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Abstract

A Xenopus oocyte expression system was used to examine
how glucose transporters (GLUT 2 and GLUT3) and glu-
cokinase (GK) activity affect glucose utilization. Uninjected
oocytes had low rates of both glucose transport and phos-
phorylation; expression of GLUT2 or GLUT3 increased
glucose phosphorylation - 20-fold by a low K., endogenous
hexokinase at glucose concentrations - 1 mM, but not at
higher glucose concentrations. Coexpression of functional
GKisoforms with GLUT2 or 3 increased glucose utilization
approximately an additional two- to threefold primarily at
the physiologic glucose concentrations of 5-20 mM. The Km
for glucose of both the hepatic and beta cell isoforms of GK,
determined in situ, was - 5-10 mMwhen coexpressed with
either GLUT2 or GLUT3. The increase in glucose utiliza-
tion by coexpression of GLUT3 and GK was dependent
upon glucose phosphorylation since two missense GKmuta-
tions linked with maturity-onset diabetes, 182:Val--Met and
228:Thr-+Met, did not increase glucose utilization despite
accumulation of both a similar amount of immunoreactive
GKprotein and glucose inside the cell. Coexpression of a
mutant GKand a normal GKisoform did not interfere with
the function of the normal GKenzyme. Since the coexpres-
sion of GKand a glucose transporter in oocytes resembles
conditions in the hepatocyte and pancreatic beta cell, these
results indicate that increases in glucose utilization at glu-
cose concentrations > 1 mMdepend upon both a functional
glucose transporter and GK. (J. Clin. Invest. 1994. 94:1373-
1382.) Key words: glucose - hexokinase * glucose transport

- pancreatic islet - glucokinase

Introduction

The initial step in glucose utilization in mammalian cells is the
movement of glucose across the plasma membrane by diffusion
via a family of facilitative glucose transporters (GLUT 1-5).'
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This is followed by the phosphorylation of glucose on the sixth
carbon position by a family of hexokinases (HK types I-IV)
(1, 2). The five different mammalian glucose transporters and
four different hexokinases that have been identified constitute
two different gene families whose members display distinctive
tissue distributions and kinetic properties. Although distinct pro-
cesses, glucose transport and phosphorylation are functionally
paired since the kinetic properties of the specific glucose trans-
porter or hexokinase present in a given cell may influence the
overall rate of glucose utilization. The relative contribution of
either process to glucose utilization may vary from tissue to
tissue. For instance, in the pancreatic beta cell and hepatocyte,
the rate of glucose utilization is determined by the amount of
glucokinase (HK IV), since the Vma,, of glucose phosphorylation
is less than that of glucose transport (3). In contrast, the rate of
glucose utilization in fat appears to be determined largely at the
level of glucose transport, as insulin stimulation of transport
increases glucose phosphorylation by the hexokinase present in
adipocytes (4).

The functional pairing of glucose transport and phosphoryla-
tion may explain why certain glucose transporters and hexoki-
nases are coexpressed in a tissue-specific pattern and why high
affinity transporters are coexpressed with high affinity hexoki-
nases and low affinity transporters with low affinity hexoki-
nases. For example, the pancreatic beta cell and the liver coex-
press the low affinity GLUT2 and the low affinity glucokinase
(HK IV), while skeletal muscle and fat coexpress the high affin-
ity GLUT1/GLUT 4 and the high affinity HK II, and the brain
coexpresses the high affinity GLUT1/GLUT 3 and the high
affinity HK I (1, 5). Although the functional pairing of glucose
transport and phosphorylation may be important in determining
the rate of glucose utilization, it has been difficult to indepen-
dently ascertain the relative contribution of each process to
glucose utilization in different mammalian cells. Most studies
have focused on either transport or phosphorylation in isolation,
and it has not been possible to examine the interaction of partic-
ular transporters and hexokinases.

In this study we examined the functional importance of
glucose transporter and glucokinase activity on glucose utiliza-
tion in a Xenopus oocyte expression system. This is an important
issue since glucokinase (GK) is thought to determine glucose
usage by both the pancreatic beta cell and the hepatocyte (3).
Glucose-stimulated insulin secretion by the beta cell correlates
with the rate of glucose utilization, and the rate-limiting deter-
minant in this process is GK (3, 6). Moreover, GKgene muta-
tions have been associated recently with a familial form of
early onset non-insulin-dependent diabetes mellitus known as
maturity-onset diabetes of the young (MODY) that is character-
ized by the development of hyperglycemia early in life, disease
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transmission in an autosomal dominant manner, and reduced
glucose-stimulated insulin secretion (7-13). Gidh-Jain et al.
(14) have shown that most diabetes-linked GKmutants, when
expressed in bacteria, have either a reduced V,. or affinity for
glucose, thus suggesting that the diabetes in these pedigrees is
due to the altered kinetic properties of the enzyme. Wehave
tested this hypothesis further by examining the effect of GK
mutations on glucose utilization and GKprotein stability in an
intact eukaryotic cell. In addition, we have examined the effect
of coexpressing a mutant GKprotein in the presence of a normal
GKisoform to determine whether the autosomal dominant mode
of inheritance of diabetes in pedigrees with GKgene mutations
is solely due to a gene dosage phenomenon.

Methods

Materials. The radioisotopes 3-O-[3H]methyl-D-glucose (87.6 Ci/mmol)
and [2-3H]glucose (22.8 Ci/mmol) were from New England Nuclear
(Boston, MA). Phloretin and 3-0-methylglucose were from Aldrich
Chemical Co. (Milwaukee, WI). In vitro RNAtranscription and transla-
tion reaction kits were from Stratagene (La Jolla, CA) and Promega
Corp. (Madison, WI), respectively. Taq polymerase and PFU DNA
polymerase were from Perkin Elmer Corp. (Norwalk, CT) and Stra-
tagene. Resin AG 1-X8, CI, and Poly-prep column were from Bio-Rad
Laboratories (Richmond, CA). Oligonucleotides were synthesized in the
Vanderbilt Diabetes Center DNACore laboratory.

Isolation and microinjection of Xenopus oocytes. Female Xenopus
laevis (Xenopus I, Ann Arbor, MI) were maintained in a 12-h light cycle
at 200C and fed a diet of minced bovine liver. Frogs were anesthetized by
immersion in 0.15% 3-aminobenzoic acid ethyl ester (Sigma Immuno-
chemicals, St. Louis, MO) before removing ovarian fragments by a
lateral ventral incision. The tissue fragments were rinsed in OR-2 (82.5
mMNaCl, 2 mMKC1, 1 mMMgCl2, 5 mMHepes, pH 7.5), incubated
on a circular rotator in OR-2 containing 4 mg/ml of collagenase type
II (Worthington Biochemical Corp., Freehold, NJ) for 2 h at room
temperature. Healthy oocytes were selected under a dissection micro-
scope, maintained at 18°C in ORmedium (82.5 mMNaCl, 2 mMKC1,
1.8 mMCaCl2, 1 mMMgCl2, 5 mMHepes, pH 7.5) supplemented with
penicillin-G/streptomycin (1%; Gibco Laboratories, Grand Island, NY),
and injected within a day of isolation. Oocytes were microinjected with
RNAusing a Picospritzer II (General Valve Corp., Fairfield, NJ) and a
micromanipulator from Singer Instruments Company (Somerset, United
Kingdom). Injection volumes were calculated using an eyepiece mi-
crometer and based on the volume of the microinjection drop. After
microinjection of RNA, the oocytes were incubated at 18°C for 2-4 d,
during which time the ORmedium was changed daily and any unhealthy
oocytes were removed.

RNA synthesis from cDNA templates. The cDNAs encoding the
human glucose transporters, GLUT2 and GLUT3 (from Dr. Graeme
Bell, University of Chicago, Chicago, IL) (15), rat liver GK (16), and
human islet GK (from Dr. Alan Permutt, Washington University, St.
Louis, MO) (17) were subcloned into a modified oocyte expression
vector (pGOV-B) containing 79 bp of 5'- and 204 bp of 3'-untranslated
region of Xenopus beta-globin mRNA(original vector provided by Dr.
Doug Melton, Harvard University, Boston, MA). All wild-type GLUT
and GKcDNAs were prepared by PCRso that they included only the
coding region of the cDNA. The normal human islet GKcDNA (17)
served as the template for site-specific mutagenesis by the method of
Kunkel (18) using 21-bp mutagenic oligonucleotides with the altered
base at position 11. All mutations were confirmed by DNAsequence
analysis. The corresponding cDNAs were linearized downstream of the
3' globin untranslated region and transcribed in vitro into capped RNA
by T7 RNApolymerase (mRNAcapping kit; Stratagene). The yield of
the in vitro transcription was assessed by spectrophotometry at 260 nM.
Verification of full-length transcription of the cDNAwas confirmed by
electrophoresis on a formaldehyde-agarose gel. RNAfor microinjection

was dissolved in diethylpyrocarbonate-water at a concentration of 2 Agl
,ul and stored at -700C.

Expression of glucose transporters and GK. Increasing concentra-
tions of GLUT2 or GLUT 3 mRNAwere injected into oocytes, and
glucose transport and phosphorylation were measured. 20 ng of GLUT
2 or GLUT3 RNAproduced equivalent levels of glucose transport in
the oocyte; GLUT3 was used for most studies. For coexpression studies,
20 ng of GLUT2 or 3 mRNAand 40 ng of GKmRNAin a total volume
of 30 nl were injected into each oocyte. For coexpression experiments of
wild-type and mutant GK, the 30-nl volume contained 20 ng of glucose
transporter mRNA, 20 ng of wild-type GKmRNAand 20 ng of mutant
GKmRNA(or an unrelated, capped RNAas a control). For the assay
of GKin the homogenate and for immunoblot analysis, 40 ng of GK
mRNAwas injected. All kinetic analyses were performed in 5-10 oo-
cytes 2 d after injection of mRNA.

Glucose transport activity. Glucose transport was measured by incu-
bating 5-10 oocytes in 200 jsl of ORmedium with 1.2 uCi of 3-0-
[3H]methyl-D-glucose in 1 mM3-0-methyl glucose for 1 and 30 mi.
Glucose uptake was terminated by washing the oocytes four times in
ice cold ORwith 0.2 mMphloretin, and the amount of glucose transport
was calculated after liquid scintillation counting.

GKactivity measurements. Glucose phosphorylation in intact oo-
cytes was assessed by measuring the ability of GKor HKto phosphoryl-
ate [2-3H]glucose (19-21). As shown previously, transfer of the [3H]
label from the 2 position of glucose-6-phosphate to water by phospho-
glucose isomerase is quantitative in oocytes (21). The water then diffuses
out of the cell. The amount of 3H20 produced therefore represents
the glucose phosphorylating activity, assuming that no [3H]glucose-6-
phosphate is incorporated into glycogen or lactate. This type of assay
has been validated for measurements of GKactivity in islets (22). In
oocytes, we found no [3H] in glycolytic intermediates beyond glucose-
6-phosphate, and none of the label from the [2-3H]glucose was found
in the glycogen fraction (reference 21 and data not shown). Measure-
ments were performed by incubating the oocytes in 300 isl of OR
containing 1 sCi of [2-3H]glucose and unlabeled glucose at concentra-
tions of 0.1-40 mM. After a 3-h incubation with glucose, a 100-y1l
aliquot of the oocyte medium was fixed with isopropanol and applied
to a 0.2 ml Dowex AG1-X8 column (converted to the borate form by
extensive washing with 1 N NaOHfollowed by 0.3 Mboric acid) to
separate the 3H20 from the [2-3H]glucose (19). Tritiated water was
eluted with two 0.5-ml aliquots of water, and [2-3H]glucose was eluted
with two 0.5-ml additions of 1 N HCl. The amount of 3H20 was quanti-
tated by liquid scintillation counting. The rate of 3H20 production in
this assay was linear for up to 20 h (data not shown).

To measure the intracellular glucose concentration, oocytes were
incubated with [2-3H]glucose in 1-20 mMglucose for 6 h and then
quickly rinsed three times in ORmedium (21). The oocytes were then
transferred to a scintillation vial containing fresh ORand incubated for
24 h. After the 24-h incubation period, the oocytes were removed from
the ORmedium, and the amount of radioactivity remaining in the OR
medium was taken to represent the intracellular glucose at the end of
the incubation with the various glucose concentrations. The rationale
for this assumption is as follows: since the amount of tritiated water
and tritiated metabolites retained in the oocyte is extremely low (not
shown), and since the only product of [2-3H]glucose metabolism in the
oocytes is 3H20, the intracellular glucose at the end of the initial 6-h
incubation will be the sum of 3H20 and [2-3H]glucose (representing
efflux of unmetabolized glucose from the oocyte). The intracellular
glucose space was taken to be the same as that of 3-O-methyl-D-glucose,
which was determined in separate experiments by measuring the distri-
bution space in the oocyte of 3-O-[3H]methyl-D-glucose. The methylglu-
cose space and the water space of the oocytes averaged 0.25-0.3 pl
over a range of glucose concentrations in oocytes expressing either
GLUT2 or GLUT3 and GK.

To measure GK activity in a broken cell assay, groups of one to
seven oocytes, which had been coinjected with GLUT3 and GK, were
homogenized in 100 ,A/oocyte of 50 mMtriethanolamine (TEA) (pH
7.3), 100 mMKCI, 1 mMDTT, 5% glycerol, 1 mMEGTA, 1 mM
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EDTA, 1 mMPMSF, 1 Itg/ml pepstatin A, 1 sg/ml leupeptin, 0.02%
Na azide, 0.5% Triton X-100 (pH 7.3), and 20 jl/oocyte of 25% polyeth-
ylene glycol. The homogenate was placed on ice for 15 min and then
centrifuged at 12,000 g for 5 min at 40C. A 120-isl aliquot of the
supernatant was incubated with a solution of 380 pl of 50 mMTEA,
20 mMMgCl2, 100 mMKC1, 1 mMDTT, 10 mMATP (pH 8.0-8.3),
0.1 /Ci [2-3H]glucose, and 0.6 /sg/ml phosphoglucose isomerase (Sigma
Immunochemicals). After a 3-h incubation, 250 tl of the incubation
medium was removed, fixed with isopropanol, and applied to the borate
resin column. The 3H20 present was eluted from the column and quanti-
tated by liquid scintillation counting.

The Vm. and Km for glucose of HK and GK were determined by
Hanes plot analysis and linear regression. To derive the glucose phos-
phorylating activity in intact oocytes, either the total HKactivity or the
GK-specific activity (the activity of oocytes expressing both GLUT
and GKminus the activity of oocytes expressing only the GLUT) was
calculated. Each experiment is the mean activity of a group of seven to
eight oocytes incubated for 3 h in each glucose concentration. Data are
presented as mean±standard error of at least three different experiments.

Immunoblot analysis. Groups containing 10 oocytes each were ho-
mogenized in 50 1l of a solution of 50 mMTEA (pH 7.3), 100 mM
KCl, 1 mMDTT, 5% glycerol, 1 mMEDTA, 1 mMEGTA, 1 mM
PMSF, 1 psg/ml pepstatin A, 1 ug/ml leupeptin, 0.02% Na azide, 0.5%
Triton X-100, and 10 1u of 25% polyethylene glycol. The homogenate
was placed on ice for 15 min and centrifuged at 12,000 g for 5 min at
4°C. 20 jul of the supernatant (representing four injected oocytes per
lane) was resolved on 10%SDS-PAGEand electroblotted onto a polyvi-
nyldifluoride membrane (Immobilon-P; Millipore Corp., Bedford, MA).
Nonspecific antibody binding was blocked by incubation in 5% nonfat
powdered milk in Tris-buffered saline with 0.05% Tween 20. The mem-
brane was then incubated with a 1:1,000 dilution of a sheep polyclonal
GKantiserum produced against a glutathione-S-transferase-GK fusion
protein (22, 23). Antibody binding was detected with goat anti-sheep
serum (Calbiochem-Novabiochem Corp., La Jolla, CA) conjugated to
alkaline phosphatase and subsequent color development. The intensity
of the GKbands was determined by densitometric scanning.

Results

Effects of glucose transporter and GKexpression on glucose
utilization by Xenopus oocytes. Uninjected or sham-injected oo-
cytes contain an endogenous HK, but have very low levels of
baseline glucose transport and thus a low rate of glucose utiliza-
tion. Injection of increasing amounts of GLUT2 or GLUT 3
RNAper oocyte increased both glucose uptake, measured by
the accumulation of 3-O-methylglucose in the cell (Fig. 1 A),
and the utilization of glucose, measured by the production of
3H20 (Fig. 1 B). The rate of glucose uptake and utilization
plateaued with 5 ng of RNAper oocyte and did not increase
significantly with the injection of up to 20 ng of RNA. The
increase in 3H20 production by expression of GLUT2 or GLUT
3 occurred primarily at glucose concentrations - 1 mM(Fig.
2 A). These results indicate that glucose transport is the rate-
limiting step in glucose utilization in uninjected or sham-in-
jected oocytes.

Coinjection of RNAencoding the hepatic or islet GKiso-
form and GLUT 2 or GLUT 3 RNA resulted in a two- to
threefold further increase in the rate of glucose utilization, pri-
marily at glucose concentrations > 1 mM(Fig. 2 A-C). Expres-
sion of GKalone (no glucose transporter) did not increase glu-
cose transport or glucose utilization (data not shown). Measure-
ments of intracellular and extracellular glucose in oocytes
injected with glucose transporter RNAonly, or oocytes injected
with both transporter and GKRNA, were identical (Fig. 3 A).
Glucose accumulation (measured 1 and 30 min after addition

of 3-0-[3H]-methyl-D-glucose) was not affected by the coex-
pression of GKand GLUT3 (Fig. 3 B). Thus, for all calculations
shown in Figs. 2 and 4, the glucose concentration plotted on
the x-axis is the extracellular glucose concentration since intra-
cellular and extracellular glucose concentrations are equal. Sim-
ilar HK and GKactivities were obtained with either GLUT2
or GLUT3 (Fig. 1 and data not shown). These results indicate
that in GLUT2- or GLUT3-expressing oocytes glucose phos-
phorylation is the rate-limiting step in glucose utilization.

Analysis of GKactivity in Xenopus oocytes. Whenexamined
in the oocyte system, the in situ kinetic properties of rat liver
GKand human islet GKare similar to those found in normal
islets or liver (references 24 and 25 and Table I). In the oocyte
system, the rat liver GKand human islet GKwere quite similar
in their affinity for glucose (5.75 mMcompared with 8.3 mM),
and under conditions of maximal GKexpression in the oocytes
the V,,. of the rat liver GKwas slightly greater than that of the
human islet GK (Table I). The Kmvalues for GKexpressed in
the oocyte system are similar to those determined by in situ
measurements of GK in hepatocytes and islets and to those
obtained with recombinant GKproduced by prokaryotic and
eukaryotic expression (24, 25). Our results differ from those
reported previously in which the rat islet GK isoform had a
greater V. than the rat hepatic GK isoform when expressed
in either a eukaryotic or prokaryotic expression system (25).
Whether these small differences in Kmand V,, relate to minor
amino acid differences in the amino terminus of the hepatic and
islet forms of GK, to species differences, or to differences in
translational efficiency between the islet and liver GKRNAis
unknown. Xenopus oocytes possess an endogenous HKactivity
with a much lower Km (0.51 mM) for glucose than GK(Fig. 2
C and Table I).

In addition to the in situ measurement of the GKKm for
glucose and V,., the oocytes were homogenized to further study
GKenzymatic activity in a broken cell assay. Under these condi-
tions the Kmof the human islet GKwas similar while the V..
was - 13 times higher in the homogenate than in the intact
oocytes (Fig. 4 and Table I). A similar observation was noted
when HKH was expressed in the oocyte system in that HKH
activity was 5-10 times greater in the oocyte homogenate than
in the intact oocyte assay (data not shown). The apparent in-
crease in HK or GK is not due to activation of the enzyme
during homogenization since purified HK H is not activated
by the homogenization procedure (data not shown). A similar
difference between HKactivity in intact pancreatic islets versus
pancreatic islet homogenate has been noted previously (26, 27).
The reason for the greater amount of GKactivity in the oocyte
homogenate compared with the intact oocyte assay is unclear,
but it is possible that there is compartmentalization of GKin
intact oocytes to a location that is not accessible to glucose and
that homogenization releases the enzyme. Compartmentaliza-
tion of glucose transporters has been noted in the oocyte system
with the majority of glucose transporters located intracellularly
and only a small percentage in the plasma membrane (28, 29).
An alternative possibility is that homogenization removes GK
or HK II from inhibition by an intracellular regulator such as
glucose-6-phosphate. However, since GK is not inhibited by
glucose-6-phosphate, this seems less likely.

Analysis of GKmissense mutants. The glucose phosphory-
lating activity of three diabetes-linked, human islet GKmutants
was tested by coexpression with GLUT2 and GLUT3 in both
intact and homogenized oocytes. Two of the GKmutants had
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a low level of enzymatic activity, but one GKmutant had enzy-

matic activity that closely resembled wild-type GK. The 3H20
production rate of the mutants 182:Val-+Met and 228:Thr-+Met,
was markedly reduced compared with the wild-type GK (Fig.
4, A and B and Table I). In the intact oocyte assay, no GK
activity was detected for either the 182:Val- Met mutant or the
228:Thr-+Met mutant. Because the GKactivity is much greater
in the homogenized oocyte assay (note the difference in tritiated
water production between Fig. 4 A and B and see results under
Analysis of GKactivity in Xenopus oocytes, above), a low level
of enzymatic activity for the 182:Val-+Met mutant was detect-
able in the oocyte homogenate assay. However, the enzymatic
activity of the 228:Thr-+Met mutant was so low that an accurate

I)

Figure 1. RNAdose-response of glucose
transport and glucose utilization. Oocytes
were microinjected with increasing concen-

trations of GLUT2 or GLUT3 mRNA, and
glucose transport and phosphorylation were

*4- GLUT2 measured. (A) The accumulation of 3-0-

- GLUT3 [3H]methyl-D-glucose (1 mM)by oocytes in-
jected with either GLUT2 or GLUT3
mRNAwas measured after a 30-min incuba-
tion as described in Methods. (B) Glucose
phosphorylating activity (3H20 production
rate from [2-3H]glucose in nanomoleslhour/
oocyte) of oocytes injected with either GLUT
2 or GLUT3 was measured as described in
Methods. Each point represents mean±SEM
of separate experiments with 5-10 oocytes/
determination.

Vm. or Kmcould not be determined in either GKassay (Fig. 4,
A and B and Table I). A third mutant, GK300:Glu-+Lys, had
a similar Vm,,, and Km to the wild-type enzyme in the intact
oocyte assay, but a slightly higher Km in the homogenate GK
assay (Table I).

Inmunoblot analysis of GKprotein. To determine whether this
reduced level of GKactivity in oocytes expressing a mutant GK
as compared with wild-type GKresulted from a reduced level of
mutant GK protein, the amount of GK protein in a 12,000 g

supernatant prepared from oocytes injected with both normal and
mutant GKmRNAswas analyzed by Western blot analysis. Com-
parable amounts of wild-type and mutant GKprotein are present
in oocytes expressing GK (Fig. 5, A and B).
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Figure 2. Enzymatic activity of rat liver and human islet GK. (A) Glucose
phosphorylating activity (3H20 production rate from [2-3H]glucose in na-
nomoles per hour per oocyte) of oocytes injected with either water
(SHAM), GLUT3, or GLUT3 and rat liver GKas a function of the
extracellular glucose concentration. Data are expressed as the mean activi-
ties+SEM from three different experiments. The inset shows a magnifica-
tion of the data points from glucose concentrations 0.05-5 mM; the x-

/.-~ axis is a log scale of the glucose concentration and the y-axis is identical
to the larger figure. (B) Glucose phosphorylating activity as shown in A
in oocytes expressing either GLUT3 alone or GLUT3 plus human islet
GK. (C) Hanes plot of HK activity in intact oocytes (oocytes expressing

, (*) GLUT3 alone) and rat liver GKactivity (activity of oocytes coexpressing
IM GLUT3 and GKminus the activity of oocytes expressing GLUT3 alone)

is shown. Each point is the average of at least three separate determina-
tions of the velocity of phosphorylation at that glucose concentration. The

25 Km for glucose is the (-X) intercept, and the velocity is the 1/slope of
the substrate/velocity (SN). The correlation coefficient for the oocyte HK
and the GKregression is 0.98-0.99.
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WFigure 3. Measurement of intracellular glucose and glucose transport in
oocytes expressing GKand GLUT3. (A) Intracellular glucose was mea-
sured as described in Methods and plotted against the extracellular glucose
concentration in oocytes expressing GLUT 3 or GLUT 3 plus rat liver
GK. (B) Glucose accumulation was measured by incubating oocytes with
3-0-[3H]methyl-D-glucose in 1 mM3-0-methyl glucose for 1 min. The
results of three experiments in water-injected oocytes (SHAM), oocytes
expressing GLUT 3, or GLUT3 plus rat liver GKare shown
(mean±SEM). Similar results were obtained with a 30-min incubation of

GLUT3 GLUT3 + GK the glucose tracer.

Coexpression of normal and mutant GK. The effect of the
coexpression of a mutant and wild-type GKon the function of
wild-type human islet GKwas also analyzed. Table II shows
that oocytes that coexpressed the wild-type human islet GK,
the 228:Thr-+Met mutant, and GLUT 3 had similar kinetics
properties for glucose phosphorylation as oocytes expressing the
wild-type GKand GLUT3 only. In addition, oocytes expressing
wild-type GK, the 228:Thr-Met mutant, and GLUT2 had simi-
lar levels of glucose transport and glucose phosphorylation in
the intact oocyte assay as oocytes expressing wild-type GKand
GLUT2 only (Fig. 6, A and B).

Discussion

A Xenopus oocyte system was developed to study the indepen-
dent effects of glucose transporter and GKactivity on glucose
utilization. Oocytes contain an endogenous, high affinity HK,
but glucose utilization in sham-injected oocytes is low, because
glucose transport is low and rate-limiting. The expression of
GLUT 2 or GLUT 3 increases transport, which results in in-
creased glucose utilization; glucose phosphorylation then be-
comes the rate-limiting step. The level of glucose utilization is

further increased by coexpression of either the hepatic or islet
isoform of GK.

This oocyte system is a physiologically relevant model for
analyzing glucose transport and phosphorylation as paired pro-
cesses since both glucose transporters and GK, when expressed
in oocytes, exhibit kinetic properties similar to those in tissues
in which they are normally expressed. The affinity for glucose
of glucose transporters expressed in oocytes is similar to the
tissues in which they are normally expressed (1, 30); in the
oocyte system, both the hepatic GKand islet GKwere found
to have an in situ Km for glucose similar to that found in liver
and islet (references 24 and 25 and Table I). In the beta cell,
hepatocyte, and GLUT 2- or GLUT 3-expressing oocytes,
glucose utilization is limited by the rate of glucose phosphoryla-
tion. This is clearly demonstrated using the oocyte system where
expression of GKincreases glucose utilization two- to threefold
at higher glucose concentrations (5-20 mM). Although GLUT
2 and GKare normally coexpressed in the liver and islet, our
results indicate that GK is able to function equivalently with
either the high KmGLUT2 or low KmGLUT3 when transport
rates are adequate to equilibrate intracellular and extracellular
glucose. This suggests that the velocity of transport may be
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Table I. Kinetic Analysis of Hexokinase Activity in Intact
and Homogenized Oocytes

Intact cell assay Homogenate assay

V~l.*, K. (mM)l V.a K.n (mrM)

Oocytes expressing
Endogenous HK 1.89±0.17 0.51±0.12 ND' ND
Rat liver GK 3.72±0.191 5.75±1.3111 NA1 NA
Human islet GK 2.28±0.43 8.30±1.1811 30.4±3.60 10.2±1.79

Islet GKmutants
182:Val - Met ND ND 5.22±1.31** 13.7±4.60
228:Thr - Met ND ND ND ND
300:Glu - Lys 1.92±0.32 8.86±2.2911 29.5±3.22 16.3±0.76**

* V,, units are nanomoles of water production/hour/oocyte; * Km. mihi-
molars of glucose; ' ND, not detectable; 1 NA, not assayed. The values
shown are the mean±SEMof three to four experiments. 1P < 0.05
when compared with oocyte HK in intact cell assay. ** P < 0.05
when compared with islet GK in homogenate assay.

Figure 4. Glucose phosphorylating activity of
GKmutants. Glucose phosphorylating activity
of wild-type human islet GKand two diabetes-
linked GKmissense mutations are shown. (A) In
the intact oocyte assay, specific GKactivity (the
activity of oocytes expressing both GLUT3 and
GKminus the activity of oocytes expressing only
GLUT3) is shown for both wild-type human
islet GKor GKmutants. (B) Total HK activity
in homogenates of oocytes expressing either
wild-type human islet GKor mutant GKprotein.
Data are expressed as the mean activity±SEM
from three experiments.

more important than the Kmof the transporter under such condi-
tions. However, the affinity of the transporter for glucose may
influence the phosphorylation rate under conditions in which
transport is rate-limiting.

When tested in the oocyte expression system, two diabetes-
linked GKmutations exhibited a marked reduction in GKactiv-
ity. One mutation, GK182:Val-+Met, had a markedly reduced
V. for glucose phosphorylation and a slight increase in the
Kmfor glucose, whereas the GK228:Thr--Met mutation had no

detectable enzymatic activity. The amount of GKprotein de-
tected 2 d after the expression of normal and mutant GKin
oocytes was similar, thus strongly suggesting that changes in
protein synthesis or protein half-life are not important in altering
the function of the mutant GK proteins in the beta cell and
hepatocyte. The more likely mechanism, as suggested by Gidh-
Jain et al. (14), is that the glucose or ATP binding sites of the
molecule are affected. The reduced Km and V.. of these two
mutants studied in oocytes were similar to those when these
GKmutants were expressed in a prokaryotic system (14).

Matschinsky and co-workers (3) have suggested that a rela-
tively minor reduction in beta cell GKenzyme activity would
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Figure 5. Immunoblot analysis of native and mutant GKprotein expression. Oocytes expressing either wild-type or mutant GKprotein were

homogenized, and the amount of GKprotein was determined by immunoblot analysis using a GKantiserum. (A) Photograph of a representative
immunoblot of an oocyte extract. Lane 1, uninjected oocyte homogenate; lane 2, wild-type human islet GK; lane 3, GKmutant #1 (GK 182:Val-+Met).
Molecular mass standards (kD) are indicated on the left of the figure. (B) Densitometric analysis of wild-type GKand mutant GKprotein expression
from three experiments (mean±SEM). Mutant #1 is GK 182:Val-Met, mutant #2 is GK228:Thr-Met, and mutant #3 is GK300:Glu-Lys.

sufficiently reduce beta cell glucose metabolism, diminish insu-
lin secretion, and cause diabetes. Such an explanation for diabe-
tes-linked GKmutations must invoke a gene dosage effect and a
transcriptional cap on the beta cell GKgene, in that intracellular
deficiencies in GKwould not be compensated for by increased
transcription of the normal GKallele. This agrees with recent
evidence that the GKgene is not transcriptionally regulated in
the beta cell by extracellular glucose and that changes in GK
activity induced by increased extracellular glucose occur at the
posttranslational level (22). Since the individuals with MODY
are heterozygous for the diabetes-linked GKmutations and the
normal GK allele would encode a fully active protein, it is
possible that the expression of a mutant protein interferes with
function of the normal GKprotein and thus further reduces the
glucose phosphorylating activity in the beta cell. Our finding
that wild-type GKprotein coexpressed with a mutant GKpro-
tein with no enzymatic activity had the glucose phosphorylating
activity expected of wild-type GKprotein alone strongly argues
against such a dominant negative effect and for a gene dosage
effect. AR GK mutations detected thus far are present in a
portion of the gene that is common to both the islet and hepatic
GKisoforms, but little is known about hepatic glucose utiliza-
tion in individuals with MODY. Since GKgene expression in
the liver is positively regulated by insulin (31), the decreased

Table II. Coexpression of a Mutant GKDoes Not Interfere
with Activity of the Normal Enzyme

VaXl* K. (mM)*

Human islet GK 2.1, 2.5 8.5, 9.3
Islet GK+ mutant GKI 2.3, 3.3 6.4, 10.4

* V. units are nanomoles of water production/hour/oocyte; I Km, milli-
molars of glucose; § Humanislet mutant is GK228:Thr - Met. Kinetic
parameters (results of two experiments) were derived as described in
Fig. 1. Glucose transporter is GLUT3.

insulin levels as a result of the islet GKmutation and a mutation
in hepatic GK protein may combine to also reduce glucose
utilization in the liver.

Of interest, the GK 300:Glu-+Lys mutation had a similar
Vmn and Km in the intact oocyte system and a similar V,,. and
only a small increase in its Kmin the oocyte homogenate assay

when compared with the wild-type GKprotein. Our results with
this mutation differ from those reported by Gidh-Jain et al. (14)
who found a Vms,, of 33% of wild-type and a higher Km for
glucose (25 mM). These slight differences may relate to the
expression of GKin a eukaryotic system rather than the prokary-
otic system used by Gidh-Jain et al. (14). However, both studies
demonstrate that this diabetes-linked mutation possesses sub-
stantial enzymatic activity, which suggests that a reduction in
glucose phosphorylation is not the etiology of the diabetes and
that an alternative mechanism may be operable. This raises the
possibility that some GKmutations reduce insulin secretion by
a mechanism unrelated to their reduction in glucose phosphory-
lation. Correlation of the clinical findings (degree of hyperglyce-
mia and insulin secretory capacity) in families with this muta-
tion and the clinical picture in families with mutations that
completely lack enzyme activity will be important. A recent
report demonstrated an overall correlation of in vitro GKenzy-

matic activity with the insulin secretion rate in subjects with
GK mutations, but one individual with a GK mutation that
almost completely inactivated the enzyme in vitro had the high-
est insulin secretion rate (32).

The present study has established the utility of the Xenopus
oocyte system to study the functional pairing of glucose trans-
port and phosphorylation by coexpression of glucose transport-
ers and hexokinases. The oocyte system allows for the study of
a process dependent on the interaction of a transmembrane pro-
tein and a cytoplasmic protein and may be applicable to the
study of other cellular processes. This system can also be used
to examine glucose utilization as the level of transport and
phosphorylation is varied by the amount of RNAinjected and
to address whether coexpression of a certain HKwith a specific
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Figure 6. Coexpression of mutant GKwith wild-type GKdoes not
influence glucose transport or phosphorylation. Sham-injected oocytes,
oocytes expressing GLUT3 alone (GLUT), oocytes expressing GLUT
2, wild-type GK, and 228:Thr-Met GKmutant (GLUT + GK+ Mu-
tant), or oocytes expressing GLUT2 and wild-type GK(GLUT + GK)
were analyzed for glucose transport and glucose phosphorylation. Each
panel represents the mean±SEMof 3 experiments with 10 oocytes/
experiment. (A) The accumulation of 3-O-[3H]methyl-D-glucose (1 mM)
by oocytes was measured after a 30-min incubation as described in Fig.
1. (B) Total glucose phosphorylating activity (3H20 production rate from
[2-3H]glucose in nanomoles/hour/oocyte) in the intact oocyte assay was

measured at 20 mMglucose as described in Fig. 1.

transporter affects the rate of glucose utilization. In this study,
we demonstrate that both glucose transporter (either GLUT2
or GLUT3) and GKactivity are important in glucose utilization.
In addition, GKis responsible for the increased glucose utiliza-
tion in this system at physiologic glucose concentrations greater
than 1 mM.
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