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ABSTRACT: Dengue disease, which is caused by dengue virus (DENV) has been a major
worldwide concern, with increased number of cases each year. Currently, there are no
specific medications to treat the disease. Hence, there is a dire need to develop novel drugs
for disease treatment. Glycolysis is a metabolic pathway that serves as the main source of
energy for DENV replication and targeting the pathway is one of the ideal approach to
discover new anti-DENV drugs. This paper focuses on the inhibition of human hexokinase
isoform 2 (HK2) enzyme, which is one of the important enzymes in glycolysis, in the quest
to disrupt DENV replication. In order to search for potential inhibitors, two methods were
conducted, which are ligand-based screening and structure-based screening approaches.
Docking of Daidzin , which was derived from Kudzu, a Japanese plant, into the active site
of HK2 has shown the nearest binding affinity score (-7.94 kcal/mol) to glucose‘s (GLC),
which is -8.15 kcal/mol. Meanwhile, Ethyl (2R)-2-[[3-[2-[(4-methylbenzoyl)
amino]ethyl]-[1,2,4]triazolo[4,3-b]pyridazin-6-yl]sulfanyl]butanoate (Ethyl 2(R)), a
compound which is the analogue of ((22E, 24R)-6B-methoxyergosta-7, 9(11), 22-triene-
3B,5a-diol) or compound 2 from Ganoderma sinense obtained from ligand-based
screening was also docked into the binding site of HK2, showing a binding affinity score
of -8.43 kcal/mol. Both docking was conducted by using AutoDock4 software at virtual
screening phase. These compounds were further analysed in an inhibition assay to
determine the effects of these potential naturally-derived inhibitors on the activity of HK2.
The outcome from the inhibition studies showed that both compounds exhibited
substantial inhibition on the activity of HK2 enzyme, where Daidzin, at 0.5 mM, resulted
in HK2 remaining activity of 87.28%, while Ethyl (2R) resulted in 70.09% of HK2
remaining activity at 0.5 mM concentration. The results also indicate that as the
concentration of these compounds increased, the percentage of remaining enzyme activity
decreased. In conclusion, this study has served as a platform for the development of anti-
dengue drugs based on naturally-derived compounds, which is anticipated to be a safer
option for dengue treatment.
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1. INTRODUCTION

Dengue virus (DENV) is a mosquito-borne disease originated from the genus
Flavivirus of the family Flaviviridae, which consists of four serotypes ranging from DENV
1, DENV 2, DENV 3 and DENV 4 [1]. This virus is transmitted via Aedes aegypti
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mosquito, and once a person has recovered from the first infection by one of the DENV
virus serotype, the person may have developed immunity towards the specific serotype, but
not long-term protections from other serotypes. Infections by DENV may cause mild fever,
however if left untreated, severe situations such as dengue shock syndrome may occur,
which possibly lead to death [2]. Until now, Dengvaxia is the only vaccine available in the
market to tackle this problem. However, due to the complexity of the virus, this vaccine is
not reliable enough and had caused dispute in the Philippines, when the children who
received the vaccination died due to complications caused by the vaccine [3]. Hence, efforts
to cure dengue remains imperative and should be a priority in research.

Virus is a particle that requires a host in order to replicate, since it does not possess
its own metabolism. Once DENV enters a host, it evolves and induces the host’s glycolytic
pathway, which subsequently increase glucose uptake and lactic acid production in the
host’s system, mainly due to the viral replication process [4,5]. Glycolytic pathway is a
metabolic pathway that converts glucose into pyruvate in ten steps, with the human
hexokinase 2 (HK2) as its first rate-limiting enzyme, governing the phosphorylation of
glucose into glucose-6-phosphate [6,7]. Thus, HK2 enzyme has been suggested as a target
for drug design and development. Currently, there are several known HK2 inhibitors that
had been identified; Metformin (Met), 2-Deoxyglucose (2-DG) and 3-Bromopyruvate (3-
BP), in which only 2-DG and 3-BP (Table 1) were proven to successfully block the
glycolysis flux [8]. However, these inhibitors have downsides as they exhibited adverse
side effect to patients, for example, during intravenous infusion, 3-BP causes burning
venous sensation and rapid inactivation by thiol groups of glutathione and proteins [9].
Furthermore, 3-BP also tend to be less selective to tumor tissues. Meanwhile, in the case
of 2-DG, clinical studies have reported that several serious side effects were reported to be
developed by patients such as reversible hyperglycemia, gastrointestinal bleeding, and
reversible grade 3QTc prolongation after drug consumption at a dosage of more than
63mg/kg [10].

In this paper, potential HK2 inhibitors based on naturally-derived compounds had
been screened via ligand-based and structure-based approaches. For the ligand-based
method, ((22E, 24R)-6B-methoxyergosta-7, 9(11), 22-triene-3p,5a-diol) or compound 2,
which was a compound extracted from Ganoderma sinense was used as a reference
molecule [11]. Meanwhile, a natural compound database was used to screen for potential
inhibitors for the subsequent structure-based method. The purpose of virtual screening is
to search for molecules that can potentially bind with the target enzyme, creating an
enzyme-ligand complexes that will give the most favourable binding energy [12,13]. The
potential inhibitors then were chosen based on its binding energy with the target protein.
Subsequently, the ProTox-I1 webserver was used to predict the toxicity of the selected
compounds prior to the inhibition study, which was conducted by using a coupled-
enzymatic assay to determine the activity of HK2 in the presence of the potential inhibitors.
This is based on the absorbance of NADPH at 340 nm wavelength measured using UV-Vis
spectrophotometer, which is to measure the concentration of NADPH in the aqueous
solution, where the higher the phosphorylation of glucose, the higher the absorbance peak
and vice versa [14]. The increased level of NADPH indicates the rise of glucose-6-
phosphate, which will eventually inhibit hexokinase enzyme, as this enzyme is inhibited
by its own product, glucose-6-phosphate [15].
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Table 1: Known HK2 inhibitors that have been proven to block the glycolytic flux.

Name Structure Chemical formula References
0
3-Bromopyruvate (3- H " CsH3BrOs .
BP) H 0 (8]
0
H 0 0 H
H H
2-Deoxyglucose (2- 0 ' i CeH120s
DG) : y 0 [8]

2. MATERIALS AND METHODS
2.1. Virtual Screening Analyses:

USR-VS webserver was utilized in order to conduct the ligand-based method by
using compound 2 ((22E, 24R)-6p-methoxyergosta-7, 9(11), 22-triene-3p,5a-diol) from
G.sinense as a query molecule. This programme was able to screen 93.9 million 3D
conformers of 23 million molecules in about 2 seconds [16]. The similarity score was ranked
based on the compounds that have similar configurations with compound 2 from G.sinense,
and top ten compounds out of 100 from the hits file were subsequently being docked in the
structure-based programme. For the structure-based method, several natural compound
databases were utilized to search for prospective inhibitors, where 20 potential anticancer
molecules that follow the Lipinski’s Rule of Five were chosen to be docked into the HK2
structure. Next, docking analyses between the ligands and HK2 were performed by using
AutoDock software version 4.2, to obtain the binding energy. Finally, toxicity test was
conducted for all compounds by using ProTox-I1 webserver.

2.2. Inhibition Analyses with Selected Compounds:

An inhibition study by using a coupled-enzymatic assay was being conducted to
analyse effects of the virtually-screened compounds on HK2 activity by measuring the
increased absorbance of NADPH.

Determination of HK2 activity was carried out in a 1 mL volume containing 47 mM
Trizma base buffer (pH 7.4), 42 mM MgClz, 0.8 mM NADP, 5.0 mM ATP, 4.17 mM
glucose, 2500 U/ml G6PDH, and dH20O. These solutions were incubated at room
temperature for one hour to equilibrate the assay before HK2 was added to the solution. The
samples absorbance was then measured every 1 minute, for 15 minutes. Consequently, the
same experimental setup for HK2 inhibition studies were prepared, yet in the presence of
compounds at different concentrations, which are 0.5 mM, 1.0 mM and 2.0 mM,
respectively. The positive control in this experiment is 3-BP, as it is a known inhibitor of
HK2, while the negative control is the reaction mixture in the absence of inhibitors. All
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readings were taken by using UV1200 single beam UV-Vis Spectrophotometer (Perkin
Elmer SP-UV 500 Series) in duplicate and the average value of absorbance was recorded
for the inhibition analyses.

3. RESULTS AND DISCUSSION
3.1. Virtual Screening Analyses

Two potential inhibitors that adhered to the Lipinski’s Rule of Five (Table 2) were
selected, following the virtual screening analyses. Lipinski’s Rule of Five served as a rule
of thumb for oral drug design, where in order for a compound to be designed as an orally-
active drug, it should not have more than five hydrogen bond donors, have less than ten
hydrogen bond acceptors, molecular mass less than 500 Da and xlogP value not exceeding
five [17]. The binding energy for these compounds are closer to the binding energy of
glucose substrate with HK2, indicating that it will fit well when bound to HK2, since glucose
will solidly bind to the protein as it serves as HK2 substrate. Hence, these two compounds
were expected to bind well with HK2. Toxicity prediction test that showed lethal dose value
and the class for both compounds, which are Daidzin and Ethyl (2R) was done by ProTox-
I1 [18]. The toxicity classes are as stated below:

= Class I: fatal if swallowed (LD50 <5)

= Class II: fatal if swallowed (5 < LD50 < 50)

= Class III: toxic if swallowed (50 < LD50 < 300)

= Class I'V: harmful if swallowed (300 < LD50 < 2000)

= Class V: may be harmful if swallowed (2000 < LD50 < 5000)
= Class VI: non-toxic (LD50 > 5000)
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Table 2: Potential inhibitors derived from the computer-aided virtual screening analyses

Compound Name

Compound
Structure

Bindin ProTox- H- H- MW  Xlo
g I bon bond (<500 gP
Energ Predicti d accep  da) (<5)
y on don tor

(kcal/  (LD50, or (<10)

mol) mg/kg) (<5)

Daidzin

Ethyl (2R)-2-[[3-[2-[(4-
methylbenzoyl)amino]eth
yl]-[1,2,4]triazolo[4,3-
b]pyridazin-6-
yl]sulfanyl]butanoate

Glucose
*Marker

W

&

-71.94 3100 5 9 4164 0.7

843 2000 1 7 4275 34
815 120154'4 5 6 1802 -26

3.2. Inhibition Analyses with Selected Compounds:

The activity of HK2 in the presence of Daidzin and Ethyl (2R) was measured to
evaluate the inhibition effects of the virtually-screened compounds on HK2 activity. The
positive control used in this study is 3-BP, while the negative control is the activity of
enzyme in the absence of any inhibitor compound. Samples were tested at three different
compound concentrations, which are 0.5 mM, 1 mM and 2 mM. The absorbance value of
each sample was recorded to determine the specific activity of HK2. Fig. 1 shows the effects
of these compounds on the activity of HK2 at the three different concentrations.
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Fig.1 Percent of remaining HK2 activity versus compound concentrations between the
positive control (3-BP), Daidzin and Ethyl (2R) at 0.5mM, 1mM and 2mM, consecutively.

The results from Fig. 1 showed that the percentage of enzyme inhibition increased with
higher concentrations of compounds. The potential inhibitors, Daidzin and Ethyl (2R)
(analogue of compound 2 from G.sinense) at 0.5 mM concentration showed promising
results, where the percentage of remaining activity of HK2 in the presence of 0.5 mM
Daidzin and Ethyl (2R) were determined to be 87.28% and 70.09%, respectively. These
values are relatively close to the percentage of remaining activity of the positive control (3-
BP), which is 85.27% at the same concentration. Meanwhile, at a higher concentration (2
mM), the percentage of remaining HK2 activity was substantially lower, which is only
70.99% for Daidzin and 69.58% for Ethyl (2R). It is noteworthy to note that the binding
energy of Daidzin is -7.94 kcal/mol, while the binding energy of Ethyl (2R) is -8.43
kcal/mol. These compounds were chosen based on the binding energy that gave the nearest
value to glucose, which is -8.15 kcal/mol. It is clear that the trend of inhibition between the
control (3-BP) and Daidzin is decreasing linearly with increased concentrations. At 2 mM
concentrations, Daidzin and 3-BP have almost similar remaining activity, in which both had
the lowest remaining activity of 70.99% and 68.16% respectively, as shown in Fig. 1, which
may be due to the common structures that both compounds possess that have been measured
using MCS Tanimoto with the value of 0.1212 and MCS size of 4. However, the value of
similarity is not that great, explaining the reason why the inhibition shown by 3-BP and
Daidzin are distinctive. Meanwhile, for Ethyl (2R), the percentage of remaining enzyme
activity slightly increased at 2 mM inhibitor concentration.

From previous studies that had been conducted by Wu et. al, (2018), compound 2 that
was derived from G. sinense had shown high binding affinity to HK2, with kD value
equivalent to 114.5+ 2.7uM, making it a potential drug candidate for cancer therapy by
targeting HK2 [11]. Therefore, in this study, the analogue of compound 2, which is Ethyl
(2R), as well as Daidzin have been proven to have potentials for naturally-derived anti-
dengue drug development, specifically inhibiting HK2. However, the comparison between
3-BP (control) and Daidzin is more favorable, because the toxicity test results predicted by
the ProTox Il webserver have shown that Daidzin is less toxic than Ethyl (2R), even though
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Ethyl (2R) exhibited better inhibition effects. This is further supported by the consistent
results that showed a decreasing trend of remaining activity of Daidzin, compared to Ethyl
(2R), where the percentage of remaining enzyme activity increased slightly at 2mM
compound concentration.

4. CONCLUSION AND REMARKS:

The results obtained from this study concluded that Daidzin, as well as Ethyl (2R), the
analogue of compound 2 ((22E, 24R)-6p-methoxyergosta-7, 9(11), 22-triene-3p,5a-diol)
can be regarded as inhibitors of HK2, showing substantial inhibition at 0.5 mM
concentration. The results have made it evident that HK2 activity decreased, with higher
inhibitor concentrations. Overall, this study has shown promising inhibition results, and
further evaluations of these compounds as potent HK2 inhibitors have yet to be conducted
to discover novel cure for dengue in the future.

ACKNOWLEDGEMENT

Authors’ gratitude goes to the Malaysian Ministry of Higher Education (MOHE) for
supporting this research through the Fundamental Research Grant Scheme
(FRGS/1/2016/STG04/UIAM/02/1).

REFERENCES

[1] Guzman, M., Halstead, S., Artsob, H. et al. Dengue: a continuing global threat. Nat Rev
Microbiol 8, S7-S16 (2010). https://doi.org/10.1038/nrmicro2460

[2] Tuiskunen Back, A., & Lundkvist, A. (2013). Dengue viruses — an overview. Infection
Ecology & Epidemiology, 3(1), 19839. https://doi.org/10.3402/iee.v3i0.19839

[3] Aguiar, M., Stollenwerk, N., & Halstead, S. B. (2016). The Impact of the Newly Licensed
Dengue Vaccine in Endemic Countries. PLoS Neglected Tropical Diseases, 10(12), 1-23.
https://doi.org/10.1371/journal.pntd.0005179

[4] Teslaa, T., & Teitell, M. A. (2014). Techniques to monitor glycolysis. Methods in
Enzymology, 542, 91-114. https://doi.org/10.1016/B978-0-12-416618-9.00005-4

[5] Fontaine, K. A., Sanchez, E. L., Camarda, R., & Lagunoff, M. (2014). Dengue Virus Induces
and Requires Glycolysis for Optimal Replication. Journal of Virology, 89(4), 2358-2366.
https://doi.org/10.1128/jvi.02309-14

[6] Wilson, J. E. (2003). Isozymes of mammalian hexokinase: structure, subcellular localization
and metabolic function. Journal of Experimental Biology, 206(12), 2049-2057.
https://doi.org/10.1242/jeb.00241

[7] Sabha, N., Hawkins, C., Guha, A., Mukherjee, J., Cairns, R., Wolf, A., ... Agnihotri, S.
(2011). Hexokinase 2 is a key mediator of aerobic glycolysis and promotes tumor growth in
human glioblastoma multiforme. The Journal of Experimental Medicine, 208(2), 313-326.
https://doi.org/10.1084/jem.20101470

[8] Pedersen, P.L. 3-bromopyruvate (3BP) a fast acting, promising, powerful, specific, and
effective “small molecule” anti-cancer agent taken from labside to bedside: introduction to
a special issue. J Bioenerg Biomembr 44, 1-6 (2012). https://doi.org/10.1007/s10863-012-
9425-4

[9] El Sayed, S. M. (2018). Enhancing anticancer effects, decreasing risks and solving practical
problems facing 3-bromopyruvate in clinical oncology: 10 years of research experience.
International journal of nanomedicine, 13, 4699

[10] Raez, L. E., Papadopoulos, K., Ricart, A. D., Chiorean, E. G., Dipaola, R. S., Stein, M. N.,

33



Biological And Natural Resources Engineering Journal, Vol. 3, No. 2, 2020 Asman et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Rocha Lima, C. M., Schlesselman, J. J., Tolba, K., Langmuir, V. K., Kroll, S., Jung, D. T.,
Kurtoglu, M., Rosenblatt, J., & Lampidis, T. J. (2013). A phase | dose-escalation trial of 2-
deoxy-D-glucose alone or combined with docetaxel in patients with advanced solid
tumors. Cancer chemotherapy and pharmacology, 71(2), 523-530.
https://doi.org/10.1007/s00280-012-2045-1

Wu, C.,, Li, H., Chen, L., Wang, P., Yang, K., Bao, F., & Gao, S. (2018). New natural
inhibitors of hexokinase 2 (HK2): Steroids from Ganoderma sinense. Fitoterapia,
125(December 2017), 123-129. https://doi.org/10.1016/j.fitote.2018.01.001

Rollinger, J. M., Stuppner, H., & Langer, T. (2008). Virtual screening for the discovery of
bioactive natural products. Progress in Drug Research, 65, 212-249.
https://doi.org/10.1007/978-3-7643-8117-2_6

Lionta, E., Spyrou, G., Vassilatis, D. K., & Cournia, Z. (2014). Structure-based virtual
screening for drug discovery: principles, applications and recent advances. Current topics
in medicinal chemistry, 14(16), 1923-1938.
https://doi.org/10.2174/1568026614666140929124445

Daniel Purich. Enzyme Kinetics: Catalysis and Control A Reference of Theory and Best-
Practice Methods. In Enzyme Kinetics: Catalysis & Control; Elsevier, 2010; p 915.

Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition. New York: W H Freeman;
2002. Section 16.2, The Glycolytic Pathway Is Tightly Controlled. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK22395/

Li, H., Leung, K., Wong, M., & Ballester, P. J. (2016). USR-VS: a web server for large-
scale prospective virtual screening using ultrafast shape recognition techniques, 44(April),
436-441. https://doi.org/10.1093/nar/gkw320

Benet, L. Z., Hosey, C. M., Ursu, O., & Oprea, T. |. (2016). BDDCS, the Rule of 5 and
drugability. Advanced drug delivery reviews, 101, 89-98.
https://doi.org/10.1016/j.addr.2016.05.007

Banerjee, P., Eckert, A. O., Schrey, A. K., & Preissner, R. (2018). ProTox-1l: a webserver
for the prediction of toxicity of chemicals, (May). https://doi.org/10.1093/nar/gky318

34



