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I . INTRODUCTION

Fulfillment of the protein requirements of population groups throughout the world will continue to demand the attention and concentrated
effort of scientists in many disciplines because of the central position of
protein in the nutritive process. Distinct progress has been made during
the past decade in understanding the utilization of essential amino acids
by man. For example, the relative efficiency of free and peptide-bound
amino acids has been measured; information concerning minimal requirements has been used in conjunction with the amino acid content of
foods so that indigenous foods could be combined effectively; the importance of considering proportions as well as amounts of essential amino
acids has been recognized; and a reference pattern of essential amino
acids has been developed and tested in children and adults.
Each phase of the research related to requirements for and utilization
of amino acids has raised new questions and posed additional problems.
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Investigations conducted to date have been directed principally toward
intakes of essential amino acids that were near the minimal requirements.
There is an urgent need for the establishment of criteria of optimal
protein nutrition in man and for the continuation of research concerning
the influence of different quantities of essential amino acids. It is hoped
that a review of recent accomplishments will stimulate additional re
search with human subjects of various ages which will ultimately resolve
the conflicts and fill the gaps in knowledge that now exist.
I I . UTILIZATION OF ESSENTIAL AMINO ACIDS IN FREE AND BOUND FORM

Minimal amino acid requirements of men (1), women (2), and in
fants (3) were established initially by administering mixtures of crystal
line essential amino acids supplemented with various sources of nitrogen
to permit synthesis of nonessential amino acids. This approach was
justified by the rigorous control that could be exercised over all com
ponents of the experimental diet and the ease with which the quantity
of a particular amino acid could be manipulated without altering other
nutritional elements. Nevertheless, many aspects of the dietary treatment
must be modified when crystalline amino acids replace peptide-bound
amino acids in foods. For example, the form in which amino acids enter
the alimentary tract, the relative proportions of essential and non
essential amino acids, and the sources of carbohydrate and nonessential
amino acids are generally dissimilar. The effects on nitrogen retention
of altering these conditions, individually or collectively, are not under
stood fully in man.
After the minimal requirements for essential amino acids were estab
lished, it therefore became necessary to determine whether or not
crystalline amino acids were utilized to the same extent as the peptidebound constituents of foods, just as it was mandatory in an earlier phase
of nutrition research to compare the availability of synthetic vitamins
with those in foods. If amino acid requirements estimated by means of
diets containing free amino acids should differ markedly from those
observed when foods were a major source of essential amino acids, the
data would have to be re-examined and reinterpreted before they could
be employed in evaluating, combining, and supplementing foods to meet
human needs.
A. Comparison of Data Concerning Requirements
In the earliest study of the applicability of data obtained with puri
fied amino acids, lysine requirements of men and women (4, 5) who
consumed a cereal-containing diet in this laboratory were compared with
those established in other laboratories (6, 7) when mixtures of crystalline
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amino acids were administered. The basal diet (4) contained 159 gm of
all-purpose white wheat flour and 21 gm of degerminated yellow cornmeal, amounts that approximated the per capita consumption in the
United States. The cereals supplied approximately half of the total
quantities of all essential amino acids (except lysine) that were ingested
by the subjects. A supplementary mixture of the L-isomers of amino
acids was so formulated that the total amounts of amino acids (except
lysine) in the daily diet approximated those in 20 gm of egg protein (8).
The baked products prepared from the cereals contained at least 400 mg
of lysine, and L-lysine monohydrochloride was administered in decreasing
amounts to ascertain the least amount that would maintain nitrogen
equilibrium in each subject. The basal diet and essential amino acid
supplement furnished approximately 55% of the 9.0 gm of nitrogen
consumed daily, and the remainder was supplied equally by glycine,
glutamic acid, and diammonium citrate.
TABLE I
MINIMAL LYSINE REQUIREMENTS OF M E N "

Lysine requirement (mg/unit)

Subject

Body
weight
(kg)

Height
(cm)

Day

Kilogram

Square
meter

Gram of
creatinine

JM
EO
BG
AP
WH
WC
LM
GN
CM
HM

67.4
62.6
65.2
68.2
72.9
85.5
79.6
71.7
86.2
95.8

178
183
182
171
182
182
180
179
193
183

400
500
500
650
700
750
850
900
900
1200

6
8
8
9
10
9
11
12
10
12

225
280
270
370
370
360
425
460
420
540

230
300
300
385
370
420
430
510
500
520

a

From Table 2 in Clark et al. (5).

Representative groups of men and women between 20 and 30 years of
age were selected. All were approved by a physician. The mean body
weight of the men was 75.5 kg (range 62.6 to 95.8 kg) and of the women
60.9 kg (range 45.2 to 79.8 kg). Minimal daily lysine requirements of
the men (5), which are shown in Table I, were between 400 and 900 mg,
except that of the largest subject who needed 1200 mg. Requirements of
six of the ten men were between 400 and 750 mg, and thus were within
the range of 400 to 800 mg established with free amino acids by Rose
et al. (6). Requirements exceeded 800 mg only if the men weighed more
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than 70 kg. Satisfactory agreement therefore was found between re
quirements established with free amino acids and with an experimental
diet in which cereals supplied from 33 to 100% of the lysine and a high
proportion of the other essential amino acids.
The women required between 300 and 700 mg of lysine. Eight of the
ten values overlapped those established in this laboratory for men. Com
parison with the data of Jones et al. (7), who suggested that a daily
intake of 400 to 500 mg of lysine would be adequate for most women,
is difficult because of deviations in procedure.
The usefulness of data concerning minimum amino acid requirements
for man has been questioned frequently because of the relatively short
interval during which the ability to maintain equilibrium was demon
strated. Having previously established a range of lysine requirements
of men and women, Clark et al. (8a) administered a constant amount
of lysine to three groups of subjects for at least 30 days following an
adjustment interval. The smallest quantity of lysine tested, 600 mg, was
predicted and subsequently proven to be adequate for only some of the
subjects, whereas 700 and 950 mg maintained equilibrium or positive
balance in all participants. Moreover, nitrogen retention improved with
time at all levels of lysine tested. Earlier estimates of minimum lysine
requirements of men and women, which were based on data obtained in
6 days, thus were supported.
B. Measurement of Availability of Amino Acids in Foods
Linkswiler et al. (9) studied the availability of certain amino acids
in foods by determining in the same experiment the quantity of an
amino acid that was required to maintain nitrogen equilibrium when
supplied in alternate periods in purified form and in peptide-bound
form. These investigators recommended that the amino acid under study
be administered at several levels since the relative value of the two
forms could be compared most effectively at a point below the individual
requirement. Ground white degerminated corn, prepared by steaming,
was consumed in an amount estimated to supply as much leucine and
phenylalanine as did the basal diet which contained approximately
twice the quantities of all purified essential amino acids required by
women (10) except valine. Other essential amino acids in the experi
mental diet were furnished in purified form to raise the total amount
of each to that in the basal diet, and a supplement of glycine, glutamic
acid, and diammonium citrate increased total nitrogen to 10 gm. Mean
nitrogen balances were —0.21 and —0.17 gm during two periods when
the basal diet was fed, in comparison with —0.08 and +0.05 gm when
the corn-containing diet was tested (9). The intact protein of corn
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apparently was digested and absorbed rapidly enough to be metabolized
along with the free amino acids consumed at the same meal; it did not
cause an increase in fecal nitrogen.
When the following quantities of valine (11) were fed in descending
order: 530, 480, 380, 330, and 230 mg, daily nitrogen balances resulting
from the purified valine were, respectively, 0.0, +0.05, —0.20, —0.12,
and —0.43 gm, and those resulting from corn were 0.0, —0.11, —0.09,
—0.02, and —0.31 gm. Valine therefore was utilized equally well from
the intact protein of corn and as the free amino acid. Differences in
nitrogen retention were not significant whether threonine was furnished
by corn or in the purified form, although there was a trend toward
better utilization from corn (12). The finding that isoleucine in corn
was completely available to human subjects (13) was of particular
interest because of the earlier report (14) that only 30% of isoleucine
in corn was available to the growing rat.
These two laboratories, using different approaches, have demonstrated that data obtained by administering foods or crystalline amino
acids are in general agreement and can be applied satisfactorily in
planning dietaries. Additional evidence that nitrogen retention induced
by foods was similar or, in some cases, slightly superior to that resulting from purified amino acids was obtained during an evaluation (1519) of the reference pattern of amino acids proposed by the Food and
Agriculture Organization of the United Nations (FAO).
Certain problems must be identified, however, that would tend to
become critical if intakes were minimal. Many foods are subjected to
some form of processing before they are consumed by man. For example,
9% of the lysine in the wheat flour used in experiments designed to study
lysine requirements (4) was destroyed or rendered unavailable during
baking (20). The effects of processing have been reviewed recently (21).
Amino acids in foods high in carbohydrate are particularly susceptible
to damage by heat (22). The concept of amino acid availability has been
discussed (23), and the relative merits of different procedures for estimating "available" amino acids have been appraised (24). The estimated
amino acid content of foods may be altered by time and conditions
of hydrolysis (25).
I I I . INFLUENCE OF RELATIVE PROPORTIONS AMONG
ESSENTIAL AMINO ACIDS

Statements of minimal amino acid requirements of human subjects
made it possible for the first time to express quantitatively the concept
of proportionality among all essential amino acids. Certain investigations have been directed specifically toward the evaluation of a pro-
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portionality pattern and others toward relative proportions of a limited
number of amino acids.
A. Evaluation of the FAO Reference Pattern of Essential Amino Acids
The provisional reference pattern of amino acids, which was developed
in 1957 by the Committee on Protein Requirements of the Food and
Agriculture Organization (26), was designed to evaluate the quality of
protein in foods, singly or in combination, and to devise supplementary
measures when so indicated. The assumption was made that the propor
tions of individual amino acids in this pattern were optimal, and that
diets of children or adults could be developed or improved by making
them conform to the reference pattern, which is shown in Table II, to
gether with the proportions of amino acids in certain foods.
Tests of the effectiveness of the FAO reference pattern, which was
recognized from the outset as tentative, were initiated promptly in
children and adults.
1. In

Children

Scrimshaw et al. (27) supplemented cereals with the amino acids
that appeared to be limiting, when compared with the FAO pattern, and
fed these combinations to children between 1 and 6 years of age who
had recently recovered from protein malnutrition. Corn masa, prepared
by treating whole corn with a heated lime solution before grinding,
furnished 85% of the dietary protein which in the first experiment was
fed at a level of 3.0 gm per kilogram of body weight (27). Calories,
minerals, and vitamins were adequate in all experiments. Under these
conditions, the unsupplemented basal diet permitted equilibrium, the
addition of tryptophan induced a positive balance, and inclusion of both
tryptophan and lysine caused further improvement. Supplementation
with methionine, which according to the FAO pattern was the third
limiting amino acid, depressed retention below that observed with
tryptophan alone, unless isoleucine also was increased. Retention was
as satisfactory when the basal diet was supplemented with tryptophan,
lysine, and isoleucine to provide the total amounts indicated by the ref
erence pattern as it was when skim milk was administered. Responses to
supplementation of corn masa were similar in direction but smaller in
magnitude when protein was reduced from 3.0 to 2.0 or 1.5 gm per kilo
gram of body weight (28).
In contrast to the conclusion drawn from comparison with the FAO
pattern, lysine was more limiting in corn masa than was tryptophan
since it caused a greater improvement in nitrogen retention of the
children when each amino acid was fed at the level specified by the

II

COMPARED WITH AMINO ACID REQUIREMENTS OF HUMAN

BEINGS

01,6

Pattern of amino acid requirements

FAO
pattern
Arginine
Histidine
Lysine
Leucine
Isoleucine
Methionine
Cystine
Total S-acids
Phenylalanine
Tyrosine
Total aromatic acids
Threonine
Tryptophan
Valine
a
b

—
—

4.2
4.8
4.2
2.2

—

4.2
2.8
2.8
5.6
2.8
1.4
4.2

Egg
6.6
2.4
6.6
8.8
6.6
3.1
2.3
5.4
5.8
5.0
10.8
5.0
1.7
7.4

Human
milk
4.1
2.2
6.6
9.1
5.5
2.3
2.0
4.3
4.4
5.5
9.9
4.5
1.6
6.3

Infant
Cow's
milk
3.7
2.7
7.9
10.0
6.5
2.5
0.9
3.4
4.9
5.1
10.0
4.7
1.4
7.0

Expressed as gm/16 gm N.
From Committee on Protein Malnutrition, Nat!. Acad. Sci.—Nat!.

Child

CO

—

—
—

2.4
7.7
10.9
6.6
4.8

7.5
10.9
9.2
3.3

—

—

6.2
6.6

—

—

—

4.4
1.6
6.7

6.3
1.6
7.6

—

6.5

—

Adult
Female

Male

—
—

—
—

—
—

10.7
8.0
5.3

—
—
4.8
4.8

—
—
6.1
1.6
5.9

5.1
6.1
4.6
3.5
2.1
5.6
2.2
9.1
11.3
3.0
1.6
6.6

5.1
7.0
4.5
1.3
5.1
6.4
1.9
7.0
8.9
3.2
1.6
5.1
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T H E F A O PATTERN AND THE PROTEINS OF EGG, HUMAN MILK, AND Cow's M I L K

Research Council, Publ. 1 1 0 0 (24, p. 14).
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reference pattern and also at a lower level (29). Bressani et al. (28, 29)
concluded that the amount of tryptophan in the FAO pattern was too
high relative to other amino acids present, that the effect of isoleucine
was small, and that levels of lysine, tryptophan, and isoleucine as high
as those in the reference pattern were not superior to smaller intakes.
The sequence in which the amino acids became limiting in corn for
children concurred with the report of Truswell and Brock (30) that
lysine, tryptophan, and isoleucine, in that order, were limiting in maize
when it was fed to provide 90 to 100% of the protein consumed by men.
However, either lysine or tryptophan might be the first limiting amino
acid, depending on their relative concentrations in a particular lot of
maize.
Whereas a diet containing wheat flour supplemented in accordance
with the FAO reference pattern induced nitrogen retention approximating
that obtained with milk, the addition of all essential amino acids except
lysine, which is most limiting, caused refusal of food and nausea in
children (31). Lysine and tryptophan together accounted for approxi
mately 90% of the improvement due to supplementation of wheat (32).
When wheat supplied 2.0 to 3.0 gm of protein per kilogram, an amount
of lysine could be added that would just balance the tryptophan
present, whereas if a larger amount of lysine were given, it was necessary
to increase other amino acids so that favorable proportions would be
maintained among them.
Snyderman et al. (33) concluded that nitrogen retention and weight
gain of premature infants were equally satisfactory, whether they con
sumed formulas based on cow's milk or mixtures of essential amino
acids in the pattern of human milk or of the FAO reference protein.
2. In Adults
A series of experiments, sponsored by the Human Nutrition Research
Division of the Agricultural Research Service, was designed to com
pare the response of young men and women to essential amino acids fed
in the FAO reference pattern with the patterns of whole egg (15, 16),
rolled oats (17), peanut butter and milk (18), and wheat (19). The
effect of administering the amino acids as components of these foods and
in purified form also was evaluated. For example, Swendseid et al. (15)
supplied amino acids, in accordance with the FAO reference pattern, as
purified amino acids in certain periods and, in others, as whole egg plus
the amounts of purified amino acids that were needed to complete the
reference pattern. Likewise, the egg pattern was compared when con
sumed as the intact protein of whole egg and also as free amino acids.
Except when whole egg was fed, a mixture of nonessential amino acids
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comparable to those in egg was given, plus glycine and diammonium
citrate as needed to increase nitrogen to 10 gm per day. A similar approach, modified in accordance with the food being tested, was made in
all experiments in this series (15-19).
Nitrogen balances of young men (15) who consumed a mixture of
purified essential amino acids in either the FAO or the egg pattern did
not differ consistently from those observed when whole egg was the
principal source of amino acids. Since the concentration of tryptophan
was higher in the FAO pattern than in egg, both patterns then were proportioned to an equal amount of tryptophan. Under these conditions,
better retention occurred with the egg pattern. Reducing the tryptophan
content of diets containing amino acids in the proportions of the FAO
pattern did not influence nitrogen retention. Many negative nitrogen balances occurred in this experiment, although subjects consumed as much as
360 or 440 mg of tryptophan and other amino acids in amounts that equaled
or exceeded the previously reported minimal requirements of men (1).
When young women consumed intact proteins of whole egg, their nitrogen balances were similar or superior to those resulting from purified
amino acids administered in both the FAO and egg patterns (16). Again,
better retention occurred with the egg pattern than with the FAO pattern
when amino acids were proportioned to an equal amount of tryptophan.
Balances did not differ when isonitrogenous amounts of essential amino
acids were present in either pattern. Balances of the women whose amino
acid intakes were based on 160, 240, and 320 mg of tryptophan were
less negative than those of the men (15).
Leverton and Steel (17) compared the FAO pattern with that of
rolled oats, a protein of good quality. When the FAO pattern was tested,
240 mg of tryptophan maintained equilibrium more consistently than
did 200 mg, and 160 mg were inadequate for all young women tested.
Both patterns were equally effective when supplied by purified amino
acids at the lowest level of tryptophan that maintained approximate
equilibrium, and there was not a consistent difference between rolled oats
and purified amino acids. Since nitrogen retention was less satisfactory
than would be expected from earlier research (2), the authors suggested
that further investigation should be undertaken to determine whether a
particular amino acid or the total essential amino acid nitrogen was the
limiting factor at the lowest level of tryptophan.
Nonfat milk solids and peanut butter, both of which possess a low
concentration of sulfur-containing amino acids, were compared with the
FAO pattern by Kirk et al. (18). The comparisons were made at the
lowest level of intake, based on the sulfur-containing amino acids, that
was compatible with nitrogen equilibrium for each subject when the
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amino acids were given in crystalline form in the proportions of the
FAO reference pattern. Nitrogen retention was superior when amino
acids were present in the proportions of either food pattern instead of the
FAO pattern, and it was slightly higher when food supplied most of the
amino acids than when crystalline amino acids were used, regardless of
the pattern.
Watts et al. (19) determined the nitrogen balances of young men
who were fed amino acids in three patterns, namely, the FAO reference
pattern, a modification of the FAO pattern, and the pattern of white
flour. The quantities of amino acids in the FAO pattern were propor
tioned to 450, 360, 320, 280, or 240 mg of tryptophan. Amounts of wheat
flour, which were selected to provide approximately the same amount of
lysine as present in the lowest level of the FAO pattern received by indi
vidual subjects, varied from 314 to 167 gm per day. Distinctly positive
balances occurred in several periods when the FAO pattern was fed,
and amino acids proportioned to 320, 280, and 240 mg of tryptophan
were considered adequate for different individuals. The FAO pattern and
the modified pattern which contained the same amount of tryptophan
but less methionine and more phenylalanine did not differ significantly
from each other. Mean balances were almost identical when the FAO
reference pattern and the wheat pattern provided comparable amounts of
lysine. They did not differ significantly when wheat flour was the prin
cipal source of essential amino acids, and both patterns were fed to
provide an equivalent amount of essential amino acid nitrogen.
3. Suggested Modifications

of the FAO Reference

Pattern

In appraising data obtained during evaluation of the FAO provisional
reference pattern, the Committee on Protein Malnutrition of the Food
and Nutrition Board (24) suggested that tryptophan might be reduced,
possibly from 90 to 70 mg per gram of nitrogen, and that further re
search is needed to determine whether the amounts of sulfur-containing
amino acids and of valine also are too high. The desirability of ex
pressing a pattern of amino acids in terms of the concentration of amino
acids per unit of protein, that is, as milligrams per gram of nitrogen,
rather than in relation to essential amino acid nitrogen, was pointed out.
For certain purposes, expression of amino acids as gram molecules per
unit of nitrogen would be useful. This committee also has proposed the
establishment of a concentration range for each amino acid, investiga
tion of possible differences between the proportions of amino acids
needed by children and by adults, and additional research concerning
the influence of the ratio between essential and nonessential amino
acids. The FAO-WHO Joint Expert Committee (34) concluded that
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adoption of the essential amino acid pattern of either egg or human milk
for reference purposes instead of the FAO provisional pattern is justified.
Holt and Snyderman (35) have pointed out that the nutritional
quality of a protein or of a diet is determined by its amino acid balance
and that the more closely the amino acid pattern approaches an ideal
balanced pattern, the better will be its nutritional value. Certain modifications of the FAO reference pattern would bring it close to that of
human milk or whole egg (Table I I ) . In the opinion of these authors,
either human milk or whole egg might replace the FAO provisional
pattern.
Swaminathan (36) has recently proposed a tentative "ideal" reference
protein pattern which resembles the amino acid requirements of infants
and children. It contains more lysine than human milk or egg proteins,
more methionine than either human or cow's milk, and more of all
essential amino acids than the FAO provisional reference pattern. Expressed in grams per 16 gm of nitrogen, it would provide: arginine 6.6;
histidine 2.4; lysine 7.5; leucine 10.0; isoleucine 6.6; methionine 2.8;
cystine 2.0; phenylalanine 5.8; tyrosine 5.0; threonine 5.0; tryptophan
1.6; and valine 7.0. This proposed reference pattern obviously needs
to be supported by experimental evidence.
Many and varied suggestions for modification of the FAO provisional
reference pattern have been made. Nevertheless, its existence has stimulated much research which will ultimately aid in elucidating the problems of meeting protein requirements in various population groups, even
if the provisional pattern should be discontinued.
B. Other Investigations of the Effect of Relative Proportions
among Essential Amino Acids
Numerous attempts have been made to improve the quality of protein
sources for man by judicious supplementation with essential amino acids
(27, 30, 37-39) or by combining foods in a manner to achieve mutual
supplementation (36, 40, 41). In reality, the objective of these investigations was to improve the balance or proportions among the essential
amino acids by overcoming a deficit without causing any amino acid
to become either limiting or excessive.
Cereal proteins are of particular interest because of their world-wide
significance and the fact that a deficit of one or more essential amino
acids may coexist with an excess of another. Wheat flour has low concentrations of lysine, isoleucine, and tryptophan, together with large quantities of leucine and phenylalanine, and intermediate amounts of other
amino acids. It seemed feasible, therefore, to incorporate in experimental
diets an amount of wheat flour that would meet minimal needs for
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several amino acids and would permit modification of the amounts of
lysine, isoleucine, and tryptophan.
The proportions of lysine, tryptophan, and isoleucine were varied,
singly and in combination, in a series of experiments conducted in this
laboratory (42). White wheat flour was an important source of amino
acids. The basal diet, which was a component of all dietary treatments,
contained 200 gm of all-purpose white wheat flour and a few other
foods that were Jow in nitrogen. Since the 550 mg of lysine present in
the foods would be insufficient for most subjects, L-lysine monohydrochloride was included in the basal diet, so that the total daily intake of
all subjects was 1000 mg, an amount that was estimated from earlier
experiments (5) to meet minimal needs of all subjects, with only a
small margin of safety for most. The quantities of essential amino acids
in the basal diet are shown in Table III. When compared with minimal
requirements of men (1), tryptophan in the basal diet appeared to be
low and isoleucine borderline.
TABLE

III

ESSENTIAL AMINO ACIDS ( E A A ) IN BASAL AND CONTROL D I E T S

Amino acid

Basal
diet
(mg)

EAA
mix
(mg)

Control
diet
(mg)

Isoleucine
Leucine
Lysine
Methionine
Cystine
Phenylalanine
Tyrosine
Threonine
Tryptophan
Valine

720
1680
1000
470
760
1150
760
620
220
920

880
160
500
—
—
220
—
360
80
540

1600
1840
1500
470
760
1370
760
980
300
1460

α

6

8

Ratio to tryptophan

6

Basal

Control

3.3
7.7
4.5
2.1
3.5
5.2
3.5
2.8
1.0
4.2

5.3
6.1
5.0
2.7
1.6
4.2
3.0
3.3
1.0
4.9

From Clark et al. (42).
Lysine was changed to 1000 mg in Experiments III, IV, and V.

The same quantities of essential amino acids were present in all ex
perimental diets as in the basal diet, except that lysine, tryptophan, and
isoleucine were varied. Direct comparisons of three different levels of
each amino acid were made, as follows: lysine—1000, 1500, and 2000 mg;
tryptophan—220, 330, and 500 mg; and isoleucine—720, 1170, and 1600
mg. The different combinations in which these three amino acids were
tested are shown in Table IV, together with the resulting nitrogen bal
ance data. All diets contained 16 mg of niacin per day.
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The control diet, which provided amounts of essential amino acids
comparable to those in 20 gm of egg protein (8), consisted of the basal
diet plus the mixture of essential amino acids described in Table III.
It supplied either 1500 or 1000 mg of lysine, 300 mg of tryptophan, and
1600 mg of isoleucine. The control diet and treatments were fed in a
different sequence to each subject to minimize the effect of position
within the experiment. Total nitrogen intake in all periods was 9.0 gm, of
which flour supplied 42%, other foods 4%, and crystalline amino acids
9% or less, depending on the treatment. Glycine, glutamic acid, and
diammonium citrate each provided one-third of the supplementary
nitrogen.
Healthy young men and women between 20 and 30 years of age
(Table V) participated in four experiments conducted in sequence for
the following purposes: (1) to test the feasibility of administering an
experimental diet containing 200 gm of white wheat flour supplemented
with lysine and tryptophan, with and without isoleucine; (2) to modify
lysine; (3) to modify isoleucine; and (4) to modify both tryptophan and
isoleucine. Mean daily nitrogen balances for 6-day periods in all experiments are summarized in Table IV. The control diet in successive experiments induced mean positive balances of 0.15, 0.54, 0.44, and 0.24 gm
which did not differ significantly from each other. Reduction of lysine
in the last two experiments from 1500 to 1000 mg while other amino
acids were unchanged did not alter the mean retention. The control diet
permitted equilibrium or positive balance in most but not all subjects.
In Experiment I, all treatments contained 300 mg of tryptophan.
Balances (0.14 and 0.26 gm) which resulted from the combination of
1000 mg of lysine with either 720 or 1000 mg of isoleucine were as
satisfactory as the balance (0.14 gm) obtained with the control diet.
Retention of certain subjects was improved distinctly by providing 1000
instead of 720 mg of isoleucine. In contrast, administration of 1500 mg
of lysine with 720 mg of isoleucine depressed retention significantly
(P < 0.05) below that observed when 1000 mg of both isoleucine and
lysine were present. The ratio of lysine to isoleucine changed from 1:1
to 2:1 when isoleucine was decreased from 1000 to 720 mg and lysine
increased concomitantly from 1000 to 1500 mg. Under these conditions,
the amount of isoleucine in the basal diet apparently became inadequate
in respect to at least one other amino acid.
In Experiment II, 300 mg of tryptophan and 1000 mg of isoleucine
were included, while 1000, 1500, and 2000 mg of lysine were administered.
Mean balances resulting from the different quantities of lysine (0.35,
0.36, and 0.71 gm) did not differ significantly from each other or from
the control diet (0.54 gm). Nitrogen retention was as satisfactory, in
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TABLE

M E A N DAILY NITROGEN BALANCES OF SUBJECTS WHO CONSUMED
VARIABLE AMOUNTS OF LYSINE, TRYPTOPHAN, AND ISOLEUCINE"

Nitrogen balances of subjects
(gm/day)
Lysine
(mg/day)

Tryptophan
(mg/day)

Isoleucine (mg/day)

Mean

PG

RM

RN

PS

TS

-0.04
0.14
0.26
0.15

0.01
0.29
0.64
-0.09

0.18
-0.01
0.31
0.45

-0.17
0.05
0.02
-0.16

-0.02
0.41
0.21
0.42

-0.20
-0.05
0.13
0.14

0.13

0.21

0.23

-0.07

0.25

0.01

Experiment I: Lysine and isoleucine
1500
1000
1000
1500

300
300
300
Control

720
720
1000

—
Mean:

Mean

RH

RM

RN

RF

MS

Experiment II: Lysine
1000
1500
2000
1500

300
300
300
Control

1000
1000
1000

—

0.20
0.49
0.65
-0.07

0.73
0.48
0.98
0.87

0.36
0.07
0.07
0.62

0.07
0.22
0.40
0.36

0.38
0.53
1.46
0.94

0.32

0.32

0.77

0.28

0.26

0.83

Mean

BH

RH

0.25
0.07

0.43
0.62

DM

RN

-0.43
0.00

-0.22
-0.04

CP

MS

0.97
1.65

0.20
0.91

Experiment III: Isoleucine
1000
1000

300
300

720
1170

0.20
0.53
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Mean:

0.35
0.36
0.71
0.54

300
220
Control

1600
720
—

0.49
0.52
0.44

0.10
0.05
0.39

0.50
0.39
0.36

-0.23
0.31
-0.02

0.25
-0.01
-0.09

1.55
1.71
1.38

0.80
0.67
0.62

Mean:

0.44

0.17

0.46

-0.07

-0.02

1.45

0.64

MS

JS

NT

Mean

BH

RH

RN

-0.08
0.33
0.23
0.20
-0.01
0.24

-0.16
-0.06
-0.29
-0.03
-0.17
-0.08

-0.19
0.60
0.50
0.17
-0.17
0.59

-0.25
0.44
-0.24
-0.31
-0.03
-0.41

0.53
0.82
0.86
0.98
0.84
0.99

-0.07
-0.35
0.03
—
-0.20
0.00

-0.36
0.53
0.53
0.19
-0.35
0.36

0.15

-0.13

0.25

-0.13

0.84

-0.12

0.15

Experiment IV: Tryptophan and isoleucine
1000
1000
1000
1000
1000
1000

220
300
500
300
500
Control

720
720
720
1000
1000
—
Mean:

Mean

BH

MS

RH

JW

-0.12
0.06
0.01
0.20
-0.05
0.00

-0.11
-0.10
-0.16
-0.06
-0.25
0.07

-0.12
0.26
0.23
0.54
0.21
-0.12

-0.14
-0.03
-0.19
0.20
-0.12
0.05

-0.13
0.10
0.15
0.10
-0.05
—

0.02

-0.10

0.17

-0.04

0.03

Experiment V: Tryptophan and isoleucine
1000
1000
1000
1000
1000
1000

220
300
500
220
300
500

720
720
720
1000
1000
1000
Mean:

In Experiments I to IV, 200 gm of wheat flour were consumed [Clark et al. (42)]. In Experiment V, purified amino acids were present
instead of flour [Clark and Myers (45)].

4. UTILIZATION OF ESSENTIAL AMINO ACIDS BY MAN

1000
1000
1000

α

137

138

HELEN Ε. CLARK
TABLE

V

CHARACTERISTICS OF SUBJECTS IN EXPERIMENTS I το

Subject
PG
RM
RN
PS
TS
RH
RF
MS
BH
DM
CP
JS
NT
JW

6

Experiment

Weight
(kg)

Height
(cm)

Calories

I
I, II
I-IV
I
I
II-V
II
II-V
III-V
III
III
IV
IV
V

76.9
81.1
74.7
70.1
70.9
83.7
78.8
51.9
71.0
73.1
53.2
81.2
59.6
69.1

192
182
177
183
174
180
184
180
180
162
159
185
173
186

3900
3450
3400
3400
3400
3250
3350
2720
3070
2500
2950
3350
2450
3500

0

V°

Creatinine
(gm)

Fecal Ν
(gm)

1.79
1.89
1.71
1.40
1.72
1.82
1.71
1.07
1.37
1.23
1.39
1.70
1.18
1.71

0.66
0.85
0.82
1.00
0.81
0.61
0.49
0.61
0.75
0.70
0.62
0.90
0.68
0.54

From Clark et al. (42).
All were men except MS, DM, and NT. Data are for the first experiment in which
each participated.
• Including an allowance of 160 kcal from amino acid supplements in Experiments
I to IV and 270 kcal in Experiment V.
a

h

the first two experiments, when the basal diet containing 200 gm of
flour was supplemented to provide 1000 mg of both lysine and isoleucine
and 300 mg of tryptophan as it was with the control diet which contained
the same quantity of tryptophan and larger amounts of all other amino
acids.
Quantities of isoleucine equal to 160 and 220% of that in the basal
diet were administered in the presence of 1000 mg of lysine and 300 mg
of tryptophan in Experiment III. An antagonism might exist between
leucine and isoleucine (43) since the amount of leucine in the basal diet
was 1.5 times the minimal requirement of men, whereas isoleucine was
borderline. Mean nitrogen balances (Table IV) were significantly higher
(P < 0.05) when either 1170 or 1600 mg of isoleucine were provided
instead of 720 mg, and were as satisfactory as those obtained with the
control diet, which contained 1600 mg of isoleucine and 1840 mg of
leucine. Retention, therefore, was improved by increasing the amount
of isoleucine above that in the flour when both lysine and tryptophan
were increased. In one other treatment the basal diet was supplemented
only with lysine although it seemed likely that 220 mg of tryptophan
would prove inadequate for certain subjects (44). However, mean reten
tion was significantly higher (P < 0.05) in the absence of supplementary
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tryptophan and isoleucine than when tryptophan was increased to 300
mg without a concomitant increase in isoleucine, and was as satisfactory
as when 1170 or 1600 mg of isoleucine were fed with 300 mg of tryptophan. The 36% increment in tryptophan apparently created an imbalance
that was overcome by increasing isoleucine proportionately.
In Experiment IV of this series, 220, 300, and 500 mg of tryptophan
were tested in combination with 720 mg of isoleucine, and both 300 and
500 mg were administered with 1000 mg of isoleucine also. All treatments contained 1000 mg of lysine. Mean balances could be divided
into two groups that differed significantly (P < 0.05) from each other.
Combinations of 220 mg of tryptophan with 720 mg of isoleucine and
of 500 mg of tryptophan with 1000 mg of isoleucine produced mean
balances of —0.08 and —0.01 gm in contrast to values between 0.20 and
0.33 gm for the three other treatments and the control diet. Failure to
attain equilibrium with 220 mg of tryptophan and 720 mg of isoleucine
could be attributed principally to a deficit of tryptophan since the mean
balance improved from —0.08 to +0.33 gm when tryptophan was increased to 300 mg. Raising tryptophan to 300 mg had essentially the
same effect whether 720 or 1000 mg of isoleucine were present. The improvement in retention that followed inclusion of 300 mg of tryptophan
did not agree with the findings in Experiment I I I and suggested that the
two lots of flour differed in respect to the availability of amino acids.
When 720 mg of isoleucine were present, a zone of tolerance existed
for tryptophan since balances were similar whether 300 or 500 mg were
included. In contrast, the combination of 500 mg of tryptophan with
1000 mg of isoleucine depressed retention below that resulting from
either 500 mg of tryptophan with 720 mg of isoleucine or 300 mg of
tryptophan with 1000 mg of isoleucine. In fact, the mean balance associated with the highest levels of isoleucine and tryptophan that were
tested was similar to that resulting from the lowest levels, i.e., 220 mg
of tryptophan and 720 mg of isoleucine. When both tryptophan and
isoleucine were increased, the relative proportions among the amino acids
evidently were disturbed in such a manner that the essential amino acids
were not utilized efficiently. The results cannot be explained on the basis
of ratios between isoleucine and tryptophan because retention occurred
with ratios as diverse as 1.5:1.0, 2.4:1.0, and 3.3:1.0 in other combinations, whereas the ratio was 2.0:1.0 when 1000 mg of isoleucine were
combined with 500 mg of tryptophan.
To obtain additional information concerning the effect on nitrogen
retention of variable amounts of tryptophan and isoleucine, a fifth experiment was conducted in which crystalline amino acids replaced wheat
flour completely (42). The quantities of essential amino acids in the
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basal and control diets were similar to those in the preceding series
(Table I I I ) . Arginine and histidine, previously supplied by flour, were
not included. The vitamin supplement contained 20 mg of niacinamide
and 2 /xg of vitamin B , but no choline. Essential amino acids provided
approximately 0.92 gm of nitrogen, foods provided 0.32 gm, and the
mixture of glycine, glutamic acid, and diammonium citrate was adjusted
to maintain a constant intake of 9.0 gm of nitrogen. Particular atten
tion was paid to the caloric adequacy of the diets of individual subjects,
because free instead of bound amino acids were consumed (46). All
subjects maintained or gained weight, as in previous studies.
Mean daily balances (Table IV) were —0.12, +0.06, and +0.01 when
220, 300, and 500 mg, respectively, of tryptophan were provided with
720 mg of isoleucine, and +0.20, —0.05, and 0.0 gm when 1000 mg of
isoleucine were provided. Retention was improved significantly (P
< 0.05) by increasing isoleucine from 720 to 1000 mg when only 220
mg of tryptophan were administered. Although differences between other
treatments were not statistically significant, certain trends were apparent
in Experiment V. Whereas the basal diet, which contained 220 mg of
tryptophan and 720 mg of isoleucine, caused slightly negative balances
in all subjects, the 36% increment in tryptophan improved retention by
0.18 gm, in comparison with 0.32 gm when only isoleucine was in
creased. The beneficial effects of these two amino acids were not additive,
however. When 300 mg of tryptophan and 1000 mg of isoleucine were
provided, retention was little higher than it was with only 220 mg of
tryptophan and 720 mg of isoleucine, and it was less satisfactory than
when either amino acid was added alone. Presumably, another amino
acid became limiting when adequate amounts of lysine, tryptophan, and
isoleucine were present. The response to 500 mg of tryptophan was
variable at both levels of isoleucine, but there was no clear-cut evidence
of a depressing effect on nitrogen retention.
These experiments taken together indicate that modifications in the
structurally unrelated amino acids lysine, tryptophan, and isoleucine may
influence the utilization of each other and thus of the total mixture of
essential amino acids. An antagonism among isoleucine, leucine, and
valine has been reported by Fox et al (47), who observed that nitrogen
retention in men was depressed less severely if the diet was deficient
in one of these when levels of the two structurally related amino acids
were low rather than high.
Data obtained with young men and women (42, 47) indicate that
an intricate balance must exist among the essential amino acids, and
that the outcome of modifying the proportions among them cannot be
predicted with certainty. The adult human being may respond sharply
12
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to relatively small modifications in the proportions of essential amino
acids when the intake of one approaches the minimal requirement. This
is shown by the reaction to an increase in lysine from 1000 to 1500 mg
(Experiment I) or in tryptophan from 220 to 300 mg (Experiment III)
when isoleucine was restricted to 720 mg. The adverse effect of added
lysine was overcome by increasing isoleucine to 1000 mg (Experiment
I I ) . Under certain conditions a zone of tolerance was observed through
which the intake of an amino acid could be moved without influencing
nitrogen retention, as illustrated by the similarity in response to 1170
or 1600 mg of isoleucine (Experiment I I ) , or to 300 and 500 mg of
tryptophan when 720 mg of isoleucine were present (Experiment IV).
Likewise, the wheat-containing diet was as effective for maintenance of
nitrogen equilibrium when supplemented with small amounts of lysine,
tryptophan, and isoleucine as the control diet which contained larger
amounts and different proportions of most amino acids. I t is evident
that an irreducible minimum requirement exists for each amino acid,
which may be elevated by the presence of certain amounts of other
essential amino acids that are consumed at the same time. Therefore,
both the quantities and the proportions of essential amino acids must
be considered in formulating or evaluating diets of man.
Subjects within a particular experiment tended to respond to a
dietary treatment in a similar manner, whether they had a characteristically high or low retention pattern. Thus, the balances of most subjects were depressed in Experiment III when 300 mg of tryptophan and
720 mg of isoleucine were administered, and they were uniformly negative in Experiment V when low levels of both amino acids were tested.
Under certain conditions marked differences were observed, however.
Individual variability may be an expression of inherent differences in
urinary creatinine and fecal nitrogen excretion as well as other characteristics which influence the minimal requirement for an amino acid,
but which are related more directly to the subject than to the dietary
treatment. For example, fecal nitrogen losses of subjects in the first four
experiments varied from 0.49 to 1.00 gm (Table V), although the diets
were essentially the same except for foods that were added to provide
calories but little or no nitrogen. The origin of certain differences in
nitrogen retention is discussed elsewhere (42) in relation to data in
Tables IV and V. The concept of biochemical individuality, so well
developed by Williams (48), must be considered in any discussion of
the utilization of essential amino acids by man. The quantity of one
amino acid that just meets the need of one individual may be twice that
required by another for maintenance of nitrogen equilibrium, as for
lysine (1, 5), whereas the range of requirements for isoleucine is nar-
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row (1, 2). The zone of tolerance for an amino acid also may vary with
the individual. Deviations in requirement and in tolerance thus may
lead to differences in degree and even in direction of response to a treat
ment. For example, in Experiment V a deficit of tryptophan seemed to
predominate for certain subjects, but of isoleucine for others.
The effect of increasing methionine 12, 25, and 50% above the amount
present in a basal diet similar to that used in the first four experi
ments (42) was examined in a sixth experiment (49). The quantities of
amino acids in the basal diet, which contained 200 gm of white wheat
flour, are shown in Table VI together with the composition of the con
trol diet which furnished 1.5 times the minimal requirements reported
for men (1). An amino acid supplement was supplied in conjunction with
the flour. Since cystine can replace at least 80% of the methionine re
quired by men (50), the 320 mg of methionine plus 770 mg of cystine in
TABLE

VI

ESSENTIAL AMINO ACIDS CONSUMED IN EXPERIMENT VI°

Amino acid

Basal
diet
(mg)

Control
diet
(mg)

Isoleucine
Leucine
Lysine
Methionine
Cystine

720
1690
1000
320
770

1050
1650
1200
700
770

,ft

Amino acid

Basal
diet
(mg)

Control
diet
(mg)

Phenylalanine
Tyrosine
Threonine
Tryptophan
Valine

1160
770
630
210
930

1160
770
750
375
1200

From Clark and Woodward (49).
Experimental treatments included the same quantities of amino acids as the basal
diet, except for 1000 mg of isoleucine and 300 mg of tryptophan.
β

6

the basal diet would meet minimal needs (methionine equivalent, 1270
mg). The basal diet containing 1000 mg of lysine was tested without
further supplementation in one period, but 300 mg of tryptophan and
1000 mg of isoleucine were present in all other treatments. Vitamin B
was provided, but not choline.
The quantities of methionine tested in the presence of 770 mg of
cystine were 320, 470, 620, and 920 mg. Mean nitrogen balances resulting
from all treatments were positive (Table VII), and they did not differ
significantly from each other. Balances related to the basal and control
diets were 0.33 and 0.57 gm, and those resulting from administration of
320, 470, 620, and 920 mg of methionine were 0.52, 0.32, 0.38, and 0.41
gm, respectively. No single treatment consistently induced the most or
least favorable balances, but the highest level of methionine caused the
1 2
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most uniform response. The men, whose weights varied from 65 to 79 kg,
differed significantly (P < 0.01) in their ability to retain nitrogen. The
basal diet met the needs of four men. Subject J M improved when 150
mg of methionine were added, and subject DS, whose nitrogen loss was
so severe that the basal diet was discontinued after 3 days, improved
distinctly in response to each increment in methionine.
Provision of three times as much methionine as found in the basal diet
plus 770 mg of cystine, which together would be equivalent to 1870 mg
of methionine, did not alter nitrogen retention. Under the conditions of
this experiment, therefore, methionine could be altered over a range of
50% of the initial intake without any clear-cut effect on the group as a
whole. Other investigators (51, 52) observed neither beneficial nor adverse effects of adding as much as 3.0 gm of methionine to the diet of
human subjects whether 2 or 12 gm of dietary nitrogen were supplied.
On the other hand, numerous reports of damage to experimental animals
emphasized the need for caution in modifying the methionine intake of
man.
TABLE

VII

M E A N DAILY NITROGEN BALANCES OF M E N

WHO

CONSUMED VARIABLE AMOUNTS OP METHIONINE*

Methionine (mg/day)
Control
Subject
diet

Basal
diet

320

470

620

920

Mean

RV

0.82
0.22
0.34
0.58
1.17
0.31

0.44
0.05
0.26
0.14
0.62
0.48

0.62
—
0.50
-0.07
0.98
0.55

0.86
0.11
-0.36
0.31
0.54
0.44

0.52
0.29
0.14
0.28
0.74
0.32

0,57
0.43
0.55
0.32
0.24
0.34

0.64
0.22
0.24
0.26
0.72
0.41

Mean:

0.57

0.33

0.52

0.32

0.38

0.41

RA
DS
BH

JM
SD

° Expressed as gm/day. From Clark and Woodward (49).

The six experiments conducted in this laboratory related to lysine,
tryptophan, isoleucine, and methionine show clearly that, when the intake of one or more amino acids is marginal, small additions of an amino
acid may be either distinctly beneficial or detrimental, but a wide
zone of tolerance for an amino acid also may exist. These observations
emphasize the difficulty of establishing a proportionality pattern that
would be applicable to adult human subjects with upper and lower limits
as suggested (24). Obviously, minimal needs must be met but the point
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of maximum tolerance above that point may be difficult to ascertain
because it may be influenced strongly by the proportions of other amino
acids present.
C. Questions Raised by Recent Research Concerning Relative
Proportions of Amino Acids
The investigations discussed in this review indicate the limitations
of present knowledge concerning utilization, metabolism, and transport
of amino acids. Quantities of essential amino acids that were adequate
under other conditions failed to maintain nitrogen equilibrium in young
men (15) and women (17), even when intakes of nitrogen and calories
were generous. Nevertheless, amino acids fed in the same proportions
permitted satisfactory nitrogen retention in young men (19), in infants
(33), and in preschool children (27, 31). Examples of imbalance and
also of tolerance were observed when intakes of certain amino acids were
manipulated (42, 49). In all of these experiments, the diet contained
minimal amounts of one or more essential amino acids.
Administration of disproportionate amounts of amino acids has pro
duced adverse effects in chicks (53), dogs (54), and rats (55). Depres
sion of appetite, retardation of growth, and reduction in nitrogen reten
tion always occur, and the concentrations of enzymes and lipids in the
liver may be altered (56). If a marginal amount of at least one essen
tial amino acid is present, an imbalance can be produced by adding a
small amount of another amino acid, especially that which is most
limiting, or an assortment of amino acids from which the limiting one
has been omitted (55, 57). The imbalance then can be reversed by adding
a small amount of the limiting amino acid, whereas an antagonism be
tween certain amino acids can be alleviated by a structurally related
amino acid but not necessarily by that which is most limiting. The
ability to tolerate an excess of any amino acid increases if either the
limiting amino acid or the protein is increased (58). Voluntary food
intake of nondepleted or starved rats was depressed more quickly than
that of protein-depleted animals, and a marked preference was shown
for a balanced or even a protein-free ration rather than the imbalanced
diet (59). Urea and free amino acids accumulated in the plasma if an
imbalance occurred (60). A comprehensive review of amino acid imbal
ances and toxicities has been prepared by Harper (61). Although the
dietary components which are used to demonstrate the effects of dispro
portionate amounts of amino acids most clearly in experimental animals
have little application in human feeding, the implications of this re
search are important.
Christensen (62) has concluded that the transport of amino acids offers
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more severe possibilities for injurious effects of excesses of one amino
acid on the metabolism of others than do anabolic and catabolic enzyme
systems, which may impose more precise structural requirements on their
substrates than do the transport mediators. If certain amino acids are
administered in such quantities that their levels in the plasma are elevated markedly, the distribution of other amino acids may be influenced
profoundly, and the cellular concentration of one or more may be
reduced even below the level needed for protein synthesis or other
metabolic reactions. The deleterious effects of amino acid imbalance on
the efficiency of protein utilization might be produced in this manner
rather than through competition for the steps involved in protein
synthesis.
This explanation (62) is consistent with the remarkable similarity
of manifestations of amino acid deficiency (63) and those ascribed to
imbalance (56) in growing rats. The loss of appetite and nausea observed
in children fed disproportionate amounts of amino acids (31) also closely
resemble the consequences of amino acid deficiency in adults (1, 2).
Whether these conditions be termed deficiencies or imbalances, their
development raises serious questions concerning the regulation of amino
acid metabolism and the concept of protein reserves. The mechanisms of
deamination, transamination, and catabolism of amino acids (64, 65)
evidently are less efficient in dealing with an influx of amino acids in
unsuitable proportions than with the much larger quantities that follow
the ingestion of a generous intake of high quality protein. The protein
reserves have been defined (66) as "the labile proteins that are continually
broken down and resynthesized, thereby contributing to and taking
from the metabolic pool of amino acids." I t has been suggested that these
reserves may supply essential amino acids during starvation, illness, or
other forms of stress (66). They evidently cannot be mobilized to compensate for a dietary inadequacy or to prevent the development of a
specific lesion, as in histidine deficiency in infants (67).
The recent investigations in human subjects have directed attention
to the relative proportions of essential and nonessential amino acids in
the diet, and attempts have been made to estimate the requirement for
essential amino acid nitrogen (15-19). This topic will be discussed in another section.
Attainment of nitrogen equilibrium was the principal criterion used
to evaluate the adequacy of the various dietary treatments included in
this review. Despite the criticisms of this approach (68), the nitrogen
balance method yields valuable information when carefully controlled
(21, 24, 35). A major limitation lies in the fact that this method may be
most discriminating when dietary protein is suboptimal (69) and does
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not provide complete information concerning an optimal nutritional state.
Certainly attainment of equilibrium cannot be considered the only
objective in terms of a prolonged interval, especially if dermal and other
losses are to be taken into account (70, 71). Another limitation is the
inability to identify the cause of negativity, which may be an amino
acid deficiency (1, 2), imbalance or antagonism (55), or a deficit of
calories (46, 72), nitrogen (73, 74), or certain vitamins (30). Therefore
the establishment of criteria of optimal protein nutrition in man and the
development of techniques that can be used to evaluate the ability of
protein sources and mixtures of amino acids to fulfill these criteria are
imperative. Progress has been made, particularly in the investigation of
the effects of dietary treatments on the concentration of amino acids in
the plasma. Excellent reviews by Albanese and Orto (21), Longenecker
(75), and Swendseid (76) have appeared recently. The possibility of
integrating information obtained by the nitrogen balance technique with
that relative to plasma amino acid concentrations (21) is particularly
interesting. Christensen (62) has warned against equating high plasma
levels with superior amino acid nutrition for the cells since an elevated
plasma level may indicate poor cellular uptake.
I V . INFLUENCE OF DIETARY NITROGEN

In the foreseeable future, protein needs of population groups will
continue to be met primarily by the consumption of food sources of
protein which vary widely in quality and quantity from one region to
another. Basic information obtained by administration to human sub
jects of crystalline amino acids, in conjunction with food sources and as
separate entities, should lead eventually to a better understanding of
the influence of many factors on the utilization of bound as well as free
amino acids. Preliminary estimates of minimal requirements for indi
vidual essential amino acids aroused interest not only in the relative pro
portions among them but also in the quantities of nitrogen present in
both the essential and nonessential amino acids.
A. Nitrogen from Essential Amino Acids
When foods serve as sources of dietary protein, the relative amounts
of nitrogen supplied by essential and nonessential amino acids are fixed,
but when free amino acids are provided, the sources and quantities of
nitrogen can be manipulated readily. Using data from tables of amino
acid composition (77), representative foods may be grouped in terms
of the percentage of total nitrogen that is present in the essential
amino acids as shown in Table VIII.
Such a classification of foods is in agreement with the concept of
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quality based on knowledge of the limiting amino acids in each food.
However, the percentage of nitrogen derived from essential amino acids
is less significant, and may even be misleading, when foods are com
bined in such a manner as to permit mutual supplementation, and par
ticularly when free amino acids are either added to foods or fed as
components of experimental mixtures of purified amino acids. For ex
ample, the nutritional quality of corn masa became as satisfactory as
that of skim milk for nitrogen retention in children when it was
supplemented with tryptophan, lysine, and isoleucine (27). Likewise,
wheat flour was improved markedly for children when limiting amino
acids were increased to the levels of the FAO reference pattern (31),
although in both instances the change in quantity or percentage of nitro
gen was small. In adults, minor changes in certain essential amino acids,
and thus of nitrogen derived from them, might exert a beneficial or an
TABLE VIII
PERCENTAGES OF TOTAL NITROGEN SUPPLIED BY THE
ESSENTIAL AMINO ACIDS IN CERTAIN FOODS

Total Ν
from EAA
35% or more
34 to 30%
29 to 25%
24 to 20%
19% or less

Foods
Egg, human milk, cow's milk, lactalbumin, casein
Meat, fish, beans, peas, soybeans, sorghum, sweet potato, spinach
Lentils, oats, ragimillet, cornmeal, cottonseed meal, sesame seed meal,
cashew, white potato, rice
Barley, wheat flour, almond, Brazil nut, peanut
Carrot, cassava, gelatin

adverse effect on nitrogen retention (42). The Committee on Protein
Malnutrition (24) pointed out that two proteins may vary in quality
because of differences in the total amount of the essential amino acids
per unit of nitrogen, even though the amino acid ratios might be similar,
and they suggested that, for research purposes, the milligrams of essen
tial amino acids might be expressed per gram of essential amino acid
nitrogen.
The essential amino acid nitrogen requirements of young men and
women were determined during comparisons of the FAO pattern with
the patterns of different foods. Swendseid et al. (15) estimated the
requirement of young men as between 1.00 and 1.30 gm per day, which
exceeded the total represented by the minimum requirements for indi
vidual amino acids (1), but suggested that modification of the pattern
of essential amino acids might reduce the total essential amino acid nitro
gen requirement. Watts et al. (19) observed a requirement of 0.63 to 0.84
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gm for young men when the FAO pattern was fed, but concluded that the
requirement for an amino acid pattern is based upon discrete quantities
of the essential amino acids and not upon total essential nitrogen pro
vided by the pattern. Leverton and Steel (17) noted that an intake of
0.60 to 0.70 gm of nitrogen from essential amino acids was necessary to
maintain nitrogen equilibrium in young women who consumed a semipurified diet that supplied approximately 9.0 gm of nitrogen per day by
a combination of essential amino acids, nonessential amino acids, glycine,
and diammonium citrate. To furnish the same level of tryptophan, the
oat pattern provided 50% more nitrogen from the essential amino acids
than did the FAO pattern. Swendseid et al. (16) reported that women
needed 0.65 to 0.85 gm of nitrogen from essential amino acids.
Reference to the essential amino acids in terms of the nitrogen
which is an integral part of their structure seems to minimize their
unique and diverse functions and to overlook the differences in consti
tution and proportion of nitrogen. If amino acids functioned only as
units needed for synthesis of a peptide chain, there would be better
support for the current emphasis on essential amino acid nitrogen than
now exists. I t may be important to consider different methods of
expression of amino acid content when a dietary protein which contains
essential and nonessential amino acids in characteristic amounts is being
evaluated, and when an experiment is being conducted in which the
quantities and proportions of these components can be modified readily.
B. Total Dietary Nitrogen
The fact that the total quantity of nitrogen consumed may influence
the utilization of essential amino acids has been demonstrated clearly
under diverse experimental conditions. Having established the minimal
amounts of essential amino acids that would maintain nitrogen equili
brium in young men, Rose and Wixom (73) fed twice these quantities
and observed that men attained equilibrium when consuming 3.5 gm of
total nitrogen, of which 1.42 gm were supplied by the essential amino
acids. Between 2.3 and 2.5 gm of nitrogen were needed for the syn
thesis of nonessential amino acids under these conditions. When 3.5
gm of nitrogen were consumed, the utilizable essential amino acids
furnished 40% of the total, glycine 35%, and D-isomers of amino acids
and foods 25%. Nitrogen retention was most satisfactory, however, when
total nitrogen intake was 8.0 gm and essential amino acids provided only
18% of the total nitrogen. The subjects apparently were able to adjust
to a wide range of nitrogen intake, comparable to the extremes in Table
VIII, while essential amino acids were constant.
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In their investigation of the availability of threonine in corn, Linkswiler, Fox, and Fry (12) observed that the mean nitrogen balance of the
women was slightly positive when 8.0 gm of nitrogen were consumed, but
became distinctly negative when nitrogen was reduced to 6.0 gm while
essential amino acids, except threonine, were present in twice the quantities required by women. On the other hand, changes in nitrogen retention
of young men and women were negligible when dietary nitrogen was increased from 6.5 to 10.0 gm by adding nonessential amino acids to a diet
containing whole egg (78). Bressani et al. (28) observed that the response
of young children to supplementation of corn masa was less pronounced
when they received 2.0 gm of protein instead of 3.0 gm per kilogram
of body weight.
In searching for an explanation of the inability of natural proteins
to maintain nitrogen equilibrium even though they fulfilled minimal requirements for the essential amino acids, Snyderman et al. (79) fed
decreasing amounts of milk protein to infants until a point was reached
at which weight gain and nitrogen retention were affected adversely. In
every case administration of glycine or urea restored both nitrogen retention and growth to normal. Nitrogen from N -urea or N -ammonium
chloride was incorporated in plasma proteins and hemoglobin of infants
fed diets low in protein. Unessential nitrogen was considered to be the
most limiting factor and methionine was probably second when small
amounts of milk were fed.
The influence of different amounts of dietary nitrogen was investigated (74) as part of a comprehensive study of factors affecting lysine
requirements and utilization of nitrogen in man. The diet contained 159
gm of white wheat flour and 21 gm of cornmeal [as it did when lysine
requirements were established (4) ], and also L-isomers of essential amino
acids, so that the total amounts of all except lysine were the same as
the amounts shown in Table III. Cereals, the essential amino acid
mixture, and foods supplied 3.3, 0.9, and 0.3 gm, respectively, of nitrogen. The basal diet, which contained 4.5 gm of nitrogen, was fed without modification in one period, and in others it was supplemented with
either 1.5 or 4.5 gm of nitrogen from an isonitrogenous mixture of glycine, glutamic acid, and diammonium citrate.
Mean balances (Table IX) were +0.27, +0.22, and —0.08 gm when
9.0, 6.0, and 4.5 gm, respectively, of nitrogen were fed in descending
order in the first experiment while lysine was held constant at 700 mg.
Balances resulting from 9.0 and 6.0 gm of nitrogen were significantly
higher (P < 0.01) than from 4.5 gm of nitrogen. In the second experiment, 9.0, 4.5, and 6.0 gm of nitrogen were fed in that sequence with
900 mg of lysine. Retention again was improved significantly (P < 0.05)
15
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TABLE IX
NITROGEN BALANCES OF SUBJECTS WHO CONSUMED
DIFFERENT QUANTITIES OF N I T R O G E N

0Ώ

Nitrogen intake (gm)
Experiment

Lysine
(mg/day)

I

700

II

III

900

1500

Subject

9.0

6.0

4.5

NH
JI
MR
PS
JY

0.28
0.06
0.41
0.21
0.39

0.20
-0.19
0.42
0.30
0.35

0.06
-0.63
0.11
0.04
0.01

Mean:

0.27

0.22

-0.08

BC
RM
DP
MR

0.26
0.35
0.47
0.02

0.19
0.02
0.09
0.34

-0.26
-0.11
-0.19
-0.10

Mean:

0.27

0.16

-0.17

MA
JB
SM
DR
TS

0.50
0.10
0.46
0.28
0.06

0.59
-0.06
0.71
0.55
0

0.10
-0.09
0.64
0.41
-0.10

Mean:

0.28

0.36

0.19

Fecal Ν
(gm)
0.59
1.04
0.66
0.85
0.63

0.77
0.88
0.69
0.64

0.63
0.81
0.67
0.63
0.76

• From Table 2 in Clark et al (74).
Expressed as gm/day.

b

by adding either 1.5 or 4.5 gm of supplementary nitrogen. In the third
experiment, mean balances were positive and did not differ significantly
when 1500 mg of lysine were consumed.
All subjects attained equilibrium when 9.0 gm of nitrogen were fed,
but only half of them did so when the basal diet containing 4.5 gm of
nitrogen was tested. Retention of some subjects was improved by sup
plementary nitrogen at all levels of lysine intake. Differences in retention
were due entirely to alterations in urinary nitrogen. The regression of urea
nitrogen on dietary nitrogen may be expressed as Y = 0.879 X— 1.532
(r = +0-99). Free α-amino nitrogen and urinary glycine also varied
directly with dietary nitrogen. Fecal nitrogen was not influenced by
nitrogen intake, but it differed between individuals (Table I X ) . When
dietary nitrogen was restricted, competition for absorption or transport
of amino acids may have led to a deficit within the cells of an amino
acid that was essential for protein synthesis. Deamination or diversion
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TABLE

X

NITROGEN BALANCES OF SUBJECTS W H O CONSUMED DIFFERENT
SOURCES OF SUPPLEMENTARY

NITROGEN

0,6

Nitrogen balances of subject
Source

c

Mean

EV

JY

RL

MC

1.08
1.62
0.59
0.85
0.79
0.02

0.45
0.38
0.25
0.36
0.30
0.14

Experiment I
G, GA, D C
G, GA
G, D C
GA, D C
G
DC

0.51
0.62
0.27
0.34
0.39
0.08

0.20
-0.22
0.03
0.17
0.45
0.14

0.31
0.69
0.23
-0.01
0.04
0.01

Mean

FA

KE

JS

TS

PT

0.49
0.48
0.35

0.75
0.34
0.28

0.46
0.64
0.30

0.23
0.81
0.66

0.26
0.42
0.20

0.73
0.21
0.32

Experiment II
G, GA, D C
G, GA
G
a
6
c

From Table 3 in Clark et al. (80).
Expressed as gm/day in relation to a nitrogen intake of 9.0 gm.
G indicates glycine; GA, glutamic acid; and DC, diammonium citrate.

into other metabolic pathways may have proceeded too rapidly to permit
effective utilization of one or more amino acids. These experiments show
clearly that a nonspecific nitrogenous source can protect the essential
amino acids, especially when one of them approaches the minimal need.
Nitrogen intakes as low as 4.5 gm should not be considered adequate to
meet the continued nutritional needs of man, even though half of the
subjects were able to adjust quickly to this level. Any deficits or imbalances in a mixture of essential amino acids or dietary protein should
be revealed most clearly in human subjects when total nitrogen is
restricted.
Adults effectively utilized various combinations of glycine, glutamic
acid, and diammonium citrate (80) in conjunction with the cereal-containing diet (74) that supplied 4.5 gm of nitrogen and 900 mg of lysine.
Each supplement shown in Table X provided 4.5 gm of nitrogen, and
each component of a mixture furnished the same percentage of the total,
except that glycine contributed twice as much nitrogen as glutamic acid
in the second experiment. Mean nitrogen balances resulting from these
treatments did not differ significantly except for diammonium citrate,
which was least satisfactory. Glycine did not depress nitrogen retention.
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In contrast, glycine was less well utilized than a combination of glycine
and diammonium citrate or a mixture of nonessential amino acids when
whole egg provided amounts of essential amino acids near minimal
needs (81).
The effect of modifying all essential amino acids also was investi
gated (82). Nitrogen retention of men improved steadily as purified
essential amino acids were increased stepwise to provide amounts equiv
alent to 15, 20, 30, 40, 50, and 60 gm of egg protein while total nitrogen
intake was kept constant at 5.8 gm by adding glycine and diammonium
citrate. Quantities of essential amino acids that were considerably
higher than minimal requirements and in suitable proportions were there
fore beneficial. Under certain conditions, however, addition of a good
quality protein may improve nitrogen retention only to a certain point.
Nitrogen balances of subjects who consumed 200 gm of whole wheat
flour plus 10 gm of nonfat milk solids were improved to the same extent
whether milk solids were raised to 20 or 40 gm (83), thus indicating that
the pattern of amino acids was not entirely satisfactory when the
largest amount of milk solids was added.
Swendseid (76) has suggested that the ratio between essential and
nonessential amino acids in the plasma might serve as an indicator of
nutritional status in respect to protein in man. The essential amino
acids comprised approximately one-third of the total amino acids of
the plasma when the diet provided either 7 or 14 gm of protein, but at
3.5 gm, the essential amino acids decreased steadily while the nonessen
tial amino acids rose so that the total on a molar basis remained ap
proximately the same.
Improvement in nitrogen retention may follow either an increase in
nonessential amino acids when essential amino acids are constant (74,
79) or an increase in essential amino acids at the expense of nonspecific
nitrogen sources (82). Therefore the distribution of both essential and
nonessential amino acids in foods (Table VIII) and in experimental
diets should be considered. Since present knowledge of minimal re
quirements for essential amino acids was obtained when relatively large
amounts of supplementary nitrogen were provided, it is not surprising
that early estimates do not apply under all conditions. To date, many
investigations have centered around intakes of amino acids near minimal
requirements. Amino acids in self-selected diets (2, 56) frequently exceed
these amounts, however. Attention therefore should be directed to quan
tities of amino acids that vary over a wide range. This approach would
necessitate continued progress in the development of criteria for evalua
tion of optimal nutrition.
The significance of protein reserves needs to be clarified in man.
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Munro (84) has referred to the dilemma raised by labile body protein
which is rapidly gained or lost in response to the level of dietary protein, but never represents more than 5% of the total protein in the body.
If only the minimum quantity of protein consistent with nitrogen equilibrium is provided, organs are depleted of labile protein. On the other
hand, the capacity of the body to accumulate labile deposits cannot be
saturated by administration of dietary protein. Reports on amino acid
requirements for deposition of labile protein are contradictory, and the
capacity of labile protein stores to benefit the body by acting as a source
of amino acids is disputed (84).
In all investigations included in this review, care was taken to
provide sufficient calories because of the adverse effect of caloric
deficit on nitrogen retention. The protein-sparing action of carbohydrate
and fat has been discussed recently by Munro (84). Self-selected diets
that are low in calories are frequently inadequate in protein and do not
permit efficient utilization of the essential amino acids that are consumed.
V . INFLUENCE OF THE INDIVIDUAL SUBJECT

Although human beings may react uniformly to the same experimental conditions, most investigators have observed some degree of individual variation in response. Age, body size, sex, genetically controlled
characteristics, and nutritional history are probably among the factors
that influence the response. There may be an advantage in selecting a
group of similar subjects for a particular purpose, but Leverton (2) has
pointed out that the more homogeneous the group of subjects the less
representative it may be of the population one is trying to study. There
seems to be little value in considering only the average response without
also taking into account the individuals within it. For this reason, both
means and individual values have been included in this review. The
origin of differences between individuals merits further exploration.
A. Age
When expressed in terms of body weight, protein requirement is
highest in early infancy during the period of most rapid growth; then it
decreases steadily in later infancy with a subsequent increase at puberty
which is followed by a decline to adult values (35). Although information
concerning amino acid requirements at different ages is limited, data
are presented in Table X I for three intervals in the life span of a male
subject. The values for boys 10 to 12 years old were established by
Nakagawa et al. (85) in separate experiments and confirmed by simultaneous testing of the minimal levels of all essential amino acids (86).
Striking differences in quantity and proportion appear when values
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for infants and boys are compared on the kilogram basis. Only the
infant requires histidine. When daily requirements for men and boys
are compared without reference to weight, the boys needed twice as
much lysine and threonine, more leucine and isoleucine, but less methio
nine, phenylalanine, and tryptophan to permit satisfactory nitrogen
retention than did the men. These comparisons emphasize the difficulty
that is likely to be encountered in the development of any pattern of
amino acids that is designed for use with all age groups unless indi
viduals have a wide zone of tolerance for each component of the mixture.
TABLE

XI

MINIMAL ESSENTIAL AMINO ACID REQUIREMENTS AT DIFFERENT AGES

Boy, 10-12 yr

6

Amino acid

Infant
(mg/kg)

(mg/day)

(mg/kg)

Man
(mg/day)

Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine

34
119
150
103
45
90
87
22
105

—

—

—

1000
1500
1600
800
800
1000
120
900

30
45
60
27
27
35
4
33

700
1100
800
1100
1100
500
250
900

c

0

α
b
c

From Holt and Snyderman (35); cystine and tyrosine present.
From Nakagawa et al. (85); cystine and tyrosine not present.
From Rose (1); cystine and tyrosine not present.

Data in Table I I illustrate patterns of amino acid requirements at
different stages of maturity, expressed in grams of amino acid per 16
grams of nitrogen (24, p. 14). The figures shown for infants in the first
column (1) and for adults were recalculated from one report (56) and
those for infants (3) in the second column [2) and for boys (85) from
other sources. Amino acid requirements of children have been discussed
in full by Albanese (87). It may be necessary to formulate different
patterns for the infant, the adolescent, and the mature individual. The
contrasting results obtained when amino acids were administered in the
FAO pattern to infants (3) and to young adults (15, 17) suggest that
the proportions of amino acids in the reference pattern agreed more
closely with the demands for rapid growth than for maintenance.
Comparative studies of men in different age groups have been con
ducted in two laboratories. Tuttle et al. (88) reported negative nitrogen
balances in men over 50 years of age who consumed quantities of essen
tial amino acids equal to or greater than amounts that were satisfactory

4. UTILIZATION OF ESSENTIAL AMINO ACIDS BY MAN

155

for young men. The requirement of older men for one or more amino
acids might be elevated (88) and also might be influenced to a greater
extent by an increase in nitrogen intake than that of young men (89).
On the other hand, no significant difference was observed by Watts et al.
(90) in requirements for essential amino acids when they were administered in the FAO pattern to groups of men who were either 25 years old
or over 65 years of age. Needs of the geriatric subjects were satisfied at a
lower level of amino acids based on the proportions of milk protein than
were those of the young men. All older men attained equilibrium with
240 mg or less of tryptophan and between 290 and 600 mg of methionine.
B. Body Size
Investigators (1, 2, 76) agree that a direct correlation between amino
acid requirements of adults and body size or weight cannot be established at the present time. Current methods may not be sensitive enough
to detect such a relationship (2). The mass of active protoplasm may not
be the sole determinant of physiological need for amino acids (1). Amino
acid requirements for maintenance may be related to basal metabolism or
to some function of body weight that is correlated with it (91). I t
seems reasonable that requirements for amino acids such as methionine,
phenylalanine, and tryptophan, which perform specific functions in
addition to participation in protein synthesis, should be influenced
strongly by factors that are not entirely dependent on body size. Lysine,
on the other hand, functions principally as an essential structural unit
which is present in high concentration in mammalian tissue. Therefore,
the relation between lysine requirements of ten men (Table I) and
certain physical and metabolic measurements was studied (5).
The regressions of lysine requirements of the men on body weight,
surface area, metabolic body size, and creatinine excretion were highly
significant (P < 0.01) and the regression on basal caloric expenditure
was significant (P < 0.05). The regression of lysine requirement (L) on
weight (W) may be expressed as L = 18.8 W — 677 (r = +0.86), and
on creatinine (C) as L = 1166 C — 1402 ( r = + 0 . 7 9 ) . Regressions of
lysine requirements of eight of the ten women on body weight and
creatinine excretion were highly significant, and on metabolic body size
and creatinine excretion they were significant (5). No single method
of predicting lysine requirements could be applied with precision to all
individuals of either sex. The procurement of data pertaining to lean
body mass of subjects would permit more critical examination of the
relation between amino acid requirements and muscular mass, which in
turn would clarify certain problems relative to utilization of essential
amino acids.
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The generally lower lysine needs of women than of men (5) can be
attributed in part to deviations in body size and in part to recognized
differences in body composition of men and women. Application of data
obtained with one population group to another that differs from it in
size or some other measurable characteristic would be facilitated if a
direct relationship could be detected. Meanwhile, until a definite relation
is established, there seems to be little justification for expressing amino
acid needs of adults in terms of any unit of weight.
C. Differences between Species
Despite the valuable contributions that have been made by means
of experimental animals to the present understanding of the utilization
of proteins and amino acids, the danger that is inherent in extrapolating
from other species to man should be recognized, particularly if data
obtained from a growing animal are applied to the adult. Since Mitchell
(92) has reviewed species differences in amino acid requirements, two
illustrations will suffice here. Cox et al. (52) reported that lactalbumin
and casein were similar in biological value for man, whereas the former
is distinctly superior for the rat with its proportionately higher demand
for sulfur-containing amino acids. The satisfactory utilization of glycine
and the deleterious effect of diammonium citrate in man contrast
sharply with observations in young rats and chicks (80). Additional in
formation concerning the fundamental laws which govern the utilization
of amino acids is needed for all species, but especially for man to whom
the quality and quantity of protein is of vital importance.
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