STUDIES IN PROTEIN METABOLISM.

The inter-relationships of energy metabolism

and protein metabolism

by

Thomas Walter Wikramanayake, M.B.,B.S.

Thesis submitted for the Degree of
Doctor of Philosophy of the
University of Glasgow,

Scotland.

October, 1952.




ProQuest Number: 13838550

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13838550

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



ACKNOWLEDGMENTS .

I wish to express my sincere gratitude to
Professor J.H. Davidson for glving me the opportunity
of carrying out this work in his Department, and to
Dr. H.N. Munro, without whose constant encouragement
and patient instruction this work would not have been
possible.

I thank Dr. R.H.S. Smellie for introducing me to
the technlques of lonophoresis and cell fractionation,
and for permission to refer to his unpublished results.

I am also indebted to Dr. F.C. Heagy and Nr.
James Chisholm for help given during some of the experi-
ments, to Dr. 3.C. Frazer and Messrs. D.J. Haismith and
Jack Cameron for being three of the subjects 1n the
human experiment, to Mr. D.R. Cameron and Miss R. Pevie
for helping with the photography, and to all who helped

with discussions of the wvarious problems.



CONTEDNTS.

INTRODUCTION e cee .o
PART I: THE RELATIONSHIP BETWEEN ENERGY INTAKE
AND NITROGEN BALANCE.

l" IntI'OduCtion LA LN N

a. Effect of carbohydrate and fat on
protein metabolism during under nutrition

be. Effect of addition of carbohydrate and

fat to adequate diets o
c. Effect of the time of feeding carbo-
hydrate and fat coe coe
2. Experimental cee cee
a. Experiments with rats e
be. Experiment with human subjects
c. Experiments with dogs e
d. Estimation of nitrogen o
3. Results o s R )
a. Experiments with rats ces
b. Experiments with dogs oo
c. Experiment with human subjects
4. Discussion cee eee
a. The time-factor in protein-sparing by
added energy °es o

b. Comparison of the relative effect of
carbohydrate and fat as energy sources

c. Significance of carbohydrate and fat
in protein utilisation oo

d. Mechanism of action of surfeit carbo-
hydrate and fat coe coe

10
10
11
11.
12

15

15
18
20

22
22
24
26

27



PART II: THE EFFECT OF ENERGY INTAKE ON THE
METABOLISM OF ADENOSINE TRIPHOSPHATE

IN THE LIVER.

1. Introduction cee cnn " e
Utilisation of phosphate-bond energy

2. Experimental s s coe

8. Animals, diet and management oo
b. Estimation of adenosine triphosphate

c. The preparation of enzymes coe
d. Isolation of adenosine tripnosphate
from the liver3 cee cee
e. Bastimation of 2P incorporation
f. Estimation of phosphorus coe
3. Results eecoe see ;.n
4:0 DiSOuSSion L I e e o e e 0

a. The concept of a "phosphate potential®
b. Effect of energy intake on the phosphate
potential s e cee )

PART III: THE INFLUENCE OF ENERGY INTAKE ON THE

METABOLISM OF RIBONUCLEOPROTEINS.

le IntrOduction LI LY ..007
- a. Bvidence relating ribonucleic acid to

protein synthesis coe cee
b. Summary aee T e e
2. Experimental oo cee cee
B.- Animls LK L) L I )
b. Dilet and general management cee
c. Analytical procedures oo

i. Fractionation of liver constituents
1i. Bstimation of liver inorganic phos-
phate «.. cse coe "
iii. Estimation of RNASLP and RuAS2p

30
32

56

36
36
39

41
42
43

44

46
47

49

52

52
63

64

64
64
65

65

66
69



3.

iv. Bstimation of Fhospnorus cos
de. Experiments with liver slices .o

e. Method of expressing radioactive data

Resultﬂ e o o L N 4 e o0

a. Energy intake and the quantity of RNA
in the liver 3. ttC oo
b. Energy intake and P incorporation into
RNA in the liver oo oo
i. Variations in energy intake from
addition of carbohydrate = ...
ii. Variations in energy intake from
addition of fat coe oo
c. The immediate effect of changes 1In the
nutritional state oo coe
d. The uptake of ?2P by RNA in tissue slices
e. The uptake of 993 by protein in tissue

slices oo PN oo
Discussion ces ‘ oo coe
a. Energy intake and RNA synthesls ...
b. RNA and protein synthesis oo

PART IV: THE EFFHECT OF ENERGY INTAKE ON THE

1.

2.

3.

4.

METABOLISHM OF LIVER PHOSPHOLIPID.

Introduction cae .o e
Experimental ces e oo
a. Animals, diet and management e

b. Estimation of the amount and relative
specific activity of liver phospholipid

Results e s e eece LRI Y

Discussion cee coe e

Fage
74
76
77

77
78
78
82

£ &

86

86
88

95

94
94

94
96
99



Page
PART V. THE EFFECT OF ENERGY INTAKE ON THE METABOLISM
OF RIBONUCLEOPROTEIN AND PHOSPHOLIPID IN
DIFFERENT PARTS OF THE LIVER CELL.

1. Introduction cee oo cee oo 102
a. Metabolism of proteln, ribonuclelc acid and

phospholipids in different parts of the cell 102

b. The technlique of cell fractionation o 1058

i. Cytoplasmic fractlons coe cee 106

ii. The nuclear fraction cee - coe 108

2. Experimental e s coe cee 110

a. Animals, diet and management con oo 110

b. Fractionation of the liver cell .. e 111

3. Results PP coe e coe 112

a. Experiments with labelled phosphate oo 112

b. Quantitative studles ... ese : oo 114

4. Discussion ea e e o0 o e e v e 115

GENERAL DISCUSSION cee o cee 118

Smm e e ‘oook o e ’ .;- 126

BIBLIOGRAPHY e ors ... B 132




"jan ist was er isst"

In the early days, nutritional research was directed
towards obtaining information as to which components of
man's diet were vital to life and health. The results indi-
cated that proteins are essential to life, that fats and
carbohydrates provide energy and that minute traces of
accessory substances were needed to prevent certain diseases.
In the years that followed, several new vitamins and minerals
were added to the list, and it was realised that proteins
were not merely sources of nitrogen, and that there were
important differences between proteins from different
sources. The importance of amino-acids in nutrition was
thus established.

During the last two decades, many of the vitamins have
been identifled chemically and synthesised. Studies in |
enzymology have linked these catalysts to the vitamins,
thus explaining their mode of action. In this way, several
of the questlons as regards the "what" and the "whi" of
nﬁtrition have been answered, énd more and more lnvesti-
gators turned to the more interesting question of “how".

How do various dietary constituents react inside the body
to serve thelr varied functions? llow does one nutrient

affect the metabolism of others? How do carbohydrate and
fat act as sources of energy? And what are the steps in

the intermediary metabolism of various diletary components?



The advent of radio-active isotopes saw a rapid ad-
vance in our knowledge of intermediary metaboliém- By
means of this new tool it was demonstrated that there exists
a dynamic equilibrium between body constituents. Advances
in the study of metabolism showed that carbohydrate, fat
and protein had common pathways, and 1t soon became clear
that the metabollism of one influenced that of the other two,
and that the problems concerning one constituent cannot be
considered independently of problems involving the others.
More recent work indicates that carbohydrate and fat in-
fluence protein metabolism by acting as sources of energy.
In answering the "how" of protein synthesis, one considera-
tion is the provision of energy for such endergonic reactions
as the synthesis of peptide bonds, energy which is essential
for the bullding up of a protein molecule from the component
amino acids. This energy must be drawn from the pool of
energy-yielding metabolites to which carbohydrate and fat are
the main contributors.

Our purpose In the series of experiments described
below has been to explore the relationship of energy meta-
bolism to protein metabolism, taking the influence of energy
intake on nitrogen balance as a starting-point and then
analysing metabolic changes which might conceivably explain
this relationship. In our inveétigations, the first step

has been to define the conditions under which energy intake



is a factor in protein utiliéation; this has been achleved
partly by a consideration of the published literature and
partly by means of new experiments. In seeking an explana~
tion for this relationship of energy intake to protein
utilisation, we have investigated two factors which are
currently supposed to play a major role in protein synthesis,
namely high-energy phosphate (adenosine triphosphate) and
ribonucleic acid. The influence of energy intake on the
metabolism of adenosine triphosphate and of ribonucleic acid
was examined and related to concurrent changes occurring in
protein metabolismf Since phospholipids have some meta- |
bolic properties in common with protein and ribonucleic

acid (the "labile liver cytoplasm" described by Kosterlitz),
we also extended our studies on the influence of energy in-
take to these. Whilst the results obtained in our invesbti-
getlions cannot be said to have elucidated the whole relation-~
ship Qf enérgy intake to protein metabolism, they do open

up & number of interesting possibilities.



PART I.

THE RELATIONSHIP BETWEEN ENERGY

INTAKE AND NITROGEN BALANCE.




INTRODUCTION.

That there 1s a relationship between the non-protein .
constituents of the food and the utllisation of proteln by
the animal organism has been recognised for over a century;

A comprehensive review of the literature has appeared recent-
ly (Munro, 1951) and shows that, whereas carbohydrate and

fat act interchangeably as energy sources affecting protein
metabollsm, carbohydrate has in addition a special action on
protein eaten in the same meal. Only the action of carbo-
hydrate and fat acting purely as sources of energy willl be
considered here.

Experiments reported In the literature on the effect
of energy intake on protein utilisation fall into two main
groups: those in which conditions of undernutrition were
produced, and those In which the carbohydrate or fat was

superimposed on adequate diets.

a. Effect of carbohydrate and fat on protein metabolism during

undernutrition: These studles, dealing with the protein-

sparing effect during undernutrition, are of two types: one
in which energy is withdrawn from an adequate diet by remov-
ing carbohydrate or fat, and another in which energy is
added to an inadequate dlet.
Withdrawal of carbohydrate from an adequate diet

results in an immediate increase in the nitrogen (N)
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excreted (Lusk, 1890; Miura, 1892; Rosemann, 1901). Only
one experimenter (Neumann, 1899) appears to have studied

the withdrawal of fat from the dlet of a human subject; a
similar effect to that obtalined by removing carbohydrate was
noted. Recently, Bosshardt et al. (1948) found that carbo-
hydrate and fat had similar effects on ﬁhe gain in body N
of growing mice.

Several early experiments on dogs (Bischoff, 18563;
Bischoff & Voit, 1860; Voilt, 1869) show that addition of
carbohydrate or fat to the dietsef—dems contalning insuffici-
ent meat to maintain body welight brings about a reduction in
N loss, but these cannot be taken as evidence since the
animals were not kept for an adequate length of time on the
experimental diet to accustom them to 1t, and the results
obtalned might have been affected by the diet prior to the
experiment. However, more recent experiments with dogs
carrled out under strictly controlled conditions indicate
that adding fat or carbohydrate to increase their energy in-
take from 25 to 50% of the normal intake resulted in an im-
proved N balance (Allison et al., 1946). The amount of N
retained appears to be the same irrespective of whether
carbohydrate or fat was the added nutrient. Similar results
have been reported in the case of man (Jansen, 1917; Zuntz

& Loewy, 1913) and of the rat (Benditt et al., 1948).
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In summery, 1t 1is clear that removing carbohydrate
or fat from a dlet increases N loss, and adding energy in
the form of carbohydrate or fat to inadequate dlets improves
the N balance. There 1s no adequate evlidence to indicate a

superiority of carbohydrate over fat in thils respect.

b. Effect of addltion of carbohydrate and fat to adequate

dlets: A number of workers have added carbohydrate or fat
to diets already adequate in energy content; the results
have been summarised by Munro (1951). There is general
agreement that N retention occurs when e%ﬁ?er carbohydrate
or fat is added to dlets adequate for man,/dog and the rat.
Though the data do not show definitely that N retention 1s
related in a linear fashion to the amouant of energy super-
imposed, the observations made by Cuthbertson & Munro (1937)
and by Basu & Basak (1939), who studied the same subjects at
two levels of superimposed carbohydrate intake, suggest that
N retentlion caused by surfelt energy is roughly proportional
to the amount of energy added.

The amount of N retained may vary with time. In mﬁn,
the first day of surfeit feeding usually has little effect on
N excretion (Cuthbertson & Munro, 1937; Cuthbertson, McGirr
& Munro, 1957; Basu & Basak, 1939). Different investigators
disagree on the length of time during which the improvement

in N balance can be maintained. Krug (1893) fed himself
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wiﬁh extra carbohydrate and fat, and obtalined as high an N
retention on the 15th day as during the first few days of
surfelt feeding. In experiments with dogs, Larson & Chaikoff
(1937) obtained a considerable retention of N even on the 7th
day of surfeit feeding. On the other hand, Voit's (1869)
experiments on dogs show that the effect of surfelt fat may

be quite short-lived. The effect of surfelt feeding on rats
has been shown to be most marked during the first few days of
surfeit (Lathe & Peters, 1949a).

c. Effect of the time of feeding carbohydrate and fat: The

above studies on undernutrition and overnutrition establish
that energy intake affects N balance. However, the question
has been raised in recent years of whether the time at which
energy-ylelding nutrients are given in relatlon to dietary’
protein is important. Two types of experiments dealing with
this question have to be distinguished. In one, the total
daily intake of nubtrients remains the same but the time of
feeding them is varied. Rats (Cuthbertson, McCutcheon &
Munro, 1940) and human subjects (Cuthbertson & Munro, 1939)
were fed dilets which could be separated into two portions,
one containing all the protein and part of the fat of the diet,
and the other containing all the carbohydrate and the rest

of the fat. When these two portions were fed together, the

daily N output was less than when they were given separately.
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In a later experiment, Munro (1949) established that these
changes were due solely to alterations in the time of carbo-
hydrate intake. No change in N balance was observed in
~experiments involving similar alterations in the time of feed-
ing fat. The N retention obtained when carbohydrate was fed
with protein was only transitory, N balance returning to

basal values even though the protein and carbohydrate con-
tinued to be eaten together. When the two nutrients wers
again given separately, the N retalned earlier was lost 1n

the urine (Fig. I).

The second type of experiment involves a change in
energy intake, the extra energy being given at a definite
time 1In relation to the dietary protein. This has led to
somewhat conflicting data. Larson & Chaikoff (1937) fed
. dogs a single dally meal sufficient to maintain them in N
equilibrium, and added a single dose of extra carbohydrate
given at varlious time intervals after the meal. Their data
have been plotted graphically in Fig.Z2. It is apparent v
that there was a lowering of N output only when the surfeit
carbohydrate was given within 4 hours of the protein con-
taining meal, no protein-sparing action being observed when
~8ingle doses of carbohydrate were given outside thié period.
On the other hand, Cuthhertson & Munro (1939) fed a human
subject extra carbohydrate, in one experiment with the



protein-cohtaining meals, and on another occasion 4% hours
after the last meal for the day. The degree of N retention
was eventually the same in both experiments. In these
experiments, surfelt feeding was continued for several days.
In the case of feeding extra carbohydrate apart from the

» rest of the dlet, an effect on N balance was only apparent
after the second day of overfeeding. It is possible that
Larson & Chlakoff's one-~day superimpositlon experiments
would have ylelded a different result if the extra sugar had
been glven on several successive days. Lathe & Peters
(1949b), studying the effect of surfeit sucrose given to 4
rats, found that extra sugar glven some hours after the
protein-containing meal had no protein-sparing action even
though 1t was fed on several successive days. It must be
pointed out that their rats were allowed only 2 days to
become accustomed to the basal dlet - a perilod far too short
for them to reach a steady state on which to base N balance
determinations.

Opinion is thus divided as to whether the extra
energy must be glven with the protein portion of the diet,
or whether the proteln-sparing effect can be demonstrated
even when the surfeit nutrient 1s given several hours after
the protein-containing meals. Accordingly, experiments

were carried out on human subjects, rats and dogs, in which

addltional carbohydrate was given along with or several



TABLE 1.

Vitamin Mixture.

Pyridoxine Hydrochlorilde 25 mg.
Riboflavin 25 mg.
Thiamine Hydrochloride 25 mg.
Nicotinic Acid 100 nmg.
Menaphthene 5 mg.
Biotin 5 mg.
Calcium Pantothenate 200 mg.
p-Amino-Benzolc Acild 500 mg.
Inositol lg.

Choline Chloride 10 g.

Folic Acid Trace

Potato Starch to 500 g-.

TABLE 2.
Salt Mixture "446"

Sodium Chloride 243.2
Potassium Citrate 533.0
Di-Potassium Phosphate 174.0
Di-Calcium Phosphate, Hp0 800.0
Calcium Carbonate 368.0
Ferric Citrate, 3 Hp0 360.0
Copper Sulphate, 5 Hy0 0.4

Potassium Aluminium Sulphate, 24 Hy0 0.2
Magnesium Carbonate 92.0
Manganese Sulphate 2.8
Potassium Todide 0.1
Zinc Carbonate 0.1
Cobalt Chloride, 6 Hg0 0.2
Sodlum Fluoride : 0.0

o
o
&



TABLE 3.
Vitamin-Mineral-Roughage Mixture.

Sodium Chloride 32.5 g.
446" Salt Mixture 130.0 g.
Vitamin Mixture 250.0 g-.
Agar Powder 62.5 g

Vitamised Margarine 77.5 g.

l g o~tocopherol acetate was mixed with.14 ml.
Radliostoleum (B.D.H.).

0.8 ml. of this was mixed with the above mixture.




10.
hours after the dletary protein. In the experiment with
rats, an attempt was also made to compare the effect of

added carbohydrate with that of added fat.

EXPERIMEDNTAL.

EXPERIMENT WITH RATS. Adult albino rats were used. They

were fasted overnight, weighed, and those welighing about

250 gm. subdivided Qetween the various experimental groups,
according to the randomised block technigue (Snedecor, 1946),
which reduces the effect of slight differences in body weéelight
as a factor in the analyses of the results,

The diet consisted of the following purified in-
gredients: caseln, glucose, margarine, and a vitamin-
mineral-roughage (V.M.R.) mixture (Munro, 1949). The com-
position of the vitamln supplement and of the mineral mixture
are given in Tables 1 and 2. The proportions in which these
two were mixed with agar (as roughage material) are found in
Table 3. The diet provided about 400 mge. of N, 5.3 g- of
carbohydrate, 0.8 g. of fat and 40 Cal. (1200 Cal. per sq.m.
of body surface area) per rat per day.

They were housed in individual metabolic cages under
thermostatic conditions, and fed twice daily, the food being
moistened with a little water to prevent spilling. The

cages were placed on large funnels which led the urine and
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faeces into a receiver, the separation of urine and faeces
being carried out by the procedure described by Cuthbertson,
McGirr & Robertson (1939). Iron oxide was used as a faecal
marker to separate the metabolic perlods. After each
collection of urine and faeces, which was carried out before
giving the morning feed, the funnel was washed with a 1little
dilute acid, which ran into and remained in the receilver,
keeping the urine acid during the next 24 hours. The urine
and washings collected dally were strongly aclidified before

storage in Winchester bottles.

EXPERIMENT WITH HUMAN SUBJECTS. The subjects were 4 young

adult males. They were allowed to select adequate diets

from a limited number of standardised foodstuffs, and this
basal diet kept constant throughout the experiment. Three
daily meals were taken, between 8.30 and 9 a.m., 12.30 and
1.30 p.m., and 5 and 6 p.m., the weight of each individual
item of dlet being the same throughout the experimentél period.
The daily fluld intake and energy expendlture were also kept
as constant as possible. From the second day onwards,

24-hour urine collections were made, and the urine analysed

for N by the micro-Kjeldhal method of Ma & ZuaZags (1942).

EXPERIMENT WITH DOGS. The dogs used were two mongrel

females, one (Roy) weighing 8 kg. and the other (Jinx)
weighing 3.6 kg., belonging to Dr. Mary Lockett and housed



TABLE 4.

Vitemin Mixture for Dogs
based on Allison and Anderson (1945).
The amounts quoted represent a 50-day supply for a dog
welghing 10 kg.

Vitamins :

PRIAMIN = eevnnernonesensacsenesesssssncnenenes 0.25 mge
RIbof1lavin sceceescoecescecesccssscssosssnesee 0.25 mge
Nilacin eceescceacsccesosccvscscccasassccssssncese 245 mge
Ca pantothenate ...................;.......... e mge
Pyrldoxine reccecsceccecsccscescacosscecccnsses 0.15 mge
Chollne eceecesscecccncccscacncsscocsnccsnsscse 150 mg.
A -t0COPNEIrOl eccveecescccososcvscsccsvsoscansnass 10 ng.
INo8itol ecceccececccrscecncscccancacscsnsnssnss 10 mg.
P -Aminobenzolc 2Cid eccsveccecccsssnsnsennsss 5 mg.
Blotin secececcceececoctccsccsccnescocssncsss 0.04 mg.
Menaphthone ecsscecececsccccscncecsccenssseee 0.04 mg.
Vitamin A R R R R PR - I 3 105 T.Ue

Vitamin D -....o'-o.oo.oo--o-oooooc;0000-0.00 1 X 105 IoUo



TABLE &.

Synthetic Diet for Dogs
based on Cowglll (1923).

Constituents Daily Amounts per 10 Kg. body welght

Ca8EIN ervecvscctasscrscceccssescssensssssssccsascse DO Zo
SUCTPOSE ecceeesncaccsccssssssssscccccsssscsccaass 50 go
LArG ecececececcsccscssosasccssssssssscscsscsssscece 20 go
lMargarine..... secteccectcstssescescsssscesnssess 10 g.
ABABT ceececocecscssscstssscscscasesscscecosnccns 4 g
Salt mixture (Cowglll NO+2) cceecececcssssscscee 3 go
Cowgill's Salt Mixture No.2: |

Potassium I041de cccccecccsrcccccccsccoccesnssces 0.75 g.
Ferric citrate eceecccccccctcccssccccaccccasceeecs 2.7 g
Sodium chloride eccsceccscssccoscsccscosscosccessccecas D7 g-
Magnesium Citrate eesececevececcecscessncccscnes 49 g-
K H2P04 ....................................;... 18.4 g.
CaHPO4.2BgO cesececcrcrecesssecascsccnccassssess 11le7 g.

K C L oo-.-ofsoo--oooooocooa-too.cooo.q.too.ooo. 1005 8-

Total  150.0 g.
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in her laboratory. They were perineotomised prior to the
experiment for ease of catheterization. The diet was that
recommended by Cowgill (1923) and used by Larson & Chaikoff
(1937) in their experiment. Vitamin sources were incor-~
porated in amoﬁnts similar to those used by Allison & Ander-
son (;945). The detalls are given in Tables 4 and 5. The
food was weighed and given at about 9.30 a.m. daily, the
meal being completed in an hour. To accustom them to the
passing of a stomach tube, control stomach tubes were'passed
during the first 10 days of the experiment, at varying times
of the day, and théreafter, only when required. The bladder
was emptied by catheter under asceptic conditions every
morning before feeding, the urine and washings of the floor
of the cage and of catheter being estimated for N daily.

The faeces was not estimated, being carefully removed to
prevent contamination with cage washings. Roy had to be
catheterised twice daily as she could not hold her urine

for 24 hours. Throughout the experiment, the animals were
under the care of Dr- Lockett, who very kindly attended to
the catheterising and feeding herself.

ESTIMATION OF NITROGEN. The method adopted was a modifica-

tlon of the micro-Kjeldhal procedure described by Ma & Zuazaga
(1942). The volume of each sample was adjusted to contain

about 1 mg. of N. This was digested with 1 ml. conc.
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N-free sulphuric acid and a knlfe-point of a mixed catalyst
(3 parts sélenium, 2.5 parts potassium sulphate and 2.5
parts copper sulphate). In the case of urine, the digest
cleared in 7 or 8 min., and boiling was'continued for another
7 or 8 min., the micro-Kjsldhal flask cooled and the sides
washed down with 2 ml. distilled water. The distillation
was carried out in the apparatus described by Markham (1942),
the ammonia liberated by adding 10 ml. 40% (w/v) NaOH being
carried by steam and trapped in a conlcal flask containing
5 ml. 2% (w/v) boric acid and 6 drops of the mixed indicator
(5 parts.of 0.1% bromocresol green in 95% ethanol to 1 part
of 0.1% methyl fed‘in 95% ethanol). Uslng this method it
was found that 99.3% of the N in a standard solution of urea
could be recovered with a distillation period of 13 - 2 min.
This period was therefore used in all N determinations. The
N starts collecting in the recelver when the first drop of
condensed steam creeps down the condenser. | $hs trapped
ammonia was titrated against standard 0.01 N sulphuric acid.
The urine was taken for estimatlon after suiltable
dilution. The faeces collected during the 4-day periods in
the rat experiments were digested in a macro-Kjelcéhal flask
with about 50 ml. conc. sulphuric acid (analar) and a knife-
point of copper sulphate. The dlgestion was continued f§r

1 hour after the mixture cleared, the flask cooled, and the
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digest and washings of flask made up to a convenient volume.
An aliguot of this was again digested with 1 ml. conc. sul-
phuric acid and selenium catalyst for 15 min. in a mlcro-
Kjeldhal flask, and estimated as before. A similar pro-
cedure was used for the food mixtures fed to the rats and
dogs, with a drop of mercury as catalyst. The digestion
in the macro-Kjeldhal flask was continued for 3 hours after
the digest cleared, and digestlon continued in a micro-
Kjeldnal flask for - hour with acid and a small drop of mer-
cuﬁy- Selenium has been shown to liberate free N, when
digestion is continued for an hour or more (Patel & Sreenivas-
an, 1948), but in the short time of digestion necessary for
urine and pre-digested faeces, this 1s not appreciable.
Comparison of selenium and mercury as catalyst in estimating
food N gave a 5: higher recovery with mercury. As the N in
urine and faeces was beling compared between experimental
periods, selenium was the catalyst used for these estimations,
a uniform procedurc being followed throughout each experiment.
When mercury was the catalyst employed, the final
digest was mixed with 1 ml. saturated solution of sodium
thiosulphate in the Markham apparatus, before adding the
strong alkali. This precipitates the mercury which would
otherwlise interfere with the subsequent distillation. When

Steam 1s passed through this mixture, the first few gusts of
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hot air carry all the sulphur dioxide gas liberated by the
alkali, and the collection of the ammonia was started only
when the first drop of the distillate reached the bottom of
the condenser. This procedure eliminates the possibility

of any 805 collecting in the receiver. A trial was made

of using zinc dust to precipitate the mercury, as recommended
by Hiller et al; (1948}, but this was abandoned in favour of
thiosulphate on account of the clogging of the apparatus by

beads of zinc.

RESULTS.

a. Experiments with Rats. These were carried out in 2

sets. In the first, 40 animals were dlstributed into &
equal groups-. The basal diet consisted of 2 g. V.M.R.
mixture and 2.5 g. glucose, given at 9 a.m., and a mixture
of 3 g. casein, 2 g. glucose and 0.5 g. fat, fed at 5 pem.
This dlet was continued for a preliminary period of 7 days

to accustom them to the diet, and to the time of feeding.

At the end of this period, most of them had learnt to eat
their food as soon as it was given, the meals being completed.
within 1 hour. The collection of excreta was then started.
During the first 4-day period, all groups continued on the
basal diet. Thereafter, each group was treated differently.

One received an extra 3 g. glucose with the evening meal, and
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the secdnd, the same amdunt of glucose with the morning
(protein-free)meal,. The 3rd and 4th groups were given
1.34 ml. (1.2 g.) of olive oll with the evening and morning
meals, respectively. The 5th group continued on the basal
diet with no extra nutrient, and was maintained as the con-
trol group-. Three rats given extra glucose with the pro-
tein-free (morning) meal did not complete the supplemented
feed by the end of the period, but the amount left uneaten
was not sufficlent to reject the data obtained from them.
The additional carbohydrate or fat was given daily for 2
successive 4-day periods (periods 2 & 3), and during the
laét period (period 4), all the groups ate the basal diet
only. The feeding dishes were examined regularly, and any
portion of the morning meal left unfinished by noon was re-
moved from the cage and given with the dlet the following
morning. In no iInstance was the morning meal allowed to
be eaten within 5 hours of the protein-containing evening
meal. The evening meal was always completed by 6 pem.
This experiment allows us to compare the effect of
'isocaloric amounts of surfelt carbohydrate and fat taken
along with dletary protein with their effect when taken 5 to
8 hours before the protein containing meal. It also enables
us to compare the effect of added carbohydrate with that of
added fat. The results are given in Table 6. It will be
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seen that during the first 4-day perlod, when all 5 groups
were on the basal diet, the mean N balances of the different
groups were essentlially the same. The mean value of +19.9
for group 3 1s mainly caused by an abnormally high result
obtained with one animal, which is probably due to some
technical error. In perilods 2 & 3, when extra nutrient was
given, there was a marked increase in the N balance in all
but the control group. Statistical analysls showed that
this effect of extra carbohydrate and fat on N balance was
significant. The amounts of N retention brought about by
surfeit carbohydrate and surfeit fat did not differ signifi-
cantly; nor did it matter whether the surfelt energy was
given with the protein-containing meal or 5 to 8 hours before
the protein meal. During the 4th period, when all animals
recelved the basal diet only, there was a decrease in N -
balance of all the groups, but statistical analysis did not
show a greater loss of N by the rats that had received supple-
ments when compared with the control group. We. " therefore.
see that surfeilt carbohydrate and surfeit fat are equally
effective in causing N retention, whether given with protein
or 5 or more hours before the protein.

In ﬁhe second experiment, 15 rats were distributed
in 3 equal groups. The basal diet was the same as that

given in the previous experiments, but the order of feeding



TABLE 7.

The effect on N balance when carbohydrate (glucose)
is superimposed on a diet adequate for rats, elther along
with or 12 hours apart from the dietary protein. During
perlod I, all animals received the unsupplemented basal
diet; during period II extra carbohydrate was glven ex-

cept to the control rats.

Treatment during Initial Mean daily N Balances
period IT body .
welight Perlod I Perlod II
g- mg. mg.

Extra glucose
with protein 239 ~-0.3 +36.4

Extra glucose
apart from
protein 249 -0.8 +31.8

Control group 220 43.9 -15.3

After adjustment of the values in perlod II by co-
variance analysis for differences in N balance during
period I, the mean N balances during period II were
shown to be highly significantly different (P < 0.01).
This 1is entirely due to a difference between the control
animals and the other two groups; the groups receiving
glucose gave statistically similar results.
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;

was reversed, the protein-containing portion being fed in the
morning, and the V.M.R. and glucose at 5 p.m. After a pre-~
liminary period of 7 days, urine and faeces were collected
for the first 4-day period during which all 3 groups con-
tinued to receive the basal diet. During the next 4-day
period, one group received an extra 3 g. glucose with the
morning (protein-containing) meal, the second was given the
same amount of glucose at 9 p.m., while the third group con-
tinued on the unsupplemented basal diet. Here we can com-
pare the effect of extra carbohydrate given with protein
and given 12 hours after the protein meal. The results, shown
in Table 7, conflrm that surfelt 1s equally effective when
administered with and apart from the protein, the N balances
In Period 2 of the first two groups being statistically
similar. Both these groups differ very significantly ...
(P € 0.01) from the control group. In this experiment,
therefore, glucose caused the same amount of N retention when
given 12 hours after the protein as when given along with the

protein.

b. Experiment with Dogs: The two dogs, Roy (8 kg. body

weight) and Jinx (3.6 kg.) were given 115 g. and 60 g. re-
spectively, of & diet mixed in the proportions given in
Tables 4 & 5. From the 2nd day onwards, the urinary N was
estimated. During the first 7 days, the N values were very
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erratic, due probably to the fact that the animals were
getting accustomed to the dlet. From the 8th to the 1l2th
day, the N excreted remained at a steady level. On the
13th day, glucose dissolved in a minimum amount of water was
given by stomach tube immediately after the single (protein-
containing) meal was eaten, Roy getting 50 g. and Jinx 30 g.
glucose. This produced a sharp and immediate drop in'the
wrinary N (Fig.3), showing that glucose was highly effective
in sparing N. The N excretion regained its former value

the next day and remained steady thereafter till the 17th
day of the experiment, when the same amounts of glucose were
administered as before, but 7 hours after the protein-contain-
ing meal. This, again, produced a retention of N, but the
amount reta ined wé§ about half that obtalned when glucose was
glven with protein. Two more days on basal diet alone
brought the N excreted to the base line. On the 20th day,
the glucose was given 12 hours after the protein meal, but
produced no effect on the N excretion on that day. Glucose
was again given at the same time the next day and continued
for a further 3 days. Fig.3 shows that the continued ad-
ministration of glucose produced a definite and sustained
effect on N balance, the drop in urinary N being of the same
order as that obtained when glucose was given with the protein

meal. Urinary N remained at this low level as long as the



TABLE 8.

The composition of the basal dlets consumed
by the subjects in the human experiment. The con-
stituents have been calculated from tables of food
composition (McCance & Widdowson, 1946).

Subject| Body Daily Basal Diet
No. W'eight
Protein Fat Carbohydrate Energy
kg- g- g- g- cal./kg.
1 70.8 112 144 454 50
2 7.9 102 115 392 39
3 67.7 102 141 394 48
4 65.7 79 104 398 45
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sugar was given, i.e., till the 25th day, and begen to rise
to former levels only on the 27th day. Thus, 1t 1s clear
that surfeit glucose shows an N-sparing effect whether glven
with the protein or apart from it. The effect on N balance
is immediate when carbohydrate is fed with protein, but when
given 12 hours after the protein meal, the effect 1s shown

only from the second day onwards.

c. Experiment with human subjects: This experiment was

carried out in order to see whether the effect of surfeit
energy demonstrated In the case of rats and dogs was the

same on humans. The composltion of the diets selected by
the subjects 1s given in Table 8. The basal diet was taken
for 5 days, till the N in the urine reached a fairly constant
level (Fig.4). Assuming the faecél N to be less than 1.5 g.
per day, all the subjects were then in positive N balance on
the basal diet. For the next 5 days, 200 g. of sucrose was
glven daily, in addition to the basal diet, subjects 1 & 2
taking the sucrose with the protein-containing meals, at

9 a.m., 1 peme, and 6 p.m., while subjects 3 &4 received it
at 11.30 p.m., 53 hours after the last meal, in water with
the julce of one lemon. Subjects 1 & 2 drank water only at
11.30 p.m. After this 5-day period, the subjects agailn ate
the unsupplemented diet for a few days, until the N output
returned to the basal values obtained at the start of the

egperiment. Then, a second period of surfelt feeding was
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begun, the time of giving the extra SuUcCrese belng reversed;
i.e., subjects 1 & 2 recelved the extra carbohydrate at
1230 p.m., in water, and subjects 3 & 4 took 1t with the
other three meals, drinking water with the juice of one
lemon at bedtime. Subject 1 developed a febrile 1llness
during this period of surfeit feeding and his experiment had
to be abandoned. |

This extra carbohydrate caused a fall in N output
whether taken along with or 5% hours after the protein-con-
taining meals. The protein-sparing action of sucrose was
evident on the first day of surfeit feeding when 1t was
glven along with the other meals, whereas, when the extra
sugar was eaten 5% hours after the last meal, the reduction
in N output only occurred from the 2nd day onwards (Fig.4).
The changes in urinary N during the two periods are analysed
in Table 9. The difference in behaviour on the first day
of surfelt feeding was found to be statistically significant.
The daily N retentlons were transformed into cumulative
curves (Fig.5), and the regression lines examined. After
the initial delay in starting, the increments in N retained
follow a linear slope, which, in the case of carbohydrate
fed with protein, averaged 2.9 mg. N per extra Cal. per day,
and in the case of carbohydrate given apart from the protein,
averaged 2.1 mg. N. To see whether there is a real differ-

ence between these slopes the regression equations for
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individual subjects were analysed statistically. The slopes
were approximately linear for all three subjects, but dld
not differ during the two surfelt feeding perlods for subject
2. in the case of subjects 3 & 4, the rate of increase in
N retention was significantly less when the extra carbo-
hydrate was taken apart from the dletary protein. This mey
be related to the order in which these experliments were
carried out. It should also be remembered that only the
urinary N was estimated, t he faecal N belilng assumed to be
constant. It is possaible that the ingestion of a large
amount of sugar with the other meals produced an irritation
of the bowel and an increase in faecal N. Taking the re-
sults as they stand, however, there seems to be a small
advantage in giving the surfeit carbohydrate along with the

protein-containing meals.

DISCUSSION.

a. The time factor In protein-sparing by added energy: These

experiments prove conclusively that energy added to an al-

ready adequate dlet spares protein, whether it be given with
or separate from the protein-containing meals. Both in the
human experiments and in the ones on dogs, i1t is clear that,

when extra energy is given apart from the protein meal,
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1ittle or no effect is observed on the N excreted on the first
day, the sparing of protein becoming evident only on the
second or third day of such addition (Figs. 3 & 4). This
agrees with the findings of Cuthbertson & Munro (1939). 1In
the experiment of Larson & Chaikoff (1937) illustrated in
Fig.2, surfelt energy glven on single occasions 4 hours after
the protein meal had no effect on N excretion. Repetition
of their experimental condlitlons shows that this phenomenon

is reproducible (Fig.3), but that, with continued administra-
tion of extra carbohydrate separately from the dietary. pro-
tein, there 1is a beneficial effect on N balance. The reason
for the time effect observed by Larson & Chaikoff may be re-
lated to the basal diet they used, in which only a small pro-
portion of the total energy is in the form of carbohydrate.

It may thus be that their results were due to an inter-

action effect between the dletary protein and the extra carbo-
hydrate fed at the same meal (Fig.l); this might be expected
to come into play if the basal diet were deficient in carbo-
hydrate.

In the experiments with rats, the amount of N retained
per Cal. of surfeit nubtrient was the same, whatever the time
interval between the surfeit food and the protein~-containing
meal. In the human experiment, however, subject 2 showed

no difference in his reaction to the time of teking extra



TABLE 10.

Comparison of the protein-sparing action of extra carbo-
hydrate and extra fat added to adequate diets under com-

parable conditions.
(Calculated from experiments recorded in the literature).

Surfeit Fed

‘N Retained®*

Bxpt. ) _ per Cal. ex-
Species Authors No.™ Nature | Extra|Dura- | tra energy
| damly_ tion | per day
ener gy
: Cal. Days mge
Growlng | Forbes ,Bratzler, | Expt. Carbo-
Rat Thacker & Marcy 1 hydrate; 11.3 7 5.3
(1939) Fat 11.5 7 5.0
Expt. Carbo-
2 hydrate] 10.8| 7 4.4
Fat 11.1 7 4.8
Forbes ,Bratzler, | Expt. Carbo-
Thecker & Marcy | 1 hydratel 10.6| 7 3.9
(1939) Fat 10.7 7 4.5
Expt. Carbo-
2 hydrate| 10.4 7 4.5
Fat 10.4 7 3.3
Forbes & Swift Carbo-
Fat 13.6 8 7.4
Rat
Carbo-
hydrate| 11.3| 8 2, 9Fw%
Present Expt. Fat - 10.7 8 2, B
Experiments 1 Carbo-
hydrate| 11.3| 8 2.4%
Fat 10.7| 8 2.8%
Cuthbertson Expt. Carbo-
& %ungo) 2 hydrate| 780 3 0.9++
1937
Adult Fat 700 3 0.7
Man Expt. Carbo- +
3 hydrate| 780 | 5 1.8%t
Fat 700 6 1.2

Please see next page for notes.




* As referred to in the original publication

“*%* BEstimated for the human subjects by comparing the N
balance of each subject on the basal diet alone and
on the basal diet with.supplement; estimated for
the rats by comparison with a control group run in .‘
parallel and not recelving extra energy.

#%% Fxtra carbohydrate or fat given with protein of diet.

+ Extra carbohydrate or fat glven separately from protein

of diet. |

++ As measured from the flrst period on the basal diet.
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sugar, whereas subjects 3 & 4 showed a greater retention of
urinary N when sucrose was taken with the other meals.

Since the faecal N was not estimated in this experiment, the
data obtained from the rat experiment are probably the more
relisble.

In the experiments on human subjects and on dogs, the
amount of N retained daily was maintalned constant after the
second day of surfelt feeding (compare Flgs. 3 & 4 with Fig.
1l). These short-term experiments thus agree with the long-
term ones reported by Krug (1895) and Larson & Chailkoff
(1937), who found that the surfelt energy was effective up
to the 15th day in the case of man and the 7th day of adding
surfelt to the diet of dogs. In the experiments with rats,
however, N retained in Period 3 (Table 6) is slightly less
than that in Period 2, in agreement with the finding of
Lathe & Peters (1949a) that the effect on rats was most

marked durlng the first few days of surfelt feeding.

b. Comparison of the relative effect of carbohydrate and fat

as energy sources: The experiment on rats enables us to com-

pare the effect of extra carbohydrate and of extra fat.
Tablel0 contains data which are calculations based on results
publisired by other workers. It will be seen that there is

a great deal of variation in the values reported. Cubthbert-

son & Hunro (1937) found that surfeit carbohydrate had a
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slightly greater beneficial effect on N retention per Cal.
than surfeilt fat, when only urinary N was considered.

When the faecal N 1s also taken into account, the retention
of N per Cal. 18 seen to be the same with carbohydrate and
with fat, for one subject, while it remains slightly
better with carbohydrate for the second sub ject. In
studies on the adult rat, Forbes et al. (1939) obtained
da.ta which indicate a slightly greater effect due to sur-
felt fat in one experiment, and a greater effect due to
carbohydrate on another occasion. In the case of growlng
rats, thelr data reveal no difference between the sparing
effect of extra carbohydrate and extra fat. However,
Forbes & Swift (1944) found that lard caused a N retention
of 7.4 mg. N per extra Cal. per day, whereas the effect of
glucose was only a retention of 3.6 mg. N. Later experl-
ments reported from the same laboratory emphasise the
difficulty of obtaining consistent evidence that carbo-
hydrate 1s superior to fat, or vice versa. (Because of
their different experimental nature, they are not included
in Table 10) Animels were kept for 15 days on a2 so-~
called "supermaintenance™ (i.e., surfeit) diet and N balence
was measured during the last 8 days of that period. The
proportion of energy coming from carbohydrate and from fat

was varied. In the first series of experiments (Forbes

et al., 1946a), N retention was slightly, though not
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significantly, better when most of the energy came from fat.
In the second series, the amounts of certain vitamins were
increased, and the diet containing more carbohydrate now
caused a significantly higher N retention than the diet
rich in fat (Forbes et aly 1946Db).

In our experiments, carbohydrate seems to be more
effective than fat when the surfeit 1s glven along wilth
protein, while the posltion is reversed when the surfeit is
separated from the protein. These differences are, however,
not statistically significant. Taking into account all the
data in Tablel0, it seems justifiable to comdude that, for
equal additions of energy, carbohydrate and fat cause
approximately the same degree of N retention when super-
imposed on a dlet already providing adequate amounts of

energy.

c. Significance of Carbohydrate and Fat in Protein Utilisation:

In view of our findings on suwrfelt feeding, it is now
possible to construct a plcture of. the part played by carbo-
hydrate and fat In pmetedn utilisation of dietary protein.
First, there is the interaction of dietary protein with
éarbohgdrate glven in the same meal (Fig.l). This does

not occur with fat. Secondly, there 1s the relationship
between protein metabolism and the energy supplied in the
diet. This is independent of the time of feeding the
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‘energy-ylelding nutrients, and is shared by both carbo-
hydrate and fat, probably strictly in proportion to the
energy they yleld. Some time elapses (24 - 48 hours) be-
fore an increase in energy intake is fully effective (Figs.
3 & 4). In addition to these two clear-cut phenomena, we
probably get a mixed picture, as in the experiments of
Larson & Chaikoff. These do not, however, invalidate those
other experiments in which the distinction of one effect

from the other can be made.

d. Mechanism of Action of surfelt Carbohydrate and Fat:

If surfeit carbohydrate and fat cause a retentlon
"of N, how is this brought about? Interference with digestion
and absorption of proteins is ruled out_by the fact that
surfeit energy is effective even when the proteln of the
diet is fed 5 to 12 hours before or after the extra nutrient.
It 1s possible that breakdowﬁ products of carbohydrate and
fat might help in the production of non-essential amino-
acids, but 1t seems likely that the basal diet has already
sufficient carbohydrate for this purpose.

| The most plausible explanation is that carbohydrate
and fat exercise their effect on N balance by providing
extra energy for protein formation. Cuthbertson, McGirr &
Munro (1937) showed that when a subject's energy requirements

were ralsed by exercise, surfeit feeding did not improve N
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balance. N retentlion can thus be prevented by using the
edditionmal food for supplying energy for exercise. There~
fore, the essential factor for N retention is not the in-
take of extra food, nor the release of surfeit energy, but
the presence of energy-ylelding metabollites in the tissues,
over and above the daily requirements. The N lost when
energy 1s withdrawn from the dlet would presumably be due
to a subnormal level of these metabolites in the tissues.
It seems possible that giving additional energy
results in the laying down of proteins in the body, the
energy-yielding metabolites taking part in some phase of
amino-acid metabolism or by providing energy for protein
synthesis. That peptide-bond synthesis can be stimulated
by members of the tricarboxylic acid cycle has been shown
by in vitro studles of p-amino hippuric acid formation by
rat liver homogenates (Cohen & McGilvery, 1947), and by the
formation of ornithuric acid by chicken kidney residues
(McGilvery & Cohen, 1950). The rate of synthesis of
peptide~-bonds in body proteins could similerly be affected
by changes in the supply of tricarboxylic acid cycle inter-
mediates. A considerable increase in the synthesis of ATP
has been observed shortly after the administration of
glucose (Kaplan & Greenberg, 1944), and it seems possible

that surfeit carbohydrate and fat may stimulate protein
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synthesis in the tissues by providing energy in the form of
ATP. This will be developed at greater length in the

next section.




PART II.

THE EFFECT OF ENERGY INTAKE ON THE METABOLISM

OF ADENOSINE TRIPHOSPHATE IN THE LIVER.
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INTRODUCTION.

In the previous section, i1t was concluded that the
plane of energy intake influences protein metabolism by
yielding energy-rich metabolites which help in the forma-
tion of body protein, probably through the intermedlation of
adenosine triphosphate (ATP)-. The part played by organic
phosphates in intermedisry metabollism was unknown t1ll Harden
(1905) discovered the phosphorylation of hexoses in alcoholle
fermentation. Not much importance was attached to this ob-
servation wmtil similar hexose phosphates were found 1n
muscle (Embden, 1915), and Harden's dialyzable organic "co-
ferment of fermentation" was discovered in muscle and other
animal tissues (Meyerhof, 1917). About 16 years later, it
was discovered that the formation of the sugar ester was
followed by & long serles of phosphate compounds by success-
ive metabolic steps (Eggleton & Eggleton, 1927; Fiske &
Subbarow, 1929; Warburg & Christian, 1939; Lipmann, 1940).
The transfer of phosphate from one compound to anotner took
place by transphosphorylation, without passing through the
stage.of inérganic phospnate, and some of the intermediate
phosphate compounds as well as the co-enzymes involved in
these reactions were shown to contain phosphate bonds of
much higher energy content than "ordinary" esters, releasing
up to 10 times as much energy on dissociation as ordinary

phosphate ester bonds (Meyerhof & Suranyi, 1927). The
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hydrolysis of a high-energy bond yilelds about 12000 Cal. per
ge mol. of phosphate liberated, as compared with the 2000

to 3000 Cal. which are liberated by the hydrolytic fission
of energy-poor phosphate esters.  The 12,000 Cal. condensed
in the energy-rich phosphate bond, " -~ ph", represents a
bilological energy-unit. Migreting continuously from com-
pound to compound, the quantity of ~ ph in many respects can
be regarded as being largely independent of the compound to
which it 1s attached (Lipmann, 1943). The distribution of
this unit is handled by a special pooling and transfer system,
the adenylic acid system, consisting of adenylic acid or
adenosine monophosphate (AMP), adenosine diphosphate (ADP)
and ATP. The first phosphate in ATP 1s an ordinary ester

N=C - N,

foo

CE C - N A %\ 0 0 0
oo I 0 I

N - C - N% C - C - C - G - C ~-0-P~-0=-P~-0=P -0H
J I ]
H H H H H OH OH OH

Adenosine triphosphate

phosphate. The two end phosphates are bound in an energy-
rich pyrophosphate linkage (Lohman, 1935); the special
importance of ATP arises from the fact that, under the in-
fluence of the appropriate enzymes, i1ts terminal phosphate
radical, together with the energy of the energy-rich bond,
can be transferred intact into other substances, so that the

energy is, as it were, forced into the phosphate acceptor.
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It is probable that only the terminal ~ph is used directly,
énd the shuttling of ~ph is facilitated through alternat-
ing - phosphorylation of ADP and dephosphorylation of ATP
(Kalckar, 1941; 1942). Because these reactions were all
part of the energy metabolism of the cells and tissues, it
became clear that the biological meaning of phosphorylation
consists in the generation of high-energy phosphate, whose
energy 1ls elther transformed into other chemical bonds, or
even into other forms of energy. The adenine nucleotides
have the ability to take part, as substrate, in a wide variety
of enzyme-substrate combinations, so that AMP or ADP can
accept phosphate from a large number of energy-rich phosphate
compounds such as phosphopyru&ate, diphosphoglycerate, and
acetyl phosphate (Green & Colowick, 1944) formed at the

direct expense of metabolism. The energy-rich phosphate
bond of ATP so formed can either be stored as phosphocreatine,
or be utilised by hydrolysis of ATP.

Utilisation of Phosphate-Bond Energy: When the metabolically
génerated ~ph reacheé the adenylic acid pool, it becomes
available for utilisation. The following examples illustrate
how generasl are the uses of phosphate bond energy :

a. Phosphate bond energy plays an active part in
carbohydrate metabolism, taking part in such reactions as the
conversion of fructose to glucose (Cori & Shine, 1936) and

the formation of glycogen (Cori, 1939; Colowick & Sutherland
b4
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1942).

b. The work of Verzar & Laszt on the Intestine, and
of Lundsgaard & Kalckar on the kidney indicate a connection
between glucose transfer through a cell and i1ts phosphoryla-
tion. Energy-rich phosphate bonds have been shown to |
donate the phosphate group required for the phosphorylation
(Lipmann, 1941).

¢. In muscle activity, a splitting of ATP initiates
the succession of events that results in contraction (Meyer-
hof, 1944), the energy of the ATP splitting going more or
less directly into the mechanical process (Szent-Gyorgi, 1947).
' d. Phosphate bond energy can be transformed into
light energy. ATP can phosphorylate luciferin, and with the
breakdown of luciferin phosphate ;- light is emitted in an
extract of fireflies, the light Intensity being proportional
to the amount of ATP split (McElroy & Strehler, 1949;
McElroy, 1951). | '

e. ATP 1s of great lmportance in the generation of
biloelsctricity. For the rapid movement of lons during the
passage of a nerve impulse, there must be rapid changes in
the resistance of the membrane of the nerve. The release
and breakdown of acetyl choline lBve been shown to be
essential events in the dlterations of the membrane during
activity, and ATP provides the energy for acetyl choline

formation, the release and removel of acetyl choline
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preceding the breakdown of ATP (Nachmansohn, 1951).

f. ATP has been shown to take part in transmethyla-
tion. In the blosynthesis of N-methylnicotinamide from
l-methionine and nicotinamide, ATP has been shown to
activate the methyl donor, l-methionine (Cantoni, 195la).

It has been suggested that this activation of methionine by
ATP might be the first step in all transmethylation reactlons
in which methionine 1s the methyl donor (Céntoni, 1951b).

g+ In the mechanism proposed by Krebs to explain the
formation of urea, ammonla and carbon dioxide were added to
ornithine to form citrulline (Step I), and a second molecule
of ammonia was added to citrulline td give arginine. In
the final step, arginase splits off urea, and the ornithine
liberated is returned to the cycle (Krebs, 1942). Both
Step I and Step II have been shown to require catalytic
amounts of ATP (Cohen & Hayano, 1946, 1948; Grisolia, 1951).
Step II has been further subdivided into two stages,
citrulline and aspartic acid (the specific N donor) conden-
sing to give an intermediate compound, which is then hydro-
lysed to arginine and malic acid. The condensation 1s
dependent on the high-energy phosphate present, the condensing
actlvity increasing to a maximum with increasing amounts of.
ATP (Ratner & Pappas, 1949; Ratner & Petrack, 1951;

Ratner, 1951).
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he. Tane Synthesis of Peptide Bonds. Though the
mechenism of the blosynthesis of peptide bonds 1s not clear-
1y understood, the problem is now recognised to be one of
finding biological systems capable of providing the energy
necessary for these endergonic reactions (Cohen, 1951).
Borsook & Dubnoff (1940) showed that the position of equi-
librium of & system such as

alanine + glycine T——— alanylglycine + water
was so far in the direction of hydrolysis that no amount of
increase in concentration of substrates could lead to a
significant amount of peptide bond synthesis. These con-
siderations providéd an lmpetus for the search for systems
that would release the energy to satisfy the requlrements
for peptide synthesis{ Model systems have been studled in
which one or both of the substrates have been amino-acild
analogues or derivatives. Those studied in greatest detail
have been (1) acetyl sulphanilamide or other aromatic
amines (Lipmann, 1945); (ii) hippuric acid or p-amino
hippuric acid (Cohen & McGilvery, 1947); (iii) glutamine
(Frei & Leuthardt, 1949); (iv) glutathione (Johnston &
Block, 1951); (v) ornithuric acid (McGilvery & Cohen, 1950).
In system (iii), no phosphorylated intermediate could be
found, but the close relationship between the amount of
glutamine formed and the amount of inorganic P liberated

indicates that ~P from ATP is utilised. The synthesis of



TABLE 1l.

The compositlon of the rat diets and the times of feeding.

erowp | 0% | SRR | NBn| Do
g- g. ml. Cal./rat/day
1 5.8 2 - 28
2 5.5 2 1.7 42
3 5.3 2 Sed 56

P.C.F. = Protein-Carbohydrate-Fat Mixture
contalning casein 2.8 g.
fat 0.5 ge.
glucose 1.0 g.
starch 1.0 g.
V.M.Re = Vitamin-Mineral-Roughage mixture

(see Table 3 ).
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glutathione comes closest to protein synthesis, and requires
ATP, inorgenic P, Mg** and x*.

- As this last section indicates, there are some grounds
for supposing that ATP may play a part in protein synthesis,
and this 1s strengthened by Winnick's (1950) experiments.

He found that a homogenate of rat liver lost its ability to
incorporate“b-glycine or alenine when dialysed, but that

this was restored by adding ATP along with Mg ions and a
mixture éf non-labelled l-amino acids. Since our nutrition-
8l studles can best be explalined by the supposition that ths
level of some energy donor affects'protein synthesis, we
carried out experiments to determine whether changes in the
ATP concentration in the liver were compatible with 1its

being the intermedlary substance.

EXPERIMENTAL .

Animals, Diet and Management: These were the same as in the

rat experiments dealt with in Part I. Table 11 glives the
details of the diets given 1in these experiments.

Estimation of ATP: There are three methods available for'

estimating ATP in the tissues: by acid hydrolysis, by
chromatography and by the use of enzymes.

In the acid hydrolysis method, the solution of ATP 1s
heated with N.HCL for 7 min. (Kaplan & Greenberg, 1944) or
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for 10 min. (Balley, 1949), when the two labile phosphate
groups are split off. The value obtained by estimating
this P multiplied by 3/2 gives the total ATP P. But the
procedure also spllits off the terminal P from ADP, and also
from other phosphate esters that might be present, and cannot
therefore be used when the preparation of ATP is contaminated
by these labile P-containing compounds.

In the paper chromatography method (Turba & Turba,
1951), it is possible to separate ATP from ADP, AMP and in-
organic phosphate. But it is not known whether any ATP is
broken down during the process of separation, and this is
quite likely. Any P so liberated might contaminate the ADP
- eluted from the paper. The method does not appear to be
quantitative.

The enzyme method, developed by Kelckar (1947) and
Bailey (1949), has the advantage of being specific, provided
the enzyme preparation 1s pure. By & sultable choice of
enzymes, it is possible\to differentiate between the two
labile phosphate groups of ATP. Thus, myosin splits off

the end phosphate group:

ATP  ~==m--- ) ADP # HgPO, =-==---m--s--sos (1)
and the P set free can be estimated. If the solution 1is in-
cubated with a mixture of myosin and myokinase, both the

labile phosphate groups are set free by a combination of the



38.
following reactions;

2 ADP =-cmmmmmmee P ATP 4 AMP ~=--eecmmcmme———— (2)

ATP ~=-mmmmmeme- > ADP + HzPOy ===wmemmoemoeneaa- (3)
At the end of the reaction, AMP and inorganic P remain, and
the P estimated less the P split off by myosin alone gives
an estimate of the amount of ADP originally present.

Another enzyme, potato apyrase, has been used for the
estimation of ADP. It splits off both labile phosphate
groups of ATP (Colowick & Kalckar, 1943). Its action is not
specific, however, and shows a feeble inorganic pyrophos-
phatase activity and a still feebler sction upon adenylic
acid (Bailey, 1949), but, except for very precise analysis,
these disadvantages are not serlous. Kalckar (1944)
successfully applied this enzyme in differenfiating the two
labile phosphate groups of ATP in which.szP had been incor-
porated. Krishnan (1949) also commented on the non-specific
nature of the action of apyrase, and used various dilutions
of his enzyme preparation to estimate a known amount of ATP,
and obtained a dilution which split off 667 of the P at in-
finite time. This dilution was thea used for assay of un-
known ATP solutions.

_ The assay of mixtures of ATP and ADP can also be

achieved by the use of hexokinase acting singly and in con-

junction with myokinase (Kalckar, 1943). Unfortunately,
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the preparation of pure yeast hexokiﬁase is a formidable
task (Balley & Webb, 1948), and less pure preparations may
be contaminated with ATP-ase (Keilly & Meyerhof, 1948).

The use of myosin and ATP-ase alone and in conjunction
with myokinase thus appears to be the ideal, at any rate, in
theory, for the determination of mixtures of ATP and ADP
(Bailey, 1949). We, therefore. decided to use these enzymes,
and also checked the ADP content by using the potato enzyme.

The Preparation of Enzymes: Myosin: The method used was that

of Bailey (1942). The enzyme was extracted from minced rat
muscle with 0.5 M KC1l containing 0.03 N NaHCO5 as buffer, the
stroma filtered off and the myosin precipitated by diluting

- the extract with 20 vol. of ice-cold distilled water and ad-
justing the pH to 6.8. The precipitate was centrifuged, and
purified by repeatedly dissolving in 0.5 M KCl and repre-
cipitating by dilutlon. The enzyme obtained after 4 pre-
cipitations was dissolved in a minimum of 0.5 KCl and stored
at 0°C. TIts activity was tested with a standard solution of
ATP, the incubation procedure of Bailey (1949) being followed.
With low concentrations of ATP it was found that long lncuba-
tion periods were required to hydrolyse all the available P
of the terminal group- This was also reported by Bailey
(1949), who found that the main disadvantage in the use of
myosin was the slow hydrolysis of ATP in the later stages of



Preparation of Potato Apyrase.

KCN extract of potatoes

(NH4)2$04 added to 0.6 saturation
| | |
Supernatant Preclpitate
Suspended in ﬁater, dialysed
for 24 hours against distilled
water
Supernatant Residue
(NH4)2304 added to 0.6 saturation discarded
Supernatant Précipitate
Suspended. in water, dlalysed
for 24 hours
I ! I
Supernatant Residue

(NH, ),SO  added to 0.6 saturation
42774 |
Supernatant Precipitate in water.

(NHy )5804 to 0.6 saturation Dialysed. Solution
is Praction I

Precipitate
Suspended in H;0 and dialysed

Fraction II.

‘SCHEME 1.
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the reaction, when the substrate is almost exhausted and
inorganic phosphate has accumulated. We found that, the
lower the concentration of ATP, the less P was split by
the nyosin. Accordingly, care was taken to keep the
volume of the solution of ATP extracted from the livers as
small as convenlent, and the volumes of enzyme and sub-
strate used for incubation were so adjusted that 30 to 33%
of the available P of the standard solution of ATP was
split off by myosin, during an incubation period of 1 hour
at 37°C.

Myokinase: The method of preparation was that described
by Kalckar (1947). Rabbit muscle was ground with sand and
extracted with ice-cold distilled water. The extract was
heated to 90°C, cooled and pH adjusted to 6.5. After re-
moval of the preclpitate, more proteins were separated by

half-saturating with (NH@)QSO and the enzyme precipitated

4’
by full saturation with the salt. It was purified by
4d1a1ysing against dilute (NH@)QSOQ, and 1ts activity

assayed ﬁsing a solution of CaATP.

Apyfase: This enzyme was prepared from fresh potatoes accord-
ing to the procedure followed by Krishnan (1949). The method
iS.Shown in Scheme I. Most of the activilty was found to
reside in Fraction II, which was used in subsequent assays.

On account of the non-specificity of this enzyme, an experi-

ment was carried out to determine the concentration of enzyme



Isolation of ATP and ADP from liver.

7% TCA extract of liver

centrifuged
l |
Supernatant Reslidue discarded

mixed with equal vol.
of 95% ethanol. Centrifuged

I
| 1

Preclpltate Supernatant

mixed with 20%
mercuric acetate

Precipitate Supernatant

Suspended in water,
passed HQS gas for 1 hour

I
l |

Precipitate » Supernatant
aerated for 2 hours
contains ATP and ADP.

SCHEME 2.
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end the period of incubation required to split 2/3 of the
total P in a standard solution of ATP. Various dilutions

of fraction II were incubated following the procedure adopted
by Krishnan. It was found that a 1 in 25 dilution liberated
2/3 of the P in pure ATP solutions in 15 min., and that the
amount hydrolysed did not split off any more P during the
next 15 min. Therefore, in subsequent assays, this dilu-
tion of enzyme was used, and the incubation carried out for
15 min. at 37°C. In spite of this precaution, it was found
that the amount of P split off by this enzyme from ATP iso-
lated from liver was always different from that glven by a
combination of myosin and myokinase (see Table 15), probably
due to the presence of other organic phosphate compounds in
the liver ATP preparations which were not present in pure

ATP solutions. Ennor (private communication) has also

found this.

Isolation of ATP from the Liver: The method was based on that

of Ventakareman et al. (1950}, and is given in Scheme II. The
animals were anaestinetised witin nembutal, the livers removed,
dropped into 40 mi. ice-cold TCA (7% w/v) in a weighed con-
talner for a Helco blendor, and quickly welghed.  They

were homogenised for 2 min. at medium speed, centrifuged and
the residue washed once with 10 ml. TCA. The supernatant

and washings were collected in a measuring cylinder, mixed
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with an equal volume of 95% ethanol and allowed to stand for
2 hours. This removed the glycogen from the solution, an
essential precaution to be taken before isolating acid-
soluble organic phosphates, which are otherwise adsorbed on
to the glycogen (Sacks, 1949). The glycogen was removed by
centrifugation, the pH adjusted to 5.1 and the nucleotides
precipitated by the addition of 20/ (w/v) mercuric acetate
in 2% acetic acid (0.5 ml. reagent for every 10 ml.). The
precipitate was washed with 1/40 dilution of the mercuric
acetate solution, suspended in a small volume of dilstilled
water and the excess of mercury removed by passing HpS gas
for 1 hour. It was centrifuged, the HgS precipltate washed,
and the supernatant and washlings aerated for 2 hours. The
PH of this solution, contalning ATP and ADP, was adjusted to
7.1 before carrying out estimatlons. All the steps in the
preparation were carriled out in the cold.

Estimation of °2P incorporation: In the experiment where

the incorporation of 2P into ATP and ADP was measured, the
animals were injected with inorganic phosphate labelled with
52p intramuscularly (10 pe. per 100 g. body wt.) 2 hours
before they were killed. A very small volume of the TCA
supernatant (0.5 to 1 ml.) was taken for estimation of the
activity of the inorganic P of the liver before proceeding
with the isolation of ATP. The inorganic P liberated by

the various enzymes was estimated by the method of Ennor
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& Stocken (1950), and the resulting blue-coloursed iso-butanol
was counted for radiocactlivity in a liquid counter (Type M6
menufactured by 20th Century Electronics Ltd.). The method
of calculating the activity of the different phosphate groups
liberated by the various enzymes is shown in Table 12. The
gpecific activity of a fraction is the number of counts re-
corded per minute per 100 pg. of P in that fraction. The
specific activity of the P liberated by, say, myosin is
obtained by subtracting the specific activity of the inorgan-
ic P present as a contaminant along with the Hg-precipitated
nucleotides at thé start of the incubation from that of the
.P found after incubating with myosin. The specific activity
of the second phosphate group in ATP and of the first phos-
phate group of any ADP that is also present 1ln the solution
is obtained by subtracting the specific activity of the P
liberated by myosin from that of the P set free by myokinase
or apyrase.

Estimation of Phosphorus: The method of choice for estimating

inorganic P in the presence of organic phosphates is that
described by Berenblum & Chain (1938), in which the phospho-
molybdic acid is selectlvely absorbed by isobutanol. It
suffers from the disadvantage that the time teken for the
extraction is appreciably long, and this might result in
hydrolysis of any labile organic phosphates that may be pres-

ent. Uhis hydrolysis has been shown to be c atalysed by
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phesphemolybdic acid (Weil-Malherbe, 1951). The modifica-
tion of the method, as described by Ennor & Stocken (1950),
limits the time taken for the extraction to a minimum. It
consists in mixing 5 to 8 ml. of the solution to be estimated
with 2 ml. 5% (w/v) NaCl, 0.5 ml. ION HpS0,, 10 ml. re-
distilled iso-butanol and 2.5 ml. 5% (w/v) ammonium molybdate.
The molybdate is added last, and the separating funnel is
sheken vigorously for 15 sec. and the aqueous layer run off
quickly. The isobutanol is washed twice with 10 ml. N 580,
and then shaken with a 1 in 200 dilution of a stock stannous
chloride solution (10 g. in 25 ml. conc. HCl). The blue
coloured isobutanol is transferred quantitatively into a
graduated flask and the volume made up to 25 ml. with the
washings of the funnel. It is then filtered and the inten-
aity of the colour estimated with a Spekker absorptiometer

using Ilford 608 filters.

RESULTS .

In the single group of experiments carried out, all
the animals were fed a protein-containing diet for a pre-
liminary period, and their energy intake was then altered by
adding olive oil to the diet, as shown in Table 1ll. They
were killed after 3 days on this diet, and their llvers
analysed. Great difficulty was experienced in getting all

three enzymes to work at the seme time. ~Each assay was
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TABLE 14.

Statistical Analysis of the effect of adding fat to a

high protein diet, on the ATB/ADP ratio in rat liver.

Energy Level 28 Cal. 42 Cal. 56 Cal./day
53 86 80
ATP/ADP x 100 44 80 89
24 41 47
50 71 111
Totals 171 278 327
Means 43 70 82
Source of Degrees of Sums of Mean Variance
Variation Freedom Squares Square| Ratilo (F)
Energy
Levels 2 3183 1592 12.3
Linear
Regression 1 3042 3042 24.2
Deviations
from
Linearity 1 3141 141 1.1
Replicates 3 30562 1017 7.8
Residual
Error 6 774 129 -
For n; = 2, ng =6, F = 5.14 at 5% level

10.92 at 1% level.

The statistical anaiysis indicates that the addition

of fat to the diet produces a highly significant lncrease

in the ATP/ADP ratio.

linearity of regression.

There is no deviation from
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checked by estimating a standard solution of ATP with the
enzyme preparations used. In the first two experiments,.
the myokinase preparation was inactive and the apyrase dats
had to be used instead; 1n the other two myokinase figures
were avallable and were used as more accurate estimates.

The results are shown 1n Table 13. The ATP and ADP con-—
tents have been expressed as "total amount per liver" and
"amount per gm. of wet liver."™ The latter would be in-
fluenced by changes in the weight of the liver caused by
variations in the amount of glycogen or protein, and would
not therefore glve a true measure of the changes brought about.
by increasing the energy intake. Only the "amount per liver™
has therefore been taken into consideration. A more accur-
ate mode of expression would be in terms of the DNA content:
of the liver, thus expressing the ATP as amount per liver:
cell (Davidson & Leslie, 1950). The ATP content per liver
remains constant as the energy intake 1s increased from 28
to 56 Cal. per day. This agrees with the findings of
Albaum et al. (1951) who reported that the ATP content of the-
liver was not affected by a period of fasting. However, the
total ADP in the liver decreases with increasing energy in-
takes, resulting in an increasing ATF/ADP ratio. Analysis

of variance (Table 14) shows that the increase of the ratio

1s highly significant, and that the change takes place in a



TABLE 15.

Effect of changes in energy intake (fat) on the incor-

poration of S

2P into ATP and ADP of rat live

5. The
rats were killed 2 hours after injection of 2p,
(1 rat in each group)-.
Specifici Specific Relative
Energy p X atio
Fraction Activity Specifilc §2~ 2
Level Activity| ~2F7" Aotivivy | ATP /ADP®
organic P
cal-/rat/day Copomo/ Copomo/
100 pgP | 100 pg P
ATP ter-
minal P 8,347 42.3
28 ATP-sec-
ond P 38,365% |119,688 194.8 0.21%
ATP-sec~-
ond P 11,169% 5647 0.74%
ATP-ter-
minal P 27,120 109.7
42 ATP-sec- . 3
ond P 17,243% 24,716 69.7 1l.5%
ATP-gec- +
ond P 19,724% 79.8 1.5
ATP-ter-
: minal P lost - -
56 ATP-sec- A
ond P 15,743% } 19,487 80.7
ATP-sec-
ond P 16,703% 85.7

* myokinase used

+ apyrase used.

The P estimated as ATP - second P includes the
terminal P of any ADP already present as such

in the solution.
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linear fashion, the regression coefficlent being 0.0l pex
Cal.

The radioactive data are shown in Table 15. Onlyy
one experiment was performed, and even this is not complétely’
represented due to the accidental loss of one of the speed
mens . It is interesting to note, however, that the ratioc:
ATO?p/ADB2P incremsed as the energy intake was increased;.
showing that the relative rates of turnover of these two:
phosphate groups were affected by changes in energy intakes

in the same manner as the total amownts.

DISCUSSION.
Our experiments were confined to the liver, even
though most of the body protein is found in muscle, for twe:

reasons: the demonstration, by the use of the label
that the liver 1s more active in synthesising protein than
muscle (Sprinson & Rittenberg, 1949), and that, when energy
ls added to a protein-containing diet, the percentage in-
crease in the protein N is greater in the liver than in
other organs (iMunro & Naismith, 1952).

Studies on the energy-rich compounds in the liver
carried out by investigators like Kaplan & Greenberg (1944)
and Albaum (Albaum et al., 1951) have been restricted to
the estimation of the content of ATP, taking no account of

the ratio ATE/ADP. Tet us first consider the r8le of this
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factor in metabolism.

a. The concept pf a "Phosphate Potentiall. During recent

years, & number of Investigators have come to recognise that,
in reactions controlled by energy-rich phosphate compounds,
the presence of a phosphate acceptor is as important as the
amount of the phosphate-donor, such as ATP, which 1s present.
The results of several types of experiments appear to support
this concept.

First, certain agents such as the dinitrophenols have
been found to stimulate respiration and glycolysils of tissue
slices iIn vitro (Ehrenfest & Monzonl, 1933; Dodds & Greville,
1934; MNeyerhof, 1949}). These agents accelerate the break-
down of energy-rich phosphate compounds, and increase the
amount of acceptor (e.g., ADP). The effect of adding
acceptor systems has also been studled. Lennerstrand (1936)
observed a stimulation of respiration by AMP, and the addition
of creatine was shown to increase the resplration of muscle
extracts (Belitzer, 1939). By contrast, the omission of
adenjlic acid from the medium diminishes the oxidation of

%~-ketoglutarate (Green, 1949). Later, ADP was shown to be
more effective as a phosphate acceptor than AMP (Slater, 1950),
while Barkulis & Lehninger (1951) and Kellly & Kellly (1951)
Produced more definite evidence that the actual acceppor is

ADP.  All this evidence points to the importance of phosphate
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acceptor systems, such as ADP and AMP in these reactions .
If the reaction

ATP '\:;;’ ADP + HzPO,
is regarded as being analogous to

AHé ;::j A + Hy
then, Jjust as we have a hydrogen pressure in the tissues,
given by AHQ/A, we may also concelve of a "phosphate pressure"
or a "phosphate potential" (Dixon, 1948), represented by the
ratio ATP/ADP. Since the reaction 1s reversible, this
ratio will Indlcate whether there is a tendency for ATP
breakdown or synthesis. Thus, the total amount of ATP means
little if we do not know the amount of ADP present at the
same time. In the experiments listed above, what governed
the rate of resction was not the amownt of ATP or of ADP, but
the proportion of the one to the other, i.e., the ATP/ADP
ratlo; the rates of reaction are apparently limited by the
rate of transfer or hydrolysis of energy-rich compounds.
This ratio thus assumes a central position in P metabollsm,
and has been suggested as a possible control mechanism in
the economy of the cell (Lardy & Wellman, 1952).  Johnson
(1949) showed that the ATP/ADP ratlo controls the mechanism
of glucose oxidation, and concludes that "the primary rate-
governing factor is the concentration of inorganic P and ADP,

respiration becoming very slow when the value of the ex-




pression (ADP)(HSPoé)/ATP approaches that corresponding tec
equilibrium". It is concelvable that in a similar menneaw
this ratio controls other mechanisms dependent on -~
including the equilibrium between amino acids and peptidess
or proteins synthesized from them.

b. Effect of Energy Intake on the rhospnate Potential: Ouxr

experiments prove conclusivély that increasing the energy’
intake by adding fat to a well balanced diet results in axm-
increase in the ATP/ADP ratio, in spite of the fact that the:
total ATP per liver decreased. This is in agreement with-
the finding that glucose stimulates ATP synthesis (Kaplan:&-
Greenberg, 1944). Under thé same circumstances, N balanee“
improves and protein 1s deposited in the liver (Munro & |
Nalsmith, 1952). It seems justifiable to assume that the
effect of surfeit energy on protein metabolismis exerted
through the increased phosphate potentlal. Support of saeh:-
& concept comes from the evidence of the participation of AZP
in. peptide-bond synthesis (Lipmann, 1949), and from the ob-
servation that the uptake of labelled amino-acids Into
Proteins requires the presence of ATP (Winnick, 1950).
Siekevitz (1952) showed that the uptake of radioactive alanine
into proteins is associated with oxidative phosphorylation.

He found that, when liver mitochondria are Incubated with

«~ketoglutarate, or succinate, along with varlous co-factors
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guch as ANP, Mg++ and phosphate, a soluble co-factor is
formed which enables the microsome fraction of the liver to
incorporate alanine into its proteins. As this factor is
stable when heated at 100°C for 7 min., it is unlikely tov
be ATP, but Siekevitz thinks it may be a compound derived
from ATP.

Our studies on the incorporation of 32P into ATP and
ADP, though few, corroborate the evldence provided by the
quantitativé meas;rements. These results are, however, far
from accurate. The specific activity of each compound is
arrived at by subtraction of one set of counts from another.
Table 12 shows that the Jage difference between the counts
is small, and sd are the‘differences between the amounts of
P liberated by myosin and the P liberated by myokinase
present in the sample. Taking into consideration the errors
involved in the actual cownting, these differences Iin the
activities become negligible. Therefore, though the enzyme
method of estimation of ATP and ADP is satisfactory for _
quantitative work, for radioactive studies a separation of the
various compounds by a procedure such as chromatography seems
to be the more desirable.

In summary, we see that this universal medium of energy
exchange, the adenylic acld system, plays an important part in

all reactions involving transphosphorylation and that it is
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essential for many synthetic reactions, probably including
the formation of peptide-bonds. OQur experiments have
established that a rise in energy intake increases the
phosphate potential. How is this made use of in protein
synthesis? A considerable body of evidence suggests that
'ribonucleic acid is involved in synthesis of proteins, and

it has been claimed that this acid or 1ts derivatlves are
necessary for the transfer of energy with resulting synthesis
(Muller, 1947). Spilegelman & Kamen (1946a) think that
nucleic acids act as phosphate donors and "funnel energy into
the protein synthesising mechanism". Does ribonucleic acild
show anj change with energy intake? The experiments dealt
with in the next section were designed to answer this

question.



PART III.

THE INFLUENCE OF ENERGY INTAKE ON THE

METABOLISM OF RIBONUCLEOPROTEINS.
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INTRODUCTION.

The question has been raised in the previous section
whether nucleoproteins play any rdle in mediating the in-
fluence of energy intake on protein metabolism. That they may
do so is conceivable, since thaere is an alleged relationshlp
between ribonucleic acid (RNA) and protein synthesis. We
shall therefore first conslder the evidence relating RNA to
protein synthesis, before proceeding to describe our own
experlments on the metabolism of RNA under various nutrition-

al circumstances.

a. BEvidence relating Ribonucleic Acid to Protein Synthesis.

For the past decade there has been conslderable interest in
the alleged relationship of RNA to protein synthesis. The
suggestion that this might be so was independently propounded
in 1941 by Brachet working in Brussels and Caspersson in
Stockholm. Both of these investigators used histochemical
procedures. Histologists had long been aware that tissues
varied in their affinity for basic dyes, and Brachet (1941)
ldentified the principal bosophilic substance in cytoplasm
with RNA. This permitted an assessment of the amount of RNA
in the cell, and greater precision was obtained when the
ribonuclease became available (Brachet, 1941; Davidson &
Weymoutih, 1946), so that basophilia due to RNA could be

distinguished from basophilia of other origin. A different




approach was employed by Caspersson (1939; 1941), who used
a technique for the microspectrographic determination of
cellular nucleic acids based on the highly selective light
absorption of these acids in the central ultraviolet (UV)
range. Although this approach has limitations (e.g., a
protein having as part of its molecule purines or pyrimidines
would have a UV absorption indistinguishable from that of
nuclelc acid), the results obtalned agree 1in general with
Brachet's. The valldity of many of the findings has been
finally established by Davidson (1947 a & b) using chemical
procedures.

The results obtalned by these histological and chemlcal
techniques show a striking correlation between the amount of
RNA in the cell and the intensity of pfotein synthesis by the
cell. The question of whether RNA really plays an essential
part in protein synthesis can be considered under three
headings :

i. The correlation of the amount of RNA per cell with
the intensity of protein synthesis.

1i. Changes occurring in the amount of RNA with a demand
for increased protein synthesis.
iii. Evidence on the metabolism of RNA under varlous con-
ditions affecting protein synthesis.
1. The amount of RNA per cell and intensity of protein

Synthesis. There is a striking coincidence between the amount




of RNA contained in a cell and the importance of that cell. in:
protein syntiesis. RNA nas been found in abundance in

(1) secretory tissues like the pancreas, and pepbic glands off
the stomach (Caspersson, 1947), salivary glands (Caspersson,,
1939) and in the pituitary gland during hormone secretion
(Harlant, 1943; Abolins, 1952). (2) Cells known to syn-
thesise protein actively, such as liver cells (Davidson &
Waymouth, 1946; Davidson, 1947a), developing red and white:
blcod cells (Thorell, 1944; Davidson et al., 1948), nerve:
cells after stimulation of the corresponding nerve (Hyden,
1943), and the silk glands of the silk worm (Brachet, 1950).
(3) Rapidly dividing cells such as growing Bocytes (Brachet.,
1950), bacteria during the logarithmic phase of growth
(Malmgren & Heden, 1947; Boivin, 1947), and the feather-—
forming cells of birds (Grenson, 1952).

The most widely investigated orgen Is the liver, om
gccount of 1its high nucleic acld content. In the fasting
animal there is a fall in its protein content accompanied.
by a decrease in RNA. The same is seen when the animal is
placed on a protein-free diet. On re-feeding with protein,
both the RNA and the protein in the liver rapidly increase
(Davidson & Waymouth, 1944; Campbell & Kosterlitz, 1947;
Lagerstedt, 1949). In the fasted or protein-starved animal,
the nucleolus is small, but when protein feeding 1s started,

there is a rapid increase in the nucleolar mass and its RNA



55 .

content, accompanied by a concentrationAof RNA near the
nuclear membrene (Lagerstedt, 1949).

On the other hand, orgens having a high physiological
activity but not synthesising large amounts of protein, hsave
only small amounts of RNA, for example, heart and skeletal
musde (Davidson, 1950) and oxyntic cells of the stomach
(Caspersson, 1947).

1i. Changes in RNA content accompanying a demand fox
protein synthesis. In tissues such as actively secreting
cells, regenerating liver, rapidly growing cells and micro-
organlisms, there 1is a great demand for a rapid increase in
protein synthesis. This has been found to be accompanied by
changes In the RNA concentration in these tissues.

In the immature red blood cell, the amount of RNA and
the size of the nucleolus increases till the erythroblast stage,
when the growth of the cell ceases, accompanied by a decrease
in size of the cell and nucleolar mass. The rate of forma-
tlon of haemoglobin, which is at first slow, is greatly speeded
up when the RNA disappears (Thorell, 1944, 1947).

Thé exocrine gland cells of the pancreas have conspi-
cuous nucleoli and large quantities of RNA. When the gland
1s emptied of its contents, by the injection of pilocorpine,
the rapid synthesis of new protein 1is preceded by an increase

in size of nucleolus and in the concentration of RNA round the
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nuclear membrane (Caspersson, 1947).

In the compensatory hyperplasia following removal of
part of the liver, the weight of the organ increases rapidly
during the flrst 24 hours, due to an increase in size of each
cell without cell division. The RNA content of the liver
increases considerably, reaching & maximum in 1% to 3 days
after the operation. Cell division, which 1s accompanied by
increase in liver proteln, is also most active at this period
(Novikoff & Potter, 1948; Stowell, 1948; Lagerstedt, 1949).
The tlme relationships show that protein synthesis is pre-
ceded by the rapid increase in RMNA.

When cultures of chick heart fibroblasts are maintained
in a physiologlical salt solutlon, the cells stop growing and
the RNA content falls. When a growth-promoting medium is
added, the RNA content begins to rise immediately. Actual
cell division, as evidenced by an increase in the deoxyribo-
nucleic acid (DNA), only occurs 48 hours later (Davidson,
Leslle & Waymouth, 1949). Synthesis of RNA begins several
hours before the maximum synthesis of protein.

Studies on bacterial growth have shown great changes in
the nucleotide content during the early phase of growth,
reaching a maximum during the end of the lag phase or beginning
of the logarithmic phase. This increase, which corresponds
t0 5 to 10 times the original content, lmmediately precedes

cell division (Malmgren & Heden, 1947}
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Bing, Fagraeus & Thorell (1945) found that the forma-
tion of antibody protein proceeds in the same manner, namely,
is preceded by an increase of nucleic acids.

In all these 1lnstances, therefore, the demand for in-
creased synthesis of protein results in an immediate increase
in the RNA content of the tissue, which is followed by the
formation of the protein required. This time relationship
favours the view that RNA 1s a factor in the subsequent syn;
thesis of protein.

iii. The metabolism of RNA under various conditions
affecting protein synthesis.

The experiments dealt with so far are concemned with
changes in the total amount of RNA or protein in the tissues.
The metabolic activity of a compound 1s not, however, measur-
ed by the absolute amount present. It is necessary to
determine the turnover as well as gross content, and this has

been achieved by the use of isotoplc tracers. Hahn & Hevesy

32

(1940) were the first to use ““P to estimate the turnover of

nucleic acids, and since then, several others have used

2 140 o study their

compounds labelled with °~P, 15N and
bilological activity (vide Davidson, 1950). The turnover of
RNAP is 5 to 7 times that of DNAP, the figures for hepatoma
and regenerating liver being apprecilably greater than those

for resting liver (Brues, Tracy & Cohn, 1944; Davidson &
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Raymond, 1947). The high rates of renewal of RNA in in-
testine, spleen and liver 1s in keeping with the importance
of these organs in protein metabolism (Davidson, 1950).
Isotopic evidence favouring a relationship between RNA
and protein synthesis has been obtained by Spiegelman & Kamen
(1946) in yeast. They measured the flow of phosphate from
the "nucleoprotein fraction" under various conditions. The

32? and then allowed

yeast was grown in a medium containing
to ferment glucose in a medium containing unlabelled phos-
phate. The acid-soluble P was lowered in activity, whereas
the nucleoprotein P remained constant as long as the cells
were maintained amaerobically. Addition of ammonium sulphate
to evoke synthesis of new protein produced a marked drop in
activity of the nucleoprotein fraction. Reagents preventing
the assimilation of N or the formation of new protein in-
hibited the transfer of phosphate from the nucleoprotein
fraction. The validity of these results depended on the com-
position of this nucleoprotein fraction. On purifying this
and estimating the total quantity and turnover of each
fraction obtained from it, they found that N assimilation by
yeast was accompanied by a drop in the amount of RNA. Other
than the "metaphosphate fraction", RNA was the only one thus
affected. The turnover rates on the other hand showed a

ninefold increase for RNAP. The importance of this was
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minimised by the fact that other fractions, including phos-
pholipin, responded in a similar fashion (Spiegelman & Kemen,
1947) . They concluded that equally good correlations can
be established between protein synthesis and the metaboliec
activity of the other phosphate-containing fractions.

On the other hand, data whlch suggest a dissociation
between RNA metabolism and protein synthesls have been obtain-
ed with bacteria. When cobaltous lons were added to a medium
in which Proteus vulgaris were growing, growth ceased, but an
increase identical with that seen in growlng cells was found
in the RNA content of these cells (Levy, Skatch & Schade,
1949). When Proteus vulgaris was grown In a medium contain-
ing 52p and aliquots were innoculated into medla containing
no 32?, it was found that the turnover rate of RNAP was great-
er in the cells prevented from growing by cobalt, when com-
pared with controls, showing that RNA is actually metabolised
fagter in the absence of protein synthesis. These experiments
at first sight seem fatal to the association between RNA and
protein synthesis. However, it has already been pointed out
that RNA formation precedes protein synthesis and these
experiments may merely show that protein synthesis does not
inevitably follow if the conditions for laying down protein
are unfavourable.

The action of bacteriophage on E. Coll provides
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another example of the lack of relation between RNA metabolism
and protein syntheéis. Cohen (I95I) found that protein con—
tinues to be synthesised in infected bacteria, even though
production of RNA has been stopped, as evidenced by no uptake
of 32P, This occurs before the DNA of the phage has begun
to form. It is possible that protein synthesis is maintained
by pre-existent RNA.

Studies of protein and RNA synthesis after irradiation
with X-rays have also been made. Holmes (I95I) injected 32P
and methionine labelled with 35S simultaneously into rats,
some of which were irradiated. Synthesis of DNA was reduced
by half, and was the only system affected, RNA showing neo
change due to X-rays. The results varied widely between
individual ekperiments (due probably to difficulties in remov—
ing contaminating 32P from the nucleic acid fractions) and
showed a complete lack of any relation between the effects of
irradiation on the uptake of the two labels by nucleic acids
and proteins. To avoid 32P—-containing contaminants, Abrams
(I95I) used glycine labelled with I4C in the carboxyl group
and studied the turnover of purines. In rabbit bone-marrow,
irradiation with X-rays produced a marked drop in the activity
of DNA and RNA, though no change was observed in the rate of
glycine uptake by proteins. In the rat intestine, when
glycine was injected two hours after irradiation, there was

an 80% inhibition of DNA éynthesis, 49% inhibition of RNA
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synthesis and only 3.8% of protein synthesis. When the time
interval was increased to 48 hours, the inhibltion of DNA was
only 33%,0f RNA, 26%, and of protéin, 17.2%. He concluded
that, if RNA does take part 1ln protein syntheéis, it may be
involved in the synthesis of certain specifié proteins, or
‘that only a pert of the RNA is involved. It is noteworthy,
however, that 48 hours after irradiation, the inhibition of
protein synthesis has increased, even though the formation

of RNA is now more rapld. This could mean that some time
elapses between the synthesis of RNA and that of proteins,
the 49% inhibition of RNA noted at 2 hours exerting its
effect on protein synthesis only some hours later. This is
in keeping with the conclusion, based on purely quantitative
studies, that RNA synthesis precedes protein synthesis.

Such a time lag is also shown in the experiments re-
ported by Hammarsten (1951). In liver regenerating after
partial hepatectomy, the maximum turnover rates for all the
nitrogenous compounds in DNA, nuclear and cytoplasmic RNA,
appeared at about 30 hours after operation, i.e., correspond-
ing with the greatest increase in quantity of these compounds .
The meximum incorporation of glycine into the proteins, in
these experiments, occurred about 30 hours later.

Guberniev and Il'iana (1950) observed that the in vivo

stimilation of enzyme secretion in digestive glands resulted

2

in Increases in the rate of incorporation of 5 P into the
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nucleoproteins (400% in the parotid, 500% in the liver and
1200% in the pancreas). This could mean that RNA is con-
cerned with enzyme secretion, l.e., active extrusion of
enzymes, rather than enzyme synthesis. Hokin (1952), there-

fore, examined the uptake of 52

P by pancreas slices in vitro,
a system in which the synthesis and secretion of enzymes
could be studied separately. Addition of an appropfiate
amino acid mixture to the medlum almost doubled the rate of
amylase synthesis, but resulted in no appreciable increase
in the rate of incorporation of 32? into the RNA. On the
other hand, a 50 to 100% stimulation of amylase secretion by
the addition of carbamylcholine was accompanied by a corres-
ponding increase in the rate of uptake of 32P into RNA. He
concludes that RNA is not linked with protein synthesis,

but functions in the rearrangement and movement of enzymes
during the secretory process.

Grenson (1952a) found that RNA in the baseplate of the
pigeon's feather was renewed at the same rate as the syn-
thesis of new keratin, but the rate of incorporation of 52P
ihto RNA of fowl's oviduct was 5 to 10 times slower than the
rate of production of ovalbumin (Grenson, 1952b). One
would, however, like to know more details than the author
provides sbout the methods of calculating the rates of RNA

and protein synthesis before accepting this evidence.
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In summary, 1t may be said that the case for a re-
lationship between the amount of RNA in a given cell and the
intensity of its protein synthesis seems established, and,
in cells stimulated to form more protein, there is first an
increase in the amount of RNA. On the other hand, a lack
of concordance between the uptake of isotopes by RNA and by
newly synthesised protein has been demonstrated under certain
conditions, namely, for bacteria treated with cobalt salts,
for rat tissues following X-irradiation, and in the pancreas
during active synthesis of enzymes. Although these observa-
tions appear to be fatal to the theory of a rble for RNA in
protein synthesis, 1t is possible in each instance to en=~
visage an explanation of the data which would allow RNA to
retain a place in the protein synthesis mechanism. It
therefore seemed desirable to establisih whether or not varia-
tions in energy intake produce changes in RNA metabolism, and .
how these may be related to changes in protein synthesis.

In devising experiments to test these points, we made use of
observations by Munro & Naismith (1952) which show that in-
crements of energy added to protein-containing dlets cause:!
an increase in the amount of protein in the liver, whereas
the same changes in energy intake produced in a proteln-free
diet cause, if anything, & reduction in the amount of protein
in the liver. Our problem, therefore, was to determine the

changes occurring in RNA metabolism under the same
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circumstances. The experiments to be described deal wikh
two aspects of RNA metabolism, namely quantitative changes
in the amount per liver and changes in the rate of 52?
uptake by liver RNA.

EXPERIMENTAL.

a. Animals.

In all the experiments, young adult male albino rats
were used. After an overnight fast, animals weighing be-
tween 175 and 200 g. were selected and subdivided between
varlous experimental groups according to the randomised
block technique (Snedecor, 1946) which permits one to reduce
the effect of slight differences in body weight as a factor
in the analysis of results.

b. Diet and General Management.

Rats were housed under thermostatic conditions in
individual metabolism cages. Food was gilven twlce dally in
heavy ointment jars and moistened with water to prevent
scattering. At 1 a.m., 1 g. of the vitamin-mineral-roughage
mixture (see Table 3) was glven to all animals. To this
glucose was added in an amount required to provide a given
level of energy intake. At 5 pe.m., rats on the protein-
containing diet each received 2.4 g. of casein (Glaxo},

0.69 g. glucose, 0.69 g. potato starch and 0.42 g. fat; for

those on a protein-free cdiet, the casein was replaced by an




isocaloric amount of carbohydrate (half starch and half glucose).|
All rats received an energy intake of approximately |

1200 Cal. per sq.m. per day for a preliminary period of seven

days, to accustom them to the diet and the times of feeding.

By the end of this period, most of the animals had learned to

eat thelr food as soon as 1t was given, the meal being com-

pleted within % to 1 hour. At the end of a week the energy

intake of different animals was altered by addition or sub-

traction of glucose fed in the morning meal. Giving the

additional energy in the morning made certain that it was the

energy effect that was being studied, and not the interaction

effect occurring when protein and carbohydrate are fed at the

same meal (Munro, 1949). Bach rat was maintained for four

days at the new level of energy intake, killed by exsanguina-

tion under ether anesthesia, and the livers perfused with

0+9% (w/v) saline, and removed for analysis. 52p was in-

jected as inorganic phosphate (10 uc per 100 ge body weight)

Intramuscularly, at either 4, 8 or 24 hours before killing.

In most experiments, the rats were killed 24 hours after the

injection, i.e., 20-21 hours after the last meal of the 4 day

Period. |

€. Analytical Procedures. i. Fractionation of Liver Constl-

tuents. The liver was dried, chilled, welghed and homogenised
in 9 vols. of ice cold water in a Nelco blendor at moderate

speed for 6 mins., two drops of carpylic alcohol being added




Isolatlion of RNA and Inorganic P of Liver.

Liver homogenised in 9 vols. ice-cold water at moderate

~speed In a Nelco blendor.
with 2 vols. of 30% TCA.

4 vols. homogenate mixed
Centrifuged

Supernatant
To 10 vols. added 1 vol.
Mathlson's reagent, made
alkaline to phenol~
phthalein, left overnight
at 09C. Centrifuged
and filtered

Supernatant Precipitate
: dissolved in N.HC1l
5 By

SCHEME 3.

Residue
Washed twice with 10% TCA.
Washings discarded.
Washed with 10 ml. portion
of
Acetone
Absolute Ethanol
Ethanol-Chloroform (3:1)
Ethanol-Ether (3:1),
twice
Ether.
Washings discarded.
Dry residue incubated
with N. KOH at 37°C for
18 hours.
Cooled, added conc. E’ClO4
to bring pH to 3.
Centrifuged and filtered.

l l

Azs Fraction Residue
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to prevent frothing. A volume of homogenate equlvalent to

3 to 4 gms. liver was plpetted out and sufficlent 30% (w/v)
trichloracetic acld (TCA) added to make the final concentra-
tion 10%. This was then subjected to & modified Schmidt
Thannhauser procedure described by Davidson & Smellie (1952).
The homogenate was kept in ice for about % an hour to ensure
complete precipitation of proteins, centrifuged at a low
speed for 7 min., and the supernatant filtered. The precipi-
tate was then washed twice with ice-cold 10% (w/v) TCA,
centrifuged, and subjected to the procedure shown in Scheme 3.
It was mixed well with 20 ml. portions of each of the lipid
solvents, centrifuged and the supernatant discarded each
time. After the final extraction with ether, the resldual
ether was allowed to evaporate, and the dry powder contalning
RNA, DNA and proteins, among other compounds, incubated with
N.XOH which hydrolyses the RNA into its nucleotides. These
remain in solution when the digest is subsequently acidifled,
and form the major constituents of the AgS fractlon.

ii. Estimation of Liver Inorganic Phosphate. The

radioactivity of the inorganic phosphorus (P) of the liver
was obtained according to the method employed by Davldson,
Frazer & Hutchison (1951) from the TCA soluble fraction. To
& portion of the filtered acid-supernatant, Mathison's (1909)

reagent was added (1 mle. to 10 ml. extract) and the mixture
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made alkaline to phenolphthalein with NH,OH. After standing
overnight at O°C, the precipitate was separated by centri-
fugatlon and filtration, washed twice with dilute NH4OH,
dissolved in N.HCl and made up to a known volume. The amount
of P in this was estimated by the method of Allen (1940), and
the radioactlvity measured in a liquid counter (Type M6
manufactured by 20th Century Electronics) attached to a con-~
ventional probe unit and scaling unit (Type 200 manufactured
by Dynatron Radio Ltd.). In a few instances, the super-
natant left after removal of the inorganic P from the TCA-
soluble fraction was also estimated for amount and activity
of its P. This would contain acid-soluble organic P com-
pounds, the Sl fraction of Davidson et al. (1951).
It is possible that some of the compounds in fraction

31, such as adenosine triphosphate (ATP), may break down dur-
ing the period elapsing between the homogenising of the tissue
and the actual separation of the S1 fraction from the mag-
nesium precipitate. Ennor & Rosenberg (1952) estimated the
activity of the inorganic P before and after magnesium pre-
cipitation and obtained a - . difference when the livers were
removed two hours after the injectlion of °~P. These differ-

ences were attributed to the magnesium precipitate bringing
| down some of the organic compounds such as ATP, whose activity

would increase the activity of the inorganic P at the two




TABLE 16.

Comparison of the Specific Activity of Inorganic Phos-

phate 1solated soon after Addition of TCA to Liver

Homogenates with the Specific Activity after Mg(NH4)PO4

Precipitation.

Time between Noe. of Specifle Activ}ty
S2P injection | Animals |Immediate | After Difference
and killing = Precipitation
IJI‘SO C.pomo/ Cop.m.‘/ %
100 pg P 100 pg P
2 8 13455 13725 +2.0
5 7 5896 5841 -0.9
8 8 6666 6206 -6.9
Mean 23 8812 8710 -1.2

Statistical Analysis by Fisgher's "t" test shows

no significant differences between the specific activity

immediately after addition of TCA and the specific

activity of the Mg(NH4)PO4 precipitate at any of the

time-intervals after injection.
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hour interval. In order to test this, in some of our experi-
ments, & small volume of the TCA supernatent (1 to 2 ml.)
was removed Ilmmediately after the first centrifugation and

31P and 92p by a modification of the Beren-

estimated fob
blum & Chain procedure as described by Ennor & Stocken

(1950) « The results are given in Table 16; they are ex-
pressed as the specific activity of inorganic P; i.e.,

counts per min. per 100 ug P. They are compared with the
specific activitles of the same inorganic P after precipi-
tation by Mathlson's reagent, estimated by the same method.
The studies were made at 2, 5 and 8'hours after the £wsb
es-timetion—was—made—ef injection of 52P. There is no sig-
nificant difference between the activities of the inorganic

P estimated béforevand after magnesium precipitation, in
spite of the fact that the magnesium precipitate was separated
from the S, fractlion at least 24 hours after the first esti-
mation was mede. This shows that any lnorganic P resulting
from the breakdown of lablle organic compounds does not have

a significant effect on the activity of the inorganic P
estimated after magnesium precipitatlon. It should be
pointed out that Ennor & Rosenberg added carrier phosphate
before carrying out the magnesium precipitation, and the
differences observed increased with the amount of carrier

added.  No carrier phosphate was added in our experiments.
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Evidently, in the absence of added carrier phosphate, the
magnesium precipitatlon method is as reliable as the
immediate extraction of the inorganic P by the 1so-butanol
procedure of Berenblum & Chain.

1ii. Estimation of RHA °%P and RMA ®%p. 1n 1049,

Davidson and co-workers (Davidson et al., 1949a & b) set
ebout devising a method for the estimation of 32? in the
nucleic acids in the BCA-insoluble, 1lipid free residue ob-
tained in the Schmidt-~-Thannhauser (1945) separation of liver
constituents. Methods involving the isolatilon of nucleic
acids were not quantitative and required large amounts of
tissue. Hydrolysis of the residue with methanolic HC1l
followed by formic acid hydrolysis to separate the pyrimid-
ines, as proposed by Vischer & Chargaff (1948), 1s laborious
and not quantitative. Digestion of the residue with al-
kali, ds proposed by Schmidt & Thannhauser, on the other hand,
was satisfactory for quantitative studies. The alkall split
the RNA into 1ts nucleotides which remained in solution when
the proteins and DNA were reprecipitated by acid. When
examined for radioactive studies, however, a small amount of
highly active P was found contaminating the crude RNA
fraction (AgS fraction of Davidson et al. (1951)). This had
been reported by several others also (Euler et al., 1948;
Jeener, 1949; Friedkin & Lebninger, 1949; Marshak & Calvet,

1949; Jeener & Szafarz, 1950). Washing the original TCA
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precipitate several times with TCA did not remove this con-
taminating P (Davidson et al. 1951), nor 41d repeated addi-
tions of 1norganic P to the RNA fraction followed by re-
precipitation with magnesium mixture (Jeener, 1949).

Vischer, Magasanik & Chargaff (1949) first used the
filter paper chromatography techhique of Consden, GordonA&
Martin (1944) for the separation of mononucleotides, but they
could not separate guanylic frem and uridylic acids satis-
factorily. Markham & Smith (1951) failled to separate the
two pyrimidine nucleotlides on paper.

A solution to the problem was found by Smellile
(Smellie & Davidson, 1951), wno modified the filter paper
electrophoresis technique described by Cremer & Tisellus
(1950) for the separation of the nucleotides in the alkaline
digest in the Schmidt-Thannhauser procedure. By this method
he obtained a complete separation of all 4 nucleotides.
Moreover, the contaminating inorgenic P was removed from the
nucleotides. He obtained quantitative recoveries of nucleo-
tldes added to the AgS fraction.

We, therefore, decided to use this technique for the
estimation of the imcorporation of -°P into the RNA. The
dry, lipid-free residue was digested for 18 hours at 37°C
with N.KOH, cooled, and a few drops of 60% (w/v) HC10,added
to bring the pH to about 3, the digest being kept in lce %o
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minimise hydrolysis of the nucleotides. The precipitate
formed was separated by centrifuging, washed twice with a
small volume of N.HC1l0,, and the combined supernatant and
washings made up to a convenient volume. An aliquot of

this A5S fraction, containing 100 to 120 mg P was applied to
a spot 6 cm. from one end of a strip of filter paper (Whatman,
No.l), 7 cm. broad and 52 cm. long, using an "Agla" micro-
meter syringe, and the spot dried in a current of cold air.
The paper was soaked with buffer solution (0.02 M. citric
acld-trisodium citrate, pH 3.5), the end with the AoS spot
being allowed to moisten by capillary attraction, and sus-
pended ove#a glass rod, the two ends being made to dip into
the same buffer solution contained in two glass dishes. The
levels of the solution in the dishes were in the same hori-
zontal plane. A steady D.U. supply of 750 volts was applled
by means of carbon electrodes, the cathode being in the dish
nearest the AZS spot. At the end of 7 hours the paper was
dried in front of infra-red lamps, the nucleotide bands located
with the aid of a UV lamp with a speclal glass filter, as
described by Holiday & Johnson (1949), and marked lightly in
pencil. The bands were cut out, eluted into graduated tubes
with 0.01 N.NaOH (Consden, Gordon & Martin, 1947), and made
up to a known volume, 6 ml. of which was taken for counting

radioactivity. The solution was then divided into 2 equal




portions and estimated for P by the method of Allen (1949),
suitably modified for small quentities orf P.

In most cases, this "short run" for 7 hours with a
potential gradient of 15 volts per cm. of paper was used: for
separating the nucleotides, and the 4 nucleotides were cut
out, eluted and estimated together. In some experiments,
the ionophoretic separatlon was carried out for 18 hours-at
a potentlal gradlent of about 11 volts per cm. of paper,
when the separation of the individual nucleotides was obtained.
As the separation of cytidylic and adenylic acids was still
incomplete (due probably to the amount of Azs put on the
paper), these 2 nucleotldes were cubt out and estimated to-
gether.

After this work had been started, Smellie (Davidsen
& Smellie, 1952) discovered several P-contalning compounds
running very close to some of the nucleotldes. When esti-

. mating the individual nucleotides after a long run, therefore,
only the central portions of the bands were cut off the

paper to minimise contamination of these "concomitants".
Smellie also found that these "concomitants" could be go#

rid of by extracting the TCA-insoluble, lipid-free residue
with hot 10% (w/v) NaCl, and precipitating the nuclelc aclds
from this extract with ethanol, before submitting them to

alkaline digestion. Further, the use of 0.3 N.KOH instead




TABLE 17.

Comparison between the R.S.A. of the 455 Fraction and

that of the Phosphorus-containing Compounds isolated

from Filter Paper after a short Ionophoresis Run.

Phosphorus Relative Specific Activity
containing Mge. per
Fraction Liver+ 2 hrs. af ter 24 hrs. after
injection injection’H'
AgS 3.97 5.9 45.6
RNA 342 3.1 39.2
X 0.19 18.2 38.2
xt 0.57 9.9 39.7
RNMA + X + Xt| 4.18 5.0 39.2

“Based on analyses of 15 rat livers.

+Based on analyses of 4 rat livers.

++Based on analyses of 11 rat livers.




Fig.6: A- Ultraviolet photograph of the separation
of the 4 mucleotides from a rat liver A,S
fraction (Long run).

A'- Ultraviolet photograph of a short ionopho-
phoretic run of an A,S fraction from rat
liver. X is the crescent-shaped area prece-
ding uridylic acid and X' the area between
X and uridylic acid. |

Photographs reproduced by kind permission
of Dr. R.M.S.Smellie.
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of N.KOH for the digestion prevented any deamination of cyti-
dylic to uridylic acid (Davidson & Smellie, 1952). This re-
fined technique was, therefore, used in the experiments
dealing with the incorporation of 32p into the RNA of differ-
ent cell fractions. It could not, however, be used for any
quanﬁitative studies, as quantitative recovery of RNA is

not possible after NaCl extraction.

To gauge the recovery of P applied to the paper, the
nucleotides as well as the cqntaminants were cut out, eluted
and estimated for total P and activity (Table 17). This
was done at a time when Dr. Smellie was developing his
technique. X refers to the crescent-shaped, ultraviolet
absorbing band running in front of uridylic acid; i.e., be-
tween the uridylic acid band and the anode end of the paper
(see Fig.6), while X' is that area of paper lying between
X and the uridylic acid band after a short run. The amount
and activity of the P 1n a volume of AgS equal to that
applied to the paper was also estimated. The table shows
that, when the livers were removed 2 hours after injection
of 32?, the activity of the AyS fraction was much higher than
that of the RNA, which is obviously due to the very high
activity of both X and X'. In the 24 hour experiments, the
activities of the RNA, X and X' were about the same, but the
activity of the A,S was higher than any of these. The total

P recovered from the paper was also higher than that actually
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applied to the paper. This discrepancy will be understood
when it 1s remembered that the actual quantities of P in X

and X' are very small and their estimation 1is therefore far
from accurate. Even a slight inaccuracy in the estimation
that glves a higher value for the amount of P will decrease
the specific activity, resulting in a low relative specific
activity. These result; are in agreement with the findings

of Dr. Smellie (Smellie, 1952).

iv. Bstimation of Phosphorus. Two methods were used

for estimating P, the choice of the method depending on the
circumstances of the experiment. In the majority of in-
stances, the method described by Allen (1940) was used.

When the inorganic P had to be separated quickly from organic
phosphates, the modification by Ennor & Stocken (1950) of

the method introduced by Berenblum & Chain (1938) was employed.
The method of Allen: An aliquot of solution to be estimated
containing 20 to 70 ug. P was digested in a micro—Kjeldhai
flask with 1.2 ml. 10 N Héso4, till the contents of the flask
were colourless, digestion being aided by a few drops of Héoz
(MeAeRe ). The flask was allowed to cool, and 6.35 ml. dis-
tilled water added, followed by 2 ml. amidol reagent (1%
solution of amidol in 20% sodium metabisulphite) 1 ml. 8.3%
ammonium molybdate, and 15 ml. distilled water, in that order.
The blue colour that developed was estimated with a "Spekker"

absorptiometer, using Ilford €608 filters. Details of the
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method are gilven by Allen (1940).
The method of Emnor & Stocken: Described in the previous

section.

v. Experiments with llver slices: The liver was sliced

soon after 1ts removal from the animal, the slices weighed on
a torsion balance and suspended in Krebs-Ringer-Bicarbonate
buffer (Umbriet et al., 1945) contained in 25 ml. conical
flasks (3 ml. buffer solution for every 250-300 mg. slice).
The solution was brought into equilibrium with an atmosphere
of O and 5% CO5, the flasks firmly stoppered with rubber
stoppers, and constantly agitated for 3 hours in a water bath
maintained at 37°C. A very small amount of S52p.labelled
inorgenic phosphate or 358«1abelled methionine was added to
the solution before incubation was started. The reaction was
stopped by adding TCA, the flasks cooled and the precipltated
proteins washed thrice with ice-cold 104 (w/v) TCA. The
lipids were extracted and the residue lncubated in alkali,
according to Scheme 3. When 92p incorporation was being
studied, the activities of the inorganic P in the TCA soluble
fraction and of the RNA were estimated as before. In the

experiments with 35

S labelled methlonine, the alkalil dlgest
was made up to & convenient volume, and an aliquot taken for
N estimation by the micro-Kjeldhal method. An infinitely

thin film (Calvin et al., 1949) of the digest on a metal disc
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was dried and the radloactivity counted using an end-window
counter (Type EHMZ2 manufactured by G.E.C.). The activity

was expressed as counts per min. per mg. N.

Method of expressing radioactive data: Early workers using

radioactive tracers took the percentage of the administered
dose found in 1 g. of tissue to be a measure of the ihcor-
poration of the label by that tissue. It is, however,
difficult to estimate the administered dose accurately.
Fubther, the speed at which it is incorporated would depend
on the richness of the blood supply to the tissue concerned.
It 1s more accurate and often more important to know the
proportion of atoms labelled, e.g., 32p per mg- of RNAP.
This proportion is referred to as the specific activity, and
gives the value determined at the end of the experiment;

the specific activity of liver RNAP equals the number of
counts per min. per 100 uge RNAP, at the time the liver was
taken for analysis. This depends at the rate at which 52p
penetrated into the cell, among other factors. The amount
of 32p in the intra-cellular fluld of, say, the liver will
depend on the amount of label in circulation in the extra-
cellular fluid, which in turn will depend on the amount in-
jected.  Therefore, the Relative Specific Activity (R.S.A.),
i.e., tie specific activity of the compound divided by the

specific activity of another compound in the same cell (such




TABLE 18.

The Effect of Changes in Energy Intake (Carbohydrate) on

the Amount of RNAP per Liver.

Protein~Free Diet

Amount of

No. of Energy Levels RNAP per ggzgg;e;n
Expt. rats per Liver liver per
No. expt. Low High || Low High 1000 Cal.
energy|Energy
Cals./sq.m. Calg@qmw mg. | mg. mge
1 12 855 1618 3.27 | 3.81 +0.65
2. 8 820 1790 318 | 3.70 +0e47
3 6 663 13585 3.15 2.90 -0.33
4 8 645 1371 2,75 | 2.87 +0.21
5 6 889 1905 3.13 | 3.35 +0. 17
6 6 868 1812 "5.29 3.60 - 40.25
7 6 832 1848 2.76 | 3.26 +0.19
8 6 850 1847 27T | 2.86 +0.11
I
u
Weight
ed llean| 5g - - - - 40.26
Regres-
sions “
Protein-Containing Diet
1 8 725 1413 2.75 | 3.78 +1.51
2 8 627 1543 384 | 4.60 +0.92
3 8 813 1715 325 | 4.29 +1.03
We ight-
ed Mean .
Regres-| 24 - - - - +1.09

sions
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as inorganic P) expressed as a percentage, is more useful
and eliminates the difference in the rates of incorporation
of the label into the intracellular phosphate in different
tissues.

The specific activity and the R.S.A. measure the pro-
portion of molecules replaced in a given time. If the amount
of the compound present is large, the total amount syn-
thesised may be quite large, but the proportion replaced in a
given time may be small. In order to obtain the total
amount of RNAP syntunesised per liver,\we can multiply the
R.S.A. by the total amount present. Our results have, there-
fore, been expressed in the following ways:

i. the specific activity = counts per min. per 100 ug. P,

1i. the relative specific activity (R.S.A.) = specific
activity of a compound divided by the specific activity of
inorganic P expressed as a percentage,
and 1ii. the total amqunt of radioactivity of a compound per
liver = K.35.A. multiplied by the amount of that compound per

liver.

RESULTS .

a. Energy Intake and the Quantity of RNA in the Liver:

Teble 18 gives the statistical analysis of the effect of
changes 1n energy intake on the amount of RNA in rat liver,

when the animals are kept on protein-containing and protein-
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free diets. The last column gives the regression coeffi-
cients representing the change produced over a 4-day period
by an increment in energy intake of 1000 Cal. per sqg.m. of
body surface area. The influence of protein intake on the
magnitude of this change 1s striking, and highly significant.
When expressed as a percentage of the amount of RNA in the
liver present at an energy intake of 1200 Cal., which is
just adequate for weight maintenance, the regression co-
efficients represent changes of 28.6% on the protein-contaln-
ing diet, and 8.1% on the 'diet devoid of protein; i.e.,
when an animal is glven protein, a change in energy intake
of 1000 Cal. increaseg the RNL in the liver by 28.6% of what
it contains when the energy intake is 1200 Cal., but only

8+1% in the case of protein-free diets.

32

b. Energy Intake and ~"P incorporation into RNA of Liver:

i. Variations in energy intake from addition of

Carbohydrate. The influence of increasing energy intake
32

on the incorporation of P into thé RNA of the liver is
shown in Table 19. in the case of rats receiving protein
in the diet, the relative specific activity (R.S.A.) tends
to fall slightly as energy Iintake risés, whereas, on &
protein-free diet, there is an appreciable rise in the R.S.A.
Calculating the R.3.A. 18 one method of correcting for

differences noticed in the lnorganic P activity of different




The effect of changes in energy intake (carbolhydrate)
on the relative specific activity of liver RNAP.

TABLE 20.

injected 24 hours before killing.

Protein-Free Diet

32p

No. of

Expt.| Rats Energy Levels R.3-A- of RAP | Change in
No. | per expt. Low High Low High ér'léoo
Energy| Energy g
al.
Cal‘/sqcm- Cal-/Sq.m.
1l 8 813 1795 3842 48.4 4+9.68
2 14 653 1373 39.1 42.7 +4 . 57
3 8 820 1891 34.1 54.2 +18.34
4 4 823 1817 14.2 18.4 +4 .28
34 +10.33
High-Protein Diet
1 8 813 1715 37.9 35.5 ~2e44
2 8 670 1471 34 .8 37.8 +3 .42
16 41.23
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livers. An alternative method of correcting for these
differences 1is provided by the statistical procedure known
as co-variance analysis (Snedecor, 1946) which gives values
that would have been obtained had the specific activity of
the inorganic P been the same for all livers. This cor-
rection 1s made solely from the evidence of the relationship
between the specific activlities of the RNAP and of the in-
organic P provided by the experiment itself. The figures
thus obtained (column 6 of the Table) confirm the picture
shown by the study of the R.S.A.

The results discussed above are representative of a
series of observations on rats killed 24 hours after in-
jectlon of 52p. Over the whole series, 33 rats received the
‘protein-free diet and 18 were given tine protein-containing
diet, the energy intake ranging from 600 to 1900 Cal. per
sq.m. of body surface area. The change in the R.S.A. in-
duced by the alterations in energy Iintake over this range
is expressed by the regression coefficients per 1000 cal.
per sgem. (Table 20), namely + 10.3 for the protein-free
diet and +1.2 for the protein-containing diet. Taking the
R.S.A. at 1200 Cal. as the reference standard, these re-
gression coefficlents represent a change of +26.5% and |
+3.4% respectively in the R.S.A. The change in the rate of
incorporation is significant for the protein-free diet

(P < 0.01) but not for the protein-containing diet. The




TABLE 21.

The effect of increasing additions of energy (carbo-
hydrate) to a protein-free diet. The animals were
first fed the diet at a level of 1200 Cal./sqg.m., for

1 week, and then received diggerent energy intakes for
4 days (3 rats per group). P injected 24 hrs. before

kllling.
Energy R.S.A.
Intake of RNAP
Cal./sq.m.
633 22.9
1000 25.7
1407 28.5
1917 , 32.4

Regression coefficient: +7.51 per 1000 Cal.

Analysis of Variance.

Source of Degrees of Sums of Mean Variance
Variation Freedom Squares Square | ratio, F
Between 2 68,485 34,243 21.0
replicates ? ’

Between '

energy 3 14,593 4,864 2. 99
levels ‘

Linear 1 14,569 14,569 8.94%
regression

Deviations )

from 2 24 12 0.007
linearity

Residual

Error 6 9,773 1,629 -

The F value for the 5% level is 5.99, and for the
1% level 13.74 (for ny=1l, ny=6). Thus, the regression

is significant. There is no significant deviation
from linearity.
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- pooled data from all the experiments is thus in agreement
with the single experiment quoted in Table 19.

To confirm the magnitude of the change found in the
case of the protein-free diet, a further experiment was
carried out in which 4 levels of energy intake were obtained
by adding glucose to the protein-free diet. The results
shown in Table 21 and Fig.7 remove all doubt as to the linear
relationship between energy intake and R.S.A. of the RNAP.
Again, using the value at 1200 Cal. per sq.m. as reference
standard, and calculating the regression coefficient, it was
found that an Increase of 1000 Cal. per sq.m. body surface
area resulted in a 27.8% increase in the R.S.A. (P < 0.05).

The results discussed so far deal with values obtained
24 hours after injection of 52?. The same pilcture was ob-
tained with rats killed at shorter time intervals. On
account of the amount of work involved, three dietary groups
were chosen to provide the necessary contrasts (see Table 19),
namely, animals receiving the protein-free diet at high and
low levels of energy intake, and those receiving the protein-

&
Wt t
were injected/szP at the usual time on the last day of the

containing d%.?lat the higher plane of energy intake. They
W

4-day period, and sacrificed at 4 hours, 8 hours and 24 hours.
after injection. The R.3.A. of animals fed the protein free
diet at the higher plane of energy intake were the greatest

at all time intervals studied (Table 22 and Fig.8). In this
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experiment the specific activities of the individual nucleo-
tides were also studled by carryling out a long lonophoresis
run. Table 22 shows, 1n addition, that under the same con-
ditions of diet and time after isotope injection, the wvarious
nucleotides incorporate S52p to essentially the same extent.
Each nucleotide shows a higher Iincorporation rate when ob-
tained from animals on the protein-free diet at tihne higher
level of energy intake, than in the other groups. Since
contaminants could hardly affect all nucleotide fractions
similarly, these figures rule out the possibility that any
radioactive contaminant plays a significant part in account-
‘ing for the differences obsérved in P Incorporation into

RNA on different dlets. The specific activity of the acid-
soluble organic phosphate fraction (Sl), estimated in this
experiment, is not significantly altered by the nature of
the diet atvany of the time-intervals after injectlion of 52p
(see also Table 19). This fraction contains compounds such
es adenylic acid, ADP, ATP, phospho-glyceric acid, glycero-
phosphoric acid and glucose-I-phosphate, and from our re-
sults we see that, at these time intervals, the changes
shown by RNAP in relatlon to diet are not paralleled by
changes in phosphorylation in general. These data from the
Sl fraction also provide another important safeguard, namely

that the intra-cellular phosphate has a specific activity



TABLE 23.

Comparison of the effect on 52p uptake by liver RNA of
adding fat to a protein-free diet with the effect of
adding carbohydrate (3 rats per group)-.

Source of Daily R.S.A. of

energy energy RNAP
varlation intake
cal./sq.m.
Carbo- 1000 25.7
hydrate 1920 32.4
Fat 980 23.2
& 1900 30.5

Analysis of Varlance:

Source of Variation | Degrees of| Sums oH Mean Variance
freedom Squares| Square | ratio (F)

Between energy ) s

levels i | 14,770 14,770 7.87
Between carbohydr-

ate & fat 1 1,430 1,430 0.75
Interaction 1 37 37 0.02
Replicates 2 51,521 25,760 13.7
Residual Error 6 11,265 1,877 -

F = 5.99 at the 5% level and 13.74 at 1% level. Therefore,
the influence of energy intake 1s significant, but the effect
of carbohydrate does not differ from that of fat (interaction
not significant).



parallel to that of the 1lnorganic phosphate. This is in
agreement with the suggestion of Kalckar et al. (1944) that
the correction for extra-cellular phosphate in the liver is
small on account of the rapid penetration of the phosphate
into the liver cells. Venkataramen et al.(1950) hold that

52P on the

any evaluation of the. intra-cellular inorganic
basis of the extra-cellular space of the tissue 1is invalid,
but 1t should be noted that the time intervals at which
thelr studies were made were very small, the eanimals being
killed within 5 min. of the injection of the radioactive
label. Further,,in all our experiments, the livers were
perfused with saline, to reduce contamination of intra-

cellular with extra-cellular phosphate.

ii. Variatlons in energy intake from addition of Fat:

The experiments described so far have dealt with changes

caused by alterations in energy intake in the form of carbo-
hydrate. The effect of adding fat to a protein-free diet

was studled next. One series of rats was maintalned on an
energy intake of 1200 Cal. per sq.m. by adding fat, and another
serlies by adding cerbohydrate to a basal protein-free diet

for one week, at the end of which time different energy

levels were obtained in each series by varying the amount of
fat or carbohydrate fed. The results, gilven in Table 23,

show that fat and carbohydrate are equally effective in



TABLE 24.

The effect of adding carbohydgate or fat to a protein-free
diet on the incorporation of 2P into RNA of liver. The
rats received the diet for 7 days at a level of 1200 Cal.
per sq.me. Then energy intake was varied over a 4-day
period, so that one (basal) group received 832 Cal. per
sqe.m. per day, a second group 1879 Cal. per day by adding
carbohydrate to the basal diet, and a third group 1818 Cal.
psr day by adding fat to the basal diet (3 rats per group).
P was injected 24 hrs. before killing.

Diet Energy R.S.4.
Intake of RNAP
Cal-per SQele
Basal 832 19.7
Basal +
carbohydrate 1879 23.8
Basal + fat 13818 24.8

Analysis of Variance:

Source of Degrees of | Sums of llean Variance
Variation Freedom Squares Square ratio (F)
Between diets 2 4,424 2,212 3.47
Between

experiments 2 69,520 54,760 54 .4
Residual erroy 4 2,562 638 -

The F value at 5% level of significance is 6.94.
The experiment therefore falls short of a statistical
demonstration that carbohydrate and fat both raise the
rate of S2P incorporation into RNA. However, the magni-
tude of the change 1s of the same order as in the pre-
ceding experiment. :



TABLE 25.

The effect of glucose administration, during a 24 hour
period following high and low protein diets, on the amount
of RNAP per liver and on the rate of incorporation of S2P
into RNA (4 rats per group). ©%2P was injected 24 hrs.
before killing.

Initial|Daily en-| Food dur- RNAP | Sp.acti-| Sp.acti-
Diet body ergy in- ing finall per | vity of vity of |R.S.A.

whe. take on 24 hrs. liver{ RNAP Inorg. of !
diet ) P RNAP i
g. Caly/sq.m mge | c.pay/ c.p-m./ :
10CugP | 100ugPh
Protein- |
contain4 226 1680 Glucose 5.09 611 1525 39.9
ing 230 1680 None 4.65 | 641 1742 | 36.7 |
Protein4 233 1705 Glucose 4.22 986 2044 48.2
free 230 1725 None 4.56 | 1182 2227 53.2 g
Ii:
Analysis of Varience of Amount of RNAP per Liver: ‘
Source of Degrees of | Sums of llean Variance
Variation Freedom Squares Square ratio (F)
Between pro- 1 ' 9313 9313 7 .63%
telin levels _
Between glu- "
cose & no 1 91 91 0.08
glucose
Interaction -1 6161 6161 5.05% ‘
Residual Error 12 14651 1221 - z,]
7

i

The F value at 5% is 4.75 and at 1% level is 9.33.
Thus, & previous intake of protein combined with
glucose during the final 24 hrs. (interaction) gave a
significantly higher amount of RNA per liver.




TABLE 25 (Contd.).

Anaslysis of Variance of R.S.A. of RNAP.

Source of Degrees of Sums of Mean Variance
Variation Freedom SGuares Square ratio (F)
Between pro- 1 654 654 11.28%%

tein levels

Between glu-

cose & no : 1 6 6 0-11+
glucose

Interaction 1 80 80 1.57+
Residual Error 12 696 58 -

F is 9.33 at 1% and 4.75 at 5% level. Thus,
the only factor affecting the relative specific
activity is the previous protein level, and not the
immediate intake of glucose.




stimulating the rate of incorporation of °2P into RNA. An
addltional experiment with fat (Table 24) confirmed this
result. In this experiment, however, all the animals were
on the same basal diet, and in the 4-day period, the energy
intake was altered by adding fat or carbohydrate. The
magnitude of the changes produced by the addition of energy
were of the same order as in the preceding experiment,

though the values fall short of statistical significance.

c. The Immediate Effect of Changes in the Nutritional State:

An attempt was made to study the mechanism under-
lying the above changes in RNAP synthesis in two further
experiments. In the first, rats were fedveither a protein-
containing or a protein-free diet at a high level of energy
intake for a week and then Injected with labelled phosphate.
After the injectlon, half of each group were glven glucose
ad lib. and the rest fasted. All the animals were killed
24 hours after the injection. The data (Table 25) show
that the rate of incorporation was significantly influegced
by the previous diet and not by the immediate ingestion of
glucose. The group on the protein-free diet did not lose
their higher incorporation rate when fasted for 24 hours,
nor did the high-protein group show an increased incorpora-
tion rate when fed glucose ad lib. for a whole day. This
picture is amplified by the next experliment, in which all.

the animals were fed a diet providing an adequate amount
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of protein and energy (1700 Cal. per sq.m.). At the end of
a week half the rats were given a protein-free diet, an
isco-caloric amount of carbohydrate being substituted for

the protein. Thereafter, groups of three rats on each

dlet were kllled daily, having been injected with labelled
phosphate 24 hours previously. The transfer to the protein-
free diet produced an immedlate reduction in the amount of
RNAP in the liver. The rate of incorporation of 32p,
however, registered a fall on the first day, followed by

the expected higher level from the second day onwards (Fig.
9). The group that continued to get the protein-containing
diet showed a constant amount of RNAP in the liver and no
significant alteration in the rate of incorporation of 32p
(Fig.9). Both these experiments indicate that a change in
the nutritional condltion 1s not immediately followed by an
alteration in the uptake of P by RNA.

d. The Uptake of 92P by RNA in Tissue Slices: Two experi-

ments were carried out with liver slices to find out whether
this effect of the addition of carbohydrate on the incor-
poration of 3213 into the RNA could be demonstrated In the
isolated liver. The animals were prepared as before, being .-
fed a protein-containing or a protein-free diet for a pre-
liminary period, and each group then divided into two,

glucose being added to the diets of some to change the level



TABLE 26.

The effect of previous levels of energy
intake (carbohydrate)on the uptake of 9°p
by RNA in liver slices. The slices were
incubated for 3 hours at 37°C in Krebs-
Ringer-bicarbonate buffer containing added

32p.

(Mean of 2 experiments per observation).

Diet

Relative Specific Activity of RNAP

Low  Energy Level High Energy Level
Protein- 2.27 2.38
containing
Frotein- 2.41 4.25

free
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of energy intake. At the end of a 4-day period, the animals
were killed and slices of liver incubated in Krebs-Ringer-
Bicarbonate buffer containing a small amount of 5‘?'JP- The
results are given in Table 26. In the case of liver slices,
as in the case of the whole animal, we find a significant
increase in the R.S.A. of the RNAP when the energy intake

was raised in the protein-free diet.

e. The Uptake of 33 by Protein in Tissue Slices: Two

experiments were carried out on liver slices, substituting

a small emount of °°S-labelled methionine for the labelled
phosphate in the previous experiments. In the first, two
rats were fed a protein-free diet at a high and a low level
of energy intake. The activity of the alkali digest of the
TCA-insoluble--lipid—free residue was 1866 counts per min.

per mg. protein N. in the animal tinat had been on a high
level of energy intake, and 1817 counts per min. in the
other animal. In the second experiment, two rats were
maintained at the same level of energy intake but fed
protein-free and protein-containing diets, and the activitles
were 1600 and 1491 counts respectively. Taking into account
the errors involved in the actual counting, the differences
between these activities do not indicate a difference in

the rate of incorporation of the label into the liver pro-
tein, either with changes in energy intake, or with changes
in protein intake. However, these experiments requlre con-

siderable amplification.



TABLE 27.

Comparison of the changes in amount of RNA per liver
and 32P uptake by RNA when energy intake from carbo-

hydrate is Increased.

Regression coefficients indi-

cate the change produced by adding 1000 Cal. per sq.m.
body surface area to the diet, and have been expressed
as a Jage of the amount of RNAP or the R.S.A. of RNAP

corresponding to an energy intake of 1200 Cal.

Figures

in brackets are the number of animals per experiment.

Diet Method of Regression Coefficients
e ; .
RNA isolation Total RNAP R.S.A. of
per liver RNAP
7 N

Protein- Ionophoresis +28.6 (24) 43.4 (16)

Schmidt- ~ 4+29.2 (16) -
containing Thannhauser +20.8 (20) -

Ionophoresis + 8.1 (58) +26.5 (33)
Protein- - +27.8 (12)
free Schmidt- * +10.9 (16) -

Thannhauser -

% D.J. Naismith's data.
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DISCUSSION.

a. Energy Intake and RNA Syrthesis. The experliments dealing

with the amount of RNA in the liver and 1ts incorporation of
labelled phosphate Indicate that energy intake has a defin-
ite influence on the metabolism of RNA. All the data from
experiments Involving a change in energy intake from carbo-
hydrate are shown in Table 27. The change produced by an
increment of 1000 Cal per sq.ms of body surface area has
been expressed as a percentage of the amount or of the in-
corporation rate found at an energy intake of 1200 Cal. per
8Q.m. This enables one to compare the magnitude of the
alterations in the amount and in the incorporation rate
caused by various levels of energy. The change in the
amount of RNA obtained by the lonophoretic estimation com=-
pare favourably with the values obtalned by Naismith (Munro,
Naismith & Wikramanayake, 1952) using the less accurate
Schmidt-Thannhauser procedure; his data are included in
Table 27 for comparison. It 1s clear that an 1lncrease in
the energy intake by 1000 Cal. per sq.m. produces an increase
in the amount of RNAP in the liver of 20 to 30% when the
animal is fed a protein-containing diet without significantly
altering the rate of incorporation of 52P, i.e., without a
change in the number of P atoms replaced In a given time.
When ﬁhe animal is on a protein-free diet, on the other

hand, the amount of RNAP 1s s lightly increased (by 5 to 10%),
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while the rate of replacement‘is augmented by about 25%.

Tnis indicates that an increase in energy intake causes an
increase in the total number of P atoms replaced in a unit
of time, the increase being the same whether the animal is
on a protein-containing or on a protein-free diet. The in-
crease 1s produced, in the first case, by an increase in the
tota&Fgngaf, and, in tine other, by a higher replacement
rate/. This is also demonstrated in a different and a more
direcﬁ way in Table 19. Multiplying the specific activity
of the RNAP by the total amount in the liver gives a measure
of the total amount of 32? incorporated per llver, and these
values, adjusted by co-variance analysis to allow for differ-
ences in the specifilc activity of the inorganic P in the %
liver, as given in column 8 of this Table. It is apparent
that, whether the dlet contains protein or not, a change in i
energy intake produces an inecrease in the absolute incorpora- o

32

tion of P. Although it may appear from the data that the

increment is larger on the protein-free diet, statistical i

analysis shows that it 1s not significantly greater than the
values obtalned on a protein-containing diet. This supports ;
the data given 1n Table 27 and 111ustrated in Fig.10, which

indicate that the changes in amount?relative specific activity
are essentlally compensatory, and lead to the same total

synthesis of RNA.
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We see therefore, that RNA metebolism in the liver
is affected by two dietary factors, the amount of RNA being
determined mainly by the protein intake, while the rate of
incorporation of P is governed by the energy intake.
Whether on a protein-free or on a protein-containing diet,
there exists a definite relationship between the energy con-
tent of the diet and the total incorporation of P into the
liver. The incorporation of P may only mean that the P
atoms are being replaced without producing a similar change
in the rest of the nucleic acid molecule. This question
can only be finally settled by the use of labels other than
52?, such as 1&g, However, Potter, Recknagel & Hurlbert
(1951) studied the changes in the specific activity of RNA
in the rat liver with time, using 14¢ jabelled orotic acid.
Their time curves are very similar to those obtained by
pevidson & Smellie (1952) using 32P s a label. This simi-
larity is an indication that the turnover of RNA as shown by
the incorporation of 52? is a true measure of the rate of
breakdown and synthesis of the compound as a whole. There-
fore, it is justifiable to deduce that increasing the energy
intake results in a rapld breakdown and re-synthesis of a

major portion, if not the whole, of the RNA molecule.

b. RNA and Protein Synthesis: Do these findings throw any

light on the relationship of RNA to protein synthesis,

especlally as regards the influence of energy intake on
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protein metabolism?

The amount of protein in the liver is reduced when the
animal is transferred from a protein-containing to a protein-
free diet (Davidson, 1947; Kosterlitz, 1947) and so _i® the
RNA. On a protein-free diet, the RNA shows a slight in-
crease with increase in energy, but not the protein of the
liver (Munro & Naismith, 1952). This lack of change in
the amount of protein might, however, mask an increased pro-
tein synthesis coupled to an increased rate of breakdown.

The experiments with labelled methionine indicate that this

is not so. It should be pointed out that these are only
preliminary experiments and no attempt was made to separate
methionine from cystine and to estimate its activity separate-
1ly. Yet they agree with the results of Simpson & Tarver
(1950) who carried out similar experiments on tissue slices
and estimated the activity of methionine in the protein.

They found no difference in the uptake of 553 petween livers
from animals fed with protein and those on a protein-free dlet.
Since, presumably, their animals were fed at adequate levels
of energy intake, those on a protein-free diet would have

less RNA 1in theilr livers but a greater 52? incorporation (cf.
Fig«.l)). Yet the protein in the livers studied by them did
not show the same change. The data given in Table 26 show

thet the incorporation of 32)? into RNA proceeds in tissue
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Slices as 1t does in the whole animal.

The possibility that the liver is forming plasma
proteins as rapldly on a protein-free diet as on a protein-
containing one 1s negatived by the experiments of Miller et
al. (1950) who perfused the isolated intact liver with a
solution containing amino-acids, and studied the turnover of
labelled lysine in the liver and plasma proteins. They
found that the amount of liver and plasma protein synthesised
in a given time is dependent on the supply of amino-acids.

On a protein-free diet, the supply of amino-acids is low and
therefore one would expect a reduced synthesis of both liver
proteins and plasma proteins. Thus, all the available
evidence suggests that the total protein synthesis of the
liver is depressed by the lack of protein in the diet, where-
as the RNA synthesis 1is not.

If the formation of RNA 1is not'depressed by the lack
of diletary protein, one would expect the RNA synthesised to
accumulate in the liver when the animal is on a protein-free
diet, as it does when the animel is fed protein together with
increasing amounts of diletary energy. As Table 18 shows,
this 1s not so and this fact suggests that an increase in
energy Intake creates a demand for RNA, which is removed as
fast as it 1is formed. That this demand 1s not brought about
by immediate changes in energy intake 1s shown by the results

given in Table 25 and in Fig.9. Feedlng the animal witn
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glucose for 24 hours before killing did not produce a change
in the incorporation of 52p from the values obtained in the
case of animals starved during this same period. Again,
removal of protein from the diet does not result in an in-
creased incorporation of 32? t1ll the level of RNA in the
liver has fallen considerably. Canpbell & Kosterlitz
(1948) carried out a similar experiment as that illustrated
in Fig.9. Thelr results differ from ours only in thaf the
relative specific activity of the RNA begins tovrise, in
their experi