alone and bo-
vine serum albumin were inactive. When

IO�- #{149} j
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TABLE 1

Recoveries of radioactivity after incubation of

16,7’ 3H lnoreth�nodrel with rat liver mi crosomes

Incubation was carried out at 37#{176}for 15 mm;
conditions were the same as described in Fig. 1. Each

fraction was obtained as described in MATERIAI.S AM)

METHODS. The radioactivity added to the incubation

mixture (0.2 MCi) was taken as 10O�. A similar

distribution of radioactivity was bund when 14- i4(�

norethvnodrel was used as the substrate.

Fraction Recovery

‘� total

Ether-soluble tract ion 52.7

Trichloracetic acid-soluble

supernatant 12.4

Trichloracetic acid precipitate 23.8

Hot ethanol wash 0.9

Ethyl acetate wash 1.3

Hot trichloracetic acid wash 0.5

Final insoluble residues 21.1

4
2� � -

TIME OF INCUBATION (MIN)

FIG. 1. Kinetics of labeling of liver microsomal

proteins

The standard incubation mixture (#{149}-) con-

tained 0.1 M phosphate buffer (pH 7.4), nicotinamide

(8 mM), MgSO4 (10 mM), an NADPH-generating

system. and microsomal protein (10 mg) in a total

volume of 5 ml. l6,7-3HlNorethynodrel (0.2 MCi) was

added as the substrate. Incubation was conducted at

37#{176}under air. Protein-bound radioactivity was as-

sayed as described in the text. The NADPH-generat-

ing system was omitted from the control mixture (0-

- -0).

(1), inhibited the radioactivity binding to a
significant degree (Table 3). In addition,

norethynodrel elicited a typical type I spec-
tral change in rat liver microsomes. The
difference spectrum had an absorption
maximum at 385 nm, a trough at 420 nm,
and an isosbestic point at 400 nm.

-10 0 10 20 30 40 5OXI04M

FIG. 2. Michaclis-Menten plot of form ation of pro-

tein -hound metaboli te of 14’ ‘(‘norethvnodrel

Reaction conditions were the same as described in

Fig. 1. except that varying amounts of [4-’4CJnor-

ethynodrel were used. The velocity was expressed as

nanomoles of l4-’4C lnoreth�’nodrel bound per minute.

The K,,, of the reaction was b�und to be :3.33 . 1() M.

TABI.E 2

Requirement of rat liver microsomes and .VADPH for

formation of protein-bound metabolite of

noreth�nodrel

Lncuhat ions were carried out at :37#{176}for 30 mm. The
incubation mixture contained 16,7-3H lnoreth�’nodrel

(0.2 pCi), MgSO4 (10 mM), and nicotinamide (8 mM)

in 5 ml of 0.1 M phosphate buffer. pH 7.4. Proteins (10

mg) and cofactors were added as indicated.

Protein Uitacti ir

�

Protein.
bound

radio.
a(-tRit%

I-

cpm/mg

Microsomal protein. NADPH-generating 7,543

phenobarhital-in- system

duced”

Microsomal protein NADPH-generating 3,540

system

Microsomal protein NADPH. 0.6 m�i 3,315

Microsomalprotein NADH,0.6mM 300

Microsomal protein None 310

Microsomalprotein FeSO4,0.lmM 258

Microsomal protein Hemoglobin. 0.1 m�i 265

10,000 . gsuperna- NADPH-generating 330

tant system

105,000 -� g superna- NADPH-generating 50

tant system

Bovine serum albu- NADPH-generating 62

mm system

#{176}Microsomal proteins were prepared from pheno-

barbital-treated rats (16).



#{176}Unlabeled norethynodrel was added 10 mm after

commencement of the incubation and incubated for

another 20 mm.

I;

E

FRACTION NUMBER

Fic. 3. Sephadex G-200 gel filtration in 5 M guani-

dine HCI of microsomal proteins incubated with

[6,7-#{176}H]norethvnodrel (0.1 pCi)

For details, see MATERIALS AND METHODS. Peak A,

protein fraction: peak B. low molecular weight mate-

rial.
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the 10,0(X) . g supernatant, which con-

tained the cvtosol fraction in addition to
microsomes, was used as the enzyme
source, the radioactivity hound to proteins
was greatly reduced (Table 2). It seems
that some components of the cytosol f’rac-
tions are able to decrease binding of the
radioactive steroid to proteins (see
I)ISCUSS ION).

Nature of binding. Labeling of’ the mi-
crosomal proteins af’ter incubation with
radioactive norethvnodrel could be re-

duced by unlabeled norethynodnel. This

ef’fect could be seen only when the latter
was added at the beginning of’ the reaction,

hut not after 10 mm of’ incubation. This
further suggested that metabolism of nor-
ethynodrel preceded binding and that bind-
ing was irreversible. At 0.1 m�vi, nonradio-

active norethynodrel added at zero time

gave a 70% reduction of protein labeling.
The extent of’ inhibition by other steniods
at the same concentration, such as nor-

lut in, et hynylestradiol, testosterone, and

19-nortestosterone, ranged from 45% to 5%
(Table 4).

The labeled microsomal protein was
dialyzed, solubilized, and subjected to

Sephadex G-200 gel filtration in 5 M guani-
dine HC1. As illustrated in Fig. 3, two
major ultraviolet -absorbing peaks were ob-

tained. Peak A was totally excluded. Peak
B was smaller than Peak A and represented
low molecular weight materials. The bulk
(83%) of the radioactivity applied to the

column was eluted with peak A.
The result of disc gel electrophoresis of

the microsomal proteins in 1% sodium

dodecyl sulfate and urea is shown in Fig. 4.

Eight to 10 protein bands were discernible

TABLE 3

Inhibition of labeling of microsomal proteins

Incubation was carried out at 37#{176}for 30 mm.

Conditions were the same as described in Fig. 1. using

[4-’#{176}C�norethynodrel (0.05 pCi) as the substrate. In

experiments 2 and 3 the gas phases were CO plus 02

and nitrogen, respectively.

Inhibitor Inhibition

(ye

1. SKF 525-A, 0.5 mM 75

2. CO 02(80:20) 40

3. Anaerobic condition (nitrogen) 92

after staining. Radioactivity was found

associated with the protein hands. There
was no specif’ic distribution pattern.

Form ation of norethvnodrel-glutath ione

TABLE 4

Effects of nonradioactive steroids on labeling of

m icrosomal proteins incu bated with

14- ‘#{176}Cjnorethynodrel

Incubation was carried out at :37#{176}for 30 mm.

Conditions were the same as described in Fig. 1, with

the nonradioactive steroids (0.1 mM) and [4-#{176}Cjnor.

ethvnodrel (3.7 pM, 0.1 pCi) added at zero incuba-

tion time.

Steroid added (0.1 mM) Inhibition

c�

Norethvnodrel 69

Norethynodrel (10 min)#{176} 0

Norethindrone 45

Ethynylestradiol 34

Estradiol-17$ 29

Estr-5( 10)-en-17�3-ol-3-one 18

19-Nortestosterone 6

Mestranol 0
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cipitate and in the aqueous supernatant.
Hence the accumulation of radioactivity in

the aqueous supernatant was also the result
of an enzymatic process.

L-Glutathione-( [2-3H Jglycine) was used
in combination with [4- ‘4C ]norethvnodrel

TABLE 5

#{176}LJ�
FIG. 4. Polyacrylamide gel electrophoresis of rat

liver microsomes incubated u-ith 16,7-
3HJnorethynodrel

The bar graph (upper) represents radioactivity

distribution. The lower graph is the densitometer

tracing on the gel. The gel contained 6.25% acryla-

mide, 1% sodium dodecyl sulfate, 5 msi EDTA, 5 mM

2-mercaptoethanol, and 2 M urea in 0.05 M phosphate

buffer, pH 7.4. The proteins were fixed with pro-

pan-2-ol and stained with Coomassie brilliant blue.

The direction of electrophoretic migration is from left

to right. The marker proteins are bovine serum

albumin (a) and ribonuclease (b).

conjugate. The formation of the protein-
bound metabolite of norethynodrel was
sensitive to sulfhydryl inhibitors such as

p-chloromercuribenzoate, N-ethylmaleim-
ide, 2-mercaptoethanol, and dithiothreitol,
as well as to glutathione and cysteine.

These compounds decreased the protein-
bound radioactivity to various degrees

(Table 5). It was further noted that when
glutathione, cysteine, and N-ethylmaleim-

ide were added, the radioactivity in the
aqueous supernatant increased to 247%,
148%, and 127% of the control, respectively
(Table 5). The details of the effect of
glutathione are shown in Fig. 5. When 0.5 M

glutathione was added, the radioactivity
incorporated into the protein precipitate
decreased by 60%, while that in the aque-
ous supernatant doubled. At higher concen-

trations of glut,ahione, similar distributions
of radioactivity were found; i.e., the radio-
activity in the aqueous supernatant in-

creased while that in the protein precipitate
decreased. When NADPH was omitted
from the incubation, very little radioactiv-
ity was recovered both in the protein pre-

Effects of sulfhvdrvl compounds and

sulfhydryl-reactive compounds on

distribution of radioactivity

Compounds were added to the standard incubation

mixture containing l4-’#{176}Cjnorethynodrel (0.05 pCi).

NADPH (0.6 mM) was used instead of an NADPH-
generating system to eliminate any effects of these

compounds on the activity of glucose 6-phosphate

Compound added (0.4 mM) Radioactivity

Protein Aqueous
precipi- super-

tate natant

(� #{182}�

None 100 100

Dithiothreitol 83 93

2-Mercaptoethanol 44 101

Cysteine hydrochloride 32 148

Glutathione 31 247

p-Chloromercuribenzoate 12 7

N-Ethylmaleimide 54 127

FIG. 5. Effect of glutathione on distribution of

radioactivity

[4-’#{176}CJNorethynodrel (0.5 pCi) was incubated with

rat liver microsomes, an NADPH-generating system,

and glutathione for 3 mm at 37#{176}.Radioactivities in

the aqueous supernatant (#{149}-) and protein pre-

cipitate (A-A) were measured. 0 and �, counts

obtained from the aqueous supernatant and the

protein precipitate, respect ively, when the NADPH-

generating system was omitted from the incubation

mixture.
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in the incubation. Procedures were carried

out in an attempt to identify the nor-
ethynodrel-glutathione conjugate. The
aqueous supernatant was passed through
an Amberlite XAD-2 column. The etha-
nolic wash from this column was concen-
trated and subjected to descending paper
chromatography. Several radioisotope-
labeled and ninhvdnin-positive spots were
found. Figure 6A illustrates the radioactiv-

ity distribution when the paper was de-
veloped in hut an-i -ol-acetic ac id-water.

Peak I was identified as oxidized gluta-
thione, and peak III as reduced glutathione.

Peaks II and IV contained both ‘4C and 3H
and were positive to ninhydnin spray and
divalent sulfur reagent. Similarly, in Fig.
6B, using propan-1-ol-water as the devel-
oping solvent, peaks I and III were identi-

fied as oxidized and reduced glutathione,
respectively. Peaks II, IV, V. and VI all
contained ‘4C and 3H. These double-la-
beled peaks could represent norethynodrel-
glutathione conjugates. The nature of the

conjugates was not investigated.
Binding induced by photo-oxidation.

After the incubation of [4-’4C]norethyno-
drel with chicken ovalbumin under an
atmosphere of oxygen and fluorescent light
in 7 M urea, a portion of the radioactivity

0

I

x

a.
0

amounting to 11% of the total addition
could not be removed from the protein by

either extraction or dialysis (Fig. 7). When
this labeled ovalbumin was subjected to gel
filtration on Sephadex G-50, both the ra-

dioactivity and the protein were excluded

-

0

/

j5� /
/: -:;
0 10

HOURS

FIG. 7. Photo�ox:dation-induced binding of 14-
‘#{176}CJnorethvnodrel to chicken ovalhu m in

14- ‘4C lNoreth�nodrel (0.6 pCi), chicken ovalbumin

(20 mg). and eosin (2 mg) in 20 ml of water were

stirred with (#{149}-#{149}) or without (ti- - -�) urea (7 M)

under an atmosphere of oxygen and fluorescent light.

Samples (2 ml) were removed at various intervals.

and protein-bound radioactivity was measured after

extract ion and dialysis. For details, see MATERIAI.S AND

METHODS.
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Fio. 8. Gel filtration of labeled chicken ovalbumin

Labeled chicken ovalbumin was obtained as de-

scribed in Fig. 7. One milliliter of the 24-hr labeled

protein solution was applied to a Sephadex G.50

column (2 x 32 cm: void volume, 16 ml). The column

was eluted with water. Fractions of 3 ml were col-

lected and assayed for radioactivity (0- - -0) and

protein content (#{149}-).

in the void volume (Fig. 8). Photo-oxygena-
tion in 7 M urea seemed to unfold the

ovalbumin and to expose amino acid resi-

dues of the protein for binding, as only
one-third as much of the radioactivity was

bound to protein when urea was omitted

(Fig. 7).

DISCUSSION

A number of interactions between ste-
roid hormones and proteins have been de-
scribed. These include the transport of’

steroids in plasma by transcortin or other
plasma proteins (31) and hormone-receptor

binding of the steroids at target organs
(32). The present study has disclosed still
another type of steroid-protein complex
which was formed after incubation of nor-

ethynodrel with the rat liver microsomal
oxygenase system in vitro. The bond be-

tween the radioactive steroid and the pro-

teins is possibly covalent in nature, since

the binding was irreversible and could not
be dissociated by trichloracetic acid, etha-
nol, guanidine HC1, sodium dodecvl sul-

fate, gel filtration (Fig. 3), or gel electro-

phoresis (Fig. 4). Neither was it possible to

displace the attachment with large
amounts of unlabeled norethynodrel after
the initial reaction (Table 4).

The following evidence suggests that
norethynodrel is a substrate for liver micro-

somal drug-metabolizing enzymes and that
metabolic oxidation of norethynodrel by

this oxygenase system is a necessary step
before the binding process. Norethynodrel
elicited a type I spectral change with

isolated liver microsomes. The formation of

the protein - hound met abolite required
NADPH and oxygen and was stimulated

by phenobarbital treatment (Table 2). It
was inhibited by SKF 525-A and carbon
monoxide (Table 3). Added glutathione
competed with the proteins for radioactiv-
ity (Fig. 5). Norethynodrel was probably
metabolized to a “reactive intermediate”

which was able to bind covalently to the
proteins present in the incubation mixture.

Alternatively, the same intermediate could

react with glutathione, forming a nor-
ethynodrel-glutathione conjugate. Results
from the experiments using tnitiated gluta-
thione and [4-14C Jnorethvnodrel suggested
that more than one such conjugate was
formed. The chemical nature of’ these con-
jugates remains to be established. Inhibi-
tion of protein binding by glut athione and
other sulfhydryl inhibitors (Table 5) indi-

cated that sulfhydryl groups were neces-
sary for the viable enzyme system and also

could serve as acceptor sites for the reac-
tive intermediates. Since gel filtration and

gel electrophoresis (Figs. 3 and 4) failed to
relate isotope labeling to any specif’ic pro-
tein band, a random attachment of’ the
active norethynodrel metabolite to the
sulthydryl groups on the proteins is proba-

ble.
The inhibition of’ radioactivity binding

to proteins by unlabeled norethynodrel was
evidently caused by a dilution effect
(Table 4). However, even with relatively
high concentrations of’ nonrad ioact ive

norethvnodrel. which presumably should

have displaced 96% of’ the radioactivity,
30% residual counts in the proteins re-

mained. The reason for this was not imme-
diately obvious. It seems reasonable to



418 CHEN AND LEE

assume that the oxygenated metabolites of
norethynodrel have a high degree of affin-
ity for the lipoproteins of the endoplasmic
reticulum membrane, and some of these

strongly adsorbed steroids cannot be re-
moved by ether extraction, tnichloracetic
acid precipitation or washing. Attempts to
remove the unbound steroids with Amber-

lite XAD-2 column chromatography,
which separates polar from nonpolar com-
pounds, were unsuccessful.

When the steroid-protein complex was
dialyzed according to the procedure of

Zaffaroni (21) in chloroform and methanol,
the radioactivity remaining in the proteins
was 81% of that obtained by tnichloracetic
acid precipitation. Upon gel filtration of

the dialyzed protein on Sephadex G-200 in
5 M guanidine HC1, the bulk of the radioac-
tivity emerged with an ultraviolet-absorb-

ing peak that was excluded at the void
volume (peak A, Fig. 3). A residual 8% of
the counts was washed out at a position

corresponding to lower molecular weight
materials and free steroids. Thus the resid-
ual counts that unlabeled norethynodrel

failed to displace could represent the free
polar steroids that were adsorbed to the
microsomal lipoproteins. The same reason-
ing can be applied to the inhibition of
protein binding by high concentrations of
glutathione, in which only a maximum of’

68% inhibition was observed (Fig. 5).

The metabolism of norethynodrel in Vivo

and in vitro has been studied in a number

of’ laboratories (11-13). In all cases an
extensive and rapid metabolism of nor-
ethynodrel was reported. Reduction of 3-
ketonic to 3a- and 3�3-ols was found to be
the major pathway. Since most of’ these
studies were done with the 9000 x g

supernatant of’ the liver homogenate as the
enzyme source, and no quantitative recov-

eries were reported, it is difficult to com-
pare them with the present study. In our
work, when the 10,000 g supernat ant was

used instead of the 105,000 � g microsomal
pellet, very little radioactivity was re-

covered in the proteins (Table 2). Several
explanations are possible. The cytosol frac-
ti()n is rich in glutathione and other sulf-
hydryl-containing compounds (33), which
could compete with the microsomal pro-

teins for the reactive intermediates. This
conjugation process could be aided by
cytosol glutathione transferase, which cat-
alyzes the conjugation of’ glutathione with
foreign compounds (26). Alternatively, the

cytosol fraction may contain enzymes,
such as peroxidase, that decompose the
reactive intermediate (34), or enzymes that

metabolize norethynodrel to products that

do not bind to proteins. Either mechanism
could lower the protein-hound radioactiv-
ity. The microsomal pellets used in the
present study were washed in order to
minimize contaminations from the cytosol.
Yet 12% of the total counts was recovered
in the aqueous supernatant, even when no
glutathione was added. Part of’ this could
have been relatively polar metabolites and

norethynodrel-glutathione conjugates.
When this fraction was pooled, concen-
trated, and subjected to paper chromatog-
raphy, a radioactive band that reacted
with ninhydnin and divalent sulfur reagent
was located. This suggested that nor-

ethynodrel formed a conjugate with resid-

ual glutathione or cysteine. These sulfhy-
dryl compounds could be either physically
adsorbed or covalently bound as disulfides
to microsomal proteins. The disulfide link-
ages would have been reduced during incu-

bation.
The question whether the covalent pro-

tein binding of norethynodrel in vitro has

any significance in vivo cannot be an-
swered at this moment. Two hours after

the intravenous injection of [4- ‘4C ]nor-

ethynodrel (1 MCi) into rats, about 3% of
the administered dose was found in the
liver, 90% of which was located in the cyto-
sol fraction. When this cytosol fraction was
subjected to Sephadex G-200 gel filtration,
an isotope-labeled, ultraviolet -absorbing,
high molecular weight peak was found (35).
This labeled, soluble protein peak was
probably formed by microsomal oxygena-

tion or itself was derived from the micro-

somal fractions. Further studies along this
line will have to wait until more radioac-
tive noret hvnodrel becomes available.

Nevertheless, the results presented in this
communication do suggest that norethyno-
drel could be metabolized to a potential
alkylating agent that could react with
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tissue macromolecules. There have been
reports correlating the degree of’ macromo-
lecular binding of hepatotoxins, such as

bromogenzene and acet am inophen, with
the severity of their hepatonecrotic effects
(7, 36). It has also been reported that

prolonged use of contraceptive steroids can
produce hyperplasia, thromboembolism,

cancer, and liver dysfunction (37). Al-

though the reason or reasons are unknown,

covalent binding of’ these steroids to cellu-
lar constituents may well play a role in
such adverse effects.

The identity of the active steroid inter-
mediate is uncertain. Several possibilities

can be proposed: a hydroperoxide deriva-
tive (l7ct-ethynyl- 10(3-hydroperoxy- 19-nor-

testosterone), an epoxide intermediate
(17a-ethynyl-5a, lOa-oxidoestran- 1713-ol-3-
one), or ethynylestradiol. The hydroper-

oxide has been suggested as an intermedi-
ate in steroid metabolism (38). Shapiro et

al. (28) reported the production of 17a-

ethynyl - 10� - hydroperoxy- 19-nortestoster-
one with greater than 40% yield from
norethynodrel by photosensitized oxygena-
tion. Using the same photo-oxidation pro-

cedure, we found that chicken ovalbumin
became radiolabeled after incubation with

[4- ‘4C ]norethynodrel (Figs. 7 and 8). These
results indicated that the steroid hydro-
peroxide could be a reactive species. Fur-

thermore, labeled 17a-ethynyl- 10f3-hydro-

peroxy- 19-nortestosterone was isolated
by the reverse isotope dilution technique
from the incubation products of [6,7-3H 1-

norethynodrel with the microsomal oxy-
genase system (39). That unsaturated
fatty acid hydroperoxides bound and de-
stroyed cytochromes has been shown by
Desai and Tappel (9). Thus the lO-hydro-

peroxide of norethynodrel could be the

active species involved in the binding
process. The 5,10-oxide of norethynodrel
was synthesized according to Ruelas et a!.

(40), but was unstable for isolation and
identification. The possibility of its being
the reactive species cannot be ruled out.
Finally, it is also possible that norethyno-

drel was aromatized to ethynylestradiol
and bound to proteins and glutathione via
a mechanism similar to that of estradiol-
17$ (41). However, little if any phenolic

material (less than 5%) was found during
studies of the metabolism of norethynodrel
(11, 13). Moreover, the result of dilution
of the protein-bound radioactivity, in
which ethynylestradiol was less effective

than norethynodrel (Table 4), and the rapid

kinetics of the binding reaction (Fig. 1) do
not favor this possibility.
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