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Abstract

Covalent or non-covalent heterogeneous multimerization of molecules associated with
extracts from biological samples analyzed via LC-MS is quite difficult to recognize/annotate
and therefore the prevalence of multimerization remains largely unknown. In this study, we
utilized 13C labeled and unlabeled Pichia pastoris extracts to recognize heterogeneous
multimers. More specifically, between 0.8% and 1.5% of the biologically-derived features
detected in our experiments were confirmed to be heteromers, about half of which we could
successfully annotate with monomeric partners. Interestingly, we found specific chemical
classes such as nucleotides to disproportionately contribute to heteroadducts. Furthermore,
we compiled these compounds into the first MS/MS library that included data from
heteromultimers to provide a starting point for other labs to improve the annotation of such
ions in other metabolomics data sets. Then, the detected heteromers were also searched in
publicly accessible LC-MS datasets available in Metabolights, Metabolomics WB, and
GNPS/MassIVE to demonstrate that these newly annotated ions are also relevant to other
public datasets. Furthermore, in additional datasets (Triticum aestivum, Fusarium
graminearum, and Trichoderma reesei) our developed workflow also detected 0.5% to 4.9%
of metabolite features to originate from heterodimers, demonstrating heteroadducts to be
present in metabolomics studies at a low percentage.
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1. Introduction

The ambition of metabolomics is to annotate and quantify every metabolite of the biological
system under investigation for a comprehensive picture of all biological processes. However,
currently, we are nowhere near this ambitious goal. While technological advancements on
both the instrumental as well as the data processing side have greatly improved in recent
years, researchers and analytical chemists are still faced with many challenges in their
experiments. Especially, the annotation of observed features, including those originating from
metabolite- and background compound-adducts, is challenging. This leads to a situation
where a vast amount of features remains without annotation (i.e., the detectable portion of the
dark matter in metabolomics [1]). However, the extent of these features arising from
interactions between analytes remains largely understudied.

While a range of software solutions enabling the annotation of homo-multimeric adducts (e.g.,
[2M+H'T") exist [2—4], these rely on predefined mass differences, peak shape correlation,
and/or feature intensity correlation. Thereby more complex multimers, such as heteromeric
adducts (e.g., [Ma+Mp+H*]") or multimers forming before electrospray ionization (ESI) can not
be annotated using the same strategies.

Indeed, only limited studies on the extent of heteromeric adduct formation exist. Specifically,
Mahieu and colleagues developed and applied the mz.unity algorithm [5] to annotate ~6% of
their credentialled features [6] in a dataset produced from Escherichia coli as multimeric
adducts (not differentiating between homo and hetero adducts) [7]. Specifically, mz.unity
computes possible multimeric relationships between observed mz values without considering
elution profiles. While this allows for detecting heteromeric relationships it also leads to a
significant risk for false positives. However, except for one case, a heteroadduct formed from
glutamate and nicotinamide adenine dinucleotide, they did not focus on validating and
characterizing these multimeric species in detail.

With regard to multimers formed before electrospray ionization (ESI) (which does not
necessarily allow for annotation via the relationship of coeluting ions) due to chemical
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reactions that happen spontaneously after sampling (e.g., during sample preparation or
chromatographic separation) these also hold the risk of misinterpretation. Indeed the
occurrence of reactions between biomolecules is widely known [8,9] and even reactions
between biomolecules and solvents have been studied [10].

Most of the presented works on analyte interactions are based on semi-targeted approaches
and involve standards, which severely restricts their search space. This is likely because
distinguishing signals arising from analyte interactions as compared to unique analytes is
difficult even for skilled analytical chemists. Furthermore, the large amounts of data and
compounds detected with modern LC-HRMS instrumentation make this an unmanageable
task. Consequently, to the best of the authors’ knowledge, only a few non-targeted approaches
screening for reactions between biomolecules have been conducted. As a result, the extent
to which the analysis of metabolite extracts analyzed via LC-HRMS is affected by analyte
interactions is largely unknown.

In this study, we attempt to inspect the extent of multimer formation between biological
molecules present in LC-MS data obtained with reversed-phase chromatography (RPC) or
hydrophilic interaction chromatography (HILIC). This includes analyte interactions taking place
during ESI as well as in the samples. To achieve this, a novel workflow employing fully 13C
labeled and unlabeled metabolomes was designed and applied to Pichia pastoris extracts.
Briefly summarized, the two isotopically different yeast extracts were mixed. Any multimeric
molecular species that spontaneously formed in this mixed sample or during ESI could
therefore consist of labeled or unlabeled subunits (as well as combinations thereof) creating
distinct isotopic patterns in LC-HRMS analysis. Such patterns are clearly indicative for different
multimeric species (see Figure 1 and Figure 2). An in-depth evaluation of the detected
heteroadducts suggested that heteroadduct formation is favored by specific chemical classes.
Ultimately, we demonstrated that heteromers are not only present in our but also other
datasets and deposited MS2 spectra acquired for our heteroadducts in the GNPS library
initiating, to the best of the authors’ knowledge, the first MS2 library for heteroadducts.

2. Materials and methods

2.1 Sample preparation

Unlabeled and uniformly 13C labeled ethanolic yeast (Pichia pastoris) extract pellets [11] were
provided by Isotopic Solutions. Each was dissolved in 1 mL of LCMS grade water and
centrifuged for 10 min. Three groups of samples were prepared from these two solutions. A
12C (only unlabeled yeast extract), 13C (only labeled yeast extract), 12C13C (mix of labeled
and unlabeled yeast extracts), and a blank. Triplicates were prepared for each group. For RPC
analysis, 60 uL of the 12C or the 13C samples were mixed with 140 yL LCMS grade water.
For the 12C13C samples, 30 pL of the labeled extract, 30 pL of the unlabeled extract, and
140 pL of LCMS grade water were mixed. For HILIC analysis the same preparation was
conducted but LCMS grade acetonitrile (ACN) instead of the LCMS grade water. For the
blanks, LCMS grade water, and 70% ACN were used for both RPC and HILIC analysis,
respectively.

2.2 Liquid chromatography

Samples were analyzed using a Dual-injection Vanquish liquid chromatography system
(Thermo) coupled to a Q-Exactive-HF orbitrap mass spectrometer. As chromatographic
columns, we used a Waters ACQUITY UPLC HSS T3 C18 column (2.1 x 150 mm, 1.8 ym) for
RPC separation and a HILICON iHILIC-(P) Classic (2.1 x 100 mm, 5 ym) column for HILIC
separation. In order to save time and eluents, and minimize instrumental variability between
the RPC and HILIC separation we applied a previously published method to merge the RPC
and HILIC separation into a single analytical run [12]. Using this setup we first eluted the HILIC
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and afterward the RPC into the MS. For RPC eluent A was 0.1% formic acid in LCMS grade
water, and eluent B was ACN. For iHILIC eluent A was 15 mM ammonium acetate at a pH of
9.4 eluent B was ACN. For HILIC we injected 5 uL of sample and applied a flow rate of 0.2 mg
mL-". All gradient shifts were linear. The gradient was 90% B to 26% B (from 0 to 12 min), to
26% B (until 14 min), to 10% B (until 17 min), to 10% B (until 19 min), to 90% B (until 21 min),
and at 90% B (until 36 min). At 15 min the valve was switched to the RPC column. Therefore,
everything eluting past 15 min from the HILIC column was transferred into the waste instead
of the MS. For the RPC we also injected 5 pL and applied a flow rate of 0.25 mg mL"". During
the first 15 min (while the HILIC analysis was still running) the RPC column was flushed into
the waste at 0% B. At 15 min (when the sample was injected onto the RPC column) the amount
of B was slowly increased to 99% B (until 29 min), stayed at 99% B (until 32 min), and was
again decreased to 0% B (until 36 min).

2.3 Mass spectrometry

A Q-Exactive-HF orbitrap mass spectrometer was coupled to the liquid chromatography via
an ESI source. All samples were analyzed in randomized order using MS1 and fast polarity
switching for a mass range from 65 to 975 mz. The AGC target was set to 1e6 counts, the
maximum injection time to 100 ms, and the resolution to 60000 at 200 m/z. Afterward, the
12C13C-pair and multimer pattern extraction was conducted as described below. The two
obtained feature lists were combined and their mz and retention time values served as targets
for inclusion lists for subsequent ddMS2 acquisition. MS2 spectra were acquired at a
resolution of 30000, stepped collision energy (30, 50, 80 NCE), and with an isolation window
of 1 mz for positive and negative polarity.

2.4 12C13C-pair extraction

Biological metabolite credentialing was carried out with MetExtract Il [13]. The software
automatically searched LC-HRMS datasets, converted to centroided mzXML format via
ProteoWizard [14], for pairs of unlabeled and uniformly 13C labeled metabolite ions and
verified them on both the mz and retention time dimensions. In the mz dimension, it checked
if both isotopologue forms showed their characteristic isotopologue patterns that originate from
the 98.93% 12C and 1.07% 13C isotope composition in the unlabeled samples and from the
98.7% 13C and 1.3% 12C isotope composition in the uniformly 13C labeled samples as
determined automatically from the isotopologue patterns for some 2100 features. Moreover,
as unlabeled and 13C labeled isotopologues showed no chromatographic separation, high
similarity in the chromatographic peak shapes of the principal isotopologues was tested for as
well. Furthermore, after detection of such pairs of unlabeled and 13C labeled metabolite ions
in the different samples, MetExtract Il grouped/aligned these features across the different
samples, convoluted these different features into groups each representing a certain truly
biologically-derived metabolite, and re-integrated the principal isotopologues in the 12C, 13C,
or blank samples to generate a comprehensive data matrix. MetExtract Il reported the mean
intensity in the chromatographic peaks’ apex (i.e., the mean intensity value of the peak apex
and its two preceding and succeeding scans). Specific parameter settings were: Cn count to
search for: 3 — 60, retention time domain to search for: 15 — 40 minutes for RPC method and
1 — 15 minutes for HILIC, minimum intensity threshold for signals: 1E4 (only applicable for the
monoisotopic and the fully 13C labeled principal isotopologues), maximum allowed mass
deviation for isotopologues in the same scan: 6 ppm, isotopologue peaks checked: M + 1 and
M + Cn-1, maximum cluster ppm for the region of interest (ROI) generation: 8 ppm, minimum
number of signals with verified isotopologue pattern: 3, chromatographic peak width in wavelet
terms: 1 — 3, bracketing mz and retention-time window: 12 ppm and 0.1 minutes, minimum
Pearson correlation coefficient (PCC) for feature grouping were 0.85.

2.5 Multimer pattern extraction and curation
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CPExtract is a software tool for the processing of LC-HRMS datasets derived from stable
isotope labeling experiments [15]. It allows the user to freely define custom isotopologue
patterns in the form of presence/absence and intensity rules. Each signal recorded in the LC-
HRMS data is tested with these rules and those fulfilling them are further considered. Thereby,
all isotopologue patterns defined by the user are detected and any isotopologue patterns that
are not within the defined boundaries are discarded. Moreover, as a second step CPExtract
also performs chromatographic peak picking, grouping/alignment of the features detected in
the different samples, convolution of features of the same metabolite as well as re-integration
of features in blank samples.

To search for homo- and hetero-multimers two different rule sets were used:

Homomers: For homomers consisting of two molecules of the same compound, the rules were
set up in a way that three isotopologue patterns were checked. A variable number of carbon
atoms n was allowed. The principal isotopologues were required to have the mz values X,
X+AC*n, and X+AC*2n, with AC being 1.00335 (i.e. the mass difference of 13C and 12C).
Moreover, the absence of signals at M-AC and M+AC*(2n+1) was assured. Additionally,
M+AC had to be less abundant than M, M+AC*(n-1) and M+AC*(n+1) less abundant than
M+AC*n, and M+AC*(2n-1) less abundant than M+AC*2n.
Heteromers: For heteromers, the rules were set up in a way that four isotopologue patterns
were demanded. A variable but an unequal number of carbon atoms a and b were allowed.
The principal isotopologues were required to have the mz values X, X+AC*a, X+AC*b, and
X+AC*(a+b). Similar to the homomers, also no signals were allowed at X-AC* and
X+AC*(a+b+1). Furthermore, also the isotopologues surrounding the principal isotopologues
must be less abundant than the respective principal isotopologues.

Additional parameters other than these two separate rule sets were identical with the
parameters of the MetExtrat Il data evaluation for metabolite credentialing.

After multimer detection via CPextract, the absence of isotopologue chimers in 12C and 13C
controls, and all multimer-isotopologues in solvent-blanks was confirmed via R scripting.

2.6 Monomer association

The association of multimer patterns to their respective monomers was conducted by two
different methods. First, for homomers, an in-house retention time (RT) library including
molecular formulas with known RTs was applied. Using a list of possible multimeric adducts a
range of mz values were calculated and matched to the observed multimers with an RT
tolerance of 0.2 min and a mass tolerance of 5 ppm. The comprehensive list of adducts is
given in Table S1. For heteromers and homomers for which this strategy did not succeed we
applied mz.unity [5]. In mz.unity all 12C13C-pairs eluting within 0.2 min of a given multimer
were considered as monomer candidates. Considered charge carriers are given in Table S2.
For all association methods candidates were only accepted if the carbon number of the
12C13C-pairs fit the number of carbons required by the respective multimeric adducts. Finally,
in cases where the PCC-grouping of hetero-multimers was in conflict with monomer
association, PCC groups were split.

2.7 Annotation of monomers and multimers

Putative monomers were annotated using a range of different approaches. First, in cases
where the monomer association was achieved by retention time library matching (as described
above), the annotation was already implied by the monomer association. However, we also
applied our RT library for the identification of monomers in the same manner as described in
section 2.6. Moreover, MS2 library matching of acquired MS2 scans was done using two
different fragmentation libraries. For the GNPS library, we used the GNPS infrastructure for
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spectral matching [16]. The precursor ion mass tolerance was set to 0.025 Da, min matched
peaks to 3, fragment ion mass tolerance to 0.05 Da, and the score threshold to 0.7. For the
mzCloud library matching Thermo Scientific’'s Compound Discoverer 3.1 was applied. The
precursor and fragment mass tolerance were set to 10 ppm, and the match factor threshold to
60. For heteromer monomers that remained unannotated, but an MS2 spectrum was acquired,
Sirius [17] or CFM-ID 4.0 [18] were applied. For Sirius and CSl::FingerID (within Sirius), the
instrument type was set to “Orbitrap” and all other values to default. In cases where Sirius was
not able to deliver a result, CFM-ID 4.0 was applied. The candidate mass tolerance was set
to 10 ppm, and all other values were at default. Finally, for all annotation methods described
above candidates were only accepted if their carbon counts fit the number of carbons
determined during 12C13C-pair (or multimer pattern) extraction.

2.8 Other inspected datasets

Details for the analysis and data evaluation of the other inspected datasets ( Triticum aestivum,
Fusarium graminearum, and Trichoderma reesei), are given in the Supplementary information
(SI 1-4) [10,19,20].

2.9 MassIVE database inspection

The MassIVE database was inspected via tools of the GNPS infrastructure MassQL (for MS1
based patterns) and MASST [21] (for MS2 spectral matching). Regarding MassQL we required
MS1 scans in the repository to include the mz values of the heteromer as well as the two
monomers associated in our study with a tolerance of 20 ppm. Subsequently, we applied R to
remove MassQL hits if they did not occur in at least contiguous 4 scans of the same polarity.
All remaining hits were manually inspected and only accepted if the heteromer showed a high
correlation with at least one of the monomers. For the MASST search, we applied a parent
mass tolerance of 0.05 Da, an ion tolerance of 0.05 Da, and a minimum of 3 matching
fragments.

3. Results and Discussion

3.1 The developed workflow

Multimer formations can occur during sample preparation or ESI. Such products and
multimeric adducts typically have strikingly similar characteristics to any other compound also
recorded for the sample (i.e., a chromatographic peak and corresponding m/z distribution).
This bears the risk of mistaking them for individual biological molecules.

The workflow for the detection of chemical reaction products in untargeted LC-HRMS-based
approaches is based on the utilization of ethanolic extracts from uniformly 13C labeled
organisms and their respective unlabeled counterparts (Figure 2 a). Samples of both, the 13C
labeled and native organisms, are mixed into a single sample, which allows to easily
discriminate between metabolites and background compounds, a process often referred to as
credentialing. Any metabolite will be present as an unlabeled and a 13C labeled form likewise,
but not as any mixed form since the isotopic markup of the respective molecules has been
established during the separate cultivation of the 13C labeled and unlabeled organisms
(Figure 1 a, b).

Contrary, metabolite-multimers formed after mixing the labeled and unlabeled extracts will
show not only these two distinct isotopic patterns (the one originating from the unlabeled and
another from the 13C labeled cultivation) but additional ones that are indicative for multimers.
Multimers of two identical molecules or two different molecules with the same number of 13C
labeled carbon atoms will show three characteristic isotopic traces, while multimers of two
different metabolites with different numbers of carbon atoms will show four characteristic
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isotopic traces (Figure 1 ¢ and d). Thus, automated data analysis of the LC-HRMS dataset will
allow finding such multimers even in an untargeted fashion.

To demonstrate this approach, extracts of yeast grown separately under unlabeled and
uniformly 13C-labeled conditions were employed. Their extracts were mixed and these
mixtures were analyzed with reversed-phase chromatography (RPC) and hydrophilic
interaction chromatography (HILIC) coupled to high-resolution mass spectrometry (Figure 2
b). Multimers of molecules that were present in their labeled and unlabeled form were then
detectable via specific isotopologue patterns, as exemplified in Figure 1. The detection and
validation of these patterns were performed via a combination of the CPExtract software and
manual curation (Figure 2 c). To associate the detected multimers with their monomers, we
used the MetExtract Il software to generate a list of 12C-13C feature pairs (Figure 2 d),
representing yeast-derived metabolites, which served as a list of possible monomer
candidates for the detected multimers. The association of these candidates with the multimers
detected was then conducted via the mz.unity package (Figure 2 e). This approach was
complemented with our in-house library of analytical standard compounds, which allowed us
to match mz@RT-features annotated as homomultimers directly against a list of putative
homomultimers (e.g., [2M+H*]*, [BM+H*]*, [2M+Na*]*, etc.) (see Table S1 for a comprehensive
list of the applied search space). Since this way of association did not require the coelution of
monomers it also enabled the annotation of multimers formed during sample preparation
instead of during ESI.

The annotation of putative monomers was conducted by matching associated MS2 scans to
the GNPS and mzCloud mass spectral libraries. Further, we applied our in-house RT library
as described in section 2.6, and in-silico tools, if the first two approaches did not succeed
(Figure 2 f). To assess whether observed heterodimers were also detected in other labs and
studies, we used MassQL, which allowed querying the MassIVE database (also including
datasets deposited on Metabolights [22] and Metabolomics WB [23]) for scans where the mz-
values of a heteromer and its associated monomers appeared in the same MS1 scan (Figure
2 g). Several hits have been manually confirmed and can be inspected via the GNPS
dashboard [24]. Finally, MS2 scans of identified multimeric adducts were deposited in a GNPS
MS?2 library so that their fragmentation scans can be automatically annotated in future studies
(Figure 2 h).

3.2 Detection of biological signals in yeast data

MetExtract Il allows the automatic extraction of 12C-13C-pairs (mz@RT values of compounds
that are present in their unlabeled and fully labeled form). In our case, these 12C-13C pairs
corresponded to biological metabolites truly derived from yeast as contaminations are only
present in their unlabeled form but not as fully 13C labeled isotopologues. In this study, we
detected 923 and 627 peaks representing metabolite features with known carbon counts that
were convoluted automatically with 332 and 288 metabolites for HILIC and RPC, respectively.
These features served as possible monomers since the detected multimer pattern required
the associated monomers to be present as labeled and unlabeled forms.

3.3 The frequency of multimeric LC-MS peaks

CPExtract extracted isotopic patterns specific for metabolite-multimers, formed after mixing of
the labeled and unlabeled extracts, irrespective of their origin (e.g., ESI or sample
preparation). As visualized in Figure 1 (c, d), two different types of patterns were searched for.
Those patterns were indicative of the presence of a dimer composed of two carbon-bearing
molecules with the same or a different number of carbon atoms, respectively. Using this
approach, we were able to detect 33 homodimers and 7 heterodimers in the RPC and 68
homodimers and 14 heterodimers in the HILIC analysis of the yeast samples. All detected
patterns were subsequently manually inspected and duplicate detections of the same patterns
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and other data processing artifacts were removed. Moreover, 3 patterns associated with
heteromers (Figure 1 ¢) were manually reassigned to homomultimers consisting of more than
two monomers (e.g., trimers and tetramers), which were incorrectly assigned via CPExtract
(see Figure 1 e). The application of monomer association strategies revealed that 3 of the
homomers detected for HILIC were actually heterodimers of monomers with the same
numbers of carbons. Consequently, the number of detected patterns changed to 26
homodimers and 5 heterodimers for RPC and 50 homodimers, 14 heterodimers, and 3
homomultimers for HILIC, respectively.

In summary, 5.7% of peaks of biological origin (53 peaks / 923 12C-13C pairs) could be
attributed to homomers when HILIC separation was employed. For the analysis employing
RPC, homomers were slightly less prevalent at 4.1% (26 peaks / 627 12C-13C pairs).
Interestingly, for HILIC only 1.5% of peaks with biological origin (14 peaks / 923 12C-13C
pairs) could be attributed to heteromers in our experiment. For RPC this percentage was even
lower with 0.8% (5 peaks / 627 12C-13C pairs). The low percentage of heteromeric peaks
detected holds important implications as currently no software solution for their routine
annotation in LC-MS experiments exists. The complete lists of detected homo and heteromers
are provided in Table S3 and Table S4.

To elucidate the number of biological molecules contributing to the detected multimers, we
investigated the peak shape correlation between the detected multimeric species. If the
Pearson Correlation Coefficient (PCC) between a set of multimers was above a threshold they
were considered to originate from the same molecule but as a different ion species (e.g.,
different charge carriers) and assigned into the same PCC-group. This resulted in 32 and 17
biological molecules contributing to homomeric species for HILIC and RPC, respectively. For
heteromeric species we conducted the same grouping, leading to 12 (HILIC) and 4 (RPC)
PCC groups. Notably, in the case of heteromers, different ion species could be a consequence
of one of the monomers being substituted by an alternative monomer.

In general, we focus on heteromers throughout most of the discussion, as homomers are
readily annotatable by many non-targeted metabolomics tools (e.g., ion identity networking,
or CAMERA). For heteromers, on the other hand, no readily applicable solution exists, which
leads to a situation where the risk of their misannotation as unique metabolites is high.

3.4 The origin of the detected multimers

Multimers can form at different stages of the analytical workflow (e.g., during the sample
preparation, storage, chromatographic separation, or ESI). To elucidate if multimers formed
during the ESI, we assessed whether the detected multimers could be explained via co-eluting
metabolites. Overall, we were able to associate co-eluting monomers for 57% of heteromers
(8 of 14) and 49% of homomers (26 of 53) for HILIC and 60% of heteromers (3 of 5), and 84%
of homomers (21 of 26) for RPC to monomers.

Another way to investigate the origin of homomeric dimers is to scrutinize their intensity
patterns. Any homodimer of biological origin (i.e., formed or bio-synthesized by the organism)
can only be present as a purely non-labeled or a purely isotopically labeled form (Figure 1 b).
Thus, intermediate patterns representing mixed forms (i.e., chimeric isotopologues with one
of the educts being unlabeled while the other one being labeled) will not be present. On the
other hand, any dimer that forms exclusively after the unlabeled and labeled extracts are
mixed will show a distinctive isotopologue distribution that depends on the abundance of its
educts (see Figure S1 a). Thus the comparatively low abundance of chimeric isotopologues
allows inferring the contribution of biological as well as post-extraction contribution to a
multimeric species (i.e., Figure S1 b), which excludes the ESI-process as multimer-origin. In
total, we found that 17% (9/53) and 4% (1/26) of the discovered homodimers fell within this
category for HILIC and RPC, respectively. The fact that these numbers were different for the
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different separations implies that the formation of these homodimers was impacted by the
sample solvents (70% acetonitrile (HILIC) or water (RPC)) or chromatographic conditions
(e.g., pH = 9.2 (HILIC) or pH = 2 (RPC)). It should be noted that irreversible reactions which
reached equilibrium before the labeled and unlabeled extracts were mixed were not picked up
by this strategy.

Applying both described strategies and PCC-grouping we were able to elucidate the origin of
70% and 92% of multimer origins for HILIC and RPC, respectively. Multimers that could not
be associated with co-eluting monomers could be explained by unexpected charge carriers
(for ESI), bioinformatic errors (such as those caused by potential problems in feature finding),
or fast solution reactions.

3.5 Identification of monomers

In the following, we describe the results of our attempts to identify the monomers, which have
been associated with the detected PCC-groups for ESl-adducts and reaction products.
Identification was conducted via retention time matching to our in-house standard library, MS2
matching to fragmentation libraries (GNPS and mzCloud), and annotation via in-silico tools
(CSI::FingerID and CFM-ID). In Figure 3 we summarized which molecules have been
annotated thereof. Overall, we were able to annotate 100% (12/12) and 83% (10/12) of
monomers associated with homomer PCC-groups for HILIC and RPC, respectively.
Regarding heteromers, we annotated 100% of the associated monomers (14 for HILIC and 6
for RPC).

Notably, 4 of 11 heteromers for which monomers were identified included a nucleotide (AMP,
UMP, or ADP), and 3 of 11 Arabitol. This enrichment of specific metabolite classes in the
formation of heteromers suggests that the classes of compounds present in a given analyzed
sample (and co-ionizing during ESI) have a significant impact on the frequency of observed
heteroadducts.

Another interesting aspect of the conducted study was that only 3 multimers consisting of more
than 2 monomers were detected in the HILIC dataset (as noted in section 3.3). All three of
these multimers turned out to originate from Arginine and were detected as [3M-H'T,
[3M+acetic acid-H'],, and [4M-H*] adducts, suggesting that multimeric adducts (n>2) might
indeed be quite rare.

3.6 Relevance of findings for the metabolomics community

3.6.1 Properties of detected multimers

The intensity of observed multimers is an important metric for judging their impact on
metabolomics results. As can be seen from the histograms illustrated in Figure 4, the majority
of observed multimers (and the vast majority of heteromers) were less abundant than the
median of biological peak abundances. This reduces the likelihood of these ions triggering
fragmentation scans in a classical Top-N ddMS2 experiment in which the N most abundant
ions of a given MS1 scan serve as the precursors for subsequent MS2 scans. Consequently,
these multimers are unlikely to impact many non-targeted metabolomics strategies such as
molecular networking and other MS2 scan-based strategies, if not specifically targeted during
MS2 scan acquisition. Nevertheless, their occurrence bears the risk of misinterpreting them
as unique biological metabolites on the MS1 level. Moreover, newer methods and instruments
keep increasing the MS2 coverage achievable within metabolomics experiments [25-27]
which increases the chances of acquiring MS2 scans also for these low abundant ion species.

The PCC correlation between multimers and respective simpler adducts (such as [M+H*]* or
[M-H*T) is of importance for their grouping in classical metabolomics workflows (as possible
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via software such as CAMERA or lon Identity Networking). Figure 5 gives an overview of this
important metric for multimeric adducts. Figure 5 a shows that the majority of the detected
homomers show good peak shape correlation with the respective [M+H+]* or [M-H+] adduct
for HILIC and RPC. However, in the case of heteromers, only one monomer shows a good
peak shape correlation with the respective heteromer in most cases (see Figure 5 b). This
emphasizes that relying on the PCC alone is suboptimal for grouping heteroadducts with their
respective monomers. However, this finding provides a potential starting point for the
association of heteroadducts with their respective monomers in classical non-targeted
experiments where stable isotope-labeled material is not available. Extracted ion
chromatograms of all annotated heteromers and their associated monomers are provided in
Figure 6 for closer inspection.

3.6.2 Occurrence of observed heteromers in other data sets

In order to estimate whether our findings hold implications for other LC-MS datasets
implicating other sample types and instrumental platforms, we reanalyzed three datasets
involving different fully 13C labeled organisms (triticum aestivum, fusarium graminearum, and
Trichoderma reesei) on a different instrumental platform. Specifically, percentages of
multimeric species in these other datasets were assessed in the same way as the yeast
dataset. As can be seen in Table 1, although commonly observed, the percentages of
heteromeric features did not exceed 4.9% of all biological features in any of the presented
data sets. This suggests that most of the complexity obtained in LC-MS mass spectra is
usually not caused by excessive multimeric adduct formation of biological analytes.

Table 1 Detected features and PCC-groups

Dataset - Separation

principle Biological metabolites' Homomers? Heteromers?
Pichia pastoris - HILIC 923 /332 55.3023/41'0.2% 11.‘5‘02 I 30
Pichia pastoris - RPC 627 /288 42.2021/75’.90/0 05402 1 0.8%
Triticum aestivum - RPC 2354 | 590 ;_72(1/2 %'6_ % 1_19% ?(1)'5_2%
Rpgm Sraminearim = 1519 /554 o) 31% 0 59% 1 1.4%
Rpg e reesel= 1856779 giﬁ/oz Ta2% 879{%1 T10%

Number of biological features and metabolites and multimers detected in different datasets. 1...
numbers stated as: number of metabolite features / number of metabolites, 2... numbers stated as:
number of features / number of PCC-groups, percent relative to the total number of metabolite features
/ percent relative to the total number of metabolites

Finally, we assessed whether heteroadducts identified in the presented yeast data set have
been observed in publicly available LC-MS data deposited at the MassIVE repository. Using
MassQL we assessed whether mz values of the annotated heteroadducts appeared within the
same MS1 scan as their associated monomers (as listed in Table S4) in at least 4 consecutive
MS1 scans of the same polarity. After manual curation, we concluded that there was sufficient
evidence suggesting that 4 of the heteromers identified in our data set were also present in
data sets produced by other labs analyzing samples originating from organisms such as
escherichia coli, marine plankton, caenorhabditis elegans, and rattus norvegicus. A full table
including all heteromers detected in MassIVE as well as links to interactive extracted ion
chromatograms (as facilitated by GNPS Dashboard) of these hits is given in Table 2. Notably
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2 of the 4 public datasets in which heteromers were discovered applied HILIC. This is notable
as according to REDU [28] less than 2% of MassIVE datasets applied HILIC, while most used
RPC. As we found significantly more multimeric species on HILIC as compared to RPC in our
yeast datasets, this further supports the hypothesis that HILIC seems to be more prone to
heteromultimer formation.

Moreover, it is worth reporting that we also conducted a MASST search of MS2 spectra
generated for the heteroadducts detected in the yeast data, which attempts to find these MS2
spectra within the raw data deposited on MassIVE. However, this search did not return any
results, which supports our previous statement, that heteromers rarely trigger MS2 scans due
to their low abundance, with state-of-the-art MS2-acquisition strategies.

Table 2 Heterodimers found in public datasets

Database/ Separation Extracted ion GNPS

Monomer 1 Monomer 2 Accession ID Organism principle Reference chromatograms  Dashboard link
| | | | | | | ) | |
. Aspartyl- MetaboLights/ : il .
4-Oxoproline Threonine MTBLS464 E. coli HILIC [29] ] Detailed EICs

Uridine
N-Acetyl- MassIVE/ .
aspartic acid hma(igophosp MSV000086399 C. elegans RPC - Detailed EICs
Dihydroxypr . [
. . MetaboLights/ : i .
Arabitol gg;nom MTBLS464 E. coli HILIC [29] i ‘ Detailed EICs
. Threoninyl-  MassIVE/ R. .
Proline Aspartate  MSV000083073 norvegicus N C - S Detailed EICs
. Metabolomics/
Proline Hi?;?gl Workbench Plgm'on HILIC 30] Detailed EICs
P ST001514 P

3.6.3 Data availability and deposition of MS2 scans in GNPS library

To help other researchers in avoiding misidentification of multimeric adducts in their own
datasets, we submitted the acquired MS2 spectra for annotated multimeric adducts for which
we were able to annotate the associated monomers in the GNPS public MS2 library.
Moreover, raw data (MS1 and MS2) were released to MassIVE (Dataset ID: MSVY000089018)

4. Conclusions

We have developed a workflow to recognize multimeric molecular species in metabolomics
data. While the implementation of the presented method is limited by the availability of fully
13C labeled organisms several important findings are of interest for non-targeted
metabolomics studies in general. First, we found that for four different data sets of different
complexity, the number of heteroadducts did not exceed 5% of all detectable biological
features. We also observed results suggesting that HILIC is more prone to heteromer
formation than RPC. Moreover, we showed that heteroadducts are generally observed to be
less abundant than the median of metabolite peaks. Still, continuous progress in MS2-
acquisition coverage will likely increase the frequency in which multimer-MS2 spectra are
observed in metabolomics data.


https://gnps-lcms.ucsd.edu/?xic_mz=362.1206%3B+128.0354%3B+233.078&xic_formula=&xic_peptide=&xic_tolerance=0.5&xic_ppm_tolerance=20&xic_tolerance_unit=ppm&xic_rt_window=8.9+-+10.5&xic_norm=False&xic_file_grouping=FILE&xic_integration_type=AUC&show_ms2_markers=True&ms2marker_color=blue&ms2marker_size=5&ms2_identifier=MS1%3A812&show_lcms_2nd_map=False&map_plot_zoom=%7B%7D&polarity_filtering=None&polarity_filtering2=None&tic_option=TIC&overlay_usi=None&overlay_mz=row+m%2Fz&overlay_rt=row+retention+time&overlay_color=&overlay_size=&overlay_hover=&overlay_filter_column=&overlay_filter_value=&feature_finding_type=Off&feature_finding_ppm=10&feature_finding_noise=10000&feature_finding_min_peak_rt=0.05&feature_finding_max_peak_rt=1.5&feature_finding_rt_tolerance=0.3&massql_statement=QUERY+scaninfo%28MS2DATA%29&sychronization_session_id=067b69c84ea6497385127ca8f3cba898&chromatogram_options=%5B%5D&comment=&map_plot_color_scale=Hot_r&map_plot_quantization_level=Medium&plot_theme=plotly_white#%7B%22usi%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000082782/ccms_peak/raw/MTBLS464/NDR_T0_3f.mzXML%22%2C%20%22usi_select%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000082782/ccms_peak/raw/MTBLS464/NDR_T0_3f.mzXML%22%2C%20%22usi2%22%3A%20%22%22%7D
https://gnps-lcms.ucsd.edu/?xic_mz=498.077%3B+174.0409%3B+323.0288&xic_formula=&xic_peptide=&xic_tolerance=0.5&xic_ppm_tolerance=20&xic_tolerance_unit=ppm&xic_rt_window=1.08&xic_norm=False&xic_file_grouping=FILE&xic_integration_type=AUC&show_ms2_markers=False&ms2marker_color=blue&ms2marker_size=5&ms2_identifier=MS2%3A83&show_lcms_2nd_map=False&map_plot_zoom=%7B%7D&polarity_filtering=None&polarity_filtering2=None&tic_option=TIC&overlay_usi=None&overlay_mz=row+m%2Fz&overlay_rt=row+retention+time&overlay_color=&overlay_size=&overlay_hover=&overlay_filter_column=&overlay_filter_value=&feature_finding_type=Off&feature_finding_ppm=10&feature_finding_noise=10000&feature_finding_min_peak_rt=0.05&feature_finding_max_peak_rt=1.5&feature_finding_rt_tolerance=0.3&massql_statement=QUERY+scaninfo%28MS2DATA%29&sychronization_session_id=f4307832454b43da839eb9525fcfa51a&chromatogram_options=%5B%5D&comment=&map_plot_color_scale=Hot_r&map_plot_quantization_level=Medium&plot_theme=plotly_white#%7B%22usi%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000086399/ccms_peak/20200829_07.mzML%22%2C%20%22usi_select%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000086399/ccms_peak/20200829_07.mzML%22%2C%20%22usi2%22%3A%20%22%22%7D
https://gnps-lcms.ucsd.edu/?xic_mz=257.0882%3B+151.0612%3B+105.0194&xic_formula=&xic_peptide=&xic_tolerance=0.5&xic_ppm_tolerance=20&xic_tolerance_unit=ppm&xic_rt_window=8.7&xic_norm=False&xic_file_grouping=FILE&xic_integration_type=AUC&show_ms2_markers=False&ms2marker_color=blue&ms2marker_size=5&ms2_identifier=MS1%3A754&show_lcms_2nd_map=False&map_plot_zoom=%7B%7D&polarity_filtering=None&polarity_filtering2=None&tic_option=TIC&overlay_usi=None&overlay_mz=row+m%2Fz&overlay_rt=row+retention+time&overlay_color=&overlay_size=&overlay_hover=&overlay_filter_column=&overlay_filter_value=&feature_finding_type=Off&feature_finding_ppm=10&feature_finding_noise=10000&feature_finding_min_peak_rt=0.05&feature_finding_max_peak_rt=1.5&feature_finding_rt_tolerance=0.3&massql_statement=QUERY+scaninfo%28MS2DATA%29&sychronization_session_id=7d3e0100a8db4019ae3bf34a82ca1cd8&chromatogram_options=%5B%5D&comment=&map_plot_color_scale=Hot_r&map_plot_quantization_level=Medium&plot_theme=plotly_white#%7B%22usi%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000082782/ccms_peak/raw/MTBLS464/NDR_T0_3f.mzXML%22%2C%20%22usi_select%22%3A%20%22mzspec%3AGNPS%3ATASK-9a93ccb49b264c779d3aa2597f958789-f.mwang87/data/Metabolomics/MassQL/repo_data_qexactive/MSV000082782/ccms_peak/raw/MTBLS464/NDR_T0_3f.mzXML%22%2C%20%22usi2%22%3A%20%22%22%7D
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This is supported by the fact that we were able to find convincing evidence that heteroadducts
identified in this study are also present in public datasets produced by other labs from the
analysis of other biological extracts. As we do not expect our workflow to be routinely
employable due to the limited availability of fully 13C labeled sample material, we compiled an
MS2 library of the detected heteroadducts. This library can be readily used in future non-
targeted metabolomics studies by other groups.
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Figure 2 Individual steps of the workflow. (a) Yeast culture extracts were obtained from
Isotopic Solutions. (b) 12C13C mixes and controls were analyzed via RPC and HILIC using
MS1 and MS2. (c) Biological metabolites were detected as 12C13C pairs. (d) Multimers were
detected via characteristic patterns within (see Figure 1) across samples. (€) Monomers were
associated with multimers via mz.unity and RT matching to analytical standards. (f) Monomers
were annotated via MS2 library searches, RT matching to analytical standards, and in-silico
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inspected via the GNPS dashboard. (h) MS2 spectra of detected multimers were deposited in
the GNPS library for public use.
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Figure 6 Extracted ion chromatograms for all annotated heteromers and their
associated monomers. For RPC retention times the time of the sample injection on the
chromatographic system was set to 0.
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