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3-O-Methyl-D-glucose transport across the plasma membrane of cultured human lymphocytes of the IM-9 
line was followed for net entry into sugar-free cells (zero trans entry), net exit into sugar-free medium (zero 
trans exit) and for equilibration of labelled sugar in cells with the same sugar concentration in the 
intracellular water as in the medium (equilibrium exchange). The measurements were performed at 37°C (pH 
7.4). Equilibrium exchange of 1 mM 3-O-methylglucose (tt/2 about 7 s) was exponential, suggesting a 
homogeneous cell suspension. Initial rates of transport showed a Michaelis-Menten dependency on the sugar 
concentration. The transport system was found to be asymmetric with the following kinetic parameters. Zero 
trans entry: K m m 2.8 mM, Vma x = 10.7 mM • min-  t. Zero trans exit: K m ~- 9.5 mM, Vma x = 37.9 mM • min-  t. 
Equilibrium exchange: K m = 9.9 mM, Vma x = 44.0 mM • rain- 1. Finally, the affinity constant for the internal 
site was measured as approx. 1.2 mM using the infinite cis protocol. 

Introduction 

The transport of hexoses by mammalian cells is 
mediated by a facilitated diffusion process. The 
kinetic parameters of the transport system have 
been studied in a number of cell types (for review, 
Ref. 1). Rat adipocytes [2,3] and rat hepatocytes 
[4] have been reported to show symmetrical trans- 
port parameters at 37°C, i.e., the K m and Vm~ x is 
the same regardless of the direction of the sugar 
transport or the sugar concentration on the oppo- 
site side of the membrane. The transport system of 
human adipocytes also appears to exhibit kinetic 
symmetry [5]. 

The human erythrocyte has been studied exten- 
sively, mainly at room temperature, and the trans- 
port system is kinetically asymmetric under these 
conditions. The zero trans entry, i.e., transport 
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into initially sugar-free cells, is characterized by a 
low K m and low Vma x [6--8] whereas the zero trans 
exit is characterized by a high K m and high V,n~x 
[9,10]. When the affinity of the inside site is mea- 
sured in the presence of sugar at a high concentra- 
tion on the outside of the cell (infinite cis entry), a 
low K m site becomes apparent on the inside 
[10-13]. Equilibrium exchange of hexose is char- 
acterized by K m and Vma x values even higher than 
those obtained in zero trans exit experiments [14]. 
These results have led to the conclusion that a 
simple carrier model is unable to explain the kinet- 
ics of human erythrocyte hexose transport, and 
several kinetic models have been proposed. How- 
ever, it has recently been reported that changes in 
the properties of the human erythrocyte transport 
system occur on storage [15] or upon ATP deple- 
tion [16]. In addition, Brahm [17] studied the 
erythrocyte transport system at 38°C using tech- 
niques suited to measure rapid efflux. The K m 
values for zero trans exit and equilibrium ex- 
change were essentially equal at that temperature. 
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At 25°C K m for equilibrium exchange was slightly 
higher than that for zero trans efflux, but both 
constants were markedly lower than previously 
reported values [17]. 

These findings raised the question of whether or 
not kinetic asymmetry is expressed at 37°C in 
some cell types and, if so, in which way. The 
half-time for transport of glucose at a tracer con- 
centration is about 0.4 s in human erythrocytes at 
37°C [17]. This makes it technically difficult to 
apply a full kinetic analysis, which requires both 
exit and entry protocols, to glucose transport in 
human erythrocytes. We have attempted to answer 
the question by studying transport of the non- 
metabolizable glucose analogue 3-O-methylglucose 
in human cultured lymphocytes of the IM-9 line, 
which turned out to be technically suitable for this 
purpose. 

Materials and Methods 

3-O-[14C]Methyl-D-glucose (60 Ci/mol),  [U- 
14C]sucrose and 3H20 were from Amersham Inter- 
national. 3-O-Methyl-D-glucose was from Sigma. 
Salts (analytical grade) were from Merck. Di- 
butylphthalate (D 1.04) was from British Drug 
Houses. Phloretin was from K & K  laboratories 
and was dissolved in ethanol/dimethyl  sulphoxide 
(7 : 3, v /v)  to a final concentration of 82.5 m g / m l  
(0.3 M). Stopping solution was prepared by slowly 
adding 1 vol. of phloretin stock solution to 1000 
vol. 0.1 #M HgCI 2 in the Hepes buffer (20°C) 
described below. 

The IM-9 lymphocytes were maintained in cul- 
ture at 37°C by splitting 1 : 3 every 3rd day with 
RPMI-1640 supplemented with 10% newborn calf 
serum (GIBCO), 20 mM Hepes, 2 mM L-gluta- 
mine, 2.5-10 4 U / 1  mycostatin and 50 mg/1 
neomycin. The cells were used in the late exponen- 
tial or early stationary phase. They were harvested 
by centrifugation and washed three times in a 
buffer composed of 140 mM Na +, 4.7 mM K +, 
2.5 mM Ca 2+, 1.25 mM Mg 2+, 142 mM C1 , 2.5 
mM HzPO4/HPO42 , 1.25 mM SO42- and 10 
mM Hepes. The total osmolarity (~r) was thus 304 
mM. All transport experiments were carried out in 
this buffer at 37°C, pH 7.4. Packed cell volume 
was measured by sucking a concentrated cell sus- 
pension into haematocrit tubes followed by 
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centrifugation at 10000 × g for 5 min. The diame- 
ter was measured on 200 cells using an ocular 
micrometer. 

Entry experiments were performed by squirting 
50/~1 of a suspension containing (2-5) .  107 cells/  
ml on to 15 ~1 of buffer containing 30 nCi lnc- 
labelled methylglucose and unlabelled methylglu- 
cose as required. The incubations were carried out 
in 3.5 ml plastic roundbottom mini scintillation 
vials (Hansac Plastic, Hasselager, Denmark) at 
37°C. They were terminated by the addition of 3 
ml stopping solution. The timing was assisted by 
the use of a metronome for incubations up to 10 s. 
The cells were pelleted by centrifugation at full 
speed on a bench centrifuge (about 4000 x g) for 1 
min. The supernatant was aspirated and the cells 
were resuspended in 3 ml stopping solution and 
centrifuged again. The supernatant was aspirated, 
3 ml of scintillation fluid (Quickzint, Zinsser Ana- 
lytic, Frankfurt) was added to the tube and the 
radioactivity was determined by scintillation 
counting. The methylglucose equilibrium space was 
determined by 15-30-min incubations, and blank 
values were determined by adding cells and stop- 
ping solution simultaneously to the isotope. In 
some experiments, aliquots of cell suspension were 
incubated for 30 min with [14C]methylglucose, 
[14C]sucrose or 3H20 and added without dilution 
to 500 /~1 microfuge tubes containing 100 #1 di- 
butylphthalate followed by centrifugation [18]. The 
intracellular waterspace was determined as the 
3H20 space minus the [14C]sucrose space; the 
intracellular distribution space for methylglucose 
was determined as the [14C]methylglucose space 
minus the [14C]sucrose space. 

Exit experiments were performed by loading 
cells ( 4 .107 /ml )  with labelled and unlabelled 
methylglucose for 15 min at 37°C. 15 ~tl of the 
suspension was then placed in a 3.5 ml mini 
scintillation vial containing a small piece of wire. 
The vials were placed in a water-bath at 37°C over 
a magnetic stirrer. Exit of sugar from the cells was 
initiated by the addition of 1.5 ml Hepes buffer 
and terminated by further addition of 1.5 ml of 
buffer containing 0.6 mM phloretin and 0.2 ~M 
HgC12 (2 × stopping solution). The wire was re- 
moved and the cells were pelleted, washed with 
standard stopping solution and assayed for radio- 
activity as described for the entry experiments. 
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The equilibrium distribution spaces were de- 
termined by adding stopping solution directly to 
the loaded cells. Blank values were determined by 
allowing exit to continue for 30 min in the 1.5 ml 
buffer. By that time the content of radioactivity in 
the cells should have decreased almost by the 
dilution factor of 1 : 100. The measured values at 
30 min showed a decrease in radioactivity to 1 /80  
of the value obtained at equilibrium. 

Resu l t s  

The mean lymphocyte diameter was 12 /tm, 
with 90% of the cells ranging from 10 to 14/~m. If 
the lymphocytes are regarded as perfect spheres, 
the mean cell surface area will be about 450 ttm 2 
and the mean cell volume about 900 tLm 3. In 
reasonable agreement with the latter number, 107 
cells constituted a packed cell volume of 11-13 #1. 
The intracellular water space, determined as the 
3H20 space minus the []4C]sucrose space, was 
7.1 + 0.5 ttl per 107 lymphocytes (mean value of 
four experiments + 1 S.D.). The intracellular dis- 
tribution space for [t4C]methylglucose was de- 
termined in parallel tubes as 7.0 + 0.6 tL1. Thus the 
sugar analogue was distributed in the entire in- 
tracellular water space. In these experiments the 
[14C]sucrose space accounted for 20-25% of the 
[]4C]methylglucose space in the cell pellet. The 
intracellular distribution space for [taC]methylglu- 
cose was also measured after incubation for 30 
min using the methodology described for the 
transport experiments; that is, after dilution with 
the stopping solution. The value was 6.9 + 0.3 ttl 
per 107 cells (1 S.D., n = 4). This shows that the 
stopping solution was effective. Incubation for 5 
min or 60 rain did not change the calculated 
distribution space, indicating lack of conversion of 
the tracer to metabolites. In these experiments the 
[taC]sucrose space accounted only for about 2% of 
the []4C]methylglucose space in the pellet. Thus, 
the stopping solution served both to define the 
timing and to decrease the blank value arising 
from the extracellularly trapped isotope. 

Fig. 1 shows the time-course for the equilibrium 
exchange of 1 mM 3-O-methyl-D-glucose following 
the protocol for entry experiments. If the cell 
population is homogeneous, then the exchange 
between the extracellular and intracellular c o m -  

partment is exponential regardless of the kinetics 
of the transport system. The exponential uptake 
should follow the equation: 

--v = l n ( 1 - ~ i )  " t - I s  (1) 

where v is the transport velocity, S is the substrate 
concentration (v/S is the rate constant of entry), 
f~ is the fractional filling of the intracellular 
[]4C]methylglucose space and t is the incubation 
time. As shown in the inset to Fig. 1, the uptake 
closely approximates an exponential process, sug- 
gesting simple two-compartment kinetics. In this 
connection, it should be noted that rat thymocyte 
suspensions consist of two distinct cell types. About 
one-third are 'active' cells which equilibrate meth- 
ylglucose with a half-time of about 1 min and 
two-thirds are 'quiescent' with an equilibration 
half-time of 30-50 min [19,20]. Some compounds, 
such as arsenate (2 ~M) and the Ca 2+ ionophore 
A23187 (1.4 /~M) convert the 'quiescent' thymo- 
cytes to 'active' ones [20]. We found no effect of 
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Fig. 1. Time-course of equilibrium exchange of 1 mM 3-O- 
methyl-D-glucose in IM-9 lymphocytes. The cells were prein- 
cubated with 1 mM sugar analogue for 30 rain and entry of 1 
mM 3-O-[]4C]methyl-D-glucose was measured. The ordinate 
shows the percentage uptake of the added tracer into 2.6.106 
cells (final concentration 4-107 cells/ml suspension). The data 
are corrected for trapped isotope at time zero (cpm0). The inset 
shows a logarithmic transformation with the fractional filling, 
fi ,  calculated as ( c p m , - c p m o ) / c p m  ~ - c p m 0 )  where cpm0, 
cpm t and c p m ~  indicate the radioactivity in the cell pellets at 
time zero, time t and 15 min. Each point is average of four 
replicates + 1 S.D. 



these compounds on the equilibrium exchange of 1 
mM methylglucose in human lymphocytes (data 
not shown). This further supports the idea of a 
homogeneous lymphocyte population. 

The permeability was calculated from the data 
shown in Fig. 1 and similar experiments, as the 
rate constant of entry times the intracellular distri- 
bution volume for methylglucose in the cell sample 
divided by the total surface area of the cells. It was 
(14 + 2.8)- 10 - 6  c m -  s 1 (mean of four experi- 
ments + 1 S.D.). This is close to the maximal 
permeability, since K m for transport is much higher 
than 1 mM. This permeability is of the same 
magnitude as that of insulin-treated rat adipo- 
cytes, as measured under comparable conditions 
[2] and it is one order of magnitude lower than the 
maximal permeability of the human erythrocyte 

[171. 
The rate of methylglucose equilibrium exchange 

at different sugar concentrations was determined 
using Hanes' transformation of the Michaelis- 
Menten equation: 

S Km S 
- = - -  + - -  ( 2 )  

Fig. 2A shows the data combined from six experi- 
ments. The K m for equilibrium exchange with en- 
try of the labelled sugar analogue from compart- 

(Kl l )  was ment 1 to compartment 2 ee calculated as 
9.9 mM and V~ as 44.0 mM.  min-x. However, 
the Vf~ values determined on the individual cell 
batches varied in the range of 30-50 mM- min-a 
and this complicates the analysis of the kinetic 
parameters. A similar situation has been reported 
previously for Novikoff ceils [21] and for other cell 
lines [22]. Table I shows the mean values for K m 
and Vma x calculated from these six individual equi- 
librium exchange experiments. 

The equilibrium exchange was also demon- 
strated to be approximately exponential when 
using the exit protocol (data not shown). The 
initial rate can therefore be determined using the 
equation: 

~- = l n O -  L ) ' t - '  ( 3 )  
S 

where fr is the fraction of sugar remaining in the 
cells. Fig. 2B shows an ( S / v )  vs. S plot of the 
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Fig, 2, (A) Concentration dependence of equilibrium exchange 
entry. The points represent the average of six experiments, each 
with three observations for every concentration, The incubation 
time was 1-15 s and the rates of exchange were calculated 
using Eqn. 1. The concentration dependence is plotted accord- 
ing to Eqn. 2. The error bars represent + 1 S.E. and the line is 
drawn by linear regression. K e~ is calculated as 9.9 mM and 
V ee as 44.0 mM.min -1. (B) Concentration dependence of 
equilibrium exchange exit. Five duplicate observations were 
made over a time-course in two experiments and the exchange 
rates were calculated using Eqn. 3. The error bars represent_+ 
S.E. and the line is drawn by linear regression. K ee is calculated 
as 7.9 mM and V e¢ as 35.7 raM. min-1. 

equilibrium exchange exit. K~ was 7.9 mM and 
V2~ was 35.7 mM.  rain -1. The kinetic constants 
for equilibrium exchange should theoretically be 
identical when using entry and exit protocols and 
the similarity of the measured values further sup- 
ports the validity of the method. 

The following additional experiments (not 
shown) were carried out using the equilibrium 
exchange entry protocol. The lymphocytes were 
split in two lots and incubated for 6 h in Hepes 
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TABLE I 

KINETIC PARAMETERS FOR T R ANS P OR T  OF 3-O-METHYL-D-GLUCOSE IN IM-9 LYMPHOCYTES 

The values obtained by regression of the combined data for each protocol are summarized from Figs. 2 5. The mean values for n 
individual experiments are given ± 1 S.D. 

Protocol n K m (mM) Vma X (mM- min 1) 

combined mean of indivi- combined mean of indivi- 
data dual experiments data dual experiments 

Equilibrium exchange 6 9.9 
Zero trans entry 4 2.8 
Zero trans exit 4 9.5 
Infinite cis entry 3 1.2 

11.4±3.7 44.0 41.6±10.6 
4 .5±1.0  10.7 13.2± 3.3 

12.9±3.3 37.9 43.4± 8.3 
1.5±0.4 51.1 39.4±22.4 

buffer supplemented in 1% bovine serum albumin 
in the presence or absence of 1 mM D-glucose. The 
cells were then washed and transport measured. 
The (S /v )  vs. S plots remained linear and K ee and 
V ee remained unchanged in the two situations. 
Thus, the cells remain stable after their removal 
from the culture medium. The IM-9 lymphocyte 
possesses a high concentration of insulin receptors 
on its surface, although internalization and de- 
gradation of insulin is minimal [23,24]. However, 
neither 1/~M insulin nor 5/~M adrenaline had any 
effect on methylglucose entry, suggesting that the 
transport system is not under hormonal control. 

Zero trans entry experiments (entry into ini- 
tially sugar-free cells) were performed in two ways, 
with the initial rates of uptake being estimated 
either directly from the initial portion of the pro- 
gress curve or using the integrated rate procedure 
for calculation of the initial velocities as described 
by Eilam and Stein [25,1]. The former method was 
used when fi did not exceed about 0.2 and the 
integrated rate procedure was applied to time- 
courses with fi values up to about 0.5. According 
to this procedure t / C  is plotted vs. - t i n ( 1 -  
C/So) + C/So]/C, where t is the time of uptake, 
C is the internal substrate concentration and S O is 
the external substrate concentration. These in- 
tegrated rate plots were linear (data not shown) 
and the initial velocity was obtained as the re- 
ciprocal of the intercepts on the ordinate [25,1]. 
Fig. 3 shows that similar kinetic constants were 
obtained when both approaches were employed, 
yielding K ~  t = 2.8 mM and V(~ = 10.7 m M .  min -  1. 
Table I shows that similar results were obtained as 
the mean values of the inidvidual experiments. 

Thus, the values obtained in the zero trans entry 
experiments were about one-third of those ob- 
tained in the equilibrium exchange experiments. 

Fig. 4A shows the time-courses for the zero 
trans exit at varying methylglucose concentrations. 
These data were analyzed by the integrated rate 
equation of Karlish et al. [9]: 

- l n ~  V2~l t t 

S o - S ,  K~] S o - S ,  K~I 
<4) 

where S o is the intracellular sugar concentration at 
time zero and S t is the intracellular concentration 
at time t. Note that Eqn. 4 is equivalent to a form 

lO0 

-~(sec) 

o 

tl I , I 
5 IO 

is] ImMl 

Fig. 3. Concentration dependence of zero trans entry. The 
initial rates were either derived from early uptake points with 
fl < 0.2 (O, averages of two experiments, six observations at 
each concentration, error bars indicate_+ 1 S.D.) or determined 
from 45-s time-courses as described in the text (©). The line is 
drawn by linear regression through all points. K ~  is calculated 
as 2.8 mM and V(~ as 10.7 m M - m i n  - l .  
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Fig. 4. (A) Time courses for the zero trans efflux of 5 mM (O), 10 mM (O)  and 20 mM (zx) 3-O-methyl-D-glucose. fr was calculated as 
(cpm, - c m p ~ ) / ( c p m 0  - c p m ~ ) .  The points represent the average of four experiments, each with duplicate observations at each time 
point. (B) Integrated rate replot of the same data using Eqn. 4. K~ is calculated as 8.3 mM and V~ t as 26.2 mM. min-  1. (C) S/v vs. S 
plot of the concentration dependence of zero trans efflux. The initial rates were determined using Eqn. 4 as described in the text. The 
rates were determined for each of the separate experiments and then averaged. The error bars represent + S.D. K~] is calculated as 9.5 
mM and Vfl t as 37.9 mM. 

of the Lineweaver-Burk transformation of the 
Michaelis-Menten equation: 

1 Vmax 1 1 
5 = gm /) gm (4a) 

where v is the initial transport velocity. It can be 
seen from Fig. 4B that the points obtained from 
time-courses of different starting concentrations 
form a family of curves which tend to fall away 
from a straight line with increasing deviation at 
longer times. This may be due in part  to the 
differences in the Vm,x between different cell 
batches. As differences in Vmax are seen as a change 
in the slope of this plot, averaged progress curves 
can lead to a distorsion. 

In order to overcome this difficulty, the initial 
rates of exit were calculated for each individual 
time-course. It can be seen from Eqns. 4 and 4a 
that when [ln( So/St)]/( S o -S t )  equals 1~So then 
t / ( S o -  St) equals 1 /v  where v is the initial rate 
[10]. The values obtained for individual experi- 
ments were averaged and used to construct a Hanes 
plot of the zero trans exit data (Fig. 4C). The 
values for the ' t racer '  concentration of methylglu- 
cose used in this plot were calculated using Eqn. 3, 
since at low concentrations, when S~ is well below 
K m, the time-course for exit approximates to a 
simple exponential. This procedure yielded K ~  = 

9.5 mM and V2~ t = 37.9 m M -  min -1 which is close 
to the values obtained from the equilibrium ex- 
change experiments. Table I shows the mean val- 
ues of the four individual experiments. 

The infinite cis procedure provides an addi- 
tional means of measuring the affinity constant for 
the internal site by following the concentration 
dependence of backflux during the uptake of a 
single high concentration of sugar. We have cho- 
sen a concentration of 40 mM as being well above 
the K., observed for the zero trans entry experi- 
ment and Fig. 5A shows the time-course of uptake. 
The integrated rate equation of Eilam and Stein 
[25] can be applied to the infinite cis protocol so 
that a plot of t /C vs. - [ ln(1  - C/So)-  C/So]/C 
yields a straight line giving 1/Vma X as the intercept 
on the ordinate. The intercept on the abscissa is 
equal to -Km/SoZ(1 + So/rr ) where ~r is the effec- 
tive osmotic concentration of the medium. Fig. 5B 
shows an infinite cis replot of the progress curve of 
Fig. 5A yielding K ~  = 1.2 mM and vli~ = 51.1 
m M .  rnin-1. Table I shows the means of the val- 
ues from the individual experiments. It is clear 
that the Krn of the inside site measured by this 
method is considerably lower than that measured 
in the zero trans exit experiments. However, the 
variations in Vm, x between different cell batches 
make it difficult to draw detailed conclusions from 
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Fig. 5. Time-course of uptake of 40 mM  3-O-methyl-D-glucose 
(infinite cis experiment). The points represent the averages 
from three experiments with triplicate observations for each 
experiment. (A) lntracellular concentrations as a function of 
time. (B) Integrated rate replot; the line is drawn by linear 
regression yielding K ic = 1.2 mM  and V ic = 51.1 mM.  min 1. 

this type of experiment and it remains uncertain 
whether K~ is the same as or lower than K¢~ t. 

Discussion 

This study shows that the hexose transport sys- 
tem of the cultured human lymphocyte is kineti- 
cally asymmetric at 37°C. The main features are as 
follows. The K m and Vma ~ values are equal for 
equilibrium exchange and zero trans exit of 3-0- 
methyl-D-glucose, about 10 mM and 40 mM- 
min ~, respectively. The zero trans entry values 
are lower, about 3 mM and 12 m M - m i n  -1, Fi- 
nally, K m for the internal site ( K ~ )  is 1-2 mM. In 
contrast, the transport systems of rat adipocytes 

[2,3] and rat hepatocytes [4] have been reported to 
show symmetrical transport parameters at 37°C, 
with the K m and Vma x values being similar for all 
the protocols used [3,4]. However, it was recently 
reported [26] that the rat adipocyte is also asym- 
metric with respect to the values for equilibrium 
exchange and zero trans exit. This asymmetry is 
different to that reported for the human erythro- 
cyte [17] and the data presented here for the 
human IM-9 lymphocyte in that both these cell 
types show apparent equality of the parameters for 
exchange and zero trans exit [27]. 

Plagemann et al. [22] have previously analyzed 
the 3-O-methyl-D-glucose in lymphocyte cell lines 
and other cultured cell types. These authors re- 
ported equal K m and Vma x values for zero trans 
entry and zero trans exit. On the other hand, K ee 
and V ee were about 6-times higher than the equiv- 
alent zero trans values. These data were inter- 
preted in terms of a simple carrier with directional 
symmetry but with differing mobilities depending 
on whether or not the transporter is loaded with 
substrate. Such model is not compatible with our 
results. However, some differences in methodology 
should be noted. First, their studies were carried 
out at 25°C and ours at 37°C. Secondly, their 
characterization of the hexose transport relied upon 
the rapid centrifugation of the cells through an oil 
layer without employing a stopping solution to 
trap the sugar analogue within the cell [22]. Origi- 
nally, we found that about 30 s are required to 
obtain a stable value of radioactivity in the cell 
pellet [18,2]. When using adipocytes, the amount 
of water taken into the oil layer is initially quite 
large, and this is gradually replaced by oil as the 
centrifugation proceeds [28]. Therefore, transport 
cannot be considered as terminated when centrifu- 
gation is started. 

Whitesell, Regen and co-workers have studied 
the hexose transport system of rat thymocytes at 
35°C. These cells are different from the present 
cultured human lymphocytes in that they comprise 
two distinct populations. About one-third of the 
cells are 'active' (t~/2 for equilibration of 3-0- 
[14C]methylglucose about 1 min) and two-thirds 
are 'quiescent' (tl/2, 30-50 min). The Ca 2+ iono- 
phore A23187 and arsenate can, among several 
other compounds, convert 'quiescent' thymocytes 
to 'active' ones [20], but they had no effect on the 



cultured human lymphocytes. The 'active' thymo- 
cyte shows a 3-times higher K m for equilibrium 
exchange than for zero trans entry [29] and its 
hexose transport system may therefore be quite 
similar to that of the IM-9 lymphocyte. 

The hexose transport system of the human 
erythrocyte has been studied intensively and asym- 
metric transport kinetics have been reported (for 
review, see Refs. 14, 27). Most experiments have 
been carried out at room temperature, probably 
because tracer glucose flux is very rapid at 37°C, 
with a half-time of about 0.4 s [17]. Different 
authors have reported markedly different kinetic 
constants even at 25°C, and particularly for zero 
trans efflux and equilibrium exchange. This is in 
part caused by previous technical difficulties in 
measuring initial velocities (for discussion, see Ref. 
17), and in part to changes in the kinetic proper- 
ties upon storage or ATP depletion of human red 
blood cells [15,16]. However, it still appears almost 
certain that the human erythrocyte is kinetically 
asymmetric at 25°C, since the g m for zero trans 
exit (5.8 mM according to Ref. 17) is at least 
3-times higher than the K m for zero trans entry 
[30], since the K m for equilibrium exchange (8.1 
mM according to Ref. 17) is slightly but signifi- 
cantly higher than the K m for zero trans exit, and 
since the K m for infinite cis entry [11] is much 
lower than the K m for equilibrium exchange. 

It also seems likely that kinetic asymmetry is 
expressed in human erythrocytes at body tempera- 
ture. Brahm [17] found similar K m values for zero 
trans exit (8.2 mM) and equilibrium exchange (6.7 
mM) at 37°C. On the other hand, Sen and Widdas 
[31] reported a K m value of 4.0 mM for infinite cis 
exit. Other kinetic experiments have to our knowl- 
edge not been carried out in human erythrocytes 
at 37°C and particularly not zero trans entry 
experiments. Nevertheless, the present results with 
IM-9 lymphocytes and those previously obtained 
with human erythrocytes are compatible with the 
idea that the kinetics of hexose transport are simi- 
lar in the two cell types. 

A number of models have been proposed to 
account for the kinetics of hexose transport in the 
human erythrocyte [14,27]. The inequality of the 
kinetic parameters for zero trans entry and exit 
together with the infinite cis entry experiments are 
inconsistent with the hypothesis of a simple carrier 
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with directional symmetry but differential mobili- 
ties of loaded and unloaded carrier [30,32]. The 
variation in Vma x seen with all experimental proto- 
cols unfortunately prevents detailed parameter fit- 
ting to multiple site models which have been pro- 
posed [33-40]. 

In conclusion, we have demonstrated kinetic 
asymmetry of the sugar transport system in a 
human lymphocyte cell line at 37°C. This may be 
of the same kind as that demonstrated in human 
erythrocytes although technical difficulties have in 
part obscured the evaluation of the glucose trans- 
port system in these cells. It may be proposed, as a 
simplifying hypothesis, that the hexose transport 
system exists in two forms, at least at 37°C, one 
kinetically asymmetric as in human erythrocytes, 
rat thymocytes and perhaps several cultured cell 
lines, and one symmetrical as in rat adipocytes 
and rat hepatocytes. 
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