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ABSTRACT: Small molecule activators of glucokinase (GK) were used in kinetic and equilibrium binding
studies to probe the biochemical basis for their allosteric effects. These small molecules decreased the
glucose K0.5 (∼1 mM vs ∼8 mM) and the glucose cooperativity (Hill coefficient of 1.2 vs 1.7) and lowered
the kcat to various degrees (62–95% of the control activity). These activators relieved GK’s inhibition
from glucokinase regulatory protein (GKRP) in a glucose-dependent manner and activated GK to the
same extent as control reactions in the absence of GKRP. In equilibrium binding studies, the intrinsic
glucose affinity to the activator-bound enzyme was determined and demonstrated a 700-fold increase
relative to the apoenzyme. This is consistent with a reduction in apparent glucose KD and the steady-state
parameter K0.5 as a result of enzyme equilibrium shifting to the activator-bound form. The binding of
small molecules to GK was dependent on glucose, consistent with the structural evidence for an allosteric
binding site which is present in the glucose-induced, active enzyme form of GK and absent in the inactive
apoenzyme [Kamata et al. (2004) Structure 12, 429–438]. A mechanistic model that brings together the
kinetic and structural data is proposed which allows qualitative and quantitative analysis of the glucose-
dependent GK regulation by small molecules. The regulation of GK activation by glucose may have an
important implication for the discovery and design of GK activators as potential antidiabetic agents.

Glucokinase (GK)1 is one of four known mammalian
hexokinases which converts glucose to glucose 6-phosphate
and plays a key role in maintaining glucose homeostasis.
Since the first report linking GK to glycemic disease was
published in 1992 (1), nearly 200 GK inactivating mutations
and 5 activating mutations have been identified in maturity-
onset diabetes mellitus and hypoglycemia patients, respec-
tively (2). This strongly underscores the significance of GK
activity in the regulation of blood glucose levels. GK exerts
glucose control largely through its function, which stimulates
glucose-dependent insulin secretion in pancreatic � cells and
facilitates glucose uptake for conversion to glycogen in the
liver. Also known as hexokinase D or IV, GK differs
kinetically from the other hexokinases due to its cooperative
glucose dependence (Hill coefficient 1.7), low affinity for
glucose (K0.5 7–8 mM), and lack of product inhibition by
glucose 6-phosphate (2). These kinetic properties allow GK
to respond quickly to changes in glucose concentrations
under physiological conditions, making GK well suited for
its role as a glucose sensor (3).

GK is a monomeric enzyme with one active site; therefore,
its kinetic cooperativity with glucose has to be explained
via kinetic models as opposed to interactions between multiple
subunits. The “mneumonical” (4, 5) and “slow-transition” (6, 7)

models are most commonly presented and are nicely sum-
marized in reference to GK by Cornish-Bowden and Cárde-
nas (8). Both models involve two conformations of GK that
differ in their relative affinities for glucose. The equilibrium
distribution between the two conformations is dependent
upon the glucose concentration, and the rate of conforma-
tional change is slower than the rate of catalysis under steady-
state conditions. The inability of the two conformations to
come to equilibrium during steady-state catalysis yields the
cooperative kinetics. The two models differ in that the
enzyme conformation most prevalent at low glucose con-
centrations is active in the slow-transition model and inactive
in the mneumonical model. In 2004, crystal structures were
presented for two substantially different conformations of
GK with and without glucose bound (9). The conformation
obtained in the absence of glucose was determined to be
inactive due to the absence of essential residues for enzymatic
catalysis at the active site, thus providing support for the
mneumonical model.

Structural studies have also revealed an allosteric site in
glucose-bound GK where small molecules bind (9–12).
Importantly, this allosteric site is absent in apo GK (9). These
small molecules, referred to as GK activators (GKAs), were
reported to increase the enzymatic activity of GK via
enhancing the glucose affinity (i.e., lowering K0.5) (10, 12–16).
In these previous studies, the maximal enzymatic activity
(kcat) was either increased or unaffected. A substantial
decrease in kcat has not been reported. GKAs are shown to
stimulate the insulin secretion in � cells and increase hepatic
glucose metabolism in Vitro (10, 12–14, 16–20). In ViVo,
GKAs lower glucose levels in normal and diabetic animal
models. Recently, GKAs were progressed into phase I
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clinical trials, but the results of GKA efficacy in humans
are not yet available. While significant progression has been
made with GKAs as a potential therapy for diabetes
treatment, the understanding of the fundamental action of
GKAs on the enzyme level is still lacking. The goal of the
current study is to gain deeper insight into the biochemical
mechanism of GK activation by small molecules.

Another important aspect of GKA is the effect on the
regulation of GK by GK regulatory protein (GKRP). Hepatic
GK activity is inhibited by GKRP via formation of an
inactive GK-GKRP complex (21, 22). When the glucose
concentration rises, GK dissociates from GKRP. GKAs have
been shown to increase hepatic glucose phosphorylation.
However, there have been conflicting reports as to whether
GKAs disrupt the GK-GKRP complex in Vitro (13, 16).

In this study, small molecules with different in Vitro GK
activation profiles were examined with regard to their effects
on the kinetic parameters of GK and GK-GKRP dissocia-
tion. A kinetic model is proposed which provides a qualita-
tive and quantitative analysis of the allosteric effects of
activators and their dependence on glucose. In addition, the
disruption of the GK-GKRP complex by GKAs in the
presence of glucose is confirmed. These observations suggest
that glucose is a key modulator for the action of GKAs on
GK activity. This study thus provides further understanding
of the mechanism of action of GKAs and their potential
therapeutic value.

EXPERIMENTAL PROCEDURES

Materials. Glucose, HEPES, pyruvate kinase/lactate de-
hydrogenase, phosphoenolpyruvate, dithiothreitol (DTT),
tris(2-carboxyethyl)phosphine (TCEP), NADH, and ATP
were purchased from Sigma (St. Louis, MO). GKA1 is
(6-isopropoxyquinazolin-4-yl)(1-methyl-1H-pyrazol-3-
yl)amine, GKA2 is (6-ethoxyquinazolin-4-yl)pyridin-2-
ylamine, and GKA3 is (6-ethoxyquinazolin-4-yl)(1-methyl-
1H-pyrazol-3-yl)amine. The chemical structures of GKA1–3
are shown in Scheme 1. The YSi copper His-tag beads used
in the scintillation proximity assay (SPA) were purchased
from Amersham Biosciences, now GE Healthcare (Piscat-
away, NJ). Data analysis was performed using GraphPad
Prism (GraphPad, Inc.) with the exception of the ITC data
which used ORIGIN software provided with the instrument.

Protein Expression and Purification. Recombinant human
�-cell GK and human GKRP were purified as previously
described (23, 24). Briefly, N-terminal His6-tagged GK and
C-terminal FLAG-tagged GKRP were purified from Escheri-

chia coli using nickel and FLAG affinity chromatography,
respectively, followed by size exclusion chromatography. GK
was stored in a buffer containing 25 mM HEPES, 50 mM
NaCl, 5 mM DTT, and 5% glycerol, pH 7.5 at –80 °C. GKRP
was stored in a buffer containing 25 mM Tris-HCl, 150 mM
NaCl, 20% glycerol, and 5 mM DTT, pH 7.4 at –80 °C.

Steady-State Kinetics of GK. GK activity was measured
by monitoring the rate of ATP hydrolysis to ADP using the
pyruvate kinase/lactate dehydrogenase coupled enzyme
system as previously described (23). Assays were run at 25
°C in 50 mM HEPES, 25 mM KCl, 2 mM DTT, 5 mM
MgCl2, 0.7 mM NADH, 4 mM PEP, and 1 unit mL-1 PK/
LDH, pH 8.0. For experiments where the glucose concentra-
tion was varied, the assay buffer contained 2.5 mM ATP.
When the ATP concentration was varied, assays contained
50 mM glucose. GKA stock solutions were prepared in
DMSO. The final concentration of DMSO in the assays was
below 2% (v/v) and had no effect on the GK activity.

Catalytic activity of GK as a function of the glucose
concentration exhibited sigmoidal kinetics. The data were
fit to the Hill equation (eq 1), where V is the reaction
rate normalized to the enzyme concentration, [Glc] is the
glucose concentration, K0.5 is the glucose concentration at
half-maximal activity, and h is the Hill coefficient, which
indicates the level of glucose cooperativity. GK displays
hyperbolic kinetics with ATP at saturating glucose concen-
trations, and the data were fit to the Michaelis–Menten
equation.

V)
Kcat[Glc]h

K0.5
h + [Glc]h

(1)

GKA potencies for modulation of GK activity, as described
by the EC50 values, were determined at various glucose
concentrations. The GK activity was plotted as a function
of the GKA concentration, and the data were fit to eq 2.
Here, V0 and Va are the rates obtained in the absence and
presence of GKA, respectively, [A] is the GKA concentra-
tion, Vm is the rate at saturating GKA concentration, and EC50

is the GKA concentration which yields half the maximal
activation or inhibition.

Va )
V0 +Vm([A]/EC50)

1+ [A]/EC50
(2)

The effect of GKAs on the GK-GKRP interaction was
also evaluated using the same assay system in the presence
of 0.2 µM GKRP and 5 mM glucose. The GKRP concentra-
tion used was sufficient to inhibit approximately 95% of
GK’s activity in the absence of GKAs. Higher GKRP
concentrations were not used, as additional GKRP may have
increased GKA EC50 values above the accessible range of
concentrations determined by the activators’ solubilities. The
GKRP was first exchanged from its storage buffer into 25
mM HEPES, 50 mM KCl, 10% glycerol, and 2 mM DTT,
pH 8.0, via repeated dilution and reconcentration steps using
an Amicon Ultra-15 centrifugal filter. The glycerol was
present to help stabilize GKRP; the final concentration of
glycerol in the assays was 0.3%. No significant differences
in activity were seen between preincubation of GK and
GKRP for either 0 or 30 min prior to GKA addition. Control
experiments were run under identical condition in the absence

Scheme 1: Small Molecule Activators of Glucokinase
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of GKRP. The GK activity was plotted as a function of the
GKA concentration, and the data were fit to eq 2.

ActiVator and Glucose Binding Measured by Calorimetry
and SPA. Differential scanning calorimetry (DSC) was used
to examine activator binding to GK in the absence and
presence of 100 mM glucose. The final concentration of
GKA1 and GK was 100 µM and 0.3 mg mL-1, respectively.
The instrument and software details, as well as the experi-
mental setup, were as previously described (23) with two
exceptions. Buffer exchange was achieved using a Millipore
(Bedford, MA) YM-10 regenerated cellulose column rather
than through dialysis, and a simple linear subtraction over
the temperature range of 35-40 °C was found to be sufficient
for normalizing the observed Cp values. The thermal midpoint
of transition (Tm) was defined as the temperature correspond-
ing to the maximum relative Cp value. Cp values were
recorded at 0.4 °C intervals.

The apparent binding affinity of GKA1 to GK was
determined in the presence of 100 mM glucose by isothermal
calorimetry (ITC) at 25 °C. Experiments were run using a
MicroCal VP-ITC (Northampton, MA) with a 1.441 mL
reaction cell volume. Both GK and GKA1 were prepared in
50 mM Tris, 100 mM KCl, 2 mM TCEP, and 100 mM
glucose, pH 8.0. DMSO was added to the GK solution to
keep the same DMSO content (1% v/v). The starting
concentration of GK (20 µM) was determined spectropho-
tometrically using the calculated extinction coefficient of
31150 M-1 cm-1 (23). The GKA1 solution (300 µM) was
injected via the titration syringe in 15 µL aliquots at
approximately 0.8 µL s-1, with 6 min equilibration time
between injections. The data were fit using ORIGIN software
provided with the instrument.

Formation of the GK-GKA complex was also monitored
at various glucose concentrations using SPA. In this method,
His6-tagged GK was captured on the surface of copper SPA
beads that contain scintillant. Binding of 3H-GKA1 to GK
brings 3H into close proximity to the beads, resulting in a
scintillation signal. Assays were set up in 96-well plates and
contained 50 mM HEPES, 25 mM KCl, 5% glycerol, and
14 mM 2-mercaptoethanol, pH 8.0, with 0.1 µM GK
and 0–100 mM glucose. A serial dilution of GKA1 contain-
ing 5% or 10% 3H-GKA1 (molar ratio) was added to the
wells. Assays contained less than 2% (v/v) DMSO. SPA
beads were added last to a final concentration of 1 mg mL-1.
The plates were then shaken for 2 min on a plate shaker and
incubated for 2 min at 20 °C prior to reading with a
TopCount scintillation counter (Packard Biosciences, now
PerkinElmer). It was necessary to keep the incubation time
short as a time-dependent drift in the scintillation signal and
a slight increase in the KD values were observed under low
glucose concentrations (e5 mM). Subsequent analyses of
the same samples typically showed reproducibility within
1.5-2-fold over a 10 min time scale. This drift was attributed
to instability of GK under these assay conditions.

The nonspecific binding of GKA1 to the SPA beads was
measured in the absence of GK and showed a linear
relationship to the 3H-GKA1 concentrations, which was
subtracted from the enzymatic data. The corrected scintil-
lation signal (CPM) was plotted as a function of the GKA1
concentration and fit to eq 3 to determine the apparent KD

for GKA1. Here, Cmax is the maximal CPM, and [E] and
[A] are the GK and activator concentrations, respectively.

This equation was chosen over the Langmuir isotherm
equation to account for the depletion of free GKA, which
occurs when the apparent KD value is comparable to or
smaller than the GK concentration (25).

CPM)

Cmax

([E]+ [A]+KD)- √([E]+ [A]+KD)2 - 4[E][A]

2[E]
(3)

The apparent binding affinities for GKA2 and GKA3 were
determined by competitive displacement of 3H-GKA1 using
SPA. The buffer conditions and enzyme concentrations were
as described above. The concentration of GKA1 in the assay
was 2 µM with 10% (molar ratio) 3H-GKA1. The scintillation
count (CPM) was plotted versus the nonlabeled GKA
concentration and fit to eq 4. Here, [A1] and K1 are the
concentration and apparent KD of GKA1, respectively, and
[An] and Kn are the concentration and apparent KD value for
the nonlabeled GKAs. The K1 values of 0.21 and 0.14 µM
determined above were used at 5 and 100 mM glucose,
respectively.

CPM)Cmax ⁄ (1+
[An]

Kn(1+ [A1]/K1)) (4)

Apparent binding affinities for glucose in the presence of
GKA were also determined using SPA. Glucose binding to
GK increases the apparent binding affinity of 3H-GKA1,
leading to an increase in the scintillation signal. Therefore,
3H-GKA1 can serve as a reporter for glucose binding to GK
via SPA. A serial dilution of glucose concentrations was
added to solutions containing 0.1 µM GK and 1–20 µM
GKA1 with 10% (molar ratio) 3H-GKA1. The assay condi-
tions and the data analysis were as described above.

GK-GKRP Dissociation Monitored by Size Exclusion
Chromatography. The GK-GKRP complex was formed by
incubating GK (4 µM) and GKRP (2 µM) at room temper-
ature in 25 mM HEPES, pH 7.2, 100 mM KCl, 50 µM
fructose 6-phosphate, and 1 mM DTT for 30 min. The effects
of glucose and GKA1 on the GK-GKRP complex were
determined by including 50 mM glucose or 10 µM GKA1
or both in the incubation buffer. A TSK-Gel G3000SW
analytical size exclusion column was equilibrated with the
same incubation buffer. The protein sample (40 µL) was then
injected onto the column and eluted with the equilibration
buffer at a flow rate of 1 mL min-1 for 18 min using a Hitachi
D-7000 HPLC. The eluate was monitored by UV absorbance
at 280 nm, and peak areas were quantified using the reports
manager software provided with the instrument.

RESULTS

ActiVation of GK Steady-State Kinetics. The small mol-
ecule activators were first characterized via the analysis of
their effects on various steady-state kinetic parameters of
GK. The results are summarized in Table 1. All of the
activators tested here decreased the glucose K0.5 and Hill
coefficient to a similar degree. However, their effects on kcat

varied from 62% (GKA2) to 95% (GKA3) of the control in
the absence of GKAs. As a result, GKA2 increased GK
activity only at glucose concentrations below ∼7 mM (Figure
1). Incidentally, this is the fasting blood glucose level which
defines a diabetic. GKA1 and GKA3 activated GK over a
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larger range of glucose, up to approximately 20 mM. The
effect of GKAs on the ATP Km was less prominent compared
to glucose K0.5 with an approximately 2-fold decrease. The
pseudo-first-order rate constant kcat/KATP was slightly in-
creased from 240 mM-1 s-1 to 330–400 mM-1 s-1.

The GKA effects on the apparent glucose binding affini-
ties, as described by the KD,Glc values, were determined in
the absence of ATP using SPA. This method is preferred
over the protein tryptophan fluorescence method for glucose
binding (23) as it requires significantly less enzyme (0.1 vs
10 µM) and thereby allows for the apparent KD,Glc determina-
tions at low micromolar GKA concentrations. Values de-
termined at 20 µM GKA1 were in reasonable agreement
between the two methods (57 ( 14 µM by SPA vs 78 ( 17
µM by fluorescence). Compared to glucose K0.5, apparent
glucose KD,Glc was more sensitive to the activator concentra-
tions with nearly 100-fold change over 0–20 µM GKA1
(Figure 2).

Glucose Dependence of GKA Binding to GK. The binding
of GKA1 to GK in the absence and presence of glucose was
first monitored by DSC. In DSC, specific binding of a ligand
to protein is predicted to increase the observed transition
temperature of protein unfolding (Tm) (26). Representative
DSC curves are shown in Supporting Information (SI)
Figure 1. Addition of glucose to apo GK increased the
observed Tm from 47.9 ( 0.4 to 50.5 ( 0.1 °C. These Tm

values are in excellent agreement with previous determina-
tions (23). Addition of GKA1 to the apoenzyme did not
significantly shift the Tm value (48.2 ( 0.2 °C). In contrast,
addition of GKA1 in the presence of saturating glucose

concentration increased the Tm to 55.7 ( 0.1 °C. These
results suggest that glucose is required for GKA binding to
GK.

The apparent KD,GKA in the presence of glucose was
determined by ITC and SPA. In the ITC study, the KD,GKA1

value was determined as 0.09 µM at 100 mM glucose, with
a GKA/GK molar ratio of 0.8 (SI Figure 2). This is consistent
with the KD,GKA1 value of 0.14 µM obtained by direct titration
of GKA1 using SPA. Since it requires significantly less
protein and has higher throughput than ITC, the SPA method
was utilized to determine the GKA binding affinity at various
glucose concentrations.

In the absence of glucose, no binding of GKA1 was
observed using the SPA method, consistent with the DSC
results (SI Figure 3). Both KD,GKA1 and EC50 for GKA1
decreased with glucose concentrations and reached a plateau
(Figure 3). The apparent KD,GKAand EC50 values obtained at
5 and 100 mM glucose are summarized in Table 2 for all
three GKAs. The KD values determined for GKA1 through
the competition method are in good agreement with the
values determined through direct titration (Table 2). Increas-
ing the glucose concentration from 5 to 100 mM has little
effect on the KD,GKA. In contrast, the EC50 values decreased
approximately an order of magnitude over the same range
of glucose concentrations.

Determination of Intrinsic Binding Affinities for Glucose
and ActiVators. Scheme 2 shows the binding equilibrium
between glucose, activator, and GK. Here, A and Glc
represent the activator and glucose, respectively, and E*, E,
and EA represent the inactive, active, and activator-bound

Table 1: Steady-State Kinetic Parameters of GK with GKAsa

kcat (s-1) Hill coeff K0.5,Glc (mM) Km,ATP (mM)
kcat/Km,ATP

b

(mM-1 s-1)

DMSO 55 ( 5 1.7 ( 0.1 7.8 ( 0.5 0.23 ( 0.04 240 ( 30
GKA1 44 ( 2 1.1 ( 0.1 1.3 ( 0.1 0.11 ( 0.01 400 ( 40
GKA2 34 ( 2 1.2 ( 0.1 1.6 ( 0.1 0.10 ( 0.01 330 ( 20
GKA3 52 ( 4 1.3 ( 0.1 1.3 ( 0.1 0.14 ( 0.02 360 ( 30

a Kinetic assays were run in the absence and presence of 50 µM GKA
as described in the Experimental Procedures section. When glucose was
varied, the ATP concentration was held at 2.5 mM. The K0.5 and Hill
values are from fits of the data to eq 1. When ATP was varied, glucose
was held at 50 mM. The Km,ATP and kcat/Km,ATP values are from fits of
the data to the Michaelis-Menten equation. Values shown are the
average of two independent determinations. b Values are the average of
four independent determinations.

FIGURE 1: Representative data for steady-state kinetic analysis in
the absence and presence of 50 µM GKA. The figure is showing
the data obtained with the DMSO control (b), GKA1 ([), GKA2
(]), and GKA3 (O). Experimental details were as described for
Table 1. The assays were done in duplicate. Unless otherwise
indicated, the relative error is smaller than the data markers. The
data were fit to eq 2.

FIGURE 2: Glucose K0.5, Hill coefficient, and KD,Glc values as a
function of GKA1 concentration. All assays were done in duplicate.
Unless otherwise indicated, the relative error is smaller than the
data markers. The glucose K0.5 (A) and Hill coefficient (B) were
determined by the steady-state kinetics of GK. (A, B) Trend lines
were drawn for visual purposes only. (C) Apparent glucose KD,Glc
values were determined in the absence of ATP by SPA as described
in the Experimental Procedures section. The zero activator value
is from ref 23. The line shows the fit of the KD,Glc data to eq 5
using 5 mM for the KD,Glc in the absence of GKA and 0.14 µM for
the term K2K5 + K5.
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forms of GK, respectively. On the basis of the structural
evidence that the allosteric site is absent in the inactive E*
form (9), GKAs only bind to the active E or E ·Glc enzyme
forms. These are the minimal GK forms present in the
equilibrium predicted by the mneumonical mechanism (4, 5).
K1-K7 refer to the various equilibrium constants. K1, K4,
and K7 are the dissociation constants for glucose from the
E* ·Glc, E ·Glc, and EA ·Glc forms of GK, respectively. K5

and K6 are the dissociation constants for GKA from the
EA ·Glc and EA forms, and K2 and K3 are the equilibrium
constants for the enzyme isomerization from E ·Glc to
E* ·Glc and E to E*, respectively.

According to Scheme 2, the apparent KD,Glc can be
expressed as a function of the GKA concentration ([A]), as
shown in eq 5. Similarly, the apparent KD,GKA can be defined
as a function of the glucose concentration ([Glc]) as shown
in eq 6. Using these two equations, the equilibrium constants
were determined as follows for GKA1. Values for K1 and
K2 (14 ( 2 mM and 0.62 ( 0.05, respectively) were
previously obtained by transient kinetic studies of glucose
binding with the assumption that the thermodynamically
favored E* is the predominant enzyme form in the absence
of glucose (K3 . 1) (23). On the basis of eq 6, the term
K2K5 + K5 defines the apparent KD,GKA1 value at saturating
glucose concentrations determined above (0.14 ( 0.01 µM
at 100 mM glucose). This allowed for the calculation of 0.09
( 0.01 µM for K5. A fit of the apparent KD,Glc data to eq 5
using 5 mM for the KD,Glc value in the absence of GKA (23)
and 0.14 µM for K2K5 + K5 yielded the K7 value of 21 µM
with a fitting error of 11 µM. This K7 value is close to the
KD,Glc value of 17 ( 2 µM measured at 100 µM GKA1 using
the fluorescence method previously described (23), as
expected from eq 5. Similar values of 12 ( 5 and 27 ( 18
were seen with GKA2 and GKA3, respectively, using the
same fluorescence method. The values are the average of
two independent determinations.

apparent KD,Glc )

K1K2 +K4

1+K2
+K7( [A]

K2K5 +K5
)

1+ [A]
K2K5 +K5

(5)

apparent KD,GKA )
(K3K6 +K6)+ (K2K5 +K5)

[Glc]
K7

1+ [Glc]
K7

(6)

No GKA binding was observed in the absence of glucose
using both SPA and DSC methods, consistent with a
relatively large value (>30 µM) for the term K3K6 + K6 in
eq 6. Under the assumption of K3 . 1, the term K3K6 + K6

can be approximated by K3K6. The value of K3K6 is calculated
as 40 ( 20 µM from K1, K2, K5, and K7 based on the
thermodynamic correlation K1K2K5 ) K3K6K7. The apparent
KD,GKA values predicted by eq 6 using the equilibrium
constants determined above agree well with the experimental
data (solid line in Figure 3), lending strong support to the
mechanism shown in Scheme 2.

Disruption of the GK-GKRP Complex. The ability of
GKAs to disrupt the GK-GKRP complex was probed via
size exclusion chromatography. The protein elution profile
is shown in Figure 4. The GK-GKRP complex (MW 123
kDa) eluted at 8.5 min, while free GK and GKRP (MW 55
and 68 kDa, respectively) coeluted later at 9.8 min. The
separation of the two elution peaks was sufficient to allow
for a quantitative fitting of peak areas. An increase in the
ratio of monomer/dimer peak area is indicative of the
disruption of the GK-GKRP complex. Inclusion of GKA1
alone had no significant effect on the monomer/dimer ratio
[(1.1 ( 0.1)-fold], while inclusion of glucose in the absence
of GKA1 increased the monomer/dimer peak ratio slightly
[(1.3 ( 0.1)-fold]. When both glucose and GKA1 were
added, there was a large shift in the monomer/dimer distri-
bution of (3.7 ( 0.3)-fold. This suggests that glucose is
required for the dissociation of GK-GKRP by GKA. A
similar observation was recently reported with an immuno-
precipitation assay (16).

The effect of GKAs on the GK-GKRP interaction (18)
was also addressed through steady-state kinetic studies.
GKA1 not only completely relieved GK inhibition from
GKRP but further increases the rate of turnover to achieve
an identical maximal rate as in the absence of GKRP (Figure
5). Similar results were seen with other GKAs. The GKA
EC50 values increase approximately an order of magnitude
in the presence of GKRP for GKA1–3 (SI Table 1).
Similarly, the GKRP inhibition potency decreases in the
presence of GKA (data not shown).

DISCUSSION

Glucose homeostasis is tightly controlled in the body via
multiple mechanisms in tissues that sense and respond to
the changes in glucose levels between fasting and fed stages.
Hyperglycemia in type 2 diabetes is characterized by
insufficient insulin secretion to overcome the insulin resis-
tance in the body and increased hepatic glucose production.
GK is expressed in pancreatic � cells, liver, gut, and brain
and plays a critical role in insulin secretion from � cells,
hepatic glucose metabolism, and endocrine glucose sensing.
The recent discovery of small molecule activators for GK
represents a promising and novel therapy for the treatment
of type 2 diabetes since it targets both important tissues of
� cells and liver in glucose control. To date, all reported
small molecule GK activators decrease the glucose K0.5, and

FIGURE 3: Glucose dependence of GKA1 EC50 (b) and apparent
KD,GKA1 values (O). Unless otherwise noted, the relative error is
smaller than the data markers. The EC50 values were determined
by steady-state kinetics of GK. The dashed line connecting the data
points was drawn for visual purposes only. The KD,GKA values were
determined by SPA. The solid line represents the predicted KD,GKA1
values based on eq 6 as described in the Results section.
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some of them increase the kcat while others have no effect
on kcat. This present study introduces a novel activation
profile with a decreased kcat as exemplified by GKA2. Since
GKAs have similar effects on the glucose K0.5 value, their
differential effects on kcat define the glucose concentration
at which GKAs no longer activate but instead inhibit enzyme
activity. The biochemical basis for the different activation
profiles and their pharmacological implications is intriguing
and may provide valuable information for the design and
development of GK modulators as an antidiabetic therapy.

The ability to lower the kinetically determined glucose
K0.5 value is a defining characteristic of all GKAs. We

therefore determined the effect of GKAs on the glucose
binding affinity under equilibrium conditions in the absence
of ATP. By selectively binding the active enzyme conforma-
tions, activators shift the enzyme equilibrium away from the
E* form to the EA form (Scheme 2). The EA form has a
700-fold increase in glucose affinity (K7 ) 21 µM) relative
to the E* form (K1 ) 14000 µM) (23), leading to an increase
in the overall glucose binding as predicted by eq 5. Although
the current data do not allow for a quantitative comparison
of glucose affinities for the E and EA forms of GK (K4 vs
K7), some further observations are noted in this study. The
KD, Glc values determined at 100 µM GKA concentrations
are similar for all three GKAs, independent of the GKA
structure. This may suggest that the glucose affinity for the
EA form of the enzyme is similar to the glucose affinity for
the E form. This possibility is supported by the observation
that crystal structures for the EA ·Glc and E ·Glc forms of
GK are nearly identical (11). Assuming the same glucose
affinities for the E and EA forms (K4 ) K7) allows for the
calculation of a value of 440 for K3 from the thermodynamic
relationship K1K2 ) K3K4. This large value of K3 is consistent
with the results presented in this study, implying a strong
thermodynamic preference for the inactive E* from of GK
in the absence of glucose.

A preexisting equilibrium between the inactive and active
GK in the absence of glucose was reported for the liver GK
isoform, which suggested a small but significant fraction of
active apoenzyme (27). We were not able to detect an active
enzyme E form in the absence of glucose with the �-cell
GK isoform. We observed a protein fluorescence change
upon addition of ATP in the absence of glucose (28) similar
to the report with liver GK in their characterization of ATP
analogue binding to the active and inactive enzyme forms.
However, this is likely due to a quenching effect by ATP,
since no specific binding of ATP was observed by calorim-
etry in the absence of glucose (23). The transient kinetic
studies of glucose binding with �-cell GK showed biphasic
kinetics when data were collected on a log scale to capture
the rapid first phase, in contrast to the monophasic kinetics
reported for liver GK. These differences in experimental
techniques and subsequent data analysis likely contribute to
the different conclusions. However, although the GK iso-
forms have been shown to have similar steady-state kinetics
and interactions with GKRP (29, 30), the possibility of small
differences in the apoenzyme equilibrium between E and E*
cannot be ruled out.

The kinetic model for glucose and activator binding in
Scheme 2 can now be further extended to include the ATP
binding and subsequence enzyme catalysis to describe the

Table 2: GKA EC50 and KD Values at 5 and 100 mM Glucosea

5 mM glucose 100 mM glucose

KD,GKA (µM) EC50 (µM) KD,GKA (µM) EC50 (µM)

GKA1 0.21 ( 0.04 (2) 0.47 ( 0.13 (4) 0.20 ( 0.03 (3) 0.056 ( 0.018 (3)
0.21 ( 0.06 (3)b 0.14 ( 0.01 (2)b

GKA2 0.38 ( 0.06 (4) 1.6 ( 0.4 (4) 0.27 ( 0.05 (4) 0.25 ( 0.06 (3)
GKA3 0.9 ( 0.2 (4) 1.4 ( 0.4 (4) 0.59 ( 0.03 (3) NDc

a EC50 values were determined by measuring the rate of steady-state turnover. Unless indicated, KD,GKA values were determined using competitive
ligand displacement SPA with 3H-GKA1. The table shows averaged values followed by the standard deviation and the number of independent
determinations. b These KD,GKA values were determined by direct titration of GKA1 at 5 and 100 mM glucose, respectively, and subsequently used in
the calculation of KD,GKA values for GKA1–3 according to eq 4. c This EC50 value was not well determined due to the minimal effect of GKA3 on GK
activity at 100 mM glucose.

Scheme 2: Equilibrium Binding of Glucose (Glc) and
Activators (A) to GK

FIGURE 4: Elution profiles of GK, GKRP, and the GK-GKRP
complex from size exclusion HPLC. Profiles were obtained in the
absence of glucose and GKA1 (a) or the presence of 10 µM GKA1
(b), 50 mM glucose (c), or both (d). The eluate was monitored by
UV absorbance at 280 nm. The earlier peak is attributed to the
GK-GKRP complex, while the latter peak represents both free
monomers of GK and GKRP.

FIGURE 5: GK activation by GKA1 in the absence (9) or presence
(b) of 0.2 µM GKRP. Assay conditions were as described in the
Experimental Procedures section. Concentrations of GKA1 in the
assay were varied from 0.2 to 200 µM, and the DMSO control
was shown here as 10-8 M. Assays were done in duplicate. The
error bar is smaller than the data markers. The lines are the fit of
the data to eq 2.
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activator effects on GK catalysis (Scheme 3). The confor-
mational change associated with the conversions of E* to
the E ·Glc form is required for ATP binding, as suggested
by previous binding studies (23). In this kinetic scheme, GKA
is shown to bind and dissociate from the free active enzyme
or active enzyme-glucose complex and may also bind and
dissociate from other active enzyme species (i.e., E ·Glc ·ATP,
E ·G6P ·ADP). The ordered product release previously
determined for GK (31, 32) leaves the enzyme in the active
E or EA conformations, which may either relax to the
thermodynamically favored E* form or bind glucose to
reenter the catalytic cycle.

The effects of activators on the glucose K0.5 and Hill
coefficient can be qualitatively explained by this model.
GKAs selectively bind the E conformation as opposed to
the E* form and prevent the relaxation of E to the E* form.
This effectively increases the population of the enzyme in
the active form which has higher glucose affinity, leading
to a decrease in glucose K0.5. The Hill coefficient is reflective
of the glucose-dependent partitioning of enzyme between
the active and inactive forms. Therefore, as GKAs minimize
the amount of enzyme that relaxes to the inactive E*
form, the glucose cooperativity is decreased. At 50 µM
GKAs, the Hill coefficient becomes 1.1-1.3 rather than
reaching unity. As shown in Figure 3, the EC50 values of
GKAs increase dramatically as the glucose concentration
decreases, suggesting that 50 µM activator may not be
saturating at the low glucose concentrations used in the Hill
coefficient determinations (e.g., 20 µM glucose). The less
than saturating concentration of activator may allow for a
small percentage of the E* form of GK to be present in the
catalytic cycle, yielding a Hill coefficient >1.

Unlike the glucose K0.5 and Hill coefficient, the kcat value
may be increased, decreased, or unaffected by activators. The
shift in the enzyme equilibrium from the inactive form to
the active form by activators is expected to increase the
observed maximal enzyme rate (kcat). However, kcat is related
to the chemical and product release steps subsequent to
substrate binding, and perturbation of these steps by activa-
tors can lead to a decrease in kcat. It is unknown which of
these steps is rate-limiting for GK. Furthermore, despite the
similar chemical structures and glucose binding affinity to
the EA form, GKA1–3 may slow the rate of chemistry or
product release steps to various degrees. Further study is
needed to dissect the activator effects on the microscopic
rate constants of individual steps. Extensive analysis is also
required to provide a more comprehensive understanding of
the structure–activity relationship for activators.

Interestingly, the GKA EC50 values are more sensitive to
changes in the glucose concentration than their KD,GKA values.
While KD,GKA is a thermodynamic constant for equilibrium
binding, EC50 is a kinetically determined value defined by
the concentration of activator which yields half the maximal
activation. An EC50 value is therefore related to the rates of
multiple steps in catalysis and can be greater or less than

the corresponding KD,GKA value depending on the kinetic
complexity of the enzyme mechanism. On the basis of
Scheme 2, the glucose dependence of KD,GKA is described
by eq 6 and agrees well with the experimental data. However,
the increased kinetic complexity in Scheme 3 for GK
catalytic reaction hinders a similar mathematical treatment
for EC50 in relation to the glucose concentrations. Instead,
kinetic simulations were used to model the GK reaction and
probe the glucose dependence of the EC50 values. In the
simulations, activators affected kcat by slowing either the rate-
limiting product release or the rate of chemistry. Experi-
mental details and representative results are provided in the
Supporting Information. In general, the simulations showed
that the EC50 value was more sensitive than KD,GKA to
changes in glucose concentration when the activator slowed
the rate-limiting product release. The glucose sensitivity
became less pronounced for EC50 when the activator slowed
the rate of chemistry. The kinetic simulations confirm that
activator effects on different steps in catalysis can modulate
its dependence on glucose concentrations.

The model for glucose-dependent activator binding to GK
also provides the basis for their effects on the GK-GKRP
complex, as shown in Scheme 4. GKRP selectively binds
GK in the inactive E* form in competition with glucose (21, 22),
while GKAs bind the active E ·Glc form. The interconversion
between the two different forms of enzyme is reversible and
modulated by glucose. Therefore, GKA and GKRP ef-
fectively compete for the same pool of enzyme, shifting the
enzyme equilibrium between the active E ·Glc and inactive
E* forms. When the concentration of GKRP is increased,
the inactive form of the enzyme is stabilized in complex with
GKRP and more GKA is required to shift the equilibrium
to the active form, yielding an increased EC50 for GKA.
Similarly, when the GKA concentration is increased, the
active form E ·Glc is favored and the IC50 of GKRP increases.
This model is consistent with the ability of GKAs to activate
GK to the same level in the presence and absence of GKRP.
Importantly, this model predicts that small molecules that
selectively bind an active form of GK will drive dissociation
of the GK-GKRP complex, irrespective of their effects on
enzyme catalysis. A previous report did not observe an effect
of GKAs on the dissociation of the GK-GKRP complex
(13). Since this study was done in the absence of glucose,
disruption of the GK-GKRP complex would not be expected
as GKA was unable to bind to GK in the absence of glucose.

The glucose dependence of GK activation may have an
important implication for activators as a drug therapy for
diabetes. A primary concern in the treatment of hypergly-
cemia is the overcorrection of the glucose levels, with the
possibility of inducing hypoglycemia. The risk of hypogly-
cemia in GK activation is underscored by the linkage of GK
activating mutations to hypoglycemia in patients (2). GKAs
increase GK activity by a larger degree at lower glucose
levels, which may increase the risk of hypoglycemia.
However, the glucose dependence of the GKA potencies
equips the GK activation with a glucose sensing mechanism
that is absent in GK activating mutations. The question
remains whether the sensitivity of the activator EC50 values

Scheme 3: GK Activation by Small Molecules Scheme 4: Regulation of GK by GKRP and GKA
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to physiologically relevant glucose levels is sufficient to
reduce the hypoglycemia risk.

The in Vitro activation profile of GKAs describes the
modulation of GK activity at various concentrations of
glucose. Compounds that increase activity at all glucose
concentrations (higher kcat) are expected to stimulate insulin
secretion in the � cells and increase glucose uptake in the
liver. In contrast, compounds such as GKA2 which decrease
the kcat may lead to a less profound effect on insulin
stimulation in � cells. However, these molecules are still able
to dissociate GKRP from GK and thereby provide benefit
by increasing the level of active GK in the liver. Together,
the overall moderate level of activation might be beneficial
in reducing the risk of hypoglycemia. Further study is
necessary to define an activation profile that minimizes the
hypoglycemia risk while retaining efficacy.

In summary, small molecule activators bind to an allosteric
site in the active form of GK and shift the enzyme
equilibrium from an inactive enzyme form with low glucose
affinity to an active form with high glucose affinity. As a
result, the overall glucose binding is increased. The binding
of activator is dependent on glucose which induces a large
conformational change to form the allosteric site in GK. The
interdependence of glucose and activators represents an
important aspect of the allosteric regulation of GK, which
may have a significant implication in the development of
small molecule activators as potential antidiabetic agents.
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