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Generation of Pseudo Metabolites as a Side Reaction
in On-Tissue Chemical Derivatization in Matrix-Assisted
Laser Desorption/lonization Mass Spectrometry Imaging

Tobias Bausbacher, Alessa L. Henneberg, Stephanie Meyer, Stefan Schmidt, Aubry K. Miller,

Christiane A. Opitz, and Carsten Hopf*

Matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) is a key spatial omics technology for spa-
tially resolved visualization and direct on-tissue identification
of multiple lipid and metabolite classes. Recently, many on-tissue
chemical derivatization (OTCD) reagents targeting defined func-
tional groups have been introduced to improve sensitivity and/or
molecular specificity for compound annotation. Some act as reac-
tive matrices that introduce permanent charges and no longer
require {de)protonation for ionization. However, OTCD side reac-
tions are understudied, and it is presently unknown what pseudo
metabolites can be generated as OTCD-derived artifacts. These
are compounds that, in principle, exist as bona fide metabolites
in tissues but that can also be products of OTCD side reactions.

1. Introduction

Mass spectrometry imaging (MSI), in particular matrix-assisted
laser desorption/ionization (MALDI)-MSI, has become a mainstay
technology in spatial biology, clinical research and pharmaceuti-
cal research and development.!! The prominent role of MSI in
spatially resolved biomedical research is not all that surprising,
given its unique ability to enable spatially resolved visualization
and structure elucidation of molecules as diverse as lipids,
hydrophilic metabolites, drugs, drug metabolites, peptides, or
N-glycans.! However, in current MALDI-MSI the “4S-parameters”
for an ideal experimentspeed, sensitivity,spatial resolution,
andspecificity of compound annotations, often cannot be met
at the same time.'¥ To get around some of these challenges,

Here, it is demonstrated that besides expected reaction products,
the reactive matrix 4-(anthracen-9-yl)-2-fluoro-1-methylpyridin-1-
ium iodide (FMP)-10 can also cause unexpected N- and O-lactoy-
lation and even apparent poly-lactoylation of multiple amino
acids through Mukaiyama esterification. Side reactions are unre-
lated to MALDI laser photochemistry, as they happen in solution
and can be readily observed by liquid chromatography-MS/MS.
Since N-lactoylated amino acids have recently received much
attention in sports physiology and obesity research, much care
needs to be taken to distinguish true endogenous N-lactoylated
amino acids from those that are formed by Mukaiyama side
reactions.

on-tissue chemical derivatization {OTCD) approaches and reactive
matrices have been introduced in spatial peptidomics® and
metabolomics (reviewed by.”)) Derivatization has been used
for a long time in liquid chromatography coupled to electrospray
ionization MS (LC-ESI-MS) metabolomics, and chemical derivati-
zation remains a field of active research. Besides boosting
sensitivity, for example, by addition of permanent charges,
derivatization agents have been used to change the polarity
of molecules,”! stabilize molecular features like sialyl residues
on glycans, which are strongly affected by in-source fragmenta-
tion,!® or to differentiate isomeric structures.

However, OTCD strategies require additional process steps
and therefore come with additional challenges like delocalization
and inefficient reaction conditions—especially in MSL” To reduce
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metabolite delocalization in MALDI-MSI, the derivatization
reagents are often dissolved in rather volatile solvents and subse-
quently sprayed onto a tissue section.®>”! Hence, the duration for
which a solvent-wet surface can extract, mix with, and react with
the target molecules is often limited to only a few seconds. One
way to increase reaction time and efficiency are incubation cham-
bers with high humidity,”® but these can cause increased delocali-
zation especially of small polar molecules. To combat these
challenges, modern derivatization reagents designed for MALDI-
MSI are highly reactive, and some make use of additional activation
agents” A recently introduced and promising candidate is
4-(anthracen-9-yl)-2-fluoro-1-methylpyridin-1-ium iodide (FMP)-
10.7% The molecule class features a 2-fluoro-N-alkylpyridinium salt
with a positive charge to facilitate the derivatization and ionization,
and an anthracene group to facilitate desorption in the MALDI pro-
cess. FMP-10 was originally designed for MSI of neurotransmitters,
where derivatization can take place at a primary or secondary
amine group or at phenolic groups. In this context, side reactions
in OTCD in general are rarely considered. Reactions of derivatiza-
tion agents with themselves, with MALDI matrix and with unex-
pected functional groups have been noted."” However, the
generation of “pseudo metabolites” by OTCD-induced conjugation
of two true endogenous metabolites to form another true endog-
enous metabolite has not been described yet. Pseudo metabolites
are broadly defined as false positives in metabolomics!" that can
be misannotations caused by lack of standards, in-source fragmen-
tation or other reasons or be the result of sample preparation arti-
facts. Here, we narrowly define pseudo metabolites as compounds
that can be enzymatically generated in tissues and therefore could
be true metabolites but that are chemically generated during
OTCD sample preparation instead. In this work, we describe the
byproduct formation induced by derivatization of lactic acid
and amino acids through a Mukaiyama esterification-like side reac-
tion of FMP-10, thus highlighting the necessity that potential side
reactions in OTCD need to be considered in quality assessment in
MALDI imaging.'?

N-lactoyl-phenylalanine (N-Lac-Phe) has recently been pro-
posed as an exercise-inducible metabolite suppressing feeding
and obesity,"'® as a metabolite mediating the drug action of met-
formin,"'¥ and as a putative biomarker and outcome parameter in
patients with phenylketonuria.’™ Therefore, OTCD-induced
O-linked lactoyl-amino acids could make MSI data interpretation
a challenge in amino acid metabolism research. N-lactoyl-amino
acids were first described in a biological context in 2015 and
they have lately garnered much attention: Recent studies have
highlighted the role of specific N-lactoyl amino acids, such as
N-Lac-Phe as an appetite suppressant!'*'*? and a candidate medi-
ator of diseases like obesity and type 2 diabetes."*” These find-
ings suggest that N-lactoyl-amino acids may have substantial
physiological and pharmacological roles.

2. Results and Discussion

We came across lactoyl amino acids rather serendipitously in a
different biomedical context, namely brain metabolism and
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glioblastoma research: When applying FMP-10 OTCD on coronal
mouse brain sections as well as to extracts of human U-87 MG
glioblastoma cells (Figure 1a), we confirmed many of the neuro-
transmitters and their catabolites such as epinephrine, norepi-
nephrine, homovanillic acid, 5-hydroxyindoleacetic acid (5-HIAA)
or 3-methoxytyramine described in the original report of the
reagent (Figure 1b).”? Surprisingly, we also observed signals
corresponding  to  FMP-10-(CyH4sN*)-derivatized Lac-Phe
(IM+CyoH4NI*, m/z 505.212) and lactoyl-tyrosine (Lac-Tyr,
[M+CyoH14NI*, m/z 521.207; Figure 1¢,d). Aiming to confirm
the identity of metabolites corresponding to these m/z values,
we initially employed on-tissue MS/MS, but with very limited suc-
cess. Only noise was detected when a small quadrupole isolation
window (m/z < 0.3) was used, whereas with a bigger isolation
window the spectra were dominated by fragments of coisolated
small molecules. Despite poor spectral quality, the MS/MS spectra
hinted at correct Lac-Tyr identification (Figure S1, Supporting
Information). For more confident identification, we synthesized
N-Lac-Tyr and N-Lac-Phe standards (Figure S2 to S7, Supporting
Information) and used them for in-solution derivatization''”
followed by LC-MS/MS analysis (Figure 1a). As judged by compa-
rable retention times (tg) and MS/MS spectra of synthesized
standards versus metabolite signals found in U-87 MG cell
extracts, we identified low levels of N-Lac-Phe in the latter
(Figure Te). There, the extracted ion chromatogram (EIC) of m/z
505.212 (annotated as FMP-10-derivatized Lac-Phe [Lac-Phe+
CyoH14NI™) presented two peaks with a retention time difference
of 1.5min (Figure 1e). The first peak (tg = 6.0 min) matched the
retention time (A tg = 2.8 s) of the synthesized N-Lac-Phe stan-
dard. In contrast, a ~five times more intense second isobaric
peak (tg=7.5min) was only present in derivatized cell extract.
Therefore, it was unlikely to represent Lac-Phe derivatized on a
different functional group. In analogy, the EIC of m/z 521.207
([Lac-Tyr+CyoH,4N17) featured only one peak in derivatized stan-
dard (tg =4.6 min), but two peaks in FMP-10-derivatized cell
extract (tg=4.6 and 5.9 min; Figure 1f). For both N-Lac-Phe
and N-Lac-Tyr, MS/MS fragmentation patterns of synthetic stand-
ards and the first peaks in derivatized cell extracts were identical
(Figure 1g,h). Interestingly, lactoylation products of other mole-
cules like neurotransmitters, which have already been described
as substrates for FMP-10-derivatization in rodent brain, like
serotonin and dopamine were observed as well (Figure S8,
Supporting Information).

Fragmentation patterns of the cell extract-exclusive peak in
EIC m/z 505.212 and an FMP-10-derivatized Phe standard were
virtually identical, but the former displayed an additional neutral
loss from the parent ion signal of Am/z 72 (Figure S10, Supporting
Information). We hypothesized that this signal could represent a
derivatization-induced condensation product between the car-
boxylic acid and hydroxyl groups of Phe and lactic acid, respec-
tively, resulting in O-linked lactoylation. In support of this
hypothesis, we detected a peak corresponding to double lactoy-
lated Phe (m/z 577.233, Figure S10, Supporting Information). Its
corresponding fragment spectrum showed two neutral losses of
Am/z 72 as well as the Phe fragment signals. This finding sug-
gested that derivatization-induced lactoylation may not only
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Figure 1. FMP-10-induced on-tissue generation of lactoyl-amino acids. a) Workflows for OTCD on mouse brain sections followed by MALDI-MSI (bottom)
and for in-solution derivatization of U-87 MG glioblastoma cells with subsequent LC-MS/MS analysis (top). Created with https://BioRender.com/d23a134.
b) Reference post-MALDI MS hematoxylin & eosin (H&E) histology staining and representative ion images of FMP-10-derivatized neurotransmitters previ-
ously described by Shariatgorji et al.”® using a modified protocol: m/z 451.2016 (IM+CyH,4N1*, epinephrine--FMP-10), m/z 437.1859 ([IM+CyoH4NI*,
norepinephrine (NE)+FMP-10), m/z 450.1699 ([IM+CyH14N1*, homovanillic acid (HVA)+FMP-10), m/z 459.1703 ([M+CyH;4N1*, 5-hydroxyindoleacetic acid
(5-HIAA)-+FMP-10), m/z 435.2067 ([M,CyoH14N]*, 3-methoxytyramine (3-MT)+FMP-10). Additional ion images in Figure S9, Supporting Information. c) lon
image of m/z 505.2121 ([M+CyoH,4N]*; top), the theoretical mass of FMP-10-derivatized lactoyl-phenylalanine (Lac-Phe), as well as zoomed-in average
spectrum of all MALDI MSI data points (bottom). d) lon image of m/z 521.2074 (IM+C,oH14N]*; top), the theoretical mass of FMP-10-derivatized lactoyl
tyrosine (Lac-Tyr), as well as zoomed-in average spectrum of all MALDI MSI data points (bottom). e) EIC of m/z 505.212 in FMP-10-derivatized synthetic
N-Lac-Phe standard ([M+CyoH,4N]*; blue square) or U-87 MG cell extract (black square and triangle). Squares indicate Lac-Phe, whereas triangle indicates
an isobaric signal not found with synthetic standard. f) EIC of m/z 521.207 in FMP-10-derivatized synthetic N-Lac-Tyr standard ([M+Cy,H;4N]"; green
square) or U-87 MG cell extract (pink square and triangle). Squares indicate Lac-Tyr, whereas triangle indicates an isobaric signal not found with syn-
thetic standard. g) Left panel: MS/MS fragmentation patterns obtained for N-Lac-Phe standard (blue square) and an isobaric peak in FMP-10-derivatized
U-87 MG cell extract (black square) that elutes at identical tz. Right panel: Fragments of additional peak (isobaric to Lac-Phe; black triangle) exclusive to

cell extract indicate that the parent ion is a distinctly different molecule and not FMP-10 reacting with a different functional group of Lac-Phe. Delta
indicates the neutral loss of 72 Da (lactic acid). h) Left panel: MS/MS fragmentation patterns obtained for N-Lac-Tyr standard (green square) and an
isobaric peak in FMP-10-derivatized U-87 cell extract (pink square) that elutes at identical tz. Right panel: Fragments of additional peak (isobaric to

N-Lac-Tyr; pink triangle) exclusive to cell extract.

apply to amino acids, but that lactic acid can be condensed to
another lactic acid molecule and generate poly-lactic acid moieties.

Similarly, the cell extract-exclusive peak in EIC m/z 521.207
displayed the major fragments of FMP-10-derivatized Tyr with
an additional neutral loss of m/z 72 from the parent ion signal
(Figure S11, Supporting Information). Detection of a double lac-
toylated Tyr, as indicated by two neutral losses of m/z 72 from the
parent ion, further supported the poly-lactoylation hypothesis
(Figure S11, Supporting Information). Derivatization-induced

Chemistry—Methods 2025, 5, 202500090 (3 of 9)

esterification may not be limited to lactic acid. Indeed, we found
initial evidence suggesting that also hydroxybutyric acid (HBA)
may be conjugated to amino acids by indirect action of FMP-
10. Analogous to lactoylated Phe and Tyr, we observed chro-
matographic peaks for the m/z of FMP10+Tyr+HBA and
FMP10+Phe-+HBA, MS/MS spectra of which displayed all frag-
ments characteristic for derivatized Tyr and Phe and that addi-
tionally featured a neutral loss from the parent ion of 86 Da
(Figure S12, Supporting Information).
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This unexpected result suggested that FMP-10 could promote
lactic acid polymerization and react with poly lactic acid. Indeed, ion
images corresponding to lactic acid polymers with chain lengths of
two and three were detected (Figure 2a) and show considerable
colocalization with ion images corresponding to derivatized Tyr and
Lac-Tyr or Phe and Lac-Phe, especially in the lateral ventricular area
(Figure S13, Supporting Information). To gain more mechanistic

understanding, we performed a substructure search with FMP-10
and looked into esterification and condensation reactions. We
noticed that the reactive 2-fluoro-N-methyl-pyridine scaffold of
FMP-10 bears striking resemblance with Mukaiyama salts. FMP-10
is therefore likely to have similar reactivity as other 2-halo-N-alkylpyr-
idinium salts including the Mukaiyama reagent, which is commonly
used as a condensation reagent in organic synthesis"'® (Figure 2b).

CH,
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Figure 2. FMP-10 induces condensation reactions during OTCD and in-solution derivatization. a) lon images indicating the spatial distribution of m/z
430.165 ([M+CyoH,4N1*, corresponding to FMP-10 + 2x lactic acid; &1 ppm) and m/z 502.187 (IM+CyoH14N17, i.e,, FMP-10 + 3x lactic acid; 1 ppm) in
mouse brain tissue sections following OTCD. m/z of molecular ions correspond well to the theoretical mass of FMP-10-derivatized poly lactic acid with
chain lengths of 2 and 3. b) Chemical structure of FMP-10 and a representative structure for a Mukaiyama salt. Marked in blue are substructures that are

similar in both molecules. X denotes any halogen atom. c) In-solution derivatization of FMP-10 with lactic acid: EICs for m/z: 358.143 (N =

1), 430.165

(N=2), 502.187 (N = 3), 574.207 (N = 4), 646.228 (N =5), 718.249 (N = 6) representing FMP-10-derivatized poly lactic acid chains with repeating units of

N =1 to 6. d) Fragmentation patt ern of parent ion m/z 718.248 ([M + CyoHq4N]

*, N=6). Neutral loss Am/z of 72.02 is indicated. e) Proposed reaction mech-

anism for the extension of the poly lactic acid chains induced by FMP-10. f) In-solution derivatization of L-lactic acid and L-phenylalanine (Mixture A, top)
and N-Lac-Phe (Mixture B, bottom). Shown are EICs of m/z 238.107 in both mixtures representing the theoretical mass of underivatized Lac-Phe ([M+H]").
Retention times (RT) of three chromatographic peaks: 1, 7.05; 2, 7.1; 3, 5.87 min. Fragmentation spectra of each peak are shown in Figure S16, Supporting
Information. The cosine similarity score between fragmentation spectra of peak 1 and peak 2 was 0.995. g) In-solution derivatization of L-lactic acid and
L-phenylalanine (Mixture A, top) and N-Lac-Phe (Mixture B, bottom). Shown are EICs of m/z 505.2122 in both mixtures representing the theoretical mass
of derivatized Lac-Phe ([M]"). RT of chromatographic peaks: 4, 8.12; 5, 8.1; 6, 8.64 min. Fragmentation spectra of each peak are shown in Figure S16,
Supporting Information. Cosine similarity score between fragmentation spectra of peak 4 and peak 5 was 0.997.
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To explore FMP-10-induced lactic acid polymerization further,
we went back to in-solution reactions and LC-MS/MS analysis:
Since only polymers with chain lengths of two and three were
detected in MALDI-MSI, we hypothesized that the degree of poly-
merization may be influenced by the interaction time between
FMP-10 and lactic acid in the sample. In MALDI-MSI, the derivati-
zation reagent is applied using a pneumatic sprayer and, conse-
quently, a wet environment needed for an efficient reaction, is
present for only a few seconds per spraying cycle. In contrast,
the in-solution derivatization process involves heating and shak-
ing of the reaction mixture for 30 min, providing optimal reaction
conditions that may lead to higher degrees of lactic acid polymer-
ization. Under these conditions, we identified a series of peaks
with m/z differences of N = 1-6 multiples of 72 whose MS/MS
spectra mainly comprised the fragment of FMP-10 and neutral
losses of 72 (Figure 2¢,d, Figure S14, Supporting Information).
We identified these signals as lactic acid polymers.

Lactic acid polymers have not been described as endogenous
molecules in the literature, suggesting that they were derivatiza-
tion-induced. These findings further support our hypothesis that
FMP-10 derivatization can induce poly-lactoylation in biological
samples. Lactic acid is a ubiquitous and abundant molecule in
biological samples. Its concentration ranges from 1.5 to 3 mM
under normal physiological conditions and can reach 10-40 mM
in inflammatory environments or the tumor microenvironment.!"”
Similarly, amino acids are ubiquitous in mammalian cells.*® In
addition to ester formation, Mukaiyama salts have demonstrated
utility in amide bond synthesis.”" This suggests that beyond the
lactic acid condensation with alcohols or carboxylic acid groups
described here, Mukaiyama amide formation between amines
and lactic acid or other carboxylic acids are likely. To test this
hypothesis, we set up a simple FMP-10 in-solution derivatization
of A: L-lactic acid and L-phenylalanine standards and B: N-Lac-Phe.
Indeed, sample A produced chromatographic peaks with identical
retention time and fragmentation spectra to underivatized
N-Lac-Phe (Figure 2f, peak 1 and 2) and derivatized N-Lac-Phe
(Figure 2g, peak 4 and 5). Additionally, sample A also produced
chromatographic peaks for what appears to be underivatized
(Figure 2f, peak 3) and derivatized (Figure 2g, peak 6) O-linked
Lac-Phe. No peak was found at the corresponding RT in sample
B. Furthermore, multiple additional condensation products were
detected in condensations between two N-Lac-Phe- and two
Phe molecules (Figure S15, Supporting Information).

In analogy with a published reaction mechanism of
Mukaiyama salts,""® we propose a possible reaction mechanism
for lactate polymerization or lactate conjugation with amino acids
(Figure 2e). Consequently, even though we confirmed that
N-lactoyl amino acids were present in the processed sample by
employing a synthetic standard, the abundance of the educts of
the lactic acid to amino acid condensation reaction suggests that
possibly reasonable amount of the signal detected in OTCD in
MALDI imaging and the in-solution derivatization approach
was a product of FMP-10 derivatization and not an endogenous
metabolite. Ultimately, assumptions regarding the presence or
quantity of lactoylated amino acids or other esterification or
amide products using FMP-10 derivatization should be

Chemistry—Methods 2025, 5, 202500090 (5 of 9)

approached with caution, and derivatization results require thor-
ough evaluation and careful interpretation.

3. Conclusion

Our study presents the first observation and characterization of
an undesired side reaction occurring between lactic acid and
amino acids, as well as between lactic acid molecules themselves,
when using derivatization protocols involving 2-halo-N-alkylpyr-
idinium salts. We discovered that O-lactoylated amino acids as
well as N-lactoylated amino acids, which currently attract much
attention as true physiologically important metabolites, can be
produced as a result of this side reaction. Consequently, these
derivatization protocols should be used with great caution and
validated by complementary methods without derivatization.

4. Experimental Section

Materials, Tissues, Equipment, and Software: Tissues, Cells,
and Materials

Fresh-frozen brains from naive male C57BL/6 mice were purchased
from Heidelberg Pharma AG (Ladenburg). U-87 MG malignant glioma
cells were obtained from ATCC (Manassas, Virginia, USA).

All reagents were purchased at the highest level of purity and used
without further purification. Indium-tin oxide (ITO)-coated glass slides
(Bruker Daltonics, Bremen, Germany), acetonitrile (Honeywell,
Charlotte, North Carolina, USA), water (VWR, Radnor, Pennsylvania,
USA), methanol (Honeywell), formic acid (VWR), FMP-10 (Tag-ON
AB, Uppsala, Sweden), I-tyrosine (Carl Roth, Karlsruhe, Germany),
I-phenylalanine (Sigma Aldrich Chemie, Taufkirchen, Deutschland),
Dulbecco’s modified Eagles medium (DMEM, Life Technologies,
Darmstadt, Germany), fetal bovine serum (FBS, Life Technologies),
I-glutamine (Sigma-Aldrich), sodium pyruvate (Life Technologies
GmbH), penicillin-streptomycin (Life Technologies), phosphate-
buffered saline (PBS, Life Technologies), I-lactic acid (Sigma-Aldrich),
hexafluorophosphate benzotriazole tetramethyl uranium (BLDpharm,
Reinbek, Germany), dichloromethane, N,N-diisopropylethylamine
(Carl Roth), CDCl;, D,0O, ethyl acetate, |-phenylalanine ethyl ester
hydrochloride (Thermo Scientific Chemicals), and I-tyrosine ethyl
ester hydrochloride (Thermo Scientific Chemicals).

For chemical synthesis, reagents were purchased at the highest level
of purity and used without further purification. Stabilized THF (syn-
thesis grade) and anhydrous CH,Cl, (prepared with an MBraun SP
system) were used for reactions. EtOAc and n-heptanes were pur-
chased as HPLC grade and MeOH as P.A. grade. All reactions were
magnetically stirred. Analytical thin-layer chromatography (TLC)
was performed on Merck glass silica plates coated with a fluorescent
indicator F,s4. Spots were visualization with 254 nm UV light and a
basic KMnO, stain with heating.

Acclaim RSLC 120 C18 2 um 2.1 x 150 mm Thermo Fisher Scientific,
Dreieich, Germany), ACQUITY UPLC HSS T3 Column, 100 A 18 pm,
2.1 x 150 mm (Waters, Eschborn, Germany), Slide box (neolab,
Heidelberg, Germany), Vacuum sealer and foil (CASO, Arnsberg,
Germany), Centrifuge (Heraeus Fresco 21, Thermo Fisher Scientific),
Vacuum concentrator (Concentrator plus, Eppendorf SE, Hamburg
Germany), Vacuum desiccator (SP Bel-Art, Wayne, New Jersey, USA).

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Types of Equipment and Software

A Solarix XR 7T (Bruker Daltonics) equipped with a Smartbeam-II
Nd:YAG laser (355 nm) was used for the acquisition of all MALDI MSI
and on-tissue MS/MS data. Reactive FMP-10 matrix was applied
using an M5 pneumatic sprayer (HTX Technologies LLC, Chapel
Hill, North Carolina, USA). LC-MS/MS data acquisition was per-
formed on an Elute UHPLC system (Bruker Daltonics) connected
to a timsTOF flex mass spectrometer (Bruker Daltonics). MALDI
MS data analysis was performed using DataAnalysis 6.1 and
SCiLS Lab 2024 (Bruker Daltonics). Frozen mouse brain tissue
was sectioned using a Leica CM1850 cryostat (Leica Biosystems,
Nussloch, Germany). Optical images were recorded with an
Aperio CS2 Scanner (Leica Biosystems). Analytical LC/MS was per-
formed on an Agilent 1260 Infinity system equipped with a 6120
Quadrupole mass detector and evaporative light scattering detec-
tor. UV-detection at 210-500 nm in 4 nm steps. Medium pressure
column chromatography was performed with a RediSep Rf system
(Teledyne Isco) and RediSep Rf columns (Teledyne Isco). High
resolution mass spectrometry (HRMS) was recorded on a Bruker
ApexQe Fourier-transform ion cyclotron resonance (FT-ICR)
instrument. NMR spectra were recorded on a Bruker Avance llI
9.4 T operating at 400 MHz for "H nuclei and 100 MHz for '3C nuclei.
Spectra were recorded at 298.1 K. Spectra were referenced to the
solvent signal (CDCl;: '"H = 7.26 ppm, '*C = 77.16 ppm; D,0:
"H=4.79 ppm; CD;0D: 'H = 3.31 ppm, '*C =49.0 ppm). Spectra
were analyzed in MestReNova 14.3.0 (Bajo Santiago de
Compostela, Spain).

MALDI MS Imaging: Sample Preparation

Frozen mouse brains were cut into 12 um thick sections and mounted
onto ITO-coated glass slides (Bruker Daltonics), stored in slide boxes,
covered and vacuum-sealed in foil (CASO, Arnsberg, Germany), and
stored at -80 °C until further processing. Immediately before OTCD or
matrix coating, frozen slides were equilibrated at room temperature
(RT), removed from vacuum-sealed foil and dried for 10 min in a vac-
uum desiccator (SP Bel-Art).

FMP-10 OTCD

Reactive FMP-10 matrix was applied in two steps according to a
published protocol”?? with the following modifications. FMP-10
step: 10 mg of FMP-10 was dissolved in 5.5 mL of 70% ACN in water
(v/v) and sprayed onto the tissue sections. Incubation step: only 70%
ACN in water (v/v) was sprayed.

Parameter FMP-10 Incubation
Nozzle temperature [°C] 60 50
Number of passes 20 20
Concentration [mg mL™"] 1.82 0
Flow rate [mL min™'] 0.08 0.12
Velocity [mm min~'] 1100 1200
Track spacing [mm] 2 2
Pattern CcC CcC
Pressure [psi] 10 10
Gas flow rate 2 2
Dry time [s] 0 0
Nozzle height [mm] 40 40

Chemistry—Methods 2025, 5, 202500090 (6 of 9)

Magnetic Resonance MALDI MS Imaging Data Acquisition

MSI Data was acquired on a 7T FT-ICR mass spectrometer (solariX XR
7T, Bruker Daltonics). To reduce matrix background and the overall
ion load in the ICR cell, a CASI window of 113 Da around m/z 473 was
used, reducing the effective m/z range to 425-525. Peak filtering was
set to SNR >3 and an absolute intensity threshold of 10° arbitrary
units (a.u.). A data reduction factor of 95% was applied. The m/z
range 247-800 at a transient size of 2 M resulted in a free induction
decay of 2.41 s and a theoretical mass resolving power of 320k at
m/z 400. A matrix signal at m/z 523.2169 (CsoH,;N,") was used for
single point online calibration. Profile data was imported into SCiLS
Lab 2024 Pro software (Bruker Daltonics) and root mean square
(RMS)-normalized. Raw spectra were evaluated in DataAnalysis
software (Bruker Daltonics), and the smart formula function was
used to generate sum formulae. Unless otherwise stated, ion images
are shown as [M+C,0H4NI" to account for the mass added by
FMP-10.

Synthesis of N-Lactoylated Phe (N-Lac-Phe) and N-Lactoylated
Tyr (N-Lac-Tyr)

[e] OH H (o]
OH . T 13
: on HCI HZN\:)J\OEt HBTU m/n\hS/N\t:i)gl\o/\m
/\n/ + B R o H 4
o i-PrNEt 3 3
CH,Cl, A
6

s1
Ethyl ((S)-2-Hydroxypropanoyl)-L-Phenylalaninate (S1):

According to a procedure by Long et al.”* to a solution of I-lactic acid
(1.62 g, 18.0 mmol, 1.0 eq.) in anhydrous CH,Cl, (90 mL) was added
HBTU (8.19 g, 21.6 mmol, 1.2 eq.) under argon. After 15 min at room
temperature, a solution of |-Phe-OEt-HCI (4.13 g, 18.0 mmol, 1.0 eq.)
and i-Pr,NEt (6.98 g, 54.0 mmol, 3.0 eq.) in CH,Cl, (90 mL) was added
dropwise. After 18 h, the reaction mixture was washed with 0.1 M
aqueous HCl (2 x 50 mL), 5% aqueous NaHCOs (2 x 50 mL), and brine
(2 x 50mL), dried (MgSOQ,), filtered, and concentrated in vacuo.
The product was purified by medium pressure LC (40% EtOAc in
n-heptane) to yield S1 as a yellowish oil (2.23 g, 8.42 mmol, 47%).

TLC Rs = 0.29 (40% EtOAc in n-heptane)
LC/MS (ESI) m/z: 266.1, 288.1; t= 4.0 min

'H NMR (400 MHz, CDCl;) § 7.31-7.21 (m, 3H, C*), 7.15-7.09
(m, 2H, C*), 6.90 (br d, 1 H, NH), 4.85 (dt, J=83 Hz, J=6.1 Hz,
1H, H-C8), 426-4.19 (m, 1H, H-C17), 417 (dg, J=7.2 Hz, J=05
Hz, 2H, H-C13), 3.18 (dd, J=13.9, 59Hz, 1H, H-C7), 3.09
(dd, J=139, 63Hz, 1H, H*-C7), 134 (d, J=6.8 Hz, 3H, H-C18),
124 (d, J = 7.1 Hz, 3H, H-C14) ppm

3C NMR (101 MHz, CDCl3) 6 174.2 (C15), 171.7 (C9), 135.9 (C5), 129.4
(C4,C6),128.7 (C1,C3),127.3(C2),68.5 (C17),61.8 (C13),52.8 (C8), 38.1
(C7), 21.2 (C18), 14.2 (C14) ppm

OH 0
OH 0 oH
H H ‘s N_s
/TN\)\“\ LiOH N \5)110\911
H _— o =
o THF/H,0 ’\5©3
6 2
1
S1 Lac-Phe

((S)-2-hydroxypropanoyl)-L-phenylalanine (N-Lac-Phe):

To a solution of S1 (2.23 g, 842 mmol, 1.0 eq.) in THF (17 mL) was
added a solution of LiOH (403.3 mg, 16.84 mmol, 2.0 eq.) in H,O
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(34 mL) dropwise at room temperature. After 2 h, the solvent was
removed in vacuo and the resulting residue was diluted with
EtOAc (100 mL) and H,0 (100 mL). The aqueous layer was acidified
to pH 3 with 1M HCl and the mixture was stirred until all solids
had dissolved. The two layers were separated and the aqueous layer
was extracted with EtOAc (2 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO,), filtered, and concen-
trated in vacuo. The product was purified by crystallization from a hot
EtOAc/n-heptane mixture. The resulting crystals were filtered onto a
sintered-glass funnel, washed with an ice-cold EtOAc/n-heptane mix-
ture (2 x 25 mL), then room temperature n-heptane (2 x 25 mL), and
dried under high vacuum to give N-Lac-Phe as white crystals (1.36 g,
5.77 mmol, 69%).

Melting point: 128.3-128.8 °C
LC/MS (254 nm) tg= 3.2 min, 99% purity

"H NMR (400 MHz, D,0) § 7.41-7.26 (m, 5H, H-Cy,), 4.72 (dd, J = 9.1 Hz,
J=52Hz, 1H, H-C8), 418 (q, J=69 Hz, 1H, H-C15), 3.30
(dd, J=13.9 Hz, J= 5.2 Hz, H*-C7), 3.06 (dd, J=13.9 Hz, J=9.1Hz,
1H, HB-C7), 1.18 (d, J= 6.9 Hz, 3H, H-C16) ppm

3C NMR (101 MHz, D,0) ¢ 180.1 (C13), 177.7 (C10), 139.4 (C*), 132.2
(C*), 131.6 (C*), 130.0 (C*7), 70.4 (C15), 56.2 (C8), 39.5 (C7), 22.3 (C16)
ppm

HRMS (ESI) m/z: [M+Nal* calc. for C;,H,5NNaO,*: 260.0893; found:
260.0895

o
7 H 19
?H HCl-HzN\_)LOEt HBTU '4/13\H/N\?)1ls\0/\

/\H/OH + —_— o) H 4
o i-ProNEt 53 3
CH,Cl,
OH © 2 OH
S2

Ethyl ((S)-2-hydroxypropanoyl)-L-tyrosinate (S2):

To a solution of I-lactic acid (1.35g, 15.0 mmol, 1.0 eq.) in anhydrous
CH,Cl, (75 mL) was added HBTU (6.83 g, 18.0 mmol, 1.2 eq.) under
argon. After 15 min at room temperature, a solution of I-Tyr-OEt-HCl
(3699, 15.0mmol, 1.0 eq.) and i-Pr,NEt (5.82 g, 45.0 mmol, 3.0 eq.)
in CH,Cl, (75 mL) was added dropwise. After 18 h, the reaction mixture
was washed with 0.1 M aqueous HCl (2 x 100mL), 5% aqueous
NaHCO; (2 x 100 mL), and brine (2 x 100 mL), dried (MgSQ,), filtered,
and concentrated in vacuo. The product was purified by medium pres-
sure LC (75% EtOAc in n-heptane) to S2 as a light-yellow oil (1.79 g,
6.39 mmol, 43%).

TLC Rf =0.42 (75% EtOAc in n-heptane)
LC/MS (ESI) m/z: 282.1, 304.1; tz= 3.4 min

"H NMR (400 MHz, CDCls) 6 7.79-7.66 (m, TH, OH), 7.15 (d, J = 8.7 Hz,
1H, NH), 7.00-6.89 (m, 2H, H-C4, H-C6), 6.79-6.65 (m, 2H, H-C3, H-C1),
4.89-4.69 (m, TH, H-C9), 4.17 (q, J=7.2 Hz, 2H, H-C19), 4.13-4.06 (m,
1H, H-C13), 3.87 (s, 1H, OH), 3.08 (dd J = 14.0 Hz, J = 5.5 Hz, TH, H*-C8),
296 (dd, J=14.0 Hz, J=6.8 Hz, TH, H®-C8), 1.30-1.19 (m, 6H, H-C14,
H-C20) ppm

13C NMR (101 MHz, CDCl3) 6 175.1 (C11), 172.1 (C16), 155.8 (C2), 130.4
(C4), 126.8 (C5), 115.7 (C3), 68.4 (C13), 61.9 (C19), 52.9 (C9), 37.3 (C8),
20.9 (C14), 14.2 (C20) ppm

J% 2ak
/'\n/N\é)]\o/\ LiOH 16/m\hs/N : 10 ?H

- > o

o \(j THF/H,0 3 :
OH Y 2 ToH

1

S2 Lac-Tyr
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((S)-2-hydroxypropanoyl)-L-tyrosine (N-Lac-Tyr):

To a solution of S2 (1.79g, 6.39 mmol, 1.0 eq.) in THF (14 mL) was
added a solution of LiIOH (306 mg, 128 mmol, 2.0 eq.) in H,O
(24 mL) dropwise at room temperature. After 2 h, the solvent was
removed invacuo and the resulting residue was diluted with
EtOAc (100 mL) and H,O (100 mL). The aqueous layer was acidified
to pH 3 with 1M HCl and the mixture was stirred until all solids
had dissolved. The two layers were separated and the aqueous layer
was extracted with EtOAc (2 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO,), filtered, and concen-
trated in vacuo. The product was purified by crystallization from a hot
EtOAc/n-heptane mixture. The resulting crystals were filtered onto a
sintered-glass funnel, washed with an ice-cold EtOAc/n-heptane
(2 x 25mL), then room temperature n-heptane (2 x 25mL), and
dried under high vacuum to give N-Lac-Tyr as white crystals
(472 mg, 1.86 mmol, 29%).

Melting point 156.5-156.9 °C
LC/MS (254 nm) tz= 2.6 min, 99% purity

'H NMR (400 MHz, D,0) 6 7.17-7.11 (m, 2H, H-C*), 6.87-6.81 (m, 2H,
H-C™), 4.66 (dd, J=9.0 Hz, J=52Hz, TH, H-C8=), 4.18 (q, J= 6.9 Hz,
1H, H-C14), 320 (dd, J=14.1 Hz, J=52 Hz, 1H, HA-C7), 2.97 (dd,
J=14.1, 90Hz, 1H, H8-C7), 1.18 (d, J= 6.9 Hz, 3H, H-C16) ppm

3C NMR (101 MHz, D,0) 6 180.0 (C13), 177.7 (C10), 157.3 (C2),
133.5 (C4), 131.2 (C5), 1183 (C3), 70.5 (C14), 563 (C8), 38.7 (C7),
22.3 (C16) ppm

HRMS (ESI) m/z: [2M+Nal™ calc. for C,4H30N,NaO;": 529.1793; found:
529.1797

Cell Treatment and LC-MS/MS Analysis of Metabolites: Cell
Treatment and Sample Preparation

U-87 MG malignant glioma cells were seeded in 6 cm dishes at a cell
density of 8 x 10° cells/dish, and the medium (DMEM with 4.5g L™
glucose, supplemented with 10% FBS, 2mM L-glutamine, 1 mM
sodium pyruvate, 100 U mL™" penicillin, and 100 ug mL™" streptomy-
cin) was refreshed 24 h after seeding. After 72 h in culture, cells were
washed twice with ice-cold PBS and 1 mL of ice-cold 80% MeOH was
added. After 20 min of incubation at —80 °C, cells were scraped and
transferred into new reaction tubes. Cells were homogenized by vig-
orous vortexing and sonication for 5 min prior to centrifugation at
full-speed for 10 min in a precooled centrifuge. In parallel, the syn-
thesized N-Lac-Phe and N-Lac-Tyr, along with standards of Tyr and
Phe were each dissolved in 50% ACN to a concentration of T mM.
The standard solutions were combined and diluted in 50% ACN to
a final concentration of 100 uM. Samples and 1 mL of standard solu-
tion were dried in a cooled vacuum concentrator and reconstituted in
200 pL of 70% ACN, followed by vortexing and sonication for 10 min.
Subsequently, 500 uL of a 1 mg mL™" solution of FMP-10 in ACN was
added, and the mixture was incubated at 40°C with shaking for
30 min. To terminate the reaction, 500 uL of methanol was added,
and the samples were dried again using a vacuum concentrator.
Finally, the samples were redissolved in 500 pL of 50% ACN in water.
After vortexing and sonication for an additional 10 min, the samples
were analyzed.

FMP-10 Induced Condensation Reaction Using Lactic Acid
and Phenylalanine Standards

Four mixtures of standards (200 ul) were set up. Sample A: 5 mM
L-phenylalanine, 10 mM L-lactic acid; Sample B: 5mM N-Lac-Phe;

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Sample A control: 5 mM L-phenylalanine, 10 mM L-lactic acid; Sample
B control: 5 mM N-Lac-Phe. 600 ul of a 1 mg mL™" solution of FMP-10
in ACN was added to sample A and B. 600 pl of ACN was added to
samples A control and B control. All following steps were performed
identically on all samples. Samples were shaken at 40 °C for 30 min
and 500uL of methanol was added to quench the reaction.
Afterward, samples were dried under gentle nitrogen flow for around
3 h until completely dry. 500 pL of 35% ACN was used to reconstitute
the samples before injection into the LC-MS system.

LC-MS/MS Data Acquisition for Derivatized Cell Extracts

LC-MS/MS was performed on an Elute UHPLC system coupled with a
timsTOF Flex mass spectrometer. Mobile phase A consisted of 0.1%
formic acid in water, while phase B consisted of 0.1% formic acid in
ACN. Chromatography used a 150 mm Acclaim RSLC 120 C18 column
(particle size of 2.2 um, pore size of 120 A, inner diameter of 2.1 mm).
Gradient elution (0.4 mL min™" flow rate): 20% to 80% B over 8.5 min,
followed by 100% B for 1.5 min, and reequilibration at 10% B for
2 min. The injection volume for each sample was set at 2 pL.

Data was acquired in positive ion mode across an m/z range of
50-1300, with a scan speed of 12 Hz. The acquisition window was
divided into three segments with identical MS settings: The first seg-
ment (0 to 0.03 min) was a standby segment where only MS1 data
was recorded, and the LC flow was directly coupled to the MS system.
The second segment (0.03 to 0.3 min) served as a recalibration seg-
ment, where only MS1 data was recorded while the LC flow was
diverted through an external sample loop filled with sodium formate
before reaching the MS system. The external sample loop was filled
by a syringe pump during segment three, in which the LC flow was
once again directly connected to the MS system for actual data acqui-
sition using the following parameters

Parameter general MS

Deflection 1 delta [V] 60
Funnel 1 RF [Vpp] 300
Funnel 2 RF [Vpp] 300
Multipole RF [Vpp] 300
Collision energy in MS1 [eV] 1
Collision RF [Vppl 2000
Quadrupole ion energy [eV] 5

Low mass [m/z] 390
TOF transfer time [us] 100
TOF pre pulse storage [ps] 5
Focus mode On
Sweeping On
Parameter auto MS

Total cycle time [s] 0.5
MS/MS rate control Dynamic
MS/MS target intensity 25,000
MS/MS spectra rate limits [Hz] 16-30
MS/MS exclusion range [m/z] 50-300
Active exclusion after X spectra 3
Exclude for X minutes 0.2

A four-segment sweeping mode was used. Consequently, every scan
was recorded four times with different parameter sets each time. Set
1: collision RF 1000 Vpp, TOF transfer time 50 us, collision energy

Chemistry—Methods 2025, 5, 202500090 (8 of 9)

100% (20 eV); Set 2: collision RF 1000 Vpp, TOF transfer time 50 ps,
collision energy 250% (50 eV); Set 3: collision RF 2000 Vpp, TOF trans-
fer time 100ps, collision energy 100% (20 eV); Set 4: collision RF 2000
Vpp, TOF transfer time 100 ps, collision energy 250% (50 eV). The base
collision energy was set to 20 eV.

LC-MS/MS Data Acquisition for in Solution Derivatization of
Lactic Acid and Phe

Data acquisition was performed very similarly to 4.3 with the follow-
ing changes. Low mass m/z was adjusted to m/z 90. Separation was
performed on a Waters ACQUITY HSS T3 column (2.1 x 150 mm)
using the following gradient: 5% to 10% B over 3min, 10% to
60% B over 4min, 60& to 80% B over 3.5min, followed by 2.5
min at 95% B. Reequilibration was performed for 3 min at 5% B.

Data Analysis and Visualization

MALDI MSI data was visualized using SCiLSLab 2024. Shortly, cen-
troided data was imported and RMS-normalized. lon images of the
theoretical m/z values of proposed molecules were visualized using
an m/z window of 2 ppm and a hotspot removal of 99%. LC-MS/MS
data was visualized using DataAnalysis 6.1. Neutral loss filtering was
performed in Metaboscape 2024 (all software from Bruker Daltonics).
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