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Background: ENU mutagenesis was used to generate new animal models of diabetes.
Results:We identified two novel mutations in glucokinase, with glucose �400 mg/dl in homozygotes, and differential respon-
siveness to glucokinase activators.
Conclusion: Increased GCK thermolability is a major cause of hyperglycemia in Gckmutant mice.
Significance: Chemical genetics creates new models to study glucose homeostasis and diabetes drugs.

We performed genome-wide mutagenesis in C57BL/6J mice
usingN-ethyl-N-nitrosourea to identify mutations causing high
blood glucose early in life and to produce new animal models of
diabetes. Of a total of 13 new lines confirmed by heritability
testing, we identified two semi-dominant pedigrees with novel
missense mutations (GckK140E andGckP417R) in the gene encod-
ing glucokinase (Gck), the mammalian glucose sensor that is
mutated in human maturity onset diabetes of the young type 2
and the target of emerging anti-hyperglycemic agents that func-
tion as glucokinase activators (GKAs). Diabetes phenotype
corresponded with genotype (mild-to-severe: Gck�/� <
GckP417R/�, GckK140E/� < GckP417R/P417R, GckP417R/K140E, and
GckK140E/K140E) and with the level of expression of GCK in liver.
Eachmutant was produced as the recombinant enzyme in Esch-
erichia coli, and analysis of kcat and tryptophan fluorescence
(I320/360) during thermal shift unfolding revealed a correlation
between thermostability and the severity of hyperglycemia in
the whole animal. Disruption of the glucokinase regulatory pro-
tein-binding site (GCKK140E), but not the ATP binding cassette
(GCKP417R), prevented inhibition of enzyme activity by glucoki-
nase regulatory protein and correspondedwith reduced respon-
siveness to the GKA drug. Surprisingly, extracts from liver of

diabetic GCK mutants inhibited activity of the recombinant
enzyme, a property that was also observed in liver extracts from
mice with streptozotocin-induced diabetes. These results indi-
cate a relationship between genotype, phenotype, andGKA effi-
cacy. The integration of forward genetic screening and bio-
chemical profiling opens a pathway for preclinical development
of mechanism-based diabetes therapies.

Type 2 diabetes mellitus (T2DM)3 is an escalating cause of
metabolic disease involving interactions between genetic and
environmental factors. At the cellular level, both insulin resist-
ance and pancreatic �-cell failure contribute to disease onset
and progression, validating strategies to augment insulin secre-
tion and/or enhance insulin action as the cornerstones of
mechanism-based therapeutics. Clues to elucidating the
genetic basis of diabetes have emerged with genetic studies of
Maturity Onset Diabetes of the Young (MODY) (1–6), which
are syndromic variants characterized by a dominant mode of
inheritance that account for 2–5% of T2DM. Recent genome-
wide association studies (7–13) have implicated additional fac-
tors in the pathogenesis of T2DM in humans; however, obsta-
cles in such studies have been the polygenic nature of the
disease, the small effect of most gene variants, and a lack of
experimental models that recapitulate human disease mecha-
nisms for the preclinical development of anti-hyperglycemic
therapeutics.
We have used the alkylating agent, N-ethyl-N-nitrosourea

(ENU), which produces single nucleotide mutations, to per-
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form an unbiased forward genetic screen to identify and char-
acterize genes involved in glucose homeostasis and to model
aspects of human diabetes (14). An advantage of chemical
mutagenesis in comparisonwith generation of knock-outmod-
els is the opportunity to produce an allele series that yields a
spectrum of effects on glucose homeostasis because mutations
may generate gain-of-function, dominant-negative, and partial
loss-of-function alleles (15, 16). The allele series produced by
ENUmutagenesis can in turn provide preclinical models to test
the efficacy andmechanism of small molecule anti-hyperglyce-
mic drugs, whereas gene knock-out models may be refractory
to many of these agents.
Here, we report on the identification and functional analysis

of two novel alleles of glucokinase (Gck) encoding the rate-
limiting enzyme in hepatic glucose catabolism and glycogen
synthesis in mice and humans. GCK is also expressed in the �-,
�-, and �-cells of the pancreas in addition to the L and K cells of
the intestine, the pituitary, and the hypothalamus. In human
subjects, loss-of-function alleles of glucokinase cause hypergly-
cemia by increasing the glucose threshold for insulin release,
resulting in a reduced insulin/glucose ratio, whereas gain-of-
function alleles lower this threshold and cause hyperinsulinism
(17).
GCK (or hexokinase IV) is most abundant in hepatic paren-

chymal cells where its transcription is stimulated by insulin
(18); it functions to modulate both glycolysis and glycogen syn-
thesis, and it also plays an essential role in the pancreas as the
�-cell glucose sensor. Thus, stimulation of GCK activity may
impact both �-cell insulin secretion and hepatic glucose pro-
duction. GCK exhibits unique biophysical features as follows: it
is half the size of other hexokinases; it has a lower affinity for
glucose; it works in the presence of the product; and it displays
sigmoidal kinetics of glucose phosphorylation. Although the
ATP affinity of hexokinases is uniformly high, new GCK acti-
vator (GKA) drugs increase the Vmax and glucose affinity of
GCK through binding to an allosteric site, different from the
glucose- or ATP-binding sites (19). Binding of GKAs is thought
to stabilize the active conformation of GCK, which appears to
be more compact in the crystal structure (Fig. 1, E and F). The
existence of an allosteric site suggests the presence of an endog-
enous ligand, possibly an activator. Here we present the follow-
ing: 1) results of a genome-wide mutagenesis screen for diabe-
tes inC57BL/6Jmice; 2) analysis of kinetic, thermostability, and
physiological profiles of two new GCKmutant enzymes identi-
fied in this screen using recombinant forms of the enzyme; 3)
inhibitory effects of liver lysates from animals expressing the
mutations on GCK activity; and 4) genotype-phenotype
response to GKA drugs in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Animal Protocols—Male C57BL/6J (B6) mice were
mutagenized with ENU to produce G0 mice. The G0 mice were
then bred with wild-type female B6 mice to produce mutant
generation 1 (G1). G1 mice were either screened for dominant
mutations or used for further breeding. G1mice were bred with
wild-type B6 mice to produce G2 females. G2 females were
backcrossed to their G1 fathers to produce G3 mice. G3 mice
were screened for dominant and homozygous recessive muta-

tions. The screen consisted of measuring glucose in whole
blood drawn from tails of nonfasted 8-week-oldmale mice.We
used male mice because they are more diabetes-prone than
females; they tend to have higher glucose levels than females,
and they usually have higher postprandial increases in glyce-
mia.Mice of interest expressed glucose values above 200mg/dl.
To determine whether the hyperglycemia was heritable, these
animals were mated with two wild-type B6 females, producing
backcross progeny for further screening. If progeny (of either
sex) from these matings also showed a hyperglycemic pheno-
type, this suggested that the phenotype was heritable and the
trait was considered dominant or semi-dominant. All animal
care and use procedures were in accordance with guidelines of
the Northwestern University Institutional Animal Care and
Use Committee.
Sequencing—Primers to amplify the exonic sequence of Gck

(supplemental Table 2) were designed with Primer 3 (20). The
same primers were used for PCR amplification and sequencing.
PCR was performed on genomic DNA with the proofreading
Pyrococcus furiosusDNApolymerase. PCR products were puri-
fied with the QIAquick� gel extraction kit (Qiagen) or the
QIAquick� PCR purification kit (Qiagen). The ABI Big Dye
Terminator, version 3.1, cycle sequencing kit and the ABI 3730
high throughput DNA sequencer were used for the sequencing
reaction and gel sequencing at the Northwestern Genomics
Core Facility.
Mapping—To map the sugar daddy line, heterozygous B6

malemicewere crossed towild-type femaleA/J orDBA/2Jmice
to produce F1 progeny. F1 mice were tested for blood glucose at
8 weeks of age, and female mice with glucose values over 200
mg/dl were chosen to backcross to a homozygous mutant B6
male, to produce heterozygous or homozygous N2 mice. For
mapping purposes, mice with blood glucose values less than
300 mg/dl were phenotyped as heterozygous, and mice with
blood glucose values greater than 400 mg/dl were phenotyped
as homozygous. Two mice with blood glucose values between
300 and 400mg/dlwere not included in themapping analysis. A
panel of 37 simple sequence length polymorphism markers
(supplemental Table 3) was used to genotype these N2 mice.
Genotyping—Once the causative SNPwas identified through

sequencing, primers for real time PCR genotyping were
designed using primer 3 (20). Two forward primers were used
with a single reverse primer for each genotype. For GckK140E,
the primers were 5�-GGACAAGCATCAGAAGG-3� (forward
mutant), 5�-GGACAAGCATCAGAAGA-3� (forward wild-
type), and 5�-AGGGAAGGAGAAGGTGAAGC-3� (reverse).
ForGckP417R, the primers used were 5�-CGTGTACAAGCTG-
CACCG-3� (forward mutant), 5�-CGTGTACAAGCTG-
CACCC-3� (forward wild-type), and 5�-AGGATCGGCTCA-
CAAAAGC-3� (reverse).
Glucose Tolerance Tests—Glucose tolerance tests were per-

formed in 5–7-month-oldmice following a 16-h fast. D-Glucose
was given intraperitoneally at a dose of 2 g/kg body weight.
Blood was obtained from a snip at the tip of the tail at 0, 15, 30,
60, and 120 min. Serum was obtained by centrifugation of
whole blood. Serum glucose was measured using an Analox
GM 7. Serum insulin was measured using insulin ELISA kits
from Crystal Chem.
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Kinetic Analysis of Recombinant Human and Hepatic Mouse
GCK—Recombinant wild-type and mutant human �-cell
GCKs were generated and expressed as GST fusion proteins in
Escherichia coli as described previously (21). GST-GCK fusion
proteins were cleaved with factor Xa. Mouse livers were dis-
sected from ad libitum fedmice, snap-frozen in liquid nitrogen,
and then stored frozen at �80 °C until used. Frozen livers were
thawed and homogenized in 25 mMHepes buffer (pH 7.4) con-
taining 150 mM KCl, 2 mM DTT, and 1 mM EDTA. A pyridine
nucleotide-coupled assay was used to measure the kinetics of
glucose phosphorylation. The composition of the assay reagent
was as follows: 100 mM Hepes buffer (pH 7.4), 5 mM ATP
(sodium salt), 6 mMMgCl2, 0.1% BSA, 150mMKCl, 1 mMDTT,
45mM 5-thio-D-glucose-6-phosphate (to inhibit other interfer-
ing hexokinases, most importantly hexokinase I), and different
glucose concentrations (0, 0.5, 1.5, 3.0, 6.0, 13, 20, 40, and 60
mM), both in the presence and absence of 30 mM of a GKA.
Near-saturatingGKAwas employed to assesswhether the assay
was specific for GCK. A 4–5-fold lowering of the glucose S0.5
(where S0.5 indicates the concentration necessary for half-max-
imal enzyme activity) and a 1.5-fold increase in Vmax in the
presence of the GKA was indicative of the GCK being mea-
sured. The medium contained 2.5 IU/ml glucose-6-phosphate
dehydrogenase. Mixing experiments with recombinant human
wild-type GCK were routinely carried out to assess recovery or
the possibility of interference. Calculations were done as
described previously and resulted in information on Vmax, glu-
cose S0.5, and the Hill coefficient (nH), both in the presence and
absence of GKA.
Thermolability of Recombinant HumanGCK—Thermolabil-

ity of the GCKmutants, GCKK140E and GCKP417R, and GCKWT

protein was assessed by measuring enzyme activity after a tem-
perature step or by following tryptophan fluorescence as the
temperature of the cuvette was stepped up. For the activity
assay, GST-GCK fusions were used and enzymes were incu-
bated in a water bath at 30, 32.5, 35, 37.5, 40, 42.5, 45, 47.5, 50,
and 52.5 °C for 30min.GCK activity was then determined spec-
troscopically as described above. The effect of temperature on
tryptophan fluorescence was studied with pure GST-free
recombinant GCK using a Fluorolog-3–21 Jobin-Yvon Spex
Instrument SA (Edison, NJ) equipped with a 450-watt xenon
lamp for excitation and a cooled R2658P Hamamatsu photo-
multiplier tube for detection. Thermolability studies were per-
formedby recording fluorescence intensity during the course of
a stepwise increase of the temperature (usually from 10 to
65 °C) using about 1�Menzyme in 5mMphosphate buffer at pH
7.3 with 100 mM KCl and 1mMDTT. Tryptophan fluorescence
decreases with a rise of temperature and is red-shifted. The
kinetics of the melting curve as indicated by the intensity ratios
at 320 to 360 nm and the Tm, the temperature at the inflection
point of the melting curve, were recorded.
GKRP Inhibition of Recombinant Human GCK—GKRP is a

hepaticGCK inhibitor of glucose. This inhibition is increased in
the presence of sorbitol 6-phosphate. The analysis was carried
out with glucose and ATP concentrations adjusted to account
for differences in the kinetic constants. GCK activity was then
determined spectroscopically both with and without sorbitol
6-phosphate, as described previously (22).

Western Blot Analysis—Total liver protein was extracted
using radioimmunoprecipitation assay buffer and protease
inhibitor mixture (Sigma). Tissues were homogenized in radio-
immunoprecipitation assay buffer, and after a 10-min centrifu-
gation at 4 °C, the resulting supernatants were frozen until fur-
ther analysis. The protein concentrations were determined
spectroscopically by the DC assay (Bio-Rad). ForWestern blot-
ting analysis, the protein samples were denatured at 90 °C and
separated on a 9% (GCK) or 10% (GKRP and actin) SDS-poly-
acrylamide gel. The proteins were then transferred to a nitro-
cellulosemembrane (Immobilon,Millipore), and immunoblot-
ting was performedwith antibodies against GCK (1:2000, Santa
Cruz Biotechnology), GKRP (1:2000, Santa Cruz Biotechnol-
ogy), and actin (1:400, Santa Cruz Biotechnology).
Quantification of mRNA by Real Time PCR—mRNA was

extracted from frozen liver tissue using Tri Reagent (Molecular
Research Center, Inc.) according to manufacturer’s protocol.
cDNAs were synthesized from mRNA using the high capacity
cDNA reverse transcription kit (Applied Biosystems). Real time
PCR analysis with SYBR� Green Master Mix (Applied Biosys-
tems) was performed and analyzed using an Applied Biosys-
tems 7900 fast real time PCR system. Relative expression levels
were determined using ��CTmethod to normalize target gene
mRNA to Gapdh.
In Vivo Studies with GKA—Two- to 5-month-old male mice

were fasted for 2 h; the vehicle for the GKA RO0281675 was
administered by oral gavage, and serum was collected at �120,
0, 15, 30, 60, 120, and 180 min. The following week, mice were
fasted for 2 h; RO0281675 was administered by oral gavage at a
dose of 50 mg/kg, and serum was collected at �120, 0, 15, 30,
60, 120, and 180 min. Serum glucose was measured using an
AnaloxGM7. Serum insulinwasmeasured using insulin ELISA
kits from Crystal Chem. The zero time point was used as base
line, and the area under the curve was calculated from 0 to 180
min.
DataAnalysis—Data are expressed asmeans� S.E.One- and

two-way ANOVA and repeated measures ANOVA were per-
formed using NCSS 97. Tukey-Kramer post hoc tests were per-
formed for variables that were significant in the ANOVA at p
0.05. Paired t tests were performed using Excel with corrections
to the p value made for the number of tests performed.
Unpaired t tests were performedwith corrections to the p value
made for the number of tests performed.

RESULTS

Generation of ENU-mutagenized Mice and Diabetes
Screening—We used the chemical mutagen ENU to identify
genes involved in glucose regulation and to generate new
mouse models of diabetes. The dose of ENU used has been
reported to produce a mutation rate between 2.6 � 10�7 and
1.04 � 10�6 mutations/base pair in B6 mice (23–27). As has
been argued previously (28), such a mutation rate would pro-
duce multiple mutations in a single mouse, but the mutations
would be spaced widely enough that they would sort indepen-
dently during meiosis. Over 30 hyperglycemic mice were iden-
tified in a screen of 2726 8-week-old G1 male and 6994 G3 B6
mice (Fig. 1A). To determine inheritance of hyperglycemia in
these animals, we backcrossed the hyperglycemic founders to
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wild-type B6 mice and identified those progeny with glucose
remaining over 200mg/dl (�2 standarddeviations above thepop-
ulation mean) for further analysis. Altogether, we established 13
lines with transmissible hyperglycemia, all of which were either
dominant or semi-dominant. In two of the lines, we observed that
hyperglycemia was more severe in progeny of intercrossed litter-
mates than were observed in the screening population, consistent
with a semi-dominant mode of inheritance.
Identification ofMissenseMutations inGck—After establish-

ing lines with both dominant and semi-dominant inheritance,
we obtained genomic DNA from the tails of hyperglycemic
mice and sequenced this to search for mutations in genes
known to cause monogenic diabetes in humans, including Gck
(MODY2), the most common MODY in populations of Euro-

pean descent, in addition to other knownMODYgenes (Hnf4�,
Hnf1�, Pdx1, Hnf1�, and Neurod1), as well as Ins1 and Ins2
because Ins2 has previously been associated with diabetes (29,
30), and both subunits of the ATP-sensitive K� channel (Abcc8
and Kcnj11). Candidate gene sequencing resulted in the identi-
fication of two lines with missense mutations located within
exons 4 and 9 in theGck gene. The first mutation, termed sugar
daddy (GckSgrd),4 resulted in an A to G transition within the

4 Nomenclature of the mutations was assigned by Mouse Genome Informat-
ics at The Jackson Laboratory. The two lines were designated sugar daddy
(Sgrd) and sugar daddy-2 Northwestern University (Sgrd-2Nwu). We refer
to these throughout this text as based upon the corresponding amino acid
substitutions (Sgrd, GckK140E; Sgrd-2Nwu, GckP417R).

FIGURE 1. Generation and location of glucokinase mutations. A, histogram of ad libitum fed blood glucose for the mice screened. Black bars, G1 mice, n �
2726; white bars, G3 mice, n � 6994. B, chromatograms for the sugar daddy and the sugar daddy-2 Northwestern University mutations. The sugar daddy
mutation, located in exon 4, is an A to G transition, which causes the missense mutation K140E. The sugar daddy-2 Northwestern University mutation, located
in exon 9, is a C to G transversion, which causes the missense mutation P417R. C, gene structure for glucokinase. Shown above the panel are missense and
nonsense glucokinase mutations that have been isolated from, or introduced into, mice. Indicated below the panel are locations important for substrate
binding (41). D, multiple sequence alignments for glucokinase and hexokinase I. Human (Homo sapiens, gi:4503951 and gi:116242516), mouse (Mus musculus,
gi:1008870), opossum (Monodelphis domestica, gi:126303415), platypus (Ornithorhynchus anatinus, gi:149557345), chicken (Gallus gallus, gi:148743500), frog
(X. laevis, gi:148236406), pufferfish (Tetraodon nigroviridis, gi:47226566). E, protein structure for the open conformation of GCK, Protein Data Bank code 1V4T
(32). F, protein structure for the closed conformation of GCK, Protein Data Bank code 1V4S (32). Protein structures created with Rasmol (52). Protein Data Bank
codes 1V4T and 1V4S obtained from the RCSB (53). Red, glucose-binding site; orange, ATP-binding site; yellow, allosteric binding site; green, positively charged
amino acids; dark blue, Lys-140; turquoise, Pro-417.
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coding region producing a K140E substitution localized to the
glucokinase regulatory protein (GKRP)-binding site within
GCK (Fig. 1B). The mutation in a second line, sugar daddy-2
Northwestern University (GckSgrd-2Nwu), resulted in a C to G
transversion and produced a P417R substitution within the
ATP binding domain of GCK (Fig. 1B). A subsequent low res-
olution genome scan of the sugar daddy line using 22 N2 mice
also mapped the mutation to the proximal region of chromo-
some 11, where the glucokinase gene is located (supplemental
Fig. 1 and supplemental Table 3).

Mutations in any part of the glucokinase molecule have been
found to affect glycemia (Fig. 1C). Sequence alignment using
ClustalW (31) revealed that both the Lys-140 and Pro-417 res-
idues are highly conserved amonghuman,mouse, andXenopus.
Remarkably, Lys-140 is located adjacent to a trio of basic amino
acids (His-141, Lys-142, and Lys-143) that are also phylogeneti-
cally conserved and include a positively charged surface distinct
from the substrate site (32, 33). This basic patch within GCK
has been proposed to be a critical site for GKRP binding (Fig. 1,
D–F) (34).
Confirmation of the Mutations, Synthetic Effect and

Noncomplementation—To further analyze the relationship
betweenGck genotype and glucose levels, we established inter-
crosses between affected heterozygous GckK140E and GckP417R
littermatemice following one generation of backcrossing of the
G1 (GckP417R) and G3 (GckK140E) animals on the B6 strain.Mice
were born at the expected Mendelian ratio for each of the five
genotypes (Gck�/�, GckK140E/�, GckK140E/K140E, GckP417R/�,
and Gck P417R/P417R). The observed births included the follow-
ing: 1) GckK140E/� � GckK140E/� (1:2:1, Gck�/�/GckK140E/�/
GckK140E/K140E); 2) GckP417R/� � GckP417R/� (1:2:1, Gck�/�/
GckP417R/�/GckP417R/P417R) (Fig. 2, A and B). When blood
glucose was analyzed in progeny of both sexes, we observed a
gradient of blood glucose levels that corresponded with gene
dosage (GckK140E/K140E � 458 mg/dl, GckP417R/P417R 386 � 14
mg/dl � GckK140E/� 245 � 5 mg/dl, GckP417R/� 228 � 5
mg/dl � Gck�/� 172 � 5 mg/dl from the GckK140E/� �
GckK140E/� cross, and 170 � 5 mg/dl from the GckP417R/� �
GckP417R/� cross, p 	 0.05 for genotype using a one-way
ANOVA). The higher level of blood glucose in homozygous
mutant mice compared with heterozygousGckmutants is con-
sistent with a semi-dominant mode of inheritance for both
GckK140E andGckP417R alleles, mirroring the haploinsufficiency
found in human forms of the disease.
We also found that compound heterozygous mice generated

by intercrosses of GckK140E/� and GckP417R/� mutants exhib-
ited elevated ad libitum fed glucose levels (446 � 12 mg/dl)
comparable with those of the homozygous mice (Fig. 2C). Fail-
ure of the two mutant variants to complement each other (i.e.
normalize blood glucose levels) provides evidence that diabetes
in these two lines of mice is caused by different alleles of the
same gene.
Gck Genotype Corresponds with Dynamics of Glucose and

Insulin Homeostasis in Vivo—Because GCK acts as a glucose
sensor and serves as a determinant of the glucose-stimulated
insulin release (GSIR) threshold within the pancreas, we next
examined serum insulin and glucose levels both ad libitum and
following glucose challenge. Ad libitum fed 8-week-old male

homozygous and compound heterozygous mutant mice dis-
played significant hypoinsulinemia (Fig. 2D). Furthermore,
even the heterozygous mutant mice exhibited relative hypoin-
sulinemia, reflected in a reduced ratio of insulin to glucose (Fig.
2E). Finally, homozygous mutant mice displayed significantly
impaired glucose tolerance compared with wild-type controls
following intraperitoneal glucose, and glucose tolerance in
heterozygous mutants was intermediate between the homozy-
gous and wild-type mice (Fig. 2F). Compound heterozygous
mice displayed a magnitude of glucose intolerance similar to
that of homozygous mutants (Fig. 2F).
Structure-Function Analysis and Thermal Unfolding Proper-

ties of GCK—To determine the effect of each ENUmutation on
GCK activity and structure, we produced both GCKK140E and
GCKP417R as recombinant proteins in E. coli and determined
catalytic rates by phosphorylation studies (Fig. 4A and Table 1)
(35) and thermal stability using fluorescencemonitoring (Fig. 3
andTable 2). TheK140Emutation caused a 36%decrease in kcat
(40.0 � 1.36 versus 62.8 � 4.11). In addition, the K140E variant
had a nonsignificant trend toward decreased affinity for glu-
cose, increasing the glucose S0.5 by about 45% from 7.45 � 0.26
to 10.8 � 1.13, although there was no change of glucose affinity
for P417R. In contrast, P417R caused a 4-fold decrease in affin-
ity for Km(ATP) (2.08 � 0.15 versus 0.46 � 0.02). Although both
mutations trended toward slightly reduced cooperativity (Hill
coefficient, nH), responsiveness to GKA was preserved. The
activity index, a compositemeasure ofGCK activity, was 1.37�
0.16 for GCKWT, 0.78� 0.08 for GCKK140E, and 1.60� 0.14 for
GCKP417R. Surprisingly, the apparent thresholds for GSIR pre-
dicted from these activity indices would be close to 5 mM glu-
cose for wild type and the P417R line and
6mM for the K140E
line of mutant mice (36), within physiological range of mam-
malian glucose concentration.
Because the observed hyperglycemia could not be explained

by such subtle changes in kinetics, we next tested the hypothe-
sis that altered structure of GCK might contribute to the
mutant phenotype, by monitoring fluorescence and catalytic
activity during thermal shift experiments. Increased thermo-
lability also has been observed in analyses of some Gck muta-
tions associated with humanMODY2 (37, 38), possibly altering
expression and function of the enzyme in pancreatic islets and
the liver. Three tryptophan residues in GCK produce a spectral
shift from blue to red during unfolding. Tryptophan fluores-
cence was therefore monitored when both WT and mutant
GCKvariantswere exposed to rising temperatures.When com-
pared with GCKWT, theTm values for GCKK140E andGCKP417R

decreased by 4.1 and 2 °C, respectively (Fig. 3 and Table 2),
indicating more rapid unfolding of the two mutant proteins.
The temperature dependencies of the kinetic activity tests also
showed that the kcat began decreasing at a temperature 
3 °C
lower for GCKK140E and GCKP417R than for GCKWT (Fig. 4A).
The thermolability of the ENUmutants K140E and P417R was
intermediate between that of wild-type GCK and two severely
affected mutants, M298K and S263P, discovered in diabetic
patients with MODY2. This is clearly shown by the relative
positions of thermolability profiles in Figs. 3 and 4A, which
were obtained using very different assay principles. The results
illustrate that variations of functional and structural protein
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instability must be considered in the biochemical genetic eval-
uations of GCK-linked impairments of glucose homeostasis.
That structural instability contributed to impaired GCK

function in thewhole animal was corroborated by direct kinetic
analysis of GCK activity of liver lysates (Table 3). Lysates from
GckK140E/� and GckP417R/� mice showed a reduced Vmax com-
pared with wild-type mice (0.49 � 0.35 and 0.73 � 0.16 versus
1.19 � 0.27 units/g tissue). The glucose S0.5 values were in the
normal range in all heterozygous genotypes, and the Hill coef-
ficient was unchanged, whereas there was no measurable GCK

activity in the lysates from homozygous or compound
heterozygous mice.
In the process of enzymatic analysis, we performed mixing

experiments in which liver lysates from the mutants were com-
bined with the wild-type recombinant enzyme. Surprisingly,
recombinantwild-typeproteinshoweddrastically reducedactivity
whenmixedwith the liver extracts from the homozygous or com-
pound heterozygous mutants (62.7 � 6.52 for Gck�/� versus
5.75�0.73 forGckK140E/K140E, 5.00 forGckP417R/P417R, and 6.67�
1.72 for GckK140E/P417R) (Table 3). This decrease in recovery of

FIGURE 2. Genotype-phenotype relationship of glucokinase mutations. A, histogram of ad libitum fed blood glucose levels for mice from GckK140E/� �
GckK140E/� matings. Gck�/�, n � 25 (expected � 28.75); GckK140E/�, n � 65 (expected � 57.5); GckK140E/K140E, n � 25 (expected � 28.75); �2 � 1.96, p � 0.38. B,
histogram of ad libitum fed blood glucose levels for mice from GckP417R/� � GckP417R/� matings. Gck�/�, n � 20 (expected � 19.5); GckP417R/�, n � 40
(expected � 39); GckP417R/P417R, n � 18 (expected � 19.5); �2 � 0.153846, p � 0.926. C, histogram of ad libitum fed blood glucose levels for mice from GckK140E/�

� GckP417R/� matings. Gck�/�, n � 18 (expected � 14); GckK140E/�, n � 9 (expected � 14); GckP417R/�, n � 14 (expected � 14); GckK140E/P417R, n � 16 (expected �
14); �2 � 3.285714, p � 0.3496. D, ad libitum fed serum insulin levels. n � 6 – 8. E, ad libitum fed serum insulin/serum glucose of mice shown in D. F, glucose
tolerance test for all genotypes. n � 5–7. Yellow, Gck�/�; red, GckK140E/�; maroon, GckP417R/�; dark blue, GckK140E/K140E; turquoise, GckP417R/P417R; light blue,
GckK140E/P417R. Error bars, S.E., a, different from GckK140E/K140E, GckP417R/P417R, GckK140E/P417R; b, different from GckK140E/K140E; c, different from Gck�/�, GckK140E/�,
GckP417R/�; d, different from Gck�/�, GckP417R/�; e, different from Gck�/�, GckK140E/K140E; f, Gck�/�, GckK140E/�, different from GckK140E/K140E; g, Gck�/�, GckK140E/�,
GckP417R/�, GckP417R/P417R different from GckK140E/K140E; h, Gck�/� different from GckK140E/K140E, GckK140E/P417R, GckK140E/� different from GckK140E/K140E; i, Gck�/�

different from all mutants. GckK140E/�, GckP417R/� different from GckK140E/K140E, GckP417R/P417R; j, Gck�/� different from all mutants, GckK140E/�, GckP417R/� different
from GckK140E/K140E, GckP417R/P417R, GckK140E/P417R. p 	 0.05.
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wild-type enzyme in the presence of liver lysates suggests either
that the mutant GCK interferes with the activity of the wild-
type protein or that there is a GCK inhibitor in liver of diabetic
mice. The latter explanation is consistent with the observation
that recombinant mutant GCKs did not inhibit the recombi-
nant wild-type enzyme. Furthermore, similar inhibition of
recombinant GCK was observed with liver lysates prepared
from animals with severe streptozotocin-induced diabetes.5
When the assay was performed with saturating levels of the
GKA RO0274375, the low recovery of exogenous GCK stand-
ard in the presence of liver extract was significantly increased
(to 107.0 � 12.4 for GCKWT, 49.0 � 13.5 for GCKK140E/K140E,

70.0 for GCKP417R/P417R, and 52.0 � 9.8 for GCKK140E/P417R)
(Table 3). However, no GCK activity was detectable in liver
extracts from homozygous and compound heterozygous
mutant mice when tested in the presence of the drug, although
the drug was effective in assays of extracts from heterozygous
mutant mice (Vmax with GKA 2.15 � 0.47 for Gck�/�, 0.91 �
0.35 for GckK140E/�, and 1.06 � 0.25 for GckP417R/�) (Table 3).
GckK140E and GckP417R Mutations Decrease GCK Expression—

To test the hypothesis that the decrease in phosphorylating
activity in themutant liver lysates was due to a decrease inGCK
expression,we analyzedGCKprotein levels by immunoblotting
liver lysates from mutant and wild-type mice. Western blots of
mouse liver extracts showed that the homozygous mutant and
compound heterozygous mutant mice have markedly reduced5 F. Matschinsky, unpublished data.

FIGURE 3. Temperature denaturation of control and mutant GCKs measured by tryptophan fluorescence. The results of five different enzymes are as
follows: 1) white circles, stable control; 2) moderately unstable mutants: black squares GCKK140E and black triangles GCKP417R; and 3) severely unstable mutants:
white triangles GCKS263P and black circles GCKM298K, which have relative activity indices of 0.65 and 0.58, respectively, extrapolating to thresholds of GSIR of
about 6 mM. The ratios of 320 nm to 360 nm portions of the fluorescence spectra are shown in the upper panels, and the differential forms in the lower panels.
A. and B, in D-glucose-free buffer; C and D with D-glucose at the respective KD in mM; E and F, at 300 mM D-glucose. The excitation wavelength was 295 nm.
Samples contained 5 mM phosphate (pH 7.3), 100 mM KCl, 1 mM DTT, and 3 mM enzyme.

TABLE 1
Kinetic constants of pure, GST-free, recombinant GCK expressed in E. coli
GKA is RO0274375. Means � S.E. of results of the analysis from three to four protein expression preparations are presented.

Parameter GCKWT GCKK140E GCKP417R

kcat (s�1) 62.8 � 4.11 40.0 � 1.36a 48.3 � 7.40
kcat fold increase with GKA 1.64 � 0.04 1.73 � 0.07 1.46 � 0.02
Glucose S0.5 (mM) 7.45 � 0.26 10.8 � 1.13 6.59 � 0.32
Glucose S0.5 fold decrease with GKA 3.61 � 0.45 4.52 � 0.48 4.66 � 0.25
nH 1.77 � 1.10 1.57 � 0.13 1.52 � 0.04
nH/nHGKA 1.11 � 0.06 0.99 � 0.10 1.01 � 0.02
Km(ATP) (mM) 0.46 � 0.02 0.35 � 0.08 2.08 � 0.15a
Km(ATP) /Km(ATP)

GKA 1.02 � 0.19 1.14 � 0.17 1.12 � 0.03
Relative activity index 1.37 � 0.16 0.78 � 0.08a 1.60 � 0.14
Relative activity index fold increase with GKA 23.0 � 2.14 22.7 � 1.69 15.0 � 0.56a

a p 	 0.025 by unpaired t test in comparison with GCKWT.

TABLE 2
Melting temperature of pure, GST-free, GCKWT and GCK mutants measured by temperature-dependent tryptophan fluorescence change
The Tm values represent the inflection points of the d(I320/I360)/dT versus temperature plots of B, D, and F of Fig. 3, n � 1.

D-Glucose condition GCKWT GCKP417R GCKK140E GCKM298K GCKS263P

Absent 42.9 38.4 37.2 34.9 32.0
KD 46.0 44.0 41.9 37.2 35.0
300 mM 50.9 46.7 47.2 41.7 41.7
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amounts of GCK protein (Fig. 4B). Because expression of
hepatic GCK is tightly regulated by insulin, we tested whether
the decrease in GCK protein is due to a decrease in transcrip-
tion of Gck mRNA using quantification of real time PCR. As
shown in Fig. 2, D and E, GckK140E/K140E, GckP417R/P417R, and
GckK140E/P417R mice have low relative and absolute concentra-
tions of serum insulin, with GckK140E/K140E mice having the
lowest. We found that hepatic GckmRNA abundance was sig-
nificantly decreased in GckK140E/K140E and in GckK140E/P417R
mice (Fig. 4C). A trend toward decreased mRNA abundance
was also observed inGckK140E/K140E livers for the insulin-tran-
scribed genes Fasn and Srebf1, although the differences did
not reach statistical significance (supplemental Fig. 3). In
contrast, Pck1, a gene for which insulin inhibits transcrip-
tion, was increased in mRNA abundance in liver lysate from
GckK140E/K140E mice (supplemental Fig. 3).

Themarked reduction ofGckmRNA inGckK140E/K140Emice,
and to a lesser degree, GckK140E/P417R mice, is consistent with
reduced insulin-induced transcription of the Gck gene in the

livers of these mice (Fig. 4B). However, Gck mRNA levels in
GckP417R/P417R were not significantly reduced, suggesting that
post-translational rather than transcriptional deficits caused by
hypoinsulinemia account for the diabetes in these animals.
K140E Mutation Alters GCK Binding to GKRP—In the liver,

GCK is regulated by its sequestration in the nucleus through
binding to GKRP, a protein that has also been implicated in
humanT2DM(8).We therefore testedwhether the twomutant
GCKs displayed altered binding to GKRP, as measured by
decreased activity in the presence ofGKRP, alone, and alsowith
the addition of its activator, sorbitol 6-phosphate. Wild-type
and P417R mutant GCK showed the expected reduction of
phosphorylation activity with increasing amounts of GKRP,
both in the presence and in the absence of sorbitol 6-phosphate
(Fig. 4, D and E). In contrast, GKRP showed greatly reduced
capacity to inhibit the K140Emutant, whether the potentiating
sorbitol 6-phosphate was present or not (Fig. 4, D and E).
Importantly, GKRP knock-out (39, 40) or reduced GKRP
responsiveness of GCK (41) results inmuch lower GCK activity

FIGURE 4. GCK thermostability and responsiveness to GKRP. A, effect of temperature on enzyme activity. Enzymes were diluted in buffer containing glucose
at the S0.5 of the particular enzyme and incubated for 30 min at different temperatures before kinetic analysis. Black, GCKWT; dark blue, GCKK140E; turquoise,
GCKP417R; green, GCKS263P; purple, GCKM298K. B, representative Western blot of GCK and GKRP protein levels. Red star, major isoform of GCK; black star, minor
isoform of GCK. C, quantification of liver Gck mRNA levels by real time PCR. RA, relative abundance. Gck�/�, n � 6; GckK140E/�, n � 6; GckP417R/�, n � 5;
GckK140E/K140E, n � 5; GckP417R/P417R, n � 5; and GckK140E/P417R, n � 6. Error bars, S.E. a, different from GckK140E/K140E; b, different from GckK140E/K140E and GckK140E/

P417R; c, different from Gck�/�, GckK140E/�, and GckP417R/�; d, different from GckK140E/�. p 	 0.05. D, effect of human GKRP on wild-type and mutant GCK in the
absence of sorbitol 6-phosphate. Black, GCKWT; dark blue, GCK K140E; turquoise, GCKP417R. E, effect of human GKRP on wild-type and mutant GCK in the presence
of 10 mM sorbitol 6-phosphate. Black, GCKWT; dark blue, GCKK140E; Turquoise, GCKP417R.
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in the liver because the storage of inactivated but functional
enzyme in the nucleus is prevented.
GKA RO0281675 Treatment Partially Rescues the Mutant

Phenotype in Vivo—To determine whether the GCKmutations
could be rescued using a small molecule allosteric activator, we
treated 2–5-month-old male mice with the GKA RO0281675.
Acute treatment with this drug has been previously reported to
makewild-type animals hypoglycemic and to normalize the blood
glucose levels in a variety of diabetic animalmodels (19).Ourwild-
typemice becamehypoglycemicwith a single dose of RO0281675,
with a similar time course to that previously reported (Fig. 5A).
Treatment with RO0281675 also significantly lowered the blood
glucose levels ofGckP417R/P417R andGckK140E/P417Rmice (Fig. 5,C

and D). However, there was no significant difference between
vehicle treatment and GKA treatment for GckK140E/K140E mice
(Fig. 5B). GKA treatment significantly increased the insulin area
under the curve compared with vehicle treatment for wild-type
mice but not for any of themutantmice (Fig. 5E). Similarly, treat-
mentwithGKA significantly increased the insulin to glucose ratio
compared with vehicle treatment for the wild-type mice but not
for any of the mutant mice (Fig. 5F).

DISCUSSION

We performed a deliberate chemical mutagenesis screen to
study gene pathways involved in glucose homeostasis and to
create preclinical models to test anti-hyperglycemic therapeu-

FIGURE 5. Response to the GKA RO0281675 (50 mg/kg). A, glucose as a % of base line for Gck�/�, n � 5. Error bars, S.E. White circles, vehicle treatment; black
circles, GKA. *, p 	 0.01. B, glucose as a % of base line for GckK140E/K140E, n � 6. Error bars, S.E. White circles, vehicle treatment; black circles, GKA. C, glucose as a %
of base line for GckP417R/P417R, n � 5. Error bars, S.E. White circles, vehicle treatment; black circles, GKA. *, p 	 0.01. D, glucose as a % of base line for GckK140E/P417R,
n � 5. Error bars, S.E. White circles, vehicle treatment; black circles, GKA. *, p 	 0.01. E, insulin area under the curve (AUC). Gck�/�, n � 5; GckK140E/K140E, n � 6;
GckP417R/P417R, n � 5; GckK140E/P417R, n � 4. Error bars, S.E. White bars, vehicle treatment; black bars, GKA. *, p 	 0.05. F, difference in serum insulin/serum glucose
between vehicle and GKA treatment. White circles, Gck�/�, n � 5; black squares, GckK140E/K140E, n � 6; black triangles, GckP417R/P417R, n � 5; black circles,
GckK140E/P417R, n � 4. Error bars, S.E. *, p 	 0.007.

TABLE 3
Kinetic constants of GCK from liver lysates
The means � S.E., n � 2–6; ND, not determinable; GKA, RO0274375. One-way ANOVA and two-way repeated measures ANOVA were used, p 	 0.05. GckK140E/K140E,
GckP417R/P417R, andGckK140E/P417Rwere qualitatively different fromGck�/�,GckK140E/�, andGckP417R/� for Vmax, S0.5, and nH and so could not be included in the statistical
analysis. Although there was a statistically significant main effect of GKA treatment for Vmax (p 	 0.05), Tukey-Kramer post hoc testing did not identify differences within
genotypes.

Parameter Gck�/� GckK140E/� GckP417R/� GckK140E/K140E GckP417R/P417R GckK140E/P417R

Serum glucose (mg/dl) 204 � 10.5a 315 � 52.4a 272 � 13.9a 708 � 44.9b 580 (563, 597)b 628 � 85.0b
Vmax (units/g) 1.19 � 0.27 0.49 � 0.35 0.73 � 0.16 	 0.05 	0.05 	0.05
Vmax with GKA (units/g) 2.15 � 0.47 0.91 � 0.35 1.06 � 0.25 ND ND ND
Glucose S0.5 (mM) 8.64 � 0.62c 7.81 � 0.86c 9.16 � 0.87c ND ND ND
Glucose S0.5 with GKA (mM) 2.80 � 0.42d 3.25 � 0.57d 3.10 � 0.70d ND ND ND
nH 1.77 � 0.11 1.82 � 0.19 1.57 � 0.15 ND ND ND
nH with GKA 1.83 � 0.27 2.02 � 0.46 1.71 � 0.28 ND ND ND
% Recovery 62.7 � 6.52a,c 44.3 � 17.6e 64.0 � 10.8a,c 5.75 � 0.73c,e 5.00c,e (5.00, 5.00) 6.67 � 1.72e
% Recovery with GKA 107.0 � 12.4d,f 99.0 � 16.7d 110.0 � 4.9d,f 49.0 � 13.5e,d 70.0d (84.0, 55.0) 52.0 � 9.8e

a This is different from GckK140E/K140E, GckP417R/P417R, and GckK140E/P417R in the same row.
b This is different from Gck�/�, GckK140E/�, and GckP417R/� in the same row.
c This is different with GKA.
d This is different without GKA.
e This is different from Gck�/� and GckP417R/� in the same row.
f This is different from GckK140E/K140E and GckP417R/P417R in the same row.
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tics. The GckK140E and GckP417R mutant alleles that were iden-
tified are informative because they localize to the same domain
as mutations causing human MODY2, and they are viable as
both the heterozygous and homozygous genotypes causing a
gradient from moderate to severe diabetes. Because GckK140E
and GckP417R animals harboring point mutations survive into
adulthood, they can be used in longitudinal studies of disease
progression, overcoming the lethality in homozygous mice
caused by deletion ofGck in global and conditional knock-outs
(42–46) and knock-in of a human Gck point mutation (41).
Thus, theGck allele series generated by the present ENU screen
highlights advantages of utilizing a forward genetic strategy to
complement reverse genetic approaches to model diabetes
mellitus.
GckK140E andGckP417Rmice also provide insight into the bio-

chemical basis of glucokinase diabetes. In vitro analyses of
human Gck mutants have been used to assess the effect of
changes in GCK catalytic activity on insulin release. Such anal-
yses involve use of kinetic constants to derive a relative activity
index ((GCK kcat/glucose S0.5nH)�(2.5/(2.5 � Km(ATP))). Lower
or higher relative activity indices are closely correlated with
higher or lower thresholds for GSIR, respectively. Based upon
in vitro glucose phosphorylation studies, we observed that both
GCKK140E andGCKP417R exhibited onlymodest changes in rel-
ative activity, indicating that altered kinetics of glucose phos-
phorylation do not lead to hyperglycemia in the present Gck
mutant lines. An alternative explanation for the development of
hyperglycemia inGckK140E andGckP417Rmice is that the muta-
tions alter the thermostability and/or interactions with the het-
erologous GKRP (41), which stabilizes the enzyme through
sequestration in the nucleus.
Consistent with an effect of the point mutations on protein

conformation, we found that both GCKK140E and GCKP417R

protein exhibited increased sensitivity to temperature shift
with respect to kinetic (kcat) and fluorescence (I320/360) mea-
surements. In addition, the reduced GCK catalytic activity in
mutant liver lysates suggested decreased expression of GCK
protein. Indeed, Western blots revealed reduced abundance of
homozygous and compound heterozygous GCK protein, con-
sistent with its decreased stability. Collectively, our studies
indicate that the predominant cause of hyperglycemia in the
GckK140E and GckP417R variants involved changes in protein
expression caused by reduced stability. Because the total
absence of GCK in the liver in conditional knock-outs (45, 47)
exhibited a milder hyperglycemic phenotype than that of
GckK140E/K140E, GckP417R/P417R, and GckK140E/P417R mice, and
because total loss of pancreatic GCK is lethal (44, 45), it is likely
that partial loss of GCK function within both the liver and pan-
creatic islets contributes to hyperglycemia in GckK140E and
GckP417R mutant mice.

GckK140E mutant mice also elucidate the role of the heterol-
ogous liver regulatory factor, GKRP, in glucokinase diabetes. In
low glucose conditions, GKRP sequesters GCK within the
nucleus, preventing its proteolytic degradation; with the influx
of glucose, GKRP is displaced resulting in relocalization ofGCK
to the cytoplasm where it is again active. Importantly, recom-
binant GCKK140E mutant showed markedly decreased GKRP
inhibition in both the absence and presence of the potentiator

sorbitol 6-phosphate. Reduced binding to GKRP results in deg-
radation of hepatocyte GCK because of abrogation of its
nuclear sequestration (41). In the three-dimensional structure
of GCK, the lysine at position 140 is located in proximity to a
patch of the following basic amino acids (32): His-141, Lys-142,
and Lys-143. Mutagenesis of these conserved amino acids
decreasedGKRP binding (34) andGCKnuclear entry (48); sim-
ilarly, in vitro binding of GCKK140E to GKRP was reduced (Fig.
4,D and E). Ourmixing experiments with the whole liver lysate
also suggested the existence of a previously unrecognized GCK
inhibitor. This GCK inhibitor decreased the catalytic activity of
wild-type recombinant enzyme (Table 3) andwas also observed
in liver lysates from streptozotocin-treated mice. We speculate
that insulin deficiency may result in overexpression of a GCK
inhibitor that may in turn contribute to the progression of dia-
betes mellitus.
The ENU glucokinase mutants also elucidate mechanisms of

allosteric regulation of GCK. Indeed, the discovery of small
molecule GKAs that augment the activity of GCK both in liver
and pancreas has led to speculation that GCK is subjected to
allosteric regulation under physiological circumstances. How-
ever, the effect of GKA onmultitissue mutants with severe dia-
betes has not been previously established because these agents
have been tested only in the setting of gene deletion models
with Gck haploinsufficiency (i.e. hemizygous knock-out mice)
(46, 49). If homozygous Gck knock-outs were viable, they pre-
sumably would not respond to GKA, because such animals
would lack the drug target, endogenous GCK, on which the
activator could act. Our in vitro results indicate that catalytic
activities of both GCKK140E and GCKP417R are similarly aug-
mented, indicating that at the biochemical level GKA action
does not involve residues within the GKRP-binding site
(K140E) nor the ATP-binding site (P417R) (Table 1). Because
previous studies in Gck�/� knock-outs indicated that GKA
increased insulin secretion in islets (46, 49) and decreased in
vivo glucose levels (49), we reasoned that GKA treatment of
multitissueGckK140E andGckP417Rmutantmicemight improve
both pancreatic insulin secretion and hepatic glucose disposal.
However, when a related compound, RO0281675, was admin-
istered in vivo to themice, we observed significant allelic differ-
ences in the response to GKA in the mutant mice. Single dose
RO0281675 treatment significantly decreased serum glucose of
control animals and both GckP417R/P417R and GckK140E/P417R
mice but not of GckK140E/K140E mice, and although the glucose
levels of GckP417R/P417R and GckK140E/P417Rmice were lowered,
they did not reach normoglycemia. Thermolability of the
mutant GCK would cause reduced GCK levels and therefore
less available targets for GKA.
GKA treatment did not increase insulin area under the curve

for any of the mutant genotypes. One possibility is that a subtle
change in insulin secretion, albeit below the threshold of statis-
tical significance, may be sufficient to decrease glucose concen-
trations. Such a scenario would suggest that GKA is working in
both the pancreas and the liver to decrease glucose levels. An
alternative possibility is that the allosteric activator exerts its
anti-hyperglycemic actions in the mutant mice through effects
on hepatic GCK, rather than pancreatic GCK. It is possible that
the anti-hyperglycemic actions that were observed in the
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mutant mice were due to competition of the GKA with the
endogenous GCK inhibitor within the liver, the existence of
which was suggested by ourmixing studies (Table 3). If so, then
the lack of effect of the GKA observed in the GckK140E/K140E
mice may be due to some combination of decreased GCK
expression and increased levels of an inhibitor compared with
GckP417R/P417R and GckK140E/P417R mice. A further implication
would be that augmenting insulin levels, either through admin-
istration of insulin or an insulin secretagogue, may potentiate
GKA activity significantly by reducing expression of the GCK
inhibitor, and also by increasing expression of the Gck gene
within liver.
Because the present monogenic diabetes models maintain a

wide range of blood sugar levels for long periods, it will be
possible to use these to study the effect of persistent high glu-
cose levels on pancreatic islet cell function and proliferation
independent of increased glucosemetabolism of these cells (50,
51). The Gck ENU models thus enable testing from gene to
phenotype to drug.
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