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SUMNMARY

Methyl methanesulphonate has been
prepared, labelled with a C ¥ atom in the methyl group, and its
metabolism studied in the rat, Subcellular fractionation of
liver tissue established the ubiguitous distribution of the
labelled methyl grevp; the majority of the radicactivity being
associated with mitochondrial and cell supernatant fractions,
Acid extraction of the whole tissue confirmed incorporation of
the labelled carbon atom into macromolecules, DNA and RNA,
ineluding ribosomal and seluble RNA, were isolated and their
speciflic activities detormined at various time intervale after
injection, Preliminary studies after repeated daily
aduinistration indicated a cummlative build up of radicactivity
in the macromoleecules with successive doses. The principal
sites for reaction at a molecular level were the sulphydryl group
present ia protein and, in particular, methylation of the cyateine
moiety of glutathione, and the N7 gtom of guanine in the nueleie
acid macromolecnules 7«Methylguanine was also isolated from
urine. The mechanisa for reasction appears to be a direct
methylation although the isolation of labelled cheline,
formaldehyde and Seadenosylmethionine provide evidence for the
entry of the labelled methyl group into normal methylation
reactions m the body. The possible biological implications

of these results are discusssd,
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INTRODUCTION
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The ultimate aim in cancer chemotherapy
is the destruction of neooplastie cells, Past experience in
chemotherapy has shown that although quantitative differences in
cell biochemistry have been utilised initially, the succeasful
application of chemical agents to control discase has ultimately
relied on ¢ualitative variations in the susceptibilities of the
cells of the host and the invading organism, A pertinent
example of this was the treatment ef -piruahantg infection in the
16th, century with mercury. The sensitivity of the spirochaste
was only slightly greater than that of human cells and the amount
of mercuric ion required to exort significant control of the
disease could eonly be adminiastered at the cost of appreciable
toxicity,. Over 400 years later, Ehrlich found that the
senaitivity of certain hoat cells to the noxious effects of
arsenical compounds was still the limiting facter in ohtaining
curese The search for truly selective agents culminated in the
discovery of penicillins, agents that take advantasge, not of
minor guantitative differences between celis of the host and the
parasite, but of a qualitative difference. It ie upon sueh
gualitative differences between various types of ecolls that the

most rational appreach to chemstherapy can be based,

Enowledge of collular function and



metabeliss have rapidly increased with the advent of modern
molecular bislogy. Although a great deal bas been learnt of
the hischemistry of neoplastic cells, the abaence of demonstrable
qualitative dafferences between them and their sermal counterparts
has emphasised that the problem imherent in a ratienal approach

to the chemothorapy of cancer is onormousn,

The work precented in this thesis is
deasignoed to extend preliminary studies on the mode of action of
the simplest menber of a series of alkylating arents used in the
chemotherapy of cancer in an attempt to correlate, at a molecular
level, the metaboliism of the drug with observed biological and
physiolegical effects,

ALKYLATING AGENTS

The term alkylating apgent in ite widest
senge denotes those compounds which are capable of replacing a
hydrogen atom in another molecule by an alkyl group. As this
invelves attack by the alkylating agent at nueleophilic centres,
the definition should be extended to include those reactions
which invelve the addition of a radieal te a molecule containing

an atom in a lower valency state, for example, the formation of



sulphonium comnounds $-~

Although the biolopgical alkylating apents
are a diverse group of orpganic compounds whieh include nitrogen
and sulphur sustards, ethyleneinines; alkyl halides, nitresamines,
alkyl sulphates, epoxides; alkyl phosphates and alkyl
alganesulphonates, they all possess a common factor in that they
are capable of alkylating, under phvsiolegical conditions; a
varioty of sitee in hiological material, Pharmacologically,
thay exhibit a diversity of effects which include the eapacity
to interfere with mitosis, cause mutations and some te initiate
and promote malignant tumours, Others are powerful vesicants
and lachrymators. They are, furthermore, characterised by a
high order of selective action against certain proliferating
tissues, namely, haemopoietic cells in bone marrow and lymphoid
- organe, gevminal epithelium, intestinal mucosa and some neoplastie
tumours 3§ attribuntes which have led to tﬁe application of some

of them ams palliatives in the therapy of cancer.

When attempting to find a paralleliem

between the pharmacological effeecte elicited hy the allkviating
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agents and their chemical reactions at particular cellular sites,
it is important teo consider, ameag other variablea, the particular
mechaniam of alkylation invelved, since this may well determine

the chemical groups which will be attacked inside the cell,

The mochanism of action of the alkylating agents has bewn discussed
by Ress (1),

ALKANESULPHONATES

Interest in the mode of action of the
simplest members of a series of methanesulphonic acid esters
originated from the ohservation that it was possible to produce
selective effects on spormatogenesis with variation in the alkyl
group (2)(3)e In the rat, the methyl ester produced transient
sterility during the second and third weeks after treatsent due
to interference with gpermatids and spermatozoa. The iseprepyl
ester, however, caused sterility referable to pre-meiotic stages,
This antifertility action was asscociated with damage to genetie
factors (4)s  Although these esters were semewhat less effective
by mouth, the remarkable feature was their cumulative sction in
small divided deses, producing beth predictable and fully
reveraible periods of sterility, it has preoved poasible te
maintain animals on a daily dose of methyl methonesulphonate at



mt-nththumw for a period of two years without external
signs of damage § the fertility returning to normal when the drug
wae discontinued,

Studies of the effect on the
haemopoietic system with the difunctional methanesullphonate of
1,4-butanediol (Myleran, Dusulphan), showed that it had a epecific
depressant action on neutrophils and this has nov become the drug
of choice in the treatment of chronie myeloid leukacmia. Among
the monofunctional alkylating agoents, methyl methanesulphonate
produced a marked lymphopenia in several species studied only a
fow hours after administration, In contranty, for the
isopropyl ester, the lymphocyte count remained unaffeeted but a
pronounced neutropenia developed ten days after treatment (5),

METABOLISM OF METHANESULPIUONATES

Because of the enhanced pharmacological
properties, much of the initial metabolic studies on the esters
of methanesulphonic acid were performed on the difunctional agent
MNylerane One of the earliiest of these wae made by Peng,
who showed that 95 Yo of the dose of 8 -labelled Myleran (4 mg/

kg/propylene glycol) injected into rats, was excreted in the



urine in 32 hours as methanesulphonic acid (6). A selective
uptake in the spleen and bone marrow was also claimed,
Subsequent studies by Trams et al., indicated that after injection,

rapid clearance of the 335

label toolkk place from the blood and

the highest levels of radioactivity were in those organs

concerned with excretion, namely liver, kidney and intestine (7)

{(8) (9) (10). A comparative study of the urinary metabolites

in the rat, mouse and rabbit after injection of saa-ﬂylornn

(10 mg/kg) showed that in the rabbit only methanesulphenic aciad was
excreted, but rat and mouse urine, in addition, contained a little

unchanged Myleran, together with two unidentified components(11),

According te Trams, injection of Mwio:an

o in the 1 and 4 poeitions (marked with an asterisk)

labelled with C
suggested higher specific activities in kidneys, lungs and liver
than in other tissues exanined,

%
CHQ_CHQ_O SOQ_; H3

e
CH
CH,CHy0 50, CHy

1,4 -C1 4"6utane - 1,4 ~dimethanesulphonate

In the liver, only small amounts were associated with fata,
proteins and sodium nucleates, Yhe urine contained three major

products, also numerous lesser ones, togmether with unchanged drug,
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They inferred that the drug had been metabolised to smaller

mbiueules. but did not elaborate this further,

The administration to ratas of Myleran

labelled with C1* in the 2 and 3 positions revealed that only

4 °/0 of the radioactivity was exhaled as 614-carhon dioxide in

24 hourse

*
H).. CH2 (o] SOQCH3

CH CH_©O SO CH
2 2 2 3

14
2,3-C =butane- |, 4-—dimethanesulphonate

After injection of 2,3—014-hutano-l.4-diol, essentially all the

14

activity was exhaled as C° =carbon dioxide in the same period (12)

(13), This suggested that the agent waas noi converted to the
diel in vivo. Heoberts and Warwiek were also able to show that
the injection of Seflenlanyltetrahydirothiopheniuvm cation yielded
the same urinery product aes Myleran (12), This produet was

identified as J-hydroxytetrahydrothiophene~1i,ledioxide,

CH,CH,0O SO,CH CH—CH O CH—CH.ze
22 £=3 | :%S -« |2 SCWﬁHCOOH
: 2 CH—CH O CHy—
(.‘.l-lQCH2c>sc;)2C}.;3 ) | 2 H—Chy NH,

OH

3

7\

3-hydroxytetrahydrothiophene—|, | ~dioxide
Myleran

) -S-‘ﬁ-aIanyitetrahydrothiophenium cation



These authors rensoning that a
monofunctional apgent might present a simpler picture for analysis
than the more complex difunctional agenta, atudied the metaboliec
fate of ethyl methanesulphonate (300 mg/ke), Results of this
work using CY<1abelled material in the 2 pesitien of the ethyl
group led to the suggestion that the drup wos metabeolised by two
different routes, |

H
CH3SOQOCH2C 3

Ethyl methanesulphonate

éne invelved hydrolysis to ethanol with subsequent exhalation of
c:‘wearbon diuxide, the other resulted in excretion of conjugates
of Beethyleysteine in the urine {14), No attempts were made
by these aunthors to correlate obhserved metabelie products with
the dietribution and metabolism of the drug within the animal

body e
METHYL METHANESULPHONATE

Preliminary studies on the metaboliem
and tissus distribution of C“«mcthyi methanesulphonate have
already been published (13) (16) (17). fividence was nresonted
showing that in the rat the drug was rapidly metabolised after

injection, Of the injectec radicactivity, 20 % was
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accounted for in the urine within the first thirece days, and, of
this, almost 18 % appeared within the first 24 hours.
Chromatographic analyasis and subseguent auntoradiography of the
labelled urinary metabolites presented a complex picture for
identification, At least 8 radioactive metaboliteoe were
present. Although the major metabelite was not identified, up
to 60 % of the urinary radicsetivity was probably nssociated with
sulphur-containing compounds and of these, conjugated derivatives
of Se-methyleysteine accounted for at least half this tetal,

In addition to the urinary excretion of
metabolites, a further 5 Yo of the administered drug was exhaled
as ¢'%.carbon dioxide during the initdal 24 hours,  The rate
of this excretion increased rapidly at firsti, reaching a maximun
after 7 hours and thereafler tended to fall away only slowly.
This wvas attributed to a relatively slow rate of oxidation of
methanel, formed on hydrolysis of the ester, via formaldehyde

and formic acid, to carben dioxide.

Since the weork of Baumann and Preusse,
conjugation with cysteine has been recopgnised as a route for
detoxication of certain aromatie compounds, (18), The

identification of methyl mercapturie acid in the urine of rats
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after methyl methanesulphonate confirmed the report by Roberts
and Warwick that the exeretion in this form represented a
general meotabolic pathwey for thie series of compounds (19),

Chromatographic analysis of the bile
samples collected by cammlation of the bile duct in the rat
showed that after injection of methyl methanesulphonate, the
principal metabolite present was Semothylglutathione. The
absence of radicactivity in the urine of rats in which the
biliary duct had been cannulated implied that the major urinary
metabolites were derived from material contained in the bile.
Ivdate titration of the acid soluble liver extracts revealed a
substantial decreacse in the level of free glutathione in the
liver subseguent to the injection of the drug and the correlation
in time hetween these observations and the maximun excretion of
radioactivity through the bile duet is regarded as further evidence
in favour of liver glutathicne being the major sourze of cyvsteine

eonjugates found in the urine,

The results outlined above indicated
that only 25 % of the radiocactive methyl groups injected had
been motabolised and excreted in 24 hours, by which time, the

excreticen of c“ activity from the animal had dropped to negligible
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amounts. Assay of the radicactivity remaining in the major
organs and body fluids ineluding liver, kidney, spleen, testis,
intestine and wvhole bhlood, amcunted to no more than a further

20 = 25 7o of the injected dose, The remainder of the
adninistered methyl sroup, 50 = 65 Yo o was retained in the body
other than in these organs, suggesting that widesproad methylation
had taken placo.

THE CONCEPT OF BIGLOGICAL METHYLATION

Prominent among the biessynthetic
reactions carried out in vivé is the introduction of an alkyl
group inte a molecule, The ubiquitous distribution of the
mathyl group ia the body emphasises its importance for the
maintenance of normal metabolic reactions, it is of
considerable interest in conncction with the metabelism of
foreign compounds and as such, methylation is a potential reaction
of compounda centaining hydroxyl, salphydryl, aundnoe and substituted
anine sroups. The cceurrence of the S-methyl ether of
zanthurenic acid in normal human urine suggests also that isolated
phenclie hydroxyl groups can be methylated in vive (20), The
excretion of 2emethylthiouracil after injection of small amounts

of thiouracil represents an authentic example of the S-methylation



of a foreign compound (21),

The term bielogical methylation
implies that either an intact methyl group is transferred under
physisiegical conditions from one compound {the donor), to
another, as in the case of a transmethylation reaction, of it may
refer ¢to the fission of a compound which iteelf does not contain
a methyl group but which gives rise teo a molecule of formaldehyde
which can be transferred and subsequently converted to a methyl

group by redugtion,

Ap early as 1884, Hofweiaster sugcested
that the exhalation of a strong garlie«~like odour after the
adninigtration of potassium tellurite to animals, noted by Gmelin
in 1824, was due to dimethyl telluride forued by transfer of the
mothyl group already present in the tiseues which poessess the
capacity for methylation (22) (23), The source of the methyl
group was not defined, In 1913, Reissor concluded that the
methyl greups were probably furnished by choline or betaine (24),
This conclusion was unequivocally established by the worik of du
Vigneaud et al., who showed that homoeysieine can replace methionine
in the diet of the rat only in the presence of choline or betaine

(25) (26), The implication was that the methyl sgroup was
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transferred as a whole from the nitrogen of choline er betaine to
the sulphur of homocysteine to give methionine, This concept
of the biological transfer of the methyl group in tote from one
- compound to another was shown te be correct wvhen an assay of the
denterium content of the methyl groups of creatine and cheoline
after feeding deuteromethionine to methyl deficient rate did net

indicate the intermediate formation of deuteroformaldehyde (25).

THE TRANSMETHYLATION REACTION

The major pathway for the formation of
biologically important methylated coupounds is by transmethylation.
Reaction invelving methyl group transfer can be divided into two
types depending upon the nature of the methyl compound invelved
and the requirement for ATP (27). For these reactions in which
the methyl transfer was shown to eccur in the absence of ATP,
the methyl group was supplied by compounds like bhetaine,
dimethylthetin and dimethylpropiothetin,

CH3
\_\@ =) CH3 G ) CHae o
CH —N CH2COO S CH2COO SCHQCH2COO
v CH CH
CH 3 3
3
IBetoine Dimethylthetin Dimethylprﬁpiorhelin ‘

In all cases the methyl radicals are contained in a sulphonium

compound, In almost all cases where the methyl group_ii labile,
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it is attached directly to an -oniua pole {the exception being
arsenocholine ). The sulphoniun centre places a partial
pogitive eﬁargn on the carbon atoma adjasent €o it mahking these
sugceptible to nueleophilic attach, The acceptor molecules
contain nueleophilic sites in which nitrogen, oxyren, sulphur

and carben atome are the foremest positions for attack,

The main source of methyl groupe for the
methylation of various compounds in vive is methionine, For
this reaction, it was found that ATP and Mg' ione were essentdnl
(28), Cantoni showed that ATP does not act as a phesphorylating
agent under these conditions but that it takes part in the
conversion of methionine to a bicchomically active fora before
the methyl group can be tranaferred (27) (29), This ‘active
methionine! was shown not to contain phosphorus and from a study
of its properties, Cantoni suggested that it was a sulphonium

compound, Seadencasylmethionine, with the follewing structure (30) ze

NH
CH Cf—IQS CH CH2(|:H 2

H H
('il-——-(;: COOH
O

S—Adenosylmethionine
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His conclusions were shown te be correet when its strueture was
established conclusively by beth degradation and syntheais (31)
(32)e The finding that this active form of the amine acid is
a msethylsulphonivm compound has greatly clarified the concept of

the mechaunlsm for transsethylation,

The hiosvnthesis of Se-adenosylmethionine
congtituted a new type of enzymic process, A feature of special
interest is the complete dephosphorylation of ATP which in all
other functions undergoes enly partial depheosphorylastion, The
ease with which the methyl sgroup is severed from the sulphur atom
of the sulphoniws compound by enzymoes is in contrast to the
resistance of the C«8 bond to chemical cleavare. Unfortunately,
no equilibrium measurements have heen cbtained for any
transmethylation reaction, However, an experimental approach
has been wade by ealorimetric determination of the enthalpy
ehanges in several transmethylations (33) (34), It has been
shown that wethyl transfer reactions from sulphonium poles are
exothermic with release of 2 proton, If this takes place at
physiological pH it will make a major contribution te the
favourable free energy changes, The free enerzy of hvdrolysis
of a sulphonium compound at physiological pil is of the order of
the free energy of hydrolysis of the terminal phosphate of ATP,
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This leaves little doubt that the sulphonium polee supply the

driving force for transwmethylations,

ORIGIN OF THE METHYL GROUPS

From the resuliz of the muiritional
exparinents, it became accepted that the animal organisn was
ingapable of synthesising labile methyl groups and that a supply
of methionine, or alternmatively choline and honocysteine, was
easential in the diet. Thie concept of the obligatory
exogenous origin of a preformed methyl group was at variance with
the observations of du Vignesud, who feund that cccasionally an
aninal on-a methyl deficient diet, after initially lesing weight,
started to grow on a homocysteine diet without added cheline (35),
This sugpested that uader certain conditions sufficient methyl
groups were being synthesised either in the tissues of the animal,
or in the intestinal tract, te allow growth to take place,

The latter alternative was ruled out when experiments with gorm
free animals showed synthesis te take place in the alsence of

intestinal flora (36) (37)

it is now recognised that de nove

synthesis of mothyl groups does take place and although details
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are gtill obscure, there is evidence that mere than one pathway
is utilised by different organisms and even by a single

organism (38) (39) (40)s . It is significant that oven in the
presence of an adequate supply, neogenesis of methyl groups still
oceurs, It is, however, comparatively small and utilisation
of a preformed group is preponderant for transmethylation,

No satisfactory evaluation of the relative imperiance of
transmethylation versus methyl proup synthesis has been

published,
DE NOVO SYNTHESIS

a)e Synthesis of the methyl group of methionine,
When tetrahydrofolic acid is incubated

- with rat liver slices from folie acid deficient rats, NB‘fOPEYIQ

tetrahydrofolic acid is produced.

OH HC=0

N H
Hfﬂ"ﬁ” &
- COOH
N\ H I
N CH,N \ / O NH CH CH,CH,COOH
3 ;

N 3 formyltetrahydrofolic  acid

This suzgests that a one carbon fragment has been supplied through
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the agency of an enzyme. Sakami and Weleh showed that in the
above system, the addition of folic acid increased the synthesis
of methyl groups from ;ddod formate (41) (42) (43), This was
also true in the intact animal and provided the first incontroe
vertible evidence for thi biosynthesis of methyl groups from

formate and formaldehyde,

The first stage in the synthesis
invelves the transfer of the B-carbon atom of serine to
tetrahydrofolic acid to form HB,Nlo-mathylenotetrnhydrofolic acid

(Anhydroleucoverin).

H
N . .
“2N*c[/ [ cooH
N
N N\ CH y—@—co NH CH CH,CH_COOH
OH : CH2 §

Ns,NIo—me:hylenetecrahydrofolic acid .

This reaction is catalysed by serine hydroxyrethyl-transfoerase
(B 241,2410)9 and requires the participation of pyridoxal
phosphate as a co=factor. The Ns.ﬂlo-mothylenotetrahydrofol1c
acid is then reduced to N -methyltetrahydrofolic acide The
pnitieipatlon of this methylated derivative of folic acid was

sugpgested by Wilmanns et al., who found that incubation of
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8% 8% methyienctetrahyirofolic acid with methionine synthetase
of pig liver in the absence of a methyl acceptor led to the
formation of a folate derivative active as a methyl donor in the
formation of methionine (44), This active intermediate was

identified eventually as fmwlummune acid (45) (46).

The final step in methionine bicsynthosias
is the tramsfor of the wethyl group of N -nmethyltetrahydrofolie
acid to the acceptor, homoecysteine, The requirements for thip
stage are complex and not yet fully understood, but in addition
to homoeyatoine and N =methyltetrahyirefelic meid, ATP, Mg*®,
HADHy FADR and a vitamin Bm containing enzyme are necessarye
Regently, it has been observed that the requirement for ATP and
Mg’ ean be replaced by a eatalytic amount of Seadenosylmethionine
(47). The recuirement for vitamin B,, was postulated some
soars ago when it was found that it allowed growth of rats
maintained on diets deficient in choline and methionine (48).

The exact mechanism has not been deduced, but of interest in this
connection is the work of Guest et al, (48), Working with a
synthetie analogue of dimethylibensimidazolyleobamide coenzyme

in whieh a methyl sroup had replaced the 5'-deoxyadenocsine sroup
linked to cobalt (methylcobalamin), they showed that this

ecompound catalysed the formation of methionine when incubated with
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homocysteine. This reaction was specific in that the
ethyleobalanin homologue was not effective and when cysteine
replaced homocysteine, no Sempthyleysteine was formed, Final
interpretation must await the results of further experimental
findings, but it would appear that this methyl tranafer step is
in contrest to all other methy! transfer reacfions in that the
apparent methyl donor is not a guaternary compound,

ble Synthesis of the methyl group of choline.

From the rigorous investipations of the
biosynthesis of choline by du Vigneaud et al., the concept has
arisen that choline is formed by the stepwise transfer of methyl
groups érom methlonine to ethanolamine forming succesaively
methylaminoethanol, dimethylaminoethanol and cheline (33) (50).
Hore recent work supports the original idea that there is a
aingle source for all the methyl groups of choline, namely,
Seadencasylmethionine (51) (352) (53), There are five possible
stages at which methylation could take place, namely, ethanolamine,
phospheethanolanine, glycerylphosphorylethanolamine, COP=
ethanclamine or phosphelipidethanolanine, Evidence to datt

suggosta methylation occurs at the phosphatide level,

cle Synthesis of the methyl group of thymine
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in the biogynthesis of the methyl group
of thymine, it has boen conclusively shown that a tetrahydrofeolie
acid derivative is the sole source of the one carbon unit,
" Deoxyuridylic acid is the meihyl acceptor in thymine systems (53)
(54)s It would appear that the thymidylate synthetase reaction
has a nt;tque reaction mechanism of ite own, The aajor
differonce from methionine methyl aynthesis is the faect that the
methylating agent in the formation of thymine methyl is probably
¥, 1% methylenetetrahydrofolic acid itself. Evidence which
supports this i$ the fact that thymidylic acid never exceeds the
amount of tetrahydrofolate derivatives in the system and that
when folate is supplied as N°,N Cemothylenctotrahydrofolic acid,
tritiated in the folate portion, the tritium is loeated
subsequently in the methyl groups of thymidylie acid (55) (56)
(57), it would appear that the reaction proceeds in two
slages, one in whieh a one carbon unit is added to deoxyuridylate
and a secend in which the hydroxymeshyl iz reduced to methyl,

REGULATION OF THE LEVEL OF METREYL cROUPES 1IE VIVO
Normally by transmethylation and

remethylation, the level of methienine in the hody is kept constant,

When the level of methyl groupd is decreasedy, as for example when



the animal is maintained on a methyl deficient diet, growth
ceamsesn and histological examination of the tissues shows ovidence
of fatty infiltration of the liver, leading ultimately to
centrolobular necrosise In addition to this impairment eof the
functional ability of the liver cells, haemorrhagic degeneration
of the kidneys can also be recegnised, Administration of
methionine or compounds containing labile methyl pgroups rapidly
decreases the accumulation of hepatic fat, This lipotropic
action of methionine is associated with the donation of methyl
groups to choline which prometes the formation of choline-
containing phospholipide,es, lecithins, which are more readily
transferred from the liver to the blood, The urinary excretion
of methionine continues unchanged during the peried the animals
are on a methyl deficient diet (58), Howvever, when methionine
is restored to the diet, the excretion rises to an abnormally
high figure which indicates that in the first few days after the
deficiency period nearly all the methisnine supplement is lost

in the urine, This would sugrest a transient loss of ability

to metabolise the methienine had occurred during deprivation,

The effect of methyl groups in
promoting growth and preventing pathological changes in the liver

and kidney does net imoly that the animal will telerate an excess
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of these groupss addition of 4+8 Yo methionine to a 12 %
casein diet caused marked loss of weight which was interpreted

ag bheing due to ineroased demands on the body to cope with excess
of wethyl groupas, either by oxidation or elimination as ereatinine
(50), Excess choline does not produce the same éffect however,
although an absence of choline aggravates it, Glyeire and
serine are known to counteract the toxicity of methionine,
Catabolism of methionine requires simultaneous breakdown of fat
which may account for an increased acetone and Pehydroxybutyric

acid exeretion in these cirecumstances,

Alu;wt all the dietary excess of methyl
groups taken in as methionine is metabolised to carbon dioxide,
Studies by Mackenzie et al., showed that when fats were fed a
synthetic diet econtaining 20 anino acids including methionine for
eix to ten days and then given an identical meal containing 06 %

i

(optimal growth conditions) of C'Y-methyl labelied methionine,

" as carbon dioxide rapidly settled

the rate of appearance of C
down to a steady value (60), When the amount in the diet was
doubled, the initial rateof appearance of c“ was enormously
inoreased, but this too settled down after a period of digestion
and absorption lasting 6-7 hours to that of the 08 Yo diet,

This was sucwn not B0 be due te adaptive engymes for a high or
low level of methionine supplied,
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In cases of severe liver damage, in
which transmethylation is prevented, or where the main pathways
of metaboliam are overloaded, methionine accumulates. The
organism may then resert to C-8 fission ito reduce methienine te
methanethiol,» a reaction shown to ocour in rat liver mitochendrial
preparations (61), The complote oxidation of methyl groups
supplied in the diet merves as a regulatory mechanisa in the
maintenance of the methyl balance within the animal, since the
higher the methionine content of the diet the greater the
preportion of Semethyl carbon converted to respiratery carhon

dioxides

METHYLATION OF NUCLEIC ACIDS

In addition to the four main hases
present in the primary structure of beth DNA and HNA, nucleie
acids also contain several minor compenents, many of which are
methylated analogues ef the four normal bases. Syatemsatic
analysis of DNA from variocus sources has shown that apart from
thymine (S-methyluracil), there alsc exists in plants and animals
Semethyleytonine as a minor constituent and &n hacterial DNA,
S-methylaminopurine (62) (63), In RNA, the majority of the
minor bases, between 2-5 7o of the total RNA, have been found in
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soluble RNA aand although those present in ribosomal RNA have not
yet been charaet-rlsad, at least ten methylated bases bave been
demonstrated in tranefer REA, including 2-methyladenine (64),
tlempthylguanine (63), Gemethylaminopurine (66), Gedimethylamino=
purine (67), two methylated guanines in yeast RNA (68), tegether
with the pyrimidines thymine (68) and Semethyleytosine (67),

The existence of mothylated bases in
nueleic acids has presonted sonmwvhat of a paradox, principally
because it was difficult to conceive how transfer INA with its
ten methylated bases could he derived by complementary alignment
from DNA, which contains only one methylated bases . Furthermore,
no precurscrs of methylated basea have been found in any tissues
examined, The WatzoneCriek hypothesis for the replication of
DNA itself or its transeription to tranefer ENA offers ne
mechaniam for the determination of the sequence of methylatod

bases in the nucleotide chain,

The discovery by Borek et al,, that a
particular mutant of E, eoli xiawa. auxotrephic for meghionine,
was able to synthesise ENA after transfer to a medium lacking its
reguired amino acid provided the clue for resolving these

paradoxés, On examination of the preoperties of the RNA made
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during methyl group starvation, they found that although the newly
synthesised RNA appeared to be normal, the proporiion of methylated
bases, including thymine, in the soiuble RNA fell as more RNA
accusulated in the absence of methionine (70} (7i), Since
many methylation reactions were kuown to involve the tranafer

of the methyl group from methionine, the cbeervation suggested
that a sinilar tranamethylation was involved in tho formation of
the methylated bases,  Using C  wmothy] labelled methionine,

it was found that all the methylated bases in RNA pussesced
identical specific activity, indicating that they were all derived
from the same methyl pool, and that even the wmethyl group of

thymine in RNA was derived from this source,(72),

This latter observation was in
antithesis to the established evidence that in DNA the methyl
group of thymine was derived from an entirely differeat source,
nawely, the transfor of the methyl Qronp from Na,ﬁio-n.thyleno-
tetrahydreofolic acid to deoxyribouridylic acid and pointed to a
dighotomy in the pathway for the gynthesis of thymine for RNA
and DNA, It was later econfirmed that as in many other
methylating reactiens ianvolving methionine, the active agent
was Seadencsylmethionine (8),
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The ntchanlﬂl for the muon of the
methylated bases into DNA and RNA was rescolved when enzymes were
isolated whieh activate transmethylation at the pelymer level of
preformed transfer RNA, In B, coli, at least six enzymes are
invelved in the methylation of RNA, one for each methylated base
formed and two for the formation of lemethylguanine (74),

This list may be incomplete becanse it is now known that ribosomes
appear to contain methylases that are probably specific for
ribosomal RNA (75). In DEA, it would appear that one enzyme,
again using s-ndenoaylunthioniné, gives rise to Semethyleytosine
and Gemethylaminopurine (76),

BIOLOGICAL ROLE OF METHYLATION

The presence atlan many as 10 distinet
engymes for methylation of specific nuecleic acids would supgpest a
highly functional role in the metabelism of the eell, From
the available experimental data, it is possible only to speculate
on the part played by the methyl group in controlling cell
reactions, The unique specificdty of the methylases for a
particular species would suggest that methylation may confer
individuality on the respective nucleie acids, therchy

protecting the structure apgainst the action of nucleases or
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alternatively prevent the integration of a fereign DNA from an
infective organiem (77). The absence of methylated bases in
viral RNA and messenger RNA makes it unlikely that methylation
plays a role in coding for amino acidas (77), Methylation

a8 a means of punctuation in the transeription of DNA hae also
beun put forward but the variability of the sumber of bases in
DNA of different organisms would argue against this (78),

The presence of methyl groups in ribosomal RENA has been tak%en to
indicate a role in the aggregational function ef ribosomal
precursors (70), A further sugzestion is that methyiation
may play an fmportant part in determining the specific secendary
strueture of transfer RNA by maintaining it in a single-~stranded
eonfiguration over a certain region by blocking the hydregen
bonding groups, This however, must be reconciled with the
fact that polyridothymidylie aeid hae a bighly ordered structure
(60), The methylation off LNA does not interfere with the
prisary information of the zode but it may confer structural form
(78), The wodifieations of the HNA methylases in different
‘blological systems, eg, metamocrphosis of insects and tdmour tissues,
invelving phenomena associated with certain metabolic processes
.luggautn the enzymes may be inveived in regulatery functions
{81) (82). It is evident that although much information has

been obtained concerning the site and extent of methylation,
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its ultimate bislogical function remains obecure,



EXPERIMENTAL
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Ao CHEMICAL PREPARATIONS

PREPARATION OF METHYL METHANESULPHONATE

+ —> CH_SO_OCH R Agl
CH38020A9 CH3I 3 02 3 g

Commercial methyl ifodide was
redistilled before use and the fraction distilling between
42 = 43° was retained as a colourless distillate. silver
methanesulphonate (203 g), propafod as a wﬁlto erystalline solid
by the addition of a slight excess of dry silver oxide to a
solution of mtmlphanle acid in acetonitrile, was dissolved
in the minimsn volume of acetonitrile (1000 mls)y with atirring,
Mothyl iodide (142 g) was diseolved in a further cuantity of
acetonitrile (100 amls) and added, Precipitation of silver
iodide began immediately and was complete after stirring the
reaction mixture for 5 hours, during which time, the contents of
the flask were shielded frem light. Silver iodide was filtercd
. off and the solvent removed from the filtrate under reduced
Prossure. Thr remaining liquid was distilled and the fraction
distilling between 80 - 90° @ 12 mm was retained as a colourless
liquid,.

Yield 91e0g (85 % of theeretical).
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After washing with potassium bicarbonate te remove any free amid
and drying over sodium sulphate, the ester wes finally redistilled
u.) give a colourless,; odourless liquid,

Poiling point 88 = 90° @ 12 mm,

Iﬁndhtaly after preparation, the
ester was sealed in 5 g quantities inte sterile glass ampoules
and stored at «20°, Evidence for the stability of the drug
under these conditions was obtained at intervals, chemically by

elemental analysis and biologically by ovaluation of toxiecity

dﬁt!.
Flemental Analysis ¢ e 2183 % e 536 Y% s = 20007 %
Required for C,H.0.8 C = 21482 % i = 548 % 8 = 20010 %

Infra red analysis as a liguid film between sodium ehloride plates
showved absorption at 7+36 p and 8+49 n characteristic of the

’
a-soa-o-n ETouD,

I R'spectrum Methyl methanesulphonate
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Confirmatory evidence for the struecture of methyl
methanesulphonate was provided from the nuclear magnetic -
rescnance lﬁctm which showed two ﬁmo -1@1- having
shifts of 3+04 and 3+84 with reapect to the internal standard,
These were mignaﬂ to the protons present in cnaa- and 0!!30-
environments respectively,

PREPARATION OF € YaMETHYVL METHANESULPHONATE

14 14
CH A N R —— A
,50,04g H, | CH,SOOCH,  + gl

The mdioac._tln ester, containing a
cMonethyl group, was prepared by the method describod above for
the unlabelled drug, Silver methanesulphonate (6°0 g) was
dissolved in acetonitrile (30 mls) in a 100 ml flask fitted
with a magnetic stirver. c¥enethyl todide (2 me), diluted
teo 4*1 g with inactive halide, vas supplied by the Radiochemical
Centro, Amersham, The methyl iecdide was transferred to the
‘reaction flask using a dropping pipette and the ampoule washed
out several times with small quantities of solvent,  After
stirring for five hours, protected from light, ailver fodide
vas removed by filtration and the filtrate transferred to a

diptillation flask, Acetonitrile was removed under reduced
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pressure and the product subsequently isolated as the fraction
distilling between 84 - 85° @ 11 mm, The drug was stored
at -20°,
ABSOLUTE SPECIFIC ACTIVITY
14

C" =methyl iodide contained 2 me in
4+10g, This reacted with 5+86g silver methanesulphonate to
give a theoretical yield of 3+175z methyl methanesulphonate.
Actual yield 2+182g. Percentage yield 69 3%

2¢182g labelled product contain 1374 mc

Absolute specific activity = 630 pe/g.

During the work, approptiate precauvtions were taken when handling

and disposing of radioactive material.
PREPARATION OF 7-METHYLGUANINE

Triacetylguanosine was prepared by the
method of Bredereck (83), Guanosine (5¢0g), dried in vacuo,
was warmed gently with acetic anhydride (50 mls) in pyridine
(60 mls) as solvent. On cooltng; crystals of the triacetyl

compound separated out, The produet was recrystallised from
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absolute aleohel,

Triacetyl guanosine (18 g) wae
dissolved in methanol (60 mls) and acotone (10 mls) and cooled
to 0% in an ice=bath, A solution of diasomethane in ether
(20 mg/ml) was added until the presence of a permanent yelliow
colour sugrested excess reagent. on standing overnight at 0%,
a precipitate formed which erystallised from methansl as prisms,
These were filtered off and dried in vaewe at 100°,

Molting point 164 - 166°, Yield 003 g

The methylated base was isolated from the nucleoside after
treatment with N #C1 at 100° for one hour in a sealed ampoule (84),
The hydrolysate was evaporated to dryness roveral times to remove
residual acid and the white residue purified by fractionation on
an ion exchange column of Dowex-leformate. Fractions
containing the methylated base were loeated, combined and
evaporated to dryness, Residual ammonium salts were removed

by sublimation at 40'. The identity of the product was
confirmed by chromategraphy, ionophoretic mobility and by
comparing the UV absorption characteristics with thoae of an

authentie sample obtained commercially,
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REACTION OF METHYL METHANESULPHONATE WITH METHRIONINE

. +2] =
* SO_0C it CH_SCH.CH_CH ¥ CH SO
CH3$CH2CH2CHCOOH CH3 O2 H3 37 H2C 2('|.' COQH 3 20
' c
NH2 | H3 NH2

Methionine (596 g), 98 % formic acid
{60 mls), acetic acid (20 mls) and methyl methanesulphonate
(176 g) were reacted together at room tomparnturé in the dark
for three daya. The solution was distilled ig vacuo to give
a myrup which wes soluble in methanol, The methanol was
removed and the clear sticky residue left for eight weeks in a
deosicecator, The syrup became more viscous but did not

ervatallise,

The sulphonium salt was isolated as the
reineckate salg, The reaction produet was dissolved in a
anall quantity of water to which was added a freshly prepared
solution of ammoniunm reineckate (158 g) in water (100 mis).
Reaction took place immediately to yield a pink precipitate
" which was isclated by centrifupation, washed with ammonium

reinechate solution and dried.

Tho‘rainénkate ion wvas removed by

dissolving the precipitate in the minimum volume of methyl



ethyl Lketone and shaking the pink solution with 0¢1 N sulphuric
acid in a separating fumnel, Nissolved methyl ethyl ketenc
was removed from the agqueous layer and extracted twice with ether,
The ether remaining in the agueous layer was removed én a watere
bath and the solution concentrated to small volume, The UV
spectra of the produet was recorded, Chromatography on paper
showed a singie ninhydrin positive area with an identical Rf value
to the material isolated aftfor trsatment of methionine with methyl
iodide under identical reaction conditions,

. BICCHEMICAL TECHNIGUES

ANIMALS; FEEDING AND DOSING,

Rats of the American Wister strain,
bred in the laboratory, were fed on a basiec diet provided by the
Scottimh N,E.Agricultural Society (Diet 41B), They were
allewed food and water ad libitum,

Animais were injected with metihyl
methanesulphonate, dissolved in physiologieal saline, by an
intraperitoneal route at a dose of 100 mg per kilogram body

welight, This represented the maximum toelerated dose of the



37

m.

ISOLATION OF PROTEIN

Total protein was isolated from rat
liver essentially according to the procedure of Schneider (83),
Liveras were removed from rats at intervals after injection with
c*.labelled methyl methanesalphonate, fromen immediately in
liquid nitrogen and stored at «80” uatil required.

For the extraction, the tissue was
weighed out (8500 mg) and homogenised in an ice-cold glass
homogeniser with cold ¢ %o sodium p-aminosalicylate (PAs), (6 mis).
The volume waa then made up to exactly 10 mls with more PAS,

To 3 m]l aliguots of the howmogenate, in triplicate for each sample,
vae added cold 100 % trichioroacetic aecid (1CA) (015 ml), and
the contents vigorously shakens A further amount of ice-cold
8 % 1A (3 mls) wes added and the tubes contrifuged at 0°,

The supernate was removed by pipette and retained for radicactive
assay e The residue was washed with a further § mls of celd

5 °ﬁ» TCA and the washings retained, This was repeated with
three more 5 al aliguets of TCA and the supernate retained on

each occasion and combined as cold TCA ulqblo extract,



The residue remaining from this
extraction, containing nuecloic acids; protein and lipida was
wvashed successively with 5 ml portions of water, othanol,
ehioreform - methanol (211 %), ethanol = ether (311 A), ether
twice and then dried, The washings were combined and retained,
The dry powder was susponded in 10 %o sodium chleride (5 mls)
and heated on a boiling water<bath for 1 hour to extraet the
mucleic acids (86), This preocedure was repeated twice using
3 ml aliquots and heating for 30 minute periodsy the three

extracts being poeled for radicactive assays

The protein residue was extracted three
times with 8 % 7CA (5 mls) at 90% for 30 minutes to remove any
remaining nucleiec acids (83), Finally, the protein was washed
with ethanol, ethanol = ether (311 7y ), ether end dried, This

represented the total protein fraction of rat liver.

EBTIMATIONR OF PROTEIN

Protein was estimated uveing the Foline
Ciocalteu reagent (87), The protein sample (0+2 ml),
containing approxinmately 300ug of protein wae mixed well with a

freshly prepared alkaline ecpper selution (1 mi), taken from a
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mixture of 2 Yo sodium carbonate in 0e1 N sodiun hydrexide (56 mls)
and 0°5 % copper sulphate in 1 % potasaiun tartrate (1 ml), and
allowed to stand for exactly 10 minutes at room temperature,

The PolineCicealteu reagent (0¢1 ml), dilvted te 1 N with aecid,
mas added quickly, After 30 mimmtes, the optieal density of
the sample was obtained at 750 mu. The aetual protein
concentration wvas obtained by comparison of the optical density
with that on a standard curve, ohtained ench day using a freshly
preparod golution of bovine serum albumin, containing exsctly

500 pg per mi,

HYDROLYSIS OF PROTEIN

The protein (200 mg) was hydrelysed
in n sealed glaes ampeule with 6 N HC1 (20 mls) at 110° for
16 houreas Before use; annlar hydrechlorie acid wes redietilled
threo times, the fraction distilling 100 « 111° being retained,
Alyr was displaced from the hydrolysis tubes before sealing by
displacement with argon gas, This reduced to some extebt, the

formation of black humin during hydrelysie (88),

When hydrolysis was complete, the HC1

was removed by diluting the contents with water and evaporating
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te dryneas severnl tismes on a retary evaporator, Finally, the
repicue was taken into solution in 03 ¥ acetic acid (200 mls),

ARALYSYS OF PROTEIN

Samples of the hydrelysed protein
in acetic acld sslution were dilutad to contain the eguivalent
of 2 mg original protein per al selution, Aldiguota (0+3 wml)
vere usalysed autématlically for asios acid contoats

Iselation of the iadividual aunine,acids
proseat in the hydroiysate was coarvied out on ion exchange
columns according to the technique of Hira, “wero and Stein (80),
The acidic amine agide, aspartis ncid, glulaniec acid and
tyrosine were isolated firat by pusaing the hydrolysate from
i0 age of dry preotein dovn a coluan of Dowexnwi-acetate, 1 x 30 cms,
The basle and nsutral amine agolds vers net ahaovrhed oo the celuun
end vere collected imssdiately. Slutdon waes eareied out usiog
el N anetic acld; 3 =l fractions being collacted, An
estimativn of the anino acld content of each of the fractions was
abtained by the methed of Cooking and Yemm (D0), fdentification
of the individual amino acide was nade by comparison of the Rf
values with those of authentic eamples using thin layer
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chromatography on silica gel,

The fractions containing neutral and
basic amine acide were combined, evaperated to dryness and taken
up dn 1 N HCL (2 ml) for fracticnation on Dowex«S0ei",
previously eguilibrated with 1 N HC), The resin in the hydrogen
form wae suspended in 1 W HC1 and poured into a watere-jachketed
column, 1 x 130 eme, maintained at 25°, Fractions (3 mls)
were again collected and analysed as described above. After
the emorgence of glyeine, the temperature was increased to 50°
to improve the separation of methionine from iso-leuecine, and
gradient elution begun by running HC1l (300 mls 4N) into a
reservoir containing NCl (300 mls 1N), The pooled fractions
containing the amino acid hydrechlorides were evaporated to
dryness on a rotary evaporator, reerystallised and the speecific

activity determined,

For the estimation of the amino acid
content of the fractions, 0¢*1 ml of each was added to 02 N
citrate buffer (0+5 ml pif 5) in a colorimeter tube, a2 %
solution of ninhydrin in methylcellicsolve (1 ml) was added, the
solutions mixed and heated for 15 mimutes at 100°, When cool,

the selution was made up to a convenient volume and the intensity
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of developed colour read on an EEL colorimeter using a 626 filter,
ISOLATION OF PARTICULATE CELL COMPONENTS

Cell components were isolated using
the isotonic sucrose technique of Schneider (81) (92), Rate

“-mthyl methanesulphonate were killed 24 hours

injected with C
after injection by exsanguination under ether anaesthosia.

Livers were quickly removed and cooled immediately in ice,

Tissue samples (2¢0 ) were weighed ont on an lce~cold watehglass,
cut into small pileces and homogenised with cold 025 M suerose
solution {12 mls), in a Potter-Elvehjem homogeniser fitted with

a teflon peastle. The volume of the homogenate was made up to
25 mls with further sucrose solution and filtered threugh nylen
gauvze to romove connective tissue. Aliguots of the filtrate
were talken for determination of the DNA and RNA content and

for radioactive assay,

The homogenate was centrifuged at
600 x g for 13 minutes at 0%, The residne, consisting of
sedimented nuclei, unbroken liver cells and some erythrocytes,
was woashed twice with 10 ml portions of 025 M sucrose and

re-hemogenised to break up ary intact cells before centrifuging
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again at 600 x g. The washings were combined and added to
the origzinal supernate containing mitochondria, microsomes and
cell sap, Aliguots of the supernate and residue were taken

for analysis and assay,.

Mitochondria were separated Ifrom the
supepnate hy centrifuging at 10,000 x g for 20 minutes at 0‘.
The yellowish-brown residue of mitochondria woa re-suspended
in 0+20 M suerose and re-centrifuged, The waghings from this
vere again combined with the previous supernate and aliquots ef
this, together with the isclated mitochondria, analysed fer purity

and assayed,

When the above clear yellow supernate
was centrifuged at 100,000 x g for 3 hours, a reddish-brown
pellet of microsomes was obtained, There were washed with a
further 2 mls of 0+258 M sucrose, the washings heing combined
with the supernate and representing the none-particalate cell
sap fractione Aliquots of miecresomes and cell sap were

analysed for nucleic acid content and assayed for radicactivity,
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LIVER
600 g
L l
Nuclear Fraction Supelnulnnt
lO,f-ilOO g
Mitochondrial Fraction | Su pel:\atonl
1.00,{|)00 g
Microsomal Froc_ﬁon Cell Sap

ISOLATION OF NUCLEI

Isolation was carried out by the
procedure of Hogehoom et al, (93), Samplea of liver (2+0 g)
were cut into small pieces on an ice=cold watchglase and
‘homogenised in cold 0¢25 M sucrose Eontalnipg 0+0018 M caleium
chloride, — The volume of the haﬁognnatt wvas adjuated to 20 mls
and filtered thréugh nylon ganze to remove intact liver cellis,
An aliquet (10 mla) of the filtrate was carefully layered onte

each of two 10 ml samples of ice-cold 22 M sucrose containing
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000018 M calcium chloride in polypropylene contrifuge tubes,
These were centrifuged for 2 hours at 40,000 x g. The cleudy
supernate from each tube, eontaining mitochendria and intact
liver cells at the interface, was removed to leave a pale yellow
gelatinous pelliet at the bottom of the tube, The nuelei were
re=suspended dn 0,25 = sucrose and a further 5 mls of the 22 M
sucrose added to the bottom of the tubey; underneath the 0235 M
solution, This was re-centrifuged for 1 hour at 40,000 x g,
The supernate was discarded, the niiclei re-suspended in G*25 M
sucrose and an aliquot taken for estimation of nucleic acids and

for radiocactive assay.

ISOLATION OF DHA

Deoxyribonucleic acid (DNA) was
isolated by the phenol method of Kirby (94),. After ether
anaeasthesia and exsanguination, livers were remeved quickly and
blotted lightly on filter paper before being dropped inte liguid

nitrogen,

Rat liver (1 g) was transferred to a
Griffiths tebe which had previously been cooled in ice, and

hemogenised in an ice-cold 6 ?ﬂ:aolution of sodium pe-aminge



salicylate (10 mle), The volume of the homogenate was
moasured and an equal velume of 90°/0 phenol in water added quickly
with stirring, The mixture was shaken mechanically for 1 houre
At the end of this time, the straw-coloured emulaion was
centrifuged at 3000 rpm for 1 hour, The pale yellow supernate
vas removed by suction, The dark brown phenclie laver was
washed once with a further 10 mla PAS, To the combined aunueous
layers after centrifuping was added an equal volume of 2egthoxy-
ethanol, The fibrous strands of high polymer DNA were

removed using a glass rod and transferred to 0¢2 % sodéuwm
acetate (3 mis) to dissolve* The solution was made up to 4 Yo
with respect to sodium acetate and DNA precipitated by the
addition of an egual volume of Z2~ethoxyethanol, The DNA was
removed as befere and redi-selved in 002 Y% sedium acetates :

Te the solution was added a further 114 mgs sodium acetate, and

a solution of ribonuclease (1,5 mg in 1 ml water) added, The
mixture was allowed to remain overnisht at 2°, The DNA was
subsequently precipitated by the addition of an equal volume of
2-ecthoxyethanol and the purification and precipitation repeated
threoe more times, Finally, the purified DNA was taken inte
solution in 0+2 Yo sodium scectate (1 ml), Aliquots were taken

for DNA analysis and for radioactive assay.



47,

ESTIMATION OF DNA

DNA was estisaied using the diphenylamine
method of Burton (95), The diphenylamine reagent was
prepared by the addition of steam distilled diphenylamine {15 g)
to a mixture of redistilled glacial acetic acid (100 mls) and
cone H,80, (1°5 mlas)e Before use, 0*1 ml of aqueous
acetaldehyde, containing 16 mg per ml, was added to each 20 mis
of reagent, For each analysis, the DNA solution, containing
approximately 100 ug in 0*1 ml, wvas added te a mixture of
diphenylamine reagent (2+0 mls), perchloric acid (0*1 ml) and
sufficient water to give a final volume of 30 mls, Samples
in duplieate were incubated overnight at 37°, The optical
densities of the seolutions were then read at 600 mp and the values
obtained compared with the readinges of standard DNA solutions

containing O « 150 ug DNA,

ANALYSIS OF DNA

DNA was hydrolysed by the method of
vischer and Chargaff (84), The DNA was heated with 1 N HC1
in a sealed tube for 1 hour at 100° te yield pyrimidine

nucleotides and purine bases, The acid was removed from the
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hydrolysate by repeated evaporation and solution, before
chromatography on ion exchange columna, accerding to the method
of Weissman (96), Alternatively, the dry nucleic acid
preparation was mixed with 70 % perchloric acid { 5 mg DNA per
01 m) aeid) and heated at 100° for 1 hour. The mixture of
bases was diluted with water and ground with a glass rod to
produce an homogenecus suspension, Centrifuging this removed
a black narticulate residue and the supernate was used directly
for chromatographic analyais, Samples were spotted for paper
chromatography and autoradiography,.

ISCLATION OF RNA

Rat liver (1¢0 g) was homogenised with
icewcold water (10 mls) in a glass homogeniser, which had been
cooled in dce, To the homopeonate was added an equal voiume of
90 % phenol and the mimture shaken mechanically for 1 hour (97),
The esmlsion was centrifuged at 2000 rpm for 1 hour, the cloudy
aqueous layer containing RNA and polysaccharide was remeoved and
the phenol layer washed twice with water, On each occasiong
the top layers were removed after centrifuging (2000 rpm, 30 min),
The combined extracts were made up to 2 Y6 with respect to

petassium acetate and the RNa and carbehydrate precipitated by
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the addition of 95 %o ethanol (2 vela). Precipitation was
allowed to eontinue overnight at 0%, The resulting
precipitate wan separated by centrifugation at 2000 rpn foy

30 minutes, washed with ethanol - water (3:1), and finally
redissolved in water (Do mias). Remaining ethanol wano
removed in a rotary evaporator at 25°, The aqmeous solution
was mixed with 2,5 ¥ dipotassium hydrogen phosphate (1 vol),
333 % phosphoric acid (003 vol) and 2-methoxyethanol (1 vel),
After centrifuging, two layers formed in the approximate ratio
5:1 by volume, The upper layer was removed and the lower
one washed once with 10 mle of the top layer from a mixture of
2engthoxyethanol « wator - 25 M dipotassium hydrogen phosphate
« 333 Yo phosphoric acid (111311005 by vel)e The ecombined
top layers contained all the RNA, To the cleosr supornate was
added two drops toluene as preservative and the seclution
dialysed againast disztilled water overnight, The contents of
the dialysis bag were then eentrifuged and made up to 2 Yo with
reaspeect tp potassiun acetate and the RNA precipitated by the
addition of 95 Yo ethanol (2 vols). The preeipitate was
collected by centrifugation, wvashed twice with ethanol « water
(311), and dried in a desicecator, The produet was a hasdd,

friable, resinelike mass which was seluble in water
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ESTIMATION OF ENA

The ercinol procedure, modified by
Ceriotti (08), was used for the estimation of pentoses  The
RNA sample containing approximately 100 ng RNA was mixed well
with freshly prepared orcimel reagent (3 mls), made by disselving
pure orcinel in O¢1 % forric chloride in cone HC1 to give &
concentration of 10 mg orcinol per ml, was heated for 45 minutes
in a beiling water<bath, When the tubes had eocledy the
optical densitics were read at G660 mp, A standerd curve was
obtained using a simglar procedure with puvre RNA (0 - 130 ug).

ANALYSIS OF RNA

In addition to the acid hydrolyais
methods deseribed for DA, RNA was also subjected to alkaline
hydrolysis to liberate nucleotides, The RNA saxple was
incubated at 37° with 03 ¥ potassium hydroxide in a sealed
anpoule for exactly 18 hours, The velume of alkali used was
in the ratio of 1 ml per 5 mgs nueleic acid, The digesi was
cooled immediately in ice and brought to pi 1 by the addition
of ice-cold 60 Yo perchloric acid, The insoluble precipitate

of potassium perchlorate was removed by centrifugation at 0°.
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The residue was washed oncey the washings being combined with

the supernatant containing the ribonucleotides and adjusted to

pH 4 with N KO with cooling in ice to minimise further hydrolysis
of the mucleotides, An aliguot wag then submitted teo
ionophoresia,

ISOLATION OF SOLUBLE RNA

Preparation of the soluble RNA of rat
liver was carried out esseatially by the method of Brunngraber
(90}, Rat liver (10 g) was homogenised with 1 M sodium
chloride (1°5 mls) eontaining 0000 M ethylenediaminetetrancetiec
acid (EDTA) in Oe1 M trisechloride buffer pH 75 in a glase
homogeniser cooled in icee 88 % Phenol (15 mls) was added
end the mixture stirred thoroughlys The homogenate was
centrifuged at 10,000 rpm for 30 minutes at 0% The aqueous
layer was pipetied off and the RNA precipitated by the addition
of 93 Yo eothancl (3 vels) at 0%, After centrifuging and
disecarding the supernate, the residue was re-suspended in Oe1 M
trise-chloride buffer at pil 75, The solution was layered
on te a column (1 x 10 ema) of DEAE cellulose (20 g) which had
previously been ecuilibrated with cold O+*1 M trisechloride

buffer. The column was washed with buffer (20 mls) at pH 75
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and elution of the RNA commenced using 10 M sodium chloride
in O*1 M trias buffer,

UV absorbing materdal eluted from the
ecolumn with buffer only was discarded and those fractions
containing NNA were combined and freege diried, The solid
residue was taken into solution in distilled water { 5 mls) and
placed on a column of Sephadex G 20, The column was
developed with water, The fractions containing RNA were
combined and freese dried as soluble RNA, Aliquots of the
solution were taken for analysis of the RNA content and for

radicactive assay.

ISOLATION OF RIBOSOMAL RNA

Ribosomal RNA was prepared Ly the phenol-
mecroscl methed of Kirby (100), Liver (1+0 g) was homogenised
with 6 Yo PaAs (15 mls) in an ice-cold homogoniser. The phenol
necresol mixture (15 uls), prepared by the addition of purified
phenol (500 g) to redistilled mecresol (70 mls), water(3S mlas;
and 8-hydroxyquinoline (9+5 g), was added and stirved for 20
minutes at 20°, The emulsion was centrifuged at 6000 x g for
30 minutes at 5°, To each 100 mls of upper layer was added
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scdium chloride (3¢0 g) and the mixture reo-oxtracted with 0*S vol
of phenol~ mecresol for 10 minutes at 20° snd then centrifuged

at 8000 x g for 10 nminutes at 5‘. The agqueous phase was then
removed and mixed with mecresol - ethancl (1:9, 2 vels) and the
mixture allowed to stand for 45 minutes at 2°, The precipitate
was centrifuged off and extracted twice with cold 3 M godium
acetate pil 690 (50 mls), The ribosomal RNA, free from DNA,
a«RNA and glycogen, was washed once with a cold mixture containing
water, sodium chloride and ethanol in the proportions (25 mle 3
100 g 1 75 mla), then once with 75 % ethancl, twice with pure
ethanol and finally dried in a desicecator, An aliguot waa

taken for radicactive assay and for analysis of the ENA content,
ISOLATION OF URINARY PURINES

For a period of 24 hours after the
injection of ct‘-labollcd methy! methanesulphonate, urine was
collected over chlorofora from two male rata. The animals were
maintained with food and water ad 1libitum in a metabolic cage
which allowed collection of the urise free from faceal
contamination, The wvolume of urine excreted was approximately

12 mls,
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After separation from the chloroform,
the urine was diluted with water and acidified to pil 2 with
nitric acid, On standing overnight at OP, insoluble material
separated out, This was filtered off and the e¢lear urine
passed throush a column (2 x 30 ems) of Dowex-50-H' te absorb the
purine bases. The celumn was thorousghly washed with water
(1000 mls), and the bases eluted with ammonium hydroxide (500 mls).
The ammoniacal eluate was concentrated to 20 mlas and acidified
to pH 2, M Silver nitrate (7 mls) was added and the mixture
stored at room temperature for 24 hours and for a further two
days at 5° to complete precipitation, The silver purinate
was wvashed three times with water, cocllected by centrifugation
and decomposed by heating for five minutes with 005 N HC1 (100 mls)
on a boiling water<bath, The gilver halide was removed and

the purines concentrated to small volume (2 mls) for analysis.

ISOLATION OF CHOLINE

Rat liver (500 mg), together with a
saturated solution of barium hydroxide (20 mls), was refluxed on
a water=bath for four hours. Fibrous tissue was removed from
the hydrolysate by filtration through a Buchner funnel and the
clear supernate chilled in an ice=bath, A 3 % methanolie

solution of ammonium reineckate was added and the seolution



stored at 0° for two hours. The microerystalline precipitate
was filtered off, washed with portions of 0*1 N sodium hydroxide
saturated with choline reineckate and finally with nepropanol

(2 mls) and dried, The choline reineckate was removed from
other contaminating reineckates by solution in acetone,

Aliguots of the acetene solution were taken for estimation at

327 mp and the cheline content assessed by reference to a standard
ecurve prepared from samples of known choline content, Aliquots

vere taken for radioactive assay.

The choline was finally digested with
20 3& sodium hydroxide in a flask with an excesa of potassium
permanganate. The flask was aerated and the evolved gas

passed into 0°02 N H_80.. The trimethylamine formed was

2
precipitated as the chloroplatinate,

ISOLATION OF FORMALDENYDE

Isolation was carried out essentially
by the method of Mitoma and Greenberg (101), The cold acid
soluble extract of rat liver was made 285 3& with respect to
trichloroacetic acid and distilled to dryness in vacuo, the

distillate being trapped in 10 mls of an agueous solution



containing 0°4 % dimedone (5,5-dimethyleyclohdxane=1,3=dione)
buffered to pH 7-4, The white erystalline formaldehyde-
dimedone complex, methylene bisg=(5,5«dimethyleyelohiexanc=1,3=dione)
was filtered off and purified by repeated solution in alkali

and precipitation in acid, The distillation was repeated three
times until there was no further evidence for the formation of

the complex. The dimedone compound was assayed for radiocactivity,
ISOLATION OF THE PB«CARBON ATOM OF SERINE

The residue from the isolation of the
formaldehyde complex was oxidised with periodiec acid and the
distillation inteo dimedone repeated, As before, the complex

was isolated and assayed,
ESTIMATION OF GLYCOGEN

Glycogen was estimated by the method
of Tarnoky et al, (102), The frozen liver (300 mg) was
thaved in ice-cold 10 Yo triehloroacetic acid and after
homogenising, was made up to 30 mles with acid, toc pive a final
concentration of 10 me/ml, This was centrifuged and an

aliguot (05 ml) of the clear supernate added te 95 Yo ethanol
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(1 ml) for 30 minutes to precipitate glycogen, After
centrifuging, the supernate was discarded and the reaidue
digested in 2 N sto4 (0*2 m1) on a boiling water<bath for 1 hour,
the digest was cooled and a 6 /o solution of redistilled
o-toluidine (8 mis) in glacial acetic acid containing 0+13 %
thiourea was added, The colour was developed by heating on

a water«bath for 8 minutes. The optical density was determined
at 635 my against a blank of oetoluidine reacent (8 mls) with 2 N
H,80, (02 ml). The values obtained were compared with those
from solutions containing known amounts of sugar and using a
factor of 0+925 to convert these to glyeogen equivalenta,

ESTIMATION OF ADENCSINE TRIPHOSPHATE

a) Whole blood,

Blood (1 ml), taken from the vena cava
of a rat after ether anaesthesin, was deproteinised with 4 %o
perehloric acid (1 ml),. The preecipitated protein was removed
by centrifugation at 3000 rpm for 10 minutes at 4°. To an
aliquot of the clear supernatant (0+2 ml) was added O°1 M
tris-ethanolamine buffer (23 mls, pl 7+6), prepared by
dissolving triseethanclamine hydrochloride (1+86 g) in distilled

water (50 mls), adding magnesium sulphate (125 mg), disodiume



=3=phosphoglycerate (210 mg) and EDTA-digodium salt (50 mg),
adjusting to pll 7+6 with 1 N sodium hydroxide and making the
volume up to 100 mls, DPNH solution (0+05 ml), containing
DPNH~disodium salt (10 mg) in distilled water (1 ml), was aleec
added, The optieanl density was determined at 340 mp in a
silica-glass cell measured against air, An enzyme suspension
(0+05 ml), containing glyceraldehyde«3ephosphate dehydrogenase
(BC 1.241,9.) (4 mg/ml) and phosphoglycerate kinase (E.C.2,7¢2434)
(1 mg/ml) was added to the cell, After 5 minutes, the opgical
donsity was rocorded, From the difference between the two
values, the concentration of ATP waa calculated by reference to
the results obtained from a similar assay on a standard ATP
solution containing 1 mg/ml, Bach assay was performed in
duplicate.

b) Liver,

The assay was repeated on eold acid
soluble extracts of liver tissue, prepared by homogenising
liver (140 g) in ice=cold perchloric acid (3 ml) and making the
volume up to 5 mla, An aliquot (0°4 mls) was taken for

assay and the optical densities determined as before.



FRACTIONATION OF ACID SOLUBLE LIVER EXTRACT

Rats which had received a single
injection of methyl methanesulphonate, were anacsthetised with
ether, exsanguinated and the livers rapidly dissected out,
Samples of tissue (4 g) were weighed out and homopgenised in icee
eold 10 %o TCA (1640 mla). The homogenates were allowed to
stand in an ice-~hath for 30 minutes and were then centrifuged
at 0%, The clear supernate was removed and the residue
washed with cold 5 Yo 7CA (10 mls), the washings being added to
the original extract, The TCA was removed by oxtracting the
combined supernatant solutions with five portiocns of ether (50 mis),
the ether being subscguently removed from the agqueous phase by
acration, The extract (pH 4+5) was fractionated on a column
of Dowexeleformate (1 x 30 ems), After absorption of the
extract, the column was washed with water uatil the elution of
UV absorbing material censed, These UV absorbing fractions
which were not retained on the column were pooled, = The
sclution was freesze dried to 10 mls, then cooled in ice and cold
95 % ethanol (10 mle) added, The supernatant from this was
freeze dried and chromatographed, The UV absorbing area
corresponding to Seadenosylmethionine was eluted off with O*1 N

HC1l and aliguots taken for UV analysis and for radioactive aasay.
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Nucleotides were eluted from the column
using a gradient of formic acid « asmonium formate (103),
Analysis and assay of the eluted material was carried out by
paper chromatography on Whatman No 17 paper, follewed by elution
from the peper and characterisation frow the UV absorption

spectra.

Ce CUROMATOGRAPHIC AND COUNTING TECHANIGUES

INFRA RED SPECTROSCOPY

The technique of spectroscopy in the
infra red region was applied to confirm the identity of methyl
me thanesulphonate, The sample was prepared as a liguid film
between sodium chloride plates and examined over the range 2+05=
150 p using a Perkin Elmer model 137, sodium chloride prism

instrument, or the model 237 grating instrument,

ULTRA VIOLET SPECTROSCOPY

Nueleie acid degradation products,
isolated by chromatography, were identified by comparison of
their UV absorption characteristics at pi 1 and pH 9; over the
range 200 « 300 mp, with spectra of authentic samples, using a

Unicam SP 800 recording spectrophotometer, Othor UV data was
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recorded from the Unicam SF 500 spectrophotompter,

NUCLEAR MAGNETIC HRESONANCE SPECTROSCOPY

To obtain confirmatory evidence for
the structure of methyl methanesulphonate from the muelear
magnetic resonance spectrum, the ester was disaclved in
deuterated chloroform to yield an approximately 50 ?b solution
and placed in the magnetic field, Trimethyleilane was used

as an internal standard,

ION EXCHANGE CHROMATOGRAPHY

In all the procedures utilising ion
exchange technigques, Dowex Analytical Grade resins were used,
The high guality, consistent mesh size and freedom from organie
and inorganic impuritiee permitted use without backwashing or

other preliminary treatment,

Anion exchange.

Dowex AG 1 « X8, 200 - 400 mesh was
used in the chloride form as a strongly basic anion exchange
resine for fractionation and iselation of nuecleie acid
components, the resin was converted to the formate form, through

an intermediate hydroxy form, The Dowex=1eCl™ was slurried
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into a column (2 x 80 emg) and washed with 1 N sodium hydroxide
solution (1750 mls = O bed vols), by which time the presence of
chloride ion could no longer be detected in the effluent,

Excess sodium hydroxide was removed with & hed volumes of glass
dietilled water until the pH was leas than 9, The eluting
solution was changed to 1 N formic acid (360 mls = 2 bed vols)
until the pll wvas greater than 2, The column was washed with
water until pH 4+8 , showing that the remaining formic acid

had sucecessfully been washed off the column, The acetate form
was prepared likewise, using a 2 M sodium acetate solution in

place of formic acid,

Caticn exchange,

Dowex AG 30W « X8, 200 =400 mesh in
the hydrogen form was used as a strengly acidic sation exchange
regin, Until required for use, the resins were stored in a
moist condition in dark bottles, as the anion exchange reain in

particular was shown te be light sensitive.

PAPER CHROMATOGRAPHY

Single dimension - ascendiong

Two samples of approximately 10 ul
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were applied 4 ems apart on each strip of Whatman No 1 paper
8 x B0 cmsy using a fine capillary tube, and dried in wara air,
Two solvent systems were found to give adeguate separation of
components for wost purposes,

BA nebutancl « acetie acid « water (12:3:8)

BON nebutans] - dioxan - ammonia ( 2:1:8)

After developing overnight at 20°, the
chromatograms were dried in air and treated with locating agents,
Duplicate chromatograms were marked off in 1 em lengths and the
strips assayed for radicactivity by immersing the paper in
phoaphor and ecounting in a liguid scintillation counter.

Single dimension < descending

For nueleice acid derivatives, the
desncending procedure was also used, Samples were spotted
9 ceme from one end of a etrip of Whatman No 1 paper. At
the end of 24 hours, the paper was removed from the tank, dried
and spots located by the usual techniques, An iso-propanol/
iiC1 aystem was found to give adequate separation of the bases

contained in hydrolysates,

Poroxidos were vremoved from

commereial iso-propancl by sbhaking the solvent with ferrous
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sulphate until acidification of the alechol and addition of a
erystal of potassium iodide failed te yield a brown colour in

the molution, The isc-propanol was fractionally distilled

and the fraction boiling between 82-84° @ 750 wm collectod and
stored in the dark, The solvent was prepared by adding the
peroxide«free isopropancl (65 mla) to 12 ¥ HCY (1687 mis) and
making the volume up to 100 misg with waters Freah solvent

was made up for each separation. After locating the bases under
UV light, the areas were cut out and the UV spectrum characteristics
deternined, using an equivalent area of paper not containing

UV absorbing material as blank,

iwo dimension ~ ascending

To effect a positive identification
of the varioun samples, two dimensional chromatograms were
prepared by the ascending technique, The sample 20 pl was
spotted on sheets of Whatman No 1 paper (20 x 20 ems) and placed
in airtight glass tanks 12" x 12" x 12" containing the solvent,
After developing in one directiony the paper was turned through
80% before being placed in the second molvent for dovelopment.
The solvents used were BA as first solvent followed by phenol -
ammonia, The latter was prepared by adding 120 mls of water

to 000 g phenol in a dark bottle and leaving overnight to



produce a homogeneous solution, Doefore use, 0+68 ammonia
(1 ml) was added to each 200 mls of ligquid phenol, It was
found that the presence of a small quantity of selid sodium
eyanide in a beaker inside the tank inereased the resclution of

the syasten,

THIN LAYER CHROMATOGRAPHY

For identifying the individual amino
acids present in the eluates from fon exchange separation of
protein hydrolysates, thin layver chromatesraphy produced adequate
resolution of components in two to three hours. Platea
(20 x 20 ems) were prepared using a suspension of Silica gel G
(80 g) in water (30 mls). The slurry was pourcd into a
Skandon spreading device to produce a layer 250 p thiek, and
the plates dried in airs Samples (5 pl) were spotted, dried
and the chromatogram developed in BA, Amino acids were
located with a 2 % solution of ninhydrin in acetene and the
position of the spois compared with authentie samples of the
amine acids,

AUTORADIOGRAPHY
A permanent record of the exact

position of arcas of radicactivity after paper chromatography



and ionophoresis was made hy exposing the paper to Xeray film
for an appropriate longth of time, The £ilm used wan
conventional Iiford Red Seal Neray film (254 x 303 ems),.

Before exposure, the developed
chromatoprang and ionophoretograms were located on a plece of
stiff cardboard €5 x 30 cms) so that the surface in contact with
the film should remain flat, The film and cardboard,
protected from light, were left in a darkyoom for 4 -« & weeks,
The exposed film wase then developed and fixed in the usual

mannels

AMING ACID ANALYSIS

Analyses were performed on the amino
acids present in aliguots of protein hydrelyvaates equivalent to
13 mg of original protein, using the Technicon Auto Analyser,
The sample was placed on the columa of Chromobed resin,
previously equilibrated with buffer at pl 287, under nitrogen
pressure, Elution of amine acids was carried out with a
combination of citrate bhuffera pH 287, pi 3+8 and pii 520,
using an Autograd 9echanmber mixer, The ecolumn was maintained
at 60° during chromatesraphy. Analysia of the colour

developed when the eluate reacted with ninhydrin at a temperature
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of 90-95" was obtained uaing thres colorimeters, two set at

570 mp and having 106 mm and 8 me cells; and the third using a

16 mm cell at 440 mp. The absorptions were recorded
automatically as the log of the optical densities, Por
gquantitative estimation comparison was made with the optical
densities produced by a standard solution of the amino acide
present at a concentration of 1 pi per ml, exdept for cyateine,
O+*5 uM per ml, and proline 20 pM per ml, At the end of cach
analyeis,; the column was regenerated using 0¢2 N sodium
hydroxide solution,

IONOPHORESIS

An aliguot of the mueleotide solution
was spotted 9 emg from one end of a strip of Whatman 3MM paper
(72 % B emns), Additional material was added where necessary
after drying the spots in a stream of warm air - excessive heat,
which causes spontancous formation of isomerie nuclcotides, was
avoided, The strip was then moistened with 002 M citric
acid -« trisodium citrate buffer pH 3¢5, prepared by a 50 feld
dilution of a mixtare of 3 vols M citric acid and 1 veol
trisodiom c¢itrate, The paper was then suspended gver a glass
rod above an electrophoresis tank so that the two cnds were

immersed to a dopth of 2 cms in twe separate glass dishes
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containing 500 mls buffer, Electrical contact was made by
two platinum electrodes dipping in the dighes and connected to
a source of DC eurrent, so that the anode wns in the dish
furthest away from the spot en the paper. The DC supply
eonsisted of an EEL power pachk delivering up to 600 volts,

The ionophoresis was carried out for 18 hours at & potentianl
gendicent of 8 volta per em, The apparatus was covered during
the run with a glass case to minimise evaporation, At the
completion of the run, the strips were removed, dried and the
nucleotides located using a Hanovia UV lamp, Identification
of the spois wae achieved by cutting out the UV abeorbing areas,
together with a blank area, and eluting with 0¢1 N HC1 (3 mls).
The U¥ absorption characteristics of each sample were
determined at pii 1 and pii 8,

COUNTING TECHNIQUES

Chrematogram scanning,

Vhere sufficient radioactivity was
present, paper chromatograms, after development, were scanned
veing an instrument designed by Gilbert and Keene (104),

This consisted essentially of a counter unit composed of 31

identical geiger counters, each connected through an insulated
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stainleas steel probe to a high insulation capacitor, The
gquenching gas used was highly purified argon with approximately
? % by weight ethyl acetate vapour, obtained by passing the
gas through ethyl acetate held at 0° in an ice~bath to enmure
constant comnosition of the gas, Counting was contiaued

for 30 minutes and the accusulated charge read from a meter as
total coungs per 30 minutes, After subtracting a background,
the distribution of activity aleng the paper was recorded,

Solid counting.

The assay of radioactivity in
biclogical samplos was made by plating an eliguot of the liguid
on to a 2 em filter paper dise contained 4in an aluminium
planchette. The contents were then dried to the solid state
under an infra red lamp, In this way, a uniform disgribution
of material was obtained over the surface of the dise, Assay
was made using e¢ither a thin miea end-window geiger tube, or a
windowless gaseflow ceunter, For the lattery, the guenching
gas used was pure argoen saturated with ethyl alcohol vapour
at 0° and the efficiency was just less than 1 Yo . In all
measurements, an abgorption factor for each sample was determined

14

using a € source of known specific activitys
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Liguid scintillation counting.

Liquid samples were counted using an
iDL Tritomat, a Nuclear Enterprises a/f spectrometer or a
Beckiman spactrometer, The phosphor used in each case was a
solution of maphthalene (8040 g), 2,5~diphenyloxazole (0+5 g)
and 1,4«bis-2«(phenyloxazel )benzene (0+05 g) in xylene (385 mla),
1 4-dioxan (385 mls) and ethanel (230 wls) as deseribed by
Moutschen (108),

An al!.quét of the sample (01 ml),
discolved in 4 mls of phosphor solution, was counted until at
least 10,000 counte were recorded, A background count from
the phosphor alone was subtracted from the recorded count,

The efficiency for carbon using a standard sample of known

specific activity was approximately 50 %o,



RESVULTS
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A prominent feature of whole body
autoradiographs prepared from frozen sections of animals

1 _methyl methanesulphonate was the high level

injected with C
of radiometivity present in the liver (15), Preliminary
studies on the metaboliam and tissue distributicon of the C“-
labelled ester had shown that approximately 8 = 10 % of the
injected dose was retained in the liver and that this value
decreased only slowly over a period of days. Radioactivity

was still detectable after 10 - 14 days.

Hesults from the present series of
experiments, based upon the radioactive assay of livers from
12 amimals, have shown that the average value for the percentage
of the initial dose of 100 mg/kg remaining in the liver at
24 hours was 7+90 °/o ° This was equivalent to a specific
activity of O-04 3&» of the injected dose per gram wet weight

of liver,

In order to assesa the degree of
incorporation of the radioactivity into the various subecellular
components, nuclear, mitochondrial and micresemal fractions were
isolated by differential centrifugation in isoteonic sucrose from

liver samples taken 24 hours after injection, In addition to
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mieroscopic examination, estimation of the DNA and RNA content
of the various fractions was employed as a measure of the success
- of the fractionation procedure. Results are expressed as a
percentage of the initial dose remaining in the liver after 24
hours and are the mean of values obtained from duplicate
determinations on four animals (Table 1).

TABLE 1
o

_ o of dose injected \ DNA RN

Ahrs 16hrs 24 hrs .mg/g mg/g
Nuclear (crude) o oy RGN £ 1 1-00 2:63 0-41
Nuclear (purified) = v 047 1.90  0:08
Mitochondrial 2:70 2°41 2:30 - : 0:63
Microsomal 0-96 2-03 1-84 i 6:05
Cell supernate 11-03 3-64 276 o 1-09
Wlhole liver e - = 2:90 8:40
% Dose in liver - 16060 . 920 790 : e ==

For comparative purposes, similar fractionation was carried out
on livers taken from animals 4 and 16 hours after injection.
. Thepe values are ‘the mean of duplicate determinations on tissucs

from two animals in each case,

Results showed that after 24 hours, 1 %

of the initial dose was associated with the nuclear fraction.
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Microscopic exanination showed however, that in this preparation
the individual nuclei were agriutinated in large ¢lumps and that
it wvas far from an homogeneous nuclei preparation; containing in
addition some free mitochondria, intact liver cells and red blood
cellm, Analysis of the nucleic acid content of this fraction
eshowed that almost all the DNA present in the wvhele homogenate
was present in this fractiony; 2%062 mg/g wet weight of liver, but
that 5 Yo of the total RNA content of the liver was also present,
confirming contanmination with intact liver cellas, Preparation
of nuclei in suerose medium eontaining caleium chloride

reduced this contamination and the nuclei exhibited the
morphological appearance characteristic of those in intact cells.
The number of cells was less than 1 % of those present initially
in the homogenate, but there was evidence for the presence of a
structure resembling cell membrane, An estimate of the DNA
content sugpested that 60 - 70 °/o of the nuclei were recovered,
In this purified preparation, the radicactive content decreased
to 047 % of the dese injected.

Centrifugation of the supernatant from
the nuclear separation in sucrcse at 10,000 x g yielded a
fraction containing mitochondria on microscopic examination and

having low RNA content, 2*30 % of the dose was present in
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this particular fraction, On standing at 4% in a refrigerator,
rapid decomposition of this fraction took place with the
liberation of a sulphurous odour,

A submieroscopic fraction containing
mierosomes was obtained by subjecting the supernatant from the
mitochondrial sreparation to centrifugation at 100,000 x g
This fraction contained approximately 75 %o of tho total RNA
present in the liver but only 184 7b of the injected doses

The majority of the injected
radionctivity, 2¢76 % was not associated with any of the cellular
particles and remained in the non-particulate cell sap fraction,

An assessmeont of the distributdion of
radioactivity in liver tissue was obtained on a chemical rather
than a morphological basis using the acid extraction technique
of schneider (85), Preliminary studiea were also made on the
effect of repeated doses of wmethyl methanesulphonate on

incorporation inte nucleic acid and pretein.

Four hours after injection of a single

4

dose of C’ -nethyl methanecsulphonate, the majority of the isotope
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in the liver, representing 13 Yo of the initial doso, was
extracted with cold 5 % trichloreacetic acid (TCA). A

further 0949 %o was soluble in 1ipid solvents. The residue
from this extraction, containing aeid soluble, non=lipid phosphorus
materinl wvas extracted with hot sodium chloride soluticn which
separated off the nucleiec acids as soluble sodium nucleates,

This fraction contained only 0¢34 Yo of the injected dose,

The protein residue contained 145 °fo of the injected dose.

Similar extractions on liver tissue talken
24 hours after a single dose showed that the decrease in the
amount of injected radicactivity present at this time, compared
with the shorter interval, was reflected in the cold acid
soluble fractions, Only 2+68 % of the dose wns associated
with this extract, There was little change in the lipid extract,
0+38 % and only a marginal increaso in the amount present in
the protein residuc, The sodium nucleates however,
accounted for four timos the activity detected after 4 hours,
The results, which are summarised in Table 2, are basmed upon an
average of duplicate determinations on the livers from two rate
for each time interval, At beth time intervals, the fractionation
failed to account for all the radiocactivity thought to be present

in the whole homogenate. At 4 hours, 8 % of the radicactivity
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present in the liver could not be located, whilat at 24 hours,

despite repeated attempta, 10 °,b wine st daring the fractionation

procedure.
TABLE 2
% of dose injected
4hrs . 24 hrs
Cold acid soluble extract 12°95 . 2-68
Lipid extract 0749 0-38
Hot NaCl extract 0-34 1-45
Protein residue © 1-45 _1-88
o
/o Dose in liver 1660 790

The fractionation was repeated on
samples of liver tissue taken at 48 and 72 hours after a single
dose of the C ienethyl methanesulphonate in order to study the
persistence of the carbon atom derived from the methyl group.
Aspay of the radiocactivity in the hot TCA soluble fraction remained
' pemarkably constant, suggesting a relatively permanent

incorporation of the c“

into the nucleic acid components.
The labelling of the protein ontity aleo remained consistent over

this period, The slight decrease in total radioactivity of



7

the whole tissue with tims could be aseribed almost complotely

to loss of activity frem the cold asid ssiuble fraction, and,

to ‘a lesser extent, the lipid fraction, The results, summarised
in Table 3, are based upon duplicate determinations on

livers from two animals killed at 48 and 72 bours after

injection, |

% of dose injected

24 hrs 48hrs ' 72 hrs

Cold acid soluble extract 2-68 2:10 1:87

Lipid extract : 0-38 0-27 013

Hot NaCl extract 1:45 1°43 1-38

Protein Residue : 1:88 174 1:58
g .

/o Dose in liver 7:90 6:90 620

In order tc investigate the cumulative
mm of the drug when given on a repeated dose regime, the
- extraction procedures were repeated on the livers from a pair of
animals injected with a second and third dose of methyl
methanesulphonate (100 mg/kg), given at 24 hour intervals,
Three successive doses at this .hnl was the maximum tolerated

. by the an'hnh._
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Results showed that with successive
doses, greatly increased amounts of radicactivity could be
extracted 15 the ice-cold TCA moluble trpnttén¢ : Throq tines
as much was extracted from the liver of the animal given two )
doses compared with a single dose and six iints this asount after
three dosess sinilir increases in the nucleic acid fraction
vere noted although only one and a half times the mctivity was
found after two doses and three times as much after threc.

Table 4 summarises these results which are expressed as t.agal

counts extracted per aliquot of liver,
TABLE 4

1x100 mg/k 2x100 mg/kg =~ 3 x100 mg/kg

Cold acid soluble extract 4950 15320 31790

Hot NaCl extract 3050 4530 8990

Protein residue 3650 - 7460 12070

INCORPORATION OF RADIOACTIVITY INTC PROTEIN

The protein fraction obtained as a
residue from the auhﬁuid-r procedure was freezo dried and'lunpmii
taken for accurate radicactive assay and protein estimation.

'Approximately 100 mgs of each of the dry protein powders was
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dissolved in 0+3 ml sodium hydroxide by incubating overnight

at 37% An aliquot (0+1 ml) was then taken for estimation of
the protein content and an equivalent aligquot eounted immediately
in a liquid secintillation counter (IDL Tritomat). The results
obtained from this latter assay were far in excess of the values
to be expected from the preliminary data evident from assaying
aliquots of tissue homogenate. Furthermore, the initial
result was much decreased when the same samples were recounted
éo minutes later, This spurious count was evun.tuallyi
attributed to a chemiluminescent reaction between the alkali

and a component of the phosphor mixture. An accurate count
was obtained b& ﬁlgnsting the weighed protein powder (20 mgs)

in a solution of pronase (1+0 ﬁl. 1 mg/ml) inphosphate buffer

pil G4, An aliquot of the dipgest was taken for counting.
From the rosults obtainﬁd for the protein samplsn. absolute value
for the specific activity of the protein after successive doses

was calculated. These are expressed in Table 5.

TABLE 5
Specific activity of Protein

I x 100 mg [ kg 7-40 c/‘sec/mg
2 x 100 mg/ kg ' 1500 c/sec/mg

3 x 100 mg/ kg 22-00 c/sec/mg
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SITE OF INCORPORATION OF RADIOCACTIVITY

Knowing the extent to which incorporation
of radicactivity had taken place, the location of the isetepe in
individual amino acids was determined, Protein samples (10 mga),
obtained from the livers of animals treated with one, two and
three doses of the ester, were hydrolysed in acid and their amino
acid econtent quantitatively compared with a similar hydrolysate

prepared from a liver of an untreated rat,

TABLE 6
- Control . Treated

#M[mg pM[mg

Aspartic acid 0-327 0-317
Threonine 04147 0-138
Serine 0077 0-086
Gluiamic acid 0-390 0-417
Proline. : 0-211 0-188
Glycine | 0264 0-316
Alaiiie " 0291 0284
Valine 0300 0295
Cysteine 0-019 : 0-017
Methionine 0-065 . 0-059
Isoleucine. 0:216 w0 0247
Leucine 0-380 0-380
Tyrosine 0101 o oms
Phenylalanine 0179 0-194
Lysine - . 0-279 0-291
Histidine 0-105 0100

Arginine 0190 0:210
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There was no wi&anco'roé any quantitative variation in t.hd
ampunt of amino acids present in the total liver protein when
compared with protein from an untreated animal,  There was,
howaver, some evidence for the sppearance in trace amounis of a
ninhydrin positive substance immediately after proline in the
protein sample proparod from the animal which received three
successive dosese This was tentitatively identified as |
Semethyleysteine by comparison with the position of an
anthentic specimen of the amino acid, |

Fractionation of the protein hydrolysate
on ion exchange columng cmabled isclation of larger amounts of
the individual amino aeids.
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Aspartic acid, glutamic acid and tyrosine were isolated and
identified in erystalline form after fractionation of the hydrolysate
on Dowex=imacetnte. The neutral and basic amino acids were
collected within the first 25 wls of eluate and these were
followed by tyrosine, giutamic acid and aspartic acid in that
order as discrete poaks, All the radiocactivity present in
the original hydrolysate was present in the basie and neutral
fractions, Further fractionation on Dowex-50-H' with
gradient elution up to 4 N HC)l revealed a radicactive material
eluting after proline, From the amount obtained however it
vas nét poasible to obtain a pesitive identification nor to
estinmate the specific activity, For an aceurate assessment
of the individual labelled amino acids present at such a low
level, wmethyl methanesulphonate of higher specific activity

would be necessary.

After hydrolysis of the protein
residue (500 mgs) in cone HC1l, and subsequent chromategraphy on
Whatman No 17 paper, two major radiocactive areas were located,
Blution of the raper corpesponding to these and suceessive
chromatography in three different sclvent systems resulted in
the isolation of two chromatographically homogeneous compounds,

One of these was positively identified as S-methyleysteine by



comparison of its chromatographic properties with those of an
authentic sample of the amino acid, The other had ideantical
Rf valuee in each of the three seolvent systems to a specimen of
Semethyleystaine sulphoxide. farthermore, oxidatien of the
former material gave a radicactive proeduct identieal
chronatographically with the seconds It is therefore
confirmed that the prineipal product from the action of methyl

methanesulphonate on protein is Semethyleysteine,

There was no evidence on these
chromatograns for any radicactivity assecinted with either 1=
or Jemethylhistidines. Trace amounts were, however, seen on
autoradiographs in areas correasponding te glycine, serine and
methionine, particularly in 24 hour liver samples. The
amount present was not sufficient to allow estimastions of the
individual specific activities, There wvas no loss of radio-
activity from the protein sample after acid hydrolysis suggesting
that alkylation of free carboxyl and amino ~roups was not
significant, Substantial loass did take place on hydrolysies

ander alkaline conditions,

After hydrelysis of the frecze dried

mitochondrial fraction obigined from the subeellular fractionation
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of a 24 hour liver sample, the amine acids vere isclated hy
passing the hydrolysate through a column of Dowex-i-Cl,
Radioactive scanning of the paper chromatogram of the material
not absorbed by the column showed a similar distribution of the
c'®atom to that produced from hydrolysis of the whole liver
protein residue from the Schneider procedure. The two
principal areas of radiocactivity were eluted Trom the paper and
subsequently identified as Semethyleysteine and its sulphoxide,
The former accounted for 58 %6 of the radicactivity present and
the sulphoxide, a further 25 ?b. Semethylcysteine was
isolated in a chromatographically homegencous form and a
guantitotive estimate of the amount present in an aliquot
showed that the specific activity of the isclated material was

approxinately 480 pe/grm,

The distribution #f radiocarbon in the
hot sodium chloride extract and the particulate fractions of rat
liver sugsested that an assessment of the relative speecifie
activities of DiA, RNA and their constituent bases after
injection of ¢ %methyl methanesulphonate might provide an
indication of the biological importance of alkylation ef nucleiec

acides,
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4 INCORPORATION OR RABIOCACTIVITY INTO DEA

Deoxyribonucleic acid was isoclated from
the livers of rats using the Eirby phenol procedure (94),
Samples were ohtained at variocus intervals after injeetion in
order to study the time course of labelling,. Salts were
removed from the precipitated DNA by repeated golution in acdium
acetate and precipitation with ethanol followed by incubation
with ribenuclease to remove RNAs Aliquots were takten for
radiocactive assay and for analysis of the INA content using the
diphenylamine colour reaction of Burton (93),. Contamination

with RNA and protein was shown to be minimal,

During the isolation, it was observed
that the solution of DNA in acetate was markedly lese viscous in
treanted animals than in untreated controls. In all cases,
the amount of high polymer DNA extracted from treated animals
was less than that obtained from controls, which sugmested in the
absence of any demonstrable guantitative loss in DNA content of
the liver that the DNA had become fragmented and was not being
extracted by this procedure, It was also noted during the
preparation that the agueous phase from the phenol extraetion

renpined clear after centrifugation in comparison with the eloudy
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phase obtained from untreated animalas. This was shown to be
due to polysaceharide contemination present in normal livers,
: » ] y :

The nq:lmt of labelling showed a
fairly rapid incorporation of radicactivity over the first few
hours, reaching a maximum around five hours after injoction.
Subsequently, the specific activity tended te decrease aslowly
until, by 24 hours, the level had dropped to 25 Vo of its maximus
value l

Incorporation of Radioactivity info DNA

1001~

c/sec/mg -

50r

12 24 hrs

The specifie ;sttﬂty of DNA after
reopoated dosage was alse determined to investigate any cusulative
action on the nucleic acid, Results showed that the first
dose produced the maximum degree of alkylation when the DNA wae
shown . to have a specific activity of 25 c/sec/mge It would
appear from this that each succeeding dose is responsible for
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contributing loss C'? to the isolated DNA (Table 7)e

TABLE 7

Specific Activity of DNA

I x 100 mg/kg 25:1  cfseq/mg
2 x 100 mg/kg 356 dsec/mg
3 X 100 mg/kg 406 c/segmg

_ 'l'ho. site o!”-th. alkylation in the iuclulp
acid was determined by isolation of the individual Lases from
DNA after acid hydrolysis, Hydrolysates were subjected to
paper chromatography and ionophoretic analysis, In each case,
a single radicactive component was detected distinet from the
four norma) bases present, The UV spectra of this material
eluted from the paper showed 2 7\.“ at 250 mp, with a point of

inflection around 275 mp at pil 1 and at 280 mp and 245 mp at pH 9,

oD

PH1

I T | o :
220 240 260 280 300 mu

UV absorption spectra  7-Methylguanine



Deanination with nitm-.ncld gave a radioactive material having
an Rf valn.\!n the solvent systems used identical with T-mothyle
matine, Spectral data showed a shift .tpﬁtthmrru
250 mp to 2606 mp. This evidence indicated that the labelled
material was 7emethylpuanine, and the speotral data was consiatent
with this mming when compared with an authentic specimen

of this methylated base,

7=Methylguanine

' This was confirmed wvhen aliquote of the
hydrelysate were fractionated on lowex «50-n"* ion exchange
regin,. A single rndioactlvo peak occurring between adeanine
and guanine was isclatled. Thisy when refractionated on
. Douexwi~icrmale, gave a singlolradiaact;vc peak dastinguishable
from the guanine peak. The UV specira of the isclated material
was not sufficient (o allow an accwrate asscsement of the
specific activities of the methylated béza to be made after

repeated doses,
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There was no evidence for alkylation at other sites in the
mperemolecule,s It would seem therefore that the increase in
the spegific activity of the isolated IDNA under these eircumstances
may be due to an increased methylation of the guanine mofetye.

INCORPORATION OF RADIOACTIVITY INTO REA

Total RNA was isolated from rat liver
using the phenol procedure of Kirby (97). After centrifugation
of the emulsion obtained by adding the phenol to the homogenate
of the liver sample in water, REA and polysaccharides were present
in the acueous layer and were precipitated out with ethanol,

The RNA was then separated from pelysaccharides by extraction
with Bemethoxyethanol in phesphate buffer, The latier wvas
removed on dialysis and the RNA precipitated as a white
flocculent material with ethancl, The precipitate was freeze

dried to yield a hard friable mass, easily soluble in water,

The presence of radicactivity from
c'%umethyl methanesulphonate was detected within the first twe
hours of injection, From thias time, the specific activity
built up in a broad peak to reach a maxizum around 8 hours altay

injection, By 24 hours, the specific activity had dropped to



Sle

80 % of the peak values

Incorporation of Radioactivity into RNA

201

¢/sec/mg i

12. '2.I4 hrs

After a single dose of the drug, the
isolated RNA had a specifie activity of 14+0 ¢/sec/mg at 34 hours.
RNA isolated at a similar interval of time after a second dose
minmrmn_aac/m.-. This was further increased

to 43 cfsoc/mg after a third, PFrom this it can be scen
14

that the greatest increase in incorporation of € into RNA
ocourred after the second dose (Table 8),
TABLE 8
Specific Activity of RNA
I x 100 mg/kg 140 c/sec/mg
2 X 100 mg/kg 350 ‘ckecfmg_
3 x 100 ‘mg/kg ' 430 cfsec/mg

Similar ohromategraphie and ionophoretic
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technigues to those used for the analysis of DNA were carried
out, Acid hydrolysis of the isolated RNA, followed by
fractionation of the purine bases on Dowex~50-i" using HC1
elution, produced a similar result to the DNA analysis, A
single radicactivé peak between guanine and adenine was found,
Fractionas within this peak were combined, freoze dried and
re-=fractionated on Dowexeli-formates A white residue was
isolated; identical with the product from the DNA hydrolysis and
whichy on the ba«is of chromatographic and spectral data, was
identified as T-methylguanine, No other radicactive naterdal

could be detected in the hydrolysate.

The demonstration that the RNA had
bheen alkylated after methyl methanesulphonate led to the
possibility that the alkylation might be epeeific o a particular
RNA speciees present in the cell, The microsomal fraction
prepardd from rat liver had been shown to contain around 20 %
of the remaining activity in this organ at 24 hours, and, as
80 % of the cell RNA is associated with the microsomes in the
fﬁrm of riboseme particles, the preparation of ribosof]l RNA
was undertalken,

(i) Ribosomal RNA

The method used was based upon that eof
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Kirby (100), A two stage extraction was necessary for the
preparation of a stable product, in the first stage, all the
ﬁuclelc acids were recleased into the agueous phase with PAS

and m-cresol - phenoly, but some protein was also solubilised
into this phase. The sodium chloride extraction effectively
removed protein, After precipitation with eothanoly DNA,

sitia and glycogen were separated by extraction with sodium
acetates  Estimation of the spocific activity of the ribosomal
RNA showed that after one dose the isolated product had a
Mm apecific awi!.vtty to the total RANA isolated previously.
This was doubled after a second dose to 26 e¢/sec/ug, A third
dose only added a further 2 ¢/sec/mg (Table 9),

TABLE 9

Specific Activity of Ribosomal RNA

I x 100 mg/kg 12:0 ¢/sec/mg
2 x 100 mg/kg | I26'0 c/sec/mg
3 x 100 mg/kg 280 c/sec_}mg

“Although this preparation of RNA undoubtedly results in a
selective separation of the ribosomal component, some soluble
RNA may still be associated with the product.

(iif soluble mNA
Isolation of soluble iNA was achioved
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by the metbod of Brunngraber (50), The mixture of DNA,
glyeugen and RNA containing siiNA was fractionated on a column

of DEAE celluloses  Only soluble RNA was retained en the column
when washed with tris C1” buffer pil 78 containing EUTAy and this,
in turn, vas eluted with a sodium chloride gradient O - 1 M,

Fractionation of Soluble RNA

Optical
Density —
<+
RNA s—RNA
+ '
Glycogen
I
1

1
:‘-— Ol M  Tris CI- buffer-—b:d—O'I M Tris Cl_,buffer with gradient —'—"1
I I b

. pH 75 | O—IM NaCl L

Fractions containing the sRNA were combined and freeae driede
The sodium chloride was removed by passing the product down a

' eolumn of Sephadex G and washing the column with mater,

The material contained in the sRNA peak was iselated and assayed
for radioactivity, '
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Removal of salts on Sephadex G 25

! NA
Optical Soluble R

Buffer salts

* Density

——

100 200 300 400 mis

The results are sumsarised belew (Table 10).
TABLE 10

Specific Activity of soluble RNA

1 x 100 mg/kg © 20'5 c/sec/mg
2 x 100 mg/kg s C 647 c/ sec/mg
3 x 100 mg/kg 22-4 c/sec/mg

SEPARATION OF URINARY PURINES

Chromatography of the purine
concentrate prepared from the urine of rats treated with C' w
methyl methanesulphonate showed that it contained a large number
of components and the presence of strongly flucorescing

substances having similar Rf values made interpretation of the
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results difficult, Autoradiography indicated the presence of
one component having a markedly higher content of !l'.:M than the
other spots. Slightly improved resolution was achieved after
chromatography in a second dimensions Areas of strong UV
abserption were cut out and the paper eluted with O+1 N HC1,

An absorption curve was obtained from 200 - 300 mp for each

#pote

Isolation of the purine bhases was
carriod out by the methed of Weissmann(96), The purine
coméntmtu. repregenting a 5 ml aliquot of the 24 hour sampie
wvae placed on a celumn 1 x 40 ens of Dovex=30«H" and washed in
with 005 M HC1 (25 mla). The eolumn was davelom with an
HCL gradient 1 -« 4 N, and 10 ml fractions collected, An
absorption curve was plotted for each of the fractions and an

alicuot talken for radicactive assay.

Pive major peaits of UV absorption were obtained and
characterised by comparisgson of their spectra with aunthentie
materiale, Only one of these peaks contained radicactivity.
The fractions within this peak were combined, freesze dried and
the white crystalline solid remaining refracticnated on a column

of Dowex-i-formate 1 x 30 cms, using a gradient 0 « 005 M
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ammondinn formates 'I'hc single radioactive peak obtained
corresponded exactly with the peak of UV absarption, The
contents of the tubes containing the material were pooled,
evaporated to dryness and the az_uonium formate removed hy
sublimation at 40°, = The UV spectra of the iselated matérdal
was almost identical with that obtained fron an authentic sample
of 7emothylguanine and with that reported im the literature (106),
Furthermore, the positions of the spots oblained on paper
chromadography and on lonophoretic analysis corresponded with

the synthetic material,

Separation of Urinary Purines

[

I
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1

Hypoxanthine

7- Hethzlguanine

Xanthine
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UV absorption

— — — — Radioactivity

The content of radicactivity in the major bases such as admlm'
and guanine was practically negligible.
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The widespread distribaution in the
aninal of the labelled methyl group from C' -methyl methanesulphonate
s veil a8 the snsretisn of the Sosteps a0 Sasben dlanide;
suggested that the alkyl group had ensered the metabolic reactions
invelving 'ene-carbon' tranafer, Evidence to confirm this
was obtaised from the isolation of labelled choline and
formaldehydes

ENCORPORATION OF RADIOACTIVITY INTO CHOLINE

Choline was oxtracted from rat livers
talten from animals which had received oney two and three doses
of the drug at 24 hour intervalsy by refluxing the acid soluble
extract with saturated barytas The choline was isolated as
the reineckate, After a single dose of the ester, the choline
isolated had a specific activity of 2046 e¢/sec/mg, rising to
333 e/soc/mg after a second and 608 e/sec/mg after a third
dose respectively. These are summarised in Table ‘:u.

TABLE 11
Specific Activity of Choline

1 x 100 mg/kg  20:60 c/sec/mg
2 x 100 mg/kg 3330 c/sec/mg

3 x 100 mg/kg 60-80 c/sec/mg
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That the radicactivity was present in the methyl groups was
shown when, after digestion e¢f the choline reineckate in alkali,
at least 60 % of the activity was liberated as trimethylamine

and precipitated as the chloroplatinate,

These resnlits would further suggest that
there is an appreciable ameunt of the radicactive carbon atom

entering the normal methylation reactiens in the body.
IRCORPORATION OF RADICACTIVITY INTO FORMALUEHYDE

Formaldehyde wvas isolated from the
acid soluble fraction of wot liver according to the methed of
Hitoma ot al, (101), Aspay of the Tormaldehyde~dimedone
complex showed that after repeated purification by solutien in
alkali and revrecipitation with acid, it still contained
radicactivity. it wam not possible to assess the speecifiec
activity in this experiment however, due to the small onantities

of material present,

Similarly, serine in the acid extraet

vaa ghown %o contain a radiocactive carbon ater in the P-position.



EFFLCT O LIVER GLYCOGEN LEVELS

During the isolation procedure for DNA,
it wvas observed that the aqueocus phenol layer after centeifugation
remained clear in couparison with the cloudy samples obtained
ivom conirol animals which bad not received an injection of
aethyi metbanesulphonate. It wvas suspected that this
cloudiness was due to pelysaccharide contaminations Farther
investigation showed that this was in fact due to glycogen
present in nermal livers, It appeared that injection of methyl
methanesulphonate cansed depletion of hepatic glycogen reserves

almost completely.

Eztimation of the glycogen centent of
rat liver at intervals after o single injection of methyl
methanesulphonate confirmed that the level of polysaccharide
decreased, One hour after injection, tho glyeogen contendé
had dropped te €5 % ef the untreated controls, and by 24 hours,
enly 10 Y6 remained in the liveor, It was reasoned that this
decrease eould he due to loss of appetite induced by the general
toxic effect of the drug, The untreated contreole and animals
receiving the drug were therefore fasted from the time of

injection, After 1 houry the level was 62 % of the control
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and thi@ decreased to 25 % at 3 hours, By © hours, only 10 %o
of the slmm content of the fasted animals remained,

These results showed that at short time intervals, the glycogen
eontent in the livers of fastedtreated animals decreased very
rapidly compared with livers érom fasted-untreated rats, showing
that the drop was drug induced and not related to the carbohydrate
intake. When feeding was resumed after 24 hours, the level

in the control animals increased to more than twice the initial
level, but reiurned to normpl after a further 24 hours,

This was not the case in the treated livers, At 48 hours, the
glycogen econtent was still 50 % lowe# than the original control
level and by 72 hours, this had only risen to 75 % of control,
Even after 4 days, there was still a difference of 15 « 20 %

but this discrepancy was no longer ovident at the end of one week.
Hesults are tabulated in Table 12,

TABLE 12

Liver Glycogen Levels (mg/grrn wet wit)

o - B 18 24 48 72 96 168 hrs
Untreated Control 254 236 249 - 261 27.6 - - -
Fasted Control 245 222 21-8 6-0 | 17 526 281 27.3 27.8
Fasted— MMS-Treated 146 5.5 2 A 0.6’ 136 211 22.7 26.4
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EFFECT ON THE LEVEL OF ATP

The effect of administration of methyl
methanesulphonate on the level of ATP present in the acid soluble
extracts of rat liver and whole bloed was studied using an
enzymatic technique, The change in optical density of the
DPNIl solution when oxidised to DPN* was utilised as a measure
of the ATP concentration, Control animals received an
injection of saling enly and in sach cace, estimations were
performed in duplicate and results expressed as an average of the
duplicate determinatiocns on fwo animals,

In vhoele blood taken from treated

auimals ’/a s 1, 2, 4 and 24 hours after injectien with methyl
mgthanesulphonate, there was no significant difference in the
level of ATP when compared with control animals, The level
in the latter averaged 18+4 pM/100 mls blood and in the treated
sanples varied between 1359 and 18+0 /100 mis, without any

correlation with time,

In liver extracts, the control level
of ATP ranged from 1+60 to 1°97 pl/prm tiseune with an average
value of 1+78 pi/grm tissue, The ATP concentration in
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treated livers was only slightly lower than thisy 1468 pM/grm,
ranging from 1448 to 1*76 pM/grm. These results suggested
thaty, under these experimental conditions, there was no
significant effect on the level of ATP in animals which had

received the drug.
PRACTIONATION OF COLD- ACID SOLUBLE EXTRACT OF LIVER

The UV ahsorbing fraetions of the cold
acid soluble extract, prepared from the livers of rats killed

1‘-3“”1 methanesulphonate,

4 and 24 hours after injection ef C
which were not retained on Dowex~i-formate during water elution
of the column, were comhined, Assay of aliquota from the

4 hour sample showed that 16 'A) of the radiomctivity in the
total onld acid =oluhle axtract wes present in this fraztion,
This corresponded to 207 % of the injected dose, Paper
chromategranhy and subsequent avteradiography revealed that the
majority of the radicactivity (70 %) was associated with a
sinrle radiocactive meterial having an Bf value identical to
Semothyleysteine in three different solvent systema, A
further 20 Yo of the activity was attriduted te S-methyleysteine
sulphoxide, A third arca of radioactivity, having an Rf 23

in DA seolvent, was unidentificd, Elution of the area
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corresponding to Seadenssylmasthisnine (Rf 10 in BA) produced a
material which gave a UV spectrum with N at 260 m (pi 7) and
at 286 mp (ph 3), Only trace asounts of radicactivity were
associated with this product,

Fornic acid elution of the materinl
absorbed on the eolumn gave ana component aguivalent to 4+4 °?o
of the injected radicactivity which was ldentified from
chromategraphlie and apactral data a2¢ 7-methylzuanine. Tvwo

other unidentified wetaholites were present as minor components,

For the corresponding extract prepared
from the 24 hour liver sample, 29 ﬁh of the radicactivity was
not absorbed on Dovexel-formate, emiivalent to O+78 3% of the
initial dose. Only one third of this was recosnised as
Semethyleysteine whilet 32 % coincided with the material
previonely identified az Semethyleysteine snlphoxide, in
addition, radiocactivity wae detected on antoradiapraphs in the
area corresponding to Seadenoavimethionine, Thie wvne

eatimated to be eanivalent te approximately 0+15 % of the dose.

In the eluate from the fornmie acid

elution, there were two radioactive UV absorbing materdals



present, One of these was fdontical with the component
isolated from the 4 hour asample and identified as 7-uothylpuanine,
The other was not identified, but eluted from the columm with a
concentration of formic acid at which nucleotide monophosphatesn
would be expected, 080 ”o of the dose was present in the
total eluates.



DISCUSSION



The biological activity of the alkylatiog
agents is undoubtedly due to the one property they have in common,
that of reaction with nucleophilic groups,. In a reaction as
complex as alkylationy, however, whereo several pharmacological
events ave evident, it is particularly difficult to ostablish
which biochemical reactions are primarily responsible for the
observed effecta, Considering also the large number of
nucleophilic sites in the body which ave accossible to the drug,
it is evident that much of it will be wasted in reactiona which
are not biologically significant, For methyl methanesulphonate,
these difficulties are enhanced as the alkyl group in question
could enter the normal pool of methyl groups in the body and take
part in essential methylation reactions, Before an attempt
can be made to relate pharmacological effects of this drug to
its reaction with particular cell components or constituents, it
is ecssential to be able to distinguish between those which are
normal reagtions of the metiyl group and those which are abnormal
methylations,

Farlier studies on the excretion and
metabolisn of the methy]l group after injection of G elabelled
methyl methanesulphonate into the rat had indicated that, of the

administered dose, at least 70 7o of the radicactivity remained
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within the animal bedy for a period greater than 24 hours (135),
The initial detoxication reactions were judged to be complete
by this time and it was reasoned that this retained activity
represented widespread incorporation of the labelled carben
aton into cell components as tisoue bound activity,. ™ie
tolerated methylation was of particular interest in view of the
studies on the gquantitative relationship bhetween the total dose
and the bhioclogical effect produced, which as in the treatment of
ehrenie myeloid leukaemia with the difunctional agent; Myleran,
indicated a cumulative action when given in small divided doses
(107).

Hfferential centrifugation of the liver
homogenate in suerose medium allowed the separation of a limited
number of subecellular fractions, each designated by the name of
the preponderant component, nuclear, mitochendrial, mierosemal
and cell supernatant. Limitations on the teechnique, including
the time taken for fractionation with the consequent possibility
of alteration, resulted in each fraction containing several
components and a cortain depree of cross contamination could not
be avoided, The heterogeneous nature of the fractions
precluded meaningful estimates of the specific activity of the
individual components. Assay of the radioactivity proeszent in
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the subcellunlar fractions did indicate; however, the intracellular
disgribution of the c" atom, Radicactivity was detected in
each of the fractions examined, demonstrating the widespread

distribution of the labelled carbon atom,

Cell fractionation of liver tissue

U methyl

taken from rats 24 hours after a single injection of C
methanesulnrhonate showsd that the majnrity of the radicactivity
present was in the cell supernatant, This noneparticulate
fraction contained in addition to soluble cell constituents, those
compounds which had been aciubilised in the course of fractionation,
tﬁacthar with any partieunlate clements such as mioresounal vesicleows,
ribogsomes and collular debris which say have escaped centrifugation,
The results suggzest, thsrefore, that the radicactivity in the

liver may be niaoctatod with lew molecular weight material
ineluding free amino acids; nucleic acid constituents and the
important metabolic enzymes normally present in the cytoplasm,

The MA present is principally low moleeunlar weight (15,000 to
30,000) § RNA which is of fundamental importance in the
biosynthesis of proteins, At shorter time intervals after
injection, the nroducts of the detoxication reactions contribute

to the greater percentage of radioactivity present in this

soluble fraction,
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The mierosomal fraction, composed
essentially of atructures derived from fragmentation of the
endoplasmie retienlum, contains the majority of the INA present
in the ecoll (108), The radicactivity in thie fraction appears
to inerease with time, possibly resulting from increased
utilisation of radicactive »precursors for normal metabolie
procemnos, No attenpt was made to subfractionate the isolated
matorial into ribosomes and microseomal membranes.

The fragtion isalated by sentrifupation
at 10,000 g, referred to as the mitechondrial fraection, contains
a number of diverse enzyme systems which play an extremely
important role in cell metabolism, Mitochondria themselves
are derived particularly from parenchymatous cells and are the
main gnergy domers in the cell through oxidetive phosphoryliation
reactionas ( 109), They contain & considerable gquantity of
protein bound phosphoric esters and are rich in lipids (110)(f11),
At each of the time intervals studied, the mitochondrial fraction
accounted for almost half the radicactivity in the particulate
fractions. Assay of the HNA present showed that $his was
relatively low and that contamination with microsomal material
was not significant, Little is known regarding permeability
of mitochondrial membrancs to substrates although mitochendria
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are known to be particularly effected during ingestion of
carcinogenic azo dyes (112), Liver mitochondria are able to
incorperate amino acids into their protein in vive. The
distribution of enaymatic activities in the mitochondrial fraction
has led to the concept of the existenee of lysosomal entities (113),
Their sedimentation characteristice put them in an intermediate
class between mitochondria and microsomes, whilst biochemical

and cytochemical studies classify them as dense pericanalicular
bodiess  As organelles preferentially located along the bile
canaliculi and associated with the dﬂatrﬂttl&ﬁ of foreign
substances, they may play an important role in the metaboliam of

methyl methancsulphonato,{(114),

In this comnection, the detection of
radioactivity in this particular fraction may be of significance
in view of ecarlier experiments, in which the bile duct of animals

1‘-unthyl methanesulphonate

which had received an injecticn of €
was cannulated, in which it was shown conclusively that the
principal detoxication reaction appeared to invelve methylation
of the sulphydryl group of glutathione (13), Studies of the
intracelliular loealisation of g!utnthi;n' indicated that
negligible amounte ocenrred in nuclear and mievosonal preparations

but thet the tripeptide was present, not only in the soluble
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extract, but wvas also assogiated with the mnitechondrial fraction
(113). Based upon studiecs of the effect of atﬂﬁ conditions
on the level of giutathione in rat livery it has been postulated
that it is a labile fraction of the tripeptide ul::f.qh existe in
the cell suparnate, but that vhiech is associasted with the
witochondrial fraction is relatively stable (116),

™e nuclear fraction as isolated by
centrifugation in 0+25 M snerese centained approximately 10 %
of the deose present in liver after 24 hm. Estimation of
the LNA content showed that it was contaminated with other cell
eomponents, A purifisd presaration in sucrose containing a
ealcium salt produced a purer sample with 8 % of the liver
radicactivity assoeciated with it, Hyvertonic solutions of
sucrose are lmown however te extract soluble constituents from
rat liver muelei (117), Almost all the DNA of the cell was
located in this fraction toselhsr with some «NA present ewen in
the purified preparation, This was probably nuclear RNA of

the heterochromatin or that located in the nueleolus {(117),

The presence of fadivactivity in each
of the fractions exawined illustrated the widespread distributien
of the ¢ *-1abelled atom at a subeellular level. It would
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eppear that incorporation has token place into several cell
coimponents including macromolecules. For this to have
ecceurred, either the drup is metabolised extracellularly and a
metabolic product then enters the cell and becomes incorporated
inte the various structural elements of the cell, or the cell
mexhrane id perweable te the drup and a direet alkylation occurs
in situ. The bydrophilic nature of the estsér would favour the
passage across the cell membrane inte the cytoplasm where it
would find mumerous nucleophilic sites available for reaction,
If, howvemer, the alkyl group onters the normal metabelic reactiens
of one-gcarbon eompounds, the widespread distribution of the group
would be ne less surprising. The ubiguitous distribution of
the methyl) sroup and its importance for the maintainance of
normal metabolism was dliscunssed earlier.

Conmidering, in penersl, the small
amount ef drug required to produce a bielogical effeecty reaction
mint occur at a very specific site in vive. For the
alkylating agents, however, there is no agreement as to the site
of alkylation which may lead to the destruction of neoclastie
eella, From their studies, Roberts and Varwick have eugpeated
that the significant reactions are with thiol groups probably

derived frem protein (118)(119)(120), More recently, Wheeler
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et al, implied that inhibiticn of plasma ecell tumours in
hamsters with nitregen mustards and eyelophosphoramide was the
result of interference with purine biceynthegis and inhibition
ef nucleotide incorporation inte DNA (121),

An assepement of the distribution of
radioactivity in liver tissue én a molecular basis was obtained
using the modified tochniques of Sehneider (85), Resulte
shoved that the majority of the radicaetivity was present in the
cold acid seluble extract, thus confirming that the low molecular
weight compounds were principally involved, The five-fold

decrease in the amount of c“

activity present in this fraction
at 24 hours conpared with the shorter time interval accounted
almoat completely for the lower specific activity of the whole
tissue at this later time. Previous work had shown that the
liver was the principal organ conceined with detoxication of
the drug and thaty 4 hours after injection, the passage of
radioactivity in the form of Semethylglutathione and its
derivatives, down the biliary duct was at its peal, The
materinl present in the acid scluble fraction presumahly
repregents metabolites immediately prior te detoxication or the

products of detoxication hefore entry into the hile duct,
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By 4 hours,,it wvas evident that the

" atom inte masroemolecules had taken

incorporation aof the C
place. The sodium nucleates extracted after 4 hours contributed
to the tlssue radicactivity only to the axtent of 0434 %o of the
dose, but by 24 hours, this had increased to almost three times
this amount. This inereased incorporation cannot solely be

due to direet action of the drug on the macromolecule as it is
unlilkely such a reactive ester with a half«lifs of 13 minutes

at 37° would remain in the free state, It would seem more
likely that the increased radioactivity was either due to inereased
utilisation of the labelled precursors for synthesis of
sacromolecules, or to increassd utilisation of the C'lemethyl

group for the methylation reactions vhich take place normally,
Similarly, the inereacel radionetivity of the insoluble protein
residue at 24 hours would be due to inecreased use of the carbon
aton for synthesie or transmethylation reactions. At both the
time intervals studied; it was not possible te prepare a complete
balance sheet of the radioactivity in cash of the fractions.

At 4 hours, B Yo of the activity present in the whole tisewe was
unnccounted for in the four fractiione examined, At 24 hours,

os much as 18 Yo was lost during the fractionation procedure.

This deficit may be attributed te loss of velatile material

Cefle mothanol, methyl sulphides, during the isolation procedure.
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The porsistence of the radioactive label
in similar feactions prepared from liver tissue taken 48 and 72
hours after injeection established that the incorporation of the
earbon atom from the methyl proup was relatively permanent and
not a feature of the initial detoxication reactions. Although
the percentage of the dose in the liver decreased by 20 Vb over
the three days, the relative améunte of C = activity associated
with protein and nueletic acid fractions remained surprisingly
constant,. The decrease in the specific activity of the whole
tissue was prineipally due to less from the lipid and cold acid
soluble fractions, Thias sugsested that it might be pessible
to demonstrate a cumnlative build up of radioactivity in
macromelecules after vepeanted doseom of the ester. This deduction
was econfirmed by assay of the radioactivity presént after
puccessive doses of mathyl methanesulphonate given at 24 hour
intervals, Three tives as much radicgetivity was extracted
in the cold acid soluble fraction after a2 second dose compared
with a single dose, and six times as much after the third,
Similarly, the sodium nucleatees contained 1+5 times and T times
and the protein residue twice and three times the amouant
compared with a single injection, In calculating a hypothetical
level of methylation in the liver after succesalve domes, based

upon ficures of 7+0 "h, GO °/e, and 6+2 %o ¢ for retained
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activity at 24, 48 and 72 hours after a single dose, the rat
which had two injections should have 60 Yo of the first dose
remaining and 7+9 % of the second, Similarly, the animal
which had three doses will have 6+2 % of the first, 6¢9 % of
the second and 7+9 Yo of the third dose temaining, £ thie

were in fact the case, the ratis of the amount of c“

activity
present; expressed as a percentase of the initial dose would he
729 /0 4 14+8 Y% ana 2190 Y respectiveiy, Aliquots of the
whole iissune homogonates were assayed for radioactivity and the
ratios of the amounts present were 8 ;10:13% This would imply
that a eignifizantly greater amount of the third dose is reotained
in the liver, thus substantiating to a great extent the highly

cumulative properiy of this drug.

flavine obtained an indication of the
distribution of radioactivity in the cellular components and
constitusnts of the liver and shown the extent te whiech

14

incorporation of C° atom oceurs into protein and nueleic acids,

more detailed studies ware made to assess the mxact sites of
chenmical action at a macromolecnlar level.

INCORPORATION IRNTO PROTEIN

Under physiological conditions, the
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reactive centres susceptible to zliylation in o protein moleculs
include {ree carboxyl, amine, mercapte and imidasole groups and

reaction has been demonstrated in vitre in all these cases (122),
For reaction at mest of these sites; however, the arount of agent

uveed was greatly in excess of that likely to be encountered

An _yive.

Amiso acid analysis of protein iselated
after treatment with wmethyl methanomulphounate ashowed conclusively
that the principal radloactive conponont was Se-methyleysteine,
Quantitative studies of the amino acids oresent in the
hydrolysed liver protein after the drug showed that there was
ne appreciable variaticn in the amount of other amine acide
normally present. Saly trace ameunts cf a material ecorrespending
to Semethyleysteine could he detected in the ehromatograns from
treated livers auggesting that this methylated anino acid was
not a normal pretein constituent, A comparison of the specilic
activity of the isolated compound with the activity of the
original drugz confirmed within experimental errop that the
isolated material had not deen diluted by naturally oceurring one
1abellied material, Coneideringy the high pxn value (10+8) of
the sulphydryl group of cyasteine when present in protein
molecules and its existence lerzely in an unreactive unionised
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formy alkylation at this site presents an appareat ancmaly (1)e
The character of each sulpbydryl group within a protein structure
a8, however, unique aad ils reactions are dependant upen the
particular environment within that struecture. The trace
amounts of radioactivity detected on autoradiegraphs prepared from
the hydrolysates of liver tissue taken 24 howrs after injeetion
vere tentitatively attdibuted to methionine, serine amd glycine,
ihe extent of dilution of this activity by unlabelled amino acids
prevented accurate assesssent of tho specific activities.

Methyl methanesulphonate of higher snecific activity would be
necessary to obtain this information, From studies of the
methylation of protein with the carcinogenic dimethylnitrosamine,
Magee showed that afier incubating slices of the rai liver with
the Cluuotiyl labelled cospound, the radicactivity was
associated with femethyl and Jemethyl hiastidines (123), No
evidence was obtained in the present studies for methylation at

this site after methyl methancsulphonate.

Semethyleystedne was rocognisced as
ene of the principal compononts present after Liydrolysis of the
mitochondsial fraction isslated from the 24 heour liver samples
Although the witochondrial fraction is koown to contain arcund
35 Yo of the total protein ia the liver, it seems possible that
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the majerity of thiz labelled amine acid iz derived from hydrolysis

of methylated glutathione prosent in the mitochondria (124).

Hydrolyais of the total liver protein
ohtained from the Sehneider procedure showed on chromategraphy
that up to 53 Yo of the radicactivity bound to praotein was
associated with S-nmethyleyasteine. On the basis of a figure
of 1488 % of the injected dose remaining in the trichloroacetic
acid insoluble fraction, it is estimated that approximately 1 %
of the doeo exists as S-mothyleyoteine, Aa the :ujqrity of
the remaining activity in the protein hydrolysate was identified
as the gulphoxide of this amine acid, almost all the radicactivity
present is due to reaction with the sulphydryl croup. No
alkylation of free amino or ourbaxyl groung was apparent, In
terng of the cumunlative huilid up of radisactivity with repeated
domen of mothyl methanesulphonate, ii would appear that with
anccossive doses the drug ie nhle to seell oul mere sulphydryl
groups for reaction, almost on a stochiometric dbasia, The
gignificance of this reaction in torms of cell metadholism will

he discussod later.

INCORPORATION INTO DNA

Since the impeortance of nuecleic acids
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in cellular metabolism was established, the idea that the
biclogical properties of the alkylating agents could be explained
on the basis of reaction with muecleiec acids, particularly DNA,
has frequently been propounded. At present, perhaps the most
significant evidence bearing on this question is that from
studies of the effects of alkylating agents on DNA-containing
viruses« The work of Herriott, comparing the inactivation of
enaymes, cells and viruses hy a variety of alkylating agenta, gave
a clear indication that UNA was the most sensitive component of
biological entities j; DNA-containing viruses being the most
readily inactivated of the systems studied (123),. From the
evidence available, it appsared likely that both the cytotoxie
and mutagenic effects resulted from an action on genetic material,
and hence DNA has attracted attention as a possible site of
alkylation in biological systems,

Radioactive assay of the DNA isolated
from the livers of rats given a single injection of C ' -labelled
methyl methancsulphonate confirmed that incorporation into the
macromelecule had taken place. A rapid uptake of the labelled
carbon atom occurred during the first few hours and this reached
a maximun around five hours after injection. Yhe specific
activity of the nucleic acid then decreased slovwly until by 24
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hours it had drepped to 40 Yo of its maximum value. The
metabolic stability of DNA and the relative absence of mitosis
in normal liver cells make it unlikely that this was due to
dilution of the radioactivity by newly formed DNA during normal
synthesis. if the drug had induced symthesis of new INA or
if repair processes had heen gtiomlated, a deerease in the
spocific activity would have been observed, A cunulative
increase in the specific activity was shown with repeated doses
although the maximum uptake occurred at the initial exposure.
This could be attributed to. there being fewer reaction sites
available or to an inercased efficiency for remeving the
labelled carbon atom.

Conasidering the nucleic acid structure
as a wvhele,; no reaction would be expected, nor has any been shown,
with the hydroxyl groups of the deoxyribose moioties. Reaction
with phosphoryl groups is theoretically possible on purely
chemical reasoning for agents of the muatard type and evidence
for this has been published, although the critericn which these
authors used, namely reduction in acidity on reaction, would neot
distinguish between esterification of an acid group and
quaternisation of a tertiary nitrogen atom (122), Esterification
of phosphate groups weuld be possible although due to lability
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of the products forwed, it would prove difficult to demonstrate,
Other centres vhere reaction would theoretieally he possible
include the purine and pyrimidine bases, From studies of the
distribution of clectrons in base pairs of DNA, based upon the
Watson-Crick model feor DNA, Pullman et al. showsd that the N7
aton of guanine was the most mucleophilic centre not invelved
in hydrogen bonding (126}, Hydrolysis of the DNA isolated
from rat liver after methyl methanesulphonate yielded a
radicactive component which was distinet from the four normal
bases present. Identification of the isolated material as
Tenethylguanine confirmed thesse pudinti@m and supportod the
in vitre findings of Brookes and Lawley that this was the
principal site of methylation (127), Although reaction with
eytosine and adenine bases was theoretically possible, in
undenatured DNA the N1 pomitions are invelved in hydrogen
bonding with guanine and thymine respedtively, but the K3 atom
is sterically available. No reaction was deteoted at these
sites in the present studies but this may have been due to the
low specific activity of the drug and the low degree of
alikylation at these sites rather than lack of evidence for
redction, There was no evidence for the incorporation of

radiocactivity inte the purine ring,



INCORPOGRATION INTO RNA

The iselation of wradiocactively
labelled 7emothvlraanine from the hydrolysate of rat liver RNA

14 _sethyl methanesnlphonate eonfirmed that

after injection of C
methylation of guanine baze had taken place, As with DNA,
radicactivity was rapidly associated with the macromolecule and
the speecific activity was greatest around & hours after injection,
it was found possible to increase the specific activity of the
ENA almost stochiometrically after repeated doses, I
Fractionation of the RNA into ribogomal and seluble forms showed
that the alkylation was not specific to a particular RNA gpecies
since the spocific activities wewe gimilar in both cases, Cell
fractionation studies had shown that almest 25 % of the
radioactivity in the liver was present in the microsomal fraction,
Alkyiation of ribosomal ANA would explain thie result as 80 °/o

of the collnlar ANA exists in association with microsomes in the

form of ribosemal particles,

Evidence has beon obtained from the
present stadiss that the nredonminant resction of methyl
methanesulpbonate in vivo is methylation. At a macromolecular
level, the methyl group is ircorporated inte nucleic acids by
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reaction at the K7 position of guanine and inte owll protein

by reaction with the thiol zroup. Nefore implicating
methylation at these sites as being directly reasponsible for the
biological effects, it is necessary to enguire inte the mechaniam
by which alkylation has taken place and to assess any similarity
with the normal methylation reaction,

THE METHYLATION REACTION

The presence of Z-methylguanine in
mampalian urine as a normal excretion product has heen recognised
since 1808 (128)(129), Its biolopgical origin has, however,
remained obscure. Ingested 7-methylguanine is rapidly
degraded to the xanthine stase prior to exeretion so the urinary
component is unlikely to Be of dletary origin, Hethylation
at this locus must, therefore, represent a normal metabeolic
reacticn and this sugnests that a mechanism exists normally for
the transfer of the methyl sroup in vive, The fsolation of
?-lﬁu)mﬁiylgumim from the urine of rats after a single
injection of Ga‘-uthyl methanesulphonate would sugrest that
tranafer of the labelled carbon atom may have taken place by a

similar mechanism,
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Carrent concepts for the biological
tranafer of the methyl group within the bhody have already been
discussed, The prineipal source of wethyl groups for
transmethylation reactiocns was shown to he dietary methionine,
Synthesis de nove and incorporation frem the pool of one-carbon
compounds were also shown to occur (38)(39){40).

The isolation of cheline centaining

radicactivity after injection of c“

-methyl methanesulphonate
provided clear evidence for the eniry eof the methyl carbon atom
into the one-earbon pool. Alkaline dicestion la the presence
of an oxidising agent proved conclusively that the labelled

aton was located in the wmethyl group of the choline molecule,
The mechaniasn for the formation of choline has been clarified by
the finddnca of Artom with respect to methylation at the
phosphatide level and it is now recognised that under normal
tonditions Seadenosylwmethionine is the sole source of the methyl
eroups (81)(130), From the work of du Vigneaud, it would be
reasonable to nesuse that the methyl sroup may be transferred to
homoeysteine in the covrse of timey resulting in the tamtio'n
of labelled methionine, An alternative posmsibility would be
that a 0 'umethyl group of methionine had been synthesised

de nove froem formate via the tetralydrofolate pathway and
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subsequontly tranaferred in tote frow methionine to choline by
trananethylation, The ¢lassical work of du Vigneaud, using
Dentorinn-labelled mothienine has shown that in this reverse
reaction; the tranafeor of uethyl to choline doess not take place
through a formate or formaldehyde intermediate (23), The
labelled methyl sroup of choeline Jdetscted after methyl
methanesulphonate must therefore have arisen by transmethylation
from methionine or by direct action of the ester at the phosphatide

level,

- During a study of the distridution and
fate of wardous allkyvlating agenta, Trams et al. considered the
poepsibility that the radicactivity assayed in biological samples
after administration of c“-laballed ritrogen mustard to rate,
night be present in metadolites rather than in intact drug (331)
(132), They isolated the radicaarbon from cheline present in
liver phospholipid and found that 1t amounted to less than 0+5 Y%
of the deose, from thelir calenlations of the total body choline
content, they estimated that it did not exceed 4 % of the total
injected dose and concluded that transmethylation 4id not
repre=sent a major metabolie pathway for the drug,. A feature

of special intereat in connection with the present studies wvas
the inerease in specific activity of choline which they noded
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when saaller doses of the mustard were given over a period of
Swd doys. This implied the possibility of a cumlative duild
up of mothyl greoups dorived from the Nemethyl groups of the
sustard with fractionated doses,

The mechanism by whieh the level of
mathyl svoups in the body is maintained was discussed earlier
when 1t was shown that almoat all the dietary escess of methyl
groups given as sethionine wns metabolized to carheon Jdioxide,
The majority of the excretion took place around six hours after
aduinistration of the methionine. The formation of c“m
dioxide after injection of ethyl methanesulphonate inte rats,
representing 54 % of the dose, wae presented by leberts and
Yarwvick as evidence for the hydrolysis of this oszter to ethanol
being a major pathway for metabelism in the rat.(19),

Comparison with the exhalation of carbon dioxide after injection
0f 1= othanol showed that for the alechol, metabolism was
entremely rapid and within 5 hours, 78 7o of the administered
radicactivity had been ncecounted for by this route, The rate
of exerdtion of carbon dioxide after othyl methanesulphonate was
herefore talten by these authors as representing the rate of
hydrolysés of the drug in vivos The maximum levels of

excretion did not cceur until 7 hours after injection, This
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would imply that this biechemicnlly reactive drug bad remained
unreacted in the body for this length of time, In relating
these rosults to the methyl estsr, it should be remembered that
the dnss piven in these studice with the ethyl oster wan 2443 m/
kg ecompared with 04081 mM/%g in the present studdos. This could
account for the lower emeration of radicactivity as carben dioxide
after nethyl methanesulphonate -« enly S Yo in 24 hours. Vhen
ethyl methanesulphonate wae given at a dose of 0+81 mi/keg, a
ginilar level of earbon diomide exmcretion was found to the methyl
ester at this dome,

These results could equally well bde
intarpreted in relation te the methylation reaction, namely that
the metabolien to carbon dioxide be regerded as disposal of excess
alltyl =roups over and ahove those required for the maintenance
ef normal methylation reactions, rather than due to chemiecal
hydrolysis of the esters in vive, This obviates the need to
roastalate the existence of the intact drup for a period of six

hours or sc after injeetion,

From wmore recent studies, it has been
supgested that the percentase of the injected druz excreoted as

carben diexide after mothyl methanesulphonate should be ameh
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higher. (133). In this particular study, in whieh 25 % was
metabolised to carbon dioxide, the drug was administered
intravenously at a toxic Jose lovel {1°00 =d/kg), It is there=
fore not eurprising that if moetabolisa is taking place by normal
metaholic pathwaya, a siznificantly hizher proportion would bde

exhaled as earbon dioxide.

In this connectiony it is interesting
to note a curious sex spec¢ificity which has been reported for
metabelism of the wethyl groups in rats (134), The oxidation
of administered methyl groups to earbon dioxide is significantly
greater in the female animal that in the male and as the
ircorporation into tissue protein is inversely related to the
extent of oxidation, it mizht he expected that protein isolated
from sale anlmals weuld have higher specific activity than that
from femmlon, This phonomenon may, in part, account for the
an of methyl methanesulphonate in the female rat being 120 mg/kg
compared with 110 mg/kg in the male (133), A similor sex
difference in the oxtent of demethylation of morphine has been
shown Lo ccour in the femole rat where 8 % of the radioactivity
administered as N-mthyl-cumrjhm was élimidated as

reepiratory carbon dioxide compared with C*¢ ’n in the female (136),
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The isolation of formaldebyde containing
a radiosetive carbon atem from the liver provided evidence that
fsalkylation an? ouwidation of the methyl group had taken place,
This metadoliec formation of formaldshyde and its sudbscsauent
entry into the 61 metabolic pool amust inevitably be followad by
1abal1ling of al) the oell constiiuvents on the normal metabelie
pathways of this compound, Thies would oxplain the incorporation
of radiocactivity inte the amino asids serins, glyeine and
mothionine whieh utilise the formate pathway for normal synthetie
reactiona, The low specific acetivity of these compounds would
be due to simnificant dilutfon with unlabelled amine acids,

Although methionine is the principal
souree for the methyl greup for transmethylation in vive, it
requivres conversien te a bischemically active form, S-adenosyl-
methionine, before transfer can take place, Pirect evidence
for the formation of S-adencsylmethionine gontaining a labelled
mothyl sroup Jderdved from methyl methanesulphonate was cbtained
by imslation of thie aulphoninm salt from rat liver, The low
level of Se-adenceylmethionine in thie orran (007 uM/grm wet wi,)
together with the inevitable dilntien of radivactivity by unlabelled
material 4id not allow asccurate measuresent of its specifie

activity, As the methyl proups derived from the a0thyl ester
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havo entered the normal metabelic poel of one-carbon coupounds

in the body, it is reasonable to sssuwse that some of the reactions
have tcken place under ¢the susplecs of f;ha norsal methylating
system, Studies on the radicactivé distridbution of the drug

therefore do not necessarily refer to abnormal reactions,

Tho discovery of methylated bases
present normally in nuclede acide stizmulated a study of their
methylation at engymic and cellular level and the cecurrence and
distridution of methylated purines in the subeellnlar fractions
of RNA bas been reported in detail (137), The meticulous
investipations of Dunn et al, on RNA frem various sources have
led to thé isclation of numercus methylated bases (85)(86)(138),
Furthermore, it is now recognised that the wmethyl groups in
methylated purines and pyrimidines of ENA eriginate from the
methyl group of methionine (72), If the 1lebelled carbon atom
from mathyl metbanesulphonate has become incorporated into the
Seadenosylmethionine intermediate, labelling of the RNA would be
oxpected at the norsally methylated bases, According to
funn, there is a substantlally higher proportion of methylated
purines in the soluble fraction of RNA iscolated frow rat liver
than in the ribosemal fraction (67), After methyl
methanesulphonate, the specific activity of the soluble RNA was
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elnost twice that of the ribesomal Iraction which is in
agreewent with the above work, Por soluble ENA, six different
methylase enzymes have heon isslated from bacterial cells which
are responasible for mothylating aspecific sites (74), They
include three enzyme fractions for the methylation of guatiine,
Two of these achisve methylation at tho 1 position and the third
is responsible for methylating the 7 position. After

u—mthyl labelled methionine into ratsy 7emethyle

injection of C
guanine has been detected in soluble WA and it is degradation

of theso macromolecules which is thought to yield the methylated
purines found in urine (138), The extent to which Z-methyle
guanine occurs naturally in nucleic acids has not beon determined
quantitatively and 1t is therefore not posgible teo deduce how much
of this base, isclated aflter injection of methyl methanesulphonate
is a result of normal methylation meactions at these macremoleculess
The preascnce of 7-methylsuanine as tbe predominant methylated

base in the urine of normal animals is surprising as it ocours

as sueh a relatively ninor cosponent in RNA,

DNA from mammalipn scurces has beon
shown to contain only Semethyleoytosine as a minor methylated
base (62). The isolation of 7emethylguanine f39m . the DNA of

rats injected with the C o= mei’ionine provided evidence that
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wethylation at this site ean talke place, The detection of
this methylated base after adminietration of methyl mathanssulphonate
may not, therefere, represent an ahnormal methyintion,

The prasent studies have conclusively
shown that after a single dose of methyl methanesu!phonnte, the
methyl group has entered the one carbon peol, fuhseqguent
incorporation of the lahelled atem into various moloeules hy
normal metabolic processes under the contrel of approprinte
ensyme systems wonid be entieipated, It seems likely that the
biclogical effeocts ebsorved after methy)l methanesulphonate would
not be due to such reactions unless quantitative contrel of the
nunber of methylation reactione was hynassed, There was ne
observable decrease in the level of hepatic adenosine trishesphate
to indicate incrensed synthesis of Seadenosylmethisnine as has
been observed after the administration of ethionine and the
corresponding formation of Seadenosyiethionine (140),

Whilat the results obtained on the site
of in vive alkylation of variouns moleculeas after giving methyl
methanesulphonate could conceivably he exnlained hy reference to
the entry of the methyl proun into normal reactions, the extent

to which this reacticon haes been shown to occur makes it mest



unlikely that it is primarily responsible for the biolegieal
effects, It dosa not preclude the porsibility that the
ohperved reactions could be the result of the direct action of
the drup on coll components, Ap was discumsed earlier, in
the absonce of ATP, the mothyl sroup may be transferred vhen it
ia contained in a sulpheniuvm componnd, The formation of auch
& compoond was domonstrated in vitre by the reaction of the
mothyl ester with methionine, The nroduet, identified an
S«mothyl methionine, has heen sugrested as a mothyl donor as it
oceurs naturally in plants (141), No evidence was obtained
from the prosent in vive stndies to suppest that this represented

an intermediate for thege methylation reactions,

In favour of a theory of direet action
of the drnz in vive iz the reastion with protein, Althouph
S-methrleysteine oceurs naturally in the plant kingdom, there is
no evidence for its normal occurrence in animals (142),
Mathylation «f protein at this aite after methyl methanesulphonate
is therefore unlikely to sccur via the novmal methylation
reaction utilising Seadonosyimethionine as doner, Reaction
would aprnear €o he the result ef the direet action of the drug
with the protein in situ, Similarly for DNA, where there is

no evidence for the existence of a methylase ensyme capable of



introducing a methyl substituent into the N7 pesition of the
guanine molecule in a mamsalian system,

Direct action on cellular components
in situ would seem to imply either passage of the intact drug
through the cell and nuclear mevhranes into direct contact with
the constituents, or the extracellular formation of an
alkylating entity which then passed across the cell menbrane by
ioniec diffusion, The emall size of the moleeule of methyl
méthanesulphonate might favour passage into the cell but its
wator solubility would argue againet diffusion across a lipeidal
membrane . A more plausible Lypothesis would invelve reaction
of the intact molecule with the cell surface, resulting in the
liberation of a positively charged carbonium ion after reaction
with the cell membrane, and passage into the cell as an alkylating

entity.

In summary, these studies have shown
that after a single dose of methyl methanesulphonate, methylation
of nucleic acids oceurs at the N7 position of guanine and at the
sulphydryl group present in peptide and protein meolecules,
the mechanise by which the aliylation has taken place would appear
to be by direet reaction within the cells, The entry of the
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administered carbon atom into the pool of methyl groups would
suggest that methylation through the normally occurring
Seadenosylmeghionine must be taken inteo account when assessing

the significance of the site of action in vive with the bielogical
effects produced,

Before discussing in detail the possible
biological relevance of the demonstrated metaboliec reactions,
attention should be drawn to the dose used in these atudies
compared with that necsssary to produce a bielogical effect.

In order to obtain cellular material
of sufficiontly Ligh specific activity to perform these studies
with the labelled drug available, it was necessary to administer
it at a dose level of 100 ng/ig, which was just less than the
lethal dose. This level wam approximately four times greater
than that required to produce an observable biological effect,
As a result of thia, some of the motabolic reactions detailed may
be related to overall toxic effects of the drug on the animal,
rather than those pertaining to the subtle biological effects
which prompted the study of this particular alkylating agent.
it has been reported from preliminary clinical studies in humans
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that the type of changea to he expected in liver and which were
visible 8 days after a total cumulative dose of 30 mg/kg, involved
destruction of the limiting plate which normally demarcates the
portal structures from the liver parenchyma, In addition,
cholangioles were irregularly shaped and some had been destréyede
ilistological examination of liver, kidney, spleen and intestine
aid not indicate any gross damage, including any fatty
infiltration or centrilobular necresis, within the first 24 howrs

of treatment,
POSSIBLE BIOLOGICAY, IMPLICATIONS OF METHYLATION

The digersity of the pharmacelogical
effects produced by the aliylating agents in general, together
with the large number of cellular sites with which they can
interact, precludes facile explanation of their mode of action,
For this methyl ester,; attenpts to correlate methylation with
biological results are frustrated by a lack of precise knowledge
of the role methylation plays in the normal metabolism of the
animal., It is possible, however, to assess the likely
hiological implications of the reaction by reference te the
methylation reactions known to occur paturally and to those

resulting from chemical adninistration.
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The present studies have implicated both
the sulphydryl group of protein and the guanine base of mneleie

acids as central sites for reaction at a moleecular level.

NMETHYLATION OF PROTEIN

The reactivity of methyl methanesulphonate
with the cysteine moliety present ic glutathione, which was shown
in earlier work to represent the principal detogication reaction,
suggests that the role of this sulphydryl group may be to render
inocuous compounds which otherwise damage essential sites in the
cell (16), It does not follow that reaction with the
tripeptide at other aspecific cell sitesy for oxample, mitochondeia,
dees not play an important part i{a subsequent biolegieal effects,
If this protective role of the acid soluble sulphydryl fraction
is mediated by competition with protein bound sulphydryl sites,
a decrease in the level of exogenous sulphydryl will lead te
inereased methylation of protein hound sulphydryl groups,
The role of the sulphydryl group in maintaining nermal cellular
motabélism has been emphasised by the worlk of Rapkine, who observed
the variation én concentration of free sulphydryl groups
throughout the miteotic cyele (143)(144), The mitotic apparatus
was shown to he composed of proteins rich in sulphydryl groups,



Attack at these mucleorhilic sites could lead to inhibition of
eell division(145), It was subsequently shown that only cells
treated with alkylatine agents during the earliest part of the
resting stage showed chromogome aberrations in the next mitosis
(146}, One pessible consequence of reaction with protein is
an inactivation of essential sulphur containing enaymes, The
fact that not all such enzymes are inactivated by sulphydryl
reactants does not invalidate this posaibility as the properties
of the group are dependant upon a particular envivomment, 1t
would seem therefore that the general eytotoxicity of these
agents may be due to an inability to detoxicate the ester quickly
enough to prevent reaction at other cell aites. Preliminary
evidence to suprort this has been obtained from experimente in
wvhich a second dese of the methyl ester wae given 5 hours after
the first, at a time when the level of liver glutathione was
known to be at a minimuwm, Much inereased levels of tissue
activity wvere noted alter a second dose compared with the first
or with a ginilar injection given when the level of glutathione
in the liver had returned to control level, The role of the
eulphydryl group in maintaining the donfigpuration of certain
proteins is well recognised, Alkylation of those fibrous
proteins could conceivably modify the architecture of the cell
or alter the structure of the cell membrane in such a way that



ites subseguent metaholism would be affecteds

where reaction with exogenous thiols
was not sufficiently fast to reduce the amount of alkyvlating agent
available; allkylation of other molecular sites e.z. mueleic aeida,

may oecur freely,

HMETHYLATION OF DNA

The decreased viscosity of the DNA
praparad from liver after treatment with methyl methanssulphanate,
noted during the isclation procedure; sugnested that alteration
in the secondary structure of DNA may have taken place. A
sinilar reaction was noted by Stranss; who showed that the
biological properties of alkylated DNA were altered by methylation
with respect to loss of transforming activity, due to insertion
of aingle strand breaks into DNA (147), The intreduction of
the bulky; hydrophobic methyl group into macromolecules must
produce profound alterations in he structure of nucleic acids
due to steric and electronic perturbations, The introduction
of the methyl group inte the N7 pesition of guanine has been
shown to render the deoxygunnosine structdre sufficiently unastable
for the glycosidie bond to be split under neutral pH conditions (148),



It alzo enhances ionisation of the proton from the N1 position

at physiological pifl, This would affect the hydrogen bonding
capacity of the 7-methylguanine with cytosine and it has been
suggented that this base may pair aberrantly with thymine instead
of ecytesine (148), Although depurination may cause inactivation
of the DNA, these effects could conceivably result in a mutation
by causing base-pair deletion,

PBaged upon this reasoning, alkylation
of DNA Ly methyl methanesulphonate could lead to depurination of
the guanine entity producing fission of the macromolecule and
loss of secondary structure, This would be evidenced by a
lowered viscosity of the INA seolution, The results of more
recent work have confirmed that frammentation of DNA does
oceur (130). The ultimate effeect on hiological aystems of the
depurination will depend to some oxtent on the efficiency &f the
repalr mechanisms, The persistence of alkylation in DNA and
a cumulative huild up of mothyl proups would imply that alkylated
purines are incompletely released in wvive. A consequence of
the depurination process is that estimation of the numher of
guanine residues methylated, based upon radiocactivity measurements
on the macromolecule, will be inaccurate if much of the methylated
base has already been removed from the macromolecule, The
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presence of 7Tsmethylguanine in the éoid acid solublte extract of
the whole tissue indicated that this may have oedurred,

The demonstration that methylation
leads to alterations in the strueture and function of DNA implies
interforence with cellular inteprity. The gross mitotie
abnormalitien and gone mutations eould satisfacterily be explalued
on this basis, Such reaction does not rule out the possibility
of alterations mediated as a result of an indirect effect at a
more distant site,

EXCRETION OF 7-METHYLGUANINE

The origin of the 7e-methylzumanine
oxereted in urine bas not been located. Transfer RNA is known
to contain a variety of methylated purines and degradation of
this macromelecule would result in the velease of these components.
They are present, bowever, only in very small amounts in RNA so
that it is surprising to find 7emethyisuvanine as the predominant
mathylated base if this were the principal source. The
depurination of DNA may provide a hitherto unrecornised contribution
to this metabolite, This urinary excretion, together with the
relatively high level of the methylated base in the cold aecid
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soluble fraction of rat liver at a time when detoxication is
taking place, leads to the suggestion that this molocule may
fenture primarily ss a repository for excess methyl groups.

The bleological significance of this exaretion remains unknown.
The output is, however, increased after Xeray treatment,
ingestion of glandular material and after increased destruction
of leukoeytea (151), Flevated levels of excpetion of
nejthylaud purines in general have been reported from animals
bearing mamsary carcinoma and thymic lymphoma {(12852), This
excretion is ilwportant in view of the relatively small aize of
the tumours in comparison with the whole animal, and sugzests
that the metabolism loading to the exeretion of greater amounts
of methylated products suwet De much higher in tumour tissue,
Whether the oxtretion of increascd amounts of wethylated suanine
in leukaemic pationts represents a grester methylation capacity
or n failure to demeihylate eompounds nresent in abnormal snounts
is not Lnown,

METHYLATION OF RNA
The biological consequences of

methylating ANA are not known. One of the earlieat suggestions
for the role of meothylation of transfer RNA was that it protects
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the 2NA strand against the action of nueleases (78),  Studies
of the site of nection of these enzymes on mothylated and none
methylated RNA s have faile? to confirm this (82), 1t has
also hoen reported that mothyl defiecient TNA accentas amino acids
normally, ruling out invoelvament in the amine acid enecificity
of #NA (153),

Althoush the ENA methylase enzvmes are
widely distributed over tinesues, studiss in several laboratories
sisultaneously reported that heterclogous enzymes are capable
od adding methyl groups in vitre te fully methylated transfer
mia {(154)(158)(186), No cotrelation has been made mo far on
the poasible bhiolepienl consequence of this, If overmethylation
is possible threush heterolegous enmymes, then, by amalogy, it
may be possible to overmethylate transfer RNA by chemical means,

for e¢xample, by direst action of methyl meihanssulphonante on RNA,

BIOLOGICAT, ROLE OF METHYLATION

The characteristic speciss specificity
of enzymes for forming methylated bases, and therefore the
distridbution of such bases would suggest a vital and unique
function to that particular species, The biologiecal function



144,

which exhibits maximum species specificity s diffcerentiation,
It is tempting to sugzest that methylation may act as a contrel
mechaniss responsible for switching on pre-existing enzyume
capabilities manifesting later as differentiated cells, The
studies of tudd on the bLiogynthesis of hordenine (H li-dimethyle
tyranine) in germinating barley may be relevant in this conncctions
The correlation in the time course for the accummlation of
bordenine by succesgive methylatdéon of tyramine zugpests that
this is a metabolic function related to tissue maturation or
differentiation {(157)(138)(159), Whether direet methylation
by methyl methanesulphenate of colls at a poat meiotic phase

in spermatogenesis is responsible for sterility due te cells
being "downgreded' from mature to inmature stages is open to

conjeecture,

The present studies have nol ruled
out the posaeibility that the critiecal reaction giviag risce to the
obgserved bLisclogical effects may be due veactisn at a site other
than on nucleic acid eor protein, The general reactiviiy and
reported nmutagenicity of formaldehyde, feor exmamwple, have invited
speculation as to the role this metabolite might play in
producing certain pharmacological effects (160)(161). From
the evidence available it is vol poseible to implicate the
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prosence of formaldehyde in-the liver sfter wmethyl methancaulphonate
as belns responsible for the characteristic bieological effects,

In view of the central role played by
S-addnoaylmathionine during cell development, it is tempting
to suggpeat that interforence with this mochanism uight lead to
some of the bislogical effoets obeerved after administration of
alkylating acents, The detection of 3-hvdroxytetrahydrothiophenpe
1, 1«dioxide as a vrinary metabslite after injostion of myleran
inte rats, was attributed to reaction of this difunctional agent
with the sulphyidryl proup present in zlutathione (19), The
same product conld he observed if reaction had taken place with
Seadenoaylmethionine or S-adencsylhomecysteine.

While advances have been made in the
therapy of cancer, the morbidity and moptality of the discase
have not seriously heen affected, it has, therefore, become
inerenssingly apparent that fundamental knowledze about the nature
of the cancer cell and its distinpuishing propertios must be
ohtained before apnroaches can be made to therapy on truly
rational grounds, From studies on the radicactive distribution

of labelled alkylating agents in vive, Mandel concluded that they
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had provided 1little information as to the nature of the effect

of the Adruza on tissues and that clear cut evidence for alkylation
of protein and mcleie acids in vive was lacking (162),  The
present gtudies on the metabolisn of methyl methanssulphonate
have confirmed that methylation of nucleic acids has occurved

in vivo, predominantly at the N7 position of ruanine and at the

sulphydryl sroup of the protein macromolecrles

In the abscnece of devwonstrable
qualitative differences between neoplastic cells and their normal
egunterparts, 1t is, perhaps, not surprising that the chemothorapy
of neoplastice dissases has not yet emerged from an era corresponding
to the treatment of spircchacte infection with mercury, The
curea which have heoen obtained as a result of the treatment of
choriocarcinoma with Methotraxate, dugrests we may be entering
2 period analopgous %o the use of arsenicals (183), What
cannet be predicted is whether future developments in chowotherapy
will bhe analogous to the itreatment with penieillin,
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