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SUMMARY 

(I) Novikoff  h e p a t o m a  asci tes  t u m o r  cells accumula te  amino  acids by  t r anspor t  
:and exchange diffusion. The general  charac te r i s t i cs  of these  phenomena  are a lmost  
iden t i ca l  to those  re la t ing  to  the  Ehr l ich  asci tes  t u m o r  cells. 

(2) S tud ies  of the  i n t e r ac t ion  be tween amino  acids  dur ing  t r anspor t  and  ex- 
change  diffusion suggest  t ha t  the  " A "  t ype  of s i te  b inds  meth ionine ,  e th ionine  and 
~ -amino i sobu ty r i c  acid  wi th  the  in te rac t ion  involv ing  sodium and po tass ium ions. 
The  " L "  or exchange  t ype  of s i te  which does not  in te rac t  wi th  ca t ions  seems to have 
no affini ty for ~ -amino i sobu ty r i c  acid  bu t  me th ion ine  and e th ionine  a t t ach  to th is  si te 
for  exchange  diffusion purposes ,  the  a t t a c h m e n t  being pa r t i a l l y  add i t ive  at  low concen- 
t r a t i o n s  and compe t i t i ve  at  h igh concent ra t ions .  

(3) The impor t ance  of the  concen t ra t ion  of amino  acid  wi thin  the  membrane  
is emphas ized ,  pa r t i cu l a r ly  in s tudies  involv ing  " t r a n s - i n h i b i t i o n "  phenomena.  

INTRODUCTION 

I t  is now c o m m o n l y  assumed  tha t  dur ing  the  process of t r ans loca t ion  of amino  
a c i d s  from the  ex t race l lu la r  f luid to  the  in t race l lu la r  f luid there  is a reac t ion  between 
the  amino  acids  and a large molecule  t e r m e d  a carr ier  (as rev iewed in refs. ~-4). 
However ,  much evidence has accunmla t ed  to ind ica te  t ha t  several  carriers,  or a l ter -  
n a t i v e l y  several  s i tes  on one carr ier ,  nmst  be invo lved  in the  ac t ive  t r anspor t  of the  
amino  acids  (see, for example ,  refs. I -7) .  This  conclusion has been reached pr inc ipa l ly  
on the basis  of s tudies  of in te rac t ions  be tween amino  acids  dur ing  the course of the i r  
t r a n s p o r t  in to  var ious  t ypes  of ('ells. Most of these in t e rac t ions  are of such a na tu re  
a s  to  ind ica te  t ha t  amino  acids  coinpete  for t im si tes on the carr ier  which are involved  
in t r a n s p o r t  ~,s v,. K ine t i c  analys is  of the  lnutua l  i nh ib i t o ry  effects of amino  acids on 
each o thers  t r a n s p o r t  b y  the  m e t h o d  of LINEWEAVEI~ AXD BUI~K 13 has usual ly  y ie lded  
s imple  l inear  re la t ionsh ips  from which charac te r i s t i c  values for the  affini ty cons tan t s  
m a y  be o b t a i n e d  ~4. Analys is  of these  k ine t ic  cons tan t s  to iden t i fy  specific si tes or 
specific carr ier  systems,  though  somet imes  y ie ld ing  posi t ive  results  :'~, has more often 
led to confusion.  The d e m o n s t r a t i o n  bv CHRISTENSI'-'N 1~ tha t  the  opera t ion  of two 

Abbreviation : ACPC, t-anainocyclopentanc carboxylic acid. 
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separa te  t r anspo r t  sys tems,  dur ing  t i le t r ans loca t ion  of one amino  acid, m a y  often 
be closely a p p r o x i l n a t e d  by  a single l inear  L ineweaver  and Burk  re la t ionsh ip  has 
shed some l ight  on th is  s i tua t ion .  Fu r the r ,  the  p roposa l  by  OXENDER AND CHRIS- 

TENSEN: t h a t  two types  of s i tes  ( te rmed t i le A and the  L sites) m a y  be involved  in 
the  t r a n s p o r t  of neu t ra l  amino  acids,  has fac i l i t a ted  a clearer unde r s t and ing  of the  
possible  na tu re  of the  in te rac t ion  be tween amino  acids  dur ing  t r anspor t .  

Some of the  resul ts  c i ted  13 3, OXENI)ER AND ('HRISTENSEN 7 suggest  t ha t  the  
aff ini ty of an amino  acid  for t i le t r anspo r t  sys tem remains  the  same even when the  
cell has been p rcpacked  with  the  amino  acid under  cons idera t ion .  Dur ing  incuba t ion  
under  such condi t ions ,  amino  acids  en te r  the  cell as the  result  of exchange diffusion 
in add i t i on  to the  con t inu ing  opera t ion  of t r anspo r t  and s imple diffusion phenomena .  
The con t r i bu t ion  of the  process of exchange diffusion to ti le to ta l  movement  of amino  
acid  under  these  c i rcumstances  m a y  be e s t i m a t e d  when care is t aken  to mini luize  
the  t r anspo r t  process e.g. by lowering the t e m p e r a t u r e  or by  incuba t ing  in the  absence 
of cat ions ,  in  th is  way  it has been shown tha t  the  aff ini ty of the  carrier(s) for amim~ 
acids  as de t e rmined  by  the  Km value,  is the  salne m pancreas  for the  process of 
t r anspo r t  as for the  process of exchange  diffusion iv. Pre l i ln inary  inves t iga t ions  of t im 
in te rac t ion  occurr ing be tween amino  acids dur ing exchange diffusion have been carr ied 
out  is and  we now repor t  in de ta i l  on these  in t e rac t ions  as they  occur in EhrIich and 
Novikoff  asci tes  t u m o r  cells. Tile resul ts  ob ta ined  with these two asci t ic  tumors  are 
compared  with  those  p rev ious ly  o b t a i n e d  using slices of n~ouse pancreas1:, is. 

MATERL\I~S AND METHOI)S 

Tile 14('-labelled amino  acids  were purchased  IIOln the  Radiocheni ica l  Centre ,  
A m e r s h a m  (Great  Br i ta in)  and  were usual ly  employed  at  a specific a c t i v i t y  of aptn ox. 
2o counts / ra in  per  ln/mlole.  N o n - r a d i o a c t i v e  amino  acids  were ];mcl~as~d from Nu- 
t r i t i ona l  Biochemicals  Corpora t ion ,  Cleveland,  Ohio (U.S.A.) ai:d were of the  pures t  
g rade  awdlable .  All amino  acids  used were the  L i somer  unless o therwise  ind ica ted .  

The  Ehr l ich  asci tes  t u m o r  cells were grown in Swiss whi te  mice and ha rves t ed  
as p rev ious ly  descr ibed  v'. The  Novikoff  h e p a t o m a  was grown in asci t ic  fonn in male  
S p r a g u e - I ) a w l e y  ra ts  weighing x6o-xSo g which were o b t a i n e d  locally. The t u m o r  
was m a i n t a i n e d  b y  serial  t r a n s p l a n t a t i o n  of 1.5 ml asci t ic  fluid and cells were rou t ine ly  
ha rves t ed  af ter  5 days.  H a r v e s t i n g  and \vashi~g were ca r r i (d  out  as descr ibed for 
the  Ehr l ich  asci tes  t u m o r  cells. 

Measurements  of amino  acid  u p t a k e  were made  as descr ibed  b y  .JOHNSTONE 
ANI) S(HOI.EF1FA.I) 19. IU s tudies  of exchange  diffusion the  tun :o r  cells were p repacked  
by  incuba t ing  wi th  amino  acid for a su i tab le  t ime  at  37 °. SuEsequent ly  the  cells were 
separa ted  from the medium b y  cen t r i fuga t ion ,  washed once in ice-cold K r e b s - R i n g e r  
med ium (calcimn free) and  suspended  in o.25 3,I sucrose to yie ld  a p r epa ra t i on  con- 
l a in ing  o. 3 ml packed  cells per  ml. The exchange diffusion process was i n i t i a t e d  b y  
a d d i t i o n  of I 1151 ()f such a suspens ion  to 8 ml med ium.  The incuba t ion  was carr ied 
out  a t  20 ° and 2-mI samples  were r emoved  as requi red  {generally af ter  2, 5, 9 and  
15 rain).  The  a l iquot  was a d d e d  to 8 ml ice-cold o. 9 % saline,  cent r i fuged,  the  super-  
n a t a n t  d i sca rded  and t i le label led amino  acid  conten t  of the  cells e s t ima ted  as c i ted  
above  1,'). 

E s t i m a t i o n  of in t race l lu la r  f luid by  sub t r ac t i on  of the  weight  of in te rce l lu la r  
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fluid (obtained from a~SO4 ~- space determinations) and the dry weight from the total 
weight (obtained by assuming a density of I.OO and from a knowledge of packed 
cell volume) gave a value of o.65 ml per ml packed cells. All results are presented 
as mM concentrations calculated assuming the specific activity of the added amino 
acid renlains unchanged throughout the various incubation periods. 

R E S U L T S  

The uptake of ami~w acids by Novikoff ascites tumor cells 
Accmnulation of amino acids by the ascitic form of the Ehrlich tumor s, sarcoma 

37 (ref. I9), leukemia LI2IO (ref. 20) and a plasma cell tumor 2t has been demonstrated 
but no reports are available concerning the ability of the ascitic form of the Novikoff 
hepatoma to do so. This became of some interest since in previous unpublished ex- 
periments we have been unable to demonstrate extensive amino acid accmnulation 
by normal liver. The abilities of the Novikoff ascites and Ehrlich ascites cells to con- 
centrate various amino acids were estimated and the results obtained are compared 
in Table I. They indicate a striking quantitative as well as qualitative similarity 
between the results of the operation of the active transport processes as they occur 
in these two ascitic forms of tumors. In both tumors, t)roline and c~-aminoisobutyric 
acid were the most extensively concentrated among the amino acids tested and in 
both tumors the aromatic amino acids tryptophan and phenylalanine were concen- 
trated to the least extent. Even the two ~)-amino acids examined (methioninc and 
tryptophan) attained similar concentration ratios in the two tumors. 

Exchange &~)tsion in Novikoff ascites tumor cells 
In view of the close similarity seen between the transport systems operating 

in these two forms of tunlors and the known ability of the Ehrlich tumor to bring 
about exchange diffusion between amino acids (see ref. 4), an attempt was made to 
detect exchange diffusion in Novikoff hepatoma ascites tumor cells. The cells were 

T A B L E  I 

THE UPTAKE OF AMINO ACIDS BY EHRLICtt AND ~OVIKOFF ASCITES TUMOR CELLS 

Cells w e r e  i n c u b a t e d  in K r e b s - R i n g e r  p h o s p h a t e  m e d i u m  a t  37 ~ for  45 m i n  in t h e  p r e s e n c e  of 
2 nlM htbel led  a m i n o  ac id .  

Amino acid added Intracelhdar concentration (raM) 

Ehrlich carcinoma Novikoff hepatoma 

L-Pro l i ne  i0 .o  2o.2 
a - A m i n o i s o b u t y r i c  a c i d  18.2 I7.  4 
A C P C  13.o 14.2 
G l y c i n e  ~ 5.2 x 2.8 
L M e t h i o n i n e  ,';.o I 1.4 
L.,i~lanill e t 3.0 l o.o 
L - T r y p t o p h a n  6.o 3.4 
L- P h e n y l a l a n i n e  5- 4 3.4 

I ) - T r y p t o p h a n  8.4 8.6 
D - M e t h i o n i n e  5.o 5.2 
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first i ncuba t ed  in a calcium-free K r e b s - R i n g e r  phospha t e  med ium in the  presence of 
2 mM [~4CIACPC for 45 min  at  37 °. T h e y  were then  washed  as descr ibed  in MATERL¢LS 
AND METHODS, sepa ra t ed  in to  four a l iquots  and  i ncuba t ed  at  2o ° in fresh med ia  con- 
t a in ing  (a) no amino  acid, (b) 5 mM proline,  (c) 5 mM me th ion ine  or (d) 5 mM ACPC. 
The amoun t  of label led amino  acid remain ing  in the  cells was then  de t e rmined  on 
sequent ia l  a l iquots  and  the  resul ts  o b t a i n e d  are presented  in Table  I I .  They  ind ica te  
t h a t  there  is a slow leak of ACPC from the  Novikoff  asci tes  t u m o r  cells when incuba ted  
at  2o °. The  efffux is not  g rea t ly  a l te red  when prol ine  is present  in the  incuba t ion  
med ium bu t  when e i ther  5 mM me th ion ine  or 5 mM ACPC are present  the  ra te  of 
loss of label led amino  acid  is increased to  th ree  t imes  i ts  or iginal  value,  a resul t  
ana logous  to  t ha t  p rev ious ly  observed  for the  Ehr l ich  tumor .  To d e m o n s t r a t e  tha t  
the  process is, in fact,  one of exchange diffusion, a d v a n t a g e  was taken  of the  previous  
obse rva t ion  t ha t  exchange  diffusion is i ndependen t  of the  presence of ions in the  
incuba t ion  med ium 22. Cells were p repacked  wi th  ACPC from a medium conta in ing  
2 mM label led ACPC and  then  incuba ted  in the  presence and  absence of 4 mM 
meth ion ine  at  2o ° in med ia  con ta in ing  e i ther  the  normal  level of K + or med ia  in 

T A B L E  1I 

EXCHANGE DIFFUSION OF A C P C  IN NOVIKOFF HEPATOMA ASCITES TUMOR CELLS 

Cel ls  w e r e  p r e p a c k e d  b y  i n c u b a t i n g  w i t h  2 n lM !carboxy-14C~ACPC fo r  45 r a i n  a t  37 °. E f f l u x  w a s  
m e a s u r e d  b y  i n c u b a t i n g  a t  20 ° as  d e s c r i b e d  u n d e r  MATERIALS AND METHODS. F i g u r e s  in p a r e n t h e s e s  
r e f e r  t o  t h e  i n c r e a s e d  e f f lux  d u e  t o  t h e  p r e s e n c e  o f  a m i n o  a c i d  in  t h e  i n c u b a t i o n  m e d i u m .  

Time Addi t ions  A C PC remaining 
(rain) (pmoles per g tissue water) 

o Ni l  14.6  
15 Ni l  11.6 
i5  5 m M  P r o l i n e  lO. 9 (0.7) 
15 5 m M  A C P C  3.9  (7-7) 
15 5 m M  M e t h i o n i n e  4, .t (7.2) 

T A B L E  I I I  

T H E  E F F E C T S  O F  P O T A S S I U M  I O N S  ON E F F L U X  A N D  I N F L U X  O F  A M I N O  A C I D S  F R O M  ~ N ' O V I K O F F  

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

P r e p a c k i n g  a t  37° ;  e x p e r i m e n t  a t  z o  °. 

A ruing acid prepacked T ime  K + concentration A m i n o  acid in med ium Concentration 
(concentration in medium) (rain) in med ium labelled amino acid 

(m3I )  in cells (m3I )  

2 m M  [14C]ACPC in  e a c h  

Nil  15 7.5 
Ni l  15 o 
2 m M  L - M e t h i o n i n e  I5  7.5 
2 m M  L - M e t h i o n i n e  15 o 

o - -  - -  8. 7 
I5  7.5 Ni l  7 .2 - . .  
I5  o Ni l  / 6. 4 3.8 
I5 7.5 4 m M  5 - M e t h i o n i n e  3-5 3.4 / 
15 o 4 m M  L - M e t h i o n i n e  " -  2.9 

4 m M  [14C]ACPC in  e a c h  5 . I ~  
/ 5 .0 5.5 

5-5 I O - 6 / "  
~ I O .  5 
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which all the  KC1 had been replaced by choline chloride. The results obta ined  (Table 

I l l )  indicate  tha t  the increment  in flux of amino acid is independent  of the concen- 

t ra t ion o f  I (  . l:()r tmrposes of comt)aris()n, results are cited from a parallel ext)eriment 

in which the effect of K on the exchange diffusion of prepaeked meth ionine  with 

labelled ACPC into Novikoff  ascites (:ells was examined.  In nei ther  ease was the in- 

creased flux of amino acid sensi t ive to the presence of K . Similar  exper iments  were 

conducted  in which all the  NaCI in the Krebs -Ringer phosphate  medium was replaced 

by choline chloride and no decrease in the rate of exchange diffusi(m of amino acids 

became apparent .  The  results obta ined with Ehrlich ascites carcinoma cells were 

quan t i t a t i ve ly  similar and the increased fluxes ()bserved in the Novil<off hepa toma 

ascites cells are therefore concluded to be due to exchange diffusion. 

I~HeraclioJzs betweelt amiJm acids &fri~tg exchauge &J])tsioJz i~zto N o v i k o f f  asciles cells 

To determine  whether  the exchange diffusi(m process measured in the Novikoff 

ascites cells is saturable,  the effects of various amino acids at several concentra t ions  

were examined.  In Table  IX' the effects of et l l ionine on the efl]ux of prepacked labelled 

ACPC a r e  rep()rted. With increase in t he concentra t ion  of cthionil le  there was im'reascd 

efflux of the ACPC and a saturat ion t)henomen(m. Half maximal  s t imulat ion of efflux 

appears t() 1)e achieved in this exper iment  at a concentra t ion of etlfiolfine of o.2  raM. 

In another  group ()f exper iments  e th ionine  was replaced 1)v nlethi()nine and the ('()n- 

centrat i(m of external  methi (mine  at which half maximal  increased efllux <)f ACPC 

took place was also approx.  0.2 raM. These values will hereaf ter  1)e referred t() as 

" / (m values for exchange diffusion".  The corresponding values character izing amiIu~ 

acid transp()rt into the Ehrlicl) and Novikoff  aseites tum()r (:ells have been measured 

and found t() be al)t)r()x. I mM for e th ionine  and meth ionine  in both types of ceils*. 

Such values are in good agreement  with t>revious observat ions  made in this and other  

lab()ratories. Hence, there is a 5-fohl differen(-e between t h e / ( m  values for t ransport  

and for exchange diffusi(m ()f methi,>nine or ethionine.  However ,  if o n h  one site is 

inv()lved in both processes there can ])e (m]\" one affinity constant  f()r tl/is aite for 

any given amin() acid. 

T A B L I "  IV  

"I'HI~ I ' ; F I r E C I ' S  O V  F ; T I t I O N I N E  A T  V A R I O U S  C O N C I ' 2 N T R . \ T I O N S  O N  T i l t -  ] ' : F I r L U X  O F  P R I L P ~ , C b : I ' ; I )  . \ Q ' ] ) ( )  

I " R O M  ~ O \ ' I b : O l r F "  H F P A T O M A  A S C I T E N  T U M O R  C U L L S  

l;i'4urcs in parentheses refer to challxes in tile intraceIlular concentration of labelled A(~PC due 
to the presence of ethionine in the incubation me(litllIl, incubations were conducted as described 
i l l  M A T E R I A I _ S  A N I )  M E T H O I ) S .  

Tin:c (rain) Fdhio:~inc prcscl~: .4C1>C ren~ainilzg iJt ccHs 
a' 2<, iJ~ .,~<dittn~ (m31) (l.~n~<ffcs per ~ tissue zz,a/~r) 

o N i l  ~2 .  7 

15 Nil o o (o.o) 
T5 o,2 0.7 (2.3) 
15 o.5 5-5 i3.5) 
I5 T.o 5-3 {~.7) 
I5 4.o -t-7 (4.3) 

* Previous values reported for Ehrlich ccllsincludc - x  mM (ref. 7), l.o [ o.~ m?d (ref. 27), 
1.24 mM (ref. Tel and 1.5 mM (ref. 2~). Present experiments (not reported) yiehled values of 
I.o raN[ for ]:.hrlich and Novil<olf ascit<'s ceils. 
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The effects of several other amino acids on the exchange diffusion of external 
methionine or ethionine with internal ACPC were investigated. Except  where other- 
wise stated the internal amino acid has always been ACPC and in the first experiments 
to be described in this section the external amino acids consisted of methionine, 
ethionine or a mixture of the two. If these two amino acids when present extra- 
cellularly exchange with intracellular ACPC as the result of combination with the 
identical site then, at low concentrations, they should give effects on ACPC efflux 
whicll are partially but not completely additive. The increased efflux of ACPC due 
to the presence of o.I mM ethionine and o.I  mM methionine separately and together 
was est imated since this concentration represents approximately one-half the Km 
value of exchange diffusion in each case and should permit  additive effects to be 
observed. From the results presented in Table V it is apparent that  partially additive 
results are obtained i.e. the values obtained when methionine and ethionine are added 

T A B L E  V 

THE EFFECTS OF METHIONINE plUS ETHIONINE ON THE EFFLUX OF A C P C  FROM NOVIKOFF ASCITES 
TUMOR CELLS 

T u m o r  cel ls  w e r e  p r e p a c k e d  w i t h  l abe l l ed  A C P C  b y  i n c u b a t i n g  for  45 r a in  w i t h  2 m M  A C P C  
a t  37 ° u n d e r  a e r o b i c  c ond i t i ons .  T h e  s e c o n d  i n c u b a t i o n  w a s  c a r r i e d  o u t  a t  20 ° in m e d i a  c o n t a i n i n g  
a m i n o  ac id  as  i n d i c a t e d .  F o u r  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a n d  in al l  f o u r  t h e  i n c r e a s e d  f lux  
d u e  to  a d d e d  m e t h i o n i n e  plus e t h i o n i n e  w a s  g r e a t e r  t h a n  e i t h e r  of t h e  i n d i v i d u a l  i n c r e m e n t s  
b u t  less t h a n  t h e  s u m  of t h e  t w o .  

Time Additions ACPC remaining 
(rain) (#moles per g tissue water) 

o Ni l  IO.I  
15 Ni l  7.7 (o.o) 
15 o . I  m M  E t h i o n i n e  6.3 (1.4) 
15 o . i  m M  M e t h i o n i n e  6.0 (1.7) 
15 o . i  m M  E t h i o n i n e  

plus o . I  m M  M e t h i o n i n e  5.2 (2.5) 

T A B L E  V I  

TIlE EFFECTS OF ETHIONINE ON METHIONINE INFLUX INTO ASCITES TUMOR CELLS BEFORE AND 
AFTER PREPACKING WITH A C P C  

All cells w e r e  p r e i n e u b a t e d  fo r  45 m i n  a t  37 ° in t h e  a b s e n c e  ( con t ro l  ceils) or  p r e s e n c e  ( p r e p a c k e d  
cells) of 2 m M  ACPC.  T h e  s e c o n d  i n c u b a t i o n  w a s  c a r r i e d  o u t  for  15 ra in  a t  20 ° in t h e  p r e s e n c e  
of  o . i  m M  [ l~[e-14Clmethionine  a n d  t h e  u p t a k e  of l abe l l ed  a m i n o  ac id  d e t e r m i n e d .  

Cells Ethionine added 
(raM) 

I, moles methionine 
taken up per g tissue water in ~5 rain 

Control cells Prepacked cells Increment 

E h r l i c h  Ni l  o.48 1.37 o.89 
o . I  0.42 I.OO o.58 
o. 4 o.32 o.6o o.28 

N o v i k o f f  Ni l  0.82 1.63 o.81 
o . I  0 .70 1.21 o.51 
0. 4 o.42 0.74 0.32 
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simultaneously are greater than those for methionine or ethionine individually but 
less than their sum. This partially additive effect of methionine and ethionine at low 
concentrations during exchange diffusion suggests a further criterion for determining 
whether the amino acids interact by competing for a single site. If this is the case, 
there should be competition between the two amino acids for the intracellular ACPC 
e.g. the presence of non-radioactive ethionine in the medium should decrease the influx 
by exchange of radioactive methionine. Novikoff ascites tumor cells were therefore 
prepacked by previous incubation with 2 mM ACPC, subsequently incubated for 
15 rain at 2o ° in fresh medium in the presence of o.I mM labelled methionine plus 
increasing amounts of ethionine and the flux of methionine measured. The results 
obtained are presented in Table VI. They confirm that ethionine inhibits the uptake 
of methionine in cells which had been preincubated in the absence of added amino 
acid. However the increased influx of methionine due to the presence of prepacked 
ACPC was also diminished by the presence of extracellular ethionine. A similar result 
was obtained in a parallel experiment in which Ehrlich ascites cells were used and 
the inhibition of uptake by exchange diffusion in the prepacked cells was even more 
striking than the inhibition of uptake by transport in the control cells. These results 
amply confirm previous indications that methionine and ethionine compete for at 
least one site during their transport into Ehrlich ascites tumor cells and suggest that 
a silnilar situation prevails during exchange diffusion. However, they do not explain 
the five-fold difference in the Km values for uptake and exchange diffusion. 

Studies with ~-aminoisobutyric acid, proline and other amino acids 
The abilities of many amino acids to inhibit methionine uptake and methionine 

e×change were studied. Two of the amino acids (~-aminoisobutyric acid and proline) 
gave rise to results which warranted further investigation. Both amino acids are able 
to bring about significant inhibition of methionine uptake (Table VII  (a)) but neither 
was able to cause any significant alteration in the increased flux of ACPC due to the 
presenco of extracellular methionine (Table VII (b)). In addition they did not giw' 
rise to a significant extent of exchange diffusion on their own. In some experiments, 
the concentration of c~-alninoisobutyric acid w~s increas~,d to 2, 4 and 8 mM with 
the concentration of labelled methionine lnaintained at o.z mM and in others the 
concentration of labelled methionine was increased to z.o mM with ~-aminoisobutyric 
acid being added at o.8 mM and 4.o raM. In no case was tt,ere any evidence that 
c~-aminoisobutyric acid (or proline) could exchange diffuse with ACPC or alter the 
exchange diffusion caused by the presence of extracellular methionine. 

The foregoing results establish that c~-aminoisobutyric acid and proline do not 
undergo exchange diffusion with intracellular ACPC, that they have no effect on the 
exchange diffusion of extracellular methionine with intracellular ACPC and that they 
have a positive effect on the transport of methionine by" the two ascitic tmnors under 
consideration. The effect of methionine on the transport and accunmlation of labelled 
c~-aminoisobutyric acid and proline by these cells was therefore investigated and the 
relevant results are recorded in Table VIII .  Methionine effectively inhibits the trans- 
port of both a-aminoisobutyric acid and proline, the concentration gradient being 
reduced almost to zero when 8 mM methionine is added to 2 mM a-aminoisobutyric 
acid or 2 mM proline. Similar results were obtained with the Novikoff ascites tumor 
cells. It is concluded that methionine and proline or methionine and ~-aminoisobutyric 
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T A B L E  V I I  

INTERACTION OF ~X-AMINOISOBUTYRIC ACID OR PROLINE Vv'ITH METHIONINE DURING ITS INFLUX 
INTO ~OVIKOFF ASCITES TUMOR CELLS BY TRANSPORT AND BY EXCHANGE DIFFUSION 

I n  (a) ce l l s  w e r e  i n c u b a t e d  f o r  15 n l i n  a t  37 ° in  t h e  p r e s e n c e  of  2 m M  [ l~ [e -14C]me th ion ine  a n d  
t h e  u p t a k e  of  r a d i o a c t i v e  a m i n o  a c i d  e s t i m a t e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. i n  (b) 
e x c h a n g e  d i f f u s i o n  of p r e p a e k e d  A C P C  w a s  m e a s u r e d  as  d e s c r i b e d  in  T a b l e  V. F i g u r e s  in  p a r e n -  
t h e s e s  r e f e r  t o  i n c r e m e n t  in  e f f lux  d u e  t o  e x t r a c e l l u l a r  a m i n o  a c i d .  

(a) DURING TRANSPORT 

Concentration of 
inhibitor added 
(raM) 

I~moles methionine 
taken up per g tissue water 

~-A minoisobutyric acid added Proline added 

o 9 .0  11.6  
2 7.2 8. 7 
4 6.1 7-5 
8 5.2 6 .o  

(b) DURING EXCHANGE 

Time Expt. z Expt. 2 
(rain) 

Additions A CPC remaining Additions A CPC remaining 
(l~moles per g (l~moles per g 
tissue water) tissue water) 

o Ni l  12.2 Ni l  i o . o  
15 Ni l  8. 7 (o.o) Ni l  7.8 (o.o) 
15 o .8  m M  a - A m i n o -  0 .8  m M  P r o l i n e  7.5 (0.3) 

i s o b u t y r i c  a c i d  8 .6  (o . i )  
15 o . i  m M  M e t h i o n i n e  6 .8  (1.9) o . i  m M  M e t h i o n i n e  5 .6  (2.2) 
15 o . I  m M  M e t h i o n i n e  o . I  m M  M e t h i o n i n e  

plus ph*s 
0.8  m M  ~ - A m i n o -  o.S m M  P r o l i n e  5-4 (2.4) 

i s o b u t y r i c  a c i d  7 .0  (1.7) 

acid compete with each other during transport but do not interact during the ex- 
change diffusion of methionine. 

When attempts were made to uleasure exchange diffusion of proline, the tech- 
nique was to prepack cells with labelled ACPC or methionine and to measure the 
ability of proline (or other amino acids) to increase the efflux. The negative results 
obtained with proline and ~-aminoisobutyric acid mean only that neither proline nor 
~-aminoisobutyric acid increased this efflux. To be certain that there was no exchange 
diffusion the converse experiment was performed in which the effects of prepacked 
ACPC on the uptake of labelled proline were measured. The results obtained from 
such a series of experiments (Table IX) show that the presence of prepacked ACPC, 
rather than causing an increased influx of labelled proline, gave rise to a significant 
inhibition in both Novikoff ascites and Ehrlich ascites tumor cells. I t  is important 
to note that this inhibition was just as extensive after 2 min incubation at 2o ° as 
it was after 15 min incubation at this temperature. When parallel experiments were 
conducted with Ehrlich and Novikoff ascites tumor cells which had been prepacked 
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TABLE VIII  

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

B Y  E H R L I C H  A S C I T E S  T U M O R  C E L L S  

Labelled ~-aminoisobutyric acid and proline were added to the medium to yield a final concen- 
t ra t ion of 2 raM. Incubations were carried out at  37 '> in air for 60 rain (~-aminoisobutyric acid) 
or 3 ° rain (proline). 

3lc, thionim, added lntracellular co~centratio~ 
(raM) °f  labelled amino acid (raM) 

~-A mi*w- Prolim' 
isobulyric acid 

o 7.8  i [-4 
2 3 .4  5 .2  
4 2.9 3.5 
8 2 . I  2 . 2  

"I'ABLI:. IX 

T I I E  I N F L U E N C E  O F  P R E P A C K E D  ACPC A N D / O R  

P R O L I N E  B Y  A S C I T E S  T U M O R  C E L L S  

Amino acid Time 
present during (mbO 
preincubalio~z 

Nil 

2 mM ACPC 

E X T R A C E I . L U L A R  M E T I t I O N 1 N E  ON T H E  U P T A K F  O F  

Proline uptake 

Ehrlich cells 

No melkionine 
present present 

2 0 . 0 2  * 

9 i .44 
15 i .96 

2 o.44 
9 1.00 

15 1.25 

(#moles per g tissue water) 

Novikoff cells 

0.8 mM mdkionine No methiouine 0.8 mM methio~zine 
preset# present 

0.45 0.52 0.32 
0.95 1.35 °.70 
I. I S 1-93 I .o 5 

o.37 0. 3 t o.29 
0.69 0.83 0.58 
o.06 t .o 4 o.73 

* All values for each type of tumor cell are taken from a typical experiment. 

w i t h  n o n - r a d i o a c t i v e  m e t h i o n i n e  in  p lace  of A C P C  a s i m i l a r  r e s u l t  w a s  o b t a i n e d  i.e. 

t h e r e  w a s  a n  i n h i b i t i o n  of p r o l i n e  u p t a k e  f r o m  t h e  o n s e t  of i n c u b a t i o n  w h i c h  d i d  n o t  

i n c r e a s e  d u r i n g  a n  i n c u b a t i o n  p e r i o d  of 15 r a in  a t  2o °. T h e s e  r e s u l t s  a lso  s h o w  t h a t  

t h e  effect  of i n t r a c e l l u l a r  A C P C  p r e p a c k e d  f r o m  a m e d i u m  c o n t a i n i n g  2 m M  A C P C  

was  a p p r o x i m a t e l y  t h e  s a m e  as  t h e  ef fec t  o b t a i n e d  w i t h  o.8 m M  e x t r a c e l l u l a r  m e t h i o -  

n i n e  a d d e d  t o  N o v i k o f f  or  E h r l i c h  a s c i t e s  cells  n o t  p r e p a c k e d  w i t h  a n y  a l n i n o  ac id .  

DISCUSSION 

I n  m o s t  of t h e  p r e s e n t  s t u d i e s  of t r a n s p o r t  a n d  e x c h a n g e  d i f fus ion  of a m i n o  

ac ids ,  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  w i d e l y  s t u d i e d  E h r l i c h  a sc i t e s  c a r c i n o n m  cells 

were  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  u s i n g  t h e  N o v i k o f f  h e p a t o m a  a sc i t e s  cells. Al-  

t h o u g h  t h e s e  t w o  t u m o r s  g r o w  in  d i f f e r e n t  spec ies  a n d  a l t h o u g h  t h e  E h r l i c h  t m n o r  

was  o r i g i n a l l y  a l n a m m a r y  g l a n d  t u m o r  wh i l e  t h e  N o v i k o f f  was  d e r i v e d  f r o m  l iver ,  

t h e i r  a sc i t i c  f o r m s  c o n c e n t r a t e  each  a m i n o  ac id  s t u d i e d  to  a h n o s t  e x a c t l y  t h e  s a m e  
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extent .  F u r t h e r  the  Novikoff  tumor ,  l ike the  Ehr l ich  tumor ,  is now shown to be able 
to br ing abou t  exchange diffusion between amino  acids loca ted  on oppos i te  sides of 
the  membrane .  In  all cases, the  specifieities and  charac te r i s t i c  k inet ic  cons tan t s  were 
very  s imilar  and  the genera l  conclusions to be reached are t aken  to app ly  equal ly  
well to bo th  t ypes  of t u m o r  cells. 

I t  should be no ted  t ha t  if exchange diffusion between ACPC and lnethionine 
(,ccurs at  the  si te des igna ted  as the  "L"  si te  b y  OXE~<I)EI< AND CHt~IS'rEXSEX 7 (where 
Na I and  K~ p lay  a minor  role in the  u p t a k e  of amino  acids  by  t ranspor t )  it  is not  
surpr is ing  t ha t  these ions are not  involved  in up t ake  of the  amino acids th rough  
exchange diffusion at  the  same site.  W h a t  is of in teres t  is tha t  there  is a s a tu ra t ion  
effect of meth ionine  and e th ionine  for this  exchange process and  tha t  the concen- 
t r a t i on  at  which half max imun l  s a tu ra t i on  occurs (approx.  o.2 raM, Table  IV) is con- 
s iderab ly  less than  the concen t ra t ion  at  which half m a x i m u m  sa tu ra t ion  of the  t rans-  
por t  process occurs (I lnM for the  Ehr l ich  and the Novikoff  asci tes t umor  cells). A 
s imple exp lana t ion  of these resul ts  is avai lable  if meth ionine  enters  the  ascites t u m o r  
cells via the  " A "  and the  " L "  si tes dur ing  t r anspor t  but  enters  p r imar i ly  by  the " L "  
si te  dur ing exchange diffusion. I t  was shown by  [x'uI ant)  CHRISIEXSEX ~:~ tha t  t rans-  
por t  via the  " L "  si te  m a y  be s tud ied  by  conduc t ing  the exper iments  in the  absence 
of Na F since these ions are essent ia l  for the  a c t i v i t y  of the  "A"  si te but  are wi thou t  
effect on the  a c t i v i t y  of the  "L"  site.  If the  " L "  si te is the  only  type  involved  in 
exchange diffusion of me th ion ine  and the only  t ype  involved  in t r anspor t  in the ab- 
sence of Na~-, then the  cor responding  Km w~lues for me th ion ine  should be the same. 
Unpub l i shed  expe r imen t s  (R. H. MA'r'rHEWS AND P. G. SCHOLEI:IELn) suggest t ha t  
th is  is indeed the  case. 

IXUI  AND CHRISTENSEN °-a po in ted  out  t ha t  the  sod ium- independent  t r anspor t  
<~f meth ionine  was insensi t ive  to the  presence of c~-aminoisobutyric acid and on this  
basis it  m a y  be p red ic ted  t ha t  the  exchange diffusion of meth ionine  with in t race l lu la r  
amino acids should also be insensi t ive  to the  presence of c~-aminois()butvric acid. This  
pred ic t ion  was confirmed bv  the  de lnons t ra t ion  tha t  ne i ther  c~-aminoisobutvric acid 
or prol ine (at concen t ra t ions  up to eight  t imes  tha t  of methioninc)  had any  significant 
effect on the  exchange diffusion of ex t race l lu lar  meth ion ine  with  in t racel lu lar  ACPC 
(Table VI I  (b)). The concen t ra t ion  of o.I  mM was chosen because it represented  ap- 
pr ( )x imate ly  one-half  of the  Km value ()f xnethionine for exchange and would corre- 
Sl)ond to a p p n ) x i m a t e l y  one- th i rd  sa tu ra t ion  of a carr ier  system thus  pe rmi t t i ng  de- 
tecti()n of e i ther  add i t i ve  or i n h i b i t o r y  effects of o the r  amino  acids. 

I t  is now pred ic ted  tha t  if exchange diffusion involves  c()mln()n site(s) then the  
use of meth ionine  and e th ionine  at  low ext race l lu lar  concent ra t ions  sh()uld give ad- 
d i t ive  effects when the efflux of an in t race l lu la r  exchangeable  amino acid is examined .  
The v a l i d i t y  ()f this  p red ic t ion  is ev ident  from the results  p resented  in Table  V. Under  
the  salne condi t ions ,  however,  a compe t i t ion  between lnethionine and ethi()nine dur ing 
influx should be appa ren t  and  th is  is seen from the  resul ts  p resen ted  in Table  VI. I t  
is c(mcluded tha t  meth ion ine  and e th ionine  react  wi th  comm()11 site(s) dur ing exchange 
diffusion and tha t  th is  si te m a y  be charac te r ized  as the  "L"  si te as defined l)v Ixc ' I  
AND CHRISTENSEN 2a on the  bas is  of i ts i n sens i t iv i ty  to Na +, K and c~-aminoisobutyric 
acid. This  s i tua t ion  is descr ibed  in Scheme I. 

Amino  acid en te r ing  or leaving a cell passes th rough  the membrane  region and 
it is l ike ly  t ha t  at  some s tage  i t  becomes associa ted  wi th  a molecular  si te wi th in  t ha t  
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Scheme I. 
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~ L  
I 
I 

hltracellular amino acid 

region. The same site may presumably be reached from the extracellular fluid or from 
the internal  spaces within the cell. If two amino acids have an affinity for this site 
and both are present in the extracellular fluid then they will compete with each other 
and the movement of both  into the cell will decrease. If the two amino acids are 
ini t ial ly present on opposite sides of the membrane, the site may part icipate in the 
interchange of the two amino acids by the process of exchange diffusion. If the site 
does not cause exchange diffusion to occur a characteristic concentration of each 
ainino acid will still be achieved within the membrane irrespective of the direction 
of movement or its cause. I t  is then possible to envisage that  the intracellular amino 
acid may compete with the extracellular amino acid for association with this specific 
molecular site within the membrane. As a result there will be an inhibit ion of uptake 
of the extracellular amino acid by the process of t ransport  without the intracellular 
amino acid having leaked out into the extracellular medium. The data  presented in 
Table IX indicate that  this s i tuat ion actually occurs. In the experiments cited, pre- 
packed intracellular ACPC proved to be an effective inhibi tor  of the uptake of proline 
in both the Ehrlich and the Novikoff ascites tumor cells. If the concentration of ACPC 
during the preincubation period was 2 mM the accumulated amino acid proved to be 
as effective an inhibi tor  of proline uptake as o.8 mM extracellular methionine. For 
reasons discussed in the text,  ACPC could not have leaked out from the cell and 
inhibi ted the uptake of proline simply by competing for the system by proline trans- 
port  into the cell. I t  should therefore be borne in mind during studies of interaction 
between amino acids that  the concentration of amino acids in the membrane region 
is the determining factor ra ther  than the concentration of amino acid in the external 
medium. The phenomenon of "trans-inhibition"25, 28 may well be another example of 
this phenomenon and the results obtained by PAINE .aND HEIN'Z ~4 concerning the 
interaction between prepacked methionine with extracellular glycine are easily ex- 
plicable on this basis without invoking the requirement for efflux followed by  inhi- 
bit ion of uptake as suggested by these authors. 
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