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Alternating Carrier Models of Asymmetric Glucose Transport Violate
the Energy Conservation Laws

Richard J Naftalin
Department of Physiology, King’s College London, Waterloo Campus, London, United Kingdom

ABSTRACT Alternating access transporters with high-affinity externally facing sites and low-affinity internal sites relate substrate
transit directly to the unliganded asymmetric “carrier” (C') distribution. When both bathing solutions contain equimolar concentrations of
ligand, zero net flow of the substrate-carrier complex requires a higher proportion of unliganded low-affinity inside sites («<1/ Kg‘) and
slower unliganded “free” carrier transit from inside to outside than in the reverse direction. However, asymmetric rates of unliganded
carrier movement, k;, imply that an energy source, AGgarier = RT In (koi’kic) = RT In (CMC*™ = RT In (K,‘Dn / Kg”t), where R is the
universal gas constant (8.314 Joules/M/K°), and Tis the temperature, assumed here to be 300 K°, sustains the asymmetry. Without this
invalid assumption, the constraints of carrier path cyclicity, combined with asymmetric ligand affinities and equimolarity at equilibrium,
are irreconcilable, and any passive asymmetric uniporter or cotransporter model system, e.g., Na-glucose cotransporters, espousing
this fundamental error is untenable. With glucose transport via GLUT1, the higher maximal rate and K, of net ligand exit compared to net
ligand entry is only properly simulated if ligand transit occurs by serial dissociation-association reactions between external high-affinity
and internal low-affinity immobile sites. Faster intersite transit rates occur from lower-affinity sites than from higher-affinity sites and

require no other energy source to maintain equilibrium. Similar constraints must apply to cotransport.

INTRODUCTION

Glucose transport across cell membranes, via members of the
GLUT branch of the major facilitator superfamily, is passive,
so net transport continues by facilitated diffusion only until
the chemical potential difference across the membrane of the
transported substrate, or ligand, is nullified, when equimolar
concentrations are present in the solutions bathing both sides
of the transporter. Despite the passive nature of the transport
process, the observed sugar affinity at the inside site, or in-
ternal or inward-facing site (<1/K.,), as obtained by the
concentration at half-maximal rates of export, has often been
found to be lower than at the outside, outward-facing site or
import face of the carrier or transporter.

The asymmetric transport process for glucose in erythro-
cytes has traditionally been described in terms of a mobile
circulating carrier, using a four-node cyclic network (1-9).
This scheme can be simplified to a three-node cycle, as
adopted by Stein (9), in which the internal and external faces
of the carrier-glucose complex are condensed to a single node
and assumed to be centrally positioned (Figs. 1 A and 2).

The important attributes of the three-node cyclic transporter
are the possibility of differing ligand affinities at the outside and
inside faces (Kp = kai/kip and kys/ksn, respectively); the
asymmetries of maximal rates, V,,, of net ligand export and
import match the affinity asymmetries, so that the V,,,/K ,, ratios
for import and export, the Haldane relationships, are equal.
Consequently, when the transported ligand has equal concen-
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trations on both sides, net solute flow across the transporter is
zero, despite the asymmetric affinities. The model apparently
satisfies the thermodynamic requirement that solute transport
be passive, as no exogenous energy source is coupled to the
transport process. It also meets the microscopic reversibility
constraint (9—13), since the product of all the clockwise rates,
k1 X ky X ks, is equal to the product of all anticlockwise rates,
k_1 X k_5 X k_3 (Fig. 1, B and C). However, it will be shown
that these conventional views, although very influential, are
fallacious, and have, for the last half-century, led to mis-
understanding of biological transport processes.

As the asymmetric alternating carrier transporter is an
accepted and orthodox explanation of transport asymmetry, it
is important to explain where it is deficient, describe how this
misunderstanding arose, and provide an alternative template
for asymmetric transport that complies with the energy con-
servation laws.

The illustrations of the flaws in the asymmetric carrier
model will be taken mainly from the three-node, or three-
state, digraph (Fig. 1), as this is the most transparent and basic
model; it exemplifies all the important attributes of the more
complex models, but avoids their obscuring algebraic com-
plexity. However, these criticisms of passive carrier asym-
metry apply equally to the more complex four-node transporter
(Fig. 2) and the cotransporter carrier models, most notably
to the Na-glucose cotransporter SGLT1 and 2 (14-16) (Fig.
3), which also relies on asymmetric mobile carrier affinities
to explain the apparent asymmetric affinities and maximal
rates of influx and efflux. In addition, asymmetric carrier
transport theory as applied to a variety of ligand transport
systems in which asymmetric transport has been observed,
e.g., nucleosides (17,18), choline (19,20), and gamma amino
butyric acid (GABA) (21), suggests that asymmetric ligand
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FIGURE 1 (A) The proportions of each carrier state, C;, GC,, and C3, are shown with equimolar glucose concentrations in the external solutions of 0 and
1 mM with the asymmetric affinities and rates shown in C. (B) Illustration of the relative proportions of carrier form predicted by the three-state asymmetric
mobile carrier assuming the inside site has Kp = 10 mM, the outside site has Kp = 1 mM, and both external solutions contain 1 mM glucose. All the rate
constants are as shown in B for the asymmetric carrier. The relative sizes of the carrier forms 1 = 2 = 0.083 and 3 = 0.83 illustrate the relative proportions of
each carrier state, and the energy differences between these states are shown beside the connecting arrows between the states. (C) Simulated zero-trans net
influx and efflux via the three-node mobile carrier as illustrated in C, with either symmetrical or asymmetrical affinities. The lines with positive flux values are
the influx rates and those with negative values are the efflux rates at varying concentrations of glucose in either external solution (influx) or internal solution
(efflux). The symmetrical transporter generates operational K,,s for import or export of 0.9 mM and V,, of 0.09 s~' with assigned affinities of 1 mM on each
side with the rates of association and dissociation between solutions and sites 1 and 3 = 1.0 s~ ' and the inverse rates of free-carrier transit = 0.1 s~ '. The
asymmetric carrier is assigned a dissociation rate k»; = 10 s~ and k3; = 0.01 s ', and all other constants are the same as for the symmetrical carrier. The
operational K, for exit is 7 mM and V/, for net exit = 0.48 s~!, whereas the K,, and V,, for net entry become 0.8 mM and 0.08 s~ respectively.

Tables 1 and 2. The two-fixed-site model (Fig. 4 A, with outputs illustrated in
Fig. 4 C and Tables 1 and 2) was obtained using Levenberg-Marquardt least-
squares nonlinear fitting of the Michaelis-Menten equation to the simulations
of the varying rates of ‘‘glucose’” flow in the appropriate flux mode versus
glucose concentration. The derived operational K, and V,,, values of these
curves all have errors of <1%.

transport is a widely replicated characteristic of biological
transport processes.

METHODS

All the numerical solutions to the transport models were obtained
using Berkeley Madonna, a program for modeling and analysis of dynamic

systems developed by R. Macey and G. Oster, version 8.01 http://www.
berkeleymadonna.com. The simulations were carried out using the variable-
step-length method of integration, using a minimum time step of 100 ws. The
equations for mobile three- and four-state carrier flow are shown in Figs.
1 and 2, respectively, and those for intersite flow between fixed sites are
shown in Fig. 4. The operational Michaelis-Menten parameters, K, and V,,,
derived from the simulated glucose fluxes with the three- and four-node
transport schemes, are illustrated in Figs. 1, B and C, and 2, D and E, and

RESULTS

The asymmetric passive alternating transporter
model (three-state model)

The rate of net glucose transport, as observed in human
erythrocytes, is measured from a solution containing glucose
(cis solution) into the other, nominally glucose-free (trans)
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FIGURE 2 Diagrams showing the rates and steady-state proportions of carrier forms of the four-state alternating carrier in which the inside carrier forms have a 10-
fold-lower affinity, K] g‘ = 10mM, than the outside site, KQ" = 1 mM. (A) The rates of ligand-free carrier transit k14/k4; = 10 compensate for the asymmetric affinities
between the inside and outside sites. (B) The rates of ligand-carrier complex transit, k3,/k»3 = 10, compensate for the asymmetric affinities between the inside and
outside sites. (C) The rates of ligand carrier complex and free carrier compensate equally for the asymmetric affinities between the inside and outside sites. (D) The
simulated flux rates for net influx and net efflux at varying external or internal glucose concentrations are shown with model parameters as shown in Fig. 2, A-C. The
trans side contains zero glucose at all times. (E) The simulated flux rates for infinite frans exchange influx and efflux, where ‘‘unlabeled’” glucose is present either
inside or outside at 100 mM and the solution in the opposite side has varying concentrations of labeled sugar from which the rates are measured.

solution across the cell membrane. The concentration at  transport may differ from the binding affinity, Kp, as trans-
which the transport rate is half maximal, i.e., the K, is a  portrates are compounded of rate constants pertaining to both
measure of the apparent affinity of the transported ligand for binding and transport. The erythrocyte glucose transporter
the adjacent binding site. However, this apparent affinity of =~ GLUT1 has an ~10-fold-lower affinity for D-glucose, K, ~
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FIGURE 3 The rate constants and affinities of a-methyl-glucoside («MG)
and Na™ at the inside and outside faces of the sodium glucose cotransporter

SGLT1 (13). The Kps of aMG and Na™ at the cytoplasmic surface are 67

and 47 mM, respectively. At the external surface, the observed K&g/m =

0.33 mM at 100 mM Na* and Kgg =54 at | mM aMG.

10-15 mM, at the inside face for net export than on the
outside (K,,, = 1-2 mM) for net import of glucose (zero-trans
net flux) at 24°C (22). The affinities are higher at 4°C (as
simulated in Figs. 1 C, and 2, A and B, and Tables 1 and 2),
and the asymmetry is exaggerated at the lower temperatures.
If the glucose transporter with asymmetric affinities
(modeled in Figs. 1 and 2) had equal transition rates for the
unliganded carrier, CY, between inner and outer membrane
phases, i and j, at equilibrium, it would generate a higher sugar
concentration in the inside solution adjacent to the low-
affinity glucose export site. This is because the transporter
reacts with the ‘‘reduced’” concentration of the external sugar
ligand, GIc! /K (superscripts j and i denote the outside or in-
ternal solutions, respectively, and K]iD are the ligand dissociation
constants at the external and inward-facing transporter sites),
rather than the real concentration, GI¢' (see Eq. 10 below), and
the ligand only permeates the membrane via the transporter.
However, if the glucose concentration at equilibrium was
higher in the inside than in the outside solution, an energy
source would be required to sustain the concentration differ-
ence. This is thermodynamically impermissible, as no energy
source other than that supplied by the ligand concentrations in
the aqueous solutions on either side of the membrane is avail-
able to generate a transmembrane sugar concentration gradient
when the solutions are at equal temperature and pressure.
Regen (7,8), Baker and Widdas (1), and Geck (2) immediately
realized the importance of reconciling the kinetic with the ther-
modynamic implications of asymmetric transport. The solution
they provided, and which was reiterated by Stein and colleagues
(3,4,9,12), was to introduce a factor altering the relative transi-
tion rate of free carrier between the outside and inside of the
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membrane, so that when equal concentrations of transported
ligand are present in the external and internal bathing solutions,
the transit rate of the low-affinity liganded carrier from inside to
outside equals that of the high-affinity liganded carrier from
outside to inside (Fig. 1 C). As shown below, the assumption that
asymmetric rates of free-carrier transit provide a satisfactory
solution to the problem is erroneous.

Thermodynamics of alternating
transporter equilibrium

If the internal and external solutions consist of dilute glucose
in an ideal aqueous solution, then the thermodynamic equa-
tions governing glucose equilibration across the membrane
are as follows:

AGgie = uone — K- (1
Since
e =™ + RTIn (GIc™)  and
pod = pes + RT In (Gle™), )

where R is the universal gas constant (8.314 Joules/M/K®),
and T is the temperature, assumed here to be 300 K°, then

AGa. = (woG + RTIn (GIe™)) = (sl + R In (GIc").

3)
The standard free energies of glucose in both ideal aqueous
bathing solutions are the same. Hence,

ofout

ol — o™ — 0 and  AGge = RT In (GIc™/GIc"),

)
where AGg,. is the Gibbs free energy for glucose movement
(Joules) between solutions i and j; Glc" is the glucose
concentration (mol L™") in solutions i and j, pdy is the
chemical potential of glucose in phases i and j, u°’ is the
standard molar free energy of glucose (Joules), and RT In C i
is the energy (Joules) generated by the concentrations of
ligand in phases i and j; hence, a 10-fold glucose concentra-
tion gradient between the solution phases on either side of the
transporter = 5.74 kJ; phases i and j refer here to the external
and internal solutions and inside- and outside-facing mem-
brane domains (Figs. 1, A and B, and 2, A-C).

If the dissociation constant of glucose from the external site,
KR" = ky1 /k12 = 1 mM and the dissociation constant from the
inside site, Kg‘ = kp3/Kk3, = 10mM (where kij is the rate
constant of transition from states i to j, and k is a pseudo-first-
order rate constant (sfl), in fact a second-order constant in
which the concentration term Gic' (M), and the second-order
rate term for ligand association from the external bathing so-
lution with the adjacent binding site (M~' s~ are conjoined

(Fig. 1, A and B),
Ky = kyp X GIc™  and  kpp = kp X GIC™. (5)

The 10-fold affinity asymmetry, together with the principle
of detailed balance, when applied to the trinodal cyclic path
requires that
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FIGURE 4 (A) An illustration of the two-asymmetric-site model for facilitated diffusion of glucose, which closely simulates the net fluxes of glucose shown in
Fig. 3 C. The high-affinity site on the outside has Kp = 1 mM and the low-affinity site L has Kp = 10 mM. The assigned rate constants for association and
dissociation are the same as in Fig. 1 for the symmetrical or asymmetrical three-state mobile carriers. Because two independent ligand binding sites are assumed for
the fixed-site network, the number of nodes is extended from three, in the case of the mobile carrier (Fig. 1 A) to four with the fixed-site network so the external
solution is assigned as phase 1 and the internal bathing solution as phase 4. (B) Illustration of the mode of ligand exchange between isotopes of glucose in the free
solution, where unlabeled glucose is present in the external solution and labeled glucose (black) in the inside solution. The ligands can exchange between
connected sites or between the external solutions and adjacent binding sites, as shown. The equations shown simulate exchange fluxes shown in C. (C) Simulation
of asymmetrical glucose (3-OMG) transport in erythrocytes at 4°C. The data simulated are those published by Cloherty et al. (21). The derived Michaelis-Menten
parameters are shown in Table 2. The rates and affinities were adjusted to obtain a good fit to the observed data. There are several other possible fits obtainable, but
the key point is that fitting requires asymmetric affinities with a low-affinity internal site, Kp = 12 mM, and a high-affinity external site, Kp = 0.5 mM. It should be
noted that the observed ratio of Ky, out/Km in = 0.38/4.35 = 0.87 < the assigned ratio = 0.5/12 = 0.41. The masking of the asymmetry ratio is due to crossover of
ligands between the internal and external binding sites. The higher the ratio of intersite transition rates relative to net flux rates the greater the ligand crossover and
masking of asymmetry. Infinite-trans exchange flux is obtained by maintaining internal unlabeled [3-OMG] at 100 mM and varying external labeled [3-OMG]
from zero to 100 mM (see B); equilibrium exchange is obtained by varying internal and external [3-OMG] from zero to 100 mM simultaneously; zero-trans net
entry and exit are obtained by varying the external or internal [3-OMG] from zero to 100 mM while maintaining the concentration in the frans solution at zero.
Zero net flux with equimolar concentrations is obtained when external [3-OMG] and internal [3-OMG] are both varied equally and simultaneously from zero to
100 mM. (D) Comparison of energy profiles at equilibrium of the AG for glucose as it traverses the transporter from outside to inside. (a) The change in glucose
energy as it traverses from the external solution to the high-affinity site, C'", where it forms a complex with carrier GC® (—17.2 kJ). It transits to the inside gaining
AG to form the inside low-affinity GC'® complex (—11.49 kJ) before dissociating into the inside solution. During return transit, the free carrier C* loses unsourced
energy (5.74 kJ), which compensates for the energy gain on GC transit. (b) As glucose traverses the two-site transporter from outside, it first binds to a high-affinity
site (—17.2 kJ), then dissociates to the intersite space, where it reverts to the same energy level as in the external solutions (0 kJ). It then binds to the low-affinity site
(—11.49 kJ) before dissociating to the inside pool. No transferences of energy between the ligand binding sites occur with this model.

kin X ko X kg = kyy X kyp X k. (6) k1 = k3;, so the affinity differences between the outside and
inside sites are ascribable only to differences in dissociation

For descriptive convenience, the ligand rates of association rates, and the 10-fold asymmetric affinity ratio between the
with carriers, k;, and k3,, on both sides are assumed to be inside and outside of the transporter then depends only on

diffusion-limited and are initially assigned equal values, i.e., koslki, = 10.

Biophysical Journal 95(9) 4300—4314
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TABLE 1 Operational influx and efflux parameters of a four-state asymmetric carrier model

Operational Michaelis-Menten parameters of
simulated zero-trans net fluxes and infinite-trans

exchange fluxes* K., (mM) Vin (s’l) K, ratio (efflux/influx) Vi ratio efflux/influx
Zero-trans influx, free-carrier asymmetry 1.1 0.009
Zero-trans efflux, free-carrier asymmetry 5.5 —0.045 5.5 5.0
Zero-trans influx, carrier-glucose complex 1.8 0.009
asymmetry
Zero-trans efflux, carrier-glucose complex 9.7 —0.047 54 52
asymmetry
Zero-trans influx, equal carrier glucose complex 22 0.0157
asymmetry
Zero-trans efflux, equal carrier glucose complex 6.4 —0.047 29 3.0
asymmetry
Infinite-trans influx, free-carrier asymmetry 1.1 (1) 0.043 (4.7)
Ratio infinite-trans/zero-trans
Infinite-trans efflux, free-carrier asymmetry 55() —0.045 (1) 5.5 1.0
Ratio infinite-transi/zero-trans
Infinite-trans influx, carrier-glucose complex 1.9 (1) 0.0089 (1)
asymmetry Ratio infinite-trans/zero-trans
Infinite-trans efflux, carrier-glucose complex 10.1 (1) —0.0096 (0.2) 53 1.1
asymmetry Ratio infinite-trans/zero-trans
Infinite-trans influx, equal carrier glucose 1.6 (0.7) 0.022 (1.4)
complex asymmetry Ratio
infinite-trans/zero-trans
Infinite-trans efflux, equal carrier glucose 4.8 (0.7) —0.023 (0.5) 3 1.0

complex asymmetry Ratio
infinite-trans/zero-trans

*The parameters shown are for the model depicted in Fig. 2. For the four-site alternating carrier, the model parameters are kj, =kp; =15~ Vkiz=15"Yksu =10
s’l, K3 = 1 mM, and K}) = 10 mM; for free-carrier asymmetry, they are k;; = 0.01 s", k4= 0.1 s’l, and kp3 = k3p = 0.1 s’l; for glucose carrier asymmetry,
they are k>3 = 0.01 s ks = 0.1 57!, and k14 = kagy = 0.1 s7%; and for mixed asymmetry, they are k3 = ky; = 0.0316 s 'and kjq = ko = 0.1.

Since kj» = k3> and ky3/k;, = 10, Eq. 6 reduces to
k13/k31 - 10 (7)

However, the ratio of free-carrier mobilities, k3/k3; = 10,
also determines the ratio of free-carrier distribution between
the two sides of the membrane at equilibrium. Hence,

C™3 and €Y' are the probabilities of free carriers facing
toward the inner or outer surfaces, respectively (Fig. 1, A and B).

As there are only three possible carrier states to be con-
sidered, C', GC?, and C*, where GC? is the centrally posi-
tioned glucose-carrier complex probability, the total
probability of all carrier forms is C' + GC* + C® = 1, and

therefore
C(in)3

ks [l = 10 = o ® C=1-C' -6 ©

TABLE 2 Simulated operational Michaelis-Menten parameters of observed 3-OMG fluxes at 4°C obtained with the asymmetric
two-fixed-site model

Condition K., (mM) (observed) Vi (mM L' min~") (observed) V/Kom (observed) K. (mM) Vip s Vil Km
Zero-trans entry 0.38 0.18 0.47 0.4 0.12 0.30
Zero-trans exit 4.35 1.62 0.37 73 2.10 0.29
Equilibrium exchange 22.62 9.17 0.41 14.7 10.0 0.68
Infinite-trans entry 1.57 5.62 3.58 1.38 8.8 6.37

Parameters for ‘‘two-fixed site’” simulation (Fig. 4) to fit the flux parameters obtained by Cloherty et al. (21) for 3-O methyl D-glucoside fluxes in human
erythrocytes at 4°C: KR" = 0.5 mM; K}g =12mM; koy = 10 s kg3 = 12 5715 ko3 = k3 = 0.025 s7; kexchange = 10 s~!. Note that since K" =
ko1 /kio = 0.5 mM and Kyt — (ko1 +k12)/ (k1o +ka1), ligand transport by binding to a single-site model ligand followed by dissociation with zero ligand
reflux gives k,; & 0 during zero-trans entry and k;, ~ 0 in zero-trans exit. It follows that in this condition the ratio Kg“‘ /sz tenty) reduces to kio/ (ko1 +k12),
and this fraction should always exceed 1.0.

The results in Table 2 show that Kr(,f' e""y)/l(f)“l =0.76 and K,Eflex“)/[(g‘ = 0.36.Kp/K% < 1 can only occur if there is significant ligand reflux, i.e., ko; or k1,
are significant factors during zero-trans influx and efflux, respectively.

Assuming that the model parameter assignments are accurate, these calculations indicate that at 4°C, twice as much reflux occurs from the high-affinity
outside site to the low-affinity inside site during zero-trans efflux than in the reverse situation. This finding corroborates the view that the glucose transporter
behaves similarly to an asymmetric multisite channel (41).
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This relationship reduces the number of degrees of freedom
of the three-state carrier model to two independent compo-
nents and the number of independent rate constants by one.

The law of mass action and carrier
energy distribution

The set of rate constants in Fig. 1 B describes the kinetics of
asymmetric glucose transport, with a low affinity operational
(high K, = 7 mM) for net outflow and high affinity (K, =
0.9 mM) for net inflow and also the observed matching higher
maximal rate of net outflow compared to inflow, V2! >
VILz (Fig. 1 C). These Michaelis-Menten parameters were
obtained from the simulations using Levenberg-Marquardt
least-squares fitting, as described in Methods and shown in
Fig. 1 C.

With equal ligand concentrations (glucose) present in the
solutions on either side of the membrane, the law of mass
action requires that

[ X [GIe™] X ke = [GC™* Pk, (10)
Since
k./ki = Kp and (11)
[C") X [GIe™] < [GC™ ) x K2, (12)
similarly,
[C™] X [GIc"™) < [GC™ ] X K. (13)

At equilibrium, as fluxes of the carrier-ligand complex GC in
both directions are equal, from Eqgs. 12 and 13, it follows that

[C](oul)l [C](in)3 C(in)3 K]l;l
T = om0 o = our (14)
K} K" o T K

Since the transporter affinity = 1/Kp, for glucose is 10-fold
lower on the inside than on the outside, i.e., Kg‘ /KI%ut =10,
obtaining equal rates of glucose-carrier-complex (GC) flow-
ing in opposite directions at equilibrium when equal glucose
concentrations are present in the internal and external bathing
solutions requires that the probability of the unliganded
carrier on the inside, C(i")3, be 10-fold higher than that of
C"! to offset their affinity differences.

Thus, although the energy change of glucose interaction,
AGgi. = —RTIn(K3"/K%) = 5.74kJ, with the carrier form
is greater at the external site, which has 10-fold higher affinity
than the inside site, because the carrier ‘‘concentration’’ in-
side is greater than outside, AG iy = —RTIn(CW! /C(M3) =
5.74 kJ, the total energy of the carrier-glucose complex is
equal on both sides. It therefore would seem that at equilib-
rium, because the energy imbalance caused by the asym-
metric affinities on the two sides of the carrier is offset by the
energy imbalance of the unliganded free-carrier distribution
between the two sides, the system is in energetic and kinetic
or ‘‘thermokinetic balance’’ (13) (Fig. 1, A and B).
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A major problem with this assumption is that maintenance
of steady-state asymmetric rates of free-carrier movement
and the consequent asymmetric free-carrier distribution ratios
requires an exogenous energy source to sustain the time-
averaged concentration difference of the free carrier. With the
cyclic asymmetrical carrier model, when equal glucose
concentrations are present in the inside and outside bathing
solutions, zero net flow can only occur when an exogenous
energy source counterbalances the energy difference between
the affinities of glucose-carrier complexes between the mem-
brane phases (23-25). The assumption implicit with the
asymmetric rates of unliganded carrier transit is that the
asymmetric free-carrier distribution is self-generated.

The phase equilibrium fallacy

A valid explanation for the higher concentration of free-carrier
form inside than outside at equilibrium is that the Nernst phase
distribution coefficient of free carrier favors a higher ‘‘con-
centration”’, or probability, of C™™ than C*V! (26,27).

The phase equilibrium condition requires that all the
chemical potentials of mobile components (k) between com-
municating or connected phases (i and j) must be equal (26,27).

My = M- (15)

This aspect of the Gibbs phase rule applies equally to
mobile free carrier transiting between the membrane phases
only, and mobile ligands transiting between both membrane
phases and external solutions. If the carrier asymmetry arises
because of a difference in standard free energy of the free
carrier between the two sides of the membrane (Ap° % ™),
resulting either from a difference in the local environment at
the two membrane surfaces or from carrier conformational
differences, then since

M(out)l — (Mo(oul)l + RTIn C(oul)l)

carrier carrier carrier

=il = (s +RTInCY ), (16)

carrier

where CE)J represents a density of distribution, either a
concentration (in M), or a probability (p) or mole fraction
(x) of the component (subscript k) in phases (superscripts
(i,))) and carrier states (superscripts i,j).

Then
Apelt ™ = _RT1 e 17
M camier . = T nc(out)l ( )
C(in)3 A, © out —in
Kcarrier = lowl eAM k. (18)

C(oul)l

C©""' and C"™>3 refer to the probabilities of free-carrier forms
1 and 3 being in the outside membrane, phase®"”, and the
inside membrane, phase™, respectively (Fig. 1 B). The
slower carrier movement from CY™? phase™ — phase®™
C©"" could result from an unfavorable endergonic phase



Thermodynamics of Asymmetric Transport

transition process, which is the converse of the faster exer-
gonic phase carrier transition, phase®" — phase™.

If the concentration difference of free carrier is generated only
by the standard free-energy difference, AM"EZ;';;'H , between the
adjacent membrane phases, then the ratio of carrier distribution,
the distribution coefficient K_,ier, Can be estimated as

C(in)3

K umier = W

=10. (19)
From Eq. 15, at phase equilibrium (26,27), the activities of

the all-mobile components (@) must be equal in all phases (i and

J) to which components & have access; hence, at equilibrium,

(ou)t _ ()3
carrier carrier *
: M _ o0 (i) (i) (i)
Since Acarrier — Ccarrier ><charrieﬁ where Ccaxrier and Yeartier

are the concentration and activity coefficients, respectively, of
carrier in membrane phase i, it follows from Eqgs. 15-18, that

in)3 in)3
Mz a™ _ ci™? x Y i3
a(ou!)l C(oul)l < 'yc(um)l

=1. (20)
Mc(ﬂu‘)l

From Egs. 19 and 20, the ratio of free-carrier activity
coefficients can be computed,
,ygn)3

(out)1
C

=0.1

For the three-state carrier (Fig. 1), as the glucose-carrier
complexes are formed within each separate membrane phase
space, the constraints on phase transition that apply to the free-
carrier state must also apply to the glucose-carrier complex.

AS K amrier = C™3 /COWT = 10 (Eq. 19), then equal flow
rates of GCj, - ou and GCoy— i, Tequire that also

GC(in)2
GC(oul)Z

This situation occurs when the glucose concentration ratio
between the inside and outside solutions is G/ /GIc™ = 10.
Thus, thermodynamic analysis of the circulating carrier model
shows that equal rates of inward and outward diffusion of the
glucose-carrier complex GC only occur when the glucose
concentration in the inside solution exceeds that in the external
solution by 10-fold, and not with equimolar glucose concentra-
tions, as the asymmetric alternating carrier would seem to imply.

It should be noted that the standard free energy of the
carrier refers to both interactions between the carrier and
membrane lipids and conformational changes occurring
within the membrane that alter the probabilities of transporter
distributions within the membrane.

=10. 1)

Application to the conventional four-node
passive carrier format

Condensation of the traditional four-node transporter to a
three-node scheme introduced two simplifications to illustrate
more clearly the underlying anomalies with asymmetric carrier
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transport. These simplifications enforce equality of the ligand-
carrier complex on both sides of the membrane and, implicitly,
also equality of the rates of flow of ligand-carrier complex
between the alternate sides. This is consistent with the usual
assignment of asymmetry as being generated by the slow rate
of unliganded carrier movement from inside to out (1,2,4,8,9).
It is also evident that the three-state model does not model the
phase equilibrium of the carrier-ligand complex GC satisfac-
torily, since with the three-state model, it is assumed to be in a
central position between the two free-carrier states, although
paradoxically it is required to have two activity coefficients.
Additionally, it has been shown experimentally, at least for
choline transport, that a four-, rather than three-node trans-
porter, is a more consistent model (19).

Because of the extra degrees of freedom allocated to the tra-
ditional four-node carrier model, it permits asymmetries of either
the free-carrier, C i, or the unliganded carrier, GC i, distributions,
or both. Energy compensation for the asymmetric affinity dif-
ference can now be shared between two pairs of asymmetric
rates (5), instead of one pair, as with the three-state model.

The assumptions involving asymmetric rates of the carrier-
glucose complex, GC are identical to those made for un-
liganded carrier. The following brief analysis will show that
the same fallacies that applied to the three-node model (Fig.
1) also apply to the conventional four-node digraph model of
passive alternating carrier-mediated transport (Fig. 2 A).

Asymmetric rates of free-carrier transit

As no additional ligands are added to or subtracted from the
ligand-carrier complex GC during transit, the affinity changes
occurring during its phase transition, as with the unliganded
carrier transits, are not ascribable to an exogenous energy source.

As with the three-state model, the model requires that the
product of the clockwise rates is equal to that of the anti-
clockwise rates (Fig. 2).

kip X kyz X kag X kg = kig X ks X kzy Xk (22)

Thus, the conditions for ‘detailed balance’’ are satisfied.
However, as before, this assumption ignores Gibbs’ phase
rule requirement of equality at equilibrium of the chemical
potentials, u, of all mobile components & in all phases i and j
to which & has access. Thus, phase equilibrium for the free
carrier C' between the outside and inside membrane phases
(Fig. 2 A) requires
out)1 in)4
p = pd
and its activity

(out)

1 01 (out)1 in)4 in)4 (in)4
alt = 0 x O = g = I

Similarly, phase equilibrium for the glucose-carrier complex
requires that

g"étﬂ — /ng‘é)g and ag»étﬂ — 'Yg)ét)z < GC(out)Z
in)3 in)3 in)3
= al =y x g™, (23)
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where the numerical superscripts (also in Eqgs. 24-40) refer to
the carrier states shown in Fig. 2.

It follows that

t)1
ac(nut)l _ ')/C(out)l X C(QU)

—— =1 and
A Vet X C(m)4
a . (out)2 out)2 » X GC (out)2
oc™” _ Yoc! =1 24)
a . X GC (in)3
Gt Y gl

Since the law of mass action requires that for the reversible
reaction Glc' + C' <> GC' at equilibrium,

C' X Gl X ks = GC' Xk, or
C' X Gl = GC' X k. [ky = GC' X K,; 25)

hence,

GC (out)2 K]()uut) GC in)3 X K (in)
Gle (out) Glc(m)

There are three main modes by which apparent equilibrium
can be maintained when the inside export site has a 10-fold-
lower affinity than the outside site with the four-node trans-
porter.

The asymmetric equilibrium with detailed balance may be
determined by asymmetric rates of free-carrier movement, Ci,
i.e., ky4/k4; = 10 and where k3,/k,3 =1. This is similar to the
asymmetric equilibrium discussed in relation to the three-
state transporter. Second, equilibrium may be determined
by asymmetric rates of carrier-glucose complex, GC', i.e.,
k3o/kpz = 10, with symmetrical rates of ligand-free carrier, Ci,
transit, i.e., kj4/k, = 1. Third, the compensating asymmetry
can be shared in any proportion between the rates of free
carrier, C i, and glucose-carrier complex, GC i, movements SO
that ky4/ks1 X ksolkyz = 10.

C(out)l and C(in)4 (26)

Asymmetric rates of free-carrier, C, transit

If the asymmetry is determined solely by asymmetric free carrier
movement, as in Fig. 2 A, ky4/k4; = 10, then from Eq. 26,

C(OUI)] Gc(out X Koul o Gc(m X Km
GIc™ Glc™
and at equilibrium, when GIc®™ = GIc‘*", then GC*"* =
GC"3_ 1t follows that

C(in)4 _ , (27)

C(out)l Klo)ul

Although there may be inequality of free carrier concen-
tration distribution, c, ‘at equilibrium, the chemical poten-
tials, ,LLC, or activities, ac, of the free carrier must still remain
equal between the external and internal membrane phases.

Hence, at equilibrium, the activity coefficients ' of C'
must be inversely proportional to the concentrations of free
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carrier C' in both internal and external membrane phases.
Thus,

(out)1 y(uul)l X C(oul)l

(out)1 (in)4 (28
a =a or T = — = L. 29)
c c a<C ) 7(c X Cm

However, since

C(oul)l Kgul
Tk (30)
a1<1d )hence y<1")4/yg)m)l = KY'/K% = 1/10, therefore, if
out)1
Yo =~ =1, then
Y =01, and Y xC™ =1 31

It follows that no energetic benefit can be derived from
the asymmetric dlstrlbutlon of free carrier. Thus, ag) U0l
(Glc©™ /Kty = (in)s X (Gl /K™y when GIc™ /Gl =

10 and not when G]C(‘n) _ Glc(out)

Asymmetric rates of carrier-ligand complex
GC transit

In the second case, all the compensation for the asymmetric
affinities is assumed to be due to asymmetric rates of carrier-
glucose complex movement, as in Fig. 2 B, where k35/ka3 = 10.

In this condition, V! = CA* and GIc®*Y = GIc™, and from
Eq. 26,
GC(ouI)Z X K](:))ut _ GC(in)3 X Kll;, (32)
hence,
GC(out)Z Kin
— =2 — 0. (33)
GC(m)3 KD

H(ov&;gver (51)13106 phase equilibrium of GC i requires that
out m

age’ = dge , it follows that
ch(,)él < GC (out)2 — ygrg% < (}.(j(in)S7 (34)
and thus
GC(out)Z (in)3
GO — ;/(Suct)Z = 10. (35)
GC
Hence, although the concentration ratio GC(©"?/

GCM3 = 10, the activity coefficient ratio reduces the activ-
ity ratio of GC to 1. It follows that no energetic benefit can be
derived from the asymmetric concentration distribution carrier-
ligand complex GC' between the outside and inside mem-
brane phases, and again, when GIC™™/GIC®" = 10 and not
when GIc™ = G,

Equally divided asymmetries between
unliganded carrier and carrier-ligand complexes

The third case permits asymmetry to occur with both free
carrier and carrier-glucose complexes, as illustrated in Fig. 2 C.
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In the simplest case, where the asymmetry is equally di-
vided between the free-carrier, C', and the carrier-glucose
complex, GC', then

b ks
k41 k23
and hence
C(in)4 GC(out)2
o)l (in)3 (36)
C GC
and
k k Kin C(in)4 < GC(out)Z Kin
jsz 3[:107 or ~owl < A3 i,)n:lO
ky ks Ky ™ % e Ky
(37)
Since at equilibrium
a(cn ool — ag")4 and ag)é')z = ag'83, (38)
it follows from Eqs. 36-38 that
’ygn)zt < C(in)4 yg)él)Z < GC(oul)Z B
(out)1 (out)1 (in)3 (in)3 L. (39)
Yo XC Yoe X GC
Assuming that ygn)4 = y(Goét)z =1, then
Yt = 43 — 0.1 = 0.316. (40)

Thus, in this third case, where the asymmetries are equally
divided between the free carrier and ligand-carrier transits,
again no energetic benefit accrues from the asymmetric
distributions of free carrier and carrier-ligand complexes, as
the combined activity coefficients of both carrier and carrier-
ligand complex negate all energetic benefit obtained from the
combined concentration gradients of the carrier forms.
Again, equal transit of GC' only occurs when Glc™™ /Glc®" =
10 and not when GIc™ = GIc®™.

In summary, the previous section shows that whether the
asymmetry is confined to the unliganded carrier forms or to
the carrier-ligand complex, or distributed between all possi-
ble forms, asymmetric distributions of carrier forms cannot
supply energy to the transport process at equilibrium. This
follows directly from the requirement that at equilibrium, the
chemical potentials of all mobile components must be equal
in all the phases to which they have access (26,27). Hence,
the energy difference generated by ligands binding with
asymmetric affinities to sites on opposite sides of the mem-
brane transporter cannot be compensated by any asymmetry
in carrier transit rates. Therefore, the asymmetric alternating
carrier model does not and cannot account for the asymmetric
transport parameters observed with glucose and a large
number of other transport systems.

In addition to passive facilitated transport of sugars via
GLUTs, asymmetric carriers have been invoked to describe the
transport of a wide range of organic solutes via uniporters, e.g.,
choline (19,20), purines, and nucleosides (16,17), and organic
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acids (21). The above analysis shows that where transport
model systems rely on a cyclic carrier system with asymmetric
rates of free carrier movement to account for observed asym-
metric affinities, they are, without exception, invalid.

Nonequilibrium thermodynamic systems have been found
in which exogenous energy sources generated by ATP are
used to change affinities of enzyme systems (23,24). How-
ever, such systems do not apply to the case of facilitated
transporters described in this article, as these function with-
out the need for any exogenous energy source. This merely
emphasizes the point that energy is required to change the
affinity of a bound ligand. Some other explanation must be
sought for the passive asymmetrical transport process. In
some cases, as with choline, transmembrane electrical po-
tential could provide an external energy source to alter the
equilibrium distribution of the charged ligand. However,
many cotransporter models assume that the free (uncharged)
carriers have rate constants that are asymmetric even when
membrane potential is held at zero (see below).

Cotransport and asymmetry

Asymmetrical carrier transport has been applied to describe
cotransport (symport) between ligands, such as Na* and
glucose, via the Na-dependent cotransporters SGLT1 and
SGLT?2 (14-16). These carrier transport systems are neces-
sarily more complex than uniporter facilitated diffusion
systems, as they involve more ligands that may associate in
either an ordered or a random fashion with both sides of the
carrier, and may involve polyvalent stoichiometries and
electrical potential, which has been invoked to impinge not
only on the mobilities of charged ligands, e.g., Na™, but also
on the transit rates of free and complexed carrier. Many co-
transport models also incorporate the assumption already
examined for uniport facilitated diffusion systems, namely,
that free carriers are very asymmetrically distributed even
when the electrostatic potential difference across the mem-
brane is zero (14,15) (Fig. 3).

In this model description of Na-glucose cotransport via
SGLT1 (14), the assigned rates for free carrier movement at
zero potential difference are inflow e —carrier / OUlOW e — carrier =
350/3 =~ 11.87 KJ.

This asymmetry is required to explain why glucose export
flux against the direction of the Na™ electrochemical poten-
tial gradient is much slower (virtually zero) than predicted on
the basis of the energy generated by the Na™ electrochemical
potential difference between the bathing solutions.

Cotransport models require that transport ‘‘equilibrium’’
no longer occurs when there is a uniform distribution of all
mobile ligands in all accessible phases. With cotransporter-
induced static-head equilibrium, it is assumed that the elec-
trochemical potentials of the cotransported ligand species in
the external solutions are summated, in a manner similar to
the way electrical and chemical potentials combine to affect
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the movements of charged mobile ions across an ion-selec-
tive membrane (9,16,20).

Thus, for cotransport via SGLT1, static-head equilibrium
occurs when

[Na!"] X [Glc"] = [Na™] X [GIc™], 1)

where n = 2 is the stoichiometric coefficient of Na™ binding
to the SGLT1 carrier and cotransported with glucose, and the
import and export rates of the mobile component of the
ligand-carrier complex are equal (14,15):

[Na)' X Glc™ X C"] = [Na" X Glc™ X C™]. 42)

Thus, static-head equilibrium effectively defines the limit
for the maximum accumulation ratio of the driven ligand, e.g.,
glucose in the case of SGLT1 and SGLT?2. This equilibrium is
also sustained by asymmetric rates of the carrier-Na, complex
at zero potential difference:

inflow rate | outflow rate = 0.3/(9.1 X 10™*) = 14.5kJ.

In addition to the implicit hypotheses that external energy
sources are needed to sustain asymmetric permeabilities of
the free carrier and the divalent Na,-carrier complex, the
model requires that neither free Na™, nor glucose within the
membrane, nor the isolated carrier-complex with Na* or
glucose, i.e., NaC' and GCi, permeate the intramembrane
phase boundaries of the transporter (14). If Na* were per-
mitted to permeate passively within the carrier phase spaces,
then at phase equilibrium the Na™ gradient would dissipate
entirely. If the leak pathways lie outside the transporter, then,
in theory at least, Na* equilibration between the membrane
phases of mobile ligand can be avoided.

The cotransport model explicitly assumes that the mobile
Na,C' complex is asymmetrically sustained by asymmetric rate
constants that are independent of membrane potential and un-
sourced from any overt energy input. This prevents Na™
equilibration between the inside and outside phases of the co-
transporter and circumvents the problem of phase equilibration
of Na™.

It is evident that although the SGLT cotransport kinetic
models provide good heuristic descriptions of steady-state and
pre-steady-state ionic flows across isolated cotransporters,
they are not based on secure thermodynamic or mechanistic
foundations, and therefore cannot be regarded as valid.

Detailed balance, microscopic reversibility, and
asymmetric transport

It has been argued that microscopic reversibility constraints
can only properly be applied to particles of equal energy in
the gas phase (13). Since the products of chemical reactions
generally have energies different from those of the reactants,
the forward and backward reaction rates differ at equilibrium.
Tolman (28) refers to this as an inverse process where keyerse/
ktorwara = Kp; hence, unless Kp = 1,

kreverse # kfr)rward' (43)
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In the case of the trinodal network (Fig. 1, A and B), il-
lustrating the asymmetric carrier, there are two asymmetric
inverse chemical reactions along the edges between nodes
1 and 2 and nodes 3 and 2 in which the product GC is formed as
a result of association between glucose in either external
solution, GIc', and carrier, C'. This leaves only the unliganded
transitions of free carrier between nodes 1 and 3 needing to
fulfill the microscopic reversibility and detailed balance crite-
ria. With the four-node network (Fig. 2), the transitions of C i
between nodes 1 and 4 and GC' between nodes 2 and 3 must
fulfill the criteria of both microscopic reversibility and detailed
balance.

Thomsen (29) outlined these criteria very precisely. The
first criterion is that equilibrium between two states occurs
only if the two states are interconnected—if it is possible to
go from one to the other in both directions. The digraph in
Fig. 1 A shows that carrier states 1 and 3 on either side of the
membrane are interconnected, and in Fig. 2, carrier states
1 and 4 and 2 and 3 are both interconnected.

The second criterion, microscopic reversibility {M}, re-
quires that transition probabilities, A;j, between states 7 and j
are the same in either direction for every i and j. This means
that equal flows between i and j must occur via all possible
routes, in this case along both the direct path in Fig. 1 A,
1 < 3, and also via the indirect path, | < 2 < 3.

The third criterion, detailed balance {D}, requires that

transitions occur with equal frequency between any two
states at equilibrium:

Pi X Ajj = pj X Aj. 45)

ij

This criterion of detailed balance is fulfilled in the asymmet-
ric carrier model, since the net flows at equilibrium of the
asymmetric carrier are zero along all branches of the network
at equilibrium.

From the previous discussion, it is evident that at equi-
librium the probabilities p; of asymmetric carrier states on
either side of the membrane are unequal, since with the three-
node carrier, C'/C? = 0.1 (Eq. 14), and with the conventional
four-node carrier, either C1/C3 = 0.1 (Eq. 30) or GC'IGC? =
10 (Eq. 33), and similarly in the four-state model.

Hence,

pi # pj (46)

The ergodic hypothesis {E}, the fourth criterion, assumes
that all accessible states i are equally probable at equilibrium.
The asymmetric distribution of unliganded carrier is a con-
sequence of the asymmetric rates of free carrier movement
across the membrane between nodes 1 and 3 (Fig. 1) or, with
the four-state transporter, between nodes 1 and 4 and 3 and 4
(Fig. 2, A and C).

For every state i,

pi=1/W, 47

where W is the number of accessible quantized states i.
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The asymmetric mobile carrier, as formulated, matches
neither the ergodic hypothesis {E} nor microscopic revers-
ibility {M} criteria, and only obeys the principle of detailed
balance {D} by assuming that an imaginary source of energy
is available to maintain the balanced condition.

Previously, the possibility has been considered that carrier
particles within a membrane can exist in different confor-
mations or energy states and the transition rates between
these states could be functions of electrical potential (14,21)
or nontransported ligands (19). Where these forces act uni-
laterally, they must be considered as affecting only the
standard free energies of the transported ligand, and not the
concentration-dependent component of energy, and there-
fore, as has been illustrated above, they affect only the dis-
tribution coefficient of free carrier, K e It should be noted
that when the affinities are symmetrical, the mobile carrier
scheme fulfills all four criteria for equilibrium outlined
above.

Alternative forms of asymmetric transport

Cyclic carriers, as illustrated in Fig. 1, A and B, make the
fundamental assumption that there is only a single ligand
binding site for uniporters, or conjoined multiple sites for
cotransporters, which alternate between the two sides of the
membrane. The process of carrier disappearance from one
side and its automatic reappearance on the other side implies
motion. In addition, in the case of carrier asymmetry, dis-
appearance of the high-affinity site from the outside followed
by its reincarnation on the inside, as a low-affinity site and
vice versa, implies an energy change during translation (Fig.
4 D). Integral with these assumptions, microscopic revers-
ibility requires reciprocal and equal translation rates of the
carrier-ligand complex at equilibrium. These two conflicting
constraints are ostensibly reconciled by assuming that the
free-carrier energy change on translation can compensate for
the energy difference due to different ligand affinities on the
two sides of the transporter.

It is evident that the triple constraints of mobile carrier path
cyclicity, combined with asymmetric ligand affinities and the
absolute requirement to maintain equimolar equilibrium in
the external solutions, are mutually irreconcilable, since this
requires unequal unliganded carrier distribution at equilib-
rium, i.e., failure to observe the ergodic hypothesis {E} (Eq.
47). In macroscopic terms, this translates to Gibbs’ phase
rule, which requires the chemical activities of all mobile
components to be equal in all phases at equilibrium.

This fundamental flaw is averted if the assumption of a
mobile site is relinquished and two or more fixed inter-
connected sites on each membrane side are assumed instead.
Ligand flows then occur by serial jumps resulting from ligand
dissociation and reassociation reactions between the con-
nected vacant sites or nodes in the network. With cotrans-
port, the altered kinetic energy from frictional interactions
resulting from collisions between the mobile ligands within
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the transporter also affects the rates and direction of flows.
Although conformational changes of the transporter protein
are not precluded in this model, no such change leading to
ligand position or affinity changes within the binding site is
necessary.

The major kinetic and thermodynamic differences between
mobile-site- and fixed-site-mediated transport are that lig-
and(s) only dissociate from mobile carriers to the external
solutions, whereas with fixed-site models, ligand(s) dissoci-
ate between sites on opposing membrane sides, as well as to
the adjacent external solution but, in contrast to carriers, not
to the solution on the opposite side of the membrane (Fig.
4, A and D).

These differences have important implications. Asym-
metric mobile carriers are hypothetically able to couple the
energy from their asymmetric distribution to that of the
bound ligand(s) during ligand transference (Fig. 4 D, a). This
is avoided with fixed-site transporters, because the ligands
have to dissociate from one site before reassociating with the
alternate site. At equilibrium, ligand dissociation into the
intermediate space between sites causes the dissociated li-
gand to revert to its energy status in its source solution (Fig.
4 D, b). Thus, no energy change is conferred on the ligands
during transit from the high- to the low-affinity site, or vice
versa.

Furthermore, the higher rate of ligand dissociation from the
low-affinity inside (fixed) site is reflected in a higher rate of
ligand transit from lower-affinity inside sites to outside sites
(Fig. 4 A). Thus, equal rates of ligand flow between sites with
asymmetric affinities automatically occur when equal con-
centrations of ligand are present in both external bathing so-
lutions. This contrasts sharply with the mobile carrier model,
where ligand translation between the two membrane sides is
rate-determined only by the carrier mobility and not directly by
the ligand dissociation rate (Figs. 1, A and B, and 2 A).

In the fixed-site transporter (Fig. 4 A), the rates of ligand
(glucose) transit between sites 7 and j are

flux; = (1 — 0'%) X k; and

fluxy = (1 = ¢') X ks, 48)
where ¢'9' is the fractional saturation of sites i and j with
glucose.

If the rates of association and dissociation of glucose to
external solutions 1 and 4 are much faster than the intersite
transitions, then

2Gle GIc' o ol GIc*
=—1——m and, similarly, ¢ = —F——.
Gle + Ky Glc* + K&

(49)

As the intersite dissociation rates k;; are proportional to the
dissociation rates between binding sites and adjacent solu-
tion,

¢

ks = ke X ky  and ks, = ky X kaa, (50
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where k, is the symmetrical diffusion coefficient for intersite
ligand diffusion within the intersite space.

At equilibrium, the unidirectional intersite fluxes 2 — 3
and 3 — 2 are equal, and GIc®"" = GIc™; hence,

(pZGlc X k23 X kx % (1 _ (p3Glc> _ (p3Glc X k32 X kX X (1 _ (/)ZGIC).
(61
If ksofkoy = K /K" = R, then from Eq. 48,
Glc | Gle
R e (1 - @) Glc+ K" o Gl K
= (p}GIC(l _ (PZGIC) - GlC v L GlC 5
Gle + K}, Gle + K"
which simplifies to
Kin
R = o (52)

D
Thus, the unidirectional fluxes are equal when equal concen-
trations of transported ligand in the external solutions and the
unidirectional rates of dissociation from a site i to the intersite
space are proportional to Ki,. Therefore, at equilibrium, the
multisite transporter is in detailed balance. A numerical
example illustrates this point.

If GIc®™ = 1 mM = Glc"and K3 = 1 mM; and ky; =
ke X 1 Kg‘ = 10 mM; and k3, = k, X 10, then, from Eq. 49,
»*9" = 0.5 and ¢*“' = 0.091.

At equilibrium, where the concentrations in both bathing
solutions are 1 mM,

fluxy; = 0.5 X 1 X k(1 — 0.091) = 0.45 X k,, and
fluxs, = 0.091 X 10 X ky(1 — 0.5) = 0.45 X k,.

The generality of this point is illustrated in Fig. 4 C, where it
is shown that zero net glucose flux occurs with equimolar
external glucose concentrations on either side of the asym-
metric fixed-two-site transporter. The intersite dissociation
rates from each site are proportional to their dissociation rates
to the external solutions.

Exchange transport via mobile or fixed-site
asymmetric transporters

One of the most appealing aspects of the alternating carrier
model is that it readily accounts for most of the phenomena
related to accelerated exchange, for example, the higher
maximal rate of exchange flux compared to net influx. Ex-
change flux refers here to the exchange of labeled sugar
ligand with unlabeled sugar, initially present only in the so-
lution on the opposite side of the membrane. Net flux is
simply the flux of sugar into the opposite solution, which
initially is sugar-free. With an asymmetric transporter, the
higher ratio of maximal exchange flux to maximal net influx
than to maximal net efflux, and the higher K, for equilibrium
exchange than for net influx, or infinite-frans exchange are
equally predictable by the mobile carrier theory and are
similar to the observed parameters (21) (Table 2).
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The mobile-carrier explanation for accelerated ligand ex-
change is that the path for ligand exchange via the mobile
carrier nodes, (1 — 2 — 3),(3 — 2 — 1), bypasses the slow
path of free-carrier transit (3 — 1) or (1 — 3) (Fig. 1 A),
which is obligatory for completion of a net transport cycle.
The higher ratio of maximal exchange flux to maximal net
influx than to maximal net efflux (Fig. 1 A) arises because the
slow rate of return of empty carrier to the outside retards net
influx more than the faster return of empty carrier to the in-
side slows exit. The higher K, for exchange than for net
flux arises because both inside and outside sites must be
saturated before exchange flux is maximal. Consequently, the
K i (equilibrium exchange) 18 determined by the low-affinity inside
site, whereas the Ky (et influx) 1 determined only by the high-
affinity outward-facing site.

With infinite-trans exchange, where rates of exchange
uptake from variable concentrations of labeled external glu-
cose concentrations are measured into cells preloaded with
high unlabeled glucose concentrations sufficient to com-
pletely saturate the inside site, exchange flux now reaches a
maximum when the outside site becomes saturated with la-
beled sugar, so the K,,, for infinite-trans exchange entry is
close to that of the high-affinity external site, 1-3 mM.

The fixed-site transporter model requires that accelerated
exchanges between free ligand in solution, or ligand in the
intersite space within the membrane, and ligands bound to the
transporter are faster than net flux, i.e., a complete ligand
association-dissociation cycle with a vacant site to explain ac-
celerated exchange. More rapid exchange will occur between
bound and free ligand providing the ‘‘activation energy’’ is
lower for exchange than for the net association-dissociation
reaction between free ligand and a binding site (Fig. 4 B). If
the activation energy is higher for exchange than for net
uptake and dissociation of ligands from a binding site, then
exchange retardation will occur, as has been observed with
exchanges between different hexoses (30).

Implementation of this assumption permits all the kinetics
of both net and exchange glucose to be simulated (Fig. 4 C,
and Tables 1 and 2), as has been observed with glucose
transport in human erythrocytes via GLUT1 (1-4,6,9,11,
12,22,31-33).

DISCUSSION

The hypothetical asymmetry of free-carrier flow was postu-
lated so that the alternating carrier model could achieve the
balance condition {D} at equilibrium (see Egs. 6, 22, and 45).
Paradoxically, the cyclic carrier model at equilibrium cannot
both encompass detailed balance and retain the asymmetric
affinities without implicitly introducing an imaginary energy
source to maintain the asymmetric distribution of unliganded
carriers.

The energy obtained from asymmetric flux ratios, AG . yrier =
RT In (kj/k;), is well understood, as this flux ratio equation
was introduced by Ussing (25) to explain active Na " transport
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by isolated frog skin and differentiate it from passive trans-
port. Thus, it is surprising that it has been accepted for so long
that asymmetric rates of free-carrier movement provide a
solution to the asymmetric affinities of passive mobile car-
riers.

Since cyclic asymmetric alternating carriers can no longer
be used to explain glucose transport kinetics, some alterna-
tive multisite transport model must be invoked to account for
glucose transport. This lends support to recent observations
from docking studies that there are multiple low-affinity
glucose docking sites present within the central transport
channel of GLUT1 (34,35).

Recently, fixed-site collision models have been suggested
to explain some cotransport phenomena, e.g., serotonin
transport via the human serotonin transporter without mobile
carriers (36,37) and lactose transport via LacY (38). These
may be better analogs of cotransport than the more accessi-
ble, but erroneous, carrier models, which derive their asym-
metry from energy-requiring asymmetric rates of free-carrier
transit.

An earlier version of cotransport in which coupled Na*
and glucose movements are viewed as deriving from fric-
tional coupling and aided by convective flow (39) may pro-
vide a working basis for future cotransport models. The
presence of a central osmotically active vestibular compart-
ment within SLGT1 and 2 could be a basis for development
of convective flow of Na* and sugar generated by the os-
motic pressure from actively accumulated solutes (34,35,40).

Comparison of the two-site transport model with
asymmetric multioccupancy ionic channels

The two-site model of sugar transport shown in Fig. 4 has
similarities to a model of asymmetric, multioccupancy ion
channels discussed by Eisenman and Horn (41). This de-
scribes asymmetric channel ionic permeability, P;, in terms of
two parameters, an ion affinity of binding, K;, to each site and
an activation energy, k¥ = A; X exp(—G*/RT). These pa-
rameters are combined, so the permeability ratios of two or
more ions can be compared using the relationship P,/P, =
[(Ka X k) /(Kp X kp)], where & is the rate constant of perme-
ation of ion species i. Even with singly occupied channels,
providing there are asymmetric selectivity barriers present
within the channel, this linear model generates different
patterns of ion selectivity as ion concentrations are varied.
Interpretation of the selectivity properties of the ion channels
becomes difficult when multiple barriers of differing height
and ion selectivity are present. Multisite channels with vari-
able site affinities and occupancy makes interpretation of ion
selectivity patterns more difficult, as differential binding can
arise with different ion concentrations that may involve
blockage or inhibition of ion flow by ions bound to distal sites
or by geminate recombination between channel sites.

A recent simulation of ion permeation through the a-he-
molysin channel using Monte Carlo Brownian dynamics (42)
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has established that a major cause of asymmetric ion per-
meability is the asymmetric distribution of fixed charges,
e.g., aspartate and lysine, which create a large potential
barrier within the channel opening separated from a salt
bridge between a glutamate and lysine residue in a narrow
region near the inside opening of the channel with weak
anion selectivity. When combined with a transmembrane
potential of =150 mV, these fixed charges generate large
differences in the free-energy profiles for K™ and ClI~ and
changes in the number and distribution of ions within the
channel.

Several features of the fixed-site model for sugar transport
(Fig. 4) resemble the Eisenman-Horn channel model (41).
The fixed sugar-binding sites have ligand specificity assigned
in terms of Michaelis-Menten kinetic parameters for binding
and transference between sites. This simple unitary behavior
is also complicated by the presence of multiple binding sites,
which create the possibility of asymmetric flow with a wide
range of kinetics, including self-inhibition by ligands binding
to the alternate site, or acceleration or retardation exchange
flux resulting from the activation energies of exchange pro-
cess being lower or higher, respectively, than net flux
(22,33). The data shown in Table 2 and simulated in Fig. 4 C
are consistent with more geminate recombination during
zero-trans exit than during entry, as would be expected if the
external site has a higher affinity than the inside site(s) (Table
2). Allowing for multisite kinetics in combination with site-
specific mutations may provide a useful strategy for future
investigations into the complex nature of transporter speci-
ficity to sugars and other ligands.

CONCLUSIONS

The conventional description of asymmetric passive facili-
tated diffusion, where an alternating carrier with asymmetric
rates, kij, of unliganded free-carrier movement is used to
account for the transporter’s asymmetric affinities for ligand,
is shown to be invalid. It implicitly requires an energy source,
AG amier = RT In (kij/k;)) = —RT In (C'/C’) = — RT In (K})/
K},), to maintain the asymmetric distribution of unliganded
carrier, CY, at equilibrium in phases™. Asymmetric distribu-
tions of carrier forms within different membrane phases also
cannot account for the asymmetry, as phase equilibrium re-
quires that all mobile forms have equal activity in all phases
to which they have access. If the concept of the cyclic nature
of ligand transport linked to a mobile binding site is relin-
quished, and instead transport is viewed as a series of re-
versible association-dissociation reactions of the transported
ligand between sites of variable affinity within a channel, no
exogenous energy is required to maintain equimolar equi-
librium of the transported ligand. In this case, no transporter-
derived energy transference occurs between the internal and
external transporter phases, and the asymmetric rates of li-
gand flow are due to the variable rates of ligand dissociation
from the high- and low-affinity binding sites.
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