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INTRODUCTION.




1.

INTRODUCTION,

The realisation by Magendie (1816) of the differences
between the nitrogenous and non-nitrogenous moieties as
.. putrients undoubtedly opened the way to studies on protein
metabolism in the early 19th century. Shortly thereafter,
urea was recognised as the principal end product of protein
metabolism by Dumas and Cahours (1842) and the first N-
balance studies were described by Boussingault in 183%9.
Techniques were therefore available for studying changes in
protein metabolism and experiments by Voit and his associates
established the interdependence of carbohydrate, fat and
protein metabolism.

These experiments, on which the concepts of protein-
sparing action are based, have been extended to explore the
nutritional aspects of this relationship under a wide variety
of nutritional and physiological conditions thus revealing
the profundity of the relationship - +the mechanism of which
is susceptible to biochemical analyses. The most obvious
way in which carbohydrate and fat could mediate in protein
metabolism is by their energy-yielding properties, and
experiments in which energy in the form of carbohydrate or
fat has been added to or subtracted from the diet have been
performed on animals and humans under various nutritional

regimes varying from undernutrition to surfeit feeding.
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lhe Relationship of Nitrogen Balance to Lnergy Intake.

The evidence has been summarised below under several
headings: (a) experiments on undernourished subjects, (b)
experiments on overnourished subjects, (c) evidence of a
continuous relationship of N balance and energy intake, and

(d) the effect of dietary energy level on protein utilisation.

(a). Dxperiments involving N balance at inadequate caloric

intakes. Short-term experiments on humans, where carbo-
hydrate (Lusk, 1890; Liiura, 1892; and Rosemann, 1901l) or
fat (Neumann, 1899) was removed from a diet adequate in
protein and energy content show that the body responds by an
immediate increased excretion of N irrespective of the energy
source removede Unfortunately, as these experiments were not
performed under controlled conditions, it is not possible %o
compare the magnitude of the losses after removal of carbo-
hydrate and fat as energy sources. In a study of growing
mice, Bosshardt, Paul, O'Doherty and Barnes (1948) found
that a reduction in the energy intake had an adverse effect
on the gain of body N. This phenomenon was observed
irrespective of the nature of the energy source withdrawn, and
was similar for equicaloric removal of carbohydrate or fat.
The effects of adding more energy to inadequate diets
have also been recorded. In the earliest experiments

(Bischoff, 1853%; Botkin, 1858; Bischoff and Voit, 1860;
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Voit, 1869), dogs received a diet containing insufficient
protein but which had been supplemented by carbohydrate or
fat. These experiments showed an improvement in N balance
on feeding the supplement but are not completely satisfactory
because in most cases there was no preliminary adjustment to
the dietary regimes. A more satisfactory experiment was
performed by Allison, /inderson and Seeley (1Y46) in which
dogs received an energy supplement ranging from 25-50 per
cent of their normal intake. Both carbohydrate and fat were
effective to a similar degree in improving N balance,
Improvements in N balance have also been reported in human
subjects in negative N balance when carbohydrate (Jansen,
1917) or fat (Zuntz and Loewy, 1918) was added to the diet.

The general conclusions to be drawn from these
experiments on undernutrition are that (i) reduction of
caloric intake on an adequate diet results in an impaired N
balance while, conversely, the addition of energy in the form
of carbohydrate or fat reduces the N output when added to a
diet which is insufficient to maintain the body in N
equilibrium; (ii) carbohydrate and fat are equally effective

as energy sources for these purposes.

(b). Protein metabolism during surfeit feeding. A number

of experiments on protein metabolism in which carbohydrate or

fat has been added to diets already adequate in energy content
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as judged by their ability to maintain weight and N
equilibrium show essentially the same picture of the
relationship between energy intake and protein metabolism.
Several studies made on human subjects (Cuthbertson, klcGirr
and Lunro, 1Y37; Cuthbertson and kunro, 193%37; Basu and
Basak, 1939; Wikramanayake and liunro, 1954), on the rat
(Forbes, Bratzler, Thacker and Marcey, 1939; Forbes and
Swift, 1ly44; Lathe and Peters, 19y4Y; Vikramanayake and
liunro, 1Y54), on the dog (ilunk, 187Y; Biernacki, 1Y07;
Levene and Kober, 19083 Xochmann and Petzsch, 191ll; Larson
and Chaikoff, 1937; Allison and Anderson, 1945) and on
other species reveal a subsequent imprbvement in N retention
by feeding extra energy.

This phenomenon raises an interesting point, namely
if the depression in N output caused by the addition of
carbohydrate or fat to adequate diets is due entirely to
surplus energy, then equivalent amounts of these substances
should affect N balance to the same degree. However, in
only a few of the experiments quoted in the previous
paragraph, viz., those dealing with adult rats, and some
described by Forbes and his co-workers (Forbes, Swift, Zlliot
and James, 1Y46; Forbes, Swift, Thacker, Smith and French,
1946 ) have experimental conditions allowed a permissible
comparison between the effect of carbohydrate and fat. These
experiments show that there is little to choose between the

effect of extra carbohydrate or fat on N balance. OUn the
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other hand, Cuthbertson and Lunro (1Y37) found that
carbohydrate added to a diet given to humans had s slightly
more beneficial effect on N retention than did surplus fat.
further evidence from experiments on man might elucidate the
significance of these few observations.

Another question which must be considered is whether
the changes in N excretion is quantitatively related to the
amount of energy added to or removed from the diet.e It has
already been pointed out that both carbohydrate and fat can
influence protein metabolism as energy sources, but the
quantitative aspects of this interaction have been, to a
large extent, overlooked. In only a few experiments on human
subjects (Cuthbertson and lwunro, 1Y37; Basu and Basak, 193%9)
and on young pigs (Terroine and liahler-llendler, 1927} has the
subject been studied at two levels of surplus carbohydrate.

N retention was found in these instances to increase in
proportion +to the amount of extra energy added. Similar
studies in which fat was used as the energy source (Voit,
1869) indicate that the degree of N retention is roughly

related to the amount of added fat.

(¢). Evidence of a continuous relationship of N balance and

energy intake. 5o far we have only considered the effect of

energy intake on comparatively extreme conditions, namely,
uvndernutrition and surfeit feeding. It is pertinent that

we should consider whether a continuous relationship exists
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Fig., 1. Variations in N balance produced by adding various
amounts of fat to the diet of a human subject. The data

are plotted from an experiment by Rubner ?1903). The line
represents the regression Y= =11.98 + 0.00405 X where X is
the energy intake in kg. cal. and Y is the N balance in gm.
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Fig. 2. Variations in N balance/by adding carbohydrate
to the diet of a human subjJect. The data are plotted
from an experiment by Neumann(1919). The line represents
the regression Y= -7.54 + 0.00215 X, where X is the energy
intake in kg. cal. and Y is the N balance in gn.
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between energy intake and N balance ranging from a large
deficiency to a large excess of energy. In other words,
whether the W balance is in a state of dynamic equilibriun
with energy intake. In order to test this, Iunro and
Naismith (1Y53) studied rats at different levels of energy
intake varying from insufficient to surfeit while the protein
level was kept constant and adequate. These experiments
showed conclusively that a continuous relationship exists
be tween energy intake and N balance on bofh sides of N
equilibrium. These findings are in agreement with data
obtained by Rubner (1879, 1903) and Neumann (1919). In these
experiments carbohydrate (lleumann) or fat (Rubner) was added
to a basal diet which was inadequate to preserve I balance in
humans « Analysis of their data reveals that increasing
amounts of carbohydrate and fat led to a progressive improve-
ment of N balance from negative through equilibrium to
positive (Iigs. 1 and 2). Iurthermore, the relationship of
N balance to energy intake was approximately linear., Rosenthal
and Anderson (1951) have described some experiments on dogs in
which successive reductions in energy intake caused a decline
in N balance from positive at high energy levels to negative
at low energy intakes. But quite large éhanges in energy
intake had little effect on N balance when the animals were
in or near N equilibrium. It is difficult to understand why
the dog should differ from rat and man in fhis respecte.

Studies on the effect of the energy intake of rats
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receiving a protein-free diet have also been made (Willmen,
Brush, Clark and Swanson, 1947; Swanson and Clark, 1950).
In this instance a somewhat different picture emergess; when
the amount of such a diet is reduced by more than half the
amount eaten voluntarily by the rat,N output rises, but
changes in intake of a less drastic nature seem to be without
effect (litchell, 1923; Treichler and bitchell, 19413 Vars
and Gurd, 1947). bLiunro and Naismith (1953) have reached
essentially the same conclusions by changing the energy
intake on a protein-free diet from about 9006-1700 Cals/m2
body surface area/day, which was the range of energy intake
used in the experiments in which the protein intake was
adequate. When carbohydrate was used as an energy source,
N balance benefited up to about 1200 Cals/mz, but not by
further additions. Vhen fat was used as the variable energy
source, no change in I balance was observed. The difference
in action of carbohydrate and fat can be explained in terms
of the special protein-sparing action of carbohygﬁg%ge %%g%%
is not relevant to the present discussion. The conclusion
to be drawn from these experiments of Munro and Naismith (1953)
is that, on a protein-free diet, carbohydrate and fat fail to
produce the beneficial effect observed with a protein-
containing diet. It would therefore appear that, once a
certain energy intake had been reached on a protein-free diet,
further increments of energy have no effect on N balance.

That is to say, lack of an adequate protein supply had
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prevented N balance from responding to the changes in energy
intake. Contrary to the findings with rats, various
experiments using dogs and human subjects have been described
which seem to show that addition of energy on a protein-free
diet exerted a protein-sparing action. Johnson, Deuel,
lorehouse and llehl (1947} found that raising a human subject's
intake from 1200 Cale- 2000 Caly/day reduced his N output.
Kreuss(1926) found that an energy intake of from 170 - 300
per cent above basal requirements produced a degree of W
retention in humans. Lxperiments with dogs point to the same
conclusion. Murlin (1907) and Wimmer (1912) each studied the
effect of giving increasing doses of carbohydrate to dogs
after a period of starvation. The N output of the dogs Tell
as the carbohydrate content of the diet was increased.
Wimmer found that the N output was still falling when dogs
were receiving carbohydrate equivalent to 160 per cent of the
basal requirement. Allison and Anderson (1945) found an
increased N retention when the caloric intake of dogs was
raised from 80 - 100 Cals/Kgebody weight, by adding carbohydrate
to the diet. Osterberg and Wolff (1907)observed a similar
effect over a caloric range of 80 - 160 Cal./Kg. It is
perhaps unfortunate that there are no investigations recorded
where fat, as an energy source, supplemented the protein-free
diete. As carbohydrate displays a protein-sparing action
which is not shared by fat (see review by hiunro, 1951), these

experiments in which carbohydrate alone has been used as the
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energy source would be more convincing if fat had been

studied under similar experimental conditions.

(d)e Effect of dietary energy level on protein utilisatione.

From the preceding section it might be assumed that, since I
balance is sensitive to changes in dietary energy intake, then
utilisation of the protein eaten would be less efficient at
low levels of energy intake. This proposition can be tested
by adding the same amount of protein to diets providing low
and high energy levels and comparing the response in N balance.
Allison, Anderson and Seeley (1946) have reported experiments
on dogs in which protein was added at different levels of
energy intake. Their results show a constant response to
changes in protein level at various energy intakes until the
energy intake fell to 25 per cent of requirement when the dogs
failed to respond to the added protein, showing that energy
intake had become the factor limiting the full utilisation

of dietary protein. Above this point, it is remarkable that
energy intake did not affect the response to an increment in
dietary protein kvel. Some experiments by Campbell and
Kosterlitz (1948) on the protein content of rat liver, which
we shall consider in more detail later, add strength to this

conclusion.
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The Interrelationships of Energsy Intake and Protein
Intake in their Effect od N Balance.

The preceding sections suggest the general outlines
of the relationship between energy intake and protein
metabolism, which reveals both independence and inter-
dependence of dietary protein and energy level. "“Under
normal nutritional circumstances N balance is improved by
either an increase in energy intake or in protein intake.
However, the beneficial effect of a rise in energy intake can
be prevented by an inadequate protein intake and conversely
an increased protein intake may not be fully effective because
of insufficient energy in the diet" (Munro, 1951). Fig. 3
is an attempt to represent these interrelationships between
protein and energy intake diagrammatically, in the form of
lines relating N balance to energy intake. The upper line
represents the picture obtained with diets adequate in
protein content, the lower line depicts the situation with
diets deficient in protein. Between energy intakes A and B,
the two lines are parallel; +this means that, at both levels
of protein intake, a given increment in energy intake elicits
the same change in N balance. It also follows that a given
change in protein intake (i.e., éhanging from the low-protein
diet to the adequate diet) improves N balance to the same
extent at all levels of energy between A and B. Outside the
parallelogram bounded by A and B, the effects of energy intake

and protein intake on N balance are no longer independent of
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one another. At caloric intakes less than A there is a
diminished response to raising the protein intake because

of the inadequate energy supplye. For this reason the lines
converge below A, Conversely, increments in caloric intake
beyond B fail to cause an improvement in N balance on the
diet low in protein, because the inadequate protein supply is
now the limiting factor. The lines relating N balance to
energy intake therefore diverge beyond B.

The picture described in the preceding paragraph was
deduced from a consideration of different types of experiment
on different species and it is therefore gratifying to note
that Calloway and Spector (1954) have recently come to a
similar conclusion from an analysis of recently published N
balance data on human subjects receiving various diets. They
state: "“To the general principles set forth - that on a
fixed and adequate caloric intake, protein level is the
determinant - may be added a corollary. That is, at each
fixed inadequate protein intake there is an individual limiting
energy level beyond which increasing calories without protein
or protein without calories is without benefit".

Any explanation of the interaction of énergy intake
on protein metabolism must obviously provide a reason why
the effects of dietary energy and protein levels on N balance

are sometimes independent and sometimes interdependent.
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The Nature of the Relationship between Energy

Intake and Protein Metabolisme.

Whilst a complex process like protein metabolism may
well be influenced by the available energy in the diet in
many ways, it is still worth while to see what factual
information there is, and from which, conclusions about its
mechanism can be drawn. The current position can be
summarised under three headings: (a)Does an increment in
gnergy intake lead to a rise in cellular metabolism? (D)
How transitory are the effects of a given level of energy
intake on protein metabolism? (c) Does protein metabolism

in all tissues respond equally to a change in energy level?

(a) e Effect of changes in energy intake on basal metabolism.

The underlying mechanism of the relationship between energy
intake and protein metabolism could conceivably be due to
changes in cellular metabolism, which would be reflected in
the basal metabolic rate. This possibility has been examined
by Munro (1950), who studied the basal metabolism of a human
subject receiving extra energy on an adequate diet and found
no eonsistent elevation of basal metabolism during the period
of surfeit feedinge. This finds support in other data
recorded in the 1iterafure and it is apparent that, to produce
N retention in man by overfeeding, no appreciable increase in
energy production need occur. In fact, by raising the energy

requirement with exercise, N retention can be prevented
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(Cuthbertson, Mc@irr and Munro, 1937). It would appear

from these latter data that energy exerts its influence on
protein metabolism not by increasing the rate of cellular
metabolism but by providing energy-yielding metabolites in

excess of requirementse

(b). Effect of varying the time of feeding the additional

energy sourcee. Another question germane to this problem is
whether the energy supplement must be eaten along with the
protein of the diet to show a protein-sparing action or if
such an effect exists when the two fractions are eaten
separately. DILarson and Chaikoff (1937) performed experiments
in which dogs received a supplement of carbohydrate for one
day only and found a decreased N excretion only when the
carbohydrate was eaten within a few hours of the protein
containing meal. In a similar experiment Munro and
Wikramanayake (1954) confirmed this observation but found that
carbohydrate ingestion 12 hours apart from the protein meal
eventually led to a N retention. Lathe and Peters (1949)
added sucrose to a basal diet for rats some hours after the
protein meal and failed to find any difference in N retention
between the controls and carbohydrate-fed animals. This is
probably due to the fact that the rats had been allowed only
2 days acclimatisation on the basal diet. On the other hand,
Munro and Wikramanayake (1954) were not able to observe any

differences in N retention in rats in which the energy in the



Table 1.

The effect on M balance when carbohydrate (glucose) is
superimposed on a diet adequate for rats, either along
with or 12 hr. apart from the dletary protein.

(Prom Yunro and %ikramanayake, 1954).

Treatment during Meanrﬁaily Nitrogen
Period 2. Ealances
Period 1 Period 2
NEe Mg
Lxtra glucose with
protein -0e3 +36.4
. Lxtra glucose apart
fron protein =0¢8 +31.8
Control group +3.9 ~15.3

uring period 1, all the animals received the
unsupplemented basal diet; during period 2,extra
carbohydrate was given to all except the control

group.
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form of carbohydrate or fat was fed either together with
or 12 hours apart from the dietary protein. These results
are shown in Table 1.

In a study of human subjects Munro and Wikramanayake
(1954) found a protein-sparing action when extra carbohydrate
or fat was fed 5% hours after the last meal. It would thus
appear that the energy supplement need not be given along
with protein to induce N retention. Consequently, the effect
of energy level cannot be a transitory one, limited to a
short period after each meal, but must be prolonged for at

least 12 hours, and very probably much longer.

(c)e Effect of level of energy intake on the protein content

of different tissues. Another point which must be determined

is whether the tissues of the body respond to changes in
energy intake to an equal extente. This problem has been
studied by Munro and Naismith (1953) with rats on an adequate
protein intake. It was observed that the total amount of
liver protein varied linearly with energy intake. Deposition
of N in the liver was compared with the changes in other
viscera and in the carcass. Although the carcass was found
to represent the largest reservoir, because of the small size
of the liver relative to the carcass, the effect on liver
composition was considerable, namely a 23 per cent increase
in liver N per 1000 Cals. added to the diet compared with a

, of the
3 per cent increase in N content of the carcass and/ other
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Table 2.

Regression equations for the lines shown in Fig. 4.

(From Campbell and Kosterlitz, 1948).

Food intake Regression equation

307 gm. Y = 79,5 + 267.5 X
5¢6 gme Y =170.5 + 267.5 X
Y

7.0 gm. =233.3 + 267.5 X
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viscera. This greater sensitivity of the liver to changes
in energy supply is comparable to its sensitivity to variations
in protein intake as demonstrated by Addis, Poo and Loe (19%6),
who studied the effect in rats of feeding a high protein
intake after a period on a protein-free diet. After
five days on the protein diet the liver protein content had
‘increased by 53 per cent while the carcass had gained only 4
per cenyge.

The effect of energy intake on liver non-glycogen
non-lipid solids (N.N.S.), i.e. essentially protein, was
studied by Campbell and Kosterlitz (1948). Their findings
are set out in Fig. 4 while Table 2 shows the regression
coefficients of the various lines plotted. Since these
regression lines are parallel to one another, it follows that

equal increments in protein intake result in equal changes in
liver protein content. For example, raising the protein
content from 100-1000 mg. casein/100 g. body weight results
in an increase in N.N.S. of 260 mg. at 3.7 g. food intake;
260 mg. at 5.6 g9, and 250 mg. at 7 g. food intake.

These data replicate the changes we have already
noted for the relationship between energy intake and N bvalance
in the whole animal (Fig. 3), namely an area (4-B) in which
protein and energy increments in the diets produce changes
in the body which are independent of one another, Studies

on the protein metabolism of liver are, therefore, likely to



le.

be representative of the response of the whole animsl to

energy level.

The Scope of the Present Thesis.

It is obvious from the preceding section that,
whatever the nature of the mechanism involved, energy level
causes N retention by protein deposition. The large changes
in liver protein content produced by varying the energy level
make it a suitable organ on which to examine further the
mechanism of energy intake on protein metabolism.

Thus the first Section deals with the simple question
of whether tissues excised from an animal receiving a high
energy intake incorporates amino acids more efficiently than
those on a low energy intake. The evidence from these data
being positive, this dis followed by further in vitro
experiments using 14C—glycine which reveal that energy level
is more effective in promoting uptake when the previous diet
contains protein.

However, this type of approach fails to distinguish
between differences in the rate of penetration of the
isotope into the cell and differences in the rate of protein
synthesis. We therefore turned our attention to whole
animal studies with 14C-glycine (Section 3). These
investigations supported the idea that energy level in the

diet affects protein utilisation during the post-absorptive

phase, i.e. reutilisation of amino acids circulating in the
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blood between meals, rather than the amino acids which
flood the tissues after a meal containing protein.

In view of this conclusion, it became imperative to
establish the behaviour of energy donors in the tissues
under these various nutritional conditions. This was
therefore carried out in Section 4.

As supplementary evidence, we were persuaded that an
alternative and non-isotopic approach would be valuable
confirmation of the picture. Accordingly, the formation of
p-amino hippuric acid, which involves synthesis of a peptide
bond, was studied on liver slices excised from animals
receiving different energy and different protein levels(Section5)

Finally, the whole picture of utilisation of dietary
protein as it is affected by other nutrients is conmsidered

in a gemeral discussion.



SECTION T.

THE INFLUENCE OF PREVIOUS ENERGY
INTAKE ON THE IN VITRO UPTAKE OF J°S- METHIONINE

BY PROTEINS OF LIVER AND MUSCIE.




18.

INTRADUCTION.

The Use of Isotopes in Studying Protein Metabolism.

Until the late 1930's the generally accepted concept
of protein metabolism was that expounded by Folin (Folin,
1905; PFolin and Denis, 1912), This postulated a distinct
dichotomy into endogenous metabolism representing a constant
tissue breakdown and repair and a variable exogenous metabolism
dependent on the protein intake of the organism. But with the
advent of isotopes, studies of protein synthesis, which had
been difficult to accomplish, mainly because of the comparative
slowness of such a synthesis relative to chemical reactions,
could be the more easily performede. The earliest work in
this field was done by Schoenheimer (1942) who, after feeding
isotdpically—labelled amino acids to animals, analysed their
tissues for isotope content. The picture he obtained by
feeding labelled leucine, expressed relatively, was serum 100,
intestinal mucosa 89, kidney 82, spleen 45, liver 56, heart
53, testes 46, muscles 18, haemoglobin 17 and skin 1ll. It
was therefore apparent that the tissue proteins were not inert
structural units but were in a continuous dynamic state:
amino acids entering and leaving the protein with great
rapidity. These findings overthrew Folin's concepts and
Schoenheimer's conclusions gained stfength from other iso-
topic experiments performed in vivoe. But such experiments

were unlikely to establish the actual modus operandi of such
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reactions and so attention was directed to an in vitro
approache This approach, which has been used in this and
in a later section, has some advantages to offer over in
vivo studies, since it allows of a greater control of
experimental variables and various tissues have been
investigated in such studies. However, before we can whole-
heartedly endorse the findings of such an approach, two
questions must be answered: (a) Is the labelled amino acid
incorporated into the protein by peptide bonds? and (Db)

To what extent do tissue slice conditions reproduce those

of the intact animal?

(a)e Evidence of peptide bond formation. A major assumption

underlying all the work with labelled amino acids is that the
uptakes measured actually represent the incorporation of the
amino acids into the proteins by peptide bond formation. We
must preclude any incorporation which is due to adsorption of
the labelled amino acid on the protein or which may be bound
t0 the protein by disulphide or any other linkage which is
not a true peptide bond. Studies in which 35S—cystin.e was
used have shown that a false estimate of uptake can be given
by such S-S linkages (Melchior and Tarver, 1947a). Thus when
35s-methionine is used as a tracer it is imperative that all
the cystine must be removed from the protein hydrolysate before

estimating the incorporation of the methionine. But if such
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a precaution is taken then it appears that the amino acid

uptake is due to peptide bond formation for the following

reasonss: -

l.

26

3

4.

S5e

0.

Te

The uptake decreases as the slices age (Simpson and
Tarver, 1950).

There is little or no uptake by boiled slices (Winnick,
Friedberg and Greenberg, 1947).

Anaerobiosis and inhibitors of oxidation and
phosphorylation depress uptake (Winnick et al., 1947;
Frantz, Loftfield and Miller, 1947; Frantz, Zamecnik,
Reese and Stephenson, 1948; Borsook, Deasy, Haagen-
Smit, Keighley and Lowy, 1950).

Prolonged washing, reprecipitation or protracted dialysis
procedures fail to remove the labelled amino acids
(Simpson and Tarver, 1950).

Proteins labelled with carboxyl-labelled alanine do not
lose the label when treated with ninhydrin, which reacts
with any free amino acids (Winnick, Peterson and
Greenberg, 1949).

The uptake is more rapid in foetal (Friedberg, Schulman
and Greenberg, 1948) and regenerating tissue (Greenberg,
Priedberg, Schulman and Winnick, 1948).

Proteins labelled with carboxyl-labelled glycine,
histidine, leucine or lysine do not lose the label when
subjected to dialysis or performic acid oxidation. Nor

is 14002 released from the protein by ninhydrin treatment.
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After hydrolysis, all the radioactivity of the protein

can be accounted for in the form of the original

labelling agent (Borsook, Deasy, Haagen-Smit, Keighley

and Lowy, 1952). |

The body of evidence is therefore in favour of the

amino acid being incorporated by peptide bonds; +there is no
evidence against it. This conclusion has been strengthened
by the isolation of a hexapeptide containing radioactive
aspartic acid from egg albumin after incubating oviduct mince

with 14C0, (Anfinsen and Steinberg, 1951).

(b)e Is synthesis of protein in tissue slices physiological?

Although tissue slices can incorporate labelled amino acids,
is it permissible to assume that incorporation follows the
same channels as in the intact animal? If so, the rate of
uptake of an isotope in vitro should be comparable to that
obtaining in vivo and at the same time the conditions should
be physiologically appropriate. In reviewing the subject,
Borsook (1950) showed that the rate of uptake into intact
cells in vitro (expressed as @ equivalents amino acid
incorporated per gm. protein) was of the same order of
magnitude as occurred with in vivo experiments. In addition,
he demonstrated that such an incorporation was a logarithmic
function of the initial concentration of labelled amino acid
up to a certain optimal concentration, although concentrations

above 0,001M - 0,003M were inhibitorye. It is also true to

state that tissues in vitro will incorporate amino acids at



22,
concentrations similar to those in the blood and the
dependence of the rate of uptake is greatest in the
physiological range (Borsook, 1950).

An apparent discrepancy between in vitro and in vivo
studies arises when we consider the effect of adding amino
acids to the incubation medium. Borsook, Deasy, Haagen-Smit,
Keighley and Lowy (1949 and 1950) have shown that, when
labelled glycine, leucine and lysine are incubated with rat
diaphragm, the addition of a mixture of amino acids
approximating in composition to that of casein or haemoglobin

(with omission of the amino acid being used as a label)
did not affect the uptake of labelled amino acide. This is in
accord with the findings of Zamecnik and Stephenson (1950),
who found no increase in uptake when an enzymatic hydrolysate
of protein was added to the incubation medium. Thus in all
these studies provision of an abundant supply of amino acids
did not apparently promote protein synthesis by the tissue
slices.

A somewhat different picture emerges from the results
of feeding experiments (Geiger, 1947 and 1948; Schaeffer
and Geiger, 1947; Cannon, Steffee, Frazier, Rawley and
Stepto, 1947; Yeshoda and Damodarian, 1947) namely, that an
essential amino acid is ineffective for growth, or for recovery
from protein depletion, or for maintenance unless it is fed

or injected within a few hours of the other.indispensable amino
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acids. Similarly, Hokin (1951) found that amylase synthesis
by pigeon pancreas slices only occurred when the incubation
medium was fortified with a mixture of all the essential
amino acids. Likewise, Miller, Bly, Watson and Bale (1950)
perfused a rat liver with 1404DL—1ysine and found that when
a balanced mixture of amino acids was added to the perfusion
fluid incorporation into liver and plasma proteins was much
increased. In contrast, Jensen and Tarver (1955) failed %o
observe this stimulation on adding amino acids to the
perfusate, and have also pointed out that Miller's data is
capable of more than one interpretation. That is to say,
the increased incorporation observed by Miller et al. merely
represents a change in the specific activity of the 14g-
lysire by dilution of the amino acid pool.

It would therefore appear from these findings that
protein synthesis in vivo requires a balanced mixture of amino
acids and yet the in vitro findings suggest that amino acid
supplements have no stimulatory effect on the uptake of
labelled amino acids. How then can we reconcile these two
approaches? One possible explanation is that there-sre already
sufficient free amino acids in the tissue slices to support
protein synthesis (Rutman et ale,1955). Assuming that the
synthesised pretein contains 2 per cent histidine, 7 per cent
leucine and 7 per cent lysine (Block and Bolling, 1951}, then
0.005 and 0.018 mge. respectively of these amino acids would be

required to support the normal synthetic rate of the fed
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animal's liver (12.1 mg./day/gm. of liver.) If 500 mgms.
of livér are used in the-incﬁbation procedure, the amounts
of free histidine, leucine and lysine present are of the
order of 0.04, 0.05 and 0.05 mg. respectively (Solomon,
Johnson, Sheffner and Bergeim, 19513 Wiss, 1949; Schurr,
Thompson, Henderson and Elvehjem, 1950). Thus, normally,
liver slices contain sufficient amino acids, both free and
derived from the breakdown of protein during incubation,to
maintain a rate of synthesis greater than that observed.
Further addition of amino acids to the medium would therefore
have no effect, It seems reasonable to assume, therefore,
that in vitro studies do in fact yield the same conclusions

as those found in intact animals.

In Vitro Studies of Protein Metabolism Using 3°S.

Early work in this field was performed by Melchior
and Tarver (1947a) who incubated liver slices in Krebs
saline with glucose as an energy source in the presence of
3SS-cystine. Considerable radiocactivity was found in the
tissue protein but on treatment with a reduci ng agent, thio-
glycollic acid, the greater part of the radioactivity was
removed. This suggests that the isotopic cystine was
attached to the protein by S-S linkages rather than by peptide
bonds. Cystine, therefore, seems to be of little value as a
labelling agent in studies of protein synthesise. Shortly

thereafter, Melchior and Tarver (1947b) were able to synthesise



25

358-methionine and incubated it with liver slices under
gimilar conditions to the above. On hydrolysis of the

liver protein and removal of cystine, the methionine sulphur
was converted to sulphate, which was found to be radiocactive.
Further studies by Melchior and Tarver (1950) showed that the
uptake of J9S-methionine into rat liver slices was (a)
dependent on the concentration of methionine in theAmedium,
(b) varied linearly with time and (c) was inhibited by
respiratory poisons and anaerobiosis. More recently, a study
of the effect of the previous nutritional state on the
incorporation of 35g-methionine into rat liver slices has
been made (Rutman, Rutman and Tarver, 1955). The incorporat-
ion ot the isotope was influenced by the protein content of
the diet; as this was raised, so was the incorporation
raised. The effect of fasting after feeding a high protein
diet, on the other hand, is to reduce the incorporation,
while in contrast the effect of fasting after a previous
consumption of a low protein or protein-~-free diet is to

stimulate the rate of incorporation.

Scope of the Present Experiments.

In the foregoing summary of the literature, there
is no evidence, either from 358 studies or 14¢ studies,
regarding the influence of dietary energy level as such an
incorporation rate in tissue slices. A few studies have

been made on the effect of fasting. Thus Krahl (1953}, using
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14C—glycine, obtained a difference in incorporation into
rat diaphragm slices between the fasted and fed rat, the
uptake being invariably less in the former case. Similarly,
as described earlier, Rutman et al.(1955) found such a
distinction between fasted and fed animals in the uptake of
35g-methionine in rat liver slices.

These studies involve complete removal of all nutrients
and it is therefore an assumption to conclude that the caloric
factor is the dominant one responsible for these changes in
the incorporation rate. 1Indeed, the data of Rutman et al.
indicate differences in the response of rats fasted after
high and low protein intakes.

Our own objective has been to study the uptake of
355-methionine by pieces of liver and muscle excised from
animals which had been in receipt of different energy levels
in their diets and were fasting some 12-20 hours at the time
of sacrifice. The reason for choosing these conditions was
that earlier studies in this laboratory had demonstrated
better nitrogen balance when the energy intake of an animal
was raised, even if fhe added source of energy were given 12
hours apart from the dietary protein. Thus the question posed
was whether the tissues, some 12 or more hours after food,
are still exhibiting differences in utilisation of amino acids

in relation to the energy content of the preceding diet.



Table 3.

Vitamin Mixture.

Pyridoxine Hydrochloride
Rivoflavin

Thiamine Hydrochloride
Nicotinic‘Acid
Menaphthene

Biotin

Calcium Pantothenate
p-Aminobenzoic Acid
Inositol

Choline Chloride

Folic Acid

25mg.
25mge.
25mg.
100mg.
Smg.
Smg.
200mg.
500mg.

10g,

Trace

Potato Starch to 500g.



Table 4.

Salt Mixture “446%.

Sodium Chloride 243.2 g.
Potassium Citrate 533.0 g.
Di-potassium Phosphate 174.0 g.
Di-calcium Phosphate.H2 800.0 g.
Calcium Carbonate ) 368.0 g.
Ferric Citrate. 3H,0 360.0 g.
Copper Sulphate. 5H20 0.4 g.
Potassium Aluminium Sulphate. 24H20 0.2 g
lMagnesium Carbonate 92.0 g.
Manganese Sulphate 2.8 go
Potassium Iodide 0.1 g.
Zinc Carbonase 0.1 g.
Covalt Chloride. 6H,O 0.2 go

Sodium Fluoride 0.002 g.



Table 5 .

The Vitamin-mineral-roughage Mixture ( V.M.R.).

Sodium Chloride 525 ge
"446" Salt Mixture 130.0 g.
Vitamin Mixture 250.0 ge.
Agar Powder 62.5 g
ligrgarine TT7e5 8o

1 g. a=tocopherol acetate was mixed with 14 ml.
radiostoleun (B.D.H.).

0.8 ml. of this was mixed with above mixture.




TABIE 6.

Details of Dietary Regimese

AJM,

2 Se VeMeRe
Protein + carbo-
hydrate + fat
mixture y&elding
800 Cal/m

P.M,

Olive 0il or glucose
fed by stomach tube o
yielding 1000 Cal./m
to high energy groups
only.

Protein + carbohydrate + fat mixture.

Casein
Glucose
Starch
Fat

2.8 g./rat/day
1.0 g./rat/day

1.0 g./rat/day
0.5 gq/rat/day
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EXPURTMENTAL o

Rats. Male white rats (weighing 250~300 gm.} were used
in these experiments. They were starved overnight and
weighed before being fed the experimental diet for four days.

Changes in weight after this period were noted.

Diets. The rats received 6.5 gm. of a protein-carbohydrate-
fat mixture in the morning (10 a.m.) along with 2 gm.
vitamin-mineral-roughage (V.M.R.} mixture (see Tables 3, 4,

5 and 6) and where desired the energy intake was increased

by feeding varying amounts of olive o0il or glucose by stomach

tube in the evening at 9 pe.m.

Incubation procedures. The animals were killed by a blow

on the head and the diaphragms and livers removed. The
diaphragm was washed in sterile medium and the two lateral
segments dissected out while suspended in the medium, then
transferred to stoppered incubation flasks. Pieces of the
liver were sliced in a McIlwain chopper (McIlwain and Buddle,
1953) and approximately 500 mgm. of liver slices were
transferred to stoppered fla sks containing 4 ml. of the
sterile incubation medium and 2 pce. of 355-methionine. The
composition of the medium was that described by Sinex,
McMullen and Hastings (1952) and consisted of Na* 140, X* 5,
cat* 10, Mg™ 5, HPO,™ 2, C1” 133, HCO3 25, expressed as



Fige 5.

Treatment of Homogenates after Incubation with 35g-Methionine.

Homog?nate

{
|

i centrifuge

Proteiﬁ precipitate supefnatant
| discard

lwash thrice with 15 ml. 10% (w/v) TCA

land centrifuge

sdpernatant protein
discard
heat on a water bath at 90°C
for 15 mins. with 15 ml. 10%

TCA and centrifuge.

sﬂpernatant ; proékin precipitate

discard !
' dissolved in 5 ml. Q0.4 N
 NaOH and then 5 ml. 30%
| TCA added and allowed to
%stand for 1 hr. before
ibeing centrifuged. This
step is repeated once.

sﬁbernatant protein prebipitate

discard

(which is then treated with fat
solvents).
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milli-equivalents. The flasks were gassed with 95 per cent
Oo2 - 5 per cent COo before being incubated at 37°C for one
hour or longer. In order to demonstrate that the labelled
methionine was incorporated into the tissue protein and not
merely absorbed on to its surface, a zero time control was
carried out in every experiment. This consists of killing
the tissue before exposing it to the isotope; 0.1 M
sulphuric acid was used to kill the diaphragm while 1.5 ml.
of 30 per cent (w/v) trichloracetic acid (TCA) was used for

liver slices (Simpson and Tarver, 1950).

Isolation of protein from diaphragm and liver. At the end

of the incubation, the diaphragms were removed and killed by
immersing in O.1 M HpSO4, rinsed with distilled water and
homogenised in a Folley blendor with 15 ml. O.4 N NaOH until
homogeneous. 20 ml, distilled water was added and 7 ml.

30 per cent TCA. The diaphragm was then homogenised for a
further five minutes, and the homogenate transferred to a

50 mle. centrifuge tube.

To stop the reaction in the flasks containing liver
slices, 1.5 ml. 30 per cent (w/v) TCA was added. Then the
contents of the flasks were hoﬁogenised in a Folley blendor
with 15 ml. 10 per cent (W/v) TCA for ten minutes. The
homogenates were then trénéferfed to centrifuge tubes.

The subsequent treatment of the homogenates is

described in Fige. 5. The salient features are (a) repeated
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washing with 10 per cent (w/v) TCA to remove traces of
35s-methionine adsorbed on to the protein precipitate;

(b) heating on a water bath for 15 minutes at 90°C with

10 per cent (w/v) TCA in order to hydrolyse nucleoproteins,
(Schneider, 1945); (c) dissolving the protein in NaOH and
precipitating it with 30 per cent (w/v) TCA. Melchior and
Halikis (1952) have advocated this technique for removing
traces of adsorbed methionine from the protein. The protein
was then washed with 15 ml. portions of fat solvents in the
following order:- 95 per cent (v/v) ethanol (twice);
ethanol-chloroform (3:1); ethanol-ether (3:1); absolute

alcohol and dried overnight from ether.

Note on the choice of homogenisere In our earliest

experiments, following the recommendation of Sinex, lMcMullen
and Hastings (1952), the tissues were homogenised in a
Potter-Elvehjem (1Y36) glass homogeniser. It was noticed
that insoluble material remained at the bottom of the tube
even at the end of a 24-hour hydrolysis period of the
purified protein in 6 N HCl. When the diaphragm, homogenised
in 0.4 N NaOH with the Potter-Elvehjem homogeniser as
described by Sinex et al. (1952), was fat-extracted and dried,
the average nitrogen content of the protein by the method of
Ma and Zuazaga (1942) was found to be 3.51 per cent instead
of the expected 16 per cent. If the diaphragm homogenate was

centrifuged +to remove the insoluble fraction and the protein
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subsequently isolated, fat-extracted and dried, the
percentage nitrogen content of the protein increased to
996 per cente. This is still too low and it would therefore
appear that there is a soluble contaminant as well as an
insoluble one. The most probable origin of these diluents
appeared to be the glass of the homogeniser. In order to
test this, a sample of casein was weighed out and homogenised
in a Potter-Elvehjem glass homogeniser, then the protein was
isolated, fat-extracted and dried. A control sample was
subjected to similar treatment without homogenising. Nitrogen
estimations showed that the percentage nitrogen content of the
homogenised and the untreated samples were 8.54 and 13,25
respectivelye. It was found that when a solution of 0.4 N
NaOH is "homogenised" in the Potter-Elvehjem homogeniser, the
solution’becomes cloudy and eventually a precipitate settles
oute It appears that the friction of the pestle against the
glass container rubs away partiéles of glass, some of which
dissolve in the NaOH and some remain insoluble. Since quite
prolonged homogenising is needed for diaphragm samples, the
glass homogeniser is especially pernicious for this purpose.
In view of this, some doubt is cast on data in the literature
obtained through the use of this procedure where whole
protein (so called) is assayed for radioactivity (Borsook et
ale, 1950).

The use of the Potter-Elvehjem homogeniser was

therefore discontinued and the possibility of using a Folley
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steel-bladed blendor was investigated. Rat diaphragms

were therefore homogenised in a blendor, the proteins
isolated, fat-extracted and dried. Nitrogen estimations
were then carried out on the protein samples and the average
nitrogen content was 13.6 per cent. This indicates that no
serious contamination results when a Eolley blendor is used;
therefore in all further experiments a Folley blendor was

used for homogenising tissues.

Isolation and estimations of 35S—methionine from proteine.

Tarver and his associates have invariably isolated methionine
from labelled proteins, because labelled cystine is largely
bound by S-S linkage and not as peptide. Their latest
procedure (1Y50) depernds on separating the cystine by the
copper procedure of Zittle and 0'Dell (1941), followed by
perchloric acid oxidation of methionine. Young, Edson and
McCarter (194Y) describe the use of nitric acid in the Carius
tubes for oxidation of S-compounds prior to 558 assaye.

In the following pages we give an account of the use
of the oxygen bomb for the conversion of methionine-S to
inorganic sulphate. This is a very efficient conversion,
having been used succéssfully for S-estimations of resistant
compounds tfor many years. Our own experience, detailed below,
supports the adequacy of oxidation in the case of methionine.

The dried proteins were weighed out and hydrolysed

with 6 N HCL for 8 hours in an atmosphere of nitrogen (to
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prevent the oxidation of cysteine-SH to cysteic acid). The
HC1l was removed by distillation in vacuo and the residue
taken up in 40 ml. distilled watere. In order to separate
cysteine and cystine from methionine in the hydrolysate the
method of Zittle and 0'Dell (1Y4l) was used, which consists
of adjusting the pH of the hydrolysate to 3.0 with solid
sodium acetate, heating on a water bath and adding eight
times the requisite amount of Cu,0. When adjusted to pH 4,
the copper mercaptide starts to flocculate and after standing
for 40 minutes the precipitate of cysteine mercaptide was
filtered off. The filtrate was then evaporated to dryness
and 1 gm. benzoic acid (analar) was added to the residue
which was powdered, formed into a pellet and burnt in an
oxygen bomb, 25 atmospheres pressure of oxygen being used for
each combustione. This procedure converts the 35S—methionine
into 35SO4. The bomb was washed out with distilled water
and the washings reduced to a small volume (2 ml.); 2 ml.
of absolute alcohol, 2 ml. benzidine HCl solution were then
added and the precipitate of benzidine sulphate allowed to
settle overnight in the refrigerator, as described by Young,
Edson and McCarter, (1949). The benzidine sulphate was
collected evenly on a filter paper using a micro-filter
(Fig. 6) and, after washing with 95 per cent (v/v) ethanol,
was allowed to dry in a dessicator for at least an hour.

The precipitate was then counted for radiocactivity

in an end window Geiger-M#Hller counter and transferred to a



TABLE Ta.e

Recovery Experiments with the Oxygen Bomb and Micro-filter.

(a) Micro-filtere

™
. Sample | Sulphate | Sulphate | Percentage
i sulphur sulphur
added found recovery
mge mge
1. 2405 2011 103
2e 2405 2,08 102
3 2.05 2410 102
4. 2.05 2.09 102
S5e 2,05 2.06 100
6e 2.05 2.09 102
Mean 2,05 2,09 102

In this experiment, aliquots of a magnesium
sulphate solution containing 2.05 mgm. S per ml. were
treated with benzidine-HC1l and the precipitate filtered

and the amount of S recovered estimated by titration.



TABLE Tb.

Recovery Experiments with the Oxygen Bomb and
Micro-filter.

(b) Oxyegen bomb + micro-filter.

[

Addition Methionine | Methionine Percentagé 1
added found recovery

B ‘mg. mge
None 1. 1643 14.8 91

w2, 16.3 14.0 86

"o 3. 1643 15.5 95

o4, 1643 16.0 98

v 5, 1643 16.1 99

" 6. 1643 15.6 96

"o 7. 1643 13.9 85

Mean 1643 15.0 93 |
Oe5mgeCup0 1643 12.1 T4 {
1.0mg.Cu20 16463 11.9 13 ;
1.5mg.Cu,0 1643 11.7 72 |

Mean 16.3 11.9 13 |

In this experiment a known weight of methionine was
combusted in the oxygen bomb, in some cases after treatment
with Cu20. The S formed, being precipitated with

benzidine-HC1l, filtered and estimated by titration.
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volumetric flask with water. The amount of sulphate was
now estimated by the method of Fiske (1921), which consists
of titrating the ©boiling solution with standard NaOH using

phenol red as indicator. The reaction is:-

, +eh —\. '
H3N-C>\®—NH3 2HSO™ 4 HQW@‘QNH2+HZSO4

The radicactivities were then expressed as counts per minute

per mge. sulphur, due correction being made for self-absorption
of the 358 p-particles. (Henriques, Kistiakowsky, Margnetti
and Schneider, 1946).

Recovery experiments with the oxygen bombe. The results of

recovery experiments using the oxygen bomb and micro-filter

are shown in Tables T7a and Tbe In order to test the efficiency
of the micro-filter, aliquots of a solution of magnesium
sulphate, containing 2.05 mgm. sulphur per ml., were pre-
cipitated with the benzidine-HCl reagent as described, filtered
using the micro-filter and the amount of sulphur estimated by
titration. The results (Table 7a) show that there is no loss
of benzidine sulphate when it is filtered with this type of
filter. Recovery experiments in which a known amount of
methionine was combusted in a bomb, and the resulting
benzidine sulphate titrated against standard alkali show that,
on. the average, 93 per cent of the total methionine present in
a sample is recovered (Table Pb). It is interesting that,

if the methionine solution is treated with varying amounts of



cuprous oxide under the experimental conditions described
earlier, before being combusted in the oxygen bomb, then +the
average recovery of méthionine (Table 7b) is reduced to 73

per cent, showing that some methionine is lost with the cysteine
and cystine. Also, when cystine was precipitated from a
synthetic mixture of cystine and 35"S—DL—methionine, the

cystine precipitate was found to contain 20-30 per cent of the
total radioactivity. Since only the specific activity (counts
per minute per mg. methionine S) was needed in our experiments,
losses of this order do not matter. The amount of radioactivity
(specific activity) in the recovered sulphate is the only
criterion.

Adequacy of the Separation of Cysteine and Cystine from

Methionine. The method of separating the sulphur amino acids

which has been most commonly used is that described by Zittle
and 0'Dell (1941) which consists essentially of precipitating
the cysteine as the copper mercaptide by adding the requisite
amount of Cus0 at pH 3, heating on a water bath and adjusting
the pH to 4 with solid sodium acetate when the cuprous
‘mercaptide predpitates.

In order to show that all the non-cystine sulphur
in a protein hydrolysate, after treatment with the copper
reagent, is methionine, Simpson and Tarver (1950) added
500 mg. methionine to the copper-treated hydrolysate and
found that the methionine in an aligquot of this solution had
a specific activity of 101. Then 5 mg. amounts of cystine,

homocystine, cystathionine, thiolhistidine and djenkolic acid



TABLE 8a.

Isotope Dilution Experiments showing the Efficacy

of the Copper Precipitation Method for

Separating Cystine from Methioninee.

3*

80,-S  Benzidine S04 | Count/min. |Activity
Sample recovered | mg./sq. cm. cpm./mg.S
mge .
Methionine 1 3e21 12.6 6,110 5,092
" 2 | 3,10 12,2 4,691 4,311
" 3 | 3431 13.0 6,368 4,899
Mean - - - 4,767
Methionine 4 2.84 11.2 549913 4,714
+
cystine 5 2.86 11.3 34651 4,295
(2 mg.S)
" 2,79 11.0 4,111 5,271
Mean - - -

4,760

# Corrected for self-absorption.

In this experiment, 2.01 mg. sodium sulphate

sulphur was added to each sample as carrier and therefore,

when calculating the activity of each sample, this amount

of carrier sulphate must be subtracted from the total

sulphate concentration.




TABTE 8b.

Isotope dilution experiment showing the efficacy of the

copper precipitation method for separating cystine

from methionine.

| Sample | 504-S Benzidige SO, Count/min% | Activity
| recovered | mg./cm cpm./mges
' mge f
Methionine 1. 3,15 12.24 54697 1,809
" 2 3.20 12.60 6,572 2,054 |
" 3 %605 12.03 6,196 2,031
-
Methionine 4 2632 9.19 4,552 1,962
+ (
cystine 5 1l.81 Te20 345705 2,047
(2 mge.S) 4§
" 6 [ 1051 6003 2,827 1,872
Mean E - - - 1,960

# Corrected for self-absorption.

This experiment is similar to that shown in Table 8a

but no carrier sulphate was added and hence the activity of

the sample is obtained simply by dividing the corrected

count by the total amount of sulphate.
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were added to the solution before isolating and crystallising
the methionine. After purification by repeated crystallisat-
ion, the specific activity of the methionine was found to be
89¢5¢ This small decrease in the specific activity can be
accounted for by traces of the carriers being retained by

the methionine.

The method of Zittle and 0'Dell (1941) has, however,
been criticised by Campbell and Work (personal communcation),
who doubt whether all the cysteine and cystine are
quantitatively removed by the copper precipitation method.
Therefore the efficacy of this method was tested by us by
two series of experiments, one using the isotope dilution
technique and the other involving a chromatographic amnalysis
of protein hydrolysates prepared from liver and muscle by
our experimental techniques.

The isotope dilution experiment consisted of taking
a solution of synthetic DI~ °S-methionine and dividing it
into two parts. On one part the activity in counts per
minute per mg. sulphur was determined. In the other, a
known amount of cystine (2 mg. cystine-S) was added to the
methionine solution and the cystine was subsequently pre-
cipitated by the copper method of Zittle and 0'Dell (1941);
the specific activity of the 358 in the methionine recovered
from this solution was also determined. The results are
shown in Tables 8a and 8be. It can be seen that the specific

activity of the methionine has not decreased after addition
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and removal of cystine, which indicates that the copper
precipitation method separates cystine completely from
methionine since no dilution of the methionine sulphur has
occurred.

The completeness of cystine and methionine separation
by the copper reagent was also tested by chromatographic
analysis. Liver and diaphragm slices obtained from rats
were incubated with radioactive 2°S-methionine for 4 hours
and the proteins subsequently extracted. These were
hydrolysed. In the first experiment the hydrolysates were
treated with Cuo0 to remove cystine and cysteine and the
filtrate treated with HpoS to remove copper ions. As
inorganic ions interfere with the chromatographic separation
of amino acids (Consden, Gordon and Martin, 1944), the amino
acids were precipitated as the mercury complexes (Campbell
and Work, 19522) and washed free of inorganic ions with 66
per cent (v/v) ethanol. The mercury complexes were then
decomposed with HoS and aerated to remove traces of HoS.
Bromine water was then added to the solution in order to
oxidise any cystine or cysteine present, td cysteic acid.
The filtrate was reduced to a small volume and applied to
Whatman No. 1 "chromatography" paper. A synthetic mixture
of cystine and DIL-29S-methionine was treated similarly and
acted as a control when applied to the paper. Suitable
markers were also applied and the paper was eluted with a

phenol:water (5:2 v/v) solvent for 18 hours in the presence
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of NHz. The paper was dried and then sprayed with
ninhydrin, and the position of the spots noted. Thepaper
was cut into strips and the strips were scanned along their
length using an end window counter and the counts per minute
graphed against distance from the origin (Fige 7). The

greatest radioactivity corresponds to the methionine spot !

some distance down the paper. Any cysteic acid present would
appear at the origin and there is in fact a small radioactive
peak at this point. It is therefore significant that, in

the case of the synthetic mixture of cystine and methionine,
the only radioactive substance present was methionine and it
would appear from the distribution of radioactivity on this
strip that a small portion of the radioactivity (methionine)
remains at the origin. Thus the slight radioactivity in the
cysteic acid position on the hydrolysate strip is not necessar-
ily indicative of cysteic acid unprecipitated.

A further experimenf was performed in which radio-
active protein hydrolysates were obtained as above and then
halved; one half was treated with CupO and the other acted
as a control. The samples were then treated as described
above and the counts per minute graphed against distance from
the origin. The result is shown in the graph (Fig. 8) and
indicates clearly that, in the case of liver at least, the
activity at the origin is markedly decreased by the copper
precipitation method and is probably no more than might be

expected from methionine retained at the origin. Unfortunately



the activities of the strip from the diaphragm hydrolysate
were too weakly radioactive to be accurately counted. Taking
these results with those obtained by the isotope dilution
method, it is clear that the copper precipitation method does
effectively remove the cysteine and cystine from methionine

under our experimental conditions.

Self-absorption of 35S;ﬁ-gparticles° If the activity of a

series of samples of varying weight but constant area is
measured there is a deviation from a linear relationship
between activity and weight of sample. This is caused by
self-absorptione. The linear relationship between observed
activity and sample'weight is possible only where the radiat--
lons are so penetrating that the upper layers of the sample
cannot appreciably absorb the radiations originating in the
lower stratae. The observed activity reaches a maximum when
the sample is so thick that radiations originating in the
lower layers of the sample are completely absorbed by the
intervening layerse. When counting an isotope whose
radiations are of such low energy that the ordinary sample
thicknesses represent an appreciable fraction of the mean
particle range, self-absorption losses introduce large errors
in activity measurements and correction must be made for them.
There are four procedures by which correction can be
made or the need for it eliminated (Calvin, 1949). First,
by counting the sample at "infinite thinness", where the

error due to self-absorptidn can be neglecteé when compared
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with other errors in the experiment. This is limited to
measuring samples with high specific aétivitieso The
second procedure involves reproducing accurately a standard
sample thickness. This is very difficult to apply. The
third procedure involves counting the samples at "infinite
thickness", This method, though of wide applicability, is
wasteful of sample material and cannot be applied if the
amount of material available is small. The fourth procedure
is to determine the relationship between observed activity
and sample thickness and this is the method we have employed.
The specific activity (counts per minute per mge. S)
of each sample is corrected to a standard thicknesse In

2 was chosen

this case, %.25 mgm. 0of benzidine sulphate per cm
so that comparison with the factors of Henriques et al. (1946)
would be possible. Dr. WeS.T. Thomson investigated the
correction factors for self-absorption under our experimental
condition and found them to be in agreement with those

published by Henriques et al. (1946).
RESULTS.

The experiments described in this Section were
carried out to find the effect of previous energy intake on
the uptake of 55S-DL-methionine into rat liver and diaphragm
slices. In all the experiments, the rats were divided into

two groups, one receiving a low energy intake, the other a

high intake. The rats were weighed before being fed the



TABLE Y.

The effect of previous calorie intake on the in vitro

incorporation of 35S—'DI»-m.ethionine into rat liver and

diaphragm slices, 12-14 hours after the last meale.

Calorie intake Incorporation of 353-p1~
Cal./m2/day methionine
Liver Diaphragm
CePelle/MZeS |Cepels/mgeS
973 - 325
Expt.l 1230t - 391
1564* - 617
925 154 -
Expt.2 1270% 333 -
1680t 268 -
825 4341 485
mred | i | >
1490% 4446 517
962 171 513
Expt.4 1009* 1091 486
1708 2058 469
1612% 2129 664
1y29* 1673 711
1868% 1834 241

# Fed extra energy as glucose.

+ Fed extra energy as olive oil.
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experimental diet of known caloric value and their surface
areascalculated by the method of Lee (1929). The energy
intake was adjusted so that the rats in the low energy group
received about 800 Cals./m?/day while those in the high energy
group received about 1800 Cals./mz/day. The details of the
morning and evening meals are given in Table 3, and it will

be noted that the protein of the diet was all consumed in the
morning meal, whereas the variable energy source was iﬁ the
eveninge. In the experiments in which the animals were killed
12-14 hours after the last meal, the evening meal was not
given till 10 pems Where the interval between the last meal
and sacrifice was 18-20 hours, the evening meal was administer-

ed at 4 p.m. on the preceding day.

In vitro incorporation of 35S—DL—methionine into rat liver and

diaphragm slices 12-14 hours'after the last meal. The

incorporation of 358-DL-methionine into liver and diaphragm
slices for four ditfferent experiments is shown in Table 9.

It can be seen from this table that the incorporation,
éxpresééd as counts per minute per mg. S, is extremely
variable, ee.g. in Experiment 3, the incorporation into liver
proteins at levels of 825 Cal./m2/day and 1490 Cal./m?/day

are essentially the same; soO aiso~are the values obtained at
levels of 877 Cal./m?/day and 1570 Cal./m2/day. These
probably an be explained by the variablé response of individual

animals. Hence any effect of energy level in the uptake of



The data of Table 9 adjusted to the same order of

TABLE 10.

9.

magnitude as the values found in Experiment 3 (see Table

Energy | Calorie Uptake of 35S-me‘thionine
source intake2
Cale/m Liver Diaphragnm
CeDeMa./MmgeS CeDelle/MgeS
825 4341 558
877 6229 384
962 2688 513
Glucose 1009 3804 486
1490 4446 595
1570 6078 -
1708 T176 469
1612 T424 664
925 3846 -
1009 4287 535
962 3029 564
Pat 1680 6695 -
1929 6575 782
1868 72060 265
973 | - 367
1564 i - 697
-

Method of computation:-—
The average incorporation in Expt. 3 {Table 9) is 52T4@ iver)
The mean incorporation in the case of the glucose-fed animals :

and low energy animals in Expt. 4 (Table 9
mean ratio in this case is 5274 _ 3.48.

is 15120
To adjust values

in Table Y to the same order of magniture as in Expte. 3, the

values obtained in Expt. 4 are multiplied by 3.48, eege
771 X 3048 = 2688,



TABIE 11.

Statistical analysis of the adjusted liver data.

(see Table 10).

D — B
Source of Degree of | Sum of Mean Variance
Variation Preedon Squares Square |Ratio (F)

|
Total 13 354695,544 - | -
Energy levels 1 21,561,134 | 21,561,134 16.4
]Carbohydrate | i
| ve fat A 0 -
Interaction 1 1,015,571 | 1,015,571 -
Residual ;
error 10 13,118,839 1,311,88% -

The value of F at the 5% level of significance is

4,96, and at the 1% level is 10.04.

This result indicates

that a change in energy intake produces significant changes

in the incorporation of labelled 355-methionine into the

rat liver slicese.




TABLE 12,

Statistical analysis of the adjusted diaphragm data.
(See Table 10).

|

Source of Degrees of | Sum of Mean | Variance §
Variation Freedom Squares Square | Ratio (F)!.
|

Total 13 243,612 - -
Energy levels 1 31,136 | 31,136 1.5
Carbohydrate %
v. fat 1 14 14 -
Interaction 1 i T 1 - %
Residual : ,E
error 10 | 212,476 21,248 i

The value of F at the 5% level of significance is
4,96, and at the 1% level is 10.04. This analysis reveals
no significant increase in incorporation of 358-DI~methionine

into rat diaphragm slices.
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3SS—DL-methionine could be obscured 