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I. INTRODUCTION 
The unique functions in the animal body served by the amino acids 

resulting from protein digestion are all anabolic in character. They 
relate to the replacement of essential tissue constituents that have been 
degraded in catabolic reactions, or to the formation of new tissue con-
stituents in growth. In the rapidly growing animal, the latter functions 
dominate the body's requirements for amino acids. In the mature ani-
mal, the replacement functions may dominate the amino acid require-

11 
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ments, but the growth functions still persist, since some tissues continue 
to grow throughout life (Mitchell, 1949). Among adult animals of dif-
ferent species, the relative importance of the growth functions in deter-
mining amino acid requirements will depend mainly on the rate of 
growth of the epidermal structures, such as hair, nails, and claws. 

The different types of anabolic reactions occurring in the growing 
and in the adult organism with reference to the disposal of dietary amino 
acids lead inevitably to the conclusion that the amino acid requirements 
of infancy and adolescence, on the one hand, and of maturity, on the 
other hand, are different either in the assortment of amino acids that are 
required preformed in the diet, or in the relative amounts that are 
needed, or both. Species differences in amino acid requirements during 
growth would be expected not so much on the basis of differences in the 
nature of the anabolic reactions, as on the basis of differences in the rate 
of growth of new tissue in comparison with the weight of tissue to be 
maintained, that is, the percentage rate of growth. The higher the per-
centage growth rate, the greater the extent to which the growth of new 
tissue dominates the total amino acid requirements. The rat, growing 
at a rate of 3% (or more) of its body weight daily, would need amino 
acids more in proportion to the needs for the formation of new tissues; 
the amino acid requirements of the human child growing at a rate of 
some 0.03% of its body weight daily would be dominated more by the 
needs for amino acids to replace endogenous losses. In the former case, 
the daily requirement of protein, following the point of inflection in 
the growth curve, would be expected to decrease in absolute amount, as 
the daily growth increments decrease. In the latter case, the amount 
of protein required per day may be expected to increase as the body 
weight increases, but at a slower rate. 

The amino acids needed for growth are needed mainly for the syn-
thesis of the protein molecules entering into the structure of protoplasm. 
For this function the presence in the tissues of all of the amino acids 
that the body cannot manufacture itself from dietary constituents is 
required, simultaneously or nearly so. The absence of any one will block 
the synthetic processes. The amino acids needed for maintenance are 
needed mainly for the formation of creatine, carnosine, glutathione, 
ergothionine, thyroxine, adrenaline, and other nitrogenous tissue con-
stituents or tissue products destroyed in metabolism. For these replace-
ment functions the assortment of amino acids needed is simple and will 
vary from one type of synthetic reaction to the other. The absence from 
the diet of any one essential amino acid will block one or more of these 
anabolic reactions but not all. Hence, a dietary protein like gelatin or 
zein, entirely deficient in one or more of the amino acids that the body 
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cannot manufacture itself, may be partially utilized in maintenance, as 
McCollum and Steenbock (1912) showed many years ago in metabolism 
experiments on growing pigs. For growth, gelatin possesses a biological 
value of zero, since no growth will occur with gelatin as the sole source 
of amino acids. But for maintenance, it possesses a biological value of 
about 25 (Arnold and Schad, 1952; Block and Mitchell, 1946; Rhode 
et al., 1949), indicating that many of the replacement reactions of main-
tenance do not need the amino acid entirely lacking from the gelatin 
molecule, i.e., tryptophan. Maintenance will also involve some protein 
synthesis for the growth of epidermal structures, for the replacement 
of red blood cells destroyed during metabolism, and probably for many 
other purposes, although the net aggregate in terms of nitrogen may not 
be large in proportion to the total replacement aggregate. 

An important recent development in amino acid nutrition is the dem-
onstration that the nonessential amino acids can be synthesized in the 
body of the monogastric animal from glutamic acid and the unnatural 
forms of the essential amino acids (Anderson and Nässet, 1948), from 
ammonium citrate (Lardy and Feldott, 1949), and from glycine and 
urea (Rose et al., 1949). The ad libitum feeding technique employed 
in the latter two reports detracts to some extent from the conclusiveness 
which the interpretation of the nitrogen-balance data might otherwise 
possess. The utilization of ammonia for amino acid synthesis (Ritten-
berg et al., 1939; Schoenheimer et al., 1939; Sprinson and Rittenberg, 
1949a,b), but not that of urea (Bloch, 1946 and Bloch et al, 1941), has 
been confirmed by the use of appropriate dietary supplements labeled 
with the N15 isotope. A later report by Rose and Dekker (1956) pre-
sented evidence that ". . . the nitrogen of urea can be utilized for the 
synthesis of the non-essential amino acids when the latter are excluded 
from the food, and when no other source of nitrogen is available for the 
purposes in question." The possible intervention of intestinal bacteria 
in the mechanism of urea utilization is recognized. 

II. AN EXPERIMENTAL STUDY 

The experiments that will be reported in this section were designed 
to test the statements just made concerning the differences in amino acid 
requirements that may be expected to accompany differences in age and 
in species among animals. They were carried out upon young and upon 
mature rats, not with different mixtures of amino acids, but with differ-
ent proteins known to differ in amino acid content and in nutritive 
quality. The results obtained will be compared with those secured with 
adult human subjects subsisting on the same protein sources. 

Most of the data on human subjects will be taken from an article 
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published in 1948 from Murlin's laboratory at the University of Roch-
ester (Hawley et al.9 1948). Many of the data on growing and adult 
rats have been taken from a paper by Mitchell and Beadles (1950). 
Both series of experiments were part of a cooperative study of protein 
utilization sponsored by the Bureau of Biological Research of Rutgers 
University. The proteins, or protein foods, used by all cooperating lab-
oratories were the same, consisting of egg albumin, desiccated and 
defatted whole egg, dried and defatted beef muscle, wheat gluten, 
casein, and peanut flour. 

A. EXPERIMENTAL METHODS 

The experiments, both those at the University of Illinois and those at 
the University of Rochester, were carried out in accordance with the 
nitrogen balance method, yielding coefficients of true digestibility and 
biological values. In the work on growing rats and in Murlin's work 
on adult men and women, these measures of protein utilization in di-
gestion and in metabolism were computed by the Thomas method, or a 
modification of this method to adapt it to the growing animal. In the 
work on adult rats, the calculations were made on the basis of data 
secured with three dietary levels of each test protein; the biological val-
ues were computed from the slope of the line describing the relation-
ship of absorbed nitrogen and of nitrogen balance, at levels of intake 
insufficient to support nitrogen equilibrium or to induce any considerable 
nitrogen retention (Bricker and Mitchell, 1947), a modification of a 
method introduced by Melnick and Cowgill (1937). The data were 
expressed per calorie of basal metabolism and were pooled together for 
each protein in computing regression equations. The standard errors 
of the slopes of the regression lines were computed by a method de-
scribed by Rider (1939). 

B. EXPERIMENTAL RESULTS 

In Table I, the biological values of the nitrogen in the six protein 
sources for growing rats, for mature rats, and for adult humans are as-
sembled for comparison. The differences in digestibility, not given in 
the table, are not great with one or two exceptions and their discussion 
does not seem to be a profitable undertaking, since the factors determin-
ing the completeness of protein digestion are so little understood. 

C. INTERPRETATIONS 

The differences in biological value, however, may be correlated to 
some extent with the amino acid composition of the proteins. Beef 
muscle, casein, and peanut flour are deficient in cystine or methionine or 
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both for the growing rat, while wheat gluten is markedly deficient in 
lysine (Block and Mitchell, 1946). 

From the table it will be evident that for those proteins deficient in 
cystine-methionine, i.e., beef, casein, and peanut, the biological values 
are lower for the adult rat than for the growing rat, and, with the ex-
ception of beef, they are lower than for the adult human. The cystine-
methionine deficiency of beef muscle is comparatively small. On the 
other hand, for wheat gluten, deficient in lysine, the biological value 
for the adult rat is considerably higher than for the growing rat or for 
the adult human. 

TABLE I 
T H E BIOLOGICAL VALUE OF THE T E S T PROTEINS BY GROWING RATS, MATURE RATS, 

AND ADULT M E N 

Protein 
Egg albumin 
Whole egg (commercial) 
Beef muscle 
Wheat gluten 
Casein 
Peanut flour 

Growing 
rats 
97 
87 
76 
40 
69 
54 

Biological value 
Mature 

rats 
94 
82 
69 
65 
51 
46 

Mature 
humans 

91 
94 
67 
42 
56 
56 

With regard to egg albumin and the proteins of whole egg, no such 
comparisons can be made among growing rats, mature rats, and mature 
humans, because no conclusive information is available concerning their 
limiting amino acids. The estimations of Mitchell and Block (1946), 
based upon the comparative amino acid analyses of whole egg proteins 
and of egg albumin, would lead one to suspect a small lysine deficiency 
in the latter protein. 

D. A TEST OF THE AMINO ACID ADEQUACY OF WHOLE EGG PROTEINS 

The nutritive quality of whole egg proteins and of egg albumin is 
so high that its limitation by amino acid deficiencies, if such exist, would 
be expected to be slight. If whole egg proteins are a perfect protein 
mixture for the growing rat, in the limited sense that they contain the 
essential amino acids in the same proportions that exist among the re-
quirements for these amino acids, then supplementation of whole egg 
proteins with individual essential amino acids should not improve their 
growth-promoting value. In testing this proposition experimentally a 
whole egg sample prepared in the laboratory by fat extraction and de-
hydration at low temperatures was used. Samples prepared by this 
method have yielded biological values for the growing rat of 94 to 96, 
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and protein efficiency ratios (in a 28-day test) averaging 4.00 gm. weight 
gain per gram of protein consumed when fed at a dietary level of 9 to 
10%. 

A basal diet was prepared containing approximately 9% of conven-
tional protein (N X 6.25) from defatted dehydrated whole egg, 12% 
of fat, 2% of roughage and adequate additions of minerals and vitamins. 
It was fed for 28 days to 12 groups of 8 weanling rats each to test the 
response in growth of supplements of individual amino acids, a mixture 
of 9 essential amino acids, omitting arginine, and of 3% additional egg 
protein. Each group of rats was treated as 4 pairs, 1 rat in each pair 
receiving the unsupplemented basal diet and 1 receiving the respective 
supplement. The food intakes of pair mates were equalized. The aver-
age results of the test are summarized in Table II. 

TABLE II 
T H E RESULTS OF AMINO ACID (OR PROTEIN) SUPPLEMENTATION OF LABORATORY-

PREPARED W H O L E - E G G PROTEINS F E D AT A 9% LEVEL IN PAIRED-FEEDING TESTS 

Amino acid 
(or other) 
supplement 

DL-Lysine 
L-Histidine 
L-Arginine 
DL-Phenylalanine 
L-Tryptophan 
DL-Methionine 
DL-Threonine 
DL-Leucine 
DL-Isoleucine 
DL-Valine 
9 essentials* 
Additional egg proteins« 

Concen-
tration of 

supple-
ment in 

diet 
(%) 
0.4 
0.2 
0.4 
0.2 
0.2 
0.2 
0.2 
0.4 
0.6 
0.2 
3.0 
3.0 

Number 
of 

pairs 

4 
4 
3* 
4 
4 
4 
4 
4 
3* 
4 

10 
8 

Average gain in body 
after 28 days of 

Without 
supple-
ment 
(gm.) 
116.8 

91.7 
74.3 

116.2 
107.5 
115.0 

88.5 
114.0 

95.7 
117.8 

82.1 
79.0 

With 
supple-
ment 
(gm.) 

120.2 
92.7 
76.0 

117.2 
108.0 
116.2 
86.5 

112.8 
95.7 

121.5 
92.3 
88.6 

weight 
feeding 

Differ-
ence 

(gm.) 

3.4 
1.0 
1.7 
1.0 
0.5 
1.2 

—2.0 
—1.2 

0 
3.7 

10.2 
9.6 

a These tests continued for only 21 days. In all pairs the rat on the supplemented 
diet gained at a faster rate and attained the greater body length. 

*> The group was reduced to 3 pairs because of the occurrence of respiratory 
disease in one rat of a pair. 

The last two entries in the table demonstrate clearly that the 9% 
level of egg protein was inadequate to promote maximum growth: in 
all pairs in each test the greater gain in body weight was made by the 
rat receiving the supplement of 3% either of the 9 essential amino acids 
or of whole egg protein. The outcome of these tests proves that the 
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basal diet was suitable for the detection of individual amino acid defi-
ciencies. 

The average growth responses induced by the individual amino acids 
were small, though in 7 of the 10 cases they favored the supplemented 
diet. If we consider the average differences between pair mates to be 
entirely due to uncontrolled experimental conditions, they can be pooled. 
The mean of the pooled data is 0.95 gm. favoring the supplemented diets, 
and the standard deviation of individual differences is 1.9. Since none 
of the mean differences in Table II exceeds twice this error, they may 
be considered in harmony with the initial assumption underlying this 
analysis, i.e., that all differences in gains between paired rats are account-
able on the basis of uncontrolled experimental conditions. 

A separate consideration of the largest mean difference in Table II, 
i.e., 3.7 gm. for valine, reveals that the variation among the 4 pairs in 
this comparison is such as to lead to a probability of 0.16 that the out-
come was determined by a fortuitous combination of uncontrolled factors 
in the experiment. This probability is too large to be disregarded. For 
the next largest mean difference, 3.4 gm. for the lysine test, a different 
situation exists. The 4 paired differences in this comparison are very 
uniform (4, 4, 3, and 3 gm., all in favor of the supplemented diet), lead-
ing to a probability of only 0.0045 that the mean difference is entirely 
the result of the operation of random errors. Hence, this test proves, in 
so far as 4 replications of paired-feeding tests can prove, that the pro-
teins of whole egg are definitely, if only slightly, deficient in lysine for 
maximum growth in young rats. 

It is to be noted that the biological value for growing rats of the 
laboratory-prepared whole egg is considerably higher than that for the 
whole egg preparation included among the Rutger samples, i.e., 94 com-
pared with 87. This preparation must have undergone some nutritional 
damage during the processing to which it was subjected. 

E. THE ADULT RAT COMPARED WITH ADULT MAN 

The utilization of proteins in adult nutrition may be expressed, and 
compared among different species, as the amount of absorbed nitrogen 
per calorie of basal metabolism for nitrogen equilibrium. The justifica-
tion for this method of expression is the Terroine-Smuts demonstration 
that the maintenance requirement of protein (nitrogen) in adult animals 
of different species varies with the basal metabolism (Smuts, 1935), 
though it should be realized that the ratio of endogenous nitrogen loss 
to basal heat may be disturbed by differences in age, sex, prior treat-
ment, etc. (Treichler and Mitchell, 1941). The desired values may be 
obtained from the data of the experiment with mature rats from the 
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regression equations of nitrogen balance on nitrogen absorbed, both 
being expressed per basal calorie, by solving for absorbed nitrogen in-
take when nitrogen balance is zero. The values for the adult human 
were computed in an analogous fashion from the data of Hawley and as-
sociates (1948), supplemented by further necessary information kindly 
provided by Dr. J. R. Murlin. It should be noted that the loss of nitrogen 
in the sweat of human subjects observed under sweating conditions is 
not ordinarily measured in nitrogen metabolism studies. On low-protein 
diets it may introduce an appreciable, but indeterminate, error in the 
computation of nitrogen balances and biological values (Mitchell et al., 
1949). 

The protein values expressed as milligrams of absorbed nitrogen per 
basal calorie required for nitrogen equilibrium, for mature rats and for 
mature humans, are listed in Table III. This table contains also data 
from some other sources than the two experiments heretofore considered. 

TABLE III 
T H E REQUIREMENTS OF ABSORBED NITROGEN FROM D I F F E R E N T SOURCES FOR 

NITROGEN EQUILIBRIUM BY ADULT RATS AND ADULT HUMANS 

Absorbed N required 
for N equilibrium 

Protein source 

I. Proteins of unknown deficiencies 
Whole egg, laboratory prepn.6 

Whole egg, commercial 
Egg albumin 

II. Proteins deficient in cystine-methionine 
Beef muscle 
Casein 
Peanut flour 
Soy flour 
Milk 

III. Proteins deficient in lysine 
Wheat gluten 
Wheat flour 

a Unless otherwise indicated, these data were derived from the values reported 
by Hawley et al. (1948) . 

& This figure is the average excretion of nitrogen on a nitrogen-free diet of the 
adult rats in this experiment. Slightly deficient in lysine. 

c The rat data are taken from Bricker and Mitchell (1947) , the data on humans 
from Bricker et al. (1945) . 

d Computed from a biological value of 65 (Mitchell, 1947) and the value of 
2.16 mg. of nitrogen excreted per basal calorie on a nitrogen-free diet. 

Adult 
rat 

(mg. N per 

2.16 
2.63 
2.30 

3.11 
4.24 
4.70 
5.48 
3.18 

3.20 
3.32<* 

Adult 
human«* 

basal cal.) 

2.08 
2.14 

2.93 
3.31 
3.51 
2.65 
2,59 

4.67 
4.61c 



DIFFERENCES IN AMINO ACID REQUIREMENTS 19 

The values reveal again the more intense requirement of the adult hu-
man than of the adult rat for lysine, and the less intense requirement 
for methionine-cystine. If a protein is low in lysine more of it is required 
per basal calorie by man than by the rat, but if it is low in methionine-
cystine, the reverse is true. 

These results are in harmony with other experiments having a similar 
import. For example, Mueller and Cox (1947) showed that casein and 
lactalbumin are equally effective in maintaining nitrogen balance in adult 
man. For the growing rat, the biological value of casein is much less 
than that for lactalbumin, 69 vs. 84 (Kik, 1938), but after cystine sup-
plementation they are practically the same, 83 vs. 85. No similar com-
parison of casein and lactalbumin for the mature rat has been found in 
the literature. 

Mitchell (1947) observed no supplementing effect of lysine on the 
metabolic utilization of the proteins of white flour in the adult rat, from 
which he concluded on the basis of this and other pertinent evidence 
that "lysine is entirely dispensable in adult rodent nutrition, or is re-
quired in inconspicuous proportions for the maintenance of nitrogen 
equilibrium," (see also Nässet, 1946) in the sexually inactive rat. The 
latter reservation is inserted because of the finding of Pearson (1937) 
that a lysine-deficient diet induces cessation of estrus cycles in the adult 
female rat. The latter alternative in the quotation is not inconsistent 
with the later work of Wissler and associates (1948) in Cannon's lab-
oratory. Contrast with these experiments of Mitchell (1947) and espe-
cially the earlier ones by Osborne and Mendel cited by Mitchell, the 
one reported by Bricker et al. (1945), in which on a white-flour diet, 
an adult college woman was in marked negative nitrogen balance. When 
the diet was supplemented with lysine, the urinary nitrogen excretion 
per day dropped immediately by an amount equal to 3.5 times the 
nitrogen contained in the added lysine, and her nitrogen balance became 
positive. The need for lysine by the adult human had been previously 
shown by Rose (1944) and by Albanese and co-workers (1941). Of par-
ticular interest in this connection are the experiments of Hoffman and 
McNeil (1949) showing with 10 hospital patients that the nitrogen bal-
ance index of Allison et al. (1947) for the nitrogen of wheat gluten is 
raised from 0.62 to 0.76 by lysine supplementation. 

III. KERATIN SYNTHESIS IN PROTEIN NUTRITION 

The relationships discussed above indicate that the cystine-methionine 
requirement is relatively more intense for the adult rat than for either 
the growing rat or for the adult human. On the other hand, the lysine 
requirement seems to be much less prominent among the amino acid 
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requirements of the adult rat than among those of the growing rat or 
the adult human. How may these age and species differences be best 
explained? 

The most probable explanation rests on the high cystine and low 
lysine content of hair and other keratins (Block and Boiling, 1945) and 
on the probability that the amino acid requirements of the adult rat are 
dominated by the requirement for hair growth. The scleroproteins of 
hair contain 14 to 16 gm. of cystine and less than 1 gm. of methionine 
for 16 gm. of nitrogen, and from 2 to 3.8 gm. of lysine. The figures for 
lysine are similar to those reported for wheat gluten (2.0 gm. per 16 gm. 
of nitrogen) and for other cereal products. Miss Fräser (1931) has 
shown that in the adult albino rat hair growth occurs continuously 
throughout life. 

The importance of hair growth in determining the amino acid re-
quirements for the growing rat would be much less than for the adult 
rat, since the most active protein growth relates to other tissues than 
hair in the former case. The cystine-methionine content of the proteins 
of these protoplasmic tissues is comparatively low, of the order of 4 to 
6 gm. per 16 gm. of nitrogen, while the lysine content is high, 7 to 8 gm. 
on the same basis. Hair growth in the adult human would also pre-
sumably be a minor factor in determining amino acid requirements since 
the human body is only sparsely covered with hair. This conception of 
the difference between the rat and man with respect to protein nutrition 
was stated by Mueller and Cox (1947), and Cox et al (1947). 

A. THE RAIDING OF PROTOPLASMIC TISSUES FOR METHIONINE-CYSTINE 

The argument just presented assumes that hair growth will continue 
during periods when the animal is in negative nitrogen balance, since 
the protein utilization of adult rats and adult humans was determined 
under such conditions. Long periods of protein depletion will not de-
nude a rat of its hair coat, probably because hair growth will continue at 
the expense of other tissue constituents. This transfer of amino acids 
from dispensable protein stores, using the term in the sense that Whipple 
has given it, may lead to an accelerated output of urinary nitrogen dur-
ing specific protein inanition in proportion, in different animals, to the 
relative intensity of hair growth. The depression in the output of endog-
enous urinary nitrogen induced by the ingestion of methionine has been 
reported in the literature for rats (Brush et al, 1947) and dogs (Allison 
et al, 1947 and Eckert, 1948), but not for man (Johnson et al, 1947), 
and may be due to the effect of this amino acid in arrested the raiding 
of protoplasmic tissues to secure cystine for hair growth where hair 
growth is a considerable item in the anabolic processes of the body. 
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An analogous situation was revealed by Ackerson and Blish (1925) 
in their study of the effect of cystine on the endogenous metabolism of 
molting hens. For molting hens, in which feather replacement is pro-
ceeding at a rapid rate, the average daily output of nitrogen in feces 
and urine on a nitrogen-free diet was 239 mg. per kilogram of body 
weight. This value is considerably above the usual level of endogenous 
nitrogen excretion of mature hens. Another group of 6 hens of the same 
breed (Rhode Island Red) and size (about 2400 gm.) received in addi-
tion to their nitrogen-free diet 150 mg. of cystine daily. The endogenous 
nitrogen loss in this group of birds averaged 137 mg. daily per kilogram 
of body weight, a decrease of 43% compared with the birds receiving 
no supplement. The decrease was highly significant statistically, and 
seemingly represents a sparing of an accelerated protein catabolism ini-
tiated by the necessity of securing cystine from other tissues for feather 
growth. However, the feeding of methionine to molting hens does not 
shorten the molting period (Taylor and Russell, 1943). 

B. WOOL GROWTH 

The persistence of keratin synthesis in animals under conditions of 
undernutrition is strikingly illustrated by experiments reported from 
the University of Illinois on wool growth in sheep. In experiments 
designed to measure the relative net energy value of alfalfa, clover, and 
timothy hay for the maintenance of sheep, the consumption of hay was 
limited by the consumption of the least palatable one, namely, timothy 
hay. As a result 5 sheep during a feeding period of 200 days lost 20% 
of their initial body weight (Mitchell et al., 1928c). On analyzing their 
carcasses at the termination of this period and comparing the results 
with the composition of check sheep analyzed at the beginning of the 
experiment it was found that the undernourished sheep had lost 71% 
of their fat, 48% of their gross energy, but only 6.6% of their protein, 
although they were in continuously negative nitrogen balance. How-
ever, the growth of wool, as well as its proximate analysis, was normal, 
amounting to 0.134 lb. of protein and 633 calories1 of gross energy per 
day per 1000 lb. live weight. A total of 961 gm. of protein had been laid 
down in the fleece. Much of this keratin nitrogen must have been pro-
duced by raiding the protoplasmic tissues for the necessary amino acids, 
particularly for cystine and methionine. 

The relative dominance of wool growth in the protein nutrition of 
young, growing lambs and of more mature animals is shown by two 
other experiments from the same laboratory (Mitchell et ah, 1926, 

1 The word calorie, as used throughout the volume, designates the kilogram-
calorie. 
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1928b), carried out in much the same way except that supermaintenance, 
rather than submaintenance rations, were fed. In one experiment, 9 
lambs weighing 65 to 70 lb. initially were fed for 131 to 141 days on a 
ration of alfalfa hay and corn. Their average daily gains in body weight 
ranged from 0.18 to 0.36 lb. On carcass analysis, wool growth was found 
to account for 26% of the retained nitrogen. A second group of more 
mature lambs, weighing initially 84 to 91 lb., were fed on alfalfa hay 
alone for 182 days, making average daily gains in body weight of 0.10 
to 0.23 lb. Of the protein stored during this period, an average of 60% 
was recovered in the wool growth.2 

C. FURTHER EVIDENCE AND RECAPITULATION 

Thus, the theory that explains best the different results on protein 
utilization secured with growing and mature rats and with human adults 
is that the relative dominance of hair growth in the protein metabolism 
of animals may, in the main, determine the proportionate requirements 
of the various amino acids, because of the peculiar amino acid compo-
sition of the scleroproteins. Their richness in cystine would intensify 
the need for the sulfur-containing amino acids to the extent that the 
demands of amino acids for hair growth dominate the demands for proto-
plasmic growth and for endogenous replacements. The richness of the 
keratins of feathers in arginine seems to be responsible for the accen-
tuated demands of the chicken for this amino acid (Hegsted et al., 1941), 
the arginine requirement being greater for the more rapidly feathering 
breeds. The poverty of hair proteins in lysine would depress the pro-
portionate lysine requirements. These predictions are borne out by the 
data presented. Keratins are low in histidine, 1.0 gm. per 16 gm. of 
nitrogen, and in phenylalanine, 3.7 gm. per 16 gm. of nitrogen, in com-
parison with whole egg protein. If the theory is correct, one would 
expect that the histidine and phenylalanine requirements of an animal 
in which the protein anabolism is dominated by hair growth (keratin 
synthesis) would be inconspicuous. Burroughs et al. (1940a,b) were 
able to maintain adult rats in nitrogen equilibrium for short periods by 
the force-feeding of diets lacking in lysine, histidine, and phenylalanine 
if tyrosine was present. 

The peculiar amino acid composition of keratins in hair, nails, wool, 
feathers, etc., and the relative magnitude of keratin synthesis, which 
persists throughout life, may well be the most important factors in de-

2 Of the same significance are the observations of Peirce (1938) that fluorine 
concentrations in the ration of sheep that ultimately induce serious loss in body 
weight have no appreciable effect on wool growth. 
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termining differences in the proportionate amino acid requirements of 
animals of different species and ages. 

Keratin formation is also involved in the continual replacement of 
the epidermal cells of the skin after their removal by desquamation. 
The histological mechanism and some of the biochemical characteristics 
of the keratinization of human epidermal cells have been described by 
Matoltsy and Sinesi (1957). 

IV. COMPOSITION OF TISSUE PROTEINS AND AMINO ACID 
REQUIREMENTS FOR GROWTH 

A logical extension of the conception stated in the last section is that 
the amino acid requirements of the rapidly growing animal are largely 
determined in the last analysis by the amino acid composition of the 
tissue proteins formed during growth. In the adult animal the amino 
acid content of the keratin tissues constituting the integument and its 
appendages seems to dominate the total amino acid requirements in 
accordance with the relative intensity of the growth of hair, wool, feath-
ers, etc., as compared with the replacement of the endogenous losses 
of nitrogenous material, in the young animal, and particularly the rap-
idly growing animal. The amino acid analyses of groups of animal tissues 
assembled in Table IV should afford a test of this hypothesis. 

A. SIMILARITIES IN THE AMINO ACID CONTENT OF ANIMAL TISSUE 
PROTEINS 

The amino acid content of muscle tissue among mammalian forms 
of life is strikingly similar (Block and Mitchell, 1946), and hence the 
analyses of muscles from different species have been pooled in Table IV. 
In fact, quoting from Beach et al. (1943): "The protein mixture which 
makes up voluntary muscle tissues is similar in Mammalia, Aves, Am-
phibia, Pisces and Crustacea, with respect to ten of the amino acids. Since 
muscle tissues of these various classes of animals do not differ widely in 
their amino acid patterns, the findings support the belief that the same or 
closely similar amino acid composition of muscle proteins is repeated 
throughout the animal kingdom." 

Among the visceral organs, the liver, kidney, and brain are quite 
similar in amino acid composition, differing from lung and stomach in 
higher contents of tryptophan, cystine-methionine, and phenylalanine-
tyrosine. As a class, the proteins of the visceral organs differ from muscle 
proteins chiefly in a lower content of lysine. 

The blood plasma proteins, to which Whipple (1948) assigns such a 
prominent role in the protein exchanges of the body, are distinguished 
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from muscle proteins mainly by a larger content of lysine, tryptophan, 
methionine-cystine, and leucine and a much lower content of isoleucine. 

The keratins, as noted earlier, have their own peculiar amino acid 
pattern, characterized mainly by their deficiency in lysine, histidine, and 
phenylalanine, and their excessive contents of arginine but particularly 
of cystine. Collagen and elastin, the proteins of connective tissue, car-
tilage and bone are even more unique in their amino acid composition. 
They are unusually rich in glycine and in proline (Neumann, 1949). 

B. BIOLOGICAL CONFIRMATION 

The similarity of the essential amino acid contents of muscle proteins 
and visceral proteins, regardless of species, is clearly indicated by the 
similarity in their biological values for growing rats. The following 
biological values have been reported from various laboratories (see Block 
and Mitchell, 1946): beef muscle 76, pork tenderloin 79, ham 74, red 
salmon 73, beef heart 74, beef liver 77, and beef kidney 77. Further evi-
dence to the same effect is summarized in Table V, which contains pro-

TABLE V 
NUTRITIVE VALUE OF THE PROTEINS FROM MUSCLES AND VISCERAL ORGANS OF 
DIFFERENT ANIMALS, AS MEASURED BY THE PROTEIN EFFICIENCY RATIO WITH 

GROWING RATS» 

Tissue 
and 

animal 
Muscle: 

Ox, mature 
Ox, immature 
Hog 
Sheep 
Ox heart 
Hog heart 
Ox tongue 
Hog tongue 

Spleen: 
Ox 

Protein 
efficiency 

ratio 

3.08 
2.88 
2.79 
2.94 
3.10 
2.91 
2.85 
2.86 

2.75 

Tissue 
and 

animal 
Liver: 

Ox 
Hog 
Sheep 

Kidney: 
Ox 
Hog 

Brain: 
Ox 
Hog 

Protein 
efficiency 

ratio 

2.67 
3.21 
3.00 

2.86 
3.04 

2.97 
2.89 

a Taken from Hoagland and Snider (1926a, b ) . 

tein efficiency ratios (grams gain in weight per gram of protein con-
sumed) for many types of muscle and visceral organs and for several 
species. These ratios are comparable, since they were obtained under 
standardized conditions in the laboratory of Hoagland and Snider 
(1926a, b ) . They all fall within the range 2.75 to 3.21. However, in mus-
cular tissues containing appreciable proportions of connective tissue 



26 H. H. MITCHELL 

(Mitchell et al., 1928a), the nutritional value of the combined proteins 
may be quite low (Mitchell et al., 1927), due to the unique amino acid 
deficiencies of collagen and elastin. 

C. COMPARISON WITH GROWTH REQUIREMENTS 

Since the muscles and the visceral organs contain most of the proteins 
in the animal body, the proportions of the essential amino acids con-
tained in these proteins should largely determine the proportions among 
the requirements for these acids by the growing animal on the basis of 
the thesis under discussion. A test of this proposition is afforded by the 
data given in Table VI, in which amounts of amino acids in the tissues 
or amounts estimated to be required are all computed using lysine as 
a base with a value of 100. Analogous values for whole egg proteins 
(Block and Mitchell, 1946) are included also, representing a dietary 
protein very completely utilized in metabolism. 

A close correlation between tissue composition and amino acid re-
quirements may not be revealed by the values given in Table VI because 
of errors in amino acid analyses, but particularly because of uncertain-
ties in estimates of amino acid requirements. Rose's values for the rat, 
originally proclaimed in 1937 and revised slightly in 1949 (see Rose et al., 

TABLE VI 
RELATIVE PROPORTIONS AMONG THE ESSENTIAL AMINO ACIDS IN ANIMAL TISSUES 

AND IN W H O L E EGG AS COMPARED WITH ESTIMATED REQUIREMENTS. 
LYSINE IS GIVEN A VALUE OF 100 

Amino acid 

Lysine 
Histidine 
Arginine 
Phenylalanine + tyrosine 
Tryptophan 
Methionine + cystine 
Threonine 
Leucine 
Isoleucine 
Valine 

Muscle 

100 
36 
88 

114 
16 
55 
57 
99 
73 
74 

Visceral 
organs 

100 
47 

105 
166 
26 
74 
82 

127 
87 
87 

Whole 
egg 
100 
29 
90 

151 
21 
90 
68 

128 
111 
101 

Estimated 
requirements 

Rat 
a 

100 
40 
20 
90 
20 
60 
50 
80 
50 
70 

Chick 
b 

100 
17 

133 
111* 

20* 
89 
50* 

156 
67 
84 

a Rose et al. (1949) . The unconverted lysine requirement is 1.0% of the diet. 
& Taken from Almquist (1952) except where otherwise indicated. The un-

converted lysine requirement is 0.9% of the diet. 
o Fisher et al (1957) . 
* Wilkening et al (1947) . 
« Grau (1949) . 
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1949) are considered by their author as tentative; their evidential sup-
port has never been revealed. The amino acid requirements of the chick 
may not be entirely satisfactory, because of the subnormal growth gener-
ally secured by the ad libitum feeding of amino acid mixtures in lieu of 
protein, and because the interpretation of the data is sometimes obscure. 
Nevertheless, a high correlation is evident between the amino acids in 
muscle and the estimates of amino acid needs of the growing rat, if the 
arginine values are disregarded because of the limited ability of the rat 
to synthesize this amino acid. The product-moment correlation coefficient 
is -f- 0.94. The correlation between the amino acid contents of visceral 
organs and the Rose estimates is also high, with r = +0.83. The chick 
requirements for the essential amino acids, including arginine, are 
also highly correlated with the essential amino acids of muscle tissue 
(r = 0.85). Note the high requirements of the chick for methionine-
cystine and arginine, as compared with the rat, due in all probability 
to a more rapid keratin synthesis in feather growth. 

These and other correlation coefficients among the variates in Table 
VI are assembled in Table VII. The proteins of whole egg, which are 

TABLE VII 
CORRELATIONS AMONG VARIATES IN TABLE VI: PRODUCT-MOMENT CORRELATION 

COEFFICIENTS 

Variates 
Amino acids in 

muscle 
organs 
whole egg 

muscle 

0.67 
0.92 

Covariates 
Amino acids 

organs 

0.67 

0.70 

in 
whole egg 

0.92 
0.70 

Amino acids 
by 

rats 

0.94« 
0.83« 
0.81« 

required 

chickens 

0.87 
0.80 
0.83 

a Omitting the arginine in both variates. 

so highly utilized in metabolism, are highly correlated in their content 
of the essential amino acids with the proteins of muscle (r = 0.92), for 
which they serve so effectively as dietary precursors. Bocobo et al. 
(1952) analyzed some human tissues for amino acids and correlated the 
results with the amino acid contents of whole egg proteins. The cor-
relation coefficient was +0.811. For proteins of lower biological values, 
smaller coefficients were secured: 0.791 for casein, 0.516 for gluten, and 
0.455 for whole corn. 

The evidence presented in Tables V, VI, and VII proves that the 
requirements of the essential amino acids that must be provided pre-
formed in the diet of the growing animal are determined to a very large 
extent, probably to a larger extent than the cited evidence indicates, 
by the amino acid makeup of the tissues they are producing. This fact 
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suggests that an effective method of determining the requirements of a 
growing animal for these amino acids may be to determine, first, the 
requirement in grams per day of some one amino acid, such as lysine, 
and then to estimate the requirements of the others from the proportion 
existing between the essential amino acids and lysine in the body of the 
animal, these proportions to be determined by amino acid assays of the 
entire carcass, or, approximately, even by amino acid assays of a dom-
inant tissue such as muscle. This method may be as accurate as methods 
in current use for measuring amino acid requirements.3 It has the dis-
tinct advantage of avoiding the confusion concerning the utilization of 
the D-isomers that are sometimes fed in racemic mixtures. The usual 
assumption that the utilization of these isomers is an "all or none" propo-
sition has been shown to be wrong, in some instances at least, since 
partial utilization has been established (Rose, 1937; Dirr and Bader, 
1940; Albanese, 1944; Wilkening and Schweigert, 1947). 

V. AMINO ACID REQUIREMENTS FOR NITROGEN EQUILIBRIUM 
IN THE ADULT 

Estimations of the amino acid requirements of the adult organism are 
n o t i n S,JS9iisJEHjG*"nrv sf«tp ΡΛΤΡΎΛ 9Q rptfarrls fhp n n m h p r nf a m i n o a c i d s 
require^. ^*^ *~*—v „*. ^^ ^^ ^ * ^ ~ & ™ ~^ „. — —riterion 
of amino acid adequacy has been challenged (Holt, 1944; Holt and Al-
banese, 1944), particularly in the case of arginine and of histidine (Al-
banese et al, 1944). Certainly such a criterion fails to consider the adult 
accretion of protein material in the growth of those tissues, mainly the 
integumental structures, that grow throughout life. For adult man, the 
nitrogen equivalent of "adult growth" has been assessed at about 0.56 
gm. per square meter of body surface daily (Mitchell, 1949). For adult 
women two values may be computed from nitrogen metabolism data: one 
value of 0.37 gm. of nitrogen per square meter body surface per day is 
based upon the report of Bricker and others (1949) of metabolism tests 
on 10 college women for a period of 10 weeks at constant body weight; 
and the other, 0.42 gm. per square meter per day is based upon metab-
olism tests on 6 young women for 12 weeks described by Johnston and 

3 The method has been applied by H. H. Williams et al. ( / . Biol. Chem. 208, 
277-286, 1954) to the determination of the amino acid requirements for growth 
of the rat, the chick, and the pig. Carcass analyses at different ages revealed a 
remarkably similar pattern of amino acid composition among the three species and 
within each species at different ages. Also, the requirements determined by 
nutrition studies were similar among the species and in close agreement with the 
requirements calculated by carcass analysis. The authors conclude "that the carcass 
analysis procedure is a valid method for evaluating the growth requirements for 
most, if not all, of the 'essential' amino acids/ ' 



DIFFERENCES IN AMINO ACID REQUIREMENTS 29 

McMillan (1952). The three results, 0.56, 0.37, and 0.42 gm. of nitrogen 
per square meter of body surface per day, suggest that the male adult 
has a somewhat more rapid rate of adult growth than does the female. 

In evaluating nitrogen balance studies the dermal loss of nitrogen 
must also be considered, although it rarely is. Insensible perspiration 
contains appreciable quantities of nitrogen, 180 to 230 mg. per day, 
according to Freyberg and Grant (1937). Under minimal sweating con-
ditions, this dermal loss may amount to 0.36 gm. of nitrogen daily 
(Mitchell et al., 1949). When sweating occurs, whether psychic or ther-
mic in origin, the loss of nitrogen (Mitchell et al., 1949; Cuthbertson 
and Guthrie, 1934) and of amino acids (Hier et al, 1946) will be greatly 
increased. 

Thus, amino acid requirements in adult animals assessed by nitrogen 
balance studies are minimal figures, but they may serve the purpose of 
comparing the magnitudes of the requirements of the different essential 
amino acids, using this term to cover the 10 amino acids originally shown 
by Rose to be essential for normal growth. The experiments of Bur-
roughs et al. (1940) indicate that the requirements of the adult rat for 
lysine, histidine, and phenylalanine are inconspicuous in magnitude, 
probably because of the dominance of keratin synthesis in the protein 
nutrition of the adult rat. 

The values given in Table III on the absorbed nitrogen per basal 
calorie from different proteins and protein foods required for nitrogen 
equilibrium in the adult rat and in adult man, together with the deter-
mined contents of these protein foods in the essential amino acids per 
16 gm. of nitrogen (Block and Mitchell, 1946) have been used to com-
pute the daily requirements of the individual amino acids for a 325-gm. 
rat and 70-kg. man. For each protein for which a requirement is given in 
Table III, the corresponding amounts of the different essential amino 
acids were listed, both for the rat and for man. The required amount for 
each amino acid in each case is then taken as the smallest amount in the 
list. The requirements thus obtained are summarized in Table VIII.4 

The requirements for adult man are listed side by side with those 
recently proclaimed by Rose (1957). The two may not be comparable, 
first, because of the indirect method of estimation used to secure the 
values given in column 3 of the table, and, second, because Rose's values, 
although described as "minimum daily requirements," are not averages 
of the 3 to 6 individual determinations for the different amino acids, 
and hence are not the most probable requirements for any given indi-

4 Essentially the same method was used by Harte, R. A., and Travers, J. J. 
(Science, 105, 15, 1947) in estimating the amino acid requirements for adult man 
from less extensive data. 
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vidual or group of individuals. They are the highest of the group of 
determinations in each case. It would be expected that the range be-
tween the most probable requirement (the average) and the highest 
requirement (the one selected) would be the greater, the larger the 
group of subjects tested. 

TABLE VIII 
ESTIMATED DAILY AMINO ACID REQUIREMENTS FOR THE ADULT R A T 0 AND THE 

ADULT M A N 0 

Amino acids 

Arginine 
Histidine 
Lysine 
Phenylalanine-tyrosine 
Tryptophan 
Methionine-cystine 
Threonine 
Leucine 
Isoleucine 
Valine 

Estimated 
requirements 
for the ratc 

(mg.) 
21.9 

7.8 
11.2 
40.3 

5.6<* 
19.1 
12.2 
34.3 
20.8 
23.6 

Requirements 

Estimated0 

(gm.) 
1.18 
0.55 
0.99 
2.42 
0.32 
1.05 
0.56 
1.86 
1.12 
1.18 

for adult man 

Reported 
by 

Rose (1957) 
(gm·) 

0 
0 

0.80 
1.10 
0.25 
1.10 
0.50 
1.10 
0.70 
0.80 

a For male albino rat weighing 325 gm. with a basal metabolism of 27.6 cals. 
per day. 

0 For a man, 70 kg. in weight, 174 cm. in height, 25 years of age, with a basal 
metabolism of 1700 cals. per day. 

0 Based upon data in Table III and the amino acid composition of the respective 
proteins (Block and Mitchell, 1946), as explained in the text. 

d Estimated from nitrogen balance studies at 4.0 to 6.4 mg. for a 200 gm. rat by 
A. A. Wykes, L. M. Henderson, and C. A. Elvehjem (/ . Nutrition 40, 71, 1950). 

Rose (1957) has compared his "minimum" amino acid requirements 
for men with those obtained with young women by Leverton and asso-
ciates at the University of Nebraska, and by Swendseid and Dunn at 
the University of California in Los Angeles. The values given for women 
are generally, when comparable, less than the corresponding values for 
men. This is particularly true for the leucine requirements. It seems 
doubtful that Rose's criticisms, if valid, of the experimental procedures 
used in the laboratories other than his own would account for the sex 
differences observed for the various amino acids. Nor are the differ-
ences in body weights between the men and women subjects great 
enough, apparently, to explain the discrepancies, especially since none 
of the investigators in this field, except Clark et al. (1957) at Purdue 
University, has been able to detect a correlation between amino acid 
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requirement and body size among their samples of the human popu-
lation. The writer hesitates, however, to conclude that there are con-
siderable differences between the sexes in their requirements for the 
essential amino acids in adult nutrition. The answer to this problem 
may be elicited only when adequate groups of men and women are 
compared with the same diets and under the same experimental con-
ditions. The development of a logical method of expressing amino acids 
requirements with reference to body size and caloric needs, and par-
ticularly the comparison of average requirements, with due regard to 
their standard errors, rather than extreme values whose random errors 
cannot be estimated, would represent a marked advance in interpretive 
procedures. 

The estimated values given in Table VIII would be expected, from 
the method of their calculation, to be nearer the minimum values for 
those amino acids in which the basic proteins are deficient, i.e., for lysine 
and for methionine-cystine. The values for the other amino acids may 
be larger than the true requirement, either because they are contained 
in all of the basic proteins in amounts larger than those required, or 
because the amounts derived by the method employed include certain 
fractions used for the synthesis of the nonessential amino acids. It may 
be more of a coincidence than otherwise that the estimated human 
requirements for lysine and methionine-cystine, as well as those for 
tryptophan and threonine, are of the same order of magnitude as the 
"minimum requirements" announced by Rose. 

Finally, it may be noted from the estimated requirements given in 
columns 2 and 3 that the ratio of the methionine-cystine to the lysine 
requirement is much greater for the adult rat than for the adult human, 
i.e., 1.71 and 1.06, respectively. This relationship conforms with expec-
tation in view of the probable greater dominance of keratin synthesis in 
the protein nutrition of the adult rat than in that of the adult human. 

VI. A THEORY OF PROTEIN METABOLISM 

An important step in the development of a science is the incorpora-
tion of new ideas and facts into its body of laws and principles. Of no 
less importance is the harmonizing of conflicting theories and interpreta-
tions of facts. The facts, if they are such, cannot be in conflict. 

The present status of the theories of protein metabolism is not a 
harmonious one. A rediscussion of the problem is therefore in order. 

A. BASIC PRINCIPLES 

The experimental investigations of Folin on the effect of the protein 
level of the diet on the composition of human urine (1905a) mark the 
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beginning of modern concepts of protein nutrition. The facts thus estab-
lished are still valid. Their interpretation by Folin (1905b) was a logical 
one, and to a large degree the essential points of this interpretation 
are valid today and can successfully withstand criticism. The basis of 
Folin's theory of protein metabolism can best be presented by a few 
quotations from his classical paper (1905b). 

"We have seen from the tables that the composition of urine, repre-
senting 15 gm. of nitrogen, or about 95 gm. of protein, differs very widely 
from the composition of urine representing only 3 gm. or 4 gm. of nitro-
gen, and that there is a gradual and regular transition from the one to 
the other. To explain such changes in the composition of the urine on 
the basis of protein katabolism, we are forced, it seems to me, to assume 
that katabolism is not all of one kind. There must be at least two kinds. 
Moreover, from the nature of the changes in the distribution of the 
urinary constituents, it can be affirmed, I think, that the two forms of 
protein katabolism are essentially independent and quite different. One 
kind is extremely variable in quantity, the other tends to remain con-
stant. The one kind yields chiefly urea and inorganic sulphates, no 
kreatinin and probably no neutral sulphur. The other, the constant 
katabolism, is largely represented by kreatinin and neutral sulphur, and 
to a less extent by uric acid and ethereal sulphates. The more the total 
katabolism is reduced, the more prominent become these representatives 
of the constant katabolism, the less prominent become the two chief 
representatives of the variable katabolism." 

"The fact that the kreatinin elimination is not diminished when 
practically no protein is furnished with the food, and that the elimina-
tion of some of the other constituents is only a little reduced under such 
conditions, shows why a certain amount of protein must be furnished 
with the food if nitrogen equilibrium is to be maintained. It is clear 
that the metabolic processes resulting in the end products which tend 
to be constant in quantity appear to be indispensable for the continu-
ation of life; or, to be more definite, those metabolic processes probably 
constitute an essential part of the activity which distinguishes living 
cells from dead ones. I would therefore call the protein metabolism 
which tends to be constant, tissue metabolism or endogenous metabo-
lism, and the other, the variable protein metabolism, I would call the 
exogenous or intermediate metabolism." 

"The exogenous or intermediate protein katabolism is here conceived 
as consisting of a series of hydrolytic splittings resulting in a rapid 
elimination of the protein-nitrogen as urea." 

Later advances in our knowledge of protein metabolism relate mainly 
to the details of the processes of protein assimilation and protein utiliza-
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tion. The main picture as outlined by Folin in 1905 remains essentially 
unchanged. 

B. THE ENDOGENOUS PROTEIN CATABOLISM 

The essential constancy of the endogenous protein catabolism has 
been repeatedly confirmed and its approximately constant relationship 
to the basal energy metabolism has been established (Mitchell and Bea-
dles, 1950 and literature there cited; Palmer et al, 1914; Mukherjee 
and Mitchell, 1949; Blaxter and Wood, 1951), as well as the conditions 
disturbing this relationship (Treichler, 1939; Treichler and Mitchell, 
1941). The independence of the endogenous and the exogenous metab-
olism of nitrogen was confirmed experimentally by Burroughs et al. 
(1940). 

Of particular significance is the work of Schoenheimer's group on the 
metabolism of creatine using the isotope technique. They showed 
(Bloch et al, 1941) that muscle creatine is dehydrated to creatinine at 
a very constant rate, and "is not involved in any biological reaction in 
which linkages between carbon and carbon, and carbon and nitrogen are 
broken." "It thus differs in its metabolic aspects from all other biological 
compounds so far investigated with isotopes/' 

Later isotope studies of the same problem, cited by Mitchell (1955), 
have produced evidence of a dichotomy in the total metabolism of or-
ganic nutrients in the body similar to Folin's proposal of a dichotomy 
in nitrogen metabolism into an endogenous and an exogenous fraction. 
The article (Mitchell, 1955) also presents further evidence in favor of 
the essential features of Folin's theory. The publication of Still (1957) 
on the amino acid turnover in the brain of the mouse compared with 
that of other tissues, has been interpreted by the author as being "con-
sonant with Folin's concept of endogenous and exogenous metabolism." 

C. PROTEIN STORES IN THE BODY 

Whipple and his group have established the existence of dispensable 
and indispensable stores of protein in the animal body (Whipple, 1948) 
in the course of their work on hemoglobin and blood plasma protein re-
generation. Dispensable stores are readily raided when emergency de-
mands for specific amino acids or for protein are not covered by the 
food supply. The forms in which these protein stores exist is not known. 
Their ready mobility apparently depends upon their exposed position 
in the cells rather than upon their chemical nature; an analogy would 
be the ready accessibility of the calcium salts in the epiphysis as con-
trasted with the diaphysis, of the long bones (Bauer et al, 1929). While 
the location of the protein stores is probably quite general, the outstand-
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ing role of the liver in the capacity of a storage organ seems clear (Addis 
et al, 1940; Kosterlitz and Campbell, 1945; Kosterlitz, 1947). 

The dispensable protein stores rise and fall as the protein intake 
rises or falls. While these stores appear to contribute nothing to the 
normal functioning of the body cells, they do exert a protective function 
when the body is subjected to the strain of chloroform or arsphenamine 
poisoning, and other destructive agencies, and, in Whipple's words, they 
are "a bulwark against infection." They bear the brunt of sudden in-
creases in protein catabolism due to inflammation, hyperthyroidism, 
and probably other stresses. 

D. THE ROLE OF THE BLOOD PLASMA PROTEINS 

Before it was shown experimentally that the amino acids resulting 
from protein digestion gained access to the blood as such, Abderhalden 
and London (1910) proposed the theory that, in their passage through 
the intestinal mucosa, the proteinogenous amino acids were combined 
to form the blood plasma proteins which in turn nourished the cells of 
the body. The theory served a good purpose in explaining the facts 
available at the time it was elaborated. It was rightly discarded when 
the occurrence of hyper-aminoacidemia during protein digestion was 
established. 

It is a matter of considerable historical interest that the theory in 
some of its features has been revived, mainly as a result of the work 
of Whipple (1948). The ability of the blood plasma proteins to nourish 
the other cells of the body is evident from the fact that an animal may 
be kept in nitrogen equilibrium by the intravenous injection of com-
patible blood plasma as the sole source of nitrogen (Elman, 1944). 
The conversion of blood plasma protein into cytoplasmic protein occurs 
apparently without prior degradation into amino acids, since phlorizin-
ized dogs thus nourished do not excrete extra sugar in the urine. Ac-
cording to Howland and Hawkins (1938): 

"The metabolism of protein when fed is different than when it is 
injected. It is suggested that there is a partial catabolism of the injected 
protein with reassembly of the large aggregates formed by the cells to 
form their own peculiar type of protein. 

"This partial catabolism with reassembly of the large aggregates 
may be the method of protein interchange within the body rather than 
a complete catabolism to amino acids with subsequent resynthesis to 
protein." 

Reineke et al. (1941) provide additional evidence of this type of 
protein interchange in their demonstration that milk globulin is formed 
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in the mammary gland of the goat from a globulin, glycoprotein, of the 
blood plasma. 

Ebert (1954) has reviewed later evidence "for the transfer of pro-
tein from plasma to fixed tissues followed by transformation of the 
plasma protein to other kinds of intracellular protein. . ." 

E. KERATIN SYNTHESIS 

The peculiar amino acid demands for keratin synthesis, due to the 
unique amino acid composition of keratins, together with the persistence 
of this synthesis under conditions of protein under-nutrition, at the 
expense of protoplasmic proteins in other tissues, has been fully estab-
lished and discussed above. Its dominance in the protein nutrition of 
maturity in those animals supporting a full coat of hair, wool, fur, or 
feathers is to be expected. 

F. THE EXOGENOUS PROTEIN CATABOLISM STUDIED BY THE ISOTOPE 
TECHNIQUE 

The investigations of Schoenheimer and his group at Columbia Uni-
versity on intermediary protein metabolism using amino acids labeled 
with N15 have revolutionized conceptions of the exogenous metabolism 
of Folin. They have revealed a dynamic, rather than a static, state of 
the tissue proteins (Schoenheimer, 1942), and have shown "that all re-
actions for which specific enzymes and substrates exist in the animal, 
are carried out continuously." Quoting further from the writings of 
this group (Schoenheimer et al., 1939): 

"It has been shown that nitrogenous groupings of tissue proteins are 
constantly involved in chemical reactions; peptide linkages open, the 
amino acids liberated mix with others of the same species of whatever 
source, diet, or tissue. This mixture of amino acid molecules, while in 
the free state, takes part in a variety of chemical reactions: some reenter 
directly into vacant positions left open by the rupture of peptide link-
ages; others transfer their nitrogen to deaminated molecules to form 
new amino acids. These in turn continuously enter the same chemical 
cycles which render the source of the nitrogen indistinguishable. Some 
body constituents like glutamic and aspartic acids and some proteins 
like those of liver, serum, and other organs are more actively involved 
than others in this general metabolic mixing process. The excreted 
nitrogen may be considered as a part of the metabolic pool originating 
from interaction of dietary nitrogen with the relatively large quantities 
of reactive tissue nitrogen." 

Thus, our knowledge of the nature of intermediary protein metab-
olism has undergone a profound change since the time of Folin. But 
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as far as end results are concerned, these isotope studies have not changed 
the Folin conception of the exogenous metabolism in the slightest. These 
reversible reactions revealed by isotope studies between tissue proteins 
and dietary amino acids are not anarchistic in nature. "They seem . . . 
to represent automatic and non-interruptable biochemical processes, of 
synthesis as well as degradation, which are balanced by an unknown 
regulatory mechanism so that the total amount of the body material 
and its composition do not change" (Moss and Schoenheimer, 1940). 
Hence, for the purposes of this discussion the tissue proteins may be 
considered to be static. 

Furthermore, the magnitude of these intermediary reactions, and in 
particular the amount of nitrogen excreted in the urine as a result, is 
determined primarily by the magnitude of the nitrogen intake of the 
animal. Urea and ammonia are still the primary end-products that ap-
pear in the urine. These reversible reactions, which may, according to 
Sprinson and Rittenberg (1949), involve only a fraction of the muscle 
proteins, possibly only dispensable protein in the Whipple sense of the 
term, are sharply distinguished from the irreversible reactions involv-
ing tissue proteins and other nitrogenous constituents, characteristic 
of the endogenous catabolism of Folin and typified by the creatine 
dehydration to creatinine. 

The main effect of these isotope studies of the intermediary protein 
metabolism is to render the term "exogenous" somewhat, though not 
completely, inappropriate. It is still the body's method of ridding itself 
of nitrogen consumed in amounts exceeding its needs for endogenous 
replacement and for growth, nitrogen being the one element in the 
protein molecule that it cannot oxidize. 

VII. A SCHEMATIC REPRESENTATION OF PROTEIN METABOLISM 

Figure 1 is an attempt to combine into one picture the facts and the 
modern theories of protein metabolism and protein assimilation. The 
diagram consists of a series of cells bearing labels possessing a bio-
chemical or functional, rather than an anatomical significance, grouped 
about the metabolic pool of amino acids which has been defined by 
Sprinson and Rittenberg (1949) in the following terms: 

"We shall here define the metabolic pool of the animal (or organ 
or cell) as that mixture of compounds, derived either from the diet or 
from the breakdown of the tissues, which the animal (or organ or cell) 
employs for the synthesis of tissue constituents. The nitrogenous com-
pounds of the metabolic pool constitute the nitrogen pool. 

"It is probable that all of the constituents of the nitrogen pool are 
present in the non-protein fraction. The reverse is not true. Urea and 
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creatinine, for example, are not part of the metabolic pool, since they 
are solely excretory products . . ." 

The flow lines identified by numbers in circles originate with the 
"dietary protein" cell at the top of the diagram and may be described 
briefly as follows: 

(1) Incomplete digestion of dietary protein. 
(2) Gastrointestinal proteolysis, absorption into the blood and trans-

portation to the tissues where the resulting amino acids are incorporated 
into the metabolic pool. 

FIG. 1. A diagrammatic representation of protein metabolism in a sexually 
inactive animal. The significance of the numbers on the flow lines are explained 
in the text. 
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(3) Loss of body nitrogen in the f eces, the so-called metabolic fecal 
nitrogen. This nitrogen originates within the body of the animal and 
is contained in the unabsorbed constituents of the digestive juices, and 
cellular material (Leblond and Stevens, 1948), and mucus derived 
from the gastric and intestinal mucosa. Its significance and importance 
in ruminant nutrition have been discussed by Blaxter and Mitchell 
(1948). Its replacement is essential to the maintenance of the nitroge-
nous integrity of the body and it is hence an item in the protein require-
ment of the animal. That this replacement occurs under normal nu-
tritional conditions is clearly shown by the observations of Tarver and 
Schmidt (1952) and of Friedberg (1947) using dietary amino acids la-
beled with radioactive isotopes of sulfur or carbon. These studies re-
vealed that protein synthesis was most active in the intestinal wall and 
in the pancreas. 

"The intestinal wall secretes enzymes and mucous-proteins which 
are lost in enormous quantities (unlike other enzymes and proteins with-
in the body). To compensate for this loss the intestinal wall may be 
more active in protein synthesis than other organs. If this explanation 
is correct, then the pancreas should also show a high turn-over rate; 
pancreatic juice contributes many enzymes needed for digestion. Actu-
ally Tarver and Schmidt found that the pancreas has the second highest 
specific activity among the organs of animals treated with isotopic 
methionine" (Friedberg, 1947). 

(4) The reversible reactions occurring continuously on a protein-
containing diet between the dietary amino acids, on the one hand, and 
the body proteins and nonprotein nitrogenous constituents, on the other 
hand. These are the reactions revealed by the isotope technique of 
Schoenheimer and his associates. 

(5) These reactions between the circulating proteins of the blood, 
mainly the blood plasma proteins, and the dispensable protein stores in 
all tissues of the body, have been described by Whipple (1948). 

(6) The synthesis of the keratins of hair, wool, epidermis, nails, 
claws, hoofs, etc. The continued growth and regeneration of these pro-
tective proteins against environmental stress are sufficiently important 
to the body that, in case the food supply is inadequate to support them, 
the protoplasmic tissues of the body are raided to supply the amino acids, 
particularly methionine-cystine, needed, via the metabolic pool. In the 
adult animal, the protein requirements relate to the replacement of 
metabolic nitrogen lost in the feces (Block and Mitchell, 1946), the 
endogenous losses in the urine (Smuts, 1935), and the growth of the 
integument and its appendages (Mitchell, 1949). If the animal is of the 
"fur-hairiness" type according to the Friedenthal classification (Fräser, 
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1931), like the albino rat, the amino acid requirements for keratin syn-
thesis will dominate the total amino acid requirements. 

(7) The storage of protein energy, after denitrogenation, as glyco-
gen and fat. These reactions are reversible, if only to a limited extent, 
the amino group being provided by the metabolic pool. 

(8) The oxidation of proteinogenous glycogen and fat to provide 
energy for internal work, later dissipated as heat, and for mechanical 
work. 

(9) The direct oxidation of amino acids for energy production; also, 
some direct leakage of amino acids through kidney, sweat glands, and 
possibly epidermis in the insensible perspiration. 

(10) The irreversible reactions involving functional cellular proteins, 
the indispensable proteins of Whipple (1948), and the nonprotein nitro-
genous constituents of the cells, preeminently creatine, constituting the 
endogenous catabolism of Folin. The replacement of these losses and 
of the metabolic fecal losses, together with keratin synthesis (Lardy and 
Feldott, 1949) and other types of "adult growth" constitute the main-
tenance protein requirement of the adult animal in a nonstress environ-
ment. When the energy supply of the animal is inadequate and the 
deficiency cannot be currently supplied by body glycogen or fat, or 
under stress conditions involving hyperthyroid activity (Mukherjee and 
Mitchell, 1949) and possibly other endocrine disturbances, the endog-
enous catabolism is accelerated and generally a creatinuria results. 

VIII. SUMMARY 

From a study of the utilization by the growing rat, the adult rat 
and adult man of the nitrogen of a series of 6 proteins possessing limit-
ing deficiencies of either lysine or methionine-cystine, it was shown that 
the biological values were higher for the adult rat than for the growing 
rat and for adult man when the dietary protein was deficient in lysine, 
and they were lower when the dietary protein was deficient in methi-
onine-cystine. 

The proteins of whole egg, prepared in the laboratory, appear to be 
slightly deficient in lysine for maximum utilization by the growing rat. 

When the utilization of the nitrogen of the 6 proteins tested in adult 
nutrition are expressed as the amount of absorbed nitrogen per calorie 
of basal heat required for nitrogen equilibrium, the values are of the 
same order of magnitude for the rat and the human, but are definitely 
larger for the rat in the case of proteins deficient for growth in methi-
onine-cystine, and definitely smaller in the case of proteins deficient for 
growth in lysine. 

These relationships indicate that the cystine-methionine requirement 



40 H. H. MITCHELL 

is relatively more intense for the adult rat than for either the growing 
rat or for the adult human. On the other hand, the lysine requirement 
seems to be much less prominent among the amino acid requirements of 
the adult rat than among those of the growing rat or the adult human. 

The reason for these relationships appears to be traceable to the rel-
ative prominence of keratin synthesis for the growth of the integument 
and its appendages (hair, wool, etc.). In the adult rat, in which proto-
plasmic growth is minimal but hair growth over the entire body con-
tinues, keratin synthesis, with its high requirement for cystine and its 
low requirement for lysine, histidine, and phenylalanine, dominates the 
total amino acid requirements. 

This conception of the importance of keratin synthesis in determining 
the amino acid requirements of animals is fortified by evidence obtained 
from studies of feather growth in molting hens and wool growth in sheep. 

A corollary from this conception is that the total amino acid require-
ments of an animal of any age or species are determined by the propor-
tions of the essential amino acids contained in the tissues being currently 
formed, or being currently catabolized. 

In partial confirmation of this theory, striking similarities and high 
correlations are shown to exist between the proportions existing among 
the essential amino acids of the dominant tissues of the animal body, 
and the proportionate requirements for these amino acids as determined 
by feeding experiments with rats and chicks. 

A method is proposed and illustrated for approximating the amino 
acid requirements for maintenance from the amounts of absorbed nitro-
gen per basal calorie required for nitrogen equilibrium in the form of 
a series of proteins of variable value in adult nutrition. 

Finally, a theory of protein metabolism is proposed, and illustrated 
by diagram. This theory is based upon the Folin conception of two 
distinct types of protein catabolism, but includes later developments, 
especially those of Whipple and Schoenheimer and their associates, and 
the developments presented in this chapter, particularly the role of 
keratin synthesis. 
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