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a b s t r a c t

Liquid chromatography-mass spectrometry (LC-MS) is, due to its high sensitivity and selectivity,
currently the method of choice in (bio)analytical studies involving the (comprehensive) profiling of
metabolites in body fluids. However, as closely related isomers are often hard to distinguish on the basis
of LC-MS(MS) and identification is often dependent on the availability of reference standards, the
identification of the chemical structures of detected mass spectral features remains the primary limi-
tation. Infrared ion spectroscopy (IRIS) aids identification of MS-detected ions by providing an infrared
(IR) spectrum containing structural information for a detected MS-feature. Moreover, IR spectra can be
routinely and reliably predicted for many types of molecular structures using quantum-chemical cal-
culations, potentially avoiding the need for reference standards. In this work, we demonstrate a work-
flow for reference-free metabolite identification that combines experiments based on high-pressure
liquid chromatography (HPLC), MS and IRIS with quantum-chemical calculations that efficiently generate
IR spectra and give the potential to enable reference-standard free metabolite identification. Additionally,
a scoring procedure is employed which shows the potential for automated structure assignment of
unknowns. Via a simple, illustrative example where we identify lysine in the plasma of a hyperlysinemia
patient, we show that this approach allows the efficient assignment of a database-derived molecular
structure to an unknown.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Due to its ultra-high sensitivity and selectivity, mass spec-
trometry (MS), often combined with separation techniques such as
liquid chromatography (LC), gas chromatography (GC) or capillary
electrophoresis (CE), is currently the method of choice for the
analysis of low-abundance compounds in samples of biological
origin [1]. Although the number of compounds that can be detected
from a sample in a single MS experiment is unmatched by alter-
native analytical techniques, the identification of the detected
molecular features on the basis of their (exact) mass and retention
time information often remains a significant challenge [2,3]. While

several modern MS platforms provide sufficient resolving power to
assign a unique chemical formula to each detected molecular
feature, the subsequent assignment of a full molecular structure is
not straightforward. Frequently, a tandemMS (MS/MS) experiment,
most often collision-induced dissociation (CID), is used to generate
the fragmentation mass spectrum of an unidentified molecular
feature of interest and can be compared to databases of known
fragmentation spectra measured from reference standards. How-
ever, in an untargeted analytical workflow it is often the case that
many of the detected molecular features have never been previ-
ously identified and are therefore by definition not present in any
available database. In that case, the structure of the unknown has to
be inferred from the (fragmentation) mass data directly. As the gas-
phase ion chemistry determining the fragmentation behavior of
ions in an MS experiment is difficult to predict with certainty,* Corresponding author.
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deriving molecular structure on this basis is highly challenging and
is an insufficient basis for reliable identification. Therefore, identi-
fication based on LC-MS often results in ambiguously or partially
resolved structures and alternative techniques, such as nuclear
magnetic resonance (NMR) spectroscopy that often require exten-
sive chromatography-based purification steps, are needed to
confidently resolve full molecular structures.

An alternativeMS-based structural characterization technique is
infrared ion spectroscopy (IRIS), which generates IR spectra for
mass-selected ions. As an IR spectrum often contains a plethora of
information related to molecular structure, IRIS is now frequently
used for the characterization of structures and conformations of
gas-phase ions in MS studies [4e14]. As IRIS is able to provide an IR
spectrum for essentially any ion detected in an ion trap mass
spectrometer, the potential to become a powerful technique for the
structural identification of detected features in analytical MS
workflows is currently being realized [15-17,23]. Several recent
studies from our group have demonstrated this potential by high-
lighting the IRIS-based identification of metabolites from body
fluids with and without the use of LC [18-20]. Cryogenic IR tech-
niques employing tagging experiments are as well being recog-
nized as potentially interesting for small molecule identification
[15,21-23]. While these techniques provide higher resolution IR
spectra, the home-built cryogenic MS instrumentation currently
needed for these experiments lacks the sensitivity and efficiency
needed to probe low-abundance metabolites in biological samples.

One of the intrinsic advantages of metabolite identification us-
ing IRIS lies in the fact that IR spectra of gas-phase species, in
contrast to CID fragmentation patterns, can be routinely and reli-
ably predicted for many types of molecular structures using
quantum-chemical calculations. This offers the opportunity to
screen a large number of candidate molecular structures by
matching an experimental IR spectrum to computed IR spectra of
the candidates, without the need for time-consuming and expen-
sive synthesis of reference standards. Although this strategy has
great potential, spectral matching to computational spectra of
candidate structures is not always conclusive, especially when
identifying larger molecules. This is predominantly related to the
larger conformational phase space and potentially overlapping IR
bands, which can lead to spectral broadening. However, as IRIS can
effectively be performed on any ion population generated in MS, IR
spectra can also be obtained for the MS/MS generated fragments of
an unknown. CID fragments are often smaller and more rigid
structures with lower conformational flexibility as compared to
their precursor ions, especially when cyclization rearrangements
accompany fragmentation, which often makes their IR spectra
sharper and simpler to interpret [20]. Thus, the structural identi-
fication of fragment ions can both add confidence to the assign-
ment of a precursor structure and, in the case that the molecular
formula of interest is not present in databases, aid in bottom-up
structure elucidation.

In this work, we demonstrate an approach to small-molecule
identification which involves the separation of complex mixtures
using high-pressure liquid chromatography (HPLC) and the sub-
sequent analysis using (tandem) MS and IRIS on both a precursor
and one of its fragment ions. We demonstrate that using the
combination of IRIS and quantum-chemically predicted IR spectra
of candidate molecular structures, detected features can be iden-
tified without the use of reference standards. Candidate structures
can be gathered from databases of known molecules, or more
specifically metabolites, such as the Human Metabolome Database
(HMDB) [24-27], METLIN [28] or ChemSpider [29], which often
leads to a large set of isomeric molecular structures. By comparing
the IR spectrum of an unknown molecular feature to the predicted
IR spectra of a large set of candidate structures, there is additionally

the potential to extract molecular structure information even in
cases when the exact molecular structure is not present in the set of
candidate structures. The correlation of matching and mismatching
IR spectral features between an IR spectrum of an unknown and
predicted IR spectra of candidate structures provides suggestions
towards the presence/absence of specific functional groups.

As a simple illustrative example, we focus in this work on the
identification of lysine in plasma from a patient with an inborn
error of lysine metabolism. In the field of inborn errors of meta-
bolism (IEMs), including in our own laboratory [30], untargeted
metabolomics strategies are now routinely used in order to
discover new metabolic biomarkers whose deviating levels in
comparison to controls indicate the presence of both known
(clinical diagnostics) and yet unknown IEMs. Reliable identification
of these known metabolites as well as detected but unidentified
molecular features is crucial for their incorporation in newborn
screening programs and for a pathophysiological understanding of
these diseases. As these untargeted screening methods are often
based on LC-MS, molecular structure identification forms one of the
main bottlenecks in these strategies.

The fragmentation chemistry of peptides and their amino acid
building blocks, including lysine, has been extensively studied
previously, providing a firm foundation for a validation of the
workflow. Protonated lysine at m/z 147 is known to fragment
mainly via loss of ammonia, resulting in a fragment at m/z 130 [31-
33]. This fragment has been suggested to be L-pipecolic acid, which
is also biochemically one of the downstream metabolites of lysine
[34]. Moreover, gas-phase IR spectra of protonated lysine have
previously been recorded and compared to predicted IR spectra
[35-37], which revealed that the preferred protonation site is the
ε-amino nitrogen, resulting in two hydrogen bonds with the a-
amino nitrogen and the carbonyl-group.

2. Methods

2.1. Chemicals

Methanol, ethanol, water and formic acid (LC-MS grade) used
during the sample preparation procedure was obtained from
Sigma-Aldrich (St. Louis, USA). Mobile-phase solvents were pre-
pared with LC-MS grade water and methanol obtained from Merck
(Darmstadt, Germany). LC-MS grade formic acid and ammonium
formate were obtained from VWR International (Leuven, Belgium)
and Fisher Scientific (Geel, Belgium), respectively. L-Lysine and L-
pipecolic acid reference standards were obtained from Sigma-
Aldrich (St. Louis, USA).

2.2. Sample preparation

The concentration of lysine in the plasma sample was deter-
mined via a standard amino acid quantitation method in our lab
which is based on ion-exchange chromatography and ninhydrin
derivatization. For the other experiments, the plasma sample was
prepared following a procedure described previously [30]. The
sample, which was stored at �80 �C, was thawed at 4 C. 400 ml of
ice-cold methanol/ethanol 50:50 [v/v] was added to 100 ml of
plasma andmixedwith a vortexmixer for 15 s. Next, these dilutions
were incubated for 20min at 4 �C and subsequently centrifuged at
18600 g for 15min at 4 �C. 350 ml of the supernatant was trans-
ferred into new tubes and dried in a centrifugal vacuum evaporator
(Eppendorf). The sample was reconstituted in 100ml 0.1% formic
acid in deionised water/methanol 90:10 [v/v], mixed with a vortex
mixer for 15 s and centrifuged at 18600 g for 15min at room tem-
perature. 90 ml of the supernatant was transferred to an autosam-
pler vial and used for LC-MS analysis.
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2.3. Separations

LC separations were performed with a Bruker Elute SP HPLC
system consisting of a binary pump, cooled autosampler and col-
umn oven. The outlet of the column was coupled to a quadrupole
ion trap mass spectrometer (Bruker, AmaZon Speed ETD). The
separations were performed with a Waters Acquity amide column
(100� 2.1mm i.d., 1.7 mm particles, 130 Å pore size) held at 30 �C
using a mobile phase consisting of 10mM ammonium formate and
0.125% (v/v) formic acid in 95:5 (v/v) acetonitrile:water (mobile
phase A) and 50:50 (v/v) acetonitrile:water (mobile phase B). A
flow-rate of 0.5ml/min was used. After an initial time of 1min at
100% A, a gradient was run to 100% B in 10min followed by a hold at
100% B of 1min. An equilibration time of 8minwas used, leading to
a total analysis time of 21min. For initial experiments an injection-
volume of 4 ml was used. For the fraction collection experiments, an
injection-volume of 4 ml was used. The eluent was collected in two
96-well plates using a Foxy R2 fraction collector. The accurate mass
of all detected molecular features was determined with an Agilent
1290 ultra-high-performance (UHP) LC system connected to a
Agilent 6540 QTOF mass spectrometer as described elsewhere [30].

2.4. Infrared ion spectroscopy

IRIS experiments were performed in a quadrupole ion trap mass
spectrometer (Bruker, AmaZon Speed ETD) modified for spectros-
copy. Details of the hardware modifications and synchronisation of
the experiment with the infrared laser are described elsewhere
[38]. The collected fraction and solutions of reference compounds
(~10�7 M in 50:50 acetonitrile:water) were introduced at 80 ml/h
flow rates to the electrospray source (þESI). The ions of interest
were mass-isolated and subjected to IR analysis. IR spectra were
recorded using the FELIX infrared free electron laser, which was set
to produce IR radiation in the form of ~10 ms macropulses of
50e150mJ at a 10 Hz repetition rate (bandwidth ~0.4% of the centre
frequency).

When the laser is resonant with a vibrational transition of the
ions this leads to absorption of the IR photons, producing an in-
crease in the ions internal energy and eventually leading to
photodissociation. Thus, IR absorption can be observed by
recording a fragmentation MS spectrum. Plotting the amount of
fragmentation (IR yield¼SI(fragment ions)/SI(parent þ fragment
ions)) as a function of IR laser frequency produces an IR spectrum.
In our experiments, the yield at each point is typically calculated
from 4 to 8 averaged fragmentation mass spectra. The IR frequency
is calibrated using a grating spectrometer, and the IR yield is line-
arly corrected for frequency-dependent variations in the laser pulse
energy.

2.5. Computational procedure

The SMILES structure format [39,40] of selected HMDB entries
was used as starting 2D-structure for the workflow using the
cheminformatics toolbox RDKit [41] and all oxygen and nitrogen
atoms were considered as possible protonation sites. Some selected
HMDB entries contained an unspecified stereocentre. These centres
were randomly assigned to be R or S, as both would result in
enantiomeric structures having the same IR spectrum. A confor-
mation search was performed for each protonation isomer using a
distance geometry algorithm, which yielded 500 random 3D-con-
formations, which were minimized using a classical forcefield
(MMFF94) [42-47]. Of these 500 structures a maximum of 10
unique conformations was selected after clustering, or fewer if
conformations were too similar (as determined by a root means
squared deviation (RMSD) threshold of 1.4 Å) [48]. These

protonated 3D-conformations were then submitted to Gaussian 16
for geometry optimisations and frequency calculations using the
semi-empirical PM6 level [49]. By comparing the relative energies
(electronic and thermal) of the resulting optimised geometries,
unfavourable protonation sites and conformations were filtered by
using a relative energy cut-off of 40 kJ/mol. Additionally, similar
geometries were filtered based on (close to) identical calculated
frequencies and corresponding intensities. After these filtering
steps, the remaining structures were reoptimized using the B3LYP
density functional and 6-311þG(d,p) basis set and thereafter a
frequency calculation was performed. Harmonic vibrational fre-
quencies were scaled by 0.975. To aid comparison to experimental
spectra, Gaussian broadening (20 cm�1 at full width half
maximum)was applied to the calculated vibrational lines. To obtain
reliable energies the thermal energy of the frequency calculation
was combined with the Møller-Plesset second order correction to
the Hartree Fock electronic energy, again using the 6-311þG(d,p)
basis set.

For the comparison of computational spectra to the experi-
mental spectrum only the lowest energy protonated structures
were considered. An objective score for spectral similarity is ob-
tained by employing the cosine similarity score, which expresses
the similarity S between two spectra A and B by their normalized
Euclidean dot product according to:

S¼ cosðqÞ ¼ A,B
jAjjBj ¼

Pn
i¼1AiBiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1A
2
i

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1B

2
i

q

Here a score closer to 1 indicates greater similarity. The intensity
values of the computational spectra are evaluated at the same
wavenumber points as the experimental spectrum, in order to
ensure a common x-axis. The above equation is slightly modified to
make the similarity S less sensitive to intensity deviations and thus
more sensitive to frequency overlap [50]. This is achieved by scaling
both the experimental and computational spectra to 1 and then
taking the logarithm:

Atransformed
i ¼ log

�
Ai

Amax
þ c

�

where c is a constant that is identical for both A and B. The value of c
determines the extent to which deviations in peak intensity are
allowed, andwas set to the value of 10�8, as this gave the best result
for a small set of test experimental and computational spectra.

3. Results & discussion

Hyperlysinemia is an autosomal recessive inborn error of lysine
metabolism which leads to high lysine levels in plasma (quantified
in the sample used in this study at 1177 mM, see method section). In
a previous proof-of-principle experiment, the IR spectrum of a
targeted metabolite was recorded via direct injection of the diluted
plasma sample [18]. However, in many cases this approach is not
feasible when analysing body fluids due to ion suppression effects,
the presence of other isobaric metabolites and reduced overall
sensitivity. Therefore, separation of the body fluid samples using
HPLC before the IRIS measurements is employed here. Using
collected LC fractions containing the molecular feature of interest,
IRIS measurements are conducted by direct infusion electrospray
ionization (ESI). Although reversed-phase liquid chromatography
(RPLC) is the most common HPLC technique, very polar metabo-
lites, including lysine, are poorly retained. Therefore, hydrophilic
interaction liquid chromatography (HILIC) was used instead,
retaining highly polar compounds while still maintaining goodMS-
compatibility.
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Panel (a) of Fig. 1 shows the total ion chromatogram (TIC) and
extracted ion chromatogram (EIC) of m/z 147 measured during the
separation of a hyperlysinemia plasma sample as compared to the
chromatograms resulting from the separation of a control plasma
sample. It can be seen that both samples contain anm/z 147 ion that

elutes between 8.0 and 8.5min but the levels in the hyperlysinemia
sample are significantly elevated as compared to the control sam-
ple. In order to obtain structural information about them/z 147 ion,
the fraction of eluent containing the feature of interest was
collected and injected into the MS instrument at a lower flow rate,

Fig. 1. Overview of experimental results. (a) Total ion chromatograms (TIC) (black and grey traces) and extracted ion chromatograms (EIC) of m/z 147 (blue and orange traces)
resulting from the separation of the patient and control plasma sample. The dashed vertical lines indicate the collected fraction of eluent. (b) MS spectrum of the collected fraction.
The observedm/z 147 ion is isolated and its IR spectrum measured using IRIS, resulting in the spectrum shown in panel (c). Alternatively, the isolatedm/z 147 ion is fragmented first
using CID, resulting in the MS/MS spectrum shown in panel (d). The observedm/z 130 fragment is isolated and its IR spectrum measured using IRIS, giving the IR spectrum shown in
panel (e).
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to accommodate for the longer time needed to acquire an IR
spectrum (1 ml min�1 vs. 400 ml min�1). The m/z 147 ion was
observed (see panel (b)), isolated, and subjected to IR spectroscopy
measurements, resulting in the IR spectrum shown in panel (c).
Additionally, the m/z 147 ion was fragmented using collision
induced dissociation (CID), giving the fragmentation spectrum
shown in panel (d). Them/z 147 ion fragments mainly via the loss of
ammonia (�17) resulting in a fragment with m/z 130, which is in
agreement with the fragmentation of lysine studied in previous
work [31-33]. The fragment is re-isolated and its IR spectrum
measured, yielding the IR spectrum shown in panel (e). The spectra
of the precursor and fragment ion show a relatively high degree of
similarity, which is to be expected as they continue to share several
functional groups after the small neutral loss of ammonia. How-
ever, the spectrum of the fragment ion shows sharper, better
defined IR bands in comparison to the precursor spectrum. This is
likely related to the reduced conformational flexibility and the
presence of fewer hydrogen bonds, as will be discussed further
below.

The IR spectra shown in Fig. 1 both show a band just below
1800 cm�1, consistent with the presence of a carboxylic acid C¼O
group. The band just below 1600 cm�1 is consistent with the
presence of an NH2-group. A common approach to generate a list of
candidate structures in studies that use (high resolution) mass
spectrometry for small molecule identification is to search the
molecular formula of the observed ion against a database con-
taining known or hypothesized candidate molecules. This
approach, however, often generates several isomeric candidate

structures. For instance, running the molecular formula of lysine
(C6H14N2O2) against the human metabolome database (HMDB)
results in three different candidate structures, which are shown in
Fig. 2. All three candidate structures share the functional groups
indicated by the IR spectrum in panel (c) of Fig. 1, which would in
this case make selection from those candidate structures on this
basis impossible.

Quantum-chemical calculations, here based on density func-
tional theory (DFT) at the B3LYP/6-311þG(d,p) level, were used to
obtain the optimised structures and IR spectra of the candidate
structures for C6H14N2O2 presented in Fig. 2. All tautomeric forms
resulting from multiple possible protonation sites and different
conformations of the same molecular system have been consid-
ered. However, in the comparisons of the computational IR spectra
to the experimental spectra, only the most energetically favourable
structures for each HMDB entry are presented (see methods section
for details). In this comparison we employ a scoring algorithm
which aids in identifying the best matching computational spec-
trum. This algorithm calculates the cosine similarity of a computed
spectrum and the experimental spectrum, after logarithmic trans-
formation of both spectra to make the score more sensitive to
frequency overlap and less sensitive to intensity deviations [50].
The similarity scores allow for automatic exclusion of structures
with poorly matching predicted spectra. The remaining structures
with closely matching spectra can then be manually inspected.

Fig. 2 contains the comparisons of the computed IR spectra of
the three candidate structures derived from the HMDB to the
experimental IR spectrum of the m/z 147 feature with the scores

Fig. 2. Experimental IR spectrum recorded for the unknownm/z 147 ion (shaded orange spectra) in comparison to predicted IR spectra for (a) protonated L-b-lysine, (b) L-lysine and
(c) (3S,5S)-3,5-diaminohexanoic acid (black traces). Input structures and the conformations resulting from the quantum-chemical calculations are inlayed in each panel.
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obtained from the automated scoring procedure inlayed in each
panel. All three predicted spectra give a relatively similar score as
the molecular structures are very similar. The inlayed 3-
dimensional structures show several strong hydrogen bonds,
possibly explaining the fact that bands in the experimental spec-
trum are relatively broad [20]. The assignment of the molecular
structure is therefore challenging in this case. A direct visual in-
spection suggests that the predicted spectra in panel (a) and (b)
give a better match with experiment than the predicted spectrum
in panel (c). For instance, the predicted spectrum in panel (c) shows
three intense bands around 1273,1358 and 1484 cm�1 that coincide
with dips in the experimental IR spectrum, whereas the predicted
spectra in panels (a) and (b) show a better match in this region.
However, a distinction between L-lysine and L-b-lysine is difficult

and relying on the relative scores would even lead to the assign-
ment of the incorrect structure, L-b-lysine. It should be noted that
the assignment is partly impeded by the significant broadening of
the experimental spectrum. This broadening can be explained by
the predicted three-dimensional structure of L-lysine inlayed in
panel (b) of Fig. 2, which shows strong hydrogen bonding, including
a shared proton between the two amino groups.

We next aimed at assigning the molecular structure of the m/z
130 fragment generated by CID from m/z 147. In order to obtain
possible candidate structures for the m/z 130 ion, we performed a
similar search of the HMDB using the molecular formula of the m/z
130 fragment ion, which is obtained by expulsion of a neutral
ammonia molecule from the precursor ion. In general, the use of a
more general database such as ChemSpider would be a better

Fig. 3. Experimental IR spectrum recorded for the m/z 130 CID fragment (shaded green) compared to predicted IR spectra for protonated (a) pipecolic acid, (b) cycloleucine, (c) N-
methyl-L-proline, (d) 2-pyrrolidineacetic acid and (e) vigabatrin (black traces). Input structures and the conformations resulting from the quantum-chemical calculations are inlayed
in each panel.
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choice to search for candidate structures for CID fragment ions of
metabolites, but for the demonstrative purpose of the current study
we restricted ourselves to the molecular entries in the HMDB.
Searching C6H11NO2 against the HMDB results in nine isomeric
candidate structures. We applied the same procedure as described
above to obtain their predicted IR spectra and a comparison be-
tween the computed IR spectra of five of the candidate structures,
including the highest and lowest scoring structure, to the experi-
mental spectrum of the m/z 130 fragment is shown in Fig. 3. The
remaining structures and their predicted IR spectra are shown in
Fig. S1. The three highest scoring structures are all cyclic structures
having a carboxylic acid group (COOH) directly connected to one of
the ring-carbons. This carboxylic acid group gives rise to a C¼O
stretching feature just below 1800 cm�1 which, as is seen in Fig. 3,
corresponds well to one of the observed IR bands of them/z 130 ion.
On the other hand, Fig. S1 shows that the lower scoring IR spectra
all show amismatch in this regionwhich is due to the fact that their
corresponding structures contain a C¼O group that is either con-
nectedmore remotely to one of the ring-carbons or to the nitrogen-
atom of the ring. The predicted spectra shown in panels (a) and (b)
both contain a band that explains the observed band around
1600 cm�1. This band is related to a vibration of the positively
charged NH3- or NH2-group, and is missing in the predicted spec-
trum in panel (c), because the corresponding structure is N-func-
tionalized. Finally, both by considering the matching scores of the
remaining candidates in panels (a) and (b) and by visual inspection,
we can clearly assign the m/z 130 feature as protonated pipecolic
acid.

Next, the knowledge on the structure of the fragment ion can be
used to identify the precursor structure by considering the possible

gas-phase fragmentation chemistry that would lead to the identi-
fied fragment structure. Noting that the computational procedure
above was unable to distinguish between two possible candidate
structures for them/z 147 precursor ion, we can nowcheckwhich of
these structures is likely to yield the pipecolic acid structure upon
CID. Fig. 4 shows possible mechanisms for the loss of ammonia
from the candidate m/z 147 structures. Fragmentation could obvi-
ously also occur via nucleophilic attack of the ε-amino-group but
this would lead to the same fragment structures (see Fig. S2).
Isotope-labelling experiments on lysine fragmentation have pro-
vided evidence for the formation of pipecolic acid via loss of the
ε-amino group (shown in Fig. 4) [51]. Analogous experiments in our
lab confirmed this conclusion (see Fig. S3). The fragmentation
mechanisms in Fig. 4 suggest that L-lysine (panel (b)) fragments to
L-pipecolic acid, while L-b-lysine would be expected to yield 2-
pyrrolidineacetic acid due to the different relative positions of the
amino-groups. Therefore, by combining the information derived
from the comparisonwith computed IR spectra with knowledge on
gas-phase ion chemistry we could identify the m/z 147 feature as
being L-lysine, which fragments to L-pipecolic acid.

In order to verify the conclusions, we obtained reference stan-
dards for L-lysine and L-pipecolic acid and acquired reference IRIS
spectra of their protonated ions. Fig. 5 shows an overlay of these
reference spectra and the spectra of them/z 147 ion measured from
plasma (a) and its m/z 130 fragment (b). The spectra show an
excellent overlap, showing lysine as the m/z 147 ion and pipecolic
acid as its main fragment. The L-lysine reference standard was also
subjected to CID and an IR spectrum was obtained for its m/z 130
fragment. This spectrum also overlaps favourably with the pipecolic
acid reference spectrum (see Fig. S4), confirming the identity of the
L-lysine fragment proposed in literature [31-33]. An IR spectrum
was further obtained for a-15N-labelled lysine and its labelled
pipecolic acid fragment, where the labelling was found to produce
no significant spectral differences (see Fig. S5). We note that the
IRIS spectrum of protonated lysine presented here is very similar to
that published previously [36] and the calculated 3D-conformation
assigned here (see Fig. 2) is also in agreement with that study.
Additionally, the other low-energy tautomers and conformations
that were reported, including the lysine zwitterion, were also found
by the computations performed here with similar relative energies.

4. Conclusions

We demonstrate the potential for a comprehensive workflow
based on HPLC, MS, IRIS and quantum-chemical calculations to aid
in the identification of detected molecular features, possibly

Fig. 4. Proposed mechanisms for the gas-phase deamination reaction of (a) protonated
L-b-lysine and (b) protonated L-lysine via loss of ammonia, leading to a fragment of m/z
130.

Fig. 5. Experimental IR spectra recorded for (a) the m/z 147 ion measured from plasma (shaded orange spectrum) and (b) its m/z 130 fragment (shaded green spectrum), in
comparison with reference spectra recorded for protonated L-lysine and protonated L-pipecolic acid (black traces), respectively.
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without the need for reference standards. The workflow presented
here was specifically tailored for the identification of polar analytes
in plasma samples, but can be adapted to identify any other small
molecule that can be detected by HPLC-MS based analytical
workflows. Currently, our lab employs several RPLC- and HILIC-
based chromatography methods in order to identify metabolites
in urine, blood plasma and cerebrospinal fluid. In the current work,
we demonstrated that identifying MS/MS fragments of a precursor
ion of interest can aid the identification of the precursor structure
by looking back at the gas-phase fragmentation reactions that
would lead to the fragment ion structure. Here, we focused on the
identification of one fragment but, naturally, the procedure can be
extended to multiple CID fragments as well for bottom-up struc-
tural identification. As well, we demonstrate that combining
quantum-chemical calculations on database-derived structures
with a scoring procedure leads to an efficient interpretation of
experimental IRIS spectra. In an ongoing effort we are working
towards optimizing the scoring procedure to provide a more
confident and automatic assignment of candidate structures. Here,
we focussed on the HMDB but we envision that using other data-
bases such as METLIN [28] or ChemSpider [29], which in general
contain more candidates, can further enhance identification of
many types of metabolites.
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