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A previous paper from this laboratory (1) has described the specific amino 
acids required for the growth of a mouse fibroblast ( "L"  strain) in tissue cul- 
ture. Those requirements, in addition to the nine amino acids known to be 
essential for the intact animal (histidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, threonine, t ryptophan,  valine), included arginine, cyst(e)ine, 
and tyrosine, all in the L configuration. The maximally effective concentrations 
ranged from 0.005 p~  per ml. in the case of t ryptophan,  to 0.1 to 0 . 2 / ~  per ml. 
for isoleucine. 

The present paper describes the amino acid requirements of a human uter- 
ine epithelial carcinoma cell (strain HeX,a) cultured by Gey (2). As will be 
shown, despite the difference in animal species and in cell type, the amino 
acid requirements of the two cell lines were qualitatively similar. The quan- 
titative differences are described in the text. Following papers will consider the 
vitamin requirements of the HeLa cell, the roles of glutamine and glutamic 
acid, and the need for serum protein. 

Methods and Materials 

Maintenance of Stock Cultures.--The HeLa cell has generally been cultured in media con- 
taining 25 to 40 per cent human serum in balanced salt solution, sometimes supplemented 
with embryonic tissue extracts or ultrafiltrates. The basal medium described in Table I, 
based on previous studies with the "L" strain of mouse fibroblast (1), gave sustained growth 
when supplemented with 10 per cent human serum, and even better growth when the con- 
centrations of the amino acids were appropriately modified in the light of the experiments to 
be here described. Stock cultures were maintained in 1 liter Blake bottles, in which the cells 
adhered to the glass and were overlaid with 50 to 60 ml. of the culture medium. When the 
cultures were ready for division the supernatant fluid was withdrawn, and the cells were 
overlaid with 10 ml. of fresh, warm medium at pH 7.8 to 8.0 containing 0.25 per cent Difco 
"1-250" bacto-trypsin. Within a few minutes, with rocking, the cell sheet began to come off 
the glass. The resulting cell aggregates were gently broken up with a pipette and centrifuged 
at 500 R.p.u. for 5 minutes. The sediment was then resuspended in fresh medium, sometimes 
without washing and sometimes after a single washing in fresh medium, and distributed into 

* Public Health Service, United States Department of Health, Education, and Welfare. 
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38 AMINO ACID REQUIREMENTS OF HUMAN CANCER CELL 

two to five times the original number of flasks, depending on the cell population. In  these 
daughter cultures, the cells adhered to the glass within a few hours, and the rounded cells 
then flattened out within 18 to 30 hours to form small islands of typical flattened epithelial 
cells. The supernatant fluid was changed after 48 hours and at 2 to 3 day intervals there- 
after, until the cultures were again ready for division, usually within 5 to 7 days. 

Preparation of Experimental Flasks.--To determine the essentiality of the various growth 
factors under test, the cells were harvested from the Blake bottles in the usual manner with 
trypsin, and diluted in the stock serum-amino acid-vitamin mixture, to a final concentration 
of 60,000 to 200,000 cells per ml. 2 ml. of this mixture was inoculated into flasks modified 
from the T15 flasks described by Earle and Highhouse (4) by placing the neck on the tri- 
angular rather than on the flat end of the flask. 24 hours later, after the cells had adhered 

TABLE I 

Basal Medium* Used for the Identi.fu:ation of the Amino Acid Retirements of the HeLa Cell 

Amino acids~ Vitamins Additional growth factors 

~rglnine 
:yst(e)ine 
[~istidine 
[solencine 
[,eucine 
Lysine 
~ethionine 
Phenylalanine 
rhreonine 
rryptophan 
Uyrosine 
iraline 

f~fM 

0.I 
0.05 
0.02 
0.2 
0.I 
0.I 
0.05 
0.05 
0.I 
0.01 
0.10 

0.I 

p-Aminobenzoic acid 
Biotin 
Choline 
Folic acid 
Nicotinic acid 
Nicotinamide 
Pantothenic acid 
Pyridoxal 
Pyridoxine 
Riboflavin 
Thiamin 

Inorganic salt~ 

gm. 
zver per cent 
ml. 
10 "~ NaCI 0.68 
10-1 KCI 0.04 
10-s NaHtPOvHtO 0.014 
10-o NaHCOI 0.22 
10-6 CaCh 0.02 
10-I MgCl~ 0.0076 
10", 

10-Ii0_, Fe(NOs)# 0.00001 

10"7 
10-s 

Glucose 0.1 per ceol 
Glutamlne 1 mM 

Antibiotics and pH indicator 

Penicillin 50 t~g./ml. 
Streptomycin 50 t~g./ml. 
Phenol red 5 ~g./mL 

* Supplemented with 10 per cent whole human serum or 5 per cent dialyzed human serum (cf. text). 
All in I,-configuratlon. 

§ In concentrations present in Earle's balanced salt solution (3). 

to the glass, the supernatant fluid was withdrawn and replaced with the various experimental 
media under test. 

E¢aluation of Growth Response.--The experimental fluid was replaced dally until the cul- 
tures were ready for enumeration; i.e., when the control flasks had grown out to form a solid 
sheet covering the bot tom of the flask. 

In  order to obtain reasonably dispersed and adequately stained suspensions, it  was found 
necessary to modify the method of Sanford e~ a/. (5) in the following manner. The fluid was 
withdrawn, and the cell layer was overlaid for one hour with 1.8 mi. of a staining solution 
containing 0.2 ~ citric acid and 0.1 per cent crystal violet. The flasks were then shaken for 
10 minutes in a mechanical shaker at approximately 300 oscillations per minute, after which 
0.2 mL of 0.5 xt Na~HPO4 was added to each flask. The cell nuclei were then ready for im- 
mediate counting in a hemocytometer chamber. 

The experiments here described would not  have been possible without the expert and 
valued assistance of Mr. Vance I. Oyama. 
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TABLE I I  

Growth Response of the HeLa Cell to Individual Amino Acids as a Function of Their 
Concentration in the Medium 

Inocu- Duratiom 
Amino acid hm of incu- 

studied X 10~ bation 

days 

L-Arginine 44 5 O. 5 4.8 
30 5 

L-Cystine 27 6 1.6 

~-Histidine 44 5 4.6 4.1 
30 5 

L-Isoleucine 20 6 3.8 6.5 

L-Leucine 20 6 3.0 5.9 
30 5 

L-Lysine 44 5 0.007 0.5 

~-Methionine 20 6 6.6 
30 5 

r.-Phenyl- 20 6 4.4 7.5 
alanine 30 5 

L-Threonine 20 6 6.2 6.9 

L-Tryptophan 20 7 
30 5 

L-Tyrosine 27 6 3.5 

r.-Valine 27 6 3.1 3.2 

Concentration of specific amino acid,/~X pet ml. 

,0 3 , 0310.310 10o, I 0 

Degree of cellular multiplication, referred to inoculum as 1 

4.7 5.0 

2.5 3.7 

5.3 5.1 

6.4 7.2 

8.1 7.0 
4.8 5.1 

4.8 4.8 

8.0 8.9 

9.3 7.3 

9.5 4.5 

0.2 3.9 

4.3 4 .0  

4.1 5.2 

5.6 2.7 1.6 
4.4 3.3 1.7 

4.7 4.5 3.3 

4.3 4.9 1.9 
6.5 6.4 3.4 

8.5 2.7 0 .8  

6.1 4.7 2.7 
5.9 3.8 2.4 

4.4 1.1 0.5 

8.2 8.5 2.6 
6.9 6.0 2.2 

10.5 7.2 1.6 
6.8 4.3 

5.4 2.9 0.9 

9.9 10.3 7.3 
5.7 5.6 

4.6 6.0 1.6 

4.9 2.6 0.7 

1,I  0.8 

0,4 

1 , 7  0.8 

0.3 

2.5 
2.0 1.6 

1.0 

0 .8  

0.3 

4.3 
4.1 2.4 

0.7 

0.1 

0.7 
0.8 

0.3 

0.5 
0.6 

<0 .1  

1 . 6  * 

1 . 3  * 

0.3 
0.5 

0.4 
0.4 

0.3 
0.5 

0.2 

2.2 
2.0 

0.3 

<0 .1  

* The slight multiplication in the supposed absence of ~.-leucine was due to contamina- 
tion of some of the amino acids with small amounts of this compound, and was not ob- 
served when enzymatically resolved amino acids were used (of. Table IV). 

;~ This initial multiplication in the absence of L-tryptophan was followed by the degenera- 
tion and death of the ceils (of. Table IV). 

EXPERIMENTAL 

The Amino Acids Essential for  the Growth of the HeLa CelL--In orde r  to  

d e t e r m i n e  w h e t h e r  t h e  a m i n o  ac ids  essen t i a l  for  t h e  g r o w t h  of m o u s e  f ibro-  
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blasts were similarly essentlal for the HeLa cell, the basal medium of Table 
I was supplemented with S per cent of dialyzed human serum instead of 10 
per cent whole serum, as in the stock cultures. In such a medium, cells con- 
tinued to grow and muhiply, and the scattered islands of the inoculum coa- 
lesced to form continuous sheets of piled up cells. This is indicated in Figs. 1 

IOX 

• ISOLEUCINE O CYSTINE 
Q ME'I'HLONtNE (]i LYS~NE 
Q PHENYLALANINE ( )  TRYPTOPHAN 
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T~ xT-F /o .  I .  The growth response of the HeLa cell in 5 to 7 days to varying concentra- 
tions of a number of essential amino acids, Showing the inhlhit/on often observed at con. 
centrations in excess of an optimal level. 

to 4. However, when a single essential amino acid was omitted from the me- 
dium, multiplication stopped. Within 1 to 4 days therewereobvious degenerative 
changes in the cells, and the culture eventually died. This progressive de- 
terioration is iUustrated for cells in a phenylalanine-deficient medium in Figs. 5 
to 7; and the degenerative changes produced within 3 to 7 days by six amino 
acid deficiencies are shown in Figs. 8 to 13. In this manner, ten of the twelve 
amino acids listed in Table I (arginine, cyst(e)ine, histidine, isoleucine, ly- 

I 

10 
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sine, methionine, phenylaianine, threonine, tyrosine, and valine) were shown 
to be ~mmediately essential for the growth of the HeLa cell. 

TABLE III 
The Fafure of the v-Enanliomorpks o/the Fasod~al Amino Acids to Support the Growlh of 

the HeLe Cell, or to Inki~'t ~s C, rowlh Respense to the L-Isomer 

Amino acid 

Arginine 

Histidine 

I~leudne 

Leucine 

Lysine 

Methionine 

Concentrstlon 
in medium of 

D-, L-, 

0.I -- 

• --,0.I 

0 . 1  -- 

• --.0.1 

1 

0 . 1  - -  

- - . 0 . 1  

0.I -- 

, --,0.I 

1 0.I 

Growth re- 

0.4 
<0.1 
<0.1 

1 -- 0.8 

0.I -- 0.5 

-- 0.I 5.6 

Amino acld 

1.0 Phenylalanine 
0.9 
5.6 

0.4 Threonine 
0.5 
4.3 

Tryptophan 

I. 5 Tyrodne 
1.6 
5.9 
6.0 

Valine 

1 -- 0.7 

0.1 -- 0.7 

-- 0.I 6.9 
1 0.I 6.8 

Concentration 
in medium of Growth re- 

sponse" in 
n-, L-, 6 to 8 days 
m w  m X  

-- -- 0 . 8  

0 . 1  -- 0 . 6  

-- 0 . 1  6.8 
1 0.1 5.2 

1 -- 1.2 

0.i -- 0.2 

-- 0.I 5.4 

0.5 - -  1.7 

0.05 - -  2.5 

- -  0.05 5.7 

0.5 0.05 5.2 

1 . 0  - -  < 0 . I  

0 . I  - -  < 0 . 1  

0 . 1  4 . 5  

1 - -  0.i 
0 . 1  - -  0 . 1  

- -  0 . 1  4 . 9  

* Degree of cellular multiplication, referred to inoculum as I. 

In the absence of tryptophan, there was moderate initial growth, but the 
cultures degenerated after 7 to l0 days and could not then be successfully 
divided (cf. Table IV); while the heavy growth occasionally observed in the 
absence of leucine proved to be due to contamination of several of the other 
amino acids with this compound. On the use of enzymatically resolved L- 
methionine, L-cystine, Lotyrosine, and L-isoleucine instead of the commerical 
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TABLE IV 

The Progressiz, e Dissolution of HeL~ Cells in the Absence o¢ a Single Essential Amino Acid, 
and Their Recovery and Remultiplication on the Addigon of the Missing Component 

Specific amino acid omitted 
from medium 

Control (complete 
medium) 

L-Histidine 

r-Leudne§ 

L-Lysine 

L-Phenylalanine 

L-Tryptophan 

s-Tyrosine 

I No. days in 
deficient 
medium 

3 
5 

10 

3 
7 

10 

12 

Cell nuclei 
C O u n t *  

1.25 
0.9 
0.8 

0.7 
0.15 
0.2 

0.7 
0.7 
0.5 

1.1 
1.0 
0.5 

1.5 
3.8 
3.2 
2.6 

2.2 

1.2 
1.3 
0.6 

Cell count after indicated no. days in 
"revival" medium 

2 4 

1.85 4.9 
2.0~ 4.9 

1.2 2.2 

6 7 

11.8 
10.0 

6.0 

1.0 

0.05 
(3 days) 

1.2 

1.3 

0.7 

4.4 
5.4 

(3 days) 

1.9 

I 3.5 

2.6 

3.8 

1.6 4.6 

1.3 6.4 

2.5 

< 

5.4 

I 

! 

9.8 
5.4 

6.6 

i 
I 

I 
i 
I 
i 

14.6 

* Referred to count at time 0 as 1. Each number in the body of the table is the average 
of 3 to 4 replicate flasks. 

~: Results obtained in 2 different experiments, carried out at different times. 
§ Rapidly progressing evidence of leucine deficiency in this experiment, using enzy- 

matically resolved L-cystine, L-tyrosine, and L-isoleucine in the basal medium is to be con- 
trasted with the slow multiplication observed in the supposed absence of leucine when 
L-amino acids of commerce were used instead (of. Table I I  and page 41). 

samples,  L-leucine was found to be  r igorously essential  for g rowth  under  the  

condi t ions  of the  present  exper iments  (cf. T a b l e  IV) .  T h e  cour tesy  of Dr .  Jesse 

L.  Greens te in  in mak ing  these L-amino acids ava i lab le  is g ra te fu l ly  acknowl-  

edged.  
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Quantitative Requirements of the 12 Essential Amino Acids.--In media con- 
taining varying amounts of a single essential amino acid, with all the others 
in adequate and fixed concentrations, the amount of growth increased with 
the concentration of the compound to reach a maximum at a concentration 
which varied from 0.01 m~r in the case of tryptophan to 0.1 m~ in the case of 
most of the other amino acids. This growth response curve is illustrated for 
histidine in Figs. 14 to 17, and for cystine in Figs. 18 to 23. The results for 
all the compounds are summarized in Table I I  and Text-fig. 1. With some 
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T~-xT-FzG. 2. The progressive multiplication of the HeLa cell in "optimal" synthetic 
medium supplemented with 5 per cent of dialyzed human serum. The component amino 
acids were used in twice the maximally effective concentrations listed in Table V. The other 
factors were used at the concentrations shown in Table I. 

of the amino acids, concentrations 10 to 100 times the maximally effective 
level did not further affect the growth of the cell. With some of the compounds, 
however (of. isoleucine, methionine and phenylalanine in left-hand portion of 
Text-fig. 1), concentrations of 10 mM caused a significant inhibition of growth, 
while in the case of cystine, lysine, and tryptophan, concentrations of 10, 3, 
and 1 n ~ ,  respectively, caused a 90 per cent inhibition. 

Activity of the D-Enantiomorphs.--As with the mouse fibroblasts, none of 
the D-amino acids proved capable of supporting the growth of the HeLa car- 
cinoma cell (Table III).  With D- instead of L-amino acids in the medium, the 
cells degenerated and died as if that amino acid had been omitted. However, 
the D-amino acid was not actively inhibitory. When a 10- to 100-fold excess of 
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the D-amino acid was added to optimal concentrations of the L-amino acid, 
there was the same amount of growth as if the medium contained the L-amino 
acid alone. This is illustrated for D- and L-lysine in Figs. 24 to 27. 

Early Reversibility of the Cytopatkogenic Effects of Amino Acid Deficiencies.-- 
The profound microscopic changes caused by single amino acid deficiencies, 
illustrated in Figs. 5 to 7 and Figs. 8 to 13, eventually led to the death and 
dissolution of the cell. In their early stages, however, these changes were 
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T]cxT-Fzc. 3. The revival of lysine-deficlent HeLa cells by the restoration ( ~ ) of the 
missing amino acid. 

A - A ,  growth of HeLz cells in a control complete medium. 
O-O,  cells degenerating in the absence of lysine. 
Q-Q, revival and remultipllcation on the addition of lysine. 

reversible. If cells were allowed to degenerate for I to 4 days in a medium lacking 
an essential amino acid, and if the missing compound was then restored, the 
ceils regained their normal appearance in 1 to 3 days, and resumed multi- 
plication at the usual rate (Table IV). 

This revival and remultiplication is illustrated for histidine-deficient and 
phenylalanine-deficient cells in Figs. 28 to 31 and 32 to 34. The results with a 
number of amino acids are summarized in Table IV. The time for which the 
amino acid-deficient ceils remained viable, i.e. capable of recovery on the 
addition of the missing compound, and the rate of that recovery process, 
varied widely among the individual amino acids. With some, as illustrated for 
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t-lysine in Text-fig. 3, many of the markedly degenerated cells remained viable, 
and could be resuscitated after as long as 7 days in the deficient medium, 
with little or no lag before the cells resumed multiplication. With other amino 
acids, however, the recovery process was much slower; and in some instances, 
the degenerated cell could not be revived even after 3 to 4 days in the deficient 
medium. These differences could reflect either the varying degree to which the 
individnal amino acids are present as trace contaminants in the other com- 
pounds, the varying reserve of each in the cellular amino acid pool, or their 
varying rate of utilization. 

DISCUSSION 

At least 12 amino acids have thus proved essential for the growth of a human 
carcinoma cell under the conditions of the present experiments. Those 12 
include all 8 amino acids essential for the nutrition of man (isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, and valine) and in 
addition, arginine, cyst(e)ine, tyrosine, and histidine. It  may be that these 
cells are unable to make these 4 amino acids from their normal precursors. 
In such case, on a diet limited to the 8 amino acids essential for nitrogen bah 
ance in man, these 4 would presumably be provided either by the breakdown 
of other body cells, or by their overproduction in some other tissue. These 
cells would thus be parasitic with respect to some of their amino acid require- 
ments. It is, however, conceivable that the HeLa cell does in fact synthesize 
small amountS of these 4 amino adds, suflSdent for their relatively slow rate of 
growth in v/vo, but inadequate for their rapid growth under the conditions of 
the present experiments. These possibilities are under present study. 

In the first two columns of Table V are shown the concentrations of the 
various amino acids necessary for optimal growth of the HeLa cell under the 
conditions of the present experiments, compared with the concentration of 
those amino acids present in human serum. Despite the approximate nature of 
the determinations of the requirements for optimum growth (Table ID, the 
parallelism in these values is self-evident and probably significant. The cor- 
responding data for the mouse fibroblast and mouse serum (or plasma) are 
also included in Table V. The close parallelism between the concentration of 
the several amino adds optimal for the HeLa cell and for the mouse fibroblast 
is evident in columns 2 and 4. In most instances the HeLa cell required twice 
as much of each amino acid. The correlation between the amino acid require- 
ments of the mouse fibrobiast, and their concentrations in mouse serum (of. 
columns 4 and 5 of Table V) is not as satisfactory as in the case of the HeLa 
cell and human serum. 

In a medium containing the optimal concentrations of each of the 12 essen- 
tial amino acids, but deficient in alanine, aspartic acid, proline, hydroxyproline, 
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and serine, 1 growth continued at an unchanged rate over a period of 18 days. 
During this t ime the cultures were divided four times and there was a I50-fold 
growth, whether measured by cell volume, cell mass, or cell number (cf. Text- 
fig. 2). The generation time in this experiment thus averaged 2.5 days. I t  is 
unlikely that these five compounds were essential, but were being supplied by 
the breakdown of the serum protein present in the medium. In that event, one 
would reasonably expect that the protein would also have supplied some of 
the 12 demonstrably essential amino acids, several of which sufficed to main- 

TABLE V 

The Amino Acid Requirements for the Optimum Growth of a Human Carcinoma Cell (Strain 
HeLa) and of a Mouse Fibrobla~t (Strain "L") in Vitro, Considered in Rdation to the 

Serum Concentratlons 

Amino acid 

rryptophan.  
[-Iistidine . . . . . .  
~ystine. 
ryrosine. 
~ethionine 
Phenylalanine.. 
~rginine. 
Leucine. 
Fhreonine. 
raline. 

Lysine. 
[soleueine. 

Optimum for 
growth of 
HeLa cell 
in rltro 

/.tx/ng. 

0.01 
0.02 
0.03 
0.03 
0.03 
0.05 
0.05 
0.1 
0.1 
0.1 
0.1 
0.1 

Man 

Concentration in serum* 

~u,/,nL 

0.054 
0.09 
0.058 
0.083 (0.O46) 
0.033 
o.o8 (0.05) 
o.1 
O. l l  
0.17 (0.12) 
0.24 
0.21 
0.12 (0.07) 

Mouse 

Optimum for 
growth of '~L" 

fibroblast in rltro 

~/m/ .  

0.005 
0.01 
0.01 

0.02--0.05 
0.02-O .05 

0.02 
0.05 
0.05 
0.05 
O.O5 
0.05 

0 .1-0.2  

Concentration 
in serum* 

tty/nd. 

0.1 
0.1 
0.033 
0.14 
0.13 
0.15 
0.05 
0.18 
0.29 
0.37 
0.44 
0.11 

* After Albritton (6). Values given m parentheses are after the data of Stein and Moore 
(7), when their values differ significantly from the averages cited by Albritton. 

tain growth when as little as 0.003 to 0.01 ttM per ml. were added to the medium 
containing the serum protein. The failure of the cells to grow in a medium 
deficient in any one of these 12 compounds indicates that the protein was not 
being broken down sufficiently to provide either the essential amino acids, or 
materials which could be substituted for them. Further, as in the case of the 
mouse fibroblast (1), it is hardly a coincidence that every one of the 8 amino 
acids essential to man proved similarly essential to the HeLa cell under the 
conditions of the present experiment; while conversely, none of the 5 amino 

a In these experiments, a potential source of glutamic acid was being supplied, as giu- 
tamine. The relative importance of these two compounds in the nutrition of the HeLa cell 
will be discussed in a following paper. 



HARRY EAGLE 47 

acids not necessary for the growth of the HeLa cell under the conditions of 
the present experiments are essential for growth in man. The tentative con- 
clusion seems justified that these 5 amino acids are, in fact, not essential for the 
survival and multiplication of the HeLa cell, even on long-term propagation; 
i.e., the cell can synthesize these compounds at a rate sufficient for its re- 
quirements. 

As in the case of the mouse fibroblast (1), the technic used in these experi- 
ments makes it possible to produce microscopic changes corresponding to 
single amino acid deficiencies. These changes were completely reversible in 
their early stages. Further, as illustrated in Figs. 8 to 13, the gross appearance 
of the cells varied widely according to which amino acid had been withdrawn 
from the medium. Studies of these cellular changes as visualized in the phase 
and electron microscope are now in progress. I t  is perhaps significant that the 
cytopathogenic changes produced in these cells by specific amino acid deft- 
ciencies closely resemble those observed after their inoculation with a number 
of viral agents. 

I t  deserves emphasis that, again corresponding to the observations with 
mouse fibroblasts, these human carcinoma cells can survive and multiply in a 
medium containing only amino acids, a limited number of vitamins, glucose, 
glutamine, balanced salt solution, and serum protein. The absence of added 
purines, pyrirnidines, fat-soluble vitamins, or of tissue extractives other than 
serum protein, is particularly to be noted. These cells apparently can syn- 
thesize nucleic acids, proteins, and all the cofactors required in their metabolic 
activities, from these relatively simple materials. The nutritional role of the 
serum protein is under present study; but, as discussed above, it is probably 
not serving as a source of amino acids. 

The optimal medium for the cultivation of the HeLa cell as defined by the 
present experiments includes each of the 12 essential amino acids at approxi- 
mately twice the concentration found to suffice for maximal growth (of. Table 
V), the vitamins, salts, and accessory growth factors listed in Table I, supple- 
mented with serum protein. For purposes of routine cultivation, the latter may 
be supplied as 10 per cent whole human serum. The cell has now been con- 
tinuously propagated in this medium for 6 months. The generation time in 
young cultures averages approximately 48 hours. As will be described in 
following papers, this medium has been successfully used for the direct isola- 
tion and propagation of an epithelial carcinoma of the jaw (strain KB). The 
degree to which the nutritional requirements of this and other cells of human 
origin differ in detail from those of the HeLa cell is under present study. 

SUMMARY 

The amino acid requirements of a human uterine carcinoma cell (HeLa 
strain) have been defined. The 12 compounds previously found to be essential 
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for the growth of a mouse fibroblast proved similarly essential for this human 
epithelial cell. They included arginine, cyst(e)ine, histidine, and tyrosine, in 
addition to the eight amino acids required for nitrogen balance in man (iso- 
leucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, 
and valine). Only the L-amino acids were active; the D-enantiomorphs had no 
demonstrable effect at physiologic concentrations. 

The minimum concentrations required for survival and limited growth varied 
from 0.003 ~ per ml. for L-tryptophan, to 0.1 ~ per ml. for L-lysine. The 
concentrations permitting optimum growth similarly varied from 0.01 #~ per 
ml. for tryptophan, to 0.1 ~ per ml. for leucine, isoleucine, threonine, lysine, 
and valine. The latter optimum concentrations of the individual amino acids 
were closely correlated with their serum levels. With at least six of the amino 
acids, high concentrations, in the range 1 to 10 ~M per ml., caused a definite 
growth inhibition. 

In the absence of a single essential amino acid, degenerative changes oc- 
curred in the cells, culminating in their death and dissolution. In the early 
stages, however, these degenerative changes could be reversed by the restora- 
tion of the missing component. 
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EXPLANATION OF PLATES 

PI~TE 5 

FIGS. 1 to 4. The multiplication of HeLa cells in an optimal medium (growth after 
1, 2, 3, and 4 days in medium of Table I). × 110. 

FIGS. 5 to 7. The progressive degeneration of HeLa cells in a phenylalanine-de- 
ficient medium (appearance of cells after 5, 7, and 10 days). )< 115. 
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PLATE 6 

FIGS. 8 to 13. The degenerative changes produced in HeLa cells by single amino 
acid deficiencies. × 120. 

FIG. 8. Arginine deficiency (5 days). Fig. 9. Histidine deficiency (3 days). Fig. 
10. Lysine deficiency (7 days). Fig. 11. Phenylalanine deficiency (7 days). Figl 12. 
Tyrosine deficiency (7 days). Fig. 13. Cystine deficiency (6 days). 

FIGS. 14 to 17. The 5 day growth response of the HeLa cell to varying concentra- 
tions of histidine (0.01, 0.003, 0.001, and 0 raM, respectively). × 130. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 102 PLATE 6 

(Eagle: Amino acid requirements  of h u m a n  cancer cell) 



PLATE 7 

FIGs. 18 to 23. The 5 day growth response of the HeLa cell to varying concentrations 
of L-cystine (3, 1, 0.1, 0.01, 0.003, and 0 m , respectively). N 130. 

FIGS. 24 to 27. The 5 day growth response of the HeLa cell to 9- and L-lysine. ;K 
110. 

Fig. 24. L- at 0.1 raM. Fig. 25. o- at 0.1 mM. Fig. 26. ~- at 1 mM. + L- at 0.1 mM. 
Fig. 27.0 
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PLATE 8 

FIGS. 28 to 31. The recovery of HeLa cells from a histidine deficiency. × 112. 
Fig. 28. Appearance of cells after 3 days in histidinc-deficient medium. Fig. 29. 

1 day after restoration of histidine to medium. Fig. 30. 4 days after restoration of 
histidine to medium. Fig. 31.7 days after restoration of histidine to medium. 

FIGs. 32 to 34. The recovery of HeLa cells from a phenylalanine deficiency. X 100. 
Fig. 32. Appearance of cells after 3 days of phenylalanine-deficient medium. Fig. 

33.2 days after restoration of phenylalanine to medium. Fig. 34. 4 days after restora- 
tion of phenylalanine to medium. 
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