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PLATE 1 

(Received for publication, May 31, 1955) 

Twelve n-amino acids (arginine, cystine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, tyrosine, and 
valine) have been found essential for the growth of two mammalian cell 
lines in tissue culture, a mouse fibroblast’ (strain L) (1) and a human uter- 
ine carcinoma cell (strain HeLa) (2). The minimal vitamin requirement 
of these cell lines has also been defined (3). 

As will be shown here, under the conditions of the present experiments, 
glutamine proved similarly essential for the survival and growth of both 
cell lines. In a medium containing the twelve amino acids previously shown 
to be essential, the seven demonstrably essential vitamins, glucose, elec- 
trolytes, and serum protein, both the mouse fibroblast and the human car- 
cinoma cell degenerated and died unless the medium was supplemented 
with glutamine. The quantitative aspects of this glutamine requirement, 
and the limited degree to which it could be satisfied by glutamic acid, are 
described. 

Methods and Materials 

The methods of maintaining stock cultures of the two cell lines, of set- 
ting up replicate cultures with the various experimental media, and of cell 
enumeration to evaluate the growth response have been described in pre- 
vious papers dealing with the amino acid and vitamin requirements of the 
mouse fibroblast (1, 3) and the HeLa carcinoma cell (2, 3). A helpful 
modification in the cell-counting, procedure has been the use of disodium 
Versenate (disodium salt of ethylenediaminetetraacetic acid) to disperse 
the cells, instead of mechanically scraping them from the surface of the 
culture flask. The flask was drained, and 3 ml. of fresh medium at pH 

1 This cell was originally cultivated from normal connective tissue, but tissue cul- 
tures have occasionally produced sarcomata, particularly after irradiation of the re- 
cipient mice (personal communication from K. K. Sanford and W. R. Earle). 
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608 GROWTH RESPONSE OF MAMMALIAN CELLS 

7.0, which contained Versenate at 0.005 M, were added. Within 5 to 10 
minutes the cell sheet had come off the glass. The cells were then dis- 
persed by pipetting back and forth and stained for hemocytometer enu- 

TABLE I 

Basal Medium for Cultivation of HeLa Cell and Mouse Fibroblast 

L-Amino acids* 

Arginine 
Cystine 
Glutaminejj 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylala- 

nine 
Threonine 
Tryptophan 
Tyrosine 
Valine 

1,s M 

0.1 
0.05 (0.02)$ 
2.0 (1.0)s 
0.05 (0.02)s 
0.2 
0.2 (0.1)s 
0.2 (O.l)$ 
0.05 
0.1 (0.05)s 

0.2 (0.1)s 
0.02 (O.Ol)$ 

0.1 

0.2 (0.1)s 

Vitaminst 

Biotin 
Choline 
Folic acid 
Nicotinamide 
Pantothenic acid 
Pyridoxal 
Thiamine 
Riboflavin 

mly 

10-6 
lo- 6 
10-G 

lo- 6 

IO- 6 

IO-6 
10-6 

IO-’ 

Saltsf 

NaCl 
KC1 
NaHsPOa+H20 
NaHC03 
CaClz 
M&L 

per C& 

0.68 
0.04 
0.014 
0.22 
0.02 
0.008 

Miscellaneous 

Glucose 
Penicillin 
Streptomycin 
Phenol red 
Dialyzed horse 

serum 
Dialyzed hu- 

man serum 

- 
I per cent 

O.l$ 

0.0057 
0.0057 
0.00057 
Cl)0 

5 

* Conveniently stored in the refrigerator as a single stock solution containing 20 
times the indicated concentration of each amino acid. 

t Conveniently stored frozen as a single stock solution containing 100 or 1000 
times the indicated concentration of each vitamin. 

$ Conveniently stored in the refrigerator in two stock solutions, one containing 
NaCI, KCl, NaHzPOd, NaHC03, and glucose at 10 times the indicated concentration 
of each and the second cont~aining CaCh and MgClz at 20 times the indicated con- 
centration. 

$ The figures in parentheses are for mouse fibroblast. 
11 Conveniently stored frozen as a single stock solution containing 100 times the 

indicated concentrations of penicillin, streptomycin, and phenol red. 
11 Conveniently stored frozen as a 100 mM stock solution which is added to the 

medium in appropriate concentration at the time of feeding. 

meration by the addition of an equal volume of the citric acid-crystal violet 
stain of Sanford et al. (4). 

EXPERIMENTAL 

Essentiality of Glutamine for Growth of Mouse Fibroblast and Human 
Carcinoma Cell-The basal media used for the growth of the two cell lines 
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EAGLE, OYAMA, LEVY, HORTON, AND FLEISCHMAN 609 

are shown in Table I. When the culture flasks (1) were inoculated with 
100,000 to 200,000 cells and when, 24 hours later, after the cells had ad- 
hered to the glass, the overlying fluid was replaced with a glutamine-defi- 
cient medium, the cells died within a few days. However, if glutamine 
were added to the medium, and if fresh glutamine were then added each 
time the culture fluid was changed, the cells rapidly grew out to form a 
solid sheet on the surface of the glass. The growth in the presence of the 

I/--- I 7 

L- GLUTAMIN E 

HELA CELL 

\ 
I I I I I 

0 2 4 6 8 

TltvlE IN DAYS 
TEXT-FIG. 1. The rate of growth of the HeLa cell at varying concentrations of 

L-glutamine. 

glutamine and the early death of the cultures in its absence are illustrated 
for the HeLa cell in Figs. 1 to 3 and for the mouse fibroblast in Figs. 4 to 7. 

Inefectiveness of n-Glutamine-With the twelve essential amino acids, 
only the L isomers had been found active; the n-amino acids were wholly 
inactive, but even a large excess did not inhibit the growth response to 
the L isomer. Similarly, n-glutamine had no growth-promoting effect on 
either cell line. The courtesy of Dr. Alton Meister and Dr. Leon Levin- 
tow in providing this compound for study is gratefully acknowledged. 

Quantitative Glutamine Requirement-Glutamine in various concentra- 
tions was added to the medium of Table I at the time of the first feeding. 
At each subsequent feeding (every 2 days in the case of the mouse fibro- 
blast and daily in the case of the HeLa cell) freshly prepared glutamine 
solutions were added in appropriate concentration to t’he culture fluids. 
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610 GROWTH RESPONSE OF MAMMALIAN CELLS 

Typical growth response curves are shown in the top sections of Tables II 
and III. The concentration which permitted maximal growth of the HeLa 
cell under the conditions of the present experiments was 1 to 2 mM, while 

TABLE II 

Growth Response* of Human Carcinoma Cell (HeLa) to Glutamine and to Glutamic Acid 
- 

Supplement to 
medium of Table I 

- 

L-Glutamine 

L-Glutamic 
acid 

L-Glutamic 
acid + 
NH&l 

(1 mM) 

L-Glutamic ac- 
id + NH&l 

(1 rnM) + 
ATP (2 y per 
ml.) 

-- 

I 

Concentration of r,-glutamine or L-glutamic acid, nm 

40 1 30 I 20 I 10 1 5 1 2 1 1 1 0.5 / 0.2 I 0.1 I 0 

Growth response in 6 dayst 

T- 

6.5 5.7 

10.3 

8.1 
8.5 

10 
11.7 
11.8 7.3 

10.6 

1.2 

0.6 
0.5 
6.5 

I 

4.4 
9.6 

9.7 

5.1 

0.5 

1.4 

0.3 

0.3 

4.2 ( 

- 

0.4 

7.7 
4.8 

9.1 
8.6 

7.6 

2.4 
2.9 
4.1 
8.0 
9.5 

7.7 
8.9 

10.7 

8.0 
8.1 
6.5 

5.6 
3.9 
4.6 
4.6 

1.1 
2.9 

1.8 
2.1 

0.6 
2.2 
0.2 
1.2 

- 

0.2 
0.6 

0.2 
0.9 

0.2 

* The basal medium of Table I is employed, supplemented as indicated, 
t Referred to inoculum as 1. Each row represents a different experiment, and 

each number is the average of three replicate flasks. 

a somewhat lower concentration (0.2 to 0.5 mM) sufficed for the optimal 
growth of the mouse fibroblast. The rate of growth of the HaLa cell at 
varying concentrations of glutamine is presented in Text-fig. 1, which 
shows the maximal response obtained at a concentration of 1 to 2 mM. 

L-Glutamic Acid As Substitute for Glutamine-With the HeLa cell, 
L-glutamic acid could be substituted for glutamine, but the optimal con- 
centration was 20 mM, approximately 10 to 2Q times the maximally effective 
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EAGLE, OYAMA, LEVY, HORTON, AND FLEISCHMAN 611 

concentration of glutamine. As shown in Table II, even this large excess 
of glutamic acid was usually not as effective as glutamine. The relatively 
slow growth response to glutamic acid was largely due to an initial lag (cf. 
Text-fig. 2). When multiplication began, however, it was at the same 
rate as that obtained from the outset with glutamine. On the addition of 
NH&l in the optimal concentration of 0.5 to 1 mM, the growth response to 
glutamic acid was usually, but not invariably, improved. The rate of 
growth then approached that observed at the optimal concentration of glu- 
tamine. The addition of ATP (adenosine triphosphate) at 1 to 2 y per ml. 
had no significant effect. 

0 2 4 6 

TIME IN DAYS 

TEXT-FIG. 2. The rate of growth of the HeLa cell at optimal levels of L-glutamine 
and L-glutamic acid (with and without NH&l and ATP). 0, glutamic acid (20 mM) ; 
0, glutamic acid + NH&l (1 mM) + ATP (2 y per ml.); a, glutamine (2 mM); 0, 
glutamine + glutamic acid + NHhCl + ATP. 

However, quite different results were obtained with the mouse fibro- 
blast. When this cell was grown in a medium containing only twelve es- 
sential amino acids but no glutamine, glutamic acid alone in any concen- 
tration in the range 0.1 to 40 mM failed to substitute for glutamine (lower 
portion of Table III). The cells did not multiply and after 6 days showed 
degenerative changes. On the addition of NH&l in the optimal concen- 
tration of 1 mM, a slight growth-promoting effect was occasionally observed 
(cf. Table III). The addition of ATP at concentrations of 0.5 to 2 y per 
ml. again had no effect, and higher concentrations were toxic. 

It is of interest that Fischer (5) had found that the addition of approxi- 
mately 1.5 mM glutamine to a medium consisting of dialyzed serum, di- 
alyzed embryo extract, dialyzed plasma, Tyrode’s solution, glycine, and 
cystine greatly increased the area of growth around a culture explant. 
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612 GROWTH RESPONSE OF MAMMALIAN CELLS 

Glutamic acid at the same concentration was, however, inactive and actu- 
ally caused a slight retardation of growth. 

E$ect of Full Complement of Amino Acids on Growth Response to L-Glu- 
tamine and on Growth-Promoting Activity of L-Glutamic Acid-The previ- 
ously cited experiments were carried out in a medium in which the cells 

TABLE III 
Growth Response* of Mouse Fibroblast (Strain L) to Glutamine and Absence 

of Comparable Response to Glutamic Acid, NHo~, and ATP 

Concentration of 5.glutamine or r,-glutamic acid, nm 

Supplement to 
medium of Table I 40 / 20 1 10 1 5 1 2-3 1 1 1 0.5 10.2-0.251 0.1 1 0 

n-Glutamine 
I 

n-Glutamic acid 

0.27 0.3 
0.25 0.8 

n-Glutamic acid 
+ NH&l (1 mM) 

0.43 0.36 

0.02: 1.1 

n-Glutamic acid + 
NH&l (1 mM) + 
ATP (2 y  per 
ml.) 

4 

0.3 
0.3 
0.49 
1.1 

0.91 

1.5 

Growth response in 6-7 dayst 

3.6 

0.4 
0.6 
1.5 

0.96 

2.3 

0.1 

4.6 6.5 
6.1 8 
8.3 11.8 

0.69 
0.5 
0.46 

0.9 
0.9 
1.29 
2.2 
3.3 

0.9 
0.9 

0.5 

1.0 

1.7 

4.5 
7.5 
Q.8 

0.6: 
0.5 

1.0 

4.4 
3.9 
7.3 

0.45 

2.8 0.16 
2.5 0.7 
3.7 0.91 

0.7 

0.28 
0.5 
0.4 
0.5 

0.5 
0.5 
0.71 
0.5 
0.75 

0.6 
0.5 

* The basal medium of Table I is employed, supplemented as indicated. 
i Referred to inoculum as 1. Each row represents a different experiment, and 

each number is the average of three replicate flasks. 

were under the necessity of synthesizing alanine, aspartic acid, glycine, 
hydroxyproline, proline, and serine. It became of interest to determine 
whether an adequate supply of these amino acids would affect the quanti- 
tative requirement for glutamine or the growth-promoting activity of 
glutamic acid. 

With both the HeLa cell and the mouse fibroblast, the addition of a 
mixture of these amino acids to the medium, each at a concentration of 
0.2 mM, had a glutamine-sparing action. As shown in Table IV, the ED60 
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EAGLE, OYAMA, LEVY, HORTON, AND FLEISCHMAN 613 

level of glutamine was thereby reduced to approximately one-half its 
normal level. There was still, however, an absolute requirement for glu- 
tamine, and the further addition of glutamic acid, NHd+, and ATP still 
failed to permit significant growth of the mouse fibroblast in a glutamine- 
free medium. 

Failure of a-Ketoglutaric Acid, Asparagine, Omithine, or Proline to Sub- 
stitute for Glutamine-Asparagine or ornithine, at concentrations of 20, 2, 
or 0.2 mM, failed to substitute for glutamine; both the HeLa and L cells 
died in media containing these compounds in lieu of glutamine. Proline 
and cr-ketoglutaric acid were similarly inactive at these concentrations 

TABLE IV 

Illustrating Glulamine-Sparing Action of Non-Essential Amino Acids for HeLa Cell 
and Mouse Fibroblast 

Cell “2 
strain non-es- 

sential 
amino 
acids’ 

Concentration of L-glutamine, m EDao of 

2 / 1 1 0.5 1 0.2 1 0.1 1 0.05 ) 0.02 1 0 %s 

Growth response in 5-6 days7 

HeLa 

Mouse fibro- 

7824 

0 
0.05 
0.2 

0 
0.2 

8.5 
11.1 
12.2 

9.0 
11.0 

7.8 

5.6 2.9 2.2 1.2 
8.6 4.4 2.4 1.0 
9.3 6.0 4.3 2.4 

7.1 3.04 2.1 1.1 0.62 0.5 0.28 
6.6 6.0 3.1 1.8 1.4 0.7 0.11 

ml4 

0.2 0.37 
0.2 0.30 
0.2 0.20 

* Alanine, aspartic acid, glycine, hydroxyproline, proline, serine, each at the 
concentrations indicated. 

t Referred to inoculum as 1. 
$ Approximate concentration permitting 50 per cent of maximal growth. 

whether tested alone or in combination with 0.5 to 1 mM NH&l and ATP 
at 0.5 to 2 y per ml. As stated in the preceding section, the addition of a 
full complement of the non-essential amino acids often caused a signifi- 
cantly enhanced growth response to glutamine. Even under these cir- 
cumstances, however, neither ornithine nor proline substituted for glu- 
tamine. 

DISCUSSION 

It was not surprising that glutamine should prove essential for the sur- 
vival and growth of mammalian cells in a medium containing only twelve 
essential amino acids, glucose, protein, and the necessary vitamin supple- 
ment. It was, however, not anticipated that glutamic acid would be only 
one-tenth to one-twentieth as active as glutamine in the case of the HeLa 
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614 GROWTH RESPONSE OF MAMMALIAN CELLS 

cell and usually devoid of activity in the case of the L cell. The simplest 
explanation is that these two cells are relatively impermeable to glutamic 
acid. However, as will be discussed in a following paper, in media con- 
taining as little as 0.01 to 0.1 pmole per ml. of C14-labeled glutamic acid, 
the latter was actively incorporated int’o cell protein by both types of cells, 
whether in the presence or absence of glutamine, and the concentration of 
free glutamic acid in the cell was regularly much greater than that in the 
surrounding fluid. 

An alternative explanation which is consistent with all the data reported 
here is that, at least under the conditions of the present experiments, and 
in conformity with the findings of McIlwain et al. (6) with Xtreptococcus 
pyogenes, glutamine plays a vital role in the cellular economy which glu- 
tamic acid as such cannot perform. Given a high concentration of glu- 
tamic acid (20 mM), the HeLa cell can apparently synthesize enough 
glutamine to provide for its needs, presumably by the reaction described 
by Krebs (7), Elliott (8), Speck (9), and others. 

Glutamate + NH3 + ATP ---f glutamine + adenosine diphosphate + phosphate 

It is significant in this connection that, in the present experiments, the 
growth response of the HeLa cell to glutamic acid was usually slightly, but 
definitely, increased by the addition of NH4+. In the mouse fibroblast, 
however, this synthesis is apparently insufficient to supply the minimal 
needs of the cell for glutamine. Glutamic acid in any concentration could 
substitute for glutamine only irregularly, and at best incompletely (cf. Ta- 
ble III), and even the addition of a full complement of amino acids did not 
affect the specific requirement for glutamine. Neither cell line required 
glutamic acid over and above glutamine, either because glutamine is read- 
ily converted to glutamic acid or because the cell can synthesize the latter 
amino acid as readily as it can, e.g., glycine, serine, alanine, or proline. 

Asparagine did not substitute for glutamine, either in the L or HeLa 
cell. Further, although large concentrations of glutamic acid could sub- 
stitute for glutamine in the case of the HeLa cell, neither cu-ketoglutaric 
acid, proline, nor ornithine was similarly effective, with or without added 
NH,+ and ATP. If the HeLa cell can make glutamic acid from these com- 
pounds, as described for mice by Stetten (lo), this synthesis is quantita- 
tively insufficient to provide for survival and growth. 

The present experiments provide no clue to the nature of the metabolic 
reaction (or reactions) mediated by glutamine and not by glutamic acid. 
Meister and Tice (11) and Meister, Sober, Tice, and Fraser (12) showed 
that there were a number of keto acids, both natural and unnatural, with 
which glutamine transaminated actively, while glutamic acid had no sig- 
nificant activity. Other workers (13, 14) have similarly found glutamine 
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EAGLE, OYAMA, LEVY, HORTON, AND FLEISCHMAN 615 

to be more effective than glutamic acid in several specific transamination 
reactions, as well as in a non-enzymatic transamination of glyoxylate (15). 
Under the conditions of the present experiments, glutamine may therefore 
provide an essential transaminating mechanism. The fact that the glu- 
tamine requirement was significantly reduced by the addition to the me- 
dium of six non-essential amino acids is consistent with this thesis. More 
recently, glutamine has been found (16-18) to be an intermediate in purine 
synthesis, the amide N appearing as nitrogens 3 and 9 of the hypoxanthine 
ring (18). Since, under the conditions of the present experiments, the 
cells were under the necessity of synthesizing their total purine and py- 
rimidine requirements, this and similar reactions may help account for the 
specific need for glutamine. Glutamine has also been reported to be in- 
volved in the biosynthesis of glucosamine phosphate (19, 20). Finally, 
glutamine as such may be required for incorporation into cell proteins. 

SUMMARY 

Under the conditions of the present experiments, both a mouse fibro- 
blast (strain L) and a human carcinoma cell (strain HeLa) required L-glu- 
tamine for survival and growth in tissue culture. The maximally effective 
concentration was 0.2 to 0.5 mM for the fibroblast, and 1 to 2 mM for the 
carcinoma cell. The addition of a full complement of amino acids had a 
glutamine-sparing action, but did not affect the glutamine requirement 
qualitatively. 

Glutamic acid at the optimal concentration of 20 mM substituted for 
glutamine in the case of the HeLa cell, but not with the mouse fibroblast. 
The further addition of NH&l often increased the growth response of 
the former cell and occasionally permitted slight growth of the latter. 

Arginine, ornithine, cu-ketoglutaric acid, and proline were inactive as 
substitutes for glutamine. 

It is suggested that glutamine is an essential metabolite under the con- 
ditions of the present experiments, and that the growth-promoting activity 
of high concentrations of glutamic acid for the HeLa cell reflects its con- 
version to glutamine. The possible nature of the metabolic reaction (or 
reactions) uniquely mediated by glutamine is discussed in the text. 
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EXPLANATION OF PLATE 1 

FIGS. 1 TO 3. The 6 day growth response of the HeLa cell to varying concentra- 
tions of n-glutamine (in the basal medium of Table I). Magnification, 100 X. 

FIGS. 4 TO 7. The 6 day growth response of the mouse fibroblast to varying con- 
centrations of n-glutamine (in the basal medium of Table I). Magnification, 110 X. 
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