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SUMMARY 

Previous work has shown that rabbit liver microsomes 

transfer glucose from UDP-glucose to the ^^--hydroxyl group 

of estrone, 17e<-estradiol or 17£-estradiol. These estrogen 

-3-glucosides are also formed when rabbit liver microsomes 

are incubated in the absence of exogenous UDP-glucose. 

These results suggested the existence of two mechanisms of 

steroid glucosylation and prompted a aetailed investigation 

of the two possible pathways. 

17<*--Estradio 1 was used as the substrate in the present 

study. 

The rabbit liver microsomes, when depleted of all 

endogenous nucleotide sugar donors by repeated washing of 

the microsomal preparation, retained the ability to effect 

the formation of small but significant amounts of 17c*<-estra-

diol-3-glucoside and 3-fe.alactoside but were unable to form 

steriod-17-glucosides or N-acetylglucosaminides. The enzy­

mes UDP-glucose dehydrogenase and UDP-glucose pyrophospho-

rylase inhibited the synthesis of 17^-estradiol-3-glucoside 

in microsomes incubated in the presence of UDP-glucose, 

but had no effect on 3-glucoside synthesis in microsomal 

preparations unfortified with UDP-glucose. These results 

confirmed that the synthesis of 17<*-estradiol-3-glucoside 

could take place by two different pathways in rabbit liver. 

One of these, the "UDP-glucose dependent" pathway, involved 
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the direct transfer of glucose from UDP-glucose to the steroid 

while the other, the "UDP-glucose independent" pathway did 

not require the direct involvement of UDP-glucose. The in­

direct involvement of UDP-glucose was also ruled out since 

the rabbit liver homo-pnates and microsomes, when incubated 

with UDP-glucose, were unable to synthesize any intermediate 

capable of acting as a sugar donor in the "UDP-glucose in­

dependent" pathway. Further evidence against an indirect 

role for'*~UDP-glucose in the "UDP-glucose independent" path­

way was provided by the fact that the microsomes, when in­

cubated with UTP or with UTP and glucose-1-phosphate, were 

unable to synthesize UDP-glucose. Glucose, glucose-1-phos-

phate, glucose-6-phosphate and glycogen also proved unable to 

act as sugar donors in the "UDP-glucose independent" synthesis 

of IT*— estradiol-3-glucoside. 

Both the "UDP-glucose independent" and the "UDP-glucose 

dependent" 3-glucosyltransferase activities showed a pH opti­

mum of 7.0, a temperature optimum of 37°C and allowed optimum 

product formation when incubated for 30 minutes with 5 milli­

grams of microsomal protein per 3 millilitre assay. The two 

transferase activities had similar specificities towards 

seventeen different substrates and their Km towards 17^-

estradiol was identical. They both showed the same sensitivity 

to inhibition by a number of different compounds and lost 

activity on storage at -4°C at approximately the same rate . 
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However, several differences were observed in the pro­

perties of the "UDP-glucose dependent" and "UDP-glucose 

independent" transferase systems. Treatment with divalent 

metal ions, while causing almost complete inhibition of the 

"UDP-glucose dependent" 3-glucosyltransferase, stimulated 

the synthesis of 17°<--estradiol-3-glucoside by the "UDP-

glucose independent" pathway. The "UDP-glucose independent" 

3-felucosyltransferase was more heat labile and more sensitive 

to inhibition by detergents than was the "UDP-glucose depen­

dent" 3-glucosyltransferase activity. The "UDP-glucose 

dependent" activity was partially solubilized by treatment 

with Triton X-100 whereas treatment with snake venom or with 

phospholipase C and D caused some solubilization of the 

"UDP-glucose independent" activity. Sonication caused a 

slight increase in glucoside formation by the "UDP-glucose 

independent" pathway, but inhibited synthesis by the "UDP-

glucose dependent" pathway. These results provided further 

evidence for the existence of two distinct mechanisms of 

steroid glucosylation. 

Crude lipid extracts of rabbit liver microsomes and of 

pig liver were able to partially restore the "UDP-glucose 

independent" systhesis of 17c*-estradiol-3-glucoside in micro­

somal preparations where this pathway had been inhibited 

due to the presence of Triton X-100. Attempts at purifi­

cation of these organic extracts by DEAE-cellulose and 

tnih layer chromatography abolished their restorative capa-
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city in the Triton X-100 treated microsomal preparations. 

Other lipids were also ey°rined for their- ability to par­

ticipate in the "UDP-glucose independent" synthesis of 

17<x—estradiol-3-glucoside. These studies showed that the 

restoration of synthetic activity in tne Triton X-100 trea­

ted microsomal preparations was not due to a non specific 

lipid effect since synthetic or soyabean lecithin were 

ineffective at restoring glucoside synthesis when examined 

under the same conditions used for the studies of the 

crude organic extracts. 

Isoprenoids have been known to act as intermediates 

in many sugar transfer reactions, and the possible involve­

ment of some pure isoprenoid and related compounds in the 

synthesis of 17£<-estradiol-3-glucoside was therefore exam­

ined. Farnesol, geranylgeraniol and vitamin E were unable 

to stimulate 17**-estradiol-3-glucoside synthesis. However 

dolichol and retinol did cause an increase in the "UDP-

glucose independent" synthesis of 17©<-estradiol-3-glucoside 

in both the untreated microsomes and in those microsomal 

preparations where 17<^--estradiol-3-glucoside synthesis had 

decreased due to treatment with Triton X-100. These com­

pounds did not influence the synthesis of 17c*-estradiol-3-

glucoside by the "UDP-glucose dependent" pathway. Of the 

compounds examined, dolichol was best able to stimulate 

the "UDP-glucose independenf'synthesis of 17<e*<-estradiol-3-

glucoside. 
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The studies confirmed the involvement of a water in­

soluble compound in the "UDP-glucose independent" pathway 

leading to 17c<-estradiol-3-glucoside synthesis. This lipid 

intermediate was unstable but present in an "active" form 

in the crude organic extracts from either rabbit liver 

microsomes'or pig liver and it appeared to be a compound 

of similar properties to dolichol. 
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The following compounds have been referred to in this 

thesis by their trivial names 
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17oc-Es t r ad io l -3-glucos ide 

17oc-Estradiol-3-xylo side 

17o<.-Estradiol-17-galactoside 

Compound 

5,7-dihydroxy-4'-methoxyiso-
flavone 

Diethylaminoethy1cellulose 

4T,7-dihydroxyisoflavone 

3,4-Bis-(p-hydroxyphenyl)-
3-hexene-ethyl 

17<x--Hydroxyandrost-4-en-3-
one 

Estra-l,3,5(10)-trien-3,17^-
diol 

17<X-Hydroxyestra-l,3, 5(10)-
tr ien-3-yl-y$-D-galacto-
pyranoside 

17<*~Hydroxyestra-l, 3 , 5 (10) -
trien-3-yl-/5-D-glucopyrano-
siduronic acid 

17*-Hydroxyestra-l ,3,5(10)-
trien-3-yl-yS-D-glucopyra-
noside 

17^-Hydroxyestra-l ,3,5(10)-
t r ien-3-yl-^-D-xylopyrano-
side 

3-Hydroxyes t ra - l ,3 ,5( lO)- t r ien-
17<x-yl-/B-D-galactopyranoside 
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17°<-Estradiol-17-glucoside 

7<x-Estradiol-17-N-acetyl-
glucosaminide 

17«.-Estradiol-3-glucuronide-
17-N-acetylglucosaminide 

17^-Sstradiol-3-glucuronide-17 
-N-glucosidc 

174-Sstradiol 

17y8-Estradiol-17-glucoside 

Estrone 

Estrone glucoside 

Estriol 

EDTA 

Formononetin 

Genistein 

17c*-Hydroxypregnenolone 

KC1 

NAD 

p-Nitrophenylglucoside 

Retinol 

3-Hydroxyestra-1 ,3 ,5( lO)- t r ien-
17pC-yl-5-D-glucopyranoside 

3-Hydroxyest ra-1 ,3 ,5(10)- t r ien-
17ot-yI-2 ' -acetamid^-2 ' -
deoxy-y8-D-glucopyranoside 

Js t ra - l ,3 ,5 (10) - t r i en-3 ,17<*-d i -
yl-3-/6-D-glucopyranosiduronic 
acid-17-2 '-acetarrn d e - 2 ' -
deoxy-^-D-glucopyranoside 

E s t r a - 1 , 3 , 5 (10 ) - t r i en , 3, 1 ^ -
di-yl-3-^-D-glucopyrano-
siduronic aci3-17-yS-D-gluco-
pyraroside 

Es t r a -1 ,3 ,5 (10) - t r i en -? , 17^-
d io l 

3-Hydroxyestra-1,3,5(10)-trien-
17/3 -yl-^-D-glucopyrano side 

3-Hydroxyestra-1,3,5(lO)-trien-
17-one 

17-Oxoestra-l,3,5(10)-trien-
yl-fl-D-glucopyranoside 

Sstra-l,3,5(10)-trien-3,lbc^. 
17^-triol 

Ethylenediaminetetraacetic acid 

7-hydroxy-4'-methoxyisoflavone 

4',5,7-trihydroxy-isoflavone 

3y8,17x-Dihydroxy-pregn-5-ene-
20-one 

Potassium Chloride 

Nicotinamide adenine dinucleo-
tide 

p-Nitrophenyl-^-D-glucopyrano-
side 

? methyl-3-phytyl-l,4-naphtho-
quinone 
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Testosterone 

TetrahydroCortisol 

reen 20 

T r i s 

Vitamin E (D-o<.-toccpherol) 

UDP-galactose 

UDP-glucose 

UDP-xylose 

ATP 

ADP 

AMP 

UTP 

UDP 

UMP 

GTP 

GDP 

GMP 

CTP 

CDP 

TTP 

TDP 

17/J-Hydroxyandrost-4-en-3-one 

?<*, 11£, 17£*> 21-Tetrahydroxy-
5y5-pregnan-20-one 

Polyoxyethylene sorbitan mono-
laureate 

2-amino-2(h/droxymethyl)-l,3-
propanediol 

2,5,7,8-Tetramethyl-2(4',8T,12' 
trimethyl-tridecyl)-6-
chromanol 

Uridine-5'-diphosphogalacto-
pyranoside 

Uridine-5'-diphosphoglucopy-
ranoside 

Uridine-5 T-diphosphoxylopyra-
noside 

Adenosine-5 T-triphosphate 

Adenosine-5'-diphosphate 

Adenosine-5'-monophosphoric 
acid 

Uridine-5'-triphosphate 

Uridine-5 T-diphosphate 

Uridine-5 T-monophosphori c 
acid 

Guancsine-5'-triphosphate 

Guanosine-5'-diphosphate 

Guanosine-5 T-monophosphoric 
acid 

Cytidine-5'-triphosphate 

Cytidine-5'-diphosphate 

Deoxythymidine-5'-triphosphate 

Deoxythymidine-5'-diphosphate 
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TMP 

The following enzymes have 

trivial names. 

Trivial Name 

Almond emulsin (Jjglucosidase) 

Chymotrypsin 

oc -Glueosidase 

Ketodase (jB-glucuronidase) 

Lysozyme 

Neuraminidase 

Papain 

Phosphodiesterase 

Phospholipase C 

Phospholipase D 

17^-Estradiol dehydrogenase 

Trypsin 

Deoxythymidine-5'-monophospho­
ric acid 

also been referred to by their 

Enzyme (Enzyme Number) 

A-D-Glucosidase glucohydro­
lase (EC. 3.2.1.21) 

Peptide peptidohydrolase 
(EC. 3.^.4.5) 

oc-D-Glucosidase glucohydrolase 
(EC. 3.2.1.20) 

£-D-Glucuronide glucuronohy-
drolase (EC. 3.2.1.31) 

(EC. 3.2.1.17) 

Mucopolysaccharide-N-acety1-
neuraminylhydrolase 
(EC. 3.2.1.18) 

Peptide peptidohydrolase 
(EC. 3.4.4.10) 

Orthophosphoric diester phos-
phohydrolase (EC. 3.1.4.1) 

Lecithinase C; Phosphatidyl­
choline cholinephosphohy-
drolase (EC. 3.1.4.3) 

Lecithinase D; Phosphatidyl 
choline phosphatidohydro-
lase (EC. 3.1.4.4) 

Estradiol: NAD 17-,5-oxidore-
ductase (EC. 1.1.l.i) 

Peptide peptidohydrolase 
(EC. 3.4.4.4) 



xxi 

UDP-glucose dehydrogenase 

UDP-glucose pyrophosphorylase 

UDP-galactose-4-epimerase 

UDP-glucose: NAD oxido reduc­
tase (EC. 1.1.1.22) 

UTP:c*--D-glucose-l-phosphate 
uridyItransferase 
(EC. 2.7.7.9) 

(EC. 5.1-3.2) 
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CHAPTER I INTRODUCTION 

A) General Introduction 

Conjugation, a process which involves the coupling of 

two molecules by means of a chemical bond, is generally 

regarded as a aetoxication mechanism. Much of the informa­

tion available in the past concerning this process was deri­

ved from the study of the fate of foreign organic compounds 

in the body (1). The main conjugation reactions which 

occur in laboratory animals involve glucuronic acid, sulph­

ate, glycine, cysteine, methyl groups and acetyl groups. 

Steroids were the first compounds of endogenous origin 

shown to undergo conjugation and the isolation of &lucuron-

ide, and later, sulphate conjugates of these physiologically 

important compounds, suggested that conjugation might have 

metabolic implications in animals wider than those of 

detoxication (2-4). A number of glycosides of hormonal ster 

oids, other than glucoronides, have now been isolated from 

animal tissues and excreta, and work on these has contri­

buted to the study of the in vivo metabolism of conjugates. 

The formation and metabolism of steroid glycosides has been 

most extensively studied in the case of the estrogens, 

which are eighteen carbon steroids with an aromatic ring A 

and a phenolic hydroxyl group at position 3. 

Estrogen metabolism in the rabbit is relatively simple. 

Estrone or 175-estradiol injected into the animal is conver-
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ted to 17o<--estradiol, and is excreted almost entirely as 

a double conjugate containing glucuronic acid at the 3-

position and N-acetylglucosamine at the J7-position of 17e<--

estradiol (5). Much smaller amounts of another double con­

jugate are also found in the urine of rabbits injected with 

estrone or 17^-estradiol. This conjugate differs from that 

described above only in that it contains glucose in place 

of N-acetyl-glucosamine at the 17-position. These novel 

metabolic conjugates represent the first example of the 

attachment of a sugar, other than glucuronic acid, to a non 

sugar receptor in animal tissues (5-7). Rabbit tissues are 

also capable of affecting the in vitro formation of mono-

conjugates of estrone, 17/6-estradiol and 17c<-estradiol 

which contain either glucose or galactose at the 3-position 

of the steroid. The absence of these 3-monoconjugates from 

urine and bile, and their ready hydrolysis by tissue glyco-

sidases suggests that conjugation in this instance may have 

some function other than leading to excretion (8-10). This 

function may be the production of compounds which are not 

mere end products of metabolism but active intermediates in 

estrogen metabolism. In the absence of any added nucleo­

tide sugar donors, rabbit liver microsomal preparations are 

still capable of synthesizing significant amounts of the 

3-monoglucosides and 3-monogalactosides of estrone and of 

both the estradiol epimers, but are unable to effect the 

formation of any of the double conjugates containing glucu-
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ronic acid, N-acetylglucosamine or glucose (11, 12). 

Therefore 3-monoglycoside synthesis may take place by two 

different mechanisms in rabbit liver microsomes. 

This thesis is concerned with the further investiga­

tion of both the "nucleotide independent" and "nucleotide 

dependent" synthesis of the estrogen 3-monoglycosides in 

rabbit liver. The specific aims were: 

(i) to establish whether or not rabbit liver microsomes 

could synthesize steroid glucosides in the absence of exo-

genously added UDP-glucose, 

(ii) to establish whether UDP-glucose was present in or 

synthesized by the microsomes, and then was a donor for 

the transfer of glucose to the steroids, 

(iii) to investigate the specificity of the UDP-glucose 

independent reaction and its characteristics and require­

ments for co-factors, 

(iv) to test the hypothesis that glucose was transferred 

to a lipid soluble intermediate, in microsomes, and thence 

to the steroid, and 

(v) to obtain evidence on the nature of such an interme­

diate. 

Estrogen metabolism in mammalian systems, especially 

estrogen glucoside formation, as well as the role of lipid 

intermediates in several well documented sugar t^ansf^r 

reactions will be discussed in some detail below. This 

review will help to provide the background of this area of 
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lipid research, and will illustrate the reasons for under­

taking the study of 3-monoglycoside formation, and should 

also provide the rationale for the approach taken in this 

investigation. 

B) Estrogen Metabolism in Mammalian Systems 

Knowledge of estrogen metabolism has advanced consid­

erably in the last fifteen years. Glucuronidation, sulpha-

tation, and suspected phosphorylation had been the conjuga­

tion reactions associated with estrogens and were thought 

to inactivate these hormones and to facilitate their excre­

tion (13). However, a large number of novel estrogen con­

jugates have now been isolated from many different animal 

tissues and excreta. Not all of these conjugates have been 

found in the urine or bile, which suggests that they might 

have a role as metabolic intermediates. In fact, the site 

of conjugation or the nature of the conjugate formed has 

seemed in many instances to influence the further metabo­

lism of the steroid, either by directing it to reactions 

wnich prepare it for rapid excretion or by steps favouring 

hydrolysis of the conjugate and regeneration of the hormo-

nally active steroid. Attempts at purification of many of 

the enzymes involved in estrogen metabolism, namely the 

glycosyltransferases, glycosidases and estrogen dehydrogen­

ases, have been undertaken and the properties of these 

enzymes shed some light on the mechanisms of estrogen 
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metabolism. 

1) Nature of the Conjugates Pound: 

(a) Glucuronides 

During the last thirty years a large number of estro­

gen glucuronides have been found in the blood, urine or 

bile of a variety of animals (14-16). In human pregnancy 

urine mono- and diglucuronides of estriol have been detec­

ted (3, 17, IS). The double conjugates contained either two 

molecules of glucuronic acid or else one molecule each of 

glucuronic acid and of sulphate (15). Rabbit urine was 

also shown to contain double conjugates of 17c*-estradiol 

containing one molecule of glucuronic acid and one mole­

cule of either N-acetylglucosamine or glucose (5-7). In 

all the above examples of double conjugate formation there 

appeared to be an ordered sequence for the addition of 

the "conjugating" acid or sugar molecules. This will be 

discussed in greater detail in later sections on specifi­

city. The in vitro synthesis of estrogen glucuronide con­

jugates has also been demonstrated in liver homogenates 

from rabbit, human, guinea pig and mouse and in kidney 

homogenates from the human (14, 19-29). 
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(b) N-Acetylglucosaminides: 

Whereas a wide variety of phenolic, alcoholic, carbo-

xylic, amino and mercapto compounds of endogenous or exo­

genous origin have been shown to form conjugates with 

glucuronic acid in vertebrates (13), the capacity of the 

rabbit and human for the excretion of steroids as N-acetyl-

glucosamine conjugates represents a completely novel con­

jugation reaction. The N-acetylglucosamine conjugate of 

17«>c-estradiol isolated from rabbit u^ine by Layne, Sheth 

and Xirdani in 1964 was the first example in animals of 

a steroid glycoside other than a glucuronide and also the 

first demonstration of the attachment of N-acetylglucosa­

mine to compounds other than saccharides and nucleotides 

(30, 5, 6). Tne conjugate in question was the major 

excretion product in rabbits injected with estrone, 17^-

estradiol or 17<x-estradiol. It was shown to be a double 

glycoside of 17c<-estradiol containing glucuronic acid 

attached to the phenolic hydroxyl ^roup and N-acetylgluco­

samine attached to the 17<*-hydroxyl group. Its structure 

was defined and both sugars were snown to be attached to 

the steroid through^ ^lycosi^0 linkages, (Figure 1). 

Other N-acetylglucosaminides have been found in human bile 

and urine, (Table 1) (15). Further study showed that 

microsomes from a number of rabbit tissues could effect the 

transfer of N-acetylglucosamine from its uridine nucleotide 

to the 17oc-hydroxyl of the monoglucuronide or monosulphate 
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DOUBLE GLYCOSIDES OF 17a-ESTRADIOL 
EXCRETED IN RABBIT URINE 

— o 

/^AV 

OH 
OH 

HOCH2 
NHA 

OH 

B 

_„/\OH 
HOCHj 

OH 

OH 

OH 

The 1 7 - 0 - D - N - a c e t y l g l u c o sam in id e 
o f 1 7 a - e s t r a d i o l - 3 - g l u c u r o n i d e 

B. The 1 7 - 0 - D - g l u c o s i d e o f 
1 7 a - e s t r a d i o 1-3-g l u c u r o n i d e 

FIGURE 1 
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ESTROGEN CONJUGATES WITH N-ACETYLGLUCOSAMINE 

Steroid aglycone 
+ other conjugating group 

17a -Estrad iol-3-g I ucos iduronate 

17-Epiestriol-3-glucosiduronate 
16,17-Epiestriol-3-glucosiduronate 
17a -Estrad i ol -3-su I fate 
15a-Hydroxyestrone-3-sulfate 
15a-Hydr*oxyestradiol-3-sulfate 
D-Homoestradiol-17aa-3-glucosiduronate 

Compound 
administered 

Estrone or 
17/3-estradiol 

Estriol 
Estriol 
Estrone-3-sulfate 
Estrone-3-sulfate 
Estrone-3-sulfate 
17a-Ethynyl-estradiol-17/3 

Steroid hydroxyl 
to which N-acetyl­

glucosamine attached 

17a 
17a 
17a 
17a 
17a 
15a 
15a 
17aa 

Source 
of conjugate 

Rabbit urine 
Rabbit bile 
Rabbit urine 
Rabbit urine 
Rabbit urine 
Human bile 
Human bile 
Rabbit urine 

Reference 

5 
181 
182 
182 
65 
55 
55 
64 

TABLE 1 
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estrogen conjugates. In the case of the human, adult and 

fetal kidney, homogenates transferred N-acetylglucosamine 

to the 15«x-hydroxyl of the free steroid as well (15, 16, 

30-33). 

(c) Glucosides, Galactosides and Xylosides: 

Glucoside formation from UDP-glucose is a well known 

reaction in plants, bacteria, insects and molluscs. In 

the past it was viewed as a mechanism for the detoxication 

of exogenous compounds in invertebrates and lower organisms 

(1, 34-38). Gessner and Vollmer in 1969 reported the 

glucosylation of p-nitrophenol by mouse liver microsomes 

and since then the formation of glucosides of some endoge­

nous compounds by other mammalian systems has been report­

ed (39» 40). These findings suggest that formation of 

glycosides with non-acidic sugars may be a pathway of 

widespread occurrence and perhaps of considerable signifi­

cance in mammals (39, 40). The discovery of bilirubin 

glucoside conjugates in dog and rat bile and also in human 

post-obstructive bile and of UDP-^lucosyltransferase 

activity in rat liver microsomal preparations, brought 

into question the concept that the glucuronide was the pre­

dominant excretory product of bilirubin. These results, 

and those of Gessner and Vollmer, suggest that ordinarily 

glucosylation in vivo is a minor pathway of detoxication, 



10 

but that under conditions of UDP-glucuronic acid depletion, 

UDP-glucose excess, or of saturation of the pathway causing 

glucuronide formation, glycosylation may gain in importance 

as an alternate pathway of detoxication (41-46). Van 

Heyningen in 1971 isolated a glucoside of L-3-hydroxy-

kynurenine from the human lens and suggested that changes 

in the rate of synthesis or degradation of this glycoside 

may contribute to some of the pathological changes seen in 

individuals with certain types of cataracts (47). Another 

example of the possible significance of glycosides in 

mammalian physiology was the demonstration of retinol 

glycoside formation on incubation of whole homogenates from 

rat thyroid with tne nucleotide sugars UDP-glucose, UDP-

galactose and UDP-mannose (48). These findings may be of 

considerable significance in understanding thyroid physio­

logy and with further investigation may help to establish 

the detailed molecular function of Vitamin A other than 

its known role in the visual process (48). 

Steroid glycoside formation has now been shown in a 

number of mammalian systems and will be discussed in some 

detail, since these conjugates are among the most studied 

of the mammalian glycosides and have made a fundamental 

contribution to the understanding of the in vivo metabo­

lism of conjugates. As pointed out earlier, microsomal 

preparations effect the transfer of N-acetylglucosamine 

from UDP-N-acetylglucosamine to the 17^-hydroxyl group of 
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17<*--estradiol-3-glucuronide (19). In further experiments 

with rabbit liver microsomes, Williamson and his collea­

gues found that substitution of UDP-glucose for UDP-N-

acetylglucosamme led to the formation of another novel 

double conjugate with glucose in place of N-acetylglucosa­

mine at position 17 (7). On enzymatic removal of the 

glucuronic acid at C-3 of the steroid the remaining mono-

conjugate was shown to be separable from 17e*-estradiol-17-

N-acetylglucosaminide by thin layer chromatography. The 

in vitro yield of this double conjugate was low but suffi­

cient amounts were detected in the urine of rabbits injec­

ted with estrone or 17;6-estradiol to allow for its further 

characterization by chromatographic and spectroscopic 

techniques. These studies unequivocally established the 

structure of this double conjugate. Monoglycoside forma­

tion was observed when estrone, 17^-estradiol or 17^-estra-

diol were incubated with rabbit liver microsomes in the 

presence of UDP-glucose or UDP-^alactose (9. 12) and com-

parision with authentic compounds established that the 

glucose was attached as a & glycoside to the 3-position, 

(Figure 2). This was the first demonstration of the forma­

tion of steroid galactosiaes by an animal tissue. The 

formation of all these monoconjugates was of particular 

interest since despite careful searches in both the urine 

and the bile of rabbits which had been injected with 

radioactive estrone or 17/J-estradiol none of these mono-
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3-MONO-GLUCOSIDE OF 17a-ESTRADIOL 

C H ^ OH 

OH 

FIGURE 2 

STRUCTURE OF DOLICHOL 

H-[CH2-C(CH3)=CH-CH2]-CH2-CH(CH3)-CH2-CH20H 
16-22 

FIGURE 3 
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conjugates were detected (9, 10, 15), As shown in(Table 

2), a number of estrogen glucosides have been formed by the 

in vitro incubation of different mammalian tissue microso­

mal preparations in the presence of UDP-glucose. In the 

rabbit, human and chimpanzee galactose can be transferred, 

but to a lesser degree, when its uridine nucleotide sugar 

donor is substituted for UDP-glucose (12, 4^,50). Recent 

studies with rabbit liver homogenates have shown that they 

can also effect the transfer of xylose from UDP-xylose to 

the phenolic 3-hydroxyl group of estrone, 17^-estradiol 

or 17^-estradiol under the same conditions used for the 

formation of monoglucosides and monogalactosides. The 

estrone xyloside has been characterized and represents the 

first record of a steroid pentoside (51). This capacity 

for steroid monoglycoside formation appears to be of wide­

spread occurrence in mammalian systems, however, the only 

steroid glucoside, galactoside or xyloside that has so 

far been identified in excreta is 17<*-estradiol-3-glucuro-

nide-17-glucoside which is found in rabbit urine. The 

predominant conjugate in rabbit urine is, however, the 

corresponding double conjugate containing N-acetylglucosa­

mine, the ratio of N-acetylglucosaminide to glucoside being 

about 100:1. 
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ESTROGEN GLUCOSIDES, GALACTOSIDES AND XYLOSIDES FORMED 
IN VITRO BY TISSUES FORTIFIED WITH UDP-GLUCOSE 

UDP-GALACTOSE OR UDP-XYLOSE 

Tissue 

Rabbit Liver 

Human Liver 
or Kidney 

Sheep Liver 

Mouse Liver 

Chimpanzee 

Liver 

Steroid 

Estrone 
17a-Estradiol 
17/3-Estradiol 

Estriol 
17a-Estradiol-3-glucuronide 

Estrone 
17a-Estradiol 
17/3-Estradiol 

Estriol 
17a-Estradiol-3-glucuronide 

Estrone 
17a-Estradiol 
17/3-Estradiol 

Estriol 
17a-Estradiol-3-glucuronide 

Estrone 
17a-Estradiol 
17/3-Estradiol 

Estriol 
17a-Estradiol-3-glucuronide 

Estrone 
17a-Estradiol 
17/3-Estradiol 

Estriol 
17a-Estrad iol-3-glucuronide 

Glucoside 
Formed 

+ 
+ 
+ 
— 

+ 
— 

+ 
— 

+ 
— 

— 

+ 
— 
— 
+ 
_ 

+ 
+ 
— 

+ 
+ 
+ 
— 

+ 
+ 

Galactoside 
Formed 

+ 
+ 
+ 
— 
— 

— 

+ 
— 
— 
— 

— 
— 
— 
— 
— 

— 
— 
— 
— 
— 

not tested 

+ 
— 

not tested 

" 

Xyloside 
Formed 

+ 
+ 
+ 
— 
— 

— 

Reference 

(7,9,12,45) 

(43.70) 

(62) 

(63) 

(44) 

X H B L ^ 2 
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(d) Sulphates, Phosphates and other Conjugates: 

Many active endocrine tissues have been shown to syn­

thesize estrogen sulphates (52-^4). As discussed in sec­

tion 1(a) the in vivo and in vitro synthesis of double 

conjugates of estriol containing both sulphate and glucu­

ronic acid has been reported (55, 56). These studies 

suggested that the conjugates may play a specific role as 

metabolic intermediates. 

There has been speculation that estrogen phosphates 

may be formed in some animals in vivo but the existence 

of these conjugates has not been established in animal 

tissues or excreta (15). Methoxy derivatives of estrogens 

have been found in man and some other animals, though not 

in rabbits. It is thought that methylation may have a 

regulatory role in estrogen metabolism. These and some 

other relatively minor steroid conjugation reactions have 

been discussed in a review by Layne in 1970 (15). 

2) Specificity of the Estrogen Glycosyl Transferases: 

The estrogen glycosyltransferases have a specific 

requirement for the appropriate uridine nucleotide which 

acts as the source of the sugar which is transferred to 

the steroid. Collins and his colleagues in 1970 examined 

a number of nucleotides containing glucose for their abili­

ty to donate their sugar moiety to the 17«-hydroxyl group 
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of 17p<-estradiol-3-glucuronide and found that UDP-glucose 

could not be replaced by any of those tested (9). In all 

the estrogen transferase reactions studied the products 

formed were A- glycosides. 

Ihe transferases also show high specificity with regard 

to their steroid substrates. The steroid glucuronyltrans-

ferases have been detected in a number of animal species, 

but all exhibit a high substrate specificity and show 

interesting variations from one species to another (16, 

57-62). The enzyme involved in the transfer of the neutral 

sugar, N-acetylglucosamine to steroids in both humans and 

rabbits shows an even more rigid specificity (33, 55, 63, 

64). In the rabbit the enzyme transfers N-acetylglucosa­

mine to the 17oc-hydroxyl group of 17<^*-estradiol-3-glucu-

ronide. There is no evidence for the synthesis of 3 or 

17-mono-N-acetylglucosamine conjugates or of double con­

jugates containing glucuronic acid at position 17 and N-

acetylglucosamine at position 3. The enzyme appears to 

have an absolute requirement for steroids containing a 

17-hydroxyl group of ex- orientation and a phenolic A ring 

linked at the 3 hydroxyl to an ionizable conjugating 

group, preferably glucuronic acid. The human N-acetylglu-

cosaminyltransferase shows a definite requirement for the 

150f-hydroxyl group of estrogens and glycosylates both the 

free steroid or its 3-monosulphate at this position (15, 

33, 55). 
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Steroid glucosyltransferase activity has now been 

found in a number of different mammalian species namely the 

rabbit, human, sheep, mouse and chimpanzee. In all species 

studied, these transferases exhibit a strong preference, 

and in some instances an absolute requirement, for a ster­

oid containing the phenolic A ring characteristic of mamma­

lian steroid estrogens. In vitro studies have shown a 

glucosyltransferase in rabbit liver, kidney and intestine 

which will transfer glucose from UDP-glucose to the l'jb*-

hydroxyl group of 17c<-estradiol-3-glucuronide to form a 

double conjugate. This is analogous to the reaction cata­

lyzed by the N-acetylglucosaminyltransferase and this en­

zyme is known as the 17-glucosyltransferase, being specific 

for the 17oc-hydroxyl group of the steroid. When UDP-galac-

tose is substituted for UDP-glucose in the above in vitro 

studies, no galactose transfer to the'17^- -hydroxy1 group 

of the estrogen glucuronide can be demonstrated. A micro­

somal preparation from rabbit liver, small or large intes­

tine, but not kidney, is also able to effect the transfer 

of glucose from UDP-glucose to the 3-hydroxyl group of 

estrone, of either of the estradiol epimers, p-nitrophenol 

and diethylstilbestrol to form monoglucosides. Monogalac-

tosides and monoxylosides of estrone and both estradiols 

are also formed, although to a lesser extent, by rabbit 

liver microsomal preparations (9, 51). Estriol, however 

which differs from the phenolic estrogens only by the 
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presence of a 16*-hydroxyl group, does not form a mono-

glycoside under similar conditions. Many other phenolic 

and nonphenolic steroids have been examined for their 

ability to act as substrates for the rabbit liver glucosyl­

transferase. Many of these compounds are unable to form 

glycoside conju6ates, but the rabbit liver enzyme transfers 

glucose from UDP-glucose to some biologically interesting 

phenols and alcohols (9, 66, 67). Substrate specificity 

studies sug6est the presence of two distinct glucosyltrans-

ferases in the rabbit. One of these is responsible for 

the transfer of glucose to the 17c<-hydroxyl position of 

preformed estrogen monoglucuronides and is similar in many 

of its properties to the 17-N-acetylglucosaminyltransferase. 

The other 3-glucosyltransferase is similar in some ways 

to the 3-glucuronyltransferase and is responsible for 3-

monoglucoside formation (68). 

Human liver and kidney homogenates can also form estro­

gen glucosides, and the transferases involved show some 

interesting differences in their distribution and specifi­

city when compared to those of the rabbit. The human tis­

sue homogenates, while capable of transferring glucose, 

and to a lesser extent galactose, to the 17&-hydroxyl group 

of 17«--estradiol and glucose to the lbcx-hydroxyl group of 

estriol, are unable to transfer glucose to the 17-hydroxyl 

group of 17/$-estradiol or to the 3 hydroxyl group of the 

phenolic estrogens. This suggests that the enzyme has a 
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high specificity towards the 17^-and the lfc^-hydroxyl 

groups. It differs from the enzyme involved in monogly-

coside formation in the rabbit in tnat the rabbit enzyme 

is detected only in the liver, is specific for the 3 phe­

nolic hydroxyl group and does not form estriol glucosides 

or 17-monogalactosides of any of the estrogens. The human 

glucosyltransferase also differs from the 17 glucosyltrans­

ferase found in rabbit liver, kidney and large intestine 

in that it can not form double conjugates. The presence of 

glucuronic acid at position 3 completely inhibits the trans­

fer of glucose from UDP-glucose to the 17 position of the 

steroid. Preliminary studies suggested that human kidney 

tissue was more active in glycoside formation than the 

liver which is yet another point of variance with the results 

obtained with both the 3 and the 17 glucosyltransferases of 

rabbit tissues. 

Studies on glucoside formation in the sheep, mouse 

and chimpanzee have given more information on species diff­

erences and similarities anjong the steroid glucosyltrans­

ferases (50, 68, 69). The sheep liver enzyme resembles 

both the rabbit and the human glucosyltransferases in some 

of its properties. Both the rabbit and the sheep liver 

17-glucosyltransferases show a high specificity for the 

17<s*-hydroxyl group, their preferred substrate being the 

monoglucuronide of 17tf<̂ estradiol and botn enzymes have 

certain common properties which are quite distinct from 
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those of the 3-glucuronyltransferase. The sheep liver 

glucosyltransferase resembles the human enzyme in its capa­

city to form the 17-glucoside of the free steroid, 17«*-

estradiol and small amounts of the lboc-glucoside of estr­

iol, as well as its inability to efiect 3 monoglycoside 

formation with any of the phenolic estrogens. However, the 

sheep enzyme lacks 17 galactosyltransferase activity which 

is found in the human but not in any of the other species 

examined. The mouse ana the rabbit glucosyltransferases 

are similar in that both form glucosides with p-nitrophe-

nol, 17c<-estradiol, 17/B-estradiol, 17oC-estradiol -3 -glucuro­

nide and diethylstilbestrol but not with estriol, 17«*-est-

radiol-17£-3-£,lucuronide or with a variety of non-phenolic 

steroids (69). However, the mouse glucosyltransferase dif­

fers from the rabbit liver 3-glucosyltransferase in that 

it will use 17<*-estradiol-3-glucuronide as a substrate and 

also in that p-nitropnenol is the preferred substrate 

(39, 40). The lacK of N-acetylglucosaminyl or galactosyl 

transferase activities, as well as their specificity for 

17oc-estradiol-3-glucuronide as a substrate are some common 

properties of the mouse ana the sheep glycosyltransferases. 

The chimpanzee liver can effect the transfer ox glucos" 

to the 17<*-hydroxyl group of both 17«v-estradiol and 17&-

estradiol-3-glucuronide and to the phenolic hydroxyl group 

of estrone. It does not form 3 monoglycosides with 17£-

estradiol or 17cx-estra&iol, or monoconjugates with p-nitro-
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phenol or diethylstilbestrol. From these facts it would 

appear that the chimpanzee liver glucosyltransferase diff­

ers in specificity from the transferases in all the other 

species examined, (Table 2). These limited data presently 

available suggest that the glucosyltransferases vary in 

their specificity from species to species, but a phenolic 

Ring A as found in the steroid estrogens is an important 

requirement. 

3) Purification of tne Estrogen Glycosyltransferases: 

The glycosyltransferase activities which have been 

widely studied in mammalian tissues appear to be due to 

a group of enzymes specific as to species and substrate. 

Apart from recent studies with the natural substrates bili­

rubin, retinol and the steroid hormones, much of the infor­

mation concerning these enzymes has been derived from stu­

dies with synthetic substrates (9, 13, 50, 51, 67-72). For 

tne most part they appear to be microsomal enzymes and in 

the rabbit all three sugar transferases, glucuronyl, N-

acetylglucosaminyl and glucosyl, are closely associated. 

Attemptb at their separation and purification have met with 

only limited success. 

(a) Glucuronyltransferases: 

The rabbit, sheep and human liver glucuronyltransfer­

ases have been partially solubilized by sonication, by 
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treatment with trypsin or with Triton X-100. They appear 

to be contained in particles of relatively high molecular 

weight. Lipid reconstitution studies and the effect of 

treatment with phospholipase C and D and of treatment with 

snake venom, suggested that the estrogen glucuronyltrans-

ferase activity in the rabbit and the human depended on the 

presence of phospholipid (60, 68, 72). The glucuronyltrans-

ferase activity could not be physically separated from that 

of the N-acetylglucosaminyltransferase in rabbit liver nor 

from that of the glucosyltransferase activity in sheep liver. 

However, their different responses to treatment with various 

enzymes and detergents, as well as to physical treatments, 

have made it possible to destroy one activity, allowing 

for the study of the other one in its absence. 

(b) N-Acetylglucosaminyltransferases: 

As yet there are only two known hetero N-acetylgluco-

saminyltransferases. The human enzyme has been found in 

the fetal and adult kidney and in adult liver, but has not 

been studied in detail. The rabbit N-acetylglucosaminyl-

transferase has been mainly studied in the liver, since this 

is tne best source of the enzyme, but it is also found in 

the kidney and intestine. As mentioned earlier it is clos­

ely associated with both the glucuronyl and glucosyltrans­

ferases of microsomes, although the N-acetylglucosaminyl 

and the glucuronyltransferases do show different tissue 
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distributions, substrate specificities and different pH 

activity curves. They also differ in their sensitivity to 

sulphydryl inhibitors, solubilizing agents, treatment with 

snake venom and phospholipases and to temperature. This 

suggests that tne activities may reside in separate proteins, 

but physical separation, which would confirm this, has not 

yet been achieved (9, 15, 71, 72). 

(c) Glucosyltransferases: 

These enzymes in the human, mouse and chimpanzee liver 

have not been studied in any detail. Initial worK with the 

sheep enzyme showed it to be microsomal, and it appeared to 

be distinct from the glucuronyltransferase as illustrated 

by differences in its resnonse to sonication and to treat­

ment with Triton X-100, cetyltrimethylammonium bromide and 

with trypsin. 

The 17-glucosyltransferase, first shown to occur in 

rabbit liver by Williamson and his colleagues in 1969 (7), 

transfers glucose from UDP-glucose to the 17°<-hydroxyl 

group of 17<*-estradiol-3-glucuronide. Further study showed 

it to resemble the rabbit N-acetylglucosaminyltransferase 

in its tissue distribution and intracellular location and 

in its sensitivity to temperature, various inhibitors, 

phospholipases, protease, snake venom and the detergent 

Triton X-100 as well as in its pH activity curve (9, 71, 72). 



2k 

A physical separation of these two microsomal activities 

has not been achieved, so that as yet there is no concrete 

evidence that two separate proteins are responsible for the 

two enzyme activities. 

The rabbit liver 3-glycosyltransferase resembles the 

3-glucnronyltransferase in some of its properties and diff­

ers from both the 17 N-acetylglucosaminyltransferase and 

17-glucosyltransferase in its response to treatment with 

phospholipases and proteases (72). Its pH optimum is 7.0 

as compared to 8.0 for the N-acetylglucosaminyltransferase 

and the 17-glucosyltransferase. Little worK has been done 

on the purification and properties of the 3-glycosyltrans­

ferase, but the reaction seems to require a water insoluble 

intermediate. This thesis records the investigation of this 

and of other properties of the 3 glucose transfer reaction 

in greater detail. 

4) Significance of the Estrogen Conjugates: 

The widespread occurrence of glucuronic acid conjugation 

may be attributed to the ease with which UDP-glucuronic 

acid can be produced in the body from carbohydrate sources 

and with which the acid can be transferred enzymically to 

various chemical groups. Conjugation with glucuronic acid, 

and to a lesser extent with N-acetylglucosamine and glucose, 

converts a weakly acidic or nonacidic organic compound into 
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a more polar compound which is much more water, soluble and 

tnus more easily excreted than the unconjugated compound. 

The synthesis of glucuronic acid monoconjugates of the estro­

gens, as described in earlier sections, may be important in 

directing estrogen metabolism towards the formation of the 

elimination products of these compounds. IJocand 17£-Steroid 

dehydrogenase activities have been found in rabbit liver and 

wnen presented with these steroids in their unconjugated 

form, these enzymes catalyze the interconversion of 17/8-est-

radiol and estrone whicn are thought to be the two hormon-

ally active estrogens. However, glucuronidation at the 3-

position of the estrogen causes a shift towards inactivation 

by 17<*- reduction and directs metabolism towards their ex­

cretion as the double conjugate, 17<x.-estradiol-3-glucuronide-

17-N-acetylglucosaminide (75-75). An insufficient number 

of N-acetylglucosaminide conjugates are known to permit 

generalization about their role. 

The only steroid glucoside conjugate which has been 

detected in excreta is the double conjugate 17c<-estradiol-

3-glucuronide-17-glucoside (7). This raises the question as 

to whether the monoglucosides ^^e indeed formed in vi^n and, 

if so, whether the.y act as intermediates in the metabolism 

of steroids. Many tissues have been shown to synthesize 

estrogen monoglycosides (7, 9, 49, 50, 68, 69, 76). Their 

absence from the urine and bile is not surprising, since 

they are poorly soluble in water and readily hydrolyzed by 
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the active p - D -glucosidases shown to exist in the cyto-

sol of a number of rabbit and human tissues (8, 77). Pre­

liminary experiments showed that the estrogen-3-monogluco-

sides were much more readily hydrolyzed by these glucosida­

ses than were the estrogen-17-glucosides. In vivo results 

obtained in the human and the rabbit were similar, and sho­

wed that 17^-estradiol-3-glucoside was almost completely 

hydrolyzed, whereas 17jB-estradiol-3-glucuronide was excreted 

largely unchanged (78, 79). This susceptibility of the ster­

oid monoglucosides to hydrolysis by the tissue ^-glycosidases 

suggests a possible role as metabolic intermediates. Plant 

glucosides have been shown to act as intermediates in the 

synthesis ot coumarin in clover leaf and this role seems 

worth investigating in the case of the mammalian monoglyco-

sides (80). 

A recent experiment by Williamson and Layne suggests 

that conjugation with glucose may facilitate transport of 

the steroid across membranes. Passage tnrough the liver cell 

was found to occur more readily with 17/0'-estradiol-3-gluco-

side than with the free steroid (81). It has previously 

been shown that glucuronic acid itself does not cross mem­

branes easily nor does 17c*--estradiol-3-glucuronide (81, 82,). 

Further study is, however, needed to establish a definite 

role for tne estrogen glucosides in transport. These pieces 

of evidence on possible roles for the estrogen monoglycosi-

des made their formation in animal tissues of interest for 
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further investigation. 

A further interesting findinfc with respect to the in 

vitro synthesis of the 3-monoconjugates was that in the 

absence of added nucleotide sugar donors, rabbit liver micro­

somal preparations still retained a significant 3-glucosyl 

and 3-galactosyltransferase activity while the 17-glucosyl, 

17-N-acetylglucosaminyl and 3-glucuronyltransferase activi­

ties were greatly decreased (12). These results suggested 

the existence of two glucosylation mechanisms for 3-monoglu-

coside formation in rabbit liver. One of these was apparen­

tly independent of exogenous nucleotide sugars while the 

other was dependent on UDP-glucose as its sucar donor. The 

suggestion that a water insoluble intermediate might play a 

role in steroid glycosylation merited further investigation 

since polyprenol lipids have been shown to act as intermedia­

tes in sugar transfer reactions in a number of systems. This 

will be discussed in Section C. 

C) Lipid Intermediates in Sugar Transfer Reactions 

Most of the di-, oligo- and polysaccharides which occur 

either free or attached, to proteins and lipids are synthesi­

zed by transfer of sugars from nucleotide sugars.(83). The 

involvement of lipid intermediates in many of these sugar 

transfer reactions is now being investigated in bacterial, 

yeast, fungal, plant, protozoan, insect and mammalian systems. 

Mass and nuclear magnetic resonance spectroscopy have been 
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used to identify these lipids as polyisoprenoid compounds 

whose terminal hydroxyl group is joined to the sugar by way 

of a phosphate or pyrophosphate bridge. These lipids, al­

though their overall properties are quite similar, can vary 

in chain length, number of cis or trans double bonds, degree 

of saturation, number of phosphate groups attached and in 

the sugar being carried.. 

1) Bacterial Systems: 

The involvement of lipid intermediates in bacterial 

glycan biosynthesis has been discussed in a number of review 

articles (83-91). In the gram positive bacteria Staphyloco­

ccus aureus and Micrococcus lysodeikticus, membrane bound 

undecaprenol phosphate, a polyisoprenoid containing eleven 

isoprene units, each witn a double bond, accepts N-acetyl-

O-muramyl pentapeptide phosphate and N-acetyl-D-glucosamine 

from their cytoplasmic nucleotides. The disaccharide is 

then transferred from the lipid to form a glycosidic bond 

with the polysaccharide acceptor and is ready for further 

reaction leading to peptidoglycan formation (92, 93). A 

similar pathway involving an undecaprenol phosphate inter­

mediate occurs in the synthesis of the 0-antigen portion of 

lipopolysaccharides in Salmonella typhimurium and Salmonella 

newington. However in this pathway a polymer of about six­

teen to twenty repeating units is built up on the lipid 

intermediate before transfer to the cnrp lipopolysaccharide 
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(88, 94, 95). Some strains of Salmonella utilize polyiso­

prenoid intermediates to modify this O-antigen side chain of 

the lipopolysaccharide. The glycosyl lipid involved in this 

pathway differs from the peptidoglycan and O-antigen inter­

mediates in that it contains a pnosphodiester rather than a 

pyrophosphoryl bridge between the lipid and the sugar (88). 

Teichoic acid biosynthesis in gram positive bacteria also 

proceeds from nucleotide precursors tnrough an undecaprenol 

phosphate intermediate to the final wall polymer. The unde­

caprenol phosphate is actually shared by both the peptido­

glycan and teichoic acid biosynthesis which facilitates a 

certain amount of order in the composition of the wall poly­

mers. Here again, as in the pathway of O-antigen modifica­

tion in Salmonella, the lipid intermediates are phosphodi-

esters rather than the pyrophosphates (88, 90, 96). Yet 

another example of lipid involvement in bacterial polymer 

biosynthesis is seen in some strains of Aerobacter where an 

undecaprenolpyrophosphate intermediate has been shown to 

participate in the biosynthesis of capsular polysaccharide 

(88, 97). Evidence that a lipid intermediate plays a role 

in mannan biosynthesis in Micrococcus lysodeikticus and the 

yeasts Saccharomyces cerevisiae and Hansenula holstii is now 

fairly conclusive (98-106). The undecaprenol phosphate, 

joined tnrough a phosphodiester bridge to mannose, acts a? 

the donor of ^annose to tne non reducing termini, of the endo­

genous mannan in M. lysodeikticus. In the yeast S. cerevi-
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siae the mannan is a glycoprotein containing mannosyl resi­

dues attached to the protein by both alkaline-labile and 

alkaline-stable bonds suggesting possible attachment of the 

sugars to serine and threonine or to asparagine residues 

(107, 108). It has now been shown that a polyprenol phos-

pnate mannose acts as the donor of the first mannose to 

serine or threonine residues of the protein, but that GDP -

mannose is the donor of all the other mannose residues in 

these particular carbohydrate side chains in both S. cerevi­

siae and H. holstii (109-112). However, recent studies have 

shown the synthesis of polyprenol pyrophosphoryl - oligo­

saccharides by cell free preparations from S. cerevisiae 

and also by particulate fractions of Baxter's yeast. These 

oligosaccharide side chains were identical to tnose found 

attacned through an alkaline-stable N-glycosidic linkage to 

the aspara5ine residue in many glycoproteins. This sugges­

ted that the lipid may indeed play an intermediary role 

in the synthesis of some of the carbohydrate side chains 

of the yeast mannans (106, 109-111, 113, 114). Tne above 

studies also suggested that, whilst undecaprenols play a 

major role in the synthesis of bacterial cell wall, the 

lipid intermediate in yeast mannan biosynthesis is a manno-

syldolicholphosphate. The dolichols of yeast cells are 

usually three to four isoprene units snorter than the mamma­

lian dolichols, but both are ex. - saturated polyprenols, 

whereas the bacterial lipids are fully unsaturated (103, 
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105, 106, 110, 113-116). Poly - cis - polyprenols are also 

found in Aspergilli and the cell walls of these fungi con­

tain mannose in polymer form (117, 118). Initial studies 

by Barr and Hemming demonstrated the formation of a manno-

lipid by particulate enzyme preparations from the thallus of 

Aspergillus niger, but tne role of this lipid in mannan bio­

synthesis has yet to be established (104, 105, 119). 

2) Plant, Protozoan and Insect Lipids: 

Since polyprenols are also present in plants their 

involvement in analogous sugar transfer reactions would not 

be unexpected. The formation of polyprenol - linked sugars 

in mung bean snoots, soya bean, cotton fibres, Phaseolu's 

aureus, and pea seedlings nave been reported, and tneir 

possible role as intermediates in glycoprotein biosynthesis 

is being investigated (d8, 91, 120-130). Kauss, in 1969, 

demonstrated the formation of a polyprenolphosphorylmannose 

from 'GDP-mannose and an endogenous lipid by a particulate 

preparation from mung bean shoots,(120). However, this 

mannose - containing lipid proved unable to donate signifi­

cant amounts of mannose to the polysaccharide under the 

conditions examined, so tnat its function as an intermed­

iate remains to be conclusively established. Preliminary 

studies with particulate preparations of Phaseolus aureus 

suggested the involvement of a mannolipid as an intermed­

iate in glycoprotein biosynthesis. There is evidence that 
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phytanol phosphate, a fully saturated polyprenol phosphate 

containing four isoprene units, acts as the mannose accep­

tor, but its intermediary role remains to be confirmed 

(120-125). Forsee and Elbein, working with cotton fibres 

and Brett and Leloir, working with soya bean and pea seed­

lings have demonstrated the formation of lipid - linked 

oligosaccharides similar to the corresponding derivatives in 

mammalian systems (126-128, 130). In mammals these comp­

ounds, dolicholpyrophosphoryl-(N-acetylglucosamine)-(mann­

ose) , are intermediates in the biosynthesis of tne core 

regions of the oligosaccharide side cnains of those glyco­

proteins containing the alKaline-stable asparagine-N-acetyl-

glucosamine linkage. Most of the plant glycoproteins stu­

died to-date contain this alkaline-stable linkage and also 

a core region containing N-acetylglucosamine and mannose 

(131). The transfer of both N-acetylglucosamine and mannose 

from their respective nucleotide sugars to the glycoprotein 

has been reported but direct transfer of the oligosaccharide 

cnain or of the individual sugars from the lipid-sugars to 

the protein could not be demonstrated (122, 127, 129, 130). 

These preliminary studies indicate a role in glycoprotein 

biosynthesis analogous to tne intermediary role of the lipid 

in bacterial cell wall and mannan biosynthesis, but direct 

evidence to conclusively establish this remains to be un­

covered (126-130). The studies with soya bean and pea 

seedlings also indicated that the lipid acceptors were c<-
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saturated polyprenols similar to the dolichols which occur 

in both yeast and mammalian systems (128, 130). 

Cell free particulate preparations from the protozoan 

ciliate Tetrahymena pyriformis are also capable of effecting 

the synthesis of glucosyl phosphorylpolyprenol or mannosyl-

phosphorylpolyprenol from UDP-glucose or UDP-mannose and 

an endogenous acceptor lipid (132). These preparations were 

later shown to transfer glucose from an exogenously supplied 

glycosylpnosphorylpolyprenol to glycoprotein. The nature 

or tne function of the glycosylated protein synthesized has 

not yet been investigated but the studies undertaken do 

provide direct evidence for tne involvement of a dolichol 

type lipid United intermediate in glycoprotein biosynthesis 

in tnis protozoan (133). Quesada Allue* and his colleagues 

have now shown tne presence of^<- saturated polyprenol-

phosphate-sugar type compounds in the insects Triatoma infes-

tans and Ceratitis capitata and are currently investigating 

tne possibility of their involvement in insect glycoprotein 

syntnesis (134, 135). Tnis was the first evidence of the 

existence of isoprenolphosphates in/insects and makes the 

study of these lipid intermediates even more interesting 

since their widespread occurrence in many prokaryotic and 

eukaryotic systems lends support to tne idea of their gene­

ral involvement in cell wall polymer and glycoprotein bio­

synthesis. 
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3) Mammalian Systems: 

The involvement of polyprenols in mammalian sugar 

transfer reactions has been the subject of a number of recent 

review articles (83-88, 119, 136-140). The endogenous fami­

ly of mammalian polyprenols are the dolichols, (Figure 3, p.12), 

(141-144). They are distinguished from undecaprenol, an 

allylic alcohol, because they have an ex. - saturated isoprene 

unit and also their hydrocarbon onain is longer. The func­

tional form is dolichol monopnosphate but its exact mode of 

formation, whether by depnospnorylation of dolichol pyrophos­

phate or by phosphorylation of dolichol, is not clear. Both 

the polyprenol phosphatase and kinase enzymes are present in 

bacteria but to-date only the phosphatase has been described, 

for mammalian tissues (145). In 1969 Caccam and his co-

worKers and Zatz and Barondes reported the formation of manno-

lipids by several animal tissues on incubation with GDP-man-

nose. These mannolipids were chemically and chromatographi-

cally similar to the mannosylphosphorylundecaprenols obser­

ved in bacteria (146, 147). Evidence then appeared for the 

synthesis of a glucosylphosphoryldolicnol by rat liver micro­

somal preparations and its synthesis was stimulated by the 

addition of exogenous dolichol phosphate (148). In tne seven 

years since these initial studies, preparations from a varie­

ty of mammalian tissues have been snown to catalyze the trans­

fer of various sugars from their nucleotide donors to endoge­

nous acceptor lipids such as dolichol. These are summarized 
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in( Table 3). The sugars most studied are mannose, glucose 

and N-acetylglucosamine. N-acetylglucosaminyl phosphate and 

N-acetylmannosaminyl phosphate are transferred from their 

nucleotide donors to dolichol phosphate and 6ive rise to a 

product now thought to be a glycosylpyrophospnoryldo1 ichol. 

All the other sugars studied are transferred to the acceptor 

lipids in the free form, rather tnan as the sugar phosphates. 

Various studies confirmed this and allowed the postulation 

of a general reaction whereby polyprenol - linked mono-

saccnarides are synthesized, (Figure 4) (119, 148, 149-151). 

Many of these enzymatically formed glycolipids were only 

partially characterized since the fact that their chemical 

and chromatographic properties were similar to the bacterial 

lipid intermediates was often used as an experimental basis 

for their tentative identification. Similarly, the ability 

of exogenous dolichol phosphate or other polyprenol phos­

phates to stimulate glycolipid biosynthesis was taKen as evi­

dence for tne involvement of similar or identical endogenous 

polyprenols in the biosynthetic reaction (123, 149, 152-157). 

T^ere is considerably more evidence available on the struc­

ture of mannosylphosphoryldolichol. Sufficient quantities 

of this glycolipid have been obtained to allow for the elu­

cidation of its structure by nuclear magnetic, infra-red and 

mass spectroscopy (157-159). Another valuable aid in the 

structural studies of these glycolipids has been the chemi­

cal synthesis of some polyprenol phosphates and their deri-
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POLYISOPRENOL-LINKED MONOSACCHARIDES FORMED 
BY MEMBRANE PREPARATIONS FROM ANIMAL TISSUES 

Monosaccharide-L inked 
to Polyprenol Phosphate 

Mannose 

Glucose: 

N-acetylglucosamine* 

Xylose: 

N-acetylmannosamine* 

Tissue and Reference 

Rat liver (149,186,189) brain (123), parotid (187); 
bovine liver (158,179), thyroid (152), aorta (153) 
and adrenal medulla (187); Calf pancreas (150, 
154, 166,190,191), and brain (155); mouse myeloma 
(158); rabbit (143,193,194) and pig (159,169,192) 
liver; hen oviducts (152); human lymphocytes (156) 
and embryonic chick brain (185). 

Rat liver (148,149,186) and brain (185,186); hen 
oviduct (183); human lymphocytes (156) and 
embryonic chick brain (185); calf pancreas (151). 

Rat (149) and pig (151) liver; calf pancreas (184); 
and human lymphocytes (156). 

Hen oviduct (183). 

Pig liver (151). 

* Linked to the polyprenol via a pyrophosphate bridge. 

TABLE 3 



37 

REACTIONS OF DOLICHOL PHOSPHATE 
LEADING TO FORMATION OF 

MONOSACCHARIDE DERIVATIVES 

UMP 

XDP G l y c o s e 

Dol-P 
XDP 

Do l -P-P-n-acety lg lucosamine Do l -P -G lycose 

XDP represents nuc leos ide d i p h o s p h a t e 
Dol-P represents d o l i c h o l phospha te 
Dol-P-P represents d o l i c h o l p y r o p h o s p h a t e 

FIGURE 4 

ASSEMBLY OF AN 
OLIGOSACCHARIDE-LIPID 

Dol -P- (g lycose) Dol-P 

Dol -P-P- (g lycose) n "^Dol -P-P-(g lycose) n + 1 

FIGURE $ 
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vatives. T^ese compounds provide useful standards for che­

mical and chromatographic comparison (160-164). The sensi­

tivity of the polyprenol - linked monosaccharides to mild 

acid hydrolysis suggested that the anomeric carbon of the 

su6ar is glycosidically linked!to the polyprenol phosphate. 

Various groupsihave examined this anomeric linkage in dif­

ferent glycosylphosphoryldolichols and their studies sugges­

ted it to be of tne A - configuration (148, 165-167). 

What tnen is the role of these dolichol derivatives? 

There is now good support for the hypothesis that dolichol-

linked monosaccharides are not end products but that they 

serve as intermediates in the synthesis of some glycoproteins 

and also in tne assembly of oligosaccharide pnospholipids, 

another class of intermediates. Their involvement in glyco­

protein biosynthesis was first suggested by Behrens and 

Leloir (148) but on further investigation they found that the 

major glucosylated endogenous acceptor was not a glycoprotein 

but a lipid - linked oligosaccharide (168). Since glucose 

is not commonly found in glycoproteins these wortcers examined 

the possible involvement of dolichol phospnorylglucot>e in the 

glucosylation of certain compounds known to contain glucose, 

namely, collagen, glycogen andcerebroside. However, the evi­

dence argued against such involvement in these sugar transfer 

reactions (149). Similar studies were carried out in other 

mammalian systems, and indicated the involvement of the 

dolichol-linked monosaccharides in the assembly of the oligo-
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saccharide phospholipids, (Figure 5) (152, 169-172). These 

oligosaccharide phospholipids have now been detected in a 

number of animal tissues, (Taole 4)• They were difficult to 

obtain in amounts suflicient to allow detailed structural 

studies and as a result much of the information currently 

available has been deduced from indirect evidence. The glu­

cose - containing oligosaccharide pnospholipid derivatives, 

formed by rat liver preparations on addition of exogenous 

glucosylphosphoryl dolichol, had the unusual property of 

being insoluble in water or chloroform : methanol (2:1) but 

were readily soluble in chloroform : methanol : water 

(1:1:0.3), (168, 173). Chemical studies suggested that the 

oligosaccharide chain contained approximately twenty glycose 

residues consisting of botn glucose and N-acetylglucosamine. 

The linKage between the oligosaccharide chain and the lipid 

appears to be a pyrophosphate one but additional evidence is 

needed to confirm this. Tne lipid moiety is almost certainly 

dolichol, since di-N-acetylchitobiosyl pyrophosphoryl doli­

chol serves as a precursor for tne oligosaccharide phospho­

lipid. This, conclusion is also supported by the fact that 

a mild acid hydrolysate of a rat liver fraction containing 

the oligosaccharide phospnolipid resembles dolichol phos­

phate in its ability to stimulate tne incorporation of glu­

cose from UDP-glucose into glucosyl phosphoryl dolichol. 

Molecular weight studies also suggested the lipid component 

to be dolichol (168, 173). 
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LIPID-LINKED OLIGOSACCHARIDES FORMED 
BY MEMBRANE PREPARATIONS FROM ANIMAL TISSUES 

Sugar(s) Linked to Lipid 

Glucose r hexosamine 

Glucose 

Mannose, N-acetylglucosamine 

Mannose, N-acetylglucosamine 

Mannose, N-acetylglucosamine 

Mannose, N-acetylglucosamine 

Mannose 

Number of Glycose 
Units in the 

Oligosaccharide Chain 

20 

20 

7 

7-9 

3-16 

5-15 

-

Tissue and 
Reference 

Rat liver (168,188) 

Rat brain and kidney 
Human lymphocytes 
Pig thyroid (188) 

Mouse myeloma (170) 

Hen oviduct (174) 

Rat liver (186) 

Bovine aorta (175) 

Bovine adrenal medulla (187) 
Rat parotid (187) and 
Calf brain (155) 

TABLE 4 
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Many of the oligosaccharide lipids found in other sys­

tems do not contain glucose. Their oligosaccnaride chains 

contain both mannose and N-acetylglucosamine and are espe­

cially interesting since the structure of the oligosaccharide 

chain in some instances appears identical to the core oligo­

saccharide chain of many glycoproteins. These oligosaccha­

ride lipids have been intensively studied and the intermed­

iates in the hen oviduct and mouse myeloma appear to have 

similar, if not identical structures (170, 174, 175). In 

the mouse myeloma the structure was proposed to be 

(M m ) 5 - (GlcN-As)- P - P - dolichol 

and the microsomal preparations were shown to effect the 

transfer oi the oligosaccharide chain from its lipid carrier 

to an acceptor protein. The oligosaccharide degradation pro­

ducts of the glycoprotein and those of the oligosaccharide -

lipid were chromatographically identical in these prepara­

tions. These and other studies undertaken by Lucas and his 

co-worKers, (174), provided evidence for tne en bloc transfer 

of the oligosaccharide to the protein. Little is at present 

known about the exact nature of the proteins glycosylated by 

the dolichol derivatives, but those studied in the rat liver, 

mouse myeloma ana hen oviduct appear to be tightly associated 

with tn« TRmbrane preparations (170, 174, 17o, 177). Recent 

studies provide the first evidence for the involvement of an 

oligosaccharide lipid in the synthesis of a soluble secretory 

glycoprotein, a kappa-type light chain immunoglobulin in. 
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myeloma cells (178). These immunoglobulins also contain the 

mannose N-acetylglucosamine oligosaccharide core common to 

many glycoproteins and oligosaccharide lipids. This raises 

the question as to whether these lipid intermediates are in­

volved in the biosynthesis of all the glycoproteins contain­

ing this common core structure. Based on the information 

available from studies on glycoprotein biosynthesis in a 

number of different systems a scheme for their biosyntnesis 

has been proposed and is illustrated in (Figure 6), (162, 170, 

172, 174, 176, 179, 180). Much still remains to be clari­

fied concerning, this pathway. None of the enzymes involved 

have yet been purified nor has their subcellular distribu­

tion been well documented. No one tissue has yet been shown 

to be capable of effecting all steps in the biosynthetic 

sequence and as mentioned earlier the exact nature and even­

tual role of the glycoprotein has yet to be explored. How­

ever, it is interesting to note that the overall scheme is 

remarkably similar to those proposed to illustrate the bio­

syntnesis of complex glycans in bacteria (88) and since un­

decaprenol phosphate is suggested to be rate limiting for 

complex glycan biosynthesis in the bacterial systems it is 

not unreasonable to assume that dolicnol phosphate might 

exert a similar regulatory function in glycoprotein biosyn­

thesis. 
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4) A Possible Role in Steroid Glycoside Formation: 

The involvement of polyprenol type lipids as inter­

mediates in the many different sugar transfer reactions dis­

cussed above prompted the investigation of the involvement 

of polyprenol type lipids in estrogen-3-glycoside biosynthe­

sis in rabbit liver. This study was also of special inter­

est since to-date lipid intermediates have only been impli­

cated in sugar transfer reactions leading to the synthesis 

of macromolecules. Their involvement in the synthesis of a 

glycoside of a small molecule such as a steroid hormone 

would be completely novel and might have far reaching and 

ex citing implications in steroid metabolism and its regu­

lation. 
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CHAPTER 2 

MATERIALS AND GENERAL METHODS 

A) Materials 

Chemicals were obtained from the following companies 

as indicated. 

Amersham/Searle Corporation (Arlington Heights, Illinois) 

(1,2 - 3H2)epitestosterone, (6, 7 - ̂ H2)estrone, 

(6,7 - 'H2)17^-estradiol, (2,4,6,9 - -H^)estriol, 

(1,2- H2)testosterone and UDP-D-(6-
3H)glucose. 

(-^C) 17<x.-estradiol, ( 1 ^ C ) r e t i n o l , and UDP-D-

(U- 1 / f C)glucose . 

(32p ) U T p 

NC3 and PC3 tissue solubilizers 

Analabs Inc. New England Nuclear (North Haven, Conn.) 

Silica Gel H 

J.T. Baker Chemical Company (Phillipsburg, N.J.) 

Ammonium molybdate 

British Drug House, Canada, Ltd. (BDH, Toronto, Canada) 

Glucose 

Canadian Laboratory Supplies Ltd. (Ottawa, Ont.) 

Silica Gel N, G. 

Eastmen Kodak Co. (Rochester, New York) 

Anisa.1 dehyde, Eugenol, 2-mercaptoethanol 
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Fisher Scientific Co., Ltd. (Cornwall, Ont) 

Biuret reagent, calcium chloride, cholesterol, 

Cutscum, ethylene diamine tetraacetic acid, 

Fiske - Subbarow reagent, mang_incus chloride, 

p-nitrophenol, all buffer salts, acids and 

solvents, Redi/Plate pr^coated with Silica Gel 

G. 

General Biochemicals (Chagrin Falls, Ohio) 

p-chloromercuribenzoate 

Chenical And Radioisotope Division, International Chemical 

And Nuclear Corp. (Irvine, California) 

(1^6)p-nitrophenol 

Mandel Scientific Co. Ltd. (Montreal, Quebec) 

Chromatography paper and Diethylaminoethylcellu-

lose (Whatman) 

Merck 

phenolphthalein 

New rnp;land Nuclear, Canada, (Lachine, Quebec) 

Aquasol, (7-'H)l7«*-bydroxypreq;nenolone and 

(l,2-'H2)tetrahydrocortisol, (U-^Cjglucose-l-

phosphate and (^C)diethylstilbestrol 

Nutritional Biochemicals Corp. (Cleveland, Ohio) 

Soybean lecithin 

Pharmacia Fine Chemicals AB. (Montreal, Quebec) 

Sephadex G10 and S^pb^ros^ 2B 
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Rohm ,and Haas (Philadelphia, Pennsylvania) 

Triton X-100, Amberlite .CAD-2 Resin 

Sigma Chemical Co. (St. Louis, Missouri) 

Almond emulsin, bovine serum albumin, chymotryp-

sin, cetyltrin.ethylammonium bromide, dolichol, 

dolichol phosphate, digitonin, deoxycholate 

glycogen, glucose-1-phosphate, glucose-6-phos-

phate,©c-glucosidase, lysozyme, magnesium chloride, 

neuraminidase, nicotinamide adenine dinucleotide, 

p-nitrophenyl, papain, protease, phosphodiesterase, 

pyrophosphate, phospholipase C, phospholipase D, 

polyoxyethylene sorbitan monolaureate, retinol, 

snake venom (Trimeresurus flavoviridis) synthetic 

lecithin, trypsin, trypsin inhibitor, glucose, 

UDP-glucose, UDP-galac tose, UDP-xylose, UDP-glucose 

pyrophosphorylase, UDP-glucose dehydrogenase, UDP-

^alacotse epimerase, all the mononucleotides, and 

all the non-radioactive steroids. 

Warner Chilcott (Toronto, Ontario) 

Ketodase 

Calf brain dolichol phosphate was a gift from Dr. L.S. Wolfe, 

Donner Laboratory of Experimental Neurochemistry, 

Montreal Neurological Institute, McGill University, 

Montreal, Quebec. Geranylgeraniol and farnesol were 

Rifts from Dr. S. Kushwaha, Department of Biochemistry, 

University of Ottawa. 
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B) General Methods 

1) Preparation of Substrate; (6,7- Ho) 17o<:-Estradiol 

A non pregnant female new Zealand rabbit was injected 

intravenously with 5 millicuries of (b,7- Hp) estrone. The 

urine was collected for two days and then the combined col­

lections were applied to an Amberlite XAD-2 column. The 

column was washed witn water and then the double conjugate, 

estradiol-3-jS-glucuronide-17^-£-N-acetylglucosaminide was 

eluted with methanol (195). This eluate on treatment over­

night with hyaluronidase in 0.1M citrate buffer (pH 4.0) at 

37 C yielded the monoconjugate 17c*~estradiol-3-£-D-glucuro-

nide. The monoconjugate was then treated with £-blucuroni-
i 

dase (Ketodase) for two successive 24 hour periods at 37 . 

The benzene extracts from these two incubations were pooled 

and a" aliquot chroraatographed against an authentic stan­

dard of 17oC-estradiol to assess its purity (4, 5, 196). 

2) Preparation of Microsomes 

a) Rabbit 

Virgin female New Zealand rabbits were killed by cer­

vical dislocation. The liver was* excised immediately and 

homogenized with 4 volumes of ice cold 0.15M KCL in a Sorvall 

Omnimixer homogenizer for 1 minute. The homo^enate was 

centrifuged at 10,000 X g for 30 minutes. The supernatant 

was then centrifuged in a Beckman L2-65B ultracentrifuge at 
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approximately 105,000 X g (30,000 rsp.m.f 30k rotor) for 

90 minutes. The supernatant was decanted and the pellet 

was re-suspended in 0.15M KCL and centrifuged at 105,000 X g 

(40,000 r.p.ra.., 40K rotor) for 60 minutes. The microsomal 

pellet was re-suspended in 0.15M KCL to a volume, in milli­

litres, equal to the original wet weight of tissue, in 

grams. The preparations were stored at -10 C until used. 

b) Rat (197) 

A male rat was fasted for 18 hours before being killed 

by decapitation. The ItY&p was excised immediately after 

death and homogenized in 0.88M sucrose in a Sorvall Omni-

mixer homogenizer for 1 minute to obtain a 10 per cent homo-

genate (w/v). All procedures were carried out at +4 C. The 

homogenate was centrifuged at 24,000 X g for 20 minutes 

(17,5000 r-p.m., 40K rotor) in a Beckman L2-65B ultracentri-

fuge. The supernatant was removed and the pellet was re-

suspended in 0.88M sucrose and centrifuged at 105,000 X g 

(40,000 r.p.m., 40K rotor) for 3 hours. The pellet contain­

ed both the rough and smooth microsomes and after removal of 

the supernatant, was re-suspended in 0.25M sucrose in 0.01M 

glycylglycine to a volume, in millilitres equal to the original 

wet weight of liver, in grams. The preparations were stored 

at -10°C until used. 
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3) Incubation Methods, Extraction and Assay 

Incubations were carried out in buffer prepared by mix­

ing solutions of Tris (hydroxymethyl) aminomethane and HC1 

in proportions which &ave a molarity of 0.2 and a pH of 7.0. 

The usual incubation medium contained 2 millilitres of buffer, 

0.5 millilitres of the microsomal preparation and 0.5 milli­

litres of 0.15M KC1. The steroids were added in methanol 

solution to dry 15 millilitre centrifuge tubes fitted with 

ground glass stoppers. The methanol was removed under a 

nitrogen stream before addition of the buffer. In the nuc­

leotide dependent assays the uridine nucleotides were dis­

solved in the buffer to give a final concentration of 0.06mM. 

Each assay contained 550,000 d.p.m. of steroid (39 curves/ 

millimole). Incubations were ^nr^iea out by shaking tre 
o 

unstoppercd tubes in a water batn at 37 C for 30 minutes. 

?ollowin& the incubation the medium was extracted twice 

with 5 millilitres of benzene directly in the incubation 

tube (8). The procedure quantitatively removed all the free 

steroid present, but none of the steroid conjugate (67). 

The conjugate was removed by two extractions with 5 milli­

litres of ethyl acetate. Tnis extract contained the ster-

oid-3-elucosides and usually a smaller amount of lT^-estra-

diol-3-galactoside (12). An aliquot of u.5 millilitres of 

the ethyl acetate was counted in 10 millilitres of a scin­

tillation mixture consisting of equal parts of xylene and 

of Aquasol. The amount of steroid conjugate formed was 
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calculated from the counts in the ethyl acetate and repor­

ted in the results as the per cent conversion of lTX-estra-

diol to 17°^-estradiol-3-glucosiae. When the 3 millilitre 

assay contained 550,000 d.p.m. of the substrate 17<?<-estra-

diol (39 curies per millimole)- 20 per cent conversion of 

tne 17^-estradiol to 17«-estradiol-3-^lucoside represented 

the formation of 5.1 picomoles of conjugate per gram of 

liver per hour. The radioactive material in trie benzene 

and ethyl acetate extracts was occasionally examined by thin 

layer chromatography on silica &el N against authentic stan­

dards in order to ensure that the assay was operating satis­

factorily. The thin layer chromatographic systems were 

benzene .: ethyl acetate (7:5) for the free steroids and 

chloroform:ethanol (4:1) for steroid glucosides. 

4) Preparations of Lipid Fractions 

a) Rabbit Liver Lipids 

(i) Total Lipids 

Fresn rabbit liver was extracted with 3 volumes of 

chloroform : methanol (2:1) to give a fraction containing 

the total liver lipids. 

(ii) Neutral Lipids 

The phospholipid fraction was precipitated from tne 
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total lipid fraction by treatment witn ice cold acetone 

and 5 per cent magnesium chloride in ethanol according to 

the procedure of Artom (lyo). 

(iii)PhospnolipidS 

A cnloroform : methanol fraction containing phosphor 

lipids was obtained by first treating tne liver witn 2 

volumes of acetone to extract out tne neutral lipids and 

then treating with 3 volumes of chloroform : metnanol (2:1). 

(iv) Acceptor Lipid 

The chloroform : methanol extract containing the phos­

pholipids was made 0.1N in NaOH, incurated for 15 minutes 

at 37 and then made 0.1N in HC1. This mixture was reflux-

ed for 15 minutes and then the chloroform layer was washed 

according to the procedure of Folch and his co-workers (199). 

The extract was then poured into a DEAE-cellulose column in 

the acetate form, prepared as described in Section 5 of this 

chapter. The column was washed with chloroform : methanol 

(2:1) and then eluted with 0.1M ammonium acetate in chloro­

form :methanol (2:1). The ammonium acetate fractions were 

pooled, washed free of ammonium acetate ana concentrated 

(200). Further purification was achieved using silica ̂ ,el 

G thin layer chromatograuhy with solvent systems chloroform: 

methanol : ammonia : water (80:30:0.5:3) and chloroform : 

methanol : formic acid : water (70:18.5:8:0.5). The silica 
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gel was treated with 5/per cent HC'l in ethanol, filtered and 

washed with ethanol before preparation of 0.75mm plates. 

The lipids were detected with either phospbomolybdic acid 

or anisaldehyde spray reagents ana eluted from trie chromato-

ferams with U.6N HC1 in chloroform : methanol (2:1) (148,201, 

202). 

b) Rabbit Liver Microsomal Lipids 

(i) Phospholipids 

The microsomes were extracted with 2 volumes of N-buta-

nol and then washed with 1 volume of water. This extract 

was allowed to stand for several hours and tnen concentrated 

to dryness. The residue was re-suspended in butanol^: ben­

zene : methanol (1:1:1) and further purified by preparative 

chromatography on Silica Gel G plates in the solvent system 

chloroform : methanol : water (50:50:10) (203). As mention­

ed in Section (a) (iv) above trie silica ^el was pre-treated 

with 5 per cent HC1 in ethanol before use. The lipids were 

detected on the chrornatograms with either phosphomolybdic 

acid or Rosenbergs spray reagent (204) and eluted with 0.6N 

HC1 in chloroform : methanol (2:1). 

Phospholipids were also prepared by treating tne lyo-

philized microsomes witn 2 volumes of acetone ana then extrac­

ting, the residue with 3 volumes of chloroform : metnanol 

(2:1). 
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(ii) Microsomal Acceptor Lipid 

Tne procedure was a modification of tnat of Behrens and 

Leloir (148) and is illustrated in (Figure 7.) 

Crude organic extracts were also prepared by treating 

100 milligrams of lyophilized rabbit liver microsomes with 

20 millilitres of either chloroform : methanol (2:1) or 

chloroform : methanol : water (1:1:0.3). 

c) Pig Liver Lipids 

(i) Neutral Lipids 

The ground pig liver was treated with 2 volumes of 

acetone. 

(ii) Phospholipids 

The residue left after acetone treatment was extracted 

with 3 volumes of chloroform : methanol (2:1). 

(iii) Acceptor Lipid 

This was again a modification of the procedure of Beh­

rens and Leloir (148) as illustrated in(Figure 7.) 

Phosphate determinations of tne lipid extracts were 

carried out according to the procedure of Bartlett (205) as 

described in Section 10 of this Chapter. 
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PREPARATION OF RABBIT LIVER MICROSOMAL 

OR PIG LIVER ACCEPTOR LIPID 

ACETONE (2 Volumes) 

-NEUTRAL LIPIDS IN ACETONE 

DRY RESIDUE 

c 
3 Volumes CHLOROFORM:METHANOL (2:1) 

-RESIDUE 

CHLOROFORM:METHANOL (2:1) EXTRACT 
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NaOH 
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He I 
REFLUXINQ 
WASHING 

CHLOROFORM LAYER 

T.L .C. ON SILICA GEL G PLATES IN 

CHL0R0F0RM:METHAN0L:AMM0NIA:WATER 
(80:30:0.5:3) 

CHL0R0F0RM:METHAN0L:F0RMIC ACID:WATER 
(70:18.5:8:0.5) 

ACCEPTOR LIPID 

FIGURE 7 
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5) Preparation of DEAE for Ion Exchange Chromatography 

The DEAE-cellulose was treated in tne following manner 

to remove various impurities: 

The dry ion excnangerwas stirred into 15 volumes of 0.5N HC1 

and allowed to stand in the acid for at least 30 minutes. 

The suspension was then filtered tnrough a Buchner funnel 

under gentle suction from a water aspirator and washed with 

distilled water until free of acid. The ion-exchanger was 

then stirred into 15 volumes of 0.5N NaOH and again allowed 

to stand for at least 30 minutes before washing «/itn dis­

tilled water until the filtered effluent was nearly neutral. 

The material was washed alternately three times each with 

acid and base. After the final wash the DEAE was converted 

to the acetate form by passage of 3 bed volumes of re-dis­

tilled glacial acetic acid tnrougn the material. The excess 

acid was removed by washing the bed with 3 volumes of metha­

nol. The ion exchanger resin was then removed from the fun­

nel and air-dried in a clean fume free atmosphere. It was 

dried to constant weight in a vacuum desiccator over KOH 

pellets. This throughly dried material was tnen weigned and 

left to stand overnight in glacial acetic acid wnich broke 

up any aggregates present and permitted more uniform packing 

of the column. A 30 x 2.5 centimetre double-thiCKness Pyrex 

glass column fitted with a Teflon stopc OCK and a solvent 

reservoir was used. The column was packed and tested for 
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uniformity of packing according to the procedure of Rouser 

and his co-worKers (206). 

6) Thin Layer Chromatography 

Silica gel i\i without binder was used for tne separation 

of the steroids and silica gel G witn CaSO^.^HpO binder for 

the lipid studies. 

The preparative thick plates and those being used in 

the lipid identification work were pre-run in the cnromato-

graphic chambers in chloroform : methanol (1:1) to remove 

any traces of lipids. All plates were dried in air at room 

temperature and tnen activated at 120 C (30 minutes for thin 

plates, overnight for thick plates) before tne sample was 

applied. The lipid samples tnought to contain highly un­

saturated lipids were applied to the plates in a special 

plexi-glass box with an inlet for flushing with nitrogen 

(Brinkman Instruments Inc.). In all cases trie lipids were 

chromatographed immediately after the application of the 

sample. All-glass tanKs witn ground glass covers and lined 

with filter paper to aid in saturating the tank with sol­

vent vapour were used. Freshly made up solvent systems were 

used for each run and the chambers were always sealed with 

masking tape in an effort to obtain reproducible results 

(202, 207, 20d). 
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7) Preparation of Sepharose 2 B Columns 

50 millilitres of the agarose gel Sepharose was diluted 

with about 50 millilitres of 0.05K Tris buffer, pH 7.6 and 

was de-aerated with a vacuum pump. A 2=5 x 30 centimetre 

column was used and partially filled with buffer. The column 

was then filled with the de-aerated sepharose slurry by pour­

ing down a glass rod. All the slurry required to produce the 

whole bed was poured into the column- at one time. The slurry 

was gently mixed with the glass rod to remove air bubbles and 

was allowed to settle until the bed height was stable at about 

20 centimetres. 

g) Preparation of Dowex 1 x 3 (200-400) Ion Exchange 

Columns 

30 grams of Dowex ion exchange resin 1 x 3 (200-400) 

was mixed with distilled water and allowed to settle. The 

excess water was drawn off with a vacuum pump. This washing 

procedure was repeated several times to get rid of any con­

taminants and air bubbles. The resin was packed as recommen­

ded in the Dow Chemical Company booklet (209). A 100 milli-

litre burette was used as the column. To convert the column 

into the formate ^orm a 3̂ - sodium formate solution was run 

through until no chloride could be detected in the eluate. 

About 400 millilitres of 50 per cent formic acid >/as then run 

through and finally the column was washed several times with 



59 

water until no formate was detectable in the eluent. The col­

umn was then ready for use (210). 

9) Preparation of the Amberlite XAD-2 Column (195) 

The neutral cross linked polystyrene polymer Amberlite 

XAD-2 slurried in water was poured into a ^lass column contain­

ing a coarse fitted disc layered with about 1 centimetre of 

sand and half filled with water. The water was allowed to 

slowly run through the column in order to remove the fines, 

"/hen all the water had drained from the column 3 volumes of 

methanol were run through and then a further 5 volumes of 

water. The column was then ready for use. 

10) Phosphorus Determination (205) 

^liquots of a stock solution containing 1, 2, 3, 4 and 

5 micrograms of any phosphate salt were added to graduated test 

tubes in volumes ranging from 0.2 to 1 millilitres. All vol­

umes were adjusted to 2 millilitres with water. The lipid 

extracts were evaporated to dryness under a stream of nitrogen 

in o-raduated test tubes and 2 millilitres of water were added 

to each tube. 0.5 millilitres of concentrated sulphuric acid 
o 

was added to all tubes which were heated .''or 3 hours at 160 C. 

The tubes were cooled in ice prior to the addition to each of 

2 drops of 30 per cent hydrogen peroxide . Heating at 160 C 

was continued for a further lg hours. The tubes were then 
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again cooled in ice and all volumes were adjusted to 1 milli-

litre with water. 5«°> millilitres of 0.22 per cent ammonium 

molybdate and 0.3 millilitre of Fiske-Subbarow reagent were 

added to all tubes, mixed well and heated in a boiling water 

bath for 7 minutes. The optical densities were read at #30nm 

in a Gilford model 2400-2 spectrophotometer and the amount of 

inorganic phosphate in the lipid fractions was calculated from 

the optical density by comparison with a standard curve. 

11) Protein Determinations 

Protein was determined by the method of Gornall, Barda-

will and David (211) or Lowry, Rosebrough, Farr and RandaLl 

(212). 
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CHAPTER 3 

THE SYNTHESIS OF 17/K-E3TEADIOL-3-GLUCOSIDE BI 

RABBIT LIVER MICROSOMES 

A) Introduction 

As discussed in Chapter 1 rabbit liver microsomes have 

been shown to effect the transfer of glucose or of galactose from 

their respective uridine nucleotides to the 3<*-hydroxyl group 

of estrone, 17<x-estradiol and 17/S-estradiol (9). Further ex­

periments showed that, in the absence of added UDP-glucose or 

UDP-galactose, the microsomes retained the ability to form 

small amounts of the estrogen-3-glucosides and galactosides 

(12). The preliminary experiments discussed in this chapter 

investigate in detail the capacity of the rabbit liver micro­

somes to synthesize these and other estrogen glycosides in the 

absence of exogenously added uridine nucleotide sugars and 

when endogenous nucleotide sugars have been removed by washing 

or by treatment with enzymes specific for these nucleotide 

sugars. These studies suggested the existence of a "UDP-

glucose independent" and a "UDP-glucose dependent" pathway 

of estro(?en-3-glucoside synthesis. Any indirect involvement 

of UDP-glucose in the "UDP-glucose independent" synthesis of 

17<*-estradiol-3-glucoside is also examined. This involved (i) 

a study of the capacity of the rabbit liver homogenate to 

effect the synthesis, from exogenous UDP-glucose, of an inter-



62 

mediate sugar donor capable of participating in the "UDP-

glucose independent" synthesis of 17lX-estradiol-3-'?lucoside, 

(ii) an examination of the ability of the microsomal fraction 

to incorporate glucose from UDP-D-(6-'H)glucose and to trans­

fer any incorporated glucose to the steroid and (iii) an exa­

mination of the capacity of the microsomes to effect the syn­

thesis of UDP-glucose from UTP and glucose-1-phosphate or from 

UTP and any endogenous glucose donor. 
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B) Methods 

1) An Examination of the Capacity of Rabbit Liver 

Microsomes, Washed and Unwashed, to Effect the 

Synthesis of 17c<-Estradiol Mono- and Double Con­

jugates when Incubated in the Absence of Uridine 

Nucleotide Sugars. 

The microsomes were prepared as described in the gener­

al methods Chapter 2 Section 2(a), and were washed up to 4 

times. 3ach wash consisted of the re-suspension of the micro­

somal pellet in a few millilitres of 0.15M KCl and centrifuga-

tion for 60 minutes at 105,000 X g (40,000 r.p.m. 40K rotor) 

in a Beckman L2-65B ultracentrifuge. After washing, the vol­

ume of the microsomal preparations was adjusted with 0.15M 

KCl so that 1 millilitre of suspension was equivalent to 1 

gram wet weight of liver tissue. One millilitre of microso­

mal suspension contained approximately 10 milligrams of pro­

tein as determined by the method of Lowry (9, 212). 

The incubation mixtures, extraction and assay procedures 

for the "nucleotide independent" synthesis of lT^estradiol-

3-glucuronide or 3-glucoside were exactly as described in 

Chapter 2, Section ? except that each assay contained 1.47 x 

10^ d.p.m. of the substrate, 17«>c-estradiol (33.9 d.p.m.jK 10V 

picomole or 40.4 <-urie/millimole). The ethyl acetate frac­

tion contained any 17<x-estradiol-3-glucosides or 17<=<-estradiol-

3-galactosides formed but the 3-°;lucuronide formed was not 
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extracted into either benzene or ethyl acetate and the amount 

formed was measured by counting a O.0 millilitre aliquot of 

the water layer. 

.Vhen examining for the "nucleotide independent" synthesis 

of 17-N-acetylglucosaminide or 17-glucosyl double conjugates 

the incubation methods were again as described in Chapter2, 

Section 3 except that each assay contained 1.13 xlO d.p.m. 

of the steroid substrate which in this case was 17<»c-estradiol-

3-glucuronide (63.9 d.p.m./picomole, or 31.3 mi crocurie/milli-

mole). Following the 30 minute incubation at 37 C 0.25 milli­

litres of 1.0N HC1 was added to each 3 millilitre assay to 

lower the pH to 2.0. The mixture was then extracted three 

ti^es with 5 millilitres of ethyl acetate which quantitatively 

removes the unreacted substrate, 17<x- estradiol-°-glucuronide. 

A 0.3 millilitre aliquot of th^ aqueous layer was counted 

since any double conjugates formed would remain in this layer. 

To deterrine whether uridine nucleotide sugars present 

in the microsomal suspension survived washing th^ microsomes, 

were pre-incubated with UDP-D-(U ^Oglucose (0.15 micromole, 

660,000 d.p.m./micromole) or UDP-D-(U C)glucuronic acid 

(0.15 micromole, 420,000 d.p.m./micromole) and then subjected 

to repeated washing as described previously. An aliquot of the 

washed microsomes was counted for J-̂ C after each wash to obtain 

an estimate of the amount of nucleotide remaining. 
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2) The Effect of Treatment with UDP-Glucose Dehydro­

genase, UDP-Glucose Pyrophosphorylase and UDP-

Galactose-4-Epimerase on the Synthesis of the 

l'ft*- Estradiol-3-Glucoside 

Microsomal preparations were pre-incubated with UDP-

glucose dehydrogenase, UDP-glucose pyrophosphorylase and UDP-

galactose-4-epimerase and then assessed for their ability to 

form glycosides of 17oC-estradiol both in the presence and 

absence of UDP-glucose. The enzymes were added to the incuba­

tion mixture in 0.2k Tris pH 7.0. Amounts of UDP-glucose de­

hydrogenase were added which gave a final concentration of 1 

unit of enzyme activity per 3 millilitre assay, UDP-glucose 

pyrophosphorylase in amounts which gave a final concentration 

of 2 units per assay and UDP-galactose-4-epimerase in amounts 

which gave a final concentration of 0.05 units per assay. 

3) Other Studies to Examine the Involvement, Direct 

or Indirect, of UDP-Glucose in the "UDP-Glucose 

Independent" Synthesis of lTiX-Estradiol-3-Glucoside 

a) The capacity of the homogenate for the synthe-

sis of an intermediate sugar donor when incu-

bated with UDP-glucose. 

Rabbit liver homogenates were pre-incubated with and with­

out UDP-glucose. The microsomes, prepared from these homoge-
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nates as described in Chapter 2, Section 2, were then assess­

ed for their capacity to effect the "UDP-glucose independent" 

synthesis of 17fc>c-estradiol-3-glucoside, (Table 5) • 

b) Glucose Incorporation from UDP-D-(6—'H)gluccse 

into the microsomes 

The flow chart, seen in (Table 6), demonstrates the pro­

cedure followed in the initial tritium incorporation studies. 

The effect of the presence of magnesium chloride on the in­

corporation of tritiated glucose from UDP-D-(6-3H)glucose into 

the microsomes and into 17<*-estradiol-3-glucoside was examined. 

Three methods were used to separate the microsomal fraction from 

the reaction mixture, namely centrifugation, filtration and 

chromatography. ",Vhere centrifugation was used the incubation 

mixtures were centrifuged in a Beckman L2-65B ultracentrifuge 

at. approximately 105,000 X g (40,000 r.p.m., 40K rotor) for 

60 minutes. The supernatant was discarded and the pellet re-

suspended in KCl and centrifuged again using the same condi­

tions. The supernatants would be expected to contain any un-

reacted UDP-glucose. These incubations were carried out in 

duplicate and one pellet was solubilized by treatment,with 1 

millilitre of the tissue solubilizer NCS and 0.01 millilitre 

of water at 37°C for 10 minutes. NCS had a tendency to pro­

duce chemiluminessence and in order to overcome this the solu­

bilized mixtures were cooled and 1 drop .of.ascorbic acid and 
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THE SYNTHESIS OF 17a-ESTRADI0L-3-GLUC0SIDE IN MICROSOMES 
PREPARED FROM RABBIT LIVER HOMOGENATES PRETREATED WITH 

UDP-GLUCOSE 

RABBIT LIVER (100 GRAMS) 

Homogenized in 400 mil l i l i t res of 0.15M 
Kcl for 1 minute in a Sorvall Omnimixer 

HOMOGENATE 

20 mi l l i l i t res Homogenate 

10 mi l l i l i t res + 
1 micromole UDPG 

Incubated for 30 
minutes at 25°C 

10 mi l l i l i t res 

250 mi l l i l i t res Homogenate 

Microsomes prepared 
as described in 
section 2, Chapter 2. 

Rest of procedure as described for the 
preparation of microsomes in Section 2, 
Chapter 2. 

Pellet resuspended in 
50 mi l l i l i t res of 0.15m Kcl 

Each pellet taken up in 2 mi l l i l i t res 
of 0.15m Kc l . 

TABLE 5 
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FLOW SHEET FOR STUDIES OF THE INCORPORATION OF 

C 3 HjUDP-GLUCOSE INTO MICROSOMAL PREPARATIONS 

Q 3 H ^ UDP-Glucose + Microsomes + Kcl + Tris ± Magnesium chloride 

Incubated for 30 minutes at room 
temperature 

Run through a 
column of Sepharose 2B 

Ultracentrifugation 
2x105,000 x g 

(40,000 rpm 40 K 
rotor for 60 minutes) 

Fi l trat ion 
(teflon filters) 

Microsomal pellet or fraction containing glucose in a form 
other than UDPG 

nonradioactive 17a-estradiol, 
Kcl and Tr is , 

30 minutes 
at 37°C 

Dissolved where necessary 
in 1 mi l l i l i t re of NCS and 
counted for tritium incorporation 
in xylene:aquasol (1:1) 

2x5 mi l l i l i t res of benzene 

2x5 mi l l i l i t res of ethyl acetate 
I 

an aliquot counted for tritium 

TABLE 6 
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0.034 millilitres of glacial acetic acid were added before 

counting for incorporated tritium in a mixture of aquasol : 

xylene (1:1). The other pellet was re-incubated with cold 

17°(-estradiol and other reagents of the standard assay and the 

procedure for the assay and extractions were exactly as des­

cribed in the general methods in Chapter 2. 

Vhen filtration through teflon filters was the method 

used for separating the unreacted UDP-glucose from microsomes, 

the microsomal fraction, retained on the teflon paper, was 

either solubilized with NCS as described above or assessed for 

its ability to effect the synthesis of 17^-estradiol-3-glucoside. 

"/hen chromatography ijas used, one millilitre fractions 

from the sepharose 2B column were counted to locate the frac­

tions containing tritium. UDP-D-(U- ^C)glucose was co-chro-

matographed to facilitate the detection of free UDP-D-(6--H) 

glucose. Those fractions thought to contain tritiated glucose 

incorporated into the microsomes were pooled, concentrated 

down and assessed for their ability to effect the synthesis 

of 17°^-estradiol-3-glucoside. 

After it had been established that a very small percen-

tage of the initial tritium in UDP-D-(6-'H)glucose could be 

incorporated into the microsomal fraction, studies were under­

taken to determine where this tritium was located, and whether 

it could be easily washed out of the microsomes. The washing 

involved re-suspension of the pellet in KCl and centrifugation 

at 105,000 X g (40,000 r.p.m., 40 K rotor) for 60 minutes as 
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described previously. 

To discover 'which microsomal fraction contained the tri­

tium, different lipids were extracted and analyzed for any 

evidence of tritiated glucose. Total, neutral and phospho­

lipids were prepared as described in Section 4, Chapter 2. 

Various groups have reported the presence of nucleotide pyro­

phosphatases in microsomal preparations (179, 213, 214). In­

hibitors of these enzymes were included in the incubation mix­

ture to ensure that the UDP-D-(6-^H)glucose remained intact and 

available for reaction with components in the microsomal pre­

paration. In one experiment ATP, at a concentration of O.lmM 

per 0.54 millilitre assay, was used as the inhibitor. The met­

hod used was that of Zatta et al and the time course of tritium 

incorporation from UDP-D-(6- H)glucose (5.5nanomoles/0.54 milli­

litre assay) into two different lipids in the microsomes was 

studied. This reaction was studied in both the presence and 

absence of manganese chloride or magnesium chloride (5mM/ 

0.54 millilitre assay). These same studies were later re­

peated, but the assay scaled up twenty fold, using 1 and 1+mM. 

AMP per assay as the nucleotide pyrophosphatase inhibitor and 

tritium incorporation into the lipids at 37°C and at 25°C, 

both in the presence and the absence of Triton X-100 and Cutscum 

was examined. The isolated lipids were chromatographed 

against dolichol monophosphate from calf brain (supplied by 

Dr. L.S. vfolfe) in chloroform: methanol : water (60:35:6), 

sprayed with anisaldehyde which gives a specific reaction with 
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isoprenoids (201) and then centimetre sections of the silica 

gel were scraped into scintillation vials to which was added 

0.04 millilitres of methanol and 10 millilitres of aquasol : 

xylene before counting for tritium. 

c) The ability of rabbit liver microsomes to syn­

thesize UDP-glucose from UTP and glucose-1-

phosphate or from UTP and any endogenous sugar 

donor was examined. 

Three different experiments were undertaken to investi­

gate this : (i) Incubation with non-radioactive UTP and glu-

cose-1-phosphate (ii) incubation -with (^2P)UTP and non­

radioactive glucose-1-phosphate and (iii) incubation with 

(?2P)UTP. The procedure used in (i) was a modification of 

the standard assay described in Chapter 2 and of that reported 

in the literature by Berthillier and Got (215). Non-radio­

active UTP (2.4 mM), glucose-1-phosphate (0.25MM), mercapto-

ethanol (4mM ) and magnesium chloride (250 mM) were added to 

a 4 millilitre assay. Incubations were car]ied out at both 

room temperature and 37°C. The ethyl acetate extracts were 

collected and counted for their 17<*-estradiol-3-glucosi le con­

tent. These reaction were carried out in duplicate and one 

incubation was stopped by boiling and then centrifuged at 

10,000 X g for 2 minutes. The supernatant was then assessed 

for its UDP-glucose content by re-incubation with approxima­

tely 0.05 units of UDP-glucose dehydrogenase and 0.25 micro-
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moles of NAD. Changes in absorbance at 340 nm were followed 

in a Cary spectrophotometer (model 15). This study ^as des­

igned to demonstrate whether UDP-glucose was actually being 

synthesized by the microsomal preparations. 

A similar experiment was performed using non-radioactive 

glucose-1-phosphate and {-> P)UTP. The reaction was terminated 

by boiling and the mixture was then centrifuged at 10,000 X g 

for 2 minutes. The supernatant was applied to a Dowex column 

which was prepared as described in the general methods (209). 

The column was first washed with water to remove any free glu­

cose and glu.cose-1-phosphate. A gradient of ammonium formate, 

0.1M to 0.5M was used to elute the UDP-glucose. One mini­
's 

litre fractions were then collected. UDP-D-(6- H)glucose was 

applied to the column together with the reaction, mixture so as 

to help locate any (̂  P)UDP-glucose. An aliquot of each frac-

tion was counted for J p and ^H and also chromatographed 

against a UDP-glucose standard on silica gel G plates in the 

solvent system butanol : acetone : acetic acid : ammonium hydro­

xide : water (4.5:1.5:1:1-2). The plates were sprayed with 

4 per cent sulphuric acid in 50 per cent ammonium sulphate. 
7 Op 

Centimetre sections were scraped and counted for H and -5 P 

in 0.04 millilitres of methanol and 10 millilitres of aquasol: 

xylene (1 : 1). 
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C) Results 
_______ ^ 

1) The Effect of hashing of the Microsomes on Steroid 

Glycoside Synthesis 

(Figure 3)illustrates che effect of washing on the abili­

ty of microsomes, unfortified with sugar nucleotides, to form 

17c<-estradiol-3-glucoside an 1 galactoside as compared to oheir 

ability to form 17*--estradiol-3-glucuronide or the 17/8-D-̂ lu-

coside or N-acetylglucosaminide of 17cc-estradiol-3-glucuron-

ide. The 3-glucuronyl transferase activity is the lowest of 

those examined since the un-washed microsomes formed only 1000 

picomoles of 17«--estradiol-3-gl ucuronide per millilitre o^ 

microsomal preparation per hour as compared to almost 6,500 

picomoles of the double conjugates and 9,300 picomoles of 

the 17«.-estradiol-3-glucosides and galactosides. This 3-

glucuronvl transferase activity declined rapidly on washing 

of the microsomes since with just one wash the amount of 

steroid-3-glucuronide formed was only twenty per cent of that 

formed by the unwashed microsomes. The combined 17-glucosyl 

and N-acetylglucosaminyl transferase activities declined at 

a slower rate than the ''-glucuronyl transferase on repeated 

washing of the microsomes. However, after four washes, the 

microsomes retained only ten per cent of the capacity of the 

unwashed microsomes for double conjugate synthesis. As men­

tioned above the 17sx.-estradiol-3-monoglucosides and galacto­

sides constituted the bulk of the conjugates formed in this 
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study. The synthesis of these monoconjugates was especially 

interesting due to the fact that, even after four waohes, the 

microsomes still retained almost forty per cent of the capa­

city of the unwashed microsomes for -̂glĵ coside synthesis. 

(Figure 9) shows the pattern obtained when microsomes, 

pre-incubated with UDP-D- (U-1/fC) glucose or UDP-D-(U-1Zf'C)glu-

uronic acid, were subjected to repeated washing. The concen­

tration of the nucleotides declined rapidly on -washing of the 

microsomal suspensions. The UDP-p-.lucui onic acid was removed 

more easily, being almost completely lost after only one wash. 

(Table 7) depicts some of the results obtained when 17<*-

estradiol-3-glucoside synthesis was studied at different times 

between 1973 and 1977. The incubation of microsomes with 17<x-

estradiol in the absence of exogenous UDP-glucose, as descri­

bed in Chapter 2, allows for the study of the "UDP-glucose 

independent" glucosyltransferase. However, when UDP-glucose 

is included in the incubation the amount of 17<*-estradiol-3-

glucoside formed is due x,o both the "UDP-glucose independent" 

and "dependent" glucosyltransferase activities. Since the 

contribution by the "UDP-glucose dependent" transferase can 

not be directly measured, in most of the studies undertaken 

the difference in the amount of the product formed in the pre­

sence and absence of UDP-glucose was used as the estimation 

of the contribution by the "UDP-glucose dependent" glucosyl­

transferase. As seen in (Table 7) the amount of conjugate 

synthesized varied from preparation to preparation but a 



76 

THE REMOVAL OF NUCLEOTIDE SUGARS 
FROM THE MICROSOMES ON WASHING 
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17a-ESTRADIOL-3-GLUCOSIDE SYNTHESIS BY 
RABBIT LIVER MICROSOMES 

Date of 
Study 

November 73 

December 73 

January 74 

July 74 

January 76 

November 76 

January 77 

February 77 

March 77 

March 77 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

UDP-Glucose 

Independent 

37. 

4.1 

7.3 

7.7 

34.6 

44.5 

40.2 

42.4 

2.6 

15.6 

UDP-Glucose 
Dependent+ 
Independent 

46. 

12.3 

18.4 

18.5 

46.6 

69.7 

48.4 

58.1 

6.2 

28.04 

UDP-Glucose 

Dependent 

9. 

8.2 

11.1 

10.8 

12.0 

25.2 

8.2 

15.7 

3.6 

12.44 

TABLE 7 
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consistent feature of the 3-glucosylation reaction was that 

rfhen the "UDP-glucose independent" glucosyltransferase acti­

vity was high the contribution by the "UDP-glucose dependent" 

pathway was of minor importance but when the "UDP-glucose in­

dependent" glucosyltransferase activity was low the "UDP-glu­

cose dependent" pathway was responsible for most of the conju­

gate formed. This variation from preparation to preparation 

and sometimes even from season to season influenced other 

properties of the 3-glucosyl-transferase(s) and these will be 

mentioned at relevant points in the following chapters. The 

conjugates formed either in the presence or absence of UDP-

glucose were identical and their identity has been establisned 

by crystallization to constant specific activity with authentic 

samples of the estrogen-3-/8-D-glucosides (12). 

2) Effect of Enzymes Specific for Nucleotide Sugars on 

Steroid Glucoside Synthesis 

The results obtained when studies with the enzymes spe­

cific for UDP-glucose and UDP-galactose were undertaken are 

shown in (Table #). The presence of UDP-glucose dehydrogenase 

and pyrophosphoroylase did not cause any significant change in 

the "UDP-glucose independent" synthesis of l><-estradiol-3-

glucoside whereas the "UDP-glucose dependent" pathway was almost 

completely inhibited. The presence of UDP-galactose did not 

cause any change in the amount of steroid glycoside formed, 

however when UDP-galactose-4-apimerase, which converts 
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THE EFFECT OF UDP-GLUCOSE DEHYDROGENASE, 
UDP-GLUCOSE PYROPHOSPHORYLASE AND UDP-GALACTOSE-4-EPIMERASE 

ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE BY 
RABBIT LIVER MICROSOMES 

Additions to 
Standard 

Incubation 

None 

+ 2 Units 
UDP-Glucose 
Pyrophosphorylase 

+ 1 Unit 
UDP-Glucose 
Dehydrogenase 

+ UDP-Galactose 
(0.5 micromole) 

+ UDP-Galactose 
+ UDP-Galactose-4 
-Epimerase 

% Conversion of 17a-Estradiol to* 
17a-Estradio!-3-Glycoside 

-UDP-Glucose 
I n d e p e n d e n t 

37 

37 

40 

39 

54 

A UDP-Glucose 
D e p e n d e n t ' ^ 

9 

0 

2 

• 

-

* Average of 3 experiments 

TABLE ft 
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UDP-galactose to UDP-glucose, v/as included in the assay there 

was an increase in the amount of glucoside formed. 

?) The Involvement of UDP-Glucose in the ,rUDP-01ucose 

Independent" Reaction 

Microsomes, prepared from rabbit liver homogenates which 

had been incubated with UDP-glucose, did not show any signifi­

cant difference in their capacity for the "UDP-glucose inde­

pendent" synthesis of 17«><--e3tradiol-3-glucoside when compared 

to microsomes prepared in the usual fashion using liver homo­

genates unfortified with uridine nucleotide sugars. These 

results are seen in (Table 9) • The "UDP-glucose dependent" 

synthesis of 17°<--estradiol-3-glucos1 de was slightly stimulated 

by this exposure of the homogenates to UDP-glucose. The nor­

mal procedure for the preparation of the microsomes would re­

move some but not all of this loosely attached UDP-glucose and 

the amount remaining would account for this increase in gluco­

side formation by the "UDP-glucose dependent" pathway. 

Some tritium was incorporated from UDP-D-(6--H)glucose 

into the microsomal preparation but very little appeared in 

the 17,ot-estradiol-3-glucoside. The presence of magnesium 

chloride in the mediun increased the incorporation of tritium 

into both the microsomes and the steroid glucoside. These 

results are illustrated in (Table 10). This incorporated 

radioactivity was washed out of the microsomes relatively 

easily and after three washes less than one per cent of the 
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THE CAPACITY OF MICROSOMES, PREPARED FROM HOMOGENATES 
WHICH HAD BEEN PRE-INCUBATED WITH UDP-GLUCOSE, 

TO EFFECT THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Microsomal Fraction 
Used 

Microsomes prepared from 
Homogenates pre-incubated 
with 1 micromole 
UDP-Glucose 

Microsomes prepared from 
Homogenates pre-incubated 
without UDP-Glucose 

Microsomes prepared as 
described in Chapter 2. 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

UDP-Glucose Independent 

11 

13.4 

12.2 

UDP-Glucose Dependent 

9 

6.1 

5.2 

TABLE 9 
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TRITIUM INCORPORATION FROM [3 H ] UDP-GLUCOSE INTO 
THE MICROSOMAL PREPARATION AND ALSO INTO 

THE 17a-ESTRADIOL-3-GLUCOSIDE FRACTION* 

Method used to 
Separate the Microsomes 
from[3H] UDP-Glucose 

Sepharose 2B 

Fi l trat ion 
(teflon f i l ters) 

— Magnesium 
/ chloride 

Centrifugation 

X 
+ Magnesium 

chloride 

DPM 
Incorporated into 

Microsomes 

15,537 

24,268 

38,181 

66,317 

DPM Found in 
the Ethyl Acetate 

Extract (Glucoside) 

163 

285 

819 

* Each preparation pre-incubated with 2.2x106 DPM[3H]UDP-glucose 

TABLE 10 
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added tritium counts were detected in either the microsomes 

or the ethyl acetate fraction. 

The distribution of the small amount of tritium incor­

porated into the microsomes is shown in (Table 11). This 

q;ives the average results of seven different experiments. In 

these studies the presence of magnesium chloride inhibited 

the incorporation of tritiated glucose into the lipid frac­

tions, '/hen the different lipids were examined for their tri­

tium content the neutral lipids were the chief acceptors of 

the radioactive sugar. These lipid extracts were chromato-

graphed on 0.5 millimetre Silica Gel N plates in three differ­

ent solvent systems, acidic, neutral and basic. Centimetre 

sections of the plate were counted to locate the tritium. The 

radioactive fractions were eluted and their effect on the 

"UDP-glucose independent" synthesis of 17<*«-estradiol-3-gluco-

side was studied. The microsomal total, neutral and phospho­

lipid extracts which had not been subjected to chromatography 

were also examined for their effect on the ''UDP-glucose in­

dependent" synthesis of the steroid glucoside. The results 

obtained did not provide any definite evidence for the invol­

vement of any of these lipids in the "UDP-glucose independent" 

reaction. 

The inclusion of inhibitors of endogenous nucleotide 

pyrophosphatases did not provide conclusive evidence for or 

against the involvement of UDP-glucose as the sugar donor. 

In most of the studies involving cations, magnesium or mangan-

ous chloride caused a slight increase in the incorporation of 
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DISTRIBUTION OF THE TRITIUM INCORPORATED INTO 
THE MICROSOMES FROMpHjUDP-GLUCOSE* 

Fraction 
Examined 

Microsomes 

Total Lipids 
from Microsomes 

Neutral Lipids 
from Microsomes 

Phospholipids from 
Microsomes 

% of Added Tritium Found 

— Magnesium chloride 

4.7 

1.85 

1.75 

0.75 

+ Magnesium chloride 

4.9 

0.74 

0.40 

0.63 

* The microsomes were pre-incubated for 30 minutes at room temperature 
with UDP-glucose (4.4x106 DPM) 

TABLE 11 
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tritium UDP-D-(6--H)glucose into both the chloroform : metha­

nol : water (1:1:0.3) lipid fractions. This increase due to 

the presence of cations occuritfedin both the presence or absence 

of the nucleotide pyrophosphatase inhibitors ATP and AMP. These 

findings are in conflict with those depicted in (Table 11) 

where the presence of magnesium chloride reduced tritium in­

corporation into lipid fractions. However, the methods of 

lipid isolation were different in the two studies which might 

explain the discrepancy seen in the results. The presence of 

Triton X-100 at a concentration of 0.2 per cent and Cutsausm 

at a concentration of 2 per cent did not have any significant 

effect on the amount of tritium incorporated into the micro­

somes . 

Thin layer chromatographic examination of the lipid frac­

tions as seen mapped in (Figure P) showed that the incorpora­

ted radioactivity was separated into four different peaks. 

However, because of the lack of any pure standards at the time, 

it was impossible to determine which lipids were accepting the 

radioactive glucose. The lipid studies will be discussed in 

greater detail in Chapter 5 • 

If UDP-glucose was synthesized from non-radioactive UTP and 

glucose-1-phosphate it was not detected by UDP-glucose dehy­

drogenase (12) and it did not stimulate the "UDP-glucose in 

dependent" synthesis of 17<*-estradiol-3-glucoside either in 

the presence or absence of magnesium chloride either at 37 C 

or 25 C. (Table 12) illustrates the results obtained in the 

studies at 37°C. A similar pattern was obtained at 25°C. 
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ATTEMPTS TO SYNTHESIZE UDP-GLUCOSE AND ENSUING EFFECTS 
ON THE "UDP-GLUCOSE INDEPENDENT" SYNTHESIS 

OF 17a-ESTRADIOL-3-GLUCOSIDE 

Additions to the 
Standard Assay 

None 

4mM Mercaptoethanol 

0.25mM GI ucose-1-phosphate 

0.25mM Glucose-1-phosphate 
+ 4mM Mercaptoethanol 

0.25mM Glucose-1-phosphate 
+ 2.4mM UTP 

0.25mM Glucose-1-phosphate 
+ 2.4mM UTP + 4mM 
Mercaptoethanol 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside at 37°C 

-Magnesium chloride 

39 

36 

37 

40 

30 

24 

+ 250mM Magnesium chloride 

63 

64 

67 

65 

55 

50 

TABLE 12 
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In the studies using r P)-UTP and non-radioactive glu-

cose-1-phosphate a very small peak of1 ^ P co-chromatographed 

with UDP-D-(6-3H)glucose in the solvent system butanol : ace­

tone : acetic acid : ammonium hydroxide : water (4*5:1-5:1:1:2). 

The amount of UDP-glucose synthesized was not sufficient to 

have any significant effect on the synthesis of lTcx.-est'-adiol-

3-glucoside. 
^2 

The incubation of the microsomes with (" 'P)-UTP did not 

oroduce any detactable UDP-glucose. This suggested that an 

endogenous sugar donor was unable to donate its sugar to UTP 

under the conditions used. 
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D) Discussion 

The experiments discussed in this chapter provide strong 

evidence for the existence of two distinct mechanisms of ster­

oid glycosylation in rabbit liver microsomes. One of these 

appeared independent of UDP-glucose and involved some water 

insoluble lipid intermediate, while the other was UDP-glu­

cose dependent and involved the direct transfer of glucose from 

UDP-glucose to the 3^-hydroxy1 group of the estrogen. 

The high levels of con 'ugate synthesis seen in the un­

washed microsomes, (Figure $), can be attributed to the pre­

sence of endogenous nucleotide sugars. However, these nuc­

leotide sugars were washed out of the microsomes reJatively 

easily and were essentially absent after three or four washes, 

as shown in (Figure 9). The decline in the synthesis of the 

17<x-estradiol-3-glucuronide and the estradiol double conjuga­

tes on repeated washing of the microsomes can thus be attri­

buted to the removal of endogenous nucleotide sugar donors. 

The ability of the microsomes to form considerable amounts 

of 17*-estradiol-3-glucoside and °-galactoside even after 

removal of essentially all the endogenous UDP-glucose and UDP-

galactose was unique and prompted the further investigation of 

this "nucleotide independent" glycoside synthesis. 

The fact that the UDP-glucose specific enzymes, UDP-

glucose dehydrogenase and UDP-glucose pyrophosphorylase did 

not cause any change in the "UDP-glucose independent" synthe­

sis of lT^-estradiol-3-glucoside but inhibited the "UDP-glu-
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cose dependent" pathway also argued against UDP-glucose play­

ing a role in the "UDP-glucose independent" synthesis of the 

glucoside. The studies shown in (Figured) and (Tables 9-12), 

indicated that UDP-glucose was not involved indirectly in the 

"UDP-glucose independent" glucosyl transferase reaction. The 

rabbit liver homogenates were unable to dynthesize an inter­

mediate sugar donor from UDP-glucose, since pre-incubation with 

UDP-glucose before pieparation of the microsomes caused no 

change in the capacity of the microsomes for the "UDP-glucose 

independent" synthesis of 17*-estradiol-3-glucoside. The 

studies examining the ability of the microsomes to incorpo­

rate glucose from UDP-D-(6- H)glucose, and to transfer any of 

the (̂ H) glucose to the steroid also argued against the pos­

sible indirect involvement of UDP-glucose in the "UDP-glucose 

independent" pathway. Were exogenous UDP-glucose or an inter­

mediate derived from it the only sugar donor in this pathway 

at least twenty to thirty per cent of the (^H)glucose derived 

from exogenous UDP-glucose should be demonstrable in the 17<?<.-

estradiol-3-glucoside fraction to account for the normal rate 

of steroid glucoside formation by the "UDP-glucose independent" 

pathway. 

The possible involvement of a lipid - sugar intermediate 

was indicated by both the washing studies and by the presence 

of much of the incorporated (^H)glucose from UDP-glucose in 

the lipid fraction of the microsomes. The neutral lipids were 

the chief acceptors of the radioactive sugar. As discussed in 
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Chapter 1, dolichol is the polyprenol known to act as a lipid 

intermediate in many sugar transfer reactions in mammalian 

systems. The active sugar acceptors are usually the poly­

prenol - monophosphates but since to date there has been no 

svidence for a dolichol phosphokinase in mammalian systems, 

activation of the neutral lipid to a hic;h energy acceptor form 

would appear unlikely. However, a neutral lipid sugar com­

pound could participate in a transglucosylation reaction. The 

possible lipid involvement will be discussed in greater detail 

in Chapter 5« 

Other evidence against a role for UDP-glucose in tne 

"UDP-glucose independent" synthesis of 17«-estradiol-3-gluco-

side was provided by the studies which demonstrated the in­

ability of the microsomes to synthesize UDP-glucose from UTP 

and glucose-1-phosphate or from UTP and any endogenous sugar 

<ionor which might be present. This showed that the 3-gluco-

side conjugate synthesized by the washed microsomes vhen in­

cubated in the absence of UDP-glucose was not due to the pre­

sence of UDP-glucose synthesized in the microsomes during the 

incubation. 

These studies therefore provide definitive evidence for 

the existence of two pathways of steroid-3-glucoside formation. 

The properties of the 3-glucosyltransferase(s) will be dis­

cussed in detail in Chapter 4» 
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CHAPTER 4 

AN INVESTIGATION OF THE PROPERTIES OF THE "UDP-GLUCOSE IN­

DEPENDENT" AND "UDP-GLUCOSE DEPENDSNT'^STEROID-

3-GLUCOSYL TRANSFERASE ACTIVITIES 

A) Introduction 

These studies were designed to investigate the specifici­

ty of the "UDP-glucose independent" and "UDP-glucose dependent" 

reactions, their characteristics and their requirement for 

co-factors. The involvement of sugar donors other than UDP-

glucose was also examined in the case of the "UDP-glucose 

independent" estrogen-3-glucosyltransferase. 
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B) Methods 

1) pH studies 

Tris maleate and sodium carbonate buffers of 0.05 molari­

ty and rangins; in pH from 5.6 to 11.0 were used to determine 

the optimum pll for both the "UDP-glucose dependent" and "UDP-

glucose independent" synthesis of 17*—estradiol-3-glucoside. 

2) Effect of Time of Incubation 

To determine the time period over which the velocity of 

both reactions was linear, a series of incubations were car­

ried out at 37°C for time intervals ranging from 0 to 90 min­

utes . 

3) Effect of Temperature 

Both reactions were studied after a 30 minute incubation 

of the standard assay mixture at 4 , 25 , 37°> 46° and 60 C. 

4) The Effect of Varying the Concentration of the 

Microsomal Preparation used 

Both reactions were studied using microsomal preparations 

which contained from 1 to 10 milligrams of protein per 3 

millilitre assay (212). 
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5) Substrate Specificity Studies (9, 67-69, 71) 

(Table 13) shows the substrates examined, their specific 

activity and the concentrations used per 3 millilitre assay. 

For the estrogen substrates the assays were as described in the 

general methods in Chapter 2. For each substrate the validity 

of the assay was checked by chromatography of the ethyl ace­

tate extracts against authentic standards of the free steroids 

and their glucosides in the solvent system chloroform : etha­

nol (4:1). One centimetre areas of the chromatograms were 

counted in the Kark III 6##0 Liquid Scintillation Counter 

(Searle - Analytic Inc.) to locate the steroids and any glu­

cosides formed. The chromatogram containing the ethyl acetate 

extract from the non-radioactive estriol incubation was sprayed 

with 20 per cent H SO,/ethanol spray reagent (19$) and heated 

for a few minutes at 100 to allow the development of the red 

and orange-yellow spots characteristic of the free estrogens 

and their glucosides. 

The incubation mixtures containing the estrogen-glucuro-

nide conjugates were treated with 3 volumes of ethanol to 

terminate the reaction after 30 minutes at 37°C. The mixtur­

es were then centrifuged to precipitate the microsomal pro­

tein. The ethanol : water layer was concentrated to dryness, 

re-suspended in ethanol and centrifuged again to precipitate 

any of the remaining salts. The ethanol layer v/as evaporated • 

to dryness under a stream of nitrogen and chromatographed in 

the solvents isopropanol : formic acid : water (5:3:1). The 
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SUBSTRATES USED TO STUDY THE SPECIFICITY OF 
THE 3-GLUCOSYLTRANSFERASE 

Compounds Examined 

1. Estrone -6, 7 r"3H"J 

2. 17a-Estradiol-6, 7 Z3^3 

3. 17/3-Estradiol-6, 7 £3Hj 

4. Estriol (nonradioactive) 

5. Estr io l -2, 4, 6, 9 C 3 H J* 

6. 17a-Estradiol-6, 7 Q 3
H ; ] - 3 -

Glucuronoside 

7. 17/3-Estradiol-6, 7 [ ~ . 3 H I ] - 3 -

Glucuronoside 

8. p-Nitrophenol-2, 6 C1 4C~J 

9. Biochanin A d 1 4 C ^ ] 

10. Genistein C 1 4 C U 

11. Formononetin C C U 

12. Daidzein C 1 4 C U 

13. Pregnan-3a-ol-20-one-7 C 3 H H 

14. 17a-Hydroxypregnenolone-7 C l-Q 

15. Tetrahydro-cortisone f J 3 H ] ] 

16. Testosterone [ 3 H ] 

17. Epitestosterone C 3 | " Q 

18. Diethylsti lbestrol E 1 4 c U 

Specific Act iv i ty 

47.9 Ci/mi l l imole 

46 Ci/mi l l imole 

46 Ci/mil l imole 

-

95 Ci/mil l imole 

48 Ci/mil l imole 

1 Ci/mi l l imole 

17.1^Ci/micromole 

0.08^Ci/mil l igram 

0.08 jiCi /mill igram 

0.07 ̂ tCi /mil l igram 

0.05/iCi /mil l igram 

13.9 mCi/micromole 

9.9 Ci/mi l l imole 

24.4 Ci/mi l l imole 

1.7 Ci/mi l l imole 

54 mCi/mil l imole 

Concentration in 
Micromoles or Picomoles 

per 3 Mi l l i l i t re Assay 

1.85 picomoles 

1.85 picomoles 

1.85 picomoles 

30 picomoles 

1.85 picomoles 

1.85 picomoles 

1.85 picomoles 

0.3 micromoles 

0.25 micromoles 

0.25 micromoles 

0.25 micromoles 

0.25 micromoles 

1.8 picomoles 

1.85 picomoles 

1.85 picomoles 

1.85 picomoles 

1.85 picomoles 

1.85 picomoles 

TABLE 13 
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double conjugate 17oc-estradiol-3-glucuronide-17^-glucoside was 

used as a standard. One centimetre zones, scraped from the 

chromatogram, were examined for their (-%) content in order 

to locate the substrate and any product. The procedure fol­

lowed by Labow and Layne (67) was used in the case of the iso­

flavone incubations. These microsomal preparations were also 

examined for their capacity to synthesize isoflavone glucosides 

in the absence of exogenous uridine nucleotide sugars. No UDP-

glucose was added to these incubations. In the reactions con­

taining the other substrates examined, (numbers S and 13-1$ in 

Table 13) , ethyl acatate rather than benzene was used to ter­

minate the reaction. The ethyl acetate extracts were concen­

trated and chromatographed in the solvent system chloroform : 

ethanol (4:1) or chloroform : methanol ($9:11). 

Many of the studies undertaken during the course of this 

project utilized 17<x-estradiol as the substrate ror the 3-

glucosyltransferase. Attemots were made to determine the Km 

of the "UDP-glucose dependent'' ani the "UDP-glucose independent 

transferase activities towards this substrate. Concentrations 

-6 op 17^-estradiol ranging from 0 to 6 x 10~ 14 were used in the 

standard assay and the Km values were calculated from Line-

weaver - Burke and Hanes plots (216). 

6) Effect of Various Inhibitors. 

The concentrations of the inhibitors used are shown in 

(Tables 14. 15). The nucleotides, sulfhydrvl reagents and 
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INHIBITORS USED IN THE STUDY OF 
THE 3-GLUCOSYLTRANSFERASE REACTION 

Compounds 

Estrone 

17/3-Estradiol 

Estriol 

17a-Estradiol-3-Glucoside 

17a-Estradiol-17-Glucoside 

Diethylstilbestrol 

p-Nitrophenol 

Phenolphthalein 

p-Chloromercuribenzoate 

Dithiobisdinitrobenzoic acid 

Urea 

Guanidine - Hcl 

Concentrations per 3 Millilitre Assay 

12 - 120 nanomoles 

12 -120 nanomoles 

12-120 nanomoles 

1.5-3 nanomoles 

1.5-3 nanomoles 

0.03 - 1.2 micromoles 

0.015 - 0.3 micromoles 

0.15 - 3.0 micromoles 

0.02 - 0.05 micromoles 

0.02 - 0.05 micromoles 

6 -12 millimoles 

3 -15 millimoles 

TABLH, 14 
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INHIBITORS USED IN THE STUDY OF 
THE 3-GLUCOSYLTRANSFERASE REACTION 

Compounds 

Methanol 

Ethanol 

Buthanol-1 

Ethylene Glycol 

Eugenol 

UTP 
UDP 

ATP 
ADP 
AMP 

GTP 
GDP 
GMP 

TTP 
TMP 

Concentrations per 3 Mi l l i l i t re Assay 

450 micromoles - 1.35 millimoles 

150 - 750 micromoles 

150 - 450 micromoles 

150 - 600 micromoles 

3 - 12.5 micromoles 

0.5 micromoles 
0 - 5 micromoles 

0.5 micromoles 
0.5 micromoles 
0.5 micromoles 

0.5 micromoles 
0.5 micromoles 
0.5 micromoles 

0.5 micromoles 
0.5 micromoles 

TABLE 15 
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protein denaturants were added to the standard incubation in 

0.2M Tris pH 7.0 so as to five the final concentrations lis­

ted in (Tables 14-15). The steroids were added to the cen­

trifuge tubes in methanol and evaporated to dryness before the 

addition of the other reagents. Increasing concentrations of 

17/^-estradiol, estrone and estriol were added to the standard 

incubations containing different fixed concentrations of the 

substrate, 17»<-estradiol, in order to determine the extent of 

inhibition of 17^<-estradiol-3-glucosiae synthesis. These re­

sults were plotted according to the method of Dixon in an attem­

pt to calculate the Ki of any of the added steroids and also to 

determine the type of inhibition involved.Since UDP is a pro­

duct in the nucleotide dependent synthesis of 17**-estradiol -

3-glucoside, similar studies were undertaken with UDP. All 

other assay and extraction procedures were exactly as described 

for the standard assay in the general methods , Chapter 2. 

7) Effect of Metal Tons 
— i • • I T t i — — — i n . i — 

The standard assay procedure was a slight modification 

of that described in the general methods, the only change 

being the addition of varying concentrations of magnesium chlo­

ride, manganous chloride, calcium chloride and sodium E.D.T.K. 

to the buffer. Ion concentrations rangingfrom 0 to 500mM 

were used. 
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S) Effect of Detergents 

Six different detergents were examined for their effect 

on both the "UDP-glucose dependent" and the "UDP-glucose in­

dependent" synthesis of 17«.-estradiol-3-glucoside. In these 

studies the different detergents were addei in the Tris buf­

fer which represented a slight modification of che standard 

assav procedure described in the general methods. Cutscum, 

Tween 20 and Triton X-100 vere examined using concentrations 

ranging from 0 to 0.2 per cent (w/v). The concentrations of 

sodium deoxycholate studied ranged from 0 to 0.15 per cent 

(w/v) vhile those op cetyltrimethylammonium bromide ranged 

from 0 to 0.5 per cent (w/v) and those of digitonin from 0 to 

2 per cent (w/v). 

9) Solubilization and Some Enzymatic Studies 

a) Triton X-100 (9) 

All the procedures for the solubilization and fractiona­

tion of the transferase activity were carried out in an ice 

water bath. A rabbit liver microsomal suspension (10 milli­

litres) in 0.15M KCl (10-12 milligrams of protein per milli­

litre) prepared as described in the general methods in 

Chapter 2 was diluted with 4 volumes of 0.2M Tris pH 7.0 and 

0.1 millilitre of 100 per cent Triton X-100 to give a final 

Triton X-100 concentration of 0.2 per cent. This suspension 

was kept in ice for 30 minutes and then centrifuged at 105,000 
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X K (40,000 r.p.m., 40 K rotor) for 60 minutes. The superna­

tant was collected, concentrated in an Amicon cell to a vol­

ume of 10 millilitres and an aliquot of it examined for both 

"UDP-glucose dependent" and "UDP-glucose independent" trans­

ferase activities. The Triton X-100 precipitate was taken up 

in 10 millilitres of 0.151' KCl and an aliquot was again exa­

mined for each of th-? transferase activities. Blanks contain­

ing either boiled supernatant or precipitate were usei where 

applicable. 

b) Solubilization with Proteases (72) 

The microsomal suspension was diluted with 4 volumes of 

0.15?" Tris - HC1 pH 8.0 and incubated for 16 hours at 4°C in 

the presence of 0.03 milligram per millilitre of the protease, 

either alone or in the presence of 0.1 per cent Triton X-100 

(w/v). The incubation mixture was then centrifuged at 105,000 

X g (30,000 r.p.m., 30 K rotor) for 60 minutes. The superna­

tant was decanted and concentrated in an Amicon cell to the 

original volume of microsomal preparation used. The pellet 

was also re-suspended in a volume of 0.15M KCl so as to equal 

the volume of the microsomal preparation originally used. 

Both the precipitate and supernatant were assayed for "UDP-

glucose dependent" and "UDP-glucose independent" glycosyltrans-

ferase activities. 
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c) Snake Venom, Phospholipase C and Phospholipase 

D Treatment (9, 72) 

Both the 105,000 X g supernatant and precipitate, obtain­

ed after treatment of the diluted microsomal suspension with 

Triton X -100 in the absence of trypsin by the method of Collins 

et al, and the untreated microsomal suspension were treated 

-/ith snake venom, phospholipase C and phospholipase D. The 

snake venom (Trimeresurus flavoviridis), which had previously 

been heated for 5 minutes at 100°C, was used at a concentration 

of 0.2 milligrams per millilitre in the Triton X-100 superna­

tant and precipitate incubations and at concentrations rang­

ing from 0.05 to 0.2 milligram oer 3 millilitres in the incu­

bations containing untreated microsomal preparations. The 

phospholipases C and D were used at concentrations ranging from 

0.02 to 0.1 milligram per 'millilitre. All the incubations were 

carried out in 0.15M Tris - HC1 buffer pH S.Q and 2.5 x 1 0 " % 

calcium chloride. After 2 hours at 4°C the reactions were sto­

pped by the addition of 0.5 millilitres of 0.15M SDTA, pH S.O 

and then assayed for the "UDP-glucose dependent and independent" 

transferase activities. 

d) Treatment with phosphodiesterases 

Since heating the crude snake venom, as described above 

in (c), inactivated the protease and phosphodiesterase activi­

ties of the preparation, some experiments were carried out 
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using both untreated and heated snake venom to assess the 

effect of the phosphodiesterase present in snake venom on 

both the "UDP-glucose dependent" and "UDP-glucose independent" 

synthesis of 17«*-estradiol-3-glucoside. 

The effect of pure phosphodiesterase on the transferase 

reaction was also examined using concentrations ranging from 

3.3 to 32 micrograms per 3 millilitre assay. The conditions 

were similar to those employed for the snake venom phospho­

diesterase studies. (9). 

e) Treatment with Papain, Lysozyme and Neuraminidase 

The microsomal suspensions were incubated with amounts 

of papain in 0.15M Tris - Hcl buffer pH 8.0 which gave a 

final concentration of enzyme equal to 50 or 250 micrograms 

per millilitre of incubation mixture and with amounts of ly­

sozyme and neuraminidase in 0.066M potassium phosphate buf­

fer pH 6.S which gave a final enzyme concentration of 4 or 17 , 

micrograms per millilitre of incubation mixture. All reaction 

mixtures were prepared in duplicate and each one incubated at 

either 37°C or 0°C for 2 hours. The incubation mixtures were 

then centrifuged for 60 minutes at 105,000 X g (40,000 r.p.m., 

40 K rotor) in the Beckman L2-65B ultracentrifuge. The super­

natant and the re-suspended pellet fractions were assayed for 

the "UDP-glucose dependent" and "UDP-glucose independent" trans­

ferase activities. 
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f) Treatment with Almond Emulsin and oC-Glucosidase 

(217) 

Microsomal preparations were pre-incubated with the glu-

cosidases, and then assessed for their ability to form glyco­

sides of 17(*-estradiol both in the presence and absence of 

UDP-glucose. The enzymes were added to the incubation mixture 

in 0.21'f Tris pH 7.0. The glucosidases were added in quanti­

ties which gave a final concentration of either 1 or 2 milli­

grams per 3 millilitre standard assay. 

10) Sonication, Temperature Sensitivity and Stability 

Studies 

a) Sonication 

Microsomal preparations were sonicated at an intensity 

of 30 in a Bronwill Biosonik III sonicator (Bronwill Scienti­

fic,Division of tfill Scientific, Inc., Rochester, N.Y.) for 

varying lengths of time (0 to 5 minutes) and then assessed for 

their capacity for the "UDP-glucose dependent" and "UDP-glucose 

independent" synthesis of l^-estradiol-3-glucoside-

b) Temperature Sensitivity Studies 

Microsomal preparations were pre-heated at 50°, 52° and 

60°C for varying lengths of time ranging from 0 to 20 minutes 

and then assayed for their ability to form 17<*-estradiol-3-

glycosides in the presence and absence of UDP-o-iucose. 
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c) Stability to Storage at -4 C 

The microsomal preparations which were stored in 0.15M 

KCl at -4 C for time periods ranging from 0 to 40 weeks were 

assayed for their ability to form glucosides of l><-estradiol. 

11) The Involvement of Sugar Donors Other than UDP-

Glucose in the "UDP-Glucose Independent" Synthesis 

of 17c*-Sstradiol-3-Glucoside 

The experiments described in Chapter 3 confirmed that 

UDP-glucose was not the sugar donor in the "UDP-glucose in­

dependent" synthesis of steroid glucoside. Glucose, glucose-

1-phosphate, glucose-6-phosnhate and glycogen were examined 

for their ability to act as sugar donors in this reaction. 

In each experiment the assay procedure was a slight modifica­

tion of that described in the general methods in Chapter 2, 

the only change being the addition of varying concentrations 

of the sugars to the buffer. The glycogen concentrations stu­

died ranged from 0 to 500 micrograms per ? millilitre assay, 

whereas those of glucose, glucose-lphosphate and glucose-6-

phosphate ranged from 0 to 5 micromoles per 3 millilitre assay. 
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C) Results 

1) pH Studies 

The pH activity curves for the "UDP-glucose dependent" 

and "UDP-glucose independent" synthesis of 17<^-estradiol-3-

glucoside in Tris - maleate and sodium carbonate buffers are 

shown in (Figure 11) . Activity in both cases showed a pH 

optimum between 7.0 and 7.2. All further assays were carried 

out at pH 7.0 using Tris - HC1 buffer. Initially it was found 

that at higher pH values the free estradiol was not extracted 

completely into the benzene layer but instead was extracted 

into the ethyl acetate fraction as was the 17*-estradiol-3-

glucoside due to ionization of the phenolic OH above pH 8.0. 

This gave false high values for glucoside synthesis. To eli­

minate this extraction problem, sufficient IN HC1 was added 

to the reaction mixture before extraction to lower the pH to 

2.0. 

2) Effect of Time of Incubation 

(Figure 12) shows the time relation of the activity for 

both the "UDP-glucose dependent" and the "UDP-glucose independ­

ent" glucoside synthesis in rabbit liver microsomal prepara­

tions. 30 minutes allowed for optimum synthesis of lT^estra-

diol-3-glucoside in both the "UDP-glucose dependent and indepen­

dent" assay systems. 



FIGURE 11 

pH ACTIVITY CURVE 

CO 

o 
U 
D 

" ~0> 

CO 
I 

o ° ̂  
T5 

O 
CO 

(D 

I 

c 
O 
CO 

0 
> 

c 
o 

o 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

" U D P - g l u c o s e d e p e n d e n t " 

' ' U D P - g l u c o s e i n d e p e n d e n t " 

5.6 6 6.4 7 7.6 8 8.6 9 9.6 10.6 10 11 
. 6.8 7.2 9.2 

pH of Tris-maleate and sodium carbonate buffers 



- F I G U R E 1 2 

EFFECT OF TIME OF INCUBATION ON THE "UDP-GLUCOSE 
DEPENDENT" AND "UDP-GLUCOSE INDEPENDENT" 

SYNTHESIS OF 17«-ESTRADIOL-3-GLUCOSIDE 
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" U D P - g l u c o s e i n d e p e n d e n t ' " 
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3) Effect of Temperature 

Both reactions had an optimum temperature of 37°C as 

illustrated in (Figure 13 ) and this temperature was used as 

the incubation temperature in all further studies. 

4) Effect of Varying the Concentration of Microsomal 

Preparation 

(Table 16) shows the effect of increasing the concentra­

tion of the microsomal preparation used on the amount of 17s*-

estradiol-3-glucoside synthesized by both the "UDP-glucose de­

pendent and independent" synthetic pathways. Both pathways 

exhibit an increase in the amount of product formed on increas­

ing the concentration of microsomal protein up to 0.1 millilitre 

per assay. The presence of 5 milligrams of microsomal pro­

tein allowed optimum synthesis of the glucoside and was used 

in all further studies. 

5) Substrate Specificity Studies 

The results of the substrate specificity studies are 

tabulated in a semi-quantitative fashion, ('+++' indicates 

the greatest production of conjugate and '—' no conjugate for­

mation), in (Table 17) • Estrone and 17«<-estradiol were the 

best substrates in both the "UDP-glucose independent" and the 

UDP-glucose dependent" pathways of steroid glucoside synthesis. 

Estriol, which differs from the estradiol epimers and estrone 
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THE EFFECT OF INCREASING THE CONCENTRATION 
OF THE MICROSOMAL PROTEIN ON THE 

SYNTHESIS OF 17«-ESTRADIOL-3-GLUCOSIDE 
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A SEMI-QUANTITATIVE ESTIMATE OF GLUCOSIDE FORMATION WITH 
VARIOUS COMPOUNDS, +++ INDICATES MAXIMAL SYNTHESIS AND 

AND - INDICATES NO DEMONSTRABLE SYNTHESIS 

Substrate Uridine Nucleotide Added 

UDP-Glucose 

Estrone [~.3H~] 

17ct-Estradiol E3H~J 

17/3-Estradiol C 3HH 

Estriol C3H~J 

17a-Estradiol-3-Glucuronide \23^3 

17/3-Estradiol-3-Glucuronide C3HU 

p-Nitrophenol C 1 4 CI) 

BiochaninA(~_14C~J 

Genistein L7 1 4C] 

Formononetin C14C~J 

Daidzein[ ;1 4Cl] 

Pregnanolone [I3H~] 

17a-Hydroxypregnenolone C3H~J 

Tetrahydrocortisone LT3H7J 

Testosterone C3H~J 

Epitestosterone C 3 H j 

Diethylstilbestrol C14C3 

+++ 

+++ 

+++ 

— 

++ 

— 

+ 

++ 

++ 

++ 

++ 

— 

-

— 

-

— 

— 

None 

++ 

++ 

++ 

— 

+ 

— 

+ 

+ 

+ 

+ 

+ 

— 

— 

— 

— 

— 

— 

TABLE 17 
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only in the presence of a l6*-hydroxyl did not form glucosi­

des. Diethylstilbestrol did not form a glucoside and the 

ly^but not the 17/£-estradiol-3-glucuronide formed a double 

conjugate. The glucosides formed with these substrates and 

also with p-nitrophenol and the i soflavones were always pro­

duced in larger amounts when UDP-glucose was included in the 

incubation medium (7, ?9, 40, 67). (Table l£) illustrates this 

in the case of the iso^lavones. These glucosides, though for­

med in amount.: insufficient to allow extensive characteriza­

tion studies, had chromatographic properties similar to the 

conjugates produced in the presence of UDP-glucose, when exa­

mined by thin layer chromatography in two different solvent 

systems. 

(Figure 14' and 15) show the Lineweaver - Burke and the 

Hanes plot for the determination of the Km towards the sub­

strate 17^-estradiol. ~.Ihan the "UDP-glucose dependent" reac­

tion was being examined UDP-glucose was present in excess. 

No difference in the Km towards 17^-estradiol could be demons­

trated for the "UDP-glucose dependent" or the "UDP-glucose 

independent" transferases. The Km value as calculated from 

the Lineweavor -Burke plot was 1.67 x 10"'M ftfaq&reas that cal-

-5 
culated from the Hanes plot was 1.99 x 10 M. 



TABLE 18 

FORMATION OF iSOFLAVONE GLUCOSIDES 

Substrate 

Biochanin A 

Genistein 

Formononetin 

Daidzein 

% Conversion of 17 a-Estradiol to 
17 a-Estradiol-3-glucoside 

UDP-glucose independent 

6.5 

7.3 

8.4 

4.7 

UDP-glucose dependent 
+ independent 

27.8 

31.4 

27.7 

14.4 



FIGURE 14 

LINEWEAVER-BURKE PLOT FOR THE DETERMINATION 
OF THE Km FOR THE GLUCOSYL TRANSFERASE 

ACTIVITY TOWARDS 17a_ESTRADIOL 
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FIGURE 15 

HANES PLOT FOR THE DETERMINATION OF 
THE Km FOR THE GLUCOSYL TRANSFERASE 

ACTIVITY TOWARDS 17«-ESTRADIOL 
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7) Effect of Various Inhibitors 

Methanol did not inhibit glucoside synthesis to any sig­

nificant extent even when present at a concentration of 1.35 

millimoles per i millilitre as3av. Ethanol and n-butanol were 

more effective inhibitors whilst ethylene glycol lid not inhi­

bit glucoside formation. Eugenol was the most potent inhibi­

tor of the alcohols examined and almost completely abolished 

both the "UDP-glucose dependent and independent" synthesis of 

17^-estradiol-3-glucoside at a concentration of 12.5 micromole 

per 3 millilitre assay. These results are sho^n in (Table 19) 

.4.11 the steroids examined except estriol inhibited glycoside 

formation. 17/5-estradiol and estrone, which are substrates 

of the 17iX--estradiol-3-glycosyltransferase, inhibited it com­

petitively when the results were plotted according to Dixon. 

However, the lines representing activity at three different 

substrate concentrations did not intersubtexcept in the case 

of the TODP-glucose independent" studies with 17/£-estradiol 

as the inhibitor. It was thus impossible to calculate the 

Ki with any degree of accuracy, (Figure lo). Diethylstilbes-

trol inhibited glucoside formation even though in the studies 

described earlier it appeared not to act as a substrate. The 

17x-estradiol monoglucosides were êak inhibitors of the glu­

cosyltransferase, but from the results obtained the type of 

inhibition could not be determined. TTP was the only nucleo­

tide shown to cause any significant decline in 17cx<-e3tradiol-

3-glucoside formation. The results seen in (Table i o, ) and 
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THE EFFECT OF VARIOUS COMPOUNDS ON THE GLUCOSYL 
TRANSFERASE ACTIVITY OF RABBIT LIVER MICROSOMES 

Compound 
Added to the Standard 

Incubation 

Methanol (1.35 mill imoles) 

Ethanol (750 micromoles) 

Butanol-1 (450 micromoles) 

Ethylene glycol (600 micromoles) 

Eugenol (12.5 micromoles) 

UTP (0.5 micromoles) 
UDP(0.5 micromoles) 

(5 micromoles) 

ATP (0.5 micromoles) 
ADP 
AMP 

GTP 
GDP 
GMP 

CTP 
CMP 

TTP 
TMP 

% Inhibition of 17a-Estradiol-3-Glucoside 
Synthesis at the Highest Concentration 

of Inhibitor Examined 

-UpP^cosf 

4.3 

42.8 

18.7 

0.5 

93.2 

8.4 

9.3 
59.1 

0 
0 
0 

0 
0 
6.4 

4.6 
3.9 

28.2 
6.3 

( iWPf-S'W. ) 
8.7 

5.7 

23.9 

0 

75.7 

9.9 
5.3 

56.1 

0 
11.1 

0 

12.1 
0 
0 

0 
0 

28.3 
2.0 

TABLE 19 
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DIXON PLOT FOR THE DETERMINATION 
OF THE Ki FOR 17/9-ESTRAOIOL FOR 

THE 3-GLUCOSYLTRANSFERASE ACTIVITY 
0.2 -r 

No UDP-glucose 
present 

1/vXlO6 

f 
- 3 - 2 -1 

-K; = -3.5 

0 0.4 1 2 3 4 

[l]xiO-5M 

+ UDP-g lucose 

1 / V X l O 6 

0.2 

0.15 

s- = 
s. 

s„ = 

- \ 

1.23 x 10 M 

3.6k x 10" M 

6.12 x 10* M 

-1 0 0.4 1 2 3 

[ l ]x lO"5M 

FIGURE 16 
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(Figure 17), showed that where inhibition did occur, the "UDP-

glucose independent" pathway was usually more susceptible to 

inhibition than was the "UDP-glucose dependent" pathway. The 

oattern of inhibition did not give any definite indication as 

to why the nucleotides might exert such an effect. The results 

obtained when various concentrations of UDP were examined, 

(Figure 17), did not fit a Dixon plot so no Ki values were cal­

culated. The sulphydryl reagents, p-chloromercuribenzoate and 

dithiobisdinitrobenzoic acid , inhibited the synthesis of 17**-

estradiol-3-glucoside at a concentration of 16.7 x 1G~°M. Both 

the "UDP-glucose dependent and independent" pathways were sus­

ceptible to inhibition, the "UDP-glucose independent" being 

somewhat more sensitive to inhibition by dithiobisdinitroben­

zoic acid. p-Nitrophenol and phenolphthalein were effective 

inhibitors of lT^-estradiol-3-glucoside synthesis, (Table 20) t 

as were the protein denaturants, urea and guanidine - HC1 

when present at concentrations of 12 and 15 millimoles per 3 

millilitre assay. 

S) Effect of T.etal Ions 

Increasing concentrations of magnesium chloride, mangan-

ous chloride and calcium chloride caused a stimulation of the 

"UDP-glucose independent" pathway leading bo lT^-estradiol-3-

glucoside synthesis whereas the "UDP-glucose dependent" path­

ways was almost completely inhibited by these same ions. 



F1GURL 17 

C\2 
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THE EFFECT OF VARIOUS COMPOUNDS ON THE 
GLUCOSYLTRANSFERASE ACTIVITY OF RABBIT LIVER MICROSOMES 

Compound Added to 
the Standard Incubation 

% Inhibition of 17a-Estradiol-3-Glucoside 
Synthesis at the Highest Concentration of 

Inhibitor Examined 

-UDP-Glucose 
( I n d . ) 

Estrone (120 nanomoles) 

17/3-Estradiol (120 nanomoles) 

Estriol (120 nanomoles) 

17a-Estradiol-3-Glucoside (3 nanomoles) 

17a-Estradiol-17-Glucoside (3 nanomoles) 

Diethylst i ibestrol (1.2 micromole) 

p-Nitrophenol (0.3 micromoles) 

Phenolphthalein (3 micromoles) 

p-Chloromercuribenzoate (0.05 micromoles) 

Dithiobisdinitrobenzoic acid (0.05 micromoles) 

Urea (12 mill imoles) 

Guanidine-Hcl (15 millimoles) 

35.7 

21.4 

0 

9 

6.4 

26.9 

93.3 

83.1 

10.9 

13.3 

100 

60.5 

, J-UDP-Gliicose , 
[ I n d . -I- D e p . ) 

30.0 

26.7 

0 

13.1 

9.7 

9.3 

95.3 

93.3 

13.1 

5.1 

100 

79.5 

TABLJ: 20 
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(Figure 1ft , 19, and 2_0-) illustrate this effect. i/i/hen concen­

trations of sodium EDTA ranging from 0 to 50mM were studied 

the effect on the two pathways leading to 17<*-estradiol-3-

glucoside synthesis, was partially inhibitory, but the deg­

ree of inhibition varied. The combined effect of some of 

',hese ions was also examined. ;\fhen manganous chloride and 

calcium chloride were studied, at concentrations ranging from 

0 to 100ml'., together with a fixed concentration of magnesium 

chloride, there was no significant change in the amount of 

IT*--estradiol-3 -glucoside synthesis seen when two cations were 

present as compared to that seen when magnesium chloride was 

present alono. However, the presence of increasing concentra­

tions of EDTA at a fixed concentration of magnesium chloride, 

caused almost complete loss of the ability to synthesize 17°*--

esuradiol-3-glucoside by either the "UDP-glucose dependent or 

independent" pathways. This inhibition of glucoside synthesis 

by EDTA in the presence of magnesium chloride was much greater 

than that seen when EDTA alone was added to the standard incu­

bation mixture. These results are illustrate! in (Figure 2]_) . 

9 J Effect of Detergents 

The "UDP-glucose independent" synthesis of 17"*—estradiol-

3-glucoside was more susceptible to inhibition by all six de­

tergents studied. The results are depicted in (Figure 2 2-2fa ) . 

At a concentration of 0.15 per cent deoxycholate, the "UDP-



FIGURE 18 

THE EFFECT OF INCREASING CONCENTRATIONS 
OF MAGNESIUM CHLORIDE ON 

17«-ESTRADIOL-3-GLUCOSIDE SYNTHESIS 
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FIGURE 19 

THE EFFECT OF INCREASING 
CONCENTRATIONS OF CALCIUM CHLORIDE 
ON 17a-ESTRADIOL-3-GLUCOSIDE SYNTHESIS 
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FIGURE 20 

THE EFFECT OF INCREASING CONCENTRATIONS 
OF MANGANOUS CHLORIDE ON THE 

SYNTHESIS OF 17«-ESTRADIOL-3-GLUCOSIDE 
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FIGURE 21 

THE EFFECT OF INCREASING CONCENTRATIONS 
OF EDTA ON 17« -ESTRADIOL-3-GLUCOSIDE 
SYNTHESIS WHEN THE STANDARD ASSAY 

ALSO CONTAINED 250mM MgCl2 
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FJGURE 22 

THE EFFECT OF INCREASING 
CONCENTRATIONS OF DEOXYCHOLATE ON THE 

SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 
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FIGURE 23 

THE EFFECT OF INCREASING 
CONCENTRATIONS OF'TWEEN 20 ON THE 
SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 
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FIGURE 2k 

THE EFFECT OF INCREASING 
CONCENTRATIONS OF TRITON X-100 ON 

THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 
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MGUh'E 25 

THE EFFECT OF INCREASING CONCENTRATIONS 
OF CETYLTRIMETHYL AMMONIUM BROMIDE ON 

THE SYNTHESIS OF 17«-ESTRADIOL-3-GLUCOSIDE 
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FIGURE 2b 

THE EFFECT OF INCREASING 
CONCENTRATIONS OF CUTSCUM ON THE 

SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 
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glucose independent" synthesis of 17*c-estradiol-3-glucoside 

was completely inhibited, whereas the "UDP-g]ucose dependent" 

pathway was slightly stimulated. At a concentration of 0.2 

per cent Tween 20 the "UDP-glucose independert" pathway was 

ST. per cent inhibited whereas the "UDP-glucose dependent" 

pathway was only 39 per cent inhibited. The presence of 

increasing concentrations of digitonin caused a slight inhibi­

tion of both pathv/ays leading to 17<*-estradiol-3-glucoside syn­

thesis. At a concentration of 0.15 per cent Triton X-100 the 

"UDP-glucose independent" pathway was inhibited 9̂ . . per cent 

whereas the "UDP-glucose dependent" pathway was only 28.^ per 

cent inhibited. The pattern of inhibition seen with cetyltri­

methylammonium bromide differed from that seen in the other 

detergent studies, but was quite reproducible. At low cetyl­

trimethylammonium bromide concentrations the "UDP-glucose in­

dependent" and the "UDP-glucose dependent" pathways were inhi­

bited to a much greater extent than at concentrations greater 

than 0.3 per cent. As in the other detergent studies discus­

sed above the "UDP-glucose independent " pathway leading to 

170<-estradiol-3-glucoside synthesis was more susceptible to 

inhibition by cetyltrimethylammonium bromide than was the "UDP-

glucose dependent"pathway. Some interesting results were ob­

tained when the effect of Cutscum was examined. These are 

shown in (Figure 2§). At a concentration of 0.2 per cent Cuts­

cum the "UDP-glucose independent" pathway was 90 per cent 

inhibited whereas the "UDP-glucose dependent" pathway was 67 
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per cent stimulated. 

Much of the later work with lipids, which will be dis­

cussed in Chapter 5, involved the detergent Triton X-100. 

(Table 21) depicts some of the results obtained when the epfect 

of Triton X-100 on the "UDP-glucose independent" reaction was 

studied at different times during 1975 and 1976. The inconsis­

tency and the variation in the extent of inhibition seen , as 

well as the stimulation seen in some preparations is interes­

ting and reminiscent of the variation in the levels of the 

"UDP-glucose independent" and "UDP-glucose dependent" 17^-es-

tradiol-3-glucoside synthesis depicted in (Table 7) in Chapter 

3_. This effect seems to depend on the rabbit preparation used, 

which suggests that the concentration of lipid in the microso­

mal preparation varies from rabbit to rabbit, and maybe even 

from season to season. A study of the lipid content of each 

preparation was not undertaken since this would have been a • 

very complex problem both quantitatively and qualitatively. 

However, Inque and Kitagawa have reported that the sensitivity 

of the membranes to Triton X-100 does indeed depend on the 

composition of the lipids present in the membrane (213). 

10) Solubilization and Some Enzymatic Studies 

a). Triton X-100 

The Triton X-100 solubilization studies provided some in­

teresting results which are depicted in (Table 22). The 
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THE EFFECT OF TRITON X-100 ON THE "UDP-GLUCOSE INDEPENDENT" 
SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

17 Jul 75 

19 Jan 76 

22 Mar 76 

4 Oct 76 

14 Oct 76 

19 Oct 76 

25 Oct 76 

26 Oct 76 

% Conversion of 17 a-Estradiol to 17 a -Estradiol-3-Glucoside 
Concentration of Triton-X-100/3 Mi l l i l i t re Assay (% Solution V/V) 

0 

22.1 

36.1 

7.8 

18.9 

24.2 

17.8 

13.7 

20.75 

0.01 

18.8 

0.04 

18.6 

13.3 

18.0 

0.05 

4.2 

0.08 

14.1 

13.2 

16.5 

0.1 

3.2 

0.12 

14.9 

10.9 

14.8 

0.15 

1.6 

0.16 

13.5 

9.8 

14.9 

0.2 

3.4 

3.2 

0.74 

22.8 

26.1 

12.4 

9.0 

12.7 

0.3 

10.7 

7.1 

11.4 

0.5 

9.3 

7.5 

9.2 

TABLE 21 
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SOLUBILIZATION WITH TRITON X-100 

Concentration 
of 

Triton X-100 

Microsomal 
Suspension 

0.05% 

0.1% 

0.15% 

0.2% 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

UDP-Glucose Independent 

15.6 

Supernatant 

1.2 • 

$8 

1.1 

Pellet 

16.8 

1 5 . 0 

12 .6 ; 

9.6 

UDP-Glucose Dependent 

12.4 

Supernatant 

1.8 

7.1 -

6.31 

2 . ^ -

Pellet 

4.8 

\.k 

14. 

TABLE 22 
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100,000 X g soluble fractions could only form steroid glucosi­

des when fortified with UDP-glucose, while the ability to form 

the glucoside without the addition of UDP-glucose was retained 

in the Triton X-100 insoluble pellet. At a concentration of 

0.15 per cent Triton X-100, the microsomal pellet, retained 

50.5 per cent of the untreated microsomal suspension's capa­

city for the "UDP-glucose independent'' synthesis of 17^-estra-

diol-3-glucoside, but only 11.1 per cent of the microsomes' 

capacity for the"UDP-glucose dependent" synthesis of the ster­

oid glucoside. However, at the same detergent concentration, 

the supernatant fraction retained only k.k per cent of the 

microsomes' capacity for the "UDP-glucose independent" gluco­

side synthesis, but on the addition of UHP-glucose exhibited 

56.6 per cent of the microsomes' capacity for the UDP-glucose 

dependent synthesis of 17**-estradiol-3-glucoside . 

b) Solubilization with proteases 

(Table 23) shows the results obtained in the solubilization 

studies with the proteases, trypsin and chymotrypsin. Both 

the "UDP-glucose independent" and the "UDP-glucose dependent" 

synthesis of 17<*--estradiol-3-glucoside were inhibited by treat­

ment with these enzymes alone or in the presence of Triton 

X-100. The "UDP-glucose independent" pathway was more suscep­

tible than the "UDP-glucose dependent" pathway to inhibition, 

being completely inhibited by chymotrypsin, Triton X-100-trypsin 
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and Triton X-100-chymotrypsin treatment. Despite the ready 

solubilization by treatment ^ith Triton X.-100, is illustrated 

in (Tables 22 and 2~>), the "UDP-q;]ucose dependent" glucosyl­

transferase activity was not solubilized to any significant 

extent bv this protease treatment, except when Triton X-100 

was also present. 

c) Snake venom, phospholipase C and D treatment 

Both the "UDP-glucose dependent" and the ''UDP-glucose in­

dependent" synthesis of 17**-estradiol-3-glucooide was inhibi­

ted by increasing concentration of snake venom which had been 

pre-heated in order to destroy the protease and phosphodies­

terase activities present. The pattern of inhibition was si­

milar for both pathways. In this particular study the "UDP-

glucose independent" activity was lower than the "UDP-glucose 

dependent" activity when no snake venom was present. This 

was another example of the variation seen in the level of these 

synthetic activities when different microsomal preparations 

/•/ere exar,iined and this has already been mentioned with respect 

to (Table 7) in Chapter ?. 

The results obtained when the 0.1 per cent Triton X-100 

pellet and supernatant were treated with snake venom and the 

phospholipases C and D are shown in (Table 2k). Increasing 

concentrations of snake venom caused an increase in the "UDP-

glucose independent" synthesis of 17^*-estradiol-3-glucoside in 
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SOLUBILIZATION WITH TRITON X-100, 
TRYPSIN AND CHYMOTRYPSIN 

Additions 

None (untreated microsomal 
preparation) 

0.1% Triton X-100 

Trypsin 

Chymotrypsin 

Trypsin-Triton X-100 

Chymotrypsin-Triton X-100 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside" 

UDP-Glucose Independent 

28.6 

Pellet 

21.1 

1.4 

0 

0 

0 

Supernatant 

1.3 

2.1 

0 

0 

0 

UDP-Glucose Dependent 

5.51 

Pellet 

0.6 

1.9 

4.6 

1.0 

0.7 

Supernatant 

2.8 

0.3 

0.1 

1.4 

1.8 

* Average of 3 experiments 

TABLE 23 



140 

TREATMENT WITH TRITON X-100, SNAKE VENOM 
AND PHOSPHOLIPASE C AND D 

Additions 

None 

0.1% Triton X-100 

0.1% Triton X-100-
Snake Venom 
6.02 milligrams enzyme 
0.1 milligrams enzyme 

0.1% Triton X-100-Heated 
Snake Venom 
0.02 milligrams enzyme 
0.1 milligrams enzyme 

0.1% Triton X-100-
Phospholipase C 
12.5 micrograms enzyme 
25 micrograms enzyme 

0.1% Triton X-100-
Phospholipase D 
12.5 micrograms enzyme 
25 micrograms enzyme 

% Conversion of 17a-Estradiol to 17a-Estradiol-3-Glucoside* 

UDP-Glucose Independent 

17.0 

Pellet 

12.0 

29.8 
14.4 

14.2 
16.0 

- 6.4 
6.2 

12.9 
7.2 

Supernatant 

0.75 

10.4 
14.7 

10.1 
13.6 

7.9 
10.2 

6.8 
11.4 

UDP-Glucose Dependent 

4.1 

Pellet 

0.4 

0 
12.8 

0 
0 

8.4 
7.4 

2.5 
8.8 

Supernatant 

2.05 

0 
0 

0 
0 

0 
0 

0 
0 

* Average results of two experiments 

TABLE 24 
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both the Triton X-100 pellet and supernatant fractions. This 

indicated that partial solubilization of the "UDP-glucose in­

dependent" activity occurs, since prior to snake venom treat­

ment it was confined to the Triton X-100 pellet. The "UDP-

glucose dependent" activity was completely inhibited by this 

Triton X-100-snake venom treatment. Phospholipase C and D 

caused some solubilization of the "UDP-glucose independent" 

glucosyltiansferase, since 17**-estradiol-3-glucoside synthesis 

occurred in both the Triton X-100 pellet and supernatant when 

these fractions had been treated with the phospholipases. As 

described previously in (Table 22), Triton X-100 caused solu­

bilization of the "UDP-glucose dependent" glucosyltransferase. 

However, when these fractions were subjected to both Triton 

X-100 and phosphdlipase treatment, the supernatant lost all 

its capacity for the "UDP-glucose dependent" synthesis of 

lT^-estradiol-3-glucoside while glucoside synthesis in the pel­

let was stimulated 

d) Treatment with phosphodiesterases 

Pure phosphodiesterase, at the concentration 3 studied, did 

not have any significant effect on either the "UDP-glucose in­

dependent" or the "UDP-glucose dependent" synthesis of 17oc-

estradiol-3-glucoside. These results are shown in (Table 25). 

Some solubilization of the "UDP-glucose independent" activity 

did occur with increasing concentration of phosphodiesterase 
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THE EFFECT OF INCREASING CONCENTRATIONS OF PURE 
PHOSPHODIESTERASE ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Concentration of 
Phosphodiesterase 

Added/3 Mi l l i l i t re Assay 

0 (Untreated microsomal 
suspension) 

0 

3.3 ng or 0.05 units 

16 pg or 0.125 units 

32 pig or 0.25 units 

% Conversion of 17a-Estradiol to 17a-Estradiol-3-Glucoside 

UDP-Glucose Independent 

26.4 

Pellet 

18.5 

18.3 

20.4 

22.5 

Supernatant 

6.9 

9.7 

8.1 

11.2 

UDP-Glucose Dependent 

9.8 

Pellet 

13.7 

12.9 

12.9 

9.5 

Supernatant 

0.4 

0 

2.6 

0 

TABLE 25 
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but very little "UDP-glucose dependent" activity was detected 

in the supernatant fractions. 

e) Treatment with papain, lysozyme or neuraminidase 

Papain, lysozyme or neuraminidase did not solubilize 

either the "UDP-glucose independent" or the "UDP-glucose de­

pendent" steroid glucosyl transferase activities, since nei­

ther activity could be detected in the 105,000 X g superna-

tants. All three enzymes inhibited the "UDP-glucose indepen­

dent" synthesis of 170<-estradiol-3-glucoside to a greater deg­

ree than the "UDP-glucose dependent" synthesis and inhibition 

was always greater at 37°C than at 0°C. 

f) Treatment with almond emulsin andcx-glucosidase 

The results obtained when studies with&the glucosidases 

were undertaken are depict3d in (Table 26). o^-glucosidase had 

no significant effect on 17p<-estradiol-3-glucoside synthesis. 

The presence of J& -glucosidase inhibited both the "UDP-glucose 

independent" and the "UDP-glucose dependent" glucosyltransfer­

ases. At a concentration of 2 milligrams of/5-glucosidase per 

3 millilitre assay the "UDP-glucose dependent" pathway was 

completely inhibited, whilst the "UDP-glucose independent" syn­

thesis was about 50 per cent inhibited. 
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THE EFFECT OF ALMOND EMULSION AND a-GLUCOSIDASE 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Additions 

None 

1 mg a-Glucosidase 

2 mg a-Glucosidase 

1 mg /3-Glucosidase 
(almond emulsion) 

2 mg ^-Glucosidase 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside" 

UDP-Giucose 
Independent 

37 

37 

38 

20 

19 

UDP-Glucose 
Dependent 

9 

13 

8 

8 

0 

* Average of 3 experiments 

TABLE 26 
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11) Sonication, Temperature Sensitivity and Stability 

Studies 

a) Sonication 

The effect of sonication of the microsomal preparations 

for varying lengths of time on their capacity for steroid glu-

side synthesis is shown in (Table 27). Sonication for 30 sec­

onds at an intensity of 30 caused a slight increase in the 

level of "UDP-glucose independent" 17^-estradiol-3-glucoside 

synthesis but caused b decline in glucoside synthesis by the 

"UDP-glucose dependent" pathway. /hen the Jength of sonica­

tion was increased even up to 5 minutes , there was no signifi­

cant change in the level of stimuJation or inhibition as com­

pared to that seen after a 30 second sonication of the micro­

somal preparation. 

b) Temperature sensitivity studies 

At the temperature studied the "UDP-glucose independent" 

glucosyltransferase was more heat sensitive than the "UDP-

glucose dependent" transferase. Some of the results obtain­

ed are seen in (Figure 27). After pre-heating the microsomal 

preparation for 90 seconds at 60°C only 20.6 per cent of the 

"UDP-glucose independent" transferase activity remained where­

as the "UDP-glucose dependent" activity has increased by 100 

per cent. Similar trends were obtained in the studies at 50° 

and 52°C. 
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THE EFFECT OF SONICATION ON THE 
SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Length of Time 
Sonicated at an 
Intensity of 30 • 

(Sees or mins) 

0 

30 sec 

60 sec 

90 sec 

2 min 

3 min 

4 min 

5 min 

% Conversion of 17a-Estradiol t o * 
17a-Estradiol-3-Glucoside 

UDP-Glucose 
Independent 

25.2 

28.; 7 

26. 5 

27.1 

27.2 

27.1 

2 6 / 7 

27.2 

UDP-Glucose 
Dependent 

10.;'6 

4.3 

6.1 

6.3 

6.8 

8.*k 

7.9 

6.11 

* Average of two experiments 

TABLL 27 
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TEMPERATURE SENSITIVITY OF 
THE 3-GLUCOSYLTRANSFERASE 

I I I I I I I L I 
0 10 20 30 40 50 60 70 80 90 

Length of time the microsomal preparat ion 
was pre incubated at 60°C (sees) 

( A c t i v i t y measured a t 37 C ) 
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c) Stability to Storage at -4 C 

Different microsomal preparations lost glucosyltransfer­

ase activity at different rates when stored at -Zj°C. Some re­

tained detectable glucosyltransferase activity even after 32 

weeks of storage whereas other preparations had lost all acti­

vity after S weeks. However, there was no significant differ­

ence in the rate at which the "UDP-glucose independent'" and 

the "UDP-glucose dependent" transferase(s) lost activity on 

storage. 

12) The Involvement of Sugar Donors other than UDP-

Glucose in the "UDP-Glucose Independent" Reaction 

The presence of glucose, glucose-I-phosphate, glucose-

6-phosphate and glycogen in the standard incubation mixture 

did not have any significant effect on the capacity of the 

microsomes to effect the "UDP-glucose independent" synthesis 

of IT^-estradiol-?-glucoside. 
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D) Discussion 

The results reported in this chaptor showed that the 

rabbit liver 3-glucosyltransferase activities had a number of 

common properties but several others which differed when the 

transferase was studied in the presence and absence of UDP-

glucose. These similarities and differences are summarized in 

(Tables 28 and 29) . 

(Figure 11) showed the pH activity curves for the trans­

fer of glucose to the 3<*-hydroxyl group of 17^-estradiol from 

either UDP-glucose or some endogenous sugar donor. The pH 

ootimum for both activities was 7.0. Earlier studies in this 

laboratory had demonstrated that the pH activitv curve of the 

"UDP-glucose dependent" 3-glucosyltrans^erase differed from 

those obtained for the nucleotide dependent 3-g1ucuronyltrans-

ferase, 17-glucosyl and 17-$-acetylglucosaminyltransferases 

(9, 69, 219). The present studies confirmed these findings 

and also showed that the pH activity curve of the "UDP-glucose 

independent" transferase, having been similar to that of the 

"UDP-glucose dependent" 3-glucosyltransferase, differed from 

those of the other steroid glycosyltransferases. 

Many of the compounds examined for their ability to act 

as substrates *"or the rUDP-glucose dependent" and the "UDP-

glucose independent" 3-g^ucosyltransferases were previously 

tested in studies with the other steroid glucosyltransferases 

(9, 12, 19, 67, 69). These studies, which showed that the 
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PROPERTIES COMMON TO THE "UDP-GLUCOSE INDEPENDENT" 
AND "UDP-GLUCOSE DEPENDENT" PATHWAYS OF 

17a-ESTRADIOL-3-GLUCOSIDE SYNTHESIS 

Property Studied 

pH Optimum 

Optimum Temperature 
of Incubation 

Optimum Length of Incubation 
at 37°C 

Optimum Concentration of 
Microsomal Protein 

Substrate Specificity 

Sensitivity to Inhibitors 

Stability to Storage at - 4 ° C 

Treatment with Snake Venom, 
Phospholipases, Papain 
Lyzozyme and Neuraminidase 

Result Obtained in Both Pathways 

7.0 

37°C 

30 minutes 

5 milligrams 

same 

same 

same 

same 

TABLE 2S 
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A POSSIBLE EXPLANATION 
FOR THE INHIBITION OF THE 

"UDP-GLUCOSE-INDEPENDENT" SYNTHESIS 
OF 17«-ESTRADIOL-3-GLUCOSIDE BY UTP 

i r \ UTP 

Pi or PPi 

X 
I- - - - / / — - ^ 

Eoct-3- i 
GLUCOSIDE / 

UDP-GLUCOSE---// -' 

X-G = ENDOGENOUS GLUCOSE DONOR 
E2a = 17a-ESTRADIOL 
E2«-3-GLUCOSIDE = 17a-ESTRADIOL-3-GLUCOSIDE 
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PROPERTIES WHICH VARIED IN THE PRESENCE 
AND ABSENCE OF UDP-GLUCOSE 

Property Examined 

Effect of Cations 

Sensitivity to detergents 

Solubilization with Triton X-100 

Sensitivity to Preheating 

Effect of Sonication 

Susceptibility to Inhibition by 
Protease-Triton X-100 
Treatment 

- UDP-Glucose 

Stimulation 

Yes 

'•No 

Heat labile 

Stimulation 

Sensitive 

+ UDP-Glucose 

Inhibition 

No 

Yas 

Heat stable 

Inhibition 

Insensitive 

TABLE 29 

A SCHEME FOR THE INVOLVEMENT OF A 
POLYPRENOL PHOSPHATE IN SUGAR TRANSFER REACTIONS 

1 . XDP-Sugar + Polyprenol Phosphate 
Mn 2 + (Mg2+) 

XDP + Polyprenol-phosphate—sugar 

2. Polyprenol-phosphate-sugar + Acceptor > 

Polyprenol-phosphate + Acceptor—sugar 

FIGURE 29 
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"UDP-glucose dependent" and "UDP-glucose independent" ̂ -glu-

cosyltransTerase had the same specificity towards seventeen 

difrerent substrates, gave further evidence that the steroid 

glycosyltransferases show a high specificity with regard to 

their steroid substrates. Diethvlstilbestrol glucoside for­

mation by rabbit liver microsomes has been demonstrated on 

other occasions when diethylstilbestrol was incubated in the 

presence of high specific activity UDP-D-(6-'H)glucose 

(9, 67, 69). The failure to show glucoside formation in the 

present studies, where low specific cictivity ( C)diethylstil-

bestrol was incubated either in the presence or absence of 

non-radioactive UDP-glucose, was not proof that glucosylation 

of this compound did not occur, but it was undetectable under 

the conditions used. 

The Km values calculated for tne"UDP-glucose dependent" 

and the "UDP-glucose independent" 3-glucosyltransferase acti­

vities towards 17**-estradiol, 1.67 x 10" 7& and 1.99 x 10"7K, 

were a little higher than the Km value of 7-14 x 10 i«l, calcu­

lated by Collins et al for the transfer of glucose from UDP-

flucos^ to 17x-estra1iol-3-glucuronide by the steroid 17-glu­

cosyltransferase (9). However, this difference in the affinity 

of the glucosyltransferases towards their substrates was not 

great enough to provide an argument for two possibly different 

roles for the 3~ and the 17-ti- ansf erases, namely directing the 

substrate either towards excretion or towards a role as a meta­

bolic intermediate. 
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The inhibition of glucose transfer to the steroid caused 

by the presence of the aliphatic alcohols was similar for both 

the "UDP-glucose dependent" and "UDP-glucose in dependent" 

tiansferas? activities except in the case of ethanol, which 

inhibited the "UDP-glucose independent" synthesis of 17*-

estradiol-3-glucoside much more than the "UDP-glucose dependent" 

synthesis. Th?s» studies demonstrated a pattern of inhibition 

similar to that seen when these alcohols were examined for 

their inhibitory effects on the steroid N-acetylglucosaminyl-

transferase of rabbit liver (19). The levels of the alcohols 

required to cause significant inhibition in both of these 

studies were greater than the concentrations of the substrates 

present, suggesting that if the inhibition was of the compe­

titive nature ohe affinitv of the ŝ gar transferases for the 

alcohols examined must be quite small. 

The inhibition of the 3-glucosyltransferases by estrone, 

17/5-estradiol, p-nitrophenol and phenolphthalein was not sur­

prising since these compounds were known to form glucosides in 

rabbit liver (67). The range of solubility of the steroids 

prevented their use in concentrations high enough to allow 

accurate Ki determinations from Dixon plots. 

The inhibition of the transferases by 17*X-estradiol-3-

glucoside was not unexpected since this was a product in both 

the "UDP-glucose dependent" and "UDP-glucose independent" 

pathways. Diethylstilbestrol did act as an inhibitor of 17«-

estradiol-3-glucoside synthesis which would agree with the 
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earlier reports of its ability to act as a substrate for the 

3-glucosyltransferase (9, 67, 69). 

The inhibition of steroid glucoside formation by steroids 

and other compounds which themselves do not form the corres­

ponding glucoside has been reported (19). The inhibition of 

the 3-glucosyl transferase by 17<*-estradiol-17-glucoside which 

is neither a substrate nor a product of this reaction, may be 

due to the attachment of this compound to the enzyme in the 

form of a 'dead end' complex. 

Some of the nucleotides examined inhibited both the "UDP-

glucose dependent" and the "UDP-glucose independent" synthesis 

of 17<0<-estradiol-3-glucoside. The inhibition of the "UDP-glu­

cose independent" pathway could be explained by the hypothesis 

sho'/n in (Figure 2$) . UTP would compete with the steroid for 

the endogenous glucose donor. However, as discussed in Chapter 

3_, the microsomes were unable to fcrm significant amounts of 

UDP-glucose xvhen incubated with UTP alone, suggesting that any 

UDP-glucose formed could not participate either in the gluco­

sylation of the steroid by the "UDP-glucose dependent" path­

way or in the regeneration of the endogenous sugar donor. Labow 

et al have reported that UTP inhibited the rabbit liver N-

acetylglucosaminyl and glucuronyltransferases in a non-compe­

titive fashion (71). The inhibition of the 3-glucosylt]ansfer-

ase seen in the above studies suggested that UTP might act 

as a general inhibitor of the steroid glycosyltransferases. 
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UTP has also been reported to inhibit other glycosyltransfer­

ases which employ UDP-N-acetylglucosamine as the donor nucleo­

tide (220). 

The sulfhydryl reagents caused some inhibition of the 

3-glucosyltransferase activities. These compounds have pre­

viously been shown to inhibit the steroid N-acetylglucosa-

minyltranferase but did not inhibit the glucuronyltransferase 

(71). As discussed earlier p-nitrophenol acted as a substrate 

for the 3-glucosyltransferase and this would explain its abi­

lity to act also as an inhibitor. Phenolphthalein has on some 

occasions been shewn to act as a substrate for the steroid glu­

cosyltransferase which would explain its inhibitory effect seen 

in (Table 19) (71). 

The different response of the "UDP-glucose dependent" and 

the "UDP-glucose independent" glucosyltransferases to magnes­

ium chloride, manganous chloride and calcium chloride was es­

pecially interesting. The requirement for manganese or magnes­

ium ions in many of the sugar transfer reactions involving 

lipid intermediates has been well documented [S3-SS, 119, 136-

140, 146-149, 152, 153, 176, 179, 137, 1S9). (Figure 29), 

page J-52, illustrates the sugar transfer reactions with 

an interrrediate lipid and also the step which usually exhibits 

an ion requirement. Thus the stimulation of the "UDP-glucose 

independent" synthesis of 17<*estradiol-3-glucoside by these 

ions, which inhibited the "UDP-glucose dependent" pathway, sub­

stantiated earlier evidence for the involvement of a lipid 
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intermediate in the "UDF-glucose independent" pathway. This 

possible lipid involvement will be investigated in greater 

detail in Chapter 5. 

SDT1 is a well known cation chelator which partly explains 

the inhibition seen when it was added to the standard incuba­

tion mixture either alone or in the presence of metal ions. 

As mentioned a'ocve the "UDP-glucose independent" pathway of 

17*<-estradiol-3-^lucoside synthesis was stimulated by the pre­

sence of magnesium chloride. This stimulation was abolished 

with the addition of increasing concentrations of EDTA, 

(figure 21). This result could be explained by the reaction 

of the added EDTA with both exogenous and endogenous cations 

which would make them unavailable to the "UDP-glucose indepen­

dent" glucosyltransferase. This reaction with the endogenous 

cations would also explain why the level of synthesis of glu­

coside in the presence of magnesium chloride and EDTA was 

below that seen when no exogenous ions were included in the 

standard incubation mixture. However, EDTA must also have ex­

erted some other inhibitory effect on these transferases since 

its presence, which would be expected to chelate the exogenous 

ions which are inhibitory to the "UDP-glucose dependent" trans­

ferase did not restore the level of 17^-estradiol-3-glucoside 

synthesis by the "UDP-glucose dependent" nathwav to that seen 

prior to the addition of any exogenous ions. 

As mentioned earlier the effect of magnesium chloride in 

combination with either calcium chloride or manganese chloride 
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on 17**-estradiol-3-glucoside synthesis was similar to that ob­

tained when magnesium chloride was added alone. This sugges­

ted that these ions compete with each other for the enzyme in 

the reaction. 

The different sensitivity of the "UDP-glucose dependent" 

and "UDP-glucose independent" 3-glucosyltransferas8 activities 

to inhibition by detergents, especially the detergents, deoxy-

cholate, Triton X-100 and Cutscum, was further evidence for 

two distinct mechanisms of steroid glucosylation. Further evi­

dence was provided by the Triton X-100 solubilization studies. 

The "UDP-glucose dependent" activity was readily solubilized, 

being detected almost free of the "UDP-glucose independent" 

3-glucosyltransferase in the Triton X-100 supernatant. How­

ever the Triton X-100 pellet while rich in the "UDP-glucose 

independent" activity also contained some of the unsolubilized 

"UDP-glucose dependent" 3-glucosyltransferase which made it 

impossible to study the "UDP-glucose independent" 3-glucosyl-

transferase in its absence. 

Treatment of the microsomes with the proteases, trypsin 

and chymotrypsin, either alone or in the presence of Triton 

X-100 inhibited both the "UDP-glucose dependent" and "UDP-

glucose independent" synthesis of lT^-estradiol-3-glucoside. 

These results resembled those obtained by Labow et al when si­

milar studies were carried out with the other nucleotide depen­

dent glycosyltransferases from rabbit liver (71). The "UDP-

glucose dependent" glucosyltransferase resembled the 3-glucu-
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ronyltransferase in its pattern of inhibition and solubiliza­

tion but the "UDP-glucose independent" transferase differed 

from both of these. 

Pure phosphodiesterase did not cause any decline in the 

"UDP-glucose independent" pathway of 17ipc-estradiol-3-glucoside 

synthesis as seen in (Tar, le 25) . This suggests that if, as 

has been proposed earlier, an endogenous lipid-phosphoryl-

sugar intermediate participated in the "UDP-glucose independent" 

pathway, it did not appear susceptible to degradation by the 

added phosphodiesterase under the condition employed in this 

study. 

The significance of the inhibition of both the tiansfer­

ase activities by papain, lysozyme and neuraminidase is not 

obvious but perhaps indicates a structural role for the mem­

brane proteins and glycoproteins susceptible to hydrolysis by 

these enzymes. The degradation of these membrane components 

may disrupt the environment which is essential for the ?-glu-

cosyl transferase activities. 

The inhibition of the synthesis of lT^-estradiol-3-gluco-

side bŷfl -glucosidase suggested the involvement of a p -gluco-

lipid or glycoprotein in glucoside formation. In the "UDP-

glucose independent" pathway the inhibition might be explained 

by the involvement of a p -glucolipid in glucoside synthesis, 

however,no such intermediate has been implicated in the "UDP-

glucose dependent" pathway. 

The stimulation of the "UDP-glucose independent" pathway 

of 17<*-estradiol-3-glucoside synthesis by sonication of the 
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microsomal preparations suggests that sonication may expose 

some membrane components, perhaps lipids, which are required 

in this pathway but not in the "UDP-glucose dependent" reac­

tion. The temperature sensitivity studies also indicate the 

involvement of a heat labile component in the "UDP-glucose in­

dependent" pathway which is absent from or non-essential to 

the "UDP-glucose dependent" glucosyltransferase reaction. 

JIS discussed in Chapter 3, UDP-glucose was not involved 

either directly or indirectly in the "UDP-glucose independent" 

synthesis of 17*-estradiol-3-glucoside. The studies which exa­

mined the effect of glucose, glucose-1-phosphate, glucose-6-

phosphate and glycogen on the "UDP-glucose independent" synthe­

sis of 17pc-estradiol-3-glucoside indicated that none of these 

four sugars were the principal sugar donors in this pathway of 

glucoside synthesis. 

?>iany of the properties of the "UDP-glucose dependent" and 

"UDP-glucose independent" 3-glucosyltransferasas discussed 

above and also in Chapter 3 fit the hypothesis of the possible 

involvement of a lipid intermediate in the "UDP-glucose indepen­

dent" pathway of glucoside synthesis. This prompted the further 

investigation of this possibility in the experiments described 

in Chapter 5• 
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CHAPTER 5 

EVIDENCE FOR A POSSIBLE LIPID I N T E K M E D I A T E IN THE UDP-GLUCOSE 

INDEPENDENT SYNTHESIS OF 1 7 C X - E S T R A D I 0 L - 3 - G L U C 0 3 I D E 

A) Introduction 

The involvement of a lipid intermediate in the "UDP-glu­

cose independent" synthesis of 17^-eotradiol-3-glucoside and 

the nature of such a compound are examined in this chapter. 

Rabbit and pig liver lipids as well as some pure isoprenoid 

compounds were assessed for their ability to participate in 

the "UDP-gLucose independent" pathway. 
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B) Methods 

1) The Effect of Rabbit Liver Lipid Fractions on the 

"UDP-Glucose Independent" Synthesis of 17^-Estradiol-

3-Glucoside 

The lipid fractions were prepared as described in the 

general methods, Chapter 2, Section 4. (Table 30)i gives the 

concentrations of the lipids used in these studies. The lipid 

extracts were concentrated to dryness under nitrogen and then 

sonicated at an intensity of 30 for one minute in a mixture 

of Triton X-100 and 0.2M Tris buffer, pH 7.0. The detergent 

was used to help to solubilize the lioids and the above soni­

cation procedure would be expected to ensure even suspension 

of the lipid in the aqueous assay mixture. Triton X-100 was 

used since in many of the other sugar transfer reactions in­

volving a lipid intermediate th^re has been a requirement 

demonstrated for this detergent (116, 134, 135, 154, 156, 171, 

139, 192). 

nliquots of the stock solutions were added to the stan­

dard incubation mixture both in the presence and absence of 

30mM magnesium chloride, so as to give the required lipid con­

centrations and a final Triton X-100 concentration of 0.2 per 

cent. As mentioned earlier, (Figure 2k and Tables 21 and 22, 

Chapter 4) Triton X-100, when present at this concentration, 

partially inhibited the "UDP-glucose independent" synthesis 
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THE CONCENTRATIONS OF RABBIT AND PIG LIVER LIPIDS 
USED PER 3 MILLILITRE ASSAY 

Lipid Fraction 

Rabbit Liver Total Lipids 

Rabbit Liver Neutral Lipids 

Rabbit Liver Phospholipids 

Rabbit Liver Microsomal 
Phospholipids 

Rabbit Liver Microsomal 
Chloroform: Methanol 
(2:1) Extract 

Rabbit Liver Microsomal 
Chloroform: Methanol:Water 
(1:1:0.3) Extract 

Pig Liver Chloroform: 
Methanol (2:1) Extract 

Microgram Added 

105 - 421 

36.3 - 726 

0.05 - 0.8 
Micrograms Pi 

0.3 - 2.0 
Micrograms Pi 

1.1 -44 
Micrograms Pi 

1.1 - 44 
Micrograms Pi 

17.12 -284.45 
Micrograms Pi 

Weight per Gram of 

Liver Wet Weight 

63.2 Milligrams 

43.2 Milligrams 

41.2 Micrograms Pi 

75.31 Micrograms Pi 

94.1 Micrograms Pi 

57.29 Micrograms Pi 

TABLIL 30 
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of 17«.-estradiol-3-glucoside. Any increase in the level of 

glucoside synthesis, in these Triton X-100 treated microsomal 

preparations, with the addition of the lipid extracts would 

suggest some role for a lipid in the "UDP-glucose independent" 

pathway. The ability of the microsomal lipid extracts to 

restore this "UDP-glucose independent" synthesis of glucoside 

in microsomal preparations where this capacity had been lost 

due to treatment with deoxycholate was also examined. The 

final concentration of deoxycholate was 0.01 per cent per 3 

millilitre assay. 

2) The Effect of Pig Liver Lipid Fractions on the 

"UDP-Glucose Independent" Synthesis of 17gc-Estradiol-

3-Glucoside 

As discussed in Chapter 1 polyprenols have been shown to 

be involved in a number of sugar transfer reactions (?3-l#0, 

1^3-194). In mammalian systems, the polyprenol dolichol, 

which is found in high concentrations in pig liver, (221) 

plavs an analogous role to that played by bactoprenol in bac­

terial cell wall biosynthesis (#3-91). Thus the ready availa­

bility of this source rich in dolichol prompted the study o^ 

the effect of the pig liver lipid extracts on the capacity of 

the rabbit liver microsomes for the "UDP-glucose independent" 

synthesis of 17*-estradiol-3-glucoside. The procedures used 

for lipid isolation were described in the general methods in 
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Chapter 2 and in all cases the fresh liver was the starting 

material. The concentrations of lipid extract used are lis­

ted in (Table 30). Due to the presence of such high lipid 

concentrations in the standard incubation mixture some extrac­

tion problems arose. The manipulations or the standard assay 

and extraction procedures which were undertaken in an effort 

to overcome the interference by the presence of high concen­

trations of pig liver extract are illustrated in (Table 31)• 

3) Purification of the Lipid Extracts by DEAZ - Cellu­

lose Chromatography and Thin Layer Chromatography 

The acetate foim of the DEAE - celluloce column was pre-

parel 3s described in Chapter 2 (206). Approximately 350 

milligrams of the crude pig liver chloroform : methanol (2:1) 

extract or 175 milligrams of the rabbit liver microsomal 

chloroform : methanol (2:1) extract were applied to the column 

in 10 millilitres of chloroform : methanol (2:1). The column 

was "washed with chloroform : methanol (2:1) and then eluted 

with O.IK ammonium formate, pH 4.0, in chloroform : methanol 

(2:1). Ten millilitre fractions were collected, evaporated to 

dryness, re-suspended in 10 millilitres of chloroform : methanol 

(2:1) and then extractel with 4 millilitres of wate? in order 

to remove the ammonium acetate. This was repeated and the 

final volume was adjusted to 10 millilitres. Five millilitre 

aliquots of each fraction were added to the standard assay and 
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MANIPULATIONS OF THE STANDARD ASSAY AND 
EXTRACTION PROCEDURE FOR THE SYNTHESIS OF 

17a-ESTRADIOL-3-GLUCOSIDE IN AN EFFORT TO OVERCOME 
THE INTERFERENCE BY THE PRESENCE OF 

PIG LIVER ORGANIC EXTRACTS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Modifications of 
the 3 Mi l l i l i t re 

Incubation 

Concentrated Triton X-100 
added instead of a Triton 
X-100-Iipid-Tris or Triton 
X-100-Tris mixture 

0.05 Mi l l i l i t re of organic 
extract 
(chlorofomv.methanol 2:1 

0.2 Milligrams bovine 
serum albumin just before 
stopping the reaction 

None 

None 

None 

None 

None 

None 

100 Micrograms non­
radioactive 17a-estradiol 
5 minutes before stopping 
the reaction 

First 
Extracting 

Solvent 

2 x 
5 Mi l l i l i t res benzene 

As above 

As above 

2 x 
5 Mi l l i l i t res 
Chloroform 

2 x 5 
Mil l i l i t res 
Chloroform: 

Benzene (1:1) 

2 x 5 
Mi l l i l i t res 
ethyl acetate 

7 Mil l i l i t res 
methanol 

7 Mi l l i l i t res 
ice cold 
acetone 

2 x 5 
Mil l i l i t res 
benzene (to 
extract steroid 
from methanol) 

2 x 5 
Mil l i l i t res 
benzene 

Second 
Extracting 

Solvent 

2 x 
5 Mi l l i l i t res 
ethyl acetate 

As above 

As above 

As above 

As above 

7 Mi l l i l i t res 
hexane 

2 x 
5 Mi l l i l i t res 
benzene 

2 x 
5 Mi l l i l i t res 
ethyl 
acetate 

2 x 5 
Mi l l i l i t res 
ethyl acetate 

Other 
Modifications 

5 Mi l l i l i t res ben­
zene used to ex­
tract the methanol 
layer of the methanol: 
hexane mixture 

Incubation put 
through an Amberlite 
- X A D column 
methanol used to 
elute the steroids 

TABLE 31 
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examined for their ability tn restore the '"UDP-glucose indepen­

dent" synthesis of 17*~estradiol-3-glucoside in microsomal 

preparations where this capacity had been lost due to treatment 

with Triton X-100. A five millilitre aliquot of each fraction 

was also assayed for lipid glycosylation in the presence of 

UDP-D-(U- C)glucose. The procedure of Behrens and Leloir was 

followed in the assay for lipid glycosylation (14$)• 

The silica gel plates for thin layer chromatographic stu­

dies were prepared as described in Chapter 2. The thin plates 

were J.25 millimetres and the thick plates were 0.75 milli­

metres thick. The rabbit or pig liver lipid fractions chroma-

tographed had not been purified by DEAE - cellulose chromato­

graphy or br any other column chromatography. (Table 32) 

illustrates the solvent systems and (Table 33) the spray rea­

gents used in these studies. The various rabbit liver lipid 

extracts were chromatographed against dolichol phosphate from 

calf brain and against commercial preparations of dolichol and 

dolichol phosphate in the solvent systems, chloroform : metha­

nol : ammonia : water (30:30:0.5:3 v/v), chloroform : methanol: 

water (65:25:4 v/v) and chloroform : methanol : water (10:10: 

3 v/vj. Phosphomolybdic acid, Hanes reagent, iodine and a 

reagent containing vanadyl chloride and a zinc reducing solu­

tion were used to detect the different lipids present. lien 

good fractionation of the lipids present in the organic ex­

tract was obtained, the chromatogram \ras sub-divided and the 

different lipids were eluted with chloroform : methanol : water 
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SOLVENT SYSTEMS USED IN THIN LAYER 
CHROMATOGRAPHIC STUDIES OF LIPID EXTRACTS 

Solvent System (v/v) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11 . 

Chloroform:Methanol:Water (65:25:4) 

Chloroform:Methanol:Water (60:35:6) 

Chloroform:Methanoi:Water (10:10:3) 

n-Propanol:Water (70:30) 

Chloroform:Methanol:Ammonia:Water (80:30:0.5:3) 

Chloroform:Methanol:Ammonium Hydroxide (75:25:4) 

Chloroform:Methanol:Ammonium Hydroxide (65:35:5) 

Chloroform:Methanol:Formic acid:Water (70:18.5:8:0.5) 

Chloroform:Methanol:Acetic acid:Water (25:15:4:2) 

Chloroform: 90% Acetic acid:Methanol (30:20:4) 

Acetone 

Reference 

(105,148) 

(223) ,(215) 

(223) 

(222) 

(105,148) 

(200) 

(105,148) 

(200) 

(201) 

TABLE 32 
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SPRAY REAGENTS USED TO DETECT 
LIPIDS ON THIN LAYER CHROMATOGRAMS 

Spray Reagent Used 

1 . Phosphomolybdic acid 
(5 gm/50 ml methanol) 

2. Hanes reagent 

3. Anisaldehyde-sulphuric acid 

4. Iodine 

5. Vanadyl chloride and zinc 
reducing solution 

6. Phosphate stain 

Compound 
Detected 

by Reagent 

Reducing compounds, 
lipidsysterols and 
steroids 

Phosphate ester 

Sugars, steroids, 
terpenes and 
phenols 

Non specific 

Phosphate containing 
compounds 

Phospholipids 

Reference 

(202) 

(202) 

(201,202,207) 

(202) 

(204) 

(224, 225) 

TABLE 33 
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(1:2:0.3 v/v). Each eluted fraction was then diluted with an 

equal volume of benzene and evaporated almost to dryness on 

a rotary evaporator under reduced pressure at 30 C. llore 

benzene v.ras added gradually to aid in the removal of the water 

and the extract was finally brought to dryness. The residue 

was dissolved in chloroform : methanol (1:1 v/v) and centri­

fuged so as to remove any residual silica gel. Aliqaots of 

these fractions were then examined either in the absence or 

presence of 250m]1'! magnesium chloride for oheir ability to 

restore the "UDP-glucose indenendent" synthesis of 17̂ <-estra-

diol-3-^lucoside in Triton A-100 treated miciosomal prepara­

tions . 

similar studies were undertaken with the pig liver 

chloroform : methanol (2:1) extracts except that in this case 

the lipid extracts were chromatographed in all the solvent 

systems listed in (Table 32). Anisaldehyde and Vaskovsky's 

phosphate stain were the spray reagents used to detect the 

lipids. The crude pig liver extracts were also chromato-

graphed using a number of different phospholipids as refer-ence 

standards in chloroform : methanol : ammonium hydroxide 

(65:°5:5 v/v) and chloroform : 90 per cent acetic acid : metha­

nol (30:20:4 v/v). The fractionated pig liver lipids from 

these chromatograms were eluted as described above, and then 

examined either alone or in various combinations with the other 

fractions eluted from the chromatogram for their ability to 

influence the synthesis of 17°<-estradiol-3-glucoside in the 
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microsomes which had lost this capacity due to treatment with 

Triton X-100. 

4) Studies to Examine the Nature of the Lipid Intermediate 

Some isoprenoid and other lipid compounds were examined 

for their effect on the "UDP-glucose independent" synthesis of 

17«-estradiol-3 -glucoside and also for their ability to act 

as precursors for the synthesis of an "active" lipid-sugar 

intermediate. 

a) The Ability of Rabbit or Rat Liver Microsomes 

to Synthesize Dolichol Ilonophosphate Glucose 

The microsomes were prepared as described in the general 

methods, Chapter 2. The incubation mixture had a ^inal volume 

of 50 microlitres and contained (25 microlitres) 1M glycylgly­

cine buffer pH 7.5, (5 microlitres) 1M 2-mercaptoethanol, 

(5 microlitres) 0.1;-' magnesium EDTA, (5 microlitres) 5 per 

cent Triton X-100, (10 microlitres) microsomal preparation 

which contained approximately 0.52 milligrams protein, (10 

microlitres) 5 nanomoles dolichol phosphate and (l6microlitres) 

1.4 nanomoles UDP-D-(U- Oglucose (643,000 d.p.m. per nano-

mole) (226). 

The UDP-D-(U-1^C)glucose and dolichol phosphate were 

added to a 1.5 millilitre glass culture tube and evaporated to 

dryness under a streari of nitrogen before the addition of any 
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of the other reactants. The mixture was shaken vigourously 

on a vertex rnixer and then incubated for 30 minutes at ^7°C. 

The reaction was stopped by adding 0.1< millilitres of methanol 

and 0.6 millilitres of chloroform. The mixture was centrifu­

ged and the chloroform phase was collected. 4M magnesium 

chloride (0.2 millilitres) was added to the chloroform phase 

which was then washed according to the procedure of ^olch, 

Lees and Sloane - Stanlev (199). The chloroform fraction 

would be expected to contain dolichol monophosphate glucose if 

any were synthesized. 

b) The Ability of the Chloroform Extract to 

Influence the Synthesis of 17o<-E.itradicl-3-Glucoside 

The procedure was a modification of that describe! in 

the general methods, Chapter 2 for the standard incubation. 

In this case the final volume was 0.3 millilitres instead of 

3 millilitres. Triton X-100 was added so as to give a final 

concentration of 0.2 per cent per 3 millilitre assa^. The 

chloroform fraction labelled with {^ t,C)glucose was added. The 

reaction mixture was incubated for 30 minutes at 37°C and then 

stopped with benzene. The volume of the assay was adjusted 

to ^ millilitres with water before the ad lition of 5 millilitres 

of benzene. The rest of the extraction procedure was as des­

cribed previously. The ethyl acetate extract, which would 

be expected to contain the lT^-estradiol-3-glucoside, was coun-
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ted for 'H and C and also chromatographed in propanol : 

water (7:1) and chloroform : methanol (4:1) against authentic 

standards of dolichol, dolichol phosphate, 17°<-estradiol, 

17<x-estradiol-3-;^lucoside, UDP-glucose, UDP, glucose and glu-

cose-1-phosphate. One centimetre areas from that part of the 

chromatogram which contained the ethyl acetate were scraped 

and counted in order to determine if "̂C chromatographed with 

the 17c<-estradiol-3-glucoside. This procedure would also be 

expected to indicate the presence of any residual UDP-D-(U- ^C)-

glucose or its degradation products. 

c) The Specificity of the "UDP-Glucose Independent" 

3-Glucosyltransferase towards the Lipid Required 

for the Synthesis of 17<*--Estradiol-Q-Glucoside 

by this Pathway 

The stimulation of 17<*-estradiol-3-glucoside synthesis 

by the rabbit and pig liver crude organic extracts suggested 

that the lipid requirement in this "UDP-glucose independent" 

pathway might be non-specific. To examine this hypothesis 

some lipids unrelated to the polyprenols were added to exa­

mine their ability to restore the "UDP-glucose independent" 

synthesis of glucoside in Triton X-100 treated microsomal pre­

parations. Synthetic and soybean lecithin were added to the 

standard 3 millilitre assay at concentrations ranging from 

100 to 500 micrograms. 
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A significant stimulation of the "UDP-glucose independent" 

synthesis of 17<*-estradiol-3-glucoside in microsomal prepara­

tions which had been treated with Triton X-100, by any added 

pure isoprenoid type compound would provide a strong indication 

of the involvement of that compound in the reaction and would 

provide a standard for comparison with the different pig and 

rabbit liver lipid extracts of the earlier studies. 

(Table 34) lists the compounds examined in these studies. 

These lipids were examined for their effect on the "UDP-glucose 

independent"and in some cases the "UDP-glucose dependent" 

synthesis of 17**--estradiol-3-glucoside in untreated microsomes 

and also in microsomes which had been treated with 0.2 per cent 

Triton X-100. As in the other lipid studies described previous­

ly, a stock solution of lipid was prepared by sonicating the 

lipid in a mixture of Triton X-100 and Tris buffer pH 7.0. 

Aliquots of the stock solution were then added to the incuba­

tion mixture so as to give the required lipid concentrations. 

This addition of the sonicated lipid in Tris was the only 

modification to the procedure for the standard assay which was 

described in the general methods Chapter 2. All the studies 

involving retinol were carried out in dim light and in centri­

fuge tubes which were completely covered with aluminium foil. 

These precautions would be expected to minimize the degrada­

tion of this light sensitive vitamin. The preliminary studies 

examined the suitability of the conditions, used in the study 

of retinol glycolipids by other groups of workers, for use in 
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ISOPRENOID AND RELATED COMPOUNDS TESTED FOR THEIR 
EFFECT ON 17a-ESTRADIOL-3-GLUCOSIDE SYNTHESIS 

Compound Examined 

Dolichol 

Dolichol phosphate 

14C-Retinol 

Retinol 

Farnesol 

Geranylgeraniol 

D- a -Tocopherol 

Concentration per 3 
3 Mi l l i l i t re Assay 

—300 micrograms 

—280 micrograms 

53 micrograms (—100,000 dpm/ 
microgram, 13.7 mCi/ 
millimole) 

400 micrograms-2 milligrams 

320 micrograms - 1.49milligrams 

320 micrograms -1 .5 milligrams 

200 - 400 micrograms 

Reference 

(218) 

(218) 

-

(42,118,222-226) 

-

-

-

TAbLL 34 
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the study of the involvement of retinol in the "UOr-glucose 

independent" synthesis of 17«~estradiol-3-glucoside (kS, 123, 

227-230). The standard 3 millilitre assay for the "UDP-glu­

cose independent" synthesis of glucoside was modified so as 

to contain (lOmK) manganous chloride, (2;5mM) EDTA, 3pmole ATP, 

0.2 L<% Triton X-100 and (1.125 milligram) retinol, alone or in 

various combinations with each other. 

( C) Retinol was also used to assess the ability of the 

rabbit liver microsomes to effect the synthesis of retinol-

glucoside. The method used in this study was a modification 

of that used by Rodriguez, Bello and Gaede when examining the 

capacity of rat throid homogenates to synthesize retinol gly­

cosides (4d). The total assay volume was 1.5 millilitres and 

contained (5milligrams) microsomal protein, (0.25 micromole) 

UDP-glucose, (1.5 micromole) ATP, (0.2 per cent) Triton X-100, 

(700 micrograms) retinol, (53 micrograms) ( C) retinol, 

100,000 d.p.m. per microgram, and 0.2M Tris pH 7.0. The mix­

ture v/as incubated for 60 minutes at 37°C. The reaction was 

stopped by the addition of 30 millilitres of chloroform : me­

thanol (6:4 v/v). This mixture was shaken for 10 minutes, 

then centrifuged and the chloroform phase concentrated to near 

dryness. This extract was chromatographed overnight on What­

man #3M paper in a descending solvent system containing N-

butanol : acetic acid : water (7^:5:17). The paper chromato-

gram was scanned for l̂'-C in a Nuclear Chicago Scanner (Model 

Actigraph III) [kS) and later cut into one centimetre pieces 
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and counted for ^ C in aquasol : xylene (1:1) in a Liquid 

Scintillation Counter. 
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C) Results 

1) Rabbit Liver Lipid jtudies 

The presence of rabbit liver total, neutral or phospho­

lipids incubated in the presence and absence of ^OmM magnes­

ium chloride did not cause any significant change in the amount 

of 17^-estradiol-3-glucoside synthesized by the "UDP-glucose 

independent" pathway. Similar results were obtained with the 

rabbit liver microsomal phospholipid extracts. However, the 

chloroform : methanol (2:1) and chloroform : methanol : water 

(1:1:0.3) extracts, prepared from lyophilized rabbit liver 

microsomes, were able to partially restore the synthesis of 

17<*-estradiol-3-glucoside in Triton X-100 treated microsomal 

preparations. These results are seen in (Figure iQ ). The 

addition of 0.2 per cent Triton X-100 completely inhibited 

the "UDP-glucose independent" synthesis of 17^-estradiol-3-

glucosile in this particular microsomal preparation. The 

addition of even 1 millilitre of organic extract, (equivalent 

to S.S micrograms inorganic phosphorus) caused some restora­

tion of steroid glucoside synthesis. The chloroform : methanol 

(2:1) extract was better able to effect restoration of synthe­

sis than was the chloroform : methanol : water (1:1:0.3) ex­

tract. 

As mentioned in Chapter 4 the presence of magnesium chlo­

ride stimulated the "UDP-glucose independent" synthesis of 1 7 ^ 

estradiol-3-glucoside in untreated microsomal preparations. 
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However, it did not significantly affect the ability of added 

organic extract to restore steroid glucoside synthesis in 

Triton X-100 treated microsomal preparations. These results 

are illustrated in (̂ able 35) . 

Even though the detergents Triton X-100 and deoxycholate 

both inhibit the "UDP-glucose independent" synthesis of steroid 

glucoside, the added organic extracts were better able to res­

tore this synthesis in microsomal preparations which had been 

treated with Triton X-100 than in those treated with 0.01 per 

cent deoxycholate. Triton X-100 was used in all further lipid 

studies. 

2) Pig Liver Lipid Studies 

The initial studies with the crude pig liver chloroform : 

methanol (2:1) extract suggested a much higher restoration of 

17^-estradiol-3-glucoside synthesis in Triton X-100 treated 

microsomal preparations on addition of the pig liver organic 

extract, than on addition of rabbit liver organic extracts. 

The results obtained in the pig liver studies are depicted in 

(Table 36). Since high lipid concentrations were used in these 

studies, their possible interference with the normal extraction 

procedure for 17cx.-estradiol-?-glucoside was examined . Micro­

some blanks were set up containing (̂ H)l'̂ b<-estradiol in the pre­

sence and absence of the lipid Triton X-100 extract. As 

shown in (Table 37) the presence of the lipid extract caused 

the 17«;-estradiol to extract into the ethyl, acetate rather than 
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THE EFFECT OF MAGNESIUM CHLORIDE ON THE 
ABILITY OF RABBIT LIVER MICROSOMAL ORGANIC EXTRACT 

TO RESTORE 17a-ESTRADI0L-3-GLUC0SIDE SYNTHESIS IN 
TRITON X-100 TREATED MICROSOMES 

Additions 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

"UDP-Glucose Independent" 

—Magnesium Chloride 

None 

+ 0.2% Triton X-100 

+ Triton + 0.5 Mil l i l i t res Extract 

+ Triton + 1 Mi l l i l i t re Extract 

+ Triton + 2.5 Mil l i l i t res Extract 

+ Triton + 4 Mi l l i l i t res Extract 

+ Triton + 5 Mil l i l i t res Extract 

22.7 

0 

0 

0.4 

0.5 

1.8 

5.5 

+ 80 mM 
Magnesium Chloride 

29.0 

0 

0.3 

0.4 

0.9 

2.1 

3.5 

Extract = Rabbit Liver Microsomal Chloroform:Methanol:Water (1:1:0.3) 

5 Millil itre Extract Contains 44.3 Micrograms pj 

TABLE 35 
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THE EFFECT OF PIG LIVER CHLOROFORM METHANOL (2:1) EXTRACT 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE I N 

TRITON X-1001 TREATED MICROSOMES 

Additions 

None 

0.2% Triton X-100 

0.2% Triton X-100 + 1 Mi l l i l i t re 
Organic Extract 

0.2% Triton X-100 + 2 Mi l l i l i t res 
Organic Extract 

0.2% Triton X-100 + 3 Mi l l i l i t res 
Organic Extract 

0.2% Triton X-100 + 4 Mil l i l i t res 
Organic Extract 

0.2% Triton X-100 + 5 Mi l l i l i t res 
Organic Extract 

0.2% Triton X-100 + 7.5 Mi l l i l i t res 
Organic Extract 

0.2% Triton X-100 + 10 Mil l i l i t res 
Organic Extract 

0.2% Triton X-100 + 15 Mil l i l i t res 
Organic Extract 

0.2% Triton X-100 + 20 Mil l i l i t res 

"UDP-Glucose Independent" Synthesis 
of 17a-Estradiol-3-Glucoside 

DPM in 
Ethyl Acetate 

11,733 

1,110 

2,696 

4,601 

5,671 

7,045 

10,952 

14,525 

16,554 

24,990 

29,771 

'% Conversion 
of 17a-Estradiol to 

17a-Estradiol-3-Glucosi 

21.3 

2.0 

4.9 

8.4 

10.3 

12.8 

19.9 

26.4 

30.1 

45.4 

54.1 

de' 

1 Millil itre Chloroform:Methanol (2:1) Extract is Equivalent to 14.2 Micrograms Pi 

TABLE 36 
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THE INTERFERENCE BY PIG LIVER ORGANIC EXTRACT 
WITH THE EXTRACTION OF 17a-ESTRADIOL 

AND 17a-ESTRADIOL-3-GLUCOSIDE 

Contents of the Blank 

[3HJ 17a-Estradiol. KCl, Tris 
(550,000 d.p.m.) 

L3H] 17a-Estradiol, KCl , Tris 
* Organic Extract in 0.1% Triton 

X-100 

[3HJ 17a-Estradiol, KCl , Tr is 
Organic Extract in 0.2% Triton 
X-100 

[ 3 H ] 17a-Estradiol, KCl, Tris 
Organic Extract in 0.1% Triton 
X-100 + Boiled Microsomes 

D.P.M. in the 
Ethyl Acetate 

17a-Estradiol-3-Glucoside* 

5,786 

55,331 

106,043 

35,599 

% of the Added 
Tritium in the 

Ethyl Acetate Fraction 

1.1 

10 

19.3 

6.5 

TABLE 37 
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into the benzene layer as would be expected. The counts de­

picted in (Table 36) thus represent both unreacted 17<*.-estra-

diol and also 17p<.-estradiol-3-glucosiHe and therefore are not 

an accurate measure of the per cent conversion of 17<*-estradiol 

to its glucoside. 

In some of the manipulations listed in (Table °1) it was 

impossible x,o eliminate the interference by the lipid, i.e-

numbers 1, 2, 3, 4, 5 and 9. Others, i.e. 6, 7 and S, permit­

ted the separation of 17^-estradiol from 17©<--estradiol-3-glu-

coside, but were tedious and time consuming. Each manipula­

tion of the assay involved a number of extra incubations, 

blanks and various controls, and often meant numerous calcula­

tions for the simplest experiment. The addition of non-radio­

active 17*-estradiol to the standard incubation 5 minutes before 

stopping the reaction minimized any interference by the lipid 

with the extraction procedure. For all further pig liver lipid 

studies, a lipid blank was included for each pig liver lipid 

concentration assayed and 100 micrograms of non-radioactive 

lT^-estradiol was ad led to the incubation as described above. 

These precautions ensured that the counts obtained ir the ethyl 

acetate extract were a true representation of the 17^-estradiol-

3-glucoside synthesized. (Table ?8) illustrates the results 

obtained in these studies and show that when the ?thyl acetate 

extracts were subjected to chromatographic examination in 

chloroform : ethanol (4:1), there was a good correlation bet­

ween the increasing counts obtained in the area of the chroma-
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THE EFFECT OF CRUDE PIG LIVER ORGANIC EXTRACTS 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Additions to 
Standard 3 

Mi l l i l i t re Assay 
(Contains 100 micrograms 
nonradioactive estradiol) 

None 

0.2% Triton X-100 

0.2% Triton X-100 + 0.5 Mi l l i l i t re 
Lipid Extract 

Blank 

0.2% Triton X-100 + 1 Mi l l i l i t re 
Lipid Extract 

Blank 

0.2% Triton X-100 + 1.5 Mi l l i l i t re 
Lipid Extract 

Blank 

0.2% Triton X-100 + 2.0 Mi l l i l i t re 
Lipid Extract 

Blank 

0.2% Triton X-100 + 2.5 Mi l l i l i t re 
Lipid Extract 

Blank 

0.2% Triton X-100 + 3 Mi l l i l i t re 
Lipid Extract Blank 

0.2% Triton X-100 + 5 Mi l l i l i t res 
Lipid Extract 

Blank 

% Conversion 
of 17a-Estradiol 
to 17a-Estradiol 

-3-Glucoside 

46 

3.3 

2.8 
-

4.0 
-

6.0 
-

5.4 
-

7.0 
-

7.5 
-

10.8 
• 

C.P.M. 
in 17a-

Estradiol-3-Glucoside 
Area of Chromatogram 

1928 

598 

• 

846 
-

612 
-

881 
-

758 

751 
-

1,621.3 
-

424 
-

C.P.M. in 
17a-Estradiol 
Area of the 

Chromatogram 

423 

420 

533 
147 

541 
439 

594 
117 

414 
215 

254 
318 

517 
528 

880 
383 

5 Millil itre Lipid Extract Contains 71.11 Micrograms Pi 

TABLE 38 
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togram where 17oe-estradiol-3-glucoside would be expected to 

run and the presence of increasing concentrations of pig 

liver lipid extracts. 

"3) Purification Studies 

DEAE cellulose chromatography 

Attempts at purification of the lipid extracts by DEAE 

cellulose chromatography abolished their ability to restore 

"UDP-glucose independent" synthesis of 17<x--estradiol-0-gluco-

side in microsomal preparations which had lost this capacity 

due to treatment with Triton X-1C0. None of the fractions 

collected from the column, to which the rabbit liver microso­

mal chloroform : methanol (2:1) extract had be^n applied, were 

able to stimulate steroid glucoside synthesis when incubated 

with Triton X-100 treated microsomal preparations either in 

the presence or absence of 250mM magnesium chloride. The ini­

tial studies with the pig liver extracts suggested three dif­

ferent peaks of restorative activity among the fractions col­

lected from the D"aE - cellulose column. However, these re­

sults were not reproducible and when these and all the other 

fractions collected were examined for lipid glucosylation no 

glycosylation activity could be demonstrated. 
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Thin layer chromatographic examination of the lipid 

extracts 

(Figure 3l) illustrates the separation achieved when a 

rabbit liver acceptor lipid extract was chromatographed in 

chloroform : methanol : ammonia : water (80:30:0.5:3 v/v). 

''Jhen the different fractions eluted from this chromatogram were 

examined for their effect on the synthesis of 17<p<.-estradiol-3-

?,lucoside in Triton X-100 treated microsomal preparations no 

increase in steroid-3-glucoside synthesis was observed, '/hen 

other rabbit liver lipid extracts were subjected to chromato­

graphic examination in the above solvent system and also in 

chlorofrom : methanol : water (10:10:3 v/v) and then assessed 

for their ability to restore 17<*--estradiol-?-glucoside synthe­

sis in microsomal preparations where this capacity had been lost 

due to treatment with Triton X-100 the same results were ob­

tained. 

Similar results were also obtained when the above studies 

were carried out in the presence of 250mM magnesium chloride. 

The pig liver lipid fractions, (Figure 3 2). eluted from the 

chromatograms also proved unable to restore 17<*- -estradiol-3-

glucoside synthesis in Triton X-100 treated microsomal prepara­

tions either when added alone, or in various combinations with 

the other fractions eluted from the chromatogram. 
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CHROMATOGRAPHIC EXAMINATION 
OF THE RABBIT LIVER 

ACCEPTOR LIPID EXTRACT 
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CHROMATOGRAPHIC EXAMINATION 
OF THE PIG LIVER CHLOROFORM: 

METHANOL (2:1) EXTRACT 
"HLOROFORM-.METHANOLAMMONIUM 

HYDROXIDE (65:35:5 V/V) 

ORIGIN 

(1) CRUDE PIG LIVER CHLO RO FO RM-.METH ANO L (2:1) EXTRACT 
(2) PHOSPHATIDYL CHLORINE, 
(3) = PHOSPHATIDYL ETHANOLAMINE 
(4) = PHOSPHATIDYL SERINE, (5) = PHOSPHATIDYL INOSITOL, 
(6) = SPHINGOMYELIN, 
(7) = COMBINATION OF 2-6 STANDARDS, 
(8) = DOLICHOL PHOSPHATE FROM CALF BRAIN 

FIGURE 32 
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k) Studies to Examine the Mature of the Lipid Intermediate 

The chloroform layer, which would be exoected to contain 

any of the dolichol monophosphate glucose synthesized by the 

rabbit or rat microsomes, was found to contain 2.2-per cent of 

the radioactivity added to the assay as UDP-D-(U- ^C)glucose. 

However, when this chloroform fraction was examined for 

its ability to increase the "UDP-glucose independent" synthesis 

of 17^<-estradiol-3-glucoside in Triton X-100 treated microsomal 

preparations, no increase in glucoside synthesis was observed, 

and no "̂C was detected in the area of the chromatogram where 

17<?(-estradiol-3-glucoside would be expected to run when chro­

matographed in the solvent systems chloroform : ethanol (4*1 v/v) 

or propanol : water (7-1 v/v). 

As seen in (Figure 33). the addition of synthetic or soy­

bean lecithin at concentrations ranging from 100 to 500 micro­

grams ner 3 millilitre assay did not cause a significant change 

in l'J5X-estradiol-3-glucoside in the Triton X-100 treated micro­

somal preparations. 

(Tables 39-41) depict the results obtained when dolichol, 

dolichol phosphate, farnesol, p;eranylgeraniol and vitamin E 

A/ere examined for their effect on 17^-estradiol-3-glucoside 

synthesis. Dolichol rather than dolichol phosphate caused an 

increase in the "UDP-glucose independent" glucoside synthesis 

in both the untreated microsomal preparations and those treat­

ed with Triton X-100. The "UDP-glucose dependent" pathway 

was not influenced by the presence of these isoprenoid com-



FIGURE 33 

THE EFFECT OF ADDING VARYING 
CONCENTRATIONS OF SOYBEAN LECITHIN 

AND SYNTHETIC LECITHIN ON THE 
"UDP-GLUCOSE INDEPENDENT" SYNTHESIS 
OF 17«-ESTRADIOL-3-GLUCOSIDE IN TRITON 

X-100 TREATED MICROSOMAL PREPARATIONS 

ON 

. 2 <D 

? '-
O 
u 
D 

O) 
I 

CO 

CO 

CD 

c 
O 
CO 

*_ 
CD 
> 
C 

O 
U 
\p 

" O 
O 
s_ 
CO 

CD 
• 

6r-

5 -

2 -

£ 1 -

0 

So ybegn lecth in 
Syn the ti c lec i th in 

1 1 
100 200 300 

jxg L e c i t h i n / a s s a y 
400 500 



192 

THE EFFECT OF DOLICHOL AND DOLICHOL PHOSPHATE 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Additions 

None 

+ 30 Micrograms 
Dolichol 

+ 28 Micrograms 
Dolichol Phosphate 

% Conversion of 17a-Estradiol to 17a-
Estradiol-3-Glucoside 

"UDP-Glucose Independent" 

-T r i t on X-100 

32.9 

42.3 

25.8 

+ 0.2% Triton X-100 

11.5 

15.7 

11.2 

"UDP-Glucose Dependent" 

- Triton X-100 

20.8 

19.9 

20.3 

+ 0.2% Triton X-100 

15.1 

14.7 

15.8 

TABLE 39 
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THE EFFECT OF FARNESOL AND GERANYLGERANIOL 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Concentration 
of the 

Isoprenoid 
per 3 Mi l l i l i t re . 

Assay 

0 

1.49 Milligrams 
Farnesol 

1.5 Milligrams 
Geranylgeraniol 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside* 

"UDP-Glucose Independent" 

-T r i t on X-100 

25.95 

5.65 

12.3 

+Triton X-100 

3.2 

2.3 

2.4 

"UDP-Glucose Dependent" 

-T r i t on X-100 

6.3 

0.25 

0.65 

+Triton X-100 

6.65 

1.6 

2.88 

* Average result of two experiments 

TABLn, 40 
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THE EFFECT OF VITAMIN E (D-a-TOCOPHEROL) 
ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Concentration 
of Vitamin E 

per 3 Mi l l i l i t re 
Assay 

(Micrograms) 

0 

200 

300 

400 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

"UDP-Glucose Independent" 

-T r i t on X-100 

22.1 

22.6 

23.7 

20.2 

+Triton X-100 

4.5 

4.4 

2.3 

3.3 

"UDP-Glucose Dependent" 

-T r i t on X-100 

10.3 

10.0 

10.1 

9.9 

+Triton X-100 

4.9 

5.5 

5.5 

3.6 

TABLE kl 
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pounds. The ethyl acetate extracts from these studies were 

chromatographed in chloroform : ethanol (4^1 v/v) using 

authenlic standards of 1^-estradiol and 17c*.-estradiol-3-glu-

coside as reference compounds in order to ensure that the assay 

was operating satisfactorily. 

The presence of farnesol and geranylgeraniol inhibited 

the synthesis of steroid 3-glucoside by the "UDP-glucose in­

dependent" and the "UDP-glucose dependent" pathways in the 

untreated and Triton X-100 treated microsomal preparations, 

(Table 40) . Vitamin E had no significant effect on 17<x-estra-

diol-3-^lucoside synthesis as seen in (Table 41)• 

The results obtained in studies with retinol are shown in 

(Tables 42-43)» Retinol, when added alone or in the presence 

of manganous chloride, caused an increase in the "UDP-glucose 

independent" synthesis of 17*-estradiol-3-glucoside in Triton 

X-100 treated microsomal preparations. This partial restora­

tion of the glucoside synthesis was abolished when SDTA or 

ATP was included in the incubation mixture. Increasing concen­

trations of retinol, up to 1.2 milligram per 3 millilitre 

assay, caused a gradual increase in the "UDP-glucose indepen­

dent" synthesis of 17<*-estradiol-3-glucoside. At concentra­

tions of retinol above 1.2 milligrams per 3 millilitre assay, 

glucoside synthesis declined. The presence of retinol inhibi­

ted the "UDP-glucose dependent" synthesis of steroid 3-gluco­

side at all concentrations examined. 

'Vhen the rabbit liver microsomes were examined for their 
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THE EFFECT OF RETINOL ON THE SYNTHESIS OF 
17a-ESTRADIOL-3-GLUCOSIDE 

Additions 

None 

+ 0.2% Triton X-100 

+ 0.2% Triton X-100 
+ 400 Micrograms 

Retinol 

+ 0.2% Triton X-100 
+ 1.125 Milligrams 

Retinol 

+ 0.2% Triton X-100 
+ 1.52 Milligrams 

Retinol 

+ 0.01 M McCI2 

+ 0.01 M MnCI2 + 

0.2% Triton X-100 

+ 0.01 M MnCI2 + 

0.2% Triton X-100 + 
1.52 Milligrams 

Retinol + 

% Conversion of 17a-Estradiol to" 
17a-Estradiol-3-Glucoside 

"UDP-Glucose Independent" 

22.6 

11.4 

3.9 

18.0 

25.5 

20.1 

7.75 

16.3 

"UDP-Glucose Dependent" 

12.3 

2.3 

1.4 

TABLE 42 
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THE EFFECT OF INCREASING CONCENTRATIONS OF 
RETINOL ON THE SYNTHESIS OF 17a-ESTRADIOL-3-GLUCOSIDE 

Additions 
to Standard 
3 Mi l l i l i t re 

Assay 

None 

0.2% Triton X-100 

0.2% Triton X-100 + 
400 Micrograms Retinol 

0.2% Triton X-100 + 
800 Micrograms Retinol 

0.2% Triton X-100 + 
1.2 Milligrams Retinol 

0.2% Triton X-100 + 
1.6 Milligrams Retinol 

0.2% Triton X-100 + 
2 Milligrams Retinol 

% Conversion of 17a-Estradiol to 
17a-Estradiol-3-Glucoside 

"UDP-Glucose Independent" 

22.3 

8.4 

15.3 

14.0 

19.9 

8.6 

8.7 

"UDP-Glucose Dependent" 

4.7 

7.8 

0.8-

3.9" 

2.6 

TABLE k3 
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ability to synthesis retinol-glucoside from UDP-glucose and 

( C)retinol no ^C was detected in the area of the chromato-

gram where retinol glucoside ,;ould be expected. 
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D) Discussion 

The stimulation of the "UDP-p;lucose independent" synthe­

sis of 17<*-estradiol-3-glucoside in Triton X-100 treated micro­

somes by the organic extracts from pig liver and lyophilized 

rabbit liver microsomes indicates that there is a lipid in­

volved in this particular reaction as in many other sugar trans­

fer reactions (33-130, 133-194). The chloroform : methanol 

(2:1) extracts would be expected to contain a mixture of phos­

pholipids, including dolichol monophosphate glucose or a simi­

lar type lipid intermediate, if these had been present in the 

pi; liver or rabbit liver microsomes. The chloroform : metha­

nol : water (1:1:0.3) extract, on the other hand, might con­

tain, in addition to dolichol monophosphate glucose, other iso­

prenoid monosaccharide derivatives and various other phospho­

lipids, such as a dolichol pyrophosphate oligosaccaride type 

of compound (113, 152, 163, 175, 176, 137, 133) 

As seen in (Table 35), the presence of 30mM magnesium 

chloride did not enhance the stimulation of steroid glucoside 

synthesis caused bv the ad lition of the rabbit liver micro­

somal organic extract to the Triton X-100 treated microsomes. 

This insensitivity to the presence of magnesium chloride could 

be expected if the exogenous organic extract contained an in­

tact gluco-lipid intermediate, since a requirement for mangan­

ous or magnesium chloride has been demonstrated in the synthe­

sis of a glycolipid from isoprenol phosphate and the relevant 
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nucleotide sugar donor. This requirement does not always 

certain to the step which involves transfer of the sugar from 

this monosaccharide derivative of polyprenol phosphate to an 

acceptor, (Figure 29) (33, 101, 133, 190, 193). 

The extraction problems which arose due to the presence 

of high pig lipid concentrations in the standard incubation 

were overcome by the addition of non-radioactive 17*<-estradiol 

to the standard assay mixture and by the inclusion of adequate 

lipid blanks. The high concentrations of non-radioactive 17<*-

estradiol would be expected to compete with the unreacted 

radioactive substrate l'fcc-estradiol and the radioactive pro­

duct 17c*-estradiol-3-glucoside for the lipid since the lipid 

preferentially binds to the free steroid. This non-radioactive 

estrogen - lipid complex, even if extracted into the ethyl ace­

tate fraction would not be detected when the fractions were 

counted for their tritiated conjugate content and thus the 

counts obtained would only be representative of the amount of 

glucoside produced, (Table 33). These studies using pig and 

rabbit liver organic extracts, provided further proof for the 

involvement of a lipid in the "UDP-glucose independent" syn­

thesis of 17c<-estradiol and prompted the studies designed to 

determine the nature of such a lipid. 

Xuch of the work dealing with the lipid extracts was com­

plicated by the lack of pure isoprenoid compounds for use as 

standards. Dolichol phosphate from calf brain was used as a 

standard in some of the earlier chromatographic studies, but 
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as seen in (Figure ?2 ) the sample available was unstable or 

impure, since more than one spot was obtained upon chromato­

graphic examination. Ncn-radioactive dolichol and dolichol 

phosphate recently became available commercially and these 

were used in some of the other studies described. However, 

neither radioactive nor non-radioactive pure dolichol mono­

phosphate glucose, dolichol pyrophosphate - oligosaccharide 

or similar isoprenoid sugar derivatives were available commer­

cially so that the identification of the "active" lipid com­

ponent remains a difficult task. 

The inability of any of the fractions collected from the 

DEAE cellulose column or eluted from the various thin layer 

chromatograms to restore 17*-estradiol-3-glucoside synthesis 

in Triton X-100 treated microsomal preparations cannot be 

taken as definite proof for the non-involvement of a lipid 

in the "UDP-glucose independent" reaction. Some of these frac­

tions might contain the lipid intermediate but at concentra­

tions too low to effect lipid glycosylation or to cause an 

increase of the synthesis of 17#-estradiol-3-glucoside. This 

negative result might also be explained by the breakdown of 

an unstable intermediate in the course of the purification 

procedures. The availability of radioactive polyprenol phos­

phate sugar derivatives would make the detection und identi­

fication of any similar lipid intermediates present in the 

fractions isolated from the DEAE cellulose column or from the 

thin layer chromatograms more practicable. The fraction found 
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to contain an "active" lipid might then be subjected to fur­

ther purification and characterization. 

This lack of a lipid - sugar standard also caused a cer­

tain degree of uncertainty in the studies undertaken to exa­

mine the abilit,r of the rabbit and rat liver microsomes to 

synthesize dolichol monophosphate glucose from pure dolichol 

phosphate and UDP-D-(U- C)glucose. Even though some radio­

activity was found in the chloroform fraction thought to contain 

the dolichol monophosphate glucose, thin layer chromatographic 

examination of the extract suggested at least partial break­

down of the compound present. This instability of the lipid 

would explain the absence of any detectable transfer of ( ^C)-

glucose from this chJ oroforr.; fraction into the steroid. 

The stimulation of 17<*-estradiol-3-glucoside synthesis by 

dolichol rather than dolichol phosphate, as seen in (Table 39)t 

was unexpected, since dolichol monophosphate glucose would be 

the most likely "active" lipid intermediate, and no dolichol 

phosphorylating enzyme has been reported in mammalian systems. 

The transfer of glucose from a low energy dolichol glucoside 

would appear unlikely unless a transglucosylation type reac­

tion eould occur. The studies, depicted in (Tables 42 and 43) 

indicated an effect of retinol in the "UDP-glucose independent" 

reaction. However, the fact that the rabbit liver microsomes 

were unable to synthesize a retinol glucoside suggested that 

tne stimulatory effect on 17<*-estradiol-3-glucoside synthesis 

might be due to retinol-phosphate-glucose. 
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These studies are consistent with the involvement of a 

lipid in the "UDP-glucose independent" synthesis of l^X-estra-

diol-3-glucoside, but not in the "UDP-glucose dependent" 

reaction since the addition of the pure isoprenoid compounds 

either inhibited or had no effect on the "UDP-glucose dependent" 

reaction. Even though the exact nature of the lipid has not 

been defined it does not appear to be farnesol, geranylgeraniol 

or Vitamin E. The possibilitv exists that it may be a highly 

unstable isoprenoid compound of the dolichol type. 

This area is worthy of further investigation, since it 

is the first report of a lipid involvement in steroid glyco­

side formation or in a sugar transfer reaction to a small mole­

cule. If the lipid in question does prove to be of the iso­

prenoid family there arises the interesting possibility of an 

inter-relationship between steroid conjugate formation and gly­

coprotein synthesis. Since glucose is not one of the sugars 

commonly found in glycoproteins, the involvement o^ a dolichol 

sugar derivative or a related compound in steroid glucosyla­

tion would explain the detection of these compounds in a num­

ber of animal systems (143, 162-165). Hopefully, in the 

future, with the increased availability of pure radioactive 

and non-radioactive isoprenoid sugar and isoprenoid phosphate 

sugar compounds, the exact nature of the lipid will be more 

easily defined and its significance in estrogen metabolism and 

glycoprotein synthesis established. 
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