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ARTICLE INFO: ABSTRACT
K_eyV\{ords_: Polycyclic aromatic hydrocarbons (PAHS) represent a pervasive class of environmental
Eisenia f_e“da' pollutants with adverse effects on ecosystems and human health. This study was
Polycyclic designed to unravel the intricate tapestry of toxicity specifically on Eisenia fetida, a

Aromatic Hydrocarbons, keystone species in terrestrial environments using in silico molecular approach. Four
Endo-1,4-Glucanase, PAHSs including Benzo [a] pyrene (CID_2336), Anthracene (CID_3}423), _Pyren_e
Ligands (CID_31423) and Fluoranthene (CID_9154) were selected based on their relative soil

abundance and their complexity. Their toxicity due to physicochemical and bioactive
properties was assessed using SwissADME. Their inhibitory effect on endo-1,4-
glucanase (PDB ID: 3WC3) was also demonstrated using molecular docking analysis.
Results on the physicochemical properties of the ligands indicated that anthracene
(CID_8418) and benzo [a] pyrene (CID_2336) had the smallest (178.22 g/mol) and
largest (252.32 g/mol) molecular weights respectively. The toxicity of PAHs is a
function of their molecular weight and sizes. The outcomes also demonstrated the strong
mutagenic and tumorigenic potential of each ligand. The remaining PAHs, with the
exception of fluoranthene, are similarly extremely irritating when exposed. Furthermore,
all of the compounds except for benzo [a] pyrene are not readily reproduced. The
ligands are harmful even to human subjects, according to their pharmacokinetics. The
results of a molecular docking analysis indicate that CID_2336, which fits into the
active cavity of 3WC3 and is stabilized by seven electrostatic contacts, has the lowest
free binding energy of -5.15 kcal/mol. The higher free binding energies of the remaining
PAHs ranged from -4.63 kcal/mol to -4.31 kcal/mol. With the exception of CID_31423,
which had only six electrostatic connections, all of the ligands were stabilized by seven
electrostatic interactions. All of the ligands shared identical amino acid residues, with
the exception of CID_8418 and CID_9154, which lacked Ser48 and Vall22,
respectively. According to these results, 3WC3 can be inhibited by all PAHs. Endo-1,4-
glucanase is a key enzyme in the digestive and nutrition absorption processes of the
earthworm, and its inhibition can have detrimental effects on the organism. The creation
of PAHSs carrier molecules is necessary to prevent the compounds' negative effects on
the worm population during remediation or composting activities.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHS)
are hazardous pollutants that are
ubiquitous in the environment. They are
formed by the incomplete combustion of
organic matter and are found in air, water, soil
and sediments. PAHSs are known to be toxic to
aquatic animals, invertebrates, and soil fauna,
including earthworms (Zhang et al., 2021).
PAHs are formed by incomplete combustion
of organic matter, including fossil fuels, wood
and tobacco. They are also found in coal tar,
asphalt, and creosote. PAHs can be released
into the environment through various sources,
including industrial processes, transportation,
and natural sources such as forest fires and
volcanic eruptions (Agency for Toxic
Substances and Disease Registry; ATSDR,
2021). PAHSs have a significant impact on the
various components of the ecosystem. They
can cause harm to aquatic life, including fish
and invertebrates, and can also affect the
growth and development of plants. PAHSs can
also lead to soil contamination (Dai et al.,
2022), which can have long-term effects on
soil quality and ecosystem health (ATSDR,
2021; Zhang et al., 2021). In addition, PAHs
are known to be toxic to humans and can cause
a range of health effects, including cancer,
respiratory problems, developmental and
reproductive problems. PAHs can also affect
the immune system and are potent immune-
suppressants. Exposure to PAHs can occur
through inhalation, ingestion and skin contact.
The most common sources of exposure include
cigarette  smoke, air  pollution and
contaminated food and water (ATSDR, 2021,
Zhang et al., 2021).

Remediation of PAHSs is a challenging task
due to their recalcitrance while in the
environment (Song et al., 2023). Various
methods have been developed to remediate
PAH-contaminated sites, including physical,
chemical and biological methods (Ismail et al.,
2022). Biological methods, such as
bioremediation, involve the use of
microorganisms to degrade PAHs into less
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toxic compounds. Bioremediation is a
promising approach to remediate PAH-
contaminated sites, as it is cost-effective and
environmentally friendly (ATSDR, 2021,
Zhang et al, 2019). One form of
bioremediation is vermiremediation which is a
process that uses invertebrates particularly
worms with a view to eliminating or
removing organic and inorganic pollutants
most especially in the soil environment
(Njoku et al., 2017). An organism of interest
is Eisenia fetida, and its used in hydrocarbon
bioremediation have been fascinating (Deris
et al., 2021; Nobili et al., 2022).

Eisenia fetida — a species of earthworm is
ubiquitous annelid mostly found in a wide
range of soils and may represent over 60% of
the total soil biomass (Edwards and Bater,
1992). The worm species have been used as
important tool in bioremediation process and
remarkable successes were recorded (Chachin
et al., 2015; Chachin et al., 2016; Jatwani et
al., 2016). This may be due to its ability to
accumulate many lipophilic organic pollutants
from the surrounding soil environment, by
passive absorption through the body wall and
also by intestinal uptake during the passage of
soil through the gut (Belfroid et al., 1995). A
study by Almutairi (2019) showed that Eisenia
fetida could effectively reduce TPH of about
5000 mg/Kg every 5 weeks. Another study by
Liu et al. (2017) showed that Eisenia fetida
could remove PAHs at rate of 90mg/day.
Bioremediation using Eisenia fetida is a
promising approach to remediate PAH-
contaminated soil, as it is cost-effective and
environmentally friendly. Although success is
recorded during remediation process, the
population of Eisenia fetida tends to be
affected negatively at point in time, which
might suggest toxicity of pollutants to the
organism (Nam et al., 2015; He et al., 2023).
Studies have shown that PAHs can have
several physiological effects on Eisenia fetida,
including changes in behaviour, reproduction
and mortality (Anyanwu et al., 2017; He et al.,
2022). PAHs can affect the behaviour of
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Eisenia fetida, leading to changes in
burrowing activity, surface activity, and
feeding behaviour. A study by Liu et al.
(2017) showed that exposure to PAHSs led to
decreased burrowing activity and increased
surface activity. Another study by Gomez et
al. (2011) showed that exposure to PAHSs led
to decreased feeding activity in Eisenia fetida.
These changes in behaviour can have
significant impacts on the ecological functions
of Eisenia fetida in soil processes such as
organic matter degradation, mineralization and
pathogen regulation. PAHs can also affect the
reproduction of Eisenia fetida, leading to
changes in cocoon production and hatching
success. Earlier study by Wu et al. (2012)
showed that exposure to PAHs led to
decreased reproductive process in Eisenia
fetida which might have had significant
impacts on the population dynamics of Eisenia
fetida and its role in soil processes. PAHs can
also lead to increased mortality in Eisenia
fetida. A study by Yang et al. (2020) showed
that exposure to PAHs led to decreased
earthworm biomass and increased mortality.

The mechanisms of PAH toxicity on Eisenia
fetida are complex and involve several
pathways, including oxidative stress, DNA
damage, and disruption of enzyme activity. A
study by Liu et al. (2017) showed that
exposure to PAHs led to increased oxidative
stress in Eisenia fetida, as evidenced by
increased levels of reactive oxygen species and
decreased levels of antioxidant enzymes.
Another study by He et al. (2022) showed that
exposure to PAHs led to DNA damage in
Eisenia fetida, as evidenced by increased
levels of DNA strand breaks. These
mechanisms can have significant impacts on
the health and survival of Eisenia fetida.
Despite the toxic effects of PAHs on several
cellular functions of Eisenia fetida, the
organism has been shown to increase the
removal of PAHs from soil, indicating its
potential use in bioremediation. Eisenia fetida
is widely used in ecotoxicology studies. It is a
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suitable model fauna for studying the effects
of PAHs on soil communities because it is
easy to culture, has a short life cycle, and is
sensitive to environmental stressors. Although
there are increasing evidences of PAHSs
toxicity to E. fetida, molecular mechanisms of
the toxic effects are still poorly understood.
Because Eisenia fetida are primarily
detritivores, relying heavily on enzymes for
digestion of cellulose and survival, the present
study explored the in-silico interaction of
endo-1,4-glucanase  (an  enzyme  that
hydrolyzes cellulose by breaking the p-1,4-
glycosidic bonds in cellulose molecules) with
some of the persistent PAHs. This is with a
view to understanding the molecular
mechanisms of PAHs toxicity to one of the
most essential enzymes that plays crucial role
in Eisenia fetida physiology and metabolism.
MATERIALS AND METHODS

Protein Structure Retrieval

The crystal structure of endo-1,4-glucanase
(Arimori et al., 2013) was retrieved from the
Protein Data Bank (PDB) under the accession
code 3WC3 (PDB ID: 3WC3). The structure
was chosen based on its relevance to the study
and quality of resolution. The retrieved protein
structure was processed using molecular
modeling software to prepare it for molecular
docking. Missing parameters including atoms,
residues, side chains and missing loops, were
verified and attached to their respective sites.
In  appropriate  molecular  orientations
(chirality) were identified, and disulfide bond
and steric clashes checked and corrected. With
the exception of water molecules near
substrate binding site or non-protein moieties,
other water molecules were removed to
optimize the protein structure and minimize
energy. Chimera, Swiss PDB Viewer and
Chiron energy minimization and refinement
tool were wused (Pettersen et al. 2004,
Ramachandran et al. 2011; Johansson et al.
2012). Figure 1 shows the 3D structure of the
3WC3 protein as retrieved from the PDB.
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Figure 1: The 3D structure of the enzyme Endo-1,4-glucanase (3WC3)

Ligand Preparation

Polycyclic Aromatic Hydrocarbons (PAHS)
used as ligands in this study were obtained
from PubChem and the 3D structures of PAHs
were generated and energy-minimized using
Schrédinger Suite (Bhachoo and Beuming,
2017). The ligands were converted into the

PDB format. The selected ligands were: Benzo
[a] pyrene (CID_2336), anthracene
(CID_31423), pyrene (CID_31423) and
Fluoranthene (CID_9154) as shown in Table 1
below and Figure 2 shows their structural 3D
structural representation.

Table 1: Polycyclic aromatic hydrocarbons retrieved from PubChem

S/IN  PubChem ID Compound Formula Number of Rings Molecular Weight
Name
1. CID_8418 Anthracene CuHio 3 178.233
2. CID_31423 Pyrene CigH1o 4 202.255
3. CID_9154 Fluoranthene CigHio 4 202.255
4, CID 2336 Benzo[a]pyrene CxoH1» 5 252.315
a. b. C. d.

Figure 2: The 3D structures of selected PAHSs to be used as ligands for the inhibition of 3WC3 a).
anthracene, b). pyrene c). fluoranthene d). benzo[a]pyrene

Physicochemical Analysis

All the selected PAHs were screened for
physicochemical properties to determine their
activities using Lipinski rule of seven
(Molecular weight, logarithms of partial
coefficient, hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA)) using
SwissADME as described by Isa et al. (2022).
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Toxicity Study

The ability of the ligands to induce toxicity
was evaluated using SwissADME (Daina et al.
2017). In addition to that, other exposure-
related sequelae such as cytochrome P450
(CYP450) inhibition, mutagenicity,
tumorigenicity, Ames toxicity, and
reproduction were also determined.
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Molecular Docking Analysis

Using AutoDock4.2, the molecular docking
analysis was carried out to determine the
binding  affinityof the  protein-ligand
complexes. The binding conformation would
help to show the 3WC3 and chosen ligands'
binding energies. Docking conditions and set
up were as described elsewhere by Isa et al.
(2022). There were a total of 10 runs, with a
population size of 150, a maximum generation
of 27,000, and a maximum evaluation of
2,500,000. The sum of the van der Waals
energy (AGygw), electrostatic energy (AGekc),
hydrogen bond and desolvation energy
(AGrpona),  final  total internal  energy
(AGeonform), torsional free energy (AGyy), and
unbound system energy (AGsoy) Was used to
calculate the free binding energy (AGpjng)-
RESULTS AND DISCUSSION

Investigation into the properties, activity and
interaction of four important PAHs was carried
out with a view to elucidating the molecular
basis of their toxicity. Results on the
physicochemical properties of the ligands
indicated that anthracene (CID_8418) and
benzo [a] pyrene (CID_2336) had the smallest
(178.22 g/mol) and largest (252.32 g/mol)
molecular weights respectively. On the other
hand, each of fluoranthene (CID_9154) and
pyrene (CID_32423) had 202.26 g/mol
molecular weight as shown in Table 2. The
size and complexity of PAHSs increase along
with their molecular weight. The bigger PAHs
like  benzo[a]pyrene (CID_2336) have
numerous fused rings, smaller PAHs like
naphthalene (CID_931) only have two fused
benzene  rings.  The  physicochemical
characteristics of PAHs are a function of their
size and molecular weights (Achten and
Andersson, 2005). Typically, low vapour
pressure, low water solubility, and high
melting and boiling points characterize the
majority of PAHSs. Since their resistance to
oxidation and reduction increases with
molecular weight, the water solubility and
vapor pressure tend to decrease as well (Eldos
et al., 2022). This renders most of the PAHs
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hydrophobic; soluble only in organic solvents.
Individual PAHs' physiochemical
characteristics influence their fate, behaviour,
and transit in different environments and
tissues. Based on their chemical characteristics
and environmental factors (such as
temperature), PAHs will migrate between
environmental matrices in very different ways.
As a result, their concentration varies from one
location to the next (Chen et al., 2020).

Similarly, as molecular weight is proportional
to molecular size, larger ligands can have
greater binding affinity if they can establish
multiple interactions with a protein during
ligand-protein complex formation. Smaller
ligands on the other hand, may have lower
binding affinity due to fewer interaction
opportunities (Carlson et al., 2008). In
addition, larger ligands may have a higher
probability of binding to multiple biological
targets due to their size and increased potential
for interactions, even though it may lead to
off-target effects and increased toxicity if
those unintended interactions result in adverse
biological responses (Ma et al., 2009).

Results in Table 2 also indicated that the
selected ligands are neither hydrogen bond
acceptors nor hydrogen bond donors and none
of the ligands has rotatable bonds also. This is
a good indication of the ligands’ stability and
rigidity respectively which may enable them to
form stronger and more specific bonds within
the protein’s active site. Although hydrogen
bonds play a crucial role in ligand-protein
complex formation, ligands that cannot form
hydrogen bonds may rely on other types of
interactions, such as hydrophobic interactions
or van der Waals forces, to bind to their target
proteins; which can affect the specificity and
strength of the ligand-protein interaction
(Chen and Kurgan, 2009). The conformation
of ligands without rotatable bonds is stable and
inflexible. Ligands in such complexes are
unable to modify their shape to fit various
binding sites or to a target molecule's structure.
As a result, the ligand can only successfully
bind to particular target sites that exactly fit its
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conformation. This is desirable especially if a
stiff ligand fits properly into the binding site, it
may have powerful binding interactions with
its target. A stable ligand-receptor complex
with potent non-covalent interactions like van
der Waals forces can be produced by the lack
of conformational flexibility (Tuffery and
Derreumaux, 2012). Studies have shown that
high specificity in binding interactions may be
facilitated by the stiffness of the ligand. The
ligand may show extremely high affinity and
selectivity for the target site if its form is a
perfect match (Lawson et al., 2018).

The molar refractivity ranged between 61.45
m*/mol in anthracene and 87.65 m%mol in
benzo [a] pyrene. Although fluoranthene
(68.38 m*/mol) and pyrene (70.15 m*/mol)
have similar molecular weight, their molar
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refractivity  differed.  Although  molar
refractivity (MR) is not a direct factor that
affects  ligand-protein  interactions,  its
relationship to the polarizability and size of a
ligand is a strong point of interest. As the
ligands have high MR, their solubility is
extremely low if at all they can be soluble in
aqueous substances. Solubility can impact how
well a ligand is distributed in a biological
system and its bioavailability, which can
indirectly affect its interaction with a protein
target (Papaneophytou et al., 2012). With the
exception of fluoranthene (-2.1841), the
remaining PAHs had -2.3575 as the value for
their drug likeness. This indicates that all the
ligands are capable of penetrating membrane
and readily available within biological system.

Table 2: Physicochemical properties of the selected PAHSs ligands

PubChem  Molecular Number Number Mol Drug Molar Rotatable
ID weight of of LogP likeness  refractivity bonds
(<700) HBA HBD =7
(9 =7
CID_2336  252.315 0 0 5.884 -2.3575 87.65 0.00
CID_8418  178.233 0 0 4.048 -2.3575 61.45 0.00
CID_9154  202.255 0 0 4513 -2.1841 68.38 0.00
CID 31423 202.255 0 0 4.689 -2.3575 70.15 0.00
Table 3: Pharmacokinetic analysis of the selected PAHSs ligands

S/No. PAHs CYP2D6 inhibitor Mutagens Tumorigens Reproducibility Irritant

1 CID_2336 Non Inhibitor High High High High

2 CID_8418 Non Inhibitor High High None High

3 CID_9154 Non Inhibitor High High None None

4 CID_31423 Non Inhibitor High High None High

Results in Table 3 show that all the ligands are
highly mutagenic and tumorigenic. With the
exception of fluoranthene, the remaining
PAHSs are highly irritating upon exposure also.
More so, the compounds are none reproducible
except benzo [a] pyrene, which is highly
reproducible. The pharmacokinetics of the
ligands indicates that they are toxic even in
human subject. With fragility and lack of
complex tissue organization in Eisenia fetida
like that of humans, the toxic effects of the
ligands on the invertebrate’s tissues may likely
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be more severe. In a recent study on acute and
chronic toxicity of grapheme oxide to Eisenia
fetida, serious damages in its skin and intestine
with increasing concentration was reported
(Duo et al., 2022). In addition, the growth and
reproduction of earthworms were significantly
inhibited after the exposure. Conversely,
results on the ability of the PAHs to inhibit
cytochrome P450 were all negative. This
however, did not preclude such possibility
because the CYP2D6 referred here is a
cytochrome of humans. It has been
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demonstrated that Eisenia fetida also has a al. (2021) showed that the CYP450 of Eisenia
specific cytochrome P450 which is been fetida could be readily disrupted by
expressed upon exposure to stress (Li et al., compounds such as enantiomers  of
2018). Its role in biodetoxification of hexaconazole (S-(+)-HEX) — an antifungal
perfluorooctane sulfonamide has recently been agent.

reported (Zhao et al., 2020). However, Liu et
Table 4: Docking scores and residues involved in bond formation

S/No. Compound  Docking score Residues Distance  Electrostatic Interaction
ID (Kcal/mol) involve in H- (A)
bonds

1 CID_2336 -5.15 0 0 Ser48, Leu47, Alal20,
Alal21, Leul23, 1le238,
Ser242

2 CID_8418 -4.31 0 0 Vall22, Leul23, 1le238,
Ser242, Leud7, Alal20,
Alal21

3 CID_9154 -4.63 0 0 Leud7, Ser242, 11e238,
Leul23, Vall22, Alal2l,
Alal20

4 CID_31423 -4.32 0 0 Ser242, Leul23, Vall22,

Alal2l, Leud7, Ser48

Molecular docking analysis shows that which was absent in CID_8418 and CID_9154
CID_2336 had the least free binding energy of which had Val122 instead. In CID_31423, the
-5.15 kcal/mol and fits to the active cavity of electrostatic interactions were at Leu47, Ser48,
3WC3 and stabilized by 7 electrostatic Alal21, Vall122, Leul23 and Ser242 as shown
interactions at Ser48, Leud7, Alal20, Alal21, in Table 4. These findings indicated that all the
Leul23, 11e238 and Ser242. The electrostatic PAHs are capable of inhibiting 3WC3.
interactions are van der Waals forces, Pi- Inhibiting endo-1,4-glucanase in Eisenia fetida
Sigma, Pi-Lone Pair and Pi-Alkyl interactions. can have serious negative consequences on the
The remaining PAHs had higher free binding organism, as this enzyme plays a crucial role
energies ranging between -4.63 kcal/mol and - in the earthworm's digestion and nutrient
4.31 kcal/mol. Each of the ligands however, absorption processes. This severely affects the
were stabilized by 7 electrostatic interactions earthworm's growth, reproduction, and overall
with the exception of CID_31423 which had health. Figure 3 and Figure 4 show the 3D and
only 6. In addition, all the ligands shared 2D interaction of the ligands to the 3WC3
similar amino acid residues except Ser48 enzyme respectively.
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C. d.
Figure 3: A 3D representation of residues involved in bond formation and electrostatic interactions of
the protein ligand complexes (a) benzo [a] pyrene (b) anthracene (c) fluoranthene (d) pyrene
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Figure 4: A 2D representation of the electrostatic interactions between the ligands and 3WC3 (a).
Benzo [a] pyrene (b). Pyrene (c). Fluoranthene (d). Anthracene

CONCLUSION

In deciphering the toxicity of Polycyclic
Aromatic Hydrocarbons on Eisenia fetida, the
results of the present study indicated that all
the selected PAHs are capable of inducing
toxicity to the organism. The findings
highlighted that the toxicity could be mediated
through multifaceted dimensions ranging from
the physicochemical properties of the
compounds, their biological activity and
ability to inhibit the activity of one of the
most-significant enzyme of Eisenia fetida. The
results indicated that the compounds were not
only toxigenic, but they were also highly
mutagenic and tumorigenic. Benzo [a] pyrene
could be more toxic considering its molecular
weight, drug-likeness and lower free binding
energy  during  protein-ligand  complex
formation. The findings underscored the
intricate mechanisms underlying the toxicity
of PAHSs to Eisenia fetida. As incorporation of
worms during vermiremediation is necessary,
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developing of PAHs carrier molecules is
essential in order to avoid the adverse effect of
the compounds on the population of worms
during remediation exercise.
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