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Abstract

In cyanobacteria, carbonic anhydrase (zinc metalloenzyme) is a major enzyme that converts CO, to HCO,- main-
taining the carbon concentration around the vicinity of RuBisCo, leading to cyanobacterial biomass generation.
Anthropogenic activities, disposal of leached micro nutrients effluents from industries into the aquatic environ-
ment results in cyanobacterial blooms. The harmful cyanobacteria release cyanotoxins in open-water system which
on ingression through oral route causes major health issues like hepatotoxicity and immunotoxicity. A database
was prepared consisting of approximately 3k phytochemicals curated from previous literatures, earlier identified
by GC-MS analysis. The phytochemicals were subjected to online servers to identify the novel lead molecules
which followed ADMET and drug-like candidates. The identified leads were optimized by density functional theory
method using B3YLP/G* level of theory. Carbonic anhydrase chosen as target to observe the binding interaction
through molecular docking simulations. From the molecules included in the database the highest binding energy
exhibited by alpha-tocopherol succinate and mycophenolic acid were found to be -9.23 kcal/mol and
~14.41 kcal/mol and displayed interactions with GLY A102, GLN B30, ASP A41, LYS A105 including Zn*" and
their adjacent amino acids CYS 101, HIS 98, CYS 39 in both chain A and chain A-B of carbonic anhydrase. The
Identified molecular orbitals decipher computed global electrophilicity values (Energy gap, electrophilicity and
Softness) of alpha-tocopherol succinate and mycophenolic acid were found to be (5.262, 1.948, 0.380) eV and
(4.710, 2.805, 0.424) eV demonstrates both molecules are effective and stable. The identified leads may serve
as a better anti-carbonic anhydrase agent because they accommodate in the binding site and hampers the catalytic
activity of Carbonic anhydrase thus inhibiting the generation of cyanobacterial biomass. This identified lead mole-
cules may serve as a substructure to design novel phytochemicals against carbonic anhydrase present in cyano-
bacteria. Further in vitro study is necessary to evaluate the efficacy of these molecules.
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Introduction

Cyanobacteria are recognized as the earliest photo-
synthetic prokaryotes that existed on Earth. They com-
monly assimilate CO, from atmospheric gases, which
amounts to approximately 3x 10™ g of C (carbon) (Gar-
cia-Pichel et al., 2003) via), through photosynthetic ma-
chinery (Arrigo, 2005). The carbon concentrating me-
chanism (CCM) is responsible for fixing atmospheric

carbon dioxide via carbonic anhydrase (CA), a zinc (Zn)
metalloenzyme that is universally present among plants,
microbes, and animals (Mondal et al., 2016; DiMario
etal., 2017; Aspatwar et al., 2018). CA and inorganic car-
bon transporters are essential for the CCM in cyano-
bacteria, which increases the CO, concentration in the
vicinity of Rubisco (Price et al., 2008). Cyanobacteria
containing defective CAs displayed abnormal growth
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(Price et al., 1989). CAs are encoded by three evolutio-
narily unrelated gene families, a CAs, p CAs, and yCAs.
The a CAs are mainly found in vertebrates, plants, algae,
and eubacteria; B CAs in bacteria, algae, and fungi; and
v CAs in archaea and bacteria. Additionally, marine dia-
toms have 6 and { CAs, while protozoa express 1 CAs
(Chegwidden et al., 2000; Supuran, 2010,2008; Frost
and McKenna, 2013; Imtaiyaz et al., 2013). Zn is the
metal ion present in the active site of almost all CAs,
coordinated by three amino acid residues and one water
molecule, which ionizes into an OH™ ion. A hydrogen
bond links this OH™ ion to the amino acids present in the
active centre. 0-CAs and I" CAs have HIS as the conser-
ved amino acid, whereas p CAs have CYS2HIS(X) resi-
dues arranged in a tetrahedral formation, where X repre-
sents an Asp residue or any substitutable ligand (Iverson
et al., 2000; Strop et al., 2001; Supuran, 2004; Sawaya
etal.,, 2006). CA stimulates the fixation of CO,, which is
carried out by a nucleophilic attack with the hydroxide
ion bound to the Zn atom (Sayre, 2010).

The abundant growth of various algae and cyano-
bacteria in freshwater and marine water bodies freg-
uently poses consequential threats as they are often as-
sociated with harmful toxins (Sivonen and Jones, 2009).
Cyanobacterial blooms are known to contain hepato-
toxins (microcystin andnodularin), cyclic heptapeptides,
neurotoxins (anatoxin-a and homoanatoxin-a), and alka-
loid cytotoxin (cylindrospermopsin). When the cyano-
bacteria mature, they lyse and release these toxins into
their surroundings (Dittmann and Wiegand, 2006; Sivo-
nen and Jones, 2009). Biofilm-producing cyanobacteria
colonize various historical monuments, caves, natural/
artificial stones (lime mortar, carbonate, and sandstone),
and pre-historic sites via an adhesion mechanism (Al-
bertano, 2012; Popovié et al., 2018). These biofilms are
stress-tolerant and can adapt to high temperatures, de-
siccation, humidity, and various other factors. They also
secrete biogenic pigments that cause staining and de-
terioration of stone surfaces (Albertano, 2012). Thus,
microbial toxins significantly reduce the aesthetic value
of prehistoric monuments, attributable to their acidolytic
and oxido-reductive potential leading to erosion (Gay-
larde, 2020). Although pesticides can inhibit cyanobac-
terial biomass (Nirmal Kumar et al., 2011; Debnath et al.,
2012; Ni et al., 2014), continuous usage of these chemi-
cals has harmful eco-toxicological impacts on the environ-
ment, along with various health issues and the death of
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non-targeted microorganisms (Singh et al., 2020). Herbi-
cides such as diuron release toxic substances upon de-
gradation, which are highly persistent and affect aquatic
species (Field et al., 2003). Endothall is toxic to cyano-
bacteria, yet its application as an algaecide is not pre-
ferable due to its toxicity on zooplankton (Holdren, 2001;
Osano et al., 2002; Giacomazzi and Cochet, 2004).

This study aimed to create a phytochemical database
to discover lead molecules that could act as a possible
inhibitor, targeting CA without adverse effects on non-
targeted inhabitants. CA is the predominant enzyme that
helps in increasing the biomass of cyanobacteria, as
suggested by various studies (Jiang et al., 2014; Mondal
et al., 2016; Tsuzuki et al., 2019). Molecular docking via
in sifico is a suitable approach to carry out this study
(Gupta et al., 2013; Suganya et al., 2017). This method
is a convenient tool to predict the binding affinity of the
leads to the active site of the desired protein based on
strong binding docking scores (Muhammad and Fatima,
2015; Kwatra et al., 2021). Furthermore, density func-
tional theory (DFT) calculations provide higher occupied
molecular orbital (HOMO), lower occupied molecular
orbital (LUMO) and frontal orbital (FO), which give
a preliminary idea about the reactivity and stability of
the molecules (Parr et al.,, 1922). Additionally, the
pkCSM web server was used to calculate the absorption,
digestion, metabolism, excretion, and toxicity (ADMET)
of the compounds, while SwissADME and Molsoft L.L.C
online web servers were used to determine the pharma-
cokinetic properties of small molecules (Molsoft LLC.,
2007; Pires et al., 2015).

Materials and methods

Preparation of phytochemical database

In this study, native medicinal plants belonging to Odi-
sha (listed in Supplementary Table S1) were selected to
identify lead molecules by targeting the CA (a metallopro-
tein enzyme) of cyanobacteria. Phytochemicals extracted
from these medicinal plants (Supplementary Table S1)
were searched in PubChem (https://pubchem.nchi.nlm.
nih.gov/), while those without any previous PubChem his-
tory were searched in the scientific literature (Venkatesh
et al., 2014; Arunachalam et al., 2015; Panigrahi et al.,
2015; Sajini et al., 2019; Jena et al., 2020). The two-
dimensional structure of these phytochemicals was drawn
using ChemDraw pro-8.0.1 and then converted into
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a three-dimensional (3D) structure using Chem3D Ultra
8.0. Thestructures were optimized by adding partial char-
ges using the protonated 3D module, and their energies
were minimized using the molecular operating environ-
ment (MOE) 09 software (El-Azab et al., 2010; El-Deeb,
2010). The NPACT (naturally occurring plant-based anti-
cancer compound-activity-target) database, which consists
of 1800 molecules, was also incorporated with the phyto-
chemicals present in Odisha. Finally, a phytochemical
database containing approximately 3K molecules was cre-
ated (Supplementary Table S1) by sorting them one by
one in the molecular database file using MOE software.

In silico ADMET investigations

The energy-minimized molecules were converted into
Simplified Molecular Input Line Entry System (SMILES)
format and submitted to online web servers such as
pkCSM (http://biosig.unimelb.edu.au/pkcsm/), Swiss-
ADME (http://www.swissadme.ch/), and Molsoft L.L.C.
(http://molsoft.com/) to predict the ADMET properties
of the molecules present in the prepared database.
These search engines predicted the pharmacokinetics of
the molecules using the bioavailability radar, which con-
siders six physicochemical properties, including lipo-
philicity, size, polarity, solubility, flexibility, and satura-
tion, to detect toxicity (Molsoft LLC, 2007; Pires et al.,
2015). The Lipinski filter, pioneer rule-of-five, was also
used in this tool to predict drug likeness (Tripathi et al.,
2019). Further studies were conducted on the molecules
that fulfilled the above-mentioned criteria.

DFT optimizations

The lead candidates obtained from the ADMET filter
were sketched using ChemDraw pro-8.0, and DFT opti-
mizations were performed using the Becke 3-Parameter,
Lee-Yang-Parr/Gaussian set (B3YLP/G*) level of theory.
The HOMO and LUMO frontal orbitals were determined
using the ORCA program 4.1.1. (Neese, 2012, 2017).
The band gap in eV provided a preliminary idea about
the nature of the molecule, such as its reactivity, hard-
ness, softness, electronegativity, and global electrophili-
city. These parameters were calculated using the equa-
tions given by Parr (1922).

Preparation of receptor protein

The 3D structure of beta-CA (Synechocystis sp. PCC
6803) was obtained from the online protein database
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(https://www.rcbhs.org) with PDB-ID 5SWC, having
a molecular weight of 162.76 kDa, an atom count of
11602, and a resolution of 1.45 A. The B-CA is a unique
hexameric protein arranged in dimers of trimers in a
threefold symmetry axis. Refinement of this receptor
protein was carried out by removing water molecules.
The 3D protonation module was used to add nonpolar
hydrogen atoms. Further, minimization was conducted
by the MMFF94x force field, and the gradient was set at
0.05 using MOE 09 software. The binding site was pre-
dicted using ArgusLab 4.1 (Thompson, 2004).

Molecular docking simulation

To analyse the leading inhibitors of the CA enzyme,
molecular docking was conducted using non-toxic leads
from the 3K phytochemicals obtained from the Pub-
Chem database (Supplementary Table S1). The site
finder module of MOEQO9 was used to identify the bin-
ding pocket, including the Zn301 atom at the base of the
binding site. The docking scores of the ligands to the
receptor were calculated using the following computa-
tions: rescoring 1: London-dG, placement: triangle mat-
cher, retain: 10, refinement: forcefield, and rescoring 2:
London-dG. The ligand molecules with the minimum
binding scores were chosen based on their most relevant
interaction with the target. The LigX module of MOE
was used to identify the interactions with the receptor
target.

Results

ADMET filter

The ADMET properties of all the phytochemicals
were evaluated, and out of 3K molecules, 50 molecules
passed all the criteria, having suitable ADMET profiles,
accepting the Lipinski rule of 5, Veber rule, Muegge rule,
Ghose rule, and Egan rule. Additionally, these phytoche-
micals did not exhibit herG-I/II cardiac muscle toxicities,
AMES toxicity, blood-brain barrier, hepatotoxicity, and
skin sensitization (refer to Fig. 1 and Table 1).

Protein structure analysis of CA

The beta-CA of Synechocystis sp. PCC 6803 is arran-
ged in dimeric form as A-B, C-D, and E-F chains (refer
to Fig. 2). The alignment tool (BLOSUM40) of the MOE
was used to determine the structural identity between
the chains present in the X-crystallographic structure.



Table 1. ADMET properties of non-toxic molecules obtained from online search engines

Molecule IR I P e Biowala:| AMES Hepato- HerG o0tz | st
meation = ations | lations | lations | lations | lations substrate = zation
alpha-tocopherol succinate, DL- 0.93 530.79 low no -2 2 4 1 2 0.85 no no no no no
Methyl alpha-D-glucopyranoside 0.12 194.18 low no -3.622 0 1 0 0 2 0.55 no no no no no
Prunin 0.83 434.4 low no -4.053 1 0 1 1 2 0.55 no no no no no
Astragalin 0.67 448.38 low no -3.908 2 0 1 1 3 0.17 no no no no no
Apigenin-7-glucuronide 0.29 446.36 low no -3.793 2 0 1 1 3 0.11 no no no no no
Chlorogenic acid 0.79 354.31 low no -3.856 1 1 1 1 2 0.11 no no no no no
Apigenin 0.39 270.24 high no -2.061 0 0 0 0 0 0.55 no no no no no
2,5-dihydroxybenzoic acid 0.30 154.12 high no -3.283 0 3 0 0 1 0.56 no no no no no
Mycophenolic acid 0.69 320.34 high no -3.013 0 0 0 0 0 0.56 no no no no no
Plumbagic acid 0.66 224.21 high no -2.806 0 0 0 0 0 0.56 no no no no no
Luteolin-7-O-glucoside 0.60 448.38 low no -3.930 2 0 1 1 3 0.17 no no no no no
Quercetin-3-O-rhamnoside 0.82 448.38 low no -4.156 2 0 1 1 3 0.17 no no no no no
2-isopropylmalic acid 0.30 176.17 low no -3.454 0 0 0 0 1 0.56 no no no no no
D-ribonic acid 0.60 166.13 low no -3.676 0 2 0 0 2 0.56 no no no no no
Methyl galactopyranoside 0.12 194.18 low no -3.622 0 1 0 0 2 0.55 no no no no no
Galactitol 0.10 182.17 low no -4.130 1 2 0 0 3 0.55 no no no no no
Galactaric acid 0.59 210.14 low no -4.224 1 2 1 1 3 0.11 no no no no no
Naproxen 0.58 230.26 high yes -1.951 0 0 0 0 0 0.85 no no no no no
fi‘;i’;%‘ggyiﬁi‘ihiig’_enwylami“"'?" 0.65 32738  high ves  -2.632 0 0 0 0 0 056 no  no | no | no no
Auriculatin 0.63 420.46 high no -1.763 0 0 0 0 1 0.55 no no no no no
Pseudosolasodine diacetate 0.73 499.74 low no -1.826 1 2 0 0 3 0.55 no no no no no
3;5&%39;651"115;;?2;?{; 062 5186  low no | -3.099 2 1 1 1 4 017 | no | nmo  mo | mo no
Apigenin-7-glucuronide 0.29 446.36 low no -3.793 2 0 1 1 3 0.11 no no no no no
Mangiferin 0.25 422.34 low no -4.211 2 1 1 1 3 0.17 no no no no no
Orientin 0.59 448.38 low no -4.018 2 1 1 1 3 0.17 no no no no no
L-Ascorbyl 2,6-Dipalmitate 0.50 652.95 low no -2.942 2 4 1 1 3 0.56 no no no no no




Table 1 continue

Molecule IR R P Biowalla:| AMES  Hepato- HerG OT2 | sonatt
meation = ations | lations | lations | lations | lations substrate = zation
Dihydromyricetin 0.27 320.25 low no -3.586 1 0 1 1 1 0.55 no no no no no
Turanose 0.06 342.3 low no -4.811 2 1 1 4 0.17 no no no no no
Catechin 0.64 290.27 High no -3.298 0 0 0 0 0 0.55 no no no no no
(-)Cycloxanthochymol 0.83 602.81 low no -2.168 1 4 0 1 2 0.56 no no no no no
(-)Garcinialiptone A 1.17 600.8 low no -2.529 1 4 1 1 2 0.55 no no no no no
(-)kurarinone 1.18 438.52 high no -2.910 0 0 0 0 1 0.55 no no no no no
(-)-Sonderianol 0.32 284.4 high yes -1.789 0 0 0 0 0 0.55 no no no no no
(2S)-2-methoxykurarinone 1.05 452.55 high no -2.424 0 0 0 0 1 0.55 no no no no no
2_4-dihydroxychalcone 0.30 240.26 high yes -2.056 0 0 0 0 0 0.55 no no no no no
2-deoxycucurbitacin D 0.42 500.68 high no -2.809 1 3 0 0 0 0.55 no no no no no
3_5_7-trihydroxyflavonol 0.31 272.26 high no -2.390 0 0 0 0 0 0.55 no no no no no
3-0-Acetylpadmatin 0.84 360.32 high no -3.663 0 0 0 0 0 0.55 no no no no no
4-bromoflavone 0.34 301.14 high yes -1.311 0 0 0 0 0 0.55 no no no no no
5-O-caffeoylshikimic acid 0.29 336.3 low no -3.738 0 0 1 1 0 0.56 no no no no no
7-OH-flavanone 0.74 240.26 high yes -1.715 0 0 0 0 0 0.55 no no no no no
Maslinic acid 0.55 472.71 high no -1.400 1 3 0 1 1 0.56 no no no no no
Hypophyllanthin 0.81 430.49 high yes -3.144 0 0 0 0 0 0.55 no no no no no
Morin 0.46 302.24 high no -3.407 0 0 0 0 0 0.55 no no no no no
Pongapinone B 0.96 396.44 high yes -2.728 0 0 0 0 0 0.55 no no no no no
Pristimerin 0.67 466.66 low no -1.020 1 3 0 1 1 0.55 no no no no no
Rocagloic acid 0.52 476.53 high no -3.223 0 0 0 0 0 0.56 no no no no no
Eupafolin 0.44 316.27 high no -3.491 0 0 0 0 0 0.55 no no no no no
Geniposide 0.52 388.37 low no -4.670 0 1 1 1 2 0.11 no no no no no
Genistein 0.44 270.24 high no -2.066 0 0 0 0 0 0.55 no no no no no
Ursonic acid 0.67 454.7 low no -1.060 1 3 0 1 1 0.85 no no no no no
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Fig. 1. ADMET analysis of a phytochemical database con-
taining 3K molecules filtered using online search engines

Fig. 2. The complete set of cyanobacterial carbonic anhydra-

ses consists of six chains, with each chain represented by

a distinct color: chain A (red), chain B (green), chain C (blue),
chain D (violet), chain E (yellow), and chain F (cyan)

Chain A was set as the reference template, and the re-
maining chains were superposed onto the reference tem-
plate. All six chains of CA showed similarities in amino
acid position, including loops, helices, alpha, and beta
sheets. The superposed structures with the reference
template (chain A) showed a pair wise root mean square
deviations (RMSD) of each chain below 1A (refer to
Fig. 3). Finally, chains A-B and single chain A were se-
lected for docking.

The RMSD of superposed chains B, C, D, E, and F
onto the reference chain A were found to be 0.660,
0.692, 0.406, 0.549, and 0.784 A, respectively.

Molecular docking analysis

Docking simulations of the retrieved 50 non-toxic
phytochemicals (Table 1) were carried out at the active
site containing the amino acids 103 ALA, 41 ASP,
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39 CYS, 101 CYS, 84 ALA, 102 GLY, and 98 HIS along
with Zn301 bound to CYS 101, CYS 39, and HIS 98 with
the homolog chains A-B and single chain A. Based on
the interaction with chain A and chains A-B, the non-
toxic phytochemicals with top binding score (S score),
drug-likeness score, and Zn interaction status were con-
sidered for this study (Table 2 and Table 4).

With single-chain A, most of the phytochemicals ex-
hibited an interaction with Zn301 (CYS 101, CYS 39, and
HIS 98). Ligands which demonstrated interaction with
Zn301, also interacted with ASP 41 and other amino
acids. Alpha-tocopherol succinate and 2,5-dihydroxyben-
zoic acid only interacted with ASP 41. Similarly, methyl
alpha-D-glucopyranoside and methyl galactopyranoside
demonstrated similar interaction with ASP 41, SER 42,
and GLY 102 due to their structural similarity. The inter-
action of apigenin-7-glucuronide was observed with
ASP 41, GLU 187, ARG 43, and GLY 102. Similarly,
Orientin exhibited an interaction with ASP 41, GLY 102,
LYS 105, and LYS 109, while dihydromyricetin interacted
with ASP 41 and LYS 105. Galactitol showed interaction
with ASP 41, SER 42, and GLY 102. Table 2 and Figure 4
depict the interactions, and Table 3 provides information
on the distances of the Zn-interacted molecules.

In the active site of chains, A-B, the ligands that de-
monstrated interaction with Zn301 were alpha-tocopherol
succinate and mycophenolic acid through CYS 101,
HIS 98, and CYS 39. Alpha-tocopherol succinate inter-
acted with GLY102 of chain A and GLN 30 of chain B,
while mycophenolic acid interacted with both ASP 41
and LYS 105 of chain A. Non zinc ligands interacted with
amino acids in chain A (ASP A41, ARG A43, LYS A105,
LYS A109, HIS A100, and GLY A102) and chain B (GLN
B30, TYR B83, and ALA B87) as shown in Table 4 and
Figure 5. Table 5 provides information on the distance
score % of the Zn-interacted molecules.

Molecular docking simulations revealed that alpha-
tocopherol succinate and mycophenolic acid interacted
with Zn301 and neighboring amino acids present in the
binding site. These findings suggest that alpha-toco-
pherol succinate and mycophenolic acid could be effec-
tive phytochemicals that inhibit the cellular functioning
of CAs found in cyanobacteria.

Global electrophilicity parameters
of lead phytochemicals

The frontier molecular orbitals provide data on the
chemical reactivity and physical parameters of molecules
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Fig. 3. (A) The reference template sequence was chain A, and the remaining chains B-F were superposed onto this reference;
(B) RMSD was recorded

Table 2. Phytochemicals showing their binding (S-value) and drug-likeness scores with chain A

Phytochemical PubChem ID = S-Value Drug: Interaction
-likeness

Mycophenolic acid 446541 -11.42 0.69 ASP 41, GLY 102, LYS 105, Zn (CYS 39, HIS 98, CYS 101)

Alpha-tocopherol 92257186 = -9.97 093  ASP 41, Zn (CYS 39, HIS 98, CYS 101)

succinate

Methyl alpha- 64947 811 0.2  ASP 41, SER 42, GLY 102, Zn (CYS 39, HIS 98, CYS 101)

D-glucopyranoside

ApigeninTglucaronide 5310484 1038 029  ASP 4L GLU 187, ARG 43, GLY 102, Zn (CYS 39, HIS 98,
CYS 101)

iﬁflhydmxybe“m 3469 ~957 030  ASP 41, Zn (CYS 39, HIS 98, CYS 101)

Osientin c281675 1201 050 ASPA4L GLY 102, LYS 105, LYS 109, Zn (CYS39. HIS 98,
CYS 101)

Methyl . 76935 2809 0.2  ASP 41, SER 42, GLY 102, Zn (CYS 39, HIS 98, CYS 101)

galactopyranoside

Galactitol 11850 882 0.10  ASP 41, SER 42, GLY 102, Zn (CYS 39, HIS 98, CYS 101)
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Fig. 4. The figure shows the molecular interaction between zinc ion in the binding pocket of beta-carbonic anhydrase chain A
and the following compounds: (A) Alpha-tocopherol succinate, (B) Methyl alpha-D-glucopyranoside, (C) Apigenin-7-glucuronide,
(D) 2,5-Dihydroxybenzoic acid, (E) Orientin, (F) Mycophenolic acid, (G) Dihydromyricetin, and (H) Galactitol

(Sheikhshoaie et al.,, 2014). The HOMO acts as an
electron donor, and the LUMO acts as an electron ac-
ceptor. The energy gap between HOMO and LUMO
determines the stability of structures, including their
chemical reactivity and kinetic stability (Kim et al.,
2013). The computed data on the HOMO, LUMO,
energy gap (AE), ionization potential, electron affinity
(A), chemical potential (p), electron negativity (),
hardness (1), softness (o), and electrophilicity () of the
molecules are presented in Table 6 and Figure 6.

In alpha-tocopherol succinate, the energy shift was
assigned to the succinate moiety, in LUMO to the toco-
pherol ring in HOMO. In apigenin-7-O-glucuronide, the
energy shift was assigned to the apigenin moiety for
both HOMO and LUMO. In mycophenolic acid, the
energy shift was assigned to the phthalide intermediate
in LUMO to 2-(but-2-enyl)-3-methoxy-methylphenol in
HUMO. In 2,5-dihydroxy benzoic acid, the energy shift
LUMO was assigned to the benzoic acid and HOMO to
the hydroquinone moiety. In orientin, both LUMO and
HOMO energy shift was assigned to the 2-(3,4-di-

hydroxyphenyl)-5,7-dihydroxy-8-methyl-4H-chromen-4-
one moiety. In dihydromyricetin, the energy shift in
LUMO was assigned to the 3,5,7-trihydroxy-2,3-dihydro-
chrome-4-one moiety, and HOMO was assigned to ben-
zene 1,2,3-triol. In galactitol, LUMO energy shift co-
vered a vast surface of the galactitol molecule, whereas
HOMO distribution was symmetrical. In methyl alpha-D-
glucopyranoside and methyl galactopyranoside, LUMO
was assigned to the methyl position, and HOMO was
assigned to the overall molecule, as shown in Figure 6.
Table 6 presents the band gaps of alpha-tocopherol suc-
cinate, apigenin-7-O-glucuronide, mycophenolic acid, 2-5-
dihydroxybenzoic acid, orientin, dihydromyricetin, and
galactitolas 5.262,4.122,4.710,4.272, 4.029, 4.421, and
7.335 €V, respectively, and the electrophilicity indices as
1.948, 3.940, 2.805,3.586, 4.022, 3.705, and 1.812 €V,
respectively. Due to their structural similarity, methyl
alpha-D-glucopyranoside and methyl galactopyranoside
had an energy gap of 7.094 eV and an electrophilicity
index of 1.798 eV. Overall, it was observed that all the
molecules had high energy band gaps and a low global



Table 3. The interactions and distances displayed by leads with zinc and other amino acids with chain A
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Phytochemical Ligand Receptor | Residue Chain Type Score [%] | Distance

H 3584 OD 707 ASP 41 5swc 1 H-don 90.1 1.24

Alpha-tocopherol Zn 3496 SG 684 CYS 39 5swc 1 ionic 67.6 2.29
succinate Zn 3496 NE 1533 HIS 98 5swce 1 fonic 78.6 2.06
Zn 3496 SG 1574  CYS 101 5swc 1 ionic 71.7 2.31

0O 3583 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.28

H 3517 0D 707 ASP 41 5swc 1 H-don 86.7 1.57

0 3501 N 712 SER 42 5swc 1 H-acc 15.6 3.29

Methyl alpha- 0 3516 N 1579 GLY 102 5swc 1 H—a;c 33.0 2.96
D-glucopyranoside Zn 3496 SG 684 CYS 39 5swc 1 ionic 67.6 2.29
Zn 3496 | NE 1533 HIS 98 5swc 1 ionic 78.6 2.06

Zn 3496 | SG 1574 | CYS 101 5swc 1 ionic 71.7 2.31

0 3516 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.22

H 3538 OD 707 ASP 41 5swc 1 H-don 81.5 1.67

H 3546 0O 1582 GLY 102 5swc 1 H-don 40.4 1.68

0O 3537 N 1579 GLY 102 5swc 1 H-acc 34.2 2.98

0 3510 NZ 1621 | LYS 105 5swc 1 H-acc 35.5 2.45

Orientin 0 3547 NZ 1688 @ LYS 109 5swc 1 H-acc 87.0 2.70
Zn 3496 SG 684 CYS 39 5swc 1 ionic 67.6 2.29

Zn 3496 NE 1533 HIS 98 5swc 1 ionic 78.6 2.06

Zn 3496  SG 1574 | CYS101 5swc 1 ionic 71.4 2.31

0 3537 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.36

H 3537 0D 707 ASP 41 5swc 1 H-don 86.0 1.23

0 3536 N 1579 GLY 102 5swc 1 H-acc 11.5 2.99

0 3508 NZ 1621  LYS 105 5swc 1 H-acc 55.9 2.43

Mycophenolic acid 0 3538 NZ 1621 | LYS 105 5swc 1 H-ac_c 54.6 2.87
Zn 3496 SG 684 CYS 39 5swc 1 Tonic 67.6 2.29

Zn 3496 NE 1533 HIS 98 5swc 1 Tonic 78.6 2.06

Zn 3496 SG 1574 | CYS 101 5swc 1 Tonic 71.4 2.31

0 3536 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.40

H 3510 OD 707 ASP 41 5swc 1 H-don 73.6 1.31

0 3516 N 1579 LYS 105 5swc 1 H-acc 38.8 2.48

0 3528 NZ 1621 | LYS 105 5swc 1 H-acc 24.8 3.02

Dihydro-myricetin = Zn 3496 NZ 1621 CYS 39 Sswc 1 ionic 67.6 2.29
Zn 3496 SG 684 HIS 98 5swc 1 ionic 78.6 2.06

Zn 3496 | NE 1533 | CYS 101 5swc 1 ionic 71.4 2.31

0 3509 SG 1574 ZN 301 5swc 2 ionic 100.0 2.48

H 3517 0D 707 ASP 41 5swc 1 H-don 86.8 1.56

0 3501 N 712 SER 42 5swc 1 H-acc 16.1 3.28

Methyl 0 3516 N 1579 GLY 102 5swc 1 H—agc 31.9 2.96
galacto- pyranoside Zn 3496 SG 684 CYS 39 5swc 1 ionic 67.6 2.29
Zn 3496 = NE 1533 HIS 98 5swc 1 ionic 78.6 2.06

Zn 3496 SG 15794 | CYS 101 5swc 1 ionic 71.4 2.31

0 3526 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.22

H 3522 0D 707 ASP 41 5swc 1 H-don 88.2 1.55

0 3511 oG 717 SER 42 5swc 1 H-don 19.9 2.98

0 3511 N 712 SER 42 5swc 1 H-acc 72.5 2.70

0 3511 oG 717 SER 42 5swc 1 H-acc 19.9 2.79

Galactitol 0 3519 N 1579 GLY 102 5swc 1 H-acc 33.3 2.75
0 3521 N 1579 GLY 102 5swc 1 H-acc 16.5 3.07

Zn 3496 SG 684 CYS 39 5swc 1 Tonic 67.6 2.29

Zn 3496 = NE 1533 HIS 98 5swc 1 ionic 78.6 2.06

Zn 3496 SG 15794 | CYS 101 5swc 1 ionic 714 2.31

0 3521 ZN 3496 ZN 301 5swc 2 ionic 100.0 2.07
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Table 4. Phytochemicals showing their binding scores (S-value) and drug-likeness with chain A-B

Phytochemical PubChem ID | S-Value -11113$§;s Interaction
Alpha-tocopherol succinate 92257186 -9.23 0.93 GLY A102, GLN B30, Zn (CYS 101, HIS 98, CYS 39)
Hypophyllanthin 182140 -11.06 0.81 | ARG A43,LYS A105, LYS A109
Pseudosolasodine diacetate 313026 -11.67 0.73 LYS A105, HIS A100, ARG A43 GLN B30
Methyl galactopyranoside 76935 -12.63 0.12 Ié{?\]%??(i ,AARS;)GAiﬁ?», GLY A102, HIS A100, TYR B83,
2,5 dihydroxybenzoic acid 3469 -12.47 0.30 | TYR B83, GLN B30, HIS A100, ARG A43, HIS B28
Dihydromyricetin 161557 -13.58 0.27 | LYS A109, LYS A105, GLN B30
Mycophenolic acid 446541 -14.41 0.69 | ASP A41, LYS A105, Zn (CYS 101, HIS 98, CYS 39)
3,9—Epoxypregn-16-ep—20-one, 539331 1559 0.62 TYR B83, ALA B87, HIS A100, GLN B30, ARG A43,
3-methoxy-7,11,18-triacetoxy- TYR B83, LYS A105, LYS A109

Fig. 5. The interaction shown by (A) Alpha-tocopherol suc-
cinate and (B) Mycophenolic acid with zinc ion in the binding
pocket of beta-carbonic anhydrase chains A-B

softness index. This suggests that the molecules are ef-
fective due to their stability and less reactivity.

Discussion

Cyanobacteria are primitive organisms that exist in
various habitats, from hot springs to cold arctic regions.
These bodies are gradually becoming eutrophied due to
anthropogenic and industrial activities. Underdeveloped
nations with limited technology sources rely directly on
open water systems, lakes, ponds, rivers, oceans, and

sanitary households for their day-to-day work. These
water systems often contain cyanobacteria biofilms that
secrete toxins, thereby deteriorating water quality on
a large scale and leading to major health issues (O’Neil
et al., 2012; Paerl et al., 2013). Therefore, measures
should be taken to suppress harmful cyanobacterial
growth. Naturally occurring nontoxic phytochemicals are
generally secondary metabolites (terpenes, flavonoids, fla-
vones, alkaloids, and polyphenols) that carry out several
metabolic activities related to defense, stress tolerance,
and interactions (Leitzmann, 2016). They are known as
“nutraceuticals” due to their physiological benefits, such
as being anticancer, antioxidants, anti-inflammatory, anti-
viral, and anti-bacterial agents (Brindha, 2016; Winter,
2017; Velmurugan et al., 2018; Ranjan et al., 2019). Na-
tural compounds produced from plants, such as stilbenes,
nostocarboline, berberine, and phenylpropanoid gluco-
sides, have been reported as potent algaecides (Becher
et al., 2005; Mizuno et al., 2008; Jancula et al., 2010; Zuo
et al.,, 2018). Similarly, phytochemicals isolated from
plants like Pistacia integerrima, brown alga Dictyopteris
hoyti, flavonoids from Luffa acutangular (L.) Roxb,
Murraya paniculata, and Padina pavonicahave potent CA
inhibitory activity (Sarikaya et al., 2011; Sahin et al.,
2012; Karioti et al., 2016; Chanda et al., 2019; Sangkaew
et al., 2020; Irfan et al., 2021; Rafiq et al., 2021).

As the application of synthetic compounds to algal
blooms can adversely affect aquatic organisms, we have
chosen nontoxic phytochemical leads for this study that
can inhibit blooms by targeting cyanobacterial beta-CAs
without affecting non-targeted organisms.
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Table 5. The interactions and distances displayed by leads with zinc and other amino acids
with beta-carbonic anhydrase chain A-B

Phytochemical Ligand Receptor = Residue Chain Type | Score [%] @ Distance
07070 N 4014 GLN 30 | 5swc2 H-acc 14.9 2.89
07079 N 1579 GLY 102 5swcl H-acc 18.5 2.68
Alpha-tocopherol = Zn 6992 SG 684 CYS 39 5swc1  ionic 67.6 2.29
succinate Zn 6992  NE 1533 HIS 98 bswc1l  ionic 78.6 2.06
Zn 6992  SG 1574 = CYS101 @ 5swcl  ionic 714 2.31
07079 ZN 6992 ZN 301 5swc3 @ ionic 100.0 2.54
H 7033 OD 707 ASP 41 5swc1  H-don 84.7 1.20
0 7004 NZ 1621 LYS105 | 5swc1l | H-acc 68.9 2.46
07034 NZ 1621 LYS105 5swcl H-acc 62.1 2.54
Mycophenolic Zn 6992 SG 684 CYS 39 5swc 1l | ionic 67.6 2.29
acid Zn 6992  NE 1533 HIS 98 bswc1l  ionic 78.6 2.06
Zn 6992  SG 1574 @ CYS101 @ 5swcl  ionic 714 2.31
07031 ZN 6992 ZN 301 5swc 3 | ionic 100.0 2.62
07032 ZN 6992 ZN 301 5swc 3 | ionic 100.0 2.20

Table 6. Global electrophilicity parameters of alpha-tocopherol succinate, methyl alpha-D-glucopyranoside,

apigenin-7-glucuronide, mycophenolic acid, 2,5-dihydroxybenzoic acid, orientin, dihydromyricetin,
methyl galactopyranoside, and galactitol
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Ph}{to HOMO LUMO Energy Ionizati.on Ele.ct.ron Chemi§al Elect'rgn Hardness  Softness Elgc'tfo-

chemicals gap | potential affinity potential negativity philicity
Alphatocopherol | _;og  _(oe 5962 582 0568  -3.198 3198 2631 | 0380  1.048
succinate
Methylalpha- 715 6005 7004 711 002 -3572 3572 3547 0281  1.798
D-glucopyranoside
Apigenin-7- ~6.091 -1.969 4.122 @ 6.091 = 1.968 -4.030  4.030 2.061  0.482 | 3.940
Glucuronide
Mycophenolic acid -5.99 -1.28 = 4.710 5989 | 1.279  -3.634  3.634 2.355 | 0.424  2.805
2,5-Dihydroxy- ~6.05 -1.778  4.272  6.050 1778 -3.914  3.914 2.136  0.498 @ 3.586
benzoic acid
Orientin ~6.041 -2.011 4.029 @ 6.040 = 2.010 -4.026  4.206 2.014 | 0.462  4.022
Dihydromyricetin  -6.258 -1.837 = 4.421  6.257 | 1.837 = -4.047  4.047 2.210 | 0.452  3.705
Methyl 712 -0025 7.004 711 | -002 -3572 3572 3547 0281  1.798
galactopyranoside
Galactitol -7.314 0.022 7335  7.314 | 0.022 -3.646  3.646 3.667 | 0272  1.812

A phytochemical database of 3K molecules was crea-
ted, considering the medicinal plants of Odisha via a pre-
viously reported literature survey. The toxicity of phyto-
chemicals in the database was investigated, and non-
toxic phytochemicals were determined using multi soft-
ware packages (Molsoft LLC., 2007; Pires et al., 2015).
Fifty molecules (Table 1) from 3K molecules followed
drug likenesses and ADMET properties (Pires et al.,
2015; Tripathi et al., 2019). Among them, the two lead

molecules, alpha-tocopherol succinate and mycophenolic
acid, showed drug-likeness scores of 0.93 and 0.69,
respectively, out of 1 (Molsoft LLC., 2007). The stability
and reactivity of the lead molecules were determined by
DFT calculations. The HOMO-LUMO energy gap was
identified using B3YLP/G* level of theory, from which
the ionization potential, electron affinity, chemical po-
tential, electron negativity, hardness, softness, and
electrophilicity were calculated. Hard molecules possess
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Fig. 6. The energy shifting of HOMO and LUMO due to the occupancy of atoms present in the molecular scaffold of the following
compounds: (A) Alpha-tocopherol succinate (B) Methyl alpha D-glucopyranoside (C) Apigenin-7-Glucuronide, (D) Mycophenolic
acid (E) 2,5-Dihydroxybenzoic acid (F) Orientin (G) Dihydromyricetin, and (H) Galactitol

large energy gaps and are highly stable, whereas soft
molecules have a smaller energy gap and are highly
polarizable (Pilli et al., 2015). The energy gap, hardness,
softness, and electrophilicity parameters of alpha-toco-
pherol succinate were 5.262, 2.631, 0.380, and 1.948 €V,
respectively, and for mycophenolic acid, they were
4.710, 2.355, 0.424, and 2.805 eV, respectively, which
supports the findings by Pilli et al. (2015).

These findings support a previous study demon-
strating that phytochemicals play a pivotal role in inhibi-
ting the biomass of cyanobacterial species, as demon-
strated by both in sifico and in vitro studies (Mir and
Nayak, 2022).

The beta-CA of cyanobacteria Synechocystis sp. PCC
6803, with the cofactor Zn (Zn301) present in the active
site, was chosen as the target protein. Zn functions as
a catalyst and regulates enzymatic reactions (Escudero-
Almanza et al., 2012). Initially, single chain A and later
double chains A-B of beta-CA were used for docking to
identify interactions with Zn>". Alpha-tocopherol suc-

cinate and mycophenolic acid were found to be potent
phytochemical leads as they exhibited interactions with
Zn®" and its coordinate amino acids CYS 101, CYS 39,
and HIS 98 in both single and double chain. Previous
reports have shown that phytochemicals such as pista-
cide-A and pistacide-B obtained from P. integerrima and
lacceroic acid from brown alga D. Aoyti is potent in-
hibitors of CA-II (Irfan et al., 2021; Rafiq et al., 2021).
These inhibitors showed binding scores of —3.45, 3.64,
and -9.53 Kcal/mol, respectively, against the reference
molecule acetazolamide (-9.47 Kcal/mol) (Irfan et al.,
2021; Rafiq et al., 2021). Similarly, triazine substituted
sulfamerazine-derived compound 5 (4-ethoxy) and com-
pound 8 (4-bromo) have also been identified as potent
human CA I and II inhibitors, respectively (Bilginer
et al., 2021). Compound 5 had a binding score of
-7.36 Kcal/mol with human CAI (hCAI) and compound
8 (-8.26 Kcal/mol) with hCAII (Bilginer et al., 2021),
respectively.
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In this study, the identified most potent phytochemi-
cals, alpha-tocopherol succinate, and mycophenolic acid,
possessed binding scores of -9.23 and -14.41 Kcal/mol,
respectively, which were lower than those of the repor-
ted CA II inhibitors (pistacide-A, pistacide-B, and lacce-
roic acid) and hCAI/hCAII inhibitors (compounds 5 and
8). This confirms the strong interaction of the lead
phytochemicals with the active site of beta-CAs.

Several phytochemicals have been reported to act as
anti-carbonic anhydrase agents against CA-II, CA-V, hCA-
IX, and hCA-XII, which are associated with abnormalities
such as tumor progression, cancer, obesity, and Alz-
heimer’s disease (Rahman et al., 2015; Queen et al.,
2018; Fois et al., 2020; Mahmud et al., 2021). However,
to our knowledge, no studies have been conducted tar-
geting cyanobacterial beta-CA. Therefore, in this study,
we have considered phytochemicals that showed robust
bindings with the amino acids and co-factor present in
the binding site of beta-CAs. These phytochemicals have
the potential to inhibit the cellular functioning of CA,
thus restricting the allocation of bicarbonates to the
RuBisCo site and curtailing the formation of cyanobac-
terial biomass. Further studies such as molecular dyna-
mics simulations and 1n-vitro experiments will be carried
out to validate the present in-si/ico findings.

Conclusion

In rural areas and economically disadvantaged count-
ries, people rely on open-water systems for their daily
needs. Unfortunately, anthropogenic activities, such as
the disposal of leached micronutrients and industrial ef-
fluents into aquatic environments, lead to cyanobacterial
blooms. These harmful cyanobacteria release cyano-
toxins into the water, which can cause major health is-
sues like hepatotoxicity and immunotoxicity when in-
gested orally. As such, it is important to identify novel
anti-cyanobacterial agents that do not have any negative
side effects on aquatic organisms. In this study, alpha-
tocopherol succinate and mycophenolic acid phytochemi-
cals were found to exhibit binding interactions with the
cofactor Zn in both single chain A and complexed chains
A-B. These lead molecules interact with the Zn-binding
site present in the enzyme and may inhibit the functio-
ning of the beta-CA complex, thereby restricting biomass
generation. Considering the present and future pers-
pectives of water scarcity, this approach may be a pos-
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sible way to protect the biotic environment, water bo-
dies, and ancestral monuments. Further in vitro experi-
ments on lead phytochemicals are necessary to validate
the present in silico study.
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