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| INTRODUCTION

‘ Excluding inorganic ions and molecules, the

|
' methyl group is surely one of the simplest chemical

| units encountered in the living cell. This radical

‘is found in biological material in covalent combin-

ation with various elements, yielding molecules well |

' known to the organic chemist, which could be classi-

!fied as follows:=-

| (a) Methyl group attached to nitrogen, as in choline,
| creatine and
adrenaline.

(b) Methyl group attached to sulphur, as in methionine
and dimethyl-
thetin.

' (¢) Methyl group attached to carbon, as in alanine,
3 valine and
thymine.

(d) Methyl group attached to oxygen, as in alkalolds
such as nar-
cotine.

(e) Methyl group attached to metalloids such as
selenium, tellurium and arsenic, yielding
selenides, tellurides and arsenides.

|
5
| |
‘ Whilst the methylated nitrogen, sulphur and ‘
| carbon compounds are widely distributed in the |

|

plant and animal kingdoms, the methyl ethers and
' methylated/
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methylated metallic complexes are rareties, occurring
in certain highly specialized organisms, or under
non-physiological circumstances. For this and
other reasons to be elaborated later, the subject
of biological methylation was for long mainly
confined to the study of methyl groups attached to
nitrogen or sulphur and was only quite recently
extended to include methyl-carbon compounds. The
phenomena of synthesis, transport and degradation
of the methyl group have occupied the attention of
physiologists and biochemists during the greater
part of the twentieth century. Although these
problems have not been settled, the groundwork

has been laid to open the way to a fuller
elucidation of the role of the methyl radical

in biochemical processes.

History /
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History of the biosynthesis of the methyl group.

The first recorded work on the methyl group
is probably that of Hofmeister (1894) who made in
vivo studies on the methylation of tellurium by
dogs, and similar experiments in vitro with homo-
genates of organs., Hofmeister concluded that the
scquisition of a methyl group was a normal meta-
bolic process, and postulated that the methyl
radicals of choline and creatine were in all
probability derived from the same source as the

methyl groups used in the synthesis of tellurides.

He proposed that the methyl groups were transferred |

when required from a common methylated precursor to

the acceptor molecule by means of a 'ferment'.

In the results of Riesser (1913) one finds
’some confirmation of this point, for although this
worker was not interested in methylation studies,
he found it was possible to elevate by 15% the
creatine content of muscle by means of choline
injections. This increase could have been due to
the transference of a methyl radical from choline
to the creatine precursor, and although the author
did not suggest it, this evidence was later put

forward in support of the theory that the methyl

group/




group could not be produced in the animel body at =
sufficient rate to offset the methyl groups lost
by catabolism,

In the light of experimental work by
Thompson (1917) and others, the 'methyl transfer
theory' was supplanted by the hypothesis that methyl i
groups in the body might originate from formalde-
nyde.

This worker, using ducks, showed that the
creatine output of the birds could be increased by
feeding arginine plus paraformaldehyde or hexa-
methylenetetramine as a source of formaldehyde.
Thompson concluded that creatine arose from arginine
through the production of glycocyamine, which was
then methylated on the wo-nitrogen atom. Creatine
could then be formed from this intermediate product

by an intramolecular rearrangement.

Thus /




Thus, before the end of the second decade of
this century, an experimental approach to the
problems of transport and synthesis of the methyl
radical had already been made by Hofmeister and
Thompson, and it is interesting to note that
attention has recently been focussed again on
formaldehyde as an intermediate in methyl group
metabolism (Sakami, 1950).

Observations as a result of incorporating certain

methylated compounds in the diet of the dog and
the rat.

The rols of the methyl radical in biological
processes received its next considerable advance
indirectly as a result of the classical researches
on the hormone of the pancreas - insulin. Macleod
(1924) conducted lengthy studies on insulin-
maintained depancreatized dogs extending over
several years, and observed on autopsy that all
the animals had enlarged yellow fatty livers. In
1930 Hershey,who was collaborating with Macleod,
observed that he could cure or prevent this fatty
liver condition in these animals by incorporating
crude egg yolk lecithin into their diet. Best
and Huntsman (1932) demonstrated that the active

component/




icomponent in the lecithin was choline, and they
galso reported that an oxidation product of choline,
Inamely betaine, was effective in a quantitatively
_lésser degree in preventing the deposition of fat
in the liver of the depancreatized animal. To
this anti-fatty liver property of choline and
;betaine they gave the title 'Lipotropic Effect'.

é Best and co-workers in 1835 recorded that
'the protein, casein, free from choline or betaine,
was a lipotropic agent, while gelatin was inactive
in this respect. Tucker and Eckstein (1937)
|found that the amino acid methionine also exerted
ia lipotropic action. They attributed the lipo-
itroPic effect of casein to its methionine content,
and the inertness of gelatin to the absence of

this amino acid.

It thus appeared that the three compounds

|choline, betaine and methionine had in common this

!lipotropic action,

Methyl group reguirements of the growing white rat.

Rose (1939) and du Vigneaud et al.(1939a)
independently commenced studies on the essential

nature of the amino acid methionine for the growth

of/




|
|
|
|
|
‘of .the young white rat, and in this connection they i
both investigated whether homocystine could replace i
‘methionine in the diet of these animals.  Homo- |
;cystine was used in place of homocysteine, the i
essumption being that the body could cleave each !
‘molecule of homocystine to two molecules of i
‘homocysteine.
_ Both these workers fed growing rats on a
isynthetic diet in which the only sulphur containing

‘amino acid was homocystine; du Vigneaud et al.

supplemented the diet of their rats with crystalline

thiamine, riboflavin and nicotinic acid, whereas

Rose employed a naturally extracted 'vitamin B!

supplement obtained from tikitiki (a rice bran
!preparation) plus milk concentrates. The rats
'in du Vigneaud's laboratory lost weight steadily,
imany developed renal lesions and died, but the
rats in the experiments conducted by Rose grew

'steadily although at a sub—optimal rate. In |

jorder to reconcile these conflicting results, du

‘Vigneaud examined the vitamin B supplement used i f
by Rose, and found the extract to contain choline. 1
; This finding prompted du Vigneaud et al.
I(19.’59‘0) to try the addition of choline, and its
loxidation/
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:oxidation product: betaine, to the rats' synthetic
diet, All the animals receiving homocystine plus
‘choline or betaine now grew at the same rate as i
!those maintained with methionine, This proved |
ithat methionine could be replaced in the diet by
|homocystine if choline or betaine was also supplied.
This circumstantial evidence was taken as

|proof that the rat could not methylate homocysteine

iunless provided wifh choline or betaine; however,

!later experiments by Rose (1941) which were confirmed |
and extended by Bennettet al. (1943, 1944) |
demonstrated that young rats could grow sub—optimallyj
on a diet in which the only sulphur containing amino i

acld was homocystine, using also a synthetic vitamin

\supplement devoid of choline or betaine. Du
iVigneaud.gE al. (1939b) suggested that one possible :
!explanation of these results lay in refection, or ;
!the absorption of products of bacterial synthesis
!from the gut; they did point out that an occasional i
ianimal in their colony could grow sub—optimally on ‘
;the synthetic diet without choline or betaine.

| Many other biologically occurring methylated |
Eompounds such as creatine, caffeine, methylamine,

ete. were found to be inactive, in so far as these

'substances/




substances together with homocystine could not
!replace methionine in the diet of the growing rat.
IThus, du Vigneaud et al. (1939b) suggested the name
'Labile Methyl Group' for a methyl group which is

capable of intact transference from one molecule
to another, as in choline, betaine and methlonine.
‘To the process he gave the name 'transmethylation',

ireviving the 1894 hypothesis of Hofmeister.

!Intermediary Metabollsm Studies on Transmethylation
| Du Vigneaud et al. (1943) conclusively
proved the accuracy of this transmethylation concept

|
by feeding animals choline labelled with deuterium |

‘in the methyl groups, and subsequently isolating

ifrom the carcass methionine with the terminal methyl
‘group labelled with deuterium. This theory also |
!explained the lipotropic action of methionine

!observed by Tucker and Eckstein (1937) because three

‘molecules of methionine could donate three methyl

' groups to one molecule of ethanolamine to produce l
|
|

‘one molecule of choline. This reaction du

Vigneaud et al. (1940) subsequently demonstrated |
by feeding isotopic methionine labelled in the |

|
‘methyl group, and later isolating from the animal
body/
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body choline which was found to be labelled in the
methyl groups.

Following closely on this work, Schoenheimer
and Bloch (1940a,b), Borsook snd Dubnoff (1940za, Db)
and du Vigneaud et al. (1940, 1941) independently,
using isotopic nitrogen and deuterium, demonstrated
the in vivo and in vitro synthesis of creatine from
glycine, They were able to show that the inter-
mediate compound in this biological synthesis was
not sarcosine but glycocyamine (cf. Thompson, 1917).
The final step which involved the methylation of
glycocyamine was shown to occur at the expense of
a methyl group from choline, betaine or methionine.

In the rat growth experiments previously
mentioned, creatine was shown to be inactive as a
'methyl donor', and since the body loses a roughly
constant amount of creatine per day, it was
recognized that this loss represented a drain on
the choline end methionine resources of the body,
or as it was termed, & drain on the 'labile methyl

group pool'.

In/
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In a further extension of their rat growth

| experiments, du Vigneaud et al. (1946) found that
the dimethyl snalogues of choline and betaine
(dimethylaminoethanol and dimethylaminoacetic acid)
were relatively inactive as methyl group donors.

| They therefore proposed that only one methyl group

in choline or betaine is 'labile' and hence available|

in a transmethylation reaction. Betéine had pre-
viously been shown by Griffith (1941b) to be only
one-third as effective as choline, when assayed

in a lipotropic experiment; presumebly the con-
version of choline to betaine was irreversible and
since only one methyl group in betaine was labile,
it required three molecules of betaine to provide
three methyl groups needed for the synthesis of
one molecule of choline, which was probably the

ultimate lipotropic agent.

Possible/
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Possible Mechanisms involved in the Process of
Transmethylation.

Borsook and Dubnoff (1947) studied the rate
of transference of a methyl group in vitro from
choline or betaine to homocysteine in tissue

homogenates, and they found that betaine was a more

' effective donor than choline. They suggested that

in all probability choline was oxidized to betaine

Ibefore acting as a methyl donor. If one accepts

the thesis of these workers, then choline and betainse

must be on the same metabolic pathway with regserd to
a transmethylation reaction.

Presumebly methionine could also be acting
in the same cheain of reactions, homocysteine receiv-
ing a methyl group from (say) betaine, yielding
methionine, which could then donate thnis methyl
radical to another acceptor, thus regenerating
homocysteine, as illustrated in Fig. A,

As all transmethyletion experiments have
been performed by tissue slice or homogensate
techniques and never by purified enzyme methods, it
is not possible to state whether the transmethy-
lations involve a single donor or several known
donors in & definite sequencs,

In this connection a further complication

arose/
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arose when Borsook and Dubnoff (1948) showed that
dimethylthetin (the sulphur analogue of betaine)
was even more active as a methyl donor than betsasine
in tissue slice experiments, This substance heas
not been detected in nature, but Challenger (1947)
found its homologue dimethyl-E-propiothnetin in a
marine slga; therefore the observations of Borsook
and Dubnoff oh the activity of dimethylthetin as a
methyl donor should be given some consideration.

For example the possibility has not yet been

excluded thet the 'thetin' of methionine, (methionine

methyl-sulphonium salt) could be an intermediate in

transmethylation, This would necessitate the

salt ascting as a methyl donor, in & cyclic process,
as shown in Fig. B.

Bennett (1941) showed that this substance,
methionine-methyl-sulphonium-chloride, could act
as a methyl donor in rat growth experiments. One
can criticize the above theory on the grounds that
methionine-methyl-sulphonium chloride has not been
detected in tlssues, but neither has homocysteine,
so that a similar criticism can be levelled at any
theory which involves the latter substance., OFf

course/

| methylation of methionine, followed by the sulphoniuﬁ

i
i
|
|
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course, if either of the substances, homocysteine
or methionine-methyl-sulphonium chloride, were

| acting in a catalytic capacity in a chain of re-

actions, then its concentration might be so low
that 1t would escape detection.
Bennett (1941) made the pertinent observation

that whereas methionine sulphoxide would support

| the normal growth of young rats, methionine sulphone |
[ would not. The primary oxidation step in the con-
version of methionine to the sulphoxide might
therefore be an essential reaction in the 'labilisingEl
of the methyl radical, but of course this hypothesis

would appear to be incompatible with the methionine-

methyl-sulphonium salt theory which was previously
| advanced,

In short, the following substances -~ choline,
ibetaine, methionine, methionine sulphoxide,

| methionine-methyl-sulphonium salt, dimethyl-p-
propiothetin and dimethylthetin (Maw et al., 1948)
'are all known to be potential labile methyl donors,
Whether the mechanism for the transfer of a methyl
' group to (say) glycocyamine, follows several
independent pathways or involves certain of these
substances in a chain of reactions is still not

known,

The/ i
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The physiological action of 'Labile' methyl groups |

The labile methyl group appears to be
required as a dietary factor to support the
optimum growth of the young white rat. This

accessory dietary factor can also cure or prevent

the fatty liver condition which follows pancreatectomy.

. Closely associated with this lipotropic action of

| the labile methyl group is the renal anti-haemorrhagic

action of this radical. Animals maintained on a
diet in which all labile methyl groups have been
withheld, develop haemorrhagic kidneys; now all
methyl donors (established by the rat growth
technique) are effective in preventing both the
fatty liver and the renal lesion syndromes, On
the other hand, certain compounds devoid of labile

methyl groups, for example triethylcholine, are

| effective as both lipotropic and anti-haemorrhagic

| agents. It does seem from thevvery nature of the

substances which alleviate these two conditions,

- that the specific grouping required is a strongly

polar residue with an alcoholic group, which can be
incorporated by an ester linkage into a phosphatide,
in order to facilitate fat transport. This

requirement/
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requirement is satisfied by quadrivalent nltrogen,
'with one substituent a hydroxylated alkyl radical,

as in choline or triethylcholine, but as the latter |
isubstance has not been detected in nature, methyl |
lgroups probably exert a .lipotropic action through

?the synthesis of choline. These aspects of methyl
group metabolism associated with fatty livers and
renal lesions were both reviewed in 1941 by licHenry
land Griffith respectively.

i As a result of the work on rat growth, liver
ifat and haemorrhagic kidneys reviewed in this section,
fthe theory was advanced that the body could not I
gsynthesize the methyl group, and this radical was '
iaccordingly raised to the status of an 'essential
‘dietary factor'. The possibility that methyl

!groups are being synthesized in the body at a rate
jinsufficient to satisfy the requirements of catabol-
;ism is implicit in the results of Bennett (1944)
!obtained in ret growth experiments. Bennett found ?
‘that all the animals in her rat colony could grow ;
Tat a sub-optimal rate on a diet free from labile
|methyl groups. This excellent work which pointed é
' to the significant biosynthesis of methyl groups in |

‘mammals was viewed with reserve by many workers

who/
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| who preferred to sccept the simpler 'vitemin aspect!

' of the methyl group problem, The critics explained |

|
| the anomalous results as due to the sbsorption of |
‘methylated compounds produced by the symbiotiec micro=-

3organisma in the aenimals' alimentary tract,

Qutline of the Present Problem

The work which has been reviewed leads to

 three conclusions,
'le Little is known of the origin of the methyl
redical, although much evidence supports the idea

| that this grouping cannot be rapidly synthesized by

|
|
|
|
?
| mammals, It is importent, however, to note in this

|
iconnection the recent isotope work (Sakami, 1949),

|
| (Sekemi, 1950; Arnstein, 1950) which links the

Emethyl group with glycine, serine, and other non-

imethyl compounds, -

!2. Much is known about transmethylation reactions

in which the methyl group is transferred intact from

|
& donor to an acceptor molecule, In fact, this
|

‘work 1s reaching the stasge at which the action of |
|

‘enzymes such as choline oxidese and transmethylase is

|
|
!rightly receiving considerable attention, It is noti
| .

éhowever/ ‘
| |
| |
| I



| .
| |
|however, known which is in practice the more importanﬁ

of the two estasblished methyl donors, choline (or

betaine) and methionine, or indeed, to what extent i
transmethylation is a major pathway for the metabolis@

' of either compound, !
53. Although the spparent necessity for continuous

| supply implies constant loss or destruction of methyl

| |
| groups, their ultimate fate remains gquite unknown, |

| Although methyl groups yield respiratory carbon
dioxide (Mackenzie, 1949, 1950), the mechanism by
' which this is produced from the 'one carbon fragment'

|

|

|

; is completely obscure, |
|
|

i

It was felt that suitable work on the metasbol=

]

| ism of methyl groups in a closed physiological system

might provide information of same value in filling in

| the gaps in present knowledge, more especially thosa‘
| to which attention is directed in paragraph 2 above, |
Consideration of possible systems led to the selectioﬁ
' of the embryonated hen egg, in which the chick embryo

develops during incubation at the expense of & ready~

| made/ ' ‘
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|

!made culture medium, which has long been known to be
irich in lecithin - and therefore in choline. It has|
ibeen found in the present work to contein methionine
Ein comparable amounts. It is true that a system
icomprising a micro-organism and a synthetic culture
:medium would have had a less variable composition at
!the outset of each experiment, but it was felt that |
!this defect could be compensated by the analysis of |
la sufficient number of eggs at each stage of incub~- |
‘ation. The advantages for the purposes in mind of
imaking observations on a naturally occurring system
iappeared to outweigh all such minor disadvantages.

'Caution however, should be exercised in the appli-

cation of the results, since embryonic tissue

behaves differently from normal tissue in many

|

!respects, and appears to bear many resemblances to !

|

|neoplastic tissues, !
|

Experiments were accordingly developed along

the following lines:

'1. Estimations: Quantitative determination of
|

methyl donors and methylated compounds such as
choline, acetylcholine, methionine, creatine and

creatinine/
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#reatinine in both the embryo and its 'culture

ﬁedium' at various stages of development. From the
results it would be possible to eonstruct a 'balance
sheet' of the labile methyl groups in the complete
closed system at any given stage of incubation.

buch a technique would show not only the progressive
&ransferenoe of methyl groups from the 'medium' to

%he embryo, but might also be expected to provide
general information about the rates at which the
bifferent compounds were metabolised. If necessary,
Ehe allantoic fluid could be analysed separately from |
both the embryo and the 'medium' for exeretory producté
Luch as creatine and creatinine. f
Determinations of acetylcholine were made.

The quanblties found were minute, and did not affect

any of the points at issue.

2. Studies on the bases present in the system,
particularly in the embryonic tissue:

&t was felt in view of the work of Dubnoff (1949) and !
Muntz (1950) which has already been reviewed, that a
knowledge of the presence or absence of betaine,

ethanolamine, monomethylaminoethanol, dimethylamino-

ethanol/
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ethanol, sarcosine and dimethylglycine would be of
‘interest in connection with the metabolism of
icholine. In this part of the work only qualitative
éexperiments were undertaken. Even where quantitative
‘methods are available, it was thought that the results
;of their application to intermediate compounds in an |
:actively working system would be unlikely to justify
the work.

3. Studies on enzyme systems of possible importance:

Studies were undertaken on enzyme systems such as

|
choline oxidase, transmethylase and other enzymes i
ithought to be directly involved in the metabolism of i
methyl groups. It seemed possible that a knowledge |
:of the activity of these enzymes in the chick embryo |
%might provide useful information about the reactions ‘
Itaking place, It was hoped that it might be possile

'of 'one carbon compounds',

I
to extend these studies to the intermediary metabolism
|
i

| Before proceeding to the detailed account

!of the experimental work, it will be necessary to
Erefer briefly to certain published work bearing
jdirectly on the quantitative determinations. This |

i1s dealt with in the next section.

Review/
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Review of Previous Work on the Chick Embryo

relevant to thils problem,

Meny observetions have been made of chemical |
changes occurring during the development of the
chick embryo, and much of the older literature is
collected in the comprehensive monograph on 1
'Chemicel Embryology! by Needham (1931) and at e
later date the same author (1942) reviews other

aspects of this subject in his treatise 'Biochemistry

and Morphogenesis',

Choline Metabolism

The choline content of the hen's egg during
incubation was studied by Sharpe (1924) and Okade

(1922). Sharpe, using the enneaiodide procedure

for the estimation of choline, found that this sub=- |
stance decreased from sbout 400 mg./ 100 g. at the i
conmencement to 220 mg./ 100 g. at the end of
incubation. As this work was based on only four
points during incubation (0, 7, 14 and 21 deys), it |
is open to a great deal of criticism. i
The results obtained by Okada were similar, i

but whereas Sharpe found 10% of the totasl choline

at/
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at the end of incubation to be 'free' (that is, not
in combination as lecithin), Okada faind the free
choline to amount to 80% of the total present at the
end of incubation,

Nakamura (1928), using a gravimetric method
for the estimation of choline (platinum salt), found
only 50% of the choline as recorded by Sharpe. The
important feature of Nakamura's results is that he
found that even at the end of incubation, the free
choline never attains a value higher than 3 mg. per
egg, which is less than 1% of the total choline
present at the onset of incubation, Okada on the
other hand, had found about 80 mg. free choline per

egg at the termination of incubation. Although

inadequate experimental methods led to such discrep=

ancies between the different sets of results, all
the workers were in agreement on two points: (a)

that all the choline present in the unincubated egg

was bound as lecithin and (b) that the total choline |

decreased appreciably during incubation, As all
the choline in the unincubated egg was bound as
phospholipin, the metabolism of phosphorus must be
linked quite closely with the metabolism of choline,

Alterations/
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| Alterations in the phosphorus distribution in the
developing chick embryo were studied by Plimmer and
Scott (1908). These workers found that the 'ether
| soluble phosphorus' diminished from 65% of the total
| phosphorus at the onset of incubation to 20% of the
!total at the end of incubation. Using the figures

of Plimmer and Scott and assuming that practically

Eall the choline in the unincubated egg was present
'as leclthin, 1t 1s possible to calculate the amount |
| of choline in the system. Provided the ratio of
icholinencontaining phospholipins to total phospho-
lipins did not alter during incubation, there would

|
ibe a disappearance of almost 70% of the original

| choline bound as lecithin. This would imply either
disappearance of choline from the system or its |
!accumulation in some form other than in chemical

|
!combination as phospholipin,

! The metabolism of choline during the :
?devalopment of the chick embryo thus required
elucidation: 1if this closed system did contain much
' free choline, then it would be véry different from
‘most tissues, in which the free choline concentration;

'1s very low.

|Creatine/ : :
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Creatine and Creatinine Metabolism |

Mellanby in 1907 failed to find any creatinine
in the unincubsted egg, while Salkowski (1911) found
traces of this compound, The important point is,
however, that the creatine or creatinine content of i
the unincubated egg must be very small, Mellanby !
estimated the creatine and creatinine content of thei
developing chick embryo from the 1l4th day until |

hatching; at the latter point he found approximatelj

22 mg. creatine to be present in the hatching ehick.|
Sendju (1927) in some detailed experiments, found ‘
the creatinine per embryo to be very small (less |
than 1 mg,); he also carried out creatine and

creatinine estimations on the allantoie fluid.

Methionine Metabolism

Suitable analytical techniques for the
accurate estimation of this amino acid only became
available quite recently, and no estimations of
methionine on the chick embryo are to be found in
the literature,

Csonka et al, (1947) performed a number of !
analyses on unincubated eggs and found between

150-190 mg. methionine per egg. ’

Acetyl/
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Acetyl Choline Metabolism |

Szepsenwol and Ceretti (1942) estimated an i
'acetyl- choline-like' substance in parts of the
chick embryo, but they did not mske any overall
measurements of this substance, Malcolm (1950)
estimated acetyl-choline in sheep embryos and found
about 3-4 microgrammes acetyl choline per gram of

embryo dry weight,

It will thus be seen that although experiments
to estimate compounds containing labile methyl
groups in the chick embryo have been carried out

over a period of fifty years, much remains to be

done, By using the newer, more specific, methods

of estimation of choline, etc., it was felt that

data could be collected which might throw light |
on the quantitative significance of certain trans-

methylation reactions,




I EXPERIMENTAL,

CHEMICAL DETERMINATION OF METHYLATED COMPOUNDS.

iPreparation of material.
|
|
| standard breeding diet were supplied by the Poultry

Eggs from Brown Leghorn hens fed on a

| Research Centre, Edinburgh. The experiments were

conducted throughout the year except during November

and December when the fertility of the eggs is low.
|

IIn order to minimise the number of analyses the

| weight of the eggs at the onset of incubation was
| limited to 55458 The eggs were electiically

' incubated under normal conditions of temperature

!and humidity. After six days' incubation, the

| fertility was tested and all infertile eggs dis -

|carded. At the end of the desired incubation
period the eggs were removed, weighed and frozen

| for ten minutes in a mixture of acetone and solid
carbon dioxide. The frozen eggs were left at room
temperature for two minutes and the shells guickly
istripped off and weighed., The weight of the egg
Icontents was found by difference. The embryo was

| dissected out and weighed, and the weight of the

‘Remainder' again found by difference. The fraction

designated/
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idesignated 'Remainder' consisted of the residual yolk,
‘white, allantoic fluid, amniotic fluid, and the

‘membranes. The partition of the egg in preparation

- |for analysis is illustrated in Figure 1 below.

FERTILE EGG

I I
CONTENTS SHELL (discarded) |

Residual Yolk
[ | Residual white

[EMBRYO REMATNDER Allantoic flukd
' Amniotie fluid
Membranes

|
|
i Figure l. i
|
|
i

The 'Embryo' and the 'Remainder' were
fhomogenised_with measured volumes of water in separat%
|ice-chilled glass homogenisers(Potters Elvehjem}1936)i
The prepared suspensions were stored in the refrig- ;
;erator until required. The analyses were usually |

commenced within a few hours of the preparation of

the homogenates.

Sampling for Analysis.

| _
The most convenient method of removing an .

aliquot from the homogenate was by pipette. As the

' original/
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original measurements on 'Embryo' and 'Remainder'
were by weight, it was theoretically necessary to
apply a density correction. In actual fact the
density of the homogenates was sufficiently close

to unity for this correction to be neglected.

Preparation of Extracts .

Since choline was present almost entirely

in lipoid molecules, and methionine in proteins, 1t
was clear that it should be possible to determine |
these two substances in a single aliquot of homo-
genate: choline in a complete lipoid extract and
methionine in the lipold extracted protein residue.I
As creatine and creatinine can only be determined

in an aqueous protein-free extract it would be

necessary to take another aliquot of homogenate

for these estimations.

Lipoid Extraction (for choline)

'
A measured volume (usually 2 ml.) of homo-
genate was pipetted into 20 ml. chloroform-methanol
(1:1)in a 6"x 1'boiling tube, and the mixture re-—

i
fluxed for ten minutes, cooled and centrifuged.
The supernatant fluid was decanted off and the

|

extraction of the residﬁe repeated with three
further portions of 20 ml. of the solvent. The |
extracts were pooled and made up to 100 ml. and thi%
solution used for the determination of choline,

The / |
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The efficiency of this process was tested by

experiments as reported in Appendix I.

Protein Residue (for Methionine)

The residue from the lipoid extraction was
washed once with ether and dried. This residue

was used for the estimation of methionine.

Protein-free Extract (for Creatine and Creatinine)
The proteln precipitant favoured for this
purpose by most workers 1s tungstic acid, and in
this investigation it was found to be quite suitable.
A solution of tungstic acid was prepared by mixing
equal volumes of N sulphuric acid, and 10% sodium
tungstate. Protein-free extracts of homogenates

of '"Embryo' and 'Remainder' were prepared as follows:

(a) Embryo: An aliquot of the homogenate (2.5 ml.)
was added to 42.5 ml. water and this suspension was |
treated with 15 ml. tungstiec acid, prepared as abovs.
The solution was allowed to stand in ice for fifteen
minutes and filtered through a dry No. 42 filter

paper.

(b) Remainder: An aliquot of the homogenate (10 ml.)
was added to 20 ml. water, and to this suspension
15 ml. tungstic acid, the resultant mixture being

treated exactly as before. |

CHEMICAL/
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CHEMICAL METHODS

(2) CHOLINE

The method selected for the determination
of choline was based on the hydrolysis of the
phospholipins with barium hydroxide and precipitation

+
as choline reineckate (CHS)ENCHBCHQOHl}NHa)QCr(GNS)4

The amount of the washed precipitate was either .
estimated volumetrically by the procedure of Ramsay‘
and Stewart (1941) or photometrically after solution
in acetone (Beattie, 1937). The two methods gave |
identical results, but the volumetric method proved

to be unnecessarily delicate and undesirably tediouse.

The great majority of the analyses were therefore

done photometrically as described belowa.

Reagents: Saturated agqueous barium hydroxide. *
1.0 N and 0,1 N sulphuric acid. ‘

Saturated aqueous solution of ammonium |
reineckate, freshly prepared, '

0.1l N hydrochloric acid.

Acetone,

Procedure/




Procedure:

l.

Ze

4.

Oe

32

An aliquot of the lipoid extract (5-10 ml.)
was taken to dryness in a 15 ml, graduated tube,
and hydrolysed with 3 ml., of a saturated aqueous
solution of barium hydroxide for two hours at
100°C.

While still in the water-bath, the hydrol-

:ysate was treated with 1,0 N sulphuric acid, and

then 0.1 N sulphuric acid until the pH was 3-4,
using methyl red as the indicator, This solutio
was made up to 15 ml, and filtered (No. 42 paper)

A 10 ml, aliquot of this filtrate was

delivered into a spectrophotometer tube graduated

at 8 ml., and treated with 2 ml, of a freshly

prepared saturated aqueous solution of ammonium

reineckate.

The choline reineckate precipitate was lefé
in the refrigerator for at least two hours, and ;
then centrifuged at 3000 r.p.m. for twelve min- ;
tutes, The supernatant liquid was then dis=- i
scarded and the precipitate was washed twice ‘
with 7-10 ml, ice cold 0.1 N hydrochloric acid, y
and twice with 7-10 ml. ice cold distilled water;

centrifuging each time as before,

Finally/

n
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Se Pinally the precipitate was dissolved in
8 ml, acetone and read against an acetpne blank
in a diffraction grating spectrophotometer at
wavelength 525 mp .

Ge Identical calibration graphs were obtained
by the use of

(1) standard solutions of choline reineckate in
acetone, ahd,

(ii) standard solutions of choline chloride
(checked by micro-Kjeldahl analysis)

carried through the procedure from stage 3 ons
Figure 2 shows the absorption spectrum of the
choline reineckate solution and a typical
calibration graph,

Experiments to ascertain the reliability

of this procedure are reported in Appendix I,

(b) METHIONINE

The method used in the determination of
methionine was modified slightly from the McCarthy
and Sullivan (1941) procedure. This method

required hydrolysis of the protein with hydrochloric

acid followed by neutralisation, and photometric ‘

estimation of methionine utilising the colour reacti

which it gives with nitroprusside in acid solution.|

Réagents/

on




Reagents: 4 N hydrochloric acid

Procedure:

1.
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5 N sodium hydroxide
2 N acetic acid

1% glyecine

14 N sodium Rydroxide

10% sodium nitroprusside solution,
freshly prepared.

Mixed acid (90 ml. concentrated hydro-—

:chloric acid plus 10 ml. 85%
phosphoric acid)

The residue from the lipoid extraction was
washed once with ether and dried. This residue
(in the same tube as used in the lipoid extrac-—
:tion) was refluxed with 6 ml., 4 N hydrochloric
acid for six hours,

The hydrolysate was diluted with 5 nl,
water, treated with 100 mg. "Norit", and heated

for two hours on a boiling water bath. This

solution was filtered through a micro-Hirsch
funnel, washing the residue with warm 0.1 N |
hydrochloric acid.

The combined filtrates were guantitatively
transferred to a 25 ml, graduvated flask which was

chilled in ice. This acidic hydrolysate was

carefully/
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carefully treated dropwise with 5 N sodium
hydroxide until just alkaline, and then 2 N acetl
acid added until the pH was about 5.

The flask was removed from the ice bath and
allowed to attain room temperature and made up
to volume with distilled water.

Aliguots of this solution (2-5 ml,) were
transferred to 15 ml, graduated tubes, and 1 ml,
1% glycine, 1 mle 14.0 N sodium hydroxide and
03 mle 10% sodium nitroprusside added to the
hydrolyéate.

This mixture was heated at 40°C for 10
minutes, chilled in ice for 2 minutes, and 5 ml.
"mixed acid" run into the solution from a
burette.

The red solution was made up to the mark
with distilled water, well shaken, and read at
once against a reagent blank on the diffraction
grating spectrophotometer at 520 mp .

The absorption curve of the methionine
nitroprusside complex, and the calibration
graph, are shown in Figure 3. The calibration
graph was constructed from pure methionine and
the standards were prepared with sodium chloride

and/

c
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and sodium acetate solutions in the same propor-— |
:tions as those in which they were present in the
hydrolysate (see Appendix I), because these salts

were found to depress slightly the methionine

colour reaction, This point escaped the notice |
of the original authors (McCarthy and Sullivan,
1941).
Experiments to clarify the following points
are described in Appendix I3
(1) Conditions of hydrolysis,

(1i) Efficiency and reliability of the "Norit"
decolourising processe

(1i1i) The effect of sodium chloride on the colounr
reaction,

(iv) Possible interference with the colour reaction
by other amino acids.

(c) CREATINE AND CREATININE

Creatine and creatinine were determined by
the well known Jaffe (1886) reaction using alkaline
picrate in the modification of Peters (1942). |
Although this reaction is not specific for creatinine,
control experiments (see section on "Bases occurring
in the System") in which extracts of the materials

analysed/
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analysed were subjected to paper chromatography,
showed the absence of s8ll the infterfering substances
listed by Hunter (1928). This finding made it
unnecessary to have recourse to the enzymic refine-
:ment of Miller and Dubos (1937, a). Similar
conclusions for a number of other tissues were
reached by both Miller and Dubos (1937, b, c¢) and

Beard (1943).

Reagents: 1.1% aqueous picric acid solution
10% sodium hydroxide

Procedure for Creatinine:

An aliquot of the protein free tungstiec
acld filtrate was transferred to a 20 ml, graduated
tést tube and treated with 5 ml. of alkaline picrate
solution, prepared by mixing 1 part 10% sodium
hydroxide with 4 parts 1.1% pieric acid solution.
The yellow-=red solution was made up to volume and
allowed to stand for 20 minutes before being read
against a reagent blank in the spectrophotometer

at wavelength 510 m A,

Procedure for Creatine;

An aliquot of the protein free tungstic
acid flltrate was transferred to a 20 ml. graduated |
tube and N hydrochloric acid added if necessary, to
bring/
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bring the pH of the solution to unity.

2n The tubes were capped with lead foil and
autoclaved for 30 minutes at 120°C,

Se The tubes were allowed to cool and were
then treated with alkaline picrate solution
exactly as before, estimating therefore the
total creatinine which is the preformed creatinine

plus the creatine estimated as creatinine.

An absorption curve of "creatinine picrate”
was constructed and showed a maximum absorption at
wavelength 520 mp . A calibration graph was
constructed déing pure creatinine aos standard, in
20 ml, graduated tubes, and using the same volume of
alkaline picrate as above. Both these graphs are

reproduced in Figure 4,

Before any determinations on the homogenatés

were attempted, and lmmediately the calibration
graph was found to be reproducible, the following
|

essential check experiments were conductede.
(i) The rate of colour development,.
(ii) The optimum conditions of pH, time and temper-

tature for the guantitative conversion of
creatine to ereatinine,

(1ii) Recovery experiments on creatine and creatin-
tine,

These experiments are reported in Appendix I.
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ANALYTICAL RESULTS.

éDistribution of metgﬁlated compounds during the
development Of the chick embryo.

The experimental techniques described in the
preceding section were applied to 16 unincubated eggs
and 201 eggs incubated for periods between 6 and 21

days. The quantities of choline, methionine,
| creatine, and creatinine were determined in both the:
embryo and the 'remainder' at approximately two day
intervals of incubation. The 'age' of the embryo
was estimated from its weight, employing the chick
embryo growth curve constructed by Byerly (1932).

As there was considerable variation from egg ‘
to egg, 6 - 16 eggs were analysed at each stage of
incubation, The results are tebulated in detail in
Tables A, B, and C, (see Appendix III). The creat-
inine figures have been omitted because they were

negligibly low. Certain broad trends which emerge

are clearly seen in Figures 5,6, and 7.

Comparison of results obtalned on unincubated eggs
with those of other workers.

| The choline content (expressed as choline
1h.:,rdroxide) of 16 unincubated eggs averaged 18l mg. pe
egg/
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egge This figure is remarkably close to that of
Horowitz and Beadle (1943) who made their determin-
:ations by microbiological assay. The methionine
content of 14 unincubated eggs averaged 165 mg. per

€EZLe This figure is satisfactorily similar to that

|
of Csonka and Denton (1947) who used almost the same

!analytical me thod. The virtual absence of creatine!

|
and creatinine from the unincubated egg (Mellanby,1907)
' was confirmed. ‘

| Results obtained on incubated eggs. :

' In the embryo, all the chemical constituents
|
| inereased in the expected exponential manner to a

maximum value at the time of hatching of 56 mg.cholinéf

|86 mg. methionine, and 27 mg. creatine. At the same
!

ithe 'remainder' decreased; the rate of this decrease |

itime the quantities of both choline and methionine in

fbeing very marked towards the end of incubsation.

|
| The creatine content of the'remainder' incressed dur-

ting incubation, but this is entirely attributable to|
;the excretion of creatine by the embryo into the

|
|allantoic fluid which is included in the 'remainder'.

| METHYL/ |
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| |
|
|

Methyl Group Balance Sheet.

It is believed that choline, cPfeatine, and

|
|
methionine account for a large proportion of the tota#
|
'labile' methyl groups in the developing egg. .
|

Although the methyl group in creatine is not itself

!'labile' (duvigneaud 1945, 1950) it is derived from \
the pool of 'labile' methyl groups, and must there- !
:fore be included in the total. Both creatinine |
Iand acetylcholine have been shown by analysis to be

present in only minute quantities, and it will be

demonstrated that methylated bases such as., sarcosine,

‘anserine, betaine and others are either absent, or

ipresent only in traces. It is suggested by Sprinsoq
et a1 (1950) that the methyl group of thymine may be }
derived from the 'labile' methyl group pool, but cal-i
:culation from the deoxyribonucleic acid figures of |
Novikoff and Potter,(1948) or Sutherland, (1950, un-

|:published) shows that the guantity involved is again |
extremely small.

These considerations make it highly probable

that no serious error would arise in the compilation
of a methyl group 'balance sheet' from the choline,
methionine, and creatine figures. This.balance
Isheet is drawn up in Figure 8, which shows the total

amount,/
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amount of 'labile' methyl groups accounted for by
each of these three substances in the system as a
whole ( embryo and 'remainder') during the course of
incubation, The results are expressed as & per-
centage of the initial quantity of 'labile' methyl
groups present in the system at the onset of incub-
:ation. For the purpose of this graph, choline is
assumed to have only one 'labile' methyl group per
molecule, ( du Vigneaud et.al., 1942 )

It will be observed from Figure 8, that the
methionine content of the system remains constant
until about the 17th day of incubation. Creatine
synthesis proceeds constantly, presumably at the
expense of choline because the total amount of this
substance decreases by 50%, more than enough to
account for all the methyl groups associlated with
the creatine synthesised, This suggests that
choline is the chief ultimate methyl donor in this
system at least during the major part of embryonic
development, a fact which lends additional importance
to the study of methylated bases reported in the next
section,

This !Balance Sheet! of 'labile' methyl groups

shows /
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shows that durlng embryonie development, the total
methyl groups accounted for as choline, methionine,
and creatine, decreases by approximately 25%. The
fact that this substantial proportion of the 'labile!
methyl groups cannot be accounted for by known trans-
methylation reactions will be dealt with in the

gsection entitled 'Discussion!,




EXPERIMENTAL .

ACETYLCHOLINE.

While it was recognised that the amount of
acetylcholine present in the embryo would be very ;
small compared with choline bound as phospholipin,
and simce the 'Total Choline' estimated previously
would inelude acetylcholine, it seemed desirable
nevertheless to show the amount of choline linked
as ester, during embryonic development.

Hestrin (1949) described a colorimetric
procedure for the estimation of acetylcholine, which
was merely an adaptation of the Lipmann and Tuttle
(1945) technigue for the assay of acyl phosphates.

The method,which was previously applied to carboxylic
|
esters by Chantrenne (1948), depends on a reaction |

of the ester with hydroxylamine to give a hydroxamiec

acid, according to the following equation: !

R, -C0-0-R, + NH,OH = R,-CO-NH-OH + R,-OH |

The hydroxeamic acid gives a purple-brown colour withi
ferric ions.

Under the conditions prescribed by Hestrin
(1949) the method gave satisfactory results over thel
range 150-1500 jg., acetylcholine. A solution of |
BOO/pg. acetylcholine corresponded to an optical

density/
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| Density of 0.20 (using the diffraction grating

spectrophotometer, set to 510 mu) and unless embry-
:onic tissue differed vastly from most other tissues,
ithe total amount of acetylcholine per embryo would be |
iunlikely to exceed one-tenth of this value.
! The use of more dilute reagents improved the |
isensitivity, but duplicate determinations of acetyl- i
‘;choline in pure solution, even in the range 30—18ng;
Iusually differed by 10 - 15%.

i In view of these observations, it was resolved
!to resort to the bio-assay method of Chang and Gaddumi
(1933) which was found to be sensitive to 0.1 pg esteg.
iThis method involves precipitation of proteins with |
%trichloroacetic acid (TCA) removal of acid by ether |
Iextraction, and assay of the acetylcholine in the
iaqueous solution by means of the contraction which it
iproducea in the eserinised frog rectus muscle. |
EXPERIMENTAL PROCEDURE.

: The embryo or portions thereof, while still

!frozen solid was transferred to an all glass homogen-

iiser, (Potter & Elwehjem) containing twice the tissue |
|

weight of ice-cold 10% T.C.A. The material was |

|
Fomogenised/
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homogenised in the usual way, transferred quantitat-—
:ively to a chilled 100 ml, centrifuge tube using 7%
T.C.A., and centrifuged at 3000 r.p.m. for 10 minutes.
The supernatant liquid was decanted into a separating
funnel, a similar volume of 7% T.C.A. added to the

residue, and the mixture stirred . The product was
centrifuged as before, the supernatant being combined

with the previous one in the separating funnel.

This procedure was repeated once more, but this time
the residue was allowed to stand for one hour in

contact with the 7% T.C.A. in the refrigerator beforei
centrifuging. Thus from the moment of homogenising

the embryo, the tissue was in contact with the extr- |
|

ractant for almost two hours, which Perry (19#9)

showed to be the optimum time for extraction of

|
|
| acetylcholine. |
1

The supernatants were combined in the separat-
:ing funnel, and extracted three or four times with |
an equal volume of ether, until the pH of the aqgueous
phase was approximately four. The solution was l

then concentrated in vacuo at 40°C to less than 2 ml.?

Equantitatively transferred to a graduated 3 ml. tube,

the pH adjusted to six, and the volume made up to

3 ml. /

In/
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In the meantime a frog was pithed, and the ]

\rectus muscle mounted in a 10 ml. bath of oxygenated i
Ringer!s solution. The muscle was stretched for i

|two hours before use by application of a two gram

weight on the lever attached to the free end of the

‘musclee. The bath of Ringer's solution was operated
fat room temperature, oxygen being bubbled through the
!solution at about one bubble per two seconds. Before.
!commencing a determination, the muscle was washed
iabout six times with fresh Ringer's solution, the

final volume being adjusted to the 10 ml.mark, after

| the addition of two drops of eserine sulphate solution

| (Rurroughs Welleome, 2 mg/ml) which gave a final {

concentration of inhibitor of approximately 1 x 1075 i
}Molar. Using a standard solution of acetylcholine 5
échloride (Roche) which had a concentration of 1C0pg/ml
‘a series of estimations was conducted as follows. |

One minute after the addition of the inhibitor

' to the Ringer, the acetylcholine solution was added
| (say l‘pg) causing a contraction of the muscle: |
exactly two minutes later the muscle was stretched byi

solution run out of the bath. The muscle was washed

a two gram weight being placed on the lever, and the

| six/ |
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six times with Ringer, and after the weight had been

applied for three minutes, it was removed and the [
inhibitor added to the bath. One minute later a !
new acetylcholine standard was added, and the pro-
:cedure repeated as before. When several standards
had been run and found to give proportional re-—
:sponses, an aliquot of the unknown was used in the
2s88ay. The acetylcholine standard nearest the
unknown was then used, followed by the unknown, and
again the same standard, When agreement to within
10% was attained between these four estimations, a
1 ml, aliquot of the unknown solution was heated at
pH 12 for 15 minutes on a water-bath at 80°C,, this
treatment being drastic enough to hydrolyse the
ester completely. The extract was then adjusted
to pH 7 and its volume to 1.5 ml., and an aliquot
of this solution tested for 'acetylcholine activity!
In all cases the blank obtained by this procedure
(presumably due to potassium ions, free choline,
etc.) was never greater than 7% of the total activ-
:ity, and so no correction was applied to the

results for this blank,.

RECOVERY/




49

| Recovery Experiment. i
| A T.C,A., extract of an unincubated egg showedf
|

no acetylcholine activity as one might expect; so to

another whole egg homogenate in 10% T.C.A., 150 ng.

acetylcholine was added, and the extraction procedure

|
|conducted as outlined previously. The volume of

the extract was 3 ml. and the total acetylcholine

;activity calculated was 125 pe- This experiment
showed that little acetylcholine activity was lost
'in the extraction procedure; in fact an 83% recovery|
iwas possible, which was considered quite satisfactoryi
iin view of the nature of the method, and properties

| of the assayed substance.

Correlation of acetylcholine assays with choline

estimations by the reilneckate procedure.
i

; Since no absolute standard of acetylcholine
iwas available, choline estimations by the reineckate
:procedure were correlated with the bio-assays of
éacetylcholine, prepared by the acetylation of stand- ;
iard choline chloride. The standard acetylcholine |
isolution prepared by this procedure, when compared
iwith 'Roche' acetylcholine, agreed to within = 8%
!which was considered quite satisfactory.

| |
| Using/ |
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Using the blo=-assay technique described, the
acetylcholine content of embryos varying in age fromF
slx to eighteen days was estimated, In the case
of the smaller embryos, it was necessary to pool a
sufficient number to yleld at least twenty grams (wet
weight) of tissue before attempting an assay.

The results are shown in Figure 9, acetyl-
:choline being plotted against incubation perilod.

In a number of cases a comparison was made of
the results obtained in the colorimetric and the
lpharmacological assays, In all cases the colori-
imetric procedure gave results 15-60% higher than the
bio-assay, providing clear demonstration of 1ts lack

of specificity.
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EXPERIMENTAL

QUALITATIVE STUDIES ON THE BASES IN THE SYSTEM

The primary object of this part of the work
was to make qualitative tests for the presence of
the various bases which might be intermediate pro-
tducts in the metsbolism of choline, These tests for
"free"™ bases were supplemented by experiments in
which hydrolysates of the lipoid extract were similar
:1ly tested. In all cases it was thought suitsble to
use the technlique of paper partition chromatography
originated by Consden, Gordon and Martin (1944) with
identification of "spots" by comparison of Ry values
with those of standard reference substances, It was
indeed fortunate that at the very time this decision
was taken, Brante (1949) should publish a modificatio
of the original technique specially adapted to the
separation of these bases, His technique was used

without further modification,

Procedure

(2) "Free" bases, An extract was prepared by the

method of Barger (1914). Homogenate (10 ml,) was

added/
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added to 200 ml, of water and heated slowly to the
boiling point. The precipitate of coagulated
protein was removed by filtration and washed with
water. The filtrate and washings were mixed and
treated with basic lead acétate. The precipitate
was again discarded after filtration and the filtrat
treated with HzS to remove excess lead, The colour
less filtrate from the PbS precipitation was evapora
ted to dryness in vacuo at 60° and the residue
finally taken up in 3 ml, water. This extract
contained no ions which interfered with the separati
| of the bases by paper partition chromatography.
Spots of this extract (about 0,02 ml.) were
run on Whatman No, 4 filter paper under the conditio
prescribed by Brante (1949). The solvent system
placed in the trough was the "organic phase" of a
mixture of butanol, acetic acid and water in the
Proportions 4:1:5. On the same paper, spaced about
two inches apart, were run spots from solutlons of
the following substances: choline, ethanolamine,
serine, creatinine, creatine, betaline, dimethyl-
| glycine, sarcosine, monomethylethanolamine and
dimethylethanolamine, All these substances were
purchased and purified except the last twoe. Both
thege/

g
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|
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these preparations and all the purificetions are des=-
cribed in the Appendix, At the conclusion of each
"run" the paper was dried and the spots developed by
subliming iodine on to the paper, The deposited
iodine eveporated rapidly from the paper except

in the vicinity of the bases, where a brown stain

persisted.

(b) The bases of the lipoid extract., Homogenate

(5 ml,) was refluxed for one hour with 200 ml.
chloroform-methanol (1l:1). The filtered extract
was divided into two equal portions, each of which
was evaporated to dryness in vacuo,

One portion was hydrolysed by boiling under a
reflux condenser for two hours with 30 ml, saturated
aqueous Ba(0H),. Sulphuric acid (2N) was added
until no further precipitation of BaSO, took place.
At this stage the supernatant fluid had reached
pH 3. After overnight refrigeration the precipitate
was removed by filtration and the filtrate
concentrated to 3 ml, in vacuo.

The second portion of lipoid extract was
hydrolysed for two hours under reflux with 20 ml,
approximately 4N methanolic HC1. The hydrolysate

was/
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was chilled overnight in the refrigerator, filtered,
and the filtrate evaporated to dryness in vacuo at

60°, Distilled water (25 ml,) was added to the

residve and the evaporation in vacuo repeated,
Finally, the residue was taken up in 3 ml. water.
Spots (about 0.02 ml,) of both the acid and
alkaline hydrolysates were run on Whatman No, 4
paper exactly as for the "free" bases, and the same !

standard substances were run for comparison.

Results
These techniques were applied to homogenatesj

from both embryos and "remainders” at 12, 16 and 20

days incubation. The stage of incubation made no i
difference to the resultsg. The lipoid extracts of

the "remainders" gave only two apots, corresponding

to choline and ethanolamine, while those of the
embryos gave these two and an additional one which
was identified as serine, It would thus appear
that egg yolk contains only the phospholipins

phosphatidyl choline and phosphatidyl ethanolamine,

and that to these is added in the embryo the
Phosphatidyl serine discovered by Tolch (1941)

The/
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The extracts containing the 'free'! bases in the
'remainder' showed the presence of creatine and
creatinine, because the 'remainder' included the
gllantoiec fluid, into which the embryo excreted these
substances, The embryos showed clear indications
of much creatine and traces of creatinine and choline
end betaine, No further spots were B und, except
g slow running, rather diffuse spot almost at the
initial detum line, which was probably due to chol=
testerol and sphingosine; this finding seemed to
support the view that any other bases which were
present, must be there in concentrations too low to
be detected by paper partition chromatography. The
Rp velues of betaine and dimethylaminoacetic acid

were found to be very similar in all the solvent

attempts to separate these compounds, Allowing the
solvent front to run off the paper for 48 hours
caused the separation of these two substances in
pure solution. The experimental 'betaine'! spot,
however, only beceme irregular and elongated,

The/
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The possibility has therefore not been
gatisfactorily excluded that the traces of betaine
may be contaminated by an even smaller trace of
dimethylaminoacetic acid,

The presence of traces of betaine lends colour
to the possibility that this substance may be an
intermediate compound in the metabolism of choline,
end raises interest in the enzyme choline oxidase,
which was the subject of experiments reported in

the next section,
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EXPERIMENTAL

Enzyme Studies:

It is almost certain that the great majority
of the reactions involved in the metabolism of choline
(and methyl groups in general) must be catalysed by
enzymes, Experiments already described suggest
that two of these reactions may be oxidetion of
choline to betaine and trensmethylation from betaine
as a methyl donor, This section describes experi=
tments on the enzymic catalysis of these reactions,

and a2 few limited experiments on one carbon fragmentrg

%

Choline Oxidase:

The enzyme choline oxidase, originally discov=
tered by Bernheim and Bernheim (1933), catalyses the
oxidation of choline to betaine, As a result of
further work carried out by the discoverers in 1938,
end by Mann, Woodward snd Quastel (1938), it is
known that the enzyme is present in the liver of
many enimals but absent from brain, blood, spleen,
heart and skeletal muscle; that the reactions take
place in two steges, with betaine aldehyde as an
intermediate product; that the enzyme is not usually
obtainable in aqueous extracts, but remalns in the
insoluble residue; that the enzyme depends for its

activity on the presence of intact sulphydryl

erouna/
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groups; and that the enzyme is inhibited by quatern~
:ary nitrogen ions and by long-chain fatty acids,

The last fact may be of some physiological importance
in that 1t provides & possible mechanism for the
glleviation of s fatty liver: inhibition of choline
oxidase might result in the availability of more
choline for phospholipin synthesis and fat transport.
The suggestion has also been made (Dinning, Keith
end Day, 1950) that in monkey livers folic acid may
be a co-enzyme for choline oxidase, As all factors
regulating the activity of the enzyme appeared to
have some relevance to the present work, this ides
was tested experimentally on the chick liver prepar=
tations, The possibility that Co=enzyme I might
funetion as an electron=acceptor for this system was

also tested,

Methods:

Livers were excised from chick embryos varying
in age from 14 to 20 days, end in a few experiments:
from six dey old chicks, Genereally the livers
from a group of embryos of the same age were
pooled, and at once homogenised with.twice the

liver/
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liver weight of M/iS phosphate buffer, pH 7.8, in =
homogeniser (Potter and Elvehjem, 1936) cooled in
ice water. The homogenate was strained through
muslin, the filtrate diluted with an equal volume of
ice cold water, and centrifuged at 2500 r,.p.m. for
10 minutes. The supernatant was discarded and the
residue stirred up with /30 phosphate buffer,
pH 7.8, and centrifuged as before, The resulting
pale brown residue was mixed with an equal volume of
/15 phosphate buffer, and stored in the refrigerator
until required.

Experiments to demonstrate choline oxidase
activity in this suspension were conducted in the

conventional Warburg apparatus at pH 7.8. The

"well" of the flask contained 0.2 ml. 10% potassium
hydroxide to absorb carbon dioxide, while the

annulus contained the other reagents, namely, an

aliquot of the enzyme suspension (0.5 ml,), 3 mg.

choline chloride substrate (0.5 ml.) and phosphate
buffer, pH 7.8 (1.2 ml.)e Other factors (such as
folic acid, etc.) which were postulated as influenc-—

ing the enzymic activity, were added together with

the buffer, to maintain the total fluid volume in

the flasks at 2.4 ml, Oxygen uptake measurements |
vere/ i
|
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were taken every 5 minutes for about two hours, the
gaseous phase being pure oxygen, snd the tempersture
of the water bath 37°C,

In él1 the experiments, both the "enzyme
blenk" (enzyme without substrate) and the "substrate
blenk" (boiled enzyme and substrate) consumed little
oXygen. Typical oxygen uptake gresphs are shown in
Figures 10 and 11, which show that the "blanks" used
approximately 10% of the oxygen consumed in the

reaction vessels,

Action of Folic Acid on Choline Oxidese 'in vitro!.

In order to test the hypothesis of Dinning et
8l,(1950) that folic acid acts es & co-enzyme in
the choline oxidase system, this substance (L.Light)
wes added to the reaction mixtures in amounts vary-
ing from 100=1000 pg. and showed no effect (see
Figure 10). Thus, folic acid in these gquantities
had no co-enzyme-like action, This finding has

recently been confirmed by Williams et a2l. (1950).

Action of D,P.N. on Choline Oxidase 'in vitro',

During further studies on this enzyme it was
decided to test whether diphosphopyridine nucleo=
tide/
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:tide (D.P.N.) affected the rate of the reaction.
D.P.N. kindly prepared by Dr, J.K. Grant according
to the method of LePage (1949), was dissolved in
phosphate buffer, to yield a solution containing

1 mge/mls The addition of 300 pg. of this material
caused an increase in the rate of oxygen uptake,
showing that the enzyme was capable of utilising
D.P.N., as an electron acceptor (see Figure 11),

It is interesting to note that the dialysed enzyme
preparation was entirely inactive and D.P.N. could
not reactivate the system showing that some other

dialysable factor was also involved in this system,

Characterisation of the reaction product.

To demonstrate that the oxygen uptake observed
in these experiments was due to the oxidation of
choline to betaine, the following experiment was
performed, About 25 mg. choline chloride in 30 ml.
phosphate buffer (pH 7.8) was incubated with 2 ml,
enzyme preparation in a 250 ml, conical flask for
2 hours at 37°C under oxygen. The protein was
then precipitated with trichloroacetic acild,
centrifuged, and the supernatant extracted several
times with ether to remove this precipitant. The
aqueous phase was finally concentrated to less than

140 mY,/
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1.0 ml, and one drop of this solution was run on a
| paper partition chromatogram with the same solvents
and fechnique as previously described (Brante, 1949).
Reference spots of choline and betaine were also
placed on the same paper, and the solvent front was
run off the paper for two days, The dried paper
showed under the usual lodine development, that the
only bases present in the unknown solution were
choline and betainee. This supported the hypothesis
that the oxygen uptake observed was due to oxidation
of choline to betaine,

These experiments showed that the embryo chick
liver had choline oxidase activity, but although
quantitative estimations of the enzymic activity were
not required for the purpose of this work, one "semi-
quantitative!" observation did emerge. The embryo
liver had a normal appearance up to the sixteenth or

seventeenth day, after which the fat content steadily

| increased up to the time of hatching, when it appeareF
enlarged and yellow. These fatty livers observed i%
late embryos and in day old chicks had low choline
oxldase activity; this is in accordance with the
observation that long-chain fatty acids inhibit this
enzyme, Figures 12, 13, and 14 are photomicrographs

from/
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:
from livers of 13, 17 and 21 day chick embryos
respectively, and indicate clesarly the gradual
eppearance of the characteristic fatty inflltration
during embryonic development,

The development of the fatty liver seems
remarkable in view of the large guantities of choline
and methionine avelilable to the embryo, There
would appear to be some support here for the ideas
of Chaikoff et al. (1945) and Dragstedt et al. (1939)
who believe that certain factors other then those
hitherto investigated are involved in the fatty liven
problem, This onset of a fatty liver under
physiological conditions deserves further investiga=-

:tion.

Transmethylase:

A series of papers by Borsook and Dubnoff
(1947, 1948) suggests the existence of a number of
transmethylases, each specific with respect to the
methyl donor; whether the specificity also extends
to the methyl acceptor is not known.

The anaslytical results described earlier

(page 39) prove that creatine is synthesised in the

chick/
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chick embryo, but the physical end chemical propers
:ties of glycoeyamine have made it impossible to
demonstrate the synthesis of cereatine 'in vitro!
from glycocyamine and betaine in the presence of =
liver preparation, It has however been possible to
dgmonstrate the enzymic synthesis of methionine from
homocysteine and betaine by following closely the

technique of Dubnoff (1949) as follows,

Method:

A number of livers from embryos of the same
age were 'pooled' and homogenised with an equal
volume of phosphate buffer at pH 7.4, and incubated
with betaine and homocysteine for two hours at 37°C
under oxygen=5% carbon dioxide, The mixture was
usually 1 ml, homogenate, 4 ml, phosphate buffer,
pPH 7.4, 10 mg., homocysteine and 10 mg, betaine,
Betaine was used in place of choline becesuse it had
slready been shown that this almost identical liver
preparation could oxidise cholihe to betaine, After
two hours incubation the methionine content of a
trichloroacetic acid fi 1trate was estimated by
Dubnoff's (1949) modification of the McCarthy and
Sullivan (1941) procedure, Thus it was possible to

demonstrate the 'in vitro' synthesis of methionine

88 shown in Table 1.

Tahla/
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Table 1.

Enzymic synthesis of Methionine from Homocysteine i

and Betaine.

| No. Mixture Reading chkne . lMethionine
at from synthesised.
520 mp No.ls (mge )
1. Liver homogenate| 0,052 - s

2, Liver homogenate
and Betaine 0.068 0,016 0.11

5+ Liver homogenate
Betaine and
Homocysteine 0,104 0,052 0.36

4, Liver homogenate

and Homocysteine| 0.071 0,019 0.13
Oe Boiled

Liver homogenate

and Betaine and | 0,061 0.009 0.06

Homocysteine

|
|

These experiments demonstrate that the liver of|
the embryo chick provides at least two of the enzymes
catalysing reactions which are generally believed to

be of importence in 'lethyl Group' metabolism in other

animal gystems.,



Additional Bnzyme Studies,

Within recent years certain profound changes
have occurred in our concepts of the substances in-—
:volved in intermediary metabolism. Hendler et.al.
(1941) were first to report the occurrence of formal-—
:dehyde in mammalian tissue. These workers found
that a rat liver preparation was capable of oxidative=
:1ly demethylating sarcosine ( and dimethylaminoacetic
acid) to formaldehyde and glycine, detecting formal-
:dehyde by a colour reaction, Recently MacKenzie
(1950) has confirmed this reaction by using sarcosine
1abeiled with lﬁc in the methyl group, which he in-
icubated with a rat liver homogenate, and then isol-
tated T*G labelled formaldehyde as the dimedon
derivative. In the light of these results, it
seemed possible that the suspected by-product of a
transmethylation from betaine, namely dimethylemino-
~acetic acid, might be metabolised along this oxidat-
tive demethylation pathway.

Attempts were made to detect formaldehyde, eithse
in ean embryonic homogenate, or in a homogenate of
embryonic liver tissue, using a steam distillation

technique. The homogenates were steam-distilled in

a/
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e micro=-Kjeldehl apparatus into sodium sulphite, and
n aliquot of this solution was treated with chromo-
:trophic acid in OM sulphuric acid, according to the
method of MacFadyen (1945). Neither the embryo
homogenate nor the embryo liver homogenate yielded
eny significant quantity of formeldehyde,

Further experiments were attempted incubating
bt 37°C sarcosine or dimethyleminoecetic acid with
embryo liver homogenete at pH 7,0 for one hour,
followed by steam distillation of the wlatile products
as before, Once again it was found to be impossible
to detect formeldehyde, and so it must be assumed that
if formsldehyde was produced, its rate of oxidation
to formic acid must exceed the rate of production,
Experimentel proof of this rapid oxidation of formal-
:dehyde to formete by rat liver has been obtained
by Bernheim (1950)., It therefore seemed impossible
to demonstrate the oxidative demethylation of
dimethylaminoacetic acid by embryo chick liver tissue

unless one had isotopic carbon available,

Utilisation/
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Utilisation of Formate

Using '40 labelled formate and glycine, Siekevitz
and Greenberg (1949) have shown that rat liver prep-
:arations could synthesise serine with the B carbon
atom labelled with ‘40. Attempts were made to
demonstrate the synthesis of serine by chick liver
homogenates from glycine and formete, using the pro=
:cedure of Siekevitz and Greemberg (1949). The only
difference between the two methods was that whereas
Siekevitz et al, added an excess of non-isotopic serime
as a carrier for isolation purposes, the technique
employed in this laboratory was attempted identifica=-
stion of serine by paper partition chromatography,
followed by development with ninhydrin, After many
attempts it was found to be impossible to identify
with certainty serine in a protein-free filtrate by
this technique, It was felt that as serine could
not be detected by this method there was no point in
attempting any of the usual methods for serine
estimation, and therefore the experiments were
abandoned,

Choline/
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Choline oxlidase activity has been demonstrated
in embryo chick liver and at least two transmethyla-—
stions are known to take place, TUsing non-isotopic
methods it was found to be impossible to demonstrate
in the embryo chick liver, either the oxidative
demethylation of dimethylaminoacetic acid to
formaldehyde and glyeine, or the condensation of
formate and glycine to yield serine, It is not
intended to imply that these reactions which have
been demonstrated by isotopic techniques to occur in
rat liver do not occur in embryo chick liver, but
only to record the author's failure to observe these

reactions by non-isotopic methods,




detailed in this thesis, involving estimations of

there remains approximately 90% of the original

; a source of 'labile' methyl groups until about the

| amount of choline, This shows that the embryo

70

DISCUSSION

As a consequence of the experimental work |

certain quantitatlvely important methylated compounds
in the developing chick embryo and in the 'remainder’',
|

Itogathar with certain enzyme studies, the following

conclusions appear valid,
In the system as a whole, the methionine |
content remains constant until about the seventeenth

day of lncubation whereupon the amount of this sub=-

:stance decreases untll at the moment of hatching

- methionine, Therefore, methionine is not acting as

' seventeenth day of incubation, Whether before the ‘

| seventeenth day methionine was involved in transmebh-

I
i:ylation mechanisms in a catalytic role (see page 141
is not known, but it can be stated that up to the

seventeenth day methionine is not the ultimate methyﬁ

donor,

The choline content of the system on the
other hand decreases fairly steadlly untll at the
end of incubation there is only 50% of the initisl

chick/ |
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chick actively metabollses choline, and one problem
1s to ascertaln the fate of the choline metabolised. i
During embryonic development creatine, in |
common with many other constituents (choline,
methionine, etecs.), accumulates in the embryo body in j

a roughly exponential manner with respect to the

' incubation period. There would appear to belittle :
fsignificance in this exponential accumulation of
|various substances 1n the embryo body, because the
'wet welght' of the embryo increases logarithmically,
and this 'wet welght' could be taken as a rough

|approximation of the cell number, Some creatine is

'excreted by the embryo into the allantoic fluid, so

|
| that the creatine content of the 'remainder! also

| increases, This system as a whole contains very

little creatinine,

Presumably, therefore, until the seventeenth |
day of incubation (while the methionine content 1is ;
8till constant) creatine is being synthesls ed by the;
methylation of glycocyamine at the ultimate expense |
of choline methyl groups. | !

Isotopic studies by Muntz (1950) have con=-
:firmed the theory put forward by Dubnoff (1949) that|

|
|
|
|
|
|
|
1
|
Icholine must be oxidised to betaine before losing its
|

i
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one 'labile' methyl group. Since choline seems to |
be the principal methyl donor in the system under ‘

consideration, 1t was necessary to establish whether
e mechanism was available for the conversion of i
choline to betaine, |

The embryonic chick liver was found capeble |

of oxidising choline to betaine and therefore appears

to contain the enzyme choline oxidase, If this
|

the methyl group in choline, then all factors which |

oxldation step is essential in order to 'lzbilise!

affect the activity of choline oxidase will control
transmethylations from choline. ‘
Dinning et a2l (1950) suggested that folie
acld may be a co-enzyme in this cholline oxidase |
system, but 'in vitro' studies using embryo chick
liver choline exidase have falled to confirm this
view (cf., Willlams et al, 1950). It seemed rather
surprising that Dinning et al from their 'in vivo'
studlies on inhibition of choline oxldase by folle |
acld antagonists should put forward the theory that !
folic acid might be a co-enzyme for choline, Embryé
chick liver choline oxidase 'in vitro' has been
found to be capable of utilising diphosphopyridine |

nucleotide as an electron acceptore !

Borsook/



| blological methylation of glycocyamine and homocys~= |

73

Borsook and Dubnoff (1948) have demonstreted |

the exlistence of a transmethylase enzyme required in

:teine, using beteine as the methyl donor, An

embryo chick liver homogenate on incubation with
betaine and homocysteine was found to synthesise ‘
methionine, showing that the preparation contained aﬁ
least one transmethylase enzyme, Presumably since |
large quantities of creatine are synthesised by the
embryo 'in vivo', the transmethylase involved in thel
methylation of glycocyamine must also be presents
Thus, the developing chick embryo had both choline
oxidase and possibly two transmethylases, showing
that the system was capable of utilising choline as
en ultimate methyl donor,

|
|
Using the values obtained in the analyses ,
|
assuming that both choline and methionine have one |

| labile methyl group per molecule, and including the

methyl group in creatine, it was possible to effect
e summation of 'labile' methyl groups at various
stages of embryonic development, This 'balance
sheet! of 'labile' methyl groups shows that during |
incubation at least 25% of the 'labile' methyl groupé

are "lost" and hence are metabolised along some as !

yet unknown pathwaye ;

Since/
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Since most of this methyl group "loss" is

due to a decrease in total choline in the system, it

I
!
|
| seems reasonable to seek an explanation of the mathyﬂ
?group disappearance in terms of 'choline decrease',
' A11 the choline estimetions were conducted by the

 reineckate preciplitation.procedure, and while this

' method 1s not absolutely specific for the quaternary

| bases (such as betaine) are much more soluble, and

;hence these substances would not interfere with the

|
!estimation of choline, This means that if choline !

base - choline, most relneckates of other quaternary

| 'were merely oxidised to betaine (by choline oxidase) |
then thils process would be recorded as a choline

decrease and then appear on the balance sheet as a

methyl group loss, even although betaine was accum=

| :uleting in the system.

Studies on the bases occurring in the system
' revealed that betaine was only present in minute
'traces, and it did not seem conceivable that the

'labile' methyl group 'loss' was due to thls oxida-

tion procedure, and hence the explanation must be

sought elsewhere,

If one accepts the view that choline must be

onidised to betaine before losing a methyl group
(Dubnoff, 19493 Muntz, 1950) and also the hypothesis

;that only one methyl group per molecule of choline or

betaine/
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 beteine 1s capable of participation in a transmethyl-—
;ation reaction ('labile'), then the obvious conclus-—
:ion 1s that the by-product of this transmethylation

is dimethylaminoacetic acid, This substance was not

detected in the base studles previously mentioned,
and since the methyl groups in this compound are

considered to be 'non-labile' it must be metabolisedi

| by some other mechanism,

Handler et al (1941) showed that rat liver

preparations could oxidatively deméthylate this sub-

|
' stance, dimethylaminoacetic acid, to formaldehyde
:and glycine, Using a similar embryoniec chick 1l iver

|

| preparation 1t was not possible to demonstrate

oxidative demethylation of this compound as measured

| by formaldehyde production, This result might mean
Ithat 1f embryonie chick liver tissue does metabolise

| Aimethylaminoacetic acld, then formaldehyde is not an
intermediate; or that the metabolic pathway does in- |
ivolve formaldehyde, but this compound is rapldly
oxldised to formate,

As most of the 'labile! methyl groups which
are lost to the system have their origin in choline,
it is interesting to speculate whether the 'lost!
choline is initially metabolised through the choline |

oxldase enzyme system to yleld betaine, This com- |

ipound, only traces of which were detected in thls

system/
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. system, might lose a methyl group to some, as yet

unknown, acceptor, and the by-product of the reaction

would once more be dimethylaminoacetic acid, |
This theory presupposes that all the choline |

which 1s metabolised in this system utilises the

enzyme choline oxldase for conversion to betaine,

| and after acting as a methyl (or precursor of = ;

"One carbon fragment") donor the remaining subst&nceé
(dimethylaminoacetic acid) might possibly be oxida-
s:tively demethylated to two molecules of formaldehydql
(or two "One carbon fragments") and glycine. |
Siekevitz and Greenberg (1949) showed thét
**c formate anf glycine 'in vitro' could yield aeriné
labelled in the p-carbon atom. This pathway to thai
p=carbon atom of serine is only one of tﬁe many now
well establisheddreactions in which formate, formal—
idehyde, or the "One carbon fregment" participates. |
It seems conceivable that the object of metabolising|
the "lost" choline was to produce "One carbon frag-— |
:ments" required in certain bio-syntheses. |
The histological evidence regarding the onsef
of a marked fatty infiltration of the liver appears |
to coincide with the decline in the total methionine,
Choline oxidase is known Bo be inhibited in fatty
livers (Handler et al, 1942) and if choline must be

oxidised/
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oxidised before acting as a methyl donor, then
inhibitlon of thls enzyme would result in inactivatit
of choline as a methyl donor, This might account foi
the embryo after the onset of the fatty liver condit:
at about the seventeenth day of incubation, drawing
on lts methlonlne reserves for use in biological
methylation,

The onset of this fatty liver condition seems
most surprising in view of the relatively large
quantities of choline and methionine (in the

"remainder") still available to the embryo even at

the point of hatching, This would appear to support

DIl
EI

lon

the hypothesls of Chalkoff et ale. (1945) and Dragstedt

ot al. (1939) who are in agreement that lipotropic
factors other than choline, betaine and methionine
are involved in the fatty liver problem, Further
studles on the nature of the lipotropic factors
Involved in the relief of this condition, which
normally occurs in the first week of the chick's

life, would probably be worthy of investlgation.

The Mechanism of Transmethylation.

No discussion of transmethylation would be
complete without some reference to the mechanism of
this remarkable biochemical reaction, in which only

certain/
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certain N-methyl and S-methyl compounds participate,
Although the experimental work described hers
contributes nothing directly to this aspect of the
matter, there are certain theoretical considerstions
which it seems wise to present because they have been
overlooked in the past, and they might be the basis

of further study én this subject,

N-methyl Compounds, When a methyl group is transfern

:red from (say) betaine to some adceptor molecule, it
may migrate as a positive ion (Challenger, 1945), as

a free radicel, or as a negative ion, thus:=

H H H
He c+ H:E}:- H:.C.: -
H H H
Positive ion Free radical |Negative ion

The positive ion hypothesis was advanced by Challen-
:ger in 1945, based on the interpretation by Hughes
ot al. (1933) of pyrolytic demethylations.,

The second possibility, that the free radical
is the active intermediate does not appear to have
been considered by other workers.

Free radicels have been shown to play an
important part in biological oxidation processes,

and a close parasllel can be drawn between the

reduction/
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reduction of Co-enzymes I and II and the fate of
betaine in a transmethyletion reaction,

In both cases there is a chenge from a quadri-
:coval ent unipositive nitrogen ion, to a teréovalent
nitrogen atom, In the case of the phosphopyridine
nucleotides it is known that there is an intermediste
free radical stage, the reaction usually being

represented as follows:

e £ Joeaers S
CH

Gg\\ 4¢§Hi Hf \\\ //pﬂé Q%\\ //QHé
+ N 9- + Na a.'- N_O
;SO R ' Res
Oxidised Co-enzyme Free radical Reduced Co—enzyhe

The similarity of this reaction to the loss of a
methyl group by betaine is so striking that it is
tempting to suggest that this latter reaction also

proceeds through a free radical stage, thus:

Chs  Chs CEs  CH
R (B o, Ny / Y
[ ] e- []
cL-coo" CHp=C00~ CHp=C00~

Free radical

It will be apparent that the splitting of betaine to
yield this free radical would of necessity also cause

the formation, at least transiently, of a free methyl

radical/
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radical, which might be available for reaction with
g sultable acceptor molecule.
A criticism of this hypothesis could be based

on the concept that the free radical produced during
the reduction of the phosphopyridine nucleotides is
stabillised by the presence of the pyridinium nucleus
while no such stabilising influence is apparent in
the betaine molecule, The possibility remains
however, that thls necessary function may be discharged
by the transmethylase enzyme,

S-methyl Compounds. Since the methyl groups in

choline, betaine, and methionine have in common
biological lability, and the suggestion has been
advanced that the labile methyl groups participate
in transmethylations by means of a free radical
mechanism, it remains to extend this theory to the
S~methyl compounds, Methfionine, Methionine-methyl
~sulphonium salts, methionine sulphoxide, and
dimethylthetins, are all active methyl donors in rat
growth experiments, while methionine-sulphone on the
other hand is inactive in thils respect. The
possibility arises that the thloether - methionine -
must be converted into either methionine sulphoxide,
or a methionine~methyl-sulphonium salt, before
acting as a methyl donor.

This/
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This would mean conversion of e bivalent sulphur atom

into a tervalent sulphur ion by oxidation, as follows

i s . e
E'I, -—[9-]—)- ?-—p-o __E._)_ + S = 0H
? |
CHp CHp : GH
| I |
Methionine . Methionine o =
Sulphoxide,

or, by methylation thus:

GHs CH;  CH

I L e

: CHs P

CHp CHp
Methionine Methionine=

Methyl sulphonium salt.

Either preliminary step would alter the molecule of
methionine into a positive ion, enalogous to the
quaternary base betaine. Thus from this point, the
mechanism of loss of a methyl group as a free radical
from the methionine derivative might be a closely
similar process to that envisaged for the loss of a
methyl group from quaternary nitrogen compounds,
thus:

Loss/
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Loss of & free methyl redical from a positively
charged methyl sulphonium compound to yield a
positively charged ion with an unpaired electron.
Reduction of this latter ion would produce the
stable end product of transmethylation, These
reactions may occur on an "active surfece" such as
the transmethylase enzyme system,

As a consequence of this hypothesis, it is
necessary to assume that the mechanism of trans=-
methylation is intimately associated with suitable
oxidationereduction systeﬁs capable of participating
with the intermediate free radicals in a reversible

reaction.




.2.

Se

4.

83

SUMMARY
|
Determinations were made of certain quantitative-
:1ly important methylated compounds in the

embryonated hen egg, namely, choline, methlonine |
|

and creatine, It was shown by experiment that

it would be safe to ignore creatinine, acetyl-

|
icholine, betaine, sarcosire and dimethylamino=-

tacetic acid, The absence of other quethylated
compounds in quantitatively important concentra- |

|
stions was established,

i

|
Choline, methionine, and creatine were all found.|
to accumulate in the embryo body in broadly
exponential manner with respect to incubation

period, ,

In the system as a whole the methionine content |
remains constant untll about the seventeenth day |
of incubation, after which it decreases to 90% |
of the original amount, Whilst methionine may é
be involved in transmethylations in a catalytic
capacity (see page 14) it cannot be acting as thé
ultimate source of labile methyl groups until

after the seventeenth day of incubatlon.

In the system as a whole, choline decreases

steadily throughout incubation to about half the

initial/

|
|
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initial amount, Of the methyl groups associated?
with the choline which disappears, not more than ?
30% can be accounted for by observed creatine
synthesis, The choline "lost" to the system
must be metabolised along some route not involv=
:ing the recognised well known transmethylation

reactions,

Summation of "bilologically labile® methyl groups i
at various stages throughout incubation revealed |
that 25% of the "labile” methyl groups originally|
present in the system "disappeared" during

incubation,

Embryoniec chich liver tissue 'in vitro! has been
found to contain an enzymic mechanism capable of
oxidising choline to betaine. This system is
unaffected by folic acid (ef. Williams et al,
1950), but can utilise diphosphopyridine

|
|
nucleotide as an electron acceptor. !
|
[
|

The marked appearance of a fatty liver after the
seventeenth day of incubation was accompanied by

a decrease in choline oxidase activity, presumablé
due to inhibition of this enzyme by neutral fat
and fatty acids,

Embryonic/
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BEmbryonic chick liver tissue 'in vitro! was found
to be capable of effecting the synthesis of :
methionine from homocysteine and betaine; hence,
there appears to be a transmethylase present,
Also, since an overall creatine synthesis was
demonstrated, there may be more than one trans- i

imethylase, depending on the degree of specificity

of such enzyme systems, i

!
The by-product of a transmethylation from betainé
should be dimethylaminocacetic acid, While this:
substeance may be present in traces, it did not i
accumulate in this system. Efforts to demonstraﬁe
the existence of a catabolic pathway of metabolism
to formaldehyde and glycine (Handler et al, 1941)

have been unsuccessful,

Recent isotope studies have shown that 'labile!
methyl groups may be used for the synthesis of a |
number of non-methylated compounds, ege. serine. i
In an endeavour to explain the 'labile! methyl
group loss, it was thought that they might be
metabolised first to formaldehyde, formate or a

"One carbon fragment", Attempts were made to |

demonatrate/



demonstrate the synthesis of serine from glycine

and formate, but these experiments were again

[ unsuccessful,

11, The most important conclusion to be drawn from

this work is that at least in the chick embryo,
recognised transmethylation reactions do not
account for more than one-thlrd of the choline
metabolised. This is in accord with recent
isotope studies in the rat, which show that the
methyl group occupies a much more important
position in the general metabolic field than was

formerly belleved.
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APPENDIX &

This appendix describes the more important
experiments made in order to check the efficiency
and reliablility of the extraction procedure, and

analytical methods employed,

Lipoid Extraction

Two uncertain matters were tested in
connection with the lipold extraction:

() The number of extractions reaiired to remove
phospholipins completely from the protein
precipitate.

(b) The relative efficiency of chloroform-methanol
(L:1) and ethanol-ether (3:1) as extracting
solvents.

In both cases it was felt that the total amount of

phosphorus extracted by the lipoid solvent would

pProvide a suitable index of phospholipin content.

The phosphorus determinations were made by &

delicate and highly reproducible modification of

the molybdenum blue method (Allen, 1940). The
optical measurements were made on a D.G. Spectro-

photometer set to a wavelength of 700 mp .

(a) The/
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(a) The number of extractions required (using chloro-

form-methanol.

A number of extractions of a single sample
of homogenate (2 ml.) were made in the usual way
(see page 29), and the total amount of phosphorus
in each separate extract determined. The results

are recorded in Table 1i.

Table 1.

The number of Extractions required to remove
all the lipold material

Extrac-—- Vol. of e B
tion Extract per as:% of | Sum Total
Number ml. Extract Total Extracted |
18-

1 20 2400 82.0 82.0
2 " 420 14.5 9645 |
3 K 49 563 99.8 |
“ B 9 0.16 99'96 i
5 " 2 0.04 100. |
6 L 0 - -
17 1" 2 . -

This experiment showed that four extractions
with 20 ml, chloroform-methanol extracted all the
pPhospholipin.

(b)/
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|(b) To ascertain the most suitable lipoid solvent.

| two solvent mixtures, Chloroform-methanol (1:1)

‘ To assess the relative efficiency of the

' and ethanol-ether (3:1), aliquots of a homogenate

|(2 ml.) were separately extracted with four 20 ml.

portions of each solvent (see page 29).
:tracts obtained with each solvent were combined
.and made up to 100 ml,
| each solution were analysed for phosphorus, the

results being recorded in Table ii.

The ex-—

Duplicate 2 ml. samples of

Table ii.

Comparison of Chloroform-methanol and

BEthanol-ether as Lipoid Extractants

Yol, of Extrac- Total P.
Solvent Homo~- tions Extracted | Mean |
genate P8 P&
ml, i
i
Ethanol- 2 4 x 20 2775 '
. ether 2 4 x 20 2765 2770
! 3:1 !
Chloroform- 2 4 x 20 2825
methanol 2 4 x 20 2815 2820 |
A5 )

It was decided to continue using chloroform-

methanol as the lipoid solvent, as this experiment

Iindicated that the two solvent mixtures gave closely

similar results.

EXPERIMENTS/
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EXPERIMENTS TO CHECK

THE RELIABILITY OF THE CHOLINE METHOD

antitative liberation of choline from the

1., Qu

phospholipin fraction.

l

hydrolysed.

Before choline can be determined in a

solution of phospholipins, these compounds must be

Barium hydroxide was used in this

'work because it is a relatively mild reagent and it
is easy to remove excess barium ions (as sulphate)
after the hydrolysis. The following experiment was
'conducted in order to establish the rate of liber-
ation of choline from the mixed phospholipins of an
Iunincubated egg .
Aliquobs (10 ml.) of a lipoid extract were

taken to dryness in 15 ml, graduated tubes and the

residue treated with 3 ml. saturated aqueous barium

!hydroxide at 100°C. At fixed intervals after

;immersin
|

g/
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immersing in the boiling water bath, duplicate pairs
of tubes were analysed for choline as deseribed on
page 352,

The hydrolysis curve shown on the opposite
page is constructed from the results obtained in

this experiment. The graph demonstrates complete

liberation of choline in one hour, and also shows that
no choline is destroyed even after six hours! hydr-i
:0lysis, |
The phospholipins in the same lipoid extracﬁ

were hydrolysed with N KOH at 37°C for sixteen hours |

(Hack, 1947) and it was found that the same amount of
choline was liberated with this reagent as with the |

. barium hydroxide. As a consequence of these exper~— |

:iments it was decided to employ barium hydroxide as |
the hydrolytic reagent, and to hydrolyse the lipid

extract at 100°C for two hours,

2. Experiment which shows that choline is not |

adsorbed On Darium sulphnate. '

After the liberation of choline from phospho-
:1ipins by hot barium hydroxide solution, the hydrol-
:ysate must be freed from barium ions (which would

interfere with the reineckate precipitation) and the

pH/
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pH adjusted to 3-4, This is most easily accomplishéd
|

| by the dropwise addition of dilute sulphuric acid, ’

This tTechnique necessitated a control experiment to i
show that barium sulphate under the conditions pre- !_
:vailing in this experiment, would not adsorb choliné.

Into six 15 ml, graduated tubes were placedf
1 mge choline chloride in 5 ml, water and 3 ml,

saturated barium hydroxide solution, These tubes

were immersed in a boiling water bath for fifteen
minutes, one drop of methyl red indicator was then
added to each, followed by sulphuric acid dropwise
until the indicator just turned permanently red.
Neutralisation was commenced with 1,0 N sulphuric
acid, 0.1 N acid being employed near the end point.

After neutralisation the tubes were removed from the

bath, and the solutions diluted to 15 ml., and
filtered (No. 42 papers) into short dry boiling
tubes. Aliquots of the filtrate (10 ml. equivalent
to 0.66 mg. choline chloride) were removed to 8 ml.
graduated spectrophotometer tubes, and the precipil-

:tation, centrifugation, and spectrophotometry .

carried out as previously described. The choline

chloride estimated by this procedure was identical |

with/ |
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with that cdeulated (0.6¢ mg. per aliquot), showing
that no choline had been adsorbed on the barium

sulphate,

3+ To test the effect of varying the pH on the

quantitative precipitation of choline reineckate.l

Since different workers have precipitated
choline reineckate at widely varying hydrogen ion
concentrations, it was necessary to examine the
influence of pH on the precipitation, Therefore, &
series of /15 buffers was set up in 8 ml. graduated
spectrophotometer tubes in duplicate in the range

pH 2~10, the volume of each buffer being 5 ml. To

each buffer was added 1 ml. (1 mg.) of standard i
choline chloride solution followed by 2 ml, saturate&
agueous solution of ammonium reineckate. The tubes |
were placed in the refrigerator for two hours,
centrifuged, and the precipitates washed exactly as
stated previously, with 0.1 N hydrochloric acid and
water., The analysis was completed as before.

From the results shown in Table iil, it f
seems possible to achieve quantitative precipitation
of choline reineckate between pH 2 and pH 10 incius=
:ive; but, since the precipitate was more granular
at pH 3-4, for ease in centrifugation it was decided

to precipitate the reineckate within this pH range.

Table 111/
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Table 111

i Precipitation of Choline Reineckate

at Varying Hydrogen Ion Concentrations.,

pH 2 3 4 5
| 3 |
| Reading at 0,105 0.110 0.110 | 0,105 |
| 525 mp . 0,110 | 0,110 | 0,103 | 0.108 |
| mge Choline 1.02 1.05 1.02 1.00 !
| Chloride '
| |

Zage Recovery'| 102 105 102 100 |
|
pH 6 7 8 9 1o |
i |
Reading at 0,105 | 0.303 " (0110 [ 05210 | 05100
525 mp . | 04105 | 0,110 | 0,113 | 0,105 | 0,105
|
| mge Choline 1,00 102 1,05 1,02 0498 |
Chloride
%age 'Recovery' | 100 102 105 102 98

|4, Comparison/
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‘4. Comparison of the colorimetric procedure with the|

micro—Kjeildenl metnod for the estimation OF
choline reineckate.

‘ In view of the following experiment in
Iwhich the colorimetric method was compared with
?the micro~kjeldahl method, it was decided to adopt
| the former technique for routine purposes, because
| the accurecy attainable with it was similer to the
'more lengthy titrimetric procedure, as may be

' noted in Table 1V,

The colorimetric procedure sppeared to

give good wesults when one adhered to the conditions |

' of precipitation as already stated, namely, at
pH 4, and leaving the precipitate in the refrigera-
| :tor for a few hours, provided one used quantitles

of choline of the order of 0.,2-1.0 mge




Colorimetric Estimatlion of Choline Reineckate |

Table iv.

Comparison of lMicro-kjeldahl and |

(a) Micro-kjeldahl Estimation of Choline Relneckate |

Choline Titre Mean Choline %age
| Chloride [ 0.012 W | Titre Chloride |"Recovery"
Estimated Acid Calculated| of Choline
mg.
| 0.422
0.1 0.426 0.423 0.101 101
0.420
0.840 ;
0.2 0.850 0.846 0.202 101 i
0.850 ,
1,70 |
0.4 1.74 1.73 0.413 103 '
1.76 |
4.50 |
1.0 4,35 4,33 1.03 103 ;
4,35
8.30
2.0 8.35 8431 1.99 99
8.28

(b) Colorimetric Estimation of Choline Reineckate

in Acetone

Choline Optical Choline . fage
Chloride Density Chloride Recovery"
Estimated at 525 mp. Calculated of Choline
ng.
0.1 L0127 - -
0.2 L0213 - -
0.4 .039 0.38 96
1.0 «103 1.01 101
2.0 195 1.90 95
|

| + Readings too

5. The/

low to be reliable
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5. The recovery of choline added to the homogenate.

Two 20 ml, portions of a homogenate of an
iunincubated €gg were placed in separate conical
jflasks. To one, 10 ml, distilled water was added,
and to the other, 20 mg. choline chloride in 10 ml.
iwater. Both flasks were agitated on a mechanical
:shaker for 15 minutes and duplicate 5 ml. aliquots
from each flask were extracted with chloroform-
methanol (1:1) in the mamner already described, the
|
10 ml. aliquots of these extracts were used in
choline determinations, the choline recoveries being

tabulated in Table v.

Table v.

Recovery of Choline Added to the Homogenate

‘combined extracts being made up to 100 mil. Duplicate

f
|

l

Mean Choline
Choline Choline Choline Recover-— Choline
Added Found Found ed Recoqered
mng. ng. mg. mg. as %age
0.0 79
78 79 - s
79
100
100 100 21 105%
. 20,0 99
§ 99

This/
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|

This experiment showed that an adequate ‘
recovery of added choline could be obtained, and |
also that the choline estimated by this process
would be "total choline" or "combined choline" (as i
in lecithin) plus "free choline" if such existed. i

|

Presumably the free choline was extracted by the

|organic solvents due to the water which was present
'in all the homogenates.
| |

| ' EXPERIMENTS TO CHECK
' THE RELIABITITY OF THE METHIONINE METHOD

Il. Studies of certain factors affecting rate of
| protein hydrolysis.,

| Before commencing routine estimations of
|

‘methionine it was essential that certain aspects of |

|
'protein hydrolysis, such as hydrolysis time and acid
|
!coneentration, ghould be studied, and towards this

lend a bulk sample of mixed egg protein was prepared.

A homogenate prepared from three eggs was extracted
|

'with 600 ml. chloroform-methanol (1l:1) on a steam

bath for eight hours, and the lipoid extract decanted

off. This refluxing was repeated for a further

|
four hours using 600 ml, ethanol-ether (3:1) and

the/
|
|
|



' white powder,

| with B1l9 sockets. Constant-boiling hydrochloric

| with a small heavy glass cup to prevent bumping.

| on a Buchner funnel for half an hour. This mixed

99

the resulting granular white product was sucked dry
protein was ground to a fine powder in a mortar and

drled over phosphorus pentoxide for several days,

finally yielding about 11 g. protein as an amorphous

(a) Rate of hydrolysis with "constant-boiling"

hydrochloric acilde.

About 200~300 mg. protein was accurately

weighed into each of twelve boiling tubes fitted

acid (5 mle., 5.5N) was added to each tube together

(This cup was fitted with a long glass stem to keep 5
it inverted like a diving bell,) The tubes, fitted
with reflux condensers and immersed in a bath of
dibutylphthalate at 125°C, were shaken occasionally
to assist solution of the protein. The tubes were
removed from the bath in pairs, after 1, 2, 4, 8, 12
and 30 hours' hydrolysis, The hydrolysates were
diluted with 5 ml, water and 100 mg. activated
charcoal ("Norit") was added to each., The loosely

stoppered tubes werse left in a boiling water bath

for/
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for two hours, Tubes 1, 2 and 3 (that is, up to
and including 4 hours' hydrolysis) required at least

four hours to complete the decolourisation, and on
occasions, even longer,. It was necessary to activate
' the "Norit" by heating it in a silica basin over a

Meker burner, and to store it in a desiccator. When

all the hydrolysates were colourless, they were
filtered through micro-Hirsch funnels and the estim—]
tation of the methionine was completed as described

| on page 34. Using the McCarthy and Sullivan (1941)
technique with the modifications outlined, the rate
of liberation of methionine from the protein is
shown in Figure ii on the opposite page. This
graph shows almost complete liberation of methionine
in one hour, with no destruction even after 30 hours!’
hydrolysis, As already noted, the humin produced
during the hydrolysis was difficult to remove unless |
the reaction had been in progress for over four
hours, and so for routine purposes a hydrolysis time

of six hours was adopted.

Since sodium chloride affected the colour

reaction, it seemed highly desirable to hydrolyse the

protein/
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protein with the minimum concentration and volume of

acid, even although the sodium chloride effect was |

being compensated in the calibration graph.

(b) The effect of acid concentration on the liberatldn
of methionine from protein during 6 hours’
hydrolysis at 125°C. !

Using the previously acquired knowledge of ;
optimum time for hydrolysis, an experiment was con- ;
tducted along the lines of the last one described.
The hydrolysis time was fixed, while the acid
concentration was varied from 1.0~5.5 N hydrochloric

|
r
?
acld, the temperature being maintained at 125°C and |
the volume of acid 5 mle, After hydrolysis, the ;
methionine content of each solution was estimated. |
The results are plotted graphically in Figure 1ii '
which shows the maximum amount of methionine to be i
liberated by 4N hydrochloric acid in 6 hourse. |
A repeated hydrolysis/time experiment with
this conecentration of acid showed complete liberatioA

of methionine in 6 hours and the hydrolysates could
be decolourised quite easily with charcoal ("Norit").

2, Interference/
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2. Interference from other amino acids,

McCarthy and Sullivan (1941) reported
interference from two amino acids, tryptophane and
histidine. The former is of little importance
because it is destroyed during acid hydrolysis as wa
demonstrated in this work by a negative Hopkins-Cole
test in 140 consecutive methionine determinations,.
The original authors found that the addition of 1%
glycine suppressed the colour produced by nitro-
sprusside and histidine, and in practice, thils
artifice was found to be most effective. McCarthy
and Sullivan stated that a mixture of fifteen amino
acids other than methionine and tryptophane gave a
negative test for "methionine" in this colour reac-
:tion, and upon addition of methionine to this
mixture, it was possible to attain a 99.6% PECOVerye
Tt was decided in this work to test each amino acid
separately, in case possible colour enhancement
produced by one amino acid was being fortuitously ?
suppressed by another. The results of this invest-

:igation are shown in Table vi. Only one amino

Lr]

acid, tryptophane, interfered, and of course it
would not be present in an amino acid hydrolysate)

using hydrochloric acid to hydrolyse the protein.

Table vif .
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Table vi.
Amino acid Amount taken Methionine equiv-
mge :alence using the

PR - coloré?ggric method.
Isoleucine 10 .0l

Valine 5 .02

Serine 9 .01
Threonine 9 .02
Ornithine 9 .00

Lysine i «00
Arginine 12 « 00
Tryptophan 9 2.96
Histidine 5 0. 05
Cysteine 11 «03

Cystine 10 « 00
Aspartic acid 5 « 00
Glutamic acid 5 .00

Proline 6 .00

Hydroxy proline 7 .01
Phenylalanine 7 .01

Alanine 9 .00
Tyrosine 6 et

N.B. The 'Wethionine Equivalence' is the optical

‘density of the solution expressed as methionine using |

'the Calibration Graph (Figure 3)

' 3. The/
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S« The adsorption of methionine on "Norit" and the

recovery of methionine added to The protein, |

Standard solutions of methionine (10 ml.)

of varlous concentrations in 4N hydrochloric acid,

were treated with 100 mg. "Norit", heated on a |

boliling water bath for fifteen minutes, and filtered

through a micro-Hirsch funnel. Aliquots of the
filtrate were transferred to 25 ml, volumetric
flasks, neutralised and the methionine estimated as
previocusly described. This experiment showed that
methionine was adsorbed on activated charcoal in
the presence of acid (see Table vii). It seemed
possible, however, that methionine would not be
adsorbed in the presence of other amino acids.

Also, since the filter containing the "Norit" was

washed with 0.1 N hydrochloric acid in practice, itj
was considered that this procedure might elute some
of the adsorbed methionine.

In order to test the first point, about a
gram of protein was accurately weighed out and

hydrolysed for 6 hours with 4N hydrochloric acid at

125°C. The hydrolysate was transferred to a 100 ml

graduated flask, made up to volume with distilled
water, and well shaken. Four 20 ml., portions of

this brown-black solution were removed to boiling

tubes./
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j

tubes. Two of the tubes were treated with 2 solu-
:tion of 5 mg., methionine in 5 ml. water, while the |

|
remaining two tubes received 5 ml. water each, A1l

four tubes then received 100 mg. "Norit", and were i
left on a boiling water bath for two hours. The
hydrolysates were then filtered, the residue on the |
filter washed with 0.1 N hydrochlorie acid, and the
filtrates neutralised, made up to 25 ml., and the |
methionine content assayed in the usual way,. The
recovery of added methionine (102%) showed that the
added methionine was not adsorbed, and indeed, that
all stages of the analysis were satisfactory.
Criticism of this experiment could be made on the
grounds that perhaps "Norit" adsorbed a small but
constant amount of methionine from each solution,
and was then satiated, with the result that the
"exogenous" methionine would not be adsorbed. A
synthetic hydrolysate consisting of nineteen amino

acids was therefore, prepared, and a fixed amount

of methionine added to the solution. The mixture
was made up to 100 ml. with 4N hydrochloric acild |
and the methionine content of the solution was ‘
estimated, Aliquots (10 ml.) were treated with |
100 mg. "Norit" and left on a boiling water bath
for two hours in loosely stoppered tubes. This i

[ pRSS  ma |
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"hydrolysate" was then filtered, and the "Norit"
washed with 0.1 N hydrochloric acid, The filtrate
was neutralised, made up to 25 ml, and methionine
estimated on an aliquot, From the results it was
apparent that methionine was not adsorbed on "Norit"
in the presence of other amino acids, This is in
general agreement with the well known fact that
aromatic amino acids are preferentially adsorbed on
actlivated carbon,.

Table vii summarizes these experiments.

Table vii

Adsorption of Methionine on "Norit®

Experiment Methionine |Methionine %age
Added Recovered | Recovery
Mg mge %
Methionine Solution 250 197 "9
+ "Norit"
Protein Hydrolysate ¥
+ Methionine, 3035 5«40 102
+ "Norit"
Synthetic Amino Acid
Mixture, 5.00 5.08 102
+ Methionine,
+ "Norit"

4, Factors/
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4, Factors affecting the colour reasction, and h
the calibration graph. : =

It appeared highly desirable to ascertain
whether sodium chloride produced during the neutral-
isation of the hydrolysate would have any effect on

the colour reaction. Sodium chloride (2 g.) was

| added to 50 mg. methionine and the whole made up to

i50 ml. with water. This solution represented the

‘hydrolysis of a protein with 6 ml. 6 N hydrochloric

' acid, followed by neutralisation with sodium hydrox- |

i

|

| ide, and the mixture made up to 50 ml. This
!methionine standard solution was used to construct a

inaw calibration graph; when this graph was compared |
:with one prepared from methionine elone, it was
|

| found that sodium chloride depressed the colour

| produced in the reaction. This fact appears to have
|
escaped the notice of other workers who used this ;

method. The calibration graphs are shown in Figure

iv opposite. In practice, the calibration graph

was always constructed with pure methionine dissolved

in the appropriate amount of sodium chloride solution,
|
|
|

EXPERIMENTS/
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I EXPERIMENTS TO CHECK THE

| RELIABILITY OF THE CREATINE AND CREATININE PROCEDURES

1l. The rate of colour development of "ereatinine

| picrate’.

Creatinine (50 pg.) in 5 ml, was transferred

Eto a 20 ml. graduated tube and 5 ml, alkaline picrate

é(see Appendix II) added, and the mixture made up to
volume with water, Readings of the optical density

of this solution were made against a reagent blank
J

at 1 minute intervals in the diffraction grating
spectrophotometer set at 510 mp, a wavelength found
!to be close to the absorption maximum of the colour.

iThe results of this experiment are depicted in
|
|
|

attains a steady state after twenty minutes at room

‘temperature. It was therefore decided to read the

Figure V, which shows that the colour reaction

colour absorption in the spectrophotometer twenty

minutes after the addition of the alkaline picrate.

2. The rate of conversion of creatine to creatinine
at various temperatures.

Creatine (50 pg.) in 5 ml, solution was
delivered into tubes graduated at 20 ml., followed

by 10 ml., HC1-KCl buffer (0.1N, pH 2% These

tubes/
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tubes were simultaneously placed in a water bath at i
100°C and removed at intervals up to three hours,
Upon removal of each tube from the water bath, the
solution was adjusted to pH 7 and stored in the \
refrigerator, The creatvinine content of each ‘
solution was then estimated by the picrate method i
previously described, |
This experiment was repeated twice, once ati
an elevated temperature (120°C in the autoclave), and
also at a lower temperature (75°C). The results ‘

obtained in these three experiments are shown

graphically in Figure vi on the opposite page,

5+ The rate of conversion of creatine to creatinine |
at various hydrogen ion concentratlonse.

As a consequence of the last experiment, |
|
it was decided to study the rate of conversion of

creatine to creatinine, varying the pH of the creatine
|

solution, and fixing the temperature at 120°C and |
|

the time of heating at 30 minutes, |
The results of this investigation, which

wes conducted in a similar manner to the las% |

experiment, are shown in Figure vii. The graph

shows complete conversion of creatine to creatinine

at pH 1. |
In/
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In view of these results, the conditions
declded upon for the quantitative conversion of
creatine to creatinine were as follows: adjustment

of the protein-free filtrate containing creatine

lapproximately to pH 1, and heating at 120°C for 30
iinutea.

i After this work was completed, Clark and
IThompson (1949) published experimental results
almost 1dentical with those recorded here,

4, Creatine and creatinine recovery experiment.

Aliquots (20 ml,) of an unincubated egg
homogenate were delivered into four conical flasks,
|
and to each homogenate was added one of the following

'solutions.

(1) 10 ml, water,

(2) 10 ml. creatinine solution (450 pge)e
(3) 10 ml, creatine solution (225 pge)e

(4) 5 ml. creatine solution (210 pg.) and
5 ml, ereatinine solution (225 pg.).

The/
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The flasks were agitated in a mechanical shsker for
15 minutes, 30 ml. tungstic acid was added to each,
and the mixture filtered, The pH of the filtrate
(about 1) was suitable for the conversion of creatine
to creatinine, Duplicate 5 ml, aliguots of each
filtrate were pipetted into 20 ml. graduated tubes;
one tube was capped with lead foll and sutoclaved as
previously described in order to convert creatine to
creatinine, The creatinine content of each solution
was estimated in the usual way, and the percentage
recovery of the added bases calculated,

These results which are reported in Table
viii show that a complete recovery of added creatine
and creatinine could be accomplished within the
experimental limits of the estimation,



112

9T°*T X (outur3BOad peunrojedd — OUTUT]BOIO TIB8305) = euTgBOJI)
*quUou]BOI] OABTOOINE ©J0J0( OUTUTIBOIO = OUTUTLIBOIO POWIOIOIJ +
90T &33 96 913 80% G332 013 %
66 9T¥ s & 09¢ = 027 ‘e
= ~ 70T 89% 89% 0S% = °2
— — — — — - - onﬁ
4 *gd g  *3d -5l * 3l * 31
punoyg PuUnoyg pUNO g
+ eUuTaBOJI) + OUTUT]BOL) + OUTUTQBOJI) pepps reppe *HESBTA
POULIO JOI] T8300 SUTUTYBOI) OUTABOJID

*ogqBUSFOWOy I3F uB 03 POpPpPE oqﬂﬂﬂpwoho puB eurlBod) JO AIoAodey

TETA

eTqsy,




113

APPENDIX II

(2) Technique Employed in Purificstion of Solvents

Ethenol

Ethanol (D.C.L., A,R., grade) was refluxed with
s0lid sodium hydroxide pellets for eight hours, using
100 g. alkali per litre of alcohol. The dark brown
liguid was distilled into a flask containing freshly
prepared quicklime, and the distillate allowed to
remain in contact with this reagent for 24 hours,
The alcohol was redistilled directly into the

winchester in which it was to be stored.

Methanol

The procedure was exactly the same as for the

purifi cation of ethanol,

Butanol
This alcohol was refluxed with sodium hydroxide

in the same manner as ethanol, but the drying proced-

sure with quicklime was omitted.

Chloroform

The purchased liquid, of A,R, grade, was washed
with half its volume of water in a separating funnel;

the chloroform laeyer was then dried with calcium

chloride, and redistilled twice.

Ether/
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Ether
Ether (A.R. grade) was weshed with half its
volume of 5% ferrous sulphate solution, and the
ethereal phase dried with caleium chloride for 24
hours, The liquid was then redistilled twice, and
stored in a dark bottle; this procedure yielded a
peroxide-free reagent, as tested with V205 in

concentrated sulphuric acid.

Acetone
Acetone of B.P. quality, was refluxed for eight

hours with potassium permangenate (10 g./litre),

distilled into a flask containing quicklime, and

redistilled from this reagent.

Glecial Acetic Acid

Glecial acetic acid (A.R. grade) was refluxed
for 4 hours with potassium dichromate (5 g./litre)

and distilled directly into a storage winchester,

(b) Purification of Certain Reagents.

Choline Chloride

The supplied choline chloride (B.D,H) was
twice recrystallised from absolute ethanol, and dried

at 60°C in vecuo for 12 hours., This substance gave

on analysis: ) )
% Nitrogen % Chlorine

Theoretical: 10,04 25,4
Found: 9.90 25,9
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Betaine Hydrochloride

Betaine hydrochloride (B.D.H.) was twice re-
:crystallised from water, and dried at 60°C in vacuo

for 12 hdurs.

Ammonium Reineckate

The supplied salt (B.D,H.) was recrystallised
from water at 70°C and dried in a vacuum desiceator

over calcium chloride,

Sodium Nitroprusside

Commercial grade sodium nitroprusside was re-
:erystallised three times from water st 70°C, and

dried in & veacuum desiccater: over calcium chloride.

Picric Acid

The supplied acid was of commercial grade, and
was recrystallised twice from glacial acetic acid,
and . carefully dried in a vacuum desiccater over

calecium ehloride,

Methionine

This amino acid (L. Light) was recrystallised
from water and dried at 60°C in vacuo for 24 hours.

The substance gave on enalysis:

% Nitrogen % Sulphur

Theoreticals: 0.4 21.5
Found: 8.95 21.2
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Creatine and Crestinine

Both these substances were twice recrystallised
from water and dried at 60°C in vacuo for 12 hours.

On analysis, they gave:

% Nitrogen
Creatine:
Theoretical: 32,08
Found: 32,01
Creatinine:

Theoretical: a2
Found: 36,16

(c) The Preparation of Monomethylaminoethanol, and
dimethylaminoethanol.

The first base was prepared by the condensation
of methylamine and ethylene oxide, and the second by
the condensation of dimethylamine and ethylene oxide,
according to the method of Matthes (1901), These
substences were purified by distillation in vacuo,
and the melting points of the picrates of these bases

agreed with the values in the literature,
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APPENDIX TIII.

A, Tables of analytical results,

choline hydroxide.

. Approximate

Incubation
Period,
(days)

Embryo
Welght,

(ge)

Total choline
hydroxide in
System.

( mg. )

Choline

hydroxide
in Embryo

(mgo)

181
188
184
201
191
il
196
186
170
153
165
170
160
193
202
183

OO00000000O
s 8 o @
OO O

178
190
180
170
162
168
180
148
183

all) less
than
0.3 Mge

WM
®
cocwomnIw

170
180
166
161
169
168

® o o
HNMDMNDOHO

O DO O MW
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Choline hydroxide results continued.

Approximats Embryo | Total Choline Choline
Incubation Weight. | hydroxide in hydroxide
Period. System. in BEmbryo.

(days) (g.) (mg.) (mg.)
2.9 168 1.8

3.1 179 2.1

2.8 175 1.8

Sel 187 2.0

10 2.9 180 2.0
Se4 170 2.0

3.0 173 2.0

Se2 181 2.2

5.8 162 2.9

4,9 173 2.7

a7 158 Se2

048 162 2.8

12 7ol 178 2.8
6.6 175 401

648 166 Se9

6.0 170 Se6

945 177 Se3

9.4 161 5.5

9.1 171 4.8

13 9.1 159 4.6
8.7 151 4.7

10.4 169 S.1

9.7 165 4.9

12.9 371 8Bed

13,4 146 649

14 11.8 161 Ted
11.9 157 71

12,3 152 840
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Choline hydroxide results continued.

‘Approximate Embbyo | Total Choline Choline |
‘Incubation Perilod | welght.| hydroxide in hydroxide
System in Embryo |
(days.) (g.) (mg. ) (mge) |
|
15,9 169 alx 7y
15.3 157 11l.2 :
15,8 149 10,1 ;
15 16,0 153 10.7 i
14.8 147 10.9
15.1 160 11.1 -
|
20,0 139 16,0 '
18,3 129 18,0 '
21.1 127 18.1 ‘
2066 160 20.1
17 19.2 158 19,0
21.0 149 21,9 |
20,7 139 18.9 |
2063 133 19,3 ‘
24,7 146 2360 .
2740 141 2841 |
24,7 140 2445 I
26 129 2649 '
18 25.8 127 26,8
24,9 125 24.2 |
24,0 127 2641 =
23.8 128 2544
3444 105 4341
3443 112 35 04
34,1 101 37 «6
20 3368 80 4342
34 .4 90 40,0
3349 93 45,0
34,8 78 51l.4
3546 98 gi'$
34,0 o7 .
21 3601 s 5642
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Methionine.

of Analytical Results.

Approximate
Incubation
Period.
(days)

Embryo
Welght.,

(g+)

Total
Methilonine
in Systen,

(mg.)

Methionine
in Eﬂbryo °

(mg.)

181
169
161
151
166
164
157
178
152
Pl
169
159
168
166

LI

CO00O0OO0O0O0O
L ]
oL OO UG U

160
168
169
164
166
168
£k
170
174
161

all less
than
0.7 mg.

[ ]

.
UM o oW

(Aol VIR VIR Ao R O
.

®

173
180
167
161
172
155
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Methlonine Analytical Results continued.

Approximate Embryo Total Methionine
Incubation Weight. Methionine in Embryo.
Period. in System,
(days) (g.) (mg. ) (mg. )
269 177 2e3
Sel 174 23
2.8 142 243
10 del 163 22
2.9 155 360
Sed 158 3ol
2e9 167 28
Sel 168 27
640 160 8e2
68 149 97
646 156 9.2
12 Vel 174 75
548 157 67
647 168 648
7 &0 176 8e4
9.4 167 11.4
9sl 153 13,0
9.1 149 1%- g
8.7 158 o
g 10,4 164 10,7
945 170 847
15.0 170 2360
14.8 162 24,7
14,0 164 22.1
15 14,7 153 25.2
14.1 158 £246
1349 179 23e4
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Methionipe Analytical Results continued.

Approximate Embryo Total Methionine
Incubation Welght. | Methlonine in Embryo. f
Period in System, '
(days) (8.) (mg. ) (mg.)
20,7 168 3560
20,6 176 39,4
19,2 145 3565 :
17 20.0 135 50,0
19,3 170 50,1 !
21,1 139 46,0 !
i
3049 159 7642
27 o4 133 6841 I
2843 158 64,4 |
30,0 147 733 |
19 284 160 7045 :
28,2 163 6840 |
27 o6 143 6540 |
279 149 62,0 |
2843 139 64,1 i
34,3 159 7.1
34.4 151 8443
353 160 90,2
20 3547 138 8348
32.9 129 8745 |
33,8 147 823 |
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Ce Tables of Analytical Results.
Creatine,
 Approximate | Embryo Total Creatihe
Incubation Welght., Creatine in Embryo.
Period. in System,
(days) (ge) (mg.) (mg.)
1,2 0.21 0.20
1,2 0425 0620
1ok 0,18 . 0,16
8 1,0 0.24 0423
1,2 023 0422
1.3 0,20 0420

3el 0045 0,40

340 0,67 0,62
2.8 0,43 0,40
10 27 0.49 0.38
249 0439 0,31

% ] 0,43 0,40
3,0 0,51 0.45
3.2 0.48 0040

6.7 1.23 1,12

5.8 1.47 133
7.1 1.48 1.20
12 6.6 1.52 1011
6.8 1'41 1.54
6.0 1042 1.40

12.0 4.9 4.6

12,2 4.6 o3

14 11.7 5ol o
1163 50 ae0

12.1 De3 o

12.4 4.8 4.6




Creatine Analytical Results continued,
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Approximate

Embryo Total Creatine
Incubation Welght. Creatihne in Embryo.
Period. in System,
(days) (g.) (mg.) (mg. )
15,0 Se4 5.2
1o 5.6 DD
15 16,0 5eT 5.4
14,8 4,7 4,6
14,7 5ol 5.0
14,3 55 Bl
i by s 8.1 7 o6
16,8 8,0 %7 eD
16 16,9 79 7 o4
16.9 I?.T? 7.4
17.3 8.1 7.8
17 .7 8.0 74
20,0 11,3 10,7
19.3 10,5 9,7
21e1 11,3 10,6
17 20,6 10,8 10,1
19.2 967 9.4
21,0 9.4 9e2
20, 10.5 10.0
24 7 14,6 1349
26,1 1831 14,3
24,9 13,9 13.4
24,0 14,7 14,0




Creatine Analytical Results continued.
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Approximate Embryo Total Creatine
Incubation Welght. Creatine in Embryo,
Period. in Systen.
(days) (ge) (mg. ) (mg.)
283 21.0 20,0
3040 20,7 20.1
2847 2Ll.5 19,9
19 28.2 20,9 19,8
27 «6 18.9 18.3
2749 21.9 21.0
2863 21,0 20,0
34,3 28.1 26.0
34,4 25,0 2346
55.5 24.1 2201
20 35,67 25.9 2443
3249 26.0 238
3448 30,1 2641
3548 30,4 2667
3546 2946 2645
21 34,0 27« 24,1
3641 29,2 27 o
35.1 31,0 28.0
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conditions. The amylase activities of the medium
and tissue were measured by the method of Smith &
Roe (1949). By this procedure synthesis as well as
secrefiion of amylase could be studied.
A progressive increase in ‘total amylase activity’
(sum of activities of tissue and medium) was ob-
sserved when slices were ‘incubated aerobically in
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These observations indicate that the formation of
amylase depended on a supply of energy and suggest
that the increase in amylase activity represented
& true synthesis of enzyme and not an activation of
a closely related precursor.

In the presence of cholinergic drugs the fraction of
amylase in the medium was significantly increased.

Table 1. Synthesis and secretion of amylase by pigeon pancreas slices in vitro

(2 hr. aerobic incubation. 0:29%, glucose.)

_Amgylase activity (units of
Smith & Roe mg. initial

dry wt.)

Exp. no,” Conditions Medium  Tissue Total
L/ Unincubated slice : — 59 59
‘ Incubated in bicarbonate saline 27 40 67

Incubated in inactivated sheep serum 26 67 93
Incubated in bicarbonate saline with 0-4%, tryptophan-supplemented 31 75 106

acid casein hydrolysate
2 Unincubated slice. — 64 64
Incubated in bicarbonate saline 28 78 106
Incubated in bicarbonate saline with mixture of 21 amino-acids 32 115 147
Incubated in bicarbonate saline with 0:49, tryptophan-supplemented 30 113 143

acid casein hydrolysate

saline media containing glucose. A greater increase
occurred in serum containing added glucose. The
increase was greatest (over 1009, in some experi-
ments after 2 hr. incubation) when a mixture of
amino-acids was added (see Table 1). There was no
increase in fotal amylase activity under anaerobic
conditions, or in the presence of 2:4-dinitrophenol
(10—%n), eyanide (10~%ar) or iodoacetate (10-*m).

This increase did not occur anaerobically or in the
presence of 2:4-dinitrophenol (10~*a) or cyanide
(10-%ar). Thus pigeon pancreas slices appear to be
capable of actively secreting amylase in wvitro.
Under the conditions of these experiments synthesis
of amylase was not appreciably affected by secretion.
In vitro secretion of an enzyme (pepsin) has also been
repotted by Edwards & Edwards (1949).
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Choline and Methionine in the Embryonated Hen Egg. By G.S. Bovp. (Department of Biochemistry,

University of Edinburgh)

Seventy eggs incubated for periods between 0 and
21 days have been dissected after freezing in acetone-
C0O,. Homogenized embryos and ‘rests’ (‘rest’=
yolk + white + allantoic and amniotic fluids 4+ mem-
branes) have been separately analysed for choline
{method modified from Ramsay & Stewart, 1941,
and Beattie, 1936) and methionine (McCarthy &
Sullivan, 1941). In each case the substance is
present practically entirely in chemical combina-
tion, choline as phospholipin, methionine in proteins.

In twenty unincubated eggs the total choline has
been found to average 183 mg./egg (S.D. + 22 mg.),

and in eight unincubated eggs the total methio-
nine has averaged 165 mg./egg (S.D.%1l mg.).
Table 1 gives the results of the embryo analyses.
Both compounds increase with incubation in the
expected more or less smooth exponential manner,
and methionine accumulates more rapidly than
choline.

The analyses of the ‘rests’ show a progressive
decrease, whichin the case of methionine corresponds
broadly to the increase in the embryo. In fact, up
to the 18th day, the sum of the embryo and ‘rest’
methionine approximates closely to the total
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methionine of unincubated eggs. At the end of
incubation there is a fall, however, of about 259,

Table 1. Analyses of embryos

Tncubation  Choline (mg./ Methionine (mg./
period (days) embryo) embryo)
6 1 1
10 2 2:5
12 3 8
14 8 20
16 16 36
18 30 45
20 40 75

in the total methionine of the egg, although the
exponential increase in the embryo remains
uninterrupted.

On the other hand, the total choline of the
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embryo and ‘rest’ is less than the choline of un-
incubated eggs as early as the 13th day, and by the
21st day the egg contains not more than 50 9, of the
original 180 mg. choline. This decrease may be
partly a coincidental reflection of the parallel change
in lipoid phosphorus (Plimmer & Scott, 1908;
Masai & Fukutomi, 1923; confirmed in this labora-
tory), but it appears probable also that choline is
the only donor of methyl groups in the egg at least
until the last 2 days of incubation. Such quanti-
tatively important compounds as creatine and
creatinine do not, however, account for more than
259, of the choline which disappears, even when
the assumption is made that only one of the three
choline methyl groups is available for transmethyla-
tion (ef. du Vigneaud, Chandler, Simmonds, Moyer
& Cohn, 1946).
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The Behaviour of 8- Glucuronidase and Nucleic Acids in Rat Liver during Growth. By G.T. MLs,
Every~x E. B. Syrre, BEATRICE STARY and I. Lesuie. (Biochemistry Department, University of

Glasgow)

A study has been made of the p-glucuronidase
concentration in the livers of growing rats from
before birth to maturity and in the livers of rats
following subtotal hepatectomy.

It has been found that the liver g-glucuronidase
_éoncentrations are low in foetal rats, and that after
~ birth there is a rise to amaximum around 20-40 days
followed by a slight’decline to an adult level above
that for animals/at birth. An examination of 6ur
data by the dllometric method, which was first
employed Ky Huxley (1924), indicates that the
accumulation rate of g-glucuronidase is greater than
that fof liver tissue during the growth/of the animal.
However, the presence of other variables obscures
the picture when liver weight is used as a base line
and a much more precise index of reference than this
is required.

Davidson & Leslie (1950) have demonstrated the

value of the constancy of the deoxyribonucleic acid
(DNA) content of the cell nucleus for a single species
as an index of reference when studying  growth
phenomena. In the present work, by using the
DNA content of the tissues as an indicator of cell
number, along with the allometric method of
analysis, theresultsindicate that the g-glucuronidase
content per cell increases up to‘about 18 days post-
partum and thereafter remains constant, and it is

after this time that the growth rate of the liver is
maximum. Our data reveal no relation between the
rate of cell proliferation and the B-glucuronidase
content per cell in the rat liver.

A study of rat liver regenerating after subtotal
hepatectomy leads us to the same conclusion. In
these experiments when the results are calculated on
the basis of the DN A content of the tissue, a constant
B-glucuronidase content per cell is found throughout
the whole period of regeneration. During the 3 days
following the operation when regeneration is most
intense, the protein concentration of the liver is
inereasing rapidly while the B-glucuronidase con-
centration remains constant. It is only at about
6 days, when the protein concentration has returned
Joa constant level and regeneration is about 80 %
complete, that there is any significant rise in
B-glucuronidase concentration.

The situation in the rat would therefore appear to
be different from that in the mouse, where Levvy,
Kerr & Campbell (1948) and Kerr, Campbell &
Levvy (1949, 1950) have recorded a connexion
between cell proliferation and the glucuronidase
concentration ‘of an organ. Further’work is in
progress to determine whether or nof this is a true
species difference. e
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