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Simulation sho~,s that the four-state mobile carrier model for sugar transport~ in which the asymmetry arises 
from unequal rate constants of inward and omward ~'anslation of the free-carrier and carrier-sugar complex, 
does not fit with the observed dam for pro-steady-state uptake recently obtained by A.G. Lowe and A.R. 
Walmsley ((1987) Biochim. B~ophys. Acta 903, .V~7-SS0). The main reason for this discrepancy is that 
pro-steady-state fluxes are determinod mainly by the dissociation constants K~ of glucose and maltose for 
the external sites, rather than the K~ (zero-~'ansoi) of glucose and the K~ of maltose. The data are also 
inconsistem with other forms of asymmetric carrier but are fairly consistent with a symmetm~ca| carrier with 
high-affinity sites for D-glucose or with a fixed site carrier model. 

Introduction. Pro-steady-state uptake of ~4C- 
labelled u-glucose into human red cells at 0°C 
has been shown by Lowe and Wahnsley [1] to be 
transiently increased followimg preincubation with 
the non-transported competitive inhibitor of glu- 
cose transport, o-maltose prior to exposure to 
o-glucose. This was demonstrated using a method 
for rapid mixing, quenching and separating red 
cell suspensions. 

Preincubation of red cell suspensions with 150 
mM maltose prior to diludon of the maltose to 
7.56 mM and simultaneous exposure to 0.0947 
mM VtC-labelled D-glucose showed an enhance- 
ment of D-glUCOSe uptake of approximately 1 
#mol/1 cells above that into cells which had not 
been exposed to maltose. The rate of sugar uptake 
falls to the unenhanced steady-state rate within 40 
ms. 

Correspondence: R.J. Naftalin, Department of Physiology, 
King's College London, Strand, London WC2R 2LS, U.K. 

These data are important as they indicate that 
conformation changes within the sugar transF,orter 
are associated with transient changes in tran,;port. 
Also, they give valuable new information into the 
relaxation processes within the transporter which 
can be used to test the consistency of transport 
models. 

Lowe and Walmsley [1] claim that the observed 
pro-steady-state transients fit with their steady- 
state carrier model of sugar transport [2]. This 
four-state carrier model proposed that th~ a~yna- 
metry of the transport system is r lainly due te 
inequality of the unidirectional rates of translation 
of loaded and unloaded carrier ac:~ss the mem- 
brane. The dissociation constants ~s at the out- 
side and inside (b/a and e/f, respectively, see 
Scheme I) are nearly symmetric~d at 0 ° C, Ks~out~ 
-- 10 mM and K's(out)//Ks(in)= 0.7/¢ 

The following equation derived 5y Doves and 
Krupka [3] on the basis of the four-state mobile 
carrier model shows the relationship between the 
dissociation constant, K s, and the ".nhibition con- 
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Scheme i. The network of rate processes between states in the 
conventional mobile carrier model of glucose transport across 

the red cell membrane. 

stant, K i, of a nontransported inhibitor acting 
exclusively at external sites, e.g. maltose, which 
may be incorporated into the model. 

K i =  Ks(1 + g / h )  (1) 

Thus when the the ratio g/h = 16.7 [1,2] and 
Ki = 13 mM [1,2,4] it follows that Ks for maltose 
- 0.734 mM. 

Although the K, adopted for maltose is ob- 
tained from the Ki ffi 13 mM of maltose-depen- 
dent inhibition of glucose uptake into red cells, 
this is based on data obtained at a higher tempera- 
ture than 0 ° ¢  [51. Fortuitously the Ki of 
maltose-dependent inhibition of v-glucose influx 
has been found to be independent of temperature 
in the range 0-20 o C (Hohnan, G.D., private com- 
munication). 

In Fig. 1, the computed time-dependent changes 
in percentage probability of occurrence of each of 
the five possible carder states (maltose-carrier 
complex is an extra state) and also the net uptake 
of sugar per litre cell are shown. The rate con- 
stants assigned for loaded and unloaded carrier 
movement across the membrane and dissociation 
constants for v-glucose binding are the those de- 
dyed by Lowe and Walmsley [1,2]. The Ks for 
maltose is derived from Eqn. 1 on the basis of a 
Ki~- 13 raM. 

The net rate of glucose transport between in- 
side sites and intracelhlar water is calculated on 

the assumption of 7 p mol carrier per litre calls 
[1,2]. During the initial 10 ms the carrier system is 
at equilibrium with 150 mM maltose in the exter- 
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Hg. 1. Simulation of the time-dependent changes in percentage 
occurrence of each of the five possible membrane states. The 
simuletions where carried out using fourth order Runge-Kutta 
numerical integration of the following six simultaneous dif- 
ferential equations: 

dICo] /d t  = [CSo].b +[Ci].h +[Cml'k 

- [Co]( [M] ' j  + [Go]" a + g)  (1) 

d[CSol/dt=[Col.a.[Go]+[CSil.d-[CSo](b+c ) (2) 

d[CSil/dt=[CSo].c+[Gi].f.[Co]-[CSil(d+e ) (3) 

d[Ci]/dt=[CSi].e+[Co].g-[Ci]([Gi].f +h) (4) 

d [Cm]/d t  = [Co]'[M]'j-[Cm]'k (5) 

d[Gi]/dt= [T]([CSi]" e -  [ G i l . f .  [Ci ]) (6) 

The values for the rate constants are the same as those as- 
signed by Lowe and Walmsley [1,2] i.e. a = 500 s-1. mmol-1; 
b ffi 5000 s - l ;  c=1113 s - i ;  d =  90 s - - l ;  e = 5000 s - l ;  f =  742 
s - i . m m o l - I ;  g = 1 2  s - i ;  h =0.72 s - l ;  j = 1 4 0  s - l - re tool - l ;  
k = 103 s -  l; [I] = 0.007 mM (where [1] is the concentration of 
all carrier ¢c~s mmol/l  ceils). [Go], [Gi] ~nd [M] refer to the 
concenUauons of glucose in the external and internal solutions 
and maltose in the external solution, respectively. The step 
length of each interation was 50/~s. From time 0 to 10 ms 
[M] = 150 mM and [Go] = [Gi] = 0 at time > 10 ms [M] = 7.56 

mM and [Go] = 0.0947 mM. 



nal solution. After 10 ms a step change in the 
content of the external solution is simulated, so 
that the external solution contains 7.56 mM 
maltose and 0.0947 mM D-glucose. 

The following differences between the observed 
data and model predictions are seen (Fig. 1). 

(a) There is no evidence of a rapid initial in- 
crease in D-glucose uptake followed by a sharp 
decrease in uptake at 30-40 ms, instead after a 
short delay there is an almost linear rate of sugar 
accumulation. 

(b) Total sugar uptake at 40 ms is 0.2 #mol/1 
cells (i.e. less than 10% of that observed experi- 
mentally [11). 

The following analysis explains why the data of 
Lowe and Walmsley [1] are not in accord with the 
predictions of their four-state carrier model [2]. 

In transitional pre-steady-state conditions the 
mobile forms of carrier are not in steady-state 
'equilibrium' with the carrier forms on the other 
side of the membrane. Steady-state distribution of 
carrier will only be reached when transport itself 
is at steady state. At steady state the distribution 
of carrier states within the membrane determines 
the steady-state kinetic parameters; i.e. the Ki for 
maltose and the appropriate Km values for net 
and exchange transport of D-glucose. During the 
pre-steady-state transient, providing there is rapid 
equilibration of ligands with the carriers on the 
external membrane surface, the distribution of 
free and bound ligand will be determined by the 
dissociation constants of ligands Ks for the adjac- 
ent carriers. 

Thus, in the pre-steady state condition sugar 
fluxes will be determined by: (a) the carrier distri- 
bution resulting from the initial conditions and (b) 
the Ks (not the Km(zero-trans o0 or K~) of each ligand 
for the carrier on the adjacent membrane surface. 

Maltose has access only to carrier on the exter- 
nal surface. Thus, when the sites on the external 
surface are in near equilibrium with ligands in the 
adjacent solution: 

[MI. j .  Co-  [CMI. k 

where j and k are the rates of association and 
dissociation of maltose (M) with external free 
carrier (Co) and carrieromaltose complex (CM), 
respectively (see Scheme I) and k / j  = Ks is the 
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dissociation constant of maltose. Thus 

[M__ !] = [cM] 
K~ Co 

However, the equilibrium distribution ratio, of 
free carriers facing inwards and outwards is un- 
disturbed by maltose. This ratio can be derived as 
follows: 

Co. g =C~.h 

Where g and h are the rate constants of inward 
and outward movement of free carrier Co, Ci (see 
Scheme I); 
Thus according to the model of Lowe and Walrus- 
ley [1,2] 

g=__=Ci 16.7 
h co 

When [maltose] = 150 mM and Ks = 0.734 mM 
then; 

[CM]=  --__=150 204.3 
C O 0.734 

The sum of all carrier forms is; 

Co + [CM] + Ci = 100% 

Hence 

Co%= 
100% 100% 

= = 0.45% 
[CM] Ci 1 + 204.3 + 16.7 

1+-C-o + < 

Also CM% = 92.02% and Ci% = 7.51%. These ini- 
tial values are graphed in the time interval 0-10 
ms in Fig. l a. 
In the absence of maltose Co% = 5.64% and C~% = 
94.34%. 

Hence the percentage of extra carriers on the 
external surface induced by maltose is; 
92.02% + 0.45% - 5.64% = 86.83% as corrcctly 
predicted [1]. 

However, the maximal percentage of the extra 
carriers involved in glucose transport in the pre- 
steady-state condition (assurning Kso for D-glu- 
cose is !0 mM and K s for maltose is 0.734 mM 
and the concentrations of glucose and maltose in 
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the external solution immediately after mixing are 
0.094 ~ d  7.56 mM, respectively) is: 

86.83% 
1 + ( K s o o / [ G o ] ) ( l  + [I~,~]/KsM) 

86.83% 
= = 0.073% 

1 + (10/0.0947)(1 + 7.56/0.734)  

Lowe and Walmsley [1] erroneously calculated the 
proportion of extra carriers binding glucose on the 
basis of the steady-state affinity parameters KInG 
= 0.145 mM and KsM = 10 raM: 

86.83~, 

1 + ( K m a / [ G o ] ) ( 1  + [ M ] / K i M )  

86.83% 
~- - -  -- 25.38% 

1 + (0.145/0.0947)(1 + 7 .56/13)  

Because there are 340-fold fewe, external sites 
binding glucose (C$o) than previously predicted 
[1] there is no rapid decay in the fraction of sites 
binding glucose following the initial uptake, as 
there is a large excess pool of empty carrier Co on 
the external surface which prevents the depletion 
of C3o. 

The dominant process reducing glucose influx 
after maltose dissociates is the slow inflow of free 
carrier, C o from the external surface liberated 
after maltose dissociation. The rate of this process 
is determined mainly by the rate constant, g. 

The absence of correspondence between ob- 
served data and the model predictions are suffi- 
cient grounds to reject this version of the mobile 
cartier model. 

Before attempting to improve the fit by further 
testing of other models, it is worth considering 
whether the pre-steady-state data of Lowe and 
Walmsley [1] are reliable. The data of greatest 
interest are the maltose-dependent increase in D- 
glucose uptake in which stimulated uptake shows 
a rapid decrease. 

The following points suggest its reliability: 
(a) The concentration-dependence of the 

maltose effect on glucose uptake (K1/2 ~ -  25 mM). 
(b) The absence of any rapid, component of 

uptake of D-glucose without maltose present indi- 
cates that the maltose-dependent acceleration is 
not due to some surface artefact. 

The observed temperature-dependent effects on 
glucose uptake are more difficult to interpret as 
there must be considerable uncertainty regarding 
the precision of temperature regulation within the 
reaction chamber. Furthermore, interpretation of 
temperature jump effects in terms of any particu- 
lar model is difficult, as all the rate constants are 
changed by temperature. 

Nevertheless, these data must be regarded as 
provisional until they can be confirmed and ex- 
tended by additional experiments with other kinds 
of initial conditions. In particular the possibility 
of contamination of the maltose solution with 
glucose must be eliminated, as unlabelled glucose 
in the preloading solutions could lead to uphill 
counterflow of labelled glucose into the cells dur- 
ing the initial period of exposure which could have 
a similar appearance to the apparent maltose de- 
pendent acceleration of pre-steady-state glucose 
uptake. Hence, no firm conclusions can be drawn 
with regard to the validity, or otherwise of the 
carrier model on the basis of this pre-steady-state 
data alone. 

Alternative models. The following points can be 
made regarding improvement of the fit of carrier 
models to pre-steady-state uptake of glucose. 

Maltose Ks. (a) The Ks for maltose must be 
greater than 0.73mM, predicted on the basis of the 
K i = 13 mM for maltose-dependent inhibition of 
glucose uptake, otherwise reduction of the maltose 
conce-tration from 150 mM to 7.56 mM would 
have ,.,~ significant effect on glucose uptake. 

Eqn. 1 indicates that when Ki --- K s for maltose 
then the ratio g/h must be ~< 1. This implies that 
the observed asymmetry of the glucose transporter 
does not arise from the asymmetry of movement 
of free carrier. (b) As the K1/e of maltose-depen- 
dent activation of D-glucose uptake is approx. 
10-20 mM [1] the Ks of maltose must also be 
approx. 10-20 mM. 

However, raising the Ks for maltose from 0.73 
to 13 mM whilst retaining Kso of glucose at 10 
raM, as Lowe and Walmsley [1] do, does not give 
any significant improvement in the fit of the pre- 
dicted glucose inflow with the observed data, as 
the amount of carrier-sugar complex on the exter- 
nal surface, CSo is still too small. 

Glucose Ks. To simulate the observed rapid 
decay in pre-steady-state glucose inflow with the 
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mobile carder model requires that at least half of 
the available binding sites on the external surface 
become liganded to glucose as maltose dissociates. 
It follows that the K~o of D-glucose must be 
considerably below 10 mM i.e. ~< 1 raM, otherwise 
0.1 mM glucose will not bind to sufficient sites. 

If the rates of ligand association with and dis- 
sociation from the carder are not rate limiting 
then the following relationship used by Lowe and 
Walmsley [2] based on the analysi s of steady state 
equations of the four-state carder model derived 
by Lieb and Stein [5] can be used to obtain vab~es 
for the unidirectional rates. 

Thus: 

(1 + g/h) = 0.145 mM (2) Km(zero-transoi ) = Ks(out)" (1 + c/h ) 

Where Km(zero-transoi) is the K m for influx of 
D-glucose into cells containing zero sugar. If 
K~(o~t) -- 10 mM and Km(zero-transoi) = 0.145 
mM, then it follows from Eqn. 2 that c > g and 
c >> h, where c is the rate constant of movement 
of loaded carrier from outside to inside. The value 
chosen for c to give best fit to the steady-state 
data is c =  1113 s -~. This [1,2] predicts that the 
q/2 for equilibration of loaded carder from out- 
side to an inside is < 1 ms. 

Eqn. 2 requires that if K~o for glucose dissocia- 
tion is reduced whilst the asymmetric properties of 
the transport system are retained, i.e. the relative 
rates g and h are held constant and Km(zero- 
trans,,~)=0.145 mM, then the rate constant c 
must also be reduced. The required reduction in 

the rate c will reduce carrier-sugar complex influx 
to such an extent that sugar inflow becomes too 
slow to match the observed rates. 

A good fit of the four-state model to the influx 
data can be obtained if the asymmetry constraint 
is abandoned and it is assumed instead that trans- 
port is via a symmetrical carrier (see Fig. 2a). It is 
possible to simulate the observed inflows, where 
/(so of D-glucose = K m ( z e r o . t r a n  s ent ry)  = 0.05 mM and 
K s of maltose = i3 ~ M  = Ei/ '2 for maltose-de- 
pendent inhibition of glucose uptake. 

On the basis of this model simulation of the 
maltose-dependent increase in glucose uptake has 
a relaxation time of approx. 10-15 ms. This is due 
to the rapid depletion of CSo as it diffuses across 
the membrane as was predicted for the asymmet- 
ric model [1]. However, even in the absence of 
maltose a rapid decrease in the initial rate of 
glucose uptake is predicted due to depletion of 
CS o as it diffuses inwards (Fig. 2b). As no rapid 
decay in glucose uptake has been reported the 
absence of maltose [1] this suggests that the sym- 
metrical form of the mobile carrier model is also 
inconsistent with the observed data. 

A fixed site model with maltose-dependent acti,a- 
tion of glucose transport. An important aspect of 
the observed maltose-dependent stimulation of 
#re-steady-state glucose uptake [1] is that it gives 
qualitative support to the concept of a mobile 
carrier model, as it suggests a maltose-dependent 
accumulation of carrier on the external surface 
(Fig. 2a). This is not a direct prediction of fixed 
site modeiis. 

Howew:r, as carrier models do not give a good 
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Scheme II. The network of rate processes between the various 
states of the external site of the fixed site sugar transporter. 
Where (2(1) is the inactive empty state; C*(4) is the activated 
empty state; CM(3) is the state in which maltose is bound; 
CS(2) is the inactive state in which glucose is bound and 
CS*(5) is the activated state in which glucose is bound and 
transport occurs. The equilibrium dissociation constants for 
the various states of the transporter are: K, ffi k14/k41; K 2 = 

k2s/k52; KsG = k21/k12; KslG ---- k54/k45; Ks2G = k51/kls;  
KsM ---- k31/k13; KslM ---- k34/k43. 

match to the data a fixed site model will be 
examined. The main advantage of fixed site mod- 
els of glucose transport is that the parameters of 
exchange are independent of those determining 
net flux [6]. The observed asymmetric kinetic 
properties of the red cell transport system are 
explained on the basis of the testable hypothesis 
that glucose binding to the inner surface is mod- 
ified by interaction with haemoglobin [61 or by 
ATP [7]. 

A possible model of maltose-dependent activa- 
tion of glucose inflow with the fixed site trans- 
porter is as follows: 

(a) The external binding site exists either in an 
inactive state, C or activated state, C* which 
equilibrate slowly. Transport across the membrane 
occurs only when sugar binds to the activated 
form, CS* and not when bound in the inactive 
form, CS (Scheme II). 

(b) Following dissociation of maltose, the empty 
site passes to the activated state more rapidly than 
to the inactive state. Hence dissociation of maltose 
generates a transient increase in the proportion of 
activated sites, C* (Fig. 3a). This increase in 
number of activated sites will transiently increase 
the rate of glucose uptake (Fig. 3b). 

However, ;~thout prior exposure to m",dtose, 
transport of sugar proceeds at a constant rate 
(Fig. 3c) as is observed at 0 ° C. 

At equilibrium the principle of microscopic 
reversibility requires that inflows and outflows at 
all nodal points in a network occur with equal 
frequency, thereby preventing cyclic equilibria [8]. 
This constraint requires that at equilibrium the 
following relationships in the network depicted in 
Scheme II must hold: 

e.g. KslG/Ks2G = K s • / K  2 a n d  K s i M / g  1 -- KsM 

[c* ]/[el = x,; [C*Sl/[CS] = r2; 

[CS]/[C] = [Gol/g~o = [~o] r l / ( r~ ,o ,  r~); 

[ c * s ] / [ c *  ] -- [Go]/Ks,  o; [C*S] / [C]  = [GoIK,/K~,G; 

[ C M ] / [ C ]  = [M]K1/Ks1M; [ C M I / I C * I =  [ M I / K s l M .  

Since in the fixed site model the total number of 
binding sites, T remains constant on each side of 
the membrane it follows that 

[e l  = To/ ( l  + [C* l / [C] + [CS]/[Cl 

+ [c * s]/[Cl + [CM]/[C]) 

= To / (1  + K 1 + [(3o1(1 + K2) /Ks l  G + [ M I / K s  M ) 

also 

C * S = ToKsG/(1 + K 2 ) / {  Ksi G (1 + K 1 ) / ( 1  + g 2 ) -F [G o ] 

+ KsG [M]/KsM (1 + K 2 ) } 

As the rate of zero-trans glucose influx is 
dependent on the proportion of transporter on the 
external surface in the state C ' S ,  it follows that 
the g i for maltose dependent inhibition of zero- 
trans glucose influx = KsM(1 + K2) and the ap- 
parent K m (for glucose uptake)= Ks~c(1 + 
K~)/(1 + K2). This model can easily be adapted 
to describe the observed temperature jump effects 
on glucose uptake [1] if it is assumed that the 
equilibrium between the activated and inactive 
forms of carder is shifted by temperature. 

The possible role of non-transported sugars as 
partial activators has been previously discussed 
[9]. The fixed site model above could explain how 
the sugars like maltose and 6-O-pentylgalactose 
have lower K i values for inhibition of low-affinity 



sugar transport like sorbose than for inhibition of 
glucose transport [930]. 

It should be noted that the model describes 
only half of the transport system. Inflow of sugar 
across the membrane ([CS*].  k56 ) iS accompanied 
by a return of the transporter to the unliganded 
activated state C*. As the model describes only 
the zero-trans condition no return flow from the 
inside to outside is modelled. It is evident that 
more pre-steady-state data are required before any 
useful model of exchange and events occurring at 
the inner surface can be accurately defined. 
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Fig. 3. Simulation of the time dependent changes in percentage 
occurrence of the five possible membrane states on the external 
surface of a fixed site cartier. The unl/ganded external binding 
site exists either in an inactive state, C or activated state. C* 
the binding site l/ganded to glucose CS also can exist in the 
activated and inactive state. Transport across the membrane 
occurs only when sugar binds to the activated form, CS* 
(Scheme Ill). The simulations were carried out using fourth 
order Runge-Kutta numerical integration of the following six 
simultaneous differentiM ,.quations; 

d I C ] / d t  = [CS]. k2~ + [CM]. k3~ + [ C *  ]-k,~ +[CS* ]'ks~ 

- [Cl([Co].k, ,  +[Ml.kl ,  + k , , )  O) 

d[CS]/dt = [Cl.[Ool'kl~ +ICe* ].k,, - [CS](k:, + k , )  

(2) 

d[CM]/d, = [Cl.[Ml.k,3 +[c* l-[Ml.k,3 

- [CM](k3, + k,,) (3) 

die* l/dr-- [C]-/q, + [CMI.k~, +[CS* ]-(k~, +/,~) 

- [c* ].(k,,  + [Ml.k,3 + [Co]. k,~) (4) 

dies* l /d ,=  [Cl.[Oo|. k,~ + [CS]. k ,  + [C* ]. [Col. k,s 

- [ c s *  ].(k~, + k~ + k~ + ~6) (5) 

d [ G i ] / d t  = [T] . [CS* l-ks6 (6) 

The values of the rate constants used in the simulations are: 
k!2=100 s - l . m n l o l - | ;  k21--10 s - l ;  k13=10 s - l . m m o ] - l ;  
k31 = 250 s - l ;  k34 = 2500 s - l ;  k43 -= 500 s - l . namol - l ;  k2s - 
2 s - i ;  k52=100 s - l ;  k45=5(Kl~ s - l "mmol -1 ;  k54 =5000 
s - l ;  k14=50 s - l ;  k41=25~) s - l ;  kas=20 ~- l .mmol-1;  
ksl=lO0 s - l ;  ks6=lO0 s - l ;  [T]--0.007 raM. ([T] is the 
concentration of all carrier forms in mmol / I  cells). [Go], [Gi] 
and [M] refer to the concentrations of glucose in the external 
and internal solutions and maltose in the external solution, 
respectively. The integration step size 2.5 #S. 

Hence the Ks1 o of glucose for the activated site = ks4/k4s 
= 0.1 raM. The K s of maltose for the activated site -- k~/k43 
= 2.5 raM. The K s of glucose for the inactive site is k21/k!2 
= 0.1 mM and the KsM of maltose for the inactive site = 25 
mM and the K i for steady-state maltose-dependent inhibition 
of glucose uptake- -25(1+0.04)  = 26 raM. The K,~ for 
steady-state glucose uptake is Ksm(1 + Kt) / (1  + K2)=  0.098 
raM. In Fig. 3a from time 0 to 10 ms [M] ~150 mM and 
[Go] = [Gi] = 0 ;  at time > 10 ms [M] = 7.56 mM and [Go] ~-0 
raM. In Fig. 3b from time 0 to 10 ms [M]-=150 mM and 
[Go] = [Gi] = 0; at time > 10 ms [M] -- 7.56 mM and [Go] = 0.1 
raM. In Fig. 3c from time 0 to 10 ms [M]--0  mM and 
[Go] = [Gi]  = 0; at time > 10 ms  [M] -- 0 mM and [Go] = 0.1 

m M .  
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