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SUMMARY 

Several possible models of  two sequential and two simultaneous carriers of  
different affinities are theoretically analysed. Following the analysis we suggest lk)r 
each model an experimental procedure capable of  testing and rejecting the model. 

It has become clear that the models which are required to account  for mem- 
brane transport  are more complex than those considered up to a few years ago [I ]. To 
facilitate research on transport  kinetics this paper treats a number  of  t ransport  
models in which two carriers serve to transport  the substrate. We present a general 
analysis of  t ransport  systems composed of  two types of  independent carriers with 
different affinities. The number  of  the individual carriers o f  each type per unit mem- 
brane area is not necessarily equal and both carriers may be sequential or simul- 
taneous. For each of  the possible two-carrier models we calculated the predicted 
fluxes for different procedures and suggest an experimental procedure capable of  
testing each model. 

Models of  two carriers are the simplest hypothesis to be tested when more than 
one transport  site of  different affinity is detected on the same face o f  the membrane. An 
example for such kinetics is provided by the sugar t ransport  system in red cells as 
shown below. 

S u g a r  t ranspor t  s y s t e m  in red  b l o o d  cells  - an e x a m p l e  f o r  a s y s t e m  with two a.[hnity 
s i t es  

The terminology used in this paper, given in Table I, follows Stein and Lieb [2]. 
Tables I1 and i II summarize the kinetic parameters of  glucose and galactose transport  
across the erythrocyte membrane.  It can be seen f rom the Tables that two classes 
o f  Km values can be recognized for each sugar. For glucose, Km values between 20 and 
38 mM can be considered as corresponding to a low affinity site (L), those between 
1.6 and 3.0 mM as corresponding to a high affinity site (H). The respective values for 
galactose are 100-240 mM (L) and 11-25 m M  (H). In Table IV the Km values are 
classified accordingly and it can be seen that the data for glucose are consistent with 
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those of  galactose,  with the exception o f  the parameters for zero traits (2 -~ I). 
Only the high affinity site was observed for glucose (Table II). However,  the relevant 
experiments were carried out at a low range of  glucose concentrations (0. I-18 m M )  
[5] and the low affinity site may not be detected in this range. The two affinity sites 
were observed in the fol lowing procedures: For the two substrates, at the inner face 
of  the membrane,  a high-affinity site was observed in the infinite cis (2 ~ I) proce- 
dure (refs. 10and I I ,Tables  II and I l l )  and a low-affinity site in the zero trans (1 ~ 2) 
procedure (refs. 9 and I1, Tables I1 and 11l). On the outer face o f  the membrane 
both low and high affinity sites were observed in the zero trans (2 ~ I ) procedure for 
galactose (ref. 13. Table Il l) .  
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TABLE II1 

KINETIC PARAMETERS OF GALACTOSE TRANSPORT ACROSS THE ERYTHROCYTE 
MEMBRANE AT 20 C, pH 7.4 

Km ~;i S.E.} V (:: S.E.| Reference 
(raM} lmmol/min/I cell ~ater) 

Type o1" 
experiment 

Exchange 
ICI  -2 
Z T I  -2 
IC2 -I  

Z l 2  - I  

1I-2 - I  

138 i 57 432~44 Ginsburgand Ram [11] 
t2 Krupka [12] 

240 : 57 255 :}96 Ginsburgand Ram [ l l ]  
21:25 * !17 Ginsburgand Stein [13] 

(11"*  +6 16! 6) 
~ ~ 21 i16 _86 . ~8- , Ginsburg and Stein [13] 

21 . 2 239 : I1 Ginsburg and Stein [13] 

* Values obtained by different methods. 
** Two sites detected bs. a non-linear least-square filling procedure. 

1 ABLE IV 

OBSERVED Km VALUES FOR GLUCOSE A N D  GALACTOSE,  CLASSIF IED A C C O R D I N G  
TO LOW IL) A N D  HIGH (H)  A F F ] N | T Y  SITES (SEE TEXT}  

T)pe o1" Km determined Observed Km values 
experiment on side 

Glucose Galactose 

Equilibrium 
exchange L L 
ZT I - 2 inner L L 
ZT 2 - I outer H H , L 
IC I - 2 outer H H 
IC 2 - I inner H H 
I T  I - 2 inner 
IT 2 - I ouler H tt  

In the  f o l l o w i n g  we p r e s e n t  a gene r a l  t h e o r e t i c a l  ana lys i s  o f  severa l  poss ib le  t w o  

c a r r i e r  mode l s .  T h e  resu l t s  a n d  the  ana ly s i s  m a y  be app l i ed  to  the  s u g a r  t r a n s f e r  

sys t em in red  b l o o d  cells o r  to  a n y  o t h e r  sys t em s h o w i n g  s imi l a r ly  two  aff in i ty  sites.  

M o d e l s  o1 t w o  c a r r i e r s  

In c o n s i d e r i n g  c a r r i e r  m o d e l s  a t  all, it is neces sa ry  first  to  d i s t i n g u i s h  b e t w e e n  
s e q u e n t i a l  a n d  s i m u l t a n e o u s  ca r r i e r s :  

A. A s e q u e n t i a l  c a r r i e r  possesses  o n e  ( s imp le  o r  c o m p l e x )  t r a n s p o r t  s i te  per  

ca r r i e r ,  a v a i l a b l e  to  the  s u b s t r a t e  a l t e r n a t e l y  a t  e a c h  face o f  the  m e m b r a n e .  S u c h  a 
c a r r i e r  has  b e e n  o f t en  d e s c r i b e d  as a m o b i l e  ca r r i e r ,  f o r m i n g  a c o m p l e x  wi th  t he  
s u b s t r a t e  m o l e c u l e  a n d  f a c i l i t a t i n g  its d i f f u s i o n  a c r o s s  t he  m e m b r a n e .  

B. A s i m u l t a n e o u s  c a r r i e r  possesses  t w o  o r  m o r e  t r a n s p o r t  s i tes  pe r  ca r r i e r ,  

a v a i l a b l e  to  the  s u b s t r a t e  s i m u l t a n e o u s l y  a t  b o t h  faces  o f  the  m e m b r a n e .  Such  a 

s y s t e m  m a y  be, fo r  i n s t a n c e ,  a p r o t e i n  s p a n n i n g  the  m e m b r a n e  f r o m  face to  lace  

a n d  c o m p o s e d  o f  o n e  o r  m o r e  s u b u n i t s .  T h e  t r a n s p o r t  even t  r equ i r e s  a cycle o f  s o m e  
c o n f o r m a t i o n a l  c h a n g e s  in t he  p r o t e i n .  
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I N  OUT 

@ 

Fig. I. A model of ant iparal le l  sequential  carriers. l h c  carriers l'acc al teinatel~ the inner and Ihc 
outer  sides of the nlembrane, l. and H are the low- and higll-a~inity sites. Thc arro\~s represent 
differences in the nl;.tXillltllll velocities. 

IN OUT 

t ig .  2. One of the possible nlodcls for ant iparal le l  s imul taneous c~trrJers. l h e  binding sites face 
ahermltcly the faces of  the nlembrune nlld the internal cavily, l. and I t  are as in Fig I. 

A two-carrier system may be obviously conlposed of  sequential or simultaneous 
carriers. For all two-ca,'rier models we denote one carrier by :< and the second b~ /L 
The number  of  :~ units is delined to be equal or greater than the number  ot 'fi  tlnils. 
One may distinguish between the following possible models: 

I. Antiparallel carriers: The two carriers are each asymmetric, each having a 
low alt]nity site, of  the wllue L, on one face of the membrane and a high affinity site. 
of  the value H, on the other. The carriers are situated in an antiparallel fashion across 
the membrane. (See Fig. 1 |\~r sequential and Fig. 2 l\~r simultaneous antiparallcl 
carriers. In both figures L~ LI~ and H, H/j ). 

II. Different carriers: The carriers are different in all their parameters. (In 
Figs. I and 2 L, #- l,s, and H, :/: H#). 

Model I is clearly a special case of  model I1. 
In the following we shall analyse each of  these two-carrier models and obtain 

the predicted flux for the different procedures (Table !), with applications to the sugar 
transport  system in human red blood cells. 

.t. Sequential carriers 
Genera/consMeratio#ls. To analyse the models of  sequential carriers we use the 
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flux equat ion derived by Stein and Lieb [2]. The equat ion (Eqn 1 below) describes 
the unindirectional flux of  the substrate from side 1 to side 2 of  the membrane.  The 
equat ion is based upon the King and Altman [14] and Britton [15] analyses applied 
to a sequential carrier model, and is free from any pre-assumptions as to the rate 
limiting step in transport.  Thus, for a single carrier: 

U I , K S  I @S 1S 2 
. . . . . .  (1) 

T K - R o o + K R 1 2 S I + K R 2 1 S 2 + R e e S 1 S ~  

S, and $2 are the substrate concentrat ions at side I (we define it as the inner face) 
and side 2 (outer face) respectively. K and the terms in R are each a combinat ion 
o f  several rate constants. Stein and Lieb [2] showed that R~,., R~ 2 and R 2 j correspond 
to the resistance aflbrded by the membrane to a complete cycle o f  movement  o f  the 
carrier in an equilibrium exchange, zero trans (I -+ 2), and zero trans (2 ~ 1) 
procedure respectively, while Roo can be considered as the relevant resistance for 
the free carrier. T is a factor proport ional  to the number  of  carriers, which takes into 
account  the unit in which the flux is measured. K corresponds to the dissociation 
constant  for the carrier-substrate complex. 

A. 1. Antiparallel sequential carriers 
We first consider a model of  antiparallel sequential carriers (Fig. 1 ). Sincethese 

carriers are antiparallel, Ix', Roo and R~ (parameters which do not depend on 
the side 1"or which measurements are made) are each the same for both of  these 
carriers, while RI2 Of ~ (R]2) equals 821 0|'/~ (R~I) and similarly R~,~ RI{2. We 
take the case where R21 > Rl2 and define R21/RI2 : m. The ratio of  the number  
of  carriers of  ~. type to that of  fi type is n. When n =/: 1 the resulting system is asym- 
metric. 

The undirectional ttux equat ion lk)r the antiparallel sequential carriers is 
obtained by applying the above considerations to Eq. 1 and adding the fluxes of  c~ and 
of  fi carriers, t h u s  

~[12 = _ K S I  ~- SI $2 

"F K e R o o + K R t 2 S I + K R 2 1 S 2 + R e c S I S 2  

KS1 + Sl $2 
+ . . . .  (2) 

n (K2Roo+ KR2t Sj + KRt2 S 2 + R¢~S 1 $2) 

The flux in the direction 2 to 1 can be obtained by interchanging the symbols I and 2. 
From Eq. 2 we can obtain the zero trans ( I --+ 2) flux by setting S 2 o, and 

setting m Rel/'RI2. 

,ZT Sl Ul~2 $1 
= - + (3) 

T K R o o + R x 2 S  I n K R o o + n "  m"  R 1 2 S  ! 

By rearranging the equat ion we obtain 

I l 
Z T  - SI SI 

UI~2  = RI2 nmR12 + _ (4) 
T KRoo +SI KRoo +St 

R12 mRs2 
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Eqn 4 describes the behav iour  of  two systems, each of  which con t r ibu te s  to the flux 
accord ing  to Michae l i s -Men ten  kinetics.  The pa, 'ameters  are the fol lowing:  

Kz, i .2 (Kin value for the :~ carrier)  KR°" (5} 
R i 2  

.# K R0o 
hz~ ~ .2 (K,, value for the fl carr ier)  (6) 

#llRi 2 

• ,;~ " l ;  Since by def in i t ion  nt > 1: Azr ~ +2 > Az~, . , .  hence A~l~ .2 will co r r e spond  to a 
low affinity site and  K # to a high affinity site. . Y ' I  I " 2  . 

1 
I z t , - 2  (1" value of  ~ carr ier)  

7" 

R i 2  

zl i +2 ( I / v a l u e  of  fi carr ier)  

(71 

Zero  t rans  (2 --, 1) flux is s imilar ly  ob ta ined  from Eqn 2 by set t ing S'~ 

T (X) 

HmR~ 2 

0 

2 ~1 - - = + 
T KRoo+I?iR12S2 t lKRoo+nRi2 ,~ ,  

+ 

By r ea r rang ing :  

t 
$2 zI 

T KRoo 
+$2 

nl R 12 

I 
S~ 

#IRt2 
KRIm 

+$2 
R~2 

T 
I~, 2., = 

/? /Ri2 

g R o o  
K~ = 12 +1 

mR 12 

(U) 

I0) 

I I )  

.# K R,, o 1~ T 12 ) 
K w r 2 - 1  12: i2 "I = 

Rj2 nRr2 

The zero t rans  p rocedure  in the two di rec t ions  provides a means  to de te rmine  m and  n. 
F r o m  Eqns 5 and  I 1  

/(~11 .2 m = (13) 
K~, 2 . ,  

From Eqns 7 and 12 

l ' ~ r  _ n = (14) 
17!T2 - I  

Art al ternat ive method to determine n i f  m is known is by measuring the total  
maximal  rate o f  zero trans f lux in the two directions. This method avoids having to 
separate the ~ and fi components o f  the total f lux. Thus: 
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1 1 

z~l ~2 = R12 R l z n  m = nm_+l {15) 
1,,+1~ /~ 2 - t  I I n + m  

+ 
m R ~ 2 n R ~ 2 

Tile value o f  n, being the rat io  o f  the number  of  ~ and fi carriers,  is independent  of  
the substrate.  Therefore  equal values of  t7 for different substrates  sharing the same 
t ranspor t  system are predicted.  

By definit ion the value of  m can be considered a measure o f  the asymmet ry  of  
each carrier ,  while the value of  n measures the asymmet ry  el" the whole system. The 
possibi l i ty of  detect ing two affinity sites in the zero trans procedures  on the two 
direct ions depends  on the relative values of  m and ;7, thus on the asymmet ry  of  the 
carr iers  and the system. For  zero trans (I --, 2) 

l z ' l l - 2  = n ' m  (from E q n s 7 a n d  8) 
I /; ZI 1 -2 

Therefore.  in an asymmetr ic  carr ier  and /o r  asymmetr ic  system (m and /o r  n 
being large) only  the low affinity site of  the 7. carr ier  is detectable.  

However .  for zero trans (2 --+ 1) 

= (from eqns 11 and 12) 

Therefore ,  two sites would  be detected by this procedure  provided that  m and  n are 
ot" comparab le  values, regardless o f  their  magni tudes .  

Interest ingly,  it was shown that  the galactose t ranspor t  in human  red b lood cells 
d isplays  a s imilar  kinetics:  a low affinity site was observed in zero trans (I -~ 2) 
procedure  [ l l ]  and  both low and high affinity sites were observed in zero trans 
(2 -+ 1) procedure  [13] (Table  IV). 

Equi l ibr ium exchange flux is ob ta ined  by sett ing Sj : Se S in Eqn 2 and 
using the equal i ty  R i 2  + R21 " R~, } Roo (see Stein and Lieb [2]) to simplify the 
equa t ion :  

1 I 

U"' S S R~e ;iR 
= + = - .  ( 1 6 )  

T KR°°+R""S nKR°°+nR~S  KR°° +S 

e~e 

Only one K m value and hence one V value are predicted.  

h-~,_t~= KRoo 

Ree 

1~_/, = ( n +  I)T 
nRee 

The infinite t rans ( I ~ 2) flux is obta ined  by setting $2 ~ cc 

( 1 7 )  
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U I l ~  = S 1 S i 
+ (19) 

7 KnlRI2q-R~.cS 1 nKR124-nRe~Si  

KRI2 m 7" 
K ~ ,  .2 = • 1 , ; ,  .2 = ( 2 0 )  

R,..<: R,.< 

/X'{*T, _ 2 = K R ' 2  al]d I,i;{ , ..2 = "/" (21) 
R~.~ t/R ,,, 

Similar ly,  the infinite t rans  (2 --+ I) flux is ob t a ined  by set t ing S, --, 

S ,  S ,  Un~., = ~ + - (22) 

KRt2+R<,~S2 mnKRl2+nR~,~S2  

KRI2 T 
/X'~l 2 ., = ' Ii] 2 ., = (23) 

R<<, R<< 

KRI2 m /~ 7 
K[{12  , t  " 1 = ( 2 4 )  : 1 1 2  "1 

R.< nR~< 

For  each d i rec t ion  of  m e a s u r e m e n t  a high and  a low affinity site are predicted,  and  
the rat io between the K,, values  is m. There  is no  reason,  however ,  for the values o f  
the Km ob ta ined  in the infinite t rans  p rocedure  to be ident ical  with those o b t a i n e d  
in the zero t rans  procedure ,  since obv ious ly  K R I 2 m  / R,.,, may not  equal  A R o o  R~2 
and  K R ,  2/R~.,. shou ld  no t  necessari ly equa l  K R , o / m  R~ 2. 

F r o m  Eqns 20. 21. 23 and  24 

Irl-~2 = 1i~2_. ,  
I~ 

l;/lSl 1- .2  1112- '  
For  a n  a s y m m e t r i c  system, where n is large, only  the t r anspo r t  site on z will be 

readi ly detected,  and  we wou ld  expect to see a low affinity site for infini te  t rans  (I -+ 2) 
and  a high affinity site for infinite t rans  (2 ~ I ). In the infini te  cis ( 1 + 2) procedure .  
the net flow, f rom side I with a l imi t ingly  high c o n c e n t r a t i o n ,  to side 2 with a varied 
concen t r a t i on ,  is measured .  The  max imal  net flow is ob t a ined  when the c o n c e n t r a t i o n  
at side 2 equals  zero an d  is ident ical  with the kz~ ~ --2. Tile K,,, value (the c o n c e n t r a t i o n  
reduc ing  the net max imal  flow to a ha l f )  is de t e rmined  o n  face 2 and  is equal  to that  
l\)r the infinite t rans  (2 --. 1 ). 

For  the infinite cis (2 --+ I) flow the symbols  1 and  2 in the above  paragrapl l  
should  be in te rchanged .  F r o m  Eqns 20 24 and  7, 8 and  12 

KRI2 ,~ T 
]X'~C I " 2  = " | I C I  +2 = ( 2 5 }  

R<,~ Rt2 

• 1~ KR~ 2 m it 7' 
K I C  1.~ 2 " 1 = ( 2 6 }  = I C I  "2  

R~.~. n m R  ~ 2 

.~ K R i 2  I t l  l, ~ T 
Kic2~1 = " w 2 . 1  = (27) 

R e , .  171R t 2 

.is K R  12 ' 7 
K1(2~1 = : Li~_, -i = (2S) 

R<.,. n R~ 2 
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In a similar fashion to that used above for the zero trans experiments, it will be 
seen that for a transport  system, where m and n are fairly large, a high affinity site 
is predicted for infinite cis (1 ~ 2). Both a high and a low affinity site are predicted 
for infinite cis (2 -* 1), when m and n are of  fairly similar values. 

The antiparallel sequential carriers model can be tested, as shown in the follow- 
ing: (1) By measuring the kinetics o f  equilibrium exchange. It was shown in Eqn 17 
that Michaelis-Menten type kinetics are predicted for the equilibrium exchange proce- 
dure. Any  different results would reject the antiparallel sequential model. (2) When 
equilibrium exchange data do not reject the antiparallel sequential carriers model 
it may be tested further by compar ing  the ratio of  the parameters V / K  m obtained 
by an equilibrium exchange procedure, and in the zero trans procedures in the two 
directions. The ratio o f  the parameters o f  the equilibrium exchange is obtained from 
Eqns 17 and 18. 

(n+l) 
l~.~ = nRy.% = ( n +  I) (29) 

K,.~ K R o o  nKRoo 

Rec 

The ratio of  the parameters of  the zero trans (1 -~ 2) is obtained from Eqns 5, 6, 
7 and 8. 

T 
l ~ s  . = _ _ 

I ~ '  = R I 2  T (30) 

K)T 1~2 K R o o  KRoo 

RI2 

I 

I,,~ ,__~ ,,,,,R, ~ = I.._ (31) 
]'K'~T I -- 2 K R o o  nKRoo 

m R l 2 

Adding Eqns 30 and 31 we obtain 

.... " ~ ( l )  ( , , + l )  I~,~ 
F z s l - 2  = F z w , - 2  1+ = KRo ; ;  = Ke (32) 

[ ~ ' 1 " 1 - 2  RZT 1 ~ 2  KZT 1--2 ' e 

In a similar fashion, the parameters for zero trans (2 ~ I) can be obtained From 
Eqns 11 and 12 and compared to Eqn 29, 

":< V ss 1,~ 
] ' Z T 2 z !  - _1_ ZT2"~I _ _  - (33) 
Kz-r 2~1 K Z T 2 ~  I 

Thus it is required by the model that in the zero trans procedures, the sum of  the 
V/K m of the ~ and fl carriers must be equal to the V/K~ of  the equilibrium exchange 
procedure. Since the site on fl is sometimes undetectable in the zero trans (1 --+ 2) 
procedure,  Eqn 32 can be used to test the model, provided the value of  n has been 
previously calculated. 
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4 I1. Di/lerenl sequential curriers' 
We consider now a system of  two different carriers, where A and the terms in R 

refer to the 7. carriers and ~ and the terms in Z refer to the fi carriers, respectively. 
We define that K # Q, Roo ¢ Zoo and R,.~ :/: Z~.,.. Although the expressions I\~r 
the zero trans and infinite trans are difficult to interpret, the equilibrium exchange 
predictions provide a simple way to distinguish between the "'antiparallel'" and 
"'different" two-carrier models. 

It was shown previously that the antiparallel carrier model predicts one k.,~ 
~alue for equilibrium exchange, K~.,. K R,,o: &.~.. The different carriers model predicb, 
two-site kinetics for equilibrium exchange as follows: Since /,, # (), Roo # R~ and 
Zoo 4: Z~.~, the relewmt values for K,,, for the equilibrium exchange procedure. 
namel\. KRoo, R<.~, and QZo./Z<.~ are unequal, unless accidentalh  

/< Z o o  R~. 
= (34) 

It is clear that if one-site equilibrium-exchange kinetics are found for one ,,tlb- 
qrate,  it does not follow that similar kinetics will be found for another substrate shar- 
ing the same transport  system. Indeed, Eqn 34 may be valid for one substrate but not 
for another. On the other hand, if more than one substrate shows one-site equili- 
brium-exchange kinetics it is probable, though not certain that the different-carrier~ 
model can be rejected. 

If two-site equilibrium exchange kinetics are found even for a single substratc. 
the antiparallel carriers model should be rejected |\~r that transfer system. 

In the accompanying paper we report the results of  equilibrium exchange 
experiments with glucose and galactose in red blood cells, which enable us to decide 
between tllese models. 

B. ,S'imu/lam'ous carrier,~ 
Genera/consideralion,~'. A scheme representing a simultaneous carrier i,~ ~,ho\'~ i1 

in Fig. 3..S'~ and S 2 are the substrate concentrations at fi~ces I and 2 of  the membrane. 
The terms k~, /Q,, K2~ and K t2 are the relevant dissociation constants, k3 and /'4 
are the rates of  transfer o f  S~ to the other side of  the membrane, when bound 
to the carrier, k,~ refers to that rate when S~ is bound as a single molecule 
and k4 refers to that rate when a second molecule, S 2, is bound to the same carrier 
at the other face of  the membrane. A general analysis o f  the model depicted in Fig. 3 
i~ very difficult, we simpli~, it by using the "equil ibrium" assumption, that is. the 

K~ k3 
E 4- Sl  ~ ~- E S ]  ~" 

-4- -4- 

S2 S 2 

K?~ k4 
E $2  4-Sl'q~-------~ S2E S l P 

|:Ig. ?,. A schCll lal ic represen la t ion  o l 'a  s i l l l t lha l /cous carr ier .  E represents the free carr ier .  -S'I al]d .~,: 
a r c  t he  St lbMrutc  c o n c e m r a f i o n  at s ide  I a n d  2, r e s p e c t i v e l y .  See  texl  ['or m o r e  de ta i l s .  
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react ions are rapid  in compar i son  with k 3 and k4, and  ob ta in  the fol lowing equat ion 
for the undirect ional  flux. 

$1 S , S I  
k.~ + k ,  

L'I2 KI /~2 Kel 

7- S I S ,  S 1 S e 
I +  + + -  

K I K, K 2 K21 

BY rearranging:  

(35) 

t l ,  St K2 K21k3 + SI Szk4 KI 
= (3(,) 

T lxl K 2 K 2 1 + S 1 K 2 K 2 I + S 2 K I  K21+S  ! 

Several models for simultaneous carriers assume that the transport units are 
dimers, with transport sites facing alternately the faces of the membrane and an inter- 
nal cavity [16] (Fig. 2). In the fol lowing we shall compare the rate-equations derived 
f iom the dimer model with the equations obtained for tile general simultaneous 
carrier (36). 

The rate equation for a dimer with an internal cavity is derived as follows: Two 
components are added: one is the rate when the site on the opposite face of the mem- 
brane is empty, and one is the rate when that site is full. We assume that L is the 
dissociation constant of  the site on face I and H, on face 2. To obtain the first com- 
ponent ~'emult ip ly the probabil i ty of  the site on time l to be full (St,'(S ~ L ) ) : by the  
probabil i ty of  the site on the opposite face to be empty (H/(S2 H)):  by the probabi l iD 
that the molecule from side 1, while in the internal cavity, will bind to the site from 
side 2 (L/'(L ~ H)) :  by the rate of a dimer-transition-cycle (proportional to I). 

The second component is obtained by multiplying the probabil i ty of  the sites 
on both ['aces of the membrane to be full: by the probabil ity of  the molecule from side 
I, while in the internal cavity together with a molecule from side 2, to bind to the site 
2 (_1,): by the rate o fa  dimer-transition cycle (now proportional to ~t'). 

Thus, the rate equations are given b~: 

T L + S ~  l q + S ,  L + H  H + S  2 

~-'21 S,  ( L kl S, ) 
= - + ~H: (38) 

7" H + S  2 L + S I  L + H  L + S  I 

T is a factor proportional to the number of  units. 
By rearranging Eqn 37 we obtain 

S 1 H L  L 14/ + S I S 2 L 
U~2 = L + H  2 (39) 

7" L 2 H + L 2 S y + S t  t I L + S t S 2  g 

It can be seen that  Eqns 36 and 39 are identical ,  when we set k K~ K 2~ , 
H ~ K_,, L / ( L  ~ H )  I,-.~ and W/2  1, 4 . 

Therefore  it is impossible  to dis t inguish between a model  of  a d imer  with an 
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internal cavity and any other l\wm of  a simultaneous carrier, unless an occluded state 
o f  the substrate is shown biochemicallv. 

In. the following we examine a model of  two antiparallel simultaneous carriers. 
To simplify the treatment we use the rate equation derived from the dimer model 
(37) and (38), which was shown to be identical to the equation derived for a general 
simultaneous carrier model. 

B 1. Simulta##eous antiparalh, I carriers 
For a model o f  two simultaneous antiparallel carriers we assume two units, one 

unit having a low affinity site at the inner face and a high affinity site at the outer face 
(~ unit) while the sites at the second are o f  the same Km values as the first, but situated 
in an antiparallel fashion in the membrane (fi unit) (Fig. 2). 

There are more ~. units than fi units, their numerical ratio n. Due to the in- 
equality in the number  of  ~ and fl units the resulting system is asymmetric. 

From Eqns 37 and 38 we derive the flux equation for the antiparallel simul- 
taneous carriers model. 

g,~_ = S i l l ( I ]  g -~- S-~ I~ ) _  q- . ~ , ( L  1] 

T L+S~ H + S  2 L + t t  H + S ,  _ t t + L ~  I.+S,_ L + f l  

U',~_ = S , n  ( t t  + S~ I1.') + S ,  { H _  L 

T H+S,  L+S, L+t#  L+S,  2 L+s~ ,H+S,  #_+H 

T is a factor proport ional  to the number  of  the carriers so that 

L + S ,  _ 

(4o) 

+ s ,  ~/ t 
H + S I  2 , 

(41) 

,Is /~ and  n T  = l ~ r i . , , + l z T 2 ~  t T ---~ [ 'ZTI~2+|:Z-I-2-I 

Zero trans fluxes are obtained from Eqns 37 and 38 by setting $2 or S~ 

:z It (- 1- .2  S I L n  S I = + 
T S , + L  L + H  S l + t l  t t + L  

It is clear that 

(42)  

h z l l  -2 = L. Kzr l  +2 

L H 
~ ' Z T I ~ 2  = 7"#1 a n d  I, zr i_ . .  2 = T 

L + H  t t + L  

,ZI 02 ~l S~ #ill S 2 L 
= + 

T S 2 + H  f t + L  S 2 + L  L + t t  

. ~  -IS = L &z~ 2-+l = H ,  K z l 2 ~ l  

tl L 
| ] T - ' ~ I  = 7"## I~Z/{ [ 2 4 1  = 7" 

f t + L  L + H  

(4~)  

(44)  

(45) 

(46) 

(47) 
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From Eqns 43, 44, 46 and 47 

~'~+¢ n L + H  1 +r im ZT I 4 2  = = ( 4 8 )  
l / :~+p  zr 2 ~ ~ n H +  L i1 +111 

A result perfectly ana logous  to that  ob ta ined  for the ant ipara l le l  sequential  model  on 
p u t t i n g m  = L / H .  

Similar ly:  

1 ~ ~ ~ / Z T  2 ~ 1 tl - - = mn and = (49) 
l, L ,  ~ _, IG- 2 ~ ,  m 

It is concluded therefore that  the s imul taneous  and the sequential  ant ipara l le l  models  
predict  identical  kinetics for the zero trans fluxes. 

Infinite t rans fluxes are ob ta ined  from Eqns 37 and 38 by setting $2 or St ~ '~ .  

/_fl[r~ 2 S 1 nH/ S, W 

T L + S ,  2 S~ + H  2 

l-"lf-~ ~ $2 I1 W $2 ~ 

T H + S  2 2 S 2 + L  2 

( 5 0 )  

( 5 ~ )  

K ~  ~T .... T n W  , ,  T W  
1~2 L" K 1~2 = H:  = , = (52) I'IT 1 4 2  " I / IT  1 ~ 2  

2 2 

T n W  T W  
I~ t~ (53) K~T2~ I = H;  K r2~ l  = L:  [~iT2~I = ; r 2 ~ l  = 

2 2 

Similar ly  to the ant ipara l le l  sequential  carriers,  when n is large, only  the sites 
on ~. are detectable ,  since the m a x i m u m  velocity on a unit  in n fold that  on  ft. 

The pa ramete r s  of  the infinite cis p rocedure  are related to the parameters  o f  the 
infinite t rans and zero trans procedures  in a similar  fashion as shown for the ant i -  
paral lel  sequential  carriers.  

Therefore :  

KIc2_  l = KiTl_. 2" KIc142 = KIT2~ 1 

l i c i t 2  = ~ /ZTI -~2"  I / C 2 ~ 1  = I / Z T 2 ~ I  

(54) 

(55) 

The rat ios between the max imum velocities of  the zero t rans procedure  on :¢ and on fl 
units are identical  for the sequential  and s imul taneous  models,  therefore the sites 
which are detectable  by the infinite cis procedure  in bo th  models  are also analogous .  
However ,  the s imul taneous  model  predicts  that  the Km values ob ta ined  in the infinite 
t rans procedure ,  infinite cis procedure  and zero trans procedure  are identical :  from 
the Eqns 43, 46. 52, 53 and 54 

K[v,_~l = K i c L - 2  K z v 2 ~ l  -- 

Equi l ib r ium exchange flux is ob ta ined  by sett ing S 1 S 2 - S 
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L " " )  + i " + " t  
7' S + l .  t t + L  L + I I  .5+t t  2 S+11 L+.S" L + t l  S + I .  2 

.S'Ltl(tl-b I) .~'2 H (tl ÷ I) 
= + (_%) 

( S + H ) ( L + S ) ( L + H )  ( S + L ) ( S + I t ) 2  

r i le  equat ion is nol of the Michael is -Menten type, but approaches it lbr .% H. The 
flux is then given b\ 

t ~ , ,  >; l,V(,l+ I) 
= (57) 

T 5+7. 2 

Fig, 4 shows the equi l ibr ium exchange rates (.% r against  S )  computed  
according to Eqn 56. At low concentra t ions ,  the curve deviates upward fl'om the 
straight line. This is expected from the S e term in the equat ion.  

The equi l ibrhim exchange procedure  can be considered therefore a ke\ 
exper iment  to decide between the different two-carr ier  models. The following paper  
describes exper iments  designed with this aim in ~iex~. 

B II. Two dil/i're/~1 .~imzlllaHdomv carrier,~ 
It is ~er~ difficult to ob ta in  any conclusive prcdiction~ for the two different 

~imultaneous carriers  model. Since the parameters  or  the two carriers  are not rehited. 
the different combina t ions  of  possible value~ would yield a range of  possible predic- 
lions. For  lhe equilibrit ,  m exchange procedure  we expect that the S r  against  ,S 
plot would show till upward deviat ion due to the S e term in the equat ion as before. 
• :wild a dcwnward  deviat ion due to the two-site kinetics. This combina t ion  ma\  c~en 
accidental ly yield a straight line, but the probabi l i ty  that this will happen for more 
than one substrate  and at more than one tempera ture  is fail-I 5 small. The model can 
be tested by measuring the kinetics of  equi l ibr ium exchange of  several subs t ra le ,  
shar ing the same t ranspor t  system at different temperatures .  

The goals of  the pre,,ent paper  were to analyse some models lor  a t ranspor t -  

1.4 

12 

1.(." 

o : r  ....... , 

o 1 0 0  
S(mM) 

_ _  _ _  I _ _ _ _  _] 

2 0 0  300 

Fig. 4. Tile prcdiclcd ',;.lhlcs for cqt i i l ibrhim excllange accortl i l lg lO lh¢ anliparul lel Sil]lullallCOtb> 
carriers model. The vahi¢ tised for computat ion ~ere L 200, H 10, I t  4. ## 10. propor l ion-  
al i ly I'aclor 20. The broken line ~as derived b), l inear regression from galactos¢ data (see Ihc 
I'ollo~ ing paper ). 
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.~ystem having two independent sites at each face of the membrane, and to point 
out an experimental procedure to test these models. 

Several problems, as the possibility of an unstirred layer within the cell, have 
not been considered and will be dealt with in a forthcoming paper from our group. 
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