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Abstract
Aims/hypothesis Glucokinase (GCK) acts as a glucose
sensor in the pancreatic beta cell and regulates insulin
secretion. In the gene encoding GCK the heterozygous
mutations that result in enzyme inactivation cause MODY2.
Functional studies of naturally occurring GCK mutations
associated with hyperglycaemia provide further insight into
the biochemical basis of glucose sensor regulation.
Materials and methods Identification of GCK mutations in
selected MODY patients was performed by single-strand
conformation polymorphism and direct sequencing. The

kinetic parameters and thermal stability of recombinant
mutant human GCK were determined, and in pull-down
assays the effect of these mutations on the association of
GCK with glucokinase (hexokinase 4) regulator (GCKR,
also known as glucokinase regulatory protein [GKRP]) and
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFKFB1, also known as PFK2) was tested.
Results We identified three novel GCK mutations: the
insertion of an asparagine residue at position 161
(inserN161) and two missense mutations (M235V and
R308W). We also identified a fourth mutation (R397L)
reported in a previous work. Functional characterisation of
these mutations revealed that insertion of asparagine
residue N161 fully inactivates GCK, whereas the M235V
and R308W mutations only partially impair enzymatic
activity. In contrast, GCK kinetics was almost unaffected by
the R397L mutation. Although none of these mutations
affected the interaction of GCK with PFKFB1, we found
that the R308W mutation caused protein instability and
increased the strength of interaction with GCKR.
Conclusions/interpretation Our results show that different
MODY2 mutations impair GCK function through different
mechanisms such as enzymatic activity, protein stability
and increased interaction with GCKR, helping further
elucidate the regulation of GCK activity.

Keywords GCKR .GKRP. Glucokinase . Glucokinase
mutation . Glucokinase regulatory protein . Glucose
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F1P fructose 1-phosphate
F6P fructose 6-phosphate
GCK glucokinase
GCKR glucokinase (hexokinase 4) regulator
GST glutathione S-transferase
Kcat catalytic constant
Km Michaelis-Menten constant
nH Hill coefficient
PFKFB1 rat liver isoform of 6-phosphofructo-2-kinase/

fructose-2,6-bisphosphatase
SSCP single-strand conformation polymorphism

Introduction

MODY is a heterogeneous group of monogenic forms of
diabetes mellitus characterised by autosomal dominant
inheritance, an early age of onset and beta cell
dysfunction [1]. The heterozygous mutations in the gene
encoding glucokinase (GCK) that result in enzyme
inactivation are the cause of the MODY2 subtype.
MODY2 accounts for approximately 30–60% of MODY
families and is characterised by a mild form of hyper-
glycaemia present from birth [2]. These patients are
usually treated with diet alone and rarely develop
diabetes-associated complications [3].

The specific MODY2 phenotype results from the
impairment of GCK function. GCK plays a role as a beta
cell glucose sensor by integrating blood glucose levels and
glucose metabolism with insulin secretion [4–6]. This
specific function of GCK is based on the particular kinetic
characteristics of this enzyme, which include a low affinity
for glucose, cooperativity with this substrate, and a lack of
end-product inhibition at physiological concentrations. In
addition, GCK activity is regulated through protein-protein
interactions by the glucokinase (hexokinase 4) regulator
(GCKR, also known as glucokinase regulatory protein
[GKRP]), which acts as a competitive inhibitor with respect
to glucose and also regulates the nucleo-cytoplasmic local-
isation of the enzyme [7–9]. In addition, GCK has been
shown to associate with other partners, such as the
bifunctional enzyme 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (PFKFB1, also known as PFK2) [10,
11], a dual specificity phosphatase [12], the neuronal
isoform of nitric oxide synthase [13], the proapoptotic B-
cell leukaemia/lymphoma 2 (BCL2) family member BCL2-
antagonist of cell death (BAD) [14] and the precursor of the
propionyl-CoA carboxylase beta subunit [15]. Neverthe-
less, the biological significance of some of these inter-
actions remains to be elucidated.

MODY2 mutations are located throughout the gene and
most of them have negative effects on the kinetic

parameters of the enzyme. These effects, which are
reflected as a lower activity index, lead to an increased
threshold for glucose-stimulated insulin release [16].
However, not all the GCK mutations found in MODY
families affect the enzymatic activity of GCK equally.
Functional characterisation of about one-fourth of
MODY2 mutations has shown that the molecular defects
of the mutant enzyme are reflected by a modification of
one or more kinetic parameters or none of them at all.
These results suggest that some of these mutations affect
GCK activity through other mechanisms. For example, the
involvement of some of these mutations in diabetes has
been proposed to be due to an effect on protein stability
and/or a loss of regulation by GCKR [17–19]. However,
the effects of MODY2 mutations on the interaction of
GCK with other cellular partners have not been studied
previously.

In this work, we report the identification and character-
isation of GCK mutations that co-segregate with diabetes in
MODY2 families. These mutations include three novel
ones: the insertion of an asparagine residue at position 161
(inserN161) and two missense mutations, R308W and
M235V; we also report a fourth missense mutation,
R397L, which has been reported previously [20]. Func-
tional analysis of these mutations was carried out by
measuring their effects on the kinetic parameters of the
enzyme, on protein stability, and on the interaction of GCK
with the associated proteins GCKR, PFKFB1 and dual
specificity phosphatase 12 (DUSP12).

Subjects and methods

Subjects The diabetic patients involved in this study were
referred to our laboratory for a molecular diagnosis of
MODY. The probands were referred by authors of this
study, as follows: probands from families P33 and P38 by
B. Flández; the proband from family P35 by M. Gargallo;
and the proband from family P42 by E. Delgado-Alvarez.
The clinical diagnosis of MODY was made using classical
criteria: impaired fasting glucose or development of
diabetes before the age of 35 years; a negative search for
the markers of type 1 diabetes (islet cell antibodies, GAD
antibodies, tyrosine phosphatase antibodies, insulin auto-
antibodies); and a family history of diabetes for at least
two consecutive generations. The HOMA value was
calculated as (baseline insulin concentration [μU/ml] ×
baseline glucose concentration [mmol/l])/22.5. All fami-
lies were of Spanish white descent. Informed consent was
obtained from the subjects or their parents. The studies
were performed according to the Declaration of Helsinki
as revised in 2000 and approved by the corresponding
ethical committees.
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Single-strand conformation polymorphism analysis of the
GCK gene Genomic DNA was isolated from human
leucocytes using standard methods [21]. PCR of the ten
exons of the GCK gene expressed in beta cells (GenBank
accession no. AH005826) was done using previously
described primer sequences [22]. Single-strand conforma-
tion polymorphism (SSCP) analysis and sequencing were
performed as described [19, 23].

Production of recombinant wild-type and mutant glutathione
S-transferase-glucokinase Recombinant human wild-type
beta cell GCK fused to glutathione S-transferase (GST; to
form GST-GCK) was prepared as described previously [9].
MODY-associated mutations were introduced into the GST-
GCK construct by PCR using a kit (QuikChange II Site
Directed Mutagenesis Kit; Stratagene, La Jolla, CA, USA).
To generate the insertion of the new asparagine residue at
position 161, by insertion of bases TAA at position 483
from ATG, the following oligonucleotide was used: 5′-
GAAGACATCGATAATAAGGGGATCCTTCTCAA
CTGGACCAAG-3′. To generate missense mutations
M235V, R308W and R397L the following oligonucleotides
were used, respectively: 5′-CTGCAATGCCTGCTACGTA
GAGGAGATGCAGAATG-3 ′; 5 ′-CGAGCTCGTGC
GGCTTGTGCTGCTCTGGCTCGTGG-3′; and 5′-CGCG
AGAGCCTCAGCGAGGACGTCATGCGCATCAC-3′.
Constructs carrying mutations inserN161, M235V, R308W
and R397L were checked by sequencing and digestion with
BamHI, SnaBI, SacI and AatII, respectively. Expression,
purification and storage of fusion proteins from E. coli were
performed as described previously [19, 24].

Kinetics parameter Glucokinase activity was measured
spectrophotometrically using an NADP+-coupled assay
with glucose-6-phosphate dehydrogenase. Determination
of kinetic parameters and thermal stability tests were
performed as described previously [19]. Results are
shown as means±SD, and statistical significance was
analysed by the two-tailed Student’s t test. p values of
<0.02 were considered statistically significant.

In vitro translation of proteins and tests for protein-protein
interactions cDNAs for Gckr, Pfkfb1 and DUSP12 were
transcribed using T7 RNA polymerase, and transcripts
were translated using the rabbit reticulocyte lysate TNT
system (Promega, Madison, WI, USA) in the presence of
[35S]methionine (Amersham Biosciences, Freiburg, Ger-
many). The cDNA for Gckr was available in the vector
pGBKT7 [19]. The cDNA for the rat liver isoform of
PFKFB1, cloned in the pcDNA3 vector [25], was kindly
provided by R. Bartrons (Department of Physiological
Sciences II, University of Barcelona, Spain). The cDNA
for DUSP12 was cloned by RT-PCR from total RNA of

the human-hepatoma-derived HepG2 cell line. RT-PCR
was performed using an RT-PCR System (Titan One Tube;
Roche Diagnostics, Mannheim, Germany) and primers
DUSP12F: 5′-GGGATCCCCATGTTGGTGGCTC-3′ and
DUSP12R: 5′-GGGATCCTCATATTTTTCCTGTTTG-3′.
The 1.1-kb amplified fragment was cloned into the
BamH1 site of pGBKT7. The relative amounts of radio-
labelled in vitro-translated proteins were determined by
SDS-PAGE.

For pull-down experiments, equal amounts of GST,
GST-GCK and mutant proteins bound to glutathione-
agarose beads (Sigma-Aldrich, Steinheim, Germany)
were incubated with [35S]methionine-labelled proteins
for 1 h at 4°C in the corresponding reaction buffer. The
reaction buffer used to test the GCK to GCKR interaction
contained 25 mmol/l HEPES buffer pH 7.1, 1 mmol/
l MgCl2 , 25 mmol/l KCl, 1 mmol/l dithiothreitol, 1%
Triton X-100 and Complete Protease Inhibitor (Roche
Diagnostics) with either 0.5 mmol/l fructose 1-phosphate
(F1P) plus 25 mmol/l glucose, or 0.5 mmol/l fructose 6-
phosphate (F6P) plus 5 mmol/l glucose. The reaction
buffer employed to test the GCK to PFKFB1 interaction
contained 25 mmol/l HEPES buffer pH 7.4, 1 mmol/
l MgCl2, 25 mmol/l KCl, 25 mmol/l glucose, 1 mmol/
l dithiothreitol, 0.1% Triton X-100 and Complete
Protease Inhibitor. The reaction buffer used to test the
GCK to DUSP12 interaction contained 10 mmol/l Tris
buffer pH 8, 1 mmol/l EDTA, 150 mmol/l NaCl, 1 mmol/
l dithiothreitol, 0.1% Triton X-100 and Complete
Protease Inhibitor. Pellets were washed five times with
the corresponding reaction buffer, and precipitates were
run on SDS-PAGE.

Two-hybrid analysis The Saccharomyces cerevisiae strain
used for two-hybrid studies was Y187 (MATα, ura3-52,
his3-200, ade2-101, trp1-901, leu2-3,112, gal4Δ, met–,
gal80Δ, URA3::GAL1UAS-GAL1TATA-LacZ; Clontech,
Mountain View, CA, USA). Standard genetic methods were
used. Yeast cells were grown in synthetic dextrose minimal
medium lacking appropriate supplements to maintain selec-
tion for plasmids [26]. For β-galactosidase assays, four
different transformants were grown to mid-log phase in
selective synthetic dextrose minimal medium. β-Galactosi-
dase activity was assayed in permeabilised cells and ex-
pressed in Miller units [27]. Plasmids encoding a GCKR
fusion protein to the Gal4 binding domain and a fusion of
GCK to the Gal4 activating domain, have been described
previously [19]. Plasmid encoding the GCK(R308W) mu-
tant derivative was derived from pACTII (Clontech) by insert-
ing a BamH1-Xho1 fragment from the corresponding GST-
GCK constructs containing the mutant GCK coding sequence
between the BamH1 and Xho1 sites of the polylinker.
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Results

Clinical profile of the patients

Clinical profile of the patients The clinical and anthropo-
metric data from the index patients are given in Table 1. All
these patients had a clinical family history of diabetes
dating back at least two consecutive generations. The
patients had mild fasting hyperglycaemia, ranging from
6.5 to 7.8 mmol/l. OGTT, HbA1c and basal C-peptide
values were within the normal ranges for MODY2 families.
The proband of family P33 had a HOMA value of 4.9,
indicating insulin resistance. She was on a diet plus
metformin treatment. Her mother had had gestational
diabetes without post-pregnancy treatment, and the mother’s
current fasting plasma glucose levels were 6.1 mmol/l with
normal OGTT (4.8 mmol/l). None of these patients showed
any chronic diabetic complications.

Identification of novel MODY2 mutations

Identification of novel MODY2 mutations The ten exons of
the GCK gene expressed in beta cells were scanned for
mutations using SSCP on the probands from each family.
Sequencing of abnormal migrating bands revealed the
heterozygous mutations shown in Table 1. Duplication of
three bases, TAA (cDNA positions 480–482 from ATG),
produced the insertion of a new asparagine residue between
GCK amino acids Asp160 and Lys161 in family P33. Point
mutations in GCK exons 8 and 7 resulted in novel missense
GCK mutations R308W and M235V, found in families P35
and P42, respectively. The missense mutation R397L,
found in family P38, was first reported as a homozygous
mutation in an Asian infant with permanent neonatal
diabetes [20]. The three novel mutations co-segregated
with the MODY phenotype in the available subjects in their
respective families (Table 1), and were not found in 55

unrelated healthy control individuals, who showed normal
conformers of SSCP compared with the probands and their
affected relatives (results not shown).

Kinetic analysis of recombinant mutant glucokinases We
prepared recombinant wild-type GST-GCK and mutant
GST-GCK(inserN161), GST-GCK(M235V), GST-GCK
(R308W) and GST-GCK(R397L) in E. coli and compared
the kinetic properties of the purified GST fusion proteins
(Table 2). The strongest effect on GCK activity was
produced by the insertion of an asparagine residue at
position 161. This mutant GCK had lost catalytic activity
and its activity index corresponded to less than 0.01% of
that of the wild-type. Because of the very low activity of
this mutant, the kinetic data shown in Table 2 are only
approximations. This mutant displayed a 20-fold lower
affinity for glucose than the wild-type protein and may have
lost its cooperativity for this substrate, as shown by an
approximate Hill coefficient (nH) close to 1. The affinity
for ATP also appeared to be affected, since the Michaelis–
Menten constant (Km) was decreased by about 35%.

In contrast to the inserN161 mutation, the missense
mutation R397L had only a very small effect on enzyme
kinetics in vitro. Although the activity index of the GCK
(R397L) mutant protein was lower than the wild-type
value, the difference is not statistically significant (p=0.1),
since this mutation did not appear to affect the substrate
affinities, catalytic constant (Kcat) or the nH.

The other two missense mutations, M235V and R308W,
produced a partial catalytic inactivation of GCK, with a
reduction in the activity index of 55 % and 71 % compared
with the wild-type value, respectively. The effect of the
M235V mutation must have been mainly due to a decrease
in Kcat, since substrate affinities and nH remained almost
unaffected. In contrast, mutation R308W, which also
produced a decrease in Kcat, had a slight but significant
negative effect on the affinity for glucose. The affinity for

Table 1 Clinical characteristics of probands and MODY2 mutations

Family Age at
diagnosis/
actual age
(years)

Patient_s
sex

BMI
(kg/m2)

FPG
(mmol/l)

OGTT
(mmol/l)

HbA1c

(%)
Basal C-
peptide
(ng/ml)

Gene
exon

Nucleotide
change

Protein
change

Affected
family
members

P33 12/14 Female 22 7.8 11.0 6.0 2.3 GCK4 c.483
InserTAA

Inser
N161a

Mb, mGMb

P35 17/26 Female 22 7.5 12.6 5.4 0.82 GCK8 c.922A>T R308W a Sb, Fb, pAb, pGM
P38 15/24 Male 23 6.5 8.6 6.5 1.5 GCK9 c.1190G>T R397L F, pU
P42 27/36 Male 25 6.8 8.2 6.1 2.1 GCK7 c.703A>G M235V a Mb, mGM

FPG, fasting plasma glucose; OGTT, plasma glucose 120 min after a 75-g OGTT. M, mother; S, sister; F, father; pA, paternal aunt; pU, paternal
uncle; pGM, paternal grandmother; mGM, maternal grandmother.
Nucleotide numbering uses +1 as the A of the ATG initiation codon, based on the GenBank sequence no. AF041021.
a Novel mutations. b Affected family members where mutation was checked by genotyping.
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the second substrate, ATP, and the nH were not significant-
ly affected.

Thermolability of glucokinase mutants To test whether
additional mechanisms might be involved in the inactiva-
tion of partially impaired GCK mutants, the three missense
mutant proteins were subjected to an analysis of thermal
stability. Since glucose has a protective effect on GCK
stability and since the half-saturation constant (S0.5) for
these mutants was almost unchanged with respect to the
wild-type enzyme, we assessed the thermal stability of
these mutant proteins in the presence of 50 mmol/l glucose.
As shown in Fig. 1a, wild-type GCK activity was slightly
activated after 30-min incubation at temperatures up to
50°C but fell at 52°C. The activity of all three GCK
mutants, M235V, R308W and R397L, also increased for
temperatures up to 42°C, but was significantly reduced
when the temperature reached 50°C. These results indicate
that all three mutations have some effect on the stability of
the protein. The time-course analysis of thermal inactiva-
tion (Fig. 1b) indicates that the R308W mutation produces
the strongest effect on protein stability and that 70% of
GCK activity is lost within the first 15 min of incubation at
50°C. The GCK(R397L) mutant was more stable, since
50% inactivation was observed after 30 min at 50°C. In
contrast, the GCK(M235V) mutant was almost unaffected
over the first 15 min of incubation at 50°C and more than
50% activity was still detected after 30 min at this
temperature.

Effect of glucokinase mutations on the interaction
with associated proteins

The possible effect of these mutations on the interaction of
GCK with associated proteins was also investigated. Pull-
down experiments were performed to test the interaction of
GCK and the corresponding mutants with GCKR, the
bifunctional enzyme PFKFB1, and the dual phosphatase
DUSP12. As shown in Fig. 2a, none of these mutations

appeared to affect the interaction of GCK with the
bifunctional enzyme. Unexpectedly, the very weak in vitro
binding of GCK to DUSP12 proved to be non-specific in
our pull-down experiments (Fig. 2a). In addition, we failed
to detect this interaction in the two-hybrid system in yeast
(data not shown). Interestingly, the strength of the interac-
tion of GCK with GCKR in pull-down assays was
specifically increased by mutation R308W, but was not
affected by the other three mutations (Fig. 2). Since the
interaction of GCK with GCKR has been shown to be
potentiated by F6P and counteracted by F1P [7], we tested
the effect of the mutation R308W in the presence of either
F1P plus high glucose or F6P plus low glucose in the
buffer. Increased interaction of GCKR with the GCK
(R308W) mutant was observed in both of the two
conditions, although it was slightly better detectable when
F1P plus high glucose was present in the buffer (Fig. 2b).
To provide supporting evidence that mutation R308W
affects the interaction between GCK and GCKR, we tested
its effect in yeast two-hybrid assays. Our results showed
that GCK mutation R308W induced a significantly stronger
two-hybrid interaction between these two proteins (Fig. 2c).

Fig. 1 Effect of temperature on the stability of the GST-GCK variants.
Stock enzyme solutions were diluted to 250 μg/ml in storage buffer
containing 30% glycerol, 50 mmol/l glucose, 10 mmol/l glutathione,
5 mmol/l dithiothreitol, 200 mmol/l KCl and 50 mmol/l Tris/HCl, pH
8.0. a The enzyme solutions were incubated for 30 min at different
temperatures ranging from 30 to 55°C and then assayed at 30°C as
described in Materials and methods. b The enzyme solutions were
incubated for different periods of time from 5 to 60 min at 50°C.
Rhombus, GST-GCK; circle, GST-GCK(M235V); triangle, GST-GCK
(R397L); square, GST-GCK(R308W). Means and SD of three
independent enzyme preparations are shown for each case

Table 2 Kinetic constants of
human recombinant wild-type
and MODY2 mutant beta cell
GST-GCK fusion proteins

Data represent means±SD of
four separate enzyme expres-
sions tested in duplicate. Note
that the Hill coefficient (nH)
and the relative activity index
(Ia) are unit-less. a p<0.02;
b p=0.037

Preparation Protein
yield (mg/l)

Kcat (s
−1) S0.5 for glucose

(mmol/l)
nH Km for ATP

(mmol/l)
Ia

Wild-type
GST-GCK

14.1±5.6 55.5±8.3 7.6±0.4 1.42±0.03 0.49±0.06 1.0±0.25

GST-GCK
(inserN161)

9.8±0.9 0.29±0.12a 155±29.2a 0.99±0.017a 0.32±0.05b 0.0007±0.0003a

GST-GCK
(M235V)

9.9±1.8 22.9±0.6a 7.8±0.7 1.38±0.06 0.46±0.05 0.45±0.08a

GST-GCK
(R308W)

13.6±1.5 22.3±2.3a 10.7±1.0a 1.36±0.07 0.5±0.0 0.29±0.04a

GST-GCK
(R397L)

14.0±4.2 42.1±3.3 7.7±1.1 1.5±0.05 0.46±0.07 0.72±0.11
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Together, these results indicate that residue R308 is
involved in the interaction of GCK with the regulatory
protein.

Discussion

In this paper we report the genetic identification and
functional characterisation of four GCK mutations found
to cause MODY2 in the respective families. Three of these
mutations are novel (inserN161, M235V and R308W), and
one (R397L) had been identified previously in an Asian
infant with permanent neonatal diabetes mellitus [20]. The
novel mutations inserN161, M235V and R308W co-
segregated with diabetes or impaired glucose tolerance in
their respective families and were not found in over 100
chromosomes from non-diabetic control subjects.

The functional characterisation of these MODY2 muta-
tions has uncovered different defects affecting GCK
function. The inserN161 mutation fully inactivates the
enzyme, while all three missense mutations produced
milder kinetic effects. Furthermore, the enzymatic activity

of the protein carrying mutation R397L was almost normal
in comparison with the wild-type GCK. Despite these
kinetic differences, the clinical profile of the patients and
the absence of diabetic complications match the MODY2
phenotype. Patient P33, carrying mutation inserN161,
showed some degree of insulin resistance, which is not a
common characteristic of MODY patients. However, the
decreased insulin sensitivity was probably unrelated to the
GCK mutation, since her mother, who carries the same
mutation, has a much milder phenotype. InserN161 is the
second reported MODY2 mutation resulting in the insertion
of one extra amino acid in GCK. Previous work revealed
that the insertion of an alanine residue at position 454 in the
allosteric activator site of GCK activated the enzyme [6].
The novel mutation found in family P33 resulted in the
insertion of an asparagine residue between aspartic acid 160
and lysine 161, in the β7 strand, located in the middle of
the small domain of GCK (Fig. 3). The complete loss of
enzymatic activity in this mutant suggests that this beta
strand would be directly involved in the active site of GCK,
which is consistent with its localisation in the structural
model for beta cell GCK, and with previous studies

Fig. 2 Interaction of GCK and mutant derivatives with GCK-associated
proteins. a In vitro binding of GCK to GCKR, PFKFB1 and DUSP12.
GST-GCK wild-type or variants were immobilised on glutathione-
agarose beads and incubated with in-vitro-synthesised 35S-labelled
GCKR, 35S-labelled PFKFB1 and 35S-labelled DUSP12. Buffer con-
ditions, see Materials and methods section. Pull-down of GCKR was
performed in the presence of 0.5 mmol/l F1P plus 25 mmol/l glucose.
Pulled-down proteins were electrophoresed on 10% SDS-PAGE and
detected by autoradiography. Input: purified GST fusion proteins
(Coomassie) or 35S-labelled proteins (autoradiography) used for
binding experiments (25, 10 and 5% of the total used in the reaction
mix for GCKR, PFKFB1 and DUSP12, respectively). A representative
experiment from four independent assays performed for GCKR, three

for PFKFB1 and two for DUSP12 is shown. b Comparison of the in
vitro binding of GCKR to GCK(R308W) in the presence of fructose-
1-phosphate (F1P) plus high glucose or F6P plus low glucose. Pull-
down assays were processed in parallel in the presence of 0.5 mmol/
l F1P plus 25 mmol/l glucose or of 0.5 mmol/l F6P plus 5 mmol/
l glucose. Representative experiment from three independent assays. c
Two-hybrid interaction of GCKR with GCK or GCK(R308W) mutant.
Yeast strain Y187 was used, and fusion proteins were expressed from
pGBKT7 and pACTII derivatives. Values are means±SD from β-
galactosidase activity of four independent transformants. **p=0.0004.
In control experiments, GBD-GCKR did not interact with Gal4
activating domain (GAD) and GAD-GCK did not interact with Gal4
binding domain (GBD) [19]
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showing that mutations of other residues in the same beta
strand impair GCK activity [19, 28].

All three missense mutations are located in more
external regions of the enzyme (Fig. 3) and only partially
impair GCK kinetics in vitro. The M235 residue is located
on the β-10 strand in the large domain of GCK. Enzymatic
assays revealed that the M235V mutation resulted in a
significant decrease in Kcat without affecting substrate
affinities. A similar effect on Kcat has been described for a
MODY2 mutation found in an Italian family, affecting the
same residue (M235T) [29]. However, and in contrast to
M235V, M235T also resulted in a decrease in the Km for
ATP and in the affinity for glucose. Interestingly, the crystal
structure of GCK complexed with a GCK allosteric
activator indicates that the M235 residue, together with
residues V62, I159, M210, I211 and V452, is involved in
hydrophobic interactions with this compound [30]. As
expected from this model, MODY2 mutations V62M and
M210K result in a loss of effect of GCK activators as well
as a loss of inhibition by GCKR [18, 31]. It has been
proposed that these effects could be responsible for the
development of hyperglycaemia. However, our results
suggest that the hyperglycaemia associated with mutation
M235V is probably not related to an effect on the physical
interaction of GCK with GCKR.

Mutation R397L was previously identified in an Asian
infant with permanent neonatal diabetes [20]. This child
had a milder phenotype than other permanent neonatal
diabetes-GCK patients, suggesting to those authors that this
mutation may cause a less severe kinetic defect than the
previously reported mutations. The R397 residue is con-
served in GCKs across species but not in hexokinases. Our
functional study indicates that the R397L mutation has
almost no effects on GCK kinetics. Although we found
some effect of this mutation on the thermal stability of the

enzyme, these effects were relatively mild and not as
pronounced as those induced by mutation R308W or
previously described mutations such as E265K, E300K or
S263P [17, 19, 31]. It is possible that this mild thermal
lability alone might not be sufficient to account for the
hyperglycaemia observed in the patients. Loss of regulation
by GCKR and allosteric activators has been reported for
other GCK mutants with increased or nearly-normal
enzyme activity [18, 31]. Despite this, we found that the
R397L mutation did not affect GCK-GCKR binding in
vitro and was not located in the allosteric site predicted
from the crystal structure [30]. A possible effect of this
mutation on the interaction of GCK with other intracellular
partners has been investigated. Among others, it has been
reported that rat liver GCK interacts with a cytosolic dual
phosphatase [12]. This phosphatase is 90% and 82%
identical with mouse and human DUSP12, respectively
and has been shown to increase GCK activity in vitro in a
dose-dependent manner. Surprisingly, we failed to detect a
physical interaction between human islet GCK and human
DUSP12 in pull-down experiments and in yeast two-hybrid
assays. This discrepancy between our results and previous
findings could be related to the different origin of these
proteins (rat and human). In addition to DUSP12, PFKFB1
has previously been shown to interact with GCK in yeast
two-hybrid assays [10] and a physiological role for this
interaction was reported in pancreatic beta cells and
hepatocytes [11, 32]. We confirmed the interaction of
GCK with PFKFB1 in pull-down experiments. However,
the R397L mutation, as well as the other mutations studied
here, did not appear to affect the binding of GCK to
PFKFB1, suggesting that these residues are not involved in
the interaction between these two proteins.

Mutation R308W affects the kinetics and protein
stability of GCK, as well as its interaction with GCKR.
Residue R308 (K308 in rodent GCK) is located in the α8
helix, in the large domain of GCK (Fig. 3). Although this
residue is distant from the active site in the structural
model for GCK (Fig. 3), our results showed that the
R308W mutation had significant effects on both Kcat and
affinity for glucose. Previous studies have reported that
another MODY2 mutation in a contiguous amino acid
(L309P) results in a similar negative effect on Kcat and on
substrate affinities [16, 33]. Thus, this result further
supports the idea that this region of the protein could be
involved in the affinity of the enzyme for glucose. The
molecular mechanisms responsible for this kinetic defect
could be related to a structural change resulting from this
mutation. Indeed, our results indicate that the R308W
mutation causes thermal instability in the protein. Most
interestingly, we found that this mutation increased the
strength of interaction between GCK and GCKR in both
pull-down and two-hybrid assays. Different studies have

Fig. 3 Localisation of residues D160, K161, M235, R308 and R397
on the structural model for beta cell GCK. The closed conformation
(1V4S) of wild-type GCK [30] is represented using the RasMol
program [36]. Selected residues are indicated as clusters of coloured
balls. Yellow sphere, position of glucose; red circle, allosteric site
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been performed to identify the regions of GCK involved in
interaction with GCK [8, 34, 35]. Residue R308 is located
in a region that is involved in both GCKR binding and the
nuclear export signal [8, 35]. In particular, the basic-to-
hydrophobic L309R amino acid substitution has been
shown to impair the interaction of GCK with GCKR in
yeast two-hybrid assays [35]. In contrast, we found that
the hydrophobic-to-basic substitution of the contiguous
amino acid (R308W) reinforced the physical interaction
with GCKR, providing further support that this region
plays an important role in GCKR binding. The binding of
GCKR to GCK is responsible for the inhibition and
translocation of the enzyme into the nucleus. Although
the physiological importance of GCK regulation by
GCKR has been known for sometime, only a few MODY2
mutations have been reported to affect this regulation [18,
28, 31]. However, and contrary to what might be expected
a priori, most of those mutations reduced GCK inhibition
by the regulatory protein. Only one mutation (V182M),
studied in kinetic assays, appeared to increase the
sensitivity of GCK to the inhibitory effect produced by
the regulatory protein [28]. R308W is the first MODY2
mutation in which an increase in the physical interaction
of GCK with GCKR has been demonstrated. An increased
association of GCKR to the mutant GCK might result in
the inhibition of enzymatic activity and mislocalisation of
the protein. This effect, together with the kinetic and
stability defects produced by this mutation, would result in
an even lower GCK activity in vivo. Taking into account
the important role of GCKR in the regulation of hepatic
GCK activity, a significant liver defect, in addition to the
beta cell defect, might contribute to the higher blood
glucose levels detected in the MODY2 patient P35.

In sum, we have identified GCK mutations causing
MODY2 in diabetic families. Although the pathophysio-
logical consequences are similar, the biochemical defects
caused by these mutations are uneven and range from full
kinetic inactivation to almost normal activity. Moreover,
our study has allowed the identification of the first
MODY2 mutation resulting in a stronger physical interac-
tion with GCKR, further supporting the important role of
this regulatory protein in the regulation of GCK activity in
vivo.
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