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INrRCDUCTION 

J.. EA.11LY Sl'UDIES 

The problem of sulfate and glucuronide conjugation of natur­

a.l.ly occurring compounds, specifically steroids 1 bas intrigued 

investigators for ma.ny years. The early workers regarded conjuga­

tion as on!y a form of detœd.fication. :rt wa.a not until much l.ater 

that a wider significance was applied to this phenomenon1 as that 

of. an important process in the activity or metabolism of these 

compoundse 

Due to the etudies in the present work dealing almost 

exclusively with estrogen sulfuryl.ation, empbasis will be pl.aced 

upon the developmant of lmowledge in this area. 

As early as 1829 Henry (1) recognized that two forma of 

sulfate were present in human urine,. one form requiring an excess 

of acid· to be precipitated as the barium salt. Normal and path­

ological urines containing indigo-forming substances were found by 

Bawna.nn (21 .3) to be decomposed by glacial acetic or hydrochloric 

acids, yielding sul.:f'uric a.cid.1 the latter being a compound of 

phenols, catechols and. indigo - forming substances. ]fmy or these 

conjugates vere round to be non-toxic which led to ideas that 

conjugation and detox:i.fication were related. Upon administering 

indole to animais, Baumann (4) found that it was combined with an 

organic radical in urine later found to be glucuronic:: acid. 

In 1899 Herter and wakeman {5) suggested the possible 

production of phenol sulfate by liver tissue in vitro, They 

1. 



obtained evidence indicating combination of the phenol with the 

"living protoplasm• ot the 1iver cella, "while the neutraJ.ization 

of the poison through combil:lation w:l.th suJ.tUrio acid is tald.ng 
1 

place." Fu.rliher early work on phenol. conjugation with sul.turic 

aoid in both liver and irrt.estinal tissue was carried out by l!)nbden 

and Glassner (7) 1 Embden (6) and Marenzi (8). 

It was not until 192911 with the crystallization from human 

pregnancy urine of the first of the three ol.&ssioal estrogens 11 

name1y estrone (9),. estriol and eatra.diol • 17 p (lO), that the 

preliminary observations of the conjugation of estrogena were made 

by Glimm &nd Wadelm (ll). They showed that estrogens are excreted 

via the kidney in a form which cannot be e:x:traated by organic 

solvants. It was suggested tbat une:x:tracted estroge:ns may have 

been present in combination with an acid. SUbsequently Marrian 

(12 1113) and Doisy et al. (14) found that yields ot ex.tra.ctab1e 

estrogenic material from pregnancy urine could be increased by 

prelimi:nary acidification of the urine. Ve1er (l.$) ani colla.b-

orators attributed this to the formation of an ether soluble, 

no:n-bydrophilic, ~rogen compound. A tentative proposal was 

made that the uri:nary estrogens w.ere glucuronic or sulturio acid 

conjugates (13). 

In 1932,. Cbllip and asaociates (16) isol.&ted ether insol­

uble "e:mmenin• from human placentas. Or."ally this material bad the 

potency of estriol, but when injected irrt.o rats its activity 

d.ecrea.aed (17). :rt; waa suggeated that the placental materiallBS 

an estriol ester (18). 



• 

Up to 1934, seant attention bad been paid to the problem of 

the chemieal nature of the •combined." ether insoluble.t acid hydrol­

yzable estrogenic subs.tancea present in human and equine pregnancy 

urines. Usine the basic Kober Ill8thod for •estrin" (19) ~ COhen and 

Marri.an (20) modified it for the separate quantitative estimation 

of estrone and. estriol in etheral extracts of human pregnancy urine. 

This all<JWed for a more complete stud.y- of factors intluencing hydrol­

ysis by acids of "estrin ... esters• in urine '(21) 1 which in turn 

provided evidence regarding the stabUity ot the compounds so that 

methods for their purificaticm could be devised. .A;ided by this, 

Cohen and. Hi.rrian (22~33) isolated and identified estriol mono -

glucosiduronate frODl human pregnancy urine. The compound. waa 

id.enti.ti~ as a uronio acid .funetion attached to estriol at the 16 

or 17 position by a glycosidic linkage i:nvolving the aldehyde group 

ot the former (23). The phenolic hydro.:l;yl ot estriol was uncGmjuga­

ted as shown by the callow spectrophotometer technique (24). :rt wu 

not untU 1950., that Grant and. lCU'rian (2S) conclusively l*'OV'ed that 

the uronic acid moiety wa.s D • glucuronic acide 

At about the same time as Marrian .tiret isolated ·\he estriol 

glucosiduronate,. Schachter and M!U'rian (26) attem.pted to charaeter­

ize the conjugated estrogen in pregnant mares:• urine. They bad only 

limited success;,. partially purifying an estrone complu: from alk:ali 

insoluble material in the sodium hydrax:ide waahed butanol extract of 

acidif'ied urine. They obtained,. nevertheless., soma evidence on the 

probable chemical nature ot the c0111pound( s). The material wu e$her 

insoluble., water soluble 1 contained no glucuronic acid and suJ.tur 



was present. The conjugating group blooked the phenolic h1drox:yl. 

This was followed by the crystallization arrl. positive identifica­

tion of the potassium salt 0f estrone sulfate (27). 

Discovery that there naturüly oœcur two main forma of 

estrogen conjugates led workera to specialise, delving mare d.eeply 

into the stud.y of either su!l..f'urTlation or the problem of glucosid­

uronate formation. Oonsaquentl71 from this point onwards, these 

topics will be treated separa.tely 1 although there is frequent 

overlap due to the obvious related significance, of the phenom.e:iaa. 

e.g. a) Trans-conjugation of estriol-.3-sulfate inte estriol 

glucosiduronates in human fetus and newborn (40). 

b) MUtul competition between glucuronide and sulfata 

synthesis 1 one inhibiting the other (83 ). 

B. OONJUGA.TION AS SULFATE 

Following the iselation of estrone sulfate by SChachter 

and Marrian1 a search for other emogenous steroid sulfate 

esters began. Vennillg and Br'own (281129) in 1942 cr.ystallized a 

conjugated androgen1 androsterone sul.f'ate,. from the urine of a 

man sufferiilg from an interstitial cell twaor ef the testis. 

Hyd.rolysis of the purified homogeneous conju.gate ir.Miicated that 

the h~rœty'lated androgens, androsterone and aJ:Ildrosten-17-one, 

vere both products when the compound vas heated vith acid. 

Hyd.roJ.ysis removed sulfate.. Munson et al. (30) isolated a 17-

•ketœteroid sulfate in the form of a semicarba.zene from normal 

mens' urine,. which on hydrolysis yield.ed deh1droisoandrosterone. 

4. 



This sulfate conjugate was l.ater crystalli;ed and identified as 

dehydroisoandros-terone sulfate (.31). Dray,r and co-workers (32). 
i 

crystallized cholesterol sulfate ~om bovi~e adrenals, present in 

quantities of at least 1.5 mgfkg. of tissue. An infra-red spectrum 

and melting point determination confinned the identity of the 

mate rial • 

. These are the only endogenously occurring steroid sulfa"t,.fs, 

which to the knowledge of the author, have been isol.ated., crystal-

lized and identified. However, in vivo ~jection and perfusion of 

e~ogenous material has resulted in the e~traction and character-

ization of steroid ester sulfate metabolites from human and 

animal matter. 

Butenandt ani Hofstetter (.3.3) suggested that conjugated 

estrone present in human pregnancy urine was identical with estrone 

sulfate. Cohen and Bates (.34) round a large amount of conjugated 

estrone in the urine, which could be hydrolyzed by phenol sulfatase. 

However, it was found in 1952 that most of the estrone in pregnancy 

urine is p~sent as the glucuronide (.35). Nevertheless, MCKenna 

.et al. (.36) by use of counter current partition, hydrolysis, paper 

chromatography and infra-red analysis showed concl~sively that some 

estrone hydrogen sulfate could be detected in human pregnancy urine. 

Two hours after intravenous inj~ction of estradiol-17~16-14c into 

human patients, estrone sulfate was found in the supernatant solu-
. . 

tion of Cohn fraction IV-1 of the plasma by fUrdy.and associates 

(.37 1 38) as the primary radioactive metabolite. They also detected 

endogenous estrone sulfate in plasma of pregnant women. Estrone 

s. 



sulfate is therefore the major human circulating estrogen. Levitz 

et al. (.39), upon a.dministering estrone-14o to t:œ mother, found 

sulfates or estrone and estradiol-17~ in the umbilical circulation 

of the human fetus. Evidence was presented that the placenta 

sulfurylated the estrogens ard released them into the umbilical 

circulation. Sodium estriol-.3-sulfate has been purified and 

characterized in human meconium extracts, cord-blood and as a 

minor component in ammiotic fluid and urine of newborns (40,1Jl). 

It has not been crystallized. 

Diczfalusy ~· (42) studied the nature of the conjugated 

estrogens formed by the human fetus in vivo .f'ollowing intraamniotic 

administration or perfusion of estradiol-17~ and estriol respective­

ly. Estradiol-17p treatment yielded sodium-estradiol-.3•sulfate and 

sodium-estrone sulfate in lungs, liver and kidneys. Fetuses after 

estriol treatment vere found to contain sodium-estriol-.3-sulfate in 

lunga, liver, and kidneys. Intestines of untreated fetuses contain­

ed some sodium-estriol-.3-sulfate. Administered estrone-16-14c in 3 

human fetuses of 3-5 months gestation was found to be one-third 

conjugated (4.3). Enzyma.tic hyd.rolysis and paper chromatography, 

showed these to be virtually all estrogen sulfates. 

If rabbits, rats and guinea pigs are dosed with 2-naphthyl­

amine, aniline and 1-na.phthylamine., isolation of 2-naphthylamine 

sulfamate, pbenylsulfamic acid and na.phthylsulfamic acid1 respective­

ly, has been ef.f'eoted by Boyland and associates (44). Foggitt et al. 

(45) 1 after intra-muscular administration of corticotropbin to normal 

human subjeots extracted steroid sulfate and glucuronide conjugates 
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from urine by adsorption on alwnina. Injection of cholesterol-7«­

-% s'Qlf'ate-.3Ss into the a.rtery supplying the ad.re:nal tumQr ot a 

patient is converled into urinary deh1tlroisoandrosterone sulfata (46) • 

In vitro, etudies vith various tissue allees"' homogenates and 

cell-free fractions of human and animal origin have constituted by 

far the major type of experimei?-t perform.ed. Sulfuryla.tion by the 

liver will be emphasized, as it pertains direci;ly to investigations 

peri'onned by the author. 

Conjugation of phenols in vitro vith sulfate by rat liver 

and intestinal tissue bas been recognized for many years (.$,61 718). 

On incu.b&ting rat tissues for two hours in Ringer solution at 

.37 .s•c, A.rnolt and DeMeio (47 1 48) found phenol conjugation in 

liver, intestine, spleen but none in adrenals, brain, diaphragm1 

hearl, kidney1 avary, stoma.ch, uterus or testicle., In the cat, 

li ver 1 kidney and sma.ll intestine were involved in conjugation. 

The obvious similarity of phenols and the A ring of 

estrogens led to investigations of sulfurylation of estrogens 

and other steroids by w.rious tissues. Thus Crepy (49) on 

incubation of estrone, estradiol-17p and estriol with rat liver 

~lices foWld estrone sulfate produced1 although estradiol-17p and 

estriol were conjugated for the most part with glucuronic acid. 

Using the soluble fraction of rat liver homogenates for incuba­

tion in the presence of ATP, Mg++ and estrone-16-lho, Segal (.$0) 

:round estrone sulfate. Soluble enzymes of tQ& spleen, kidne;r and. 

heart had no conjugating activity. 

Rat liver soluble enmyme fraction a.f'ter ultracentrifugation and 



ammonium sulfate precipitation, wi'th adà.ed Mg# and ATP vas round 

to sulfury1ate a large num'ber of compounds includi.ng phenols, aryl­

ami.nes, and. maey different steroids (51,5215.3). Schneider and 

Lewbart (54) incubated .37 steroid.s in a system consisting of the 

microsome-free supernatant of rabbit liver, ATP, sulfate ion, 

and Mg++. Fourteen or these steroids including testosterone and. 

deoxycorticosterone were conjugated with sulfate. ]ientifications 

were performed by pa.per chromatogra.phy in an aqueous a:mmonia: 

ethyl acetate: butanol system. Synthesis o:t charonin suli'uric acid 

in the presence of P-nitrophenyl sul.furic acid., as the sulfate 

donor am an acetone pG'Nder or the mucous gland or Charonia lampas 

(shell-fish) was observed by Suzuki et al. (55) and serves as an 

e:x:ample of a transsulfation reaction. De Meio and associa tes (56) 

presented direct evidence for the biosynthesis of dehydroisoandro­

sterone, testosterone, estrone and estradiol - 17~ sulfates in vitro 

by OX•1iver preparations. Sneddon and ltl.rrian (1.36) upon incubation 

of bovine-adrenooortioal minces vith estrone-l6-14c detected the 

formation of estrone sulfate. 

rt was not until the l960•s that muoh of the in vitro work 

with fetal tissues was done. Thus Diczfalusy et al. (57) incubated 

slioes of human fetal liver, lunga, kidneys, adrenals alli also 

ske1etal muscle with estrio1, and obtained a signif'icantly increased 

concentration of' conjugated estriol. The evidence suggested that 

this conjugated estriol might be estriol-.3-sulf'ate. No such increase 

was f'ound with adult human endometrial or myometrial tissue. 

Uthough many of the fetal tissues were found to sulfurylate 
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steroid.s, it had. been generally. ass~ed that the liver was the major 

site of production of these compounds in the adult human, as well as 

in animals. Revision of this view became n~cessaey- with the demonstra-

tion that the steroid conjugate androstenolone sulfate can be synthes-

ized in vit~o by buman adrenocortical tissue (SB,S9160). Va~e Wiele 

ar.d associa tes . (130) id.entified dehydroisoandrosterone sulfate as a 

secretion product of c
19

o2 ar.drogens by adrenals or gonads. This 

has been followed by a further discovery that the ovaey-1 another 

steroid-producing tissue, can also synthesize steroid sulfates. 

Anirostenolone, ar.d ÀS- androstene - 3p, 17~iol oan be converted to 

sulfate esters by minces and homogenates ar normal human ovaries (61). 

This suggests that steroid sulfate synthesis may be a more general 

property of steroid - forming endocrine tissue than was previously 

recognized. 

In vitro etudies have elucidated. the •chanism of sulfuryla­

tion, again with the aid, mainly, of rat liver preparations. From 

the findings it can be assumed that estrogen hydrogen sulfates are 

for.med in the same manner as are other sulfate esters. 

In 19$01 De Meio and Tkacz (62) observed that a properly 

fortified homogenate of rat li ver conjugates phenol .with sulfate, 

while slices of liver bring about formation of both sulfate and 

glucuronide derivatives. The system illV'olved in phenyl sulfate 

formation seemed to be localized between mitochandria and mito-

chondriwn-free supernatant, a.tt;er centrifugation at 600 g, both 

tractions being required for activity (62163). The same workers 

(63) noticed that addition of 214 - dinitrophenol inhibited phenol 
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conjugation. A simila.r effect was observed with methylol gramicidin 

and 0.01 M azide, indioating that sul.furyla.tion probably involves 

phosphoryla.tion (63). 

The requir~ents of the soluble enzyme system nar.rowed down 

to simple àddition of ATP to the reac.tion mixture. The observation 

that mitochondria are required for activity appl.ies only if .ATP is 

omitted. De Meio ~· showed tha.t "microsane-tree• supernatant 

solutions of rat liver could be used for the in vitro synthesis of 

phenyl sulfate when supplemented wi th ATP and Mg t'+ • If AMP is 

added to this supernatant, mitrochondria must be present to synthes­

ize ATP by aerobic phosphorylation (64). This was aptly confirmed 

by Bernstein and McGilvery (65), who, using m....aminophenol and 

potassium sulfate, found m-aminophenyl sulturic acid produced by 

the high speed supernatant fraction of the homogenate. The entire 

synthetic system was found in this traction it supplemented with 

ATP aild Mgi't. A.:mmonium sulfate fractionation was found to pa.rtially 

purii'y the enz:yme system. It was shown (66) tbat the enzyrnatic 

activation of inorganic sulfate by ATP is a preliminary step for 

conjugation with m.-am.inophenol. Segal (67) demonstrated that 

increasing amounts of ATP added to the in vitro reaction mixture 

inhibited the first or activating step of the reaction. Hilz and 

Lipmann (68) stated, in 1955, that formation of "active sulfate• is 

prObably the common first step of biosynthesis or sulfuric acid 

esters. 

Transfer of the sulfate .from the "active sulfate• to the 
- -

substrate is probably mediated by specifie transferring enzymes. 

This was followed by De Meio and associates (69) who demonstrated 
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that the formation of ar.yl sulfates requires a sulfate-activating 

enzyme system and a sulfate-transferring system, which transfere 

sulfate from the "active sulfate• to a phenol. Hilz and Lipmann 
'" .. 

(68) described a method by whioh •sulfate activating" enzyme may 

be prepared from the whole soluble fraction by adsorption of the 

"sulfate transferring" enzymes (sulfold.na.ses) on alumina. This 

was followed by identification of two enzymes involved in sulfate 

activation~ as well as description of the "active sulfate" 
- " 

complex (701 73). The en~es were found to be adenosine triphos-

phate sulfate ad.enyl transferase ani adenosine triphosphate 

adenyl sulfate-3 •-phospho transferase., the "active sulfate" 
" -

complex being adenosine-3 '-phosphate-5•-phospho sulfate. It wa.s 

shawn that this same system is present in yeast, that it is just 

as active with selenate as sulfate ani that at least two sepa.rate1 

hea.t labile, protein fractions are required for sulfate activation 

(71,74). 

Robbins and Lipmann further observed a reversible reaction 

between adenosine-3'-J>hosphate-5•-phosphosulfate (P.Al'S) and 

acceptor substrate1 in this case p.nitrophenol (72). In 1956 Roy 

showed that the enzyme system synthesizing dehydroisoa.ndrosterone 

sulfate is identical with that responsible for the biosynthesis of 

ar.yl sulfates (52)., This was followed by the work of Gregor.y and 

Nose (144) who noted that transfer of sulfate from PAPS to phenolic 

compoun:is and to non-phenolic steroids wa.s due to two different 

enzymes (sulfokinases ). One produces sulfates of steroids contain-

ing a 3p-hydroxyl group in the A ring, and the other transfera 
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sulfates to many phenolio oompounds. Estrogens are sul.turylated 

by the phenol sul.turylating fraction. Phenol sulfokinase was 

further separated into two separate kinases by Nose and Lipmann 

(7S) one being estrone sulfokinase, and it wa.s suggested that 

steroid sulfokinases are of a large family1 with more or less 

sharply developed speoifioity. Roy (76) demonstrated the synthesis 

of 2-na.phthyl sulfamate from PAPS, oatalyzed by a specifie suJ.fo­

kinase, aeylamine sulfokinase. 

Segal (77) emphasized the neoessity1 at least for in vitro 

aotivity1 of magnesium ion. Variations in concentration of the 

latter had pronounoed affects on both sulfate activation and 

esterification. 

Speoies differences are few and far between for the general. 

phenomenon of sulfate activation and transfer, but to a small degree 

they exist. Thus Roy (78) found that enzyme preparations from 

guinea pig or rabbit liver synthesized ary-1 sulfamates at a muoh 

greater rate than rat liver preparations. 2-Naphthylsulfamate 

synthesis by rat liver soluble enzymes is strongly aotivated by 

the presence in tl» reaction mixture of 17-oxosteroids. Guinea 

pig liver enzymes are not affeoted in this way (76). The presence 

of 3p - methaxyandrost - 5 - en - 17 - one strongly inhibits 

guinea pig arylamine sulfokinase but aotivates rat acy-lamine sulfo­

kinase (79). Fasternak and oo-workers (80) found activation of 

sulfate in extraots or calf, rabbit, guinea pig and rat oorneal 

epithelium and stroma.. Addition of vitamin .l did not deorease 

activation in any or the tissues exoept that of rabbit oorneal 
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stroma. 

The biosynthesis of sul.furic acid esters, both of steroids 

and of other compoundsJ is aptly summarized b:y Lipmann (81}. He 

stresses that one is dealing with a process in which a central 

activated molecule is first ela.borated. This carries the su.l.fate 

in activated form, and from it1 sulfate is picked up by quite a 

large number of separate acceptor enzymes, wbich we caU sulfo­

kinases. This in fact is a repetition of a rather general schema 

in biosynthesis. rt bas been wall defined. ixt the case of acetyl 

activation and transfer (82). 



• 
....:::t 
...-! 

1. 

~
Nt2 7 

~N :>a 
~ 19 9 9 3 

HO-P-0-P-O-~-o-~' 1' 
• 1 1 H o- o- o- H H 

H 2' 
OH 

Adenosine- S~triphosphate 
(ATP) 

+ 

FIGURE I 

ACTIVATION AND TRANSFER OF SULFATE 

so-2 
:.c 

NH2 

ATP suHate adenyl NO:; 
tran:.era• ... r > 

ATP s~urylase 1 
Mg• o--i-o-f-o-~ o o- H 

H 
OH 

Adenosine- s!. phosphosulfate 

1. (a) ADP sulfate adenyl 
Adenosine-S!.diphosphate + 5042 tran:,erase .... Adenosine-S!.phosphosulfate +Pi 

( ADP) ADP sulfurylase/Mg +l 

+ 
v y 

HO- P-0- P- OH 

6- b-

Pyrophosphate 

2. A JP adenyl sulfate 
Adenosine-sLphosphosulfate + ATP 3-phosgpotransferase ..,.. Adenosine-3!..phosphate-S!..phosphosulfate + ADP 

APS phospholcinase/Mg +l ( PAPS) 

3. 

PAPS + ROH 

e 

Sulfokinase .,... 
e.g. Phenol sulfokinase 

Estrone sulfokinase 
Steroid sulfokinase 
Arylamine sulfakinase 

1-0-Î-o- · + 
& 

Adenosine- a!. 51
- diphosphate 

• 



C. CONJUGATION AS GLUCOSDlURONATE 

The first steroid glucosiduronate was isolated ani identified 

by Cohen and Marrian (22) and Cohen1 Marrian and ()iell (23), as 

estriol mono-glucosiduronate from huma.n pregnancy urine. Recentl.y 

ca.rpenter and Kellie (84185) have shawn that estriol glucosidur­

onate from this source contained two isomers1 estriol - 160(­

-glucosiduronate and estriol - 17~ - glucosiduronate1 although 

only the former could be isolated by .Neeman and Hashimoto (86). 

Another type of estriol glucosiduronate was detected in pregnancy 

urine by Beling (871 881 89) using gel filtration on Sepbadex. This 

was estriol - 3 - glucosiduronate. 

The possible presence of di and tri-glucosiduronates bas 

· also been considered. Felger and Katzman (90) resolved commercial 

preparations of estriol glucuronide into two components by paper 

and column chromatogra~. One fraction was mainly estriol mono­

glucuronide ~ the other mainly estriol di..glucuronide. Whether the 

latter is the same compound as estriol - 16 (17?) - glucosid­

uronate, found by Troen et al. (91) in cord blood, amniotic fluid 

ar.d urine of newborn, is not known. Troen and ass ociates also 

suggested the presence of estriol tri-glucosiduronate in the above 

body fluids. 

Another kind of double conjugate bas been detected by Straw 

and co-workers (92). The compound is estriol containing one molecule 

of glucuronic acid and one of sulfuric acid. Troen et al. (91) also 

suggested the possible presence of estriol - 3 • sulfate - 16 (17?) -

-glucosiduronate or estriol - 3 - sulfo-glucuronide in cord blood, 
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amniotic fluid and urine of newborn. 

Steroids other than estrogens have also been .round to be 

conjugated with glucuronio acid. Thus1 pregna.nediol conjugate was 

simultaneously isolated in orystalline form, from an alkali washed 

butanol extract of pregnancy urine1 by two groups of workers (9.3,94). 

Paterson and associates (95) proposed that androgens are also 

conjugated with glucuronic acid. They identified hexuronides of 

androsterone and dehydroarrirosteroœ in fresh urine of man1 but did 

not isolate them. It bas been demonstrated that labelled testosterone 

can be conjugated by human liver slices (96,97) with glucuronic acid 

at C17 (98). Of the adrenocortical steroids1 only tetrahydrocorti­

sone glucuronide bas been crystallized from human urine (99). 

Conjugation of various compounds with glucosiduronic aoid 

takes place mainly in the liver1 kidney and gastrointestinal traot 

of both humans and animals. 

In 1939 Lipschitz and Bueding (100) 1 using rats1 found the 

liver to be the chief organ of glucuronic acid conjugation. This 

occurs to a much lasser extent in kidney slices. Incubation or 

estrone, estradiol - 11p1 and estriol with liver slices produ~ed 
... 

estradiol - 17p and estriol glucuronide as well as estrone sulfate 

(49). Other workers who demonstrated glucuronide synthesis by the 

liver were Storey (83) and De Meio and Tkacz (62163). Using rat 

tissue slices1 Shirai and Ohkubo (101) demonstrated active 

glucuronide synthesis in the li ver 1 kidney 1 mesenterium and es pee• 

ially in the intestines. In vitro studies in the presence of 

Q-aminophenol showed glucuronide formation by rat liver, kidney1 
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slices of mucosa of gastrlc pylorus~ duodenum, jejunum, ileum arid 

colon (102). Hartiala {103) has reported that slices of rabbit1 

rat~ and dog intestine conjugate Q..aminophenol with glucuron1c 

acid. Schachter ard associates (104} have found that the carboxy1 

and phenol groups of salicylate are conjugated with g1ucuron1c acid. 

by slices of intestine, 11ver1. kidney1 urlnary bladder and spleen. 

Menin1 and Diczi'alusy (105) isola.ted and 1d.entified estr1o1 g1uco­

s1duronate in the hu:man meconium using electrophores1s1 enzymatic 

hydrol.ysis and partition chromatography. The area of g1ucosidur­

onate production in the gastro-intestinal tract of the human fetus 

bas been localized (106). Most of the conjuga'bion takes place in 

the jejunal loop followed. by the int.ra-gastric area. None is found. 

in the large intestine. 

Oneson and COhen (35) found that a large portion of estrone 

in human pregnancy urine ia conjugated as the glucuron1de. 2 -

•Naphthyla:mine N - glucosidurona.te bas been i.solated from urine of 

rabbits dosed with 2 - naphthyla.mine (44). Estriol - 16«- glucos• 

iduronate and estriol • 17p-glucosiduronate have been detected in 

pregnancy urine (871 88) •. After intra•muscuJ.ar administration of 

corticotrophin to human patients, steroid glucuron1de has been 

extracted from urine (45). 

It is lmown that the bioohemical mechanism for formation of 

estrogen glucosiduronates is the same as that· of acids1 aliphatio 

a1cohols, hydraxybenzenes and neutral hydrexysteroids. 

Shirai and Ohkubo in 1954 (101) noticed that g1ucuronide 

conjugation is augment.ed sharply by the presence of glycogen and 
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glucose ~ 1 - phosphate. Dutton and. Storey (107 ,108) isolated, in 

the pure state, a nucleotide containing uridy1ie a cid, labile 

phos}ilorous and. glueuronic aeid,<-the structure ot which was detem.ined 

(109). Uridine diphosphate glucose has been shown to be tormed in a 

2 step reaction (110,111). 

Uridine diphos}ilate {UDP) + ATP ~ Uridine triphosphate (UTP) + AnP. 

Uridine triphosphate (UTP) + Glucose-.1-}ilosphate ~ Uridine 

diphosphate glucose (UDPG) + pyrophosphate. , 

The uridine diphosphate glucose is oxidized to uridine diphosphate 

glucuronic acid (UDPGA) which is the active fonn of glueuronic acid. 

Smith and Mi11s (112) found that bath uridine' diphosp~te 

acetylglucosamine and uridine diphosphate glucuronic acid as weil as 

uridine triphosphate occur in liver. There are enzymes in the liver 

nuc1ei which can act upon the se compounds. 

Storey and Dutton (109) also confirmed that the reaction 

between uridine diphosphate glucuronic acid and acceptor (RCH) 

consists of uridine di phosphate glucuronic aeid (UDPGA.) + RŒ __ ..,...,. 

Uridine diphosphate + R-Q-glucuronic acid. 

Isselbacher {11.3) first described the complete enzyme system 

for estrogen conjugation with glueuronic acid. 

UDPG pyrophosphorylase 
UTP + glucose-1-phosphate UDPG + pyrophospbate 

UDPG dehydrogenase 
UDRl + NAD (DPN) UDPGA + NADH2 {DPNH + H+) 

UDP glucuronyl transferase 
Aglycon + UDPGA. glucosiduronate + UDP 
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The enzyme gluauroeyl transferase bas been f'ound in microsomes of' 

mamma.lian liver, ld.dney-cortical and ga.strointestinal muaosa.l cella 

(ll4). Although the steps have been elucidated by in vitro means, 

Dutton am Stevenson in 19$9 {11$) showed tha.t this process also 

probably operates in intact kidney; am gastrointestinal tract by 

the isolation of' uridine diphosphate glucuronic acid from these 

tissues. 

Smith and Breuer (116) have conf'irmed thé work of Isselbacher 

by incubating estrone with rabbit liver miçrosomes, at pl\ 8.2, in 

the presence of uridine diphospha.te gluauronic acid and isolating 

estrone mono-glucosiduronate. By use of this system it should be 

possible to determine the substrate specif'icity of the glucuroeyl 

transferase for the various estrogens and to determine the chemical 

nature of the different conjugates. 

D. MISCELLA.NIOUS COHJUGATION 

Steroid complexes irwolving groups other than sulfuric or 

gluauronic acid are known to occur in vivo. 

Rakoff and co-workers (117) presented good evidence for 

protein binding of the blood estrogens 1 since the estrogenic 

material did not pass through a collodion membrane, did precipitate 

with the protein fraction ard could not be recovered from the 

precipitate by extraction with ether - ethanol. Estrogens vere 

found to be mainly associated with serwn albumin am vith several 

of the fractions containing globulins1 if fractionation of plasma 

protein was perfor.med according to Oohn fractionation technique 

(118,119,120,38). It bas been suggested that a rather loose 
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oonnection exista between proteins and steroids (118,122) which 

indicates that the complex fo:m.ed is not due to conjugation but 

"bindingtt of some kind. Protei&obound circulating estrogens are 

present in conjugated fom. (estrogen sulfate) rather than the 

free form (38), suggesting that conjugated estrogens play an 

important physiological role. Rather conflicting resulta suggest 

that the problem of protein binding is far from being settled. 

Possible oonjugation of adrenal cortical hormones vith 

amino aoids has been reported by Eades et al. (12.3) 
i 

Weichselbaum and Margraf (124) isola.ted for the first 

time a Cz, steroid acetate, ll-dehydro-corticosterone acetate, 

from normal human plasma. This may be signifioant in relation 

to the steroid transport mechanism. In 1961, Oertel (12$) 

isolated. conjugated. 17 - oxo ..o steroids containing sulfate, 

phosphate and lipids 1 suggeating the possibility of conjugation 

ot estrogens with acetate or phosphate. Finally, La.yne et al. 

(1.53) isola.ted the N-acetylglucosamine conjugate of radio • 

active estradiol - l7o< from rabbit urine after administration 

of estrone - 16 - 14c • 

.E. SIGNIFICANCE OF CONJUGATION 

OOnjugation of estrogens is of great physiological 

importance in the metabolism of these steroids. :rt has been 

established. that the liver plays the most important part in the 

overall metabolism of estrogen molecules. On the other hand. 

there are certainly other tissues sharing in this activity 1 the 

intestine 1 the kidneys, the lunga ani the blood being · the most 
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1mporta.nt;. 

It w.s originally believed th&t conjugation was solely a 

form. of inactivation or deto:rltication of steroids1 but this is 

frequently not the case. Fishman (127) and Fishman and Fishman 

(126) interpreted the synthesis of estrogen glucosiduronates in 

the uterus as some sort of activation of the estrogens. The 

bi:r:ding of estrogens to protein has also been expounded as an 

activation of the steroid. Roberts and Szego (128) showed that in 

partially hepatectomized rats uterine response to · estrogens was 

enhanced during active liver regeneration. Activation of the 

estrogens was believed to be due to binding to a protein in the 

regenerating liver. Soma types of conjugated estrogens have been 

found to be as active as: the free tor:ms. 

This was followed by the suggestion tha.t estrogen conjuga­

tion is the formation of more water soluble transport and excretion 

products of the ateroids. It 'WaS beli8V'ed that the conjugates were 

the end products of steroid metabolism a:r:d tha.t the liver was the 

major site of their production. Now it seems that this view 

requires some revision due to the discOY'ery that many conjugatea 

undergo further transformations in vivo. This applies particularly 

to steroid sulfates. Twombly and Levitz (129) investigated the 

fate of injected estrone .14c a:r:d estrone ... 14c sulfate and 

characterized the metabolic transformation products in bile and 

urine. Purdy et al. in 1961 (38) noticed that although estrone 

sulfate is a major circulating estrogen very little was excreted 

as such in the urine. The t'act that estrone sulfate is the 
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predominant estrogen metabolite in the blood suggests that this 

conjugated form of estrone is perhaps the main physiological.J..y 

active circulating estrogen. De}Vdroisoandrosterone sulfate has 

been identified as one of four secretion products of 019 02 

androgens by the adrenals am gonads. The products are peripher­

ally interconvertible (130). Intravenous administration of 

eatradiol - 6, 7 - 3H arid estrone - 16 - 14c to J:atients and 

ca1culation of Ju/14c ratios led Fishman ~· to imply that 

conjugation is invo1ved in the axidation of estradiol to estrone 

in huma.ns (143) .. 

Previously it bad been suggested that in organs where 

steroids are elaborated. they occur predomina.ntly in unconjugated 

(free) form, whereas in ether parts of the organism they appear to 

be present mainlf in a conjugated form as g1ucosiduronates or 

sulf~tes. Here again soma revision is required due to submission 

of new evidence. A,n:lrostenolone sulfate is sean to be produced by · 

adrenocortical tissue and gonads (58159,60,130), whil.eA'- al'Jdro.i. 

stene - ~"' 17~ diol and androsteno1one is sulturylated by human 

avaries in vitro (61). Estrone sulfate production by bovine .:. 

adrenocortica1 minces has been shown bySneddon and Marrian (136). 

The implications therefore are that steroid sulfates 1 

glucuronides, am possibly other minor conjugates, while being 

deto.x:i.f'ication am excretion products may also be involved_. as 

actual intermediates., in many metabolic reactions 1 especia1ly in 

the case of sulfate conjugates. They are not sim.ply em products 

of reactions, conjugated by the liver f~r excretion, but appear 
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as valuable intennediates produced by tissues whieh synthesize and 

metabolize steroids as well as those which only metabolize them. 

On the basis of knowledge outlined1 the following work was 

undertaken • 
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PURFOSE OF THE INVESTIGATION. 

The object of this 110rk was to obtai.n information on the 

in vitro sulfur.ylation of steroidal estrogens. 

Two main aspects of the .. problem "Were considered; first, the 

effect of estrogen molecular structure on the degree of sulfurylation 

along with the mutual affect of steroids upon each other; secondly, 

the effect of animal age and condition on this mechanism • 

~4. 
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A. SUBSTBATES AND COFACTOBS. 

Solutions of estrone - 16 - 14c (specifie activi ty - 50 

uc./mg.} wre purchased from the liadi.ochemical Centre, ~rsham1 

England. Estriol ... 16 - 14c {specifie activity- 22. uc./mg.) and 

16- ketoestradiol - 1713- 16- 14c (spe~~ie activity - 2? uc./mg.} 

was kindly donated by Dr. M. Levitz {N.Y.u.). Estrone - 61 1 - .3JI 

{specifie activity- 150 uc!/ug~) and estradiol - 17fl - 61 1 - % 
(specifie activity -.150 uc./ug.) were obtained from thEl New 

England Nuclear Corp., Boston. Dehydroisoandrosterone .. 4 - 14c 

(specifie activity - l.4l. uc./mg.) was acquired from Merck, Sharp 

and Dohine, Montreal. Standard solutions of these steroids were 

prepared with analytical reagent (A.R.) grade methanol (aldehyde 

and ketone free). 

Reduction of part of the standard solution of 16 - keto­

estradiol- 11p ... 16 ... 14c, diluted with unlabelled ~arrier and 

resulting in a final specifie activity - 0.44 uc./mg., yielded 

16 - epiestriol - 16 - 14c_ (specifie activity - 0.23 uc./mg.}. 

Methylation of estrone - 61 1 - 3H and estradiol .. 17p - 6, 7 - ~ 

standard solutions produced estrone ... 61 7 - 3H - 3 methyl. ether 

(specifie activity- 1.22 uc./mg.) and estradiol ... l?P - 61 1 ... 3H-

- 3 methyl ethers (specifie activities - 1.31 uc./mg ... 4.18 uc./mg.), 

respectively. Procedures employed will be discussed in Chapt~ III. 

· An aqueous solution of Na235so4 (specifie activi ty - 1.30 

mc./mg.) was purchased from New England Nuclear Corp., Boston. 
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2. UNIABELLED CO:t-1POUNDS. 

Pure crystalline estrone, estradiol - 17~ and estriol was 

supplied by Pa.rke, Davis and Co., Ann Arbour, Mi.ch. Dehydro~ndro­

sterone wa.s purchased from Steraloids Inc., Flushing, N.Y. Dr. M. 

Levitz (N.Y.U.) donated the unlabelled 16 - ketoestradiol - 11p. Use 

was also mde of the following organic and inorganic sulfate com­

pounds: magnesium sulfate (Merck & Co. Ltd., Montreal); cadmium sul­

fate (Fisher Scientific Co., Montreal); ammonium sulfate (Merck & Co. 

Ltd., Montreal); sodium sulfate (Fisher Scientific Co., Montreal); 

ceric sulfate (The British Drug Houses Ltd., London); serotonin 

creatinine sulfate (Abbott Laboratories, Chicago); hydroxylamine sul­

fate (Fisher Scientific Co., Montreal); methyl isothiourea sulfate 

(Brickman & Co., Montreal); p M toluene sulfonic acid (Anachemia 

Chemicals Ltd., Montreal); 8 - amino - 1 - naphthol ... 3, 6 - disul­

fonic acid (Brickman & Co., Montreal). 

Solution of ali mterials in A.R. grade methanol yielded stand-

ard solutions, used to eliminate excessive weighing procedures. 

Part of the crystalline estrone and estradiol - 17p was utiliz­

ed in the prep:Lration of pure estrone - 3 - sulfate, estradiol - 17[3 -

3 - sulfate, estradiol - 17p - 17 - sulfate and estradiol - 3, 17p -

- disulfate. (See Chapt. III for.details of process). 

Adenosine triphosphate - disodium salt (ATP (Na2) ) was acquir­

ed from Sigma Chemical Co., st. Louis. 

B. BUFFER SYSTEMS. 

1 • EDTA- KCl buffer, pH 7.0 used in enzyme fraction prepara-
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tion. COnsista of o.l5 M KOl containing o.ool M ethylene diamine 

tetraacetate disodium salt (Na20J.oHJ.408N2 .2H2'>)1 both obtain~d from 

Anachemia Chemicals Ltd., Montreal, as C.P. (Olemica.lly pure}. 

2. Buffered ATP solution, pH 6.8. Reagents are c.P. 

Contains: 

1 vol. o.3 M KH2PQ4 (pH 6.8) 

1 vol. o.o3 M KZS04 
1 vol. 0.005 M Mg0l2 

0.33 vol. 0.08 M ATP disodium salt (pH 6.8) 

.Used in the assay of steroid sulfate synthesis. 

3. BufferedATP solut~on, pH 6.o, 6.5, ?•O, 7.5, 8.0. All 

constituants are the same as 2. except for 1 vol. 0.1 M KH2P04 

adjusted to different pH 1li th N - NaoH. 

4. Buffered ATP solution, used in 35s est~rification study. 

Al1 rea.gents are C.P. Consista of 0.25 ml. of Na~5so4 (specifie 

activity ;; 1.30 mc./mg.) added to 37.97 mg. of Na~4 and made up to 
~ . '" 

7.6 ml. withH2o. Equal volumes of 0.3 M KH~ (pH ~.8); o.oo5 M 

MgC12 and 0.33 vol. of o.o8 M ATP (pH 6.8) were added. 

5. Borate buffer, pH 8.6, )l :;. 0.025 (ionie strength), used 
j ' , 

in electrophoretic work. Contains 333 gm.. B~ric acid and 68 gm. 

NaOH, both from Fisher Scientific Co. as C.P. grade. Dissolved in 

16 litres H2'> and diluted 4 times before use. 

6. 0.1 M Ph~~hate buffer, pH 7.2, used in the preparation 

of the PAPS fraction. Consista of 19.4 ml. of o.5 M KH~ and 26.8 
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ml, of 0,$ M Na~4, both from Merck and Co, 1 Montreal, 

C, I&GENTS EMPLOIED DIR'SCTLY IN FROlXJCT DBTECTION, 

1, Methylene Blue Reagent: Prepared by the method of Vlitos 

(135) by dissolving 250 mg, of methylene blue clùoride (Merck, Sharp 

and Dohme, Montreal) in H~, adding 50 gm. of Na~4 and 10 ml, of 

H2B04 and making up to 1 litre with H2Û• Diluted with an equal vol­

ume of H~ before use, 

2, Toluene Scintillation Fluid: Compounded by mixing 3 gm, 

of 2, 5 ... diphenylo:xa.zole and lOO mg, of p - Bis ( 2 .. (5 - ph~nylo:xa­

zolyl) 1 - benzene), both purchased from Pilot Chemicals Inc,, Water­

town., Mass., as C,P, reagents, Dissolved in 1 litre of reagent grade1 

sulfur free Toluene from British Drug Houses, Montreal., 

3. o.l% Brilliant Blue F,C,F,, used in detection of protein 

material1 purchased from .Allied Chemical and Dye Corp. and dissolved 

in 5% 1 Baker Analyzed' C,P, acetic acid. 

4. Ni.nhydrin Spray, used in the dete~ion of free am.ino 

groups, was acquired from British Drug Houses, Ltd, as reagent. grade 

material, ( Contains o.5% indane - trione hydrate in n - butanol). 

5. Ittrich Reagents for accurate determination of weight of 

estrogen present (133). 

a, Hydroquinone, obtained from British Drug Houses1 

Ltd. as C,P, reagent, Further p~dered before use, 

b, p - Nitrophenol, from Fisher Scientific Co, 1 

Montreal as C,P, grade, The material was further crystallized tw:t.ce 
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from benzene and stored in a brown colored bottle away from light. 

c. Tetrachloroethane 1 being A.R. (analytical reagent) 

grade, from Anachemia Chemicals Ltd., did not require fu.rther pur-

ification. 

D. CHROMA.TOGRAPHIC SOLVENTS. 

1. Lisboa - Diczfalusy System A (132), for thin-layer 

chromatography, consisting of: ethyl acetate: 45; cyclohexane: 45; 

ethanol: 10. All solvants were obtained from Anachemia Chemicals, Ltd. 

as C.P. grade. Cyclohexa.ne was used as received. Ethyl acetate and 

ethanol were distilled in all-glass apparat us bef ore usage, the latter 

in the presence of 2, 4 - dinitrophenylhydrazine. 

2. Lisboa - Diczfalusy §ystem C (132), containing: ethyl 

acetate: 50; cyclohexane: 50 and treated as in 1. 

3. Raper chromatographie system deseribed by Emerman et al. 

(137), eonsisting of: Toluene; Butanol; 2.8% (v/v) NH40H (3: 1: 2). 

All solvants reagent grade and used as reeeived. 

4. Column partition chromatographie system, utilizing a 1 

cm. x 15 cm. column of HCl washed Johns - Manville No. 545 Celite 

(10 g.) packed as previously described by Bauld and Greenway (156 ). 

The partition System B of Kelly et al. (157) consisting of: Isooctane; 

tert - butyl alcohol; 1 M NH40H (200: 500: 500) was used. 

Seme of the reagents referred to have been used also for pur- · 

poses ether than systems under which they are described. However, 

their source, grade and purification remain the same. 
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E. OTHER REAGENTS AND SOLVENTS. 

1. Deioni.zed water was used for preparation of buffers and 

other aqueous solutions. 

2. The following reagents were obtained r::om Fisher Scientif-

ic Co. (a) Ammonium sulfate (b) Sodium sulfate, O. P •. grade ( c) Glacial 

Acetic acid, A.n. grade (d) Sulfuric acid1 C.P. g~ade, (e) HYdrogen 

peroxide1 A.c.s. reagent grade, (f) Pyridine, c.P. grade and (g) 

t - Butanol, C.P. grade. 

3. Anachemia Olemicals Ltd. provided the following reagents 

which were C.P. grade, requiring no further purification. (a) Sodium 

Carbonate and (b) Propylene glycol. The (c) Olloroform and (d) 

Hexane were A.c.s. reagent grade and c.P. grade respectively, but 

were distilled twice before usage. The diethyl ether, reagent grade, 
' . 

was ~reed from peroxi.des by shaking w.ith approximately 0.3 M FeS04 

in o.4 N H~% (lOO ml./1} and distilled w.ithin si:x: hours of use as 

described by Bauld ( 139). 

4. (a) Sodium borohydride (NaBH4) was purchased from L. 

Light and Co. as reagent grade and (b) practical grade dimethyl sul­

fate and isooct.ane were acquired from Eastman Organic atemicals. ( c} 

Both MgS04 and K~4 were A.c.s. reagent grade materi~s from Merck 

and Co. ( d) Sodium chloride ~s 1 Baker Anal..yzed1 
1 . C.P. grade, from 

J.T. Baker Olemical eo., N.J., as was n - Butanol. (e) N • glycyl­

glycine Rs obtained from llatheson, Coleman and Bell as reagent grade 

compound. Iron - free chlorosulfonic acid was obtained from the same 

source. 
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5. llhatman no. l and J paper was purchased ~rom Fisher 

Scientific Co., Ltd. 

6. Silica Gel H, for thin layer chromatogra.phy ac?ording to 

Sta.hl, was acquired from Research Specialties Co., Riahmond, Calif. 

F. ANDIALS 

All were white Wista.r rats purchased from Bobidoux Breeding 

Far.ms, Montreal. 

1. Adult females (a.pprox. 75 da.ys old}. 

2. Thirty da.y old females. 

J. Maternal fema.les at term. 
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ME!'HODS 

A. PURITY AND STANDA.RDIZATION OF STEROIDS 

Most steroids used in these studies were purchased in already 

purified form. However, in cases where derivatives were made re-

-purifications and star.dardizations had to be perfo:rmed. 

1. CHEMICAL REDUGriON OF RING D - ac- KEI'OIS 

Ring D - ex:- Ketols were reduced by the method of Diczfalusy 

and Münsterma.nn (1.31). The Ketols were treated overnight in So% 

aqueous ethanol with 10 mg./ml. of sodium borohydride. The reaction 

was stopped by addition of glacial acetic acid1 and suitably 

extracted. 

By the above method 16 - !E!_estriol - 16 - 14c, specifie 

activity, .30$ counts per minute per ug. was produced by reducing a 

stock solution of 16 ... ketoestradiol • 17~ - 16 - 14c, specifie 

activity of .580 counts per minute per p.g. prepared for this purpose 

by mixing labelled and unlabelled 16 - ketoestradiol. After arrest 

of the reduction the solution was diluted and e:xtracted four times 

with equal volumes of ether. The ether was washed, dried and 

eva.porated and the reduced 16 - ketoestradiol - 16 - 14c was 

dissolved in methanol. Purification was acco.mplished by thin-layer 

chromatography on Silica Gel H using the Lisboa ... Diczfalusy system 

A (1.32), consisting or cyclohexane: 4.5,; ethyl acetate: 4.5,; ethanol: 

10. By this method a good separation wa.s obtained between 16 -

-~estriol - 16 - 14c and any 16 - ketoestradio1 • 16 • 14c or 

estrio1 - 16 - l4c which may have been present. The 16 -

epiestrio1 - 16 • 14c wa.s e1uted from the glass plate with methanol 
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and the activity and weight were deter.mined respectively by scin­

tillation spectrometry and the Ittr:tch modification of the Kober 

reaction done fluorometrically (133) using the Turner Fluorometer, 

model 110. In this way pure 16 - epiestriol - 16 ... 14c of lmown 

specifie activity was obtained. 

Similarly 100 mg. of estrone - 3 - sulfate was reduced to 

estradiol - 11p ... 3 - sul.fate but extraction was done with 

n ... butanol after arrest of the reduction with acetic acide Pur-

ification of this material will be discussed'in section A, 3 of 

this chapter (Chemical preparation of estrogen sulfatai. 

2. METHYLATION 

In experimenta where one requires that the .3 ""' hydraxyl 

group of the A ring of estrogens be non-functional, blocking was 

accomplished by formation of the respective 3 - methyl ether of the 

steroid. 

Methylation was performed in borate buffer solutions FH 10.0-

-11.5 with dimethyl sulfate at .37°C for 30 min. by the method of 

Brown (1.34). The estrogen methyl ether was extra.ctEd with he:xa.ne. 

Purification was accanplishEd by thin-layer chromatogra.phy on Silica 

Gel H using the Lisboa - Diczfalusy system c, consisting of ethyl 

acetate: 50; cyclohexa.ne: 50. The fraction containing the methyl 

ether was eluted from the glass plate with methan(!)l and the activity 

ard weight determined. In this way pure estrone - 61 7 - .3ti ... .3 

methyl ether of specifie acti vity, 428 count.s per minute per ug. and 

severa! samples of estradiol - 6, 7 - .3H - 3 methyl ether of specifie 

activities, ra.nging from 458 counts per minute per pg. to 1470 counts 
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per minute per pg., were prepared • 

3. CHEMICAL PREPARATION OF ESTROOEN SULFATES 

a. Estrone - 3 - sulfate: To 100 mg. of estrone was added a 

homogenized pyridine - sulfur trioxide suspension prepared by the 

reaction described byFieser (158) using 1 ml. of pyridine and 0.1 

ml. of ch1orosulfonic acid. After starrling overnight at room tem­

perature, the reaction mixture.was taken up in distilled water, 

made alkaline with concentrated ammonium hydraxide and extracted 

with n - butyl alcohol. The butanol extracts were dried1 rediss­

olved in a smal1 quantity of methanol and recrystallized twice 

with the addition of a few drops of dry diethyl ether (159). The 

crystals were dried in a dessicator over CaCl2. 

b. Estradiol - 17p - 3 - sulfate: lOO mg. of estrone were sul­

furylated and cr,ystallized as described above. The crystals were 

dissolved in 20 ml. of methanol and reduced by the method of 

Diczfalusy and MUnsterma.nn (131). The aqueous fraction containing 

the reduced estrone • 3 - sulfate was made alkaline with ammonium 

hydroxide and extracted wi th n - butyl alcoho1. The butanol ex­

tracts were dried1 redissolved in a sma11 quantity of methanol and 

recrystallized as already described. The crystals were dried in a 

dessicator over CaCl2. 

Both the estrone - 3 • sulfate and estradio1 - 17p - 3 -

sulfate were identif'ied by Inf'rared ana.1ysis 1 performed through the 

kind assistance of Dr. H. WOTIZ of' Boston University. 

c. Estradiol ~ 17~ - 17 - sulfate: lOO mg. of estradio1 - 17~ 
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was sulfurylated and crystallized from methanol as described in 

"Section 3 (a) methods". The crystals were constituted mainly of 

estradiol ~ 17~ " 17 - sulfate with some estradiol - 3, 17p " disul­

fate (personal communication, Dr. R. GREEN). 8 llg •. of this ma.terial 

was placed upon a 1 cm. x 15 cm. celite column (10 g.) and eluted 

with 200 ml. of Isooctane: tert .. butyl alcohol: 1 M NH40H (200: 

500: 500) pre~red as outlined in "Section D ma.terials 11 • The first 

2 ml. of eluate collected from the column was discarded. The follow­

ing 20 ml. was collected and evaporated to dryness at 40°0. The 

ma.terial was redissolved in methanol and again recrystallized as 

previously described. The crystals were stored in a dessicator over 

cac12• 

d. Mixture of Estradiol • 3 - 17p - disulfate and Estradiol - ~~ 

- 17 - sulfate: To obtain an optimum yield of the labile disulfate a 

modified method of sulfurylation, as ~rtially described by Sobel et 

al. (160), was utilized. Fundamentally this consisted of synthesiz­

ing the pyridine - sulfur trioxide in the absence of the steroid so 

as to prevent acid conditions during the actual steroid sulfation. 

10 Ml. of pyridine were dissolved in 20 ml. of clûoroform, the mix­

ture was cooled am 4 ml. of clûorosulfonic acid were added drop by 

drop. Anhydrous cordi tions were ma.intained at all times. The 

precipitate was centrifuged and washed three times with chloroform. 

To 125 mg. of this pyridine sulfate was added 1.6 ml. of pyridine 

and 0.05 ml. of acetic annydride. After stirring for one-half hour, 

a solution of 60 mg. of estradiol in 0.6 ml. of pyridine was added 

and stirring was continued overnight. The ma.terial was evaporated 
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to dryness at 40°C unier vacUI1U11. The solution ~s adjusted to PH 8 

with ammonium hydroxide and extracted with ether. The PH was 

elevated t.o il - 12 ani extracted 5 times with butanol (161). The 

rest of the procedure was the same as previously described. The 

crystals were approxima.tely 30% estradiol • 3, 17p - disulfate_ and 

70% estradiol - 17~ - 17 - sulfate (personal communication, Dr. R. 

GREEN). 

B. PREPARATION OF ENZYME FRA.GriON. 

The high speed soluble enzyme fraction was prepa.red by the 

method of Bemstein ani McGilvery (65). Pooled livers from white 

Wistar rats were homogenized in a Virtis •45" homogenizer with 

3 - 4 volumes of EI1l'A - KCL buffer (see ma.terials) pH 7 .o for 20 

sec. De Meio ani Tkacz (63) showed that long homogenization of 

liver abolished its sulfate conjugating activity. Mitochorrlria 

are damaged by the shearing affect.· The temperature of this arrl 

all subsequent stages was kept at 0°C. The homogenate was centri ... 

fuged for lt hrs. at 20,000 g. in a Beckma.n Modal L ultracentrifuge, 

and the supernatant containing the enzyme, separated. Fractional 

salt precipitation was employed to partially purify the enzyme, and 

the fraction precipitated between 1.7 M and 2.3 M ammonium sulfate 

contained the bulk of the enzyme. The active fraction was diss­

olved in o. 7 ml.· of water per gram of li ver originally used. 1.0 

Ml. of _the solution was pipetted into each vial ani the itdividual 

portions stored at -2ooc. This was done to prevent rethawing and 

refreezing1 each fraction having only been frozen and thawed once 

for use. At the time of incubation each 1.0 ml. aliquot was 
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diluted with 3 volumes of water before use. 0.4 Ml. of this 

suspension - solution was used per tube (equivalent to !:'! lOO mg. 

of' llver). 

In this manner enzyme fractions were prepared f'rom various 

classes of animals: 

(a) Adult f'emales. 
(b) Fetuses at term (not sex dif'f'erentiated). 
(c) Ten day old animals (not sex dif'f'erentiated). 
(d) Thirty day old f'emales. 
(e) Ma.terœl f'emales at term. 
(f') Ma terœl f emales ten days after deli very • · 

c. ASSAY OF STEROID SULFATE SYNTHESIS. 

1. INCUBATION. 

Unlabelled steroid(s) in methanol, in amounts ranging from 

o.5o p.g. to 12 }lg., depending upon the determination to be done, 

were pipetted into a series of glass - stoppered tubes (Quickfit). 

To this was added % or 14c labelled steroid(s) of high specifie 

activity (negligible weight), normally of' the magnitude ar 20,000 

c.p.m./tube in cases where radioactive technique was to be used. 

The methanol was evaporated to dryness. The steroid(s) were 

redissolved in 0.1 ml. propylene glycol per tube. 0.5 Ml. of 

buffered ATP (pH 6.8) was added to each tube, followed by 0.4 ml. 
. ~ 

of enzyme solution (equivalent to approxi.mately lOO mg. of liver). 

The mi.xtur~ was incubated in open tubes for lt hrs. at 37°C .in a 

Blue M Magni Whirl water bath with occasioœl shaking. Blank 

tubes were incubated in exactly the same f'ashion except for 

omission of ATP from the medium which was repl.aced by distilled 

water. All incubations were done in duplicata and as described 



• 

above. 

2. THE PH OF THE INCUBATION MEDIUM. 

It was accepted that a pH of 6.8 was optimwn for the sul.fa­

tion activity of the high speed soluble enzyme fraction from adult 

female rat liver in vitro (52). Nevertheless, it was of interest 

to determine how critical this pH optimum actually waa. 

The entire procedure, components for incubation and arrest 

of reaction (sections c, 1 and c, 3 chapt. III) was unchanged. 

Only the K~P04 constituent of buffered ATP varied from pH 6 to 8 

(see chapt. II, Materials). The weight and activity of estradiol­

- 17p- 6, 7- 3H incubated was o.o4y moles and 34,700 counts per 

minute per tube, respectively, while 0.04 Jl moles of estradiol -

17~ - 6, 7 - 3H - 3 methyl ether contained 16,400 counts per minute 

per tube. Duplicata incubations were performed at intervals of 

0.5 in a pH range of 6 to 8. 

3. DETECTION OF SULFATE EsrER SYNTHESIZED. 

a. Use of methylene - blue as described by Roy (51, 52). 

Complexes are formed between methylene - blue and certain 

sulfuric acid estera, rendering a blue chloroform soluble ma.terial. 

No such reaction takes place between unconjugated steroids and 

methylene - blue. Methylene - blue itself is insoluble in chloro-

form. 

A series of glass ... stoppered tubes containing 0.1 nù. of 

0.4 mM estrone (10.8 yg.), 0.1 ml. 0.4 rnM estradio1 - 17p (10.9 

~g.), and 0.1 ml. 0.4 mM estrio1 (11.5 pg.), respectively, were 

incubated. All determinations were done in duplicata and a 
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blank was run for each individual steroid as described in section 

c, 1 of this chapter. The reaction was stopped by the addition 

of 5 ml. of ethanol, the mixture was allowed to stand for 15 min­

utes, and pre ci pi tated prote in removed by centrifuging. 5 Ml. of 

the supernatant was taken for assay of the ester sulfates formed 

in each case. The supernatant was concentrated in a boiling -

water bath until about 0.1 ml. of a viscous liquid (propylene 

glycol) remained. To this was added 2 ml. ot methylene - blue 

reagent, and 5 ml. of chloroform after cooling. The mixture was 

shaken vigorously for 20 sec., œntrifuged, the aqueous layer 

removed and the chloroform layer dried over anhydrous Na~04. 

The optical densi ty of the chloroform layer was .read at 650 m )1 in 

a Unicam Sp .600 Spectrophotometer using standard Unicam œlls of 

1 cm. light path and red photocell ( 625 - 1000 m p) against the 

corresponding blank. 

The methylene - blue technique was found to be inlldequate 

for present purposes (see resulta). 

b. Use of radioactive tracer technique as partially described 

by Sneddon and Marrian ( 136). 

Ra.dioactivity was determined using a Packard Tri-Carb 

Liquid Scintillation Spectrometer model 314 AX. Liquid Scintilla-

tion counting is preferable to solid state, as it gives a higher 

efficienqy and sensitivity. 

The machine was set by discriminator controle form 10 - 100 

and 10 - lOO at a high voltage of 9.5 for 3H and 5.5 for 14c in 

the case of a single isotope. In the case of a mixture of 14c 
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and 3H or .35s, double label counting was done by setting discrim­

inator controls from 10 - 50 and 100 - oo using split window at a 

high voltage of 9.0. The operational efficiency of tQ.e machine is 

16% for ~ and 6o% for 14c when counted separately. 

Counts due to each isotope during double label counting 

requires consideration of the affect of ~ on 14c and vice versa. 

To simplify this, the following formuli 11ere utilized for calcula­

tians, as described by Okita et al. (151). 

Vlhere: N1 = total count due to % 

N2 : total count due to 14c 

a - c.p.m. % in channel 2 -
c.p.m. .3H: in channel 1 

b - e.p.m. 14c in channel 2 -
c.p.m. 14c in channel 1 

The radioactivity for all samples was determined to within 5 

percent probable error and corrected for bac~ground radiation. 

llhere necessary, standards of k:nown radioactivity 11ere added to and 

counted 1li th the experimental sa.mples to correct for any quenching 

occurring. 

To assay the radioactivity, an aliquot of the material to be 

detennined was dissolved in an approprlate volume of methanol, 

pipetted into a 20 ml. liquid scintillation spectrometer vial and 

evaporated under a stream of air "With care to exclude any wa.ter • 

It was then redissolved in 0.1 ml. of methanol to which was added 
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10 ml. of Toluene Scintillation fiuid. 

.A.fter incubation of the steroid(s) llith the soluble enzyme 

fraction the reaction was stopped by the addition of 1 ml. of water 

followed by 4. 7 ml. of methanol ( to yield a f:J,nal methanol con­

centration of 70%). The glass - stoppered tubes were allowed to 

stand for 1.5 min. 1 capped, shaken vigorously, and centrifuged to 

remove the small amount of precipitated protein. The supernatant 

was decanted and a further 6. 7 ml. of 70% methanol: water wa.s 

added to the precipitate and the above procedure repeated. The 

two supernatant fractions were pooled. 

' 
The methanol in the pool was evaporated at 70°C under a 

constant air stream, taking care that the solution was alkal.ine at 

all times to prevent hydrolysis. The volume was made up to 3 ml. 

w.i th distilled water. 

After cooling1 each tube was extracted twice wi th 1.5 ml. of 

diethyl ether. The extracts were pooled, washed with water and 

dried over sodium sulfate, follow.ing which they wre evaporated to 

dryness and redissolved in 2 ml. of methanol. An aliquot of 1 ml. 

was pipetted into a scintillation vial and counted as outlined 

above. (In most cases a double label setting was utilized due to 

the presence of two isotopes). 

The aqueous fraction was gently heated to remove any ether, 

while maintaining an alkaline pH, cooled, saturated wi th NaCl and 

extracted twice w.ith 1.5 ml. of ethyl acetate. The extracts were 

dried over sodium sulfate, evaporated to dryness and redissolved 

in 2 ml. of methanol. An aliquot of 1 ml. was removed for counting • 
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Becoveries were reported for all experimenta in the form of' the 

sum. of' the activity in the ether and ethyl acetate fraction express­

ad as a pe:rcentage of' total radioactivity added. 

(i) Steroid sulfate synthesis bf the soluble enzyme preparation 

from adult f'emale rat liver. 

The extent of estrogen sulfurylation by adult female 

liver preparations as compared with the activity towards debydro~­

androsterone wa.s studied. Table I indicates the amount and activity 

of' steroid in the incubation systems. Ali blanks were e.xecuted in 

the same way except for omission of' ATP • 
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TA.B:Œ I 

THE UIGHT AND AtJ.riVITY OF STBROiœ USED TO STUDY SULI!URYLA.TION BY AOOLT FRMAI.E RAT LIVER SOWBLE ENZY.ME mACTION * 

STBROID 

o.o4 )l moles/tube 

Eatrone • 16 - 14c 

Estrone .. 6, 7 - % 

Estradio1 .. 17B - 61 7 - .3ri 
Estriol • 16 ... 14c 

16 - epiEstrio1 - 16 - 14c 

16- Ketoestradiol .. 17p- 16 ... 1.4c 

Estradiol- 17B .. 61 7 - 3H - 3 - methyl ether 

DehydroiaoandNsterone - 4 - 14c 

* Average of 3 experimenta in duplicata perfor.med wi th eaah steroid. 

e 

ACTIVITY 

c.p.m./tube 

2.5,900 

14,6oo 

16,400 

109,000 

3,Soo 

1.5,900 

10,900 

17,300 

e 



(ii) Steroid sulfate synthesis by the soluble enzpte.preparat;i.on 

from adul.t female rat liver in the presence of(J.Ss)and (%) 

- steroid. 

Findings of experimenta (i) and (iii}, described 

immediately a.fter this section, were supplemented by a series of 

studies involving 35s f'?r a more direct detection of actual. sulfate 

formation. To th:is end, incubations were performed in the presence 

of Na2 J.Sso4 and 35sj~ ratios of final products were cal.culated. 

The procedure and components for incubation and arrest of 

reaction were similar to those in experimenta (i) and (iii) except 

for the buffered ATP, in 'Which K~ was replaced by Na2 35sÜ4• 

For the purpose~ of efficient detection of incubation product a 

ratio of 100:1 35so4-2 to ( ~) - steroid per tube wa.s req~red 

(5.4 J moles of Na2 35~/0.040 v moles of (3H) - steroid}. The 

buffer wa.s prepared as outlined in Chapt. II. The blanks were the 

same as above except that ATP was omi tted. 

The procedure for arrest of the reaction and detection of 

the final product was unal.tered except for a few minor deviations 

from the procedure previously described. Only the ethyl acetate 

fraction ( conjugated material) was counted. The ether fraction 

containing unreacted ( ~) - steroid and a trace of 35so4 -2 was 

discarded. llost of ~he 35so4-2 'Wbich did not esterify remained in 

the aqueous fraction, being insoluble in most organic solvants. 

This did not allow for calculation of recoveri~s, lrilich were assumed 

to be the same as in experimenta ~i) and (iii), only minor changes 

having been made in the technique. The series of experimenta reported 
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were performed in the period of a -week due to the short half-life 

of 3Ss (87 da.ys) with scintillation spectrometry done on standards 

each time a sample was counted to account for radioactive decay. 

The actual losa of activity of standards was also checked against 

loss calculated by the follow:ing formula: 

CALCULA.TED LOSS OF AcriVITY OF 3Ss. 

2.3log~ 

x 
- o.693 z 

y 

'Where: A ::: no~ of c.p.m~ after z days. 
X = no. of c.p.m. started with. 
y = half-life (87 da.ys)~ 
z = no. of da.ys disintegrated. 

TA:BIJ!': II illustra tes the weight and activi ty of materiala 

involved. 
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T.ABL"I II 

THB 'WBIGHT AND ACTIVITY OF ESTROOENS USBD TO STUDY SULFURYLA.TION IN THE mESENŒ OF 35s 

BY ADULT FKVAŒ RAT LIVER SOWBLE ENZYME FRACTION * 

STEROID 

o. 04 Jl moles/tube 

Estrone • 6, 7 - Ja 
Estradiol - 6, 7 ~ 

ACTIVITY OF Na2 35so4 

Estrone • 6, 7 ... Ja· - 3 methy1 ether 

Estradiol • 17{3 - 6, 7 ... 3H .. 3 methy1 ether 

* 1 experlm.ent in duplicata perf'ormed. 

e 

-- 13 X 106 o.p.m./tube. 

ACTIVITY 

o •. p.m./tube 

34,300 

23,100 

4,900 

5,300 

e 
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(iii) Et'fect of varying estrone and dehydroisoandrosterone con­

centration upon sul.furylation of estrogens and estrone 

upon dehydroisoandrosterone by ad:ult female rat l.iver 

soluble enz~ fraction. 

Differences in the degree of sulfurylation of the 

various estrogens in experiment (i) led to speculation as to whether 

the differences noted are due to either, the presence of multiple 

aulfokinases for different eatrogens, or the effeot of steroid 

structure on a common enzyme. The former has been auggested by 

Nose and Lipmann (7.5), who clai.med separation of estrone sulfo­

ld..nase from phenol sulfold..nase. 

With this in mind, the following incubations (TABLE III -

IX) were performed. Blanka in all cases consisted of one tube nth 

o.o4 )1 moles of substrate steroid and another tube 11ith o.o4 )1 moles 

of substrate steroid and o.o4 p. moles of dehydroisoandrosterone or 

estrone. Isotopically the same counts per minute per tube were 

present as in actual samples • 
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TABI& III 

THE UIGHT AND ACTIVITY OF STEBOIDS USED TO STUDY THE EFFECT OF VAR!ING ESTRONE CONCENTRATION UR:>N SULFURYLA.TION OF 

:ŒHYIROISOANŒOSTERONE BY ADULT F.BMA.IE RAT LIVER SOWBLE ENZYME FRACTION* 

TUBE NO. ESTRONE - 6, 7 - .3rJ lBHlDROISOANIROSTBRONB - 4 - 14c 
291 800. c.p.m./tube 101 900 c.p.m./tube 

UIGHT )1 moles/tube WBIGBT )1 moles/tube 

1. - o.04o 

2. o.ooa o.04o 

3. o.o16 o.04o 

4. o.o24 o.04o 

s. o.04o o.04o 

* 2 experimenta in dupllcate performed • 

• • 
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TABŒ IV 

THB 'UIGHT AND ACTIVITY OF STBROIOO USBD TO STUDY THE EFFECT OF VARYING ESTRONE CONCENTRATION UFON 

SULFURYLlTION OF ESTRA.DIOL - 17l3 BY ADULT FKfi.UE RAT LIVER SOLUBIE ENZYME FRACTION * 

TUBE NO. ESTRONE - 16 .. 14c ESTRADIOL - 17~ - 6, 7 - ~ 
231 700 c.p.m./tube 131 700 c.p.m./tube 

WEIGHT ~ moles/tube WEIGHT }l moles/tube 

1. - o.o4o 

2. o.o4o o.o4o 

3. o.oo2 o.o4o 

4. o.oo4 o.o4o 

$. o.o20 o.04o 

6. o.o4o o.o4o 
<.. 

* 2 experimenta in duplicata performed. 

e • 
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TABIZ V-

THB 'WBIGHT AND ACTIVITY OF STEROiœ USED TO STUDY THB E.FFZCT OF V.ARTING ESTRONE CONŒNTBATION UFON 

SULFURILATION OF EBTRA.DIOL - 17IJ - 3 - METHIL ETHER BY ADULT 

FJN:AIZ RAT LIVBR SOWBIB ENZDŒ FRACTION * 

TUBS NO. ESTRONE BSTRADIOL - 17~ - 6, 1 - 3tf - 3 MITHYL ETHER 
391500 c,p.m./tube 

'WEIGHT }l moles/tube WJUGHT Jl moles/tube 

1. - 0,090 

2. 0,002 0.090 

3. o.004 0,090 

4. o.o20 0,090 

5. o.04o 0.090 

* 1 experiment in duplicata performed • 

• • 
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TAB1l!: VI 

THE UIGHT AND ACTIVITY OF STEROIDS USBD TO STUDY THE ~ OF VARIING DEHYDROISOANŒOSTERONE CONCENTRATION 

TUBE NO. 

1. 

2. 

3. 

4. 

s. 

UFON SULFORYLATION OF BSTRONE BY .A.OOLT .FEilALE BAT LIVER SOWBIIE ENZYME FRACTION * 

IEHIDROISOANlEOSTERONE ... 4 - l4c 
ll,Soo c.p.m./tube 

WEIGHT y moles/tube 

o.oo2 
o.004 

0.020 

o.04o 

ESTRONE • 6, 1 - ~ 
32,300 c.p.m./tube 

WEIGHT y moles/tube 

o.o4o 

o.o4o 

o.o4o 
o.o4o 

o.o4o 

* . 2 experimenta in duplicata performed. 

e • 
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TABLE VII 

THE WEIGHT AND ACTIVITY OF STEROIDS USED TO STUDY THE EFFECT OF V.ARTING DEHIDROISOA.NIEOSTERONE CONCENTRATION 

UFON SULFURYLA.TION OF ESTRADIOt - 1713 BY ADtJtT FEMALE RAT LIVER SOWBIE ENZYME FRACTION * 

TUBI NO. 

1. 

2. 

3. 

4. 

'· 

IBHnEOISo.A.N:ŒOSTEfiONB - 4 .. 14c 
181 300 c.p.m./~ube 

WEIGHT )l moles/tube 

o.oo2 

o.o04 

o.o20 

o.04o 

* 2 exper::i.ments in duplicate performed. 

e 

ESTRADIOt - 17~ - 61 7 - 3H 
13,900 c.p.m./tube . 

WEIGHT p moles/tube 

o.04o 

o.04o 

o.04o 

o.04o 

o.04o 

• 



• 
~ 

TABLE VIII 

THE WEIGHT AND ACTIVITY OF STBROIDS USED TO STUDY THE EF':lïECT OF VARTING IEHYŒOI.§.OANJ.JOOSTERONE OONŒNTRATION 

UPON SULFURYLA.TION OF ESTRADIOL .... 17Jl ... 3 :METHYL ETHER BY ADULT FEMAŒ RAT LIVER SOWBŒ ENZIME .FRACTION * 

TUBE NO. 

1. 

2. 

3. 

4. 
s. 

DEHlmOISOANŒOSTERONE ... 4 - 14c 
11,200 c .. p.m./tube 

WEIGHT )l moles/tube 

0.002 

o.oo4 

o.o20 

o.o4.o 

* 2 experimenta in duplicata performed. 

e 

ESTRA.DIOL - 17{3 - 6, 7 - \t - 3 METHlL ETHER 
10,900 c.p.m./tube . 

WBIGHT Jl moles/tube 

o.o4o 

o.o4o 

o.o4.o 

o.o4.o 

o.o4.o 

• 
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TABtB IX 

THB 11BIGHT AND AcriVITY OF S'l'BROIDS USED TO S'l'UDY THB EFF.ICT OF DEHYŒOI§.QANŒOSTERONE 

UPON SULFURYLATION OF 16 - KETOESTRA.DIOL - 17f3 AND 16 - epiESTRIOL 

BY AOOLT FEMAIK RAT Ll.VJm SOWBŒ ENZYME FRACTION * 

TUBE NO. DEHY.œOI.§.OA.NlEOSTBRONE 16 - KETOESTRADIOL - 17p - 16 - 14c 16 - e~iESTRIOL - 16 - 14c 
1$1 900.c.p.m./tube _ 31 00 c.p.m./tube 

UIGHT )1 mo1es/tube UIGHT Jl moles/tube RIGHT }1 moles/tube 

1. - o.04o -
2. o.04o o.04o 

3 • . - - o.o4o 

4. o.04o - o.o4o 

* 2 exper:l.menta in du.plicate perf'ormed • 

• • 
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(iv) Eff'ect of' animal age on steroid aulf'ate synthesis by the 

rat soluble enzyme preparation. 

It was of' interest to determine how age of' animal, 

as well as pregnancy may affect sulfurylation of steroids. 

The procedures for enzyme preparation, incubation, arrest 

of reaction and product detection -were the s~ as for experimenta 

(i) and (ii) already described. The only difference relates to 

livers of animals at various stages of development and materna! 

condition being used to prepare the soluble fraction ( see se ct. A., 

chapt. III). The activity of the different enzyme fractions was 

compared to that of adult f'emale anjmal s (75 days old) of experiment 

(i). The blanka were prepared in the same way as in experimenta (i), 

(ii) and (iii). 

Table X lista the amount and activity of three different 

steroids incubated w:i. th the various soluble fractions • 

55. 



• 
~ 

TA.BIE X 

THB UIGHT AND ACTIVITY OF ESTRONB, ESTRADIOL. -··1713 AND DEHlDROI.aoANIRQ8TERONE USBD TO STUDY 

THE EFFECr OF ANIMAL AGB AND BTERNA.L a:JNDITION UPON STEROID SULFURYLA.TION 

BY THE RA.'l' LIVER SOLUBLE ENZDŒ PREPARATION * 

ANIMAL AGB ESTRONE - 16 - l4c ESTRADIOL - 17~ • 6, 7 • Jg 1BHYDROISO.A.N:IE0sT&RONE - 4 - l4c 
o.04 )1 moles/tube o.04 )1 moles/tube ' o.04 )l moles/tube 

ACTIVITY c.p.m./tube ACTIVITY c.p.m./tube ACTIVITY c.p.m./tube 

FETUS (TERM)+ 43,700 20,900 26,800 

10 DAIS + 56,700 20,500 26,700 

30 DAIS 10$,000 68,700 27,600 

MATERN.AL ( TERJA) 44,700 20,700 27,100 

MATERNÀL 56,700 
( 10 DAYS POST 1.1ELIVERY) 

20,500 26,700 

.. 

MATURE (75 DAYS) 25,900 16,400 17,300 

* 2 experimenta in duplicata perfo:nned. 

+ Not sex d:ifferentiated; other age groups -were female (see Table XXI "Resulta• for explanation). 

e • 



• 

• 

n • PURIFICATION AND IIBNTIFICA.TION OF THE' RADIOACTIVE INCUBATION 

PROllJCTS. 

A series of techniques wa.s utilized to purif'y and identi.ty 

the reaction products as those postulated by the individual experi­

menta. .Although no single technique suffices as positive identifica­

tion, collectively the procedures used may be considered to furnish 

sufficient proof of product formation. 

Only one-half of the water-soluble, probable sulfate ester 

produced by each incubation wa.s used for scintillation spectrometry, 

the other half being pooled separately for identification purposes. 

A drop of NH40H was added to each pool to preserve an alkaline 

medium. 

1. PAPER CHROJIA.TOGRAPIU. 

Parts of the various methanol pools Rre evaporated to min­

imal volumes (~ 2 ml.) and chromatographed on a series of descend­

ing paper systems (Whatm.an no. 1) in toluene: butanol: 2.8% (v /v) 

NH40H · (3: 1: 2) (137). Areas corresponding to appropriate pure ref­

erence standards (50 y.g. estrone - 3 - sulfate and dehydroisoandro­

sterone - 3 - sulfate mixed together) were eluted 'With methanol and 

counted by liquid scintillation spectrometry. Standards were detect­

ed by immersing the paper strips conta.ining them in methylene -blue 

reagent (135) followed by chloroform washing. White areas correspond­

ad to sulfate esters. 

In simi]ar fashion the pooled incubation product of estradiol -

17p- 6, 7 - 3a was chromatographed on the same system 'With reference 
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stan~ds consisting of 50 ~g. each of,estradio~, estradiol • 17p -

- 3 - sulfate and lOO ~g. of the mixture consisting of estradiol - 17~ 

- 17 - sulfate and estradiol - 3, 17p - disuJ.fate. Areas corresponding 

to the standards -..ere eluted as above and counted by liquid scintilla-

tion spectrometr.y. 

2. SOLVOLYTIC CI&.VAGB OF ll.EA.CTION PRODUCTS. 

Solvozysis was performed by the method of Segal et al. (138). 

Another part of the methanol pool of conjugated material was 

evaporated to dr.yness and redissolved in water, made 3 M w.ith NaCl., 

pH adjusted to 2 - 31 and extracted w.ith ethy~ acetate. The ethyl 

acetate wa.s rendered a.nhydrous by d:rying over Na~o4. Scintillation 

spectrometr.y was dona on a portion of this extract. The rest was 

solvolyzed at 37°C for 24 hr. in the presence of 2 x lo-4 M H~OQ.. 

After washing, d:rying1 evaporation, and diethyl ether extraction of 

this fraction, scintillation counting was carried out. Material in 

this fraction required to be conjugated to be detected, being ether 

insoluble previous to solvolysis. 

3. RECRYS'l'ALLIZATION OF I.NCU'BATION PRODUCTS. 

For the purpose of determining radiochemicù homogeneity of 

the reaction products of estrone - 6, 7 - % and estradiol - 17p -

- 61 7 - 3H, 15 mg. of pure estrone and estradiol - ~7p - 3 - ~ 

fate -..ere added to 8200 c.p.m. of the presumptive conjugated reaction 

product of estrone - 61 7 - 3H and to 18,100 c.p.m. of the estradiol­

- 61 7 - % incubation product, respectively. Simila.rly, 15 mg. of 

pure estradiol - 17B - 17 - suJ.fate -..ere mi.xed w:tth 191 000 c.p.m. of 

SB. 
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the estradiol - 6, 7 - 3H reaction product. Three successive crys-

tallizations from methanol wi th the ad.di tion of a few drops of dry 

dietbyl ether -were carried out. Aliquots of nearly identical -weights 

were removed from the crystalline and mother liquor moieties and 

their radioactivity assessed. This procedure led to the elucidation 

of the specifie activities ( c.p.m./m.g.) of these two fractions after 

successive crystallizations. 

4. As a final attem.pt at identification the incubation product 

of estradiol - 17p - 61 7 - 3H, the material was Chromatographed on 

a partition column employing the system: Isooctane; tart - butyl 

alcohol; 1 :U: NH40H (200: 500: 500) described in •Section D Materials•. 
- -

The method used consisted of applying approximately 5000 c.p.m. of the 

reaction product along with 2 mg. of estradiol- l7p- 3 - sulfate and 

5 mg. of the mixture of estradiol - 17p - 17 - sulfate and estradiol -

3, 11p - disulfate to the column. The eluate from the column was 

collected in 6 ml. fractions. Two-thirds of each fraction was anal-

yzed for radioactivity. The remaining one-third was retained for the 
. 

methylene - blue reaction as a weight measure:ment of the standard 

sulfates. 

E. ATTB'.YP!S AT LOCALIZATION OF IUTERIAL INTERFERING WITH THE 

:METHYŒNE- BLUE lŒA.CTION. 

The major part of this work was performed using the radioactive 

tracer technique, alreaq, discussed. It is occasionall.y difficult, 

however, especially in the case of rare estrogen derivatives, to 

obtain radioactive forms of these substrates. At these times the 
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spectrophotometric methylene -blue technique would have been more 

adv'antageous. 
' 

.A.ttempts to use methylene - blue as previously described 

were frustrated by the presence of high blank: values af'ter incuba-

tion. This wa.s assumed to be due to non-specificity of the oomple:x..-

ing reaction, rather than the presence of steroid sulfates in the 

enzyme preparation. Efforts 'Were therefore made to looalize the 

source of the oontaminating material, stuqy the ens,y.me fraction 

more closely and briefly examine the specificity of the methylene -

blue reaction. 

1. PAmR EIECrROPHORESIS. 

The high speed soluble enzyme fraction from mature female 

Wistar rats was prepared as outlined in Chapt. III, sect. B. The 

d.iluted enzyme solution (1.0 ml., 3 times d.iluted) was centrifuged 

and the supernatant was fractionated electrophoretically as described 

by Sehon et al. (140). 

The paper e1eotrophoresis was performed on Whatman no. 3 paper 

using borate buffer, pH 8.6, and ionie strength ( r/2) of o.o2S. The 

paper (5.5 inohes ~de x 22.5 inohes long} was àipped in buffer and 

blotted. The ensyme solution was applied centrally in a line o. 75 

inohes long. The paper was placed on a glass tray and two seal.ing 

strips of Whatma:n no. 3 paper were plaoed along the outside edges of 

the electrophoresis tray to minimize evaporation during the eleotro-

phoresis. The tray was oovered lfith a rubber faced frame whi.oh was 

oovered in turn 'With a further sheet of Whatman no. 3 paper similarly 

di.pped in buffer and b1otted. 'liro layers of Whatma:n no. 1 paper { 9 
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inches wide) -were plaœd in contact with the ends of the paper and 

dipped in the electrode vassel to complete the circuit. The input 

vol tage of 110 - 140 volts was adjusted to pass a current of 5 - 6 

ma. through the apparatus. The duration of the experiment was 16 

to 18 hr. The paper was then removed, dried and eut into 3 parts, 

one of w.hich was immersed for 5 min. in a solution of o.+% Brilliant 

blue in 5% acetic acid. Background color was removed from the strip 

by rinsing in 5% aœtic acid. Another strip was stained with 

Ninhydrin spray. The third strip was le ft unstained. 

2. CHI.œOFORJl .... SOWBIB METHYIBNE-BLUE ro:&tPŒX FORU.!TION. 

One mg. quantities of the following organic and inorganic 

sulfates 11ere used: 

Magnesium Sulfate 

Ca.dmi um Sulfate 

Ammonium Sulfate 

Sodium Sulfate 

Carie Sulfate 

Serotonin Creatinine Sulfate 

Hydroxylamine Sulfate 

Methyl iso - Thiourea Sulfate 

p - Toluene Sulfonic Acid 

8 - Amino - 1 - Naphthol - 3, 6 - Disulfonic Acid. 

Each of the above compounds was placed in a glass - stoppered 

tube containing 2 ml. of methylene-blue reagent. To this, 5 ml • 
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of chJ.oroform were added, the miXture shaken vigorously, centrifug­

ed, the aqueous layer remove<i and dried over Na~4· The intensity 

of the chloroform layer was read at 650 m )l in a Unicam Sp .600 

Spectrophotometer against a chloroform blank (chloroform after 

shaking wi th methylene - blue). 

3. INCUBATION OF SOLUBLE ENZYME mA.OTION FOLLOWED BY DESCENDING 

PAPER CHROM.A.TOGRAPHY. 

The incubation and arrest of the reaction were executed as 

described in Chapt. III, sect. c, 1, but on a larger scale. 

6.0 Ml. of buffered ATP (pH 6.8) was placed in a lOO ml. 

erlemeyer .flask .followed by 4.8 ml. of enzyme solution. ~e vol­

ume was made up to 12 ml. wi.th distilled water. The flask was 

incubated .for lt hr. at 37°C in a shaking water bath. The reaction 

wa.s stopped by the addition of 6o ml. o.f ethanol, follawed by 

centrifugation and removal o.f the supernatant. A final volume of 2 

to 3 ml. was obtained by evaporation of the supernatant under a con­

stant air stream. The material was chromatographed using a descend­

ing paper system (Whatman no. 1) in toluene: butanol: 2.8% (V /v) 

NH40H (3: 1: 2) (137) previously described. (This system was 

designed especially for identification of steroid sul.f'ates). The 

possible presence of methylene • blue complexing chloroform soluble 

material could be detected by imm.ersing the paper strip in methylene­

blue reagent followed by chloroform washing. No reference standards 

were used, this being simply a qualitative test for a chJ.oro.form 

soluble sulfate complex, which if present, could later be identi.fied 

by more elaborate means. 
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4. FRA.CTIONATION OF THE HIGH SPEIID SOLUBLE ENZ'n!E PREPARATION. 

Because of the possibility that high blanks resulted from 

the presence of nucleotide sulfates not commer<?ia.lly available, it 

became necessary to extract suah compounds from natural so~ces. 

Only one rmcleotide sulfate was lmown to be present in the enzyme 

preparation in large enough quantity to interfere by the formation 

of ahloroform soluble methylene - blue complexes, namely, adenosine 

1 1 
3 phosphate S sulfatophosphate ( PAPS). It was obtained from the 

soluble enzyme fraction as described by Roy (53). 

100 Ml. of a mixture containing So. ml. of unfractionated 

enzyme preparation, 10 ml. of 0.1 M phosphate buffer (pH 7.2), 10 

ml. of o.o4 M Mg so4 - o.o6 M K~04 a.nd 4oo Jl moles of ATP (pH 

adjusted to 7.2 with N- NaOH) were incubated for 1 hr. at 37°C. 

Proteins were precipitated by the addition of 3 vol. of ethanol 

and remova.l by centrifugation. The ethanol wa.s removed from the 

superna.ta.nt by concentra ting i t in vacuo to about 2.5 ml. at a bath 

temperature of 4o0 c. The resulting solution was brought to pH 8 

w.i. th N - Na.OH1 insoluble materiaJ. removed by centrifuging and the 

volume made up to SO ml• w.i.th wa.ter. The ~sulting soluti.on was 

stored frozen at -10°C. Although this preparation presuma.bly con­

ta.ined other rmcleotides, PAPS wa.s the main constituent. 

To ascertain that none of the endogenous blue color in the 

controls resulted from the sulfokinase fraction of the enzyme 

preparation, the former wa.s prepared from the 'Whole enzyme fraction, 

as aga.in outlined by Roy (53). 

The complete enzyme system wa.s 9ialysed for 48 hr. aga.inst 
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repeated changes of lOO vol. of water at 0°C, destroying the sul­

fate- activating s.ystem~ch is unstable in the absence of 

SOq-2 ions. The resulting suspension wa.s made o.oJ M in glycyl• 

glycine and adjusted to pH 8 with N - Na2003. The suspension was 

allowed to stand for a few hours followed by centrifugation to 

rem.ove any remaining insoluble material.. 

The PAPS and Sulfokinase fractions •re incubated separatély 

in two glass - stoppered tubes as previously described. Each of 

the above fractions, corresponding to 100 mg. of rat liver, was 

incubated in the presence of o.S ml. of buffeired ATP (pH 6.8) for 

lt hr. at 37°C. Reactions were stopped, and methylene - blue color 

assays performed by colorimetrie determination using the Unicam 

spectrophotometer • 
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RESULTS 

N.B. 

1. It must be strongly emphasized that throughout this chapter 

resulta are expressed as percentage recovered product conjugated, 

rather than weight of conjugated material synthesized. This was 

done to simplify the readers r task in comparing the activity of 

the enzyme fraction with different steroids. It is obvious that the 

percentage basis, as applied here, is only significant for the weight 

of substrate(s) specified due to the reaction being zero order. (If 

concentration is doubled, percentage is hal ved due to the weight of 

conjugated material synthesized remaining constant or actually 

decreasing as a consequence of substrate inhibition of enzyme). For 

this rea son all weights were identical (on a molar ba sis) from 

experiment to experiment, except for one notable exception, so as to 

have a basis for comparison. This method is acceptable as an 

expression of relative activity but is obviously not an absolute 

value, except for the concentration specified. 

2. Wherèver possible standard deviations (S.D.) of the mean have 

been reported (e.g. 14 + X %). This was done only if the mean was 

the result of three or more individual observations (i.e. if only 

one experiment in duplicata had been performed, no S.D. was reported) • 



• A • THE EFFECT OF PH ON SULFATE SYNTHESIS. 

As a preliminar,y attempt at incubation of the prepared adult 

female rat liver soluble enzyme fraction with steroid, the pH 

requirement was ex:amined. It was of interest to determine whether 

a pH of 6.8, as employed by Roy (52), was a strict criterion or a 

rather flexible condition. 

The pH of the incubation mediwn was varied from 6 to 8 and 

two substrates were incubated as described in 'Section C, 2 methods'. 

Table XI illustrates the distribution of radioactivity in the 

1free 1 (unconjugated) and conjugated fractions of each of the ster-

oids as well as the percentage sulfate esterification at different 

pH values of the incubation medium. 

From the data presented it can be clearly seen that pH 6.0 

and pH 8. 0 are extremes for efficient sulfurylation, the percentage 

ester formation dropping considerably in both cases. Although a pH 

of 6.8, described by Roy, was used for all experimenta it is appar-

ent that there is ver,y little effect of pH variation upon sulfate 

formation, with this system, between pH 6.5 to 7.5. The 1dip 1 in 

the curve for estradiol - 17p- 61 7 - 3H at pH 7.0 is likely due 

to experimental error as is the rise for estradiol - 17p ~ 6, 7 -

- 3H- 3 methyl ether at pH 7.5. In both cases the effect is small, 

occur.ring due to the averaging of duplicates, only one of these 

showing the probable artifact. 

As a result of Roy' s work and the above determinations, the 

pH of 6. 8 was retained as most favourable for the in vitro sulfa-

tion of estrogens with the previously discussed soluble enzyme 

preparation. 

6l 
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PH 

6.0 
i 
1 

6.5 
7 .o 

7.5 

8.0 

IJ. 

+ 
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TABLE XI 

THE EFFECT OF PH OF INCUBATION MEDIUM ON EBrER SULFATE SYNTHESIS BI THE 

SOLUBLE ENZYME PREPARATION FROM ADULT FEMALE RAT LIVER. 1::. ' ·* 

ESTRADIOL - 17B - 6, 7 - 3H ESTRADIOL - 17B - 61 7 - 3H - 3 METHYL ETHER 

UNCONJUGATED CONJUGATED % RECOVERED UNCONJUGATED CONJUGATED % RECOVERED 
c.p.m. c.p.m. PRODUCT PRODUCT 

CONJUGATED .+ CONJUGATED.+ 

24,800 3,700 12.6 12,300 2,700 17.6 .. 

25,100 4,700 15.2 12,000 2,900 19.3 

24,600 3,900 13.3 11,200 2,700 19.3 

25,000 4,100 14.6 11,200 2,900 20.1 

25,500 3,600 11.9 10,900 2,200 16.6 

c.p.m. are averages of duplicata experimenta. 

Figures corrected.for blank value of 0.43% recovered product conjugated. 

Average recovery of incubated radioactivity is 84 "!. 1.6% and 87 '!_ 4.2% for estradiol - 17B 

and estradiol - 17B - 3 methy1 ether, respectively. 

standard deviations of the mean for per cent recovered product conjugated are not reported, 

as only one experiment in duplicata was performed. 
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B. MEA.SUREMENT OF STEROID SULFATE ESTJm SYNTHESIZED EMPLOYING 

METHYLENE BLUE AS INDICATOR. 

Methylene blue assay of estrone, estradiol - 17p and estriol 

ester sulfates was attempted as outlined in 'Section C, 3(a) 

methods•. 

Reaction blanks yielded optical densities of 0.16 to 0.20 

for the soluble enzyme fraction corresponding to approximately 100 

mg. of rat liver as compa.red to a chlorofonn blank (cJ:ùorofonn after 

sha.king with methylene blue). For steroids other tha.n the estrogens 

(e.g. dehydroisoandrosterone) this may have been acceptable due to 

the high degree of sulfurylation of these compounds. For estrogens1 

however, the resulta for the actual incubations were only slightly 

higher than the reaction blanks, the difference not being large 

enough to be significant. As will be later shown1 more tha.n 80% of 

estrone, estradiol - 17~ or estriol exista in the 1free 1 (unconjuga­

ted) form after incubation, while less than 20% of d~hydroisoandro­

sterone is recovered in the unconjugated state. 

Due to the problem of high blank values, the methylene blue 

technique was sacri!iced for the more accurate radioactive tracer 

technique. However, as the fomer has certain a.dvantages, already 

discussed in 1 Section E methods 1, attempts were made to localize the 

source of the contaminating material yielding blanlcs of high absorb­

ence. In 1 Section E resulta 1, further data related to this will be 

presented. 

C. MFASUREMENT OF STEROID SULFATE ESTER SYNTHESIZED EMPLOYING THE 
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RADIOACTIVE TRACER TECHNIQUE. 

Sulfation of ( 3H) and (lLc) - steroids was observed by the 

procedure outlined in •section c, .3(b) methods 1• This part of the 

work was separated into severa! subdivisions. 

1. Table XII contains data on the extent of radioactive estrogen 

sulf'urylation by the enzyme preparation from adult female rat livers 

as compared with the activity towards dehydroisoandrosterone. This 

was done to obtain some preliminary information about the effect of 

estrogen molecular structure on the degree of sulf'urylation of these 

canpounds. 

From the table i t is observed that esterification of estra-

diol - 17p is two times greater than that of estrone. Blocking of 

the .3 - hydroxyl grouping of the estradiol molecule by means of 

methylation did not change the degree of sulf'urylation as compared 

with that of estradiol - 17~· 

Incubations per.for.med by the addition of Na235~ to the 

medium containing ( .3H) - labelled estrogen, .further shed light upon 

the effect of molecular structure of estradiol - 17~ upon the degree 

of sulf'urylation of this compound. This irrvol ved a more direct 

approach to the study of the sulfurylation problem by actually follow­

ing the fate of the sulfate. The ratio of 35so4 to (3H) - steroid 

after incubation was determined as outlined in •section c, .3(b) ii 

methods 1• Table XIII illustrates the distribution of radioactivity 

due to .35s and .3H in the conjugated fraction after double label. 

counting, as weil as the subsequèntly calculated .35sj.3H ratio • 

The table indicates that (3H) - labelled estradiol- 1~ and 

70. 
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TABLE XII 

STEROID SULFATE SYNI'HESIS BY ADULT FEMA.LE RAT LIVER 

SOLUBLE ENZYME FRA.CTION. **' à 

UNCONJUGATED 
STEROID c.p.m. 

ESTRONE-16-14c 20,700 

ESI'RONE-6, 7-3H n,ooo 

ESTRADIOL-17B-6, 7 -3H 10,400 

ESI'RIOL-16-14c 87,900 

16-epiESI'RIOL-16-lhc 2,400 

16 KETOESTRADIOL-17B-16-14c 12,300 

ESTRADIOL-17B-6, 7-3H-3 METHYL ETHER 6,800 

DEHYDROISOANDROSTERONE 1,300 

CONJUGA.TED 
c.p.m. 

1,800 

1,000 

2,100 

3,300 

330 

1,ooo 

1,600 

6,200 

% RECOVERED 
PRODUCT 

CONJUGATED 
BIANK 

0.38 

0.30 

o.69 

o.49 

0.19 

0.35 

o.43 

0.26 

** The weight and acti vi ty of steroids used as in TABLE· I 

l::i,. c.p.m. are averages of 3 experimenta in dup1icate. 

'methods•. 

f Figures are corrected for blank values. 

- * One experiment in dup1icate performed, therefore no S.D. reported. 

• 

% RECOVERED 
PRO DU CT 

CONJUGA.TED :t 

7.5!. 0.9 

8.2 * 
16.1.-:!:. o.5 

4.3 '!: 0.3 

12.0 .:!: 0.9 

7.4 .... 0.4 - . 

18.5 :!: 0.9 

82.9!: 1.7 

% RECOVERY 
OF 

TOTAL. 
INCUBATED 
ACTIVITY 

85t. 4.9 

84 

79 + 4.1 

81 + 3.5 

82 + 6.5 

81.:!:: 3.8 

80 :!: 4.1 

83 ± s.o 
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TABLE XIII 

SULFURYLA.TION OF ESTROOENS BY ADULT FEMA.LE RAT LIVER SOLUBLE 

ENZY.ME FRACTION IN THE PRESENCE OF 35s. **., fl 

CONJUGATED WEIGHT EQUIVALENT 

SUBBrRATEt 
c.p.m. TO c.p.m. 

m )1 moles. 

EBrRONE..;6, 7-3H 2.,000 2.4 

SULFATE ( 35s) 500 2.9 

ESTRONE-6, 7-3H-3 :t-1ETHYL ETHER 6* -
SULFATE ( 35s) 140* -
EBrRADIOL-17p-6, 7 _3H 2,000 3.4 

SULFATE (35s) 1,200 7.0 

ESTRA.DIOL-1713-6 1 7 _3H-3 ME:rHYL ETHER 160 * 0.61 

SULFATE ( 35s) 1,900 .. o.63 
-----·········- -·---·-·-----········~--- ----····-·--

** The wéight and activity of steroids used as in TABLE II 1methods •. 
lJ.. c.p.m. are averages of one experiment in duplicata (no S.D. reported). 
t Figures are corrected for blank values. 

35sj3H 
RATIO 

1.23 

1 

0 

' 

2.05 

1.03 

* 35s used in these two sections had a specifie activity 10 times that of the remaining sections. 
140 c.p.m. of 35s was therefore considered to be of negligible weight. A1so due to the 1ow 

specifie activity of estradiol methyl ether, 16o c.p.m. wa.s considered to accurately represent 
a weight of 0.61 u moles. 

• 
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its methyl ether incubated with Na2 3Ssou_ resulted in 3Ssj3H isotope 

ratios of 2.05 and 1.03 respectively. This indicates that in the 

case of the former, two molecules of sulfate are esterified with one 

molecule of estradiol - 17p while in the latter only one molecule of 

sulfate attaches to the steroid. It is also seen that one molecule 

of sulfate conjugates with one molecule of estrone (35sj3H = 1.23). 

Blocking of the C3 position of the latter steroid with a methyl 

group yielded no sulfate or estrone methyl ether in the aqueous 

fraction, strongly indicating that sulfate ester formation, as 

measured by the present procedure by this worker, is not an artifact 

but an actuality. 

Returning to Table XII it is observed that the· degree of sul­

fate ester formation was'found to be affeoted by c16 substitution. 

Thus the percentage of recovered estriol in conjugated form was only 

approxima.tely one-half that seen with estrone as substrate, while the 

sulfurylation of 16 - ketoestradiol - 17~ was equal to that of estrone. 

The recovered 16 - epiestriol as its conjugate was lt times that of 

estrone but only o. 7 times as great as when estradiol - 17p was the 

substrate. 

The conjugation of dehydroisoandrosterone, containing a satura-

ted A ring and angular methyl group, was discovered to be approximate-

ly 11 times that of estrone, containing a pla:œr, unsaturated A ring 

with no methyl group at C10• The significance of ali the above find­

ings will be discussed in Chapt. V. 

2. To obtain further information concerning the possible action of 

the enzyme or enzymes in the soluble fraction, studies were performed 

r 

" 1 

l 

' ~ 
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involving inhibition or possible activation of sulfation by incuba­

ting two different steroids simultaneously in the presence of the 

liver preparation from mature female rats as described in •Section 

c, 3(b) iii methods 1 • 

Roy (53), upon study of the effects of various steroids on 

2 - naphthyl sulfamate s,ynthesis, noted that steroids with a keto 

group in the ~7 or possibly c16 position exhibited activation of 

this synthesis by rat-liver preparations. He also noted that there 

appeared to be antagonism between 17 - axa and 17 - hydroxy steroids1 

the latter depressing the activity of the former. 

Nose and Lipmann in 1958 suggested that phenol sulfokinases 

can further be fractionated into more specifie enzymes; e.g. estrone 

sulfokinase (75). However, in 1960, Gregory and Rabbins suggested 

that all phenolic compounds are sulfurylated by one sulfokinase (141). 

No work of any significance, however, had been done with ring 

A unsaturated steroids regarding inhibition or activation of sulfa­

tion. This was most probably due to the inapplicability of the 

methylene blue technique for measuring small differences in ester­

ification of steroids which in themselves are not sulfated to a 

large degree {see Chapt. IV sect. B). 

The aim was, therefore, to study these affects upon estrogen 

sulfate synthesis to obtain sorne information regarding the behaviour 

of the enzyme fraction with ,steroids. The effect of estrone on ; 

dehydro~ndrosterone conjugation was examined for purposes of compa­

rison. 

Using estrone or dehydroisoandrosterone (both with 17 - axo 

functions) along with the substrate steroid (e.g. estradiol - 17B) 

74. 
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in the reaction mixture, resulta were obtained from which sorne con­

clusions regarding the singularity or multiplicity of enzymes in the 

fraction as well as specificity of the enzyme(s) could be drawn. 

Tables XIV to :XX contain data on the extent of radioactive estrogen 

and dehydroisoandrosterone sulfate s,ynthesis by the enzyme prepara­

tion from adult female rat livers under the influence of the 17 -

oxo steroids, estrone and dehyùroisoandrosterone. The oxo steroids 

are also isotopically labelled1 allowing for the calculation of 

degree of esterification of both the steroids present in the incuba­

tion mixture. 

It should be noted that the percentage of the recovered 

product conjugated in the case of the "competing steroid" (17 - oxo 

steroid) has been calculated at each concentration of this compound. 

It is obvious, however, that the values shown in any one of the 

Tables XIV to :XX for the conjugation of the competing steroid cannot 

be directly compared because of the part played by the increasing 

steroid concentration in the computation of the percentage values. 

Thus, increasing amounts of competing steroid are conjugated as the 

steroid concentration is increased but this is not obvious from 

simple inspection of Tables XIV to XX. However, it is of course 

possible, from one table to another, to compare the conjugation of 

the competing steroid (e.g. estrone or deeydroisoandrosterone) at 

any one concentration (0.002 - 0.04 y moles) when incubated with a 

constant amount of any of the substrate steroids. 

It is also pertinent to note that the percentage recovered 

product column of Table XVI contains values which are considerably 

below normal. This arose mainly due to the necessity of ha.ving bad 

75. 
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to employ 0.09 }1 moles of substrate per tube rather than the usual 

0.04 p moles. As zero order substrate kinetics are found to apply 

in all of these experimenta, the percentage recovered product 

decreases according to increase of substrate concentration. Further 

decrease may have resulted from substrate inhibition of enzyme which 

in the case of sorne steroids is considerable. However, as the aim 

of this experiment was to detect inhibition of sulfurylation of 

estradiol - 17p - 3 methyl ether by estrone, this was of no conse­

quence. 

From Table XIV it is noted that 0.008 p moles of estrone 

increases the sulfurylation of 0.04 ~ moles of dehydroisoandrosterone 

by a factor of approximately 1.2 times the normal. However, larger 

quantities of 0.016 ~moles, 0.024 }1 moles and 0.040 p moles of 

estrone inhibit the sulfation. Esterification reaches a low of 0.85 

of the normal 84.0% sulfurylation with 0.04 p moles of estrone. 

No activation of esterification of 0.04 p moles of estradiol -

17p takes place in the presence of estrone in any concentration, as 

illustrated by the data of Table XV. Increasing amounts of estrone 

(0.002 - 0.04 }1 moles) inhibit sulfation up to a maximum of 33% from 

a normal of 15.6% recovered product conjugated. 

Table XVI demonstrates a definite inhibition of estradiol -

17~ - 3 methyl ether esterification by increasing concentration of 

estrone. 0.04~ moles of estrone decreases sulfation of the methyl 

ether by 53% from the normal which in this case is only 3.8% 

(already explained). 

Figure III summarizes the above described effects • 

If another 17 - oxo steroid, dehydroisoandrosterone, is used 

76. 
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TABLE XIV 

THE EFFECT OF VARYING ESTRONE CONCENTRATION UPON SlJLFURYIATION OF DEHYDROISOANDROSTERONE 

BY ADULT FEMALE RAT LIVER SOLUBLE ENZYME FRA. CT ION. *" il 

ESTRONE - 61 7 - 3H * DEHYDROISOANDROSTERONE - 4 - 14c * 
TUBE NO. --------------------------------------------------------------------------------------; 

1. 

2. 

3. 

4. 

5. 

UNCONJ. 
c.p.rn. 

16,600 

17,000 

19,700 

21,100 

CONJ. % RECOVERED 
c.p.m. PRODUCT 

7,600 

6,700 

5,300 

2,500 

CONJUGATED 
BIANK 

o. 54 

0.79 

0.63 

0.70 

% RECOVERED 
PRO DU CT 

CONJUGATEDt 

30.9!. 1.1 

27.5 ±. 1.4 

2o.5 :t o.6 

9.7 t o.6 

UNCONJ. 
c.p.m. 

1,300 

340 

1,900 

2,200 

1,8oo 

CONJ. % RECOVERED 
c.p.rn. PRODUCT 

7,200 

8,5oo 

6,000 

6,100 

4,700 

CONJUGATED 
BIANK 

0.54 

0.52 

0.67 

0.52 

0.58 

~'* The wéight and activity of steroids used as in TABLE III 1rnethods•. 
Il c.p.rn. are averages of 2 experimenta in duplicata. + Figures are corrected for blank values. 

% RECOVERED 
PRODUCT 

CONJUGATED f 

84.0 t 2.1 

95.7 '±: 1.8 

75.0± 3.1 

72.8 + 2.6 

71.7 ± 0.7 

* Average recovery of incubated radiœctivity is 81 t 2.2% am 73 t 9.1% for estrone and dehydroisœrxlro­
sterone, respectively. It should be emphasized thit the S.D. + 9.1 resulted due to the recovery of a 
single determination being very low. Generally agreement of recoveries was satisfactory. 
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TABLE XV 

THE EFFECT OF VARYING ESTRONE CONCENTRATION UPON SULFURYLATION OF ESTRADIOL - 17p 

BY ADULT FEMA.LE RAT LIVER SOLUBLE ENZYME FRACTION. 
1
H1-' tl 

ESTRONE • 16 - 14c * 
TUBE NO. 

ESTRADIOL - 17p - 6, 7 - 3g * 

UNCONJ"' CONJ. % RECOVERED % RECOVERED UNCONJ. CONJ. % RECOVERED % RECOVERED 
c.p.m. c.p.m. FRODUCT PRODUCT c.p.m. c.p.m. FRODUCT PRODUCT 

CONJUGATED CONJUGATEDt CONJUGATED CONJUGATEDt 
BIANK BIANK 

1. - - - - 7,900 1,600 0.82 1$.6 :!:. 0.5 

2. 18,100. 1,5oo 0.40 7.2 + 0.3 

3. 17,700 1,,500 o.61 7.4 ± 0.3 8,400 1,800 0.89 14.2 ± 0.3 

4. 18,400 1,600 0.61 7.6 .:t o.2 8,600 1,700 0.89 14.9 ± 0.3 

5. 19,100 1,300 0.61 5.8 ± o.4 9,200 1,800 0.89 11.0 ± 0.5 

6. 17,000 1,000 0.61 5.1 ± 0.3 8,200 960 0.89 10.4 ±. 0.2 

** The weight and activity of steroids used as in Table IV 1methods'. 
11 c.p.m. are averages of 2 experimenta in duplicata. 
+ Figures are corrected for blank values. 

* Average. recovery of incubated radioactivity is 82 :!:. 3. 7% and 73 ±. 5.3% for estrone and estradiol, 
respectJ.vely. 
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TUBE NO. 

1. 

2. 

3. 

4. 

'· 

TABLE XVI 

THE EFFECT OF VARYING ESTRONE CONCENTRATION UPON SULFURYIATION OF 

ESTRA.DIOL - 1713 • 3 METHYL ETHER BY ADULT FEMALE RA.T LIVER 

SOLUBLE ENZYME FRACTION. **" !:J. 

ESTRADIOt - 17p - 6, 7 - 3H - 3 METHYL ETHER. * 

UNCONJUGA.TED 
o.p.m. 

CONJIDATED 
o.p.m. 

% RECOVERED 
PRODUCT 

CONJUGA.TED.1-, 0 

31,000 

33,900 

35,400 

33,900 

33,800 

1,300 

1,400 

1,100 

1,100 

690 

3.8 

3.6 

2.8 

2.9 

1.8 

** The weight and acti vi ty of steroids used as in Table V t methode'. 

A o.p.m. are averages of 1 experiment in duplicata. 

+ Figut'es are oorrected for a blank value of o. 24% 

* Average recovery of inoubated radioaotivity is 88 :!: 3. 7%. 

0 See 'Section c, 2 resulta' for explanation conoerning low values. 
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WEIGHT OF ESTRONE ADDED 

FIGUIŒ m. The Bftect Of Varying Estrone Concentration Upon 

Sulfur.ylation Of o.o4 )l Kolas ot De~soandrosterone - 4 - lhc, . ~ . . .. ' 

Estradiol - 17, - 6, 7 - 3H And o.09 p MOles Of Estradiol - 17p -

- 6, 7 - JH - 3 Methyl Ether In Vitro • 
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similar resulta are perceived • 

Dehydroisoandrosterone in amounts below one-tenth substrate 

steroid concentration ( estrone) by weight stimula tes sulfation of 

the latter. Thus, 0.002 and o.oo4 )1 moles of dehydroisoandro­

sterone increase esterification while 0.02 and 0.04)1 mole amounts 

depress sulfation of 0.04 Jl moles of estrone, reading a low of 

1.3%, a drop of 80% from the normal value of 6.4%. 

No activation of sulfation is found with either estradiol -

17p or estradiol - 17p - 3 methyl ether, both being considerably 

inhibited by increasing concentrations of dehydroisoandrosterone, 

attaining lows of 6.4% am 4.6% respectively. This representa a 

decrease of esterification from the normal by 62% and 75% respect­

ively. 

It is noted that the presence of 0.04 y moles of dehydroiso­

androsterone significantly depresses the degree of sulfurylation 

of both 16 - ketoestradiol - 17p and 16 - epiestriol, especially in 

the case of the latter. As shown in Table XI, esterification of 

16 - ketoestradiol - 17~ is lowered by 18% from the normal while 

16 - epiestriol is decreased by 52%. 

All these effects are illustrated in Figures IV and V. 

In all cases where initial activation of sulfurylation 

takes place, as with dehydroisoandrosterone influencing estrone 

sulfurylation and vice versa, it onlY occurs in the presence of 

lesa than one-fifth of activating steroid to substrate steroid by 

weight. Amounts in excess of one-fifth inhibit sulfation of 

substrate steroid • 

This series of experimenta, the data from which was 

illustrated in Tables XIV to XX, inclusively, was designed to 

81, 
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TABLE XVII 

THE EFFECT OF VARTING DEHYDROIQQANDROSTERONE CONCENTRATION UPON SULFURYIATION OF ESTRONE 

BY ADULT FEMALE RAT LIVER SOLUBLE ENZYME FRACTION. *-:t-, Jl 

DEHYDROISOANDROSTERONE - 4 - 14c * ESTRONE - 6, 7 - 3H * 
TUBE NO. 

UNCONJUGA.TED CONJUGA.TED % RECOVERED UNCONJUGATED 
c.p.m. c.p.m. PRODUCT c.p·M. 

CONJUGATED.t 

1. - - - 24,600 

2. 1,200 3,400 73.9 ± 1.8 24,800 

3. 1,300 5,800 81.6 + 2.8 24,800 

4. 920 6,100 86.5 ± 2.1 25,700 

5. 680 4,400 86.2 + 2.4 28,200 

** The weight and activity of steroids used as in TABLE VI 1methods 1 • 

fj, c.p.m. are averages of 2 experimenta in duplièate. 

CONJUGA.TED 
C..f•M. •. 

1,800 

2,100 

2_,000 

1,100 

500 

% RECOVERED 
PRODUCT 

CONJUGATED.+ 

6.4:!: 0.2 

7.5 ± 0.3 

6.8 + 0.2 

3.5 .:!: 0.4 

1.3 + 0.4 

+ Figures are corrected for blank values of 0.40% and 0.46% for dehydroisoandrosterone and estrone, 
respecti vely. 

* Average recovery of incubated radioactivity is 83 + 3.3% and 83 + 4.5% for dehydroisoandrosterone and· 
estrone, respective1y. - - -
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TABlE XVIII 

THE EFFECT OF VARYING DEHYDROmoANDROsrERONE CONCENTRATION UPON SULFURYIATION OF EsrRADIOL - 17J3 

BY ADUDr FEMALE RAT LIVER SOLUBLE ENZYME FRACTION. -:Ht-_, Ô. 

DEHYDROI§_OANDROsrERONE - 4 - 14c * 
TUBE NO. 

ESTRADIOL - 17p - 6, 7 - 3H * 

1. 

2. 

3. 

4. 

5. 

** 
b. 
t 

* 

e 

UNCONJUGATED 
c.p.m. 

2,900 

1,500 

3,500 

4,600 

CONJUGA.TED 
c .p.m. 

10,300 

10,600 

11,400 

10,700 

% RECOVERED 
FRODUCT 

CONJUGATED.t 

77.5 ±. 2.2 

87.2 ± 1.4 

75.9 .± 2.5 

69.4.! 2.5 

UNCONJUGATED CONJUGA.TED 
c.p.m. c.p.m. 

9,200 2_,000 

10,500 1,300 

9,700 1,300 

11,200 890 

ll,300 840 

% RECOVERED 
PRODUCT 

CONJUGATED.+ 

16.9!. o.5 

10.5 .:!:. o. 7 

11.2! 0.4 

6.8 ± o.4 

6.4 ± 0.4 

The weight and activity of steroids used as in Table VII 1methods 1 • 

c.p.m. are averages of 2 experimenta in duplicata. 
Figures are corrected for blank values of o.51% and o.55% for dehydroisoandrosterone and estradiol - 17p, 
respectively. 
Average recovery of incubated radioactivity is 74 + 4.2% and 84 + 5.6% for dehydroisoandrosterone and 
estradiol - 17p, respectively. - - -

• 
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TABLE XIX 

THE EFFECT OF VARYING DEHYDROISQANDROSTERONE CONCE}ITRATION UPON SULFURYIATION OF ESTRADIOL - 17~ -

- 3 METHYL ETHER BY ADULT FEMALE RAT LIVER SOLUBLE ENZYME FRACTION. **'Il 

DEHYDROISOANDROSTERONE - 4 .. 14c * ESTRADIOL - 17p ~ 6, 7 - 3H - 3 METHYL ETHER * 
TUBE NO. 

UNCONJUGATED CONJUGATED % RECOVERED UNCONJUGA.TED 
c.p.m. c.p.m. ffiODUCT c.p.m. 

CONJUGA.TED.t 

1. - - - 6,800 

2. 460 9,700 94.8 ± 2.7 7,300 

3. 5oo 12,600 95.5 ± 2.0 7,400 

4. 700 9,300 92.7 + 2.6 7,800 

5. 2,400 11,400 82.1 .:!: 1.4 8,100 

** The weight and activity of steroids used as in Table VIII 1methods 1 • 

6, c.p.m. are avera.ges of 2 experimenta in duplicate. 

' 

CONJUGATED % RECOVERED 
c .. p.m. PRO DU CT 

CONJU GA.TED. t 

1,600 18.5 ± 0.4 

980 11.5 ± 0.7 

1,100 12.9 .± 0.4 

630 7.0 ± 0.6 

430 4.6 + 0.4 

+ Figures are corrected for blank values of 0.65% and 0.46% for dehydroisoandrosterone and estra.diol - 17~ -
- 3 methyl ether, respective1y. 

* Average recover.y of incubated radioactivity is 74 + 4.7% and 80 + 4.4% for dehydroisoandrosterone and 
estradio1 - 17~ - .3 methyl ether, respectively. - - -

• • 
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TUBE NO. 

1. 

2. 

3. 

4. 

TABLE XX 

THE EFFECT OF DEHY.DROlSQANDROSTERONE UPON SULFURYLATION OF 16 - KETOESTRADIOL - 17p 

AND 16 - ~ESTRIOL BY ADULT FEMA.LE RAT LIVER SOLUBLE ENZYME FRA.CTION. **' à 

16 - KETOESTRADIOL - 17~ - 16 - 14c * 16 epiESTRIOL - 16 - 14c * 

UNCONJUGATED CONJUGA.TED % RECOVERED UNCONJUGA.TED CONJUGA.TED % RECOVERED 
c.p.m. c.p.m. PRO DU CT c.p.m. c.p.m. ffiODUCT 

CONJUGA.TED.t CONJUGA.TED .t 

12,300 1,000 7.4 ±. 0.4 

11,700 810 6.1 + 0.2 

- - - 2,400 330 12.0 + 0.9 

- - - 2,800 180 5.8 ± 0.4 

** The wèight and activity of steroids used as in TABLE IX 1methods 1 • 

~ c.p.m. are averages of 2 experimenta in duplicata. 
t Figures are corrected for blank values of o.4o% and 0.20% for 16 - ketoestradiol - 17~ and 16 - epiestriol, 

respectively. · 
* Average recovery of incubated ra.dioactivity is 81 ± 2. 7% and 82 !. 4.0% for 16 - ketoestra.diol - 17~ and 

16 - epiestriol, respectively. 

e • 
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FIGURE IV. The Etf'ect Of Varying Dehydroisoandrosterone Concentration Upon 
. ,. . ~ . 

Sulf'urylation Of o.o4 ~ Mole~ Of Estrone - 6, 7 - JH, Estradiol • l7p - 61 7 -

- JH And Estradiol - 17~ - 6, 7 - Ja - 3 Methyl Ether In Vitro • 

• 
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complement the results of Table XII. The differences in esterifica­

tion noted between the various estrogens in Table XII could have been 

due either to the presence of multiple sulfokinases in the crude 

enzyme fraction (a more or less specifie enzyme for each estrogen) or 

to the effect of steroid structure on a common enzyme. The results 

obtained in this section, at present, indicate the latter to be more 

likely. A more detailed discussion of this matter will be found in 

Chapt. V. 

3. Because it is well known that sulfation by many human fetal 

tissues, including the liver, is high in vitro (57), it was of 

importance to study conjugation by rat fetal liver preparations in 

order to determine the suitability of the rat as an experimental 

animal reflecting hurnan metabolic processes by noting any differences 

between the two species. Obvious dissimilarity of rat fetal liver 

conjugation with réspect to that of h~n fetuses {see Table XXI) led 

to studies using animals of different ages and maternal livers at 

different periods during and after pregnanc,y. The degree of sulfa­

tion was compared to that of normal adult female a,nimals in each 

case. Also by contrasting esterification o~ estrone, estradiol - 17~­

and dehydroisoandrosterone by livers of rats of increasing age, it was 

hoped that sorne further conception as to the singularity or multipli­

city of the sulfokinases in the crude enzyme fraction could be 

obtained. 

Table XXI contains data concerning esterification of estrone, 

estradiol - 17p and dehydroisoandrosterone by rat liver preparations 

of various ages as well as maternal preparations at different stages 

before and after pregnancy. studies were carried out as described in 
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<0 TABLE XXI 

THE EFFECT OF ANIMAL AGE AND MATERNAL CONDITION UPON STEROID SULFATE 

SYNTHESIS BY THE RAT LIVER SOLUBLE ENZYME PREPARATION. **, 6 

--------------------------------------------------------------------------------------~--------------------~ 

ESTRONE - 16 - 14c * ESTRADIOL - 17J? - 6, 7 - 3H * DEHYDROISOANDROSTERONE - 4 - 14c * 
Am}~LAGE------------------------------------------------------------------------------------------~ 

UNCONJ. CONJ. % RECOVERED% RECOVERED UNCONJ. 
c.p.m. c.p.m. PRODUCT PRODUCT c.p.m. 

CONJUGATED CONJUGATEnt 
BLANK 

~--·-- ._, ..__,M~, _.--........-,.., ... ___ , __ """'" 

FETUS 
(TERM) 37,600 240 0.41 0 17,000 

10 DAYS 49,800 370 0.41 0 17,700 

30 DAYS 101,000 1,100 0.32 0.8 ±. 0.3 59,200 

MATERNAL 
{TERM) 40,400 850 0.41 1.6 ± 0.3 15,900 

MATERNAL 
(10 DAYS 

POST 
DELIVERY)45,400 1,500 0.41 2.9 ± 0.1 15,300 

JviATURE 
(75 DAYS) 20,700 1,800 0.38 7.5 :t o. 9 10,400 
-- ... ,. .... '-' ...... __ ,. ____ ... .,._ ..........,._._ .. _-.-~ .. -_ __.. .. ~,.,·---..·~-----·- ........ 

CONJ. % RECOVERED % RECOVERED UNCONJ. 
c.p.m. PRODUCT PRODUCT c.p.m. 

96 

380 

4,000 

2,300 

1,200 

2,100 

CONJUGATED CONJUGATEnt 
BLANK 

0.31 0 

0.31 1.8 :!. 0.5 

0.55 5.7 ± 0.4 

0.31 12.3 ±. 1.0 

0.31 7.1 ± 1.4 

0.69 16.1 ± 0.5 

21,600 

17,900 

10,900 

980 

4,500 

1,300 

~~J The weight and activity of steroids used as in TABLE X •methods'. 
~ c.p.m. are averages of 2 experimenta in duplicata. 
t Figures are corrected for blank values. 

* Average recovery of incubated radioactivity is 82 ±. 3. 2%. 

CONJ. % RECOVERED % RECOVERED 
c.p.m. PRODUCT PRODUCT 

860 

3,600 

12,700 

20,400 

18,800 

6,200 

CONJUGATED CONJUGATE.Uf 
BLANK 

0.51 3.3 ± 1.1 

0.47 16.2 + 0.9 

0.17 53.7 ± 1.8 

0.47 94.9 + 2.1 

0.47 80.2 + 2.1 

0.26 82.9 :t 1.7 

It should be noted that due to a statement by Weng1e (142) indicating that dehydroisoandrosterone activity of the liver 
increases from 0 to 25 days Without any demonstrable sex differences, the fetal and 10 day o1d animais in our studies 
were not sex differentiated. 

re • 



• •section c, 3(b) iv methods' • 

It is obvious tha.t the conjugating activity was virtually 

absent from fetal liver but that it increased with age. Table XXII 

displays the rate of development of sulfurylating activity towards 

each of the three steroids with increasing age. 

TABLE XXII 

DEVELOIMENT OF SULFATING SYSTEM WITH AGE AS A PERCENTAGE 

OF THE LEVEL IN THE MATURE F»1ALE RAT LIVER PREPARATION. 

STEROID FETUS ( TEID-1) 

ESTRONE 0 

ESTRADIOL - 17~ 0 

DERYDROISOANDROSTERONE 3. a· 

10 DAYS 

0 

11.2 

19.5 

30 DAYS 

10.7 

35.4 

64.8 

MATURE 

lOO 

lOO 

lOO 

The above data c1ear1y display an apparent difference in the 

rate of development of sulfury1ating activity towards the three sub­

strates in. the order dehydroisœndrosterone> estradio1 - 17~ ) 

- estrone. At an age of 30 daye the 1iver enzyme preparation 

appeared not to have reached mature esterification activity with any 

of the three steroids studied. Complete activity appears sometime 

between this period and maturity. 

The materna1 1iver preparation also undergoes a loss of 

enzyme activity at term, as assayed by esterification of estrone and 

estradiol .. 17~, which is still not completely regained after 10 days. 

The sulfurylation of dehydroisoandrosterone appears normal with both 

maternal preparations, the sulfation being greater than 80% in both 
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cases • 

Further discussion regarding the significance of the sub-

normal activity of the enzyme fraction under different conditions 

will be found in Chapter V. 

D. PURIFICATION AND IDENTIFICATION OF THE RADIOACTIVE INCUBATION 

PRODUCTS. 

One-half of the water soluble material from each series of 

incubations performed using radioactive substrate was separately 

pooled for identification purposes. Parts of these solutions were 

taken and submitted to various forma of examination. 

Not all of the pools were subjected to every form of iden-

tification due to the abundant number of incubations performed. 

Instead, random samples were considered typical of the remaining 

unidentified ones. This was justifiable due to the large cross-

section of different pools of incubation products tested. 

1. PAPER CHROMATOGRAPHY. 

Data are presented regarding the chramatography of two 

separate pools of water soluble derivatives of deqydroisoandro-
. -

sterone - 4 _14c and estrone - 6, 7 - 3H obtained from etudies 

involving the effect of dehydroisoandrosterone concentration upon 

estrone sulfurylation and vice versa (Tables III and VI 'methods') 

performed as described in 'Section D, 1 methods 1 • No attempt was 

made to actually separate the two steroid conjugates, present in 

each pool, from each other, the aim being simply to ascertain that 

the area, on the p:Lper, containing the two incubation products 

corresponds to the region of the standard sulfates. This was 

waiTanted, preliminary studies having shawn that unconjugated 
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estrone and dehydro~ndrosterone run with the solvent front in 

this system, there thus being a large difference between retention 

factors of the free and conjugated materials. The purpose of this 

part of the chromatography was to merely determine whether the 

incubation products were sulfates, not to identify the metabolites. 

Table XXIII indicates the activity of incubation product corres­

ponding to the two standard sulfates (standards do not separa te 

from each other in this system). 

It is apparent that virtually all the material identified 

as being conjugated by counting of ethyl acetate extracts at the 

finish of each individual experiment bad the same mobility in this 

system as sulfate ester standard. The compounds are therefore not 

in the free state and are most probably sulfates. 

TABLE XXIII 

PERCENTAGE OF INCUBATION PRODUCT CORRESPONDING TO SULFATE ESTER 

STANDI\RD AS DETERMINED BY PAPER CHROMATOGRAPHY ~. 

ACTIVITY OF MATERIAL ACTIVITY OF MATERIAL PEHCENI'AGE OF ACTIVITY 
CHROMATOGRAPHED ELUTED CORRESPONDING CORRESPONDING TO 

c.p.m. TO STANDA.RDS STANDARDS 
POOL NO. c.p.m. 

ESTRONE DEHYDROISOAN- ESTRONE DEHYDROISOAN- ESTRONE DEHYDROISOAN-
-6, 7-3H DROSTERONE-4- -6, 7-~ DROSTERONE-4- -6, 7-3H DROSTERONE-4-

_l4c _14c -14c 

1. 149,000 52,000 131,000 45,000 88.1 87.0 

2. 69,400 22,600 60,000 19,000 86.3 85.6 

â c.p.m. are averages of one experiment in duplicate. 
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TableXXIV displays the distribution of radioactivity upon 

chromatography of the incubation product(s) of estradiol - l7p -

- 6, 7 - 3H on a descending paper system described in 'Section D, l 

methods'. 

* 

TABLE XXIV 

PAPER CHROMATOGRAPHY OF THE CONJUGA.TED FRACTION OF 

ESTRADIOt - 17~ - 6, 7 - 3H INCUBATION PRODUCT. 

RETENTION FACTOR ACTIVITY OF MA.TERIAL ELllrED 
(RF) c.p.m. * 

0 - o.o5 2220 (444) 

0.05 - 0.19 500 (lOO) 

0.19 - 0.35 940 (188) 

0.35 - 0.51 915 (183) 

o.51 - 0.73 430 ( 86) 

0.73 - 1.0 2120 (424) 

Corrected for background of 82 c.p.m. for an aliquot of 1/5 of 

reported value. Value in brackets is the activity of aliquot 

corrected for background. 

The majority of the counts are found at the opposite ends of 

the paper while a fraction lies in between. In the area of Rf 0 to 

o.o5, 2220 counts per minute correspond to estradiol - 31 17{3 -

- disulfate standard. From Rf o.o5 to Rf o. 73 the counts appear to 

indicate the presence of some monosulfate (estradiol - 11p - 3 -

-sulfate and estradiol- 17p- 17- sulfate). In the Rf 0.73 to 1.0 



• area free estradiol - 17J3 was localized. Ether extraction of counts 

in this region was almost complete indicating that the radioactive 

material in this fraction was the unconjugated (free) estradiol -

- 17{3 - 61 7 - 3H. Since this work was done, further càreful 

examina.tion of the behaviour of estradiol - 3, 1713 - disulfate has 

indicated that it is quite unstable even in a nearly dry state, 

hydrolyzing quite readily. As pools of ma.terial applied to paper 

bad been stored for several weeks, it is indicated that the co~ 

pound detected at the solvant front may have been bydrolyzed radio­

active estradiol - 3, 17J3 - disulfate. This is further confirmed 

by previous data reported in this thesis which indicates that the 

radioactivity of the ethyl acetate fraction is a quantitative 

reflection of the presence of steroid sulfates. 

Paper chromatographie etudies therefore further confirm that 

while sorne monosulfate of estradiol - 17{3 may be produced by 

in vitro incubation under the defined conditions, most of the mater­

ial appears to be di sulfate. 

2. SOLVOLYTIC CLEAVAGE OF R.FACTION PRODUCTS. 

Solvolysis is a technique involving a reaction between the 

substrate and a nucleophilic solvant molecule causing a deesterifica­

tion of steroid sulfates. In this work it was used as a method of 

partial identification of products. 

It was demonstrated that the aqueous incubation products of 

the series of experimenta performed during this work could be render­

ed ether soluble after solvolysis. It is a well known fact that 

steroid conjugates exhibit a partition in favor of water in an ether/ 

water system whereas free estrogens show the opposite behaviour. 
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TABLE XXV 

AMOUNT OF RADIOACTIVE INCUBATION PRODUCT ETHER SOLUBILIZED BY SOLVOLYSIS. ~ 

PRE - SOLVOLYSIS (El'HER INSOLUBLE) 

POOL NO. 

1. 

2. 

3. 

4. 

5. 

c.p.m. 

3H 

16,100 

12,900 

37,800 

17,300 

2,100 

Il. On1y one determination per pool performed. 

t Samp1e lost • 

•• 

14c 

2,400 

12,400 

5,600 

46,800 

6,800 

POST - SOLVOLYSIS (ETHER eOLUBLE) 
c.p.m. 

3H 14c 

13,600 2,000 

10,500 9,900 

32,900 5,000 

14,900 39,,500 

1,8oo - + 

,. 
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Table XXV displays the radioactivity of the ether insoluble 

material in ethyl acetate before solvolysis and the counts per minute 

of compound rendered ether soluble after solvolysis of a number of 

randomly chosen pools of incubation products. Only parts of each 

pool were utilized, other portions being conserved for further e.xam-

ina ti on. 

NO!E: 3H and 14c in the table represent mixtures of products of a 

multitude of incubations and do not designate any two specifie ster­

oids. The aim of this section was to prove that all the ma.terial in 

each pool was conjugated_, thus indicating that the single steroids 

from each individua.l experiment must have been esterified. 

Solvolytic cleavage indicated that 8.5.1 ± 2.2% of the (3H) -

ma.terial and 83.5 ± 4.1% of the (14c) - labelled compounds accounted 

for as esterified during the indi vidual incubation experimenta was 

actua.lly conjugated. The remaining 14.9% and 16 • .5%, respectively, 

can be accounted for as experimental losa as well as possible 

break-down of the moderately labile sulfate ester during storage. 

NO!E: Only the pooled incubation products of estrone - 6, 7 - 3H 

and dehydroisoandrosterone - 4 - 14c were solvolyzed. 

3. SUCCESSIVE CRYSTALLIZATION OF INCUMTION PRODUCTS •. 

Recrystallization as a means of determining radiochemical 

homogeneity of incubation products was performed as described in 

'Section D, 3 methods 1 • Successive crystallizations of the reaction 

product of estrone - 6, 7 - 3H after ethyl acetate extraction indicate­

ed upon the first crystallization that the incubation product and pure 

estrone - 3 - sulfate standard behaved similarly (Table XXVI) • 

Specifie activities of crystals and mother liquor were almost exactly 
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the same. Furthermore, successive crystalliza.tions did not appre­

ciably decrease the specifie activity, indicating lack of radio-

active impurity. 

Labelled incubation product of-~stradiol- 17~- 6, 7- 3H, 

obtained by ethyl acetate extraction, was mixed with unlabelled 

estradiol - 11p - 3 - sulfate and estradiol - 11p - 17 - sulfate, 

respectively. Table XXVI indicates that 3 times and 5 times as 

much activity was found in the mother liquors as in the crystals, 

respectively 1 upon the first crystalliza.tion. Further crystalliza-

tion caused a decrease in the specifie activity approaching zero. 

These resulta seem to indicate that most of the incubation product 

was neither estradiol - 17p - 3 - sulfate nor estradiol - 17p - 17 -

sulfate. If either of these compounds was present, they would 

exist only in very small quantities. The product of incubation 

could have been estradiol - 17p - 6, 7 - 3H (unconjugated) as the 

presence of diethyl ether in methanol would have prevented its 

crystallization. However a single crystallization with 15 mg. of 

estradiol - 17p indicated appreciably no activity in the crystals. 

The only alternative appears therefore to be estradiol - 3, 11p -

disulfate. Due to the tedious procedure of purification involved 

in the synthesis of the latter, direct identification by crystalliza-

tion of the incubation product following dilution with carrier was 

not undertaken for the present. 

Finally, comparison of the radioactivity of the ethyl ace­

tate fraction, in reference to estrone - 6, 1 - 3H, and the specifie 

activity of the crystals clearly indicates the acceptability of 

utilizing radioactive data obtained directly from ethyl acetate with­

out furt.her purification as reflective of the degree of sulfurylation. 
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TABLE XXVI 

PURIFICATION OF REACTION ffiODUCTS FOLIJJWING INCUBATION OF ESTRONE - 6, 7 - 3n AND ESTRADIOL - 17{3 - 61 7 - 3H 

WITH MATURE FEMALE RAT LIVER SOLUBLE ENZYME FRACTION. * 

STAGE OF PURIFICATION 

ESTRONE-3-SULFATE ·** 

ETHYL ACETATE EXTRACT 
OF INCUBATION PRODUCT. 547 

CRYSTALS #1 536 

MOTHER LIQUOR #1 525 

CRYSTALS /12 526 

MOTHER LIQUOR /12 538 

CRYSTALS #3 511 

MOTHER LIQUOR #3 527 

* For method see 'Section D, 3 methods'. 

SPECIFIC ACTIVITY 
c.p.m./mg. D 

ESTRADIOL-17B-3-SULFATE ~ 

1207 

447 

1231 

125 

.310 

10.3 

** Recrysta1lization with incubation product of estrone - 6, 7 - 3n. 
Il. Recrysta11ization with incubation product of estradio1 ... 17B - 6, 7 - 3H. 

\ 
~ Corrected for background of 82 c.p.m. 

ESTRADIOL-17B-17-SULFATE ~ 

1267 

206 

1001 

175 

• • 
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4. COLUMN PARTITION CHROMATOGRAPHY OF CONJUGATED INCUBATION 

PRODUCTS. 

Appraximately 5000 c.p.m. of the conjugated incubation prod­

uct (ethyl acetate extract) of estradiol - 17~ - 6, 7 - 3H was 

applied to a Celite column and eluted with Isooctane: tert - butanol: 

NH40H as described in 'Section b, 4 methods 1 • Appraximately one-half 

of the activity appeared in the region corresponding to pure estra­

diol - 3, 17p - disulfate standard. The other half of the radio­

active material was eluted with the first 5 ml. of eluant indicating 

the presence of unconjugated material. The lability of the estra­

diol - 17p disulfate ester is again implied, confirming the resulta 

of pa.per chromatography previously reported. It is of course poss­

ible that this.hydrolyzed material arose from estradiol- 17p- 3-

sulfate or estradiol - 17~ - 17 - sulfate but resulta from success­

ive crystallizations appear to contraindicate this. 

It should be noted that while both pa.per and column chrornato­

graphy indicated the presence of unconjugated as well as conjugated 

material in the ethyl acetate fraction, none was found on crystalliza­

tion. This may have been due to two reasons. Incubation products 

for recrystallization were immediately dissolved in methanol and used, 

while material for pa.per and column work was pooled and allowed to 

stand for longer periods of time. Also the procedure of crystalliza­

tion was a very rapid one, while both pa.per and column partition 

chromatography took several days to complete. 

In summary it could be stated that ethyl acetate extracts 

appear to accurately represent the degree of sulfurylation of estrogens 

without further purification. Indeed, purification may underestimate 

the degree of sulfation in the case of labile end products such as 
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estradiol - 31 17f3 - disulfate •. Only the incubation products of 

estrone - 6, 7 - 3H and estradiol - 17p - 6, 7 - 3H were identified 

by the four techniques outlined~ Dehydroisoandrosterone - 4 - 14c 
incubation product was shawn to be a water soluble ma.terial which 

yielded free ma.terial upon solvolysis and which on deooending pa.per 

chroma.tography behaved as a sulfate. Sneddon and Marrian (136) 

proved by lesa distinct means and more by implication that estrone 

sulfate wa.s the incubation product of estrone with bovine-adreno-

cortical minces. It is1 therefore, tentatively suggested that proof 

of the reaction products ar estrone - 6, 7 - 3H, estradiol - 6, 7 -

- 3H and dehydroisoandrosterone - 4 - 14c applies to all other 

estrogens studied by the author. 

E. LOCALIZA.TION OF MATERIAL INTERFERING WITH THE METHYLENE BLUE 

REACTION. 

It was noted that the soluble enzyme preparation of rat 

liver contained a material which produced a chloroform soluble 

methylene blue complex. This unidentified compound(s) rendered it 

impossible to obtain accurate control values for estrogen esterifica-

ti on. 

As a first step1 the enzyme solution was submitted to electro-

phoresis to obtain information about the behaviour ar the crude 

fraction in an electric field. 

1. PAPER ELECTROPHORESIS. 

This was performed as described in •Section E, l methods•. 

The crude high speed soluble enzyme fraction was found to 

sepa.rate into two main bands. These patterns fluoresced in the 

presence of ultraviolet light and were yellow in colour in the 
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visible region of the spectrum. This suggests tha.t the protein 

fractions were of a conjugated form, rather tha.n being simple in 

structure. 

Studies of the electrophoresis patterns by staining with 

Ninhydrin and Brilliant Blue indicated two distinct fractions with 

a weakly stained area between them. Both bands were basic in 

nature, their mobllity being directed toward the cathode. 

2. CIIT.OROFORM-SOLUBLE METHYLENE BLUE COMPLEX FORMATION. 

In an attempt to investigate the specificity of the methylene 

blue reaction for sulfate esters, a series of sulfates including 

inorganic and organic compounds were subjected to the methylene blue 

reaction, followed by chloroform extraction as outlined in •Section 

E, 2 methods '. 

Table XXVII indicates the absorbence of the methylene blue 

colour in the chloroform layer for various sulfates. 

As far as could be determined from the resulta as well as 

from previous work, the methylene blue complexing and chloroform 

solubilization was limited to phenolic ester sulfates and steroid 

sulfates. However, suspicions concerning nucleotide sulfates render­

ing colour in chloroform made possible more direct work in localiza­

tion of the endogenous colour. 

3. INCUBATION OF THE SOLUBLE ENZIME FRACTION FOLLOWED BY DESCEND­

ING PAPER CHROMATOGRAPHI. 

The commercial non-availability of nucleotide sulfates led to 

paper chromatographie work in an attempt to qualitatively detect the 

compound X which yields methylene blue complexes. This was done with 
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TABLE XXVII 

THE DEGREE OF CHLOROFORM SOLUBLE METHYLENE BLUE COMPLEXING WITH VARIOUS SULFATE 

COMFOUNDS AS lv1EASURED SPECTROPHOTOMETRICALLY. 

MAGNESIUM SULFATE 

CADMIUM SULFATE 

AMMONIUM SULFATE 

SODIUM SULFATE 

CERIC SULFATE 

COMPOUND 
1 mg./tube 

SEROTONIN CREATININE SULFATE 

HYDROXYIAMINE SULFATE 

METHYL iso - THIOURFA SULFATE 

p - TOLUENE SULFONIC ACID 

8 - AMINO - 1 - NA.PHTHOL - 3, 6 - DISULFONIC ACID 

OP!'ICAL DENSITY 
650 m )1• 

o.oo 

o.oo 

o.oo 

o.o1 

o.oo 

o.o1 

0.01 

0.01 

l.So 

o.o1 
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the hope of being able to elute the material in large enough quan­

tities for more elaborate identification. Unfortunately not enough 

of the interfering substance was present for detection by this 

method1 unle ss incubations on a larger sc ale were undertaken. This 

did not seem worthwhile far the present. 

4. FRAGTIONATION OF THE HIGH SPEID SOLUBLE ENZYME FRACTION. 

As an alternative to •Section 3' above1 the enzyme preparation 

was further fractionated as described in •section E1 4 methods 1 ard 

each fraction was incubated, followed by methylene blue reaction and 

chlorofonn extraction. 

Table XXVIII presents data on the intensity of the chloroform 

layer of the 1acti ve sulfate 1 (adenosine 3 " phosphate 5 1 sulfate­

phosphate or PAPS) fraction as well as that of the. sulfokinase frac-

tion. Each of the fractions incubated corresponded to lOO mg. of 

rat liver. Two trials were perfonned. 

TABLE XXVIII 

CHLOROFORM SOLUBLE METHYLENE BLUE COMPLEXING BY THE FRACTIONS OF 

THE HIGH SPEED SOLUBLE ENZ'YME FREPARATION OF F~ RAT LIVER. 

TRIAL NO. 

1. 

PAPS FRACTION 
OP!'ICAL DENSITY (650 my.) 

0.24 

0.31 

SULFOKINASE FRACTION 
OPl'ICAL DENsiTY (650 m )l) 

0.02 

o.o6 

Although neither of the two fractions incubated was entirely 

pure, each of the two compounds indicated (PAPS and_ Sulfold.nase) was 
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probably the most abundant in its respective fraction. Due to the 

relatively high optical density of the PAPS fraction~ there remains 

little doubt that the adenosine 3 1 phosphate 5 1 sulfatophosphate is 

the colour rendering material. It is this compound which invalid­

ates the methylene blue technique, as used above, for the measure­

ment of sulfation of the steroids which are esterified to a slight 

degree (e.g. estrogen) • 

10~ 



DISCUSSIOB OF RESULTS 

!he purpoae of the inquiry described in this thesis vas to 

gain sœa insight into the in rltro suJ.:tur.ylation of steroidal 

eslirogens. It vas of consequence to determine; (a) how the changes 

in aolecular stru.ature of estrogens attected the degree of their 

esterification; (b) whethar othar steroida, either phenolic or non­

phenolic, com.peted tor or aatbatad the enzyme qat•; (c) hoir 

changea due to age or œternal condition or &Dilala •Y baw ia­

fluenced this latter acti û t7. Final.ly, a p.raetical probl• or 

teclmique was briefly' ell'rlaaged by direatly' examining the' emsyae 

traction itaelt. 

Since this work vas begu., other publications relating to 

this topic baw appeared. !han will be iDcluded iD the subsequent 

diacusion, 1ÔI8ther corrobOl"&tive or cold;rù.iator;y to the a'tlthor 1s 

resulta. 

'l'he aosli .f'aTourable pH conditions tor this in rltro e,..ta 

was found to be 6.5 to 7 .S. This agreed vith the published "talue 

ot pH 6.8 b;r R07 (S2). Decreaae of conjugated prod.uct balov pH 

6.0 vas considered as a consequence of two separate phenome:ua. 

Prillariq, it vas probabl,y du to direct changes of ens,..e molecular 

structure ( •· g. e.f'tect of pH upon the ionisation states of COlllpOD8Dt 

amiao acide). Secondari.J.7, acid aedia coupled vith beat are kno1m 

to }Vdrol.yse ester nltates, thus ap.iD decreasiiJI conjupte forma­

tion by actiDg u.pon the actual product. In the al ka.Ji ne range 

(pH~ 8.0), decrease in nltation is likel.1' due to the foraer • .l 

pH or 6.8 vas therefore Mintained in all incubation studiea. 

For aewral ,..ars ~ntroverq bas d.fn'eloped concerniDg 

whether the soluble enzyme traction co.o:t;ains one aultokiDase of law 
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• specificity tor arteroid n.bartrates or llhetber it is composecl ot 

aultiple, specifie •steroid sultokinases". Roy ($2) 1Ddicated tbat 

the eœyae sptem sh0118d a relatinq lov degzoee ot speciticit7 tor 

steroid aubstrates as all sterols t.ested vere co~qated vith sul­

fate. Holnn"er., it laas not 'been d.ecisiveq deaonstrated th&t. ~ 

one ensyme is involved in the esterification ot all steroids. Up 

to the tiae this work as UD.dertakea.,. there l:acl been OlÜ1' one 

indication asto the presence ot aore than oœ ftltokiDaae imol'ftd. 

in the ftltation of distinct eartroceu. loaa ud Lipaaœ (75) 

claimed to have succeeded ia sepLrating estrone .auJ.toJd.Dase .trca 

phenol aultokiDase., the latter having previou.sl.y bMn conaide:red to 

be a single eœyae sul.turylatiDg all phenolic c~ includiDg 

estrogeu. Hawever, in 1960, Cftgory and BobbiDS (lkl.) d.iaputed. 

this f1nd.i.Dg1 aaeating tbat pb.enolic c01lp01Dlds are all sultur;rla­

ted by a single phenol sultokinase. 

The present au:thor pertomed a series ot 41Œperiaents1 exaa­

ini.Dg the effect ot eartrone and d.eb,:rdro~osterone upon the 

esterification of various eartrogeu wbich my pLrtiaU,. contribute 

to the solution of this problem. It was ot interest to obsel'f'e 

vhether inhibition ot "subatrate• arteroid INl.tation oceurred. in the 

presence of these abO"fe two 17 - œ:o steroid.s. 

A •theatical trM.t•nt b7 Dixon (lkS) i:Dd:lcated. the accep­

tabillt;r o:r st\1.d.y1Dg iahibition of eDSyB& acti"fity vith respect to 

substrat• b7 aintaiDi.Dg a constant cœcentration ot the latter 

vbile varyiDg bhibitor concentration and vice vera.· Jlo1' CS.3, 79) 

studied the e.ttect ot steroids upon 2 - naphtb1'1 sultaate ffiD-

lo6, 
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thesis. Be noted actiwtion ot esterification in tlle presence ot 

low con~:rationa ot 17 - axo ateroi.d. v~ch nbaequentl.y decr•sec:l 

at higher concent:ratiOD8, UBing :rat liwr arylJul:hMt sultold.Jaae. 

GaiDea pig preJUationa vere inhibited b7 the llt;eroid. la either 

case, an acti -.ation or an i.Dldbition both indicate the presence ot 

a single ens:ym.e vhich can sulfurylate both the steroid and 2 - napb­

thylaaine. Roy expl.ained both phenoaena b7 basing thea upon a 

mecbani• tormall.y similar to partial coapetitive inhibition. He 

suggested tlat a ternar;r enzyme - ster<>id - subatrate compl.ex 

(dissociation constant Ks'J can be tol"lll8de 'fhe rate at vhich this 

coaplex deccaposed to ,-ield reaction products was identical with 

that ot the breakdcnm ot the normal ensyme • nbat:rate cCIIp].ax 

(dissociation constant K8 ). . He proposed tba:t it K8 ' is grea ter 

than Ka in ~cà a qst• (i.e. addition ot ateroid decreases the 

apparent attinity- ot the enzyJa tor the substrate) thea the ste~id 

is an iDhibitor ot the eDZYJ18. It K8 
1 is lesa tb&D K8 then ,the 

steroid is an aetiw.tor. Acti"Y&tion appeared to inTOlve the D ring 

of steroids, as 17 - oxo steroid singularl.y producecl this ettect.. 

By' obaerrl.Dg the ettect ot d.etqdro!!_candrosterene concentra­

tion upon estrone sultation and vice versa, the present author 

noted a very aall initial acti wtion tolloved b7 inhibition. The 

acti-.ation occurred onl.7 if lesa than one-tifth ot oxo steroid 

relative to substrate steroid by' weight was present. It Roy- 1s 

expl.a•tion is adhered to, then law estrone and de}Vdroisoandro­

sterone concentrations increased the attiDity ot the enzyme tor the 

subst:rate steroid, vhile higher concentratiou decreased it. Acti w.­

ti on •7 possibl7 inYoln the presence ot aore tban o• site ot 
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attachrlent of 17 - uo steroid beiDg preaent on the ens,.e molecule • 

Both estrone and delvùroiaoandrosterone wre found to considerabl.7' 

inhibit the tunction o:t the eu:vme toa.rd 111l:turylati<m o:t eatradio1-

- 17~ and estradio1 - 17~ - 3 aetb71 ether. 

The above information nggested tbat a cc.aon eu,..e estel'l-

i:tiea estrone, estradio1 - 17~, estradiol - l?p - 3 •ttv'1 ether and 

de}Vdroia()androaterone, tending to support tbe vin o:t Grego!7 &Dd 

Robbins aentioned earller in this chapter. It is especial17' iutereat­

ing to obserYe tbat, i:t in tact, a cOJIIIon eu,-- ia present, a pbeno1-

ic A ring ia not a factor detendning its apeci:ticit7 as de):q'd.roiao­

and:roaterone aw-ra to com.pete for ensyae actiT.it7 vith the estro­

gena. Furtheraore, the ens,._ appeara to nl.ttl.ry'late both the 

phu.olic and al cobol Jvùraxyl :tunctions indiacriminately ( c.3 and cl? 

groupa). This ia borne out b7 noting iDhibition of eatradiol - 11p -

- .3 meth7l ether sul:tation in the presence o:t estrone, indicating a 

competition betveen the C 3 anÇI. C17 positions. In addition, it is sean 

from TABLE XII •resulta' tbat blocld.ng of the pheno1ic group of 

eatradiol - l?p b7 aeth7lation resulted. in no appreciable change in 

the extent o:t sulturylation, again strongq suggesting tbat the C17 

~1 function was equall.y eateritied. As a final test ot this 

phenomenon, incubations including the addition ot :tla2.35soq, to the 

mediu:a containi.Dg ( .3B) - labelled estrogen vere pertormed. This 

reaulted in 35sj.3H isotope ratios of 2.05 and 1.0.3 tor estradiol -

17~ and eatradiol- 11p - 3 aetb7l ether as substrates, reapectiTe~, 

strongq au.ggeating dinl:tate for-.tion froa eatradiol - l7p. 

( Becr.ratallisation, colDD and JBper chrœatogr<~,phJ' turtber substan­

tiated this.) When estrone and ita .3 - metb;yl ether vere emplo,ed in 

lOS. 



• 

·aim1Jar experiJaents, the isotope ratios vere 1.23 and sere, respeet­

i valy, conf'ind.ng tbat isotopie me&8'U'8JDBntS are a retlection of 

actua.1 conjugation and that blocking the tunctional group of estrone 

Jielded DO conjugated product. 

From these e:xperim.ents, pertormed b7 the author, one can 

further suggest tbat d.ieultate formation ot eatradio1 - 17p resulta 

under the conditions apl078d. 

Weng1e and Bostrôm (146} hl 1963 pert01'1'18d siailar stud.ies 

invo1rtng hl rltro aynthesis of d1eul.fates of certaiD d.i}Vdrc:l'Q" 

ateroida in untractioœted cell-tree rat liver e:u;vae systems con­

taiJdng (35s) - labelled sultate. ~he)" noted tbat the ratio of 

disultate to aonosultate formed ws greateat at ·1ov substrate 1ew1s. 

Disul..fur.y'lation of 31 17 d.ih1droxy steroids also •• increased if the 

contiguration •• 3~ 17p rather tban &JV' other iscaeric fora. Pa;rne 

and Mason (152) on incubation of estradio1 - 17~ vith lld.crosom.e-tree 

u:tracts ot rat linr àemonstrated the tor-.tion ot estradio1 - 31 

17~ - d.isultate. 

In &1DIIIJal"1', up to this point, it is proposed tbat one enzyme 

in the rat liver supernatant traction is involved in sulturylation of 

the estrogens and delv'dro!!_oandrosterone ·and tbat this enzpl8 readil;r 

sulturylatea the pheno1ic 03 ~oxyl as wall as the non-phenolic o17 

hydroq'1 tunction ot estradio1 - 17'[3• 

If a cœaon sultok:l.Dase catal.Jzes the conjugation ot all the 

estrogens shown hl TABLE :III •resulta • 1 turther intoru.tion concern!Dg 

the et!ect ot estropn ao1ecular structure on the dagreè ot IJUJ.fur;yla­

tion can then be obtained tram this data • 

It Dst be considered that a keto group at poaition 17, a 16 

keto, 17-p- ]V'draxy groupi.Dg or a 16 cc., 17~-~ groupiDg can 
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cause a markecl dac~se in nlturylation as eœpared vith cœ.pound.s 

possessing a l?p- ~or a 16p, 17p-~ flmction. 

From the data in Table XII it is turther evident tbat a ~6 grcrap­

ing in the a: configu:ation ~terteree vith sulf'ation ot the mole­

cule to a greater degree than doee a planar tlmetion (e.g. 16 -

keto). A group in the p configuration also interferes, but tc a 

much lesser ext.ent tban either ot the above (e.g. 16 - epiestriol). 

The d.i.Uering degrees ot esterification resulting trca the 

presence of a:, p and planar groupings in the C16 position of the 

estrogen molecule prompts the co,J.sideration tbat it •7 be the c::ç 

surface of thel> ring which binde to the ensyme, although there •T 

be other points of attacblent. A abd Jar phenoaenon bas been des­

cribed b7 Monck (J.h7), who auggested tbat the ex sidas ot rings C 

and D of ateroid. aolecules in general form complues vith purines. 

Langer et al. (J$4) ade ext.easive etudies on the intlueDCe of 

steroid structure on its reactivitT and attiJû.t7 for e.tradi.t - lij!­

debydrogenase. They concludad tbat it is the rear or a: - surface 

of the steroids tbat binds to the enz;yme. 

Additional intonaation related to molacular etfects upon 

ensyme acti vity vas pu.blished b7 Wengle and Bostr011. (146) and by' 

Bostrôm and Wengle (148). They d.iscerned tbat an etl"q'l .e>r ..thyl 

group in the 17 ex position of steroids inhibited su.lturylation of 

the l7p-~l grouping b;y rat linr preparations. An ethinyl 

function in the correspond.ing position bad no affect on esterifica­

tion ot auch a group. Their obse:nation tbat a double bond. between 

the fourth and fi.tth carbon atcas inhibits aultur;ylation of the 3p.. 

bydrœcy-1 aroup •7 a:plai D Wl"q' elrtrogens are su.lf'ated to a lasser 

degree bT rat liver preparations tban the •jority of other steroids. 

llO. 
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The abOYe workers also noted. that 21 - bydrox:y steroids vere ester­

itied. to a fairl7 large extent by adult lman linr extracta, while 

sul.f'ation of the corresponding 17 a: - lo'drœ:y steroids proceeded · 

in low or insigrdticant Ulounts. 

Table III 1 resulta 1 contains data regarding the etfect of 

animal age and 111.terœ.l condition upon the activit7 ot the liTer 

ens,.e preparation. It vas obrl.ous that the conjugating actiTit7 

was virtuall.y' absent from !etal liver but tbat it increaaed vith ap. 

This has been contirlted. by Wengle {lU) who, uaing liTer npernatant 

fluid1 found no deqdroisoandrosterone or phenol nltating activit7 

in the fatal liver. 

The author bas also shown tbat although nltating activit.7 t.o­

wa:rd each ot the aubstrates ued in the assay increased vith age, full 

activit.;r •• BOt attained in .30 day old ui•ls. A siailar f5ncUmg 

bas bea discussed b7 Vengle (142) no indicated tbat delQ'droisoandro­

sterone sultating actiTity ot rat liver increased trœ 0 daya t.o 25 

da.Jw wit.hout deaoœt.ratable sax difference •. Froa 25 da,-s to adulthood, 

activit7 was still increasing in the female whereas in the 111.le liver 

it did not increase but actaally shond a sligbt decline. On the basis 

of botb vorks it appears that full female activity mut be reached in 

the period ot .30 to 75 days (adulthood). 

A :f'urther interesting tact regarding elaboration of •DSYJ~S 

acti vit7 bas been dem.onartrated by i;he author. There was an apparent 

d.itterence in the rate ot developaent of su.l.fur7latiDg actiTity to­

wards the three aubstrates in tl:le order deh1àro!!_aandrosterone ) -

est:ra.diol - 17p) estrone. This could co:nceiw.bl)r relate to the 

presence ot several sulfoldœses specifie far each of the steroida 

lll. 



• 

asaa,-ed orto tm.knOIID pbpiol.ogical tactors posl!d.bly iDf'luencing 

this activit)" at d.itf'ereul; stages ot animal d.frrelopaent. !he latter 

rlev is more plausible as a IDÜtitv.de or prft'iou experi:aeD'ts by 

this writer bave iœicated. the sulf'old..Dase tor these substrates to be 

a single •DSJ118• 

A sillilar ef'fect waa GbaerYed vith •temal linr at tes 

toU•ed by assa;rs of the activit7 or the liftr ten days post delive17. 

Sulf'ation ot delvdroiseandrosterone appeared normal at ten days wbile 

that of' estroœ and estradiol - 17p vas sub-normal. Again 'Dillm01m 

pbysiologioal factors seeaed to bave been involved. In addition, the 

gross appearance of the liver f'raa aternal ardMls iJicl.w:led a pal.e, 

spotted organ as coapared to the rich aooth red colour of' the normal 

adult fema.le liver. 

As an introductor,y S'tep in an att-.pt to studJ' the dittereace 

in activity of the eu,._ fraction, used. througholilt this work, f'r• 

dit:tere:at tissues of' the saae species, the author per:tormed a pre­

l1Jdœr,y experi.-nt, not described in this thesis, bllt which •7 

serve as an içortant 'basis for further work. 

Severa]. iaplications tbat the 8RIIJE tractions ditf'er in their 

activit:r trœ speciea to species as well as witbin tissues of the 

same species bave been presented in pablications. Thus Roy- (.$2, SJ) 

noticed that liver prerarations from f'e•le rats vere considerabl.1' 

more actin toward esterification of' 4eb1droisoandroat.erone than 

ale preprations. Be also obserYed tbat incubation of 17 - axo 

steroid in the presence of 2 - napbtb;ylamine yielded inhibition of 

2 - naphtbTl. sultuate s;rnthesis vith gu1œa pig li ver preparations 

but an acti'f&tiOB ld.th the rat qstea. P&7J18 and Mason (J.SS) touai 

tbat bath huan and. canine adrenal extra.cts f'ormed the 3 and the 
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17 - sultate estera of eatrad.iol - 11f3 but boTine adrenala ,-ielded 

onl.y the 3 - aul:tate. The autbor, in a pUot experiaent, i.Dcubated 

feale rat adrenal minces with eatrone, eertradiol - l'lp aDd eertriol. 

Due to the obvious ditficult7 in ob'taining n.tficient; nicht of 

tissue fw the aa...,.a, this. resulted in a situation of First Order 

Substrate !inetics. Tbe esteri:ticatiœ of tbe above substrates 

increaaed vith wight of adrenal tissue in the order eertriol ) -

eertradiol - 1713 ) estrone. 'rhus, nen if actual aul..tury'lation 

n.lues :relating to each of the above ateroids vere nat; aw.Uable, 

this vork was an indication of the •tendeDC7" to esterif7 the Sllb­

strates. Partial corraboration o:t the preceding bas been publishecl 

by Wengle (149) who using huan letal ad:renals bas disclosed that 

eertriol is indeed ·eerteri:tied to a larger extent tban eertrone ,!!! 

vitro. He also :noted tbat adult huan adrenal extracts, al'thougà 

lla:rl.ng 3.3 - 7(1/, of adult human linr actirlt7 toward steroide, 

produced twice as auch estriol ester· sulfate as estrone sulfate 

(150). 

Vlitos (13S) uapl07ed •thJ"lene blue ·in estiation of di­

chlorop:blmCD:7 etlQrl sulfate ia soU, indicating tbat this tecbniq• 

util.ises the solubilit7 of aetb7lene blue ccapl.exes of sul.tllr1c 

acid esters. The Mtbod as applied by ROT (SJ.) in steroid sulfate 

d8teraiDation. The conjugated steroids ccapla:ed vith aet~lene 

blue while tree •terials did ne&. 'l'be preseDt author in atteapts 

to use this tecbDique noticed high control ftlus rendering asaa,-s 

of •terials ot low nlf'ate esterification poteDtial inadequate. 

As a result, pre]iwa:Jnar:r worlt vas d.one in attempts to local­

ise the inter.teriDc cOilpOIIDd( s) in the e~ traction. AD. axperi-
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ment indicated. that chloro.tOl"'ll soluble aet~lene blue complexes 

seea to be tomed o~ vith sulturic acid estera o.t pbenolic and 

steroidal compounds. HOW8Ver, a different approacà to the problem 

implied that nucleotide sull'ates, speciticall1' adenosine 3 1 phos­

phate S 1 sul.tatophospbate (PA.PS), also render tbe soluble caaplexes. 

Furt.hermore 1 it vas contil"Jiled tbat it is probably' the latter com­

pound, present in the whole ellQM traction, which interferes in 

the assay of the steroid incubation products. Not much could be 

done concerning this since PAPS is required as the active inter-. 

mediate in the biosynthesis ot steroid sulfates. For this reason,. 

the author bas preterred using the radioactive tracer technique in 

esterification assa78 • 
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l. Incubation ot estrogens singly or in the presence ot other 

eteroids aui suitable cotactors vith an UlllOnillll aulf'ate precip­

itate ot a bigh speed soluble •DSJII8 traction prepared frœ adult 

feale white Wiatar rats indicatéd that; (a) a cOJDon type ot 

enZyme activit;y vas tound for both estrogen as vell as de1J1dro~ 

androsteronè sultUl'Y'lation. 'l'his vas contradi.ctor,y to the possib­

ilit;y tha.t multiple specifie aultokinal8s1 each acting upon a 

different estrogen, vere present in the prepâ.ration; (b) a keto 

group at position 17, a 16-keto, l7p - lvdrmt;r grouping or a 

16 ex, l7p • ~ tunction cauaed a •rked decrease in sul­

fur;rlation as coapared vith steroids posseasing a l7p -~ 

or~ l.6p., l7f3- ~group; (c) double label etudies., per-. 
f'oraed in the aa.me vay as all previous incubations and in'f'ol'rlng 

(35s) - labelled ~sola. and (3B) - labelled eatrogen., strongly 

auggested diaultate formation troa estradiol - l7p. This vas con­

firlled b;y blocld.ng ot the phenolic lv'drax:rl as vell as b;y chroma-

tographic aui cr.rstallizatiœ experimenta. 

2. Liwr tmSJ118 preparatiœs trc:a rata of var:l.oua qes ud 

maternal states wre incubated with eatrone, estradiol - 17p and 

dehydro~aterone. Conjugating acti'Vit;y vas absent troa 

fetal liver but increaaed with age. Full adult feale activit;y 

•• reached during the period from. .30 to 75 da;ya atter birth. 

The rate ot developnent ot sultU17lating activit;y tOR.rda the 

three substratea vas in the orcier deh7droiaoandrosteroœ ) -"-
estradiol - l7p) estrone vhich vas probably a reault of unkn.own 

phy'aiological factors poasibly intluencing the activit;y at differ­

ent stages ot animal develOJ:lllent. A similar etfect waa obaerved 
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with preparations of maternal livers obtained during and at differ­

ent times a.fter delivel")" of the fetus. 

3. Preliminal"T evidence indicating a difference betveen the 

bebaviour of rat adrenal minces and liTer enzyme preparations to-

varda sulf'U1'7lation of eatrogens has been presented.. 

~. A mterial interfering with the •t~lene blue reaction vas 

localized in the adult female rat liTer enzyme fraction. It was 

tentatively suggeated that it vas adenosine 3 /phosphate 5 / sulfa­

tophospbate (PAPS). 
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