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Electric currents associated with Na+-coupled alanine transport in pancreatic acinar cells were investigated 
by the technique of tight-seal whole-cell recordings. In a previous study the observed concentration 
dependence of alanine-dependent currents was found to be consistent with a 'simultaneous' transport 
mechanism with 1 : 1 stoichiometry. In the present work the sidedness of the cotransporter was investigated 
by comparing inward ( I ' )  and outward currents ( I ' )  measured under mirror-symmetrical conditions. I '  
and I "  were found to be nearly equal (within a factor of approx. 2) in a wide range of Na + and alanine 
concentrations. The transport model was further tested by 'infinite-cis' experiments with fixed, saturating 
concentrations of Na + and L-alanine on one side of the membrane and variable concentrations on the other. 
By measuring transmembrane currents as a function of Na + and alanine concentrations, numerical values of 
the equilibrium dissociation constants of both substrates could be estimated. 

Introduction 

The plasma membrane of many mammalian 
cells contains cotransport systems capable of pro- 
moting uphill transport of amino acids driven by 
an electrochemical gradient of Na ÷ [1-6]. Most 
sodium/amino-acid cotransporters are electro- 
genic, i.e., they translocate net charge across the 
membrane [7,8]; accordingly, these systems can be 
studied by electrophysiological techniques [9-21]. 
Recently, the method of whole-cell current record- 
ing [22] has been applied to the investigation of 
the sodium-alanine cotransporter in pancreatic ac- 
inar cells [20,21]. In whole-cell recording experi- 
ments the cell is attached to the tip of a glass 
pipette with a high seal-resistance (>  10 GO)  be- 
tween glass and membrane. A major advantage of 
the whole-cell recording technique is the possibil- 
ity of controlling the intracellular concentration of 
solutes by internal perfusion of the pipette [23]. 
Pancreatic acinar cells are particularly suitable for 

studying Na+-coupled amino-acid transport, since 
they have a high rate of protein synthesis and 
accumulate amino acids with high efficiency 
[12,13,24-32]. 

In a previous study [20,21] alanine-dependent 
inward currents have been measured under 
'zero-trans' conditions, i.e., with finite concentra- 
tions of Na + and L-alanine on one side of the 
membrane and vanishing concentrations on the 
other. From the results of these experiments, as 
well as from measurements of the reversal poten- 
tial at a given concentration ratio of the amino 
acid, evidence was obtained that the cotransporter 
translocates Na ÷ and L-alanine with 1 : 1 
stoichiometry. The observation that N-methylated 
amino acids may substitute for L-alanine, as well 
as the pH dependence of currents indicate that the 
transport system is similar to (or identical with) 
system 'A' which is widespread in animal cells 
[2,20,21,23]. The concentration dependence of in- 
ward currents was found to be consistent with a 
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'simultaneous' mechanism involving formation of 
a ternary complex between cotransporter, amino 
acid and Na+. 

In this communication the sidedness of the 
cotransporter is studied in more detail by com- 
paring inward and outward currents under 
mirror-symmetrical 'zero-trans' conditions. Fur- 
thermore, 'infinite-cis' experiments are described 
in which fixed, saturating concentrations of Na + 
and L-alanine are present on one side of the 
membrane and variable concentrations on the 
other. The analysis of these experiments repre- 
sents an additional test for the validity of the 
transport model and yields numerical estimates 
for a number of kinetic parameters. 

Materials and methods 

Materials 
Reagents were obtained from the following 

sources: Collagenase ('high purity'), tris(hydroxy- 
methyl)aminomethane (Tris), 4-(2-hydroxyethyl)- 
1-piperazine-ethanesulfonic acid (Hepes), ethylene 
bis(oxyethylenenitrilo)tetraacetic acid (EGTA) and 
L-alanine from Sigma; Eagle basal medium from 
Serva. Electrolytes and buffers were analytical 
grade. 

Cell preparation 
Single cells and small cell clusters were pre- 

pared by enzymatic dissociation of mouse pan- 
creatic tissue, as described previously [20,34]. A 
small piece of pancreas from a white laboratory 
mouse was injected with a solution containing 140 
mM NaC1, 5 mM KC1, 10 mM Hepes (pH 7.3) 
and 100 units /ml high-purity collagenase (Sigma) 
and incubated with 1 ml of the same solution at 
37°C for 30 min. During the incubation period 
mild shearing forces were applied by repeated 
gentle pipetting. The resulting suspension of 
rounded-up cells and small cell clusters was di- 
luted 5-fold with collagenase-free buffer medium 
and the cellular material was allowed to settle. The 
supernatant was removed and replaced with buffer 
medium. The cell suspension could be stored in 
Eagle basal medium at 3°C for 24 h without 
significant change in the electrical properties of 
the cells. 

Current measurements 
Whole-cell recordings of membrane currents 

were carried out as described in detail previously 
[20]. The cell suspension was transferred to a 
thermostated perspex chamber mounted on the 
stage of an inverted microscope. The chamber 
could be perfused by different electrolyte solu- 
tions from a number of reservoirs. By placing the 
tip of the micropipette with the attached cell close 
to the inlet of the solution, the solution composi- 
tion in the vicinity of the cell could be changed 
withing less than 1 s. 

Pipettes were pulled from glass capillaries as 
described by Hamill et al. [22]. Pipettes had inter- 
nal tip diameters of 1-2 /~m; when filled with a 
150 mM NaC1 solution they exhibited resistances 
of 4 to 8 M~2. The pipette was connected to the 
amplifier head stage of the L/M-EPC-5 patch- 
clamp system (List-Electronic, Darmstadt, F.R.G.) 
mounted on a hydraulic micromanipulator. Cur- 
rent signals were recorded on tape. Silver-silver 
chloride electrodes were used inside the pipette 
and in the bath. The lower part of the pipette was 
filled with a chloride-free sulfate solution and the 
upper part (in which the electrode was located) 
with a solution containing 150 mM chloride. The 
external silver-silver chloride electrode was con- 
nected to the bath medium by a salt bridge. 

Gigaohm seals between cell membrane and 
pipette were formed as described by Hamill et al. 
[22]. In the whole-cell configuration (Fig. 1) seals 
were usually mechanically stable enough so that 
the cell (or cell cluster) could be detached from 
the bottom of the chamber by slowly lifting the 
pipette. Under the usual experimental conditions, 
seals maintained their high electrical resistance for 
times up to 2 h. 

The pipette solution always contained 1 mM 
EGTA and the external medium 2 mM CaSO 4. In 
order to minimize leakage conductance of the cell 
membrane, SO42 was used as anion instead of 
C1 in most experiments. Since the solubility 
product of CaSO 4 is 6 . 1 0  -5 M 2, the concentra- 
tion of free Ca 2+ was about 0.6 mM at the highest 
sulfate concentration (100 mM). All experiments 
were carried out at 37°C and at a pH value of 
7.25-7.30 which was stabilized by addition of 10 
mM TriszSO 4. 
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Fig. 1. Arrangement for whole-cell recordings from pancreatic 
acinar cells. The micropipette is internally perfused by apply- 
ing suction to the central glass capillary (see text for further 
explanation). The distance between the tip of the capillary and 
the tip of the pipette is about 150 jam. cy  and c s are the 

concentrations of Na + and alanine, respectively. 

Internal perfusion of the pipette 
In order to control the composition of the 

intracellular solution, the pipette was internally 
perfused (Fig. 1) using a slightly modified version 
of the method of Soejima and Noma [23]. It 
consists in a double perfusion system in which in a 
first step the perfusate is brought to a distance of 
a few mm from the pipette tip via a concentric 
plastic tube (not shown in the figure). Thereafter 
suction is applied to the thin glass capillary inside 
the plastic tube which is brought with its tip to a 
distance of about 100-200/~m from the tip of the 
patch pipette. This causes a flow of perfusate 
toward the tip of the pipette. 

Experimental results 

Inward and outward currents under 'zero-trans" con- 
ditions 

For a comparison with theoretical predictions it 
is advantageous measuring currents under 'zero- 
trans' conditions, i.e., with zero concentrations of 
Na + and amino acid on one side and finite con- 
centrations on the other side. From the ratio of 
inward and outward currents recorded from the 
same cell, information on the sidedness of the 
cotransporter may be obtained. After establish- 
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ment of the whole-cell configuration, both the 
pipette and the bath are perfused with Na ÷- and 
alanine-free Tris solutions. The cell interior equi- 
librates with the pipette within a few minutes, as 
indicated by the drop of membrane potential to 
nearly zero. After equilibration, the current re- 
corded under short-circuit conditions is zero (Fig. 
2). Change of the external medium to a solution 
containing 50 mM Na ÷ leads to a small inward 
current Io'. This current is likely to result from 
uncoupled sodium transport by the cotransporter, 
as well as from transport through other conductive 
pathways. When the extracellular medium is 
changed to a solution containing 5 mM L-alanine 
and 50 mM Na ÷, a large inward current It" is 

I t  I t  observed. The difference I "  = I t - I o of the total 
inward current I ( '  and the alanine-independent 
inward current I o' is thought to represent the 
alanine-coupled sodium current. A few seconds 
after the inward current has reached its peak 
value, the pipette is perfused by a solution con- 
taining 50 mM Na + and 5 mM L-alanine (as in the 
extracellular medium); the current then declines to 

extrQceUu[ar med ium : 

OmN 50[ 50 mM Na" 0 mM No + 
NQ ÷ ÷ Na' I 5 mM atanine 0 mM alanine 

I ( p A )  

30 v : o  I I X ,  

I \  

-20 

-3o[ ~ [ / r  p ip~ ~fu~io~ wi,h: 
I ^  . . . ,  ÷ I 50 mlM No" I 0 mM N o  + 

[u mi~ ma j 5 ml',4 ,alanine , 0 ,mM atanine 

0 100 200 300 400 500 
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Fig. 2. Inward and outward short-circuit currents measured 
under 'zero-trans'  conditions. Extracellular medium: 100 mM 
Tris2SO 4 or (75 m M  Tris2SO4+25 mM Na2SO4) , 2 mM 
CaSO4(pH 7.3); the concentration of free Ca 2+ under this 
condition is about 0.6 mM. Pipette medium: 100 mM Tris2SO 4 
or (75 mM Tris2SO4 +25 m M  Na2SO4) , 1 mM EGTA (pH 
7.3). The currents were measured from a single cell; the 
temperature was T =  37°C.  The current trace has been re- 
drawn from the original record. As indicated, the current 
amplitudes were taken a few seconds after the change of the 
external solution, after the system had reached a quasi-sta- 

tionary state. 
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TABLE I 

RATIO I ' / I "  OF OUTWARD (1 ' )  AND INWARD ( I " )  
SHORT-CIRCUIT CURRENTS MEASURED U N D E R  
MIRROR-SYMMETRICAL ZERO°TRANS CONDITIONS 

r r p rp tp 
I '  and I "  are defined b y I  =-l (c  N = c  N, c s = c  s, c N = c  s = 
0) and . . . .  =0 ,  c N cN, Cs =Cs); cry, Cs I ==_ _ I(CN = CS ,, = r, CN,~ ,, , 

and c~' are the concentrations of sodium and alanine, respec- 
tively in the intracellular ( ' )  and extracellular ( " )  medium 
(Fig. 1). Each pair of I '  and I "  has been measured on the 
same cell. The observed total currents I t and I t ' have been 
corrected for the leakage current I o according to I '  = I t  - I "  

and I "  = I t '  - Io" (Fig. 2), 

c N (mM) I ' / I "  ratio 

c s (mM): 2 4 8 20 

10 2.2 1.4 - 0.8 
24 1.3 1.2 1.5 2.4 
80 0.8 0.75 - - 

2 ~  0.8 0.9 - 1.0 

nearly zero within 200 s. This decline is likely to 
reflect the disappearance of Na +- and alanine- 
concentration gradients across the cell membrane. 
When thereafter the extracellular medium is 
changed to a solution free of Na + and alanine, the 
direction of the Na + and alanine gradients is 
reversed and a large outward c u r r e n t  I t' is ob- 
served. I t again declines to zero when the pipette 
is perfused with a Na ÷- and alanine-free medium. 

In the example represented in Fig. 2 the inward 
and outward currents measured under mirror- 
symmetrical conditions are nearly equal. Analo- 
gous zero-trans experiments with symmetrical 
gradients have been carried out for a number of 
other concentrations. In Table I the ratio I ' / I "  of 
outward ( I ' )  to inward ( 1 " )  short-circuit currents 
is given for different sodium and alanine con- 
centrations; I '  and I "  have been corrected for 
leakage currents according to I ' =  I t ' -  Io" and 
I "  = I t "  - 1 o'  (Fig. 2). It is seen from Table I that 
inward and outward currents are equal within a 
factor of about two. Within the limits of experi- 
mental error no systematic variations of 1 ' / 1 "  
with concentration can be detected. This indicates 
that the cotransporter is functionally nearly sym- 
metric. 

Effect of extracellular sodium and alanine on out- 
ward currents ('infinite-cis" experiments) 

In the following we describe experiments under 
'infinite-cis' conditions [35] in which the cell is 
loaded with sodium and alanine at saturating con- 
centrations. In this case a large outward current 
into a sodium- and alanine-free extracellular solu- 
tion is observed. In the 'infinite-cis' experiment 
the reduction of this outward current by addition 
of Na + and alanine to the extracellular medium is 
measured. 

In the first part of the experiment represented 
in Fig. 3, uncoupled Na + currents in the absence 
of alanine were determined. At the beginning, 200 
mM Na + were present on both sides of the cell 
membrane. Replacement of the extracellular 
medium by a Tris solution containing 0 mM or 
100 mM Na + resulted in small outward currents 
(I~' and I~, respectively) through leakage path- 
ways. Thereafter, both sides were equilibrated with 
solutions containing high concentrations of Na + 
(200 mM) and L-alanine (20 mM). Subsequent 
removal of Na + and alanine in the extracellular 
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40 

30 
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10 

0 

extracellular medium : 

200 OmM lO0mM [ J200Na'I  mM NO" 110~rnMNa" 
No" No* No" ( 2 0  aLo I O mM ala rnM a[a 

v =o 

I? o 

pipette perfusion with: 

200 rnM Na ÷ 
200 mM No* 20 mM olonine 

I0 / [ I I I 1 I 
0 I 20 30 z,0 50 60 70 B0 90 
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Fig. 3. 'Infinite-cis' experiments at zero voltage with fixed, 
saturating concentrations of sodium (200 raM) and L-alanine 
(20 mM) on the cytoplasmic side and variable concentrations 
on the extracellular side. I~' and I~ are alanine-independent 
leakage currents observed in the presence of sodium gradients 
alone, la t and I~ t are alanine-dependent outward currents in 
the presence and in the absence of extracellular substrates. 
Extracellular medium: 100 mM (Tris2SO 4 + Na2SO4), 2 mM 
CaSO4 (pH = 7.3); pipette medium: 100 mM Na2SO 4, 10 mM 
Tris2SO4, 1 mM EGTA, (pH 7.3). The currents were measured 
from a single cell; T = 37 ° C. The current traces have been 

redrawn from the original record. 



medium leads to a large outward current I~ t. This 
current is reduced to a smaller outward current 13 
when finite concentrations of Na ÷ (100 mM) and 
L-alanine (10 mM) are present in the extracellular 
medium. 

From the experiment represented in Fig. 3, the 
ratio 11/ 12 of the alanine-dependent currents in 
the absence and in the presence of extracellular 
substrates may be obtained: 

11 I~ - I~' 
12 t o 12 -- 12 

(1) 

The leakage currents I~' and I~ varied consider- 
ably from cell to cell. When I~' and I~ become 
large, the quantities I1 = 11 t - I{' and 12 = I~ - I~ 
are subjected to large errors. For this reason only 
those experiments have been used for the de- 
termination of Ia / I  2 in which the contribution of 
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I I I 
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Fig. 4. Results of 'infinite-cis' experiments at different ex- 
tracellular concentrations of sodium (c~)  and L-alanine (c~') 
and fixed intracellular concentrations (c N = 200 mM, c~ = 20 
mM). The quantity p has been determined according to Eqns. 
1 and 2 using the experimental protocol indicated in Fig. 3. 
Current measurements were carried out at 37 ° C  with single 
cells or small aggregates of electrically coupled cells. Each pair 
of current values (I1 and 12) was determined from the same 
cell (or cell aggregate). Extracellular medium: 100 mM 
(TriszSO 4 +Na2SO4), 2 mM CaSO 4, pH 7.3; pipette medium: 
100 mM NaESO 4, 10 mM Tris2SO4, 1 mM EGTA, pH 7.3. 
Each experimental point represents the average from measure- 
ments with several individual cells. The straight lines have been 
drawn according to Eqn. 3 using the following parameter 
values determined by least-square fitting: a = 5 . 6 7 . 1 0  -3 

mM -1, fl =1.44 '10 -2 mM -1, 7 = 3.34 "10-4 mM -2. 
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leakage current to the total current was less than 
25%. As will be shown later, for the evaluation of 
kinetic parameters it is convenient plotting the 
quantity 

',(+;) p - = ~  1 - ~  (2) 
C N C  S 

as a function of the extracellular concentrations 
t t  t t  ! t 

c N and c s of Na + and alanine; c N and c s are the 
intracellular concentrations of Na + and alanine, 
respectively. Experimental values of p are repre- 

t ¢  sented in Fig. 4 for different values of c~4 and c s . 
The straight lines have been drawn according to 
the relation 

p !  p l  

p = 1 + ac'~ + flc~' + yCNCs (3) 

which follows from the analysis of the transport 
model (see below); a, fl and 7 are c~- and 
Cs'-independent combinations of kinetic constants. 

Kinetic analysis 

Previously it has been shown that the results of 
current measurements under 'zero-trans' condi- 
tions are consistent with a 'simultaneous' mecha- 
nism involving the formation of a ternary complex 
NCS between cotransporter C, driving ion N and 
substrate S [21]. In the following, kinetic parame- 
ters of the cotransporter are evaluated on the basis 
of the 'simultaneous' model, using data from the 
experiments described in this study. 

Evaluation of kinetic parameters of the 'simulta- 
neous' mechanism 

The 'simultaneous' mechanism (Fig. 5) is based 
on the assumption that the binding sites for N and 
S are alternately accessible from the cytoplasmic 
side (states C', NC' ,  C'S, NC'S)  and from the 
extracellular side (states C" ,  NC" ,  SC",  NC"S) .  
Conformational transitions moving the binding 
sites from an inward-facing to an outward-facing 
configuration are assumed to occur only in the 
empty ( C ' ~ ,  C " )  and in the fully occupied states 
(NC'S  ~ NC"S) .  This assumption which implies 
complete coupling of the fluxes of N and S is 
based on the finding that the alanine-independent 
Na+-current is only a small fraction of the total 
current measured at saturating alanine concentra- 
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NC i . . . . . . . . . . . . .  NC" 
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Fig. 5. '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 conforma- 
tional transitions switching the binding sites from the inward- 
facing to the outward-facing configuration are possible only in 
the empty and fully occupied states (C and NCS). c~, c~, c~ 
and c~' are cytoplasmic and extracellular concentrations of N 

and S. 

tions [20]. We further assume that the rate con- 
stants for binding and release of N and S are large 
so that the association-dissociation reactions in 
the membrane/solu t ion  interfaces are always in 
equilibrium [36]. 

Denoting the fraction of transporter molecules 
which are in state A by x[A], the association-dis- 
sociation reactions at the cytoplasmic interface are 
described by equilibrium constants K N, K~, K s '  
and KsW: 

xtC'Slc~ , x [ C ' ] c ~ .  KS,  = (4) 
KN= x[NC'I ' x[NC'S] 

x[C']c~. , x[NC']c~ 
K~= xIC'Sl ' Ks~ = x[NC'S] (5) 

! ! 
c N and c s are the cytoplasmic concentrations of 
Na  + and S; K s '  and K N' are the equilibrium 
constants for the dissociation of Na  + and S, re- 
spectively, from the ternary complex NC 'S .  Anal- 
ogous relations hold for the extracellular interface. 
The equilibrium constants K s ,  K s '  , etc., as well 
as the translocation rate constants k ' ,  k " ,  l '  and 
l "  (Fig. 4) depend, in general, on membrane 
potential V -  = i f ' - t k " .  According to the principle 
of microscopic reversibility (or detailed balance), 

the kinetic constants are connected by 

K~ K~ K~ K~' 
K s ' =  Ks N' ; Ks , ,  Ks  N" 

(6) 

Ks,,KNS'" k " l '  
, s' k ' l  T M  K s K N  

(7) 

~k' - ¢ "  V 
u -  R T / ~  R T / F  (8) 

R is the gas constant, T the absolute temperature, 
and F the Faraday constant. Eqn. 6 follows di- 
rectly from Eqns. 4 and 5; for a derivation of Eqn. 
7, see Ref. 36. 

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

I = eoN( l ' x  [NC' S] - l"x [NC"S]) (9) 

where e o is the elementary charge. Introducing the 
abbreviations 

C N  CS 

n = - ' ~ y  ; S=- Ks  (10) 

KN Ks 
Q-= (11) 

K s Ks TM 

P = - I +  n + s + nsQ (12) 

H --- k +ln sQ (13) 

and using the notation n' - C N / K  ~, Q'  - 
! S ~ K N / K  N, etc., the following relation is obtained 

for the current density I in the stationary state 
[37]: 

I = e °N  k ' l "  t t t t  t p  

X t , -"wN" [CNCs exp(u)-- cNc s ] (14) 
• - N ~ X  S 

X -~ P ' H "  + P " H '  (15) 

Inward and outward currents measured at V = 0 
under mirror-symmetrical zero-trans conditions 
have been found to be approximately equal in the 
whole concentration range of Na  + and alanine 



(Table I): 

t tr 
I ( C ~ = C N ,  CS = CS, CN=C~ ' =0) 

=I(c~= ' c r ~ = c r ~ ,  = C s )  c s = 0, " c~ s (16) 

This nearly symmetrical  behaviour is only possible 
if the following relations hold which are obtained 
f rom Eqn. 14: 

K~' K~' k '  
K~ - ~ = ~77 ~- x (17) 

1 + ( 1 ' / k r ' )  ..~ K s' _ ~ =  [1~= , 
1+ ( /" /k  s ) K s' '  Ks 

(18) 

The simplest condit ion by  which Eqns. 17 and 18 
may  be satisfied consists in the assumption that 
the cotransporter  is approximately symmetric with 
respect to its kinetic parameters,  meaning that  x 
and 2~ are close to unity;  this assumption is used 
for the following analysis of the experimental re- 
suits. It should be emphasised, however, that  an 
independent  test of  the condit ion r -- 2~ -- 1 is not  
possible on the basis of  stat ionary short-circuit 
current measurements  alone, but  requires ad- 
ditional experiments such as current-voltage mea- 
surements or  relaxation studies. In t roducing the 
relations k '  = k "  = k, K~ = K~' = K s, etc., into 
Eqn. 14 yields: 

t t t t  pt 
I = loo CNCs -- CNCs (19) 

w 

p tr  t tp 
w - - - B  I + B 2 ( c  N + c N ) + B 3 ( c s + c S )  

t t t t  tp 
+ C N C s ( 1  + B 4 c  N + Bsc s ) 

sp pt t t ts s t  
+ cyc  s (1 + B4c~ + Bsc~)+ B6CNCsCNCs (20) 

I ~  = e o N ( 1 / k  + 1/1) -a (21) 

21~Ks K s  
BI=- l + l  x ; I~ = - k / l  (22) 

I~KsKSN IrKS ( 2 3 )  
B2--- KN(I+#) ; B3-= 1+# 

1 1 
B 4 ~  KN(I+#)  ; B 5 - Ks(l+t~) (24) 

2 (25) 
B6= KsKS(1 + #) 

185 

I ~  is the limiting current which is observed under  
the condit ion c s'' = c~ = 0, cN,' c s ~ o¢. F r o m  
'zero- t rans '  experiments the following numerical 
estimates have been obtained: K(~(1 + k " / k ' )  = 

77 mM; K ~ ' / K f f  = 4.1; K S ' ~ ( 1  + l " / k ' )  = 16 
m M  [21]. Using the symmetry  condit ion intro- 
duced above, this yields: K N -- 39 mM,  K s = 9.4 
mM, B 1 -- 304 m M  2, B 2 --- 3.9 mM,  B 3 = 16 mM. 

In  the ' infinite-cis '  experiments described in 
this study, the outward current I a measured at 

t high cytoplasmic concentrat ions c~ and c s and 
H zero extracellular concentrat ions c N and %' is 

compared  with the current 12 measured with the 
same values of  c~ and c~, but  finite values of  c~ 
and Cs': 

1 l = - l ( c ~ , c ~ > O , c  N''=c s's=O, u=O)  

12 =- l ( c ~ ,  . . . . . .  Cs, CN, C s > O , u = O )  

(26) 

(27) 

F rom Eqns. 19 and 20 one obtains 

i1  s r C N C s  
- -  = , . . . . .  . p  ( 2 8 )  
I 2  C N C s  - -  £ N C s  

p = l + q [ c ~ ( B 2  . . . .  + B 4 C N C s ) +  C S ( B 3  + Bsc~c~) 

H t t  t s ¢ t 
+ cNc s (1 + B4cr~ + Bsc s + B6cNCs) ] (29) 

tp tp t t  tp 
= 1 + acN + tics + yCNCs (29a) 

i t t 
1/q =- B1 + B 2 c  N + B 3 c  ~ + C N C  S ( 3 0 )  

The quantities p,  a, fl and y have been originally 
introduced in Eqns. 2 and 3 as phenomenological  
parameters.  

The results of  the "infinite-cis" experiments are 
represented in Fig. 4 in which the quant i ty  p 
(Eqn. 2) is plotted as a function of  c~' and CN. 
F rom the experimental values of p,  numerical  
estimates for the quantities B 4, B5 and B 6 may be 
obtained f rom Eqn. 29 using a least-square fitting 
procedure. The straight lines in Fig. 4 have been 
drawn according to Eqn. 29a with the following 
parameter  values: 

t ! --3 a=-q(B2+B4cNcs) =5.67.10 mM -1 (31) 

fl =- q ( B 3 + B 5 c~ c~) = 1.44.10- 2 raM- 1 (32) 

y --- q(1 + n4c N + nsc  ~ + B6c~c~) = 3.34.10 -4 mM -2 (33) 
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Using the results from the previous 'zero-trans'  
experiments (B 1 = 304 mM 2, B 2 = 3.9 mM, B 3 = 
16 mM), the following estimates are obtained: 
1 /B  4 = KN(1 +/~) = 149 mM, 1 /B  5 = Ks(1 +/~) 

65 mM. The coefficient B 6 which is rather 
sensitive to experimental errors in the determina- 
tion of p could not be evaluated with sufficient 
reliability. From B 4 and B 5 one obtains K N / K  s 

2.3, which is somewhat smaller than the previ- 
ous estimate, KN/Ks=4.1 .  By averaging the 
parameter values determined from 'zero-trans'  and 
'infinite-cis' experiments, the following set of 
numerical estimates for the kinetic constants is 
obtained: 

KN = 33 mM; K s = l l m M  

K s = 20 mM; Ks TM = 6.4 mM 

k / l  = 4.4 

These values should be considered as tentative in 
view of the symmetry assumption introduced 
above (x : ~ = 1) which requires further experi- 
mental tests. 

Alternative transport mechanisms; four-state model 
with ordered binding of Na ÷ and S 

Besides the 'simultaneous'  reaction mechanism 
(Fig. 5), alternative cotransport models have been 
discussed in the literature [38-40]. Previously it 
has been shown that a 'consecutive' mechanism 
(which does not require formation of a ternary 
complex SCN) is inconsistent with the observed 
properties of the Na+/alanine-cotransporter  [21]. 
A third transport model is depicted in Fig. 6. It is 
based on the assumption that Na  + has to bind 
from the cytoplasmic side before a substrate S can 
bind from the same side and, vice versa, that S has 
to bind from the extracellular side before an ex- 
tracellular Na  ÷ can bind. This model is basically 
different from the simultaneous mechanism of Fig. 
5 since it does not involve transitions between two 
conformations of the cotransporter. A similar 
mechanism has been discussed previously by 
Hopfer  and Groseclose [38]. The model of Fig. 6 
corresponds in enzyme kinetics to an 'ordered'  
bisubstrate reaction with 'glide' symmetry [41,42]; 
with only four states (C, CN, SC, SCN) it is 
formally much simpler than both the 'simulta- 
neous' and the 'consecutive' model. 

I 

~-qs ~'.,~- PN 

= ~  ..... CN SC .. . .  -~ ' - - "  

Ncm'--~ ~-- Sext 
~--PN C ~qs 
q N--" PS'-" 

Fig. 6. Four-state model of the cotransporter. Cytoplasmic 
alanine (S) is assumed to bind only after cytoplasmic sodium 
(N) has been bound; at the extracellular side the binding order 
is reversed. In state SCN alanine exchanges only with the 
cytoplasm, sodium only with extracellular medium, p y ,  p~ ,  
Ps, P~' are bimolecular association rate constants; qN, q~, qs, 

qs* are dissociation rate constants. 

For the reaction cycle of Fig. 6, the electric 
current density associated with coupled transport 
of Na  + and S may be evaluated using standard 
methods [43]. The result reads: 

eoN , , 
I = P ~ P S q N q ~  [eyes  exp(u) - -  e~c~'] (34) 

P 

= ~ ca ca ca t 

P -- q N q s ( q N  + qs ) + P N q S ( q N  + qs )eN 

+ P ~ q ~ ( q s  " ' + + pscs  )cs  P N P ~  ( q ~  * . . . .  + qs + pNCN)CNCs 

~a ca p t t , ca t p 
+ PNqS (qN + p N e N ) e N  + P S q N ( q N  + qs )Cs 

. t pt t t  
+ P ~Ps ( qs* + qN + PS CS) CN CS (35) 

P N P S q N q s  
P~4PSqNq~ exp(u)  (36) 

An analogous result is obtained for the mirror- 
symmetrical version of the four-state model of 
Fig. 6 in which CN is formed by binding of Na  + 
from the extracellular side and SC by binding of S 
from the cytoplasm. The equations describing the 
mirror-symmetrical version are obtained from 
Eqns. 34-36 by the substitutions I o - I ,  u o - u, 

p H p t !  
C N  o C N  ' C S  (---) C S  . 

Comparison of Eqns. 35 and 36 with the result 
from the 'simultaneous'  mode((Eqns .  14 and 15) 
shows that the concentration dependence of the 

t t current under 'zero-trans'  conditions (c N = c s = 0 
¢ t  t l  

or c N = c s = 0) is identical for both models. A 



similar statement applies to measurements of 11/12 
(Eqns. 26 and 27), i.e., the same dependence of 

t !  g !  t 
I a / I  2 on c N and c s at fixed c N and c~ is predic- 
ted for both mechanisms. This means that the 
'simultaneous' model and the 'ordered' four-state 
model cannot be strictly distinguished on the basis 
of the available experimental data. However, the 
'ordered' mechanism is unlikely in view of the 
observed functional symmetry of the cotrans- 
porter. It may be shown from Eqn. 34 that for the 
model of Fig. 6 a symmetrical behaviour of the 
cotransporter (Eqn. 16) is only possible when the 
relations qN "~ qs, q~ = q~', P~ = 2pN and p~' --- 
2ps hold. The existence of such a strong correla- 
tion between the different rate constants is un- 
likely, however. 

Discussion 

The results presented in this study are con- 
sistent with a 'simultaneous' model of the sodium, 
alanine cotransporter in which both substrates are 
translocated together in a single step. Information 
on the kinetic parameters of the model may be 
obtained from the concentration dependence of 
alanine-dependent inward and outward currents. 
Inward and outward currents measured under 
mirror-symmetrical conditions were found to be 
nearly equal (within a factor of approx. 2) in a 
wide range of Na ÷ and alanine concentrations. 
According to this observation, the analysis was 
based on the assumption that the cotransporter is 
approximately symmetrical with respect to its 
kinetic constants. Furthermore, it was assumed 
that binding and release steps of Na + and alanine 
are not rate limiting. It is pertinent to emphasize 
the tentative nature of these assumptions. In par- 
ticular, inward ( I " )  and outward currents ( I ' )  
can be approximately equal even when individual 
kinetic constants are asymmetric, since the ratio 
I ' / I "  may be insensitive to the values of certain 
kinetic parameters. The symmetry of the reaction 
scheme has been introduced here as the simplest 
assumption by which the experimental data can be 
explained; the validity of this assumption should 
be further checked by independent experiments, 
such as current measurements under nonsta- 
tionary conditions. It is pertinent to mention that 
other sodium-coupled cotransport systems exhibit 
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a distinct asymmetry in their kinetic properties. A 
well-studied example is the Na+/o -g lucose  
cotransporter from small intestine which exhibits 
influx and efflux rates differing by up to a factor 
of ten at mirror-symmetrical conditions [44]. 

The equilibrium dissociation constants of Na + 
and alanine which have been evaluated using the 
symmetry assumption are K N = 33 mM and K s 
11 mM, respectively. These values mean that at 
normal extracellular concentrations the transport 
system operates near saturation with respect to 
Na +, but below saturation with respect to alanine. 

An important parameter for the understanding 
of the coupling mechanism is the quantity Q -  
K N / K  s = Ks~Ks TM. Under the assumptions men- 
tioned above, Q is estimated to be about 1.7, 
meaning that Na + and alanine bind nearly inde- 
pendently of each other. This further means that 
the contribution of binding affinities to the cou- 
pling of the fluxes of Na + and substrate is small. 
Coupling is likely to be of kinetic origin, resulting 
from the low rate of conformational transitions in 
the partially occupied states CN and SC of the 
cotransporter. 
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