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Abstract
Glucose phosphorylation by glucokinase exhibits a sigmoidal dependency on substrate con-
centration regardless of its simple structure. Dimorph mechanism suggested the existence of
two enzymatic states with different catalytic properties, which has been shown to be plausible
by structural analysis. However, the dimorph mechanism gives rise to a complicated or non-
explicit non-closed mathematical form. It is neither feasible to apply the dimorph mechanism
in effector characterizations. To improve the area of glucokinase study with stronger theoretical
support and less complication in computation, we proposed the investigation of the enzyme
from a pseudo-dimeric angle. The proposed mechanism started from the idealization of two
monomeric glucokinase as a dimeric complex, which significantly simplified the glucose
phosphorylation kinetics, while the differences in enzyme reconfiguration caused by variable
substrates and effectors have been successfully characterized. The study presented a simpler
and more reliable way in studying the properties of glucokinase and its effectors, providing
guidelines of effector developments for hyperglycemia and hypoglycemia treatment.
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Introduction

Glucokinase (hexokinase IV, D, EC 2.7.1.2) is a key enzyme for substrate level phosphory-
lation. Glucokinase catalyzes the phosphorylation of glucose to glucose-6-phosphate with
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phosphate groups provided by adenosine triphosphate (ATP) [1, 2]. This reaction happens in
most organisms and animal bodies under both aerobic and anaerobic conditions. Glucokinase
in the animal body is majorly presented in hepatic cells, pancreatic cells, and brain cells where
glucokinase is functioning as glucose sensor [3, 4]. It has been found that the interaction
between glucose and pancreatic β cells glucokinase will stimulate insulin secretion, while
glycogen synthesis is accelerated by glucose, hepatic glucokinase interaction [5]. A recent
study proposed that the secretion of pancreatic glucagon is also regulated by glucokinase [6].
All these effects as well as the glucose phosphorylation help in reducing plasma glucose
concentration to a desired level.

Glucokinase plays a critical role in regulating the glucose homeostasis that its malfunction
can result in diseases like hyperglycemia or hypoglycemia [7–9]. The inhibitory of glucoki-
nase variation results in a non-insulin-dependent diabetes mellitus named MODY-2 as well as
a more severe diabetic disease known as permanent neonatal diabetes mellitus (PNDM) [10].
Patients with glucokinase inactivating malfunction exhibit low responsiveness on glucose,
giving rise to the defection of insulin secretion and glycogen synthesis, which indicates the
reduction of enzyme reactivity or affinity towards substrates [11–13]. On the other hand,
glucokinase active variation induced hyperinsulinemic hypoglycemia. Glucokinase is endog-
enously inhibited by glucokinase regulatory protein (GKRP) through allosteric binding, which
prevents an over-phosphorylation of glucose under hypoglycemic conditions [14–17]. Such
inhibition is relieved at high glucose concentration or by fructose-1-phosphate. In vivo studies
have revealed that glucokinase-GKRP complex is localized in the nucleus at low glucose
concentration and glucokinase itself is released to cytosol at raised glucose level [18, 19].
However, this process is imbalanced in hypoglycemia patients. The excessive glucokinase
activity leads to the over-phosphorylation of glucose and stimulates insulin secretion even at
low glucose level, resulting in diseases such as hyperinsulinemic hypoglycemia of infancy
(PHHI) [7–9]. A recent investigation also revealed the potential relation between glucokinase
variations and tumorigeneses. It was reported that the energy metabolism reprograming in a
cancer cell is associated with the active variation and/or stabilization effect of glucokinase [20].
In order to regulate the enzyme activity to the desired level, substantial amount of studies have
been directed to glucokinase effector development including the early trials on human patients
[21–23]. Effectors such as glucose analogs, carbohydrates, phosphorylated carbohydrates,
lipids, phenolic, and amino compounds have been found effective in regulating the glucoki-
nase activity [24–28]. On the other hand, methods in comparing and characterizing the
regulative effectors have yet been unified, due to its unclosed kinetics study.

Mechanistic-based kinetics studies of glucokinase have been started since the last century.
Structural investigation has revealed that glucokinase is a smaller molecule than other hexo-
kinases with a molecular mass of 50 kDa [26, 27]. A human glucokinase is a monomeric
enzyme, containing two domains that distinct in sizes. A single catalytic site is located between
the two domains, composed of six amino acid residues (Glu256, Glu290, Thr168, Lys169,
Asn204, and Asp205). Crystal structural analysis has revealed the interaction between the
catalytic site and the anomeric carbon of glucose, resulting in the substrate binding. The
ligand-free glucokinase presents an open form that the catalytic site is well exposed. However,
the catalytic site of the open-formed glucokinase is disordered with incomplete amino acid
residues, resulting in the low affinity to the substrate. With substrate binding, the small domain
of glucokinase rotates about 99° leading to the Bclosure^ of the enzyme with intact active site
structure and enhanced activity [29]. In this case, unlike other single-sited enzymes, glucoki-
nase activity displays a sigmoidal dependency on its substrates showing the stimulation effect
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of glucose [30–32]. A mathematical modeling of the glucokinase catalytic process can be
achieved based on the dimorph catalytic mechanism. On the other hand, such mechanism
yields tedious mathematical calculations, which lays obstacles to the investigation of the
enzyme’s characteristics. Meanwhile, an independent allosteric site that interacts only with
effectors was observed in human glucokinase characterization. Such finding manifests the
incompleteness of the dimorph theory, as the activation/inhibition mechanisms caused by
substrates and effectors are different. In this case, a new theory in characterizing the enzyme
and its effectors is needed with less mathematical effort and stronger mechanistic support.

In this study, we proposed a pseudo-dimeric model by treating two known individual
glucokinase molecule states as a dimeric community. The new model explained the catalytic
mechanisms of glucokinase from a new angle, while simplifying the bimorph mechanistic
model by reducing the number of parameters. It provides an easier way in understanding the
kinetics properties of the enzyme as well as the impacts from effectors. Both single ligand and
multiple ligands binding and reaction behaviors on glucokinase are modeled kinetically. The
theory proposed in this study is potentially beneficial for the treatment of hyperglycemia and
hypoglycemia.

Methods

Dimorph Catalysis Mechanism

Petit et al. revealed based on X-ray crystallography that glucokinase has two unique folding
states: the stable or steady GK bound with glucose is distinctly different from that when no
glucose is bound [33]. The glucose phosphorylation on glucokinase is catalyzed by two states
of the enzyme with different binding affinities and catalytic activities. The bimorph catalytic
mechanisms can be generalized as Fig. 1, where ER stands for the Brelaxed^ (inactive) state of
the enzyme and EC stands for the Bclosed^ (active) state. Such catalytic behavior was further

Fig. 1 The stimulation effect of glucose in the reconfiguration of glucokinase from a relaxed state (ER) to a
closed state (EC) with higher phosphorylation activity. G6P stands for glucose-6-phosphorate as the catalytic
product
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proved from an atomic level with NMR characterization. Larion et al. reported that the
glucose-free enzyme displays exchange behaviors in the small domain with an exchange rate
constant of 509 ± 51 s−1 from the closed state to the relaxed state, while the exchange rate is
significantly slower at the opposite direction with a rate constant of 81 s−1. The equilibrium
between the two exchanging states results in the dominance of glucokinase in the relaxed-state
(≥ 87%) with limited activity. On the other hand, the exchange behaviors were quenched in the
glucose-bond enzyme, suggesting that glucose favors the stabilization of the enzyme to remain
at the active state [31].

Based on the bimorph mechanism, catalytic rate expression can be derived, but it is very
tedious because of the fact that pseudosteady-state hypothesis (PSSH) needs to be used as the
active state or 2E only exists if glucose is bound or during turning over time. Shortly after the
enzyme is mixed with glucose, there is a pseudosteady-state beginning to emerge.
Pseudosteady-state hypothesis for the enzyme states leads to the following:

0 ¼ rERG ¼ kG1 ER½ �Gþ k−G4 ECG½ �− k−G1 þ kG4 þ kGcð Þ ERG½ � ð1Þ

0 ¼ rECG ¼ kG2 EC½ �Gþ kG4 ERG½ �− k−G2 þ k−G4 þ kcGð Þ ECG½ � ð2Þ

0 ¼ rEC ¼ k3 ER½ � þ k−G2 þ kcGð Þ ECG½ �− k−3 þ kG2Gð Þ EC½ � ð3Þ
and enzyme balance leads to the following:

E0 ¼ ER½ � þ ERG½ � þ ECG½ � þ EC½ � ð4Þ
So, the concentrations of enzyme-glucose complexes can be solved by the following:

ERG½ � ¼ kG4kG1kG2Gþ kG4k3kG2 þ ck−3kG1
a0 þ a1Gþ a2G2 GE0 ð5Þ

ECG½ � ¼ k−G4kG1kG2Gþ kGc þ k−G1ð Þ k3 þ k−G4−kG4ð Þ þ k−G4k3½ �kG2 þ k−3kG4kG1
a0 þ a1Gþ a2G2 GE0

ð6Þ
where,

a0 ¼ k3 þ k−3ð Þ k−G4 þ kGc þ k−G1ð Þc−kG4k−G4½ � ð7Þ

a1 ¼ kGc þ k−G1ð Þ k−G4 þ k3ð Þ þ kG4 þ k−G4ð Þk3½ �k3kG2
þ kG4 þ k3ð Þcþ k−3−k−G4ð ÞkG4½ �kG1 ð8Þ

a2 ¼ kG4 þ k−G4ð ÞkG1kG2 ð9Þ

c ¼ k−G2 þ k−G4 þ kcG ð10Þ
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Therefore, combining Eqs (5–10), the glucose phosphorylation rate is given by the following:

r ¼ kcG ECG½ � þ kGc ERG½ � ð11Þ
One can see from Eqs. (5–11), the biomorph catalytic model contains an overall ten reaction
rate constants with only glucose as substrate. When effectors are involved, the bimorph
mechanism becomes more complicated with three more equilibrium steps (Fig. 2). Together
with the complexity of the equations, it gives difficulties in modeling and understanding the
kinetics properties of glucokinase and its effectors, not mentioning the catalysis of both
glucose and effector (fructose for example). Meanwhile, it is neither convincible to character-
ize the reconfigurations of the enzyme-glucose complex (ER ×G) and enzyme-ignitor/inhibitor
complex (ER × I) as the same.

Pseudo-Dimeric Modeling

The stimulation effect of glucose can be regarded as the enhanced catalytic activity (kcG>>kGc),
as well as the binding affinity ( kG2k−G2

>> kG1
k−G1

) of the 2E form, and the 2E form is accumulated with

the enhanced glucose concentration. In this case, to model the two stages of the enzyme as
ease, we proposed a pseudo-dimeric model as shown in Fig. 3. Two glucokinase molecules are
regarded as a dimeric complex (E2) with two homosteric sites in the mechanism. The
interaction of the dimeric complex with glucose results in three different enzyme states:
relaxed-relaxed (E2), relaxed-closed (E2G), and closed-closed (E2G2). Instead of considering
the activation of a single glucokinase molecule by glucose, the pseudo-dimeric mechanism
considers the changes occurring on the dimeric complex. The interconversion from each states
is controlled by content of glucose in the system, giving the expression of the stimulation effect
of glucose. In the pseudo-dimeric mechanism, KG represents the equilibrium constant of
glucose binding on the enzyme, and kG stands for the catalytic rate constant of glucose
phosphorylation. αG and βG stands for the effect of glucose on the dimeric complex regarding
to the binding affinity and catalytic activity, respectively.

The pseudo-dimeric also simplified the process with multiple substrates while capable in
characterizing the properties of effectors. Figure 4 a shows the simplified reaction mechanism

Fig. 2 The dimorph catalysis model of glucokinase with effector (I, ignitor or inhibitor)
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with effector when treating the enzyme as dimeric complexes. The impact of an effector on the
binding and catalysis are characterized as αI and βI, respectively. When effectors can be
phosphorylated under the catalysis of glucokinase, fructose for example, the system involves
two types of phosphorylation reactions as shown in Fig. 4b, which can also be characterized
with the pseudo-dimeric mechanism at ease.

Results and Discussion

Single Species Catalysis

Based on the pseudo-dimeric mechanism (Fig. 3), binding and catalysis on a dimeric gluco-
kinase complex is impacted by the presence of glucose, indicated as Eqs. (12–14).

KG ¼ E2G½ �
E2½ � G½ � ð12Þ

αGKG ¼ E2G2½ �
E2G½ � G½ � ð13Þ

rG6P ¼ kG E2G½ � þ βGkG E2G2½ � ð14Þ

Fig. 3 The pseudo-dimeric model in characterizing the simulation effect of glucose. A dimeric glucokinase
complex is activated from E2 to E2G and E2G2 with different binding affinities and catalytic activities

Fig. 4 a Reaction schemes of glucose-fructose co-phosphorylation. F6P stands for fructose-6-phosphorate, b
reaction schemes of glucose phosphorylation with effectors
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In equations, the initial binding affinity and catalytic activity of the enzyme were represented
as KG and kG, respectively, which were further characterized by αG and βG as the stimulation/
inhibition effect of the substrate on the pseudo-dimeric complex. Combining Eqs. (12–14), the
glucose phosphorylation rate, rG6P, can be rewritten as follows:

rG6P ¼ kGKG E2½ � G½ � þ αGβGkGK
2
G E2½ � G½ �2 ð15Þ

A pseudo-dimeric glucokinase complex during the reaction has two other forms that are bound
with glucose. The initial enzyme concentration, in this case, is two times the summation of
three complexes forms. That is,

E0 ¼ 2 E2½ � þ E2G½ � þ E2G2½ �ð Þ ð16Þ
Combining Eqs. (12), (13), and (16), the unbound enzyme complex can be represented by the
initial enzyme loading.

E2½ � ¼ E0

2 1þ KG G½ � þ αGK2
G G½ �2

� � ð17Þ

Based on Eqs. (15) and (17), the initial phosphorylation rate can be modeled with the pseudo-
dimeric mechanism by monitoring the glucose concentration. Figure 5 showed the catalytic
activity of glucokinase with glucose as the only substrate. The curve in Fig. 5 is fitted based on
Eqs. (15) and (17).

Fig. 5 Initial phosphorylation rate of glucose on hepatic glucokinase with a single substrate. The symbols are
data obtained from Kamata et al. [29]. Experiments measured the initial glucose phosphorylation rate with
different substrate loading. The curve was fitted with the pseudo-dimeric model with Eqs. (15) and (17).
Parameters were shown in Table 1
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Multiple Species Catalysis

The effects of different chemicals on glucokinase have been studied in order to study their
impacts on the enzyme. Studies have found that most glucose analogs like fructose,
mannoheptulose, N-acetylglucosamine, and 5-thioglucose work as inhibitors on glucose
phosphorylation. Ignitors were also discovered like N-thiazol-2-yl-2-amino-4-fluoro-5-(1-
methylimidazol-2-yl)thiobenzamide, which can substantially enhance the enzyme activity with
a hyperbolic glucose dependence. However, a mechanistic characterization and a quantitative
comparison of their impacts on the enzyme has yet been achieved due to the complexity of the
dimorph mechanism (Fig. 2). On the other hand, the pseudo-dimeric mechanism with multiple
substrates (Fig. 4) provided an alternative way in characterizing glucokinase effectors with less
effort.

Fructose was found that can be co-phosphorylated together with glucose. With the presence
of both sugars as substrates, a competitive catalysis of glucose phosphorylation was observed
that the glucose phosphorylation rate was reduced with increased fructose content. Interest-
ingly, such competitively on fructose phosphorylation was not observed that fructose phos-
phorylation was actually stimulated by glucose. Based on the dimorph mechanism (Fig. 2),
this phenomenon was explained by considering an easier activation of the enzyme by glucose
(ER ×G to EC×G) than fructose (ER × I to EC × I). However, due to the complexity of the
dimorph catalysis model, such hypothesis is difficult to be proven by experimental data,
neither is it plausible to consider the changes of the enzyme configuration caused by glucose
and fructose as the same.

In the pseudo-dimeric modeling of the glucose-fructose co-phosphorylation process as
shown in Fig. 4a, the different impacts of the enzyme-binding affinity and catalysis activity
by glucose and fructose was characterized αG, βG, and αF, βF, respectively, distinguishing the
differences of glucose and fructose on the enzyme reconfiguration. According to the mecha-
nism, the phosphorylation rate of glucose (rG6P) and fructose (rF6P) can be written as follows:

rPG ¼ kGKG E2½ � G½ � þ 2αGβGkGK
2
G E2½ � G½ �2 þ αG þ αFð Þβ FkG E2½ �KGK F G½ � F½ � ð18Þ

rP F ¼ k FK F E2½ � F½ � þ 2αFβ Fk FK2
F E2½ � F½ �2 þ αG þ αFð ÞβGk F E2½ �KGK F G½ � F½ � ð19Þ

Enzyme balance gives the substrate free glucokinase dimeric complex as follows:

E2½ � ¼ E0

2 1þ KG G½ � þ K F F½ � þ αGK2
G G½ �2 þ αFK2

F F½ �2 þ αG þ αFð ÞKGK F G½ � F½ �
� � ð20Þ

Equations (18–20) can be applied to calculate the phosphorylation rates of glucose and
fructose on glucokinase, based on the substrates concentrations. Figure 6 shows the glucose
phosphorylation rate with the existence of fructose. Fructose loading ranged from 0 to
200 mM. Curves were fitted by Eqs. (18) and (20) with kinetic parameters shown in Table 2.
On the other hand, glucose is an ignitor for fructose phosphorylation as shown in Fig. 7.

On the basis of the co-phosphorylation process, the impact of effectors can be characterized
similarly with the pseudo-dimeric mechanism shown as in Fig. 4b. The phosphorylation rate of
glucose and fructose with impact from effectors can be written as Eqs. (21) and (22),
respectively.
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rG6P ¼ kGKG E2½ � G½ � þ 2αGβGkGK
2
G E2½ � G½ �2 þ αG þ αIð ÞβI kGKGKI E2½ � G½ � I½ � ð21Þ

r F6P ¼ k FK F E2½ � F½ � þ 2αFβ Fk FK2
F E2½ � F½ �2 þ αF þ αIð ÞβI k FK FKI E2½ � F½ � I½ � ð22Þ

where (I) stands for the effector concentration; KI is the equilibrium constant of the effector; αI

and βI characterize the impact of an effector on the binding and catalysis of the dimeric
enzyme complex. We applied Eq. (22) on a fructose phosphorylation process with
mannoheptulose and N-acetylglucosamine as effectors as shown in Fig. 8. Some parameters
were inherited from Table 2 due to the same enzyme origin and operational conditions, with
characteristics of the effector given in Table 3.

Discussions

It is previously known that the glucose phosphorylation process is self-stimulating that
glucokinase is stabilized in the closed form with the presence of glucose. However, the
bimorph model is overcomplicated in the mathematical form. We considered that instead of
characterizing the variations of a single enzyme molecule, the changed enzyme properties
represented in an idealized enzyme complex or the whole-enzyme environment can actually be

Fig. 6 The impact of fructose on glucose phosphorylation catalyzed by β cell glucokinase. Symbols are
experimental data obtained from Moukil and Van-Schaftingen [25]. Curves are the best fitting from Eqs. (18)
and (20). Kinetic parameters are shown in Table 2. A weak inhibition from fructose is observed
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easier to characterize. In this case, we proposed the pseudo-dimeric model for an easier
glucokinase characterization, as well as explaining some previously uninterpreted data.

According to the simulation result given in Fig. 5, one can see that the pseudo-dimeric
model is capable of characterizing the sigmoidal kinetic behaviors of glucokinase. In the
simulation results, KG and kG represents the binding and catalytic properties of the glucose-free
enzyme complex. The low KG and kG value suggests the poor binding and catalysis of glucose
on the original enzyme. On the other hand, αG larger than 1 indicates that the binding affinity

Fig. 7 Ignition effect of glucose on fructose phosphorylation catalyzed by β cell glucokinase with 50 mM of
fructose loading. Symbols are experimental data obtained from Moukil and Van-Schaftingen [25]. Curves are the
best fit with Eqs. (19) and (20). Kinetic parameters are identical with Table 2

Fig. 8 Fructose phosphorylation process with mannoheptulose and N-acetylglucosamine as effectors interpreted
by the pseudo-dimeric model. Symbols are experimental data obtained from Moukil and Van-Schaftingen [25].
Initial fructose concentration was at 100 mM
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can be improved with the presence of a substrate, which is consistent with the previous
knowledges. Besides, the catalytic activity of glucokinase can also be improved by glucose
according to the βG value. Such cooperativity explains the sigmoidal phosphorylation rate with
increased glucose concentration. Since the complex form E2G2 possesses a higher reactivity to
be converted to E2G with high binding affinity, one can tell the cooperativity of the glucose
stimulation effect between the binding and reaction steps. Such characteristics can be trans-
lated to the dimorph mechanism that the reconfigured glucokinase is improved by its affinity
and reactivity.

The unique advantage of the pseudo-dimeric model is its capability in characterizing
multiple substrates and effector involved glucokinase catalysis with substantially less efforts.
Meanwhile, the pseudo-dimeric model provides a more reliable mechanism support, as it
describes the enzyme variations resulted from glucose and other species differently. From the
glucose-fructose co-phosphorylation results shown in Table 2, one can tell that glucose again
showed ignition effect on both binding and phosphorylation processes. However, the param-
eters in Table 2, for example, KG, kG, αG, and βGare not directly comparable with those in
Table 1 due to the differences in enzyme origins and ATP content. The binding equilibrium
constants KG and KF suggest the binding of fructose to glucokinase is even weaker that of
glucose. Meanwhile, the low αF, and βF values indicate a strong inhibition effect of fructose.
Previously, we discussed the deficiency of the bimorph mechanism in treating the reconfigu-
ration of glucokinase by different substrates as the same. Based on the different values of βG
and βF, one can further tell the presence of three catalytic activities to a single substrate (kG,
βGkG, and βFkG towards glucose), indicating the presence of more than two enzyme states.

When employing the pseudo-dimeric model in effector involved catalysis, we obtained
high KI values as shown in Table 3, suggesting strong bindings between mannoheptulose and
N-acetylglucosamine to the enzyme. Together with their impediment on the substrate binding
(αI<1), the two species result in inhibitory effect. With a comparison between the two
effectors, N-acetylglucosamine exhibits a stronger inhibition effect due to its higher affinity
to the enzyme. At this point, one can tell the pseudo-dimeric mechanism is capable to provide
a quantitative characterization of effectors, which is desired for effector developments in
treating hyperglycemia and hypoglycemia.

Table 1 Parameter values of Eqs. (15) and (17) for the glucose phosphorylation process shown in Fig. 5,
characterized with the pseudo-dimeric model. Experimental data were obtained from Kamata et al. [29]

KG (mM−1) kG (L/min mg) αG βG

0.063 0.0027 4.53 7.13

Table 2 Parameter values of Eqs.
(19) and (20) for the glucose-
fructose co-phosphorylation process
on glucokinase shown in Fig. 6 and
Fig. 7, characterized by the pseudo-
dimeric model. Experimental data
were taken from Moukil and Van-
Schaftingen [25]

Parameter (unit) Value

KG(mM−1) 0.0512
KF(mM−1) 7.8 × 10−4

kG(L/min ×mg) 0.022
kF(L/min ×mg) 0.339

αG 10.53
βG 2.03
αF 1.5 × 10−4

βF 0.013
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Conclusion

For the kinetics studies of complex enzymes, instead of investigating the elementary steps of a
single-enzyme molecule, the characterizations from an idealized enzyme complex or the whole
catalytic environment level can potentially reduce the modeling effort to a great extent. The
pseudo-dimeric model proposed the characterization of glucokinase reconfiguration and its
changes in binding affinity and catalytic activity by treating two glucokinase molecules as a
dimeric complex. The validity of the proposed model has been proved with glucose and
fructose phosphorylation data with and without effectors. Glucokinase was found to be
substrate-stimulated by glucose on both its affinity and reactivity, which is consistent with
previous studies. Dimorph mechanism suggests the existence of only two states of glucoki-
nase, which is insufficient with the presence of effectors, as effectors cause different enzyme
reconfigurations from each other. Such differences were successfully characterized by the
pseudo-dimeric model with detailed effectors’ properties, which provided guidelines for the
development and characterization of glucokinase effectors for hyperglycemia and hypoglyce-
mia treatment.
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