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Spatialized metabolomic annotation combining MALDI imaging and
molecular network.
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ABSTRACT: MALDI mass spectrometry imaging has gained a major interest in the field of chemical imaging. This technique makes
it possible to locate tens to hundreds of ionic signals on the sample surface without any a priori. One of the current challenges is still
the limited ability to annotate signals in order to convert m/z values into probable chemical structures. At the same time, data obtained
by LC-MS/MS have benefited from the development of numerous chemo-informatics tools, in particular molecular networks, for
their efficient annotation. For the first time, we present here the combination of MALDI-FT-ICR imaging to molecular networks from
MALDI-MS/MS data directly acquired on plant tissue sections. Annotation improvements are demonstrated paving the way of new

annotation pipelines for MALDI imaging.

Mass spectrometry imaging (MSI) has expanded rapidly over
the past 25 years, thanks to its ability to locate and quantify
ionic signals on a variety of organic and/or inorganic surfaces,
including biological tissue sections, heritage objects and inor-
ganic materials.>® This technology has benefited from numer-
ous instrumental developments in terms of ionization sources
and analyzers. Nevertheless, signal annotation, i.e., the ability
to transform m/z data in MS and MS/MS modes into putative
chemical structures, remains a major challenge. From the earli-
est MALDI MSI articles on peptide/protein distribution, signal
attribution was problematic due to the limited correlation be-
tween MALDI MSI data and attributions after extraction fol-
lowed by classical proteomic approaches.*® For the analysis of
small endogenous or exogenous molecules, high-resolution
mass spectrometry (TOF,® Orbitrap” or FT-ICR® analyzer) pro-
vides access to exact mass measurements, enabling the genera-
tion of a small number of coherent raw formulae, typically for
values below m/z 500. In the field of lipidomic, which is one of
the major applications of MALDI MSI, the combination of
high-resolution MS and MS/MS data with the search of very
rich and well-curated databases enables to propose relatively re-
liable annotations, even for signals of low intensity.>*° In the
case of the analysis of natural compounds on biological surfaces
(leaves, fruit, microorganism cultures ...), this workflow proves
more complex due to the multiplicity of databases to be queried
and the absence of reference MS and/or MS/MS spectra for
many compounds.t12

In the field of metabolomic based on LC-HRMS/MS analy-
sis, an elegant method for propagating annotation from MS and
MS/MS data is to represent the data as a molecular network.
This method is based on the pairwise comparison of experi-
mental MS/MS spectra and the calculation of a cosine score re-
flecting the spectral similarity. This concept was first proposed
by M.L. Gross® and implemented via the GNPS web platform

by P. Dorrestein's team 10 years later.** Another tool, called
MetGem,?® was also developed by our team, and enables mo-
lecular networks to be generated under a t-SNE-type visualiza-
tion and without online data deposit. In both cases, data are an-
notated by comparing experimental data with an aggregation of
ESI-MS/MS spectra pooled in public databases. One of the lat-
est advances in this analytical methodology is the ion identity,
which enables different adducts of the same ionic species to be
connected in a molecular network.® Although this methodology
was first applied to micro-organisms, it has become a standard
for the analysis of specialized plant metabolites.'” Very re-
cently, Schmid et al. proposed the integration of MS imaging
and LC-lon Mobility-MS datasets for spatial metabolomics
analyses with increased annotation confidence using MZmine3
software.!®

For the first time, we propose a two-step analysis methodol-
ogy with the acquisition of ion mapping by MSI followed by
the acquisition of MALDI-MS/MS spectra directly from bio-
logical tissues to generate molecular networks. This methodol-
ogy makes it possible to annotate the specialized metabolites
detected and understand their distribution in biological tissue.
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Figure 1. Sexonia rubra fruit anatomy. Different tissues analyzed
and corresponding color code.

The chosen sample is a fruit of Sextonia rubra (Figure 1).
Sextonia rubra (Mez.) van der Werff (Lauraceae) is a tropical



tree endemic to the Guiana Shield and the Brazilian Amazon.'’
Its heartwood shows a natural durability leading to its use as a
building material. Although the description of this species dates
back to 1997, the chemical composition of its fruits has never
been studied which makes it an ideal model for demonstrating
proof of concept since fruits contain numerous families of spe-
cialized metabolites.?>?* Fruits commonly enclose specialized
metabolites involved in the attraction of pollinators or the re-
pulsion of pathogens/predators, thus involved in their dispersal
and defense.

The general workflow to generate MALDI-MS imaging data
and MS/MS data is introduced in Figure 2. First, HRMS data of
each anatomical part of the fruit, i.e., external and internal mes-
ocarps, endocarp, and seed, have been recorded. These spectra
have been used to generate a chemical formula for each ion in
the positive ion mode. Then MALDI-MS imaging experiments
have been performed using the continuous accumulation of se-
lected ions (CASI) mode.®® It has been demonstrated that this
method permits the selective ejection of the most abundant ion
species prior to ion accumulation, leading to a significative im-
provement of the sensitivity by adapting the charge capacity of
the ion accumulation cell while enhancing dynamic range. Fi-
nally, for each detected ions, MS/MS spectra were manually ac-
quired with an optimization of the collision energy in order to
generate data of the best quality, i.e. fragments and neutral
losses well distributed over the mass range without privileging
low or high m/z fragment. MS/MS acquisitions were performed
at similar locations (area < 100 pm?), according to each tissue
analyzed, in order to limit positional deviation.
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Figure 2. Workflow of the data acquisition.

Figure 3 shows MALDI-FT-ICR ion images obtained at a
resolution of 20 um in the positive ion modes on the sections of
a Sextonia rubra fruit using 2,5-dihydroxybenzoic acid (DHB)
as matrix. The MS image at m/z 758.5677 (Figure 3e) allows to
easily discriminate the different types of tissue to correlate the
optical image (Figure 3a) and ion images.
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Figure 3. MALDI-FT-ICR images in positive ion mode with a spa-
tial resolution of 20 um. a- optical image of the fruit section.
b,c,d,e- MS images at m/z 300.1592, m/z 361.0928, m/z 496.3388
and m/z 758.5677, respectively.

It must be noted that odd and even ions have been detected
on the different parts of the fruit section indicating the presence
of nitrogen-containing compounds, such as pyrroles, piperi-
dines, diketopiperazines, isoquinolines or phospholipids. As
many classes of natural products can correlate with a single mo-
lecular formula, it is thus required to perform MS/MS experi-
ments to get more structural information for each detected spe-
cies. The collision energy was optimized for each precursor ion
to obtain at least two fragments. 51 MS/MS spectra fulfilled this
criterion. Then a molecular network from MALDI-MS/MS
spectra have been generated and depicted using MetGem soft-
ware (Figure 4) to annotate detected specialized metabolites. A
crucial step resides in the conversion of the MALDI spectra to
create a .mgf file containing the intensity of the parent ions and
their fragments, then a .csv file containing the intensity of each
parent ion, their m/z value, the collision energy used and in
which tissue the ion was detected. The code is available at
https://github.com/m-levasseur/MALDI_FT_ICR_mgf. When
applying cosine-score threshold at 0.4, the molecular network
clearly exhibits three distinct clusters, probably indicating three
different molecular classes of detected endogenous natural
products.



https://github.com/m-levasseur/MALDI_FT_ICR_mgf
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Figure 4. Molecular networks calculated from the MALDI-MS/MS
spectra directly acquired on the fruit section. Pie charts are corre-
sponding to the relative ion intensities in the different fruit parts
(see Figure 1 for corresponding colors).

In order to get a first annotation of the dataset, comparison of
experimental data with public databases (GNPS, MS-Dial,
MassBank, LipidBlast) has been performed by searching stand-
ards and analogs (+ 100 Da). The largest cluster is gathering
ions highly abundant in the external mesocarp of the fruits. The
database queries indicated that all the ions belong to phenolic
compounds. In particular, the nodes outlined in blue in Figure 5
are corresponding to ions with structures related to flavonoids.
Flavonoids are specialized metabolites of vascular plants, ex-
hibiting the same basic structure formed by two aromatic rings
linked by three carbons: C6-C3-C6, a chain usually closed by a
hexagonal or pentagonal oxygenated heterocycle. They are pig-
ments involved in the coloring of petals, mesocarps and peri-
carps, showing strong antioxidant activities and photoprotec-
tion effects of the fruits. Thus, the distribution and the annota-
tion are fully relevant with the known chemistry of a fruit. The
same cluster is also related to other compounds derived from
2,5-DHB. In fact, 2,5-DHB was used as a matrix for MALDI
imaging and the structure of these compounds (protonated, so-
dium- and potassium-adducts, clusters, dehydrated 2,5-DHB
and derivatives) are structurally related to flavonoids due to hy-
droxybenzoic ring. Moreover, flavonoids have already been re-
ported to form ion clusters (protonated, sodiated or potassiated)
with the dehydrated DHB moiety.? Thus, molecular networks
allow to easily eliminate all the matrix background by a fast an-
notation of all these species and identify interfering signals that
are difficult to identify using conventional techniques. This
methodology makes it easier to select features that need further
investigation, e.g. signals considered as artifacts can be easily
removed from a dataset when searching for biomarkers.
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Figure 5. Annotation details of the largest cluster from Figure 1.

The second-largest cluster (Figure 6) related to molecules
highly abundant in the seed was annotated as lipids by compar-
ing experimental data with LipidBlast database, which can be
interrogated via MetGem. Glycerophosphatidylcholines (PCs)

and lysoglycerophosphatidylcholines (LPCs) detected as so-
dium and potassium adducts were clearly annotated. High con-
tent of PCs has been reported for fruit seeds indicating that our
observations are in good agreement with the literature.?*
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Figure 6. Annotation details of the lipid cluster from Figure 1.

The smallest cluster containing two nodes, with even m/z ra-
tio corresponding to a particular class of molecules bearing an
odd number of nitrogens, has been investigated (Figure 7). The
two connected compounds share a neutral loss (- 45 Da) and a
common fragment at m/z 253 (Figure 7A). Dereplication pro-
cess suggests that these compounds could be annotated as alka-
loids of the aporphine subfamily, more specifically boldine de-
rivatives, according to database search (Figure 7B, C). How-
ever, no aporphine alkaloid can possess the calculated chemical
formula determined from HRMS data. Furthermore, the neutral
loss of 45 Da corresponds to a secondary amine C,HsNH,, that
is not possible from boldine protonated species. Nevertheless,
the phytochemical diversity of Lauraceae is well documented in
the literature® in order to refine the annotation. This plant fam-
ily is able to synthesize alkaloids of the benzylisoquinoline sub-
family. This subfamily meets structural criteria consistent with
the determined chemical formula (Figure 7D). It must be noted
that this molecule has already been isolated from tree leaves of
a closely related taxonomic species: Ocotea paranapiacabensis
Coe-Teix (Lauraceae).?
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Figure 7. Annotation details of the alkaloids cluster from the Figure
1. A- nodes annotated as alkaloids with diagnostic fragment and
neutral loss, B- mirrored spectra between the ion at m/z 300.1592
and boldine, a standard in queried databases and its structure, C-
diagnostic fragments and neutral loss of ion at m/z 300.1592 in-
volved in boldine annotation, D- annotation correction.

In conclusion, we demonstrated that MALDI-MS/MS spectra
acquired in situ on a plant tissue surface can be efficiently used
for the data annotation by the careful interpretation of the re-
sulting molecular network. This paves the way of a new anno-
tation pipeline in MALDI imaging to better correlate images
from the ion intensity at a particular m/z value to the chemical
information. Although the resolution conferred by MALDI-FT-
ICR analysis is important, future work will need to be carried
out using a MALDI-Orbitrap to automate the HR-IMS and
MS/MS acquisition process.
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