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Unlike the mammalian glucose transporter GLUT]I,
little is known about the nature of the endogenous
sugar transporter(s) in insect cells. In order to establish
the transport characteristics and other properties of the
sugar transport proteins of Sf9 cells, a series of kinetic
analyses was performed. A saturable transport system
for hexose uptake has been revealed in the insect cells.
The apparent affinity of this transport system(s) for

2-deoxy-p-glucose was relatively high, the K,, for:

uptake being <0.5 mM. To further investigate the
substrate and inhibitor recognition properties of the
insect cell transporter, the ability of other sugars or
drugs to inhibit 2-deoxy-p-glucose transport was
examined by measuring inhibition constants (K)).
Transport was inhibited by p-mannose, p-glucose, and
p-fructose. However, the apparent affinity of the C-4
epimer, D-galactose, for the Spodoptera transporter was
relatively low, implying that the hydroxyl group at the
C-4 position may play a role in the strong binding of
glucose and mannose to the transporter. The results
also showed that transport was stereoselective, being
inhibited by p-glucose but not by L-glucese. It is
therefore concluded that insect cells contain an
endogenous glucose transport activity that in several
aspects resembles the human erythrocyte glucose
transporter. However, the mammalian and insect
transporters were different in some of their kinetic
properties, namely, their affinities for fructose and for
cytochalasin B.
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Introduction

The uptake of glucose into mammalian cells is mediated by
passive transport proteins in the plasma membrane
(Baldwin, 1993; Yoon et al.,, 1997). Recent evidence has
demonstrated that these proteins are members of a large
family of homologous sugar transporters found in all
organisms, from Escherichia coli to plants and animals
(Baldwin and Henderson, 1989; Baldwin, 1993). The best
known of these proteins is the human erythrocyte glucose
transporter, which has been extensively characterized
(Baldwin et al., 1982; Mueckler et al., 1985). Functional
expression of small amounts of the transporter has been
achieved in Xenopus oocytes (Gould and Lienhard, 1989)
and in mammalian cells (Oka et al, 1990). However, for
detailed studies of structure-function relationships in this
protein, and in particular for the investigation of its
structure by x-ray crystallography, higher levels of
expression would be desirable. Recently, the baculovirus/
Spodoptera frugiperda Clone 9 (Sf9) cell system has been
utilized to produce large amounts of the erythrocyte
glucose transporter for structural and functional studies (Yi
et al., 1992). Characterization of the expressed protein was
expected to include assay of its function, including its
ability to transport sugars and to bind inhibitory ligands
such as cytochalasin B. However, it was not possible to
determine the transport activity of the expressed protein in
insect cells, because of the presence of endogenous
transport systems (Yi et al., 1992). It is therefore
interesting to establish the transport characteristics and
other properties of the endogenous sugar transport proteins
of host insect cells. Very little is known of the transport
characteristics of Sf9 cells, although their ability to grow
on TC 100 medium strongly suggested the presence of
endogenous glucose transporters: this medium contains
0.1% p-glucose as the major carbon source. In the present
work, the kinetic properties and sensitivity to inhibitors of
the insect cell transporter(s) are characterized.
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Materials and Methods

Insect cell culture Sf9 cells were maintained according to the
method described by Summers and Smith (1987), with some
modification. The cells were cultured in complete TC100 medium
[TC100 medium (Gibco-BRL), 10% (v/v) fetal calf serum
(Flow), 1% antibiotics (penicillin 5000 units/ml + streptomycin
5000 pg/ml, Gibco-BRL)] at 27°C. Cell viability was checked by
adding 0.1 ml of trypan blue (0.4% stock, pH 7.3) to 1 ml of cells
and examining under a microscope (Lee, 1979).

Hexose transport assay Tritiated sugars used were 2-(1,2->H)-
deoxy-p-glucose (30.2 Ci/mmol) and L-1-3H(N)]-glucose
(10.7 Ci/mmol) and were supplied by NEN (Boston, USA). Prior
to 2-deoxy-pD-glucose (2dGlc) uptake measurements, Sf9 cells
were washed twice with phosphate-buffered saline (PBS, 10 mM
sodium phosphate, 150 mM NaCl, pH 7.4) to remove glucose.
The cells were resuspended at a density of 1 X 10° cells per ml
in PBS and then stored on ice until required for the experiment
(up to 30 min). Assays were performed in triplicate, with 1 X 10°
cells per assay. The hexose transport assay was performed as
follows: 1 ml of the cell suspension was centrifuged at
6000 X g for 15 s in a microfuge and resuspended to a volume
of 150 ul in PBS. The cells were then incubated at 27°C for
2 min. Transport was initiated by the addition of 100 ul of
2.5 mM 2dGlc or L-glucose containing 1 uCi tritiated sugar to
give a final concentration of 1 mM sugar. Following incubation
for 1 min at 27°C, the assay was terminated by adding 1 ml of
ice-cold PBS containing 10 uM cytochalasin B and 0.1 mM
phloretin, potent glucose transport inhibitors, and then by
centrifuging at 12,000 X g for 20 s in a microfuge. The cells were
washed in this fashion a further two times and then solubilized in
200 ul of 10% SDS by vortexing. Finally, 150 ul of the
solubilized cells were dispensed to a vial containing 4 ml of
scintillant using a Microman pipette and radioactivity was then
determined by liquid scintillation counting (Beckman LS
5,000 CE). All results were expressed as the means of triplicate
estimations, which routinely differed from the mean by less
than 10%.

Preparation of plasma membranes from Sf9 cells Sf9 cells
were cultured as described above. Cells were harvested and
washed three times at 20°C with 10 mM-sodium phosphate/
150 mM-NaCl, pH7.2. They were then resuspended in
10 mM-Tris/S mM-MgCl,, pH7.4, containing proteinase
inhibitors [2 mM-iodoacetamide, 0.2 mM phenylmethane-
sulphony! fluoride and pepstatin A (10 pg/ml)] and sonicated on
ice for 1 min. Membranes were separated from soluble
components by centrifugation for 1 h at 117,000 X g,,.

Cytochalasin B binding assay The binding of cytochalasin B
was used as a functional assay for the endogenous glucose
transporter(s) in insect cells and was measured by equilibrium
dialysis using [4-°H] cytochalasin B, essentially according to the
methods described by Baldwin et al. (1982).

Results

Time course of hexose uptake The hexose
transport characteristics of Sf9 cells were investigated
using 2-[1,2-3H]—de0xy-D-glucose (2dGlc, NEN). To

determine the time period over which uptake of sugar into
the cells was linear, the uptake of [’H]2dGlc from both low
(100 uM) and high (10 mM) extracellular concentrations
was measured over periods ranging from 30 s to 30 min.
As shown in Figs. 1 and 2, the uptake was linear for at
least 2 min at both concentrations, suggesting that
measurements made over a 1 min time course would
reflect initial rates of the hexose uptake. Additional support
for the premise that 1 min uptake experiments provided a
measure of the initial rate of uptake was provided by
comparison of the intracellular concentration of sugar
(calculated from the uptake of radioactivity and the
estimated intracellular volume of Sf9 cells) with that
outside the cells. For example, when the uptake of 0.1 mM
sugar was investigated, the calculated intracellular
concentration of sugar corresponded to less than 15% of
the extracellular concentration as much as 12 min after
uptake had been initiated. Thus, uptake periods of 1 min
were used for all further experiments.

Kinetic parameters of the insect cell transporter To
determine the K, (the half-saturation concentration) and
Ve (the maximum velocity) of the endogenous glucose
transporter(s) in the insect cells, the uptake of 2dGlc was
measured as described in Materials and Methods, over a
range of substrate concentrations (50 yM-10 mM). As can
be seen from the data presented in Figs. 3 and 4, 2dGlc
uptake by the insect cells appeared to involve both
saturable and non-saturable (or very low affinity)
components. In contrast, uptake of [I-SH]L—glucose, which
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Fig. 1. Time course of 2-deoxy-p-glucose uptake by Sf9 cells
from a low extracellular concentration of sugar. Transport was
carried out in the presence of 100 uM 2dGlc, as described in
Materials and Methods. After the times indicated, uptake was
terminated and the radioactivity accumulated was determined by
scintillation counting. Each data point on the graph represents the
mean of triplicate estimations. The data was corrected for the zero
time uptake and converted into pmol/min/10° cells.
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Fig. 2. Time course of 2-deoxy-p-glucose uptake by Sf9 cells
from a high extracellular concentration of sugar. Transport was
carried out in the presence of 10 mM 2dGlc, as described in the
legend to Fig.1. Each data point on the graph represents the mean
of triplicate estimations. The data was corrected for the zero time
uptake and converted into pmol/min/10° cells.
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Fig. 3. Transport of 2-deoxy-p-glucose in Sf9 cells. Uptake was
carried out as described in Materials and Methods. Shown is a
representative experiment in which increasing concentrations of
2dGlc were added to the extracellular medium of the cells. The
concentration of radiolabeled 2dGlc used was held constant. Each
data point is the mean of triplicate estimations. The K, for 2dGlc
transport was determined with the aid of ENZFITTER, as
described in the text.

is not a substrate for the hexose transporters of mammalian
cells, appeared to involve only a non-saturable process
(Fig. 5). However, the chemical differences between 2dGlc
and L-glucose, including the greater hydrophilicity of the
L-sugar, precluded use of the latter as a means of correcting
the 2dGIc transport data for the non-saturable component
of uptake. Instead, the K, and V,,, for transport were
estimated by using the non-linear regression program
ENZFITTER (Elsevier Biosoft, Cambridge, UK) to fit the
uptake data to a two-component model described by the
following equation:
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Fig. 4. Determination of the maximal rate of transport (V,,,,,). The
V,nax Was estimated by using the non-linear regression program
ENZFITTER to fit the data to Eq. (1), as described in the text.
The curve was produced by using the data points up to 1 mM of
2dGlc, which approach saturation. As shown in the insert, the line
drawn through experimental points at high concentrations
(> mM) of substrate is straight and represents the non-saturable
component.
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Fig. 5. Uptake of [3H]L-g]ucose by Sf9 cells. Transport was
carried out as described in the Materials and Methods section.
Shown is a representative experiment in which increasing
concentrations of L-glucose were added to the extracellular
medium of the cells. Each data point is the mean of triplicate
estimations.

Viar ® S
v=_"% +MeS (D
K,+S

where V = the rate of uptake, S = substrate concentration,
and M = a constant describing the non-saturable
component of the uptake process. In the uptake
experiments, the concentration of radiolabeled sugar was
varied. The resultant plot of radiolabel uptake versus
concentration of unlabeled sugar is shown in Fig. 3. The
K, for transport was estimated by using ENZFITTER to fit
these data to Eq. (2) (see below). This procedure yielded an
apparent K; for the unlabeled sugar, which corresponds
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to the K, value for 2dGlc uptake, in this case of
378 * 42 uM. The K,, value was calculated from the raw
uptake data (dpm) in this way, rather than by fitting the
initial rate data to a hyperbola as described for V,,,, below,
in order to avoid undue biasing of the calculation by the
uptakes measured at high sugar concentrations. Such
biasing would result from the fact that the specific
radioactivity of the 2dGlc was not held constant over the
range of sugar concentrations used in the present
experiment. The V, ,for transport was then estimated by
using ENZFITTER to fit the data from a plot of initial rate
of 2dGlc uptake versus substrate concentration (Fig. 4) to
Eq. (1), using the K|, value estimated as described above.
This procedure yielded a V,,,, value of 415 = 37 pmol/
min/10° cells. In addition, the value of M (218) calculated
from the computer fit to Eq. (1) for the non-saturable
component of the uptake process corresponded closely to
that (209) directly estimated from the slope of the curve
shown in Fig. 4 at high 2dGlc concentrations. For
comparison, the V, . of the endogenous transporter in
insect cells for 2dGlc was about 9.7-fold higher than that
calculated for Chinese hamster ovary (CHO) cells which
contain a GLUT1 homologue, whereas the K,, value of the
insect transporter for 2dGlc was approximately 1.4-fold
lower than that reported for the latter cells (Ishihara et al.,
1991). Thus, it appeared that the transport activity of the
insect cells was very high.

Studies of the inhibition of 2dGlc transport in insect
cells by hexoses, phloretin, and cytochalasin B The
kinetic experiments described above had revealed the
existence of a saturable transport system for hexose uptake
by insect cells. The apparent affinity of this transport(s) for
2-deoxy-p-glucose was relatively high, the K, for uptake
being < 0.5 mM. To investigate further the substrate and
inhibitor recognition properties of the insect cell
transporter, the ability of other sugars and drugs to inhibit
2-deoxy-p-glucose transport was examined by measuring
inhibition constants (K;). Transport assays were carried out
essentially as described in Materials and Methods. To
initiate transport, cells were added to 100 ul of PBS buffer
containing radiolabeled substrate and an appropriate
concentration of inhibitor. After the required time of 1 min,
the transport was terminated and radioactivity was
determined.

The effect of a competitive inhibitor on the uptake of
2dGlc can be described by the following equation:

Ve * S
v, = e +MeS )
K, (1+IK)+S5

where V,; = the rate of uptake in the presence of inhibitor,
I = inhibitor concentration,

and the other terms are as described for Eq. (1).

The K;’s for reversible inhibitors were determined from
plots of uptake versus inhibitor concentration. For each
inhibitor illustrated in Figs. 6-12, the curve through the
data points represents the best fit of the data to Eq. (2).
Using this approach, 2dGlc uptake in the insect cells was
found to be most potently inhibited by phloretin, the
aglucone of phlorizin, which inhibited with an apparent X;
of 0.77 * 0.10 uM (Fig. 6). Next in order of inhibitory
potency was cytochalasin B (apparent K; = 9.8 * 7.1 UM,
Fig. 7). The cytochalasin B was dissolved in ethanol and
the concentration of ethanol was kept constant in all the
samples. Of the hexoses tested, L-glucose had the least
effect on 2dGlc transport in the insect cells (apparent
K; = 50.1 = 32.7 mM, Fig. 8), indicating that the
transport is stereoselective. b-Mannose had the highest
apparent affinity for the insect cell transporter, with
K; = 1.24 * 0.23 mM (Fig. 9). Unlike the situation for the
human erythrocyte glucose transport system, where the K,
for mannose is somewhat greater than that for glucose,
this apparent affinity of the C-2 epimer for the insect
cell transporter was similar to that of p-glucose itself
(K; = 1.46 * 0.28 mM, Fig. 10). However, as shown in
Fig. 11, epimerization at the C-4 position of p-glucose
resulted in a dramatic decrease in affinity of the hexose for
the insect cell transporter; the apparent K; for inhibition of
2dGlc transport by p-galactose being 24.5 £ 6.8 mM.
Interestingly, the insect cell sugar transporter also
showed high affinity for p-fructose, which inhibited
2dGlc transport with an apparent K; = 4.33 = 0.90 mM
(Fig. 12). In contrast, the reported K,, of the human
erythrocyte transporter for the ketose is 1.5 M (LeFevre
and Marshall, 1958).
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Fig. 6. Effect of phloretin on the initial rate of 2-deoxy-p-glucose
uptake. Transport was initiated by the addition of 100 ul of PBS
buffer containing [*H12dGlc and an appropriate concentration of
phloretin. After 1 min, the transport was terminated by addition
of ice-cold stop solution. Cells were then solubilized and
radioactivity was determined as described in Materials and
Methods. The data were analyzed with the help of ENZFITTER.
The curve represents the best fit of the data to Eq. (2). Each data
point represents the mean of triplicates.
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Fig. 7. Effect of cytochalasin B on 2-deoxy-D-glucose transport.
Transport assay was carried out essentially as described in
Materials and Methods. The ability of cytochalasin B to inhibit
the uptake of 2dGlc was determined as described in the legend to
Fig. 6. The curve represents the best fit of the data to Eq. (2).
Each data point is the mean of triplicate estimations.
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Fig. 8. Effect of rL-glucose on 2-deoxy-p-glucose transport.
Transport assay was carried out essentially as described in
Materials and Methods. The ability of L-glucose to inhibit the
uptake of 2dGlc was determined as described in the legend to
Fig. 6. The curve represents the best fit of the data to Eq. (2).
Each data point is the mean of triplicate estimations.
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Fig. 9. Effect of p-mannose on 2-deoxy-p-glucose transport.
Transport assay was carried out essentially as described in
Materials and Methods. The ability of p-mannose to inhibit the
uptake of 2dGlc was determined as described in the legend to
Fig. 6. The curve represents the best fit of the data to Eq. (2).
Each data point is the mean of triplicate estimations.
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Fig. 10. Effect of p-glucose on 2-deoxy-p-glucose transport.
Transport assay was carried out essentially as described in
Materials and Methods. The ability of p-glucose to inhibit the
uptake of 2dGlc was determined as described in the legend to
Fig. 6. The curve represents the best fit of the data to Eq. (2).
Each data point is the mean of triplicate estimations.
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Fig. 11. Effect of p-galactose on the initial rate of 2-deoxy-p-
glucose uptake. Transport assay was carried out essentially as
described in Materials and Methods. The ability of p-galactose to
inhibit the uptake of 2dGlc was determined as described in the
legend to Fig. 6. The curve represents the best fit of the data to
Eq. (2). Each data point is the mean of triplicate estimations.
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Fig. 12. Effect of p-fructose on 2-deoxy-p-glucose transport.
Transport assay was carried out essentially as described in
Materials and Methods. The ability of p-fructose to inhibit the
uptake of 2dGlc was determined as described in the legend to
Fig. 6. The curve represents the best fit of the data to Eq. (2).
Each data point is the mean of triplicate estimations.
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Cytochalasin B binding to insect cell membranes
Cytochalasin B is a potent inhibitor of the human
erythrocyte glucose transporter, to which it binds with a K,
of approximately 0.12 uM (Baldwin et al, 1982). The
experiments described above showed that it was a much
less potent inhibitor of the hexose transport in insect cells.
However, it was not clear whether this lower potency
resulted from a lower affinity of the transporter for the
inhibitor, or from a lesser effect of bound inhibitor on the
transport activity of the protein. In order to resolve this
question, the ability of cytochalasin B to bind to the insect
cell transporter was directly examined in a ligand binding
assay. Cytochalasin B binding activity was assayed by
equilibrium dialysis using a single, final concentration of
(4-H] cytochalasin B of 40 nM, in the absence and
presence of 400 mM b-glucose (Baldwin et al., 1982). The
insect cell membranes used were prepared as described in
Materials and Methods. Alkali-stripped human erythrocyte
membranes (Gorga and Lienhard, 1981) were used as a
positive control. Cytochalasin binding activity was
calculated by subtracting the value of the ratio of bound
cytochalasin B to free cytochalasin B obtained in the
presence of p-glucose from the equivalent value obtained
in the absence of D-glucose (Yi et al., 1992). The corrected
bound-to-free ratio is approximately equal to the ratio of
the concentration of cytochalasin B binding sites on
glucose transporters to the dissociation constant for
cytochalasin B. Thus, it is proportional to the concentration
of binding sites (Baldwin et al,, 1982). The cytochalasin B
binding activity for the insect cell and erythrocyte
membranes at the concentration of 1 mg/ml were 0.001
and 7.538, respectively (Table 1). From the result, it may
be concluded that the absence of the binding activity in the
former results either from the low concentration of binding
sites on the insect transporter(s), or from the low affinity
for the transporter, or both. However, judging from the
effects on transport above, it is probably because of low

Table 1. Cytochalasin B binding to Sf9 cell membranes.

Cytochalasin B (B/F)
Sample (1 mg/ml) (—) p-Glucose (+) p-Glucose *Specific

B/F

Sf9 cell membranes 0.049 0.048 0.001
Erythrocyte

membranes** 8.055 0.517 7.538

The binding of cytochalasin B was measured at a single low
concentration (40 nM), in the absence (—) and presence (+) of
400 mM bp-Glucose, as described previously (Baldwin et al.,
1982). *Cytochalasin B binding activity was calculated as
described before (Gorga and Lienhard, 1981). **Human
erythrocyte membranes were prepared as described previously
(Gorga and Lienhard, 1981). B/F = [bound cythochalasin B}/
[free cytochalasin B].

affinity. Therefore, the presence of endogenous
transporters should not interfere with the assay of the
cytochalasin B binding properties of human GLUT1
expressed in insect cells.

Discussion

The erythrocyte glucose transporter has a broad substrate
specificity, with a large number of simple sugars being
substrates. The rank order of apparent affinities is as
follows: 2-deoxy-p-glucose > p-glucose > D-mannose > b-
galactose > p-xylose > L-arabinose > p-fucose > L-fucose
> L-thamnose >> r-glucose (LeFevre, 1961). As is
apparent from this rank order, the transporter displays a
particularly strong specificity for p-stereoisomers of
sugars. :

However, unlike the mammalian transporter, little is
known about the nature of the sugar transporter(s) in insect
cells. The affinities of the insect cell transporter for
different hexoses had been examined by measuring their
ability to inhibit 2-deoxy-p-glucose (2dGlc) transport in
S19 cells. Since the same substrate (2dGlc) was used for all
experiments of this type, then the apparent K; values for
each sugar should provide a measure of their relative
affinities. The uptake of 2dGlc in the Sf9 cells followed a
simple linear function of time for at least 2 min. The
transport was inhibited by p-mannose, p-glucose, and
p-fructose. However, the apparent affinity of the C-4
epimer, D-galactose, for the Spodoptera transporter was
relatively low, implying that the hydroxyl group at the C-
4 position may play a role in the strong binding of glucose
and mannose to the transporter. The results also showed
that transport was stereoselective, being inhibited by
p-glucose but not L-glucose. Unlike the human erythrocyte
glucose transport system, which has a very low affinity for
fructose (LeFevre and Marshall, 1958), the insect cell
transporter appeared to have high affinity for p-fructose
(K; = approximately 5 mM). Indeed, the K; for fructose
was only about 3-fold lower than that for p-glucose,
suggesting that the insect cell transporter may also be
capable of transporting fructose, although this suggestion
would have to be confirmed by transport experiments
using radiolabeled fructose itself. Whether or not fructose
is in fact transported, its affinity for the transporter
suggested that it might be possible to use the ketose as an
inhibitor for blocking the endogenous glucose transport
activity of insect cells when the functional activity of
heterologously-expressed human erythrocyte glucose
transporter was being assessed. The insect cell transporter
was also found to differ from the human protein in being
much less sensitive to inhibition by cytochalasin B.
However, it was inhibited by the diphenolic compound
phloretin with a K; (approximately 1 uM) similar to the
value of about 2 uM reported for inhibition of glucose
transport in human erythrocytes (LeFevre and Marshall,
1959).
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The importance of molecular conformation in sugar
transport across the lipid bilayer of human erythrocytes
was first recognized by LeFevre (1961), who demonstrated
a correlation between affinity and propensity to exist in the
C1 conformation. It is now thought that the affinity of
sugars for the transporter is probably determined by their
possession of suitable equatorial hydroxyl groups to form
hydrogen bonds with the transporter. Binding affinity is
also likely to be influenced by axial hydroxyls that may
sterically hinder sugar binding to the transporter. Thus, of
the natural hexose and pentose sugars, the $-anomers of -
glucose and p-xylose, which are completely free of axial
substituents in the C1 conformation, show the highest
affinities for the transport protein, whereas their
enantiomers (mirror images), L-glucose and L-xylose, have
extremely low affinities for the protein. In addition,
epimerization of the equatorial hydroxyl groups at carbons
2, 3, or 4 of p-glucose to an axial orientation is known to
result in a marked decrease site of the erythrocyte
transporter (LeFevre, 1961). For example, p-galactose (the
C-4 epimer of D-glucose) inhibits sorbose transport (via the
glucose transporter) with a 13-fold lower affinity than does
p-glucose. Similarly, the K; of the C-4 epimer is 16-fold
greater than for p-glucose in the insect cell transport
system. Such a lowering of affinity might be the result
either of the involvement of the C-4 hydroxyl in hydrogen
bonding or of steric hindrance from the axial hydroxyl
group. Interestingly, unlike the human erythrocyte glucose
transport system, the C-2 epimer (p-mannose) has a
somewhat greater affinity for the insect cell transporter
than p-glucose. In addition, the kinetic results suggest that
2-deoxy-D-glucose binds more tightly than p-glucose. This
finding implies that the hydroxyl group at.the C-2 position
is not required for strong binding.

In conclusion, insect cells were found to contain an
endogenous glucose transport activity that in several
aspects resembles the mammalian passive glucose
transporter, GLUT1. The presence of such an activity
might interfere with assessment of the kinetic properties of
the mammalian transporter expressed in the insect cells,
although the mammalian and insect transporters do differ
in some of their kinetic properties, namely their affinities
for fructose and for cytochalasin B. Therefore, it would
probably be required to purify the expressed protein away
from the endogenous transporter and then reconstitute it
into lipid vehicles before detailed kinetic studies could be
performed.
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