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The importance of glucokinase (GK) in the regulation
of insulin secretion has been highlighted by the pheno-
types of individuals with activating and inactivating
mutations in the glucokinase gene (GCK). Here we re-
port 10 individuals with congenital hyperinsulinism (HI)
caused by eight unique activating mutations of GCK.
Six are novel and located near previously identified ac-
tivating mutations sites. The first recognized episode
of hypoglycemia in these patients occurred between
birth and 24 years, and the severity of the phenotype
was also variable. Mutant enzymes were expressed
and purified for enzyme kinetics in vitro. Mutant enzymes
had low glucose half-saturation concentration values and
an increased enzyme activity index compared with wild-
type GK.We performed functional evaluation of islets from
the pancreata of three children with GCK-HI who required
pancreatectomy. Basal insulin secretion in perifused GCK-
HI islets was normal, and the response to glyburide was
preserved. However, the threshold for glucose-stimulated
insulin secretion in perifused glucokinase hyperinsu-
linism (GCK-HI) islets was decreased, and glucagon se-
cretion was greatly suppressed. Our evaluation of novel
GCK disease-associated mutations revealed that the det-
rimental effects of thesemutations on glucose homeosta-
sis can be attributed not only to a lowering of the glucose
threshold of insulin secretion but also to a decreased
counterregulatory glucagon secretory response.

Glucokinase (GK), the rate-limiting enzyme for glucose entry
into glycolysis and oxidation in the b-cell, plays a key role in
determining the threshold of glucose stimulated insulin se-
cretion (GSIS). The critical role of GK in the regulation of glu-
cose homeostasis in humans has been demonstrated by the
phenotype of individuals with inactivating mutations in the
glucokinase (GCK) gene, which is characterized by stable,
nonprogressive fasting hyperglycemia, classified as maturity
diabetes of the young (MODY) type 2 (MODY2) (1–4). In
contrast, activating GCKmutations result in persistent hypo-
glycemia due to hyperinsulinism (HI) (5–15).

Glucokinase hyperinsulinism (GCK-HI) is a rare form
of congenital HI, accounting for �1–2% of individuals in
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in b-cells and a-cells to regulate glucose homeostasis.
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a large series (16). GCK-HI–causing mutations result in acti-
vation of GK enzymatic activity and a lower glucose thresh-
old for GSIS in b-cells. GK regulates the conversion of
glucose to glycogen in the liver, in addition to having a role
in other cell types that are important for glucose homeosta-
sis, including neuroendocrine and enteroendocrine cells and
a-cells (17). Studies in mouse models have shown that the
activity of GK in a-cells plays an intrinsic role to suppress
glucagon secretion. Increased activity of GK enhances gluca-
gon suppression by glucose, while decreased activity leads to
less suppression of glucagon secretion by glucose (18,19).
Thus, the pathophysiology of GCK-HI is likely not limited to
the b-cell. With very few exceptions, all of the reported HI-
associated mutations are located in the allosteric site of the
enzyme, which has been a target for type 2 diabetes drug
development (17,20–23). The HI-causing mutations are char-
acterized by a higher affinity for glucose and, for some muta-
tions, a higher maximal enzyme velocity (1,24,25).

The phenotype of GCK-HI was initially described as mild
and diazoxide responsive. However, as more GCKmutations
have been identified, it is apparent that the phenotype is
variable. A large proportion of patients are unresponsive to
diazoxide (14,26–28), with some patients requiring pancrea-
tectomy for intractable hypoglycemia. The lack of symptom-
atic hypoglycemia in some GCK-HI patients is likely the
result of attenuation of symptoms due to hypoglycemia-
associated autonomic failure resulting from repeated epi-
sodes of hypoglycemia (6,14,29).

Here, we report a series of 10 GCK-HI individuals from
eight families with GCK mutations. Notably, we directly
evaluated human GCK-HI islets isolated from surgical
specimens after pancreatectomy by using perifusion stud-
ies to characterize the insulin and glucagon secretory re-
sponses to stimuli. These studies provide novel insights
into the pathophysiology of GCK-HI and the dual role of
GK in b-cells and a-cells to regulate glucose homeostasis.

RESEARCH DESIGN AND METHODS

GCK-HI Case Subjects

Consent
Written informed consent was provided by all subjects or
their parents. The Children’s Hospital of Philadelphia In-
stitutional Review Board approved the study.

Probands
Probands were identified during evaluations in the Congenital
Hyperinsulinism Center at The Children’s Hospital of Phila-
delphia. The diagnosis of HI was based on previously de-
scribed criteria (30,31). Patients were defined as responsive
to diazoxide when HI was completely controlled by treatment
with diazoxide at doses#15 mg/kg/day, as demonstrated by
maintaining plasma glucose concentrations $70 mg/dL for
12–18 h of fasting and/or by developing appropriate fasting
hyperketonemia (b-hydroxybutyrate >2 mmol/L with con-
current plasma glucose<50mg/dL).

Mutation Screening
Mutation screening was performed in commercial laborato-
ries for all probands and parents in this study. Additional
mutation analysis for other family members was performed
on a research basis. Genomic DNA was isolated from pe-
ripheral blood (5 PRIME, Gaithersburg, MD) or from saliva
(Oragene DNA self-collection kit; DNA Genotek, Kanata,
Ontario, Canada). RNA was isolated from pancreatic tissue
(AllPrep DNA/RNA Kit; Qiagen, Hilden, Germany) from
the proband in family no. 8 (GCK:c.209-11t>a) and converted
to cDNA (SuperScript II Reverse Transcriptase; Invitrogen,
Waltham, MA) to confirm the amino acid consequence of this
intronic variant. Coding sequences and intron/exon splice
junctions were amplified and directly sequenced on an ABI
3730 capillary DNA analyzer (Applied Biosystems, Carlsbad,
CA). The nucleotides of GCK and corresponding GK amino
acids were numbered according to GenBank reference se-
quence NM_000162.3. The functional consequences of novel,
missense mutations were predicted with bioinformatics
software SIFT (32) and PolyPhen2 (33). Genetic variants
were searched against the Genome Aggregation Database
(gnomAD) Browser (v2.1) (34).

GK Mutant Expression and Enzyme Kinetics

GK Constructs
Human wild-type (WT) and mutant GK were created using
site-directed mutagenesis, and the glutathione S-transferase
(GST)-GK–tagged enzymes were expressed and purified as pre-
viously described (35). GK mutants evaluated were p.S64P,
p.E67V, p.S69_E70insVPL, p.S69P, p.V91L, p.W99C, p.Y215C,
and p.R447L. The negative control was inactivating mutation
p.V367M.

GK Enzyme Kinetics Assay
Enzymatic activity of WT and mutant GK proteins was deter-
mined with an NADP1/NADPH-coupled assay using glucose-
6-phosphate dehydrogenase as the secondary reaction, as
previous described (35). The enzyme kinetics assays were
conducted with the GK activator (GKA) piragliatin (5 mmol/L).
For GK regulatory protein (GKRP) experiments, purified GK
was added in a 1:1 or 1:2 molar ratio with GKRP with various
concentrations of glucose (3, 6, and 12mmol/L).

Islet Isolation and Perifusion
The procedure for islet isolation from pancreatic surgical
specimens was described previously (36,37). After 2 to 3 days
of culture, islets were perifused with a physiological amino
acid mixture (AAM) ramp (0 to 12 mmol/L increasing
0.3 mmol/L/min) or a glucose ramp (0 to 25 mmol/L in-
creasing 0.625 mmol/L/min), and then 30 mmol/L KCl. As
denoted, 0.3 mmol/L glyburide was added to perifusion ex-
periments. In some perifusions, the dynamics of insulin and
glucagon secretion were determined simultaneously, with
the islets exposed to 4.0 mmol/L AAM, and then glucose
was added from low to high (3 mmol/L then 16.7 mmol/L in
control islets; 1, 3, 5, and 10 mmol/L in HI islets). For each
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perifusion, 1,000 islets were loaded per perifusion, and the
results were presented as per 100 islets. Insulin and gluca-
gon concentrations were measured using HTRF assay kits
(catalog no. 62IN1PEH, Cisbio, Research Resource Identi-
fiers [RRID]:AB2890910; catalog no. 62CGLPEG, Cisbio,
RRID:AB_2936335). Control islets from humans without di-
abetes were obtained from the Integrated Islet Distribution
Program (iidp.coh.org).

Protein Docking and Molecular Dynamics Analysis
GK structure models of 3IDH and 3VEV were used for indica-
tion of mutation sites and compound docking analysis. Com-
pound docking was analyzed using Schr€odinger 2022-4
(Schr€odinger, New York, NY.). Molecular dynamics of GK was
examined using Desmond 2021-2 software (Schr€odinger).
Rootmean square deviation was calculated on carbona-atoms
for the selected loop residues for 500 ns: loop 1, residues from
41 to 71; loop 2, residues from 94 to 97; and loop 3, residues
from 212 to 219.

Statistical Methods
Statistical analyses were performed on GraphPad Prism 9
software. Results are presented as mean ± SEM. Single-
time end point data were analyzed using a single-factor
ANOVA test.

Data and Resource Availability
All data generated or analyzed during this study are included
in the published article and its online supplemental files.

RESULTS

Clinical Characteristics
Clinical and genetic information on the 10 GCK-HI case sub-
jects from eight families described in these studies is sum-
marized in Table 1. The HI diagnosis was established based
on established criteria demonstrating inappropriate insulin
concentration/actions in the context of hypoglycemia (38).
Some case subjects had a large birth weight for gestational
age, but some had an appropriate weight for gestational age.
The age of presentation and clinical severity were also vari-
able among the patients, even within the same family. All
10 GCK-HI patients were treated with diazoxide at doses
ranging from 6 to 20 mg/kg/day, with variable response;
only 2 of the 10 could be controlled on diazoxide alone,
while the rest required additional therapy for persistent hy-
poglycemia. Four patients underwent pancreatectomy, with
two requiring additional therapy because of persistent and
severe hypoglycemia following surgery.

Mutation Characteristics
As shown in Fig. 1, the eight unique mutations identified in
10 GCK-HI case subjects are all located within the allosteric
site of GK. Six of these mutations were novel: p.E67V,
p.S64P, p.S69P, p.S69_E70insVPL, p.Y215C, and p.R447L. All
of these, except the p.S64P mutation, involved amino acid
residues not previously associated with activating mutations

(8). The p.S69 position is particularly interesting, as we ob-
served two different pathogenic variants at this site: p.S69P
and p.S69_E70insVPL. The p.S69_E70insVPL involves inser-
tion of three amino acids (valine [V], proline [P], and leucine
[L]) between amino acid position 69 and 70 due to an intronic
mutation that alters normal splicing (c.209-11t>a), con-
firmed by cDNA sequencing. Clinically, both p.S69 variants
were associated with severe diazoxide-unresponsive HI pre-
senting at birth, and both affected children required a 98%
pancreatectomy for intractable hypoglycemia. After near-total
pancreatectomy, the child with the p.S69P mutation achieved
euglycemia. However, the child with the p.S69_E70insVPL
mutation had persistent hypoglycemia. The remaining two
mutations, p.V91L and p.W99C, have been previously re-
ported (27,39).

As shown in Fig. 2, the GCK mutations arose de novo in
the probands from five of the eight families. In three of
these, the GCK mutation was found to be mosaic, in that it
was detected at low levels of mosaicism in DNA from re-
sected pancreas while testing in blood was negative (family
nos. 4, 5, and 8) (40). Paternity was not excluded in the two
individuals with a de novo GCK mutation detectable in pe-
ripheral blood DNA. In the remaining three families, the
GCKmutation was transmitted from a carrier parent. In two
of these (family nos. 2 and 3), the carrier parent was known
to be affected and had previously required treatment for HI.
In addition to the GCK mutation (p.V91L) inherited from
her affected father, the proband in family no. 2 inherited a
novel intronic GCK variant (c.451 4 t>a) from her mother
(2-III-b) and grandfather (2-II-b), who were both unaffected.
This GCK c.451 4 t>a variant appears to be a benign poly-
morphism, since it is not predicted to alter splicing (41), has
a population frequency of 1:7,837 individuals in control
populations (42), and carriers in this family did not have
hypoglycemia.

In family no. 3, individuals from four generations are
known to be affected with HI. The proband’s younger
brother (3-IV-c) is affected; the proband’s father (3-III-e)

Figure 1—Schematic of GK. Location of activating mutations in re-
lation to the catalytic site (glucose) and allosteric site (GKA) in the
open conformation based on GK structure model 3VEV.
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and paternal great-grandmother (3-I-a) had both undergone
pancreatectomy for hypoglycemia. DNA from the great-
grandmother was not available for mutation analysis. Al-
though not originally thought to be affected, the paternal
grandmother (3-II-b) was found to be hypoglycemic during a
fasting test, and four other individuals are suspected of also
having hypoglycemia in multiple generations of this family.
DNA was not available on these individuals for mutation
analysis.

In family no. 1, the carrier mother (1-III-b) had not been
clinically diagnosed with HI but had a history of hypoglyce-
mia consistent with being a carrier of the GCKmutation. The
proband’s half-brother (1-IV-a) also carried the GCK muta-
tion and was recognized to be affected when routine labora-
tory studies at age 20 years revealed a fasting glucose of
40 mg/dL. He reported a history of chronic headaches and
episodes of lightheadedness and disorientation. He was
started on diazoxide with good glycemic control, although he
continues to have frequent episodes of mild hypoglycemia.

Enzyme Kinetics of GCK Mutations Demonstrate
Gain-of-Function
We produced GST-tagged mutant GK proteins for each of
the variants to examine the impact on enzyme kinetics and
to confirm their pathogenicity. The glucose half-saturation
concentration (S0.5) (43) was decreased for all eight GCK var-
iants, confirming that these are activating, gain-of-function
mutations (Fig. 3). This is in contrast to the inactivating
MODY GCK variant p.V367M, which results in an increase of
the glucose S0.5. The GKmutants p.S69P and p.S69_E70insVPL
resulted in the greatest downward shift in glucose S0.5, with
values of 0.6 mmol/L compared with 7.0 mmol/L for WT
GK (Fig. 3 and Table 2). The clinical phenotype of the infants
carrying these mutations (p.S69P and p.S69_E70insVPL) was
very severe; both were unresponsive to diazoxide treatment
and required a 98% pancreatectomy (Table 1). Patients with
the p.R447L and p.W99C mutations required a 98% pancrea-
tectomy for severe hypoglycemia, although the enzyme kinet-
ics studies indicated that the glucose S0.5 was not as severely

Figure 2—Pedigrees of eight families with HI associated with mutations in GCK. Arrows indicate probands. Circles, females; squares,
males; diamonds, multiple individuals of unspecified sex. Black shapes, hypoglycemia diagnosed; gray shapes, hypoglycemia sus-
pected. n/M, mutation positive; n/n mutation negative. In family no. 2, (*) indicates carriers of a novel intronic GCK variant
(c.4514t>a).
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decreased, with values of 1.1 and 2.4 mmol/L, respectively
(Tables 1 and 2).

To further assess the impact of the mutations on en-
zyme activation, we used a GKA, piragliatin (5 mmol/L),
which binds to the allosteric site of the GK protein (Fig. 1),
to determine the effect on enzyme kinetics. Piragliatin low-
ered the glucose S0.5 in WT GK, the MODY p.V367M mu-
tant, and in most of the activating mutations, including,
p.E67V, p.V91L, p.Y215C, p.S69P, and p.W99C (Table 2).
Piragliatin had little or no effect on the glucose S0.5 of the
p.S64P, p.S69_E70insVPL, and p.R447L GK mutants, sug-
gesting that these variants may interfere with activator
binding (Table 2). As shown in Fig. 1 and Supplementary
Fig. 2, the amino acid residues p.S64, p.S69, and p.R447
are critical for piragliatin binding; interrupting these bind-
ing sites eliminates the activating effect on GK. ATP Km

and Hill coefficients were not significantly altered in any of

the mutants (Table 2). The calculated enzyme activity in-
dex (1) of the p.V91L mutation in our study is similar to
that which was previously reported (39).

GCK-Activating Mutations Have Impaired GKRP
Inhibition
Next, we investigated the inhibitory effects of GKRP on mu-
tant GK enzyme kinetics. At 3 and 6 mmol/L glucose with
GKRP at a 1:1 molar ratio with GK, there was a 20% inhibi-
tion of WT GK activity (Fig. 4A and B). When the glucose
concentration was increased to 12 mmol/L, the inhibitory ef-
fects of GKRP (1:1 ratio) on WT GK were reduced by half to
�10% (Fig. 4C). GKRP (1:1 ratio) had no inhibitory effect on
enzyme activity in two of the activating GKmutants (p.V91L
and p.S69_E70insVPL) at any of the glucose concentrations
(Fig. 4A–C). When GKRP was increased to a molar ratio of
2:1 relative to GK, there was an �30% inhibition of WT GK
enzyme activity at 3 and 6mmol/L glucose, and an�20% in-
hibition at 12 mmol/L glucose (Fig. 4D–F). Interestingly, the
increased GKRP ratio showed no inhibition of the p.V91L
mutant and only a partial inhibition of the p.S69_E70insVPL
variant (Fig. 4D–F). The decreased sensitivity to GKRP inhi-
bition in some of these GK mutants suggests that GCK-HI
may result not only from islet dysfunction but that the liver,
where GKRP regulates GK activity, may also play a role in the
pathophysiology of HI.

Glucose Threshold for Insulin Secretion Is Decreased
in Islets Isolated From Patients With GCK-HI
To evaluate the effect of the GCK mutations on insulin se-
cretion dynamics, we isolated islets from the pancreata of
three individuals with GCK-HI (p.S69_E70insVPL, p.W99C
and p.R447L) who required pancreatectomy due to intracta-
ble hypoglycemia, and the dynamics of insulin secretion
were studied by perifusion. Overall, the maximum insulin
secretion, the insulin off-response after glucose withdrawal,
and the response to 30 mmol/L KCl of the GCK-HI islets
were similar to that seen in normal control human islets

Figure 3—Effect of GCK-HI associated GCK mutations on enzyme
activity. WT GK, eight GCK-HI mutants, and a MODY2 mutant were
expressed and GST-GCK was purified. Glucose dose-dependent
GCK enzyme activity was evaluated based on NADP1/NADPH-
coupled enzyme assay. The vertical lines indicate glucose S0.5 values.

Table 2—Enzyme kinetics of WT and mutant GK

Case subject no. Mutation site

Glucose S0.5 (mmol/L)

ATP Km (mmol/L) Hill coefficients Activity indexNo GKA 5 mmol/L GKA

Normal WT 7.0 2.7 0.32 1.86 1

1, 2 p.E67V 2.8 0.8 0.30 1.72 3

3 p.V91L 1.2 0.5 0.35 1.99 39

4, 5 p.Y215C 2.8 0.8 0.34 1.71 7

6 p.S64P 0.9 1.0 0.38 1.42 10

7 p.S69P 0.6 0.3 0.42 1.31 7

8 p.W99C* 2.4 0.5 0.40 1.35 7

9 p.S69_E70insVPL* 0.6 0.6 0.36 1.31 15

10 p.R447L* 1.1 1.0 0.37 1.29 5

MODY p.V367M 8.9 2.0 0.35 1.52 0.3

*Pancreatic islets were isolated and studied.
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(Fig. 5A). The response to high glucose (25 mmol/L) was in-
creased, and the threshold of GSIS was decreased in all three
sets of GCK-HI islets (Fig. 5A). The glucose threshold for nor-
mal control islets was 6.9 mmol/L, while the GCK-HI islets
all had reduced glucose thresholds with p.S69_E70insVPL
at 1.9 mmol/L, p.W99C at 3.1 mmol/L, and p.R447L at
1.2 mmol/L. Unlike islets isolated from children with inacti-
vatingmutations of KATP channels (KATP-HI) (36,37), the basal
insulin secretion in GCK-HI islets was not considerably ele-
vated. Since gain of responsiveness to amino acids-stimulated
insulin secretion (AASIS) is a characteristic feature of KATP-HI
islets (36,37,44), we examined AASIS in GCK-HI islets. Control
human islets showed only a small rise in insulin release when
concentrations of AAM reached >10 mmol/L (Fig. 5B). Simi-
lar to control islets, islets with the p.S69_E70insVPL and
p.R447L mutations showed a small insulin response to AASIS,
while islets with the p.W99C mutation showed no response
(Fig. 5B). In contrast to islets from KATP-HI, which showed no
response to the KATP channel antagonist glyburide (37), GCK-
HI islets showed a normal response to glyburide stimulation
similar to control islets, demonstrating that the function of
KATP channels was not altered (Fig. 5C).

GCK-HI Islets Have Impaired Glucagon Secretion
Impaired glucagon secretion during hypoglycemia has been
reported in HI patients (45). All three GCK-HI patients
(p.S69_E70insVPL, p.R447L, and p.W99C) were receiving
an infusion of intravenous glucagon prior to surgery; thus,
we were unable to measure plasma glucagon concentra-
tions prior to pancreatectomy. However, we were able to
evaluate glucagon and insulin secretion in cultured islets
isolated from these patients in response to stimulation
with AAM alone or AAM in combination with increasing

concentrations of glucose (Fig. 6). In normal human con-
trol islets, 4 mmol/L AAM stimulated nearly a fourfold in-
crease of glucagon secretion with minimal effect on insulin
secretion (Fig. 6A). When 3 mmol/L glucose, a glucose con-
centration below the threshold for insulin secretion, was
added to the 4 mmol/L AAM, we observed suppression of
glucagon secretion, similar to previous results (37). Addi-
tion of 16.7 mmol/L glucose suppressed glucagon secretion
even further, while simultaneously stimulating biphasic in-
sulin secretion. Assessment of the GCK-HI islets demon-
strated low basal glucagon secretion, and stimulation with
4 mmol/L AAM did not stimulate glucagon secretion from
these islets (Fig. 6B–D). The threshold for GSIS in islets
from all three individuals with GCK-HI using a stepwise in-
crease of glucose concentration was decreased, similar to
the data observed with glucose-ramp stimulated insulin se-
cretion shown in Fig. 5A. The maximum insulin secretion
response to high glucose in control and GCK-HI islets was
similar, suggesting comparable insulin secretion capacity.

Together, the findings of decreased basal glucagon and
impaired AAM-stimulated glucagon secretion provide indi-
rect evidence of inhibition of a-cell glucagon secretion in
GCK-HI islets. To ascertain whether there was a difference
in total a-cell mass in the GCK-HI case subjects, we stained
pancreatic sections from two GCK-HI case subjects and
from two age-matched control subjects (Supplementary Fig.
1A–D). The architecture of GCK-HI islets was very similar to
normal control islets; thus, the reduced glucagon secretion
is unlikely to be explained by a decreased a-cell mass in
GCK-HI islets. We also costained pancreatic sections with
the proliferative marker Ki67 and insulin or glucagon. The
similar number of Ki67/insulin1 cells in GCK-HI (1.12%)
and controls islets (1.37%) and Ki67/glucagon1 cells in

Figure 4—GKRP inhibition of GK activity in the p.V91L and p.S69_E70insVPL GCK-HI mutants. GK enzyme activity of GK mutants (p.V91L
and p.S69_E70insVPL) was assessed in the presence of different molar ratio of GK to GKRP (1:1 and 1:2) at glucose (G) concentrations of
3 mmol/L (A andD), 6 mmol/L (B and E), and 12mmol/L (C and F). The error bars represent ± SEM. Statistics were calculated using single-factor
ANOVA (n = 4–5). *P< 0.001; #P< 0.05 compared with WT.
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GCK-HI (1.75%) and controls islets (1.38%) indicate that
there was no significant increase in b- and a-cell prolifera-
tion. Taken together, our evaluation of GCK-HI islets indi-
cates that these mutations result in a remarkable decrease
in the glucose threshold for insulin secretion as well as a
suppression of glucagon secretion.

Molecular Dynamic Analysis of p.S69_E70insVPL
The mutant GK p.S69_E70insVPL variant is of particular in-
terest since the insertion of three amino acids between amino
acid residues 69 and 70 will increase the loop size from resi-
dues 41 to 71. The predicted structure of this mutant enzyme
makes the allosteric pocket inaccessible to the activator pira-
gliatin (Supplementary Fig. 2). Using computer model simula-
tion (Supplementary Fig. 3), we calculated the molecular
dynamics of the p.S69_E70insVPL mutant and WT GK at
three locations: loop 1, 41–71; loop 2, 93–97; and loop 3,
212–219. As shown in Supplementary Fig. 4, compared with
WT GK, the movements of loop 1 and loop 3 were increased
in the p.S69_E70insVPL mutant GK; in contrast, the move-
ments of loop 2 were unaltered.

DISCUSSION

We report and characterize a series of eight activating GCK
mutations associated with HI. All are located near the GK
allosteric site, similar to previously reported HI-associated
GCKmutations (35) and in contrast to inactivatingGCKmu-
tations that cause MODY2, which can occur throughout the
GK protein (1–4). The allosteric site is also the target of
many GKAs.We performed direct functional analysis of pan-
creatic islets from patients with GCK-HI, including insulin
and glucagon secretion. These results demonstrate a de-
crease in the glucose threshold for insulin secretion, provid-
ing direct evidence of the pathophysiology of GCK-HI.
Interestingly, we also observed suppression of glucagon se-
cretion in these GCK-HI islets. These observations provide
novel insights to the understanding of GCK-HI: inappropri-
ate insulin secretion from b-cells at a lower glucose thresh-
old is the key pathogenic feature of HI, but decreased
glucagon secretion during hypoglycemia may also play a role
in the pathophysiology of GCK-HI. Although not examined
in this study, it is likely that activating GK mutations affect
glucose metabolism through effects not only on islets but
also on liver and other tissues that express GK (17).

As shown by these studies, examination of enzyme kinetics
of mutant GK can provide important information for clinical
interpretation of genetic results and may also help to explain
the severity of clinical hypoglycemia phenotypes. Our data
show that all of the HI-associated GCK mutations studied
here have increased sensitivity to glucose and an increased ac-
tivity index, in line with previously published studies of GCK-
activating mutations. There seems to be some correlation
between the plasma glucose concentration during hypoglyce-
mia and the GK enzyme activity index, with an r2 of 0.42
(Supplementary Fig. 5). As our results demonstrate, glucose
S0.5 values may correlate with severity of clinical presentation

Figure 5—Functional evaluation of insulin secretion of islets iso-
lated from GCK-HI patients. Perifusion of primary islets isolated
from surgical pancreatic specimens from GCK-HI patients (W99C,
S69_E70insVPL, or R447L) to assess insulin release compared with nor-
mal control subjects. Stimulated with glucose ramp (0–25 mmol/L) and
KCl (30 mmol/L) (A), AAM ramp (0–12 mmol/L) and KCl (30 mmol/L) (B),
or glyburide (0.3 mmol/L) (C). Glucose threshold is indicated by dashed
vertical lines.
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similar to the activity index. Our data indicate that a glucose
S0.5 of <2.5 mmol/L or an activity index of >5 seem to be
associated with a clinical presentation severe enough to re-
quire pancreatectomy. Interestingly, the most variable phe-
notypes pertaining to severity of clinical presentation only
occurred in mild GCK-activating mutations such as p.Y215C.
We also noticed that four mutations (p.S64P, p. E67V,
p.S69P, and p.S69_E70insVPL) are located in the loop struc-
ture of the GK protein, the connection loop from residues
41 to 71 facilitating the cooperativity between the large and
small domains of GK, suggesting that alteration of this loop
will have profound effects on GK enzyme function. A shorter
loop reduces the large and small domain cooperativity and im-
pairs enzyme function (46). In contrast, elongation of this
loop at the site of 69 and 70 will greatly increase enzyme activ-
ity, as evidenced by mutation of p.S69_E70insVPL. Although
we recognize the limitation of computer-based molecular dy-
namics calculation, we attempt to explain the different degree
of enzyme activation for these mutations at the molecular
level, whichmay improve the understanding of GK function.

Our data demonstrating loss of sensitivity to GKRP for
some GK mutants suggest that lack of an inhibitory re-
sponse to GKRP inhibition in the liver may play a role in
the pathophysiology of GCK-HI (47); however, more stud-
ies are required to fully understand the role of activating
GCK mutations in liver glucose metabolism and its contri-
bution to the hypoglycemia phenotype. It is improbable
that activating mutations of GCK in the liver alone can
cause hypoglycemia, since a recent study showed that a
liver-specific GKA, TTP399, lowers plasma glucose levels in
patients with type 2 diabetes without any hypoglycemia ad-
verse effects (48). This is dissimilar to nontissue-selective

GKAs, in which hypoglycemia is a common adverse effect
(49,50).

Recent studies showed that knockout of GCK in mouse
a-cells results in hyperglucagonemia with loss of glucose in-
hibition of glucagon secretion (19), which provides evidence
that GK plays an important role in a-cells function. Studies
of GCK-MODY2 also observed that MODY2 patients have a
high glucose threshold for glucagon suppression (51). In ad-
dition, genetically increased a-cell GK leads to enhanced glu-
cose suppression of glucagon secretion (18). In line with
these studies, our glucagon secretion data in GCK-HI islets
show that the GCK-activating mutations lead to significant
suppression of a-cell function. Importantly, our findings in-
dicate that suppressed a-cell function and lack of counterre-
gulatory hormone response (i.e., impaired glucagon secretion
during hypoglycemia) may contribute to the severity and
rate of recovery of hypoglycemia in GCK-HI patients. Meas-
urements of glucagon during hypoglycemia may help deter-
mine whether there is impaired glucagon secretion as we
observed in perifused isolated islets. Pancreatic histology
from two individuals was examined. However, the data are
not sufficient to draw meaningful conclusions about the role
of GK in the regulation of b- and a-cell proliferation.

Overall, the study of activating GCK mutations and
particularly, the study of islets isolated from patients car-
rying these mutations, offer a unique opportunity to es-
tablish a better understanding of the pathophysiology of
HI and of GK function, which may facilitate the develop-
ment of novel therapies for both diabetes and HI.
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