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Abstract The interactions between oxaloacetic (OAA) and
phosphoenolpyruvic carboxykinase (PEPCK) binding pocket
in the presence and absence of hydrazine were carried out
using quantum chemical calculations, based on the two-
layered ONIOM (ONIOM2) approach. The complexes were
partially optimized by ONIOM2 (B3LYP/6-31G(d):PM6)
method while the interaction energies between OAA and
individual residues surrounding the pocket were performed
at the MP2/6-31G(d,p) level of theory. The calculated inter-
action energies (INT) indicated that Arg87, Gly237, Ser286,
and Arg405 are key residues for binding to OAAwith the INT
values of −1.93, −2.06, −2.47, and −3.16 kcal mol−1, respec-
tively. The interactions are mainly due to the formation of
hydrogen bonding interactions with OAA. Moreover, using
ONIOM2 (B3LYP/6-31G(d):PM6) applied on the PEPCKHS
complex, two proton transfers were observed; first, the proton

was transferred from the carboxylic group of OAA to hydra-
zine while the second one was from Asp311 to Lys244. Such
reactions cause the generation of binding strength of OAA to
the pocket via electrostatic interaction. The orientations of
Lys243, Lys244, His264, Asp311, Phe333, and Arg405 were
greatly deviated after hydrazine incorporation. These indicate
that hydrazine plays an important role in terms of not only
changing the conformation of the binding pocket, but is also
tightly bound to OAA resulting in its conformation change in
the pocket. The understanding of such interaction can be
useful for the design of hydrazine-based inhibitor for
antichachexia agents.
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Introduction

Conventional methods for cancer treatment such as surgery,
chemotherapy, and radiation therapy always damage the
healthy cells. Therefore, the unconventional methods, e.g.,
hydrazine sulfate, green tea, 714-X, essiac, iscador, vitamins
A, E, and C are frequently used in combination with the
conventional therapeutic methods for cancer treatment [1,
2]. However, none of proper clinical evidence showing the
valuable advantage of such compounds as drugs themselves
for curing the cancer patients has been reported [2]. The true
potential of unconventional treatments might be considered
in terms of adjunctive and palliative care. Among the un-
conventional methods, hydrazine sulfate has attracted con-
siderable attention as an antichachexia agent used in cancer
patients, but not directly induced antitumor responses [3].
Such a compound has been first studied based on cell lines
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and animal models by Gold [4–7]. The obtained results
found that hydrazine sulfate can inhibit tumor growth and
increase survival in rats with transplanted tumors [4] and
also improve appetite and reduce weight loss in cancer
patients [5, 6]. Two mechanisms of hydrazine sulfate
explaining its potential for antichachexia properties were
proposed elsewhere. In the first mechanism, hydrazine is a
noncompetitive inhibitor of phosphoenolpyruvate
carboxykinase (PEPCK) enzyme in the gluconeogenesis
process by blocking the conversion of oxaloacetic to
phosphoenolpyruvic through PEPCK inhibition [8–10]. In-
hibition of gluconeogenesis process through PEPCK en-
zyme can interfere in the supply of nutrients to tumor, and
consequently the tumor growth is reduced because cancer
cells cannot use excessive glucose for their growing. The
second mechanism, hydrazine sulfate inhibits tumor necro-
sis factor-alpha (TNF-α) activity [11]. TNF-α known as
chachectin is a chemical produced by body white blood
cells against the inflection and damage of tissues by micro-
organisms. The higher-than-normal levels of TNF-α in can-
cer patients can cause the requirement of much energy
expenditure and muscle breakdown [12, 13].

Nevertheless, severe results of the use of hydrazine were
also reported. For instance, Toth found that hydrazine sig-
nificantly increased the incidence of lung tumors in Swiss
mice [14]. Hainer et al. reported that the patients who were
administered hydrazine sulfate were found to have fatal
hepatorenal failure [15]. The use of hydrazine was also
reported to be related to acute kidney injury and multiorgan
failure, ultimately promoting death in patients [16]. Thus,
hydrazine might be of considerable attraction as a prototype
to therapeutical developments in the future. The hydrazine
derivatives have been synthesized and applied for cancer
treatment. 3-methylbenzyl-2-(6-methylpyridin-2-
ylmethylene)hydrazine carbodithioate (6mpyS3M) and tran-
sition metals (Cu(II), Ni(II), Zn(II) and Cd(II)) were pre-
pared and used as the effective active agents for treatment of
breast cancer cell lines [17]. 1,2-Bis(methylsulfonyl)-1-(2-
chloroethyl)-2-[[1-(4-nitrophenyl)ethoxy]carbonyl] hydra-
zine (KS119) [18] and 1,2-bis(methylsulfonyl)-1-methyl-
2-[[1-(4-nitrophenyl)ethoxy]carbonyl]hydrazine (KS900)
[19] were applied to cancerous tissues under oxygen defi-
ciency conditions resulting in the resistance of tumor me-
tastasis. The 2-(4-alkoxyphenyl) cyclopropyl hydrazide
derivatives were synthesized. The derivatives with the
isopentenyl and geranyl side-chains showed more effective
apoptosis-resistant cancer properties than other compounds
[20]. A series of N-mustard-quinoline conjugates having
urea and hydrazinecarboxamide linkage were prepared for
inhibiting human lymphoblastic leukemia and tumor growth;
however, the compounds with hydrazinecarboxamide linkage
demonstrated more cytotoxic than urea linkage [21]. Some
compounds of pyrroloquinoxaline with hydrazine moiety

derivatives acted as the promising cytotoxic agents in a panel
of cancer cell lines in both in vitro and in vivo experiments
[22]. 3-aryl-1-(4-tert-butylbenzyl)-1H-pyrazole-5-
carbohydrazide hydrazone derivatives had the ability to inhib-
it the growth of A549 lung cancer cells [23].

Oxaloacetic acid (OAA), an intermediate in the gluco-
neogenesis pathway, is naturally synthesized inside the mi-
tochondrial matrix. It was expected that the transportation of
OAA in rat liver mitocondria might be occurred by the
oxoglutarate carrier, which catalyzes the exchange between
OAA and oxoglutarate [24]. OAA is produced by carbox-
ylation of pyruvate in the presence of one molecule of ATP
and a divalent metal ion, as shown in reaction (1) [25]. This
reaction is catalyzed through pyruvate carboxylase in verte-
brates, invertebrates, fungi, and certain bacteria. The forma-
tion of OAA from pyruvate allows the tricarboxylic acid
cycle to fulfill the gluconeogenesis.

Pyruvateþ HCO3
� þ ATP !Me2þ

OAAþ ADPþ Pi ð1Þ

OAA is transferred to the cytosol as malate [26] and further
decarboxylated and simultaneously phosphorylated by
PEPCK in the presence of a nucleoside triphosphate (ATP or
GTP, depending on the enzyme source) to produce phospho-
enolpyruvate (PEP), as presented in reaction (2) [27].

OAAþ ATP GTP= !Me2þ
PEPþ GDPþ CO2 ð2Þ

On the other hand, theoretical investigation has been
successfully applied for biological systems to obtain
more details about structural and energetic properties.
To understand the role of hydrazine in the binding of
OAA to PEPCK binding pocket, the ONIOM (our own
n-layered integrated molecular orbital and molecular
mechanics) method [28] were employed in this study.
The ONIOM method has been a great success for large
systems such as the enzyme-ligand interaction due to
the compromise between accuracy and computational
cost [29–38]. The ONIOM method reduces the compu-
tational effort by partitioning the model system into two
or three layers which are treated with different levels of
theory. The inner layer involving the important
ligand/inhibitor and/or some key amino residues is treat-
ed with a high level of theory, e.g., ab initio calculation
and density functional theory (DFT), whereas the rest of
the system, outer layer, is treated with a low level of
theory, e.g., the semi-empirical method and molecular
mechanic (MM). In this work, the B3LYP/6-31G(d)
method combined with PM3, PM3MM and PM6 semi-
empirical methods was selected in ONIOM2 due to its
successful applications in several enzyme-inhibitor in-
teractions such as HIV-1 reverse transcriptase [30–34,
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38], Acetylcholine esterase [29], Cyclooxyginase type II
[35] and Dihydrofolate reductase [36]. In case of inhib-
itor consisting of aromatic system, the high level treated
by the second-order Møller-Plesset perturbation theory
(MP2) method is required to observe weak attractive
interaction such as H-π or π-π interaction [38]. In
addition, in the present work, the interaction energy
calculations between individual residues and OAA were
carried out using MP2 method for explaining the hy-
drogen bonding interactions existing in the investigated
systems [32]. Thus, the main objective of this work is
to understand the key role of hydrazine in blocking
gluconeogenesis process through PEPCK enzyme by
employing quantum chemical calculations based on
ONIOM2 method. The understanding of the role of
hydrazine inhibitor in PEPCK complex can be useful
in the design of new specific hydrazine derivatives used
for cancer related cachexia treatment.

Computational methods

System setup

The crystal structure of PEPCK complexed with OAA
was obtained from protein data bank (code 2QF1) [39].
The surrounding 13 residues in the radius of about 7 Å
centered at OAA, including Arg87, Gly236, Gly237,
Lys243, Lys244, His264, Ser286, Ala287, Asp311,
Phe333, Gly334, Arg405, and Phe485, were initially
selected in this study. This radius is sufficient for includ-
ing whole residues which interact with OAA through
short- and long-range interactions. The schematic illustra-
tion of OAA bound to the PEPCK binding site is shown
in Fig. 1a. The model was terminated at the N and C
termini of the residues by an acetyl group (CH3CO-) and
methyl amino group (−NHCH3), respectively. All heavy
atoms were fixed and hydrogen atoms were added to
generate the complete structure by using Sybyl7.2 pro-
gram [40]. The added hydrogen atoms were optimized
with heavy atoms fixing (HAF) and backbone atoms
fixing (BBF) approaches using the PM3 and ONIOM2
(B3LYP/6-31G(d):PM3) methods. For the ONIOM2 cal-
culations, only OAA (13 atoms) was treated with the
high level of theory while the residues surrounding the
pocket (308 atoms) were treated by PM3 semi-empirical
calculations. All calculations were performed in gas
phase using the Gaussian 09 program package [41].

Hydrazine docking

Since the X-ray structure of PEPCK complexed with hydra-
zine is not available, therefore, a hydrazine molecule was

docked into the PEPCK structure (2QF1.pdb) using
Autodock3 program [42]. A three-dimensional (3D) grid
was created with the AutoGrid algorithm with 120x120x120
grid points. The affinity and electrostatic potential grids were
calculated for each type of atom of hydrazine. The docking
using Lamarckian genetic algorithm was applied. The max-
imum number of generations, energy evaluations, and
docking runs were set to 27000, 250000, and 100, respec-
tively. The other parameters were set as default. Atomic
charges were taken as Kollman-all-atoms for PEPCK en-
zyme and Gasteiger-Hückel for the hydrazine [43]. The most
stable structure with the lowest energy and largest popula-
tion was selected for the further step.

ONIOM2 calculations

The effect of hydrazine in the binding of OAA to the
PEPCK pocket was investigated based on the docked com-
plex structure. The ONIOM2 models were composed of two
layers; for the PEPCK complex including hydrazine (here-
after denoted as PEPCKHS), both OAA and hydrazine were
considered as the inner layer (19 atoms) and treated with the
B3LYP/6-31G(d) method while the residues surrounding
OAA and hydrazine were expanded to include eight addi-
tional residues (Phe284, Pro285, Cys288, Gly289, Lys290,
Thr291, Asn292, and Val335), resulting in 21 residues
(Fig. 1b, 425 atoms) as the outer layer and calculated with
the PM3 semi-empirical method. In the case of PEPCK
complex not including hydrazine (hereafter denoted as
PEPCKnoHS) the inner layer, only OAA (13 atoms), was
treated with the B3LYP/6-31G(d) method while the outer
layer was treated with similar manner to PEPCKHS. More-
over, we also examined the effect of the outer layer which
was treated with different semi-empirical methods, i.e.,
PM3, PM3MM, and PM6, to the orientation of the ligand
(OAA) in the pocket. The binding energies (BEONIOM)
between OAA and the binding pocket were calculated as
the following equations:

PEPCKnoHS:

BEONIOM ¼ EONIOM
complex � Esemi�empirical

pocket � EB3LYP
OAA ð3Þ

PEPCKHS:

BEONIOM ¼ EONIOM
complex � EONIOM

pocket � EB3LYP
OAA ; ð4Þ

whereEONIOM
complex is the total energy of the complex calculated

from the ONIOM2 method. Esemi�empirical
pocket and EONIOM

pocket are the

total energies of the binding pocket obtained from the PM3
and ONIOM2 calculations, respectively. EB3LYP

OAA is the total

J Mol Model (2013) 19:3165–3174 3167



energy of oxaloacetic calculated by the B3LYP/6-31G(d) level
of theory. According to Eq. (4) the hydrazine molecule was
included into the pocket when calculating the total energy of
the pocket of PEPCKHS.

Interactions between oxaloacetic and individual residues

The interaction energies between OAA and the 21 individ-
ual residues (defined as Xi) surrounding the PEPCK binding
pocket for both PEPCKnoHS and PEPCKHS complexes
were performed using the MP2/6-31G(d,p) level of theory
with the BSSE correction. The geometries of both systems
were obtained from ONIOM2 (B3LYP/6-31G(d):PM6)

optimization. The MP2 method precisely describing the
polarization and dispersion is suitable for investigating the
biological system involving the H-π and π-π interactions
[24]. The effect of hydrazine inclusion to the binding of
OAA and the pockets was then discussed. The interaction
energy between OAA and Xi (INTOAA+Xi) is defined as
following:

INTOAAþXi ¼ EOAAþXi � EOAA � EXi; ð5Þ

where EOAA+xi, EOAA, and EXi are the energies of OAA
bound to individual residues, isolated OAA, and individual
residues, respectively.

Fig. 1 Schematic illustration of
oxaloacetic bound to PEPCK
binding site a including 13
residues for method validation
b including 21 residues for
ONIOM2 calculations
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Results and discussion

Comparison of structures and binding energies of HAF
and BBF optimizations

In order to achieve the reliable geometries with the reason-
able computational time the optimization of the PEPCK-
OAA complex including OAA and 13 residues in the radius
of about 7 Å centered at OAA with heavy atoms fixing
(HAF) and backbone atoms fixing (BBF) were performed.
In the HAF optimization, only OAA molecule and hydrogen
atoms were relaxed while other heavy atoms were fixed at
the X-ray position. For the BBF optimization, the side chain
atoms of residues were also relaxed, whereas only backbone
atoms of residues were fixed. The PM3 semi-empirical
optimization was first taken into account. The calculated
binding energies of OAA and the binding pocket with the
HAF and BBF approaches are found to be −11.30 and
−15.69 kcal mol−1, respectively. These results indicate that
the BBF optimization provides more stable geometry than
that calculated from the HAF optimization due to signifi-
cantly lower binding energy of about 4.39 kcal mol−1.

The high accurate optimization method based on the
ONIOM2 approach was then applied to this system. The
superimposition of backbone atoms of the ONIOM2 opti-
mized structures with HAF and BBF approximations are
displayed in Fig. 2a. Comparison between the geometries
with both approximations demonstrates a slight difference
with the RMSD of 0.79 Å as a result of the relaxation of
amino side chains and OAA during the BBF optimization

procedure. Similarly to the whole PM3 calculations, the
BBF binding energy (−10.89 kcal mol−1) calculated from
the ONIOM2 scheme is lower than that of the HAF value
(−7.36 kcal mol−1), which strongly confirms that the opti-
mization with the BBF approach gives far more reasonable
structure than the HAF approach. In addition, the BBF
approach does not cost much additional effort compared to
the HAF approach. Therefore, the BBF approach was cho-
sen for further calculations.

Effect of hydrazine in the binding of oxaloacetic
and binding pocket

We classified our investigated models into two systems,
PEPCKHS and PEPCKnoHS. The model systems consist of
hydrazine (for PEPCKHS)/no hydrazine (for PEPCKnoHS),
OAA, and surrounding 21 residues including Arg87, Gly236,
Gly237, Lys243, Lys244, His264, Phe284, Pro285, Ser286,
Ala287, Cys288, Gly289, Lys290, Thr291, Asn292, Asp311,
Phe333, Gly334, Val335, Arg405, Phe485. The variation of
semi-empirical methods, PM3, PM3MM, and PM6, for the
outer layer was studied by fixing the high level method at
B3LYP/6‐31G(d). The PEPCKnoHS complex was partially
optimized using the ONIOM2 method with the BBF ap-
proach. The superimposition of backbone atoms of the X-
ray, B3LYP/6-31G(d):PM3, B3LYP/6-31G(d):PM3MM, and
B3LYP/6-31G(d):PM6 optimized structures is shown in
Fig. 2b. It is clearly seen that the B3LYP/6-31G(d):PM3
structure is very similar to one calculated from the
B3LYP/6-31G(d):PM3MM method, but slightly different

Fig. 2 Backbone superimposition of a OAA and 13 residues surround-
ing the PEPCKnoHS binding pocket obtained from the ONIOM2
(B3LYP/6-31G(d):PM3) method with HAF (yellow) and BBF (color
by element) approximations and b PEPCKnoHS complexes for the X-

ray (color by element), B3LYP/6-31G(d):PM3 (yellow), B3LYP/6-
31G(d):PM3MM (orange), and B3LYP/6-31G(d):PM6 (green)
structures
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from the X-ray structure, especially the OAA orientation.
These results can be explained by the fact that the PM3MM
method still specifies the PM3 model, and includes the op-
tional molecular mechanic correction. Interestingly, the
B3LYP/6-31G(d):PM6 method gives the OAA position in
the pocket close to that in the crystal structure while other
residues are not significantly different from the B3LYP/6-
31G(d):PM3 and B3LYP/6-31G(d):PM3MM structures (see
Table S1 in Supplementary materials). Moreover, the
B3LYP/6-31G(d):PM6method provides themost stable bound
state of OAA to the pocket (BEONIOM is −18.88 kcal mol−1)
and the lowest total energy of the complex ( EONIOM

complex is
−533.44 a.u.) while the BEONIOM and EONIOM

complex values for the
B3LYP/6-31G(d):PM3 method are −7.75 kcal mol−1 and
−532.98 a.u., respectively, and for the B3LYP/6-
31G(d):PM3MM method are −7.53 kcal mol−1 and
−532.96 a.u., respectively (see Table S2 in Supplementary
materials). These imply that the outer layer using the PM6
method demonstrates more reliable optimized structure than
those of the PM3 and PM3MM methods. Therefore, we
select the B3LYP/6-31G(d):PM6 method to further study
the PEPCKHS complex.

The predicted structure of PEPCK complexed with hy-
drazine from the docking process shows that hydrazine
bound to PEPCK enzyme at the different binding site of
OAA. This implies that hydrazine acts as a noncompetitive
inhibitor of PEPCK enzyme by binding at the allosteric site,
which is in good agreement with the previous experimental
results [8]. The backbone atom superimposition of the opti-
mized PEPCKnoHS and PEPCKHS structures calculated
using the ONIOM2 (B3LYP/6-31G(d):PM6) method is
displayed in Fig. 3. It clearly demonstrates that after hydra-
zine bound to the PEPCK complex, the orientation of OAA
in the binding pocket is different from the unbound com-
plex. This is due to the conformational change of the pocket
after hydrazine included influences directly to the position
of OAA. We observed two proton transfers in the
PEPCKHS complex. First, the proton was transferred from
a carboxylic group of OAA to the N atom of hydrazine in
which the shortest heavy atom-to-heavy atom distances
between OAA to hydrazine is about 2.70 Å, as presented
in Fig. 4b. Second, the proton transfers from Asp311 to
Lys244, resulting in the generation of Asp311 (negative
chages) and Lys244 (positive charge). Compared with the
PEPCKnoHS complex, the OAA-Lys244 distance is greatly
increased from 1.65 Å to 4.76 when hydrazine was incor-
porated, whereas the Lys244-Asp311 is significantly de-
creased from 3.83 to 2.69 Å (Fig. 4a and b). These imply
that hydrazine shortens the Lys244-Asp311 distance and
induces the formation of the proton transferring between
both residues. Such a process causes the strong interaction
between OAA and the PEPCK binding pocket through the
electrostatic interaction.

Interaction between oxaloacetic/oxaloacetate and individual
residues in the PEPCKnoHS and PEPCKHS complexes

As we discussed in the previous section, the conformational
changes of some residues in the binding site after hydrazine
incorporated to the system result in the change of the inter-
action between OAA and the pocket and may cause
blocking of the reaction. In order to provide an in-depth
analysis the particular interactions between OAA and indi-
vidual residues surrounding the binding pocket of
PEPCKnoHS and PEPCKHS were performed by employing
the MP2/6-31G(d,p) method. The calculated interaction en-
ergies between OAA and individual residues in the
PEPCKnoHS and PEPCKHS complexes are listed in Table 1
and graphically presented in Fig. 5. It was found that the
total interaction between OAA and all residues for
PEPCKnoHS demonstrates the attractive force of
−15.68 kcal mol−1. Furthermore, Arg87, Gly237, Ser286,
and Arg405 play an important role in the binding to OAA
with the interaction energies of −1.93, −2.06, −2.47, and
−3.16 kcal mol−1, respectively, which are approximately
equal to ∼61 % of all interactions. The strong interactions
between OAA and the four residues originate from the
formation of hydrogen bond interactions, as shown in
Fig. 6. The hydrogen bond distances were defined as the
length from a heavy atom to an oxygen or nitrogen atom and
were observed in the range of ∼2 to 3 Å. In the case of
Arg405-OAA interaction, we also observed weak hydrogen
bonding interactions with the distances of ∼4 Å. Other

Fig. 3 Backbone superimposition of PEPCKnoHS (yellow) and
PEPCKHS (color by element) optimized using the ONIOM2
(B3LYP/6-31G(d):PM6) method
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residues in the binding pocket demonstrate only van der
Waal interactions to OAA, resulting in the presence of low
interaction energies less than 1 kcal mol−1 except Lys244
(−1.11 kcal mol−1) and Phe333 (−1.45 kcal mol−1).

After hydrazine was included into the PEPCK complex, the
total interaction between all residues and OAA becomes more

attractive than that found in the PEPCKnoHS complex
∼127 % (from −15.68 to −35.61 kcal mol−1). The dramatic
increase of the total attraction in PEPCKHS ismainly from the
electrostatic attractive force between OAA and Lys244 (INT is
−70.55 kcal mol−1). However, the great repulsive interaction
between OAA and Asp311 (INT is 63.65 kcal mol−1) also

Fig. 4 Intermolecular distances among a OAA, Lys244, and Asp 311
in the binding pocket of PEPCKnoHS and b OAA (charge −1),
hydrazine (charge +1), Lys244 (charge +1), and Asp311 (charge −1)

in PEPCKHS. The distances are defined as the nearest length between
a heavy atom to a heayy atom of each molecule

Table 1 Interaction energies
(INT) of OAA and 21 residues
surrounding the binding pockets
of PEPCKnoHS and PEPCKHS,
calculated at MP2/6-31G(d,p)
level with BSSE correction,
using ONIOM2(B3LYP/6-
31G(d):PM6) optimized
geometries

aΔINT=INTPEPCKHS-
INTPEPCKnoHS; positive values
imply that the binding ability of
OAA to residues are decreased
after incorporation of hydrazine
into the complex

Amino residues (Xi) INT (kcal/mol) ΔINTa (kcal/mol)

PEPCKnoHS PEPCKHS

Arg87 −1.93 −1.08 0.85

Gly236 −0.65 −0.95 −0.30

Gly237 −2.06 −1.51 0.55

Lys243 −0.81 −6.60 −5.79

Lys244 −1.11 −70.55 −69.45

His264 −0.82 4.37 5.18

Phe284 0.02 1.25 1.23

Pro285 −0.15 0.34 0.49

Ser286 −2.47 −5.40 −2.94

Ala287 −0.06 −3.20 −3.13

Cys288 0.07 −2.18 −2.25

Gly289 0.05 −1.28 −1.13

Lys290 −0.21 1.29 1.50

Thr291 0.01 −0.72 −0.73

Asn292 −0.04 0.57 0.62

Asp311 −0.09 63.65 63.74

Phe333 −1.45 2.36 3.81

Gly334 0.14 −2.72 −2.86

Val335 −0.15 −1.71 −1.57

Arg405 −3.16 −10.35 −7.19

Phe485 −0.82 −1.17 −0.35

Sum −15.68 −35.61 −19.93

HS −108.45
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reduces the binding of OAA and the pocket. We noticed that
hydrazine strongly interacts with OAAwith the INT value of
−108.45 kcal mol−1, causing the deviation of the OAA orien-
tation in the pocket. Furthermore, we observed that hydrazine
also influences to the orientations of some other residues,
especially Lys243, His264, Phe333, and Arg405, in the bind-
ing pocket. These residue orientations were slightly deviated

compared with those in PEPCKnoHS. In detail, Lys243 and
Arg405 move toward OAA, presenting the shorter distances
of ∼0.2 Å than in PEPCKnoHS. Since the intermolecular
interaction between OAA and residues is inversely propor-
tional to the distance between them, Lys243 and Arg405
exhibit an increase of binding strength to OAAwith ΔINT of
−5.79 and −7.19 kcal mol−1, respectively. On the other hand,

Fig. 5 Interaction energies
(INT) between OAA and 21
residues surrounding the
PEPCK binding pocket in the
PEPCKnoHS (blue bar),
PEPCKHS (red bar), and ΔINT
of PEPCKnoHS and PEPCKHS
(green bar), calculated using
the MP2/6-31G(d,p) method

Fig. 6 Hydrogen bonding
interaction distances between
OAA and a Arg87, b Gly237, c
Ser286, and d Arg405 in the
PEPCKnoHS complex
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the distances measured from His264 and Phe333 to OAA in
the PEPCKHS complex are longer than ones in PEPCKnoHS
by about ∼0.2 Å, causing the lower binding to OAA (ΔINT=
5.18 and 3.81 kcal mol−1, respectively). This indicates that
hydrazine does not only tightly bind and change the orienta-
tion of OAA in the pocket, but also affect directly the binding
ability of OAA to the PEPCK binding site by changing the
orientation of residues surrounding the pocket. These lead to
generate the enzyme-ligand-inhibitor complex which is not
appropriate to subsequently form the final product such as
PEP. Such knowledge can pave the way to synthesize new
hydrazine-based compounds.

Conclusions

The hydrazine blocking of gluconeogenesis process through
PEPCK inhibition was performed using quantum chemical
calculations based on the ONIOM2 method. The combined
B3LYP/6-31G(d) and PM6 was successfully applied and re-
vealed deviation of the orientation and binding strength of
OAA to the PEPCK binding pocket after hydrazine incorpo-
rated. The computational models were classified into two
systems; PEPCK not composing hydrazine inhibitor
(PEPCKnoHS) and PEPCK composing hydrazine inhibitor
(PEPCKHS). For the former system, Arg87, Gly237, Ser286,
and Arg405 play an important role in the binding to OAA
through hydrogen bonding interactions. In the case of the
latter system, we observed the proton transfer reactions from
OAA to hydrazine and Asp311 to Lys244. Such reactions
cause a huge increase of the binding strength of OAA to the
PEPCK pocket. Comparing both systems, the conformation of
the PEPCK binding pockets are partially different, especially
Lys243, Lys244, His264, Asp311, Phe333, and Arg405.
Moreover, the MP2 calculations indicated that OAA strongly
bound to hydrazine, resulting in the significant change of the
OAA orientation in the binding pocket. This leads to generate
the PEPCK-OAA-HS complex which is not appropriate to
subsequently produce phosphoenolpyruvate. Taken into ac-
count, understanding of the function of hydrazine inhibitor
and key role residues in the binding to OAAmight be useful in
the design of new hydrazine-based compounds used for
antichachexia agents. The designed compounds should hinder
the interactions between OAA and key residues, i.e., Arg87,
Gly237, Ser286, and Arg405.
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