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Earlier (1) it was observed that over 1%
of arginine, 0.6% of asparagine, and feeding
of the diet as an agar gel containing about
50% of water were all necessary in order to
obtain maximal weight gains of rats fed ami-
no acid diets. The present work was initiated
as an attempt to establish the requirements
of the rat for the dispensable amino acids.
Even though, under certain conditions,
growth responses can be obtained with sever-
al of the dispensable amino acids, it was soon
found that the requirement for one dispensable
amino acid depended upon the level of several
other amino acids, and, therefore, it was not
feasible to determine requirements. We would,
therefore, like only to report results which
show combinations of dietary amino acids
which allow maximum growth even when one
or more of the dispensable amino acids is
completely absent.

Experimental. Male, weanling, albino rats
(50-60 g) were fed a basal diet containing
16% of crystalline amino acids with or with-
out 2.47% of diammonium citrate (depending
upon the experimental design) for 2 days to
allow the rats to adjust to the animal labora-
tory. The rats were then separated into
groups of six of equal average weight which
were assigned at random to the experimental
diets. The rats were housed individually in
suspended galvanized cages with wire mesh
bottoms in an animal laboratory maintained at
about 28° and 50% relative humidity.
Water and diets were provided ed libitum.

1 This work was supported in part by NASA Grant
NSG 496 and U. S. Air Force Contract AF 33 (615)
2924 and a grant from the National Livestock and
Meat Board, Chicago, Illinois.

The rats were fed and weighed daily for 5
days and at 7, 9, 11, and 14 days after the
beginning of the experiment.

The basal amino acid mixture used in most
of the experiments is shown in Table I.
Changes in the proportions of the dispensable
amino acids in the basal mixture for each
experiment are indicated in the other tables.
All amino acids used were L-isomers.?

The diets contained, in per cent: corn oil,
10; salt mixture, 53; vitamin mixture, 0.5%;
choline chloride, 0.2; amino acids, 9-26, as
indicated in the tables; and dextrin * sucrose
at a ratio of 2:1 to make to 100%. This diet
was premixed dry in a Hobart diet mixer

2 Purchased from General Biochemicals Inc., Cha-
grin Falls, Ohio.

3 The salt mixture contained (in per cent) CaCOs,
29.29; CaHP04’2H20, 043, KHzPOe, 34.31; NaC],
25.06; MgSO0.*7H:0, 9.98; Fe(C:Hs0) *6H:0, 0.623;
CuSO, 0.156; MnSOQ,* H:0, 0.121; ZnCl,, 0.020; KI,
0.0005; (NH.)sMO:0:4H:0, 0.0025; Na:SeOa5H-0,
0.0015. The salt mix was prepared by and purchased
from General Biochemicals, Inc. The salts at 5% of
the diet provided in percentage of element; Ca,
0.592; P, 0.394; K, 0.493; Na, 0.493; Cl, 0.760;
Mg, 0.049; Fe, 0.0049; Cu, 0.0019; Mn, 0.00195; Zn,
0.0004; I, 0.000019; Mo, 0.000005; Se, 0.0000025.

4 Five-tenths per cent of the vitamin mixture in the
diet provided the rats with 0.44% sucrose plus the
following vitamins in mg/kg diet: thiamine*HCI, 5;
riboflavin, 5; niacinamide, 25.0; Ca p-pantothenate,
20; pyridoxine HCI, 5; folic acid, 0.5; menadione,
0.5; d-biotin, 0.2; vitamin B;. (0.1 % in mannitol),
30; ascorbic acid, 50 (added to help prevent thiamine
destruction) ; vitamin E acetate (25% in a mixture of
gelatin, sugar, and starch), 400; vitamin A acetate
and vitamin D, (325,000 USP units of A/g and
32,500 USP units of D»/g in a mixture of gelatin,
sugar, and starch), 12.31.
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TABLE I. Composition of Basal Amino Acid

Mixture.
% of % of
Amino aeid diet® Amino acid diet”

Cyvstine 0.35 Alanine 0.35
Histidine- HC1- H,O 0.40 Arginine-HCl 1.35
Isoleucine 0.65 Asparagine 0.60
T.eucine 0.85 Aspartic acid  0.35
Lysine - HCI 1.35 Glutamic acid  4.50
Methionine 0.60 Glycine 1.40
Phenylalanine 0.85 Proline 1.0
Threonine 0.60 Serine .35
Tryptophan 0.17 Sodium acetate 1.29
Tyrosine 0.35
Valine 0.65 Total 18.01

“ Percentage of the dry weight of the diet.

then made into a gel by mixing the dry diet
vigorously into an equal quantity of boiling
2% agar solution. When the diet had been
mixed thoroughly, it was poured into trays
with airtight covers and allowed to cool be-
fore the covers were replaced. All diets were
refrigerated until used. The agar gel diet was
then firm at room temperature and was cut
into cubes and fed daily. Food intake was
measured in some experiments by weighing
the quantity of diet fed, determining the per-
centage of moisture in the diet, then collect-
ing the leftover diet each day, drying it in a
vacuum oven at 70°, and calculating the food
eaten by difference.

Results. Experiment 1 was carried out to
determine the effect of adding diammonium
citrate, a nonspecific nitrogen source, while
deleting three or more dispensable amino ac-
ids on weight gain. The results are shown in
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Table II. Normally, maximal weight gains in
our laboratory are about 95-105 g/2 weeks
for the weanling rat. In this first experiment
weight gain of rats fed the basal diet was
only 86 g/2 weeks. In later experiments (see
Tables I1T-V). rats fed this basal diet grew
at close to the maximum rate. The removal of
aspartic acid, alanine, and serine and the
addition of 2.47-4.949 diammonium citrate
did not depress growth (see groups I-d and
I-e, Table 1I).

Weight gain was essentially the same
whether the diet contained amino acids or
casein and was similar to that of rats fed stock
diet. It is interesting that 4.949% diammoni-
um citrate reduced the weight gain of rats
fed the casein diet whereas inhibition did not
regularly occur when that level was added to
the amino acid diet.

In the second experiment (Table IIT)
large quantities of several individual dispens-
able amino acids were tested to determine if
any would inhibit growth. No marked inhibi-
tions occurred with any of the amino acids
tested at high levels; i.e., with glutamic acid,
glycine, proline, asparagine, or alanine. Slight
depressions occurred, however, when the
proline content of the diet was increased to
3% (p = .07, group 1I-i vs II-g) or when the
alanine content was increased to 5% (p >
.10; group II-m vs II-k). Deletion of aspar-
tic acid, alanine, and serine also appeared to
depress weight gain (p — .085; group II-b vs
IT-c).

Experiments III and IV were designed to
study some of the interrelationships among
arginine, proline, glutamic acid, and possibly,

TABLE II. Effect of Diammonium Citrate on Weight Gain of Rats Fed Amino Acid Diets.

Percentage of dispensable amino acids used in diets Average

weight gain

Diet no. Arg-HCI Asp-NH, Ser Pro Gly  Glu Asp Ala (NH,cit (g/2 weeks)
I-a 1.35 0.6 0.35 1.0 1.4 4.5 0.35 0.35 0 85.8 + 2.2¢
I-b 15.0% casein plus 0.3% L-methionine 95.3 + 4.6
Iec Stock diet 97.0 + 3.7
I-d 1.35 0.6 0 1.0 0.5 4.5 0 0 2.47 95.7 + 5.3
I-e 1.35 0.6 0 1.0 0.5 1.5 0 0 4.94 96.4 + 3.4
I-f 1.35 1.0 0 1] 0 0 4 6.97 60.3 + 3.0
I-g 15% ecasein plus 0.3% L-methionine plus 4.94% (NH,), citrate 75.6 + 4.4

“ Average of six rats =+ standard error.
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TABLE 1TL. Effcet of Large Quantities of Individual Amino Aeid on Weight Gain of Rats
Fed Amino Acid Dicts.

Percentage of dispensable amino acids used in diets

Average weight

Dietno. Asp.NH, Ser Pro Gly Glu Asp Ala gain (g/2 weeks)
Il-a 0.6 0.35 1.0 1.4 4.5 0.35 0.35 98.0 + 2.2¢
II-b 0.6 0.35 1.0 14 4.5 0.35 0.35 100.6 + 3.3
Il-¢ 0.6 0 1.0 0.5 4.5 0 0 92.5 + 2.4
IT-d 0.6 0 1.0 0.5 6.0 0 0 98.3 + 2.6
Il-c 0.6 0 1.0 0.5 8.0 0 0 99.0 - 4.4
II-£ 0.6 0 1.0 2.0 4.5 0 0 100.3 = 2.5
Il-g 0.6 0 1.0 3.0 4.5 0 0 97.6 = 1.3
Ii-h 0.6 0 2.0 0.5 4.5 0 0 97.1 + 22"
II-i 0.6 0 3.0 0.5 4.5 0 0 91.7 + 2.6
IT1-j 2.0 0 1.0 0.5 4.5 0 0 95.8 + 2.1
IT-k 3.0 0 1.0 0.5 4.5 0 0 96.0 = 2.5
II-1 0.6 0 1.0 0.5 4.5 0 3.0 97.8 + 2.3
1I-m 0.6 0 1.0 0.5 4.5 0 5.0 92125

¢ Average of six rats = standard error. All diets contained 1.35% Arg -+ HCl and all but

group IT-a contained 2.47% ammonium citrate.

asparagine and glycine. Weight gains de-
creased markedly (Table IV) when all of the
dispensable amino acids except arginine and
asparagine (7.e., no proline or glutamic acid)
were omitted from the diet (see group III-
d). However, growth was maximal when ei-
ther proline or glutamic acid was left out
completely if the other, plus other dispensable
amino acids, were added at high enough
levels (see group I11-1 and IV-i).

In groups ITI-e, ITI-f, and III-g 0.6% ar-
ginine'HCl was sufficient for maximum
growth, and 0.2% was not sufficient even
when asparagine, proline, and glutamic acid
were all fed at high levels (group III-f).
According to the results of experiment IIT
(Table IV), asparagine may be required for
maximal growth (compare groups III-a and
III-b to group III-i); however, no response
was seen to graded levels of asparagine from

TABLE IV, Effect of Arginine, Proline, Asparagine, and Glutamic Acid on Weight Gain of Rats Fed
Amino Acid Diets.

Percentage of dispensable amino acids used in diets

Average

Arg. Asp- Glu- weight gain,
Diet no. HCI NH, Ser Pro Gly Glu Asp Ala NH, (NH,)).cit g/2 weeks
IIT-a 1.35 0.6 0.35 1.0 14 4.5 0.35 0.35 0 0 96.0 x 2.5°
II1-b 1.35 0.6 0.35 1.0 14 4.5 0.35 0.35 0 2.47 92.2 + 1.7
IIl-¢c 18% casein plus 0.3% L-methionine 984 +1.8
ITI-d 2.0 3.0 0 0 0 0 0 0 0 5.0 66.8 =24
III-e 0.6 1.0 0.35 2.0 1.4 5.5 0.35 0.35 0 1.65 95.8 + 3.3
III-f 0.2 2.0 0.35 2.0 1.4 8.0 0.35 0.35 0 2.0 79.0 + 3.1
ITI-g 0.2 1.0 0.35 2.0 14 55 0.35 0.35 0 2.47 76.4 + 1.9
III-h 1.35 0 0.35 1.0 14 0 0 0 4.5 0.73 86.5 + 1.6
III-i 1.35 0 0.35 1.5 14 5.2 0.35 0.35 0 2.47 85.0 = 1.9
IIT-j 2.0 1.0 0.35 2.0 2.0 0 0.35 0.35 0 1.96 88.2 + 2.5
II1-k 1.35 1.0 0.35 0 14 8.0 0 0 0 0.82 92.2 + 0.7
I1I 2.0 2.0 0.35 0 2.0 8.0 0.35 0.35 0 2.47 99.0 + 2.1

“ Average of six rats + standard error.
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TABLE V. Effect of Arginine, Asparagine, and Glutaminc on Weight Gain of Rats Fed Amino Acid

Diets.
Percentage of dispensable amino acids used in diets
Average
Arg- Asp- Glu- weight gain,
Diet no. HClI NH, Ser Pro Gly Glu Asp Ala NH, (NH,),cit g/2weeks
IV-a 1.35 0.6 0.35 1.0 14 4.5 0.35 0.35 0 0 93.2 = 2.4°
IV-b 1.35 0.6 0.35 1.0 1.4 4.5 0.35 0.35 0 2.47 102.0 - 2.8
IV-e 1.35 0.2 0.35 1.0 1.4 4.5 0.35 0.35 0 0 95.2 + 2.9
IvV-d 1.35 0.3 0.35 1.0 14 4.5 0.35 0.35 0 0 92.6 - 2.5
IV-e 1.35 0.4 0.35 1.0 1.4 4.5 0.35 0.35 0 0 93.5 +3.9
Iv-f 0.3 2.0 0.35 2.0 1.4 8.0 0.35 0.35 0 2.00 93.3 + 1.2
IV-g 0.4 2.0 0.35 2.0 1.4 8.0 0.35 0.35 0 2.00 95.0 + 2.1
IV-h 0.5 2.0 0.35 2.0 1.4 8.0 0.35 0.35 0 2.00 93.8 = 2.7
IvVi 2.0 2.0 0.35 2.0 2.0 0 0.35 0.35 0 1.96 98.1 +- 2.6
IV-j 2.0 2.0 0.35 2.0 2.0 0.5 0.35 0.35 0 1.96 023+ 1.8
IV-k 2.0 2.0 0.35 2.0 2.0 1.0 0.35 0.35 0 1.96 94.8 4+ 2.6
IV-1 2.0 2.0 0.35 2.0 2.0 2.0 0.35 0.35 0 1.96 95.8 +- 3.2
IV-m 2.0 2.0 0.35 2.0 2.0 4.0 0.35 0.35 0 1.96 95.9 + 25
IV-n 1.35 0 0.35 1.0 14 0 0.35 0.35 8.0 0.73 92.8 + 1.7
IV-0? 0.68 0.3 0.18 0.5 0.7 2.3 0.18 0.18 0 0 455 + 4.4
IvV-p® 1.35 0.6 0.35 1.0 14 4.5 0.35 0.35 0 0 36.9 + 1.9
IV-q° 1.35 0.6 0.35 1.0 14 4.5 0.35 0.35 0 0 55.8 + 4.3

@ Average of six rats -+ standard error.

® Diets 0 and p contained one-half as much of each amino acid as the basal except for those listed in

the table.

° Diet q contained two-thirds as much of each amino acid as the basal diet (c¢ys-eys and tyr were the
same as the basal) except for those listed in the table.

0.3-0.6% (see groups 1V-a, c, d, and e).

In experiment IV (Table V) no response
to graded levels of arginine hydrochloride
from 0.3-0.5% was observed (groups IV-f, g,
and h). Group IV-i shows that maximal
weight gain can be obtained without any glu-
tamic acid in the diet.

When the indispensable amino acids were
decreased to 24 the usual concentration,
weight gain was markedly depressed (group
IV-p) but when the dispensable amino acids
were also decreased by 14, weight gain was
somewhat improved (group IV-o0).

Discussion. The results taken together in-
dicate that no requirement for specific dis-
pensable amino acids can be established for
maximal growth of the rat since any one of
them can be omitted from certain diets with-
out retarding growth. This is in contrast to
the statement of Birnbaum et al. (4) that
“No amino acid is ‘nonessential’ for max-
imum growth.” However, if two or more of
the glutamic—proline—arginine group of amino

acids are omitted, growth is drastically re-
duced.

Apparently, the rat cannot synthesize both
arginine and proline fast enough from glutam-
ic acid to maintain maximal weight gain.
Each can spare the other, apparently because
of the common intermediate, glutamic acid
semialdehyde. The limiting step is apparently
not in the synthesis of glutamic acid but
between glutamic acid and ornithine since
maximal growth rates were obtaned without
glutamic acid in the diet. In an earlier study
(1) over 1% of arginine was necessary for
maximal growth. Others have reported 0.8%
arginine (5) or 0.5% arginine (6) as the re-
quirement for the weanling rat. If all other
amino acids are present in excess, it would ap-
pear from the present study that the minimal
requirement must be near 0.3% (see group
1V-f and I1I-f). King (16) has also found that
arginine appears to contribute greatly to the
metabolic demands for nitrogen. Many subtle
relationships exist among amino acids which
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influence the need for one or a group of amino
acids. An increase in the ammonia load can
increase the need for arginine (7). The ad-
verse effect of an excess of lysine in the diet
can be alleviated by additional arginine (8).

Although ammonia (either ammonium ci-
trate or ammonium acetate) will improve the
growth rate of rats fed only the indispensa-
ble amino acids (9), there does not appear to
be any benefit from an additional ammonia
source if total dispensable amino acid nitro-
gen is not low. Although all combinations
were not tested (the possible number of trials
required in order to study each dispensable
amino acid at several levels in combina-
tion with all of the others is staggering),
it would appear that if the necessary quan-
tities of the carbon chains of the indis-
pensable amino acids are added, then the rest
of the nitrogen needed can come from al-
most any source. It would be interesting to
test this hypothesis since, in the present
study, total nitrogen was always in excess of
actual need. Stucki and Harper (10) found
graded responses to increments of dispensable
amino acids; but found the indispensable to
dispensable amino acid ratio not too critical
when minimal quantities of dispensable ami-
no acids were provided.

Rose and co-workers (11) found that a
single source of dispensable nitrogen was in-
ferior to a mixture of dispensable amino acids
and others (6, 12, 13) have reported the need
for a mixture of dispensable amino acids in
order to achieve maximal weight gains.

The relationships among the dispensable
amino acids that determine the need for
asparagine are not clear. Breuer and co-
workers (13) as well as Rogers and Harper
(1) showed a clear-cut need for asparagine,
yet others (6, 14) have not been able to show
a need for asparagine. In the present study
(see groups I1I-a, b, and i, Table IV), aspar-
agine clearly stimulated growth in one experi-
ment, and yet, in another experiment (group
IV-a, Table V) near maximal weight gains
were obtained without asparagine; and, in
the latter experiment no improvement was
obtained by raising asparagine from 0.3 to
0.6%.

Hepburn and co-workers (15) have shown
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that glutamine increases growth and have
traced part of the benefit to glutamine coun-
teracting the adverse effect of high glycine in
their diets. We did not note any special effect
of glutamine with our particular mixture of
amino acids.

An interesting point is that a dispensable
amino acid mixture which will support max-
imal growth when adequate levels of the in-
dispensable amino acids are present (group
1V-a) will depress growth when included in
the same amount in a diet with lower levels
of indispensable amino acids (see groups IV-
o and IV.-p, Table V). This situation resem-
bles an amino acid imbalance, and the growth
depression is corrected by raising the levels
of all of the indispensable amino acids
(group IV-g). It would be interesting to
know if only one indispensable amino acid
might have improved the growth.

Summary. Various quantities of dispensa-
ble amino acids have been fed to rats in an
attempt to determine what combination is
best for maximal growth. The quantity of one
dispensable amino acid that was necessary
for maximal growth has been shown to de-
pend upon the quantity of one or more other
dispensable amino acids. In fact, individual
groups of rats which were fed diets that were
devoid of one of the following: glutamic acid,
proline, aspartic acid, and asparagine, ala-
nine, serine, or glutamine and glutamic acid,
grew maximally. Thus, no minimal require-
ments could be established for the above ami-
no acids. However, a minimal requirement
for arginine was found to be about 0.3% of
the diet even when proline and glutamic ac-
id were both added in excess.
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