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ABSTRACT. Untargeted LC-MS based metabolomics strategies are being increasingly applied in metabolite
screening for a wide variety of medical conditions. The long-standing “grand challenge” in the utilization of this
approach is metabolite identification — confidently determining the chemical structures of m/z-detected unknowns.
Here, we use a novel workflow based on the detection of molecular features of interest by high-throughput
untargeted LC-MS analysis of patient body fluids combined with targeted molecular identification of those
features using infrared ion spectroscopy (IRIS), effectively providing diagnostic IR fingerprints for mass-isolated
targets. A significant advantage of this approach is that in silico predicted IR spectra of candidate chemical
structures can be used to suggest the molecular structure of unknown features, thus mitigating the need for the
synthesis of a broad range of physical reference standards. Pyridoxine dependent epilepsy (PDE-ALDH7A1) is
an inborn error of lysine metabolism, resulting from a mutation in the ALDH7AL1 gene that leads to an
accumulation of toxic levels of a-aminoadipic semialdehyde (a-AASA), piperideine-6-carboxylate (P6C), and
pipecolic acid in body fluids. While a-AASA and P6C are known biomarkers for PDE in urine, their instability
makes them poor candidates for diagnostic analysis from blood, which would be required for application in
newborn screening protocols. Here, we use combined untargeted metabolomics-IRIS to identify several new
biomarkers for PDE-ALDH7AL that can be used for diagnostic analysis in urine, plasma, and cerebrospinal fluids,
and are compatible with analysis in dried blood spots for newborn screening. The identification of these novel
metabolites has directly rendered novel insights in the pathophysiology of PDE-ALDH7A1%.
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INTRODUCTION

The metabolomics community increasingly relies on
untargeted LC-MS based metabolic screening to detect novel
metabolites that can be correlated to various conditions,
treatments, and environments — so called, biomarkers. What is
widely acknowledged as the “grand challenge” or
“bottleneck” of this approach is the identification of a
metabolite’s molecular structure®*. While the detection of
metabolites directly from body fluids or tissues and the
identification of their elemental composition, is now routinely
performed down to low nanomolar (nM) abundances, these
techniques cannot directly resolve molecular structures. The
most common approach to molecular identification is tandem
mass spectrometry (MS/MS), which maintains the high
sensitivity of the LC-MS experiment. However, many
isomeric  structures show nearly identical MS/MS
fragmentation spectra and their interpretation, which is to date
challenging to model in silico® 5, requires physical reference
standards. Conversely, NMR spectroscopy is a powerful
technique to identify molecular structure, however, it is
limited in terms of sensitivity and cannot delve deeper into the
metabolome than the micromolar (uM) level; moreover,
tedious purification steps are usually required prior to
analysis.

Very recently, several groups have suggested infrared ion
spectroscopy (IRIS) as an alternative mass spectrometry-
based technique for small molecule identification®*®. By
combining the sensitivity and mass-selectivity of MS(/MS)
with infrared spectroscopy-based orthogonal structural
characterization, IRIS is able to provide detailed structural
information to annotate detected features arising from MS
analyses. IRIS can provide a mass-selective fingerprint IR
spectrum for essentially any ion detected in an MS
experiment. These IR spectra can be matched to reference IR
spectra measured from standards or predicted by quantum-
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chemical computations, which is now routinely done using
commercially available software packages. Recently, several
proof-of-principle studies have successfully demonstrated the
potential for metabolite identification using this technology &
81617 Other studies have demonstrated the coupling of IRIS
with online or offline LC and paved the way towards full

integration of IRIS in untargeted metabolomics workflows 58
13,18

In this study, we use IRIS for metabolite identification in the
search for novel biomarkers for the inborn error of metabolism
pyridoxine-dependent epilepsy (OMIM 266100, PDE-
ALDH7AL) 120 (see Scheme 1). PDE is an error of lysine
metabolism presenting intractable epileptic seizures in the
neonatal period and known to result from pathogenic
mutations in the ALDH7A1 gene that encodes the enzyme o-
aminoadipic semialdehyde (a-AASA) dehydrogenase, also
known as antiquitin (ATQ).?* ATQ deficiency leads to the
accumulation of a-AASA and its imine form piperidine-6-
carboxylic acid (P6C) in body fluids and tissues. P6C inhibits
vitamin B6 (pyridoxine) function through deactivation in a
spontaneous reaction??22,

The secondary pyridoxine deficiency that arises is thought to
be pathophysiological for PDE-ALDH7A1%, as pyridoxine is
a crucial co-factor for many enzymatic processes. In most
cases, treatment with high-doses of pyridoxine prevents
seizures in patients. However, mild to moderate intellectual
disability is still highly prevalent, especially when therapy
was not started early in life due to diagnostic delay. While
PDE-ALDH7AL is a relatively common metabolic disease
(estimated to occur in 1:60 000 conceptions?), it likely
remains underdiagnosed, as no reliable biomarkers are
available for early detection of this disease in newborn
screening. P6C and a-AASA are currently used as diagnostic
PDE-ALDH7AL biomarkers in urine?. For plasma, an LC-
MS/MS workflow has been demonstrated for simultaneous
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Scheme 1 | Overview of the L-lysine metabolic pathway involved in pyridoxine dependent epilepsy. Inactivity of the enzyme
antiquitin coded by the ALDH7A1 gene leads to accumulation of a-aminoadipic semialdehyde (a-AASA) and its cyclic counterpart
piperideine-6-carboxylic acid (P6C). P6C can react spontaneously with several B-ketoacids or p-diacids resulting in the formation of
a range of P6C-derived biomarkers (1-4), several of which are identified here.



detection of P6C and o-AASA after derivatization®®?%,
However, as a result of their high chemical instability, these
biomarkers are not suited for application in newborn
screening programs which are regularly based on direct
infusion MS analysis of dried blood spots?®. Thus, there
currently remains a clinical need for novel PDE-ALDH7AL
biomarkers that could be applied in newborn screening and
that would enable early diagnosis and optimal clinical
outcomes for patients.

In our group we have validated an untargeted metabolic
profiling method based on UHPLC-MS, coined “next
generation metabolic screening (NGMS)”, for the diagnostic
screening of inborn errors of metabolism®. Apart from
diagnosis based on known biomarkers, untargeted
metabolomics offers the opportunity to detect new
biomarkers. However, the chemical identification of these
deviating features has been the limiting factor until now. As a
major step forward, we have now combined NGMS with IRIS,
which covers the complete route from biomarker discovery to
chemical identification. In this study, we describe the
successful application of this NGMS-IRIS strategy for the
start-to-finish identification of several novel biomarkers for
PDE-ALDH7AL.

RESULTS AND DISCUSSION

LC-MS/MS analysis of PDE samples. We analyzed 11
plasma samples of seven genetically confirmed PDE-
ALDH7AL patients with bi-allelic pathogenic ALDH7Al
mutations using NGMS. We detected elevated levels of a-
AASA (m/z 146.0816, +ESI), P6C (m/z 128.0706, +ESI) and
pipecolic acid (m/z 130.0816, +ESI), in line with what is
reported in the literature (see Table 1)%'. Apart from these
metabolites, we observed several m/z features that were
previously unreported. Two features, here labelled as A and B
both having an m/z value of 186.1123 (+ESI) and retention
times of 2.33 and 2.55 minutes, respectively, were noted to be
significantly increased in comparison to controls. This was
also the case in urine and cerebrospinal fluid (CSF) of PDE-
ALDH7AL patients (Table 1). Figure la plots the summed
intensity of feature A and B in the plasma of 26 controls (grey)
and 10 PDE patients (orange) measured in duplicate. Intensity
plots of feature A and B are shown in Figure S1. The average
fold changes (PDE-ALDH7AL patient/control) of features
A and B are determined at 145 and 200, respectively,

Table 1 | Overview of metabolites identified by NGMS to
correlate with PDE.

Compound m/z RT(min) CSF Plasma Urine

A 186.1123  2.33 + + +
B 186.1123 255 + + +
c 188.0919  1.45 + + +
D 188.0919 1.9 + + +
6-0x0PIP 1440652 3.5 + + +
0-ASAA 146.0816  0.86 + + +
P6C 128.0706  0.86 + + +

enabling the distinction of patients from the control group
in all cases. A molecular formula of [CoH1sNOz+H]* (Am =
—3.9 ppm) was assigned to these features, however neither the
HMDB?%%, METLIN®, nor ChemSpider® libraries contained
entries for this chemical formula that would be of biochemical
relevance to PDE-ALDH7AL.

To resolve the molecular structures of feature A and B,
MS/MS spectra were recorded using collision induced
dissociation (CID), see Figure 1b for the MS/MS spectrum of
feature A. Dissociation primarily leads to loss of CO+H,0
(Am = 1.7 ppm) and CsHsO (Am = 4.6 ppm), giving fragments
with m/z 140.1069 and m/z 128.0707, respectively. Moreover,
the m/z 128.0707 fragment shows secondary fragmentation to
m/z 100.0768, m/z 82.0652 and m/z 55.0542 which can be
assigned as loss of CO (Am =-36 ppm), CO+H,0 (Am=-0.5
ppm) and CO+H,O+HCN (Am = —3.7 ppm), respectively. Of
particular interest is the m/z 128.0707 fragment as this
corresponds to the mass of [P6C+H]*, a known biomarker of
PDE-ALDH7AL (see Scheme 1 and Table 1). Fragmentation
of the unknowns A and B to P6C would suggest that their
molecular structures are related to P6C. Specifically, this
suggests a molecular structure consisting of P6C with an
additional CsHsO-group, which is lost as a neutral fragment
upon CID (see the scheme in Figure 1b).
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Figure 1 | Results of LC-MS/MS analysis of PDE plasma samples. (a) Plot of the sum of feature A (m/z 186.1123, 2.33 min RT)
and feature B (m/z 186.1123, 2.55 min RT) in the plasma of 26 controls (grey) and 11 PDE patients (orange). Each sample was
analyzed as two technical replicates, shown as consecutive bars in the figure. All values are normalized on the value in a quality
control sample. (b) CID MS/MS spectrum of feature A in one of the PDE patient plasmas. A scheme showing the hypothesized core
structure of feature A and B and their fragmentation to the m/z 128.0707 fragment is inlayed in the figure.




Identification of the m/z 128.0707 MS/MS fragment using
IRIS and quantum-chemical calculations. For further
identification of feature A and B, we relied on IRIS and
quantum-chemically predicted IR spectra. LC fractions
containing either feature A or B were obtained and used to
obtain IR spectra of the LC-separated, mass-isolated features
as well as their CID-generated m/z 128.0707 fragment. Figure
2a shows the IR spectrum of the m/z 128.0707 fragment of
feature A (black trace in both panels), which was found to be
identical to the spectrum of the m/z 128.0707 fragment of
feature B (see Figure S2). Qualitatively, one may correlate the
peaks at ~1800 and ~1650 cm™ with carbonyl and N-H
functionalities, which are in agreement with the hypothesis
that the fragment corresponds to protonated P6C, but other
(positional) isomers cannot be directly excluded. A more
confident structural assignment was derived from comparison
against theoretical reference spectra of protonated P6C and a
closely related isomer, protonated piperideine-2-carboxylic
acid (P2C). Density functional theory (DFT) at the B3LYP/6-
31++G(d,p) level was used to predict their vibrational spectra
(orange traces in Figure 2a). The IR spectrum computed for
[P6C+H]* was in excellent agreement with the experimental
spectrum, whereas the computational [P2C+H]" spectrum
showed clear spectral discrepancies and shifts with respect to

a b

the experimental spectrum, especially in the 1200-1500 cm™
region. The experimental peak around 1650 cm™ was found
to be red-shifted compared to both computational spectra. We
assigned this peak as an N-H bending vibration, which are
known to be inaccurately predicted by frequency calculations
within the harmonic approximation due to its relatively strong
anharmonic character®®, Overall, this led us to the
conclusion that we have identified the m/z 128.1123 fragment
ion of both features A and B as protonated P6C.

Preliminary identification of features A and B using H/D
exchange and IRIS. Having identified the CsHgO-loss
fragment as P6C, potential structures for features A and B
could be hypothesized. MS/MS ion chemistry suggests that
the precursor structure likely consists of a P6C-core with an
additional CsHsO-functionalization on the ring at the location
of the double bond (see scheme in Figure 1b). Figure 2b shows
the IR spectra of feature A and B obtained using IRIS (black
and dashed grey traces in all panels). The spectra show a high
degree of similarity, which suggests that A and B possess
highly-similar molecular structures and that they could be, for
example, diastereomers. The major difference between the
two spectra is a peak shift near 1600 cm™ and a difference in
peak shape between 1200 and 1400 cm™. Two carbonyl
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Figure 2 | Molecular identification of feature A and B and their main fragment using computational modelling and IRS. (a)
Experimental IR spectrum of the m/z 128.0707 fragment of feature A (black trace in both panels) in comparison to theoretical IR
spectra of protonated P6C (top panel, orange trace) and protonated 1-propanoylpiperidine-2-carboxylic acid (bottom panel, orange
trace). (b) Experimental IR spectrum of feature A (black trace in all panels) and feature B (dashed grey trace in each panel) in
comparison to theoretical IR spectra of candidate structure 5 and 6 (top left and right panel, orange trace) and candidate structure 1
and 2 (bottom left and right panel, orange trace). Input structures for the computations and the conformations resulting from the

guantum-chemical calculations are inlayed in each panel.



stretching vibrations above 1700 cm™ are observed
suggesting that both features have two C=0O groups in their
structures. This suggests that, in addition to the carbonyl
group of the carboxylic acid in the P6C-core, the oxygen atom
in the C3HsO-group is also present as a carbonyl.

A remaining question is whether the P6C-core is N- or C-
functionalized. To determine this, we performed H/D-
exchange experiments on features A and B (see methods
section for details). We observed that both features undergo a
3 amu mass shift from m/z 186 to m/z 189, indicating the
presence of three rapidly exchangeable protons. The C3HsO-
group contains a carbonyl-group and thus no exchangeable
protons and the carboxylic acid moiety contains one
exchangeable proton. Taking into account the ionizing proton,
this suggests that the ring nitrogen is a secondary amine,
protonated on that nitrogen, and that our target is therefore C-
functionalized.

Identification of feature A and B using quantum-chemical
calculations. Based on the chemical characteristics outlined
above, two plausible molecular structures can be proposed: 6-
(2-oxopropyl)piperidine-2-carboxylic acid (1 and 2) and 6-
propionylpiperidine-2-carboxylic acid (5 and 6). These
molecules, shown in Figure 2b, each have two stereocenters,
which result in eight possible stereo-isomers. IR spectroscopy
cannot distinguish between enantiomers (RR and SS) but
diastereomers (SS and SR) may show differences in their IR
spectra. As the unknowns are likely reaction products of P6C,
a downstream metabolite of L-lysine, we only considered the
stereoisomers that were S at the carboxylic acid-position.

We computed theoretical reference spectra of the remaining
four structures using quantum-chemical calculations. Figure
2b compares the predicted IR spectra (orange traces) to the
experimental spectra of feature A and B. All computed spectra
show similarity to the experimental spectra, giving
preliminary confirmation of the general chemical structure of
feature A and B. The frequencies of the two carbonyl
stretching vibrations in the experimental spectra are very
similar and correctly predicted only by the spectra of structure
1 and 2, suggesting that the C3HsO-group is a 2-oxopropyl-
group. Additionally, in the spectral region below 1500 cm™,
the experimental spectrum of feature A is overall best
predicted by the computed spectrum of structure 1 and that of
feature B by the spectrum computed for structure 2. Note that
the difference in peak shape in the 1200-1400 cm™ region
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between the two features is relatively well explained by these
two predicted spectra. In contrast, the experimentally
observed bands around 1600 cm™ of the two features are
shifted relative to the predicted bands of structure 1 and 2. We
attribute this discrepancy to the NH-bending character of the
vibration which, as noted above for P6C as well, often
involves a strongly anharmonic behavior causing them to be
shifted to higher wavenumbers in spectra predicted within the
harmonic approximation. We note that the calculation does
correctly predict the intensities and peak positions of this band
in the two diastereomers relative to each other. Therefore, we
tentatively  identify  feature A as  (2S,6S)-6-(2-
oxopropyl)piperidine-2-carboxylic acid and feature B as its
(2S,6R)-diastereomer (structure 1 and 2 in Figure 2).

Confirmation using IR spectra of synthetically obtained
reference standards. Having made this tentative assignment,
we proceeded to synthesize the reference standards for
candidate structures 1 and 2. To this end, two synthetic routes
were used which are shown in Scheme 2. As described in the
supporting information, 6-hydroxynorleucine (7) was
oxidized with chromium trioxide and subsequently reacted
with acetoacetic acid to afford a mixture of diastereomers 1
and 2%°. Using LC in combination with an automated fraction
collector we were able to obtain a fraction containing 1 only,
which was used for IRIS experiments on 1 and its m/z
128.0707 fragment. In addition, a novel route towards a
mixture of 1 and 2 was developed starting from allysine
ethylene acetal (8) to enable NMR characterisation (see
Scheme 2). To this end, 8 was treated with acetoacetic acid
under acidic conditions followed by benzylation to enable
purification resulting in a mixture of diastereomers. Finally,
deprotection of the mixture of diastereomers yielded 1 and 2
(0.7:1.0, 1:2). At this stage, the relative stereochemistry could
be assigned using NOESY NMR (See SI*. To
unambiguously assign the LC- retention time to one
diastereoisomer, a stereoselective synthesis route was
developed (see Scheme 2). Allysine ethylene acetal (8) was
protected and acidic deprotection of the ethylidene acetal
afforded enamine 9. Conversion of the enamine (9) into the
N,O acetal (10), reaction with the silyl enol ether of acetone
and hydrogenolysis of the protecting groups afforded structure
2.4 This reference standard was used for IRIS experiments on
2 and its m/z 128.0707 fragment.
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Scheme 2: Chemical syntheses of reference standards of structure 1 and 2



1000 1200 1400 1600 1800 1000 1200
Wavenumbers, cn’

Wavenumbers, cm?

1600 1800 1000 1200 1400 1600 1800
Wavenumbets, ¢cm”’

Figure 3 | Confirmation of the structural assignment of feature A and B with reference standards. (a) Comparison of the
experimental IR spectra of feature A (black trace) and candidate structure 1 (blue trace, left panel) and the experimental IR spectra
of feature B (dashed grey trace) and candidate structure 2 (blue trace, right panel). (b) Comparison of the experimental IR spectra of
the m/z 128.0707 fragment of feature A (black trace) and structure 1 (blue trace). Molecular structures corresponding to the protonated

reference standards are inlayed in each panel.

Figure 3a contains a comparison of the IR spectra of the
protonated ions of the reference standards and the IR spectra
of feature A (left panel) and B (right panel). Figure 4b shows
the IR spectrum of the m/z 128.0707 fragment ion generated
from structure 1 in comparison to the IR spectrum of the m/z
128.0707 fragment generated from feature A. A similar
comparison for the fragment of feature B and structure 2 is
shown in Figure S3. All sets of spectra show an excellent
match and each of the small deviations between the spectra
can be attributed to minor fluctuations of experimental
conditions, such as laser power, between experiments.

Finally, the reference standard of structure 2 was used to
unequivocally confirm the assignment of the relative
stereochemistry of feature A and B. The connectivity and
relative stereochemistry of 2 was assigned on the basis of 'H,
13C and NOESY NMR experiments indicating the cis
relationship between the substituents (see SI). With a pure
standard of 2 in hand, its LC-MS retention time was measured
which matched the retention time of feature B.

As negative controls, we obtained reference standards for two
closely related compounds, 1-(2-oxopropyl)piperidine-2-
carboxylic acid and 1-propanoylpiperidine-2-carboxylic acid
containing a CsHsO-substituent attached to the nitrogen of the
piperidine. The spectral comparison in Figure S4 shows a
clear mismatch between their IR spectra and the spectra of
feature A and B, further confirming the assignments above.

Additional biomarkers identified by IRIS. In addition to
feature A and B, two additional features, C and D, were
identified to have elevated levels in comparison to controls
(though with a smaller fold change than feature A and B).
These m/z 188.0919 features have retention times of 1.45 min
and 1.49 min and were not baseline separated. We therefore
obtained an IR spectrum of a mixture of the co-eluting features
C and D (black trace in Figure 4). Interestingly, the recorded
IR spectrum shows a high-degree of similarity with the IR
spectra of features A and B (see Figure 3b). Additionally,
features C and D were also found to fragment to an m/z
128.0707 (assigned as protonated P6C for feature A and B
above). Taking this together, it suggests that feature C and D
are the two diastereomers of 6-(carboxymethyl)piperidine-2-
carboxylic acid (structure 3 and 4 in Figure 4a). Figure 4a
compares the experimental IR spectrum of the metabolite

mixture with the calculated IR spectra of structure 3 and 4
(orange traces). We see that both theoretical spectra generally
match the experimental IR spectrum of the mixture well.
Overall, the IR spectrum of structure 3 (left panel of Figure
4a) seems to have a more significant contribution to the
experimental spectrum, suggesting that it is present at a higher
concentration than structure 4. Three features in the
experimental IR spectrum directly suggest a contribution from
structure 4: being the shoulder of the ~1100 cm™ peak,
explained by the calculated band indicated by the red star, the
intensity around 1300 cm™, explained by the band indicated
by the blue star, and the shoulder of the band around 1550
cm™, explained by the calculated band indicated with the
green star. Note that the latter is again redshifted compared to
the calculation due to the anharmonic character of the NH-
bending vibration®-%,

We confirmed this assignment by developing a synthesis route
yielding a reference standard of structure 4 (see Scheme 3).
Briefly, 8 was reacted with malonic acid and the resulting
products were benzylated to enable purification of the
protected derivative 11. Final hydrogenolysis afforded
structure 4 in a very low overall yield. NOESY NMR analysis
indicated a cis-relationship of the substituents on the
piperidine scaffold. We recorded an IR spectrum of structure
4 and Figure 4b shows a comparison of this IR spectrum with
the IR spectrum of the feature C/D mixture. The three IR
features predicted to originate from structure 4 are more
prevalent in this IR spectrum (again indicated by the colour
coded stars) and support its structural assignment.

Biochemical origins of biomarkers A-D. In a separate
study, we focus on the implications of structure 1 and 2 on the
pathophysiological understanding and diagnosis of PDE-
ALDH7A1L In that study, we explore the (bio)chemical
origins of structure 1 and 2 by conducting incubation
experiments of P6C under physiological conditions. The
synthesis of the reference standard described here showed that
acetoacetic acid can react with P6C to afford 1 and 2.
Acetoacetic acid is also known to be available in human body
fluids. Indeed, incubation of P6C with acetoacetate under
physiological conditions produced 1 and 2. We expect that the
enol form of acetoacetic acid reacts with P6C and after
decarboxylation affords feature A and B.
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Figure 4 | Molecular identification of feature C and using computational modelling and IRIS. (a) Experimental IR spectrum of
the co-eluting feature C and D (black trace in both panels) in comparison to the theoretical IR spectra of structure 3 and 4 (left and
right panel, orange trace). Input structures for the computations and the conformations resulting from the quantum-chemical
calculations are inlayed in each panel. Colored stars indicate bands that are particularly diagnostic for structure 4, see text. (b)
Comparison of the experimental IR spectra of the co-eluting feature C and D (black trace) and protonated 4 (blue trace). The molecular

structure of the protonated reference standard is inlayed in the panel.

Here, we hypothesize that malonic acid, which is similarly
available in human body fluids, reacts with P6C to yield 3 and
4. We performed similar experiments by incubating malonic
acid with P6C under physiological conditions in water,
phosphate buffered saline (PBS), human control plasma and
human control urine. The reaction of P6C with malonic acid
occurred under all conditions tested and was confirmed by
analysis with LC-MS and IRIS. Figure S5 shows the IR
spectra of the observed features in all samples identifying
them as a mixture of structure 3 and 4. These observations
point in a more general sense to the fact that P6C reacts as an
imine with any carbonyl containing species that can form
stable enol tautomers, such as the B-dicarbonyl compounds
acetoacetate and malonate. In contrast, P6C reacts in its
enamine tautomeric form in a cross coupling with the
aldehyde of PLP, leading to the secondary pyridoxine
deficiency in PDE-ALDH7AL.
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Scheme 3: Chemical synthesis of a reference standard of
structure 4.

CONCLUSIONS

Using our NGMS/IRIS pipeline, we have now shown that the
molecular structures of unknown m/z-features detected in
untargeted metabolomics workflows can be annotated using
IRIS, theoretically predicted IR spectra and synthesized
reference compounds. Features are preliminarily annotated by
comparison of their experimentally measured IR spectra with
theoretically predicted IR spectra generated for candidate
molecular structures. Furthermore, the most relevant

candidate structures necessary to consider in this approach can
often be determined directly from structural information
(functional group vibrational assignments) contained in the IR
spectra of the unknowns. Importantly, this approach
dramatically limits the scope of synthetic standards required
for final identification. Here, we have applied this technique
to determine the molecular structures of four previously
unknown biomarkers for PDE-ALDH7ALl. We have
identified them as two sets of diastereomeric derivatives of
P6C, a known metabolite in the degradation of L-lysine that
accumulates in patients with PDE-ALDH7AL. This logically
connects these metabolites to known biochemical routes of L-
lysine metabolism, but also suggests a disease-specific
expansion of this metabolic pathway in PDE-ALDH7AL. The
identification of the molecular structures of the biomarkers
allows us to deduce their likely biochemical origins, which
may lead to a more complete understanding of the chemical
basis for the pathophysiology of PDE-ALDH7AL and to new
treatment targets.



METHODS

Sample preparation. Plasma, CSF and urine samples
were stored at —80 °C and thawed at 4 °C just before
sample preparation. 100 ul of sample was combined with
400 pl ice-cold methanol/ethanol 50:50 [v/v] and mixed for
15 s using a vortex mixer. For the samples used in
metabolic  profiling, the methanol/ethanol mixture
contained five internal standards (caffeine-dz 0.88 umol/L,
hippuric-ds acid 0.22 umol/L, nicotinic-ds acid 0.88
umol/L, octanoyl-L-carnitine-ds 0.22 umol/L, L-phenyl-ds-
alanine 0.44 pmol/L (all from C/D/N lIsotopes, Pointe-
Claire, Canada)). The resulting mixture was incubated for
20 min at 4 °C and centrifuged for 15 min at 4 °C (18600
g). The supernatant (350 pL) was dried in a centrifugal
vacuum evaporator (Eppendorf). The dried sample was
reconstituted in 100 mL deionised water/methanol 90:10
[v/v] with 0.1% formic acid, mixed for 15 s with a vortex
mixer at room temperature and centrifuged for 15 min at
18600 g. The supernatant (90 pL) was used for LC-MS
analysis.

Metabolic profiling. A full description of the untargeted
metabolic screening procedure and statistical analysis
leading to the detection of the biomarkers discussed in this
work are described separately®. In short, LC-MS runs were
preformed using an Agilent 1290 ultra-high pressure LC
system coupled to a 6545 QTOF mass spectrometer. Data
acquisition and analysis was done using Agilent Mass
Hunter (version B.08.00). Separations were performed
using a flow rate of 0.4 mL/min on a Waters Acquity HSS
T3 C18 column (100 x 2.1 mm i.d., 1.8 um particles, 100 A
pore size) held at 40 °C. The mobile phase consisted of
0.1% (v/v) formic acid in water and 0.1 % (v/v) formic acid
in 99:1 (v/v) methanol: water (mobile phase B). After a
hold at 99% A for 1 minute, a gradient of 15 minutes was
run to 100% B, followed by a hold of 4 minutes at 100% B
and a return to 99% A of 1 minute. An equilibration time
of 4 minutes was used leading to a total analysis time of 25
minutes. Injection volumes of 2 uL were used for all
samples. Alignment and feature extraction was performed
using the open access software package XCMS*? and two-
sided t-tests were performed to identify significantly
altered features between patients and controls. See Coene
et al.®® and Engelke et al.® for details regarding this
procedure.

Infrared ion spectroscopy. IRIS experiments were
performed in a quadrupole ion trap mass spectrometer
(Bruker, AmaZon Speed ETD) that has been modified to
provide optical access to the stored ions for spectroscopy
experiments. Details of these modifications and operation
of the experiment are described elsewhere*®. Fractions
containing metabolic features of interest were collected
with a Bruker Elute SP HPLC system and a two-position
6-port switching valve controlled by the quadrupole ion
trap. The separations were performed using the same
separation procedure as described above but with a mobile
phase consisting of 10 mM acetic acid in water (mobile
phase A) and 10 mM acetic acid in methanol (mobile phase
B). For feature A and B, the switching valve was used to

divert the eluent containing the features to Eppendorf
tubes, which were analysed by IRIS in a separate
experiment by infusing the fractions with a syringe pump
(120 — 180 pL/h). For feature C and D, the LC and IRIS
experiment were combined by installing an 80 pL sample
loop between the switching valve and the ion source of the
ion trap. As soon as the LC peak of interest arrived at the
mass spectrometer the valve was switched, such that the
remainder of the feature material was infused by a syringe
pump (120 pL/h) for IRIS experiments. For reference IR
measurements, 1-propanoylpiperidine-2-carboxylic acid
(Enamine  Ltd.  (Kyiv, Ukraine)) and  1-(2-
oxopropyl)piperidine-2-carboxylic acid (see supporting
info for the synthesis procedure), compound 2 and
compound 4 were dissolved in 50:50 (v/v)
acetonitrile:water (~107" M) and infused directly with the
syringe pump for IRIS experiments (180 pL/h). Compound
1 was isolated from a mixture of 1 and 2 by performing the
chromatographic separation detailed above and collecting
the fraction of the eluent containing 1 using a Foxy R2
fraction collector equipped with two 96-well plates. This
fraction was infused with the syringe pump for IRIS
experiments at 120 — 180 uL/h flow rates.

To obtain IRIS spectra, features of interest were mass-
isolated and stored for ~200 ms in the quadrupole ion trap.
During this time, they were irradiated using the FELIX
infrared free electron laser**, which produced IR radiation
in the form of ~10 ps macropulses of 30 — 200 mJ at a 10
Hz repetition rate (bandwidth ~0.4% of the centre
frequency). IR spectra were obtained by scanning the laser
with 3 cm™ steps and recording a mass spectrum after
irradiation at each frequency step. MS spectra were
recorded as an average of 4 — 8 scans. When the laser
frequency is resonant with a molecular vibration of the
trapped ions, absorption takes place which increases the
internal energy of the stored ions leading, after the
absorption of multiple photons, to unimolecular
dissociation. The amount of IR absorption is measured by
the degree of fragmentation at each wavelength point by
relating the precursor and fragment ion intensities (yield =
Y(fragment ions)/( = (parent + fragment ions)). The laser
frequency was calibrated using a grating spectrometer and
the fragmentation vyield was linearly corrected for
frequency-dependent pulse energy variation. IR spectra of
fragment ions were obtained by first using collision
induced dissociation (50 ms, fragmentation amplitude
optimized on fragment ion signal) on the relevant precursor
ion before mass isolation of the desired fragment ion and
IR laser irradiation as described above.

H/D exchange. In order to perform H/D exchange on
feature A and B an LC-fraction containing both unknown
analytes was collected according to the procedure
described above. The fraction was dried in a centrifugal
vacuum evaporator (Eppendorf) and reconstituted in 100
pL  deuterated methanol. Subsequently, the H/D-
exchanged fraction was infused at 180 pL/h to the
quadrupole ion trap mass spectrometer. It was observed
that the majority (>70%) of the ions corresponding to
feature A and B had undergone three exchanges. The



remaining part of the ion population was observed at m/z
188, which corresponds to two exchanges. It is well-known
that the trapping region of the ion trap used in these
experiments is not completely water-free. Therefore, the
observation of ions with m/z 188 likely due to back-
exchange inside the mass-spectrometer.

Quantum chemical calculations. To obtain predicted IR
spectra, density functional theory (DFT) calculations were
performed using the Gaussian16 software package®®. For
each ion of interest several molecular structures were
manually defined based on chemical intuition and known
gas-phase ion chemistry. Structures were optimised at the
B3LYP/6-31++G(d,p) level of theory followed by a
vibrational frequency calculation within the harmonic
approximation. Calculated spectra were scaled using a
linear scaling factor of 0.975 and broadened using a
Gaussian line shape function (20 cm™ full width at half
maximum) to facilitate comparison with the experimental
IR spectra.

Data Availability. All data are included in the manuscript
and the Sl. Raw research data is available upon request
from the corresponding authors.
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