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SUMMARY

In recent years several observations of glucose transport in human erythro-
cytes have been difficult to explain by the carrier model. Three new models have
been described as candidates to supplant the carrier hypothesis. In this paper, some
of the anomalous findings of Miller ((1968) Biophys. J. 8, 1329-1338) and of Stein’s
group ((1972) Biochim. Biophys. Acta 266, 161~173; (1966) Biochim. Biophys. Acta
127, 179-193) are discussed in terms of the carrier model with and without unstirred
layers (unstirred layers being diffusion barriers between the carrier and the bulk
aqueous phases inside and outside the cell). The carrier model with no simplifying
assumptions (Regen, D. M. and Morgan, H. E. (1964) Biochim. Biophys. Acta 79, 151
166) with, the addition of unstirred layers suggested by Miller, accommodates virtual-
ly all the data which have been considered grounds for its rejection. All transport
constants for glucose and galactose are evaluated, including the diffusion constants
in the unstirred layers. Some novel ways of interpreting kinetic data are describ-
ed. The asymmetric features of the carrier described by Geck are confirmed ((1971)
Biochim. Biophys. Acta 241, 462-472).

INTRODUCTION

Prior to 1964 there were few observations on glucose transport in human
erythrocytes which were not predicted by the simple mobile-carrier hypothesis of
Widdas [i] and of Rosenberg and Wilbrandt {2]. It appeared for example that
rates of glucose entry and of exit were not equal under circumstances where they
should have been [3, 4]. However, the experimental techniques and data analyses
were subject to considerable error. The discrepancies between predicted and observed
behavior were explained in this manner [4, 5], and there were no compelling reasons
to introduce a more complex mechanism or a more complex kinetic treatment of
the carrier mechanism. Nevertheless, Regen and Morgan [5] derived equations from
the carrier model using a minimum of simplifying assumptions. In particular, it was
not assumed that decomposition of the sugar—carrier complex is much faster than
its translocation, nor was it assumed that the unloaded and loaded carriers move
with equal facility inward or ocutward. The analysis showed what would be expected
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if the simplifying assumptions used by others were not valid — that the maximal rates
of entry, exit and equilibrium exchange of a sugar would not be the same; the con-
centration of the sugar needed for a half-maximal entry, exit and exchange would
not be the same; but the ratio, V/K,, for each of these experiments would be the
same. Moreover, the flux ratio and counterflow effects would reveal yet another
constant related to K, but different, if the simplifying assumptions were wrong.
Using the rabbit erythrocyte, where sugar transport is slow enough to allow rate
measurements by ordinary methods, Regen and Morgan [5] carried out all of these
experiments to determine the validity of the simplifying assumptions. The results
showed these assumptions to be entirely valid for the rabbit cell [5]. Subsequently,
Levine et al. [6] and Mawe and Hempling [7] showed that the maximal rate of glucose
exchange in the human erythrocyte is faster than the maximal rate of exit, i.e. that
external glucose promotes efflux of inside glucose. The latter was interpreted [6]
according to a simplified version of our kinetic analysis [S] to mean that exit is lim-
ited by return of the free carrier to the inside and that the carrier loaded from the
outside moves to the inside more readily than does the free carrier. Thus, glucose
moving in increases the carrier available on the inside to participate in efflux. Later
Miller [8] observed the same phenomenon but offered a new explanation [9]. He
suggested that exit is limited somewhat by diffusion from the external surface to the
bulk external medium. Thus, sugar molecules released at the external surface stand
a good chance of getting back on the carrier and returning to the inside. The ex-
change of labelled internal sugar for unlabelled external sugar is much faster than
exit, since the unlabelled sugar on the outside will competitively inhibit this re-entry
of labelled sugar. He repeated several observations of other workers which were not
predicted by the simplified carrier kinetics. He could explain several of the anomalies
in terms of the diffusion barrier (unstirred layer). However, he stated that he could
not fit all of his data to his model, which included the simplified carrier assumptions
with the diffusion events on either side of the membrane. Naftalin [10] later provided
support for the kinetic significance of diffusion from the membrane by showing that
increased mixing accelerated exit and exchange, exit being accelerated by a larger
factor. Recently Geck [11] attempted to fit the various observations of Miller [8]
and the more recent observations of Lacko, et al. [12] to the carrier model without
the simplifying assumption of equal mobilities of loaded and unloaded carrier in
either direction. In essence, he returned to the original interpretation given to these
phenomena [5]. His treatment included no unstirred layer, yet he managed to fit
most though not all of the data. In summary, then, a satisfactory explanation of all
anomalous observations on the basis of the mobile carrier hypothesis has not been
provided. As a consequence, several new models have been devised which purported
to accommodate most findings [13-16]. The carrier model, if it also can accommodate
the data, should not be discarded in favor of a more complex [13] or chemically
less probable [14] hypothesis.

RESULTS

Model
Fig. 1 shows the carrier model essentially as we considered it earlier but with
diffusion steps on either side of the membrane. Here, the movement of loaded car-
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Fig. 1. Model of glucose carrier with an unstirred layer over each membrane interface. See ac-
companying text for symbol definitions. Reaction constants associated with carrier-glucose complex
bear subscripts with digits 1, 2 and/or 3. The reaction constants having digits 5, 6 and/or 7 are con-
cerned with carrier-sugar (other than glucose) complex. In the earlier presentation of this model [5]
the assignment of these subscripts was the other way around. The translocation of free carrier
(k4 and k_,) is a step common to any sugar present. Subscripts are positive for reactions in the
direction of sugar uptake, negative for reactions in the opposite direction. Another difference be-
tween this presentation and the earlier one [5] is that CG, symbolizes all carrier—glucose complexes
(regardless of location) which were formed by collision of Cy and Gy. Likewise CG; symbolizes all
carrier-glucose complexes (regardless of location) formed by collision of C; and G;. This means
that the conversion of CG, to C;+ G, is treated as a single event with rate constant k,,; and con-
version of CG; to Cy and Gy is treated as a single event with rate constant k_,,. This greatly sim-
plifies the algebra, but involves no assumptions about rate-limiting steps. It is recognized that CG
formed on the outside by collision of Co and G, will have passed through any number of stages
between formation and release of glucose on the inside, and that the last stage may be identical in
location and conformation to the CG immediately formed by collision of C; and Gj; but, in the
steady-state, the fraction of CGy in any stage will bear a constant ratio to that in any other stage.
Hence, the stages of CG, are kinetically insensible and can be grouped together as a single entity,
CGy. This is the same treatment given to the “‘central complex” in steady-state enzyme kinetics.
The coefficient k.3 is the fraction of CG, undergoing decomposition on the inside each minute;
k_, is the fraction of CG, undergoing decomposition on the outside each minute. The other con-
stants can be understood by analogy or are self-explanatory.

rier across the membrane followed by the release of sugar is treated as a single event.
The symbolism is as follows:

= a sugar (in this paper, glucose);

another sugar which may or may not be present (in this paper, galactose);
= carrier;

= outside interface;

= inside interface;

= bulk external medium;

= bulk cell fluid;

== diffusion constant for movement between interfaces and bulk volumes;

= rate constant for transport event.

i

oo oA

All kinetic features of this system can be readily derived from Eqn 1, showing
the effects of two sugars (G and S), present at substantial concentrations, on the
entry of a sugar, X, which may be either G, S, labelled G, labelled S, or a third
sugar present at minute concentration relative to its Michaelis constants and related
constants. This equation was derived by the approach described earlier [5] and is
much like Eqn 14 published by Geck [11]. The positive numerator term divided by
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the denominator is influx, U, ; the negative numerator term divided by the denomi-
nator is efflux, U, _. The satellite equations define the symbols and take the unstirred
layers into account.

Ux = Fx([)(o](1 + [Gx]/Rg + [S|]/Rs) - [Xl](l + [GOJ/RS + [So]/Rs))

1, 1G], [G], [GG] , [s.], (81, [S](S] , (GJISd, [SG]

g0 Kgi Rg Bg Kso Ksi Rs Bs Ngs ng
¢y
U, = rate of X entry;
{X,] = concn X at outside surface = [X,.]—U,/D,;
[X;] = concn X at inside surface = [X.]+U,/D;;
[G,] = concn G at outside surface = [G.]—Uy/ D,;
[G;] = concn G at inside surface = [G ]+ U,/ D;;
[S,] = concn S at outside surface = [S.]— U,/D,;
[S;] = concn S at inside surface = [S;]1+U,/D;;
F, = activity constant for X transport = VK, for X transport.
IfX = G’ thean = Fg = C‘ k4 . kl k23 = C‘ _Ii_i__. . k;i&‘_ﬂ (2)
R, = flux-ratio constant for G = koalkoitkas) _ kalks+k-20) (3)
kl k23 k—3 k—21
K,, = Michaelis constant for G entry = Kotk Kotk 4)
kl k4+k23
K, = Michaelis constant for G exit = kstkoay . katk-s (5)
B, = half maximal constant for G exchange; 1/B, = 1/K,,+1/K;—~1/R, (6)
IfX =S, then F, = F, = C, kq . _kski_ = C, NIS_“_ . k_‘7_k_6_5 (2a)
ko+k_, k_stkg, ky+k_y kitk_gs

R, = flux ratio or counterflow constant for S = koalkostker) _ Kalkrtkgs)

ks ke k_7k_ss (3a)
K,, = Michaelis constant for S entry = kosthker katk-o (4a)
K,; = Michaelis constant for S exit = kotk-gs . Kath-a (5a)

k_q k_st+k-os

B, = half maximal constant for S exchange; 1/B, = 1/K,+1/K;—1/R, (6a)
1/]Vgs = ]/KgoRs+1/KsiRg_1/RgRs (7)

1/Ng = 1/K Ry +1/K R,—1/R,R, (8)
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Eqn 1 is appropriate for the most complicated experimental conditions en-
countered in the literature. Most experiments are so designed that several terms may
be dropped and constants in the other terms evaluated. However, the possibility
of unstirred layers greatly limits the degree to which experimental design can sim-
plify interpretation.
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Fig. 2. Effects of glucose at equilibrium on the resistance to glucose exchange (@) and the resistance
to sorbose transport (O, 4&). All the points are from data reported by Miller [8]. The solid line is
intended to fit Miller’s glucose-exchange data (@). The dot-dash line represents the results of Eilam
and Stein [17] and agrees well with Miller’s data with respect to the concentration of glucose (32
mM) which doubles resistance to glucose exchange, but not with respect to the minimum resistance.
Since Miller used optical measurements for his sorbose transport studies, his only reliable point is
that in the absence of glucose (minimum resistance). According to Levine and Stein [18] the con-
centrations of glucose which double sorbose resistance (estimated by ['#Clsorbose transport with
sorbose concentration 2 or 20 mM) are 13 mM at 25°C and 19 mM at 13 °C. Interpolation by
Van’t Hoff plot indicates that this concentration should be 15.1 mM at 20 °C. However, these work-
kers provide no information on the actual sorbose transport rates; and the dashed line showing
resistance doubling at 15.1 mM was arbitrarily made to intercept 10 ¢ below the minimum resistance
indicated by Miller, on the assumption that the 230 mM sorbose (used by Miller) might bind about
10 9% of the carrier and increase its own resistance by this fraction. This refinement plays no role
in the outcome of the kinetic analysis. The fact that Miller’s sorbose data also show a doubling of
resistance at nearly the same glucose concentration (13 mM) is surprising, since the counter move-
ments of glucose would have interfered with his optical estimates of sorbose transport.

Fig. 3. Glucose exit (@), glucose efflux (A) and glucose influx (A) in cells loaded with about
130 mM glucose and various external glucose concentrations. The glucose exit data are those of
Miller [8] and should be very dependable. The efflux data are an approximation (described in the
text) based on the results of Naftalin [10] under conditions somewhat different from those of Miller.
All subsequent calculations based on these data take account of osmotic swelling by use of the
formula [G.] = G.(310+[G.])/(310+G,.), where G, in umolesfcell is the cell glucose content.
The solid line through the exit data corresponds to the solid line in Fig. 5. The dash line shows the
efflux predicted by the constants obtained from the solid line of Fig. S.
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Glucose exchange and inhibition of sorbose transport

Fig. 2 shows a plot of glucose-exchange resistance with several concentrations
of glucose at equilibrium, as observed by Miller [8] and by Eilam and Stein [17].
It also shows sorbose entry and exit resistances as affected by several concentrations
of glucose at equilibrium [8, 18]. Since only glucose, G, was present in substantial
amounts (relative to dissociation constant), all the S terms in Eqn 1 are zero. Since
[G,] = [G;] and U, = 0, the denominator reduced to (1+[Gl/B,) (1+[G]/R,), the
second factor then cancelling the similar factor in the numerator, leaving the simpler
equation:

v. = BXo]=[Xi]) _ F(([Xe]=Uy/Do) = ([Xc1+ Uy/D3)) ©)
* 1+[G]/B, 1+[G]/B,

The transport resistance offered by the membrane is given by:

—IX. 1
XI-DX) _ 1 gy L )
U, F, F.B,
The transport resistance of the membrane and unstirred layers is:
X.]-[X 1 1 1
[_"1__[_&]=_+__+_1d+[(}]___ (9b)
U, F, D, D, F,B,

From the intercept and slope of Miller’s glucose-exchange data [8] we can make the
following estimates of glucose constants*: the minimum transport resistance is
1/D,+-1/D;+1/F, = 0.133 min - cell - ml~*; the ¥ for exchange is F,B, =247 pmoles -
min~! - cell™*. From the intercept and slope of Levine and Stein’s sorbose data [18]
(the dashed line) we have: 1/D,+1/D;+1/F, = 43 min - cell - ml™'; F B, = 0.351
pmole - min~?! - cell 71, By combining the above information: resistance by the com-
bined unstirred layers is 1/D,+-1/D; = 0.072 min - cell - ml~*, which is half the min-
imal resistance to glucose but only a tiny fraction of the resistance to sorbose;
F,=16.38 ml-min~! - cell™*; F, = 0.0233 ml - min~" - cell"; B, = 15.07 mM.

Flux Ratio

According to Miller [8], eflux of glucose from cells containing 130 mM glu-
cose into sugar-free medium is 100 gmoles - min~! - cell 1. The addition of 130 mM
glucose to the medium raises this efflux to 197 umoles - min~! - cell ™! as shown in
Fig. 2 (Miller’s glucose resistance line). Judging from Naftalin’s observations [10]
with well-stirred cells, the dependency of efflux on external glucose is hyperbolic
and shows a K, of 10 mM. From these data, we can calculate roughly the effluxes
that Miller [8] might have observed** in his exit experiments had he made the measure-

* The word ““cell” in the dimensions refers to the number of cells which, if equilibrated with
sugar under isotonic conditions, would contain the amount of sugar in 1 ml extracellular fluid.
This is 1/1000 of the “cell unit”’ described by others [8].

** Although Miller’s efflux data [8] agreed with those observed by Naftalin [10) in poorly
stirred cells, the stirring procedure described by Miller is considered very effective [19, 20]. We,
therefore, assume the lower half-excursion concentration of 10 rather than the 25 mM seen in poorly
stirred cells.
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ments: U,_ = 100-+105[G.]/(10+[G.]). This gives U, = 197 pmoles-min~* - cell ™!
at [G,.] = 130 mM. With this expression and exit data of Miller, one can calculate
influx: Uy, = U,+U,_. Therefore, U,, and U;_ can be calculated at several ex-
ternal glucose concentrations. Fig. 3 shows the exit data of Miller and the fluxes
calculated from Naftalin’s observations.

The flux-ratio equation involves only the numerator of Eqn 1, the denomina-
tor cancelling. If [S,] = [S;] == O then the flux ratio [5] at the membrane is:

Ups _ [Xo] Re+[Gi]
U [X] Rg+[Gc]

The flux ratio across unstirred layers and membrane together is only slightly more
complex:

_va+ — [_)(i] . R8+[Gc]+ Ug/Di
Ux— [Xc] Rg+[Ge]—~Ug/Do

Making the substitution, X = G, and rearranging gives the following slope—intercept

relation:

U(IPo+1PYU G =1) _ 1 (10b)
Ug+/[Ge]_ Ug“/[Gc] DO

Fig. 4 shows the plot suggested by Eqn 10b. From the intercept and slope of
the solid line we can make the approximation: R, ~ 1.0 mM and 1/D, =~ 0.010
min - cell - ml™1, From these estimates we also have: 1/D; ~ 0.062 min - cell ~!- ml™*
and 1/K,,+1/Ky; = 1/R,+1/8, =~ 1.000+0.066 = 1.066 ml/umole. These must be
considered crude values, subject to revision; since they are based on separate sets of
data obtained under slightly different conditions. They do, however, provide approxi-
mations sufficient for the next step in the analysis. The values will be revised essen-
tially on the basis of Miller’s data. The dot~dashed line corresponds to the revised
values, its slope and intercept being within 209 of those of the solid line take from
Naftalin’s data.

The crosses in this figure show the same plot with 1D/,+1/D; assigned a
zero value. It should be horizontal if this assignment were correct; for, in the absence
of unstirred layers, both sides of Eqn 10b should be R, under all conditions. It does
not seem to be horizontal, and to the extent that it is not, this plot provides further
evidence (independent of the sorbose data of Fig. 2) for the unstirred layer.

(10)

(10a)

Glucose exit with various external glucose levels
If only glucose is present, Eqn 1 reduces to the following:

U, =
F([Ge]—U,/Do) —([G.] + Uy/Dy))
1 +([Ge] - Ug/’Do)/Kgo_"([Gc] + Ug/Di)/Kgi +([Ge] - Ug/Do)([Gc] + Us/Dx)/Rg Bg
This equation should fit Miller’s exit data [8] shown in Fig. 3. It can be arranged
(with substitutions from Eqn 6) in the following slope—intercept form:
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1+([G.]1+U,/D))/B,

[Ge] - [Gc] ‘(1/D0+ I/Dx)US

_ 1, (IGJ+UD)(1+({G]-UgD)IBy) . |
Kgo [Ge]—[Gc]—(l/Do"}'l/Di)Ug Rg

Fig. 5 shows the suggested plot. The solid line through the closed circles gives (or is

compatible with): K,, = 0.98 mM and R, = 0.96 mM. This value of R, agrees

rather well with that from Fig. 4. From Eqn 6, we now have K,; = 11.1 mM. All

glucose transport constants are thereby evaluated, and these constants are compatible

with and in appropriate equations will predict the observed data used in their evalua-
tion.

F,
U,

(11a)

It should be noted that the Sen-Widdas net-transport data of Fig. 3 contain
all the information needed to solve for 1/D,, 1/D;, R,, K,, and K; (there being
only three degrees of freedom in these five constants), once F,, B, and 1/D,+-1/D;
were determined in Fig. 2. This would require 3-dimensional plot or trial and error
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Fig. 4. Plot of flux data from Fig. 3. This plot is designed to determine the resistance (1/Dg) of-
fered by the external unstirred layer and the flux-ratio constant (R;) of glucose. The solid circles
and solid line are based on the value of 1/Dy+1/D; obtained from sorbose and glucose resistance
curves in Fig. 2. The solid line indicates: 1/Do = 0.01 min - cell=*- ml~! and R, = 1.0 mM. The
crosses are based on the assumption that 1/Do-1/D; = 0 (sorbose data ignored). The open circle
on the Y axis is the value of R, (0.96 mM) obtained from Fig. 5. The dot-dashed line has the slope
corresponding to the 1/D, value (0.011 min - cell~*- ml~!) used to fit the glucose—galactose exchange
experiment (presented later).

Fig. 5. Plot of glucose exit data from Fig. 3. This plot is designed to determine the Michaelis con-
stant for glucose entry (K,,) and the flux-ratio constant (R) of glucose. The solid circles (@) and
solid line are based on values of F,, B, and 1/Do+1/D; obtained from the sorbose and glucose re-
sistance curves of Fig. 2 as well as the values of 1/Do and 1/D; obtained from Fig. 4. The crosses
(+) and dashed line are based on the assumption that 1/Dg = 1/D; = 0, F, = 7.52ml - min~! -
cell™!, B, = 32.8 mM (sorbose data ignored in the interpretation of glucose resistance curve of
Fig. 2). 1t is not clear from this plot that the solid line is the best fit of the solid points. The con-
stants corresponding to this line were used in Eqn 11 to generate the solid line in Fig. 3, where the
adequacy of the fit can be seen more clearly. The dashed line fits the crosses equally well and agrees
with the data of Fig. 3 equally well.
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fitting. We did the latter before Naftalin published his efflux data and we obtained
the best fit with essentially the constants shown here. Thus, had the flux-ratio ap-
proach given an incompatible value for 1/D_, we would not have obtained the pre-
cise fit of the net transport data of Fig. 3 (solid line), and the R, of Fig. 5 would not
have agreed with that of Fig. 4. The merit of the flux-ratio approach is that it ex-
cludes the denominator of Eqn 1 from consideration and allows one to proceed with
2-dimensional rectilinear plots. With only two degrees of freedom in each plot, the
precision is improved.

The plot shown in crosses (+) was obtained without consideration of sorbose
data and unstirred layers, i.e. with the values: 1/D,4-1/D; = 0, F, = 7.52 ml - min~ ' -
cell™ and B, = 32.8 mM (the naive interpretation of the glucose exchange data in
Fig. 2). The dashed line through the crosses gives: K;, = 1.17 mM, R, = 1.13 mM,
and K,; = 17.2 mM. These three constants are, therefore, only moderately dependent
on the interpretation of Fig. 2.

Galactose transport

According to the data* of Levine and Stein [18], the concentration of galac-
tose at equilibrium which would inhibit sorbose transport 50%, (double the resistance)
at 20 °C should be something greater than 100 mM. Since unstirred layers are such
a minor factor in sorbose transport, we can assume this to be a direct estimate of the
B constant for galactose. If we let galactose be sugar S, then an approximation is
B, = 110 mM.

According to Miller [8], the efflux of galactose, from cells exposed to 130 mM
galactose on either side of the membrane, is 125 umoles * min~! - cell" 1. Knowing
1/D,+1/D; = 0.072 min - cell*- m1~* and assuming B, = 110 mM, one can evaluate
F, by Eqn 9 to be 2.25ml - min~! - cell ™.

A comparison of the definitions of F, F,, R, and R, will show that

RF, = RF, (12)

Thus, R, = 0.96 - 16.4/2.25 = 7.0 mM. We now have 1/K,,+1/K;; = 1/R,+1/B, =
0.1434-0.009 = 0.152 ml/umole.

According to Miller [8], the exit of galactose, (from cells loaded with 130 mM
galactose into sugar free medium) is 80 umoles - min~! - cell"!. By Eqn 11a, K, is
evaluated at 7.23 mM. By Eqn 6a, K; = 71 mM.

The same evaluations with the sorbose data of Fig.2 ignored (1/Dy-+1/D; =0)
give the following: F, = 2.10ml - min~! - cell™!, R, = 4.07mM, K,, = 4.18 mM,
K = 65.3 mM.

Effect of external galactose on glucose efflux

Miller [8] observed that the addition of 130 mM galactose to the outside of
cells loaded with 130 mM glucose increased the glucose efflux from 100 to 250 ymoles -
min~" - cell 1. If the constants that have now been evaluated for glucose and galac-
tose transport are correct then they should predict this effect when inserted into

* Miller’s [8] optical measurements of sorbose transport in the presence of glucose, galactose
or mannose at equilibrium are uninterpretable, owing to the counter movements of the inhibitory
sugars. The tracer measurements of Stein’s group are not subject to this criticism.



227

Eqn 1. Since rates U, and U, appear in the argument, this requires alternately evaluat-
ing U, and U, five times, i.e. until these evaluations stop changing. When this is done
(with. the constants deriving from the sorbose data of Fig. 2, hence, with the unstirred
layers in the picture), glucose transport calculates to be U, = —220 umoles - min~! -
cell™ !, and galactose transport calculates to be U, = 210 gmoles - min~' - cell"!. The
carrier hypothesis with unstirred layers, therefore, predicts the surprising fact that
external galactose enhances glucose efflux more than external glucose enhances glu-
cose efflux (197 umoles - min~! - cell™!) and more than external galactose enhances
galactose efflux (125 ymoles - min~"' - cell™!). Miller observed a slightly larger en-
hancement. The agreement can be greatly improved by a modest adjustment of
1/D,, the least reliable of the constants. If 1/D, is increased from 0.010 min - cell -
ml~! to 0.011 min - cell - ml~! (the dot-dash line in Fig. 4) and all the constants de-
pending on its value appropriately adjusted, the following values are obtained:
1/D; = 0.061 min - cell - ml™%, K, = 0.975 mM, K,; = 12.13 mM, K, = 7.22 mM,
and K,; = 72.4 mM — other constants remaining the same. Glucose-galactose ex-
change then calculates: U, = —233 ymoles - min~* - cell ™! and U, = 223 umoles -
min~! - cell ™. This is within the standard error reported by Miller*. The interaction
between external galactose and internal glucose, therefore, provides an estimation
of 1/D, (and the other adjusted constants) independent of Fig. 4.

It should be pointed out that these conclusions are little dependent on the value
placed on B, at the outset of the analysis of galactose transport. Originally we used
a value B, = 40 mM (accepting Miller’s data, at face value) and obtained the pre-
diction that external galactose would promote glucose efflux to the surprising degree
observed by Miller.

If the sorbose data are ignored and hence unstirred layers not taken into ac-
count, the expected glucose efflux into galactose medium is calculated to be only
171 umoles - min~?! - cell~ . However, a greater enhancement can be expected if the
galactose exit and exchange data are adjusted within their standard errors. If one
assumes that galactose exchange in cells equilibrated with 130 mM galactose was
133 umoles - min ! - cell ! and galactose exit into empty medium was 74 umoles -
min~* - cell™?, then the galactose constants would be B, = 110 mM, F, = 2.23 ml -
min~! - cell™?, R, = 3.83mM, K, = 3.98 mM, and K,; = 52 mM. With 130 mM
glucose inside and 130 mM galactose outside, U, = —233 ymoles - min~" -cell !
and U, = 229 umoles - min~* - cell™*, which is now within the standard error of
the rate reported by Miller. The fact that a large distortion of the galactose
transport data is needed to predict the effect of galactose on glucose efflux when
unstirred layers are not included in the analysis, suggests again that unstirred layers
are a reality.

* An adjustment to 1/Dy = 0.012 min - cell - ml~! would have given U, = —249 umoles *
min~?! - cell='. We elected not to make the fitting so perfect, since Eilam and Stein [17] show that
the distinction between [!4Clglucose-glucose exchange and [!#C]glucose—galactose exchange may
have been slightly overestimated by Miller. We judge from their paper [17] that the distinction cer-
tainly did exist at the very beginning of the exchange.
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DISCUSSION

Models

The central conclusion of this work is that all of the anomalies observed by
Miller in 1968 were explicable in terms of the unsimplified carrier model [5] described
in 1964 together with the unstirred layers which Miller considered at the time [9].
Other models [13-16] have not been shown to accommodate all these data with a
single set of constants. For example, the tetramer model of Lieb and Stein [13] did
not predict the surprisingly large enhancement of glucose efflux by external galactose.
The lattice model of Naftalin [14] was not tested for its ability to fit the various
experimental data with a single set of constants. The introversion model of LeFevre
[16] predicts that low concentrations of glucose should promote sorbose transport,
contrary to observations. Moreover, the glucose exchange experiment of Miller [8]
appeared not to be accommodated. Geck’s asymmetrical carrier [11] without un-
stirred layers failed to reconcile the difference between the K, for glucose exchange
and the K; for inhibition of sorbose transport by glucose. In addition, the present
analysis shows that unstirred layers are needed with the asymmetric carrier to explain
the effect of external galactose on glucose efflux (and, if one accepts the data, the fact
that apparent R, increased with U, in Fig. 4).

Hankins and Stein [20] found that mixing of well dispersed cells did not affect
glucose exit appreciably, and they argued that the dependency of exit on stirring ob-
served by Naftalin {10] was due to cell cohesion in his poorly stirred suspensions.
Miller [19] has argued that his cells were well dispersed and that diffusion distances
outside his cells were too short for diffusion to limit distribution in the bulk medium.
He did not rule out transitory cohensions of cells at their concave surfaces as contri-
buting to the external unstirred layer revealed kinetically. However, the main diffu-
sion barrier seems to be at the internal surface where diffusion distances are short
indeed. We, therefore, do not think of the unstirred layers as reflecting diffusion
through the bulk aqueous phases. Instead, we suggest that the carrier loads and un-
loads somewhere beneath the outermost membrane structures, and these structures
hinder the movement of sugar between bulk phases and the loading—unloading points.
These structures might be proteins, glycolipids, phospholipids or all of these, forming
a densely packed layer especially at the inner surface. Some of the water in this layer
may be somewhat immobile owing to hydrogen bonding. Considered in these terms,
the unstirred layer may be an interesting property of the membrane deserving further
characterization. One of the journal reviewers informed us of a recent article by
Wilbrandt [21] in which he drew precisely these conclusions, based on data of his
own laboratory. His estimate of 1/D,+1/D; was 0.05 of which 109, might be 1/D,.
Although he did not put dimensions on the number, his explanation indicates that
it is comparable to our 0.072 min - cell - ml ™%

We have omitted attempts to fit Miller’s glucose counterflow experiment [8],
which he considered incompatible with the carrier hypothesis with or without un-
stirred layers. Our analysis of that experiment, based on considerations quite inde-
pendent of any model, leads us to the conclusion that the incompatibility was due
to experimental error, as suggested by Lieb and Stein [13].
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Experimental design

According to the model in Fig. 1, glucose transport in human erythrocytes
can be characterized by 6 constants, F,, B, R,, K,,, D, and D;. A seventh, K;, can
be derived from others. The inhibitory effect of glucose at equilibrium on the trans-
port of a low affinity sugar at low concentration plays a big role in assessment of the
unstirred-layer effect. Although sorbose seems to be appropriate for this experiment
in human erythrocytes, it may not be for other cells containing a separate fructose-
transport system [5]. Allose is probably a better choice in general. By use of double
labelling, glucose exchange and low-affinity sugar transport could be measured si-
multaneously, so that one may be quite sure of the difference in resistance-doubling
glucose concentration (see Fig. 2) giving rise to the estimation of 1/D,+1/D;, as
well as F,, B, and F,. Moreover, experiments of the Sen-Widdas type should be ac-
companied by simultaneous efflux measurements by use of double labelling.

Given the conclusion that the model of Fig. 1 explains adequately the glucose
transport data, one can in principal determine all constants from five experimental
runs: (1a) Efffux of [**C]glucose and [*HJallose from cells containing these two sug-
ars at about 0.1 mM in a medium containing these two sugars unlabelled at 0.1 mM.
(1b) Efflux of [*“C]glucose and [*H]allose from cells containing glucose at 100 mM
and allose at 0.1 mM into a medium containing unlabelled glucose at 100 mM and
unlabelled allose at 0.1 mM. (2a) Exit of [**C] glucose and [*H]glucose from cells
loaded with glucose at 100 umoles/cell into medium containing no sugar (the double
label serves no purpose except to demonstrate agreement between the two labels),
(2b) Exit of [**C]glucose and efflux of [*H]glucose from cells loaded with glucose
at 100 umoles/cell into medium containing [**Clglucose (same specific activity) at
2 mM. (2c) Like 2b with 10 mM [**C]glucose in medium. Tests 1a and 1b can be
analyzed as was Fig. 2, while tests 2a, 2b and 2c can be analyzed as were Figs 3, 4and
5. Hence, all the constants would be evaluated. This abbreviated series of tests is
suggested for surveys of temperature or pH dependency or for any graded response
study. Also, other high-affinity sugars could be substituted for glucose to provide a
preliminary test of Eqn 12 and of the unstirred layer hypothesis, inasmuch as the
model predicts that all sugars will show the same values for F,R,, D, and D;. A more
rigorous analysis of a given sugar under a given condition would involve extension
of 1b to other concentrations, extension of 2a to other cellular sugar concentrations,
extension of 2b and 2c¢ to other external concentrations, as well as studies of sugar
entry into empty cells from medium with various sugar concentrations. All measure-
ments of net transport should be plotted as described for Fig. 5. If the net entry and
net exit experiments form a single straight line, then this will constitute a confirmation
of Eqns 6 and 11, for this plot (Eqn 11a) depends on Eqn 6 as well as Eqn 11.

Rejection criteria

Recent discussions [23, 24] have been concerned with “rejection criteria”, i.e.
experimental observations incompatible with the carrier hypothesis. Those so far
published are essentially Eqns 11 (with 1/D, = 1/D; = 0) and 6 together.
Thus, if one were to determine the four constants of Eqn 6 independently and prove
that Eqn 6 could not be satisfied, then the carrier hypothesis would have to be re-
Jected. We suspect that some of the published criteria may be in error. For example,
the last denominator term in Hoare’s [24] equation probably should be negative.
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According to our symbolism, the Sen-Widdas K,, should be R,B,/K,; which is
B,/(1+K,;/K,,— K,;/B,), an expression equivalent to Hoare’s, except for the sign on
K,/ B,. Unfortunately, the Sen-Widdas K, has no theoretical meaning in a system
with unstirred layers, for, the Sen-Widdas experiment must in this case be analyzed
according to Fig. 5. The various slope—intercept plots suggested here (Eqns 9b, 10b,
11a) are also rejection criteria, since the carrier hypothesis predicts straight lines. In
fact such straight lines preclude some other rejection criteria [23], inasmuch as the
equations involved account for all transmembrane effects. Eqn 12 is a rejection cri-
terion which is somewhat independent of the others and should be seriously tested.
Hankin, et al. [23] reported a time course of glucose uptake which they claimed to
be incompatible with the carrier hypothesis. However, their experiment was con-
ceptually similar to one carried out by Lacko et al. [12], whose data entirely com-
patible with the carrier hypothesis [11]. Hence, the incompatible time course [23]
must be questioned. A modest error in washing out or subtracting extracellular glu-
cose would affect the conclusions seriously. Possibly, unstirred layers would pro-
vide an explanation for the anomalous time course [23], but we have not attempted
to check this.

Ininterpreting data apparently incompatible with the carrier model, one should
consider the possibility that glucose enters by more than one process, one with high
and one with low affinity {5, 22]. Data which can be interpreted in this way do not
justify rejection of the carrier hypothesis.

Interpretation of transport constants

The interactions of glucose and the carrier are characterized by an activity
constant (F,) plus four dissociation-like constants (K, K, R, and B,) which are
related to each other such that any three of these define the fourth. Hence, there are
four “independent™ constants in all. As seen in the definitions of these constants,
each of them is a complex function of rate constants for several events in the carrier
cycle. However, there are ways that the empirical constants can be put together so
as to cancel several components, leaving simpler relations. The V' expressions are

examples of this:

V for glucose entry

=F,K,, = C/(1/ky3-+1/ks) = 16.0 pmoles - min™" - cell ™", (13)
V for glucose exit

= F,K;; = C\/(1/k - +1/k_4) = 199 ymoles - min~" - cell ™', (14)
V for glucose exchange

= F,B, = C/(1/ky3+1/k_,,) = 247 pmoles - min ™" - cell ™%, (15)
V for free-carrier exchange

= F,R, = C/(1/k4+1/k_,) = 15.7 umoles - min~ ! - cell ™! (16)

One can see that the reciprocal rate constants in each denominator are series resis-
tances as pointed out by Geck [11]. These relations show that k, is much fess than
any of the other mobilities or translocation constants. It is this low value of k, which
makes maximal entry slow relative to maximal glucose exchange (or exit) and, there-
fore, predicts the observation [12] that internal glucose can promote glucose influx
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more than 10-fold. From the above relations, it is seen that another set of simplifi-
cations is obtained from ratios among the dissociation-like constants:

K. o/Ry = (1/kq+1/k_4)/(1ky3+1/ky) = (1+kafk_3)/(1+kafkz3) 17)
Kyi/Ry = (1/ky+1/k_y)/(Vk_3y+1/k_4) = (1+k_4fka)/ (1 +k_4fk_21) (18)
Kool By = (ka3 +1/k_ 31 )/(1ky3+1/ky) = (1+kysfk_3)/(1+kyslks) (19)

Kyi/By = (Vkyy+1/k_3,)/(1k_zy +1/k_y) = (1+k_31/ka3)/(1+k_21/k-4)  (20)

Although we do not believe that the Sen-Widdas K, can be obtained accurately in a
system with unstirred layers, it should nevertheless be noted that the hypothetical
Sen-Widdas K, i.e. R,B,/K,;, divided into B, gives K,;/R, and divided into R, gives
K.i/B,. With these relations one can solve for any one ratio (e.g. & s/k4) as a function
of another ratio (e.g. k_,/k,) and show the possible simultaneous values of both:

k23/k4 = (Kgo/Rg)/(l’Kgo/Rg+1/(k—4/k4)) (21)
k_zifks = (Ky/R)/(1+(1— K/ Ry) (K - 4k4)) (22)

With these values, all other simultaneous ratios can be obtained, e.g. k;3/k_31,
kyslk_4 and k_,,/k_,. With such values then, the possible simultaneous “true dis-
sociation constants” can be calculated from rearrangements of the definitions of
K, and K;:

(k_yFhas)k; = Keo(14+-kaslka)/(1+k - afks) (23)
(ksk2)fk -3 = Kyi(L -k -gafk_a)/(1+kalk—s) (24)

These are all shown in Fig. 6 as functions of k_,/k,. Owing to the vertical asymp-
totes of these relations (beyond which impossible negative values occur), we can
place the following approximate limits on these ratios:

11 < k_yulky < 64; ky3tky > 14; k_5, ks > 15.

Thus, the outward movement of free carrier occurs with great difficulty relative to
the inward movement of free carrier and the movement of glucose-loaded carrier
in either direction; i.e. free carrier at the inside is in a much more stable state than
free carrier on the outside or loaded carrier on either side, and in the absence of
sugar at least 909, of the carrier will be on the inside. (When no sugar is present
U, = U, = 0 = Cky— Cok _4; hence Cik, = Cok_,; and Cj/C, = k_4/k,). One can
imagine a variety of conceptually similar mechanisms by which C; might be stabilized.

If one supposes that the carrier inherently prefers to be on the inside, then
the vertical dotted line near the right hand limit of Fig. 6 would be an appropriate
place to examine the functions. On that line, k_,/k, =~ 60 and k,3/k_,, = 64;
hence, the loaded and unloaded carrier both greatly prefer the inside. Also k,;/k _, =~
15.7 and k _,,/k, = 15.7; hence, the addition of sugar to the cairier on either side
enhances mobility about 16-fold. The increased mobility would probably re-
present the conformational effect of sugar already postulated to explain the fact that
sugars promote carrier inactivation by 1-fluoro-2,4-dinitrobenzene to a degree de-
pending on the sugar affinity or structure as well as the fraction of carrier occupied
by sugar [25, 26]. Note that under this circumstance, the true dissociation constants
must be the same on both sides of the membrane.
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Fig. 6. Reaction-constant ratios calculated from empirical transport constants. The text describes
the equations for these lines. Any vertical line between the limits will cross the abscissa and the curves
at compatible points. The dashed lines are the true dissociation constant (k_; +k,3)/k, and (k-
k _21)/k_ 3 which happen to parallel closely the ratios k;3/k_, and k_,,/k4, respectively(————)

However, it is also possible that the carrier is inherently symmetrical in its
behavior and that the asymmetry is due to a non-transportable competitive inhibitor
present at the inside surface of the cell but essentially absent at the outside. Such a
substance, by preventing glucose collisions and mobility (when bound) would seem
to lower k, and k_; by a common factor, thereby lowering F, and raising K; and
B, simultaneously (see definitions of these constants). The inhibitor would have to
be tightly membrane bound, since LeFevre [27] failed to see any increase of glucose
transport when erythrocytes were depleted of protein. The vertical dotted line near
the left-hand limit of Fig. 6 is compatible with this view. On this line, k,,/k, =
k_;1/ks = 30, i.e. the loaded carrier moves with equal facility in either direction. Also,
on this line, k_,/k, = 20, i.e. the free carrier moves inward almost as readily as
the loaded carrier in either direction. The only markedly peculiar mobility, then,
is the outward movement of free carrier, k,; and this could be low, not because the
free carrier has difficulty making this move, but because most of the sugar-free car-
rier at the inner surface is bound to a non-transportable competitive inhibitor. Note
that differences in true dissociation constants, (k_,+k,3)/ky vs (ks-+k_z,)/k_3,
in this case account entirely for differences between K, and K;. The present kinetic
analysis favours this view, since a plot of analogous ratios (k¢-/k4 and k_¢s/k,) based
on the galactose constants shows an upper limit with k_4/k, = 30. If this, as well
as the glucose constants, are borne out by future data, then the true value of k_ /k,
cannot be far from the left-hand vertical dotted line. According to this view, one
might interpret Krupka’s observations to suggest that the endogenous competitive
inhibitor protects the carrier from I-fluoro-2,4-dinitrobenzene as does maitose,
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possibly by holding it in a hydrophilic location, glucose having the opposite effect
possible by increasing the exposure in the hydrophobic layer. The non-transportable
competitive inhibitor provides an explanation of the paradoxical fact that the
“apparent dissociation constant”, B,, is either temperature-insensitive [12] or de-
creases with higher temperature [18)], while other dissociation-like constants such
as K,, (ref. 12) or the Sen-Widdas K, (ref. 28), R B,/K;, show the expected increase
with higher temperature. If the sugar-free carrier on the inside is bound by a non-
transportable competitive inhibitor, then B, (and K,;) is high due to the inhibitor
and, as temperature rises, the inhibitor dissociation constant rises, thereby reducing
the tendency for the inhibitor to raise B, (and Ki;). The inherently asymmetric car-
rier would not seem to explain the peculiar temperature effect on B, inasmuch as
all denominator constants would be expected to increase with temperature.
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