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Abstract 

Aims: This study aims to prioritize fungal strains recovered from under-explored habitats that produce new metabolites. HRMS dereplication is 
used to a v oid str uct ure redundancy, and molecular modelling is used to assign absolute configuration. 
Methods and results: MBC15-11F was isolated from an amphipod and identified using ITS, 28S, and β-tubulin ph ylogen y as Aspergillus sy do wii . 
Chemical profiling using taxonomic-based dereplication identified str uct urally diverse metabolites, including unreported ones. Large-scale fer- 
mentation led to the disco v ery of a new N -acyl adenosine deriv ativ e: (S)-sy dosine ( 1 ) which was elucidated by NMR and HRESIMS analy ses. Tw o 
kno wn compounds w ere also identified as predicted b y the initial dereplication process. Due to scarcity of 1 , molecular modelling was used to 
assign its absolute configuration without h y droly sis, and is supported b y adv anced Mosher deriv atization. When the isolated compounds were 
assessed against a panel of bacterial pathogens, only phenamide ( 3 ) sho w ed anti- Staph ylococcus aureus activity. 
Conclusion: Fermentation of A. sy do wii yielded a new (S)-sydosine and known metabolites as predicted by HRESIMS-aided dereplication. 
Molecular modelling prediction of the absolute configuration of 1 agreed with advanced Mosher analysis. 

Significance and impact of study 

HRESIMS-based dereplication is a fast and reliable technique for the prioritization of microbial strains reco v ered from under-e xplored habitats. 
Additionally, molecular modelling was used for the determination of the absolute configuration of a sugar-containing metabolite. 
Ke yw or ds: Aspergillus sydowii , deap-sea, (S)-sydosine, HRMS, dereplication, molecular modelling 
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Introduction 

Fungi are eukaryotic organisms widely distributed in every 
possible micro and macro-environment of the planet (Zain 

ul Arifeen et al. 2019 ). Fungi are the most prolific pro- 
ducers of new chemical compounds reported from the ma- 
rine environment. In 2019, 47% of the 1490 new natural 
products reported from marine environments were sourced 

from fungi, and by the end of 2019, ∼5300 new natural 
products had been isolated from marine fungi (Carroll et 
Received: May 16, 2023. Revised: July 12, 2023. Accepted: July 20, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Applie
e-mail: journals.permissions@oup.com 
l. 2021 ). The diversity of marine metabolites may result of
tresses on organisms in marine habitats, including high salin-
ty, low temperature, high pressure, low light, or a combi-
ation of conditions (Sayed et al. 2020 ). This is particularly
rue for deep-sea fungi that reside at depths of thousands
f metres below the surface (Debbab et al. 2010 ). A high
iversity of species survives under such conditions and pro- 
uces structurally novel natural products, with almost a quar- 
er of marine natural products having no terrestrial equiv- 
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lent (Bhakuni and Rawat 2005 , Voser et al. 2022 ). It is
ostulated that the fungal genome has evolved to sustain
hese organisms in harsh environments (Zain ul Arifeen et al.
019 ). 
The genus Aspergillus is known as a major producer of ma-

ine fungal secondary metabolites, accounting for ∼19% of all
iscovered marine fungal metabolites during the period 1992–
019 (Orfali et al. 2021 ). Many new bioactive alkaloids, pep-
ides (cyclic and open chain), polyketides, terpenoids, and xan-
hones have been identified from different marine Aspergilli,
hich possess diverse biological effects, including antimicro-
ial, anticancer, anti-inflammatory, antidiabetic, and neuro-
rotective (Orfali et al. 2021 ). Aspergillus sydowii produces
iverse metabolites; for example, over 30 metabolites struc-
urally related to sydonic acid and sydowinin have been re-
orted in the literature (Hayashi et al. 2016 ). Many A. sydowii
trains have been recovered from marine habitats. They are
nown to be the causative agent of the aspergillosis disease
f the Gorgonian corals and have had a significant impact on
heir population decline in the Caribbean (Ein-Gil et al. 2009 ).
owever, A. sydowii is not restricted in its occurrence to tropi-

al marine habitats but is a widespread ubiquitous fungus and
pportunistic pathogen that has also been isolated from colder
aters (Li et al. 2018 , Niu et al. 2020 ), such as deep-sea sedi-
ents or glaciers, as well as from clinical patients and natural
on-marine habitats (Rypien et al. 2008 ). 
Dereplication is a technique used to quickly identify already

nown secondary metabolites from an extract (Tawfike et al.
013 , Abdelmohsen et al. 2014 ). This process is hampered by
he fact that metabolites exist in the crude extract at various
oncentrations and have different chemical and physical prop-
rties. Molecular weight-based dereplication plays a key role
n the metabolite identification process. Up to date, advanced
RMS instruments can unveil the chemical profile in terms of

heir accurate mass, HRMS/MS data, and UV data (Kildgaard
t al. 2014 ). The advantage of the LC–HRMS dereplication
s the quick discovery of new secondary metabolites with-
ut wasting time and resources. Further analysis of accurate
ass in the databases such as Dictionary of Natural Products,
ntiBase, AntiMarin, MarinLit, amongst others may achieve

he main objective of the dereplication (Kildgaard et al.
014 ). 
In a continuation of our studies on searching for bioactive
icrobial metabolites from marine-derived fungi, the fungal

train Aspergillus sydowii MBC15-11F, together with other
ungi, was recovered from the lumen sample of the cosmopoli-
an deep-sea amphipod Eurythenes gryllus that was collected
rom the North Atlantic Ocean. The chemical profiling of
he crude extracts of these fungi was performed using LC–
RMS-based dereplication analysis. This approach allowed

s to prioritize the MBC15-11F extract, which had a new
it that was not dereplicated using available natural prod-
ct databases. Hence, large-scale fermentation, fractionation,
nd purification of MBC15-11F extract using flash column
hromatography and semi-preparative RP–HPLC yielded a
ew N -acyl adenosine alkaloid: (S)-sydosine ( 1 ), and two
nown metabolites brefeldin A ( 2 ), and phenamide ( 3 ).
erein, we report the strain isolation, molecular identifica-

ion, chemical profiling using LC–HRMS dereplication anal-
sis, large-scale cultivation, isolation, and structural char-
cterization of the new compound, and the antimicrobial
ffect of the isolated metabolites. Additionally, we report
he use of advanced Mosher ester and molecular modelling
o assign the absolute configuration of (S)-sydosine without
ydrolysis. 

aterials and methods 

solation of the fungal strain MBC15-11F 

he strain MBC15-11F was isolated from the lumen of
he cosmopolitan deep-sea amphipod Eurythenes gryllus col-
ected by Dr Alan Jamieson, University of Aberdeen, from the
orth Atlantic Ocean during dive 3 on Scotia V essel’ s cruise
umber 0915S in July 2015 using a baited lander sampling
ear. The sample was collected at 57.954542 N 15.55947 W
nd preserved at −20 

◦C in a 50-mL falcon tube for later pro-
essing. The amphipod sample was processed by mechanical
omogenization of 1 g of its lumen tissue using a sterile mortar
nd pestle. A portion of this mixture (1 mL) was transferred to
 mL of sterile seawater. To further reduce the bacterial colony
umbers, successive serial dilutions were conducted in ratios
f 10 

−1 to 10 

−5 . Approximately 100 μL was inoculated onto
alt extract agar plates and incubated at 15 

◦C for 3–4 weeks.
he agar plates were monitored regularly. Plates that showed
rowth were distinguished and the dominant types of fungal
olonies were re-isolated on corresponding media, where the
rowth pattern was excellent. The plates were incubated at
5 

◦C for 48–72 h. The pure colonies were isolated and se-
ected based on physical characteristics, colour, colony size,
nd unique morphology. Pure cultures were kept frozen for
urther studies at −80 

◦C in malt extract liquid media supple-
ented with 50% glycerol. A stock culture was preserved at

he University of the West of Scotland, UK, under the code of
R-MBC15-11F. 

dentification of the deep-sea fungus MBC15-11F 

BC15-11F was sub-cultured on a 4-g malt extract broth
Jensen & Co, Nittedal, Norway) and 15 g of agar (Sigma,
t. Louis, MO, USA) in 1 L of artificial seawater prepared by
issolving 40 g Sigma Sea salts in Milli-Q H 2 O (Millipore,
edford, MA, USA). DNA was extracted from a pure isolate
sing a modified cetyltrimethylammonium bromide (CTAB)
xtraction procedure (Murray and Thompson 1980 ) follow-
ng Rämä et al. (Rämä et al. 2017 ) with the exception that
ell lysis was done using beads bashing by running the sam-
les in a FastPrep 24 homogenizer (MP Biomedicals, USA) for
0 s at the speed of 4 m/s. PCR amplification of the marker
enes was performed on an Eppendorf Mastercycler EP Gra-
ient S (Eppendorf AG, Hamburg, Germany) using the primer
airs and cyclic PCR programs specified in Table S1 . One mi-
rolitre of forward and reverse primers were used in 0.5 mM
oncentration, 12.5 μL of DreamTaq Green PCR Master Mix
X (Thermo Fisher Scientific), 10.5 μL of Milli-Q H 2 O, and
 μL DNA template in a reaction volume of 25 μL. The PCR
roducts were cleaned using an A’SAP PCR clean-up kit (Arc-
icZymes, Tromsø, Norway) according to the manufacturer’s
nstructions. The purified PCR products were prepared for
anger sequencing using BigDye3.1 and a PCR program con-
isting of initial denaturation of 1 min at 95 

◦C, 40 cycles at
5 

◦C for 5 s, 47 

◦C for 30 s, and 60 

◦C for 4 min. The sequenc-
ng was performed using PCR primers as sequencing primers
nd an Applied Biosystems 3130xl Genetic Analyzer (Foster
ity, C A, US A) at the University Hospital of North Norway.
eturned chromatograms were imported into Geneious Prime

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
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Table 1. Ov ervie w of the fungal isolates and sequences used in the phylo- 
genetic analyses. 

Isolate ITS 28S tub2 

A. v er sicolor ATCC 9577 TYPE NR_131277.1 NG_055743.1 KU897001.1 
A. v er sicolor CBS 137.55 MH857417.1 MH868955.1 - 
A. sydowii UTHSC 06–2780 LN898721.1 - LN898875.1 
A. sydowii UTHSC 06–2186 LN898720.1 - LN898874.1 
A. sydowii UTHSC 10–1222 LN898727.1 - LN898881.1 
A. sydowii CBS 593.65 TYPE NR_131259.1 - EF428373.1 
A. sydowii UTHSC 07–1018 LN898723.1 - LN898877.1 
A. raperi NRRL 2641 TYPE NR_135351.1 NG_064014.1 EF652278.1 
A. asper NRRL 35910 TYPE NR_151788.1 NG_070046.1 KT698838.1 
MBC15-11F OK664991 OK664992 OK66836 
P. antarcticum CBS 100 492 MH862703.1 NG_064177.1 MN969371.1 

GenBank (Benson et al. 2014) accession numbers are given for each sequence and the 
study isolate is in bold font. 
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2021.2.2 (Biomatters Ltd, Auckland, New Zealand), assem- 
bled into consensus sequences, and manually inspected. 

Preliminary BLAST analyses using the consensus sequences 
from nuclear rRNA and protein-coding genes suggested 

that the isolate MBC15-11F was most closely related to 

Aspergillus sydowii , followed by another related species, A.
v er sicolor . Internal transcribed spacers region (ITS), large sub- 
unit ribosomal RNA gene (28S), and β-tubulin (tub2) se- 
quences derived from 10 Aspergillus and 1 Penicillium isolates 
were downloaded and used in a phylogenetic analysis to verify 
the identity of MBC-11F (Table 1 ). Taxonomic identification 

of the isolate MBC15-11F was based on Bayesian inference 
and maximum likelihood. The sequences generated for this 
study are deposited at GenBank (Benson et al. 2005 ) with the 
accession numbers specified in Table 1 . 

All analysed sequences were aligned using MAFFT v.7.450 

(Katoh et al. 2002 , Katoh and Standley 2013 ) with auto- 
matic alignment algorithm selection based on the data, scor- 
ing matrix 1000PAM/k = 2, gap open penalty of 2.53, and 

offset value of 0.123 in Geneious Prime. The resulting align- 
ment was manually improved and cut at the 3 

′ and 5 

′ ends,
resulting in the final alignment that contained 11 taxa and 

was 1451 bp long. The evolutionary model selection for the 
phylogenetic analysis was done in Smart Model Selection in 

PhyML (Lefort et al. 2017 ) using five partitions: ITS1, 5.8S,
ITS2, 28S, and TUB2. A general time reversible (GTR) model 
was suggested for 5.8S, GTS with γ -distributed rate varia- 
tion across sites for ITS2 and 28S, and GTR with propor- 
tion of invariable sites for ITS1 and tub2 based on Akaike 
Information Criteria. The analysis was set up using the parti- 
tions, suggested evolutionary models, and default priors. The 
parameters were unlinked across partitions and the Markov 
chain Monte Carlo (MCMC) analysis was run using two 

parallel runs with four chains and 0.2 temperature of the 
heated chains in MrBayes 3.2.6 (Huelsenbeck and Ronquist 
2001 ). Penicillium antarcticum was used as an outgroup.
The MCMC runs reached stationary with an average fre- 
quency of split frequency being < 0.01 and based on vi- 
sual inspection of the MCMC trace. One-fourth of the sam- 
ples were discarded as burnin and the resulting 2001 trees 
from each run were used to create the consensus phylogram.
The same alignment with the same partitions and evolution- 
ary models was used to run a maximum likelihood analy- 
sis using 10 000 bootstrap replicates in RAxML (Stamatakis 
2006 , 2014 ). The topology of the RAxML tree (not shown) 
was identical to the Bayesian tree and the bootstrap sup- 
ort values for the nodes are given with the Bayesian tree in
ig. 1 . 

eneral procedure for chemical profiling 

he microbial extract was prepared for mass spectrometry 
nalysis according to Abdelmohsen et al. (Abdelmohsen et al.
014 ). The acquired data were processed using MZmine 2.20
y applying standard parameters (Lotfy et al. 2021 ). Finally,
he peaks were dereplicated against the Dictionary of Natu- 
al Product database. A detailed chemical profiling process is
resented in the section “Materials and methods” of the Sup- 
lementary Material. 

mall- and large-scale fermentation and extraction 

he pure fungal isolate was cultivated in marine ISP2 agar
sea salt incorporated) containing 0.1% nalidixic acid (Sigma–
ldrich, UK) as a broad-spectrum antibacterial agent and in- 
ubated for 5 −7 days at room temperature. Once the inoc-
lated fungus grew equally throughout the agar plate, two 

qual size agar pieces with the fungus were aseptically in-
roduced into 3 L × 12 conical flasks containing 1 L of ma-
ine ISP2 broth media. They were subjected to static fer-
entation for 30 days without agitation. After the fermen- 

ation period, the mycelial mat was removed and extracted 

ith methanol (MeOH; 3 × 500 mL). Approximately 5 g/L
f Diaion HP20 was added to the broth and centrifuged
180 rpm) for 6 hr. Then, Diaion HP20 was filtered and ex-
racted with MeOH (3 × 500 mL). Both MeOH extracts 
ere combined and evaporated under a vacuum to get the

rude extract and subsequently fractionated with n -hexane,
ichloromethane (DCM), and ethyl acetate (EtOAc). LC–
RMS analysis indicated the presence of the unknown hit and

imilar metabolite pattern in both DCM and EtOAc fractions.
ence, they were combined before further purification took 

lace. 

solation of fungal metabolites 

ombined extracts (1.8 g) were purified using flash chro- 
atography using silica gel 0.03 −0.20 packed in a glass

olumn (diameter 3.5 cm) and eluted with different solvent 
atios of n -hexane:DCM:MeOH—1:0:0 to 0:1:0 and 0:1:0 

o 0:0:1 in different polarities. Each collection was exam- 
ned using TLC (10% MeOH:DCM) and pooled accordingly 
esulting five subfractions. Each sub-fraction was analysed 

sing RP −HPLC (Phenomenex RP −C18 analytical column 

Luna 5 μm, 250 × 4.60 mm, L × i.d.) using 1.5 mL/min flow
ate and 10% −100% of acetonitrile (MeCN) in H 2 O gradi-
nt over 30 min and 100% MeCN for 5 min. HPLC chro-
atogram showed a similar pattern in the third and fourth

ubfractions. Therefore, both were combined and further pu- 
ified using semi-preparative Sunfire RP −C18 column (Sun- 
re 5 μm, 250 × 10 mm, L × i.d.) using a gradient of MeCN
n H 2 O as eluent (MeCN 10% −100% for 50 min and 100%

eCN for 10 min) at a flow rate of 1.5 mL/min, to afford new
denosine derivative: sydosine ( 1 , 1.1 mg) and two known
refeldin A ( 2 , 7 mg), and phenamide ( 3 , 2.4 mg) metabo-
ites. 

( + )(S)-Sydosine ( 1 ): white crystalline solid; + 12.65 (c 0.01,
eOH); UV (MeOH) λmax (log ε): 205 (3.90), 214 (3.55),

24 (2.90); 1 H NMR (600 MHz, DMSO −d 6 ) and 

13 C NMR
150 MHz, DMSO −d 6 ): HR −ESIMS: [M + H] + at m/z
16.1568 C 19 H 21 N 5 O 6 (calcd. 416.1564). 
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Brefeldin A ( 2 ): colourless crystals; + 91.05 (c 0.1, MeOH—
ompared to + 92.2 [51]); UV (MeOH) λmax (log ε):
05 (4.20), 214 (3.65), 224 (3.10); 1 H NMR (600 MHz,
MSO −d 6 ): δ 0.75 −1.75 (2H, m), 1.19 (3H, d, J = 6.84 Hz),
.29 −1.97 (2H, m), 1.47 −1.71 (2H, m), 1.65 −1.82 (2H,
), 1.70 (1H, m), 1.70 −1.92 (2H, m), 2.31 (1H, m),
.92 (1H, m), 4.04 (1H, m), 4.70 (1H, m), 5.19 (1H, m),
.66 (1H, m), 5.71 (1H, d, J = 15.5 Hz), 7.34 (1H, d,
 = 15.4 Hz); 13 C NMR (150 MHz, DMSO −d 6 ): δ 20.7,
6.5, 31.5, 33.4, 40.9, 43.1, 43.3, 51.3, 70.5, 70.9, 74.3,
16.3, 129.2, 137.1, 154.4, 165.7; HR −ESIMS: [M + H] + 

t m/z 281.1761 (Gorst-Allman et al. 1982 , Glaser et al.
000 ). 
Phenamide ( 3 ): white amorphous solid, UV (MeOH)

max (log ε): 205 (3.70), 254 (3.15); 1 H NMR (600 MHz,
MSO −d 6 ): δ 1.04 (3H, s), 1.21 (3H, s), 2.35 −2.48 (2H, dd,

 = 15.5 Hz), 2.81 −3.17 (2H, m), 4.43 (1H, t, J = 4.7 Hz),
.16 −7.28 (5H, m); 13 C NMR (150 MHz, DMSO −d 6 ): δ
4.9, 25.5, 38.1, 43.5, 53.2, 56.5, 126.9, 128.8, 129.5, 139.2,
71.4, 178.1, HR −ESIMS: [M + H] + at m/z 265.1553
Makkar et al. 1995 ). 

etermination of absolute stereochemistry by 

osher ester reaction 

he Mosher ester reaction between S and R was performed
s described by Ohtani et al. ( 1991 ) and Su et al. ( 2002 ). The
ure compound (0.5 mg each, 0.0012 mmol) was dissolved in
50 μL of deuterated pyridine and inserted into NMR tubes
nder N 2 . Then, 0.5 mg (0.0021 mmol) of each ( + R) and ( −S)
TPA were measured separately and dissolved in 250 μL

f deuterated pyridine under N 2 flow. Under a constant N 2 

ow, prepared MTPA samples were immediately transferred
o the NMR tubes. NMR tubes were thoroughly shaken to
igure 1. Phylogenetic tree of Aspergillus sydowii and A. versicolor isolates bas
he studied isolate MBC15-11F is shown in bold. Isolate identifiers follow taxon
upport from the Maximum likelihood analysis. Sequences from type strains ar
or the other taxa. The scale bar shows estimated substitutions per site. 
omplete the reaction. The reaction was monitored by 1 H
MR and COSY after 5 −6 hr to obtain the ( + R) and ( −S)
TPA esters. The chemical shift difference [ �δS −R (in ppm)
 δS − δR ] was calculated from the 1 H NMR spectra of the

wo esters. The 1 H NMR spectrum of the pure compound
n pyridine- d 5 was used as the reference sample to assign the
ignals. 

heoretical calculations 

onformational analysis of MTPA esters of 1 

tructures for the (R)-MTPA and (S)-MTPA esters of 1 were
uilt using the Avogadro software package (version 1.2; Han-
ell et al. 2012 ). The lowest energy conformers of (R)-MTPA-
 and (S)-MTPA-1 were generated with the iterative meta-
ynamics with genetic crossing (iMTD-GC) method imple-
ented in the CREST software package (version 2.11.1) in-

erfaced to the extended tight-binding semi-empirical elec-
ronic structure code xTB (version 6.4.0; Pracht et al. 2020 ,
rimme et al. 2021 ). The underlying electronic structure
ethod used in the CREST calculations was the self-consistent

harge tight-binding model GFN2-xTB, which includes the re-
ent D4 density-dependent dispersion correction (Bannwarth
t al. 2019 , Bannwarth et al. 2021 ). The adaptive linearized
oisson–Boltzmann (ALPB) continuum solvent model was
sed for all xTB calculations (Caldeweyher et al. 2017 , 2019 ,
020 ). As the ALPB method in xTB was not parameter-
zed for pyridine, THF was chosen as a substitute based
n its dielectric constant, which is close to that of pyridine
 ε pyridine = 12.4, ε THF = 7.6) and the fact that the two com-
ounds are broadly similar, both being small heterocycles con-
aining a single heteroatom and delocalized π -systems, mean-
ng that in the continuum solvent approximation, their ef-
ect on calculations can also be expected to be very similar.
ed on ITS, 28S, and tub2 sequences analysed using Bayesian inference. 
 names and node support is given as posterior probabilities/bootstrap 
e marked with bold ‘T’. Penicillium antarcticum was used as an outgroup 
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This choice was shown to lead to small changes in the en- 
ergetics of a model of the aromatic core of 1 in subsequent 
DFT calculations (see below) and so is not expected to in- 
fluence the results of the xTB calculations in any significant 
way. 

Molecular dynamics of MTPA esters of 1 

Ab-initio molecular dynamics (AIMD) simulations were 
performed on the lowest energy conformers obtained for 
(R)-MTP A-1 and (S)-MTP A-1 from the iMTD-GC CREST 

calculations. xTB was used in standalone mode for these cal- 
culations, which were performed with the GFN2-xTB method 

and ALPB THF solvation, as in the conformer generation step.
Equilibration of 50 ps of each system at 298.15 K was per- 
formed to prepare the systems and avoid any heating effects 
on the data collection part of the simulations. The SHAKE 

algorithm was applied to all bonds and a timestep of 4 fs 
was used. The production phase involved 1 ns of simulation 

restarting directly from the equilibration runs and structures 
were sampled at 500 fs intervals for subsequent analysis. The 
2000-structure AIMD trajectories were loaded into the UCSF 

Chimera package (Pettersen et al. 2004 ; version 1.16), and 

the distances between the MTPA chiral carbons and C–10 

were extracted. The resulting time series were analysed us- 
ing the Pandas (version 1.3.3) package in Python 3.9.5 ( https: 
// github.com/pandas-dev/ pandas , accessed on 20 June 2022). 

Density functional theory calculations of cis/trans amide pref- 
erence in 1 

A model of the core of 1 (Fig. S1 ) was built using Avo- 
gadro and energy was minimized at the DFT level using the 
Orca (Neese 2012 , 2017 ) electronic structure package (ver- 
sion 5.0.0). 

The r2SCAN meta-GGA DF approximation was used 

throughout along with the D4 dispersion correction (Furness 
2020a , 2020b , Ehlert et al. 2021 ). Geometry optimization was 
performed with the triple- ζ Def2-TZVP basis set (Weigend 

and Ahlrichs 2005 ) using default integration grids and the 
resolution of the identity (RI) approximation for Coulomb 

interactions were employed with the Def/J auxiliary basis set 
(Weigend 2006 ). This was repeated for the cis and trans amide 
forms with THF and pyridine solvent effects modelled using 
the conductor-like polarizable continuum model (Tomasi et 
al. 2005 ; Mennucci 2012 ). The resulting structures were then 

submitted to final single-point calculations with the more ac- 
curate quadruple- ζ Def2-QZVP basis set (Ehlert et al. 2021 ) 
and the fine DefGrid3 integration grid to obtain accurate en- 
ergies for the cis and trans isomers in both solvents. 

Antimicrobial activity assay 

Sample preparation and pathogenic bacterial strains 
The isolated compounds were dissolved in 5% dimethyl sul- 
foxide (DMSO) to prepare stock solutions of 0.5 mg/mL.
Pathogenic bacterial strains: Staphylococcus aureus 
ATCC25923, Esc heric hia coli NTCC12900, and Pseu- 
domonas aeruginosa ATCC27853 were obtained from the 
Microbiology Department, University of the West of Scotland,
UK. 

Agar disk diffusion susceptibility test 
The test was conducted by following the Kirby–Bauer disk 

diffusion susceptibility protocol (Hudzicki 2009 ) and EU- 
AST guidelines ( https://www.eucast.org/ast _ of _ bacteria/ 
isk _ diffusion _ methodology ). Sterile disks (Sigma–Aldrich 

K) were impregnated with 20 μL of a stock solution under
terile conditions. Each of the pathogenic inoculums was 
repared in sterile saline solution at 0.5 McFarland standard.
ach inoculum was inoculated (100 μL) into culture plates 
repared with Muller–Hinton agar (Oxiod, UK). Sterile discs 
mpregnated with compounds 1 –3 and the reference standard 

ntimicrobial rifampicin were placed on an agar surface and 

ncubated at 35 

◦C. Zones of inhibition were measured after
8–24 hr of incubation. 

alculation of MIC using microdilution method 

he minimum inhibitory concentrations (MIC) of the com- 
ounds with susceptible inhibition zones in comparison 

o the standard reference were assessed by broth mi- 
rodilution method in sterile 96-well plates (Thermo Sci- 
ntific Ltd, Loughborough, UK) following the EUCAST 

uidelines ( https://www.eucast.org/fileadmin/src/media/PDF 

/EUCAST _ files/MIC _ testing/Reading _ guide _ BMD _ v _ 3.0 _ 2 

21.pdf) with slight modifications. 

esults and discussion 

olecular identification of the fungus 

ayesian inference (BI) and maximum likelihood (ML) anal- 
ses show that the isolate MBC15-11F represents Aspergillus 
ydowii (Fig. 1 ). The analyses were run using a three-locus
ata matrix that contained sequences from eight closely re- 
ated A. sydowii and A. v er sicolor isolates, including sequences
rom the type isolates of these species, and three other species
epresented by their type sequences. The BI and MI trees show
he same topology and have the highest possible support value
t the node, where the two species A. sydowii and A. v er si-
olor branch off. Within the A. sydowii clade, there are two
ubclades: the type of isolate of the species being in the other
ubclade than MBC15-11F. The ITS, 28S , and tub2 sequences
f the studied isolate of A. sydowii are very similar to the se-
uences of the isolate UTHSC 06–2780 isolated from human 

ronchus (Siqueira et al. 2016 ). It is not uncommon that some
arine-derived isolates of fungi are genotypically highly sim- 

lar or identical to non-marine-sourced isolates. This is espe- 
ially true for Aspergillus species such as A. flavus (Ramírez-
amejo et al. 2012 ) and A. sydowii (Rypien et al. 2008 ). 

hemical profiling of the crude extract of 
BC15-11F 

he total MeOH crude extract of the strain was subjected
o LC–HRESIMS analysis (Fig. S2 ). These metabolites were 
entatively identified using natural product-specific databases.
ur search was narrowed down to taxonomically related mi- 

robial metabolites to avoid misidentifications and misinter- 
retations. Additionally, identification of the metabolites us- 
ng LC–HRMS analysis is based on matching two or more
tructural properties [e.g. accurate mass, isotope pattern, frag- 
entation pattern, retention time ( R t )]. This increased the ac-

uracy of metabolite identification in the metabolomics ex- 
eriment. Table 2 and Fig. 2 show the tentatively identified
etabolites from MBC15-11F and their previously reported 

ioactivity. 

https://github.com/pandas-dev/pandas
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
https://www.eucast.org/ast_of_bacteria/disk_diffusion_methodology
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/MIC_testing/Reading_guide_BMD_v_ 3.0_2021.pdf
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
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solation and structure elucidation of secondary 

etabolites from MBC15-11F 

 pure culture of A. sydowii MBC15-11F was fermented in
odified ISP2 media (4 g/L of malt extract and glucose and
0 g/L of yeast extract, 1 L of distilled water with 15 g of
ea salt incorporated) to obtain the crude MeOH extracts.
ractionation of the crude extract, followed by LC–HRMS
nalysis of these fractions indicated that both DCM and
tOAc fractions contain the unknown hit, thus they were
ombined for further analysis. Purification of combined DCM
nd EtOAc fractions over a series of chromatographic steps
ollowed by semi-preparative RP–HPLC produced three fun-
al metabolites ( 1 –3 ), including the new metabolite. 

Compound 1 was obtained as a white crystalline solid.
he NMR and the accurate mass analysis of 1 indicated a
olecular formula of C 19 H 21 N 5 O 6 with twelve double bond

quivalents (DBE). HRESIMS analysis indicated a molecu-
ar ion peak of m/z 416.1562 [M + H] + (calcd. 416.1564
or C 19 H 22 N 5 O 6 ). The NMR spectroscopic data (Table 3 ,
igs. S3 –S9 ) showed that the molecule contained five sp 

3 -
ethines and seven sp 

2 -aromatic methines, two methylenes,
nd five quaternary carbons, including one carbonyl carbon at
C 

169.9; accounting for a total of 19 carbons and 21 protons.
nalysis of NMR data suggested the presence of aromatic

p 

2 -methines represented a monosubstituted benzene ring ( δH 

.21/H–13/17, 7.27/H–14/16, 7.28/H–15), and two aromatic
rotons in a purine base ( δH 

8.13/H–3 and 8.35/H–6). Out
f five, four sp 

3 -methines are accounted for the sugar moiety
 δH 

5.87/H–1 

′ , 4.60/H–2 

′ , 4.14/H–3 

′ , 3.96/H–4 

′ ). The COSY
pin system of H–1 

′ through H 2 –5 

′ further supported the con-
ections of the ribose sugar (Fig. 3 ). The HMBC correlation
f the ribose anomeric proton (H–1 

′ ) to the purine ring at C–
 and C–4a confirmed the linkage of the ribose sugar to the
-containing heterocyclic purine base (Fig. 3 ). 
The 1 H NMR spectra showed a cluster of peaks in the aro-
atic region at δH 

7.21–7.28, which accounted for a mono-
ubstituted benzene ring. The diastereotopic methylene at H 2 –
1 ( δH 

3.15 and 2.84) showed HMBC correlations to C–12
 δC 

137.7) and C–13/17 ( δC 

126.3) of the benzene ring, and a
OSY correlation to H–10 ( δH 

3.40). Additionally, both H–
0 and H 2 –11 showed strong HMBC correlations to the car-
onyl carbon at δC 

169.9 (C–9). These correlations confirmed
he second substructure of the molecule to be 2-hydroxy-3-
henylpropanamide moiety. 
The relative configuration of compound 1 was deduced by

he NOESY experiment (Fig. 3 , Fig. S10 ). The stereochem-
stry of the anomeric position of the ribose sugar moiety was
ssigned based on coupling constants and NOESY correla-
ions. The NOESY correlation between the anomeric proton
–1 

′ and H–4 

′ , and the adenine H–6 and H–2 

′ suggested the
anomer of the adenosine sugar moiety (Fig. 3 ), which is

upported by the larger coupling constant of the anomeric
roton ( J = 6.5 Hz; Ciuffreda et al. 2007 ). In ribose sugars,
he coupling constants of β-anomers between H–1 

′ and H–2 

′ 

s larger than that of α-anomers. The assignment of the β-
denosine moiety was confirmed by the 1 H and 

13 C NMR
hemical shift values of atom 1 

′ and other adenosine atoms
ogether with coupling constants, which were in full agree-
ent with literature data (Ciuffreda et al. 2007 ), the structure
f compound 1 was deduced as a β-adenosine derivative to
hich the name sydosine is suggested as a new fungal sec-
ndary metabolite. To assign the absolute stereochemistry of

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad158#supplementary-data
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Figure 2. Tentatively identified and dereplicated compounds from HRMS data of the total MeOH crude extract of A. sydowii MBC15-11F using 
databases. Isolated metabolites from Aspergillus sy do wii MBC15-11F are highlighted in blue. 

Table 3. 1 H (600 MHz) and 13 C (150 MHz) NMR spectroscopic data for 1 (DMSO–d 6 , 298 K). 

No. δH 

, mult. ( J in Hz) δC, type COSY HMBC 

Adenosine moiety 
1 – 156.2, C – –
3 8.13 ( s ) 152.4, CH – C–7a, C–4a, C–1 
4a – 149.0, C – –
6 8.35 ( s ) 140.0, CH – C–1 ′ 

7a – 119.4, C – –
8–NH 7.34 ( brs ) – – –
1 ′ 5.87 ( d , 6.5) 87.9, CH H–2 ′ C–6, C–2 ′ , C–3 ′ , C–4 ′ , C–4a 
2 ′ 4.60 ( t , 5.5) 73.5, CH H–3 ′ C–1 ′ , C–4 ′ 

3 ′ 4.14 ( dd , 3.1, 3.3) 70.7, CH H–4 ′ C–1 ′ , C–4 ′ , C–5 ′ 

4 ′ 3.96 ( dd , 3.1, 4.4) 85.6, CH H–5 ′ C–1 ′ , C–5 ′ 

5 ′ 3.68 ( dd , 3.7, 12.1) 
3.53 ( dd , 3.7, 12.1) 

61.7, CH 2 H–5 ′ C–3 ′ 

2-Hydroxy-3-phenylpropanamide moiety 
9 – 169.9, CO – –
10 3.40 (obscured) 55.6, CH H–11 C–9, C–11 
11 3.15 ( dd , 4.8, 14.7) 

2.84 ( dd , 8.4, 14.4) 
37.0, CH 2 H–11 C–9, C–10, C–13/17 

12 – 137.7, C – –
13/17 7.21 126.3, H–14, C–15, C–12, C–11 
14/16 7.29 128.4 H–13, H–15 C–12, C–15 
15 7.26 129.3 H–14, H–16 C–14, C–16 
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Figure 3. COSY ( –), HMBC (arrows-black), and NOESY (arrows-pink) connectivity of compound 1 . 

Figure 4. �δ values [ �δ S −R (in ppm) = δ S − δ R ] obtained for the (S)- and 
(R)-MTPA esters of 1 . 
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 , the secondary alcoholic carbon (C–10) was modified as a
osher ester, and NMR analysis of esterified 1 with (S) and

R)-MTPA was carried out (Figs.S11 –S17 ). Significant chem-
cal shift differences exhibited by the protons on the left (8-
H) and right (H 2 –11, H–13, H–15) ligands confirmed the

sterified 10-OH following MTPA treatment (Fig. 4 ) (Hoye et
l. 2007 , Seco et al. 2012 ). Considering the significant chemi-
al shift differences associated with sugar protons (1 

′ –5 

′ ; Table
2 ), the secondary OH groups at 2` and 3` were also deemed
o be esterified together with the OH group at C–10. There-
ore, it was important to assess the shielding and deshielding
ffect of the esterified sugar OH towards the esterified sec-
ndary alcohol at C–10. When the Mosher reaction is used to
ssign a stereocentre of a polyfunctional compound, the stere-
centre can be considered independent of other stereocentres
ith secondary alcohols only when they are significantly far

part (Hoye et al. 2007 , Seco et al. 2012 ). During the Mosher
nalysis, anisotropic effects (shielding/deshielding) of esteri-
ed sugar secondary OH groups towards the chiral centre at
–10 were disregarded as it found that these distances were
3–4 times that of the distance between C–10 and the chiral

arbon of the directly attached MTPA group when monitored
uring 1 ns ab-initio molecular dynamics (AIMD) simulations
sing the GFN2-xTB extended tight-binding electronic struc-
ure approach (Table S3 ). Thus, the calculation of the stereo
onfiguration at C–10 was carried out independently (Hoye
t al. 2007 , Seco et al. 2012 ). The chemical shift difference be-
ween the neighbouring protons of the chiral center at C–10
f the (S)-MTPA ester and the (R)–MTPA ester allowed the as-
ignment of the C–10 chiral centre to have an S-configuration
Fig. 4 ). During the generation of the lowest energy conform-
rs of compound 1 with both (R)- and (S)-MTPA groups at
he GFN2-xTB level for use in the AIMD simulations, it was
ound that the cis -form of the amide bond was preferred. As
his could have potentially been due to a deficiency of the
FN2-xTB method, this result was checked by comparing the

nergetics of cis - and trans -amide conformations of a model
f the aromatic core of 1 at the r2SCAN-D4/Def2-QZVP level
f theory, which indicated a large preference for the cis -form
n this structure (Table S4 ). It is worth noting that the occur-
ence of cis amide bonds is rare in proteins and peptides due to
nfavourable constrain between adjacent amino acid residues.
nly a handful of naturally occurring peptides with cis amide
onds were traced in the literature. The SciFinder search of
he core structure of sydosine indicated that only one related
ompound, phorioadenosine A, was isolated before from an
ustralian marine sponge Phoriospongia sp. (Farrugia et al.
014 ). 
Compounds 2 and 3 were identified as brefeldin A ( 2 ;

orst-Allman et al. 1982 , Glaser et al. 2000 ) phenamide
 3 ; Makkar et al. 1995 ), respectively, by comparing the
RESIMS, NMR, and optical rotation data with the pub-

ished literature. The following plausible biosynthetic path-
ay (Fig. 5 ) is proposed for the new adenosine-nucleoside
erivative ( 1 ). The compound could be derived from the
ondensation of adenosine (A) and 3-phenyllactic acid (B).
ransamination of phenylalanine to phenylpyruvic acid and
urther reduction take place to synthesize 3-phenyllactic acid
Chaudhari and Gokhale 2016 ). The biosynthesis of adeno-
ine is well studied, and many comprehensive articles are
vailable (Moffatt and Ashihara 2002 ). Thus far, natural
denosine-nucleoside derivatives discovered were biosynthe-
ized through the modifications at the exocyclic amine group
r the N-containing heteroaromatic ring or the methylene
roup at the β-ribose sugar unit (Samsel and Dzierbicka
011 , Wang et al. 2018 , Valdes et al. 2019 , Ariantari et al.
020 , Nguyen et al. 2022 ). Recent drug discovery efforts to
earch antibiotics for African Trypanosomiasis (sleeping sick-
ess) caused by the pathogen Trypanosoma brucei identified
denosine-nucleosides are the potent drug candidates due to
he inhibition of the polyamines biosynthesis, which is critical
or the survival of trypanosomes (Hirth et al. 2009 , Phillips
018 ). Polyamines are multiple amine-substituted aliphatic
hains that are essential for the growth of eukaryotes like
rypanosomes. Adenosine-nucleosides specifically inhibits the

art/lxad158_f3.eps
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Figure 5. Plausible biosynthetic pathw a y f or the compound 1 . 
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enzyme S-adenosylmethionine decarboxylase (AdoMetDC), 
catalysed the biosynthesis of polyamines (Bacchi et al. 1977 ,
Hirth et al. 2009 ). Thus, we believe, (S)-sydosine could be a 
great drug candidate for treating anti-protozoan infections,
which will be conducted at a future study. 

Antimicrobial activity 

During the initial antibacterial assessment using Kirby–Bauer 
disk diffusion assay, only compound 3 showed inhibitory ac- 
tivity against S. aureus with a good zone of inhibition (30 mm),
and MIC of 0.04 μg/mL, which is two-fold higher than the ref- 
erence standard rifampicin (MIC = 0.02 μg/mL) (Table S5 ).
Previous studies on compound 3 showed the fungicidal ac- 
tivity against the phytopathogen Septoria nodorum , which 

causes wheat glume blotch. This is the first report on com- 
pound 3 from marine A. sydowii and its antibacterial activity.
Several adenosine-nucleosides have been discovered from nat- 
ural sources and exhibited diverse in vitro biological activities 
(Wang et al. 2018 , Ariantari et al. 2020 , Xue et al. 2020 ). Nei- 
ther the new adenosine compound 1 nor macrolide brefeldin 

A ( 2 ) exhibited antimicrobial activity against the tested bacte- 
rial pathogens. 

The marine environment is a prolific source for the dis- 
covery of fungal diversity. Aspergillus species are known to 

be ubiquitous in their occurrence and the marine Aspergillus 
species are known to produce chemically and biologically 
diverse metabolites. In this study, a fungal strain MBC15- 
11F was isolated from the lumen sample of the amphipod 

Eurythenes gryllus that was collected from a previously un- 
explored location in the North Atlantic Ocean and identi- 
fied as Aspergillus sydowii using ITS, 28S, and β-tubulin se- 
quences. Chemical profiling of the total crude extract of the 
A. sydowi MBC15-11F using LC–HRESIMS analysis showed 

diverse structural metabolites, including a new hit. In-depth 

chromatographic and spectroscopic analyses of the fermented 

fungal broth furnished the new adenosine derivative, which 

is identified during the dereplication and previously isolated 

phenylalanine derivative that showed antimicrobial activity 
for the first time from Aspergillus . Due to the scarcity of (S)- 
sydosine, we proposed the use of combined Mosher analysis 
and molecular modelling to assign its absolute stereochemistry 
ithout sugar hydrolysis. We propose using this approach 

or absolute configuration determination of sugar-containing 
etabolites that have distant OH groups in their aglycone.
he study confirms that under-explored marine habitats are 
till a prolific source to discover new marine natural products.
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