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Abstract: The COVID-19 pandemic and its continuing emerging variants emphasize the need to
discover appropriate treatment, where vaccines alone have failed to show complete protection against
the new variants of the virus. Therefore, treatment of the infected cases is critical. This paper discusses
the bio-guided isolation of three indole diketopiperazine alkaloids, neoechinulin A (1), echinulin (2),
and eurocristatine (3), from the Red Sea-derived Aspergillus fumigatus MR2012. Neoechinulin A (1)
exhibited a potent inhibitory effect against SARS-CoV-2 Mpro with IC50 value of 0.47 µM, which is
comparable to the reference standard GC376. Despite the structural similarity between the three
compounds, only 1 showed a promising effect. The mechanism of inhibition is discussed in light
of a series of extensive molecular docking, classical and steered molecular dynamics simulation
experiments. This paper sheds light on indole diketopiperazine alkaloids as a potential structural
motif against SARS-CoV-2 Mpro. Additionally, it highlights the potential of different molecular
docking and molecular dynamics simulation approaches in the discrimination between active and
inactive structurally related Mpro inhibitors.

Keywords: SARS-CoV-2 Mpro; neoechinulin A; Aspergillus fumigatus; molecular docking; steered
molecular dynamics simulation

1. Introduction

For approximately two years, the global pandemic caused by the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) has cost many lives and put the world
economy on hold in 2020, with extreme consequences. In December 2021, the number
of confirmed SARS-CoV-2 cases worldwide reached around 350 million, with more than
5.5 million reported deaths [1]. The world’s focus suddenly shifted to the scientific commu-
nity, which has diligently delivered several vaccines that positively impacted the new cases
and hospitalization. However, apparent imbalances in the world economy are causing a
delay in the rolling out of the vaccines, especially in low-income countries, delaying the
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end of the epidemic and costing thousands of lives each day [2]. Moreover, infections have
occurred in some cases despite vaccination, and the continuous announcement of new viral
variants that could be resistant to the current vaccines represents an obvious challenge.
Hence, finding an effective treatment as a weapon besides the vaccination campaign is still
relevant and crucial in tackling the virus.

Generally, corona viruses’ main proteases occur in dimeric forms, and their activity
decreases profoundly if this conserved dimerization is inhibited by mutations. Each
monomer consists of three domains (domains I, II, and III), where the catalytic binding
site occurs between domains I and II, while domain III is responsible for the enzyme
dimerization (Figure 1). The enzyme active site has a conserved HIS-41-CYS-145 catalytic
dyad that is essential for peptide cleavage. Hence, any alteration in these catalytic key
residues will lead to a complete loss of enzyme activity. A number of covalent inhibitors
(i.e., covalent bonding to CYS-145) have been previously reported, while non-covalent
competitive inhibitors are much less investigated [3].
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Figure 1. (A) Monomeric structure of SARS CoV-2 Mpro (PDB code: 7LTJ) showing its three main
domains (I, II, and III; blue, cyan, and green, respectively) along with the catalytic dyad (HIS-41:CYS-
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Virtual screenings by means of advanced computer-aided programs that perform
molecular docking have enabled the screening of thousands of compounds in a short time
span, accelerating the discovery of new drug leads [4]. The identification of new drug
targets supersedes the development and licensing of new medicines. For example, from
2012 to 2017, only 12 new antivirals were approved by the FDA, of which eight are pre-
scribed for the treatment of hepatitis C virus (HCV), and two are used in combinations with
other drugs against the human immunodeficiency virus (HIV). However, the WHO and
governments are recurrently challenged by (re)emerging viruses, which cause pandemics
with no specific treatment, such as Zika virus (ZIKV), Ebola virus (EBOV), Middle East
respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 [5]. Although drug
repurposing is one of the main strategies for quick discovery of such treatments, remdesivir
was the only antiviral drug approved by the FDA to treat SARS-CoV-2 patients who need
hospitalization [6]. Additionally, the European Medicine Agency (EMA) has also approved
remdesivir and three other medications [7]. Recently, molnupiravir (Merck Lagevrio®)
was FDA-approved for oral treatment of COVID-19 non-hospitalized patients with mild-
to-moderate symptoms [8] with a note from the European Medicine Agency (EMA) that,
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although not authorized in the EU, it could be prescribed for adults with COVID-19 who
do not need supplemental oxygen or at increased risk of developing severe COVID-19.

Given the crucial role of SARS-CoV-2 Mpro in viral replication in addition to the
absence of spike protein variant resistance challenges, SARS-CoV-2 Mpro inhibition is
considered an attractive target for approach for small-molecule oral antiviral therapeu-
tics to treat COVID-19 [9]. Using this target for drug discovery, PF-07321332, an orally
bioavailable SARS-CoV-2 Mpro inhibitor, showed promising anti-SARS-CoV-2 oral activity
in vivo in mouse model as well as excellent oral plasma concentrations in a phase 1 human
clinical trial [9]. Moreover, Pfizer’s oral anti-SARS-CoV-2 Mpro drug paxlovid showed
significant reduction in hospital admissions and deaths among people with COVID-19,
when compared with placebo [10], hence it is approved by the FDA and recommended
with conditional marketing by the EMA.

Due to their eminent chemical and biological diversity, natural products are considered
a promising source for different structural motifs and drug leads. Out of the 1881 new
chemical entities (NCEs) approved by the FDA between 1980 and 2019 covering all sources
and diseases, approximately 55% are natural products, analogs, or natural product mimics.
In the anti-infective areas (including antibacterial, antifungals, and antivirals), 60% of the
415 agents currently available on the market are naturally derived or originated from
natural products [11]. Recently, the microbial-derived FDA-approved anti-parasitic drug
ivermectin, pentacyclic lactone derived from the soil bacterium Streptomyces avermitilis,
proved to be effective as an in vitro inhibitor of SARS-CoV-2 replication [12]. Clinical trials
assessing ivermectin for the treatment of COVID-19 patients are ongoing.

Our group has reacted immediately with the pandemic, putting every effort to screen
our available extracts, fractions, and pure compounds obtained from plants, endophytes,
and microorganisms of marine and terrestrial origin for the discovery of antiviral hits
against SARS-CoV-2 or its main protease (Mpro) as a potential target [13–18]. In the current
study, we report the discovery of a previously reported indole diketopiperazine alkaloid
neoechinulin A (1), as a promising SARS-CoV-2 Mpro inhibitor through bioguided screen-
ing. Despite the structural similarity between the isolated compounds, only 1 showed a
promising effect. The mechanism of inhibition and the significant difference in the activity
are discussed using classical and steered molecular dynamics simulation experiments.

2. Results
2.1. Bioguided Isolation and Structural Identification

Screening of our in-house total of 100 extracts comprising 20 marine and 15 terrestrial
fungal extracts cultured on different culture media against SARS-CoV-2 Mpro pinpointed
the extract of the Red Sea-derived Aspergillus fumigatus MR2012 as a potential to follow.
Large scale fermentation, extraction, and fractionation with organic solvents with different
polarities followed by SARS-CoV-2 Mpro screening, indicated the dichloromethane (DCM)
as an active fraction. Purification of the HPLC fraction on semi-preparative RP-HPLC led
to the isolation of four major compounds (Figure 2). Structure elucidation of the isolated
molecules was based on HRESIMS analysis together with 1H, 13C, and multiplicity-edited
HSQC spectra using SMART 2.1 database [19] and The Natural Products Atlas 2.0 [20], in
addition to comparison with the literature data. This analysis led to the identification of
the isolated metabolites as two prenylated indole diketopiperazines (DKP) neoechinulin
A (1) [21] and echinulin (2) [22], the indole DKP dimer eurocristatine (3) [23], and the
isocoumarin derivative eurotiumide G (4) [24]. The structures of the isolated compounds
were further confirmed by COSY and HMBC correlations.
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Figure 2. Compounds isolated from Aspergillus fumigatus MR2012 and the Mpro co-crystalized
inhibitor.

2.2. In Vitro Screening against SARS-CoV-2 Mpro

Based on our initial SARS-CoV-2 MPro screening, the total methanolic extract and
the DCM fraction showed good inhibition when subjected to an in vitro evaluation on
the SARS-CoV-2 MPro using FRET assay with the known inhibitor GC376 as a positive
control (data not shown). Evaluation of the four isolated metabolites indicated that only
neoechinulin A (1) had significant SARS-CoV-2 Mpro inhibitory effects with IC50 value
0.47 µM compared to GC376 as a positive control with IC50 value of 0.36 µM (Figure 3).
Echinulin (2) showed weak inhibition with an IC50 at 3.90 µM, while eurocristatine (3)
showed weak enzymatic inhibition of less than 50% inhibition at 5 µM concentration,
hence its IC50 was not calculated. The isocoumarin derivative eurotiumide G (4) showed
no activity.
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2.3. Docking and Molecular Dynamics Simulations

To find out how these indole-based natural products can interact and inhibit Mpro,
they were subjected to a series of docking and molecular dynamics simulation-based
experiments. Looking into previously reported non-covalent inhibitors, YD1 (i.e., the
co-crystalized inhibitor of Mpro with PDB code: 7LTJ) was observed to be the inhibitor
with the most structural similarities to compounds 1 and 2. Accordingly, this structure was
selected for all of the subsequent in silico-based analyses. Despite using it as a reference
inhibitor in the in vitro assays, GC376-contatining Mpro model was not selected for the in
silico analysis due to its covalent interaction with CYS-145 inside the enzyme active site.

First (docking step), the three compounds were docked into the Mpro active site to
estimate their fitting score inside this binding pocket. Before initiating docking experiments,
we made sure that the docking method would be efficient and produce reliable binding
poses. To do so, the co-crystalized ligand was re-docked inside the Mpro active site. The
resulting top-ranked pose was almost identical to that of the co-crystallized one with an
RMSD of 1.1 Å (Figure S12).

The resulting binding poses of the three compounds were then visually investigated.
All generated poses for the three compounds showed docking scores between −5.0 and
−8.3 kcal/mol (Figure S13). Only poses with scores < −7 kcal/mol were selected for
subsequent in silico investigation that was also convergent in their orientations inside the
Mpro active site.

Second (∆Gbind estimation step), these selected poses were subjected to molecular
dynamic simulations (MDS)-based binding free energy estimation (∆Gbind) to select the best
binding pose in terms of affinity towards Mpro active site. The ∆Gbind values of the best-
ranked poses of compounds 1–3 were−8.1,−8.0,−3.2 kcal/mol, respectively. These results
clearly explain why compound 3 displayed the least in vitro enzyme inhibitory activity.
However, it is not sufficient to discriminate between 1 and 2 that were significantly different
in their in vitro inhibitory activities against Mpro (IC50 = 0.47 and 3.9 µM, respectively).

In the third step (MDS step), the binding pose of each compound was subjected to
long MDS experiments carried out in duplicates to efficiently evaluate their stability inside
the enzyme active site and investigate their mode of interaction. As shown in Figure 4,
eurocristatine (3) was the least stable structure inside the Mpro active site, where it started
to significantly deviate from the starting binding pose to reach RMSD > 7 Å at the end
of the MDS. Regarding neoechinulin A (1) and echinulin (2), they both achieved stable
binding inside the Mpro active site with average RMSDs of 2.16 Å and 2.21 Å, respectively.
The dynamics of these two related structures (i.e., compounds 1 and 2) over the course of
the simulation were also convergent to that of the reported co-crystallized ligand (RMSD
~2 Å) [25] (Figure 4B).

To investigate the hotspot amino acid residues that contributed to the binding stability
of each compound, including the co-crystalized inhibitor (i.e., YD1), the most populated
poses of each simulated ligand were extracted (Figure 5). Additionally, the ligand–protein
interaction pattern was extracted during the whole MDS runs (Figure 6). As revealed
in Figures 5 and 6, neoechinulin A (1) and echinulin (2) binding poses populated 35%
and 29% over their MDS, and both revealed stable H-bonds between the two compounds
and LEU-141, ASN-142, GLY-143, and GLU-166 in addition to significant hydrophobic
interaction with HIS-41. The main difference between the interactions of both compounds
was that neoechinulin A (1) established the four H-bonds via its diketopiperidine moiety,
while echinulin (2) established three H-bonds (i.e., with LEU-141, ASN-142, GLY-143) via its
diketopiperidine moiety and the last H-bond with GLU-166 was established via its indole
NH. Water bridges with ASN-142, GLY-143, and GLU-166 were also established, however,
they showed low contribution in the binding stability of both compounds (Figures 4 and 5).
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The co-crystallized inhibitor YD1 also established two strong H-bonds with GLY-
143 and GLU-166 as did both compounds 1 and 2, in addition to further H-bond with
HIS-163. Moreover, it also formed stable hydrophobic interactions with HIS-41 as in
both compounds.

In regard to eurocristatine (3), its most populated pose (11%) revealed transient H-
bonds with ASN-142, HIS-164, and GLU-166 in addition to a number of unstable hydropho-
bic interactions with LEU-27, HIS-41, MET-49, MET-165 (Figures 4 and 5).
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Figure 6. Protein–ligand contacts inside the Mpro active sites over 200 ns of MDS: (A,B) Mpro-
neoechinulin A (1) contacts derived from two independent MDS experiments, (C,D) Mpro-echinulin
(2) contacts derived from two independent MDS experiments, and (E,F) Mpro-eurocristatine (3)
contacts derived from two independent MDS experiments.
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The fourth step, steered molecular dynamics (SMD), was carried out to determine the
relative binding affinity of the investigated compounds, particularly neoechinulin A (1) and
echinulin (2), that the calculated ∆Gbind were too convergent (−8.1 and −8.0 kcal/mol, re-
spectively). However, 1 was eight times more active than 2 towards Mpro in vitro (Figure 3).
For each, compound-protein complex (i.e., docking pose) and external force were applied to
the compound (i.e., ligand) to steer it out of the Mpro active site. The exerted forces could be
monitored over the course of the simulation. As shown in Figure 7, the unbinding of euro-
cristatine (3) (i.e., the inactive compound) was achieved by a force not higher than ~108 pN,
while active compounds neoechinulin A (1) and echinulin (2) along with the co-crystalized
inhibitor YD1 required an unbinding force ranging from 399 pN to 909 pN. The force
profile plotted in Figure 7 clearly indicated that neoechinulin A (1) (IC50 = 0.47 µM) has the
highest binding stability inside the Mpro active site (i.e., needed unbinding force ~909 pN),
followed by the co-crystalized inhibitor YD1 (Ki = 2.9 µM) [25] (i.e., needed unbinding
force ~685 pN) followed by echinulin (2) (IC50 = 3.9 µM) (i.e., needed unbinding force
~399 pN). These differences in the unbinding forces between neoechinulin A (1), echinulin
(2), and the co-crystalized inhibitor YD1 may be attributed to the degree of ligand–protein
H-bonds’ stability during the unbinding process in addition to the degree of hydrophobic
interactions with hydrophobic residues inside the enzyme active site, particularly with
HIS-41, where neoechinulin A (1) was able to establish a significant stable hydrophobic
interaction with this hydrophobic residue (Figure 6A). Accordingly, these SMD-based
findings clearly explain the significant difference in the activity of neoechinulin A (1) in
comparison with echinulin (2) depending on revealing how tightly each ligand was bound
to the enzyme’s active site.
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3. Discussion

The unprecedented pandemic of SARS-CoV-2 emerged in late 2019 is associated
with significant mortality globally. Although several vaccines were developed, drug
discovery campaigns are still crucial as vaccines alone were not sufficient for complete
protection against the virus and its emerging variants. The SARS-CoV-2 Mpro is considered
a promising drug target, as it is dissimilar to human proteases [26]. SARS-CoV-2: Mpro is a
key enzyme in coronaviruses as it possesses an essential role in mediating viral replication
and transcription. This made it attractive as a drug target for SARS-CoV-2, which has been
used through different computer-assisted programs to discover medications that could
modulate it and hence show good antiviral potential [3,27].

Although the computer-aided drug discovery process is very promising during pan-
demics, the standard bioguided isolation approach can quickly discover active hits. The
marine fungal isolate Aspergillus fumigatus MR2012 was recovered from the Red Sea in
2011 and proved to be one of the “talented” strains in terms of drug discovery. Its ini-
tial large-scale fermentation on malt extract sea salt medium led to the isolation of nine
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diketopiperazine alkaloids that showed antibacterial activity against Gram-positive bacte-
ria [28]. When Aspergillus fumigatus MR2012 was co-cultured with the hyper-arid desert
bacterial isolate Streptomyces leeuwenhoekii strain C34 on ISP2 medium, it produced the two
new metabolites luteoride D and pseurotin G. Using OSMAC approach and screening the
strain against three different media led to the isolation of the new metabolite brevianamide
X [29].

Herein, bioguided screening to discover potential SARS-CoV-2 Mpro inhibitors led
to the selection of Aspergillus fumigatus MR2012 as its extract on a medium supplemented
with mannitol, and showed good inhibition of SARS-CoV-2 Mpro in vitro. The large-scale
fermentation of the fungus on this medium led to the isolation of three indole diketopiper-
azines and one isocoumarin derivative which were not traced before in the previous fungal
fermentation studies. In vitro screening of the isolated metabolites highlighted that neoech-
inulin A (1) had significant SARS-CoV-2 Mpro inhibitory effects with IC50 value comparable
to the positive control GC376. Neoechinulin A (1) has previously shown diverse biological
effects such as antioxidant [30], neuroprotective [31], anti-inflammatory [32], and memory
enhancer [33]. Although neoechinulin A has never been reported with antiviral effect, its
closely related analogue neoechinulin B displayed potent inhibition against a panel of drug-
resistant influenza clinical isolates by targeting the influenza envelope haemagglutinin and
disrupting its interaction with the host cells [34].

Molecular modeling and simulation approaches became able to afford a very good
explanation about the ligands’ mode of actions at the molecular level. After predicting
the binding modes of neoechinulin A (1), echinulin (2), and eurocristatine (3) inside the
Mpro active site via running multiple docking and ∆Gbind calculation trials, we initiated a
number of MDS-based experiments to explain the reasons behind eurocristatine (3) being
inactive and why neoechinulin A (1) was significantly more active than echinulin (2).

MDS-derived findings clearly showed that eurocristatine (3) had a low affinity toward
Mpro active site. This conclusion came from (i) its significantly low calculated ∆Gbind value,
(ii) its high average RMSD over the MDS runs, (iii) and its low calculated unbinding force.
Additionally, the extracted binding behavior revealed its transient molecular interactions
inside the enzyme’s active site.

Accordingly, the second question about the difference in the in vitro activity between
the structurally related neoechinulin A (1) and echinulin (2) was explained by calculating
their relative binding stabilities inside the Mpro active site by estimating the force needed
to pull each compound out of the active site via running a number of SMD experiments. To
the best of our knowledge, this is the first non-classical MDS-based experiment (i.e., SMD)
in the relative affinity estimation of potential SARS CoV-2 Mpro inhibitors.

Depending on the previous discussion, it is important to emphasize the following
concluding points that should be taken into consideration in dealing with the Mpro-related
in silico investigation: (i) long multiple classical MDS runs (>150 ns long) produce sufficient
data regarding the binding stability of the proposed ligands inside the Mpro’s active site.
Shorter single runs (<50 ns) might be misleading on some occasions and unable to differen-
tiate between active and inactive ligands [35]; (ii) MDS experiments should be carried out
using the Mpro dimeric model to get more accurate and realistic results [36]; (iii) absolute
binding free energy estimation and MDS experiments in some cases are not sufficient to
discriminate between structurally similar scaffolds. Hence, using different non-classical
MDS experiments could be the best solution in such cases [37].

It is worth noting that both neoechinulin A (1) and echinulin (2) have good drug-like
properties according to Lipinski’s rules [38] in contrast to that of eurocristatine (3) which
has poor drug-like properties. Hence, these diketopiperazine derivatives, particularly
neoechinulin A (1), are considered a very promising non-covalent Mpro inhibitors that can
be developed as natural product-based COVID-19 medication.
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4. Materials and Methods
4.1. Chemicals

All solvents used for extraction and processing were purchased from Fisher Chemical
UK while HPLC grade solvents were obtained from Rathburn Chemicals Ltd. (Walkerburn,
UK). Column chromatography was performed on Acros Organics 0.03–0.20 mm mesh size
silica gel. Thin layer chromatography (TLC) technique was used for preliminary identifica-
tion and performed on pre-coated TLC sheets POLYGRAM® SIL G/UV254, Macherey-Nagel
GmbH & Co., and samples were spotted using 5 µL micropipettes (Drummond Scientific
Company, Broomall, PA, USA). Silica plates were visualized under UVGL Handheld UV
lamp and para-Anisaldehyde (99% pure, Acros Organics, 2440 Geel, Belgium). Deuterated
DMSO (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) was used for NMR
measurements. The ingredients used to prepare fungal culture media were purchased from
Oxiod, Hampshire RG24 8PW, UK.

4.2. Instruments

For compound purification, Agilent 1100 series HPLC system connected to Diode
Array Detector was used. HRESIMS data were obtained using a Thermo LTQ XL/LTQ Orbi-
trap Discovery MS system coupled with an HPLC system (PDA detector, PDA autosampler
and pump) run under the following conditions: capillary voltage of 45 V, capillary tem-
perature of 260 ◦C, auxiliary gas flow rate of 10–20 arbitrary units, sheath gas flow rate of
40–50 arbitrary units, spray voltage of 4.5 kV, and mass range of 100–2000 amu (maximal
resolution of 30,000). A Sunfire C18 analytical HPLC column (5 µm 4.6 mm × 150 mm) was
employed with a mobile phase of 0 to 100% MeOH over 30 min at a flow rate of 1 mL/min
for the liquid chromatography analysis. Structure characterization of compounds was
based on 1D and 2D NMR data, using Bruker Advance III spectrometer 600 MHz (Bruker
UK Ltd., Durham, UK).

4.3. Fungal Isolation and Identification

The fungal isolate MR2012 was recovered from the marine sediment collected from
Hurgada, the Red Sea, at the end of 2011. Sequence analysis of the ITS regions of rDNA
showed 99% identity with Aspergillus fumigatus [28].

4.4. Small- and Large-Scale Fermentation and Extraction

The pure fungal culture was grown in ISP2 agar media (supplemented with 25 g/L sea
salt) and incubated at room temperature for 5–7 days. Approximately 5 × 5 mm size agar
pieces with the fungus were aseptically introduced into ten 3 L conical flasks containing
800 mL of fermentation broth containing 10 g/L of malt extract, 10 g/L of yeast extract,
4 g/L of mannitol, and supplemented with 25 g/L sea salt, under static fermentation for
28 days at room temperature. Then, the mycelial bed in each flask was combined and
extracted by sonication with methanol (MeOH) (3 × 500 mL) for 1 h each. The MeOH
extract was evaporated under vacuum to get 3.8 g of the crude extract. This extract was
resuspended in 200 mL of 1:1 distilled water and MeOH and subsequently fractionated
with 3 × 250 mL of n—hexane, DCM, and EtOAc, which were also evaporated under
vacuum. TLC analysis confirmed different patterns in all fractions.

4.5. Isolation of Fungal Metabolites

The biologically active DCM fraction (1.1 g) was further purified through its injection
into RP–HPLC (Phenomenex RP–C18 analytical column (Luna 5 µm, 250 × 4.60 mm,
L × i.d.)) using a gradient of 25–100% of MeCN in H2O for 30 min and 100% MeCN for
5 min at a flow rate of 2 mL/min. This method afforded the four major compounds 1
(4.2 mg), 2 (1.1 mg), 3 (2.4 mg), and 4 (2.7 mg).

Neoechinulin A (1): white powder; [α]25
D − 66.65 (c 0.15, CH3OH); UV (MeOH) λmax

(log ε): 225 (3.95), 288 (3.15), 326 (2.90); 1H (600 MHz, DMSO–d6): δ 1.38 (3H, d, J = 6.5),
1.48 (6H, s), 5.05 (2H, s), 6.08 (1H, m), 2.55 (2H, s), 8.67 (1H, s), 4.17 (1H, d, J = 7.0), 6.89 (1H,
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s), 7.42 (1H, d, J = 8.0), 7.01 (1H, t, J = 7.0, 7.8), 7.09 (1H, t, J = 8.0, 7.0), 7.19 (1H, d, J = 8),
11.06 (1H, s); 13C NMR (150 MHz, DMSO–d6): 20.0 (C-30), 28.0 (C-18/19), 112.1 (C-17),
145.6 (C-16), 40.9 (C-15), 166.9 (C-13), 51.0 (C-12), 160.4 (C-10), 125.3 (C-9), 110.7 (C-8), 135.6
(C-7a), 112.0 (C-7), 119.8 (C-6), 121.2 (C-5), 119.4 (C-4), 126.5 (C-3a), 103.9 (C-3), 144.4 (C-2);
HR–ESIMS: [M + H]+ at m/z 324.1719 C19H22N3O2 (calcd. 324.1707).

Echinulin (2): yellow powder; [α]25
D − 26.15 (c 0.2, CH3OH); UV (MeOH) λmax (log

ε): 218 (4.10), 284 (2.95); 1H (600 MHz, DMSO–d6): δ 1.33 (3H, d, J = 7), 1.69 (6H, s), 1.74
(6H, s), 5.38 (1H, t, J = 7.0, 7.5), 3.56 (2H, d, J = 7.6), 1.69 (6H, s), 1.74 (6H, s), 5.30 (1H, t,
J = 7.0, 7.5), 3.29 (2H, d, J = 6.7), 1.50 (6H, d, J = 7.4), 1.50 (6H, d, J = 7.4), 5.05 (2H, m), 6.21
(1H, dd, J = 17.5, 10.6), 8.17 (1H, s), 3.81 (1H, dd, J = 2.8, 3.1), 7.43 (1H, s), 3.91 (1H, m), 3.01
(2H, dd, J = 9.4, 10), 6.63 (1H, s), 7.04 (1H, s), 9.70 (1H, s); 13C NMR (150 MHz, DMSO–d6):
21.3 (C-30), 18.2 (C-28/29), 130.8 (C-27), 123.3 (C-26), 29.5 (C-25), 26.0 (C-23/24), 132.0
(C-22), 125.3 (C-21), 34.6 (C-20), 28.5 (C-18/19), 111.5 (C-17), 147.3 (C-16), 40.9 (C-15), 168.4
(C-13), 50.8 (C-12), 167.9 (C-10), 56.1 (C-9), 31.8 (C-8), 141.9 (C-7a), 132.7 (C-7), 121.4 (C-6),
124.0 (C-5), 115.1 (C-4), 129.7 (C-3a), 105.6 (C-3), 145.9 (C-2); HR–ESIMS: [M + H]+ at m/z
462.3119 C29H40N3O2 (calcd. 462.3115).

Eurocristatine (3): white powder; [α]25
D + 295.50 (c 0.02, CH3OH); UV (MeOH) λmax

(log ε): 212 (4.15), 244 (3.95), 304 (3.60); 1H (600 MHz, DMSO–d6): δ 0.69 (3H, d, J = 7), 0.81
(3H, d, J = 7), 1.95 (1H, m), 3.39 (1H, t, J = 5, 4.9), 8.26 (1H, d, J = 4.3), 3.14 (2H, s), 2.39
(2H, m), 4.12 (1H, t, J = 8.8, 8.8), 6.60 (1H, d, J = 7.7), 7.03 (1H, t, J = 7.5, 7.7), 6.64 (1H, t,
J = 7.5, 7.5), 7.40 (1H, d, J = 7.5), 4.90 (1H, s), 6.74 (1H, s); 13C NMR (150 MHz, DMSO–d6): δ
18.5 (C-19), 19.5 (C-18), 32.5 (C-17), 167.9 (C-16), 62.8 (C-15), 168.8 (C-13), 37.7 (C-12α), 56.2
(C-11), 149.6 (C-9), 109.4 (C-8), 129.2 (C-7), 118.4 (C-6), 124.9 (C-5), 130.9 (C-4), 60.2 (C-3),
79.5 (C-2); HR–ESIMS: [M + H]+ at m/z 569.2871 C32H37N6O4 (calcd. 569.2871).

Eurotiumide G (4): yellow oil; [α]25
D 0 (c 0.10, CH3OH, suggesting a racemic mixture);

UV (MeOH) λmax (log ε): 220 (3.25), 263 (0.90), 335 (1.2); 1H (600 MHz, DMSO–d6): δ 9.13
(1H, d, J = 2.2), 3.31 (3H, s), 3.38 (3H, br s), 1.30 (3H, br s), 1.30 (3H, br s), 5.75 (1H, d, J = 9.5),
6.32 (1H, d, J = 9.7), 0.89 (3H, t, J = 6.7, 6.6), 1.33 (6H, s), 1.32 (6H, s), 1.50 (2H, m), 1.39 (2H,
m), 1.64 (2H, m), 1.70 (2H, m), 6.53 (1H, s), 4.11 (1H, d, J = 2), 3.87 (1H, br s), 5.35 (1H, s);
13C NMR (150 MHz, DMSO–d6): δ 58.0 (4-OCH3), 55.6 (1-OCH3), 27.7 (C-5′′), 27.5 (C-4′′),
75.7 (C-3′′), 132.6 (C-2′′), 122.4 (C-1′′), 14.6 (C-5′), 22.6 (C-4′), 31.7 (C-3′), 25.5 (C-2′), 30.7
(C-1′), 123.4 (C-8a), 142.3 (C-8), 121.5 (C-7), 112.4 (C-6), 149.2 (C-5), 117.8 (C-4a), 69.3 (C-4),
70.5 (C-3), 95.0 (C-1); HR–ESIMS: [M + H]+ at m/z 363.2160 C21H31O5 (calcd. 363.2166).

4.6. In Vitro Assay against SARS-CoV-2 Main Protease

The fungal extract, fractions, and the isolated compounds (1–4) were assessed for
their in vitro enzyme inhibition activities using 3CL Protease, tagged (SARS-CoV-2) Assay
Kit (Catalog #: 79955-1, BPS Bioscience, Inc., Allentown, PA, USA), according to manufac-
turer’s protocol [15]. The in vitro FRET assay was monitored at an emission wavelength of
460 nm with excitation at 360 nm, using a Flx800 fluorescence spectrophotometer (BioTek
Instruments, Winooski, VT, USA).

4.7. Docking and Molecular Dynamics Simulations

The in silico-based investigation was carried out in four steps:

Step1 (docking step): the compounds under investigation were docked into the Mpro active
site using Autodock Vina [39]. The resulting top-ranked pose was almost identical to that
of the co-crystallized one with an RMSD of 1.1 Å (Figure S12). The generated binding poses
were then visually investigated using Pymol software [13,39].
Step 2 (∆Gbind estimation step): Top-scoring poses resulted from the docking step were
subjected to molecular dynamic simulations (MDS)-based binding free energy estimation
(∆Gbind) using the Free Energy Perturbation (FEP) method [40]. MDS experiments carried
out to calculate ∆Gbind were performed by NAMD software [41], and all input files required
for simulation by NAMD were prepared by using the online website Charmm-GUI (https:
//charmm-gui.org/?doc=input/afes.abinding, accessed on 15 February 2022) [40,41].

https://charmm-gui.org/?doc=input/afes.abinding
https://charmm-gui.org/?doc=input/afes.abinding
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Step 3 (MDS step): Top-scoring poses resulted from the docking step were subjected to 200
ns MD simulations carried out in duplicates. MDS runs were performed and analyzed by
Desmond software [14,15,42,43].
Step 4 (SMD step): steered molecular dynamics (SMD), was carried out to determine the
relative binding affinity of the investigated compounds. All SMD experiments were carried
out by NAMD software as described previously [41].

The detailed procedures for each step are described in the Supplementary file.

5. Conclusions

Herein, we have fermented our in-house marine fungal strains on different media
using the OSMAC approach. Through bio-guided screening, we have discovered the
indole diketopiperazine alkaloid neoechinulin A as a potential structural motif against
SARS-CoV-2 Mpro. By applying a number of different modeling and biophysics-based
simulation experiments, the binding mode of this promising natural product along with
its congeners was putatively elucidated. Additionally, we introduced SMD as a simple
and powerful MDS-based method to discriminate between active and inactive structurally
related motifs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20030163/s1, Figures S1–S14 including HRMS and NMR of the isolated metabolites and dock-
ing analysis. 15. Methods and References. References [44–48] are cited in the supplementary materials.
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