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Antibiotics resistance is a clear threat to the future of current tuberculosis
treatments like rifampicin, prompting the need for new treatment options in
this field. While plants can offer a plethora of chemical diversity in their
constitutive natural products to tackle this issue, finding potentially bioactive
compounds in them has not always proven to be that simple. Classical
bioactivity-guided fractionation approaches are still trendy, but they bear
significant shortfalls, like their time-consuming nature as well as the ever-
increasing risk of isolating known bioactive compounds. In this regard, we
have developed an alternative method to the latter approach that allows for
natural derivatives of a known bioactive scaffold to be efficiently targeted and
isolated within a large library of plant extracts. Hence our approach allows for the
anticipation of bioactive structure independently of preliminary bioassays. By
relying on the chemical diversity of a set of 1,600 plant extracts analyzed by
HRMS/MS, we were able to isolate and characterize several minor derivatives of a
previously reported bioactive aza-anthraquinone compound from Cananga
brandisiana, selected within the plant set. Assessment of bioactivity on these
derivatives (especially onychine, with an IC50 value of 39 µM in infection)
confirmed their expected activity on Mycobacterium marinum in our anti-
infective assay. This proof-of-concept study has established an original path
towards bioactive compounds isolation, with the advantage of potentially
highlighting minor bioactive compounds, whose activity may not even be
detectable at the extract level.
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1 Introduction

The reputation of natural products (NPs) as a rich source of drug
lead compounds has been solid throughout the past few decades. Of
all drugs approved between 1981 and 2010, it is estimated that
around 50% were of natural origin (NPs, derivatives and analogues)
(Newman and Cragg, 2007; Schmitt et al., 2011; Newman and Cragg,
2012; Newman and Cragg, 2020). Yet it is also estimated that more
than 95% of the world’s biodiversity has not been evaluated for any
biological activity, highlighting that current challenges remain in the
access and valorization of this natural chemical diversity (David
et al., 2015). Major disease areas like cancers or bacterial infections
among others, could benefit from such an untapped source of
unique bioactive compounds.

Tuberculosis (TB) is one such disease with unmet clinical needs,
it is the 13th leading cause of death worldwide, claiming about
1.6 million lives in 2021. It is deemed a public health crisis by the
WHO as of 2022, prompting the need for further research in the field
to uncover new treatments (World Health Organisation, 2022).
While drugs like rifampicin are a good example of NP (isolated
from a bacteria, Amycolatopsis rifamycinica) that has reached the
market for its antibiotic activity (FDA approval in 1971), Multidrug-
resistant TB strains (MDR-TB) pose a clear threat to the future of
this kind of TB treatments (McHugh, 2013). Yet many promising
bioactive NPs scaffolds have been and continue to be discovered,
with many of them also reported as active against resistant isolates of
mycobacteria (Cazzaniga et al., 2021).

In this context, plants and their constitutive NPs represent a vast
source of anti-mycobacterial compounds with variable mechanisms
of action. Historically, new bioactive NPs were often identified
through bioactivity-guided fractionations, known to be a
particularly tedious process, with high chances of resulting in the
isolation of already known compounds. This is one of the main
reasons why NPs research started falling out of fashion with
pharmaceutical programs after the 1970s (Han et al., 2022).

Recent developments in metabolomics opened new avenues for
more effective searches of bioactive compounds from complex
biological natural matrices. A broad range of computational tools
have been developed to generate a wealth of putative structural
information about constituents of those natural extracts through
annotation based on mass spectrometric (MS) measurements
recorded on instruments of ever-increasing capabilities
(Wolfender et al., 2019). In parallel, other additional tools
relevant to medicinal chemistry, like NP-likeness scores (Ertl
et al., 2008) or chemical similarity search filters offered by
software such as DataWarrior (DW) (DataWarrior User Manual,
2015; Sander et al., 2015) open the possibility to query the
metabolome information from a new perspective. In this context,
effective queries can only be performed if bioactive hits were
previously characterized and if valuable bioactivity data on
reference chemical libraries is available.

Analysis of bioassay results on standard compound libraries can
therefore pave the way for the search of chemically related
compounds in the metabolome data of natural extracts and
enable their isolation and characterization as new hits of interest.
In this context and in recent years, several phenotypic screens were
performed in the context of infected host models to identify anti-
mycobacterial compounds (Brodin et al., 2010; Kalsum et al., 2022;

Theriault et al., 2022). Striving for a system that could recapitulate
the intracellular infection course ofMycobacterium tuberculosis, the
etiological agent of TB, we developed the Dictyostelium discoideum
(D. discoideum) and Mycobacterium marinum (M. marinum) host-
pathogen system (Tobin and Ramakrishnan, 2008; Habjan et al.,
2021).D. discoideum is a social amoeba and a professional phagocyte
with conserved innate immune response pathways, such as
phagocytosis, ROS production and autophagy (Dunn et al.,
2018). Working on Mycobacterium tuberculosis (Mtb) as a model
in laboratories entails high operational costs and constitutes a clear
obstacle to the development of high-throughput testing methods
(World Health Organisation, 2012), as it presents high risks of
contaminations for humans and therefore requires biosafety level
3 laboratories. M. marinum is a genetically close relative of Mtb
(Sapriel and Brosch, 2019) and a promising alternative for the search
of new anti-mycobacterial compounds (Tobin and Ramakrishnan,
2008; Habjan et al., 2021).We have established theD. discoideum-M.
marinum model system as an alternative screening system to
identify anti-infective activity of a set of anti-TB compounds
from GlaxoSmithKline (GSK) (Hanna et al., 2020). Our data
demonstrated that compounds with anti-infective activity were
similarly active in the D. discoideum-M. marinum system and the
more commonly used M. marinum-macrophage system. Using a
fluorescent D. discoideum and a bioluminescentM. marinum allows
to monitor both the impact of NP samples on the intracellular
growth ofM. marinum, as well as potential inhibitory effects on the
host or cytotoxic activity. Consequently, we can easily evaluate the
anti-infective properties and selective activity of NP samples in one
combined assay. Additionally, samples can also be tested on M.
marinum growing in broth to evaluate their antibiotic potential.
Taken together, testing samples both “in infection” and “in broth”
can allow us to confidently identify samples which are active on
mycobacteria residing inside a host cell.

Herein, we leveraged our previously performed screen of drug-
like compounds on the D. discoideum-M. marinum infection model
system (Tobin and Ramakrishnan, 2008). A Highly Diverse
Pathway-Based Library (HD-PBL) consisting of small ligand-
based chemicals was established. It comprised 1,255 different
compounds chosen from the ZINC lead-like database (Sterling
and Irwin, 2015), with an incentive to maximize the chemical
diversity of the library and the drug likeness of candidates
chosen. This was achieved by querying the ZINC database for
18 host-pathogen interaction relevant biological pathways and
collecting chemo diverse hit pharmacophores, determined by the
LINGO method (Vidal et al., 2005). The derived set of compounds
was screened for anti-infective activity in a combination of three
different assays including the D. discoideum-M. marinum infection
model. From this study, 37 compounds stood out as hit structures,
with 29 specifically inhibiting the intracellular growth of M.
marinum by more than 20% (Hanna et al., 2020).

In the present study, we took advantage of the screening of drug-
related compounds on the above-mentioned D. discoideum-M.
marinum infection model system by specifically searching for
potential hits through their predicted structures in natural
extracts (metabolomics). Our aim was to evaluate if metabolome
information generated at large scale byMS-basedmetabolomics on a
library of plant extracts could be effectively used to guide us through
the identification of bioactive NP analogs of reference hit
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compounds. This proof-of-concept study, being based on known
information, also aims to avoid resource-intensive isolation of
already reported bioactive metabolites which can be obtained
with the classical bioactivity-guided untargeted approach.
Subsequently, the targeted and isolated natural products were
characterized and compared to a reference hit, regarding their
anti-bacterial and anti-infective activities on M. marinum in
broth and in the D. discoideum-M. marinum infection system.
To do this, we have taken advantage of the MS based
metabolomics results that we have previously obtained on a
biodiverse collection of over 1,600 plant extracts (Allard et al., 2023).

2 Materials and methods

2.1 General experimental procedures

HPLC analyses were conductedon an HP 1260 system
equipped with a diode-array detection unit (Agilent
Technologies, Santa Clara, CA, United States) using an
InterChim® Puriflash HQ C18 column (250 × 4.6 mm i.d.,
15 μm, Montluçon, France). UHPLC-HRMS/MS analysis was
performed on a Waters Acquity UHPLC system interfaced to
a Q-Exactive™ Focus Orbitrap (Thermo Scientific, Bremen,
Germany) supplemented with heated electrospray Ionization
source (HESI-II) using an Acquity BEH C18 column (50 ×
2.1 mm i.d., 1.7 µm, Waters, Milford, MA, United States).
Flash chromatography was performed on a Büchi Flash
chromatography system (Büchi Pump Module C-605, UV
Photometer C-640, Control Unit C-620, Fraction Collector C-
660) using an InterChim® Puriflash HQ C18 column (120 g, 210 ×
30 mm i.d., 15 μm, Montluçon, France). Semi-preparative HPLC-
UV was conducted on a Shimadzu system equipped with an LC-
20 A module pumps, an SPD-20 A UV/VIS, a 7725I Rheodyne®

valve, and an FRC-40 fraction collector (Shimadzu, Kyoto, Japan)
using an XBridge BEH C18 OBD Prep column (250 × 19 mm i.d.,
5 μm, Waters®). NMR data were recorded on a Bruker Avance
Neo 600 MHz NMR spectrometer equipped with a QCI 5 mm
cryoprobe and a SampleJet automated sample changer (Bruker
BioSpin, Rheinstetten, Germany). Technical grade hexane (Hex),
ethyl acetate (EtOAc) and methanol (MeOH) were purchased
from Thommen-Furler AG, Rüti b. Büren, Switzerland. HPLC
grade methanol and ethyl acetate were purchased from Fisher
Chemicals, Reinach, Switzerland. LC-MS grade water,
acetonitrile (ACN), and formic acid were purchased from
Fisher Chemicals, Reinach, Switzerland. Dimethyl Sulfoxide
(DMSO) molecular biology grade was purchased from Sigma-
Aldrich, St Louis, United States.

2.2 Plant material

The plant containing the compounds of interest was Cananga
brandisiana (Pierre) Saff. (Annonaceae). This plant belongs to
the Pierre Fabre Laboratories (PFL) collection with over
17,000 unique samples collected worldwide. The PFL
collection was registered at the European Commission under
the accession number 03-FR-2020. This registration certifies that

the collection meets the criteria set out in the EU ABS Regulation
which implements at EU level the requirements of the Nagoya
Protocol regarding access to genetic resources and the fair and
equitable sharing of benefits arising from their utilization
(Sharing nature, 2022). PFL supplied all the vegetal material
(ground dry material). The collected samples have photographs,
herbarium vouchers, and leaf extracts preserved in dry silica gel.
Precise localization of the initial collection, unique ID and
barcode, and GPS data are stored in the dedicated data
management system. The plant material was dried for 3 days
at 55°C in an oven; then the material was ground and stored in
plastic pots at controlled temperature and humidity in PFL
facilities. Two plant parts of C. brandisiana were used in this
study, with their following unique ID within the PFL collection:
V114260 (roots) and V114261 (trunk bark).

2.3 Plant extraction

The extraction of the plant was carried out through
maceration of the dried and ground plant material in hexane
followed by ethyl acetate and methanol respectively (all technical
grade). Maceration was carried out three times for each solvent,
the mixture was filtered in-between each maceration and the
filtrates were collected in round bottom flasks, combined and
evaporated to dryness on a rotary evaporator (Büchi Rotavapor
R114™ Labortechnik AG, Switzerland) for each solvent to
constitute the final extracts.

The preparation of the extracts of C. brandisiana
(Annonaceae) was performed on very limited amounts of
dried plant material. For the extraction of roots of C.
brandisiana (Annonaceae), 14.15 g of dried ground plant
material were used, yielding after solvent evaporation on a
rotary evaporator 85.8 mg of hexane extract, 72.8 mg of ethyl
acetate extract and 778.6 mg of methanol extract. Equally, for the
extraction of the trunk bark of C. brandisiana (Annonaceae),
48.97 g of dried ground plant material were used, yielding
232.9 mg of hexane extract, 90.2 mg of ethyl acetate extract
and 3.5816 g of methanol extract.

2.4 Solid phase extraction prior to UHPLC
analyses

Prior to UHPLC-HRMS/MS analysis, the latter extracts were
subjected to Solid Phase Extraction (SPE) on C18 cartridges (1 g,
Finisterre by Teknokroma), with the hexane extracts excluded
because of the lipophilicity of their content. The cartridges were
pre-conditioned with 3 mL of MeOH:H2O (1:1), followed by
3 mL MeOH. The sample was loaded on the cartridge as 1 mL
of 10 mg.mL−1 extract in MeOH and the filtrate was collected,
along with 1 mL of MeOH added to wash the cartridge. For the
ethyl acetate extracts, masses of 8.4 mg (roots) and 7.8 mg (trunk
bark) were recovered from the initial load and for the methanol
extract, masses of 9.4 mg (roots) and 8.8 mg (trunk bark) were
recovered. These masses were re-dissolved in methanol to reach a
final concentration of 5 mg.mL−1. These samples were then
subjected to UHPLC-HRMS/MS analysis as described hereafter.
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2.5 UHPLC-PDA-HRMS/MS analysis

Untargeted data-dependent UHPLC-HRMS/MS analyses were
performed on all freshly obtained extracts of C. brandisiana and for
metabolite profiling of all fractions of interest in order to localize hit
compounds. These conditions were similar to those used to analyze
the metabolome of the entire extract collection (Allard et al., 2023).

UHPLC-HRMS/MS analysis was performed on a Waters
Acquity UHPLC system interfaced to a Q-Exactive™ Focus
Orbitrap (Thermo Scientific, Bremen, Germany) supplemented
with heated electrospray Ionization source (HESI-II). The system
was controlled by Xcalibur v. 4.5 (Thermo Scientific). The HESI-II
parameters were as follows: source voltage, 3.5 kV (+); sheath gas
flow rate (N2), 42 units; auxiliary gas flow rate, 10 units; spare gas
flow rate, 2; capillary temperature, 270°C, S-Lens RF Level, 45. The
PDA wavelength absorbance was set between 210 and 400 nm. The
crude extract (conc. 5 mg/mL, vol. 2 μL) was injected into an
Acquity BEH C18 column (50 × 2.1 mm i.d., 1.7 µm, Waters,
Milford, MA, United States) for 9 min. The mobile phase was
H2O (A) and MeCN (B), both containing 0.1% FA. Gradient
mode was as follows: 5%–100% of B in 7 min followed by 1 min
of 100% B, then 100%–5% in 0.10 min and 0.90 min at 5%. The
column was heated at 40°C, the samples kept at 8°C and the flow rate
was 0.6 mL/min.

2.6 HRMS data analysis and generation of a
molecular networking

Proteowizard’s msConvert software (v.3.0) was used to convert
raw MS files into mzXML formats (Kessner et al., 2008; Chambers
et al., 2012). The converted files were treated by MZMine software v.
2.53. In positive mode, MS1 and MS2 for each scan were detected at
threshold of 1E6 and 0, respectively. The ADAPmodule was used to
build chromatograms by connecting data points frommass lists. The
chromatograms were deconvoluted into individual peaks by
application of the “wavelet” algorithm. In the presence of isotopic
patterns, isotopes were grouped to the lowestm/z ion. The extracted
ions were aligned in a table and represented as features that
demonstrate m/z, RT and peak area. The parameters for each
mentioned treatment were adjusted according to Rutz et al.
(2022). MNs were built online through the GNPS platform
(GNPS, 2016) and visualized by Cytoscape, 2001 (Cytoscape: an
open-source platform for complex network analysis and
visualization, 2001). The GNPS parameters were adjusted
according to Houriet et al. (2020).

For the annotation of the features generated, each of their
recorded MS/MS spectra was compared against an In-Silico MS/
MS fragmentation database (ISDB) (Allard et al., 2016)
corresponding to structures reported in the Dictionary of Natural
Products (DNP) (Chapman, 2020) using taxonomical informed
scoring (Rutz et al., 2019).

2.7 DataWarrior structure similarity search

DataWarrior is open and interactive software for data analysis
and visualization that integrates well-established and novel

chemoinformatics algorithms in a single environment and
notably offers the possibility of exploring chemical space (López-
López et al., 2019). In DW, the FragFp descriptor (value ranging
from 0 to 1) was used to establish chemical similarity to a reference
compound as a filter. A threshold of 0.80 on the latter metric was
chosen as a minimum value for the descriptor to display chemically
similar structures (www.openmolecules.org, 2015).

2.8 HPLC-PDA

Analyses were conductedon an HP 1260 system equipped with a
diode-array detection unit (Agilent Technologies, Santa Clara, CA,
United States) using an InterChim® Puriflash HQ C18 column
(250 × 4.6 mm i.d., 15 μm, Moluçon, France). The detection was
performed by PDA. The PDA parameters were set as follows: UV
wavelength at 220, 254, 270, 310 and 366 nm, UV spectra between
190–500 nm were recorded with a threshold of 10 mAU and setting
increments of 2 nm. The HPLC conditions were as follows: mobile
phase H2O (A) and MeOH (B) both containing 0.1% FA. The flow
rate was 1 mL/min, injection volume was 10 μL (at 10 mg/mL
concentration), separation temperature was 25°C and sample
concentration was 10 mg/mL dissolved in MeOH. The gradient
of the mobile phases was set as follows: an initial hold of 1 min
at 5% B, gradient flow of 5%–54% of B in 60 min, then another
gradient step of 54%–100% in 20 min, followed by 5 min washing by
100% B.

2.9 Flash chromatography with UV detection

The methanol extract of C. brandisiana (roots) was purified with
a Büchi Flash chromatography system (Büchi Pump Module C-605,
UV Photometer C-640, Control Unit C-620, Fraction Collector C-
660), using an InterChim® Puriflash HQ C18 column (120 g, 210 ×
30 mm i.d., 15 μm, Moluçon, France). 676.6 mg of extract were
mixed in the stationary phase (C18 Zeoprep® 40–63 μm) and sand
(50–70 mesh particle size) in a proportion of 1:1:1 in a dry load cell.
The detection was performed by a UV Photometer. The Photometer
parameters were set as follows: UV wavelengths at 220, 254, 270,
310 nm. The mobile phase was composed of MilliQ water (A) and
technical grade methanol (B), both containing 0.1% F.A. The
gradient slope was set as follows: an initial hold of 1 min at 5%
B, gradient flow of 5%–54% of B in 123 min, then another gradient
flow of 54%–100% in 43 min, followed by 10 min washing by 100%
B. The separation yielded 71 Fractions of 50 mL each (F01-F71) that
were dried using a multi-units evaporator (Multivapor™, Büchi
Labortechnik AG, Switzerland). Fraction F19 was identified as
containing 16.9 mg of reticuline (10) and its structure was
confirmed after HRMS and NMR analyses.

2.10 Semi-preparative HPLC-UV

Fractions from the previous Flash chromatography purification
step with MS signals potentially corresponding to alkaloids of
interest (fractions number F49, F51 + F52, F56, F57, F59), were
subjected to further purification using a Shimadzu system equipped
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with an LC-20 A module pumps, an SPD-20 A UV/VIS, a 7725I
Rheodyne® valve, and an FRC-40 fraction collector (Shimadzu,
Kyoto, Japan). The system was controlled by the LabSolutions
software, also from Shimadzu. Each fraction was dissolved in
200 µL of MeOH and was mixed with the stationary phase
(C18 Zeoprep® 40–63 μm, one spatula), to form uniform slurries.
MeOH was evaporated to obtain fine powders which were
introduced in a dry-load cell according to our previously
published method (Queiroz et al., 2019). The separation was
performed with an XBridge BEH C18 OBD Prep column (250 ×
19 mm i.d., 5 μm, Waters®). The mobile phase was composed of
MilliQ-grade water with 2 mM NEt3 (A) and HPLC-grade
acetonitrile with 2 mM NEt3 (B). Fractions were collected using
220 and 254 nm UV signals. The fractions were evaporated to
dryness using a Büchi rotary-evaporator system (Büchi Rotavapor
R114™ Labortechnik AG, Switzerland).

Fraction F49, obtained by flash chromatography (Section 2.8),
was purified by semi-preparative HPLC-UV under the following
conditions: The mass of the fraction injected was 5.0 mg, the
gradient slope was set as follows: from 5% of B gradually
increased to 50% over 60 min, followed by 1 min to go from 50%
to 100% of B, with 9 min at 100% of B to finish the run. Compound 2
(marcanine A, 79 µg) was collected at 22 min into the run and
compound 5 liriodenine, 0.2 mg) was collected at 44 min.

Fraction F51 and F52, obtained by flash chromatography
(Section 2.8), was purified by semi-preparative HPLC-UV under
the following conditions: The mass of the fraction injected was
7.9 mg, the gradient slope was set as follows: from 5% of B gradually
increased to 50% over 60 min, followed by 1 min to go from 50% to
100% of B, with 9 min at 100% of B to finish the run. Compound 9
(eupolauridine, 64 µg) was collected at 39 min and compound 1
(cleistopholine, 77 µg) was collected at 40.5 min.

Fraction F56, obtained by flash chromatography (Section 2.8),
was purified by semi-preparative HPLC-UV under the following
conditions: The mass of the fraction injected was 10.6 mg, the
gradient slope was set as follows: from 5% of B gradually increased to
50% over 60 min, followed by 1 min to go from 50% to 100% of B,
with 9 min at 100% of B to finish the run. Compound 3 (onychine,
combined with what was isolated in F57, total mass: 64 µg) was
collected at 48 min.

Fraction F57, obtained by flash chromatography (Section 2.8),
was purified by semi-preparative HPLC-UV under the following
conditions: The mass of the fraction injected was 6.5 mg, the
gradient slope was set as follows: from 5% of B gradually
increased to 50% over 60 min, followed by 1 min to go from 50%
to 100% of B, with 9 min at 100% of B to finish the run. Compound 3
(onychine, combined with what was isolated in F56, total mass:
64 µg) was collected at 48 min and compound 8 (atherospermidine,
16 µg) was collected at 50 min.

Fraction F59, obtained by flash chromatography (Section
2.8), was purified by semi-preparative HPLC-UV under the
following conditions: The mass of the fraction injected was
5.4 mg, the gradient slope was set as follows: from 5% of B
gradually increased to 50% over 60 min, followed by 1 min to go
from 50% to 100% of B, with 9 min at 100% of B to finish the run.
Compound 7 (geovanine, 26 µg in total) was collected at 48.5 min
into the run and compound 6 (kalasinamide, 28 µg) was collected
at 50 min.

2.11 Nuclear magnetic resonance (NMR)
measurements

Chemical shifts were reported in parts per million (δ) using the
residual CD3OD (δH 3.31; δC 49.0) as internal standards for 1H and
13C NMR, with coupling constants (J) reported in Hz. Additional 2D
experiments (HSQC, HMBC, COSY and ROESY) as well as
comparisons with literature were used when performing complete
structural assignments. Besides, mass measurements for compounds
with masses below 0.5 mg were measured using the ERETIC
technique (Akoka et al., 1999; Tyburn and Coutant, 2016) on the
same NMR 600 MHz spectrometer that was used for structural
elucidation, this allowed quantification of all isolated compounds at
the µg level for bioactivity measurements. The spectral data of all
described compounds can be found in the Supplementary
Section S2.

2.12 Bioassays

D. discoideum Ax2(ka) expressing mCherry at the act5 locus
(Paschke et al., 2019) was cultured in 10 cm culture dishes in Hl5c
medium (Formedium). M. marinum M strain expressing the
bacterial lux operon (luxCDABE) was cultured at 32°C under
shaking conditions in 7H9 broth (Becton Dickinson, Difco
Middlebrook 7H9) containing 0.2% glycerol (Sigma Aldrich),
10% OADC (Becton Dickinson) and 0.05% tyloxapol (Sigma
Aldrich). Infection was performed at MOI 25 by spinoculation in
Hl5c, as described (Mottet et al., 2021). Then, the cell suspension of
infected amoeba was detached from the culture dish and
resuspended in Hl5c with 5 U/mL penicillin and 5 μg/mL of
streptomycin (Gibco) to inhibit extracellular growth of bacteria
(Supplementary Figure S1A). The density of infected cells was
quantified using a Countess (Thermo Fisher Scientific), and 1*104

cells were seeded into each well of 384-well plates (Interchim FP-
BA8240). Extracts or test compounds resuspended in 30% DMSO in
PBS were added to a final vehicle control concentration of 0.3%
DMSO and 1% PBS. The plates were sealed (Carl Roth) and
fluorescence and luminescence were monitored using a BioTek
H1 plate reader in a temperature-controlled environment (set to
24°C). A detailed account of the D. discoideum-M. marinum host
pathogen system as it is applied currently will be published in the
future.

To determine the anti-bacterial activity of the tested extracts or
compounds,M.marinum culture density was assessed by optical density
measurement at 600 nm and adjusted to 3.75*105 bacteria per mL in
culture medium. Analogously, 7.5*103 bacteria were seeded into each
well of 384-well plates (Interchim FP-BA8240), extracts or compounds
were added, the plates were sealed and luminescence monitored using a
BioTek H1 plate reader in a temperature-controlled environment set to
27°C (Supplementary Figure S1B).

For both assays, growth curves were obtained by measuring the
luminescence and fluorescence as a proxy for bacterial growth and
host growth, respectively, for 72 h with time-points taken every
hour. The normalized residual growth was computed by calculating
the area under the curve (AUC, trapezoid method) and
normalization to the vehicle control (0.3% DMSO in PBS, set to
1) and a baseline curve (set to 0). The baseline curve was calculated
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by taking the median of the first measurement of all wells in a plate
and assuming this value over the full time-course (Supplementary
Figure S1C).

Normalized values were averaged over technical and biological
replicates (all experiments at least N = 3) before estimating the IC50.
For IC50 estimation, a PL4 regression was used, constraining top and
bottom value to 1 and 0, respectively. This was performed using
GraphPad Prism (Version 8.0.1).

3 Results and discussion

Our aim in this study is to evaluate the possibility of efficiently
finding bioactive hit analogs in a collection of natural extracts. This
collection has been subjected to systematic detailed metabolite
profiling by LC-HRMS/MS to generate, through extensive MS
feature annotation, what we define as a “virtual chemical space.”
This proof-of-concept study should demonstrate that targeted
isolation of potential bioactive compounds is possible without the
need for either time-consuming preliminary bioactivity-guided
fractionation procedures, nor bioactivity screening at the extract
level. To carry out this work, the following strategy has been
developed and is summarized in Figure 1, each of the key steps
is presented and described below:

Reference hits structures were retrieved from our previous study
on the anti-mycobacterial activites of a subset of 1,255 commercially
available drug-like compounds that target 18 different host/
pathogen pathways (ZINC library) (Hanna et al., 2020). Among
hits obtained on our intracellular M. marinum infection model, a
first step of determination of their possible structural similarity with
Natural Products was carried out. This was performed by calculation
of a “Natural-Product likeness” score (cf. 3.1) (Ertl et al., 2008)
virtual chemical space. The re-ranked list of structures according to
this score was used for a systematic search of analogs in the virtual
chemical space consisting of all structural annotations obtained on
the massive metabolome dataset (1,600 extracts) of our Natural
Extracts (NE) library (Allard et al., 2023). To efficiently search for
hits in the virtual chemical library of all extracts, a software enabling
molecular similarity measures (Datawarrior) was used. This
procedure allowed the ranking of the annotated structures that
were the most similar to each of the identified hits of the ZINC
library. All structures annotated in the NE library are linked to the
extract of the plant part from which they originated. This enabled
the identification of the plant extracts in which analogs should be
found (cf. 3.2). In order to isolate hit analogs, extracts were newly
prepared from the original plant material at a larger scale (cf. 3.3).
Based on the profiling of these extracts, hit analogs were localized
and their annotations could be propagated to find additional analogs

FIGURE 1
General workflow for the targeted isolation of NP hit analogs in a selected plant. Starting from the ZINC Library and the HD-PBL subset (Hanna et al.,
2020), 29 Hits stood out, of which only 4 have positive NP-likeness scores (A–D). These structures were searched in the virtual library based on a chemo-
diverse subset (Allard et al., 2023) of the PFL using DataWarrior. Compounds 1-4 were detected in this virtual library as constituents of Cananga
brandisiana and analogs of compound (D). Annotations were then validated in a newly generated extract and propagated to other analogs (Ax) that
were previously undetected. Their LC-peaks were then localized in the extract UHPLC-HRMS metabolite profile and their targeted isolation was
performed. Full de novo structural identification by NMR and biological assessment of newly isolated structures (1-3 and 5–9) were carried out.
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that were previously undetected. From there, targeted isolation of hit
analogs was carried out. These pure NPs were fully characterized by
NMR for full de novo structural identification (cf. 3.4) and their
biological activities were assessed (cf. 3.5).

3.1 Determination of the NP-likeness-score
for hits of the ZINC library

From our previous study (Hanna et al., 2020), the 37 hit
compounds active on M. marinum were considered. We
excluded hits from anti-virulence assays on M. marinum to focus
exclusively on hits that reduced its growth in infection, resulting in
29 hit compounds (Supplementary Data table for DW). A first
round of filtering was applied to the 29 hit compounds from the
ZINC Library, using a score of “Natural Product likeness” described
by Ertl et al. (2008) for each of those hits. This score translates into
numerical values that vary between −5 (least NP-like) and +5 (most
NP-like).

Application of this NP-likeness score gives values ranging
from −2.667 to 1.718 for these 29 hit compounds. Based on the
distribution of the NP-likeness scores for a collection of synthetic
molecules (mostly negative scores) compared to that of Natural
Products libraries (mostly positive scores), it was decided that a cut-
off at 0 would be suitable for the choice of prioritized NP-like hits.
Compounds having positive NP-likeness scores were therefore
considered. In our case, only compounds A, B, C and D
(Figure 1) fell into that category and obtained respective NP-
likeness scores of 1.718, 1.578, 0.121 and 0.033. This filtering
confirmed that the HD-PBL compounds were mostly of synthetic
origin, with only 4 out of 29 hit structures passing the positive
threshold for NP-likeness.

3.2 Search for analogs of the NP-like hits in a
virtual library of annotated compounds

In order to search for these four compounds (A, B, C, D) and/or
analogs in NEs, we exploited a set of structural annotations obtained
from a library of 1,600 chemo-diverse plant extracts previously profiled
by LC-HRMS/MS analysis (Allard et al., 2023). For this we compared
spectra of recorded MS/MS spectra against an In-Silico MS/MS
fragmentation database (ISDB) (Allard et al., 2016) corresponding to
structures reported in the Dictionary of Natural Products (DNP)
(®CRC Press, 2020) using taxonomical informed scoring (Rutz
et al., 2019). This yielded a set of 36,128 annotations (which can be
found in Supplementary Tables S1, S2). In this library of putative
annotations, all compounds annotated are linked to the extract they
originated from and this can be efficiently visualized at the level of each
detected feature inMNs. This collection of structural candidates thereby
constitutes a “virtual chemical library” which can be used for structural
similarity search against the HD-PBL set. The description of the extract
set can be found in Allard et al. (2023).

All structures of the virtual library (in SMILES format) and their
associated metadata (extract and taxonomical information) were
imported in Datawarrior (DW) (DataWarrior User Manual, 2015;
Sander et al., 2015). Each of the NP-like hits (A, B, C and D) from the
HD-PBL were searched against all annotated compounds using the

structural similarity filter of DW. The number of annotations
displayed was limited to no more than 10 molecules most
relevant structurally to the hit, by varying the similarity score
using the FragFp descriptor (usually by placing it at a minimum
score of 0.80). This descriptor relies on a dictionary of
512 predefined structure fragments and contains one bit for each
of these fragments. Each bit can be set to 1 if the corresponding
fragment is present in the molecule at least one time. Most
heteroatoms have also been replaced by wild cards, so that single
atom replacements do not affect the similarity score too much, to
reflect a chemist’s natural similarity perception (www.
openmolecules.org, 2015).

Using this approach for each hit compound, we always observed
less than 10 plants usually showing the presence of one predicted
analog or the hit structure itself. One plant (C. brandisiana) however
clearly stood out, as it contained several analogs at a time of the aza-
anthraquinone hit compound D. These analogs were annotated as
cleistopholine 1, marcanine A 2, onychine 3, sampangine 4. This
particular plant was therefore selected for further phytochemical
investigations since it had the potential to yield an interesting subset
of compounds structurally related to the hit.

3.3 Localization of hit analogs in extracts
using molecular networks (MN)

To prepare for the isolation of targeted metabolites ethyl
acetate and methanol extracts from both roots and trunk barks of
C. brandisiana were newly prepared from limited dry material
available from the plant part collection (14 g for roots and 49 g
for trunk barks). They were submitted to metabolite profiling and
a new Feature Based Molecular Network (FBMN) was
constructed. Three out of the four targeted compounds
(cleistopholine 1, marcanine A 2, onychine 3) were found
again within that MN. They were located within a larger
cluster of MS features of compounds classified as
“Aporphines” (Figure 2A). A “cluster” in this case refers to
the aggregates of several features (or nodes) that can be
observed in Figure 2A. Nodes are linked together to form
clusters whenever their MS/MS spectral similarity passes a
certain set threshold. This threshold of similarity is usually
described on a range of “cosine scores,” ranging from 0
(complete dissimilarity) to 1 (same spectrum) and is typically
set at a minimum of 0.7 required for an “edge” to be formed
between two nodes. Detailed annotation of the MN indicated that
other “Aporphines” clusters were also present, which allowed us
to propagate the annotations from the nodes we targeted. This
way we could identify additional analogs that were previously
undetected (compounds 5, 6, 7, 8 and 9, Figure 1).

In the MN presented in Figure 2, the node size corresponds to
the intensity of the corresponding MS feature. Each node has an
associated retention time which enables precise localization of all
compounds of interest in the UHPLC-HRMS metabolite profile of
the extract. Careful mining of the latter cluster highlighted an
additional analog compound that also appeared to strike out
around the nodes of interest: liriodenine (5) (Figure 2B). Most of
the other features detected were of low intensity in the
corresponding MS trace.
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On the other hand, the pie charts within the nodes
corresponds to the relative intensities of a feature in different
extracts (different colors). This highlighted that compound 3 was
only found in the roots while the three other compounds (1, 2, 5)
appeared in both plant parts. As all extracts were analyzed at a
fixed concentration and injection volume (5 mg.mL−1 and 2 µL,
respectively), comparing ion intensities between extracts proved
relevant, despite not being an absolute metric for compound
quantities measurements. Since the methanol roots extract
(778.6 mg) was obtained in much larger quantities than the
ethyl acetate roots extract (72.8 mg), the targeted isolation was
performed on that extract.

3.4 Targeted isolation of hit analogs in a
selected extract for chemical and biological
characterization

Based on the retention times and m/z values of the feature of
interest, their corresponding LC-peaks could be efficiently located in
the MS profile of the entire extract and allowed us to establish a zone
of interest within which to optimize the gradient of separation
(Figure 3A). It was decided that a gradient transfer (Guillarme et al.,
2008) from analytical HPLC to Flash chromatography would be
ideal to work with 700 mg of extract, while retaining acceptable
quality for the separation (Figure 3B).

Post-chromatographic analysis by LC-MS of all fractions in the
region of interest revealed that all targeted features were present,
however they still co-eluted with other compounds. This first
separation allowed a major alkaloid (10) to be isolated at this
stage. Most targeted compounds in the zone of interest would
thus require a further round of purification by High-resolution
semi-preparative HPLC combined with dry-load injection (Queiroz
et al., 2019), as they were often flagged within fractions that
remained complex in composition (Figure 4A). To achieve a
different chromatographic selectivity and according to the
expected structures of the compounds targeted (alkaloids), we
chose to switch the solvent buffers from standard 0.1% Formic
acid (FA) to 2 mM triethylamine (NEt3), to play with the pKa of
basic amines contained in most molecules. In standard FA-buffered
conditions, compounds like cleistopholine (1) would be protonated
on their nitrogen atom as the separation medium is slightly acidic.
When switching to a more basic medium with 2 mM NEt3 (with an
observed pH of around 9), compound 1 was more likely to be
deprotonated, therefore less hydrophilic, which explained why it was
more retained on a hydrophobic C18 column (Figure 4B).

The very low masses obtained in the end for most compounds of
interest (µg-scale) suggested that the amounts present in the mixture
were overestimated due to the high ionization potential of such
compounds, as well as their extensive UV-absorbing π-systems. Yet
those quantities proved to be sufficient for both structural
characterization and preliminary assessment of biological activity.

FIGURE 2
Feature-Based Molecular Network (FBMN) of C. brandisiana (roots and trunk bark). (A) Snapshot of the FBMN highlighting the aporphine cluster
containing the targeted compounds, with some surrounding clusters—(B) Nodes of interest of 4 analogs of the initial hit structure and their connections
highlighted. The relative size of the nodes reflects the intensity of the corresponding ion in themethanol extract ofC. brandisiana roots. The coloured pie
chart on each node corresponds to the relative intensities of a given ion in the various extracts. The outside circles on each node are coloured
according to each cluster class. Edges between each nodes were drawn if the cosine factor between two nodes exceeded 0.7 and were labelled
according to the difference in their atomic composition.
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At this scale however, we had to resort to NMR-based quantification
techniques (ERETIC) (Akoka et al., 1999; Tyburn and Coutant,
2016) to have an accurate measurement of the mass of compounds
obtained (Figure 5), which was crucial for any biological assessment

to take place. Among the 12 isolated compounds, some were
previously reported to occur in C. brandisiana (1), others at the
genus Cananga level (4), others only at the Family-level
(Annonaceae) (3) and the remaining were only reported in

FIGURE 3
Gradient transfer from analytical HPLC to flash chromatography. (A) HPLC-PDA analytical-scale separation and (B) Flash chromatography
separation of the methanol extract of C. brandisiana (roots) with a highlight of the zone containing compounds of interest. Gradient transfer calculations
between both separations were carried according to the method described (Guillarme et al., 2008).

FIGURE 4
Optimization of the chromatographic conditions for alkaloids isolation. (A)Chromatographic behavior of cleistopholine (3) on the chromatogram of
flash fraction F51 with 0.1% Formic acid in solvents. (B) Retention time shift of 3 in flash fractions F51 and F52 with 2 mM NEt3 in solvents.
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FIGURE 5
Compounds isolated from the methanol extract of C. brandisiana (roots).

FIGURE 6
Activity data of extracts. (A–C) Growth curves of M. marinum in infection, D. discoideum in infection and M. marinum in broth, respectively. The
x-axes represent time, either in hours post infection (A,B) or hours post inoculation (C). The infection was followed for 72 h (A,B), the growth in broth for
62 h (C). The y-axes represent Random Luminescence Units (RLU) (A,C) or Random Fluorescence Units (RFU) (B). Growth curves of themethanol extracts
of C. brandisiana, trunk bark and roots, are represented in different shades of colors, whereas the vehicle control (0.3% DMSO) is depicted in black.
The graphs show the averages over biological and technical replicates and the corresponding standard deviations. (D): Summarized activity data of C.
brandisiana methanol extracts in infection (black and orange) and in broth (blue). Both plant parts of C. brandisiana are highly active on M. marinum in
infection (normalized residual growth of 0.1 ± 0.08 and −0.22 ± 0.05, respectively), and to lesser extent in broth (normalized residual growth of 0.73 ±
0.04 and 0.36 ± 0.08, respectively), while growth of the amoeba is not restrictedwith roots parts but ismarkedly restrictedwith the trunk bark (normalized
residual growth of 0.93 ± 0.1 and −0.06 ± 0.1, respectively). Extracts were tested at 25 μg/mL.
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unrelated taxa (4). All compounds isolated in this work along with
their corresponding taxonomical information were shared for
further use by the community in the LOTUS database (Rutz
et al., 2022).

3.5 Biological activities of the plant extracts,
the NP-like hit and NP hit analogs

Based on our search for NP-like hit analogs, several analogs of
the bioactive hit were predicted in C. brandisiana extracts (see
Section 3.2). In order to verify that bioactivity could be observed
already at the level of the plant extract, the anti-bacterial and the
anti-infective properties of these extracts were examined prior to
testing of isolated NP hit analogs.

Methanol extracts of C. brandisiana trunk bark and roots were
tested in theD. discoideum-M.marinum system and onM.marinum in
broth at 25 μg/mL and growth curves were monitored for 72 h to
determine their activity (Figure 6). Both plant parts were highly active
on M. marinum in infection, showing an inhibition of M. marinum
growth reaching 90% compared to the vehicle control (Figures 6A, D,
normalized residual growth of 0.1 ± 0.08 and −0.22 ± 0.05 for roots and
trunk bark extracts, respectively). When these extracts were tested on
bacteria in broth however, the growth inhibition was less striking
compared to M. marinum in infection (Figures 6C, D, normalized
residual growth of 0.73 ± 0.04 and 0.36 ± 0.08 for roots and trunk bark
extracts, respectively). On the host side, the trunk bark methanolic
extract also strongly restricted D. discoideum growth hinting towards a
potential cytotoxic activity, whereas the root extract showed only a
slight restriction of D. discoideum growth (Figures 6B, D, normalized
residual growth of 0.93 ± 0.1 and −0.06 ± 0.1 for roots and trunk bark
extracts, respectively). Interestingly and as expected from its chemical
composition, the methanol extract of C. brandisiana exhibited striking
and selective anti-infective activity on intracellularM. marinum during
infection compared to M. marinum in broth.

Following the targeted isolations (see Section 3.4), the anti-
infective activity of the isolated structures was assessed in the D.
discoideum-M. marinum system. Compounds (1–3, 5–10) were
resuspended in 30% DMSO in PBS and tested at 25 μg/mL.

Preliminary fluorescence and luminescence data indicated strong
activity onM. marinum in infection, but also a growth inhibition of
D. discoideum, hinting at a detrimental effect of these compounds on
the host as well (data not shown). This non-specific effect was
observed in a preliminary experiment for most of the isolated
compounds from C. brandisiana (1, 2, 6, 7, 9). The notable
exception to this however was onychine (3) which seemed most
selective towards the pathogen over the host.

As we reported in Hanna et al. (2020), the reference hit
compound D (ZINC00120276) was tested at 30 µM and inhibited
growth of M. marinum in D. discoideum by 28% compared to the
vehicle control. To validate the compound’s activity and to
disentangle a possible host inhibition effect, we used our dual
readout of the D. discoideum-M. marinum system to determine
the IC50 of this compound onM.marinum in broth and in infection.
The compound was tested in a serial dilution ranging from 12.5 to
0.05 µMwith a dilution factor of 2. The obtained data confirmed our
initial observation showing that the compound D (ZINC00120276)
exerted an anti-infective activity. In addition, we calculated the IC50

using a PL4 regression on M. marinum in infection and in broth
which was 1.8 and 1.9 µM, respectively. On the other hand, we could
not calculate the IC50 on D. discoideum as the tested concentrations
did not show any drastic inhibition of the host growth. This data
clearly indicates that the reference hit compound D has a selective
anti-mycobacterial activity with an IC50 in the low micromolar
range and a low activity on D. discoideum (Figure 7A).

After preliminary biological assays performed on isolated
compounds, onychine (3), a 4-azafluorenone alkaloid, retained
our interest due to its selective activity on M. marinum.
Onychine (3) was isolated at the µg scale with precise
quantification by NMR, allowing us to characterize the NP-like
hit analog more precisely by obtaining a dose-response curve. The
subsequently observed anti-infective properties of onychine
exhibited activity both on M. marinum in infection and in broth
(Figure 7B, IC50 of 39 and 83 µM, respectively), while restricting D.
discoideum growth to a very low extent. Although onychine was
approximately 20 times less potent than ZINC00120276 on M.
marinum in infection, they share a similar activity profile. Both
compounds share selective activity on M. marinum in infection

FIGURE 7
Activity data of compounds. (A) Dose response curve of ZINC00120276. The compound is active on M. marinum in infection and in broth
(IC50 estimates: 1.8 and 1.9 µM respectively), while affecting amoeba growth to a lesser extent. The compoundwas tested in a serial dilution of 8 dosages,
with 12.8 µM being the top dose and a dilution factor of 2. (B) Dose response curve of Onychine (3). The compound is active onM. marinum in infection
and in broth (IC50 estimates: 39 and 83 µM, respectively), while affecting amoeba growth to a lesser extent. The compound was tested in a serial
dilution of eight dosages, with 128 µM being the top dose and a dilution factor of 2.
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over D. discoideum and both compounds act in infection and in
broth.

4 Conclusion

Taken together, we illustrated how the combination of
molecular networks and bioassays could leverage a large natural
extracts library. The transformation of the NE library through
extensive annotation processes to a virtual chemical library
enabled the search for active compounds via chemical similarity.
This proof-of-concept study demonstrates how different natural
analogs of an a priori hit scaffold originating from a lead-like library
can be targeted in a NE. It led to the effective identification of NP-
like structural analogs of reference hits that were then characterized
as active natural analogs in biological assays. Out of the four
structures annotated in the extract of C. brandisiana, we targeted
the isolation of three of them. We could then propagate the
annotations with a MN generated through the GNPS platform
which was used to isolate a total of eight structural hit analogs.
The set of targeted structures showed preliminary activity as well as
the extract itself, with striking selectivity. Similar bioactivity profiles
were obtained for the reference hit structure and for one of the
natural analogs (onychine, with an IC50 of 39 µM in infection), thus
validating the approach. We highlight that this combination of
computational, analytical and biological workflows translates the
navigation of the virtual chemical space of annotated metabolites
into the effective isolation of hit analogs.

Such an approach will accelerate the discovery of new lead
compounds in the fight against antibiotic resistance in TB, but also
for other pathogens. It could therefore be generalized for finding
analogs of bioactive hit compounds and rapidly generate subsets of
structurally related compounds for any type of biological activity
assessment. This would serve as a first set of structure-activity
information that could help target the synthesis of structural
analogs, before envisioning full Structure-Activity Relationship
(SAR) studies on a chosen scaffold.
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