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ABSTRACT 

 

 

Glucokinase (GCK) plays a key role in glucose homeostasis. Heterozygous inactivating mutations 

in the GCK gene cause the familial, mild fasting hyperglycaemia named MODY2. Besides its 

particular kinetic characteristics, glucokinase is regulated by subcellular compartmentation in 

hepatocytes. Glucokinase regulatory protein (GKRP) binds to GCK, leading to enzyme inhibition 

and import into the nucleus at fasting. When glucose concentration increases, GCK-GKRP 

dissociates and GCK is exported to the cytosol due to a nuclear export signal (NES). With the aim 

to characterize the GCK-NES, we have functionally analysed nine MODY2 mutations located 

within the NES sequence. 

Recombinant GCK mutants showed reduced catalytic activity and, in most cases, protein instability. 

Most of the mutants interact normally with GKRP, although mutations L306R and L309P impair 

GCK nuclear import in cotransfected cells. We demonstrated that GCK-NES function depends on 

exportin 1. We further showed that none of the mutations fully inactivate the NES, with the 

exception of mutation L304P, which likely destabilizes its α-helicoidal structure. Finally, we found 

that residue Glu300 negatively modulates the NES activity, whereas other residues have the 

opposite effect, thus suggesting that some of the NES spacer residues contribute to the low affinity 

of the NES for exportin 1, which is required for its proper functioning.   

In conclusion, our results have provided functional and structural insights regarding the GCK-NES 

and contributed to a better knowledge of the molecular mechanisms involved in the nucleo-

cytoplasmic shuttling of glucokinase. Impairment of this regulatory mechanism by some MODY2 

mutations might contribute to the hyperglycaemia in the patients. 
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CRM1  Chromosome Region Maintenance 1 
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GFP green fluorescent protein 

GKRP  glucokinase regulatory protein 

GST glutathione S-transferase 

HA  hemagglutinin  

NES Nuclear export signal 

RAI  relative activity index 

WT  wild type 
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1. INTRODUCTION 

Glucokinase (GCK) plays a central role in the regulation of glucose metabolism. Its activity is 

restricted to cells with important roles in whole-body glucose homeostasis [1]. In pancreatic beta-

cells GCK acts as glucose sensor by integrating blood glucose levels and glucose metabolism with 

insulin secretion.  In hepatocytes, where glucokinase is also expressed, its activity controls glycogen 

accumulation, glycolysis and gluconeogenesis rates. Moreover, a role of glucokinase has also been 

reported in the brain, pancreatic alpha cells and pituitary gonadotropes, for review see [2]. GCK 

mutations can result in monogenic disorders characterized by hyper or hypoglycaemia. 

Heterozygous activating mutations cause hyperinsulinemic hypoglycaemia. Homozygous 

inactivating mutations cause permanent neonatal diabetes mellitus, whereas heterozygous 

inactivating mutations cause maturity-onset diabetes of the young type 2 (MODY2) [3]. The 

patophysiological mechanism of GCK associated disorders is a defect in glucose sensing that results 

in modification of the glucose threshold for beta-cell insulin secretion. Additionally, defects in liver 

glycogen storage and increased rate of gluconeogenesis have been demonstrated in MODY2 

patients [4,5].  

Glucokinase belongs to the hexokinase family (GCK is also named hexokinase IV), which converts 

glucose in glucose-6-phosphate with ATP as second substrate. This reaction is the first limiting step 

of glucose utilization in hepatocytes and beta-cells. The function of glucokinase is based on its 

particular kinetic characteristics, mainly low affinity and cooperativity for glucose. These properties 

are conferred by multiple conformational protein structure states. Briefly, in the absence of glucose, 

GCK has an inactive super-open conformation. Conversely, the glucose-bound enzyme adopts an 

active closed conformation [6,7]. In addition, glucokinase can be regulated by tissue-specific 

posttranscriptional mechanisms [2]. In the liver, glucokinase is also regulated through protein-

protein interactions by the glucokinase regulatory protein (GKRP), which inhibits the enzyme and 

also induces its nuclear retention in hepatocytes [8,9]. GCK-GKRP interaction is strengthened by 

fructose-6-phosphate (F6P) and counteracted by fructose-1-phosphate (F1P), which bind to the 

same site of GKRP [10,11]. During fasting, at low glucose concentrations, GKRP-F6P anchors the 

super-open GCK form, allowing its import into the nucleus. Mutational and structural studies of 

GKRP-bound GCK have shown that the GKRP-binding surface is located at the allosteric site in the 

hinge region of GCK, which is exposed in the super-open conformation [11-15]. Upon binding to 

GKRP, GCK translocates to the nucleus in hepatocytes or in heterologous cells co-transfected with 

GKRP and GCK, and the absence of GKRP results in exclusive cytoplasmic locatization of this 

enzyme [9,16,17]. After feeding, when glucose (and fructose) concentrations rise, GCK adopts an 
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active glucose-bound closed conformation and dissociates from GKRP-F1P. Substrate binding 

causes a structural rearrangement of GCK, which results in the dissociation of the complex [15]. 

The dissociation of GCK from GKRP occurs prior to being exported from the nucleus to the 

cytoplasm [18,19]. The enzyme nuclear export is mediated by a leucine-rich nuclear export signal 

(NES) covering aminoacids 300 to 310 of glucokinase (GCK-NES: 
300

ELVRLVLLKLV
310

) [17].  

Due to the central role of glucokinase in the regulation of glucose homeostasis, this enzyme has 

been considered as a potential target for the development of new anti-diabetic drugs. However, 

tackling such a challenge requires a thorough knowledge of GCK regulatory mechanisms [20,21]. 

The biochemical characterization of GCK mutations associated to glycemic disorders has 

contributed significant insights into the regulatory mechanism of this enzyme [3]. In this work, we 

carried out a systematic analysis of MODY2 mutations within the GCK-NES sequence. 

 

2. MATERIAL AND METHODS 

 

2.1. Selection of MODY2 mutations in the Nuclear Export Signal of glucokinase. 

 

We selected a series of GCK mutations covering the NES sequence of this enzyme. Mutations 

E300Q, E300K, R303W, L304P, L306R, R308W, L309H and L309P had been previously identified 

[22-25, 3]. Mutation V302E is a novel mutation identified in this work. 

 

2.2. Subjects and genetic analysis. 

 

The patient bearing V302E mutation was referred to our laboratory at the Hospital Clinic of 

Barcelona for a molecular diagnosis of MODY. A 27 years old woman of caucasian descent, 

presented repetitive mild fasting hyperglycaemia. A 75-g OGTT resulted in blood glucose 

concentrations of 6.1, 9.3 and 6.4 mmol/l and insulin of 7.18, 18.5, 22.9 and 20.2 mU/l at 0, 60 and 

120 min respectively. Her 6 years old daughter and 4 years old son also presented repetitive mild 

fasting hyperglycaemias. Body mass index was 21.5, 19.5 and 16 kg/m
2
 for the patient, her daughter 

and son, respectively. Informed consent was obtained from the subject or their parents. The study 

was performed according to the Declaration of Helsinki as revised in 2008 and approved by the 

local ethical committee. GCK genetic analysis was performed as described in [26].  

 

2.3. Plasmid constructs and mutagenesis. 
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Plasmid pGEX-5X.2-GCK express human wild type beta-cell GCK fused to glutathione-S-

transferase (GST-GCK) [27]. Plasmid p-FLAG-ctc-hGKRP-FlagC contains human Flag-tagged 

GKRP [28]. Plasmid pEGFP-N2-ratGCK(299-359) express rat GCK residues 299 to 359 as an N-

terminal enhanced green fluorescent protein (GFP) fusion protein (GCK
(299-359)-

GFP) [17]. Plasmid 

pYFP-CRM1 contains the human cDNA for CRM1 (Chromosome Region Maintenance 

1)/exportin1 [29]. Plasmids pEGFP-C3-GCK (expressing human β-cell GCK as a C-terminal GFP 

fusion protein GFP-GCK), pGKRP-mCherry (expressing the human GKRP as an N-terminal 

mCherry fusion protein (GKRP-mCherry), pmCherry and pCMV-HA-CRM1 (expressing 

hemagglutinin (HA) tagged-exportin1) were prepared as described in Supplementary Material and 

Methods. Mutagenesis was performed as previously described [30] by using primers shown on 

Supplementary Table S1.  

  

2.4. Protein production and purification. 

 

Recombinant wild-type and mutant GST-GCK were bacterially expressed, purified and stored as 

described previously [27]. Flag tagged human GKRP was purified from E. coli as in [28] with the 

modifications detailed in Supplementary Material and Methods. 

 

2.5. GCK enzymatic assays and in silico structural analysis. 

 

Determination of kinetic parameters, thermal inactivation, inhibition by GKRP and structural 

analysis were performed as previously described [25,27,30]. See Supplementary Material and 

Methods. 

 

 

2.6. Cell culture, transient transfection and treatment with leptomycin B. 

 

HEK293T cells were a gift from Dr. C. Hernández-Sánchez (Centro de Investigaciones Biológicas, 

Madrid, Spain) and were cultured in DMEM containing glucose 25 mmol/l. HepG2 cells were 

purchased from the American Type Culture Collection (ATCC HB-8065, Manassas, VA, USA)  and 

cultured in MEM containing glucose 5.5 mmol/l. See Supplementary Material and Methods. 

Transient transfections of HEK293T were performed with lipofectamine (Invitrogen, Carlsbad, CA, 
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USA) and HepG2 with XtremeGENE HP (Roche Diagnostics, Mannheim, Germany) according to 

the manufacturer’s instructions, see Supplementary Material and Methods. When indicated, cells 

were incubated for 6 h with 40 nmol/l of leptomycin B (Sigma-Aldrich, St Louis, MO, USA). 

 

2.7. Western blot analysis  

 

Western blot analysis was performed in transfected cells to detect GFP, mCherry and actin as 

detailed in Supplementary Material and Methods.  

 

2.8. Inmunocytochemistry, fluorescence microscopy and image analysis. 

 

Cells, cultured and transfected on coverslips (Menzel-Gläser,Braunschweig, Germany), were fixed 

with 4% formaldehyde (Merck Sharp & Dohme International, Whitehouse Station, NJ, USA) 42 h 

after transfection. Following nuclei staining with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen), 

coverslips were mounted with Fluoromount G (Electron Microscopy Sciences, Hatfield, PA, USA). 

For inmunocytochemistry, fixed cells were permeabilised with 0.4% Triton X-100 and blocked in 

10% normal goat serum (Sigma-Aldrich) with 0.1% Triton X100 in PBS. Cells were incubated 2 h 

with Monoclonal Rat anti-HA Tag antibody (1:100; Roche), washed with blocking buffer and then 

incubated for 1 h with goat anti rat IgG (H&L): TexasRed (1:200; AbD serotec, Oxford, UK). The 

analysis of fluorescent proteins was performed with an epifluorescence microscope Leica DMRB 

(Leica Microsystems, Wetzlar, Germany) or with a laser confocal microscope Leica SP2 AOBS. 

Excitations wavelengths of 405 nm, 488 nm and 543 nm were used for detection of DAPI, GFP and 

Texas-Red/mCherry, respectively. For each experimental condition, at least 290 cells were visually 

analyzed for the intracellular distribution of the fluorescence signal with the Leica DMRB 

fluorescence microscope with an HC PLAN APO 20x/0.70 objective. Fluorescence distribution in 

individual cells was classified by visual inspection as homogeneous, nuclear, cytoplasmic or 

perinuclear. See Supplementary Material and Methods for further details. Fluorescent images were 

captured using the confocal system with an HCX PL APO 63x/1.4-0.6 Oil Lbd BL objective lens. 

Confocal images were processed and fluorescence intensities of images were quantified with the 

ImageJ 1.48v software (National Institutes of Health, Bethesda, USA). At least 10 cells were 

analyzed for each experimental condition. Equal areas of cytoplasm and nucleus were measured for 

each cell image. The nuclear/cytoplasmic fluorescence intensity ratio (N/C) was calculated by 

dividing the nuclear intensity by the cytoplasmic intensity. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 8 

 

2.9. Yeast two-hybrid analysis. 

 

Two-hybrid studies were performed as described previously [27]. Plasmid encoding human GKRP 

fusion protein to the Gal4 Binding Domain (GBD) was constructed as described in [26]. Plasmids 

encoding human GCK fusion proteins to the Gal4 Activation Domain (GAD) were prepared as 

described in Supplementary Material and Methods. 

 

2.10. Statistical analysis. 

 

Results are shown as means ± SD, and statistical significance was analysed by the two-tailed 

Student’s t test. p values of <0.05 were considered statistically significant. 

 

3. RESULTS 

 

3.1.Identification of a novel MODY2 mutation within the GCK-NES. 

 

Sequencing of beta-cell GCK gene in the diabetic patient and her daughter and son revealed a 

heterozygous change in exon 8, c.905T>A, which results in novel mutation V302E. This mutation 

has neither been found in 1000 Caucasian individuals nor in the Exome Aggregation Consortium 

(ExAC) database.  

 

3.2. Effects of GCK-NES mutations on glucokinase activity. 

 

3.2.1 Enzymatic characterization.  

Kinetic analysis was performed with recombinant GST-GCK, the V302E mutant derivative and 

other known MODY2 mutants within the GCK-NES, for which kinetic constants were not reported 

yet: L304P, L306R and L309H. Results are shown in Table 1. Purification yield was lower for 

proteins carrying mutations V302E, L304P or L306R, and glucokinase activity of all the mutants 

was reduced by at least 83% (RAI ≤ 0.17), the strongest effect being caused by L306R (RAI = 

0.03). The lower activity of these mutants was mainly due to a reduced catalytic constant (Kcat) 

value. Additionally, all the mutations produced a slight but significant negative effect on the affinity 
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for glucose (S0.5 values are 29 to 48 % higher). The affinity for ATP (Km) was also slightly 

affected.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 

3.2.2 Thermolability of mutants.  

The activity of GST-GCK and mutant derivatives V302E, L304P and L309H was measured at 

different temperatures to analyse whether these mutations affect GCK protein stability. Mutant 

GST-GCK(L306R) was excluded from this assay since its activity was too low to obtain accurate 

results (Table 1). Figure 1 shows that mutation L309H did not significantly affect GCK activity 

when incubated at temperatures up to 50ºC. In contrast, mutations V302E and L304P increased 

temperature-dependent enzyme inactivation (Fig. 1a and b). Mutation L304P produced the strongest 

effect since GST-GCK(L304P) showed significant inactivation at temperatures above 37 ºC (Fig. 

1a). 

 

3.2.3. Effect of mutations on GCK enzymatic inhibition by GKRP.  

To assess whether these mutations alter the inhibition of GCK by its regulatory protein GKRP, the 

activity of GST-GCK mutants was assayed in the presence of increasing concentrations of purified 

recombinant human GKRP. The activity of mutants was compared to both wild type GST-GCK and 

GST-GCK(A456V), which was previously described to be largely insensitive to GKRP inhibition 

[13]. Mutants L306R and L309P were excluded from this assay because of their low specific 

activities (Table 1 and [31]). Figure 2 shows that none of the GCK-NES mutations affect the 

inhibition by GKRP. 

 

3.3. Effects of mutations on glucokinase subcellular localization  

 

3.3.1. Effects of mutations on GKRP-dependent GCK nuclear import. 

In hepatocytes, nuclear import of GCK depends on GKRP binding, while nuclear export depends on 

GCK-NES activity. We first analysed whether GKRP-dependent nuclear import of GCK was 

altered by these mutations. HepG2 cells were transiently co-transfected with GFP-tagged human 

wild-type or mutant GCK and mCherry-tagged GKRP fusion plasmids and analysed by 

fluorescence microscopy. We found that the nuclear translocation of GCK is fully dependent on 

GKRP. Localization of GFP-GCK is cytosolic in the absence of co-transfected GKRP-mCherry 

(Fig. 3) and the same result is observed with all the mutants (not shown). As expected, co-

expression of GKRP-mCherry results in the nuclear translocation of wild type GFP-GCK and most 
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of the mutants, except the mutants L306R and L309P which were retained in the cytoplasm (Fig. 3).  

Co-expression of these two mutants and GKRP-mCherry was confirmed by immunoblotting 

(Supplementary Fig. S1a). Interestingly, GKRP-mCherry was predominantly nuclear in all cases, 

except in some cells co-expressing GFP-GCK(L309P), where both GCK and GKRP fusions were 

detected in the cytosol (Fig. 3 and Supplementary Table S2).  

 

3.3.2. Two hybrids assays to test the physical interaction between GCK mutants and GKRP. 

To investigate whether mutations L306R and L309P impair the physical interaction of GCK with 

GKRP, we analysed these two mutants as well as others in yeast two-hybrid assays (Fig. 4). In 

agreement with the GKRP inhibition assays (Fig. 2), most of the mutants were able to bind GKRP 

(Fig. 4). In contrast, and as expected from the localization studies, mutant GCK(L306R) did not 

interact with the regulatory protein. Unexpectedly, mutant GCK(L309P) binds to GKRP although 

this interaction does not appear to be sufficient to trigger the nuclear translocation of glucokinase. 

 

3.3.3. Effects of GCK mutations on the NES function. 

Next we aimed to determine whether these MODY2 mutations affect the GCK-NES activity. We 

used a previously described GFP-fusion protein containing rat GCK amino acids 299 to 359 

(GCK
(299-359)

-GFP, Fig. 5) because this construct can diffuse into the nucleus independently of 

GKRP [17]. Expression of wild type and mutant GCK
(299-359)

-GFP fusion proteins in HEK293T 

cells was confirmed by immunoblotting (Supplementary Fig. S1b) and subcellular localization of 

GFP fusions was assessed by fluorescence microscopy. As shown in Fig. 6, unfused GFP was 

slightly enriched in the nucleus (N/C= 1.4 ±0.2) in most cells (65 ±6 %). In agreement with 

previous work [17], the presence of the NES in wild type GCK
(299-359)

-GFP prevents GFP nuclear 

enrichment. This effect was visualised by confocal microscopy as a partial enrichment of the GFP-

fusion protein in the cytoplasm (N/C= 0.75 ±0.08; Fig 6). This partial cytoplasmic enrichment was 

not detectable by epifluorescence microscopy and the effect of the NES was only visualised as a 

shift from the slight nuclear enrichment to a homogeneous distribution of GFP fluorescence in most 

cells (Supplementary Table S3). In contrast, and as unfused GFP, the mt3 control inactive-NES 

mutant was slightly enriched in the nucleus of most cells (78 ±5 %; N/C= 1.61 ±0.35; Fig. 6).  

We then analysed the nuclear enrichment of mutant GCK
(299-359)

-GFP fusion proteins to evaluate the 

exporting activity of the mutated NES sequences (Fig 6). Mutation K308W (note that K308W in the 

rat sequence corresponds to human MODY2 mutation R308W, Fig. 5) did not change the 

percentage of cells with nuclear enrichment of the GFP fusion protein (25 ±3 %; Fig 6). However, 
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we found that more than 50% of cells (53 ±2 %) accumulated fluorescence surrounding the nucleus 

(Fig. 6). Such perinuclear distribution was more pronounced in Cos7 cells (Supplementary Fig. S2). 

Strikingly, mutations E300K and E300Q increased the strength of the NES since more than 95% of 

transfected cells accumulated the GFP fusion protein in the cytoplasm (N/C= 0.51 ±0.03 and 0.55 

±0.1, respectively; Fig. 6, compare WT and E300K or E300Q). In contrast, mutations at positions 

302, 303, 304 and 309 impaired the NES function, with effects ranging from mild (mutations L309P 

and L309H; N/C= 0.99 ±0.14 and 0.99 ±0.1, respectively; Fig. 6) to moderate and severe (V302E, 

R303W and L304P; N/C= 1.36 ±0.24, 1.35 ±0.13 and 1.63 ±0.18, respectively; Fig. 6). The 

opposite effect of E300K and L304P on NES activity was further analysed by introducing both 

mutations into the GCK
(299-359)

-GFP fusion protein. Double mutant GCK
(299-359)

(E300K/L304P)-

GFP was predominantly nuclear (N/C= 1.39 ±0.13; Fig. 6), thus indicating that the stronger NES 

activity of the E300K mutant is fully suppressed by the L304P mutation (Fig. 6, compare E300K 

with E300K/L304P). 

 

To determine whether the GCK-NES is recognized by the major exportin, CRM1/exportin1, we 

analysed the nuclear/cytoplasmic distribution of GCK
(299-359)

-GFP fusion proteins in HEK293T 

transfected cells in conditions where exportin activity was either inhibited by leptomycin B or 

increased by CRM1 overexpression. As shown in Supplementary Fig. S3, leptomycin B inhibits the 

NES activity of both wild type and mutant GCK
(299-359)

-GFP fusion proteins, which accumulate in 

the nucleus (N/C= 1.45 ±0.3) in most cells (70 ±7 %). Moreover, the percentage of GCK
(299-

359)
(K308W)-GFP transfected cells with perinuclear fluorescence was reduced to 30 ±4 % 

(Supplementary Table 4). To investigate the effects of CRM1 overexpression, HEK293T cells were 

co-transfected with GCK
(299-359)

-GFP fusion proteins plus HA-tagged CRM1. Co-transfected cells 

were analysed by GFP fluorescence and HA-Texas-Red immunofluorescent staining (Fig 7). As 

expected, unfused GFP was mostly nuclear and thus insensitive to CRM1. In contrast, CRM1 

overexpression resulted in a predominant cytoplasmic localization of GCK
(299-359)

-GFP (N/C= 0.53 

±0.11; Fig. 7). Overexpressed HA-CRM1 efficiently exported most of the mutant GFP fusion 

proteins at the same extent as the wild type (Fig 7). However, about a 30% of co-transfected cells 

expressing the L304P mutant, alone or combined with E300K, were insensitive to CRM1 

overexpression and accumulated the GFP-fusion in the nucleus (N/C= 1.25 ±0.22 and 1.2 ±0.15, 

respectively). The same effect was observed with the inactive-NES mt3 control mutant (N/C = 1 

±0.17; Fig 7). Overexpression of CRM1 did not substantially change the percentage of cells with 

perinuclear accumulation of GCK
(299-359)

(K308W)-GFP (42 ±3%). 
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4. DISCUSION 

 

Functional characterization of naturally occurring GCK mutations in patients with impaired 

glucose homeostasis has widened our knowledge of the catalytic and regulatory mechanisms of this 

enzyme [3]. In this work, we have biochemically characterized a group of GCK-MODY mutations 

within the α8-helix containing a nuclear export signal. α8-helix is found on the surface of the large 

domain of glucokinase, distant from the deep cleft that hosts the active site [6] (Fig. 8). We would 

predict that mutations V302E, L304P, L306R and L309H cause structural changes in the α8-helix 

by introducing polar residues in a hydrophobic environment and because of steric conflicts with 

neighbouring residues (Fig. 8). Indeed, we found that mutations V302E, L304P, L306R and L309H 

inactivate GST-GCK enzymatic activity by reducing strongly Kcat values and slightly glucose 

affinity, and likely decreasing protein stability, as suggested by the thermal inactivation and reduced 

purification yield of most of the recombinant mutant proteins in vitro. These findings are consistent 

with previous results showing that mutation L304P induced faster GCK-protein degradation in 

MIN6 cells [32]. Moreover, mutations E300Q, E300K, R303W, R308W and L309P have also been 

shown to decrease protein stability [25,33-37]. Taken together, these data indicate that α8-helix is 

important for glucokinase stability and kinetics. 

Transport of proteins larger than the exclusion limit size (≈ 40 kDa) through the nuclear 

pore is mediated by importins and exportins, which recognize nuclear localization signals (NLS) 

and NES, respectively, in the cargo protein [38]. Although a GCK NLS has been recently reported 

to be functional in pancreatic beta-cells, GCK nuclear import in hepatocytes depends on its 

interaction with GKRP [39,17]. Previous analysis of the crystal structure of the GCK-GKRP 

complex  indicates that GCK α8-helix is not directly involved in the interaction with GKRP [15] 

[11] (Fig. 8c). Accordingly, we found that most of the GCK mutants analysed here are inhibited in 

vitro by recombinant human GKRP, do interact with the regulatory protein in the yeast two–hybrid 

system and are translocated to the nucleus when co-expressed with GKRP in cultured cells. 

Exceptions are GCK mutants L306R and L309P, which are not detected in the cell nucleus even 

when GKRP was overexpressed. Consistently, mutation L306R prevents GCK binding to GKRP in 

yeast two-hybrid. Similar results have been reported for GCK mutant L309R [40]. Substitutions of 

hydrophobic leucine residues by basic arginine in the α8-helix may induce GCK folding defects, 

thus preventing recognition by GKRP. Surprisingly, mutant L309P still interacts with the 

regulatory protein in yeast two-hybrid. We found that leptomycin B does not induce the nuclear 
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accumulation of GFP-GCK(L309P) (results not shown) and that mutation L309P does not activate 

the GCK-NES, ruling out the possibility of a more active nuclear export resulting in the 

cytoplasmic accumulation of this mutant. We found that some HepG2 cells expressing GFP-

GCK(L309P) retain GKRP-mCherry in the cytoplasm, thus supporting the idea that these two 

proteins interact but cannot be imported to the nucleus. One possible explanation is that mutation 

L309P impairs the conformational adjustment of the GCK-GKRP dimer [41] or that the mutant 

GCK-GKRP complex is not recognized by the import machinery. 

Glucokinase contains a functional NES (
300

ELVRLVLLKLV
310

) that fits the NES consensus 

class 1b for the major export receptor exportin1/CRM1 (1-X2-2-X2-3-X-4, where  is a 

hydrophobic residue, mainly Leu, but also Ile, Val, Phe or Met, and X might be any aminoacid) 

[17,42,43]. GKRP is required for GCK nuclear import but not for its nuclear export [17,18]. Since 

some of the mutations in GCK α8-helix impair its nuclear import, we used a previously developed 

method [17] to analyse the specific effect of these mutations on GCK-NES activity. This approach 

uses a small GFP-fusion protein (34 kDa) containing residues 299-359 of rat glucokinase, which 

can diffuse freely both into and out of the nucleus and thus does not require GKRP-dependent 

import. In agreement with previous work [17], we found that GCK-NES (residues 300 to 310) 

mediates nuclear export in our cultured cells and that NES activity is impaired in the mt3 control 

mutant. We further demonstrated that GCK-NES function requires exportin1/CRM1 by showing 

that nuclear export of the GFP-fusion protein is inhibited by leptomycin B and enhanced upon 

CRM1 overexpression. CRM1-interacting NES are diverse but share common characteristics such 

as a low affinity for CRM1 and hydrophobic residues that bind a hydrophobic groove in CRM1 

[42,44,45]. Our mutational analysis has uncovered some functional and structural features of the 

GCK-NES. The MODY2 mutations L304P, L309H and L309P affect hydrophobic residues 2 and 

4, while mutations E300K, E300Q, V302E, R303W and K308W (rat K308W corresponds to 

human R308W mutation) affect spacer positions. Once bound to CRM1, many NESs adopt an 

amphipathic α-helix conformation at the N-terminus (1-3), and have a more relaxed structure at 

the C-terminus (3-4) [44,45]. This may explain why proline substitution at 2 position has a 

stronger inhibitory effect than at 4. Indeed, mutations L309P produces just a slight decrease in 

export activity, whereas mutation L304P strongly inactivates the NES. Spacer residues are also 

important for NES activity [44,46]. For instance, bulky tryptophan residues are rarely found at the 

C-termini of NES [46]. The substitutions of basic residues to tryptophan in R303W and K308W 

mutants produce different effects. The R303W substitution between 1 and 2 disturbs the N-

terminal amphipathic helix and, as expected, results in a weaker NES. In contrast, the K308W 
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substitution between 3 and 4 induces a perinuclear distribution of the GFP fusion protein. 

Interestingly, substitution at the same position in a synthetic NES has been shown to produce the 

same localization pattern [47]. Such NES, referred as supraphysiological, strongly interacts with 

CRM1 and impair nuclear export by blocking export complexes at nuclear pores. Previous work 

reported that acidic residues are found at relative high frequency at spacer positions and that 

substitution of neutral residues flanking 1 to glutamate enhance CRM1 binding [48,46,44]. 

However, the negative effect of mutation V302E on export activity and the positive effect of 

mutations E300K and E300Q rather suggests that the presence of Glu next to 1 weakens GCK-

NES activity. We hypothesize that Glu300 contributes to the low affinity of the NES for CRM1, 

which is required for its proper functioning. In summary, our results support the idea that spacer 

residues of the GCK-NES modulate its activity either negatively or positively, thereby contributing 

to the fine-tuning of its function. 

The effect of GCK-NES mutations on enzyme kinetics and protein stability might account 

for the hyperglycaemia that characterizes MODY2 patients, since reduced GCK activity would 

increase the threshold for glucose stimulated insulin release in beta-cells [31,37,49]. However, a 

more in depth functional characterization of these MODY2 mutations has allowed uncovering 

defects at other levels of GCK regulation, such as its subcellular localization. Translocation of 

GCK between cytoplasm and nucleus in hepatocytes depends on its interaction with GKRP, which 

is modulated by nutrients (mainly glucose and fructose). During periods of hypoglycaemia, GKRP 

inhibits and sequesters GCK in the nucleus and this glucokinase pool can be rapidly mobilized in 

response to increased cellular glucose [8,19]. Our results indicate that some of the MODY2 

mutations in the GCK-NES likely impair the nucleo-cytoplasmic shuttling of GCK in the liver. 

Taking into account the important role of the liver in the homeostasis of blood glucose, this 

additional defect might contribute to the hyperglycaemia in these patients. 

Hepatoselective glucokinase activators have been identified in the last years with the aim of 

developing new treatments for type II diabetes [50]. Some of these compounds act as GCK-GKRP 

disruptors that promote GCK translocation from the nucleus to the cytoplasm [51,52]. In this 

context, our findings contribute to a better knowledge of the molecular mechanisms involved in the 

nucleocytoplasmic shuttling of glucokinase. 
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Figure Legends 

 

Figure 1. Effect of temperature on the stability of the GST-GCK mutants. Stock enzyme solutions 

were diluted to 250 μg/ml in storage buffer as described in Supplementary Material and Methods. 

A, Enzyme solutions were incubated for 30 min at different temperatures and then assayed at 30 ºC. 

B, Enzyme solutions were incubated for different periods of time at 50ºC. 100% activity 

corresponds to a specific activity (U/mg of protein) of 23.4 ±1.6; 5.8 ±0.7; 1.6 ±0.2 and 4.9±1.3 for 

GST-GCK, GST-GCK(V302E), GST-GCK(L304P) and GST-GCK(L309H), respectively. Circle, 

GST-GCK; square, GCK(V302E); triangle, GST-GCK(L304P); rhombus, GST-GCK(L309H). 

Data represent means ± SD of at least 4 measurements from 2 independent protein purifications. 

 

Figure 2. Inhibition of wild type and mutant GCK activity by GKRP. Enzyme activity was 

measured at a GST-GCK wild type or mutant concentration of 61 nmol/l in the presence of the 

indicated amount of purified Flag-GKRP. 100% activity corresponds to a specific activity (U/mg of 

protein) of 4.6±0.1; 0.65 ±0.17; 1.16 ±0.2; 0.23 ±0.04; 0.58 ±0.09 and 0.73 ±0.19 for GST-GCK, 

GST-GCK(V302E), GST-GCK(R303W), GST-GCK(L304P), GST-GCK(R308W) and GST-

GCK(L309H), respectively. Solid circle, GST-GCK; solid square, GCK(V302E); solid triangle, 

GST-GCK(R303W); solid rhombus, GST-GCK(L304P); open circle GST-GCK(R308W); open 

square, GST-GCK(L309H); open triangle, GST-GCK(A456V). Data represent means ± SD for 4 

assays using at least 2 independent enzyme purifications. 

 

Figure 3. Subcellular localization of GFP-GCK variants  and GKRP-mCherry on transient 

cotransfection into HepG2 cells. A, B Representative fluorescence images of HepG2 cotransfected 

cells. A Coexpression of wild type GFP-GCK (WT) with mCherry or GKRP-mCherry . B 

Coexpression of GFP-GCK mutants with GKRP-mCherry. GFP, mCherry and DAPI fluorescence 

channels are shown. Scale bar 10 μm.  C Percentage of cells with GFP nuclear enrichment. Data, 

extracted from Supplementary Table 2, represent means ± SD of at least 100 cells visualised in, at 

least, 3 independent transfections (n≥300). Data shown for mutations E300Q and L309H 

correspond to only one transfection (n= 161 and 127 cells, respectively, Supplementary Table S2). 

(*) p<0.001 versus cells cotransfected with wild type GFP-GCK and GKRP-mCherry. 
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Figure 4. Two-hybrid interaction of Gal4-binding domain (GBD)–GRKP with Gal4-activating 

domain (GAD)–GCK.  -galactosidase filter lift assay is shown for at least 7 independent 

transformants. 

 

Figure 5. Schematic representation of the GCK
(299-359)

-GFP fusion protein and comparison of the 

GCK-NES sequence with the NES consensus. A GCK
(299-359)

-GFP construct designed by [14] 

showing rat GCK-NES and mt3 mutant sequences. B MODY2 mutant GCK-NES sequences. C 

alignment of the NES consensus class 1b and human GCK-NES. , hydrophobic residue; X, any 

residue. Numbers indicate position of residues in GCK protein sequence. 

 

Figure 6.- Subcellular localization of GFP and wild type or mutant GCK
(299-359)

-GFP on transient 

transfection into HEK293T cells. HEK293T cells were transfected with plasmid pEGFP-N2-

ratGCK
(299-359)

 or mutant derivatives. A,B Representative GFP and DAPI confocal images of 

transfected cells are shown. Scale bar 10 μm. C Percentage of cells with GFP or GCK
(299-359)

-GFP 

fluorescence accumulated in the nucleus. Data, extracted from Supplementary Table S3, are shown 

as means ± SD of at least 100 cells visualised in, at least, 3 independent transfections (n≥300). D 

Nuclear to cytoplasmic GFP fluorescence intensity ratio (N/C ratio). K308W in rat GCK
(299-359)

-

GFP corresponds to MODY2 mutation R308W. Data are means ± SD of at least three independent 

experiments with a total of 10-24 cell images analysed. (*) p<0.05 versus cells transfected with wild 

type GCK
(299-359)

-GFP (WT). 

 

 

Figure 7.- Effect of CRM1 overexpression on the subcellular localization of GFP and wild type or 

mutant GCK
(299-359)

-GFP on transiently transfected HEK293T cells. HEK293T cells were 

cotransfected with plasmid pEGFP-N2-ratGCK
(299-359)

 or mutant derivatives andpCMV-HA-CRM1, 

and processed for immunofluorescence. HA-tagged CRM1 was revealed with monoclonal rat anti-

HA Tag and goat anti rat IgG (H&L):Texas-Red antibodies. K308W in rat GCK
(299-359)

-GFP 

corresponds to MODY2 mutation R308W. A,B Representative GFP, Texas-Red and DAPI confocal 

images of transfected cells are shown. Scale bar 10 μm. C Percentage of cells with GFP or GCK
(299-

359)
-GFP fluorescence accumulated in the nucleus. Data, extracted from Supplementary Table S5, 

are shown as means ± SD of about 100 cells visualised in 3 independent transfections (n≥290). D 

Nuclear to cytoplasmic GFP fluorescence intensity ratio (N/C ratio). Data are means ± SD of 3 
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independent experiments with a total of 12-20 cell images analysed. (*) p<0.05 versus cells 

cotransfected with HA-CRM1 and wild type GCK
(299-359)

-GFP (WT). 

 

Figure 8.- Localization of mutations in the structural model of human glucokinase. E300 is shown 

in green, V302 in yellow, R303 in blue, L304 in magenta, L306 in pink, R308 in cyan and L309 in 

orange. A Location of mutated residues in the closed conformation of GCK (1V4S) [6]. B 

Hydrophobic positions Φ at the GCK-NES sequence are shown. Same colour assignment shown in 

b apply for a and c. C Location of mutated residues in the open conformation of GCK bound to 

GKRP (4LC9) [11].  D to G An enlargement of the region of interest in the closed conformation of 

GCK is shown in each panel. Left panels represent the wild-type state while right panels show the 

predicted collisions (red discs) of substituted residues to surrounding aminoacids (shown in black). 

GCK conformations are represented using the Pymol Molecular Graphics System (Schrödinger). 
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Table 1.- Kinetic parameters of wild-type and MODY2 mutant GST-GCK fusion proteins. 

 

Protein Protein yield 

(mg/l) 

Kcat (s
-1

) S0.5 for 

glucose 

(mmol/l) 

h Km for 

ATP 

(mmol/l) 

RAI 

GST-GCK  

(n=24) 

 

5.19 ± 3.90 

(14) 

55.30 ± 

14.40 

7.69 ± 0.43 1.45 ± 

0.06  

0.52 ± 

0.06 

1.00 ± 0.3 

GST-

GCK(V302E) 

(n=7) 

 

1.75 ± 

0.40*(3) 

7.73 ± 

4.67* 

10.17 ± 

0.89* 

1.32 ± 

0.10* 

0.65 ± 

0.01* 

0.13 ± 

0.08* 

GST-

GCK(L304P) 

(n=7) 

 

1.61 ± 

0.64*(5) 

7.38 ± 

2.24* 

11.30 ± 

1.02* 

1.05 ± 

0.18* 

0.59 ± 

0.06* 

0.17 ± 

0.04* 

GST-

GCK(L306R) 

(n=7) 

 

1.07 ± 

0.13*(3) 

0.70 ± 

0.25* 

11.40 ± 

1.90* 

0.99 ± 

0.05* 

0.40 ± 

0.01* 

0.03 ± 

0.01* 

GST-

GCK(L309H) 

(n=6) 

5.16 ± 0.1 (3) 9.56 ± 

3.00* 

9.98 ± 

0.97* 

1.37 ± 

0.15 

0.45 ± 

0.07* 

0.15 ± 

0.08* 

Data are shown as mean ± SD for n measurements. In protein yield column, 

parenthesis indicates the number of separate enzyme preparations for wild-

type and mutant GST-GCK. The Hill coefficient (h) and the relative activity 

index (RAI) are unit-less. (*) p<0.05 
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Highlights 

 

The glucokinase α8-helix is important for enzyme stability and kinetics 

 

MODY2 mutations L306R and L309P prevent GKRP-mediated nuclear import of glucokinase 

 

The MODY2 mutation L304P inactivates the glucokinase nuclear export signal 

 

The function of the glucokinase nuclear export signal depends on exportin 1  
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