Binchimica et Biophysica Acta, 1062 (1991) 83-93 83
421991 Elsevier Science Publishers B.V, 0005-2736,/91 /503.50
ADONIS 000527369100100R

BBAMEM 75113

Glucose transport kinetics in human red blood cells

Peder K. Gasbjerg and Jesper Brahm

Department of General Physiology and Biophysics, The Panum Insutute, Unteersity of Copenhagen, Copenhagen { Denmark)

(Received 7 August 1990)

Key words: Glucose transport; Integrated rate: Initial rate; Uniditectional efilux: Seif exchange; (Human erythrocyte)

D-{"C|Glucose self exchange and unidirectional efflux from human red blood cells were studied at 20°C (pH 7.2) by
means of the Millipore-Swinnex filtering technique whose time resolution is > 15 and the continuous flow-tube method
with a time resolution of > 2 ms. The unidirectional efflux data were analyzed using both the methog of initial rates and
the integrated rate equation. Simple Michaelis-Menten kinetics apply to the results obtained nmder both experimental
conditions. In self-exchange mode, the half-saturation constant, K /2x> Was 10 (S.E. £ 1) mM. In unidirectional efflux
mode X, ;. was 6.6 (S.E.+0.5) mM (initial rates) or by the method of integrated rates 7.7 mM, with a range of
27-121 mM, K, increasing with an increased initial intracellular glucose concentration. Our results of K 5,
oppose previous published values of 32 mM for self exchange (Eilam and Stein (1972) Biochim. Biophys. Acta 266,
161-173) and 25 mM for unidirectional efflux (Karlish et al. (1972) Biochim. Biophys. Acta 255, 126-132) that have
beon used extensively in Kinetic considerations of glucose transport models. Under self-exchange conditions J7™ was
1810 molem™25~", and in unidirectional efflux mode J™" was 8.3+ 10" molem™2s™! (initial rates) and
8.6-10 " molem™2s ™" (integrated rates). We suggest that the previous high values of J™" and in particular K, , are
due to the use of methods with insufficient time resolution. Our results indicate that the transport system is less
asymmetric than was generally accepted, and that complicated transport models developed to account for the great

difference between the determined K, , and J™ values are redundant.

Introduction

For over 40 years it has repeatedly been demon-
strated that glucose transport in human red cells almost
completely is mediated by a transport system. The
transport shows the classical signs of facilitated diffu-
sion: saturation kinetics, competitive and noncompeti-
tive inhibition, trans-stimulation that is an increase of
the net transport rate by the sugar when present (at a
lower concentration) on the side to which the sugar is
transported. A temperature dependence of the transport
process different from that of simple diffusion further
supports the concept of the involvement of a transport
system. This transport system, now structurally charac-
terized {1) also shows a high degree of specificity as the
apparent permeability (40 mM, 20°C (pH 7.2)) for
D-glucose is 3.0-107° cm/s, i.e. approx. 4000-times
larger than the apparent permeability for L-glucose of
7.6-107'% cm/s [2], the latter being within the range of
simple diffusion permeability coefficients of glucose in

Correspordence: P.K. Tashjerg, Department of General Physiology
ad Biophysics, The Panum Insti University of Copenhag
{-2200 Copenhagen N, Denmark.

lipid bilayer membranes (2.6-107%-2.0-107" cm/s
{3.4]. The saturation kinetics of D-glucose transport
have been treated in terms of Michaelis-Menten like
kinetics, characterized by a maximum flux, J™", and a
half-saturation constant, K, ,. Though intensively
studied, it has for several years been a puzzle why K,
for self exchange and for unidirectional efflux are high
while K, for glucose uptake is very low, as the re-
ported values do not fit to any simple symmetric or
asymmetric transport model (for reviews, see Refs. 5-
11). The puzzle apparently now is so well-established
that even an extraordinary high, and to date the highest,
K, ,, under conditions of self exchange (63 mM (0°C):
[12]) has been published with no comments.

We are concerned about the continuous opinion that
“the biggest discrepancy is between the values of K
derived from the zero trans [unidireciional eifiux] and
equilibrium |self] exchange experiments, on the one
hand, and the infinite cis uptake (net influx) experiment
on the other™ [10], because our study of glucose trans-
port kinetics [13] indicates that this great discrepancy
may not be real. The study shows that values of X,
under conditions of self-exchange and unidirectional
efflux are much lower when determined by means of
metheds with high time resolutions. In the present study
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we reevaluate the methods, including the integrated rate
method. used by others and compare their previous
resi:its with resulls obtained under similar experimental
conditions by means of the high performance methods.

Materials, Methods and Calculations

Materials

The clectrolyte media, all made from grade chemicals
(pro analysi), were (mM): Medium A (= wash medium,
and flux medium in self-exchange cxperiments): 150
KCl or NaCl, 2 KH,PO,, 1-120 glucose; Medium B
(= flux medium in unidirectional efflux experiments):
150-222 KCl or NaCl, 2 KH,PG,. Both media were
titrated at 20°C to pH 7.2 with 1 M KOH. The osmolar-
ity of all media were measured by use of the freezing
point depression method (Roebling Micro Osmometer,
Messtechnik, Berlin, Germany). The glucose concentra-
tion of the media and in the cells were measured using
the GOD-Perid method (Boehringer Mannheim GmbH,
Mannheim, F.R.G.). The principle of the test is that
glucose is oxidized to gluconate and hydrogen peroxide
(catalyzed by glucose oxidase = GOD), which is com-
plexed with ABTS (di-ammonium 2,2’-azino-bis(3-eth-
yibenzothiazoline-6-sulfonate)] (catalyzed by peroxidase
= Perid). The complex is colored and can be measured
spectrophotometrically at 610 nm. The glucose tracer
was DJU-"Clelucose suspended in 90% ethanol
{NEN-Dupont, Boston, MA, U.S.A.).

Preparation of red blood cells

Freshly drawn, heparinized blood samples from the
two healthy authors were used. The cells were im-
mediately isolated from the plasma by centrifugation
and the white cells were removed. The red cells were
washed one time in medium A, titrated to pH 7.2 at
20°C, and washed three more times in medium A. The
duration of the washing procedure ensured that glucose
was at equilibrium across the membrane. Next the cells
were loaded at a cytocrit of 2oprox. 50% with [“Clglu-
cose, 0.5 pCi per ml cell suspension (final ethanol
content approx. 1%), packed (sec Refs. 14,15) and stored
on ice unti' use for glucose efilux experiments the same
day (see below).

Determination of radioactivity, intracellular glucose con-
centration and cell water volume

The radioactivity was deteniuned by B-liquid scintil-
lation spectrometry of the samples suspended in Opti-
fluor (Tricarb, Packard Instrument, Downers Grove,
IL} in: {1) the cell samples and the supernates after
precipitation with 7% perchloric acid, and (2) the cell-
free filtrates from the efflux experiments, including
equilibrium samples.

The intracellular glucose concentration of the packed
cell samples, €V, was calculared, assuming that the

distribution ratio of '*C across the cell membrane equals
the distribution ratio of unlabeled glucose. C'"" was also
determined by use of the GOD-Perid method.

The ratio of cell volume to surface area, V" /4,, was
determined in each experiment by drying a cell sample
at 104°C for more than 24 h 1o constant weight, and
assuming that 1 g of cell solids equals 3.1-10" normal
erythrocytes with a total membrane area of 44 -10% em’
(14210 “cm®/cell. see Ref. 16). The cell water volume
was corrected for contribution from extracellular
trapped volume in the cell samples. The trapped volume,
as determined by means of the extracellular marker
{"*Clinulin, was approx. 2%. At 120 mM glucose in the
medium_ the cell solids content wa: increased by ap-
prox. 4% that was not corrected for, except in experi-
ments to determine the dependence of the relative
changes of cell water volume on glucose concentration.

Determination of the rate of efflux

All experiments were carried out at pH 7.2, 20°C
under conditions of either: (1) self exchange with equal
glucose concentrations on the two sides of the mem-
brane, or (2) unidirectional efflux of cell glucose into a
glucose-free flux medium. Under both conditions the
packed, isolated and radioaciive fabeled red blood cells
were resuspended in a large volume of flux medium
(hematocrit < 1%). Series of cell-free samples, that were
used for determination of the extracellular radioactivi-
ties used in Eqn. 1 (see below), were obtained by means
of either the Millipore-Swinnex filtering method with a
time resolution of approx. 1 s or the continuous flow
tube method with a time resolution of 2-3 ms (for
details, see Refs. 14,15). The Millipore-Swinnex filtering
method was used at glucose concentrations > 5 mM,
and the continuous flow tube method was used at
C% <5 mM (unidirectional efflux) and <5 mM (self
exchange). In all experiments equilibrium samples for
scintillation counting were oblained from the suspen-
sion by centrifugation after isotopic equilibrium was
attained (> 7 half-times).

Self exchange

In self-exchange experiments the intracellufar and
extracellular chemical concentrations of glucose remain
constant during the experiments, and one can assume a
closed two-compartment modei with constant volumes.
The tracer efflux rate coefficient, k, was obtained by a
fitting of Eqn. 1 to the experimental data by linear
regression:

In[1-(a,/a )] ==kt+n[1=(a,/a,)] (1

where a,, a, and a_, respectively, are the extracellular
radioactivities at time zero, i and after isotopic equi-
librium is reached. The left side of Eqn. 1 represents the
intrecellular fraction of tracer at time ¢ in plots of



In{1 —(a,/a..] vs. t the interception with the ordinate
(In{1 = (a,/a..)]) depends on the amount of extracellu-
lar ["“Clglucose trapped between the cells during the
packing procedure.

The unidirectional 2lucose tracer efflux is defined by:

S =k (K0/4,)-C imolem 35 Y (2)

Depictions of J,, vs. C™ show saturation kinetics. and
Joa™ and K, .., were obtained by assuming kinetics of
Michaelis-Menten type from:

S = JICU(K e +CM) h

Unidirectional efflux

In the unidirectional efflux experiments the flux
medium (Medium B) was glucose-free, and the KCl
concentration was raised to obtain the osmolarity of the
wash media. Under unidirectional effiux (J,,) C ap-
proaches 0 with time. and the kinetics are also of the
Michaelis-Menten type. It follows that at high glucose
concentrations J,, is {almost) constznt and k varies
considerably, while at low glucose concentrations J,,
decreases and k is (almost) constant as the transport
system becomes increasingly unsaturated. The Michae-
lis-Menten parameters for unidirectional glucose efflux.
Joo** and K, were determined by means of (1) the
initial rate method, and (2) the integrated rate method,

Initial rate method. The principle is 1o determine
glucose efflux at different glucose concentrations in so
short observation times that the change of C" is
minimal. As described above the initial concentration of
glucose indicates whether the initiat efflux (dS™(¢)/dr)
or the initial efflux rate (d In[{S"'(¢)]/dr) of glucose
should be determined (see below). Hence, convenient
linear plots should be obtained by means of Eqn. 1 at
fow glucose concentrations, that were arbitrarily set to
<5 mM, close to the value of K| ,.. J, Was next
calcutated from Eqn. 2. For C*! >5 mM at 1=0, the
flux (in mraol /(liter isotonic cel} water) per s) converted
to molem™2s™", cf. Table IB.) was determined as the
initial slope of plots of $* vs. time according to the
equation:

Sy = "0 1= (a, /a1 - (ay /)] (4

where §%(0) is the amount of glucose in a fixed number
{N) of cells having a total cell water volume of 1 liter at
time zero and S™(r) is the amount in the N cells at
time ¢ (see beiow)). We calculaicd S"{0) after de-
termination of the distributicn ratio of tracer, r=
€YY /C (D). The vaiues of §7(0) were aiso vniained
with the GOD-Perid method and were in good agree-
ment with the tracer data. Finally, J,.=J@"-

ue ue
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CMAKY S b Oy were fitted 1o the data to obtain
I and Ky e

Integrated rate method. A sophisticated alternative
approach to obtain the Michaelis-Menten parameters
undei conditions of unidirectional efflux is the in-
tegrated ratc method. This approach incorporates the
change of efflux rate as the glucose concentration de-
creases from the initial value to zero. The integrated
rate method includes some assumptions amongst which
is that the cells behave as perfect osmometers when they
lose water in connection to glucose exit. One car derive:

[(5“’(')* S'”(‘)))' { Kl :“U+Q(n(0)+(\(n(0)}
FK) e @) I S (/S 0]
QM H N = - (51

0"'(0) (osmol /1) is the concentration of ‘impermeable’,
osmotically active solutes in the cells at 1=0. K, o
(M) and V2™ (mol /(liter isotonic cell water) per 5) are
the Michaelis-Menten parame .vs for unidirectional ef-
flux where VoM =Jm™. 4 - N,

inserting 0"'(0) = 310 mosmol and V(D)= 1 liter,
Egn. 5 can be rearranged to Eqn. 2 in Karlish et al. [17].
Egn. 5 can be transformed into a linear form (x =
t/In(f) y=(00-f)/In(f)) (equivalent to Eqn. 3 in
Karlish et al. {17)):

]_[ L'J:,“"~[Q“l(0)+(leo)] . r

W~ ) { o0+ C ey + K”m} In(f)

00K e ©
= )
Cy- {03+ CUUOY Ky e }

£ is the ratio of cpm at time ¢, tocpm at 1 =0in the N
cells (for further details, see Ref. 17).

Eqn. 5 is the basic equation used in this study to
obtain the Michaelis-Menten parameters, K, ,, and
V™ by nonlincar regression analysis.

All fitting procedures were done by use of the com-
puter program Statgraphics (STSC, Inc.. Rockville, MD)
that calculates a ‘standard error’ of the estimated
parameters. This standard ersor is abbreviated S.E. in
this study.

Results

The present study was carried out 2t 20°C (pH 7.2)
to make the resuits directly comparable to those com-
monly used in model considerations. Our preferred
terminalngy of trapsport modes. in accordance with,
e.g. that used in anion transport literature, is sum-
marized in Table IA, and Table 15 shows the conver-
sions factors used by us to make the fluxes in different

. - -3 -
studies comparable to our flux units (molem™"s .
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TABLE IA

Terminology of experimental conditions used to meastre glucose transport across the red cell membrane

The synonyms are listed in columns (1) and (2). Column (3) lists the experimental conditions.

2) (3

Net efflux C s
Infinite cis entry Net influx Ve glor
Zero-trans exit Unidirectional efflux > =0
Zero-trans entry Unidirectional influx s =g
Equilibrium exchange Self exchange c =t
Infinite-trans entry Unidirectional tracer influx s =

Net efflux of solute >
Infinite-trans exit Unidirectional tracer efflux *CH S =g

Net influx of solute s cm

Further, we have performed experiments, self exchange
as well as unidirectional efflux of glucose, both in KCl
and NaCl media to ensure that the substitution of
sodium for potassium, commonly used in anion trans-
port studies and routinely used in our laboratory, had
no effect on glucose transport (results not shown).

Self-exchange experiments

As the chemical concentrations remains constant un-
der self-exchange conditions the rate coefficient for
glucose tracer efflux is constant as illustrated by the
lincarity of the semilogarithmic plot shown in Fig. 1
(filled circles). The unidirectional efflux of glucose was
czlculated by use of Eqn. 2, and the resulting flux
values at different concentrations of internal glucose are
depicted in Fig. 2. Each point (+£S.D.) represents an
average of two or more flux values. The flux values at
CV=C"=1 mM were obtained by means of the
continuous flow tube technique while at higher con-
centrations the Millipore-Swinnex Filtering method was
used. As discussed below (cf. Discussion) the cell glu-
cose concentration was slightly lower than the glucose

TABLE IB
Conversion of different flux units to mol cm =75~/

1t is assumed that a “standard’ human red blood cell has a volume of
87 {1 of which 58.3 fl (67%) is cell water and 28.7 f1 is cell solids,
mainly hemoglobin (29-32 pg/cell). The area of the cell membrane is
assumed to be 1.42.107° em®, and 1 kg of cell solids under standard
conditions equals 3.1-10" celis that have a total membrane area of
44107 cm® (For further discussion, see Ref. 36). The table lists the
factors to multiply the flux values in the units listed below to obtain
the values in mol cm~25™",

nimol/(liter isotonic cell water) per min 7.15-107 18
pmol /(ml cell water) per min 715-1071
amnl /(10'0 cellsy per min LT
mmol /(liter cells) per s 6.13-10° "
[sotone/min = 310 mmol /(liter cell water)

per min 222:107%
mmol/(kg cell solics) per min 379-107%
mmol /tkg cell solids) per s 227.10°"

concentration in the flux media. The flux is, therefore.
depicted as a function of the intracellular concentration
in Fig. 2. The Michaelis-Menten parameters obtained
by nonlinear fit to the experimental data are K, ., = 10
(SE+1) mM and J™ =18 (SE+01) 107"
molem~2s™",

Unidirectional efflux

Under conditions of unidirectional efflux the chem-
ical concentration of intracellular glucose is gradually
lowered and the efflux rate coefficient is, therefore, not
constant, but increases with time. The concentration
dependence of the rate coefficient is illustrated in Fig. 1.

1.0

0
0.5 e 0

1—=At /A

@—9 SELF EXCHANGE

O—C UNIDIRECTIONAL EFFLUX

R | SR
0 10 20 30 40 50

Time (s)

Fig. 1. Semilogarithmic plot of p-['*Clglucose efflux from labeled red
blood cells loaded with 72.5 mM glucose at 20°C and pH 7.2 under
conditions of sell exchange and unidirectional efflux, The ordinate
expresses the fraction of tracer that remains in the cells ai the
sampling time. Under self-exchange conditions the chemical con-
centrations are constant, and the lincarity of the plot indicates that
one rate coefficient. equal to the numerical value of the slope, de-
termines the tracer efflux rate. In the unidirectional efflux mode the
cells lose glucose, both labeled and non-labeled, and concomitantiy
water. The progressive desaturation of the transport system and the
cell shrinkuge enhance the efflux rate coefficient as indicated by the
increasingly steep curve.
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Fig. 2. Glucose self exchange flux as a function of the intracellular
glucose concenteation in human red blood cells at 20°C (pH 7.2). The
flux at each concentration was calculated from J,, = k-(¥,""/4)-C",
where & is the rate coefficient (cf. Fig. 1). (V*'/4,) is the ratio of cell
water volume to membrane area, and C" is the internal glucose
concentration. The curve was fitted to the data points. assuming
transport kinetics of simple Michaelis-Menten type. by means of
nonlinear regression analysis.

As time passes, and the internal concentrations de-
creases, the slope of the efflux curve (open circles)
becomes more steep. From the initial slopes of the plots
of Fig. 1, we see that the rate of efflux under self-ex-
change conditions is higher than under conditions of
unidirectional efflux at 20°C.

Initial rates. The flux results obtained as described in
Materials and Methods by the initial rate method in the
concentration range 1-120 mM glucose are depicted in
Fig. 3 as a function of internal glucose concentration.
Each point {+8.D.) represents an average of at least
two determinations of the unidirectional efflux. The
saturation kinetics reveal that K 5, is 6.6 (S.E.£0.5)
mM, and J™ i 83 (S.E.+£0.1)-107" molem s~
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Fig. 3. Unidirectional glucose efflux as a function of the intracellular

glucose concentration from human red blood cells at 20°C (pH 7.2).

The points of the plot represent the initial efflux at each concentra-

tion as described in Materials and Metnods. The curve fitting i¢ the

data points was carriad out by nonlinear regression analysis. assuining
kinetics of simple Michaelis-Menten type.
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Fig. 4. The relative cell water volume depicted as a function of the
intracellular glucose concentration (€. mM} in human erythrocytes
at 20°C (pH 7.2). Samples of red cells washed in a 120 mM glucose +
150 mM KCI medium were resuspended in media with decreasing
glucose ¢oncentration and increasing KCl concentrations to keep
osmolarity constant. The cell water volumes were determined by
drying cells samples. and correciing for trapped extraceliular volume
and the contribution of glucose to the cell solids. The curve was
drawn according tor V' V(0) = 0U(0) /(@0 + C(0) - CM).
where FO0) and M is the cell water volume before and after.
respectively. washes in the low glucose medium. 0™(0) is the con-
centration of impermeants at time zero (osmol/liter cell water). and
C"™0) and C™. respectively, is the internal glucose concentration at
time zero and after equilibration (washes) in the medium with the
lower glucose concentration. The equation describes the relation for
red cells performing as perfect osmometers.

Rah

Integrated rates. One assumption included in the
integreed rate method is that the cells periorm as
perfect osmometers, that is the cells adjust the cell water
volume completely and ‘instantaneously’ dusing the Joss
of the osmotic active glucose molecules. The high
osmotic water permeability of human red blood celis
[18] implies a sufficiently rapid adjustment of the cell
volume. We here tested the completeness of the adjust-
ment. Cells were washed repeatedly in medium A-120,
divided in six portions of which the five were washed
several times in five media (pH 7.2, 20°C) containing
80, 40, 20, 10 and 0 mM glucose, respectively, KCl was
added such that the osmolarities of the six wash media
varied <2%. Determinations of the intracellular glu-
cose concentrations and the water content of the cells
(cf. Materials and Methods) are shown in Fig. 4, where
the relative cell volume (V(C®)/V(initial}) is depicted
vs. C'. We sec that the red oclis adjusi iheir water
volume as is expected for perfect osmometers.

The integrated rate method was also applied te our
results of glucose efflux. Basically, the experiments are
identical to the initial rate experiments with the excep-
tion that they proceed longer. We could, therefore de-
termine several values of the Michaclis-Menten parame-
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Fig. 5. Unidirectional efflux of glucose from human red bloed cells at 20°C (pH 7.2). The intracellular amount of glucose is depicted as a function
of time, and the curves are drawn according to the integrated rate equation. Note the difference in the ordinates and the time scales. The glucose
concentrations of the wash media used in the four experiments (A, B, C and D} are 10, 40, 80 and 120 mM, respectively, The initial intracellular
glucose concentrations in the four experiments are $-10% lower than in the wash media. For further explanation sec Discucsion, The experiment in

TABLE 11

(C) is identical to the unidirectional efflux experiment of Fig. 1.

Values of 1" and K, 3, at 20°C (pH 7.2 obtained by means of the integrated rates method and initial rates method

60

cw JP 107" motem =257 K\ e (M) ISR e
(mM) mean range mean range (0 scm/s)
Integrated rates method

48 6.2 4.1-10.0 kNJ 22- 69 1.68

88 6.3 51- 177 2.7 11- 38 233

9.7 74 69- 8.2 33 30- 38 224

150 93 8.6-104 49 39- 63 1.90

17.8 100 7.8-12.0 9.5 3.5-14.6 105

18.2 9.5 8.6-11.3 78 58-11.4 1.22

172 90 8.6- 95 6.3 5.0- 74 143

379 9.6 £5-10.4 8.0 3.6-12.3 1.20

7.5 79 7.2- B4 8.3 6.4-109 0.90

80.0 8.9 83- 95 11.0 6.1-15.0 0.81

89.8 9.6 7.4-104 110 33-148 0.87

108.1 9.6 9.3-102 12.1 5.1-19.0 0.79

109.2 85 7.2- 9.1 106 0.6-19.6 080
Range 6.2-10.0 2.7-121
Initial rates method

Mean +S.E 83101 6.6+0.5 126




ters, one set for each initial concentration. Fig. 5 shows
four efflux curves with four different initial concentra-
tions. The four cell samples used were washed in media
containing 10, 40, 80 and 120 mM glucose. respectively.
The initial ceilular concentrations were a little lower
(90-97% of the glucosc concentration i the wash
medium} (cf. Discussion). The figure shows that the
higher is the initial concentration the longer is the time
where the siope is constant, that is the flux is constant,
At lower concentrations the slope gradually decreases
because the transport system desaturates. Fitting Eqn. 5
to the experimental resuits yields the Michaelis-Menten
narameters that are summarized in Table [1.

Discussion

LeFevre [19] demonstrated that glucose transport
depends on the internal glucose concentration, and later
Wilbrandt [20] showed that the saturable glucose trans-
port in human red cells is asymmetric. Since then several
models have been proposed to account for the high
values of K., obtained under conditions of self ex-
change and unidirectional efflux, and the low value of
K, of glucose net influx. For example, a tetramer
model [21]. an allosteric model {22]. and a model with
multiple binding sites and allosteric effects [23,24] have
been suggested in a continuous discussion of glucose
transport kinetics in human red blood cells.

We have been disturbed by the continuous attempts
to describe glucose transport kin=tics in terms of rather
complicated models that essentially ‘should take into
account the great difference between the half-saturation
constants obtaincd under conditions of self exchange.
unidirectional efflux, and unidirectional influx, because
our previous studies [13,25] suggest that the functional
asymmetry of the glucose transport system is less than
assumed (the structural asymmetry appears well-estab-
lished by Mueckler et al. [1)).

The perception of the asymmetry of glucose trans-
port basicaily refers to studies at 20°C under conditions
of (1) self exchange showing K, values of 32-38 mM
[26.27]. (2} unidirectional efflux revealing K, ,, values
of 22-25 mM [17.28]. and (3) unidirectional influx
where K, ,, is 1-2 mM [28-30]. While the K, , of
influx was obtained by determining the initial influx
rates, K, for unidirectional efflux was estimated by
use of the integrated rate equation method, and K, ,
for self exchange was found by means of a stopper
solution method and measuring the tracer efflux raies.
In the present study we have determined K,,, by
means of tracer efflux, both under conditions of self
exchange and unidirectional efflux. Though the experi-
mental approach basically is similar, the interpretation
of the tracer efflux data is different and will be dis-
cussed separately.
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Glucose self exchunge

Under sell exchange conditions no net flow of glu-
cose takes place, and any information about the ex-
change rate requires the use of radioactive labeled giu-
ecse to determine either the influx or efflux rate of the
tracer. Eilam and Stein [27] used a stopper solution
method in which samples after start of the experiment
were taken serially at standard times of 10, 20, and 30 s,
transferred to an icecold stopper solution containing
171 mM NaCl. 1 pM HgCl,. 1.25 mM KL and 0.1 mM
phloretin. The rationale of the low temperature is obvi-
ous as is the presence of the inhibitor. The control
experiments 1o test the efficacy of the stopper solution
showed that incubation of the radioactive labeled red
cells in the stopper solution at 0°C led to no increase of
radioactivity in the external solution within 20 min,
However. it is not clear whether their zero-time value
represcais u controf value or a value after the cells were
exposed shortly. <1 min. to the stopper solution.
Hence, it is not clear from their Table I whether the
inhibition indeed was instantaneous. If the time of the
process of transferring a cell sample from the reaction
chamber to the stopper solution is not taken into con-
sideration, as in the efflux experiments, the onset of
inhibition is delayed, and the intracellular radicactivity
has decreased. This delay time was probably rather
fixed. and may therefore have played an increasingly
critical role as an experimental error when the glucose
concentration was lowered (from 140 to 26 mM) and
the exchange rate increased. Unfortunately. the ap-
propriateness of the experimental procedure was not
considered in light of Mawe and Hempling's earlier
work [32] showing that half times of glucose self ex-
change decreased from 24 s at 165 mM glucose to 5.6 s
at 41 mM glucose. Hence. Eilam and Stein [27] used
fixed sampling times beginning approximately after two
half times had elapsed at the lowest glucose concentra-
tion. that decreases the precision of the method.

Miller [26] determined a X, ,,, of 38 mM. Miller
[31] realized the necessity of taking samples at intervals
of approx. 2 s, and combined several one point de-
terminations 1o obtain the efflux rate. The tracer efflux
was stopped by either filtration or inhibition of a sus-
pension sample and may have built in the same kind of
problems of the time resolution as in Eilam and Stein’s
study.

Recently Lowe and Walmsley [30] determined a
Ky s of 17 mM by measuring p-{"*Clglucose influx
that was stopped at the desired times by additicn of a
stopper solution to the cell suspension. The procedure
did not include a transfer step of the cell suspension
that diminishes the time lag.

In the present study the rate of self exchange was
determined by means of the Millipore-Swinnex filtering
technique, as originally described by Mawe and Hem-
pling [32] and later modified by Dalmark and Wicth
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[14]. and the continuous flow tube method. In studies of
chloride self exchange it was shown that the Millipore-
Swinnex filtering method could be used to determine
transport rates with halfl times down to 1-2 s {33}, and
the method is therefore suitable 1o determine glucose
self exchange at 20°C. At low glucose concenirations
the efflux rate is too rapid to be determined precisely
enough with the Millipore-Swinnex filtering technique,
and the continuous flow tube method was therefore
used. This method has a time resolution of a few
milliseconds and has shown its ability to measure fast
transport processes [13.15). At C* =5 mM and under
conditions of unidirectional efflux both methods were
applied. The flux values obtained hy the two methods
were almost identical.

Our studies show that K, ., is 7.5-10 mM (Refs. 13
and 25. and this study), and make us suggest that the
earlier values of K 5, of 32-38 mM [26,27] are far too
high, and that the high values were obtained because of
the use of methods with inappropriate time resolutions.
The much lower K., of 17 mM in Lowe and Walms-
ley's study [30] would suggest that the transfer time in
the studies of Miller and Eitam and Stein [26,27] may be
a source of error in determining K, ,,. It may be
argued that the great ranges of K, , values under the
two experimental conditions are related to the problem
of using either outdated or fresh blood cells. A compre-
hensive list of K, ,, values [35] may suggest that out-
dated blood cells have a lower affinity (K, ,, is higher)
than fresh cells to glucose. However, our previous glu-
cose transport studies at 25°C in both fresh and out-
dated red blood cells (Refs. 13 and 25, see Ref. 35),
performed with the same methods, do not support the
high K, ,, values of outdated blood cells reported previ-
ously [17.27.28].

TABLE il
Comparison of K, » and J™ at 20°C from different studies

Qutdated blood was used in all studies but [30) and the present study

Ky s g
(mM) (10 " molem 357 1)

Self exchange

Miller [26] khi 19

Eilam and Stein {27] 2 2.6

Challiss et al. [28] 215 26

Lowe and Walmsley (30] 17 36

This study 10 18
Unidirectional efjiux

Karlish et al. [17] 25 09

Challiss et al. [28] 229 14

Lowe and Walmsley [30] 4.6 16

This study
Integrated rate method — 7.7(2.7-12) 0.9 (0.6-1.0)
Initial rate method 6.6 0.8

In contrast to the four fold variation of K, ., in the
cited studies, J" varies less as shown in Table III.
Because the combination of the two methods in our
study has demonstrated the ability to determine such
rapid transport processes [13,33], we feel confident with
the value of J3™ in our study though it is in the lower
range of the cited values.

Unidirectional efflux

By the unidirectional efflux of glucose the intra-
cellular amount of osmotically active solutes decreases,
and the cells shrink. This shrinkage tends to keep up the
intraceflular glucose concentration. However, the con-
centration further decreases (towards zero) by the con-
tinuous equilibration of glucose between the two com-
partments. Hence, the unidirectional efflux is controlled
by a complex interplay between (the changes of) the cell
water volume (V. crr’), and the intracellular amounts
of glucose (S, mol) and impermeants, according to
Egn. 5.

If the initial internal glucose concentration is high,
thatis > K| 5. the transport system is saturated, and
an efflux curve, as depicted in Fig. 1. reveals that the
efflux rate becomes increasingly higher with time (the
slope = —k, s') towards a limit value for C% = 0. If,
on the other hand the internal amount of glucose is
depicted against time (cf. Fig. 5), we see that the linear-
ity of the initial part of the plots becomes less pro-
nounced when the initial glucose concentration de-
creases from approx. 110 mM to approx. 9 mM (D
through A).

Determinations of K, ,,, and J&™ by means of the
initial rate method are subject to two major problems
that are mutually cornected, the constancy of the flow
and the duration of the observation time. We exploited
that the flux (dS*(7)/d¢) initially was constant at the
high concentrations {cf. Fig, 5) while at low initiat
concentrations the rate coefficient (d In[S"(¢)}/d1)
showed less variation than the flux. Arbitrarily, we set 5
mM as the concentration above which the flux was
determined as dS"(¢)/dr. The second problem of re-
stricting the observation time 10 a minimum where the
internal glucose concentration changes but little was
settled by applying our methods with high time resolu-
tions. By means of the Millipore-Swinnex fillering tech-
nique six cell-free filtrates can be serially collected
within appropriate time intervals, down to 5-6 s. This
time resolution appears high enough except at low con-
centrations (<5 mM), where we used the continuous
flow tube technique.

An alternative way to determine K, ,»,, and J** is
to incorporate the changes of cell volume and glucose
concentration during the glucose efflux as is done in the
integrated rate equation (cf. Eqn. 5). Ideally both meth-
ods, initial rates and integrated rates, should of course
reveal identical results with regard to K 5, and J0*.

2ue



The conflicting values of K, ,,. determined by the
integrated rates method (22-25 mM at 20°C {17.28))
and the initial rates method (5.8 mM at 25°C [13))
cannot, as emphasized by Brahm [13] be due to a
temperature effect. Consequently, the difference pre-
dominantly must be due 1o a disagreement about theory
or an experimental problem. Qur reevaluation of the
integrated rate equation [2] as shown above in its final
form (Eqn. 5) revealed no serious disagreement with
previous presentations of the equation {in different
forms) [17,28] that can account for the difference. We
next combined the integrated rate method with our
rapid filtering methods to expose the possible technical
source of error. The advantage of the Millipore-Swinnex
technique, and in particular the continuous flow tube
method, is that it takes only a short time to separate the
cells from the suspending medium, stopping the efflux
process. Further, because the cell-free filtrates are ex-
amined for the increasing radioactivity with time, the
rate of efflux is determined with a high degree of
precision though it decreases by the process approach-
ing tracer equilibrium. We generally do not use data
points cbtained after approx. 90% of the equilibrium
value has been attained. Hence, the problem of the
method may be to deiermine the very late data points.
In contrast, the stopper solution method was used to
determine the radioactivity that remains in the cells at a
given time [17,28] that should provide an increasing
precision in determination of the changes of intra-
cellular tracer with time. It should be noted that all the
data points in our efflux experiments (cf. Fig. 5) repre-
sent samples, including the very first one shortly after
time zero, collected during the experimental time.

In the studies by Xarlish et al. [17] the first ‘zero
time’ intracellular radioactivity was obtained by a sep-
arate determination, in parallel to the efflux experi-
ments. and the intraceliular glucose concentration was
set equal to the concentration in the incubation medium.
Challiss et al. [28] constructed an efflux curve from
several one point determinations, and assumed the
intracellular and extracellular glucose concentrations to
be equal at time zero (cf. Fig. 2 in Ref. 28).

The important point to note in connection to the use
of the integrated rate equation, in particular of the
linear transformations (cf. Eqn. 6) that were convenient
to use until more sophisticated computer programs were
available, is that the analysis is very susceptible to the
zero time point, giving rise to great variations of K 5.

The assumption that C™ = C** at time zero is ques-
tionable as our control experimenis show that the distri-
bution ratio, r=C%/C'®, is 0.90-0.97 in human red
cells. The reason for a distribution ratio <1 is not
clear, but we exclude incomplete equilibration of glu-
cose across the red cell membkr.ne because (1) r=
C®/C'* remains < 1 during long term incubation and
(2) r becomes < 1 if cells with an initially high glucose
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concentration are washed in a medium with a lower
glucose concentration (cf. Fig. 4). A likely explanation
is that part of the red cell water phase is not accessible
to glucose. In that case the intracellular glucose con-
centrations are underestimated by a few percent.

Because we can obtain several samples within the 10
seconds time interval where no samples were taken in
Karlish et al.’s study (Ref. 17, Fig. 1), and one or two
samples in Challiss et al.'s study (Ref. 28, Fig. 2), we
may also determine initial rates of glucose efflux, Whiie
the two previous studies used only one starting glucose
concentration (approx. 40 mM [28], and approx. 80 mM
{17]). we did experiments at several concentrations in-
cluding the two ones used by Karlish et al. and Challiss
et al. {17.28]. Our resuits obtained at approx. 5-110 mM
{cf. Fig. 5 and Table IT) show that the average values of
K, .. were in the range 2.7-12.1 mM if the data were
analyzed by means of the integrated rate equation, and
6.6 mM when analyzed by means of the initial rates
method. Hence, the experiments analyzed in one or the
other way reveal values of K, .,,. much lower than the
previously published values of 22-25 mM.

Inspection of Table 11 shows that K|, increased
with an increasing initial glucose concentration. At all
glucose concentrations intracellular metabolism with
formation of e.g. glucose 6-phosphate, CO,. HCO; .
and lactate that are all candidates for "*C labeling, takes
place. The contribution of each component to the total
tracer efflux is not easy to sort out. even if eg. “H-
labeled glucose is used. Our routine determinations of
external glucose by means of the GOD-Perid method,
however, do not show that the products of the ractabo-
lism play any significant role. except at low {<1-2
mM) glucose concentrations where the internal con-
centrations may be significantly reduced if the cells
were not kept on ice and used as promptly as possible.

The other possible error of significance is that the
cell imay not perform as perfect osmometers. Our resuli:
as depicted in Fig. 4 support the conclusion that cells,
once washed in a solution with a higher glucose con-
centration, and next suspended in a solution with a
lower glucose concentration and KCl added to maintain
osmolarity indeed regulate completely as the water con-
tent declined in accordance with the concept of red cells
behaving as perfect osmometers. This test does not rule
out that the other part of the function as a perfect
osmometer, an instantaneous regulation takes place.
However, the human red blood cells have a high osmotic
water permeability [18] that excludes a delay in volume
regulation as the osmotic active glucose molecules leave
the cell water phase considerably slower. We therefore
conclude that the variation of X, ,5,, with the initial
glucose concentration is not due to the red cells func-
tioning as imperfect osmometers.

Naftalin et al. [34] reported that K ., determined
by means of the integrated rate method, at 2°C in-
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.reased 3-fold from 40 mM by a rise of the initial
glucose concentration from 7.5 to 120 mM, and their
results at 20°C with K .. of 17.7 mM (€ = 75 mM)
and 32.9 mM (C* = 120 mM) suggest the same trend
(Table 1 in Ref. 34). Naftalin et al. {34] suggested that
the concentration dependence of K, 5, is due to an
internal compartementalization of the red cells, glicose
being either bound or free. Their suggestion was further
supported by the observation that the ratio J* /K, .
decreased with increasing concentration, in accordance
with their proposed model. In our study at 20°C the
same qualitative and quantitative changes were found
(cf. Table 1I) in favor of the model of Naftalin et al.
{34}, but it should be noted that the absolute values of
K, 3. at 20°C in their study are considerably larger
than the values in the present study. If the hypothesis of
internal compartmentalization of glucose holds true the
course of tracer efftux under conditions of self exchange
should also be affected. However, control experiments
under conditions of self exchange (data not shown)
where > 90% of the tracer equilibration was monitored
followed a monoexponential course, indicating that cnly
one rate coefficient determined the transport process.
However, if a small fraction of internal glucose is con-
fined to a relatively slow releasing compartment only
the very last part of the efflux curve will be affected. As
mentioned above our filtering methods are not suitable
for determining the very late data points, so small
deviations from the monoexponentia} course due¢ to
internal compartementalization of glucose tracer may
not be detected.

Concluding remarks

Qur study at 20°C shows that K, ,, under conditions
of self exchange is approx. 10 mM, and in the unidirec-
tional efflux mode is approx. 7 mM. We have not
determined the external affinity of the transport system
to glucose, but we note that a high affinity, represented
by a low K, ,, of 1.6 mM for unidirectional influx has
been determined {28-30]. We agree with Wheeler and
Whelan [35] who recently concluded that the so-called
‘carrier model’, that also accounts for conformational
changes in the band 4.5 integral membrane protein
mediating glucose transport in human red cells, suffices
to describe the kinetics. Our values of K 5, Ki/2er
Jor and J2* show good agreement with the values
predicted in Wheeler and Whelan's model of the simple
carrier [35]. Whether or not the kinetics of glucose
transport show asymmetry that appears insignificant at
20°C [34] (for a discussion of the criteria, see, for
example, Stein [10]) it seems that complicated models
[21-24] can be abandoned. Our results also underline
the need to reexamine and repeat experiments so
thoughtfully planned to characterize glucose transport
kinetics, but carried out by means of methods that may
not be sufficiently accurate.
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