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Abstract

Pyridoxine-dependent epilepsy (PDE) is often characterized as an early onset epi-
leptic encephalopathy with dramatic clinical improvement following pyridoxine
supplementation. Unfortunately, not all patients present with classic neonatal sei-
zures or respond to an initial pyridoxine trial, which can result in the under diagno-
sis of this treatable disorder. Restriction of lysine intake and transport is associated
with improved neurologic outcomes, although treatment should be started in the
first year of life to be effective. Because of the documented diagnostic delay and
benefit of early treatment, we aimed to develop a newborn screening method for
PDE. Previous studies have demonstrated the accumulation of A'-piperideine-
6-carboxylate and a-aminoadipic semialdehyde in individuals with PDE, although
these metabolites are unstable at room temperature (RT) limiting their utility for new-
born screening. As a result, we sought to identify a biomarker that could be applied to
current newborn screening paradigms. We identified a novel metabolite, 6-oxo-
pipecolate (6-oxo-PIP), which accumulates in substantial amounts in blood, plasma,
urine, and cerebral spinal fluid of individuals with PDE. Using a stable isotope-labeled
internal standard, we developed a nonderivatized liquid chromatography tandem mass
spectrometry-based method to quantify 6-oxo-PIP. This method replicates the analyti-
cal techniques used in many laboratories and could be used with few modifications in
newborn screening programs. Furthermore, 6-oxo-PIP was measurable in urine for
4 months even when stored at RT. Herein, we report a novel biomarker for PDE that

is stable at RT and can be quantified using current newborn screening techniques.

KEYWORDS
6-hydroxy-pipecolate, 6-oxo-pipecolate, ALDH7A1, alpha aminoadipic semialdehyde, pyridoxine-
dependent epilepsy

1 | INTRODUCTION

Pyridoxine-dependent epilepsy (PDE) is often characterized
as a treatment refractory epileptic encephalopathy with dra-
matic clinical or electroencephalogram improvement after
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pyridoxine supplementation.' Many patients achieve ade-

quate seizure control with pyridoxine alone. However, 75%
of individuals treated with pyridoxine monotherapy have
significant intellectual disability (ID) and developmental
delay.”® The degree of ID does not correlate with age of
diagnosis or degree of seizure control, suggesting that the
cognitive impairment is not solely a result of epilepsy.

PDE is caused by a deficiency of a-aminoadipic semial-
dehyde (x-AASA) dehydrogenase, and results in the accu-
mulation of a-AASA and A'-piperideine-6-carboxylate
(A'-P6C), which are considered to be in equilibrium.‘k6 There
are two lysine oxidation pathways that converge at a-AASA.
In the saccharopine pathway, the single polypeptide bifunc-
tional enzyme o-aminoadipic-semialdehyde synthase
(AASS) couples lysine with 2-oxoglutarate to produce sac-
charopine in the lysine ketoglutarate reductase domain fol-
lowed by the saccharopine dehydrogenase domain which
converts saccharopine to glutamate and a-AASA.” In the
pipecolate pathway, L-lysine is converted into A'-piperi-
deine-2-carboxylate (A'-P2C) via a yet to be identified
enzyme and mechanism, although a-transamination has been
proposed.® The brain enzyme A'-P2C reductase (P2CR)
then reduces A'-P2C to L-pipecolic acid (PIP),*'° which is
then oxidized via L-pipecolate oxidase resulting in A'-
P6C.!' Of note, A'-P6C can be converted backwards into
PIP via pyrroline-5-carboxylate reductase.'>'? Both the
pipecolate pathway and the saccharopine pathway converge
at A'-P6C and a-AASA, and a-AASA is further oxidized to
2-aminoadipic acid (AAA) by a-AASA dehydrogenase.*'*

Recent treatment paradigms have attempted to reduce the
accumulation of a-AASA and A'-P6C through a lysine-
restricted diet and competitive inhibition of lysine-
transport.'>~'® These lysine restriction therapies result in
significant reduction of a-AASA/A'-P6C and improved cog-
nitive outcome, although treatment must be initiated within
the first year of life for optimal developmental outcome.?’
Unfortunately, the diagnosis of PDE is often delayed.”*'
The delay in diagnosis limits the effectiveness of lysine
reduction therapies and is a major contributor to the overall
morbidity of the disease.

Recent estimates suggest a disease incidence of approxi-
mately 1:60 000 live births.>* This is similar to other dis-
eases that currently undergo newborn screening such as
galactosemia (1:50 000 live births) and biotinidase defi-
ciency (1:60 000 live births).>*?* Because of the benefit of
early treatment, documented long diagnostic delay, and suf-
ficiently high frequency of disease incidence, we sought to
develop a newborn screening method for PDE. Previous
attempts at newborn screening have documented the unsta-
ble nature of a-AASA and A'-P6C at RT.>>%® As a result,
we attempted to stabilize a-AASA by derivatization with
2,4-dinitrophenylhydrazine (2,4-DNP), but no reaction

product was observed. The subsequent characterization of
various metabolites allowed for the identification of a novel
metabolite, 6-oxo-pipecolate (6-oxopiperidine 2 carboxylic
acid, 6-oxo-PIP), which accumulates in blood, plasma, urine,
and cerebral spinal fluid (CSF) of patients with PDE. This
new biomarker is stable at RT and can be quantified using
current newborn screening techniques, which would make it
amiable for newborn screening.

2 | METHODS

2.1 | Human subjects

Three subjects were recruited via the Inherited Metabolic
Disease Clinic at Children's Hospital of Colorado on an
Institutional Review Board-approved study (COMIRB
#16-0585). Inclusion criteria included PDE due to a-AASA
dehydrogenase deficiency documented by biallelic mutations
in ALDH7AI or elevation of a-AASA/A'-P6C. Blood,
plasma, and urine samples were obtained from three sub-
jects. A CSF sample was obtained from a fourth subject. A
control group consisted of anonymous, discarded plasma,
urine, and CSF originally obtained for clinical testing at the
chemistry laboratory at the Children's Hospital of Colorado
(COMIRB #16-1184). Individual written informed consent
was obtained from patients.

2.2 | Chemicals and reagents

Deuterium oxide (D,0), deuterated sulfuric acid (D,SQO,), deu-
terated chloride (DCI), deuterated acetic acid (CH;CO,D),
deuterated ethanol (CH;CH,-OD), deuterated ammonium
hydroxide (ND4OD), L-allysine ethylene acetal (AEA), L-
lysine, L-glutamine, AAA, PIP, L-amino acid oxidase from
Crotalus adamanteus (Type 1IV), Lysine oxidase from Tricho-
derma viride, Catalase from bovine liver, L-saccharopine,
NAD*, 2,4-DNP, uridine 5'-diphosphoglucuronic acid triso-
dium salt, amberlyst-15, and 6-oxo-PIP were purchased from
Sigma-Aldrich Chemical Company (St. Louis, Missouri). D,L-
2-Amino-1,6-hexanedioic-2,5,5-d3 (D3-AAA) was acquired
from CDN Isotopes (Quebec, Canada), and all other
reagents were procured from Fisher Scientific (Pittsburgh,
Pennsylvania). Control human plasma, blood, and urine
were purchased from Bioreclamation LLC (Westbury,
New York). Human liver cytosol, S9 and microsomal sub-
cellular fractions were procured from Xenotech LLC
(Kansas City, Kansas).

2.3 | Synthesis of standard material

Standards were synthesized through the deprotection of L-
allysine ethylene acetal (AEA). In the Amberlyst method,
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AEA (11.4 mg) was dissolved in H,O (1.0 mL) with 76 mg
Amberlyst-15 and stirred for 30 minutes at RT. The liquid
was transferred to a new glass vial, the beads were then
washed with NH4,OH (2 x 1.0 mL), and the contents com-
bined as previously described.?” The material was then con-
centrated under a N, stream and reconstituted with water to
a final concentration of 30 mM. In the acid catalyzed
method, AEA was similarly dissolved in water and 6 N HCl
or H,SO, was added in amounts described in Supporting
Information, Table S2, stirred for 30 minutes, and pH-
adjusted with NaHCOj; and diluted with water to a concen-
tration of 20 mM product.

For deuterated experiments in the Amberlyst method,
AEA (71 mg) was dissolved in D,O (2.0 mL) and
Amberlyst-15 (721 mg) added and stirred at RT (6 hours) at
which point the D,O was removed and ND,OD (1.0 mL)
added, stirred (15 minutes), and solution removed, and
nuclear magnetic resonance (NMR) spectra collected. For
deuterated experiments in the acid catalyzed method, AEA
was dissolved in D,0 and added either DCI or D,SO;, to ini-
tiate the reaction, and we then collected the '"H-NMR and
3C-NMR spectra.

2.4 | Aldehyde detection via 2,4-dinitrophenyl
hydrazine

The 2,4-DNP reagent procedure was prepared as previously
described with minor modifications?®; 500 mg of 2,4-DNP
was weighed out into a 25 mL Erlenmeyer flask and 4.0 mL
water and 11.0 mL ethanol were added and stirred while
2.5 mL H,SO4 was added dropwise. The exothermic reac-
tion was cooled with an ice bath. The contents were then
allowed to warm to RT and stirred until completely into
solution. Two hundred microliter of this solution was added
to the analyte solution either during or after the generation
from AEA.

2.5 | Hydrogen-1 and Carbon-13 NMR
spectroscopy experiments

AEA (10 mg) was dissolved in 700 pL D,O followed by
addition of either 50 pL DCI or D,SO,4, and immediately
transferred to a NMR tube and 'H and '>C spectra collected
using a 400 MHz Bruker NMR, Avance III 400; the 'H-
NMR spectra were collected at 400 MHz while the '*C-
NMR spectra were collected at 100 MHz and the chemical
shifts are reported in ppm. Additional NMR experiments
were prepared via D,O and DCI conditions followed by pH
adjustment through the addition of NaHCO; (1.5 equiva-
lents) to produce A'-P6C.

> SSEM WILEY_L_*

2.6 | Liquid chromatography tandem mass
spectrometry experiments

Lysine metabolites were first analyzed based on previously
published liquid chromatography tandem mass spectrometry
(LC-MS/MS) methods.?*° As the goal of this study was to
replicate current newborn screening modalities, we focused
on a nonderivatized MS/MS analytical method.*! Samples
were analyzed via electrospray ionization in positive ion
mode (ESI+) using an Applied Biosystems Sciex 4000
(Applied Biosystems, Foster City, California) equipped with
a Shimadzu HPLC (Shimadzu Scientific Instruments, Inc.,
Columbia, Maryland), and a Leap auto-sampler (LEAP
Technologies, Carrboro, North Carolina). Methanol
(MeOH): acetonitrile (ACN) 200 pL 1:1 mixture was added
to 100 pL of plasma, blood, urine, CSF, or standard mate-
rials. Plasma and blood samples were centrifuged at
10 000 rpm and the supernatants used. Urine and CSF sam-
ples required no additional processing. The liquid chroma-
tography separation of 10 pL sample was done on two
tandem Zorbax-C8 150 X 4.6 mm 5 pm columns with a
Zorbax-C8 guard column (Agilent Technologies, Waltham,
MA, USA) operated at 40°C with a 0.4 mL/min flow-rate,
using the mobile phases A (10 mM NH4OAc, 0.1% formic
acid in H,O) for 12.0 mM, linear ramp to 95% mobile phase
B (1:1 ACN:MeOH) at 16.0 minutes, held for 11.5 minutes,
followed by ramping back to A and held for a total run
time of 32.0 minutes. Samples were analyzed using the
following conditions: (a) ion-spray voltage of 5500 V;
(b) temperature, 450°C; (c) collision using nitrogen gas
with curtain gas set at 10 and collisionally activated disso-
ciation (CAD) set at 12; (d) ion source gas one (GS1) and
two (GS2) were set at 30; (e) entrance potential was set at
10 V; (f) quadruple one (Q1) and (Q3) were set on unit
resolution; (g) dwell time was set at 200 milliseconds.
The retention times, mass transitions and other settings
are listed in Table S1.

2.7 | Synthesis of standards

The internal standard d3-3,5,5-6-oxopipecolate (D3-oxo-
PIP) was synthesized by refluxing D3;-AAA (40 mg,
0.24 mmol) in 20% mono-deuteroacetic acid (CH;COOD)/
D,O (1.0 mL) at 108°C for 3.5 hours, followed by solvent
evaporation under reduced pressure and drying on high vac-
uum for 1.0 hours, after which deuterated ethanol
(CH3CH,OD; 10 mL) was added, stirred, and filtered twice.
The combined two filtrate solutions were concentrated on
reduced pressure and dried on high vacuum (4 hours) result-
ing in 14 mg deuterated 6-0xo-PIP of >97% purity by NMR
and LC-MS/MS analysis.
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2.8 | Enzymatic production of lysine
metabolism products

To evaluate the products of lysine metabolism through the
pipecolate pathway we synthesized the intermediate A'-P2C
enzymatically as follows. Lysine 50 mM with 100 pL
bovine catalase (12.1 mg catalase powder in 1.0 mL phos-
phate-buffered saline (PBS) buffer pH 7.4) and 50 pL T. viri-
dae lysine oxidase (acquired enzyme diluted with 250 pL
water) in 750 pL PBS were incubated at 37°C for 1 hour,
and 100 pL samples were obtained at 0.5, 2, 5, 10, 15,
30, 45, and 60 minutes, added to 300 pL 1:1 MeOH:ACN,
and analyzed via LC-MS/MS. To identify the reaction prod-
uct of the saccharopine pathways, recombinant saccharopine
dehydrogenase domain of human AASS-SDH was
expressed in insect Sf9 cells and purified by chromatography
methods (Yue W.W. et al., manuscript in preparation). Stock
saccharopine (10 mM; 100 pL; 1.0 mM final) and NAD*
(100 pL; 1.0 mM final) were added to PBS (790 pL;
pH 7.4), and after preincubation at 37°C for 5 minutes, the
reaction was initiated by addition of 10 pL purified human
AASS-SDH and 100 pL samples taken at 0.5, 5, 10, and
15 minutes, were diluted with 400 pL 1:1 MeOH:ACN and
analyzed by LC-MS/MS.

a-AASA dehydrogenase was expressed in BL21 StarTM
(DE3) Escherichia coli (Thermo Fisher) cultures trans-
formed with the pET15b vector containing ALDH7A1,** and
harvested 3 hours after induction by 1.0 mM IPTG. Expres-
sion culture lysate was combined with 2.2 mM NAD" and
0.6 mM A'-P6C for 5 minutes at 30°C*****? and quenched
by adding 100 pL glacial acetic acid to reaction solu-
tion (500 pL).

2.9 | Cytosolic and mitochondrial metabolism
of lysine metabolites

Human liver cytosol 100 pL (10 mg/mL) or S9 fraction
100 pL (20 mg/mL) and 100 pL. NAD* (1.2 mM final) in
400 uL PBS pH 7.4 were preincubated at 37°C for
5 minutes, followed by addition of 100 pL A'-P6C
(100 pM); 100 pL. samples were taken at 0.5, 5, 20, and
50 minutes, added to 300 pL 1:1 MeOH:ACN and analyzed
by LC-MS/MS. To probe potential phase II metabolism,
100 pL human liver microsomes (20 mg protein/mL) were
similarly incubated with 4.0 mM UDPGA.

Human liver mitochondria were freshly prepared by
homogenization of a human liver sample with a Teflon pes-
tle in 5% weight to volume Zheng buffer,>* and after centri-
fugation at 5600g for 5 minutes, the supernatant was
transferred to a centrifuge tube; this procedure was repeated
on the resuspended pellet a second time. Both supernatants
were combined, centrifuged at 37 500g for 5 minutes, the
resulting pellet resuspended in Zheng buffer, homogenized

and similarly pelleted again, and resuspended in 300 pL
Zheng buffer to provide a mitochondrial preparation, with
protein concentration determined using the Bio-Rad Protein
Assay. To access the mitochondrial matrix, the homogenate
was subjected to three freeze-thaw cycles, followed by 2 X
7 bursts of sonication on ice using a Branson 450 digital
sonifier with a 2-in. cup horn at 30% amplitude. Of this
mitochondrial preparation 100 pL was similarly incubated
with A'-P6C and analyzed as above.

2.10 | Biomarker stability studies

In a 4-month stability study, fresh urine samples (400 pL)
from two subjects were aliquoted into 1.5 mL Eppendorf
tubes and stored either at RT (22°C + 2°C), freezer
(—13°C £ 3°C), or deep freezer (—77°C + 3°C) and sam-
pled over 4-months.

2.11 | Computational calculations

Chemical structures were drawn using (ChemDraw Ultra
6.0.1, PerkinElmer Informatics, Cambridge, MA, USA) and
z-matrix utilized to perform calculations via Gaussian
G98w. Structures were optimized using molecular mechan-
ics and calculations performed at the HF/6-31G level of the-
ory, followed by B3LYP//HF/6-311+4-G.

3 | RESULTS

3.1 | Identity of the standards made from
L-allysine ethylene acetal

Following preparation from AEA by the Amberlyst
15/NH4OH method, two peaks were noted on LC-MS/MS
with fr = 8.5 minutes and mass transitions 128.2 - 82.0,
and 55.0 m/z presumed to be A'-P6C (Figure S1A), and
with /g = 9.0 minutes and mass transitions 146.3 2 128.0,
82.1 and 55.1 m/z presumed to be a-AASA (Figure S1B).
The relative intensities of these two peaks varied with the
catalyst used (Amberlyst-15 vs H,SO, or HCI), time, and
the pH of the solution (Table S2). Acid catalyzed deprotec-
tion without pH neutralization resulted in a single signal at
trr 9.0 minutes enabling further characterization through
DNPH reactivity and NMR spectroscopy.

3.2 | Aldehyde detection via 2,4-dinitrophenyl
hydrazine

2,4-DNP reagent was added to positive controls including
4-ethoxybenzaldehyde (3.4 mg; red precipitant), octanal
(4.2 mg; yellow precipitant), hexanal (3.8 mg; yellow pre-

cipitant), and acetone (5.6 mg; yellow precipitant).
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Compounds were prepared in 1.5 mL Eppendorf tubes as
50% ethanol solutions (400 pL) and 2,4-DNP reagent
(200 pL) was added and mixed. Two different AEA
2,4-DNP reactions were performed with AEA. First, AEA
(5.0 mg) was diluted with water (150 pL) and 50% ethanol
(150 pL). A volume of 200 pL of the 2,4-DNP reagent (con-
taining sulfuric acid) was immediately added and a chemical
reaction was noted with formation of a yellow precipitant,
which was characterized by LC-MS/MS to have a mass con-
sistent with 2,4-DNP-AASA adduct (Figure S2A). Next, we
allowed the AEA reaction to occur for 1.0 hours followed by
50% ethanol (150 pL). Once this reaction was completed,
200 pL of the 2,4-DNP reagent was added without evidence
of a chemical reaction (Figure S2B). The reaction was
warmed at 37°C and allowed to cool without evidence of
solid formation (chemical reaction). This data suggested that
the aldehyde, which is present during formation, rapidly
cyclized and is no longer present in the final product. To
verify this assumption, NMR spectroscopy was performed.

3.3 | Hydrogen-1 and Carbon-13 NMR
spectroscopy experiments

'H and "*C-NMR studies were performed to confirm the
identity of the starting material AEA using acid catalyzed
deprotection without neutralization, which resulted in a sin-
gle peak at fg 9.0 minutes. This was initially presumed to be
a-AASA but did not react with 2,4-DNP. In the acid cata-
lyzed reaction product of AEA we did not observe an alde-
hyde —CH signal around 9 to 11 ppm in the '"H-NMR, but
rather we observed a downfield signal at 8.2 ppm
(Figure S3A). We interpreted this signal as the —CH alkene
within A'-P6C similar to the alkene —CH signal at 7.7 ppm
published for DL-A'-pyrroline-5-carboxylic acid.* In addi-
tion, the '*C-NMR spectrum shows signals at 80.5 and
80.7 ppm being consistent with the secondary alcohol car-
bons consistent with 6-hydroxy-pipecolate (piperidine-
6-hydroxy-2-carboxylate, 6-OH-PIP) with the 146 parent
mass (Figure S3B). Thus, the 'H-NMR data, '>C-NMR and
LC-MS/MS data suggest a mixture of compounds, which
co-elutes at fg 9.0 minutes with an apparent 1:2 ratio via
LC-MS/MS with respective m/z of 128 and 146 (Figure S4).
Despite a number of experimental conditions including the
use of a C18, silica, amine, and cyano columns for the LC-
MS/MS experiments, we could not separate what we believe
is a A'-P6C/6-OH-PIP mixture.

As noted above, a-AASA and A'-P6C are in equilibrium
although this equilibrium is not well understood.’ Previous
studies have noted the difficulty in detecting a-AASA,
which is supported by our data presented here, and sug-
gested the equilibrium favors A'-P6C.>® Computational cal-
culations show that the cyclic forms of 6-OH-PIP Cis and
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6-OH-PIP Trans are energetically more stable than the linear
aldehyde a-AASA by 9.1 and 5.9 kcal/mol (Table S3). Intra-
molecular cyclization of a-AASA without loss of water to
A'-P6C/6-OH-PIP is an energetically favorable process.

We assigned the identity of the peak at fg 8.5 minutes as
most consistent with AZ-piperideine-6-carboxylate (A*-
P6C), based on the mass transition and NMR spectrum, and
deuterated experiments, although absence of an authentic
standard prevented absolute identification. There was evi-
dence of the A%-P6C double bond in the '>C-NMR spectra
(108.6 and 127.9 ppm) (Figure S5). these signals were not
present under DCI or D,SO, conditions. This data also sug-
gests that A%-P6C is in equilibrium with A'-P6C, with A*-
P6C forming more under neutral to basic conditions. A*-
P6C can convert back to A'-P6C but with incorporation of
deuterium under D,0. Thus, the two peaks of observed reac-
tion products correspond to A%-P6C at 1 8.6 minutes, and a
mixture of A'-P6C and 6-OH-PIP at 9.0 minutes
(Figure S6), with the relative amounts a function of the con-
ditions, time, and pH adjustment used to deprotect the
acetal.

3.4 | Reaction products and substrates for
enzyme activities in the lysine metabolic
pathways

Incubation of saccharopine with purified AASS-SDH and
NAD™ resulted in products that on LC-MS/MS were also
consistent with A'-P6C/6-OH-PIP. Incubation of purified
a-AASA dehydrogenase with the A'-P6C/6-OH-PIP mixture
without a-AASA readily produced AAA, indicating that this
enzyme catalyzes the ring opening and subsequent oxidation
of A'-P6C/6-OH-PIP. Given that 6-OH-PIP has a secondary
alcohol, an alternative pathway to AAA could exist by first
oxidation of the alcohol of 6-OH-PIP to 6-oxo-PIP, an
amide, followed by hydrolytic ring opening to afford AAA.
Incubating the A'-P6C/6-OH-PIP mixture with a fresh puri-
fied mitochondrial preparation only afforded AAA, but incu-
bation of A'-P6C/6-OH-PIP with human liver cytosol and
with the S9 fraction in the presence of NAD* showed forma-
tion of AAA and small amounts of 6-oxo-PIP (Figure S7).
Albeit small, the formation of 6-0xo-PIP raises the possibil-
ity of a second pathway. To evaluate if the next step the
hydrolytic ring opening of 6-oxo-PIP to afford AAA could
proceed, we incubated 6-oxo-PIP with human cytosol,
human S9, and human plasma (eg, esterase activity) incuba-
tions, but none of these experiments showed a conversion of
6-0x0-PIP to AAA.

To generate authentic standards for the pipecolic path-
way, incubation of lysine with L-amino acid oxidase and
catalase resulted in small amounts of A'-P2C and, presump-

tively, the hydrated product piperidine-2-hydroxy-
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2-carboxylate (P2H2C) (Figure S8). Incubation with lysine
oxidase and catalase was far more efficient in producing A'-
P2C and P2H2C.

3.5 | Quantitative LC-MS/MS method of the
lysine pathway metabolites

To evaluate the identified metabolites of the lysine pathway,
we expanded the analytic LC-MS/MS method to incorporate
lysine, glutamine, AAA, PIP, A'-P2C/P2H2C, A*-P6C, A'-
P6C/6-OH-PIP, and 6-oxo-PIP (Figure S9). There are two
peaks for 6-oxo-PIP representing the enol and keto form.
For quantification, deuterated d3-AAA and d3-6-oxo-PIP
were used as internal standards. The limit of detection
(LOD) for A'-P6C/6-OH-PIP was 1.0 pM and the limit of
quantitation (LOQ) was 2.0 pM (Figure S10A). The LOD
and LOQ for 6-oxo-PIP were 2.0 mM and 4.0 mM, respec-
tively (Figure S10B). A standard curve between 0.5 and
500 pM for quantification of A'-P6C/6-OH-PIP with inter-
nal standard d3-AAA had a correlation coefficient >0.99,
and for quantification of 6-oxo-PIP with the internal stan-
dard d3-6-oxo-PIP had a correlation coefficient >0.985.

3.6 | Human subjects

In all blood, plasma, and urine samples of subjects affected
with PDE we detected AAA, PIP, AI—P6C/6—OH—PIP, and
6-0x0-PIP (Figure S11), whereas in samples form 14 control
subjects, we only detected AAA and PIP. In two affected sub-
jects, the amount of 6-oxo-PIP in urine was 156.8 pmol/mg
creatinine and 122.2 pmol/mg creatinine and for A'-

Pipecolic acid —*

e Alpiperideine-6-carboxylate and ‘
6-hydroxy-pipecolate

6-oxo-pipecolate

/

P6C/6-OH-PIP was 8.5 pmol/mg creatinine and 7.5 pmol/mg
creatinine. In plasma, the concentration of 6-oxo-PIP was
2.7 + 0.1 pM and 4.1 + 0.1 uM and the concentration of A'-
P6C/6-OH-PIP was 1.1 + 0.1 pM and 3.0 + 0.1 pM for
patients 1 and 2, respectively. In CSF from a subject affected
with PDE we also identified A>-P6C and a small but clear
peak of A'-P2C/P2H2C (Figure S12) in addition to A'-
P6C/6-OH-PIP and 6-oxo-PIP. In three control CSF samples,
AAA and PIP were observed but A'-P6C/6-OH-PIP, 6-0xo-
PIP, A’>-P6C, and A'-P2C/P2H2C were absent.

3.7 | Biomarker stability studies

As a primary aim of this research was to evaluate biomarkers
suitable for newborn screening, we analyzed blood spots
(Whatman 903 Lot #W-041) from two subjects and controls.
In blood spots stored at RT, the signal of A'-P6C/6-OH-PIP
rapidly degraded over time, and became undetectable after a
few days. In contrast, 6-oxo-PIP was noted in the initial
blood spot (Figure 1). A freeze-thaw study and a 4-month
stability study was done in urine samples from subjects
1 and 2 (Table S4). The original concentrations of Al-
P6C/6-OH-PIP for subjects 1 and 2 were 16.1 + 1.9 pM and
27.1 £ 2.0 pM, respectively. At RT, A'-P6C/6-OH-PIP
degraded within a couple of days with only trace amounts
remaining after 2 weeks. When in the freezer or the deep
freezer, A'-P6C/6-OH-PIP decayed moderately. After
126 days, there was a 53% to 64% loss of A'-P6C/6-OH-PIP
at —13°C + 3°C and 47% to 48% loss at —77°C + 3°C. The
initial 6-0xo-PIP concentrations observed in subjects 1 and
2 were 298 + 23 pM and 440 + 4 pM, respectively. 6-oxo-

FIGURE 1
biomarkers in a dried filter paper spot.
A dried filter paper (Whatman 903 Lot
#W-041) was impregnated with 200 pL
of blood from a patient with pyridoxine-

Identification of

dependent epilepsy. Using a
nonderivatized liquid chromatography
tandem mass spectrometry method, we
identified pipecolic acid, the equilibrium
of A'-piperideine-6-carboxylate and
6-hydroxy-pipecolate (A'-P6C/6-OH-

PIP), and 6-oxo-pipecolate (6-oxo-PIP)
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FIGURE 2  Stability study of A'-piperideine-6-carboxylate and 6-hydroxy-pipecolate (A'-P6C/6-OH-PIP) and 6-oxo-pipecolate (6-0xo-PIP).
A 4-month stability study was performed in urine samples from two subjects with pyridoxine-dependent epilepsy. A'-P6C/6-OH-PIP and 6-oxo-PIP

concentrations were measured in three conditions: room temperature (circle), —15°C (diamond), and —70°C (square). Each sample was measured

three times and reported as a mean value; the mean value is represented as the percent of the initial concentration. At room temperature, A'-
P6C/6-OH-PIP degraded quickly (A) whereas 6-oxo-PIP was relatively stable for 126 days (B)

FIGURE 3 Proposed modification to
the lysine oxidation pathway. In the revised
lysine oxidation pathway, both the
pipecolate and the saccharopine pathway
converge on the equilibrium of A'-
piperideine-6-carboxylate (A'-P6C) and
6-hydroxy-pipecolate (6-OH-PIP). The
a-aminoadipic semialdehyde (a-AASA)

Nao
Al-P2C
Hog

P2H2C

dehydrogenase enzyme acts on this
metabolite to generate a-AASA and then
2-amino-adipic acid (AAA). In a-AASA
dehydrogenase deficiency, a cytosolic
enzyme catalyzed the oxidation of 6-OH-
PIP to 6-oxo-pipecolate (6-oxo-PIP).
Abbreviations: P2C, A'-piperideine-
2-carboxylate; P2H2C, piperidine-
2-hydroxy-2-carboxylate; P2CR, Al-
piperideine-2-carboxylate reductase; PIP,
pipecolic acid

PIP showed an initial 20% to 21% decrease within the first
2 weeks regardless of storage temperature with, at room tem-
perate, a slower rate of degradation displaying only a 43%
and 33% decrease at 126 days for subjects 1 and 2, respec-
tively. Thus, at RT, 6-oxo-PIP was considerably more stable
than A'-P6C/6-OH-PIP (Figure 2).

4 | DISCUSSION

Herein, we describe a novel biomarker (6-oxo-PIP) for PDE,
which has significant implications for newborn screening of

Pipecolate
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this treatable disease. Previous attempts at newborn screen-
ing were limited as the primary biomarkers A'-P6C and
a-AASA degraded rapidly at RT.*>*° In our study, 6-oxo-
PIP was measurable for up to 4 months in urine samples
stored at RT. Stability at RT is essential as the current new-
born screen paradigm relies on sampled to be collected,
dried, and shipped at RT. Using a stable isotope labeled
internal standard, we developed a nonderivatized method
LC-MS/MS-based method to quantify 6-0xo-PIP in subjects
and controls. We suggest that screening for PDE could be
added to the current newborn screen paradigm where sam-
ples are collected on filter paper cards, dried, and shipped at
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RT, and analyzed via nonderivatized MS/MS analytical
methods. Further studies are needed to establish the sensitiv-
ity and specificity of 6-oxo-PIP for PDE. To our knowledge,
6-oxo-PIP has not been reported in patients with PDE or
other defects of lysine metabolism, although it has been
identified in Penicillium chrysogenum.>’®

The presence of 6-oxo-PIP was suggested by the pres-
ence of 6-OH-PIP as an intermediate step between A'-P6C
and o-AASA (Figure 3). 6-OH-PIP represents the cycliza-
tion of a-AASA without loss of water and the simple addi-
tion of water across the C=N bond in A'-P6C. Oxidation of
the secondary alcohol in 6-OH-PIP results in the formation
6-0x0-PIP. Our combined NMR, mass spectrometry and
DNP reactivity data suggests that a mixture of A'-
P6C/6-OH-PIP exists, although this mixture could not be
separated despite the use of multiple analytical methods. We
suggest that these two metabolites are in a very rapid equi-
librium in any aqueous condition. The initial NMR experi-
ments are consistent with both a double bond and a
hydroxyl group. This suggests that both interacting products
are present in the original standard and not solely occurring
with the analytical mass spectrometry method.

Various mutations in ALDH7A]I result in the accumula-
tion of A'-P6C/6-OH-PIP and a-AASA. a-AASA dehydro-
genase is present in both mitochondria and cytosol. When
A'-P6C/6-OH-PIP accumulates, it appears to be a substrate
of a dehydrogenase using NAD" located in the cytosol, but
not in the mitochondria, and resulting in the formation of
6-oxo0-PIP. The exact identity of this enzyme still needs to
be determined. An alternative possibility includes the for-
mation of pipecolate from the incubated A'-P6C and a
direct oxidation of pipecolate to 6-oxo-PIP. Although this
appears less likely, it is not excluded by the data presented
in this paper. The 6-oxo-PIP formed cannot be further
metabolized to AAA and accumulates in patients
with PDE.

Of note, we identified a small but distinct peak of Al
P2C/P2H2C in the CSF of a single affected subject,
which was not identified in blood, plasma, or urine of
affected patients. If confirmed, the presence of A'-
P2C/P2H2C may indicate a role for the pipecolate path-
way in human brain lysine metabolism. The respective
contributions of each pathway cannot be determined
from this study, and has subject  of
controversy.>>*! Further studies are needed to determine
which of the many accumulating metabolites contributes
to the neurological symptoms of PDE.

been

5 | CONCLUSION

In summary, we report 6-OH-PIP as an intermediate metabo-
lite between A'-P6C and a-AASA in lysine oxidation. A

minor cytosolic enzymatic pathway allows oxidation to
6-0x0-PIP. Accumulation of 6-oxo-PIP was identified in the
blood, plasma, urine, and CSF of subjects with PDE and rep-
resents a novel biomarker. We present an analytical method
for quantification of this new biomarker using stable isotope
dilution of LC-MS/MS. Unlike previously identified bio-
markers for PDE, 6-oxo-PIP was relatively stable at
RT. Stability of a biomarker at RT is essential to add screen-
ing for PDE into existing newborn screening paradigms. The
clinical utility of 6-oxo-PIP will need to be defined in a
future study of multiple subjects with PDE.
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