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Summary 

The regulation of amino acid transport across the cell membrane by adaptive 
mechanisms has been studied in cultured chick embryo fibroblasts. 

Time-dependent changes of transport activity by the A system (a Na ÷- 
dependent  agency with affinity for a discrete group of neutral amino acids), 
as a function of the composition in amino acids of the culture medium, have 
been evaluated by measurements of 14C-labelled L-proline uptake under condi- 
tions approaching initial entry rates. 

Results and conclusions based on the adopted experimental procedures 
include the following: 

(1) Transport of L-proline in cultured avian fibroblasts is an inverse function 
of  the concentration of amino acid substrates of  system A in the medium used 
for cell culturing before uptake assay. 

(2) Cells grown in media containing amino acids that  are substrates for 
system A (repressive conditions) exhibit a marked increase of L-proline uptake 
upon incubation in media devoid of  these amino acids (derepressive conditions). 

(3) Cells grown in media containing amino acids which are not  typical 
substrates of system A (derepressive conditions) undergo a definite decrease of 
L-proline uptake upon incubation in media supplemented with amino acid 
substrates of  this agency (repressive conditions). 

(4) The adaptive increases in the transport of L-proline observed when 
'repressed' cells are incubated under depressive conditions, are abolished in 
the presence of  cycloheximide. 

(5) The results presented suggest that  adaptive regulation of  amino acid 
transport by system A is an intrinsic property of the cells and has a normal 
function in vivo. Its occurrence under culture conditions demands that  one 
must consider the actual composition of  amino acids in the growth medium 
when investigating amino acid transport in cultured cells. 
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Introduct ion 

Nutritional regulations of amino acid transport have been found to operate 
in a variety of mesenchymal and epithelial cells from avian and mammalian 
tissues [ 1--7 ]. Among these regulations, amino acid-dependent adaptive control 
mechanisms appear to modulate the activity of the A transport system [8--11], 
a Na%requiring agency which is devoted to translocate neutral amino acids 
across the cell membrane [12,13]. Recent studies have emphasized the central 
role of system A as the transport system on which widely different factors and 
conditions may converge to regulate amino acid transport in eukaryotic cells 
[14,15]. 

Cells in culture are grown in media which differ extensively in the composi- 
tion of their consti tuent amino acids. Some of them contain all the natural 
amino acids, others lack the 'non essential' amino acids (particularly those 
which are preferential substrates of transport system A). If adaptive regulation 
occurs in cultured cells, the concentration of relevant substrate amino acids in 
the cell environment should affect transport activity of the A system. When 
exposed to conditions of amino acid shortage the cells would respond with an 
increase of transport activity (adaptive derepression); when matched by condi- 
tions of abundant amino acid supply the cells would react with a decrease in 
transport activity (adaptive repression). 

The purpose of this work was to verify the occurrence of the mechanism of 
adaptive regulation for amino acid transport by the A system in cultured avian 
fibroblasts and to investigate the relationship between amino acid composition 
of the medium and amino acid transport activity of the cells during their 
growth in culture. 

Materials and Methods 

The sources for most of the materials used are listed in preceding papers 
[5,8]. The following media (obtained from Gibco, N.Y., U.S.A. or made up in 
our laboratory) were used: (a) Medium 199 (M199) which contains all twenty 
of the naturally occurring amino acids and the amide derivative L-glutamine 
[16]; in this medium the total concentration of amino acids (L-form) which are 
taken up primarily or appreciably by transport system A in mesenchymal chick 
embryo cells [5] is approximately 2 mM. (b) Minimal essential medium which 
contains the twelve amino acids {plus glutamine) 'essential' for survival and 
growth of cultured cells [17]; this medium does not  contain the amino acids 
which are considered typical substrates of the A system. (c) Minimal essential 
medium supplemented with the non-essential amino acids glycine, L-proline, 
L-alanine, L-serine, L-aspartic acid, L-glutamic acid and the amide derivative 
L-asparagine at the same concentrations present (as L-form) in M199; 
asparagine was 0.4 mM. (d)Minimal essential medium supplemented with a 
group of neutral amino acids: Loproline, glycine, L-alanine and L-serine (minimal 
essential medium + Pro-Gly-Ala-Ser) at the same concentrations present (as L- 
form) in M199. (e)Minimal essential medium supplemented with the non- 
metabolizable amino acid analogue a-aminoisobutyric acid at a concentration 
of 2 mM. (f)Earle 's  balanced salt solution, a salt mixture which contains 
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glucose (5.5 mM) but not  amino acids [18]. Specific additions to these media 
are described in Results. 

Chick embryo fibroblasts were obtained from l 1-day old embryos by the 
method of Rubin [19]. Primary cultures were grown in plastic Roux flasks 
(Corning) in M199 with Earle's balanced salt solution containing 2% chicken 
serum. Conditions of culturing were: pH 7.5, atmosphere air/CO2 (95 : 5, v/v), 
temperature 37°C. All experiments were performed with secondary cultures 
prepared by trypsinization and replating of 3-day old primary cultures. 
Secondary cultures were seeded at 4 .  l 0  s cells per 25 cm 2 culture flasks and 
grown (a) for 48 h, as described above for primary cultures in either M199 or 
minimal essential medium supplemented with non-essential amino acids; and 
(b) for a subsequent 24 h in media of the desired amino acid composition 
supplemented with 2% dialysed chicken serum. The volumes of the media were 
such that  decrements in the concentration of individual amino acids during 
24 h culturing were less than 5% (as assessed by analysis on a Tecnicon amino 
acid analyzer). In some experiments, cell monolayers were rinsed free from 
growth medium and incubated for an additional 3 h at 37°C with the medium 
under study (see Results). 

Initial rates of amino acid uptake were measured as follows: culture flasks 
with attached cells were washed three times with Earle's balanced salt solution 
to remove completely the amino acids present in the culture medium and 
incubated for 3 min at 37°C in Earle's balanced salt solution containing L- 
[14C]proline (0.1 mM, final concentration). After two successive rinses with 
ice-cold Earle's balanced salt solution, monolayers were dissolved in 1 M NaOH 
solution containing 0.3% sodium-deoxycholate at room temperature for 30 min. 
Aliquots of the resulting solution were used for radioactivity measurements in 
a Tri-Carb scintillation spectrometer and for protein determination [20]. 
Radiochromatogram scanning after thin-layer chromatography of cell extracts 
always gave a single peak which corresponded to proline. The methods for 
determining the intracellular accumulation of the tracer amino acid and for 
evaluating the proper corrections to be introduced were as described by 
Guidotti  et al. [21,22]. 

Changes in the concentration of individual amino acids in culture media were 
monitored from samples subject to complete analysis by the amino acid 
analyzer (Tecnicon). 

Results 

Choice o f  the tracer amino acid 
Among a number of amino acids which are known to be taken up, primarily 

or appreciably, by the A system in mesenchymal chick embryo cells [1,5], 
L-proline was found to be the best natural substrate for this transport agency in 
cultured avian fibroblasts. Such identification was formally attained by means 
of competi t ion experiments among natural amino acids, inhibition analysis by 
transport-specific model substrates (a-(methylamino) isobutyric acid, 2-amino- 
bicyclo(2,2,1)heptane-2-carboxylic acid), uptake measurements in the presence 
and absence of Na ÷ (or Li ÷) and definition of pH profiles for uptake (cf. 
ref. 14). Within the limits of this discriminating analysis, L-proline was adopted 
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as a tracer amino acid to evaluate adaptive changes of amino acid transport 
activity by the A system, as a function of the different experimental condi- 
tions. 

Amino acid composition of  culture media affects amino acid transport 
The composition of amino acids in different culture media in which avian 

fibroblasts have been grown for 24 h before measurements of L-[lgC]proline 
uptake (performed in Earle's balanced salt solution under conditions 
approaching initial rates of entry), had a profound influence on the transport 
of this amino acid. As shown in Table I, transport activity was higher in cells 
cultured in minimal essential medium (devoid of the typical amino acid 
substrates of system A) than in cells cultured in M199 (containing all the 
naturally occurring amino acids). When minimal essential medium was 
supplemented with the neutral amino acids L-proline, glycine, L-alanine and L- 
serine (substrates of the A system with a total concentration of 1.5 mM) 
transport activity decreased by about 30%, and became comparable to that  
observed in fibroblasts cultured in M199 when all non-essential amino acids 
were added to minimal essential medium (total concentration of added amino 
acids, 2.6 mM). The addition to minimal essential medium of a-aminoisobutyric 
acid (a non-metabolizable analogue that  is transported appreciably by system A 

T A B L E  I 

L - P R O L I N E  U P T A K E  B Y  C H I C K  E M B R Y O  F I B R O B L A S T S  C U L T U R E D  IN M E D I A  O F  D I F F E R E N T  

A M I N O  A C I D  C O M P O S I T I O N S  

S e c o n d a r y  c u l t u r e s  o f  c h i c k  e m b r y o  f i b r o b l a s t s  we re  g r o w n  (a) f o r  72  h in  M 1 9 9  w i t h  o r  w i t h o u t  ( M 1 9 9  

( 7 2  h ) )  a c h a n g e  o f  m e d i u m  2 4  h b e f o r e  u p t a k e  a s say ;  (b)  f o r  48  h i n  m i n i m a l  e s s e n t i a l  m e d i u m  s u p p l e -  

m e r i t e d  w i t h  n o n - e s s e n t i a l  a m i n o  a c i d s  a n d  fo r  a s u b s e q u e n t  24  h in  t h e  f o l l o w i n g  m e d i a  o f  d i f f e r e n t  

a m i n o  ac id  c o m p o s i t i o n s :  m i n i m a l  e s s e n t i a l  m e d i u m  p l u s  P r o - G l y - A r a - S e r ,  p l u s  ~ - a m i n o i s o b u t y r i c  ac id  a n d  

a l o n e ;  al l  t h e s e  c u l t u r e  m e d i a  c o n t a i n e d  2% d i a l y s e d  c h i c k e n  s e r u m ;  (c)  f o r  7 2  h in  m i n i m a l  e s s e n t i a l  

m e d i u m  s u p p l e m e n t e d  w i t h  n o n - e s s e n t i a l  a m i n o  ac ids  w i t h o u t  m e d i u m  changes .  Ce l l  m o n o l a y e r s  we re  

r i n s e d  free f r o m  g r o w t h  m e d i u m  w i t h  E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n .  A m i n o  ac id  t r a n s p o r t  was  a s sayed  b y  

m e a s u r e m e n t s  o f  L-[  14 C ] p r o l i n e  u p t a k e  in  3 - m i n  i n c u b a t i o n s  ( i n i t i a l  v e l o c i t y )  a t  3 7 ° C  in  E a r l e ' s  b a l a n c e d  

sa l t  s o l u t i o n  c o n t a i n i n g  t h e  l a b e l l e d  a m i n o  ac id  (0 .1  raM, f i na l  c o n c e n t r a t i o n ) .  The  v a l u e s  are m e a n  + 

S .E.  o f  4 s e p a r a t e  d e t e r m i n a t i o n s .  

C u l t u r e  m e d i u m  * U p t a k e  ( p m o l / m i n  

pe r  m l  ce l l  w a t e r )  

P e r c e n t  d i f f e r e n c e  f r o m  i n c u b a t i o n  in :  

M 1 9 9  M i n i m a l  e s sen t i a l  m e d i u m  

M 1 9 9  0 . 2 2  ~ 0 .01  - -  - - 4 8  *** 

M i n i m a l  e s s e n t i a l  0 . 4 2  ~ 0 . 0 2  +91  *** 

m e d i u m  
+ P r o - G l y - A l a - S e r  0 . 2 8  ~ 0 . 0 2  - -  - - 3 3  *** 

S u p p l e m e n t e d  w i t h  0 . 2 2  ~ 0 . 0 1  - - 4 8  *** 

n o n - e s s e n t i a l  a m i n o  

a c i d s  ( 4 8  h )  
+ ~ - A m i n o b u t y r i c  ac id  0 . 2 0  ~ 0 . 0 2  - -  - - 5 2  *** 

S u p p l e m e n t e d  w i t h  0 . 3 2  ~: 0 . 0 4  - -  - - 2 4  

n o n - e s s e n t i a l  a m i n o  

ac ids  ( 7 2  h )  
M 1 9 9  ( 7 2  h )  0 . 3 2  ± 0 . 0 3  + 4 5  ** - -  

* L a s t  24  h o f  cel l  c u l t u r i n g  e x c e p t  f o r  c o n d i t i o n s  (6)  a n d  (7) .  

** P ~ 0 . 0 5 .  

*** P ( 0 . 0 1 .  
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in cultured fibroblasts, cf. ref. 15) at a concentration of 2 mM depressed 
transport activity even further. 

When cells were grown for 72 h without  medium changes in minimal 
essential medium supplemented with non-essential amino acids (or in M199), 
the concentration of  amino acid substrates of  system A in the culture medium 
(as assayed by means of the amino acid analyzer) decreased as a result of 
cellular utilization. Under these conditions, the uptake of L-proline was higher 
than that  measured in cells cultured in the same media renewed 24 h before 
uptake assay (Table I) in order to minimize any change in amino acid 
concentration (see Materials and Methods). Decrements of less than 10% in the 
average concentration of amino acid substrates of system A in the culture 
medium were sufficient to sustain a definite stimulation of transport activity 
(P < 0.05). However, the concentration of  amino acids in the vicinity of the 
cells might have decreased more than in the medium as a whole, due to the 
formation of unstirred layers; if this were the case, larger decreases could have 
been responsible for the observed adaptive changes. This possibility was ruled 
out by experiments in which cell culturing was carried out under continuous 
mild swinging. Stepwise increases of the swinging rate (compatible with 
medium stirs that  did not  detach cells from the plastic surface of the culture 
flasks) did not  affect changes in amino acid concentration in the medium, or 
alter adaptive changes of amino acid transport as determined in motionless 
cultures. 

In a t tempt  to reproduce a situation of amino acid shortage comparable to 
that  described in the preceding paragraph, but under more strictly controlled 
experimental conditions, cells were grown for 24 h before uptake assay in the 
presence of decreasing concentrations of amino acid substrates of  system A. 
The volume ratios of culture-medium to cell mass were such that  the selected 
amino acid concentrations (obtained by mixing minimal essential medium un- 
supplemented and supplemented with non-essential amino acids in different 
proportions) were quite constant during the 24 h culturing. This approach 
showed that  the transport of L-proline increased progressively as the concentra- 
tion of amino acid substrates of system A during cell culturing was lowered. A 
statistically significant effect on transport activity (P < 0.05) was first obtained 
with a 10% decrease of substrate concentrations in the culture medium and 
became highly significant (P < 0.01) for larger decreases. 

Adaptive regulation 
When cells grown in M199 (repressive condition) were subsequently 

incubated in media devoid of amino acids (Earle's balanced salt solution) or 
containing amino acids which are not typical substrates of the A system 
(minimal essential medium), the transport of L-proline increased markedly and 
attained comparably high values (Table II). This increase was prevented by the 
addition of  natural (L-alanine) or analogue (~-aminoisobutyric acid) amino acid 
substrates of  system A to the amino acid-free Earle's balanced salt solution. 

When cells grown in minimal essential medium (derepressive condition) were 
subsequently incubated in a medium devoid of amino acids (Earle's balanced 
salt solution), no substantial changes in L-proline uptake were detected 
(Table III). The addition of the model amino acid ~-(methylamino)isobutyric 
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T A B L E  n 

C H I C K  E M B R Y O  F I B R O B L A S T S  C U L T U R E D  I N  M 1 9 9 .  C H A N G E S  I N  L - P R O L I N E  U P T A K E  U P O N  
I N C U B A T I O N  I N  M E D I A  O F  D I F F E R E N T  A M I N O  A C I D  C O M P O S I T I O N S  

S e c o n d a r y  c u l t u r e s  o f  c h i c k  e m b r y o  f i b r o b l a s t s  w e r e  g r o w n  f o r  72  h i n  M 1 9 9  ( w i t h  a m e d i u m  c h a n g e  a t  48  

h ,  see  M a t e r i a l s  a n d  M e t h o d s ) .  Cel l  m o n o l a y e r s  w e r e  t h e n  r i n s e d  f r e e  f r o m  g r o w t h  m e d i u m  a n d  i n c u b a t e d  
f o r  3 h in  t h e  d i f f e r e n t  m e d i a  (all  s u p p l e m e n t e d  w i t h  2% d i a l y s e d  c h i c k e n  s e r u m ) .  I n c u b a t i o n s  w e r e  at  
3 7 ° C  in an  a t m o s p h e r e  o f  a i r / C O  2 ( 9 5  : 5, v / v ) .  A t  t h e  e n d  o f  i n c u b a t i o n ,  c u l t u r e s  w e r e  w a s h e d  e x h a u s t -  
i ve ly  w i t h  E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  a n d  a m i n o  a c i d  t r a n s p o r t  w a s  a s s a y e d  b y  L- [  1 4 C ] p r o l i n  e u p t a k e  
m e a s u r e m e n t s  in  3 - m i n  i n c u b a t i o n s  ( i n i t i a l  v e l o c i t y )  a t  3 7 ° C  in  E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  c o n t a i n i n g  
t h e  l a b e l l e d  a m i n o  a c i d  (0 .1  m M ,  f i n a l  c o n c e n t r a t i o n ) .  T h e  v a l u e s  a re  m e a n  +- S . E .  o f  3 s e p a r a t e  d e t e r m i -  

n a t i o n s .  

I n c u b a t i o n  m e d i u m  U p t a k e  ( p m o l / m i n  P e r c e n t  d i f f e r e n c e  f r o m  P 

p e r  m l  cel l  w a t e r )  i n c u b a t i o n  in  M 1 9 9  

M 1 9 9  0 . 2 4  _+ 0 . 0 1  - -  - -  

M i n i m a l  e s s e n t i t a l  m e d i u m  0 . 4 1  _+ 0 . 0 2  + 7 1  < 0 . 0 1  
E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  0 . 4 0  ± 0 . 0 2  + 6 7  < 0 . 0 1  

+ L - A l a n i n e  ( 5  r a M )  0 . 2 2  _+ 0 . 0 1  - - 8  (n . s . )  * 
+ a - A m i n o i s o b u t y r i c  a c i d  0 . 1 8  _+ 0 . 0 2  - - 2 5  (n . s . )  

( 2  m M )  

* n . s . ,  n o t  s i g n i f i c a n t .  

acid (typical substrate of  the A system in cultured avian fibroblasts) to minimal 
essential medium or of the natural amino acid L-alanine to amino acid-free 
Earle's balanced salt solution markedly depressed transport  activity. On the 
contrary,  the addition of L-leucine or L-lysine {preferential substrates of 
transport  systems L and Ly ÷, respectively), did not  affect L-proline uptake. 

When cells were frown in minimal essential medium plus a-aminoisobutyric 
acid (a culture medium in which repressive conditions were obtained by the 
addition of the non-metabolizable amino acid analogue a-aminoisobutyric acid) 
(cf. refs. 1 and 5), a subsequent  incubation in minimal essential medium or 
Earle's balanced salt solution (both devoid of  the pertinent substrates of system 
A) enhanced transport  activity (Table IV). Incubations in media containing all 

T A B L E  I n  

C H I C K  E M B R Y O  F I B R O B L A S T S  C U L T U R E D  I N  M I N I M A L  E S S E N T I A L  M E D I U M .  C H A N G E S  IN  
L - P R O L I N E  U P T A K E  U P O N  I N C U B A T I O N  I N  M E D I A  O F  D I F F E R E N T  A M I N O  A C I D  C O M P O S I -  

T I O N S  

S e c o n d a r y  c u l t u r e s  o f  c h i c k  e m b r y o  f i b r o b l a s t s  w e r e  g r o w n  f o r  4 8  h in  M 1 9 9  a n d  f o r  a s u b s e q u e n t  24  h 
i n  m i n i m a l  e s s e n t i a l  m e d i u m  ( s e e  M a t e r i a l s  a n d  M e t h o d s ) .  Ce l l  m o n o l a y e r s  w e r e  t h e n  r i n s e d  f r e e  f r o m  
g r o w t h  m e d i u m  a n d  i n c u b a t e d  f o r  3 h in  t h e  d i f f e r e n t  m e d i a  (al l  s u p p l e m e n t e d  w i t h  2% d i a l y s e d  c h i c k e n  
s e r u m ) .  I n c u b a t i o n  c o n d i t i o n s  a n d  a s s a y  o f  L - [ 1 4 C ] p r o l i n e  u p t a k e  w e r e  as  d e s c r i b e d  in  t h e  l e g e n d  o f  

T a b l e  I I .  T h e  v a l u e s  a re  m e a n  ± S .E .  o f  3 s e p a r a t e  d e t e r m i n a t i o n s .  

I n c u b a t i o n  m e d i u m  U p t a k e  ( p m o l / m i n  P e r c e n t  d i f f e r e n c e  f r o m  P 
p e r  m l  ce l l  w a t e r )  i n c u b a t i o n  i n  m i n i m a l  

e s s e n t i a l  m e d i u m  

M i n i m a l  e s s e n t i t a l  m e d i u m  0 . 4 1  +_ 0 . 0 2  - -  

+ ( ~ - ( M e t h y l a m i n o ) i s o b u t y r i c  0 . 2 5  ± 0 . 0 2  - - 3 9  
a c i d  ( 2  m M )  

E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  0 . 4 3  ± 0 . 0 1  +5  
+ L - A l a n i n e  ( 5  r a M )  0 . 2 6  ± 0 . 0 2  - - 3 7  
+ L - L e u c i n e  (5  m M )  0 . 4 2  +_ 0 . 0 3  + 2  
+ L - L y s i n e  (5  r a M )  0 . 4 1  + 0 . 0 3  0 

< 0 . 0 1  

( n . s . )  
< 0 . 0 1  
(n . s . )  
( n . s . )  
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T A B L E  IV 

C H I C K  E M B R Y O  F I B R O B L A S T S  C U L T U R E D  IN M I N I M A L  E S S E N T I A L  M E D I U M  S U P P L E M E N T E D  

W I T H  a - A M I N O I S O B U T Y R I C  A C I D .  C H A N G E S  IN  L - P R O L I N E  U P T A K E  U P O N  I N C U B A T I O N  IN 
M E D I A  O F  D I F F E R E N T  A M I N O  A C I D  C O M P O S I T I O N S  

S e c o n d a r y  c u l t u r e s  o f  c h i c k  e m b r y o  f ib rob las t s  were  g r o w n  fo r  48  h in  M199  and  for  a s u b s e q u e n t  24 h 
in m i n i m a l  essent ia l  m e d i u m  plus  Cz-aminobutyr ic  acid  (see Mater ia l s  and Me thods ) .  Cell m o n o l a y e r s  were  

t h e n  r insed  free f r o m  g r o w t h  m e d i u m  and  i n c u b a t e d  for  3 h in the  d i f f e r e n t  m e d i a  (all s u p p l e m e n t e d  wi th  

2% d ia lysed  c h i c k e n  s e rum) .  I n c u b a t i o n  c o n d i t i o n s  and  assay o f  L-[ 1 4 C ] p r o l i n  e u p t a k e  were  as desc r ibed  
in the  legend  o f  Tab le  II .  The  va lues  are m e a n  ± S.E. o f  3 sepa ra t e  d e t e r m i n a t i o n s .  

I n c u b a t i o n  m e d i u m  U p t a k e  ( p m o l / m i n  Pe rc e n t  d i f f e r e n c e  f r o m  P 

pe r  ml  cell wa te r )  i n c u b a t i o n  in m i n i m a l  

essent ia l  m e d i u m  + c~- 
a m i n o i s o b u t y r i c  acid  

Min ima l  essent ia l  m e d i u m  + 0 .20  + 0 .02  
a - a m i n o i s o b u t y r i c  acid  

Min ima l  essent ia l  m e d i u m  0 .39  + 0 .04  

M 1 9 9  0 .23  -+ 0 .04  

Ear le ' s  b a l a n c e d  salt  so lu t i on  0 .39 + 0 .04  
+ c~-Aminoisobutyr ic  acid 0 .19 -+ 0 .02  

(2 raM)  

m 

+95  < 0 . 0 1  

+7 (n.s.)  

+95  < 0 . 0 2  
- -4  (n.s .)  

naturally occurring amino acids (M199) or a sufficient concentration of  a- 
aminoisobutyric acid (Earle's balanced salt solution plus a-aminobutyric 
acid) did not  alter appreciably the activity of  transport observed under 
repressive conditions. 

T A B L E  V 

E F F E C T S  O F  C Y C L O H E X I M I D E  O N  C H A N G E S  IN  L - P R O L I N E  U P T A K E  BY C U L T U R E D  F I B R O -  

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

S e c o n d a r y  cu l t u r e s  o f  c h i c k  e m b r y o  f ib rob la s t s  were  g r o w n  for  48  h in M 1 9 9  and  fo r  a s u b s e q u e n t  24 h 
in M 1 9 9  or  in  m i n i m a l  essent ia l  m e d i u m  plus  ~ - a m i n o i s o b u t y r i c  ac id  (see Mater ia l s  and  M e t h o d s ) .  Cell m o n o -  

layers  were  t h e n  r insed  f ree  f r o m  g r o w t h  m e d i u m  and  i n c u b a t e d  fo r  3 h in  the  d i f f e r e n t  m e d i a  (all supple-  

m e n t e d  w i t h  2% d ia lysed  c h i c k e n  s e r u m )  in the  absence  and  p r e s e n c e  of  c y c l o h e x i m i d e  (5 p g / m l ,  f inal  con-  
c e n t r a t i o n ) .  I n c u b a t i o n  c o n d i t i o n s  and  assay of  L-[ 14 C ] p r o l i n e  u p t a k e  were  as desc r ibed  in the  l egend  o f  Ta- 

ble I f .  The  va lues  are  m e a n  -+ S.E. o f  3 s epa ra t e  d e t e r m i n a t i o n s .  

I n c u b a t i o n  m e d i u m  U p t a k e  ( p m o l / m i n  Pe rc e n t  d i f f e r e n c e  f r o m  P 

p e r  ml  cell wa te r )  i n c u b a t i o n  in g r o w t h  

m e d i u m  

Cells g r o w n  in M 1 9 9  

M 1 9 9  0 .24  _+ 0 .02  - -  

Ea r l e ' s  b a l a n c e d  salt  so lu t i on  0 .40  ± 0 . 0 2  +67  

+ C y c l o h e x i m i d e  0 ,21 -+ 0 .04  - - 1 2  

+ C y c l o h e x i m i d e  + c~-amino- 0 .15  ± 0.01 - -37  
i s o b u t y r i c  acid  (2 raM)  

Ceils g r o w n  in m i n i m a l  essent ia l  m e d i u m  + cz-aminoisobutyr ic  acid  

Min ima l  essent ia l  m e d i u m  + 0 .20  -+ 0.01 
~ - a m i n o i s o b u t y r i c  acid  

Eaxle 's  b a l a n c e d  salt  so lu t i on  0 .39 -+ 0 . 0 2  +95  

+ C y c l o h e x i m i d e  0 .19  ± 0 .02  - -4  
+ C y c l o h e x i m i d e  + a - a m i n o -  0 .16  ± 0 .01 - - 2 0  

i s o b u t y r i c  acid (2 raM) 

< 0 . 0 1  
(n.s.)  

< 0 . 0 5  

< 0 . 0 1  
(n.s.) 
(n.s .)  
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Effects of cycloheximide 
Cells grown under repressive conditions (M199 or minimal essential medium 

plus a-aminoisobutyric acid) exhibited the usual increases in transport activity 
after subsequent  incubation in a medium (Earle's balanced salt solution) devoid 
of amino acids (Table V). When cycloheximide was added to the latter medium 
at a concentrat ion sufficient to abolish protein synthesis, these increases in 
transport  activity were prevented. When a-aminoisobutyric acid was added 
together with cycloheximide, transport  activity was repressed even further, 
suggesting that the degradation (or inactivation) of specific protein components  
was accelerated during operation of  the transport  system (cf. ref. 23). 

Discussion 

The foregoing experiments demonstrate  that  alterations in the amino acid 
composit ion of media during cell culturing result in dramatic changes in the 
activity of  transport system A, an Na÷-dependent agency with affinity for a 
discrete group of  neutral amino acids [13,24,25].  These changes appear to 
reflect the occurrence in cultured fibroblasts of amino acid-dependent adaptive 
control  mechanisms comparable to those formerly described in a variety of 
mesenchymal and epithelial cells obtained directly from avian and mammalian 
tissues [1,5,8--11].  

An adaptive regulation of amino acid transport  in fibroblasts brought into 
suspension by a collagenase t reatment  from growing and quiescent cultures 
has been described recently [26]. Elsas and co-workers were unable to detect  
this control  mechanism in aggregates of  cultured chicken heart cells and sug- 
gested, as a tentative interpretation, that  the rapidly changing transport 
properties observed in collagenase-dissociated cells upon incubation in amino 
acid-free media could have resulted from repair processes initiated by 
proteolyt ic  enzymes [27]. That this is not  the case has been shown by experi- 
ments in which an adaptive regulation of  amino acid transport  has been found 
to occur in intact tissues [1--4,6,9] and in isolated cells never exposed to 
proteolyt ic  enzymes [5,11,28].  The results of  the present experiments, 
performed with cultured fibroblasts still at tached to the plastic surface of  the 
flask (therefore wi thout  any exposure to collagenase), indicate that  adaptive 
regulation is retained under culture conditions. It must  be realized that amino 
acid uptake by cultured cell monolayers is also subject to a serum-mediated 
control  mechanism [7,15].  The activity of transport  system A is markedly 
stimulated after the addition of  serum to serum-deprived cultured cells and the 
resulting enhancement  declines rapidly after serum withdrawal [15].  In Elsas' 
experiments the cardiac cell aggregates, removed from a complete culture 
medium containing serum, were incubated in an amino acid-free balanced salt 
solution in the absence of serum [27].  Under these conditions, it is likely that 
the expected adaptive enhancement  of  amino acid uptake was superseded by 
the marked decrease of  transport  activity which follows serum withdrawal. 

Evidence has been presented recently showing that the concentration of such 
amino acids as glutamine and a-aminoisobutyric acid in the growth medium 
affects the transport  of  glycine (a substrate of the A system) in cultured HeLa 
cells and in Xenopus laevis kidney cells [29].  Glutamine is known to be 
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reactive with systems A, L and ASC [30]. A slow regulation of  the transport of  
cycloleucine (an amino acid analogue taken up in appreciable way by transport  
system A) by glutamine in BHK polyoma transformed cells (GIV variant) 
capable of  growing in the absence of  glutamine has been reported by Kalckar 
et al. [31].  

The results presented in this paper show that careful attention must be paid 
to the preceding 'history'  of  the culture when amino acid transport is studied 
in cultured cells. Availability of  serum factors [15,32],  conditions of cell 
density [33,34] and composit ion of  amino acids in the culture medium (this 
paper) are all parameters that  modulate the activity of transport system A. 

The occurrence of  adaptive control  mechanisms for amino acid transport  by 
system A in cells freshly isolated from tissues, i.e. in biological preparations of 
limited viability in vitro, can be revealed under extreme conditions (absence or 
presence of  highly concentrated relevant amino acids for short time intervals, 
cf. refs. 1 and 5) which are far from those operating in vivo. In cell cultures, 
i.e., biological preparations of  prolonged viability on which stimuli of  low 
intensity can modulate  cellular functions over extended periods of  time, small 
alterations in the composi t ion of  pert inent  amino acids (comparable to those 
which are likely to occur in vivo) are sufficient to elicit large changes in amino 
acid transport  by means of  system A. The results presented in this paper 
suggest that  adaptive regulation of amino acid transport is an intrinsic property 
of  the cells and has a normal function in vivo which, in combination with other 
control mechanisms (involving hormones,  mediators, mitogens, etc.), enables 
the cell to adapt itself to the actual conditions of  its environment. 
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