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ABSTRACT: Glucokinase (GCK) is responsible for maintaining
glucose homeostasis in the human body. Dysfunction or
misregulation of GCK causes hyperinsulinemia, hypertriglycer-
idemia, and type 2 diabetes. In the liver, GCK is regulated by
interaction with the glucokinase regulatory protein (GKRP), a 68
kDa polypeptide that functions as a competitive inhibitor of
glucose binding to GCK. Formation of the mammalian GCK—
GKRP complex is stimulated by fructose 6-phosphate and
antagonized by fructose 1-phosphate. Here we report the crystal
structure of the mammalian GCK—GKRP complex in the presence
of fructose 6-phosphate at a resolution of 3.50 A. The interaction
interface, which totals 2060 A? of buried surface area, is
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characterized by a small number of polar contacts and substantial hydrophobic interactions. The structure of the complex
reveals the molecular basis of disease states associated with impaired regulation of GCK by GKRP. It also offers insight into the
modulation of complex stability by sugar phosphates. The atomic description of the mammalian GCK—GKRP complex provides
a framework for the development of novel diabetes therapeutic agents that disrupt this critical macromolecular regulatory unit.

lucokinase (GCK) functions as the body’s principal

glucose sensor and plays a central role in glucose
homeostasis.”> GCK catalyzes the rate-limiting step of glucose
metabolism in the pancreas, where it governs the rate of insulin
secretion from f-cells. It also displays a high flux control
coefficient upon glycogen synthesis in the liver.” In both tissues,
GCK is regulated by a unique cooperative kinetic response to
glucose characterized by a K,s value that approximates
physiological plasma glucose levels.* GCK cooperativity results
from slow, glucose-mediated order—disorder transitions within
the enzyme’s intrinsically disordered small domain.> In the
liver, GCK is regulated by the glucokinase regulatory protein
(GKRP), a 68 kDa polypeptide that functions as a competitive
inhibitor of glucose binding to GCK.”® Under low glucose
concentrations, GCK associates with GKRP and the inactive
complex is recruited to the hepatocyte nucleus.”'® When
glucose levels rise, the GCK—GKRP complex dissociates and
GCK returns to the cytosol to participate in glycogen
metabolism. In mammals, formation of the complex is
promoted by fructose 6-phosphate and antagonized by fructose
1-phosphate.

The GCK—GKRP system is essential for proper glucose
sensing and regulation in humans. Inactivating mutations in the
gck locus, of which more than 600 have been identified, are
linked to maturity onset diabetes of the young type 2 (MODY-
1) and permanent neonatal diabetes mellitus (PNDM)."
Conversely, gain-of-function gck mutations result in persistent
hyperinsulinemic hypoglycemia of infancy (PHHI)."* Genome-
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wide association studies have identified polymorphisms in the
gckr locus strongly associated with hyperlipidemia and altered
triglyceride concentrations."”'* GKRP knockout mice display
decreased hepatic glucokinase expression and impaired glucose
clearance."® Because of the importance of GCK and GKRP in
glucose homeostasis, significant efforts have been directed
toward targeting this system for antidiabetic therapy. Allosteric
activators of GCK that stimulate enzyme activity in vivo have
been active£y pursued as potential drugs for type 2 diabetes
mellitus.'*'” More recently, targeted disruption of the GCK—
GKRP complex has emerged as a promising avenue to increase
glucose metabolism in a hepatocyte specific manner.'® A major
limitation in targeting the GCK—GKRP assembly with
antidiabetic agents, however, is the lack of a description of
the complex at atomic resolution. Here we present the first X-
ray crystallographic structure of the mammalian GCK—GKRP
complex. Our data provide a framework for understanding the
molecular details of complex assembly and for reprogramming
the GCK—GKRP regulatory system with small-molecule
therapeutics.

B EXPERIMENTAL PROCEDURES

Protein Production and Purification. Recombinant, N-
terminal hexahistidine-tagged pancreatic human glucokinase
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was produced in BL21(DE3) cells and purified using a
combination of immobilized metal affinity and size-exclusion
chromatography, as previously described.'” Recombinant, C-
terminal hexahistidine tagged rat GKRP was produced from
pET22(b) in BL21(DE3) cells grown at 37 °C until ODggpnm
reached 0.5, at which time the temperature was reduced to 16
°C and IPTG was added to a final concentration of 0.5 mM.
Following 40 h of incubation at 16 °C, cells were harvested by
centrifugation and resuspended in GKRP loading buffer (50
mM Tris—HCI pH 7.6, 25 mM imidazole, 1 mM dithiothreitol,
and 10% w/v glycerol). Cells were lysed by sonication, clarified
by centrifugation at 35000g for 30 min at 4 °C, and the
supernatant was loaded onto a 5 mL HisTrap FF affinity
column (GE Lifesciences) previously equilibrated in GKRP
loading buffer. The column was washed with 100 mL of GKRP
loading buffer, and protein was eluted with 40 mL of GKRP
loading buffer containing 0.25 M imidazole. GKRP was dialyzed
overnight at 4 °C in a 14 000 MWCO dialysis bag against 2 L of
GKRP SEC buffer (50 mM potassium phosphate, pH 7.6,
containing 1 mM dithiothreitol). Following dialysis, GKRP was
concentrated to a final volume of ~0.5 mL with an Amicon
30 000. MWCO spin concentrator, and the protein was injected
onto a Superdex 200 HR 10/30 column (24 mL), previously
equilibrated in GKRP SEC buffer, at a flow rate of 0.25
mL/min. Pure GKRP eluted as a single peak centered at 13.5
mL (Supporting Information Figure S1).

To form the complex, aliquots of size-exclusion purified
GCK and GKRP were mixed at a 1:1.1 stoichiometry. Fructose
6-phosphate (3 mM) was added to this mixture, and the sample
was incubated 10 min at 4 °C to promote complex formation.
The complex was concentrated to a final volume of 0.5 mL
using an Amicon 30000 MWCO spin concentrator, and the
sample was immediately injected at a flow rate of 0.25 mL/min
onto a Superdex 200 HR 10/30 column (24 mL) previously
equilibrated in GCK/GKRP SEC buffer (10 mM HEPES pH
7.1, 25§ mM KCIl, 3 mM dithiothreitol, and 3 mM fructose 6-
phosphate). Pure GCK—GKRP—fructose 6-phosphate ternary
complex eluted at 11.9 mL (Supporting Information Figure
S1). Fractions displaying the highest A,go, values were pooled
and concentrated to 10 mg/mL using an Amicon 30000
MWCO spin concentrator. Samples were used immediately in
crystallization trials.

Crystallization. Suitable crystallization conditions were
identified using commercial sparse matrix screening conducted
at the NCCR Structural Biology facility at the University of
Zirich. Initial hits were optimized by grid screens. Crystals
were obtained at 20 °C using the sitting drop vapor diffusion
method by mixing 200 nL of GCK—GKRP—fructose 6-
phosphate complex solution with 100 nL of reservoir solution
containing 0.1 M HEPES, pH 7.1, and 8% w/v PEG 6000.
Crystals typically appeared within 12 h of setup and reached
final dimensions within 3 days (Supporting Information Figure
S1). After adding 200 nL of mother liquor supplemented with
35% w/v glycerol and 3 mM fructose 6-phosphate to the
crystallization drop, crystals were flash frozen in liquid N,.

Structure Determination and Refinement. Diffraction
data were collected at 100 K on the PX-I beamline at the Swiss
Light Source (Villigen, CH). Data were processed with XDS*°
and scaled with SADABS.”' The structure was solved with
Phaser”” using a combined search with three different
ensembles: (1) the isolated large domain of GCK from the
open structure (1V4T), (2) the isolated small domain of GCK
from the open structure (1V4T), and (3) the “capless” GKRP
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structure (4BB9). In the search model, GCK was separated into
its component domains to omit bias concerning the relative
orientation of these domains with respect to one another in the
search model. A representative electron density map generated
by molecular replacement using only the large domain from the
open GCK (1V4T) and the “capless” GKRP structure (4BB9)
as a search model is shown in Supporting Information Figure
S2. The electron density clearly indicates that the small domain
of GCK adopts a conformation similar to the open form. Use of
the intact, closed structure for GCK (3F9M) as a search model
produced a model of poor quality (low log likelihood gain score
and six packing clashes in Phaser, which did not occur in the
combined search with the three ensembles as described above).

Initial automatic and manual rebuilding was carried out with
PHENIX Autobuild®® and Coot.*® Initial refinement was
carried out with Refmac”” within the CCP4 suite®® using
ProSMART? to generate external restraints on the basis of
reference structures for closed GCK (3F9M) and GKRP
(4BB9). For refinement, we chose the closed GCK structure
because it was determined to higher resolution and displays
improved geometrical characteristics. It is important to
recognize that the use of ProSMART-based restraints
introduces bias into the model. To minimize this bias, we
chose reference models with high quality statistics and high
degrees of sequence identity with our target (100% for GCK
and 89% for GKRP). Additionally, we generated reference
model restraints only for the main chain to minimize bias for
the position of the side chains. We inspected the fit of the
model to the electron density thoroughly to ensure that the
reference model restraints did not distort our model, especially
in the regions of structural difference. The map sharpening
utility in Refmac® was crucial for building the N-terminus and
cap domain in GKRP and residues 180—205 in GCK. This
program was also used to prepare the omit map for Figures 1B.
Subsequent refinement was carried out with PHENIX*® using

Figure 1. Structure of the mammalian GCK—GKRP—fructose 6-
phosphate complex. (A) Cartoon representation of the complex where
GCK is depicted in light blue (large domain) and dark blue (small
domain) and GKRP is depicted in orange (sugar isomerase domain 1),
red (sugar isomerase domain 2), and brown (cap). Fructose 6-
phosphate (green, space-filling) binds where the cap meets the sugar
isomerase domains. (B) Fructose 6-phosphate binding site with
carbon, oxygen, nitrogen, and phosphorus atoms shown in green, red,
blue, and gray, respectively. Electron density is contoured at 1.5,
clipped at S A around the ligand and calculated without the ligand
(omit map). Residues that contact the phosphoryl moiety are labeled.
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structures of closed GCK (3F9M) and GKRP (4BB9) as
reference models. The model was improved by iterative rounds
of refinement and manual rebuilding. The N- and C-termini are
disordered for both proteins, as are residues 151—180 in GCK
and three surface loops (residues 282—28S, 368—392, and
428—429) in GKRP. Distribution of thermal displacement
parameters is shown in Supporting Information Figure S4.
UNIPROT accession numbers for GCK and GKRP used in this
study are P35557 and QO07071, respectively. Data collection
statistics and refinement details are shown in Supporting
Information Table S1. Resolution estimation was performed by
using an I/c] criterion of 2 (3.50 A). Additionally, the split half
correlation CC(1/2) criterion was used to avoid discarding
highly important data.*® Thus, data up to 3.40 A were used for
refinement. Data statistics and refinement in Supporting
Information Table S1 are based on this data cutoff. A model
of fructose 6-phosphate was fit into the electron density in a
similar location to the position of fructose 1-phosphate in the
isolated GKRP structure (4BB9).** At the sugar-binding site,
two sites with clear electron density above 1.5¢ are observed
(Figure 1B). The phosphate group was placed into the site with
the more pronounced electron density, in a similar position as
the phosphate moiety of fructose 1-phosphate in the isolated
GKRP structure (Supporting Information Figure SS). The
remaining electron density was more consistent with the
furanose form of fructose 6-phosphate, rather than the linear
keto form.>" The electron density did not allow a clear
positioning of the furanose ring; thus, an orientation similar to
the fructose 1-phosphate position was picked. This procedure is
unavoidably biased in favor of the high-resolution fructose 1-
phosphate structure; however, the high degree of structural
similarity between the reference (fructose 1-phosphate) and
model (fructose 6-phosphate) ligands provides a reasonable
rationale for this decision.

Model validation was carried out with the Molprobity
server,”> which indicated that 95.2% residues are in the most
favored regions of the Ramachandran plot and 4.6% are in the
additionally allowed regions, with only two outliers (0.2%).
Molprobity score: 1.57 (this structure is in the 100th percentile
for N = 638, 3.400 + 0.25 A). The programs PyMOL (DeLano
Scientific LLC) and CCP4MG>® were employed for figure
preparation.

Determination of Interaction Interfaces. Interaction
interfaces were determined with the PDB PISA server.>® The
main interface is located within the asymmetric unit and the
interface area is calculated as 2060 AZ; it involves 32 residues of
GCK and 34 residues of GKRP (for details see text). For the
second interaction interface present in the crystal structure, the
main interactions are found between the N-terminus (residues
7—8, 17—20) and residues 63—67 of GKRP and residues 103—
109 and 452—460 of a GCK molecule related by crystallo-
graphic symmetry (x — 1/2, —y + 1/2, —z + 1). In the present
structure, residues 7—27 of GKRP adopt a new conformation
compared to that of the isolated GKRP structure, where it
contacts the cap domain.** Because the cap domain adopts a
different conformation in the GCK—GKRP complex (now the
cap is ajar), the N-terminus of GKRP has to reorient
(Supporting Information Figure S6). Therefore, it is very likely
that the present orientation of the N-terminus of GKRP found
in the GCK—GKRP complex structure is due to crystallization
contacts. The second interface as determined by the PISA
server involves 23 residues of GCK and 16 of GKRP with a
total buried area of 1210 A% which is ~50% of the area of the
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main interface. The interface is composed of only one hydrogen
bond (GCK Met107 carbonyl O with amide NH of GKRP
GIn8) and one salt bridge (GCK His10S with GKRP Glul8)
and several hydrophobic contacts.

B RESULTS

Structure of the Mammalian GCK—GKRP Complex. To
understand the basis for GKRP-mediated inhibition of GCK,
we determined the crystal structure of the complex between rat
liver GKRP and human pancreatic GCK in the presence of
fructose 6-phosphate (Figure 1). We chose rat GKRP, which is
89% identical to human GKRP, because this protein behaves
similarly to the human protein and can be produced in large
quantities from recombinant sources, unlike human GKRP.
The biochemical properties of rat GKRP have been thoroughly
characterized, and sugar phosphates modulate the inhibitory
action of rat GKRP, as they do for human GKRP. Human
pancreatic GCK, which differs from the liver isozyme only by
15 N-terminal residues uninvolved in GKRP association,” was
selected because it proved amenable to crystallization. Using
immobilized metal affinity and size-exclusion chromatography,
we successfully prepared highly purified samples of isolated rat
GKRP and human GCK. Incubation of these proteins in the
presence of fructose 6-phosphate resulted in the formation of a
stable complex with an estimated molecular mass of 120 kDa
(Supporting Information Figure S1). Following purification of
the complex via size-exclusion chromatography, the GCK—
GKRP complex was crystallized, and the structure was
determined to a resolution of 3.50 A. Crystallization conditions,
data collection statistics, and refinement details are provided in
Supporting Information. The final model contains residues 12—
461 of GCK and 7—605 of GKRP. N- and C-termini of both
proteins are disordered, as are GCK residues 151—180 and
three GKRP surface loops containing residues 282—28S, 368—
392, and 428—429. Although the structure of the complex was
determined to modest resolution, the model displays excellent
geometrical characteristics (Ramachandran plot, Molprobity
score) compared with those of other structures at similar
resolution. High-resolution crystal structures of each isolated
protein are available,**** and the inclusion of restraints on the
basis of these reference models ensured the quality of the final
model of the GCK—GKRP complex. The structure has been
deposited with the RCSB PDB with accession code 4LC9.

The structure of the mammalian GCK—GKRP complex is
consistent with grevious crystallographic studies of each
isolated protein.”>** GCK adopts a prototypic hexokinase
fold consisting of a large and a small domain separated by a
variable opening angle. GKRP contains three domains: two
sugar isomerase folds (SIS1 and SIS2) formed from flavodoxin
nucleotide binding motifs and a C-terminal a helical cap
domain. The structure of the complex confirms that GCK and
GKRP form a heterodimeric assembly with a 1:1 stoichiometry.
The structure also reveals a single fructose 6-phosphate binding
site located within GKRP that overlaps with the binding site for
fructose 1-phosphate.”*** Specifically, fructose 6-phosphate
binds in a pocket near the interface of the two sugar isomerase
domains, the entrance to which is partially excluded from
solvent by the & helical cap domain (Figure 1A). The electron
density map supports binding of fructose 6-phosphate in the
furanose form rather than in the less populated, linear keto
conformation (Figure 1B).>"** The furanose form is also
supported by the 1.47 A structure of human GKRP in complex
with fructose 1-phosphate, which unambiguously shows the
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carbohydrate bound in the ring-closed conformation.”* The
possibility remains that the electron density observed in the
sugar phosphate binding site represents a species other than
fructose 6-phosphate. A logical alternate ligand would be
inorganic phosphate, which was included in the first step of the
purification procedure of GKRP. This appears unlikely,
however, because fructose 6-phosphate is expected to bind
more tightly to GKRP compared the binding of phosphate. In
addition, phosphate was excluded, but fructose 6-phosphate was
included, in the size exclusion buffer used in the second step of
complex purification.

Mechanism of Competitive Inhibition of GCK by
GKRP. The structure of the complex provides an explanation
for the observation that GKRP acts as a competitive inhibitor of
glucose binding to GCK. When bound to GKRP, GCK adopts
a conformation closely resembling one previously observed in
the crystal structure of the unliganded enzyme.”® In this
conformation, termed the “super-open” state, the large and
small domains are separated by a large opening angle, and the
binding site for glucose is absent. In the GCK—GKRP complex,
the opening angle is slightly smaller than previously observed
for unliganded GCK (Figure 2A). This small degree of closure

Figure 2. Structure of GCK. (A) GKRP acting as a competitive
inhibitor of glucose by binding to the “super-open” conformation of
GCK (blue), which differs from the unliganded GCK structure (green,
PDB 1V4T) by a subtle ~10° closure of the opening angle between
the large and small domains. (B) Comparison of GCK as found in the
complex (blue) with the “closed” conformation of GCK (yellow, PDB
1V4S) in the presence of glucose (red).

is reflected in a ~10° movement of the central f-sheet and the
a2—a3 helices of the small domain toward the large domain. By
contrast, glucose association with GCK produces a much larger
conformational change involving a 99° closure of the cleft
between the large and small domains (Figure 2B).>®

The GCK active site loop comprised of residues 151—180 is
disordered in the crystal structure of unliganded GCK.*® This
loop undergoes major structural reconfiguration upon glucose
binding, adopting a f-hairpin structure. Dynamic reorganization
of this structural element is linked to the allosteric regulation
and kinetic cooperativity of GCK.° Interestingly, in the
structure of the GCK—GKRP complex, the 151—180 loop
remains disordered. The retention of a dynamic, solvent-
accessible active site loop following association with GKRP
likely facilitates glucose-mediated disruption of the inhibitory
complex. This feature is required for GCK activation and
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relocalization to the hepatocyte cytosol upon glucose
stimulation.

GCK—GKRP Interaction Interface. The interaction
between GCK and GKRP reveals a large buried surface area,
characterized by a limited number of polar and Coulombic
contacts (Supporting Information Figure S3). The protein—
protein interface totals 2060 A* of buried surface area and
includes a substantial number by hydrophobic contacts (Figure
3), consistent with the results of prior calorimetric studies.*®

Figure 3. GCK—GKRP interaction interface. (A) Space-filling
representation of the complex with GCK depicted in light blue
(large domain) and dark blue (small domain) and GKRP depicted in
orange (SIS1), red (SIS2), and brown (cap). (B) Surface
representation of GCK and (C) GKRP, following a 120 degree
rotation of each protein, with interacting residues highlighted in
yellow.

The magnitude of the buried surface area observed in the
GCK—GKRP complex structure is similar to that observed in
the structures of other protein—protein recognition sites.>” The
structure confirms previous investigations identifying residues
141—144, located in the GCK small domain, as important for
GKRP binding. Site-directed mutagenesis of residues 141—144
produces up to a 250-fold reduction in affinity of GCK for
GKRP.*® In the complex, residues 141—144 are located on a
loop that contacts GKRP. The side chain of one loop residue,
Lys143, forms a hydrogen bond with the backbone carbonyl of
GKRP residue Leu464 (Figure 4A). This interaction is
reinforced by hydrophobic contacts involving a cleft on GCK
comprised of Leu47, LeuS8, Pro59, Tyr61, Met238, Leu243,
Val244, and Met251 from the large domain, which forms van
der Waals contacts with a protruding loop of GKRP consisting
of residues 462—470. Adjacent to this hydrophobic contact is a
Coulombic interaction between the side chain of Glu245 from
GCK and Arg301 from GKRP (Figure 4B). A second potential
Coulombic interaction is nearby, involving Asp247 from GCK
and Arg297 from GKRP. A smaller hydrophobic contact
interface exists between Val199 and Val200 of GCK and Val441
and Gly442 from GKRP (Figure 4C). Notably, a conserved
segment of GKRP spanning Leul81—Gly188, which was
previously identified as an im;)ortant GCK recognition element,
is distant from the interface.”

dx.doi.org/10.1021/bi400838t | Biochemistry 2013, 52, 6232—6239
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Figure 4. GCK—GKRP contact regions. (A) A hydrophobic cleft on the GCK large domain (light blue, L) consisting of Leu47, LeuS8, ProS9, Tyr61,
Met238, Leu243, and Val244 interacts with GKRP loop residues Pro462—Phe465 (red). These contacts are reinforced by a hydrogen bond between
Lys143 from the GCK small domain (dark blue, S) and the backbone carbonyl group of Leu464. (B) The interaction interface includes a Coulombic
interaction between Glu24$ from GCK and Arg301 from GKRP. (C) A hydrophobic contact between GCK small domain residues Vall199 and
Val200 and GKRP residues Val441 and Gly442 is reinforced by an adjacent hydrogen bond between Arg186 of GCK and GIn443 of GKRP. Located
nearby is Pro446, substitution of which impairs GKRP-mediated regulation of GCK and is linked to hypertriglyceridemia.

Figure S. Sugar phosphate modulation of complex stability. (A) Comparison of the inactive GKRP—fructose 1-phosphate structure (gray, PDB
4BB9) with the structure of GKRP in complex with GCK and fructose 6-phosphate. The cap is colored pink, SISI is orange, and SIS2 is red.
Structural alignment was performed using residues 45—41S. (B) Repositioning of the GKRP 462—470 loop between the fructose 1-phosphate
structure (gray) and the fructose 6-phosphate structure (orange and red). (C) In the presence of fructose 6-phosphate, the cap domain (pink) and
SIS2 domain (red) moving apart, breaking a backbone hydrogen bond between ArgS09 (cap) and His351 (SIS2).

Bl DISCUSSION located within this loop, forms a putative hydrogen bond with
the side chain of Argl86 of GCK. In addition, GKRP loop
residues Val441 and Gly442 form hydrophobic interactions
with GCK residues Val199 and Val200 (vide supra). On the
basis of this data, we postulate that substitution of Pro446 alters
the structure of the loop, negatively impacting this contact site
and resulting in decreased GKRP inhibitory action.

The other disease-associated GKRP mutations, which are

Implications of the GCK—GKRP Complex Structure for
Human Disease. The structure of the mammalian GCK—
GKRP complex provides insight into the molecular basis of
metabolic disorders associated with impaired GCK regulation
by GKRP. Genome-wide association studies reveal a link
between single nucleotide polymorphisms in the gckr locus and
the development of disease states associated with glucose

homeostatic dysfunction.'*"* The most common clinically rare in human populations,40 are distributed throughout the
observed GKRP variant is Pro446Leu, which is strongly GKRP structure. These substitutions do not appear at the
correlated with elevated triglyceride levels and an increased GCK—GKRP interface nor are they located in the sugar
risk of cardiovascular disease.*” Biochemical characterization of phosphate binding site. This observation suggests a more
the Pro446Leu variant reveals reduced GCK inhibition and complex mode of action for these mutations. GKRP is also

decreased GKRP-mediated nuclear sequestration of the modified at Ser481 via phosphorylation by AMP-activated
enzyme.*"* The GCK—GKRP complex structure shows that protein kinase, which impairs GKRP-mediated inhibition and
Pro446 is located at the C-terminal end of a loop that interacts translocation of GCK.** The structure demonstrates that
with GCK (Figure 4C). In particular, the side chain of GIn443, Ser481 is buried in the interior of GKRP, at a location more
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than 12 A from the GCK interface. This information suggests
that phosphorylation of Ser481 does not impact GKRP-
mediated regulation of GCK by directly disrupting the
protein—protein interface. It also raises questions about the
physiological role of this post-translational modification.

Several hyperactive pancreatic GCK variants linked to PHHI
are located near the GKRP interface. For example, single amino
acid substitutions of Ser64, Thr6S5, and Gly68 produce an
activated GCK that displays a reduced glucose Ky value.''
These three residues are located in close proximity to LeuS8,
Pro59, and Tyr61, which form part of the hydrophobic cleft of
GCK that contacts the 462—470 loop from GKRP (Figure 4A).
Similarly, the Met197Val and Met197Ile mutations have been
shown to stimulate GCK activity by increasing the enzyme’s
sensitivity to glucose.*** Met197 is located immediately
upstream of Vall99 and Val200, two residues that form a
second hydrophobic patch on GCK that interacts with GKRP
(Figure 4C). Although the phenotypic consequences associated
with substitutions of Ser64, Thr6S, Gly68, and Met197 have
been attributed to alterations in the kinetic response of the
pancreatic isozyme, substitutions of these residues in the liver
isozyme may also impact hepatic GCK regulation by reducing
affinity toward GKRP.

Modulation of Complex Stability by Sugar Phos-
phates. The structure of the mammalian GCK—GKRP
assembly provides insight into the mechanism of complex
regulation by sugar phosphates. Unexpectedly, the GKRP sugar
phosphate binding site is more than 30 A away from the GCK
interaction interface (Figure 1A). Rat GKRP displays moderate
affinity for human GCK in the absence of a bound carbohydrate
(Kp = 1 uM).*® This affinity is enhanced 20-fold in the
presence of saturating concentrations of fructose 6-phosphate
but is reduced 7-fold upon association with fructose 1-
phosphate. The differential impact of these two carbohydrates
on complex stability equates to a modest 3 kcal/mol of binding
energy. To understand this difference, we compared the
structure of the complex determined in the presence of
fructose 6-phosphate with the recently published structure of
the “inactive” GKRP-fructose 1-phosphate binary complex.”*
Alignment of the two structures using GKRP residues 45—415,
which constitute the body of GKRP and include both sugar
isomerase domains, produces an RMSD of 0.72 A (Figure SA).
On the basis of this alignment, several structural characteristics
appear to depend upon the identity of the bound ligand. In the
presence of fructose 1-phosphate (or inorganic phosphate), the
cap domain of GKRP adopts a closed structure, with the
carbohydrate buried near the sugar isomerase domain inter-
face®* In the fructose 6-phosphate-GCK—GKRP ternary
complex, the cap is ajar, moving away from the sugar isomerase
domains by ~10°. In addition to this change in cap position, we
observe a notable change to the interaction interface involving a
restructuring of GKRP loop residues 462—470 (Figure SB).
This loop makes several hydrophobic contacts with the hinge
region of GCK (Figure 4A). Thus, alterations in the structure
and/or position of the GKRP 462—470 loop, which appear to
be coupled to changes in the cap domain, facilitate the
modulation of complex stability by sugar phosphates.

To analyze the impact of sugar phosphate binding upon
GKRP structure in more detail, we compared the contact
surfaces between the cap domain and SIS2 when different
ligands are bound. When GKRP binds fructose 1-phosphate,
the interaction between the cap and SIS2 domains results in the
burial of 930 A* of surface area. When fructose 6-phosphate
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replaces fructose 1-phosphate, the buried surface area decreases
by 160 A* (Figure SC). This change involves the disruption of a
backbone hydrogen bond between the amide nitrogen of
ArgS09 from the cap domain and the carbonyl oxygen of SIS2
domain residue His351. As a result, both regions become more
solvent exposed, likely causing the interaction between the cap
and the SIS2 domain to weaken.

Our observations provide a model for the regulation of
GCK—GKRP complex stability by sugar phosphates involving a
subtle reorganization of the GKRP scaffold. We postulate that
in the presence of fructose 6-phosphate, which promotes
association with GCK, the interaction between the cap and
SIS2 domains of GKRP is destabilized. This allows reposition-
ing of residues 462—470 from the SIS2 domain into a
conformation that is more favorable for interaction with
GCK. In the presence of the antagonist fructose 1-phosphate,
the SIS2 and cap domains move toward one another, stabilizing
a conformation of SIS2 that is less favorable for GCK
interaction. This structural alteration involves a reorganization
of the relative positions of the two sugar isomerase domains
with respect to one another. Our postulate differs from the
results of MD simulations using models of the mammalian
GCK—GKRP complex extrapolated from the crystal structure
of the amphibian complex, which shares limited sequence
identity with the human proteins and is insensitive to
modulation by sugar phosphates.*® These studies suggested
that contacts between the side chains of Glu348, His351, and
bound ligand are responsible for mediating the differential
impact of different sugar phosphate upon complex stability. On
the basis of our structural data, the modest difference in affinity
produced by fructose phosphate esters results from subtle
alterations in the interaction between the cap and SIS2
domains. The sensitivity of the complex to small changes in
GKRP structure may also provide a rationale for understanding
the variety of phenotypically mild disorders linked to GKRP
and GCK polymorphisms.""*

It is important to note that the resolution of the final model
introduces some uncertainty into the nature of the conforma-
tional reorganizations in response to ligand binding. The
thermal displacement parameters of the final structural model
are lowest near the interaction interface, providing confidence
in the loop reorganizations depicted in Figure SB. The thermal
displacement parameters in the cap domain are larger,
indicating more uncertainty in the nature and magnitude of
the structural changes near the SIS2-cap domain interface
(Figure SC). Ongoing work to improve the resolution of the
complex, as well as to determine the complex structure in the
presence of other, more potent effector molecules, is expected
to clarify this issue.

B CONCLUSION

The importance of the GCK—GKRP complex in maintaining
glucose homeostasis in the liver provides impetus for targeting
this complex in therapeutic development for diseases including
type 2 diabetes. Indeed, a strategy aimed at disrupting the
GCK—GKRP complex with small molecules has recently
emerged as an attractive potential method to increase GCK
activity in a liver-specific manner."® The determination of the
atomic structure of the mammalian GCK—GKRP complex
formed in the presence of the agonist fructose 6-phosphate is
an important step in that direction. In principle, any small
molecule capable of disrupting the GCK—GKRP interaction,
without decreasing glucokinase activity, could be useful in
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stimulating glucose metabolism in the hepatocyte. Of particular
note are the two hydrophobic patches located at the GCK—
GKRP interface, which could be attractive targets for future
drug design efforts. In addition, one could envision developing
allosteric effectors that disrupt the complex by associating at or
near the sugar phosphate binding site. Elucidating the structural
basis for the mode of action of such compounds should provide
important insights into the mechanism by which these putative
therapeutic agents could function to combat diseases of glucose
homeostasis.
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