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Type 2 diabetes is a global problem, and current ineffective
therapeutic strategies pave the way for novel treatments like
small molecular activators targeting glucokinase (GCK). GCK
activity is fundamental to beta cell and hepatocyte glucose
metabolism, and heterozygous activating and inactivating
GCK mutations cause hyperinsulinemic hypoglycemia (HH)
and maturity onset diabetes of the young (MODY) respec-
tively. Over 600 naturally occurring inactivating mutations
have been reported, whereas only 13 activating mutations are
documented to date. We report two novel GCK HH mutations
(V389L and T103S) at residues where MODY mutations also
occur (V389D and T103I). Using recombinant proteins with
in vitro assays, we demonstrated that both HH mutants had a
greater relative activity index than wild type (6.0 for V389L,
8.4 for T103S, and 1.0 for wild type). This was driven by an
increased affinity for glucose (S, 5, 3.3 = 0.1 and 3.5 = 0.1 mw,
respectively) versus wild type (7.5 %= 0.1 mm). Correspond-
ingly, the V389D and T1031 MODY mutants had markedly
reduced relative activity indexes (<0.1). T103I had an altered
affinity for glucose (S 5, 24.9 = 0.6 mm), whereas V389D also
exhibited a reduced affinity for ATP and decreased catalysis
rate (S5, 78.6 £ 4.5 mm; ATPy , 1.5 £ 0.1 mm; K, 10.3 =
1.1s™') compared with wild type (ATP, , 0.4 = <0.1; K,
62.9 = 1.2). Both Thr-103 mutants showed reduced inhibi-
tion by the endogenous hepatic inhibitor glucokinase regula-
tory protein. Molecular modeling demonstrated that Thr-103
maps to the allosteric activator site, whereas Val-389 is
located remotely to this position and all other previously
reported activating mutations, highlighting a-helix 11 as a
novel region regulating GCK activity. Our data suggest that
pharmacological manipulation of GCK activity at locations
distal from the allosteric activator site is possible.
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The global rise in the prevalence of type 2 diabetes (T2D)>
not only reflects worldwide changes in lifestyle, behavior, and
diet but perhaps also suggests that our current therapeutic
strategies against this disease are ineffective (1). This leaves an
unmet medical need for treatments that are more effective at
lowering glycemia with sustained efficacy (2—4). One drug tar-
get that has generated much interest over the last decade is
glucokinase (GCK). Mutations within GCK have long been
established as a cause of monogenic disorders of aberrant glu-
cose homeostasis (5). This includes a spectrum of clinical phe-
notypes ranging from hyperinsulinemic hypoglycemia (HH)
with heterozygous activating mutations (5-15) to maturity
onset diabetes of the young (MODY) (5, 16, 17) and permanent
neonatal diabetes mellitus (5, 18 —22) with heterozygous and
homozygous/compound heterozygous inactivating mutations,
respectively. The association of common variation within this
gene with both fasting plasma glucose (fpg) levels (23, 24) and
T2D risk (25) also highlights the significance of this enzyme in
maintaining normoglycemia. Additionally, the expression of
GCK in both the pancreatic beta cell and liver hepatocyte (26,
27) provides the promise of a two-pronged attack on hypergly-
cemia with the opportunity of not only lowering the threshold
for glucose-stimulated insulin secretion (GSIS) but also
increasing hepatic glucose uptake, firmly establishing GCK as
an important therapeutic target (2, 4). Several small molecular
GCK activators (GKAs) have been patented and are in clinical
trials (2—4, 28-39) with the results of one study showing a
dose-dependent reduction in glycemia following administra-
tion to patients with T2D (30).

The elucidation of the GCK crystal structure has allowed us
to study naturally occurring mutations in much greater molec-
ular detail (40). Over 600 inactivating GCK mutations have

2The abbreviations used are: T2D, type 2 diabetes; GCK, glucokinase; HH,
hyperinsulinemic hypoglycemia; MODY, maturity onset diabetes of the
young; fpg, fasting plasma glucose; GSIS, glucose-stimulated insulin secre-
tion; GKA, small molecular glucokinase activator; S, s, glucose concentra-
tion needed for half-maximal GCK activity; ny, Hill number (measure of
cooperativity); ATP, , concentration of ATP needed for half-maximal
enzyme activity; K., turnover number; EC.,, GKA half-maximal effect con-
centration; RAI, relative activity index; GKRP, glucokinase regulatory
protein.
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been identified to date that are located throughout the enzyme,
whereas only 13 naturally occurring activating substitutions are
reported, the majority of which cluster at a discrete structural
location deemed the allosteric activator site (5, 6, 12). Interest-
ingly, this is also the site at which pharmacological GKAs bind
(40). However, on greater scrutiny, the location of these activat-
ing mutations can be categorized in further detail. Group 1
includes residues that make direct contact with GKAs, group 2
encompasses residues that lie within the allosteric activator site
but that do not contact the GKA, and group 3 includes residues
greater than 15 A from the allosteric activator site (40, 41).
Importantly to date, only one GCK-HH mutation has been
identified that falls within group 3: M197I (14, 40, 41).

GCK possesses certain biochemical properties that allow it to
act as a glucose sensor in the pancreatic beta cell where its
activity is coupled to GSIS. First, it has a low affinity for its
substrate glucose (half-maximal activity at 7.5 mm (deemed the
“Sp 5 value”)) compared with other hexokinases, which become
saturated well below physiological levels of this sugar. Addi-
tionally, lack of product inhibition by glucose 6-phosphate and
cooperativity with respect to glucose (Hill number (1), 1.7)
despite functioning as a monomer mean that GCK is uniquely
placed to fulfill its critical role in coupling fpg levels to insulin
secretion (26, 27).

In this study, we report two novel GCK-HH mutations:
V389L (c.1165C—@G, p.Val-389 — Leu) and TI103S
(c.308C—@G, p.Thr-103 — Ser). Importantly, these mutations
occur at residues where GCK-MODY (formerly known as
MODY-2) mutations V389D (c.1166T— A, p.Val-389 — Asp)
and T103I (c.308C—T, p.Thr-103 — Ile), respectively, have
also been reported (5), suggesting that these positions are of
great regulatory importance (as has been shown with previous
studies investigating contiguous mutations causing opposite
phenotypes (6)). Therefore, we aimed to characterize all four
naturally occurring mutations to further understand the muta-
tional mechanisms behind these substitutions and learn more
about these critical sites where the balance of enzyme activity
can be “tipped” in opposite directions. We hypothesized that
the structural location and physiochemical properties of the
substituted residue would influence function and the corre-
sponding clinical phenotype observed.

EXPERIMENTAL PROCEDURES

Patients—The male proband of family 1 is Caucasian and
from the United Kingdom and was born by caesarean section at
38 weeks gestation weighing 5.4 kg. There are postnatal records
of low capillary blood glucose levels, but no action was taken.
He presented with seizures at 2 years of age and was diagnosed
at 3.6 years with hyperinsulinemia (39.8 pm) and hypoglycemia
(fpg, 2.9 mm). Following diagnosis, the proband was treated
with diazoxide (5 mg/kg/day divided into three doses) and chlo-
rothiazide (7 mg/kg/day divided into two doses). Within 3 days,
diazoxide had to be increased to 7.5 and then 10 mg/kg/day to
adequately control his blood glucose levels. The patient was
then discharged from the hospital a week after his initial diag-
nosis with stable sugars. However, over the following month,
the dose of diazoxide was increased further to 15 mg/kg/day. At
the age of 5.2 years, the diazoxide dose per kg was reduced to 10

MAY 27,2011+VOLUME 286-NUMBER 21

mg/kg/day but within a month had to be increased back up to
14 and then 15 mg/kg/day in response to periods of increased
frequency of (typically morning) hypoglycemic episodes with
symptoms (not seizures). Chlorothiazide was reduced to 3.5
mg/kg/day a fortnight after initial diagnosis, although it was
quickly raised back up to 7 mg/kg/day a week later. At the age of
4.3 years, the chlorothiazide dose was gradually reduced and
has now been discontinued. The proband now only suffers a
handful of fasting hypoglycemic episodes per month (con-
sumption of carbohydrate supplement restores normoglycemia
promptly). Unfortunately, the proband has marked hypertri-
chosis as a side effect of the diazoxide treatment. The proband’s
father also carries the mutation. Following long periods without
food, he feels “lightheaded” and “weak” and has capillary glu-
cose levels of ~2.9 mm.

The female proband of family 2 is part Caucasian, part Metis
and from Canada. She was born at 38 weeks gestation weighing
3.2 kg. There was no history of neonatal hypoglycemia, but in
retrospect, she had an episode of symptomatic hypoglycemia at
15 years after a long hike. She presented at 22 years with fre-
quent episodes of fatigue, weakness, and unexplained sweating,
which could be prevented by frequent snacks in addition to her
regular meals (body mass index of 22 kg/m?), and was subse-
quently diagnosed with hyperinsulinemia (36.1 pM) and hypo-
glycemia (2.8 mm). Triglyceride levels were in the normal range
(1.38 mm). Investigations including endoscopic ultrasound,
computed tomography, and MRI of abdomen and an explora-
tory laparotomy were negative for an insulioma. While the pro-
band was in the hospital, her 27-year-old sister was found to
have hypoglycemia, and subsequent investigations confirmed
hyperinsulinemia (143.1 pm) with hypoglycemia (2.5 mm). She
was born at 42 weeks gestation weighing 4.1 kg. With both
sisters having symptomatic hypoglycemia when glucose read-
ings are lower than 3 mwm, they are both currently managed with
frequent small meals, 5075 mg of diazoxide twice daily, and
12.5-25 mg of hydrochlorothiazide once a day. Screening of the
family revealed that the proband inherited the mutation from
her 56-year-old father who also has two affected male siblings,
and her 78-year-old paternal grandmother who was diagnosed
with T2D at age 75. The father’s fasting glucose values are
between 3.1 and 4.0 mm with corresponding insulin levels of
51.4 and 56.3 pMm. Although he does not have symptomatic fast-
ing hypoglycemia, he does have occasional hypoglycemic
symptoms postexercise. All subjects gave informed consent.

Screening of GCK Gene and Identification of Mutations—
Genomic DNA was extracted from peripheral leukocytes. The
10 exons of the pancreatic beta cell isoform of the GCK gene
were amplified by PCR (primer sequences are available upon
request). Unidirectional sequencing was performed using uni-
versal M13 primers and Big Dye Terminator Cycler Sequencing
kit v3.1 (Applied Biosystems) according to the manufacturer’s
instructions. Reactions were analyzed on an ABI 3730 capillary
sequencer (Applied Biosystems), and sequences were com-
pared with the reference sequence (NM_000162) using Muta-
tion Surveyor v3.24 (SoftGenetics). Mutation testing was
undertaken in family members to establish co-segregation and
in 400 normal chromosomes to establish mutation frequency.
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Protein Extraction—Two preparations of each mutant gluta-
thione S-transferase-tagged human pancreatic glucokinase
were prepared as described previously following heterologous
expression in Escherichia coli (42). Extracted enzyme purities
were determined using the Agilent 230 Protein kit (Agilent
Technologies UK Ltd.) with a cutoff for purity of =95%. Protein
concentration was calculated using the Bio-Rad Bradford rea-
gent assay (BioRad Laboratories, Ltd.). Recombinant FLAG-
tagged human glucokinase regulatory protein (GKRP; gene
name, GCKR) was also prepared using previously described
protocols (43, 44).

Glucose-dependent Kinetic Assays—GCK activity was deter-
mined spectrophotometrically using glucose-6-phosphate de-
hydrogenase-linked assays as described previously (42). In
these assays, GCK activity was observed at 30 °C, pH 7.4 over a
0-100 mM glucose concentration range with ATP in excess. As
the mutants V389D, V389R, and V389P had greatly reduced
affinity for glucose versus wild-type enzyme, the glucose S, 5
was instead determined from assays using 0 — 600 mm glucose.

Briefly, the reaction mixture was prepared on ice and con-
tained 7.5 mm MgCl,, 187.5 mm KCl, 125 mm HEPES buffer,
1.25 mM NADP™, 6.25 mm ATP, 2.5 mm DTT, 0.13% BSA, and
66 units of glucose-6-phosphate dehydrogenase. The activity of
10 milliunits of GCK was observed over the following glucose
concentration range for 5 min: 100.00, 50.00, 25.00, 12.50, 6.25,
3.13, 1.56, 0.78, 0.39, 0.20, 0.10, and 0.00 mM. One milliunit
of GCK was defined as that which converted 1 nmol of
substrate/min.

ATP-dependent Assays—These assays were conducted as for
the glucose-dependent assays, although GCK activity was
instead measured over a 0—5 mm ATP concentration range
with glucose in excess. The altered reaction mixture contained
18.75 mm glucose and no ATP. Ten milliunits of GCK were
assayed in the presence of 5.00, 4.00, 3.00, 2.50, 2.00, 1.50, 1.00,
0.75, 0.50, 0.25, 0.10, and 0.00 mm ATP.

Glucose S, 5, 1y, and turnover number (K_,,) values were
calculated using the Hill equation, whereas the affinity for ATP
(ATP, ) was derived from the Michaelis-Menten equation. All
data fits were performed using Kaleidagraph v3.5 (Synergy
Software).

GKRP Competitive Inhibition Assays—GKRP-mediated inhi-
bition of GCK activity was determined spectrophotometrically
using glucose-6-phosphate dehydrogenase-linked assays based
on published protocols (43, 44). The assays were carried out at
5 mwm glucose, 37 °C, pH 7.1.

The number of GKRP units used per assay was 0.5, 1.0, and 1.5
with 1 GKRP unit inhibiting 10 milliunits of GCK by 50% under
standard assay conditions. The reaction mixture contained 25 mm
HEPES buffer, 0.5 mm NADP™, 1 mm ATP, 2 mm MgCl,, 25 mm
KCl, 1 mm DTT, 3.8 um BSA, and 4 units of glucose-6-phosphate
dehydrogenase. The reaction rate was recorded over 5 min as
before. Data were presented as “percentage of GCK activity,”
which was normalized to that obtained with no GKRP, and IC;,
values (half-maximal inhibitory concentration) were also calcu-
lated from these data.

GKA-mediated Activation Assays—These assays were per-
formed as described previously in the presence of 10 milliunits
of GCK and saturating GKA (0-60 um) and glucose (0-100
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FIGURE 1. Pedigrees for HH families 1 and 2 (A and B, respectively). Males
are shown as squares, and females are shown as circles. Filled symbols show
individuals with hypoglycemia, open symbols show normoglycemic individu-
als, and hatched symbols show individuals with T2D. Fpg or random capillary
glucose (rcg) levels and mutation status for each tested individual are shown
underthe symbols (N/M denotes family members heterozygous for mutation, and
N/N denotes those who do not carry the mutation). P denotes the probands.

mM) concentrations (45). The reaction mixture was the same as
for the glucose-dependent assays but also contained
RO0281675 (resuspended in DMSO) at the following concen-
trations: 60.00, 27.00, 9.00, 3.00, 1.00, 0.30, and 0.00 wm. Data
were expressed as “-fold activation,” which described the ratio
K_,./So 5 determined in the presence and absence of saturating
levels of RO0281675 (60 um). The GKA half-maximal effect
concentration (ECg,) was also calculated and described the
drug concentration that gave GCK activity 50% between base-
line and the maximal responses.

Calculation of Relative Activity Index (RAI) and GSIS
Threshold—RAI values allow the direct comparison of mutants
with wild-type enzyme and take into account all GCK intrinsic
kinetic parameters (S, 5, ATPy , 1y, and K_,,). The relationship
between the RAI for a heterozygous mutant and the GSIS
threshold can also be calculated mathematically. Details of all
equations used have been published previously (7, 46, 47).

Structural Analysis—Crystal structures for the closed and
super-open conformations of GCK (40) were obtained from the
Research Collaboratory for Structural Bioinformatics Protein
Data Bank. Molecular modeling was carried out using PyMOL
v0.99 (Schrodinger, LLC).

RESULTS

Novel GCK Mutations in Two Families with HH—Fig. 1, A and
B, show the pedigrees for the HH probands identified in the UK
and Canada, respectively. Direct sequencing of GCK in the pro-
band of family 1 identified a novel heterozygous mutation, V389L
(c.1165C—G, p.Val-389 — Leu). Family studies established that
the mutation was inherited from the proband’s affected father.

The proband from family 2 was also heterozygous for a novel
mutation, T103S (c.308C—G, p.Thr-103 — Ser). Family stud-
ies established that the mutation was also present in the
affected sister, father, two paternal uncles, and paternal grand-
mother, with all but the latter exhibiting fasting hypoglycemia.
The paternal grandmother was diagnosed with T2D at age 75
years, although notably she is of Metis descent (a First Nation
Canadian population at high risk of developing diabetes (48)).
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TABLE 1
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Kinetic data for wild-type and four naturally occurring mutant GCKs
Data are shown as means * S.E. for n = 18 experiments and are representative of two preparations of wild-type and each mutant protein.

GCK Sos Hy ATP,,, K., RAI GSIS threshold Yield Activity/mg
mm mm st mm mg
Wild type 75 *01 1.6 = <0.1 0.4 * <0.1 629+ 1.2 1.0 5.0 17.7 £ 0.7 6.6 = 0.5
V389L 35*01 1.6 = <0.1 0.5+ <0.1 678+ 1.6 6.0 2.9 203+ 1.8 11.3 £ 0.8
V389D 78.6 = 4.5 1.5+ <0.1 1.5+0.1 103 £1.1 <0.1 7.1 09 *0.3 0.16 = 0.1
T103S 33*01 1.6 = <0.1 0.4 = <0.1 592 *£1.7 8.4 2.9 9.5+ <0.1 114 *+22
T103I 249 * 0.6 1.7 £ <0.1 0.6 = <0.1 68.1+0.1 <0.1 6.7 125+ 0.5 11.2 £ 0.5
TABLE 2

Kinetic data for wild type and a range of amino acid substitutions at positions 103 and 389
Data are shown as mean = S.E. for n = 6 experiments and are representative of two preparations of wild-type protein and one preparation of each mutant protein.

GCK Hydro- Sos My ATP,,, K., RAI GSIS threshold
mm mm st mm
Wild type Phobe 7.5*0.1 1.6 £ <0.1 0.4 * <0.1 629 £ 1.2 1.0 5.0
V389L Phobe 35*+0.1 1.6 £ <0.1 0.5 * <0.1 67.8 £ 1.6 6.0 2.9
V389C Phobe 8.3+ 0.3 1.5 £ <0.1 0.5 = <0.1 58.5 £ 2.4 0.8 5.0
V389S Phobe 239 £25 1.3 £ <0.1 0.7 £ <0.1 399 £ 21 <0.1 6.5
V389P Phobe 394 £ 0.6 1.8 £ <0.1 0.6 £ <0.1 31303 <0.1 6.8
V389D Phile 78.6 £ 4.5 1.5 £ <0.1 1.5*0.1 103+ 1.1 <0.1 7.1
V389R Phile 68.8 £ 0.8 1.6 £ <0.1 0.5 £ <0.1 42.3 * 0.4 <0.1 6.8
T103S Phobe 33*+0.1 1.6 £ <0.1 0.4 * <0.1 592 1.7 8.4 2.9
T103P Phobe 6.0 0.1 1.9 £ <0.1 0.6 = <0.1 519 £0.7 1.2 4.7
T103Y Phobe 9.1*1.0 1.3 £0.1 04 * <0.1 39.0 £0.9 0.9 5.5
T103C Phobe 112+ 0.2 1.5 £ <0.1 0.5 £ <0.1 52.3 £ 1.4 0.3 5.7
T1031 Phobe 24.9 £ 0.6 1.7 £ <0.1 0.6 £ <0.1 68.1 £0.1 <0.1 6.7
T103N Phile 58+ 0.1 1.6 £ <0.1 0.5 £ <0.1 515 1.1 1.2 4.5
T103K Phile 7.5+ 0.3 1.3 £ <0.1 0.4 * <0.1 25.6 £0.7 0.9 5.6

Neither variant was identified in >400 normal chromo-
somes. Mutations in other known HH genes (ABCC8, KCNJ11,
and HNF4A) were also excluded.

Kinetic Analyses of Recombinant Human Wild-type and
Mutant GCKs—Table 1 shows the kinetic characteristics of
wild-type, V389L, V389D, T103S, and T103I GCKs as deter-
mined using in vitro glucose-6-phosphate dehydrogenase-
linked assays. Both the V389L and T103S HH mutations have
an increased RAI when compared with wild type (6.0 and 8.4,
respectively, versus 1.0). This was largely driven by an increased
affinity for glucose demonstrated by reduced S, 5 values (3.5 =
0.1 and 3.3 £ 0.1 mwm, respectively, versus 7.5 £ 0.1 mm). The
ATP ,nyy,and K, values for these HH mutations were similar
to those obtained with wild-type enzyme. Conversely, the
MODY mutations V389D and T103I had greatly reduced RAI
values (both <0.1 versus 1.0 for wild type). Again, this effect was
largely driven by a decreased affinity for glucose (S, 5, 78.6 + 4.5
mM for V389D and 24.9 *+ 0.6 mm for T103I). However, with the
V389D mutant, there was also a reduced affinity for the second
substrate ATP when compared with wild type (ATP, , 1.5 =
0.1 versus 0.4 = <0.1 mMm) and turnover number (K_,,, 10.3 =
1.1 versus 62.9 * 1.2 s7'). It was also of note that the yield of
V389D recombinant protein was greatly reduced compared
with the other enzymes (only 0.9 = 0.3 mg).

Table 2 shows the results of kinetic assays characterizing a
range of amino acid substitutions designed to further probe the
physiochemical requirements of positions 389 and 103. There
is a clear preference for hydrophobic residues at position 389
with hydrophilic substitutions having a deleterious effect on
protein function. Substitutions at residue 103 result in a spec-
trum of effects on enzyme function with activating, near-nor-
mal, and inactivating kinetics.
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In Silico Calculation of GSIS Thresholds—Table 1 shows the
calculated GSIS thresholds for patients with the four indi-
vidual mutations. Both HH mutations have a predicted GSIS
threshold of 2.9 mm, which accurately mirrors the fpg levels
of 2.9 and 2.8 mMm observed in the V389L and T103S pro-
bands, respectively. Calculated GSIS thresholds of 7.1 and
6.7 mM for the V389D and T103I mutations, respectively, are
in line with the expected fpg levels in patients with MODY
mutations (~5.5-8.0 mm) (5). The severely deleterious
effect of the V389D mutation on enzyme function is not
reflected in the predicted fpg level due to compensation by
the wild-type allele (49).

Response to Physiological Hepatic Inhibitor GKRP—Fig. 2
shows the results of inhibition assays where 10 milliunits of
GCK (wild type, V389L, T103S, and T103I) were incubated
with 0.5, 1.0, and 1.5 units of GKRP. V389D was not included in
these experiments as its activity per mg was so low that to see
measurable inhibition by regulatory protein inappropriately
large quantities of the enzyme would be needed. As expected,
the IC,, value for wild type was 1.1 = 0.1 units of GKRP; the HH
mutant V389L yielded identical results. GKRP was less able to
inhibit mutant T103S and T103I activity with IC,, values of
1.5 = <0.1 and 4.7 *= 0.5 GKRP units, respectively.

Activation by Small Molecular GKA RO0281675—Table 3
shows -fold activation of each enzyme in terms of K_,,/S, 5 in
the presence of 60 um GKA. The MODY mutation T103I
showed the greatest -fold increase in activity, roughly 6 times
that of the wild-type enzyme (90.9 £ 4.0 versus 14.4 *= 0.3,
respectively). The V389D MODY mutation also demonstrated
a high -fold increase in activity of 33.9 = 2.1. Unsurprisingly,
both HH mutations were activated to a lesser degree with -fold
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FIGURE 2. Wild-type, V389L, T103S, and T103I GCKs incubated with 0.5,
1.0, and 1.5 units of GKRP. GCK activity was normalized to a control in which
the reaction conditions were identical, but GKRP was absent. IC5, values were
calculated using these data and defined as the half-maximal inhibitory con-
centration of GKRP in each experiment. Data are shown as means = S.E. for
n = 6 experiments and are representative of two preparations of wild-type
and each mutant protein.

TABLE 3

Data obtained from assaying wild-type and the mutant GCKs in pres-
ence of 60 um RO0281675

-Fold activation was calculated by dividing K_,, by the S, ; value at this drug con-
centration, and ECg, is the concentration of drug that gives a GCK activity 50%
between base-line and the maximal responses. Data are shown as mean *+ S.E. for
n = 6 experiments and are representative of two preparations of wild-type and each
mutant protein.

GCK -Fold activation (K_,./S,.5) EC,,
M
Wild type 144 + 03 58+19
V389L 74+ 1.3 3.9*0.1
V389D 33.9*2.1 34.6 = <0.1
T103S 57 *0.5 2.6 1.3
T1031 90.9 £ 4.0 12.8 = 4.2
A

increases in activity of 5.7 = 0.5 for T103S and 7.4 *= 1.3 for
V389L.

Structural Modeling: Thr-103 but Not Val-389 Maps to Allo-
steric Activator Site—Fig. 3A shows the location of residues
Thr-103 and Val-389 within the closed conformation of human
GCK (40). Thr-103 lies within the allosteric activator site, spe-
cifically within B-strand 4 of the small domain, a region where
the majority of other activating mutations are reported (Fig.
3B). However, this residue does not form direct contacts with
bound GKAs, and so T103S can be described as a group 2 acti-
vating mutation (41). Surprisingly, residue Val-389 is located
far from the allosteric activator site in a-helix 11 of the large
domain. Not only is this distal from the site of GKA binding, but
it is also far from the only other group 3 activating mutation,
M1971 (14, 41), highlighting a novel regulatory region within
the enzyme.

DISCUSSION

The current unmet medical need for more effective T2D
treatments capable of sustainably lowering glycemia to desira-
ble levels means the quest for novel therapeutic targets is both a
timely and important one (2—4). The fundamental role of GCK
in glucose homeostasis (specifically within the beta cell and
liver) (26, 27) makes it an interesting and well established drug
target. Our functional characterization of two novel GCK-HH
activating mutations and the corresponding MODY mutations
at the same amino acid residues provides further insight into
important regulatory regions within GCK, more specifically
sites where the functional balance can sway in either direction.

Intrinsic kinetic parameters for wild-type and the four
mutant GCKs measured via spectrophotometric in vitro assays
revealed that the increased activity index of both HH mutations
(V389L and T103S) was largely driven by an increased affinity
for glucose (Table 1), a result observed with previously reported

B

FIGURE 3. A shows the positions of residues Thr-103 (red) and Val-389 (green) within the crystal structure of closed human GCK (40). Thr-103 maps to the
allosteric activator site close to where GKAs (black) bind, specifically within B-strand 4 of the small domain B-sheet (red). Val-389 (green) is both distal from this
site and residue Met-197 (magenta) (14) and instead maps to a-helix 11 (green) within the large domain. B shows the position of all other naturally occurring
activating mutations reported. Group 1 mutations (those in the allosteric activator site making direct contact with GKA) are shown in orange, group 2 mutations
(those in the allosteric activator site but not contacting GKA) are in blue, and group 3 mutations (residues greater than 15 A from the allosteric activator site) are
in magenta (41). The binding sites of the GKA “compound A” (black) and glucose (yellow) are also shown in both figures (40).
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naturally occurring GCK-HH mutations (5, 7, 9-11, 13-15).
The reduced activity index of the GCK-MODY mutant T103I
followed this theme; however, the substitution of an aspartate
for a valine at residue 389 (V389D) had disastrous conse-
quences with regard to enzyme function with affinity for the
two substrates glucose and ATP decreased and a substantially
reduced overall rate of catalysis. This deleterious effect on GCK
function was also mirrored by the protein yield in both recom-
binant V389D protein preparations. This suggests that not only
does V389D directly alter GCK activity, but protein stability as
a whole may be reduced. The result of these kinetic character-
izations provides a potential explanation for the pathogenesis
behind these four mutations as they correspond to both an ele-
vated or diminished capacity to bind and turn over glucose
(V389L/T103S and V389D/T103], respectively).

As GCK activity is fundamental to glucose metabolism in
both the beta cell and hepatocyte (26, 27), it is subject to a
number of different transcriptional (50) and post-translational
regulatory mechanisms (5, 51-58). Therefore, the pathogenic
mechanism behind a GCK mutation may not just lie at the level
of altered enzyme kinetics. This has been shown with mutations
that co-segregate with hyperglycemia in MODY families but
whose kinetics are near-normal or even mildly activating. Two
such examples are V62M (5, 45, 59) and G72R (5, 59, 60).
Kinetic analysis revealed both mutations to be mildly activating
and to have only marginal thermolability versus wild-type
enzyme and the previously reported instability mutant E300K
(5,47, 61, 62). Further investigation revealed that both mutants
exhibited defective binding of the endogenous hepatic inhibitor
GKRP and a small molecular GKA (5, 34, 45, 59). As well as its
direct inhibitory role, GKRP is thought to paradoxically bind
and maintain a “reserve pool” of GCK in the hepatocyte nucleus
that may be released rapidly upon postprandial increases in
glucose (63). Additionally, small molecular GKAs are thought
to bind at the same allosteric site as an as yet unidentified
endogenous GCK regulator within the beta cell (34). Therefore,
it was postulated that loss of these interactions upon GCK
mutation could have physiologically pathogenic consequences,
aresult that was confirmed in Min6 cells where both the V62M
and G72R mutants showed reduced catalytic and protein sta-
bility compared with wild-type enzyme (59). In vitro assays
studying the interaction of GCK mutants with both GKRP and
GKAs can therefore provide insight into whether the patho-
genic mechanism behind a particular mutation lies at levels in
addition to directly altered kinetics. Studies performed by
Heredia et al. (64) investigated the regulation of a number of
naturally occurring GCK activating mutants by GKRP. Their
data showed differences in GKRP binding affinity between the
mutants that was proposed to reflect the mutational mecha-
nism. For example, mutations that enhanced the interaction
between glucose and the apoenzyme had the lowest GKRP
affinity (as these substitutions stabilized a more compact struc-
ture in which the GKRP-binding site was altered), whereas
those that enhanced the glucose-bound GCK conformational
change demonstrated only slightly reduced GKRP affinity ver-
sus wild-type enzyme (64).

The results of the GKRP inhibition assays performed in this
study (Fig. 2) show that GKRP was able to inhibit wild-type
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GCK and the V389L mutant equally. However, GKRP-medi-
ated inhibition of both Thr-103 mutants was less effective com-
pared with the wild-type enzyme with the binding to mutant
T103I affected the most. This is consistent with data suggesting
that the interaction of GKRP with GCK occurs at leucine-as-
paragine motifs within the hinge region of the enzyme (65), a
site that maps next to the allosteric activator site (within which
Thr-103 is found). Additionally, these data suggest that the
T103S activating mutation may directly increase glucose bind-
ing to the apoenzyme, whereas V389L may enhance the confor-
mational change from the inactive to active structure once glu-
cose is bound (64). As GKRP is specific to the liver and not
expressed within the beta cell (43, 66, 67), it is difficult to pos-
tulate the precise consequence of a reduced GKRP binding
affinity on overall GCK activity, particularly as the ability to
bind this inhibitor contributes to but is not a determinant of
clinical phenotype (5, 14, 45, 59, 60, 64). As GKRP binds T103S
less effectively, it could be assumed that there is less inhibition
of GCK activity in the liver, thus leading to an increase in hep-
atocyte glycolytic flux (43, 68), which would contribute to the
hypoglycemia of this HH patient. Equally, the greatly decreased
GKRP affinity observed with T103I may mean that there are
markedly reduced hepatic nuclear reserves of this mutant
enzyme, consequently hindering postprandial glucose clear-
ance by the liver (63), contributing to the hyperglycemia in this
MODY patient.

Table 3 shows the results of the GKA RO0281675-mediated
stimulation of wild-type and the four GCK mutants. Interest-
ingly, all four mutants responded to the drug, suggesting that
not even the particularly deleterious V389D substitution
resulted in an enzyme that could not be converted into the
active conformation. The MODY mutants V389D and T103I
showed the greatest -fold increase in activity. This is perhaps a
reflection of the reduced activity of the MODY mutants prior to
stimulation, a hypothesis supported by both HH mutants in this
study that showed the smallest -fold increases in activity and
also by the previous findings of Grimsby and Grippo (10, 69)
who demonstrated that the V455M GCK activating mutant was
resistant to GKA-mediated stimulation. The much greater
response of the inactivating T103] mutant versus that of V389D
may be explained by the physiochemical properties of these
substituted residues. Both threonine and isoleucine are hydro-
phobic, meaning it may be easier to “force” GCK into the closed
active structure using small molecular activators, whereas the
V389D mutant has a hydrophilic residue (aspartate) being
pushed into a hydrophobic pocket normally occupied by valine.
This is also reflected in V389D having the highest EC, value of
the four mutants.

Molecular modeling of these mutations within the GCK crys-
tal structure (40) allows the mechanisms behind their patho-
genesis to be further probed. Kamata et al. (40) proposed a
three-GCK conformation model that explained both the sig-
moidal binding curve and cooperativity with respect to glucose.
The transition between functional states requires a global con-
formational change and the breaking and reforming of numer-
ous intramolecular bonds (40), both of which are easily affected
by the physiochemical properties of substituted residues at sites
critical to function.
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Val-389 is situated near the C-terminal end of a-helix 11. It is
surrounded by hydrophobic residues Leu-386, Ile-390, Met-
393, Met-41, Tyr-234, Trp-257, and Ala-232. The observation
that certain amino acid substitutions at residue 389 may
increase GCK activity identifies this structural position and
a-helix 11 as a novel site regulating GCK function, one that is
distal from both the allosteric activator site and the only other
reported naturally occurring group 3 activating mutation,
M1971 (14, 40, 41). Residue 389 lies within a solvent-excluded
region of the molecule, a location suited by hydrophobic valine
and the even more hydrophobic leucine but not by hydrophilic
aspartate. Table 2 shows the kinetic parameters measured for a
series of mutations at position 389. These data showed that all
hydrophilic substitutions drastically reduced GCK activity,
whereas all hydrophobic replacements except serine gave acti-
vating or near-normal kinetics (except the substitution of pro-
line (P), which may break this a-helix). This finding is similar to
that observed with the other group 3 activating mutant, M1971.
This residue is also located within a hydrophobic pocket where
the introduction of hydrophilic residues is deleterious to GCK
function (14).

The mutational mechanisms behind the substitutions at res-
idue 103 are much harder to explain than those at residue 389.
Thr-103 is a surface residue; however, it is unclear how a con-
servative mutation such as the replacement of a threonine with
a serine would affect GCK activity. Mutating the threonine to
an aliphatic isoleucine puts a non-polar hydrophobic residue in
a solvent-exposed environment, which may account for the
inactivating kinetics of T1031. A series of amino acid substitu-
tions were carried out at this position to see how GCK activity
was altered. Table 2 shows these mutants to demonstrate a
spectrum of kinetic properties. T103S was the only activating
mutation observed. The mutants T103N, T103K, T103P, and
T103Y all demonstrate near-normal kinetics, meaning that
either (i) these mutations would not be pathogenic or (ii) their
mutational mechanism would not lie at the level of altered glu-
cose catalysis (59). Importantly, only one of these mutations
(T103N) has been identified in a GCK-MODY patient (70).
Finally, the mutants T103I and T103C had a reduced activity
index, reflecting the potential intolerance of an aliphatic side
chain in this solvent-exposed region.

In summary, the newly identified importance of a-helix 11
suggests that further activating mutations are likely to exist and
that they may not necessarily map to the allosteric activator site.
Our results build upon earlier work by Pal and Miller (41) who
preemptively identified further activating mutations by genetic
screening as well as that by Sayed et al.(14) who characterized
the first activating mutation outside of the allosteric activator
site. This study highlights the importance of the continued
study of naturally occurring GCK activating mutations as
detailed kinetic analysis at these residues may enable the fine
tuning of GKAs for the treatment of diabetes.
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