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Abstract

Purpose of review—Glucokinase regulator (GCKR) encodes glucokinase regulatory protein
(GKRP), a hepatocyte-specific inhibitor of the glucose-metabolizing enzyme glucokinase (GCK).
Genome-wide association studies have identified a common coding variant within GCKR
associated with multiple metabolic traits. This review focuses on recent insights into the critical
role of GKRP in hepatic glucose metabolism that have stemmed from the study of human
genetics. This knowledge has improved our understanding of glucose and lipid physiology and
informed the development of targeted molecular therapeutics for diabetes.

Recent findings—Rare GCKR variants have effects on GKRP expression, localization, and
activity. These variants are collectively associated with hypertriglyceridaemia but are not causal.
Crystal structures of GKRP and the GCK-GKRP complex have been solved, providing greater
insight into the molecular interactions between these proteins. Finally, small molecules have been
identified that directly bind GKRP and reduce blood glucose levels in rodent models of diabetes.

Summary—GCKR variants across the allelic spectrum have effects on glucose and lipid
homeostasis. Functional analysis has highlighted numerous molecular mechanisms for GKRP
dysfunction. Hepatocyte-specific GCK activation via small molecule GKRP inhibition may be a
new avenue for type 2 diabetes treatment, particularly considering evidence indicating GKRP loss-
of-function alone does not cause hypertriglyceridaemia.
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INTRODUCTION

Glucokinase regulator (GCKR) and its cognate gene product glucokinase regulatory protein
(GKRP) have been associated, both biologically and genetically, with several key metabolic
pathways. In the liver, GKRP forms an inhibitory complex with glucokinase (GCK), the
enzyme responsible for regulating the uptake and storage of dietary glucose [1,2].
Mechanistic studies have shown that disruption and reformation of this complex occurs in
response to direct binding of glucose to GCK, and fructose 1-phosphate (F1P) (a by-product
of dietary fructose metabolism) and fructose 6-phosphate (F6P, which accumulates during
gluconeogenesis and glycogenolysis) to GKRP [3-5]. In this way, the GCK-GKRP complex
acts as a metabolic ‘switch’ capable of initiating energy storage and release pathways in
response to periods of feeding and fasting. Genome-wide association studies (GWAS) have
identified multiple associations with the common coding variant p.P446L in GKRP,
including type 2 diabetes (T2D) and an inverse modulation of fasting plasma glucose and
triglyceride levels [6-8]. This variant affects GKRP function via a range of molecular
mechanisms that ultimately result in GCK activation under conditions of normoglycaemia or
hypoglycaemia [9,10]. As we move closer to an era of personalized medicine, our ability to
deliver targeted and efficacious treatments for diabetes and other metabolic diseases will
depend on combined insights from human genetics, molecular and structural biology, and
whole-animal physiology. This review will focus on recent studies that have extended our
understanding of the physiological impact of GKRP dysregulation on glucose and lipid
homeostasis, and the ways in which we may be able to manipulate GKRP to provide new
treatments for T2D.

GENETIC VARIATION IN GLUCOKINASE REGULATOR HAS BEEN
IMPLICATED IN A WIDE RANGE OF METABOLIC TRAITS

Human genetics has played an important role in our understanding of lipid phenotypes.
GWAS have identified more than 150 loci associated with lipid levels and other lipid-related
traits, and the advent of next-generation sequencing has allowed for the identification of
additional contributing rare and low-frequency variants [7,11-18]. The results of these
studies have offered new insight into the molecular mechanisms that underpin lipid
metabolism and have opened up new avenues towards the development of novel
therapeutics.

The first human genetic evidence of a role for GCKR in lipid metabolism was the
association of a more than 400 kb genomic region, encompassing GCKR, with plasma
triglyceride levels in Europeans via GWAS [7]. A subsequent combination of imputation
and fine-mapping highlighted the nonsynonymous single-nucleotide polymorphism (SNP)
rs1260326 [c.1403 C>T, p.P446L, minor allele frequency (MAF) 0.34] as the likely causal
variant [6,19]. Interestingly, this SNP was associated with an inverse modulation of fasting
glucose and triglyceride levels, a finding that has since been replicated in other populations
[8,13,18,20-23]. To date, SNP rs1260326 (or the intronic proxy SNP rs780094) has been
associated with more than 25 metabolic traits, including T2D risk, fasting insulin, total
cholesterol, and nonalcoholic fatty liver disease, as well as circulating levels of numerous
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metabolites such as uric acid, C-reactive protein, creatinine, and albumin, indicating that it is
a highly pleiotropic gene [14,24-39].

GLUCOKINASE REGULATORY PROTEIN HAS A CLEAR BIOLOGICAL
ROLE IN GLUCOSE HOMEOSTASIS

The abovementioned insights are of particular interest in light of an already substantial body
of evidence indicating a biological role for GKRP in glucose homeostasis. As its name
suggests, GKRP was first identified as a protein that bound GCK and inhibited its activity in
rodent hepatocytes [2]. GCK is a key regulator of glucose disposal and storage in both liver
and pancreatic beta-cells, and responds to increases in circulating glucose concentration by
initiating a signalling cascade that results in insulin secretion from the beta-cell and
subsequent hepatic glucose uptake and storage [1]. The vast majority of human GKRP is
expressed in the liver, suggesting that its primary effect on GCK activity occurs in this organ
[9]. Itis, however, also expressed at low levels in other tissues, although it does not appear
to be appreciably expressed in beta-cells where GCK is clearly in excess [9,40].

The liver is responsible for the clearance and disposal of approximately 25-35% of dietary
glucose, and responds to periods of hypoglycaemia by initiating gluconeogenic and
glycogenolytic pathways designed to maintain blood glucose concentrations at homeostatic
levels [41-43]. Formation of the GCK-GKRP inhibitory complex is disrupted by glucose,
resulting in translocation of GCK from the hepatocyte nucleus to the cytoplasm where it can
assist in glucose clearance [44-48]. A similar effect is also achieved in the presence of the
phosphate ester F1P, an intermediary product in the conversion of dietary fructose [2-4].
Conversely, F6P, a by-product of gluconeogenesis and glycogenolysis, enhances the
interaction between GCK and GKRP, thus promoting nuclear retention and inactivation of
GCK during periods of hypoglycaemia [2,3]. This shuttling mechanism effectively creates a
nuclear reserve of GCK capable of mobilizing rapidly in response to fluctuations in
intrahepatic glucose levels (Fig. 1). Interestingly, GKRP also acts as a post-translational
stabilizer of cellular GCK, as Gekr™~ mice display WT-like Gek transcript levels but
reduced GCK protein expression and activity, as well as lower hepatic glycogen
concentrations and a reduced ability to respond to an acute glucose load [47,49].

MOLECULAR MECHANISMS AND PHENOTYPIC IMPACT OF NATURALLY
OCCURRING GLUCOKINASE REGULATOR MISSENSE VARIANTS

Functional analysis of the p.P446L GKRP variant provided us with the first mechanistic
insights into the ways in which natural variation in GCKR may influence its cellular
behaviour. A combination of in vitro and cell-based assays has shown that this variant has a
reduced ability to sequester and inhibit GCK and a blunted response to F6P, both of which
favour the generation of free and active cytoplasmic GCK [9,10]. Detailed biophysical
experiments recently published by Zelent et al. [S0™] suggest that the P > L substitution at
this residue may have an overall effect on the structure of GKRP, resulting in destabilization
of the GCK binding interface and altered phosphate ester binding. This explains the inverse
correlation between fasting plasma glucose and triglycerides for this variant, as increased
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hepatic GCK activity would result in lower blood glucose levels and maintenance of energy-
storing triglyceride and glycogen synthesis pathways under conditions of normoglycaemia
or hypoglycaemia (Fig. 2) [51].

Studies by both Johansen et al. and Rees et al. have recently extended the catalogue of
naturally occurring GCKR variants, and provided further insight into the mechanistic basis
to GKRP dysfunction across the allelic spectrum [14,52]. In one of the first studies to
identify rare (MAF <0.01) variants of (potentially) large individual effect in a gene already
implicated in a particular trait via GWAS (in this case, plasma lipid levels), Johansen et al.
[14] performed targeted exome sequencing of GCKR in individuals with extreme lipid
phenotypes. They identified an excess of rare GCKR variants in hypertriglyceridaemic cases
(defined as having fasting plasma triglyceride levels >95™ percentile) relative to control
individuals with normal lipid levels. Rees et al. [52] sequenced the exons of GCKR in 800
individuals from the ClinSeq cohort, who were recruited on the basis of an increased risk for
coronary atherosclerosis, and identified a further 10 novel rare coding variants.

Functional studies have subsequently demonstrated a mutational mechanism for the vast
majority of these variants, via a range of effects including cellular GKRP expression and
localization, GCK interaction and inhibition, and phosphate ester binding [52,53®]. In one
study, reclassification of variants based on empirical determination of pathogenicity
increased the strength of the association with plasma triglycerides, total cholesterol, and
LDL-Cholesterol, indicating that modulation of GKRP function has a demonstrable effect
on clinical phenotype [52]. Interestingly, these empirical findings were repeatedly
underpredicted by several widely used in silico prediction algorithms, emphasizing the need
for robust analytical pipelines in the correct functional classification of novel variants
[14,52,53M].

GLUCOKINASE REGULATORY PROTEIN AS A TARGET FOR DIABETES
THERAPY

Although rare loss-of-function GCKR variants are associated collectively with
hypertriglyceridaemia, extended family studies have demonstrated that they generally do not
co-segregate with triglyceride levels [53®]. This most likely reflects the complex heritability
of lipid traits, to which rare functional GCKR alleles are contributory rather than
deterministic, and the influence of additional genetic and environmental factors on the
penetrance of lipid phenotypes [13,14,54]. It is also encouraging news in light of a recent
report describing antidiabetic effects for two small molecule GKRP inhibitors in rodents
[comm],

Lloyd et al. [55™™] used a cell-free high-throughput screening approach to identify a lead
molecule (AMG-1694) that activated hepatic GCK via direct binding to GKRP, and found it
to be a robust nuclear-to-cytoplasmic translocator of GCK in Wistar and Zucker diabetic
fatty (ZDF) rats and primary rat hepatocytes. The drug had a specific effect on blood
glucose levels — without affecting insulin or triglycerides — over a 24-h period in diabetic
(ZDF) rats and did not alter blood glucose levels in normoglycaemic (Wistar) rats. Further
optimization of AMG-1694 resulted in a drug that displayed greater efficacy in mice
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(AMG-3969), with similar translocatory effects in diet-induced obesity (DIO), ob/ob, db/db
and normoglycaemic C56BL/6 mice. Once again, GCK translocation was matched by a
corresponding decrease in blood glucose levels only in diabetic (DIO, ob/ob and db/db)
mice [55™™ 56]. The precise mechanism of action remains uncertain; however, the blood
glucose-lowering effects appear to be the result of increased hepatic carbohydrate oxidation
[comm),

These results are of interest due to the potential for reduced risk of hypoglycaemia in
humans, which has been a hallmark of clinical trials of glucokinase activators (GKAS) over
the last 10 years. GKAs are a class of small molecules that increase the affinity of GCK for
glucose by directly binding a pocket distal to its active site, thus lowering the set point for
glucose-stimulated insulin secretion in the beta-cell [57,58]. In the liver, GKA binding
causes GCK to dissociate from its inhibitory complex with GKRP [59]. A number of
adverse side-effects to long-term GKA treatment have been reported, including
hypoglycaemic episodes (due to improper insulin secretion), decreased efficacy over time,
and increased hepatic triglycerides, the latter most likely due to persistent GCK activity in
the liver [57,60-63].

Data suggest that increased hepatic GCK activity due to loss of GKRP function has negative
long-term effects on whole-animal glucose and lipid homeostasis, particularly in the context
of high fat and high sugar diets [47,61]. In humans, the p.P446L variant is associated with a
modest decrease in plasma glucose but a proportionately larger increase in plasma
triglycerides (8.76 mg/dl per allele in [13]), indicating that a satisfactory reduction in blood
glucose levels via hepatic GCK activation may be outweighed by a correspondingly larger
increase in triglyceride synthesis and storage [6,7,19,23]. The same variant is also associated
with increased 2-h glucose — most likely reflecting a diminution of the nuclear GCK pool
capable of being mobilized in response to a glucose challenge — making the long-term
effects of chronic GCK activation on both glucose and triglycerides via GKRP inhibition
difficult to predict [10,26]. As GKRP inhibitors do not increase the basal affinity of GCK for
glucose, the effect on triglycerides at low glucose concentrations may be reduced relative to
GKAs. Ultimately, these data emphasize that human clinical trials of AMG-1694 and
AMG-3969 - or any other small molecule disruptors of the GCK-GKRP complex — will
have to be closely monitored for adverse side-effects on both glucose and triglycerides,
particularly in view of the fact that diabetes patients are already likely to have unfavourable
lipid profiles that may be exacerbated by chronic hepatic GCK activation.

THE FUTURE FOR TARGETED DRUG DESIGN AND GLUCOKINASE
REGULATORY PROTEIN

The study by Lloyd et al. [55™™] was the first to utilize crystal structure information to
elucidate the precise mechanism of small molecule interference of GKRP. They crystallized
the human GKRP protein bound to AMG-1694 and sorbitol 6-phosphate (an open-chain
analogue of F6P), and used this information to model the effects of AMG-1694 binding on
the GCK binding interface [55™™ 64®™®] The very first two crystallographic studies of
GKRP, however, were simultaneously published by Pautsch et al. and Beck and Miller 8
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months previously. These two groups provided atomic-level information on human GKRP
bound to F1P, and the human GCK-rat GKRP complex bound to F6P [65W™ oMME],

Cumulatively, these studies give a comprehensive picture of the structural changes that
occur on the GKRP scaffold in response to GCK and phosphate ester binding. They
demonstrate that GKRP is a trilobal protein, consisting of two sugar isomerase (SIS)
homology domains capped by an alpha-helical ‘lid’. The GCK binding interface is
positioned opposite the lid and is mediated by a small number of polar contacts and multiple
hydrophobic interactions [64™™® 65®™®] |t js also distinct from the F1P—F6P binding site,
which is located in a deeply buried cavity where the lid meets the SIS domains [65™™,
66™™]. GCK binds to GKRP in a ‘super-open’ conformation in which its active site remains
disordered and is released from GKRP in response to glucose via rearrangement into a 8-
hairpin structure [65™™]. Phosphate ester binding appears to modulate the strength of the
interaction between the lid and the second SIS domain such that GCK binding is favoured or
disfavoured depending on whether F6P or F1P is bound [65™™]. This detailed molecular
information verifies several years’ worth of indirect evidence on the nature of the GKRP
protein fold that had been deduced via a range of indirect methods, including homology
modelling, mutagenesis, and biochemical and biophysical analyses [5,67-75].

Crystal structure information is of enormous significance in the context of current and future
efforts to design targeted molecular inhibitors of GKRP, and has already been instrumental
in structure-guided optimization of the initial screening hit AMG-1694 [56,76,77]. This
molecule binds between the N-terminus of GKRP and the first SIS domain, revealing a
novel binding pocket — distinct from the phosphate ester binding site — that clearly
influences GKRP activity. This finding exemplifies the opportunities for novel, targeted
therapeutics that can be inferred from structural details of previously unrecognized binding
motifs, although the precise mechanism of GCK-GKRP disruption upon AMG-1694
binding remains unclear [55™® 78]. Interestingly, the p.P446 residue resides at the C-
terminal end of a structural loop that interacts with GCK, and rare loss-of-function variants
recently characterized by Johansen et al. and Rees et al. are distributed throughout the
GKRP structure, the most severe of which are located proximal to the phosphate ester
binding site [14,52,53®]. The extent to which small molecule inhibition of GKRP mimics
the structural effects of these variants is yet to be elucidated, although they appear to have
the same overall mechanistic effect via GCK-GKRP complex disruption.

CONCLUSION

Recent discoveries from fields as diverse as genetics, structural and cellular biology, and
whole-animal physiology have underscored the importance of GKRP in hepatic glucose and
triglyceride metabolism. The initial finding of multiple metabolic associations for the
common coding variant p.P446L has now been extended to include collective associations
for rare variants of larger individual effect with plasma lipids, and detailed functional
analyses indicate that GKRP is highly sensitive to alteration in its activity via a range of
molecular mechanisms [7,9,10,14,52,53®]. Rare GCKR variants, however, do not appear to
be sufficient to cause hypertriglyceridaemia, giving hope for the suitability of small
molecule GKRP inhibitors as an appropriate molecular therapy for hyperglycaemia and T2D
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[53™ 55®E] However, the long-term effects of increased hepatic GCK activity on glucose
and triglycerides remain to be elucidated. In addition to recent atomic-resolution structural
information about GKRP and the GCK-GKRP interaction, existing human genetic data
should also prove useful in monitoring the potential side-effects of novel small molecule
GKRP modulators [S54™ c4Mm_ccMM] Sch a multifaceted approach should improve our
understanding of the extent to which GKRP dysfunction is deterministic of lipid phenotypes,
and the ways in which we therefore may be able to intervene and modulate its activity in a
clinical setting.
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FIGURE 1.

Model of GKRP regulation of hepatic glucose metabolism. In the fasting state (left), GCK is
inhibited by GKRP and sequestered in the nucleus. The hepatocyte is active in producing
glucose via glycogenolysis and gluconeogenesis, and exports glucose to the circulation for
use by peripheral tissues. In the fed state (right), GCK is released from GKRP inhibition by
glucose (binding to GCK) and F1P (binding to GKRP). Glucose phosphorylation leads to
enhanced glycolytic flux and glucose disposal and storage. F1P, fructose 1-phosphate; GCK,
glucokinase; GKRP, glucokinase regulatory protein.
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FIGURE 2.
Model of the effects of P446L-GKRP on hepatic glucose metabolism. Normally (left), GCK

is inhibited by wild-type (WT) GKRP and sequestered in the nucleus in the fasting state.
F6P (small circle) enhances complex formation. GCK is released from WT-GKRP in
response to glucose and moves to the cytoplasm where it initiates glucose storage pathways.
The p.P446L variant (right) creates a GKRP protein with increased cytoplasmic localization
and reduced affinity for GCK and F6P, resulting in decreased plasma glucose levels and
maintenance of glycolysis and de novo lipogenesis. F6P, fructose 6-phosphate; GCK,
glucokinase; GKRP, glucokinase regulatory protein.
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