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S u m m a r y .  In this paper, the results of the preceding electro- 
physiological study of sodium-alanine cotransport in pancreatic 
acinar cells are compared with kinetic models. Two different 
types of transport mechanisms are considered. In the "simulta- 
neous"  mechanism the cotransporter C forms a ternary complex 
NCS with Na + and the substrate S; coupled transport of Na + and 
S involves a conformational transition between states NC'S and 
NC"S with inward- and outward-facing binding sites. In the 
"consecutive" (or "ping-pong") mechanism, formation of a ter- 
nary complex is not required; coupled transport occurs by an 
alternating sequence of association-dissociation steps and con- 
formational transitions. It is shown that the experimentally 
observed alanine- and sodium-concentration dependence of 
transport rates is consistent with the predictions of the 
"s imultaneous" model, but incompatible with the "consecu- 
tive" mechanism. Assuming that the association-dissociation re- 
actions are not rate-limiting, a number of kinetic parameters of 
the "simultaneous" model can be estimated from the experimen- 
tal results. The equilibrium dissociation constants of Na + and 
alanine at the extracellular side are determined to be K~ -< 64 

mM and Ks _< 18 raM. Furthermore, the ratio K~;/K~" of the 
dissociation constants of Na + from the binary (NC) and the ter- 
nary complex (NCS) at the extracellular side is estimated to be 
-<6. This indicates that the binding sequence of Na + and S to the 
transporter is not ordered. The current-voltage behavior of the 
transporter is analyzed in terms of charge translocations associ- 
ated with the single-reaction steps. The observed voltage-depen- 
dence of the half-saturation concentration of sodium is consis- 
tent with the assumption that a Na* ion that migrates from the 
extracellular medium to the binding site has to traverse part of 
the transmembrane voltage. 

K e y  W o r d s  c o t r a n s p o r t  �9 electrogenic transport �9 sodium- 
coupled amino-acid transport ' current-voltage characteristic 

Introduction 

In the accompanying paper (Jauch, Petersen & 
Lfiuger, 1986) an electrophysiological study of the 
sodium-alanine cotransport system in pancreatic 
acinar cells has been described. Using the method 
of tight-seal whole-cell recording with internal per- 
fusion of the pipette, alanine-coupled sodium-cur- 
rents could be measured as a function of intra- and 

extracellular concentrations of sodium and alanine. 
Since the sodium-alanine cotransport system con- 
tributes appreciably to the total membrane conduc- 
tance, it has been possible to study the current-volt- 
age characteristic of the cotransporter at different 
sodium concentrations. Both the sodium-concen- 
tration dependence of alanine-induced current as 
well as the reversal potential at a given concentra- 
tion ratio of alanine indicate that the sodium/alanine 
coupling ratio is close to unity. In this second part 
of the paper we discuss the experimental results in 
terms of microscopic transport models based on a 
sodium/alanine stoichiometry of 1 : 1. 

Microscopic Models 
for Ion-Driven Substrate Transport 

At least two different classes of mechanisms of ion- 
coupled cotransport are feasible (Schultz & Curran, 
1970; Stein, 1976; Crane & Dorando, 1980; Eddy, 
1980; Hopfer & Groseclose, 1980; Turner & Silver- 
man, 1980; Turner, 1981, 1983; Harrison, Rove, 
Lumsden & Silverman, 1984; Sanders, Hansen, 
Gradmann & Slayman, 1984; Semenza, Kessler, 
Hosang, Weber & Schmidt, 1984; Restrepo & Kim- 
mich, 1985a; Sanders, 1986; Wright, 1986). In the 
"simultaneous" mechanism the ion N and the sub- 
strate S bind to the transporter C, forming a ternary 
complex N C S  which alternates between states 
N C ' S  and NC"S with inward-facing and outward- 
facing binding sites. In the "consecutive" (or 
"ping-pong") mechanism the transporter in state C~ 
binds N at the extracellular side (C1 + Next--" C1N), 
undergoes a conformational transition ( G N - - - *  
NC2) and releases the ion to the cytoplasm (NC2 ---> 
(22 + N~yt). When the transporter is in state C2, the 
substrate S may be bound from the extracellular 
side and released to the cytoplasm after conforma- 
tional rearrangement (S~xt + C2 --> SC2 ~ Cj S --> Scyt 
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Fig. 1. "Simultaneous" mechanism for the transport of ion N 
and substrate S by the cotransporter C. The binding sites for N 
and S are alternately accessible from the cytoplasmic side (states 
C', NC',  CS', NC'S)  and from the extracellular side (states C", 
NC", C"S, NC"S). It is assumed that conformational transitions 
switching the binding sites from the inward-facing to the out- 
ward-facing configuration are possible only in the empty and 
fully occupied states (C and NCS). c'u, c'~, C's and c~ are cyto- 
plasmic and extracellular concentrations of N and S; 0 '  and 0" 
are the electrical potentials on the cytoplasmic and extracellular 
side, respectively 

+ C~). In the following we discuss the kinetic prop- 
erties of these two transport models for later com- 
parison with experimental data. 

" S I M U L T A N E O U S '  ' MECHANISM 

This transport mechanism, which involves the for- 
mation of a ternary complex N C S  between ion N, 
substrate S and transporter C, is schematically rep- 
resented in Fig. I. The binding sites for N and S are 
alternately accessible from the cytoplasmic side 
(states C',  N C ' ,  C 'S ,  N C ' S )  and from the extracel- 
lular side (states C", NC" ,  C"S, NC"S) .  

In the following we assume that the conforma- 
tional transitions moving the binding sites from an 
inward-facing to an outward-facing configuration 
are possible only in the empty (C' ~ C") and in the 
fully occupied state ( N C ' S  ~ NC"S) .  This assump- 
tion which implies complete coupling of the fluxes 
of N and S is consistent with the finding (Jauch et 
al., 1986) that the alanine-independent Na+-current 
is only a small fraction of the total current which is 
measured at saturating alanine concentrations. We 
further assume that the rate constants for binding 
and release of N and S are large so that the associa- 
tion-dissociation reactions in the membrane-solu- 
tion interface are always in equilibrium. This as- 
sumption, which is frequently used in the analysis 
of cotransport systems (Schultz, 1986) can be justi- 
fied only a posteriori by comparison between theo- 
retical predictions and experimental results. 

Denoting the fraction of transporter molecules 
which are in state A by x [A], the association-disso- 
ciation reactions at the cytoplasmic interface are 
described by equilibrium constants K~, K~, K s' 

Nr and K s  : 

, x[C']c'N KS,  x[C'S]c 'x  
K N -  x [ N C ' ] '  = x [ N C ' S ]  (1) 

K '  x[C']c's K ~ '  x[NC' lc 's  
s = x[C 'S]  ; = x [ N C ' S ]  (2) 

c~v and c} are the cytoplasmic concentrations of 
Na + and S; K s' and Ks u' are the equilibrium con- 
stants for the dissociation of Na + and S, respec- 
tively, from the ternary complex N C ' S .  Analogous 
relations hold for the extraceltular interface. The 

t S t  equilibrium constants K N ,  K N ,  etc., as well as the 
translocation rate constants k', k", l' and l" (Fig. I) 
depend, in general, on membrane potential V ---- qY 
- t0". According to the principle of microscopic re- 
versibility, the kinetic constants are connected by 

K~ K' " K" S K N  S 
K S '  K N t ,  l , . - s .  I , . -N .  

zs. N "'- S 

K,, l,,'N" k'T N Ix S 
K,uK N, k,l,, = exp(u) 

O ' - O " _  V 

u =- RT/F  RT/F" 

(3) 

(4) 

(5) 

R is the gas constant, T the absolute temperature, 
and F the Faraday constant. Equation (3) follows 
directly from Eqs. (1) and (2); for a derivation of 
Eq. (4), see L~iuger (1984). 

If the membrane contains N transporter mole- 
cules per unit area, the electric current density I 
associated with sodium-coupled substrate transport 
is given by 

I = eoN( I ' x [NC'S]  - I"x[NC"S]) (6) 

where eo is the elementary charge. Introducing the 
abbreviations 

CN CS 
n --- ~--s s -= Kss ( 7 )  

KN Ks 
Q - .K--TN = K~ (8) 

P=- 1 + n + s + nsQ (9) 

and using the notation n' = CN/KN; ' Q, = lXN'lXNV" /~.~S,, 
etc., the following relation is obtained for the cur- 
rent density I (Turner & Silverman, 1980): 
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e, ,N k' l" 
I - - -  t~,, t.N,, [C'NC'S exp(u) - c'~c'~] (10) 

X ix NiX S 

X =- P ' (k"  + l"n"s"Q") + P"(k '  + l ' n ' s 'Q ' ] .  (11) 

For the experimental determination of kinetic 
parameters it is advantageous to measure the cur- 
rent at finite concentrations of Na + and S on one 
side and vanishing concentrations on the other 
( " z e r o - t r a n s "  experiment). Under this condition 
the expression for the current considerably simpli- 

p t 

ties. If the inward current I" =- I ( C N  : Cs = 0) is 
measured for vanishing cytoplasmic concentrations 
of Na + and S, Eqs. (10) and (11) reduce to 

t t  

Cs i t !  tt 
= I ~ s  c'~ + L's 

1 + k"/k' + C]v/KTv 
L~ ~- K~ 

1 + c~(1 + r ' /k ' ) /K~'  
tl 

CN 
I".s =- I "  

c~  + K~'/(1 + l"/k') 

I "  =- - e o N ( I / k '  + 1/l") -1. 

k2 

Nex~ ~ ~-~Ncy , 

c~ @ ~ c 2 

k s 

Fig. 2. "Consecutive" (or "ping-pong") mechanism for the cou- 
pled transport of ion N and substrate S. The cotransporter C can 

(12) exist in two conformations CI and C2. CI binds N from the extra- 
cellular side or S from the cytoplasm; C2 binds N from the cyto- 
plasm or S from the extracellular side. When the cotransporter 

(13) goes through the cycle in clockwise direction starting in state CI, 
N is bound from the extracellular side and released to the cyto- 
plasm after the conformational transition C I N  --* NC2 has taken 

(14) place. In state C2 a substrate molecule S is bound from the extra- 
cellular medium and released to the cytoplasm 

(15) 

L~ is the half-saturation concentration of S, I~,s the 
maximum current for c~ --+ ~ and I "  the maximum 
current which is observed when both c)~ and c~- are 
very large. Under the conditions k", l" ~ k', K~ 

s,, k" . . . . .  Kw,  or ~ k ,  Cu ~ O, Ls  becomes equal to the 
equilibrium dissociation constant K ] .  In general, 
however, L" s is a function of extracellular Na + con- 
centration c~. When the inward current is mea- 
sured as a function of c ~r an equivalent form of Eq. 
(12) may be used: 

r! 
CN 

I" = " (16) 
I=,u c ~ + LTv 

I + k"/k' + c~/K~ 
L~  =-- K h  1 + c'~(1 + l"/k')/K~s " (17) 

l? 

c s  
I ' N  ~ I ~  ,, N,, (18) 

Cs + K s  /(1 + l"/k') 

Analogous equations for the outward current I '  -= 
I(c'~ = c]  = 0) are obtained by exchanging the su- 
perscripts ' and " in Eqs. (12)-(18). 

" C O N S E C U T I V E "  (OR " P I N G - P O N G " )  MECHANISM 

The "consecut ive"  mechanism does not require 
formation of a ternary complex N C S ;  the conforma- 
tional transitions occur when either N or S is 
bound. As depicted in Fig. 2, in conformation C~ the 
transporter binds N from the extracellular side. 
Thereafter a transition to state C z N  can occur, fol- 

lowed by release of N to the cytoplasm. In state C2 
the substrate S is bound from the extracellular side 
and released to the cytoplasm after the conforma- 
tional transition SC2 ~ SC1 has taken place. 

We assume that direct transitions between C1 
and C2 do not occur (Fig. 2), so that the fluxes of N 
and S are completely coupled. For  a discussion of 
the more general case of arbitrary coupling ratio, 
see Ciani (1984) and L/iuger (1985). We further as- 
sume (as before) that the binding/unbinding reac- 
tions at the interface are always in equilibrium. In 
analogy to Eqs. (1) and (2) equilibrium dissociation 
constants K~r K~ ,  K '  " s and K s  may be introduced: 

! t t  

, x [ C 2 ] C N .  ,t x [ C I ] C N  

K N  = x[C2N-------]' KN = x [ N C d  (19) 

, x[Cdc's .  K"  x[C2]c'~ 
Ks  = x [ S C I ] '  s = x[C2S--------] (20) 

(Note that in the "consecut ive"  mechanism N and 
S bind to different states (C~ and C2) of the trans- 
porter, whereas in the "s imul taneous"  mechanism 
K~r and K '  s refer to the same state C'.) 

In addition to the equilibrium dissociation con- 
stants, the model contains the rate constants k N, k s, 
k2 u and k s for transitions between conformations 1 
and 2 (Fig. 2). According to the principle of micro- 
scopic reversibility, the equilibrium constants and 
rate constants are connected by 
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Fig. 3. Half-saturation concentration L~ of L-alanine at the extra- 
cellular site as a function of extracellular sodium concentration 
c ~ [Eq. (12)]. The experimental points have been taken from Fig. 
11 of the companion paper and from three additional experiments 
similar to those represented in that figure. The curve has been 
drawn according to Eq. (13) using the following parameter val- 
ues: K~(1 + k"/k') = 18 raM, K~/K"N = 0.28, and (1 + l"/k')/K~' 
0.14 mM -1 

K" K" N S N S k2k l  
K'NK's kNk s - exp(u). (21) 

The current I may be calculated from the relation 

I = eoN(kNx[NC2] - k f x [ C l N ] ) .  (22) 

The result reads: 

kTk  s 
t t 

- -  CNCs]. I -  0 K"  K"  [CNcsexp(u)  - " " 
N S 

0 = (1 + n' + s")(k~n" + kSs ') 

+ (1 + n" + s ' ) (kXn ' + k s") 

(23) 

where n'  - c ' f / K } ,  s'  =-- c's/K's, etc., as before. 
In the zero-trans experiment, the inward cur- 

rent I"  is given again by Eq. (12), with 

a "  CN 
L}  ~ K }  1 + a" c N" + K'~/(1 + a") 

r! 
CN 

I~,s =- I~ It t! ~ t t )  c u  + Kx/ (1  + 

12 -~ -eoN(I/kN1 + 1~kS) -~ 

where a" -~ k~/k s. By comparing Eqs. (25) and (26) 
with Eqs. (13) and (14) it is seen that in the "consec- 
utive" model, L] vanishes for small " whereas L" CN, S 
remains finite for c~, ---, 0 in the "simultaneous" 
model. Furthermore, the ratio I~s/L"s is indepen- 
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Fig. 4. Double-reciprocal plot of tile maximum-inward current 
l~s at infinite extracellular alanine concentration (e~ ---, r as a 

1 "  function of extracellular sodium concentration c~. =,s is re- 
ferred to unit area of the cell membrane. The experimental points 
have been taken from Fig. 11 of the companion paper. The 
straight line has been obtained by linear regression (using l",s as 
weighting factor) according to Eq, (14) with I" = -37.0 mA/m 2 
and K~'/(1 + l"/k') = 15.1 mM 

dent of sodium concentration c~ in the "consecu- 
tive" model, but is a function of c} in the "simulta- 
neous" model. From the general treatment of Ciani 

L" (1984) it may be shown that both conclusions ( s 
tt tt 1r 

proportional to CN for small c )  and I~,s/Ls indepen- 
dent of c}) still hold for arbitrary rate constants of 
the association/dissociation reactions, provided '" 
that the rate of direct interconversion C1 ~ C2 is 
vanishingly small. 

Analysis of Inward Currents 
as a Function of c~ and c~ 

(24) In the accompanying paper (Jauch et al., 1986) ex- 
periments have been described in which the inward 
current I" has been measured under "zero- trans  
conditions, i.e., for vanishing intracellular concert- 

! f 
trations of Na + and S (Cu = Cs = 0) and finite con- 
centrations c ~ and c ~ in the external medium. The 
dependence of I" on c~r and c} could be represented 

(25) by a Michaelis-Menten relation of the type of Eqs. 
(12) or (16). Equations (12) and (16) are equivalent 

I (CN, " " (26) theoretical representations of . . . .  Cs), Eq. (12) 
contains the maximum current l~,s and the half-sat- 

(27) uration concentration L} which are functions of c},  
whereas Eq. (16) contains I . . . . .  =,s and LN which depend 

t! ?t tt tP /! on Cs. The functions . . . .  L S(C N), and L.s(C u),  LN(c s) 
I"N(C})  are represented in Figs. 3-6. L] is found to 
decrease with increasing c~r approaching a finite 
value (L} --- 2 raM) for c~--* ~ (Fig. 3). A similar 
concentration dependence is observed for the half- 
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Fig. 5. Half-saturation concentration L~ of Na + at the extracel- 
lular site as a function of extracellular alanine concentration c] 
[Eq. (16)]. The experimental points have been taken from Figs. 
12 and 13 of the companion paper: The curve has been drawn 
according to Eq. (17) using the following parameter values: KN(1 
+ k"/k') = 90 mM, K'~/K'~ = 4.66, and (1 + l" /k ' ) /K u" = 0.125 
mM-~ 

saturation concentration of sodium, L} (Fig. 5). 
Thus, binding of one substrate decreases the half- 
saturation concentration of the other substrate. 

As seen from Figs. 4 and 5, 1/I",s and 1/I"N are 
linear functions of 1/c~ and 1/c], respectively, as 
expected from Eqs. (14) and (18). In accordance 
with Eqs. (14) and (18), the extrapolated values 
I~,s(Clv ~ ~) and I~,N(c~ ~ ~) agree within the 
limits of experimental error (-37 and -30 mA/m2). 

EXPERIMENTAL DISCRIMINATION BETWEEN 

" S I M U L T A N E O U S "  AND " C o N s E C U T I V E "  MODELS 

The experimental results represented in Figs. 3 and 
4 are essential for a distinction between "simulta- 
neous" and "consecutive" models. According to 
Eq. (25) the half-saturation concentration L] is pre- 
dicted to vanish in the limit of low external sodium 
concentration (c~---> 0) in the case of the "consecu- 
tive" (or "ping-pong") mechanism. This prediction 
is at variance with the experimentally observed so- 
dium-concentration dependence ofL~ ; as seen from 

t! rt 
Fig. 3, Ls approaches a finite value in the limit C N ~  
0. Furthermore, according to Eqs. (25) and (26), the 
ratio L~/I~,s should be independent of c~r, whereas 
the experimental values of L'~/I",s clearly vary with 
extracellular sodium concentration�9 From these 
findings the model of Fig. 2 can be excluded as a 
possible mechanism of the Na +, alanine cotrans- 
porter in pancreatic acinar cells�9 By similar argu- 
ments Kessler and Semenza (1983) and Restrepo 
and Kimmich (1985) came to the conclusion that the 
intestinal Na +, sugar cotransporter does not func- 
tion by a "consecutive" mechanism. 

0.08 

0.06 

0.0/* 

0.02 

i i i i i 

. /  

! ]I~..z.~_ ,_N J 
m A ~ ~  

Io/~ 

i/c; 
mM -I 

I I I I I 

0 0.2 0.4 0.6 0.8 1.0 

Fig. 6. Double-reciprocal plot of the maximum inward-current 
l~x at infinite extracellular Na § concentration (CN ---> ~), as a 
function of extracellular alanine concentration Cs. I~,N is re- 
ferred to unit area of the cell membrane. The experimental points 
have been taken from Fig. 13 of the companion paper. The 
straight line has been drawn according to Eq. (18) with I" = 
-30 mA/m 2 and K~"/(1 + l"/k') = 1.27 mM 

EVALUATION OF KINETIC PARAMETERS 

OF THE " S I M U L T A N E O U S "  MECHANISM 

FROM EXPERIMENTAL DATA 

It is seen from Eqs. (13) and (14) that the following 
four independent parameters may be determined 
from the sodium-concentration dependence of L" s 

�9 K" /K"  K~'/(I + l"/k') and and I~ s K~(1 + k"/k'), U S, 
I~. Since L~(c'~) and I',N(c~) contain exactly the 
same combinations of kinetic constants, no addi- 
tional information is obtained from Eqs. (17) and 
(18). However, in order to minimize influences of 
measuring errors, it is preferable to use all experi- 

L . . . .  I . . . .  mental quantities ( s, LN, ~.s, I~,N) for numerical 
evaluation�9 By averaging the numerical values given 
in the legends of Figs. 3-6, the following estimates 
of kinetic parameters are obtained: 

K~(1 + k"/k') = 77 mM 
K" /K" vS,,/r.-U,, N S = IX N I l X S  ~ 4 . 1  

S t !  
K N / ( 1  + l"/k') = 16 mM 

I~ = -eoN(1 /k '  + 1/l") 1= -33 mA/m 2. 

From K~,(1 + k"/k'), the equilibrium dissociation 
constant of sodium at the external site is found to be 
K~ < 77 mM. This means that the external sodium 
site (with no amino-acid bound) is close to satura- 
tion at physiological Na + concentrations. 

According to K~/K'~ = 4.1 and K~ < 77 mM, the 
dissociation constant K] of alanine must be smaller 
than 19 mM. 
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Fig. 7. Energy profile of the driving ion (Na +) along the transport 
pathway. In conformation C'  of the transporter,  the ion-binding 
site is accessible from the cytoplasm, and in conformation C" 
from the extracellular medium, a ' ,  a" and 8 are the relative 
dielectric distances along the pathway of  the ion 

For the dissociation constant of sodium from 
/g" S" the ternary complex N C " S ,  a lower limit, '~N > 16 

mM, can be estimated from the value of KS"~(1 + l"/ 

K "  / K "  k') as given above. Since N S is about 4.1, this 
means, according to Eq. (3), that K~'" must be larger 
than 16 mM/4.1 --~ 3.9 mM. 

The limiting value of l ~ s  for c~ ~ ~ (Fig. 4) 
represents the maximum possible inward current 
(I~ -~ -30 mA/m 2) which can be supplied by the 
cotransport system under the condition c~v = c~ = 0, 

tr t! 
CN, CS --~ ~ .  According to Eq. (15), I~ is propor- 
tional to the product of the number N of transporter 
molecules per unit area of the membrane times the 
maximum turnover rate for inward flux, f "  =- (1/k '  
+ 1//") -1. From steady-state current measurements 
alone it is not possible to evaluate N and f "  sepa- 
rately. Since in voltage-pulse experiments (Jauch et 
al., 1986) no alanine-dependent transient could be 
detected in the time-range above 10 msec, it is likely 
that the smallest rate constant of the overall trans- 
port reaction is larger than 100 sec -1. With I"  = -30 
mA/m 2, this would mean that N is smaller than 2000 
/xm -2. 

SIDEDNESS OF THE COTRANSPORTER 

In the companion paper experiments have been de- 
scribed in which outward and inward currents have 
been recorded under mirror-symmetrical condi- 
tions, i.e., for equal but opposite concentration gra- 
dients. In the whole experimental range of CN and 
Cs, the outward current I '  (measured under the con- 
dition c~v = CN,  Cts -~- CS ,  CTq : C~ = 0) was found to 
be equal within a factor of two to the inward current 
I" (measured under the condition c)e = c} = 0, c} = 

t! 
CN, Cs = CS). If the relation I '  ~ I" holds for all 
values of CN and Cs, the coefficients of CN and Cs in 

the expressions for I '  and I" [Eqs. (12)-(15)] must 
be approximately equal. This means that 

K'N(1 + k'/k") ~- K'~(1 + k"/k') 
K'N/K's -- v S ' I v N  . . . . . . .  S,,I~-N" �9 ~ N J ~ S  ~ K N / K s  : I X N J ~ S  

Ks'~(1 + l"/k ')  ~ Ks"~(1 + l ' /k")  

1/k'  + 1 / l "~-  1 /k"~-  1/1". 

These relations could be satisfied assuming that the 
cotransporter is symmetrical with respect to all ki- 
netic parameters (K~v -~ " k" = " KN, k , etc.). Such a 
detailed functional symmetry would be surprising, 
however, in view of the fact that a membrane-span- 
ning molecule is likely to be structurally asymmet- 
ric. 

Current-Voltage Characteristic 

Since sodium-coupled substrate transport is associ- 
ated with charge translocation, the transport rate 
must depend on membrane potential. By measuring 
the current-voltage characteristic of the cotransport 
system, information on the nature of the individual 
charge-translocation steps may be obtained (Geck 
& Heinz, 1976; Turner, 1981; Kessler & Semenza, 
1983; Restrepo & Kimmich, 1985b; L~iuger & 
Jauch, 1986). The interpretation of experimental 
current-voltage curves is complicated by the fact 
that, in principle, any single step in the transport 
cycle may be affected by the electric field. For a 
complete analysis of I ( V )  curves the numerical val- 
ues of some of the rate constants of the transport 
cycle must be known. As long as such detailed in- 
formation is not available, a number of simplifying 
assumptions have to be introduced. In the following 
we assume, as before, that the binding reactions are 
at equilibrium and that the fluxes of Na + and S are 
completely coupled. 

When the current-voltage characteristic is stud- 
ied under the condition of vanishing intracellular 
concentrations of Na + and S (c~v -- c) = 0), only 
the external binding equilibria have to be consid- 
ered. Since the substrate S is electrically neutral, 
the dissociation constants K "  K u" sand  s may be as- 
sumed to be voltage-independent. The dependence 
of the dissociation constants K~ and K~' on voltage 
V = ( R T / F ) u  may be represented by (L~iuger & 
Jauch, 1986): 

~ tt t! 
K ~  = K N e x p ( a  u)  

KS,, f~s,, exp(a"u). N = l~'N 

(28) 
(29) 

- " r~S"  v S "  K N  and ,-U are the values of K~ and "~U at zero 
voltage, a" is a phenomenological coefficient repre- 
senting the relative dielectric distance between the 
sodium-binding site and the external membrane-so- 
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lution interface (Fig. 7); implicit in Eqs. (28) and 
(29) is the assumption that binding of S does not 
appreciably change the geometry of the sodium site. 
In a similar way, the voltage-dependence of the 
translocation rate constants k' and l' may be de- 
scribed by (Lfiuger & Jauch, 1986) 

k' = k' exp[(zL6 + ~)u/2] 

l' = [' exp{[(zL + 1)6 + ~]u/2}. 
(30) 
(31) 

trary displacement of the ion-binding site may be 
associated with the conformational transition N C ' S  

NC"S.  As long as no information on the magni- 
tude of k' and [" is available, the two possibilities 
cannot be distinguished. The possibility that the 
binding site of the sodium, sugar cotransporter of 
small intestine is negatively charged has been dis- 
cussed by Kessler and Semenza (1983), and by 
Restrepo and Kimmich (1986). 

ZLeo is the electric charge of the empty binding site 
which is assumed to move over the same dielectric 
distance ~ as the Na + ion in the transition C' ~ C" 
(Fig. 7). The parameter ~/describes contributions of 
additional charge translocations which may result, 
for instance, from the rotation of polar groups in the 
transporter molecule. The rate constants k" and l" 
for the reverse transitions are obtained from Eqs. 
(30) and (31) by changing the sign of the exponent. 

The current-voltage measurements described in 
part I of this paper have been carried out at large 
extracellular alanine concentration (c } > K . . . .  s ,  Cs ~ 
KN"). Under this condition Eqs. (17) and (18) sim- 
plify to L ~  --~ K~'/(1 + l"/k') and I~,N "~ I~.  Accord- 
ing to Eqs. (16) and (31)-(33), the voltage depen- 
dence of I "N  and L~ is then given by 

e,,Nk' exp(eu/2) 
I"N ~ (32) 

I + (k'/[") exp[(e + 6/2)u] 

/~s,, exp(~"u) N L'~ -~ 
1 + (["/k') exp[ - (e  + 8/2)u] 

e ~  zL6 + ~q. 

(33) 

(34) 

As shown in Fig. 14 of the companion paper (Jauch 
et al., 1986), the maximum c u r r e n t  I~,N was virtu- 
ally independent of voltage, whereas the voltage de- 
pendence of L~ could be represented by the empiri- 
cal relation L~ = s  exp(0.65 u). Assuming that 
intrinsic charge displacements in the transport 
(apart from movements of the binding site) are neg- 
ligible (~/~ 0), the experimental findings can be ex- 
plained by two different sets of assumptions: 

a) zL arbitrary, 6 --~ 0, c~" ~ 0.65 

b) zL = 0, o?' + 8/2 ~ 0.65,/~' ~ [". 

In case a in which the ion-binding site may be neu- 
tral (zL = 0) or charged, the voltage-dependence of 
the current exclusively results from a voltage effect 
on the equilibrium constant of ion binding. This cor- 
responds to an "ion-well" situation in which a frac- 
tion of transmembrane voltage drops between the 
ion-binding site and the external medium (Mitchell, 
1969; Hopfer & Groseclose, 1980; Aronson, 1984; 
Restrepo & Kimmich, 1985b). In case b in which 
the ligand system has zero charge (zL = 0), an arbi- 

Discussion 

Two principally different mechanisms for ion-cou- 
pled substrate transport have been proposed so far 
(Semenza et al., 1984). In the "simultaneous" 
mechanism (Fig. 1) the cotransporter C forms a ter- 
nary complex NCS;  coupled translocation of N and 
S results from conformational transitions between 
state N C ' S  with the binding sites facing the cyto- 
plasm and state N C " S  with the binding sites facing 
the extracellular medium. In the "consecutive" (or 
"ping-pong") mechanism (Fig. 2) formation of a 
ternary complex is not necessary; binding of N at 
the extracellular site in conformation C~ is followed 
by translocation to the cytoplasmic side, leaving the 
transporter in conformation C2 in which S can be 
bound from the extracellular side and translocated 
to the cytoplasm. One of the main results of this 
study is the demonstration that the experimentally 
observed dependence of half-saturation concentra- 

t !  �9 tion L~ on sodium concentration CN lS incompatible 
with the "consecutive" model. 

For the analysis of the experimental results in 
terms of the "simultaneous" mechanism we have 
assumed that the translocation steps are rate limit- 
ing so that the interracial binding reactions always 
remain near equilibrium. This assumption is consis- 
tent with the fact that binding of substrates to en- 
zymes is usually much faster than subsequent reac- 
tion steps, but in the absence of direct experimental 
evidence the assumption should be regarded as ten- 
tative. It is pertinent to mention that the observed 
Michaelis-Menten behavior of current, which 
agrees with the predictions of Eqs. (12)-(16), does 
not provide evidence for fast binding of Na + and S. 
It has been shown by Sanders et al. (1984) that the 
model of Fig. ! with ordered binding but without the 
assumption of interfacial equilibrium exhibits the 
same general form of the ion- and substrate-concen- 
tration dependence of the current as indicated by 
Eqs. (12)-(18). 

COUPLING MECHANISM 

Accepting the equilibrium-binding model as a mini- 
mum model able to account for the experimental 
findings, certain kinetic parameters of the transport 



124 P�9 Jauch and P. Lfiuger: Cotransporter in Acinar Cells 

system can be evaluated from the measurements. 
As discussed in a previous section, estimates for the 

tt dissociation constants KN, K"s, ,~"S"N and ,~vN"s of so- 
dium and alanine can be obtained from the experi- 
mental Michaelis-Menten parameters. The values 
of the equilibrium dissociation-constants are impor- 
tant for the understanding of the coupling mecha- 
nism. Coupling between the fluxes of Na § and S 
(Geck & Heinz, 1976) can be of the velocity type 
(rate constants of conformational transitions N C '  

N C "  and C ' S  ~ C"S vanishingly small) or of the 
affinity type (concentrations of N C  and CS much 
lower than concentration of NCS) ,  or may consist 
in a combination of both mechanisms. In a more 
formal way, these possibilities may be discussed by 
introducing the ratio p~ of substrate-coupled to un- 
coupled sodium influx, as well as the ratio p} of 
sodium-coupled to uncoupled substrate-influx. Un- 
der the assumption of equilibrium binding, p} and 
p ~ are given by 

l" x[NC"S]  l" C"s 
" - - ~ -  �9 = Q "  - 7  " - -  ( 3 5 )  

P N  = k N  x [ N C " ]  k u  K~ 

1" x[NC"S]  1" c'~ 
" " - Q "  - 7 7  �9 �9 ( 3 6 )  Ps =-- ~s x[C"S] ks K'~ 

k~ and k" s are the rate constants of the transitions 
N C "  ~ N C '  and C"S --+ C'S ,  respectively. "Affin- 

K N / K N  = K s /  ity coupling" corresponds to Q" --- " s . . . .  
K u" >> 1 and "velocity coupling" to k~, k"s~ l". 
From the estimates K~ < 77 mM and K~;' > 16 mM 
derived above, it follows that Q" cannot be larger 
than 77/16 --= 5. 

An experimental estimate for the degree of cou- 
�9 t! ?! t! 

piing can be obtained from the ratio PX,e• =- I (Cs > 
O)/I"(c'j = 0) of alanine-dependent to alanine-inde- 
pendent inward current�9 As described in the com- 
panion paper, PT, e• is about 30 at low sodium and 
saturating alanine concentration�9 pT, exp contains 
contributions from unspecific leakage pathways 
(such as passive ionic channels) and therefore rep- 
resents a lower limit for the intrinsic ratio p7 of the 

t? t? 
cotransporter. At low CN and saturating Cs," Pl is 

Q l / k N ,  as  discussed in the approximately given by . . . . . .  
Appendix�9 With p] = Q"l"/k~v > PT, exp = 30 and Q" 
< 5 (see above) the ratio l"/kTv may be estimated to 
be >6. This indicates that coupling results from a 
velocity- or from a mixed (velocity- and affinity-) 
mechanism�9 

" O R D E R E D "  OR " R A N D O M "  BINDING.  9 

In the theory of enzymatic bisubstrate reactions a 
distinction is made between random and ordered 
binding (and release) of substrates (Segel, 1975)�9 

The possibility that ion and substrate bind in an 
ordered sequence to the cotransporter has been dis- 
cussed, for instance, by Hopfer and Groseclose 
(1980), Turner (1981, 1983) and by Restrepo and 
Kimmich (1985a). "Ordered binding" may be de- 
fined by considering the stationary state of the 
transport system in which transitions N C ' S  
N C " S  and C" ~ C' occur at a constant net-rate f: 

pNCS 

N C  ~ ~ N C S  

T l gCN h gSCN hs  

p c s  
C , ' CS 

f q 

f 
) 

(37) 

(Since this reaction scheme applies to both sides of 
the membrane, the superscripts ' and " have been 
omitted). Formation of the ternary complex may 
occur in two ways, via C ~ N C  --~ N C S  (net rate 
f f )  or via C ~ CS ~ N C S  (net rate f s ) :  

fN  = gCNx[C] -- hx[NC] = pNcsx[NC] - qNx[NCS] (38) 
f s  = pcsx[C] - qx[CS] = gscNx[CS] - hsx[NCS].  (39) 

Binding is "ordered" i f f u  >> f s  (N  must bind before 
S can bind) or f u  ~ f s  (S must bind before N can 
bind). The same definition applies to ordered re- 
lease ( f  = f f  + f s  < 0). "Random" binding (or 
release) means that fly -~ f s .  Straightforward calcu- 
lation yields 

f u  1/hs + CN/KSNq 
- -  = ( 4 0 )  

f s  1/qN + cs/KUh " 

Thus, ordered binding and release via C ~ N C  
N C S  ( f N  >> f s )  occurs when one (or both) steps 
in the pathway C ~ CS ~ N C S  become very slow 
(p,q --~ 0 and/or gs,hs  ~ 0). 

Under the condition of interfacial equilibrium, 
ordered binding via C -+ N C  ~ N C S  requires the 
concentration of the binary complex CS to be al- 
ways negligible�9 This is the case for Ks ~ ~, K s 
0 (according to Eq. (3) the product K s K  s = KN KN 
must remain finite for Ks ~ ~). Under this condi- 
tion Eqs. (8) and (14) yield 

Q ~ *~; I=,s --~ I~. (41) 

This means that the saturating current at high 
alanine concentration should become independent 
of sodium concentration if the binding sequence is 
C ~ NC--~ NCS .  Conversely, ordered binding via 
C ~ CS ~ N C S  occurs when KN --+ ~, K u ~ 0, 
meaning that 
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Q ~ ~;/~,N ~ /~" (42) 

Figures (11) and (13) of the preceding experimental 
paper (Jauch et al., 1986) show that I",s depends on 
clr and that I',N depends on c~. Furthermore, Q" 
has been estimated to be <5 (see above). These 
findings are at variance with the predictions of Eqs. 
(41) and (42), meaning that ordered binding is un- 
likely in the case of the sodium, alanine-cotrans- 
porter. It is pertinent to note that a mechanism involv- 
ing "ordered binding" (fu >> fs or fu ~ fs) is 
merely a limiting case of the general mechanism of 
Fig. 1, and that in real cotransport systems the ratio 
fu/fs is always finite. 

VOLTAGE-DEPENDENCE OF TRANSPORT RATES 

In the accompanying experimental paper (Jauch et 
al., 1986) it has been shown that the alanine-driven 
inward current I" decreases with increasing inside- 
positive membrane potential V, the shape of the 
I"(V) curve depending on extracellular sodium con- 
centration c~.  The function I"(c~,V) could be rep- 
resented by a Michaelis-Menten equation with a 
voltage-dependent half-saturation concentration of 
sodium and a nearly voltage-independent maximum 
current. A possible interpretation of this finding 
consists in the assumption that a sodium ion enter- 
ing the binding site from the extracellular medium 
has to traverse part of the transmembrane voltage. 
In addition to such a "sodium-well" effect, translo- 
cation of the sodium binding site within the mem- 
brane dielectric may also contribute to the observed 
voltage dependence of transport rate. 

Voltage effects on sodium-driven cotransport 
systems have been demonstrated previously in ex- 
periments with renal or intestinal brushborder vesi- 
cles. An inside-negative membrane potential was 
found to enhance Na+-coupled influx of D-glucose 
(Murer & Hopfer, 1974; Hilden & Sacktor, 1982; 
Kessler & Semenza, 1983; Kaunitz & Wright, 
1984). Similar results were obtained in studies of 
Na+-driven amino-acid transport in brush-border 
vesicles (Burckhardt, Kinne, Stange & Murer, 
1980; Ganapathy & Leibach, 1983) and of Na +- 
driven sugar transport in epithelial cells (Carter-Su 
& Kimmich, 1980; Restrepo & Kimmich, 1985a). In 
combination with other kinetic experiments quanti- 
tative studies of voltage-effects on cotransport sys- 
tems are likely to yield valuable mechanistic infor- 
mation in the future. 

This work has been financially supported by Deutsche For- 
schungsgemeinschaft (Sonderforschungsbereich 156). 
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Appendix 

Fluxes of Na + 
and S and Reversal Potential 
in the Case of Incomplete Coupling 

We consider a generalized version of the reaction scheme of Fig. 
1 in which the transporter C is able to bind v Na + ions (N) and o- 
substrate molecules (S). We assume that transitions between 
configurations with inward- and outward-facing binding sites 
may occur not only in the fully-loaded state N~CS~ but also in 
states N~C and CS~: 

l' t N , C  S~ ~f  N ,C"S~  (A1) 

N , C '  ~ NvC" (A2) 

C'S~ C"S~ (A3) 

Under this condition the ratio of the fluxes of N and S is no 
longer equal to the stoichiometric ratio v/o- (the stoichiometric 
ratio is defined as the ratio of the number of sodium to the num- 
ber of amino-acid binding sites involved in coupled transport). 
We assume, as before, that the binding reactions in the mem- 
brane-solution interface are in equilibrium. We further assume 
that the values of the equilibrium constants are such that the 
concentrations of intermediate forms N~C and CSy with 1 -< x < 
v and 1 -< y < o- are always negligible. The equilibrium dissocia- 
tion constants KN and Ks (and, in an analogous way, K s and K N) 
are now defined by 

x [ C ] c }  x[C]c~ 
KN x[N~C] '  Ks  = x[CS,~]" (A4) 

In addition to Eqs. (3) and (4) the following relations hold: 

K~ ksk" K N" l'k"N 
K~s" " ~  . . . . .  1. (A5) k s k  K N' l"ku 

In analogy to Eq. (6) the flux (I) N of Na § (which is referred to a 
single transporter molecule) is given by 

~ N / 1  ] t r kNX[N~C ] . . . .  = - kNX[N~C ] 

+ l 'x[N~C'S~] - l"x[NvC"S~]. (A6) 

An analogous relation holds for the flux CPs of S. The result reads 

1) 
= - -  C N C  S ) C N  ) 4- B N ( C N C  S e _ . v  ,o- c~ N -X [AN(CN~e,, , . . . . . . . . .  

,~ ,~ ~ _ CNC s )] + C(CNCs e" ' . . . . .  (A7) 

IT 

C S  C N )  Cbs = X [As(c'fl - c'~ ~) + Bs(cs~ c ~ e  . . . .  ' . . . .  

_[_ t~ r ~u 
C(cs one  - c'~~ (AS) 

X =-- P ' H "  + P"H'  (A9) 

H-= k + nslQ + kNn + kss  (AI0) 

n ~ c~/KN; s -~ c~/Ks (Al l )  

k;,k' l"~i 
at~ ------ ~--N + K~'~ S'S" (A12) 

kg, k~ r'k' 
B N (A13) 

l ttkt 

K" K "  C -  . N,~- ,, s,," 
N S K N K s  K s K N  

As and Bs are obtained from AN and BN by exchanging the sub- 
and superscripts N and S. P and Q are defined by Eq. (9) and (8). 

The reversal potential V,. for which CPN vanishes is obtained 
from Eq. (A7) in the form 

R T  CN~Cj + DCN~Cs ~ + Ec~  ~ 
Vr = ~ In . . . . . . . . . . .  (A14) 

CNCs + DCNCs + ECN 
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D =- BN/C; E =- AN/C. (AI5) 

Since D and E depend, in general, on voltage, Eq. (Al4) repre- 
sents an implicit equation for Vr. In the limit ku, ku, ks, k~ ~ 0 
(complete coupling), Eq. (AI4) reduces to the thermodynamic 
relation 

t t  pt Rj ( cN ) V, = v In ~ -  + o- In . (A16) 
C N  

Equation (A14) is important for the analysis of  experiments 
in which the reversal potential was measured under the condition 
CN = C~, C~ > CS (Jauch et al., 1986). In these experiments Vr was 
found to be close to (RT/F)ln(cs/c's), which is the predicted 
value for complete coupling and o-/v = 1 [Eq. (A16)]. According 
to 

R T  c S  + Dcs G + E 
V, = ~-ffln , 

c j  + Oc~ ~ + E 

(CN = CN) 

(A14a) 

incomplete coupling (D,E > 0) always tends to diminish the 
absolute magnitude of  Vr, meaning that o-/v cannot be smaller 
than unity. The results of  the experiments  described in the corn- 

panion paper are thus incompatible with a sodium-alanine stoi- 
chiometry of 2 : 1. 

Using Eq. (A7), the ratio p~ =- l"(Cs > O)/I"(C"s = 0) of  
substrate-independent  (sodium-driven) inward current can be 
calculated. Under  the condition CN = CS = 0, V = O" = 1, the 
result is obtained as 

rv 

c s  
pl = 1 +-7-~7 '  

Ks  
r s t !  r vv t t  t t t  K u ( k  + ks) + cu(k + l )] 

1 + ;-~SNr �9 Kx(k + k ) + cu(k + ku) j # v i t  t t  t t t  , 

S 

(A17) 

At low sodium and saturating substrate concentration, Eq. (A17) 
assumes the form 

tf  
KN l" k' + k" 

P'; ~" K~'  ku k' + k" (AI8) 
S 

In the case of  a symmetric transporter  (k' ~ k") with k~ -< k', Eq. 
(A18) further reduces to 

K~  l" l" 
- - ' ~ 7 ,  = Q " - -  (A19) 


