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M Check for updates

ass spectrometry, specifically

liquid chromatography-tan-

dem mass spectrometry (LC-

MS/MS), stands at the forefront

of metabolomic, pharmaceuti-
caland clinical analyses, offering high sensitiv-
ity and specificity in detecting metabolites and
other small molecules within biological sam-
ples. Yet, this powerful technique has unveiled
a puzzling abundance of unidentified spec-
tral features, coined the ‘dark metabolome™?,
which starkly contrasts with the known meta-
bolic diversity. While humans are known to
host approximately 20,000 protein encoding
genes**, with only a subset of these express-
ing enzymes, the presumed chemical diversity
indicated by LC-MS/MS suggests hundreds of
thousands to millions of metabolites remain
to be characterized’. This discrepancy raises
acrucial point: might there be atechnological
explanationinflating the perceived complexity
instead of abiological one?

The central dogma of biology describes the
relationand information flow between the dif-
ferent omic layers from genome to transcrip-
tome to proteome to metabolome, with the
genome being the master code imprinted in
any living system at its conception®. The code
linking the first three layersis rather straight-
forward, with three nucleotides encoding one
aminoacid. However, such an encryption with
the metabolomeisyettoberevealed. This fact,
combined with vast arrays of unannotated LC—-
MS/MS data, are two of the main reasons that
the metabolome (being the entirety of small
molecules within abiological system) cannot
yetbe defined. Current estimates suggest that
less than 2% of observed LC-MS/MS spectra
can be annotated, pointing to a potentially
broad spectrum of unknown compounds?.

The vast number of modern metabolomics
studies (>90%) are conducted by LC-MS/MS
analysis applying electrospray ionisation (ESI)
as a so-called soft ionisation process. Fol-
lowing ionisation in the ESI source, charged
molecules are sent into a collision cell and
fragmented for structural characterization
(Fig. 1). This process is ideally repeated for
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Fig.1| ESIISF and its broad impact on mass spectrometry data analysis. a, ISF isacommon phenomenon
that that occursin the ESIsource and has been investigated here across the METLIN MS/MS database of
931,000 molecular standards. b, The analysis reveals that widespread ISF (exceeding 70%) is responsible
for most of the ESI peaks (also known as features), instead of molecular ions. ¢, This result indicates that the
metabolomeisin fact simpler than previously thought and that the ‘dark metabolome’is largely made up of

fragmentions generated during ESI.

all (charged) analytes of a sample. However,
our laboratories (and others (ref. 7)) have
observed and applied a phenomenon called
in-source fragmentation (ISF)®°. ISF relates
to the fragmentation of analytes during the
initialionisation process within the ESIsource
and hence before the collision cell. ISF basi-
cally generates a forest from a tree, in other
words a single analyte can be presented as a
molecular ion and one or many fragments.
The employed mass analyser will blindly iso-
late and fragment (again) whatever is being
sent into the collision cell. Given this fact, it
appeared plausible to us that ISF might par-
tially beresponsible for the dark metabolome.

To test our hypothesis, we examined the
METLIN MS/MS database. METLIN consists
0f 931,000 molecular standards representing
over 350 chemical classes. For the purposes
of this study, METLIN data was mined at OeV,

an energy designed to simulate the absence
of collision-induced dissociation. To retrieve
ISF fromthe METLIN database, we queried all
MS/MS data giving peak intensities >5%, with
the charge setting being positive or negative
or both, and the collision energy set to OeV.
The obtained hits were collected and summed
up. A python script was used to perform this
data analysis from all 931,000 molecules in
METLIN. The analysis revealed that ISF could
account for over 70% of the peaks observedin
typical LC-MS/MS metabolomic datasets. Fur-
ther tothis, wereviewed data from fragmenta-
tion across different instrument platforms'
and found that, generally, ISF accounts for
greater than 70% of the peaks observed, and
insome instances this value was even greater
(depending on the instrument).

This finding disrupts the prevailing assump-
tionthat the majority of peaksin mass spectra
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correspond to unique metabolites. Instead,
it suggests that the spectra may be signifi-
cantly populated by fragment ions gener-
ated during the ionisation process, before
any collision-induced dissociation. Such
fragments, if not recognized as such, could
be misclassified as distinct molecular entities,
thusartificially expanding the metabolome’s
perceived complexity.

This insight challenges traditional MS/MS
spectral interpretations that define any uni-
dentified MS/MS spectrum as unknown (for
example, the ‘dark metabolome’). Moreover,
the fact that several ‘unknown’ features will
become intrinsically correlated potentially
impacts statistical analysis. Our finding sheds
anentirely different light on the potential size of
the dark metabolome and questionsifatechno-
logical rather than abiochemical phenomenon
explains the overabundance of unknown meta-
bolic space. Moreover, as LC-MS/MS data are
alsoinstrumental to metabolic networking and
related computational approaches, our finding
questions the outcomes of such methodsona
broadbiological scale. And while there remains
asignificant number of metabolites thatareyet
undiscovered, it is imperative to re-evaluate

the prevalent utilization and interpretation of
LC-MS/MSinlight of these insights. Neverthe-
less, our findings suggest anotable positive out-
come: themetabolome appearstobedistinctly
more defined than earlier assumptions indi-
cated. This clarity brings the possibility of fully
understanding the metabolome within closer
reach than we have previously envisioned.

Code availability
The python code to analyse the METLIN library
isavailable at https://metlin.scripps.edu/.
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	Fig. 1 ESI ISF and its broad impact on mass spectrometry data analysis.




