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Summary

The kinetic properties of the mediated transport of galactose in human
erythrocytes are investigated at 20°C. Different methodological procedures are
used to acquire a complete kinetic description of the system.

Under zero-trans conditions the uptake of galactose is mediated by two dis-
tinctly different carriers (defined as o« and ) having significantly different
Michaelis parameters: “K = 12.7 mM and fK = 81.5 mM, but similar maximal
velocities, approx. 40 mM - min~!. The zero-trans efflux procedure reveals
apparently one single carrier with K = 74.4 mM and V =241 mM - min~{,
Under equilibrium-exchange conditions the galactose transport is mediated
apparently by a single site with K = 146 mM and V = 521 mM - min™!,

The data for the a-carrier are analyzed in terms of the simple carrier model
as formulated by Lieb and Stein (Biochim. Biophys. Acta (1974) 373, 178).
Application of several rejection criteria for the simple carrier failed to indicate
lack of fitness of the a-carrier to a simple asymmetric carrier.

From the analysis of the kinetic data it is inferred that the transport of galac-
tose across the human erythrocyte membrane is mediated by two simple asym-
metric carriers operating in antiparallel fashion. Using this model and the data
of zero-trans and equilibrium-exchange, it is shown that the predicted half-satu-
ration constants for both uptake and efflux in infinite-cis conditions fully agree
with the experimentally derived values.

Further analysis of the kinetic data indicate that the translocation of the un-
loaded a-carrier is the rate-limiting step in galactose uptake. Under equilibrium-
exchange conditions the unloaded carrier is asymmetrically distributed across
the membrane so that its concentration is 8 times higher on the inner side of
the membrane. Using the value of 3.3 - 10° hexose carriers per cell, the turn-
over number of galactose exchange is 6.5 - 10% molecules/carrier per min.
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Introduction

The kinetic description of the hexose transport system in human red blood
cells is still a subject of controversy [1—4]; the simple carrier model for this
tranport system [5,6] being incompatible with the kinetic data. The several
kinetic models that have been proposed (invoking diffusion barriers [7,8],
various kinds of nonmobile carriers [9—11] and a two-carrier model [12]) all
fail to accommodate all the kinetic data. Evidently, in order to characterize a
transport system in terms of a simple carrier mechanism it is necessary to sub-
ject it to a complete analysis of kinetic data obtained by all required methodol-
ogies. For the nucleoside transport in human red blood cells [13] we have,
however, recently succeeded in obtaining a complete and internally consistent
kinetic description in terms of a simple asymmetric carrier as formulated by
Lieb and Stein [14]. This success has encouraged us to use similar methods to
re-examine the transport of galactose in red blood cells. We have confirmed the
coexistence of two sites for sugar transport at the outer face of the membrane.
We show that the behavior of the high-affinity site is fully compatible with a
simple asymmetric carrier. We conclude that the galactose transport system is
mediated by two populations of asymmetric carriers of similar kinetic proper-
ties, disposed in an antiparallel fashion in the erythrocyte membrane. A numer-
ical simulation of an infinite-cis influx experiment using the kinetic parameters
of the two carriers yields the Michaelis constant for this procedure which we
reported previously [15].

Experimental methods

Preparation of cells

Recently outdated human blood was obtained from the blood bank. The
buffy coat was removed and the cells washed four times with isotonic saline
buffered with Tris - HCl, pH 7.4, at room temperature.

Efflux measurements

For studies of galactose efflux, cells in a suspension at 5% hematocrit were
loaded with galactose to the desired concentration by incubation at 25°C for
30 min. The loaded cells were then spun down and [*H]galactose was added to
give a final activity of 50 uCi/ml of suspension. Equilibration was completed
by incubation for another 10—20 min and the cells were finally packed by
centrifugation.

Efflux of galactose was assayed by measuring the appearance of label in the
efflux medium using the filter technique of Mawe and Hempling {16} as modi-
fied by us [13]. The loaded packed erythrocytes (approx. 50 ul) were trans-
ferred rapidly into a thermostatted beaker (20°C) containing vigorously stirred
efflux medium. The tonicity of the efflux medium was adjusted to be equal to
the intracellular osmolarity using NaCl in the case of zero-trans experiments
and with galactose in the case of equilibrium-exchange experiments. At the
desired time intervals samples were withdrawn through the filters and the radio-
activity in aliquots of the sampled medium was counted by liquid scintillation
spectrometry.
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Influx measurements

The procedure of Ginsburg and Stein [15] was used. A 0.5 ml volume of a
solution containing the desired concentration of tritium-labelled galactose in
buffered saline, having a total osmolarity of 560 mosM, were added at time
zero to a 50 ul volume of packed washed erythrocytes. The reaction system
was vigorously mixed on a vortex mixer and at the desired time interval 8 ml
of stopper solution (ice-cold buffered saline, 560 mosM, containing 1 - 10™* M
HgCl,, 1-107*M phloretin (K and K), and 1.25 mM KI) were added under
continuous vortexing. The mixture was spun down, resuspended in another
8 ml stopper solution and again centrifuged. The resulting pellet was spun
through a 2 cm thick layer of ice-cold di-n-butyl phthalate in a polyethylene
test tube. The tip containing the cells was cut off and extracted in hemolyzing
solution (CsCl 4 mM/NH,OH 0.25%, v/v; Triton X-100, 50 ppm). The radio-
activity of the hemolysate and its hemoglobin absorbance at 540 nm were
measured. Counts trapped between the cells were determined by performing
the whole procedure at 0°C and this value was subtracted from the values at the
different sampling times.

Calculations
Equilibrium-exchange efflux (%). For equilibrium-exchange efflux we have

1n—i’°—cl—‘ = —ht 1)

where C, and C.. are the counts of radioactive substrate in the efflux medium
at time ¢ and at full equilibration respectively. & is the corresponding rate con-
stant which is equal to v/S, where v is the unidirectional flux and S is the sub-
strate concentration. The slope of the natural logarithm of In ((C. —C,;)}/C.)
plotted against time yields k. The kinetic parameters K*® and V*° in the simple
Michaelis-Menten relationship: v = V®° - §/(K,, + S), are then computed either
by linear least-squares regression analysis of v/S against S or by non-linear least-
squares analysis of v against S.

Zero-trans efflux (;t). When the filter technique is used, a linear regression of
net dpm against ¢t yields an intercept I at ¢ =0 which represents the initial
extracellular radioactivity. A linear regression of (dpm, —I)/(dpm.. — I) against
t gives a slope which is equal to v/S. The value of dpm.. was obtained by letting
the system equilibrate at 37°C for 1 h. K7} and V?! were calculated by linear
regression of v/S against S or by non-linear least-squares analysis.

Zero-trans influx (%%). The internal concentration of galactose at each sam-
pling time Si was calculated according to the following equation:

_H-D-L

Si="Z 5. (2)
where
Ast * 25

H=per, 50 ©)



122

Ag is the absorbance at 540 nm of 50 ul of cell suspension at hematocrit HCT
which was hemolyzed in 25 ml of hemolyzing solution. D is the net dpm of the
sample, A; is the absorbance at 540 nm of the same sample and S, is the spe-
cific activity in dpm per galactose concentration given in mM. L is a correction
factor which takes into account dilutions of samples and the cellular water fac-
tor which takes into account dilutions of samples and the cellular water frac-
tion (0.5 under the experimental conditions). The rate of uptake, v, is obtained
directly from the slope of 8; (mmol per 1 cell water) against time. K%t and V%!
for the high- and low-affinity sites are obtained by non-linear least-squares anal-
ysis for the two-carrier model as described in detail by Ginsburg and Stein [15].

Infinite cis-efflux. The Qrskov light-scattering method as modified by Sen
and Widdas [17] was used for this experiment. Cells were loaded with 300 mM
galactose at 37°C and 5% hematocrit for 1 h and subsequently concentrated
10-fold. Cells were maintained at 20 * 1°C until used in transport experiments.
Into the cuvette of the @rskov apparatus were placed 2.5-ml aliquots of 20 mM
Tris buffer brought up to 610 mosM with NaCl or with NaCl + galactose at dif-
ferent concentrations. Into these were introduced, with a Hamilton syringe,
5 ul of the erythrocyte suspension. The change in cell volume, was recorded on
a strip chart recorder. The exit times at each external galactose concentration
were obtained as described by Sen and Widdas and were plotted against galac-
tose concentration.

Results

Zero-trans efflux

For any transport system mediated by a simple carrier the ratios of the
maximal transport, V, to the Michaelis constant, K, in the experimental pro-
cedures of equilibrium exchange and zero-trans influx and efflux must be
equal, In previous publications [15,18)] we reported that the V/K ratio for the
equilibrium exchange of galactose was equal to that of the zero-trans influx,
but that it was significantly different from the V/K ratio for the zero-trans
efflux procedure. This discrepancy pointed to possible experimental or analyl-
ical artifacts in this system, or else to the presence of something other than a
simple carrier. As an independent test we decided to re-assay the zero-trans
efflux, this time by measuring the initial rates of galactose efflux instead of the
integrated rate equation method used previously. Cells were equilibrated with
various concentrations of labelled galactose as indicated in Experimental
methods, and were then quickly mixed into a large volume of solution contain-
ing isotonic saline buffer to which NaCl, osmotically equivalent to the respec-
tive galactose concentration, had been added. Samples of the medium were
taken using the filter technique at various time intervals and their radioactivity
dpm,; was determined. Fig. 1 depicts the efflux of label in mM expressed as S; =
S (dpm; — I)/(dpm.. — I) against time, from cells loaded to various concentra-
tions of [*H]galactose as indicated. The linearity of egress of galactose with
time is evident and the rate was calculated from the slope. Fig. 2 shows these
rates plotted against the intracellular concentration of galactose, S. S was taken
as the median cellular concentration during the sampling period since the intra-
cellular concentration decreased considerably during that time. The line drawn
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Fig. 1. Zero-trans efflux of galactose. The egress of galactose from cells preloaded with various concen-
trations of [3H]galactose, is given as the depletion of intracellular galactose concentration in mM (S; =
S(dpmy — I}/(dpmo, — I)) as a function of time. The slope is equal to the rate of efflux. The initial intra-
cellular concentrations of galactose are as indicated in the figure.

Fig. 2. Zero-trans efflux of galactose. The data of Fig. 1 are expressed as the rate of efflux against the
mean intracellular concentration of galactose ([GAL]), during the sampling period. The curve was drawn
using the kinetic parameters of the best fit obtained by nonlinear regression analysis: VZt =208 +74.4
mM/min, Kz = 68.6 + 27.2 mM. The vertical bars represent S.E. of quadruplicates.

is the best fit obtained from a non-linear regression analysis which uses the
maximum-neighbourhood method and a simple Michaelis-Menten model. The
data were also tested for the presence of an additional leak pathway or a
second carrier system operating in parallel (see Ginsburg and Stein, ref. 15, for
details of the analysis). Our analytical procedure failed to show any component
present in a significant amount other than the single Michaelis-Menten compo-
nent. The kinetic parameters derived from a series of 5 independent experi-
ments, carried out on different days, using different blood samples, are given in
Table I, together with the parameters derived in a previous study [18]. From
this Table it is clear that the Michaelis constant determined by the initial-rate
method is significantly different from our previously reported value while the
maximal rate is not significantly different.

As a test of the validity of our experimental method we measured initial
efflux rates both by the filter technique and the stopper technique simultane-
ously, using the same preloaded cells. A low concentration range was used
1—32 mM) to avoid large cellular volume changes. Results, as shown in Fig. 3,
indicate that both techniques yield similar results. The filter technique has been
chosen for subsequent work by virtue of its ease of handling and economy.

TABLE I
ZERO-TRANS EFFLUX OF GALACTOSE

A comparison of kinetic parameters obtained by assay of initial rates and the integrated rate equation
method [18). Both sets of data are means £ S,E. of n independent experiments at 20°C.

Method V (mM - min~1) K (mM) V/K (min~1) n

Initial rates (present work) 241.1 + 65.6 75.4 * 24.0 3.20 + 1.26 5
Integrated rate equation [18] 254.7+96.1 240.6 £ 57.1 1.06 * 0.04 4
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Fig. 8. Zero-trans efflux of galactose. Cells were preloaded with various concentrations of [3H]galactose
([GAL]) (1—32 mM). Efflux was assayed by the stopping technique (¢c) which measures the intracellular
galactose concentration, and by the filtexr technique (o) which measures the rate of appearance of galac-
tose in the efflux medium,

Since the filter and the stopper techniques give indistinguishable results at
least within the 1—32 mM concentration range, it is not apparently the data
collection that leads to the differences listed in Table I and it is possible that
errors were introduced during the analysis of the data using the integrated rate
equation. Most likely to be at fault is the correction for cell volume changes
that occur during galactose efflux, the correction being based on the assump-
tion of ideal osmotic behavior. Indeed, in the method used previously [18] the
cells undergo extreme volume changes during galactose egress, from isotonic
to fully shrunken, which in itself could perhaps influence the rate of efflux.
However, these points were not followed up any further.

Equilibrium-exchange efflux

The efflux of [*H]galactose from cells preloaded to a desired concentration
into a medium containing the same concentration of non-labeled galactose was
measured by the filter technique. Usually 8—10 different substrate concentra-
tions were used in each experiment and the rates of unidirectional efflux were
obtained as indicated in Experimental methods. The linear regressions of ln
((C. — C;)/C..) against t invariably showed very high correlation coefficients.
The results were subjected either to a non-linear least-squares analysis of v
against S, or to a linear least-squares fit of S/v against S. Results of a typical
experiment are shown in Fig. 4. The compilation of several experiments yielded
kinetic parameters not significantly different from those reported by Ginsburg
and Ram [18] as shown in Table II. The data were subjected to various analyti-
cal tests which invariably showed only one single Michaelis-Menten component
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Fig. 4. Equilibrium-exchange efflux of galactose. Cells were preloaded with various concentrations of
[3H])galactose ([GAL]) and unidirectional efflux into media containing the same concentration of non-
labeled galactose was assayed by the filter technique. Results are given as the rate of efflux as a function
of galactose concentration. The curve was drawn using the parameters derived by a nonlinear least-squares
regression analysis: K€€ = 125 + 27 mM; V€ = 451 + 81 mM/min.

as in the case of the zero-trans efflux. The similarity between the results ob-
tained by two independent methods serves as a test for the consistency of the
experimental method.

Zero-trans influx

These experiments were carried out using the experimental procedure of
Ginsburg and Stein [15]. Loading solutions containing different concentrations
of galactose, but a constant specific activity,were used. Since the rate of mixing
of the cells with medium was very fast (<1 s), the sampling time could be
reduced to 2 s or less, allowing accurate estimations of initial rates even at the
lowest substrate concentration used. Label trapped between the cells was deter-
mined by measuring the uptake of label by cells in the presence of cold stop-
ping solution, or else by extrapolating the course of cellular dpm (normalized
for the absorbance of the sample) against time back to t = 0. Both methods of
correction yielded similar results. The kinetic parameters were obtained by
non-linear regression analysis of v against S using a model with two Michaelis-
Menten components in parallel, as discussed in detail before [15]. The results
of these experiments revalidated our previous conclusion showing once again
2 distinct systems for the uptake of galactose into human erythrocyte. For the

TABLE II
EQUILIBRIUM-EFFLUX OF GALACTOSE

A comparison of kinetic parameters obtained by the filter technique and by the stopping technique. Both
sets of data are means * S.E. of n independent experiments at 20°C.

Method V (mM * min~1) K (mM) V/K (min~1) n

Filter (present study) 521 + 113 146t 5 3.6+1.1 5
Stopping [18] 432+ 4 138 + 67 3.2%05 3




126

TABLE III
ZERO-TRANS INFLUX OF GALACTOSE

Kinetic parameters of a- and S-carrier as derived from non-linear least-squares analysis. Results are given as
means * S.E. of 4 independent experiments.

Carrier V (mM/min) K (mM) V/K (min~1)
@ 39.2+ 1.7 127+ 1.1 3.08 + 0.29
g8 435+ 27.8 81.5 * 30.7 0.53 + 0.40

sake of clarity we call the high-affinity transport site the «-carrier and the low-
affinity transport site the g-carrier, without alluding any mechanistic implica-
tion to the term ‘carrier’. The kinetic parameters derived from several inde-
pendent experiments are shown in Table IIl. The kinetic parameters of the
a-carrier are very similar to those reported by us previously, while those of the
B-carrier are different, but not significantly so. Usually the values for the a-car-
rier are very reproducible while those of the §-carrier vary considerably from
one blood sample to the other. This is probably due to the fact that the highest
galactose concentration used was 500 mM which may be too low for an accu-
rate determination of a system having a Michaelis constant of about 100 mM.

Infinite-cis efflux

The @rskov method, as modified by Sen and Widdas [17], is a widely used
and well characterized procedure for measurements of net sugar efflux from
erythrocytes. It was chosen here for its relative simplicity and economy. Fig. 5
shows the ‘exit’ times, computed as detailed in [17], from cells preloaded to
300 mM galactose into media containing various concentrations of galactose, in
a typical experiment. The intercept on the abcissa yields directly the Michaelis
constant for infinite-cis efflux. The mean value (¢ S.E.; n = 4) for Ki¢ was 19.2
+ 1.5 mM.

-20 -10 o] 10 20 30 40

Sp (MM)
Fig. 5. Infinite-cis efflux of galactose from cells preloaded to 300 mM. The exit times (in min) are plotted
versus the extracellular galactose concentration. The line was drawn by least-squares linear regression,

yvielding K¢ = 18.3 mM with a correlation coefficient of 0.982.
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Discussion

In this discussion we will test the following proposition: the galactose trans-
port system of human erythrocytes displays a kinetic behavior which is compa-
tible with two asymmetric carriers operating in an anti-parallel fashion.

We have already shown conclusively [15] and we now confirm in the present
work (Table III) that the zero-trans uptake of galactose is mediated by two
carriers having different affinities for the sugar, but similar maximal rates of up-
take. From Table IV it can be readily seen that the V/K ratios for the total
equilibrium-exchange and zero-trans efflux are identical with the V/K ratio for
zero-trans influx using the a-carrier, within experimental error. Since the iden-
tity of the V/K ratios obtained by various experimental procedures is a neces-
sary condition for the applicability of the simple carrier, the a-carrier, at least,
may be a simple carrier. The a-carrier (Tables II1I and IV) mediates a major part
of the transport of galactose across the membrane of the human erythrocyte.

Before we proceed to analyze further the a-carrier, it is necessary to attempt
an evaluation of the contribution of the B-carrier to efflux under both zero-
trans and equilibrium-exchange conditions. Now for the a-carrier the maximal
zero-trans influx is approx. 1/6 of the efflux. Were the same ratio to hold also
for the B-carrier, but in the reverse direction, then the contribution of the §-car-
rier to zero-trans efflux would be 1/6 of the relevant maximal influx, giving
8 mM ‘- min~L. This is 1/30 of the measured total zero-trans efflux and could
not be detected by our experimental procedure. It is also possible to argue that
the K., for equilibrium exchange for the -carrier might be close enough to the
K,, for the a-carrier so that the two separate sites could not be identified by
the equilibrium-exchange procedure.

Suppose that the maximal rate of exchange mediated by the f-carrier is twice
the maximal zero-trans influx (by analogy with the a-carrier), hence some 87
mM - min~!. Then from the relevant V/K ratio of 0.53 (Table III) we obtain
fKe® = 164 mM which is not sufficiently different from K*® = 146 mM, derived
directly from the data of equilibrium-exchange total efflux (Table II). On this
basis, further analysis of the a-carrier will use the value of V*® = 434 mM -
min-! (= 521 — 87) as the maximal equilibrium-exchange efflux. It is true to
say, however, that unless the a-carrier can be inactivated independently from
the B-carrier or vice versa, a full kinetic description of the -carrier is impossible
and that of the a-carrier must remain tentative.

We proceed, on this kinetic basis, to analyze the data of the a-carrier, accord-

TABLE IV

COMPILATION OF KINETIC DATA FOR ZERO-TRANS AND EQUILIBRIUM-EXCHANGE EFFLUX
(io) AND THE «-CARRIER (HIGH-AFFINITY COMPONENT) OF THE ZERO-TRANS INFLUX (oi) AT
20°C

Data are presented as weighted means and S.E. of n experiments in each procedure.

Procedure V (mM/min) K (mM) V/K (min~1) n
ee-io 434.0+ 112.8 145.8 + 31.6 2.98 * 1.09 4
zt-io 2411t 655 74.4 t 23.9 3.24+1.36 4
zt(a)oi 39.2+ 1.7 127+ 1.1 3.08 * 0.29 5
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ing to the formalism of the one-complex model of a simple carrier as given by
Lieb and Stein [14].
For a simple carrier the unidirectional flux from inside to outside is given by

_ KS; + 8;S, (4)

K2Roo + KRioSi + KRoiSo + Reesiso
where K is a basic measurable transport parameter related to the half-saturation
concentrations, S; and S, are the respective intracellular and extracellular sub-

strate concentrations. The R symbols represent basic measurable parameters
related to the maximal rates of transport:

Vio

Rio = 1/Vizt}; Roi = 1/ng’ Ree = 1/Vee (5)
and also
Rio + Roi = Ree + Roo (6)

where R, is the resistance to movement experienced by the unloaded carrier.
The experimental parameters in terms of R values and K are given in the Ap-
pendix (Table AI). We derive R, from Eqns. 5 and 6 using the maximal veloc-
ities given in Table IV. Thus:

Ro, = Ry + Ry;— R, = 0.0041 + 0.0255 — 0.0023 = 0.0273 min - mM ™!

The standard error of R, is equal to 5 - 107* min - mM-1,

We first use the rejection criteria introduced by Hankin, Lieb and Stein [19]
in conjunction with the transport of glucose in erythrocytes. Their first crite-
rion is based on the relation

K*e- Roo "R + szg
KR, K™

(7)

Q+1=

which can be obtained readily from Table Al in the Appendix and where @, the
asymmetry factor, is given by
_ K Vi
K% V&
From Table IV we find: K?t /K2 = 5,856+ 1.9 and Vii/Vii =6.15+1.7,50Q =
6.0 + 1.8. Since the right-hand side of Eqn. 7 gives 7.75 + 1.2 and @ + 1 = 7.0 ¢

1.8, the simple carrier cannot be rejected. The second rejection criterion is also
based on Eqn. 7 but is transformed into a quadratic expression in K*®¢:

(8)

(K*°)* - Roo " R

Kzt R2 =—(Q+1) K*+Ki=0 9
io ' {tio
which yields
Q@+ 1> 2(RooRee)'? Rig (10)

The right-hand side of Eqn. 10 is equal to 3.9 + 1.6, i.e., smaller than @ + 1.
Here also the simple carrier is not rejected.
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The kinetic parameters derived from the equilibrium-exchange and the zero-
trans procedures are in effect sufficient to fully describe a simple carrier mecha-
nism and for the application of rejection criteria. However, to test the internal
consistency of the kinetic analysis, another experimental procedure, the infi-
nite-cis procedure, can also be applied. This procedure consists of measuring
net fluxes by setting the cis side at high concentration of substrate relative to K
while the concentration at the trans side is varied. K*¢ is defined as that trans
concentration which reduces the maximal net flux by one-half. We measured
previously the infinite-cis uptake of galactose [15] and we anticipated then the
detection of both a high- and a low-affinity site on the inner face of the mem-
brane if indeed two asymmetric carriers were operating in parallel. We found
only one site with K¢ of approx. 21—25 mM. We shall now attempt to inter-
pret this finding based on our present model of two antiparallel carriers.

The net infinite-cis influx contributed by the two types of carrier is given
by:

; K“ K¢
NETL = + (11)
K°R%; + R%.S; KPRS; + RE.S;
And for each carrier
K3t K3t
K oi (12)

Vg{(Rio —R.,) 1+ Q— Vgit/Vee

Having a tentative kinetic description of the «-carrier, knowing that byt =
43.5 mM - min~! and ?K% = 81.5 mM and setting fV®¢ = #V%t . 2 = 87 mM -
min-!, we might simulate an infinite-cis uptake experiment by setting these
values into Eqn. 11 with different values of °Q, the asymmetry factor for the
B-carrier. The result of such simulation is shown in Fig. 6. We can see from this
figure that the internal substrate concentration at which the total maximal rate
of sugar uptake (82.6 mM - min~!) is reduced to one-half coincides precisely

10
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Fig. 6. Simulation of net galactose influx as a function of intracellular galactose concentration. Eqn. 10
was used with the following kinetic parameters: For the a-carrier: K = 11.1 mM; Ry = 2.55 - 1072 min/
mM; Rge = 1.92 - 1073 min/mM. For the f-carrier K was calculated from Eqn. 11 with K(Z)g = 81.5 mM;
Vgti/vee = 2; and different values of Q as indicated. Ryj = 2.3 - 1072 min/mM and Ree was set at one half
of that value. The dashed line indicates the contribution of the a-carrier. The horizontal line indicates
50% of the maximal velocity and the left vertical line shows the values of Kf)ci obtained experimentally [16].
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with the experimentally derived Kl§ of 21—25 mM. This fitting is obtained
with an asymmetry factor @ = 30. When Q = 6 was used in the simulation, the
resulting K was about 60 mM, significantly different from the experimental
value. Thus, the asymmetry of the §-carrier appears to be much larger than that
of the a-carrier. From a comparison of the continuous curves in Fig. 6 (which
represent the net flux mediated by both carriers) and the dashed line which
depicts the contribution of the a-carrier alone, it can be seen that at S; = 50
mM the a-carrier is the sole contributor to net uptake. The value of Ki§ for the
a-carrier is equal to that internal substrate concentration where NET:, = *V%%/2
=19.6 mM - min~!, i.e., ®*Ki$ = 147 mM. *Ki$ can also be computed from the
following relation [14]:

K- Ry
ROO : Ree
which, upon using the kinetic parameters of the a-carrier (Table IV), yields 131
mM, not significantly different from 147 mM. It can be concluded that the two
values are in accord with each other and internally consistent with the kinetic
properties which characterize a simple carrier mechanism. The net infinite-cis
efflux can also be described by Eqn. 11 after interchanging the indices i and o.
It can be seen readily that although the §-carrier will be stopped only at rela-
tively high external concentrations of galactose (RS, << R{,), its contribution
is relatively small and most of the efflux is carried out by the «-carrier. Thus
K¢ can be derived within a good approximation from the kinetic parameters of
the a-carrier using the reverse of Eqn. 13. Thus,

Kic = (13)

ic _Kif)t'Rizo_ 9
K¢ = R Ro. 20.2 mM

The computed constant is practically equal to the experimental value of 19.2 +
1.5 mM. This equality displays the internal consistency of the a-carrier as a
simple asymmetric carrier. However, results obtained by this procedure cannot
lend further support for the existence of the §-carrier.

We would like then to conclude that the mechanism of the mediated trans-
port of galactose across the human erythrocyte membrane is compatible with
two asymmetric carriers operating in an antiparallel fashion. It is very possible
that both types of carriers are essentially identical except for their opposite
polarity with respect to the membrane. This is concluded from the similarities
of ®K?t and PK?%! (approx. 80 mM) and of the intrinsic parameter K: 11.1 mM
for the a-carrier and about 15 mM for the S-carrier. If such identity does exist
then it is possible to estimate the relative amount, n, of carriers of each type by
a relation derived by Eilam (ref. 12, equation 14) n = ayzt Byt = 554, ie.,
15% of the total number of carriers are oriented such that their low-affinity site
is facing the extracellular space. This is an upper limit estimate since the asym-
metry of the $-carrier is certainly much higher than that of the a-carrier.

We are entitled to calculate further the kinetic parameters of the «-carrier in
terms of a simple carrier. There are four independent measurable parameters,
i.e., one Michaelis constant (either K%}, K%t or K®°), Vit, VZi and V*° but five
independent molecular rate constants, resulting from the following constraint
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(see Fig. Al):
201k, = 102k, (14)

Lieb and Stein [14] showed that although the exact values of all possible ratios
of rate constants cannot be computed for the simple carrier, the bounds for
some ratios can be obtained. When the ratios of the R parameters are expressed
in terms of molecular rate constants (see Appendix), the upper and lower
bounds for k,/k, are given by:

Roo _Roi kl Rio (15)
Zo0  ob ol TR0
Ry Ry Reo— R

which, in the case of the a-carrier, is

k
0.071 < —< 0.177

k,
The lower bounds for b,/k, and b,/k, are found in the same way:
bl Roi—Ree_ b2 Rio _Ree _
'k—l > —R;‘e—— =10.1 and k, > .. =0.78

Taking the median value of k,/k, we can calculate readily other ratios of rate
constants. Thus, the ratio of the dissociation rate constants is b,/b, = 1.6 and
that of the association rate constants is f,/f, = 0.2.

There are several important implications to these inequalities and the derived
ratios. First, the asymmetry of the a-carrier stems primarily from the fact that
in the zero-trans influx conditions the movement of the unloaded carrier is
rate-limiting since b, = 10.1 k,. This is also true in the case of the uridine car-
rier [13]. However, in the zero-trans efflux conditions the dissociation rate
constant is similar to the translocation rate constant of the unloaded carrier
k, inasmuch as b, = 0.78 k,. Wilbrandt [20] has also suggested that the trans-
location of the complex is not necessarily the rate-limiting step in the trans-
port of hexoses across the erythrocyte membrane. Second, although b,/b, =
1.6, as calculated with the median value of k;/k,, if one uses the lower bound
of k/k, one gets b,/b, = 0.92. This result implies that the structural asymmetry
of the erythrocyte membrane with respect to proteins [21] and lipids [22]
may not affect the rate of dissociation of the complex. The opposite is true for
the association rate constants. When the median value of k,/k, and the resulting
b,/b, = 1.6 are used, f,/f, = 0.2, but if the lower bound of k,/k, is used, then
f1/f, = 0.065. This is undoubtedly another source for the asymmetry of the car-
rier mechanism, although the structural and the molecular basis for it must
await further investigation. Third, the different ratios of molecular rate con-
stants can be used to compute the relative distribution of free carriers on both
sides of the membrane. Stein and Lieb [23] have shown that at steady state the
concentration of the free carrier at the inner side of the membrane is given by

_T(biky + b2k, +b:,5,)
e z

_ T (bok, + bk +b,1,8))
2 z

(16)

17
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where T is the total carrier concentration, f,, f2, by, by, B, and k, are defined in
Fig. Al

Z=(by +by)(ky +Ry)+ (b2 + RIS, +(by + RS2 + 111288, (18)
From the principle of microscopic reversibility which states that

bikif, = bikof, (19)
and from the fact that under equilibrium conditions

S$;=8,=8 (20)

we arrive at the following equality for the ratio of carrier concentration:
E; _biks +baks +b,FsS ks
E, byk, + biky +0:fiS R

In addition f/b is the association constant of the carrier - substrate complex on
either side of the membrane, hence

(21)

fi/by = ES,/E- S, and f,/b, = ES,/E - S, (22)
Combining Egns. 20, 21 and 22 we obtain
b,kif, ES,

= 23
b:k.f1  ES, (23)

and finally, using Eqns. 19 and 23 we arrive at £S, = ES,. This indicates that
under equilibrium-exchange conditions, the concentration of carrier : substrate
complex (i.e., loaded carrier) is equal at both sides of the membrane. Thus, any
observed asymmetry should stem from uneven distributions of free carrier.
Thus, E,/E, = k,/kR; = 8, which means that the concentration of free carrier on
the inner side of the membrane is 8 times higher than that on the outer side. It
should be emphasized however, that the present treatment does not allow dis-
tinction between distribution of carriers as compared to conformational states
of carriers. If we use the value of 1.43 - 10'3 cells per | cell water and each cell
has 3.3 - 10° hexose binding sites [24] of which at least 85% are a-carriers, then
the calculated turnover rate under equilibrium-exchange conditions (V¢ = 432
mM - min~!) is approx. 6.5 - 10* molecules/carrier per min at 20°C.

Such turnover number probably excludes the possibility that the hexose car-
rier in human erythrocytes is a simple mobile carrier and suggests some kind of
a gating mechanism which is kinetically indistinguishable from mobile carrier-
mediated transport kinetics.

The present suggested mechanism for sugar transport in human erythrocytes
is based on experimental evidence obtained by the zero-trans, equilibrium-
exchange and the infinite-cis procedures. It is possible that specifically
devised experiments of countertransport (hetero-exchange) could be used to
further examine the two antiparallel asymmetric carriers model.

Appendix

The results of the present work are analyzed according to Lieb and Stein
[14]. There the one-complex form of the simple carrier is treated and the
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steady-state solutions are given. Only relations relevant to the present work are
brought into this Appendix.

The unidirectional flux of a permeant from inside to the outside of the cell is
given by:

- KS; + 88,

K2Rco + KRioSi + KRoiSO + ReeSiSo
The unidirectional flux in the opposite direction is obtained by interchang-
ing symbols i and o. K is an intrinsic parameter related to the half saturation
constant, R symbols are defined in Table Al and S; and S, are the internal and
external permeant concentrations respectively.

In the zero-trans efflux procedure, S, = 0 and Eqn. Al reduces to
P — (A2)

KRy, + RS;
Interchanging symbols i and o yields the corresponding relation for zero-trans
uptake.

In the equilibrium-exchange procedure when S; = S,, Eqn. Al reduces to

Si _ So
RooK + ReeSi B RooK + ReeSo
This is based on the relation R., + R,, = R;, + R;.
In the infinite-cis procedure, when S; is limitingly large, Eqn. AI reduces to
K

NETi = ——-2 Ad
KRio + ReeSo ( )

The corresponding result for the procedure in the other direction is obtained

(A1)

Vio

ee
Vio

— €€ —
Uosi

(A3)

TABLE Al
INTERPRETATION OF EXPERIMENTAL DATA IN TERMS OF BASIC PARAMETERS

Experimental Maximal velocity Michaelis constant
procedure
Zero-trans 1 Ryo
Efflux VBl = — Kb =K —
Rio io
1 Roo
Influx V(Z,i =—— Kztj =K
Ryi Roj
Infini ;. zt
nfinite-cis ic 1 ie io Kio " Rio
Efflux Vio =— Kio=K—=
io Ree = Roo* Ree
zt
. 1 ; Ry Koj‘Ro
Influx v =— K:)ci = == -
Roj Ree Roo * Ree
Equilibrium ee _ ..ee _ 1 ee _ Boo
exchange Vio = Voi=— K=K
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k‘>

2V

Fig. Al The one-complex form of the simple carrierx,

by interchanging i and o. The maximal velocity is the same as in the zero-trans
procedure while K¢ is that trans concentration at which the maximal velocity
is reduced to one half.

From the above equations the experimental data are interpreted in terms of
basic measurable parameters in Table Al

The basic parameters can be expressed in terms of the molecular rate con-
stants k, f and b (see text and Fig. AI) as shown in Table AIIL

From this table it can be seen that there are four independent measurable
parameters and five independent molecular rate constants. Therefore, the rate
constants cannot be computed exactly but certain bounds for the ratios of
molecular constants can be obtained. Bounds derived from Eqgns. 25 and 26
and Table III of Lieb and Stein [14] are given in Table AIII.

TABLE AIl
DEFINITION OF BASIC MOLECULAR PARAMETERS IN TERMS OF RATE CONSTANTS
1 1 biky /1 1
nRjy = ——+— K=———{—+—
by k2 f1 by by
1 1 Constraint: fab1k1 = fibak)
nRoi =
b1 ko
1 1
nRgg =+ ~— n is the total number of carriers per unit area of membrane while nR is
k1 k2 the specific resistance of the membrane to the particular carrier-form.
1 1
nRee = — + —
by b2
TABLE AIIl

UPPER AND LOWER BOUNDS FOR RATIOS OF RATE CONSTANTS IN TERMS OF BASIC MEASU-
RABLE PARAMETERS

Ree —Roi b} Rio Roj —Ree b1 Roo
< —< < —<
Roj b2 Rge — Rjo Ree ki Roi— Roo
Roo —Roi k1 Rio Rjo —Ree b2 Roo
< —< <—<

Roj k2 Roo — Rjo Ree k2 Rio — Roo
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