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StMaAHY

This investigation concerns the characteristics of the

cholesterol 7a-hydroxylase enzyme which catalyses the initial

reaction en route from cholesterol to bile acids. The reaction

is considered to have rate-limiting properties since the sole

fate of the product (7a-hydroxycholesterol) is its conversion

to the two primary bile acids, cholic acid and chenodeoxycholic

acid; such metabolic branch-points are targets for regulatory

mechanisms. The enzyme system is located in the microsomal

fraction of rat liver and requires molecular oxygen, reduced

nicotinamide adenine dinucleotide phosphate (NADPH) and cell

supernatant factors for optimal activity in vitro. Any study

. of cholesterol oxidation is plagued by the ease with which the

sterol is attacked non-enzymically by molecular oxygen to yield

a variety of products. The microsomal fraction alone produces

several oxygenated sterols from cholesterol (cholestan-3[3,5a ,6p-

triol, 7p-hydroxycliolesterol, 7-ketocholesterol, s.nd possibly

cholesterol-7a-hydroperoxide and cholesterol-5p ,6(3-epoxide)
besides 7a-hydroxycholesterol; a similar spectrum of oxidation

products results from the autoxidation of cholesterol.

However, a selective assay was determined by introducing various

physiological and non-physiological compounds into the incubation

medium. This eliminated the possible non-enzymic formation

of 7a-hydroxycholesterol since no "autoxidation" products were

present. The physiological moderating species proved to be a
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sulfhydryl-containing protein present in the thermostable

portion of the cell supernatant - the so-called Soluble Factor

or S.F. The purification and characteristics of this cofactor

are described; the mode of action of this thiol in controlling

the aberrant attack on the substrate is suggested by analogy

with the non-physiological moderators of cholesterol oxidation.

Two routes of cholesterol oxidation from a possible common

intermediate are implied, one to "autoxidation" products and

the other to 7a-hydroxycholesterol. The enzyme proved to be

released into a more soluble form by freeze-drying the

microsomal fraction plus S.F. in the presence of the protective

thiol, (3-mercaptoethylamine. Subsequent extraction of the

lyophilised material with high molarity phosphate buffer

liberated the enzymic components from the microsomal membranes

and activity was present in the 105,000 g / 50 mins.

supernatant fraction. Certain characteristics of the

solubilised preparation were investigated, including the

inhibition produced by carbon monoxide and the release of this

inhibition by light. These observations suggested the

participation of the cytochrome, P450, in the cholesterol

7a-hydroxylation reaction as the terminal electron acceptor
and oxygen activator. The activity of the 7a-hydroxylase in

the microsomal fraction was studied under various conditions;

it was found to be increased by the regimen of cholesterol

feeding and by the removal of the influence on the liver of
the end products - bile acids - suggesting that a feed-back
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control mechanism was operative. The aclrninistration oi

barbiturates failed, to affect significantly the activity oi

the enzyme, though cytochrome P450 levels were considerably

elevated. There was no apparent correlation between P450

levels and the amount of 7a-hydroxycholesterol formed in the

microsomal fraction and it is therefore unlikely that this

haeinoprotein is the rate-controlling species in the

7a-hydroxylation reaction.



Pig. 1. Cholesterol and the "bile acids
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Cholesterol occupies a central position in steroid

metabolism. Quantitatively, the breakdown of cholesterol to

bile acids is most important. The taurine and glycine

conjugates of the acids are required for efficient emulsification

and absorption of dietary fats. Since the initial suggestions
II

of hifsckutz (1), investigators have attempted to show that

cholesterol served as a source of bile acids in the living

organism. The first concrete piece of evidence came in 1943

with the observation (2) that the intravenous, administration of

an emulsion of deuterated cholesterol to a dog led to the

isolation of deuterium-labelled cholic acid.

Cholic acid, chenodeoxycholic acid, deoxycholic acid and

lithocholic acid (Fig. 1) represent the end products of this

major pathway of cholesterol metabolism in higher animals.

The primary bile acids (i.e.. those formed from cholesterol in
the liver) are chenodeoxycholic acid and cholic acid in most

mammalian species (see Haslewood, 3)^ Intestinal micro¬

organisms effect metabolic interconversions between bile acids

and can transform cholic acid to deoxycholic acid, and

chenodeoxycholic acid to lithocholic acid.

Certain modifications to the cholesterol molecule must be

accomplished in the biosynthesis of the primary acids, namely

the introduction of a 7a-hydroxyl group (and also in the 12a

position in the case of cholic acid), the saturation of the
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Fig. 2. The proposed metabolic pathway leading to the formation

of cholic acid from cholesterol with related references:

A (6, 9, 10, 11); B (6, 12, 13, 14); C (6, 15);
D (15, 16, 17); E (15, 16, 17); F (18, 19, 20);
G (18, 19); H (19)
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- Cg double bond, the epimerisation of the 3P-hydroxy1
group to the 3a configuration and the shortening of the side

chain with the formation of a earboxyl group at C^. from
experiments involving tracer techniques in bile fistula rats,

it was demonstrated (4) that modifications of the sterol nucleus

preceded the oxidation of the side chain. from the studies

of Lindstedt (5) it was argued that one of the early intermediates

was possibly cholest-5-en-3(3,7a-diol (7a-hydroxycholesterol)
and subsequently, Danielsson and Einarsson (6) and Mendelsohn,

Mendelsohn and Staple (7) described the enzymic conversion of

cholesterol to the 7a-hydroxyIs.ted derivative. This reaction

was further studied in the 18,000 g supernatant fraction from

rat liver homogenates by Dr. Hutton (8) and Dr. Mitt on (9).

The proposed major pathway from cholesterol to cholic acid is

outlined in fig. 2 together with the main references concerned

with each individual step. The sequence of events leading

to chenodeoxycholic acid is identical but the 12a-hydroxylation

reaction is omitted (reaction C).

The cholesterol 7a-hydroxylase belongs to a class of

enzymes called mixed function oxids.ses (21). Such enzymes

require an external source of reducing equivalents (usually
KADPH or NADH though glutathione may occasionally serve) and

molecular oxygen to fulfil their function. One atom of oxygen

is incorporated into the substrate and the other presumably

reduced to water. The overall reaction may be summarised

as follows:
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liH + 02 + NADPH + II+ -> ROH + IL 0 + KALP+

The simplicity of the above equation is deceiving. Indeed,,

the hydroxylation reaction in those hydroxylases fully

characterised (22) is effected "by a complex of enzymes. A

series of electron chain carriers link iTADPH to oxygen through

a flavoprotein, a non-haem iron protein and a haemoprotein,

cytochrome P450. This latter cytochrome is considered to act

as the terminal electron anceptor (see Discussion) interacting

with oxygen and substrate to give the hydroxyla-ted sterol.

The possibility of the participation of such electron carriers

in the 7a-hydroxylation reaction of cholesterol is explored in

this study and discussed in Section 6.

It is only possible to characterise the various components

of a hydroxylase chain once the enzyme is released from the

membrane in which it is imbibed. This is the process of

solubilisation and one section of this investigation is devoted

to the results of certain solubilisation techniques applied to

the 7a-hydroxylase in the microsomal fraction.

Any study of the oxidation of cholesterol is plagued by the

ease with which the molecule is attacked non-enzymically by

molecular oxygen to give a variety of products. In the 1940's,
II

Wintersteiner and Bergstrom (23 - 26) studied the products

formed from cholesterol after air oxidation and identified

7-ketocholesterol and the two epimeric diols, 7a-hydroxy-
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Pig. 3. Possible oxidation products of cholesterol

I Cholesterol

II Cholest-5-en-3(3,7a-diol (7a.-hydroxycholesterol)
III Cholesterol-7a-hydroperoxide

IV Cholest-5-en-7-on-3f3-ol (7-ketocholesterol)
V Cholest-5-en-3p,7p-diol (7p-hydroxycholesterol)
VI Cholesterol-5p,6p-epoxide

VII Cholestan-3p,5a,6§-triol
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cholesterol and 7(3-hydroxycholest erol. Recently, Smith et al.

(27) have listed a host of oxygenated derivatives of cholesterol

formed in this way. Thus, in any study of the enzymic

formation of 7a-hydroxycholesterol, care must "be taken to

eliminate the possible non-enzymic formation of the diol. A

system producing solely 7a-hydroxycholesterol is clearly ideal

for such an investigation.

Although the enzyme is located in the microsomal fraction,

incubations of this fraction alone do not lead to selective

formation of 7a-hydroxycholesterol. Other products formed

include cholestan-3P ,5a ,6(3-triol (VII), 7p-hydroxycholesterol (V)
and a heterogeneous fraction with the polarity of and including

7-ketocholesterol (IV) - Fig. 3- These products were

characterised by Dr. J.R. Mitton in this laboratory (9). A
II

recent report from Bjorkhem et al. (28) has suggested the

possible intermediary formation of 7a-hydroperoxide (ill) to

account for these various products in the microsomal fraction,

the ketone and the two diols arising from reduction of the

hydroperoxide. The role of this hydroperoxide in the air

oxidation of cholesterol had previously been invoked (26).

Gholestan-3^,5a,6p-triol could arise from the hydrolytic scission

of the 5p,6p-epoxide of cholesterol (VI). Both the epoxide and

7a-hydroperoxide have the same polarity as 7-ketocholesterol

and no solvent system has succeeded in separating them as yet.

In order to clarify the presentation of results,

7-ketocholesterol (recognising the possible inclusion of



cholesterol-7a-hydroperoxide and cholest erol-5(3 ,6p-epoxide) ,

7(3-hydroxycholesterol and cholestan-3p ,5a ,6(3-triol have "been

grouped together and termed "autoxidation" products.

Occasionally, the major "autoxidation" product, "7-keto-

cholesterol", has been selected since the formation of this

product far exceeds the formation of any other. The formation

of 7a-hydroxycholesterol has been considered, on its ovm,

though in instances where "autoxidation" is marked, the

reduction of 7a-hydroperoxide could give a small proportion

of the 7a isomer.

This investigation describes certain characteristics of

the cholesterol 7a-hydroxylase enzyme, a partial fractionation

of the enzyme and one of its cofactors, and factors influencing

the activity of the enzyme.
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EXPEEIMENTAL SECT ION

Animals and their diets

The animals used in all experiments were male rats of the

Wistar strain weighing 180-250 g. These were bred in the

animal unit of this Departmentj supplies were augmented from

the Bush Estate, Midlothian.

Control diets consisted of rat cake, "Oxoid" no. 86

(75$ whole meal flour, 20$ fish and "bone meal and 5$ dried

yeast) , and. a soft diet (70$ whole meal flour, 25,$ skimmed mi 11c

powder and 5$ yeast extract). The animals fed cholestyramine

or "Cuemid" (Merck, Sharp and Dohme) received 4$ of the resin

in their diet of 67$ whole meal flour, 24$ skimmed milk powder

and 5$ yeast for 5-10 days. The cholesterol supplemented

diet contained 1$ of the sterol in 10$ olive oil, thoroughly

mixed into the soft diet and was administered to the animals

for 5, days.

Cannula!ion of the common "bile duct

Operations were carried out under clean though not aseptic

conditions. A polyethylene cannula (Portex PP 10) was

inserted into the "bile duct and held in place outside the

animal "by surgical tape. The rats were kept in special

restriction cages with free access to rat cake and drinking

solutions (1$ NaClj 0.04$ EC1). Control animals were subjected
to the same surgical stress but no cannula was placed in the



common "bile duct.
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Phenobarbitone treatment

Animals were injected daily with, an aqueous solution of

sodium phenobarbital at a dose of 100 mg. per leg. body weight,

flie adminstration was continued for 4 days. Control rats

received injections of physiological saline.

Perfusion of livers

Rats were anaesthetised with ether and the livers perfused

with a solution of 0.25 M sucrose. The perfusate was

occasionally supplemented with (3-mercapt oethylamine (see text).
A needle, connected to a reservoir containing the perfusate at

37° and at a pressure of some 20 cm. water, was inserted into

the portal vein and the organ washed free from blood. A sharp

colour change indicated the success of the procedure.

Homogenisation and centrifugation of tissue

The liver was rapidly excised and placed in a tared beaker

containing ice-cold sucrose (0.25 M). All subsequent

manipulations of the liver v/ere carried out. at 4°. The finely

chopped tissue was then homogenised in the same medium

(20?o homogenates) with a glass-teflon homogeniser fitted to a

low speed (475 r.p.m.) electric motor, using two downward and

upward strokes. Such a procedure ensures uniformity in the

preparation of the tissue. The cholesterol 7a-hydroxylase is



CELL FRACTIONATION

Liver Perfused and Homogenised in Buffered 0.25M Sucrose containing lOmM
B-mercaptoethylamine

18,000 g/15min.

Cell Debris
Nuclei
Mitochondria

Microsomes and

Supernatant

105,000 g/50min.

Microsomal
Fraction

Cell Sap

(a)

(b)

95 /15rain.

Centrifuge

Soluble Factor

(S.F.)

Microsomal Fraction in S.F.

Jig. 4. Centrifugal;ion procedure



laiown to be labile as regards excessive hoinogenisation (9).
Standard methods of differential centrifugalion were

applied to the homogenate; this is summarised in Big. 4 for

a liver perfused with p-mercaptoethylamine. The first

centrifugalion at 18,000 g for 15 min. sedimented cell debris,

nuclei and mitochondria; the supernatant (the microsomal

fraction in the cell sap or 18,000 g for 15 min. supernatant)

was further centrifuge! at 105,000 g for 50 min. to sediment

the microsomal pellet. The resultant cell supernatant, when

heated at 95° for 15 min. and centrifuged to remove the denatured

protein, yielded the thermostable soluble factor or S.E. (29, 30).

The cell fractions used in the study of the 7a-hydroxylation

of cholesterol were the microsomal fraction alone, the microsomal

fraction resuspended in S.F. and occasionally the 18,000 g for

15 min. supernatant fraction.

Incubation procedure

The contents of a standard incubation are shown in Table A.

Volumes were adjusted to 7.0 ml. by the addition of distilled

water. The microsomal pellet was resuspended in 0.1 M phosphate

buffer, pH 7.4, or S.P. by gentle homogenisation. The

constituents of the NADPH generating system were stored in

distilled water; NADP and glueose-6-phosphate were products

of the Sigma Chemical Co., and glucose-6-phosphate dehydrogenase

(EC 1.1.1 49) was obtained from Boehringer and Soeline. The

buffer salts, sodium dihydrogen phosphate and disodium hydrogen
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Table A

Incubation mixture

Microsomal fraction

Phosphate "buffer
Na2HP04/NaH2P04
KADP

G-luc o s e -6 -phosphat e
(G-6-P)

G—6-P dehydrogenase

[4-^0] cholesterol

Equivalent t.o 1 g.
wet weight tissue

0.1 M pH 7.4

5 nmoles

50 nmoles

1 IU/0.1 ml.

0.1 jiG in
0.05 ml. acetone

3.85 ml.

2.00 ml.

0.50 ml.

0.50 ml.

0.10 ml.

0.05 ml.



INCUBATION PROCEDURE

1 hour at 37°C in the presence of:-
Cell fraction equivalent to lg. wet weight tissue,
0.1 M phosphate buffer pH 7.4,
NAD^H generating system
4- C -cholesterol (O.lpc)

ml. incubation

Istopped with
10ml. MeOH.

Supernatant
extract with
15 ml. CHC13

y
Pellet

extract with
7 ml. Boiling
ethyl acetate

Supernatant

y
Discard
Pellet

Supernatant
*

.

Organic
Phase

♦
Discard

Aqueous Phase

Organic Phase

Thin Layer Chromatography

l
TLC Scanning and/or Liquid Scintillation Counting

Pig. 5. Isolation and analysis of products formed in incubations



Solvent Front

(f) Cholesterol

(e) Cholest-l*-en-3-on-7a-ol

(d) Cholest-5-en-7-on-38-ol
(7-Ketocholesterol)

(c) Cholest-5-en-38,78-diol
(78-Hydroxycholes terol)

(b) Cholest-5-en-38,7a-diol
(7a-Hydroxycholesterol)

(a) Cholestan-38t5a,68-triol

Origin

Pig. 6. Separation, of sterols "by thin layer chromatography
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phosphate were supplied by B.D.PI. [4-1^G]Giiolesterol
(62.5 |iG / mg.) was obtained from the Radiochemical Centre,

Amersham, and was purified by thin layer chromatography before

addition to incubations in a volume of acetone sufficiently

small to cause no deterioration in enzymic activity.

Incubations were conducted in air at 37° for 1 hour in a

Dubnoff shaker. Any amendments to this procedure are given

in the appropriate part of the text.

Extraction of the steroid fraction and separation of sterols

Incubations were stopped by the addition of 10 ml. methanol.

A lipid extraction was performed on the denatured tissue with

15 ml. chloroform followed by 7.0 ml. boiling ethyl acetate;

the details are shown in the flow diagram (Rig. 5)• After

concentration, the sterols in the combined extracts were

separated by thin layer chromatography (TLC) using Silica gel H

on plates 25 cm. x 6 cm. The sample was applied as a band

some 2.5 cm. wide; standards were run on the same plate and

subsequently located by spraying with an ethanolic solution of

dodecamolybdophosphoric acid. The solvent system used was

benzene:ethyl acetate :: 7:13; occasionally a ratio of 2:3

was found to give better separation, depending on temperature

and humidity. A typical thin layer chromatogram is shown in

Rig. 6.
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Estima,tion of conversions to products

Radioactivity on the TLG plates was assayed "by scanning

in a windowless gas flow scanner. (31). The gel could then he

segmented according to the positions of the standard sterols

directly into vials. After the addition of 5 ml. scintillation

liquid to each (4 g. PPO [2,5-diphenyloxazole] and 30 mg. POPOP

[l,4-his-(5-phenyloxazolyl-[2])-benzene] per litre of acid-

washed toluene contemning 5$ methanol), the vials were counted

in a Packard Tri-Carb Liquid Scintillation Spectrometer

(Model 3.14 EX) with an efficiency for "^C of 70^. The presence

of the Silica gel did not produce significant quenching.

Hence, each radioactive product may be expressed as a

percentage of the total counts on a plate.

Sephadex chromatography

The materials used in these investigations were G-200,

G-25, and DSAE Sephadex (Pharmacia); these were allowed to

swell in 0.1 M phosphate buffer, pH 7.4. The dimensions of

the G-200 and DEAE Sephadex columns were 25.0 cm. x 2.5 cm.,

and of the Gr-25. gel 58.0 cm. x 2.0 cm. All Sephadex gels

were equilibrated with several bed volumes of the eluting

buffer (see text) before the samples were applied to the columns.

The application was made in a small volume and allowed to

layer on to the column before connecting to the buffer

reservoir. A maximum flow rate of 1 ml. every 80 sees, was

employed. In the case of the ion-exchange gel, DEAE Sephadex,
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an exponential salt gradient of NaCl (0-0.6 H) was used.

The extinction at 280 nyj. was registered continuously by an

1KB Uvicord instrument and fractions collected automatically.

Cytoclirome P450 determinations

The estimation of cytochrome P450 in liver microsomal

preparations was carried out using the method of Omura and

Sato (32). A few grains of sodium dithionite were added to

a suitable dilution of the microsomal preparation. The

solution was then divided between two cuvettes. Carbon

monoxide was bubbled through the contents of the test cuvette

for 20 sees, and the spectrum recorded using an Optica recording

spectrophotometer. Protein estimations were performed on

the same microsomal suspensions using the modification of the

Biuret reaction (33). The total cytochrome P450 concentration

was calculated as the change in optical density between 450 mji

and 480 rati of the reduced, carbon monoxide-treated haemoprotein

per mg. of microsomal protein.

light reversal apparatus

This equipment, set up on an optical bench, consisted of

light from a high power xenon lamp focused by a lens on to a

water-jacketed incubation cell. A magnetic, stirrer in the

glass cell served as a mixing device. A gas inlet and outlet

were fitted through the air tight perspex stopper of the cell

so that incubations could be conducted in the desired gaseous
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atmosphere. When light of a certain wavelength was required

to impinge on the cell, the light "beam was interrupted "by

interference filters (with a "band width ca. 7m*i) "between the

lens and the cell. The equipment was housed in a room which

could "be darkened to prevent stray light striking the cell.

Reagents and solvents

All reagents and solvents were of AnalaR grade.

Acetone was redistilled after refluxing over potassium

perinanganat e.



BILE ACIDS

Pig. 7.' The metabolism of cholesterol by the microsomal

fraction of rat liver
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In the Introduction, it was stated that the initial

reaction leading to the formation of "bile acids was

7a-hydroxylation of cholesterol. The reaction is stereo-

specific and the 7a-hydrogen atom is directly replaced "by the

hydroxyl group (34). . The enzymic reaction is associated with

the microsomal fraction of rat liver as is the next step in

the sequence, the formation of cholest-4-en-3-on-7a-ol.

These inter-relationships are shown in Fig. 7. The conditions

of the ensymic assay, with an excess of NADPE favour the

formation of 7ar-hydroxycholesterolj a little of the

a.,j3-unsaturated ketone is formed in the incubation, amounting

to 5-10$; of the conversion to the diol. The 7a-hydroxylation

reaction has an absolute requirement for oxygen and NADPH; if

either or "both are excluded, no formation of 7ar-hydroxy-

cholesterol is detected.

Loca/tion of the cholesterol 7a-hydroxyla.se

The cholesterol 7a-hydroxylase is located in the microsomal

fraction of ra/t liver (6, 9> 11). These studies of the enzyme

system utilise the cell fraction obtained as a supernatant

after centrifugation at 18,000 g for 15 min. had removed whole

cells, nuclei and mitochondria. This is the microsomal

fraction in the cell sap. Further centrifugation at 105,000 g

for 50 min. sediments the microsomal pellet and the spectrum of



/
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Pig. 8. TLG radiochromatograms of the products formed from

[4-"^C]cholesterol in incubations of the microsomal

fraction alone (B) and in the same fraction

supplemented with 0.7 mM ADP and 250 nM Fe++ (A)

(Notation of the compounds as given in Pig. 3)



products formed by this fraction alone in incubations with

L4-1^G]cholesterol is shown in Fig. 8. Certain cofactors from

the cell supernatant are required in the selective conversion

to 7a-liydroxycholesterol, as this product was not the sole fate

of the substrate in the microsomal fraction. The total amount

of "autoxidation" products, III, IV, V, VI and VII (see

Introduction) varies, possibly as a result of fluctuations in

the levels of adhering endogenous nucleotides and metal ions

(see Section 2). Nevertheless, the conversion to 7a-hydroxy-

cholesterol is less than the total conversion to "non-

physiological" products. An appropriate enzyme system for

study is one in which these aberrant reactions are minimal.

Effect of g-mercaptoethylamine (cysteamine)

Previous investigations (9) had shown that the procedure of

centrifugation at 105,000 g followed by reconstitution of the

microsomal pellet with the cell sap, resulted in a decrease in

the activity of the 7a-hydroxylase. However, if the microsomal

fraction was recombined with the boiled supernatant fluid, S.F.

(29, 30), then enzymic activity could be maintained (Table 1).
These livers had been previously perfused with a solution of

0.25 M sucrose containing the thiol, p-mercaptoethylamine (10 mM).
Reference has been made to the non-selective attack by oxygen

on the cholesterol molecule in the microsomal fraction alone.

This cellular fraction would selectively hydroxylate cholesterol

at position Qrj providing the in vitro incubation procedure
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Table 1

The metabolism of C4-"^C]cholesterol to [4-"^C]7a-hydroxy-
cholesterol and total " autoxidation" products in certain

microsomal preparations

Cell fraction

Percentage
conversion

to 7a-hydroxy- "
cholesterol

Percentage
conversion
to total

aut oxidation"
products

Microsomal fraction
plus supernatant
(unseparated) 8.0 1.9

Microsomal fraction
plus S.P.

7.8 1.9

Microsomal fraction
alone 1.6 CO•■vi-

The liver perfusate contained 10 mM (3-mereaptoethylamine.

Incubations in air at 37° for 1 hour contained the relevant

microsomal fraction equivalent to 1 g. wet weight tissue,

0.03 M Na^HPO^ / NaHgPO^ "buffer pH 7.4, an NADPH generating
system and 0.1 fiG [4-^C]cholesterol in 0.05 ml. acetone

to a total volume of 7.0 ml.



ft-mcrcaptoethylamine (mM)

Fig. 9« The effect of j3-mereaptoethylamine on the conversion

of [4-^0]cholesterol to [4-14C]7a-hydroxycholesterol
and "[4-"^C]7-ketocholesterol" in the microsomal

fraction



p-mercaptoethylamine ( mM )

Fig. 10. The effect; of (3-mercaptoethylamine of the conversion of

[4-1^G]cholcsterol to [4-1^G]7a-hydroxycholesterol and

"[4-1^G]7-hetocholesterol" in the microsomal fraction

alone and in the microsomal fraction plus S.F.
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incorporated a sufficiently high concentration of (3-mercapt o-

ethylamine. This is shown in Fig. 9 in which the conversion

oi [4-1^C]cholesterol to C4-1^Gj7a-hydroxycholesterol and
" [4-"^C]7-ket ocholesterol" is plotted a,gainst the concentration

of the thiol. "7-Ketocholesterol" is the major "autoxidation"

product of cholesterol (9, 23). Maximum conversion to the

diol with minimal formation of "autoxidation" products occurred

at a concentration of 10-15, mM. The most efficient

7a-hydroxylating system was the microsomal fraction plus S.F.

supplemented with the thiol - see Fig. 10 in which the metabolism

in this fraction is compared to the same microsomal fraction

similarly assayed. These results indicated the presence of

an enhancing cofactor or cofactors in the thermostable portion

of the cell sap. The nature of the cofactors present in S.F.

will be discussed in Section 4.

Effect of modification of p-mercaptoethylamine : cystamine and

N -acet yl-(3-mereapt oethylamine

The effect of the disulphide form (cystamine) of the thiol,

cysteamine, on the cholesterol 7a-hydroxylase system was tested

in incubations with the microsomal fraction together with

similar concentrations of the sulfhydryl form. The results

are shown graphically in Fig. 11. Inhibition of the enzyme

system occurred at high concentrations of (3-mereaptoethylamine.

Although the effect of cystamine was by no means beneficial as

regards producing a selective 7a-hydroxylating system (the



concentration (mM)

Pig. 11. The effect of p-mereaptoethylamine and cystamine on the
conversion of [4-1^G]cholesterol to [4-"^C]7a-hydroxy-
cholesterol and " [4-"^C]7-ket ocholest erol" in the

microsomal fraction

t



P-mercaptoethylamine control (lOmM)
conversion to [ C-t ] 7oc-hydroxycholesterol = 11-7 7.
conversion to I t^C] 7-ketocholesterol" = 0-t*1.

N- acetyl - (3 -mercaptoethylamine ( mM)

Pig. 12. The effect of N-acetyl-p-mercaptoethylamine on the

conversion of [4-~'"^G]cholesterol to [4-"^~C]7oc-hydroxy-
cholesterol and "[4-1^G]7-ketocholesterol" in the

microsomal fraction



amounts of 7a-hydroxyciiolestorol and "7-ketocholesterol" were

equivalent), at higher concentrations of the disulphide, the

ratio of these products became more favourable. This can be

accounted for by the reduction of the disulphide form in the

incubation medium and the concomitant release of small amounts

of (3-mercapt oethylamine (35).

The effect of blocking the amino group of the thiol was

similarly tested in the microsomal fraction. fig. 12 shows

the effect of concentration of the acetylated derivative,

K-acetyl-(3-mercaptoethylamine, on the conversion of

L4-"^C]cholesterol to [4-~^G]7a-hydroxycholesterol and
"[4-"^C]7-ketocholesterol". The amount of these two products

formed in a control incubation with 10 mM (3-mercaptoethylamine

is also given. As the concentration of N-acetyl-p-mercapto-

ethylamine increased, so the conversion to 7co-hydroxycholest erol

gradually increased. However, the marked stimulation achieved

with j3—mereapt oethylamine was not noticed; the slight

enhancement of enzymic activity presumably arose from

deacetylation during the incubation period with subsequent

release of p-mercaptoethylamine.

Metabolism of C4-"^C]cholesterol with other thiols

A range of thiols, both physiological and structural

analogues of p-mercaptoethylamine, were assayed under normal
incubation conditions at concentrations ox 10 mM. In Table 2

are tabulated the conversions to [4- ^C]7a-hydroxycholesterol
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Table 2

The effect of various thiols on the conversion of

[4-^c]cholesterol to C4-"^c]7a-hydroxycholesterol and total
"autoxidation" products in the microsomal fraction

Thiols (lOmlvI)

Percentage
7a-hydroxy-
cholesterol

Percentage
"aut oxidant i on"

products

No added thiol

Cysteamine
HSCH^CHgNHg
Cysteine
hsch2ch(kh2)cooh
Homocysteine
HS (ck2) 2ch(nh2) cooi-i
Glutathione
GSH

Dihydrolipoic s,cid
hsch2ch2ch(sh)(chg)4cooh
2.3-Dimercapt o-l-propanol
hsch2ch(sh)ch2oh
2-Mercaptoethanol
hsci-i2ch2oh
3-Ilercapt our op ionic acid
hsch2ch2cooh
1.4-Dithiothreitol
hsch2(choh)2ch2sh
N-AcetyIcysteamine
HSCHr- CH^NHCOCiL

c ^ 3

2.3

7.2

3.5

1.7

1.6

0.6

0.8

0.9

1.3

3.8

3.7

6.1

1.7

1.7

2.3

1.5

1.0

1.5

3.6

6.5

1.7

1.0

Standard incubation conditions (see Table 3)



log [ EOTA] mM

Fig. 13. The effect of ethylenediamine tetra-acetic acid (EDTA)
011 the conversion of [^-^^Gjcholesterol to
[4-1^G]7a-hydroxycholesterol and " [4-"^C]7-li:et o-
cholesterol" in the microsomal fraction
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and "total "autoxidation" products corresponding to ee.ch

sulfhydryl compound. Most of the physiological thiols acted

in an "anti-autoxidative" manner though none approached the

stimulatory level characteristic of (3-mercaptoethylamine.

The pH of these incubations did not fall below pE 7.0.

Effect of ethylenediamine tetra-acetic acid (EDTA)

The chelating agent, EDTA, was found to yield a selective

7a-hydroxylase system when assayed with the microsomal fraction

and NADPH. This is illustrated in Fig. 13 which shows a semi-

logarithmic plot of the conversions to [4-"^C]7a-hydroxy-
1 /

cholesterol and "£4- C]7-ketocholesterol" versus the log of

the concentration of the chelator. The conversion to

7a-hydroxycholesterol increased up to a concentration of 10 mM

EDTA with decreasing formation of "7-ketocholesterol" . At

higher coneentrations of EDTA, marked inhibition of cholesterol

oxidation was produced. In their studies on the catabolism of

cholesterol to 3a,7a,12a-trihydroxycoprostane, Mendelsohn and

Staple (11) reported a 40fo stimulation obtained with EDTA

(approx. 3 mM) as regards incorporation of cholesterol into its

degradation products. Conversely, the 11§-hydroxylation of

17-hydroxy-ll-deoxycorticosterone by beef adrenal mitochondria

was found to be inhibited by 10 mM EDTA (36).

Effect of other chelators and dicarboxylic acids

To determine if this marked stimulation of the cholesterol



ETHYLENE- 0IAM1NE-TETRA-ACETIC

ACIO (D1SODIUM SALT )

log [ EDTA] mM
• • 7oc - hydroxycholesterol
x x 7 - ketocholesterol"

Eig. 14a. The effect of EDTA on the conversion of [4-"^C]cholestero
to [4-~^C]7a-hydro:x:ycholesterol and " [4-"^C]7-het o-
cholesterol" in the microsomal fraction
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log [ DEDTC ] mM
• • 7oc-hydroxycholesterol
x x "l - ketocholesterol"

Pig. 14 "b. The effect of sodium diethyldithiocarbamate on the

conversion of [4-^C]cholesterol to [4-"^C]7a-hydroxy¬
cholesterol e,nd " [4-"^C]7-ket ocholesterol" in the

microsomal fraction



DESFERRIOXAMIM HYDROCHLORIDE

| Percentage
! I conversion

7J
6-

5 j Microsomal

log [ desferrioxamin} mM
-• 7«.-hydroxycholesterol

x x "7- ketocholesterol'

Pig. 14c. The effect of desferrioxamin hydrochloride on the

conversion of [4-^"C]cholesterol to [4-~^C]7cc-hydroxy-
cholesterol and " [4-~^C]7-het ocholesterol" in the

microsomal fraction



TRIS0D1UM CALCIUM DIETHYLEHE-
TRIAMINE-PENTA-ACETIC ACiO

log [ OETAPA] mM
• • 7oc-hydroxycholestefol
x x 7- ketocholesterol "

Fig. 14d. The effect of diethylenetriamine penta-acetic acid

on the conversion of [4- ^Cjcholesterol to
C4-1^C]7cc-hydroxycholesterol and "[4-1^G]7-heto-
cholesterol" in the microsomal fraction
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7a-hydroxylase was peculiar to EDTA or a function of all

chelating agents, other chelators were assayed with the

microsomal fraction. Pigs. 14 (a), ("b) , (c) and (d) show the

effects of ethylenediamine tetra-acetic a.cid, sodium

cliethyldithiocarhamate, desferrioxamin and trisodiurn calcium

diethylene! ris.mine penta-acetic acid respectively on the

metabolism of L4-"^C]cholesterol. Desferrioxamin is considered

to be specific for iron; the other three are relatively non¬

specific (37). All four stimulated to a certain extent s.t

0.01 mM. Thereafter, in the case of sodium diethyldithio-

carbamate and desferrioxamin, inhibition of cholesterol

oxidation resulted. However, trisodium calcium diethylene-

triamine penta-acetic acid gave a similar spectrum of results

to that obtained with EDTA. Structurally, these two latter

reagents have dicarboxylic acid groupings in common. To test

whether the stimulatory nature was a consequence of this

structural feature, certain physiological hi- and tri¬

carboxylic acids were similarly assayed. Pig. 15- compares the

effects of EDTA (a), sodium fumarate (b), sodium succinate (c)
and sodium citrate (d) on the metabolism of [4-"1"^C]cholesterol
to L4-14C]7a-hydroxycholesterol and "[4-1Zl"C]7-ketocholesterol"
in the same microsomal preparation. Apart from slight

stimulation at 0.1 mM sodium succinate, none produced the

highly selective enzymic assay characteristic of EDTA.

Sodium fumars.te and sodium citrate caused a marked incres.se in

"autoxidation" products. These incubations were buffered with



ETHYLENE- DIAMINE-TETRA - ACETIC

ACID (DISODIUM SALT j

log [ EDTA] mM

• • 7oc- hydroxycholesterol
x x "7 - ketocholesterol "

Fig. 15a. 2lie effect of EDTA on the conversion of [4- ^C]cholester
to [4-"^C] 7ct-hydroxycholesterol and " [4-"^c37-het o-
cholesterol" in the microsomal fraction



SODIUM FUMARATE

* Percentage
5 - conversion

L-

_ Microsomal
control

1 "

77——] r-

-2-101

log [ sodium fumarate] mM

• • 7 oc - hydroxycholesterol
x x "l - ketocholesterol "

Pig. 151). The effect of sodium fumarate on the conversion of

[4- ^C]cholesterol to [^-"^CDTa-hydroxycholesterol
and " [4-"^C]7~ket ocholesterol" in the microsomal

fraction



SODIUM SUCCINATE

log [ sodium succinate]mM

• • 7a- hydroxycholesterol
x X 7-ketocholesterol"

?ig. 15c. The effect of sodium succinate on the conversion of

[4-1/l"G]cholesterol to [4-1^G]7a-hydroxycholesterol
and " [4-"^C]7-ket ocholesterol" in the microsoms-1

fraction



SODIUM CITRATE

k Percentage
9 " I conversion

8
.
5

7~

6-

5-

L~
Microsomal

j ~ /control

1 -

*r 1 1 , 1

-2-101
log [ sodium citrate ] mM

• ® 7<x-hydroxycholesterol
ii

x x 7 - ketocholesterol

Eig. 15d. The effect of sodium citrate on the conversion of

[4-1^C]cholesterol to [4-1^C]7a-hydroxycholesterol
and "[4-"^C]7-ketocholesterol" in the microsomal

fraction
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pliosphate in the region pll 7.3 - 7.4.

Effect of certain metal ions

It was assuried that the effect of EDTA was due to the

removal of endogenous metal ions to produce a selective system

with respect to the cholesterol 7cc-hydroxylase. Therefore, it

was decided to investigate the effect of supplementing the

incubation medium with certain metal ions. Tables 3,4,5

and S illustrate the effects of Cu++, Fe++, Mg++ and I',In++
respectively on the microsomal 7a-hydroxylase. The addition

of cupric ions resulted in a complete inhibition of cholesterol

oxidation. Y/hitehouse, Staple and Kritchevsky (33) noted a

similar inhibition while studying the oxidation of

[26-"L/|'C]cholesterol in rat liver mitochondrial preparations.

The anti-oxidative nature of this metal ion was sufficiently

strong even to eradicate the stimulation normally achieved

with 10 mM p-mercaptoethylamine.. Conversely, ferrous ions

produced a marked increase in the formation of "7-ketocholesterol"

with s. spectrum of products characteristic of a lipoperoxida-tion

system (see Section 2). It is interesting to note that the

combination of ferrous ions with the thiol [3-mercaptoethylamine

(1 mM) slightly increased the conversion of [4-"^CJcholesterol
to [4-"^C]7a-hydroxycholesterol; this was also found to be so

when the thiol was combined v/ith either magnesium or manganous

ions. Although in many in vitro biochemical situations these

two latter ions are often interchangeable (39) , this v/as not
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Table 3

The effect of Gu++ (as GuSO^) on the conversion of

L4-~^C]cholcst erol to [4-"^C]7a-hydroxycholesterol and
" [4-"^G]7-ket ocholesterol" in the microsoma1 fraction

Additions to Percentage Percentage
incubation medium conversion conversion

to 7a-hydroxy- to "7-keto-
GysNI-Ig (mM) Cu++ (mM) cholesterol cholesterol"

— — 2.7 1.4

10 — 6.2 0.7

10 0.01 7.9 0.3

10 0.10 4.3 0.3

10 1.00 0.1 0.3

— 0.01 0.2 0.8

— 0.10 0.0 0.6

— 1.00 0.0 0.8

Standard incubation conditions : 0.03 M haI-I2P04 / Ha2HP04
buffer pH 7.4, tissue equivalent to 1 g. wet weight liver,

an NADPH generating system and 0.1 nC [4-1^G]cholesterol
in 0.05 ml. acetone, to a total volume of 7.0 ml.j in air

at 37° for 1 hour.

CysNHg = cysteamine
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Ts,ble 4

The effect of Pe++ (as EeSO^) on the conversion of
[4-1^G]cholesterol to [4-"^C]7a-hydroxycholesterol and

1 A
"[4- C]7-ketocholesterol" in the microsomal fraction

Additions to
incubation medium

CysNHg (mlvl) Pe++ (iriM)

Percentage Percentage
conversion conversion

to 7a-hydroxy- to "7-keto-
cholesterol cholesterol"

1.6 2.1

1.0 — 2.9 0.4

1.0 0.01 3.1 0.5.

1.0 0.10 3.4 0.5

1.0 1.00 3-7 0.5

— 0.01 1.4 5.8

— 0.10 1.7 10.2

1.00 3.0 13.7

Standard incubation conditions (see Table 3)
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Table 5

»-» 4" ~f* / . .

flie effect of Mg (as I.'IgSO^) on the conversion of
[4-1^"C]cholesterol to [4-~^C]7a-hydroxycholesterol
and " [4-"^C]7-ket ocholesterol" in the microsomal fraction

Additions to Percentage Percentage
incubation medium conversion conversion

CysNHg (mM) Mg++ (mM)
to 7a-hydroxy-
cholesterol

to "7-keto-
cliolesterol"

— — 1.8 3.1

1.0 — 2.0 0.7

1.0 0.01 1.9 0.7

1.0 0.10 2.0 0.4

1.0 1.00 2.8 0.5

— 0.01 1.5 1.8

— 0.10 1.8 1.8

1.00 2.0 2.3

Standard incubation conditions (see Table 3)
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Table 6

The effect of Mn + (as IvlnGl^) on "the conversion of
[4-^^C]cholesterol to [4-"^CJ7a-hydroxycholesterol and
" L4-"^C]7-ket ocholesterol" in the microsomal fraction

Additions to Percentage Percentage
incubation medium conversion conversion

CysNHg (mM) Kn++ (mM)
to 7ct-hydroxy-
cholesterol

to "7-keto-
cholesterol"

— — 2.4 3.1

1.0 — 2.0 0.8

1.0 0.01 2.1 0.5

1.0 0.10 2.3 0.4

1.0 1.00 2.9 0.5

— 0.01 1.2 0.7

— o • Ho 1.7 0.4

1.00 1.5 0.4

Standard incubation conditions (see Table 3)
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the case with the cholesterol 7a-hydroxylase. Magnesium

ions alone resulted in the formation ox equivalent amounts of

7a-hydroxycholesterol and "7-lcetocholesterol" whereas

manganous ions produced a selective system hut with no stimulation

of the 7a-hydroxylase. Whitehouse et al.(38) reported no effect

on cholesterol oxids/tion in mitochondria with 0.05 mM manganous

ions.

N ,N' -
Effect of the free radica.1 trapping agent ^diphenyl-
p-plienylenediamine (DEPP)

Thiols, in such circumstances a.s irradiation, give rise to

surprisingly stable fi-ee radicals (40) . It is possible that

the stimulatory natui"e of p-mereaptoethylamine results from its

ability to produce radicals and their subsequent interaction

with the enzyme system, substrate and molecular oxygen (see
Section 6). The effect of the free radical trapping agent, N,N-

diphenyl-£-phenylenediamine (DPPD), on the metabolism of

[4-1^C]cholesterol in the microsomal fraction was therefore

investigated. The results are shown in Table 7. In

incubations where p-mercaptoethylamine was present at the

optimal concentration (10 mM), 50^ inhibition of the cholesterol

7a-hydroxylase was produced at concentrations of DPPD as low

as 0.14 mill!. Higher concentrations did not significantly

increo.se the inhibition. In the same microsomal preparations

without the thiol, DPPD again brought about a considerable

decrease in cholesterol oxidation. At higher concentrations
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TaTole 7
N ,N1 -

The effect; of .diphenyl-p-phenylenediamine (DPPD) on the

conversion of L4-~1"^C]cholesterol to [4-"^C]7a-hydroxy-
cholesterol and "[4-l4C]7-ketocholesterol" in the microsomal

fraction

DPPD (mfxM) — — 0.14 0.14 1.4, 14. 14 140

p-Mercapto- _ 10 — 10 10 — 10 —

ethylamme (mM)

2.3, 4.0 1.1 2.1 2.0 1.1 1.8 1.3

3.2 0.4 2.2 0.2 0.4, 2.2 0.2 0.2

Percentage
conversion
to 7a-hydroxy-
cholesterol

Percentage
conversion
to "7-keto-
cholesterol

Standard incubation conditions (see Table 3)



7-i

6-

5-

4-

3-

2-

1-

J 7 oc -hydroxycholesterol 7-ketocholesterol

Ratio 7ot-hydroxycholesterol : "7-ketocholesterol"
0-69

Percentage
conversion

0-34 0-57 0-66

n
0-03M phosphate 0-03M triethonolamine 0-03M Tris 0-03M bicarbonate /
buffer pH 7-6 buffer pH 7-i. buffer pH 7-4 C02 buffer pH 7-4

Fig. 16. The effect of various buffers on the conversion of

[4-"^C]cholesterol to [4-^Cj7a-hydroxycholesterol
and "[4-"^C]7-ketocholesterol" in the microsomal

fraction
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(140 mjiM) , however, a complete abolition of the lip operoxidative

reactions was produced; a selective 7a-hydroxylase system

resulted though the amount of 7a-hydroxycholesterol formed was

small.

Effect of various buffers on the metabolism of [4-"^0]cholesterol
in the microsomal fraction

Earlier studies (9) had indicated that the optimal pH for

the assay of the 7a-hydroxylase with minimal "autoxidation"

products was in the region pH 7.2 - 7.4 (Na^HPO^/Nal-IgPO^ buffer).
The environment of the incubation medium also affected the

quantities of metabolites formed. The histogram in Fig. 16

illustrates the differences in the conversions to [4-"^C]7a-hydroxy-
cholesterol and "[4- ^C]7-lcetocholesterol" in the presence of

phosphate, triethanolamine, Tris and bicarbonate / carbon dioxide

buffers, all at pH 7.4 and 0.03 mM. Also given is the resultant

ratio of the two products. The greater this ratio, the more

favourable is the assay for the study of 7a-hydroxylation

providing the conversion to the diol is' substantial. Buffering

with phosphate fulfilled these two conditions. Both

triethanolamine and Tris buffers favoured the formation of

"autoxidation" compounds whereas incubation in a medium buffered

with bicarbonate / carbon dioxide inhibited cholesterol oxidation.

All experiments in this section and all experiments to follow

were conducted in a phosphate buffer environment.
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Summary to Section 1

1. Cholesterol 7a-hydroxylase is located in the microsomal

fraction of rat liver. However, the reaction was not

selective for 7a-hydroxylation in incubations of the

microsomal fraction alone.

2. The reaction may he controlled by incorporating the thiol

p-mercaptoethylamine into the procedure. Maximal

stimulation of the hydroxylase occurred at 10-15 mM.

Inhibition of "autoxidation" was complete at 1 mM

(3 -mereapt oethylamine.

3. The cell supernatant contains thermostable cofactor(s)

which enhance 7a-hydroxylation.

4. Structural modifications of p-mercaptoethylamine were

virtually ineffective in producing a stimulated, controlled

7a-hydroxylase. Other thiols did not enhance the

cholesterol 7a-hydroxylase to the extent of p-mercapto-

ethylamine.

5. Certain chelators, EDTA and trisodium calcium

diethylenetriamine penta-acetic acid, yielded a selective

7a.-hydroxylase. This was not a function purely of the

dicarboxylic groupings in the molecule for certain

physiological dicarboxylic acids did not produce a similar

spectrum of results.

6. Certain metal ions had markedly different effects on the

oxidation of cholesterol. Cupric ions inhibited oxygen

attack non-specifically, manganous ions prevented the
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"autoxidative" type of reaction on the substrate,

magnesium ions slightly decreased cholesterol oxidation

non-specifically whereas ferrous ions notably increased

the "autoxida/tion" reactions.
N ,N' -

7. The free radical trapping agent, ^diphenyl-p-phenylene-
diamine (DPPD), was a potent inliibitor at 0.14 mjiM of

the cholesterol 7a-hydroxylase even when the system was

protected with 10 iriM p-mercaptoethylamine. Higher

concentrations of DPPD were required to eradicate

"autoxidation" completely.

8. Phosphate buffer was the most appropriate buffering

system for the study of cholesterol 7a-hydroxylase.
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Pig. 17. The effect of ADP on the conversion of [4-1^C]cholesterol
to ^-^Cina-hydroxycholesterol and " [4-"^C]7-keto-
cholesterol" in the microsomal fraction
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SECTION 2

Lipoperoxidation and "aut oxidation'1

The reaction of molecular oxygen with cholesterol "by a

non-enzymic mechanism has attracted many investigators since
II

Lifschutz (41) first reported "oxycholesterol" in solutions of

cholesterol treated with "benzoyl peroxide. Wintersteiner and
II

Bergstrom (23 -26) isolated 7-ketocholesterol and the two

epimeric diols, 7<x-hydroxy- and 7p-hydroxy- cholesterol, from

oxygenated colloidal dispersions of cholesterol. These

products can "be produced from cholesterol under certain

incubation conditions. For example, incubation of an

"unprotected" (to be discussed later) microsomal system (Fig. §)

leads to the formation of variable quantities of the above

three products plus the "autoxidation" triol, cholestan-

3(3,5a,6p-triol, first identified by Mosbach (42). The

production of these compounds may be increased by the addition

of ADP, or any other organic or inorganic pyrophosphate, and

trace amounts of iron in the presence of NALPH (Fig. 8).

These conditions are termed a lipoperoxidative attack on the

substrate (43, 44) and the ensuing compounds are termed

"autoxidation" products when considering the substrate,

cholesterol.

Effect of increasing the concentration of ADP

Increasing the concentration of ADP and Fe++ in an



Microsomal fraction ♦0-7mM ADP♦ 250 >i.M Fe**;-
conversion to [t1lc ] 7«-hydroxycholesterol =2 0 */.
conversion to [4HlC ]"7-ketocholesterol": 9-8 */.
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10 -|
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7 -
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Percentage
conversion

7* - hydroxy cholesterol

-2-1 01

log [sodium pyrophosphate ] mM

Fig. 18. The effect of sodium pyrophosphate on the conversion
of [4-"L^C]cholesterol to [4-14C]7a-hydroxycholesterol
and "[4-14C]7-ketocholesteror' in the microsomal

fraction



incubation of the microsomal fraction fortified with NADPII

caused an increase in the formation of ,,[4-1^G]7-ketocholesterol"
from [4-"^C]cholesterol (Fig. 17). The conversion to

[4-1/''G]7a-hydroxycholesterol on the other hand was not markedly

affected. Ernster and Nordenbrand (43) reported that maximal

activity was reached at a concentration of 0.5-1.0 mid ADP as

regards oxygen uptake, KADPH: disappearance and the appearance

of characteristic products of peroxidative attack.

Effects of other nucleotides, pyrophosphates and metal ions

Of all the nucleotides, ADP has the greatest capacity to

induce lipoperoxidation, estimated either by oxygen uptake or

by the amount of malonaldehyde released in the microsomal

preparation (44). Malonaldehyde is a breakdown product of the

lipid peroxide. In the adenosine series, the formation of

"autoxidation" products from cholesterol (III, IV, V, VI and VII)

is greatest with the diphosphate and least with the monophosphate

and cyclic monophosphate in the ratio ADP: ATP: 3-AMP? 3 "^5-AMP::
9:6:1:1 (9)« The important pant of the molecule is the

pyrophosphate moiety and inorganic pyrophosphate produced

similar levels of "autoxidation" to ADP. Fig. 18 illustrates

the effect of increasing the inorganic pyrophosphate

concentration on the conversion to [4-1^G]7a-hydroxycholesterol
and "[4-1^G]7-ketocholesterol". Stimulation occurred to a

concentration of 0.1 rail sodium pyrophosphate; thereafter

inhibition resulted. Hochstein and Ernster (44) observed
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similar effects of inorganic pyrophosphate on oxygen uptake

and malonaldehyde formation in microsomal prepa,rations

fortified with NADPH.

The HADPH-linked lipoperoxidative system has an absolute

requirement for iron. Initially ADP v/as the only addition

thought necessary. However, different hatches of ADP produced

a disparity in the extent of the reaction as a result of

fluctuations in the amount of iron contaminating the nucleotide

samples (45). Tables 3-6 (Section 1) illustrate the effect

of certain metal ions alone on the conversion to 7a-hydroxy-

cholesterol and "7-ketocholesterol" in the microsomal fraction.

"Autoxidation" was extensive in the case of ferrous ions,

perhaps on account of endogenous nucleotides present in the

incubation medium. Alternatively, it is feasible that the

reaction may be activated by ferrous ions alone like the

ascorbe;te-induced lipoperoxidation in mitochondria (46). This

seems unlikely in that ascorbate-induced lipoperoxidation does

not result from an inorganic pyrophosphate / Pe++ supplemented

system (43) • Gupric ions were shown in Table 3 (Section 1)

to act in an anti-oxidative manner, preventing attack on the

cholesterol molecule by molecular oxygen. Hochstein et al. (45)
noticed a termination in oxygen uptake in microsomal

preparations supplemented with NADPH and ADP / Cu++ compared

to the rapid oxygen uptake observed with NADPH and ADP / Pe++.
Here the concentration of cupric ions used was 12 jiM. Prom

the results in Table 3> 75?' of cholesterol oxidation was



log [p-mercaptoethylamine] mM

Pig. 19. The effect of {3-mereaptoethylamine on the conversion

of [4-14C]cholesterol to "[4-1^C]7-ketocholesterol"
in the microsomal fraction at various concentrations

of ADP
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Pig. 20. The effect of (3-mercaptoethylamine on the conversion

of [4-1/|'G]cholesterol to [4-14C]7a-hydroxycholesterol
in the microsomal fraction, with and without ADP
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iinhibited at 10 tiM Gu++. In a non-ADP / Pe++-activated
microsomal system, manganous ions selectively inhibited the

"autoxidation" reactions 80$ at a concentration of 10 jiLT

(Table 6, Section 1). Thiele and Huff (47) investigated the

effect of manganous and magnesium ions on the ascorbate-

induced peroxidation in rat mitochondrial preparations and

reported 100$ inhibition v/ith 1 mM and 0.1 mM Mn+,+ and 50$

inhibition v/ith 10 nM Mn++. Magnesium ions were found to

have no such effect. This is an instance v/here magnesium ions

cannot replace manganous ions in in vitro studies.

Control of "autoxidation" : p-mercaptoethylamine

1ipoperoxidative reactions may be curbed by the addition

to the medium of appropriate controlling reagents. Pig. 19

illustrates the effect of increasing concentrations of

(3-mercapt oethylamine, plotted logarithmically, on the

conversion to "£4- ^C]7-ketocholesterol" with various

concentrations of ADP and Pe++. Apart from a slight increase

in the formation of the keto-derivative with the highest

concentration of ADP, p-mercaptoethylamine steadily counteracted

the "autoxidative" reaction until lip©peroxidation was

eradicated at a concentration of 1 mM p-mercaptoethylamine.

At this concentration of thiol the levels of 7a-hydroxycholesterol

began to increase. This is demonstrated in Pig. 20 where a

similar graph shows the conversion to 7a-hydroxycholesterol

at only one concentration of ADP / Pe++ for simplicity - 1 mM ADP.
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Eig. 21. TIC radiochromatograms of the products formed from

[4- ^C]cholesterol in the microsomal fraction

supplemented with 0.7 mM ADP and 250 nM Ee++, with
and without {3-mercaptoethylamine.
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The trend with 0.1 ral.i and 0.5 inlvl ADP was similar; the

stimulation of the 7a-hydroxylase at the higher concentrations

ox p-mercaptoethylamine was intermediate between that achieved

with 1 nil ADP and the control. Clearly, the presence of high

concentrations of ADP / Pe++ inhibited"the 7a-hydroxylase

because the same degree of stimulation was not observed. This

decrease with ADP / Pe++ was not compensated by increases in

the formation of "[4-"^C]7-ketocholesterol" for the amounts of

the latter compound produced with any concentration of ADP / Fe++
was invariant at 1 mM and 10 mM p-mercaptoethylamine. The

effect of p-mercaptoethylamine is illustrated pictorially in

Pig. 21 which shows the thin layer chromatograms of the

radioactive products from typical incubations. The upper seen

was derived from ADP / Fe++-activated microsomal preparations

and the lower from the same incubation medium supplemented

with 10 mM p-nerca.ptoethylamine.

The extent of "autoxidation" was also followed by

estimating the malonaldehyde released in the microsomal

incubation by the thiobarbituric acid reaction (48). Tahle 8

gives the estima-te of malonaldehyde formed in an ADP / Fe++
incuba,tion and also in the same microsomal preparation controlled

with p-mercaptoethylamine over a period of 2 hours.

Lipoperoxidation was complete after 30 mins. for no increase in

malonaldehyde or "7-ketocholesterol", calculated from the

ra.dioactive assay, was detected under ADP / Pe incubation

conditions. The amount of malonaldehyde found in the thiol-
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Table 8

The formation ox nalonaldehyde^" after certain periods of

incubation in a standard 7.0 ml. incubation

Additions to incubations

0.7 mM ADP 0.7 mM ADP
250 |iM Fe++ 250 nM Pe +

10 mM |3-mereapt o-
Time (min.) ethylamine

30 64 nximoles 6 m^imoles

60 65 mjimoles 7 mjimoles

90 65 mjimoles 7 mjimoles

120 65 miimoles 8 mjimoles

^"Malonaldehyde was measured colorimetrically with the
thiobarbituric acid resection (48 and Appendix 1). The molar

5 2 -1
extinction coefficient, E^^=1.56 x 10 cm» mmole , was
used (49).

14
"L4- CJ7-ketocholesterol" formation after certain periods

of incubation in a standard 7.0 ml. incubation

Additions to incubations

0.7 mM ADP 0.7 mM ADP
250 nM Fe + 250 fiM Fe++

10 mM . (3-mercapt o-
Time (min.) ethylamine

30 6.4 a/o 0.8^

60 7. Ofo o • CO VS*

90 6.7<fo 0 Qo/,

120 7.2°/o O • CO
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containing incubations was small and did not increase

significantly throughout a prolonged incubation. This might

have "been expected if oxidation of p-mercaptoethylamine had

occurred 011 extension of the normal incubation time. Even

high concentrations of ADP could not induce the system to

lipoperoxidise when protected with this thiol.

Control of "autoxidation" : other thiols

Recently Christophersen (46) has studied the effect of

certain thiols on the ascorbate-induced lipoperoxidation in the

mitochondrial and microsomal fractions of rat liver. He found

that reduced glutathione and p-mercaptoethylamine inhibited the

lipoperoxidation, thioglycollate and. 2-mercaptoethanol were

without effect and cysteine and homocysteine stimulated the

peroxidation. The effects of these thiols and others on

ADP / Pe++-linl:ed "autoxidation" in microsomal preparations were

investigated and the results shown in Table 9- A different

pattern of events emerged. p-Mercaptoethylamine as before

resulted in a decreased conversion to "autoxidation" products

compared to the control incubation. Reduced glutathione

appeared to have a stimulatory effect on lipoperoxidation.

However, a mixture of reduced and oxidised glutathione is known

to be an ideal system for inducing lipoperoxidation in

mitochondria (50) and the possibility of oxidation to the

bisulphide form cannot be excluded. This could account for the

extensive conversion to "autoxidation" products in the so-called
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fable 9

The effect of various thiols on the conversion of [4-14C]chol-
esterol to [4-^4C]7cx.-hydroxycholesterol and "[4 -^"4C]7-keto-
cholesterol" in an ADP/Pe++-activated system

Thiol

Percentage
conversion

to 7a-hydroxy-
cholesterol

Percentage
conversion
to "7-heto-
cholesterol"

3.0 10.5

p-Llercapt oethylamine 4.4 0.6

Cysteine 0.6 0.8

Homocysteine 2.7 1.9

Glutathione 4.3 12.9

2,3-Dimercapt opropanol 0.6 0.6

3-Mercaptopropionic acid 3.1 10.5

2-Mercapt oethanol 2.5 8.0

Dihydrolipoic acid"'" 2.1 4.7

1,4-bithi ot lire it ol 2.0 1.5

"4)ihydrolipoic acid was prepared as described in Appendix 2.

Standard incubation conditions (see fs,ble 3) incorporating
0.7 mM ADP, 250 nM Pe++ and the thiol at a concentration
of 10 mil



" percentage conversion
to "7- ketocholesterol"

20-]

The effect of EDTA oil the conversion of [4-"^C]cholesterol
to " [4-"^C]7-ket ocholesterol" in the microsomal fraction

at various concentrations of'ADP
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redue eel glutathione incubation. Attempts were made to prevent

such oxidation by the inclusion of approximately 40 rng. thiolated

Sephadex (51, 52 and Appendix 3) into the incubation medium.

According to Christophersen (46), low molecular weight thiols

can be maintained predominantly in the reduced state since

thiolated Sephadex reduces the disulphides formed on oxidation

and can bind heavy metal ions which promote such oxidation.

However, further experiments incorporating thiolated Sephadex

into each incubation did not alter the pattern of results.

Iiomocysteine, dihydrolipoic acid and 1,4-dithio-threitol all

caused a marked decrease in the formation of total "autoxidation"

products compared to the control value. 2,3-Dimercaptopropanol

and cysteine eliminated cholesterol oxidation; 3-mercapto-

propionic acid and 2-mercaptoetlmnol ca.used little alteration

in the pattern of oxidation.

Control of "autoxidation" : ethylenediamine tetra-acetic acid

(BDTA)

Since EDTA was found (Section 1) to yield a selective

system for the study of cholesterol 7a-hydroxylase in the

microsomal fraction, its effect on an ADP / He -activated

preparation was investigated over a range of concentration from

10 y.11 to 10 mlv'I EDTA. As with the incubations supplemented

with (3-mercapt oethylamine, so EDTA was found to be capable of

controlling rampant "autoxidation" reactions. Eig. 22 shows

the decrease in conversion of "[4-"L^G]7-ketocholesterol"



percentage conversion
to 7oc- hydroxycholesterol
8r

(0) W -2 -10

log [E0TA]mM

Fig. 23. The effect of EDTA on the conversion of [4-^C]cholesterol
to [4-1Z*"C]7a-hydroxycholesterol in the microsomal

fraction, with and without ADP
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observed at various concentrations of ADP / Pe++ when the

concentration of EDTA is increased. At 0.1 mM ADP, lipo-

peroxidative reactions were "brought under control with 0.1 mil

EDTA; higher concentrations of ADP required a. concentration

of 1.0 rail EDTA to abolish lip©peroxidation. The conversion

to [4-"^"C]7a-hydroxycholest erol was plotted in a similar fashion

for just one concentration of ADP (0.5 roll) with the control

values for 0.1 ml/1 and 10 mM EDTA without ADP (Pig. 23). The

results did not parallel those observed with ft.-mercaptoethylamine

under identical conditions (see Pig. 20). In the control

incubations, the conversion to 7a.-hydroxycholesterol increased

rapidly with increasing EDTA concentrations as usual. When

0.5 mil ADP (or any other concentration) was added to incubations

containing SDTA however, no stimulation of the cholesterol

7a-hydroxyls.se was observed after "autoxidative" reactions had

been controlled. Higher concentrations of EDTA,which would

normally enhance 7a-hydroxylation,failed to produce any

stimulation at all in the presence of ADP / Pe . This is one

instance where the effects of p-mercaptoethylamine and EDTA on

this system differ.

Control of "autoxidation" : S.P.

The thermostable soluble factor, S.P., controls and enhances

7a-hydroxylation in.an ordinary microsomal incubation (Section 4).

When S.P. was assayed in an ADP / Pe++-activated microsomal

preparation,:"autoxidative" reactions were curbed. Pig. 24
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Sf. =6 g.wet wt.liver

Pig. 24. TLC radiochromatograms of the products formed from

[4-^^G]cholesterol in the microsomal fraction

supplemented with 0.7 mM ADP and 250 nM Pe++,
incorporating various amounts of S.F. (see pig- 3)
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illustrates the effectiveness of this physiologolical quencher

of lip operoxidation. Radioactive chromatograms of the products

of these incubations separated "by thin layer chromatography are

shown at one concentration of ADP (0.7 mlvl) "but varying the

amounts of S.P. Quantities of S.P. derived from 1 g., 3 g.

and 6 g. wet weight liver were added to incubations of the

microsomal fraction plus ADP / Pe++ and RADPH. The equivalent

of "1 g" S.P. was sufficient to begin to decrease the formation

of "7-ketocholesterol" with little effect on the levels of

7a-hydroxycholesterol. With "3 g" equivalent of 'S.P. the major

product obtained from oxygen attack on the substrate was

7a-hydroxycholesterol. There were still substantial amounts of

"antoxidation" products. When "6 g" equivalent of S.P. was

incubated in an ADP / Pe++-a,ctivated system however, total

inhibition of "autoxidation" resulted and the conversion to

7a-hydroxycholesterol was also stimulated. Thus, the cofactor(s)
in the supernatant are a moderating influence on the enzymic

oxidation of cholesterol. These natural factors can restrict

"autoxidation" reactions which might otherwise occur in the

presence of physiological nucleotide concentrations.

(3-Mercaptoethylamine counteracted "autoxidation" in a

similar manner to S.P., eradicating "autoxidation" reactions

yet still capable of stimulating 7a-hydroxylation. On the

other hand, EDTA prevented the aberrant attack by oxygen on the

substrate but did not produce any enhancement in the levels of

7a-hydroxylation in AD? / Pe++-activated incubations.
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Summary to Section 2

1. The amount of "autoxidation" products formed in in vitro

incubations of cholesterol was increased by the addition

of ADP and Fe++.

2. The lipoperoxidative attack on the substrate was controlled

by the addition to the medium of p~mercaptoethylamine, S.P. ,

and ethylenediamine' tetra-acetic acid (KDTA). The effect

of the latter differed from the first two in that no

stimulation of the cholesterol 7a-hydroxylase occurred

after "autoxidation" reactions had been counteracted.

On the contrary, both S.F. and, p-mercaptoethylamine

produced both elimination of "autoxidation" and

enhancement of the formation of 7a-hydroxycholesterol.

3. p-Mercaptoethylamine was the most effective thiol tested

in quenching "aut oxidation".

4. This series of experiments suggests that the natural

cofactor(s) in the thermostable portion of the cell sap

are sulfhydryl in character. The non-physiological

moderators of lipoperoxidation provide information

regarding the nature of the physiological moderator - S.P.

It is also possible to dissociate the "autoxidative" type

of attack on the cholesterol molecule from the truly

ensymic attack at position Cy.
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SECTION 3

Partial fractionation ox the cholesterol 7a-hydroxylase

The microsomal fraction is the preparactively derived form

of the endoplasmic reticulum, a. macromolecular complex of

protein, ETTA and lipid. Certain workers (53) consider these

cellular membranes to he mosaics of numbers of functionally

different areas or "tesserae", each with a. characteristic enzyme

or enzyme set. If this were so, the cholesterol 7a-hydroxylase

molecules would not be randomly situated on the endoplasmic

reticular membrane of the liver parenchymal cell but would be

localised at certain places.

Because of the nature of the lipids which are mainly

phospholipids and cholesterol, this biological membrane is

arranged to give a separation of hydrophobic regions within the

membrane from hydrophilic regions on the outside of the membrane.

Thus morphologically, the complex appears as a stratified

structure. All the microsomal enzymes are membrane

constituents, some more firmly bound to the membrane than others.

Procedures have been developed to disrupt the membrane

mechanically or chemically and so to release enzymic components

into a more soluble form. This is the process of

"solubllisation" and for this discussion a definition of

solubilisation will be adopted arbitrarily as the reles.se of

the active components of an enzyme system into the supernatant

fraction after centrifugation at 105,000 g for 50 min. This
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is a centrifugal force sufficient to sediment both heavy and

light "microsomes".

Solubilisation techniques applied to cholesterol 7a-hydroxylase

Chemical methods have included treatment with detergents,

both physiological and synthetic. For example, Gaylor and

Mason (54) were recently able to solubilise the demethylase of

4-methy1sterol from the microsomal fraction of rat liver by

combined treatment with Triton, a synthetic detergent, and

deoxycholata. However, deoxycholic acid is an end product

of the biologico.l sequence of reactions from cholesterol to bile

acids and is known to inhibit the initial steps in the pathway

in vitro (9) and in vivo (55). Hence, the use of such

physiological detergents was prohibited.

Experiments were conducted with two synthetic detergents,

lubrol W and TritonX. Their effect on the conversion of

C4-"^C]cholesterol to r4-1^C]7a-hydroxycholesterol in the

microsomal fraction plus S.F. is shown in Table 10. A 0.1#

solution of Lubrol W and a 0.5# solution of Triton were employed.

These livers, and all in solubilisation attempts,. had been

previously perfused with a solution of 0.25 M sucrose containing

10 mM (3-mercaptoethylamine; in some of the incubations a

further increment of p-mercaptoethylamine was made. These

detergents had detrimental effects on enzymie activity and this

situation was only partially alleviated by the addition of more

thiol.
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Tablc 10

The effect of Lubrol W and Triton on the conversion of

[4-"^C]cholesterol to [4-"^C]7a-hydroxycholesterol in the

microsomal fraction plus S.P.

Percentage
conversion

to 7a-hydroxy-
Incuhation conditions cholesterol

Microsomal fraction plus S.P.

Microsomal fraction plus S.P. + 0.1$ Luhrol W

Microsomal fraction plus S.P. + 0.1$ Luhrol W
+ lOmM §-mercaptoethylamine

Microsomal fraction plus S.P.- + 0.5$ Triton X"

Microsomal fraction plus S.P. + 0.5$ TritonX.
+ lOmM p-mereaptoethylamine

9.1

0.4

0.7

1.5

2.5

Standard incubation conditions (see Table 3) but incorpor¬

ating 3>.0 ml. S.P. into each incubation



Pig. 25. A TLC radiochromatograrn of the products formed from

[4-1^G]cholesterol in the freezed-dried, phosphate-

extracted preparation derived from the microsomal

fraction plus S.P.
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Ultrasonication is a mechanical method of solubilisation

which has proved applicable to certain mitochondrial mixed

function oxidases (56). This procedure is extremely harsh;

de Euve and Grant (57) reported that estimated instantaneous

temperatures of 10,000°K and shock waves of 10 atmospheres

were generated in close proximity to the cellular components

undergoing this treatment. The decreo.se in conversion to

L4-"^"C]7a-hydroxycholesterol shown in Table 11 after 5 min.

sonication was not therefore surprising. Again additional

(B-mercs.ptoethylamine afforded some protection. However,

negligible enzymic activity was released into the 105,000 g /
50 min. supernatant fraction in either of these instances.

Freeze-drying a suspension of the microsomal fraction in

S.F. fortified with p-mercaptoethylamine proved to be the

successful procedure. Enzymic activity was released into the

105,000 g / 50 min. supernatant, a determining factor being

the molarity of phosphate buffer pH 7.4, used to extract the

lyophilised material. These results are shown in Table 12.

Contrary to the other methods employed, freeze-drying had no

harmful effect on enzymic activity which could be released into

a more soluble form. A typical radioactive scan of the

products formed by such a preparation is shown in Fig. 25.

Little "autoxidation" was present. Table 13 summarises the

results of all the attempts at solubilisation and their relative

success. In order to compare different methods, the level of

7a-hydroxycholesterol formed in each control was stated as 100.
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Table 11

The effect of sonication on the conversion of [4-1^G]cholesterol
to [4-^/''C]7a.-hydroxycholest erol in the microsomal fraction plus

3.P. and the resultant 105,000 g / 50 min. supernatant fraction

Percentage
conversion

to 7a-hydroxy-
Cell fraction and its treatment cholesterol

(a) Microsomal fraction + S.P. 10.1

(b) Microsomal fraction + S.P. sonicated for 5 min. 6.3

(c) Microsomal fraction + S.P. sonicated for 5- min..
+ 10 mlvl p-mercaptoethylamine

(d) 105,000 g / 50 min.
derived'

(e) 105,000 g / 50 min.
derived

Standard incubation conditions (see Tables 3 and 10)
0

Sonication was carried out in ice at 0 for two periods of
2.5 min. with an interval of 2 mill, to prevent overheating.

supernatant fraction _ n
from (b)

supernatant fraction ^ ~

from (c) 1"°
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Table 12

The effect of lyophilisation on the conversion of [4-^G]chol¬
esterol to [4-"^C]7a.-hydro:xycholesterol in the microsomal

fraction plus S.F. omd the resultant 105,000 g / 50 rain,

sup ernatant frs,ct i on

Percentage
conversion

to 7a-hydroxy-
Gell fraction and its treatment cholesterol

(a) Microsomal fraction + S.F. + lOrnM p-mercapto-
ethylamine prior to lyophilisation

(b) lyophilised material in 0.1 M phosphate "buffer

(c) lyophilised material in 1.0 M phosphate "buffer

(d) 105,000 g / 50 min. supernatant fraction
derived from ("b)

(e) 105,000 g / 50 min. supernatant fraction
derived from (c)

5.9

5.9

5.4

0.8

6.9

Standard incubation conditions (see Tables 3 and 10)
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Table 13

The effect of solubilisation techniques on the conversion of

[4-^CJcholesterol to [4-"^C]7a-hydroxycholesterol in the

microsomal fraction plus S.L. derived from livers perfused

with 0.25 M sucrose containing 10 mlvl p-mercaptoethylamine

7a-Hydroxy- 7a-Hydroxy- Activity in
cholesterol* cholesterol 105,000 g for
formed "before formed after 50 min.

Treatment treatment treatment supernatant

Sonication (5 min.)

Sonication (5 min.)
+ 10 mM p-mercapto-

ethylamine

0.1<fc Luhrol W

0.1$ Luhrol W
+ 10 mlvl p-mercapto-

ethylamine

0.5.$ Triton X

0.5$ Triton X
+ 10 mlvl p-mercapto-

ethylamine

Lyophilisation in
the presence of
10 mla p-mercapto-

ethylamine

100

100

100

100

100

100

100

63

82

5.

8

16

28

100

n.d.**

n. d.

n. d.

n. d.

+

* The conversion to [4- C]7a-hydroxycholesterol in each
control incubation is designated as 100 in order to
compare the various methods.

** n.d. = not determined

Standard incubation conditions (see Tables 3 and 10)
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3?ig. 26. Sephadex G-200 chromatography of the soluhilised

preparation (6 ml. fractions)



Tube number

Pig. 27. The distribution of haem iron and protein in cut I

of the chromatographed solubilised preparation

(3 ml. fraction). Haem iron: x x
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Detergents have an inhibitory effect on the hydroxylase

complex (see Section 5). Although sonication did not decrease

the formation of 7a-hydroxycholesterol to such an extent, the

remainder of the activity was not rendered more soluble by this

process. Soluhilisation was achieved by freezc-drying a

suspension of the microsomal fraction in S.F. fortified with

[B-mercaptoethylamine, followed by extraction of the product with

high molarity phosphate buffer.

Fractionation of the cholesterol 7a-hydroxylase

The solubilised preparation derived from 10 g. wet weight

liver (ca. 75 mg. protein) was applied to a Sephadex G-200

column (see Experimental^Section) previously equilibrated with

0.04 M phosphate buffer pl-l 7.4. Molecular sieve chromatography

was carried out eluting with this buffer; the elution pattern

shown in Fig. 26 was obtained. The absorbance at 280 mn was

registered continuously and 6 ml. fractions were collected.

All fractions were tested for the presence of both haem and

non-haem iron (58). The search for non-haem iron in the

fractions proved negative. However, the concentration peak of

haem iron coincided with the first protein fraction (cut I)

emerging from the column (Fig. 27). This material was eluted

at the exclusion volume of the column and has therefore a

molecular weight in excess of 200,000. Further investigation

into its haemprotein nature showed that this fraction contained

the carbon monoxide-binding cytochrome, P450. The presence of



(a) Baseline : dithianite reduced microsomes ♦ buffer in each cuvette.
(b) Test cuvette bubbled with CO for 20 seconds.

A B

Big. 28. Cytochrome P450 in the soluhilised preparation Before

molecular sieve chromatography (A) and in cut I (B)
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this pigment in liver microsomal fractions was first noted by

Garfinkel (59) and Klingenberg (60), and it was later

characterised by Omura and Sato (61, 62). The absorption

spectrum of the GO-treated cytochrome was recorded as described

in the Experimental Section. Fig. 28 shows the P450 in the

freeze-dried,.phosphate-extracted supernatant before application

to the Sephadex G-200 column (A) and in the first fraction after

molecular sieve chromatography (B) . The absorbance at 420 mji

in (A) was caused by contaminating haemoglobin which was

removed by this form of chromatography. The preparation of

P450 was virtually free from contaminating haemoglobin or from

its degenerate form, P420, which also absorbs at 420 mji , since

only a shoulder at this wavelength was noticeable in

chromatographed preparations.

The second fraction (cut II) was pooled and further

chromatographed on a column of DEAE Sephadex, eluting with

0.04 M phosphate buffer, pll 7.4, and a salt gradient of

0 - 0.6 M sodium chloride. Three diffuse protein fractions

were obtained and these are shown in Pig. 29. The first

contained contaminating haemoglobin, identified by its Soret

band at 420 mji , and material with weak NAPPE diaphorase activity.

In order to derive more information regarding these protein
59

fractions, immature rats were injected v/ith 22jac of Fe, two

weeks before killing. The experiment was repeated with

labelled ^Fe proteins and the distribution of radioactivity,

shown also in Pig. 29, was obtained. Both the first and third



fractions from the DEAE Sephadex column contained protein
50la,"belled with ^Fe. Furthermore, the third protein fraction

was eluted at an ionic strength characteristic of non-haem

iron proteins which are integral components in other mixed

function oxidases (56, 63). Even in concentrated form, this

protein fraction gave neither the chemical test for a non-haem

iron compound nor showed the characteristic absorbance at

415 mji. This was because the concentration v/as too low in

these preparations.

Characteristics of the solubilised preparation of cholesterol

7a-hydroxylas e

As a medium of considerably higher ionic strength

(1.0 M phosphate buffer) was used to extract the lyophilised

material, the effect of increasing the concentration of

phosphate buffer v/as tested in incubations of the microsomal

fraction plus S.F. The results are shown in Table 14 which

compares the hydroxylating capacity of the microsomal fraction

taken up in 0.1 M phosphate buffer to the same microsomal

fraction taken up in 1.0 M phosphate. The final concentrations

in the incubations were 0.03 M and 0.30 M respectively. Ho

decrease in the conversion to 7a-hydroxycholesterol was apparent.

Therefore, extracting lyophilised material with high molarity

phosphate buffer is unlikely to inhibit the activity of the

cholesterol 7a-hydroxylase. Other workers in this laboratory

(64) have noticed inhibition of the mixed function oxidase
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Table 14

The effect of increased phosphate "buffer concentration 011

the conversion of [4-'!"^C]cholesterol to [4-"^C]7a-hydroxy-
cholesterol and " [4-"^C]7-ket ocholesterol" in the microsomal

fraction plus S.F.

Pinal concentration of
phosphate "buffer pH 7.4

Percentage
conversion

to 7a-hydroxy-
cholesterol

Percentage
conversion
to "7-keto-
cholesterol"

0.03:. M 4.8 0.5

0.30 M 5.3 0.8

Standard incubation conditions (see Tables 3 and 10)



Fig. 30. Seconstitution of enzymic activity after Sephadex G-200

chromatography: TLG radiochromatograms of the products

obtained from [4-1^'G]cholesterol in the incubations

described above
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responsible for the cleavage of the side chain of cholesterol

to give pregnenolone and progesterone in full term human

placental mitochondria by increased phosphate buffer

c one ent rat i ons.

Reconstitution of enzynic activity after Sephadex Chromatography

A solubilised preparation of the microsomal fraction in

S.F. was obtained as described earlier in this Section. The

resultant 105,000 g / 50 min. supernatant fraction was then

applied to a Sephadex G-200 column, eluting with 0.04 M phosphate

buffer containing 10 raM (3-mercaptoethylamine. The fractions

were monitored as before at 280 mu and the protein peaks, I and
by dialysis against

II, separately pooled, concentrated a Carbowax to the required

volume and used in incubations with C4-^C]cholesterol, NADPE

and oxygen. Pig. 30 shows the conversions to [4-"^G]7a-hydroxy-
cholesterol in these fractions and in the original material

applied to the column. Fraction II alone converted little

cholesterol into its 7cc-hydroxylated derivative; the conversion

was slightly greater in the ca.se of fraction I. However, the

combination of fractions I and II resulted in a conversion to

7a-hydroxycholesterol amounting to 80^ of the control value.

When recombination experiments were attempted with the protein

cuts obtained after DEAE Sephadex chromatography no enzymic

activity could be reconstituted. Either irreversible damage

to .the enzymic components occurred or an essential small"

molecular weight cofactor was lost on repeated chromatography.



Pig. 31. Time course of "the conversion of [4-"^C] cholesterol to
[4-^C]7a.-hydrox;y-cholesterol and " C4-^G]7-ketocholestero
in the soluhilised preparation
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The time taken to chroma!ograph twice and concentrate solutions

of the order of 50-60 ml. was considerable and this labile

hydroxylase may have "deteriorated" purely as a result of this

time factor. However, a certain degree of fractionation was

attained and reconstitution of enzymic activity from the two

main fractions was achieved. This was accomplished with the

incorporation of (3-mercaptoethylamine into the eluant.

Similar experiments on reconstitution of activity without

including the thiol were unsuccessful.

Prolonged periods of centrifugalion of the 105,000 g supernatant

The definition of solubilisation was stated in this Section

as the presence of activity in the 105,000 g / 50 min.

supernatant fraction. This was the centrifugal force normally

employed to sediment the microsomal pellet. The effect of

longer periods of centrifugalion of the lyophilised, phosphate-

extracted microsomal preparation was studied and the results

are shown in Table 15. No decrease in the capacity of the

enzyme preparation to hydroxylate cholesterol at position C^
and no increase in "autoxidation" products (often an indication

of deterioration in the enzyme system), was observed after two

and a half hours.

Time course of 7a-hydroxylation in the solubilised preparation

The conversion of [4-"^C]cholesterol to [4- ^C]7<x-hydroxy-
cholesterol and " [4.-"L^G]7-ket ocholesterol" versus time is plotted
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Table 15

The effect of prolonged periods of centrifugalion at 105,000 g

on the lyophilised, phosphate-extracted preparation of the

microsomal fraction in S.P.

Time of centrifugalion

Percentage
conversion

to 7a-liydroxy-
cholesterol

Percentage
conversion
to "7-keto-
cholest erol"

30 min. 4.7 0.5

60 min. 4.7 0.4

150 min. 5.6 0.3

Standard incubation conditions using an amount of the 105,000 g

supernatant fraction derived from 1 g. wet weight tissue



Pig. 32. The inhibition of the solubilised preparation of

cholesterol 7a-hydroxylase "by 7a-hydroxycholesterol



Sodium taurodeoxycholate(mM)

Pig. 33. The inhibition of the solubilised preparation of

cholesterol 7a-hydroxylase by sodium taurodeoxycholate
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in Fig 31 for a "typical solubilised preparation. The enzymic

reaction proceeded linearly for the first 60 minutes; then the

rate decreased slightly "but the formation of 7a-hydroxycholesterol
continued to rise. The levels of "7-ketocholesterol" were

low and did not increase significantly even toward the end of

the time course. All incubations with the solubilised

preparation were carried out for 60 min. unless stated otherwise.

Inhibition of the solubilised preparation by 7a-hydroxycholesterol

and bile salts

The end product of this particular enzymic reaction,

7a-hydroxycholesterol, and the end products of this sequence of

reactions, bile salts, are known to inhibit the initial

7a-hydroxylation step (9, 55). These experiments were

conducted with the 18,000 g supernatant fraction (the microsomal

fraction plus the cell sap) and the bile fistula animal

respectively. Fig. 32 illustrates the inhibition caused by

7a-hydroxycholesterol when added to incubations of the solubilised

preparation. 7p-Hydroxycholesterol inhibited 7a-hydroxylation
to the same extent and so clearly the configuration at position

0.-J is not the determining feature in this inhibition. The
inhibition by the bile salt, sodium taurodeoxycholate is shown

in Fig. 33. As well as inhibiting the reaction by virtue of

being an end product, bile salts have a powerful detergent action

and it is possible that integral microsomal lipid was removed

during the incubations. It is interesting to note with this



percentage
conversion

p-chloromercuribenzoate (yuM)

Fig. 34. The inhibition of the soluhilised preparation of

cholesterol 7a-hydroxylase "by p_-chloromercuribenzoate



Fig. 35. The inhibition of the solubilised preparation of

cholesterol 7a-hydroxylase by carbon monoxide

/
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pattcrn of inhibition that an increase in the formation of

"autoxidation" products, typified by "7-ketocholesterol",
occurred.

Inhibition by "p-chloromercuribenzoate (PCMB)

The evidence submitted in Section 1 suggested that the

enzyme system contained sulfhydryl groups essential for maximal

activity and showed that cholesterol 7a-hydroxylase was

stimulated by certain thiols. It wa,s scarcely surprising that

jo-chloromercuribenzoate, a powerful inhibitor of sulfhydryl-

dependent enzymes, produced a marked inhibition of enzymic

activity. Fig. 34, showing the conversion of [4-^/i'G]cholesterol
to [4-"^C]7a-hydroxycholesterol and "[4-"^"C]7-ketocholesterol" ,

illustrates this effect;, a concentration of 30-35 nM PCIvIB

was sufficient to produce 50$ inhibition of the cholesterol

7a-hydroxyla se.

Inhibition of the solubilised preparation by carbon monoxide

The activity in the solubilised preparation was inhibited

by carbon monoxide - Pig. 35. These in vitro incubations were

carried out in atmospheres of constant oxygen tension (10$) but

varying carbon monoxide and nitrogen tensions. Assuming

carbon monoxide binds to the enzyme at the same site as oxygen

then the following equilibrium exists between enzyme-bound

carbon monoxide (E.CO) and enzyme-bound oxygen (E.Og):-



1-— CO
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Fig. 36. The determination of the Warburg partition constant, K
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E.CO + 0o ^ E.0o + CO2 K £:

CE.O9J [CO]
K =

[E.CO] [02]

The Warburg partition constant, K, between carbon monoxide and

oxygen for the enzyme may "be calculated from the above
■^QO / -^QO LCO]

equilibrium by plotting [1 - -—]/ —— against (Pig. 36)
r0 ' r0 [o2]since rnn, the rate of the reaction in the presence ^of carbonoc x

monoxide, is proportional to E.02 and r^, the rate in its
absence, is proportional to E, the total enzyme coneentration.

from the data given in Pig.. 36, the best straight line was

calculated and the partition constant was derived. This lay

between 1 and 2 (1.75 - 0.09) which is of the order known for the

haemoprotein, cytochrome P450 (65)• The significance of the

experimental data in this paragraph and in the following one

will be interpreted in the discussion.

Ileversal of CO inhibition" by light

The light reversal apparatus was described in the

Experimental Section. A ratio of [C0]/[02] was chosen to
give approximately 50^ inhibition of the cholesterol

7a-hydroxylase. Light from the high power xenon source

illuminated the incubation cell under this gaseous atmosphere

at selected wavelengths (413 mji , 448 mji and 503 mix) determined

by interference filters.

Incubations were conducted with the freeze-dried
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Table 16

The effect of light of various wavelengths on the inhibition

of 7a-hydroxylation caused by carbon monoxide

Conversion
to 7a-hydroxy-

Carbon monoxide Light cholesterol

+ 100

54

413 mp. 56

448 mfi 90

5-03 m^i 66

Standard incubation conditions (see Table 3)

Incubations were conducted in the light reversal cell (see

Experimental Section) with a freeze-dried preparation of the

microsomal fraction in S.F. equivalent to 1 g. wet weight

tissue. The period of incubation was 45 min.
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preparation of the microsomal fraction in S.P. in order to

standardise enzymic activities. The ability of aqueous

microsomal suspensions to hydroxylate cholesterol at position

Cnj deteriorates significantly over several hours; the freeze-
dried preparation on the other hand is stable for 10 - 14 days

when stored in the deep-freeze.

Table 16 illustrates not only that the inhibition caused

by CO was released by light but also that light at 448 mp. was

most efficient in this respect. The conversion to 7a-hydroxy-

cholesterol in a, control incubation conducted in air and in

the light was assigned as 100$; the actual conversion to

7a-hydroxycholesterol was 5$.

Summary to Section 3

1. The solubilisation technique applicable to cholesterol

7a-hydroxylase was that of freeze-drying a suspension of

the microsomal fraction in S.P. and extracting lyophilised

material with 1.0 M phosphate buffer. The resultant

105,000 g / 50 min. supernatant fraction hydroxylated

cholesterol at position C-y as efficiently as the original
microsomal preparation.

2. The solubilised preparation was fractionated by

chromatography on Sephadex G-200 into two main protein

fractions. The first of these contained cytochrome P450;

the second was further fractionated on EEAE Sephadex into

three more diffuse protein peaks. Labelling experiments



-63-

5 q
with ^Fe suggested that the latter of these might he a

non-haem iron protein.

3. Enzymic activity could he reconstituted from the tv/o

fractions after Sephadex G-200 chromatography. Such

reconstitution was found to he impossible after further

separation on DEAE Sephadex.

4. No decrease in enzymic activity of the soluhilised

preparation was observed after periods of centrifugation

at 105,000 g of up to 2.5- hours.

5. The soluhilised preparation was inhibited by 7a-liydroxy-

cholesterol and by sodium taurodeoxycholate. Inhibition

was also noted with low concentrations of js-chloromercuri-

benzoate.

6. Carbon monoxide inhibited the enzyme preparation, a

characteristic of these mixed function oxidases known to

involve P450. Further evidence for the involvement of

this haemoprotein was obtained from the Warburg partition

constant for the system (1.75 - 0.09) which was of the

order known for P450.

7. The inhibition could, be released by light, the most

efficient wavelength being in the region of 450 mji (448 rnji).



g. equivalent of S.E

Fig. 37. The effect of S.F. on the conversion of [4-14C]cholest
to [4-"^C]7a-hydroxycholesterol and " [4-^C]7-keto-
cholesterol" in the microsomal fraction
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SECTION 4

The characteristics and nature of "the soluble factor, S.F.

In Section 1, it was suggested that certain factors in

the native ceil supernatant and its "boiled counterpart, S.F. ,

had a moderating influence on the oxidation of cholesterol "by

rat liver microsomal fractions. This was also apparent in

Fig. 10 which showed that maximum conversion to 7a-hydroxy-

cholesterol occurred when (3-mercaptoethylamine was added to

incubations of the microsomal fraction in S.F. The thiol

hov/ever was dispensable, for 7a-hydroxylation could be

stimulated by sufficiently large amounts of S.F. alone. This

is shown in Fig. 37 which illustrates the conversion of

L4-1^C]cholesterol to [4-1^G]7a-hydroxycholesterol and
,,[4-1^G]7-ketocholesterol" in a microsomal preparation whilst

increasing the amount of S.F. added to the incubation medium.

The amount of S.F. used was related to the wet weight of tissue

from which it was taken and was concentrated by freeze-drying.

The resultant pattern of oxidation in Fig. 37 is reminiscent

of that obtained with both j3-mereapt oethylamine (Fig. 9) and

EDTA (Fig. 13)• However, at high concentrations of S.F. no

marked inhibition was noticeable in contrast to the two

compounds mentioned above. The conversion to "7-ketocholesterol"
was halved by the inclusion of "1 g." equivalent of S.F.

whereas the conversion to 7a—hydroxycholesterol was increased,

reaching a maximum of 11.3$ with "4 g." equivalent of S.F.



Time of immersion of S.F in boiling water

\

Fig. 38. The heat stability of S.F.
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This value was comparable to the (3-mercaptoethylamine control.

Hence, the thermostable cofactors promote 7a-hydroxylation in

a similar fashion to p-mercaptoethylamine. Considering the

stimulatory nature of p-mercaptoethylamine regarding the

7a-hydroxylation reaction, one might propose that the active

cofactor(s) in S.P. are sulfhydryl in nature. Chelation of

harmful metal ions may also affect the nature of the attach on

the substrate; (3-mercaptoethylamine is known to be an excellent

metal-binding thiol (66) and the natural cofactor might act in

a similar fashion (see Section 6).

Heat stability of S.P.

She preparation of S.P. includes heating of the supernatant

in a boiling-water bath for 15,' minutes; this is equivalent to

a heat treatment of 95° for some 12 minutes. The effect on

the biological activity of varying this period of immersion in

boiling-water was tested in incubations of the microsomal

fraction, combined with S.P. from 5 g. wet weight liver. _ The

conversions to L4-~^C]7cc-hydroxycholesterol and " [4-"^C]7-ket o-
cholesterol" with treatments of 0, 5> 15, 30, and 60 mins. s,re

plotted in Pig. 38. There was little alteration in the

amount of 7a-hydroxycholesterol formed in the first three

incubations. Thereafter, the conversion fell rapidly.

However, the conversion to V7-ketocholesterol" increased

linearly from zero time of heating to an hour. After 60 mins.
in a boiling-water bath, the amount of the kefo-derivative
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formed was equivalent, to the amount of the diol. Thus,

prolonged heat treatment on the cofactor changes the mode of

oxygen attack on the substrate so that the physiological diol

is no longer the major product. Certain factor(s) in the

cell supernatant which promote 7a-hydroxylation are therefore

only relatively thermostable.

Effect of pH on the heat treatment of S.E.

The usual pH at which heating was conducted was pH 7.4.

The cell supernats.nt equivalent to 15- g. liver was divided

into three equal portions; one then underwent heating at

pH 4., another at pH 10 and the final portion was treated at

pH 7.4. After heating, the first two were brought back to

neutrality. All were then freeze-dried in order to add to

incubations of the microsomal fraction. Table 17 gives the

amounts of 7a-hydroxycholesterol and "7-ketocholesterol" formed

from cholesterol in these three incubations. The conditions

were clearly most favourable for ,7a-hydroxylation at neutrality.

At extremes of pH,irreversible damage of the natural cofactors

occurred. Erom the results tabulated, the material appeared

to be slightly more stable on'.the alkaline side though at

both acid and alkaline pH's, the conversions to 7a-hydroxy-

cholesterol were decreased- with concomitant increases in levels

of "7-ket ocholesterol".
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Table 17

The effect of changing the pH of heating the cell supernatant

to obtain S.P.

Percentage Percentage
conversion conversion

pH of heat to 7a-hydroxy- to "7-keto-
treatment cholesterol cholesterol"

4.0 4.7 2.6

7.4 7.9 0.8

10.0 5.6 2.1

Standard incubation conditions (see Table 3)
The equivalent of "5 g»" S.P. was added to each incubation,
after undergoing the specified heat, treatment and freeze-drying.

Table 18

The effect of dialysis on S.P.

Time of dialysis
(hours)

Percentage
conversion

to 7a-hydroxy-
cholesterol

(a)

Percentage
.conversion
to "7-lceto- .

cholesterol"
(b)

Ratio

a / b

0.0 7.9 0.3 9.9

0.5 5.7 1.4 4.0

3.0 4.7 2.8 1.7

6.0 5.5 2.5 2.2

12.0 6.3 7.5 0.3
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Dialysis of S.P.

The effect of dialysis of S.P. was investigated. This

was carried out. against frequent changes of 0.04 M phosphate

buffer pH 7.4. at 4°G. Amounts of S.P. equivalent to 5 g. wet

weight liver were dialysed for 0, 0.5>, 3, 6, and 12 hours.

Since during the dialysis the volume of the S.P. solutions

increased, it was found necessary to freeze-dry the dialysis

samples "before addition to incubations of the microsomal fraction.

The conversions to 7a-hydroxycholesterol and 117-ketocholesterol"

under these various conditions are tabulated in Table 18.

Also shown is the ratio of the diol to the keto compound. The

greater this ratio, the more favourable is the system for the

study of 7a-hydroxylation. This ratio was halved after

dialysis for 0.5, hours, and after 12 hours the ratio approached,

that obtained with the microsomal fraction alone (0.7).

However, the actual amount of 7a-hydroxycholesterol formed in

the latter incubation was only 3 •9/6. Thus, the conversions, to
both 7a-hydroxycholesterol ana "7-ketocholesterol" were re,ised

in those incubations containing S.P. which had been dialysed

for a considerable period of time. Dialysis therefore

altered the selectivity of oxygen attack on cholesterol so that

7a-hydroxycholesterol was no longer the major product. This

could have resulted from the loss of a small molecular weight

cofactor or metal ion, the loss of the whole material through

the membrane or inactivation of the cofactor(s) during the

dialysis. It is possible that all these factors might



protein thiol
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(protein;7Q
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Fig. 39- 2he fractionation of S.F. on Sephadex G-25



—69—

contribute to the change in the spectrum of oxidation products

found in these incubations.

fractionation of S.P.

Since the thermostable cofactor(s) might be sufficiently

low in molecular weight to pass through a dialysis membrane,

it was decided to use molecular-sieve chromatographic materials

of smaller porosity. Sephadex C—25 was chosen; theoretically

the gel particles should exclude all material greater in

molecular weight than 25,000. S.F. , concentrated by freeze-

drying, was obtained from approximately 30 g. rat liver

(ca. 120 mg. protein) and applied to the Sephadex G-25 column

described in the Experimental Section. The eluant. was 0.04 M

phosphate buffer, pH 7.4., and the elution pattern obtained is

shown in Pig. 39. Fractions (6 ml.) were collected and

simultaneously monitored automatically at 280 mji. The exclusion

volume was 60-70 ml. This was apparent by the appearance of

contaminating haemoglobin in samples of S.P. at this point.

The fractions were assayed for the presence of thiol by the

Ellman reaction (67) as modified by Jocelyn (68) and the test

proved positive for the second protein fraction which emerged

at a volume of approximately 138 ml. (see also Pig. 39). The

first protein fraction eluted at the exclusion volume of the
column gave a weak positive reaction for the presence of SH

groups.



©

ORIGIN

Pig. 40. An electrophoretogram of the thiol from S.F. run in

0.04 M sodium acetate / acetic acid buffer, pH 5.2,

for 1.5 hours at ca. 200 volts
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Electi-onhorctic homogeneity of the thiol -protein

Electrophoresis was carried out on Whatman 3I'll paper in

two different "buffering systems at three pll's:-

a) 0.04 M sodium acetate / acetic acid "buffer, pH 5.2.

h) 0.05 M sodium acetate / sodium diethylbarhiturate / EC1

"buffer, pH 6.3.

c) 0.05 M sodium acetate / sodium diethylhar"biturate / HG1

"buffer, pH 7.4.

Thiols are unstable at alkaline pH; hence, electrophoresis

was not conducted at extremes of alkalinity. Electrophoretograins

were sprayed with a 25^ solution of ninhydrin in ethanol and

pyridine after rims of 1 - 1.5- hours at approximately 200 volts.

Pig. 4.0 shows a photograph of one such electrophoretogram.

This thiol fraction migrated as one "band at the three different

pH's.

Pour different "batches of liver S.P. were processed as

described previously in order to collect the thiol fractions.

The thiol content was estimated by the Ellman reaction and

related to the eoxuivalent amount of p-mercaptoethylamine from

a calibration graph of this thiol. The protein content was

measured by the Biuret reaction (33), using bovine serum albumin

as the standard. The ratio of thiol content to protein content

was then calculated and was found to be constant at 0.13 - 0.01.

Thus, the sulfhydryl titre is constant for this second protein

fraction obtained from Sephadex G-25 chromatography.

High voltage electrophoresis of a sample of the thiol
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Pig. 41. High voltage electrophoretogram of the thiol

derived from S.P. Samples 7 and 8 were

obtained from one batch of S.P. and IX and X

from a second batch.
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obtained from a Sephadex G-25 column is shown in Pig. 41.

The sample was electrophoreses for 1 hour at 1800 volts on

Whatman 3KM paper in buffer at pH 6.5.

This sample was further fractionated on Sephadex G-10,

eluting the column with v/ater. Again the eluate was monitored

at 280 mji and then tested for thiol as before. The thiol

positive elus.tes were combined and freeze-dried. This thiol

sample was electrophoreses as before and the result is

shown in Pig. 41.

This electrophoretic technique was adapted to the

preparation of several milligrams of an electrophoretically

homogeneous sample.

The biological -potency of the thiol protein

If this sulfhydryl-containing protein isolated from S.P.

is the active component of the cell sap as regards stimulation

of 7a-hydroxylation and limitation of "autoxidation", then the

behaviour of this thiol in in vitro incubations should parallel

that of S.P. However, incubations of the microsomal fraction

supplemented with thiol produced a spectrum of products similar

to the lipoperoxidative products formed with ADP (Section 2).

Such a spectrum was also typical of that formed by a

preparation of S.P. which had been subjected to extremes of

heat treatment, pH or prolonged dialysis - or simply of a

microsomal system alone (Pig. 8). Thus, either chromatography

had structurally modified the protein to an aberrant form or
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an essential coi'actor required "by the thiol was lost during

chromatography.

The second hypothesis proved to "be correct. Manganese

was the metal ion cofaetor found to "be necessary to restore

the expected characteristic properties to the thiol protein.

Both in Section 1 and Section 2, the role of manganous ions

in cholesterol oxidation was discussed. It was discovered

that these metal ions depressed "autoxidation" reactions

without stimulating 7a-hydroxylation. However, when a

sufficiently large concentration of manganous ions was added

to an amount of thiol protein derived from 5 g. wet weight

liver in a microsomal incubation, not only was "autoxidation"

eliminated but enhancement of cholesterol 7a-hydroxylase

activity was achieved. Big. 42 shows the TIG scans of the

radioactive products in the following incubations:- the

microsomal control, the microsomal fraction plus "5 g."

equivalent of the thiol protein, the microsomal fraction plus

1.0 mil manganese and the microsomal fraction plus "5 g.n

equivalent of thiol supplemented with 1.0 mlv! manganese. The

actual percentage conversions are contained within the relevant

peak areas. Maximum conversion to 7a-hydroxycholesterol

occurred in the latter instance. The conversion was higher

than in the manganese control and comparable to the amount of

7a-hydroxycholesterol formed with "5 g•" equivalent of the

origins-1 S.B. solution (also shown in Big. 42).
In order to produce a biologically potent thiol,
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manganese ions must "be added. Only then is the structural

nature of the protein such that oxygen attack on the cholesterol

molecule is confined to position and only 7cc-hydroxycholesterol

results. The similarities and differences between magnesium

and manganese ions were mentioned in Section 1. Magnesium

ions were not found to replace manganous ions in in vitro

incubations of the thiol with the microsomal fraction. However,

this may not necessarily hold in the intact cell.

Therefore, a biological counterpart of p-mercaptoethylamine

and EDTA has been isolated. Its possible function in the

intact cell may be to control the wasteful "autoxidation"

reactions on the substrate.

Amino acid analysis of the thiol protein

The thiol protein was isolated from rat liver, replacing

0.25 M sucrose in the perfusion and homogenisation by 0.54. M

KC1. Sephadex chromatography was carried out as described

easrlier in this section. A performic acid oxidation was then

carried out on the isolated thiol protein, followed by acid

hydrolysis. These procedures are outlined in Appendix 4.

The hydrolysate was then applied to an automatic Amino Acid

Analyser, by courtesy of Dr. A.P. Ryle and Mrs. P. Palla of
this Department. Table 19 shows the proportions of the various
amino acids found in the thio-rich protein; the detailed

analysis is based on the instrumentation and theory of Moore
and his coworkers (69? 70). The ratios of the various
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Tahle IS

Tiie amino acid analysis of the thiol protein

Amino acid Relative molar ratio

Aspartic acid 5

Cysteine (as cysteic acid) 33

Threonine 3

Serine 3

Glutamic acid 15

Proline 4

Glycine 31

Alanine 15

Valine 3

Isoleucine 2

Leucine 3

Lysine 5

Arginine 1

Tyrosine (as its chlorinated 8
derivatives)

The preparation of the sample and a detailed analysis are

given in Appendix 4.
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constituent amino acids provided an estimate of the minimum

molecular weight of the protein (viz. 16,000). Experiments

with "both Sephadex G-10 and Sephadex G-25 in which the thiol

protein was not eluted at the exclusion volume of the column

suggests that in fact this is the actual molecular weight and

that it is not a multiple of this estimate.

Summary to Section 4

1. The pattern of oxidation of cholesterol with increasing

amounts of S.J?, was similar to that obtained with

p-mercaptoethylamine or EDTA.

2. Extremes of pH and heat treatment on S.J?. increased the

proportion of "autoxidation" products formed from

cholesterol and decreased the formation of 7a-hydroxy-

cholesterol. Dialysis of the S.J?. solution had a similar

effect.

3. The S.J?. solution was. separated into three major protein

fractions by Sepiiadex G-25 chromatography. The second

protein eluted proved to be thiol-rich.

4. The thiol protein was biologically active, producing

stimulated levels of 7a-hydroxycholesterol when supplemented

with Sianganous ions.

5. The amino acid analysis of the thiol protein showed a high

instance of sulphur-containing amino acids and the neutral

amino acids, alanine and glycine.
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SECTION 5

factors affecting the activity of the cholesterol 7ci-hydroxyle.se

system

It is possible that the first reaction in the conversion

of cholesterol to bile acids (Fig. 2) might be a rate-limiting

or control reaction since such branch points are targets for

regulatory mechanisms. The product of this res.ction,

7a-hydroxycholesterol, is on an exclusive metabolic pathway;

its sole fate is the formation of the bile acids, cholic and

chenodeoxycholic acids. The newly synthesised bile salts are

excreted into the duodenum via the bile duct; they are then

reabsorbed into the liver by the portal system. This

constitutes the enterohepatic circulation of bile salts. The

returning bile acids and ss.lts exert a controlling feed-back

effect on their synthesis (see following paragraph). The

enterohepatic circulation may be interrupted by bile duct

cannulation or by feeding the anionic exchs.nge resin,

cholestyramine (71). In the first procedure, described in more

detail in the Experimental Section, a polyethylene cannula is

inserted into the bile duct and the bile drained from the liver.

Cholestyramine, a quaternary ammonium ss.lt, binds bile acids
and bile salts within the small intestine at the pH of the

environment and so prevents their reabsorption to the liver (71).
The effect of breaking the enterohepatic circulation on

cholesterol 7a-hydroxylase activity and other parameters will
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"be described in this chapter.

As well as "being the site of synthesis of "bile acids,

the liver is also the organ responsible for the detoxification

of foreign compounds. Such xenobiotic compounds often

undergo enzyme-catalysed reactions of a mixed function

oxidative type in the endoplasmic reticulum (72). Such

reactions include demethylation, oxidation and hydroxylation.

Sffect of biliary drainage on cholesterol 7a-hydroxylase

activity

The pattern of excretion of bile acids in the bile

fistula animal has been well documented (73, 74). The pool

of bile acids in the enterohepatic circulation is drained

during the first 12 hours of cannula!ion. For the next

6 hours or so, the amount of bile acids in the bile is low;

the actual amount of sodium taurocholate, which represents

over 75^ of bile s-cids in the rat, excreted in this time is

approximately 2 mg. compared to 12 mg. during the first

12 hours for a rat weighing 200 g. After the first 18 hours

the rate of bile acid secretion increases, rapidly reaching

a constant level several times that of the normal value

after some 36-48 hours. In this situation, there are no

bile acids returning to the liver. The liver increases its

rate of synthesis in response to some stimulus and there are

no circulating bile acids to control this rapid increase in
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production of these metabolites.

If a feed-back control mechanism operates at an initial

hydroxylation step, when the enterohepatic circulation is

broken, one might expect to detect an increased production

of 7a-hydroxycholesterol. Therefore, certain changes in the

amount of 7a-hydroxycholesterol formed in these animals

could be expected since this initial reaction on the pathway

is thought to have rate-limiting properties.

Animals were cannulated as described in the Experimental

Section. Cholesterol 7cc-hydroxylase activity was s-ssayed

in livers from rats cannulated for 0, 16, and 40 hours and

fable 20 gives the resultant conversions to 7a-hydroxy-

cholesterol in the microsomal fraction in S.E. These

livers were perfused with and homogenised in a, solution of

0.25 K sucrose containing 10 mM (3-mercaptoethylamine. The

conversions were notably lower in the 16 hour biliary drained

animals and higher in the 40 hour biliary drained group.

These results parallel those discussed above for the gross

secretion of bile acids in such animals, with a decreased

conversion to 7a-hydroxycholesterol when the output of bile

acids by the liver is low (12 - 18 hours after cannulation)
and a higher conversion when the liver is producing more than

its normal amount of bile acids. An expanded series of

experiments with groups of control and 40 hour biliary drained

animals (Table 21) emphasised the substantial increases in

the amount of 7a.-hydroxycholesterol formed in the cannulated
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Table 20

The effect of different times of "biliary drainage on the

conversion of C4-*^C]cholesterol to [4-"^C]7ct-hydroxy-
cholesterol in the microsomal fraction

Percentage
conversion

Time of "biliary to 7a-hydroxy-
drainage cholesterol

0 hr.

16 hr.

40 hr.

2.1

0.9

6.2

These values are the means of 4 determinations. Standard

incubation conditions (see Table 3) hut using 3.0 ml. S.P.

per incubation.
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group.

P450 contents in control and biliary drained animals

The gross con-tents of cytochrome P450 in the liver

microsomal fractions from control and biliary drained animals

were estimated as described in the Experimental Section and the

results also tabulated in Table 21. If P450 were the rate-

limiting factor in 7a-hydroxylation, then an increase in levels

of the haemoprotein might be expected. However, this was not

found and the values for microsomal P450 in the two groups of

animals did not differ significantly.

Effect of cholestyramine feeding on cholesterol 7a-hydrox:/lase

activity and cytochrome P450 levels

Peeding this anionic resin to animals achieves the same

result as cannulation by a purely chemical means. Similar

increases in the formation of 7co-hydroxycholesterol in liver

microsomal preparations were noted in pretreated animals compeared

to control groups. This is also shown in Table 21. Again

the cell frs,ction used in incubations with [4-"^G]cholesterol,
HAEPil and Og was the microsomal fraction in S.P. The livers
were also perfused initially with 0.25 M sucrose containing

10 mil (3-mercaptoethylamine. The amount of L4-"^C]7a,-hydroxy-
cholesterol formed in the test group was six tines that found

in the control. This increase is illustrated in Pig. 43 which
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Table 21

The effect of cholestyramine feeding and "biliary drainage

on the conversion of [4-74C]cholesterol to [4-74C]7ct-hydroxy-
cholesterol and on cytochrome P450 levels in the microsomal

fraction

*

Percentage Microsomal
conversion cytochrome

to 7cc.-hydroxy- P450
Pretreatment n cholesterol (OP units)

Control 10 1.8(1)^0.4(5) 3-3(8)—0.8(8)

4/° Ch?neSetamine 7 10.5.(6)-1.2(8)

Bi(40rhoSained 14 7.8(6)^2.7(5) 2.7(2)±0.4(2)

* 2 /
OP units = ^45o"~^480 x raicrosomal protein
Standard deviations are shown after each value.

Standard incubation conditions (see Table 3) but incorporating

3.0 ml. S.P. per incubation.



(i) CHOLESTAM-33. 5a. 6S-TRI0L
lb) CHOLEST -5-EH- 33. 7a-OIOl
|c) CHOLEST -5-EN-33. 7B-0I0L
Id) CHOLEST-S-EM-7-0H-3P-01
e) CHOLESI - L - EH - 3-OH -7tt-OL
II) CHOLESTEROL

Pig. 43* I1G re,diochroms/tograms of the products formed from

[4-"^C]cholesterol in the microsomal plus S.P. fractions

of livers from (A), a cholestyramine fed rat and

(B), a control rat
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shows TIC scans of "the radioactive products from microsomal

incubations of a control liver (B), and a cholestyramine-

treated liver (A). Cytochrome P450 contents were measured in

these same microsomal preparations and no significant difference

was apparent in the two groups. In fact, the mean value for

the haemoprotein content in the test group was lower than that

in the control group.

Thus, one concludes that in instances where 7a-hydroxylation

is stimulated five or six fold, there is no accompanying

detectable increase in gross P450 levels as estimated by the

present study.

Cell fraction responsible for increases in hydroxylation activity

The incubations described in the three preceding paragraphs

were conducted with the microsomal fraction supplemented with

the soluble, thermostable cofactors from the cell sap (S.P.)

and p-mercaptoethylamine. It is possible that the increases

in 7a-hydroxylation in the liver preparations from biliary

drained and cholestyramine fed animals may have resulted from

increased potency of the S.P. cofactors. Experiments were

conducted without p-mercaptoethylamine and involved the exchange
of control and test S.3P. solutions. The results s,re tabulated

in Table 22 from which it may be deduced that the increases in

cholesterol 7a-hydroxylase activity are associated with the

endoplasmic reticulum.
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Table 22

Tiie effect of exchange of S.P. factors from the livers of a

control and cholestyramine fed rat on the conversion of

[4-l£"rC]cholesterol to [4-"^C]7a-hydroxycholesterol

Percentage
conversion

to 7a-hydroxy-
Gell fraction cholesterol

Control microsomal fraction with
control S.P.

Test microsomal fraction with test S.P.

Control microsomal fraction with
t e st S. P.

Test microsomal fraction with control S.P.

Standard incubation conditions (see Table 3)
The S.P. derived from 5 g. of the appropriate tissue was
added to each incubation.

1.5

7.9

1.4

7.8
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N.B. All experiments in the first four Sections (i.e.. Sections

1, 2, 3 and 4) of this investigation were conducted with, cell

fractions fron the livers of 40 hour-cannula!ed or

cholestyramine fed animals.

Affect of phenoharhitone treatment on cholesterol 7a-lrydroxylase

activity and cytochrome P450 levels

It is well known that the administration of barbiturates

such as phenobarhitone results in increases in liver microsomal

P450 levels (75)- Such increases are associated with

proliferation in the membranes of the smooth endoplasmic

reticulum (76) and are inhibited by puromycin treatment (75-).

Factors such as age and sex of the animals can also have a

profound effect on the rises in the cytochrome concentration (77).

For this reason, young adult male rats weighing about 200 g.

were Lised in this series of experiments and injected with

phenobarbitone (100 mg. / leg. body weight) as described in the

Experimental Section. Control groups of animals received

injections of physiological saline. Cholesterol 7a-hydrox3'"lase.

activity was assayed in the liver microsomal fractions from

these two groups of animals and measurements of cytochrome

P450 were made simultaneously. The results of this study are

shown in Table 23. From this series of experiments it was

apparent that the adminstration of this barbiturate failed to

influence significantly the cholesterol 7a-hydroxylase activity
but produced a marked elevation in the microsomal P450.



-85-

Table 23

She effect of phenobarbitone administration on the conversion

of [4-^C] cholesterol to [4-"^"C]7a-hydroxycholesterol and on

cytochrome P450 levels in the microsomal fraction

•jfr

Percentage Microsomal
conversion cytochrome

to 7a-hydroxy- P450
Pretreatment n cholesterol (OD units)

Control 10

Phenobarbitone treated 10

Difference

1.2(0)^0.7(3) 3.3(8)^0.8(8)

1.'7(9^0.9(0) 7.8(1)^2.8(2)

Not significant P<0.001

-x- 2 /
OD units = x 10 / mg. microsomal protein

Standard incubation conditions (see Table 3) but incorporating

3.0 ml. S. P.
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These investigations in the four preceding paragraphs

have correlated 7a-hydroxylase activity with cytochrome P450

concentration. They have demonstrated that on one hand, it

was possible to have increased activity of the hydroxyls.se

enzyme system with no detectable change in P450 levels, and on

the other hand to ha/ve elevated haemoprotein levels with no

significant change in the hydroxylase activity. The significance

of these observations is discussed in Section 6.

Investigations involving cholesterol feeding experiments

The factors which control the rate of biosynthesis of

cholesterol have been the subject of much investigation (78, 79).

Small amounts of cholesterol in the diet have a marked effect

on the rate of cholesterol biosynthesis in rat liver. Such

administration also results in an increased rate of metabolism

and / or excretion of sterol. The effect of cholesterol

feeding on cholesterol 7a-hydroxylation and some related

microsomal parameters, cytochrome P450 and phospholipid contents,

will be described in the concluding paragraphs of this Section.

Effect of cholesterol feeding on cholesterol 7ct-hydroxylase

activity

Cholesterol {\c/o in 10$ olive oil) was administered to the
animals in their soft diet as described in the ^Experimental

Section. Control rats received an identical mixture without

the sterol. On the fifth day of the regimen, the animals were
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Liver microsomal cholesterol hydroxylase activity
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3?ig. 44. The effect of cholesterol feeding on cholesterol

7a-hydroxylase activity in the microsomal plus

S.l?. fraction
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Eig. 45. The effect of cholesterol feeding on cytochrome P450

levels in the microsomal fraction
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sacrificed and cholesterol 7a-hydroxylase activity assayed in

pairs of control and test liver microsomal fractions. The

results of these investigations are shown in Pig. 44 in which

the cholesterol 7a-hydroxylase activity found in the microsomal

fraction of the control animals is plotted against the

7cc-hydroxylase activity in the microsomal fraction from cholesterol

fed animals. The liver cholesterol 7a-hydroxyla.se activity

of the cholesterol fed animals was significantly different from

that of the control animals at a. confidence level of P<0.01.

(The assistance of Professor Fisher in carrying out the statistical

analysis of the results in this Section is gratefully

acknowledged.) Thus, the activity of the hydroxylase enzyme

was elevated "by this feeding regimen. Endogenous microsomal

cholesterol levels, as determined by the Liebermann-Burchard

reaction were raised by 50$ in the test animals.

Chevalli'er noticed that the major factor in regulation of

cholesterol metabolism, when the concentration of dietary

cholesterol was raised to a level of 2$, was increased bile

acid formation (80).

Effect of cholesterol feeding on cytochrome P450 levels

A time course was performed on the amounts of P450 in liver

microsomal fractions from animals maintained on a 1$ cholesterol

diet. Pig. 45 illustrates the fluctuations in the levels of

the haemoprotein, in livers from control and cholesterol fed
animals over a period of 8 days and indicates that there was no
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Fig. 4.6. The effect of cholesterol feeding on phospholipid

levels in the microsomal fraction
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detecta,ble increase in gross P450 levels during this time.

Control variation (a mean of 3.1 x 10 01) units / mg. microsomal
—2

protein with a standard deviation of 0.7 x 10 ) was relatively

large and could obscure any slight increase in the haemoprotein

level.

Effect of cholesterol feeding on microsomal phospholipid contents

The proliferation of the membranes of the smooth

endoplasmic reticulum observed in phenobarbitone treated animals

involves increases in protein, ERA and phospholipid concentration

(75); Remner and Merker (76) suggested that this reflects the

augmentation of enzymes. MacLennan and coworkers (81) have

recently described the preparation of microsomal electron-

transfer particles, enriched in lipid, in which the P450 level

is concentrated 4-5 fold. The amount of phospholipid was

estimated by the procedure described in Appendix 5- in the same

liver microsomal preparations used in the preceding paragraph.

Over the period of eight days, the levels of phospholipid in

the test group parallelled those in the control group (Pig. 46).
Therefore, cholesterol feeding appeared to increase the

7cc-hydroxylation capacity of the liver microsomal fraction

without causing detectable increases in P450 and phospholipid

concentrations. This is indicative of the animal axlapting

to the constraint of increased dietary cholesterol by

accelerating the breakdown of the sterol to bile acids.
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Cummary to Section 5

1. Biliary drainage and cholestyramine-feeding increased By-

several fold the amount of 7a-hydroxycholesterol formed

in the liver microsomal fractions of such pretreated

animals. This incres.se in 7a-hydroxylation was a function

of the microsomal fraction itself and did not arise from

increased potency of the supernatant cofactors.

2. In these animals, there was no detectable increase in the

levels of cytochrome P450 as determined in this

inve st igat i 011.

3. The administration of phenoharhitone to rats increased the

gross content of cytochrome P450 in liver microsoms.l

fractions hut. no substantial increase in '7a-hyd'roxylation

was apparent.

4.. Cholesterol feeding experiments indicated that the activity

of the cholesterol 7a-hydroxylase enzyme was increased

under such conditions. Cytochrome P450 and phospholipid

levels remained unchanged.
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SBOTION 6

Discussion

In the first section of the results, some general aspects

of the cholesterol 7a-hydroxyla.se enzyme were described. In

previous investigations (6, 9, 11) of this enzyme, the

equivalent of the 18,000 g / 15 min. supernatant fraction (the

microsomal fraction in the cell sap) has been used and the

decrease in enzymic activity which resulted from further

separation of this fraction has been stressed. An "unprotected"

microsomal preparation alone (fig. 8) produced a variety of

products from cholesterol besides 7a-hydroxycholesterol.

As the results in the first section indicate, it is possible

to isolate the microsomal fraction and investigate the selective

enzymic formation of 7a-hydroxycholesterol if certain additions

are made to the incubation medium. These can take the form

of the thiol, p-mercaptoethylamine (Section 1), the chelating

agent, ethylenediamine t.etra-acetic acid (EDTA : Section 1),

or the sulfhydryl-containing protein isolated from the

thermostable portion of the cell supernatant (Section 4).

These compounds possess the ability to direct stereospecifically

oxygen attack on the substrate in such a manner that only

7a-hydroxycholesterol is formed.
It

Bergstrom (26) suggested that a common intermediate in the

autoxidative formation of 7-ketocholesterol and the two epimeric

diols, 7a- s.nd 7p- hydroxycholesterols was the 7a-hydroperoxide
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of cholesterol. More recently, Swedish workers (28) have

invoked this intermediate to account for part of the spectrum

of products in an unprotected microsomal incubation of

[4-^C] cholesterol. Such hydroperoxides are unstable under

incubation conditions (9, 82); hence, little information can

be derived from such a line of investigation at present. It

is possible that the moderating compounds listed above

influence an intermediate in the formation of 7a-hydroxy-

cholesterol so that no other oxygenated derivative is produced

by the microsomal fraction in the presence of NADPII and oxygen.

The chemical property in which EDTA and p-mercaptoethylamine

are similar is their ability to chelate metal ions. p-LIercapt o-

ethylamine is one of the most effective thiols in this respect

(66). Plowever, the natural moderator of oxygen attack

requires the presence of a metal ion, manganese, to perform

enzymically the same function as the two non-physiological

stimulators. Certain metal ions are known to encourage

"autoxidative" reactions (Section 1). These can be removed

by chelation with EDTA and p-mercaptoethylamine, and possibly

by the sulfhydryl-containing protein.

It is possible that these compounds play a fundamental role

in cholesterol metabolism other than mere chelation and are

involved in the oxygen a.ctivation step with the substrate and

the terminal electron acceptor (see later). For instance, the

co-oxidation of thiols and olefins has been the subject of much

investigation (83). This oxidation proceeds by a free radical



-92-

mechanism and evidence put forward in the first section

suggested that free radicals were involved in the (3-mercapto-

ethylamine-stimulated conversion of cholesterol to 7a-hydroxy-

cholesterol. The general scheme for the co-oxidation reaction

consists of attack on the double "bond "by the thiyl radical.

The subsequent addition of molecular oxygen ca.n occur at the

other carbon atom of the double bond or at the allylic position.

Such reactions are stereospecific on account of a non-cle,ssical

bridged radical intermediate (b). The sulphur atom of the

p-mercapt oethylamine molecule forms this cyclic intermediate

either above or below the plane of the sp2 hybridised, orbitals
and directs the incoming group (molecular oxygen) to approach

from the opposite side. These reactions may be summarised:

SR

(a) R-jCH : CHR2 + R-jCH CHRr

SR
f

R-^E- chr2 + o2

SR

E-jCH

SR
RSIi

GHR2 R^GE
00

CER9 + RS
I ^
00H

(D) R-lGH= GHR2 + RS

R
S SR
/o\ Op I

R-jCIi — CERg -r R-jCE GHR2 etc.
00

Although bicyclic systems such as indene have been studied (84^
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as regards their interaction with oxygen and thiols, the

1,2-cyclopentenophenanthrene system has not been investigated.

Experimentally, no thiol s.dduct of cholesterol was isolated in

microsomal incubations since this would be more polar than the

compounds normally separated by TIC and would remain at the

origin. It is conceivable that the adduct was either enzyme-

bound or so short-lived that it could not be detected in the

pre sent investigation.

The thiyl radical of (3-mercaptoethylamine, if actively

involved, would attack the double bond of the cholesterol

molecule between and Cg from above the plane of the steroid
([5 attack), thus dictating the direction of attack by molecular*

oxygen from beneath the molecule (cc attack) either at position

or the allylic position, C^. From a consideration of the
stereochemical properties of cholesterol and p-mercapto-

ethylamine, the formation of an adduct of the thiol and sterol,

either ah C- cr Cr is sterically feasible without introducing0 o

unfavourable non-bonded interactions.

The nature of p-mercaptoethylamine is important when

considering its favourable interaction with the microsomal

enzyme, EADPH and oxygen to give selective 7a-hydroxycholesterol■

formation. Removal of the amino group, blocking the amino

group or any other chemical modification of the compound leads

to decreased levels of 7a-hydroxycholesterol. The free

sulfhydryl group is necessary for maximum stimulation. Of all
the thiols tested in incubations of the microsomal fraction,
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p-mercaptoethylamine was "by far the most efficient stimulator

of the cholesterol 7a-hydroxylase•

It is more difficult to ascribe a primary function to

SETA. Without doubt, it is useful to remove such harmful

metal ions as copper, which inhibits cholesterol oxidation,,

and iron, which encourages the "autoxidative" reactions of

cholesterol. Certain metal ions do not confuse the oxidation

of the substrate in such a manner in the microsomal fraction;

in fact, some are capable of preventing aberrant attack on the

cholesterol molecule. Hence, chelation of all free metal ions

present in a microsoms-1 incubo.tion would not necessarily be

advantageous. Certain complex synthetic chels.tes are capable

of interacting with molecular oxygen (85) and it is possible

that ELTA causes such marked stimulation of the 7a-hydroxylase

by facilitating the oxygen activation step with the terminal

electron acceptor in the hydroxylase chain and the substrate.

Lenta s,nd Hiehl (86) have drawn analogies between the model

system of iron / EDTA and the cytochrome system.

Throughout this discussion, the idea of an initial

oxygenated species of cholesterol, common to the pathway to

"autoxidation" products said to 7a-hydroxycholesterol, will be

developed. The action of the compounds which modify cholesterol

oxidation in the microsomal fraction might be to influence this

intermediate and to limit the reaction to the selective

hydroxylation of the steroid.

EETA and (3-mercaptoethylamine act in a similar fashion in



another "biological sphere. In 1951, Bacq and his coworkers

(87) discovered that (B-mercaptoetliylarnine acted as a remarkable

protector against irradiation by gamma- and X- rays. Two

years later, Sacq (88) observed that HDTA was also an effective

protector. It is interesting to note that the first lesions

resulting from exposure to such irradiation appear in the

endoplasmic reticulum (89). There are several theories bo.sed

on in vitro studies of physicochemical models to account, for

the mechanism of action of radioprotectors, such as

(B-mereaptoethylamine and other thiols. All sulfhydryl

protectors are excellent energy transfer agents, radical

scavengers and capable of repair by hydrogen transfer. HSR

studies of proteins and nucleoproteins with (B-mercaptoethylamine

have suggested the following mechanism for the radical theory

of protection (90) where PJi or RSH is an essential cell

constituent and PSH, the protective thiol:-

(a) RH -> R damage reaction
• •

(b) R + PSH ->■ RH + PS repair reaction

and in the presence of oxygen,
• •

(c) R + 02 -> R02 formation of peroxy radical
(d) PS* + 02 -» £S02 formation of sulphoxy radical
or aIternatively (89),

'

• •

(e) R-S-S-P + HO^ RSH + PS02 (RSH = cell constituent)
In (e) the mixed disulphide formed between the products of (a)
and (b) reacts with one of the free radicals produced by

irradiation in an aoueous environment, with maintenance of the
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cellular constituent. Thus, the formation of a protective

protcin-thiol complex is invoiced. A similar activating

complex of an electron chain carrier plus p-mercaptoethylamine

(or the natural sulfhydryl-containing protein) could account

for the stimulation of the cholesterol 7a-hydroxylase.

The participation of free radics,ls in some form or other

in "biological reactions raises certann objections (91).

Normally they have a destructive effect on enzymes and the

indiscriminate nature of their action would result in reaction

with a variety of other substances. But this does not exclude

the possibility that bound radicals exert an influence

enzymically; such bound radicals would have no destructive

effect. buch a hypothesis was put forward by Michaelis as

long ago as 1932 (92). Kence, if a radical mechanism accounts

for the stimulation of 7a-hydroxylation observed with

(3-mercaptoethylamine, the above considerations may be relevant.

(3-Mercaptoeth.yls.mine, on the other hand, could function

by maintaining important sulfhydryl groups in the reduced state.

The haemoprotein, cytochrome P450, contains sulfhydryl residues

(see later) involved in the ligand binding of the protein to

the liaem moiety. The evidence discussed later shows that this-

cytochrome is an integral part of the cholesterol 7a-hydroxylase

enzyme and the efficiency of this carrier in the overall

oxidation process could be altered by the chemical state of

its important sulfhydryl groups.

Besides promoting 7a-hydroxylation in the microsomal
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fraction, p-mercaptoethylamine and EDTA counteract lipo-

peroxidative reactions in systems activated with ADP and

ferrous ions (Section 2). Clearly, the distinction "between

selective hydroxylation and "autoxidation" of cholesterol in

microsomal preparations is marginal. The factors which

determine whether 7a.-hydroxycholesterol is the major oxidation

product with little "autoxidation", or whether rampant

"autoxidation" overides 7a-hydroxylation are not only the

concentrations of nucleotide diphosphates "but also the presence

of compounds which moderate cholesterol oxidation. These can

take the form of the non-physiological compounds - EDTA and

p-mercaptoethylamine - or the natural thiol in S.P.

Lip op eroxidation in an ADP / Pe++-activated system cs,n "be

counteracted "by S.P. itself (Pig. 24). An expansion of this

to determine if the sulfhydryl protein itself could eradicate

lipoperoxidation was attempted. However, the protein requires

manganese ions in order to "be biologically potent and these

ions are known themselves to "be "anti-autoxidative" agents

(Section 1). Therefore, present information merely suggests

that the protein in S.P., which stimulates 7a-hydroxylation

in the microsomal fraction, will also control ADP / Pe++-
activated lip op eroxidative systems "by analogy with EDTA and

p-mercaptoethylamine. Whilst the protein requires manganese

ions to fulfil its enzymic role, the results of its incorporation

into an ADP / Pe++-activated microsomal incubation are confused

by the presence of the metal ion.
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The function of peroxidation reactions in the endoplasmic

reticulum has not been determined. It has been suggested by

Has on (93) that the 11AJ)PH-linked peroxidation of microsomal

lipids may be an adventitious autoxidation due to contamination

of the microsomal fraction by certain transition metals or

it may be an integral function related to non-specific

hydroxylation.

The "autoxidative" reactions of cholesterol are stimulated

by 1ipoperoxidative conditions. In an unprotected microsomal

system (.i.e.. with no inclusion of S.P. , thiol, ELTA or

p-mercaptoethylamine), "autoxidation" products are also formed.

A recent investigation in Sweden (28) considers two of these

products, 7-ketocholesterol and 7p-hydroxycholesterol, as

possible metabolites on the pathway to the bile acids,

3ct-hydi*oxy-7-ket o-5p-cholanoic acid and 3a, 7G-dihydroxy-5f3-
cholanoic acid, but admits that their role in cholesterol

catabolism remains to be elucidated. The results in the present

study suggest that these products arise when conditions for

selective formation of 7a-hydroxycholesterol are not fulfilled,

for instance, if the chemical state of the sulfhydryl-containing

protein is altered by extremes of temperature and pH or

prolonged dialysis, the spectrum of products formed from

cholesterol contains a much higher percentage of "autoxidation"

compounds. Thus, the route is then opened for the formation
of other oxidation products besides 7cc-hydroxycholesterol when

there is no directional influence s-cting on an intermediate
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between cholesterol and 7a-hydroxycholesterol.

The relation "between certain aspects of steroid metabolism

(the hydroxylation of oestrone) and lipoperoxidation in the

microsomal fraction has "been investigated recently "by Marks

and Iiecker (94). These investigators discovered that the

metabolism of oestrone and the microsomal lipoperoxidation of

unsaturated fatty acids competed for a common factor. Such

a situation is feasible in the 7a-hydroxylase enzyme system

where two routes (one to 7cc-hydroxycholesterol and the other

to "autoxidation" products) are possible from a first common

oxygenated intermediate of cholesterol. The presence of

certain compounds (p-mercaptoethylamine, EDTA and the sulfhydryl-

containing protein) dictates which pathway the reaction follows.

It has been reported (95) that small amounts of carbon

monoxide are produced during HA2PE-1inked peroxidation.

Carbon monoxide competes for the active site on the cytochrome

P450 molecule and this haemoprotein is an integral component

of the cholesterol 7a-hydroxylo.se (see later). The accumulation

of lipid peroxides induces grs.dual decomposition of P450.

Iience, these peroxides could effectively poison the co.ts.lyst.

The biologically inactive form of P450, which is termed P420,

is similarly "unsto.ble in the presence of lipoperoxidation as

a result of the oxidative decomposition of the haem moiety (32).
The enzyme system proved to be released into a soluble

form by a process of freeze-drying the microsomal suspension

in b.P. and subsequent extraction of the lyophilised material
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with 1.0 IvI phophate "buffer. The lyophilisation was carried

out in the presence of p-mercaptoethylamine (10 mM) and the

combination of S.F. and the thiol was required for maximum,

extraction of the enzyme from the microsomal membrane. For

instance, failure to incorporate S.F. resulted in enzymic

activities in the 105,000 g supernatant fraction amounting to

only 10$ of the control conversion. The extraction of the

material was carried out. swiftly at room temperature. During

subsequent manipulations at 4°C, a substantial portion of the

buffer salts crystallised and it is possible that crystal

formation mechanically aids the disruption of the enzyme.

Another relevant factor in this respect is the considerable

increase in ionic strength to which the microsomal fraction is

subjected.

The 105,000 g supernatant fraction could then be separated

into two protein fractions by Sephadex chromatography (Section 3).
The first is a macromolecular complex containing P450 and the

second consists of soluble microsomal components and material

derived from S.P. Enzymic activity was reconstituted from

these two fractions. In order to reconstitute the

7a-hydroxylase activity, p-mereaptoethylamine was added to the

eluant and its function here is possibly to keep necessary

sulfhydryl groups of the proteins in the reduced state during

column chromatography. If the thiol was omitted, no enzymic

activity resulted from recombination of the protein fractions.

Further fractionation of the second protein cut resulted
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in a loss of enzymatic activity. There are certain factors to

account for this. Irreversible damage to the enzymic proteins

may have arisen from surface denat-oration during molecular-

sieve chromatography, the loss of a small molecular weight

cofactor might have occurred (for instance, manganese ions are

known to be an integral part of the stimulatory protein in a.P.

or general deterioration of this labile enzyme system might

have resulted from simply the time required to carry out the

various procedures. One or more of these possibilities could

account for the failure to achieve reconstitution of the

cholesterol 7a-hydroxylase after EEAE Sephadex chromatography.

Evidence from radioactive iron experiments suggests that

a non-haem iron protein might be a component of this hydroxylas

since an iron-containing protein emerged from an ion-exchange

Sephadex column at the characteristic ionic strength (56, 63).

such non-haem iron proteins constitute an interesting group of

biological compounds (2k!). In concentrated solutions, they

appear brown and release hydrogen sulphide on acidification -

an indication of the presence of labile sulphide in the

molecule (96). The iron moiety is considered to be intimately

involved with this labile sulphide, and other sulphur atoms

from sulfhydryl groups in the protein.

The solubilised preparation shows certain expected

properties - viz. the inhibition by the product of the reaction

7a-hydroxycholesterol, and by the end products of this sequence

of resections, bile salts. Clearly, the enzyme is sulfhydryl—
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dependent and it is not surprising that p-chloromercuribenzoate
inhibits the 7a-hydroxylation reaction to such an extent.

An important characteristic of the solubilised

preparation is the inhibition brought about by carbon monoxide

(Fig. 35) and this is suggestive of the involvement of

cytochrome P450 in the hydroxylase system. The method of

establishing the nature of the terminal oxido.se in an electron

transport chain was illustrated by the classic studies of

Warburg (97). Following initial investigation by Ryan and

Engel (98), Estabrook and coworkers (99? 100) extended this

procedure to the 21-hydroxylase of the adrenal microsomal

fraction. They discovered that the carbon monoxide inhibition

of the hydroxylation reaction could be released by light, with

maximum reversal at 450 mji. The "action spectrum" compared

favourably with the spectrophotometric absorption

characteristics of cytochrome P450 and this haemoprotein was

thus identified as the terminal oxidase of the liydroxyle.se

sjrstem. Further investigation led them to propose that P450

was the common oxygen-activating enzyme for many mixed function

oxidations.

The involvement of P450 in the cholesterol 7a-hydroxylase

reaction was substantiated by the value of the Warburg

partition coefficient (1.75 - 0.09) obtained from carbon

monoxide inhibition studies. This is of the order reported

for the haemoprotein (65)- [Oxygen and carbon monoxide

compete for the same site on the cytochrome and from a
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consideration of "the rates of 7a-hydroxylation in the presence

and absence of the inhibiting gas, this coefficient may be

determined (fig. 36).] The ultimate proof that P450 is

inherently involved in the 7a-hydroxylation reaction arises

from the reles.se of the inhibition by light, the most efficient

wavelength being at the absorption maximum of the carbon

monoxide-treated haemoprotein. This complex was found to be

dissociable by light and maximum reversal of the inhibition

occurred near 450 m,u (448 ran).

The enzyme system ho„s an absolute requirement for UADPEj

(3-mercaptoethylamine cannot function o,s e. source of reducing

equivalents in this instance (Section 1) though the thiol is

capable of reducing cytochromes a, b and c in vitro (89).

Cytochrome P450 acts as the terminal electron acceptor,

interacting with oxygen and possibly substrate to give the

hydroxyhated product. Of the intermediary carriers, only the

participation of a non-haem iron protein is tentatively

proposed; no other carrier has been isolated or characterised.

It has been suggested that the anomalous spectral

properties of cytochrome P450-are derived from its existence

in the microsomal membrane; a certain conformation of the

protein moiety of P450, or hydrophobic interactions of the

haem region with protein and phospholipid from the membrane

are thought to account for the unusua.1 spectrum of thxs

cytochrome (101). Mason et al. (72) have proposed a structure

for P450 in which a sulfhydryl group and phospholipid have
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functional roles. SSE evidence (102) suggests "that a lipoid

material acts as a ligand for the haem. Considering the

non-polar character of substrates such as steroids and

xenobiotic substances which are presented to the haemoprotein,

the reactive region of P450 must "be buried deep within a

hydrophobic cleft of the molecule or associated with the lipids

of the microsomal membrane.

It is interesting to note that 1 mlvl EDTA is reported to

give a 12$ conversion of P450 to the degenerate, inactive form,

P420 (72). This is difficult to reconcile with the marked

stimulation of 7a-hydroxylation brought about by equivalent

concentrations of this chelating agent.

The results in Section 5 illustrate that the amount of

cytochrome P450 in the microsomal fraction is not necessarily

correlated with 7a-hydroxylase activity. This fact was also

noted by Kato (103) as regards the oxidation of drugs by the

microsomal fraction. This lack of correlation could arise

from P450 not being involved in the rate-limiting step or from

the existence of more than one biologically active form of the

haemoprotein. The hypothesis of several forms of P450 has

been suggested by more than one group of investigators (104, 105,).
A certain substrate (for example, cholesterol) could induce its

own specific form or conformation of P450 and any increase in

this form could be masked by the gross content of the haemoprotein.

Such an argument accounts for the instances where one is able to

increase several fold either gross P450 content or 7cc-hydroxylase
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activity without detecting a corresponding increase in the

other parameter.

The removal of the influence of the returning bile salts

on the liver causes an increase in the formation of 7ct-hydroxy¬
cholesterol. At the "beginning of Section 5, the pattern of

excretion of "bile salts in "bile fistula animals was described

and it was noted that the liver reaches a rate of "bile acid

secretion several times that found in the normal animal some

36-48 hours after cannulation. The liver increases its rate

of bile acid synthesis in response to some stimulus and in this

situation there are no circulating bile acids to control their

level of synthesis. Thus, a feedback mechanism is operative

in the biosynthesis of the bile a,cids. The increases in

7cc-hydroxycholesterol formation were reported by two other

independent groups of investigators (106, 107). The former

group used an 18,000 g supernatant liver fraction from bile

fistula rats but the enzymic activity was low and many products

resulted besides 7a-hydroxycholesterol. The second group claim

to require simply the microsomal fraction alone for optimal

hydroxylation of the steroid. They also investigated the effect

of phenobarbital administration on the cholesterol 7a-hydroxylase

activity and reported 4-5 fold increases in the amount of

7a-hydroxycholesterol formed under similar conditions to those

adopted in this present study. A third report (108) has studied
the effect of phenobarbital treatment on cholesterol 7a-hydroxylase

activity and has stated that an increase in levels of 7a-hydroxy—
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cholesterol occurred on this pretreatment. However, the "basal

control level was low and the system was not selective for

7cc-hydroxylation. Although the average amount of 7a-hydroxy-

cnolesterol formed in the phenobarbitone-treated animals in

this investigation was higher than the control average (see

Table 23), the increase, was not found to be significant.

None of the three groups of reporters correlated their results

of 7a-hydroxylase activity with the amount of cytochrome P45.0.

However, no agreement was apparent between the gross content

of this haemoprotein and the extent of 7a-hydroxylation

(Tables 21 and 23). Possible explanations to account for this

have been stated.above.

However, the extent of 7a-hydroxylation in the microsomal

fraction was influenced by the cholesterol content in the diet

(Pig. 44). Hence, excess exogenous sterol produces increased

hepatic hydroxylation and indicates adaption by the animal to

the stress imposed upon it. No increase in any other parameter,

notably P4i30, was detected under this regime, another, instance

of the disparity between cytochrome P450 and 7a-hydroxylase

activity.

Perhaps the most interesting fact to emerge from this

investigation into the characteristics of the cholesterol

7ct-hydroxylase is the nature of the stimulatory factor in S.P.

This enhancement of 7a-hydroxylation, inherent in S.P., is

caused by 3. thermostable sulfhydryl-containing protein which
has a strong affinity for manganous ions and requires this
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metal cofact or for biological activity. Extremes of pH and

temperature, and prolonged dialysis alter the conformation of

tiie thiol protein s.o that it is no longer biologically potent.

In its aberrant form, the thiol produces a spectrum of products

from [4-^Cjcholesterol strikingly similar to those formed in

an AEP / Fe +-activated system. The direction of oxygen attack

changes from the selective route to 7a-hydroxycliolesterol to a

predominance of "autoxidative" products. This thiol protein

is an unusual species since it contains such a high percentage

of sulfhydryl amino acids - over 30$. Ail estimated molecular

weight, obtained from amino acid analysis was 16,000.
u

Kagi and Valee (109) have isolated a protein, metallo-

thi one in, containing 25.-30$ of the total amino acids as cysteine

from horse kidney and report that it contains more sulphur than

any other known protein. Lletallothionein has a molecular weight

of the order of the thiol in S.F. (10,000) and an ultraviolet

spectrum characteristic of metal mercaptides; the protein

contains 6$ cadmium and 2$ zinc and has the ability to bind

these ions. The authors also emphasise the stress which such

a high concentration of sulfhydryl residues imposes on protein

conformation. The steric arrangement of sulfhydryl groups to

permit the co-ordination of mets.1 ions severely restrict s the

number of possible conformational states available to the

molecule. Conformational changes may thus account for the

aberrant behaviour of the sulfhydryl-containing protein under

the conditions cited above, and these changes appear to be
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irreversible.

A thermostable, thiol positive, small molecular weight

protein, thioredoxin, has been associated with the biosynthesis

of deoxyribonucleotides from ribonucleotides (110, 111), the

removal of a hydroxyl group. Thioredoxin acts as a hydrogen

donor in this reaction. However, there is no evidence that

the thiol in S.F. has a similar function.

Hence, one concludes that the thiol-containing protein is

the biological "anti-autoxidative" agent as regards cholesterol

oxidation in vivo. This thiol has the capacity to stimulate

7a-hydroxylation by a mechanism as yet unknown. It is, possible

that a mechanism common to the mode of action of (3-mercapt o-

ethylamine and EDTA is operative.

These investigations into factors affecting 7a-hydroxylation

in the microsomal fraction of rs.t liver have shown that one

protein involved in the overs.ll reaction is the cytochrome, F450.

Lipoperoxidation in this fraction was also studied; those

compounds which were found to eradicate "autoxidation" were s.lso

found to stimulate 7a-hydroxylation suggesting that the

oxidation was proceeding by a selective mechanism. The routes

to other oxygens/ted sterols are blocked in these instances.

The extent of 7a-hydroxylation was also subject to variation

depending on certain regimes. For example, cholesterol feeding
and breaking the enterohepatic circulation of the bile ss.lts
caused significs.nt rises in the activity of the cholesterol
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7a-hydroxylase. However, there was no correlation "between

the amount of cytochrome P450 and cholesterol 7a-hydroxyls.se.
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Tlie thiobarbituric acicl reaction

The method described "by Ottolenghi (43) was used to

estimate the amount of malonaldehyde liberated in microsomal

incubations (Section 2). The procedure was based on that

developed by Wilbur et al. (112) and Kohn et al. (113).

Samples were removed from the incubation mixture and diluted

to 2 ml.; 35fo trichloroacetic acid (1 ml.) followed by 0.67^

thiobarbituric acid (2 ml.) in citrate buffer were then added.

After heating in a boiling-water bath for 15 rnin., the solution

was cooled and 70°/o trichloroacetic acid (2 ml.) added. After
a period of 20 min. at room temperature, the absorbance at

535 mji was recorded. Prom the extinction coefficient (49),
c n ~j

"S535mii ~ x 105 cm. mmole , the malonaldehyde released
in incubations was determined.
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Tlie reduction of lipoic acid

The method of Gunsalus and Razal (114) was adopted for

the preparation of a 10 ml.! solution of dihydrolipoic acid

in a standard 7.0 ml. incubation. Lipoic a,cid (15 mg.) and

excess sodium Lorohydride (4 mg.) were suspended in 0.5 M

sodium bicarbonate (2.0 ml.). The reaction was allowed to

proceed for 10 mins. Excess of borohydride was destroyed

with acid (HC1) and the pll of the solution brought, back to

neutrality by the addition of alkali (KOH).
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APPENDIX 3

Tile preparation of thiolated Senhadex G-25 (52)

Sephadex G-25 (65 g.) was aminated "by rapidly stirring

it into a solution of sodium hydroxide (60 g.) and 2-amino-

ethylhydrogen sulphate (20 g.) in water (156 ml.). After a

few minutes, the swollen material was spread on a glass plate

and dried in an oven at 100° for 4—5 hours. The amino-

Sephadex was repeatedly washed with water until free from alkali.

A solution of N-acetylhomocysteine thiolactone (12 g.) in

water (800 ml.) was added to the swollen slurry and then

solutions of 111 silver nitrate and 1I\T sodium hydroxide were

added in increments under vigorous stirring at room temperature.

This was continued until a total of 75-5 ml. of silver nitrate

solution had "been added, ensuring that the pH did not rise

above 9. The suspension was allowed to stand with frequent

stirring for a few hours. Excess of silver ions were removed

"by a concentrated solution of thiourea (140 g. in the minimum

amount of water), followed "by treatment with IN nitric acid

(250 ml.). The thiolated Eephadex was washed with thiourea

in dilute nitric acid and with distilled water. It was stored

at 4° as a swollen suspension.
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Performic acid oxidation of the thiol protein and its amino

acid analysis

A freeze-dried sample of the thiol (ca. 30 mg. protein)

obtained from Sephadex G-25 chromatography was subjected to

performic acid oxidation. The performic acid solution was

prepared by mixing 30^ hydrogen peroxide (1 ml.) and 93^ formic

acid (9 ml.) and leaving at room temperature for 1.5 hours.

The acid solution was cooled to -10° before addition to the

lyophilised product. After 2.5' hours, performic acid was

removed by the addition of water (50 ml.) and subsequent freeze

drying. The residue was dissolved in 6N hydrochloric acid

(20 ml.), sealed under nitrogen and left at 105° for 24 hours.

After centrifugal ion, the supernatant was removed, evaporated

and stored in a vacuum dessicator until application to the

amino acid analysis column.

The number of jj.moles of each amino acid present in the

thiol sample was calculated from the height and width of the

respective coneentration peak on the Analyser chart (69, 70),

together with the constant for each amino acid determined
for the instrument. The following amino acids (or derivatives

of them from the experimental procedure) were found to be

present (see next page):
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Amino acid nmoles

Aspo,rtic acid 0.063

Cysteic acid 0.491

Threonine 0.041

Serine 0.040

Glutamic acid 0.226

Proline 0.052

Glycine 0.466

Alanine 0.223

Valine 0.046

Isoleucine 0.025

Leucine 0.047

Lysine. 0.065

Arginine 0.015

Chlorinated tyrosines 0.114
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AJr'Piilbi DIA 5

The determination of microsomal phospholipid

Methanol (10 ml.) was added to a suitable aliquot of

the microsomal fraction and the suspension rcfluxed. After

centrifugation, chloroform (20 ml.) was added to the

supernatant followed by water (7.5. ml.). The results,nt system

was allowed to undergo surfs.ee dis.lysis overnight. Samples

were taken from the chloroform layer, eva.porated to dryness

and 60'/- perchloric acid (2 ml.) added. The solution was

digested until clear. After cooling and diluting, 2.0 ml. of

the amidol / sodium bisulphite reducing solution was added

(1 g. amidol + 20 g. NaHSO, in 100 ml. water) followed by 1 ml-

of 8/ ammonium molybdate solution. The solution was diluted

to 15 ml. and the optical density recorded at 570 mji after

10 mills. The value for the inorganic phosphorus content was

multiplied by 25 in order to obtain the value for phospholipid

content in the microsomal fraction.
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