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SUMMARY 

We have measured the coupling ratio, i.e. the ratio of the augmentation of Na + 
entry due to the presence of a substrate amino acid, to the augmentation of the entry 
of that amino acid due to the presence of Na +, for a characteristic transport system 
studied in the pigeon red blood cell. The value of this ratio has been shown to be 
approximately independent of the interval of observation and of the concentrations 
of the two cosubstrates. It  does, however, depend strongly on the structure of the 
amino acid, varying from about o.2 for proline to about 4 for threonine and 5 for 
cysteine. The coupling ratio both for entry and for exodus also depends on the com- 
position of the internal pool of substrate amino acids. The presence of a hydroxyl 
group on carbons 3 or 4 produces sharp increases in the coupling ratio. A sulfhydryl 
or carboxamide group on carbon 3 appears to have a similar effect. A model consistent 
with these features is presented, which indicates that the presence of a hydroxyl group 
probably acts by disproportionately accelerating the release, displacement or replace- 
ment of Na + from the transport complex at the interior surface of the membrane. 

INTRODUCTION 

The ratio of the augmentation of Na + influx into a cell due to the presence of 
an amino acid, to the augmentation of amino acid influx due to the presence of Na +, 
might be expected to reveal the composition of a transport complex into which these 
two components are joined as cosubstrates. In the case of the transport system for 
glycine in the pigeon red blood cell, VIDAVER 2 observed a flux ratio of 1.53 ~- 0.45 , 
roughly in agreement with this observation that the rate of glycine uptake depends 
approximately on the square of the Na* concentration. WHEELER .aND CHRISTEN'SEN a 
observed in contrast a flux ratio for Na + and alanine of 2.5 in a different transport 
system in the same cell, even though alanine uptake shows a first-order dependence 
on the Na + concentration. An inconsistency between the ~:wo criteria in the opposite 
direction was seen for fl-alanine transport. These contradictions have led us to examine 
the coupling ratio for several substrates of the system serving for alanine and numer- 
ous other amino acids, which we refer to as System ASC ~. We find that the coupling 

* A prel iminary report  has been published 1. 

Biochim. Biophys. Acta, 241 (I97 t) 9 x9 



IO B. H.  KOSER,  H. N. C H R I S T E N S E N  

ra t io  depends  on the s t ruc ture  of the amino acid subs t ra te ,  ranging from about  0.2 for 
prol ine to about  5 for cysteine.  These coupl ing rat ios  appea r  to be independent  of the 
concent ra t ions  of the  cosubs t ra tes  and  of the  in terva l  of observat ion.  A principal  
s t ruc tu ra l  factor  increasing the value of the rat io  is the presence of a polar  group, e.;,. 
a hydroxy l  or su l fhvdrvl  gr(mp, on carbon 3 (~r 4. 

MF~THO1)S 

Pigeon red cells were collected and handled  essent ia l ly  as descr ibed earlier'%L 
Uptake  of "2Na+ and '4C- or :~H-labeled amino acids from I5 mM Tris-HC1 buffered 
medium (pH 7.4) was measured  at  37':: in a shaking w a t e r b a t h  in air. Choline chlor ide 
replaced NaC1 to give desired N a  concent ra t ions ;  ainino acids when present  a t  more 
than  5 mM replaced choline chloride or NaCI isoosmotical ly.  Incuba t ion  in tervals  
were in i t i a ted  by  adding  o.2 t() o.5-ml por t ions  of heavy  suspensions of washed cells 
(about  Ioo-  to 2oo-mg cells) to 5- or Io-ml  por t ions  of medium conta ining the labeled 
cosubst ra tes ,  and t e rmina t ed  by  adding  the resu l tan t  suspensions to 2 w)l. of ice-cold, 
amino acid-free, Na- - f ree  mediuin,  followed by  brief, r ap id  eent r i fugat ion;  a second 
washing of the cells with s imilar  cold med ium followed. The weighed, packed  cells 
were ex t r ac t ed  with  5 % t r ichloroaeet ic  acid solution, and  the ex t rac t s  as well as the 
d i lu ted  supe rna t an t  solut ion were assayed s imul taneous ly  for N a  and 3H or 'W 
by  l iquid-scint i l la t ion counting,  using separa te  channels,  and correct ing for the in- 
fluence of "2Na~ on the counts  for the [~ emissions. After  correct ing for en t r apped  
ex t race l lu la r  wate r  de te rmined  by  paral lel  exper iments ,  the en t ry  rates  of the cosub- 
s t ra tes  were calculated.  

Di th io thre i to l  was added  at  Io  mM just  before the  test  when cysteine t r anspor t  
was under  s tudy.  This agent  decreased somewhat  the amino ac id- independent  up take  
of Na ~. Al though the ra te  of coupled cysteine up t ake  was not  modified s ignif icant ly 
by  vary ing  the d i th io thre i to l  concentra t ion,  the cys te ine-dependent  en t ry  of Na + 
decreased s t rongly  at  levels of d i th io th re i to l  below Io mM and modera t e ly  at  levels 
above  2o raM. The decrease on lowering the d i th io th re i to l  was taken  to arise from 
incomplete  main tenance  of cysteine in the reduced form. 

l:or inves t iga t ing  possible l inkage of a K + flux to ainino acid uptake ,  experi-  
ments  with ~2K dis in tegra t ions  were counted  for both  the  cellular  and the ex t ra -  
cellular phases,  in a series of five 2-rain counts  dur ing  an i i - m i n  interval .  The group 
of samples  was then recounted  four t imes. In this  way  losses of ~2K b y  decay  app l ied  
equal ly  to all samples  in an exper iment ,  so tha t  no special correct ion had  to be 
calculated.  Suhs t ra te  ainino acids labeled with aH (proline, alanine, threonine and 
asparagine)  or IIC (serine) were counted  only af ter  4"K decay had  e l iminated  any  
measurab le  r ad ioac t i v i t y  from tha t  source. 

In de te rmin ing  the coupling rat io  between Na  + and amino acids for exodus,  
ouaba in  was also in t roduced  at  IO ~ M. In this  de te rmina t ion  we could not  expect  to 
measure  correct ions for exodus of Na ~ in the absence of in ternal  amino acid subs t ra tes ,  
or for exodus  of an amino acid in the absence of in ternal  Na +. Since the exchange 
process in quest ion appears  to require the presence of both  cosubst ra tes  on both sides 
of the membrane ,  we corrected the observed Na + exodus for an appreciable  ra te  seen 
when the suspending medium c(mtained Na + but  lacked any amino acid. We might  
conversely have corrected the observed exodus  of the  labeled amino acid for the  ra te  
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seen when the suspending medium contained the unlabeled amino acid but no Na +. 
This rate was insignificant. On the basis of evidence that the exodus of amino acids 
into Na÷-containing medium lacking any substrate amino acid has a significance 
u n r e l a t e d  to  S y s t e m  A S C  ~, w e  d e d u c t e d  t h a t  s m a l l  c o m p o n e n t  i n s t e a d ,  to  o b t a i n  t h e  

r a t e  u s e d  in c a l c u l a t i n g  t h e  c o u p l i n g  r a t i o  fo r  e x o d u s .  

RIr_SULTS 

Development of a strategy for measuring tile coupling ratio is illustrated in 
Fig. I. The results taken together reveal no consistent trend of the ratio to change 
with the interval of observation. We had anticipated that we might be able to im- 
prove on a simple use of the shortest time compatible with reasonable precision 
(usually 4 rain) by extrapolating to time zero to eliminate negative contributions of 
back fluxes to the observed rates of cosubstrate uptake. Fig. I shows instead that 
within the range of our observations the coupling ratios appear independent of time. 
Accordingly, reflux appears to be limited largely if not entirely to the coupled route. 

The lowest 6 lines of Fig. I likewise show no consistent tendency for the coupling 
ratio to change with alanine concentration. This test was made with each of the amino 
acids examined. Similarly, Na + concentrations from 2 to 14o mequiv./1 were tested 
without finding distinct effects on the coupling ratio. Plotting together of the data 
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Fig. I. Relation of coupling ratio to interval of observat ion for serine and alanine; also to ainino 
acid concentrat ion,  for alanine ; variabil i ty of results. Each  of the bracketed pair of lines represents  
a single flask from which samples were taken serially during incubat ion at 37 °, it and its par tner  
and two other  flasks representing the same sample of blood. In  the third flask in each group, 
Na ~ had been replaced by choline to provide a nleasure of Na+-independent  amino acid uptake,  
which did not  exceed 6 ° o of the tota l  uptake.  The four th  flask contained no added anlino acid 
and measured the amino acid-independent  uptake  of ~2Na,- This represented less than  6 o of 

• o 

the total  Na + uptake  in the exper iment  with serine, which was made at [Na +] = o.oi equiv/1; 
it represented typically i/4 to 1/3 of the Na+ uptake  at  [Ala] = io -2 or lO :~ M, and 5 o - 0 6 ° .  of 
the Na + uptake  at [Alal = IO -4 M, [Na +] having been set at o.14 equiv/l for the alanine experi- 
nlents. The amino acid-iudependent Na + uptake  was approximate ly  linear with time, a l though 
the fraction it represented of total  uptake  rose at  the lowest  and highest  time intervals. All fluxes 
shown have been corrected for the independent  fraction except where the label tolal fluxes is used. 
The uppe rmos t  line represents  the average of observat ions  wi th  paired flasks. Note tha t  the 
baseline represents  a coupling ratio of 1.8. The upper  3 lines point  at unplo t ted  values obtained 
at 86 rain. 
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of such exper iments  y ie lded  values for Km and Vma x for the  two cosubs t ra tes  as illus- 
t r a t ed  in Fig. 2 (ej. refs. 5, 0). The values ob ta ined  for K,,, for the amino acid and N a -  
were indis t inguishable  whether  Na,  or amino acid up take  was p lo t ted  as a function 
of amino acid concentra t ion.  When  Km for Na+ was high, the coupling rat io  tended,  
in an imperfect  relat ion,  t() be low. The ra t io  of the  respect ive  Vmax values was s imilar  
to the  coupling rat ios ob ta ined  at  lower concent ra t ions  (Table I). \Vith amino acids 
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Fig. 2. Double-reciprocal p lo t  of coupled uptakes of '22Na, and LlaCjeysteine as funct ions of the 
Na + concentrat ion at io  4 *I cysteine. Uptake was observed dur ing 4 min at 37'. Cholinc replaced 
N a '  to  ob~cain N a '  levels of O, IS and 50 mequiv / l .  D i t h i o t h r e i t o l  was presen t  a t  o.oi  M. Uptake  
of cys te ine  occurr ing  in t im absence of N a "  (3 .2 / tmoles / l -min )  and  Na + u p t a k e  occurr ing  in the 
absence of cys te ine  (5 54 Hequiv / l '  rain, depend ing  on [Nazi) was deduc t ed  from observed up takes  
to ob t a in  t im coupled  up takes .  The lines cor respond to values  of Vmax for cvs te ine  e n t r y  ; E t8 
/ tmoles / l .  rain and  for Na  ~ e n t r y  = 394/¢equiv / l .  rain, bo th  a p p l y i n g  on ly  for [cysteinej  re -a M 
and inf in i te ly  high [Na+l. The meau  values  of the  coupl ing  ra t io  for all  obse rva t ions  of th is  figure 
was 3.4, the  same ra t io  ca lcu la t ed  from the  two  Vmax values .  This va lue  lies a t  the  lower l im i t  ot 
those  observed  for cys te ine  (Tal)le 1). Converse  e xpe r imen t s  a t  [Na ~j - o.o 5 equiv / l  and  using 
var iab le  ¢ys te ine  levels gave  coup l ing  ra t ios  in the  same range.  This  figure serves  to i l lus t ra te  
numerous  d e t e r m i n a t i o n s  of the  coupl ing  ra t ios  from m a x i m a l  veloci t ies  under  s imi la r  condi t ions ,  
as SUnlnlarized in "Fable [. 

T A B L t :  [ 

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

The t e r m  Vmax represen ts  the  der ived  ra te  for u p t a k e  of the  ind ica t ed  cosubs t r a t e  a t  an infinite 
concen t r a t i on  of one and  a known concen t r a t i on  of the  o the r  cosubs t ra te .  A b b r e v i a t i o n :  a.a.. 
amino  acid. 

Coupling ratio 

Av,~,,,~/3v~,.a. Vm~,.~, (.v,,+l/Vm,.~ (, . , .)  
at various concentrations 
2z S.D. 

Alanine  2.52 ± 0.32 2.41 
Serine 3.94 ± 0.52 3.74 
Threonine  4.50 " o.46 4.66 
Prol ine  0.22 :~ 0.08 0.25 
H y d r o x y p r o l i n e  3-16 ~ o. 2o 3.13 
Asparag ine  ~.66 -~- 0.28 L84 
Cysteine* 4.5 3.4 6 

* In the  presence of [o mM d i th io th re i to l .  
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of low reac t iv i ty ,  e.g. proline, the  independence  of the coupl ing ra t io  of cosubs t ra te  
concent ra t ions  could be examined  over  only a very  nar row range, and accuracy  was 
ra the r  poor even then. In  some cases t ime in terva ls  as long as 25 min were used for 
such poor subs t ra tes  as g lu tamine .  

Fig. I also shows tha t  the  coupl ing ra t io  for serine (in this  case de te rmined  for 
! N a -  - -  O.OLO mequiv/1) is much tfigher than  t ha t  for alanine. The correct ions made  
for the  up t ake  of each cosubs t ra te  in the  absence of the  o ther  cannot  to an i m p o r t a n t  
degree account  for the  difference. (See also Table  V below for some values  for un- 
coupled uptake. )  The excel lent  precision ob ta ined  with  serine (in Fig. I,  the s t a n d a r d  
dev ia t ion  is o . I I )  enhances tim significance of the appa ren t  t ime- independence  of 
the  coupl ing rat io  of t ha t  amino acid. Table  I summarizes  our best  mean values for 
the  coupling rat ios  of several  amino acids, based on numerous  es t imates  as ind ica ted  
above.  

A possible exp lana t ion  for the  var ia t ion  in the  coupl ing ra t io  between Na + and 
amino  acids was t ha t  K + up t ake  might  pa r t i a l l y  replace Na  + up take  in those cases 
where the  coupling ra t io  is low. Therefore exper iments  were made  in which 42K~- 
was used to compare  the change in K + up take  associa ted  with the augmen ta t ion  in 
amino acid  up t ake  p roduced  by  increasing the ini t ia l  Na  + level of the med ium from 
o to o.14o mequiv/1. Table  I I  shows t ha t  K + entered  the cells abou t  50 °o fas ter  in 
the  absence of Na + than  in its presence. The presence of any  one of the  5 tes t  amino 
acids p roduced  no charac ter i s t ic  or significant increase in K + ent ry ,  whether  N a -  
was present  or not ;  hence there was no K + flux tha t  could be associa ted  with e i ther  
the Na*- independen t  or the  Na+-dependent  influx of the  amino acids. To increase the  
sens i t iv i ty  of our search for a l inked flux, lO .4 M ouaba in  was added  to reduce sharp ly  
the  e n t r y  of K ÷. Again,  no q u a n t i t a t i v e l y  i m p o r t a n t  a lan ine-dependent  flux could 
be seen (Table II) .  

\VHEELER AND CHRISTENSEN a showed tha t  the  exodus  of Na + from the pigeon 
red blood cell was also acce lera ted  b y  the presence of ex te rna l  alanine,  and  tha t  
en t ry  of Na  + dur ing alanine u p t a k e  led to no measurab le  change in cellular  Na  +. 
I t  was also shown tha t  var ious  subs t ra tes  of Sys tem ASC endogenous ly  present  in 

T A B L E  I [  

TEST FOR CHANGE IN K + ENTRY IN ASSOCIATION WITH .~N'a "-DEPENDENT UPTAKE OF AMINO ACIDS 

F . n t r v  of  K + o r  t h e  a m i n o  a c i d  is r e c o r d e d  in  /*moles  p e r  k g  cel l  w a t e r ,  m i n .  

A m i n o  acid in iC+ entry Incremental 
suspension medium amino acid 

Na  + absent [Na +" = r4o Increment entry 
mequiv/1 

N o n e  375 258  - - t  17 - -  
N o n e *  78* 45* - -  33* - -  
P r o l i n e ,  5 m M  366  258  lO8 5 
A s p a r a g i n e ,  2 m M  398 268  - - 1 3 o  88 
A l a n i n e ,  t m M  354  257  97  124 
A l a n i n e ,  i o  m M  388 242  - - 1 4 6  95 
A l a n i n e ,  i o  r a M *  72* 43*  - -  2 9 "  89* 
S e r i n e ,  0. 5 m M  381 242  - - 1 3 9  84 
T h r e o n i n e ,  0. 5 m M  375 262  - - t I 3  61 

* O u a b a i n ,  lO -4 3I,  p r e s e n t .  

Biochim. Biophys.  Acta,  241 ( I97  I) 9 - I 9  
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t h e  cel l  s u f f e r e d  l o s s e s  d u r i n g  a l a n i n e  u p t a k e  t h a t  m i g h t  we l l  b e  q u a n t i t a t i v e l y  e q u a l  

t o  t h e  a l a n i n e  t a k e n  u p .  A c c o r d i n g l y ,  t h o s e  a u t h o r s  p r o p o s e d  t h a t  t h e  e v e n t  u n d e r  

s t u d y  is a b a l a n c e d  e x c h a n g e  of  e x t e r n a l  a m i n o  a c i d  p l u s  N a }  fo r  i n t e r n a l  a m i n o  a c i d  

p l u s  N a  * (ref .  3)- T o  t e s t  t h i s  p r o p o s i t i o n  f u r t h e r  w e  i n t r o d u c e d  22Na+ a n d  a ~l(-_ o r  

a l l - l a b e l e d  a m i n o  a c i d  i n t o  t h e  ce l l ,  a n d  e s t i m a t e d  t h e  c o u p l i n g  r a t i o  b e t w e e n  t h e  

t w o  fo r  e x o d u s  e.g. t h e  r a t i o  b e t w e e n  t h e  a u g l n e n t a t i o n s  of  t h e  t w o  e x o d u s  r a t e s  

p r o d u c e d  b y  a d d i n g  e a c h  o f  5 d i f f e r e n t  s u b s t r a t e  a m i n o  a c i d s  ( u n l a b e l e d )  t o  t h e  m e -  

d i u m .  O u a b a i n  w a s  p r e s e n t  a t  I o  a M t o  d i m i n i s h  u n r e l a t e d  N a '  e x o d u s .  T a b l e  1 I I  

s h o w s  fo r  i l l u s t r a t i o n  a p r o t o c o l  fo r  s u c h  a n  e x p e r i m e n t ,  a n d  T a b l e  I V  s h o w s  v a l u e s  

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

T A B L E  1[I 

I L L U S T R A T I V E  D A T A  F O R  I N F L U E N C E  O F  S T I { U C T U R E  O F  T I I I ' ;  E X C I t A N G I N G  A M I N O  A C I D S  O N  T H E  

V A L U E  O F  T H E  A P P A R E N T  C O U P L I N G  R A T I O  F O R  E X O D U S ,  /Jg'Na+/JUa.a. 

The cells were first b r o u g h t  to a p p a r e n t  concen t r a t ions  of 5.27 m m o l e s  {}t (aI1)t laninc and  15.0 
n iequiv  ~aNa- per kg pellet  water ,  by  incuba t ion  2. 5 h m the  usua l  m e d i u m ,  e2Na ~ - o. 14 ° equiv/l,  
con ta in ing  o.oxo M IaH_lalanine. Ano t he r  por t ion  of cells \vas s imilar ly  b rough t  to 2.~2 InM and 
7-9 mequiv / l ,  respect ively,  iu a p p a r e n t  in terna l  [aH~threonine and  ~'iNa* concentra t ion>.  After  
washing ,  each of these  two samples  of cells was fu r the r  divided into four  por t ions .  Two of these 
were in t roduced  into fresh nIedium,  5 ° ~oo ml per  g cells, 2Na+T] o . i4o  equiv/1, contailaing 
io ] M ouba in  and  e i ther  io mM  prol ine or o. 5 mM threon ine ,  as indica ted .  S imul t aneous ly  
two o the r  por t ions  were i ncuba t ed  in o. 5 mM serine or alanine,  or in e h im asparag ine ,  the  resul ts  
no t  being shown here. The decline in cellular con t en t  of the  rad ioac t ive  isotopes ,  re la t ive to the 
su spend ing  ttuid, were t hen  observed,  and  conver t ed  to /on{}les per  kg pellet  wa te r . r a in ,  l:lux 
ra t ios  were ca lcula ted  as described in the  text .  

.4 mi~o acid, A ugmcntati{m in exodus tale ('oupliv&, 
co*ten. (m~nolcs/kg ze,aler) ill (ltnzolcs/kg pellet water, n~in) o/ ratio 

('v/Is 3l{'diztm ,'t n*im~ acid 

IaH!Ala, 5.27* F'ro, ~o 5o.I, 47.{7 
Thr ,  {}.5 I23, I34 

[aH[l'hr, 2,i2"* Pro, IO 8. 4, 7.6 
Thr ,  o. 5 48.2 , 47.4 

N ~ a  . 

0% 4 . 5 0 . ~  I. 4, 1.2 
39 o, 4o4 3-2, 3.o 

27.0 21.2 3.2, 2. 7 
207, 2o2 4.3, 4.3 

" Ex te rna l  Na , ,  14o mequiv/nal .  
* * E x t e r n a l  N a ' ,  5 ° mequ iv /ml .  

T A B L E  IV 

E S T I M A T E S  F O I  ~. C O U P L 1 N G  R A T I O  F O R  E X O D U S  F O R  P A I R S  O F  E X C H A N G I N G  A M I N O  A C I D S ,  D E T E R -  

M I N E D  A S  I L L U S T R A T E D  I N  T A B L E  I [ [  

\Vhere a range  is given,  four  resul ts  are included.  

1"2ntering Coupli*~g ratio 
amino acid 

A la exiting "l'hr exiting 

P F O  1.2 l.(} 2 .7 ,  3.2 
Ash J.3, 1.6 2.4, 2.9 
Ala z.2 2.6 3.8 
S e r  2.2  2. 5 3"7, 3"7 
T h r  2 . 5 - 3 . 2  4 .3 ,  4 .3  

lqiochim. Biophyx. Acta, 24t (i97 I) 9 I0 
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amino acids. These results show that exodus is also characterized by structure- 
determined coupling ratios, both of file exchanging amino acids apparently participat- 
ing in the determination of the ratio. 

We noted that the coupling ratios were considerably more reproducible for a 
given sample of red blood cells than they were from cell lot to lot. The experiments of 
Table V show that the rates of uptake both of Na+ and of a substrate amino acid 
could readily be modified by modifying the internal amino acid content of the cells. 
Two Io-ml portions of cells were incubated for 4 or 5 h in media containing 25 mM 
concentrations, respectively, of two amino acids with highly dissimilar coupling ratios. 
Table V shows that prior loading with proline or asparagine sharply reduced the sub- 
sequent uptake rate for asparagine, serine or threonine, relative to that seen after 
threonine loading. Although this difference also applied to the linked uptake of Na +, 

T A B L E  V 

EFFECT OF PRIOR LOADING OF CELLS \VITH A SUBSTIIATE AMINO ACID ON THE SUBSEQUENT RELATIVE 
UPTAKE RATES FOR N a  + AND AN AMINO ACID 

I l l u s t r a t i v e  r e s u l t s .  T h e  cel ls  w e r e  l o a d e d  w i t h  t h e  a m i n o  a c i d  i n d i c a t e d  in  t h e  s e c o n d  c o l u m n  b y  
i n c u I ) a t i n g  4 - 5 . 2 5  h in  a 25 m M  s o l u t i o n  of  i t ,  in  t h e  s a m e  m e d i u m  u s e d  l a t e r  d u r i n g  t h e  u p t a k e  
e x p ~ r i n l e n t ,  e x c e p t  t h a t  g l u c o s e  w a s  p r e s e n t  a t  o. I °,o. A f t e r  w a s h i n g  t h e  cel ls  t w i c e  w i t h  t h e  
s a m e  n l e d i u m ,  u p t a k e  of  eeNa ~ a n d  a a I I - l a b e l e d  a m i n o  a c i d  w a s  o b s e r v e d  f r o m  t h e  u s u a l  m e d i l m l  
in w h i c h  a l l  b u t  16 m e q u i v / l  ( E x p t .  3) o r  5 ° m e q u i v / 1  ( E x p t .  4) of  t h e  N a  + h a d  b e e n  r e p l a c e d  
b y  c h o l i n e .  U p t a k e  w a s  o b s e r v e d  as  u s u a l  d u r i n g  5 m i n  ( E x p t .  4) o r  i o  r a i n  ( E x p t .  3). T h e  e n t r y  
r a t e s  a r e  e x p r e s s e d  in  m e q u i v ,  o r  m m o l e s  p e r  I of  ce l l s  in  1 n l in .  " Independen t "  e n t r y  is t h a t  
o c c u r r i n g  f o r  o n e  c o s u b s t r a t e  in t h e  a b s e n c e  o f  t h e  o t h e r .  T h e  o m i t t e d  f i g u r e s  f o r  i n d e p e n d e n t  
N a  e n t r y  d i d  n o t  ( l i f ter  s i g n i f i c a n t l y  f r o m  t h o s e  p r o v i d e d .  

Uptake ,~f Cells Independent ~ntry Coupled entry 
loaded 
with Na + Amino acid Na ~ 3mino  acid Coupling 

ratio 

Exlt.  3 

2. 5 111~[ i s n  A s n  25 I t .2  54 64 0 .85  
23 11.6  49  64 o .76  

2.5 h i m  A s n  T h r  26 i t .  7 57 87 o .65  
28 13.o 5 ° 82 o . 6 i  

0. 5 m M  T h r  A s n  25 7 .2 19I  34 5 .7  
23 7.4 19o 29 6. 5 

0. 5 UlM T h r  T h r  20 6 .6  244  78 3.1 
28 S.I 236  79 3 .0 

E x p t .  4 

0. 5 ua.XI Se r  P r o  27 3 .6 177 44 4 .0 
3.2 156 4 ° 4 .0  

0. 5 n lM S e r  T h r  4 .0  368  240  1.53 
3 .6  418  234  1.22 

0. 5 n lM T h r  P r o  27 4 .9  296  19.2 15. 4 
4 .9  238  18. 5 12.8  

0. 5 m M  T h r  T h r  6 .3  484  117 4.2 
6 .0  467  lO 3 4 .6  
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the  effect on amino acid  en t ry  was subs tan t i a l ly  the larger  one so tha t  the  coupling 
ra t io  was s ignif icant ly increased by  e leva ted  in terna l  proline or asparagine  and 
decreased b y  e leva ted  in terna l  threonine.  These changes could be verified by  com- 
par ing  the results  with those for cells with unmodif ied in terna l  amino acid content .  

DISCUSSION 

The foregoing resul ts  show for both  aspects  of the  exchange of ex te rna l  amino 
acid plus Na + for in ternal  amino acid  plus Na'-  t ha t  the  appa ren t  coupl ing rat ios  for 
Sys tem ASC va ry  wi th  ti le s t ruc ture  of the  ex te rna l  tes t  amino acid. Fur the r ,  they  
indicate  tha t  the  s t ruc ture  of the  in terna l  amino acid also p lays  a role in de te rmin ing  
the value  of the  rat io.  

We have assumed in our calculat ions t ha t  any  migra t ion  of Na  + into and ,~ut 
of the  cells in the  absence of an ex te rna l  amino acid is unre la ted  to the  process in 
ques t ion;  also t ha t  any  en t ry  of amino acid in the  absence of ex te rna l  Na  + is unre la ted ,  
and  tha t  any  exodus of amino acid in the  absence of an ex te rna l  amino acid, even if 
Na  + is present  external ly ,  is likewise unre la ted .  Omission of the  correct ions impl ic i t  
in these assumpt ions  does not  modi fy  our conclusion tha t  the  values of the  coupl ing 
ra t io  for en t ry  depend  on the s t ruc ture  of the  amino acid, bu t  are p rac t ica l ly  indepen-  
dent  of tile in terva l  of observa t ion  and of t i le concent ra t ion  of the  two cosubstrates .  
Omission of the  assumpt ions  wi th  regard  to exodus likewise does not  modify  the c(m- 
clusion tha t  the  coupling ra t ios  for exit  change when the amino acid compos i t i , n  of 
the cell is changed.  

Aside from the usual ly  minor  roles p l ayed  by  these migra t ions  occurr ing in the 
absence of one of t i le cosubs t ra tes  in one of t i le phases,  we have more direct  evidence 
for the  va l id i ty  of the  exclusion of these fluxes from considerat ion.  Tlle up take  of 
subs t r a t e  amino acids observed in the  absence of Na  ~ is essent ia l ly  a l inear  function 
of amino acid concent ra t ion  a (@ ref. 2). I t  is not  inh ib i ted  by  methionine  or arginine a 
a l though these amino acids show a Na+- independent  inhibi t ion of the Na+-dependent  
componen t  of serine up t ake  5, 7. Conversely,  the  up t ake  of Na  + re ta ined  in the absence 
~}f ASC subs t ra tes  is not  inh ib i ted  by  arginine a. I rur thermore,  Li* does not  inhibi t  
the  component  of serine up t ake  re ta ined  in the  absence of Na  +, even though Li -  is 
an inh ib i tor  compet i t ive  with Na + for the l inked up take  of serine and Na-  (ref. 5). 
The l a t t e r  point  is impor t an t  in jus t i fy ing the special  way  used here for correct ing the 
ra te  of exodus  of an amino acid for a minor  component  occurr ing in the  absence of 
an ex te rna l  amino acid. If the combinat ion ,  subs t ra te  amino acid plus Na* froin inside 
the  cell, could exchange by  Sys tem ASC for ex terna l  Na~ alone, Li + should be able 
to inhibi t  t ha t  process bv vi r tue  of its compet i t ive  act ion with Na  ~. No such effect is 
seen .~. 

No procedure  has been avai lab le  to us by  which a single subs t r a t e  amin~ acid 
can be presented  in pure  s t a t e  a t  the  in ter ior  surface of the p lasma  membrane .  In two 
exper iments  resembl ing t ha t  shown in Table  1I, the composi t ion of the cell ex t rac t  
af ter  up take  of a labeled amino acid was examined  for us with the amino acid ana lyzer  
bv  our associate,  Andrea  M. Cullen. The specific ac t iv i ty  and concentra t ion  of acculnu- 
l a t ed  a lanine was found to be very  near ly  t ha t  ca lcula ted  from aH uptake ,  and  very  
l i t t le  3H was present  except  in the alanine peak.  Af ter  th reonine  accumula t ion  over  
!)5 % of aH was found in the  threonine peak,  and  a few per cent in the  glycine peak. 
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The threonine concentration by ninhydrin was essentially as calculated from 3H 
uptake. 

A less satisfactory aspect of these experiments is, however, that ASC substrates 
other than the labeled amino acid were still present in the cell. After uptake of alanine 
during 1.5 11 from a 5 mM solution, the aggregate molar concentration of serine, 
asparagine and glutamine (the first two being good substrates for System ASC) was 
approximately equal to that of alanine. The situation should be more favorable for 
the experiments of Tables I I I  and V, where 2.5 h or more were allowed for uptake of 
alanine from a IO or 25 mM solution. After accumulation for 3 11 of ~H]threonine 
from a Io mM solution, cellular alanine was barely detectable, but asparagine and 
glutamine were present at an aggregate concentration half that of threonine. Under 
these circumstances a hypothetical value for the specific activity applying for a 
weighted summation of all effective internal substrates for System ASC would be 
somewhat smaller than the value we used for the labeled amino acid itself. Hence we 
cannot validly call the coupling ratios of Table I I I  precise and characteristic values 
for the labeled internal amino acid; they may be considerably exaggerated from the 
values that would apply if all amino acid exodus by exchange through System ASC 
could be taken into account. What we can assert confidently is that their relative 
magnitudes show that the composition of the mixture of internal substrate amino 
acids plays a part in determining the apparent coupling ratio for exodus. 

When we examine Table I, we may note that the principal structural feature of 
the substrate amino acid causing high values for the coupling ratio is the presence 
of a hydroxyl or sulfhydryl group on carbon 3 or 4 (or a carboxamide group on carbon 
3). Subsequent to completion of the present study this feature has been observed 
to yield other indications of strongly increased substrate activity and strong interac- 
tion between the amino acid and the sodium ionS,L For example, introducing a 
4-trans hydroxy group on the proline molecule decreases its K~ for the inhibition of 
serine uptake to one-seventh at iNa ÷] = 25 mM and to one-eleventh at [Na +] 
-- 118 mM. At the same time there is an enhancement in the response of the amino 
acid flux to the presence of Na + (ref. 5). The results of Table I show that the converse 
response of Na + flux to the presence of the imino acid is enhanced much more strongly, 
the migration of Na + being increased about 15 times as nmch as that of the imino 
acid. At the same time the ability of the external substrate to stimulate exodus of 
previously accumulated alanine is also strongly intensified, in both the pigeon red 
blood cell and the rabbit reticulocyte. Interestingly, if the hydroxyl group is pre- 
sented in the cis orientation, these effects are in the opposite direction s. These findings 
have led us to propose that when a properly positioned hydroxyl, sulfhydryl or 
carboxamide group is present, the sodium ion assists in bonding between the receptor 
site and the amino acidS,8, 9. The extensive evidence for this proposal is summarized 
elsewhere 5. 

The possible participation of a second or third sodium ion per amino acid 
molecule in the reaction with System ASC a, 5,s is not supported by any direct kinetic 
evidence. Accordingly we propose the model of Fig. 3 to account for coupling ratios of 
less than one or as high as four or five. Since Na + and the amino acid enter the cell at 
different rates in their linked uptake, a different step must then limit the rates of 
uptake of each of the two cosubstrates. Hence the translocation step shared among 
the three processes of Fig. 3 cannot generally be rate-limiting. Instead, one of the 

Biochim. Biophys. ,4cta, 241 (1971) 9-i@ 



I 8  B . H .  KOSER, H. N. CHRISTENSEN 

subsequent  s teps producing  release and rep lacement  of one or hath of the cosubs t ra tes  
nmst  l imit  the ra te  of up t ake  of tha t  subs t ra te .  P resumably ,  the same steps at the 
surface of the n lembrane  also limit the rates  of exodus. 

lranslocation inner surface 

/ \ ,  
}' E -- S *No + (only labeled No + is 

unloaded inside the cell) 

$Na + 
/ \ ,  

g - -  S - * S  

• NQ + ~ -' 
(only labeled S 
is unloaded) 

I 

Fig. 3. Scheme to 

:~:No+ 
/ \ ,  

E -  S ....._ ~No + @~:S (both labeled substrates 
No+ ~ E are unloaded, presumably 

E / _ _  ~ S / ~ N o  + +S  in seq . . . . .  ) 

accoun t  [or d i t te ren t ia l  ra tes  of exchange  of Na ,  and  an amino  acid subs t r a t e  
by Sys tem ASC. Only  the s teps  a t  the  in t e rna l  surface of the  m e m b r a n e  are i l l u s t r a t ed  here. 
E. L. Thomas  pa r t i c i pa t e d  b o t h  by discuss ion and  by  k ine t ic  expe r imen t s  a in the  d e v e l o p m e n t  
of this  scheme. According to  th is  model ,  when the  coupl ing  c o n s t a n t  is increased from o.2 to 3 
by  in t roduc ing  a 4-trans h y d r o x y l  group in to  pra l ine ,  process o is decreased from a con t r i bu t i on  
of be tween 8o and  83 % in the  to ta l  effective inward  r eo r i en ta t ions  of the  t e r n a r y  complex  repre-  
sen ted  here, to a con t r ibu t ion  be tween zero and  e 5 (}o. S imul taneous ly ,  process I is increased 
from a con t r i bu t i on  of between zero and 17 '~'o to  one of 67 to 75 ~}i~. Changes  in the  c o n t r i b u t i o n  
of process 3 to the  t o t a l  can on ly  cause va r i a t i ons  o£ the  changes  in processes 1 and  z wi th in  the  
s t a t ed  ranges.  Accordingly,  the  h y d r o x y l  group  has  caused a shif t  f rom process 2 to  process I as 
the  preferred process. Since the  ra te  of amino  acid e n t r y  is s i m u l t a n e o u s l y  increased,  th is  shif t  
mus t  arise from an even grea te r  acce lera t ion  of process i t h a n  of process 2. 

Under  the proposed model  the value  of tile coupl ing cons tants  for e n t r y  will 
not  depend  on the externa l  levels of t i le two cosubst ra tes ,  but  will be de te rmined  by  
the  re la t ive  ra tes  of release or d i sp lacement  of *Na ÷ and *S from the t e rna ry  complex,  
or  by  the  rates  of reassociat ion,  whichever  is in each case ra te- l imi t ing .  The l a t t e r  
ra tes  will depend  on tile in terna l  concentra t ions  of the  two cosubst ra tes ,  and  as shown 
in Table  V, on the composi t ion of the  in te rna l  pool of amino acids. Under  in i t ia l - ra te  
condi t ions  in terna l  composi t ion will be essent ia l ly  constant ,  so t ha t  the  only var iable  
affecting the ra tes  will be the  s t ruc ture  of *S. 

I t  was an expec ted  consequence of our  model  tha t  the  coupling rat ios  for e n t r y  
would be changed b y  modif icat ions of the  in terna l  content  of subs t ra te  amino acids. 
In  the exper iments  i l lus t ra ted  in Table V, the  composi t ion of the in ternal  pool had  
been changed even more sha rp ly  than  in Table  [ I f ,  a l though the composi t ion was not  
de t e rmined  and its homogene i ty  is not  known. Comparisons  between accumula t ions  
of threonine on the one hand,  and on the o ther  hand,  of amino acids showing lower 
coupling ratios,  indicate  tha t  the pr incipal  difference was an accelerat ion of the en t ry  
of the ex te rna l  amino acid b y  the former and  a slowing b y  the la t ter .  Effects on Na* 
e n t r y  were in the  same direct ion but  smaller.  I t  is not  possible to decide whether  
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this effect arises because threonine displaces or because it replaces the entering amino 
acid from the transport complex faster than does proline or asparagine. 

How then does the introduction of a hydroxyl group increase the coupling ratio? 
Accepting that the coupling ratio for entry during proline uptake in exchange for 
endogenous amino acids is o.2. and that during uptake of hydroxyproline it is 3, we 
can readily show within our model that a change of this magnitude can occur only by 
extensive replacement of Process 2 by Process I (Fig. 3). Since introduction of the 
hydroxyl group at the same time greatly accelerates uptake of the substrate amino 
acid, the change in the coupling ratio must be produced by an enhanced replacement 
of Na ~ rather than by a retarded replacement of the amino acid. 
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