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Abstract: Sulfur is an important element that is incorporated into many biomolecules in humans. The
incorporation and transfer of sulfur into biomolecules is, however, facilitated by a series of different
sulfurtransferases. Among these sulfurtransferases is the human mercaptopyruvate sulfurtransferase
(MPST) also designated as tRNA thiouridine modification protein (TUM1). The role of the human
TUM1 protein has been suggested in a wide range of physiological processes in the cell among
which are but not limited to involvement in Molybdenum cofactor (Moco) biosynthesis, cytosolic
tRNA thiolation and generation of H2S as signaling molecule both in mitochondria and the cytosol.
Previous interaction studies showed that TUM1 interacts with the L-cysteine desulfurase NFS1 and
the Molybdenum cofactor biosynthesis protein 3 (MOCS3). Here, we show the roles of TUM1 in
human cells using CRISPR/Cas9 genetically modified Human Embryonic Kidney cells. Here, we
show that TUM1 is involved in the sulfur transfer for Molybdenum cofactor synthesis and tRNA
thiomodification by spectrophotometric measurement of the activity of sulfite oxidase and liquid
chromatography quantification of the level of sulfur-modified tRNA. Further, we show that TUM1
has a role in hydrogen sulfide production and cellular bioenergetics.

Keywords: Moco biosynthesis; sulfite oxidase; cytosolic tRNA thiolation; 5-methoxycarbonylmethyl-2-thiouridine;
H2S biosynthesis; cellular bioenergetics

1. Introduction

The human 3-mercaptopyruvate sulfurtransferase (MPST) (EC 2.8.1.2), also designated
as TUM1 (tRNA thiouridine modification protein 1), belongs to an enzyme superfamily
of proteins that contain a rhodanese-like domain (RLD) [1]. To date, the physiological
function of rhodanese-like proteins is not fully understood, but rhodaneses have been
linked to a wide variety of biological processes, including the detoxification of cyanide, the
homeostasis of cellular sulfur in general, the participation in the degradation of L-cysteine,
mitochondrial production of hydrogen sulfide (H2S) as signaling molecule, in addition to
the biosynthesis of enzymatic cofactors, vitamins and sulfur-containing nucleic acids in
tRNAs [2–6]. A role of the human TUM1 protein was recently suggested to be involved in
the two biosynthetic pathways of tRNA thiolation of cytosolic tRNAs and Moco biosynthe-
sis by interacting with the protein MOCS3 in humans [7]. Initially, an involvement of the
yeast TUM1 protein (tRNA thiouridine modification protein) in tRNA thiomodification had
been identified before [1,8]. Human TUM1 has been shown to catalyze the desulfuration
of 3-mercaptopyruvate to generate an enzyme-bound hydropersulfide [9], which then
transfers the persulfide’s outer sulfur atom to proteins or small molecule acceptors. MPST
activity is also known to be involved in hydrogen sulfide generation, tRNA thiolation,
protein urmylation and cyanide detoxification [9]. Tissue-specific changes in human MPST
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expression correlate with aging and the development of metabolic disease [9]. Recently,
high expression of MPST has been reported in cancer tissues due to its H2S biosynthesis
capability and a subsequent influence on cellular bioenergetics [10–13]. Deletion and over-
expression experiments suggested that MPST contributes to oxidative stress resistance,
mitochondrial respiratory function and the regulation of fatty acid metabolism [9].

Mammalian TUM1/MPST has been mostly studied for its physiological role in H2S
generation in cellular sulfur metabolism [6,14–16]. Human MPST is mainly expressed in
kidney, liver, heart and neurological cells [17]. Patients have been reported to accumulate
3-Mercaptolactate (3 ML) in the urine. 3-mercaptopyruvate is converted to 3-ML due to
the deficiency of TUM1, which converts the former to pyruvate [18,19]. Patients with
mercaptolactate–cysteine disulfuiduria (MCDU) have been shown to have mental retarda-
tion [19], while in some cases, mental retardation was not recorded [20]. MPST knockout
mice presented an increased anxiety-like behavior [21]. In addition, investigation of MPST
knockout mouse brains revealed lack of cysteine-SSH and GSSH production with 50%
decreased levels of total persulfated species [22].

The interaction of TUM1 with MOCS3 suggested that TUM1 is involved in tRNA
thiolation and molybdenum cofactor (Moco) biosynthesis [7]. In Moco biosynthesis, two
sulfur atoms are inserted into the cyclic pyranopterin monophosphate (cPMP) backbone,
forming the dithiolene group of molybdopterin (MPT), which ligates the molybdenum
atom and forms the molybdenum cofactor (Moco) [23]. The conversion of cPMP to MPT
is catalyzed by MPT synthase, which is composed of MOCS2A and MOCS2B [24]. For
regeneration of the thiocarboxylate group at the C-terminal glycine of MOCS2A in MPT
synthase [25] MOCS3, TUM1 and NFS1 are suggested to be involved [7]. Moco biosynthesis
and tRNA thiolation were suggested to share the same sulfur delivery pathway composed
of NFS1, TUM1 and MOCS3 [7].

In humans, there are four molybdoenzymes, namely sulfite oxidase (SO) aldehyde
oxidase (AOX), xanthine oxidase (XO) and the two mitochondrial amidoxime reducing
components, mARC1 and mARC2 [26]. SO catalyzes the metabolic detoxification of sulfite
to sulfate within the intermembrane space of the mitochondria [27]. In mammals, SO is
highly expressed in the liver, kidney and heart and has very low expression in the spleen,
brain, skeletal muscle and blood [28]. Sulfite toxicity is proposed to arise from the con-
version of excess sulfite to sulfite radicals in the absence and presence of oxidative stress
due to deficiency in SO [29]. In humans, deficiency in sulfite oxidase deficiency, which can
arise from the mutation of genes encoding for proteins responsible for Moco biosynthesis
(MocoCD) [30], can lead to mental retardation, epileptic seizures, brain atrophy and (dislo-
cated ocular lenses) [31]. Recently, it was shown that, in Moco deficient patients, highly
interconnected mitochondria are present, similar to what has been shown in mouse-derived
fibroblasts [32]. It has been therefore concluded that altered mitochondrial dynamics are
an important contributor to the disease phenotype of sulfite oxidase deficiency in Moco-
deficient patients, and it has been suggested that MoCD should be included among the
mitochondrial disorders [32].

Transfer RNAs from all organisms contain modified nucleosides, which are deriva-
tives of the four major nucleosides: adenosine (A), guanosine (G), cytosine (C) and uri-
dine (U) [33]. tRNAs specific for lysine, glutamate and glutamine in most organisms
have a 2-thiouridine derivative (xm5s2U) at the wobble uridine at position 34 [34–37].
Thiolation modifications at the wobble uridine at position 34 (U34) present in tRNA of
lysine, glutamine and glutamate are suggested to be important for enhanced translation
efficiency and higher stability of tRNA binding to the ribosomal A site [38]. For the thi-
olation and formation of the mcm5s2U in the cytosol of eukaryotes, the biosynthesis of
the 5 methoxy-carbonylmethyl group of the uracil ring is required for efficient 2 thiouri-
dine formation in the cytoplasm [8]. In humans, it was shown that the proteins MOCS3,
URM1, TUM1, CTU1 and CTU2 are involved in s2U34 formation [39,40], while proteins
of the ELP pathway synthesize the mcm5-group [41]. The ELP pathway includes the
six subunits of the ELP-complex (ELP1–6) and the tRNA methyltransferase complex con-



Biomolecules 2023, 13, 144 3 of 23

taining TRM9 and TRM112 [42]. The URM1 protein (ubiquitin-related modifier) was
shown to have a ubiquitin-like b-grasp-fold and to contain a conserved C-terminal double
glycine-motif on which a thiocarboxylate group is formed for direct sulfur-transfer to
mcm5U34 in tRNA [25,36,43,44]. In contrast, the formation of τm5s2U34 for mitochon-
drial tRNALys, Gln, Glu requires different protein components compared to the ones
identified in the cytosol, whereas details of the pathway are not completely resolved to
date [45]. It was shown that lack of the τm5s2U modification in mitochondrial tRNALys
from individuals with myoclonus epilepsy associated with ragged red fibers (MERRF)
resulted in a marked defect in mitochondrial translation [46]. In this pathway, the MTU1
protein—which is a mitochondria-specific 2-thiouridylase responsible for the generation
of τm5s2U in mammals—is required [47]. The sulfur is derived from mitochondrial NFS1,
which is transferred via TUM1-Iso2 [7,48]. For the formation of the taurine group, the
proteins GTPBP3 and MTO1 are required [47].

TUM1 catalyses the conversion of 3-mercaptopyruvate to pyruvate and a protein-
bound persulfide, which is released as H2S [9]. Three H2S producing enzymes exist in
humans, besides TUM1/MPST, the cystathionine-γ-lyase (CTH) and the cystathionin β-
synthase (CBS). CBS and CTH are pyridoxal-phosphate (PLP)-dependent enzymes, which
are differently expressed throughout tissues [49,50]. In the L-cysteine catabolism, the
three enzymes are partly overlapping and complementary functions. Dysregulation of
the H2S producing system has been linked to increased cellular dysfunction in case of
diseased/stressed states [51].

We have recently shown that human interaction studies most interestingly revealed
interaction of TUM1 with the only L-cysteine desulfurase of human cells NFS1, which is
central for sulfur transfer in FeS biosynthesis [52], Moco biosynthesis and tRNA thiola-
tion [53]. TUM1-Iso1 was further shown to bind MOCS3 [7], a sulfur transferase implicated
in Moco biosynthesis and tRNA thiolation [39]. We hence proposed a role for human TUM1
Moco biosynthesis and tRNA thiolation. Here, we show for the first time that knockout of
TUM1 in human embryonic kidney (HEK) cells impacts cytosolic tRNA thiolation as well
as the Moco-dependent enzyme Sulfite oxidase (SO). Further, we show that TUM1 impacts
H2S biosynthesis and cellular bioenergetics in HEK293T cells.

2. Materials and Methods
2.1. Materials

Sodium hydrosulfide (NaHS) obtained from (Sigma-Aldrich, Darmstadt, Hesse, Ger-
many) was freshly dissolved in millipore water shortly before cell treatment.

2.2. Cultivation of Mammalian Cell Lines

HEK293T (DSMZ) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
PAN-Biotech, Aidenbach, Bavaria, Germany) supplemented with 10% fetal bovine serum
(FBS, PAN-Biotech, Aidenbach, Bavaria, Germany) and 2 mM L-glutamine (PAN-Biotech,
Aidenbach, Bavaria, Germany). The cells were maintained at 37 ◦C and 5% CO2 adherently
in T75 or T25 cell culture flasks (Sarstedt, Nümbrecht, North Rhine-Westaphalia, Germany)
until the cells were 90% confluent. The cells were detached via trypsin/EDTA (Gibco, Life
Technologies, Darmstadt, Hesse, Germany) and passaged every 3–4 days.

2.3. Generating TUM1 Knockout Cells with CRISPR/Cas9

The CRISPR/Cas9 method was used to generate stable TUM1 knockout cell lines. The
protocol was adapted from [54]. The method is based on a complementary gRNA to target
the gene of interest providing a cleavage site for the Cas9 nuclease. The cleaved DNA is
repaired by error prone nonhomologous end joining (NHEJ) leading to deletions, insertions
or frame-shifts preferentially resulting in loss of function mutations. gRNAs complementary
to DNA near the start codon of the TUM1 gene were designed using MIT opensource (https:
//crispr.mit.edu/, accessed on 16 August 2017) [55]. The forward guide and the reverse
guide were annealed using a standard protocol. They were constructed with BbsI restriction
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sites to enable cloning into the pSpCas9(BB)-2A-Puro vector (https://addgene.org/crispr/,
on accessed on 1 September 2017) [56]. This vector already contains the scaffolding part of
the gRNA and the gene for Cas9. The resulting plasmid was transiently transfected into
the HEK293T cells. Positively transfected cells were selected with puromycin. Single cells
were grown into colonies and analyzed via sequencing (GATC) and immunoblotting using
an α-TUM1 antibody (Abcam, Rozenburg, Amsterdam, Netherlands).

2.4. Immunoblotting

Whole cell lysates (50–100 µg) were separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Amersham Hybond, GE Healthcare, Freiburg, Baden-Wüttemberg). Protein transfer
was performed using Mini-Protean 2 Cell chambers (Bio-Rad, Kabelsketal, Saxony-Anhalt, Ger-
many). The primary antibodies TUM1 (1:3500., Abcam, Rozenburg, Amsterdam, Netherlands),
CBS (1:1000., Sigma-Aldrich, Darmstadt, Hesse, Germany), CTH(1:1000., Sigma-Aldrich,
Darmstadt, Hesse, Germany), CTU1 (1:1000, Sigma-Aldrich, Darmstadt, Hesse, Germany),
CTU2 (1:1000, Sigma-Aldrich, Darmstadt, Hesse, Germany), URM1 (1:500, Sigma-Aldrich,
Darmstadt, Hesse, Germany), α-MOCS3 (1:4000, Abcam, Rozenburg, Amsterdam, Nether-
lands), α-SO (1:1000, Abcam, Rozenburg, Amsterdam, Netherlands) and α-actin (1:7500,
Sigma-Aldrich, Darmstadt, Hesse, Germany) were used for protein detection together with
the peroxidase-coupled secondary antibodies (α-rabbit POD, 1:10,000, Sigma-Aldrich, Darm-
stadt, Hesse, Germany; α-mouse POD, 1:5000, Sigma-Aldrich, Darmstadt, Hesse, Germany).
The blots were developed with chemiluminescence via the Fusion SL Vilber Lourmat (peqlab,
Erlangen, Bavaria, Germany) imaging system.

2.5. MTT Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is converted to
insoluble purple formazan by dehydrogenases in living cells, thereby measuring the growth
rate [57]. Formazan can be solubilized by isopropanol and measured spectrophotometri-
cally. 10 × 103 cells per well were seeded in a 96-well plate, and 50 µL of the MTT solution
was added to each well and incubated for 3 h at 37 ◦C. Subsequently, 150 µL of the MTT
solvent was added, and the MTT formazan was detected after 15 min at 590 nm.

2.6. Aconitase Activity Assay

Aconitase is an [4Fe-4S] cluster-containing TCA cycle protein that catalyzes the iso-
merization of citrate to isocitrate via cis-aconitate [58]. HEK293T cells were grown in T75
culture flasks until the cells were 90% confluent. The cells were harvested and lysed in
nondenaturing lysis buffer [50 mM Tris-HCl and 1% NP-40 (pH 8)]. The protein concen-
tration was determined via a Bradford assay. The aconitase activity was measured using
50 µL of cell lysate mixed with 250 µL of reaction buffer [50 mM Tris-HCl, 50 mM NaCl,
5 mM MgCl2, 0.5 mM NADP+ and 0.05 unit of isocitrate-dehydrogenase (Sigma) (pH 8)].
This was incubated for 5 min at 37 ◦C before the addition of 200 µL of starting buffer
(50 mM Tris-HCl, 50 mM NaCl, 5 mM MgCl2 and 2.5 mM cis-aconitate). The reaction
was followed at 340 nm by the reduction of NADPH as ICDH converted the product of
aconitase. The specific activity was calculated using the extinction coefficient of NADPH
(ε340 = 6220 mM–1) [59].

2.7. Sulfite Oxidase Activity Assay

The activity assay of the Moco-dependent enzyme sulfite oxidase was adapted from [60].
Cells were grown in a T75 cell culture flask until they were 90% confluent. They were har-
vested, and the pellet was resuspended with extraction buffer [50 mM Tris-acetate, 0.1 mM
EDTA and 1% NP-40 (pH 8.5)]. The probes were vortexed and centrifuged (12,000× g for
15 min at 4 ◦C) to obtain the cell lysate. The protein concentration was determined with
Bradford reagent. The enzyme activity was measured using 150 µL of cell lysate in a total
reaction volume of 1 mL. The reaction buffer consisted of 800 µL of 50 mM Tris-acetate,

https://addgene.org/crispr/
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0.1 mM EDTA and 1% NP-40 (pH 8.5) to which 10 µL of 17 mM sodium deoxycholic
acid, 5 µL of 10 µM potassium cyanide, 33 µL of cytochrome c (6 mg/mL) and 2 µL of
100 mM sodium sulfite had been added. The reduction of cytochrome c was monitored
at 550 nm for 5 min. The specific activity using the extinction coefficient of cytochrome c
(ε550 = 19.36 M−1) was calculated.

2.8. tRNA Extraction and Analysis

Using nucleoside separation by HPLC, it is possible to distinguish and quantify non-
modified nucleosides as well as the modified nucleosides, as the mcm5s2-modification
on Uridine of Lys, Gln and Glu. Nucleosides can be distinguished by the respective UV-
spectra. Forty-eight hours before being harvested, the cells were seeded on three T75 cell
culture flasks until the cells were 90% confluent. The cells were taken up with TriFast
(Peqlab, Erlangen, Bavaria, Germany), and a 1:5 volume of chloroform was added. After
centrifugation, the upper, aqueous phase was transferred into a new falcon and precipitated
with 1 times the volume of isopropanol overnight at −20 ◦C. The samples were spun down
(13,000× g for 1.5 h at 4 ◦C), and the resulting pellet was washed thrice with 70% ethanol.
The pellet was dried at 37 ◦C for 10–15 min. The precipitated RNA was dissolved in 100 µL
of 0.3 M NaOAc (pH 4.5) for 15 min at 55 ◦C. One hundred micrograms of total RNA per
gel was separated by 10% urea–PAGE run at 200 V for 75 min. Subsequently, the gels were
stained with an ethidium bromide solution, and the tRNA bands were cut out and placed
in crush-n-soak buffer [50 mM sodium acetate and 150 mM sodium chloride (pH 7.0)] at
4 ◦C overnight to release the RNA from the gel. This was then precipitated overnight at
−20 ◦C with a 1:1 dilution with isopropanol before being washed twice with 70% ethanol.
The tRNA pellets were dried at 37 ◦C for 10–15 min. They were dissolved in 50 µL of
0.3 M NaOAc for approximately 15 min at 55 ◦C. High-performance liquid chromatography
(HPLC) analysis was performed as described by [61].

2.9. Quantification of Moco and cPMP in HEK293T Cells

Moco and cPMP can be oxidized into their fluorescent degradation products FormA
and Compound Z, respectively. These degradation products can then be eluted via QAE
chromatography and quantified via HPLC [62]. Briefly, HEK293T cells were grown in T75
cell culture flasks until the cells were 90% confluent. They were harvested and resuspended
in 800 µL 100 mM Tris-HCl (pH 7.2), followed by cell lysis through sonification (on 2 s,
off 2 s, 20%, 45 s). The protein concentrations were determined via Bradford reagent. For
both Moco and cPMP measurements, 50 µL of solution A (1063 µL of I2/KI and 100 µL of
37% HCl) was added to 400 µL of the cell lysate followed by the addition of 150 µL of the
I2/KI solution. The samples were kept in the dark overnight at RT. Subsequently, 100 µL
of 1% ascorbic acid was added to 400 µL of the supernatant after centrifugation. This was
followed by the addition of 200 µL of 1 M Tris to change the pH to 8.3. The cPMP samples
were loaded on QAE column. The FormA samples were further dephosphorylated with
30 µL of 1 M MgCl2 and 2 µL of fast alkaline phosphatase for 2 h. Purification of FormA and
Compound Z was performed using QAE chromatography. FormA was eluted with 10 mM
acetic acid from which nine fractions were collected (500 µL). The cPMP samples were
eluted with 100 mM HCl collecting nine times 500 µL fractions. Thereafter, the fractions
were loaded onto the HPLC system and quantified after separation on a reversed phase
C18 column.

2.10. Measurement of Free H2S via Methylene Blue

Sulfides are able to convert N,N-dimethyl-p-phenylenediamine (DMPD) directly to
methylene blue in the presence of a mild oxidizing agent (acidified ferric chloride). The
methylene blue assay was employed according to [63]. Using cysteine, the reaction contain-
ing 50 mM Tris buffer pH 8.0, 2 mg cell lysate, 1 mM DTT, 10 µM PLP in a total volume of
500 µL was started with 1 mM L-cysteine and incubated at 37 ◦C for 1 h. For mitochondria
substrate 3-mercaptopyruvate (3-MP), reaction containing CAPS buffer pH 10.5, 300 µg cell
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lysate, 1 mM DTT in a total volume of 500 µL was started with 1 mM 3-MP and incubated at
37 ◦C for 1 h. Both reactions were stopped by simultaneous addition of 50 µM DMPD and
30 mM Iron (III)-chloride. Methylene blue was formed and quantified at 670 nm against a
sulfide standard curve.

2.11. Reactive Oxygen Species Quantification

To analyze the amount of ROS in the cells, the nonfluorescent molecule carboxy-(2′,7′-
dichloro-hydrofluorescein diacetate)—which is readily converted to its highly fluorescent
2′,7′-dichlorofluorescein when the acetate groups are removed by activity of ROS—was
employed and adapted from [64]. Cells were plated at 25,000 cells/well in a 96-well plate
24 h before treatment, cells were treated with (carboxy-DCFDA, Sigma-Aldrich, Darmstadt,
Hesse, Germany) at a concentration of 10 µM of serum-free culture media and incubated
at 37 ◦C for 30 min. The serum-free media containing the dye was removed and washed.
Fluorescence evaluation was carried out at emission 560 nm and excitation at 488 nm.

2.12. Measurement of Cellular Bioenergetics

The cellular bioenergetics were measured using the seahorse extracellular flux mito
stress test, which quantifies the oxygen consumption rate as described in [65]. Briefly, cells
(15,000/well) were seeded on a 24-well seahorse plate in DMEM medium a night prior to
analysis; the medium was replaced with seahorse medium supplemented with L-glutamine
(2 mM, Gibco, Life Technologies, Darmstadt, Hesse, Germany), sodium pyruvate (1 mM,
Sigma, Sigma-Aldrich, Saint Quentin-Fallavier, Lyon, France) and glucose (10 mM, Sigma,
Sigma-Aldrich, Saint Quentin-Fallavier, Lyon, France). After 1 h incubation at 37 ◦C in
CO2-free incubator, the oxygen consumption rate (OCR) after oligomycin (1 µM) was used
to estimate the rate of ATP production. In addition, carbonyl cyanide-4-trifluoromethoxy
phenylhydrazone (FCCP, 0.5 µM) was used to estimate the maximal mitochondrial respira-
tory capacity. The flux of electrons through complex III and I was blocked with antimycin
A (0.5 µM) and rotenone (0.5 µM), respectively; any residual activity in the presence of
these inhibitors was assessed as non-mitochondrial OCR. Results were normalized to the
number of cells.

3. Results
3.1. Generation of HEK293T TUM1 KO Cell Lines with CRISPR/Cas9 System

HEK293T cells were used to generate the TUM1 knockout cell line. HEK293T cells
have a near triploid karyotype and contain three copies of chromosome 22 on which the
TUM1 gene is localized. Co-transfection of the short guide RNA-containing Cas9-encoding
plasmid with a repair-oligonucleotide that contains several stop codons at the 5′ end
directs the cell repair mechanism towards homology-directed repair (HDR) and insertion
of the desired genetic sequence (Figure 1A), which preferentially led to random mutations
with a desired premature termination of TUM1 transcription. DNA sequencing revealed
the mutations and identified several homozygous (−/−) TUM1 KO cell line (Figure 1C).
Additionally, the absence of the TUM1 protein in the knockout cell line was confirmed by
immunodetection, using a TUM1 specific antibodies (Figure 1D). As control, we used our
MOCS3 KO cell line, reported previously [66] which shows the presence of both TUM1
isoforms, confirming that the TUM1 KO was successful and both isoforms are mutated in
the produced homozygous cell line. The MTT assay was applied to analyze changes in
the cell growth caused by the absence of TUM1. Here, we compared the TUM1 KO cell
line to the MOCS3 KO since that cell line was shown before to have a growth defect. The
results in (Figure 1E) show that the TUM1 KO strain has a higher impact on cell division in
comparison to the MOCS3 KO strain. The cells were able to divide, but the growth rate
was shown to be significantly reduced by 50% in the homozygous (−/−) TUM1 KO strain
compared to that in wild-type cells. Treatment with exogenous H2S donors like NaHS
in a neutral solution like water leads to about 20% H2S and 80% (HS-) [67]. Treatment of
TUM1 KO cells with 10 µM of NaHS (as exogenous hydrogen sulfide donor) reverted the
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growth deficit. NaHS was applied due to previous results showing that hydrogen sulfide
stimulates cellular bioenergetics at lower concentrations [68] and the known involvement
of TUM1 in hydrogen sulfide production in mitochondria [69]. Conclusively, TUM1 KO
cells might lower the rate of cell proliferation based on a lower hydrogen sulfide production
in the mitochondria.
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CRISPR/Cas9 cell lines with knockout cells in TUM1 were analyzed for the presence of the TUM1
protein by immunodetection. (E) Proliferation rate with (T) and without NaHS treatment of HEK293T
cell lines. MTT was added at 0.5 mg/mL to the culture media and incubated at atmosphere of 5% CO2

for 3 h at 37 ◦C. The formazan dye formed was dissolved using the permeabilization solution and
measured at 570 nm. Independent samples t-test with SPSS was performed as indicated * p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.001 (n = 3) (n represents number of biological replicates).

3.2. Effect of TUM1 KO on Sulfite Oxidase Activity and Moco Biosynthesis

Prior studies have shown that TUM1 interacts with the L-cysteine desulfurase (NFS1)
and the Molybdenum cofactor biosynthesis protein 3 (MOCS3) [7]. These two proteins
are involved in two important sulfur requiring pathways; Cytosolic tRNA thiolation and
Moco biosynthesis [39,53]. However, the previous studies did not investigate the role
of TUM1 in these pathways in humans. To analyze a potential role of TUM1 in Moco
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biosynthesis, we determined the activity of the most abundant human molybdoenzyme,
Sulfite oxidase, in the TUM1 KO cell line in comparison to the MOCS3 KO cell line. Again,
we compared the activity to the MOCS3 KO cell line, which was shown before to largely
reduce sulfite oxidase activity. Sulfite oxidase activity was found to be reduced to 75%
of the activity of the wild type (Figure 2A) in the TUM1 KO cells. SO activity in MOCS3
KO cells a negative control was decreased to 15% of the wild type activity, in consistency
with previous results [66]. Sulfite oxidase abundance was slightly reduced in TUM1 KO
cells compared to the wild type and undetectable in MOCS3 KO cells (Figure 2B,C). These
results confirm the past results [70] showing that SO is degraded in the absence of Moco
which is evident in MOCS3 KO cells and a slight reduction of SO abundance in TUM1 KO
cells. The low amount of SO activity present in the TUM1 KO cells might be due to sulfur
availability for MOCS3 transferred from other sulfurtransferases.
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Figure 2. Sulfite oxidase activity in HEK293T cell lines. (A) Sulfite oxidase activity in wild type,
TUM1 KO, and MOCS3 KO(−/−) were determined using sodium sulfite as substrate; the reaction
was monitored by the reduction of cytochrome c at 550 nm for 5 min. (B) Immunodetection of SO,
MOCS3 and TUM1 using the corresponding antibodies. 100 µg of cell lysates were loaded on a
12% SDS-PAGE and transferred to a PVDF membrane, followed by incubation with corresponding
antibodies. Proteins were visualized using POD-labeled secondary antibodies. Image J intensity
quantification (C) SO (D)TUM1 (E) MOCS3. Independent samples t-test with SPSS was performed as
indicated ** p < 0.005, **** p < 0.001 (n = 3) (n represents number of biological replicates).

3.3. Effect of TUM1 KO on Moco and cPMP Levels

Since sulfite oxidase activity was reduced in TUM1 KO cells, it was of interest to
analyze the effect on Moco and cPMP production in these cells, which we compared again
to the MOCS3 KO cell line, in which both cofactor levels were shown previously to be
affected [66]. The results show that TUM1 KO cells had a 45% decrease in the amount of
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Moco compared to WT, while Moco was not detected in MOCS3 KO cells as reported before
(Figure 3A). Additionally, cPMP accumulated 50% more in TUM1 KO cells compared to
the WT while MOCS3 KO cells accumulated 120% cPMP compared to the WT (Figure 3B).
These results show an effect of TUM1 for Moco production by a reduced cPMP conversion,
that is the consequence of the results for the reduction of sulfite oxidase activity as shown
(Figure 2).
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Figure 3. Quantification of Moco and cPMP in HEK 293T cell lines. Cells were oxidized overnight
to convert Moco and cPMP to their fluorescent degradation products Form A and Compound Z,
respectively. cPMP samples were separated by QAE ion-exchange chromatography and quantified
by HPLC after separation on a C-18 column. 20 µL of 50% acetic acid was added to Form A samples
before loading on the column. The elution of Form A and Compound Z was monitored with an
Agilent 1100 series system. The fluorescence excitation at 383 nm and emission 450 nm. (A) Moco
content after normalizing to protein concentration (B) cPMP content after normalizing to protein
concentration. Independent samples t-test with SPSS was performed as indicated ** p < 0.005,
**** p < 0.001 (n = 2).

3.4. Repair of Sulfite Oxidase Activity in TUM1 KO Cells with NaHS

H2S has been mentioned to act via S-sulfhydration of target proteins. NaHS could
also serve as direct sulfur donor through NaHS dissociation in neutral solution (H2S, HS-,
S2), thereby leading to pool of sulfide [67]. The cell proliferation experiments showed
that NaHS can complement the growth deficit of TUM1 KO cells but not of MOCS3 KO
cells. To investigate the enzyme that is repaired by NaHS, we investigated the effect on
sulfite oxidase activity. Therefore, we investigated whether the treatment of the cells with
NaHS could repair the low SO activity in TUM1 and MOCS3 KO cells. Here, we show
that the SO activity of TUM1 KO cells were rescued to almost the WT level, but not the
MOCS3 KO cells (Figure 4A). NaHS treated WT cells also showed an increase in SO activity
compared to the untreated control. These data suggest that NaHS is a sulfur donor only
in TUM1 KO cells (containing MOCS3), hence increasing the amount of Moco formed
while MOCS3 KO cells did not respond to the NaHS treatment since MOCS3 is crucial
for the sulfurtransfer reaction. One possibility is that either the transfer of sulfur from
NFS1 to MOCS3 is facilitated by hydrogen sulfide by the action of TUM1. Further, it
was shown previously that sulfite oxidase deficiency can be suppressed by mutation in
CTH [71]. CTH was found to be present in lower amounts in TUM1 cells (Figure 4C,D);
NaHS might also suppress the sulfite production from cystathionine due to the availability
of hydrogen sulfide. However, this effect is not so pronounced in the MOCS3 KO cells since
the hydrogen sulfide biosynthesis is less perturbed in MOCS3 KO cells compared to the
TUM1 KO cells.
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Figure 4. Effect of NaHS on sulfite oxidase activity in HEK293T cell lines. (A) Sulfite oxidase activity
in WT, TUM1 KO and MOCS3 KO (−/−) were determined using sodium sulfite as substrate; the
reaction was monitored by the reduction of cytochrome c at 550 nm for 5 min. (B) Immunodetection of
SO, MOCS3 and TUM1 using respective antibodies. (C) Immunodetection of other H2S biosynthesis
enzyme CBS and CTH in WT, TUM1 KO, and MOCS3 KO cells (−/−) cell lines. Proteins were
visualized using POD-labeled secondary antibodies. (D) Image J quantification of relative intensity of
blot bands of CBS and CTH compared to Actin. Independent samples t-test with SPSS was performed
as indicated ND; no statistical difference, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001, (n = 3).

3.5. Effect of TUM1 KO on tRNA Thiolation

TUM1 has been initially identified in a screening for mcm5s2U modified tRNA deficient
mutants in yeast [8], in which TUM1 was shown to be involved, but not essential for
mcm5s2U formation. Further, human TUM1 was identified to interact with NFS1 and
MOCS3 in the cytosol [7], showing its involvement as a sulfur transferase for mcm5s2U
formation. Therefore, we investigated the role of TUM1 on cytosolic tRNA thiolation in
TUM1 KO cells. It is possible to distinguish and quantify non-modified nucleosides mcm5U
from the sulfur-modified nucleosides mcm5s2U, as the mcm5s2U have a different elution
time after separation on a C18 reversed phase column (LiCrospher 100, 5 µm particle
size, 250 × 4.6 mm) by HPLC [61]. Quantifying the modified nucleosides, the level of
mcm5s2U in TUM1 KO was decreased to 70% of the wild type level but undetectable in
the MOCS3 KO cells (Figure 5A). In consistency, a higher amount of unmodified mcm5U
was detected in TUM1 KO cells compared to the MOCS3 KO cells and below the detection
limit in wild type cells (Figure 5B). This shows the role of TUM1 in sulfur transfer for
cytosolic tRNA thiolation. Further, we treated the cells with NaHS to investigate the effect
of extra sulfur supply on mcm5s2U formation. Here, mcm5s2U level in NaHS treated TUM1
KO cells were similar to mcm5s2U levels observed in control wild type cells. However,
there was a similar increase in the level of mcm5s2U in the NaHS treated wild type cells
(Figure 5C). This implies that H2S is not directly transferred to MOCS3, and the positive
effect on sulfite oxidase activity is likely based on the reduced abundance of CBS and
CTH (Figure 4C,D). Protein expression of CTU1, CTU2 and URM1 proteins necessary for
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cytosolic tRNA thiolation were also reduced in TUM1 knockout cells compared to the
wild type and were largely reduced in MOCS3 KO cells. This suggests that the proteins
might degrade in the absence of their interaction partners (Figure 5F), which is in line
with previous findings where it was shown that URM1 is down-regulated under sulfur
starvation conditions as other partner proteins involved in cytosolic tRNA thiolation [72].

Biomolecules 2023, 13, x 11 of 24 
 

particle size, 250 × 4.6 mm) by HPLC [61]. Quantifying the modified nucleosides, the level 
of mcm5s2U in TUM1 KO was decreased to 70% of the wild type level but undetectable in 
the MOCS3 KO cells (Figure 5A). In consistency, a higher amount of unmodified mcm5U 
was detected in TUM1 KO cells compared to the MOCS3 KO cells and below the detection 
limit in wild type cells (Figure 5B). This shows the role of TUM1 in sulfur transfer for 
cytosolic tRNA thiolation. Further, we treated the cells with NaHS to investigate the effect 
of extra sulfur supply on mcm5s2U formation. Here, mcm5s2U level in NaHS treated TUM1 
KO cells were similar to mcm5s2U levels observed in control wild type cells. However, 
there was a similar increase in the level of mcm5s2U in the NaHS treated wild type cells 
(Figure 5C). This implies that H2S is not directly transferred to MOCS3, and the positive 
effect on sulfite oxidase activity is likely based on the reduced abundance of CBS and CTH 
(Figure 4C,D). Protein expression of CTU1, CTU2 and URM1 proteins necessary for cyto-
solic tRNA thiolation were also reduced in TUM1 knockout cells compared to the wild 
type and were largely reduced in MOCS3 KO cells. This suggests that the proteins might 
degrade in the absence of their interaction partners (Figure 5F), which is in line with pre-
vious findings where it was shown that URM1 is down-regulated under sulfur starvation 
conditions as other partner proteins involved in cytosolic tRNA thiolation [72].  

 

Figure 5. Quantification of mcm5s2U and mcm5U in HEK293T cell lines. Total RNAs were extracted
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gel. Respective tRNA were digested and corresponding nucleosides were separated and quantified
by the HPLC on a C18 reversed phase column (LiCrospher 100, 5 µm particle size, 250 × 4.6 mm)
(A) mcm5s2U (B) mcm5U (C) Influence of NaHS to mcm5s2U and mcm5U levels. T: treated with
50 µM NaHS for 16 h. (D) Chromatogram displaying mcm5s2U and (E) mcm5U modification at
33 and 43.4 min, respectively, of the respective cell lines using R plot (F) Immunoblot showing
the abundance of URM1, CTU-1, CTU-2 and Actin in WT, TUM1 KO, and MOCS3 KO cells (−/−)
cell lines using the respective antibodies. Proteins were visualized using POD-labeled secondary
antibodies. Representative Image J intensity quantification of band intensity (G) CTU1 (H) CTU2
(I) URM1 Independent samples t-test with SPSS was performed as indicated ND; no statistical
difference, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 (n = 3).

3.6. Effect of TUM1 on H2S Biosynthesis

H2S is produced from sulfur-containing amino acids cysteine and homocysteine, or
from 3-mercaptopyruvate, in a reaction that is catalyzed mainly by three enzymes: cystathio-
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nine beta-synthase (CBS); cystathionine gamma-lyase (CTH); and 3-mercaptopyruvate
sulfurtransferase (TUM1). Of these, the first two reside in the cytosol and comprise the
transsulfuration pathway. TUM1 is among the three major H2S producing enzymes in
humans. Here, we quantified the H2S production in TUM1 KO cell lines with different
substrates. When using cysteine as substrate, the total H2S production via all the three
H2S producing enzymes is measured. Here, the amount of H2S generated in TUM1 KO
cells was only 60% of that generated in the wild type cells. MOCS3 KO cells produced only
70% of H2S compared to the wild type (Figure 6A). When using 3-MP as substrate TUM1
KO cells produced only 5% of the H2S produced in the wild type, while the MOCS3 KO
cells produced 75% of that of the wild type which might be consistent with the low TUM1
abundance in MOCS3 KO cells (Figure 6B). These results are in accordance with previous
findings using different experimental approaches showing that TUM1 is the major H2S
producing when 3-MP is available as substrate in mitochondria. Further, we validated
using the methylene blue assay where we measured the activity of the H2S producing
enzymes. To achieve this, we used the commercially available CTH and CBS inhibitors
propargylglycine and aminooxyacetate (AOAA), respectively. TUM1 KO cells had 44%
inhibition compared to 20 and 25% observed in the wild type and MOCS3 KO cells, re-
spectively (Figure 6C). It was, however, impossible to measure the extent of CBS inhibition
due to unselective property of the available inhibitor AOAA. This inhibitor completely
inhibited the activity of all PLP dependent enzyme (Figure 6D). These results also further
suggest a coping mechanism of the cell to ameliorate the effect of sulfite toxicity due to the
deficiency in sulfite oxidase. CTH and CDO suppression have been found to undermine
the effect of Moco deficiency in C. elegans [71]

3.7. Effect of TUM1 on Cellular Bioenergetics

H2S is mainly produced by cystathionine gamma-lyase (CTH), cystathionine beta-
synthase (CBS) and 3-mercaptopyruvate sulfur transferase (3-MST) [73]. In contrast to the
inhibitory effect of H2S on Complex IV, at high concentrations above 200 µM, at lower
concentrations a stimulatory role of electron transport has been shown [68]. It has been
suggested that H2S enhances the activity of FoF1-ATP (adenosine triphosphate) synthase
and lactate dehydrogenase via their S-sulfhydration, thereby stimulating mitochondrial
electron transport [74]. Further, H2S serves as an electron donor for the mitochondrial
respiratory chain via sulfide quinone oxidoreductase and cytochrome c oxidase at low H2S
levels. The latter enzyme is inhibited by high H2S concentrations, resulting in the reversible
inhibition of electron transport and ATP production in mitochondria [75]. Mainly SQR is
responsible for the oxidation of H2S in the mitochondria [68], from two H2S molecules,
two disulfides (-SSH) bounds are created on the SQR, two electrons derived from two H2S
molecules also enter the mitochondrial electron transport chain, promoting mitochondrial
ATP generation [68]. Among the H2S producing enzymes described above, TUM1 is the
major H2S producing enzyme in the mitochondria [73]. Therefore, we investigated the
effect of TUM1 on cellular bioenergetics using the Seahorse XFe96 analyzer. Measuring
the O2 consumption rate (OCR), an indicator of mitochondria respiration, the TUM1 KO
cells displayed lower oxygen consumption compared to the wild-type. The MOCS3 KO
cells also displayed a lower O2 consumption compared to the wild type; however, the
levels were higher compared to the TUM1 KO cells (Figure 7A). Measuring the extracellular
acidification rate (ECAR), an indicator of glycolytic respiration, TUM1 KO cells were
higher compared to wild type, while the MOCS3 KO cells had similar ECAR compared
to the wild type (Figure 7B). TUM1 absence led to reduced mitochondria generated ATP
(Figure 7C). However, the TUM1 knockout cells produced more ATP via the glycolytic
pathway(Figure 7D). Overall, ATP production was nevertheless reduced by 25% in TUM1
KO cells compared to wild type (Figure 7E). Data from the OCR can be used to calculate
other relevant mitochondria parameters (Figure 7F). Basal respiration indicates the minimal
rate of metabolism for essential maintenance function of the cell. Here, the wild type
displayed higher basal respiration compared to the MOCS3 KO cells and TUM1 KO cells.
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However, the MOCS3 KO cells had higher basal respiration compared to the TUM1 KO
cells. This suggests that the wild type cells, which proliferate much faster, require more
ATP for basic metabolism and vice versa for the TUM1 KO cells. ATP linked respiration was
higher in the wild type compared to the TUM1 KO cells and MOCS3 KO cells. However, the
MOCS3 KO cells had more ATP linked respiration in contrast to the TUM1 knockout cells.
Addition of Rotenone/Antimycin abolishes the mitochondria-linked respiration; through
this, the non-mitochondria O2 can be measured. Here, the MOCS3 KO cells compared to
the wild type and TUM1 KO cells displayed higher non-mitochondria O2 consumption
while TUM1 KO cells displayed higher in comparison to the wild type. This indicates other
cellular oxidative reactions like ROS, this result is in accordance with the high amount
of ROS quantified in the MOCS3 KO cells (Figure S1). Further, there was more proton
leak in the MOCS3 KO cells compared to the TUM1 KO cells and wild type, while the
TUM1 KO cells displayed an increased proton leak in contrast to the wild type. This result
implicates possible mitochondria membrane damage in the MOCS3 KO cells. Conclusively,
the energy map shows again the dependency of TUM1 KO cells on the glycolytic ATP
production pathway rather than the mitochondria ATP production pathway (Figure 7G).
These results indicate that TUM1 impacts mitochondria bioenergetics and, consequently,
ATP production, mainly in the mitochondria.
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Figure 6. Invitro H2S production in HEK 293 T cell lines. Cells from WT, TUM1 KO, MOCS3 KO were
lysed in NP-40 containing Tris buffer. Protein concentrations of resulting lysates were determined
by the Bradford assay. H2S production was measured using Methylene blue assay. The activity
was started by the addition of (A) 500 µM L-cysteine as substrate and incubated for 1 h (B) 1 mM
3- mercaptopyruvate as substrate and incubated for 15 min (C) with 2 mM propargylglycine (CTH
inhibitor) treatment (D) with 2 mM aminooxyacetate (CBS inhibitor). Each reaction was stopped
by simultaneous addition 20 mM-DMPD and 30 mM FeCl3 and incubated further for 20 min. The
absorbance was measured at 670 nm. Independent samples t-test with SPSS was performed as
indicated ND; no statistical difference, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 (n = 3).
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** p < 0.01, *** p < 0.005, **** p < 0.001. (n = 3). 
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Figure 7. Effect of TUM1 KO on oxidative phosphorylation parameters in HEK 293T cells: (A) Oxygen
consumption rate (OCR) profiles. Lines indicate the addition of specific mitochondrial stressors.
Results are indicated as mean ± SD of four replicates per condition; (B) Representative extracellular
acidification rate (ECAR). Lines indicate the addition of specific mitochondria stressors into the media.
Results are indicated as mean ± SD of four replicates per condition; (C) analysis of mitochondrial
ATP production (D) analysis of glycolytic ATP production (E) Total ATP production (F) analysis of
oxidative phosphorylation-related bioenergetics parameters. (G) Energy map. All measurements
were normalized to the number of cells after the seahorse measurements with Hoechst dye. Indepen-
dent samples t-test with SPSS was performed as indicated ND; no statistical difference, * p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.001. (n = 3).

3.8. Effect of TUM1 KO on TCA Cycle

Aconitase is an Fe-S cluster dependent enzyme which is oxidative sensitive. There are
two isoenzymes of Aconitase 1 localizing in the cytosol and Aconitase 2 localizing in the
mitochondria [76]. The suppression of gene encoding for aconitase has been previously
linked to reduction in cell growth and ATP [77]. Therefore, herein we investigate the
effect of the two isoenzymes by measuring the aconitase activity in the cytosolic and
mitochondria compartments of the cell. Measuring the cytosolic aconitase activity, there was
70% reduction aconitase activity in the TUM1 KO compared to the wild-type. MOCS3 KO
also had about 50% reduction in aconitase activity compared to the wild-type (Figure 8A).
In the mitochondria, the TUM1 KO had only 20% of aconitase activity compared to the wild-
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type, while the MOCS3 KO had only 40% of the wild-type aconitase activity (Figure 8B).
These results suggest possible involvement of aconitase down regulation on the retarded
growth in TUM1 and MOCS3 KO.
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Figure 8. Determination of TCA cycle enzyme Aconitase in HEK293T. Cells were lysed in reaction
buffer containing 0.1% NP-40. Cells were separated into cytosolic (cyt) and mitochondria (mit)
fractions. The activity measurement was carried out as stated above. Enzyme activity was determined
by the reduction of NAD+ at 340 nm for 3 min (A) Activity of Aconitase 1 (B) activity of Aconitase.
Independent samples t-test with SPSS was performed as indicated. **** p < 0.001 (n = 3).

4. Discussion

TUM1 had been identified in yeast in a reverse genetic approach identifying genes
involved in 2-thiouridine formation [8]. In that approach, five genes responsible for 2-
thiouridine formation of mcm5s2U, were identified, namely NFS1, TUM1, Urm1, NCS2
and NCS6. While the other proteins were essential in that approach, TUM1 was not [8].
TUM1 contains a tandem rhodanese-like domain (RLDs). Rhodanese is a widespread and
versatile sulfur-carrier enzyme catalyzing the sulfur-transfer reaction in distinct metabolic
and regulatory pathway [8]. Using an in vitro sulfur transfer reaction revealed that yeast
TUM1p stimulated yeast Nfs1p and accepted a persulfide sulfur atom from Nfs1p [8].
In addition, it was shown that Cys259 in RLD2 of TUM1 is responsible for efficient 2-
thiouridine formation [8]. RLD1 of TUM1p, in contrast, is rather a catalytically inactive
RLD, often found in various rhodanese-containing proteins because it has no conserved
cysteine residue [78,79]. Those results demonstrated that NFS1 not only provides a sulfur
atom to Fe/S cluster formation but also directly supplies a sulfur atom to the formation of 2-
thiouridine. Yeast TUM1 therefore might act as an activator for the desulfurase of Nfs1p as
well as a mediator of the persulfide from Nfs1p. Sulfur transfer for Moco biosynthesis has
not been investigated in that approach or any other approach so far, based on the fact that
S. cerevisiae is lacking Moco biosynthesis and active molybdoenzymes [80]. In this present
study we report a mild effect of TUM1 on cytosolic tRNA thiolation and Moco biosynthesis
leading to the proposed mechanism for sulfur transfer for the pathways (Figure 9). This
similar effect was reported in cytosolic tRNA thiolation in S.cerevisiae. It was proposed
that L-cysteine desulfurase can directly transfer the sulfur to Uba4p, the yeast homologue
for MOCS3. There, TUM1p was proposed to be an activator of Nfs1p or a mediator of
persulfide from the L-cysteine desulfurase. It was also shown that Uba4p could receive the
persulfide directly from Nfs1p but with a reduced efficiency compared to the presence of
TUM1p [8].
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Figure 9. Pathway showing the transfer of sulfur from NFS1 to MOCS3 with/without the involvement
of TUM1 for sulfur transfer to MOCS3. MOCS3 further activates URM1 by adenylation followed by
the sulfur transfer step, which results in the formation of a thiocarboxylate group at the C-terminal
Gly of URM1. URM1 subsequently interacts with the CTU1–CTU2 complex before final transfer of
the sulfur to the tRNA. MOCS3 transfers two sulfur atoms to MOCS2A. MPT dithiolate is formed by
incorporating two sulfur atoms from MOCS2A followed by the insertion of molybdate. This reaction
is catalyzed by MPT synthase formed by the MOCS2A, MOCS2B complex.

In general, sulfur transfer in organisms involves a network of several proteins that are
conserved among organisms [81,82]. Sulfur transfer in organisms is handled by specific
sulfur transferases, among which are the L-cysteine desulfurase (NFS1) rhodaneses and
thiosulfate or 3-mercaptopyruvate sulfur transferases [83]. L-cysteine desulfurases gen-
erally are the initial sulfur mobilizing enzymes for many processes like FeS biosynthesis,
biotin, lipoic acid biosynthesis, Moco and biogenesis of 2-thiouridines in tRNA [40]. TUM1,
the 3-mercaptopyruvate sulfurtransferase in human mitochondria and the cytosol has been
shown to interact with NFS1 and MOCS3 [7] proteins involved in sulfur transfer for Moco
biosynthesis and cytosolic and mitochondrial tRNA thiolation [39,53]. The product of the
Moco biosynthesis pathway Moco, is the active site of the four molybdoenzymes present
in humans [23]. Impairment in the activity of sulfite oxidase among these enzymes has
been reported to cause neurological disorders and other diseases [60]. TUM1 deficiency has
been implicated to be responsible for a rare inheritable disorder known as mercaptolactate-
cysteine disulfiduria (MCDU), which is associated with mental disorder [19,84] since, in
TUM1 KO cells, sulfite oxidase activity is reduced; the mental disorder of TUM1 deficiency
might be related to the symptoms of sulfite oxidase deficiency which is also characterized
by neurological disorders [85]. In this report, we show that human TUM1 is involved in
Moco biosynthesis and 2-thiouridine formation in addition to cellular bioenergetics through
H2S formation. We show a decrease in the activity of sulfite oxidase activity on human
embryonic kidney cell lines, in which we generated a homozygous TUM1 KO. The reduced
sulfate oxidase activity is based on lower Moco levels in these cells, showing that TUM1
is involved in Moco biosynthesis. These results are in agreement with a previous report
showing the absence of sulfite oxidase activity in MOCS3 KO cells [66]. It has been reported
that sulfite oxidase is being degraded in the absence of Moco [70]. Hence, the reduction
in sulfite oxidase activity in TUM1 KO cells resulted from the reduction in the amount of
Moco, and reduced amounts of sulfite oxidase are likely based on the degradation of the
protein in the absence of Moco.
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Recently, H2S has been described as acting as a sulfur donor for mitochondrial respira-
tion [86]. H2S can be exogenously donated to the cells through sodium hydrosulfide (NaHS)
and sodium sulfide (Na2S). These compounds dissociate to form HS−, and then partially
binding to H+ to form undissociated hydrogen sulfide [87]. In previous experiments, sulfide
has been shown to directly transfer sulfur in an invitro MPT biosynthesis assay [7]. In
this study, we show that exogenous treatment of cells with NaHS rescues the deficit of
sulfite oxidase activity in TUM1 KO cells. However, it has been reported that H2S acts by
sulfurhydration of proteins in which H2S modulates cysteine persulfidation [88]. MPST
has been shown to produce similar persulfides like cysteine persulfide (CysSSH) and GSH
persulfide (GSSH) [89,90] It has also been reported that the presence of the three proteins
NFS1, TUM1 and MOCS3 led to increase in Moco compared to NFS1 and MOCS3 alone [7].
Therefore, TUM1 is also involved in sulfur transfer from NFS1 to MOCS3 by enhancing the
sulfur transfer to the recipient protein, a reaction that can be displaced by NaHS in TUM1
KO cells but not in MOCS3 KO cells since MOCS3 is required for Moco biosynthesis. The
tRNA thiolation is also not rescued by NaHS treatment. Here, the main effect might be a
higher level of oxidative stress in these cells (Figure S1) which leads to the dethiolation of
tRNA (Figure S2). The dethiolated tRNA likely cannot be repaired by NAHS. Further, CTH
level in TUM1 KO cells and MOCS3 KO cells were found to be reduced. This suggests a
coping mechanism by the cell to reduce the toxic effect of sulfite due to Moco deficiency.
CTH is known to catalyze the formation of cysteine from Cysthathionine and also the
forward production of hydrogen sulfide from cysteine [91]. Increased production in H2S
could also add up to the sulfite pool in the cell. In close cooperation with SQR, glutathione
persulfide (GSSH) is generated since it is the preferred physiological co-substrate [92]. Then
PDO converts GSSH + oxygen into sulfite + GSH. Sulfite is then converted (together with
another GSSH molecule) into thiosulfate + GSH by rhodanese [92].

Cytosolic tRNA thiolation is an important pathway in humans that ensures proper
and efficient translation [93]. Perturbation of this process has been shown to cause suscepti-
bility to oxidative stress conditions and could also lead to misreading and misfolding of
proteins [8]. Formation of mcm5s2U is dependent on the URM1 pathway, also involving
MOCS3 and CTU1 and CTU2. Our results show that human TUM1 impacts cytosolic
tRNA cmcm5s2U thiolation. The yeast homolog TUM1p has been described to partici-
pate in cytosolic tRNA thiolation for the mcm5s2U modification of the wobble uridine at
position 34 (U34) in lysine, glutamine and glutamate [8]. In yeast, it has been reported that
L-cysteine desulfurase relays the sulfur to TUM1 or directly transfers it to the Uba4 for the
biogenesis of 2-thiouridine, which makes TUM1 important, but not essential for efficient
transfer of sulfur [8]. In accordance to the data from yeast, human TUM1 is required but
not essential for the efficient transfer of sulfur for the formation of cytosolic mcm5s2U
modification, and the levels in the TUM1 KO are only reduced to 60% of wild type levels.
We further show that CTU1, CTU2 and URM1 protein levels are reduced TUM1 KO cells, a
reduction that is also observed in MOCS3 KO cells. This correlates with previous data on
URM1, in which down regulation of URM1 under sulfur starvation conditions was reported
in yeast [72]. We further observed an increase in the amount of mcm5s2U after exogenous
supplementation of cells with NaHS, thereby repairing the loss of TUM1 function in TUM1
KO cell (Figure 3).

In this present research, we show retarded growth in TUM1 and MOCS3 KO and
subsequently demonstrated that the retarded growth rate could be due to a reduced level
of H2S production compared to the wild-type or the reduced activity of the mitochondria
aconitase. The TCA cycle is essential for the production of energy in form of ATP for
maintaining high energy demanding physiological functions like cell growth [94]. Recently,
it has been reported that the suppression of TCA cycle enzymes using genetic silencing
siRNA showed that aconitase 2 affected the growth of CHO cells [77]. The other TCA
cycle enzymes did not have significant effect on the growth rate and viability of the
CHO cells. A reduction in aconitase 1 and 2 was observed in TUM1 KO cells as well as
retarded cell growth. However, complementation of TUM1 KO cells with exogenous NaHS
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complemented for the retarded growth rate. The retarded growth can therefore be ascribed
to the cellular bioenergetics influencing the aconitase activity.

Cysteine is the major H2S biosynthesis substrate in humans using transsulfuration
pathways [95]. H2S is long viewed as toxic gas, and environmental hazard is emerging as a
biological mediator with remarkable physiological and pathophysiological relevance [96].
TUM1 was described to be involved in H2S production and signaling in the mitochon-
dria [97]. Recently, H2S has been described to act as a sulfur donor for mitochondrial
respiration [86]. H2S is also produced in the cytosol by cystathionine β-synthase (CBS)
and cystathionine γ-lyase (CTH) [97]. In addition, CTH and CBS are mainly located in
the cytosol but translocate into mitochondria under oxidative conditions [98]. TUM1 has
been previously characterized to have two distinct isoforms TUM1 Iso1 which localizes
only in the cytosol and TUM1 Iso2 localizing both in the cytosol and mitochondria [7].
In the mitochondria, 3-mercaptopyruvate sulfurtransferase (3-MPST) produces H2S from
3MP (3-mercaptopyruvate), which is generated by CAT (cysteine aminotransferase) from
L-cysteine and α-ketoglutarate [2,17]. We demonstrated that TUM1 has significant involve-
ment in H2S biosynthesis in both cytosol and mitochondria, following the reduction of free
H2S biosynthesis using cysteine and 3-MP as substrate. H2S produced in the vicinity of
the mitochondria, in cooperation with the sulfide-oxidizing unit (SOU), stimulates and
balances mitochondrial electron transport [68]. The SOU is constituted of mitochondrial
membrane-bound sulfide quinone reductase (SQR) and two other enzymes the sulfur
dioxygenase (ETHE1, also called dioxygenase ethylmalonic encephalopathy) and the thio-
sulfate sulfurtransferase (TST, also known as one isoenzyme of the rhodanese), ensuring
the final oxidation of the two disulfides consuming molecular oxygen and water [68]. SQR
is responsible for the oxidation of H2S in the mitochondria [68], from two H2S molecules,
two disulfides (-SSH) bounds are created on the SQR, two electrons derived from two H2S
molecules enter the mitochondrial electron transport chain, promoting mitochondrial ATP
generation. Although higher concentrations of H2S can also inhibit Complex IV, thereby
inhibiting mitochondrial potential [68]. However, in ∆MST mouse models, the activity
of the complex IV was found to be similar to the WT [99]. It has been reported that the
silencing of 3-MST in liver cell cultures led to reduced bioenergetics and concomitant
stimulation by 3-MP, at low concentrations [96]. In ∆MST mouse, the expression of CTH
was found to be reduced compared to the wild type mouse. Here, we also reported similar
reduction in the abundance of CTH in the TUM1 KO cells [99]. The effect of the other two
H2S producing enzymes CBS and CTH could not be annulled since H2S can diffuse into
the mitochondria [100]. However, studies reported that CTH did not affect the cellular
bioenergetics in smooth muscle cells under normal conditions [98]. It was also reported
that CTH deficiency promotes ETC in blood cells [101]. Mice deficient in CTH were also
shown to have decreased mitochondria biogenesis. These alternating outcomes suggest
that the effect of H2S enzymes may defer between different tissues and complexity. We
reported significant reduction in the total ATP production in the TUM1 KO cells and were
more dependent on the glycolytic ATP production pathway rather than the mitochondria
ATP production pathway. High proton leak was observed in the TUM1 and MOCS3 KO
cells, causing damage to the mitochondria membrane. Sulfite has been reported to alter
the mitochondria in molybdenum cofactor deficiency [32], following the sulfite dependent
increase in ROS with concordant decrease in ATP [102]. Non mitochondria O2 consumption
is caused by ROS production and other oxidative reactions [103]. We observed that non-
mitochondria O2 consumption is increased in both MOCS3 and TUM1 KO and an increase
in ROS level (Figure S1). Furthermore, inhibition of glutamate dehydrogenase was linked
to ATP production via sulfite accumulation [102]. In accordance to this, a decreased rate
of glutamate oxidation indicating low level of glutamate dehydrogenase was observed in
TUM1 KO although not so pronounced in the MOCS3 KO (Figure S3). Therefore, the lower
ATP level in the TUM1 KO compared to the MOCS3 KO could be a combined alteration
in H2S biosynthesis and glutamate dehydrogenase inhibition (Figure S3). This could also
be explained by the low expression of CTH and CBS in the TUM1 KO cells but not less
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pronounced in the MOCS3 KO. In C. elegans, suppression of CTH and CDO has been shown
to alleviate the effect of Moco deficiency on growth in the cell. CTH and CDO through
cysteine produces sulfite, thereby inhibiting growth rate [71]. Therefore, TUM1 is not
only important for Moco biosynthesis and 2-thiouridine formation but also for cellular
respiration and ATP production. The fact that we see an impairment of cellular bioener-
getics, ATP production in mitochondria in addition to the reduced sulfite oxidase activity
in TUM1 and MOCS3 KO cells, fits well into what has been observed in fibroblasts from
sulfite oxidase KO patients, where an impaired ATP production and an SO3

2− induced
mitochondrial fragmentation has been observed [32]. Therefore, our results fit well into
what has been observed before in cells with higher SO3

2− levels based on a reduced sulfite
oxidase activity where decreased ATP levels, impaired cellular respiration, inhibition of
glutamate dehydrogenase and malate dehydrogenase were reported [102].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13010144/s1, Figure S1: Quantification of reactive oxygen
species in HEK293T; Figure S2: Effect of oxidative stress on tRNA thiolation. Figure S3: Effect of
oxidative stress on tRNA thiolation.

Author Contributions: Conceptualization, M.O.O. and S.L.; methodology, M.O.O., S.L., F.F. and
G.G.-C.; software, M.O.O.; validation, M.O.O., S.L.; formal analysis, M.O.O. and S.L.; investigation,
M.O.O. and S.L.; data curation, M.O.O. and S.L.; writing—original draft preparation, M.O.O. and
S.L.; writing—review and editing, M.O.O. and S.L.; visualization, M.O.O.; supervision, S.L.; funding
acquisition, S.L. All authors have read and agreed to the published version of the manuscript.

Funding: The work was funded by the Deutsche Forschungsgemeinschaft grant [LE11-71/11-2]
Projektnummer 491466077 to (S.L.). The Seahorse experiments were funded by the CNRS.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bordo, D.; Bork, P. The rhodanese/Cdc25 phosphatase superfamily. EMBO Rep. 2002, 3, 741–746. [CrossRef] [PubMed]
2. Shibuya, N.; Tanaka, M.; Yoshida, M.; Ogasawara, Y.; Togawa, T.; Ishii, K.; Kimura, H. 3-Mercaptopyruvate Sulfurtransferase

Produces Hydrogen Sulfide and Bound Sulfane Sulfur in the Brain. Antioxid. Redox Signal. 2009, 11, 703–714. [CrossRef] [PubMed]
3. Yadav, P.K.; Yamada, K.; Chiku, T.; Koutmos, M.; Banerjee, R. Structure and Kinetic Analysis of H2S Production by Human

Mercaptopyruvate Sulfurtransferase. J. Biol. Chem. 2013, 288, 20002–20013. [CrossRef] [PubMed]
4. Palenchar, P.M.; Buck, C.J.; Cheng, H.; Larson, T.J.; Mueller, E.G. Evidence That ThiI, an Enzyme Shared between Thiamin and 4-

Thiouridine Biosynthesis, May Be a Sulfurtransferase That Proceeds through a Persulfide Intermediate. J. Biol. Chem. 2000, 275, 8283–8286.
[CrossRef] [PubMed]

5. Ubuka, T.; Ohta, J.; Yao, W.-B.; Abe, T.; Teraoka, T.; Kurozumi, Y. l-Cysteine metabolism via 3-mercaptopyruvate pathway and
sulfate formation in rat liver mitochondria. Amino Acids 1992, 2, 143–155. [CrossRef]

6. Westley, J.; Adler, H.; Westley, L.; Nishida, C. The sulfurtransferases. Fundam. Appl. Toxicol. 1983, 3, 377–382. [CrossRef]
7. Fräsdorf, B.; Radon, C.; Leimkühler, S. Characterization and Interaction Studies of Two Isoforms of the Dual Localized 3-

Mercaptopyruvate Sulfurtransferase TUM1 from Humans. J. Biol. Chem. 2014, 289, 34543–34556. [CrossRef]
8. Noma, A.; Sakaguchi, Y.; Suzuki, T. Mechanistic characterization of the sulfur-relay system for eukaryotic 2-thiouridine biogenesis

at tRNA wobble positions. Nucleic Acids Res. 2009, 37, 1335–1352. [CrossRef]
9. Pedre, B.; Dick, T.P. 3-Mercaptopyruvate sulfurtransferase: An enzyme at the crossroads of sulfane sulfur trafficking. Biol. Chem.

2020, 402, 223–237. [CrossRef]
10. Wróbel, M.; Bronowicka-Adamska, P.; Bentke, A. Hydrogen sulfide generation from L-cysteine in the human glioblastoma-

astrocytoma U-87 MG and neuroblastoma SHSY5Y cell lines. Acta Biochim. Pol. 2017, 64, 171–176. [CrossRef]
11. Gai, J.-W.; Wahafu, W.; Guo, H.; Liu, M.; Wang, X.-C.; Xiao, Y.-X.; Zhang, L.; Xin, Z.-C.; Jin, J. Further evidence of endogenous

hydrogen sulphide as a mediator of relaxation in human and rat bladder. Asian J. Androl. 2013, 15, 692–696. [CrossRef]
12. Ramasamy, S.; Singh, S.; Taniere, P.; Langman, M.J.S.; Eggo, M.C. Sulfide-detoxifying enzymes in the human colon are decreased

in cancer and upregulated in differentiation. Am. J. Physiol.-Gastrointest. Liver Physiol. 2006, 291, G288–G296. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biom13010144/s1
https://www.mdpi.com/article/10.3390/biom13010144/s1
http://doi.org/10.1093/embo-reports/kvf150
http://www.ncbi.nlm.nih.gov/pubmed/12151332
http://doi.org/10.1089/ars.2008.2253
http://www.ncbi.nlm.nih.gov/pubmed/18855522
http://doi.org/10.1074/jbc.M113.466177
http://www.ncbi.nlm.nih.gov/pubmed/23698001
http://doi.org/10.1074/jbc.275.12.8283
http://www.ncbi.nlm.nih.gov/pubmed/10722656
http://doi.org/10.1007/BF00806085
http://doi.org/10.1016/S0272-0590(83)80008-6
http://doi.org/10.1074/jbc.M114.605733
http://doi.org/10.1093/nar/gkn1023
http://doi.org/10.1515/hsz-2020-0249
http://doi.org/10.18388/abp.2016_1394
http://doi.org/10.1038/aja.2013.32
http://doi.org/10.1152/ajpgi.00324.2005
http://www.ncbi.nlm.nih.gov/pubmed/16500920


Biomolecules 2023, 13, 144 20 of 23

13. Zuhra, K.; Sousa, P.M.F.; Paulini, G.; Lemos, A.R.; Kalme, Z.; Bisenieks, I.; Bisenieks, E.; Vigante, B.; Duburs, G.; Bandeiras,
T.M.; et al. Screening Pyridine Derivatives against Human Hydrogen Sulfide-synthesizing Enzymes by Orthogonal Methods. Sci.
Rep. 2019, 9, 684. [CrossRef] [PubMed]

14. Fiedler, H.; Wood, J.L. SPECIFICITY STUDIES ON THE β-MERCAPTOPYRUVATE-CYANIDE TRANSSULFURATION SYSTEM.
J. Biol. Chem. 1956, 222, 387–397. [CrossRef]

15. Shen, X.; Pattillo, C.B.; Pardue, S.; Bir, S.C.; Wang, R.; Kevil, C.G. Measurement of plasma hydrogen sulfide in vivo and in vitro.
Free. Radic. Biol. Med. 2011, 50, 1021–1031. [CrossRef] [PubMed]

16. Vachek, H.; Wood, J.L. Purification and properties of mercaptopyruvate sulfur transferase of Escherichia coli. Biochim. et Biophys.
Acta (BBA)—Enzym. 1972, 258, 133–146. [CrossRef]

17. Taniguchi, T.; Kimura, T. Role of 3-mercaptopyruvate sulfurtransferase in the formation of the iron-sulfur chromophore of adrenal
ferredoxin. Biochim. et Biophys. Acta (BBA)—Enzym. 1974, 364, 284–295. [CrossRef]

18. Crawhall, J.C.; Parker, R.; Sneddon, W.; Young, E.P.; Ampola, M.G.; Efron, M.L.; Bixby, E.M. Beta Mercaptolactate-Cysteine
Disulfide: Analog of Cystine in the Urine of a Mentally Retarded Patient. Science 1968, 160, 419–420. [CrossRef]

19. Hannestad, U.; Mårtensson, J.; Sjödahl, R.; Sörbo, B. 3-Mercaptolactate cysteine disulfiduria: Biochemical studies on affected and
unaffected members of a family. Biochem. Med. 1981, 26, 106–114. [CrossRef]

20. Niederwieser, A.; Giliberti, P.; Baerlocher, K. β-mercaptolactate cysteine disulfiduria in two normal sisters. Isolation and
characterization of β-mercaptolactate cysteine disulfide. Clin. Chim. Acta 1973, 43, 405–416. [CrossRef]

21. Nagahara, N.; Nagano, M.; Ito, T.; Shimamura, K.; Akimoto, T.; Suzuki, H. Antioxidant enzyme, 3-mercaptopyruvate
sulfurtransferase-knockout mice exhibit increased anxiety-like behaviors: A model for human mercaptolactate-cysteine
disulfiduria. Sci. Rep. 2013, 3, srep01986. [CrossRef] [PubMed]

22. Kimura, H.; Shibuya, N.; Kimura, Y. Hydrogen Sulfide Is a Signaling Molecule and a Cytoprotectant. Antioxidants Redox Signal.
2012, 17, 45–57. [CrossRef] [PubMed]

23. Mendel, R.R.; Leimkühler, S. The biosynthesis of the molybdenum cofactors. JBIC J. Biol. Inorg. Chem. 2014, 20, 337–347.
[CrossRef] [PubMed]

24. Stallmeyer, B.; Drugeon, G.; Reiss, J.; Haenni, A.; Mendel, R. Human Molybdopterin Synthase Gene: Identification of a Bicistronic
Transcript with Overlapping Reading Frames. Am. J. Hum. Genet. 1999, 64, 698–705. [CrossRef]

25. Schmitz, J.; Chowdhury, M.M.; Hänzelmann, P.; Nimtz, M.; Lee, E.-Y.; Schindelin, H.; Leimkühler, S. The Sulfurtransferase Activity
of Uba4 Presents a Link between Ubiquitin-like Protein Conjugation and Activation of Sulfur Carrier Proteins. Biochemistry 2008,
47, 6479–6489. [CrossRef]

26. Hille, R.; Hall, J.; Basu, P. The Mononuclear Molybdenum Enzymes. Chem. Rev. 2014, 114, 3963–4038. [CrossRef]
27. Cohen, H.J.; Fridovich, I. Hepatic Sulfite Oxidase. Purification and Properties. J. Biol. Chem. 1971, 246, 359–366. [CrossRef]
28. Woo, W.H.; Yang, H.; Wong, K.P.; Halliwell, B. Sulphite oxidase gene expression in human brain and in other human and rat

tissues. Biochem. Biophys. Res. Commun. 2003, 305, 619–623. [CrossRef]
29. Velayutham, M.; Hemann, C.F.; Cardounel, A.J.; Zweier, J.L. Sulfite oxidase activity of cytochrome c: Role of hydrogen peroxide.

Biochem. Biophys. Rep. 2016, 5, 96–104. [CrossRef] [PubMed]
30. Kohl, J.B.; Mellis, A.-T.; Schwarz, G. Homeostatic impact of sulfite and hydrogen sulfide on cysteine catabolism. J. Cereb. Blood

Flow Metab. 2018, 176, 554–570. [CrossRef] [PubMed]
31. Johnson, J.L.; Duran, M. Molybdenum Cofactor Deficiency and Isolated Sulfite Oxidase Deficiency. In The Online Metabolic and

Molecular Bases of Inherited Disease; Valle, D.L., Antonarakis, S., Ballabio, A., Beaudet, A.L., Mitchell, G.A., Eds.; McGraw-Hill
Education: New York, NY, USA, 2019.

32. Mellis, A.-T.; Roeper, J.; Misko, A.L.; Kohl, J.; Schwarz, G. Sulfite Alters the Mitochondrial Network in Molybdenum Cofactor
Deficiency. Front. Genet. 2021, 11, 594828. [CrossRef] [PubMed]

33. Agris, P.F. The importance of being modified: An unrealized code to RNA structure and function. RNA 2015, 21, 552–554.
[CrossRef]

34. Björk, G.R.; Huang, B.; Persson, O.P.; Byström, A.S. A conserved modified wobble nucleoside (mcm5s2U) in lysyl-tRNA is
required for viability in yeast. RNA 2007, 13, 1245–1255. [CrossRef] [PubMed]

35. Klassen, R.; Grunewald, P.; Thüring, K.L.; Eichler, C.; Helm, M.; Schaffrath, R. Loss of Anticodon Wobble Uridine Modifications
Affects tRNALys Function and Protein Levels in Saccharomyces cerevisiae. PLoS ONE 2015, 10, e0119261. [CrossRef] [PubMed]

36. Leidel, S.; Pedrioli, P.G.A.; Bucher, T.; Brost, R.; Costanzo, M.; Schmidt, A.; Aebersold, R.; Boone, C.; Hofmann, K.; Peter, M.
Ubiquitin-related modifier Urm1 acts as a sulphur carrier in thiolation of eukaryotic transfer RNA. Nature 2009, 458, 228–232.
[CrossRef] [PubMed]

37. Nedialkova, D.D.; Leidel, S.A. Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity.
Cell 2015, 161, 1606–1618. [CrossRef]

38. Yarian, C.; Townsend, H.; Czestkowski, W.; Sochacka, E.; Malkiewicz, A.J.; Guenther, R.; Miskiewicz, A.; Agris, P.F. Accurate
Translation of the Genetic Code Depends on tRNA Modified Nucleosides. J. Biol. Chem. 2002, 277, 16391–16395. [CrossRef]

39. Chowdhury, M.M.; Dosche, C.; Löhmannsröben, H.-G.; Leimkühler, S. Dual Role of the Molybdenum Cofactor Biosynthesis
Protein MOCS3 in tRNA Thiolation and Molybdenum Cofactor Biosynthesis in Humans. J. Biol. Chem. 2012, 287, 17297–17307.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-36994-w
http://www.ncbi.nlm.nih.gov/pubmed/30679627
http://doi.org/10.1016/S0021-9258(19)50803-1
http://doi.org/10.1016/j.freeradbiomed.2011.01.025
http://www.ncbi.nlm.nih.gov/pubmed/21276849
http://doi.org/10.1016/0005-2744(72)90973-4
http://doi.org/10.1016/0005-2744(74)90014-X
http://doi.org/10.1126/science.160.3826.419
http://doi.org/10.1016/0006-2944(81)90035-1
http://doi.org/10.1016/0009-8981(73)90480-4
http://doi.org/10.1038/srep01986
http://www.ncbi.nlm.nih.gov/pubmed/23759691
http://doi.org/10.1089/ars.2011.4345
http://www.ncbi.nlm.nih.gov/pubmed/22229673
http://doi.org/10.1007/s00775-014-1173-y
http://www.ncbi.nlm.nih.gov/pubmed/24980677
http://doi.org/10.1086/302295
http://doi.org/10.1021/bi800477u
http://doi.org/10.1021/cr400443z
http://doi.org/10.1016/S0021-9258(18)62499-8
http://doi.org/10.1016/S0006-291X(03)00833-7
http://doi.org/10.1016/j.bbrep.2015.11.025
http://www.ncbi.nlm.nih.gov/pubmed/26709389
http://doi.org/10.1111/bph.14464
http://www.ncbi.nlm.nih.gov/pubmed/30088670
http://doi.org/10.3389/fgene.2020.594828
http://www.ncbi.nlm.nih.gov/pubmed/33488670
http://doi.org/10.1261/rna.050575.115
http://doi.org/10.1261/rna.558707
http://www.ncbi.nlm.nih.gov/pubmed/17592039
http://doi.org/10.1371/journal.pone.0119261
http://www.ncbi.nlm.nih.gov/pubmed/25747122
http://doi.org/10.1038/nature07643
http://www.ncbi.nlm.nih.gov/pubmed/19145231
http://doi.org/10.1016/j.cell.2015.05.022
http://doi.org/10.1074/jbc.M200253200
http://doi.org/10.1074/jbc.M112.351429
http://www.ncbi.nlm.nih.gov/pubmed/22453920


Biomolecules 2023, 13, 144 21 of 23

40. Leimkühler, S.; Bühning, M.; Beilschmidt, L. Shared Sulfur Mobilization Routes for tRNA Thiolation and Molybdenum Cofactor
Biosynthesis in Prokaryotes and Eukaryotes. Biomolecules 2017, 7, 5. [CrossRef]

41. Van der Veen, A.G.; Schorpp, K.; Schlieker, C.; Buti, L.; Damon, J.R.; Spooner, E.; Ploegh, H.L.; Jentsch, S. Role of the ubiquitin-like
protein Urm1 as a noncanonical lysine-directed protein modifier. Proc. Natl. Acad. Sci. USA 2011, 108, 1763–1770. [CrossRef]
[PubMed]

42. Chen, C.; Huang, B.; Eliasson, M.; Rydén, P.; Byström, A.S. Elongator Complex Influences Telomeric Gene Silencing and DNA
Damage Response by Its Role in Wobble Uridine tRNA Modification. PLOS Genet. 2011, 7, e1002258. [CrossRef]

43. Pedrioli, P.G.A.; Leidel, S.; Hofmann, K. Urm1 at the crossroad of modifications. EMBO Rep. 2008, 9, 1196–1202. [CrossRef]
[PubMed]

44. Xu, J.; Zhang, J.; Wang, L.; Zhou, J.; Huang, H.; Wu, J.; Zhong, Y.; Shi, Y. Solution structure of Urm1 and its implications for the
origin of protein modifiers. Proc. Natl. Acad. Sci. USA 2006, 103, 11625–11630. [CrossRef] [PubMed]

45. Suzuki, T.; Wada, T.; Saigo, K.; Watanabe, K. Taurine as a constituent of mitochondrial tRNAs: New insights into the functions of
taurine and human mitochondrial diseases. EMBO J. 2002, 21, 6581–6589. [CrossRef]

46. Kirino, Y.; Suzuki, T. Human Mitochondrial Diseases Associated with tRNA Wobble Modification Deficiency. RNA Biol. 2005, 2, 41–44.
[CrossRef]

47. Umeda, N.; Suzuki, T.; Yukawa, M.; Ohya, Y.; Shindo, H.; Watanabe, K.; Suzuki, T. Mitochondria-specific RNA-modifying
Enzymes Responsible for the Biosynthesis of the Wobble Base in Mitochondrial tRNAs. J. Biol. Chem. 2005, 280, 1613–1624.
[CrossRef] [PubMed]

48. Suzuki, T. Biosynthesis and function of tRNA wobble modifications. In Fine-Tuning of RNA Functions by Modification and Editing;
Springer: Berlin/Heidelberg, Germany, 2005; pp. 23–69. [CrossRef]

49. Abe, K.; Kimura, H. The possible role of hydrogen sulfide as an endogenous neuromodulator. J. Neurosci. 1996, 16, 1066–1071.
[CrossRef]

50. Hosoki, R.; Matsuki, N.; Kimura, H. The Possible Role of Hydrogen Sulfide as an Endogenous Smooth Muscle Relaxant in
Synergy with Nitric Oxide. Biochem. Biophys. Res. Commun. 1997, 237, 527–531. [CrossRef]

51. Nakai, Y.; Nakai, M.; Hayashi, H. Thio-modification of Yeast Cytosolic tRNA Requires a Ubiquitin-related System That Resembles
Bacterial Sulfur Transfer Systems. J. Biol. Chem. 2008, 283, 27469–27476. [CrossRef]

52. Land, T.; Rouault, T.A. Targeting of a Human Iron–Sulfur Cluster Assembly Enzyme, nifs, to Different Subcellular Compartments
Is Regulated through Alternative AUG Utilization. Mol. Cell 1998, 2, 807–815. [CrossRef]

53. Marelja, Z.; Chowdhury, M.M.; Dosche, C.; Hille, C.; Baumann, O.; Löhmannsröben, H.-G.; Leimkühler, S. The L-Cysteine
Desulfurase NFS1 Is Localized in the Cytosol where it Provides the Sulfur for Molybdenum Cofactor Biosynthesis in Humans.
PLoS ONE 2013, 8, e60869. [CrossRef]

54. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281–2308. [CrossRef] [PubMed]

55. Guide design resources—Zhang Lab. Available online: https://zlab.bio/guide-design-resources (accessed on 16 August 2022).
56. Addgene: CRISPR Plasmids and Resources. Available online: https://www.addgene.org/crispr/ (accessed on 1 September 2017).
57. Freimoser, F.M.; Jakob, C.A.; Aebi, M.; Tuor, U. The MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] Assay Is

a Fast and Reliable Method for Colorimetric Determination of Fungal Cell Densities. Appl. Environ. Microbiol. 1999, 65, 3727–3729.
[CrossRef] [PubMed]

58. Beinert, H.; Kennedy, M.C. Aconitase, a two-faced protein: Enzyme and iron regulatory factor 1 2. FASEB J. 1993, 7, 1442–1449.
[CrossRef] [PubMed]

59. Uhrigshardt, H.; Singh, A.; Kovtunovych, G.; Ghosh, M.; Rouault, T.A. Characterization of the human HSC20, an unusual DnaJ
type III protein, involved in iron–sulfur cluster biogenesis. Hum. Mol. Genet. 2010, 19, 3816–3834. [CrossRef] [PubMed]

60. Johnson, J.L.; Rajagopalan, K.V.; Lanman, J.T.; Schutgens, R.B.H.; van Gennip, A.H.; Sorensen, P.; Applegarth, D.A. Prenatal
diagnosis of molybdenum cofactor deficiency by assay of sulphite oxidase activity in chorionic villus samples. J. Inherit. Metab.
Dis. 1991, 14, 932–937. [CrossRef]

61. Gehrke, C.W.; Kuo, K.C. Ribonucleoside analysis by reversed-phase high-performance liquid chromatography. J. Chromatogr. A
1989, 471, 3–36. [CrossRef] [PubMed]

62. Johnson, J.L.; Hainline, B.E.; Rajagopalan, K.V.; Arison, B.H. The pterin component of the molybdenum cofactor. Structural
characterization of two fluorescent derivatives. J. Biol. Chem. 1984, 259, 5414–5422. [CrossRef]

63. Fogo, J.K.; Popowsky, M. Spectrophotometric Determination of Hydrogen Sulfide. Anal. Chem. 1949, 21, 732–734. [CrossRef]
64. Wu, D.; Yotnda, P. Production and Detection of Reactive Oxygen Species (ROS) in Cancers. J. Vis. Exp. 2011, 57, e3357. [CrossRef]

[PubMed]
65. van der Windt, G.J.; Chang, C.; Pearce, E.L. Measuring Bioenergetics in T Cells Using a Seahorse Extracellular Flux Analyzer.

Curr. Protoc. Immunol. 2016, 113, 3.16B.1–3.16B.14. [CrossRef] [PubMed]
66. Neukranz, Y.; Kotter, A.; Beilschmidt, L.; Marelja, Z.; Helm, M.; Gräf, R.; Leimkühler, S. Analysis of the Cellular Roles of MOCS3

Identifies a MOCS3-Independent Localization of NFS1 at the Tips of the Centrosome. Biochemistry 2019, 58, 1786–1798. [CrossRef]
[PubMed]

67. Greiner, R.; Pálinkás, Z.; Bäsell, K.; Becher, D.; Antelmann, H.; Nagy, P.; Dick, T.P. Polysulfides Link H2S to Protein Thiol Oxidation.
Antioxidants Redox Signal. 2013, 19, 1749–1765. [CrossRef]

http://doi.org/10.3390/biom7010005
http://doi.org/10.1073/pnas.1014402108
http://www.ncbi.nlm.nih.gov/pubmed/21209336
http://doi.org/10.1371/journal.pgen.1002258
http://doi.org/10.1038/embor.2008.209
http://www.ncbi.nlm.nih.gov/pubmed/19047990
http://doi.org/10.1073/pnas.0604876103
http://www.ncbi.nlm.nih.gov/pubmed/16864801
http://doi.org/10.1093/emboj/cdf656
http://doi.org/10.4161/rna.2.2.1610
http://doi.org/10.1074/jbc.M409306200
http://www.ncbi.nlm.nih.gov/pubmed/15509579
http://doi.org/10.1007/b106361
http://doi.org/10.1523/JNEUROSCI.16-03-01066.1996
http://doi.org/10.1006/bbrc.1997.6878
http://doi.org/10.1074/jbc.M804043200
http://doi.org/10.1016/S1097-2765(00)80295-6
http://doi.org/10.1371/journal.pone.0060869
http://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
https://zlab.bio/guide-design-resources
https://www.addgene.org/crispr/
http://doi.org/10.1128/AEM.65.8.3727-3729.1999
http://www.ncbi.nlm.nih.gov/pubmed/10427074
http://doi.org/10.1096/fasebj.7.15.8262329
http://www.ncbi.nlm.nih.gov/pubmed/8262329
http://doi.org/10.1093/hmg/ddq301
http://www.ncbi.nlm.nih.gov/pubmed/20668094
http://doi.org/10.1007/BF01800477
http://doi.org/10.1016/S0021-9673(00)94152-9
http://www.ncbi.nlm.nih.gov/pubmed/2670985
http://doi.org/10.1016/S0021-9258(18)91027-6
http://doi.org/10.1021/ac60030a028
http://doi.org/10.3791/3357
http://www.ncbi.nlm.nih.gov/pubmed/22127014
http://doi.org/10.1002/0471142735.im0316bs113
http://www.ncbi.nlm.nih.gov/pubmed/27038461
http://doi.org/10.1021/acs.biochem.8b01160
http://www.ncbi.nlm.nih.gov/pubmed/30817134
http://doi.org/10.1089/ars.2012.5041


Biomolecules 2023, 13, 144 22 of 23

68. Szabo, C.; Ransy, C.; Módis, K.; Andriamihaja, M.; Murghes, B.; Coletta, C.; Olah, G.; Yanagi, K.; Bouillaud, F. Regulation of
mitochondrial bioenergetic function by hydrogen sulfide. Part I. Biochemical and physiological mechanisms. Br. J. Pharmacol.
2014, 171, 2099–2122. [CrossRef]

69. Módis, K.; Coletta, C.; Erdélyi, K.; Papapetropoulos, A.; Szabo, C. Intramitochondrial hydrogen sulfide production by 3-
mercaptopyruvate sulfurtransferase maintains mitochondrial electron flow and supports cellular bioenergetics. FASEB J. 2012,
27, 601–611. [CrossRef] [PubMed]

70. Klein, J.M.; Schwarz, G. Cofactor-dependent maturation of mammalian sulfite oxidase links two mitochondrial import pathways.
J. Cell Sci. 2012, 125, 4876–4885. [CrossRef] [PubMed]

71. Warnhoff, K.; Ruvkun, G. Molybdenum cofactor transfer from bacteria to nematode mediates sulfite detoxification. Nat. Chem.
Biol. 2019, 15, 480–488. [CrossRef] [PubMed]

72. Jüdes, A.; Ebert, F.; Bär, C.; Thüring, K.L.; Harrer, A.; Klassen, R.; Helm, M.; Stark, M.J.; Schaffrath, R. Urmylation and tRNA
thiolation functions of ubiquitin-like Uba4·Urm1 systems are conserved from yeast to man. FEBS Lett. 2015, 589, 904–909.
[CrossRef]

73. Cao, X.; Ding, L.; Xie, Z.Z.; Yang, Y.; Whiteman, M.; Moore, P.K.; Bian, J.S. A Review of Hydrogen Sulfide Synthesis, Metabolism,
and Measurement: Is Modulation of Hydrogen Sulfide a Novel Therapeutic for Cancer? Antioxidants Redox Signal. 2019, 31, 1–38.
[CrossRef]

74. Módis, K.; Ju, Y.; Ahmad, A.; Untereiner, A.A.; Altaany, Z.; Wu, L.; Szabo, C.; Wang, R. S- Sulfhydration of ATP synthase by
hydrogen sulfide stimulates mitochondrial bioenergetics. Pharmacol. Res. 2016, 113, 116–124. [CrossRef] [PubMed]

75. Borisov, V.B.; Forte, E. Impact of Hydrogen Sulfide on Mitochondrial and Bacterial Bioenergetics. Int. J. Mol. Sci. 2021, 22, 12688.
[CrossRef] [PubMed]

76. Lushchak, O.V.; Piroddi, M.; Galli, F.; Lushchak, V.I. Aconitase post-translational modification as a key in linkage between Krebs
cycle, iron homeostasis, redox signaling, and metabolism of reactive oxygen species. Redox Rep. 2013, 19, 8–15. [CrossRef]
[PubMed]

77. Dhami, N.; Trivedi, D.K.; Goodacre, R.; Mainwaring, D.; Humphreys, D.P. Mitochondrial aconitase is a key regulator of energy
production for growth and protein expression in Chinese hamster ovary cells. Metabolomics 2018, 14, 136. [CrossRef] [PubMed]

78. Ray, W.K.; Zeng, G.; Potters, M.B.; Mansuri, A.M.; Larson, T.J. Characterization of a 12-Kilodalton Rhodanese Encoded by glpE of
Escherichia coli and Its Interaction with Thioredoxin. J. Bacteriol. 2000, 182, 2277–2284. [CrossRef] [PubMed]

79. Spallarossa, A.; Donahue, J.L.; Larson, T.J.; Bolognesi, M.; Bordo, D. Escherichia coli GlpE Is a Prototype Sulfurtransferase for the
Single-Domain Rhodanese Homology Superfamily. Structure 2001, 9, 1117–1125. [CrossRef]

80. Zhang, Y.; Gladyshev, V.N. Molybdoproteomes and Evolution of Molybdenum Utilization. J. Mol. Biol. 2008, 379, 881–899.
[CrossRef]

81. Kessler, D. Enzymatic activation of sulfur for incorporation into biomolecules in prokaryotes. FEMS Microbiol. Rev. 2006, 30, 825–840.
[CrossRef]

82. Hidese, R.; Mihara, H.; Esaki, N. Bacterial cysteine desulfurases: Versatile key players in biosynthetic pathways of sulfur-
containing biofactors. Appl. Microbiol. Biotechnol. 2011, 91, 47–61. [CrossRef]

83. Rydz, L.; Wróbel, M.; Jurkowska, H. Sulfur Administration in Fe–S Cluster Homeostasis. Antioxidants 2021, 10, 1738. [CrossRef]
84. Billaut-Laden, I.; Rat, E.; Allorge, D.; Crunelle-Thibaut, A.; Cauffiez, C.; Chevalier, D.; Lo-Guidice, J.-M.; Broly, F. Evidence for a

functional genetic polymorphism of the human mercaptopyruvate sulfurtransferase (MPST), a cyanide detoxification enzyme.
Toxicol. Lett. 2006, 165, 101–111. [CrossRef] [PubMed]

85. Duran, M.; Beemer, F.A.; Heiden, C.V.D.; Korteland, J.; de Bree, P.K.; Brink, M.; Wadman, S.K.; Lombeck, I. Combined deficiency of
xanthine oxidase and sulphite oxidase: A defect of molybdenum metabolism or transport? J. Inherit. Metab. Dis. 1978, 1, 175–178.
[CrossRef]

86. Benchoam, D.; Cuevasanta, E.; Möller, M.N.; Alvarez, B. Hydrogen Sulfide and Persulfides Oxidation by Biologically Relevant
Oxidizing Species. Antioxidants 2019, 8, 48. [CrossRef]

87. Łowicka, E.; Bełtowski, J. Hydrogen sulfide (H2S)—The third gas of interest for pharmacologists. Pharmacol Rep. 2007, 59, 4–24.
[PubMed]

88. Paul, B.D.; Snyder, S.H. H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell Biol. 2012, 13, 499–507.
[CrossRef]

89. Koike, S.; Nishimoto, S.; Ogasawara, Y. Cysteine persulfides and polysulfides produced by exchange reactions with H2S protect
SH-SY5Y cells from methylglyoxal-induced toxicity through Nrf2 activation. Redox Biol. 2017, 12, 530–539. [CrossRef] [PubMed]

90. Kimura, H. Hydrogen Sulfide and Polysulfide Signaling. Antioxidants Redox Signal. 2017, 27, 619–621. [CrossRef] [PubMed]
91. Chiku, T.; Padovani, D.; Zhu, W.; Singh, S.; Vitvitsky, V.; Banerjee, R. H2S Biogenesis by Human Cystathionine γ-Lyase Leads

to the Novel Sulfur Metabolites Lanthionine and Homolanthionine and Is Responsive to the Grade of Hyperhomocysteinemia.
J. Biol. Chem. 2009, 284, 11601–11612. [CrossRef] [PubMed]

92. Paul, B.D.; Snyder, S.H.; Kashfi, K. Effects of hydrogen sulfide on mitochondrial function and cellular bioenergetics. Redox Biol.
2020, 38, 101772. [CrossRef]

93. Damon, J.R.; Pincus, D.; Ploegh, H.L. tRNA thiolation links translation to stress responses in Saccharomyces cerevisiae. Mol. Biol.
Cell 2015, 26, 270–282. [CrossRef]

http://doi.org/10.1111/bph.12369
http://doi.org/10.1096/fj.12-216507
http://www.ncbi.nlm.nih.gov/pubmed/23104984
http://doi.org/10.1242/jcs.110114
http://www.ncbi.nlm.nih.gov/pubmed/22854042
http://doi.org/10.1038/s41589-019-0249-y
http://www.ncbi.nlm.nih.gov/pubmed/30911177
http://doi.org/10.1016/j.febslet.2015.02.024
http://doi.org/10.1089/ars.2017.7058
http://doi.org/10.1016/j.phrs.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27553984
http://doi.org/10.3390/ijms222312688
http://www.ncbi.nlm.nih.gov/pubmed/34884491
http://doi.org/10.1179/1351000213Y.0000000073
http://www.ncbi.nlm.nih.gov/pubmed/24266943
http://doi.org/10.1007/s11306-018-1430-0
http://www.ncbi.nlm.nih.gov/pubmed/30830403
http://doi.org/10.1128/JB.182.8.2277-2284.2000
http://www.ncbi.nlm.nih.gov/pubmed/10735872
http://doi.org/10.1016/s0969-2126(01)00666-9
http://doi.org/10.1016/j.jmb.2008.03.051
http://doi.org/10.1111/j.1574-6976.2006.00036.x
http://doi.org/10.1007/s00253-011-3336-x
http://doi.org/10.3390/antiox10111738
http://doi.org/10.1016/j.toxlet.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16545926
http://doi.org/10.1007/BF01805591
http://doi.org/10.3390/antiox8020048
http://www.ncbi.nlm.nih.gov/pubmed/17377202
http://doi.org/10.1038/nrm3391
http://doi.org/10.1016/j.redox.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28371750
http://doi.org/10.1089/ars.2017.7076
http://www.ncbi.nlm.nih.gov/pubmed/28558483
http://doi.org/10.1074/jbc.M808026200
http://www.ncbi.nlm.nih.gov/pubmed/19261609
http://doi.org/10.1016/j.redox.2020.101772
http://doi.org/10.1091/mbc.E14-06-1145


Biomolecules 2023, 13, 144 23 of 23

94. Martínez-Reyes, I.; Diebold, L.P.; Kong, H.; Schieber, M.; Huang, H.; Hensley, C.T.; Mehta, M.M.; Wang, T.; Santos, J.H.; Woychik,
R.; et al. TCA Cycle and Mitochondrial Membrane Potential Are Necessary for Diverse Biological Functions. Mol. Cell 2015, 61, 199–209.
[CrossRef]

95. Finkelstein, J.D. Methionine metabolism in mammals. J. Nutr. Biochem. 1990, 1, 228–237. [CrossRef] [PubMed]
96. Módis, K.; Asimakopoulou, A.; Coletta, C.; Papapetropoulos, A.; Szabo, C. Oxidative stress suppresses the cellular bioenergetic

effect of the 3-mercaptopyruvate sulfurtransferase/hydrogen sulfide pathway. Biochem. Biophys. Res. Commun. 2013, 433, 401–407.
[CrossRef] [PubMed]

97. Hildebrandt, T.M.; Grieshaber, M.K. Three enzymatic activities catalyze the oxidation of sulfide to thiosulfate in mammalian and
invertebrate mitochondria. FEBS J. 2008, 275, 3352–3361. [CrossRef]

98. Fu, M.; Zhang, W.; Wu, L.; Yang, G.; Li, H.; Wang, R. Hydrogen sulfide (H2S) metabolism in mitochondria and its regulatory role
in energy production. Proc. Natl. Acad. Sci. USA 2012, 109, 2943–2948. [CrossRef] [PubMed]

99. Trautwein, B.; Merz, T.; Denoix, N.; Szabo, C.; Calzia, E.; Radermacher, P.; McCook, O. ∆MST and the Regulation of Cardiac CSE
and OTR Expression in Trauma and Hemorrhage. Antioxidants 2021, 10, 233. [CrossRef] [PubMed]

100. Murphy, B.; Bhattacharya, R.; Mukherjee, P. Hydrogen sulfide signaling in mitochondria and disease. FASEB J. 2019, 33, 13098–13125.
[CrossRef] [PubMed]

101. Módis, K.; Ramanujam, V.-M.S.; Govar, A.A.; Lopez, E.; Anderson, K.E.; Wang, R.; Szabo, C. Cystathionine-γ-lyase (CSE)
deficiency increases erythropoiesis and promotes mitochondrial electron transport via the upregulation of coproporphyrinogen
III oxidase and consequent stimulation of heme biosynthesis. Biochem. Pharmacol. 2019, 169, 113604. [CrossRef] [PubMed]

102. Zhang, X.; Vincent, A.S.; Halliwell, B.; Wong, K.P. A Mechanism of Sulfite Neurotoxicity. J. Biol. Chem. 2004, 279, 43035–43045.
[CrossRef] [PubMed]

103. Herst, P.M.; Tan, A.S.; Scarlett, D.-J.G.; Berridge, M.V. Cell surface oxygen consumption by mitochondrial gene knockout cells.
Biochim. et Biophys. Acta 2004, 1656, 79–87. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.molcel.2015.12.002
http://doi.org/10.1016/0955-2863(90)90070-2
http://www.ncbi.nlm.nih.gov/pubmed/15539209
http://doi.org/10.1016/j.bbrc.2013.02.131
http://www.ncbi.nlm.nih.gov/pubmed/23537657
http://doi.org/10.1111/j.1742-4658.2008.06482.x
http://doi.org/10.1073/pnas.1115634109
http://www.ncbi.nlm.nih.gov/pubmed/22323590
http://doi.org/10.3390/antiox10020233
http://www.ncbi.nlm.nih.gov/pubmed/33546491
http://doi.org/10.1096/fj.201901304R
http://www.ncbi.nlm.nih.gov/pubmed/31648556
http://doi.org/10.1016/j.bcp.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31421132
http://doi.org/10.1074/jbc.M402759200
http://www.ncbi.nlm.nih.gov/pubmed/15273247
http://doi.org/10.1016/j.bbabio.2004.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15178469

	Introduction 
	Materials and Methods 
	Materials 
	Cultivation of Mammalian Cell Lines 
	Generating TUM1 Knockout Cells with CRISPR/Cas9 
	Immunoblotting 
	MTT Assay 
	Aconitase Activity Assay 
	Sulfite Oxidase Activity Assay 
	tRNA Extraction and Analysis 
	Quantification of Moco and cPMP in HEK293T Cells 
	Measurement of Free H2S via Methylene Blue 
	Reactive Oxygen Species Quantification 
	Measurement of Cellular Bioenergetics 

	Results 
	Generation of HEK293T TUM1 KO Cell Lines with CRISPR/Cas9 System 
	Effect of TUM1 KO on Sulfite Oxidase Activity and Moco Biosynthesis 
	Effect of TUM1 KO on Moco and cPMP Levels 
	Repair of Sulfite Oxidase Activity in TUM1 KO Cells with NaHS 
	Effect of TUM1 KO on tRNA Thiolation 
	Effect of TUM1 on H2S Biosynthesis 
	Effect of TUM1 on Cellular Bioenergetics 
	Effect of TUM1 KO on TCA Cycle 

	Discussion 
	References

