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Summary.  At A tp ~0, D-glucose influx into, and efflux out 
of, membrane vesicles from small-intestinal brush borders 
are affected by trans Na  + and trans D-glucose to different 
extents. D-glucose influx and efflux respond to At) (nega- 
tive at the trans side) to different extents. The small-in- 
testinal Na+,D-glucose cotransporter is thus functionally 
asymmetric. This is not unexpected, in view of the struc- 
tural asymmetry previously found. The characteristics of 
the A~b-dependence of transinhibition by D-glucose are 
compatible with the mobile part of the cotransporter,bear- 
ing a negative charge of at least 1 (in the substrate-free 
form). They are not compatible with its mobile part being 
electrically neutral. Pertinent equations are given in the 
Appendix. Partial Cleland's kinetic analysis and other cri- 
teria rule out (Iso) Ping Pong mechanisms and makes like- 
ly a Preferred Ordered mechanism, with Nao+ut binding to 
the cotransporter prior to the sugarou t. A likely model is 
proposed aimed at providing a mechanism of flux cou- 
pling and active accumulation. 
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Introduction 

Among the few structural features of the small- 
intestinal Na+,D-glucose transporter known at 
present are that, in all likelihood, it spans the 
brush border membrane asymmetrically with 
respect to the plane of the membrane. This was 
deduced from its susceptibility to inactivation 
by proteases and by mercurials (and reacti- 
vation by thiols) from the cytosolic (and/or hy- 
drophobic) side, but not from the luminal, ex- 
tracellular side (Klip et al., 1979a-c; 
1980a, b). This stable asymmetry of the trans- 
porter is indeed not unexpected, in view of the 
current ideas on the vectorial insertion of 
intrinsic membrane proteins during (or shortly 
after the beginning of) their biosynthesis (for re- 
views, see Blobel & Dobberstein, 1975a, b; Pa- 
lade, 1975; Sabatini & Kreibich, 1976; Di- 

Rienzo, Nakamura & Inouye, 1978; Wickner, 
1979, 1980; Inouye & Halegoua, 1980; Engel- 
man & Steitz, 1981; Kreil, 1981; Sabatini et al., 
1982), and in view of the improbable flip flop of 
an intrinsic membrane protein having both hy- 
drophobic and hydrophilic surface areas (Sin- 
ger, 1974, 1977) (as a transporter is presumed 
to have). 

These considerations (i) rule out an antipar- 
allel orientation of identical subunits (in the 
case that this transporter is oligomeric, for 
which or against which no evidence is presently 
available, however); (ii) rule out "diffusive" or 
"rotative" modes of operation, making a "gated 
pore or channel" (Crane & Dorando, 1979, 
1980; Semenza, 1982) or a "snip snap" mecha- 
nism [as suggested for the adenine nucleotide 
transporter (Klingenberg, 1980)] most likely; 
(iii) make a functional asymmetry also likely (in 
addition, of course, to the functional asymmetry 
which can be further imposed onto the trans- 
porter by an asymmetric distribution of 
substrate(s) and/or by a A r 4= 0). 

In the present paper we have addressed our- 
selves mainly to point (iii), also because even 
typical "equilibrating" transporters such as the 
sugar (e.g., Widdas, 1980) or the anion carrier 
(e.g., Cabantchik, Knauf & Rothstein, 1978; 
Rothstein & Ramjeesingh, 1980; Knauf, 1979, 
1982) of the erythrocyte membrane are known 
to be functionally asymmetric. 

We have also carried out a partial Cleland 
kinetic analysis of the initial out - , in  rates both 
at A r  and at A~b 40, to the extent possible 
in the kinetically complicated and experimen- 
tally tricky system. Previous kinetic studies ei- 
ther included corrections for the deviation from 
linearity in nearly initial uptake rates (e.g., 
Crane & Dorando, 1979, 1980) (others ignored 
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this devia t ion)  or  cons ide red  equ i l ib r ium t racer  
exchange  fluxes at  A ~-~  0 (Hopfe r  & Grosec lose ,  
1980). In  ou r  w o r k  we m a d e  use of  a shor t -  
t ime  i n c u b a t i o n  a p p a r a t u s  (Kessler ,  T a n n e n -  
b a u m  & T a n n e n b a u m ,  1978b) which  a l lows up-  
t ake  ra tes  to be  m e a s u r e d  well wi th in  the  initial  
l inear  range.  T h e  p r e p a r a t i o n  of  r abb i t  smal l  in- 
tes t inal  b r u s h  b o r d e r  m e m b r a n e  vesicles which  
we used (Schmitz  et al., 1973; Kess le r  et al., 
1978a) is the s a m e  as tha t  used by  Crane ' s ,  
H o p f e r ' s  and  Wr igh t ' s  (Kauni tz ,  G u n t h e r  & 
Wright ,  1982) groups .  T h e  vesicles are stable,  
t ight  a n d  r igh t - s ide-ou t  be t te r  than  95 % by  var-  
ious cr i ter ia  ( T a n n e n b a u m  et al., 1977; Kess ler  
et al., 1978a;  Kl ip  et al., 1979a). 

T h e  results  to be  p resen ted  be low show tha t  
the  Na+ ,D-g lucose  c o t r a n s p o r t e r  is int r insical ly  
a s y m m e t r i c  in its m o d e  of  funct ioning,  rule out  
s o m e  kinet ic  m ode l s  and  m a k e  (an) other(s)  
likely, and  a l low a p laus ib le  m o d e l  to be  pu t  
forward.  

The re  is n o w  growing  evidence  t ha t  the 
smal l - in tes t ina l  b ru sh  b o r d e r  m e m b r a n e  is en- 
d o w e d  wi th  two, r a the r  t han  one, N a  +, D- 
g lucose  c o t r a n s p o r t e r s  (see Discussion) .  W h e t h -  
er or  no t  specifically s ta ted  in the fol lowing 
text, o u r  obse rva t i ons  and  the conc lus ions  
d r a w n  t h e r e f r o m  hold  t rue  in e i ther  case, i.e., 
whe the r  this m e m b r a n e  is e n d o w e d  with  a sin- 
gle, or  wi th  two N a  § D-glucose c o t r a n s p o r t e r s  
act ing in paral lel .  

Materials and Methods 

HEPES is the abbreviation of N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfonic acid. 

TRANSPORT MEASUREMENTS 

Incubations were done at room temperature with an auto- 
mated procedure which allows working with incubation 
times as short as 0.3 sec (Kessler et al., 1978b). The standard 
procedure was as follows: The incubation medium contain- 
ing the radioactively labeled substrate (10 gl or more) was 
placed on the bottom of a clear polystyrene tube fitted 
into a vibration device controlled by an electric timer. 5 to 
10 gl vesicles were placed approximately 1 mm apart from 
the incubation medium. At the start of the timer, the 
shaking of the vibrator rapidly mixed the two drops to- 
gether (within less than 80 msec). At the chosen incubation 
time, 3ml of "stop solution" (250ram NaCI, 1 mM Tris/ 
HC1 (pH 7.5), cooled to 0 ~ were automatically injected 
into the test tube. The sample was then quickly filtered 
through a wet cellulose nitrate microfilter ( ~  0.6 gm) and 
washed twice with 5 ml of the stop solution. 

All solutions of preincubations and incubations con- 
tained 300 mM mannitot and 20 mM HEPES/Tris (pH 7.5), ~ 
unless stated otherwise. Further additions as well as in- 
cubation procedures different from the one described 
above are detailed in the legends. 

Loading the vesicles with D- and L-glucose and with 
salts for efflux studies and for transinhibition studies was 
achieved by preincubating them in the presence of these 
compounds for 90 to 120 min at room temperature. D-Glu- 
cose is not metabolized into nontransportable compounds 
under these conditions: D-glucose was preincubated with 
vesicles for 4 hr at room temperature and then separated 
from the vesicles; this 'treated' D-glucose showed identical 
Na+-dependent uptake as fresh D-glucose. 

PROTEIN 

Protein was determined by the method of Lowry et al. 
(1951) with bovine serum albumin as standard. 

PREPARATION OF BRUSH BORDER VESICLES 

Brush border membrane vesicles were prepared from fro- 
zen rabbit small intestine by the calcium precipitation 
method (Schmitz et al., 1973) as reported elsewhere (Kess- 
ler et al., 1978a). In short, intestinal mucosa was homo- 
genized in a Waring blender in 300 mu mannitol, 2 mM 
Tris/HC1, pH 7.1. Nonbrush border membranes were pre- 
cipitated by 10raM Ca 2+ and spun down at 3000xg for 
15 rain. Brush border membranes were then collected from 
the supernatant by a centrifugation at 27,000xg for 
30 rain. The pellet was resuspended in 300 mM mannitol, 
20 mM HEPES/Tris (pH 7.5) and spun down once again at 
27,000 x g for 30 rain. The final pellet, obtained from 25 g 
of intestine, was resuspended in 1 to 1.5 ml 300 mg man- 
nitol, 20ram HEPES/Tris (pH 7.5). The protein concen- 
tration was about 20mg/ml. The vesicles obtained are 
right-side-out better than 95 % as judged from the lack of 
stimulation of sucrase activity upon disruption with Triton 
X-100 (Kessler et al., 1978a), from the quantitative solubi- 
lization of sucrase by papain added to the outside of the 
vesicles under conditions not affecting their permeability 
properties (Tannenbaum et al., 1977) and from the non- 
accessibility of a core protein to trypsin added to the out- 
side of the vesicles (Klip et al., 1979a). 

MATERIALS 

All reagents were of highest purity available. D-[3H] Glu- 
cose was from Radiochemical Centre, Amersham, Eng- 
land; 5-[14C] glucose was from New England Nuclear, 
Boston, Mass. Microfilters were purchased from Inchema 
SA, CH-1249 Avully, Switzerland (Cellpore, CP-060, 
0.6gin ~ )  and from Sartorius, G6ttingen, Germany. The 
apparatus for the automated short-time incubations is pro- 
duced by Innovativ-Labor AG, Feldblumenstrasse 76, CH- 
8134 Adliswil, Switzerland. 

Results 

I. TRANSEFFECTS ON D-GLUCOSE INFLUX 

A. Transinhibition of D-Glucose Uni- 
directional Influx by Nai + at A~ ~-0. T h e  init ial  
u p t a k e  veloci ty  of  D-glucose,  m e a s u r e d  at con-  
s tant  ou te r  concen t r a t i ons  of  D-glucose and  of  
N a  +, is s t rong ly  r educed  if N a  + is p resen t  in- 
side the  vesicles (Fig. 1, A-E). This  so-cal led  
t r ans inh ib i t ion  a p p e a r s  at  N a  + c o n c e n t r a t i o n s  
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Fig. 1. Transinhibition of o-glucose influx by Nai+, and 
Glcln at A$z0 .  The vesicles were prepared in 300 mM 
mannitol, 20 mM HEPES/Tris, pH 7.5. In order to load them 
with the indicated concentrations of Na + and o-glucose, 
they were preincubated at room temperature for 2 hr in 
200 mM mannitol, 20 mM HEPES/Tris, pH 7.5, 100 mg 
choline NO3, 100 mM (Na2SO 4 + choline 2 SO4) and D-glu- 
cose. At t=0, 4 gl of this suspension (containing about 
80 gg protein) were rapidly mixed with 196 gl of an in- 
cubation solution to give the following final outer concen- 
trations: 200mM mannitol, 20mM HEPES/Tris, pH 7.5, 
100 mM choline NO3, 100 mM Na2SO 4, 1 mM D-glucose 
(including D-glucose from the preincubation) and 4 gCi 
3H-D-glucose. After 2 sec incubation, 2 ml ice-cold stop so- 
lution (250 mg NaC1, 1 mM Tris/HC1, pH 7.5) were added. 
The incubations were done at 20 to 22 ~ Na~, and Glcl, 
refer to the intravesicular concentrations of Na + and of D- 
glucose, respectively 

Table 1. Transinhibition by Nai+, at A0~0;  comparison 
with other cations a 

Additive to preincubation solution 
(~ intravesicular concentration 
during the incubation) 

D-glucose uptake 
(pmol/mg protein 
X s e e )  

none - 18.0_+0.5 
mannitol 150 mM 18.4 --+0.2 

(totally 450 mM) 
choline2SO * 50 mM 17.6 _+0.4 
Na2SO , 50 mM 2.0 _+0.1 
KzSO 4 50 mM 16.0 -+0.9 
Rb2SO 4 50 mM 16.0 +_0.7 
Li2SO 4 50 mM 12.6 __0.1 
NH4SO 4 50 mM 13.0 -+ 1.0 
MgC12 50 mM 17.7 -+ 1.1 
Tris2SO 4 50 mN 14.8 _+0.6 

All solutions of the preincubations and the incubations 
contained 300 mM mannitol, 20 mM HEPES/Tris, pH 7.5, 
and 100 mN choline NO 3. Only further additions will be 
mentioned in the Table. The vesicles were preincubated 
for 90min at room temperature in solutions containing 
the components listed in the left column. At the start of 
the incubation the vesicle suspensions were diluted fivefold 
in incubation media containing 125mM Na2SO 4 and 
12.5 gM D-[3H]-glucose. Incubation time was 1 sec. 

as low as 10 mM already,  and  b e c o m e s  as large 
as 75 to  90 ~o at Na~, c o n c e n t r a t i o n s  in the or-  
der  of  100 to  200 raM. I t  is specific for N a  +, no  
o the r  ca t ion  tes ted hav ing  c o m p a r a b l e  inf luence 
on  D-glucose  up take ,  a l t h o u g h  the  smal l  inhi- 
b i t ion  by  in te rna l  Li  +, NH~- or Tr is  shou ld  be  
m e n t i o n e d  (Table  1; as a side obse rva t ion ,  the 
smal l  t r ans inh ib i t i on  b y  Li  +, NH~- and  Tris  § 
shou ld  be  m e n t i o n e d  also). T h e  inh ib i t ion  is 
c lear ly  due  to a t rue  r educ t ion  of  the  init ial  up-  
t ake  ra te  and  no t  to  an  ear ly  dev ia t ion  f r o m  
l inear i ty  (Fig. 2). In  all three  exper iments ,  the 
m e m b r a n e  po ten t i a l  difference A $  was kep t  
close to zero  by  hav ing  equa l  c o n c e n t r a t i o n s  of  
the  highly p e r m e a n t  an ion  N O ~  inside and  out-  
side the vesicles, thus  rul ing ou t  the  poss ib i l i ty  
tha t  Nai+, m a y  exert  its i nh ib i to ry  effect via 
chang ing  the  m e m b r a n e  potent ia l .  

Since b r u s h  b o r d e r  m e m b r a n e s  possess  a 
N a + / H  § exchange  sys t em (Murer ,  H o p f e r  & 
Kinne ,  1976), a N a  + g rad i en t  m a y  be pa r t i a l ly  
c o n v e r t e d  into a p H  gradient .  H o w e v e r ,  at  the  
h igh  buffer  c o n c e n t r a t i o n s  used  (10 to 50mM 
H E P E S / T r i s ,  p H  7.5) an a lka l in iza t ion  of  the 
in te rna l  c o m p a r t m e n t  p r o d u c e d  via N a + / H  § 

4 0  

20 

Fig. 2. Initial uptake rates in the presence or absence of 
internal Na + at A0~0.  Vesicles were preincubated (2 hr 
at 20 to 22~ in 300 mM mannitol, 20 mM HEPES/Tris, 
pH 7.5, 100 mM choline nitrate, and either 100 mM choline 
sulfate (e) or 50 mM choline sulfate plus 50 mM Na2SO 4 
(o). The final concentrations in the incubation (outer) me- 
dium were: 300 mM mannitol, 20 mM HEPES/Tris, pH 7.5, 
100 mM choline nitrate, 100 mM N%SO 4 and 10 laM 3H-o- 
glucose. Most standard errors were smaller than the size of 
the symbol in the Figure 
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Table 2. Effect of internal pH on D-glucose uptake at 
A ~ 0  ~ 

pH in pre- pH in incu- Na~, pmol/mg 
incubation bation solution protein 
( ~ p H  of in- ( ~ p H  of external x sec 
ternal com- compartment) 
partment) 

7.5 7.5 0 9.26 -t-0.38 
7.5 7.5 100 1.47 +0.09 
8.5 7.5 100 1.59 -+0.10 
8.5 7.5 0 7.14_+0.22 

a For the final centrifugation of the preparation, the ves- 
icles were suspended in 300 mM mannitol without HEPES/ 
Tris buffer. They were then preincubated in solutions con- 
taining 300 mM mannitol, 100 mM choline NO3, 50 mM of 
either Na2SO 4 or choline2SO 4 and 50 mM of HEPES/Tris 
of either pH 7.5 or pH 8.5. Preincubation time was 90 min. 
To start the incubation, 5 gl vesicles were diluted with 
20 gl of an incubation mixture with the following concen- 
trations: 300raM mannitol, 100 mM choline NO3, 125 m~ 
NazSO4, 12.51XM D-glucose and 75mM HEPES/Tris, 
pH 7.5. Incubation time was 1 sec. 

Table 3. Transinhibition of D-glucose influx by Glcin" 

D-glucose concentration 
inside the vesicles 
(mM) 

D-glucose taken up 
during 2 sec 
(pmol/mg) 

0 591 _+30 
10 546 _+ 71 
40 406 _+ 26 

100 270-+ 19 

a In this experiment the vesicles were diluted to 9/10 of 
the final incubation volume 2 sec before the addition of 
NaSCN and the tracer (see text). Incubation time was 
2 sec. The vesicles were pre-equilibrated for half an hour 
in 200 mM mannitol, 20 mM HEPES/Tris (pH 7.5) and the 
D-glucose concentrations listed in the Table (D-glucose 
concentrations below 100 mM were complemented by ad- 
ditional mannitol). Two sec before starting the incubation, 
5 gl were diluted into 450 gl of 300 mM mannitol, 20 mg 
HEPES/Tris, pH 7.5, and enough D-glucose to a total con- 
centration of 1.11 mM (including the D-glucose originating 
from the preincubation medium). At t=0 ,  50gl 1 M 
NaSCN containing 3H-D-glucose were added. Concentra- 
tions of D-glucose and of NaSCN in the outer medium 
were 1 and 100 mM, respectively. 

exchange must be small, certainly less than 
i pH unit. We have thus assured that a gradient 
of one pH unit cannot mimic the effects dis- 
cussed here (Table 2). 

The transinhibition by Na~ is of the non- 
competitive type, the main effect being on the 
maximum velocity Vm, X. Eadie-Scatchard plots 
for Nai+~ concentrations of 0 and 100 mM will be 
shown below (at A t)40).  

B. Transinhibition of D-Glucose Unidirec- 
tional Influx by o-Glucosei,. In vesicles contain- 
ing a high concentration of (unlabeled) D-glu- 
cose (at Na~ = 0) the initial influx of externally 
added D-glucose is inhibited (Fig. 1, K , L ;  Ta- 
ble 3). Thus D-glucose induces a transinhibition 
similar to that described above for Na~+,. This 
kind of experiment required a protocol slightly 
different from the usual one in that the glucose- 
preincubated vesicles were diluted into a large 
incubation volume at t = 0  in order to reduce 
the external D-glucose concentration down to 
1 mM. The following controls made sure that 
the observed inhibition was not simulated by 
incomplete mixing (i.e. by a cis effect): (i) When 
the preincubation for loading the vesicles with 
glucose (usually at room temperature for at 
least one hour) was done at 0 ~ for 30 sec only, 
i.e. under conditions not allowing complete 
equilibration of D-glucose, virtually no inhi- 
bition was observed (not shown). (ii) In some ex- 
periments (e.g. the one of Table 3) the D-glucose 
preincubated vesicles were first diluted into 9/10 

of the final volume 2 sec before the addition of 
Na + and the tracer D[3H]-glucose. Unlabeled 
D-glucose was added to the dilution media to 
give a total concentration of 1.11 mN (together 
with the D-glucose originating from the prein- 
cubation medium). Thus, at the moment  the 
tracer was added, the vesicles in all samples 
were suspended in an identical, well-stirred so- 
lution. Therefore, the inhibition is clearly 
caused by internal D-glucose. 

The transinhibition by D-glucose can only be 
observed in incubation lasting less than about 
5 sec, while the internal Na + concentration is 
still close to zero; thereafter, the deviation from 
the initial uptake rate is large enough to ob- 
scure the inhibition. Most of the experiments 
presented here were done at 0.6 to 2 sec incu- 
bation time. 

The D-glucosein concentrations required to 
elicit transinhibition are rather high, 50 mM D- 
glucosei, inducing only 30 to 50 ~o inhibition. At 
concentrations below 10mM virtually no inhi- 
bition is observed (Table 3). 

C. Transeffects on D-Glucose Unidirec- 
tional Initial Influx by the Simultaneous Presence 
of Na + and of D-Glucose Inside the Vesicles 
at A O~-O. The transinhibition exerted by ei- 
ther Nai+~ or D-glucoseln is reverted completely 
by increasing concentrations of the other co- 
substrate (Fig. 1, E-I, L-O). Indeed, influx at 
high transconcentrations of both cosubstrates 
exceeds the influx observed in the controls 
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Table 4. A tp dependence of the transinhibition by Glcin a 

0 mM 20 mM ~o inhi- 
trans Glc trans Glc bition 

Na2SO ~ gradient 65.0 _+ 1.5 40.1 _+0.7 38 
(A ~ small) 

NaSCN gradient 338 _+8 261 _+5 23~o 
(A~o)  

a The vesicles were preincubated for 60 rain with or with- 
out 20mM D-glucose (D-glucose being replaced by man- 
nitol in the control). Five lal of this suspension were di- 
lu ted 'a t  t = 0  into 95 gl of a medium containing 100 mM 
mannitol, 20ran HEPES/Tris (pH 7.5), 0 ,02~ KN3, la- 
beled D-glucose and either 100mN NaSCN or 50mN 
Na2SO 4 or 50ram K2SO ~. The medium of the control 
contained further t.05mM unlabeled D-glucose to match 
D-glucose in the incubation medium of the glucose-prein- 
cubated samples. Incubation time was 0.6 sec. The values 
obtained in the presence of a KaSO 4 gradient were sub- 
tracted as background from the respective values deter- 
mined in the presence of Na +. Values are means and sE 
from 4 or 5 determinations, expressed as pmol/mg protein. 

(without either Na~ or D-glucosein ) by roughly 
a factor 2. This release from the transinhibition 
(which will also be referred to in the following 
as "transstimulation") occurs at moderately low 
concentrations of the other cosubstrate: the half- 
maximal concentration Ka/z of Glc~n capable 
of reversing the transinhibition by Na~ appears 
to be in the order of 5 to 10mM, i.e., clearly 
smaller than the Glc~n concentration required to 
elicit transinhibition in the absence of internal 
Na + (see Table 3). 

D. A t)-Dependence of 7}'anseffects. The 
transeffects reported above were all measured at 
a membrane potential close to zero. Table 4 
compares those results with the transinhibition 
measured at At p 4 0  (negative inside). The frac- 
tional inhibition at a given concentration of 
transglucose was consistently found to be de- 
creased with increasing membrane potential dif- 
ference A t) (inside negative). 

E. Counterflow Accumulation. We will 
indicate as "counterflow accumulation" the ac- 
cumulation of a substrate e beyond its equilib- 
rium concentration, driven by an imposed gra- 
dient of a second substrate fl, which shares the 
same transporter and binding site (Rosenberg 
& Wilbrandt, 1957; LeFevre, 1975). This phe- 
nomenon (though not the actual extent of accu- 
mulation) is a consequence of the laws of ther- 
modynamics; it is found with all transport 
mechanisms whereby binding sites are alter- 
natively exposed to the inner and the outer 

compartment (mobile carriers, gates, pores, etc.) 
and it is, therefore, independent of the actual 
kinetic parameters of an individual transport 
system. Counterflow accumulation of Na +- 
coupled D-glucose translocation is shown in 
Fig. 3 with unlabeled D-glucose acting as the 
elicitor (substrate /~, inside) for the accumu- 
lation of labeled D-glucose (substrate ~, outside). 
Both, in the presence of an inwardly directed 
Na § gradient (Fig. 3A) and in vesicles pre- 
equilibrated in 200 mM Na + (Fig. 3B), the accu- 
mulation at 20 to 180sec is larger in the pres- 
ence of outflowing elicitor, which inhibits com- 
petitively the backflux of tracer glucose due to 
its high concentration inside the vesicles. 

Transstimulation and counterflow accumu- 
lation have sometimes been confused with one 
another, mainly in disregard of the fact that the 
former term describes flux rates, i.e. kinetic pro- 
perties of a transporter, whereas the latter 
means accumulation due to flux coupling, (and 
thus is a consequence of conservation of chemi- 
cal energy, as described by thermodynamic 
laws). This difference becomes clear by compar- 
ing initial uptake rates and accumulation in 
Fig. 3A. At early incubation times (up to 5 sec) 
the uptake of externally added D-glucose is in- 
hibited by the high concentration of unlabeled 
D-glucose inside the vesicles, corresponding to 
the transinhibition in Fig. 1 and Table 3. At 
later incubation times, however, this initial in- 
hibition is overcompensated by the accumu- 
lation due to counterflow, which is much larger 
in vesicles containing unlabeled D-glucose than 
in control vesicles. Likewise, in Fig. 3B the in- 
creased uptake rate of D-glucose during the first 
seconds is essentially kinetic in nature and can 
be attributed to the transstimulation by D-glu- 
coSein, i.e. to the reversal of the transinhibition 
exerted by Nai+,. Counterflow accumulation 
alone, however, is responsible for the sub- 
sequent accumulation beyond equilibrium. Fig- 
ure 3 clearly documents the importance of 
measuring true initial flux rates at appropriately 
short incubation times in order to determine 
the kinetics of a transporter. 

For a discussion of the two concepts of 
"transstimulation" and "counterflow," the read- 
er is referred to Heinz's monograph (1978). 

II .  TRANSEFFECTS ON D-GLUCOSE EFFLUX; 
ASYMMETRY OF D-GLUCOSE TRANSPORT 

A. Measurement of v-Glucose Efflux. In 
principle, efflux could be measured directly by 
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Fig. 3. Counterflow accumulation of labeled D-glucose elicited by internal unlabeled D-glucose at A O ~-O. A: In the presence 
of a Na + gradient (out-,in).  B: In Na + pre-equilibrated vesicles. Composition of the preincubation solutions: 200ram 
mannitol, 20 mM HEPES/Tris, pH 7.5, 200 m~[ choline + (A) or 200 m~ Na + (B), 100 mM NO3, 50 mM SO~- and 30 mM D- 
glucose (o) or mannitol (A). At the start of the incubation, the vesicles were diluted 30-fold into a medium containing the 
same concentrations of mannitol, buffer, NO 3 or SO] as the preincubation solutions, plus further 200mM Na + and 3H- 
D-glucose + cold glucose to give a final concentration of 1 mM 

washing the vesicles free of external D-glucose 
and then collecting the amount  of substrate 
leaving the vesicles during a given incubation 
time. Although this technique has proven very 
useful in studies with erythrocytes, it is less so 
with the tiny membrane vesicles from intestinal 
and renal microvilli, because a significant 
amount  of substrate leaks out of the vesicles 
during the rather long lasting procedure of cen- 
trifugation and proper resuspending, even if the 
vesicles are kept at 0 ~ 

Therefore we measured efflux instead by 
diluting the preincubated vesicles into a 20- to 
100-fold volume of efflux medium and deter- 
mining the amount  of D-glucose associated with 
the vesicles both at 0 sec and at the desired in- 
cubation time and calculating the difference be- 
tween these two values. The determination of 
exact initial efflux rates would require measure- 
ments to be done while less than 10 ~o of the ]:)- 
glucose initially present had left the vesicles; 
however, the standard error of such a small dif- 
ference is similar in size to the difference itself. 
It thus proved impossible to obtain reliable ini- 

tial rates, precise kinetic parameters or detailed 
wash-out curves. (A few approximate determi- 
nations of wash-out curves are reported else- 
where: Toggenburger, Kessler & Semenza, 
1982. They are not described by a single expo- 
nential, nor should they be expected to be: see 
Hopfer, 1977.) In the efflux measurements to be 
reported below some 20 to 40~o of the D-glu- 
cose load had left the vesicles. Although the 
data do not allow kinetic parameters to be cal- 
culated, they did lead to valid conclusions as to 
the possible transeffects by (external) D-glucose 
or Na + and as to the effect of A ~ (negative out- 
side the vesicles) on D-glucose efflux. 

First of all, the following observations ascer- 
tained that the release of D-glucose from the 
vesicles proceeded through the same Na +- 
dependent transport system as influx (Table 5). 
The release of D-glucose was faster than that of 
[.-glucose, depended on the presence of (inter- 
nal) Na § and was inhibited by externally added 
phlorizin. Moreover, in vesicles equilibrated 
with 100 mM Na +, the efflux rate was compara- 
ble in size to the influx rate (not shown; strict 
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Table 5. Efflux of D- and L-glucose; Inhibition by phorizin a 

33 

Intravesicular concentrations at t =0  
(= additions in preincubation) 

salt glucose 

Extravesicular concentrations Efflux 
during efflux time 
(additions in efflux solutions) (sec) 

Amount of sugar found 
to have left the vesi- 
cles after 10 or 3 sec, 
as indicated 
(pmol mg 1 protein) 

Expt. A 
KC1 100 mM 
NaC1 100 mM 

Expt. B 
NaC1 100 mM 
NaC1 100 mM 
NaC1 100 mM 

Expt. C 
NaC1 100 mM 

NaC1 100 mM 

NaC1 100 mM 

D-glc* 0.1m~ KC1 100mM 10 16__2 
L-glc* 0.1 mM NaC1 100mM 3 2-4-2 

D-glc* 0.1 mM 
D-glc* 0.1 ml~ 
D-glc* 0.1 m~ 

NaC1 100 mM 3 38 + 1 
NaC1 100 mM + 100 gM phlorizin 3 10 • 5 
NaCI 100 mM + 500/aM phlorizin 3 4 +- 3 

D-glc* 0.1 m g +  NaC1 100mM 3 38_+2 
D-glc 0.4 m~ 

D-glc* 0.1 mN+ NaC1 100mM 3 124-5 
D-glc 5 mg 

D-glc* 0.1 m g +  NaC1 100mM 3 2+ 2  
D-glc 20 mM 

a All solutions contained the standard concentrations of mannitol and buffer, only further additions are listed. Efflux 
time was 3 sec unless stated otherwise. The amount of D-glucose in the vesicles at t = 0  was around 140 pmol/mg protein. 
To start efflux measurements (t=0), the preincubated vesicles were diluted 40-fold. The eff/ux values were calculated for 
labeled glucose only (marked with an *); unlabeled D-glucose added to the incubations shown in the last three lines was 
treated like a competitive inhibitor. 

equality of influx and efflux rates can only be 
expected for fluxes in equilibrium tracer ex- 
change experiments, where both Na + and D-glu 
cose concentrations are equal on both sides of 
the membrane) )  

B. Saturation of v-Glucose Efflux. Table 5 
shows that the efflux of tracer D-glucose is 
little inhibited by 0.5 mM (unlabeled) D-glucose, 
but more than 5 0 ~  inhibited by 5mM D- 
glucose. This allows a rough estimate of the K,, 
(with 100mM Na § at both sides of the mem- 
brane and A ~ -  0) of efflux to be in the range of 
1 to 5 raM. The corresponding K m for influx 
is approximately 0.4 mM (see below). 

C. Transeffects by n-Glucose and Na + 
on D-Glucose Efflux. The presence of 200 mM Na + 
or 50mM D-glucose or of both of them in the 
efflux medium had virtually no effect on the 
efflux rate of D-glucose (Table 6). This ex- 
periment was carried out with at least five dif- 
ferent vesicle preparations and under a number  
of different conditions (e.g., different internal 
and external D-glucose and Na + concentrations; 
with SO42-, or C1-, or NO 3 as the major 

In a few preparations D-glucose efflux was found to be 
slow and hardly distinguishable from L-glucose release. 
These preparations were discarded. Only preparations 
showing fast, Na+-dependent D-glucose efflux were used 
for the experiments shown. 

Table 6. Lack of transeffects on D-glucose efflux a 

Transsubstrate present pmol D-glucose released 
in 2 sec 

none 1.09 +- 0.02 
200 mN Na + 1.07___0.05 

50 mu D-glc 1.11 +--0.05 
50 mu D-glc+200 mM Na § 0.99 +0.03 

a The vesicles were first preincubated for 2 hr (20 to 
22 ~ with 300 mM mannitol, 20 mu HEPES/Tris (pH 7.5) 
and 5 0 m e  Na2SO 4. Then 3H-D-glucose was added to 
give a final concentration of 0.1 raM. After 30 sec (by that 
time, D-glucose was equilibrated) 4 gl of this suspension 
were diluted into 100 gl efflux solution consisting of 20 mM 
HEPES/Tris (pH 7.5), 150ram choline2SO 4 or (100mM 
Na2SO~+50mM cholin%SO4) and 200mM mannitol or 
(150mM manni to l+50mN D-glucose). Efflux time was 
2 sec. The values are expressed as pmol per sample, the 
samples containing about 30 gg protein. The value for the 
D-glucose content at t = 0  was 2.57+_0.11 pmol. 

anion). However, the efflux rates were in all 
cases within 20 ~ of the control. 2 

2 When both D-glucose and Na + were present on the 
outside, efflux appeared to be slightly inhibited; however, 
this was apparently due to a competitive inhibition of the 
tracer efflux by unlabeled D-glucose rapidly entering the 
vesicles via the carrier (when inward transport proceeds at 
its Vmax, the internal D-glucose concentration built up 
within 2 sec may be 1 to 2 raM, i.e. well in the range of the 
K~, suggested for efflux). 
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Table 7. Response of D-glucose efflux to A ~ (negative 
trans)" 

Major salt Expected Amount of D-glucose 
present in A ~ released from the 
the (outer) vesicles in 3 sec 
efflux (pmol x mg-  1 protein) 
medium ~_+s~ (3 expts.) 

NaNO 3 A O ~ 0  31+3 
NaC1 A ~ 4 0  42 +3 

(i.e. negative 
outside the 
vesicles) 

a Vesicles were pre-equilibrated for 1 hr at 20 to 22 ~ 
with 100 mM NaNO3, 0.1 mM 3H-D-glucose, 300 mM man- 
nitol, 20 m s  HEPES/Tris buffer, pH 7.5. They were then 
diluted 40 times into a solution containing 300 mM man- 
nitol, buffer, and either 100 mM NaNO 3 or 100 mM NaC1. 
Efflux time was 3 sec. 

D. Effect of A O (Negative at the Trans 
Side) on D-Glucose Efflux. D-glucose influx (at 
low D-glucose concentrations, 100mMNa + at 
both sides of the membranes) is accelerated 3 to 
5 times by the membrane potential difference 
generated by the following initial bi-anion gra- 
dient: 100mNNO~- out, zero in; with zero CI- 
out, 100 mM in (data not shown). A correspond- 
ing experiment on efflux was carried out by 
preloading the vesicles with N O ~  -3 and labeled 
D-glucose and diluting them into a solution 
containing either NO~- at the same concen- 
tration as inside (control, A ~p-~0), or into a so- 
lution without NO~- outside (A~>>0). Table 7 
shows that efflux is somewhat promoted in the 
presence of the A 0; however, the acceleration 
factor is less than 1.5 and thus much smaller 
than that for influx. 

To summarize, efflux is only minimally sen- 
sitive (i) to Na § and D-glucose present in the 
external medium and (ii) to changes of A~p 
(negative of the trans side). Both findings 
strongly contrast with the results obtained from 
influx studies and thus indicate that the D-glu- 
cose transporter is asymmetrical. 

The high degree of functional asymmetry 
becomes even more apparent when uptake rates 
are compared to efflux rates measured at mir- 
rored, but otherwise identical experimental con- 
ditions (Fig. 4). When D-glucose influx is mea- 
sured in the presence of both a Na + gradient 
(Na~ =0) and a membrane potential negative 
inside (e.g., when a NaSCN or a NaNO 3 gra- 

3 SCN- could not be used for this purpose, since this 
anion inhibits the cotransporter from the cytosolic and/or 
the hydrophobic surface (data not shown). 
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Fig. 4. Comparison of influx (left) and efflux (right) veloci- 
ties determined in the presence of a Na + gradient (Na t+ .... 
= 0) and a potential (negative on the trans side). The cis 
concentrations were: 100mN Na § 10gN D-glucose. The 
potential was established by a gradient of 100 mM NOr .  A 
D-glucose content of 12 pmol/mg protein corresponds to 
an intravesicular concentration of about 10 gM 

dient is applied) and if the D-glucose concen- 
tration is below 0.1 mM, the amount of D-glu- 
cose taken up within 2sec usually reaches an 
internal concentration 2 to 5 times that in the 
incubation medium (in Fig. 4 a D-glucose con- 
tent of about 12pmol/mg protein corresponds 
to an internal D-glucose concentration of 10 ~tM, 
i.e., to the concentration of D-glucose in the incu- 
bation medium). If D-glucose efflux is measured 
at equivalent, but mirrored conditions, i.e., un- 
der a Na § gradient directed outward and a po- 
tential negative outside, only about 20 to 50 
of the D-glucose present initially leave the ves- 
icles within 2sec. Thus, the efflux velocity is 
about 10 times smaller than the equivalent in- 
flux velocity. 

III. EFFECT OF VARYING INITIAL CONCENTRATIONS 
OF EXTERNAL NA + ON THE APPARENT gma x 
AND K m FOR INITIAL D-GLUCOSE UPTAKE 

Since Na+-dependent D-glucose transport is 
electrogenic and A O affects the transport rate 
(Murer & Hopfer, 1974), the partial Cleland 
analysis to be reported below was carried out 
both in voltage-clamped (near zero) vesicles and 
in vesicles with A ~ < 0 (negative inside). 

A. In Vesicles with A~-O .  In the ex- 
periment of Fig. 5, A - C ,  the vesicles were both 
pre-incubated (for 2hr) and incubated in the 
presence of the highly permeant (Liedtke & 
Hopfer, 1977) NO 3 (100mM in the pre-incu- 
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Fig. 5. D-Glucose initial influx at various Nagu t 
and D-glucoseou , concentrations. At A ~-~ 0 
(A through C): brush border membrane vesicles 
were preincubated at room temperature for 2 hr in 
10 mM HEPES/Tris, pH 7.5, 100 mM choline nitrate 
and 100 mM choline sulfate (plus 0.01 ~ KN3). 
The 2-sec uptake was measured in triplicate at 
room temperature; the extravesicular medium was 
composed of 10 mM HEPES/Tris, pH 7.5, 120 mM 
(sodium+ choline)2 sulfate, 100 mM choline nitrate 
at 0, 10, 24, 60, 120 or 240 mM Na+ut and at 0.01, 
0.06, 0.150, 0.5, 1.5 or 5 mM D-glucoseou t. A: 
Michaelis plots of the uptakes as a function of 
the outer D-glucose concentrations (the values at 
0 Na+ut were too low to be reported). B: Eadie- 
Hofstee plots at three representative 
concentrations of Nao+ut . 
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bation and in the incubation). The initial veloci- 
ties of D-glucose uptake were measured within 
the linear range, i.e., at 2 sec incubation, at six 
Nao+,t (0 to 240 mM) and seven D-glucose con- 
centrations (0.01 to 50 mM). Representative data 
only are reported in Fig. 5 (A, as Michaelis plot 
and B, as Eadie-Hofstee plot of D-glucoseout; C 
as a Michaelis plot of Nao+ut). It is clear that 
plot C is sigmoidal, and that A and B also de- 
viate from a Michaelian behavior, but in the 
opposite direction. Whatever the interpretation 
of this twofold (and possibly complementary) 

deviation (see Discussion), it is clear that high 
Nao+t lead to small K m for D-glucoSeou t and that 
high D-glucOSeo, t lead to small K1/2 of Na+ut ac-  
t i v a t i o n .  These observations confirm and expand 
those of Kaunitz et al. (1982) and of Kaunitz 
and Wright 4, who clamped the vesicles with 
K+/valinomycin, rather than with nitrate, as in 
Fig. 5, A -  C. 

r Kaunitz, J.D., and Wright, E.M. Kinetics of sodium D- 
glucose cotransport in rabbit and bovine intestinal brush 
border vesicles (unpublished). (See also Kaunitz & Wright, 
1983.) 
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Fig. 5. C: Michaelis plot of the uptakes as a 
function of the outer Na + concentrations (in 
the lower panel the scale at the y-axis was 
expanded). Each value is the average of three 
determinations. 

At At )~0  (D and E): brush border 
membrane vesicles were prepared in 10 mM 
HEPES/Tris, pH 7.5, 300 mM mannitol. The 2- 
sec uptake was measured in triplicate at room 
temperature; the extravesicular medium was 
composed of 10 mM HEPES/Tris, pH 7.5, 
300 mg mannitol, 100 mM (sodium+ choline) 
SCN, at 0, 5, 10, 20, 40 and 100 mM Na+ut and 
0.02, 0.10, 0.25 and 0.50 mM D-glucOSeou ,. D: 
Eadie-Hofstee plots (s being the D-gIucoSeou , 
concentration). 
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indicate the s~M (when not 
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symbol used). The velocity of 
uptake is expressed as pmol of 
D-glucose taken up x mg- 1 
protein taken up by the sample 
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B. In the Presence of  an Ini- 
tial A t )40 .  Clearly, it is not possible to keep 
constant the AO or AfiNa+ across the vesicle 
membrane  for any extended length of time or 
to produce exactly identical A ~'s by the use of 
ion gradients of different compositions. For  ex- 
ample, in the experiment of Fig. 5D the initial 
A~'s certainly began to dissipate at time zero; 
moreover, the initial A~,'s would have been 
identical in the various determinations of ap- 
parent  K m at different Nao+ut concentrations, 
only if the electrogenic permeabilities of the 
membrane  for Na + and for choline + were exact- 
ly identical, which was certainly not the case. 

However, short of imposing a constant A(s 
across the membrane,  one can impose an initial 

A~ producing a maximal constant stimulation 
of transport. Since this approach is not quite 
obvious it needs qualification. Transport  agen- 
cies in which the substrate binding site(s) is 
(are) exposed alternatively (but not simul- 
taneously) to the opposite sides of the mem- 
brane are defined as, and show the kinetic char- 
acteristics of, "mobile carriers" (L~tuger, 1980). 
That is, by whatever mechanism the actual 
transport  takes place, in mobile carrier the 
transport  of substrate(s) is accompanied by a 
simultaneous and related movement  of a por- 
tion of the transporting protein itself. Clearly, 
the velocity of this transport-related movement  
cannot increase indefinitely in response to a 
given parameter:  in particular, higher and high- 
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Fig. 6. Transinhibition by Na+/D-glucose influx at A ~ 0 ,  
100 mM Na+ut and various Nai + concentrations (Eadie-Hof- 
stee plot). The vesicles were preincubated (2 hr at 20 ~ in 
300raM mannitol, 10mM HEPES/Tris (pH7.5), 0.03~o 
KN3, and 25 mM (Na2SO4+choline2SO4) to give the Na + 
concentrations indicated in the Figure (0, 5, 15, 50 raM). To 
start the incubation, D-glucose and NaSCN were added to 
give the following final concentrations in the incubation 
medium: 300 mM mannitol, 10 mM HEPES/Tris (pH 7.5), 
20, 100 or 500gM D-glucose, 100mM NaSCN and 
Na2SOJcholin%SO 4 at half the concentration of the pre- 
incubation. V and [Glc] are expressed as in Fig. 5. Incu- 
bation time 2 sec 
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er At) (or A/~Na+ ) values will yield (in elec- 
t rophoret ic  systems such as the one studied 
here) faster and faster t ransport  velocities, till 
the fastest possible movement  of the related 
protein por t ion will be attained. Fur ther  in- 
crease in At) (or A/~N~+) will fail to st imulate 
further transport ,  i.e., a kind of "saturat ion" by 
At) or (A/~N,+) is to be expected (see also Fig. 10 
of the Appendix, as well as Geck & Heinz, 
1976; Heinz & Geck, 1977; Geck, 1978; Turner,  
1981; Van den B r o e k &  Van Steveninck, 1982). 
Conversely, starting from very high At) (or 
A/~N~+ ) a limited decrease of either of these pa- 
rameters will fail to lead to a detectable de- 
crease of t ransport  velocity, as long as At) (or 
A/~N~+ ) is still in the range of producing the 
max imum st imulat ion of transport .  In other 
words, it is essential that  the initiating collapse 
of At) (or A/~N~+ ) does not  lead to a change in 
the rate-limiting step of the t ransport  which is 
being measured.  In practice this means that  it is 
essential to make  sure that  the initiating col- 
lapse of At) (or A/~N,+ ) does not  lead to a de- 
crease of the t ransport  velocity during the in- 
cubat ion - or, to put it differently, that  uptake 
measurements  are carried out during the very 

initial t ime range, while the uptake velocities are 
still linear. In the presence of an initial N a S C N  
gradient ( 1 0 0 m g  out, zero in) the uptake of 
D-glucose into the vesicles studied here is lin- 
ear until at least 3 to 4sec  (see also Tannen-  
baum et al., 1977; Toggenburger  et al., 1978, 
1982). As a rule, therefore, the uptakes were 
measured at incubations lasting as short as 0.6 
to 2 sec. (For more  arguments,  see Toggenbur-  
ger et al., 1978, 1982.) Fur thermore,  if At) is de- 
scribed by Goldman 's  equation, the At) pro- 
duced by an initial N a S C N  gradient, 100mM 

R T  PNa + 
out, zero in, is equal to ~ - I n  PscN~- as long as 

SCNi~. PSCN + �9 Naout" PNa+ Since PSCN-/PNa+ is 
approximately 5 to 10 (Kessler & Semenza, 
1979), the initial At) remains fairly constant  as 
long as SCNi~ ~Nao+~.0.1. 

As to the experiments in which the concen- 
trations of Nao+~t were varied, the initial S C N -  
gradient  was kept  constant,  while a cation with 
a smaller electrogenic permeabili ty than Na + 
was chosen as its substitute, i.e., choline. (Most 
if not  all of the movement  of this cation across 
this membrane  is electrically silent, since dif- 
ferent anion diffusion potentials yielded essen- 
tially identical initial velocities of choline up- 
take: Kessler et al., 1978a.) Thus, if an initial 
N a S C N  gradient 100mM out, zero in, already 
produced  a "supramaximal"  or "saturating" 
s t imulat ion of D-glucose uptake (as documented  
by the linear uptake velocity), the more  so must  
have done a combined  (Na + +cho l ine  +) S C N -  
gradient, the initial S C N -  gradient  being the 
same in all incubations. Naturally,  these con- 
siderations refer only to the use of "saturating" 
At)'s or A/Sya+'s. They do N O T  apply to incu- 
bations carried out in the presence of low (but 
not nil) At)'s or A/~Na+'s yielding intermediate 
degrees of s t imulat ion:  their initiating collapse 
at the beginning of the incubations undoubtedly  
lead to an immediate decrease of the uptake 
velocities and to a change in the rate-limiting 
step being measured. 

The experiments in Figs. 5D-E and 6 were 
thus carried out in the presence of initial S C N -  
gradient (100 mM out, zero in) and the measure- 
ments were confined to the linear t ime range. 
Here also, the uptake values at high D-glucose 
concentrat ions (1 and 3 mM) showed a deviation 
from linearity upwards (not shown) and the Mi- 
chaelian plot  vs. Nao+~t (Fig. 5E) indicated some 
sigmoidicity, nowhere  comparable,  however, to 
that  observed at A t)-~ 0 (Fig. 5 C). 
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D i s c u s s i o n  

Any attempt at working out a realistic model, 
even if partial, of the possible mode of function- 
ing of a fairly complicated transport  system, 
such as the small-intestinal Na+,D-glucose co- 
transporter, must combine a variety of kinetic 
and chemical approaches. In the following we 
will discuss one feature at a time, as we deduce 
it and as we progressively restrict the number  
of alternatives left. 

I. THE ASYMMETRY : A "CHANNEL" (OR "PORE") 

Current ideas on the vectorial insertion of 
intrinsic membrane proteins during or after 
their biosynthesis and obvious thermodynamic  
considerations justify the expectation that 
intrinsic membrane  proteins having on their 
surface hydrophilic and hydrophobic areas be 
inserted (during or immediately after their bio- 
synthesis) in the membrane  asymmetrically with 
respect to the plane of the membrane,  and that 
they remain in this positioning thereafter. 
Transport  agencies should belong to this class 
of proteins, and indeed it has been conclusively 
shown even in so-called "equilibrating" trans- 
port  agencies that they are asymmetrically in- 
serted and that they have different overall ki- 
netic parameters at both sides of the membrane.  
(For reviews on the sugar transporter  of the 
erythrocyte, see Widdas, 1980; on that of the 
anions in the same membrane,  see Cabantchik 
et al., 1978; Knauf  et al., 1978; Rothstein et al., 
1978; Rothstein & Ramjeesingh, 1980; and on 
that of adenine nucleotides of the mitochondrial  
inner membrane,  see Klingenberg, 1980.) Na- 
turally, thermodynamics  sets the frame of the 
kinetic asymmetries possible (see more  below). 

As to the Na+,o-glucose cotransporter  of 
the small intestine, we have shown previously 
(Klip et al., 1979a, b; 1980a, b) that this trans- 
port agency also is inserted asymmetrically with 
respect to the plane of the membrane:  the 
structures which it exposes to the two sides of 
the membrane  react differently with SH-re- 
agents or proteases. It would be odd if an 
asymmetric structure were to have totally sym- 
metric kinetic parameters, and indeed we have 
shown in the present paper that the Na+,D - 
glucose does have asymmetric functional prop- 
erties. This functional asymmetry was demon- 
strated here in four different aspects: (i) at A O 

0, transinhibitions and their release ("transsti- 
mulations") were observed for influx only, not 
for efflux (Fig. 1, Tables 1, 3, 6). (ii) Influx is 

i n f l u x  e f f l u x  

G lC in  - - 10 10 - - G l C o u  t ( f JM)  
+ 

Na+n - 100  100 100 100  - N a o u t  ( r n M )  

zx~p <<o >>o :,~ 
t 

traoer ~xchaoge 
Fig. 7. Schematic representation of the size of influxes and 
effluxes under various experimental conditions aiming at 
correlating the very different values of influx and efflux in 
Fig. 4. The columns are drawn to an arbitrary scale. Ex- 
perimental conditions are arranged symmetrically with re- 
spect to the dashed line. Trans concentrations of the sub- 
strates are indicated under the columns, cis concentrations 
are 100mM Na § and 10mN D-glucose. Columns 4+5: 
tracer exchange. Columns 3+6: zero trans D-glucose, 
equilibrated cis and trans Na § concentrations. Columns 2 
+7: Na § gradient (cis~trans). Columns 1+8: Na § gra- 
dient, plus a membrane potential difference, negative at 
the trans side, as in Fig. 4. See text 

more accelerated by a membrane  potential dif- 
ference (negative on the trans side) than by el- 
flux (Tables 4 and 7). (iii) The estimated K m for 
efflux appears to be larger than the Km's de- 
termined for influx. (iv) Uptake and efflux rates 
may differ by a factor of 10 measured at 
equivalent, but mirrored conditions. Some of 
these aspects of asymmetry are interrelated. The 
scheme of Fig. 7 summarizes and relates to one 
another the individual features of asymmetry in 
transinhibitions and in membrane  potential ef- 
fects, as follows. We begin with equilibrium trac- 
er exchange experiments, where Na § and D- 
glucose concentrations are equal on both sides 
of the membrane  and where influx and efflux 
rates must be equal for thermodynamic  reasons 
(Fig. 7, columns 4 and 5). Omitting D-glucose 
on the trans side has little influence on the flux 
rates from the cis side at the low D-glucose con- 
centration assumed in this scheme (10~tM; col- 
umns 3 and 6). Reducing further trans-Na § 
from 100 to 0 mM does not affect efflux, but al- 
lows the influx velocity to be roughly 4 times 
larger (columns 2 and 7). Finally, the additional 
presence of a membrane  potential difference, 
negative on the trans side, further stimulates 
in f lux  by a factor of 3 to 4, but e f f l u x  by a 
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factor of 1.5 or less (columns 1 and 8). The 
large (ca. 10-fold) difference in influx and efflux 
rates in the experiment of Fig. 4 results, there- 
fore, from the combined asymmetries in transin- 
hibitions by substrates and in stimulation by 
A~,. 

If the concentration of D-glucose in the ex- 
periment of Fig. 7 is increased above 0.1 mM, a 
smaller asymmetry between uptake and equiva- 
lent efflux rate is observed. This is mainly due 
to the different values in apparent K m for D- 
glucose at the two sides of the membrane: the 
apparent K m values for D-glucose influx are in 
the range 80 to 450gM (for 100 to 
200 mM Nao+ut), depending on the magnitude of 
the A O and on the concentration of Na~ (see 
Figs. 5, 6, 8, and also Kessler, Tannenbaum & 
Tannenbaum, 1978b). In comparison, the ap- 
parent K m values in equivalent efflux experi- 
ments were estimated to be in the range 1 to 
5 mM (Table 5). In other words, the influx rates 
saturate at smaller glucose concentrations than 
the corresponding efflux rates; the result is that 
high glucose concentrations stimulate efflux 
more than influx, and thus progressively reduce 
the difference between the two. 

Transinhibition by Na~ has been described 
earlier by various authors (e.g., by Aronson and 
Sacktor, 1975, in renal brush border membrane 
vesicles). However, it has been occasionally mis- 
interpreted as being just the trivial and obvious 
consequence of the  reduction in the Na + gra- 
dient (A//ya+ o r  A/2N~+ ) across the membrane, 
i.e., of the driving force for D-glucose accumu- 
lation. This thermodynamic interpretation is 
undoubtedly correct for relatively long incu- 
bations; also, thermodynamic and kinetic as- 
pects are mutually related. There is little doubt, 
however, that the transinhibition of truly initial 
rates (Fig. 2) by Na + demands a purely kinetic 
interpretation, the more so as this transinhi- 
bition is relieved by the simultaneous presence 
of D-glucoseiu (Fig. 1), and no comparable trans- 
inhibitions are observed in efflux experiments 
(Table 6). Pertinent kinetic models will be dis- 
cussed in a later section. 

The strong transinhibition of influx rates by 
Na + is a most prominent and reproducible fea- 
ture in other Na+-coupled transport systems 
also (for L-ascorbate; Toggenburger et al., 1981; 
for L-leucine; F6rster, 1979) and may well be 
present in all Na+-coupled transport systems. 
Johnstone (1978) has likewise observed an 
intrinsic kinetic asymmetry of the Na +, glycine 
cotransporter in Ehrlich cells. 

II.  A TRANSPORT AGENCY WITH THE 
KINETIC PROPERTIES OF A "MOBILE CARRIER": 
a "GATED CHANNEL (OR PORE)" 

A stable structural and functional asymmetry 
rules out a "diffusive" or "rotative" mode of 
functioning and makes a "pore" or a "channel" 
the most probable mechanism(s). But this does 
not mean that transport is not accompanied, 
actually made possible, by the movement of a 
portion of the transport agency, "carrier" being 
defined (L~iuger, 1980) as a transport agency 
whose substrate binding site(s) can be exposed 
to both sides of the membrane, but not simul- 
taneously. Indeed, the Na+,D-glucose cotrans- 
porter studied here does have the kinetic prop- 
erties of a "mobile carrier," the most classical 
one being that of counter flow accumulation (see 
for example, Hopfer et al., 1973 and also Fig. 
3A and B of the present paper). Also, the A~ 
dependence of Na+-dependent phlorizin bind- 
ing to this cotransporter (Toggenburger et al., 
1978, 1982) strongly indicates the motion of a 
portion of the cotransporter to be associated 
with its functioning. Finally, the fairly low turn- 
over number (estimated to be approximately 
20sec -~, Toggenburger et al., 1978) is more 
compatible with the classical ideas on "mobile 
carriers" than of freely open "channels" or 
"pores." A "gated channel (or pore)" is thus the 
most likely model for this Na+,D-glucose co- 
transporter. For the purposes of the present pa- 
per we define as "gate" that portion of the 
channel or pore whose movement is associated 
with or related to the translocation of the 
substrate(s). 

I I I .  THE "GATE"  BEARS A NEGATIVE CHARGE 
o r  1 OR 2 (z = -- 1 OR z = -- 2) 

This conclusion is based on, or is compatible 
with, the following experimental observations: 

(i) At p-dependence of transinhibition. Geck 
and Heinz (1976), Heinz and Oeck (1977) and 
Turner (1981) have shown that the AO-depen- 
dence of Vmax/K m or (what is equivalent) of fux- 
es (at very small substrate concentrations) can 
be used to determine whether the gate is electri- 
cally neutral (z = 0) or whether it carries a nega- 
tive charge (z = -1 ,  thus becoming neutral after 
binding of Na+). However, the reader may eas- 
ily overlook that most of the equations and all 
the Figures presented by the authors were cal- 
culated for symmetrical transport systems only. 
In Appendix I we show that strongly asymmet- 
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ric transport systems with z = -  1 may become 
virtually indistinguishable from z = 0 systems; in 
other words, the test criteria given by these au- 
thors are not applicable to transport systems 
such as the one for Na+-dependent glucose 
transport studied in the present paper. In the 
following (and in Appendices II and III) we 
present another test to determine the size of z 
which can be applied to transport systems with 
any degree of asymmetry, namely the A ~,-depen- 
dence of transinhibitions. 

The transinhibition studies presented above 
were mostly done at a membrane potential dif- 
ference close to zero, which was established by 
having equal concentrations of the highly per- 
meant anion NO 3 (or of other highly permeant 
anions or cations) on both sides of the mem- 
brane. Static surface potential can be expected 
to be small, due to a rather high ionic strength 
of the media. The experimental set-up of the 
transinhibition studies presented above made 
sure that A ~ be minimally affected, if at all, by 
variations of the internal Na + concentrations 
or by any increase of the overall membrane 
permeability for Na § due, e.g., to the D-glucose- 
associated Na § influx. 

A A O ~ 0  (negative inside the vesicles) re- 
duces the transinhibitions of the influx rates, 
which are brought about by either Nai + or D- 
glucosein (a representative experiment using D- 
glucose~n is shown in Table 4). In principle, the 
decreased transinhibition might be brought 
about by A ~ via an effect on the static distribu- 
tion of cations at the membrane surface, i.e., via 
a decreased effective Na + concentration near 
the Na + binding site(s) of the cotransporter. 
This mechanism can be ruled out, however, be- 
cause our experiments were carried out at fairly 
high ionic strength, and it is even more unlikely 
in the example reported (Table 4), in which the 
uncharged co-substrate (D-glucosein) was used 
to elicit transinhibition. 

It seems more logical, therefore, to attribute 
the effect of AO on the transinhibition by Nai + 
and by Glc~n to an effect of A ~ on the orien- 
tation of the mobile portion of the "gated chan- 
nel" or "mobile carrier" (i.e., of the "gate"). As 
it will be mentioned in the next section, it is 
quite possible that the Na+,D-glucose stoi- 
chiometric ratio is equal to two. In discussing 
the effect of A ~., on the orientation of the "gate" 
we thus have to consider both possible stoi- 
chiometric ratios 1 and 2. 

If the stoichiometry ratio is equal to 1, two 
models can be envisaged (see Appendices): (a) 

The gate bears no electric charge (z=0), when 
in the substrate-free form. Thus only the trans- 
location (or reorientation) probabilities of the 
translocator-Na § (if mobile at all) and of the 
translocator-Na+-Glc complexes will respond 
to A ~. Increasing A ~, (negative inside) will ac- 
celerate the inward translocation of these com- 
plexes and induce a new steady-state distribu- 
tion of the translocator-substrate complexes, 
whereby an increased amount of translocator 
faces inward. Accordingly a larger fraction of 
translocator is sequestered by a transsubstrate 
inside in the form of little mobile binary com- 
plex, leading to an increased fractional inhi- 
bition. (b) If the gate bears a negative charge 
( z = -  1), only the translocation probabilities of 
the substrate-free translocator and the translo- 
cator-Glc complex (if mobile at all) will re- 
spond to the membrane potential. A A ~ (nega- 
tive inside) will accelerate the outward translo- 
cation of these complexes and induce a new 
steady-state distribution with less translocator 
facing inward. Accordingly the transinhibition 
by any transsubstrate will be reduced. Thus, as 
shown more rigorously in Appendix II, the A ~- 
dependence of transinhibition provides the 
possibility to distinguish between these two mo- 
dels. 

If the stoichiometric ratio is 2Na  § trans- 
ported per one D-glucose, the situation is ob- 
viously more complex, and three models have 
to be considered (see Appendix III): a) the gate 
bears no electric charge (z=0) in the substrate- 
free form: as in the case discussed in the pre- 
vious paragraph, AO (negative inside) will pro- 
duce an increase in transinhibition. (b) The gate 
bears two negative charges (z = - 2 ) :  as in case 
b of the previous paragraph A O (negative in- 
side) will produce a decrease in transinhibition. 
(c) The gate bears one negative charge (z= -1) :  
in this case A~ will recruit the form(s) of the 
cotransporter occupied by 2Na  § towards the 
"in" side, while "pushing" the Na+-free form(s) 
towards the "out" side. 

As shown in Appendix III this model also 
predicts a decrease of the extent of transinhi- 
bition by A ~ ~0  (negative on the trans side). 

In actual fact (Table 4) the transinhibition 
by D-glucosein follows the prediction of the mo- 
dels with z = -  1 or z = -  2 and is not compat- 
ible with model with z=0.  We conclude that 
the "gate" of the translocator bears, in the sub- 
strate-free form, at least one negative charge. 

Independently of the actual mechanism, the 
partial relief by A ~ of the transinhibition of in- 
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flux by Glcin, is likely to have physiological sig- 
nificance: it reduces or prevents the "braking" 
of D-glucose entry into the cell by the substrate 
already present at the cytosolic side of the 
membrane. 

(ii) Lack of effect of A ~ 4 0  on the rate of 
dissociation of phlorizin from the cotransporter. 
If the gate carries a negative charge of 1 and 
the Na+/phlorizin stoichiometry of binding is 
one (which is made likely by the g coefficient 
being equal to one" Toggenburger et al. (1982), 
for the intestinal and Turner and Silverman 
(1981), for the renal cotransporter), the ternary 
complex (phlorizin-Na+-cotransporter-) is 
neutral and the rate of phlorizin dissociation 
should not be affected by A ~ ~ 0. This is indeed 
the case for both the intestinal (Toggenburger 
et al., 1982) and the renal (Aronson, 1978) co- 
transporter. 

One might object that an extremely asym- 
metrical (inwardly directed) cotransporter with 
z = 0  (and thus with a net charge of + 1 when 
bound to 1 Na § plus phlorizin) would likewise 
not respond to A~ in its rate of dissociation of 
phlorizin, because a positively charged, phlo- 
rizin occupied "gate" cannot change its po- 
sitioning in response to A ~ (negative inside) if it 
is already totally oriented towards the inner 
phase. However, such a possibility can be ruled 
out, because it implies also that the cotranspor- 
ter in the presence of Na + (i.e., when carrying a 
positive charge of at least + 1) should not re- 
spond to A~ (negative inside) in any respect. 
But we do know that the cotransporter in the 
presence of Na § does respond to A O (negative 
inside) both as far as D-glucose transport (Mu- 
rer and Hopfer, 1976) and as far as phlorizin 
binding (Toggenburger et al., 1978) are con- 
cerned. 

(iii) The apparent K m values for D-glucose 
uptake are independent of the pH in the 6.5-9.5 
range; the apparent K,, at pH 5.5 is some 
fivefold larger (Toggenburger et al., 1978). It 
is quite possible, therefore, that the negative 
charge in the "gate" (or elsewhere in one of the 
sites binding either substrate) is a carboxylate 
group. ~ 

(iv) This conclusion would also agree with 

s Barnett, Ralph and Munday (1970) have suggested an 
electrically silent transesterification of position 2 of D-glu- 
cose with a carboxyl ester group occurring within the 
sugar binding site of the cotransporter. This should not be 
confused with the "gate"-COO- which we are discussing 
as a part of the Na + binding site. We have no data per- 
tinent to Barnett's mechanism. 

recent observations by Weber and Semenza 
(1983, in preparation) that D-glucose transport is 
inhibited irreversibly by dicyclohexenylcarbo- 
diimide. 

(v) Finally, A0 (negative inside) accelerates 
D-glucose influx into and increases phlorizin 
binding onto the (renal) brush border cotrans- 
porter even in the absence of Na + (Hilden & 
Sacktor, 1982). Phlorizin binds to the (intes- 
tinal) cotransporter in the neutral form (Tog- 
genburger et al., 1978) and, of course, so does 
D-glucose. Thus, the mobile portion of the co- 
transporter must carry a net charge when un- 
occupied and when bound to an electrically 
neutral ligand. 

IV. THE N A  +, D-GLUCOSE FLUX RATIO 

Hopfer and Groseclose (1980, from equilibrium 
tracer exchange in brush border vesicles) and 
Goldner, Schultz and Curran (1969, from initial 
uptake velocities across the brush border mem- 
brane of surviving small intestine) have suggest- 
ed a Na+/D-glucose flux ratio of one: the 
transport velocities were Michaelian functions 
of the external Na + concentrations. Both ap- 
proaches have been recently criticized, however: 
the former authors have corrected for the large 
"leak" rates by assuming a Michaelian behavior 
(as a function of D-glucosein,ndout) at each Na + 
concentration (Semenza, 1982; Toggenburger et 
al., 1982); the latter have not corrected the up- 
takes for the effect of decreased A~ produced 
by the electrogenic Na+,D-glucose flux itself 
(Kimmich & Randles, 1980). 

Kaunitz et al. (1982) have recently reported 
that the Nao+ucdependence of D-glucose uptake 
into small-intestinal brush border membrane 
vesicles is highly sigmoidal (the A ~ was clamp- 
ed near zero with K+/valinomycin; Na+/H + 
exchange was minimized with amiloride and 
H + gradients with carbonyl cyanide p-tri- 
fluoromethoxyphenylhydrazone). The g coef- 
ficient was approximately 2. We confirm this 
sigmoidicity in vesicles clamped with NO~- (Fig. 
5 C) and find little or no sigmoidicity in the 
presence of A ~ 4 0  (Fig. 5E). The sigmoidicity 
by itself does not prove a 2:lNa+/D-glucose 
stoichiometry ratio, particularly if accompanied 
by an opposite deviation from a Michaelian be- 
havior in the D-glucose dependence (see more 
below). However, flux ratios of 2 have been 
found by measuring directly the sugar-depen- 
dent Na + flux under various conditions, partic- 
ularly in the presence of inhibitors depressing 
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the D-glucose independent Na § flux (Kimmich 
& Randles, 1980; Kaunitz et al., 1982; Kim- 
mich et al., personal communication, 1982). Our 
own data on the D-glucose-dependent Na § up- 
take in vesicles with A0 4 0  and in the absence 
of inhibitors are too imprecise to allow a de- 
finite conclusion (Kessler et al., 1978a). Thus, at 
the moment of writing a Na+/D-glucose flux 
ratio of 2 must be considered as a real possi- 
bility - although an effect of the experimental 
conditions (e.g., of A 0) on the flux ratio cannot 
be ruled out. 

As mentioned above, the g coefficient of 
A0-dependent phlorizin binding to the cotrans- 
porter is equal to one (Toggenburger et al., 
1982). If this indicates a Na§ binding 
stoichiometry of one, it is conceivable that the 
Na+-phlorizin-cotransporter complex may be 
nonfunctional for the very reason of not bind- 
ing a second Na +, if indeed only the complexes 
of the type Na~--sugar-cotransporter have large 
translocation probabilities (see below). This 
mechanism, which is represented here as a mere 
suggestion only, will have to be investigated ex- 
perimentally in the future. 

V. THE TRANSLOCATION PROBABILITIES OF 
PARTIALLY OCCUPIED COTRANSPORTER COMPLEXES 

In view of the considerations in the preceding 
section, we will indicate as "fully occupied" co- 
transporter that form of it in which all binding 
sites for the substrates and cosubstrates are oc- 
cupied by the respective ligands. The "fully oc- 
cupied" cotransporter has, therefore, the com- 
position o-glucose-Na~+-cotransporter, where n 
is equal to 1 or 2, depending on how large the 
stoichiometric flux ratio is (see above). Likewise, 
we will indicate as "partially occupied" cotrans- 
porter that form of it in which one or more 
(but not all) substrate and cosubstrate binding 
sites is (are) occupied by the respective 
ligand(s). In the "empty" cotransporter all bind- 
ing sites for substrates and cosubstrates are un- 
occupied. 

Heinz (1978) has pointed out that, to pro- 
vide for an efficient energy conversion, the 
translocation probabilities of the partially oc- 
cupied cotransporters must be low as compared 
with those of the fully occupied and of the emp- 
ty forms. In actual fact, whatever evidence is 
available does indicate that the translocation 
probabilities of many, if not all, of the partially 
occupied cotransporters are indeed small, as 
follows. 

At A0-'-~0, the transinhibitions by either 
Nai+~ or D-glucos% (Fig. 1, Table 3) indicate 
that the in-*out translocation probabilities of 
the respective partially occupied cotransporter 
forms are small. 6 As to the out-*in probabili- 
ties, that of the D-glucose-cotransport complex 
must be very small (as deduced from the data 
of Fig. 5A, for example). This last conclusion 
was reached by Hopfer and Groseclose, too, 
under conditions of tracer equilibrium exchange 
(1980). The out- , in  probability of the Na, +- 
cotransporter form(s) are also likely to be very 
small (at least in the presence of amiloride: 
Kaunitz et al., 1982). 

At A0,~0 (negative inside) the transinhi- 
bitions by Na~ (Fig. 6) and by D-glucose~n (Ta- 
ble 4) again indicate small in--out  translocation 
probabilities for the respective partially oc- 
cupied cotransporter forms. As to the out-*in 
translocation probability of the D-glucose-co- 
transporter complex it must be small at A0 4 0  
also (Fig. 5D and E). 

We will thus proceed under the likely as- 
sumption that all translocation probabilities of 
the partially occupied cotransporters are very 
small as compared to those of the empty and of 
the fully occupied forms. 

6 The transinhibition by either substrate is, in all likeli- 
hood, due to the sequestration of a part of the translocators 
in a binary complex with slow translocation probability. 
However, two further mechanism, which also might lead 
to transinhibition, shall be briefly discussed in the follow- 
ing: (i) Influx might be inhibited due to the interaction of 
an internal substrate with a regulatory site located at the 
cytoplasmic surface of the translocator. Such a mechanism 
seems, however, unlikely because of the complete reversal 
of the transinhibition by the cosubstrate. (ii) Na~ might 
retard the release of D-glucose into the intravesicular 
space. Two groups have proposed models, which are based 
on steady-state rather than rapid-equilibrium kinetics, i.e., 
binding and dissociation rates are assumed n o t  to be fast 
as compared with the translocation probabilities (Crane & 
Dorando, 1979, 1980; Hopfer & Groseclose, 1980). In a 
steady-state model, the release of inwardly translocated D- 
glucose from the carrier might be retarded by Na + to 
such an extent that the overall dissociation rate of D-glu- 
cose becomes much smaller than the outward translo- 
cation rate of the translocator-Na+-Glc complex. As a 
consequence, D-glucose is carried back to the outside be- 
fore being released into the intravesicular space. This might 
occur both in models with a compulsory binding se- 
quence, in which D-glucose cannot be released prior to 
Na + (at the inside) or in affinity type models with random 
substrate binding. Although transinhibition by Na~ might 
be readily interpreted in this way this mechanism seems 
not to provide an explanation for the complete reversion 
of the transinhibition by Glci~. If Nai + would solely retard 
the release of (labeled) D-glucose, the additional presence 
of unlabeled D-glucose in the internal compartment should 
not interfere with this transinhibition. 
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Fig. 8. Hofstee plots of D-glucose influx at A ~ ~0,  measured in Na+-equilibrated vesicles ( i  . . . .  i ) ,  in the presence of a 
Na + gradient ( ~ )  or in vesicles equilibrated with both Na + and D-glucose (tracer-equilibrium exchange, o -  - o ) .  
The membrane potential was short-circuited by the presence of 100 m~ SCN-  on both sides of the membrane. The 
vesicles were pre-equilibrated in 200ram mannitol, 10 mN HEPES/Tris, pH 7.5, 100mN NaSCN or 100mM KSCN, and 
0raM (e, m) or 0.05, 0.2, 1 or 3 mM (0) D-glucose. To start the incubation, the vesicles were mixed with a solution to give 
the following final concentrations: Na + 100mg, mannitol 200mM, HEPES/Tris (pH 7.5) 10mM, SCN-  100raM and D- 
glucose 0.05, 0.2, 1 or 3rag. Incubation time 1 sec. The K m values calculated by linear regression were: 200_+ 14gM (Na § 
gradient), 450_+48gM (Na + equilibrated), 1.62 0.35mM (tracer exchange). These "apparent Kin-values" were calculated 
only for the purpose of gross comparison. (See text) 

This is not to say that the translocation 
probabilities of the parially occupied complexes 
always need be equal to zero. Indeed, Hilden 
and Sacktor (1982) have recently shown that 
A ~ (negative inside the vesicles) accelerates the 
out ---, in transport of D-glucose by the renal 
cotransporter even in the absence of Na +. 
Thus, at least the out ~ in translocation proba- 
bility of the D-glucose loaded (renal) 
cotransporter(s) must be of detectable (albeit 
small) magnitude. 

VI.  THE K m VALUES FOR D-GLUCOSE INFLUX 
FROM ZERO-TRANS GLUCOSE AND FROM 
EQUILIBRIUM TRACER EXCHANGE EXPERIMENTS 

The apparent K m values for D-glucose in ves- 
icles equilibrated in 100 mM Na + or in the pre- 
sence of a NaSCN gradient (100raM out, zero 
in) are, in the Michaelian concentration range 
(i.e., up to approximately 1 to 3 mMD-glucose), 
close to 0.1 m~  (Toggenburger et al., 1978; Kess- 
ler et al., 1978b; see also Figs. 5, 6 and 8). 
Contrary to this, the apparent K,, values report- 
ed for equilibrium tracer exchange are 14.2 mM 
(Hopfer, 1977) or 2.4 m s  (Hopfer & Groseclose, 
1980). The difference does not disappear even if 
one corrects the values of A O ~ 0  for the de- 
viation from a Michaelian behavior. 

Indeed, it would be surprising if these three 

different experimental conditions were to yield 
identical apparent K m values, since these Km's 
are different kinetic quantities: the equilibrium 
tracer exchange rates, for example, are de- 
scribed by the full equation of one of the Bi Bi 
(or Ter Ter) mechanisms, for the special case in 
which [GlCout] (substrate A or B) is the same as 
[ G l c J  (product P or Q), and [Nao+ut] (substrate 
B or A) is the same as [ N a i l  (product Q or P). 
That is, the Kam ~ for the velocity of glucose trac- 
er exchange is dictated both by the varying 
[-GlCoutJ and by the transeffect of the identically 
varying [Glcin ~. These transeffects, as shown 
above, depend also on the Na + inside the ves- 
icles. 

Figure 8 tries to illustrate this point. Since 
at the glucose concentrations used (up to 3 mM) 
little or no deviation was observed from a Mi- 
chaelian behavior, for the comparative purposes 
of this experiment we will neglect the correc- 
tions which should otherwise have to be intro- 
duced in the apparent K,~ values, in order to 
account either for the parallel operation of a 
second low-affinity cotransporter or for the ki- 
netic mechanism being perhaps a Random Non 
Equilibrium (see more below). Thus, the K m val- 
ues in this paragraph should be regarded as 
operational parameters only. 

In all the experiments of Fig. 8 the mem- 
brane potential difference was clamped near 
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zero by high concentrations of a permeant 
anion (SCN) at both sides of the membrane. 
The K,, for D-glucose influx in the presence of 
an initial Na § gradient (100mM out, 0 in) was 
0.2 mM (O--------O). In the absence of a Na § gra- 
dient (100mM both in and out) the Km was 
slightly larger (0.45mM, m---m),  with influx 
rates strongly reduced at all glucoseou t concen- 
trations. Let us now consider the curve for trac- 
er exchange equilibration (�9169 again at 
100ms Na § both in and out: very low internal 
D-glucose concentrations (far below saturation) 
do not relieve the transinhibition by Nai+; thus, 
tracer exchange fluxes at low D-glucose concen- 
trations should approach the rates of influx ob- 
served at high Na~ =Nao+ut. In actual fact, the 
two regression lines ( o - - - - o  and m---m) do 
intersect close to the x-axis. As the internal and 
external D-glucose concentrations are increased 
simultaneously, two effects add to one another: 
(i) the influx tends to saturate as [GlC]out ex- 
ceeds 0.2 to 0.4raN, and at the same time (ii) 
the increasing [Glc]i n releases the transinhi- 
bition exerted by Na~ (as in Fig. 1, columns F 
through 1). The net result of this transstimu- 
lation is that high Glcin=GlCou t concentrations 
yield much higher rates than in vesicles equili- 
brated in Na § alone (m), larger even than those 
observed in the presence of a Na § (out>in) 
gradient (o). (This latter finding is noteworthy 
in itself, because it indicates that the outward 
translocation, or reorientation probability of 
the fully occupied translocator is larger than 
that of the empty form.) 

Similar observations were made previously 
back in the 1950's on other systems by Heinz 
and Durbin (1957) and by Heinz and Watsh 
(1958). As a result, the apparent K m for D-glu- 
cose in the system investigated in the present 
paper is shifted from about 200 ~tM in net up- 
take conditions (o- - - -o)  to 1.6mM in tracer 
equilibrium exchange conditions (o �9 

Hopfer (1977) maintains that equilibrium 
tracer exchange alone yields K m values reflect- 
ing "true" characteristics of the transporter: in 
all other experimental set-ups the D-glucose-as- 
sociated Na § influx would lead to a collapse 
(or even inversion) of A 0, which results in the 
"braking" of D-glucose influx and thus simulate 
saturation at [Glcou,] as low as 0.1 to 0.4raM. 
However, this explanation can be safely ruled 
out from the evidence presented in Fig. 8, 
where again a roughly 10-fold difference in ap- 
parent Km values was found, although the 
membrane potential was clamped near zero. 

Additional evidence that our determinations of 
apparent K,, values in the presence of a 
dissipating A/~Na+ are not grossly distorted by 
the D-glucose-associated Na + influx or by the 
initiating collapse of A~, has been presented 
elsewhere (Kessler et al., 1978b) (See also under 
Results Section III.B). 

VII. A GATED CHANNEL (OR PORE) 
WITH PREFERRED INWARD ORIENTATION 

In a recent paper (Toggenburger et al., 1982) we 
indicated that at A O~-0 the substrate binding 
site of the Na +, D-glucose cotransporter is not 
freely accessible to the substrate from the outer, 
luminal, side of the membrane. The effect of A 
(negative inside the vesicles) merely consists in 
reorienting the mobile part of the cotransporter 
(i.e., the negatively charged "gate," see 
Section III above) towards the outside, thereby 
allowing --  after the binding of Na + --  the 
binding of phlorizin to the substrate site. De- 
oxycholate-disrupted membranes (naturally, at 
AO=0) bind phlorizin with the same K d value 
as vesicles in the presence of A ~ 40.  

It is remarkable that this same model - -  of 
a negatively charged "gated channel" having 
preferred inward orientation at A t)-~0 - can 
satisfactorily explain the transinhibition by sub- 
strates, their asymmetry, and the very small re- 
sponse of efflux rates to A ~ ~ 0 (negative at the 
trans side). The only addition to the model 
which we make here is (as discussed in 
Section V): that the translocation probabilities 
of the partially occupied cotransporter forms 
from the inside (") to the outside (') are neg- 
ligibly small in comparison with the corre- 
sponding translocation probabilities of the emp- 
ty and of the fully occupied forms. 

In fact, if the substrate-free cotransporter at 
A ~_~0 has a predominantly inward orientation 
(i.e., if Po Po), sequestering of much cotransport- 
er into slowly or nontranslocating partial com- 
plexes at the " side will result in a strong trans- 
inhibition of influx; (conversion of the partial 
complexes into the more mobile, fully occupied 
form would relieve the transinhibition). On the 
other hand, sequestering much cotransporter at 
the outer (') side may be difficult (due to the 
predominant orientation toward the inside); the 
transinhibition (from the outside) of efflux, if 
any, may go undetected. 

Furthermore, if the empty form of the co- 
transporter (or, rather, its mobile, negatively 
charged "gate") already at A ~-~ 0 has a predo- 
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minantly inward orientation, a A~/J >> 0 (positive 
inside the vesicles) can affect its orientation 
only little. (The same can be said for the binary 
complex with glucose, if formed at all.) Thus, 
the model of an asymmetric cotransporter with 
a predominantly inward orientation predicts 
also little or no response of the efflux rates to 
A O (negative at the trans side, i.e., at the out- 
side of the vesicles). This is actually observed 
experimentally (Table 7). 

This model of "preferred inward orien- 
tation" (at At)---0) is essentially based on the 
assumption of an asymmetry in the translo- 
cation probabilities (i.e., p'o>p"). For thermody- 
namic reasons, this asymmetry must be com- 
pensated for by other asymmetries in other 
translocations probabilities and/or in the disso- 
ciation constants of the binary, ternary (and 
quaternary, if the case) complexes at both sides 
of the membrane. For example, in the model 
with a Na § :D-glucose stoichiometry of one the 
following equations must be satisfied at A~-~0 
(Geck & Heinz, 1976): 

z Zl  

Pc 
! t !  

, p o _  ,, po O I )  
KN P'N -- KN - -  

P~ 
p,, p,r 

r' P'oP'GN =r"  o GN (III) 
! t t t  H 

PaPN PcPu 

G: glucose; N; Na+; p: translocation probabili- 
ties: Po: of the unloaded translocator, Pc: of the 
translocator-glucose complex, PN: of the trans- 
locator-Na + complex, PeN: of the tertiary com- 
plex; ': 'outside' or 'inward translocation'; ": 
"inside" or "outward translocation"; K: disso- 
ciation constants: K N = (Na +). (C)/(C - Na +); 
K c = (G). ( C ) / ( C -  G); K~ = (C - Na+) �9 (G)/ 
(CGNa+); K ~ = ( C - G ) . ( N a + ) / ( C G N a + ) ;  C: 
cotransporter; r: factor by which the affinity is 

K c  KN 
increased by the cosubstrate, i.e." r=~N--r~C" 

In addition, it can be shown easily that, if 
the four translocation probabilities of the binary 
complexes are negligibly small as compared 
with those of the substrate-unloaded and of the 
Na+,D-glucose-loaded translocator the follow- 
ing relations must hold true at A 6~-0: 

t l  t N '  r G '  / 
Po Pc~ K c K~ K N K o 
~ "  " 1F -N"/.1" ~ C"/.7" " 
Po Pc~" ~ c  ~N K s  ~ c  

Similar equations can be derived for the 
model with a 2:1 Na +, D-glucose stoichiometry. 

The transeffect experiments allow one more 
conclusion to be drawn. The fact that both sub- 
strates, Nai+. and Glciu can elicit transinhibition 
indicates that each substrate can bind to the 
translocator in the absence of the other sub- 
strate. This virtually rules out any mechanism 
with a strictly compulsory binding sequence in 
the inward-facing state. 

Summing up the considerations above, the 
small-intestinal Na+,u-glucose cotransporter, in 
addition to being structurally asymmetric (with 
respect to the plane of the membrane) - which 
rules out diffusive and rotating modes of oper- 
ation and makes a gated channel or pore, or a 
snip snap mechanism likely - is functionally 
asymmetric also. At A 0---0 and in the absence 
of substrates its substrates' binding sites have a 
predominantly inward orientation (or accessi- 
bility); it has very small outward translocation 
probabilities of partially occupied forms; it has 
a negative charge of at least 1 (presumably, a 
carboxylate group) in the mobile part (the 
"gate") responding to the membrane potential 
difference. The translocation probability of the 
fully occupied cotransporter is probably larger 
in the out - , in  than in the in--out  direction. In 
order to restrict further the number of possible 
kinetic models, a partial Cleland kinetic analy- 
sis was carried out. 

VIII. RULING OUT 
(Iso) PING PONG MECHANISMS 
AND MAKING ONE OF THE (Iso) RANDOM 

MECHANISMS LIKELY 

If the translocation probabilities of the bi- 
nary complexes are negligibly small and the 
flux ratio is one, the possible kinetic mecha- 
nisms left for consideration restrict to those be- 
longing to the two groups called in enzymology 
(Iso) Ping Pong Bi Bi and (Iso) Random Bi Bi, 
(the (Iso) Ordered Bi Bi mechanisms being spe- 
cial cases for the latter), A and P (or B and Q) 
being Nao+t and Na~+~, respectively, and B and 
Q (or A and P) being D-glucoSeou t and D-gluco- 
S%, respectively. Likewise, if the transition 
probabilities of the binary and tertiary corn- 
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plexes are negligibly small and the Na+/D - 
glucose flux ratio is two, the kinetic mecha- 
nisms to be considered are the (Iso) Ping Pong 
Ter Ter and the (Iso) R a n d o m  Ter Ter. 

Since the kinetic properties are those of a 
"mobi le  carrier," a port ion of the "channel"  or 
"pore"  must move in conjunction with sub- 
strate transport. That  is, the kinetic mechanism 
must include isomerization steps and belong to 
the " Iso"  groups. 

In principle, a complete Cleland's kinetic 
analysis 7 could discriminate among many of 
the Bi Bi (or of the Ter Ter) mechanisms. In 
practice, however, such an analysis is im- 
possible in this system, since measurements  of 
efflux are subjected to considerable experimen- 
tal error and those of Na  + influx are likewise 
inaccurate, due to the very large D-glucose-inde- 
pendent N a  § influx in the absence of inhibitors. 
Finally, the uncertainties still present as to the 
flux ratio, as to the transition probabilities of 
the partially occupied forms of the cotransport-  
er - and even as to whether one or two types 
of cotransporters act in parallel in this mem- 
brane - further increase the difficulties of sort- 
ing out  the proper kinetic mechanisms. Howev-  
er, some discrimination among groups of mech- 
anisms can be achieved. 

We will first consider the following hy- 
pothetical mode  of operation. It is conceivable 
(although to our knowledge never been pro- 
posed) that a cotransporter  binds one sub- 
strate only at the time, and never both  sub- 

7 Hopfer (1977) and Hopfer and Groseclose (1980) have 
attempted to draw conclusions on the kinetic mechanism 
of the Na+,D-glucose cotransporter from equilibrium ex- 
change rates alone. This experimental set-up, in addition 
to being subjected to larger experimental errors and re- 
quiring large corrections for the "leak" rates (which may 
explain the different K m values for D-glucoseou t reported in 
their two papers), does not allow to distinguish (as claim- 
ed by Hopfer and Groseclose, 1980) between Random Bi 
Bi and Ordered Bi Bi: in fact, the only phenomenon used 
by the former authors to this purpose (inhibition of ex- 
change rates by high concentrations of the cosubstrate) 
can be found in both mechanisms (see Hopfer & Liedtke, 
1981, Figs. 2a and 3). For additional discussion, see Se- 
menza, 1982, and Toggenburger et al., 1982). Naturally, this 
is not to say that equilibrium exchange experiments can- 
not produce valuable information in other respects. Fi- 
nally, the growing evidence for the existence of two Na § 
D-glucose cotransporters acting in parallel, and for a stoi- 
chiometry larger than 1 (see text) advise one not to use 
Hopfer's equations (Hopfer, 1977; Hopfer & Liedtke, 
1981), which were derived assuming the existence of a single 
Bi Bi system. 

strates simultaneously, be they at the same or 
at opposite sides of the membrane. Flux cou- 
pling would take place as follows: the one sub- 
strate binds at its own binding site, which is ex- 
posed at side ' of the membrane;  be transferred 
to or otherwise released into side "; in this 
"flipped over" form the cotransporter  would 
now expose to side ' the binding site of the 
other substrate, which would now, in its turn, 
be transferred to side ", etc. This mechanism 
corresponds in enzymology to an Iso Ping 
Pong Bi Bi mechanism, in which EA and FB 
isomerize to F P  and EQ, respectively. (Similar 
mechanisms can be formulated if three or more 
substrates are involved.) 

These Iso Ping Pong mechanisms can be 
ruled out on the basis of various observations. 
First of all, in all (Iso) Ping Pong Bi Bi mecha- 
nisms varying the concentrations of the one 
substrate affect the apparent Vma x and K m of the 
other substrate by the same fac tor ;  in particu- 
lar, increasing concentrations of the one sub- 
strate make the K m for the other increase. Now, 
whether one dissects the data of Fig. 5 into 
more than one Michaelian function or forces 
them into a single one, it is clear that increasing 
Na+ut n e v e r  leads to an increase of the K m for 
D-glucoSeou t. 

Secondly, the apparently noncompeti t ive na- 
ture of the inhibition by Nai + (Fig. 6) is also 
hardly compatible with (Iso) Ping Pong Bi Bi 
mechanisms (c f  Segel, 1975). 

Thirdly, experiments of tracer equilibrium 
exchange make all (Iso) Ping Pong mechanisms 
- whether Bi Bi or Ter Ter or Quater Quater 
- most  unlikely. In fact, as mentioned above, 
the key feature of Ping Pong mechanisms is 
that the "fully occupied" form of the cotrans- 
porter  is never generated - or, to put it an- 
other way, that the binding of the one or more 
substrates hampers the binding of the remain- 
ing ones, or at least of the last substrate still left 
to bind. As a consequence, the transport  ve- 
locity at high, saturating (Na +)in,out and 
(a lc) in ,ou  t should be smaller, or at least not  larg- 
er than that observed under other conditions. 
In actual fact (Fig. 8) it seems to be larger. 

It seems, therefore, that Ping Pong mecha- 
nisms can be ruled out safely. We are thus left 
with the Iso Random Bi Bi (or Ter Ter) family 
of mechanisms with or without  Rapid  Equilib- 
rium. The double deviation from Michaelian 
behavior observed at A~-~0 (i.e., the sigmoi- 

+ 
dicity with Naout, Fig. 5, A - C )  reminds one of 
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the kinetics which can be observed in Non-Ra- 
pid Equilibrium Random Bi Bi (Ferdinand, 
1966) and indeed such a kinetic mechanism has 
been proposed for the Na+,I>glucose cotrans- 
porter studied here (Crane & Dorando, 1979, 
1980, 1982). At low GlCou t the prevailing route is 
that of Nao+ut first, D-glucoSeou t second; as GlCou t 
increases, the outer route, i.e., u-glucoseou t first, 
Na+ut second ceases from being negligibly small. 
Also, it is possible that within the family of Iso 
Random (including Iso Ordered) mechanisms 
some substrates may follow preferentially one 
kinetic route, and others another; and that 
some experimental conditions may favor one 
kinetic route over the others. One major factor 
is undoubtedly A0, which clearly must accel- 
erate some steps and brake others: this may re- 
sult in a change of the prevailing kinetic route 
or type within the family of related mechanisms 
(e.g., produce an Iso Ordered from an Iso Ran- 
dom, or vice versa, and/or change the mecha- 
nism from a Rapid Equilibrium to a Non-Ra- 
pid Equilibrium, or vice versa). 

On the basis of Cleland-type kinetic analy- 
sis, at least three major mechanisms have been 
put forward: a Non-Rapid Equilibrium Ran- 
dom Bi Bi (Crane & Dorando, 1979, 1980, 
1982), a Non-Rapid Equilibrium Ordered Bi Bi 
(having "some degree of randomness," however) 
with glide symmetry (Hopfer & Groseclose, 
1980) and a Rapid Equilibrium Ordered with 
Na + first, glucose second, for two carriers 
working in parallel having Na+/glucose flux ra- 
tios of 3 and 1, respectively (Kaunitz & Wright, 
19834). The experimental basis of the model 
"Ordered Bi Bi with glide symmetry" is weakT, 
although the model itself is physically plausible 
(see also Semenza, 1982; Toggenburger et al., 
1982). As mentioned in the previous paragraph 
it is a special case of the more general models 
of Crane and Dorando, and of Kaunitz and 
Wright. 

In a very recent review Crane s has pointed 
out that a careful perusal of all the published 
data in the field strongly indicates that the dis- 
crepancies among the various reports can all be 
reconciled with one another if two Na+-D - 
glucose cotransporters occur in the small-intes- 
tinal brush border membrane: some experimen- 
tal conditions would lead to results stemming 
essentially from the one cotransporter, other 
conditions to results stemming from the other. 

s Crane, R.K. Diversity in Na + gradient-coupled trans- 
port. (submitted) 

Turner and Moran (1982a-c) have produced 
conclusive evidence, based on physical sepa- 
ration, of the existence in the kidney of two 
Na+-D-glucose cotransporters: (i) the one, pre- 
vailing in the outer cortex (and corresponding 
to the "classical" renal Na +, D-glucose cotrans- 
porter), having low affinity for D-glucose (Km 
approx. 6 raM); high sensitivity to phlorizin (K d 
approx. 0.18~M); a 1:1 Na+/glucose stoi- 
chiometry; and being little inhibited by D-galac- 
tose; (ii) the other cotransporter, prevailing in 
the outer medulla, has high affinity for D-glucose 
(Km approx. 0.35 raM), low sensitivity to phlori- 
zin (K i~>ll.tM), a 2:1 Na +/glucose stoi- 
chiometry; and being inhibited by D-galactose. 
Indeed, the existence of two cotransporters in 
the small intestinal brush border membrane has 
been suggested by Honegger and Semenza 
(1973) and by Kaunitz and Wright 4 on the ba- 
sis of kinetic arguments and by Honegger and 
Gershon (1974) on the basis of a partial physi- 
cal separation. Their properties correspond 
quite closely to those reported by Turner and 
Moran for the kidney, the major difference be- 
ing that cotransporter (ii) seems to be more re- 
presented in the small intestine than in the kid- 
ney (minor discrepancies still remaining may be 
related to species differences). We thus share 
Crane's view 8. (For older observations, also re- 
lated to human pathophysiology, see the refer- 
ences quoted by Honegger and Semenza (1973) 
and by Crane s). 

The very likely existence of two cotranspor- 
ters operating in parallel and the experimental 
difficulties of the system severely limit the 
amount of information which a Cleland type of 
analysis can provide. Since, however, each of 
the models mentioned above - indeed each of 
the models in the Iso Random families - is 
compatible with the mechanistic model to be 
proposed below, we will limit ourselves to the 
following considerations. They are based on the 
preferred order of binding of phlorizin and may 
hold true for "poor substrates" (if phlorizin is 
to be regarded as an "infinetely slowly" trans- 
ported substrate). The argument goes as fol- 
lows: optimal binding of this fully-competitive 
inhibitor to the cotransporters of the small-in- 
testinal brush border requires the simultaneous 
presence of Nao+t and A0 (negative inside) 
(Tannenbaum et al., 1977; Toggenburger et al., 
1978. This holds true for the renal cotranspor- 
ter also: Aronson, 1978). 

Let us compare with one another the veloci- 
ties of phlorizin binding and of D-glucose trans- 
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Fig. 9. A likely mode of operation of the smalMntestinal 
Na § D-glucose cotransporter: An asymmetric gated chan- 
nel (or pore) responsive to A0. The D-glucose (and phlo- 
rizin) binding site is indicated by: r--1 (low affinity), or 
I (high affinity), or NN (indefinite affinity). For a de- 
tailed discussion, s e e  text. rn: it is not known yet whether 
m is 1 or 2. n: 2 (if the Na+/D-glucose flux ratio is 2) or 1 
(if the flux ratio is 1) 

port (out--in) under identical conditions (in 
particular, in the presence of an initial zJ/~Na+ ; 
Toggenburger et al., 1982): one mg of vesicle 
protein binds approximately 50pmol of 
phlorizin.sec-1 (extrapolated at saturating 
phlorizin concentrations) or transports 520- 
580 pmol of D-glucose. sec -1 (at high D-glucose 
concentrations). Thus, the velocity of D-glucose 
transport is much larger than that of phlorizin 
binding. 

Now, in the specific AfiNa-dependent binding 
of phlorizin to the carrier one can distinguish 
between two (groups of) events: (i) the changes 
(positioning and/or reactivity) triggered in the 

§ . carrier by A6 and Naom, and (ii) phlorizin 

binding proper (+possible alterations induced 
in the carrier by this very binding.) Since the 
requirements for optimal phlorizin binding are 
identical with those for optimal D-glucose trans- 
port, the events of group (i) must be identical 
with a part of the series of events leading to 
Na +, D-glucose cotransport; each of these events 
must be as fast as, or faster than, the overall 
Na+,D-glucose cotransport. That is, form II 
(Fig. 9), when exposed simultaneously to Nao+ut 
and phlorizinou t must bind the former at least 
10 times faster. Form III N, then, is the form of 
the cotransporter which binds phlorizin op- 
timally - a conclusion for which other evi- 
dence also is available (Toggenburger et al., 
1982). This is tantamount to say that A~, Naou t-+ 
dependent phlorizin binding follows a Preferred 
(although not necessarily compulsory) Ordered 
Bi Bi sequence, Nao+ut binding first. (Similar con- 
clusions were reached by Turner and Silverman 
(1981) for phlorizin binding to kidney cortex 
membranes on the basis of different kinetic 
arguments; they called this mechanism "Ran- 
dom Bi Bi" with large differences in the K val- 
ues for phlorizin and for external Na§ 

The Preferred Ordered sequence of phlorizin 
binding (and possibly of slowly transported sub- 
strates) is, of course, a special case of other, 
more general (e.g., of Random) mechanisms. It 
may also mimick - if two Na § are transported 
per D-glucose -- the first two steps in the trans- 
port of 2Na  § along with 1 D-glucose. If the 
coefficient for Na+-dependence of phlorizin 
binding (which is equal to 1; Toggenburger 
et al., 1982) means that only one Na + is bound 
per phlorizin to the cotransporter, it is conceiv- 
able that the Na+-phlorizin cotransporter can- 
not bind (for whatever still unknown reason) 
the second Na +. That is, the "partially oc- 
cupied" cotransporter would be, in the case of 
phlorizin, incapable of reacting further (save for 
dissociating) and would have (like other par- 
tially occupied cotransporter forms) very small 
translocation probabilities. Whether this is the 
reason for phlorizin not being transported, only 
future work will decide. 

IX. A PLAUSIBLE MECHANISTIC MODEL 

In an important paper L~iuger (1980) has point- 
ed out that the kinetic and thermodynamic 
properties of "mobile carriers" are shown by 
those transport agencies which can expose the 
substrate binding site at both sides of the mem- 
brane, but not simultaneously (see also Patlak, 
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1957). In the case of the Na § cotrans- 
porter it is clear that it can exist in two major 
families of forms, the one prevailing at A0~-0 
(e.g. Form I, Fig. 9) and the other one (the "en- 
ergized" forms) prevailing at A 0 ~ 0 (negative at 
the in-side) (e.g., Forms II through V). Each of 
the two (families of) forms operate as a "mobile 
carrier" in L~iuger's sense, but with different en- 
ergetic profiles (and thus with at least some of 
the individual rate constants different) in the 
"translocation" events. Thermodynamically, the 
difference between '~ and "ener- 
gized" forms is apparent in the capability of the 
latter (but absent in the former) of producing ac- 
cumulation of substrates starting from initial 
conditions [Na+]in= [Na+]out and [Glc]i n 
= [-GlC]out. 

Even at the cost of stating the obvious we 
want to emphasize that the displacement of the 
substrate binding sites depicted in Fig. 9 need 
not imply their actual movement. Indeed a 
change in their accessibility from either side of 
the membrane (which could be related with 
protein fluctuation) is a perfectly logical and 
likely possibility (L/iuger, 1980). Accordingly, 
"translocation" and "change in accessibility" 
are used for the purposes of this paper, as syn- 
onymes. 

In the following we will discuss a plausible 
mode of operation mainly of the "energized" 
Na+,u-glucose-cotransporter (i.e., in the pre- 
sence of a A ~ ~ 0, negative inside) (see Fig. 9). 
In so doing, we will combine all the features 
which have been enlisted and discussed in the 
previous sections. 

In addition, we will add two more features 
which, although plausible, do not have a direct 
experimental support: (i) The "gate" is (a part 
of) the Na § binding site (the alkali cations vast- 
ly prefer 0 over N or S as the ligand) and, (ii), 
the "orientation" (or "accessibility"), as well as 
the affinity state of the substrate binding sites 
must change in a concerted and identical fa- 
shion. (That is, no significant amount of the 
cotransporter ever has the binding site of one 
substrate at low and the other at high affinity; 
or one binding site facing one side of the mem- 
brane and the other facing the other: these con- 
formational states would be a part of an Iso 
Ping Pong mechanism and/or be conductive to 
the transport of one substrate alone, both of 
which possibilities are unlikely; see previous 
sections.) The "gated channel (or pore)" of the 
Na+,D-glucose cotransporter is asymmetric with 
respect to the plane of the membrane. In partic- 

ular, at A~-~0 and at low substrate concen- 
trations (Fig. 9, I) all binding sites have a 
spontaneously inwardly directed orientation. In 
Form I, then Na~ and D-glucosein each have 
access to the respective binding site and trap 
the cotransporter as a slowly (or non-) trans- 
locating binary complex. This is the basis of the 
transinhibitions by Na § or by D-glucose from 
the "in" side (Fig. 1, Tables 1 and 3) and for 
their lack from the "out"-side (Table 6), as dis- 
cussed in a previous section. 

In the presence of a A ~ ~ 0 (negative inside) 
the "gate" (and with it, by an ill-understood 
mechanism, the D-glucose binding site also) 
"moves" towards the outside (or is made other- 
wise accessible), from the "out"-side (Form II). 
Nao+ut can now bind to the gate (Form I I I  N), 
which increases the affinity of the sugar binding 
site. The mechanism whereby the binding of 
Na + to its site affects the affinity (or, rather, the 
Kin; see Fig. 5) of the sugar binding site for its 
own substrate is still a matter of speculation. 
However, the drastic change in the coulombic 
field near the COO--gate upon Na § binding 
and the (even if minute) reorientation of the 
"gate" under A O provide ample possibilities. 

Alternatively (but less likely with poor sugar 
substrates, see above), D-glucose as the first may 
bind to its outwardly exposed binding site 
(Form II), leading to Form I I I  G. Neither 
Form I I I N  nor Form I I I G  crosses past the 
membrane (or, rather, expose and liberate the 
lone bound substrate to the in-side). We do not 
know why the binary complexes I I I N  and 
I I I G  have low or nil translocation probabili- 
ties. However, this is a prerequisite for efficient 
flux coupling (Heinz, 1978). Also in the case of 
cotransporter(s) binding 2Na § and l I>glucose, 
our model is compatible with any order of sub- 
strate binding. 

From either Form I I I N  or I I I G  the "fully 
occupied" Form I V  is generated, in which the 
gate charge is neutralized by Na § or even 
made positive (if the gate carries a charge of 
- 1  and can bind 2 Na§ This makes the gate 
snap back (Form V) in the "spontaneous" in- 
wardly directed positioning (as in Form I), the 
more so if it is now positively charged. In 
Form V the binding sites (and thus the sub- 
strates) are exposed towards the inside, where 
they are liberated (we do not know in which 
order). Reappearance of the negative charge in 
the gate makes it again respond to A O and 
snap towards the outside (Form II). The com- 
bined effect of Na + on/off and of A~ would 
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thus be that of modulating the function of the 
sugar binding site and of changing the energy 
profile of the channel so as to favor the ex- 
posure of the sugar binding site towards one or 
the other side of the membrane. An important 
condition for this "shoveling" mechanism to 
operate is that, as suggested above, the transto- 
cations (or changes in accessibility) of all sub- 
strate binding sites must take place in a con- 
certed, identical fashion. 

The model provides a unifying and realistic 
basis to at least three of the major characteris- 
tics of the small-intestinal Na +,D-glucose co- 
transporter: the Na+,(A0)-dependent phlorizin 
binding (Form I I I  N only binds phlorizin op- 
timally, as discussed in detail by Toggenburger 
et al., 1982); the flux coupling between Na § 
and D-glucose (Form I V  mainly, the fully oc- 
cupied complex, liberates the substrates at the 
trans side), and perhaps most important of all, 
the accumulation of an unloaded compound (D- 
glucose) being driven by A0, with the proviso 
that Na + is also present. It is an attempt to 
explain in molecular terms the phenomenon of 
flux coupling in secondary active transport 
which was put forward for the first time by 
Crane, Miller and Bihler in 1961 (see Crane, 
1977, for a comprehensive review). 

It seems very likely that the mechanism de- 
picted in Fig. 9 be common to the kindred kid- 
ney cortex Na +, D-glucose cotransporters, the 
mobile part of which also probably bears, in 
the free form, a negative charge of 1 (Aronson, 
1978). (For a discussion of the quantitative dif- 
ferences between these two transport systems, 
see Toggenburger et al., 1982.) Also a recent, 
independent observation of Hilden and Sacktor 
(1982) on the kidney cotransporter(s) fits beauti- 
fully in the mechanistic model of Fig. 9. In cor- 
tex membrane vesicles in the total absence of 
Na § AT" (negative inside) promotes phlorizin 
binding and a (slow) uptake of D-glucose, the 
K d- and Kin-values being rather large. This is 
exactly what the transition between Form I and 
Form II (Fig. 9) predicts: a A 7' (negative inside) 
leads to exposure of the substrates' binding sites 
towards the outside, leaving them, however, in 
the low-affinity form. In addition, Form II 
(when combined with D-glucose) must have a 
small but detectable out ~ in translocation 
probability. In addition, many of the known 
properties of Na § or H§ symport sys- 
tems indicate that the "shoveling mechanism" 
of Fig. 9 may have a more general validity. 

Needless to say, the "shoveling" model of 

Fig. 9 is a minimum mechanism. In addition to 
completion, it may well need revision in some 
steps, but it is remarkable that it can explain 
most, if not all, the known characteristics of the 
cotransporter. We still ignore the role, if any, of 
the thiol(s) which have been found to occur in 
the cytosolic and/or hydrophobic surface of the 
cotransporter (Klip et al., 1979b, 1980a). Equal- 
ly unknown is the role of other thiols or amino 
groups which are essential for its functioning 
(or for keeping the correct conformation) (Bi- 
ber, Weber & Semenza, 1983). Whether some of 
these thiols play the same role in this system, 
which Robillard and Konings (1982) have 
suggested in electrogenic H+-symport systems, 
cannot be ruled out. 

Finally, in the model of Fig. 9 we do not 
state whether the Na + binding site(s) are lo- 
cated in the same or in another subunit as the 
sugar binding site. The latter possibility is 
suggested by the recent work of Guffanti et al. 
(1981) and of Zilberstein et al. (1982) on the ge- 
netics of Na+-dependent transport systems in 
procaryontes. 
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Appendices 
M. K e s s l e r  

DETERMINATION OF THE NET CHARGE Z 
OF THE MOBILE PART OF A COTRANSPORTER 

I. In Strongly Asymmetric Transport Systems with 
Preferred Inward Orientation, the AO Dependence of V,,~JK~ 
Cannot be used to Determine the Net Charge of the Mobile 
Binding Site. Geck and Heinz (1976), Heinz and Geek 
(1977), Geck (1978) and Turner (1981) have provided com- 
prehensive treatments of cotransport kinetics, which also 
take into account the effect of the transmembrane poten- 
tial difference A O on the overall kinetic parameters of 
transport. They have shown that electrogenic H +- or 
Na+-symport systems exhibit clearly distinct kinetic be- 
havior, depending on whether the binding and mobile por- 
tion of the "carrier," i.e., the region presumed to undergo 
reorientation (or change in accessibility) during, and in 
conjunction with, the translocation process, has a net 
negative charge of one (z--- - 1) or is electrically neutral (z 
= 0). For z = 0, the apparent K~ for the electrically neutral 
substrate approaches zero asymptotically with increasing 
At). For  z = -  1, the Km is, at large A 0, independent of 
A ~, and only at fairly small A ~ does show a moderate A 
dependence. Graphic representations of these types of A 
dependence have been presented (Heinz & Geck, 1977; 
Geck, 1978; Turner, 1981); as the authors themselves have 
stated, these graphs were computed for symmetrical (or 
nearly symmetrical) cotransport systems. As we have seen 
in the present paper, the small-intestinal Na+,D-glucose 
cotransporter is functionally asymmetrical. 

In this Appendix I we show that Geck's test - the A 
dependence of K~ or of Vmax/K,, , - cannot be used in 
highly asymmetric transport systems with preferred inward 
orientation. In fact, as we will see, in these systems the 
curves for both z = 0  and z = - 1  are strongly A t~ depen- 
dent at small AO values; a clear-cut discrimination be- 
tween the two models (which in principle would be possi- 
ble) appears at very high AO values only, which in prac- 
tice cannot be attained experimentally. 

For a Na+/D-glucose stoichiometric ratio of one, 
V~,~/K,, is given by Eq. (1) (Geck & Heinz, 1976; Geck, 
1978): 

[ r ' b '  ~+1] m+l Xt~ ' " P'ab" ~ ~ . ~ z - ( ~ )  
Vma• K a  P a - ~ b  (1) 
Km , b' , m+ 

P o + ~ ' P b ' ~  2 
B + A ' ~  ~ ,, 

b"  
p'~ + ~r~b . p'b' . ~ 2 

with 

b"  
A = I + K ~  

b' _ ~ , ~  
~ = e  RT , and B = l + ~ b b  and 

a: D-glucose; b: Na+; ': 'out' or 'translocation out-~in'; It, 

' in '  or ' translocation i n - , o u t ' ;  K~, Kb: dissociation con- 
stants; r: factor by which a dissociation constant is changed 
after binding of the cosubstrate; Po, P~, Pb, P,b: trans- 
location rates of the unloaded carrier or the respective bi- 
nary or ternary complexes; Xtot: total number of carriers; 
z: net charge of the binding site(s); m: a parameter charac- 
terizing the AO dependence of the carrier; it can assume 
any value between - 1  and + 1; with m= + 1, A O affects 
only influx, with m = -  1 affecting only efflux. Since influx 
is more accelerated by A O than efflux, m supposedly is 
between 0 and + 1. 

We can further make the following assumptions: 
The contribution of the binary complex carrier/Glc to 
the total translocation of D-glucose must be small 
compared with that of the ternary complex, i.e. 

r 'b ~ 
p a ab" 

The strong transinhibition observed for b=~O in influx 
suggests that p~' is very small as compared to p~'. The 
term 

b" m- 1 
- - . p ; ' . ~  
K;' 

can therefore be neglected at first approximation. 

Under these assumptions, Eq. (1) reduces t o :  

r'b' m+l Xt~ t " .p;b. ~ ( ~ )  (z+ 1) 

- b '  ' m + l . .  ( 2 )  ] K~ B+A.~ P; 

For z=0,  Eq. (2) reduces to 

Xto t r'b' 
Vmax K a  " K~bb " P'ab 

A p; b' �9 d-@] B +  p; 
p; 

m+ 1 
~ (3) 

' ~ ' ratio Vr~,ax/K ~ will increase con- Clearly, for Pb~Po, the 

tinuously with increasing ~ = e  Rr .  Indeed, for p~,~-0, the 
ratio Vmax/Km tends to approach infinitely large values; as 
Vm~ x is finite for all values of ~, K m tends to approach 
zero. 

For z = - 1 ,  Eq. (2) reduces to 

Xto t r'b' 
. . . .  P'.b 

Fma x K a K'b (4) 
, r b '  t r n +  1~" 

Ko B+A U -  I 
- P o  k b Po  - J 

Here, the numerator is independent of AO. Since both A 
and B are usually between 1 and 10, the A~ will only 
produce relatively small changes in the ratio Vmax/K,n, in 
the case where the carrier operates in a nearly symmetrical 
fashion (i.e., if P'o/Po ~- 1) and if the translocation probabili- 
ty of the binary complex carrier-Na + (i.e., p~) is negligibly 
small. 

If, however, Po/Po is much larger than 1, the second 
term in the denominator may become much larger than B. 
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V~x /K~  a~+o 

V ~ / K ~  ~=0  

z=O 

10, z=-1 p'o = 9 p~' 

/ j j "  ~ ~ " "  ~ ~ ~ . . . . . . . . . . . .  ( a s y m m e t r i c  i 

5 ,  z = - I  p; = 4 p o  

2 P; = Po 
1 ( s y m m e t r i c  ) 

? t~ = e - ~ -  
range of  experimental ly  
inducible ALU 

Fig. 10. Scheme representing the A~ dependence of 
VmJK ~ for symmetric and asymmetric z = 0  and z = - i  
systems. Since v~-(VmJK~).s for s~Km, the number on 
the y-axis can be interpreted as the increase of glucose flux 
by A t) at very small glucose concentrations, P'o and Po are 
the inward and outward translocation rates of the un- 
loaded carrier at A ~ = 0 .  The larger the ratio P'o/P'o' in z =  
-1  systems, the larger will be the A ~-induced increase of 
VmJK m. This scheme is based on the figures previously 
published by Heinz and Geck (1977) and by Turner (1981), 
which, however, were computed for symmetric sytems. Po- 
sition and shape of actual experimental curves depend also 
on other kinetic parameters of the cotransporter 

netr ic  ) 

In this case, V~JK,, may exhibit a A ~, dependence similar 
to that found for z = 0  at small to intermediate values of 
A 0. The condition P'o/P~ ~> 1 would indicate a carrier hav- 
ing a much larger inward than outward translocation 
probability in the free form. This is an important feature 
m the model suggested in the "Discussion" to rationalize 
our results. 

Figure 10 shows in a schematic way how the graphs 
originally reported by Geck and Heinz (1976), Heinz and 
Geck (1977) and Turner (1981) have to be modified for 
asymmetric cotransport systems: the fundamental differ- 
ence between z = 0  and z = - 1  systems still holds true for 
asymmetric systems. However, the more asymmetric the 
system (i.e., the larger the P'o/Po ratio), the more extended 
becomes the range of ~ in which it is not possible to dis- 
criminate between z = 0  and z = -  1. Since in practice the 
degree of asymmetry of a given transport system is un- 
known, it is generally not possible to be sure of operating 
within the range of { where the discrimination between 
z = 0 and z = - 1 can be made. 

For Na+-coupled D-glucose transport, the A O depen- 
dence of Vm,x/K ~ is, therefore, of little use to discriminate 
between z = 0  and z = - l .  

ti. A ~ Dependence of the Transinhibition. We have 
thus resorted to another criterion in order to discriminate 
between z = 0  and z = - 1 ,  namely, to the A~b dependence 
of the transinhibitions by glucos% and Nai+n . Based on 
Geck's equations, the following expression H~ 
=Ja,,,o/Ja,,=o =f(0)  was derived, where H~ represents the 
ratio (influx in the presence of glucos%)/(influx in the ab- 
sence of glucosein): 

K+(B+O. C).L.O 2~ 
HO-K +(B+O. C). M.O 2~ (5) 

where: 

K = ( I + ~ ]  1 [1 a' b' r'a'b'] 
/qpol p'o 

B = 1 4  a'p'~ K;p; 
1 rb' ' r'a'b' - " P b q _ _ _  , 

0 = ~  

1 (1 a"p'~ \ 
c = 7  o, . 

1 ( a ' \  

Note that all the terms in the equations above are >0. 
If z=0 ,  Eq. (5) reduces to: 

K + B . L + C . L . O  
H ~ - K + B . M + C . M .  O" 

Its first derivative is: 

dH~ K . C . ( L - M )  
dO [ K + B . M + C . M . O ]  2" 

(6) 

(7) 

As all the individual terms are positive, the sign of the 
equation depends on the relative magnitude of L and M. 
Since transinhibition is only possible if the translocation 
rates of the binary complexes are small as compared to 
those of the unloaded carrier and of the ternary complex, 
we can assume that p'o'>>p'~ and therefore M>L. There- 
fore: 

dHa<o for all values of 0; 
dO 

i.e., for z=0,  the ratio H a decreases monotonously with 
increasing A~, (inside negative) or, in other words, the 
transinhibition increases monotonously with increasing A~. 

z = - 1 :  In this case, the respective equations are: 

K + B . L . O - 2 + C . L . O  -1 
HO-K+B.M.O_2+C.M.O_  1 (8) 

and 

dH a K.O-2.(2BO-I + C) (M-L )  
dO - [ K  +B.M.O-2 +C.M.O-1] 2 (9) 

since M > L 

dHa>o for all values of 0; 
dO 

i.e., the ratio H a increases with increasing A ~ (negative in- 
side) or, in other words, the transinhibition decreases mo- 
notonously with increasing At). Systems with z = 0  and z =  
- 1  thus show an opposite A O dependence of transinhi- 
bition. 

We have been able to provide an analogous proof for 
Na + as transinhibitor for the case z = 0  (not shown), i.e. 
transinhibition by Na~ should always increase with in- 
creasing Atp if z=0.  However, because of the possible 
overlap of transinhibition and Na+-well effect, we have re- 



56 

stricted these theoretical considerations on the transinhi- 
bition by D-glucose. 

III. A6 Dependence of Transinhibition: 2 Na + Transported 
per Glucose Molecule. As in Appendix II, we as- 
sume (i) that the translocation rates are small compared to 
the association and dissociation rates and (ii) that A t) only 
acts on translocation rates, not on binding constants. 
Since a complete mathematical description of a 3-1igand 
system is very complex, we introduce the additional sim- 
plifying, but well-justified assumption (iii) that the translo- 
cation rates of binary and ternary complexes are negligibly 
small. We can then describe the transport process by the 
following kinetic scheme: 

unloaded carrier X' :--" X" 

I I binary and ternary complexes 
x s l , x s l  xs'; ,xs~ 

(nontranslocating) 
I I quaternary complex ~ t!  X S'3 --" X Sa 

(2Na +, 1 glucose) e; 

S: Glc or Na+;/?~: translocation rate of quaternary com- 
z 

plex;/~o: translocation rate of unloaded carrier; .0 o = P o  ~7; 
z z F A  ~9 

~ i t  t ~-~ . tt  t 
po=Po.g / ~ = p ' . ~ g + l ;  ~=e  RT, P'o, Po and p~ are 
the respective translocation rates at At)=0.  

In transinhibition experiments, only one substrate is 
present in the " compartment, therefore, XS'~=O and 3s 
: x s ; . t ~ ; ' = 0 .  

At given substrate concentrations, the various carrier/ 
ligand associations facing the same side of the membrane 
are present in fixed, A 0-independent proportions, which 
are entirely determined by the dissociation constants (as- 
sumptions i and ii). Therefore, we can introduce the fol- 
lowing parameters: 

sum of all binary and ternary complexes on ' side 
e t = .  

x s ;  Q'= 
X' 

X'  

and similarly R" for the " side. 
Influx J' is described by: 
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j ,  _ Q '  ~;" Xtot 

( I+R,+Q,)+(I+R,)Po ~g'P, 

We define H~ as the flux in the presence of trans- 
substrate, divided by the flux in the absence of any trans- 
substrate: 

H _J~" *  o 
s - - , J s , , = o  

z z z +  1 

(1 + R' + Q')p;'. U;+P'o. ~7+Q/.p;. ~ 
z z 

(1 + R' +Q')po'.~-~ +(l + R')p'o.~g +Qf(1 + R") p;.~_ ~+1" 

z=0 :  
+~ , ,  , ,+ , + ~ ,  , 

( I + R '  ~)Po Po ~g'G "d- 
H s - 

! .+R'+ . . . . . . . . .  U ) p o + ( I + R  )po+Q(I+R't)p'~.~ 

dH, ( I+R'+Q')p; ' .Q' .p; . ( -R")<O. 
d~ (Denominator) a 

H s decreases monotonously with increasing ~, i.e. with in- 
creasing fl ~, negative on the trans side; transinhibition ac- 
cordingly increases with increasing At p, negative on the 
trans side. 

z= -2: 

(1 + R' +Q')p'o'. ~ +P'o" ~.-~ +Q"P'~ 
H~=(t +R' +Q')p'~.~ +(I + R")p'o.~-~ +Q'(I + R')p; 

+ +Q)po [ po~ +Q.'p~]~ dH~ (1 R . . . .  R" 2 ' -1 , , 
- > 0 ;  

d~ (Denominator) 2 

i.e., H~ increases monotonously with increasing ~. 

Z ~ - - 1 ~  

(1 + R ' + Q ' )  . . . .  ~ ' ' po+Po~. +Q p~ H~ 
(1 +R '  + Q') p~'+ (1 +R')p' o. ~-~ +Q'(1 +R")p'~ 

"1 R ' +  . . . . .  dH~ t + ~)Po'Pod- -2"R'' 
d ~ - (Denominator) 2 > 0; 

i.e., H~ increases monotonously with increasing ~. For both 
z = - 1  and z = - 2 ,  transinhibition decreases with increas- 
ing A ~ (negative on the trans side). 


