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INTRODUCTTON .

The importance of the nitrogenous constituents of
the diet has been established since ‘the early nineteenth
oonbury. (Magendie 1786 - 18555 Boussingault 1802 - 1887).
It was soon realised that the énergyayielding congtdtuents
of the diet, ocarbohydrate and fat, had a considerable

influence on the course of nitrogen (N) metabolism, although

the underlying mechenism of this dependence was less clearly
understood. This influence of cerbohydrate and fat on
prdtein netabolism, the protein sparing action of carbohydrat
anﬁ fot, has recently been reviewed (Munro 1951), where
evidence ip presented which shows that o difference exists
between the ability of carbohydrate and that of fat in cpar-
ing protein. ©Phis evidence can be counsidered in 4 parts:

(i) The isoccaloric substitution of carbohydrate for

fat leads 4o a tronslent decrsase in urinary ﬁ.

(ii) The sparing section of earbohydrate is less effective
whon the times of carbohydrate and protein ingestion
ave separateé, whereas the time of eating fat is
immatariai.

(141) The administration of carbvohydrate to fasting subjects
resulte in o retention of hogy N, whereas fat is
usually not effective in redueing the urinary N

output.
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(iv) The ingestion of carbohydrate, but not of fat, reduces

the level of the plasma amino-aglids Lfor some hours.

This evidence of a dlfference in the action of carboe
hydrate and fat on protein metabolism will now be considered
in more detail.

Subptitub: ~ rd:
The addition af earbohvﬂrata or fat to the diet results

in ¥ retention by the body, (Cuthbertson snd Munro, 1937;
Porbes, Bratzler, Thacker snd Marey, 19393 Forbes and Swift,
19443 Munro snd Wikramsnayeke, 1994). If carbohydrate.
and fat influence protein metobolism merely by acting as
energy sources, then substitution of one Lor the other, on
a caloric basis, should not influence protein metéboliam,
a8 reflected by a constant N outpute IBut 1t has been found
that complete (Bilwer, 1937) or partial (Umeds, 1915) iso-
ocalorie substitution of fat for the earbvohydrate in the diet
of human subjects results in a loss of body N. lixperiments
with doge, in whieh there was a complete substitubtion of
carbohydrate hy faot (Voit and Korvkunoff, 18953 Imthje,19063)
or only e partisl ﬁuhstiﬁuﬁian_(ﬁiewhaﬁki, 19075 Umeds, 1915;
2160 indicate that an enhanced N retention seccompenies the
period of casrbohydrate ingestion. The negative findinge
of Abderfalden, lessner and-W1nﬁrath (1909) in a single
study form an exeeption to this. |

When/
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When carbohydrate wan completely replaced by fat in
the diets of rats, Maignon and eoewoikers (Maignon aﬁd Jung,
1924; Moigonon and Vimeux, 19%1; Maignon and Chehine, 193ia
end by Malgnon, 193%4) found that N balence was actually
better on the faﬁweant&ining diet. fimilar resulte were
obtained by Sanuels, Gilmore and Reinecke (1948). In both
these groups, the rate were on the diets Tor some time before
urine colleeﬁiana were hegun, $0 thet information regarding
any imnediste effect of carbohydrate on N balance is lacking.
This oriticism also epplies to some investigators (Forbes
etalse, 19463 Ferbés, Swift et al,1946) who partially
substituted fat for carbohydrete and found that N bolance
was not significently better in the diets richer in carbo-
hydrate. On the other hond, Desgresz and Bierry (1920)

and Lathe and Peters (1949) found that N rotention was
| Improved. during the first feow doys of a periad 1p which
aarbahydrate faplaaeé some of the dletary fote These
opposing results were reconelled recently by Munro ana‘
Thomson {1955) who showed that the ipoceloric substitution
of carbohydrate by fat in the dlet of the rat results in a
translient increase 1ﬁ ¥ output which lﬁter‘resumes its Obig-
inal level. Thus, investigators who collected excreta
immediately after the dietary exchange would obtain posltive
results, whereas those who delayed collection for several
daye following substitution of fat for cerbohydrate would
fail/
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fail to observe the increased oubpulb.

The general ploture which has emerged from studies
in which fat is substituted fsodynamically for carbohydrate,
either partislly or completely, iz thet carbohydrate has an
effeet on protein metebolism for which energy in the form of
fat is not a substitute, @hia effeat Only ocours immeds
iately after the alteration in earbohydramc ingection and
ig only tamparawy.

Seporation of tim

garbohydrate,
It has been ohserved (Cubhbertson end Munro, 1939) that

of ingestion of protein from thot of

carbohydrate need not be removed from the diet of human
subjects to produce an adverse effect on W balance; mere
separation in the time of eating the carbohydrate and protein
of the diet being suffiecient to csuse a deterioration in N
balance, The same vesulis were obbained with adult rats
(authbertﬁaﬁ, MaCuteheon and Munro, 1940), Thus the
presence of carbohydrate in proteinwcontaining maala couses
a retention of N by the body. This has been shown to be
& temporary phenomenon (lunro 1949). Thig author also
showed that separating the time of eating protein and feot
had no effect on N output. Espentially similer results
were obtained by Geig@r, Baneroft and Hagerty (1950), who
found thet praﬁainwdepxbta&-rata regained welght much more
ropidly when dietary protein and carbohydrate were eaten

together, than when they were consumed eeparately.



-m‘j-
Bffect of carbouydrate and fat on Nitrogen output during

gtorvation.
Bartman (1912) and Richet and Minet (1925) found

that feeding fat to fasting dogs did not eignificently
reduce the level of urinary N. Wimmer (1912), Richet and
Minet (1925) showed thalt the sdministration of earbohydrate
to fasting dogn was capable to sparing body N, A similar
difference in action was appavent when carbohydrate (Benedlot
19153 Grafe, 1910 and 1914) and fat (Thomas 1910) were
given to fasting humen subjects. Heilner (1906), Mey (1894)
Voit (1901) with carbohydrate and Heilner (1906), and

Rubner (1883%) with fat, drew the same conclusions from thaiﬁ
studies on fosting rabbits. The gituvation with the rat

i9 less clearly defined. Gregg (1931) fed butter fat to
fasting rats and noted that the urinary N output of seversl
rats was consistently lowexr than that of a single control
animal. Krles, Porbes and Miller found that the fasting
(control) level of urinary N, 122 mgms. per 100 gms, body
welght per 24 hours, wes yeduced by feeding starch to

30 mgma. per 100 gme, body welght per 24 hours, whereas
feeding an isocaloric amount of f£at lowered the N outputb

to only 70 mgms, per 100 gms. body welght per 24 hours.

Both sets of experimental §§tails ore rather vague and a
striet comparison of the effect of fat 1s therefore not
posgible. As regords e¢arbohydrate administration to
fosting/



“ B ow
fasting rabs, Rosenthol and Vars (1954) éhowed that this
Greatment w&s'aeaampami@d by a significent reduction in
wrinary Ws  The meagre data avallable thus indicate that
in the fasting rat, a8 well as in other ﬁpﬁﬂiﬁ%,}%h@ ingest-
ion of carbobydreate results in a reduction in W output, but

the effect of fab ié laaé certain.

The effect of carbohydra

anino~ncids.

When carbohydrate (e.g. glucose) is given to a fasting

animal, ﬁheke is a &§§mmﬁaian.in the plasma anmino-acid level,
meximel at 1-2 hours after administration. This pheﬁbmen@n ‘
was first obeerved by Polin and Berglund (1922). Groeene
gendiford snd Ross (1924) aleo showed a definite deerease

in the plasme amino N level after glucose or frﬁeﬁoae ingest-
ion, That this decreasne was nov coused by heeno Qilﬁtion
‘wa® shown by Hchmidt end Bastland (1935). Certain suthors
showed that the level of different smino-acids wae nod
deorensed to the same extent after glucose ingestion

(Harris and Harris, 1947) and Munro and Thomson (1953) in
addition found that fat sdministration did not have a compar~
able effect in lowering the blood amino-acid lewvel, The
welleknown physiologleal relationship between gluccse ingest-
ion and insulin seeretion prompted numerous investigstions
into/
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into the role of this hormone in reducing the blood amino-
seld level. An exhaustive review of rolaticnship between
insulin and tho blood amino-scids is beyond the scope of
this thesis at this point, but it suffices to say that
inovlin secretion may be the controlling agent of the blood
amino-acld level after glucose ingestion sinece after pan-
ereptectonny and in alloxau~disbetic enimals, no sparing
action of glucose has been abmervéﬁ,

It ie thus quite feasible that the reduction of the
urinery N and the depression of the blood smino-scid level
after a meal of carbohydrate are axﬁremﬂionm of a single
mechanism, inherent 1n the sparing sction of carbohydrete.
Tat ingestlon, whiech is not followed by inaulih secretion,
consequently cannot participate in this effect on protein
metabolism, as avidencé7by the lack of effeet on urinary N
output and blood amina:ﬁa&d level vhen given to o fasting

subjects

Nature of the Froblem.
As indicated in the preceding summery of the 1literature

carbohydrate has a speclfic aection on protein metabolism,
snd we have been led Lo conclude that this effect probably
involves the participation of ineulin. It has been our
objective to investigate the mode of netion of éarbohydrate
in producing this effect. The simplest system on which

to moke this study seemed to be glucose administration to

o/
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o fasting snimel, The foll@wing five sechions of the thesis
thevreflore represent an analysis of‘th@ changes which ooccur

in protein netabolism when a rab regeives a dose of carbow
hydrate.

| Mrat, experim@mtm were deslgned to amplify the meagre
data relating to the sction of carbohydrate and fat on the

¥ output of fasting rats, in order to establish a specifie
action of carbohydrate on protein metabollsm in this speecles
(Seetion 1), These were followed by sn attempt to discover
the site where N\ga retained after cerbohydrete administration
Analysis of th;fiiver %hawé& that this orgen did not accumulat
protein when carbohydrate was given. Ve therefore turned

to the use of labelled amino-aclds (Section 2) and examined
their uptoke by the proteins of muscle and of liver, The
results point to the carcass es the main slte of action of

- ecarbohydrate on protein metabollan, The nature of thie
action was, however, rather ﬁiffiaﬁlt 0 interpret from the
data.

Purther @xpariﬁenﬁ& were therefore performed uveing
14cwg1yeine. and changes in the labelling of the protein
were compared with those in the free asminow-scid pool (Section
%) Yhese data could ﬁuﬁt readily be expleined by the
transitory fdrmaﬁimn of some peptide or protein in muscle
under the influence of glucose.

In/



- -

In Section 4, there is s desoription of attempts to
isolate such a peptide from the scidwsoluble Lraction of
muscle following gluceose adnministration; and in Sectlion 5
mome experiments on the incorporation of radioglyeine into
a muscle protein fraction which 1s labile towards hot tri-
chloro-gecetic acld are diaauamed.

Phese seotions ave followed by a general discussion
which attempt® to integrate our £indinges with the more
goneral questions of the action of insulin and other hormones

on protein metabolism.




SECLION 1.

THE_EPTECT _OF CARPOHYDRATE AND FAT ON

THE ¥ RETENTION OF THE RASTING RAT.
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INTRODUCTION .

It has been reocognised for some considerable btime that
the aduinistration of ecarbohydrate to fasbting animale causes
a fall in the urinery nitrogen (N) outpul.whercas the giving
of fat does not have o comparable effects. As indiceted in
the general introduotion to this thesis, albhough the evidence
for this special action of carbohydrate rests on reliable
data from various specles, it is inadeguate and vague in the
case of the rat.

The soope of the experiments desoribed in this eection
is twofold, viz.,

1) to confirm thot administration of cavbohydrate to
Tasting rots reduces the N oubput in the urine in agreement
with its action on other species, and in a manner distinet
from ony changes following fat administration.

11) %o determine whieh tissue or tissues are responsible
for the retention of ¥ produced by fecding carbohyiirate.
The enelysis was confined to the liver and the effect of

glucose and fat on its N content determined.
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Young adult male albino rats were fasted overnight
snd those welghing sbout 250 g. were distributed among the
various experimental treatments according to the randonmised
block technique of Snedecor (1946), which reduces the effect
of s8light differences in body weight as a factor in the
analysis of the results. The snimale were housed individe-
ually under thermostatic conditions in glass containers
(fig.)) and fed the experimental diet twice daily. This
‘consjsted of the following purified ingredients: casein,

. glucose, olive o0il and & vitemin~-mineraleroughage mixture
(VoluR.) {(Munro, 1949). 7Uhe compounding of these constite
uents in the high and low protein dletes are found in table la.

The morning feed conslating of 2 g of V.M.R. and 3.5 ¢
of glucose, was glven about 10 a.mse The evening feed
consisted of 5¢3 2o 0f 8 protein-containing or s protein-free
mixture (Table la)and was given at 5 p.m. Bach meal was
modlatened wlth water to prevent scattering.

Aflver & period of seven days on the high or low
protein diet, wurine collections were carried out for 24 hours
during which time the animals were fed nothing but water
(control) carbohydrate (7 g. glucose a.m. and 5 ge Peie)

or fat (% mls. olive o0il z.m. and 2 mlo. p.me)



PABLE la.

Qomposition of Protein-gontaining Meal.

Starch (potato) 69
Glucose . | ‘ 69
Margarine 42
Caseln 240

stareh (potato) 189
flucose 189
Mergorine 42
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gollection of Samples.

The N balonce unit used consisted of three components
(fig. 1)
A. The glass vessels Tor housing the rate were large sigzed
chemical reagent botiles, the bottom of which had been
removed, They were employed in the inverted position.
Be This component consiated of two pleces of coarse mesh
wire gauwe joined together with four metal rods snd was
deslgned to £it inside the gleams containers, When in posi-
tion, the upper picee of wire pgouze overlapped the glass
container and effectively imprisoned the rat, which sat on
the lower gauze beside its food dish. The mesh of ‘the
lower geuze ie sufficiently wlde to allow easy passage of
urine and faeces. The whole component is easily lifted
out to éemave the rat or to supply it with food.
Ce This comprised a large filter funnel on which was placed
a circular plece of fine mesh wire gauze in the shape of a
Moxiocan hate This component was placed beneath the neck
of the glags cage and served to separate urine from facces.
The f£ilter funnel led dirveotly to a two litre Winchester
which contesined 20 mls., 11N, HCL 4o prevent bacterial |
decomposition (Addis ond Watansbe , 1916) of the urine,

These individual units were mounted on o metal framew
work of Dexion which wae eapable of holding 18 such units
(photograph 1.)

Atter/



N BALANCE UNIT.

11111

'Y

o COMPONENT A .

4——COMPONENT B .

1111441/1///1
PV AV A A A A A 4

\/\/ COMPONENT C .

(sgpmmas URINE
& FAECES.)

-~

FIG. 1,

— URINE COLLECTS IN
2L .WINCHESTER.




T A ooefdQ0sr aBhox T
'Y =vy ofp ¥



- 1% -

After the 24 hours colleection perie&, the animals were
removed from their containers which were subsequently washed
down with 200 mle. of disbtllled water into the urine bottles.
'mm@ N content of the urine was estimeted by the mioro-XKjeldhal
method as desoribed by Munro and Nedemith (1953).

Demoval and Anelysis of Liver,

The rats were killed by exsanguination under ether
pnaesthesia and the whole liver excised and washed in distille
water to remove exeess blood before homogeninming in water.
Phe subsequent treatment of the agqueous suspension is detalled
in fige2s
Totel N estimation of wrine and liver wae carvied out by the
micro=-Xjeldhal method (Munro and Naismith, 1953) on sample

volumes which were adjusted to contain sbout 1 mg.N. This
allowed Lor more accuracy in the subseguent titration with
0.01N.H2804. The samples were dligested in 1,5 mls., of
eoncentrated nitrogen-free HyH0, using a2 mercury bead as a
cotalysts Digestion wes continued for half an hour after
the sample had cleared (Hiller, Plazin and Ven S5lyke,1948)
and the flask sllowed to cool before the sides were washed
down with a little distilled water., Distillation was carrie
out in +the apparatus desoribed by Markhem (1942). Before
the addition of 10 mls. of 40% (W/V) sodium hydroxide to
liberste the smmonla, 1 ml. of saturated sodium thiosulphate
was added to precipitate the mercury which would otherwlse

interfere/



PIG. 2.

Preatment of liver homogenate.

- sl = v,

ey

10 mls.diluted to 50 mlde 10 mlg+ 5 mld. 304 2CA,
N/ ‘
Total W on 2 mlf.portiane. washed twice with 1074 BCA,

washad &%%h fat solvents.
twlce with absolute alcohol.

once " ethanol:chloroform
(3:1)

twice ¥ ethanolaether(3§1)
ongce " ether,
!
Alkaline digest on whole of
dry precipitate. Total N and
total phosphorous (P) carried

out on alkaline digest.
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interfere with +the distilletion. The ammonis was collected
in o eonicel flask contalning 6 mlse of 2% (W/V) borie acid
ond 4 drops of mixed indicator { % parts of 0.1% bromocresol
green in 959 ethanol and 1 pard 0.1% methyl red in 95% ethanol
but the colleetion was delayed untll the distillate had
reached the lower end of the condemser thereby elimlnating
the possibility of eny 50,y liberated by the alkali, colleot~
ing in the receivery, mﬁ@ aumonie content of the pomple was

estimeted by titration with 0.0LN H,50,.

The alk&line digest (£ig.2) was analysed for total N
as described above., A correctlion Lor the ¥ contribution
by nucleie aclde of the digest was obtalned by estimating
the total P content by the methed of Allen (1240), =nd
mnlbiplying thie fisure by 1.69. -
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BESULTS .

The data of six experiments are presented in Table 1,
The results indicate that, following both the protein-containe
ing and the protein-free diets, the amount of urinary N
is reduced by the cdministration of carbohydrate and to a
lesser extent by the glving of fatb. Statistical enalyois
of the data (Teble 2) reveals that the effect of carbohydrate
ingestion is very definite at the 5% level following both
types of diet whereas the effect of fat administration is

of borderline significance after ome dlet and not significant

after the other.

N content of the liver.

Phe mesn results for the liver total N (based on

six experiments) snd liver protein N (on four experiments)

are shown in Tahla -2 Statistical analysis of the data
(rebles 4 and B) shows that, while glucose administration
causes & deerease, in both total and protein N which reaches
significance, fat administration has an insignificant effect
on either the total or protein N. fThe effect of carbohydrate
is perhaps more pronounced following the protein~free dlet,
thongh this distlinotion fails to attaln ﬁtatimtieal'aignifw -

x”.ﬂ'}y
icance, C ‘



PABLE 1.

The effect of carbohydrate snd fat administretion on the
urinavy N of fagting animals previously fed with protein-

containing or with protelnwfree diects.

Ereceding Bxperde Urdnory ¥ (mgms/24 hre.)

Diet ment. _ — . _ o .
No, MWater-fed Gluecose~fed Tat-fed

1 172 109 143

[ - 2 209 154 196

Protein % 180 122 159

5 226 118 80

6 133 152 ‘ 160

Mean 180 | 12? 147

1 9L | 80 97

2 75 65 54

Frotoin 3 76 | 69 90

froe 4 67 30 45

4] 134 | 51 50

6 29 | 51 | 105

Mean .90 58 o T4




TABLE 2.

WA S

Analyeis of Varience of Urinary N Data.

Sburaeé of Degreos Bum of Mean Variance
Variance of Sguares Square Ratio (F)
: lfrae&qm
Totiol 35 88,821 - -
Replicates 5 3476% 75% 1.02
Protein
levels 1 54,057 54,0857 -
Treatment 2 11,035 5,518 Ted3
lrror 32 2%, 729 742 -

T = 5,34 at the 1% level (nl = 25 n, = 32).
Therefore carbohydrate and fal have o significant effect
on the N output (P £ 0.01).

The minimum significant difference between columns
is 32 mg. §/day.
of carhohydrate is high after both dlets, while that of

Hence the significance of the effect

faot is border~line in the case of the protein~containing

diet and not significant following the protein-free diet.



PABLE 73,

The effect of carbohydrate and fat administration on

liver N.
Diet
Q;Zggégnt Protein eontaining  Protein free
Total No | Frotein N, Total N  Protein N,
(mgme ,N/24ver) (ngme .N/1iver)

Water 204 . 143 18% 131
Glucose 199 135 175 116
Pat 209 144 192 127

fotal N ~ Tach entry is the mean of 6 experimente.

Protein N - Tach entyy is the mean of 4 experiments.




TABLY 4.

“Analysis of Variance of liver total N data.

Source of Degrees | Sum of Mean Varliance
Variance . of Squares Square Ratio ()
Lrecdom
Total 35 E1e397 - -
Replicates 5 22,305 — ————
Protein
Treatmnent 2 1,143 572 3¢5%
Brror . 27 44359 162 -

T = 3,35 at the 5% level of significance (ni = 2 and n, = 27).



mAE%E 5:

anslysis of Varience of liver protein N dats.

Sourece of Dogreesg of ¢ HBum of Mean Variance
Variance freedom Squares Square Ratio (F*)
Total 23 14,199 w- -
Repliaamﬁa 3 l@g&73 2624 )
Protein
levels 1 1,261 1261 —onm
Preatment 2 641 5eR %5483
Brroy 17 1424 84 -

P = 3,59 at the 5% level of significance (nla 2y and ng= 17).




Qur observations indicate that, when a fasting rat
is fed ocarbohydrate, there is a significant decrease in
N output whether'or not the previous diet contalned protein.
Concurrently the liver tobtal N is decreased due to a slgnif-
iecant reduction in its protein N content; this effect
may be more pronounced when the animel has previously heen
on a provein-free dlet. The administration of an isoccaloric
amount of fat, on the other hand, while tending to reduce
- the overall W output by the body, is without effect on the
N content of the iiver. . These results provide more
evidence for a difference between carbohydrate and fat in
their ability o epare body N (eee veview by Munro, 1951).
The most interesting aspeet of these ilnvestigations
is the faect that only ecarbohydrate administration resulte
in a decreaged liver N content. Consideration of previous
vesulds of Munvro snd Naismith (1953) lends support to these
Cindings. (See Table £). - Phey studied the effect of
adding extra carbohydrate or fat to protein-free diets and
found thet an improvement of N balance followed the addition
of carbohydrate but was accompanied by a loss of liver
protelns this 4id not accompony addition of fat. The

aome/



Bffeot of a‘c{ﬂmg c&wmﬁy&wmﬁ or fat,as an energy source,

t0 a protein~free diet. (From Munro & Walsmith, 195%).

Veriable Chenge per 1000 Cal./m”
Sourece of
Bnergy - e '
N Balence Liver Protein N/rat
Carbohydrate + 69 - 1144
Ffﬁfb : ‘ . 4& vk 4.1
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same paradox was observed by Rosenthal and Vars (1954),
who fasted rats after a pari@& on a protein-deficient diet
and observed that the consequent rige in urinary ¥ output
was nccompanied by an improvement in the N and enzyme content
of the liver. In this jinstance, thevefore, the removal
of cavbohydrate from the diet bad o beneficlal effect on
Liver protein contentbs

The evidence thus indicates that carbohydrabte has an
@ﬁf@at onn provein metabolism which is not shared by fat.
WMoreover, our experiments and a survey of the literature
anplify this by revealing that the N vetention ocourring
under the Influence of carbohydrate does not iuvaive depogie
tion of protein N in the liver, but rether its removal.

Further examlnation of the site of deposition of the
retained N by mecans of total N studies is unlikely to bhe
very rewarding, sinee only swmell changes in the N content
of tisscues such a9 muscle could sccount for all the N
deposited under the influence of carbohydrate. A4 more
fruitful indicatlion of what tissue or tissues are responsible
can be provided by employing radiosctive amino-aeclds and
oxamining their deposition (under the influence of ingested
ocarbohydrate) in different tiseues. These studies follow-
ing in the succeeling sections of this thesle, deseribe the
incorporation of‘r@di@amtiVa amino-acids by various tissues,

after glucose or fat ingestion.




SECTION 2.

THE UPTAKE OF 28-WETHIONING BY LIVER AND MUSCLE PROVEIN

AFTER CARBOOVDRATE AND TAT ADMINISTRATION.




~ The experiments descrlbed in this section were
begun by Dre W.S8,0.Thomson.,  Ae a result of hie investigae
tlons on the effect of glucose end fat administration on
the level of the plasmo amino-acids (Thomson and Munro,1953),
he decided vo trace the site at which aminoeacide disappear-
ing from the plasme efter glucose feedlng were deposited.
By using isotopically labelled methionine, it was found
that the uptake of the amino-acid varied from tissue 0
tissue, heing greater in the viscera than in the muscles.
Sueh results have already been Ffound by ¥riedberg,Tarver and
Greenberg (1948) ueing 358.methionine. A study of the
uptake of 35y by liver and mucosa after feeding glucose
or olive oil revenled no obvious departure from the controel
values, Studies on the incorporation of the radio-active
methionine by rat diaphragm and skeletal muacle has never
ahowed o similayr responsse to glucose administration viz. a
| greater deposition of the isotope in the carbohydrate~Lfed
A&nimals some 4 hours after feeding. The results obtained
were very suggestive of an effect but not statistically
gignificant, Tat administration, on the other hand, did
not ceuse any difference in radio methionine uptake from
the control animals,

Although/
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Although the resulis of these experiments Ald not
attain statistical ﬁignifieancé, the data did muggent that
carbohylrate has an action on protein metebolism which is
limited to muscle, Thig seemed well worth following up
and it Waa'ﬁeaiﬂaﬁ, therefeore, 40 repeat Thomson's experiments
in part by feeding to fasting rats, which had previously
been injected with radiocactive (35$) methionine, either water,
glucogse or fat and determining the extent of the incorporation
of methionine into the proteins of liver and guadriceps

muscle after various time lapses,



Male slbino rets, after fasting for 24 hours, were
Cddvided into thiree groups. A sterile solution of ESS"
methionine (EGch in 1.0 ml. of. 0.9% saline) was injected
into each rat intraperitoneally and after o lapse of half an
houry groups of rats were fed aither 4 mls. of water (contrels
or 4 mle. of 500 glucose solntion, or 1 ml. of olive oil by
stomach tube. One rot Lrom each group was killed at 2,4,

and 6 houre after feeding.

The liver and @uaaricepﬂ‘femoris muscles of both hind
lege were exoised from the rabs, which had béen killed by a
hlow on the head. - The liver was washed in distilled water,
dried end immediately homogenieed in 30% T.C.A. The enzymes
of the quadriceps muecle were insctivated by a brief wash
in 04N X, &04 and the muscle well washed in distilled water,

The masele was then roughly minced with scissors and homow

geniped in 20 mls. of 0.4N.NalH. The musele protein was

i

precipitated by the addition of 30% T,C.A.

The subsequent treatment of the muecle and liver
homogenates 1s deseribed 1ln fig.3, the salient features of
which/



Homogenate
centrifuge (1500 » p m for 10 mins.)

uu.g

protein precipitate supernabant
digcanrd,

wash twige with

115 mle 107 T.Cubs

and centrifuge.

f%

supernatant prot@iﬂ precipitate.
discard. hegﬁ on a water bath at
90"C for 1% mins. in 15 mls.

10% T.C.A, and centrifuge.

L S

:

protein precipltate supernatont

dizecard,
dissolve in 20 mls,
04N, W208, add 10 mls.
30% TeCGoede tond 1
hour before centrifugw

ing.
i _ . . |
supernatont
dlsonrd. protein procipitate.

wash with fat solvents,.
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which arei=~ j
i) washing with 104 TCA to remove adsorbed Egswmethionine.
1i) heatling on a water-bhath at 9@°G for 1% minutes to
solubllise nuelelc acids (Schneider, 1945),
iii) dissolving (twice) in 0.4%.Nalll and reprecipitoting
the protein with 307 TCA o remove any adsorbed 35$~me#hion~'
ine (VWelchior and Halikie, 19%2).
The protein wag finally washed with the fat solvents
in the following ovders=
95% (v/v) ethanol (twice),
ethanol: chloroform (3:l),
ethonols ether (3:1),

absolute aldahel,

ether.,
solotion of 55 ethioni ';r musele ond iiver proteins.
(see fig. 3a). The S of the protein is isolated as

benzldine sulphate (Young, Bdson and mgaafter; 1949).

A known welght of the dried protein les refluxed in
6N.HOL for 6 to 8 houre at 130 = 5% under en atmosphere
of N which prevents the oxidation of cysteine o cystele acid.
The HCL was distilled off under reduced pressure and the
dry residue re&aaséiﬁutad with distilled water. The cysteine
wae separated from the methionine by its precipitation as
the/



PIC 3a.

Measurement of Radioactivity of
Methionine in Proteins of Liver and Muscle

LIVER MUSCLE
Homogenized in Homogenized in
trichloroacetic acid NaOH

|

Neutralized with
trichloroacetic auid

'

Fat extraocted

Dry powder (protein)
hydrolyzed with €N~

Cuprous OXiQiZ added
Methionine-95 Cystine-S precipitated
in solution

Transformed to sulphate
in oxygen bomb

}
Radioactivity measured
as benzidine sulphate
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the copper mercaptide (Zittle end 0'Dell, 1941) by adding
cystine as a carrier, adjusting the pH to 3 with solid
sodium:acetate and, after heating in o boiling water bath,
- adding elght times the theoretical amount of Cuy0.  Vhen
the pll was raised to 4, the mercaptlde wos precipitated
and filtered off after standimg for 40 minutes. (Cysteic
aeld 1s not preocipltated by this method), The filtrate
wes evaporated to dryness and 1 g. of benzoic acld added
to the residue. The mixture was compressed into a pellet
which was exploded in the oxygen bomb under 25 stmospheres
of oxygen. In this manner, ony 8§ in the residue is
converted to 804. The bomb was washed out with distilled
water and the washings reduced to a smell volume (2 mls);

2 mls. of absolute alcohol and 2 mles. of henzidine hydro=

chloride solution were added and the precipitate of benzidine

sulphate allowed to settle out overnight in the refrigerator.

The precipitate wae collected evenly on o filter
paper using e micro filter and after washing with a little
95% (v/v) ethanol wae pllowed 0 dry in a desicecator before

counting in an end-window Gelger counter.

of the benzidine sulphate.

1921). The precipitate of benzidine sulphate was transe

ferred to o conical Llask with wabter and boiled., The benzie

dine/
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dine sulphate is hydrolysed by this treatment and the
sulphuric acid so liberated was sgtimated by titrating the
boiling solution with standard alkali, using phenol red as
en indicator. | ‘

The specific sebivities were then expressed as counts
per minute per mg. of sulpbur, allowing a correction for the
self-absorption of °°8 Beta particles (Henrigues, Xristioe
kowsky, Margnetti and Schneider, 1946).

The efficiency af the mercaptide precipitation, the
recovery Lfrom the oxygen bomb and the correction for the
self-gbsorption of 353 Beta pariticles wero all checked by

Dr. Thonson and found to be satislactory.
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HF&UT 3 AND DIE SOUSS SLON

I am indebted to Dr. Thomson for permission to quote
and inaérpmrate his unpublished obsorvations. The incorpora-
tion of 2®g-methionine into the proteins of inteetinsl
mucosa, liver, diaphregnm ﬁnd quadriceps muscle are presented
diagrammatically in Tigeds Thevdata for Intestinal mucosa
and diaphragm gre entirely his findings. The others; 1iver
(ree slso Table 1) and éuadricepé mascle (Tablelg) are
compounded Lrom Thomson's and our own data. Inspection of
the mucosal and liver results (fig, 4 ond Table J) shows
'that the incprporatiankinta these pvataius is not increased
by ocarbohydrate or fat ingestion. |

On the other hand, examivetion of the muscle data
(fig.4 and Table 8) reveals that the dietary treatment has
o distinet effeoct on the incorporation of 353~methianine.

In the case. of the dlaphyagm, the ingestion of fat results

in an uptake of 5§S*methiQﬁime into the protein which
parallels incorporation by the water-fed (control) animals.
In contrast to this, glucose administration causes the uptake
of radio methionine into the diaphragm protein to rise from
below the control level at 2 hours to o level which is double
that of the control group at 4 hours,

The data Ffor the leg muscle also shows that fat has

no/
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The incorporation of 558«mﬁthionine into the protein of

rat liver after feeding water, glucose or olive oil.

-:rd

Time Counts/min./mg. sulphur,

affer — e e -

feeding | Vater~fed | Glucosewfed Pat-fed

' (hﬁ'ﬂc) '
2 4,979 (4) | 4,820 (4) | 5,509 (4)]
4 5,091 (4) | 5,792 (4) 5,182 (4)
6 6,098 (2) | 6,080 (2) | 35,400 (2) |

L

The figures in brackets indicate the number of experiments.



TABLE S

The incorporation of gﬁshmethianine into the protein

of rat quadriceps muscle after water (control), glucose
or fat administration.

| | ; 1
Time | Counts/min. /mg. sulphura)
after i — .
feeding Water~fed Flucose-fed Pat-~fed
(hre.) . ‘

2 331 - 262 227

4 254 - B46 331

6 289 381 229

Bach entry is the mean of five experiments.




Analyuls of variance of the incorporstion of gﬁsumethianine

by r&ﬁ €P&&ri@ﬁpa nusele after feeding water, glucose or fat.

Source of . Degrees | Sum of : Mean  Variance
Varisnce of Bguares | Square Ratie
freedom e ,
| Total 29 125,125 | Ea | -
Pimes ; 2 34,122 | 17,061 |  4.70
Treatments | 1 %f‘ 2,594 2,594 |  0.70
Replicabes | 4 % 15,865 | 3,966 | 1,10
: - 1
; Regldual § 24 1 87,059 34627

P = 3.40 at the 5% level of significonce for

By = 2 and n, = 24,
The data were analysed as the percentage chenge in the
protein methionine speeific activity from the control

after feedlung glucose or fat.



- no digbtinet effect, whereas glucose stimulates the uptake

of the methionine into the musele protein 2t the 4th. and
6th hours. |

Thus both types of muscle respond in ﬁ similar way‘
t0o glucose feeding. Statistical analysis of bthe quadriceps
musele data revesls that the effeet of glucose hecomes
inereasingly signifieant with time (Pable 9).

The eriticism that glucose ingestion mey delay the
absorption of amlno-acide from the alimentaryy tract so that
the redioaetive 3§s»methiﬂnine only becomes avallable for
inecorporation into the proteins of muscle ot later times,
ie unlikely, since no changes in the specific activity of
macosal or liver proteins were noted,

The guegtions whioch must now be answered are: Does
the feeding of carbohydrate result in an inereased synthesis
of musele protein or are the chenges in the muscle protein
ra&i@aeﬁivﬁﬁy due merely to changes in the radiocactivity
of the methionine pool, free in the muscle cell? This
latter would result in changes in lebelling of the proteins
without any change in rate of protein synthesils. The
measurement of activity in the free pool of methionine is
aifficult to explore for technieal reasons, and 80 the
incorporation of 14G~g1ycine into the protein of the quad=-
riceps muscle was examined. The radioactivity of the

precursoy pool is much move eeslly measured, so that the
changes in the muscle protein radioactivity can be intex~

rreted with more certainty.



SECTTION 3,

THE BEPEeD OF GLUcOoSE AND FAT ON TR INCORPORATION OF

o o grycINE INTO THE PROIEINS OF SKELETAL MUSCLE AND LIVER.




The experiments described below follow the pattern
of those in the preceding section exocept that 14G~glycine
was the labelled amindwacid used. The replacement of
35$wmethienine by,14ﬂ*glycine allows easy measurement of
the radioactive changes in ‘the wiree aminowncid pool as well
a8 in the proteins. Such knowledge is desirable, as 1t
indicabes whether the chenges in the labelling of the
proteins represents protein synthesis de novo, or whether
puch changes are reflectlions of the alteratlons of the radioe-

aotivity of the @ree pool,



Andumals.
Mele albino rats which had fosted for 24 hours were

injected with 20 jie of *#0-2-glycine in 1.0 ml, of 0.97%
galine, and divided into three groups. According to this
divieion, the animsls received 4 mls. of water (control) or
4 mla, of a 50% glucose solution or 1 ml. of olive oil half
an hour after injeetion. M snimal from each group was
killed after 2,45 and 6 hours,

Irestment of Tissues.

The anlmals were killed by o blow on the head and the
liver and quadriceps femoris musele of both rear legs removed,
The liver was immedintely homogenised in about 20 mls. of
107% PCA. The musele enzymes were inactivated by o quick
wash in 0#1N#ﬁh$é4 and the musele washed in distilled water
before minecing roughly wlth selssors, The miunce was then

homogenised in about 20 mls. of Q:4W.Wall and, after frothing

had subsided, the proteln was precipitated by the addition
of 10 mls,. of 307 TCA.

The original supernatant snd two subsequent washings
of the protein preocipitate were combined and retained for
the analysis of the glyeine, free in the musole or liver
pool (free glyecine estimations). The protein was then

urified/



purified as shown In fige3 of Seoctlon 2,
Counting of whole proteln samples. See Section 5.

Ispolation

4 small ammvnt of the dry protein (abeut 50 mgmﬁ.)

[ was vefluxed in 6N.HCL for 12 to 14 hours at 130 & 5°c. The
HC1 wes:iemoved by distillation under reduced pressure, the
residue taken up in a little distilled water and transferred
to a conieal [lasgk, when it was evaporated to dryness in a
vaouun desiceator. 5 mlse of digtilled water were added
and 1.5 mlse ueed for regetion with l-fluoro- 214 dinitro

benzene (PDNB) as desemihad7unﬁar free glycine,

The following procedure is based on that of Cempbell
and Work (1952). ’
The T.C.A. washings of the liver or muscle homogenates
were washed with ether, until the pH rose to 4. After evaw
porating to dryness, the vesidue wes taken up ih elther
5 mls. (liver) or 3 mls,.(muscle) of distilled water. 1.5 mls.
were made alkaline with ﬁ&ﬁbﬁ (knife point) and shaken
with on excess of dilubed FDNB for 4 hours. The subsequent
extraction 1le outlined in fig.5-6. As the ether wﬁahings
of the fivet stage remove a litile dindtrephanv& (DNR)
glyeine as well as impurities and unreacted EMEB, the ether
layer was washed with distilled water to recover the DNP
glyeine and the washings retained. The geddification with
HeL/
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Procedure for samples reacted with IDNB,

vemple after reaection with PDNB,

5 mls, distilled water

and 20 mls,. ether

{peroxide~frec) added

and shoaken np .

! 3

}-Xo

ﬂrig nal aguecus layer

ethereal layer

washed thrice with
5 mlis. distilled
: watey

sagueons layers
combined and
acidifled with 4 mls.

. 2«30 HOL aud shaken up.

20 mle. ether added
and shaken up.

| 1
ethereal layers
dlscarded,

\ [
sggqueous layexr
washed r&peateély
with ether.

etheveal‘layerﬁ

svaporated on pump
and finally to dryness
in vaenum desiceator.



FIG. 6.

Measurement of Radioactivity of Glycine in
Amino Acid Pool and in Proteins of Liver and Musc.e.

LIVER MUSCLE
Homogenized in Homogenized in
trichloroacetic acid NaOH

Neutralized with
trichlorcacetic acid

|
Supernatant Protein Precipitate Supernatant
Fat extracted l
)
Reacted with Hydrolyzed with 6N HCI Reacted with
Fluorodinitrobenzene | Fluorodinitrobenzene
Reacted with
Fluorodinitrobenzene
}

DNP-glycine DNP-glyciue DNP-glycine
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ﬁﬂ; favours the extrection of the DUP amino-acids which
svb separated chromatographically.,

»

The dry semple of DNF sminowaecids 1e dissolved in a
small volume of ehloroforme-butonol (CB) mixture (93:7) as
prepared by Krol (1952). This solution is applied to a
" eelite (545) column, of 1 cm. internsl dismeter, buffered
. ot pH 5.2 with phosphate buffer and packed with washed celite
2 to a height of 16 cms., which had previously been washed
with 25 mls. of OB. The DNP glycine separated as a
diserete bend and was collected, = The solvent wes evapors
ated at the water pump. The dry semple was dissolved in
dry ether and applied to a gecond buffered selite column
of similer dimensions as the Ffirst, in ardanfﬁo purify the
DNP glyeine further., The developing solvént wae ether
saturated with water. The DNP glyeine band was collected
and the ether evaporated as before. The dry sample, in
dry ether, was trensferred to a counting planchet on which
the ether was evaporated by & slight heat. The planchet was

counted in & Gelger end-window counter.

The DNP glycine was removed from the planchet with
a small volume of chloroform=butanol, about 10 mls., which
was made up to 20 mls. with weshings. 10.0 mls. of 1% ﬁaHGO3

was/
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was added and on shaking, the DNP glyeine was tronsférred
:%@ the bilcarbonste layer. The amount present was eétimaﬁe&
spectrophotometrically.
The specifle sctivity of the glyeclne was expressed
as counts per minute per 100 ug. glycine, a correction being

made for the selfi~absorption of 146 Beta particles.
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RESULTS.

Some experiments were carried out in which the muscle
and liver protein were counted withoul degradation to glycine.
Table 10 gives the specifie sctivities in counts per minute
per planched én@ fig,g;&howa the patio of a@t;vity in nmuscle
protein to that in liver protein. This dlagram indicates
that, a8 in the case of methlonine (fig.4) the muscle protein
of the gluecose~fod animals gains radiocaotivity by comparison
with liver protein, the effect being appreciasble only éoﬁe
6 hours aftor glucose administration. The regression
equation for these lines (see legend to f£ig.T) suggests that
glucose depresses uptpkeiinto muscle protein 1 hour after
administration;  this ﬂépmesﬁion is demonstrated by the
faet thot the proteinwradiaanﬁivity gt the intercept (gara
time) ie 2.89% for the weter-fed enimel end 1.89% for the
glucose«fod animal. This @epr95ﬂing action of glucosé is
also apparent in the data obtained with 35$»methionine»at
2 hours after administration (fig.4 ) Thus there is no
apparent extrs deposition of aminow-aclds in muscle protein
at o time when the disappearance of éminamm@iﬂs from the
blood due to the aetion of glucose is already considerable,

This pleture is amplified by studies on glycine isolate
from the proteins and from the free amino-acid pools of
liver ond muscle (Tables 11 end 12). The counts obbtained
from/



TABLE 10,

The musele and liver whole protein rodiosctivity expressed

as counts per minute { at infinite thickness) per planchet.

Time
b . _, iocle, | mver
(bre.) Water-Ted Glucose | Vater-fed G(lucose|
fed N fed

1 664 A5.T | 2186 1930
2 8140 93,9 2556 2054

4 | 9943 103.2 2217 2267

6 113.1 144.% | 1993 1963

-

The entries at 1 hr. are the mean of 4 experiments whereeas
8t the later times (2,4,6 hrs.) the entries are the mesn

of 2 gxperiments.




FIG.Ts

Chonges in radiocactivity of muscle whole protein
relative to liver at diffevent times after feeding

water (0 ~~= 0) or glucose ( G-ws ). The wvegression
equations for the two lines sve ¥ = 2.89 + 0,40 X for
the wmt@rmfed grbn@ and ¥ = 1.89 + 0,88 X for the
gluconew-fed group where ﬁ = koare aiter sdministration
and Y = specific activity of the musecle protein expressed
as a percentage of the speeific activity of the liver
proteine Pach point is the mean of observations on

2 to 4 aninals,.
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TABER 11,

The effect of glucose and fat ingestion on the uptake

of 14G~g1yeine by rat liver.

Relative

Pime Speedfie Aetivity
Reoceived after (Counte/min./100 pmg.glyeine); Specific
feoding ' - 4 Aetivity
(hrs.) |Protein Free glycine {x100)
glyeina
 VWater 284 2076 13.5
239 1224 19.1
280 877 3756
218 1493 14,2
Glucose 240 1011 24.9
2688 | 856 3441
196 1379 14.5
Tat 4 237 1065 22.0
6 239 763 341

Fach entry is the mean of three experiments.




The effect of glucose and fat ingestion on the uptake of
lAanglyaina by the quadriceps muscle of the rat.

§ Time Specific Activity Relotbiv
Recoived | after (Counts/min. /100 ug.glyeine)| Specifi
i feeding , Aetivity
i (hrs.) | Protein Pree glyeine (%0100
k - 1 glycine |
é i 2 1543 2022 0,91 |
| water . | 4 L 22,7 1223 1.79
| BT B N 899 2.98
Glucose | 4 ; 18.6 1403 1.32 ¢
% g 6 % 21.6 913/ | 1.8 |
. - R S— :
| - 12,2 1013 1.14 5’*
‘ 0 k i
| Pat L4 D 973 1.05
é . 6 18,9 885 2,72 |
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from the glyecine isolated Lrom musele protein were wvery low
and we do not propose to lay any welght on them.

The free glyecine specific activities are presented

graphically in Lfig.8. The ourves in the case of both liver

and muscle free pglycine follow the usual pattern sfter a
single injeotion of an isotope, namely, o maximel sctivity

in the tiseue filuid shertly after injeection, followed by a
decline due to removal of the isotope, the decline being
initially at lesst of an exponentilel character. In the water-
fed snimals, the decline in specific activity over thée 6 hour
period ds very similer for bhoth liver and muscle pools. After
fat adminietration, the changes in the radiocsebivity of the
masele and liver pools with time show the same pletures How-
ever, in the case of the gluecose-fed animals, the changes in
the pools of liver and musele a2t the variocus times are quite
distinet, for while the level of radiocactivity of both liver
and muscle pools are initially aboulb the same, the specific
petivity of the musele pool Lls considerably greater at 4 snd
6 bhours then that of the liver pool. Shatistilicel anslysis

of the data (Tables 13/13a) reveals that there is a signifi-
cant difference between the effect of glucose a nd of fat
admini%tratieh-on the changes in the radiosctivity of the
aminow~acdd pool of muscle, The changes in the liver
amino~acid pool after feeding glucose or faol are not slgnifie
oant. In terma of the vatio of the speecifie

activity/
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TAPLE 13.

Bpecific activities of free glyeine in liver and muscle.

(8pecific activity (8.4.) = c.p.n./100 meg.glycine).

Pime WATER PED - GLUCOSE  PED OLIVE OIL Fﬁﬁ
! feeding; Musele:liveriRatio | Muscle{ldver|Ratio [fuscle|Liver { Batio
‘ES'D'AQ fsﬁ.&- sqj.&. ScAu ga;ﬁ-o S.‘Ai
hre |
2 2022 {2076 {0.85 | 1667 |1493 |1.03 | 1013 [1379 | 0.74
4 1223 (1224 [1.05 | 1403 |1011 [1.44 | 975 |1065 | 0,89
| i /’MTQ\\ ] ! |
4] 899 | 877 {1.08 (1BQ§F 856 11.49 885 1 763 | 1.02

Bach entry is the meen of 3 experiments.




TARLE 138,

Adnalysis of Variance of the changes in réﬂioaotivity of the
free amino-acid pool of muscle relative t0 liver given in
Table 13, from rats fed elther water, glucose, or fat (using

3 gubetituted figures).

Dource of PDegrees of Sum of Mean Variance
Varionce frecdom gquares square ratio
Total 26 26,435 e -
Times 2 5,036 2,518 313
Treatment 2 8,609 4,308 53
Replicates 2 1,576 788 1.17
Residual 1% 12,145 675 | =

P o= 5,93 at the 1% level of significence for n,=2 and n,=18.




PIG.9,

Changes in radioanctivity of muscle free glyeine
relative to liver free glycine at different times
after feeding water (0 ==~ 0) or glucose ( e---e ).
The regression equatimnés for the two lines are

Y = 6l + 70 X for the water-fed group and

Y = 58 4+ 120 X for the glucose~fed group where

X = log.time (hours) after feeding ond ¥ = specific
setivity of the muscle free glycine expressed ap

5 percentoge of speoifio activity of the liver free
glyeines Each point i the mean of 5 observations,.
Stotisticel anelysis shows that the patio is
slgnificantly greater after feeding glucose (P<L0.01).
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activity of muscle free glycine/liver free glycine the
nctlon of glucese im to sug ment the ratio zbout 5074 above
the level found in the water~fed group at 4 and 6 hours after
administration, This pieture is confirmed by subsequent
estimations on the glyeine pools recorded in Section 5,
These data will be considered at the appropriate time, bdut,
at the moment, we ¢an express them in £ig.9 as the ratio
of muscle to liver specific activities cf free glyoine.
The equations based on these curves, show that the activity
at 1 hour (log., 0.0000) is essentlally similar in the glucose

and wator-fed groups.




Previous studies on the changes in the radloactivity
of the amino-aeld pools of liver and muscle with time have
provided ineem@aﬁible results, Barton (1951) showed that
three minutes after the intravenous injection of 14c~giyeipe
into mice, the specific activity of the liver free eminom
aeid pool W&ﬁ‘ﬁ times greater than that of muscle. The
activities of the two poole bhecame gqual some twenty minutes
after injection and the subsequent rates of decline were
similars Oﬁ ’bh(“ Q‘Bhex‘ hand, Henrigues et al (1955),
found that the labelling in the free pools of liver and
muscle from rabbits, which hed salso been injected intraven-
ously with l*cnglyaine,'W@r$ vaptly different, both in
respeet 0 the level of radioactivity and thelr subsequent
decline with time.. The specifie activity of the liver
free glycine quickly attained s very high maximum while the
musecle free glycine responded much more slowly, ‘This
moximum was 2«3 hours after injection snd was shout 6% of
that of the liver. The deeline in the liver specific
activity was very rapid whereas that of the muscle was much
plowars but even after 18 hours the level in the liver was
much higher than in the muscle. o record of the changes
in the radiosotivity of the free pool of rat tissues is
available. |

1t/



It ié gulte surprising then, that our results, in
the case of the water-fed (control) ret, should show that
the specifice asctivities of the frea(ﬁcml?ﬂf liver and muscle
are of the same order of magn@tuda and that the rates of
decline are ddentical in both tissues.

With regard to the action of the administered nutrients
én these free glyeine pool activities, 1t is apparent that
the only significant changes were those fdllowing'gluccae,
which produces s raised free glycine activity in musele
relative o liver, especislly at 4~6 hours after administra-
tion. Corresponding to thié change in the pool, there
is greater raﬁiaa&t;vity in the protein isolated from the
museles of glucose-~fed snimals € houre after its esdministrae-
tlon (£ige7)e Thus the greater radioaatiﬁiﬁy of the
protein can be attributed to & higher activity in the precur-
gor pool, wather than to a stimulation of protein synthesis
following glucoae. Presumebly the eimllar ehmnges in the
3§$4methian1ne content of musele protein 4 andiﬁ hours
after glucose (fig.4) are explained by a parallel chenge
~in the free methianine pool activity consequont on glucose
administration. In fact, both 55gmmethionine (fig.4)
and 14e~glyeine (F1g.7) reveal a depression in muscle protein
uptake of amino-necide 1-2 hours after glucose administrations
This connot be attributed to less radiosctivity in the free

smino-/
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aminowacid pool since the glyeine date (Tables L1 and 12,
snd Tig.8) show no such depression at 1-2 hours after glucose,
Presumably the utilization of A © P for phosphorylation of
glucose results in a temporary depletion of available energy
for protein synthesis. o

Trom the preceding disocussion it is quite clear thet
there are chenges in amino-seld metabolism after glucose
administration and that these are limited to muscle. However,
these changes in both the protein end amino-acids of muscle
are not in evidence until at least 4 hours after the carbo-
hydrate was given. FPrevious studies under the same experi-
mental conditions (Munro and Thomson, 1953) heove shown that
the effect of glucose on the blood amino-acid level is much
more rapid, the maximal depression occurring 1-2 hours afiter
feeding and returning to the fasting level at 4 hours,
Congequently, there must be an intermedlsate step between
the disappearance of the blood amino-~acids (1~2 hours) and
the changes in radloactivity of the free amino~-acid pool
(4+6 hours). Indeed, the radioactivity chonges coincide
with the return of smino-scid levels to normal. On theoret-
ieal grounds, it is possible te postulete a mechanism which
would account for this. It woas already pointed out that
the changes in radioasctivity in muscle follow the usual
poattern for sn injected isotope, namely maximal activity
in the free pool near the beginuing of the experiment, with

subsequent/
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subsequent exponential disappearance (fig.g8). Thue,

1f +the admindstration of gluoose were to lead to rapid
disappéarance of amino-aoids from the free pool of muscle
into some musele peptide or protein, this materisl will have
a high radionctivity corresponding to the high sctivity in
the free amino-acld pool at the start of the experiment.

If, later on, this peptide or protein were to break down
again and discharge 1te amino-acids into the pool, and thence
back into the blood stream, it would contribute smino~scids
“bearing the high radiopetivity of the early stages of the
experiment and this would keep up the level of radioactivity
in the free amino-acid pool of muscle. This conception of
the sction of glucose is shown diagrammatically in fig.l0.
This explaine why the return of blood amino~zecld level to
normal coincides with & rise in vradioactivity.

In sectione 4 and 5 are deseribed experimentel studies

mede in en attempt o 1dentify such pepbtides or protieins.



SEOTION 4.

THE ANATYSIS OF THE ACID-SOLUBLE FRACTION OF MUSCLE

AND LIVER ATPER GLUCOSE ADMINISTRATION.
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INTRODUCTION,

Nature of the Problem.

e LE s ]

th a1
ﬁature ofﬂt%gp%rmhﬁm ﬂecti@n, we put Lorward a hypothesia

t0 explain the speeisnld aparing ac¢tion of carbohydrate on

protein metabollom. This specifle mechaniem in the fasting
snimal entails the témpmraxy deposition of smino-aecids from
the blood strean in skeletal muscle in the form of a labile
peptide or protein. Several small peptides do already
oeceur in muascle tlesue notably glutathione, anserine and
carnosine, but this special peptide or proteln nust be able
to acoount Lfor all the aminowacids which arve removed from

the blood stream wnder the influence of ingested glucose.

A good many aminm«aciaﬁ have been studied and all participate
to o varylng degree im the reduction in the blood level
following glucose (Hayris and Harrls, 19473 Nunro end
Thomson, 195%)s  this therefore eliminates the participation
of glubathlone, anﬂarina end camosine in this respect.

The extent of smino-N deposition can he calcoulated
from the data provided in section 1, where 1t was shown
(Teble 1 ) that the Tasting rat exereted 180 mg. W per
24 hours or 7.5 ng.H per hour, all of which is derived from
tlspue cptabolism. If, for the sske of argument, 50% of
these discarded amino-acidse are deviated during the 2 hourse—

period/
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© perdod after glucose administration into s labile muscle
peptide, thieg would result in a deposition of 7.5 mg. am&ﬁn*
¥ in bthe whole muscnlature of the body. The skeletal
nuscle comprises shout 404 of the total body welght (Jackeoon,
1912)y or 80 gme. of muscle in o 200 g. rat,. Thus ¢
deposition of 7.5 mg: emino~N would represent about 100 ng.
N per g. of muscle. The botal W content of muscle is
about 30 nge ¥ por g The deposited amino-N would thus
represent about 0«3% of the total ¥ content.

These daleulations emphasize the importont role which
» small change in muweele could play In determining the
couyse of proveln metabolism in the body as & wholes From
the immediate point of view, they indlicate thet estimation
of Yobal N of musecle after glucose adwinistration would be
fruitless as a means of demonstrating sminc-N deposition.
The only hope ia therefore to identify a speocific peptide
or protein fraction in which such chenges ave occurring.
This section of the work desoribes exemination of the amounts
of TCA - and tungstic acld=soluble peptides of musele Lfollow=
iug glucose adminietrations

An increase of 100 ng. emine-l per g. muscle over the control

a4

animal was anticipated as a likely amount to be deposited
(see caleulation above). Although this amount of peptide
material/
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material should be readlly detectable, the number and sige
of the peptide maleeuléa which are laid down has considerable
bearing on the anelysis. The amount of peptide present
is calculated as tha'amiﬁa-m difference between hydrblysed
and unhydrolysed aliquote of the asold soluble extract.

If the amino-N is deéposited in the form of a single large
peptide moleonle, this dncreased deposition would be readily
eotbimated colorimetrically gince it is more than likely that
under the experimentel conditions only the ends of the
molecule will be involved in a coupling reasction, The
internal linkages of this large molecule must be ruptured,
say by acld hydrolysie, before they are avoilable Tor colour.
formation.

On the other hend, should a large number of smaller
- peptide molecules be produced the difference between the
hydrolysed and unhydrolysed aliquots, the peptide amino-N
will be much smaller. Alsoy if a number of smaller pep-—
tides do oceur, the estimation of the amino-N in the unhydro-
lysed sample whioh will be termed "free" amino-N will be
falsely high.

Choice of Protein Precipitant.

Belore any estimations of smino-N could be made, the
choice of the protein precipitatent had to be determined.
There ave many resgents available for this preeipitation,
but they do not 21l aet in the seme manner so that thelr
extraots may differ to some extent (Hiller and Van S8lyke,
1922)/
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19222, Ag we are interested most in the ocourrence of
peptide moteriel, the reagent which extréetﬁ ‘the optimum
guantity of this type of compoumﬂ‘im the most sdvantageous
for our purpose, The gen@wal opinion in the literature

is that Lor p@pﬁidé extraction trichlbrnwaeehio acid (TGA[
is best. (Van 3lyke,“1923g'Iﬁiag@t,|19§4; Rasocke, i957),
Pieric aeiﬁ and tungstic acid give a}maﬁt ap good @xtracﬁiana
of p@pﬁide mat@rial {(Van Slyke; 19223 Ghri&ten&en; 1946}«
Tungstic acid is by far the best remgent for the extraction
of "free" smino~acid. The issue was decided by the faotb
that T0A had already been used to obtain exbtracts of liver
and musele in the previous sections.

'm@thgg of Amino-N estimation.
The other problem to be settled wae the choice of

method for the quantitative estimation of amino-N. As it was
our intention to include blood amino-I estimations in the
initiel investigations, the balance was swung in fovour of
the method f£iret proposed by Folin (1922)., This colorimetrie
procedure was modified by Denioleon (193%4), Sayhun (19%58),
Trame Russell and Wilhelmi (1943%) and later revised by
Russell (1944). mhatmaﬁifiﬁaﬁian employed was essentially
that of Danielson (1934)&# @uﬁiined by Hewk and Osexr (1947).
It consiets of coupling the aminoe group to a guinone

/3= naphthaguinone ~4=-gulphonate, in slkaline wolution and
measuring spectrophotometrically the intens%ty of the reddish

brown colour produced, after excess of the Quininoid dye has

been/
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been bleached, The method can be carried out quickly

and without aifficulty and replicates are in c¢lose agreement,
Ae it burned out, the Folin procedure had t0 be sbondoned

in favour of the ninhydrin reaction.

The search for tha f@rm of emino~peid depasitiﬂn in
mueele vacumred in thre@ ghoges {a) The study of froe and
peptide«bound aming-N in trichlorg~acetic zeld and tungstic
acld extracts. | |
(b) An attempt, using lon exchange columug, to isolate
peptide fractione from the maiﬁwablupla.maﬁérigl of muscle. -
(e¢) The sbandoning of the Folin reaction in favour of the
ninhydrin anino-N peaction and a re#eﬁed gbudy with this
reaction of the free anﬂ‘bayﬁide amino-N in the acid-~soluble

fraction of musole.
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As  BXPERIVENTS USING POLIN'S ANING NITROGENW PROCEDURE,

Male albing rate were scleocted and fasted overnight.
Animale within o narrow welght range were token and divided
into two groups. Aca@r&iﬁg to this division, the rat was
then force-fed with either 4 mls. of water, or 4 mls. of a
50% glucose golution. An animal from each group was killed
1,2,4 and 6 hours after feeding, and the whole li#er and

quadriceps femoris muscles of both rear legs quickly excised,

Betimations of

The liver was welighed and hcmﬁgemi&eﬁ in 20 mils. of
ice cold 10% TCA. The muscle was briefly mineced by hand
with sclssors, weighed and homogenised in 20 mls, of ice
cold 104 D0A, Both homogenates were centrifuged at 1,500
Tapee Lor 10 minutes ab QGG; and the supernatent fluid
retained, The protein praa?pitaﬁ@@ were washed twice with

10 mlg. of ice cold 104 TCA, the combined supernatant fludid.
being made up to 50 mls. with distilled water. Samples of
the TCA extracte of liver and muscle were neutralised to

pH 7 with dilute NaOH and the determination of the free amino-

N earried out. Portions of these samples were taken fox
hydrolysis in 6N.HGL (final conc.) under reflux at 130 t 5%
for 12«14 hours, The HC1 was distilled off under reduced

presmuré and the dry residues, dissolved in distilled water,

were estimated for amino-N. Peptlide amino-N was caleulated

as/
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a8 the difference in the aminowN content of hydrolysed and
unhydrolysed aliquots. |

One of the Tirst difficultles Yo be encountored was
an opalescent liver extroct from the glucose-fed snimals.
This opalescence, dus to the deposition of glycogen, increased
in proportion to the time which elapsed between feeding and
saeriflece, ﬁn attempt to weﬁova the glycogeén by salivary
ptyelin digestion prevéd unsuccessful, Precipitation of
the giycagan by absolute aleohol was more successful but the
presence of alcohol was found to vreduce the intensity of the
colour formed in the omino-N estimatlion in o nonereproducible
WEY o Suh&eqﬁently it was {found thet, when glﬁeagen was
sdded to the liver extract of o watev~fed animal in physiologe
ical amouﬁtﬁ, there was no dilference in the optical density
of that sample. The premence of glycogen is thus not a
serious sourece of error, presumably becsuse the turbidity
in the final coloured solution will Ye minimised as the liver
is asseyed for amino-N content at a dilution of 13150,

A more serious complicetion, due to the presence of
glycogen, is the formation of humin by the condemsstion of
warhahyﬁrate'm&%erial with anino-acids during acid hydrolysis
of the tissue axbracts, with a resultant deoresse in the
smount of amino-N aveilablc for estimation. The emount. of
humin formed is particularly greet in the llver exitracte of
glucose~Led rats, Although the additlon of physiologleal |

anounts/



amounts of glyecogen to the liver extracts of water~fed
animals end subsequent hydrolysis showed a slight increase
in the awino- contents of the sample, these resulite are

didfeicnlt to reconcile with the expected theoretical findings,

An initisl advantage of tungstic neid over TCA is
that the tissue extract has a near-neutral pH which simpli-
fiea the amino-l estimation, Sehurr ot al.(19%0) have
detalled the tissue extraction procedure, the main features
- of which are as followses

A weighed portion of liver or muscle in hot water,
ig hested in a bhoiling water bath. After cooling, the sample
is partially hom@génised and o volume of “precipiteting
reagent” (a fresuhly prepared mixture of 7 parts of O.6N.HRSO4
and 5 parts of 10% NaéWG4) caleulated on the basis of 1.5 mls.
per ge liver and 1.2 mls. per g. mascle, is added:'ﬁamagenisa~
tion is completed and distilled water edded to give a 1:10
dilution for liver and a 1}5 dilution for muscle,

Aliguote were taken for total and frec amino=N
estimations, as before, and the'peptide amino-N ealoulated

by diffevence.
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RESULLE .

The mean data of four experiments are presented in
Table l4. Inspection of the free amino~N from both liver and
musele falls to reveal any gross changes, although glucose
administration on the whole seems o reduce the free aminoe
acld pool., The liver peptide aminaém of the glucose-fed
onimal can be considered as belng unaltered. The muscle pep-
tide amino-N, however, risesg to a meximum at 2 hours after
feeding glucose and falls finally to below zZero level at the
sixth hour, The maximum inerease of the test over the eontrol
at 2 hours ls 10®Jug. of smino=Il per g. of muscle, Such good
agreement with the theoretical calculation was very satlsfying.
However, further study of the possibility of sources of error
revealed that TCOA had a considerable affeét on the colour
developed with naphthaguinone, The semples were
therefore re~estimated after ethor weshing to remove TCA and it
wos found that the presence of TCA raised the apparent content
in the free amino~-N estimation of the tissue extract (TCA ie
gbeent from the hydrolysate, being destroyed during hydrolysis|
Interference to this extent throws doubt on all the results,

and so the analysis was vepeated on tungetic acid extracts.

The mean dats of three experiments are presented in
Toble 15. The firet point worthy of attention is that the

extraction/



TABLE 14,

e o A A G

The anine-N estimations on T0A extracts of liver and muscle by

Folin's method.

 Time MUSCLE LIVER Difference on
Prachioni after | _ ‘ feeding glucos:
feeding| (pg.eminowl/g)| (ngeomino-N/g) -

j hree) | ﬁﬁggr G&gggﬁe W%Ezw Glgggmg M@ac&e Livgr

1 596 f 6O2 ,: A4 | 489 +:6 | + 31

bree o 559 | 536 | 465 | .}g%g 5:2% | w26
Amino N . 4 568 546 481 426 1. = 22 | = 55
6 583 | 573 | 505 | 443 | ~10 | ~ 62

3 570 | 618 | 452 | 429 | +48 | - 23

peptige | 2 | 561 | 661 | 437 | 436 | +loo | - 2
Amino Wi, | se0 | se0 | sor | 18 | % o -14
6 649 407 L 44 L 399 ~232 | = 55

X 1166 | 1219 906 | 914 + 53 + 8

total | 2 1120 | 1196 | o902 | 875 | +«76 | =27
fmdno Wi 4 laaer | wes | 873 | soa | -25 | - 69
6 1&33‘@ 989 | 950 | 842 | 243 | =117

Tach entry is the meen of 4 experiments.




The amino-N estimations on tungotic aeid extracts of liver and

musele by Folin's method.

proction] Time MUSCLE LIVER Difference on
. after » . . : ~= foeding gluocose
%gedi?g (pg.omino-N/g) | {(ng.anino-i/g)
- (brs,, : " ’ - , -
Water | Glucose ] Water [ (lucosel Muscle Liver
fea‘ ‘ﬁed fed 1 4fed
1 733 | 727 689 6353 w 6 | = 56
2 667 | 758 618 | 637. | + 91 | +:19
Pree - '
- Amino N 4 750 715 641 | 606 ~ 35 | = 35
' 6 760 672 642 570 | ~88 | - 72
1 891 977 66% 685 + 86 + 22
. 2 894 877 764 | 808 - T i+ A4
Peptlde '
Anino N 4 807 | 834 664 676 + 27 | + 12
6 873 845 658 597 - 28 | = 61
1 | 1624 1704 1352 1318 + 80 | - %4
rotel | 2 | 1561 | 1635 | 1382 | 1446 + T4 | + 64
Amino N % 4 11586 | 1551 | 1305 | 1281 - 5 | - 24
6 1633 | 1517 | 1300 | 1167 | =116 | =133
A S "

Bach entry is the mean of 3 experiments.
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extraction of free amino-scids from both liver snd muscle

is more complete than was nchieved withTCA. The total aminoeN
level is also increased, so that there is a corresponding
incmaga@ in the peptide aminu*ﬁ content of iiver and muscle,
The fact thot bungstic acid is more efficient then TCA in

extracting amino-acids is in agreement with the findings of

Von 8lyke .(1922) and Raacke (1957).

The results for the various liver fractions bear out
those in Table 4e iee. thet a glucose-fed animal does not
diffor from & control animal in iﬁm‘ability to accumulate
emino-acids either in the pool or o8 mggregates in the 1liver.
The musecle free amino-N ploture differs alightiy from that
previously found (Teble 14 ) in that amino-acide accumulete
to a small extent 2 haﬁra'aﬁﬁam feoding glucose. The time
for the meximal ocourrenae'aﬂ peptiﬁé smino=-N hes chenged from
2 hours to 1 hour aftor feeding glucose, The results are
somewhat erratic and do not reach a significant level. The
$otal emino-N content of mugcle does, however, pursue a pattern
of greater regularity, belng ralsed aﬁFI and 2 hours after
glucose administration and failing at 4 and 6 hourse thereafter.
The data for total amino-i is thus veory similsr in both the
TCA extract (Table 14) and the'tungsticnacid extract (Table 15)

The problem is really a question of finding a 100 ug.
of aminonﬂkin a total content of about 1500 ugs  Spontaneous
variations meke this . search rather difficult, hence we turned

to the use of ion exchange columns to try to concentrate the
active fraction,



B. THE USE_OF ION BXCHANGE RESINS 20 DEIT
ACCUMULATION IN MUSCLE.

~ Partridge (1952) developed the use of ion cxchenge
columns ae molecular eleves for separating the components
of biological extracts, Under conditions of low pH (about 1
all the amino-pecide and peptides are positively oharged;
wheress nucleotides are negatively charged and carbohydrate
molecules gre uncharged. A highly erogs=~linked oatione
exchanging resin will retoin amino-acids and small peptldes
when used under acld conditions while nucleotides and carbow
hydrate molecules will be allowed to pass through unhindered.
Large peptides, however,‘will also appear in the eluate from
the 601umn as their molaeul&r‘size prevents adsorption. If,
in faet, o speclpl peptide is present in the acid-soluble
extract of muscle from a glucose-fed snimal, it will eithep
be adsorbed on to th@ rewin or allowed to pass through
depending on its molecular size, The separation of a
peptide molecule from the other constituents of the column
eluate could be acconplished bylgaasing the effluent through
a second lon éxchange resin of the anlon type, whereas the
resolution of a peptide adsorbed by the column would require
8 gradient elution. Bowever, the initlial gross separation
of types and guantitative analyses would indicate whether

further investigations would be necessary.
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EXPERIMENGAT

Animals and trestment of tissues.

Woter and glucose-fod rats were used as above and
tungetic scld extracts of liver and muscle were prepared by
the method of Schurr et al. (1950),

-Premaration of Cotion Egphanﬁg_ﬁoiumg. (Cohn, 1950),

Dowexw-50 x 12 vewsin, a sulphonated polystyrene resin
with 12% cross linking, was employed., After initial water
washings and decantabtions to free resin of fines, the resin
was slurried into the colunn, 1 cms in dismeter with a pad
of cotton wool tb prevent resinous particles appearing in

the eluate, and packed to a helght of 4 ens. In thie way,

| disruption of the column by bubbles of ailr was prevented.

The column was washed alternately with aclidic and basie
solubtions of gbronger elubing power then any which were to

be used in the actual experiment. The column wos finally
woshed with 0.18.HQL until the pH of the eflfluent reached 1.
Then o tumgatic acid extract of muscle {alsc at pHl) from &
water or glucose~fed rat, was applied,. The column was
finally washed with 0.,01N.HU1l and the eluate collected. Under
these conditions, amino~acids and small peptides should be

retained, whereas larger peptides showld pass through.

A column, prepared oe degceribed above, was used and a
solution contaeining the amino~nolds aspartic acid and serine,
end/
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and the peptides, glutathione and glyey1~§éileueine, applied.
The eluate wos collected and a chromatographie comparison
wiﬁﬁ the test solution before passage through the eolumn
showed that it had retained sll the constituents of the test
solubtion, Undex these experimental conditione therefore,
peptides as large as the naturally ocourring glutathione,
are effiolently retained. The amino-neide, aspariic acild
and serine, which are the amine-scids most easily dislodged
from gueh a column, bhecause of thelr emall pkK values, are
also retained.

Dxemination of Bluate of Cation Column,
4 qugtitative ninhydrin teat on the eluate from the

eation column was positive, indlcating thet a large peptide
or group of peptldes ig present. The unhydrolysed eluate
was then subjected to two dimensional chromatography in
vutenol~acetic acid -~ water and phenol - smmonls « water,
This revealed a single spot in the glyéimewsemine area, If
thie is due to a peptide molecule, it dmplies thet only one
peptide is presemt in the eluate. “Alq&antitativa estimation
of free smino-N by Folin's naphthaguinone method on the
elnate showed that about QQQ)ug; of amino=N per ge. of original
nusele ware present. | E@llawing‘ﬁyﬂrolysiﬁ there was &
considerable increasse in aminoeN which was at first inter-
preted as evidence of the presence of peptide material but
on chrometography of the hydrolysate the original spot at
the glycine~serine position pereisted snd no further spots

appeared./



appeared, Phug the inecrease in amino- is not due to

ﬁﬁa liberation of amino-acids from peptide linkasge, The
probability thet the spot is a free aminow-scid, which has
8lipped through the column, is unlilkely since the efficlency
of the eolumn was already verified and also since the first
amino-a0id to be eluted would be aspartic acid which occupiles
an entirely differeont position on the chromatogrom.

Although the eluate had been shown to be freec of
peptide moterisl, it was decided to underteke o brief investi-
gotlon into the nature of the compound responsible for the
ninhydrin positive aren on the chromatogram.

The faot that the ohromatographic position of the
spot is unaltered after hydrolysis dismiseed the possibility
of the ninhydrin positive area being phosphoserine since
serine and phosphoserine occupy different positions (Dent,
1948) ond serine would be libersted from phosphoserine under
our conditions of hydrolyesis. Unidimensional chromato=
gramsy developed for a considerable time in butanolesecetie
acld~water showed decisively that neither en amino-scid-
nucleotide complex ner the fructose-anine aecild complexes
reported by Borsook (195%) were respongible Ffor the ninhydrine
posiltive ares, since there were no coineidéital ultraviolet
absorbing areas or positive eugsr reactions on the chromato=
grams . Derivatives of crestifie, such ap creatine phog~

phate, whioh could occur in the acid effluent, were dismisped

as/
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a8 being responsible for the rise in amino-N after hydrolysis,
when it was found that & dilute solubion of oreatine devel=
oped only a slight colour when reackted with Folin's  naphtha-
guinone reagent,

The absence of carnosine phosphate from the cetion
columﬁ eluate Wﬁa demonstrated by a negative histidine test
(Maophersonts Modification =~ Balling'& Block, 1951) although
;ég‘authenﬁie gpeclimen of carnosine itself gave a strongly
:@OﬂiﬁiVB reaction to this test. It is extremely unlikely
that a peptide consisting of numerous glyelne and/or serine
moleoules is responsible for the inereased amino~N after
nydrolysis, as such & peptide would not account for the meny
anino-ancids which are known to disappesar from the blood on
the administration of glucose, (Thomson and Munro, 195%).

Hence the inerease in smino-N in the column eluate,
which wae initially considered to be due to the liberstion
of amino-peid from peptide linkages, must be caured by inters

ference from other compounds present in the effluent of the

cation exchange columne

An we hove already explained, nuecleotides occur in
the acid effluent of the catlioh coluwn and are therefore
potentially eapable of coupling with naphthaguinone. Since
carbohydrate derivatives are also present, solutions of

inosine monophosphate (IMP) and adenine monophosphate (AMP)

in/
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in the pregencee and abesence of glucose were exemined as
regerds thelr ablility to couple with the naphthaguinone
reagent, The extent of such s reaction was found to be
negligible. After acid hydrolysis, however, there vas a
congiderable reaction between the breakdown products of both
ANP and IMP and/a «naphthagquinone~4~sulphonate. This coup-
ling reaction produced 75%, in the case of AMP, and 50%, in
the ease of INP, of the colour formed by 1 m mole. of amino-N,
and was slightly increassed (to 85%)for AMP) on hydrolysis in
the presence of glycogen. The. extent of this reaction ie
much greater than can be aocouhted for by the degradation

of the purine ring to glycine and its coupling with the
quinone. ‘Hena@ the ability of a hydrolysed nucleotide to
react with FPolin's reagent ip the couse of the fallaclous
amino=N increment in the aecld eluaste of the cation exchange
column. This efferg_a poassible explanation for the
greater amount of "peptide" (Folin's resgent) in acid-soluble
extracts of muscles obtained from glucose~fed rats, since
the exﬁ&a carbohydrate deposlited would lead to an increase
in nephthaguinonewreacting products produced from the purine
nucleus on hydrolysie.

The absence of peptide material in the acid elunate
from the cation column limlts the possible occurrence of
peptide to the fraction of the muscle extraet adsorbed on
the/
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the column, and studies on thies fraction will now be
described.

dsorbed amino-ncide and peptides from the
eation exchange column.

- The removal of the adaorbed compounds from the ecation

he elution o

column can be accomplished by washing the resin with any weak
solution of @ base.,  In tﬁa first instence we used dilute
(0.1N) ammonia., . Washing was continued with m340H until

the pH vose to 9 + The eluste was collected throughout.
A portion was hyfdrolysed and sminoc-N was determined on the
unhydrolysed and hydrolysed specimens. Pigell gives the
results of a typleal run, in which the amino=N put on to the
column (both in free and peptide form) is cowmpared with the
sorresponding daﬁa for the material passing through and the
material adsorbed and subsequently eluted with NH4OE; The
figuree (mg. amino-N/g. wet weight) refer to animals which
were fed with water or with glucose 1 hour before killing.

In the control animal, the sum of the free omino=N of the
eluate and sdeorbed fraction is grester than the free amino-N
of the untreated samplo. This 1s possibly due to the
incomplete removal of NH% used in the elution of the adsorbed
fractlon. In the glucose~fed animal, the sum of the free
amino=iT of the two fractions is less than that of the
untrested sample which may be due to inconplete recovery of
the adsorbed metorial from the column,. Ag regards the total

onino=N/



NHAOH elution:-—

Water-lfed Glucose- Fed
ree hydrolysed ree hHyarolysed
aminoll SminoN arminolN amiriof!
597 1460 738 1850

5

[ 506 =522
T10+ ! 1672
' 204 - > 1150/
PIG,11.

The cross~ hatched area represents the dowex cation exchange resin
uged to separate the components of the scid-soluble fraction of
muscle from water-fed or glucose-~fed rats. The free and total
amino~N content of the extract were determined by Folin's amino-N
method prior to passage through the column. The amino-N content
of the eluate and the adsorbed fraction eluted by NH4OH was '
determined before and after acid hydrolysis and the gquantities
obtained in this way compared with the amounts before the extract
was pasﬁed through the column.
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amino=N§ of both fractions, the sum 1e groeater than the
corresponding total anino=N of the semples prior 0 paseage
through the column. - These results may have been due o
certain undesirable complications in technique, Mrstly, it
was found that a veryllamge volume of the dilute ammonis
(0.1Y) was required to remove completely all material Lrom
the column, and the exaot loeation of the point of complete
removal was obseured by the interaction of ammonis with +the
guantitative ninhydrin test. Secondly, the solvent was
found to react with Folin's reagent to a large extent.
Repeated estimations on standard Kﬁ4@1 solutions showed that
1 n.mole. gave 80% of the colour of L m.moles of amino=N.
The removal of smmonisa from the effluente posed a difficnlt
question. The recognised manner of removing ammonles by
hoiling in alksline solutlion gave rather vavrisble sminoeN
results even when the boiling tlme wos prolonged which suggest
that the ammonia was not heing completely driven off,
The most efficient mode of removael by repeated desieccation
over concentrated H2S04 required such o considerable time
as t0o become too tedlous for the number of samples to be
analysed., Thus & change of solvent was indicated and we
turned to the use of dilute ecsustic soda whioch oshould remove
the adsorbed fraction in & more concentrated solution and
ghouwld not interfere with the subseguent amlno-N estimetions,
The tiseue exbtraet wag prepared and run through the
column as bhefore. The adsorbed fraction was eluted with
dilute/
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dilute (0,1IN) NalH. =  The results are ﬁr@sentaa dlagrammate
iecally in £ig.l2. The snslyses of free aminc-l were,
on the whole, in good sgreement with those obtained from
the untreated semples.  Humin Formetion was not present
during seid hydrolysie of ﬁhe eluate beeceaunse glycogen ﬁas
abaenﬁ from this material. Wevertheless snslysis for total
amino=-N gave Ligures which were extwemely high. The cause
of these very peculiar results is entirely a matter for
conjecture as no eredible explanation can be advanced.

Thus the information gained from using lon exchange
résina s molecular sievea falled to confirm or deny if any
poptide aminol, peenliar to a glucose~fed animal, was being
deposited in the acid-soluble fraction of quadriceps muscle.
Poor rapliaabili@y\éma the discovery of substances interfeyw
ing withlth@Aqumntitative estimation, provide enough ground
for ebandoning Folints naphthaguinone method and seleeting a
more specific method of aminoei ﬁeterminaﬁien. This is

descoribeld now.

g.

THE USEH_OF NWINHYDRIN FOR AMINO NITROGEN BSTIMATIONS ON
MUSCLE BEPRACDS .

One of the more speoific reagents Tor the estimation
of aminoaaaiaaﬁéié*ninhydrin. It has been employed in
two capacitiea, Pirstly, its ability to guantitatively

decarbéx&late amino-aoids has made this method ofr-eéstimation

the most specific available. The analytical problems of

this/



NaOH elution:-

. Water-fed S Glucose -fed
3 M3 /9 )
free hyarolysed free fyarolysed
"~ amiroN FmnolN aminolN amino N
796 1574 803 1760

w
\a
\

F 638+ >1186y 796« 1565

776 A I 2358 986 | > 2042
-138 172 190 = >1377°

PIG,12. The cross-hatched area represents the dowex cation

exchange resin used to separate the components of the

acid-soluble fraction of muscle from water~fed ox
glucose~fed rats. The free and total amino-N content
of the extract were determined by Folin's amino=N

method prior to passage through the column., The amino-N
content of the eluate and the adsorbed fraction eluted
by NaOH was determined hefore and after acid hydrolysis
and the gquantities obtained in this way compared with
the amounts before the extract was passed through the
column,
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this as o gesometric procedure were solved by Van Slyke et
8l (1941) and this method was successfully applied to plasma
amino=N estimations (Hemilton and Van Slyke, 1943). Barlett
and Glynn (19%0)., Flock et al.(1953), Babson and Winnick
(1954) have all used this method sucecessfully on tissue
extracts. The libervated €O, cen be messured in two waye,
the titrdmetric method being employed in our investigations,
since the manometric one is rather more complicoted.

In the second ploce, the ebility of ninmhydrin to
condenge with smino-~aclds to form an intensely coloured
pmodu@t,‘led to many investigations into the quantitative
aspects of the problem. (Moore and Stein, 1948319543 Troll

end Cannon, 19533 Yemm and CGocking, 19553 Yaneri, 1956;
Meyer, 1957). Phe modification of Yemm and Cocking (1955)
was selected, and although it was primerlily designed for the
emino=N analyels of column elustes, ite epplication to whole
extracts of tissues gave surprisingly counpistent results in

the majority of cases.

EXEERIMENGAL .
Bagtimetion by the titrimetric procedure.
The choice of the protein preeipitating reagent le
more limited, as TCA is itsel? decarboxylated under the
experim@nﬁal conditions, Tungstic acid wes given preference

over picric acid as it Hives the more quantitative extraction

of/
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of free amino-anocids (Ven Blyke, 1922).

Andmals, feeding, and prepsration of extracts were carried
out using vrate fed elther wabter or glucose as previously
degoribed.

Anino-N_egtimation. Analysls of the free amineo-ll and botal
éminnnm were performed on extracts contmining the equivalent
of 1e0 gme and 05 gm. of liver and muscle respectively.

The salient featurcs of the analysis sre as followss: The

pH of the ssmple 1s adjustod to 2.5-%.0, and L0O0 mgus. of
citrate bulfer (pH = 2.8) added. Afbter boiling to remove
atmospheric 602, the flask is stoppered and cooled to below
500, when 100 mgnme. of recrystallised ninhydrin is added.
This flasgky and a gimilar one containing Ba(ﬁﬁ)a, is quickly
gonneeted to o speeclal U tube which is lmmediately evacuated
at the water pump. The blank, standard and test solubtions
ayve brought to thim stage before being boiled together in

a rapldly boiling water bath. The distilletion of the
liberated 002 ie accomplished by placing the flask containing
the Em(OH)g in a cold water beth, while continuing to heat
the other. The apparatus is cooled before admitting GOeufrea
aire.. The smount hf 602 liberated and hence the amino=N
content of the sample, is estimabted by a back titration with

standard aclid.

Ggtimation by the colorimetrie procedure.
| The experiments with this method were carried out in

connection with the investigations described in section 5,

ond,/
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and, for the scke of comparison, are lncluded hére. uan=
titative extracts of liver and muscle were prepared uzing
ice~cold 104 TCA (as similerly deseribed under Folin's
amino-N estimations).

Contrary to the findinge of Meyer (1957), TCA was
found‘to promote the Formation of the amino-scld-iginhydrin
complex. Removal of TCA was accomplished by washing the
test solutions with ether untll the ol rose to 5, This
washing was accompanled by a considerable diminution in
volume, but after reatqring the'volmme to ite original level,
the amino=N content of the sample was determined, The
interference of TCA (final concentration 1%) waes assessed
by ueing hydrolysed muscle extracte in lieu of amino-scid
mixtures, Table 16 reporits the data snd shows declsively
that the ether washings effeoctively remove the TCA withoub
decreasing the amino«N content of the samples In conseguence,
the TCA was removed from the extracts before free amino-i
analyses were carried out.

The main features of the method of Yemm and {ocking
are buffering the solubtion containing 0e¢H = 5.0)ng. amino~N
with 0.2M citrate buffer (pH = 5.,1) and adding the ninhydrin
in a solution of methyl cellosolve which also econtaine a
trace of KCN. After heabing in a vigorously boiling wabter
bath for exactly 15 minutes, the capped tubes are cooled and
dlluted 10 a suitable wvolume. The Intensity of the blue
solution/



TABLE 16,

Phe effect of various treatments on the amineN content
of hydrolysed muscle extracts (colorimetric ninhydrin

procedure).

mg.anino-N/g.sample.,

Treatment _ 1 2 3 4

No ether washing _
No TCA addition 510 | 60L | 498 | 507

No ether washing
+ 1% QGA(final conc, ) 754 708 642 713

Bther washing dbut : ] -
No PCA addition - 510 | 587 | 4R6 | 465

Waehing after the , .
oddition of TCA 506 | 561 | 472 | 469
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solution ieg determined spectrophotometrically. It was

found advisable to inoclude two blenk estimatlions snd three

tubes containing varying asmounts of o stendard sminc-agceild
golution,
RESULDTE

By the titrimetic method. he mean date of two experiments

are presented in Table 17. The most notable feature of the

repulte is that 8ll the estlumebes of the various liver and

mascle fractions are considerably lower than those already

reported in Tebles 14 and 15 The idapression oblained from

the musele data is that glucose generally depresses the

amino=ll content of the various fractions. There is no ovi-

dence of pepiide anmino«N secumulation after glucose ingesiion,.

A similar conclusion ¢an be drawn for the liver data when

it is yealised that the high pepitide amino=N figures at the

ists and 2nd. hour are probably due to unreliable estimations..
The level of amino~N, both free and total, is more

compatible with the data in the literature than our Lindings

with Folin's resgent (%eble 15)s The free amino-i in

muscle has been reported as 192 mg. per gm. (Friedberg end

Groenbery, 194%i€With which our Qate agrees Ou the othey

hand Babson and Winnick (1954) estimated the free amino=N

of muscle as 330 pge.per gney while Barlett & Glynn found

340 nge por gme The liver

frec/ : :



TABLE 17,

Betimation of the aminowN content of the acid soluble extracts

of liver and musgele by the titrimetric decarboxylation teechnique.

Fraction @ime NUSCLE LIVER Difference due
o after to feeding
fﬁeﬁi?g (ngeamino=i/g) | (ngednino-N/g) glucose,
s s | . e
) Water | Glucose | Water | Glucose| HNMUSCLE | LIVER
fed fed | fed fed
1 202 189 alt 415 -1% -2
2 197 181 %9% 524 % =16 ~-69
FRE® : '- -
amino w| 4 191 213 400 413 v22 | 413
6 194 190 402 419 -4 +17
1 342 304 270 54.2 ~38 +72
- 239 275 259 317 +36 458
PUPTIDE
Modno Wi 4 279 256 253 255 fzﬁ «18
6 208 199 174 125 -9 «4.9
1 544 493 687 e -51 +71
TORAL | 2 435 456 602 641 +21 +39
Amino Wi : i
I 4 - 470 469 653 648 - 1 -5
6 402 ¢ 389 | 576 543 <13 | =33

Tach entry is the mean of two experiments.

% Phese estimations are techiniocally suspect,
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free amino=N pesults are more cons;atant. Babpon and Winnick
(1954) reported the level as 360 ug. per gm, while—Fenmeni
sud—Harknens— —Eord—4t3-usy—por—em., snd this accords
with the date given in Table 17.
Thus sbbaewgh the data are now of the correct order

of megnitude, snd we may assume that there are no interfering
substances prosent. Under these oircumstances, the results
fail to reveal the presence ¢f an acid-soluble peptide in
mugcle after glucose adminietration and we are prepared to
accept this Verﬁicfw

By the nolorimetric method. These experiments were carried

out on TOA extracts. The mean result of two experiments
is presented in Teble 18+ The total amino-N estimetes of
both liver and muscle at 1 hour are techniecally unreliable so
that the acocumulation of peptide emino-N, especially in the
oase of the liver, is doubtfuls Otherwise the results as
2) whgle fail to revesl sny increment in muscle peptide amino-N
after glucose administratlions

The lower capacity of TCA to extract amino-scids
is probably compensated by o less specifie amino~l estimation
end in ccnsequencé there 18 close agreement between the
results of this method and those of the decarboxylation
technique. Table 18 provides more comparable resulte of the
three mothods we have been using (Folin's naphthequinone
method, the titrimetric ond colorimetric ninhydrin methods)

on/
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Golorimotric ninhydrin estimations of the aminoN content of the

a¢id soluble fractions of liver and muscle.

were exbtracted with triobloro-acetic aecld,

The musele and liver

- s At Ldnme % MUSCLE LIVER Difference due
Proetion opon e e to feeding
fﬁéai?g gngw&mimeN/é} gnﬁ¢am1nngv/g) glucose,
I ] : o
o Waﬁer glusose W&ter? Glucose: MUSCLE | LIVER
 fed | fed | fea | fed ‘
1 | 261 | 292 | 379 | 402 +31 | +23
‘ 2 . 262 | 257 419 | 423 -5 + 4
 PRBE f | | :
Amino N | 4 | 262 | 26) 390 | 391 -1 + 2
6 | 263 | 246 578 | 406 ~17 +28
1 . 166 | 195 208 280 +29 | 472
Amino B4 4 171 | 169 | 282 | 160 | w2 | ~122
6 | 176 | 160 | 245 172 -16 | =73
1 | 427, 487 | %87 | 682 +60 | +95
nopan, | 2| 408 | 404 | 667 | TAT -4 | +50
Anino N 4 . 432 | 430 672 ¢ 551 -2 -121
6 | 439 | 406 | 623 577 ~33 | =46
! " :
§ i

Lach entry

iz the meon of two experiments.

Wi




TABLE 19,

A comparigson of the free amino-N conteut of tungstic

acid extracts of musale,

$ime Ninhydrin Finhydrin  Polin's
Treatment | after decarboxy- colorimetric | naphtho-

 feeding lation ~ quinone

(hrs.) | (mean of 2) | (mean of 2) | (single)
Water 1 221 326 798
Glucose 189 238 798
Water ” 212 296 746
Glucose | 212 204 756

% :
Water ? . 220 297 744
Glucose % | 224 291 T44

1 .

#

* o glongle estimation.
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on the same tungetic acild exﬁranﬁa of musecle., It can be seen
-thaﬁ, of the twmlualarimqﬁria progadures, the ninhydrin one
is by far the more specific, and that ﬁhe regults by this
methoed spproach the level obtained by the decarboxylation

techniquo.
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The initisl studies by Félin's method on TCA ond
tungetio aecild extracts of muscle added welght to the theory
that an acld=-soluble peptlde was deposited in muscle after

feeding glucoee, Cur expectations were destroyed, however,

when the findings of the lon exchange columns revealod that
substances other than non~protein N compounds were reacting
with Folin's reagent snd tendling to obscure any peptide
sccunulation. Subsequent amino~N analysis on the acidw
soluble frection of muscle ueing the more specifliec reagent,
ninhydrin, showed quite decislvely that glucose administrati
did not result in a temporary deposition of o peptide fracti
in the scid~soluble portion of muscle. Therefore, since
the more reliable estimations had failed to confirm the
presence of a specisl peptlide in muscle, we turned to study
the posaihility of deposition of aminowacids in other muscle
fractions, The f£inal section of this thesls deseribes

these atudies,

BRI S AN R -
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SECTION 5,

BIAMINATTON OF TLIVER AND MUSOTE PROTRIN
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INTRODUCHE T ON o

Having failled to obtain evidence of peptide accumula-
tion in the seidd~soluble fraction of muscle after glucose
administration, we reconsidered other possible methods of
aninowacid deposition. The treatment of the homogenate
for preparing pure muscle protein samples (see f£ig.3) was
eritically evaluated, It appeared bto us that two procedures
nomely heabing in TOA and diseolving in NalH, were possible
stages where a labile fraction of the muscle protein might
be removed and inadvertently discarded. This perleod of
heating in T0A was introduced sz g mild but unspecific way
of removing nucleic acids, as thelr soluble degradation
products, from the ma.ss of precipitated protein (Schneider,
1945). A hydrolysie of this nature might easily remove a
lobile accumulation of aminowscids,

In order to test the hypothesis that a labile frasotion
was being discerded from the protein of a glucose~fed animal
during its Ypurification®, the muscle and liver proteins
were treated in one of two ways which elther omitted or
included the treatment by hesting in TCA end dissolving in
NoOHe The radiocaetivities of the proteins prepared by these
two treatments were compared with each other. In addition,
the lose of amino=-N and total N during heating with TCA was

compared in the water-fed and glucose-fed rats.




IXPERIUENTAL .

Animels.

Male albino rats, about 200 gms.,were fasted overnight|
and injected intraperitoneally with 20 me. of 140»2~glycine :
in 1.0 ml. of 0.9% saline. After a lapme of 30 minutes, |
rats were fed with 4 mls. of water (control) and others with u
4 mlg. of a 507 glucese solublon. In the first meries
of experiments, animals were killed at only 1 hour after
feeding, since this time~interval scemed likely to provide
the best evidence of changes following g}ucame a&miniﬁtratieni
when amino-scids are disappesring from the blood., In subse- |
guent experiments, an snimal from esch dlietary group was :
killed at 1,244 2nd 6 hours after feeding.

In & later sevies of QXp@rimenta,‘fazﬁing rats were
injected intraperitoneslly with 10 uec. of l4ﬁw1~13ucine and
fed as abhove, All these animals were killed 1 hour after

feeding.

Trestment of Tissues. :
The animals were killed by exsenguination under ether |

anaesthesla. The whole liver and quadriceps P emnori.s muaclesj
from both rvear legs were excised and from each tissue two o
pamtiéns were taken, from one of whioch protein was prepared
by treating with hot TCA and Nellly, asm in previous studies

(£ige3) (vigorous treatment) snd the other wes not subjected }
to/
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to this procedure (mild treatment), As shown diagrammaté
icelly in Pig. 13, both portions were initially treated in
the same way by homogenising in a Neleo blender with 20 nmls,
of lece-cold 104 PCA. and the protein precipitate washed twice
with 10 mle. of 10% TCA. The supernatant fluids from the
i4a~g1yoime aeriag were rebtsined and analysed for radiocactivity
in the free smino-acid pool, as deseribed in section 3.

The "mild treatment" protein precipitete was then
directly washed with the faob solvents., The "rigorous tresat-
- ment" protein precipitates were hested in 20.0 mls. of 104
P0A (the supernatent being retained for total and anino=l
analysis), dissolved in 20 mle. of 0.4 N.N20H and reprecipi-
tated with 10 mlse of 30% PCA. This latter step was
repeated, and the protein was then weshed with the fat solw
vents. The dry proteins were counted ot infinite thickness
in a standard planchet in a Geiger end window counter and
the effects of the mild and rigorous tremtments compered.
Analysis on the hot T0A extract was carried out by the micro-
Kjeldhal method (see section 1) and by the emino-N method of

Yemm and Cooking (see seetion 4), following hydrolysis for
12«14 hours at 105°¢ in 6N,HOl.

A subecellular fractionation wee made in cne instance
on the carcass muscle of wamerwfed and glucose~fed rats which
had he@n injected with l4ﬁ—meueina‘ The muscle homogenate
(in 0.25 M. suorose-~10 mls. per g.) was centrifuged differ-
entially/



PIG, 13.
The procedure for ineluding or omitting hot TCA and NalH

treatment of musele and liver homogenates.

- Homogrennte
in 10% TCA
\(f
protein preeipitate supernatants
washed twice in ﬁm%cemhined for
L0% TOA free glyecine |
im : determinations,
M,’w’/,m/’ e M‘“""-««..,"_‘.-Q.-H.._“_‘M‘w( " |
- p e | g
Wash ppt. with Heat ppt in 20,0 mle. 10%
- fat solvents : TCA ig hot weter bath
at 907Q for 15 nins.
twice wiEh %%% e?hanil forn(3s1)
once ethanol: ochloroform(3s
once " ethanoliether (3:1) igggiﬁgga?gr
Qnggher‘ abs. ethanol —— total N and
' f anino~li estimas
N tions, |
: Dissolve ppt. in 20 nmls, :
N Oi%ga?ﬁﬂﬂlandgggpggzipitata ,
gﬁyigggggig %ﬁ?ﬁﬁﬁga@ This step repeated once morels

in  standard plaonchet

>

- wesh pgbu with fat solvents ]

\C,&'

ﬂwj'pr@tein counted, etc.




PI1G.14.
The dAlfferential centrifugetion of muscle homogenates in

025 MesuCT08C,

Homogenate

cenbrifuged at T00 g, for 10 mins. at 0%.

—
S—
e

precipitete in two layers

supernatont myofibrils debrig

centrifuged at 6,000 go for 10 mins. ab 0%, .

2 e,
3 et g,
e,
i

mitochondrie supernatant

L

contrifuged at 140,000 ge. for 60 min. ot 0%

et
// ———

mﬁaraﬁaﬁégfzf“ cell 5
1LY 86 58, A1 ‘ L3 b LS .
precipitated precilpltated.

L
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ontially es shown in fig, 34,  The proteins of the various
fractions were precipltated withIBG% TCA and underwent the ‘
mild treatments  Afterw messuring their radiocactivity,
the proteins were glven the rigorous trestment with hot TCA
and NaOH and recounted in order to determine if the uptake
of isotope into labile protein was confined to a particular

subeellular fraetion.
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RESULES .

The date for the 140~glyeine incorporation into the
masele and liver proteins of animels killed 1 hour after
feeding are presented in Tables 20 and 21 respectively.
Ingpeetion of the musele data (Table 20) shows that the radio-
activity of the protein from a glucose~fed animsal is signifi-
contly greater (+35%4) when hot 204 and NaOl treatment is
omitted while the proﬁeﬁn radioactivity from o control animal
fed water 1s not significantly affected by omission of this
treatments The liver protein radloactivity ls uninfluenced
by the Torm of treatment, whether the animel hes reoceived
water or glucose (Table g&); Thue there s some evidence
of a labile component in the muscle protein of glucose-~fed
rots,

In o sepavate series of experiments, an attempt was
made to deteymine the contribution of hot TOA alone to the
total loss of radloactivity from the musele proteins of a
Qluﬂose»fea snimal . Specimensg of proteln were prepared
from the muscles of water-fed and glucose~fed rats by both
the ™uild" and “"rigorous" procedures snd counted., The forme
was thon submitted sequentislly to TCOA and 4o NalH treatment,
the protein belng dried and counted st each stage. The datg
are summarized in Table 22, Inspection of the data for
the water-fed animals reveels only insignificant changes in
the/




The effect of TCA snd WalH (rigorous) itreatment onm the
vadioactivity of muscle protein from conbrol and glucoges

fed snimals, killed 1 hour after feedinge

apm/blanaﬁaﬁta whalé musele yrctein'

Waﬁe?«fe& ; | Glueewe—feﬁ
Rigorous  Mild ﬁiffaeﬁ Rigorguﬁ‘ 1324 ) Diffees
6640 71 o4 + 8% 6246 875 +24%
678 T34 2 +1.5% 8844 119.9 +36%
7644  B80.5  + 5% 22,0 © 398 8%
6547 7842 +10% 6046 Thed  +2370
81,0 6843  «16% | 32.8 4148 +279%
4lel 5567 +36% 67.2 8048 +20%
66 72,1 +1.1% 55473 7344 +35%




TABLE 21.

The effect of TCA end Nadl (rigorous) treatment on the
radicactivity of liver proteln from control and glucose-fed

rate, saerificed 1 hour after feeding,

apm/planchette whole liver protein

Water~fed . Gluocosemfed.

Rigonrous Mild Diffce, Rigorous n11d Diffoe.

1950 1918 - 2% 819 849 + A%
2612 2460 - 6% 3290 28348 -], 2%,
1750 1805 + 3% 1122 1167 + 4%
2471 2285 - 6% 2490 2186 ~14%
2186 2117 - 3% | 1875 1763 - 5%
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the protein radiometivity with the vearious treatments. On
the other hend, glucese administration vesults in an increasq
of 44% in the muscle protein radioactivity when the hot TCA |
and NaQH ‘reatment ﬁé omitted, = This increase is only 22%
when treatment with hot TOA ig included, and is finally 7
reduced to & negligiblie value when the protein is aﬁbmequentiﬁ
aissolved in NaOHe  Thus hot TCA and NaOH contribute equal
to diminishing the radioactivity of the nmuscle protein from |

an animel fed glucose.

A Lurther attempt to remove the excess radiocactivity ¢
was by the use of salivary ptyalin. This was based on the
assumption that the depositlon mlght be connected with »
glycogen synthesis, either ao 14Q«glueoaa formed from glycinﬁ
or as amnino-aeld deposited in conjunection with glycogen. “
Bouivalent smounts of the dried protein (prepared without
hot TCA and NaOH treatment from a glucoge-fed animal) were
suapended in an active ptyslin preparation or in distilled
water (eontrol) and sheken mechenicelly for 30 minutes.
Phe proteins were subsequently dried and counted, bhut no
'&ecreaﬁe in rediocactivity was found in the samples ineubateﬁ?
with ptyalin. Thus it is unlikely that carbohydrate or |
ite complexes with amino-acids contribute to the radieaativAf

ity of the muscle protein,

The total N {mleroKjeldahl) and emino-N (afber acid
hydrolysis)/




TADLE 22

mmmmwm M

The effeot of TCA and NaOH on the radiocactivity of muscle

proteins prepered from glucose~fed and water-fed animals.

MUBOLE PRODEIN
| (epm/planchet)
Treatment of ‘ . -

miscle PXGtﬁin Watepr-fed Gluoose-fed

hot WCA ond NaH

(rigcrauw ﬁraaﬁm@nﬁ) | | ‘ 7?*5 539
mgg;fggr@ggﬁggmw NaOH TT.1(+6%)  80.4(+44%) |
not TCA alone - TLe2(=2%)  67+1(+22%)
L . ) . " ; 4 o s N ¥ ) b;.
, hot T0A followed by NaOH 79.5(«-3%)@ 59.8(+ 7%4) |
| | | | 4

Bach entry is the mean of observations on 4 animels, killed

1 hour after feeding water or glucose,
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hydrolysie) detérminations on the hot TCA extraot of muscle
and liver proteins are presented in Tables gﬁiand 24 respect-
ively. The total ¥ end amino=l estinations on the hot
POA extroct of muscle protein show that more W ig extracted
by this trestment from animels which had received glucose.

The snalyses of the hot WOA extract of liver are not so
gonclusive., The aminow-N date shows that after glucose
sdministration less N is vemoved from the liver protein,

The total N results show the converse, which is largely due
to o single estimate. Thus the aminom data appears the more
gorrvect.

One difficulty in the N avselyslis of the hot MCA extract
of muscle is that the quantity of amino~N (100 mg. per ge
nusele) which is likely %o be deposited by the action of
carbohydrate on proteln metsbolism represents s small percente—
age of the totel N present in this extraot (about 10% of the
smino~l and aboub 5% of the total ). In the second plsce,
the unconbtrolled nature of this mild hydrolyeis hy hot 2CA
make congsistent results difficult to obtaln. It i
therefore not easy to achieve statistiesl significance with
this approacha. It is, however, interesting that the gliving
of glucose provides an average increase in amino=-N and |
tohal I in the muscle extract of the order of magnltude

expected,



CABLE 23
The § content of the hot TPLA extract of muscle from
glucose and water-fed snimels, killed 1 hour after Lfeeding.

(flgures are pge.botal W or total amino-N per gi muscle).

Amdno- Pobel N
- Water~fed Gluéépe;féé ﬁiffée. ﬁaﬁefufed‘Gluooseufed Diffge.

493 652 +159 1128 1315 +187
548 675 +127 1146 1273 +127
990 956 ~ 34 | 2040 2045 + 5
714 964 +250 1680 2040 +560
825 764 - 61 172% 1615 ~108
690 709 + 19 1041 1325 +284
941 905 - 36 - 1668 1745 + 77
- - - 2110 2120 + 10

MEBAN + 6L M AN +118




TABL 24

The W content of the hot TOA extract of liver from glucose

anﬁ,ﬁatern£$ﬁ<énimalm, killed ) houy after feeding.

(Pigures are g per g. livaer), : 5
Amino=N - Rotal N
 Water~fed Glugbéamfaﬁ ﬁiffég. 'Waﬁarwfeé Gluqmsewfed Diffceé
BL2 296 - 16 2100 2120 + 20
400 2985 -105 | 2520 2220 ~300
262 261 - 1 2000 2040 + 40
391 409 + 18 2200 3380 +1180
276 251 - 25 1908 1746 =162
572 441 ~13L | 2630 2520 ~110
WHAN -~ 4% MBAN +115
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14G~g}xgiae incorpovation into muscle snd liver proteins
at differont tipes ofter slucose sdministraitlion.

In view of the findings at 1 hour after feeding,

“bhe whole btime course (16 hours) was ptudied, The muscle
and Liver proleins were counted at infinlte thickness in g
ptandard planchet, after both mild and rigorous treatments
had been applied. The two treatments were compared snd
the changes in radiosctivilty were expressed as a percentage
of the redlcactivity of <the protein which had recelved the
rigorous treatment. The muscle data (Table 25 ) shows
that in the cose of the Wateréfe& (control) animsls, there

is no d4ifference in the radicactivity of the nuscle protein
after the btwo trsatmente. Bowever, the snimels which were
fed glucose showed that efter L hour there is o conslderable
amount of radioactivity which ean be removed from the muscle
protein by the holt TCA and NWeOd trestment, but theve is no
indication of a lsbile radlosctive frastion ab the Later timed
Table 26 weports the liver data whilch ahawgiﬁhat the protein
radioactivity was scbtually greatexr after the hot TCA and
NaOH treatment without there being any sppreciable difference

between the protelns from waterefed or glucose~fed rats.

Amino- snalysis on hot TCA extracts of musecle and liver at




PABLE 25

The changes in the musole protein radiocactivity after
treatment with or without hot TOA and NedlH, of animale

Ted either waber or glucese.

VUSCLE PROTBIN
Time (cpm/planchet)
PTreatment] After wrenams ‘ .
feeding PTreatment
(hrse) 1 pigorous — mila Diffce.
1 61.1 6240 | + 2%
\ 2 8L.0 8l.9 + 1%
WATTR | |
4 99.4 10641 + %
-6 1133 121.9 + 9%
1 5e0 613 | +24%
2 9%.9 9641 + 8%
GLUGOSE
4 10342 10542 + 2%
6 144,3 13867 ~ - A%

Bach entry is the mean of 2 experiments.



PABLE 26,

The chenges in the liver protein radioactivity, after
treatment with or without hot TCA and Nall, of animals

fed elther water oy glucose,

Time

LIVER PROTEIN

Preatment | after (epm/planchet)
feeding - : et
(hvs,) Preatment
Rigercug Mild Diffce,
1 2091 CL 2045 - 2%
2 2356 2u38 -1 2%
WATER 4 2043 1937 ~14%
6 1993 1814 - 9%
1 1806 1677 - A4
2 2054 1896 - 8%
GLUCOBE .
4 2267 2175 - 3%
6 1963 1893 - 2

Each entry is the mean of 2 experiments.




DABLE 27,
The emino-N content (after acid hydrolysis) of the hot
PCA extracts of liver and musele protein from animals fed

either glucose or waber.

g%ggr - LIVER (ug./g'wet weight) MUSGLE(ugT/g wet weiggt)'
fﬁ;g%?g Water élucase ﬁtffce |Water Glucose Diffc .
fed fed WO esa - fed Ce
1 413 367 - 46 793 - 836 + 43
a 598 353 - 45 835 929 + 94
& 493 583 =108 860 834 - 26
6 445 380 =65 | 919 743  -176

WUSCLE results are the mean of 4 experiments.
! EIV ﬁ E " " L] f? L 3 "
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The results show that sfber glucose administration a temporary
accunulation of amino=l occurs in muscle protein. The maximum
deposition occurs 2 hours after feeding, falling to below
the control level at the 4th. and 6th.hours; at its maximum
it acoounts for some 94 ng. emino=ll over the ocontrol level.
Thig value agrees very well with the calculated Tigure
(100 mge por g. of muscle) anticipated from the sparing action
off carbohydrate, The liver data, on the other hand, show
that after feeding glucose there is a consistent decrease in
the amino-N content of the hot TCA extract helow the control
level throughoul the course of the experiment, In the casse
of muscle, the difference in amino=-N between the glucose-fed
and water~fed animalp Tollows & rogression line ¥ = 210 - 68X,
when ¥ = the difference between glucove and weater-fed pnimals
in pg. amino=N per g. muscleo, and X = time in hours after
edminictration. The slope is significant (P = 0,02 =~ 0,01),
The faet that the time of maximal occurrence of labille
amino-N (2 hours) does not ooincide with the time of maximum
lobile radioactivity (1L hour) may be due only to lack of
experimental obeervations, as the radiosctive data are from

two experiments wherems the amino~ll are from four experimenta

The_ ingorporation of 140~;euaig@ into ‘the proteins of muscle

ond liver.
These experiments were intended to conflrm the data

obtained with 14G~glyoina regarding the accumulation of a
labile/
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labile fraction attached to the muscle protein after feeding
gluecose. The mean data of three experiments are presented
in Table 28. Inspection of the liver data from animals

fed glucose and waﬁaf reveals that the protein radicactivity
is not altered by the heating in N0A end Walll treatment, a
fact in agreement with the previous findlngs, The muscle
protein rediocsctivity of the control smimal le also unaffected
by hot TCA end NalQH treatment. After glucose administration
the treatment with hot TCA and NalH falls b0 reveal the

presence 0f o lebile muscle protein freotion, Total N

. enalysis on the hot TCA extractes of muscle proteins from

glucoge~fed animals also falled to show the presence of extra
N R
Distribution of *4c-leucine smons subcelluler fractions.

The fact that the whole muscle homogenate falled to reveal

o lablle fraection using 14@«1@ucine a8 the amino=-acid in
guestion severely decreased the chances of locating s sub-
cellular fraoction responsible for such & deposition. Never-
theless, we thought it worth while to do such a fraectionation.
The remaining carcass muscle was excised and homogenised in
0425 M, ﬂucrqée. The technieal difficulties involved are
great due to thé smell quentities of protein from certain
suboellulaor fractions (e.g. mlerosomes). The proteins were
firet dried and counted without hot TCA and NalH treatment.
The/



TABLE 28,

The incorporation of 14ﬂmleuaina into the proteins of nmuscle

and liver of animals killed 1 hour after feeding water or

glucose.
LIVER PROTEIN VUSCLE PROTEIN
epm/planchet cpm/planchet
 Treatment y « :
treatment treatunent
Rigorous  Mild Rigorous Mild
;: 557§ 625 496§ c0l 72.5§ 50,6 70.3; 5.3
i i : LU ( “7¢ o .
| AR 693 783). . | 4646 16.2)
| | T
§ o . ) .
| 498 470 6845 61.6
| GLUCOSE 593) 599 660§ 616 39.9) 55.2 40.4) 52.1
!
g 70%) 718 572

54.2
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The proteins from this mild treatment were then heated in
TCA and dissolved in NaOH, dried and recounted. No decrease
in radioactivity peculiar to a single froction was observed
(Table 29) as a result of this treatment. The radiocactivit-
ies of proteiﬁa of the wvarious fractions prepared by both
treatments show (Table 29) thet the relative uptake of isotope
is greatest in the mliocrosomal proteins (ef Mclean et al,
1956)., However, comparison of counts after mild end rigor-
ous treatments shaws no important evidence of a labile protein
in any one subeellular fraction.,

A feature of the leunecine incorporation experiments
not evident with the other isotopicelly labelled emino-acids
is the fact tha%, 1 hour aftér'faéding glucasg,-the maseie
to liver vatio of the whole protein radioactivity is greater
than the ratio for the water-fed animal., Table 30 compares
the ratios after EBSwmethioninag 140~glyeine and 140-leucine
injection, Both the 353~methioniné end 140~g1ygine ratios
aYre depres&ed 2 hours and 1 hour resﬁectivély after gluoose
administretion, waile that of ‘4C-leucine at 1 hour is
pigniflecantly increased. Thus the leucine data qué*not
agree with the glyeine data on two seperate counts, namely,
the absence of a hot TCA labile fraction of muscle protein
after glucosge adminietration and the elewated muscle to liver
protein ratio 1 hour after feeding.

The data obtained with subcellular fractions submitted
to/



TARLE ?;.22 s

The lancorporation of 140uleucine into the proteins of the
subeellular fraoctions of muscle prepared either by including
hot PCA snd WalH (rigorous) treatment or by omitting it (mild

cpn whole protein

gzgg%gen | Waxermfgﬁ Glucose~fed

Rigorous | Mild i Rigorous Mild
Whole ‘
homogenate 725 7063 6845 61.6
myofibrile | - | R
nuclear layer 6141 68,7 5647 575
mitochondris 60,5 6846 ‘ 59 .4 6642
microsomes | 116,.6 110.5 111.7 ; ;01.8
pell sap B5le2 6249 69.3 65.5

Bach entry is o single observation.



Comparison of the ratio of muscle to liver whole protein
radioactivity after injection of different isotopically-

labelled amino-aclds, of animals fed elther water or glucose.

Ratio M/L x 100.

% w oy

}
Treatment 358*Methionine %14G~glycine 14G~1eucine

- uptake g uptake uptake
‘ T | -~

Weter-fed |  21.8 L 3.2 | 8.8
Glucome-Led 15.5 L 2.5 | 10,3
Difference ~6.3(m85%)% «QuT{=22%) | +145 (+17%)

358~meﬁhionine - pamples obtained 2 hours after feeding snd
methionine~3 isolated,

14G~g1yeine and

14culeucina - gamples obtalned 1 hour after feedlng and
whole protein ocounted.

A1l proteins treated with hot TCA and NaQH.



TABLE 314

The radioactivities of the subgellular proteins alfter
heoting in TOA and WalH relative to the metivity of the

proteins of the whole homogenste.

Muscle f£raction Water~fod Glucose-fed | DiffSs
waole
homogeneate 1060 100 -
myofibril-nuelear
layer 84 83 -1%
mitochondria 84 87 +3%
microsomes 149 161 +12%
coll sap 71 101 +30%
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to the rigorous trentment (Toble 29) has been reconsidered
in Table 31, to determine which fraction of the musecle cell
is responsible for the extra radiocactivity from MG-»leucine
deposited after gluaose administration,. It ia appareht
that the only fraction responding elgnificantly to glucose
is the cell sap protein.
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DLSOUSSION. -

The investigations described in this section arose
from the failure to locate en acid-soluble peptide in skeletal
muscle following glucose administration, Our attention was
diverted fLrom the acid=~soluble fraction of muscle to the
precipitated protein and the precedures to which thie protein
was eubjected during ite purdfication were closely studied.
Two ateps lu this purifiecation procedure, namely treatment
with hot TCA and NalH, were found to have & coritical bearing
on the fixnal radioactivity of the muscle protein, after the
injection of C-peglycine,  The liver protein radionctivity
from water~fed and glucose-fed animale wes not affected when
this treatment was omitted. Ag 8 result of omitting the
" hot TOA and NaOH treatnent from the purification scheme of
musele protein of & glucose~fod animal, theve was a conglder-
able increase in radlosetivity over the protein radiosctivity
when heating in T6A and NaOl was lncluded, ¥o increase in
the radicactivity of the muscle protein from a water~fed
aninal was noted whem the hot TCA and Nalf treatment was
omitted. Hot TCA and NalOH treatments were found to contrie
bute equally 4o the lowms of protein radioactivity.

The analysie of the hot TCA extraet showed that the
deoresse in muscle protein radiocasctivity of o glucose~fed
animal was acocompenied by the loss of amino=N from the muscle

protein, Turther atudles showed ‘that the maximal deposit-

ion/
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ion of thils hot 1CA~labile amino-N fraction occurred 2 hours
after feeding glucose and accounted for 94 ng, amino~N per
ge. musecle; after 4 and 6 hours the level of awino-N in the
hot TCA exﬁra@t had fallen below that of the control. Thus
there is good evidence for the deposition of amino-zeids in
skeletal muscle under the influence of ingested glucose as a
lablile froction whiéh 1s atinched in some way to the muscle
proteine. . This labile frootion satisfies the requirements .
of the intermediate step; postuleted in Seetion 3 (pee figg;g)
to explain the deecreaséd blood amlno~zeid level 1 to 2 hours
after glucose and increased free glyeine radioamctivity 4 to
6 hours after glucose, since it accumulates scon after glucose
administration (1-2 hours) snd later breaks down (3=4 hours).
The evidenece for the secumulation of a labile fraction
in musele aftey feeding glucose ls convineing but would be
more completely so if we had had time to show that the treat=
ment of the prepipitaﬁagwijygﬁﬁpgnuclaaﬁ@ or deoxycholate
foiled to alter its iaﬂ@ﬁgggivity;. Both these treatments
apecifically rémove_nuciéic acide from the tissue precipitate
so that radioactivity due to the incorporation of glycline or
ito metabolie products into the nucleic acids, can be excluded
Hovrever, the precipitate wapo treated with an active prepara=
tion of pityalin which falled to teduce the radicactivity.
Thus the contributlon of glycogen or its eempléxes with
emino~acids, both of which mey contaln non-protein radio-

glyeine,/
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alyoine, either as such or av a carbohydrate derivative, is
iikely to be negligilble,

In order to confixm this labile fraction on muscle
~protein after feeding glucome, simllar experiments were
performed uging 140~leueime. Studies on the blood aminowacit
level (Thomson ond Munro, 1953%) revesled that the leucine
concentratlion was most extensively weduced alter glucose
administration, It was hoped that the radioleucine experi-
ments would therefore be even more gbriking than the changes
found with 14G~g1yaine after glucose feeding. This was not
the casge, since ne ineresse in the muscle pfutein radioactivit;
was found when hot TOA snd Nall trestment was omitted.

It was also found thalt the muscle to liver ratio of the
protein radioactivity was higher then the control at 1 hour
after glucoge adninistration, whereas previous experiments
with both 353~m@ﬁh10nina {ot 2 hours) and 14Gw2¢g1y¢ine

{(at 1 hour) showed s smaller rabio then the water-fed control
(Pable 30). In faot, bthe muscle~to-liver protein ratios
were more like these ratios from the glycine experiments some
4 houre after feeﬁing*waﬁe$ an@Iglucoae. This suggeéts o
that perheps the chenges in the radlosetivity of the free
Teucine pool do not follow the patbern of the chonges in the
. free glyeine pool, and that 1 hour after fecding, the
specific activity of the leueine pool of a glucose-ied

animal may be much greseter than the specific activity of the

leueine/
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leuoine pool of a water-fed (control) animal. These
changes in the precursor pool would be reflected by changes
in the vedioactivity of the muscle protein so that the ratio
to liver protein is increased 1 hour after feecding. A
difference in the rates of activation (Hoaglond et al,l956)
of the two emino-secids ocould also account for the observed
differences in the rate of inemrporaﬁian into muscle protein.
This gains some wlight'support from the analysis of radiom
aotivity in subcellular mugele frections after 14Gmleucine
administratlon.

The subcellular fractionation procedure on the
skeletal muscle of 148~19ueina~injectea enimals falled 1o
reveal & subcellular Lfraction into which the upteke of snino=
aclds ocourved as lebile protein under the influence of
ingested plucose. This 18 not surpfising since the muscle
cell a8 a whole falled to reveal any labile material with
14G~l@mcin@ (Table 29). However, the leucine experiments
showed o sonewhal greater 146 uptake by musele protein 1
hour after glucose which was not dislodged by the rigorous
troatnent. This greater deposition occurs in the protein
of the cell sap (Table 31). The occurrence of the pH 5
enzymnes, described by Hoagland et al (1956), ia the cell sap
and the possibllity of their increaved activity through the
agency of Yexogenocus' glucose, may explain this increased
incorporation which is stable to hob TOA and NaOR treatment.

In/
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In conclusion, the radloglycine data strongly suggest
that a temporary deposition of amino~acids as labile protein
takes place in skeletal musecle after glucose ingestlion.

The 14Gwlaueiné data fall to confirm the presence of s labile

fraction, but indicate that an inoreased deposition of isotop

3 which is stable to hot TCA and NaOH treetment,; does ocour

in skeletal muscle following glucose adminlstrations Ve

tentobively suggest that these effects are dillferent manie-
fegtations of the same mechamism, involving the scoumulation
of a leblle protein fraction in mascle which later breaks
down liheratiﬁg radioactive molecules into the free amino~aci
POOle. These changes in the radloactive pools are reflecte
by changes in the radioactivity of the muscle protein some

4 o 6 hours after glucose feedlug.




CUSSION,

GENERAL DIS

The investigations described in this thesis arose
from the finding that cerbohydrate had an effect on protein
metabolien which was not shared by fat (see review Munro,
1951). The data concerning the N retention after feeding
carbohydwabé and fat were rather meagre in the case of the rat
an&; in section 1. the effeet of these energy sources on the
level of urinary N of rats on different levels of protein
intake was examined. The results obtained from this section
reveal that carbohydrate adminisbration significently reduces
the N output in the urine whereas the giving of fat has a
minor effect. Thus this difference between the action
of carbohydrate mna:fat on, p@gtein mgtébolism applies in the
case of the rat, as in other species.

Role of insulin.

' Phe faet that carbohydrate admninistration causes
ingulin seoretion from the paneress suggests that this
speéifia abllity of carbohydrate to spare body N may be
mediated through the agency of insulin,

One of the manifestations of the sparing action of

carbobydrate is ite abllity to significantly reduce the
blood amino-ascld concentration of fasting subjeets.
(Polin & Berglund, 1922; Grecne et al;, 19243 Sehmidt &
Bastland, 193%; Harrvis & Harris, 19473 MNunro & Thomson,
1953).

Following/
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Pollowing the discovery of insulin, thérﬁ were reports
that it could cause a reduction in the blood aminoe-acid
“level (Wolpe, 1924 Wiechman, 1924). This has been amply
substantiated in various species (e.g. Iuok, Morrison and
Wilbvur, 192835 Xerr and Krikorien, 19295 Powers and Reis,
19%3) . More reecently it has been shown that the different
esgential amino~aclds of the plasme are reduced to verying
extents following insulin administretion (Harris and Harrie,
19473 Totepeloh, 1949).

The parallelism between the actions of esrbohydrate
end insulin on the blood amino~scid level railses the question
of whether insulin is neecesaary for this reduction. That
this is so is indicated by the feet that following pancreatw
~ectomy amino-acids accumulate in the plasma (Barker, Chembers
and Dann, 19373 Chaikoff and Weber, 1927; Ringer, 19123
Reid, 19%6), and the level is not reduced by feeding carbow
bydrates A series of more elegant experiments by Flock
ot al.(1952) and Bollman et al. (1953%), in which dogs were
hepatectomised, . showed that the conséquent accumvlation
of plasme amino-acide could be prevented by feeding glucose.
However, when pancreatectomy was performed consurrently with
hepatectomy, glucose had no effect on the plasme aminoeacid
levels for its reduection, insulin injectlons weée required.
Phis agrees with the observations that the plasma amino-acid
levels of slloxan diabetic rats are no longer affected by

administering/
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administering glucose (Munro, 1956).
Thue the reduction of the blood smino~scld level
observed by various authors after carbohydrste ingestion is
effocted by the saéretion of inaulin;

Site of deposition.

.  The avidenae, in the case of the fasting rat, 0 fér
revenls that the administration of carbohydrate causes a
reduction of the urinary N output end at the same time reduces
the level of smino~acids in the plasma. The site of
dapogitien of the smino-acids so removed from the plasms was
investigated by the analysis of liver following carbohydrate
adninistration to fasting animals (seotion 1)¢ It was found
that the liver actually lost N, due to a significant reduction
in ite protein content as a result of fecding glucose, so
that the emino-acids from the plosme are pot deposited in this
tiseues @urfher attenpts to localise the slite of
deposition of these amiﬁo~acidﬁ involved the use of isotoplom
ally labelled emino-scidse.- Hection 2 described the use of
radioactive (358) methionine for this purpose. It was found
that, after glucose administration, the uptake of the isotope
was Increesed in muscle tissue, and these Lindings were
extended and confirmed hy the use pf 14G~2~g1ymine in section, .

The fact that insulin, secrebted in response to the .
ingestion of carbohydrate, directs aminowacids primarily to
the muscle tlssues is in aggreement with the findings,Hastings
ot al.(1958) regarding the action of insulin on carbohydrate
netabolism,/
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netabolism. These authors gave insulin to diabetie rats
and then excised portions of liver and dlaphragm ond exeomined
the abllity of these tissues to utilize carbohydrate. In
the case of the Alaphragm, the maximal incorporstion of the
iaoﬁope into glycogen occurred within 10 minutes after insulir
administration whereas the liver only showed changes in
glyecogen labelling somev24 hours later. Thus there is a
mechanism in muscle which is sensitive to insulin at a speed
commensurate wlth that ot which glucose administration causes
ghanges in the blood smino~acld level of the fasting animali
The faot that ineulin can spare body protein by preventing |
the acoupulation of amino~-acids in eviscerated snimals
( Mirsky, 19%8;  IFrame and Russell, 19463 Ingle, Prestud,and
Menamie,1947) provides another link in the chain of evidence
for the action of inaulih being primarily on the peripheral
tisones, The action of ineulin on the plasms amino-soclds
of such snimals is slready considerable 15 minutes after
injection (Ingle, mobralba and Plores, 1956) o time lapse
of the seme magnitude as that found with the effect of
insulln on carbohydrate metabolism in muscle (Hastings et al,
1955) o

The patterns of séme of the amino-acids disappearing
Prom the plasma after insulin injeotion (Harids and Herris,
1947; TLotepeich, 1949) and caﬁbohydrate administration
{Munro and Thomson, 1953) are similer ond are the same as

the/
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the proportions of these amino-acids presenf\ip muscle
protein (Lotspeich, 1949). It would thus ap@eér.that in
response to glucose ingestion insulin directs amino-acids
to the peripheral tissues,

Genevoal relationships in protein metabolism following glucose

adminigtration.

The preceding evidence shows that glucose administra—
tion has several actlons on the protein metabolism of fasting
animals. These can be linked together as shown in fig. 15.
The primary action appears from our evidence to involve
depositlion of amino-acids in muscle with the participation
of insulin, This resulits in a fall in the blood amino-acid
level with a comsequent reduection in the amino=-acid supply
0 other tissues. In particulay the liver receives less
ond this resulis in a refueotion in the synthesis of ures
(protein sparing actlion of glucoge) and also of protein, as
we noted in seotion 1.

Some evidence of a reduced amino~-sncid concentration
in tissues of animels on protein-free dlets is provided by
Thompson et al.(1950), who compared the concentrations of
various amino-apcids, free in different tissues in animals
recelving provein-free meals and in fasting animals. Most
amino~acid concentrations were lower in the group fed the
protein=-free diet. More recently, Castro (1955) has shown
that/
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that glucose administration lowers the concentration of the
glycogenetic amino-acids in liver and muscle.

The influence of carbohydrate in reducing liver protei
content receives support from the literature. Munro and
Naismith (1953%) found that the addition of energy in the form
of carbohydrate to a protein-free diet, while reducing the
urinary N output, resulted in a decreased N level in the
liver (Table §). It also explains why Rosenthal and Vars
(1954) found that the removal of carbohydrate from the diet
increased the total W content of liverras well as the urinary
N output. There would indeed appear to be a reciproeal
relationship between carcass and liver, in which the gain
of protein by the carcass ls accompanied by a loss from the
liver. As indioated in fig. 15 adrensl corticoids have the
opposite action to the glucosewinsulin effect, namely a
loss of protein from the carcass and a deposition in the
liver (Tremolieres, Derache and Lowy, 1955). Indeed, our
conception of s balence between carcass and viscera may
provide a basis for the hormonal control of protein metabolis

Our experimental observations may also provide an
explanation for some of the biochemical charscteristics of
Kwashiorkor, a serious nutritional disease common in under-
developed countries, in which the dietary protein level is
low and the carbohydrate content is extremely high. The N
content of the liver in such ceses is considerably reduded

(Bureh/
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(Bureh et al., 19573 Waterlow and Bras, 1957), The conditiol
iz usuolly ascribed to the low intake of poor-quality protein
but our data show that the high carbohydrate content of these
tropleal diecte 4s likely to exaggerate the deficient aninow
acid supply Lo the liver by ceusing excessive amounts of
smino-acids to be deposited in the muscle,

Mg.l5 represents the state of affalrs when carbo-
hydrate ie fed to & fasting enimsal. When the dlet contalns
sdequate smounte of protein as well as carbohydrate, the
action of each caorbohydrate meal will be complicated by an
influx of amino~nclds at the same time. Do these dietary
anlno-acids aleo undergo temporary storage in muscle? The
evidence ié in favour of some such mechenlism since, as
'&imcm569Q more fuly in the introduction to this thesls,

a) subgtitution of fat for dietary carbohydrate results in
o bemporary inerease in N output end b) separation of the
time of carbohydrste end protein Ingestlion causes s decrease
in N retention by the body. These observalions 1ead'to
the conclusion that dletary carbohydrate 1mf1uenoes the
ntilizetion of amino-polids ingested In the same meal. The
most likely mechaniem is on accentustion of the sequence
suggested in fig.ld for carbohydrate action on endogenous
proteia metabollom. This view is strengthened by the
finding (Geiger and Pinsky, 1955) that sn intact insulin
secroting/
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secreting mechahism is necessary for the action of dietary
carbohydrate on protéin fed in the ssme meal, Just as one is
reguirved for the action of caxbohydrate on the endogenous
protein netabolism of the fasting animal. ‘fuch a mechaniem
emphasdses the importance of muscle tissue in narmal protein

metabolism.

Site of action of Inoulin. |

The evidence in the literature, to support thg concept
of insulin setion on muscle tissue, ig meagre and very
incomplete. The experimental date availsble sre mostly the

results of in vitro studies on the incorporation of isotopic~

ally labelled amino-aelds into the proteins of isolated
diaphrogm ond liver slices. Such studies on these tissues
from rats fasted for 48 hours before sscrifice (Krahl,1953)
- showed thet in viire addition of insulin did not increase the
uptake of 14G~glyaine by either the diaphragm or the liver,
Similar experiments performed on the tissues of rats which
were fed prior to sacrifice (Krahl,1953) showed that the
pddition of insulin in vitro ineressed the incorporation into
the diephragm but not into liver protein. Thue, in the oase
of the normal rat recelring food before sacrifice, the addit-
lon of insulin in vitro stimulated only the incorporation of
anmino-aeids into the muscle tissue.

Sinex et al,(1952) also showed that the incorporation
of 146«a1amine into the diaphragm of rats which reocelved
food/



food prior to sacrifice was increased by the addition of
insulin to the medium. The uptske of 14G~a1anine by the
liver was not investigated. Thus elthough this evidence
confirme the stimulatory effect of insulin on the incorpora—
tion of amino-acids into the proteins of dlaphragm from fed
animals, it does rnot indiecate whether this action of insulin
is confived to nmusels tissue. The sawe oriticlism applies
to Torker et al.(1951) who showed that the inbtravenous injec-
tion of iwvsulin increoased the uptake of 558~methionine by
the skeletal muscle of the eviscerated (pencreatectominced)
diabetic dogs A more complete investigation of the in wvivo
aoction of dinsulin with fed alloxan diabetic rate 1s avalilable
(Krahl, 1988). These snimals were sacrificed up to 18
hours after an injeetion of dusulin snd the incorporation

of 14G~g1yeine into diaphragm end liver slices examined. The
ineorporation into the protein of the diaphragm was greatly
gtimulated, the wnaximam upt&ke occurring when the injecﬁidn
preceded sacrifice by some 10 hours. The corresponding
uptake of liver protein was notv recorded but liver gluta-
thione showed a relatively slight increment during the same
period of time.

e in the case of the fed animal, elther under
normel or diabetic conditions, insulin would appear to affect
primarily skeletal musgle tissue. Insufficlent evidence
mekes 1% impossible to suggest the nature of this action of

insulin/
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insulin on the fasting aninasl.

Mechoniam of dinsulin action on protein metabolisme

The alteration in the level of the blood amino~seids
in responge to glucesge oy insulin adwinistration has already
been discussed end the dats Tavouring insulin as the agent
responsible for this wreduction has been presented. The
evidence which sppearz to favour the primary sction of insulir
on. nascle tissve bsas also been conmidered but the question
of whether the inereased incorporaticn of aminc~acids into
the proteins of nusele ig due solely to lnsulin or whether
this aection is dependent on consequent changes in earbohydrate
metabolism in musecle is more difficudt to suswer. Nvidence
in favour of such an interdependence has been presented by
Krahl (19%6) who studied the incorporation of 14ﬂ~glycine
into glutathione by liver slices from Alabetic rats., The

in vitro addition of glucose gnd insulin together incressed

oAt

the incorporation, wheress the separate, Ly . ¥itro additions
of fructose and pyruvie acid, ralsed the uptake t0 an even
greater level, inferring thet in the case of glucose + insulin
addition, the Limitling step In the synthesis of glutathione
was the entry of glueose iutu the glyecolysis scheme. However,
it has been Tound (Ingle, Flores and Worralbe, 1956) that

the replacement of the glucogse of bthe hlood stream of eviee
cersted rats by fructome 4id not diminish the blood amnino=
acld concentration although fruetose is believed to pass

intoe/
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into the eell withowut the aid of insvlin and ite entry into
the glycolysisg scheme ig not dependent on gluecokinsse. These
findings can be reconciled wilth the evidence presented by
Krshl (that pyruvate ond fructose alone stimulate smino-acid
upbake) i€ we sssume that only insvlin can transfer aminoe
aeids seross the cell wall, bubt onece the amino-~aclids have
been introduced inte the cell, the role at which they are
uﬁiliae@ is dependent on the eneregy from glucose oxidation.
In =ddition, Ingle, Torralba and Floves (1955) have found
that muscle work btransfers glucose into the cells of eviscer—
ated rats, Juet as ingulin doesy but only in the cose of
1ﬂ$ﬁlin is there a coneomitant reduction in the blood amino-
acid level, Thue insulin would appear to have an action
- on provein metabolism which lo independent of ite action on
corbohydrate metabolism, by tronsferring smino-acldes into
the ¢ell, but the subseguent metabolism of the amino-acids 1is
dependent on dntrecellular gluecose ubtilization. This concep=
tion of the mode of aection of insulin mey explein the differ-
ences observed by Krahl (19%3) in the uptake of 14Gu2~g1ycine
by tissues from fed snd fasbed rats. He found that in the
disphragnm from the fed yraty, iunsulin stinvlaited smino-seid
incorporation, whevess in the dlaphrogm from a fasted ral,
glucose plug iunsulin was reguired to raise the uptake to the
level of the (fed) diaphrogm. {it Pailes, however, b0 explain
how the addition of glucose alone could raise the level of
incorporation to normali. This suggests that the cell
must/
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must heve an adeguate Intrinsic energy supply before an
immediaste effect on amino-acid uptake can be observed.
Thns the action of insulin on deposition of smino-acids in
mnﬁclﬁ"is probably not dependent initlially on the effeet of
insﬁiim on glucose metabolilsm, although the energy provided
by the letter may be a secondary factor.
The mode of amino-seid deposition in mugcle.

A diligent gs=areh of the scid-soluble fraction of
muscle foiled to reveal an accumulation of amino-N after
~ carbohydrete administration (section 4), and in consequence,
the treatment of the protein precipitate wes closely examined
(seetion B5). We were eble to show that cerbohydrate
adninistretion to arinals injeeted with 14ﬁ~g1ycine, caused
o temporary deposition of amino-N sssoelsted with the protein
of musele. This ertra N could be removed by heating the
protein with TCA. In a series of experiments, Hendler (1957,
has provided evidence for a hot TUA labile peptide fraction
occurring in hen oviduct which he claims is an intermedinte
in the synthesls of hen oviduct protein. He found thaet the
r@éiaactivity of this fraction was incorporated into hen
oviduot protein while the corvesponding {(redlosctive) amino-
aeld was not incorporated, even when present in high concen-
tration.

The fact that our protein Lraetion occurring in muscle
protein after feeding glucose is labile 4o hot TCA immediately
rolees the question of o possible relationship of the labile
fraction/
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froction with nueleic acide, especially with the low molecular
weight ribonucleic acid (INA) ocenryring in the cell sap and
reputed o be concerned in the activation of amino-acids for
provein synthesie (Hoagland, 1957). Thig inter-relatione
ghip of smino~aclds and RBEA receives some 8light support from
the faect that the proteins of the cell sep have a greater
radloaetivity with l4ﬁmleueins after glucose treatment. It
st be admitbted that, abt present, we have uo explanation for
the failure to gonfirm the precence of thisa labile protein
with 14ﬁ-laucine,

It is hoped that confivmabion of this labile Traction,
peculiar to masele tissue, will shed some light on the
hormonel conbtrol of pretein synthesis at the intracellular

levol.



SUMMARY .

Section 1: The effeet of carbohydrate and fat on the N

WP

rabentlion of the faogting rot.

1. Experiments are described on adult rats, which had
been stabilised on a protein-containing or a protein-free
diet ond after a 24 hour fast received either water, glucose
or olive oil.

2e Gaﬁbahy&rate adninliegtration significantly reduced
the urinsyy W ounbtput in both diebary groups. ot adninistroe-
tion decereased the wvrinary N output to a less significant
deprea.

‘3. The probtein N content of the liver was significantly
reduced after carbohydrate administration. Fat administretion
did not significantly wreduece the protein W content of the
liver.

4o It was concluded that the Teeding of ecarbohydrate
vresulted in ¥ retention in the body in tissues obther than the

liver,

16
Section 2: The uptake of 33$~methi9n1ne by liver snd muscle

protein sfber carbohvdrate and Ffat administra-

tion.
L. A study was made of the effect of feeding glucose
or olive oil on the incorporation of injected 3bsﬂm@ﬁhignine

into/
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into the protein of the skeletal muscles and the livers of
foagting rats,.

2+ It was found that neither glucose nor fat had any
effect on the uptake of the labelled pmino-aeid by the liver.
However, it wae observed that glucose, but not fat, stimulated
the uptalke of Bﬁﬁnmethionin@ by skeletal muscle. Two hours
after glucose feeding, the isotopic concentration was lower
than that of s fasting snimal but the rate of appearance of
the label inecreased more qulckly than in the control until
the isotopic concentration was significantly grester at the
Gth.hour,

Be It was concluded that the amino-scids disappearing
from the bleod after glucose administration are deposlited

in muscle.

Section 3s The effect of glucose and faot on the ineorporation

of 1¢ﬁ~2-glxc%gg into the proteins of skeletal

mugele and Liver,
1. The specific aetivity of the free glyecine pool of

livey and musele were examined.after glucose or fal ingestion,.
Pe It was found that the specific activity of the free
glyeine pool of liver and muscle did not chenge signlficantly
after water or fat sdministration. It was also found that
carbohydrate ingestion d4id not altey the pattern of changes
in the liver free glycine pool, while the muscle free glyecine

specific/
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speciflic activities were eclevated significently sbove the
control wvalues, especially at the 4th and 6th hour.

%e The vatio of the wmuscle to liver whole protein
radioactivity of the glucose~fed animals was initielly below
the control level but increassed steadily to reach s higher
value thanlthe control some 6 hours after feeding.

4. It was concluded thalt the changes in 14C-g1ycine
and 358«methion$na deposition in musele protein 4-6 hours
after glucose sdminigtration were reflections of changes in
the labelling of the free amino~aeid pool. Since the change
in blood amino-aecid level is maximal 1-2 hours after glucose
feeding, it was conecluded that some intermediaste compound,
such as a labile peptide or proteln iz deposited in the
muscle and its subsequent breakdown csuses the observed

chemgen in amnino~aeld pool radiocsctivity.

Section 4: The snalvsis of the aecid-~goluble fraction of

o e ARl T Rietees PR e o e RO MR A sl o i Hed e Do S e e e

glkeletal musele and liver sfter Teeding glucosge.

1. Trichleorsecetic secid and tungstic acld extracts of
muscle and liver wewve analysed for amino-N by various methods.

2. Folin's 4 ~naphthaguinone method was found to be
unrelishle by the use of ion-exechange resins.

3e The ninhydrin titrimetric decarboxyletion method
failed to reveal any changes in the free or peptide omino=N
content of the aecid-soluble fractions of musele and liver

after glucose administration. These Lindings were confirmed

by/
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by the c¢olorimetric ninhydrin method,
4. It wos concluded that glucose ingestion did not
canse the temporary devosition of an acid-soluble peptide

in muocle.

gsection 5: The exawinotion of liver snd muscle proteln after

gluecoge administration.

1. The treatment of the liver and muscle homogenate
to obtain pure protein was reconsldered; in particular the
stages involving heating in TCA and dissolving in Walli.

2¢ It was faund'that, in snimals injected with
146«2—g1yeine, a greater amount of radiocaebtivity was present
in the muscle protein of a glucose~fed animel, when the hot
TChA and NaOil treatment was omitted., The radiocactivity of
the liver proteln wes uvnaltered when the hot TCA and NaOH
treatment was omitted, whebher or not the animal received
glucose. It was therefore concluded that o TCA-labile protein
iz deposited in muscle following glucose adminisiration.

%o The snalysis of the hot TCA extract of muscle
protein revealed that, after feeding glucose, more amino=i
could he removed from the muscle provein than from the protein
of the water fed control. The maximum smount of this extra
pmino= occurred 2 hours afteyr Leeding glucose and fell to
below control level 6 hours after feeding.

4o This hot TOA lablile protein fraction of musele was

not/
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not demonstrable after 14G~1~leuein@ injection.

S5« Lt was conecluded that lahile muscle proteln
occuryred immedia&aly.after clucose afdministration, and that
the observed dissinllarities bebtween the uplake of
14ﬂ~g1yeine and Mo 1eucine arve different cxpressions of

the same mechanism.
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