
Biochimica et Biophysica Acta, 1065 (1991) 239-24<~ 
© 1991 Elsevier Science Publishers B.V. 0005-2736/9|/$03.59 
ADONIS 0005273691002444 

BBAMEM 75269 

239 

Energetic coupling of Na-glucose cotransport 

J o s e p  J. Cen t e l l e s  *, R o i f  K.H.  Kinne  and  Erich H e i n z  

Max-Planck-lnstitut fiir Systemphysiologie. Dortmund (F.R.G.) 

(Received 15 February 1991) 

Key words: Sodium ion/glucose colransport" Energetic coupling; Kinetics; Brush-border membrane: (Plg kidney) 

(I) Energetic coupling in Na.linked glucose transport in renal brush border membrane vesicles has been studied in 
terms of various carrier models differing with respect to reaction order (random vs. ordered), and to rate limitation 
of steps within the mutes of carrier-mediated solute transfer (translation across the membrane barrier vs. 
binding/release between carrier and hulk solution). (2) By computer simulation it was found that effective 
energetic coupling requires the leakage routes to be s!gniflcaufly, if not predominantly, rate-limlted by their 
(barrier.crossing) translatory steps. This does nat apply to the transfer route of Ihe ternary complex, as ¢oul~ing is 
possible whether or not this route is rate-limited by the translatory step. (3) The system transports ~ in the 
absence of Na + (unipoct) and the unidirectional flux is stimulated by unlabeled gl~mee on the t ram side 0~lative 
tracer coupling). It Is concluded that glucose binds to the carrier on either side witlMm Na, as w u k l  be camhteat 
with either a random system or one mode of ordered system with mirror symmetry ~ binds before Nu) l~t  
inconsistent with either mode of glide symmetry. The tracer coupling appears to iadkate tiutt the rate ¢edlkimt  of 
carrler-medlated glucose transfer exeeeds that of the empty carrier. (4) The Na-liL_lu~l zero-Warn flow of glucese in 
either direction is strongly trans-inhibited by Na. This consistent with a random system in wlhieh Nu bleclm or 
retards the transloeation of the glucose.free carrier, thereby reducing 'siil~inli' thrmqll an l a t e r a l  lealka~ route. 
It is also consistent with the above memioaed ecdered system, (i.e., in t in ~ of Nlt-lramport withe~ 
e-glucose) if it is assumed that trams Na interferes with tbe dissociation of the ternary eaml~X, tlmreby ~ 
release of glucose. (S) Minimum equmbrium exchange of glucose is stimulated ht the presmee of Nit. "Ibis appears 
to indicate that Na expands the flow density of carrler-mediated glucose transfer. Tlds expansion does nat result 
from a 'velocity effect' (the ternary complex moving faster than the binary glucose carrier complex), as Na fails to 
stimulate maximum equilibrium exdtange. It can instead be accounted for by mt 'alBai~ effect' (the afflalty of the 
carrier for glucose being increased by Na) as Na de~esses the Michaetis constant o f ~ m  exekllal~ (6) The 
data support the assumption that energetk tmepling iu a random system of Na-lialkd ~ mmsl~rt  is Ix~qllbt 
about by two kinds of effects: (a) Obslm¢lion of the ~uternal leakage mute tlmmgb the glucose-free Na-¢anter 
complex (slipping), or (b) by exlMnsiea of the flow of the ternary Nn-glmmN-~rri~ eem[~m by positive 
eee[x, rativity. In tbe specified ordered system, tbe two effects reduce to one, as ~ ~ result from ~ failure of 
Na to bind to the glneose-free (eml~)  carrier. (7) Whereas the random model is camistmt with all experimental 
observations, the ordered system appears to be inconsistent with some observadom, and ~ ~ athers only 
under improbable assumptions, for instance that the final release of glucose be slow enoulb to limit qhe overall 
transport rate. Though a rigerous proof may still be missing, the presented evidmee appears to s t r o a ~  favor the 
random.model. (8) Kinetic data alone do not tell to whkh extent any of the transfer routes Js rate-limited by 
(barrier.crossing) translatory (T) steps and by binding/release (B) steps. It can be sbowu themetkully, bowever, 
that effective energetic coupling requires the leakage routes, i.e., those with eltber glucose alone or Nn alone, to be 
signilicantly, if not predominantly rate-limited by their (barrier-crossing) tramlutory (T) steps, it is plausible, but 
cannot be fully ascertained yet, that this also applies to the (transport-efl~tive) transfer route of the ternary 
complex. 
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Introduction 

Although the Na-linked o-glucose transport has been 
studied since 1960 [2], the kinetic mechanism of this 
transport system is not yet clear. Hoofer and Grose- 
close [3] postulated that Na+-D-glueose cotransport 
follows an ordered iso bi-bi mechanism, Crane and 
Dorando [4], Semenza et al. [5], and Turner and Silver- 
man [6] proposed a random iso bi-bi mechanism. 

In this paper we have further characterized the 
kinetics of the D-glucose transport system in brush 
border membranes from pig kidney. 

Part of these results have been presented in prelimi- 
nary form [1]. 

Materials and Methods 

Brush border membrane preparation 
Pig kidneys were obtained in a local slaughterhouse 

immediately after killing of animals. Brush border 
membrane vesicles (BBM) were isolated from pig kid- 
ney cortex by a calcium precipitation method described 
by Vannier et al. [7] and modified in this laboratory [8]. 
In the final membrane fraction, the brush border mem- 
brane m~.rker enzymes alkaline phosphatase (EC 
3.1.3.1) and leucine aminopeptidase (EC 3.4.11.1) were 
enriched 9-12-fold, and the activity of the basal lateral 
marker Na,K-ATPase (EC 3.6.1.3) was reduced 8-11- 
fold as compared with the original homogenate. Final 
pellets were resuspended in vesicle buffer containing 
100 mM mannitol, 20 mM Hepes and titrated to pH 7.4 
with Tris. Protein concentrations of these suspensions 
were 20-30 mg/ml. 

Vesicles were stored at - 7 0  ° C; and prior to use, 
they were rapidly thawed at 37 * C in a water bath and 
homogenized five times through a 23 gauge needle. 

Protein and enzyme assays 
Protein was determined after membrane precipita- 

tion with ice-cold trichloroacetic acid (10%) by a modi- 
fied Lowry procedure, with bovine serum albumin as a 
standard [9]. Alkaline phosphatase (EC 3.1.3.1) and 
Na,K-stimulated ATPase (EC 3.6.1.3) were determined 
as described by Berner and Kinne [I0]. Leucine amino- 
peptidase (EC 3.4.11.1) was spectrophotometrically de- 
termined by measuring the p-nitroanilide formed from 
the hydrolysis of L-leucine-p-nitroanilide at 405 nm 
[111 

Zero trans flow (initial steady state) 
The zero trans influx rate was determined by mixing 

10/~1 of membrane suspension (0.08-0.12 mg of pro- 
tein) prepared in vesicle buffer (100 mM mannitol, 20 
mM Hepes titrated to pH 7,4 with Tris) with 100/~1 of 
incubation medium. The incubation medium contained 
5 /zCi v-[6(n)-3H]glucose (30 Ci/mmol) and the de- 

sired amount of D-glucose, NaC1 or KCI in the vesicle 
buffer. 

Uptake was terminated after 8 seconds of incuba- 
tion at 25°C by the addition of 1 ml ice-cold stop 
solution, containing 100 raM mannitol, 0.1 mM phlo- 
rizin, 20 mM Hepes-Tris and 150 mM NaCI (pH 7.4). 
The 8-s incubation time was chosen, as linearity of the 
time curve was observed up to about 12 s. The stop 
solution - containing the reaction mixture - was im- 
mediately transferred with a Pasteur pipette onto a 
Millipore filter (0.45 tzm pore size) kept under suction. 
The filter was washed once with 4 ml ice-cold stop 
solution. The radioactivity remaining on the filters was 
analyzed by standard liquid scintillation counting tech- 
niques. All media and solutions used for isolation and 
transport of vesicles were filtered through a Millipore 
filter (0.22 /zm pore size) immediately before use to 
avoid bacterial contamination. 

To study zero trans efflux brush border membrane 
vesicles were incubated at 25 °C during 90 rain with a 
medium containing the desired amount of v-glucose, 
NaC! and KCI in the vesicle buffer. This incubation 
medium contained 1 /~Ci D-[6(n)-aH]glucose (30 
Ci/mmol) per ~,1 of vesicles (20 mg protein/ml). , 

10 #1 of the incubated vesicles were added to 1 ml 
incubation medium, containing the desired amount of 
non-radioactive D-glucose, NaCI and KO. Efflux was 
stopped by adding 200 ~i of the incubation medium to 
1 ml of an ice-cold stop solution, rapid filtration fol- 
lowed as described above. 

Equilibrium exchange 
Brush border membranes were diluted with media 

containing the desired amount of a-glucose, NaCI and 
KCI in the vesicle buffer (100 mM mannitol, 20 mM 
Hepes titrated to pH 7.4 with Tris). 

The vesicles were let at 25°C during 90 rain, 10/~! 
of the incubated vesicles were added to 100 pl  of 
incubation medium containing 5/~Ci of ~[~n)-3H]glu - 
cose (30 Ci/mmol) and the same concentration of 
glucose, NaCI and KCI in the vesicle buffer as inside 
the preloaded vesicles. The protein of the vesicles in 
this incubation medium was 0.08-0.12/~g. 

Exchange was stopped by adding1 ml of an ice-cold 
stop solution. Rapid filtration followed as described 
above. Each value of the exchange rate (~Ja) was 
derived from the slope of label uptake with time ac- 
cording to the equation 

¢¢j~ in a®-  at . C . 1  - I  
a~  

in which in a t and a® are vesicular label at time t and 
0% respectively, c the vesicular glucose in pmol per mg 
protein, and t the incubation time. 
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Chemicals 
D[6(n)-3H]Giucose was purchased from New Eng- 

land Nuclear Research Products (Boston, MA, U.S.A.). 
All other chemicals used were obtained through Sigma 
Chemical Co. (Deisenhofen, F.R.G.) and were at least 
analytical grade quality. 

Computer studies 
Experimental data were compared with theoretical 

models using a Hewlett-Packard 2621B computer 
working with a BASIC program, which contained the 
equations of the initial rates from the eight models 
considered (v.i.). 

Results 

Theoretical models 
Some theoretical considerations, described in more 

detail elsewhere (Centelles et al., in preparation), have 
been devoted to the question of 'rate-limitation' of 
certain transport steps, in particular to the question 
whether and to which extent it is justified to treat all 
(barrier-crossing) translatory steps of the various car- 
rier species as 'rate-limiting'. This means whether these 
steps are slow enough to permit the interactions be- 
tween the transported solute species and their binding 
sites to maintain 'quasi-equilibrium'. The main results 
are briefly discussed here in terms of the general 
model depicted in Fig. 1. This model applies to a 
random and any kind of ordered mechanism as well, 

abx' • Pab L abx" 

kba / ~ , * _  kbaT. .''~" ~ k _ a  b 

ctx' • k 
" -b k a / 

o x ~ m m X" 

Fig. I. General model of Na-glucose cotranspon. The model consists 
of translatory (barrier-crossing) steps (T-steps) one for each of the 
carrier species, and of binding/release rate reactions (B-steps) of the 
various carrier-substrate complexes. The coefficients of the T-steps 
are denoted by P0, Pa, Pb, and Pab, for the empty carr:er (x), the 
binary glucose-carrier complex (ax), the binary Na-canier complex 
(bx) and the fully loaded, ternary cartier complex (abx), respectively. 
The coefficients of the 'on- and off reactions (B-ste~) a:e denoted 
by ki (on) and k_i (off), respectively, according to the following 
scheme: 

ka 'a -x  ~ / c _  a ag 

kb .b .x  ~ k_b 'bx 

kab'aX'b ~ k _ ab'abx 

kba 'bx 'a  ~ k_ ba'abx 

The superscripts ' and " refer to cis- and trans-side of the barrier, 
respectively. 

depending on the relative magnitude of the binding 
parameters. The stoichiometry of glucose and Na is 
taken to be ! : 1 throughout according to Ref. 12 as was 
confirmed by our own experiments. 

In its random form it consists of four translatory 
steps (T-steps), one for each barrier-crossing carrier 
species (x, ax, bx, and abx), and of four binding/release 
reactions (B-steps) on each side of the barrier, which 
refer to formation and splitting of the carrier species. 
The rate coefficients of the T-steps are denoted by P~ 
etc., and those of the B-steps, by kt and k_, etc. for 
binding and unbinding, respectively. Asymmetry is ne- 
glected as it would not add relevant information in the 
present context. The mediated transfer of the solutes 
(a and b) between the cis and trans side may occur via 
three separate routes, depending on the intermediate 
carrier species involved: a separate one for each solute 
and a coupled one for both. The two separate routes 
represent internal leak routes, whereas the coupled 
one is energy-conserving. It is seen that each route 
connects a T-step in series with B-steps, one or more 
on each side of the barrier. 

As to the kind of steps that rate-limit the various 
routes we may as a first approach divide the many 
possible models into two groups: (1) the B-models in 
which all routes are rate-limited by the B-steps, and (2) 
the T-models, in which all routes are rate-limited by 
their T-steps. In the B-models the translatory steps are 
assumed to be fast enough to maintain "quasi-equi- 
librium' between cis- and trans-distribution of the 
translatable carrier species concerned. In the T-models 
the B-steps are assumed to be at quasi-equil~rium. To 
study energetic coupling we may further subdivide each 
of these groups according to the carrier species that 
are permitted to cross the barrier. We may obtain the 
following border line cases. (I)  Only the ternary com- 
plex (abx) and the empty carrier (x) are crossing, Pa 
and Pb being 0 (models B 0 and To). (2) Besides abx 
and x also the binary glucose carrier complex (as) is 
crossing, Pb being 0 (models B t and Tt). (3) Besides 
abx and x also the binary Na-carrier complex (bx) is 
crossing, Pa being 0 (models B 2 and T z) and (4). All 
four carrier species are crossing the barrier (models B 3 
and T 3) (Fig. 2). 

The two kinds of border line models, B-models and 
T-models, have been theoretically compared as to the 
effectiveness of coupling by computer simulation. As 
criterion of coupling we used the 'accumulative" effect, 
i.e., the maximum static head distribution ratio of the 
substrate (a) at a given (fixed) ratio of the electrochem- 
ical activities of the driver ion (b), cis side over trans 
side, of the translmrting membrane [13]. 

The results are listed in Table I. It is seen that with 
all B-models, except B0, coupling is poor or absent, 
whether or not there is positive cooperatlvity between 
the two solutes ( r >  !), As a consequence, all pure 
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TABLE 1 

Accumulati~'e effect of crumpling (computer simulatio,) 

The table gives the Haldane ratios (maximum static head distribu- 
lion) of  substrate (a) at a fixed ratio of  the electrochemical activities 
of  the driver ion (b' /b" = 10} for the various B- and T-models. as 
described in the text, with and without positive cooperativity (r  = 1 
and 25, respectively). The (composite) transfer coefficients of  each 
route are arbitrary but numerically equal for the corresponding B- 
and T-models. 

Model Maximum static head accumulation ratio 

r = l  r = 2 5  

Bf) 10.0 10.0 
B t 1.1 1.3 
B 2 I .~ 1.8 
R, 1.0 1.0 

T n 10.0 10,0 
T t 5.9 9.7 
T~ 4.7 4.7 
T.~ 2.8 4.6 

B-models, except B0, can be dismissed. By contrast, 
coupling is substantial with the corresponding T-mod- 
els, even though the overall transfer coefficients of 
each are numerically identical with those of the corre- 
sponding B-model. Noteworthy is the strong enhance- 
ment of coupling by cooperativity (r = 25) in the T- 
models only. We may infer that energetic coupling in 
the system requires that leakage routes, if existent, be 
significantly rate-limited by their (barrier-crossing) 

translatory steps. This does not apply to the transfer of 
the ternary complex as coupling appears to be optimal 
in both the B0- and the T0-model. 

In the following the mechanism of coupling is exper- 
imentally investigated with the main emphasis to char- 
acterize the interaction of glucose and sodium. 

E x p e r i m e n t a l  

Glucose carrier interaction in the absence of  sodium 
The kinetic parameters of Na-free glucose transport 

were determined for zero trans flow and for equilib- 
rium exchange. For the zero trans uptake, vesicles were 
incubated for 8 s with media that contained variable 
concentrations of D-[3H]~iucose and 100 mM KCI. It 
was found that saturable glucose transport takes place 
in the absence of Na (uniport). As within experimental 
error its maximum E ate is the same as that in presence 
of Na (Table 1I), tlais uniport appears to use the same 
mechanism as does Na-glucose eotransport. It appears 
no to be due to a contamination by the basolateral 
glucose hansporter, as cytochalasin does not inhibit 
(unpublished observation). The unidirectional flux of 
glucose uniport is strongly transstimulated by unla- 
beled glucose (Fig. 5), as appears to indicate that the 
transfer of the glucose carrier complex is faster than 
that of the unloaded carrier (Pd > Po)- it can be in- 
ferred that glucose binds to the carrier on either side 
without Na. 

MOOEL 0 MODEL 1 

. . . .  H g ~ h 

HODEL 2 MODEL 3 

Fig. 2. Models for Na-D-glucose cotransporl, a, b and x are D-glucose, Na and the transporter, respectively. The four B models refer to rapid 
Iranslation and a slow interaction wilh the transporter. The four T models refer 1o rapid interaction with the transporter and a slow transport. 
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TABLE !1 

The kinetic standard parameters of D-glucose rran,~port at carying 
Na-octiuity (experimental) 

Upper part: Zero trans flow (glucose and Na present on cis side 
only), Lower part: Equilibrium exchange (glucose and Na present on 
both sides). The maximum rate of equilibrium exchange, in contrast 
tot hat of zero trans flow, shows a non linear, but highly significant 
decrease (P < 0,(}027) with the addition of Na. The Michaelis con- 
stant of both zero trans flow and equilibrium exchange dccrcases 
with increasing Ha, but more so and highly significantly (P  < 0.0027) 
in the latter+ Jm,x/Km of equilibrium exchange increses with the 
addition of Na + with high significance (P < 0.0027). in the upper 
part the increase in Na + in the medium should be accompanied by a 
change in dectrical membrane p.d. owing to different permeabilities 
of Ha + and K +. These permeabilities are not precisely known but 
based on the assumption that the relative p.~rmeabilities of Na*, K + 
and CI- are similar to those reported by Gunther et aL [21] for 
rabbit intestine, namely 0.67:1.25: I, the p.d. can be crudely esti- 
mated to rise from 0 at ~Na+] -0  to about -7,5 mV at 100 mM 
Na +, corresponding to an increase of the electrochemical activity 
coefficient (e = exp[-  FAO/2RI)) from 1 to 1.15. Hence, the "Jn~x 
could maximally rise b~ 15% as is within experimental error of this 
table. 

Zero trans flow (n = -~), all values + S.E. 

[Na + I "]max Km Jm;m/Km 
(mM) (pmol/mf. per s) (mM) (103 ml/g per s) 

0 36.5+-0.4 3.3_+0.3 11.1+ 1.1 
I0 40.8+0.3 2.8+-0.1 14,6.+_0.5 
25 37.1 + 0.5 i.8 +_ 0.2 20.6 + 2.5 
50 34,9-t- 0.3 1.3 + 0.2 26.8 _+ 4.6 

100 43,3 + 0.5 1.0:1:0.2 43.3 + 7.8 

Equilibrium exchange (n = 6), all values + S.E. 

l ~n÷ ] ec'J'ma~ Km ]max ./Kin 
(raM) (pmol/mg per s) (raM) (10 -~ ml/g per s) 

0 23.54-0.3 7.1 +0.l  3.3+_0.1 
10 18.9 + 0A 2.0 + 0. I 9.5 _+ 0.4 
80 18.4 + 0.4 1.7 + 0.05 10.8 + 0.3 

lfl0 16.7+0.5 1.7+-0.2 9.8+ 1,2 

Change between 10 and 0 mM Na* 
-4.74-0.5 -5.1 +0.1 6.2+-0.4 
(P  < 0,0027) (P < 0.0027) (P < 0.0027) 

Glucose carrier interactions in the presence of sodium 
Fig. 3 shows a Lineweaver-Burk plot for the D-glu- 

cose zero trans flow in the presence of different Na 
concentrations. Vesicles were incubated for 8 s with 
media that contained D-[3H]glucose and a NaCl + KCI 
concentration of 100 raM. 

The kinetic parameters obtained are summarized in 
Table ]I, upper part. It is seen that with increasing the 
Na-cis concentrations, the K m of n-glucose zero trans 
flow diminishes, whereas the maximal velocity was con- 
stant (39 + 4 pmol/mg per s). The ratio Jmax/Km 
(minimum rate coefficient) increases. 

These results can be formally interpreted as 'compe- 
titive stimulation', which in this context may mean that 
the co-ion stimulates transport by increasing the affin- 

0.32  . 
. 0,3-]  
'- 0 .28-[  

0.26"] 
x O.24"~ 
i 0,22"~ 

o.:'-I 
= 0.18- t 

0.16-I 
o.,+-I 

o o.t2-1 
o.q 

,.I o.oaJ 
~- o.os-I 
O.04j 
0-021 

I/IGI~=osI| Iml~ "1 
Fig. 3. Lineweaver-Burk plot fo: D-glucose initial uptake (zero trans). 
Vesicles were incubated for 8 second~ with D-[3H~hlgo~ arid ( I ) 0  
mM NaCi; ( + ) 10 mM NaCI; ( 6 )  25 mM NaCI; ( × ) 50 mM N a ~  or 
( v ) 100 mM NaCI. KCI was added to the incubation media to a final 

chloride con,'o, mration of lfl0 mM. 

it~ of the carrier for the substrate, rather than the 
velocity of the transfer. 

More detailed information about the coupling 
mechanism can be obtained from the corresponding 
standard parameters of equilibrium exchange. To study 
equilibrium exchange, vesicles were preloaded for 90 
rain with 0.1 mM n-glucose in the presence of either 50 
mM NaC! or 50 mM KCI. The time curves are shown 
on Fig. 4. As expected, a stimulation with Na was 
observed. The standard parameters of  equih'brium ex- 
change are listed in Table I!, lower part. It is seen that 
the addition of Na to the Na-free system decreases 
both the maximum rate and the Michaelis constant, 
but increases the minimum rate coefficient ( /mJKm).  
These changes are highly significant (P  < 0.0027) after 
the addition of only 10 mM Na, but tend to level off at 

0 
0 ' 2'o ' i o  ' eb ' e b  ' ' t 6 o '  d o  ' t ~  ' + ~ o '  m o  

.~ 110 

~o100-  
~LgO"  

80" 

o 70" 

40" 

30" 

¢ 2 0 .  

Fig. 4. o-Glucose equil~rimn exchange, dependence with time. Vesi- 
cles were preloaded with 0.1 mM D-glucose and ( l )  50 mM NaC! or 
(0) 50 mM KCI. Incubation media were identical, but contained in 
addition 5 BCi o - [ 3 H ] ~ .  One repqresentativc experiment is 

shown. 
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Fig. 5. Influx after 8-s incubation in media containing 10 mM 
Do[3H]glucose and 150 mM KCI. Vesicles were preloaded with: (1) 
150 mM KCI" (2) 10 mM D-glucose and 150 mM KCI; (3) 150 mM 

NaCI: or(4) l0 mM D-glucose and 150 mM NaC]. 

higher Na, presumably owing to saturation of the car- 
rier with Na. As will be discussed later, these Na-in- 
duced changes in equilibrium exchange can reasonably 
be explained as follows: the decrease of Jm~ appears 
to indicate that the ternary complex is slower than the 
binary glucose complex (negative velocity effect) (P,b < 
P,). The decrease of K m appears to indicate positive 
cooperativity between the two ligands (r > 1) (positive 
affinity effect). The increase of the ratio J,,~,/K,, with 
both zero trans flow and equilibrium exchange is asso- 
ciated with a Na-induced increase in density of trans- 
port flow, but does not differentiate between the be- 
fore mentioned velocity and affinity effects. 

It should be mentioned that the data for zero trans 
flow and equilibrium exchange, respectively, were ob- 
tained each with different batches of membranes. 
Hence the fact that the maximum rates of the former 
exceed those of the latter is presumably not typical but 
rather accidental. On the contrary, whenever the corre- 
sponding parameters were obtained with batches of the 
same preparation, it was the other way round: maxi- 
mum equilibrium exchange, especially at Na = 0, ex- 
ceeded maximum zero trans flow, as exemplified on 
Figs. 5 and 6, and predicted by Eqns. D8 and D9. 

To study the trans effect of Na + directly, D-glucose 
influx was measured after 8 s of incubation with a 
medium containing 50 mM NaCI, 50 mM KCI and 0.4 
mM D-[3H]glucose. Vesicles were preloaded for 90 rain 
at 25 ° C with 100 mM KCI or with 50 mM NaCI and 50 
rnM KCI (either in presence or absence of 0,4 mM 
D-glucose). The presence of Na within the vesicles 
(with or without D-glucose) diminishes the D-glucose 
initial uptake (Fig. 6A). 

Similar results were obtained when D-glucose zero 
trans eff[ux was measured (Fig. 6B). 

At low D-glucose (0.4 raM) trans glucose did not 
relieve Na trans inhibition of influx or efflux (Fig. 6). 
At higher (saturating) D-glucose concentration (10 raM) 
influx and eff[ux of Na-linked glucose, however, were 

both trans-stimulated by glucose (either in presence or 
in absence of 150 mM NaC! in the trans side) (Fig. 7). 
In other words, at low glucose zero trans flow exceeds 
equilibrium exchange, whereas at saturating glucose 
the opposite is true. This behavior will be interpreted 
in terms of Eqns. D8 and D9 in the Discussion. 

To test whether Na transinhibits the Na-indepen- 
dent glucose flow, glucose uptake was studied with and 
without Na on the trans side. At first influx studies 
were performed, where D-glucose uptake was mea- 
sured after 8 s of incubation with a medium containing 
100 mM KCI and 0.4 mM D-[3H]gIucose. Vesicles were 
preloaded for 90 min at 25 °C with 100 mM KCI or 
with 50 mM NaCI and 50 mM KCI. No Na-transinhibi- 
tion was observed, probably due to a rapid increase of 
D-glucose inside the vesicles, which through the mobile 
ternary complex could restore carrier to the outside, 
thus counteracting a potential blockade by Na. To 
avoid this complication, the effect of trans Na was 
studied on Na-free glucose efflu;~. Under these condi- 
tions the magnitude of the extracellular space would 
prevent a significant rise in trans glucose concentra- 
tion. The anticipated trans inhibition of Na-free glu- 

A) 

 2°T 1 
B) 

10- 

(t) (2) (3! 14I 

x tl 8" 

l i  
1 1 0 6 .  

o 
i l l  12) 13l 141 

Fig. 6. Influx and efflux after 8 s of transport, (A) Influx studies were 
performed with media containing 0.4 mM D-[3H]glucose, 50 mM 
NaCI and 50 mM KCI; and vesicles were pre]oaded wilh: (1) 100 mM 
KCI; (2) 0.4 mM D-glucose and 100 mM KCL; (3) 50 mM NaCI and 50 
mM KC]; or (4) 0.4 mM D-glucose, 50 mM NaCI and 50 mM KCI. {B) 
Efflux studies were performed with media containing: (I) I00 mM 
KCI; (2) 0.4 ram D-glucose and 100 mM KCi; (3) 50 mM NaCI and 50 
mM KCI; or (4) 0.4 mM D-glucose, 50 mM NaCI and 50 mM KCI; 
and vesicles preloaded with 0.4 mM D-[3H]glucose, 50 mM NaCI and 
50 mM KCI. in the first two columns of both A and B an electrical 
membrane p.d., if estimated on the same basis at that in Table 11, 
can be expected to attain -4 .5  mV, corresponding to an electro- 
chemical activity coefficient of 1.07. The resulting increase in these 

flows by at the most 7% would be within experimental error. 
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Fig. 7. Influx and efflux after 8 s of transport, (A) Influx studies were 
performed with media containing 10 mM ~[3H]glucose and 150 mM 
NaCI; and vesicles were preloaded with: (1) 150 mM KCI; (2) 10 mM 
D-glucose and 150 mM KCI: (3) 150 mM blaCl: or (4) 10 mM 
D-glucose and 150 mM NaCI. (B) Efflux studies were performed with 
media containing: (!) 150 mM KCI; (2) 10 mM D-gluco~e and 150 
mM KCt; (3) 150 mM NaCI; or (4) t0 mM ~glucose and 150 mM 
NaCI; and vesicles preloaded with 10 mM ~[3H]glucose and 150 
mM NaCI. in columns 1 and 2 of A and 13, an electrical p.d., 
estimated on the same basis as the corresponding one in Table I!, of 
about - 7,5 mV, corresponding to an electrical activity coefficient of 
1.15 can be expected to increase the flow values by about 15% or 
less. This increase, though beyond experimental error, would 
strengthen the conclusion drawn from this figure, namely that equi- 

librium exchange here exceeds zero trans flow. 

cose eftlux by Na was indeed observed: While without 
Na on the trans side the efflux was 1.2 + 0.1 S.D. 
pmol/mg per s protein, in the presence of trans Na (50 
mM NaC! + 50 mM KCI), it was significantly reduced 
to only 0.8 -I- 0.1 S.D. pmol/mg per s (P  < 0.01). 

Discussion 

General 
The present system of the Na-linked glucose trans- 

port may be represented by the diagram in Fig. 1. 
In its simplest 'random' form it consists of four 

parallel translatory steps according to the number of 
(mobile) carrier species that ~ross the barriers. In its 
'ordered' form, one of these steps is missing as the 
corresponding binary complex does not significantly 
form. 

The kinetic equations of such transport systems have 
usually been based on the assumption that the rate of 
each transfer route is limited by the (translatory) T- 
steps, the binding and release reactions (B-steps) being 
fast enough to maintain 'quasi-equilibrium' of binding. 

This assumption is generally considered most probable, 
but it cannot be excluded that some subpathways are 
significantly rate-limited by B-steps. Since however, the 
T-steps and B-steps cannot be separated kinetically, in 
analogy to certain (bi-bi-iso) enzyme reactions [14], the 
equations derived under the assumption that only T- 
steps are rate-limiting, should formally not depend on 
this assumption, but rather have a more general valid- 
ity, provided that the parameters are reinterpreted 
accordingly. 

For instance in kinetic transport studies, the velocity 
coefficients (P~) do not refer to translator/(T) steps 
only, nor do the apparent affinities (K~) necessarily 
refer to binding and release reactions only. They are 
instead 'composite parameters', each of which being 
potentially a function of both translatory and binding/ 
unbinding rate coefficients. In the following they will 
be called 'transfer' parameters and be marked by a 
bar, e.g., P~, K~, respectively. 

if it thus may be irrelevant kinetically which of 
several steps in series predominantly limits the overall 
rate of a particular transfer route, this may not so be in 
energetic coupling. 

Energetic coupling between the two flows in the 
above system requires that internal leakage routes, i.e. 
those through the incomplete (binary)complexes, ax 
and bx, are repressed relative to the energy conserving 
routes, i.e. those involving the empty carrier (x) and the 
fully loaded (ternary) one (abx). 

It had been shown previously that a model in which 
all translator'/(T)-steps are at quasi-equilibrium is in- 
capable to account for any energetic coupling [15]. 

Table 1 shows that coupling is also absent or poor 
whenever only one of the two leakage routes is rate- 
limited by B-steps only, whereas it is seizable in the 
corresponding T-models, in which the same leakage 
routes are rate-limited by T-steps, even though the 
overall transfer coefficients are kept equal in both 
kinds of models. Accordingly, the corresponding mod- 
els B t, B 2, and B3 can be dismissed because they do 
not allow effective coupling. It follows that for effective 
coupling both leakage mutes must be significantly, if 
not exclusively rate-limited by their translatory steps. 

Na-free glucose transport (uniport) 
Mediated glucose transport in this preparation is 

possible in the absence of Na + (uniport), for instance 
if Na + on both sides is replaced by K ÷, which does not 
interact by s ~ p o r t  or antiport with this glucose trans- 
port system [16]. The unidirectional flux of glucose of 
this system is strongly transstimulated by (unlabelled) 
glucose (Fig. 5) (negative tracer coupling). Accordingly, 
equilibrium exchange of this uniport exceeds the corre- 
sponding (zero trans) transport of glucose. 

The transstimulation cannot be attributed to electri- 
cal potentials, as ion gradients are absent and ~ flu- 
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cose transfer is neutral. It can instead be interpreted to 
indicate that the transfer coefficient of the glucose 
carrier complex (Pa) distinctly exceeds that of the empty 
carrier (Po). Since Pa (see Eqn. D3) cannot exceed the 
translatory coefficient Pa, Po must be distinctly smaller 
than the latter. 

Zero trans uniport and equilibrium exchange of 
glucose by a symmetric system can most simply be 
descried by the equation 

P,-Po.a' 
n't'-~ 2PoE~ +( Po + P,)a' (DI) 

~ . a  t 

~°J~ = z( E, + a') 
(D2) 

As mentioned before, the bars over P~ and K a are to 
indicate that these parameters are composite, i.e., com- 
posed of translatory and chemical rate coefficients, 
which cannot be separated directly by kinetic means. 
For instance for a symmetric system 

e~" k_  ~ 
P~ 2p a+k-a (D3) 

and 

Hence, we cannot tell from these observations to which 
extent for instance Pa is predominantly determined by 
Pa and by k_ a, respectively. Provided that the interac- 
tion between substrate and carrier is similar to that 
between substrate and enzyme a plausible estimate can 
be made: Accordingly, the association coefficient (k a) 
should be in the range between 10 7 and 10 9 S-t [17]., 
Since the dissociation constant of glucose in the pre- 
sent system has been estimated to be about 30 mM [6] 
the corresponding k_ a would be above 3-10 s s -I. 
This would be more than 3000-times higher than the 
transfer coefficient, which is considered to be in the 
range of 100 s -~. Accordingly, the rate of glucose 
transfer by this system should be almost entirely lim- 
ited by the translation step (Pa)- It should be kept in 
mind, however, that in transport systems the ligands in 
free solution might be separated from their carrier 
sites by 'access channels', the diffusionaI resistance of 
which might considerably diminish the on- and off- 
coefficients, though probably not to the range of trans- 
fer coefficients. 

This uniport is not a separate mechanism indepen- 
dent of cotransport, as at high (saturating) glucose the 
addition of Na does not increase the glucose transport. 

Negative tracer coupling of this system indicates 
that glucose can be bound by the carrier on either side 
without the presence of Na +, as would exclude any 
ordered system in which Na + has to be bound prior to 

glucose ('Na first on'). It also appears to exclude any 
kind of 'glide symmetry' as this would not permit 
Na-free glucose binding on both sides. Hence, only one 
type of ordered system is consistent with the results of 
glucose uniport, namely that glucose gets on before Na, 
and gets off after Na. Any subsequent mention of 
'ordered' system will refer to this system only. 

Na-transinhibition 
The glucose-free transfer of Na with the glucose 

carrier represents another route of internal leakage. 
Na-linked glucose transport under zero-trans condi- 

tions, in either direction is strongly inhibited by raising 
Na on the trans side (Na-transinhibition) (Fig. 6). Also 
zero-tram uniport of glucose is inhibited by trans Na +. 

For a random system Na-transinhibition can be in- 
terpreted to indicate that Na blocks, or retards, the 
translocation of the glucose-free carrier, thereby inter- 
fering with its return to the cis side. In other words, the 
mobility of the binary Na-carrier complex (Pb) is zero 
or at least much smaller than that of the empty carrier 
(P0) [I8]. This 'negative velocity effect' contributes to 
the energetic coupling between the two flows of sub- 
strat¢ and Ha, respectively, as it prevents internal 
leakage by 'slipping' [13]. 

Also in an 'ordered' system Na-transinhibition 
should in principle be possible. But since the binary 
Na-carrier complex does not form, the inhibition has to 
be explained differently: For instance trans Na could 
interfere with the dissociation of Na from the ternary 
complex and hence with the release of glucose at the 
trans side which can take place only after sodium has 
been released. Against this kind of Na-transinhibition, 
and hence against this ordered system, the following 
arguments can be raised: 

(1) This Na-transinhibition will become manifest 
only if the dissociation coefficient of the binary com- 
plex (k_ a) is small enough to significantly limit the 
overall transport rate. It will be recalled, however, that 
this coefficient has been estimated to be probably too 
large for this purpose, though this cannot be tested 
directly by kinetic means. 

(2) This Na-transinhibition, as it depends on the 
translocation of the ternary complex, should not affect 
Na-free glucose transport (uniport). It has, however, 
been shown that Na transinhibits glucose uniport, at 
least in the outward direction (v.s.). 

(3) There is at least indirect evidence that Na binds 
to the carrier without glucose. First, L i n e t  aI. [19] 
demonstrated that the glucose carrier can be blocked 
by 7-chloro-4-nitrobenz-2-oxa-l,3-diazole (NBD-CI), an 
agent interacting with tyrosine residues, and that this 
blockage can be prevented by Na +. Furthermore, the 
experiments with the inhibition of this transport system 
by Ca have been interpreted in terms of 'slipping', i.e. 
by the mobilization of an (existent) Na-carrier complex. 
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This implies prior binding of Na to the glucose-free 
carrier [18] (unless one postulates that Ca converts an 
ordered system into a random one). 

It would appear from these considerations that the 
ordered model is less probable than the random one. 

Energetic coupling between glucose flow and Na 
flow is accounted for by both the random system and 
the ordered system, but the underlying mechanism is 
somewhat different. As will be shown, the random 
system involves two separate and mutually independent 
effects of Na, the ordered system, by contrast only a 
single effect. 

In the 'random' system one effect of Na would be to 
immobilize the substrate-free carrier, thereby obstruct- 
ing a dissipative internal leak route [20]. The resulting 
contribution to the energetic coupling, however, is 
rather weak and incomplete, and could hardly account 
for the full extent of coupling observed. An additional 
effect of Na to promote coupling is indeed indicated by 
the experimental observation that for equilibrium ex- 
change the ratio (e¢Jm~.~/K m) ('relative minimum equi- 
librium exchange') of glucose is stimulated by the pres- 
ence of Na (Table II). As equilibrium exchange is 
independent of glucose-free carrier transloeation, this 
stimulation should indicate increased density of medi- 
ated glucose transfer across the barrier. It does not 
tell, though, to which extent the density increase re- 
sults from an increased translatory rate of the carrier 
(Pab > Pa, velocity effect) and to which extent from an 
increased binding of glucose to the carrier (abx > ax, 
affinity effect, due for instance to positive cooperativity 
of binding). Each of these effects would apply to both a 
random and an ordered system. Their separation is 
rather simple for the (random) T model (in which the 
translocation of the ternary complex is rate-limited by 
the translatory step): Here, the velocity effect should 
show also in the maximum equilibrium exchange, 
whereas the affinity effect should only appear in the 
Miehaelis constant, each after the addition of Na, 
would follow from the following equations for equilib- 
rium exchange in a symmetric system: 

P~K h + Pab'r.b 
m,~J~ ( ~ )  2(Kb + r.b) 

Kb+b 
~Km (D5) Kb + r.b K~ 

Asymmetry is ignored, as would make the equations 
more complicated without fundamentally changing re- 
sults. 

Experimentally, it has been found (Table II) that Na 
decreases both the maximum equilibrium exchange and 
the corresponding Michaelis constant. The former 
would indicate that Na decreases, rather than in- 
creases, the mobility of the glucose-carrier complex, 

and thus rules out a (positive) velocity effect. Effective 
coupling would, therefore, call for a strong affinity 
effect, which is confirmed by the diminishing effect of 
Na on the Michaelis constant of equilibrium exchange 
(Table il). 

in the 'ordered' system the binary Na-complex does 
not form so the energetic coupling comes about only 
through the flow density of the ternary complex. Ana- 
lyzing of the experimental data in terms of the corre- 
sponding equations for maximum rate and Michaelis 
constant of equilibrium exchange (D6 and DT). 

P-~ Kab + P~b'b 

K,d~ 
~'Km = - -  (I)7) 

Kab + b 

we obtain the same results as for the random system: A 
positive velocity effect on the ternary complex is ex- 
cluded and a high affinity effect is confn'med. In this 
respect the ordered system represents a limiting case 
of a random system in that both K b and r become 
infinite, and P~b zero. It would appear that at equal 
conditions the ordered system pro,ides for more effec- 
tive energetic coupling than does the random system, 
albeit less likely to occur. 

To the extent that the transfer of the ternary com- 
plex is predominantly rate-limRed by the B-steps, the 
situation becomes more complicated. A distinction be- 
tween a velocity effect (Pa, > Pa) and an affinity effect 
(r > 1) is no longer meaningful, because both depend 
inversely on the same parameters, namely the dissocia- 
tion coefficients of the ternary complex. Hence, if Na, 
owing to positive coo~rativity, depresses these coeffi- 
cients, it will at the same time enhance the binding of 
glucos¢ (affinity effect), and diminish the rate of its 
transfer. As a result the two effects on e~rget ic  cou- 
pling may more or less cancel. The experimental obser- 
vation that Na decreases both the maximum equilib- 
rium exchange and the Michaelis constant would not 
contradict this model which cannot be safely excluded 
so far. 

The equation of K m in equil~rium exchange is 
identical for both the T-model and the B-model, 
whether in the random or in the ordered form. Hence., 
the strong decrease of this K,, with increasing Na + 
may safely be taken to indicate either strong positive 
cooperativity between Na and substrate, or an ordered 
reaction. Whereas from the above results Pab appears 
to be smaller than Pa, less can be said about the 
relative magnitude of P~ with respect to Po, the 
translocation of the free carrier. Some apgroximate 
estimate could be derived from comparing equiUbdum 
exchange with the corresponding zero trans flow, i.e. at 
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maximum and vanishing concentration, respectively, of 
substrate for the random and the ordered model. These 
may approximately be represented by the following 
equation, under the assumption that the binary com- 
plexes are at 'quasi-equilibrium' of binding: 
Random maximum rates 

o]. ]m~ 2PoKb+2Po'r'b 
(DSa) 

Random minimum rates 

( ee]a ~ _ 2PoKb+(Po+Pb)'b 
~ a  ]mi n - -  2PoJ~b + 2Po'b (D8b) 

Ordered maximum rates 

(Po+P.)K° +(Po+P.Ob 
% j,,~, 2PoK~b +2Po ~b (D9a) 

Ordered minimum rates 

[°°J'/ 
- -  = 1 (D9b) 

~ O]a ~mi n 

As to the relation between Pab and P0, Eqns. D8a and 
D9a predict for both the random and the ordered 
system that the ratio of maximum equilibrium ex- 
change over maximum zero trans flow decreases with 
increasing b (Na) if P~b is smaIler than P0. This 
prediction seems to be experimentally confirmed as 
may be inferred from Table II, which shows that maxi- 
mum equilibrium exchange decreases with increasing b 
(Na+), in contrast to maximum zero trans flow, which 
remains rather constant under these conditions. Ac- 
cordingly, Pab, by whichever step it may be rate-limited, 
seems to be smaller than P0. It cannot be too much 
smaller, though, because otherwise maximum equilib- 
rium exchange could not exceed maximum zero trans 
flow (Fig. 6). As to 'minimum equilibrium exchange' 
Eqns. Dgb and D9b predict a characteristic difference 
in bchaviour between the random and ordered systems. 
Experimentally, it was found that equilibrium exchange 
at very low substrate concentration is distinctly smiler  
than the corresponding zero trans flow (Fig. 6). Ac- 
cording to Eqn. D9b this is consistent only with the 
random system, where it would be in line with our 
assumption that Na inhibits the translocation of the 
glucose-free carrier (v.s.). So far, it seems that Pab is of 
similar order of magnitude as P0; that it is smaller than 
P, but greater than Pb. It should be kept in mind, 
however, that the precision of the experimental results 
may not suffice to substantiate such an estimate. In 
hddition, the zero trans measurements, in contrast to 
the equilibrium exchange measurements, are affected 
by membrane potential changes, which are presumably 

small but nonetheless may somewhat distort the re- 
suits. 

Although cooperativity appears to play a crucial role 
in coupling between glucose and Na flow a quantitative 
estimate of the cooperativity coefficient (r) is not pos- 
sible at the present time, since we do not know the 
value of Kb, i.e. the dissociation constant of the binary 
carrier Na complex (in the absence of glucose), whether 
it is finite or infinite, as would be the case in an 
ordered system in which glucose binds before Na. 

Conclusions 

The data confirm the hypothesis that energetic cou- 
pling in this system of Ha-linked glucose transport 
comes about by two effects: 

(1) Preventing an internal leakage ('slipping') 
through the glucose-free Na-carrier complex route, ei- 
ther by immobilizing such a complex (random system) 
or excluding its formation (ordered system). 

(2) Promoting the translocation of glucose through 
the ternary complex, either by strong cooperativity 
between Na and glucose with respect to binding to the 
carrier (random system), or by restricting Na-binding to 
the (binary) glucose-carrier complex (ordered system). 

The two effects are distinct and mutually indepen- 
dent in the random system, but identical in the ordered 
system. 

The kinetic data do not indicate whether the system 
is random or ordered. All data are consistent with a 
random system, but with an ordered system only under 
the improbable condition that the dissociation of the 
binary glucose-carrier complex is slow enough to limit 
the overall transport rate. 

The kinetic data do not indicate to which extent the 
various transfer routes are rate limited by translation 
(T-steps) or by binding and release reactions (B-steps). 
All data are consistent with the first alternative, but 
effective energetic coupling requires that the leakage 
pathways, i.e., those of the binary complexes, with 
glucose or Na, respectively, are predominantly rate- 
limited by their translation steps. It is probable but 
uncertain whether the transfer rate of the ternary 
complex is predominantly limited by the translation 
step. 
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