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The greatest sivanes in the stuly of the wtilisatien
of the nitrogenous constituents of the diet by the animal
organisa ocourred lees than half a eeatury ago whem it was
realiszed that proteins were important mot £o0r themselves
but for the specifio amimo aeids they supplied. In the
olassical work of Osborme and Mendel (1914), thero ean be
fowd proof of the validity of this comoept as well as the
1dea, in smbryo, of the moderm theory of the dymamic nature
of protein metadolism. 8inee the amino acids, "dle BDausteine*
of tho 0ld Gernan writers, rather than the eomplete moleeule
represent the fumetional groups ia mitrogen metabolisa, the
anino acida themselves must be examimed to understend the
importanee of essh and the meana by which 1t eomtributes to
mormal 1ife proeesses. Within reeent years, evidemse has
asoumulated whieh imileates that methioninme, one of the
sulfur-eontaining amino aoide, may play a lesding role ia
the eontrol of eertain physiocloglcal reaotioms imn the body.
The present work represents an attompt to evaluato the ex-
tent and mature of this comtrol. A brlqr reviev of the
knovledgls aonserning the part sulfur-containing amino acids
play ia metabolisa will afford a basis for discussion eof
the partioular prodleas involved.




IDENTIFICATION OF THE SULFUR-CONTAINING AMINO ACIDS

Cyetine was 1solated froa a urinw caloulue by
Wollaetoa in 1805, 15 years before Bragsoenot odtalned gly-
oine, the most oommon amino acid, froa the hydrolysie of
gelatin. HNot uatil 16837, hawever, was eystine reeognized
as a sulfur-eontaining compound by Baudrimont and Malaguti, |
and several yoars passed before the exast combimation of
investigativo eonditions was achieved which demonstrated
1te presence ia natural proteins. In 1899, lormer and
Embden indepomdently prepared coystine from horm, succeeding
where previous workers, who ohose proteims less rich ina
salfur, had failed. Ths struoture of oystine waa proved ia
1903 when Erlenmeyer syathesized a substanee fream hemseyl-
serine othyl cster ami phoephorous peatasulfide vhieh was
identieal with the naturally oeeurriag ecmpound (Sohmids,

1944, pp. 3, 4).

- Jor several years, cyetime waa thought to be the oaly
sulfur-coataining amimo seid. Nowover, in 1920-1921, a
basterielegist, Musliar (1923), moted that eertaia protein
hydrolysates stimmlated the growth of a hemolytic streptocoe~
oms while others did not. HNe prepared aetive frastioms
ocontaining sulfur ia forms other them oystine from casoin
hydrolysates whish sapplied the neesssary fastor for growth
stimulus. With the use of mereurioc and oupriec salte, he




1sclated a mev sulfur-edataining amino aeid which, coatrary
to expeetafiions, had no speoifio stimnlating effect oa the
growth of streptococcl, Barger and Coyne in 1928 syathe-
sized a eompound ideamtiesl with Mueller's maturally cecurr-
ing amino aeid whieh they named methiomine, beecause of its
charasSoristic methylthiol group. |
NUTRITIONAL mmnnlgto o:c TRE SULFUR-CONTATNING

Osborne and Mendel (1918) showed that young rats fed
a dlet eontaining limited amtl of caseia nttem o=
tallnent of growth, but when the diet was supplomented with
oystine growth was 1-&1“01: resuned. They ocomocluded that
oystine was am smino scid indispemssble fer growth, and that
casein was deficient in this essential matrieat. N. B.
Lewis two years later, ia 1917, observed a marked deerease
in the quaatity of aitrogem lost ia the urine whea supple~
mentary oystine was givem to rats maiatained on a mitrogea-
poor dle$. 'lho oxpori-lt dolontum. ia his eyes, the
need of the bedy for eyatins h the nltmunt of some
essential funetioa and its att-pt $o supply the metabolite
by broakdowa of 1its owa tissue whea dietary eystims was not
availsble. AS s0om as methionime was 1solated and identified
1t was dlscovered that 1t, as well as aystine, cmmsed a
stimulation of growth ia animals maintained en eertaia
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protein~-restricted diets. When pure orystalline amino acids
became avallable, Rose and his co-workers (Womack, Kemmerer,
and Rose, 1937) demonstratgd, by means of growth measurements,
the essential nature of certaln of the amino acids. Con-
trary to previous beliefs, oystine proved not to be an
essential amino acid. Methionine, however, was needed by
the animal. 7This dlscovery necessitated reinterpretation of
earlier data. Evidently experimenters had, in their work,
supplied diets which were not only oystine~defiocient but
very low in methionine as well. Later, Womack and Rose
(1941) showed that one-sixth of the methionine requirements
of the rat could be met by oystine. Within certaln limits,
therefore, the administration of either methionine or oys-
tine might be expected to bring about an improvement of
nutritional status. The possibility that oystine may play
a specific role should not be overlooked. Reocently Madden
and his co-workers (1843) indicated that oystine was more
effective in stimulating the production of plasma protein
than methionine. The general consensus, however, seems to
be that methionine 1s capable of conversion to oystine so
that 1t indirectly fulfills all other functions of the

latter substance.



PHYSIOLOGICAL ROLE OF METHIONINE

With the knowledge established that methionine was
egssential for normal health, it was next in interest to
discover why this compound was so important and how it funo-
tioned in the animal body. Early workers were satisfied with
the answer that it was necessary for the establishment of
a normal rate of growth and for the maintenance of tissues.
More specific requirements, however, were soon revealed.
Lewis' laboratory (Witter, 1944), for example, has repeatedly
demonstrated the importance of the sulfur-containing amino
aclds in the detoxifiocation of aromatic halogens adminis~
tered to experimental animals. More recently, this knowledge
has been applied in the treatment of human disorders,
Methionine and oystine may be given with benefit to indi-
viduals suffering from ocertain types of liver poisoning
(Eady, 1945). English workers(Croft and Peters, 1945) in-
veatigating the nature of the therapeutio value of protein-
feeding after severe burns, found that a dletary supplement
of methionine sharply reduced the urinary output of nitro-
gen and improved the physlologloal condition of experimental
animals subjected to hot=water burns., White and Lewis
(1932), Stekol (1936), and Miller (1944) independently
recorded a surprising depression in the exoretion of urinary

nitrogen by feeding methionine (and in some oases, oystine)
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to animals reared on a nitrogen-low diet. The two sulfur-
containing amino acids appear to exert opposite effeots on
the deposition of fat in the liver (McHenry and Patterson,
1944); one, methionine, being lipotroplc and the other,
cystine,lipogenio. Addition of methionine to the diet has
proved benefioclal in cases of renal hemorrhage; in some way
1t aots to maintain normal renal tissue (McHenry and
Patterson, 1944; Griffith, 1941). Such maltifarious func=
tions of methionine and cystine suggest that these ocom-
pounds are of fundamental importance in the physiology of
the animal organiem.

PURPOSE OF PRESENT INVESTIGATION

Thus, organic sulfur in the form of methionine has been
shown to be indispensable for 1life, and to effect certailn
important changes in body processes. The immediate ques-
tions are: How does methionine work? What are its physio-
logloally important structural groupings? How does the body
handle the methionine in 1ts food supply? Studies employing
1sotoploc carbon and sulfur have revealed that methionine
aerves as a donor of methyl groups in the synthesis of
ocreatine and of choline, and that its sulfur in conjunotion
with the oarbon chain of serine may be used to bulld oystine.
Workers in the Nutrition laboratory of the Iowa State
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College (¥illman et al., 1945) have been especlally inter-
ested in the depression of urinary nitrogen reported by
various workers when methionine is fed to nitrogen-depleted
animals, since they had previously observed that egg pro-
teins similarly fed caused a very dramatio fall in the quan-~
tity of nitrogen excreted in the urine, This depression is
unexplainable by conventional theoriles but fits in well with
modern concepts of the dynamic nature of protein metabolilsm,
The obJjective of the present study was to investigate
vhy egg protein exerted this depressant effect and to de-
termine whether or not methionine was related to the phe-

nomenon,



REVIEW OF LITERATURE

CORCEPTS OF PROTEIN H{ETABOLISK

Before the time of Otto Folin in the early twentieth
cantury, few attempts had been made to develop a compre-
hensive theory of protein metabolism. Certain facts had
been established. It was recognized that physloal exercise
did not 1lnorease protein destruoction, and that synthesis of
protein from simpler nitrogenous compounds was possible.

The capaoclty of proteins to maintaln nitrogen equilibrium
was recognized as a funotion of their amino acid content.
But lack of adequate experimental evidence prevented testing
of old 1deas and elaboration of new ones.

Folin, however, developed the analytical methods neces-
gary for testling theories of protein metabolism and also saw
experimental possibllities that proved fruitful in develop-
ing new concepts. His most important experiment in this
connection (Folin, 1505) was one in which he correlated
variations in certain of the components of human urine with
variations in the nitrogen content of the diet. His subject
was malntained for several days on a dlet consisting largely
of milk and eggs, then for a longer period on potatoes,
gtarch and oream, and returned for a brief time to the



milk-ers diet, Urine was collested daily end analyzed for
total nitrogen, urea, amionia, creatinine, uric acid, and '
inorsanie, ethereal and neutral sulfure. The analyses showed
that after the subject beéame adjusted to each diet the
concentration of certaln substances in the urine, such as
total nitrogen, urea, armonia, and inorcanic and ethereal
sulfur varied directly with the protein content o the dlet,
Others, like creatinine and neutral sulfur, wsre lndependent
of the nature of" the diot.. }

These observations led Folln to corteln deductlions as
to the nature of proteln metabolism. IHe concluded that
there were two kinds of catabolism, one variable or ex-
oronous, which was dependent upon the protein ingested, and
the other constant or endo-onous, the result of the daily
"wear and tear" of the proteln structures of tho orranisn.
The metatollic processes resultin-~ in these constent end-
nproducts he assumed to be indispensable for the continuation
of 1ife, and, therofore, "to represont the lowest lsvel of
nltrogen metabolism achlevable™ (Folin, 1905). Food pro-
tein was drawn upon to replace these losacs, and any exe
coss was elther dlscarded or stored. Boyond this, no syn-
thesls of protein in the body was assumed, the structural
units of the body being considered statice. Although at

first Folin did not recornize the possiblility of storage,
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later he explained the lsg in establishment of a constant
level of nitrogen exoretion after a marked change in diet by
elither a filling or depletion of the storehouse for amino
scids whioh existed in mascle and other tissues (Folin and
Denis, 1812). He attributed the complete retention of a
single amino acid by an animal on a nitrogen-poor diet to
the £1lling of an empty storehouses, and the elimination of
this amino acid by an animal on a nitrogen-rich diet, to
ths lack of space in an already full storehouse. Folin's
concept of a constant "endogenous® nitrogen metabolism has
been oritiocirzed and modified, but 1t 1s interesting to
truce its persistence through all the alterations of more
reocent theory and application.

Osborne and iiesndel were pioneers in the investigation
of the quality of proteins from various sources in regard
espscially to the requirements of growth and maintenance in
the animal organism, and were among the first to question
Folin. They found that some proteins were adequate for both
growth and maintenance, others for maintenance alone, while
8till others were unsatisfactory for either purpose. Know-
ledge of the deficlencles of certaln proteins in specifio
amino acids led Osborne and Mendel to supplement the pro-
teins with the lacking amino acids. Their experiments
(1912) revealed, for example, that gliadin which, untreated,
was adequate only for bodily maintenance, provided material
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for rapid growth as well shen supplemented with lysine.

These results caused Osborne and Mendel (1914) to
examine Folin's theory of protein metabolism. They refined
and modified it, but did not discard it completely.. They
suggested that the "endogenous®" metabolism postulated by
Folin might represent a requirement for specific amino acids
for the synthesis of enzymes or hormones or for other pro-
tein or non-protein resotions. In their opinion, the en-
tire protein molecule aight undergo degradation only to
liberate specific amino acids. In light of later discoveries,
it may be noted that they moposed (Osborne and Mendel,1915)
that the minimum requirement for protéin might best be met
not by a protein most like body protein, but by one rich in
the specifio amino acids needed for the synthesis of new
tissue or of a specific hormone, enzyme, etc. Mitchell
(1924), in commenting on this theory, said that if it were
correot, animals maintalned on a diet containing complete
proteins should exorete less nitrogen than when on a nitro-
gen=free dlet, since in the former case, the "endogenous"
requirement would be met by food protein. This last is an
interesting statement in view of the speclial balance teoh-
nique developed in Mitchell!s laboratory for the measurement
of the nutritive value of proteins.

Henry C. Sherman, one of the leading nutritionists of
the early twentieth century, also questioned Folin's theory.
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Sherman believed (1924) that tho experimental evidence col-
lected in hls laboratory as to the adequacy of cereal pro-
teins for the maintenance of vtody tissues in both man and
rats necessitated & new concept of protein metabolisme Ie
thoughiin terms of an equilibrium in the cells between pro-
teins and amino aclds:

Amino Aclds &= Protelns
Any amino acid supplied in the food woula drive the reactlion
to the right and thus function in maintenances. Thus, by
the law of mass aotlon, the hydrolysis of tissue protein
would te checked by amino aclds derived from the food,
thereby retardin:; the "endogenous" catabolisn of Foline
The more complete the food proteln, the greater would te
the retardation of tissue protein hydrolxsis. Sherman's
concept eliminated the possibility of a constant tissue
metabolism, and made it susceptible to the quantity, as
well as to the quality of the proteln in the dlet.

As time went on, more and more evidence accumula ted
that a dynamic rather than a static state characterized pro=-
tein metaboliasme, This 1dea was early expressed and doveloped
in detail by Borsook and Keighley (1935). To them, the
frequently obvserved lag in attalning nitrogen balance whon
passing from one level of nitrogen intake to another and

the constancy of the free amino nitrogen contont
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of the tissues desplite extreme variations in diet and mutri-
tional state were evidence of a "oontinuing" metabolism.
Its extent was dependent on the level of nitrogen balance,
i1.e., on the amount of avallable nitrogen stores, and was
on any one-day independent of that day's intake. Borsook
and Keighley bellieved that this continuing metabolism, de-
fined as "the nitrogen metabolized on any one day whioch 1is
alresady present in the tissues”, was a measure of the syn-
thetic processes normally in operation, and was of a magni-
tude far greater than the "endogenous® metabolisn of Folin.
In men, Borsook and Keighley suggested, it might amount to
50 per oent or more of the nitrogen intake.

Direot proof of the dynamioc nature of protein metabdolism
rests largely on studles reported from Schoenheimer's labor—-
atory (Schoenheimer, 1942) in which the course of nitrogen
metabolism was followed with the use of labelled elements.
Schoenheimer and his co=-workere fed amino acids containing
heavy hydrogen and heavy nitrogen (Mjg) to experimental ani-
males, and after appropriate intervals analyzed tissues and
exoreta for the heavy atom content of the various amino
aocids found therein. Were the body proteins static except
for endogenous wear and tear, the nitrogen exoreted in the
urine would be derived largely from the diet. However, the
incorporation of the marked moleocules into body tissue up
to at least 850 per cent of the amount fed agrees precisely
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with the estlimat @ of Borsook and Keighley for the continu-
Ing metabolism, and indicates the read; interchance between
food protein and body proteln. The isclation in amino ccids
in btody tilssuesol tapred nitrogen derived from different
Qletary amino aclds proved that continuous trensaminstion
of amlnoc acids took place in the body. Only lysine, once
deaminated, was incapable of accepting an amino group from
another amino acide Thus, body protein is not stadble aond
unchanreable untll worn out, iut continuously in the state
of flux, and all the roactions of which the orranism 1s
capable are continually in operation. There ia, however, a
balance tetween synthesis and depradation, loss end replaco-
ment, indlcated by the maintenance of constant welrht and of
nitrosen equilibrium in the experimental animals, and by
the constancy in amount and composition of the body com=
ponentse

Whipple and his group workin~ at the University of
Rochester early made a definite contributlon to the under-
standing of protein metahbolism. Vork beginning as early
as 1919 has been summarized in a report by ladden and Whipple
in 1940. By means of plasmapheresis in dogss maintained in
cood hoalth on a low-protein diet, this la boratory domon-
strated the existence of the roserve stores of proteins

which Folin had earlier postuleted. Continuous weekly .
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bleedings were necessary to reduce the plasme proteins to
& constant minirmm level, and the quantity of prctein thus
removed was indicatlve of the basal output of plasms pro-
tein. Larger anounts of blood had to be removed 1in the
earlier weeks than }ater, and the protein in this, over and
atove the bvasal output, represented the reserve store of
the animel, It was found that do;s had in rescrve enouch
protein to form one to two times the normal quantities of
circuls ting plasma protein. That this flow of organ protein
to plasma was reversible was demonstrated by the accumila-
tlon of stores when plasmapheresis was dlacontinued and by
the ebility of iInjectéd plasma to repleonish body resorves,
Whipple ovaluated the plasma-protein redbulldin- capa-
clty of various foods bty determinin: the amount of plasma
rroteln over and above the basal output produced by the feod-
ing of 100 rm, of the foode, His work (Fobschelt-2obbins,
111ler, and Vhipple, 1943) showed also that protoins valuable
for plasma protein regeneration were not neceossarlly effoc-
tive in the buillding of hemorlobin. Reserve protoin stores,
however, were drawn upon for the productlion of the latter
as well as for the former, This observation supports the
earlier idea of Osborme and lMendel that body tissues are
broken down not for the whole protein molecule but for
specific amino acids, in this case, different amino aclds

veing needed for the formation of plasma protein than for
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hemoglobin. Whipple!s work shows clearly the dynamic rela-
tionship between food proteins, plasma proteins, reserve
proteins in the liver and tissue proteins, and demonstrates
the fluldity of body processes,

Thus, a variety of evidence seems to suggest complete
lack of distinotion betwsen varying forms of nitrogen metab-
olism in the body. There 18 a constantly shifting struc-
ture, with bullding and destruotion, interchange of amino
acids in the nutrient media and those in the tissue pro-
tein, with some regulating force keeping everything in balancs.

Mitohell (1944) would separate out from this metabollo
pool some few processes whioh are uninfluenced by any ex-
ternal faotors, but which represent, according to him,
Folin's "“endogenous" metabolism. The constant rate of con-
version of oreatine to oreatinine and its subsequent exore-
tion would be one of these processes. This conversion-
degradation process is apart from all the others whioh Folin
inoluded in his original conocept, and thus makes the ex-
peocted level of "endogenous” metabolism lower. It still,
however, would allow for the employment of the conocept in
certain experimental procedures the results of which by
their very oconstancy aeéu to Justify it. Lysine, which
Schoenheimer showed could not be reversibly deaminated and
reaminated, might be another process to be inoluded in

Mitohell's “endogenous”® metabolism.



17

Various workers at Iowa State College® have re-evaluated
the older theories of protein metabolism, and modified them
in the light of their demonstration of a fall in the excre-
tion of total nitrogen and oreatinine obtained by feeding
egg proteins to adult animals previously maintained on a
nitrogen~low dlet. These results, although surprising in
the light of the experiences of others using the balance
test, are nonetheless logloal, and may be explalned by the
theory postulated by Osborne and Mendel as early as 1914,
1.0., protein requirements for bodily malntenance are, in
aoctuality, requirements for specific amino acids for spe-
oific purposes. There 18, as demonstrated by Schoenheimer,
continual activity among protein and amino aocid moleties
within the body. The removal of an amino acid molecule for
use will depend on the need for it in a specifioc process
like, for example, the synthesis of thyroxine or pepsin.

If the rest of the protein molecule from whioch the amino
acld came cannot be used elsewhere or stored it will be de-
aminated and 1its nitrogen exoreted. In a nitrogen-impov-
erished state, then, body rrotein is broken down as specifio
amino acids are needed, and the excess discarded. While
this non-utilizable nitrogen may be the equivalent to

¥ynpublished data, Flles, Foods and Nutrition
Seotion, Iowa Agrioultural Experiment Station, Projeot 799
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Folin's "endogenous® metabolism, 1t 1s not the oonstant
characteristic postulated by him.,

The feeding of a "perfeot" protein which has such com-
position that all its amino acide meet the requirements of
the body for its vital functions would cause a marked de-
pression in total urinary nitrogen. Theoretically, if the
animal were in nitrogen equilibrium, the excretion would
drop to a point represented by the elimination of catabo-
1lites resulting from certain irreversible body proocesses,
plus metabolites which escape reconvereion., Eggs aseea to
contaln an assortment of proteins that approach this ori-
terion. Mitchell found evidence years ago (1924) that
lactalbumin caused a simllar depression in the excoretion
of urinary nitrogen; however, the magnitude of the depres-
sion seemed insignificant to him. Perhaps there are other
proteins such as those of yeast or rice whose pattern of
amino aoids may be ideal for the varied needs of the body.

At the present time, there 1s general aocceptance of
the dynamic nature of protein metabolism, as a result of
the discoveries of Schoenheimer, Whipple, Swanson, and
others., However, no comprehensive scheme olarifying the
intermediate and ultimate fate of the components of the
protein molecule in a dynamic system has been elaborated,
and one slzeable school, that of Mitchell, still upholds a
modified Folin theory, with its elements of constant and

of varlisble metabolism.
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DEPRESSION OF “ENDOGENCUS" URINARY NITROGEN EXCRETION

In Folin's opinion, the oontimual "wear and tear" of
body tissues results in a constant "endogenous" urinary ex-
cretion of nitrogen which persists throughout all altera-
tions in the composition of the diet. However, a fall in
the urinary nitrogen beyond the exoretion characteristic
of an animal living on a nitrogen-low dlet has been reported
by various investigators in a number of experimental ani-
mals fed a variety of supplements. These observations
represent an important addition to the work of Schoenheimer
and of Whipple and support the suggestion of a dynamlo pro-
tein metabolism.

Lewis was first to report a definite fall in the ex-
oretion of nitrogen in the urine when, in 1917, he fed
single doses of oystine to dogs maintalned on a lowe-nitrogen
dlet. The substitution of 0.1 gm. of nitrogen from cystine
for an equivalent amount of the nitrogen in the basal low=-
nitrogen diet caused a depression in urinary nitrogen
equivalent to 10 times the quantity in the dletary supple-
ment. Lewls believed at the time that the deorease in the
loss of nitrogen was evidence of a specifioc demand for oys—
tine by the dog, and that it established the essential
nature of this amino aocid.



20

That proteins as well as amino acids can effect such
a depression 1s shown in a report of H. H, Mitchell in 1924,
Mitchell messured the exoretion of nitrogen in the urine of
rats fed in successive periods a low=nitrogen diet, the
some dlet fortified with 3 per cent of laotalbumin, and
finally the original lew-nitrogen ration., His data are re-
produced in the table below. Evod the average results ob-
talned with five rats did not seem marked enocugh to convince

Mitchell of the reality of the depression.

TABLE 1
Exoretion of nitrogen by rats fed lactalbumin

Experi- | Ration Dally | Dally Av. Urinary N*®
mental intake | urinary | weight | per 100 gm.
day of N __IX o lof rata

mo Mo ERe.
10-12 Low N 4 19.9 124 16.0
13=156 Lactalbumin | 34 14.8 122 12,1
16-18 Low N 3 16,0 120 13.3

¥Not in original table. Caloulated from Gata in preceding
coluamns.

Even in the face of such evidence, hs stated that "there
seems to be a true basal catabolism of nitrogenous sub-
stances in the tilssues" (p. 902).

Belief in the constanoy of this basal catabolism as
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postulated by Folin was shaken by the discovery of Ackerson
and Blish (1926) that the so-called "endogenous" loss of
nitrogen of non-molting hens markedly incoreased in molting
birds. With the realization that this change occurred
simultaneously with the extraordlnary demand for cystine for
the building of feathers, the workers suggested that it
might be due to a breaking down of large quantities of body
protein in an effort to secure cystine for the synthesis of
keratin. Experimental proof as to the validity of this
speculation was obtalned by feeding oystine equivalent to
168 ng. of nitrogen to molting hens maintalned on a low=-
nitrogen dlet. Analysis of the total exoreta in the nitro-
gen=low and oystine-~feeding periods showed that the addition
of the amino acid produced a fall in nitrogen excretion of
231 mg. Thus, according to the calculations of Ackerson
and Blish, the addition to a nitrogen-low diet of the spe-
cific amino acid needed at molting in an amount supplying
only 16 mg. of nitrogen spared 66 gm. of muscle protein.
This 1s a conorete example of the belief of Swanson® that
body tissues are ralded for specific amino acids, and that
all but the needed substance will be dlscarded as waste in

the urine,

¥Swanson, P.P., Conference on developing conoepts of
protein metabolism, sponsored by Subsistence Research and
Development Laboratory, Military Planning Division, Office
of The Quartermaster General, Ames, Iowa. Report. March
b and 6, 1946.
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After the discovery of the second sulfur-containing
amino acld, methionine, and one capable of replacing oys—
tine for purposes of growth, White and Lewis (1932) tried
the effeot of feeding the new compound on the nitrogen ex-
oretion of dogs maintalined on a nitrogen-low dlet. They
observed a depression of urinary nitrogen similar to the
one that Lewis (1917) had obtalned years before with cye-
tine. These workers, however, were primarily interested
in the mechanisam of detoxification of aromatic halogens by
the sulfur-containing amino aclds, and they made little
attempt to explain the fall in exoretion of nitrogen at the
time. Later®, Lewis expressed the bellef that one of the
factors limiting normal metabolic processes in experimental
animals maintained on a low nitrogen diet 1s the defiolency
of sulfur-containing amino acids, and that the addition of
elther oystine or methionine will spare body protein, a phe-
nomenon that will be reflected in a depressed excretion of
nitrogen.

Stekol and Schmidt (1933) were unable to confirm the
results of White and Lewis by feeding methionine to dogs on
a diet containing 44 per ocent of protein. However, when
Stekol (1935) added methionine to a dlet containing less
protein (22 per cent), both adult dogs and pups fed the

“%Lewis, H. B., Ann Arbor, Mioh. Private communica-
tion. 1946.
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ration showed the now expected depression of urinary nitro-
gen,

Up to this time, the lowering of the "endogenocus" exore-
tion of nitrogen had been noted only when the sulfur-contaln-
ing amino acids, cystine and methionine, and one protein,
lactalbumin, known toc be high in oystine, had been added to
a nitrogen-low dlet. Nielsen, Gerber, and Corley (1839),
examining the possibility of independent action of eaoch of
the amino acida, fed rations to dogs ocontaining only 0,01 -
0.02 per cent of nitrogen until the urinary exocrstion of
nitrogen was constant. S8everal of the amino acids were then
added, one by one, to the diet. Of the amino aclds tested,
oystine and, to a somewhat lesser extent, lysine and histi-
dine reduced the exoretion of nitrogen both during and after
the experimental period. The investigators suggested that
the amounts of these substances retained in the body exerted
a sparing aotion on body protein oontinuing for several days.

Burroughs, Burroughs, and Mitchell (1940) recognized
that this interpretation of the body-sparing aotion of
certaln amino acids involved a depression of the "endogenous®
catabolism and was, therefore, incompatible with Folin's
theory. Using rats, they failed to demonstrate clearly a
depression by any of the amino acids which they fed, includ-
ing methionine, lysine, and histidine. Nelther was the in-
corporation of egg proteins in the ration effective in this
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respeot. However, the data presented reveal that at the
time the supplements were fed the animals were still losing
*labile® protein stores, and could not be considered in a
constant state of nitrogen metabolism, a condition necessary
1f conolusions were to be valid. The conclusion that these
experiments prove the independence of the endogenous and
exogenous types of nitrogen metabolism seems based on in-
conclusive evidence.

Work of Miller (1944) re-emphasized the existence of
substances capable of depressing the urinary nitrogen of
dogs maintalned on a low protein diet. Methionine and oys-
tine, when fed scparately in doses of 1.256 gm. per day over
periods of 10 or more days, caused a fall in urinary nitro-
gen which was maintalined for the duration of the feeding.

It 18 possible, according to Miller, that the marked protein-
sparing action of thess two sulfur-containing amino aclds 1s
due to the requirement of the body for them in the elabora-
tion of essential oxidative systems. In this instance,
glutathione, particularly, might be involved.

Another illustration of the sparing aoction of protein
in general and of methionine especlally appears in the work
of Croft and Peters (1945) with experimentally produced
burns. They interpret the large losses of nitrogen in the
urine following injury of tissues by burns as evidence of
the ralding of tissue proteins for the amino acids partiocularly
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needed for the formation of new skin. Then the nlitrogen
of the unwanted amino acids, arising from the degradation
of tissue proteins, is eliminated as urea. In experiments
designed to test this theory, Croft and Peters fed diets ocon-
taining varlous proteins and amino aclds to rats which had
been burned according to a standard technique. Rats glven
a hasal 10 per cent casein diet exoreted 300 mg. more
nitrogen in the 13 days following the burn than they had in
a similar period previous to burning. Inclusion of 8 per
cent additional casein in the basal diet out the excees
loss to 55 mg. The addition of methionine (1 per ocent) was
even more effeotive, less than 30 mg. of excess nitrogen
being exoreted. That methionine is specific in sparing body
protein under these cirocumstances seems indiocated by the
fact that the inoclusion of 1 per cent of oystine in the
ration had no ameliorative effect on the nitrogen loss.
Willman ¢t al. (1945) have reported a sparing sotion of
fresh whole egg, dried whole egg, egg white, and egg yolk
on the body protein of rats partially depleted of their
tissue reserves of nitrogen. When any one of these sub-
stances was added to the nitrogen-low diet of the rats, the
quantity of nitrogen exoreted in the urine was deoreased by
one-~-third., Aq a result of a demonstration that the feeding
of liver and musole tissue extirpated from nitrogen-depleted
animals cauaed a rise rather than a fall in urinary
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nitrogen, they suggested that egg proteins were more effec-
tive than the rat's own body protein in meeting the in-
escapable physlologlocal requirements for life. These workers®
showed, in addition, that inoreasing concentrations of dried
whole egg in the ration ranging from 1 to 4 per ocent ocaused
identical depressions of urinary nitrogen, whereas pork,
sdministered in like fashion, reflected its lower mutri-
tional value for the animal by an increase in urinary ni-
trogen with each increase in the amount of protein fed.
Mitchell, thes originator of the balance test as a tool for
evaluating the nutritional value of proteins, has not been
able to demonstrate this body-sparing action of egg proteins
(Mitohell and Carman, 1926). Instead, he has concluded that
they are exactly the equivalent of body protein, and, there-
fore, can be incorporated in the basal diet in the standard
nitrogen balance test. However, Mitohell fed the egg pro-
teins at a level at which the animals were in positive ni-
trogen balance, and 1t 1is not surprising that he did not
deteot any depression of “endogenous® urinary nitrogen. A
decrease 1in oreatinine exoretion concomitant with the fall
in urinary nitrogen in Willman's animals fed the egg diets
points to a real, though as yet unexplained, ohange in the
state of nitrogen metabolisa of nitrogen-depleted rats when

~ ¥Unpublished data, Files, Foods and Nutrition Seotlon,
Iowa Agricultural Experiment Station, Projeoct 799.



fed egg proteins,

Allison, Anderson, and Seeley (1945) confirmed the work
of Willman gt gl. (1946) in experiments employing another
animal, They demonstrated that the dog, when properly de-
pleted by the combination of the administration of a low-
protein dlet and plasmapheresis, reaoted similarly to the rat,
the same depression in the excretion of urinary nitrogen be-
ing seen when egg proteins were fed., Nor did the reduotion
in the exoretion occur when casein served as the proteln
supplement. These ilnvestigators, also, interpreted their
data to mean a sparing of body nitrogen by the egg proteins.

Schwimmer (1946), experimenting with young adult human
males as Bubjects, was unable to demonstrate the deorease in
urinary nitrogen that the addition of egg albumin to a
nitrogen-low dlet produces in the rat and the dog. He,
however, utilized an experimental plan in which he oompared
the urinary exoretion of nitrogen in a group of subjeots
maintained on a nitrogen=low diet with that of another group
fed the nitrogen~low diet plus egg albumin, It 1s note~
worthy, however, that results thus obtalned indloated no
inorease in urinary nitrogen exoretion despite the increase
in nitrogen intake with the egg feeding. Swanson® also fed
dried egg albumin to human subjects living on a nitrogen-

¥npudblished data, Files, Foods and Nutrition Section,
Iowa Agricultural Experiment Station, Project 799.
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low diet. V¥hen four individuals, subjected to a dletary
regime gimilar to that used in the animal teat, were fed
egg albumin, there was no significant increase in the amount
of nitrogen excreted in the urine. FMarther control of ex-
perimental conditions, especially in regard to depletion
time, caloric intake, and digestibility of the supplementary
protein would undoubtedly make it easier to demonstrate

the "egg effect®, if such ocours, in lmman beings.

Without doubt the concept of body-sparing aotion of
specific proteins and amino acids is verified by experi-
mental findings. It has been demonstrated in several spe-
cies of animals and by many groups of workers. The next
step 18 to learn how and why this phenomenon takes plaoce.

PUNCTIONS OF METHIONINE

The experiments so far reported reveal in almost every
instance that methionine possesses definite tissus-sparing
powers. It seems that this compound must be so essential
for the physiologlcal 1life processes of the body that, un-
less 1t 1s provided in the dlet, large quantities of tissue
protein are broken down to supply it., This seotion is ocon-
ocorned with the fundamental reactions in which methionine
takes part, the formation of structural protein, the pro-
vision of oystines, and the provision of labile methyl groups.
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Formaption of Structural PFrotein

Hethionine exlists as a distinot entity in the animal
organism only as it partioipates in the structural composi-
tion of body proteins. The following table (Block and
Bolling, 19465, pp. 174-198) indicates the concentration of
methionine in various commonly occurring animal and vege-

table proteins.

TABLE 2

Methionine in Various Proteins
Caloculated to 18.0 Per Cent K

Protein Methionine Protein Methionine
L —_ SRR
Rer sent Der gont
Araochin 0.6 Gelatin 0.8
Brain S Halr 0.5-0.8
Casein S8 Hemoglobin 0.5~1.8
Corn gluten 6.6 Insulin o]
Egg b Iiver 3e2
Elastin 0.4 Musocle Se2
Entire animals 3 Rice 3.4
Fibrin 2.2 Serum proteins 2.1

Insulin, of all proteins so far analyzed, has no detectable
methionine. All other proteins have ooncentrations varying
from 0.4 per cent in elastin to approximately 6 per cent in
egg proteins and corn gluten.
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Provision of Cystine

Msthionine, as has been shown, 1s an indispensable com-
ponent of the diet. One of its funotions is the provision
of oystine. Cystine, elther preformed or fabricated in the
body 1s essential for normal 1life processes and, in many

cases, exerts a sparing aotion on methionine.
Methionine as a Precursor of Cyetine

The role of methionine as a preoursor of the physio-
logiocally indispensable oystine will be examined from
various experimental angles. Work of Weichselbaum (1935)
showed that oystine when eliminated from the diet was asso~-
clated with a spescific set of deficisnoy symptoms.
Weichselbaum, ralsing rats on a standard oystine-defiolient
dlet, produced marked ourvature of the spine, partial
paralysis of the throat, and ultimate death. Even when the
animals had progressed to the moribund stage becasuse of the
defiolent dlet, complete return to normal could be insured
by the addition of oystine to the ration. In general, 1t
has been believed that the feeding of methionine is as ade~
quate for any purpose requiring oystine as is oystine it-
self., Tarver and Sohmidt (1939) fed rats methionine oon-
talning 1eotoplo sulfur and were able to 1solate the "tagged"
element from the oystine of body proteins. Thus, they
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demonstrated that the ready substitutabllity of msthionine
for cystine results from its conversion in viyo into the
latter compound.

There ars, however, two cases in which methionine 1is
not as satisfactory in meeting body needs as is preformed
oystine. Robscheit-Robbins, Miller, and Whipple (1943)
found that when any protein or when a mixture contalning 11
amino aoids was fed to their hypoproteinemio, aneplc dogs,
production of hemoglobin had high priority over formation of
plasma protein. The ratio of production could be modified
in favor of plasma protein by only one substance, cystine.
This, when substituted for methionlne in the amino acid
mixture, stimlated plasma proteln production far beyond
previous levels over a period of seven days. After that
time, however, other body processes falled, reflecting the
lack of methionine, and the animals lost weight and declined
in health. Seligman and Fine (1943) confirmed the finding
of Robscheit-Robbins, gt gl. by the dletary administration
of isotopic substances. They fed oystine, homooystine, or
methionine containing isotopic sulfur to doge made hypo-
proteinemic by Whipple's method of plasmapheresis, and found
the highest concentration of isotopic cystine in plasma pro-
teln after the feeding of oyastine itself. The inferiority
of methionine to oystine in plasma protein produoction may



32

lie 1in the fact that the body utilizes the former compound
as a source of both labile methyl groups and cystine
(Mulford and Griffith, 1942), and, thus, less ocystine 1is
avallable at any one time than is needed under optimal con-
ditions for the production of plasma protein.

Evidence of the superiority of preformed oystine over
methionine may also be found in the report of Weichselbaua
(1935). The specific deficlency symptoms produced in rats
on a oyetine-deficient diet ocould be prevented in thelr
early stages by the adminigtration of either coystine or
methionine, but once the animal had advanced to the mori-
bund stage, only cystine had an ameliorative effect. Since
po s t-mortem examination showed hemorrhaglo lesions in the
liver, it is possible that in the damaged organ the conver-
sion of methionine to cystine could not take plaoce.

Mode of Aotion of the Sulfhydryl Group

The sulfhydryl group of oystine has long been recognized
as an important, indeed, an essential cog in intermedlary
metabolism, Hammett (1833) believes that the natural regu-
lation of growth as represented by inorease in number of
cells is due to equilibrium between the sulfhydryl group and
1ts partlally oxidized derivatives. His suggestion that
glutathione, a tripeptids made up of glutamic aoid, oysteine,
and glyoine, 1s a key compound 1s strengthened by a report
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of Quastel (1933) showing that glutathione remarkably speeds
up the carbon dioxide output of a glucose-yeast mixture.
It apparently has an important role in the dynamics of glu-

cose metabolism.
Detoxification

One of the ohief components of the chemical defense
mecl.anism of the body agalinst forelign polsons is coystine.
Since the time of Howland and Richards (1909), mumerous in-
vestigators have observed an inorease in the neutral sulfur
fraction of the urinary sulfur exoreted by dogs following
the administration of organic halogen compounds. The rise
has been interpreted as meaning a conjugation of the foreign
substances with tissue oystine to form mercapturic acids,
which are thsn exoreted in the neutral sulfur fraotion of
the urine. Feeding of cystine or methionine with the halo-
gen compound further increased the output of neutral sulfur,
an increase due almost entirely to a greater excretion of
mercapturio aolds (Stekol, 1936).

Cystine plays an important role in maintaining the
liver in a normal ocondition despite exposure to certailn
halogen compounds. Miller, Ross, and Whipple (1940) found
that dogs subjected to chloroform anaesthesia suffered liver
damage 1n direct relation to the extent to which their body
stores of protein had been depleted. The administration of
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cystine within 24 hours preceding or three hours following
the use of the anaesthetic exerted remarkable protective
effect (Miller and Whipple, 1942). It 1s likely that the
cystine and chloroform combined, and after acetylation were
excreted as the mercapturloc aoid. Methionine was equally
effective in this detoxification mechanism, indicating its
conversion to oystine in vivo. Its overall beneficlal effect,
however, was greater than that of oystine, probably because
of its lipotropic methyl groups. OCystine, on the other
hand, tended to impalr genergl liver funotion by its lipo-
genio aotion,

It 18 not dAiffiocult to correlate the proteotive role
of oystine in certain cases of liver polsoning with the con-
cept of the essential nature of glutathione. Just as iodo-
acetic acld is known to inhibit certain stages of inter-
medi ary carbohydrate metabolisam by blooking the sulfhydryl
group of glutathione (Quastel, 1933; Michaelis and Schubert,
1934) so may chloroform or aromatic halogens such as bron-'
benzene interfere with the aotion of the tripeptide, either
by loose combination with it or by aotual withdrawal of the
cysteine for detoxifiocation purposes. If the hepatic ocells
are dependent upon these enzyme-catalyzed oarbohydrate oxi-
dations for 1life, in the absence of the enzyme they will die;
neorosis of hepatic tissue will ococur. Administration of
cystine before anassthesia or within a short enough time
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following it that the enzyme changes are reversable may
result in the formation of extra glutathlione. Thereupon,
the hepatlic cells can again function, despite the presence
of the polson. Weight 1s given to thie speculation by the
finding of Binet, Weller, and Gondard in 1937 that ohloro-
form poisoning in rats osused a decrease in the conocentra=-

tion of glutathione in the liver.
Formation of Taurine

The sulfur-containing amine, taurine, is found solely
in bile, where it 1s important in the control of intestinal
digestion, especially as regards the emulsification of fats.
Virtus and Doster-Virtue (1937) provided presumptivs evi-
dence for the origin of taurine in oystine by experiments
with bile-fistula dogs. The animals were given ocholioc
acld in excess in order to deplete the taurine and taurine
precursors in the tissues, and to provide an ample supply
for later conjugation. After the feeding of oystine, they
excreted 1increased alcohol=goluble material in the bile which
wasg, in all probablility, taurine. The likely means of syn=-
thesis of taurine in the body involves the oxidation of
oystine to oysteio aoid, and the decarboxylation of the
latter compound to form ths amine. That enzymes for suoch
purposes exist in animal tissues has been demonstrated by
Medes (1939), who 1solated an enzyme from rat liver capable
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of catalyzing the oxidation of oystine to cystelc acid,

and by Blaschko (1942), who found in dog liver a decarboxy-
lase specific for the conversion of cystelc acid to taurine.
Earlier (1936), White and Fishman performed the in vitro
synthesis of taurine from oystelioc aoid.

Isotopic studies by Tarver and Schmidt (1942) showed
conclusively that the physiological origin of taurine was
in oystine. These investigators administered methionine
contalning radiocacotive sulfur to bile-fistula dogs pre-
viously depleted of taurine by cholic acid feeding, and
1solated taurine which contained rodioaotive sulfur from
the bile of these animals. Similar 1sotopic work by
Schoenheimer (1942), indicating the ocomplete interchange of
the amino acid components of both food and tissue proteins
in a "metabolioc pool", was oritiolzed by Mitchell (1944) as
being applicable only to the "labile" protein reserves,
8ince the animale were well-fed, not starved, at the time
of study. Tarver and Schmidt, pointing out that their dogs
had been starved for periods of six to eight days prior to
the oritlcal experiment, stated that their results showed
beyond doubt that the entire cellular protein is involved
in the dynamioc interchange.

The Provipion of Lablile Methyl Groups

Methionins 1s also needed to supply labile methyl
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groupe which, under all ordinary circumstances, the body
cannot synthesize (du Vigneaud, et gl., 1945). Other sub=-
stances such as choline, lecithin, phosphorylcholine, and
betaine contaln methyl groups which are labile. Isotopic
studles (Simmonds, gt al., 1943) have indicated that the body
utilizes the methyl radlosls of these compounds chiefly for
the formation of methionine, which is the key substance in

the transmethylation process.
Creatine

The formation of oreatine, long shrouded in uncertalnty,
was demonstrated oclearly, once isotopes were avallable, by
du Vigneaud and his assooiates (1940), Borsook and Dubnoff
(1840), and Hlooh and Schoenheimer (1941). The amidine
group from arginine combines with glycine to form guanidino-
acetio acid, which 18 methylated by methionine. The last
step in the synthesis 1s irreversible; that 1s, oreatine,
once methylated, cannot tranafer its methyl grow to any other
compound. 8ince oreatine catalyzes carbohydrate metabolism
by providing energy-rich phosphate radicals for the oxida-
tion of glucose, hence is essentlal for muscle construction,
and since 1t is continually exoreted in the urine as ore-

atinine, its formation represents one of the chief demands
of the body for methyl groups.



Choline

The methyl group of methionine may also be used in the
in vivo synthesis of choline, a substance of marked lipo-
tropic value. Du Vigneaud and his assoclates (1941) "tagged"
the methyl groups of methionine by substituting deuterium
for hydrogen, and fed this isotopic substance to rats.
Analysis of the aninmals' tissues revealed choline which
contained methyl groups with a high deuterium content, give
ing proof of the transfer of the methyl radical from methi=-
onine to ethanolamine (Stettsn, 1942) to form choline.

Without choline or its preocursors, methionine and
betalne, hemorrhagioc degeneration of the kidneys and fatty
infiltration of the liver occur (Griffith and Wade, 1940;
Griffith, 1941). The effeotiveness of the labile methyl=-
ocontaining compounds seems to lie in their role in the syn-
thesls of lecithin and, hence, of phospholipids. The phos-
pholipids are recognized as essential for the transport of
fatty acids in the liver. A sufficient supply of these
compounds falling, as would occur in a choline- and methi-
onine~ deficient diet, fatty acids would pile up in the
liver and the typical "fatty liver" would result. FPhospho~
lipids are, in some more obsocure way, slsc responsible for

maintaining the normal struoture of the kidney.
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Other Methylated Compounds

Without doubt, the animal organism requires methyl
groups for other reactions than those of which there is at
present definite evidence. Epinephrine, one of the hor-
mones of the adrensl gland, is formed from tyrosine by de-
carboxylation and subsequent oxidation and methylation
(Sohuler, Bernhardt, and Reindel, 1938). %The scurce of the
methyl groups is probably ultimately methionine. Niacin,
a Bember of the vitamin B complex, is excreted in part as
trigonelline, and 1t has been suggested (Quick, 1944) that
the methyl groups for this reaction are obtalned from
methionine. It seems obvious that both these methylation
processges are irreversible, and that they would mgke a
continual, inescapable drain upon the body's supply of
methyl radicals. In addition, other reactions, ae yet un-
identified, but essential to normal body processes, may
also involve asthylation.

SUMMARY AND PROPOSED THEORY OF PROTEIN METABOLISM

The important and quantitatively impressive position
of methionine as a structural unit in the molecules of
protein which constitute the musculature and soft tissues
of the body has been elaborated in the classical definitions
of the funoction of protein. The equally 1m§ortant capacity
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of methionine to form glutathione and ocreatine, essential
elements in the carbohydrate oxidation system, and phospho-
lipids, compounds needed for the normal metabollsa of fat,
has been firnly established,

That amino acids might play a role in nutrition very
similar to that of the vitamins, in which they function in
mimite quantities to regnlate body rrocesses was evident with
the realization that the activity of the thyroid gland in
regulating metabolism depended upon the amino acid, thyro-
xine. With the exception of the large group of hormones
from the sex glands and from the adrenal cortex, which are
related to the steroids, in general the products of the
endoorine glands are composed of amino acids, and the di-
gestive enzymes 80 far isolated seem protein in nature. It
has been pointed out that the amino acid, methionine, as a
precursor of glutathione, oreatine, and the phospholipids,
is essential for the metabolism of carbohydrates and of
fats. Can the generalization be made that proteins, outside
of their structural funotion, exist in order to make possible
the utilization of carbohydrates and fats for energy pur-
poses? In the alult, then, amino acids would be required
in very small amounts in order to act as regulators of body
funotions, and a minmute amount of one amino acid administered
to a dafioien; animal could have dramatloc results.
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The end result of the feeding of extremely small quan-
tities of methionine to protein-deficient animals 18 a de-
crease in the quantity of nitrogen exoreted in the urine.
Whethsr or not the role of methlonine in bullding gluta-
thione, oreatine, and phospholipids 1s sufficient to account
for this sparing aotion 1s incapable of precise answer at
the present time. However, the demonstrated importance of
these compounds for l1life itself suggests that at least a
large portion of the effect may be explained on this basis.
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ELAN OF EXPERIMENT

The nature of the body-sparing action of dried whole
eggs, which follows their incorporation in the basal nitro-
gen-low dlet of partially depleted rats, has been examined
in the present investigation. The study represents a pro-
gressive series of experimental units in which the problem
was eventually attacked from gix angles. These lines of
approach are desoribed below:

1, Whether or not the body-sparing action of the de-
hydrated eggs was due to thelr amino acid content was un-
known., The effect of the dried eggs was referred specif-
1cally to their nitrogenous constituents by replacing them
in the test ration with a mixture of the ten essential
amino acide furnishing an equivalent quantity of nitrogen.
Urinary excretion of nitrogen and nitrogen balance were
used as indices of measurement.

2. A survey of the literature, together with com-
minications from Dr. Samiel Lepkoveky, coordinator of the
Committee on Food Research, Office of the Quartermaster
General, Military Planning Division, United States Army,
suggested that methionine played an outstandingly important
role in nltrogen metabolism; therefore, this amino acid,
alone, waes added to the basal nitrogen-low diet, and its
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effect assayed. As a control to this experiment, the effect
of the omission of methionine from the mixture of essential
anino acids was testede The discovery, by this means, that
the sulfur-contalning amino aclid, methlonine, was as effec-
tive as were egg proteins in reducing the urinary excretion
of nitrogen formed the basis of the remaining erperimental
units,

3¢ In order to determine ii methionine was unique
arnong the essential amino acids in its nitrogen-sparing
properties, the other nine essential amino acids were added,
one by one, to the basal diet, and the urinary oxcretion of
nitrogen and the nitrogen balance measured.

4, Previous experiments in the lNutrition laboratory
of the Foods and Kutrition Department at the Iowa State
College had revealed, in contrast to results obtained in
similar tests with other proteins, that the capacity of
ocs proteins to depress the urlnary excretion of nitrogen
was oconsistent quantitativoly whether they were added to
the basal diet in amounts equivelent to 1, 2, 3, 4, or &
per cente In the present study, supplementary mophionine
was fed in dally doses varying from 11 to 175 mge., 1its
action at the six levels of graded intake being compared
with that of egs protelnse

5« The physiological mechanism whereby methlonilne
might exert its effect was investigated by determining the
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the action of the related compounds, cystine and choline,
on nitrogen metabolism

Ge In the lest unit of the study, nathionine and total
nitrogen in the whole cercass, liver, and riuscle of rats
reared under various experimental conditions were deternined,
in an attempt to gain some indication of the mode of action
of the amino acid. Whole carcasses of animals maintained
on the basal low-nitrogen diet were so analyzed, as well as
those representing animals reared on the basal diet supple-
mented by methlonine., These data were compared with data
obtained from similar analyses of a positive control rroup
of animals, fed the regular stock colony diet used in the
laboratory, end of a rroup fed the low-nitropgen dlet sup-
plemented with egs proteins., Livers extirpated from oni-
mals maintained on the nitrogen-low dlet and from othoers on
the sarme basal diet supplemented with methionine were ana=-
lyzed for mothlonine and total nitrogen, making possible
an estimate of the offect of the supplement on livor come
position, The methionine content of rmscle removed from
animals maintained on the low-nitrogon diet, alone, or sup-
plemented with egs proteins or methionine, was compared
with that of animals fed the standard stock colony diet.

In the first five units, the classical nitrogen bal-

ance test as developed by lMitchell (1924) and standardized



45

in this laboratory (Marshall, 1943; Willman®) was used to
measure the response of rats to the various dietary regimes.
In the sixth unit, the tissues examined were those of rats
treated exactly like the animals in the balance test in re-
gard to dletary manipulation, the animals being saorificed
at appropriate intervals in the regular balance period.

¥¥1llman, W. Unpublished data, Filles, Foods amnd

Mutrition Seotion, Iowa Agricultural Experiment Station,
Project 799.



EXPERIMENTAL FROCEDURE

NITROGEN BALANCE TECHNIQUE

Detalls of Progedure Used

The standard method for the determination of the blo-
logloal value of a protein as developed by Mitchell (1924)
is based on the estimation of nitrogen balances in two con-
secutive periods, j.e., a nitrogen~low feeding period fol-
lowed by one in which the basal low=-nitrogen diet is sup-
plemented by a source of protein. The quantity of nitrogen
excreted in urine and feces of rats during a period of
nitrogen starvation is assumed to be indicative of the
"endogenous® nitrogen metabolism. The changes in nitrogen
content of urine and feoes effected by the addition of a
definite amount of the test protein of known nitrogen con=-
tent refleot the value of that protein in meeting the pro-
tein requirements of the animal. Mitchell has defined the
hiologlocal value of proteins as "the percentage of the ab-
sorbed nitrogen (nitrogen intake minus feoal nitrogen of
dletary origin) that is not eliminated in the urine {(p.90l).

York of Marshall (1843) in the Nutritlon laboratory of
the Iowa State College revealed that the Mitchell formula
for determining biological value could not be applied to
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egg proteins, since the feeding of these, at a 4 per cent
level, csused a decrease rather than an inorease in the ex-
cretion of urinary nitrogen. A new method was, therefore,
evolved (Marshall, pp. 79-81) utiliszing the faot that the
feeding of egg proteins brought about a reduction in the
large negative nitrogen balances characteristic of the ni-
trogen-low period. Relation of this reduction, expressed
as "body nitrogen spared®, to the food nitrogen absorbed
was used as an index of the "biological efficlency" of the
protein fed.

In the present investigation, the procedure of Marshall
was followed, with modifications and refinements introduoced
by Willman*. The balance test, 29 days im length, was
divided into two maln periods, as follows:

Nitrogen—-low feeding period

Preliminary depletion period 11 days
Colleotion period 7 days

Nitrogen-feeding period

A justment period 4 days
Colleotion period 7 days

Many of Marshall's animals were in positive balance in the
second colleotion perlod, when 4 per cent of egg proteins
were incorporated in the nitrogen-low ration. Since such a
condition makes possible utiligation of the excese protein

¥Wiliman, W. Unpublished data, Flles, Foods and
Nutrition Seotion, Iowa Agricultural Experiment Station,
Project 799,
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for energy purposes or for conversion to fat and carbohydrate,
a false blologlical value 1s obtalned. In all later studies,
therefore, Willman reduced the quantity of protein fed to
an amount equivalent to 3.5 per cent of the ration. Recgent
evidence has confirmed the conclusion of Marshall that an
1l-day period of protein deprivation i1s adequate for the de-
pletion of the body stores of protein to such an extent as
to bring the animal to a constant plane of nitrogen metabo-
lism. Table 3, showing data collected by the author and by
other workers in the Rutrition laboratory of ths Iowa State
College, demonstrates the constanoy of three indlces of
nitrogen metabolisa from the first to the second 7-day col-
leoction period, in animals fed the basal low-nitrogen dilet,
without supplement, for the entire 20 days o the balance
experiment. Improvements, to be desoribed in detall in
later seotions, were made in the method of collection of
feces and urine, Dally intakes of food in the protein-
feeding period were made squivalent to those in the nitro-
gen~-low-feeding period hy restriotion of food consumption
to the average dally intake during the 7-day colleotion
periocd when the rats received the nitrogen-low dlet,

Seleotlon and Care of Animals

Approximately six-month o0ld male albino rats of the
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TABLE 3

Data relating to nitrogen metabolism, expressed per 100 ga.
of body weight, of rats fed the nitrogen-low diet in two
consecutive metabolism periods

Index Test Period I Period II
K. "
Urinary 1 87 90
nitrogen 2 141 147
3 87 o7
4 110 96
6 111 102
Urinary ore- 1 32 30
atinine 2 33 30
Liver 1 64 65
nitrogen

Wistar stook, inbred for 94 generations, and maintained from
the time of weaning on the stock colony dlet (desoribed
below) were used for all units of the experiment. Only
those animals were chosen whioh were in good physioal ocon-
dition, especlally with regard to freedom from any resfira-
tory infeotion.

During the ll-day depletion period, the experimental
animals were kept in pairs in regular ocages. They were al=-
lowed free acoess to the low-nitrogen diet and to water.
They were fed 0.5 gm. of the standard synthetic vitamin mix-

ture dally. Food was removed from each oage 10 hours before
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the time the first collection period was started. By this
means, metabolic end-products refleocting the previous dilet
did not contaminate the urine of the collection period. On
the first morning of the collection period, the animals were
placeiin individual wide-meshed metabolism cages, which
rested on Pyrex glass plates, lined with nine nitrogen-free
filter papers. On these papers, acld-treated to prevent
loss of ammonia, the major portion of the urine fell and
dried. The vitamin mixture was fed dally as before, and the
intake of the low-nitrogen diet, to which the animals were
allowed unrestrioted aoccess, was recorded.

On the morning of the 19th day (first day of the ni~-
trogen-feeding period), the animals, after another 1lO-hour
starvation period, were changed to regular cages, and for
the next four days were fed the lowe-nitrogen diet and the
vitamin mixture, supplemented either by protein or by orys-
talline amino acilds. Ko colleotions were made during this
ad Justment period, but intake of the low-nitrogen diet wae
limited dally to one-seventh of the total amount consumed
during the preceding 7-day period.

Collections were again initiated after the four days
of adjustment to the nitrogen-containing ration, following
the usual lO-hour period of starvation. On the morning of
the 23rd day, the animals were transeferred to metabolism
cages resting on FPyrex plates lined with filter papers.
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For the next seven days, they were fed the low=nltrogen diet
in dally amounts equivalent to one-seventh of that consumed
during the first oollection period. The nitrogenous sup=-
plement was fed apart from the basal dlet. Urinary collec-
tions were completed on the morning of the 30th day. It was
necessary, however, to collect feces until all representing
the nitrogen-feeding period had been excreted, as shown by
the appearance of colored feces marking the first post-
experimental day.

Diotg Fed

All animals were maintained on the standard stock
colony diet of the laboratory, known as Stesenbock V, from
the time of weaning until the time that the experiment was
initiated, when the rats were about six months old, A
nuaber of animals of this age were used as the source of
positive control material in the analysis of whole carocass,
liver and miscls for methionine and total nitrogen. In-
gredients of the basal portion of the stook ration were?

Yellow cornmeal 64.0 g,
Crude ocasein 5.0
Linseed msal 16.0
Ground alfalfa 2.0
Sodium chloride 0.8
Calolum chloride 0.8
Yeast (Pabst) 1.6

Irradiated ysast (Pabst) 0.5

Vheat germ 10,0
00.0 gn.
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This ration, fed ad libitum, was supplemented daily with
12 ml. of milk contalning a mixture of the trace elements
and cod liver o1l (Clark, 1945). In addition, 6 gm. of
fresh ground beef and 10 gm. of fresh cabbage or carrots
were fed three times a week.

The basal low-nitrogen diet fed throughout the balance
experiment was of the following ocomposition:

Dextrin 73 gm.
Butterfat 10
Lard 10
Osborne and Mendel
salt alxture 4
ggfrox chlorid T
dlum oride 1
00 gm.

This ration contained approximately 0.06 per cent of nitro-
gen. Its nitrogen content was determined exaotly before

the initiation of each experimsnt. The nitrogen-low ration
was supplemented with a mixture of vitamins made up from
materials which weres synthetic except for rice bran polish and
cod liver oil.. The composition of the mixture and the dally

doses of each vitamin are shown below?

Thiamin 40 miorograms
Riboflavin 60 miorograms
Pyridoxine 40 miorograms
Inositol 10 mg.
p-amino benzoio aoid 10 wg.
Nicotinio aold 0.0 mg.
Calcium pantothenate 0.1 mg.
Ascorbic acid 1.0 mg.
Choline 5.0 mg.
Blotin 1.0 miorogram
Rice bran polish 100 mg.
«=tocopherol 0.75 mge.

Cod l1liver oil 80.0 mg.
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Nitrogenous supplements fed during both the adjustment
and collection periods of the nitrogen-feeding period were
weighed on cellophane on an analytiocal balanoe with an ao-
curaoy of + 1 mg. They were offqred to the animals in the
oups ocontaining the standard vitamin mixture, and were, in
general, immediately eaten. If this was not the case, no

food was given until the supplement was completely oconsumed.

Collegtion of Samplea for Analygls

Urine

High=quality filter papers oontaining only traces of
nitrogen were soaked overnight in a 10 per cent solution of
glacial acetio acid in 95 per cent ethyl aloohol, and air-
dried. Nine were placed on the Pyrex plates under eaoh
metabolism cage, and one removed each day during a colleo-
tion period until the final day, when the last three were
removed. The papers from each oage were placed in wide-
mouthed Erlenmeyer flasks containing 400 ml. of 20 per cent
HCl, and ocovered with two layers of cellophanes impervious
to moisture. At the end of a colleotion poriod, each cage
with its Pyrex plate was quantitatively washed with hot,
distilled water applied under pressure and the washings
transferred to the Erlenmeyer flask containing the filter
papers ocorresponding to the partiocular ocage. The aocld
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extract from the fllter papers was poured quantitatively
through a Bichner funnel fitted into a two-liter suction
flask. The somewhat dislintegrated papers were then trans-—
ferred to the funnel and washed with hot water until sll of
the urine was extracted, and rinsed into the suotion flask
below, after which the Erlenmeyer flask was thoroughly
washed. The oontents of the suction flask were transferred
quantitatively to a two~liter volumetric flask, and made
up to volume, after cooling to room temperature. Pharmacy
bottles (12-0z.) were filled with the adequately mixed
urine saample, and the excess discarded. Recovery experi-
ments (Table 1, APPENDIX) in whioch a known amount of stand-
ard ammonium sulfate was sprinkled on cages at regular
intervals over a 7-day period and carried through the entire
cage-washing proocedure, upheld the validity of this method

of colleotion.
Fecesn

In order to demarcate sharply the feoces that repre-
sented the metabolic and digestive processes of any 7-day
collectlon period, the nitrogen-low diet was colored red
with ferric oxide (0.1 gm. per 100 gm. of diet) on the first
day of each period. The feces representing the food in-
gested on this day were, therefore, red in color. The first
red feces exoreted and all following feces were colleoted
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and brushed free of food and hair. On the morning of the
19th and 30th days, food colored red was again fed. The
excretion of feces colored red marked the food eaten the
day after the collsotion period terminated. Collections,
therefore, continued until red feces appeared. The fecal
naterial was placed in 125 ml. Erlenmeyer flasks contalning
80 ml. of 20 per cent HCl, and when the collection from
each period was complete, the total suspension was digested
on a water bath at approximately 80° C. for four hours
(Stearns, 1929). The digest was rubbed through a fine
sleve, transferred quantitatively to a 250 ml. volumetric
flagk, and made to volume. After thorough mixing, the
material was transferred to an 8-0z. pharmacy bottle and

stored until time of analysis.

Method of Analvele of Urine, Faeges, and Food

The KJeldahl-Gunning procedure was used in all de-
terminations of nitrogen.

Aliquots of urine extract of appropriate size were
digested in a Kjeldahl flask with 20 ml. of concentrated
sulfuric acid, 10 gm. of potassium sulfate, and 0,7 gm. of
mercuric oxide, for one and one-fourth hours, allowed to
cool, and diluted with 200 ml. of tap water. Experimenta-
tion by the present investigator had shown this period to

be adequate for complete digestion of urine samples. After
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reduction of excess mercury with 1 ml. of 4,5 per cent
godium sulfide solution, a slight excess of concentrated
sodium hydroxide above the amount needed to neutralize the
sulfuric acld was added, and ths ammonia thus released was
distilled into a known amount of 0.1l N hydroochloric acid.
The hydroohloric acid not neutralized by the ammonia was
titrated with standard sodium bhydroxide solution, approxi=-
mately O.1N, with the use of a methylens blue-methyl red
indicator. Table 2 in the APPENDIX illustrates the acouracy
of the present investigator in applying this technique to
the analysis of a standard oreatinine solution.

Twenty-five ml. aliquots of the fecal digests were
measured by means of a large-~bore pipette and, after diges-
tion for one and one~half hours with 20 ml. of conocentrated
sulfuric aoid, 16 gm. of potassium sulfate, and 0.7 gm. of
merocuric oxide, were treatsd similarly to the urine samples.

Welghed portions of the nitrogen-low diet and of the
protein or amino acid supplements were transferred quanti-
tatively to Kjeldahl flasks and treated just as were the
fecal digests. The diets were also analyzed for moisture
and fat, according to methods to be descoribed below, in
order to make calculations on a molisture-free, fat-free

basis possible.
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TISSUE ANALYSIS

Experimental Material

For this phase of the experiment, animals were main-
talned on the experimental diets for the intervals of time
called for by the nitrogen balance test as used in the
Nutrition laboratory of the Iowa State College, and were
saorificed at the end of the customary 29 days.

Preparation of the Whole Carcass

The animalhad acoess to food until the time the experi-
ment was terminated. Then 1t was anaesthetized under ether,
the intestinal contents removed, and the entire carcass
sealed in a tin can and quick-frozen at -40° C. The carcass
was stored at =10° O. until needed for analysis. At this
time, the entire carocass was ground in a hand meat-grinder
and transferred quantitatively to a two=liter Erlenmeyer
flask containing 400 ml. of 20 per cent HCl. All grinder
parts and any instruments used in the procedure were washed
thoroughly and the washings added to the contents of the
flask. Approximately 600 ml. of water was needed for the
process. The ground ocarcass was autoclaved at 125° C. and
15 1b. pressure for 7 hours. Table 3 in the APPENDIX indi-
cates that these conditions were adequate for the complete
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hydrolysis of proteins, yet gentle enough that none of the
methionine was destroyed. After cooling to room tempera=-
ture, the digests were made to volume in a two-liter volu-
metric flask and sufficient portions of the well-mixed
material for replicate analyses were stored in 12~0z. bot-
tles.

The total nitrogen present in the digests was deter-
mined according to the Kjeldahl=Gunning technique previously
desoribed. Before investigation of the mathionine content,
100 ml. portions of the digests were shaken gently with
one=half teaspoon of aotivated charcosl® and heated to ap-
proximately 60° C., in order to remove highly colored de-
gradation products. Lavine (1943) has shown that no loss
of methionine is entalled in the decolorization of digests
in acid solution. After cooling, the mixtures were filtered
through fine filter paper and 156 ml. aliquots of the water-

olear filtrates taken for methlonine determinations.
Extirpation and Hydrolysis of Liver

The rats were gtarved for 10 hours preceding the time
of killing, for the purpose of eliminating the variable
effect of food consumption on the composition of liver tissue.
After ether anaesthesia, 5 ml. of blood was removed from

the heart of each animal, in order that liver tissue 1tself

¥¥uchar, from West virginia Pulp and Paper Co.,
230 Park Ave., N.Y.C.
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and not liver tissue plus a large quantity of blood might
be analyzed. The entire liver was removed, trimmed free

of conneotive tissue and blood vessels, and blotted to re-
move surface blood., Approximately 1 gm. was placed 1n a
welghing bottle for moisture and fat analyses, the remalnder
in a weighed, stoppered 125 ml. Erlemmeyer flask for methi-
onine analysis. To the latter portion, after weighing,

4 nml., of 20 per cent HC1l and 10 ml. of water were added.
The flask was capped with tinfoll and antoclaved for 7
hours at 126° C. and 15 1b, pressure. In the instances
where both methionine and total nitrogen analyses were per-
rorned'on the eame liver, approximately equal portions of
the organ were reserved for each analysis, molisture and fat
determinations being omitted.

Extirpation and Hydrolysis of Muscle

Animals whose livers had been removed for analysis as
indicated above were the source of miscle tissue for methi-
onine and moisture and fat determinations. The left gas-
troonemius muscle was extirpated as completely as possible
and placed in a welghing bottle for moisture and fat analy-
sis. The right gastroonemius, simllarly removed, was
placed in a 126 ml. Erlenmeyer flask, weighed, and prepared
for methionine analysis in the same manner as were the

liver samples.
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Preparation of Tissue Extraots

The samples of liver and miscle, after autoclaving, were
treated with one-fourth teaspoon of activated charcoal,
heated to 60° C., and filtered through fine filter paper
into a 50 ml. volumetric flask. After careful washing of
the Erlenmeyer flask, filter paper, and funnel with wara
water, the contents of the volumetric flask were cooled and

diluted to 50 ml, with distilled water,

Anglytical Mothods
Moisture Analysis

Veighed samples of liver and muscle were dried in an
alr oven at 108° C, for 7 days, or until their welght was
constant within 0.5 BEge

Determination of Fat

The determination of fat was based on the method of
Bloor (1929), which gives values for fat in terme of total
alcohol-ether soluble substances. Moisture-free samples of
liver and muscle were ground in a mortar with one-half tea-
spoon of acld-washed sand and transferred quantitatively to
a 126 ml. Erlenmeyer flask. Welghing bottle and mortar
were rinsed with three l-ml. portions of absolute alcohol.
Approximately 36 ml. of a 3 to 1 mixture of alcohol and
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anhydrous ethyl ether were added to the sample, and the mix-
ture bolled on a gteam bath, with shaking, for five minutes.
After cooling to room temperature the solution was

filtered quantitatively through ¥hatman no. 45 fat-free
filter paper into a 200 ml. volumetric flask. The filter
paper holding the ground tissue was washed with several
small portions of the alcohol-ether mixture and it, with
its oontents, was extraoted for five hours with anhydrous
ethyl ether in a Goldfisch extraction apparatus.

The ether extraot, plus rinsings of the extraotion
oup, was filtered into the 200 ml. volumetrio flask con-
taining the alcohol-sther filtrate, and the solution made
to volume with ether. Fifty ml. aliquots of this solution
were measured into large weighing bottles, evaporated to
dryness on a steam bath at 80-90° C., and brought to con-
stant weight in an air oven at 80° C,

Determination of Methionine

Procedure. The method of Albanese, Frankaton, and
Irby (1944) for the estimation of methionine was used in
this experiment, after unsuccessful atteampts to reproduce
the proocedure of MoCarthy and Sullivan (1941). The former
workers, utilizing the discovery of Toennies and Callan in
1939 that methionine and oystine were oxidized by hydrogen
peroxide at different rates, found that by proper control
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of experimental oonditions a method sould be developed
which was specific for methionine.

After decolorization of the digests with charcoal and
dilution to 50 ml., 15 ml. aliquots of tissue or food ex-
traots were measured into 125 ml. Erlenmeyer flasks, and
diluted to 17 ml. with distilled water. Blanks composed
of 17 ml. of distilled water, and aliquots of a standard
solution made up of 2 ml, of a methionine solution (10.0688
mg. per 2 ml.) and 15 ml. of distilled water were also mea-
sured. To each reaction flask, 3 ml, of a hydrogen peroxide-
perchloric acid oxidi:zing mixture was added with mixing,
and the flask stoppered. In exactly one hour the reaction
was terminated by dilution with 30 ml. of distilled water.
After addition of 200ml. of a 1 per cent potassium iodide
solution made up in O,1 per cent ammonium molybdate solu-
ylon, the free iodine released by the action of the excess
hydrogen peroxide on the potassium jodide was titrated with
approximately O.1lN sodium thiosulfate solution, with a 1 per
cent solution of soluble staroh in saturated sodium ohloride
as the final indicator. From the blank and standard titra-
tions, a factor was obtalned whioh indicated the mumber of
milligrams of methionine equivalent to 1 ml. of standard
sodium thiosulfate solution. From this, and the titrations
of each of the unknown samples, the number of milligrams of



63

methionine in each food or tissue digest was determined.
A sample caloulation is recorded in the APPENDIX (Table 4).

Reagents. The original direotions presoribed an oxi-
dizing mixture made up of 96 ml. of an 80 per oent perchlorlo
acld solution and 4 ml. of 30 per cent hydrogen peroxide,
diluted to 300 ml. with distilled water. It was found,
howvever, that even hydrogen peroxide taken from freshly
opened bottles was not as active as the solution Albanese,
et al. evidently had avatlable. The use of double the pre-
soribed volume of hydrogen peroxide was necessgary, there-
fore, to provide a mixture strong enough to oxidize the
methionine present in the usual aliquot. Once prepared,
this mixture was stable at least 8 weeks if refrigerated,
giving the same facotor with standard sodium thiocsulfate
solution over the entire period (Table 5, APPENDIX).

Twenty liters of 0.1lN sodium thiosulfate solution,
nade up in carbon dioxide-free water, with 1 per cent amyl
alocohol, was likewise stable for several weeks, as indiocated
by Table 6 in the AFPENDIX.

Spegifiocity of reaction. Albanese, gt gl. (1944) warn
in thelr original article that unless the concentrations of
both hydrogen peroxide and perchloric acid in the oxidizing
mixture are carefully controlled, cystine and tryptophane
will be oxidized by hydrogen peroxide at a rate fast enough
to interfere with the estimation of methionine. To determine
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the oriticsal concentration of these two constituents of
the oxidizing mixture at which point all the methionine in
a digest would be measured and none of the cystine or tryp-
tophane, several oxldizing mixtures were prepared (Table 7,
APPENDIX). These contained varying concentrations of hydro-
gen peroxide, and were added to standard solutions of methi-
onine, oystine, and tryptophane. As Table 8 in the AFPENDIX
shows, at no point was there interference by tryptophans,
but a2t too high and too low concentrations of hydrogen
peroxide, oystine was oxidired speedily enough to interfere.
The oxidizing mixture best suited for the determination of
methionine was one containing 56 ml. of perchloric acid and
4 ml. of 30 per cent hydrogen peroxide, diluted to 175 ml,
with distilled water (Table 9, APPENDIX).

Reproducibility, pocuragqy, gnd agreement with gther
nethodg. Repeated analyabs of a sample of drled eggs by
the method cutlined above gave results agreeing cloaely.
from time to time (Table 10, APPENDIX). The constanoy of
the values for methionine content obtalned with varying
perliods of autoclaving indicated that the particular. tinme
chosen was adequate for the complete release of methionine
from the protein without destruction (Table 3, APPENDIX).

Crystalline methionine, added in known amounts to the
egg proteins before autooclaving, was recovered to an extent

which indicated that no destruction or loss of methionine
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took place durlng the entire process (Table 11, APPENDIX).

The results obtained with eggs are in close agreement
with others recorded in the literature, as 1s indicated by
Table 12 in the APPENDIX.



RESULTS AND DISCUSSION

EXPERIMENT 1

The relation of the body-sparing sotion of dried whole
egss to their nitrogenous constituents was deterained in
the first unit of the present study. Three groups of ani-
nals were used. One group, as the negatlive oqntrol, wze fed
the basal low=-nitrogen diet throughout the entire balance
period of 29 days. /To the second group, egg protelns were
offered in a quantity equivalent to 3.5 per cent of the
ration consumed in the previous collection period when the
lowenitrogen dlet was fed. The egg proteins were fed sepa-
rately and supplied 421 mg. of nitrogen dally. The third
group of animals received as supplement to the basal dlet
374 mg. of nitrogen per day derived from a aixture of the
ten essential amino acids. Crystalline amino acids were
used, each supplying one=tenth of the total nitrogen of the
mixture, The composition of the amino acid mixture and the
form in which each amino acld was fed are shown in Table 4.

Average data pertaining to the three test groups are
presented in Table 5 which describe the three groups of ex-

perinental animals in respeot to certain charaoteristics,

1.9., body weight, surface area, oaloric requirement, and
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TABLE 4
Composition of complete amino acid mixture

Amino aocid, Amount of J-amino Amount of amino
as fed acid needed to aold, as fed,
supply 40 mg. B needed to supply
_per dey 40 ng. N por d
BRe Bg.
i~lyaine 203 203
3=tryptophane 291 201
A-histidine 148 148
hydrochioride
471
dl-phenylalanine 471
i-leuolne 374 374
dl-igoleucine*® ' 374 748
dl-threonine® 340 680
dl-methlonine 436 436
dl-valine 668 668
d-arginine 124 124

“¥fyice the quantity of isoleucine and threonine needed to
supply 40 mg. N per day was incorporated in the mixture,
bgganao the g{~-forms of thege amino aclids are not utiliz-
able.



TABLE 5

Average data descriptive of body size, caloric requirement, and caloric
various nitrogenous supplements to a nitrogen-low dist (Exp,

Supplement  |Number |Nitrogen |Averege body | Ohange in  |Average body | Basal daily
Led of fed in weight weight last [surface area caloric re-
animals| suppleméent 6 days of quirementaa
in per day in ocollection
group |Peried IX period
Per.]] Per.II | Per.I|Per.Il|Fer.l|{Per.I1 | Per.I|Per.II
BRs EBy| BBy | BBs| B |Sqccm| So.om,| oal.| eal.”
None
N-low) 5 0 272 254 -8{-8 362 347 27.4{ 26.3
Dried whole
LN 4 42} 286 284 11 ]+3 372 3N | 28.2] 28.1
10 essential
amino acids 5 37 20| 229 -9 ]+6 335 328 25.4] 24,9
#In this and 411 oubs quent tables in the body of the thesis, Peridd I refors to the fir

maintained on a nitrogen-low diet, and Period II to the second collection period, when
supplement in addition to the basal ration,

#aCaloulated on busis of 75.8 cal. per sq. meter, lvurage of results of Smuts (1935), Mi:
and Benedict, Horst, and Mendel (1934).

soEatimated as 1 1/2 times the basal caloric requirement.






TABLE 5

f body sise, caloric requirement, and caloric intake of rats fed
:enous supplements to a nitrogen-low diat (Exp, 1l)#

ody | Change in  |Average body | Basal daily |Estimated | Av. daily  Rv. daily
. weight last [surface area caloric re- |“otal dally food intake [food intake

6 days of quirsment®® |caloric re= | in grams calories
collection quirementais
period

«IX | Per.liPer.lljfer.liPer.1l | Per.IjPer.1l ] Per.IjPer.,1I | Per.l{Per.11| Per.l Per.Il

my ERs| EBs |8aecm) 8q.om,| ocales| gal. | cal.| cal. &ne | BB cald cal.

s, | -8]-8 362] w7 | 27.4) 26.3 | 81.1] 39.5 12,0} 1.2 57.9 53.7
18 «11+3 372 M 28,2] 28.1 42,31 421 11.51 1.4 55.3 5447

29 | -9 |+6 | 335] 38| 25.4) 2.9 | 38.1 37.4 9.5| 8.7 | 5.4 41.8

body’ of the 'thesis, Perild I refdrs to the firdt collection périod, when the animals wers
riocd II to the second collection period, when the animals were offered a nitrogenous
Ne

meter, average of results of Smuts (1933), Mitohell and Carman (1924), Benedict (1932),

ric requiremont.
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calorlc adequacy of the food consumed. It should be noted
that the group of animals fed the egg proteins and the one
fed the mixture of essential amino acids both gained welght
during the last six days of the second collection period,
an indication in itself of the marked body-sparing proper-
ties of the two supplements. Comparison of the estimated
total dally caloric requirement of the animals with the
dally food intake in calories shows in this and in the four
experiments to follow that, with one exception (see Table
15), the energy-producing value of the food consumed by the
animals more than met the oaloulated caloric requirement.
Caloric deprivation, thus, was eliminated as a factor that
might influence nitrogen metabolism. The relative im-
portance of this relationshlp was disocussed by Allison and
Anderson (1945).

Metabolic data showing the response of the three groups
of rats to the experimental diets fed are shown in Table 8.
The quantity of nitrogen excreted in the urine in the two
periods of the test, and the respeotive nitrogen balances
are expressed in terms of absolute values and relatively,
1.8., per 100 gn. body weight and per 100 sq. om. body
surface.

The ocharacteristic depression in excretion of urinary
nitrogen first noted by Marshall (1943) following the in-
ocorporation of egg proteins in a nitrogen-low ration agaln
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TABLE 6

Nitrogen metabolism data (Exp. 1)

Urinary nitrogen Nitrogen balance
Supplenent S e
Pplome “Per.I | Per.11|Dif, || Per.I | Per.iX | Body ni-
trogen
BE. Bg. | Bg. BE. BE. BE.
EXFRESSED AS ABSOLUTE VALUES
N-low 260 244 | =16 || ~-346 -333 12
Dried whole] 2756 212 | =63 || =384 +* 461
egg
10 essen=- 319 288 | =31 || =401 + 36 4368
tial amino
aoclds
EXPRESSED AS N FER 00 OM. BODY WEIGHT?
N-low o7 o7 0|l =136 -133 3
Dried whole| 97 77 | =20 || =136 + 26 182
0gg
10 essen- 136 119 | =17 || =170 + 16 186
tial amino
aclds
EXPRESSED AS K PER 100 83. CM. BODY SURFACE
R-low 72 7| -2} -101 - 96 6
Dried whole| 74 68 | =16 || ~103 + 20 123
ogg
10 esagen~- 29 -12 || =120 + 11 131
tial amino
aolds
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ocourred. A comparison based on absolute values indicates
that a similar, although not as marked, depression resulted
from the addition of a mixture of the ten essential amino
acids to the basal ration of the third group of experimental
animals. However, when differences in body size are elimi-
nated by expression of the data in terms of body weight or
surface area, the two dletary supplements in the quantities
provided (421 mg. of nitrogen from egg proteins daily and
374 mg. from amino acids) were equally effective in depress-
ing the urinary exoretion of nitrogen.

The degree of improvement in nitrogen balance brought
about by the addition of a nitrogenous supplement to the
diet of animals fed a nitrogen-low ration may be considered
as an index of the nutritive value of the supplement
(Willman, et al., 1945; Allison, Anderson, and Seeley, 1945).
In the Kutrition laboratory of the Iowa State College, this
decreass in negative nitrogen balance has been termed "body
nitrogen spared”, since it represents the nitrogen from the
body of the animal which would have been lost, had no sup-
plement been fed. Data in Table 6, expressed in terms of
absolute values or of body sirze, show that the mixture of
the ten essential amino acids shared with egg the capacity
of sparing body nitrogen. It seems certain, as a result of
this experiment, that the body-sparing properties of dried
whole eggs reside in the easential amino acids which compose
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the egg proteins. Oraphic presentation of the metabolic
data appears in Plgures 1 and 2,

An attempt was made to test the validity of the ooncept,
"body nitrogen spared®. Data representing the first metabo-
lism periocd in all groups of rats studied in the present
investigation formed the basis for this evaluation., Actual
loss in body weight incurred during the last slx days of the
nitrogen-low collection period was related to the quantity
of body tissue represented by the value of the negative ni-
trogen balance in the same period.

Analyses of carcasses 0f 368 animals by the author,

%o be presented in more detall in Experiment 8, revealed
that the average nitrogen ocontent of the carcasses of rats
fed a nitrogen-low dlet for 29 days, during the last 11 of
which a small amount of supplementary nitrogen was supplied,
was 2.6 per cent nitrogen, or 16.2 per cent protein

(N x 6.25). This average figure was used to convert the
value for the nitrogen balance, reduced by one-seventh to
correspond with the 6-day period over which the actual weight
loas was observed, to its equivalent in body tissue. In
Table 7, the observed loss in body weight of each group of
rats during the last six days of the nitrogen-low colleo-
tion period may be compared with the loss in body weight
caloulated from the nitrogen balances for the same group.
The average value for the observed weight loss was 10 gm.;
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FIGURE 1

DEPRESSIONS AND ELFVATION OF URINARY EXCRETION OF
NITROGEN PFR 100 SQ. CM.OF BODY SURFACE CAVSED BY
ADDITION OF EGG PROTEINS, A MIXTURE OF THE TEN
ESSENTIAL AMINO ACIDS, METHIONINE, AND A MIXTURE
OF THE TEN ESSENTIAL AMINO ACIDS MINUS METHIONINE
TO THE DIET OF RATS FED A NITROGEN-LOW RATION
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FIGURE 2

BODY NITROGEN SPARED PER 100 SQ.CM. OF BODY SURFACE
BY ADDITION OF FGG PROTETNS,A MIXTURE OF THE TEN
ESSENTIAL AMINO ACTDS, ANDMETHIONTNE TO THE DIET OF

RATS FED A NITROGEN-LOW DIET
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TABLE 7
Body tissue equivalent of nitrogen balance in period I

Group Loss in body |Nitrogem | Kitrogen
wi. last 6 I balane balance | tissue
g, [ BE. ga.
N-low 8 345 298 11
Egg 11 364 329 12
10 essential ] 401 344 13
amino acids
¥ethionine 7 374 321 12
Arginine 8 383 302 12
Histidine 6 373 320 12
Leucine 11 392 336 13
Valine - 429 368 14
Lysine 10 365 313 12
Isoleuoine 11 363 311 12
Phenylal anine 8 371 318 12
Threonine 9 351 300 12
Tryptophane 10 361 308 12
Methionine
1 mg. 9 334 286 11
2 mg. (4 332 284 11
3 mge. 13 236 202 8
4 ng. 12 332 284 11
8 mg. 11 317 272 11
16 ng. 8 332 284 11
gl 10 298 258 10
2% 18 309 266 10
3% 14 204 262 10
4% 11 301 258 10
5% 11 292 280 10
Cystine 9 256 219 8
Choline 3 287 220 9
Average 10 11
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that of the caloculated, 11 gn. The nitrogen balance re-
flects changes in body weight in the period when the nitro-
gen=-low diet 1s fed, and 1s indicatlive of the destruction
of body tissue brought about by continuing demands of the
body for amino aclds in the face of the dletary deprivation
of nitrogen.

This method of interpretation was next applied to the
data characteristic of the subsequent period of the balance
test when a nitrogenous supplement definitely body-sparing
in aotion was fed. Data in Table 8 showa that the addition
of egg proteins or of a mixture of the ten essential amino
acids not only prevented the substantial loss in body welight
that ococurred in the same animals during the nitrogen-low
feeding period, but caused a definite gain in weight. Thus,
the loss prevented by the supplement plus the actual incre-
ment in weight muist be equivalent to the body tissue repre-
sented by the body nitrogen spared, i.g8., the difference in
the nitrogen balances in the two periods. This hypothesis
18 supported by the fact that the group of animals maintalned
on a nitrogen-low diet throughout the entire balance test
suffered exactly the same loss in weight in Period II as in
Period I. In this oase, only an insignificant amount
(12 mg.) of body nitrogen was spared. With continuance on
the nitrogen-deficlient dlet, this partioular group of ani-
mals made glightly more economical use of body supplies than
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TABLE 8
Body tissue equivalent of body nitrogen spared

Supplement | Change 1n wt.|Body wt. [Body W | Body N [Body
last 6 dayg |loss pre-|spared | spared | tissue

Per.I |Per.Ir|700ted x 6/7 8?“11&-
e | @ [ g og. | =g | BB
None -8 -8 0 12 10 0
seg -11 $3 14 a6l | 395 | 16
10 egsen- | - 9 +6 | 16 |438 | 374 | 14
tial amino
aclds

they did in the early days of the experiment. However, the
quantity of body nitrogen spared, when oconverted to its
equivalent in body tissue, was so small that 1t may be taken
to agree with the observation of a constant rate of weight
loss during both perilods.

The relation of the body tissue equivalent of the
"body nitrogen spared® to waight logs prevented by the ad-
dition of egg proteins or of the complete amino aold mixture
1s 1ndicated in Table 8. The similarities of the two values
in each experimental group achieved by such different means,
argue for the validity of the oconcept of "body nitrogen
spared". The results of thlis analytiocal method of treat-
ment of the data obtained in Experiment 1 suggest that,
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under carefully controlled oconditions, determination of the
changes in the body weight which result from the addition of
a nitrogenous supplement to the diets of animals fed a ni-
trogen-low ration msay be used as an lndex of the matritive

value of the supplement.

EXPERIMENT 2

The results obtained in Experiment 1 indicate that the
marked body-sparing property of dried whole eggs 1s due
primarily to their amino acid content. Frequent reports in
the literature of the effectiveness of methionine in improv-
ing the state of nitrogen metabollism of various experimental
animals, as well as ocorrespondence with Dr. Samuel Lepkovsky,
suggested that this amino acid might be specifically re-
sponsible, in part at least, for the effect of both the
proteins of eggs and of the complete amino acid mixture on
urinary excretion of nitrogen and on nitrogen balance.
Therefore, in Experiment 2, the efficacy of methionine
alone and of a mixture oontaining all of the essential amino
aoclds except methlonine was tested. Three groups of ani-
mals recelved methlonine; a fourth, a mixture of the ten
essentiagl amino acids minus methionine. In the three rep-
lications of the methionine experiment, one group of ani=-
mals recelved a quantity of methionine supplying 3 mg. of
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nitrogen per day, and the other two, studied three months
apart, a quantity of methionine furnishing 4 mg. of nitro-
gen per day.

Table O presents pertinent data concerning the group of
animals fed the inocomplete amino acid mixture and the groups
fed methionine., All animals, it may be seen, lost less
weight in the second metabolism period than in the first,
indicating the favorable aotion of the supplement in de-
creasing the degree of breakdown of body tissue.

Metabolic data based on the response of the four ex=
perimental groups to the administration of the various sup-
plements are assembled in Table 10. It is evident that a
greater depression in the exoretion of urinary nitrogen re-
sulted from the addition of methionine to the basal ration
than from the addition of dehydrated eggs (Figure 1). Howe
ever, the quantities of nitrogen furnished by the two sup-
plements were of very different order, the egg supplying
421 mg. of nitrogen per day, and the methionine only 3 or
4 mg. Allison and his oco-workers (1945) later found that
the dog, 1f adequately depleted of its labile stores of
nitrogen, responds similarly to the administration of methi-
onine.

Oamisslon of methlonine from the mixture of the essen-
tial amino acids caused an increase in the urinary exoretion

of nitrogen of 110 mg., as compared with the decrease in



TABLE 9

Average data descriptive of body size, caloric requirement, and calori
various nitrogenous supplements to a nitrogen-low diet (Ex

Supplement Number ° |[Average body | Change in Average body | Basal daily | Est:
Lfod of weight weight last | surface area | caloric re~ | tot:
animals 6 dags of quirement calc
in collectlion quis
group — — — —
Per.l Pax'olI_I‘ P”QIP Pﬁr’n Per,l FPOX'.II Per.l |Per,I1 { Per.
E8e | Bl Ex. | g 8q.cmdsg.cme | cal.f cal. cal
Methionine 6 23 | 195 =13 -5 312 | 296 23,61 2.4 35.
6 257 1 239 -7 -7 350 | 335 26.5| 25.4 39.
5 273 | 248 -12 ) 363 | 342 27.5] 25.9 NG
10 essential
amino acids 6 260 | 238 -5 |=10 353 | 3% 26.8| 25.3 40,
minus
methionine

# See footnotes to Table 5.,






TABLE

9

' body size, caloric requirement, and caloric intake of rats fed
nous supplements to a nitrogen-low diet (Exp. 2)#

ange in Average body | Basal daily | Estimated Av. daily Av, daily |[Nitrogen

ight last | surface area | caloric re- | total daily | food intake | food intake| fed in

dags of quirement caloric re- | in grams in calories|supplement

lleotion quirement per day in
I e . 1 o ~ — — Period II

r | Per,11| Per.l|Per.11 | Per.l|Per.11 | Per.1|Per 11| Per.i|Per, Per,1]|Peril

m. | gm. |sg.omqeg.om. | cal.| cal, | gal.| cale | gm. | gm. | cal.| cal.| mg

3 | -5 312 | 296 23.6| 22.4 35.4( 33.6 10.5| 9.4 50.4] 45.2

7 -7 350 | 335 26.5] 25.4 39.8} 38.1 1014} 9.8 49.8) 47.0

2 | =6 363 | 342 27.51 25.9 41.3} 38.9 9.3] 8.8 L6} 42.3

5 [=10 353 | 33 26,81 25.3 | 40.2} 38.0 9.5| 8.6 45.6] K1.2{ 37
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TABLE 10
Eitrogen metabolism data (Exp. 2)

Supplement Urinary nitrogen Nitrogen balance
Per.I | Per.II| Dif. || Per.I|] Per.II |Body ni-

-7 Q

EXPRESSED AS ABSOLUTE YALUES

Hethlionine
S mge N 236 149 | -87 -347 | -210 137
4 ng. N 278 200 | -78 -374 | =248 128

4 og. N 332 245 | -87 -454 | -308 146
10 essen~ 308 418 | +110 ——— —— ——
tial amino
acids minus
methionine

EXPRESSED AS N PER 100 GM. BODY WEIGHY

Methionine
S ng. N 112 7 |- 36 «166 | =109 57
4 mg. N 108 84 |~ 24 «~1468 | =104 42
4 mg. N 122 100 |- 22 =166 =124 42
10 essen~- 118 176 |+ 68 ——- -
t1al amino
acids minus
methionine

BXPRESSED AS N PER 100 5q. CM. BODX SURFACE

Kethionine
S eg. X 76 60 | =26 =112 -71 4]
4 ng. B 80 60 | -20 «107 =74 33
4 ng. N 81 721 =19 =126 =90 35
10 essen~ 87 126 | +38 —— — -
tial amino
aclds minus

methionine




excretion of 31 mg. which followed the feeding of the com-
plete amino acid mixture., Some of the incomplete mixture
was, nonetheless, utilized, since of the 259 mg. of nitrogen
fed, 149 mg., 41d not appear as "extra" nitrogen in the
urine. In a similar experiment, Robschelt-Robbins and
Miller (1948), using dogs as experimental subjects, found
that administration of an amino s0id mixture complete except
for methionine caused an inocrease in the amount of nitrogen
exoreted in the urine.

Calculation of the amount of body nitrogen spared
showed that methionine had some ability to oconserve body
tissue, but, as is shown graphically in Figure 2, it was
mich less effective than egg proteins or than the mixture of
the ten essential amino aclids. This 1s not surprising,
since the metabolic requirements of the body are far too
varied to permit their satisfaotion by any one amino acid;

a mixture of complete proteins, such as those of eggs, or
a mixture of the essential amino acids should be more cap-
able of meeting a varilety of demands.

The three tests in which methionine was fed were essen-
tially replicates of one another. It is interesting to ob-
sorve in Table 10 that in the two groups fed identical
quantities of methlonine the urinary nitrogen and nitrogen
balance data, expressed in terms of body weight or of body

surface area, are identiocal in almost every instance. Such
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reproducibility of results argues for their validity, and
upholds the belief that methionlne 1s an effective agent
in the sparing of dbody nitrogen.

The data 1llustrating the influence of methionine repre-
sent an interesting phenomenon. Here is an example of a
specifioc oapacity on the part of a single substance to spare
urinary nitrogen coincident with a direoct loss in body
weight. Casual comparison of the relative ability of egg
proteins and of methionine in deoreasing losses of nitrogen
in the urine (Figure 1) might lead to the conclusion that
methionine, because of 1ts somewhat greater effect in this
respect, makes a more important contribution than egg pro-
teins to nltrogon metabolism. However, the data in Table 11
show that rats fed supplementary methionine continued to lose
welght during the second metabolism period. Catabolisnm
proceeded at a slower rate than during the nitrogen-low col-
lection period, so that aotually a loss of 5 gm. of weight
was prevented. Concomitant with this loss in body weight,
the metabolism data indloate a sparing of body substance,
Conversion of body nitrogen spared by the addition of methi-
online to its equivalent in body tissue shows an average
sparing of body tissue that amounts to 6 gm., a value
identical with the average loss in weight prevented during
the same perlod. Thus, methionine vhen fed as a supplement

to a nitrogen-low ration does not cause a gain in body
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TABLE 11
Body tlssue spared by methlonine

Supplement | Change in wt,|Body wt. |Body N | Body N | Body
days |loss pre—-|apared | spared | tissuse
Per.I | Per.II|vented x 6/?7 | equiva=
---————h—-—-n- M
m’ m’ g‘ m. m. g!.
Methionine
S mge N | =13 -5 8 137 117 5
4 og. N | =7 -7 o 126 108 4
4 mg. N | =12 -8 6 146 126 5
Average | -1l -6 5 1386 117 5

welght nor exert the maximum body-sparing capaoity. However,
it 1is important that rats fed methlonine as a dietary sup-
plement lose 6 gn. less than they would have had no supple=
ment been given. This is particularly notable because it

1 caused by the addition of a very small quantity of a
single amino aoid.

It was noted in the REVIEW OF LITERATURE that the de-
pression in ths urinary excretion of nitrogen which follows
the incorporation of egg proteins in a nitrogen-low diet
was paralleled by a simaltaneous depression in the urinary
excretion of oreatinine. In light of the observed depression
in the exoretion of nitrogen brought about by methionine

administration, creatinine determinations were made on the
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same material that was analyzed for nitrogen. The data in
Table 12, showing a depression in the excretion of cre-
atinine resulting from the feedlng of elther egg proteins
or of methionine, casts further docubt on the constanoy of

the "endogenous" metabolism, as postulated by Folin.

TABLE 12

Urinary excretion of creatinine in the two periods of the
nitrogen balance test

Supplement Urinary oreatinine
Perilod X Period II Difference
Egg 106 82 24
Methionine o7 70 27
EXPERIMENT 3

Evidenge from Experiment 2, that one amino acid, methi-
onine, depressed the urinary exoretion of nitrogen as much
as egg proteins or a complete mixture of the essential amino
aolds, led to the next step, 1.4., the testing in the sane
fashion of all of the amino aclds ooneldered essential for
the nutrition of the rat. Each of the ten amino acide was
fed as the sole supplement to the nitrogen-low ration of
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ten gsrouns of rats composed of six aninmals eache The amino
ecids were fed in a quantity supplying 4 mze of nitrogen
per daye This standard amount was sugrested by the work of
VWolf and Corley (1939)e Deata descriptive of various chare
acteristicas of these experimental groups are presented 1n
Table 13

Graphic 1llustration of the effect on the urinary ex-
cretion of nitrogen of the feedins of the individual arnino
aclids, expressed in Figure 3 in teorms of surface area, shows
that mothlonine was outstanding in its abllity to deocrease
urinary losses of nitrogens Arginine and hlstidine caused
significant, although less marked, depresalons (sec Table
14)e The action of these basic amino acids may to ex-
plained in viewof the requirecments of the body for those
sutstances for the synthesis of nucleoproteinse. Arginine
also participates in the urea cycle, which 1s one sugsrosted
mechanism by which excess nitrogen 1s excroted by the bodye
The feeoding of isoleucine, lysine, phenylalanine, trypto-
phane, and thoronine seems to induce increments in the
quantity of nitrogen excreted in the urine. The aipgnifi-
cance of the data, however, may be questioned, for the in-
creases observed are within two standard deviations of the
mean excretion of urinary nitrogen in rats fed the nitrogen-
low dlet.

Changes in urinary excretion of nitrogen, however, do
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TABLE 13

Average data descriptive of body sige, caloric requirement, ::nd
fed various nitrogencus supplements to a nitrogen-low d:

Supplement Number | Nitrogen Average body { Change in verags body sal daily
fod of fed in weight woight last [surface area loric re-
animals| supplement 6 days of uirement
in per day in collection
group |period IX period
Per.I|Per.11| Per,I|Per. 11| Per.I for,1I Per.I, |Per..
58, EBe | BB Bm.| gme | 8q.cmy sg.cmd cad. | cal
\Vethionine 6 L 257 239 -T1 -7 350| 335 26,5 25.1
Arginine 4 4 245 227 -5]|-6 301 32, | 25.8] 2t
Histidine 6 4 271 248 -6 -6 361 42 2Teli] 2548
Leucine 6 4 237 | 224 «11}] -9 33| 22 25,21 24.!
Valine 2 /'Y 280 263 -6] -6 366 353 27.,7] 264t
Isoleucine 6 L 262 | 23 11} -6 3541 938 | 26.8] 25.¢
Lysine 6 L 2,8 230 <10 | - &4 2| 327 | 25.9] 24.¢
Phenylalanine | 6 4 268 | 248 -8 -9 3581 42 | 27.1| 25.¢
Tryptophane 6 IN 264 | 244 10| -6 355] 30 | 26.9] 25.¢
Threonine 5 b 276 | 260 -91-7 365| 352 | 27.7] 264"

#See footnotes to Table 5,
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TABIE 13

ive of body sige, caloric requirement, and caloric intake of rats
ltrogenous supplaements to a nitrogen-low diet (Exp., 3)#

iy [ Change in  [Average body sal daily [Estimated Average daily|Average daily
woight last [surface area loric re- |[total dailly |[food intake |[food intake

6 days of uirement caloric re- {in grams in calories
collection quirement
perdod

1] PereIjPer.ll}] Per.I fer.1l fPer.I. |Por.1X Per.l|Per.11} Per,l {Fer.11|Per,I [Por.II

: .| Bme |8 sgyomd oal. | gal.| oal.| cal. | gms | gme | gal.|cal.

- 7 - 7 350 335 26.5 250“ 39.8 3801 100‘. 9-8 ‘0908 10700
-5] -6 0| 324 | 25.8] 24.6] 38.7| 3649 1.2] 8.6 | 53.7] 8.2
-6] =6 361 342 27.4] 25.9] 41.1] 38.9 11,7] 10,3 | 56,1 | 494
ﬂu - 9 333 322 2502 2100‘0 37-8 3606 1003 809 ‘09-‘0 ‘0207
-6] -6 3661 353 | 27.7| 26.8] A41.6] 40.2 | 12,3| 11.5 | 591 | 55.3
11| -6 54| 238 26.8| 25.6 | 40.2| 38.4 11.0| 10,5 | 52.8 | 50.4
<10 | -4 3321 327 | 25.9| 2.8 38.9| 37.2 | 10.9] 9.9 | 523 | 47.5
-8 -9 3581 342 | 27,11 25.9 | 40.7] 38.9 | 11.3] 1041 | 55.3 | 4845
<101 -6 355| 340 | 26.9] 25.8 ) 4N.4) 38,7 | 11| 9.8 | 53.3 | 47.0
- 9 - 7 365 352 2707 2607 uo6 lbool 11.1 1003 5303 ’#90‘0
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FIGURE 3

DEPRESSIONS AND ELEVATIONS OP URINARY EXCRETION OF

NITROGEN PER 100 SQ. CM. OF BODY SURFACE CAUSED BY

ADDITION OF EACH OF THE TEN ESSENTIAL AMINO ACIDS TO
THE DIET OF RATS FED A NITROGEN~LOW RATION
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TABLE 14

Nitrogen metabolism date (Exp. 3)

Supplement | Urinary nitrogen Nitrogen bﬂ.anoe
Por.I | Per.1l | Body ni-
trogen
B Bg. B,
EXPRESSED AS ABSOLUTE VALUSS
¥ethionine | 278 200 |=-78 =374 | =248 126
Arginine 269 211 |-48 =363 | =262 123 §
Histidine 274 236 |=38 =373 | =298 ({]
Leucine 280 264 |-16 =382 | =309 83
Valine 307 294 |=13 -429 | =390 39
Isoleucine | 278 272 |= 4 =363 | =342 21
Lysine 269 261 |- 8 -3686 | =301 64
Phenylal a=
nine 266 267 |+ 1 371 | =420 =49
Tryptophane | 269 288 |+19 =387 | -328 29
Threonine 249 262 |+13 =381 | =336 16
EXPRRSSED AS N PER 1QO0 @M. BODY WEIGHT
Methionine | 108 84 [-24 =146 | ~104 42
Arginine 108 94 |[-12 =145 | =116 29
Histidine 102 96 |- 7 -138 | =120 18
Leucine 119 119 o =187 | =140 27
Valine 110 112 |+ 2 =160 |=-150 0
Isoleucine | 107 112 |+ & =140 |-~140 0
Lysine 1056 111 [+ 6 «-148 | =131 17
Fhenle
alanine 100 109 [+ 9 -138 |-167 -29
Tryptophane | 102 111 [+ 9O =138 |=134 2
Threonine 20 101 {+11 =127 |=131 -4
EXPRESOSED AS N PER 100 SQ. CM. BODY SURFACE
Vsthionine 80 60 |[=20 =107 |- 74 33
Arginine 76 66 (=11 =104 |- 81 23
Higtidine 76 69 |= 7 =103 |- 87 16
Leucine 84 82 (=2 -118 |- 96 22

Continued on next page
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TABLE 14 (continued)

Urinary nitrogen Nitrogen balance
Supplement | _ —
ppl Fer.1 | Per.1i| Dif. | Per.l | Fer.il | Body ni~
trogen
M:_. SRR W
.12 ;48 K. e
Valine 83 82 -1 3
Isoleuoine | 80 8l +« 1 2
Lysine 76 44 + 2 156
Phenyl- ,
alanine 74 (-] + 4 =20
Tryptophaner 76 80 + 4 4
Threonine 68 74 + 6 0
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not present the final and complete ploture. The effect of
nitrogenous supplements in the maintenance of body tissue
18 more important. Figure 4 and Table 14 show that methio-
nine, arginine and histidine, as well as leucine and lysine
which caused 1ittle noticeable change in the urilnary exore-
tion of nitrogen, spared sizable amounts of body tlssue.
Since all groups of animals used in Experiment 3 ingested
the same quantity of niltrogen, the sparing properties of
leuoine and lysine ooculd exist only by virtue of a decrease
in the fecal exoretion of nitrogen. Ferhaps this change
ococurs through modification of intestinal bacteria or by
decrease in losses of digestive enzymes. In the case of
lysine, the body-sparing capacity may be a refleotion of a
specific nsed for the third of the basis amino acids, In
this conneoction it 1s interesting that lysine 1s the one
anino acid which cannot be reaminated once it 1s deaminated
in the body (Sohoenheimer, 1942). An apparent stimulus to
the breakdown of body tissue by phenylalanine was indlcated
by the negative value for body nitrogen spared. It is pos-
sible that this may be connected with the synthesis of the
related amino aclid, di-iodotyrosine.

The body-nitrogen-sparing capaoclity charaoteristic of
each amino acid when fed singly evidently persists when 1t
1s administered as part of a complete amino acid mixture,

The sum of the various quantities of body nitrogen spared
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by each amino aoid (Table 14) is 396 mg. of nitrogen, while
the nixture of the ten essential amino acids (Table 6)
spares 436 mg. of body nitrogen, probably an insignifiocant
difference in view of the errors inherent 1n the methods in-~
volved,

An unexpeoted and interesting observation was made with
reference to the group of animals fed tryptophane as a sup-
plement to their basal dlet. During the first few days of
the period of nitrogen supplementation, a bright yellow
pilgnent was exorsted in the urine of the partially depleted
rats. Lepkoveky and his co-workers (1943) reported the
presence of a yellow compound identified as xanthurenio
acid in the urine of pyridoxine-defliolent animals fed tryp-
tophane. The product obtained in this instance was evi-
dently not xanthurenioc acid, since a green color did not
develop on the addiltion of ferric ammonium sulfate. No
other attempts at ldentification were made. The yellow
pigment gradually disappeared from the urine as the tryp-
tophane feeding was ocontinued, suggesting that the animals
were adapting to an umusual dietary situation in which the
main source of nitrogen was a single amino aold, trypto-
phane., Equally puzzling results may have ocourred with the
feeding of the other amino acids, but because the end-
produots did not happen to be readily visible, they were

not detesoted.
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Undoubtedly a thoroughly rellable picture of the rela-
tive importance of each of the essential amino acids cannot
be gained by the means employed in the present experiment.
However, the general conolusion can be drawn that some of
the amino acids, especlially methionine, and to a lesser
extent, arginine, histidine, leucine and lysine, spare sig-
nifiocant amounts of body tissue, while the other five essen-
tial amino acids do not. The results indicate that, al-
though all ten compounds are essential, in that normal body
funotions cannot long proceed without them, there are vary-
ing degrees of "essentiality". The five amino acids whioch,
in this experiment, spared body nitrogen, probably play
very important roles in the "master" reaotions which control
body funotion.

It seems clear that the so-called "endogenous" metabo-
lism ggn be depressed. It is interesting to compare this
study with a similar experiment reported by Burroughs,
Burroughs, and Mitchell in 1840 which was specifically de~
signed to investigate the possibility of depressing the
"endogenous" metabolism by the ingestion of small amounts
of individual amino acids. These workers interpreted their
data to mean that no significant depression occurred in the
urinary excretion of nitrogen, vhen any one of the ten
esgential amino acids was added to the diet of rats fed a
nitrogen-low ration, and, hence, no sparing of body tissue.
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Q
Since theilr conclusions differ from those of the suthor

drawvn from the results of Experiment 3, the experimental
proocedure of Burroughs, Burroughs, and Mitchell and their
results will be examined in an attempt to understand the
cause of the divergenoy.

Burroughs, Burroughs, and Mitchell deolare (pp. 272,
273) that any indications of a depression in endogenous
metabolism induced by the addition of a nitrogenous supple-
ment to the basal diet, to be valid, should be obtalned
from animals whose protein stores have been reduced to zero
by the contimued feeding of dliets low in nitrogen. Any
changes occurring in the excretion of urinary nitrogen in
the test perlod should also be definite and reproducible,
and, therefore, distinguishable from the normal variations
in the amount of nitrogen excreted by animals on an nnsup-
plemented nitrogen-low diet. Their own animals were fed a
nitrogen-low dlet for five to six days before initlatlon of
the experiment. It is evident from data reported in the
first table of their ariicle that the body stores of nitro-
gen of these animals had not been depleted to zero in this
perliod, since ths average urinary excretion of nitrogen in
three consecutive 3-day periods following a S-day depletion
period was 192, 171, and 150 mg., respectively. Vorkers in
this laboratory agree that the depletion of body stores of

nitrogen is of paramount importance in an experiment of
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this nature. They believe that a large part of the expla-
nation of the different results obtained by the two groups
of workers may be found in the faot that the animals of
Burroughs and co-workers had not been reduced to a constant
state of nitrogen metabolism. Evidence that this had been
effeoted in the laboratory of the author has already been
presented in Table 3.

Ignoring this inconsistency, Burroughs, Burroughs, and
Mitohell felt that the fall in the excretion of nitrogen in
the three periods by animals on a nitrogen-low diet was
rectilinear, and that the excretion in the seocond of the
three 3-day periods was the averages of the exoretion of the
first and third periods. They used this relationship in
the determination of the effeot of single amino aclds on
urinary nitrogen exoretion, by feeding the nitrogenous sup-
plement in Period 2, and comparing the nitrogen exoretion
of that period with the average of the exoretions in Periods
1 and 3. Work in the author's laboratory and in that of
Allison (Allison, Anderson, and Seeley, 19485) showed that
there 18 a lag or “"hangover" in the effect of proteins or
amino acids on the excoretion of nitrogen in rats and in dogs
in a subsequent period of nitrogen deprivation. The acocuraoy
of any value for urinary nitrogen obtalned in the three days
following a change in diet may, therefore, be questioned.
Undoubtedly, in the experiments of Burroughs, Burroughs, and
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Mitchell, the urinary nitrogen exoreted by the rate in the
third 3-day period reflected to a marked degree the nitrogen
fed in the preceding 3-day period of supplementation,

Burroughs, Burroughs, and Mitchell also used the same
animals, without realimentation, for successive experiments,
repeating the achedule of nitrogen-low feeding period and
period of nitrogen supplementation at least three times, in
the testing of three different amino acids. Thus the ani-
mals lost more of their body stores of protein ss the
perliods of nitrogen-low feeding went on, and they could not
be expected to react in the same manner to nitrogen supple=-
nentation. This may explain the great variation reported in
replicate tests of the same amlno acids, a condition which
Burroughs, Burroughs, and Mitchell themselves suggest may
invalidate results.

It may be of interest to examine the data pertalning
to one specific amino acid, methionine. Of the six animals
whose response to msthionine feeding was measured, three
showed statistioally significant depressions in the urinary
exoretion of nitrogen. These were regarded, however, as
irregular, and explalnable, perhaps, on the basis of an une
duly high exorstion of nitrogen in the first nitrogen-low
period, The amount of nitrogen in the urine rose only
8lightly, or fell further in ths three days after methionine
feeding ceased, a period regarded by Burroughs, Burroughs
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and Mitchell as a control, nitrogen-low feeding period. As
previously noted, the effeot of methionine was probably still
being demonstrated in this period, and a true measurement

of the nitrogen excoretion on a nitrogen-low diet was not
obtalned. These three animals whose behavior was more in
aocord with that observed by the present investigator, and
by others whose work has been reported in the REVIEW OF
LITERATURE, were ones which had not been used previously, to
test any other amino acids. The three animals in which
methionine caused no depression of urinary nitrogen had re-
celved doses of several other amino acids previous to the
adminlistration of methionine,

The factors of undepleted animals, very short experi-
mental periods (each three days in length), lack of any op~
portunity for adjustment to changes in dlet, and repeated
use of the same animals distinguish the experiment of
Burroughs, Burroughs, and Mitchell from Experiment 3 of the
present study. The presence of such conditions is contrary
to the stipulations for a valld experiment set up by the
former workers themselves, and seems sufficlent to cast

doubt upon the correotness of their conclusions.
EXPERIMENT 4

In general, 1t has been the experience of investigators
that the quantitative feeding of graded amounts of proteins
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to animals previously fed a low-nitrogen diet csused a pro-
gressive 1increase in the quantity of nitrogen excreted in
the urine., In view of the fact that egg proteins fed at
a level equivalent to 3.5 per cent of the basal ration
caused a decrease in the exoretion of urinary nitrogen,
workers in the Nutrition laboratory of the Iowa State College
fed graded amounts of egg proteins, ranging from 1 to 5 per
cent of the basal diet, and measured the response of the
animals in terms of the excretion of urinary nitrogen and
nitrogen balance. The unexpected finding® that the depres-
slon in the exoretion of urinary nitrogen was maintained at
the same point whether 1, 2, 3, or 4 per dent of egg pro-
teins were furnished in the diet led to the present experi-
ment, in which methibnine was fed in graded doses. The
response of the animals to the amino acld supplement was
compared with that of similar groups of animals to egg pro-
teins.

8ix groups of animals were fed graded amounts of methil-
onine, which supplied from 1 to 168 mg. of nitrogen per day.
Again in Table 16, information with regard to body size,
caloric intake, and caloric requirement is presented. It
is evident that the animals fed the various quantities of

“¥inpublished data, Files, Foods and Mutrition Sectlon,
Iowa Agrioultural Experiment Station, Project 799.
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TABLE 15

Averags data descriptive of body size, caloric requirement, and
fed various nitrogenous supplements to a nitrogen-low di

Change in

Supplement, Number Nitrogen Average body Average body | Basal da
fed of fed in weight weight last | surface area| calorid

animals | supplement 6 days of quiremen

in per day in collection

group period I1 parion_

[Per.I |Per.lI| Per.I|Per.II{Per.I | Per.II| Per.I|Pe
g, Em. &, gm. | gm. |sq.cm| 8g.cm.| cal. | ¢
Methionine 5 1l 262 26 -9 -8 354 341 26,81 2
6 2 255 239 -7 -5 348 335 26.4 | 2
6 3 23 195 |-13 -5 312 296 23.6 | 2
5 4 273 28 |-12 ) 363 32 27.5 | 2
6 8 26) 2,1 |-11 -5 353 337 26,8 | 2
5 16 270 250 -8 -5 360 KTAN 27.3 | 2
Dried whole L 104 255 2,1 |-10 A 348 337 264 | 2
egg 4 210 256 22 =15 0 349 337 2605 | 2
L 298 21 233 |-l +4 337 330 25.5 | 2
3 411 249 22 (=11 +3 32 336 25.9 | 2
4 506 261 256 |-11 +2 352 L9 26.7 | 2

# See footnotes to Table 5.
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TABLE 15

tive of body size, caloric requirement, and caloric intake of rats
nitrogenous supplements to a nitrogen-low diet (Exp. 4)#

= -

Change in

8 body Average body | Basal daily |Estimated [Average daily | Average daily
ght weight last | surface area| calorid re- | total daily |food intake food intake
6 days of quirement caloric re- lin grams in calories
collection quirement
rdod '

Per.11| Per.1| Per.1I|Per.I | Per.1X| Per.I|Per.1I|Per.I|Per.1]] Por.1| Per.II | Per.I|Per.IX
. | g@. | &8s |8Q.cm.|8Q.¢m.| cal. | cal. | cal.| cal. | gm. | gm. gal.| cal.
246 -9 -8 354 KTA 26.8 | 25.8 | 40.2| 38.7 |10.8 | 10.1 51.8] 48.5
239 -7 -5 348 335 26.4 | 25.4 | 39.6} 38,1 | 9.8 9.4 47.0] 45.2
195 |-13 -5 giv 296 23.6 | 22.4 | 35.4] 33.6 |10.5 9.4 50.4] 45.2
2’&8 "‘12 "'6 363 3’02 2705 25-9 hl-3 3809 933 8.8 lda.b 10203
2,1 1-11 -5 353 37 26.8 | 25.5 | 40.2] 38.3 |10.1 915 48.5] 45.6
250 -8 -5 360 A, 27.3 | 26.) | 41.0} 39.1 |11.8 | 10.3 56.6] 49.4
2,1 [-10 | -4 8 | 337 | 26.4 | 25.5 ]39.6] 38.3 | 9.7 | 9.4 | 46.6] 45.2
22 |=15 0 349 337 26,5 | 25.5 | 39.8] 38.3 | 9.9 8.1 47.51 38.9
233 |=14 + 337 330 25.5 1 25.0 138.3] 375 | 9.3 9.0 L6 43.2
2102 -ll "‘3 3‘02 336 2509 25-5 38.9 38.3 8.9 8.1 10207 3809
256 |-11 +2 352 349 26,7 | 26,5 |40.1| 39.8 | 9.4 8.1 L5.2] 38.9
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methionine lost somewhat less welght in Period II than in
Period I, indlcating some sparing of body tissue. On the
other hand, the addition of egg proteins to the ration at
every level prevented the loss of as much weight as would
have ococurred had no supplement been given; in addition, in
the groups fed egg proteins in amounts equivalent to from 2
to 5 per cent of the basal ration, there was an aotual gailn
in weight in the perlod of nitrogen supplementation. Egg
proteins, it seems, have high nutritive value for the ni-
trogen-depleted animal, even when fed in small doses.

Data relating to the nitrogen metabolism of the several
groups of rats employed in this experiment are presented in
Table 16, on both the absolute and relative basis. The
same data, in terme of surface area, are shown graphiocally
in Figures 6 and 6. Care should be exercised, in inter-
preting the graphs, to compare only the trend in urinary
nitrogen exoretion and nitrogen balance resulting from the
addition of varying amounts of egg proteins to the basal
dlet, with the trend in these same values resulting from
the feeding of inoreasing quantities of orystalline methio-
nine. The absolute degree of the depressions or the spe-
clfio amounts of body nitrogen spared are not comparable,
8ince milligrams of methionine nitrogen, in one case, and
per cent of egg proteins, in the other case, were used as

the bases for plotorial arrangement. The trends, however,
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TABLE 16
Nitrogen metabolism data (Exp. 4)

Supplement Urlnary nitrogen Nitrogen balance
“Per.I| Per.1I| Dif, || Per.I | Per.iI | Body ni=

trogen
) ng. BE. BE. ag. BE. B

EXPRESSED AS ABSQLUTE VALUES
dlethionine
1 mg.N 334 202 [=132 -462 -203 169
2 ng.N 332 214 |-118 -438 =270 168
3 ng.N 236 149 |- 87 -347 =210 137
4 mg.R 332 245 |- 87 -454 =308 146
8 mg.N 7 244 |- 73 -441 -286 166
16 mg. N 332 281 |- 61 480 -266 214
Egg, 1% 208 216 |- 8 -415 -221 194
2% 309 236 |- 7 -426 «135 201
3% 204 216 |- 7 -427 - 44 383
4% 301 228 |- %7 -421 - 13 408
5% 292 289 |- «410 + 70 480
EXPRESSED AS N PER 100 GM. BODY WEIGHT
Methionine
1 mg.N 128 82 |~ 48 =176 -119 57
2 mg.N 131 90 |- 41 -172 -113 59
3 wg.N 112 77 |- 38 -166 ~100 67
4 mg.N 122 100 {- 22 ~168 =124 42
8 ng.N 122 102 |~ 20 -169 =118 51
16 mg.N 124 112 |- 12 =179 -101 78
Egg, 1% 117 89 |- 28 ~162 - 92 70
2% 120 97 |- 23 ~166 - 58 108
3% 122 92 |- 30 -178 - 19 169
4% 118 118 |- 3 164 - 7 167
5% 112 114 |+ 2 -159 + 26 185

Continued on next page
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TABLE 168 (continued)

Supplement Urinary nitrogen Nitrogen balance

EXPRESSED AS N PER 100 $Q. C. BODY SURFACE

Methionine
1l mg.N 94 59 -35 -130 -86 44
2 mg.N 96 64 =32 =126 -80 48
S mg.N 76 60 -28 =112 ~71 41
4 mg.N 21 72 =19 -1256 =80 356
8 mg.N 80 70 -18 =125 -84 41
16 mg. N 92 81 =11 =134 -77 57
Egg, 1% 85 64 =21 =119 -88 53
2% 88 70 -18 ~122 -40 82
3% 87 65 =22 =127 -13 114
4% 86 84 -2 =120 - 4 116
5% 83 83 0 «117 +20 137
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are clear. All levels of egg proteins from 1 to 4 per cent
caused a depression in the exoretion of urinary nitrogen of
the same magnitude. The feeding of 5 per cent egg proteins,
a quantity which, as may be seen from Table 16, was suffi-
clent to enable the animals t6 achieve positive nitrogen
balance, was associated with an excretion of nitrogen iden-
tlcal with that of the previous low=nitrogen feeding period.
This condition did not hold when methionine, offered
to six groups of rats at ascending levels of intake (11 to
175 mg. per day) served as the nitrogenous supplement to
the dlet. As the quantity of dletary methionine was increased
there was a progressive deorease in the extent of the de-
pression in the exoretion of urinary nitrogen. Data pre-
sented 1n Flgure & suggest that the methionine requirement
of the rat, as measured by the addition of small amounts of
methionine to the diet of partlially depleted rats maintalned
on a low-nitrogen ration, 1s very small, probably less than
11 mg. With the ingestion of inoreasing amounts, no more
is utilized, hence, the excess 1s exoreted and the depres-
sion in the excretion of urinary nitrogen is less at the
higher intakes than when the smallest amount is fed. Theo-
retically, the decrease in the depression of the urinary
excretion of nitrogen observed in increasing the quantity

of methionine fed above the amount required should be equal
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to the nitrogen contalned in the excess methionine. Physlo-
logloal variations in the behavior of animals, particularly
evident with small groups, undoubtedly obsoure this rela-
tionship; however, examination of the figures for the de-
pression in urinary nitrogen, expressed in absolute values,
in Table 16, shows that this general relationship is evident
when the effeots at the 1 and the 8 mg. level are compared.
The 49 additional milligrams of nitrogen ingested at the
latter level were assoclated with a depression in the excre-
tion of nitrogen 69 milligrams less than that ooccurring at
the 1 ag. level.

From Figure 6 1t 18 e vident that inoreasing quantities
of egg proteins in the dlet caused inoreased sparing of
body nitrogen; in contrast, 16 mg. of nitrogen dally froam
methionine was no more efficient than 1 mg. of methionine
nitrogen. Apparent differences in the quantity of body
nitrogen spared at the six levels of intake are insignifi-
cant aocording to statlstical analysis (Table 17). If, as
postulated in the paragraph above, the body's requirement
for methionine is less than 1l mg., it 18 loglical that,
however large the quantities of methionine ingested, no ad-
ditional body nitrogen would be spared, once the requirement
i1e satisfied. Egg proteins, on the other hand, oontain

substances other than methionine, and as the amount of egg
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TABLE 17

Analysis of variance of body nitrogen spared by 33 rats
fed six different quantities of methionine

Source of variation | Degrees of Sum of Mean
Total 32 4672.2 146.0
mmtltie. of 5 1316.4 263.3
methionine fed |
Rats fed same 27 3355.8 124.3
quantity

F = 2.1 not significant

ingested 1is inoreased, there are more of the other oconstitu-
ents supplied to meet other specific functional needs of

the organism, thereby preventing further breakdown of body
tiasue.

Proof that eggs ocontaln substanoes in addition to methi-
onine which are capable of depressing the urinary exoretion
of nitrogen and of sparing body protein is offered in
Figures 5A and 6A. Here the depression of urinary nitrogen
and the body nitrogen spared are plotted sgalnst mg. of
methionine nitrogen fed. The methionine present in thé
various quantities of egg proteins fed was caloulated from
determination of the msthionine content of another portion
of the same sample of dried eggs. When egg proteins equiva-
lent to 1, 2, or 3 per cent of the basal diet and containing
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7, 12, and 16 mg. of methionine nitrogen, respectively, were
fed, approximately the same depression of the urinary excre-
tion of nitrogen occurred in all three cases. Figure 5A
ghows that an amount of egg profoin sufflolent to furnish
16 mg. of methionine nitrogen caused a dépreaaion of the
urinary excretion of nitrogen twiece that which results when
16 mg., of methionine nitrogen were fed in the form of orys-
tallline methlonine, 1.8., 22 mg. as compared with 11 mg.

At this point, then, egg protelns csused a depression of
urinary nitrogen exoretion far greater than can be accounted
for on the basis of thelr methionine content alone. The
other essential amino acids in egg proteins were undoubtedly
exerting an additional nitrogen-sparing effect. With the
feeding of egg proteins in amounts whioh supplied more than
16 mg. of methionine nitrogen per day, the depression in

the excretion of nitrogen deoreased, disappearing altogether
at the § per oent level. Thie was probably due to the ex-
oretion in the urine of the excess non-utilizable amino
acids,

Only when egg proteins are fed at the 1 per cent level
of intake does it seem llkely that their body-sparing effeot
18 due largely to their methionine content. Perhaps, at
this low level no other amino acids are present in amounts
suffiolent for any protein-gparing aotion, while methionine
stands out because of its quantitatively greater sparing
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powers (illustrated in Experiment 3) and because of the
large quantity of this amino acid found in egg protelns.
When egg proteins were fed in amounts ranging from 2 to 6
per cent of the basal ration (Figure 6A), the body nitrogen
spared was far greater than could be attributed to the
methionine content.

This experiment ghows that at a low level of feeding
of egg proteins, the nitrogen-gparing aotion of the eggs 1is
largely due to methionine. At higher levels, the presence
of the other essential amino acids inoreases the body-
nitrogen=-gparing capacity of egg proteins far beyondi that
achievable by methionine alone.

EXPERIMENT b6

A comparison in Experiment 3, of the effect on nitrogen
metabolism of the individual essential amino acids showed
that, although four or five amino acide possessed definite
body-sparing powers when added to a nitrogen=low diet,
methionine was the most powerful, both in depressing the
urinary excretion of nitrogen and in sparing body nitrogen.
The fifth experiment was undertaken in an attempt to eluoci-
date the means by which methionine acts. It is possible
that its chief funotion may be the supply of methyl groups

or of organic sulfur. Therefore, three groups of rats were



111

subjects for the regular nitrogen balance teat; to one group,
4 mg. of nitrogen in the form of methionine was offered
dally, the second recelived 4 mg. of nitrogen from cystine,
and the third, 4 mg. of nitrogen from choline per day in
addition to the gholine routinely supplied in the synthetio
vitamin mixture. The latter two compounds are ones which
have bevn shown to be derivable from methionine by normal
physiological processes and ones which are important for
synthesis of body tissue and regulation of body functions.
Table 18 presents information with regard to ocertain char-
aoteristics of these three groups of animals.

According to the metabolio data presented both in
Table 19 and in Figure 7, oystine and choline share the
abllity of methionine to deorease urinary losses of nitrogen
and to spare body nitrogen. All three compounds spared
approximately the same amount of body nitrogen, when the
data are expressed in terms of surface area, Any apparent
differences are statistiocally insignificant (Table 20).
This finding agrees with the work of Mulford and Griffith
(1942), which indicates that the same molecule of methionine
cannot be used for two purposes, 1.9., to supply labile
methyl groups and sulfur. Were the reverse true, one
moleocule of methionine should be able to spare body nitrogen
equivalent to the sum of that spared by oystine and choline
individually. The simllarity of the effects of cystine and



TABLE 18

Average data descriptive of body size, caloric requirement, and c
fed various nitrogenous supplements to a nitrogen~low die

Supplement Number |Nitrogen Average body | Change in Average body |Basal daily
fed of fed in weight welght last | surface area |caloric re-
animals| supplement 6 days of quirement
in per day in collection
group |period II period
Per.I{Per.II | Per.I| Per.1lj Per.I [fer.1I |Per.] per.I1
2R .| gm. | gm. | gm. |8g.cm en sq.cm,| cal. | cal.
Methionine 6 4 257 239 -7 -7 350 335 26,8 25.4
Cystine 6 4 241 224, -9 -4 337 33 250 2h.4
Choline 5 L 233 217 -3 -3 330 316 25.0 24.0

#3ee footnotes to Tab)

le 5.






TABLE 18

riptive of body size, caloric requirement, and caloric intake of rats
18 nitrogenous supplements to a nitrogen~low diet (Exp. 5)%

ge body | Change in Average body |Basal daily | Estimated Average dally]Average daily
fght welight last | surface area |caloric re- | total daily | food intake |food intake
6 days of quirement caloric re- | in grams in calories
collection quirement,
period
Per.II | Per.I|Per.1l}j Per.I fer.II {Per.l 'f"er.II Per.l|Per.11 | Per.l|Per.1l [Per.l|Per.Il
EBe | Ems | EB. |S0.omd Sg.0m.) eal. | cal.| cal.) cal, | gm| gme | eal.) cal.
239 -7 -7 350 335 26.8 25.4] 39.8] 38.1 ] 10.4} 9.8 49.8] 47.0
221, -9 - 337 3R 25.5 24.4] 38.3] 36.6| 10.6| 9.8 50.8] 47.0
217 -3 -3 30 316 25.00 24.,0| 37.5] 36.0 9.9] 9.4 47.5] 45.2
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TABLE 19
Nitrogen metsbolism data (Exp. 5)

Supplement U:i::_ary nitrogen Ni.trogi:( balance
“Per.I | Per.11| Dif. er.XI | Per.11 | Body ni-
trogen
BE. | BE. | BE- || B w
EXPRESSED AS ABSOLUTE VALUES
Methionine | 278 200 | =78 || =374 | -248 126
Cyatine 256 197 | =59 || -338 | -259 70
Choline 267 221 | -36 || =401 | -278 126
EXPRESSED AS N PER 100 QM. BODY WEIGHZ
Methionine | 108 84 | -24 || -146 |-104 a2
Cystine 108 88 | =20 || =140 |-118 24
Choline 111 102 | -9 || <174 |-128 46
EXPRESSED AS K PER 100 §q. CM. BODY SURFACE
Methionine 80 6 | =20 || =107 |- 74 33
Cystine 76 & | -15 || =100 |- 80 20
Choline 78 7 | -8 || =122 |- 87 35
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TABLE 20

Analysis of varliance of body nitrogen spared by three groups
of rats fed methionine, oystine, and choline, respectively

Source of variation Degrees of Sum of Mean
Lreedom L _squareg l_squars.

Total 16 2860.6

Between groups of rats 2 652.6 326.3

Between rats of same 14 2208,0 167.7

group

F = 2.07 not insignifiocant

choline with that of methionine suggests that the latter
compound in sparing body nitrogen aots largely through its
capacity to form oystine and choline. Ahy other funotion,
in which methionine may partiolpate, however important, is
evidently not outstanding quantitatively.

EXPERIMENT 6

¥hole Caroass Analyeis

In the first secotlon of Experiment 6, the whole car~
casges of rats malntalned on various dletary regimes were
analyzed for total nitrogen and for methionine. The values
obtained with animals fed the nitrogen-low dlet for 18 days
and for 29 days were compared with data representing rates
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fed the basal ration supplemented with methionine or with
egg proteins, according to the usual balance test technique.
A positive control group fed the stock colony diet
(Steenbock V) was also analyzed. Table 21 shows data re=-
lating to body welight, total nitrogen, and methionine cone
tent of these groups of animals.

A definite loss in the total nitrogen present in the
whole carcass resulted from the feeding of the nitrogen-
low diet. The caroasses of the positive control group con-
talned an average of 8.38 gm. of nitrogen; those of the
nitrogen=-lowv groups, 6.41 and 6.69 gm, By inspection of
the data, the total nitrogen in the whole carcass of rats
fed various quantities of methionine does not seem to differ
significantly from that of rats maintained on an unsupple-
mented nitrogen-low dliet for 18 or 29 days, and the ocon-
clusion might be drawn that methionine 1s not associated
with the formation of new tlssue. But before this state-
ment oan be made, 1t 18 necessary to determine the influence
that the differences in body weight existing among the
groups has on the ploture. The nitrogen content of each
group of animals after 18 days on the nltrogen-low dlet was
caloulated on the basils of its body weight at that time
and the per cent of nitrogen in the carcasses of rats as

analyzed after mailntenance on the basal dlet for 18 dayse.



TAHE 21

Average weight, methionine content and total nitrogen content of the whole carcasses of rats fed
the stock colony diet, and of ones fed the low-nitrogen diet alone or wdth nitrogen supplements

Supplecent Tody wt, |Body wte |7Total  |Mitrogem | Total | Lothionine | Liethiomine H
when after mitrogen | per 100 gm, | methio~ | pexr 100 gn,
analyzed 18 dmim | body wedght | nine body wed.ght Total N
Stock colony 326 — 8.38 2.58 182 56 2.2
Nelow, 18 days | 253 287 WAL 2,52 132 52 2.1
Nelow, 29 days | 249 2m 6469 2,68 132 53 2,0
Egg 289 296 775 2.69 159 55 21
lethicaine '
1mg N 233 25, 6467 2,86 18 5 2.2
2 mge K 226 247 6e25 2.77 123 5 2.0
L oge N 235 238 5¢52 2,36 123 1 2.2
16 mge N 225 259 6437 2.82 U5 63 2.2

#Hody wt, before dopletion

9G1T
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Comparison of the average nitrogen content of the carcasses
of each group at 18 days, calculated in this manner, with
the nitrogen content observed at 29 days indicated the
change in nltrogen oontent brought about by the feeding of
the nitrogen-low dlet, alone or supplemented, for an addi-
tional 11 days. The formula used in this ocalculation is
given below:

A = per cent of nitrogen in carcasses of animals

fed N-low diet for 18 days

B = body welght after 18 days of N-low feeding
of animsals analyzed after 29 days of Ne-low
feeding

C e AX B, estimated total nitrogen of ocarcasses
of each group, after 18 days of N-low feeding

D = Observed total nitrogen content at 29 days—

C, represents change in total nitrogen con-

tent with oontimuance on diet for ll more days
Table 22 shows the changes in total nitrogen, calculated as
indlcated above and thus correoted for body weight differ-
ences among the groups. The nitrogen content before deple~
tion of the animals fed a nitrogen=low diet for 18 days 1is
caloulated in a similar fashion, and compared with the
positive control animals (Table 22).

It 18 evident from Table 22 that when body weight dif-
ferences are eliminated, there 18 no change in the total
nitrogen ocontent of the whole carcass of the partially-
depleted animals, whether they are continued on a low=-

nitrogen diet or on one supplemented by various quantities



TABLE 22

Change in total nitrogen of whole carcaases of rats
after nitregen depletion on supplementation

Supplement added to vasal Change in nitrogen
low-nitrogen diet in contont of carcass
second metabolism period
e
No supplement =0 ¢34
Methionine
Equivalent to 1 e N +0.26
Tquivalent to 2 mge I +0.03
Tquivalent to 4 mge N =0,48
Tquivalent to 1GC mge i =016
Lze proteins equivalent
to 374 mge N +1.,04

lNitrogen-low diet for 18 days,
compared with animal at
beginning of test =100
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of methionine for 11 days after the first metabolism period
of 18 days. This 1s consistent with the relatively small
body-sparing capaclity of methionine revealed in Experiment
4., The feeding of egg proteins for the last 1l days of the
balance test caused an increment in body ni.tiogen of 1.04
gn., the equivalent of 40 gm. of body tlssue. The observed
difference in weight between the animals maintained on the
nitrogen=low diet for 18 days, and those fed the basal dlﬁt
plus egg proteins for 11 days after this, is 36 gm. (Table
21). Animals maintained on the nitrogen-low diet for 18
days lose 1.0 gm. of body nitrogen, as compared with the
nitrogen oontent of the positive control animals. This 1s
the equivalent of 39 gm. of body tissue, exaotly equal to
the observed difference in weight between the two groups of
animals (Table 21).

From the data in Table 23, comparison may be made of
the relative amount of nitrogen in the whole ocarcass of
rats as determined by the author and by two other investi-
gators.

The total methionine content of the whole carcass paral-
leled the total nitrogen oontent of the same material.
Therefore, the composition of the body carcass with regard
to methionine nitrogen, is constant; as Table 21 shows, the
range 1is from 2.0 to 2.2 per cent. The body-sparing action
of methionine is evidently not related to a galn in either
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TABLE 23

Nitrogen oontent of the whole carcass of rats, as determined
by various investigators

“Investigator
Brush 24 7 2.4-2.9 2.6
Medes, Flo and 3 4=8 2.7=2.9 2.8
Cammaroti 1944)

Mitohell, Burroughs, 8 4 2,6=3.1 2,8
and Beadles (1936)

the total nitrogen or the methlonine content of the carcass.
Rather, it may serve as a catalytic agent, governing essen-
t1al body processes. The total methionine content of the
whole oarcass of rats fed egg proteins is higher than that
of those fed the nitrogen-low diet alone or supplemented by
methionine, to the same extent that the nitrogen oontent of
the carcasses of the first group is higher than that of the
caroasses of the seoond group. The ratio of the methionine
nitrogen to total nitrogen, however, is 2.1 per ocent, indi-
cating that the ocomposition of the whole carcass with regard
to methionine is unchanged. The positive control animals,
likewise, have body tissue of the same composition, sinoe
the ratio of methionine nitrogen to total nitrogen is the
sane as in all other groups, 2.2. Medes, Floyd, and
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Camaaroti (1944) reported the methionine content of the whole
carcass of the three rats whose nitrogen content is given
in Table 23 as 59, 63, and 96 mg. The ratlio of methionilne
nitrogen to total nitrogen in these three cases is 1.3 per
cent, a value muach lower than the 2.2 per cent obtained in
the present study. It 1is possible that the reason for the
divergenocy lies in the fact that different means wers used
for the determination of methionine. 7The method of Lavine
(1943), employed by Medes and co-workers, 1s sald to glve
lower values for methlionine than the method of Albanese,
Frankston, and Irby, used by the present investigator.

Liver Analyele

The moisture and fat contents of hepatic and muscle
tissue obtalned from animals fed a variety of nitrogenous
supplements to the basal low~-nitrogen dlet were determined
in order to express the nitrogen and methionine analyses
on a dry, fat-free basis. These data, which are of interest
in theumselves, are presented in Table 24. The oonstanoy of
composlition of misole tissue with regard to these two con-
stituents 1s striking when compared with hepatic tissue.
Clark (1946) in a similar study demonstrated, also, that
musole tilssue was remarkably constant in its nitrogen ocontent
as well as in molsture and fat, even though severe dietary
limitations had been placed on the experimental animals,.



120

TABLE 24

Moisture and fat content of hepatic and muscle tissue of
animals fed the stock ocolony dlet, and of ones fed the
nitrogen~low diet alone and with nitrogenous supplements

Supplement Liver Musole
Moisture Fat Moisture Fat
2 Z of Arx . % of ary
Xelght xoleght
Stock colony 71.2 156.7 76.9 7.5
(Steenbock V)
K-low (18 days) 70.9 24,3 75.6 6.9
Egg (3.5%) 71.3 03.4 76,7 7.2
Methionine
1 ag. N/day 71.1 26.5 78.0 8.8
2 ng. N/day 70.6 28.2 756.8 7.4
4 mg. N/aay 69.5 31.9 756.7 8.7
8 mg. N/day 70.4 29.1 76.4 8.6
16 mg. N/day 70.7 27.6 76.0 7.8
Cystine 68.1 30.3 76.9 8.6
ChOI’-n‘ 7201 21.0 7508 903
Mixture of 10 72.6 22.7 75.7 8.7
essential amino
aclds
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That hepatic tissue is much more sensitive to changes 1in
dlet than 1s muscle 1s illustrated in Table 24. The values
shown there differ from those of Clark numerically, but ths
groups analyzed in the two studies show molsture and fat
contents which are in the same relation to each other.

The lowest concentration of fat in the liver, 16.7 per
cent of the dry welght, was found in the positive control
animals. The feeding of a nitrogen-low diet for 18 or 29
days oaused a rise from this level to an average of 22 per
cent. It may be that, on a protein-deficient dlet, an
interference ocours in the transport of body fat. Therefore,
part of 1t scoumulates in the liver. This condition was not
corrected by the addition to the basal low-nitrogen diet of
egg proteins, choline, or a mixture of the ten essential
amino acids. The feeding of methionine, in various quanti-
ties, as a supplement to the nitrogen-low diet caused a de-
cided inorease in the oconcentration of fat in the liver,
with values as high as 32 per cent. Cystine, likewige,
inoreased the concentration of fat in the liver to 30 per
cent,

In general, a high conocentration of fat in the liver
has not been associated with physiologioal well~being. The
inocldence of abnormally high values in the case of the rats
fod methionine, ococurring eimultaneously with the body-
sparing action demonstrated previously, lends uncertainty
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to the meaning of a high concentration of fat in the liver.
The higher concentration of liver fat may be harmful, as 1t
is usually considered. Egg proteins, choline, and the
escentlal amino acids (all of which fail to lower the con-
centration to that present in the livers of animals in the
positive control group), and methionine and oystine (which
bring about an increase in liver fat), then, may have cer-
tain undesirable attributes, in opposition to their benefl-
olal body-sparing properties. On the other hand, the in-
oreas® in liver fat may be an indlcation of the mobiliza-
tion of fat for metabolic purposes, and, therefore, desir-
able. It 1s well known that the body lays down stores of
fat 1in depots for use in event of mitritional adversity;
the administration of certaln dletary supplements may make
possible the utilization and transport of this storage fat
in a way not possible when the animal is fed only a nitro-
gen=low ration, It would be interesting to examine the
livers of the various groups of animals histologloally,
in order to determine any physioal changes coincident with
modifications in the content of fat.

8tudies from Whipple's laboratory have shown that the
liver is probably the storehouse of most of the body's re-
serves of protein. Changes in nitrogen metabolism caused
by the feeding of amino acids or proteins to partially
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depleted animals should, therefore, be reflected in this
place. Demonstration (in Experiment 2) that methionine had
dramatic effeots on the urinary excretion of nitrogen in
depleted animals fed a nitrogen-low dlet led to the present
experiment, in which hepatic tissue of animals fed a low-
nitrogen diet for 29 days, and of ones fed a similar dlet
supplemented by methionine for the last 11 days of the 20-
day perlod, were analyzed for methionine and total nitrogen.
Table 25 presents data obtained in these analyses.

When ths weights of the livers of the animals in the first
group were adjusted for the difference in total body
weight between the two groups and were calculated on a
moisture~-free, fat-free basis, the total nitrogen content
was 138 and 1564 mg. in the nitrogen-low and methionine-
supplemented groups, respectively. The relative concentra-
tion of nitrogen was 8.46 and 10.4 per cent. The total
methionine content of the group given the defioclent ration
was correspondingly less, 45 mg., as compared with 50 mg.
As a result, the ratio of methionine nitrogen to total
nitrogen was the same in the hepatic tissue of each group,
3.0 per cent. No precise values for the oonoentration of
methionine in the liver of the rat have besen founl in the
literature, although Block and Bolling (1945) have sug-
gested, on the basis of the amount in the livers of other
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animals and in other animal tissues in general, that the
methionine concentration in rat livers is probably about
3 per cent,

In 1ight of the constanocy of composition of the protein
fraction of hepatic tissue thus demonstrated, the increase in
the per cent of nitrogen which occurred with methionine
fesding suggests that additional protein is deposited in
the liver cells, 1dentical in chemical composition with the
proteln already present. Since the haepatic tissue is the
same 8ize, with or without supplementary methionine, the
inorease in protein must oocour at the expense of glycogen.
These hypotheses are supported by the report of Harrison
and Long (1945) of a study of the effeot of various proteins
and amino aocids on the regeneration of liver protein in the
rat following a 48=hour fast, Their results, obtained
under differsnt experimental conditions than the ones of
the present study, showed that the sulfur-containing amino
acids, methionine, cystine, and probably homooystine, when
added to a dlet inadequate in 1ts content of casein, were
outstanding in their ability to increase the amount of
liver protein regenerated after fasting,

The amount of methionine fed the supplemented group was
the same as that which, in Experiment 2, caused a marked
depression in the urinary exoretion of nitrogen, aﬁd some

sparing of body nitrogen. The analysis of hepatic tissue
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when adjusted showed an inorease in totel nitrogen in the
liver after methionine feeding of 16 mg., an amount equiva~
lent to 0.6 gm. of body tissue. According to the results
of the nitrogen balance test, methionine supplementation
spared body tissue equivalent to 5.0 gm. The difference,
4.4 gm., unaccounted for by changes in the composition of
the liver, apparently represents the results of the acotion
of methionine in fulfilling other specific funoctions
throughout the body.

Musole Analyols

The gastroonemius muscles of animals fed a variety of
dlets were analyzed for methionine., Since the muscles
could not be removed completely, results are presented in
Table £6 in terms of mg. of methionine per gm. of dry, fat-
free tissue., The constancy of composition of muscle tissue,
already demonstrated with regard to moisture, fat, and
nitrogen, 1s maintained in the case of a spescific amino
acid. It 18 likely that any other condition, indicative
of a physlologlocal attempt to change the nature of one of
the structural elements of the body, would mean a moribund
state.

The loss through the urine of large quantities of
nitrogen during a period of nitrogen deprivation is acocom-
panied by an equivalent loss in total body weight. The
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TABLE 26

Methionine content of muscles of rats fed the stock
colony diet, and of ones fed the nitrogen-low diet
alone and with nitrogenous supplements

~ Supplement Mg. methionine per gm.
mg,
Stock colony 37.8
K-low, 18 days 36.2
N-low, 29 days 36.8
Egg 36.3
Methionines, 1 mg. N 38.4
2 mg. N 36.9
4 ng. M 38.2
8 mg. N 37.7

16 ng. N 38.3
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acddlitlon of metiilonino to the ration decreases the ra:mitude

of these losses. \Lhen no mothlonine 1s avallable in the

diet, the animal evidently 1s not capable of removing

methlonine, alone, from his body tissues, tut nust treak

down the entlre structural unit for thls one gnecifle sub- |
stance. 3Such raldin:- of the tissuves 1s roflected in & de-

crease ln the tLotal amount of muscle In tlie body, altrourh )
what remailns has the same conposition, with regrrd to

nethlionlne, as was characteristic of the muscle protein of

the well-fed aninal. I‘etlilonlne, when added to the dliet,

caused no modification in the composition of body tissue.

The body-sparing abllity of arginine, hilstidine, loucine,

and lyaine (demonstrated in Txperiment 3) sup-ests that

these amino aclids, too, affect the destruction and the

regeneration of body tlissue 1in the same manner as does

me thionine.

Nature of Storapge Protein

There has long been dlacussion of the possibllity of
the existence of "storage protein®™. The real 1ty of such
substance has been demonstra ed by Vhipple in his work on
the regeneration of plasma proteins in hypoprotoinemic
dogs. The chlef question has been as to the nature of the
storage proteine--whethor 1t is a unique form of protein

chemically and structurally, analogous to the carbohydrate
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stores of glycogen in the liver, or whether it differs only
physiologically from othser, more stable forms of protein 1in
the body.

In 1922, Martin and Robison pointed out that the urlnary
nitrogen excreted during the first few days by animals fed
a protein-free diet decreased in a regular fashion., They
proposed a simple logarithmic equation which conforms to the
idea that the amount of storage nitrogen removed from the
body on any given day is proportional to the amount still
present. Various methods have been employed to determine
whether or not the labile protein thus lost differs chemi-
cally from the protein remaining in the bedy.

The chief source of the labile nitrogen excreted early
in a nitrogen-low feeding period was identified by Addis,
Poo, and Lew (1936 a, b, and o) as ths liver. They found
a 20 per ocent loss in hepstio nitrogen in the early stages
of nitrogen starvation, in a period when other tissues and
organs lost 4 per cent. There was no indication, however,
of the nature of the nitrogen thus lost. These workers
stated that the only satisfactory evidenoce of a specific
storage protein would be the 1solation of a definitely
charaoterized protein from the livers of well-fed animals,
and the demonstration of its disappearance on fasting.

Since both nitrogen and sulfur are constituents of
the protein molecule, studlies of the relation between these'
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two elemsents in urine or in tissue should give some indloa-
tion of the nature of the protein from which they are derived.
Wilson (1933) found that the urine excreted by experimental
subjects early in a period of nitrogen-gstarvation had a
higher sulfur-to-nitrogen ratio than that exoreted later,
a fact which he thought due to an early splitting off of
the sulfur from the protein molecule. This would leave a
modified protein molecule, of lower sulfur content than be-
fore. However, Lee and Lewis reported (1934) that the feed-
ing of a protein deficlent in sulfur did not change the
composition of the proteins of the liver despite large
changes in ths urinary nitrogen-sulfur ratio. Analysis of
livers from well-fed, fasted, and fasted and re-fed ani-
mals showed a ratio of coystine nitrogen to totil aitrogen
of 1.2 per cent in all cases. From this evidence, it would
sesm that the differences whioh Wilson found when corre=-
lated with the work of Addis, Poo, and Lew, mean that the
nitrogen and sulfur excreted in the urine early in a period
of nitrogen deprivation arise froa the most labile source
of protein, the liver, and that later othsr organs and tis~
sues lose protein. Differences in ocomposition, then, be-
tween liver proteins and the proteins charaoteristio of the
other organs or tlasues would be reflected in different
nitrogen=-sulfur ratios in the urine.

Luock (1938) carried out analyses suggested by Addis,
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Poo, and Lew, in an effort to 1solate "storage" protein 1if
it did exist as a chemical entity. He analyzed liver pro-
teins on the basis of four arbitrary chemical fractiona-
tions, and demonstrated that on going froa conditions of low
to high protein feeding, there was a uniform inorease of
1.55 per ocent in each of the fraotions., This, he belleved,
showed that all of the liver proteins were "storage" pro-
teins; there 1s no reserve material which is chemically dis~
tinot from the basic struotural proteins of the organ.

The problem was attacked by Kosterlitsz (1944) in a
somewhat different way. He analyzed the protein of the
livers of rats fasted for 24 or 48 hours, and of ones fed
a variety of dlets high in protein. Determination of total
protein, phospholipin protein and of the number of cells
(obtained by sounting the mumber of maclei in uniform thin
sections of the tissue) showed a oonstanoy in the ratio of
total protein to phospholipin protein, and in the number of
cells. Thus, the loss of liver weight and liver nitrogen
which ococurs with fasting 1s not due to a decrease in the
number of liver cells but to a deorease in the volume of
each 1ndividual cell. The total protein and phospholipin
protein which are lost evidently form a structural part of
the oytoplasm of the liver. Kosterlitz confirmed this
hypothesis by histologloal examination of the livers of

rats fed low-nitrogen dlets. Such an examination revealed
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a diminution in stalnable oytoplasm and mitochondria, and
an apparent vacuolization, due to increased glycogen. This
worker oconsiders the fzct that changes in diet are re-
flected in liver coytoplasm as more lmportant than simple
physical storage or the depletion of such stores would be,
since many of the enzymatic activities of the liver oell
ore assoclated with the cytoplassm.

The demonstration in the present study that the ocon-
centration of methionine in rat tissue, whether whole car-
casses, liver or muscle, does not change desplte dietary
changes, is further corroborative evidence of the lack of
any chemiocally distinot storage protein. It indicates that
the funotion of methionine i1s not the deposition of methio-
nine, as such, in the body, and that its value for the
animal, reflected in its effect in depressing the urinary
exoretion of nitrogen and in sparing body nitrogen, lies in
1ts ability to regulate certain body processes, whioh are
essentlal to the life of the animal.
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SUMMARY

In 1943, Marshall, in the Nutrition laboratory of
the Iowa State College, observed a depression in the uri-
nary exoretion of nitrogen of rats maintained on a nitro-
gen=low diet, following the incorporation of dried whole
eges in the ration. This depression, contraindlcated by
all concepts of a constant "endogenous" nitrogen metabo-
liem, was aocompanied by the sparing of body nitrogen ae
caloulated from nitrogen bslance data, and by an actual
galn in body welght during the period of supplementary egg
feeding. Clark (1945) investigated the mechanisms by which
the dehydrated eggs accomplished these benefioclsal results,
in an attempt to determine the role which egg proteins
Played in the normal nitrogen metabolism of the rat. &he
found that the most important function of egg proteins,
of those measured, was the building-up of the reserves of
plasma protein whioh had been lowered through the ingesation
of a nitrogen-low diet for 18 days. Regeneration of liver
protein evidently took place next, after demands for plasma
protein had been mt. There was no indication as to which
of the many constituents of dried whole eggs were responsible
for the observed effeots, nor as to a more precise explana=-

tion of the changes occurring within the body during
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protein-deprivation and protein-feeding.

The present study reports the identification of the
specifioc ooamponents of the dried eggs whioch were effective
in sparing body nitrogen, an evaluation of the relative
capaolty of each of these compounds with regard to body=-
sparing ability, and results of further investigation into
the mechanism of body-sparing action.

The standard nitrogen balance test was employed, groups
of albino rats being used as the test animals. The effect
on urinary nitrogen and on nitrogen balance of the addition
of certain nitrogesnous supplements to the basal low=nitro-
gen diet was studied, Two mnixtures of the essential amino
acids, ons complete and the other lacking only.methionine,
wers tested, as well as oystlne, choline, and each of the
ten essential amino acids individually. The response of
the rats to the feeding of graded levels of methionine and
of egg proteins on urinary exoretion and on nitrogen bal-
ance were also measured.

The distribution of nitrogen and methionine in the
bodies of the rats was determined. Animals maintained under
the conditions of the nitrogen balance test were the source
of material for these analyses of tissues. The whole car-
cass and hepatic and musecle tissues of animals fed a variety
of nitrogenous supplements during the last 11 days of the
nitrogen balance test were analyzed. The quantities of
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moisture and fat present in muscle and hepatic tissues were
also determined.

The feeding of a supplementary mixture of the ten essen-
tisl amino acids ocsused a depression in the urinary excre-
tion of nitrogen and a body-sparing effect essentislly the
gsame as that resulting from a simllar administration, to
partially depleted adult rats, of egg proteins (fed in an
amount supplying approximately the same quantity of nitro-
gen). The body nitrogen spared in each case was equal, when
converted to 1ts equivalent in body tissue, to the observed
welght galned by the two groups of animals in the second
metabollem period.

Methionine fed as the sole nitrogenous supplement to
a nitrogen~low diet induced a fall in the urinary exore-
tion of nitrogen in rats previously maintalned on a nitro-
gen-low ration, and spared body nitrogen equivalent to
approximately 5 gm. of tissue. Animals fed methionine
falled to gain welight, although they lost & gm. less than
they would have, had no mesthionine been offered.

In oontrast to the effeot of the complete amino acid
aixture, only two-thirds of the nitrogen of a mixture conm-
posed of all the essential amino aoclds except methionine
was retained, when fed to protein-depleted rats on a
nitrogen-low ration.

When each of the ten essential amino acids was fed
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separately to ten groups of animals subjected to the custom-
ary nitrogen balance test, methlonine, arginine, and histi-
dine ocaused a noticeasble depression in the urinary excre-
tion of nitrogen. In addition to these three amino acids,
leucine and lysine, also, spared some body tissue, although
they effeoted no change in the quantity of nitrogen exoreted
in the urine. Fhenylalanine appeared to stimulate the
breakdown of body tissue, as indicated by an inorease in
the negative nitrogen balance in the period of nitrogen
feeding. Some disturbance in metabolism was evident fol-
lowing the feeding of tryptophane, when a yellow pigment
was exoreted in the urine.

Egg proteins fed to groups of rats in amounts equiva-
lent to 1 to 4 per cent of the nitrogen-low ration consumed
during the first balance period csused identical depressions
in the urinary exoretion of nitrogen at eaoh level of in-
take, When egg proteins made up 5 per cent of the ration,
no depression ocourred, because the animals passed into
positive nitrogen balance, In contrast, the body nitrogen
spared inoreased with each inorease in the quantity of egg
proteins fed.

The magnitude of the depression in the exoretion of
urinary nitrogen decreased with inoreasing amounts of
methionine in the dliet. However, the same amount of body
nitrogen was spared at each level of feeding. The
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requirement of partially depleted rats for methionine
appeared to be less than 11 mg. per day. Glynn, Himsworth,
and Neuberger (1945) have reported that hypoproteinemla

in rats, ocorrelated under thelir specific experimental con-
ditions gnly with methionine defiolency, may be prevented
by 8 mg. of methionine per day.

The effsot of cystine and choline was similar to that
of methionine both in regard to the extent to which the
urinary exoretion of nitrogen was depressed, and the quan-
tity of body nitrogen spared.

The nitrogen content of the whole ocarcasses of rats
decreased from 8.38 gm. immediately prior to depletion to
6.41 gn., as the animals were maintained on a nitrogen-low
diet for 18 days. The body weight declined correspondingly.
Neither the administration of methionine as a supplement
to the nitrogen-low diet, nor the feeding of the nitrogen-
low diet alone, for an additional 11 days, had any further
effect on the nitrogen content of the whole carcass. On the
other hand, the addition of egg proteins to the dlet for the
last 11 days of the balance test brought the nitrogen con=-
tent of the whole carcass to 7.706 gm., a quantity exaotly
equal, when converted to its equivalent in body tissue, to
the observed gailn in body weight during this perliod. The per
cent of nitrogen in all ocarcasses was the same, 2.6 per cent.

The total methionine oonteﬁt of the whole ocarcass fell
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during the first 18 days of nitrogen-low feeding, but re-
mained constant thereafter, no matter whether the nitrogen-
low diet was fed, or that diet fortified with methionine.
Bgg proteins fed during the last 11 days of the balance
period caused an increase in the total methionine corre-
sponding to the increase in total nitrogen and in body
weight, Nonethelsss, the per cent of msethionine nitrogen
to total nitrogen in the carcasses of all groups analyzed
remained constant,

The fat content of musole tissue was oconstant desplite
dletary changes. Hepatioc tissue reflected the dletary laok
of nitrogen by a rise in the ooncentration of fat, a con-
dltion not corrected by the feeding of supplementary egg
proteins, choline, or a mixture of the ten essential amino
aclds. It responded to supplementary methionine and cystine
by a marked inorease in fat content.

The livers of animals fed a nitrogen-low dlet for 29
days contained less nitrogen than did the same organ re-
moved from animals supplemented in the last 1l days of the
nitrogen balance test with methionine. The ooncentration
of methlionine in the livers of the unsupplemented group
was oorrespondingly lower, so that the ratio of methionine
nitrogen to total nitrogen was the same for both groups,

3.0 per oent,
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The ooncentration of methionine per granm of dry, fat-
free muscle was constant, whatever dietary modification

ru' imposed,
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CONCLUSIONS

Thus, it seems that the effects of egg proteins may
be ascribed to thelr content of essential arino acids., Of
these, methionine 18 the most powerful in sparing body
protein; arginine, histidine, leuocine, and lysine are only
slightly less so. No single amino acid, however, can be
very important quantitatively in sparing body tissue in
the partially depleted animal, in view of the complex de-
mands of the body for the synthesis of 1ts struoctural and
funotional components. Egg proteins and a mixture of the
essential amino sclds are mach more effective in this re-
spect, as indlocated by the quantities of body nitrogen
spared and by the observed gains in weight.

Determination of the effect of administration of
graded doses of both egg proteins and of orystalline methiw
onine indicates that only at about the 1 per cent level
might the body-sparing action of egg prroteins be sald to
be due to their methionine content. Above that, other
amino aclids are present in suffioclently large amounts to
make their effeot felt, and inoreasing quantities of body
tissue are spared.

Analyses of whole carcass, liver, and musole of adult

rats indicate that the effeot of methionine on nitrogen
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metabolism does not represent the over-all ploturs of nitro-
gen metabolisma, wherein amino acids in the metabolic pool,
arising from food and tissue sources, are used in the main-
tenance of body tissue, and in the synthesis of funotional
protein and of nitrogenocus and non-nitrogenous metabolites.
The laok of gain in body welght and the relatively small
inorement in lablle reserves in the liver when methionine
1s fed to the depleted animal, suggest that methionine does
not aoct in the maintenance of body tissues. The powerful
effect of methionine, and of arginine, histidine, lsucine,
and lysine, in deoreasing the losses of nitrogen in the
urine of animals maintained on a low-nitrogen diet is
evidence that the body does raid its tissues for speoifioc
metabolites for the synthesis of specific funotional sub-

stunces.
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TABLE 1

Nitrogen recovered from cages sprinkled with aliquots of
standard ammonium sulfate solution

Cage Total Theoretiocal quantity | Regovery of
e
g ng. per gent

1l 3698.3 370.3 89.7
370.3 100.0

369.3 99.7

2 371.0 370.3 100.2
370.6 100.1

370.6 100.1

3 368.6 370.3 99.6
368.3 99.4

368.3 99.4

Average 99.8
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TABLE 2

Concentration of nitrogen in 25 ml. of a standard creatinine
solution (13.49 mg. per cent NH)

0.1N HC1 Nitrogen Theoretical Rescovery
neutrallzed in 25 ml. quantity of of
aliquot nitrogen nitrogen
ml. Bg. Bg. par oent
16,61 23.26 23.26 100.00
16.60 23.24 99.96
16.61 23.26 100.00
18.62 23.27 100.09
16,61 23.25 100.00
16.60 23.24 99,96
16.60 23.24 99,98
16.60 23.24 ' 99,96
16.60 23.24 | 99.96
Average 99,98
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TABLE 3

Methionine content of eggs determined after varying
intervals of autoolaving

“Temperature | FPressure Time Methlonine
oc. ib. hr. per cent

126 17 4.76
4.9
4.86
4.94
4.90

@® NV & o »
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TABLE 4
Sample csloulations, methionine content of proteins
A = ml. Oc1 N sodium thiosulfate required for water

blank

B s ml, 0.1 N sodium thlosulfate required for
methionine standard

C @ ml. 0.1 N sodium thiosulfate required for unknown
B'e A - B, corrected titer of methionine standard
C's A - C, corrected titer of unknown

F = mg. methlonine 1in standard/a'

Mg. methionine in protein sample = C' x F
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TABLE 5
Factor showing the methionine equivalent of 1,00 ml. of

standard sodium thiosulfate solution, as determined at
different times

Date l Factor

February 11, 1948 8.066
February 13 8.065
March 26 8.056
March 30 8.055

May 10 8.066




TABLE 6

Standardization of godium thiosulfate

Potassium Aliquot of Quantity of Normality of
iodate potassium thiosulfate sodium
lodate used 1in thiosulfate
tltration
ml. al.
Solution I 50.00 61.46
Jan. 18 6l.44
61.44
51l.44 0.09720
Solution I 60.00 51.46
April 10 51.47
61.56 0.09716
Solution II 50.00 6l.42
April 10 bl.42
51.41 0.09724
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TABLE 7

Composition of oxidizing mixtures tested

in the estimation of methionine

Mamber

® 9 o o0 » O N M

Hydrogen

F

O O O O O S S S

Perchlorio

Ri.
40
48
66
64
w2
80
88
96

Final
mL.
125
150
176

226
250
276
300
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TABLE 8

Oxidation of cystine and tryptophane
by hydrogen peroxide

g}:ﬁtﬁ:‘g Sodlum thiosulfate used
Bl ank Cyetine* Tryptophane**
ml, al. ml.
1 11.27 10.17 11.27
2 10.20 10.20 10.20
3 .18 9.18 .18
4 8.07 8.06 8.07
5 7.16 7.10 7.16
8 8.43 8.36 6.43
? 5.80 5.71 5.79
8 6.39 5.29 5.38

*3So0lution contained 10.03 mg. oystine.
#*5p0lution contained 10.02 mg. tryptophane.
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TABLE 9

Oxidation of cystine, methionine, and tryptophane
by oxidizing mixture 3

L

Sample¥ Sodium |Blank | Total concen-
thio=- titere— | tration of
sulfate |unknown | standard

ﬂo g.o RBie

Blank 9.18

2 ml. methionine

standard 7.93 1.25 10.07

4 ml, methionine

standard 6. €8 2.80 20. 14

2 ml. oystine

standard 9.18 0 10,03

2 ml. tryptophane

standard 2.18 0 10.03

2 ml. methionlne st,

+ 2 ml. oystine set. 7.93 1.26

2 ml. methionine st,

+ 2 ml. tryptophane st. | 7.93 1.26

2 ml., methionine st.,

2 ml. oyetine st.,

+ 2 ml. tryptophane st. | 7.93 1.26

“¥Total volume = 17 ml.
F » 10,0688 o 8,066
1.28

Recovery based on internal standard

Theoretical amount of methionine present = 20.1378

Per cent recovery = 100,00
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TABLE 10

Methionine content of spray-dried whole eggs
calculated to 16.0 per cent N

Date Methionine
Rer gent
Degember 7, 1948 4,98
Decenber 11, 1946 4,88
January 1, 1946 5.04
May 10, 1946 4.88
Averags 4.94
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TABLE 11

Recovery of orystalline methionine after its addition to
a fixed quantity of egg proteins

Methionine
in egg

~2xotolng.
ng.

33.74
33.47
33.79
33.91

Quantity of
methionine

M—-———-—
Bg.

80.34
50.34
50.34
80.34

otal
methionine

Ldeteralned.
AR.

83.44
82.98
84.16
83.99

Crystalline
methionine

LLesoyored.
BE.

49.70
49,51
560,37
50.08

Reocovery
of

L.agkhioning
Rer gent

98.93
988.36
100,086
99.48

Av. 99.21
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TABLE 12

Hethionine content of eggs, as reported by various
investigators

Investigator Methionine
Rper gent

Baernstein (1936) 4.49 - 5.07

Block and Bolling (1945) 4.9

Lavine (1943) 4.58

Brush (present study) 4,94
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TABLE 13

Data relating to the nitrogen metabelism of 4
of nitrogen during the period of n

Supplement | RS . Nitrogen-low period
~ (Body  Body  Urimary Togen

weight nrnu nitrogen nitrogen nitrogen balance balsnce bala
per per 100 per por )

=140

=140

-148

-139

=126

=154

27

291 -131
Threonine 39055 | an 36 an 86 6h =33 =123 -9
s | 2 3 233 100 ') -718 =13 - N
3940 | 29 s 266 bV | 8k =340 =153 =10’
J3907% | 293 n 41 8 64 =370 =126 - 9t
3907 | 308 390 291 9 Th =383 =124 - 9
Valine 39068 | w7 419 s 110 9 -8 =149 -12
39339 | 23 33 X7 109 a3 =341 «~160 «10¢
Histidine 38 | an 3464 322 118 as =409 =149 =112
9204 | a9 380 284, :z 7 -389 «132 =10z
39068 | 276 345 238 . 65 342 «124 -
39075 | a8 367 2) 80 61 -328 =18 - 8¢
39378 | 39 335 297 12 89 =312 =153 =11)
39364 | 266 337 279 105 78 -399 =150 =11
Tryptophane 39011 | 31 385 97 99 7 =389 =129 =10}
38945 | 287 37 23 92 7 ~317 -110 - 8
39483 | 23%9 352 ag 108 80 =364 -0 «10
39176 | 264 38 - 239 103 73 314 =136 - §¢
39332 | 24k 339 a7 14 a2 =397 =163 -117
9617 | 259 352 257 99 73 =360 =139 =104

Continued ox. next p






TABLE 13

jen metaboliem of individual rats fed various sources
ing the period of nitrogen supplementation

) Period of nitrogen supplesentation

ren_ Hiorogen Nitrogen | Body  Body Urioary Urinary UTinary HRitrogen Ritrogen Kltrogw

' balancs balance | weight mfm nitrogen nitrogen nitrogen balance balanse Dbalance

per per 100 per pr 100 pw por 100
2. Bg. B 5q.0m. A . Bg. = . 5.
=160 =115 2 326 188 2 -22) -97 ~68
=140 -107 261 353 203 78 58 -254 -7 -T2
=148 =109 233 3 187 80 56 =2h6 -105 ~Th
«160 =116 2% 328 AL 105 (L -289 =126 -88
:‘1-2’2 «101 a7 k3 190 80 57 =242 «-102 -T2
-9 20, 339 19% 80 57 -232 -9 -68
154 , =106 Wb 305 29 108 72 «267 «131 -88
=132 -9 240 3% 203 83 60 =200 =100 -
-Jlgz =108 195 297 204 105 69 -238 =122 =80
=104 aés 339 aé 8l 60 =304 =113 -85
=123 - 92 256 359 %6 9% 70 -0 =121 -89

=136 - 9% a7 né 253 112 m 312 =1hk

«-13% 107 192 294 ha 225 47 “h53 -237 =155
=126 -9 27 a7 99 3 «135 =102
=125 - 96 293 b Yy 283 97 )] =348 =122 - 92
=149 =12l k30 408 361 109 a8 47 <143 =116
=160 =109 196 298 26 14 76 -8 «157 =103
=149 -112 256 A9 253 99 73 =30 =129 - 95
=132 «102 2% 333 a7 7] 65 -113 - 80
-124 - 37 35 252 98 ' ZI «303 =119 - 87
-118 - 89 263 355 223 83 3 -3 =119 - 88
~-135 =111 22}, 2 225 101 n -276 «-123 - 86
=130 =112 251 35 22 96 70 =300 =120 - 87
-129 =101 282 370 05 108 82 -~383 -136 «104
=110 - 85 263 357 282 106 9 =333 «126 - 93
=140 =104 37 334 07 130 92 - =152 -108
=136 - 96 42 n2 22 105 72 27 -128 - 87
- =163 =117 229 327 231 101 7 =290 -127 - 89
«139 =102 41 K3/ 282 17 8, =333 =138 - 99

Continued or. next page
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TABLE 13 (oont

Suppleaent

Phenylalanine

Leuoine

Isoleusine

Cystine

Rat

3929

——————— -

Nitrogen-low period

Body Body  Urinary Urinary Urinary Nitrogen Hitrogen Nit
weight msurface nitrogen nitrogen nitrogen balance balanes bal
ares per 100 per 100 per per

8q. Clie 100 8Ge

2. 3g.08, Bfe ng. . e e L]
284 3R 283 100 76 =374 ~132 -]
29 . 196 86 60 -279 =122 -
a 400 326 102 82 -hi8 <10 -]
281 M2 288 100 n -391 -138 -)
250 344 an 111 80 =391 -156 -]
243 339 230 95 68 =342 =141 -]
278 367 286 103 8 ) =149 =)
227 3235 2k 105 (¢ =336 =148 -]
278 367 293 105 80 -406 =146 -]
232 329 243 105 Th 342 =147 =]
273 363 266 k4 73 -383 «140 -]
198 299 223 13 Th =308 «156 «)
256 349 255 99 £ -338 =132 -
260 353 302 16 86 -h43 =170 -]
230 328 X9 134 9% «h20 -183 =]
214 nL 253 114 T =320 =154 -)
25 /1 8 288 117 8 -378 <154 -]
Qs k)N 280 n9 9 =392 -208 -]
20 6 322 bOL 1 86 «432 =149 -]
221 m 257 122 83 -8 =165 -]
238 34 255 107 7% -332 =139 -
288 375 255 89 78 =327 =114 -
273 363 288 105 79 -362 =133 -]
a7 363 21 10 ™ -378 =138 =]
226 32i, 245 108 76 =347 «154 -]
23 322 241 108 ™ -284 =127 -
263 357 272 103 76 =3h4 =130 -
245 340 246 100 72 =331 =135 -
252 346 2n 108 78 =392 =156 =]
235 332 262 12 79 =329 <140 -

Continued on next






TABLR 13 (continued)

Period of nitrogen supplementation
en Witrogen Nitrogen | Body Body  Urimary Urinary Urimary Witrogen Nitrogen Nitroge:
e Dbalancs balance weight surface nitrogen nitrogen nitrogen balame balance balance
per per 100 arsa per per 100 per per 100
100 8Ge OB 100 o G, 100 8g. CR.
BEe R e 3q.om, . . B B e . mge.
=132 -100 264, 356 280 106 A -412 -156 -116
«122 . - 85 205 306 240 117 78 =376 -183 -123
=10 =112 299 -1 06 102 80 =508 =170 =132
-138 =105 263 355 293 m 8 -460 =157 -130
~1%6 =113 230 328 265 15 a -hlh =180 -126
=141 =100 25 32 27 101 70 -352 -157 «~109
«149 =113 281 5k 2R 104 ™ =3 =31h3 =106
=103 06 X7 2 12 (4] =28} -1 - 93
146 =111 262 354 263 100 ¥ =335 -128 -9
=157 =104 a7 né as 99 68 -212 =125 - 86
«140 «106 a52 346 263 105 76 =311 =123 - 9%
-156 =103 19 282 2 U 93 -229 =128 - 81
=132 -9 273 363 253 96 72 -310 =114 - 85
«170 =125 2 A P 117 8k -322 =134 - 96
-183 -128 208 08 275 132 89 «=3hl, =165 =112
=184 «-103 197 299 229 118 ™ -258 =131 - 86
334 =111 22 3a 24 19 82 -308 -139 - 9
-208 =1A2 200 30 268 13, 89 =10 =155 «103
=149 =113 268 359 300 112 8k =380 =142 «106
145 112 193 35 25 130 85 -8 -16% «~108
=139 -9 221, 322 X 18 103 72 -26 -128 - 89
«11} - 87 266 357 @ 85 107 80 =365 -128 =102
=133 =100 255 U8 286 112 a «346 -136 -9
-138 =104 253 w7 219 110 80 -357 =141 ~103
=15k =107 40 o 227 lo8 73 =281 =13k - 91
-127 - 88 20 0 184 a8 59 247 -118 - 80
=130 - 9% 2hh 339 193 79 37 ~336 =138 - 99
=133 - 23 328 194 8k 59 Y] =106 - 75
=156 =113 230 328 193 84 59 =232 -101 -7
=140 -9 a9 s 192 88 -3 -9 - 67

ontinusd on next page
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TABLE 13 (cont:

Supplement Rat . Ritrogen-low period
nusber [Body  Body Urirary Urinery Urinary Nitrogem Hitrogen Hit
weight surface nitrogen nitrogen nitrogen balance balance bal
area per per 100 per per
100 0 8Q. CA, 100 Q.
£  gg.cm. 22, 2g. ag. g BR. L
Choline 39583 | 234 kx) % 28 106 il ~386 -155 -]
39679 | am - ggz 28 117 8 =422 «-175 -1
ACOAR | 205 %7 120 a1 <k 56 22 . =]
39863 | as 248 253 100 73 -371 =146 -]
9T | 229 327 2358 13 ™ =371 =162 -l
Dried whole 39050 s 420 297 85 7 =h11 -118 -
oge 39063 287 N 307 107 82 =416 -155 -1
(3.5 per cent) | 39486 | 220 9 232 106 7 -326 -148 v
39049 | 2% né 23 91 7 «381 =121 =X
N-low 39046 23 403 250 m 62 37 -116 -
IN6L | 246 m 243 99 gt =352 -143 -1
39376 | 233 330 A2 104 V5 -6 -136 -
9472 | 263 355 284, 108 80 =426 -162 -1
39308 | 29 n 19 95 Th =356 -122 -
10 essential 38317 | aus 340 325 132 95 =416 -170 -1
anino aoids 38057 | 206 307 n9 155 104 =409 -153 -1
38058 | N7 397 362 114 91 <450 -1A2 -1
38238 | 196 298 325 166 109 =385 -196 -
38387 | 237 3, %48 13 98 =304 -145 -1
10 essential |40098 | 236 33 249 106 75
anino asids #0095 A3 339 27% 113 a
xinus hOO88 | 251 345 A3 125 9
msthionine A231 | 291 m 363 125 9%
AOLBO | 254 s 278 109 80
M7 | 287 37 367 128 98
Dried whole 38256 | 48 A3 a8s 15 8 -0 =165 -1z
owgge 38260 | 243 339 304k 125 90 ~h09 -168 ~12
lpercent |38339 | 252 346 279 m a1 -385 -153 -11
38300 | 277 366 3a 146 as ~h55 16k -12

Continued on rext






TABLE 13 (contimad)

Period of nitrogen supplementation
in_Nitrogen Nitrogen | Body Body  UrAmry Urinary Urinary Nitrogen Nitrogen Nitrogen
» balance balamse weigit surface nitrogen nitrogen nitrogen balance balance balance
pewr per 100 area per per 100 per per 100
' 100 ERe
B L O 2. 8q.em. . . x. x. 2. =.
=155 =117 220 a9 204 93 & -279 =127 -88
=175 =125 22 2 243 109 76 «291 «131 91
<222 |15y =1A9 189 291 22 17 Zg -61 -138 =90
146 =107 38 334 a7 95 -285 =120 -85
=162 =113 aAh RV T 209 98 67 -263 =123 -84
-118 -98 343 K16 184 5h b 132 +38 +32
-1A5 -111 a2 o 256 91 69 + 38 +13 +10
-148 -102 20 a9 202 92 63 + 28 +13 +9
-121 -101 289 3% Db n Sh <212 +3 +30
-116 -% 02 386 253 & 66 ~350 -116 =91
-1A3 -10% 26 325 a0 106 ™ «33h ~-1h8 -103
-136 -96 2 a 28 103 7 -287 =136 -92
-163 -120 250 3hi 23 92 67 «3hL -136 -99
-122 -9 280 369 Fy [ 9e 7 ~357 -128 -97
=170 . -122 axn 329 209 133 o) + 38 +17 +12
-1y8 -133 197 299 250 127 8h +17 +9 +6
-142 -113 303 386 386 101 100 * 8 +18 +1)
=196 -129 184 287 25 PO LY 7n * 45 +2 +16
2 VY] -103 229 329 287 125 87 * 2, +11 *7
218 a7 *330, 133 105
a2 323 31 167 17
230 328 h52 196 138
254 356 L72 179 © 133
230 328 176 124
25 39 182 133
-16% -120 234 3 A2 90 &k ~-219 -9 -66
-148 -121 228 326 201 88 62 ~-229 -100 =70
=153 -1l 241 n 208 86 62 ~200 ~83 -59
264 -12h 262 354 23 92 68 ~a37 -9 -67

Continued on next page
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TARLE 13 (continue

nusber [ Body  Body Urinary Urinary Uripary Nitrogen HNitrogen Hitm
weight surface nitrogen nitrogen nitrogen balanse Dbalance balm
Driad whole
eggs :
2 per cont 38336 | 27 315 A2 107 h -333 =147 ~10:
38337 | 2m 17 300 12, 89 =407 ~169 ~12]
38348 | 283 323 335 1us 90 -h7 -166 -12
3839 | 211 2 358 132 99 -491 -181 -1
3 peroent | 38234 | 29 L4 302 12 es -8 ~168 ~-12;
38287 | 236 333 294 12, a8 ~hh2 =187 ~-13
38285 241 kx4 273 13 al -388 -6 -1l
38256 | 23 333 307 1% 92 ~h57 ~19% =13
b per comt 38160 | 282 3 219 99 't -383 =136 =10
38216 | 181 284 253 10 89 =353 -195 —12i
38215 | 283 n N9 n3 86 ~&70 ~166 -12
S per cent 38188 kX /4 3% 287 121 89 ~AOL -~169 ~12)
38295 238 33k 246 103 Th -1 -159 =11
38296 | 20 387 39 12 &s ~h52 -149 -1
38304 | 263 s 296 113 & =417 -158 -1
Methionine
1lag ¥ h0155 250 bk 368 147 107 =499 =200 -1}
40160 | 290 376 365 " =48/, =167 - 12
AO111 | 265 57 322 122 90 ~4T7 «180 -~ 13
L0241 | 249 Y Y 291 lli-z 85 =il =166 - 12
40232 | 257 350 32, 92 -h35 =169 ~12i
238, 8 KsL | 236 33 281 19 8l -378 =160 -1l
40135 254 348 336 132 9 =451 -178 -1
M0 | 272 362 302 nl a3 =28 =157 -1
40218 | 251 kLY ) 337 13, =420 =157 =12
40206 | an 362 ul 126 9% =458 -169 -12
LO1BL | 244 339 397 163 117 =490 =201 =14

Continued on next






TABIR 13 (continued)

Period of nitrogen supplementation

en Hitrogen Kitrogen | Body  Body Urinary Urlnary Urinary Nitrogen Ritrogem Nitroger

s balance Dbalance welg sarfase nitrogen nitrogen nitrogen bdalanca balanse balance

per per 100 area per per 100 per per 100
BRe Bl LRe 8q.on. . . . . " Q) BR.
=147 -102 209 309 19 Nn 62 -98 ~-h7 -32
~-149 -1 230 328 197 86 60 -116 -50 ~-35
-166 - Y 4¢3 362 2% a8 66 -118 —-h) =33
-181 -136 257 350 319 125 a -209 -8l -60
~148 -122 7N 337 232 96 69 ~h8 -0 -4
-187 -133 229 27 a7 95 66 =54 ~2h -16
=161 -15 23 Ex)) 202 86 6 ~lh -19 -13
-194 -137 228 326 212 93 65 -3 =14 ~-10
~136 =103 27h %4 as 80 60 +*58 20 *156
~195 =124 172 275 22 123 ' -2 «30 ~18
-166 -127 280 254 9N 69 *6 416 +12
-169 -124 228 326 288 126 as -21 -9 -6
-159 =111 238 334 243 102 (£ 127 *33 +*38
=149 -117 29 3a 290 98 76 *93 *l *2,
-158 -118 262 354 n 129 95 "2 +3) *23
«200 -1h5 236 333 9 93 &6 =302 -128 -9
«167 -129 270 361 25 83 62 =335 =124 -93
~180 =134 250 207 a3 60 - =120 -87
=166 ~120 229 367 181 i) 53 -2%9 =113 =79
«169 =124 23 339 8 Th 53 «-270 ~111 ~80
«-160 -4 220 39 172 78 S «223 =101 -T70
=178 =120 238 334 206 86 62 -206 - 86 -62
«-157 -118 252 346 2 85 62 -292 =116 -84
=167 -122 239 33 241 101 72 «303 =127 -9
=169 =126 254 s 221 87 =299 =118 ~86
-201 =Ly 32 R 231 100 70 -293 ~127 -%0

Jontinued on next page
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TABLE 13 (cont frued)

Supplexent Rat Nitrogen-low period
nmber [ Body  Body Urinary Urinary Urinary Nitrogem Nitrogen Nitrog
weight surface nitrogen nitrogen nitrogen balance balance balane
area per pesr’ 100 ;ar per 10
100 gme g, om, 00 go. 89 om
B 39.c8, BEe Bg. 28 L. L O Rg.

Methionine .

3ng X 38236 259 352 263 102 75 =37 1Ak ~106
38168 221 320 230 104 72 =349 -167 -115
3855 | 173 276 264 153 96 -379 ~219 -137
38159 200 0 228 PR YN 76 =333 =166 -1
3957 | 18s as8? 199 108 69 -3 ~163 -10%
37958 242 s 228 9% 68 =329 =136 - 97
h g B L0034 3a 385 367 122 95 =519 =172 =135
40009 28 343 276 11 80 =402 -162 -117
40162 295 380 3,0 115 89 =460 ~156 121
40233 81l 372 368 130 99 «h87 -171 -131
K177 237 333 309 130 93 -401 =149 -120
8mg. N 40142 275 365 s 116 87 «i78 =17k =131
40159 247 32 322 130 9% «h29 =17k -126
AOLL3 | 266 357 364 137 102 =483 182 -135
40108 23 339 280 115 83 «397 =163 -117
40116 280 352 02 16 86 =420 «162 -119
40176 272 362 s 16 87 437 141 -121
16 mg. ¥ 40150 | 276 365 s bR TA 86 =466 =169 -128
50133 278 367 298 107 a =436 =157 -119
AQ0%0 257 350 364 142 104 =508 =198 =145
40188 255 8 366 p VAN 103 =505 -198 =145
K209 82 37 A9 13 86 -85 -172 -121







LE 13 (oontinued)

Period of nitrogen sapplementation
n_ Nitrogen Nitrogen | Body  Body Urinary Urimary Urimary Nitrogen Nitrogen Ritrogen

'  balance balange weight surface nitrogen nitrogen nitrogen balance balanoe balance

peor per 100 area per per 100 per per 100

100 T UKL 100 gm. 8q. om. 100 gm. _eq. om.
L Bg. B.  $q.0%. L L C =x. g . 2g.
=Ly -106 Al 337 184 76 55 277 -115 -82
167 -115 209 309 1hh 69 46 =213 =102 -69
=219 -137 156 260 159 102 61 -7 -13% -84
-166 -1l 175 278 134 76 A8 -187 =107 -67
«163 -10% 168 271 123 73 A5 ~176 =105 -65
=136 - 97 22 3a 1K7 66 46 =188 - 85 =59
-172 -13% 279 368 255 91 69 «335 =120 -5l
-162 =117 217 325 196 8b 60 =22/, - 99 ~-69
~156 =121 268 359 266 99 7h =34l -127 -95
-171 -1 257 350 246 96 70 -~330 =128 -9
«169 -120 209 309 264, 126 85 =30 =148 -100
=17 -13 37 350 241 9% 69 «342 =133 -98
«L7h =126 229 327 233 102 7 -257 =112 =79
=182 -133 237 333 267 113 80 ~281 =118 -84
«163 <117 230 328 2% 103 Zg =272 =118 -83
~162 ~-119 24,0 33 29 93 -2 -100 =72
=141 -121 253 k1Y) 259 102 75 «31h =124 -9
=149 -128 259 352 291 112 8 -288 -1 -82
~157 -119 259 352 254 98 72 -233 91 -67
-198 =145 233 330 297 127 90 -259 -87 ~78
-198 ~143 238 33 - 2% 105 75 -23k -98 =70
=172 -1 262 354 i 19 88 315 =120 -89
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TABLE 14

¥eights, methlonine content, and total nitrogen content

of the whole ocarcasses of individual rats fed the stock

colony dlet, and of ones fed the low-nitrogen dlet alone
or with nitrogenous supplements

Supplement Rat Body Total Total
number [ weight |nltrogen [methionine

el me e

Stock colony 40182 317 8856 186

401566 360 8260 196

40160 310 8038 164

N-low, 18 days | 40111 288 7557 141

40241 240 5897 129

40232 232 6783 126

Ne-low, 29 days | 40150 246 6208 137

40136 298 8319 154

40110 204 6467 104

Egg 40218 236 7445 136

40206 284 6818 1852

40181 346 6980 190

Methionine 40153 224 6793 141

l mg. N 40134 238 6992 183

40099 238 6222 139

2 mge N 40162 219 5337 107

40233 210 8269 127

40177 248 7167 136

4 ng, N 40142 234 5477 128

40159 226 6774 114

40143 244 6317 116

16 mg. N 40108 212 8670 138

40118 236 6499 143

40176 226 8962 143
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TABLE 15
Moisture and fat content of hepatic and muiscle tissue of

animals fed the stock oolony dlet, and of ones fed the
nitrogen-low diet alone, and with nitrogenous supplements

Supplements Rat

number Liver Muscle
Molsture Fat Moisture Fat
F 4 2oL 2 Zef
ary wt. ary =t
8tock colony 39380 71.1 16.1 76.4 8.7
39346 72.1 156.3 75,6 7.1
39200 70.8 16.8 75.%7 6.7
N-low 39480 70.9 22.4 78.1 6.1
18 days 30496 71,2 24,2 75.7 8.3
39162 7018  26.3 76.2 6.2
N=low 39406 70.4 18.7 76.0 9.8
29 days 39461 7042 21.5 75.6 10.1
39376 72 20.4 76.7 7.9
Egg 40164 7.5 23.6 76.0 6.4
40141 70.7 24,0 75.7 6.7
40207 71.5 23.8 75.56 6.2
40087 7.3 23.8 76.0 7.9
40230 1.3 21.6 75.2 10.8
40185 7.1 23,7 75.9 7.0
Mathionine
1l mg. N 40170 69.7 29.3 76.2 9.4
40198 71.0 28.6 76.1 9.5
400956 72.7 18.5 76.6 7.4
2 mg. N 40088 70.9 24,3 76.2 6.5
40231 70.7 ©  30.1 76.56 8.0
40180 70.1 30.1 76.8 7.7
4 ng. N 40171 68,7 31.6 75.7 8.3
40133 70.9 29,2 75.7 8.8
40090 68.8 34.9 75.7 8.9
8 mg. N 40188 70.3 27.5 76.6 7.9
401656 70.4 30.4 75,3 9.2
40219 70.8 29.6 L e -

Continued on next page
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TABLE 15 (continued)

“Supplements

Methionine
16 ng. N

Cyetlne~

Choline

Mixture of
10 essential
amino acids

Rat
number

40149
40132
40089

30473
39488

39677
39583
39679

38317
38057
368058

Livo:

70.7
73.1
6843

68.56
68.7

7.6
7.7
72.

72.6
733
.7

Hoisature

24.1
22.5
368.0

30,9
£9.7

22,6
23.0
17.4

23.6
22.5
2.9

75.5
76.3
76.2

76.8
75.9

75,4
75,7
76,1

75.8
76.6
76.5

9.4
7.2
6.8

7.9
9.4

8.5
8.9
10.5

9.6
8.5
8.0
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TOTAL 18

Weight, methionine content, and total nitrogen content of
livers of rats fed a nitrogen~low diet, alone and with
supplementary methlionine

Diet Rat Total wt. | Methionine | Total nitrogen
number | of fresh | in fresh in fresh

—-—.——a——a—lﬂ!g;—.ﬁ-lw——

R-low 40761 6.2079 38.9 116, 6
40757 6.4797 42,0 123.4
40769 6. 5047 37.9 132.8
40760 6.4417 45,2 135.9
N-low plus| 40765 7.8446 54.4 182.2
methionine | 40767 68,6487 44.6 146.8
40784 6.4927 39.3 128,9
40786 7.3293 68.8 181,.2

40788 8. 5071 43.3 132.3
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TABLE 17

Methionine content of mascle of individual rats fed the
stock oolony dlet, and of ones fed the nitrogen-low dilet
alone and with nitrogenous supplements

“Supplement Rat Methionine per gm.
~lARer -

BE.
Stoock colony 39380 37.8
39346 34.8
39200 40.7
N-low, 18 days 39480 36.8
39495 38.1
39162 36,8
N-low, 20 days 35406 36,9
39461 36.3
39376 37.2
Egg 40164 34.7
40141 4.2

Nethionine
lng. N 40170 36.9
40198 36.8
40095 41.4
2 mg. N 40088 373
40231 36.3
40180 34.0
4 ng. N 40170 4.2
40133 33.1
40090 40.6
40165 36.3
16 mg. N 40149 45,9
40132 36.1
40089 33.0
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