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In brief

How did enzymes from Earth’s ancient

anaerobic history, such as the RNA ligase

RTCB, adapt to modern, aerobic

environments? Asanovic et al. revealed

an unexpected solution: RTCB co-

evolved with a dedicated

oxidoreductase, PYROXD1, which is

linked to myopathies in humans, and

paradoxically uses the principal

prooxidative cofactor of the cell, NAD(P)+,

as the ‘‘private’’ antioxidative protector

of RTCB.
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SUMMARY

The tRNA ligase complex (tRNA-LC) splices precursor tRNAs (pre-tRNA), and Xbp1-mRNA during the
unfolded protein response (UPR). In aerobic conditions, a cysteine residue bound to two metal ions in its
ancient, catalytic subunit RTCB could make the tRNA-LC susceptible to oxidative inactivation. Here, we
confirm this hypothesis and reveal a co-evolutionary association between the tRNA-LC and PYROXD1, a
conserved and essential oxidoreductase. We reveal that PYROXD1 preserves the activity of the mammalian
tRNA-LC in pre-tRNA splicing and UPR. PYROXD1 binds the tRNA-LC in the presence of NAD(P)H and con-
verts RTCB-bound NAD(P)H into NAD(P)+, a typical oxidative co-enzyme. However, NAD(P)+ here acts as an
antioxidant and protects the tRNA-LC from oxidative inactivation, which is dependent on copper ions.
Genetic variants of PYROXD1 that cause human myopathies only partially support tRNA-LC activity. Thus,
we establish the tRNA-LC as an oxidation-sensitive metalloenzyme, safeguarded by the flavoprotein
PYROXD1 through an unexpected redox mechanism.

INTRODUCTION

Post-transcriptional processing of RNAmolecules guarantees the

proper expression of the genome. During pre-mRNA splicing, the

spliceosome removes introns and joins adjacent exons to

generate mature, functional mRNAs (Will and L€uhrmann, 2011).

A spliceosome-independent, non-canonical splicing pathway oc-

curs in a subset of precursor tRNAs (pre-tRNAs) (Phizicky and

Hopper, 2015; Schmidt and Matera, 2020) and in the mRNA en-

coding XBP1, the most conserved transcription factor required

for the unfolded protein response (UPR) (Walter and Ron, 2011).

Since all human pre-tRNAs decodingGTA, TAT, andCAA codons

contain introns, non-canonical RNA splicing is essential for life

(Gogakos et al., 2017; Schmidt and Matera, 2020).

Non-canonical RNA splicing entails two distinct enzymatic re-

actions: endonucleolytic cleavage of a single intron (Peebles
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et al., 1979; Yoshida et al., 2001) and ligation of exon halves.

Both in pre-tRNA and Xbp1-mRNA splicing, the ligation reaction

is catalyzed by the tRNA ligase complex (tRNA-LC) (Jurkin et al.,

2014; Kosmaczewski et al., 2014; Lu et al., 2014; Popow

et al., 2011) and its cofactor Archease, which uses guanosine

triphosphate (GTP) to enable multiple catalytic cycles (Popow

et al., 2014).

The catalytic subunit of the tRNA-LC is RTCB, a highly

conserved enzyme that is present in all domains of life. In the

anaerobic archaeon Pyrococcus horikoshii, RTCB is a binuclear

metalloenzyme whose active site contains an essential cysteine

residue coordinated to two metal ions (Desai et al., 2013; Englert

et al., 2012). Such active sites are often highly sensitive to oxida-

tive inactivation under aerobic conditions, in which they can

encounter both molecular oxygen and partially reduced reactive

oxygen species; the presence of an oxidized cysteine residue in

the crystal structure of the aerobically purified archaeal RCTB

(Banerjee et al., 2021), as well as the accumulation of tRNA

exon halves in oxidatively stressed human cells (Hanada et al.,

2013), suggests this may be the case for RTCB. To ensure

catalysis, regulation, and stability, metalloenzymes in aerobic

organisms have evolved multiple protective adaptations (Imlay

et al., 2019). Adaptive mechanisms enabling RTCB to function

in aerobic organisms, including humans, remain unknown.

Here, we reveal that RTCB, within the tRNA-LC, is inactivated

by oxidative stress. The oxidoreductase PYROXD1 has co-

evolved with the tRNA-LC to sustain its activity in human cells

and in the mouse. PYROXD1 binds to RTCB and converts

NAD(P)H into NAD(P)+, which contrary to its established cellular

role prevents copper ion-mediated oxidative inactivation of the

tRNA-LC in our in vitro reconstituted system. Such a mechanism

to protectmetalloenzymes in aerobic organisms has not been re-

ported. Finally, variants of PYROXD1 causing human myopa-

thies display decreased enzymatic activity and fail to safeguard

the tRNA-LC against oxidation.

RESULTS

The tRNA-LC requires the putative oxidoreductase
PYROXD1 for activity in vivo

To identify factors potentially providing antioxidant protection

to RTCB and maintaining its activity in aerobic Eukarya, we

searched for proteins with the same species distribution as the

subunits of the tRNA-LC in proteomes from all domains of life.

This co-evolutionary analysis, using clusters of orthologous

groups, revealed that in some aerobic organisms (e.g., plants,

fungi) RTCB has been replaced by the non-homologous RNA

ligase Trl1 (Greer et al., 1983), while in others (e.g., animals) it

appears to have co-evolved with pyridine nucleotide-disulfide

oxidoreductase domain-containing protein 1 (PYROXD1; Uni-

prot: Q8WU10), a putative oxidoreductase (Figure 1A).

PYROXD1 is an essential, conserved cytosolic protein, with

variants causing an early-onset myopathy (N155S and Q372H)

(O’Grady et al., 2016) and adult-onset limb-girdle-type muscular

dystrophy (N155S and Y354C) (Sainio et al., 2019) in humans.

PYROXD1 is homologous to textbook oxidoreductases,

including NADH dehydrogenases and NADH oxidases (Figures

1B and S1A). Decreased cellular respiration in PYROXD1-

deficient human cells (Lornage et al., 2019) and the ability of

PYROXD1 to complement the loss of glutathione-reductase un-

der oxidative stress in yeast (O’Grady et al., 2016) suggest that

PYROXD1 also displays oxidoreductase activity.

To test whether PYROXD1 is required for tRNA-LC activity, we

silenced its expression in human cells using RNA interference

(RNAi). PYROXD1 depletion abrogated RNA ligation (Figure 1C)

and pre-tRNA splicing in cell extracts (Figure S1B) and impaired

the splicing of Xbp1-mRNA during UPR (Figure 1D). PYROXD1

depletion also resulted in the accumulation of tRNA fragments

derived from intron-containing, tyrosine-GTA pre-tRNAs (Fig-

ure 1E), which also accumulate upon the depletion of RTCB (Fig-

ure S1C) and during oxidative stress (Hanada et al., 2013). Since

the levels of the tRNA-LC subunits required for catalysis were not

affected by PYROXD1 depletion (Figure S1D), we conclude that

in cells, RTCB is inactivated in the absence of PYROXD1.

We found that PYROXD1 deletion is embryonically lethal in

mice. Thus, to analyze PYROXD1 function in vivo, we generated

a tamoxifen-inducible knockout (KO) in the heart (Figure S1E).

Mice survived for 30 days after tamoxifen injection (Figure S1F),

during which time we observed weakening of the cardiac ejec-

tion volume (Figure S1G), increased heart weight (Figure S1H),

and progressive heart muscle fibrosis (Figure S1I), resulting in

fatal heart failure. Deleting the Pyroxd1 gene in the heart led to

the accumulation of tyrosine-tRNA fragments (Figure 1F), con-

firming the functional interaction between PYROXD1 and the

tRNA-LC in vivo. Our results show that the activity of the tRNA-

LC in cells and in vivo depends upon the presence of PYROXD1.

PYROXD1 is a monomeric NAD(P)H-oxidizing
flavoenzyme
To characterize PYROXD1 at the biochemical level, we pro-

duced recombinant human PYROXD1 in Escherichia coli and pu-

rified it to homogeneity by affinity capture and gel filtration (Fig-

ures S2A and S2B). PYROXD1 is loaded with the prosthetic

group flavin adenine dinucleotide (FAD) (Figures 2A and S2C)

and can be reduced by coenzymes NADPH and NADH (Figures

2B and S2D), which are converted to NADP+ and NAD+, respec-

tively. In the N155S variant (Figure S2E), the rate of this reaction

is�25-fold lower (Figures 2C and S2D), indicating that the oxida-

tion of NAD(P)H to NADP+ by PYROXD1 is required for its phys-

iological function. Reduced PYROXD1 could be re-oxidized by

O2 to enable multiple turnover (Figure S2F), but the rate of oxida-

tion is limited by NAD(P)+, which remains bound to PYROXD1

and hinders the access of O2 to the enzymatic active site (Figure

2D; see Figure S3 for a detailed presentation of the underlying

data). Model substrates containing disulfides could not substi-

tute O2 in this reaction, indicating that PYROXD1 has been incor-

rectly named (Q8WU10) as a disulfide reductase (Figure S3).

The crystal structure of PYROXD1 at 3.2 Å resolution (see

Table 1 for structural statistics) revealed a typical flavoprotein

architecture with three domains: the NAD(P)(H)-binding domain

and the C-terminal domain, which are connected by a presum-

ably non-structured loop with ambiguous electron density,

and the FAD-binding domain, containing bound FAD (Figures

3A and 3B). The overall architecture of PYROXD1 is generally

conserved when compared with homologous proteins (Fig-

ure 3C). However, the loop that contains catalytic and
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substrate-binding motifs in homologs is displaced away from

FAD in PYROXD1 (Figures 3C and S4A) and contains no known

catalytic motifs, which is in line with the lack of disulfide reduc-

tase activity. The flavin ring is covered by the peptide stretch

I131-D133 (Figures 3B and S4A) and the indole ring ofW376 (Fig-

ure 3B). The replacement of W376 by alanine (Figure S2E)

increased NAD(P)H oxidase activity �4-fold (Figure S2F),

showing that W376 further limits the access of O2 to FAD. To

model the structure of PYROXD1 in the NADP(H)-bound

state, we combined two all-atom simulation approaches with

Figure 1. PYROXD1 is a putative oxidoreductase that co-evolved with the tRNA-LC and is essential for its activity in cells and in vivo

(A) Evolutionary clustering of orthologous groups in 187 eukaryotic species reveals co-evolution of PYROXD1 and tRNA ligase complex (tRNA-LC) subunits

RTCB, DDX1, and CGI-99, and its cofactor Archease.

(B) Phylogenetic tree generated using the IQ-TREE web tool and the Pfam database seed group for Pyr_redox_2 domain, AIFM1, and PYROXD1, based on

ClustalW multiple sequence alignments.

(C) HeLa cell lines expressing a doxycycline-inducible short hairpin against PYROXD1were treatedwith doxycycline to trigger RNAi (+RNAi) or were left untreated

(�RNAi). A cell line expressing a scramble short hairpin served as control. Cell extracts were incubated with an RNA duplex, 1 strand being internally radiolabeled

(see Method details). Inter-strand ligation activity was monitored by denaturing gel electrophoresis.

(D) RNAi-mediated silencing of PYROXD1 in HeLa cells was induced as in (C), and cells were treated with thapsigargin to induce the unfolded protein response

(UPR) or were left untreated. Relative mRNA levels of Xbp1s (spliced Xbp1) and XBP1u (unspliced Xbp1) were measured by quantitative polymerase chain

reaction (qPCR) and shown as a ratio of Xbp1s to Xbp1u. Expression levels were normalized to ACTBmRNA levels and to the uninduced (�RNAi) and untreated

cell lines. The experiment was done in independent triplicates, and values represent means ± SDs. **p % 0.01 (unpaired Student’s t test).

(E) RNA was isolated from cell lines in (C) and subjected to northern blot analysis using a probe complementary to the 50 exon of Tyr-tRNA. U6 snRNA served as a

loading control.

(F) Cre-recombinase was induced for the indicated times by tamoxifen treatment in mice leading to the knockout (KO) of the Pyroxd1 gene in cardiomyocytes.

RNA was isolated and subjected to northern blot analysis using a probe complementary to the 50 exon of Tyr-tRNA. U6 snRNA and methionine tRNA served as

controls. Control mice: fl/+;cre (Pyroxd1fl/+;aMHC-MerCreMer), +/+;cre (Pyroxd1+/+;aMHC-MerCreMer), fl/+ (Pyroxd1fl/+). KO mice: fl/fl;cre (Pyroxd1fl/fl; aMHC-

MerCreMer). All mice were tamoxifen treated.

See also Figure S1.
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ensemble docking (see Figure S5 for a detailed presentation of

the model). The model predicts that N155 is involved in posi-

tioning NAD(P)H (Figure 3D) in the active site formed upon a

conformational change in PYROXD1 required for nucleotide

binding (Figure S4B); this explains the lower reductive rate in

the N155S variant (Figure 2C).

Recombinant PYROXD1 exists predominantly as a monomer

(Figure 3E). H410 in monomeric PYROXD1 occupies a similar

geometric position to catalytic histidine residues in dimeric, ho-

mologous proteins (Figure S4C), and its replacement with

alanine (H410A) impairs activity (Figures S2E and S2F). Thus,

H410 makes PYROXD1 unique among its family members (Ar-

gyrou and Blanchard, 2004) by enabling enzymatic activity as a

monomer (Figures S4D and S4E) without the need to homodi-

merize (see Figure S6 for further evidence of this claim).

The tRNA-LC is redox regulated
While PYROXD1 is essential for tRNA-LC activity in cells, both

recombinant tRNA-LC and RTCB purified from insect cells are

active in the absence of PYROXD1 (see below). This suggests

that PYROXD1 maintains rather than promotes the activity of

the tRNA-LC, presumably by protecting the active site of

RTCB (Figure 4A) from oxidative inactivation. To investigate

whether the tRNA-LC is indeed sensitive to oxidative stress,

we treated HeLa cells with the increasing concentrations of the

oxidative stressors menadione and H2O2, and monitored RNA

ligation in a pre-tRNA splicing assay. The ligation of tRNA exon

halves was specifically abrogated, since the activity of the

tRNA splicing endonuclease (TSEN) complex, which removes

the single tRNA intron (Peebles et al., 1979), remained intact (Fig-

ures 4B and S7A). Using pre-tRNA splicing, interstrand ligation,

and northern blot analysis, we further demonstrated that the

oxidative inactivation of the tRNA-LC was dose dependent (Fig-

ures 4B and S7A–S7E), reversible after the removal of the stress-

ing agent (Figure 4C), and rescued by the antioxidant N-acetyl-

cysteine (NAC), which boosted the activity of the tRNA-LC

even without treatment with oxidants (i.e., under background

oxidative stress) (Figure 4D). These results indicate that the

redox sensitivity of the tRNA-LC could be used for reversible,

malleable regulation.

To reconstitute the sensitivity of the tRNA-LC to oxidation

in vitro, we incubated either human tRNA-LC (Figure S7F) or

RTCB (Figure S7G) recombinant proteins, with cofactor Arche-

ase and increasing concentrations of H2O2. RNA ligation activity

was abrogated by H2O2 in both cases (Figure 4E). Prior oxidative

treatment of the tRNA-LC, but not Archease, abrogated RNA

ligation (Figure S7H). These results confirmed our original hy-

pothesis that RTCB is sensitive to oxidative inactivation, both

alone or within the tRNA-LC. The reducing agent TCEP pre-

vented the loss of RNA ligation activity by H2O2 (Figure S7I).

Figure 2. PYROXD1 is a flavoprotein with NAD(P)H oxidase activity

(A) Ultraviolet-visible spectra of native, yellow-colored recombinant PYROXD1 with FAD (green) and free FAD (yellow), liberated from PYROXD1 through

denaturation by SDS (sodium dodecyl sulfate); the graph represents the typical spectra of a flavoprotein and a flavin cofactor (Macheroux, 1999), respectively,

with peaks at ~370 nm and 450 nm and shoulder at 470 nm in the cofactor-bound state.

(B) Anaerobic pre-steady-state kinetics of the reductive rates of PYROXD1 by NAD(P)H. Recombinant PYROXD1 at a fixed concentration was mixed with

increasing amounts of NADPH, followed by the measurement of absorbance drop rates at 451 nm (FAD reduction).

(C) Anaerobic pre-steady-state kinetics were performed as in (B), usingNADPH as electron donor, for recombinant wild type (WT) and the disease-causing variant

N155S. In both (B) and (C), the results are presented as mean values of the corresponding technical triplicate with standard deviation at s = 0.05.

(D) Recombinant PYROXD1 was mixed with NADPH under anaerobic conditions and spectra were recorded at regular time intervals. Black arrows indicate the

direction of peak changes during the reduction. The broad peak at wavelengths >500 nm corresponds to the charge-transfer complex (CTC), formed between

NADP+ and the reduced FADwithin PYROXD1, also visible through the color change from yellow to blue (see Figure S3 for the characterization of the CTC and its

effects on the kinetics of PYROXD1 oxidation).

See also Figure S2.
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Co-incubation of the tRNA-LC (Figure 4F) or RTCB (Figure S7J)

with H2O2 and dimedone, which labels cysteine sulfenic acid in

situ, uncovered the correlation between oxidation of cysteine(s)

to sulfenic acid in RTCB and inactivation of the tRNA-LC. How-

ever, since the loss of the enzymatic activity occurs at slightly

higher concentrations of H2O2 than the dimedone signal, we

speculate that the tRNA-LC inactivation observed in our in vitro

system could be to a significant extent driven by the further

oxidation to sulfinic or sulfonic acid. Under higher concentrations

of H2O2, sulfenic acids also accumulate in the RNA helicase

subunit DDX1 (Figure 4F), which may fine-tune the regulation

of RTCB.

Oxidative inactivation of the tRNA-LC can thus be reconsti-

tuted in vitro. However, the relatively high concentrations of

H2O2 required for inactivation suggest that the in vitro system

may be lacking a sensitizing factor or factors.

Cu2+ is critical for redox regulation of the tRNA-LC
in vitro

We hypothesized that the sensitivity of the tRNA-LC toward

oxidation could depend on at least one metal ion in the active

site. Since the metal chelator imidazole was used during its pu-

rification, we reasoned that the recombinant tRNA-LC may not

be fully loaded with native metals and that redox regulation oc-

curs only upon the binding of trace metal ions from the reaction

buffer. To test this, we pre-treated the reaction buffer with the

metal ion-chelating resin Chelex 100, followed by supplementa-

tion with a series of potentially regulatory metals, and with Mg to

enable tRNA-LC activity. The sensitivity of the tRNA-LC to oxida-

tive inactivation was largely reduced in the buffer where trace

metals had been removed by pre-treatment with Chelex 100

(Figure 4G). Supplementation of this reaction buffer with nano-

molar concentrations of Cu2+, but not other metal ions, fully

restored the sensitivity of the tRNA-LC to oxidative inactivation

by H2O2 (Figure 4H). Cu2+ sensitized the tRNA-LC to oxidation

in near-equimolar concentrations, but it did not affect the activity

of the tRNA-LC in the absence of H2O2 (Figure S7K; correspond-

ing quantification in the lower panel). Accumulation of dime-

done-labeled sulfenic acids in RTCB, upon incubation of the

tRNA-LC with H2O2, was similarly boosted by nanomolar Cu2+

concentrations (Figure S7L). Thus, we conclude that under the

conditions of our reconstituted system, catalytic amounts of

free Cu are critical for the regulation of the tRNA-LC, but not

for its activity or stability.

PYROXD1 and the tRNA-LC interact in the presence of
NAD(P)H
We tested whether a physical interaction could mediate the pro-

tective function of PYROXD1 toward the tRNA-LC. Co-immuno-

precipitation revealed that PYROXD1 and the tRNA-LC interact,

but only in the presence of NAD(P)(H) (Figure 5A), an effect

not mimicked by ATP, GTP, FAD, H2O2 or ubiquinone-1. The

reduced nucleotides NADH and NADPH were equally capable

of enabling the interaction, but NAD+ and NADP+ were less effi-

cient (Figure 5A). Mass spectrometry analysis of co-immunopre-

cipitates from cells expressing FLAG-PYROXD1 detected RTCB

and the other tRNA-LC subunits as the main interactors of

PYROXD1 upon addition of NADP+ (Figure 5B) and NADPH (Fig-

ures S8A and S8B) to the cell extracts. We reproduced these

findings in vitro by pulling down recombinant PYROXD1 with

StrepII-GFP-RTCB in the presence of NAD(P)H (Figure 5C);

here, NAD(P)+ did not mediate binding. The apparent NAD(P)+-

mediated interaction in extracts (Figures 5A and 5B) could occur

due to a partial conversion of NAD(P)+ into NAD(P)H. Thus,

PYROXD1 interacts with the tRNA-LC, mainly in the presence

of NAD(P)H.

NAD(P)+ and NAD(P)H control the sensitivity of the tRNA-
LC to oxidation
To investigate the potential role of nicotinamide dinucleotides in

redox regulation of the tRNA-LC, we added NADPH and NADP+

to our in vitro reconstituted system (see Figure 4E). Addition of

the reduced nucleotides NAD(P)H increased tRNA-LC sensitivity

to oxidation by H2O2, while the addition of NAD(P)+ made the

tRNA-LC more resistant (Figures 6A and S9A), suggesting that

NAD(P)(H) binds the tRNA-LC and largely alters its redox proper-

ties. Incubation of recombinant tRNA-LC with streptavidin mag-

netic beads coated with biotinylated NAD+ enabled pulling down

RTCB and DDX1 subunits of the tRNA-LC, and this effect was

abolished when NADPH, NADP+, NADH, or NAD+ were used

as competitors (Figure S9B). Thus, like PYROXD1, the tRNA-

LC interacts with NADP(H) and NAD(H).

NADPH triggers Fenton reactions in chemical systems, result-

ing in the production of reactive oxygen species (ROS) through

Table 1. Table of structural statistics

Data statistics

Space group P3112

a, b, c (Å) 101.23, 101.23, 143.45

Resolution 20–3.2 (3.28–3.2)

Rmeas (%) 11.0 (186.4)

CC½ 99.8 (56.1)

I/s(I) 13.58 (1.24)

No. unique reflections (anomalous) 26,957 (1,997)

Completeness (%) 99.3 (99.7)

Redundancy 5.5 (5.7)

Refinement statistics

Resolution 20–3.2 (3.314–3.2)

No. unique reflections (non-anomalous) 14,003 (1,393)

Completeness (%) 99.21 (99.64)

Rwork/Rfree (%) 0.217/0.234

No. atoms

Protein 3,327

Ligand 53

B-factor

Protein 123.90

Ligand 103.60

Rmsd

Bond lengths (Å) 0.003

Bond angles (�) 0.56

Data and refinement statistics related to the structure of PYROXD1 with

FAD, deposited under PDB: 6ZK7.
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direct reactions with Cu2+ ions (Rowley and Halliwell, 1985).

However, a mode of direct redox regulation of a metalloenzyme

with NAD(P)+ as a protector and NAD(P)H as a sensitizer, as

shown in our reconstitution experiments, has not been observed

in a biochemical context. To test whether a Fenton reaction

mediates nucleotide effects on the tRNA-LC, we included

bathocuproinedisulfonic acid (BCS), a chelator of the Fenton

intermediate Cu+, into the reconstitution system. BCS turned

the tRNA-LC resistant to oxidative inactivation and abolished

the effects of the nucleotides, showing that the Fenton reaction

with Cu2+ ions plays a crucial role both in the sensitivity of the

tRNA-LC to oxidation and in its modulation by NAD(P)(H)

in vitro (Figure 6B).

PYROXD1 usesNAD(P)+ to prevent oxidative inactivation
of the tRNA-LC in vitro

To finally test whether PYROXD1 protects the tRNA-LC from

oxidative inactivation in vitro, we added PYROXD1 to our recon-

stituted system composed of tRNA-LC, Archease, NADPH,

H2O2, and a reaction buffer containing trace metals, including

Cu. Under these conditions, PYROXD1 largely prevented the

inactivation of the tRNA-LC (Figure 6C). The protective effect

was less pronouncedwith the disease variant N155S (Figure 6C),

which oxidizes NADPH to NADP+ at a lower rate (Figures 2C, 3D,

S2D, and S2F). When variants Q372H (causing myopathy) and

H410A (designed based on the crystal structure) were used (Fig-

ure S2E), the protective effect on the tRNA-LC was reduced pro-

portionally to the impairment in their oxidoreductase activities

(Figures S2F and S9C). Similarly, the tRNA-LC was more effi-

ciently rescued by purified monomeric than the less active

dimeric form of PYROXD1 (Figures S4D, S4E, and S9D). Heat-

denatured PYROXD1 did not protect the tRNA-LC against oxida-

tive inactivation (Figure S9E). In addition, PYROXD1 could pre-

vent, but not rescue, the oxidative inactivation of the tRNA-LC,

confirming that PYROXD1 acts upstream in the inactivation

cascade in our reconstituted system (Figure S9F). These data

Figure 3. The crystal structure of PYROXD1 reveals a uniquemonomeric active site and the NAD(P)H positioning role of the disease-affected

residue N155

(A) The overall domain structure of PYROXD1 includes the FAD-binding domain (FAD shown in yellow), the NAD(P)H-binding domain, and the C-terminal domain

(see Table 1 for detailed information on the structure). The NADPH-binding domain and the C-terminal domain are connected by an unresolved, presumably

unstructured loop.

(B) Surrounding of the flavin isoalloxazine ring: the re-side includes the catalytically essential H410 and comprises the position where nicotinamide nucleotide is

expected to bind; the si-side has no cysteine residues and appears covered by W376 and the peptide backbone of I131, R132, and D133. FAD (yellow), amino

acid residues (green; N2: blue, O2: red). 3Fo-2Fc omit electron density is contoured at 1s around the isoalloxazine ring and surrounding residues (light gray).

(C) The PYROXD1 structure was uploaded to the Dali server and compared to the structures of 30 homologous proteins to identify unique regions. Blue: regions in

PYROXD1 that are structurally conserved compared to homologs; red: structurally unique regions in PYROXD1; green spheres: FAD; arrows point to structurally

unique polypeptide stretches in the PYROXD1 active site.

(D) NADPH was modeled into the structure of PYROXD1 using all atom simulations and ensemble docking. FAD (yellow), NADPH (orange), and N155 residue

(green) (see Figure S5 for a detailed presentation of the modeling approaches and results).

(E) Recombinant PYROXD1 was analyzed using native mass spectrometry. Schematically labeled peaks correspond to different charge states (indicated above

the peaks) of the most abundant oligomeric forms of PYROXD1: monomer (single blue circle), dimer (double blue circle);m/z, mass-to-charge ratio (see Figure S6

for more details on the dynamics of the oligomeric states of PYROXD1).

See also Figure S4.
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Figure 4. The tRNA ligase complex is inhibited by oxidative stress and boosted by the antioxidant N-acetylcysteine (NAC), and its oxidative

inactivation can be reconstituted in vitro in the presence of catalytic amounts of available Cu ions

(A) A homology-based model of RTCB was generated using the Swiss-model tool based on PDB: 4dwr (RTCB from Pyrococcus horikoshii; Englert et al., 2012).

Shown is the predicted RTCB active site containing the essential cysteine residue C122, coordinated to 2 metal ions.

(B) HeLa cells were treated with the indicated concentrations of menadione, and cell extracts were assayed for pre-tRNA splicing by incubation with an internally

radiolabeled, intron-containing yeast pre-tRNAPhe. Pre-tRNA processing was monitored by denaturing gel electrophoresis.

(C) HeLa cells were treated with menadione, and cells were recovered in the presence of cycloheximide to inhibit de novo protein synthesis. Samples were taken

at indicated time points (recovery time) and assayed for inter-strand ligation activity (top). CHX, cycloheximide-only cell treatment, without prior menadione

addition. Western blot analysis probing for b-actin confirmed equal protein concentration in all of the samples (bottom).

(D) HeLa cells were treated with menadione at the indicated concentrations for 1 h in the presence or absence of NAC. Cell extracts were assayed for inter-strand

ligation activity as in (C).

(E) Recombinant tRNA-LC or RTCB and Archease were incubated with increasing concentrations of H2O2. RNA ligation was assayed by circularization of a

radiolabeled, single-stranded oligonucleotide and monitored by denaturing gel electrophoresis.

(F) Recombinant tRNA-LC was incubated with the increasing concentrations of H2O2 in the presence of the sulfenic-acid labeling reagent dimedone. Proteins

were analyzed by SDS-PAGE followed by western blot detection of cysteine-sulfenic acid adducts.

(G) Trace metal-free reaction buffer was prepared by pre-treatment with the chelating resin Chelex 100. Then, tRNA-LC and Archease were incubated with

increasing concentrations of H2O2 in both non-treated and Chelex-treated buffer, and the ligation activity was measured as described in (E).

(H) A reaction buffer free of trace metals was prepared as in (G). Then, the recombinant tRNA-LC and Archease were incubated with different biologically relevant

metal ions and H2O2, and RNA ligation was monitored as described in (E).

See also Figure S7.
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demonstrate that the catalytic activity of PYROXD1 is required to

preserve the function of the tRNA-LC in oxidizing environments.

DISCUSSION

We have shown that PYROXD1 protects the tRNA-LC and its

catalytic subunit RTCB, an archaic protein that has been pre-

served only in those aerobic species in which co-evolution with

PYROXD1 had taken place; their co-evolution is also reflected

in the modern-day context through the codependency of

PYROXD1 and RTCB in cancer cell lines (DepMap: PYROXD1).

Consistent with our reconstitution experiments, we proposed

that the Cu ion in the active site of RTCB could make a cysteine

residue more prone to oxidation and behaves as a local gener-

ator of ROS, such as HO$ (hydroxyl) and HOO$ (hydroperoxyl)

radicals, through a Fenton reaction (Figure 6D).

In line with the RNA-enzyme-metabolite (REM) concept

(Hentze and Preiss, 2010), we suggest that the RNA, ATP, or

GTP binding sites of RTCB (Englert et al., 2012) can accom-

modate NAD(P)+ or NAD(P)H, which act as a suppressor or

stimulator, respectively, of Cu-mediated oxidative inactivation

(Figure 6A). We thus believe that the effects of oxygen and

ROS, as well as of Cu and NAD(P)(H), are a direct conse-

quence of the chemical nature of RTCB, which makes it prone

to oxidative inactivation. However, co-evolution of PYROXD1

allowed aerobic organisms to turn this hazardous inactivating

reaction into a controlled process used to regulate the

tRNA-LC activity (see below).

PYROXD1 oxidizes NAD(P)H to NAD(P)+ with tightly controlled

kinetics, reducing one molecule of O2 into H2O2 per turnover

(Figure S3). This reaction is a double-edged sword: while it en-

sures that the protecting, oxidized nucleotide NAD(P)+ is bound

to the RTCB active site, it also produces undesirable H2O2 in its

vicinity, as illustrated by the gain-of-function variant W376A,

which not only fails to protect the tRNA-LC against oxidation

but rather inhibits its activity due to a higher rate of H2O2

production (Figure S9G). Thus, PYROXD1 must operate within

a narrow activity range, as evidenced by the failure of both

loss- and gain-of-function variants to protect the tRNA-LC.

Furthermore, we believe that PYROXD1 evolved to bind to the

tRNA-LC only in the presence of NAD(P)H and dissociates

upon the generation of NAD(P)+ (Figure 5C), precisely to avoid

Figure 5. PYROXD1 interacts with the tRNA-LC in presence of NAD(P)H

(A) Anti-FLAG immunoprecipitation was performed using cell extracts derived from a cell line expressing doxycycline-inducible FLAG-PYROXD1, without

addition (buffer) or with addition of the indicated compounds. FLAG-PYROXD1 and co-purified tRNA-LC subunits RTCB and DDX1 were detected by western

blotting.

(B) FLAG-PYROXD1 was immunoprecipitated from cell extracts in independent triplicate experiments in the absence (buffer) or presence of NADP+, followed by

mass spectrometry analysis.

(C) Recombinant PYROXD1 and StrepII-GFP-RTCBwere incubated in a buffer with or without NAD(P)(H), followed by pull-down using Strep-Tactin beads. Beads

were washed and bound proteins were analyzed by SDS-PAGE and Coomassie blue staining.

See also Figure S8.
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multiple catalytic cycles that would lead to local accumulation

of H2O2.

However, besides O2, an additional, thus far unknown electron

acceptor for PYROXD1 may exist, whose reduced form may

not suppress tRNA-LC activity. This idea is consistent with

PYROXD1’s complementing the loss of glutathione reductase

under oxidative stress conditions in yeast (O’Grady et al.,

2016), which suggests a more general antioxidative function.

PYROXD1 reduces ubiquinone-1 (Figure S3); nonetheless, this

is an unspecific and non-physiological substrate. Also, PY-

ROXD1 does not have an integral membrane domain, and most

natural quinone or quinoid compounds are membrane bound.

The identification of additional, in vivo relevant electron accep-

tors for PYROXD1 could shed light on alternative cellular

functions.

While NAD+ enables SIRT enzymes to deacetylate and acti-

vate glucose-6-phosphate dehydrogenase, ultimately increasing

cellular production of antioxidative NADPH (Xiao et al., 2018),

the direct use of NAD(P)+ as an antioxidant as indicated by

our reconstitution experiments is novel in redox biology. This

mechanism adds to the repertoire of strategies evolved to

preserve the activity ofmetalloenzymes in aerobic environments

(Imlay et al., 2019) and presumably establishes the tRNA-LC

as one of the few human proteins dependent on Cu. How

this regulation occurs at the chemical level and whether

this mechanism is unique to the tRNA-LC or more universally

applicable to aerobic Cu-binding proteins remains to be

uncovered.

The reversibility and plasticity of the oxidative inactivation of

the tRNA-LC (Figures 4B–4D) and the specificity for the rare

trace element Cu (Figure 4H) suggest that the redox sensitivity

of the tRNA-LC has a regulatory function and is not a mere

evolutionary relic. Redox protection of the tRNA-LC by

PYROXD1 could be critical during the UPR, in which the

tRNA-LC displays a pro-survival function (Hetz, 2012; Lin

et al., 2007) serving as a molecular switch during oxidative

stress coupled to endoplasmic reticulum (ER) stress. The UPR

is important in the development and maintenance of skeletal

muscle, a tissue with an elaborate ER structure (Bohnert

et al., 2018). Thus, our characterization of PYROXD1 disease-

causing variants provides a potential link between myopathies

and inactivation of the tRNA-LC, which is consistent with

PYROXD1 being found in proximity to skeletal muscle ER

(O’Grady et al., 2016), the tRNA-LC being proximal to the ER

in HeLa cells (Lu et al., 2014) and the tRNA-LC interacting

with IRE1 at the ER membrane (Acosta-Alvear et al., 2018).

While disease-causing variants of PYROXD1 fail to protect the

tRNA-LC, the mechanistic link between the tRNA-LC, the ability

of PYROXD1 to act as a metalloenzyme protector, and muscle

malfunction merits further characterization.

Figure 6. In vitro reconstituted system indi-

cates that PYROXD1 prevents the oxidative

inactivation of the tRNA-LC through the

oxidation of NAD(P)H into NADP+

(A) Top: recombinant tRNA-LC and Archease were

incubated with NADP(H) and increasing concen-

trations of H2O2. RNA ligation was assayed by

circularization of a radiolabeled, single-stranded

oligoribonucleotide and monitored by denaturing

gel electrophoresis (see Method details). A repre-

sentative result is shown. Bottom: quantification of

independent quadruplicate experiments: RNA

substrate conversion (as mean values ± SEMs at

95% confidence intervals) was plotted against

H2O2 concentration.

(B) Recombinant tRNA-LC and Archease were

incubated with NADP(H) and 2 concentrations of

H2O2, in the absence or presence of the Cu

chelator BCS. RNA ligation was assayed as in (A).

(C) Top: recombinant tRNA-LC and Archease were

incubated with recombinant PYROXD1 (WT or

N155S), NADPH, and increasing concentrations of

H2O2. RNA ligation was assayed as in (A). A

representative result is shown. Bottom: quantifi-

cation of independent triplicate experiments: RNA

substrate conversion (as mean values ± SEMs at

95% confidence intervals) was plotted against

H2O2 concentration.

(D) Model depicting the protective function that

PYROXD1 exerts on the tRNA-LC. Designation ‘‘x’’

in the oxidized form of RTCB emphasizes the un-

certainty of the contributions of sulfenic, sulfinic,

and sulfonic acid forms (x = 1, 2, and 3, respec-

tively) to the inactivation of the tRNA-LC under

various oxidizing conditions.

See also Figure S9.
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Limitations of the study
Our in vitro reconstitution experiments rely onH2O2 to oxidatively

inactivate the tRNA-LC. However, the tRNA-LC in cells and in the

mouse heart is inactivated upon 6 days of PYROXD1 absence

without the addition of exogenous H2O2. This suggests that the

prolonged exposure of the tRNA-LC to O2 could be sufficient to

inactivate it, a hypothesis that is consistent with the evolutionary

perspective of the phylogenetic clustering. To test this in vitro, we

exposed the tRNA-LC and Archease to an oxygenic atmosphere

for 6 days. The tRNA-LC lost activity, in a manner preventable

by the reducing agent tris(2-carboxyethyl)phosphine) (TCEP)

(Figure S9H). This result strongly suggests loss of activity

through oxidative inactivation, rather than proteolytic degrada-

tion or unfolding. Protection of the tRNA-LC from O2 by the

PYROXD1:NAD(P)H system is nevertheless difficult to fully

reconstitute sinceNAD(P)H andPYROXD1 are not stable enough

for such long-term in vitro experiments. The next challenge con-

sists in identifying metal ions natively bound to the tRNA-LC. To

unambiguously identify the metal ions in the tRNA-LC in human

cells, we should be able to purify sufficient amounts of the native

complex from human cells to perform induced coupled plasma

measurements, which is currently a very difficult task. The final

challenge is obtaining causative evidence supporting the robust

correlative relationships between the presence of H2O2, Cu, and

NAD(P)H, and the inactivation of the tRNA-LC through cysteine

oxidation to sulfenic acid. To overcome this, we need to generate

RTCBmutants that have altered affinities for NAD(P)H and/or Cu;

ultimately, we would aim to obtain mutant versions of RTCB that

retain activity but are resistant to oxidative inactivation. If suc-

cessful, we could use CRISPR-Cas9 to generate cell lines or a

mouse model expressing such mutants and use them to study

thephysiological purposeof regulating tRNA-LC. This is adifficult

task for two reasons: (1) C122 is catalytically essential, andmuta-

genesis could abrogate the regulation together with the enzy-

matic activity, and (2) the atomic structure of human RTCB has

not yet been published and neither has its co-structure with

NAD(P)(H) or the structures of the super-complex with NAD(P)H

and PYROXD1. These structures would allow us to design mu-

tants that do not bind NAD(P)(H) or PYROXD1, providing a tool

to test their effects on the regulation of the tRNA-LC. We thus

envision that the future structural work would provide new in-

sights into the regulation of the tRNA-LC mechanistically and in

the setting of a cell or an organism.
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tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Thermo Scientific Cat# 20491

catalase from bovine liver Sigma Aldrich Cat# C30-100MG

Protogel Acrylamide/Bis-acrylamide National Diagnostics Cat# EC-890

tris(hydroxymethyl)aminomethane, base (tris) Fisher Scientific Cat# BP152-1

glycine AppliChem Cat# A1067,5000

HiLoad Superdex 200 16/600 GE Healthcare Cat# GE28-9893-35

anti-FLAG M2 Affinity Gel Sigma Aldrich Cat# A2220-5ML

InstantBlue Abcam Cat# ab119211

ammonium-bicarbonate Sigma Aldrich Cat# 09830

iodoacetamide Sigma Aldrich Cat# I6125

Strep-Tactin IBA Cat# 2-1201-010

desthiobiotin Merck Cat# D1411

4-(2-hydroxyethyl)-1-piperazineethanesulphonate (HEPES) Lonza Cat# BE17-737E

MagStrep type 3 XT beads IBA Cat# 2-4090-002

4-15% Mini-PROTEAN� TGX Precast Gel Bio-Rad Cat# 4561083

Ni-NTA Superflow resin QUIAGEN Cat# 30410

imidazole Merck Cat# 56750

His6-tagged Tobacco Etch Virus (TEV) protease In-house production N/A

Prescission Protease IMP Molecular Biology Service N/A

bathocuproinedisulfonic acid (BCS) Sigma Aldrich Cat# B1125-500MG

Chelex 100 Sigma Aldrich Cat# C7901-25G

copper(II)-sulfate pentahydrate Fluka Cat# 61240

iron(II)-chloride Sigma Aldrich Cat# 372870-25G

iron(III)-sulfate monohydrate Sigma Aldrich Cat# 307718-500G

zinc-chloride Sigma Aldrich Cat# 208086-5G

manganese(II)-sulfate monohydrate Fluka Cat# 63554

deionized water In-house production N/A

dimedone Sigma Aldrich Cat# D153303

Dynabeads M-280 Streptavidin Thermo Scientific Cat# 11205D

biotinylated-NAD Trevigen Cat# 4670-500-01

Critical commercial assays

T7 MEGAshortscript kit Thermo Scientific Cat# AM1354

Masson Trichrome with aniline blue Bio Optica Cat# 04-010802A

GoTaq� qPCR Master Mix Promega Cat# A6002

Maxima First Strand cDNA Synthesis Kit Thermo Scientific Cat# K1672

CalPhos Mammalian Transfection Kit Takara Bio Cat# 631312

Bac-to-Bac Baculovirus expression system Thermo Fischer Cat# 10359016

Trans-Blot Turbo RTA Transfer Kit, PVDF Bio-Rad Cat# 1704273

Deposited data

structural model of PYROXD1 PDB 6ZK7

mass spectrometry data PRIDE PXD018831

Experimental models: cell lines

HeLa (ATCC CCL-2) Thermo Scientific N/A

Tet-ON HeLa This paper N/A

Flp-In-T-REx-HEK293 Thermo Scientific N/A

Sf9 Cell Line gift from Petr Cejka, IRB

Bellinzona; ATCC

Cat# ATCC CRL-1711
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FLAG-PYROXD1 HEK293 This paper N/A

Experimental models: organisms/strains

Pyroxd1tm1a(KOMP)Wtsi Knockout First mice KOMP Cat# CSD84611

FRTe mouse Rodrı́guez et al., 2000 N/A

A1cf.Tg(Myh6-cre/Esr1*)1Jmk Jackson Laboratory Cat# 005657

Oligonucleotides

primer for shRNA cloning miR-E_fwd: 50-TAC AAT ACT CGA GAA

GGT ATA TTG CTG TTG ACA GTG AGC G-30
Sigma Aldrich N/A

primer for shRNA cloning miR-E_rev: 50-TTA GAT GAA TTC TAG

CCC CTT GAA GTC CGA GGC AGT AGG CA-30
Sigma Aldrich N/A

primer for yeast pre-tRNA: 50-AAT TTA ATA CGA CTC ACT ATA

GGG GAT TTA GCT CAG TTG GG- 30
Sigma Aldrich N/A

primer for yeast pre-tRNA: 50-TGG TGG GAA TTC TGT GGA TCG

AAC-30
Sigma Aldrich N/A

RNA oligonucleotide from the firefly luciferase 50-UCG AAG UAU

UCC GCG UAC GU-30
Dharmacon N/A

complementary oligonucleotide for annealing: 50-CGU ACG CGG

AAU ACU UCG A-30
Dharmacon N/A

tyrosine-tRNA 50 exon probe, 50-CT*A CA*G TC*C TC*C GC*T CT*A

CC-30 (* denotes LNA nucleotide)

Exiqon N/A

tyrosine-tRNA 50 exon probe, 50- CTA CAG TCC TCC GCT CTA CCA-30 Exiqon N/A

methionine 50 tRNA probe, 50-GGG CCC AGC ACG CTT CCG CTG

CGC CAC TCT GC-30
Exiqon N/A

U6 snRNA probe: 50-GCA GGG GCC ATG CTA ATC TTC TCT GTA

TCG-30
Exiqon N/A

PYROXD1 cloning primer: 50- CGC GGA TCC ATG GAG GCA GCG

CGC CCT CC-30
Sigma Aldrich N/A

PYROXD1 cloning primer: 50- TAG CCG CTC GAG TTA GTC AAA ATA

ATC TTC TA-30
Sigma Aldrich N/A

Recombinant DNA

RT3GEN Tet-shRNA expression vector gift of Johannes Zuber, IMP N/A

pcDNA5/FRT mammalian expression vector gift of Alfredo Castello,

University of Oxford

N/A

pGEX-6P-1 vector Cytiva Cat# 28954648

pWPXLd backbone Addgene Cat# 12258

miR-E backbone of RT3GEN gift of Johannes Zuber, IMP N/A

438-Rgfp Addgene Cat# 55221

MacroLab pFastBac vector 438-A Addgene Cat# 55218

MacroLab pFastBac vector 438-B Addgene Cat# 55219

MacroLab pFastBac vector 438-Rgfp Addgene Cat# 55221

MacroLab 4B vector Addgene Cat# 30115

MacroLab 2M-T vector Addgene Cat# 29708

Software and algorithms

Protein-Protein BLAST NCBI Version 2.2.28+

ClustalW GenomeNet N/A

IQTree CIBIV/UniVie Version 1

WebLogo UC Berkeley N/A

ImageQuant GE Healthcare TL 8.1

Fujifilm VisualSonics Preclinical Imaging Platform Fujifilm VEVO 770

PRISM GraphPad Version 8

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Javier

Martinez (javier.martinez@meduniwien.ac.at).

Materials availability
Proprietary material is available upon request from the authors.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DALI server University of Helsinki N/A

Kinetic Studio software TgK Scientific Limited N/A

MaxQuant Max Plank Institute N/A

Masslynx Waters Version 4.1

PHASER University of Cambridge N/A

COOT MRC Laboratory of

Molecular Biology

N/A

MolProbity Duke University N/A

LIMMA Bioconductor N/A

PyMol Schrödinger, Inc. Version 2.0.7

Modeler BIOVIA Version 9.21

PROPKA server Olsson et al., 2011 Version 3.0

PDB2PQR server (Dolinsky et al., 2004) Version 2.0.0

GOLD CCDC Version 5.6.0

Gaussian09 Frisch et al., 2009 Revision A.02

CHEMPLP CCDC N/A

PLUMED Tribello et al., 2014 Version 2.3.5

GROMACS Pronk et al., 2013 Version 2016.6

xLeap AmberTools N/A

Other

Phosphoscanner Amersham Typhoon 5 GE healthcare Model: 29187191

ChemiDoc Touch Bio-Rad Model: 1708370

VisualSonics 700-Series RMV Scanhead Fujifilm Model: RMV707B

Omni Sonic Ruptor 250 Omni Interactions N/A

ÄKTA purifier GE GE Healthcare N/A

Ultimate 3000 HPLC Thermo Scientific N/A

TSQ Vantage mass spectrometer Thermo Scientific N/A

Specord 200 plus Analytik Jena N/A

glove box Belle Technology N/A

10 W LED floodlight Luminea N/A

SF-61SX2 stopped flow TgK Scientific N/A

PM-61 s photomultiplier TgK Scientific N/A

Hybrid Multi-Mode Microplate Reader Synergy H1 N/A

Mosquito TTP Biotech Version 3.10

Synapt G2Si Waters N/A

Q Exactive HF-X Orbitrap mass spectrometer Thermo Scientific N/A

Ultimate 3000 RSLC nano-flow chromatography system Thermo Scientific N/A

DynaMag-5 Magnet holder Thermo Scientific N/A
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Data and code availability
Raw data and quantification data are available at Mendely Data: https://data.mendeley.com/datasets/xcf7cdjrpg/draft?

a=1dd6130d-d375-4b7f-9055-c96be72e2ebd.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repos-

itory with the dataset identifier PXD018831. The X-ray diffraction data are deposited in PDB entry Crystal Structure of human

PYROXD1/FAD complex, PDB code 6ZK7. Additional intermediary data are available directly from the authors.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse model
Pyroxd1tm1a(KOMP)Wtsi Knockout First mice were acquired from the KOMP Repository Knockout Mouse Project (https://www.komp.

org, catalog #CSD84611) and were bred as heterozygous (C57BL/6N-Atm1Brd strain). Heterozygous Pyroxd1tm1a(KOMP)Wtsimice were

crossed with FRTe (Rodrı́guez et al., 2000) to obtain Pyroxd1fl/+mice. The removal of FRT-LacZ-neo-FRT was identified by PCR gen-

otyping (data not shown). Pyroxd1fl/+ mice were backcrossed on to C57BL/6J genetic background and finally bred as homozygous

animals (Pyroxd1fl/fl).

To generate cardiomyocyte specific Pyroxd1 knockout mice, A1cf.Tg(Myh6-cre/Esr1*)1Jmk (aMHC-MerCreMer, Jackson Laboratory,

#005657) mice were bred with Pyroxd1fl/fl mice for two generations to obtain Pyroxd1fl/fl;aMHC-MerCreMer tamoxifen-inducible

conditional knockout mice. Pyroxd1fl/+;aMHC-MerCreMer, Pyroxd1+/+;aMHC-MerCreMer and Pyroxd1fl/+ were used as control

mice in this study. No aMHC-MerCreMer/aMHC-MerCreMer mice were used. To induce Cre-expression, mice were injected with

10 mg$kg-1 tamoxifen once per day for four consecutive days.

Animals were maintained under a 14-hours light/10-hours dark cycle, and provided with food and water ad libitum. All animal ex-

periments were performed according to EU-directive 2010/63/EU. The experiments were performed on gender balanced cohorts of

adult mice aged between 8 and 10 weeks.

Ethics statement
All animal studies, handling, and sacrificing were approved by the Austrian Federal Ministry of Science and Research (permit no.

BMWF—66.015/0020-V/3b/2019) and were undertaken in strict accordance with prevailing guidelines for animal care and welfare.

Cell lines
HeLa (ATCC� CCL-2), Tet-ON HeLa cell lines, and Flp-InTM-T-RExTM-HEK293 (Thermo Fisher Scientific) were cultured at 37�C, 5%
CO2 in Dulbecco’s modified Eagle’s medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO), 100 U$mL-1 penicillin,

and 100 mg$mL-1 streptomycin sulfate (Lonza) and routinely tested for mycoplasma.

To generate ecotropically infectible Tet-ON HeLa cells, we constructed a lentivirus co-expressing the ecotropic receptor (EcoR),

rtTA3, and Puro by shuttling the according expression cassette from pRIEP (Zuber et al., 2011) into the pWPXLd backbone

(Addgene plasmid 12258). HeLa cells transduced with pWPXLd-EF1-EcoR-IRES-rtTA3-PGK-Puro (pWPXLd-RIEP) were selected

with 2 mg$mL-1 puromycin (Sigma Aldrich) and subsequently retrovirally transduced with ecotropically packaged RT3GEN

Tet-shRNA expression vectors (see section ‘‘Cloning of shRNAs’’) (Zuber et al., 2011). For knockdown, cells were transduced

with a single shRNA expression vector and selected with 1 mg$mL-1 G418 (GIBCO). Tet-regulated shRNA expression was induced

by treatment of these cells for 6 days with 1 mg$mL-1 doxycycline (Dox, Sigma) added to the medium. Cell culture medium supple-

mented with selection antibiotics and Dox was replaced every second day.

To generate FLAG-tagged PYROXD1 cell line, full-length human PYROXD1 open reading frames was PCR-amplified from HeLa

cDNA and introduced into a pcDNA5/FRT mammalian expression vector N-terminally encoding for a FLAG-HA tag (kind gift of

Alfredo Castello, University of Oxford), designed for the use with the Flp-InTM system (Thermo Fisher Scientific). Flp-InTM-T-

RExTM-HEK293 cells, encoding an FRT integration site and the tet-repressor system, were transfected using CalPhos Mammalian

Transfection Kit. Isogenic cell lines carrying integrated genes were selected by Hygromycin B resistance, polyclonally pooled and

validated for PYROXD1 gene expression.

Expression systems
PYROXD1was expressed in bacterial expression system. Escherichia coliBL21(DE3) were transformedwith the pGEX-6P-1 plasmid

encoding for GST-PYROXD1 WT and mutant variants and grown at 37�C, 120 rpm in 2xTY medium in presence of ampicillin (final

concentration 0.1 mg$mL-1). At optical density (600 nm) of 0.4, the temperature was dropped to 18�C and at optical density

(600 nm) of 1.0, isopropyl-b-D-thiogalactosidase (IPTG, Fermentas, final concentration 0.1 mmol$L-1) was added. After overnight in-

cubation under the same conditions, bacteria were collected by centrifugation at 4�C, 4500 min-1 for 10 min.

Archease was expressed using bacterial expression system. DNA encoding human Archease (Uniprot Q8IWT0) spanning residues

27�167 was cloned into the UC Berkeley MacroLab 2M-T vector (gift from Scott Gradia, Addgene plasmid #29708) to express a

fusion protein containing an N-terminal His6 tag, maltose binding protein (MBP) tag, and a TEV-protease cleavage site. The fusion

protein was expressed in BL21 (DE3) Rosetta2 Escherichia coli cells induced with 0.2 mM IPTG at 18�C overnight.
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Recombinant RTCB was expressed using insect cell expression system. DNA encoding the human RTCB (Uniprot Q9Y3I0) was

cloned into the UC Berkeley MacroLab 4B vector (gift from Scott Gradia, Addgene plasmid #30115). The fusion protein containing

an N-terminal His6 tag and a TEV-protease cleavage site was expressed in Sf9 insect cells using the Bac-to-Bac Baculovirus expres-

sion system (Thermo Scientific). Cells were harvested 60 h after infection.

Recombinant tRNA-LC was expressed using insect cell expression system. DNA sequences encoding the four subunits of the hu-

man tRNA ligase complex, RTCB (Uniprot Q9Y3I0), DDX1 (Uniprot Q92499), CGI-99 (Uniprot Q9Y224), and FAM98B (Uniprot

Q52LJ0) were inserted using ligation-independent cloning into the UC Berkeley MacroLab pFastBac vectors 438-A, 438-B,

438-A, and 438-Rgfp, respectively. The vectors were gift from Scott Gradia, Addgene plasmids #55218 (438-A), #55219 (438-B),

and #55221 (438-Rgfp). The four subunits were combined into a single baculovirus transfer plasmid using the MacroBac protocol

(Gradia et al., 2017). The final plasmid encoded untagged RTCB, DDX1 with an N-terminal His6 tag and TEV-protease cleavage

site, untagged CGI-99, and FAM98B with N-terminal StrepII and GFP tags followed by a TEV-protease cleavage site. Recombinant

baculoviruses were generated using the Bac-to-Bac Baculovirus expression system (Invitrogen) and the proteins were expressed in

Sf9 insect cells infected at a density of 1.0 3 106 ml-1. Cells were harvested 60 h after infection.

METHOD DETAILS

Phylogenetic profiling
We selected 188 species for a wide taxonomic range in Bacteria, Archaea and Eukarya with complete proteomes from various sour-

ces, such as NCBI, UniProt, and ENSEMBL (status 02/2014). Orthologous relationships were defined as bidirectional best hits with

NCBI Protein-Protein BLAST version 2.2.28+ (Altschul et al., 1997) and restricted to an E-value threshold of 0.1, resulting in amatrix of

21733 human genes with presence or absence in 187 organisms. The table was reduced to 14303 genes by removing phylogenetic

patterns that were present or absent in > = 95 percent of all organisms and analyzed by hierarchical gene clustering using cluster 3.0

with Euclidean distance and pairwise average-linkage (de Hoon et al., 2004). The tRNA-LC members CGI-99 and DDX1 were com-

bined in one cluster (distance: 0.88) and the next node was PYROXD1 (distance: 0.81). RTCB and Archease weremerged in one clus-

ter as well (distance 0.7), but not related to the CGI-99/DDX1/PYROXD1 cluster.

Phylogenetic tree and sequence logos
To construct a phylogenetic tree, the sequences of 65 proteins included in the seed group for Pyr_redox_2 domain in the Pfam data-

base (status 3/2020) (El-Gebali et al., 2019), together with PYROXD1 and mitochondrial apoptosis-inducing factor-1 (AIFM1) were

first used to generate a multiple sequence alignment using ClustalW, with the settings: Gap Open Penalty 10, Gap Extension Penalty

0.5, no weight transition, hydrophilic residues GPSNDQERK, with hydrophilic gaps and BLOSOM as weight matrix (Madeira et al.,

2019). The sequence alignment file was then uploaded to the IQTree server to generate the phylogenetic tree, with the following set-

tings: 1000 bootstep alignments, 1000 maximum iterations, 1000 replicates for single branch test, 0.99 minimum correlation coeffi-

cient, perturbation strength 0.5 and IQ-Tree stopping rule 100 (Hoang et al., 2018; Nguyen et al., 2015). The same set of sequences

was uploaded to WebLogo tool to generate the sequence logo image (Crooks et al., 2004).

Cloning of shRNAs
For RNAi-mediated depletion of PYROXD1, shRNAs were designed using the online siRNA prediction tool: ‘Designer of Small Inter-

fering RNAs—DSIR’ (http://biodev.extra.cea.fr/DSIR/DSIR.html), also described in Dow et al. (2012). The respective 97-mer oligonu-

cleotides (Integrated DNA technologies) were cloned into the optimizedmiR-E backbone of RT3GEN (Fellmann et al., 2013). In detail,

following top-scoring 21-mer ‘Guide strand’ output from DSIR was incorporated into a 97-mer PCR template (guide sequences is

marked in bold), with the nucleotide 50 upstream of the 21-mer sense strand being adapted depending on the nucleotide 50 to the

21-mer target site in the mRNA transcript (Dow et al., 2012):

PYROXD1 shRNA 97-mer: TGCTGTTGACAGTGAGCGACAGCTGAATTCTTGACTTCAATAGTGAAGCCACAGATGTATTGAAGT

CAAGAATTCAGCTGCTGCCTACTGCCTCGGA

In addition, a control shRNA template targeting Renilla luciferase was used (Zuber et al., 2011):

Control shRNA 97-mer: TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAAG

CATTATAATTCCTATGCCTACTGCCTCGGA

For the PCR reaction, following primers were used (Fellmann et al., 2013): miR-E_fwd-XhoI: 50-TAC AAT ACT CGA GAA GGT ATA

TTGCTGTTGACAGTGAGCG-30 andmiR-E_rev-EcoRI: 50-TTAGATGAA TTC TAGCCCCTTGAAGTCCGAGGCAGTAGGCA-30.
Upon cloning into XhoI and EcoRI restriction sites of RT3GEN, the obtained RT3GENTet-shRNA constructs were used for ecotropical

packaging and subsequent retroviral transduction of HeLa cells (pWPXLd-RIEP), as described in the section ‘‘Cell lines.’’

Cell culture and cell extract preparation
HeLa (ATCC� CCL-2) cells were cultured as described above (see Experimental model and subject details – Cell lines). Cell treat-

ments were performed including the following reagents to the cell medium at the indicated concentrations and time periods:

hydrogen peroxide (Sigma), menadione (Sigma), thapsigargin (Sigma), cycloheximide (Sigma; 10 mg$mL-1 final concentration),

and N-Acetylcysteine (Sigma; 2 mM final concentration). Cell extracts for RNA processing assays and western blot analysis were
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prepared by harvesting cells in lysis buffer (30 mMHEPES pH 7.4, 100 mMKCl, 5 mMMgCl2, 10% (v/v) glycerol, 1% (v/v) Nonidet P-

40, 0.1 mM AEBSF, 1 mM DTT). Extracts were cleared by centrifugation, flash frozen in liquid nitrogen and stored at �80�C. For the
siRNA mediated-knockdown of RTCB in HeLa cells, an ON-TARGETplus siRNA SMARTpool was obtained from Dharmacon. HeLa

cells were transfected using the Lipofectamine� RNAiMax (Invitrogen) reagent according to manufacturer’s instructions, and

silencing was performed for 6 days in total, with an additional siRNA-transfection step after the first 3 days.

tRNA splicing assay
A PCR was performed using S. cerevisiae genomic DNA as template, a 50 primer including the T7 polymerase promoter (50-AAT TTA

ATA CGA CTC ACT ATA GGG GAT TTA GCT CAG TTG GG- 30), and a 30 primer (50-TGG TGG GAA TTC TGT GGA TCG AAC-30). The
PCR product was sequenced and identified as yeast tRNA3-PheGAA (chromosome 13). The PCR product served as template for

in vitro transcription using the T7 MEGAshortscript kit (Ambion) including 1.5 MBq [a-32P]guanosine-50-triphosphate (111

TBq$mmol-1, Hartmann Analytic) per reaction. The pre-tRNA was resolved in a 10% denaturing polyacrylamide gel, visualized by

autoradiography and passively eluted from gel slices overnight in 0.3 M NaCl. RNA was precipitated by addition of three volumes

of ethanol and dissolved at 0.1 mM in buffer containing 30 mM HEPES-KOH pH 7.3, 2 mM MgCl2, 100 mM KCl. To assess pre-

tRNA splicing, one volume of 0.1 mM body-labeled S. cerevisiae pre-tRNAPhe, pre-heated at 95�C for 60 s and incubated for

20 min at room temperature, was mixed with four volumes of reaction buffer (100 mM KCl, 5.75 mM MgCl2, 2.5 mM DTT, 5 mM

ATP, 6.1 mMSpermidine-HCl pH 8.0 (Sigma), 100 U$mL-1 RNasin RNase inhibitor [Promega]). Equal volumes of this reaction mixture

and cell extracts (protein concentration 3-6 mg$mL-1) were mixed and incubated at 30�C for 30 minutes. The reaction mix was sub-

sequently deproteinized with proteinase K, followed by phenol/chloroform extraction and ethanol precipitation. Reaction products

were separated on a 10% denaturing polyacrylamide gel, and mature tRNA formation and tRNA exon formation was monitored

by phosphorimaging.

RNA ligation assays
Substrate preparation

50 pmol RNA oligonucleotide derived from the firefly luciferase gene (50-UCG AAG UAU UCC GCG UAC GU-30, Dharmacon) were

incubated with 1.11 MBq [50-32P] cytidine-30,50-bisphosphate (111 TBq$mmol-1, Perkin Elmer) and 20 units T4 RNA ligase 1

(NEB) for 1 hr at 16�C in 15% (v/v) DMSO, 50 mM Tris-HCl pH 7.6, 10 mM MgCl2, 10 mM beta-mercaptoethanol, 200 mM ATP,

0.1mg$mL-1 BSA in a total reaction volume of 10 mL. Labeling reactionswere resolved by denaturing gel electrophoresis in 15%poly-

acrylamide gels containing 8 M urea (SequaGel, National Diagnostics). The 30 end-labeled RNA was visualized by autoradiography

and passively eluted from gel slices overnight at 4�C in 0.3MNaCl. The RNAwas precipitated by adding three volumes of ethanol and

used directly for intra-strand ligation (circularization) assay using recombinant proteins.

Intra-strand ligation (circularization) assay (for recombinant proteins)

Activity of the recombinant tRNA-LC and RTCB was measured using an RNA (circularization) ligation assay. In short, the solution

containing 12.5 mM TCEP, 100 mMKCl, 2.9 mMMgCl2, 7.5 mM ATP, 0.5 mMGTP, 250 mMZnCl2, RNasin� Ribonuclease Inhibitors

(1 mL per 500 mL) and 65% (v/v) glycerol was first mixed (2/1, v/v) with radiolabelled oligoribonucleotide (described above) to prepare

the reaction cocktail. The cocktail was then mixed (3/2, v/v) with the sample containing recombinant tRNA-LC or RCTB, and Arche-

ase (see ‘‘In vitro reconstitution system experiments’’), and incubated for 30 min at 30�C. The reaction was then stopped with 2xFA

solution (1/1, v/v), composed of 90%Formamide, 50mMEDTA, 1 ng$mL-1 bromophenol blue, 1ng$mL-1 XyleneCyanol and boiled for

1 min. The reaction products were separated on a denaturing 15% urea-polyacrylamide gel (SequaGel) and detected by autoradi-

ography. ImageQuant software was used to quantify the band intensities and substrate conversion rate was calculated as the

quotient of the substrate and the sum of substrate and product band intensities. When done in independent replicates, the results

are represented as the average value with the standard error of the mean (s = 0.05).

Inter-strand ligation assay (for cell extracts)

For the use in inter-strand ligation assays using cell extracts, the RNA was annealed to a non-labeled, complementary RNA oligonu-

cleotide (50-CGU ACG CGG AAU ACU UCG A-30, Dharmacon, Thermo Scientific). (3/5)th volumes of a reaction mixture (67 mM KCl,

2mMMgCl2, 8.3mMDTT, 5mMATP, 0.3mMGTP, 53 U$mL-1 RNasin RNase inhibitor, 43% glycerol) containing 17 nM radiolabelled

RNA duplex were mixed with 2/5 volumes of cell extracts (protein concentration 3-6 mg$mL-1) and incubated at 30�C for 30 minutes.

Reaction products were subsequently separated on a 15% denaturing polyacrylamide gel, and ligation products were monitored by

phosphorimaging. Quantification of band intensities was performed using the ImageQuant software.

Western blotting
Protein concentration was determined using Bradford assay and 25 mg of each sample were separated by SDS-PAGE, transferred

onto Immuno-Blot� PVDF membranes (Bio-Rad) and probed with antibodies against beta-actin (Abcam), FLAG M2 (Sigma), RTCB

(Bethyl Laboratories), DDX1 (Bethyl Laboratories), CGI-99 (Sigma), FAM98B (Sigma), and cysteine Sulphenic Acid (2-Thiodimedone)

(Kerafast), using standard protocols. An antibody against PYROXD1 was produced by immunization of rabbits using full-length re-

combinant human PYROXD1 (LMUMunich, Germany). Subsequently, the antibody was affinity-purified on the recombinant protein,

immobilized on nitrocellulose membrane strip (Spector et al., 2005). Western blots were developed using Clarity Western ECL Sub-

strate (Bio-Rad) as recommended by the manufacturer.
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Northern blot analyses
Isolation of total RNA from HeLa cells and mouse tissues was performed using the TRIzol Reagent (Ambion) according to the

manufacturer’s instructions. Typically, 4-5 mg of RNA was separated in a 10% denaturing polyacrylamide gel (203 25 cm; Sequagel,

National Diagnostics). The RNA was blotted on Hybond-N+ membranes (GE Healthcare) and fixed by ultraviolet cross-linking.

Membranes were pre-hybridized in 5X SSC, 20 mM Na2HPO4 pH 7.2, 7 % SDS, and 0.1 mg$mL-1 sonicated salmon sperm DNA

(Stratagene) for 1 hr at 80�C (for DNA/LNA probes) or 50�C (for DNA probes). Hybridization was performed in the same buffer over-

night at 80�C (for DNA/LNA probes) or 50�C (for DNA probes) including 100 pmol of the following [50-32P]-labeled DNA/LNA probes

(Exiqon, Denmark; LNA nucleotides are indicated by ‘‘*X’’): tyrosine-tRNA 50 exon probe, 50-CT*ACA*G TC*C TC*CGC*TCT*ACC-30;
or following DNA probes: tyrosine-tRNA 50 exon probe, 50- CTA CAG TCC TCCGCTCTA CCA-30, methionine 50 tRNA probe, 50-GGG

CCC AGC ACG CTT CCG CTG CGCCAC TCT GC-30. Subsequently blots were washed twice for 1 min at 80�C (for DNA/LNA probe)

or 50�C (for DNA probe) with 5X SSC, 5% SDS and once for 1 min with 1X SSC, 1% SDS and analyzed by phosphorimaging. Mem-

braneswere re-hybridized at 50�Cusing aDNAprobe (50-GCAGGGGCCATGCTAATCTTC TCTGTA TCG-30) complementary to U6

snRNA to check for equal loading.

Quantitative reverse transcriptase PCR
Total RNA was prepared using TRIzol reagent (Ambion). RNA (1 mg) was DNase treated and reverse-transcribed using the Maxima

First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase (Thermo Fisher Scientific) according to the manufacturer’s instructions.

cDNA was diluted 1:10 prior to analysis by quantitative PCR using the GoTaq� qPCR Master Mix (Promega). The following primers

were used (Jurkin et al., 2014): human ACTB: 50-TTGCCGACAGGA TGCAGAAGGA-30 (fwd) and 50-AGG TGGACAGCGAGGCCA

GGA T-30 (rev); human XBP1s: 50-GAGTCCGCAGCAGGTG-30 (fwd, primer spanning the non-conventional exon–exon junction) and

50-GGAAGGGCATTTGAAGAACA-30 (rev); human total XBP1: 50-GCGCTGAGGAGGAAACTGAAAAAC-30 (fwd) and 50-CCAAGC

GCT GTC TTA ACT CC-30 (rev); human XBP1u: 50-ACT ACG TGC ACC TCT GCA G-30 (fwd) and 50-GGA AGG GCA TTT GAA GAA

CA-30 (rev). Following parameters were used for PCR: 50�C for 10 min, 95�C for 5 min, followed by 60 cycles in total at 95�C for

10 s and 60�C for 30 s. The obtained data were analyzed according to the DDCt method. mRNA expression levels were normalized

to ACTB and additionally to the indicated control samples. Results were statistically compared using unpaired Student’s t test.

Survival curve
To monitor survival, cardiomyocyte specific Pyroxd1 knockout, and control mice (see Experimental model and subject details –

Mouse model) injected with tamoxifen were kept in groups of three to five animals per cage without any other treatment over a min-

imum of 50 days.

Assessment of cardiac function by transthoracic echocardiography and histological analysis by trichrome staining
Cardiac function was measured with echocardiography at the indicated time points, followed by harvesting of the hearts for further

experiments. To cultivate hearts,micewere anesthetizedwith ketamine 80mg$kg-1 and xylazine 5mg$kg-1 by intraperitoneal injection

and hearts were collected immediately. The hearts used for Northern blot analyses were directly snap frozen in liquid nitrogen and

kept at �80�C until further processing. Hearts for histological analysis were incubated in 1x PBS with 30 mM KCl to arrest them in

diastole followed by fixation in 4 % PFA at room temperature overnight. After fixation the hearts were embedded in paraffin and

subsequently serial sections were acquired using a microtome. Selected sections were stained with Masson’s trichrome staining

(Masson Trichrome with aniline blue, Bio Optica) according to manufacturer’s instructions to analyze fibrosis.

Transthoracic echocardiography was performed using a Fujifilm VisualSonics Preclinical Imaging Platform (VEVO 770) with a

RMV707B high-frequency scanhead. Parasternal long axis B-mode and M-mode images were acquired, left ventricular (LV), end-

diastolic volume (LVEDV), end-systolic volume (LVESV), end-diastolic diameter (LVEDD), and end-systolic diameter (LVESD) were

measured, as well as LV ejection fraction (EF) and LV fractional shortening (FS) calculated using the software provided with the

imaging platform. Anaesthesia for imaging was induced with 4 % isoflurane and sustained with 1.5 % isoflurane in oxygen. The

investigator performing the measurements was blinded for the genotypes.

Cloning of PYRXOD1 for recombinant protein expression and directed mutagenesis
The full-length coding sequence of human PYROXD1 was amplified from HeLa cDNA by polymerase chain reaction (PCR) using

primers BamHI_PYROXD1_F (50- CGC GGA TCC ATG GAG GCA GCG CGC CCT CC-30) and XhoI_PYROXD1_R (50- TAG CCG

CTC GAG TTA GTC AAA ATA ATC TTC TA-30). The amplified sequence was ligated into the pGEX-6P-1 vector (GE Healthcare)

upon cleavage with the restriction enzymes BamHI and XhoI.

Expression and purification of recombinant PYROXD1
Upon overnight expression of PYROXD1 (see Experimental model and subject details – Expression systems), bacteria were collected

by centrifugation at 4�C, 4500 min-1 for 10 min. They were then resuspended in the lysis buffer (100 mL per 1 L of bacterial culture),

containing 50 mM Tris HCl pH 8.0, 100 mM NaCl, 5 mM MgCl2, 1 mM AEBSF, 0.1% (v/v) Tween-20, 1 mg$mL-1 chicken egg white

lysozyme, and one proteinase inhibitor tablet per 100 mL (cOmplete Protease Inhibitor, EDTA free). After 30 min (18 rpm, 4�C) of lysis
in the buffer, bacteria were further lysed by sonication (Omni Sonic Ruptor 250), using following parameters: 5x (2 min pulsed
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ultrasound (1 s pulse, 1 s break), intensity 40/100; 30 s break). The insoluble fraction was then removed by centrifugation at 4�C,
9000 min-1 for 30 min, and glutathione Sepharose 4B (GE Healthcare) beads, equilibrated in washing buffer, were added to the su-

pernatant (1 mL of settled, equilibrated beads per L of original bacterial culture). After 2 h, the beads were collected upon two rounds

of centrifugation at 4�C, 4500 min-1 for 5 min and then washed five times with the buffer containing 50 mM Tris HCl pH 8.0, 100 mM

NaCl, and 5 mM MgCl2. Upon washing, the beads were resuspended in the equal volume of the washing buffer and incubated with

Prescission protease at 4�C. Upon overnight incubation, the beadswere centrifuged at 9000 rpm at 4�C to obtain clear, yellow eluate.

The elution was repeated two more times with equal volume and the eluates were combined. A HiLoad Superdex 75 16/60 column

(GE Healthcare) was equilibrated in buffer containing 10 mM Tris HCl pH 8.0 and 150 mM NaCl. Without a prior concentrating step,

the eluate was then gel-filtrated and all fractions containing PYROXD1 were collected and pooled, concentrated using Amicon

ultrafiltration units (Amicon Ultra centrifugal filter, MWCO 30 kDa, Merck), and subjected to the second round of gel filtration on

the Superdex 75 16/60 column. Fractions containing PYROXD1 were collected and concentrated to the final concentration of

40 mmol$L-1. The protein was then flash frozen in liquid nitrogen and stored at �80�C.

Cloning, purification and characterization of PYROXD1 variants
PYROXD1 variants N155S, Q372H, W376A, and H401A were generated by two-step overlap extension touch-up PCR, and then

cloned into the pGEX-6P-1 vector.

All variants were expressed and purified as described for theWT protein. Ultraviolet-visible spectra of the variants (40 mm) for qual-

itative detection of FAD were performed at 25�C, using DeNovix spectrophotometer (DS 11 series) with 1 mm optical pathlength at

10 nm resolution.

Expression of recombinant selenomethionine PYROXD1
The pGEX-6P-1 encoding for GST-PYROXD1 was transformed into the Escherichia coli BL834 strain (Novagen) using LB medium

and pre-culture was grown in the same medium overnight at37�C. Subsequently, bacteria were diluted into minimal medium, con-

taining potassium-hydrogen phosphate (10.5 g$L-1), potassium-dihydrogen phosphate (4.5 g$L-1), ammonium-sulfate (1.0 g$L-1),

and sodium-citrate dihydrate (0.5 g$L-1), 1 mM magnesium-sulfate, 20 mM thiamine, 40 mg$L-1 of all L-amino acids except methio-

nine, and 0.2% (m/m) glucose supplemented with 40 mg$L-1 selenomethionine and grew until optical density (400 nm) reached 0.4.

They were then collected, washed in minimal buffer containing potassium-hydrogen phosphate (10.5 g$L-1), potassium-dihydrogen

phosphate (4.5 g$L-1), ammonium-sulfate (1.0 g$L-1), and sodium-citrate dehydrate (0.5 g$L-1) and resuspended in the minimal

medium described above, without selenomethionine supplementation. The culture was then grown for 30 min, after which the

medium was supplemented with selenomethionine (40 mg$L-1), and grown again for 30 min, until the final optical density reached

0.5. The temperature was then dropped to 18�C and expression and purification were continued as described above.

Targeted metabolomics of FAD
The sample of recombinant PYROXD1 was diluted 1:10 with pure acetonitrile and injected onto a SeQuant ZIC-HILIC HPLC column

(Merck, 1003 2.1mm; 5 mm) operatedwith anUltimate 3000HPLC system (Dionex, Thermo Fisher Scientific) and separated at a flow

rate of 100 ml$min-1. A 20 minute gradient (A: 90% acetonitrile 10% 10 mM aqueous ammonium acetate; B: 50% acetonitrile 50%

10 mM aqueous ammonium acetate) was used for separation. The HPLC was directly coupled to a TSQ a TSQ Vantage mass spec-

trometer (Thermo Fisher Scientific) via electrospray ionization. The following transition was used for quantitation in the negative ion

mode (2.8 kV): FAD 784 m/z / 346 m/z with a collision energy setting of 40V (qualifier ions 181 m/z and 97m/z). The identity of the

compound was confirmed by the retention time of a chemically pure standard of FAD (Flavin adenine dinucleotide disodium salt

hydrate, Sigma).

UV-visible spectroscopy
UV-visible spectroscopy measurements of the recombinant PYROXD1 was performed using Specord 200 plus spectrophotometer

from Analytik Jena at 25�C and a quartz cuvette with 1 cm optical path length.

Extinction coefficient determination
To determine the extinction coefficient, UV-visible spectrum of the recombinant WT PYROXD1 (20 mM) was recorded at 25�C before

and after FAD release through denaturation by 0.2% SDS and centrifugation. The extinction coefficient for PYROXD1 at 451 nm was

then calculated based on the extinction coefficient of free FAD 11,300 M–1$cm–1 (Macheroux, 1999).

Spectral characterization of PYROXD1 reduced by NADPH
Recombinant WT PYROXD1 (10 mM) was kept in a glove box from Belle Technology (Weymouth, UK) for 2 h to deoxygenate and

transferred to a 1 cm quartz cuvette with airtight lid. A hanging drop of NADPH was applied at the bottom of the cuvette lid. After

recording the spectrum of the oxidized protein as described above, the NADPH reduction reaction was initiated by inverting the

cuvette, thereby mixing protein and NADPH. Spectra were then recorded every 16 s until no further change was observed, i.e.,

the charge transfer formation was completed. The final concentration of NADPH used was 9.5 mM. The cuvette was then opened

to allow exposure to air and the reoxidation reaction with O2 was performed in the same way. In a separate experiment, the NADPH
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reduction was performed as described above, and a hanging drop of ubiquinone-1 (coenzyme Q1, Sigma) solution in ethanol was

then used to initiate the oxidation reaction upon mixing. The final concentration of ubiquinone-1 in the cuvette was 20 mM.

Anaerobic photoreduction
For photoreduction, 10 mM PYROXD1 was deoxygenated as described above and transferred to a 1 cm quartz cuvette, and 5 mM

EDTA, 2 mM 5-deazaFMN, and 4 mM benzyl viologen (Sigma) were added (final concentrations designated). The cuvette was then

illuminated by a 10 W LED floodlight (Luminea) to reduce PYROXD1 through light exposure. Spectra were recorded until no further

change could be observed. Afterward the cuvette was opened to allow air exposure and reoxidation by O2 was performed in the

same way.

Pre-steady state kinetics
Recombinant PYROXD1 (20 mMWT or N155S variant) was kept in a glove box (Belle Technology) with nitrogen atmosphere for 2 h to

deoxygenate. The reaction buffer, composed of 50 mM tris-HCl pH 8.0, 50 mMNaCl, and 10mMMgCl2 was deoxygenated by flush-

ing with nitrogen and overnight incubation in the glove box. The reductive half-reaction wasmeasured uponmixing of PYROXD1with

equal volume of 2-30 mM NADPH (b-Nicotinamide adenine dinucleotide 20-phosphate reduced tetrasodium salt hydrate, Merck) or

NADH (b-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate, Merck) solutions in the reaction buffer. Concentrations

of stock solutions of NADPH and NADH were confirmed spectrophotometrically before use. The device used to perform the exper-

iment was SF-61SX2 stopped flow (TgKScientific Limited) placed in the glove box at 25�C. Absorbance changesweremeasuredwith

a PM-61 s photomultiplier (TgK Scientific Limited) at 451 nm. Each measurement was performed in a technical triplicate and the

observed rate constants were generated through exponential fitting in the kinetic studio software (TgK Scientific Limited). Final Kd

and kred values were calculated by the Prism8 software from GraphPad Prism using saturation fitting. Average values with standard

deviation (s = 0.05) were represented in the scatter graph.

Steady state measurements
Steady state oxidoreductase activities of PYROXD1 were measured using the following protocol: equal volumes (100 mL) of solution

of NADPH (solution 1) and a solution of enzyme and the electron acceptor substrate (100 mL) (solution 2) were mixed and absorbance

at 340 nmwasmeasured using Synergy H1 HybridMulti-ModeMicroplate Reader at room temperature. The assay buffer was 50mM

tris-HCl pH 8.0, 50 mM NaCl, and 5 mM MgCl2. The final concentration of NADPH was 300 mM NADPH in all experiments. The final

concentration of PYROXD1 was 42.3 mg$L-1 in the experiment comparing activities of variants and activities with different sub-

strates, and 33.8 mg$L-1 in experiment comparing activities of oligomeric states. The final concentrations of electron acceptors

were: Q1 70 mM (coenzyme Q1, Sigma), GSSG 500 mM (L-glutathione oxidized, Sigma), sodium-dehydroascorbate 300 mM ((L)-de-

hydroascorbic acid, Sigma), H2O2 200 mM (hydrogen peroxide 30%, Sigma), cystine 700 mM (L-cystine, Sigma), sodium-lipoate

400 mM ((±)-a-Lipoic acid, Sigma), and insulin 100 mM (Insulin, Human Recombinant, Sigma); monodehydroascorbate was generated

in situ from sodium ascorbate (2 mM) ((+)-Sodium L-ascorbate, Sigma) and ascorbate oxidase (1 U$mL-1) (Ascorbate Oxidase from

Cucurbita sp., Sigma). Stock solutions of the electron-acceptors were prepared in water (GSSG, dehydroascorbic acid, H2O2),

ethanol (Q1 and lipoic acid) and 100 mM HCl (cystine and insulin). Volume of the added stock solution never exceeded 2.5% of

the reaction volume. Reaction mixtures without enzyme (enzyme replaced with gel-filtration buffer) and without electron-acceptor

(electron acceptor replaced with corresponding stock solvent) were used as negative controls. Enzymatic activities were measured

based on the slope of the absorbance decrease [min-1], and using optical path 0.56 cm, reaction volume 0.2 mL and extinction co-

efficient 6220M–1$cm–1 to calculate the specific activity. One unit of activity was defined as the amount of enzyme that oxidizes 1 mM

of NADPH in 1 min. All measurements were done at room temperature. Significance of average values for all samples was evaluated

by comparing values obtained for the sample measurements with the values obtained for the corresponding control using t test

assuming unequal variances, s = 0.05.

Crystallization
PYROXD1 crystals were obtained using the sitting drop vapor diffusion method at 4�C. 100 nL of recombinant PYROXD1 (WT or

selenomethionine-enriched protein, 5 mg$mL-1) were mixed with 100 nL of reservoir solution containing 2 M ammonium-sulfate,

0.5 g$mL-1 PEG 400 (Polyethylene glycol 400, Sigma), 100 mM MES (MES hydrate, Sigma) pH 6.7, 100 mM lithium-acetate, and

5 mM TCEP (Tris(2-carboxyethyl)phosphine hydrochloride, Thermo Scientific) using Mosquito 3.10. (TTP Biotech). The crystals

emerged after three days and reached full size until the sixth day. WT crystals were then dehydrated, through incubation with a series

of seven solutions containing 100 mM MES pH 6.8, of PEG 400 (5%–40% in gradient), and ammonium-sulfate (2-0 M in a gradient)

and afterward collected in cryo-protectant consisting of 27% (v/v) glycerol, 2 M ammonium-sulfate, 100mMMES pH 6.5, 0.5 g$mL-1

PEG 400 with 5 mM TCEP. Ultimately, they were flash-cooled in liquid nitrogen. X-ray diffraction data were collected at the beamline

MASSIF-3 at the ESRF (Grenoble, France). Anomalous diffraction data were processed at a wavelength of 0.9677 and scaled using

the XDS package (Kabsch, 2010) to a resolution of 3.2 Å. Initial phases were obtained by Molecular Replacement using PHASER

(McCoy et al., 2007)and the structure deposited under 4BV6 in the PDB as startingmodel (Ferreira et al., 2014). Phaseswas improved

in iterative cycles of manual building with COOT (Emsley and Cowtan, 2004) using the anomalous signal of selenium to trace the

amino acid sequence and automatic refinement with Phenix (Liebschner et al., 2019)omitting 5 % of randomly selected reflections
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for calculation of Rfree. Model quality was monitored using MolProbity (Williams et al., 2018) and the final model exhibited good

stereochemistry with 96 % of residues in favored regions of the Ramachandran plot and without any outliers.

DALI analysis
For comparison of PYROXD1 structure with the structures of related proteins, we uploaded our PYROXD1 model to DALI server

(Holm, 2020). First, published structures with the highest similarity (z-score) to PYROXD1 were identified through a heuristic PDB

search. Then, our model of PYROXD1 was 3D-superimposed with 17 related structures representing enzymes with different enzy-

matic activities, and including the following pdb entries: 3fg2, 2gqw, 4h4r, 5jcm, 5jci, 3kd9, 5voh, 5kvh, 2bc0, 1ebd, 4bv6, 5x1y, 6b4o,

6bu7, 2eq8, 3dk9, and 2zz0. Finally, the PYROXD1 structure was presented as a-C trace backbone and colored according to the

sequence similarity between PYROXD1 and the homologs.

Native mass spectrometry
Prior to analysis, recombinant PYROXD1 was buffer-exchanged into 100mM ammonium acetate using Biorad Micro Bio-Spin P-6

Gel Columns. Native mass spectrometry experiments were carried out on a Synapt G2Si instrument (Waters, Manchester, UK)

with a nanoelectrospray ionisation (nESI) source. Mass calibration was performed by a separate infusion of NaI cluster ions. Solutions

were ionised through a positive potential applied to metal-coated borosilicate capillaries (Thermo scientific). Protein samples (5 mM)

were sprayed from 100 mM ammonium acetate pH 6.8 with the following parameters; capillary voltage 1.3 kV, sample cone voltage

70 V, extractor source offset 40 V, source temperature 50�C. Data were processed using Masslynx V4.1 software.

Oligomerization assays and native PAGE
Oligomerization assays were performed using the following protocol: protein sample (WT or N155S PYRROXD1), final concentration

of 6 mmol$L-1 was mixed with NAD(P)(H) (0.125, 0.25, 0.5, 1.25, 2.5, 5 mM) or H2O2 (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1,6, 3.2 mM, final

concentration) in total reaction volume of 5 mL. Additional components in the reaction mix included in the some experiments

were tris(2-carboxyethyl)phosphine (TCEP, final concentration of 5 mmol$L-1) or catalase (Catalase from bovine liver, Sigma,

0.3 U$mL-1). The assay was done in a buffer containing 30 mM HEPES/KOH pH 7.4, 100 mM KCl, 5 mM MgCl2, 40 mM AEBSF,

10% glycerol, 1% NP40. After all the components were mixed, the samples were incubated at 30�C for 3h. After completion of in-

cubation, samples were mixed with the 2xNative gel loading dye (composed of 62.5 mM Tris-HCl, pH 6.8, 25% glycerol, and 1%

Bromophenol Blue). The reaction products were separated on 10% Native polyacrylamide Gel (composed of 10%/0.27% Acryl-

amide/Bis-acrylamide (ProtoGel) and 150 mM Tris-HCl, pH = 8.8) using running buffer composed of 25 mM Tris base and

192 mM glycine, and detected by InstantBlue (Expedeon) staining.

Purification of PYROXD1 oligomeric states
PYROXD1 was expressed and a crude preparation was obtained as described above. Upon the first gel-filtration run, the fractions

with theoretical molecular weights expected to cover the peaks of the dimeric and oligomeric PYROXD1 were collected, pooled and

concentrated. The oligomeric states were then enriched through four further gel filtration steps on a HiLoad Superdex 75 16/600 col-

umn and HiLoad Superdex 200 16/600 column (GE Healthcare) in the same buffer at 4�C, resulting in monomer, dimer, oligomer and

polymer/aggregate preparations. All preparations were concentrated to the final concentration of PYROXD1 active sites (bound FAD

molecules) of 40 mmol$L-1, flash frozen in liquid nitrogen and kept at �80�C.

Co-immunoprecipitation and mass spectrometry analysis
HEK293 cells expressing FLAG-PYROXD1 (see Experimental model and subject details – Cell lines) upon doxycycline induction and

a control, untagged cell line, were treated with doxycycline (1 mg$L-1) for 24 h. Cells were then harvested and lysed in a buffer con-

taining 30 mM HEPES/KOH pH 7.4, 100 mM KCl, 5 mMMgCl2, 40mM AEBSF, 10% glycerol, 1% NP40, and either 0.5 mM NADPH,

0.5 mM NADP+ or no nucleotide. Anti-FLAG M2 Affinity Gel (Sigma) was added to the extracts and incubated on a rotating wheel at

4�C for 1 h for FLAG-PYROXD1 immunoprecipitation. Beads were then washed five times with the same buffer. Upon the final wash,

beads were boiled in 5x SDS loading buffer, subjected to denaturing, reducing SDS-PAGE and detected using InstantBlue protein

stain (Sigma). Afterward, entire lanes were cut from the gel. Immunoprecipitates comparing NADP+ to buffer control were prepared in

independent triplicates. The processing of the gel samples was done according to the protocol described in detail inMair et al. (2015).

Namely, gel pieces were cut and washed in ammoniumbicarbonate/acetonitrile buffer. Disulphide bridges were reduced with dithio-

threitol (DTT) and free thiols alkylated with iodoacetamide (IAM). After tryptic digestion peptides were extracted from the gel by son-

ication. The peptide solutions were desalted on custom-made C18 StageTips. Peptide samples were separated on an Ultimate 3000

RSLC nano-flow chromatography system, using a pre-column for sample loading (PepMapAcclaim C18, 2 cm3 0.1 mm, 5 mm) and

aC18 analytical column (PepMapAcclaimC18, 50 cm3 0.75 mm, 2 mm; all Thermo Scientific Dionex), applying a linear gradient from

2 to 35% solvent B (80% acetonitrile, 0.1% formic acid; solvent A 0.1% formic acid) at a flow rate of 230 nl/min over 120 minutes.

Eluting peptides were analyzed on aQ Exactive HF-XOrbitrapmass spectrometer (Thermo Scientific). For the data-dependent mode

survey scans were obtained in a mass range of 375–1,500 m/z with lock mass on, at a resolution of 120.000 at 200 m/z. The AGC

target value was 3E6 with a maximal injection time of 60 ms. The 8 most intense ions were selected with an isolation width of

1.6 Da and 0.2 Da isolation offset, fragmented in the HCD cell at 28% collision energy and the spectra recorded at a target value
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of 1E5 with the maximal injection time of 250 ms and a resolution of 30000. Peptides with unassigned charge state, a charge of +1 or

> +6were excluded from fragmentation, the peptidematch and exclude isotope featureswere enabled and selected precursors were

dynamically excluded from repeated sampling for 30 s. Data were processed and analyzed as described in Quantification and sta-

tistical analysis – Mass spectrometry data analysis.

Recombinant expression and purification of StrepII-GFP-RTCB
DNA encoding human RTCB was cloned into the UC Berkeley MacroLab 438-Rgfp vector (gift from Scott Gradia, Addgene plasmid

#55221). The fusion protein containing an N-terminal StrepII-GFP tag was expressed as described above for the tRNA ligase com-

plex. The clarified lysate from 3 L of Sf9 cell culture was applied to a gravity column containing 5 mL Strep-Tactin resin (IBA). The

column was washed with buffer containing 20 mM HEPES pH 8.0, 500 mM KCl, 1 mM DTT, and 2 mM MgCl2 and bound protein

was eluted with the wash buffer supplemented with 2.5 mM desthiobiotin. The protein was concentrated using a centrifugal filter

(Amicon Ultra, MWCO 10 kDa, Sigma) and further purified by size-exclusion chromatography (Superdex 200, GE Healthcare), eluting

with buffer containing 20 mM HEPES pH 8.0, 500 mM KCl, 2 mM MgCl2, and 1 mM DTT. Fractions containing StrepII-GFP-RTCB

were pooled, concentrated to 2.2 mg$mL-1 using a centrifugal filter (Amicon Ultra, MWCO 10 kDa, Sigma), flash frozen in liquid

nitrogen and stored at �80�C.

In vitro pull-down assay
0.2 nmol of StrepII-GFP-RTCB was diluted in 200 mL of reaction buffer containing 20 mM HEPES pH8.0, 150 mM KCl, 0.1%

Tween-20, 1 mM NADPH/NADP+/NADH/NAD+, supplemented with 5 mM MgCl2, as indicated. This solution was incubated by

gently rocking for 30 min at 4�C with 2 mL (packed volume) of MagStrep ‘‘type 3’’ XT beads (IBA). The supernatant was removed

and the beads were washed twice with 500 mL of reaction buffer. 0.4 nmol of PYROXD1 in 200 mL of reaction buffer was added to

the washed beads and incubated gently by rocking for 30 min at 4�C. The supernatant was removed and the beads were washed

three times with 500 mL of reaction buffer. After removal of the final wash, the beads were resuspended in 40 mL of 1x SDS loading

dye (45 mM Tris pH 6.8, 10% glycerol, 1% SDS, 50 mM DTT, 0.002% bromophenol blue). The samples were incubated at 95�C for

5 min and 8 mL of the sample was resolved on a 4%–15% Mini-PROTEAN� TGX Precast Gel (Biorad) and stained with Coomassie

blue dye.

Recombinant expression and purification of the tRNA ligase complex
Upon culturing for 60 h (see Experimental model and subject details – Expression systems), insect cells were resuspended in lysis

buffer (20 mM HEPES pH 8.0, 150 mM NaCl, 0.1 % Tween-20, cOmplete Protease Inhibitor Cocktail (Roche)), and lysed by son-

ication. The lysate was clarified by centrifugation for 30 min at 30.000 g at 4�C. The supernatant was applied to a Ni-NTA Super-

flow resin (QIAGEN) and eluted with buffer containing 20 mM HEPES pH 8.0, 500 mM NaCl, 0.5 mM TCEP, and 250 mM imidazole.

The fusion tags were removed by proteolysis using His6-tagged Tobacco Etch Virus (TEV) protease during an overnight dialysis at

4�C against 20 mM HEPES pH 8.0 and 150 mM NaCl. The protein solution was subsequently supplemented with 0.5 mM TCEP

and applied to a Ni-NTA Superflow resin (QIAGEN) to remove any uncleaved protein, His6-TEV protease, and remaining impurities.

The complex-containing flow-through and wash fractions were concentrated using a centrifugal filter (Amicon Ultra, MWCO

30 kDa, Sigma), loaded onto a size-exclusion chromatography column (Superdex 200, GE Healthcare) and eluted in buffer con-

taining 20 mM HEPES pH 8.0, 150 mM KCl, and 0.5 mM TCEP. Peak fractions containing the tRNA ligase complex were concen-

trated to 9.4 mg ml-1 using a centrifugal filter (Amicon Ultra, MWCO 30 kDa, Sigma), flash frozen in liquid nitrogen and stored

at �80�C.

Recombinant expression and purification of RTCB
Upon culturing for 60 h (see Experimental model and subject details – Expression systems), insect cells were lysed by sonication in

buffer containing 20 mM Tris pH 8.0, 150 mM NaCl, 5 mM imidazole, 0.1% Tween 20, and cOmplete Protease Inhibitor Cocktail

(Roche). The lysate was clarified by centrifugation for 30 min at 30.000 g at 4�C. The supernatant was applied to a Ni-NTA Superflow

resin (QIAGEN) and eluted with buffer containing 20 mM Tris pH 8.0, 500 mM NaCl, and 250 mM imidazole. The fusion tag was

removed by a His6-tagged TEV protease during an overnight dialysis at 4�C against buffer containing 20 mM HEPES pH 8.0,

500 mM KCl, and 3 mM MgCl2. The dialyzed protein mixture was passed through a Ni-NTA Superflow resin (QIAGEN) to remove

the His6-TEV protease, remaining impurities and uncleaved protein. The RTCB-containing fractions were concentrated using a cen-

trifugal filter (Amicon Ultra, MWCO 10 kDa, Sigma) and purified by size-exclusion chromatography (Superdex 75, GE Healthcare) in

buffer containing 20mMHEPES pH 8.0, 500mMKCl, 3mMMgCl2, and 1mMDTT. RTCB-containing fractions were pooled, concen-

trated to 6.6 mg$ml-1 using a centrifugal filter (Amicon Ultra, MWCO 10 kDa, Sigma), flash frozen in liquid nitrogen and stored

at �80�C.

Recombinant expression and purification of Archease
Upon expression, bacterial cells (see Experimental model and subject details – Expression systems) were lysed in 20mMTris pH 8.0,

500mMNaCl, and 5mM imidazole and the lysate was clarified by centrifugation for 30min at 20.000 g at 4�C. The clarified lysate was

applied to two 5mLNi-NTA Superflow cartridges (QIAGEN); the resin was washed with buffer containing 20mM Tris pH 8.0, 500mM
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NaCl, and 10 mM imidazole and bound protein was eluted with buffer containing 20 mM Tris pH 8.0, 500 mM NaCl, and 250 mM

imidazole. The fusion tag was removed with His6-tagged TEV protease during an overnight dialysis at 4�C against 20 mM Tris

pH 8.0, 250 mM KCl, and 5% glycerol. The sample was subsequently re-applied onto the Ni-NTA Superflow cartridges to remove

the affinity tag and His6-TEV protease. The flow-through fraction was concentrated using a centrifugal filter (Amicon Ultra, MWCO

10 kDa, Sigma) and purified by size-exclusion chromatography (Superdex 75, GE Healthcare), eluting with buffer containing

20 mM HEPES pH 7.5, 250 mM KCl, and 1 mM DTT. Archease-containing peak fractions were concentrated to 43 mg$ml-1 using

a centrifugal filter (Amicon Ultra, MWCO 10 kDa, Sigma), flash frozen in liquid nitrogen and stored at �80�C.

Generation of human RTCB model
To generate a model of human RTCB, sequence of human RTCB was uploaded to Swiss-model and the homology model was built

based on the 1.48 Å structure of the non-guanylated RTCB from Pyrococcus horikoshii, PDB entry 4dwr, Swiss-model template

4dwr.1.A. (Bienert et al., 2017; Guex et al., 2009; Waterhouse et al., 2018).

In vitro reconstitution system experiments
For the in vitro reconstitution of the redox-regulation of the tRNA-LC, we used the following two-part approach: first, the recombinant

tRNA-LC (25 nM) or RTCB (25 nM) and Archease (200 nM) were pre-incubated with a concentration gradient of H2O2 in the buffer

containing 30 mM HEPES/KOH pH 7.4, 100 mM KCl, 5 mMMgCl2, 40mM AEBSF, 10% glycerol, and 1% NP40; then, the pre-incu-

bation was stopped by TCEP-containing reaction cocktail (described above, 2/3, v/v) and the activity of the tRNA-LC was measured

using the RNA ligation (circularization) assay. In different experiments, one or combination of the additional compoundswas added to

the system during pre-incubation: TCEP (0.5 mM), NADP(H) (0.5 mM), BCS (100 mM), Q1 (100 mM), and PYROXD1 (WT, variants or

purified oligomeric states, 130 nM). For the experiment assessing the rescue rather than the prevention of the inactivation of the

tRNA-LC, PYROXD1 was added upon pre-incubation. For the experiment with heat-denatured PYROXD1, the enzyme was boiled

for 3 min and centrifuged at 13.000 rpm for 10 min. For the long-term O2-exposure experiment, the tRNA-LC and Archease were

incubated for 6 days at 20�C in the solution of 10 mL and shaken at 60min-1, and the tubes were opened once a day to allow exchange

of the air in the tubes with the fresh air. For all in vitro reconstitution experiments, the buffer was prepared at least one day in advance,

using deionized water (resistance of roughly 18.5 MU) and aliquoted with glass pipette to avoid metal ion contamination from the

plastic tips; the buffers were stored at 4�C for not longer than a month.

For the experiments with metal ions, the buffer containing 30 mM HEPES/KOH pH 7.4, 100 mM KCl, 40mM AEBSF, 10% glycerol,

and 1% NP40 was incubated with Chelex 100 sodium form (Sigma) chelating resin (50 mg$mL-1) for 1 h, at 4�C, rotating at 18 min-1.

After that, the resin was removed by centrifugation and the buffer was supplemented withMgCl2 and pHwas readjusted tomatch the

pH of the untreated buffer that was used in other reconstitution experiments. Trace metal ion salts used for the metal supplementa-

tion experiments are copper(II)-sulfate pentahydrate (Fluka), iron(II)-chloride (Sigma), iron(III)-sulfate monohydrate (Sigma), zinc-

chloride (Sigma), and manganese(II)-sulfate monohydrate (Fluka) at the designated final concentration.

Dimedone labeling of sulphenic acids
For detection of cysteine oxidation in recombinant tRNA-LC components and PYROXD1, the dimedone-based sulphenic acid label-

ing strategy was used (Seo and Carroll, 2009). All experiments were performed using a buffer containing 30mMHEPES/KOH pH 7.4,

100 mM KCl, 5 mM MgCl2, 40mM AEBSF, 10% glycerol, 1% NP40, and the final concentration of dimedone of 1 mM. In PYROXD1

experiments, recombinant PYROXD1 (6 mM) was incubated with dimedone and with either H2O2 or NADPH under the conditions

described for the oligomerization experiments. For experiments using the tRNA-LC or RTCB, the recombinant proteins (at

100 nM), were incubated with dimedone and H2O2 under conditions described for the incubation period of in vitro reconstitution ex-

periments. In all cases, the labeling reaction was terminated by the addition of the reducing 5xSDS loading dye. Proteins were then

subjected to reducing, denaturing SDS-PAGE and dimedone-sulphenic acid adducts were detected by Western Blotting as

described above.

Biotin-NAD pulldown assay
Magnetic Dynabeads M-280 Streptavidin (Thermo Fisher) were equilibrated in a buffer containing 30 mM HEPES/KOH pH 7.4,

100 mM KCl, 5 mM MgCl2, 40mM AEBSF, 10% glycerol, 1% NP40. Subsequently, beads were resuspended either in the same

buffer or in the same buffer enriched with 20 mM biotinylated-NAD+ (Trevigen). The beads were then washed with the buffer and

resuspended in the same buffer containing recombinant tRNA-LC either with or without 1 mM soluble NAD(P)(H). Upon 1 h in-

cubation (4�C, 18 min-1), the beads were separated using DynaMag-5 Magnet holder (Thermo Fisher) and the remaining solution

was discarded. The tubes still being fixed in the holder, the beads were washed four times with the same buffer as fast as

possible and without being resuspended, to enable washing, but preventing the dissociation of the bound protein into the

washing buffer. The beads were then resuspended in 2xSDS loading buffer and analyzed by western blotting as

described above.
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Molecular dynamics simulations
System preparation

PYROXD1 X-ray structure was pre-processed using Modeler 9.21 software (Fiser et al., 2000) for filling missing loops and atoms in

sidechains. Non-missing residues were considered frozen using this protocol. The largemissing loop (Lys196 – Ser 252) was approx-

imated using an insertion composed of 6 Gly residues. Protonation states of residues were determined using PROPKA 3.0 (Olsson

et al., 2011) under PDB2PQR 2.0.0 server (Dolinsky et al., 2007).

Initial docking

Docking runs were performed using GOLD software v. 5.6.0 (Jones et al., 1997). The ligand (NADPH) was prepared extracting co-

ordinates from X-ray structure of the homolog protein (PDB:3CGE) and subsequently optimizing geometry in Gaussian09 at

B3LYP/6-31G* level of theory (Gaussian 09, Revision A.02, (Frisch et al., 2009)). The binding site was defined as all residues present

in a radius of 15Å around residue Gly156. Residue Gly156 was chosen according to homolog analysis and due to its proximity to the

flavin group of the FAD molecule. Additionally, this residue represents part of the sequence previously identified through bio-

informatic analysis as fingerprint of phosphate-binding site in NADP-binding proteins (Class I in NADP binding proteins) (Wu

et al., 2012). The number of genetic algorithm runswas set to 50 per ligand, and 200%search efficiencywas used. CHEMPLP scoring

function (Korb et al., 2009) was used and docking was ranwithout early termination. All results were selected for analysis according to

at least one of following criteria: Overall docking score have to be relatively high; the nicotinamide group of NADP should be reason-

ably close to the flavin group of the FAD molecule in order for the redox process to occur; the orthophosphate moiety of NADPH

should interact with the phosphate-binding site. As a part of preliminary testing on the X-ray structure, docking runs were also per-

formed with residues Lys176 and Phe184 defined as flexible.

Preliminary molecular dynamics

Preliminary Molecular Dynamic runs were used to access stability of the studied systems and to explore conformational fluctuations

around the binding pocket accessible by plain-MD. Two systems were simulated: PYROXD1/FAD and PYROXD1/FADH2. The

PYROXD1/FADH2 system was prepared by manual addition of hydrogens. The rest of the systems preparation process is explained

in the Plain molecular dynamics (MD)section. Ensembles of PYROXD1/FAD and PYROXD1/FADH2 conformations generated through

MD were analyzed by molecular docking of NADPH and NADP+, respectively. More details on the ensemble docking protocol are

provided below.

Well-tempered metadynamics simulations

Since preliminary MD runs failed to improve docking results, most likely due to insufficient sampling of MD, an enhanced sampling

algorithm for simulations – WTmetaD was used in further experiments. Metadynamics is a powerful enhanced sampling method in-

tended for studying rare events by pushing the simulated system from local free-energy minima. Namely, metadynamics accelerate

transitions between metastable states of studied system using the history dependent biasing potential applied on one or more col-

lective variables (CV). In one of the most popular variants of metadynamics, well-tempered metadynamics (WTmetaD), the temper-

ature tuning factor controls the sampling in CV space ensuring smooth convergence of the bias potential (Bussi and Laio, 2020). To

enhance sampling of conformations of PYROXD1 relevant for NADP+ or NADPH binding (with no intentions to obtain converged free-

energy profiles), two independent WTmetaD runs (PYROXD1/FADH2 and PYROXD1/FAD) were simulated for 2x50 ns each. As a

starting conformation, we used the last conformations from preliminaryMD runs for both systems. All WTmetaD runs were performed

in PLUMED 2.3.5 (Tribello et al., 2014) patched to the GROMACS 2016.6 (Pronk et al., 2013). As a collective variable, the pocket

radius of gyration was used. Pocket atoms were defined using residues positioned in radius of 4Å around the most populated poses

selected in preliminary docking runs, excluding FAD/FADH2 and residues positioned on the other side of FAD/FADH2. Putative bind-

ing pocket residues included: Gly154, Asn155, Gly156, Gly157, Ala159, Lys176, Asp177, Asn182, Thr183, Phe184, Cys261, Glu262,

Val263, Thr317, Gly318, Val319, Thr320, Met373, Arg374, Leu375, and Trp376. The bias factor for well-temperedmetadynamics was

set to 10. Hills were added every 2 ps, width of Gaussian hills was set to 0.1Å, while height was 0.6 kcal/mol. The temperature was set

to 310 K. Conceptually similar methodology have been published recently (Basciu et al., 2019).

Ensemble docking of NADP+/NADPH into generated conformations of PYROXD1

Acquired conformational ensembles of PYROXD1/FADH2 and PYROXD1/FAD complexes duringWTmetaD (or preliminary MD) were

aligned using backbone atoms. NADP+/NADPH respectively, were docked into each conformation according to protocol described

above, in initial docking runs. No residues have been kept flexible. In house script was used to automatemolecular docking runs. Top

scored poses for both systems (PYROXD1/FAD/NADPH and PYROXD1/FADH2/NADP
+) were selected for plain molecular dynamics

runs to access overall stability and exclude complexes that represents metastable states.

Plain molecular dynamics (MD)

MD simulations were performed using GROMACS 2016.6 software (Pronk et al., 2013). Initial coordinates were retained from top-

scored complexes obtained through ensemble molecular docking. PYROXD1/FADH2 system was simulated after manual addition

of hydrogens on obtained X-ray structure of PYROXD1/FAD. Each system was subjected to extended minimization and equilibration

protocol. The AMBERff14SB (Maier et al., 2015) force field was used for generation of protein topology. NADP+ and NADPH param-

eters were acquired fromAmber parameters database (http://amber.manchester.ac.uk). The cofactors FAD and FADH2were param-

eterized with the xLeap module of AmberTools (Case et al., 2018) employing the general Amber force field (GAFF2) (Vassetti et al.,

2019). The atomic charges of previously optimized structures of FAD and FADH2 (B3LYP/6-31G*) were fitted on the electrostatic po-

tential (RESP) obtained at the HF/6-31G* level of theory with GAUSSIAN09 (Gaussian 09, Revision A.02, (Frisch et al., 2009)). The
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protein-ligand complexes were solvated with the TIP3P water model, and neutralized with Na+ counterions in an octahedral periodic

box. Systems were minimized with steepest descent algorithm with maximum force set to 10 kJ mol-1 nm-1 and 5000 steps. Subse-

quent equilibration of the systems was performed first in NVT ensemble for 250 ps at 310 K using Nosé–Hoover thermostat (Evans

and Holian, 1985). Second, equilibration in NPT ensemble was performedmaintaining the pressure at 1.0 bar with Parrinello-Rahman

barostat (Parinello, 1981). All atom position restrains were applied on protein atoms, while the solvent molecules and counterions

were unrestrained. Position restraints were gradually removed using force constants of 1000, 100, and 10 kJ/mol nm-2. Each NPT

equilibration step was performed for 500 ps of simulation. Finally, two replicas of 100 ns simulations were performed for each system,

with 2 fs timestep in NPT ensemble. Each replica was started using different random seed velocity to alleviate sampling. Particle

Mesh Ewald (PME) approach for calculation of long-range electrostatic using grid spacing of 0.12 Å was used, while 10 Å non-bonded

cut-off valueswere used for Coulomb and Van derWalls interactions. LINCS algorithmwas used for all bonds constrains. Trajectories

were analyzed using Gromacs built-in tools.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests
To assess statistical significance in mouse experiments (heart weight, ejection fraction), mRNA expression (qPCR), kinetic measure-

ments (steady-state and pre-steady state kinetics), we used unpaired Student’s t test assuming unequal variances, with *, p < 0.05; **,

p < 0.01; ***, p < 0.005. For mass spectrometry analysis, Benjamini-Hochberg correction for p values was applied (see below).

Mass spectrometry data analysis
Raw data were processed using the MaxQuant software package 1.6.0.16 (https://www.maxquant.org/) searching against the hu-

man Uniprot reference database, the protein sequences of the constructs and a custom-made database of common contaminants.

The search was performed with full tryptic specificity and a maximum of two missed cleavages. Carbamidomethylation of cysteine

residues was set as fixed, oxidation of methionine and N-terminal protein acetylation as variable modifications—all other parameters

were set to default. Thematch between run feature and the search for 2nd peptides was enabled. Results were filtered at protein and

peptide level for a false discovery rate of 1%. The protein groups table was imported into Perseus 1.6.6.0, reverse hits and contam-

inants were filtered out as well as hits with less than 2 valid LFQ values in at least 1 experimental group. Missing LFQ values were

imputed by values from a normal distribution. Data were statistically analyzed with LIMMA. To determine enriched proteins statistical

analysis was performed in R (R Development Core Team, 2019) using the limma package (Ritchie et al., 2015) and applying the

Benjamini-Hochberg correction for p values. Themass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD018831.

Image quantification
To quantify band intensities in autoradiography images, we used ImageQuant software, and substrate conversion rate was calcu-

lated as the quotient of the substrate and the sum of substrate and product band intensities.
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