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SUMMARY 

I. Replicate roller tube cultures of short-term human foetal lung and kidney cells, 
of a transformed human liver cell strain (HLM) and of long-term human malignant 
strains (HEP I and H E P  2) have been used to investigate amino acid uptake, protein 
synthesis and carbohydrate metabolism during cell multiplication in growth-promoting 
medium. The uptake of 13 individual amino acids has been followed by  quantitat ive 
paper chromatography. 

2. The glucose "oxidised" (i.e. the portion of the glucose consumed which cannot 
be accounted for by  the production of lactic and keto acids) is related to the total 
amino acid uptake in an approximately one to one molar ratio in cultures of H E P  i, 
H E P  2 and HLM cells. 

3. The total free amino acid nitrogen utilised was sufficient to account for the new 
protein formed during the growth of H E P  I and H E P  2 cells, but was less than the 
requirement for protein synthesised in HLM and foetal cell cultures. 

4. Glutamine was extensively or entirely removed from the medium during the 
growth of all the cell types and the glutamic-aspartic acid pool was increased or 
unchanged during growth. 

5. The non-essential amino acids, proline, serine and glycine were utilised by  all 
the cells, but  only the foetal cells appeared to make use of alanine. 

6. All the cells utilised leucine, isoleucine, phenylalanine, threonine and valine, 
and most of the cultures appeared to use cystine for growth. 

7. There was no evidence of leakage of non-essential amino acids from H E P  I 
cells maintained on medium lacking these metabolites. 

INTRODUCTION 

Much has been learned about nutritional requirements of animal cells in tissue culture 
by  growing them in chemically-defined medium supplemented with a small amount of 
serum. By comparing the growth response of cells growing on such media with that  
of cells growing on medium depleted of a single component (e.g. an amino acid), 
EAGLE 1, HAFF AND SWIM 2, McCoY, MAXWELL AND NEUMAN 3, and MORGAN AND 

* Present address: Roscoe B. Jackson Laboratory, Bar Harbour, Maine, U.S.A. 
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MORTON 4 have been able to specify which of the possible constituents are essential 
for growth. 

For tissue culture studies on the metabolism and response of cells to hormones, 
another aspect of nutrition is important,  namely, the extent of utilisation of amino 
acids, carbohydrates and other metabolites under specified experimental conditions. 
In this work, we have employed a chemically-defined medium (CDM), Connaught 858 
which was found by  HEALY, FISHER AND PARKER 5 to be adequate to support the 
growth of certain clones of Earle L strain cells. In our experience, human cells from 
foetal lung, human malignant strains, H E P  1" and H E P  2*, and a transformed 
strain, HLM (see METHODS), multiply relatively rapidly when medium 858 is supple- 
mented with human serum and 5 To chick embryo extract. The purpose of this 
investigation has been to find out how amino acid and glucose utilisation are related 
to protein synthesis under these conditions. 

METHODS 

Origin o[ the cell slrains 

Human embryonic lung tissue was cultured from a 2o-week foetus at the surgical 
termination of pregnancy. Cells from this tissue grew for 8-1o weeks before the 
growth potential was lost. The malignant strains H E P  I and H E P  2 have been 
maintained under tissue culture conditions in this laboratory since January,  1956. 
HLM is a transformed strain of human foetal liver cells first cultured from a 2o-week 
male foetus in March, 1956. I t  has been shown that  these transformed cells have 
biochemical properties similar to those of malignant cells 6. 

The preparation o/ medium 

Two types of medium have been used. The growth-promoting medium (GPM) 
consisted of (a) Connaught 858, a chemically-defined medium modified by omitting 
the co-enzymes and including all the corresponding B vitamins at a concentration of 
I/zg/1, (b) 20 % of whole human serum and (c) 20 % of chick embryo extract prepared 
as previously described 7. The maintenance medium contained 9 ° To of modified 
Connaught 858 and IO % dialysed human serum. The serum was dialysed against 
25 vol. of Earle 's saline for 4 h at 4 °, as described by SATO, FISHER AND PUCK s. 

Test procedure 

Replicate cultures were set up in roller tubes from cells brought into suspension 
by a i % trypsin solution in saline or by a mixture of o.i % trypsin and 0.002 M 
versene in Ca- and Mg-free saline. The use of versene in sub-culturing operations has 
been discontinued because alterations in the metabolic characteristics of stock cells 
have since occurred during the period in which it was used 9. Before each test, the cells 
were allowed to become established for two days in GPM and a sample group of four 
tubes was removed for initial estimations. Each remaining tube received 2 ml of 
GPM or test medium at the beginning of the test period of 72 h. At 24-h intervals the 

* Dr. A. E. MOORE, S loa n - K e t t e r i ng  I n s t i t u t e  of Cancer  Research,  New York,  k i n d l y  suppl ied  
the  cu l tu res  of these  cells f rom which  our  s tock  was  grown. Bo th  s t r a in s  are of h u m a n  origin, H E P  I 
was  der ived  f rom an  ep idermoid  ca r c inoma  of the  cervix,  and  H E P  2 from an ep idermoid  ca r c inoma  
of the  l a r y n x  of a male  pa t i en t .  The  cells were first  m a i n t a i n e d  as he te ro logous  e x p l a n t s  b y  
TOOLAN 51. 
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spent medium was collected into 2 % tungstic acid precipitant, and replaced by fresh 
medium. The spent medium and the tissue present at the end of the test were stored 
at - - 2 o  ° until analysed. 

Chemical determinations 

The tissue was separated into lipid (L), ribonucleic acid (RNA), deoxyribonucleic 
acid (DNA) and protein fractions by suitable modification of the SCHMIDT aN1) 
THANNHAUSER procedure 1°. Phosphorus (P) was determined by the method of 
FOI~TAINE n and protein nitrogen (PN) by micro-Kjeldahl method. In the medium 
analysis, glucose was measured by the anthrone method and lactic acid by the 
p-hydroxydiphenyl procedure devised by  BARKER AND SUMMERSON 12. The a-keto acids 
were determined using the phenylhydrazine reagent is and total a-amino acids by the 
ninhydrin method of COCKING AND YEMM 14. Ammonia was estimated by the CoNw,tv 
microdiffusion technique ~5. As the reaction between ammonia and ninhydrin gives 
extinction values approximately one-third of those obtained with comparable amounts 
of amino acids, the total amino acid uptake was adjusted to allow for the corresponding 
ammonia production. 

Determinations on twelve individual amino acids were made by paper chromato- 
graphic separation of their dinitrophenyl derivatives TM. The pH of 5-ml samples of the 
tungstate filtrates of the used and unused reagent was brought to 8 by the dropwise 
addition of o.I N sodium hydroxide. 2 % dinitrofluorobenzene (DNFB) in ethanol was 
added to make the solution 0.2 % with respect to DNFB and the pH was maintained 
near 8 by  adding drops of o.i N sodium hydroxide. The condensation ieaction was 
allowed to proceed overnight at 37 ° and the unused reagent extracted by washing 
3 times with an equal volume of ether. An equal volume of 2 N hydrochloric acid was 
added to acidify the solution and the DNP-amino acids were extracted by washing 
5 times with ether. A suitable fraction of the ether extract was concentrated by  
evaporation and spotted at one corner of IO" × IO" Whatman No. I chromatographic 
paper. 

After overnight equilibration with 0.8 N ammonia, the first dimension separation 
was made ascendingly with "toluene" solvent consisting of IO vol. toluene, 6 vol. 
chloroethanol, 3 vol. pyridine and 6 vol. of 0.8 N ammonia. The paper was dried at 4 °0 
and the second dimension separation was made with 1.5 M phosphate solution (I.O M 
sodium dihydrogen phosphate, 0.5 M disodium hydrogen phosphate) by descending 
chromatography, thus allowing the phosphate buffer to drip off the serrated lower 
edge of the paper. The yellow spots were outlined under ultra-violet light filtered 
through Wood's glass, excised, and eluted in 4 ml water by warming at 60 ° for 15 rain. 
Their extinction values were measured at 360 m~ in a Unicam SP 500 spectrophoto- 
meter. 

RESULTS 

The three components of GPM are Connaught medium 858, chick embryo extract and 
human serum. Representative values for the total a-amino groups, as determined by 
the ninhydrin procedure, are given at the foot of Table I, and it can be seen that  
approximately 5 ° % of the amino acid pool is supplied by  medium 858, 40 % by  the 
embryo extract and the remainder by  the human serum. 
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Table I also shows the approximate amount of 12 of the amino acids in the 
components of GPM. It should be noted that it is not possible to separate glutamic 
acid and aspartic acid, nor leucine and isoleucine by the LEVY chromatographic 
procedure 1~, but for convenience the values determined for these pots will be credited 
to glutamic acid and leucine respectively. The method does not provide information 
on the changes in arginine, cysteine, histidine, methionine, tryptophan and tyrosine, 
and is not altogether reliable for cystine. However, from the assessment (see footnote, 
Table I) of the total content of the other 12 amino acids in GPM, it can be seen that  
these represent nearly 4600 /,moles in a total of 7400 ~moles/1 of medium, or 62 % 
of the whole amino acid pool (column 5). This was confirmed by the analysis of batches 
of GPM, using glycine as a standard for calculating the concentrations both of the 
total amino acids by the ninhydrin procedure and of the individual amino acids 
measured chromatographically. For eight such determinations, 50-80 % of the total 
pool was supplied by the 12 amino acids in approximately the same proportions as 
indicated in column 5, Table I. 

T A B L E  I 

THE RELATIVE CONTRIBUTIONS OF CONNAUGHT MEDIUM 858  , EMBRYO ]~XTRACT ( E D F )  AND 
HUMAN SERUM TO THE AMINO ACID CONCENTRATIONS IN THE GROWTH-PROMOTING MEDIUM ( G P M )  

Columns x 2 3 4 5 

A mino acids determined Concentrations expressed as l*moles;l GPM* 

by paper chromatography 
Medium 858 E D F  Human serum Total in GPM 

A l a n i n e  170 120  80 37 ° 
G l u t a m i c  a n d  a s p a r t i c  a c i d s  44  ° 4 2 0  IO 870 
G l u t a m i n e  41 o 120 i I o 6 4 o  
G l y c i n e  4 o o  25 ° 4 ° 69o  
L e u c i n e  a n d  i s o l e u c i n e  37  ° 2 o o  4 ° 61o  
P h e n y l a l a n i n e  9 0  60  I o 160  
P r o l i n e  21 o 14 ° 4 ° 3 9 0  
S e r i n e  14o 9 0  20 25o  
T h r e o n i n e  150 160 25 335  
V a l i n e  I 3 o  9 0  5 ° 2 7 o  

T o t a l s  f o r  a b o v e  a m i n o  a c i d s  251o  165o  425  4 5 8 5  

T o t a l  a m i n o  a c i d  a s  d e t e r m i n e d  
b y  n i n h y d r i n  m e t h o d  3 8 2 o  3 1 9 o  47 ° 7 4 o o  

* I t  s h o u l d  b e  n o t e d  t h a t  m o s t  o f  t h e  v a l u e s  g i v e n  a r e  a p p r o x i m a t i o n s ,  s i n c e  t h e y  a r e  b a s e d  
o n  t h e  e x t i n c t i o n s  o b t a i n e d  w i t h  s t a n d a r d  a m o u n t s  o f  t h e  d i n i t r o p h e n y l  d e r i v a t i v e  o f  g l y c i n e  a n d  
a p p l y  t o  r e p r e s e n t a t i v e  s a m p l e s  o f  E D F  a n d  h u m a n  s e r u m .  

In determining the extent of glucose utilisation in growing cultures, it is necessary 
to distinguish between the glucose transformed to lactic and pyruvic acids and the 
glucose which cannot be accounted for by the production of these metabolites. The 
latter portion we have called the glucose "oxidised' without intending to imply that 
it is entirely converted to carbon dioxide. 

When the values for the constituents ntilised from the medium are compared 
with those for protein formed in the cells, two correlations become evident. There is 
an approximately "one to one" molar relationship between the glucose "oxidised" 
(Table II, column 5) and the uptake of a-amino acids (column 6) for most of the cells 
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in these tests. In 46 individual pairs of measurements of glucose "oxidiscd" and amino 
acid utilisation from these and other unpublished tests, the significant correlation 
coetlicient of + o.76 was obtained. Secondly, it can be seen in Table I I  that  the total 
amino acid nitrogen incorporated (column 8) corresponds to the net protein increments 
(column 9) of H E P  I and H E P  2 cells but not for the foetal lung fibroblasts nor for 
the transformed HLM cells. 

T A B L E  I I  

GLUCOSE AND AMINO ACID UTILISATION IN RELATION TO PROTEIN SYNTHESIS IN 
CULTURES OF HUMAN I~'OETAL, MALIGNANT AND TRANSFORMED CELLS GROWN FOR 7 2 HOURS 

Columns :[ 2 3 4 ,5 6 7 8 9 

a-Amino§ 
Type o[ cells Glucose Total acid** Glucose*** groups Ammonia ,4.4-N§§ Protein-N 
with No. o/ 3IGT* utilised produced "oxidised" produced utilised /ormed h utilised 

tubes in brackets #moles #moles tonoles #moles ~moIes I-Ig atoms pg atoms 

L u n g  (3) 27 40.8 63.2 9.2 8.9 4.5 I I . 4  15.3 
L u n g  (2) 52 47 .8 93 .0 1.3 4.5 5-7 5 .8 - -  

H E P  I (5) 48 34 .8 45.9 11.8 I1.  9 1. 9 15.2 14. 5 
(s.e.) ( I . I )  ( I . I )  (0.4) (0.3) (0.2) ( I . I )  

H E P  2 (5) 6o 31.o 27.6 17.2 14.6 I.O 18. 7 16. 4 
(s.e.) (0.2) (0.8) (0.4) (0.3) (0.2) ( I . I )  

H L M  (5) 45 29.4 40 .0  9.4 9.1 2.6 11. 7 14. 7 
(s.e.) ( t .6)  (2.9) (0.7) (0.5) (0.3) (o.8) 

I n i t i a l  a m o u n t s  
in  m e d i u m  67.0 8.0 38.4 2. 3 . . . .  

* M G T  = m e a n  g e n e r a t i o n  t i m e ,  
** T o t a l  a c i d  = l a c t i c  a c i d  + a - k e t o  ac ids .  

*** G l u c o s e  " o x i d i s e d "  = g l u c o s e  n o t  a c c o u n t e d  for  b y  t o t a l  ac id  p r o d u c t i o n .  
§ a - A m i n o  g r o u p s  = a m i n o  a c i d s  d e t e r m i n e d  b y  n i n h y d r i n  m e t h o d .  

§§ AA~N = t o t a l  a m i n o  a c i d  n i t r o g e n .  
s.e. = s t a n d a r d  e r ror .  

The glucose "oxidised" is calculated on the assumption that  the lactic and keto 
acid carbon atoms originate entirely from the metabolism of glucose. However, if 
certain of the non-essential amino acids are deaminated to an appreciable extent, 
carbon from this source will find its way into the lactic and keto acid pool. That  such 
deamination is relatively small in cultures of malignant and transformed cells can be 
judged from the production of free ammonium ions in the medium during growth, 
where it represents only from 7- I4  % of the total amino acid uptake. By contrast, the 
free ammonia produced by cultures of lung fibroblasts may be 5o % or more of the 
amino uptake oil a molar basis (Table II ,  column 7)- 

Possible sources of the ammonium ion production can be found by examination 
of the changes in individual amino acids during growth. Fig. I shows the extinction 
values for thirteen amino acids separated by paper chromatography from the initial 
and spent medium in tests on foetal and malignant cells. The most significant feature 
of amino acid uptake by  the malignant and transformed cells is the extensive utilisation 
of glutamine. In the tests with H E P  I and H E P  2 strains, the glutamine was com- 
pletely exhausted, about 5o % of the glucose was utilised, and the cells multiplied 
2 to 3-fold. The HLM cells used about 75 % of the glutamine. In every case there was 
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an increase in aspartic and glutamic acid in the medium. As there is approximately 
5 /,moles of these amino acids initially per 6 ml of medium and they increase by 
25-5o % during growth, the deamination of glutamine could well account for the 
increase of 1.o to 2.6/*moles ammonia recorded in Table II.  

As noted above, cultures of foetal cells cause the production of more free ammonia 
than is found with the long-term strains. Fig. I also shows the pattern of amino acid 
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Fig. I. The relative amounts of individual amino acids in the initial medium and in the used medium 
of tests with human foetal and malignant cells. Black columns: extinction values for DNP-amino 
acids in initial, control medium; open columns: extinction values for DNP-amino acids in used 

medium collected over the 72-h tests. 

uptake of human lung cells; glutamine is again very extensively used, but there is not 
a corresponding increase in the glutamic-aspartic acid spots, while alanine and glycine 
are both reduced during growth. 

There are features of amino acid utilisation which foetal and malignant cells share 
in common. Praline and serine, two non-essential amino acids for human cells, are 
both utilised to an appreciable extent. This also applies to the remaining amino acids 
(i.e. leucine, isoleucine, phenylalanine, threonine and valine), all of which are con- 
sidered to be essential in tissue cultures of human cells. Finally, as Fig. I makes clear, 
the uptake of essential amino acids represents a range of 3o-7o % of the amounts in 
the initial medium, while, with the exception of serine and praline, the non-essential 
amino acids are not utilised or are even produced during growth. Against this complex 
pattern of utilisation, the average uptake of 3o % of the amino acid pool, as determined 
by the ninhydrin procedure, would appear to be a reasonable estimate. 
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Since it was evident that  certain of the non-essential amino acids were not utilized 
appreciably in growing cultures, or were, in fact, in greater concentration in the 
medium after growth had occurred, the effect of growing cells in medium deficient in 
these amino acids was investigated. The control medium for these tests consisted of 
Connaught medium 858 supplemented with lO% dialysed human serum (medium A), 
and in the deficient medium, alanine, glutamic and aspartic acids, glycine, proline 
and hydroxyproline, and serine were omitted, and the concentration of cysteine was 
reduced from 1.6 to o.3/,moles/ml (medium B). Glutamine was maintained in both 
media at its normal concentration of IOO mg/1. 

In test carried out with H E P  I cells, growth, as estimated on this occasion by the 
increase in protein in the tubes, was only of the order of IO % above the initial amounts 
over 72 h in the deficient medium. Even in the control medium it did not exceed 3o %. 
Fig. 2 shows the changes in some of the free amino acids under these conditions. The 
feature common to both types of media is the near-exhaustion of the glutamine pool, 
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Fig. 2. The relative amoun t s  of individual amino acids in the initial and used media A and B 
(see text).  Black columns:  extinction values for DNP-amino  acids in the initial, control media; 
open columns:  ext inct ion values of DNP-amino  acids in media collected during 72 h test  with 

cultures of H E P  i cells. 

T A B L E  I I I  

G L U C O S E  A N D  A M I N O  A C I D  U T I L I S A T I O N  A N D  P R O T E I N  F O R M A T I O N  I N  C U L T U R E S  

o F  H E P  I C E L L S  G R O W I N G  F O R  72 H O U R S  ON M E D I A  A A N D  B *  

Glucose Total acid Glucose ~* ~-Amino** Protein-N 
Medium, with No. utilised produced "oxidised" groups formed 
o/tubes in brackets utilised 

i*moles or l*g atoms per roller tube 

Medium A (4) 35-2 59.8 5.3 4.7 2.8 
(s.e.) (0.6) (2.0) (0.8) (o.2) (0.4) 

Medium B (4) 29.0 53.4 2.3 3.4 i.o 
(s.c.) (~.2) (i.4) (0.6) (0.3) (0.3) 

* Medium A consisted of Connaught  858 with ~O~/o dialysed h u m a n  serum; medium B was 
similar except t ha t  the non-essential  amino acids were omit ted (see text). 

** See abbrevia t ions  for Table I I .  
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and the significantly large increases in the glutamic-aspartic acid pool. It  is also 
obvious that there was no leakage into the medium of alanine, proline and serine, 
when these compounds were omitted (medium B). 

Although only a small amount of growth was apparent in these cultures, the cells 
remained healthy in appearance and from Table I I I  it can be seen that they were 
metabolically active. There was considerable production of lactic acid and keto-acids 
(shown as total acid in Table III), and the utilisation of a-amino groups exceeded the 
requirements for the amounts of protein formed in the cultures. 

DISCUSSION 

Glucose metabolism and amino acid uptake 

The glucose "oxidised" represents the portion of glucose carbon which is trans- 
formed by cellular metabolism to the carbon of the pentoses, purines, pyrimidines, 
lipids, amino acids and carbon dioxide. It  probably supplies a large part of the energy 
and material for synthesis, since it is found to be highly correlated with the average 
cell population and thus with the extent of growth of the cultures 7. The present 
studies have shown that in a medium containing a complete and adequate supply of 
free amino acids, H E P  I, HEP  2 and HLM cells utilise approximately one mole of 
amino acids for each mole of glucose "oxidised". This relationship does not apply, 
however, to certain cultures of human embryonic cells, in which glucose "oxidised" 
is very small or cannot be measured by the microchemical methods employed in these 
investigations. 

It  is possible to make some approximate calculations relating the extent of amino 
acid incorporation to the amount of energy available for all cell activities by assuming 
that in both cell types energy is derived entirely from glucose catabolism. It  is 
assumed that for each mole of lactic acid produced, 2 moles of ATP are obtained, 
for each mole of pyruvic acid, the gain is 8 moles of ATP, and when each mole of 
glucose"oxidised" is completely converted to carbon dioxide, approximately 38 moles 
of ATP are formed. From the extent of glycolysis and "oxidation" in malignant and 
transformed cell cultures, it can be calculated that I peptide bond is formed for every 
52 molecules of ATP produced, and in embryonic cells, that there is a new peptide 
bond for every 57 ATP molecules. These are certainly overestimations, since only 
part of the glucose "oxidised" will be converted to carbon dioxide. It will be necessary 
in future studies to t ry  to assess how ATP production is distributed between the 
synthetic pathways of protein, nucleic acid, lipid and other cells constituents in 
growing embryonic and malignant cells. 

Protein ]ormation in tissue cultures 

Discussion of the energy production which accompanies peptide bond synthesis in 
intact cells presupposes that, in tissue culture, proteins are formed de novo from free 
amino acids in the medium, or from amino acids released from ingested protein within 
the cells. The amino acids in the medium appear to be the predominant source of the 
newly-formed protein in cttltures of HEP  I and H E P  2 cells, but this may not apply 
to short-term cultures of foetal tissue nor to the transformed HLM cells, in which 
amino acid uptake was considerably less than the incorporation indicated by protein 
production. 
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The demonstration by HOa(;I.AN~), ZAMECNIK AND STEPHENSON 18 of soluble 
enzymes in liver cell cytoplasm which "act ivate"  amino acids and prepare their 
incorporation on RNA templates provides a basic mechanism for the utilisation of 
free amino acids for protein synthesis. There is, moreover, growing evidence in favour 
of the amino acid pool rather than peptides or serum proteins as the source of protein 
formation in animal tissues in vivo ~9, 2o. By contrast, tumour ceils appear able to 
incorporate plasma proteins directly without any release of the component amino 
acids ~-2a. These reports, however, leave unexplained the lack of peptide intermediates 
in the tissue fluid and imply the existence of a mechanism of extensive degradation 
and rearrangement which would be required to transform one protein into another. 

The evidence from tissue culture investigations is contradictory. WIN.NICK AND 
WINNICK 25 and FRAXClS AND WINNICK 26 showed the incorporation of isotopically- 
labelled protein from embryo extract by  chick ceils, and there have been a number 
of subsequent reports of protein incorporation from media by both normal and 
malignant cell cultures 27-~°. When embryo extract is used in the medium, it is possible 
that  protein becomes absorbed on the cells rather than forming part  of the cell protein, 
especially as it tends to precipitate out when acidic metabolites accumulate in the 
medium a~. The work of CORNWELL AND LUCK a2 and of EAGLE, PIEz AND FLEISCHMAN as 

shows that  caution is also necessary in interpreting isotopic incorporation unless it is 
demonstrated that  net protein synthesis is occurring. 

Whatever  the beneficial role of protein in the cultivation of cells, it is clear that  
tissue culture strains are not always able to utilise it and that  they can, in fact, become 
adapted to grow in the absence of protein. Studies such as those of EAGLE and his 
colleagues a4 illustrate the necessity of including 13 free amino acids in the medium. 
Even when serum protein is present to provide a source of these amino acids, the 
omission of one of them will stop growth and cause the ceils to deteriorate. I t  is also 
established that  certain long-term cell strains can become adapted to grow on a 
completely chemically-defined medium in the absence of proteinaS, ~. The beneficial 
effect of protein, which is particularly evident with freshly-explanted cells, may to 
some extent depend on absorbed components, such as fa t ty  acids and cholesterol s . 
The stimulating effect of certain peptide fractions on the growth of cells kept in 
chemically-defined medium, as reported by WAYMOUTH AND MATTHEWS 37, may indi- 
cate that  components with a specific catalytic activity are necessary for optimal cell 
metabolism. 

Amino acid uptake by tissue cultures 

In long-term strains of human cells (HEP I, H E P  2 and HLM) and in the short- 
term lines obtained from foetal tissues, certain consistent features in the pat tern of 
amino acid uptake are found in rapidly growing cultures. In every test, glntamine was 
completely or extensively removed from the medium, and in the long-term strains this 
was accompanied by an increase in the glutamic-aspartic acid pool. 

The role of glutamine is known to be of key importance in the nutrition of 
mammalian cells. Glutamine forms one-fourth of the total amino acid in the blood and 
is involved in such diverse reactions as amide exchange ~, transamination ~9, 40, purine 
biosynthesis41, a2 and is, of course, directly incorporated into protein. I ts  extensive 
utilisation in growing cultures is, therefore, not surprising and its complete removal 
from the medium could clearly impose a serious !imit to the extent of cell multip]ica- 
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tion. The presence of glutamic acid in the medium may not meet the situation, since 
EAGLE et al. 48 found that glutamic acid could substitute for glutamine only irregularly 
and at best incompletely, although it was incorporated into the protein of both 
malignant and embryonic cells whether glutamine was present or not. 

While it is well established that both fresh explants and longterm lines from 
mammalian tissues require glutamine as an essential growth factorn, 4a-45, freshly- 
explanted avian cells appear to produce glutamine rather than utilise it, when they 
are maintained without growth on a chemicaUy-defined medium 46. Under the same 
conditions, monkey kidney cells and human malignant cells utilise glutamine ~7. It is 
not yet clear whether these differences are a reflection of basic metabolic differencess 
between the cells or whether they indicate cell autolysis in tissue explants when total 
protein is diminishing. I t  may be relevant to this situation that glutamine is rapidly 
utilised by tumour cells in vivo (ROBERTS AND TANAKA ~s) but that it is released from 
regressing tumours into the surrounding fluid 49. 

Besides glutamine, 12 of the amino acids have been found to be essential for the 
growth of human cell cultures 1. 6 of these (i.e. threonine, leucine, isoleucine, phenyl- 
alanine, valine and cystine) were routinely measured by the LEVY paper-chromatog- 
raphic method and all were consistently utilised during growth. Of the so-called 
"non-essential" amino acids, proline and serine were invariably removed to a marked 
extent (30-60 %) and glycine was usually taken up, indicating that the rate of 
synthesis of these amino acids did not keep pace with their requirement by the cells. 

These results agree in general with the few published observations on the changes 
in medium amino acids during the course of ce)l growth. Serine is reported to be 
essential for the growth of rabbit fibroblasts ~ and the absence of either serine or alanine 
from a medium supporting the growth of cultures of Walker carcinoma 256 resulted in 
a smaller final cell population 3. With HeLa cells, however, WESTFALL, PEPPERS AND 
EARLE 27 found no demonstrable utilisation of glycine, alanine, proline or serine from 
a medium of high protein content and with a small amino acid pool. Glycine is reported 
to stimulate the growth of first passage cultures of monkey kidney cells 5°. 

When the malignant H E P  I ceils were presented with a medium thoroughly 
depleted of the "non-essential" amino acids (i.e. alanine, glutamie and aspartic acids, 
proline, hydroxyproline, serine, glycine) and in which cysteine was greatly reduced, 
the cultures grew only to a small extent. However, they metabolised actively 
(Table III)  and although appreciable amounts of lactic acid and some keto-acid leaked 
out of the cells, there was no corresponding release of "non-essential" amino acids, with 
the sole exception of glutamate. This almost certainly came from the glutamine in the 
medium, since it was again extensively utilised even though growth was negligible. 
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