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Abstract

The genus Grewia are well-known for their medicinal properties and are widely used in traditional remedies due to their rich
phytochemical composition and potential health benefits. This study isolated and characterized five endophytic fungi from Grewia
lasiocarpa E. Mey. Ex Harv. and evaluated their in vitro antibacterial and antioxidant activities. Five [Aspergillus fumigatus
(MK243397.1), A. fumigatus (MK243451.1), Penicillium raistrickii (MK243492.1), P. spinulosum (MK243479.1), Meyerozyma
guilliermondii (MK243634.1)] of the 22 isolated endophytic fungi had inhibitory activity (62.5-1000 pg/mL) against methicillin-
resistant Staphylococcus aureus (MRSA). The antioxidant activities were 66.5% and 98.4% for 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and ferric ion reducing antioxidant power (FRAP), respectively. In silico evaluation of the phytochemicals of the extract (containing
majorly n-hexadecanoic acid) was performed against penicillin-binding protein 2a (PBP2a) implicated in the broad clinical
resistance of MRSA to conventional beta-lactams. Molecular docking and molecular dynamic simulation analyses revealed
that the phytosterol constituents of the extract, especially dehydroergosterol (—46.28 kcal/mol), had good stability (4.35 A) and
compactness (35.08 A) with PBP2a relative to the unbound PBP2a and amoxicillin-PBP2a complex during the 100 ns simulation
period, reinforcing them as putative leads that may be developed as viable alternatives to beta-lactams against infections caused by
MRSA. However, the prediction that dehydroergosterol lacks oral bioavailability with poor water solubility suggests that it could
benefit from structural optimization for improved druggability. Hence, isolating and derivatizing dehydroergosterol for subsequent
evaluation against PBP2a in vitro and in vivo is highly recommended.

Abbreviations: A, active; BA, binding affinity; BS, bioavailability score; C, carcinogenicity; CY, cytotoxicity; CYP, cytochrome; GI-A, gastrointestinal absorption; H, hepatotoxicity; HB-A, hydrogen
bond acceptor; HB-D, hydrogen bond donor; I, inactive; IM, immunotoxicity; L, low; LD, lethal dose; Log Po/w, partition coefficient; M, mutagenicity; MS, moderately soluble; MW, molecular weight;
N, no; Pgp, permeability glycoprotein substrate; PS, poorly soluble; RT-B, rotatable bond; S, soluble; SA, synthetic accessibility; TC, toxicity class; VS, very soluble; WS, water solubility; Y, yes.
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1 | Introduction

Despite advances in modern medicine, infectious diseases remain
a leading cause of death in tropical countries [1]. The rise
of antibiotic-resistant strains, including methicillin-resistant
Staphylococcus aureus (MRSA), underscores the urgent need
for new antibacterial agents [2]. Medicinal plants continue to
gain therapeutic attention due to their long-term uses among
local communities to treat symptoms of diseases. Although
plant secondary metabolites have been explored in drug dis-
covery, existing evidence indicates that they often harbour sev-
eral microorganisms, collectively known as endophytes, which
remain an untapped natural source for drug discovery [3]. Thus,
exploring endophyte-derived natural products might increase
the likelihood of finding novel compounds in the treatment of
multidrug-resistant microorganisms.

Microorganisms, including actinomycetes, bacteria and fungi,
inhabit both plants and animals, where they can be either
pathogenic or beneficial [4]. Among these, endophytes are unique
class of microorganisms that reside within plant tissues without
causing harm, establishing a mutualistic relationship with their
host [5]. Endophytes are ubiquitous in nature, present in most
plants, with an estimated 300 000 plant species hosting them
[6]. The surge in the study of endophytic fungi is driven by their
potential to produce diverse natural products, some of which
have significant pharmaceutical and industrial applications [6,
7]. Endophytic fungi provide various benefits to their host plants,
including protection against herbivores and pathogens and aiding
in adaptation to environmental stressors in exchange for nutrients
[8]. These fungi produce a plethora of metabolites, many of
which have demonstrated antibacterial, anticancer, antidiabetic,
antifungal, antioxidant, antiviral and antileishmanial activities
[9]. Despite the extensive benefits and potential applications of
endophytes, there is paucity of information on those associated
with Grewia lasiocarpa E. Mey. Ex. Harv. It is an indigenous
Southern African plant which has remained understudied, likely
due to its endemic nature [10]. Notably, Aspergillus fumigatus
and Alternaria alternata are the only endophytic fungi previously
isolated from the genus Grewia [11], necessitating the need to
further explore the genus. G. lasiocarpa has been documented in
traditional medicine, especially in formulations used to address
complications during child birth [12]. Recent research has iden-
tified bioactive metabolites in the leaves and stem bark of G.
lasiocarpa [13]. Endophytes associated with this plant may serve
as abundant sources of novel phytochemicals with significant
therapeutic potential.

The survival of bacteria depends on the integrity of their cell
walls, which are synthesized by the penicillin-binding proteins
(PBPs). S. aureus possesses four inherent PBPs (PBP1, PBP2,
PBP3 and PBP4) [14]. However, mecA-encoded PBP2a (PBP2a)
is commonly found in MRSA and confers resistance to most
conventional beta-lactam antibiotics. Due to the essential role
of PBP2a in MRSA cell wall synthesis, which is crucial for
the survival of the organism, PBP2a represents an excellent
drug target for the identification of promising alternative beta-
lactams [14]. Hence, identifying active modulators of PBP2a
from endophytes such as those of G. lasiocarpa might help
in the fight against infections caused by MRSA. Hence, this
study isolated, characterized and evaluated the antioxidant and

antibacterial properties of secondary metabolites of fungal endo-
phytes in the leaves and stem bark of G. lasiocarpa. Although
in vitro study is an important phase in drug discovery, com-
putational studies such as molecular docking and molecular
dynamics (MD) simulation allow for rapid identification of lead
compounds in plants [15]. In addition to metabolite profiling
and evaluation of the antibacterial antioxidant properties in
vitro, the lead antibacterial compounds in endophytic extract of
G. lasiocarpa were computationally profiled against PBP2a of
MRSA.

2 | Materials and Methods

2.1 | Collection of Plant Material

Fresh and healthy plant materials (leaves and stem bark) of G.
lasiocarpa were used for the isolation of the endophytic fungi.
The plant was taxonomically identified and authenticated by
Dr. Syd Ramdhani, the herbarium curator for the University
of KwaZulu-Natal (UKZN), South Africa. A voucher specimen
denoted as ‘Nneka 002’ was deposited at the UKZN Herbarium.
The plant materials were collected from the Umdoni Trust Park,
Pennington, in winter and temporarily preserved in sterile air-
tight polythene bags to retain and increase humidity stored in an
icebox. The fresh materials were stored at 4°C and processed for
the isolation of the endophytic fungi within 72 h after collection.

2.2 | Preparation of Culture Media for Isolation of
Endophytic Fungi

2.2.1 | Chemically Synthesized Standard Culture Media
The media were used singly and supplemented with plant-based
aqueous extracts at different concentrations to observe the fungal
diversity that will be ensued. The fresh leaves and stem bark of
G. lasiocarpa were washed under running water and pulverized
using a Waring blender at a 1:10 (w/v) ratio of plant material to
distilled water. To obtain the plant extracts, the slurry was filtered
using a clean and sterile muslin cloth. Each of the plant extracts
was further diluted with distilled water (v/v) to concentrations
of 5%, 2.5% and 1.25% to formulate the malt extract agar (MEA),
potato dextrose agar (PDA) and bacteriological agar (BA) plant-
based agar cultures. Three commercial media were used, namely,
MEA (pH 4.7), PDA (pH 5.6) and BA (pH 7.1) (BioLAB), all made
up to 250 mL of sterile distilled water and autoclaved at 121°C
for 15 min. All the media were supplemented with 10 mg/mL
ampicillin and streptomycin 50 mg/mL.

2.3 | Isolation of the Endophytic Fungi

The method of Strobel and Daisy [16], with slight modifications,
was used for the isolation of the endophytic fungi from the leaves
and stem bark of G. lasiocarpa. The leaves and stem bark were
washed gently, under running tap water for about 2 min, followed
by another four times rinse. The plant organs were dried using an
absorbent paper and cut with a sterile scalpel into small pieces
of ca. 2-10 mm?. For the leaves, the margins were discarded,
and leaf pieces excised as described by Luginbiihl [17], three
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pieces from the lamina, two from the adjacent sides between the
mid-vein and the margin, and one from midway between the
petiole and the leaf base. For the stem bark, the photosynthetic
segments were used. The cut segments of the leaves and stem
bark were treated separately in pre-cleaned 250 mL beakers.
First, the tissues were treated with 0.1% Tween 20 (wetting agent
dispersant) for 5 min, and then an agitated sequential successive
immersion was carried out using 75% (v/v) ethanol for 5 min to
remove surface hydrophobic matters, dehydrate the pubescent on
the surfaces and allow easy infiltration of the sterilizing agent.
The tissues were then transferred to a beaker containing 2.5%
aqueous solution of sodium hypochlorite (NaOCl/NaClO) for
10 min to eliminate the remaining epiphytic microorganism(s)
present. Thereafter, re-dipped in 75% ethanol for 5 min and finally
rigorously rinsed thrice in sterile distilled water for 2 min to
remove residual sterilants and left to dry in sterile Petri dishes
under aseptic conditions in the hood to prevent air contamination
of the tissues [18]. The effectiveness of the surface sterilization
was checked by plating aliquots of about 0.1 mL of water from
the last rinse on each of the representative media used for the
experimental procedure [19]. The segments were placed on the
prepared solid agar. Three or more excised tissues were plated
directly and evenly spaced on sterilised Petri dishes (9 cm diam-
eter) on each of the prepared media, with a uniform thickness of
4 mm. The plates were sealed with parafilm and incubated in the
dark at 25°C-30°C. For the negative control, all steps mentioned
above were carried out without the surface sterilization of cut
segments and imprints of three randomly selected leaves, and
stem bark was made on each representative agar plate. A regular
3-day interval examination for emerging fungal hyphae from the
edges of plant tissues was carried out. To obtain pure cultures,
that is, morphologically similar hyphal tips (mycelia), the fungal
colonies were isolated and passed through rounds of subculture
on the same media without antibiotic because antimicrobial
agents inhibit certain fungi. The last subculture was obtained on
PDA media supplemented with antibiotics as above.

23.1 |
Isolates

Morphological Identification of Endophytic

Identification of isolated conidia-producing strains was carried
out using prior knowledge and microscopic examination of the
spores with lactophenol cotton blue stain for light microscopy.
Stereomicroscopy was used to view the macro-morphology of the
endophytic fungi [20].

2.4 | Cultivation and Secondary Metabolite
Extraction

A regular examination for emerging fungal hyphae from the
edges of plant tissues was conducted at 3-day intervals. To obtain
pure cultures of morphologically similar hyphal tips (mycelia),
the fungal colonies were isolated and subjected to multiple
rounds of subculturing on the same media without antibiotics, as
certain fungi are partially inhibited by antimicrobial agents. The
final subcultures of actively growing pure fungal cultures were
subcultured on PDA at 25°C + 2°C supplemented with antibi-
otics at concentrations of 10 mg/mL ampicillin and 50 mg/mL
streptomycin for 5 days [14]. Each of these selected pure fungal

endophytes was inoculated on cooked rice medium (10 g of rice in
20 mL of peptone water [0.5% peptone and 0.3% NaCl]) by placing
agar blocks of actively growing pure cultures (3 mm in diameter),
in a 250 mL Erlenmeyer flask, to ferment for 30 days at room
temperature in the dark [21].

This transfer was done in triplicates, whereas for the negative
control, an Erlenmeyer flask with the same volume of medium
but without the inoculum was also treated as described above.

Thereafter, the growth phase was finally arrested by the addition
of 50 mL of ethyl acetate into each biomass contained in the
Erlenmeyer flask and agitated gently in a rotary shaker (180 rpm,
incubated at 27°C + 3°C on a Labcon flatbed shaker for 72 h).
To obtain the intracellular metabolites, the biomass and fungal
extract mixtures were transferred into a separating funnel, with
the addition of 50 mL of distilled deionised water to remove
traces of starch, mixed vigorously for 10 min and allowed to
stand. The organic layer was used as the fungal extract, whereas
the extracted mycelia (cell fragments) obtained were discarded.
The two phases—ethyl acetate and medium (water phase)—were
transferred to centrifuge tubes and separated by centrifuging at
6000 rpm for 20 min at 17°C. The resulting organic layer was
evaporated to produce the ethyl acetate-concentrated extracts,
weighed and stored in glass vials.

2.5 | Chemical Composition of Extracts
2.5.1 | Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

The spectra of the ethyl acetate extracts of the 22 endophytic
fungi were obtained using FTIR spectroscopy on a Perkin-Elmer
FTIR using spectrum software version 6.1. The data of infrared
absorbance of a minute amount of the dried extract were recorded
over the wave number range of 4000-400 cm™' with a 4 cm™
resolution at 25°C + 2°C [22].

2.5.2 | Gas Chromatography-Mass Spectrometric
(GC-MS) Analysis

The GC-MS analysis of the ethyl acetate extracts of G. lasiocarpa
[GLANA (1-5)], with antibacterial properties, was conducted
using a GCMS-QP2010 Plus Shimadzu instrument coupled with
fitted a capillary chromatographic column of 30 m x 0.25 mm
ID X 0.25 ym film thickness of 5% phenylmethylsiloxane. The
instrument was set to an initial temperature of 50°C, maintained
for 1.5 min, then increased to 200°C at a rate of 4°C min~' and
increased up to 300°C at the rate of 10°C min~' held for 7 min.
The injector and interface temperatures were 240°C and 220°C,
respectively. The helium flow rate was 1.2 mL min~!, and 0.4 pL
of each of the extracts were solubilised and diluted (1/100) in
ethyl acetate (>99%, GC grade, Sigma-Aldrich). The solution was
further filtrated using a 0.22 pym filter, which was injected into the
‘split’ mode system. The mass spectral scan mode range was 40—
500 m/z, with a total running time of 37 min. The compounds
were identified by comparing their retention times and mass
spectra with the National Institute of Standards and Technology,
Washington, DC, USA, spectral database [13a].
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2.6 | InVitro Antibacterial Assay

The in vitro antibacterial activity of the ethyl acetate extracts of all
22 endophytic fungi was screened against six pathogenic bacteria
[two Gram-positive: MRSA (ATCC BAA-1683), S. aureus (ATCC
25923) and four Gram-negative: Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), Klebsiella pneumoniae
(ATCC 314588) and Salmonella typhimurium (ATCC 14026)]
using the agar well diffusion method described by Perez [23],
with slight modifications. The strains were maintained in 75%
glycerol at —80°C. Briefly, the extracts were dissolved in 10%
dimethyl sulphoxide using five dilutions of 1000, 500, 250, 125
and 62.5 pg/mL, whereas the standard drugs were 10 pg/mL of
gentamicin (Gram-negative) and streptomycin (Gram-positive),
which were used as the positive controls. The bacteria were
standardised at 625 nm to an OD concentration of 1 X 10% to
1 x 10° cfu/mL and seeded on Miieller-Hinton (MH) sterile
agar plates with a sterile cotton swab. In each of the plates, six
wells (6 mm diameter) were made using a sterile cork borer, and
then 100 pL of the five dilutions and the standard were added
separately to the well. The plates were incubated at 36°C for 18—
24 h, and the diameter of the zones of inhibitions was measured
in mm. The tests were conducted in triplicates, and data were
expressed as mean =+ standard deviation.

2.7 | InVitro Antioxidant Assay

The radical scavenging ability of the extracts was evaluated using
2,2’-diphenyl-1-picrylhydrazyl (DPPH) as described by Braca et al.
[24]. In triplicates, duplicates of 30 uL of the chemical, ranging
in concentration from 15 to 240 pg/mL, were pipetted into a 96-
well microplate. Thereafter, 150 uL of 0.3 mM DPPH solution
were added to each well and incubated for 30 min at 25°C in
the dark. The absorbance was measured at 517 nm, and the
free radical scavenging activity was expressed as a percentage of
the free radical’s inhibition. The standard utilised was ascorbic
acid. Plotting the percentage inhibition against the concentration
logarithmic scale allowed for the determination of the ICs,
from the inhibition curves. The following formula was used to
determine the scavenging ability of the pure compound:

Abs — Abs
DPPH scavenging activity (%) = ( °°‘X]°;S samvte) |10
control

where Abs o iS the absorbance of DPPH and methanol, and
ADS gumple 1S the absorbance of DPPH radical + sample (compound
or standard).

Ferric reduction activity potential (FRAP) of the extracts was
measured as described by Oyebode et al. [25]. Briefly, 50 uL of
the pure product at a concentration range of 15-240 pg/mL were
mixed with 100 uL of 1% potassium ferricyanide and 50 uL of 0.2 M
sodium phosphate buffer (pH 6.6). This was followed by 50 uL of
10% trichloroacetic acid, 50 uL of distilled water, and 10 uL of 0.1%
iron(IIT) chloride (FeCl;) added to each well of the microplate and
incubation at 50°C for 30 min. The absorbance was measured at
700 nm, and the results were calculated using the method to show
the fraction of the absorbance for the extracts to that of gallic acid:

% Inhibition = (Abs of sample/Abs of Gallic acid) x 100

where Abs is the absorbance.

2.8 | Isolation and Molecular Identification of the
Fungal Genomic DNA

The five fungal cultures with antibacterial activities were grown
on PDA and incubated at 35°C for 24-48 h. The deoxyribonucleic
acid (DNA) of the endophytic fungi was extracted using the ZR
Soil Microbe DNA MiniPrep kit (Zymo Research) according to
the manufacturer’s instructions and used as a template for the
polymerase chain reaction (PCR) assay.

2.8.1 | Detection and Confirmation of the Endophytic
Fungal DNA (GLANA 1-5) by PCR

The Universal Internal Transcribed Spacer (ITS) primers 4 and 5
(Table S1) were used to amplify the ITS fungal region, following
PCR of the five selected endophytic fungi. Each 25 uL PCR assay
mixture consisted of 2 uL. DNA solution, 8.5 uL of RNA nuclease-
free water, 12.5 uL of PCR master mix and 1 puL of each primer.
Amplification of the partial sequence of the 18S rDNA genes was
performed in a T100 Thermal Cycler (Biorad, USA) under the
following conditions: initial denaturation at 95°C for 2 min, 25
cycles of denaturation at 95°C for 30 s, annealing at 53°C for 45 s
and elongation at 72°C for 8 min. A final elongation step was
performed at 72°C for another 8 min.

The amplified DNA fragments of the five endophyte samples were
analysed by electrophoresis on a 1.5% agarose gel (SeaKem Gold
agarose (FMC BioProducts)), and the products were visualised
after staining the gel with ethidium bromide (0.5 ug/mL) using
the Chemigenius Bioimaging System (Syngene, England). This
analysis revealed the purity and the length of the amplicons
(Figure S1). The concentration of the extracted fungal DNA was
determined using the NanoDrop 1000 spectrophotometer. The
sequenced products as obtained from Inqaba (Inqaba Biotechni-
cal Industries (Pty) Ltd., South Africa) were aligned with DNA
sequences in GenBank database using BlastN programme Basic
Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) [26].

2.8.2 | Phylogenetic Analysis

The endophytic fungi sequences were deposited in National
Center for Biotechnology Information (NCBI) and were given
accession numbers. The phylogenetic analysis was carried out
by comparing several DNA sequences from the BlastN result in
Molecular Evolutionary Genetics Analysis version 7 (MEGA?7)
software by neighbour-joining tree method [27].

2.9 | Computational Analysis
2.9.1 | PBP2a Acquisition, Optimization and
Identification of Active Sites

The experimental crystal structure of PBP2a from S. aureus
(PDB ID: 6H50) was sourced from the Protein Data Bank (PDB)
(https://www.rcsb.org). This structure was refined using UCSF
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FIGURE 1 | Docking protocol validation via superimposition of the docked top-hit compounds with the experimental native inhibitor at the active
sites of 6H50. The docked experimental inhibitor (black), reference standard amoxicillin (green), and top-hit compounds [triphenyl phosphate (purple),
ergosta-4,6,8 (yellow), ergosterol (blue), 3-sitosterol (brown), and dehydroergosterol (red), 4-azaphenanthrene (pink)] all had an RMSD of 3.0 A from

the experimental native inhibitor suggesting partial binding orientation of the docked compounds and the experimental native inhibitors.

Chimera v1.15, which involved removing water molecules and
nonstandard amino acids. Subsequently, the x-y-z coordinates
and active site amino acid residues were defined using Discovery
Studio version 21.1.0, in accordance with previously reported
methods and validated through literature [28].

2.9.2 | Ligand Acquisition, Preparation and Molecular
Docking at the Active Site of PBP2a

The compound library and amoxicillin were sourced from Pub-
Chem (https://pubchem.ncbi.nlm.nih.gov/). Prior to molecular
docking, the ligands (library of compounds and amoxicillin) were
optimized using the Open Babel tool in Python Prescription
(PyRx) v.0.9.5 by adding Gasteiger charges. Molecular docking
was performed at the active site of PBP2a using the AutoDock
Vina plug-in on PyRx v.0.9.5. The active site was targeted by
selecting critical residues with grid box coordinates matching
the x—y-z coordinates obtained from Discovery Studio. The top
six compounds with the highest negative docking scores were
identified, and the docking complex with the best conformation
for each ligand-protein interaction was saved in PDB format for
further MD simulation. Docking conformations were validated
using superimposition techniques, with the root mean square
deviation (RMSD) calculated for the top six docked compounds
and amoxicillin against the native inhibitor of PBP2a [29], with

the RMSD calculated for the top six docked compounds and
amoxicillin against the native inhibitor of PBP2a (Figure 1).

2.9.3 | MD Simulations and Post-Simulation Analysis of
Top Six Compounds

A 100-ns MD simulation of each of the resulting complex for
the top six compounds, amoxicillin and apo-PBP2a was per-
formed using the AMBER 18 package of the in-house Programme
HEALI1361 of the Centre for High Performance Computing
(CHPC), Cape Town, South Africa, employing the FF18SB variant
of the AMBER force field. Atomic partial charges of the ligands
were created using the ANTECHAMBER tool with the general
AMBER force field (GAFF) and restrained electrostatic potential
(RESP) approaches. The AMBER LEaP module assigned the pro-
tonation states, ensuring accurate assignment for each amino acid
residue using Na*, hydrogen atoms and C1~ counter ions. Residue
numbering from 1 to 658 was performed, and the systems were
immersed in an orthorhombic box of TIP3P water molecules,
ensuring that each atom was within 8 A of any box edge.

Each system, including the top hit compounds, amoxicillin and
apo-PBP2a, underwent initial equilibrium (2000 steps) with a
500 kcal/mol restriction potential. This was followed by 990
steps using the steepest descent technique and conjugate gradient
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method, and then 990 steps of unrestricted minimization using
the conjugate gradient approach [30]. Heating simulations were
performed over 50 ps, gradually increasing from 0 to 300 K while
maintaining a constant number of atoms and volume, with a
harmonic constraint of 10 kcal/mol on solutes and a collision
frequency of 1.0 ps.

Each system was equilibrated for approximately 500 ps at a
constant temperature of 300 K. The SHAKE method was used
to restrict hydrogen bonds, with each system employing a
randomized seeding and a 2 fs step size, corresponding to the
isobaric-isothermal ensemble (NPT). Simulations maintained a
constant pressure (1 bar) and temperature (300 K), using a
Langevin thermostat to control the collision frequency at 1.0 ps
and a pressure-coupling constant of 2 ps. Post-simulation analysis
involved collecting system coordinates and trajectories using the
PTRAJ module and analysing RMSD, root mean square fluctu-
ation (RMSF), radius of gyration (ROG) and solvent accessible
surface area (SASA) with the CPPTRAJ module, plotting the
results with Origin v 6.0 [30].

Binding free energy (AGy;,;) was determined using 120 000
snapshots (at 1.0 ps intervals) from the 120 ns MD simulation
trajectory, using the MMGBSA technique and the following
equations:

AGbind = Gcomplex - (Greceptor + Gligand) (1)
AGbind =-TS+ (Gsol + Egas) (2)

Ee]e + Eint + Evdw = Egas (3)

—(Ggp — Gsa) = Gl €y

7.SASA = G, 5)

where E,, is the gas-phase energy, Ej,, is the internal energy, E
is the Coulomb energy, E, 4, is the van der Waals energy, G, is the
solvation-free energy from polar state, Gg; is the solvation-free
energy from the polar and non-polar states, S is the total entropy,
and T is the temperature.

2.9.4 | Pharmacokinetic and Physicochemical
Prediction of Top Six Compounds

The pharmacokinetics, physicochemical properties and drug-
like characteristics of the top six compounds were predicted
using their SMILES (Simplified Molecular Input Line Entry
System) representations through the SwissADME web tool
(http://swissadme.ch/index.php). These predictions were sub-
sequently validated with the Molinspiration toolkit (https://
www.molinspiration.com/cgi-bin/properties). Additionally, the
toxicity properties of the compounds were assessed using the
Protox IT web server (https://tox-new.charite.de/protox_II/).

3 | Results and Discussion

3.1 | Morphology of the Selected Endophytes

A total of 573 endophytic fungi were isolated from 309 segments
of the fresh, healthy leaves and stem bark of G. lasiocarpa.
This generated 22 relatively common endophytic fungi that were
morphologically selected and isolated from the leaves and stem
bark (Figure 2A-E).

3.2 | Antibacterial Activity of the Endophytic
Fungal Extracts

In this study, out of the 22 endophytic fungi extracts analysed,
17 showed no inhibitory effect on the tested bacterial strains.
Six clinical isolates of human pathogenic bacteria were tested,
and four endophytes exhibited a bacterial-specific activity against
MRSA, and only GLANA3 extract showed an inhibitory effect
against S. qureus (Table 1). The sensitivity of the test organisms
to the GLANALI-5 extracts was measured by zones of inhibition
with a range between 17.3 and 6.5 mm. The fungal endophyte
(GLANAI1) gave the maximum inhibition zone (17.3 mm) against
MRSA. The extracts significantly inhibited the growth of MRSA
(ATCC BAA-1683) but were not effective against P. aeruginosa
(ATCC 27853), S. typhimurium (ATCC 14026), K. pneumonia
(ATCC 314588) and E. coli (ATCC 25922). The GLANA3 extract
showed significant antibacterial activity against S. aureus (ATCC
25923). This implies that the presence of one or a group of
phytocompound(s) may have influenced this inhibition against
S. aureus. Generally, the strain bacterial inhibition specificity is
in correlation with a previous finding [13a], where the highest
inhibition (30%) was with the drug-resistance bacteria (MRSA
and S. aureus), thus confirming that the mutually symbiotic rela-
tionship exhibited by endophytic fungi with their host plant facil-
itates the biosynthesis of similar phytocompounds/derivatives or
phytocompounds with similar antibacterial properties.

The antibacterial activity of endophytic fungi isolated from plants
has also been reported [31]. Although GLANA1 and GLANA2
are derived from the same species, their differing antibacterial
activities suggest that molecular variations between the two
may lead to distinct phytometabolite production. The hexane,
methanol and chloroform extracts and an isolated compound
(lupeol) from G. lasiocarpa have been observed to have antibac-
terial activities against some clinical bacterial strains [13a, 32].
This suggests that the extracts from GLANAIL and 2 either
lack bioactive phytocompounds or the concentrations used were
relatively low. Consequently, the observed bacterial inhibitions by
the five extracts are considered significant.

3.3 | Phytochemical Profile of the Ethyl Acetate
Extracts
3.3.1 | FTIR Spectra of Fungal Endophytes

The extracts of the 22 fungal endophytes were subjected to
FTIR analysis, which revealed the presence of alkanes (C—H
stretch) and unsaturated aldehyde groups (C=0) which showed
as the major collective peaks at 2908-2838 and 1710-1685 cm™,
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(A-E) Morphology of the five endophytic fungi from the leaves and stem bark of Grewia lasiocarpa E. Mey. Ex Harv. with

antibacterial activity. GLANA1 = Aspergillus fumigatus (MK243397.1), GLANA2 = Aspergillus fumigatus (MK243451.1), GLANA3 = Penicillium
spinulosum (MK243479.1), GLANA4 = Penicillium raistrickii (MK243492.1) and GLANAS = Meyerogyma guilliermondii (MK243634.1).

TABLE 1 |
lasiocarpa E. Mey. Ex Harv. leaves and stem bark.

Antibacterial activity (zone of inhibition, diameter in mm) of the GLANA (1-5) ethyl acetate extracts of endophytic fungi from Grewia

Bacterial strain: methicillin-resistant Staphylococcus aureus

Fungal strain 1000 pg/mL 500 pg/mL 250 ug/mL 125 pg/mL 62.5 ug/mL Control 10 pg/mL
GLANA1 17.33 £ 1.15 16.33 +1.15 10.33 £3.51 6.50 + 0.50 6.50 + 0.00 12.67 + 2.52
GLANA2 16.67 + 2.52 10.83 +1.76 6.50 + 0.00 R R 13.00 + 3.46
GLANA3 17.67 £ 1.53 12.330 +1.53 833+ 115 6.67 + 0.29 6.50 + 3.75 17.67 £ 4.04
GLANA4 11.00 + 0.00 10.00 + 0.00 6.50 + 0.00 6.50 + 0.00 6.50 + 0.00 21.67 £ 1.15
GLANAS5 6.50 + 0.00 6.50 £ 0.00 6.50 + 0.00 6.50 £ 0.00 6.50 + 0.00 18.33 + 2.08
Bacterial strain: Staphylococcus aureus
GLANA3 15.00 = 1.00 12.33 + 0.58 11.00 + 0.00 8.67 = 0.58 7.83 +1.26 18.00 £1.73

Note: All other extracts showed no inhibitory activity against all the tested six bacterial strains. (n = 3): Control: streptomycin. GLANA1 = Aspergillus fumigatus
(MK243397.1), GLANA2 = Aspergillus fumigatus (MK243451.1), GLANA3 = Penicillium spinulosum (MK243479.1), GLANA4 = Penicillium raistrickii (MK243492.1),

and GLANAS = Meyerozyma guilliermondii (MK243634.1).
Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; R, resistant.

respectively (Figure S2). The FTIR overlay of the five endo-
phytic fungi (GLANAI-5) was also done (Figure 3). A com-
parison of the peaks did not show a significant difference
(Figure S2).

The FTIR analysis revealed the presence of lipids, of which
fatty acids are components, and other metabolites in the extracts
of GLANAI-5. These fatty acids have characteristically strong
absorption bands arising from C—H stretching vibrations of lipids
around 3100-2800 cm™ [33]. The metabolites such as phenol,
3,5-bis(1,1-dimethylethyl), squalene, hexadecanoic acid and cis-
vaccenic acid are present in the ethyl acetate extracts, which
have diverse biological activities such as anti-inflammatory,
immunosuppressant, antimicrobial and anticancer [34]. All the
extracts are rich in fatty acids and fatty acid-derived compounds.
Although both flavonoids and phenols are present in the extracts,
the antioxidant activity was significantly low. This may be
due to the low concentration of these compounds and the
high percentage of other non-antioxidant compounds. In addi-
tion, phenolic compounds are good antifungal and antibacterial
agents [35].

3.3.2 | GC-MS Profile

The results of the GC-MS analysis of the ethyl acetate
extract of the five sequenced endophytic fungi are presented
in Tables S2-S6. Hexadecanoic acid, ethyl ester, methyl 8-
heptadecenoate, griseofulvin and oxacycloheptadec-8-en-2-one,
(82)3 were amongst the major compounds in the five fun-
gal extracts. Most of the extracts were found to have a high
concentration of n-hexadecanoic acid, recognized for its antibac-
terial properties. Additionally, the GC-MS analysis revealed this
compound as a key ingredient present in all five extracts demon-
strating antibacterial activity. The high concentration of this
long-chain saturated fatty acid might contribute to the inhibitory
activity against Gram-positive bacteria [36]. The presence of n-
hexadecanoic acid has also been reported in Aspergillus species
[37]. Additionally, the high percentage of griseofulvin in Peni-
cillium raistrickii (MK243492.1) suggests it as a potential source
of an antifungal agent [38], warranting further investigation
into its antifungal properties. Therefore, these endophytic fungi
present promising alternatives for the large-scale production
of antibiotics and antifungal drugs. However, endophytes may
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exhibit different behaviours in a bioreactor, including variations
in the production of bioactive constituents. Phenolic compounds
are broadly categorised into two, namely, flavonoids and non-
flavonoids [39]. In addition, phenolic compounds are good
antifungal and antibacterial agents [40].

The GC-MS results of these extracts suggest that the low antiox-
idant activity might be due to the chemical composition of the
extracts. The query sequence of similarity values from the 18S
rRNA stretch BLAST of the isolates and other phylogenetic sisters
showed values of 100% identity and >99% query cover for GLANA
1-5. Therefore, using morphological and molecular genetics,
GLANA 1 and 2 were identified as A. fumigatus, GLANA 3 as
Penicillium spinulosum, GLANA 4 as P. raistrickii, GLANA 5 as
Meyerozyma guilliermondii. The genetic divergence of the isolated
endophytic fungi phylogenetic analysis suggests a slow-evolving
genomic island; thus, accessory chromosomes and chromosomal
rearrangements have a role to play in the observed diversity
[41]. Although 22 endophytic fungi were isolated from the leaves
and stem bark of G. lasiocarpa, only five exhibited antibacterial
activities. The endophytic fungi, A. fumigatus (GA-L7), have also
been isolated from Grewia asiatica L. [11c].

Furthermore, bio-active and novel compounds have been derived
from A. fumigatus [42], P. raistrickii [43], P. spinulosum [44]
and M. guilliermondii [45]. This may suggest that several novel
compounds produced by plants endophytic fungi are yet to be
discovered. However, this is the first report on the presence of
P. spinulosum, P. raistrickii and M. guilliermondii in the genus
Grewia, the antibacterial and antioxidant activities of the five
isolates.

3.4 | Antioxidant Activity

Studies have explored the antioxidant potential of fungal [46]
and plant metabolites with varying results [46, 47]. Certain
substances from fungal strain, such as Antrodia cinnamomea,
have demonstrated higher free radical scavenging than syn-
thetic antioxidants, indicating their potential as antioxidants
[48]. Antioxidant qualities have been shown by marine-derived
fungi; in several tests, certain species showed activity that is
equivalent to that of ascorbic acid [49]. Natural antioxidants
for industrial use have possible sources from lignicolous fungi,
especially Ganoderma species [50]. Not all fungal metabolites
exerted appreciable antioxidant action.

The extracts exhibited an insignificant antioxidant activity com-
pared with the standard drugs, namely, ascorbic and gallic acids
(Data not shown). The highest inhibition (%) was observed
in gallic acid in DPPH (66.54%) and FRAP (98.40%) assays,
whereas all the fungal extracts were less than 10%. A comparison
with the standards revealed that several of the extracts were
not dose-dependent (Data not shown); thus, the ICs, values of
such were not determined. A similar observation was reported
in the study on endophytic fungi from Jatropha curcas where
they found that although some fungal strains showed promising
antioxidant properties, others displayed minimal activity [51].
These findings suggest that the antioxidant potential of fungal
metabolites varies considerably among species and extraction
methods.

3.5 | Registration of Sequences

The ITS sequences from GLANAL (derived from the leaves),
GLANA?2 (derived from the stembark), GLANA3 (derived from
the leaves), GLANA4 (derived from the stembark), and GLANAS5
(derived from the stembark) were compared with GenBank
database. From the morphological and molecular genetics of the
five endophytic fungi, A. fumigatus (MK243397.1) was identified
as GLANAL, A. fumigatus (MK243451.1) as GLANA2, P. spinu-
losum (MK243479.1) as GLANAZ3, P. raistrickii (MK243492.1) as
GLANA4 and M. guilliermondii (MK243634.1) as GLANAS. These
identifications were the closest match in a pairwise similarity to
three genera (Figure 4).

3.6 | Phylogenetic Profile

The phenogram revealed the phylogenetic distances of fungi
with homologous DNA sequences with those obtained in our
study (Figure 4). These phenograms revealed that great diver-
sity exists among the endophytes from our research and other
closely related fungi sequences. However, a lower diversity
(%) was observed among our five sequenced endophytic fungi
(Figure 4).

3.7 | Molecular Docking of Metabolite of
Endophytic Fungi Isolated From G. lasiocarpa
Against the Active Site of PBP2a of S. aureus

Due to the effectiveness of endophytic fungi extracts on MRSA
relative to other organisms in vitro, docking of all 69 profiled
metabolites from the extracts was done against PBP2a. MecA-
encoded PBP2a is found in MRSA, and its presence enables
resistance in the organisms as they can facilitate cell wall
production even after other native PBPs are inactivated [14].
In this study, the 69 profiled metabolites had docking scores
ranging from —2.8 to —8.7 kcal/mol against PBP2a, with dehy-
droergosterol 3,5-dinitrobenzoate achieving the highest negative
docking score (Table 2). Relative to amoxicillin (—7.0 kcal/mol),
all the top-ranked metabolites had higher negative docking
scores, suggestive of their better binding orientation and fitness
at the binding pocket of PBP2a. Docking validation at the native
inhibitor binding position of PBP2a (6H50) showed that all the
top-ranked compounds and amoxicillin had an RMSD value of
3.0A (Figure 1) from the native inhibitor of PBP2a. An RMSD of
less than 2 A indicated a comparable binding conformation [52].
Thus, the observation of 3.0 A RMSD in this study for the docked
complexes might suggest partial binding orientation as the native
inhibitor of PBP2a. Moreover, the top-ranked metabolites were
observed to interact with key amino acid residues such as Ser403,
Ser462 and Ser602 (Figure 1), as reported in prior studies as critical
for PBP2a inactivation [53].

3.8 | Thermodynamics Binding Free Energy of
Top-Ranked Metabolites Against PBP2a

The thermodynamic binding free energy of the top six compounds
against PBP2a was assessed after 100 ns MD simulation. Binding
free energy measures the free energy differences between the
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FIGURE 3 | Overlay of the Fourier transform infrared spectroscopy (FTIR) spectra of the five-bioactivity directed selected endophytic fungi
from the leaves and stem bark of Grewia lasiocarpa E. Mey. Ex Harv. GLANAL = Aspergillus fumigatus (MK243397.1), GLANA2 = Aspergillus
fumigatus (MK243451.1), GLANA3 = Penicillium spinulosum (MK243479.1), GLANA4 = Penicillium raistrickii (MK243492.1) and GLANAS5 = Meyerozyma

guilliermondii (MK243634.1).
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FIGURE 4 |

Phylogenetic tree depicting the genetic relationship between all five Aspergillus fumigatus (MK243397.1), Aspergillus fumigatus

(MK243451.1), Penicillium spinulosum (MK243479.1), Penicillium raistrickii (MK243492.1) and Meyerozyma guilliermondii (MK243634.1) strains
(GLANAL-5) from this study and closely related fungal DNA sequences obtained from NCBI. Bootstrap consensus tree generated by Bootstrap test

phylogeny using neighbour-joining (N-J) method of MEGA 7 Software.

bound and completely unbound states during MD simulation
[54]. Lower binding free energy indicates higher binding
affinity of the compounds to the receptor. Among the top six
compounds, dehydroergosterol, 5-sitosterol, ergosterol, ergosta-
4,6,8(14),22-tetraen-3-one and triphenyl phosphate with —46.28,
—46.08, —36.07, —24.54 and —30.78 kcal/mol, respectively, had
lower binding free energy relative to the reference standard,
amoxicillin (—21.54 kcal/mol). This observation could suggest the

better affinity of the top-ranked compounds and most especially
dehydroergosterol as modulators of PBP2a (Table 3). The binding
free energy observed for dehydroergosterol, ergosterol, and
B-sitosterol in this study is lower than that reported by prior
study from the screening of all known phenolics against PBP2a
(between —19.08 and —25.61 kcal/mol) [55], suggestive of the
better potential of this class of compound (phytosterol) as
modulators of PBP2a.
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TABLE 2 | Dockingscores of top six metabolites from Grewia lasiocarpa E. Mey. Ex Harv. endophytic fungi extract against penicillin-binding protein
2a (PBP2a).
Docking score
S/N Source endophyte (kcal/mol) Compound
1 GLANAZ2: Aspergillus -7.4 4-Azaphenanthrene, 1,2-dimethyl-4-phenylethynyl-
fumigatus (MK243451.1) Conformer3D_COMPOUND_CID_136370
2. GLANAA4: Penicillium -8.7 Dehydroergosterol 3,5-dinitrobenzoate
raistrickii (MK243492.1) Conformer3D_COMPOUND_CID_21159991
3. GLANAA4: Penicillium -7.4 B-Sitosterol
raistrickii (MK243492.1) Conformer3D_COMPOUND_CID_222284
4. GLANAA4: Penicillium -7.8 Ergosterol
raistrickii (MK243492.1) Conformer3D_COMPOUND_CID_444679
5. GLANAA4: Penicillium -7.2 Ergosta-4,6,3(14),22-tetraen-3-one
raistrickii (MK243492.1) Conformer3D_COMPOUND_CID_6441416
6. GLANAS: Meyerogyma =71 Triphenyl phosphate
guilliermondii (MK243634) Conformer3D_COMPOUND_CID_8289
Standard reference drug -7.0 Amoxicillin
Conformer3D_COMPOUND_CID_33613
TABLE 3 | Energy components (kcal/mol) profiles of amoxicillin (reference compound) and the top six compounds against the active site of

penicillin-binding protein 2a (PBP2a).

Energy components (kcal/mol)

Complex AE 4w AE . AGy,, AGggy AGyina

PBP2a_amoxicillin —22.30 +7.99 —74.82 + 26.03 —97.12 + 28.39 75.58 + 23.67 —21.54 £ 6.59
PBP2a_4-azaphenanthrene —6.18 +9.22 —24.28 + 32.47 —30.46 +39.93 26.35+34.73 —4.10 + 6.57
PBP2a_beta-sitosterol —49.76 + 3.06 —2.05+4.50 —52.24 +5.16 6.15 + 3.85 —46.08 + 3.59
PBP2a_dehydroergosterol —50.00 + 7.38 —2.97 +2.58 —60.48 + 8.93 14.20 + 3.14 —46.28 +7.73
PBP2a_Ergosta-4,6,8 —31.77 + 6.14 —1.08 £ 2.98 —32.86 £ 6.63 8.31+3.28 —24.54 + 5.50
PBP2a_ergosterol —40.45 + 4.60 —5.99 +6.59 —46.45 + 8.65 10.37 +£5.29 —36.07 + 5.07
PBP2a_Triphenyl phosphate -36.29 +3.71 —16.91 + 5.10 —53.21 + 6.60 2243 +3.71 —30.78 + 4.32

Note: AE 4y, van der Waals energy; AE, electrostatic energy; AGg,, gas phase free energy; AG,,, solvation free energy; and AGyyq, total binding free energy.

3.9 | Thermodynamic RMSD, ROG, RMSF and
SASA of Top-Ranked Metabolites Against PBP2a
3.9.1 | RMSD Analysis

The RMSD measures the average deviation between the positions
of atoms in a molecule over time, relative to a reference structure
[56]. In this study, the RMSD for PBP2a and its complexes with
the top six compounds, as well as the standard amoxicillin,
were analysed over 100 ns (Table 4). Following equilibration
of all the systems at 10 ns, both the bounded and unbounded
systems took different routes that influenced their average RMSD
value (Figure 5). The unbound PBP2a had the highest RMSD
value (6.85 A) among all the investigated systems, suggesting
significant structural changes in the apo-protein during the
MD simulation. However, when complexed with the top-ranked
compounds [4-azaphenanthrene (5.76 A), f-sitosterol (5.53 A),
ergosterol (5.80 A), dehydroergosterol (4.35 A), ergosta-4,6,8
(4.84 A) and triphenyl phosphate (3.20 A)] and amoxicillin

(Table 4), significant reduction in RMSD value was observed,
pinpointing the enhanced thermodynamic stability instigated by
the top-ranked and amoxicillin in PBP2a. The lowest RMSD
value was observed with PBP2a_triphenyl phosphate (3.20 A),
suggestive of the advantage of triphenyl phosphate as modulator
of PBP2a that would result in the least conformational changes
following binding. Dehydroergosterol with the highest binding
free energy in this study is also causing enhanced stability
following binding PBP2a, which is a plus to its potential as a
suitable PBP2a modulator.

3.9.2 | ROG Analysis

The ROG describes the compactness of a protein structure.
Lower ROG values imply a more compact structure, whereas
higher values indicate a more expanded one [15]. The ROG plot
showed the overall compactness and folding of all the systems
relative to the reference standard and the apo-PBP2a, and all the
complexes formed against PBP2a by the top six compounds were
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TABLE 4 | Average RMSD, ROG, RMSF, SASA, and intramoledcular-hydrogen-bond number and distance values of the top six compounds
following a 100 ns simulation at the active site of PBP2a for Staphylococcus aureus.

Dynamics
Complex RMSD (A) RoG (A) RMSF (A) SASA (A) No. of H-bonds
PBP2a 6.85+ 1.18 35.37 + 0.45 2.26 + 0.91 26786.05 + 473 321.24 +12
PBP2a_amoxicillin 4.07+ 115 37.57+0.29 2.65+1.24 27484.50 + 458 321.44 +12
PBP2a_4-azaphenanthrene 5.76 + 0.93 34.78 + 0.49 2.52 +2.31 26034.48 + 757 32115+ 12
PBP2a_ beta-sitosterol 5.53 + 1.96 35.23 +1.02 3.36 +1.66 25841.49 + 553 32543 +12
PBP2a_ dehydroergosterol 435+ 0.81 35.08 + 0.46 2.49 + 3.22 25511.55 + 851 320.83 +11
PBP2a_ Ergosta-4,6,8 4.84 + 1.30 35.08 + 0.57 2.80 +1.36 26152.64 + 417 32217 + 12
PBP2a_ ergosterol 5.80 + 1.69 34.47 + 0.95 3.07 £ 141 25930.48 + 541 32230+ 11
PBP2a_Triphenyl phosphate 320+ 0.76 35.90 + 0.38 2.63 +1.29 26318.30 + 410 318.97 + 11

PBP2a = Penicillin-Binding Protein 2a; RMSD = Root Mean Square Deviation; ROG = Radius of Gyration; RMSF = Root Mean Square Fluctuation; SASA = Solvent
Accessible Surface Area.
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FIGURE 5 | Comparative root mean square deviation (RMSD) plots of the alpha-carbon, the top six compounds, as well as the standard amoxicillin
against the active site of penicillin-binding protein 2a (PBP2a) of Staphylococcus aureus over a 100 ns molecular dynamic (MD) simulation period. These
figures assess the stability of these top six compounds within the active site of PBP2a, compared to the reference standard and the alpha-carbon of PBP2a
itself. Overall, the comparison shows that all the compounds maintain stability with only minor fluctuations.

observed to be compact (Figure 6). Although other complexes that PBP2a adopted a more expanded structure when bonded
were folding, amoxicillin-PBP2a was unfolded especially between =~ with amoxicillin. The lowest average ROG value was observed
15 and 100 ns of the MD simulation period. Consequently, with ergosterol (34.47 A) (Table 4), suggesting that ergosterol
relative to the apo-PBP2a (35.37 A), PBP2a complexed with  binding significantly tightened the PBP2a structure, making it
amoxicillin (37.57 A) had the highest ROG value, indicating  more compact.
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FIGURE 6 | Comparative radius of gyration (ROG) plots of alpha-carbon, the top six compounds and standard (amoxicillin) against the active site

of penicillin-binding protein 2a (PBP2a) of Staphylococcus aureus over 100 ns molecular dynamic (MD) simulation period. The figure reflects the overall
compactness and folding of the PBP2a complexed with the top six compounds compared to that of the reference standard and the alpha-carbon of PBP2a.

Relative to the reference standard and the alpha-carbon of PBP2a, all the complexes formed against PBP2a by the top six compounds were observed to

be compact. Although other complexes were folding, amoxicillin-complex (red) was unfolded especially between 15 and 100 ns of the simulation period.

3.9.3 | RMSF Analysis

The RMSF of PBP2a complexes measures how different ligands
affect the flexibility of PBP2a amino acid residues over 100 ns
MD simulation [56]. Significant increases in residue movement
were observed between 1 and 250 amino acid residues of PBP2a,
indicating weaker intramolecular bonding within this region
(Figure 7). Interestingly, the active site residues noted in Figure 1
were observed to be outside the region of higher residue fluctua-
tions, meaning stronger intramolecular binding between adjacent
residues and intermolecular binding between PBP2a residues
and the top-ranked ligand and amoxicillin during the 100 ns
MD simulation. PBP2a complexed with S-sitosterol (3.36 A) and
ergosterol (3.07 A) had the highest RMSF values, indicating
potential destabilization due to significant residue movement
(Table 4). PBP2a complexed with other top-ranked compounds
and amoxicillin exhibited moderate RMSF values that is <3 A
limit for good deviation indicating stable dynamic in PBP2a
following binding PBP2a. Dehydroergosterol (2.49 A) having <3 A
RMSF value also highlights its potential as modulator of PBP2a
further corroborating other thermodynamic analyses conducted
in this study.

3.9.4 | SASA Analysis

The SASA measures the surface area of a protein that is accessible
to solvent [57]. Higher SASA values indicate greater surface area
exposure, whereas lower values suggest more compact or buried
structures. Relative to apo-PBP2a, all the complexes formed
against PBP2a by the top six compounds were observed to be
compact (Figure 8). Similar to the ROG findings, although other
complexes maintained their folded structures, the amoxicillin-
PBP2a complex exhibited unfolding, particularly during the
15-100 ns interval of the simulation period. Thus, PBP2a
complexed with amoxicillin (27 484.50 A) had the highest SASA

value, suggesting the complex to be the most exposed to solvent
with significant conformational changes. Relative to other
top-ranked, dehydroergosterol when complexed with PBP2a had
the lowest SASA value at 25 511.55 A (Table 4). This observation,
while in line with other thermodynamic analysis done in this
study, also shows the benefit of the compound as PBP2a inhibitor.

3.9.5 | Hydrogen Bond Analysis

The number of hydrogen bonds in a protein complex is an
important indicator of structural stability between the protein and
its ligands [58]. Unbound PBP2a (321.24) served as the baseline
(Figure 9; Table 4). PBP2a complexed with §-sitosterol (325.43),
ergosta-4,6,8 (322.17) and ergosterol (322.30) showed slightly
increased stability, suggesting that these complexes had a slightly
higher number of hydrogen bonds compared to unbound PBP2a,
signifying potential stabilization effects due to ligand binding.
PBP2a complexed with amoxicillin (321.44), 4-azaphenanthrene
(321.15) and dehydroergosterol (320.83) had relative similar num-
ber of hydrogen bonds as the apo-PBP2a, indicating that the
ligands did not significantly alter the number of hydrogen bonds
in PBP2a following binding. PBP2a complexed with triphenyl
phosphate (318.97) showed slightly decreased stability, as the
complex had a slightly lower number of hydrogen bonds.

3.10 | Bond Analysis of Top-Ranked Compounds
Against PBP2a at Different Timeframes During the
100 ns MD Simulation Period

Several thermodynamic factors, including the flexibility of amino
acid residues, protein stability and compactness, and—above
all—the number and nature of interactions with a protein’s
essential amino acids, influence a ligand’s capacity to bind and
inactivate a protein [58, 59]. Thus, in the present study, both the
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FIGURE 7 |

Comparative root means square fluctuation (RMSF) plots of alpha-carbon, the top six compounds, and standard, amoxicillin against

residues of penicillin-binding protein 2a (PBP2a) after 100 ns molecular dynamic (MD) simulation. The active site residues noted in Figure 1 were

observed to be outside the region of higher residue fluctuations found before the 250 amino acid residues.

number and nature of binding interactions that the top-ranked
compounds established with PBP2a at various time intervals
were examined (Table 5 and Table S7). Among the top-ranked
compounds, dehydroergosterol and $-sitosterol with the highest
binding free energy against PBP2a had the highest number of
total interactions at 0, 50 and 100 ns timeframe (Table 5 and Table
S7). This observation, while pointing to the correlation of total
interactions with higher binding free energy of the top-ranked
with PBP2a, is in tandem with prior studies on the importance of
total interactions on higher negative binding free energy [55, 58].
However, the consistent and higher number of hydrogen bond
interactions in dehydroergosterol complex with PBP2a relative to
B-sitosterol-PBP2a with comparable the same number of interac-
tions might have influenced to have higher binding free energy.
Hydrogen-bond interactions are an important non-covalent bond
in drug discovery, as they exhibit unusually strong intermolecular
interactions. Hence, their consistency during a simulation could
contribute immensely to higher binding free energy [60]. The
importance of total interactions on higher binding free energy
was also evident in PBP2a-4-azaphenanthrene complex with
the lowest negative binding free energy correlating with its least
number of interactions at each of the timeframe investigated.
Importantly, the sharp decline in total number of interactions
from 12 at 50 ns to O at 100 ns in PBP2a_4-azaphenanthrene
complex might have negatively influenced the ability of 4-

azaphenanthrene modulating PBP2a when compared to other
top-ranked compounds. The observation on the modulation of
PBP2a by amoxicillin is facilitated majorly by hydrogen bond
which decreases as the MD simulation progress, whereas that of
the top-ranked compounds with PBP2a is aided primarily by other
important non-covalent bonds such as alky and pi-alky (Table S7).
Generally, except for amoxicillin at O ns, none of the investigated
compounds interacted with the catalytic residue Ser403 present
in PBP2a active site [61], suggesting the partial occupancy of the
top-ranked and amoxicillin during the MD simulation.

The most promising compounds from G. lasiocarpa endo-
phytic fungi that could be developed as lead antibacterial
agents against MRSA include 4-azaphenanthrene, 1,2-dimethyl-
4-phenylethynyl from A. fumigatus (MK243451.1); triphenyl
phosphate from M. guilliermondii; and ergosta-4,6,8(14),22-
tetraen-3-one, ergosterol, 5-sitosterol and dehydroergosterol 3,5-
dinitrobenzoate from P. raistrickii. 5-Sitosterol, one of the active
substances isolated from the methanol extract of Anadenanthera
colubrina fruits, demonstrated antifungal activity against A. alter-
nata [62]. B-Sitosterol, isolated from A. alternata, an endophytic
fungus associated with Morus alba Linn., possesses antidiabetic
properties [63]. It has also been reported to have anticancer,
anti-inflammatory, antioxidant, cardioprotective, hepatoprotec-
tive and anti-allergic activities [64].
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Time (ns)

Comparative solvent-accessible surface area (SASA) plots of alpha-carbon, top six compounds and standard (amoxicillin) against the

active site of penicillin-binding protein 2a (PBP2a) of Staphylococcus aureus over 100 ns molecular dynamic (MD) simulation period. The figure reflects

the overall compactness and folding of the PBP2a complexed with the top six compounds compared to that of the reference standard and the alpha-
carbon of PBP2a. Relative to the reference standard and the alpha-carbon of PBP2a, all the complexes formed against PBP2a by the top six compounds

were observed to be compact.

Ergosterol was identified in the extract of A. alternata HEII,
obtained from Colocasia esculenta leaves. This compound exhib-
ited antibacterial activity against S. aureus ATCC 25923 and
Staphylococcus faecalis ATCC 8043 [65]. Ergosta-4,6,8(14),22-
tetraen-3-one, derived from Pholiota adiposa, possesses antidia-
betic properties [66] and has also been isolated from Ganoderma
tuberculosum (Agaricomycetes), where it exhibits antiparasitic
properties [67]. The reported antibacterial activities of ergos-
terol, 5-sitosterol and dehydroergosterol 3,5-dinitrobenzoate may
explain the inhibitory activities against MRSA and S. aureus
observed in the range of 62.5-1000 ug/mL.

3.11 | Pharmacokinetics and Physicochemical
Properties of the Top Six Metabolites of G. lasiocarpa
Extract

The physicochemical properties of the top six metabolites of G.
lasiocarpa extract are presented in Table 6. According to Lipinski’s
rule of five, compounds are likely to be well-absorbed and
highly permeable if they meet the following criteria: a molecular
weight under 500 g/mol, a partition coefficient (log P) below
5, fewer than 10 hydrogen bond acceptors and fewer than 5
hydrogen bond donors [68]. Except for dehydroergosterol, the top-
ranked compounds fulfilled the Lipinski’s rule of five suggestive
of their potential to be orally bioavailable to reach druggable

targets in cells. Similarly, except for dehydroergosterol, the top-
ranked compounds are non-inhibitors of CYP3A4 responsible for
metabolizing up to 50% of all clinically used drug [69], suggesting
that the top-ranked metabolites will rarely result in drug-drug
interactions when used with other drugs being metabolised
by CYP3A4. Although ergosterol, triphenyl phosphate, and g-
sitosterol have a lower lethal dose 50 (LDs) that classified them
as molecules that might be toxic, dehydroergosterol, ergosta-4,6,8
and 4-azaphenanthrene had LDs, that classified them as drug
classes four, five and six that are suitable for drug development.
Considering the better binding free energy of dehydroergosterol
in this study relative to other compounds, the prediction that the
compound might lack oral bioavailability might mean that fur-
ther structural optimization of the compound might be needed,
especially as the compound also had poor solubility relative to
amoxicillin that is soluble. Studies have correlated poor solubility
to pharmacologic potency and permeability [70].

4 | Conclusions

A rich diversity of endophytic fungi species is nested in the leaves
and stem bark of G. lasiocarpa and their extract contains several
phytochemicals. The five isolated and identified endophytic
fungi, P. raistrickii (MK243492.1), P. spinulosum (MK243479.1),
M. guilliermondii (MK243634.1), A. fumigatus (MK243451.1) and
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FIGURE 9 | Time evolution of the number of intramolecular hydrogen bonds and distance in penicillin-binding protein 2a (PBP2a) following the
binding of the standard amoxicillin and the top six compounds at the active site of PBP2a of Staphylococcus aureus during the 100 ns molecular dynamic

(MD) simulation period.

A. fumigatus (MK243397.1) are promising sources of antibac-
terial compounds against MRSA and antioxidants. In silico
exploration of the metabolites of the extract against PBP2a
(implicated majorly in the broad clinical resistance of MRSA
to most conventional beta-lactams) identified the potential of
the phytosterol constituent (dehydroergosterol, ergosterol and -
sitosterol) of the extract as potential modulators of PBP2a. The
phytosterol constituent and most especially dehydroergosterol
had good stability, compactness and interactions with PBP2a
during the 100 ns MD simulation, reinforcing their potential
as compounds that may be developed as beta-lactam against
infections caused by MRSA. Hence, the endophytic extracts
from the leaves and stem bark of G. lasiocarpa harbour phar-
macologically active secondary metabolites and most especially
the phytosterol constituent. However, the prediction that the
lead compound (dehydroergosterol) from the extracts lacks oral
bioavailability with poor water solubility means that further
structural optimization of dehydroergosterol might be needed for
druggability improvement. To this best of our knowledge, this is
the first report on the isolation, identification, characterization, in
vitro and in silico antibacterial exploration of fungal endophytes
from the leaves and stem bark of G. lasiocarpa. Future study will
focus on isolating dehydroergosterol in the five endophytic fungi
and exploring its anti-PBP2a modulatory role in vitro and in vivo.

Accession Numbers

The comparison of the Internal Transcribed Spacer (ITS)
sequences from GLANAl, GLANA2, GLANA3, GLANA4 and

GLANAS when compared with GenBank database revealed that
the five endophytic fungi are GLANALIL: Aspergillus fumigatus
(accession number MK243397.1), GLANA2: Aspergillus fumi-
gatus (accession number MK243451.1), GLANA3: Penicillium
spinulosum (accession number MK243479.1), GLANAA4: Penicil-
lium raistrickii (accession number MK243492.1) and GLANAS5:
Meyerozyma guilliermondii (accession number MK243634.1).
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