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Re-examination of hexose exchanges using rat erythrocytes:
evidence inconsistent with a one-site sequential exchange model,
but consistent with a two-site simultaneous exchange model
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Abstract

(1). The kinetic parameters of zero-trans net uptake and infinite-trans uptake of 3-O-methyl-p-glucoside, 2-deoxy-p-glucose
and p-mannose into rat red cells at 24°C were measured after taking account of the linear diffusion components of flux. (2).
Zero-trans exits of 3-O-methyl-p-glucoside and p-mannose from rat cells were also measured. (3). After correction for linear flux
via non-specific routes, the V. of zero-trans uptake of 3-O-methyl-p-glucoside was significantly higher, (1.25 £+ 0.06 pmol (10
min)~ ! (ml cell water)~!) than the corresponding parameters of mannose or 2-deoxy-D-glucose, (0.33 + 0.01 and 0.39 + 0.01
pmol (10 min)~ ! (ml cell water) 1, respectively; P < 0.001). (4). After correction for linear flux via non-specific uptake routes, the
V. ax Of zero-trans exit of 3-O-methyl-p-glucoside is significantly higher (1.70 + 0.1 wmol (10 min)~!(m! cell water)™!) than the
corresponding value for mannose exit flux, (1.10 + 0.1 gmol (10 min) ™! (ml cell water)™!; P < 0.001). (5). The acceleration ratio,
i.e., the ratio of infinite-trans influx V. /zero-trans influx V,,,, of mannose by mannose (9.12 £ 0.03) is significantly higher than
that of 3-O-methyl-p-glucose by 3-O-methyl-p-glucose (2.77 & 0.14)X P < 0.001). (6). The one-site simple carrier model of glucose
transport in which sugar exchange is viewed as a sequential process, predicts that the acceleration ratio of the more rapidly
moving sugar 3-O-methyl-p-glucose by 3-O-methyl-p-glucose should be greater than that of the slower sugar, mannose by
mannose. Hence, the observed findings are inconsistent with the one-site model, but confirm the earlier disputed studies of
Miller, D.M. (1968; Biophys. J. 8, 1329-1338). (7). A two-site model, in which sugar exchange is considered as a simultaneous
process, predicts that the acceleration ratio of mannose influx by mannose should be higher than for 3-O-methyl-p-glucose by
3-O-methyl-p-glucose. The data are, therefore, consistent with a two-site model.
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1. Introduction the measured kinetic parameters (K, and V) for

max

inward and outward net flux and exchange flux taking

Numerous attempts have been made during the last
quarter century to explain the mechanism of glucose
transport across red cell membranes via the specific
transporter protein, now identified as the Glut 1 trans-
porter [1-5]. Four kinds of argument have been ad-
vanced, either in support or as a rejection of the
‘simple carrier’ hypothesis.

(i) Kinetic rejection criteria. Various combinations of
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the form of algebraic identities are used to determine
whether the transport process is consistent with a one-
site ‘simple transporter’. The basis for these identities
derives from the ‘Haldane relationships’, i.e., V.in/
K in = Vimaxout/Kmou and the Principle of Micro-
scopic Reversibility, which requires that at equilibrium
the products of all the forward and backward rates in a
cyclic reaction involving the several intermediate states
are equal; ie., ky ko k y=k_; - k_, k_;.

Early work showed that the observed parameters of
glucose transport were inconsistent with the simple
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carrier [6-8]. However, recently, revised parameters
obtained from more rapid sampling techniques, are
more consistent with the simple carrier [9-11].

A number of complexities, external to the trans-
porter itself, interfere with interpretation of sugar
fluxes; series barriers to sugar equilibration within the
cytosol, i.e., non-specific binding of sugar to haemo-
globin [2,12-14], create a diffusion barrier within the
cytosol and reduce the accuracy of determinations of
intracellular sugar concentration. The diffusion barrier
raises the apparent K, for zero-trans exit and reduces
both the apparent K, and apparent V, ., for zero-trans
net uptake [2,15]. Assessments of flux parameters based
on integrated rate equations are particularly prone to
this kind of inaccuracy and therefore differ from pa-
rameters derived from initial rates [13,15].

In cells with slow rates of transport, ¢.g., rat red
cells, parallel flows via non-specific leak pathways are
another potential source of error in estimating the
membrane flux parameters [15,16].

Additionally, as with discontinuously collected sugar
transport data, quite large deviations from ideal hyper-
bolic Michaelis-Menten kinetics are not readily de-
tectable: it is evident that no unambiguous discrimina-
tion between one- or two-site models can be made on
the basis of kinetic rejection criteria applied to the
human red cell sugar transport system.

(ii) Inhibitor studies. A second approach to deter-
mining whether the sugar transporter has one or two
sugar binding sites is to observe the effects of binding
of non-transported inhibitor ligands on transport and
ligand binding. Cytochalasin B binds preferentially to
the inward facing site, whereas phloretin binds to the
outward facing site. Hence, if there are two ligand
binding sites on the transporter, both cytochalasin B
and phloretin should bind without interference;
whereas, once either ligand binds to a single site trans-
porter it will prevent binding of the alternate ligand to
the same carrier. Mutual interference between the
binding of cytochalasin B and phloretin has been
demonstrated, suggesting a single site [17-19]. How-
ever, it has also been found that prior binding of either
ligand to the transporter merely reduces the affinity of
the alternate ligand [20]. Thus, whether the paucity of
doubly liganded transporter forms is a consequence of
ligand binding to a one-site transporter, or to allosteric
inhibition of ligand binding to a two-site transporter is
indeterminate.

Non-transported sugars, with a high affinity for the
transporter, e.g., the disaccharide maltose, when pre-
sent in the bathing solution, act as unilateral inhibitors
and are deemed to fix the carrier in an outward facing
direction, thereby reducing cytochalasin B binding to
the inward facing carrier site. As cytochalasin B bind-
ing is reduced by maltose, the experimental results
favour one-site kinetics [21]. However, here too inter-

pretation is compromised by the possibility of allosteric
inhibition of cytochalasin B binding [20].

(iii} Pre-steady state kinetics. A third means of dis-
criminating between one- and two-site sugar transport
kinetics has been to observe ‘pre-steady state’ kinetics,
with rapid detection of radioisotope uptake into red
cells following a temperature jump, or rapid replace-
ment of maltose in the external bathing solution by
glucose [10,22]. High resolution, spectrofluorometric
and spectrophotometric methods have also been used
to observe the time-course of sugar-induced and cyto-
chalasin B-inhibitable conformation changes, indicated
by changes in quench of the intrinsic fluorescence of
the amino-acid side chains within the sugar trans-
porter. Following changes in external glucose concen-
tration, the resulting conformational change, at least
partially, reflects the movement of liganded carrier.
However, these changes could stem from ligand pene-
tration through the transporter to the second site; so
the relationship of the relaxation processes to carrier
movement across the membrane remains unclear [23—
25].

Thus, although the weight of opinion supports the
one-site model, there is insufficient evidence to reject
either the one- or two-site transport models outright.
This unsatisfactory situation arises because none of the
tests so far described seek to discriminate between the
different modes of exchange envisaged by the one- and
two-site models.

(iv) Testing for differences in exchange modes.

(a) One-site predictions. The assumptions of the
one-site circulating carrier model differ in two funda-
mental ways from the two-site model. Firstly, net flux is
assumed to occur by cis-trans movement of loaded
carrier and the sequential return of the empty carrier
from trans-cis is required to complete the cycle. The
rates of movement of loaded (k; or k,) and unloaded
carrier (k,) (Diagram 1) are independently variable.
Thus, when the transporter is unilaterally exposed to a
high concentration of sugar, there may be a shift in the
distribution of liganded and unliganded forms between
the two surfaces.

The second assumption is that exchange results from
cis-trans movement of loaded carrier, followed by a
sequential return of carrier loaded with sugar ab-
stracted from the trans pool of sugars. Since the ex-
change cycles consist only of partial reactions shared
with the net flux cycles, it follows that the exchange
cycles are fully delimited by constants which define the
net flux cycles. This constraint, also applies to ex-
changes between different sugars (hetero-exchanges)
with differing rates of transport and affinities.

Since the rate of unliganded carrier movement, &,
is independent of the rate at which the liganded carrier
moves, i.e., is invariant for all sugars, it follows that the
sugar with the fastest zero-trans V,, {f(k, - k;)} should
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also have the fastest exchange V,, {f(k; - k;)} and the
ratio of infinite-trans V,_,, to zero-trans V_, of this
sugar {f(k,/k,)} should also be the largest.

(b) Two-site predictions. The two-site transporter
model implies firstly, that only the transported solutes,
but not the binding sites, move between cis and trans
sides; although conformation changes may occur dur-
ing ligand translation, the cis sites remain accessible to
ligands from the cis bathing solution during the entire
transport process. Secondly, the simultaneous ex-
change of sugars between the alternate sites implies
that the partial reactions for exchange and net flux
differ.

The two-site model predicts that the resistance to
flow of a slowly moving sugar across the membrane is
larger than for a more rapidly moving sugar, i.e., zero-
trans V. = f(k,) (Diagram 2). The increase in ligand
mobility f(k,,) during exchange could arise from a
fluidity increase within the transporter in the proximity
of the bound ligands. Acceleration of exchange flux
over net flux could arise because binding of the second
ligand at the trans site reduces the cis-trans resistance
to flow of the first ligand to some minimal level.
Consequently, a slow sugar with a higher resistance to
net flow across the transporter would be accelerated by
switching to the exchange mode to a greater extent
than would a fast sugar. These contrasting predictions
of the one- and two-site mechanisms can be used as
rejection criteria of either model.

Early studies with human red cells at 20°C in which
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Diagram 1. Diagrammatic representation of the one-site sequential
exchange model of sugar transport across the cell membrane in rat
erythrocytes. C, = carrier outside; C; = carrier inside; k, = the sym-
metrical rate constant of free carrier movement; k; = the symmetri-
cal rate constant of carrier liganded to sugar, R; k, = the symmetri-
cal rate constant of carrier liganded to sugar, S.
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Diagram 2. Diagrammatic representation of the two-site simultane-
ous exchange model of sugar transport across the cell membrane in
rat erythrocytes. k, = the symmetrical rate constant of carrier lig-
anded to sugar, R; k,=the symmetrical rate constant of carrier
liganded to sugar, S; k,, = the symmetrical rate constant of exchang-
ing carrier.

zero-trans, or equilibrium exchange exits of radiola-
belled glucose, galactose or mannose were observed,
showed that galactose and mannose equilibrate more
rapidly than glucose [26,27]. Contrary to the predic-
tions of the one-site simple carrier, the ratio of glucose
exchange flux to net glucose flux was larger than the
ratio of mannose exchange to mannose net flux. How-
ever, it was suggested that this result could arise be-
cause glucose has a higher affinity for the transporter
than either galactose, or mannose; hence, auto inhibi-
tion of labelled glucose uptake would be greater than
with either galactose or mannose [26]. Because of the
very high rates of sugar equilibration across human red
cell membranes, these arguments had considerable
force.

Rat erythrocyte membranes, have only 0.1% of the
amount of glucose transporter that human red cell
membranes have; consequently rat cells have a much
lower rate of sugar transport than human cells, i.e., any
change in sugar content of human red cells in 1 s
requires approx. 10 min to effect an equivalent change
in rat red cells [15]. This means that initial rates of net
and exchange sugar transport can be examined with
much higher precision in rat red cells than human
cells. Accordingly, we have examined all the possible
exchanges of 3-O-methyl p-glucopyranoside, p-man-
nose and 2-deoxy-p-glucose in rat red cells to test the
predictions of the one-site and two-site models for
exchange.
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2. Materials and methods

Cells. Erythrocytes were obtained by exsanguination
of 100-200 g Wistar rats, which had been anaes-
thetised with diethyl ether and killed by cervical dislo-
cation. The cells were washed twice in isotonic NaCl-
Hepes buffer (pH 7.3) by repeated centrifugation at
room temperature at 4000 X g to remove plasma, white
cells and intracellular sugar.

Hepes buffer. The Hepes buffer contained 140 mM
NaCl, 5 mM KCl, 1.2 mM MgCl,, 5 mM Hepes
( N-2-hydroxyethylpiperazine-N-2-ethanesulfonic  acid;
sodium salt) (Sigma) at pH 7.3.

Stopping solution. Stopping solution consisted of
NaCl-Hepes buffer at 2-4°C containing phloretin and
HgCl, at final concentrations of 100 uM and 1 uM,
respectively. Additionally, cytochalasin B (5 uM) was
added to the stopping solution during the measure-
ment of non-specific linear uptakes of sugar.

Cell numbers and cell volume. Cell numbers were
estimated using a Coulter Counter model B and also
an Elzone 280 PC cell counter. The intracellular con-
centration of sugar was estimated on the basis that
3-10'" cells=1 ml cell water. No correction was ap-
plied for the small changes in intracellular volume
caused by the small initial difference in intracellular
and extracellular tonicity due to asymmetric loading
concentrations of sugar.

Radioisotopes. All the radioactive sugars were ob-
tained from Amersham International (UK). The sugars
used were p-[2-*H]mannose, 2-deoxy-p-[2,6- *Hlglucose
and 3-O-methyl-p-[1-*H]glucose and the final activity
for all sugars used was between 0.5 and 1 uCi/ml for
both influx and efflux experiments.

Zero-trans net entry. Freshly isolated rat red blood
cells were pre-incubated for 4 h at 37°C in sugar-free
saline, in order to reduce the concentration of endoge-
nous internal sugar. The erythrocytes were then washed
in ice-cold buffer and 200 wul of this suspension was
added to 3 ml of isotonic Hepes buffer in test tubes
containing varying concentrations (1-40 mM) of *H-
labelled sugar (Amersham). Uptake of sugar was then
measured over 10 min at 24°C in a shaking water bath.
During this time the concentration of sugar within the
cells rose to approx. 5% of the external solution, as-
suming a single intracellular compartment. The uptake
was stopped by addition of ice-cold stopping solution
to the test tubes, which were then placed on ice and
the cells were pelleted by centrifugation at 4000 X g
for 2 min. Following two further washes, the radioactiv-
ity was extracted from the dispersed cell pellets by
addition of 1.5 ml 5% trichloroacetic acid. The ra-
dioactivity of aliquots of the deproteinized extracts and
extracellular fluid were counted using scintillation fluid
containing 500 ml toluene, 500 ml Synperonic NX
(Durham Chemical Distributors, Birtley, Chester-le-

Street, Durham, UK), and 2.5 g of 2.5-diphenvloxazole
(Sigma, Poole, Dorset, UK).

Infinite-trans exchange uptake. Erythrocytes were
preloaded with 50 mM unlabelled sugar at 37°C for 4
h, washed in ice-cold, sugar-free buffer and then the
uptake of varying concentrations (1-40 mM) of *H-
labelled sugar (Amersham) was measured over 10 min
at 24°C, as described for zero-trans uptake. The uptake
was stopped with ice-cold stopping solution and the
radioactivity of the samples determined as before.

Zero-trans net exit. Following an initial pre-loading
period of 2-4 h at 37°C with varying concentrations
(1-40 mM) of *H-labelled sugar at a haematocrit of
30%, the cells were pelleted and 0.5 ml of packed cells,
(85% haematocrit) was added to 50 ml of Hepes buffer
at 24°C or ice-cold stopping solution containing cyto-
chalasin B (5 uM). The cells were dispersed and at
intervals over a 60 min time-course, 1.5-ml aliquots of
the cell suspension were added to ice-cold stopping
solution and centrifuged. The cell pellets were ex-
tracted in 5% trichloroacetic acid as described above
and the radioactivity counted.

Infinite-trans exchange exit. Erythrocytes pre-loaded
for 2-4 h at 37°C with 40 mM *H-labelled sugar were
pelleted and then 0.5 ml of packed cells was added to
50 ml of Hepes buffer containing 20 mM unlabelled
sugar. The exit of the labelled sugar was then followed
over a 60 min period as described for zero-trans net exit
and the radioactivity of the samples measured as be-
fore.

Three-parameter fits. In order to estimate the
Michaelis-Menten parameters of the sugar influxes and
effluxes, the linear non-specific leak components were
determined. The data were fitted to three-parameter
plots as follows:

v=V, 0 S/(K,+8)+k,-S

where V, and K are the Michaelis-Menten parame-
ters; k, is the lincar leakage coefficient and § is the
sugar concentration (mM) in the cis bathing solution.
All three parameters together with their standard er-
rors are estimated by non-linear least-squares regres-
sion, using the fitting program of Kaleidagraph 2.1
(Abelbeck Software). The linear leakage rate was also
estimated directly from the rates of sugar uptake and
exit in the presence of stopping solution containing
cytochalasin B (5 uM).

Statistics. All data are expressed as means + S.E.;
the numbers of data points used are as stated in the
text. The S.E. of derived parameters are obtained from
the least-squares regression lines. The significance lev-
els of any differences are determined from Student’s
t-test using appropriate degrees of freedom and the
errors of ratios are obtained by Gaussian summation.

Models of one-site and two-site sugar transport kinet-
ics with internal linear binding compartment. The one-
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Fig. 1. Effects of pre-loading with 3-OMG, mannose and 2-dGlc on the uptake of 3-OMG by rat erythrocytes. Freshly isolated rat red blood cells
were preloaded with (infinite-trans ) or without (zero-trans) 50 mM 3-OMG, mannose or 2-dGilc for 4 h at 37°C. The cells were then washed free
of external sugar and the uptake of varying concentrations of 3-OMG (1-40 mM) were measured over 10 min at 24°C in Hepes buffer or stopping
solution containing cytochalasin B (5 £M). The data shown are means + S.E. (» = 8) and lines are fitted by non-linear least-squares regression
using a Kaleidagraph 2.1 (Abelbeck Software) three-parameter fit, (except cytochalasin B data, which is a one-parameter fit). Zero-trans uptake,
closed circles; infinite-trans uptake with 3-OMG, open circles; infinite-trans uptake with mannose, closed squares; infinite-trans uptake with
2-dGle, open squares; zero-trans uptake with stopping solution and cytochalasin B (5 wM), open triangles.
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Fig. 2. Effects of pre-loading with 3-OMG, mannose and 2-dGlc on the uptake of 2-dGlc by rat erythrocytes. Freshly isolated rat erythrocytes
were preloaded with (infinite-trans) or without (zero-trans) 50 mM 3-OMG, mannose or 2-dGlc for 4 h at 37°C. The cells were then washed with
ice-cold saline to remove external sugar and the uptake of varying concentrations of radiolabelled 2-dGlc (1-40 mM) were measured over 10 min
at 24°C in Hepes buffer or stopping solution containing cytochalasin B (5 uwM). The data shown are means+ S.E. (n=8) and the
Michaelis-Menten parameters were calculated with a three-parameter fit using Kaleidagraph 2.1 (Abelbeck Software). Zero-trans uptake, closed
circles; infinite-trans uptake with 3-OMG, open circles; infinite-trans uptake with mannose, closed squares; infinite-trans uptake with 2-dGlc,
open squares; zero-trans uptake with stopping solution and cytochalasin B (5 uM), open triangles.
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site and two-site models were simulated with the aid of
Stella 11.2.2.1 (High Performance Systems) a modelling
package for the Macintosh computer which facilitates
model construction and solution of the time-differen-
tial equations used to simulate transport networks. The
equations are solved numerically with fourth-order
Runge Kutta integration procedures and are shown in
the Appendices 1 and 2.

Sugar uptake into and exit from the cells is simu-
lated to mimic the experimental conditions used in this
paper. As previously described [14] the modelled cells
have a compartment of haemoglobin occupying 85% of
the cell volume into which glucose equilibrates slowly
from the free compartment. This compartment is iden-
tical in both one-site and two-site simulations.

3. Results

Zero-trans uptake of 3-O-methyl-p-glucoside (3-OMG),
2-deoxy-p-glucose (2-dGlc) and p-mannose

Zero-trans net uptake of varying concentrations (1-
40 mM) of 3-OMG, 2-dGlc and mannose were mea-
sured over 10 min at 24°C, (Figs. 1, 2 and 3). Initial
experiments were undertaken to ensure that the time-
course of uptake was linear during the period of mea-
surement for each of the sugars and it was found that
replicated uptake measurements over 10 min give accu-

2571

Mannose uptake
(1mol per ml cell water per 10 min)
[\®]

rate estimates of influx. To calculate the Michaelis-
Menten parameters, the linear non-specific leak com-
ponent of flux was determined from uptake of sugar in
the presence of stopping solution containing cyto-
chalasin B (5 uM) and this was then subtracted from
the raw data. All data points shown are obtained from
four separate experiments which consisted of two repli-
cates each, i.e., n = 8.

Infinite-trans uptakes of 3-OMG, 2-dGlc and mannose

Erythrocytes were pre-loaded with 50 mM unla-
belled 3-OMG, 2-dGlc, or mannose for 4 h at 37°C and
then the infinite-trans uptake of varying concentrations
(1-40 mM) of radiolabelled 3-OMG, 2-dGlc and man-
nose was measured over 10 min at 24°C, (Figs. 1, 2 and
3). Initial experiments in which the loading concentra-
tions of all the sugars was varied from 20 to 60 mM
were undertaken to examine the linearity of flux and
the loading concentration which would give maximal
acceleration. Maximal acceleration was attained at
loading concentrations > 20 mM and uptake of iso-
tope was linear over the 10 min period.

The zero-trans net uptake of the 3-OMG, 2-dGlc
and mannose were also estimated in the presence of
stopping solution with cytochalasin B (5 uM) (Figs. 1, 2
and 3). The best-fit linear regression lines were fitted
to these uptakes in order to determine the rate of
non-specific leakage of 3-OMG, 2-dGlc and mannose.

15 7T
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05
0 & : 2 .
0 5 15 20 25

Mannose Concentration (mM)

Fig. 3. Effects of pre-loading with 3-OMG, mannose and 2-dGlc on the uptake of mannose by rat erythrocytes. Rat red blood cells were
preloaded with (infinite-trans) or without {zero-trans) 50 mM 3-OMG, mannose or 2-dGlc for 4 h at 37°C. The cells were then washed free of
external sugar and the uptake of varying concentrations of mannose (1-40 mM) were measured over 10 min at 24°C in Hepes buffer or stopping
solution containing cytochalasin B (5 uM). The data shown are means + S.E. (n = 8) and the Michaelis-Menten parameters were estimated by
non-linear least-squares regression using Kaleidagraph 2.1 (Abelbeck Software). Zero-trans uptake, closed circles; infinite-trans uptake with
3-OMG, open circles; infinite-trans uptake with mannose, closed squares; infinite-trans uptake with 2-dGlc, open squares; zero-trans uptake with

stopping solution and cytochalasin B (5 uM), open triangles.
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Table 1

Transport parameters for zero-trans and infinite-trans uptake of mannose, 3-OMG and 2-dGlc by rat erythrocytes

Transported Transport mode Vinax Acceleration K. Diffusion

sugar ratio constant

Mannose Zero-trans 0.33+0.01 - 122 +0.11 0.010 £ 0.001
Infinite-trans (3-OMG) 3.88+0.14 ° 11.76 £+ 0.05 315+0.24° 0.010 + 0.001
Infinite-trans (mannose) 3.01 +£0.02 *° 9.12+ 003 ° 195+003* 0.010 + 0.001
Infinite-trans (2-dGlc) 241 +0.02 *° 7.30 +£0.03 P 2.03+0.03°? 0.010 £ 0.001

3-OMG Zero-trans 1.25 £ 0.06 ¢ - 411+0.39°¢ 0.040 £+ 0.002 ©
Infinite-trans (3-OMG) 346 +0.04 * 277+0.14 ¢ 2614009 % 0.040 + 0.002
Infinite-trans (mannose) 2.65+0.04 *° 21240.11° 2.28 4 0.07 ? 0.040 + 0.002
Infinite-trans (2-dGlc) 253 +0.02 *° 202+010° 253+005° 0.040 + 0.002

2-dGle Zero-trans 0.39 + 0.01 - 0.70 £ 0.07 © 0.13 +0.01°¢
Infinite-trans (3-OMG) 243 +002° 6.23+0.16° 0.62 + 0.04 0.13 +0.01
Infinite-trans (mannose) 225+0.08? 5.77+0.25 0.99 + 0.09 0.13 +£0.01
Infinite-trans (2-dGlc) 1.80 4 0.03 &° 4.62+0.14° 0.65 + 0.04 0.13 +0.01

This table shows the Michaelis-Menten parameters for mannose, 3-OMG and 2-dGlc uptake calculated from the three parameter fits used in
Figs. 1, 2, and 3. The acceleration ratio is calculated from the maximal rate of infinite-trans exchange uptake divided by the maximal rate of
zero-trans uptake and the diffusion constant is the average of the non-specific leak component of uptake measured in the presence of stopping
solution and cytochalasin B (5 ©M) and the calculated leak from the three-parameter regression lines. V, . and diffusion constant values are
expressed as umol (10 min)~! (m! cell water)™! and K, values are given as mM. * P <0.001, for test versus zero-trans value for the same
sugar; "p< 0.001, for test versus infinite-trans (3-OMG) value for the same sugar; © P < 0.001, for test versus equivalent value for mannose.

In addition, the data for the infinite-trans uptakes of The estimated and the measured linear leakage
3-OMG, 2-dGlc and mannose were fitted using best-fit rates of 2-dGlc exceed those of 3-OMG (P < 0.001)
non-linear three-parameter regression lines and the and those of 3-OMG exceed those of mannose, (P <
linear leakage rates (diffusion constants) of the three 0.001). The Michaelis-Menten parameters obtained for
sugars were estimated mathematically from these re- the three-parameter fits are shown in Table 1.
gression lines. The V.« for zero-trans uptake of 3-OMG exceeds
1.57
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Fig. 4. Zero-trans exit of varying concentrations of 3-OMG and mannose from rat erythrocytes. Rat red blood cells were pre-loaded for 2—4 h at
37°C with varying concentrations (1-40 mM) of 3H-labelled 3-OMG or mannose. The erythrocytes were then dispersed in sugar-free buffer at
24°C or ice-cold stopping solution containing cytochalasin B (5 #M) and the exit of the radiolabel followed over the subsequent 60 min. The data
are means + S.E. (n = 8) over the initial 10 min following transfer to sugar-free buffer and have been corrected for non-specific leakage of
3-OMG or mannose by subtracting the appropriate cytochalasin B-insensitive efflux. The Michaelis-Menten values are estimated from a
two-parameter fit using Kaleidagraph 2.1, (Abelbeck Software) and are shown in Table 2. Mannose, open circles; 3-OMG, closed circles.
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that of mannose (P < 0.001) and 2-dGlc by 3-4-fold,
(Table 1). The K, for zero-trans 3-OMG influx also
exceeds that of mannose influx by 3—4-fold (P < 0.001).

The acceleration ratio of mannose by mannose (9.12
+ 0.03) exceeds that of 3-OMG by 3-OMG, (2.77 +
0.14) (P < 0.001). Mannose is maximally accelerated by
3-OMG by 11.76 + 0.05-fold and is accelerated by 2-
dGlc to a lesser extent (7.3 + 0.03-fold). 3-OMG, 2-dGlc
and mannose are all accelerated most by trans 3-OMG
and least by trans 2-dGlc (P < 0.001).

Zero-trans net exit

Erythrocytes were pre-loaded for 4 h at 37°C with
varying concentrations (1-40 mM) of radiolabelled 3-
OMG and mannose, before being washed and then
dispersed in Hepes buffer at 24°C or ice-cold stopping
solution containing cytochalasin B (5 uM). The rates
of zero-trans net exit of the two sugars from the cells
over the initial 10 min are shown in Fig. 4 and have
been corrected for non-specific leakage by subtracting
the stopping solution-insensitive efflux.

The intracellular concentrations of the two sugars
displayed on the abscissa are the mean values mea-
sured immediately after transfer of the erythrocytes
into sugar-free solutions. It is assumed that this sugar
is distributed uniformly within the cells during the time
of efflux. The error estimates of these intracellular
concentrations (about +5% of mean values) are omit-
ted. The data are fitted by non-linear regression to the
two-parameter Michaelis-Menten equation and the
best-fit parameters +S.E. are shown in Table 2.

A modest asymmetry is observed between mannose
net entry and exit; the zero-trans V. for entry is
0.33 + 0.01 wmol (10 min) ™' (ml cell water)”', whereas
the zero-trans V,, for exit is 1.1 £0.1 wmol(10
min)~ ! (ml cell water)™' (P <0.001); the K, for zero-
trans net mannose uptake is 1.22 + 0.11 mM, whereas,
the K, for zero-trans net exit is 3.31 + 1.39 mM.

The net fluxes of 3-OMG are more symmetrical
than those of mannose. The zero-trans V,,,, for 3-OMG
influx is 1.25 + 0.06 wmol (10 min) ! (ml cell water)™!
and the zero-trans V., for efflux is 1.7 £ 0.1. The K |
for zero-trans uptake of 3-OMG is 4.11 + 0.39 mM,
whereas the K, for zero-trans exit is 6.02 + 0.53 mM.

Table 2

Infinite-trans exchange exit

The rates of exchange exit of labelled 3-OMG, or
mannose from cells into 20 mM 3-OMG or mannose
were also measured.

Previously, we were unable to demonstrate accelera-
tion of 10 mM 3-OMG exit by 20 mM 3-OMG [14].
Here, however, there was a significant acceleration of
infinite-trans exchange exit from cells loaded with 23 + 4
mM 3-OMG by 20 mM 3-OMG (Table 2) (P <0.01).
These data confirm the findings of Helgerson and
Carruthers [15].

However, the observed rates of exchange exit were
less than the rates of exchange uptake, i.e., the maxi-
mal rate of exchange uptake of mannose into mannose
is 3.01 +£0.02 pmol(10 min) '(ml cell water) ;
whereas exchange exit of mannose by mannose is 1.5 +
0.1 £mol (10 min)~! (ml cell water) ' (P < 0.001). The
maximal rate of exchange uptake of 3-OMG into 3-
OMG is 3.46 + 0.04 wmol (10 min) ™' (ml cell water)™";,
whereas the measured rate of exchange exit of 3-OMG
by 3-OMG is 2.0+ 02 umol(10 min)~'(ml cell
water)”! (P < 0.001). This apparent asymmetry is due
to slow sugar equilibration within the intracellular
compartments and the relatively long time required to
measure exit accurately (30-60 min) from cells loaded
with high concentrations of sugar. It seems likely,
therefore that the values shown in Table 2 are under-
estimates of the rates of exchange exit.

4, Discussion

3-OMG has a higher mobility than mannose across rat
red cell membranes

The maximal rates of 3-OMG net flux are faster
than those of mannose. The zero-trans V,_,, for man-
nose net entry is 26% of that of 3-OMG (P < 0.001)
(Table 1) and the zero-trans V,,, of mannose net exit
is 65% of that found for 3-OMG (P < 0.001)Fig. 4).
The K, for zero-trans uptake of mannose is 1.22 + 0.11
mM and the K, for zero-trans exit is 3.31 + 1.39 mM.
3-OMG has a significantly higher zero-trans entry K,

(4.11 + 0.39 mM) than mannose (P < 0.001; Table 1),

Transport parameters for zero-trans and infinite-trans exit of mannose and 3-OMG by rat erythrocytes

Intracellular sugar z—t exit flux i—t exit Acceleration i~t exit Acceleration
(mM) mannose ratio 3-OMG ratio
Mannose (17.2 + 2.9 mM) 0.9+ 0.1 1.5 +0.1** 1.68 + 0.10 1.4 4 0.1 ** 1.63 + 0.08
3-OMG (23 £ 4 mM) 1.4 +0.1** 21+02 " 1.50 + 0.12 20402 ** 1.43 + 0.08

Erythrocytes were pre-loaded with 40 mM ~H-labelled mannose or 3-OMG for 2-4 h at 37°C and then dispersed in Hepes buffer at 24°C
containing 20mM unlabelled mannose or 3-OMG. The exit of labelled sugar was measured over the following 60 min and the zero-trans and
infinite-trans exits of the sugars are expressed as umol (10 min) ! (ml cell water)™!; means + s.e., n = 8 and have been corrected for linear leak
component. ** P < 0.01; * P <0.05, for test versus zero-trans exit value for the same sugar; T P <0.01; ¥ P<0.05, for test versus equivalent

value for mannose.
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although the K, of 3-OMG exit (6.02 + 0.53 mM) does
not differ significantly from that of mannose. The
higher affinity of mannose than 3-OMG for the exter-
nal site suggests the possibility that mannose net influx
may be subject to greater self-inhibition than that of
3-OMG and this could explain why 3-OMG has a
higher observed zero-trans entry V. than mannose.

However, simulation of sugar uptake, at the ob-
served rates of net sugar uptake into a slowly equili-
brating intracellular pool, over a range of inside site
affinities of the transporter (K, = 1-6 mM), indicates
that self-inhibition due to a higher affinity of mannose
for the internal site of the transport, would only reduce
the V., for zero-trans entry of mannose relative to the
Viax Of zero-trans 3-OMG entry by a maximum of
20%. Also, zero-trans efflux is not subject to self-in-
hibition; hence the observed difference between the
zero-trans V,,, of 3-OMG and mannose exit (V,, of
3-OMG exit is 1.55 + 0.15-fold larger, than that of
mannose, P <0.01; Fig. 4). This confirms that the
higher zero-trans influx V,,, of 3-OMG is due to its
higher mobility across the transporter and not because
the affinity of mannose for the inside site of the
transporter is higher than that of 3-OMG.

Because the errors of zero-trans and infinite-trans
entry tend to cancel each other, the error in estimating
the difference in acceleration ratio of mannose and
3-OMG entry (Table 1) due to greater self-inhibition of
net mannose uptake, is < 10%.

Hence, the Results showing a higher acceleration
ratio, i.e., infinite-trans entry V.. /zero-trans entry V..
of mannose than of 3-OMG (Table 1), can be at-
tributed to a higher net flux mobility of 3-OMG than
mannose within the membrane transport system and
not to a lower affinity of 3-OMG than mannose for the
transporter sites at the inside surface.

The relatively small acceleration ratios of infinite-
trans exit / zero-trans exit in comparison with the accel-
eration ratios for uptake (Tables 1 and 2) are consis-
tent with to a modest intrinsic asymmetry of net flux
across the rat red cell system, but are also consistent
with a series barrier to isotope equilibration within the
cytosol. The small differences between exchange exit
and net exit and the relative inaccuracy of the esti-
mates of V.. of exchange exit reduce the value of
these exit data for testing rival theories of exchange
transport, so these data have been excluded from fur-
ther consideration here.

Analysis of the results in terms of one- and two-site
transport mechanisms

One-site sequential transporter. The basis of the ac-
celeration of exchange as predicted by the one-site
model is (a) that the liganded form of the carrier
crosses the membrane faster than the unliganded free
carrier and (b) accelerated exchange depends on return

of liganded carrier loaded with sugar abstracted from
the trans pool.

We have modelled the effects of varying k,, the
symmetrical rate constant of free carrier movement
and k,, the symmetrical rate constant of liganded
carrier (Diagram 1) on the ratio of free carrier facing
the inner surface c;, to free carrier facing outward c,,
in the zero-trans condition. The conditions simulated
have 20 mM sugar in the external solution and initially,
zero internal sugar; the K; values of the sugar at both
inner and outer surfaces =1 mM. The rate constants
k, and k5 were varied to include the observed range of
mannose, 2-dGlc and 3-OMG net uptakes into rat cells
at 24°C over 10 min (see Figs. 1, 2 and 3). As expected,
from one-site model predictions, (see Introduction) the
ratio c;/c, increases both as k; increases and as k,
decreases. When &, < 0.4 and &, > 2 the ratio of c,/c,
exceeds 100 and when k, =k, then ¢, /c,= 1.

The high ratios of ¢;/c, seen in the zero-trans
condition, revert to values <1 when the cells are
loaded with 50 mM sugar, to simulate the infinite-trans
exchange uptake condition. In the infinite-trans ex-
change mode, the rate of free carrier movement, &,
has a negligible effect on the distribution ratio of free
carrier. The dominant factors affecting the ratio in the
infinite-trans condition are the rates of movement of
liganded carrier, k5 and k,.

The effect of changing the model parameters k,
and &, on simulated net sugar uptake during the initial
10 min of zero-trans entry is also shown as a contoured
surface plot (Fig. 5). The predicted V,,, for sugar
uptake is an increasing function of both &k, and k,.
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Fig. 5. Contoured surface plot from the one-site model simulating
the effects of varying the rate constants k, and k, on the maximal
rate of zero-trans uptake of sugar by rat red cells. This plot was
obtained from data modelled using the Stella 11.2.2.1 (High Perfor-
mance Systems) package for the Macintosh computer. The 3-D plot
was obtained using Microsoft Excel 4.0 and annotated using the
drawing package, SuperPaint 2.0. This plot simulates the initial
uptake (10 min) of 3-OMG and mannose by erythrocytes. The
observed maximal rates of uptake (V) of mannose (striped ellipse)
and 3-OMG (chequered ellipse) are also shown. k, = the symmetri-
cal rate constant of free carrier movement; k ; = the symmetrical rate

constant of carrier; units = min .
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Fig. 6. Contoured surface plot from the one-site model simulating
the effects of varying the rate constants k5 and k, on the maximal
rate of infinite-trans uptake of sugar by rat red cells. This plot shows
a simulation of the maximal rate of infinite-trans exchange uptake of
3-OMG and mannose over 10 min by rat erythrocytes. The predicted
maximal rates (V) of infinite-trans exchange uptake of mannose
(striped ellipse) and 3-OMG (chequered ellipse) are superimposed
on the surface of the plot and the observed maximal rates are
marked on the vertical axis. k,=the symmetrical rate constant of

sugar, R; k, = the symmetrical rate constant of sugar, S; k- is fixed

at 0.4 min .

This is consistent with the model requirement that the
net flux cycle is a function of the product of &, - k5.

Zero-trans net sugar uptake in the range =0.3
wmol (10 min) ™! (ml cell water)™!, equivalent to man-
nose uptake (Table 1) is shown as a striped ellipse;
encompassing a range of k, from 0.25 to 0.45 min !
and a range of k, from 0.8 to 1 min~'. Zero-trans net
sugar uptake = 1.2 wmol (10 min) ' (ml cell water)™ ',
equivalent to 3-OMG uptake is shown as a chequered
ellipse encompassing a range of k, from 0.3 to 0.5
min ! and of k; from 3.75 to 4.25 min~".

By adopting the constraint that the free carrier
mobility is independent of either sugar and is therefore
the same for both sugars, the only appropriate values
of the one-site parameters defining both mannose and
3-OMG uptake into rat red cells at 24°C are in the
region of overlap, where k,, the unoccupied carrier
mobility, accommodates both sugar uptakes, i.e., k, =
0.4 min~". For mannose k,=0.4 min~' and k;= 1.0
min~! and for 3-OMG, k= 4.0 min .

The predicted maximal rates of sugar uptake in the
infinite-trans condition are shown in Fig. 6. The rate of
free carrier movement, k, is maintained at 0.4 min "},
whilst the rates of liganded carrier movement, &, and
k, are varied from 0.5 to 5.0 min~'. The maximal rate
of infinite-trans exchange influx is an increasing func-
tion of both k; and k,, where k, is the rate of return
of carrier complexed with sugar from the cytosol. This
is consistent with the model prediction that the ex-
change flux cycle is a function of the product of k£, and

k,. However, the observed exchange rate flattens when
k;>2.0 min~! and the rate of exchange uptake ex-
ceeds 6 wmol (10 min) ' (ml cell water)™'. This is due
to rapid accumulation of ‘labelled’ sugar from the
external bath in the cytosolic free sugar compartment,
with consequent high rates of labelled sugar reflux via
the exchange transporter.

The predicted rate of infinite-trans mannose uptake
into mannose (k,=0.4 min~', k;=k,=1 min"' is
shown within the area of the striped ellipse = 1.8
pmol (10 min)~'(ml cell water)™'. The observed V.
=3.01 + 0.02 wmol (10 min)~ " (ml cell water) ' (Table
1), i.e., the model prediction is 60% lower than the
observed rate. The predicted infinite-trans V,,,, for
3-OMG entry into 3-OMG = 8.5 pmol (10 min) ' (ml
cell water)™' (k, =04 min™'; ky; =k, =4-45 min" ")
1s shown as a chequered ellipse superimposed on the
surface plot, whilst the observed infinite-trans V,,, of
3-OMG entry is 3.46 + 0.04 umol(10 min)~'(ml cell
water)”! (Table 1). Thus, the predicted rate of
infinite-trans 3-OMG uptake into 3-OMG, on the basis
of one-site kinetic parameters is 140% higher than the
observed rate. It should be noted that the high pre-
dicted rate of 3-OMG rate would even higher were it
not masked by the high rate of sugar recycling from the
unstirred layer within the cytosol.

A contoured surface plot of the simulated accelera-
tion ratio (entry), i.e., infinite-trans entry V. / zero-
trans entry V. is displayed in Fig. 7. The initial

conditions are as for Fig. 6 and k, is held constant at

Predicted 3-OMG ratio
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Fig. 7. Contoured surface plot from the one-site model simulating
the effects of varying the rate constants k, and 4k, on the accelera-
tion ratio of mannose and 3-OMG uptake in rat red cells. The
acceleration ratio for sugar uptake is the maximal rate of infinite-trans
exchange uptake divided by the maximal rate of zero-trans uptake.
The predicted acceleration ratios for mannose (striped ellipse) and
3-OMG (chequered ellipse) are superimposed on the surface of the
plot and the observed acceleration ratios for mannose (dotted line)
and 3-OMG (solid line) are shown on the vertical axis. k= the
symmetrical rate constant of sugar, R; k, = the symmetrical rate

constant of sugar, S; k, is fixed at 0.4 min~".
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0.4 min~'. The surface function of accelerated ex-
change is more complex than those shown in Figs. 5
and 6. The acceleration ratio is an increasing function
of k, and also of k; in the range 0-1.5 min "' as
predicted (see Introduction), however, the acceleration
ratio falls when k, increases above 2.0 min~' This
secondary decrease, results from of incomplete equili-
bration of the newly absorbed sugar with the cytosol
and its consequent higher rate of reflux (see above). It
should be noted that this predicted reflux only occurs
at sugar exchange rates which are about twice the
observed maximal exchange rates (Table 1). In the
observed range of sugar exchange uptakes, reflux does
limit sugar uptake to a significant extent.

The predicted acceleration ratio of mannose by
mannose is = 4 (striped ellipse); whereas the observed
acceleration ratio is 9.12 + 0.03 (Table 1), i.e., the
predicted acceleration ratio is only 43% of the ob-
served value. The predicted acceleration ratio of 3-
OMG by 3-OMG = 8 (chequered ellipse), whereas the
observed acceleration ratio of 3-OMG by 3-OMG is
2.77 +0.14 (Table 1); i.e., the predicted acceleration
ratio of 3-OMG exceeds the observed ratio by 190%,
(N.B. this takes account of unstirred layer effects which
reduce the predicted uptake). Hence, the predictions
of the one-site model are not only quantitatively inac-
curate, but more importantly, they are also qualita-
tively wrong. The one-site model predicts that rapidly
moving 3-OMG will accelerate 3-OMG uptake to a
greater extent than the slowly moving mannose acceler-
ates mannose entry, when in fact the opposite is found
(Table 1).

75

It is shown that intracellular unstirred layer effects
in rat cells do not invalidate the conclusions drawn
from the current results. These data are inconsistent
with the one-site transporter and are similar to earlier
findings [26,27] but without the ambiguities associated
with human cells.

Two-site simultaneous transporter. Fitting the ob-
served data for zero-trans sugar influx to two-site model
parameters is a simpler procedure than with the one-
site model. Net flux is defined by a single transport
coefficient, k, and two affinities at the inside and
outside surface. The maximal rate of mannose uptake
over 10 min, with 20 mM sugar in the external solution
and zero sugar initially present within the cells, is
shown as a function of k;, the inter-site mobility (Fig.
8). A value of k, in the range 0.05-1.0 min™' simu-
lates mannose uptake and 3-OMG net uptake is
matched by a value of k;=0.4-0.45 min~ ",

Incorporation of these values of k; into a two-site
model simulating infinite-trans exchange uptakes for
mannose and 3-OMG (Fig. 9) shows that the predicted
infinite-trans V,,, values for both mannose, (3.0-3.3
wmol (10 min) ™' (ml cell water)™!) and 3-OMG (3.5-4
wmol (10 min) ™' (ml cell water)~ ") coincide almost ex-
actly with the observed values for infinite-trans V,,
values mannose /mannose exchange (3.01 + 0.02
umol (10 min)~ ' (ml cell water) ') and for 3-OMG /3-
OMG exchange (3.46 + 0.04 umol (10 min)~!(ml cell
water)™!) (Table 1). The predicted range of two-site
model values of infinite-trans exchange is much more
circumscribed than that predicted by the one-site model
(cf., Fig. 6). This reduces any unstirred layer error and
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Fig. 8. Simulation from the two-site model of the effects of varying the rate constant, £ ; on the maximal rate of zero-trans uptake of 3-OMG and
mannose by rat red blood cells. This plot was modelled using the Stella 11.2.2.1 (High Performance Systems) package for the Macintosh
computer, in order to simulate the initial uptake (10 min) of 3-OMG and mannose by erythrocytes. The observed maximal rates of zero-trans
uptake (V.. ) of mannose and 3-OMG are marked by arrows. k; = the symmetrical rate constant of sugar, S (see Diagram 2).
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Fig. 9. Contoured surface plot from the two-site model simulating
the effects of varying the rate constants k, and k; on the maximal
rate of infinite-trans uptake of sugar by rat red cells. This plot shows
a simulation from the two-site model of the maximal rate of infinite-
trans exchange uptake of 3-OMG and mannose over 10 min by rat
erythrocytes. The predicted and observed maximal rates (V) of
infinite-trans exchange uptake of mannose (striped ellipse) and 3-
OMG (chequered ellipse) are superimposed on the surface of the
plot. k, = the symmetrical rate constant of sugar, R; k,=the sym-
metrical rate constant of sugar, S (see Diagram 2).

the predicted exchange rates increase monotonically
with increases in k, and k.

The contoured surface plot of the two-site model
predictions of acceleration ratio with changes in %,
and k; is shown in Fig. 10. The acceleration ratio is
maximal when both k, and k, both have low values.
For all values of k,, (the mobility of the external
sugar), raising k,, (the mobility of the internal ligand),

Observed and
Observed and predicted
predicted mannose/3-OMG
mannose/mannose B 0.2

Observed and predicted

Acceleration |—"" 3-OMG/3-OMG

ratio

Observed and predicted
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Fig. 10. Contoured surface plot from the two-site model simulating
the effects of varying the rate constants &, and k5 on the accelera-
tion ratio of mannose and 3-OMG uptake in rat red cells. The
acceleration ratio for sugar uptake is the maximal rate of infinite-trans
exchange uptake divided by the maximal rate of zero-trans uptake.
The observed and predicted acceleration ratios for mannose acceler-
ated by mannose (heavy-striped ellipse); mannose accelerated by
3-OMG (light-striped ellipse); 3-OMG accelerated by 3-OMG
(heavy-chequered ellipse) and 3-OMG accelerated by mannose
(light-chequered ellipse) are superimposed on the surface of the plot.
k, = the symmetrical rate constant of sugar, R; k; = the symmetrical
rate constant of sugar, S (see Diagram 2).

causes a small increase in acceleration ratio; however,
as k, rises the acceleration ratio reduces. Fig. 10
indicates that mannose should accelerate mannose to a
greater extent (8-10-fold) (heavy-striped ellipse) than
3-OMG should accelerate 3-OMG (2.5-3) (heavy-
chequered ellipse). This coincides with the observed
mannose /mannose acceleration ratio (9.12 + 0.03) and
also with the observed 3-OMG/3-OMG acceleration
ratio (2.77 + 0.14) (Table 1).

The two-site model predictions for hetero-exchange
fluxes also match the observed data well. The pre-
dicted acceleration ratio of mannose by 3-OMG is
10-12, (light-striped ellipse) and the observed accelera-
tion is 11.76 + 0.05. This value is significantly greater
than the acceleration of mannose by mannose (P <
0.001; Table 1). The predicted acceleration ratio of
3-OMG by mannose (2-2.5) is less than the predicted
acceleration of 3-OMG by 3-OMG (2.5-3) and similar
to the observed ratio (2.12 + 0.11) (light-chequered el-
lipse). The observed acceleration ratio of 3-OMG by
mannose is significantly less than the observed acceler-
ation ratio of 3-OMG by 3-OMG (P < 0.001; Table 1).

The good agreement between the two-site model
predictions and the observed data indicate that the
two-site model, unlike the one-site mode is consistent
with the observed sugar exchange data. The model
indicates that sugar flux across the transporter is re-
lated to at least two factors. Firstly, to the rate of
intersite exchange of doubly liganded sugar, k. This
is consistent with the the view that accelerated ex-
change results from a decrease in resistance to intersite
flux across the transporter. Secondly, the exchange
mobility of sugars appears to correlate with the average
net sugar mobility (k, + k), since the exchange rate of
the more mobile 3-OMG is retarded by the less mobile
mannose and vice versa. The equation for exchange
which best fits the data is:

kex+ (k2+k3)/5

where k., =0.35 min~' and k, and k, are as shown in
Figs. 9 and 10. This form of exchange is consistent with
the view that the exchanging sugars interact directly
within the transporter.

A structural model reconciling the one- and two-site
models of sugar transport

The transport path via the glucose transporter is
considered to be a series of potential hydrogen bond-
ing sites between the substrate and the amino acid
residues lining the pathway. A simple model of the
processes considered here is four sets of amino acids
numbered 1-4, distributed along the pathway from
outside to inside. Sets 1 and 4 are considered to have a
lower energy than sets 2 and 3 (Diagram 3).

During zero-trans net influx, it is envisaged that
sugar binds initially to set 1, which triggers H-bond
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Diagram 3.

alignment in sets 2 and 3 to form additional bonds to
the substrate (panel a). Hence, sugar affinity for the
transporter increases as the sugar penetrates into the
transport pathway. This corresponds with the increase
in sugar affinity between K, and K, [2,10,28].

Sugar release to the frans side may be accompanied
by reorientation of the H-bonding groups in sets 2 and
3. Zero-trans net efflux follows the reverse pathway
(panel b). In this mode the model is a virtual one-site
alternating carrier. If sets 1 and 2 differ from sets 3
and 4, the affinities of the transporter for net sugar
entry and exit flux pathways may be asymmetric.

Exchange flux here involves simultaneous binding of
transported sugars to both sides of the transporter
(panel ¢). External sugar binds to external sites 1 and 2,
internal sugar binds to sites 3 and 4. Exchange involves
simultaneous transfer of sugars between the alternate
sites 1,2 and 3,4. In this mode the transporter behaves
as a two-site simultaneous transporter.

In the net flux mode each sugar binds to a maximum
of 3 sets of ligands; whereas, during the exchange mode
cach of the sugars binds to a maximum of two sets of
ligands, this could account for the apparent decrease in
affinity and increase in maximal transport rate of the
transported sugars during the exchange mode [2].

This structural model also accounts for the apparent
one-site binding of non-transported high affinity probes
to either the ‘internal’ or ‘external’ site on the trans-
porter; i.e., if cytochalasin B binds with high affinity to
sets 2—4, maltose, or phloretin binding to sets 1-3 will
be prevented, because the H-bonds in set 3 are un-
favourably orientated towards internally bound cyto-
chalasin B; similarly, phloretin, or maltose could bind

to sets 1-3 and inhibit cytochalasin B binding to sets
2-4 [17-20,29,301.

A similar model has recently been proposed to
describe the dual modes of ligand binding in an L-type
Ca®* channel [31].

5. Appendix 1

Equations for one-site sequential transport
Diffusion flow of sugars, R and S between found
and free cytosolic phases

dR/dt = —k (bound [R] — free [R])
dS/dt = —k (bound [S] — free [S])

where [R] and [S] are concentrations (mM) of sugars, R
and S in the bound and free compartments of the
cytosol. Free volume = 1 — (bound volume); bound vol-
ume = (J.85.

Membrane flows:

net flow cycle

dR/dt = —k;(ko(R, -, =R, -c;)

o)

exchange flow cycle

+ ky(Re;- S, —S.'R.))

net flow cycle

dS/dr= =k, (ky(S, ¢, =S, ¢

exchange flow cycle

+ ky(Sc; R, — S, 'R.))

The constants k,, k; and k, are the rate constants
of free carrier movement between outside, ¢, and
inside, ¢; and of R-cy; and S-c,; complex move-
ments across the membrane (Diagram 1).

Equilibrium between free sites outside and inside
membrane due to site mobility

ci=co("So ky+" Ry ks + k)

/(S kg + R kg + k)
where “R and S are the reduced concentrations of R
and S. "R, = free [R;1/K ; “R,=R ,/Ky; S, = free
[S;I/Kg; S = [S,)/Kg. Kgp=1; Kg=1 and R, ="R
i Cis Sci ="S i Cis ch ="R o Co and SCO =S o Co
are the fractional numbers of sites on the inside or

outside of the transporter occupied by ligands R and S.
Total free sites outside

¢o=T/(("So kst Ry ks +ks)
(S kg + R ky+ky) - (L+R; +5))
F1+%5,+“R,); T=1
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6. Appendix 2

Equations for movement of sugars between bound and
free cytosolic compartments

dR/dr = —k (bound [R] — free [R])

dS/dt = —k,(bound [S] — free [S])

Bound volume = 0.85; free volume
=1 — (bound volume)

Equations for two-site transmembrane flux of sugars, R
and §

net transport R
dR/dt = —ky(xg(1 —xg, —xs,) =¥ (1 —xp, — %))

— kel XR,"Xs, xR, 'xsi)
exchange R

net transport S
dS/dr= —k,(xg(1 x5, —xg ) —*s (1~ x5 —xg))

- kexZ(xSi "XR, T Xs, ‘xRi)
exchange S

The exchange transport coefficient was reached by an
empirical fit

kex2 = (kex + (kZ + k3)/5)

where

Xpg, ="R;/(1 +"R;+"S§;)

xRu = reRO/( 1 + reRO + reSO)

Xg = “Si/(1+ R, +"8;)

3 = relS‘O/(]‘ + reSO + reRO)

These are the fractional occupancies of R and S lig-
ands on the inside, i and outside, o sites of the trans-
porter (Diagram 2); where, “R; = free [R,]/(KR); "R,
=[R 1/Kg; S, =free [S;]/(Kg) and S, =[S, 1/Kj;
as with the one-site transporter (see Appendix 1).
Krg=1, Ks=1

X

[§
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