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Capilla, Encarnacion, Monica Diaz, Amaya Albalat, Isabel
Navarro, Jeffrey E. Pessin, Konrad Keller, and Josep V. Planas.
Functional characterization of an insulin-responsive glucose trans-
porter (GLUT4) from fish adipose tissue. Am J Physiol Endocrinol
Metab 287: E348-E357, 2004. First published April 27, 2004;
10.1152/4jpendo.00538.2003.—Glucose transport across the plasma
membrane is mediated by a family of glucose transporter proteins
(GLUTYS), severa of which have been identified in mammalian, avian,
and, more recently, in fish species. Here, we report on the cloning of
a salmon GLUT from adipose tissue with a high sequence homology
to mammalian GLUT4 that has been named okGLUTA4. Kinetic
analysis of glucose transport following expression in Xenopus laevis
oocytes demonstrated a 7.6 = 1.4 mM K, for 2-deoxyglucose (2-DG)
transport measured under zero-trans conditions and 14.4 = 1.5 mM
by equilibrium exchange of 3-O-methylglucose. Transport of 2-DG by
okGLUT4-injected oocytes was stereospecific and was competed by
p-glucose, p-mannose, and, to a lesser extent, p-galactose and
p-fructose. In addition, 2-DG uptake was inhibited by cytochalasin B
and ethylidene glucose. Moreover, insulin stimulated glucose uptake
in Xenopus oocytes expressing okGLUT4 and in isolated trout adi-
pocytes, which contain the native form of okGLUT4. Despite differ-
ences in protein motifs important for insulin-stimulated translocation
of mammalian GLUT4, okGLUT4 was able to translocate to the
plasma membrane from intracellular localization sites in response to
insulin when expressed in 3T3-L 1 adipocytes. These data demonstrate
that okGLUT4 is a structural and functional fish homolog of mam-
malian GLUT4 but with a lower affinity for glucose, which could in
part explain the lower ability of fish to clear a glucose load.

glucose uptake; Xenopus oocytes; immunolocalization

IN MOST ANIMAL CELLS, glucose enters by facilitated diffusion
mediated by afamily of glucose transporter proteins (GLUTS).
Several GLUT isoforms have been clearly identified in mam-
malian and avian species with different tissue-specific expres-
sion patterns and biochemical properties (10, 15, 22, 34, 35, 50,
51, 54). Recently, severa members of the GLUT family have
been cloned and characterized in different fish species. We
have previously identified a cDNA similar in sequence to
mammalian GLUT4, the insulin-regulated glucose transporter,
in skeletal muscle of brown trout (Salmo trutta) (36). In
addition, cDNAs structurally related to GLUT1 have been
cloned from rainbow trout (Oncorhynchus mykiss) and carp
(Cyprinus carpio) (44, 45). More recently, the liver isoform
GLUT2 has been aso identified in rainbow trout (19).

Before the identification of putative GLUT proteins in fish,
their existence was suggested by studies on the characteristics
of glucose transport in different cellular systems. In erythro-
cytes from different fish species, glucose uptake was shown to
be saturable, stereospecific, and inhibitable by cytochalasin B
(41, 46, 48, 56). Moreover, Rodnick et al. (39) reported that
2-deoxyglucose (2-DG) uptake in cardiac muscle of American
eels was significantly increased by anoxia and contractile
activity. In addition, Soengas and Moon (42) demonstrated
activation of glucose transport in isolated enterocytes of the
black bullhead (Ictalurus melas) by glucagon, glucagon-like
peptide, dexamethasone, and isoproterenol. In other studies, a
protein with a molecular weight similar to that of GLUT1 was
detected in the membranes of erythrocytes of Pacific hagfish
(56) and, more recently, in the heart and brain of tilapia with
the use of a polyclonal antibody against mammalian GLUT1
(55). Nevertheless, none of these studies was able to attribute
the kinetic and biochemical properties of facilitated glucose
transport to a specific facilitative GLUT.

Because more than one GLUT isoform may be expressed in
a single cell type, a system would be needed in which they
could be individually expressed in a functional form. In the
past decade, several authors have demonstrated the effective-
ness of the Xenopus oocyte system for this purpose, particu-
larly because of the presence of the necessary cellular machin-
ery to express heterologous proteins (i.e., GLUTS) in a correct
manner and because of the low levels of endogenous glucose
transport activity (5, 13, 14, 18). Thus the biochemical prop-
erties of mammalian GLUTSs have been well characterized, and
it has been demonstrated that they are stereospecific, with
differences in substrate specificity, and inhibited by cytocha-
lasin B, the well-known facilitative GLUT inhibitor. Among
the different GLUTSs identified in fish, only the GLUT1-like
transporter (OnmyGLUT1) from rainbow trout has been ana-
lyzed functionally to date by expressing it in Xenopus oocytes
(43). OnmyGLUTL1 shows similar biochemical properties to
the mammalian GLUT1 isoforms, indicating that it isindeed a
GLUT1 homolog.

Glucose homeostasisin mammalsis maintained primarily by
the action of insulin. In its target tissues, skeletal muscle and
adipose tissue, insulin stimulates glucose uptake mostly
through the GLUT4 isoform by promoting its translocation
from intracellular storage compartments to the plasma mem-
brane (17). Thomas-Delloye et a. (46) have demonstrated in
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avian skeletal muscle the existence of a protein that immuno-
reacts with amammalian GLUT4 antibody and that changesits
intracellular localization in response to insulin. In fish, the
hypoglycemic effects of insulin have been well described (24),
but the mechanisms by which insulin regulates glucose plasma
levels are not completely understood. Our initial studies dem-
onstrated the presence of a structural GLUT4 homolog, named
btGLUT, in insulin-sensitive tissues (i.e., skeletal muscle and
adipose tissue) of brown trout and suggested that this trans-
porter might be important for the hypoglycemic action of
insulin in fish (36). More recently, we (7) have shown that the
expression of btGLUT mRNA in trout red muscle is regulated
invivo by the plasmalevels of insulin, suggesting that btGLUT
may be not only a structural homolog of GLUT4 but a
functional homolog as well. However, there is no information
to date regarding the functional characterization of the fish
GLUT4 homolog, including the possibility that it translocates
to the plasma membrane in response to insulin, similarly to
what is known in mammals.

In the present study, we report on the cloning and functional
characterization of a fish GLUT from adipose tissue (ok-
GLUT4) with high sequence homology to mammalian GLUT4.
Using the X. laevis oocyte system to express heterologous
proteins, we have investigated the kinetic and biochemical
characteristics of okGLUT4. We demonstrate that it is a
functional GLUT with an affinity for glucose more similar to
mammalian GLUT4 thanto GLUT1 and that it is stereospecific
and inhibitable by cytochalasin B. Furthermore, we show that,
in okGLUT4-expressing Xenopus oocytes, glucose transport
can be stimulated by insulin similarly to that mediated by rat
GLUT4 in the same system. In addition, we show that insulin
stimulates glucose transport in trout adipocytes and, more
importantly, that insulin stimulates the translocation to the
plasma membrane of an okGL UT4-enhanced green fluorescent
protein (eGFP) fusion protein in 3T3-L1 adipocytes. Our
results indicate that okGLUT4 is a functional fish homolog of
mammalian GLUTA4.

MATERIALS AND METHODS

Materials. The radiolabeled glucose analogs 2-deoxy-p-[3H]glu-
cose (2-[*H]DG; specific activity 26.2 Ci/mmol) and 3-O-methyl-p-
[®H]glucose (3-[*H]OMG; specific activity 2.5 Ci/mmol) were pur-
chased from Amersham Buchler (Braunschweig, Germany). Porcine
insulin was obtained from Lilly (Indianapolis, IN). Restriction endo-
nucleases were from New England Biolabs, (Beverly, MA). Dulbec-
co’'s modified Eagle's medium (DMEM) and supplemented solutions
for 3T3-L1 cell culture were from GIBCO (Invitrogen, Carlsbad, CA),
and caf and fetal bovine serum were from Hyclone (Logan, UT).
Unless otherwise indicated, all other reagents used were purchased
from Sigma (Deisenhofen, Germany).

A peptide antibody against the salmon adipose GLUT was custom
made (Sigma-Genosys, Cambridge, UK) by immunizing rabbits with
the peptide HSTELDYLGEEGSLN corresponding to the last 15
amino acids of the carboxyl terminus of okGLUT4. The peptide was
conjugated to keyhole limpet hemocyanin through the amino terminus
by adding a cysteine residue. The final bleed, obtained 1 wk after the
last of six immunizations, was used in the experiments, as well as the
preimmunization bleed, used as control. The rat GLUT4 antibody was
a kind gift from Dr. Antonio Zorzano (University of Barcelona) and
has been previously well characterized (27).

Cloning of a salmon adipose glucose transporter. A salmon (O.
kisutch) adipose tissue cDNA library (Lambda ZAP 11, Stratagene, La
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Jolla, CA; kindly donated by Drs. Dianne Baker and Penny Swanson)
was screened at high stringency using a 1.2-kb cDNA fragment
(nucleotides 1-1196; GenBank acc. no. AF247395) of btGLUT as a
probe (36). After three rounds of screening by plate hybridization,
eight positive clones were purified to homogeneity and in vivo
excised, and the resulting plasmids were digested with EcoRI to
determine the insert size. Six of the clones were ~3.3 kb in length,
whereas the other two clones were <3 kb. From the sequencing data,
all eight clones were found to be identical and represented the same
cDNA, except for the two shorter ones, which were truncated in the 5’
region. Two of the six full-length clones were sequenced in their
entirety with the BigDye terminator cycle sequencing kit (PEBiosys-
tems) and an ABI Prism 360 sequencer. Sequence compilations,
comparisons, and features were obtained using the Wisconsin package
version 9.0 (Genetics Computer Group).

Isolation of Xenopus oocytes. Adult X. laevis females were ob-
tained from the African Xenopus Facility (Knysna, Republic of South
Africa). The frogs were anesthetized by immersion in 0.1% ethylene
glycol monophenyl ether for 20—30 min. Lobes of ovaries were
surgically removed and rinsed with modified Barth’s solution [MBS;
inmM: 88 NaCl, 1 KCl, 2.4 NaHCOg3, 0.82 MgSO,, 0.41 CaCl,, 0.33
Ca(NOs),, 10 HEPES (pH 7.5) and supplemented with 2.5 mM
sodium pyruvate, 0.1% bovine serum albumin (BSA), and 100 p.g/ml
gentamicin (Bio Whittaker)]. Stage V and VI oocytes (11) were
manually dissected, and follicle cells were removed by incubation in
Ca?*-free MBS containing 2 mg/ml collagenase (type ) for 30 min at
room temperature. Oocytes were then washed six times with phos-
phate-buffered saline (PBS) and maintained in MBS at 18°C for all
subsequent procedures.

cRNA preparation and microinjection into Xenopus oocytes. A
1.7-kb BamHI fragment of okGLUT4, comprising the entire open
reading frame, was subcloned into the Bglll site of the pSP64T
expression vector, which is flanked by fragments of the 5'- and
3’-untranslated regions of the Xenopus B-globin mRNA (20). Then,
the Xbal-okGLUT4 and the Sall-rat GLUT4 (from a pSPGT) linear-
ized plasmids were transcribed using the SP6 RNA polymerase in the
presence of cap analog (MMESSAGE mMACHINE; Ambion, Austin,
TX). The amount of transcribed RNA was calculated by counting the
radioactivity of incorporated thio-[3S]UTP and also by measuring the
260-nm absorbance. After an overnight incubation period, healthy
oocytes were selected for injection with 25 ng of okGLUT4- or rat
GLUT4-capped RNA or with the same volume (50 nl) of diethyl
pyrocarbonate-treated water. Oocytes were maintained at 18°C in
MBS supplemented with BSA and gentamicin with the medium
changed every day. Three days after injection, healthy oocytes were
selected for glucose transport experiments.

Culture and transient transfection of 3T3-L1 cells. Murine 3T3-L1
preadipocytes were purchased from the American Type Tissue Cul-
ture repository. Cells were cultured at 37°C and 8% CO, in DMEM
containing 25 mM glucose, 10% bovine calf serum, and 1% penicil-
lin-streptomycin. At confluence, cells were induced to differentiate
into adipocytes in DMEM containing 25 mM glucose, 10% FBS, 1
pg/ml insulin, 0.25 wM dexamethasone, and 0.5 mM 3-isobutyl-1-
methylxanthine. After 4 days, the medium was changed to DMEM, 25
mM glucose, 10% FBS, and 1 pg/ml insulin and maintained for 4
additional days. Fully differentiated 3T3-L1 adipocytes (between 8
and 11 days after initiation of differentiation) were transiently trans-
fected by electroporation as described previously (23). Briefly, the
adipocytes were put into suspension by mild trypsinization and
electroporated with 50 g of either the rat or the salmon (described
below) eGFP-tagged plasmids under low-voltage conditions (160 V,
950 wF). After electroporation, the cells were seeded on collagen-
coated glass coverdipsthat were placed in six-well plates and allowed
to recover overnight in complete medium before use.

The pcDNA3-0kGLUT4-eGFP construct was prepared by subclon-
ing the full-length salmon GLUT4 cDNA in frame into the EcoRI-
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Notl sites of the pcDNA3 vector (Invitrogen) to generate a carboxyl-
terminal eGFP fusion protein.

Adipocyte isolation. Rainbow trout (O. mykiss) adipocytes were
prepared by the method of Rodbell (38) with some minor modifica-
tions. Fish (250 g) were anesthetized in 3-aminobenzoic acid ethyl
ester (0.1 g/l; Sigma, St. Louis, MO) dissolved in fresh water and were
killed by a blow on the head, and the mesenteric adipose tissue was
removed. Fat tissue was cut into small pieces and incubated in
polypropylene tubes with isosmotic Krebs buffer (pH 7.4, 280 mosM)
containing collagenase type Il (0.3 mg/ml) and 1% BSA without
glucose for 60 min in awater bath under gentle shaking at 15°C. The
cell suspension was filtered through a double layer of nylon cloth and
then washed three times by flotation. Finally, cells were carefully
resuspended in Krebs buffer containing 2% BSA.

Glucose transport measurements. The kinetics for glucose trans-
port in okGL UT4-expressing Xenopus oocytes were determined under
equilibrium exchange and zero-trans conditions. For the equilibrium
exchange experiments, groups of 100 oocytes were incubated for 18 h
in MBS containing 3-OMG at various concentrations (4, 10, 30, 50,
and 100 mM). For the assay, groups of 10 oocytes were incubated in
plastic vials with 0.5 ml of MBS containing the appropriate sugar
concentration. To start the reaction, 10 pl of MBS containing 3 p.Ci
of 3-[3H]OMG were added and mixed. After the incubation period (2,
5, 10, 20, 30, and 40 min) the reaction was stopped by rapidly washing
the oocytes four times with 3 ml of ice-cold PBS containing 0.1 mM
phloretin (Carl Roth, Karlsruhe, Germany), a potent transport inhib-
itor (21). Oocytes were individually transferred into scintillation vials
and dissolved with 0.5 ml of 1% SDS for 1 h at 50°C and counted
before the addition of scintillation liquid. The zero-trans kinetics were
carried out in groups of 10 oocytes incubated in 0.5 ml of MBS with
different 2-DG/2-[3H]DG concentrations (0.4, 0.5, 0.7, 1, 2, 5, 7.5, 10,
15, 20, and 25 mM), with 1-3 w.Ci per assay. After the required time
(2, 5, 10, or 30 min), the oocytes were washed and the counts per
oocyte determined as described for the equilibrium exchange condi-
tions.

Substrate specificity in okGLUT4-expressing Xenopus oocytes was
determined by incubating groups of 10 oocytesin MBS with different
hexoses (p- and L-glucose, b- and L-galactose, and p- and L-mannose
at a concentration of 50 mM and p-fructose at 25, 50, and 100 mM)
for 30 s before the addition of 2-[*H]DG (50 uM final concentration
and 1 p.Ci per assay). The reaction was stopped after 30 min, and the
radioactivity on each individual oocyte was determined as described
above. In addition, the effect of cytochalasin B and ethylidene glucose
on 2-DG transport in okGLUT4-expressing Xenopus oocytes was
determined as described for the hexose competition, with the only
difference being that the preincubation time with the inhibitors was 15
min. Finally, the effect of insulin on 2-DG uptake was determined by
incubating groups of 10—15 oocytes expressing either okGLUT4, or
rat GLUT4 for comparison, for 4 h in the presence or absence of
insulin (1 wM) in MBS before the 2-[*H]DG uptake was begun.

In mature trout adipocytes, glucose transport was determined by a
modification of the method by Olefsky (31). Trout adipocytes (2.5 X
10° cellsml) were incubated in Krebs buffer in the presence or
absence of insulin (100 nM) for 30 min at 15°C in a shaking water
bath. Subsequently, 2-[3H]DG (0,8 .Ci) was added, and transport was
stopped after 2 h with cytochalasin B. The transport assay was
terminated by transferring a 200-pl aliquot of the cell suspension into
small polyethylene microcentrifuge tubes containing 150 wl of di-
nonyl phthalate. Cells and buffer were separated by centrifugation at
16,000 g for 2 min. The upper phase, which contains the adipocytes,
was collected and subjected to liquid scintillation counting. Nonspe-
cific uptake was measured in cells pretreated with cytochalasin B, and
all uptake data were subtracted with these values to correct for
extracellularly trapped isotope and cell-associated radioactivity.

Membrane preparation and immunoblot analysis. For total mem-
brane preparations from Xenopus oocytes, groups of 30 oocytes
collected 3 days after the microinjection were washed with homoge-
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nization buffer [10 mM HEPES (pH 7.9), 83 mM NaCl, 1 mM MgCl.,
1 mM EDTA, 0.5 mM PMSF, 5 png/ml leupeptin, 5 wg/ml pepstatin],
kept on ice, and homogenized with a Teflon-glass homogenizer for 1
min at maximum speed. The homogenates were centrifuged twice at
1,000 g for 10 min at 4°C to pellet al yolk protein, and the supernatant
was further centrifuged at 165,000 g for 1 h at 4°C. Pellets were then
resuspended in the same buffer. Total membranes from trout adipose
tissue were obtained by homogenizing the tissue in abuffer containing
25mM HEPES, 4 mM EDTA, 250 mM sucrose, 0.2 mM PMSF, 25 mM
benzamidine, 1 U/ml gprotinin, 1 wM leupeptin, and 1 wM pepstatin and
centrifuging the homogenate at 5,000 g for 5 min at 4°C. Subsequently,
the supernatant was centrifuged at 200,000 g for 1.5 h at 4°C, and the
resulting pellet was resuspended in homogenization buffer. Protein
concentration was determined by the Bradford method (3).

Total membrane samples were subjected to SDS-PAGE in a 10%
running gel and the proteins then transferred to an Immobilon mem-
brane (Millipore). Immunoblots were performed using the okGLUT4
antibody or the rat GLUT4 antibody at 1:500 and 1:5,000 dilutions,
respectively, in Tris-buffered saline containing 0.1% Tween 20 and
5% nonfat dry milk for 2 h at room temperature. The secondary
anti-rabbit antibody (Transduction Laboratories) was used at a 1:5,000
dilution in the same buffer, and the detection of the luminescence was
done using an enhanced chemiluminescence kit (Amersham). Speci-
ficity of the okGLUT4 antibody was tested by using preimmune
serum at a 1:500 dilution and by blocking overnight the anti-ok-
GLUT4 antibody with an excess (50- to 200-fold) of the immuniza-
tion peptide.

Immunofluorescence microscopy. Healthy Xenopus oocytes in-
jected with water or with okGLUT4 or rat GLUT4 cRNA were
selected 3 days after injection for scanning microscopy analyses. The
oocytes were rinsed in MBS without BSA and then fixed overnight in
MBS containing 4% paraformaldehyde at 4°C. The fixed oocytes
were then washed three times with PBS and kept in MBS at 4°C until
the day of assay. The oocytes were cut into two halves along the
equator with a scalpel, and the protocol for immunodetection was
followed as described previously by Olsowski et a. (32). The ok-
GLUT4 and the rat GLUT4 primary antibodies (the same as for
Western blot analyses) were used at 50 and 20 wg/ml, respectively.
The secondary FITC-conjugated goat anti-rabbit 1gG (Sigma, Deisen-
hofen, Germany) was used at a 1:500 dilution. Fluorescence images
were obtained with a confocal laser scanning microscope (LSM 510;
Carl Zeiss Jena, Jena, Germany) by scanning the fluorescence from
the cut surface of each oocyte through a depth of 10 wm and under the
same conditions of instrumental amplification to alow comparisons
among different samples.

Differentiated 3T3-L1 adipocytes expressing okGLUT4-eGFP or
rat GLUT4-eGFP were serum starved in DMEM for 2 h before the
incubation with or without insulin (100 nM) for 30 min. Cells were
then fixed with 4% paraformaldehyde for 15 min at room temperature
and blocked with a solution containing 1% BSA and 5% donkey
serum for another 15 min at room temperature. The coverslips were
then washed three times with PBS and mounted on Vectashield
medium (Vector Laboratories). The fluorescence was analyzed the
next day by confocal immunofluorescence microscopy using a Nikon
Eclipse E600 microscope.

Calculations and statistical analyses. For al glucose transport
measurements, background values obtained by averaging the uptake
into water-injected oocytes were subtracted from the uptake observed
in cRNA-injected oocytes. Km, values are presented as means = SE of
calculations from three independent experiments. Linearizations and
Km value determinations were performed using the Prism 3.0 package.
All the data for 2-DG uptake are presented as means = SE (10-20
oocytes/group from 1-5 independent experiments). Data for 2-DG
uptake in trout adipocytes are presented as means = SE of five
independent experiments, each performed on triplicate. Insulin-stim-
ulated translocation in 3T3-L 1 adipocytesis expressed as a percentage
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(means *+ SE) of cells showing a plasma membrane ring, obtained by
counting 50 cells per situation in six independent experiments. Sta-
tistical analyses were assessed by a one-way analysis of variance,
followed by the Fisher protected least significant different test or by
the unpaired Student’ s t-test. Differences were considered statistically
significant when P < 0.05.

RESULTS

Cloning of salmon adipose GLUT. Using a btGLUT cDNA
fragment as a probe, several identical clones resulted from the
screening of a samon adipose tissue cDNA library. The
complete sequence obtained was 3137 nucleotides long and
contained a 237-nucleotide 5'-untranslated region, a 1518-
nucleotide open reading frame, and a 1382-nuclectide 3'-
untranslated region, which included the poly(A) tail (GenBank
acc. no. AF502957). The deduced amino acid sequence en-
coded for a protein of 505 amino acids, which is 95% identical
to btGLUT (36) and 72 and 75% homologous to OnmyGLUT1
and CyGLUT1, respectively, the two known isoforms of
GLUTL1 in fish (44, 45). In relation to mammalian sequences,
the salmon adipose GLUT is 79-79.5% similar to GLUT4
isoforms and 72—73% similar to GLUT1 isoforms. Therefore,
the salmon adipose tissue glucose transporter was named
okGLUT4 and appears to be homologous to mammalian
GLUT4 and fish muscle btGLUT. An alignment of the amino
acid sequences of okGLUT4, btGLUT, and rat GLUT4 is
presented in Fig. 1. The Kyte and Doolite anaysis of the
protein sequence revealed the expected conformation of 12
hydrophobic transmembrane domains with four significant
hydrophilic regions, including the amino and carboxy! termini
(29, 34). Furthermore, okGLUT4 showed the predicted glyco-
sylation site (Asn®®), as well as other motifs characteristic of a
functional GLUT. In addition, okGLUT4 presents similar mo-
tifs to those found only in mammalian GLUT4 isoforms, such
asthe Phe®-GIn®-GIn” on its amino terminus and the Tyr>°? and
the acidic cluster (Thr*®8-Glu-Leu-Glu-Tyr-Leu-Gly-Pro°®°)
on the carboxyl terminus, which are important for the intracel-
lular trafficking of the transporter. However, okGLUT4 lacks
the Leu®9-Leu*® sequence, which is characteristic of mam-
malian GLUT4 isoforms.

Kinetic characterization of okGLUT4 in Xenopus oocytes.
As reported previously, the Xenopus oocyte is an efficient
system for studying the heterologous expression of facilitative
GLUTSs (5, 13, 14, 18); thus we chose this model to study the
functional properties of okGLUT4. In preliminary experi-
ments, we demonstrated the functionality of the oocyte system
by measuring the ability of okGLUT4-expressing oocytes to
take up glucose (data not shown). To assess the kinetic char-
acteristics of okGLUTA4, glucose analog uptake was measured
under both equilibrium exchange and zero-trans conditions.

The K, for 3-OMG (a nonmetabolizable glucose analog)
was determined under equilibrium exchange conditions at
sugar concentrations from 4 to 100 mM. Figure 2, A and B,
shows the results from a representative experiment. With the
assumption that the process follows first-order kinetics, as
expected for equilibrium exchange (12), transport data from
the accumulation curves were linearized by logarithmic trans-
formation [using the equation In(1 — Ry/Rin), where R; is the
radioactivity per oocyte at timet and R is the radioactivity
per oocyte after full equilibration of the oocyte water space]
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and plotted against time for each 3-OMG concentration (Fig.
2A). In Fig. 2B, the negative reciprocals of the slopes shown in
Fig. 2A were then replotted with respect to substrate concen-
tration, and the value for the half-saturation constant (Kn,) was
obtained from the negative value of the x intercept in the linear
regression analysis. The Ky, value corresponded to 14.44 +
1.54 mM obtained in 3 independent determinations. To further
evaluate the kinetic characteristics of the fish glucose trans-
porter, we also calculated the K, value for 2-DG under
zero-trans conditions. In Fig. 2C, the Lineweaver-Burk plot
from a representative experiment is presented. The inset shows
the data obtained by Lineweaver-Burk linearization in three
independent experiments. The K, values ranged from 5.03 to
9.68 mM, yielding an average value of 7.63 = 1.37 mM.

Biochemical properties of okGLUT4 in Xenopus oocytes. In
Xenopus oocytes expressing okGLUTA4, the basal 2-DG uptake
(control, at 30 min with 50 uM 2-DG final concentration)
varied among the various experiments depending on the batch
of oocytes and was in the range of 1.09 to 3.78 pmol-
oocyte™t-min~ . We then tested the effects of different sugars
on 2-DG transport by oocytes expressing okGLUT4. The data
illustrated in Fig. 3 show the effects of 50 mM b- and
L-glucose, p- and L-galactose, - and L-mannose and three
different concentrations of p-fructose (100, 50, and 25 mM) on
2-DG transport. p-Glucose, b-mannose, and, to alesser extent,
p-galactose inhibited (P < 0.05) the rate of 2-DG uptake by
okGLUT4-expressing oocytes. p-Fructose also showed com-
petition with 2-DG in a concentration-dependent manner,
whereas none of the L-isoforms had any effect on 2-DG
transport, thus demonstrating the stereospecificity of the carrier
system.

The increased 2-DG uptake observed in okGLUT4-injected
oocytes was clearly inhibited in a concentration-dependent
manner by two well-known glucose transporter inhibitors:
ethylidene glucose (Fig. 4A), an extracellular inhibitor, and
cytochalasin B (Fig. 4B), an intracellular inhibitor specific to
facilitative GLUTS.

Effects of insulin on glucose uptake. We have investigated
the effect of insulin (1 wM) on 2-DG uptake in okGLUT4-
expressing Xenopus oocytes and also, for comparison, in rat
GLUT4-expressing oocytes (Fig. 5A). After an incubation
period of 4 h, insulin caused a significant increase in 2-DG
uptake in okGLUT4 (P < 0.0001)- and rat GLUT4 (P < 0.05)
-expressing oocytes. To determine whether insulin can stimu-
late glucose uptake in isolated mature trout adipocytes, we
incubated the adipocytes in the presence or absence of insulin
(100 nM) for 30 min and measured the amount of 2-DG taken
up. As shown in Fig. 6A, insulin caused a significant increase
(P < 0.0001) of the uptake of 2-DG in mature trout adipocytes.
Furthermore, preincubation with the phosphatidyinositol 3-ki-
nase (PI3K) inhibitor wortmannin (15 min; 1 wM) completely
blocked the stimulatory effects of insulin on glucose uptake in
mature trout adipocytes (control: 32.54 =+ 0.74; insulin:
40.57 = 1; insulin + wortmannin: 32.48 *+ 2.27 pmol glucose/
10° cells; P < 0.05).

Immunodetection of okGLUT4. Immunoblot analysis of total
membranes from Xenopus oocytes injected with water or either
okGLUT4 or rat GLUT4 cRNA is shown in Fig. 5B. With the
use of an anti-okGLUT4 polyclonal antibody, a band of ~50
kDa was detected in okGLUT4-expressing oocytes but not in
water-injected oocytes (Fig. 5B). Furthermore, the okGLUT4
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