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ABSTRACT: It is a common problem in natural product HIGH BIOACTIVITY SCORE

therapeutic lead discovery programs that despite good bioassay (LARGE NODES) _:LQ;?‘L /5
results in the initial extract, the active compound(s) may not be o o RCY, =N

feaitaiie] dhme b bi el T . 29 9 - 0@ A
isolated during subsequent bioassay-guided purification. Herein, we oy S A

present the concept of bioactive molecular networking to find aON = V-
candidate active molecules directly from fractionated bioactive o= rsaoipl " 5,

extracts. By employing tandem mass spectrometry, it is possible to + Y '
accelerate the dereplication of molecules using molecular GNPS Eo: X Low
networking prior to subsequent isolation of the compounds, and —ﬁ BIOA(%EXIJLYI\JS(?I?:SE)
it is also possible to expose potentially bioactive molecules using
bioactivity score prediction. Indeed, bioactivity score prediction can
be calculated with the relative abundance of a molecule in fractions and the bioactivity level of each fraction. For that reason, we
have developed a bioinformatic workflow able to map bioactivity score in molecular networks and applied it for discovery of
antiviral compounds from a previously investigated extract of Euphorbia dendroides where the bioactive candidate molecules were
not discovered following a classical bioassay-guided fractionation procedure. It can be expected that this approach will be
implemented as a systematic strategy, not only in current and future bioactive lead discovery from natural extract collections but
also for the reinvestigation of the untapped reservoir of bioactive analogues in previous bioassay-guided fractionation efforts.

ature has inspired the discovery of numerous therapeutics researchers in academia, government, and industrial laborato-
from organisms such as microbes, plants, and insects.' ries worldwide.
The discovery of new bioactive natural products as leads for Loss of activity or failure in isolating the bioactive
therapeutic development can be inspired by ethnopharmaco- compounds during the bioassay-guided fractionation workflow
logical knowledge or achieved by screening a collection of is a very common and costly pitfall in natural products isolation

extracts for bioactivity,1_3 using in vitro, in cellulo, and even in
vivo assays." When a natural extract is found to be bioactive, a
bioassay-guided fractionation is usually carried out and is
generally comprised of the following steps: (i) extraction of
metabolites from the biomass using solvents, (ii) fractionation
of the resulting extract by chromatography, (iii) bioassay
screening of each fraction, (iv) isolation of the molecule(s)
from bioactive fractions, and (v) identification of the isolated

attempts. Generally, the unsuccessful outcome of these efforts
are simply not published or are finally reported as investigations
aiming at characterizing the chemical components. Some of the
reasons for these pitfalls are (1) the bioactive compounds were
degraded during the purification process, (2) the bioactive
compounds were present in too low concentrations to be
efficiently isolated, and (3) the bioactivity was due to

molecules and evaluation of their bioactivity."”® Although the synergistic effects between multiple compounds. It is therefore
bioassay-guided fractionation method seems to have been in important to detect candidate bioactive molecules early in the
use by chemists, pharmacologists, and toxicologists since the

early 1900s,” it was formally conceptualized after the 1950s”* Received: August 28, 2017

and is still used today for the discovery of therapeutic leads by Published: March 2, 2018
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purification scheme in order to rationalize the isolation
procedure applied toward these substances.

In addition, the application of bioassay-guided fractionation
procedures in the last decades has resulted in the repeated
isolation of molecules already described. To avoid the isolation
of those known molecules, researchers have long used a
preliminary structural assessment step called “dereplication”.
Dereplication aims at detecting known and bioactive
compounds in natural product extracts and ideally prior to
the start of in-depth investigation. In practice, dereplication is
often performed when the molecule is at least partially, if not
fully, purified.”'" Dereplication is generally achieved by first
separating the molecular constituents using chromatography
and then by looking at their spectral signatures obtained from
mass spectrometry,l '~ nuclear magnetic resonance,14 or UV—
vis spectroscopy, and then searching for compounds having
identical properties (such as the molecular formula or core
chromophores) in natural product databases' or in dedicated
open source cheminformatics tools.”” Some of the most
commonly used natural product dereplication databases are
“MarineLit”,'® “Antibase”,’” and the “Dictionary of Natural
Products”.'® The use of untargeted tandem mass spectrometry
to dereplicate known natural products has gained popularity,
thanks to the introduction of a public spectral library and new
bioinformatic tools."”'”™>* The recent introduction of the
Global Natural Product Social molecular networking (GNPS)
Web-platform (http://gnps.ucsd.edu) enables the automatic
spectral mining of large experiments with up to thousands of
samples in a few hours.”” In addition to the annotation of the
molecules with reference MS/MS spectra publicly available on
GNPS, it is also possible to propagate an annotation to an
unknown molecule using the “analogues search mode” and
MS/MS molecular networking, which expand and accelerate
dereplication capabilities to similar structures.”> > Annotation
can then be propagated using differences in molecular formulas
of features. For example, a difference of 14 Da between two
precursor ions would suggest a putative CH, increment, a
difference of 16 Da on oxygenation, while a difference of 34 Da
in the substitution of proton by a chlorine atom. Careful
interpretation of the mass defects and the fragmentation
patterns observed may even enable an investigator to decipher
the part of the molecule that is modified. For this reason,
GNPS and molecular networking have been used to prioritize
biomass in in-depth investigations based on the observation of
known and unknown analogues or of unique clusters of MS/
MS spectra referred to as “molecular families”.””**~*” However,
because molecular networking on GNPS was designed for MS/
MS spectral comparisons, this approach alone does not
consider the relative abundance of the molecules between
samples, which is crucial for downstream statistical analysis of
data.

Bioactivity screening and LC-MS (ie., without MS/MS
acquisition) have been employed in order to (i) prioritize
biomass selection”” and (i) speed up the isolation process for
the discovery of bioactive molecules.””™>" These studies used
statistical approaches to estimate a bioactivity score, defined as
the probability of a molecule as being bioactive. For each
molecule, a bioactivity score can be calculated using its relative
abundance between samples and the quantitative result of a
bioassay for those same samples.”® Multivariate statistical
models can be used to identify bioactive compounds from
LC-MS data.”” Especially, partial least squares (PLS) regression
has been shown to be an effective method to detect the
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association between the spectral data of a molecule and the
result of a bioassay.”” However, although the above-mentioned
approaches can provide the molecular formula of the predicted
bioactive moieties, they are unable to provide the high-
throughput annotation that GNPS and molecular networking
offer. Recently, molecular networking was introduced for the
prioritization of bioactive natural extracts in large collec-
tions”***** and for the annotation of bioactive fractions.”* >

In the present work, this gap is bridged by providing a
workflow procedure, named “bioactive molecular networking”,
which integrates MS/MS molecular networking and bioactivity
scoring to assist in bioassay-guided fractionation. By high-
lighting molecular families and putative bioactive candidate
molecules, prior to undertaking a time-consuming isolation
step, the use of bioactivity scoring and molecular networking
can accelerate natural-products-based drug discovery.”* Herein,
we demonstrate the utility of bioactive molecular networking by
reinvestigating the data obtained in our previous study.’” In this
previous study, the chromatographic bioactive fractions from
Euphorbia dendroides L. (Euphorbiaceae) latex, a Mediterranean
tree spurge, were investigated to elucidate the components
responsible for the potent and selective inhibition of the initial
extract against chikungunya virus (CHIKV) replication. Despite
a phytochemical effort that led to the isolation and the
identification of nearly 20 molecules from the most bioactive
fractions, no compound with selective and significant inhibition
activity against CHIKV replication was found. By reinvestigat-
ing E. dendroides samples using bioactive molecular networking,
it was possible to better capture the untapped nature of
molecules associated with the bioactivity. The findings were
validated by conducting a mass spectrometry targeted
purification, and it was demonstrated that the new diterpene
esters isolated in trace amounts (isolation yield from the extract
ranging from 0.04% to 0.28%) were indeed active against the
CHIKYV replication in a cell-based bioassay. The workflow we
have developed relies on a combination of open bioinformatic
tools, including MZmine2®® and Optimus workflow™ (using
OpenMS™), and the GNPS Web-platform. The approach can
be readily adopted by researchers in the field of natural
products drug discovery and also adapted to metabolomics and
chemical ecology applications with other quantitative variables
instead of the bioactivity level.

B RESULTS AND DISCUSSION

Development of the Workflow Procedure. In the
context of a bioassay-guided fractionation study, the employ-
ment of the bioactive molecular networking workflow
procedure (Figure 1) required first the performance of an
untargeted LC-MS/MS analysis and the evaluation of the
bioactivity level for each chromatographic fraction. The
bioactivity molecular networking consisted of three steps (I—
III). The first step (I) was LC-MS/MS spectral data processing
with the Optimus workflow,*" based on OpenMS algorithrns,4
or with the MZmine2 toolbox.”® This step allowed the
detection and relative quantification of LC-MS/MS spectral
features (ions) across the chromatographic fractions. The
second step (II) consisted in the calculation of a bioactivity
score using the Pearson correlation between feature intensity
across samples and the bioactivity level associated with each
sample. The needed script was prepared as a Jupyter notebook
using R language.*” Jupyter notebook (http://jupyter.org/)* is
an open-source Web application that facilitates reproducibility
and does not require advanced computational skills to be
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A. “Classical” bioassay-guided
fractionation

BIOACTIVE EXTRACTS
| B. Bioactive molecular networking workflow
1
FRACTIONS —— . LC-MS/MS —— (I) LC-MS/MS
experiments  data processing with
A4 MZmine 2 O Optimus
BIOACTIVITY " . o0
EVALUATION () Calculation of bioactivity score for
each spectral feature in — jupyter
| (I) Bioactive molecular networks with
PURIFICATION AND HGNPS and Cyto
IDENTIFICATION

MOLECULAR NETWORK-BASED
DEREPLICATION

[—{ Targeted purification

I

Figure 1. Bioactive natural products discovery pipelines. Workflow
procedure (A) for the classical bioassay-guided fractionation approach
and (B) by integrating bioactive molecular networking,

reemployed. The third and final step (III) was achieved by
analyzing MS/MS data on the GNPS Web-platform® and
visualizing the corresponding molecular networks in Cyto-
scape.”™ GNPS is a Web-platform that serves both as a data
repository and a data analysis infrastructure with molecular
networking and spectral library search capabilities. In recent
years, this crowd-sourced platform has become an essential
toolbox for both the natural products and metabolomics
scientific communities. Indeed, public spectral libraries facilitate

the dereplication of known molecules, and molecular networks
allow annotation propagation to unknown related molecules.
The objective of the last step of this workflow procedure was to
annotate detected molecules using both spectral library
annotations and the network topology, in particular those
molecules with significant predicted bioactivity scores. For this
purpose, the data curation relied on two complementary
approaches. First a targeted approach, where prior knowledge
can be used, such as chemotaxonomic information and the set
of previously described bioactive molecules. Second, an
untargeted approach can be undertaken by looking for
consistent patterns of bioactive candidates in the networks,
such as clusters with a high frequency of bioactive candidates,
which could translate to the presence of a bioactive
pharmacophore.

Evaluation of the Workflow Procedure. To evaluate the
efficiency of bioactive molecular networking, an extract of
Euphorbia dendroides latex was reinvestigated. This plant has
documented ethnobotanical and ethnopharmacological uses to
treat warts since the days of Ancient Rome.’”* Previous
bioactivity screening of a Corsican specimen of E. dendroides
showed that the latex extract displayed potent antiviral activity
against CHIKV replication in a cell-based assay (Vero cells,
green monkey kidney).***” However, none of the compounds
isolated during subsequent bioassay-guided fractionation of this
E. dendroides extract showed selective antiviral activity against
CHIKV.””* Some of its fractions (F12, F13, and F17)
exhibited a selective inhibition of CHIKV replication with an

Bioactivity score prediction
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Figure 2. Bioactive molecular networking of bioassay-guided fractionation of Euphorbia dendroides latex extract. (A) Legend of bioactive molecular
networks. (2) Previously isolated molecules (1—19). (C) Bioactive molecular network 1 (MN1) and 2 (MN2) of E. dendroides latex extract and
cluster annotations (I—V). See Figure 3 for a detailed view for the cluster V of molecular network 2 (MN2).
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effective concentration (ECyp) below 1.2 pg/mL (ECg, = 0.27,
0.17, and 1.13 pg/mL, respectively) and high selectivity indices
of 41, 140, and 57, respectively. (ECg, is defined as the
concentration that reduces the replication of the CHIKV by
50%, and the SI as the ratio ECy,/CCs, where CCy is the
cytotoxic concentration of the compound to reduce natural
growth of host cells by 50%.) Nineteen diterpenoid jatrophane
esters (1—19), including four terracinolides (12—15), were
isolated from these bioactive fractions, but none of these
molecules showed significant selective inhibition of CHIKV
replication.”” Thus, the nature of the compounds responsible
for antiviral activity has not yet been elucidated. The
assumption was made that the bioactive molecule(s) either
occurred in trace amounts or were degraded, or that multiple
molecules were required for activity (synergistic activity). To
find the molecules with anti-CHIKV replication inhibition
property, the extract and fractions were analyzed by LC-MS/
MS and the presently described workflow was applied.

A crucial factor to predict a significant bioactivity score is to
have multiple samples of known concentration that could have
different, but related, molecular profiles with corresponding
associated bioactivity levels. These could be chromatographic
fractions of a single extract or multiple extracts from different
but related sources. In this study, 18 fractions were obtained
from a chromatographic separation of the extract of E.
dendroides latex (F1—F18), and these fractions were subjected
to LC-MS/MS and anti-CHIKV bioassays. Their mass
spectrometric data, along with the results of their selective
inhibition of CHIKV replication, were then processed with our
procedure using the Optimus workflow, and bioactive
molecular networks were generated in order to prioritize
candidate molecules responsible for such bioactivity.

The bioactive molecular networks for the bioassay-guided
fractionation of E. dendroides fractions are represented in
Figures 2 and 3. As depicted in the legend (Figure 2A), the

41,52
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Figure 3. View of bioactive molecular networking results for the
cluster V of molecular network 2 (MN2). The molecules 20—22 with
significant bioactivity scores (large nodes, see legend) were annotated
as deoxyphorbol ester derivatives and isolated in the present study.
Evaluation of the biological activity indicated that 21 and 22 are
selective inhibitors of chikungunya virus replication in the
submicromolar range. The deoxyphorbol ester 23 was also isolated
and found to have a lower selective antiviral activity in comparison to
compounds 20—22.
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result of bioactivity scoring is visualized directly in the
molecular network with the node size proportionally
representing the molecule predicted bioactivity score. The
bioactivity score was defined herein as the Pearson correlation
coefficient (r) between the molecule relative abundance derived
from the LC-MS peak (area under the curve) and the selectivity
index (SI) value obtained from the evaluation of fraction
antiviral activity. The largest nodes represent molecules with
statistically significant bioactivity score [strong Pearson
correlation value (r > 0.85) and a significance (FDR corrected,
p value <0.03) after Bonferroni correction]. In addition, the
relative abundance of detected molecule in each fraction can be
visualized in each node with a pie chart diagram [colors
correspond to the fraction bioactivity level]. In total, 8.4% (24/
285) of molecules were predicted as having a statistically
significant bioactivity score. These bioactive candidates
represented 10.7% (3/28) of the nodes in MNI1 and 8.2%
(21/257) of the nodes in MN2.

A detailed examination of the molecular networks allowed
the annotation of two main molecular families (Figure 2C).
The first molecular family (MN1) was composed of the known
diterpene esters (1—15), including jatrophane esters (1—11)
belonging to the 14-oxojatropha-6(17),11E-diene type and
terracinolides (12—15). These molecules did not show strong
anti-CHIKV activity in a previous study® and were readily
annotated (square node in the molecular networks) because
their spectral data were available in the GNPS public spectral
library. We also observed that the aggregation of reference
compounds in clusters I-IV was based on two main structural
features: first, the number of esters such as hexa-esterified
jatrophane derivatives (cluster I) versus penta- and tetra-
esterified jatrophane derivatives (clusters III) or the presence of
specific esters such as nicotinoyl esters (cluster IV) and the
presence of a lactone for the terracinolides (cluster II).

In addition, it was possible to expand the annotation of MN1
to unknown related molecules using the “analogues search
function” available on GNPS. Compounds that were annotated
as analogues are represented with a circular colored node, with
the color being representative of diterpene-type matching.
Interestingly, it was observed that analogues were mostly found
in the same clusters as the reference matching spectra.
Reference compounds belonging to each cluster of MN1 (I—
IV) were previously evaluated against CHIKV replication,””**
and none of them showed inhibition activity. For the above
reasons, it was assumed that the analogues present in clusters
I-V were not the most promising bioactive candidates, and
subsequent efforts were focused on MN2, for which no
candidate was previously isolated.

The molecular network 2 contained three spectral features
with significant bioactivity score at m/z 591.326 (20), 589.311
(21), and 563.296 (23) and at the retention times 1626 s, 1520
s, and 1291 s, respectively. Still, no spectral annotation could be
retrieved from public spectral libraries on GNPS, including
using analogue searching. An available in silico annotation tool
for molecular networking was used.”” The results indicated
heterogeneous candidate structures, including many unlikely
candidates from a chemotaxonomic standpoint, which were not
considered further. Examination of spectra showed that the ion
at m/z 591.326 was a sodium adduct corresponding to a
molecular formula of C3,H,0, (m/zq 591.3298, [M + Nal*,
Am/z = 3.0 ppm). This observation explained the result of the
in silico annotation tool, which considers all ions to be
protonated adducts.’® A search for molecules with the same
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molecular formula was carried out in the Dictionary of Natural
Products'® and indicated a diterpene diester isolated from
Euphorbia prolifera® named Euphorbia factor Pr4 [12-0-(2,4-
decadienoyl)-13-O-(2-methylpropanoyl)-4-deoxyphorbol]. The
examination of the MS/MS fragmentation pattern of this
diterpenoid (Figure S3, Supporting Information) showed two
neutral losses of 88 Da [M — 88 + Na]* and 168 Da [M — 168
+ Na]*, indicating that the detected molecules possessed a
C,H,0 acyl (potentially an isobutyryl or a butyryl) and a
C1oH;,0 acyl moiety (potentially a decadienyl). Moreover, the
observations of characteristic diterpene backbone fragment ions
at m/z 313, 295, and 285 were supportive of this molecule
being indeed of the phorboid diterpene ester, of either
deoxyphorbol or ingenol type."”

The annotation of these diagnostic bioactive Euphorbiaceae
diterpenoids®>* was of significance, as some phorboid
derivatives are well-known inhibitors of human immunodefi-
ciency virus replication,””*® and recently also against
CHIKV,***” due to their protein kinase C (PKC) modulatory
ability. Thus, based on (i) the significant bioactivity score in
MN?2 for the nodes at m/z 591.326, 589.311, and 563.296
(compounds 20—22, with respectively retention times at 1630,
1523, and 1289 s, an r value of 0.91, 0.87, and 0.90, and p values
of § X 107 4.5 X 1075, and 7.3 X 107°) and (ii) the molecular
network-based annotation indicating that they were likely
phorboid diterpene esters, it was decided to perform a targeted
isolation of these putative bioactive molecules. Inspection of the
pie-chart diagram showed that the concentration of compounds
20—22 was higher in F13, and this fraction was hence selected
for targeted isolation. In addition, it was proposed to isolate
compound 23 (m/z 589.31, with a retention time 1609 s),
because it was likely a positional isomer of compound 21 with
low predicted bioactivity score (r 2~ 0 and p value 0.99), and it
was thus valuable to test the approach.

The residual sample from the previous bioassay-guided
fractionation of F13 (sub-F13) was fractionated by preparative
HPLC using the UV trace as a proxy to the LC-MS/MS
analysis. The targeted compounds 20—23 were purified using
preparative HPLC and were then identified by 1D- and 2D-
NMR data analysis (Tables 1 and 2). As suggested by molecular
networking analysis (Figure 3), these four new compounds
were indeed 4f-deoxyphorbol esters (20—23) (4-dPEs). The
absolute configuration of each stereocenter was assumed based
on prior studies on diterpenes of Euphorbia species (X-ray
diffraction and total synthesis).”*>® Following their identi-
fication, the reference MS/MS spectra of compound 20—23
were uploaded to the GNPS library and an analogue search was
performed on molecular network MN2. Figure 3 showed that
MN2 was essentially composed of deoxyphorbol ester
analogues (nodes colored in green). The four isolated 4-dPEs
(20—23) were evaluated for antiviral activity against CHIKV
replication (Table S26, Supporting Information), and com-
pounds 21 and 22 were found to be the most potent and
selective CHIKYV replication inhibitors with ECy, values of 0.40
+ 0.02 yM and 0.60 + 0.06 uM, and SI = 34 and 4],
respectively. The low SI values for compounds 20 and 23
indicated that they are associated with high host-cell
cytotoxicity (SI = 6 and 4, respectively). These four 4f-
deoxyphorbol esters possess the same isobutyrate group at C-
13, but differ in the nature of the C-12 acyl moiety. Compound
20 has a 2Z4E-decadienoyl group at position C-12, while
compound 22 has a 2Z4E-octadienyl group. The two
compounds 21 and 23 are indeed isobaric compounds with a
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Table 1. "H NMR Spectroscopic Data for Compounds 20—
22 (300 MHz) and 23 (500 MHz) in CDCI3 at 300 K (8, in

ppm, J in Hz)

position 20 21 22 23
1 7.54brt (1.7) 7.54brt(1.7) 7.54brt(1.7) 7.54brt (1.7)
4 244 td (9.5, 244td (9.5, 244td (9.5, 246td (9.5,
4.5) 4.5) 4.5) 4.5)
Sa 2.82 dd (18.0, 2.82dd (17.7 2.82 dd (18.0, 2.82 dd (18.,
10.0) 9.6) 10.0) 10.0)
5p 2.12 dd (18.0, 2.12dd (17.7, 2.12 dd (18.0, 2.13 dd (18.,
10.0) 8.1) 10.0) 10.0)
552d(54) 552d(54) 552d(54) 552d(54)
235t (54) 235t (54) 235t (54) 235t (54)
10 323 m 323 m 323 m 324 m
11 1.56 m 1.56 m 1.56 m 1.58 m
12 543d(98) 544d(96) 543d(98) 543d(9.8)
14 1.01d (54) 1.01d(54) 101d(54) 1.01d(54)
16 1.18 s 1.18 s 1.18 s 121s
17 118 s 1.18 s 1.18 s 120 s
18 091d(64) 091d(64) 091d(64) 090d (64)
19 1.70 dd (2.4, 170 dd (2.4, 1.70 dd (2.4, 1.70 dd (2.4,
12) 1.2) 1.2) 1.2)
20 401brs 4.01 dd (19.5, 4.01 brs 4,00 br s
13.3)
OH-9 5.81 brs 5.81 brs 5.81 br s 5.85brs
OH-20 527 brs 3.46 br s 527 brs 528 br s
OR-14
I 552d (11.3) 556d (11.1)  5.52d(11.3) 553 d (11.3)
2/ 656t (11.3) 659t (11.1) 656t (11.3) 657t (11.3)
3 729 dd (15.6, 7.35dd (15.1, 7.29 dd (15.6, 7.31 dd (15.6,
11.5) 11.1) 11.5) 11.5)
4 6.07 ddd 6.46 dd (14.8, 6.07 ddd 6.04 ddd
(15.6, 7.1, 10.8) (15.6, 7.1, (15.6, 7.1,
6.8) 6.8) 6.8)
5 2.15dd (13.6, 620 dd (14.8, 2.16 dd (149, 2.92m
7.1) 10.8) 7.1)
6 141 m 5.92 ddd 145 dd (149, 5.33 dd (11.2,
(14.8, 7.1, 7.4) 5.7)
6.8)
7' 127 m 2.11 dd (14.6, 090t (7.4) 5.46 dd (11.2,
6.8) 8.0)
8’ 128 m 1.42 dd (14.6, 2.02 m
7.5)
9’ 0.87 t (6.9) 0.90 t (7.5) 0.94 t (6.9)
QOiBu-13
2! 257 q(70) 257 q(70) 257 q(70) 257 q(7.0)
Me-3" 1.18d (70) 1.18d (7.0) 118d (7.0) 1.18d (7.0)
Me-4" 1.15d (70)  1.15d(70) 115d(70) 1.15d (7.0)

12-acyl substituent of deca-2Z,4E,6E-trienoyl and deca-
2Z,4E,7Z-trienoyl, respectively. While being closely related to
compounds 20—22, compound 23 had a lower selectivity index
against chikungunya virus replication (ECg, = 12.6 + 8.4 uM,
SI = 4), in agreement with the prediction of the bioactivity
scoring. This result was consistent with previously described
structure—activity relationships for phorbol esters,”” showing
that the nature of the acyl chain residue modulates the antiviral
activity. It was remarkable to observe that the bioactive
molecules 20 and 22 had also isobaric counterparts at m/z
591.33 and 563296 with low bioactivity scores predicted.
These isobaric counterparts had almost identical MS/MS
spectra but showed different retention times (1707, 1607, and
1406 s). They were annotated as positional isomers, or epimers,
of compounds 20, 21, and 22, as commonly found in the
Euphorbiaceae.””*”®" In the context of bioactivity score
prediction, it was observed that despite the isobaric counter-
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Table 2. *C NMR Spectroscopic Data for Compounds 20—
22 (75 MHz) and 23 (125 MHz) in CDCl, at 300 K (6 in

ppm, J in Hz)

position 20 21 22 23

1 160.1 160.1 160.1 160.1
2 136.5 136.5 136.5 136.5
3 210.1 210.1 210.1 210.1
4 44.4 44.4 44.4 444
S 29.8 29.8 29.8 29.8
6 142.1 142.1 142.1 142.1
7 126.7 126.7 126.7 126.7
8 42.2 422 42.2 422
9 77.9 77.9 77.9 77.9
10 544 54.4 544 54.4
11 42.7 42.7 42.7 42.7
12 76.2 76.2 76.2 76.2
13 65.1 65.1 65.1 65.1
14 35.8 35.8 35.8 35.8
15 26.1 26.1 26.1 26.1
16 23.9 23.9 239 239
17 16.9 16.9 16.9 16.9
18 15.2 15.2 15.2 15.2
19 10.4 10.4 104 10.4
20 67.7 67.7 67.7 67.7
OR-12 166.1 166.1 166.1 166.2
1 115 1134 115 115.0
2 146.3 143.5 146.3 146.3
3 127 128.1 127 127.0
4 146.6 140.4 146.6 144.0
N 332 1242 354 311
6’ 28.6 138.6 22.1 124.7
7' 31.6 32.8 13.8 134.1
8 22.7 19.7 20.6
9’ 14.2 11.3 14.2
OiBu-13

1” 179.7 179.7 179.7 179.7
2" 34.4 34.4 34.4 34.4
Me-3" 18.8 18.8 18.8 18.8
Me-4" 18.7 18.7 18.7 18.6

parts being abundant (9.2E7, 3.0E8, and 1.2E8 vs 6.5E7, 1.9ES,
and 6.7E7 for compounds 20—22, respectively, in the latex
extract), they did not have a significant bioactivity score.
Bioactive molecular networks have permitted the detection
of bioactive molecules from an antiviral fraction of E. dendroides
latex, for which bioactive constituents were unknown despite
the carrying out of a previous bioassay-guided fractionation
procedure.”” The present work showed that bioactive molecular
networking can accelerate dereplication and a rationalized
isolation procedure in bioassay-based drug discovery. It has
been shown that, prior to any time-consuming isolation
procedure, bioactive molecular networking is able to (i) narrow
down the number of bioactive candidates by 10;, (ii) speed up
spectral annotation with MS/MS molecular networking, and
(iii) discriminate even isomers as a result of LC-MS feature
detection tools. The workflow procedure can be readily
implemented and adapted for any bioassay-guided fractionation
with LC-MS/MS data associated. The approach can be easily
reproduced since it relies on open tools (Optimus or
MZmine2), the GNPS Web-platform, and a Jupyter notebook.
Yet, like any other statistical approach, the accuracy and utility
of a bioactive molecular network depends on (i) the
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reproducibility of the bioassay procedure and (ii) the number
of samples included in the data set. Furthermore, the
annotation capability of MS/MS spectra depends on public
MS/MS spectral libraries, which are expanding rapidly as a
result of contributions from the scientific community.

Herein is presented the concept of bioactive molecular
networking, and it can be adopted as a systematic strategy for
the annotation of bioactive molecules in a complex plant
extract. It was applied to the discovery of antiviral diterpenoids
in a E. dendroides latex extract, an extract on which a classical
bioassay-guided effort was previously unsuccessful. From
bioactive molecular networking, two bioactive compounds
(21 and 22) were isolated. Compounds 21 and 22 were found
to be active against CHIKV replication at submicromolar
concentrations. Chikungunya virus is an emerging virus that is
causing massive outbreaks (1 million estimated cases in South
America and in the Caribbean region in 2014)°* and associated
with high morbidity and for which no antiviral chemotherapy is
available. The present results demonstrate that bioactive
molecular networking can speed up the process of drug-lead
discovery by revealing bioactive candidates and facilitating their
dereplication and/or annotation at the very first step of any
bioassay-guided purification procedure. For this reason, we
expect that bioactive molecular networking can be a corner-
stone concept/methodology for the discovery of bioactive
molecules from natural product extracts.

To facilitate its acceptance by various communities, the
bioactive molecular networking workflow is freely available
(https://github.com/DorresteinLaboratory/Bioactive
Molecular Networks) and can be readily applied or adapted
without the need for advanced computational skills, as it relies
on popular LC-MS feature detection (MZmine2 or Opti-
mus),”"* accessible bioinformatics tools (Jupyter notebook),**
and the crowd-sourced GNPS Web-platform (http://gnps.
ucsd.edu).”” Moreover, the workflow will directly benefit from
the development of new modules and bioinformatics tools, in
particular those for improved LC-MS feature detection®®*’ or
spectral®* and in silico annotation.**~®’

Bioactive molecular networking has the retroactive potential
to reinvestigate successful bioassay-guided fractionation or
those where investigators failed to find the active components,
as long as corresponding MS/MS data were acquired or can
still be generated. Currently, while 352 studies mentioned
“bioassay-guided” and “MS/MS” for the year 2016,°° none have
deposited MS/MS data in public repositories such as
MetaboLights (http://www.ebi.ac.uk/metabolights/)69 or
GNPS-MassIVE (http://massive.ucsd.edu). Therefore, as the
scientific community pushes toward transparency’’ and as
mandated by many funding agencies, the availability of all MS/
MS data in public repositories will increase (similar to genomic
efforts decades ago) and will enable both the detection of a
presently untapped reservoir of bioactive analogues and the
optimization of bioactivity scoring.

Finally, since bioactive molecular networking is agnostic to
the nature of the quantitative variable employed (here the value
of the bioassay results), any other quantitative outcome
parameters can be employed instead. Thus, the workflow
described herein can be adapted for applications outside of
natural products research. Among the potential use of the
current workflow, it could be employed in microbial ecology to
annotate compounds impacted by an environmental variable
(such as the pH), or perhaps it could be used in exposomics to
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annotate biomarkers associated with a level of exposure to a
chemical contaminant.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations ([a]p)
were measured with the sodium D line monochromatic light source in
EtOH at 24 °C. The instrument used was an MCP 300 Anton Paar
polarimeter. A PerkinElmer Spectrum BX FT-IR system was used to
record IR spectra. UV spectra were measured in a 1 cm quartz tank
using a Varian Cary 100 scan spectrophotometer. The 1D ('H and
BC) and 2D (COSY, HSQC, HMBC, and ROESY) NMR spectra
were obtained in CDCIl; for compounds 20—22 on a Bruker Avance
300 MHz instrument, and for compound 23 on a 500 MHz
instrument, using a 1.7 mm microprobe. HPLC separation was
performed on analytical C;g columns (Kromasil, 250 X 4.6 mm id., §
um, Thermo Scientific) and on semipreparative C;3 columns for
fractionation. A Waters autopurification system equipped with a binary
pump (Waters 2525), a UV—vis diode array detector (190—600 nm,
Waters 2996), and a PL-ELS 1000 ELSD Polymer Laboratory detector
was used. Preparative HPLC separation was performed on a
semipreparative C;g column (Kromasil, 250 X 10 mm; id. S ym). A
Dionex autopurification system equipped with a binary pump (P580),
a UV—vis array detector (200—600 nm, Dionex UVD340U), and a PL-
ELS 1000 ELSD Polymer Laboratory detector was used. A hybrid
linear ion trap/Orbitrap mass spectrometer (LTQ-XL Orbitrap,
ThermoFisher Scientific, Les Ulis, France) was used for LC-MS/MS
analysis. An ESI source operating in positive ionization mode was
used. Mass spectra were acquired between m/z 150 and m/z 1000. In
the full-scan mode, full width at half-maximum mass resolution of the
Orbitrap mass analyzer was fixed at 30 000 for mass spectra and at
15000 for tandem mass spectra. The data-dependent MS"” mode was
used to monitor the one to three most intense ions with an exclusion
duration of 40 s after eight repetitions. Instrumental parameters were
set as follows: source voltage 5 kV, lens 1 voltage —15 V, capillary
temperature 275 °C, gate lens voltage —35 V, capillary voltage 25 V,
tube lens voltage 65 V. The CID parameters were set as follow: CE at
30% of the maximum and an activation time of 30 ms. HPLC was
performed with an HPLC Ultimate 3000 system (Dionex, Voisins-le-
Bretonneux, France) consisting of a degasser, a quaternary pump, an
autosampler, a column oven, and a photodiode array detector.
Separation was achieved using an octadecyl silica gel column (Sunfire,
150 X 2.1 mm X 3.5 pm; Waters, Guyancourt, France), equipped with
a guard column. The column oven temperature was set at 25 °C.
Elution was conducted with a mobile phase consisting of water + 0.1%
formic acid (A) and CH;CN + 0.1% formic acid (B), following the
gradient 5% to 95% B in 40 min, then maintaining 100% B for 10 min
at a flow rate of 250 yL/min. To enable the semiquantification of the
detected ions, the samples were prepared at a concentration of 2.5 mg/
mL in MeOH, and the injection volume was fixed at 10 pL. The LC-
MS” analysis of the CH;CN latex extract, the fractions of E. dendroides,
and the reference MS/MS spectra were deposited on GNPS (http://
gnps.ucsd.edu), under the reference number MSV00007938S.

Plant Material. The latex of Euphorbia dendroides was collected by
L.-F.N. in August 2012 on 20 specimens at Ficaghjola Beach (Piana) in
the western region of Corsica. Botanical identification was performed
by L-F.N,, and a voucher specimen (LF-026) was deposited at the
Herbarium of the University of Corsica (Laboratoire de Chimie des
Produits Naturels, Corte).

Extraction and Isolation. The latex extract of E. dendroides (4.5 g)
was subjected to a bioassazr-guided fractionation protocol as described
in a previous publication,”” suggesting that F13 (1600 mg) contains
phorboid diterpenes with significant bioactivity score predictions. The
previous bioassay-guided isolation procedure on fraction F13 (ECs, =
0.17 pg/mlL, SI = 140) allowed the isolation of euphodendroidin E
(804 mg, with an isolation yield of 17% from the extract) and of the
subfraction sub-F13 (486 mg). This subfraction was analyzed by LC-
MS/MS, and ions of interest were annotated and compounds present
purified by preparative HPLC (Kromasil Cg, isocratic H,O—CH;CN/
MeOH (5/5) + 0.1% formic acid, 8:92 in 40 min) using the UV—vis
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detector as a reference between chromatographic gradients. This
purification procedure afforded four new compounds, compound 20
(12.8 mg), 21 (5.0 mg), 22 (5.1 mg), and compound 23 (1.8 mg),
with isolation yields from the extract of 0.28%, 0.11%, 0.11%, and
0.04%, respectively.

12p-0-[ Deca—ZZ,4E—dien02/l]— 13a-isobutyryl-4-deoxyphorbol
(20): amorphous powder; [a]®p =2 (c 1, EtOH); UV (EtOH) 4.,
(log €) 262 (4.32), 207 (4.08) nm; IR v, 2925, 1706, 1634, 1164,
1131, 1082, 780 cm™; 'H (300 MHz) and *C (75 MHz) NMR data,
see Tables 1 and 2; HRESIMS m/z 591.3272 [M + Na]* (calcd for
Cy,H,;sO,Na, 591.3298) deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp2SpectrumID=CCMSLIB00000840337#%7B%7D.

12-O-[Deca-2Z,4E,6E-trienoyl]-13a-isobutyryl-43-deoxyphorbol
(21): amorphous powder; [a]*p +5 (¢ 1, EtOH); UV (EtOH) A,
(log €) 301 (4.04), 262 (4.10), 208 (4.10) nm; for 'H (300 MHz) and
3C NMR data, see Tables 1 and 2; HRESIMS m/z 589.3127 [M +
Na]* (caled for Cy3H,O,Na, 589.3141); deposited in the GNPS
spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumID=
CCMSLIB00000840338#%7B%7D.

12p-0-[ Octa-ZZ,4E-dieno%/I]- 13a-isobutyryl-43-deoxyphorbol
(22): amorphous powder; [a]®p —1 (c 1, EtOH); UV (EtOH) 4.,
(log €) 262 (4.10), 207 (3.90) nm; for 'H (300 MHz) and '*C NMR
data, see Tables 1 and 2; HRESIMS m/z 563.3010 [M + Na]* (calcd
for C3,H,,0,Na, 563.2985); deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp2SpectrumID=CCMSLIB00000840336#%7B%7D.

124-O-[Deca-2Z,4E,7Z-trienoyl]-13a-isobutyryl-43-deoxyphorbol
(23): amorphous powder; [a]®n +3 (¢ 1, EtOH); UV (EtOH) 4.,
(log €) 261 (3.79), 206 (3.76) nm; for 'H and *C NMR data, see
Tables 1 and 2; HRESIMS m/z 589.3167 [M + Na]* (calcd for
C34H,sO,Na, 589.3141); deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp?SpectrumID=CCMSLIB00000840339#%7B%7D.

Spectral Feature Detection. This step was performed with the
Optimus workflow for feature detection, integration, filtering, and
visualization (https:// github.com/ MolecularCartography),}'9 based on
using OpenMS algorithms.* The Optimus workflow was executed
with the KNIME Analytics Platform version 3.2.1 on macOS 10.12.
The workflow must be run with the option “Presence of MS/MS”. The
.MGF file generated by the Optimus workflow (version 1.2.0) that
contains MS/MS spectra (spectral_data_MS2.mgf) for each feature
was uploaded on GNPS, and a Data Analysis was performed as
described below. The CSV table generated by Optimus (featur-
e_quantification_matrix.csv) was used for both the calculation of the
bioactivity score and the visualization of the relative abundance into
the molecular networks. More details on parameters used for Optimus
and OpenMS are provided in the Supporting Information. Note that
alternatively the popular MZmine2 toolbox (release 2.30) can be used
for the LC-MS feature detection step. The Dorrestein laboratory
implemented the needed features in MZmine2.>®”" See the release of
MZmine 2.28 in July 2017 and the corresponding online
documentation on GitHub (https://github.com/
DorresteinLaboratory/Bioactive_Molecular Networks). MZmine2
can now output similar files to those outputted by the Optimus
workflow thanks to the option named “filter MS/MS for GNPS” and
“Reset the peak number ID” in the peak list rows filter module and the
MGEF export module “Export for GNPS”. The CSV table with relative
quantitative information is exported using the CSV export module.
Note that an offline multisoftware workflow procedure was recently
developed for the integration of MZmine2 and molecular network-
ing.”> While the use of this workflow is theoretically compatible with
the present bioactivity molecular networking workflow procedure, it
has not been tested.

Molecular Networking. Tandem mass spectrometry molecular
networks were created using the GNPS platform (http://gnps.ucsd.
edu).”” Data were first converted to themzML format with MS-
Convert.”” The spectral information (MGF file) was generated by
Optimus and uploaded on GNPS. This file was used to generate an
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MS/MS molecular network using the GNPS Data Analysis workflow,
with the MS-Cluster deactivated. The precursor ion mass tolerance
was set to 0.01 Da and to a product ion tolerance of 0.0075 Da
(allowing a maximum error of 25 ppm at m/z 300 and 12 ppm at m/z
600). The fragment ions below 10 counts were removed from the MS/
MS spectra. MNs networks were generated using 12 minimum
matched peaks and a cosine score of 0.7. Data were open and
visualized using Cytoscape 3.4.0 software.** A force-directed layout
modulated by cosine score factor was used for data visualizations. Data
of LC-MS/MS analysis were deposited in the MassIVE Public GNPS
data set (http://massive.ucsd.edu, MSV000079856). The molecular
networking job on GNPS can be found at http://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=169c80d3192d4c2926399729cdc8c9a4
and with analogue search http://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=ce2a564dbd704c0595494e04798b0233. The corresponding
Cytoscape file is available as Supporting Information. The annotated
MS/MS spectra were deposited in the GNPS spectral library under
references CCMSLIB00000840337, CCMSLIB00000840338,
CCMSLIB00000840336, and CCMSLIB00000840339 for compounds
20—23, respectively.

Prediction of Bioactivity Score Significance and Mappin
onto the Molecular Networks. An R-based Jupyter notebook,™
called Bioactive Molecular Networks, was created and is available on
GitHub, https://github.com/DorresteinLaboratory/Bioactive_
Molecular_Networks, along with a step-by-step tutorial and the
representative input/output files needed. The table of spectral features’
intensity (CSV format) obtained with Optimus workflow was used in
the analysis. Note that to enable LC-MS-based semiquantitation, and
thus a reliable prediction of the bioactivity score, each sample has to be
analyzed at a known concentration. If the concentration differs
between samples, a normalization has to be applied prior to using the
workflow. The bioactive molecular networks Jupyter notebook is
composed of three steps: scaling samples by normalizing the intensity
to the TIC,”* calculating the Pearson correlation score (r) and its
significance (r_pval) between each feature and the bioactivity value, as
well as the multiple hypothesis testing correction (the Bonferroni
correction), and outputting the node attribute table. This table is
conveniently formatted for import into the Cytoscape software to map
back the bioactivity score onto the corresponding MS/MS molecular
network. For the visualization of bioactive molecular networks in
Cytoscape, the Select function in Cytoscape was used to filter nodes
based on their r and the FDR corrected p value. The style of these
nodes is then bypassed with a larger node size. In the current study,
only molecules having a bioactivity score above r > 0.85 and p value of
<0.03 were represented as having a large node in the bioactive
molecular networks.

Virus-Cell-Based Antialphavirus Assay. The protocol used was
described in a previous publication.*
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