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Glucokinase (GK) is a key enzyme of glucose metabolism in
liver andpancreatic�-cells, and smallmolecule activators ofGK
(GKAs) are under evaluation for the treatment of type 2 diabe-
tes. In liver, GK activity is controlled by the GK regulatory pro-
tein (GKRP), which forms an inhibitory complex with the
enzyme. Here, we performed isothermal titration calorimetry
and surface plasmon resonance experiments to characterize
GK-GKRP binding and to study the influence that physiological
and pharmacological effectors of GK have on the protein-pro-
tein interaction. In the presence of fructose-6-phosphate, GK-
GKRP complex formation displayed a strong entropic driving
force opposed by a large positive enthalpy; a negative change in
heat capacity was observed (Kd � 45 nM, �H � 15.6 kcal/mol,
T�S � 25.7 kcal/mol, �Cp � �354 cal mol�1 K�1). With koff �

1.3� 10�2 s�1, the complex dissociated quickly. The thermody-
namic profile suggested a largely hydrophobic interaction. In
addition, effects of pH and buffer demonstrated the coupled
uptake of one proton and indicated an ionic contribution to
binding.Glucose decreased the binding affinity betweenGKand
GKRP. This decrease was potentiated by an ATP analogue. Pro-
totypical GKAs of the amino-heteroaryl-amide type bound to
GK in a glucose-dependent manner and impaired the associa-
tion of GKwithGKRP. Thismechanismmight contribute to the
antidiabetic effects of GKAs.

Glucokinase (GK)2 is the predominant glucose-phosphory-
lating enzyme in liver and pancreatic �-cells and plays a central
role in blood glucose homeostasis (1, 2). Enhancing GK activity
by small molecule GK activators (GKAs) is currently under
evaluation as an approach for the treatment of diabetes (3).
Hepatic GK activity is controlled by an endogenous inhibitor, a
68-kDa GK regulatory protein (GKRP) (4). During starvation,
the enzyme is bound to GKRP, leading to its inactivation and
sequestration in the nucleus. After refeeding, the GK-GKRP
complex dissociates and GK translocates into the cytoplasm (5,

6). In a rodent model of type 2 diabetes, this translocation is
impaired,which could contribute to the defective blood glucose
homeostasis (7). Further evidence for the metabolic impact of
GKRP comes from recent human genome-wide association
studies that show a strong linkage between a GKRP gene poly-
morphism and serum triglyceride levels (8, 9). The formation of
the GK-GKRP complex is favored by fructose-6-phosphate
(F6P) and inhibited by fructose-1-phosphate (F1P) (10). Both
sugar phosphates bind to the same site on the regulatory pro-
tein (11). An increase of the intracellular F1P concentration
leading to the release of GK from its inhibitory complex with
GKRP is most likely the reason for the stimulation of hepatic
glucosemetabolism by catalytic amounts of fructose or sorbitol
(6, 12, 13). Site-directedmutagenesis experiments indicate that
the binding interface for GKRP lies close to the binding site of
allostericGKAs of the amino-heteroaryl-amide type (14). How-
ever, it is controversial if these GKAs have an effect on the
formation of the GK-GKRP complex (15, 16). Furthermore,
there are conflicting reports concerning whether glucose has a
direct effect on the GK-GKRP complex (15, 17).
Current knowledge of themolecular details of the GK-GKRP

interaction and its regulation is limited and originates mainly
from indirect or qualitative methods such as enzymatic assays
or co-immunoprecipitation (16, 18). However, despite the
importance of biophysical methods for the validation and char-
acterization of protein-protein interactions (19), such studies
are lacking for GK and GKRP. In the present study we per-
formed isothermal titration calorimetry (ITC) and surface plas-
mon resonance (SPR) experiments for a detailed quantitative
characterization of the GK-GKRP interaction and its modula-
tion by small molecules.

EXPERIMENTAL PROCEDURES

Chemical Synthesis—The prototypical small-molecule glu-
cokinase activators of the amino-heteroaryl-amide type, GKA1
(15) and RO-28–1675 (termed GKA2 in the present study) (3)
were synthesized in-house.
Expression and Purification of Glucokinase—The cDNA of

human liver GK was cloned into pQE30 (Qiagen, Hilden, Ger-
many), which adds an N-terminal hexahistidyl tag to the open
reading frame. The plasmid was transformed into Escherichia
coli strain M15(pRep4) (Qiagen). After induction with 0.5 mM

isopropyl-1-thio-�-D-galactopyranoside at D600 � 0.7, cells
were grown for 18 h at 18 °C. Harvested cells were resuspended
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and lysed by lysozyme treatment and ultrasonication. GK was
enriched from the filtered lysate using nickel ion affinity chro-
matography (0–0.5 M imidazole gradient). After desalting, the
sample was applied to a Q-Sepharose anion exchange column
and elutedwith a 0.05–1MNaCl gradient.GKwas concentrated
by ultrafiltration and applied to a Superdex 200 gel filtration
column (GE Healthcare, Chalfont St. Giles, UK). After elution
in 25mMBis-Tris propane, 150mMNaCl, 50mM glucose, 5mM
dithiothreitol, 5% glycerol, pH 7, samples were concentrated,
and aliquots were stored at �80 °C.
Expression and Purification of Glucokinase Regulatory

Protein—The cDNA of rat GKRP (kindly provided by Emile
Van Schaftingen, Université Catholique de Louvain, Brussels)
was ligated into pET21a (Merck Chemicals, Darmstadt, Ger-
many); this appends a C-terminal hexahistidyl tag to GKRP.
The GKRP mutant S183A/V187A was generated using the
QuikChange site-directedmutagenesis kit (Stratagene, La Jolla,
CA) and custom primers. Expression of GKRP was performed
in E. coli strain BL21-CodonPlus(DE3)-RIL (Stratagene). After
inductionwith 0.2mM isopropyl-1-thio-�-D-galactopyranoside
atD600 � 0.7, cells were grown at 18 °C for 60 h. Harvested cells
were resuspended and lysed by lysozyme treatment and ultra-
sonication. The cleared lysate was applied to a immobilized
nickel ion affinity column and eluted with a 20–500 mM imid-
azole gradient. After dialysis in 20 mM Tris, 20 mM NaCl, 1 mM
dithiothreitol, pH 7.5, the sample was applied to aQ-Sepharose
anion exchange column and eluted with a 0.02–1 M NaCl gra-
dient. 20% glycerol was added to the concentrated samples, and
aliquots were stored at �80 °C.
Enzymatic Assay of Glucokinase Regulatory Protein—The

effect of GKRP on GK activity was determined spectrophoto-
metrically using the glucose-6-phosphate dehydrogenase cou-
pled assay as described elsewhere (20). One unit of GKRP cor-
responds to the amount of protein that causes 50% inhibition of
GK activity assayed in the presence of 5mM glucose and 200�M
F6P (10).
Isothermal Titration Calorimetry—ITC measurements were

carried out on a VP-ITC ultrasensitive titration calorimeter
(MicroCal Inc.). Protein samples were dialysed twice for several
hours at 4 °C against the measuring buffer and centrifuged
(20,000 � g, 15 min, 4 °C) to remove insoluble matter. Unless
otherwise stated, the standard buffer for the GK-GKRP titra-
tions was 50mMHepes, 25mMKCl, 4 mMMgCl2, 1 mM �-mer-
captoethanol, 200 �M F6P, pH 7.1. Protein concentration was
determined from UV absorbance measurements using a molar
extinction coefficient at 280 nm of 32,890 M�1 (GK) and 47,900
M�1 (GKRP). In a typical experiment, the stirredmeasuring cell
contained 10 �MGKRP and the syringe contained 80 �MGK as
titrant. In experiments, where the influence of effectors on the
GK-GKRP interaction was studied, these compounds were
added at equal concentrations to both cell and syringe solu-
tions. ITC titrations and data analyses were performed as
described (21). Unless otherwise stated, the titrations were per-
formed at 25 °C. Proton transfer linked to GK-GKRP binding
was determined by measuring the pH dependence of binding
affinity (22). Furthermore, proton linkage was determined by
measuring �H of binding in buffers with different enthalpies of
ionization �Hion (23): Values for �Hion were obtained from the

literature (24, 25). To determine �Cp (� d�H/dT) for the GK-
GKRP interaction, ITC titrations were performed over a range
of temperatures. To predict the change in accessible surface
area (�ASA) upon binding from the binding heat capacity
(�Cp) and enthalpy (�H) changes, the following empirical rela-
tionships were applied: �Cp � 0.45�ASAnp � 0.26�ASAp;
�H60� �8.44�ASAnp� 31.4�ASAp, where�H60 is the extrap-
olated binding enthalpy change at 60 °C in kcal/mol (26, 27). In
these calculations, �H was corrected for the contribution of
buffer ionization enthalpy.
Surface PlasmonResonance Experiments—Experimentswere

performed on a Biacore S51 instrument (GE Healthcare, Chal-
font St. Giles, UK). For the immobilization of rat GKRP to CM5
sensor chips, standard amine coupling was used. GKRP was
diluted in 10mM sodium acetate buffer pH 5.5 including 20mM
KCl and 200 �M F6P to a final concentration of 12 �g/ml. The
immobilization level was aimed at 2500 RU. Series of various
concentrations of GK that was previously dialysed in the run-
ning buffer were injected over the flow cell (flow rate 30�l/min,
contact time 120 s, dissociation time 180s). For steady-state
equilibrium analysis, the sensorgrams were analyzed using Bia-
core S51 evaluation software version 1.2. As the global fitting
routine of the evaluation software did not produce satisfactory
results, the association and dissociation time courses were sep-
arately fitted to a single-exponential model, as described in Ref.
28, using Prism 4 (GraphPad Software, San Diego, CA). The
influence of glucose and GKAs on the dissociation of the pre-
formed GK-GKRP complex was tested using the regeneration
scout tool provided by Biacore S51 control software. Here, after
complex formation under running buffer conditions, the
“regeneration buffer” was used for the dissociation phase,
which contained the desired additives.
Statistical Analysis—Unpaired Student’s t-tests (two-tailed p

value, confidence interval 95%) were performed using Prism 4.

RESULTS

Characterization of Recombinant GK and GKRP—Because
recombinant human GKRP can be obtained only at very low
yields (20, 29), we studied the interaction between GK and
GKRP derived from different species; human and rat, respec-
tively. Human and rat liver GK share 97% sequence identity and
are inhibited to the same extent by rat GKRP (20, 30). The
heterologous interaction between rat GKRP and humanGK is a
well established model system (11, 30–33). However, human
GKRP has a higher affinity for F6P compared with rat GKRP
and is a more potent inhibitor of GK in the absence of F6P (20).
The preparations of GK and GKRP for the present study were
�95% pure and homogenous, as judged by Coomassie Blue
staining (exemplarily shown for GKRP, Fig. 1A) and analytical
gel filtration. GK was inhibited by GKRP in a dose-dependent
manner (Fig. 1B). From these data we determined a specific
GKRP activity of�700 units/mg in the presence of 200�MF6P,
which compares well to previously reported activities (33).
Consistent with published data (34), F6P enhanced the potency
of GKRP, while F1P reduced the inhibitory effect (Fig. 1C).
Using ITC, we determined aKd � 17� 4�M for F6P binding to
GKRP (Fig. 1D). This directly determined affinity is in good
agreement with the reported Ki of 20 �M that was derived from
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kinetic experiments (18). Despite its
clear effect in the enzymatic assay,
we could not calorimetrically detect
binding of F1P to GKRP under a
number of different experimental
conditions. Possibly the binding of
F1P is exclusively of entropic nature
and shows a negligible heat change.
Thermodynamics of the GK-

GKRP Interaction and the Influence
of Physiological Effectors—In the
presence of 200 �M F6P, ITC titra-
tions of GK and GKRP showed a
binding signal with strongly endo-
thermic peaks (Fig. 2A). A Kd value
of 45 nM was obtained as an average
result from multiple titrations
(Table 1). As expected, in the
absence of F6Pbinding became con-
siderably weaker, with a Kd value of
984 nM (Table 1). In the presence of
saturating concentrations of F1P,
the affinity of GKRP for GK was
decreased, with Kd � 7 �M. To our
knowledge, these are the first
direct determinations of affinity
for the GK-GKRP interaction.
Under all measurement condi-
tions the GK-GKRP interactionwas
exclusively entropy driven (T�S 	
0) with a large enthalpic “penalty”
(�H 	 0) (Fig. 2B and Table 1). This

is in remarkable contrast to thermodynamic profiles deter-
mined for a number of protein-protein interactions; these very
often show similar contributions of both enthalpy and entropy
to the binding free energy (35) (Fig. 2B). The observed large
binding entropy suggests a distinctively hydrophobic binding
interface (36–38). Recently, a hydrophobic sequence motif
within GKRP identified by phage display was postulated to
formabinding site forGK (39).We therefore expressed aGKRP
variant where the consensus residues within the identified
sequence were mutated to alanine (GKRP S183A/V187A) and
determined its binding parameters. In the presence of F6P the
affinity decreased only slightly (Kd � 99� 36 nM versus 45� 10
nM of the wild type), with no significant changes of�H andT�S
relative to the interaction of wild-type GKRP with GK.
Next, we studied the effect of glucose on theGK-GKRP inter-

action. TheKd values determined for the protein-protein inter-
action increased with rising glucose concentrations (Fig. 2C;
Table 1, thermodynamic parameters determined in the pres-
ence of 100 mM glucose). The presence of neither glycerol nor
sorbitol at 100 mM influenced the GK-GKRP interaction, indi-
cating that the effect of glucose is specific and not caused by the
high osmolarity of the buffer (not shown). These data clearly
establish that glucose directly weakens the GK-GKRP interac-
tion. Interestingly, the addition of the non-hydrolyzable ATP
analogue AMP-PNP at 1 mM enhanced the effect of glucose
(Fig. 2C; Table 1, thermodynamic parameters determined in

FIGURE 1. Purification and characterization of recombinant GK and GKRP. A, SDS-PAGE of GKRP puri-
fication steps. Lane 1, marker; 2, cell lysate; 3, insoluble fraction; 4, soluble fraction; 5, flow-through of
nickel column; 6, insoluble fraction of nickel column eluate after dialysis; 7, soluble fraction of eluate after
dialysis; lanes 8 and 9, 5 and 10 �g of Q-Sepharose column eluate, respectively. 10 �g of total protein were
loaded on lanes 1–7. B, dose-dependent inhibition of GK (15 milliunits/ml) by GKRP in the presence of 200
�M F6P. C, effects of F6P and F1P on the inhibitory potency of GKRP. Reciprocal plot of GK activity against
F1P concentration, in the presence of 25 �M (open circles) or 100 �M (filled circles) F6P. The data are from a
representative experiment performed in duplicate. D, ITC titration of 700 �M F6P to 11 �M GKRP. Inte-
grated heat data (filled squares) are plotted versus the molar ratio of ligand to protein and fitted to a
single-site binding model (line). A blank titration of 700 �M F6P into buffer is shown as control (open
squares).

FIGURE 2. Thermodynamics of the GK-GKRP interaction and the modulat-
ing effect of metabolites. A, sample raw data for the titration of GKRP with
GK, in the presence of 200 �M F6P. Top panel, raw heating power data; the first
peak represents a small pre-injection (5 �l) that is omitted in the integrated
data. Bottom panel, data after peak integration, subtraction of blank titration
data (not shown), and concentration normalization. Curve fit of the data to a
single site binding model. B, thermodynamics of the GK-GKRP interaction in
the presence of 200 �M F6P in comparison to reported average values for
protein-protein interactions (n � 41) (35). C, effect of glucose and AMP-PNP
on the GK-GKRP interaction. Kd values for GK-GKRP binding were determined
in ITC titrations at different glucose concentrations, in the absence (squares)
or presence (triangles) of 1 mM AMP-PNP. Linear regressions are shown as
solid lines.
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the presence of 25 mM glucose � 1 mMAMP-PNP). AMP-PNP
alone did not influence the interaction of the proteins (data not
shown).
Effects of pH, Buffer, and Temperature on the Thermody-

namic Parameters—To assess a potential role of protonable
residues for GKRP-GK binding, we performed ITC measure-
ments in the presence of F6P at different pH values. The pH
dependence of the binding affinity (Fig. 3A) with a slope (�log
Ka versus pH)� 1.1 pointed to a single protonation event that is
important for binding. This was confirmed by the buffer
dependence of the observed binding enthalpy (Fig. 3B): With
the buffer dependence measured at pH 8, the slope (�Hobserved
versus �HBuffer ionization) � 0.9 again reflected the net uptake of
one proton. On the other hand, at pH 7.1, only a minor buffer
dependence of �H was apparent (slope � 0.2), meaning that at
this pH no coupled protonation took place. These data point to
a pK value of the protonated group near neutrality, which
makes histidine a potential candidate residue that becomes
positively charged in the course of GK-GKRP binding.
The change in heat capacity upon binding (�Cp � d�H/dT)

is sensitive for changes in the binding interface of interacting
proteins (40). In the presence of 200 �M F6P, a negative �Cp
value of �354 � 36 cal mol�1 K�1 was obtained (Fig. 3C).
When glucose was added to the titration buffer,�Cp amounted
to�362� 33 cal mol�1 K�1. Thus, the presence of glucose had
no significant effect on the heat capacity change upon binding.
On the other hand, the positive �Cp � �1389 � 145 cal mol�1

K�1 determined in the absence of F6P was strikingly different.
The �Cp data therefore indicate that the binding interface is
unaffected by glucose but strongly influenced by F6P. The heat
capacity change can be tentatively used to estimate the change
in accessible surface area (�ASA) upon binding (see “Experi-

mental Procedures”) (26, 27). This
approach predicts that in the pres-
ence of F6P about 900 Å2 of total
surface area becomes buried during
GK-GKRP complex formation.
Binding of Small Molecule GK

Activators and Their Effect on the
GK-GKRP Interaction—There is
controversy whether the small mol-
ecule GKAs of the amino-het-
eroaryl-amide type also affect the
GK-GKRP complex (2, 3, 15). To
address this question, we first
applied ITC to characterize the
binding of prototypicalGKAs of this
class to GK. The binding of GKA1

(15) toGK absolutely depended on the presence of glucose (Fig.
4A). Following binding parameters were obtained for GKA1:
stoichiometry n� 1.0� 0.03,Kd � 0.9� 0.1�M,�H� �3.8�
0.1 kcal/mol,T�S� 4.5� 0.2 kcal/mol inHepes buffer at 25 °C.
Binding of another activator of this type, termedGKA2 (3), was
also glucose-dependent.Here, n� 1.0� 0.1,Kd� 0.5� 0.2�M,
�H � �6.2 � 0.5 kcal/mol, T�S � 2.4 � 0.4 kcal/mol. When
GKA1 was titrated to GK, which was already in a complex with
GKRP, we did not observe binding of the compound (Fig. 4A).
Next, GKRP was titrated to the GK-GKA1 complex formed in
the presence of a saturating concentration of glucose (100mM).
Here, an interaction of GK and its regulatory protein could not
be detected with the applied ITC settings (detection limit: Kd
�10 �M) (Fig. 4B). Titrations at different temperatures were
performed to exclude that the lack of a binding signalwas due to
an accidental zero-crossing of �H (not shown). We found this
impairment of the GK-GKRP complex also for GKA2. These
findings suggest that the binding of this class of GKAs and
GKRP to GK is mutually exclusive.
Kinetic Analysis of the GK-GKRP Interaction—Next we per-

formed surface plasmon resonance experiments to further
characterize the binding of GK to GKRP. GKRP was immobi-
lized on the chip, while GKwas used as analyte in solution. The
presence of 100mM glucose in the running buffer strongly low-
ered the SPR signal (Fig. 5A). 100 mM sorbitol had no effect on
the resonance signal (not shown), excluding the possibility that
the effect of glucose is caused by a high solute concentration. In
agreement with the ITC results the SPR experiments showed
that glucose impairs the interaction between GK and GKRP.
The addition ofGKA1 further lowered the SPR signal relative to
glucose-containing buffer conditions (Fig. 5B). A similar obser-

FIGURE 3. Effects of pH, buffer and temperature on the GK-GKRP binding thermodynamics. Experiments
under (A) and (B) were performed at 25 °C in the presence of 200 �M F6P. A, ITC titrations in HEPES buffer at
different pH values. Values of �log Ka are plotted versus pH. B, ITC titrations at pH 7.1 (squares) and pH 8
(triangles) in Hepes or Tris buffer. The observed binding enthalpy determined from the fit of the ITC isotherms
is plotted versus the buffer ionization enthalpy. Lines, linear regressions of the data. Each data point represents
the average from two independent ITC titrations. C, heat capacity changes (�Cp) for GK-GKRP binding. ITC
titrations were performed at different temperatures, in the absence (open squares) or presence of 200 �M F6P
(solid squares), or 200 �M F6P � 100 mM glucose (triangles). The obtained �H values are plotted versus temper-
ature, and the slope of the linear regressions gives �Cp.

TABLE 1
Thermodynamic parameters of the GK-GKRP interaction obtained by isothermal titration calorimetry
Experimentswere performed in standard buffer plus the indicated additives at 25 °C. ITCmeasurementswere performed in triplicatewith at least two different preparations
of GK and GKRP used; no systematic variation of the results depending on the protein preparations was observed. Values are given as means � S.E.

Effector Na Kd
ITC �H T�S
nM kcal/mol kcal/mol

None 1.0 � 0.03 984 � 190 23.3 � 1.4 31.4 � 1.3
100 �M F1P 0.9 � 0.00 6789 � 253 21.7 � 2.5 28.7 � 2.4
200 �M F6P 1.0 � 0.02 45 � 10 15.6 � 0.7 25.7 � 0.6
200 �M F6P � 100 mM glucose 1.0 � 0.00 173 � 17 6.0 � 0.8 15.2 � 0.7
200 �M F6P � 25 mM glucose � 1 mM AMP-PNP 1.0 � 0.01 164 � 18 5.9 � 0.9 15.2 � 0.9

a Stoichiometry of the complex.

Interaction between Glucokinase and Its Regulatory Protein

31336 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 46 • NOVEMBER 14, 2008



vation was made for GKA2. To determine association and dis-
sociation rate constants, sensorgrams were fit to a simple 1:1
binding model (exemplarily shown for minus glucose condi-
tions, Fig. 5C). The obtained values (Table 2) indicate that glu-
cose and GKAs have similar and additive effects on the associ-
ation and dissociation of the GK-GKRP complex. Glucose
slowed down the protein association by a factor of �2; GKAs
lead to a further 2–4-fold rate reduction. The effects on com-
plex dissociation were smaller yet significant (p 
 10�4); both
glucose and GKAs increased koff by 20–25%. The kinetically
determined Kd values (Kd

kin � koff/kon) in the absence or pres-
ence of glucose were in good agreement with the respective Kd
values determined by ITC (Table 2). However, the submicro-

molar Kd
kin values obtained in the presence of GKAs were sur-

prisingly low, given the apparent lack of binding in the ITC
experiment. We therefore additionally determined the GKRP
affinity in the presence of GKA1 or GKA2 using steady-state
equilibrium analysis of the SPR data. Here, in both cases, higher
Kd

eq values of �4 �M were obtained. It appears that the actual
affinity in the presence of GKAs is somewhat overestimated
from Kd

kin. Finally we examined if glucose or GKAs also influ-
enced the dissociation of the preformed GK-GKRP complex.
To this end, we performed a SPR “chase” experiment in which
GK was first bound to GKRP and the compound under investi-
gation was added immediately before the dissociation phase.
100 mM glucose enhanced complex dissociation, while the two
prototypical GKAs had no or only minor effects on the dissoci-
ation rate (Fig. 5D). The chase experiment indicates that glu-
cose, but notGKAs, can bind to the preformedGK-GKRP com-
plex. Taken together, the SPR experiments confirmed that both
glucose and GKAs interfere with binding of the regulatory pro-
tein to GK.

DISCUSSION

Despite the significance of the regulation of GK by GKRP for
blood glucose homeostasis, the current knowledge of itsmolec-
ular details is limited. This is in part caused by difficulties in
obtaining sufficient amounts of purified protein, especially of
GKRP (20). In the present study, we established protocols for
the expression of substantial amounts of both recombinant GK
and GKRP. This allowed us to apply biophysical techniques to
characterize the interaction between these proteins. One of our
interests was the influence that physiological and pharmaco-
logical effectors of GK activity have on this protein-protein
interaction. In our experiments F1P and F6P modulated GK-
GKRPaffinity in an opposingmanner,with F1P attenuating and
F6P strengthening the protein interaction. These results are in
line with the data obtained by enzymatic analysis, and thereby
validated our biophysical approach.
The binding process betwenGK andGKRPwas highly endo-

thermic and solely driven by the entropy change. From this, we
suggest a distinctly hydrophobic binding interface and a rigid-
body interaction of the two proteins (36–38). A hydrophobic
binding site is in line with the observation that long-chain acyl-
CoAs and GKRP compete for binding to GK (41). Our site-
directed mutations of GKRP (S183A/V187A) indicate that fur-
ther contact sites in addition to the recently reportedmotif (39)
must be involved in this interaction. Furthermore, the pH and
buffer dependence of the thermodynamic binding parameters
suggested that the protonation of presumably a histidine resi-
due is critical during the binding process. This points to an
additional involvement of ionic attractive forces beside the
hydrophobic interaction. An ionic contribution would agree
with the observed thermodynamic profile, as charge interac-
tions are often entropy-driven (42). A loop of GK that is rich in
basic residues is critical for GKRP binding (43). Tentatively, the
observed protonation could occur within this basic loop.
The heat capacity changes (�Cp) that accompany biomo-

lecular interactions are sensitive for the nature of the binding
interface (40). A negative �Cp value, as determined for the GK-
GKRP interaction in the presence of F6P, is typical for many

FIGURE 4. Small molecule GK activator binding and their effect on the
protein-protein interaction. A, ITC isotherms for titrations of 160 �M

GKA1 to 10 �M GK in the absence (open squares) or presence (filled squares)
of 100 mM glucose, or in the presence of 100 mM glucose, 200 �M F6P, and
20 �M GKRP (circles). B, ITC isotherms for titration of 80 �M GK to 9 �M GKRP
in the presence of 200 �M F6P (open circles), 200 �M F6P � 100 mM glucose
(filled circles), or 200 �M F6P � 100 mM glucose � 10 �M GKA1 (squares).
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protein-protein interactions; it originates mainly from the
release of water from protein surfaces (44). When we deter-
mined the heat capacity change upon GK-GKRP binding in the
absence of F6P, we obtained a positive �Cp value. This could
indicate additional hydration processes. Reported examples for
positive �Cp values of biomolecular interactions are relatively
rare and have been related to ionic interactions (45–47). Over-
all, from the comparison of the�Cp values obtained in the pres-
ence and absence of F6P, we propose that F6P induces substan-
tial conformational changes within the GK-binding interface of

GKRP. The estimation from �Cp
values of the change in accessible
surface area upon binding (�ASA) is
discussed controversially in the lit-
erature (40, 42). When we applied
the proposed empirical relation-
ships, we determined 900 Å2 as the
sum of GK and GKRP buried sur-
face in the presence of F6P. This
value suggests a small binding inter-
face. Reported values for total�ASA
of heterodimeric protein-protein
interactions range between 1300
and 6500 Å2, with an average value
of 2000 Å2 (48). Furthermore, the
dissociation rates of the GK-GKRP
complex of �10�2 s�1 as deter-
mined by SPR analysis were at the
upper limit of the typical range of
10�2 to 10�6 s�1 observed for
biomolecular interactions (49). Dis-
sociation rates primarily depend on
the strength and number of direct
contacts between the proteins (50),
and a rapid dissociation as observed
here could therefore also point to a
small contact interface.
In the liver, an elevation of the

cellular glucose concentration in-
duces a translocation of active GK
from the nucleus to the cytoplasm,
which requires a dissociation from
GKRP (5, 6). However, it is contro-
versial if glucose by itself dissociates

GK and GKRP (15, 17). Both our ITC and SPR results showed
that glucose directly weakens GK-GKRP binding. This effect
was potentiated by the ATP analogue AMP-PNP, in agreement
with data obtained recently by co-IP experiments (16). Our
quantitative analysis demonstrated that in the presence of
AMP-PNP, the GK-GKRP interaction became substantially
impaired at glucose concentrations that occur in the liver in the
postprandial state. Therefore, the direct effect of glucose on the
GK-GKRP affinity could be of physiological significance. This
hypothesis might be supported by the SPR chase experiment
that showed that glucose did not only decrease the binding
affinity between GK and GKRP, but was also able to dissociate
the preformed GK-GKRP complex. In structural terms this
indicates that the active site of GK in a complex with the inhib-
itory protein is still accessible for the substrate glucose.
Based on x-ray structures it was proposed that the GK

enzyme shuttles between at least three conformations: the
“resting” super-open conformation and the active open and
closed forms (51). The attenuating effect of glucose on the GK-
GKRP interaction suggests that GKRP binds to the super-open
conformation of GK, which prevails in the absence of glucose
(51, 52). This model is further supported by the heat capacity
change measurements. Here, the addition of glucose did not
change the �Cp of the GK-GKRP interaction, relative to the

FIGURE 5. Analysis of GK-GKRP binding by surface plasmon resonance. GK was used as analyte and GKRP as
immobilized ligand; all running buffers contained 200 �M F6P. A, sensorgram with 220 nM GK as analyte. The
running buffer contained either no glucose (dashed line) or 100 mM glucose (solid line). B, sensorgram with 250
nM GK as analyte. The running buffer contained 100 mM glucose, with the addition of either 0.1% DMSO (dashed
line) or 10 �M GKA1 (solid line). C, sensorgram with different GK concentrations (13– 425 nM). Solid line, experi-
mental time courses; dashed line, separate fit of the association and dissociation phase to a one-exponential
model. D, chase experiment with 425 nM GK; the indicated substances were added after formation of the
GK-GKRP complex immediately before the dissociation phase. Inset, exemplary dissociation time courses in the
absence (dashed line) or presence (solid line) of 100 mM glucose; gray lines, fit to one-exponential model. Column
bar graph, effect of the indicated additive on the dissociation constant; the results are given as the quotient of
koff obtained with regeneration buffer versus running buffer within the same experiment. Chase experiments
where GKAs were added contained 100 mM glucose in the running buffer.

TABLE 2
Kinetic data for the GK-GKRP interaction obtained by surface
plasmon resonance experiments
Experiments were performed in standard buffer plus the indicated additives at
25 °C. SPR kon and koff values are given as mean � S.E. from the fittings of 18 time
courses measured at different GK concentrations in three separate SPR experi-
ments, which used two different preparations of GK and GKRP; no systematic
variation of the results depending on the protein preparations was observed.

Effector kon koff Kd
SPR, kin a

105 M�1 s�1 10�2 s�1 nM
200 �M F6P 2.5 � 0.32 1.3 � 0.09 50
200 �M F6P � 100 mM glucose 1.2 � 0.14 1.6 � 0.04 131
200 �M F6P � 100 mM glucose �
10 �M GKA1

0.5 � 0.08 2.0 � 0.05 375

200 �M F6P � 100 mM glucose �
10 �M GKA2

0.3 � 0.05 2.0 � 0.07 661

a Kd
SPR, kin � koff/kon.
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value determined in the presence of F6P alone. This indicates
that although glucose lowers the binding affinity, it does not
affect the binding interface between GK and GKRP. In the light
of the global conformational change of GK during the inactive-
to-active transition (51), this finding suggests that GKRP does
not recognize the active, open conformation of GK. Rather,
binding in the presence of glucose can only occur after isomer-
ization of GK to the inactive super-open form. Overall, these
results provide thermodynamic evidence that GK occurs in a
pre-existing equilibrium as has been proposed recently (51, 52).
The kinetic SPR data further support this concept. Here, glu-
cose primarily affected the on-rate of the GK-GKRP interac-
tion. This could indicate that the energetic barrier imposed by
glucose precedes the actual binding step.
Small molecule GKAs of the amino-heteroaryl-amide type

bind to a hydrophobic pocket at the interface between the two
GK domains and allosterically activate the enzyme (51). Our
ITC and SPR data demonstrate that prototypical GKAs of this
class prevent binding ofGKRP toGK.This observation is in line
with recently published biochemical data on the effect of
relatedGKAs (53).We found this impairment of theGK-GKRP
association also for a compound (GKA1) that was previously
suggested not to interfere with this protein-protein interaction
(15). A likely explanation for this discrepancy is that in Ref. 15,
the interaction study was performed in the absence of glucose,
a condition under which GKAs cannot bind ((53), present
study). The requirement of glucose for the binding of the stud-
ied GKAs indicates that these compounds cannot bind to the
resting, super-open conformation of GK. On the other hand,
our data strongly support the idea that GKRP binds only to the
super-open conformation, as discussed above. In addition, the
ITC titrations of theGKA to the preformedGK-GKRP complex
as well as the SPR “chase” experiment indicated that the amino-
heteroaryl-amide compounds do not bind to GK that is already
in complex with its inhibitor protein. Overall, our results dem-
onstrate that binding of GKA and GKRP to GK is mutually
exclusive. We propose a dual mode of action of this class of
GKA in the liver: These compounds directly activate the
enzyme and additionally prevent binding of the inhibitory
GKRP to hepatic GK. Potentially, both contribute to the anti-
diabetic effect of these molecules.
In conclusion, this study provides the first biophysical charac-

terization of the interaction between GK and GKRP and its mod-
ulation by physiological and pharmacological effectors. In the
absenceof structural information,our findingsput important con-
straints onmodels of theGK-GKRP interaction. The regulation of
hepaticGK is central for glucosehomeostasis, andGKactivation is
a promising approach to decrease hyperglycemia in type 2 diabe-
tes.Against thisbackground, it isof importance topreciselyunder-
stand the complex allosteric regulation of GK.
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