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Summary

Glucose transport in human erythrocytes is characterized by a marked asym-
metry in the V and K, values for entry and for exit. In addition, they show a
high K, and a high V for equilibrium exchange but low K, values for infinite
cis and for infinite trans exit and entry. An allosteric pore model has been
proposed to account for these characteristics. In this model, substrate-induced
conformational changes destabilize the interfaces between protein subunits
(the pore gates).

Pores doubly occupied from inside destabilize the transport gates and result
in high K., and high V transport parameters. This effect is less marked when
pores are doubly occupied from outside and therefore transport asymmetry
results.

Introduction

The huge variety of experimental approaches and resultant kinetic tests that
are possible when studying sugar transport have repeatedly been devastating in
their rejection of the various kinetic models that have been proposed to
account for sugar transport. Since inconsistency with any single test is suffi-
cient to reject any model, the following failures have been noted [17,19].
The observation of asymmetry in the V values for entry and exit of sugars is
inconsistent with the symmetric carrier [1], the symmetric pore model [2], the
tetramer model [3] and the introverting hemi port model [4]. The observation
of a low internal K, in the infinite cis entry and the infinite frans exit experi-
ments [14,17] is inconsistent with the asymmetric carrier model [5], the
asymmetric carrier with unstirred layers [6] and a model with two antiparallel
asymmetric carriers [7]. The observation of a high K,, inside erythrocyte
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ghosts (Taylor, L.P. and Holman, G.D., unpublished results) is inconsistent
with a symmetric pore model in which kinetic asymmetrics are due to forma-
tion of, and dissociation from, a sugar-haemoglobin complex [19].

Because there is no longer a model that is consistent with all the data we
propose a new model.

An allosteric pore model

The models that have been advanced to account for sugar transport in recent
years can be divided into sequential-occupancy and simultaneous-occupancy
models. Sequential models have as their central assumption the principle that
the substrate binding site is never simultaneously exposed to internal and to
external solutions. The distinction between sequential pores and sequential
carriers is not a useful one since both have the same kinetic formulation.
Simultaneous models, on the other hand, have binding sites that can accept
substrate at internal and at external sites together. Another important feature
of such models is that there must be sufficient space within the transport
protein for molecules entering at opposite sides to bypass one another.
Molecules may pass each other within internal cavities in the centre of the
protein or at the entrance to the protein (the gates). This type of model is con-
sistent with current views that the transport proteins are intrinsic and span the
membrane. Such a protein would probably be at least 2.5 - 10° A® and since
not all the space in the protein will be occupied by amino acids of the peptide
chains it is perfectly reasonable to anticipate that two sugars, each approx.
1.25 - 10? A3, could pass one another somewhere. These models have developed
from concepts advanced by Naftalin [2] and by Lieb and Stein [3].

As an extension to the simultaneous-occupancy models, we have examined
the properties of an allosteric pore model. We have followed closely the theo-
retical analysis of the allosteric enzyme model of Koshland [8,9]. The symbols
used for the conformational states of the protein also follow Koshland’s work.

Some of the forms of the allosteric pore that are responsible for flux from
outside of the cell are shown diagramatically in Scheme 1. All of the forms of
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Scheme 1, A diagrammatic representation of the allosteric pore model. The pore can accept substrate
from outside (®) and substrate from inside (©). A3 is the closed pore with stable subunit interfaces (trans-
port gates). The A2B pore is occupied by a single substrate molecule from outside. The AB2 pore is
occupied by two substrate molecules from outside. The B2C pore is occupied by two molecules from
outside and by one molecule from inside.
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the pore are shown schematically in Scheme 2. It is proposed that the protein
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Scheme 2. A schematic representation of the allosteric pore showing all the proposed occupancy states.
O, A subunits; @, B subunits; &, C subunits. A linear arrangement of subunits is assumed.

‘'spanning the membrane is composed of three subunits that are involved in
transport (A3). Other subunits may be present but not directly involved in
transport. The interactions between the subunits are symmetric in the closed
pore but only two of the three subunits are available to substrate entering the
pore from either outside or inside. A linear arrangement of subunits is assumed
and only the outermost subunits are available to the first substrate molectilé
to bind. A subunits are empty, B subunits are occupied from outside and C
subunits are occupied from inside. When the pore is occupied several conforma-
tional states can be identified.

(1) A2BS,: The pore is occupied from outside by a single substrate
molecule.

(2) A2CS;: The pore is occupied from inside by a single substrate molecule.

(3) ABCS,S;: The pore is simultaneously occupied by one molecule from
inside and one molecule from outside.

(4) AC2S,2: The pore is occupied by two molecules from inside.

(5) AB2S,2: The pore is occupied by two molecules from outside.

(6) C2BS;2S,: The pore is occupied by two molecules from inside and one
molecule from outside.

(7) B2CS,28;: The pore is occupied by two molecules from outside and one
molecule from inside.

The total concentration of pores (T') will be:

T = [A3] + [A2BS,] + [A2CS;] + [ABCS,S;] + [AC25;2] + [AB2S,2] + [C2BS;28,]
+ [B2CS,28;] ‘

All conformational changes are substrate-induced. The binding of S, changes
the conformation of an A subunit to a new conformational state B. Similarly
the binding of S; causes an A - C conformational change.

The binding of S, to an isolated B subunit is given by the association con-
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stant (K ) times the equilibrium constant for the A - B transition (Kb):
[BS,] _[B]
[B]-[S,]1 [A]

The binding of S; to an isolated C subunit is given by Kg; times the equilib-
rium constant for the A > C transition (X,):

Ks, - K= [cs] (€]
' [CI- 18] [A]

In addition one has to consider the interaction between subunits in the oligo-
meric pore. Six different interfaces will result from the interaction of A, B
and C subunits (Scheme 2). These are AA, AB, AC, BC, BB and CC. The
stability of these interfaces is given by equilibrium constants. These represent
the tendency of the interfaces to dissociate (become unstable) relative to the
dissociation or instability in the standard state A3.

Kso'Kb:‘

[4B] (A} (BB] [A]-[A]
B [aa] [B]’ BB [AA] [B]- [B]

Jlact tar o [CC] [A]-[A]
A" [aa] [c]’ °C " [aA] [C1-[C]

[BC] [A]-[A]

BC= —— « —

[AA] [B]-[C]

The concentrations of the oligomeric states of the transport protein with a
linear arrangement of subunits can now be given.

[A2BS,] = [A3] K spKp K5, [S,)

[A2CS;] = [A3] K acK Ks;[81]

[ABCS,S;] = [A3] K oBK acKpK s, KcKs;[So118;]
[AB2S,2] = [A3] KBBKABK,iKg [So)?

[AC2S;2] = [A3) KCCKACKzK 812

[B2CS,28;] = [A3] KBcKBBKstchKsi[sol’[sil
[C2BS;28,] = [A3] KpcKccKaK 3 KnKs, [S11%[So]

A ftriangular arrangement of subunits will give different equations. The major
difference would be a BC subunit interaction in the expression for [ABCS, S, ].
The fractional saturation of the pore is:

@ = ([A2BS,] + [A2CS;] + [ABCS,S;] + [AB2S,2] + [AC2S;2] + [B2CS,28; ]
+ [C2BS;2S,1)([A3] + [A2BS,] + [A2CS;] + [ABCS,S;] + [AB2S,2] + [AC2S;2]
+ [B2CS,28;] + [C2BS;28,1)"!

In the case of sugar transport in intact erythrocytes it is assumed that the
binding of S, and S; to isolated subunits is symmetric and that AB and AC
subunit interactions are stable relative to the AA interaction. Introducing
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experimentally measurable coefficients we obtain:

@ [Sol + [8i]+ KylS,] - [8]+ Koo[So]" + Kyi[Si]” + Kooi[8o1°[81] + Kijol $117[S,]

1
7 ¥ [Sol * [Si]+ EylS,] - [81 + KoolSol® *+ Kig[8;1% + Kooi[So)2[8i] + KisolS:12(S,]

X

(1)
where

Ky = Ks Kp = KK,

Koo = Kpp - Ky

Kj; = Koo - Ky

Kooi = Kpc - Kpp - K3

Kjio = Kpc - Ko - Kx

Following the unidirectional flux through the various forms of the allosteric
pore without the assumption of slow catalytic steps is impractical. Hence the

catalytic interconversions between the oligomeric states of the occupied pore
are shown in Scheme 3. The interconversions of the symmetric conformational
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Scheme 3. This scheme shows the equilibria between the various forms of the allosteric pore and the
proposed translocation events. The translocation rate constants for the stable pores (ABC, A2B and A2C)
are symmetrical and given by k'. No shape change occurs in the conversion of ABCS{T, to ABCS,T;, the
only difference is that tracer exchange has taken place. A shape change occurs in the conversion of the
AB2 to the AC2 pore and the translocation rates k| and k, are asymmetric. No shape change occurs in the
interconversion of B2CS;T,T, and B2CS,T,T;j but tracer exchange occurs within the pore. The rate con-
stant for tracer exchange within the B2C and C2B pores is given by k''.

states must be symmetric and are assumed to be given by a single translocation
constant k’'. From the principle of a microscopic reversibility it can also readily
be shown that the translocation rates for the doubly-occupied pores are asym-
metric:

k, Kpp

k2 Kcc

where k, and k, are the translocation rates for the pores doubly occupied from
inside and outside, respectively. k'’ is the rate constant for the tracer exchange
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that occurs in the B2C and C2B pores. Hence, the net flux through the allo-
steric pore is:

U= Ui = k'([S0] — [8;]) + vk'([So]* — [8]%)
D
where D is the denominator in Eqn. 1 divided by T;
k2Kpp
CC
The unidirectional fluxes are:
_E'([8o) + Kyx[So) - [81]) *+ vk'[So]” + k" (Koot - [So]’[8i] + Kisol ;17 [So])
D
_E'([8i] + Kx[So] - [8;1) + vk'[8]? + k" (KiiolSi1°[So] + Koai[So1*[S1])
D

Uk, = k2K°° = leii =

Ky

oi

Uio

From these equations it is clear that, when the pore is doubly occupied from
either outside or inside, transport will show negative cooperativity if Kgzz and
K¢ are less than 1 and positive cooperativity if Kgg and K are greater than
1. To account for sugar transport in intact erythrocytes we assume that the
interfaces between subunits are unstable in the doubly-occupied pore. Also,
the CC interface is assumed to be more unstable than the BB interface and this
introduces influx and efflux asymmetries in both K, and V for the doubly-
occupied pores. The overall asymmetry will be given by the ratio Kyg/Kcc:

Koo &, _Kpp

Kii k2 Kcc

In order to fit the allosteric pore equations to the data for sugar transport in
intact erythrocytes we require estimates of seven independent parameters
Kx, KBB’ KCC’ Knc, k', vk', k”. For glucose l/Kx = 1.2, KBB= 0.156, KCC=
0.031,Kgc=0.24,k'=0.3mM ‘s, vk’ = 0.078,k"',=4.0 mM - 57!,

The determination of apparent affinity constants requires computer analysis.
Computer simulations of progress curves were carried out by the use of a
numerical integration program. The parameter values were determined by trial
and error and no attempt was made to refine the estimates with least-squares-
fitting procedures.

For galactose, 1/K, is higher than for glucose and equal to 8.33 mM. The
translocation rates for the doubly-occupied pores are also higher than for glu-
cose, vk’ =0.0207, k"' =7.0 mM -s”!. Other parameter values (the interface
stability constants) are unaltered.

Combinations of low K/low V and high K/high V components in the equa-
tions for sugar flux will give barely detectable non-linearity in reciprocal plots
and this is shown in Results.

Results

Zero trans experiments :
In this procedure the trans concentration is kept at zero while the cis con-
centration is varied and consequently the cis saturation constant is obtained.
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The data of Ginsburg and Stein [11] for galactose transport in red cells gave
evidence of two K, and two V values for net influx under zero trans condi-
tions. However, their data are consistent with negative cooperativity. This is
because at low concentrations sites of high affinity become saturated, but as
the concentration is increase low-affinity sites are produced and there is a less
steep rise to V. In reciprocal plots the most obvious feature will be the low
saturation constant. The simulated values for the allosteric pore model are con-
sistent with these findings. The simulated values for zero trans glucose influx
are K2} = 2.27 mM and V2! = 31.8 mM - min™! and can be compared with the
published data for glucose and galactose transport in Table I. For galactose
the simulated zero trens entry data and the experimental data give more
evidence of non-Michaelis-Menten behaviour than for glucose. The simulated
and experimental data give a better 2 K, least-squares fit than a 1 K, least-
squares fit. If fitted to a 1 K,,, process the operational K will slightly depend
on the concentration range tested. The same will be true of exit.

Both glucose and galactose show asymmetry in the zero trans experiments
with a high K,,,, higher V for efflux than for influx. The allosteric pore model
has been used to simulate an exit experiment for glucose similar to that of
Karlish et al. [12] (Fig. 2). In this procedure cells are loaded with 80 mM
glucose and the time course for exit is followed. The simulated time course
also shows the changes in the fractional saturation of the pore by AC2S;2
and A2CS,. Initially, when the internal concentration is high the pores are
doubly occupied and the exit rate (V) is high. As the concentration falls the
fraction of singly-occupied pores increases. The operational K, (from an
integrated rate equation replot) is then K.$ =27 mM, and Vi =168 mM -
min~!. This type of behaviour is typical of allosteric enzyme models where,
depending upon occupancy, changed between high K/high V and low K/low
V states occur. Increasing occupancy destabilizes the interfaces between
subunits.

Equilibrium exchange

In equilibrium exchange [S,] = [S;] = [S] and [S] is varied. Under these
conditions the unidirectional fluxes are measured with tracer and are equal
for influx and efflux. Simulation of this experiment also demonstates a change
from a low K/low V to a high K/high V state as the substrate concentration is
increased (Fig. 3). At low concentrations the slow exchange predominates. The
pore is predominantly in the form ABCS_S; which has high affinity and a low
translocation rate because all the interfaces between the subunits are stable.
At high concentrations the fast exchange predominates. The pore here is pre-
dominately in the B2CS,2S;, and C2BS;2S, forms which have unstable inter-
faces between the subunits and hence show low affinity but a high transloca-
tion rate. The overall effect is an exchange K. (K..) of 26 mM and V., =
233 mM - min~! with no detectable non-linearity.

Infinite cis and infinite trans experiments

In these experiments flux is measured when one surface of the membrane
(cis) is saturated by substrate and the trans concentration is varied. In the
infinite cis experiment the net flux from cis to trans is followed. In the infinite
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Fig. 1. (a) Simulated glucose transport data for (1) zero trans entry (2) infinite trans exit and (3) infinite
trans entry. (b) Simulated glucose transport data for initial rates of infinite cis exit (1) and for infinite
cis entry (2). The entry data are a simulated time course. The infinite cis K is equal to [S(,]2 times the

intercept on the abscissae. [S,] is the external concentration of glucose which is 60 mM. C is the internal
concentration.

trans experiment the tracer flux from trans to cis is followed. The net influx
through the allosteric pore when [S,] = «

VR'/K,
Ugi — Ujo = ”"—_OOi—
2 (8]

ooi

Applying a similar analysis to the infinite cis exit, infinite trans exit and infinite

5 i

20 a0 60
t sec

Fig. 2. A simulated zero trans exit experiment for 80 mM glucose (left axis). Also shown (right axis)
is the fractional saturation (®) by A2CS8; (singly oceupied) and AC28;2 (doubly occupied) pores.
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Fig. 3. A simulated glucose exchange experiment (left axis). Also shown (right axis) is the fractional
saturation ($) by sites showing slow exchange (1) and fast exchange (2).

trans entry experiments give:

K = Kig = K, = K¢ = 1/K, - Kng

This analysis indicates that the infinite cis and infinite trans K., values are sym-
metric. In practice computer simulations show that the infinite cis K, values
are slightly less than 1/K, - Kgc. This is because some of the sites are in the
ABCS,S; form which has high affinity.

The computed values for the glucose infinite cis and infinite trans experi-
ments for entry and exit, respectively, are K{} = 3.8 mM, K}! = 3.4 mM, K2 =
1.7 mM, K;? = 3.8 mM. These values are compared with the published data in
Table I.

Discussion

General properties of the allosteric pore

Pore models for sugar transport are consistent with the evidence for a water-
filled sugar-dependent transport route across the membrane. Sugar-dependent
increases in membrane water have been noted [19]. The possibility of the
formation of a disorganized water layer around certain steroids when they
interact with the glucose transport system has been reported by Lacko et al.
[20]. Bowman and Levitt [21] have demonstrated that occupation of the
glucose transporter by a series of 4—6 carbon polyols is inversely realted to
their molecular size and these authors have therefore suggested that this may
be related to the ability of these compounds to enter a pore.

The allosteric pore can account for saturation phenomena in transport. If
the cooperativity is negative then the reciprocal plots will appear linear. The
allosteric pore is different from the carrier model for transport in that the
conformational changes are substrate-induced, thus phenomena such as
counterflow and irans acceleration are due to trans destabilization of the
protein subunits in the pore (a gating phenomenon, see below) rather than to
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a conformational change involving back-flux of an empty carrier.

The difference between substrate-dependent and substrate-independent con-
formational changes will be seen in inactivation experiments. For the allosteric
pore model differences in the susceptibility of exchange and net flux to
inactivation are predicted because transport cycles exist without the empty
transport system as an intermediate. The carrier model predicts that exchange
and net flux should be equally effected by inactivators since each transport
cycle involves the empty carrier as an intermediate. Differences in inactivation
of exchange and net flux of sugars have been noted [19]. Also, the lower
activation energy for exchange than for net flux is more consistent with a
gating pore than with a carrier model [19].

Besides these general considerations, and the properties of the allosteric pore
model that enable it to be fitted to all the kinetic data, the present model has
additional features that may form the basis of future experiments. Although
for a single substrate no evidence of non-linearity of kinetic plots will be dis-
cernable this may not always be the case when a substrate and an inhibitor
interact with the transport system. In fact, the inhibition of sugar transport by
certain steroids gives parabolic inhibition plots [20]. The interaction of
1-fluoro-2,4-dinitrobenzene with sugar transport has been reported to be a
second-order process [22]. In addition, because Kgg is much greater than K¢
an inhibitor that reduces the number of internal doubly-occupied pores
(stabilizes the CC interface) may be expected to produce uncompetitive inhibi-
tion of sugar exit but produce little or no change in influx. This type of
behaviour has been noted for the effect of ?H,0 in whole cells [23]. The K,
and V for efflux are both decreased equally by this agent while K/V remains
constant. N

The molecular basis for Kgg being greater than Ky c may be that the pore
gates (protein subunits) are also controlled by modifier proteins of the cyto-
skeletal network. This is consistent with the observation that mild proteolytic
digestion of the inner membrane surface of erythrocyte ghosts results in a
marked inhibition of sugar exit [24]. A more easily opened gate at the inner
surface may account for the specificity differences observed for glucose ana-
logues at internal and at external sites [25].

Gating phenomena in transport

The allosteric pore model may be applicable to other transport systems. It
seems useful to regard the interfaces between subunits not only as substrate
binding sites but also as gates which impede the flux of materials that do not
cause a substrate-dependent opening of the pore. This is shown diagrammati-
cally in Scheme 1.

Modifiers of transport in some circumstances may be cosubstrates. For
example, if a high-affinity (tightly bound) poorly transported substrate and a
low-affinity substrate interact then the pore may be converted into an open
conformational state by the poorly transported substrate, and this may
accelerate the flux of the low-affinity substrate. It would be of interest to
determine whether ion transport gating may have an explanation in terms of
the allosteric pore. An additional factor to consider here would be the effect
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of membrane potential on protein subunit aggregation within the membrane
pores.
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