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ABSTRACT

6-NADH and 6-NADPH are strong inhibitors of several dehydrogenases that may form
spontaneously from NAD(P)H. They are known to be oxidized to NAD(P)" by mammalian
renalase, an FAD-linked enzyme mainly present in heart and kidney, and by related bacterial
enzymes. We partially purified an enzyme oxidizing 6-NADPH from rat liver, and,
surprisingly, identified it as pyridoxamine-phosphate oxidase (PNPO). This was confirmed by
the finding that recombinant mouse PNPO oxidized 6-NADH and 6-NADPH with catalytic
efficiencies comparable to those observed with pyridoxine- and pyridoxamine-5’-phosphate.
PNPOs from Escherichia coli, Saccharomyces cerevisiae and Arabidopsis thaliana also
displayed 6-NAD(P)H oxidase activity, indicating that this ‘side-activity’ is conserved.
Remarkably, ‘pyridoxamine-phosphate oxidase-related proteins’ (PNPO-RP) from Nostoc
punctiforme, A. thaliana and the yeast S. cerevisiae (YgrO017w) were not detectably active on
pyridox(am)ine-5’-P, but oxidized 6-NADH, 6-NADPH, and 2-NADH suggesting that this
may be their main catalytic function. Their specificity profiles were therefore similar to that
of renalase. Inactivation of renalase and of PNPO in mammalian cells and of Ygr017w in
yeasts led to the accumulation of a reduced form of 6-NADH, tentatively identified as 4,5,6-
NADHj; which can also be produced in vitro by reduction of 6-NADH by glyceraldehyde-3-
phosphate dehydrogenase or glucose-6-phosphate dehydrogenase. As 4,5,6-NADHj; is not a
substrate for renalase, PNPO or PNPO-RP, its accumulation presumably reflects the block in
the oxidation of 6-NADH. These findings indicate that two different classes of enzymes using
either FAD (renalase) or FMN (PNPOs and PNPO-RPs) as a cofactor play an as yet
unsuspected role in removing damaged forms of NAD(P).
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INTRODUCTION

Mounting evidence indicates the importance of repair reactions in metabolism (1-4). Besides
catalyzing their classical reactions, enzymes often display side activities on intracellular
molecules that resemble their physiological substrate, thus forming non classical metabolites.
Damaged or non canonical metabolites are also formed by numerous ‘spontaneous’ reactions
(5) occurring at low, yet significant rates under in vivo conditions. These non-classical
metabolites represent a burden to cells, as is best indicated by the discovery in recent years of
several metabolite repair enzymes and the demonstration that several of them are
indispensable. Deficiency in repair enzymes may indeed lead to diseases in humans or be
lethal in mice (4). Thus, deficiency in L-2-hydroxyglutarate dehydrogenase, which serves to
reconvert a metabolite formed by a side reaction of malate dehydrogenase or lactate
dehydrogenase on alpha-ketoglutarate, leads to a leukoencephalopathy caused by the
accumulation of L-2-hydroxyglutarate in brain (6-8). Deficiency in PGP, an enzyme that
destroys the glycolytic side products and metabolic inhibitors 4-phosphoerythronate and L-2-
phospholactate (9), is embryonic-lethal in mice (10). G6PC3, an endoplasmic reticulum
protein formerly described as a “ubiquitous glucose-6-phosphatase’, was recently shown to be
a metabolite repair enzyme that, in collaboration with the glucose-6-phosphate transporter
GO6PT, dephosphorylates the hexokinase inhibitor 1,5-anhydroglucitol-6-phosphate, and
thereby prevents the development of a neutropenia (11).

Coenzymes and cofactors are vital for cellular metabolism, but due to their
intrinsically high chemical reactivity, they are particularly prone to be converted to useless
and potentially toxic forms. Thus, NAD and NADP may undergo different types of damage
reactions. Hydration of their reduced form, either spontaneous or enzyme-catalyzed, leads to
the formation of NAD(P)HX, where a hydroxyl group is bound to carbon 6 of the
nicotinamide moiety (12,13). An ATP-dependent dehydratase reaction allows the (S)-form of
NAD(P)HX to be reconverted to NAD(P)H, while the (R)-epimer is converted to the (S) form
by an epimerase forming in bacteria a bifunctional protein with the dehydratase (14-16).
Deficiency in either of these enzymes leads to major neurological problems and early death in
humans (17-20).

Other forms of damaged nicotinamide nucleotides are species where the reduced atom
on the nicotinamide ring is C6 or C2 (6-NADH and 2-NADH) rather than C4 as in classical
NADH. These forms arise spontaneously during long-term storage of NADH solutions,
resulting from the reduction of C6 or C2 of contaminating NAD" by NADH (21,22). 2-
NADH is highly unstable, whereas 6-NADH is much more stable. Furthermore, this
compound and 6-NADPH are strong inhibitors of several dehydrogenases, including lactate
dehydrogenase and malate dehydrogenase (21,23). Renalase, a flavoprotein mainly expressed
in kidneys and heart but absent or nearly absent from liver or brain was recently shown to
catalyze the oxidation of 2- or 6-NAD(P)H (Fig. 1) (23-26).

Independently from the work on renalase, we initiated a few years ago investigations
aimed at identifying an enzyme able to oxidize 6-NAD(P)H in rat liver. As described in the
present work, this led us to the surprising observation that pyridoxamine-phosphate oxidase
(PNPO) was a major 6-NAD(P)H oxidase in tissue extracts. Remarkably this capacity of
oxidizing 6-NAD(P)H is highly conserved among PNPOs and seems to be the sole significant
activity of some distant members of this family. We show also that inactivation of 6-
NAD(P)H oxidizing enzymes in cells leads to the accumulation of a reduced from of 6-
NADH, presumably 4,5,6-NADHj3;. The purpose of this article is to report these findings.



Experimental

Reagents — Unless otherwise stated, chemicals were obtained from Sigma and Roche at the
highest degree of purity.

Preparations of 2-NADH, 6-NADH and 6-NADPH — 2-NADH, 6-NADH and 6-NADPH
were produced by reducing f-NAD" or B-NADP" with sodium borohydride (21). Briefly, 10
mg of NAD(P)" was dissolved in 0.5 ml of 0.05 M Tris buffer, pH 8.5 (Bio-Rad) and 50 pl of
a 0.8 M NaBHy solution was added stepwise (volumes of 10 pl) to the stirred solution at room
temperature. Then, 50 pul of 1 M glucose (Acros) was added to consume the excess of NaBHy
and the mixture was loaded onto a 1 ml Q-Sepharose resin (GE Healthcare). Elution with a
NaCl (Acros) gradient allowed the separation of 6-NAD(P)H from classical NAD(P)H. The
fraction containing most of the 6-NAD(P)H was loaded on a semi preparative Pursuit Xrs 5
C18 reverse phase column (10.0 x 250 mm, 5 uM particle size) run at 4 ml/min with a mobile
phase of 50 mM ammonium acetate (Merck), pH 7.0 and the NAD(P)H isomers were eluted
with a gradient of 0 to 4% acetonitrile (HiperSolv). The elution of NAD(P)H and 6-NAD(P)H
was followed both at 260 and 345 nm. 6-NAD(P)H was collected (~ 15 ml), loaded on a 1 ml
Q-Sepharose column and eluted as described above to concentrate it and ensure that no trace
of NAD(P)', which coelutes with 6-NAD(P)H in our HPLC method, remained in the solution.
After lyophilization, the preparation of 6-NAD(P)H was resuspended in a suitable volume of
25 mM Tris, pH 8.0 and the concentration of the resulting solution was determined using €345
= 6580 M cm™ (23). Purity of the solution was assessed both by enzymatic assay at 345 nm
(see below) and by HPLC analysis using an analytic Polaris 5 C18-A reverse phase column
(4.6 x 150 mm, 5 uM particle size) with the same gradient at 1 ml/min.

Due to the high lability of 2-NADH in the conditions of its synthesis (50 mM Tris pH
8.5), we were not able to purify it on HPLC. After reduction of NAD" as described above, we
added sodium pyruvate (Merck) and rabbit lactate dehydrogenase (Roche) to oxidize 4-
NADH whereupon the mixture was chromatographed on an anion exchange column and
eluted with a NaCl gradient in order to separate NAD" from both 6-NADH and 2-NADH.

Purification and molecular identification of rat liver 6-NAD(P)H oxidase — Rat liver (~ 3.6
g) was homogenized in 4 volumes (w/v) of buffer A (25 mM Hepes, pH 7.1, 2 ug.ml™ of
leupeptin and antipain; Peptide Institute, Osaka, Japan) containing 25 mM KCI (Acros) with
a Potter glass teflon homogenizer. The homogenate was centrifuged at 16,000 x g for 15 min
at 4°C. The resulting supernatant (18 ml) was diluted two-fold with buffer A and applied on a
column containing = 15 ml of DEAE-Sepharose equilibrated with buffer A. After washing
with 50 ml buffer A, the retained proteins were eluted with a linear NaCl gradient (0-500 mM
NaCl in 2 x 100 ml buffer A). The collected fractions (5 ml each) were tested for 6-NADPH
oxidase activity by monitoring Asss to measure 6-NADPH consumption and the most active
ones (15 ml) were pooled, diluted 2-fold with buffer A, and applied on a 9 ml Blue Trisacryl
column equilibrated with the same buffer. After washing, the retained proteins were eluted
with a linear NaCl gradient (0-2 M) in buffer A and 3.5 ml fractions were collected. The 6
most active fractions were pooled, concentrated to about 1.8 ml on a Vivaspin centrifugal
concentrator. Solid NaCl was added to the concentrate to increase its NaCl concentration by 1



M and the preparation was applied on a column containing 0.5 ml Phenyl-Sepharose and
equilibrated with buffer A containing 1 M NaCl. After washing, the retained proteins were
eluted with a stepwise decreasing NaCl gradient (0.5, 0.2 and 0 M) followed by an increasing
ethylene glycol gradient from 10 to 70 %). The activity was mostly eluted at 0.2 and 0 M
NaCl. The most active fractions of the Blue Trisacryl and the Phenyl-Sepharose purification
steps were analysed by nanoLC/MS/MS after trypsin digestion (27,28).

Cloning, expression, and purification of recombinant enzymes

The coding sequences of PNPO from M. musculus (NM_134021.2), S. cerevisiae (Pdx3;
NM 001178383.1), E. coli (PdxH; NC 000913.3) and A. thaliana (PPOX1; NM _124376.4);
of PNPO-RP from A. thaliana (PPOX2; NM 130223.3) and S. cerevisiae (YgrO17w;
NM 001181146.1); and of H. sapiens renalase (RNLS; NM 001031709.3) were PCR-
amplified using appropriate templates and primers (Table S1). The DNA sequence of PNPO-
RP from N. punctiforme (WP_012411992.1) cloned in the pSpeedET vector was purchased
from the DNASU plasmid repository (https://dnasu.org/DNASU/Home.do).

Mouse PNPO was expressed from the second ATG, to eliminate a mitochondrial
propeptide predicted by TargetP (29). As the C-terminal residue in PNPOs and PNPO-RPs is
a highly conserved proline, care was taken to avoid any C-terminal fusion. We therefore
modified the ASKA clone allowing the expression of E. coli PNPO (PdxH), to remove a
fused 4 amino acid C-terminal peptide (30). All genes were amplified using the Pyrococcus
furiosus (Pfu; Promega) or Phusion (Thermofisher Scientific) proofreading DNA polymerases
and inserted in the expression plasmids indicated in Table S2. The DNA sequence of each
insert was checked by sequencing. All used vectors are designed for bacterial overexpression
of N-terminally 6xHis-tagged protein upon induction with isopropyl-1-thio--D-
galactopyranoside (IPTG) and all constructs were transformed in E. coli BL21 strains for
subsequent expression (Table S2).

After expression, cells were pelleted by a 15 min centrifugation at 6000 x g and 4°C,
suspended in a buffer containing 25 mM Hepes, 300 mM NaCl, 5 pg/ml antipain and
leupeptin, 0.5 mM PMSF, 1 mg/ml lysozyme and 1 mM DTT. The pH of the buffer was 7.4
for mouse, yeast and E. coli PNPO, and PNPO-RP of N. punctiforme; and 7.1 for all the other
proteins. Cell lysis was performed by freezing and thawing and DNA was digested as
previously described (16). All the recombinant proteins were purified on a Ni-NTA
chromatographic column (Thermofisher scientific). The cell lysate was diluted 3 fold in
buffer A, containing 50 mM Hepes, pH 7.4, 300 mM NaCl, 10 mM imidazole; 2 pg/ml
antipain, 2 pg/ml leupeptin and 5 pM FMN for each protein, except for RNLS, for which the
buffer was 50 mM sodium phosphate, pH 8.0 and contained 5 pM FAD instead of FMN. The
proteins were eluted with a linear imidazole gradient from 10 (buffer A) to 300 mM (buffer
B). The fractions containing the protein of interest were pooled, concentrated by
centrifugation in Vivaspin Turbo 15 filters (Sartorius) and desalted on PD-10 (GE Healthcare)
columns.

Enzyme purity was estimated by SDS-PAGE and Coomassie Blue staining (Fig. S1).
In all cases, the protein band of interest was the major one, and we did not make any
correction in the calculation of the enzyme concentration by taking into account the presence
of impurities. Protein concentration in the purified preparations was estimated by measuring



Ango and computing the concentration from the expected extinction coefficient on the basis of
the amino acid composition (Protparam tool, at https://web.expasy.org/protparam/). Due to
the uncertainty on the amount of FMN or FAD bound to the purified enzymes, we did not
take into account the contribution of these coenzymes to Ajso. This makes that we would
overestimate the actual protein concentration of up to 1.36 and 1.48-fold, if there were in fact
a stoichiometric amount of FMN or FAD bound to each subunit of the purified protein (based
on calculations assuming €280 values of 17,000 and 20,000 for FMN or FAD in solution).
Taking this factor and the purity factor into account, we calculated that the actual values of
Vmax and catalytic efficiency were underestimated by =~ 2-5 fold. This error does not affect the
general interpretation of the data.

Spectrophotometric assays — The 6-NAD(P)H oxidase of PNPOs and PNPO-RPs (except the
yeast enzyme) was assayed at 30°C in a buffer containing, unless otherwise indicated, 25 mM
Hepes, pH 7.1, 20 mM KCI, 0.1 mg/ml BSA and 5 uM FMN. The activity of renalase was
assayed under the same conditions except that 10 pM of FAD instead of 5 uM FMN was
added in the reaction mixture. The enzymatic activity of S. cerevisiae PNPO-RP (YgrO17w
was assayed at 30°C in a buffer comprising 50 mM sodium phosphate pH 7.0, 50 mM
potassium acetate, 5 uM FMN and 0.1 mg/ml BSA. 6-NAD(P)H consumption was measured
by monitoring 4345 and the activity was calculated based on previously published values for
the extinction coefficient of 6-NAD(P)H (exs = 6580 M cm™) (23). Given the higher
spontaneous rate of 2-NADH degradation at pH 7.1, the enzymatic assays of 2-NADH
oxidase were performed both at pH 7.1 and at pH 8.5. 2-NADH consumption was measured
by monitoring 43¢5 and the activity was calculated based on an €395 value of 5360 M cm™)
(23). Pyridoxamine-phosphate oxidase was assayed spectrophotometrically as described in
Musayev et al (31).

Yeast strains, plasmids and media — S. cerevisiae strains were routinely grown on YPD
medium (1% yeast extract, 2% peptone, 2% glucose) and/or minimal SD medium (0.67%
yeast nitrogen base, 2% Complete Supplemented Mixture (CSM, MP Biomedicals), 2%
glucose). The yeast strains used are listed in Table S3. The strains lacking the PDX3 gene
(Y13172) and the YGRO17W gene (Y 14647 and Y04647) were purchased from the Euroscarf
systematic deletion library. The double-deletant pdx3A/ygrO0l7WA was obtained both by
crossing the single deletants Y13172 pdx3A Mat o and Y04647 ygrO0l7wA Mat a or by PCR-
mediated gene replacement in a single deletant strain, using as a selection marker the
hygromycin B phosphotransferase gene. The hygromycin B gene fused to the TEF gene
promoter and to the transcriptional terminator from the TEF gene was amplified from plasmid
pAG34 (32). The primers used for the amplification of the resistance cassette, listed in Table
S4, consisted of 53-56 nucleotides homologous to the genomic regions ~45 nucleotides
upstream or downstream of the targeted ORFs and a segment of 19-23 nucleotides
homologous to the flanking regions of the hygromycin B resistance cassette. For each PCR
reaction performed with Phusion polymerase, 50 ng of template and 50 pmoles of primers
were used. Between 0.2 and 2 pg of PCR product was used to transform yeast cells according
to the method described by Gietz and Schiestl (2007) (33). Transformed cells were then
grown for 3h at 30°C before being plated onto YPD plates containing 0.3 mg/ml



hygromycin B and 0.2 mg/ml kanamycin. After 48h, the transformants were grown in YPD
containing 0.3 mg/ml hygromycin B and verified by analytical PCR on whole yeast colonies.
The primers used to verify the correct disruption of the target gene are listed in Table S4.

Metabolite analysis of yeast cells — Yeast cells were grown in minimal medium until ODgg
reached = 1 to 1.5, which corresponded to the exponential growth phase. 5 ml of each culture
were then rapidly sampled by fast vacuum filtration on polyethersulfone membrane (25 mm,
0.45 um pore size, PALL corporation, Michigan, USA) and the scraped cell pellets were
directly dipped in liquid nitrogen. The pellets were subsequently resuspended in 1.5 ml of the
extraction solution (composed of 10 % water and 90% (v/v) of a mixture of 90% (v/v)
methanol — Biosolve BV, The Netherlands — and 10% of CHCIl; — Biosolve BV, The
Netherlands) and the cells were lysed by 30 min of strong agitation in the presence of glass
beads (Sigma-Aldrich) at 4°C. After 2 min of centrifugation at 16,000 x g, 350 ul of the upper
phase was collected and vacuum-dried. The pellets were resuspended in 25 pl water,
centrifuged as above and 5 pl of the supernatant was analysed by LC-MS as described below.

Gene inactivation in mammalian cells with CRISPR/Cas9 — According to the BioGPS website
(www.biogps.org), the mRNA expression level of renalase in Human Colon Cancer HCT116
cells is about 100-fold lower than that of PNPO and our qPCR experiments showed that the
abundance of renalase mRNA in these cells is below the detection level. On the other hand,
comparable levels of renalase and PNPO mRNA were detected in bone osteosarcoma U20S
cells. The different primer pairs (3 for PNPO, 4 for RNLS) used to inactivate the PNPO (in
U20S and HTC116 cells) or the renalase gene (only in U20S cells) are shown in Table S5.
The PNPO gene was targeted in two different regions. Pairs 1 and 2 targeted exon 3
containing the conserved ‘SRK’ motif that is important for FMN-binding (31) and resulted in
clones HCT116 B6 and C9 and U20S APNPOLI. Pair 3 targeted the junction between exon 5
and exon 6 and resulted in clone U20S APNPO2. The RNLS gene was also targeted in two
different regions. Pairs 1 and 2 targeted the second exon of the gene, which contains the
conserved ‘AQY’ motif that is important for the FAD-binding in the catalytic pocket (34) and
resulted in clone U20S ARNLSI. Pairs 3 and 4 targeted the fifth exon of the gene, containing
Argl93, which is presumably important for the catalytic activity (34) and resulted in clone
U20S ARNLS2. Annealed primers were ligated into the vector pSpCas9(BB)-2A-Puro
(pX459) V2.0 and pSpCas9(BB)-2A-GFP (pX458) (a gift from F. Zhang, Massachusetts
Institute of Technology ; Addgene plasmid #48139 and #48138, respectively) digested with
BbslI and constructs were validated by sequencing (Beckman Coulter Genomics). HCT116
cells, a gift from E. Fearon (University of Michigan, Ann Arbor), and U20S cells were
cultivated in DMEM (Dulbecco’s modified Eagle’s medium) containing 10% FBS, 2 mM L-
glutamine, penicillin/streptomycin (Life Technologies) and 4 mg/l pyridoxal (Sigma) to allow
pyridoxal-phosphate formation by pyridoxal kinase in cells lacking PNPO. CRISPR pX459
constructs were transfected and selected with puromycin as described in Collard et al., 2016
(9). Genomic DNA of puromycin-resistant clones was used to PCR-amplify the regions
encompassing the targeted sites and sequencing of the PCR products was used to identify any
genetic modification in each clone.
The HCT116 clones used in this study had the following mutations:



APNPO B6: change in the reading frame due to deletion of a ‘G’ between ‘T296” and ‘A298’
of the DNA sequence, leading to a premature stop codon after 145 amino acids.
APNPO C9: change in the reading frame due to insertion of a ‘T’ between ‘T296” and ‘G297’
of the DNA sequence, leading to a premature stop codon after 111 amino acids.

The U20S clones used in this study had the following mutations:

APNPOL: change in the reading frame due to insertion of a ‘T’ between ‘T296 and ‘G297’ of
the DNA sequence, leading to a premature stop codon after 111 amino acids.

APNPO2: change in the reading frame due to deletion of ‘G543’ and ‘G544’ of the DNA
sequence, leading to a premature stop codon after 187 amino acids.

ARNLSI1: deletion of 73 nucleotides between ‘A151° and ‘G224, leading to a premature stop
codon after 56 amino acids.

ARNLS?2: deletion of 49 nucleotides between ‘A528’ and ‘G578, leading to a premature stop
codon after 216 amino acids.

To generate double knockout clones (APNPO/ARNLS) in the U20S cell lines,
APNPOL1 cells were transfected with RNLS CRISPR pX458 constructs and GFP positive cells
were cloned after flow activated cell sorting with a BD FACSARIA III in 96-well plate
(nozzle: 100um, drop frequency: 30kHz, sheath pressure: 20 psi, precision mode : single cell)
and expansion at 37°C during several days. Genomic DNA of the growing cells was then
PCR-amplified and sequenced as described above. This resulted in two U20S
APNPO/ARNLS clones that had the following mutations in the RNLS gene:
APNPO/ARNLSI: Change of the reading frame due to deletion of Al51, leading to a
premature stop codon after 80 amino acids.

APNPO/ARNLS2: Change of the reading frame due to insertion of a ‘A’ after ‘A151°, leading
to a premature stop codon after 56 amino acids.

To complement the deficient cell lines, we generated lentiviral vectors for expression of either
human PNPO or human RNLS or A4. thaliana PPOX2. The coding sequence of each gene was
PCR-amplified from minipreps using Pfu polymerase with primers listed in Table S6 and was
cloned in a lentiviral vector derived from pLVX-puro (Clontech) vector between the BamHI

and BsrGI restriction sites. HEK293T cells were transfected with 2 pg of these plasmids
together with 2 pg of psPAX2 plasmid and 1 pg of pMD2 plasmid (Addgene plasmids #
12260 and #12259, kind gift from Didier Trono), which are two vectors allowing the
production of the envelope and the viral capsule, using JetPEI DNA transfection agent
(Polyplus transfection). After 48h at 37°C, the medium of HEK293T cells was collected,
filtered on 0.45 pm filters (Filtropur) and mixed with 8 pg/ml polybrene (Sigma) before being
added on U20S deficient cells. After 18h at 37°C, the culture medium was replaced by the
same medium containing 2 mg/ml of puromycin to select the infected cells. Complemented
cells were then normally cultivated and complementation was assessed by qPCR experiment
(not shown).

Metabolite analysis of U20S cells — U20S cells were plated at 600,000 cells per dish in 6 cm
dishes and incubated in DMEM containing 4 mg/l pyridoxal for 48 h before harvesting. To
quench metabolic activity, medium was removed, cells were quickly rinsed with ice-cold
water and plates were plunged in liquid nitrogen (35). One ml of a 90% methanol/chloroform
(9/1) mixture kept on dry ice was added on the still frozen plates. Cells were scraped and the



extracts were collected and centrifuged for 10 min at 16,000 x g. After vacuum-drying of the
upper aqueous phase, the pellet was suspended in 30 pl of water, centrifuged for 2 min at
16,000 x g and 5 pul of the supernatant was analysed by LC-MS. LC-MS analysis was
performed using the method as detailed in Veiga da Cunha et al. 2019 (11). Extracted ion
chromatograms of the [M-H+]- forms were integrated using MassHunter software (Agilent,
Santa Clara, CA, USA), and areas were normalized to total ion current. LC-MS results were
obtained in at least three independent experiments where each experimental value is the mean
of three technical replicas.

Quantitative PCR analysis of mice tissues — RNA from mouse tissues was extracted using
TRIzol® reagent (Life Technologies) and reverse transcription was performed using
RevertAID reverse transcriptase (Thermo Scientific) according to the manufacturer protocol
using 2 pg RNA in a total volume of 20 pl. Five pl of 20-fold diluted cDNAs were used for
quantitative PCR in a MyiQ™ thermal cycler using SYBR Green as a fluorescent dye (Bio-
Rad) and hotGoldStar Tag polymerase (Eurogentec, Seraing, Belgium). PCR programs were
95°C for 3 min, 40 cycles at 95°C for 10 s and 60°C for 1 min, with acquisition of
fluorescence information, followed by a melting curve. Experiments shown represent means
and standard deviations for three biological replicates. Primers used are listed in Table S7.
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RESULTS
Identification of PNPO as a major 6-NAD(P)H metabolizing enzyme in liver extracts

A spectrophotometric assay at 345 nm indicated that 10 pM 6-NADPH was consumed at a
rate of = 40 nmol/min/g tissue in a rat liver high-speed supernatant, suggesting the existence
of a 6-NADPH oxidase. Chromatography of a rat liver extract on DEAE-Sepharose showed
that the putative 6-NADPH oxidase activity was eluted as a single peak with the salt gradient
(Fig. 2). Further purification on Blue Trisacryl indicated that the enzyme was adsorbed on
this type of column and eluted with high salt concentrations (not shown). A final step on
Phenyl Sepharose yielded an enzyme whose specific activity was about 3-fold higher than in
the eluate of the Blue Trisacryl column and about 100-fold higher than in the liver extract.
The most active fractions of the Blue Trisacryl column and of the Phenyl Sepharose column
were analyzed separately after trypsin digestion by tandem mass spectrometry. 123 proteins
were identified by the detection of at least two different peptides in the Blue Trisacryl fraction
and 82 in the Phenyl Sepharose fraction. Among the 123 proteins identified in the Blue
Trisacryl column, 12 were oxidoreductases. We quantified their relative abundance in the
Blue Trisacryl and Phenyl Sepharose fractions by dividing the numbers of ‘peptide spectral
matches’ by the mean spectral match for each of the two fractions (Table S8). Comparison of
the figures indicated that two oxidoreductases were enriched at least two-fold by the last
chromatographic step: pyridoxamine-phosphate oxidase (PNPO) and 3-hydroxyanthranilate-
3.,4-dioxygenase (Table S8).

As PNPO is strongly inhibited by its classical product, pyridoxal-phosphate (31,36),
we checked if the latter compound inhibited the oxidation of 6-NADPH by the enzyme
purified from liver and found indeed that 1 uM pyridoxal-phosphate inhibited the enzymatic
activity by more than 90 % (not shown). We also retrospectively measured the oxidase
activity on pyridoxamine-phosphate in the fractions of the DEAE-Sepharose column and
found near-perfect co-elution of this activity with the 6-NADPH consuming activity (Fig. 2).

Characterization of the activity of mouse pyridoxamine-phosphate oxidase on 6-
NAD(P)H

Purified recombinant mouse PNPO catalyzed the oxidation of 6-NADPH and 6-NADH, and
at lower rates, 2-NADH (Table 1) while it had no activity on NADH and NADPH (not
shown). Kinetic analysis indicated that 6-NADPH was about 10-fold better as a substrate than
6-NADH (in terms of catalytic efficiency — kc./Knm in Table 1). We compared this activity to
that measured spectrophotometrically on pyridoxamine-5’-phosphate (PM5P) and pyridoxine-
5’-phosphate (PN5P), in the presence of 200 mM Tris, pH 8.5, to trap the produced pyridoxal-
5’-phosphate (PL5P) as a Schiff’s base (31). The results indicated that the catalytic efficiency
for 6-NADPH was of the same order of magnitude as observed with PN5SP and PM5P (Table
1). To ensure that PNPO converted 6-NAD(P)H to NAD(P)", we assayed the formed
NAD(P)" by reducing it to NAD(P)H in the presence of glucose-6-phosphate and glucose-6-
phosphate dehydrogenase (G6PDH) from Leuconostoc mesenteroides (which acts on both
NAD" and NADP" (37). These assays showed that NAD(P)" formation exactly matched the
disappearance of 6-NAD(P)H (not shown). We also checked if, as for PM5P and PNS5SP
oxidation, H>O, was the second product of the reaction. Reaction mixtures where a defined
amount of 6-NADH had been consumed, as determined spectrophotometrically by the
decrease in A345 (not shown), were then tested spectrophotometrically for the presence of
H,0,, with a peroxidase assay based on the conversion of o-dianisidine to its oxidized form at
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A460 (not shown) (27). This type of assay led us to the conclusion that 6-NAD(P)H
disappearance was stoichiometric with the formation of H,O,.

Some PNPO-related proteins (PNPO-RPs) are excellent 6-NAD(P)H oxidases but lack
PNPO activity

To better appreciate the potential importance of 6-NAD(P)H oxidation by PNPO, we tested
PNPOs from other species. We included in our analysis three enzymes (Pdx3 from
Saccharomyces cerevisiae, PPOX1 from Arabidopsis thaliana and PdxH from Escherichia
coli), which have all been characterized previously (38-40). As shown in Table 1, all enzymes
were active on 6-NADPH and 6-NADH, though the best substrate for all of them was PN5P.
The catalytic efficiency for 6-NADPH was comparable to that observed with PMS5P, and
about 2-times higher than for 6-NADH. No activity was observed with 2-NADH with the two
enzymes tested (Table 1).

We also tested three enzymes that belong to the PNPO family, but are only distantly
related to bona fide PNPO, and which we call therefore PNPO-related proteins or PNPO-RP.
A model enzyme in this category is AtPPOX2 from A. thaliana (encoded by the At2g46580
gene), which was previously studied and displays at best only a very low oxidase activity on
PMS5P or PN5SP (<1 % of activity of 4. thaliana PNPO) (41). We also included in our studies
PNPO-RP of the cyanobacterium Nostoc punctiforme, whose 3D structure is available (2151
in pdb), and of Saccharomyces cerevisiae (Ygr017w), which share 38 % and 32 % sequence
identity with AtPPOX2, respectively. All three enzymes were remarkably active on 6-NADH
and 6-NADPH, with catalytic efficiencies that were at least as high as those observed with
human renalase (Table 2) and about 2 orders of magnitude higher than observed with the
‘true’ pyridox(am)ine-phosphate oxidase (with the exception of mouse PNPO). As for mouse
PNPO, we confirmed that the products of the reaction were NAD(P)" and H,O5 and that they
were produced stoichiometrically. We also noted that these enzymes were very active on 2-
NADH, even more so than renalase (Table 2). No activity was observed with 4-NADH, 4-
NADPH, PM5P and PNS5P (tested at up to 25 uM). Renalase was also lacking activity on
these substrates.

We also determined the sensitivity of the 6-NAD(P)H oxidase activity of all these
enzymes to pyridoxal-5’-phosphate (PL5P). We anticipated that this compound would
strongly inhibit this activity in the case of the ‘true’ PNPOs, but not in the case of PNPO-RPs
or renalase. We indeed observed that M. musculus and S. cerevisiae PNPOs were both
strongly inhibited by PL5P. In the case of mouse and yeast PNPO, 50 % inhibition was
reached at 0.5 and 20 uM, respectively, when the enzyme was tested in the presence of 25 uM
6-NADH. None of the PNPO-RPs, nor renalase was inhibited by PL5P (at a concentration of
10 uM).

Differences in key residues between PNPOs and PNPO-RPs may explain differences in
specificity.

Fig. 3 shows a sequence alignment of the investigated enzymes. PNPOs share a series of
highly conserved residues (highlighted in cyan) with PNPO-RPs. The two groups of enzymes
differ by residues that are either conserved in the PNPOs (grey) or in PNPO-RPs (yellow).
Strikingly, His199 and Arg197, which are known to interact directly with PN5P in PNPO (42)
are not conserved in the PNPO-RPs. The structure of PNPO-RP from Nostoc punctiforme has
been solved and deposited in the PDB databank. Like PNPOs (31), PNPO-RP is dimeric and
binds two FMNs per dimer. Fig. 4 shows the structure around one of the two FMNs. Most of
the residues that line the putative catalytic site at the upper face of FMN are conserved in both
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PNPOs and PNPO-RPs (cyan) or only in PNPO-RPs (yellow). One of these PNPO-RP-
specific residues is Arg45, which replaces a highly conserved lysine (Lys62 in E. coli PNPO)
interacting with the phosphate group of PN5P in PNPO. Thinking that this residue might bind
one of the phosphate groups of 6-NADH, we mutagenized it to alanine and found that this
mutation markedly increased the Ky for 6-NADH (from < 5 uM to 115 uM) (Fig. S2). No
significant change in the activity was observed when reduced N-methylnicotinamide was used
as a substrate, confirming that Arg45 interacts with negatively charged groups of 6-NADH.

The alignment shows also that yeast PNPO-RP is characterized by a series of peptide
insertions. These insertions, which were also found in many other PNPO-RPs from fungi (not
shown), are not conserved in their length or their sequence and their relevance remains to be
determined.

6-NAD(P)H can be further reduced by some dehydrogenases

Carbon 4 of the nicotinamide ring in 6-NAD(P)H is in the oxidized state. Therefore, we
considered the possibility that it might be reduced by a side activity of some classical
dehydrogenases. To test this, we incubated 6-NADH or 6-NADPH with several
dehydrogenases together with their reduced substrate and followed As4s. We noted that in the
presence of glyceraldehyde-3-phosphate dehydrogenase (from pig heart or S. cerevisiae),
glyceraldehyde-3-phosphate and arsenate to stimulate the reaction, Asss decreased
progressively while Aygy increased (Fig. SA). We determined that with 25 uM 6-NADH the
specific activity of GAPDH was about 4.8 nanomoles/min/mg of protein, which corresponds
roughly to 0.3 % of its specific activity under the same conditions but in presence of 25 uM
NAD" instead of 6-NADH.

We noted similar changes in Asss and A9y when 6-NADPH was incubated with
glucose-6-phosphate dehydrogenase (from yeast or L. mesenteroides) and glucose-6-
phosphate or when 6-NADH was incubated with L. mesenteroides glucose-6-phosphate
dehydrogenase and glucose-6-phosphate (Fig. 5B). LC-MS analysis revealed the appearance
of a ‘superreduced’ form of 6-NADH, which coeluted with 6-NADH and had a m/z of
666.133, indicating the presence of two additional hydrogens (Fig. 5C). As these
dehydrogenases normally transfer a hydride to C4 of the nicotinamide ring of NAD(P)", it is
highly likely that they do the same when reducing 6-NADH. The most likely structure of the
superreduced form is therefore 4,5,6-NADH3. This conclusion is supported by the similarity
of its absorbance spectrum with that of NADHX (12), a compound differing from 4,5,6-
NADHj; by the presence of oxygen on carbon 5, but with the same double bond distribution
(Fig. 5D).

Other tested enzymes (lactate dehydrogenase with 1 mM lactate; isocitrate
dehydrogenase with 1 mM isocitrate, glycerol-3-phosphate dehydrogenase with 0.25 mM
glycerol-3-phosphate, alcohol dehydrogenase with 1 mM ethanol; glutamate dehydrogenase
with 1 mM glutamate; L-malate dehydrogenase with 1 mM L-malate) did not allow the
reduction of 6-NADH or 6-NADPH.

Of note, spectrophotometric assays indicated that neither 4,5,6-NADHj3, nor 4,5,6-
NADPH; (tested at 10 uM) were substrates for human renalase, yeast or A. thaliana PNPO-
RP, or mouse PNPO. Unlike 6-NADH (21,23,43), 4,5,6-NADH; was not a strong inhibitor of
L-lactate dehydrogenase, L-malate dehydrogenase or alcohol dehydrogenase.

Respective abundance of RNLS and PNPO in mouse tissues by RT-qPCR

RT gPCR experiments indicated that the mRNA encoding renalase was most abundant in
mouse heart, skeletal muscle, testis, kidney and lung (Fig. 6). In contrast, PNPO mRNA was
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particularly abundant in liver followed by kidney, heart, spleen, skeletal muscle and brain.
Liver was particularly remarkable in having very little renalase mRNA and the highest level
of PNPO mRNA. High PNPO/renalase ratios were also observed in brain, spleen and kidneys,
while on the contrary, a very high renalase/PNPO ratio was found in testis.

Effect of 6-NADH oxidase deficiency in mammalian cells and yeasts

To evaluate the respective role of renalase and PNPO in the utilization of 6-NADH in
mammalian cells, we used the CRISPR-Cas9 technology to inactivate the PNPO gene
(APNPO), the RNLS gene (ARNLS) or both (APNPO/ARNLS) in U20S cells, which
normally express the mRNAs of both proteins (not shown). We ensured by PCR amplification
and sequencing that the two alleles of PNPO and the three alleles of RNLS were inactivated
in single knockout (APNPO and ARNLS) or double knockout clones (APNPO/ARNLS) of
U20S cells.

The same number of cells of each clone and of wild type (WT) cells were cultivated
for 48h in the presence of 25 pM pyridoxal, to avoid PL5P shortage in PNPO-deficient cells.
After quenching, intracellular metabolites were analyzed by LC-MS. As expected, APNPO
cells showed a clear accumulation of PN5P (Fig. 7A). 6-NADH was detected as a peak with
m/z 664.1175 that preceded the main peak of NADH by about 1 min. In U20S cells, the 6-
NADH peak was detected in extracts of all cells and was slightly (about 2-fold) but not
significantly increased in cells that were deficient in renalase and/or PNPO (Fig. 7B). Its
signal amounted to about 1 % of the main NADH peak. Similarly, a small peak of 6-NADPH,
just before the NADPH peak, was detected in all cell extracts reaching about the same level
(not shown).

We also noted a striking accumulation of 4,5,6-NADHj in cells deficient in renalase,
whether simple or double mutants whereas this metabolite was almost absent in control cells
or PNPO-deficient cells compared to ARNLS cells (Fig. 7C). No accumulation of 4,5,6-
NADPHj; was noted under any condition.

Complementation of double mutants (APNPO/ARNLS) with human renalase, human
PNPO, or both reduced the level of 6-NADH (significantly in clone 1 but not in clone 2)
while complementation with 4. thaliana PNPO-RP led to the disappearance of the 6-NADH
peak. All complementations led also to a marked, significant decrease in the 4,5,6-NADHj;
peak in both clones (Fig. 7D-F).

Analysis of metabolites of the main metabolic pathways (glycolysis, the pentose-
phosphate pathway, citric acid cycle) did not allow us to detect significant changes that could
be attributed to deficiency in renalase or in PNPO (data not shown).

We also investigated the role of PNPO in the metabolism of 6-NAD(P)H in HCT116,
which do not show detectable expression of the renalase mRNA and about 3-time higher level
of PNPO mRNA. Since renalase is not expressed, we only inactivated the PNPO gene in this
cell line. PNPO inactivation caused a significant accumulation not only of PN5P, but also of
4,5,6-NADH;. This indicates, that in the case of these cells, PNPO is involved in the
destruction of 6-NADH (Fig. S3).

We similarly evaluated the effect of PNPO-RP (YgrO17w) and PNPO (Pdx3)
deficiency in yeasts and found that the defect in PNPO-RP caused a significant increase in
4,5,6-NADH; (Fig. 8). The defect in PNPO had no such effect, though it caused a marked
increase in PNSP. Neither PNPO-RP, nor PNPO deficiency caused a significant change in 6-
NADH. Again, analysis of metabolites of the main metabolic pathways did not disclose
significant changes that could be attributed to deficiency in PNPO or PNPO-RP (note that
pyridoxal is added to the cultures in all experiments where PNPO mutants are tested).
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DISCUSSION
A new family of 6-NADH oxidases

Previous work has revealed the importance of repair mechanisms for damaged forms of
metabolites and cofactors (1-4). The spontaneous in vitro formation of 6-NADH and 2-
NADH in solutions of NADH by transfer of reducing equivalents from 4-NADH to NAD",
suggests that this type of reaction may also occur in living cells. As 6-NADH and 6-NADPH
are strong inhibitors of several dehydrogenases (21,23), it is logical to hypothesize that a
repair enzyme may exist to eliminate these molecules. Studies on the flavoprotein renalase
have shown that this protein, both in mammals and in Pseudomonads, is a very efficient
oxidase for 6- and 2-NAD(P)H in vitro (23,24,26), but it was unknown whether renalase is
required to prevent accumulation of 6-NAD(P)H or 2-NAD(P)H in intact cells or organisms.

We now report the existence of a second type of 6-NAD(P)H oxidases, which uses
FMN instead of FAD as a cofactor. These enzymes are related to PNPOs, but have little or no
action on PN5P or PM5P and they show catalytic efficiencies on 6-NADPH and 6-NADH of
the same order of magnitude as human renalase. They differ from bona fide PNPOs by a
series of residues, some of which have been shown to directly interact with pyridoxine-
phosphate by crystallographic analysis of E. coli PNPO (42). As these enzymes generally act
well on 6-NADH or 6-NADPH and as we have evidence for the utilization of 6-NADH in
intact cells (see below), we propose to name them 6-NAD(P)H oxidase (FMN), while
renalases would be called 6-NAD(P)H oxidase (FAD).

Remarkably, the four bona fide PNPOs that we have tested all show some 6-NADH
and 6-NADPH oxidase activity, though with catalytic efficiencies that are lower than those
observed with renalase or PNPO-RPs. This suggests that the oxidation of 6-NAD(P)H may
be the primitive function of the ancestral protein that gave rise to present day PNPOs and 6-
NAD(P)H oxidases (FMN).

Strikingly, renalase and PNPO-RPs act in vitro both on 6- and 2-NADH but not on 4-

NADH. The structure of renalase with 4-NADH shows that the catalytic site is quite open and
that the nicotinamide of NADH binds in such a way that its C2 juxtaposes to N5 of
dimethylisoalloxazine moiety of FAD, which serves as hydride acceptor (24). Oxidation of 6-
NADH can be easily understood by considering that rotation of the nicotinamide moiety
along the bond between N1 of the nicotinamide and C1 of the ribose brings C6 in the
appropriate position for hydride transfer (24). This is not true for 4-NADH which remains at a
distance from NS5 of dimethylisoalloxazine. It is likely that the same type of structural
consideration also applies to PNPO-RPs, which have also a wide open catalytic site (see Fig.
4).
The action of PNPO on 6-NAD(P)H is inhibited in vitro by low concentrations of PL5P and it
is therefore likely that PL5P, as well as the classical substrates PN5SP and PM5P, may hamper
the action of PNPOs on 6-NAD(P)H. This inhibition is not observed with the PNPO-RPs,
which are therefore likely to be unaffected by vitamin B6 derivatives in their putative repair
role for pyridine nucleotides.

Evidence for the repair role of 6-NADH oxidases in intact cells
The data that we have obtained on knockout cells support the idea that PNPO-RP (Ygr017w)
in yeasts, as well as renalase and PNPO in mammalian cells destroy 6-NADH. This

conclusion is based on measurements of both 6-NADH and of its reduced form 4,5,6-NADHj;.
We start by discussing the latter measurements because they give a clearer picture.
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We observed both in yeasts deficient in YgrO17w and in renalase-deficient human
cells, a clear increase in the concentration of a compound that has the same molecular mass
and elution profile as 4,5,6-NADHj3. As 4,5,6-NADH3 is not a substrate for renalase, PNPO-
RPs or PNPOs, its accumulation must reflect the accumulation of 6-NADH. The activity of
glyceraldehyde-3-phosphate dehydrogenase with 6-NADH was approximately 0.3 % of its
physiological activity using NAD". Given the high abundance of GAPDH in cells, increases
in cytoplasmic 6-NADH might therefore efficiently be converted into 4,5,6-NADH3, which,
in contrast to 6-NADH, does not inhibit cellular dehydrogenases.

Remarkably, wild type U20S cells and wild type yeasts have no detectable 4,5,6-
NADH3;, and its level increases by more than tenfold if renalase or YgrO17w is knocked out.
Complementation of the double knock out U20S cells with human PNPO, human renalase or
A. thaliana PNPO-RP all markedly reduce the 4,5,6-NADHj; level, consistent with their
ability to metabolize 6-NADH. It should be noted that a strong promoter has been used for
this complementation. This may explain that PNPO has a marked negative effect on the 4,5,6-
NADH; level in the complementation experiment, while the PNPO-deficient (single
knockout) U20S cells do not show any significant increase in 4,5,6-NADH3; compared to the
wild type cells. These observations nonetheless indicate that PNPO may participate in 6-
NADH elimination in intact cells.

Observations made with HCT116 cells, which, for an unknown reason, do not express
renalase, but show a higher level of PNPO mRNA than U20S cells, are consistent with this
interpretation. Unlike U20S cells, wild type HCT116 cells do have a detectable amount of
4,5,6-NADH3, supporting the important role played by renalase in eliminating 6-NADH. The
increase in the level of this damaged nucleotide upon inactivation of PNPO further indicates
that this enzyme, if sufficiently expressed, may participate in 6-NADH metabolism. As all
experiments have been performed in the presence of 25 uM pyridoxal (to avoid the side
effects of PL5P deficiency due to inactivation of the PNPO gene), our data presumably lead to
underestimate the participation of PNPO. This might explain, for instance, the fact that the
double mutant U20S cells do not have more 4,5,6-NADH; than the single renalase mutant.

The interpretation of 6-NADH measurements is more complicated. The changes in 6-
NADH levels generally show a similar trend as 4,5,6-NADH3, but the relative changes in the
concentration of 6-NADH are much smaller than those of 4,5,6-NADH3, due to the presence
of a rather variable background level of 6-NADH. We interpret this background level as
resulting, at least partly, from the artefactual formation of 6-NADH during the concentration
step taking place during the preparation of the samples for LC-MS analysis. We noted indeed
that when mixtures of NAD(P)H and NAD(P)", at low concentrations (0.5 pM and 5 pM,
respectively), were submitted to this concentration procedure, significant amounts of 6-
NADH were formed ( = 2 % of the initial NADH) presumably through a spontaneous hydride
transfer occurring between NADH and NAD" (22). Another explanation related to cell
compartmentalization may also be considered. If, for instance, neither renalase nor PNPO are
significantly active in the mitochondria (less than 5 % of PNPO activity is present in the
mitochondria in liver (44); renalase has never been reported to be present in mitochondria),
the 6-NADH that forms through spontaneous reactions in these organelles will accumulate. If
furthermore mitochondria do not contain any enzyme capable of reducing 6-NADH to 4,5,6-
NADH;, this background of mitochondrial 6-NADH will not be accompanied by a
‘background’ of 4,5,6-NADH;. The finding that 6-NADH becomes undetectable in mutant
U20S cells complemented with 4. thaliana PNPO-RP might support this last interpretation if
part of the overexpressed enzyme is localised in the mitochondria.

Taken together these findings indicate that PNPO-RP eliminate 6-NADH in yeast,
while renalase and to a lesser extent PNPO oxidize 6-NADH in the cytosol of mammalian
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cells. The role of PNPO may be dominant in mammalian tissues, like liver, where PNPO is
highly expressed while renalase is absent.

Despite significant elevation in the concentration of 4,5,6-NADH3 and presumably of
6-NADH in the absence of 6-NADH metabolizing enzymes, we did not find evidence for
metabolic perturbations that would potentially result from inhibition of dehydrogenases such
as lactate dehydrogenase by 6-NADH. In the absence of precise knowledge on the
concentration of 6-NADH, it is difficult to interpret this lack of effect. Similarly, we do not
have explanation to account for the lack of significant effect of PNPO-RP, renalase or PNPO
inactivation on the concentration of 6-NADPH or its reduced product 4,5,6-NADPH3.

Connection between the maintenance of pyridine nucleotides and pyridoxal-phosphate

It is very surprising that abnormal pyridine nucleotides are eliminated by members of an
enzyme family with a known role in pyridoxal phosphate metabolism. Yet, some evidence
suggests that enzymes with a known function in pyridine nucleotide repair are also involved
in pyridoxal phosphate metabolism. In bacteria, NADHX epimerase forms a bifunctional
protein (called YjeF or Nnr in E. coli) with NADHX dehydratase in bacteria (16) and this is
not unexpected since bifunctional proteins usually comprise domains with related functions.
What is more surprising is that it forms a bifunctional protein with PNPO in Viridiplantae
(39,45). This has led to the idea that the epimerase has a second, moonlighting function
connected with the metabolism or maintenance of PL5P (46). In support of this hypothesis,
the bifunctional protein YjeF clusters with enzymes of pyridoxine synthesis in several
bacterial genomes. Furthermore, partial inactivation of a highly conserved lysine in the
epimerase domain of YjeF, while causing no detectable increase in NADHX, causes changes
in the free PL5P content and other perturbations in the metabolome of E. coli (46). The
findings in the present paper show yet another connection between nicotinamide nucleotides
and PL5P, namely that the same enzyme (PNPO), quite unexpectedly, acts in the maintenance
of both cofactors, indicating that despite their structural differences, they may be recognized
by the same catalytic site. This indirectly supports the idea that NADHX epimerase may also
have a dual specificity by recognizing both pyridoxal phosphate derivatives and pyridine
nucleotides.

The wide distribution of 6-NADH oxidase pleads for an important function

As previously stressed, PNPO-RPs are mainly found in photosynthetic organisms, but they
are also present in fungi and in scattered species. It would therefore be very interesting to
assess whether organisms either have FAD- or FMN-dependent 6-NADH oxidases.
Unfortunately, this analysis is not trivial. Despite similarity in 3D structure and function,
human and Pseudomonads renalases show only low percentage of sequence identities (24).
This makes that it is very difficult to assess the species distribution of 6-NADH oxidases
(FAD), though this enzyme seems to be widely distributed.

In any case, the occurrence across evolutionary distant organisms and the existence of
two distinct enzymes to catalyze the oxidation of 6-NADH underlines the importance of this
process. Curiously, this contrasts with the modest metabolic consequences of the inactivation
of 6-NADH oxidases both in human cells and in fungi, possibly due to the fact that 6-NADH
is converted to an apparently innocuous ‘super-reduced’ form.

6-NADH and 6-NADPH can form spontaneously. Yet, it is likely that 6-NADH and 6-
NADPH may also result from an as yet unknown enzymatic side activity, possibly of a
dehydrogenase. Thus, in conditions or cells where the enzyme with this side activity are
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highly expressed, the inactivation of 6-NA(P)DH oxidase would likely lead to more dramatic
metabolic phenotypes.

In the same line of thought, one may also wonder if primitive dehydrogenases were as
specific as the present day enzymes to transfer hydride onto carbon 4 of the nicotinamide
moiety of pyridine nucleotides, rather than on C2 or C6. If this has been the case in the early
steps of evolution, 6-NADH oxidases may have been then very important to prevent major
perturbations of metabolism.

The lack of significant effect of 6-NADH or 4,5,6-NADH; accumulation on
metabolites may be due to several causes, such as the wide variability of metabolite
concentration and the fact that statistical analysis has to take into account multiple testing
when many metabolites are measured at the same time. However, the main reason for the lack
of significant effect is probably that the concentration of 6-NAD(P)H is not high enough to
cause significant enzyme inhibition. If it turns out in the future that 6-NADH or 6-NADPH is
made by a side activity of an enzyme, overexpressing that enzyme might be a way of inducing
metabolic changes related to 6-NAD(P)H accumulation.

Conclusion

Identifying the function of a putative enzyme is a difficult task (47). It is quite remarkable in
the present work that the finding of an unexpected-side activity of mouse PNPO led to the
identification of what seems to be the physiological function of PNPO-RPs. Exploring the
side activities of well characterized proteins may therefore be an interesting avenue to identify
enzymes with novel functions, as recently illustrated by the discovery of a new group of
microbial lactonases, starting from the side activity of a microbial phosphotriesterase (48).
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Table 1: Kinetic properties of different pyridoxamine-phosphate oxidases on their classical substrates pyridoxine- and pyridoxamine-
phosphate and on 2-NADH, 6-NADH and 6-NADPH. 6-NADH and 6-NADPH oxidase activities of recombinant PNPOs from M. musculus, S.
cerevisiae, E. coli and A. thaliana were assayed in a mixture at pH 7.1 by following the decrease of absorbance at 345 nm. 2-NADH oxidase
activity was assayed under the same conditions by following the decrease in absorbance at 395 nm. Pyridoxine- and pyridoxamine-phosphate
oxidase activities of the same proteins were assayed in a mixture at pH 8.5 containing 200 mM of Tris buffer. The formation of the Tris-PL5P
complex was followed at 414 nm (31). Ky and Vi were calculated with the Prism software. N.T. : not tested. N.A. : no activity. As mentioned
in the Experimental section, the Viax and kq./Kyu values are somewhat underestimated, due to difficulties in measuring the precise enzyme
concentration.
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TABLE 2
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Table 2: Kinetic properties of pyridoxamine-phosphate-oxidase-related proteins from different species and of Renalase for 6-NADH, 6-
NADPH and 2-NADH. 6-NADH, 6-NADPH and 2-NADH oxidase activities of recombinant PNPO-RPs from 4. thaliana (PPOX2), S.
cerevisiae (Y gr017w) and Nostoc punctiforme (NpPPOX2) as well as those of recombinant renalase from Homo sapiens (RNLS) were assayed in
a mixture at pH 7.1 by following the decrease of absorbance at 345 nm (6-NAD(P)H) or at 395 nm (2-NADH). 2-NADPH was too unstable to be
tested. No activity could be detected on pyridoxine- or pyridoxamine-phosphate (tested at 25 uM). Same remark as in Table 1 on the
underestimation of Viax and kq./Ky values.
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FIGURES

Figure 1: Formation and metabolism of 2- and 6-NAD(P)H. Spontaneous hydride transfer
from NAD(P)H to NAD(P)" leads to the formation of 2- and 6-NAD(P)H. 6-NAD(P)H, a
strong inhibitor of several dehydrogenases, can be further reduced to 4,5,6-NAD(P)H; by
glyceraldehyde-3-phosphate ~ dehydrogenase =~ (GAPDH)  or  glucose-6-phosphate
dehydrogenase (G6PDH) in the presence of the appropriate substrate. Renalase (RNLS) and,
as shown in the present work, PNPO and PNPO-RP catalyse the oxidation of 2- and 6-
NAD(P)H.

Figure 2: Elution profile of 6-NADPH oxidase and pyridoxamine-phosphate (PMSP)
oxidase activities from a DEAE-Sepharose column. A rat liver extract was applied on a
DEAE-Sepharose column as described in the Experimental section. Proteins were eluted with
a salt gradient and fractions of 5 ml were collected. Both 6-NADPH consumption (red
squares) and pyridoxamine-phosphate oxidase (green triangles) were assayed. Black circles
represent Asgo.

Figure 3: Alignment of pyridoxamine-phosphate oxidases with different PNPO-RPs.
The sequences of PNPO from S. cerevisiae (PNPOSc, Pdx3, NP _009591.1), E. coli
(PNPOEc, PdxH, WP _001282319.1), M. musculus (PNPOMm, NP _598782.1; from residue
11), and A. thaliana (PNPOAt, PPOX1, NP _568717.2, from residue 315) were aligned with
PNPO-RP from S§. cerevisiae (PNPO-RPSc, Ygr017w, NP_011531.1), A. thaliana (PNPO-
RPAt, AtPPOX2, NP 566081.1) and N. punctiforme (PNPO-RPNp, NpPPOX2
WP _012411992.1) with Clustal Omega. Residues conserved in all proteins are highlighted in
cyan, while residues conserved only in PNPOs or in PNPO-RPs are highlighted in grey and
yellow, respectively. Conserved residues that surround the putative catalytic site in PNPO-
RPs are bold and underlined. The inserts naturally present in the S. cerevisiae PNPO-RP are
in red type.

Figure 4: Structure of the catalytic site of Nostoc punctiforme PNPO-RP.

The figure shows one of the two FMNs of the dimer. As in Fig. 3, conserved residues in both
PNPO and PNPO-RP are shown in cyan, while the PNPO-RP specific residues are shown in
yellow. Numbering indicates the residues belonging to chain A or B. The structure reported in
pdb under accession 2i51 has been deposited by the Joint Center for Structural Genomics
(JCSG). The figure has been drawn with MacPyMol.

Figure 5: Reduction of 6-NADH and 6-NADPH by dehydrogenases to hypothetical 4,5,6-
NAD(P)H;

A & B. Spectrophotometric assays showing the reduction of 6-NADH (= 50 uM) by Sus
scrofa glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 0.25 mg/ml) in the presence of
0.5 mM glyceraldehyde-3-phosphate (GAP) (A) and of 6-NADPH (= 50 uM) by L.
mesenteroides glucose-6-phosphate dehydrogenase (G6PDH; 40 U/ml) in the presence of 0.8
mM glucose-6-phosphate (G6P) (B). Reduction was carried out for 5 and 30 min, as
indicated. Controls without GAP or G6P are also shown (dotted line). C. LC-MS analysis of
the reduction of 6-NADH to 4,5,6-NADH; by S. scrofa GAPDH in the presence of
glyceraldehyde-3-phosphate (GAP). 25 uM 6-NADH was incubated at 30°C in a mix
containing 25 mM Hepes, pH 7.1, 20 mM KCI, 1 mM MgCl,, 0.1 mg/ml BSA, 5 mM
potassium arsenate, 0.2 mg/ml pig GAPDH with or without 0.5 mM glyceraldehyde 3-
phosphate during 0 and 45 min. 10 pl of the mixture was diluted 10-fold in a 90%
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MeOH/CHCI; (9/1) solution and a 5 ul sample was analysed by LC-MS. Left and right panels
show the detected signals for m/z 664.1177 and 666.1332, corresponding to 6-NADH and
4,5,6-NADHj3;, respectively. The resolution used during the LC-MS analysis (10 ppm) allowed
us to distinguish 6-NADH with 2 C (m/z 666.122) from 4,5,6-NADH; (m/z 666.133) D.
Spectra of 4,5,6-NADH; (orange), (S)-NADHX (red), 6-NADH (green) and NADH (blue)
and structures of 4,5,6-NADHj; and (S)-NADHX.

Figure 6 : Q-PCR analysis of the expression of PNPO and Renalase in mouse tissues.
RT-qPCR was performed with cDNA from 9 different tissues. Expression was normalised to
TATA Binding Protein (TBP) mRNA expression using the 27 method. The values shown
are means + SD for three different mice. Sk. Muscle : Skeletal muscle.

Figure 7 : Effect of inactivation of the PNPO and Renalase genes on the amount of
pyridoxine-5’-P, 6-NADH and 4,5,6-NADH; in U20S cells.

A-C. Wild type (WT) cells, two different clones of the single mutants (APNPO1 or 2; A
RNLSI or 2) and two different clones of the double mutant (APNPO/ARNLS 1 or 2) were
analysed by LC/MS. D-F. Wild type and clones APNPO/ARNLS 1 and 2 (DKO1 and DKO2)
complemented or not with human PNPO (PNPO), human renalase (RNLS), both of them
(PNPO + RNLS) or A. thaliana PNPO-RP (PNPO-RP) were also analysed. Pyridoxine-5’-P
(A and D), 6-NADH (B and E) and 4,5,6-NADH; (C and F) were quantified. The peaks
obtained by LC-MS were divided by the Total Ion Current (TIC) of the chromatogram. Means
+ SEM for n > 3. Statistical analyses were performed by student t-test.

Figure 8 : Effect of inactivation of the yeast PNPO (Pdx3) and PNPO-RP (Ygr017w)
genes on the amount of pyridoxine-5’-P, 6-NADH and 4,5,6-NADH;. Wild-type (WT),
PNPO single knockout (pdx3A), PNPO-RP single knockout (ygr017wA) and double knockout
pdx3Aygr017wA) yeast cells were grown in minimal medium containing 25 pM pyridoxal
until ODggo reached = 1 to 1.5. Cells were quenched and metabolites were extracted and
analysed as described in experimental procedures. Pyridoxine-5’-P (A), 6-NADH (B) and
4,5,6-NADH; (C) were quantified. The peaks obtained by LC-MS were divided by the Total
Ion Current (TIC) of the chromatogram. Means + SEM for n > 3. Statistical analyses were
performed by student t-test.
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SUPPLEMENTARY MATERIAL

. DNA . .
Species Gene Source of DNA 5’ primer 3’ primer
polymerase
Mus musculus MmPNPO (PNPO) Liver cDNA Pfu GCATGCTAGCATGGACCTGGGACCAATGC TTTGCGGCCGCTTAAGGTGCAAGTCTCTCATAC
.. . CAGGAATTCCATATGATGACTAAACAAGCTGAGGA | CAGGAATTCGGTACCTCATGGGGCTAGTCTAAC
Saccharomyces cerevisiae ScPNPO (Pdx3) Genomic DNA Pfu GACCC GACTTTCCATG
Escherichia coli EcPNPO (PdxH) ASKA clone Pfu CACCATGTCTGATAACGACGAATTGC TCAGGGTGCAAGACGATC
Arabidopsis thaliana AtPNPO (PPOXT1) Leaf cDNA Phusion CACCATGCAAGATTCAGGATCACC TCATGGGGCCAATCTATG
Arabidopsis thaliana AtPNPO-RP (PPOX2) Leaf cDNA Phusion CACCATGGGAACACATGTAGCACC TTATGGGTTAACCTTTTCTGAAGTC
Saccharomyces cerevisiae ScPNPO-RP (Ygr017w) | Genomic DNA Pfu CACCATGTCGCATCAAATGGCGCC TCACGGACACACTTCTTGTTC
NpPNPO-RP
Nostoc punctiforme - -
punctif (WP_012411992.1)
. . . CTAAATATAATTCTTTAAAGCTTCCAGAACACA
Homo sapiens RNLS Kidney cDNA Phusion CACCATGGCGCAGGTGCTGATC TAGG

Table S1 : Overview of the cloning of the genes of this study.
Mouse liver cDNA, yeast genomic DNA, ASKA clone collection (30), 4. thaliana leaf cDNA (kind gift of M. Boutry, Catholic University of
Louvain), or human kidney cDNA were used to amplify the genes of PNPOs, PNPO-RPs and RNLS. The proofreading DNA polymerase and
the 5” and 3’ primers used are listed.




. . Vector of Restriction Medium of Temperature and duration of . .
Specie Protein . . . . Purification buffer
expression sites expression expression
Mus musculus MmPnpo (Pnpo) pET28A Nhel and Notl LB 37°C —4h 50 mM Hepes pH 7.4
Saccharomyces cerevisiae ScPnpo (Pdx3) pET15b Ndel and Kpnl LB 37°C —4h 50 mM Hepes pH 7.4; 5 uM FMN
Escherichia coli EcPnpo (PdxH) pET100D-TOPO - LB 37°C —4h 50 mM Hepes pH 7.4; 5 uM FMN
Arabidopsis thaliana AtPnpo (PPOX1) pET100D-TOPO - M9 30°C - 20h 50 mM Hepes pH 7.4; 5 uM FMN
A. thaliana AtPnpo-RP (PPOX2) pET100D-TOPO - M9 30°C - 20h 50 mM Hepes pH 7.4; 5 uM FMN
S. cerevisiae ScPnpo-RP (Ygr017w) pET100D-TOPO - M9 30°C - 20h 50 mM Hepes pH 7.4; 5 uM FMN
N. punctiforme NpPnpo-RP pSpeedET - M9 + AA 30°C - 20h 50 mM Hepes pH 7.4; 5 pM FMN
50 mM NaPi pH 8.0; 5 uM FAD; 109
Homo sapiens Rals pET100D-TOPO - M9 + AA 30°C - 20h VLR pE 8 o 1 ; 10%

glycerol

Table S2: Overview of the expression and the purification of the different recombinant proteins used in this study.

LB : Lysogeny Broth medium; M9 : Minimal Medium, containing 20 mM Glucose, 0.1 mM CaCl2, 2 mM MgSO4; M9 + AA : Minimal Medium

supplemented with 0.5 mg/1 of biotin and thiamin and 0.1 g/l of casamino acid (Bacto).




Strain Genotype Name Resistance Source
BY4742 Mat a, ura3A0 ; leu2AO0 ; his3A1 ; lys 2A0 0 WT None Euroscarf
Y13172 Mat a, ura3A0 ; 1eu2A0 ; his3Al ; lys 2A0 APdx3 o Ybr035¢ Kanamycine Euroscarf
Y 14647 Mat a, ura3A0 ; leu2A0 ; his3A1 ; lys2A0 AYgr017w “ Kanamycine Euroscarf

Ygr017w
Y04647 Mat a, ura3A0 ; 1eu2AO0 ; his3A1 ; met1SA0 AYgr017w a Kanamycine Euroscarf
Ygr017w
. o APdx3 a . .
AMI1 Mat a Mat a, ura3A0 ; leu2AO0 ; his3A1 ; lys 2A0 ; metl15A0 APdx3AYgr017w AY 017w Kanamycine This study
APdx3 K ine + .
AM2 Mat a, ura3A0 ; 1eu2A0 ; his3A1 ; lys 2A0 APdx3AYgr017w aarex anamyetne This study
AYgr0l7w hygromycine
APdx3 K ine + .
AM3 Mat a, ura3A0 ; 1eu2A0 ; his3A1 ; lys 2A0 APdx3AYgr017w @ arex ANAMYEINE ™ This study
AYgr0l7w hygromycine

Table S3: List of yeast strains used and designed for this study.




Primer

Sequence

Purpose
Pdx3KO_Fw gatattttaaagatactctacctagaccagtagtacacttcacggatctgcactgTGCCATCTTTGTACAGCTTGCCT Deletion of Pdx3 gene in the AY gr017w strain
Pdx3KO_Rv gagagaattatatggtgttaaatagatcctacattgaatttttcattaacagtcccCGCAGAGCCGTGGCAGG Deletion of Pdx3 gene in the AYgr017w strain
YgrKO_Fw cgaggacctttcaccaaacaagaggaacttagctgatactaaacgaagattagTGCCATCTTTGTACAGCTTGCCT Deletion of Yer017w gene in the APdx3 strain
YgrKO_Rv gcgcgaatacaaagcattaaccatcgcgaacgttagcaataatgattgacatttcCGCAGAGCCGTGGCAGG Deletion of Ygr017w gene in the APdx3 strain
HpHB_Fw ATGGGTAAAAAGCCTGAAC Amplification of hygromycine resistance gene
HpHB_Rv TTATTCCTTTGCCCTCGG Amplification of hygromycine resistance gene
Pdx3_upS_Fw GAGCTCTTATAGATGCCACCAG

Pdx3_downS_Rv CGCCATTTCCAAATTTCG
Ygr_upS_Fw GAGAGTAAGTCGAGCACG
Ygr_downS_Rv GGTAAAATCGCCGACG

Amplification with HpHB primers to verify that the
resistance cassette is inserted in the good place in
the genome

Table S4: List of primers used to design the pdx3Aygr017wA yeast cells and verify the correct gene disruption. Capital letters in the first
four primers correspond to nucleotides homologous to the flanking regions of the hygromycine cassette.




Primer Sequence
CRISP-PNPQOe3-s1 CACCGGACTAACTTCGAGAGTCGAAA
CRISP-PNPQe3-as1 AAACTTTCGACTCTCGAAGTTAGTCC
CRISP-PNPQOe3-s2 CACCGGCAGCAGCAACATGCGAGCAG
CRISP-PNPOe3-as2 AAACCTGCTCGCATGTTGCTGCTGCC
CRISP-PNPQOe5-s3 CACCGGTTCTGTGATCCCTGATCGGG
CRISP-PNPOe5-as3 AAACCCCGATCAGGGATCACAGAACC
CRISP-RNLSe2-s1 CACCGGCCTTGCAACTAACTCACCGT
CRISP-RNLSe2-as1 AAACACGGTGAGTTAGTTGCAAGGCC
CRISP-RNLSe2-s2 CACCGGCTGTGCACTGAGGATTATG
CRISP-RNLSe2-as2 AAACCATAATCCTCAGTGCACAGCC
CRISP-RNLSe5-s3 CACCGGAGGCCCAGAGCATATCGAG
CRISP-RNLSe5-as3 AAACCTCGATATGCTCTGGGCCTCC
CRISP-RNLSe5-s4 CACCGGTTGGCATTCACTAATTACTG
CRISP-RNLSe5-as4 AAACCAGTAATTAGTGAATGCCAACC

Table SS: List of primers used to design the CRISPR/Cas9 HCT116 APNPO, U20S APNPO, U20S ARNLS and U20S APNPOARNLS
cell lines.



Primer Sequence
pLVX_PNPOs atacatGGATCCCCACCATGACGTGCTGGCTGC
pLVX_PNPOas atgtatTGTACATTAAGGTGCAAGTCTCTCATAGAG
pLVX_RNLSs atacatGGATCCCCACCATGGCGCAGGTGCTGATC
pLVX_RNLSas atgtatTGTACACTAAATATAATTCTTTAAAGCTTC
pLVX_PPOX2s atacatGGATCCCCACCATGGGAACACATGTAGCAC
pLVX PPOX2as atgtatTGTACATTATGGGTTAACCTTTTCTGAAG

Table S6: List of primers used to complement APNPO, ARNLS and APNPO/ARNLS U20S cell lines via the generation of a retroviral
expression vector. Bold types indicate restriction sites.



Primer

Sequence

Mm_Pnpo_p2s

TCGAGAGGCATTCGAGGAGA

Mm_Pnpo_p2as

TGAACAGCCTCGTCAAACCA

Mm_Rnls_p3s GAGGAACTGTTAGCTCATGGAA
Mm_Rnls_p3as GGAGACTTCTGCACCTGACTTT
Mm_TBP_p1s ACCTTATGCTCAGGGCTTGG
Mm_TBP_p1as GCCATAAGGCATCATTGGAC

Table S7: List of primers used for the qPCR experiments on cDNA of mice tissues.




Enrichment

Accession Description Blue Trisacryl Phenyl Sepharose Ratio
PSM PSM PSM PSM
Number Normalized Number Normalized
IP100191737.6 Serum Albumin 215 41.75 318 4291 1.03
IP100231745.8 Fructose-1,6-Bisphosphatase 1 59 11.46 26 3.51 0.31
[P100205157.1| Hydroxyacyl-CoenzymeA Dehydrogenase 20 3.88 0 0 0
IP100207601.1 Hydroxyacid Oxidase 1 18 3.50 29 3.91 1.12
[P100210823.1|  3-oxo-5-Beta-steroid 4-Dehydrogenase 16 3.11 25 3.37 1.08
[P100212603.1 Pyridoxine-5'-phosphate Oxidase 13 2.52 51 6.88 2.73
IP100193258.7 Phenylalanine-4-hydroxylase 11 2.14 11 1.48 0.69
IP100197696.2|  Malate Dehydrogenase, mitochondrial 11 2.14 9 1.21 0.57
1P100212015.1|  Medium-Chain Specific Acyl-CoA 1 2.14 2 0.27 0.13
Dehydrogenase
[P100324633.2| Glutamate Dehydrogenase 1, mitochondrial 11 2.14 0 0 0
IP100454559.2 Txnrd 1 protein 11 2.14 15 2.02 0.94
[P100211507.3|  4-hydroxyphenylpyruvate dioxygenase 10 1.94 8 1.08 0.56
IPI001934g5 2| [socitrate Dehydrogenase [NADP], 6 1.17 4 0.54 0.46
mitochondrial

IP100339188.2|  3-hydroxyanthranilate 3,4-dioxygenase 5 0.97 14 1.89 1.95

Table S8: Table showing the enrichment ratio of the 12 oxidoreductases identified in the peak activity fractions after Blue-Sepharose
and Phenyl-Sepharose purification steps. Proteins present in the peak fractions of 6-NADPH-oxidase activity in the Blue-Sepharose and
Phenyl-Sepharose chromatography were digested with trypsin and analysed by LC-MS-MS. Among the 12 oxidoreductases identified, two were
enriched at least two-fold after the Phenyl-Sepharose step (highlighted in yellow) : 3-hydroxyanthranilate 3,4-dioxygenase and pyridox(am)ine-

5’-phosphate oxidase (PNPO).




LEGEND TO SUPPLEMENTARY FIGURE

Figure S1: SDS-PAGE analysis of the purified recombinant proteins. The following purified recombinant protein were submitted to SDS-
PAGE analysis and Coomassie Blue staining : Mus musculus PNPO (theoretical mass of the subunit with the polyHis-tag : 30.6 kDa);
Saccharomyces cerevisiae PNPO (Pdx3; 30.9 kDa); Saccharomyces cerevisiae PNPO-RP (Ygr017w; 42.8 kDa) ; Escherichia coli PNPO (PdxH;
29.5 kDa); Arabidopsis thaliana PNPO (PPOX1; 63.4 kDa); Arabidopsis thaliana PNPO-RP (AtPPOX2; 30.7 kDa); Nostoc punctiforme PNPO-
RP (NpPPOX2; 26.5 kDa); Homo sapiens renalase (two preparations; 41.8 kDa).

Figure S2: Effect of mutation of Arg45 residue on the enzymatic efficiency of V. punctiforme PNPO-RP. Enzymatic activity of wild-type
(circles) or of R45A mutant (squares) of N. punctiforme recombinant PNPO-RP was assayed on 6-NADH (blue lines) or on reduced N-
methylnicotinamide (MeNH — red lines) at 345 nm as described in Experimental. The concentration of enzyme used in the assays were =~ 0.1 uM
for the assays of the wild-type protein with 6-NADH and = 0.6 pM for all other assays. The extinction coeficient of both 6-NADH and 6-MeNH
at 345 nm used to determine the activities was 6580 M™'.cm™. Results shown are means + SD for 3 determinations. Ky and Vimay were calculated
with the Prism software.

Figure S3: Effect of inactivation of the PNPO gene on the amount of pyridoxine-5°’-P, 6-NADH and 4,5,6-NADH; in HCT116 cells.

Wild type (WT) cells and two single mutant clones (APNPO B6 or C9) were analysed by LC/MS. Pyridoxine-5’-P (A), 6-NADH (B) and 4,5,6-
NADH; (C) were quantified. The peaks obtained by LC-MS were divided by the Total lon Current (TIC) of the chromatogram. Means + SEM
for n > 3. Statistical analyses were performed by student t-test.



