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Abstract

Background Cancer continues to be one of the biggest causes of death that affects human health. Chemical
resistance is still a problem in conventional cancer treatments. Fortunately, numerous natural compounds originating
from different microbes, including fungi, possess cytotoxic characteristics that are now well known. This study aims to
investigate the anticancer prospects of five fungal strains that were cultivated and isolated from the Red Sea soft coral
Paralemnalia thyrsoides. The in vitro cytotoxic potential of the ethyl acetate extracts of the different five isolates were
evaluated using MTS assay against four cancer cell lines; A549, CT-26, MDA-MB-231, and U87. Metabolomics profiling
of the different extracts using LC-HR-ESI-MS, besides molecular docking studies for the dereplicated compounds were
performed to unveil the chemical profile and the cytotoxic mechanism of the soft coral associated fungi.

Results The five isolated fungal strains were identified as Penicillium griseofulvum (RD1), Cladosporium
sphaerospermum (RD2), Cladosporium liminiforme (RD3), Penicillium chrysogenum (RD4), and Epicoccum nigrum (RDS5).
The in vitro study showed that the ethyl acetate extract of RD4 exhibited the strongest cytotoxic potency against
three cancer cell lines A549, CT-26 and MDA-MB-231 with ICs, values of 1.45+8.54, 1.58 £6.55 and 1.39+2.0 pg/
mL, respectively, also, RD3 revealed selective cytotoxic potency against A549 with ICs, value of 6.99 +3.47 ug/mL.
Docking study of 32 compounds dereplicated from the metabolomics profiling demonstrated a promising binding
conformation with EGFR tyrosine kinase that resembled its co-crystallized ligand albeit with better binding energy
score.

Conclusion Our results highlight the importance of soft coral-associated fungi as a promising source for anticancer
metabolites for future drug discovery.
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Introduction

Cancer is defined as a group of disorders that can affect
different body organs and are characterized by the inva-
sion of healthy tissues and the unchecked proliferation of
aberrant cells. New tumors can be formed as a result of
cancer cells spreading to different bodily regions [1, 2].
With an estimated 10 million deaths from cancer in 2020,
it is the most prevalent cause of death worldwide [3].
According to the World Cancer Report 2014, which has
been issued by the International Agency for Research on
Cancer of the World Health Organization, the number of
new cancer cases worldwide increased to an estimated
14 million in 2012 and is predicted to reach 19.3 mil-
lion cases annually by 2025 [4]. According to the same
research, lung cancer accounted for 13% of all cases of
cancer in 2012, making it the most prevalent, followed
by breast cancer (11.9%), colorectal cancer (9.7%), and
prostate cancer (7.9%). Additionally, 60% of cancer cases
and 70% of cancer fatalities occur in Africa, Asia, Central
America, and South America, which are the less devel-
oped parts of the world [5].

Natural products play a significant role in the develop-
ment of chemotherapeutic medicines, and they are also
thought to be a main source of novel therapies that feed
the existing clinical pipeline for treating cancer. Taxanes
(e.g. Taxol), vinblastine, vincristine, and the podophyl-
lotoxin are examples of clinically important antitumor
drugs originating from higher plants and have largely
contributed to the management of human diseases since
their discovery early in the 20th century [6-9].

Terrestrial fungi have long been known as a rich source
of biologically active secondary metabolites and for treat-
ment of many disorders since the discovery of penicillin
by Sir Alexander Fleming 1928, which has led to a break-
through in the treatment of bacterial infections [10-12].
Endophytic fungi are the hidden members of the micro-
bial community and have received less research inter-
est than their more pathogenic counterparts. Thus, they
represent an under-utilized resource in the search for
new compounds from unexplored microbes. Despite the
large number of anticancer hits identified from fungi,
fungal biodiversity has been only partially exploited. It
is estimated that only 5% of fungi have been cultured in
laboratories [13], this is eventually because of numerous
technological, biotechnological, and physiological factors
such as the difficulty of the fermentation and cultivation
process which is more complicated than plants or bac-
terial growth. In fact, fungi frequently create promising
metabolites in laboratories in milligram quantities, which
are typically only sufficient for the preliminary antican-
cer bioassays, or they are readily available commercially
as pricy biochemical reagents [12, 14]. Fungi would thus
offer an enormous source of novelty if the limitations of
their isolation and culturing could be overcome [15, 16].
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From this viewpoint, our study aims to describe the
isolation and identification of five fungal strains associ-
ated with the Red Sea soft coral Paralemnalia thyrsoi-
des (Ehrenberg 1834), which is one of the most common
marine invertebrates, natively distributed throughout
tropical and subtropical regions of the Indo-Pacific
Ocean [17]. Octocorals of the genus Paralemnalia (family
Nephtheidae) represent a rich source of natural metabo-
lites with intriguing and unique chemical features, such
as; sesquiterpenoids, norsesquiterpenoids and diterpe-
noids [17-19]. Moreover, the cytotoxic potential of the
fungal ethyl acetate extracts was investigated against four
cancer cell lines. In addition, the fungal extracts were also
explored by LC-HR-ESI-MS-based metabolomics and
the identified compounds were afterwards subjected to
in silico analysis in order to gain insights into the mecha-
nism of the cytotoxic activity.

Materials and methods

Soft coral collection and identification

The soft coral Paralemnalia thyrsoides was collected,
identified and treated for fungal isolation (see supple-
mentary file).

Isolation and purification of fungal strains

The soft coral biomass was washed twice with sterile sea-
water, dried and submerged in 70% ethanol for one to
two minutes for surface sterilization and then allow to air
dry. Furthermore, the coral interior tissues were divided
into tiny pieces measuring 0.5 cm?® a piece using sterile
scalpel under sterile conditions. On Sabouraud dextrose
agar plates (the SDA were dissolved in sea water and
supplied with amoxicillin and flucloxacillin 0.05 g/L to
inhibit bacterial growth) the tiny segments were surface
streaked. The plates were then incubated at 28 °C for up
to two weeks and monitored frequently for any growth,
and then the hyphal tips of the fungi were removed and
transferred to fresh Sabouraud dextrose agar medium.
Plates were prepared in duplicates to reduce the possi-
bility of contamination. Repeated subcultures were done
until pure isolates were obtained. Morphological identifi-
cation was done for each isolate [20, 21].

Molecular identification and phylogenetic analysis

Molecular identification of the isolated fungal strains
was achieved by DNA amplification and sequencing of
partial 18 S rRNA gene sequences and the fungal inter-
nal transcribed spacer (ITS) region [22]. Genomic DNA
was extracted from fungal biomass harvested from agar
plants MasterPure™ Yeast DNA purification kit (epicen-
tre, Illumina Company) after a mechanical treatment of
the bacterial biomass (approx. 500 mg fresh weight) with
0.5 g glass beats in the presence of 1 x PBS buffer pH 7.2,
incubation with 1 ml of a 100 mg/ml lysozyme solution



Taher Mohie el-dien et al. BMC Microbiology (2023) 23:308

(in TE buffer, pH 8.0) at 37 °C for 16 h), and an achromo-
peptidase treatment (60 U) at 37 °C (30 min). Finally, the
DNA was resolved in 40 pL pure water. The DNA qual-
ity and quantity were checked using NanoDrop spectro-
photometer. Between 10 and 50 ng were used as DNA
template per polymerase chain reaction (PCR) which was
performed in a volume of 50 pL. The nearly full-length
18 S rRNA gene and the adjacent ITS region includ-
ing the ITS1, 5.8 S rRNA gene and ITS2 were amplified
with the primer system NS1 (5- GTAGTCATATGCTT-
GTCTC-3") and ITS4 (5'-TTCCTCCGCTTATT-
GATATGC-3"). The front part of the 18 S rRNA genes
was sequenced with primer NS1 and the complete ITS
region with primer ITS4. A first phylogenetic assign-
ment based on the partial 18 S rRNA gene and ITS region
sequence (including ITS1, 5.8 S rRNA gene, and ITS2
sequences) was performed by BLASTn analysis against
GenBank nucleotide sequence database and the internal
transcribed spacer (ITS) from fungi type and reference
strain databases provided in BLASTn tool of NCBI. The
partial 18 S rRNA gene sequences of the three strains
were added to the SSU database SSURef NR 99 release
138.1 (12.06.2020) created by the SILVA project.

Cultivation of pure fungal strains and extraction of fungal
cultures

The isolated, pure fugal strains have been developed and
extracted for cytotoxic activity testing and LC/MS chem-
ical profiling. (Supplementary file)

Cell culture

MDA-MB-231, A549, CT-26 and US87 cells were pur-
chased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). The cells, lung carcinoma (A549)
and colorectal carcinoma (CT-26) were cultured in
RPMI-1640 supplemented with 1% Pen/Strep (100 U
mL~}, Gibco, Carlsbad, CA) and 10% FBS (Atlanta Bio-
logicals, Flowery Branch, GA). While breast carcinoma
(MDA-MB-231) and glioblastoma cells (U87) were cul-
tured in DMEM medium supplemented with 1% Pen/
Strip and 10% FBS. All the cells were incubated at 37 °C
and 5% CO, in humidified incubator (Sanyo Scientific
Autoflow, Hudson, MA).

Cell viability assay

A549, CT-26, MDA-MB-231, and U87 cancer cells were
tested for their viability and the half maximal inhibitory
concentration ICy, (ug/mL) values were calculated using
GraphPad Prism 9 software. (Supplementary file). Cells
were grown in 96- well plates at a density of 4x10* per
well. The control group n=6 incubated with 100 pL/well
of fresh media and solvent control, ethyl acetate while the
cells treated with the fungal extracts (RD1, RD2, RD3,
RD4 and RD5) incubated with 100 pL/well, n=6.

Page 3 of 12

After 24 h, the medium was aspirated and replaced
with 100 pL of fresh media and 20 pL of MTS reagent in
each well (Cell Titer 96 Aqueous One Solution cell prolif-
eration assay, Promega Corporation, Madison, W1, USA).
The plates were then incubated at 37 °C with 5% CO, for
2 h. The cells were examined under a cell imaging system
(EVOS FL Digital Microscope) using a 20X objective.
The absorbance was measured at 490 nm using a Spec-
tramax plus 384 Microplate reader (Molecular Devices,
Sunnyvale, CA, USA). Relative cell viability values were
expressed as the percentage of absorbance from the
treated wells compared to the control wells (untreated),
with the control wells’ viability set to 100%. The half max-
imal inhibitory concentration (ICy;) values (ug/mL) were
obtained using GraphPad Prism 9 software.

Metabolomics analysis

A Synapt G2 HDMS quadrupole time-of-flight hybrid
mass spectrometer and an Acquity Ultra Performance
Liquid Chromatography system were used to perform
metabolomics profiling on the crude extracts of the fun-
gal cultures. (for details, see Supplementary file)

In silico molecular docking

Docking was carried out using several enzymes and
receptor proteins involved in cell cycle, cell development,
and DNA replication in order to preliminary study the
probable molecular targets and to confirm the experi-
mental activity testing for these anticancer drugs. (for
details, see Supplementary file)

Results and discussion

Isolation of associated fungi and phylogenetic analysis
Based on phenotypic characteristics, eight different pure
fungal isolates were obtained in this study. Five fungal
isolates were selected according to their cultural charac-
teristic for further molecular analysis and to continue the
study. From phenotypic characteristics and 18 S rRNA
gene and ITS region sequences analysis via the BLASTn
tool of the National Center of Biotechnology Information
(NCBI); the isolate RD1 was identified to be Penicillium
griseofulvum, RD2 to be Cladosporium sphaerosper-
mum, RD3 to be Cladosporium liminiforme, RD4 to be
Penicillium chrysogenum and finally RD5 to be Epicoc-
cum nigrum (Table S1.). The sequences of the genes were
deposited to the GenBank database with the accession
numbers OQ740602, 0Q619183, 0Q773545, 0Q773633
and OQ780763 for the isolates RD1, RD2, RD3, RD4,
and RD5 respectively. The phylogenetic analysis was
performed with 15,000 and 2000 bp sequences for Peni-
cillium griseofulvum, Cladosporium sphaerospermum,
Cladosporium liminiforme, Penicillium chrysogenum, and
Epicoccum nigrum using MEGA 6 software (Fig. 1).
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Fig. 1 Evolutionary relationships of taxa. The evolutionary history was inferred using the UPGMA method [56]. The optimal tree with the sum of
branch length=0.41159388 is shown. The evolutionary distances were computed using the Kimura 2-parameter method [57] and are in the units of the
number of base substitutions per site. The analysis involved 24 nucleotide sequences. All positions containing gaps and missing data were eliminated.
There was a total of 393 positions in the final dataset. Evolutionary analyses were conducted in MEGAG6 [58]

Cytotoxic activity

The in vitro cytotoxic activity of the five fungal isolates
RD1, RD2, RD3, RD4, and RD5 were examined on lung,
colorectal, breast, and glioblastoma carcinoma cell lines
(A549, CT-26, MDA-MB-231, and U87), respectively.
These cancer cell lines were incubated with different con-
centrations of the fungal extracts (50 and 100 pg/mL) for
24 h. Whereas, RD1 fungal extract at 50 pg/mL showed
statistically significant effect on A549, CT-26 and U87
cancer cell lines, on the other hand, it didn’t show any
significant effect on MDA-MB-231 cell line. Likewise,
RD1 extract showed significant effect against the four
cancer cell lines at 100 pg/mL. RD2 extract didn’t show
statistically significant effect at 50 pg/mL against A549
and CT-26 cell lines, while at 100 pg/mL, it exhibited a
significant effect on all tested cancer cell lines. On the
other hand, RD3 extract with the two concentrations
revealed statistically significant effect against the four
cancer cell lines. Likewise, RD4 extract exhibited statis-
tically significant effect with both concentrations against
A549, CT-26 and MDA-MB-231, while RD4 didn’t reveal

any significant effects against U87. RD5 extract with
both concentrations (50 and 100 pg/mL) showed statis-
tically significant effect against A549, CT-26 and U87,
while MDA-MB-231 only significantly affected with
RD5 at 100 pg/mL (Fig. 2). These results suggested that
these extracts could be very promising agents for can-
cer treatment. The 50% cytotoxic effect is considered
strongly active at a concentration that is below 10 pg/
mL and moderate active compounds are between 11 and
100 pg/ml. As shown in table S2 fungal extract RD3 and
RD4 showed strong activity against A549 since the ICg,
was 6.99+3.47 and 1.45+8.54, respectively (lower than
10 pg/mL). While RD1, RD2 and RD5 extracts showed
moderate effect since ICy, was 46.73+3.24, 79.20%1.16
and 91.1714.3, respectively (between 11 and 100 pg/mL).
RD4 fungal extract showed strong activity with CT-26
and MDA-MB-231 cancer cell lines compared to RD1,
RD2, RD3 and RD5 that showed moderate effect.
According to IC;, values all the ethyl acetate extract
of the different isolates revealed various and selective
cytotoxic activities against the four tested cell lines. In



Taher Mohie el-dien et al. BMC Microbiology (2023) 23:308

A
s A549
E 150
; W Control
H B 50 pg/mL
e *
o 100 2 100 pg/ml
°
.‘Z__
=
[
= 50
=
2
2
2
"
3 0-
: RD1 RD2 RD3 RD4 RD5
° Extracts
C
MDA-MB-231
150
I Control
= 50 pg/mL
ns
m 23 100 pg/ml

% cell survival, relative to solvent control

RD1 RD2 RD3 RD4 RD5
Extracts

Page 5 of 12
B_
f CT-26
g 150
.E 1 M Control
*
% - . " * . " * B 50 pg/mL
* J
2 100- l:‘—‘ (ns 0 100 pgimL
@ ] -
2 M -
g a 1
] " r 1
= 504 —
o
2
<4
3
w
3 014 T T T T
© RD1 RD2 RD3 RD4 RDS
° Extracts
us7
1507 m Control
B2 50 pg/ml
01 100 pg/mL

100+

50+

RD1 RD2 RD3 RD4 RD5
Extracts

‘% cell survival, relative to solvent control o

Fig. 2 The cytotoxic activities of the five fungal strains RD1, RD2, RD3, RD4 and RD5 were determined using the MTS assay. Cells A549 (A), CT-26 (B), MDA-
MB-231 (C) and U87 (D) were tested. The graph represents the analysis of six replicates and shows the percentage of survival of A549, CT-26, MDA-MB-231
and U87 - treated cells relative to matching solvent-treated cells (treated with ethyl acetate). All experiments were performed at least two times. *P < 0.05,

Student’s t-test. n.s,, statistically not significant

which, RD4 ethyl acetate extract revealed the strongest
cytotoxic potency against three cancer cell lines A549,
CT-26 and MDA-MB-231 with ICy, values 1.45+8.54,
1.58+6.55 and 1.39+2.0 pg/mL, respectively, whereas
it showed moderate activity against U87 cell line (ICs,
36.28+1.49 ug/mL). Likewise, RD3 revealed selective
cytotoxic potency against A549 with ICy, 6.99+3.47 pg/
mL and moderate activity against MDA-MB-231
cell line (IC;, 37.50£7.73 pg/mL). In addition, RD1
extract revealed selected potency against U87 with IC,,
5.507+6.79 pg/mL, as indicated in Table S2.

Metabolomics profiling of the culture extracts

In the field of metabolomics, each organism chemical
profile or chemical fingerprint is provided under specific
environmental conditions. It is essential for discovering
new bioactive metabolites and natural drugs, as well as
for enhancing fungal fermentation techniques and con-
trolling the isolation of specific bioactive molecules [23].
The ethyl acetate extracts obtained from the fermenta-
tion of the five fungal strains were analyzed in positive

and negative ion mode by LC-HR-ESI-MS for dereplica-
tion purposes (Figure S1).

The annotated compounds (Table S3, Fig. 3a &b)
belonged to multivariate classes of secondary metabolites
such as alkaloids, terpenoids, phenolic derivatives, and
benzenoids. In this context, the mass ion peaks at m/z
[M-H]™ 243.123 (RT, 3.891 min), 329.232 (RT, 5.769 min)
and 313.237 (RT, 6.609 min), were identified as a mono-
terpene Penicimonoterpene (1), polyketide derivatives
penicitide B (2) and penicitide A (3), corresponding
to the molecular formulas C,,H,,05; C;gH;,05 and
C,4H3,0,. In addition, the mass ion peak at m/z 259.118
[M-H]™ (RT, 3.853 min), in conformity with the pre-
dicted molecular formula C,,H,,0;, was characterized as
penicierythritols B (4). The mass ion peak at m/z 637.155
[M-H]™ (RT, 6.305 min) for the suggested molecular for-
mula C3,H;3,0,, was recognized as chrysoxanthone A (5).
Moreover, the mass ion peak m/z 505.351 [M-H]™ (RT,
9.627 min), in consonance with the predicted molecular
formula C;,H;,O4 was identified as penicisteroid A (6).
Besides, the metabolite, namely chrysogeamide E (7)
with molecular formula C;;H::N:O, was dereplicated
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Fig. 3 a. Chemical structures of the dereplicated metabolites from the ethyl acetate extracts of the five fungal strains (1-17). b. Chemical structures of
the dereplicated metabolites from the ethyl acetate extracts of the five fungal strains (18-32)

from the mass ion peak at m/z 656.401 [M-H]™ (RT,
8.431 min). The metabolites 1-7 were found to be pre-
viously isolated from Penicillium chrysogenum [24-28].
Additionally, another metabolite with molecular for-
mula CyH,;;O; was dereplicated from the mass ion peak
at m/z 171.102 [M-H]~ (RT, 5.672 min) as decarestric-
tine L (8), it was formerly obtained from Penicillium
simplicissimum [29]. Furthermore, the mass ion peak at
m/z [M+H] * 213.148 (RT, 5.308 min), corresponding to
the molecular formula C;,H,,0; was identified as patu-
lolide C (9) which was earlier isolated from Penicillium
urticae [30]. Another metabolite dereplicated from the
mass ion peak at m/z 213.112 [M-H]™ (RT, 4.418 min) in
accordance with the molecular formula C;;H;30,, was
identified as citreoviral (10) and was previously reported
from Penicillium citreoviride [31]. Likewise, the mass
ion peaks at m/z 309.206 and 323.186 [M-H]™ (RT, 5.364
and 7.807 min) corresponding to the molecular formulas
C,sH300, and C;gH,s0; were characterized as cepha-
losporolide H (11) and hynapene A (12), which were
found to be also isolated from Penicillium sp. [32, 33].
The molecular formulas C,gH;,0O5 and C,,H,;O; were
dereplicated from the mass ion peaks at m/z 327.216 and

349.200 [M+H] * (RT, 5.325 and 5.292 min) and were
identified as penisporolide A (13) and rezishanone B
(14), they were reported to be isolated from Penicillium
sp. [34] and Penicillium notatum [35], respectively. Simi-
larly, penicitrinone A (15) and penicitrinol A (16), which
have been formerly isolated from Penicillium citrinum
[36], were dereplicated from the mass ion peaks at m/z
379.158 and 381.161 [M-H]™ (RT, 7.725 and 7.731 min)
in compliance with the molecular formulas C,3H,,05
and C,3H,cO5. Another mass ion peak at m/z 637.155
[M-H]™ (RT, 6.305 min), in conformity with the molecu-
lar formula C;,H;,0,,, was identified as rugulotrosin A
(17) and rugulotrosin B (18), also, previously isolated
from Penicillium sp. [37]. Furthermore, the mass ion
peak at m/z 469.261 [M-H]~ (RT, 7.014 min) for the pre-
dicted molecular formula CygH;,N,O, was distinguished
as communesin G (19) that was formerly obtained from
Penicillium rivulum [38]. In addition, the mass ion peak
at m/z 427.175 [M-H]~ (RT, 8.107 min) for the molecu-
lar formula C,,H,30, was dereplicated as paraherquonin
(20), which has been reported from Penicillium para-
herquei [39]. Whereas, the metabolite citrinadin A (21)
with the molecular formula C4;H,,N,Oq, was previously
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purified from Penicillium citrinum [40], was character-
ized from the mass ion peak at m/z 625.396[M+H]* (RT,
7.758 min).

In addition to the above mentioned metabolites, the
metabolomics analysis revealed the presence of three
metabolites, were reported in Epicoccum nigrum fun-
gus and dereplicated from the mass ion peaks at m/z
239.058, 321.124, and 453.025 [M-H]~ (RT, 8.864, 3.906,
and 3.465 min). These metabolites were identified as (+)-
epicoccone C (22) [41], (+)-5 hydroxydiphenylalazine A
(23) [42], and amphiepicoccin I (24) [43], matched with
the molecular formulas C;;H;,O4 CoH;gN,O; and
C,sHgN,OgS3, respectively. On the other hand, metabo-
lites dereplicated from Cladosporium sp. included one
phthalide compound that was identified from the mass
ion peak at m/z 223.026 [M-H]™ (RT, 7.768 min) in
agreement with the molecular formula C;jHgOq, it was
reported to be isolated from the fungus Cladosporium
herbarum as herbaric acid (25) [44]. One macrolide,
characterized as thiocladospolide E (26), earlier purified
from Cladosporium sp. SCNU-F0001 [45], was derepli-
cated from the mass ion peak at m/z 305.150 [M-H] ™ (RT,
4.251 min) in consonance with the molecular formula
C,4Hy605S. Three cyclohexene derivatives, cladoscycli-
tol A (32), cladoscyclitol C (27), and cladoscyclitol D
(28) were reported to be isolated from Cladosporium
sp. JJM22 [46] and dereplicated from the molecular ion
peaks at m/z 243.123, 229.144, and 245.138 [M-H]™ (RT,
3.891, 4.004, and 4.8498 min) in compliance with the
molecular formulas with molecular formula C,,H,,0;,
C;5Hy,0,, and C,H,, 05, respectively. Furthermore, two
tetramic acids, cladosporiumin B (29) and (Z)-cladosin
K (31) were dereplicated from the mass ion peaks at m/z
350.202 [M+H] * (RT, 5.228 min) and at n/z 418.208
[M-H]™ (RT, 6.084 min) corresponding to the molecu-
lar formulas C,H,,NO; and C,:H,,N;O;. They were
isolated from Cladosporium sp. SCSIO z0025 [47] and
Cladosporium sphaerospermum [48], respectively. The
last metabolite was identified from the mass ion peak
m/z 227.128 [M-H]~ (RT, 6.250 min) in match with the
molecular formula C,,H,,0,, it was previously isolated
from Cladosporium sp. TZP29 [49] and was identified as
cladospolide E (30).

In silico molecular docking

To better understand the pharmacological mechanism of
the fungal extracts in inhibiting the tested cancerous cell
lines, their dereplicated compounds were in silico evalu-
ated against the Epidermal Growth Factor Receptor tyro-
sine kinase (EGFR). The molecular docking results for the
32 dereplicated compounds were presented in (Table S4)
and the 2D as well as the 3D conformations of the best
fitted derivatives were illustrated in Figs. 4, 5 and 6.
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EGER is widely distributed in the cell membrane and
normally modulates the cell proliferation and differen-
tiation. Nonetheless, its overexpression was detected in
many types of solid tumors [50, 51]. EGER has dual prop-
erties as a receptor with its extra-cellular domain and a
kinase enzyme intra-cellular domain where the ATP-
binding site locates. Both domains are connected through
the trans-membranal domain and usually presents in a
monomeric form during its resting state [52, 53]. Struc-
turally, its ATP-binding domain has a conserved amino
acid sequence with 39 residues locate near its binding
site among which Leu718, Val726, Ala743, Met793, and
Leu844 showed abundant ligand interaction [54]. Dur-
ing the activation phase, Lys721 forms ion-pair with the
conserved Glu738 to interact with the ATP phosphate
groups [55]. As depicted from Table S4, most of the iso-
lated compounds managed to bind to one or more of the
crucial amino acid residues at EGFR substrate binding
site and/or its ATP-binding site such as Lys721, Glu738
and Met769. The best binding energy scores were dem-
onstrated by chrysoxanthone A (5), chrysogeamide E (7),
rugulotrosin A (17) and (Z)-cladosin K (31) revealing
—10.33, -11.66, -10.51 and —9.79 Kcal/mol, respectively
that surpassed the co-crystallized ligand AQ4 (-9.52
(Kcal/mol). Moreover, the carbonyl of chrysoxanthone
A (5) managed to form an ionic bond with Lys721 with
a distance of 3.22 A and additional H-bond with GIn767
that resembled AQ4 (Fig. 4a and b). Furthermore, the
phenyl ring of compound 5 formed two pi -H interactions
with Leu694 to maintain its binding conformation. Other
H-bonds were observed between 5 and Thr766, Phe771,
Glu780, and Thr830 at EGFR binding site (Fig. 4a). On the
other hand, chrysogeamide E (7) exhibited the best bind-
ing energy to EGFR and was capable to interact with sev-
eral amino acid residues through hydrogen bonds such as
Lys721, Met769, Cys773, Arg817 and Asp831 in addition
to two H-pi interaction with Phe699 (Fig. 4c). The formed
H-bonds with the crucial Met769 were of distance 3.12 A
and 3.48 A while in case of Lys721 was 3.07 A (Fig. 4d).
Similarly, the phenolic hydroxyl group in compound (17)
bound to the crucial Met769 as well as extensive H-bonds
formation with Ala719, Cys751, Thr766, Leu821, Asp831
and Thr830 (Fig. 5a and b). Besides, the two phenyl moi-
eties of rugulotrosin A (17) formed hydrophobic interac-
tions with both Leu694 and Leu820 that supported its
tight binding with EGFR. In a similar way, the hydroxyl
group in compound (31) formed H-bond with Met769
of 3.27 A distance and hydrophobic interactions with
the crucial Lys721 and Cys773 by its 6-membered and
5-membered rings, respectively (Fig. 5¢ and d).

Among the compounds with comparable binding
energy scores to the co-crystallized ligand AQ4 were
penicitide B (2), penicisteroid A (6), rugulotrosin B (18)
and citrinadin A (21) that showed —9.16, -9.11, -9.66 and
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Fig. 4 The 2D and 3D presentation of the binding conformations of the isolated compounds chrysoxanthone A 5 (a and b) and chrysogeamide E 7 (c
and d) using EGFR (PDB: TM17) where the tested compound appeared as green stick model connected to the pocket through H- and hydrophobic bonds
displayed as green and red dotted lines, respectively with their corresponding distance in A

—9.53 Kcal/mol, respectively. Their 2D interactions with
EGER binding site revealed multiple interactions through
hydrogen and ionic bonding with the bind site residues
(Fig. 6). The hydroxyl group of 2 fashioned two strong
H- bonds with Lys721 and Glu738 of distances 3.02 A
and 2.75 A, respectively (Fig. 6a). The polar groups of 6
produced four H-bonds with Gly772, Met769, Cys773
and Arg817 beside one of its hydroxyl functionality
formed pi-H with Phe699 (Fig. 6b). Likewise, strong ionic
interaction was observed between the ionized hydroxyl

group of 18 and Lys721 in addition to a second H-bond
with the side ester (Fig. 6¢). Furthermore, two additional
hydrophobic interactions were spotted with Phe699 and
Val702. Two of the protonated amine moieties of citri-
nadin A (21) bound to Asp776 and Glu780 with an aver-
age distance of 3.05 A as well as other H- bond formation
with Leu694 and Cys773 (Fig. 6d).
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Fig. 5 The 2D and 3D presentation of the binding conformations of the isolated compounds rugulotrosin A 17 (a and b) and (2)-cladosin K 31 (c and
d) using EGFR (PDB: TM17) where the tested compounds appeared as green stick model connected to the pocket through H- and hydrophobic bonds
displayed as green and red dotted lines, respectively with their corresponding distance in A

Conclusion

The current work revealed the identification and purifica-
tion of five fungal isolates from Red Sea soft coral, Para-
lemnalia thyrsoides, which were molecularly identified as
Penicillium griseofulvum (RD1), Cladosporium sphaero-
spermum (RD2), Cladosporium liminiforme (RD3),
Penicillium chrysogenum (RD4), and Epicoccum nigrum
(RD5). The in vitro cytotoxic assay of the ethyl acetate
extracts of the five different fungal strains revealed a sig-
nificant effect in killing cancer cells, as the RD4 fungal
extract showed the strongest potency with IC,, values of

1.45+8.54, 1.58+6.55 and 1.39+£2.0 pg/mL against the
three cancer cell lines A549, CT-26 and MDA-MB-231.
Likewise, RD3 revealed selective cytotoxic potency
against A549 with ICy, value of 6.99+3.47 ug/mL and
moderate activity against MDA-MB-231 cell line (ICj,
37.50+7.73 pg/mL). Interestingly, in an attempt to unveil
the chemical profile of the soft coral associated fungi,
the extracts were subjected to LC-HR-ESI-MS based
metabolomics analysis, leading to the characterization of
32 metabolites predominantly alkaloids, terpenoids, phe-
nolic derivatives and benzenoids. Additionally, Molecular
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Fig. 6 The 2D presentation of the binding interactions of penicitide B (2),

(PDB:1M17)

docking analysis of the dereplicated secondary metabo-
lites was accomplished to explain the mechanism of the
fungal extracts in inhibiting the tested cancerous cell
lines. The study suggested that EGFR tyrosine kinase
inhibitory potential is a plausible mechanism for their
cytotoxic activities, in particular chrysoxanthone A (5),
chrysogeamide E (7), rugulotrosin A (17) and (Z)-cla-
dosin K (31), which displayed exceptional binding abili-
ties with EGFR tyrosine kinase. Our study highlighted the
importance of Paralemnalia thyrsoides-associated fungi
as a promising source of antitumor compounds. Marine
fungal endophytes have drawn numerous researchers’

penicisteroid A (6), rugulotrosin B (18) and citrinadin A (21) with EGFR

attention in basic and applied research as a distinguished
reservoir of bioactive metabolites for the development
of diverse natural cytotoxic medications. Nevertheless,
further investigations could be dedicated for in-depth
understanding of the cytotoxic activity of the extracts
and metabolites isolated from these microorganisms.
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