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Summary 

The degree of  coupling (q) and the efficacy of accumulation (--X~eh)JA=O 
,i.e. the maximum static head accumulation ratio of  c~-aminoisobutyrate 
accounted for by ATP hydrolysis, have been assessed according to the rules 
of irreversible thermodynamics by comparing the mutual  effect  between 
c~-aminoisobutyrate influx and ATP hydrolysis. Whereas the rate of  ~- 
aminoisobutyrate transport slightly rises with that of  ATP hydrolysis, the 
latter was found to be completely independent of  c~-aminoisobutyrate 
transport. It was concluded that within the limits of  experimental error, the 
degree of coupling and the efficacy of accumulation is negligible. In other 
words, there is no evidence that ~-aminoisobutyrate transport in Ehrlich 
cells is directly energized by ATP hydrolysis. 

It is still a controversial question whether the active transport of  neutral 
amino acids into Ehrlich cells is energized entirely by the electrochemical 
gradient of  Na ÷ or whether it is, at least in part, directly coupled to an exer- 
gonic metabolic reaction, e.g. to the hydrolysis of  ATP (primary active trans- 
port). Whereas a linkage between amino acid accumulation and Na ÷ influx 
can hardly be debated,  there is also evidence in favor of  the second view: the 
same electrolyte gradients appear to drive amino acid transport about  three 
times more powerfully with intact than with inhibited metabolism [ 1 ]. Fur- 
thermore, it could be shown that the amino acid a-aminoisobutyric acid may 
be transported uphill into the cell, even if the Na + and tC gradients are mod- 
erately inverted [2,3] .  

The energetic adequacy of  the Na ÷ gradient for amino acid transport  has 
been assessed by determining the degree (q) of  coupling between the two 
fluxes concerned [4] .  It has been concluded from these results that the effi- 
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cacy of  coupl ing is abou t  0.6, a value which is no t  very  high bu t  possibly suffi- 
cient  (Heinz and Geck [8] ,  fol lowing paper).  Th e  ques t ion  now arises 
w he the r  the coupl ing of  amino acid to ATP hydro lys i s  is any bet ter ,  t ighter  
and more  ef f ic ient  than  this to  the ex ten t ,  it  should be if the  t r anspo r t  is 
pr imari ly  active. 

Previously it had been observed tha t  Ehrl ich cells u n d e r  normal  condi-  
t ions consume  a b o u t  8 pmoles 02 per  g (dry  wt)  per  min,  and tha t  this rate 
remains unchanged  if the ext racel lu lar  glycine concen t r a t i on  is increased f rom 
1.7 to  16.5 mM, cor responding  to  an i nc remen t  of  ne t  glycine up take  f rom 
4.6 to  13.2/xmoles /g  per min [5 ] .  Obviously  in these expe r imen t s  the  ex t ra  
02 r e qu i r e me n t  for  amino acid t r anspor t  is so small c o m p a r e d  to the basal 
02 c o n s u m p t i o n  tha t  it may  remain within exper imen ta l  error:  F u r t h e r m o r e ,  
a regula tory  device ( feedback)  by  which more  ATP is being channe led  into 
the t r anspor t  process at the expense  of  o the r  pa thways  c a n n o t  be exc luded .  

Hence,  we endeavored  to  s tudy  the linkage be tween  amino acid trans- 
po r t  and ATP hydrolys is  di rect ly ,  and unde r  condi t ions  where  resynthesis  
of  ATP is e i ther  suppressed or cur ta i led at a rate similar to  tha t  of  amino 
acid t ranspor t .  The  exper iments  have been designed and evaluated on the  
theore t ica l  basis br ief ly  ou t l ined  as fol lows:  

In the  "quas ichemica l  n o t a t i o n "  [6] of  irreversible t h e r m o d y n a m i c s  
the  basic reac t ion  under ly ing  chemiosmot i c  coupl ing  can be wr i t ten  as [ 7] : 

v A A '  + v s S ~ v A A "  + Vp P (1) 

A being the t r anspor ted  species, here  the amino  acid ~-aminoisobutyra te ,  S 
and P being subst ra te  and p roduc t ,  respect ively,  of  the  driving chemical  re- 
act ion,  here  ATP hydrolys is ,  v deno tes  the s to ich iomet r ic  coef f i c ien t  for  each 
par t ic ipant ,  and the superscripts  ' and  " refer  to extracel lu lar  and intracellular ,  
respect ively.  The  rate  of  the overall reac t ion  (Jr) would  be 

Jr = Lr( --  Zvi Pi) = Lr Va XA + Lr Vch Ach (2) 

X a is the  conjuga te  driving force  for  A( = --  AaA), the  negative d i f fe rence  in 
e lec t rochemica l  po ten t ia l  d i f ference.  Ach = --  (v._ Ps --  Vs Ps), the a f f in i ty  of  
the driving chemical  reac t ion .  Vch is p robab ly  u m t y  unless the s t o m h l o m e t r y  
of  Reac t ion  1 is def ined  as involving more  (or less) than  one  ATP h y d r o l y s e d  
per t r anspor t  cycle.  L r is the coef f i c ien t  connec t ing  the  overall reac t ion  rate 
(Jr) to  its co r respond ing  driving force  ( --  ~ viPi). LUA and LUch are the  cor- 
responding  coeff ic ients  refer r ing to  leakages or parallel pa thways  o f  a- 
amino i sobu ty r a t e  t r anspor t  and ATP hydrolys is  uncoup led  wi th  Reac t ion  1. 
Since there  may  be more  than  one  of  each, the E sign is used. I t  fol lows tha t  

JA = VA Jr + ~ LUA XA 

= (V2A L r + E LUA) X A + v A Vch L rAch  (3) 

Jch = Vch Jr + v LUch Ae h 

= (V2ch L r + E LUch) Ach + v A Vch L r X A ( 4 )  
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The degree of  this coupling is 

q \ ~Ych ]XA \ OJA ]Ac h 
and the efficacy of accumulation at static head is obtained from Eqn 3 by 
setting JA = 0; 

(6) 
JA 0 ~J~-A ] V2A L r +  >Z L u = Ac h A 

Accordingly, only \--~A/Ach needs to be determined experimentally to 

estimate -- , the "efficacy of accumulation",  and both 

JA=O 
( O~ch ( OJA 1 

and \ ~ - c h  ] , to estimate q, the "degree of  coupling". 
\ ~ - A  )Ach XA 

A direct (chemiosmotic) coupling of a-aminoisobutyrate transport to 
ATP hydrolysis would be indicated if q were not  only positive but  greater 
than 0.5, the q previously found for the coupling between a-aminoisobutyrate 
transport and (passive) Na ÷ influx. This is because the present q might reflect 
a stimulation of (Na+--K+)-ATPase owing to an increased flow of Na + into the 
cell associated with ~-aminoisobutyrate uptake. In this case, q would refer to 
the overall coupling between two reactions in series, the a-aminoisobutyrate- 
induced Na + influx on the one hand and the Na÷-induced ATP splitting on the 
other. Since in this case 

qoverall = q' " q2 

q, and q2 being the individual degrees of  coupling of each reaction in series, 
qoverall must  be smaller than each individual q. 

Experimentally, the intracellular ATP hydrolysis was first investigated 
at different rates of ~-aminoisobutyrate transport; after resynthesis of  ATP 
by oxidative phosphorylat ion had been stopped by oligomycin or antimycin 
A, the ATP disappearance inside the cells was followed with and wi thout  
~-aminoisobutyrate in the medium. 

In Fig.1 it is seen that the level of  ATP, after 1 min delay, steadily 
decays, apparently leveling off  towards a final baseline. The increase of 
extracellular Na + from 2 to 135 mM appears to accelerate this decay slightly, 
presumably by stimulating the Na+--K÷-activated ATPase. On the other hand, 
the addition of  a-aminoisobutyrate does not  seem to produce any change in 
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Fig.  1. D e p e n d e n c e  o f  A T P  h y d r o l y s i s  on  N a  ~ a n d  a - a m i n o i s o b u t y r a t e .  A b s c i s s a :  A T P  c o n t e n t  o f  ce i ls  
in / 4 m o l c s / g  ( d r y  w t ) ,  l o g a r i t h m i c  n o t a t i o n .  C i rc l e s ,  1 3 5  m M  Na+; t r i a n g l e s ,  2 m M  N a  +. 
( ) p e n  s y m b o l s ,  w i t h o u t  c t - a m i n o i s o b u t y r a t e ;  
so l id  s y m b o l s ,  w i t h  1 0  m M  c ~ - a m i n o i s o b u t y r a t e .  
A t  t i m e  ze ro ,  t h e  A T P  leve l  o f  t h e  ce l l s ,  as  m e a s u r e d  by  t h e  m o d i f i e d  f i r e f l y  m e t h o d ,  w a s  in  all  s a m p l e s  
s i m i l a r  in  t h e  r a n g e  b e t w e e n  8 a n d  9 p m o l e s / g  ( d r y  w t ) .  R e s y n t h e s i s  o f  A T P  w a s  b l o c k e d  b y  6 /IM 
n l i g o m y c i n .  

Fig.  2. D e p e n d e n c e  o f  g l y c o l v t i e  A T P  g e n e r a t i o n  a n d  t u r n o v e r  o n  a - a m i n o i s o b u t y r a t e  t r a n s p o r t .  A b s c i s s a  
( b o t h  p a r t s ) :  U p t a k e  o f  ~ - a m i n o i s o b u t y r a t e  ( A I B )  in  p m o l e s / g  ( d r y  w t )  p e r  5 m i n .  O r d i n a t e  ( u p p e r  
p a r t ) :  A T P  leve l  o f  ce l ls  in  p m o l e s / g  ( d r y  w t ) ; ( l o w e r  p a r t ) :  R a t e  o f  l a c t a t e  f o r m a t i o n  ( d l a c t )  i n p m o l e s / g  
( d r y  w t )  p e r  5 ra in .  O x i d a t i v e  p h o s p h o r y l a t i o n  w a s  b l o c k e d  b y  6 ktM o l i g o m y c i n .  G l y c o l y t i c  A T P  g e n e r a -  
t i o n  w a s  m a i n t a i n e d  by  5 m M  g l u c o s e ,  b u t  k e p t  d o w n  to  a r a t e  j u s t  s u f f i c i e n t  to  m a i n t a i n  t h e  A T P  
c o n t e n t  a t  a t i m e - i n d e p e n d e n t  l eve l  by  2 m M  p h l o r e t i n ,  c e - A m i n o i s o b u t y r a t e  u p t a k e  w a s  v a r i e d  b y  t h e  
a d d i t i o n  o f  ~ - a m i n o i s o b u t y r a t e  in  t h e  r a n g e  o f  0 . 1 - - 1 0  m M .  T h e  A T P  t u r n o v e r  is p r e s u m a b l y  i d e n t i c a l  
w i t h  J l a c t  u n d e r  t h e s e  c o n d i t i o n s ,  i .e. o f  s i m i l a r  m a g n i t u d e  as  t h e  m a x i m u m  ~ - a m i n o i s o b u t y r a t e  u p t a k e  

ra t e .  

the  rate o f  ATP decay .  In the case o f  a reasonably  e f f i c ient  coup l ing  b e t w e e n  
a - a m i n o i s o b u t y r a t e  transport  and ATP hydro lys i s ,  the latter, proceed ing  
here at a rate similar to  the former ,  shou ld  have been  n o t i c e a b l y  af fec ted ,  
even if several a -amino i sobu ty ra te  molecules  were t ranspor ted  per ATP mol- 

ecule. Hence the result appears to suggest tha t  ~ - /  is either zero or 
( J e ] n  

Ach 

very small. To conf i rm this suggestion more  conclusively,  a more  r igorous 
test  has been carried out .  Again, ox idat ive  p h o s p h o r y l a t i o n  was  b l o c k e d  by 
o l i g o m y c i n  or a n t i m y c i n  A, and a m o d e r a t e  s teady-state  ATP level was  main-  
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tained by glycolysis, whose rate was adjusted by partial inhibition with 
phloretin. The condition of  constant Ach was approximately fulfilled since, 
besides the level of ATP, also the levels of  ADP and Pi did not  change appre- 
ciably. Under these conditions, the rate of ATP turnover should be equivalent 
to that of  lactate formation. Fig.2 shows that with and without  ~-aminoiso- 
butyrate  the steady-state ATP level remained about  4 pmoles/g (dry wt), and 
the glycolytic rate about  40 pmoles lactate per g (dry wt) per 5 min. If the 
ATP consumption were raised by the addition of  ~-aminoisobutyrate, the 
ATP level should drop, unless the extra ATP consumption were matched by 
a regulatory increase of  the glycolytic rate. Neither an ATP drop, nor an 
increase in glycolysis, is observed, even though the rate of a-aminoisobutyrate 
uptake is increased stepwise from 0 up to 40 t~moles per g (dry wt) per 5 min. 

is about  0, or so small that no coupling between amino 
Hence \ - ~ A  ! Aeh 

acid transport and ATP hydrolysis can be detected. 

was also tested in a similar manner, The inverse relationship \ ~--~h-eh 

XA 
this time amino acid transport, J A  being plot ted against ATP level and lactate 
production (Jeh); Fig.3 shows indeed a slight but  significant increase in c~- 
aminoisobutyrate transport  if plot ted versus lactate production,  i.e. 

appears to be different from zero. 
3Jch ! XA 

( OJch ] 
is zero, the degree and the intrinsic However, a s longas  \ ~ - ~  ! 

v ~  A Ach 
efficiency of coupling, as well as the efficacy of  accumulation, -- , 

JA=O 
must be zero, too. In other words, the accumulation of  a-aminoisobutyrate 
does not  show a direct linkage to the ATP metabolism. Before a direct 
(chemiosmotic) coupling between ATP utilization and a-aminoisobutyrate 
transport is to be excluded, possible sources of error have to be considered. 
The dependence of ATP hydrolysis on a-aminoisobutyrate transport might, 
for instance, escape detection if either an excessive amount  of ATP were 
utilized by processes other than a-aminoisobutyrate transport, or the stoichi- 

VA 
ometric ratio of coupling - -  were much higher than one. The first possibility 

P c h  

is unlikely since in our experiments the ATP turnover was cut  down to a rate 
similar to that of the a-aminoisobutyrate transport. The stoichiometric ratio, 
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Fig.3. The  d e p e n d e n c e  of ~ ' - amino i sobu tyra te  u p t a k e  on  cellular ATP level and g lycolyt ic  ATP  genera t ion .  
Ordinates  ( bo t h  parts) :  up t ake  of  ~ - a m i n o i s o b u t y r a t e  (AIB)  p m o l e s / g  (dry wt)  per  5 min.  Abscissa 
(upper  par t ) : leve l  of cellular ATP in p m o l e s / g  (dry wt) ;  ( lower  par t ) :  ra te  of  lac ta te  p r o d u c t i o n ,  in 
p m o l e s / g  (dry wt)  per  5 min.  ~-Amino]  s o b u t y r a t e  c o n c e n t r a t i o n  was 0.1 mM in all samples .  Glyco ly t ic  
ra te  (J lact)  was var ied  by increas ing inh ib i t ion  wi th  the add i t ion  of  ph lor i t in  up to 2 raM. 5 mM glucose 
was added  to m a i n t a i n  glycolysis.  ATP c o n c e n t r a t i o n  of  each sample  was m e a s u r e d  at  the end of the 
incuba t ion  per iod  and  co r re l a t ed  wi th  the co r r e spond ing  ~ - a m i n o i s o b u t y r a t e  t r anspor t .  

P A  
- - ,  is no t  k n o w n  bu t  since a b o u t  10- -12  k c a l / m o l e  are m a x i m a l l y  available 
Pch  

f rom ATP spl i t t ing and  a b o u t  2 kcal  are requi red  for  a - a m i n o i s o b u t y r a t e  

VA 
t r anspor t ,  - c a n n o t  poss ib ly  exceed  5 or 6 fo r  energet ic  reasons.  Even with  

v e h  

an a pr ior i  unl ike ly  ra t io  of  5, an increase of  a - a m i n o i s o b u t y r a t e  t r a n s p o r t  by  
a b o u t  40 pmoles /g  (dry wt)  per  5 min  could  be e x p e c t e d  to  raise Jch by  8 
pmoles /g  per  5 m m ,  or more ,  co r r e s pond i ng  to 20% of  J l a c t "  By cont ras t ,  the  
s tandard  er ror  o f  Jlact was on ly  ~ 5%. I t  fo l lows tha t  q is cer ta in ly  less than  
0.5, m o s t  l ikely even zero or negligible. Since, as m e n t i o n e d  before ,  this q 
wou ld  indica te  a d i rec t  coup l ing  with  ce r t a in ty  on ly  if it were  grea ter  than  
0.5, the  q of  the  coupl ing  to Na + inf lux,  a d i rec t  coup l ing  be tween  a- 
a m i n o i s o b u t y r a t e  t r a n s p o r t  and ATP hydro lys i s ,  appears  ou t  o f  the  ques t ion .  

One m a y ,  on  the  o the r  hand ,  w o n d e r  w h e t h e r  or n o t  a slight coup l ing  
be tween  a - a m i n o i s o b u t y r a t e  t r a n s p o r t  and ATP hydro lys i s  should  be e x p e c t e d  
in any  case, in view of  the  u n d o u b t e d  coup l ing  be tween  Na + ex t rus ion  and 



4 2 5  

ATP hydrolysis. Is it not  obvious that  if  more Na ÷ is swept into the cell owing 
to increased ~-ammolsobutyrate transport, more Na ÷ has to be pumped out 
in order that  the right distribution of Na between cell and environment be 
maintained? While this question cannot yet  be answered definitely, it is a 
priori clear that  co transport between Na ÷ and ~-aminoisobutyrate could 
well increase without  an appreciable change in Na ÷ pumping rate. It is plausible 
that the more Na ÷ is swept in by ~-aminoisobutyrate, the higher the steady- 
state Na ÷ level in the cytoplasm will become and the smaller the inward leakage 
of Na ÷ will be. In other words, with increasing load of ~-aminoisobutyrate the 
coupled Na ÷ influx should increase at the expense of the uncoupled influx, 
even if the outward transport of Na ÷ remains unchanged, for instance due to 
saturation of the pump. Under such conditions the ~-aminoisobutyrate influx 
would show Michaelis--Menten kinetics, even if the number of transport 
carriers were unlimited. The maximum transport rate would then be equal 
to that  of the Na ÷ pump, i.e. to the supply of co-transportable Na ÷. 

Even though the full energization of ~-aminoisobutyrate transport by Na ÷, 
and possibly tC, gradients is not yet  proven under all conditions, a direct 
coupling of ~-aminoisobutyrate transport to ATP hydrolysis appears to be 
still less likely in view of the present results. The question remains, however, 
what the energy source is in such cases in which the electrolyte gradients are 
clearly inadequate, for instance if Na ÷ and K ÷ gradients are inverted [3]. 

Acknowledgement 

This work has been supported by a grant in aid of the Deutsche 
Forschungsgemeinschaft (HE 102 - 12). 

References 

1 E d d y ,  A.A.  ( 1 9 6 8 )  B i o c h e m .  J.  1 0 8 ,  4 8 9 - - 4 9 8  
2 J a c q u e z ,  J .A.  a n d  S c h a f e r ,  J .A .  ( 1 9 6 9 )  B ioeh im.  B iophys .  A c t a  193 ,  3 6 8 - - 3 8 3  
3 Scha fe r ,  J .A .  a n d  Heinz,  E. ( 1 9 7 1 )  B i o c h i m .  B iophys .  A c t a  249 ,  1 5 - - 3 3  
4 Geck ,  P., Heinz ,  E. a n d  Pfe i f fe r ,  B. ( 1 9 7 2 )  B i o c h i m .  B iophys .  A c t a  288 ,  4 8 6 - - 4 9 1  
5 Heinz,  E. a n d  Mar iani ,  H .A.  ( 1 9 5 7 )  J .  Biol. Chem.  228 ,  9 7 - - 1 1 1  
6 Heinz,  E. ( 1 9 7 4 )  in C u r r e n t  Top ic s  in M e m b r a n e  R e s e a r c h  ( B r o n n e r ,  F. a n d  KleinzeUer ,  A.,  eds) ,  

Vol .  5, A c a d e m i c  Press,  N e w  Y o r k ,  in the  p r e s s  
7 R a p o p o r t ,  S.I. ( 1 9 7 0 )  B iophys .  J .  10 ,  246- -2 ,59  
8 Heinz ,  E. a n d  G e c k ,  P. ( 1 9 7 4 )  B i o c h i m .  B i o p h y s .  A c t a  3 3 9 , 4 2 6 - - - 4 3 1  


