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Looking at a natural extract with LC-MS
based metabolite profiling

Existing “~unknown

In silico prediction ¢

- Known NPs ~300'000

MS/MS data ~25'000 ey

Or the full monty

2D NMR
CD

Xray...

Ridder, L., et al. Aiiai. Chieiii. 2814, 86, 4767-4774.




Deep metabolome arnnotati@'pof natural extracts
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NP dereplication based on UHPLC-HRMS

Orbitrap
HRMS/MS

HR-MS/MS
Peak annotation

—

MN of HRMS/MS data

L few hits
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Partial / full
identification

De novo ID

by microNMR



w M3 ' MS?

209.1180

..||I . 1 I|J

e 0 100 200 F00

Relative Abundance
N

716 718 720 72 724 126 128 730 ||I | |||J
5012345767890



MS/MS network for interpretation

J. Watrous et al. “Mass spectral molecular networking of
living microbial colonies.,” PNAS, vol. 109, no. 26, pp.
E1743_52, 2012. Scan 9053
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MS/MS molecular networking

Clustering
natural products
iIsomers and
structural
analogues
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MS/MS molecular networking

Different type of NPs _
Clustering

Type 1 natural products
iIsomers and
structural
analogues

Type 3
Type 4
Type 2
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Screening of Euphorbiaceae for chemodiversity

Collaborations with Marc LITAUDON (ICSN — CNRS)




MS/MS molecular network

Generation of a massive molecular network:

Creation of MN of 290 Euphorbiaceae extracts



known
standards

Taxonomical layout

733.298 __— Trigonostemon cherrieri (Leaf)

™ Trigonostemon cherrieri (Wood)

Trigonostemon cherrieri (Bark)



Spectral networking = Molecular networking ?

Similarities by
fragmentation patterns
neutral losses patterns

000000

oooooo

frvigh frvigh
i . .1l.||.l. il \m

-lllol mrm .'1‘7‘ immn f‘ll‘)- mn i
g IM551534 s dz00s i

LLJ.“J I..u]l LE 207

5"012345"678900"

Scan 10778

Iull ll | Il il L | ‘

b 0 "123456"789012"




Adducts and MW identification - Where is M ?

1 (M+H)*

5can 10433 (2M+Na)+
193.0870

100 - 407.1465 OCH3 @)

\ (M+NaCH,CN)"

L “.l |..1|J| L 1 \
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1: [M+H]* m/z 193.0870 =& C,,H,;0,
DBE = 6 = 6 rings and/or double bonds

H/D exchange = no labile hydrogen
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34 hits The 7 golden rules
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Tandem mass spectral databases for small
molecule identification

How to match massive MS
and MS/MS information
for metabolite
identification ?




In silico fragmentation with CFM-ID

Medium energy

Competitive Fragmentation Modeling method :

bou-Feunang Y, Pon A, Karu N, Zheng J, Li C,
Arndt D, Gautam M, Allen F, and Wishart High energy
D. Significantly Improved ESI-MS/MS Prediction and

Djoumbou-Feunang, Y., et al. Metabolites 2019, 9.



In silico fragmentation with CFM-1D

BGNPS

Thesis A. Rutz, UNIGE

MSMS of
[M+H]+
(orbitrap)

Predicted
MS/MS
CFMID



NP In silico MS/MS database ISDB

fitlering
cleaning

PCA built with 125000
ChemGPS-NP Web

Allard, P.-M., et al. and Wolfender, J.-L. (2016). Anal. Chem.10.1021/acs.analchem.5b04804



Prenylated stilbenes in various Macaranga spp.




Additionnal computational tools

molecular structures.

ZODIAC performs de novo molecular formula
annotation on complete biological datasets (high-

ZO D |AC resolution, high mass accuracy LC-MS/MS runs).

COS M l C COSMIC is a workflow that allows you
to assign confidence to structure
annotations.
CAN O P U S CANOPUS is a tool for predicting
compound classes directly from

MS/MS with no DB

Duhrkop, K., Fleischauer, M., Ludwig, M., Aksenov, A. A., Melnik, A. V., Meusel, M., Dorrestein, P. C.,
Rousu, J. and Bocker, S. (2019). SIRIUS 4: a rapid tool for turning tandem mass spectra into metabolite
structure information. Nat. Meth. 16, 299-+.




 What is the molecular formula of the query
compound among all molecular formulas, both
previously observed and unobserved?




SIRIUS

in a fingerprint of substructures

fragmentation tree

SIRIUS 4 aims to identify the molecular formula of the query compound and
annotate the MS/MS spectrum with a fragmentation tree.




CANOPUS: compound class annotation

=

-

Annotate spectra

Spectral library i i
(20,000 compounds) With fragmentation trees Train k_ernel SVMs to
predict structural ] ]
features Molecular fingerprint

Learn chemical classes from
ﬂﬂﬂﬂﬂ the substructure fingerprints

FY
- =
—

S 28888 ( ) (lipids and lipids-like )
mm) 35858 (mmm) X
00000
838885 ( ) Lprenpl lipids . )
l ) |__diterpenoids_|
Structure database Train a deep neural network
(~4 million compounds) Compute molecular fingerprints on millions of molecular Classification

from structure and add noise fingerprints to predict
compound classes

Diihrkop, K., Nothias, L. F., Fleischauer, M., Reher, R., Ludwig, M., Hoffmann, M. A., Petras, D., Gerwick,
W. H., Rousu, J., Dorrestein, P. C. and Bocker, S. (2021). Systematic classification of unknown metabolites

using high-resolution fragmentation mass spectra. Nat. Biotechnol. 39, 462-471.




Natural product class prediction by
canopus

Diihrkop, K., Nothias, L. F., Fleischauer, M., Reher, R., Ludwig, M., Hoffmann, M. A., Petras, D., Gerwick,
W. H., Rousu, J., Dorrestein, P. C. and Bocker, S. (2021). Systematic classification of unknown metabolites
using high-resolution fragmentation mass spectra. Nat. Biotechnol. 39, 462-471.




CANOPUS: compound class annotation

Glycosylated  Phenylpropanoids Proof of principle
Metabolites
annotated in
tomato

N-containing
derivatives

Terpenoids

Crude
methanolic
extract of
seedlings

Fatty acid derivatives

Amino acid
derivatives

https://itol.embl.de/tree/76801783323861539286431#

L. F. Nothias

Tripathi, A., et al. Nature Chemical Biology 2021, 77, 146-151.




CANOPUS class
annotation in MN

Alkaloids

Amino acid derivatives

Fatty acid derivatives

Terpenoids

MN of a community of
15 endophytic fungi

Thesis L. Pélissier UNIGE




Unambiguous

nonwr  COMbined NMR and MN strategy

for deep metabolome annotation

30 35

Propagation of
the annotation L e ;

Prenol lipids: 208 metabolites
g e Stan d ard S Fatty acyls: 152 metabolites
network

Flavonoids:129 metabolites
Organooxygen compounds: 95 metabolites
L L L F. deltoidea Jack
\ vw ‘ (Moraceae)
i::@=
0.5
“Mas cotek”-
golden tiny spots
0.0-
5 10 15 20 25

Time(min)

24 Standards isolated == 550 annotations




Improve annotation by contextualization of
the data through the taxonomy of the
producing organisms

A given MS feature in a
specific:

1) Species: G. lutea
2) Genus: Gentiana
3) Family: Gentianaceae

Rutz, A., et al. Front Plant Sci 2019, 10, 1329.



Re-reranking of annotation candidates

Rutz, A., et al. Front Plant Sci 2019, 70, 1329.



Re-reranking of annotation candidates

EI’\\I(\V\I\I n|\/ﬁnrir~ln ICI\IDC Iil‘\ \ |
1

i—~,_ Flavone cluster CI 11 (PI) levome gliosis:

Flavone glycoside
Taxonomical rank 2 (In silico)

m/z 287.0

o
Kaempferol? :
Luteolin? ' ;
HOy OH " Ei 146
: 16 34
Flavone glycoside 5 14
§ Flavone
o *‘%@(\w glycoside

162

W
N
1B
NN
1NN

Rhoifolim O
C27H3OOI¥14

(Moraceae)

Taxonomical rank 1 (In silico)

146 |

146

Flavone aglycone

Thesis A Afzan , UNIGE




Bioactive Natural Products Prioritization
Using Massive Multiinformational
Molecular Networks

Olivon F, Allard PM, Koval A, Righi D, Genta-Jouve G, Neyts J, Apel C, Pannecouque C, Nothias LF,
Cachet X, Marcourt L, Roussi F, Katanaev VL, Touboul D, Wolfender JL, Litaudon M. Bioactive
Natural Products Prioritization Using Massive Multi-informational Molecular Networks. ACS Chem
Biol 2017.
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Al guided exploration of the chemical space
-> Targeted isolation of bioactive NPs

MN of the biodiverse Pierre Fabre collection



1600 Samples
(159 Families,
533 Genus, 767
species)

64’001 nodes
>15’000 spectral
clusters(from
100 to 2 nodes)

The massive PF
Molecular Network
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MN of the biodiverse Pierre Fabre collection



Taxonomical visualization Pie chart mapping with bioactivity

Bioactivity score representation
Bioactivity mapping: bioactivity score

-10.000: +10,000:
Feature present in Feature present in

extracts with 100% extracts with 0%
cytotoxicity and cytotoxicity and




From spectral network to chemical space

annotated structures
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Explorable chemical space

spectral networks : : )
P For searching Bioactives NPs

SIRIUS



How to reduce dimensionality and
visualize results on massive datasets?

k-nearest neighbor Minimum Spanning
graph(k-NN) Tree (MST)
Probst, Daniel, and Jean-Louis Reymond. 2020. “Visualization of Very Large High-Dimensional Data Sets as Minimum Spanning
Trees.” Journal of Cheminformatics 12 (1). https://doi.orq/10.1186/s13321-020-0416-x.https://tmap.gdb.tools/




The LOTUS Initiative for Knowledge

Sharing in Natural Products Research

https://lotus.naturalproducts.net/

)
wNally
- o> > Nz ?V
—— R — R _ _ = _
Availlable . 4p Biological Chemical TS
Natural Product Taxon I Structure
Data
Reference
Unstructured, Collaboratively
redundant and g(l)ecinrﬁgn?gg data curated and
noisy data structured data

700,000+ referenced structure organism pairs

Rutz, A., Sorokina, M., Galgonek, J., Mietchen, D., Willighagen, E., Gaudry, A., Graham, J. G., Stephan, R., Page, R., Vondrasek, J., Steinbeck,
C., Pauli, G. F., Wolfender, J.-L., Bisson, J. and Allard, P.-M. (2021). The LOTUS Initiative for Open Natural Products Research: Knowledge
Management through Wikidata. bioRxiv 2021.2002.2028.433265.




The LOTUS Initiative for Knowledge

Sharing in Natural Products Research

1. Harmonization

2. Cleaning

Structures
Data Data
Harmoni >Organisms=; (Single
Source
zed Source
A
References
Open Natural Products Trans!atlon
Cleaning
Databases

Deduplication

reference stucture organism pairs

Stem bark of Cyathocalyx zeylanica ljeratne E. M. K., de Siva L. B.,

Cyathocaline CHAMP. ex HOOK. f. & THOMS. Kikuchi T., Tezuka Y., Gunatilaka A. A.

(Annonaceae) L., Kingston D. G. I, J. Nat. Prod., 58,
459-462 (1995).



LOTUS chemical space organized as a TMAP




Annotations of the PF library on LOTUS TMAP

Annotation status

Not annotated
@® Annotated \1/”
—q
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Visualization of
annotated chemical
classes vs
unannotated
chemical classes




Cherry picking of intersecting NPs in the
chemical space of annotations

LCMS features for
| targeted isolation

IC,, 0.036 pg/mL, SI=50  IC., 0.027 pg/mL, Sl = 31




High resolution targeted isolation

A) UHPLC-PDA-ESI/HRMS/MS| Inj. 20 ug

B) Molecular ENENELY
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Towards deep plant metabolome annotation

Chemical
space of NPs

sensitivities
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targeted
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