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Abstract 

In this study, we present an e xtensiv e analy sis of a widespread group of bacterial tRNA de-modifying enzymes, dubbed RudS, which consist of 
a TudS desulfidase fused to a Domain of Unknown Function 1722 (DUF1722). RudS enzymes exhibit specific de-modification activity towards 
the 4-thiouridine modification (s4U) in tRNA molecules, as indicated by our experimental findings. The heterologous overexpression of RudS 

genes in Esc heric hia coli significantly reduces the tRNA 4-thiouridine content and diminishes UVA-induced growth delay, indicating the enzyme’s 
role in regulating photosensitiv e tRNA s4U modification. T hrough a combination of protein modeling, docking studies, and molecular dynamics 
simulations, w e ha v e identified amino acid residues in v olv ed in cataly sis and tRNA binding . Experiment al validation through t argeted mut agenesis 
confirms the TudS domain as the catalytic core of RudS, with the DUF1722 domain facilitating tRNA binding in the anticodon region. Our results 
suggest that RudS tRNA modification eraser proteins may play a role in regulating tRNA during prokaryotic stress responses. 
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ntroduction 

ulfur, an element pivotal for life, manifests its biological sig-
ificance through diverse molecular forms, including the thiol
roups of cysteines, thioethers of methionines, various cofac-
ors (e.g., S-adenosyl methionine, Fe–S clusters), and as crucial
ost-transcriptional modifications in transfer RNAs (tRNAs)
 1–4 ). The ubiquity of sulfur-containing tRNA modifications
eflects their significance in cellular functions, affecting every-
hing from codon recognition accuracy to thermal stability of
RNA molecules, pointing to their prospective roles in stress
esponses and cellular regulation ( 1 , 2 , 13–19 , 5–12 ). 

One of the most abundant sulfur modifications in bacte-
ia and archaea is 4-thiouridine (s4U), most commonly found
t position 8 within a tRNA molecule ( 9 ,20 ). Some tRNA
pecies, however, exhibit a second modification at position
, resulting in two adjacent s4U modifications ( 21–23 ). ThiI,
nitially identified as an enzyme involved in thiamine biosyn-
hesis in Esc heric hia coli , is typically regarded as the primary
iosynthetic enzyme for s4U ( 24 ). In fact, enzymes responsi-
eceived: May 13, 2024. Revised: July 30, 2024. Editorial Decision: August 1, 20
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ble for s4U synthesis vary across species, exhibiting differing
structural features and sulfur transfer mechanisms ( 9 ,25–28 ).
Among sulfur-containing tRNA modifications, s4U stands out
for its unique predispositions, including being a target for UV-
A irradiation, which can impair translation by stalling the
aminoacylation of cross-linked tRNAs ( 29 ,30 ). Moreover, the
s4U modification contributes to the thermodynamical stabil-
ity of tRNA molecules by significantly increasing their melting
temperature ( 22 ,31 ) and affecting the efficiency of incorpora-
tion of other modifications ( 31 ,32 ). 

Traditionally viewed as stable entities ( 33 ,34 ), bacterial tR-
NAs are now known to undergo rapid degradation under cer-
tain conditions, such as amino acid starvation ( 35 ), revealing
a dynamic balance between tRNA synthesis and degradation
( 22 ). This balance is crucial for cellular adaptation to envi-
ronmental stresses, where tRNA de-modifying enzymes could
come into play with a regulatory role, modulating the tRNA
pool in response to changing cellular conditions. Several de-
modification / eraser enzymes, acting on individual modified
24. Accepted: August 7, 2024 
c Acids Research. 
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nucleosides or nucleobases have been described ( 36–43 ), as
well as an enzyme that mediates subsequent C-to-U-to- �
conversion within tRNA ( 44 ). However, up to this date, the
targeted removal of posttranscriptional modifications from
tRNA was only reported for enzymatic demethylation in the
context of eukaryotic tRNA homeostasis ( 45 ,46 ). 

Despite extensive research into the biosynthesis of thio-
modified nucleosides ( 2 , 9 , 47–52 ) the pathways for their en-
zymatic degradation remain less understood. The dual na-
ture of sulfur, being indispensable yet potentially toxic, ne-
cessitates sophisticated cellular mechanisms for its safe stor-
age and transfer. A growing body of evidence suggests that a
class of sulfur transferases, including the TudS desulfidase, use
a mechanism for direct sulfur transfer via Fe-S clusters ( 47–
50 ,53–58 ). We recently provided experimental evidence that
TudS enzymes, present in bacteria, archaea, and some eukary-
otes, are desulfidases acting on thiolated bases, nucleosides,
and their monophosphate and triphosphate derivatives with a
preference for 4-thio-UMP ( 40 ). We also noted that TudS en-
zymes frequently have additional domains attached to them,
potentially leading to a change in substrate preference that al-
lows for the processing of larger molecules, including oligonu-
cleotides or even the tRNA molecule. 

Here, we report the discovery of RudS (t R NA 4-thio u ridine
d e s ulfidases), a novel class of tRNA de-modifying / eraser en-
zymes. RudS are fusion proteins combining a TudS desulfi-
dase domain and a domain of unknown function (DUF1722),
which specifically target 4-thiouridine (s4U) modification in
tRNA, demonstrating a direct role in the cellular management
of sulfur-modified tRNAs. This paper explores the biochemi-
cal properties of RudS, elucidating its in vitro and in vivo ac-
tivities. It also sheds light on the molecular interactions criti-
cal for its function, thereby contributing to our understanding
of the complex regulatory networks governing tRNA stability
and function in bacteria. 

Materials and methods 

Bacterial strains, plasmids and oligonucleotide 

primers 

The bacterial strains used in this study are listed in
Supplementary Table S1 . The plasmid vectors used in this
study are listed in Supplementary Table S2 . The oligonu-
cleotide primers used in this study are listed in Supplementary 
Table S3 . Standard techniques were used for DNA manipu-
lations ( 59 ). DNA primers were synthesized, and sequencing
was performed by Azenta, Germany. 

Construction of bacterial expression vectors 

Bacterial vectors for expression in E. coli were constructed
using the aLICator LIC Cloning and Expression Kit (Thermo
Fisher Scientific, USA, #K1291). Bacterial genes were cloned
directly from the genomic DNA and the viral gene was synthe-
sized (Thermo Fisher Scientific, USA). The species and genes
used in this study are listed in Table 1 . Genes were cloned
into pLATE11 and pLATE52 expression vectors as described
in the manufacturer’s protocol. Genomic DNA was isolated
using Quick-DNA Fungal / Bacterial Miniprep Kit (Zymo Re-
search, USA, #D6005), plasmid isolation and PCR product
extraction from agarose gels were carried out using GeneJET
kits (Thermo Fisher Scientific, USA, #K0503, #K0832). Site-
directed mutagenesis was carried out using Phusion™ Plus 
DNA Polymerase (Thermo Fisher Scientific, USA, #F631XL) 
and a single oligonucleotide primer as described in ( 60 ).
Codons encoding amino acids of interest were changed to 

ones either encoding methionine or alanine ( 61 ). An empty 
pLATE11 vector was created by PCR amplification of the 
backbone and blunt end ligation. 

Cultivation of bacteria and overexpression of 
recombinant proteins 

For the bacterial growth assay, E. coli HMS174 �pyrF strains,
either carrying the pLATE11 vector with an insert or an empty 
pLATE11 vector as a negative control, were initially cul- 
tured in LB medium supplemented with 100 μg / ml ampicillin 

overnight at 37 

◦C, 180 rpm. The overnight cultures were sub- 
sequently diluted in M9 minimal media (1 × M9 salts, 1 mM 

MgSO 4 , 0.05 mM CaCl 2 , 0.4% glucose, 100 μg / ml ampi- 
cillin, 0.1 mM IPTG) uniformly to OD 600 0.001. If necessary,
inoculates were supplemented with nucleobases at the final 
concentration of 200 μM, and 150 μl of suspensions were 
dispensed into the wells of 96-well flat-bottom plate. Bacte- 
rial growth was monitored using Infinite M200 PRO (Tecan,
Switzerland) microplate reader. Plates were incubated at 37 

◦C 

with periodic shaking for 30 s every 5 min and OD 600 mea- 
surements every 15 min. 

For tRNA isolation, a single colony of E. coli BL21(DE3),
either carrying the pLATE11 vector with an insert or an empty 
pLATE11 vector as a negative control, was inoculated into 20 

ml of LB medium supplemented with 100 μg / ml ampicillin.
Cultures were incubated at 37 

◦C, 180 rpm. Upon reaching 
the log phase (OD 600 ∼0.6), the production of recombinant 
protein was induced by the addition of IPTG to a final con- 
centration of 0.1 mM. Cells were harvested by centrifugation 

4 h post-induction and used for tRNA isolation immediately 
or stored at −20 

◦C until further use. 
For protein purification, an auto-induction medium with 

slight modifications was used ( 62 ). The base of the medium 

consisted of 10 g tryptone, 10 g yeast extract and 10 g glyc- 
erol per 1 l of medium. The medium was supplemented with 

50 × salt solution (1.25 M Na 2 HPO 4 , 1.25 M KH 2 PO 4 , 2.5 

M NH 4 Cl, 0.25M Na 2 SO 4 ), 50 × lactose solution (25% glyc- 
erol, 2.5% glucose, 10% α-lactose), MgSO 4 (2 mM final con- 
centration), 1000 × trace metal solution, and 100 μg / ml ampi- 
cillin. A single colony of E. coli BL21(DE3) carrying pLATE52 

vector with an insert was inoculated into 50 ml of medium and 

incubated at 37 

◦C, 180 rpm. After 6 h, the temperature was 
reduced to 20 

◦C, and the incubation continued for an addi- 
tional 16–20 h. To verify induction, 1 μl of a 2% X-Gal solu- 
tion was added to 1 ml of the culture, followed by incubation 

for 30 min at 37 

◦C. 

Phylogenetic analysis 

The tRNA sulfurtransferase P77718 ( 63 ) from E. coli 
was selected as the representative sequence for ThiI, and 

A0A2L1IC02 ( 63 ) from Pseudomonas sp. SWI36 was selected 

as the representative sequence for RudS. These sequences were 
used to obtain homologous sequences for seed alignments us- 
ing HMMER ( 64 ) with the n70 and nr90 databases (MPI 
Bioinformatics Toolkit ( 65 )). The initial sequences were split 
according to domain boundaries identified from AlphaFold2 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Table 1. TudS, RudS, and DUF1722 encoding genes used in this study 

Insert Domain structure Origin 
GeneBank accession 
ID ( 87 ) Gene locus tag Conserv ed c ysteines 

RudS_KT TudS-DUF1722 Pseudomonas putida 
KT2440 

AE015451 PP_0741 Cys17, Cys49, Cys114 

RudS_TT TudS-DUF1722 Thermus thermophilus HB8 AP008227 TTHB112 Cys16, Cys47, Cys111 
RudS_ST 

a 

(ORF319) 
TudS-DUF1722 S almonella enterica subsp. 

enterica LT2 
AE006468 STM1389 Cys12, Cys44, Cys110 

RudS_PU TudS-DUF1722 Pseudomonas sp. MIL9 JAFEHE010000014 JQF37_16640 Cys15, Cys47, Cys112 
RudS_PP TudS-DUF1722 Pseudomonas sp. MIL19 JAPPVG010000016 N1078_12140 Cys18, Cys50, Cys115 
RudS_vir TudS- DUF1722 Esc heric hia phage 1H12 NC_049947 H3V29_gp66 Cys12, Cys44, Cys110 
TudS TudS Uncultured bacterium 6Z92_A ( 39 , 40 , 58 ) – Cys10, Cys43, Cys104 
YbgA DUF1722 Esc heric hia coli DH5 α NZ_SGJA00000000 b0707 –
a The RudS protein from Salmonella enterica (RudS_ST here) was previously referred to as ORF319 in the literature ( 88 ). 
The conserved cysteine residues are predicted to form the iron-sulfur cluster within the active center of the TudS domain. 
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odels, specifically the THUMP, ThiI and Rhodanese-like do-
ains in ThiI, and the TudS and DUF1722 domains in RudS.
Sequences for each domain obtained from the HMMER

earch were realigned using T-CoffeeWS with default set-
ings. These alignments were then used to construct hidden

arkov models (HMMs). HMMSEARCH was employed to
earch for homologous sequences using the previously con-
tructed HMMs among complete reference genomes of 332
rchaea, 5042 Bacteria and 47 viruses. The criteria for the
resence of RudS in genomes were an e-value < 0.001 and an
ligned region length with the HMM > 80 amino acids for
oth the TudS and DUF1722 domains, with these domains
ppearing in this specific order. The same criteria were ap-
lied for the ThiI search, but only the THUMP and ThiI do-
ains were required, instead of all three domains present in
77718. 
Found RudS homologues were aligned using HMMALIGN

ith HMMs produced from the seed alignments obtained
ith HMMER, as previously described for domain align-
ents. The resulting alignment was used to produce a phy-

ogenetic tree using Biopython ( 66 ) capabilities, with identity
raction as the distance metric and the UPGMA method ( 67 ).
he resulting tree was visualized using the ETE toolkit ( 68 ). 

reparation of bulk tRNA 

ulk tRNA was prepared with slight modifications to the
ethod described in ( 69 ). Harvested E. coli BL21(DE3) bacte-

ial culture was resuspended in 600 μl of extraction buffer (1
M Tris–HCl, pH 7.4, 10 mM Mg-acetate) and mixed with
00 μl of ROTI Aqua-Phenol (Carl Roth, Germany, #A980.3).
he mixture was mixed using a vortex mixer at 2000 rpm for
5 min, followed by centrifugation at 30 000 g , 16 

◦C for 10
in. The aqueous phase was mixed with 0.1 volume of 5 M
aCl and 2 volumes of 100% ethanol, followed by centrifu-

ation at 30 000 g , 4 

◦C for 10 min. The pellet was resuspended
n 550 μl of 1 M NaCl and centrifuged at 30 000 g , 4 

◦C for 10
in. Subsequently, 500 μl of the supernatant was mixed with
250 μl of 100% ethanol and incubated at –20 

◦C overnight.
he precipitate was collected by centrifugation at 30 000 g ,
 

◦C for 10 min and dissolved in 25 mM K-phosphate buffer
pH 6.5). 

For the purification step, the sample was applied to a Hi-
rap DEAE Sepharose FF column (Cytiva, USA, #17505501)
re-equilibrated with buffer A (25 mM Na-phosphate pH 6.5,
0 mM NaCl, 5 mM MgSO 4 ) using AKTA Pure FPLC system
Cytiva, USA). The tRNA was eluted by applying a linear gra-
dient (0–100%) of buffer B (25 mM Na-phosphate pH 6.5, 1
M NaCl) over 10 min using 10 CV. The eluted fractions were
precipitated by the addition of 3 volumes of 100% EtOH. The
resulting pellet was resuspended in DEPC-treated water. 

Nano-tRNAseq 

The nano-tRNAseq of total E. coli BL21(DE3) tRNA was
performed by Immagina Biotechnology S.r.l. (Italy) using a
nanopore-based sequencing approach ( 70 ). The bulk tRNA
was extracted as indicated above and s4U was quantified us-
ing HPLC-MS / MS. 

tRNA digestion and analysis of modified 

nucleosides 

For the analysis of modified nucleosides using HPCL-MS / MS,
1 μg of tRNA was heat denatured for 5 min at 95 

◦C and sub-
jected to digestion at 37 

◦C for 16 h using Nucleoside Diges-
tion Mix (New England BioLabs, USA, #M0649S). After di-
gestion, proteins were precipitated by adding an equal volume
of acetonitrile to the digested tRNA. The mixture was mixed
at 1400 rpm, 37 

◦C for 10 min, and centrifuged at 30 000
g , 4 

◦C for 20 min. The supernatant was used for nucleoside
analysis. 

4 μl of the supernatant were analyzed using liquid
chromatography-tandem mass spectrometry with a Nexera
X2 UHPLC system coupled with LCMS-8050 mass spectrom-
eter (Shimadzu, Japan) equipped with an ESI source. The chro-
matographic separation was carried out using a 3 × 150 mm
YMC-Triart C18 (particle size 3 μm) column (YMC, Japan,
#TA12S03-1503WT) at 40 

◦C and a mobile phase that con-
sisted of 0.1% formic acid (solvent A) and acetonitrile (sol-
vent B) delivered in gradient elution mode at a flow rate of
0.45 ml / min. The following elution program was used: 0
to 1 min, 5% solvent B; 1 to 5 min, 95% solvent B; 5 to
7 min, 95% solvent B; 7 to 8 min, 5% solvent B; 8 to 12
min, 5% solvent B. Modified nucleosides were detected us-
ing transitions m / z 247 → 115 (dihydrouridine), 261 → 129 (4-
thiouridine) and 260 → 94 (2-thiocytidine) at interface temper-
ature of 300 

◦C and desolvation line temperature of 250 

◦. N 2

was used as nebulizing (3 l / min) and drying (10 l / min) gas,
dry air was used as heating (10 l / min) gas. The data were
analyzed using LabSolutions LCMS software. For quantifica-
tion, the amount of 4-thiouridine was normalized to the total
dihydrouridine content ( 71 ). 
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Western blot analysis 

In total, 2 ml of induced bacterial cultures (see “Cultivation of
bacteria and overexpression of recombinant proteins”) were
centrifuged, and the pellets were resuspended in 2 ml Tris–
HCl pH 7, 250 mM NaCl buffer. Cells were disrupted using
an ultrasonic disintegrator and centrifuged at 30 000 g , 4 

◦C
for 10 min. The concentrations of the soluble fractions of the
crude extracts were measured using Pierce Bradford Assay Kit
(Thermo Fisher Scientific, USA, #23246). All samples were ad-
justed to a concentration of 200 ng / μl, and 2 μg of soluble
crude extract was loaded onto a 14% SDS-PAGE gel using the
Bio-Rad Mini-PROTEAN electrophoresis system and a 10-
well or 15-well, 0.75 mm comb (Bio-Rad, USA, #1653355).
Following the electrophoresis, proteins were transferred onto
a 0.45 μm nitrocellulose membrane (Thermo Scientific, USA,
#88018) and blocked using TBST (10 mM Tris–HCl pH 7.5,
150 mM NaCl, 0.1% Tween 20) containing 0.2% I-Block
reagent (Thermo Fisher Scientific, USA, #T2015) for 1 h at
room temperature. The membrane was incubated overnight
at 4 

◦C with anti-His-Tag antibodies (Thermo Fisher Scientific,
USA, #MA1-21315) diluted 1:1000 in the blocking solution.
The following day, membranes were incubated with the HRP-
conjugated anti-mouse secondary antibody (Carl Roth, Ger-
many, #4759) diluted 1:10 000 in blocking solution for 1 h at
room temperature. Detection of protein-antibody complexes
was performed using an enhanced chemiluminescence sub-
strate (Thermo Fisher Scientific, USA, #32209) and digitally
imaged with Azure 280 chemiluminescence detection system
(Azure Biosystems, USA). Band intensities were quantified us-
ing ImageJ software (National Institutes of Health, USA). 

Purification of RudS_KT recombinant protein 

Cells from 50 ml of induced E. coli BL21(DE3) cultures
(see “Cultivation of bacteria and overexpression of recom-
binant proteins”) were resuspended in 7.5 ml of buffer A
(50 mM Tris–HCl pH 8, 500 mM NaCl, 10 mM imidazole,
10% (w / v) glycerol), supplemented with ∼0.1 mg of DNase
I (Roche, Switzerland, #10104159001), 15 mM MgSO 4 and
1mM PMSF. Cells were disrupted using an ultrasonic disinte-
grator and centrifuged at 30 000 g , 4 

◦C for 10 min. The super-
natant was applied to 1 ml HiTrap Chelating HP chromatog-
raphy column (Cytiva, USA, #17040801) pre-equilibrated
with buffer A using AKTA Pure FPLC system (Cytiva, USA). 

The protein was eluted by applying a linear gradient (0–
100%) of buffer B (50 mM Tris–HCl pH 8, 500 mM NaCl,
500 mM imidazole, 10% (w / v) glycerol) over 10 min using
10 CV. Following elution, the buffer in the fractions was ex-
changed with buffer S (50 mM Tris–HCl pH 8, 500 mM NaCl,
10% (w / v) glycerol) using 5 ml HiTrap Sephadex G-25 De-
salting columns (Cityva, USA, # 17140801). 

To minimize the protein’s exposure to oxygen, all buffers
were degassed under vacuum for 30 min with stirring. The
fractions were collected in 0.5 ml aliquots in 0.5 ml tubes and
sealed immediately after fractionation. 

Purified protein samples were analyzed using 14% SDS-
PAGE gel, protein concentration was measured using Pierce™
Bradford Protein Assay Kit (Thermo Fisher Scientific, USA,
#23200), protein spectrum analysis was carried out using
GENESY S™ 150 UV–V is Spectrophotometer (Thermo Fisher
Scientific, USA), iron content in protein samples was deter-
mined using ferene (Merck, Germany, #P4272) and FeCl 2 as
a standard ( 72 ). 
Determination of RudS_KT molar mass 

The molar mass of RudS_KT was determined by analytical 
gel filtration using a Superose 12 10 / 300 GL column (Cytiva) 
previously equilibrated with 50 mM Tris–HCl pH 8, 500 mM 

NaCl, 10% (w / v) glycerol, under aerobic conditions. Car- 
bonic anhydrase (29 kDa), bovine serum albumin (66 kDa),
alcohol dehydrogenase (150 kDa), and β-Amylase (200 kDa) 
were used as standards (Sigma-Aldrich, USA, #1002033699) 
for column calibration. The experiment was repeated three 
times to determine the standard deviation. 

In vitro activity assay 

In vitro tRNA 4-thiouridine desulfidation assay was carried 

out aerobically using purified RudS_KT and total tRNA from 

E. coli MRE 600 (Roche, Switzerland, #10109541001). Pu- 
rified RudS_KT concentrations were adjusted to 0.7 mg / ml 
(17.85 μM) with buffer S (50 mM Tris–HCl pH 8, 500 mM 

NaCl, 10% (w / v) glycerol). Reactions were carried out in 100 

μl reaction mixtures containing 5.3 μM RudS_KT, 0.4 μM 

tRNA, 100 mM Tris–HCl pH 7 and 150 mM NaCl at 22 

◦C.
Reactions were stopped by heating the samples at 95 

◦C for 5 

min followed by centrifugation at 30 000 g , 4 

◦C for 10 min,
and ethanol precipitation of tRNA in supernatant. Samples 
were digested to single nucleosides and analyzed by HPLC- 
MS / MS as described above. 

To test the (p)ppGpp effect on RudS_KT activity, 10 fold 

molar excess of guanosine-3 

′ ,5 

′ -pentaphosphate (pppGpp) 
(Jena Bioscience, Germany, #NU-885S) or guanosine-3 

′ ,5 

′ - 
tetraphosphate (ppGpp) (Jena Bioscience, Germany, #NU- 
884S) was added to equimolar amount of tRNA and 

RudS_KT. Reactions were carried out in 100 μl reaction mix- 
tures at 22 

◦C containing 4 μM RudS_KT, 4 μM tRNA, 100 

mM Tris–HCl, pH 7, 150 mM NaCl and 40 μM of (p)ppGpp.
Reactions were stopped by heating and analyzed as described 

above. 

Electrophoretic mobility shift assay (EMSA) 

Non-radioactive EMSA was adapted from ( 73 ) with slight 
modifications. The binding reaction was carried out in 20 μl 
volume and contained 20 mM Tris–HCl, 10% glycerol, 200 

mM NaCl, 0.5 μg (1 μM final concentration) total E. coli 
tRNA and 6 μM his-tagged E. coli pseudouridine synthase 
TruB (positive shift-control) or 1–10 μM RudS_KT. After 1 

min incubation on ice, the whole binding mixture was loaded 

into 2% agarose gel prepared by using RNase-free TBE buffer 
(Invitrogen, USA) and DEPC-treated water. Gel and TBE run- 
ning buffer was supplemented with SYBR™ Green II RNA 

Gel Stain (Invitrogen, USA, S7564). The gel was run at 7 V / cm 

for 90 min and imaged using Azure 280 fluorescence detection 

system (Azure Biosystems, USA). 

Modelling and molecular dynamic simulations 

The RudS_KT structures were modeled using Alphafold2 ( 74 ) 
and trRosetta ( 75 ) web servers. Both methods utilized mul- 
tiple sequence alignments generated with mmseqs2 ( 76 ) and 

HHblits ( 77 ) for Alphafold2 and trRosetta, respectively. The 
RudS_KT holoenzyme model was constructed by selecting the 
best model from Alphafold2 and incorporating the iron-sulfur 
cluster from PDBID: 6z96 ( 58 ). Molecular dynamics calcu- 
lations were performed using the AMBER20 software pack- 
age ( 78 ). The holoenzyme model was parameterized with the 
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MBER ff14SB force field ( 79 ) and the TIP3P explicit solvent
odel with a 12 Å protein water solvation box and approx-

mately 150 mM NaCl. The angle and bond parameters for
he iron-sulfur cluster were adapted from ( 80 ), with charges
djusted for different iron oxidation states. 

A crystal structure of E. coli phenylalanine tRNA
PDBID:6y3g) ( 81 ) served as the model substrate, featuring a
-thiouridine moiety at the 8th position. As the original struc-
ure rendered the thiouridine moiety inaccessible to the en-
yme, we manually repositioned the base to obtain an initial
ubstrate structure suitable for enzymatic interaction. Addi-
ionally, calcium ions in the crystal structure were replaced
ith magnesium ions. Both the original and repositioned

tructures were parameterized using identical water models
nd ranges as the protein, supplemented with OL3 and mod-
na8 force field for modified RNA ( 82–84 ). 

The initial enzyme-substrate structures were docked using
efault settings on the HDOCK web server ( 85 ). The resulting
tructures were ranked based on the distance between the sul-
ur atom in the thiouridine moiety and the relevant iron atom
n the iron-sulfur cluster. The structure that performed best
n this regard was selected for further calculations. Molecular
ynamics simulations, with various restraints detailed in the
upporting Information, were carried out for the holoenzyme,
RNA substrates, and enzyme-substrate complexes. 

ltraviolet A (UVA) irradiation experiments 

 single colony of E. coli BL21(DE3), either carrying the
LATE11 vector with an insert or an empty pLATE11 vec-
or as a negative control, was inoculated into 20 ml of LB
edium supplemented with 100 μg / ml ampicillin and incu-
ated at 37 

◦C, 180 rpm overnight. The next day 200 μl of
vernight culture was inoculated into 20 ml of fresh of LB
edium supplemented with 100 μg / ml ampicillin and incu-
ated at 37 

◦C, 180 rpm. Upon reaching the log phase (OD 600

0.6), the production of recombinant protein was induced
y the addition of IPTG to a final concentration of 0.1 mM.
wo hours post-induction, the cells were transferred on ice
ollowed by OD 600 measurements. The cultures were sub-
equently diluted in cold M9 minimal media (1 × M9 salts,
 mM MgSO 4 , 0.05 mM CaCl 2 , 0.4% glucose, 100 μg / ml
mpicillin, 0.1 mM IPTG) uniformly to OD 600 0.05 and 150
l of suspensions were dispensed into the wells of pre-cooled
6-well flat-bottom plate. The UVA irradiation was carried
ut in UVP C-10 Chromato-Vue cabinet (Analytik Jena, Ger-
any) equipped with 6W, 365 nm UVP UVGL-58 lamp (An-

lytik Jena, Germany). Bacterial suspensions were irradiated
or 120 min (theoretical exposure ∼100 kJ / m 

2 ), the plate was
eld on ice throughout the whole procedure. Subsequently,
acterial growth was monitored using Infinite M200 PRO
Tecan, Switzerland) microplate reader. Plates were incubated
t 37 

◦C with periodic shaking for 30 s every 5 min and OD 600

easurements every 15 min. 

esults 

udS and RudS proteins do not share the same 

henotype in vivo 

ur recent research revealed that a family of widespread bac-
erial proteins consisting of a stand-alone TudS domain (for-
erly DUF523) salvage thiolated uracil derivatives with the
ighest preference for thiouridine monophosphate (4-thio-
UMP), which most likely emanates from cellular tRNA degra-
dation ( 40 ). Although the single-domain TudS proteins are
predominant in this family of proteins (9436, or 58.9% of
all reported sequences), a significant portion is found fused
with the DUF1722 domain (6425, or 40.1% of all reported
sequences) ( 86 ). Notably, the P. putida KT2440 genome en-
codes for both a stand-alone TudS (GenBank gene locus ID:
PP_5158) and a TudS-DUF1722 fusion protein RudS (Gen-
Bank gene locus ID: PP_0741). Gene knockout studies in P.
putida KT2440 suggested that contrary to stand-alone TudS
(PP_5158) the RudS (PP_0741) gene product does not partic-
ipate in exogenous 4-thiouracil / 4-thiouridine utilization ( 40 ),
which prompted the question whether a TudS-DUF1722 fu-
sion protein could have an alternative substrate to that of a
stand-alone TudS. 

To confirm that RudS fusion proteins’ activity in vivo is
different from stand-alone TudS, we firstly cloned and over-
expressed the P. putida PP_0741 gene (RudS_KT) product in
uracil auxotrophic E. coli HMS174 �pyrF , replicating condi-
tions of our previous studies ( 39 , 40 , 58 ). Using liquid M9 me-
dia we observed the growth restoration on 4-thiouracil (Fig-
ure 1 D), albeit after an extended lag phase compared to TudS
(Figure 1 B). No growth was observed on 2-thiouracil, unlike
with previously characterized TudS proteins. These findings
suggested that RudS_KT exhibits residual activity towards
thiolated uracil compounds as substrates. 

We cloned four additional RudS genes from common labo-
ratory strains and soil bacteria (Table 1 ). Notably, Esc heric hia
coli lacks the TudS or RudS homologues, but possesses a
stand-alone DUF1722 domain encoding gene ybgA , which
was tested as well (Figure 1 C). Ten gene sequences of viral
origin RudS were reported, all within the Siphoviridae family
( 86 ), of which we chose the RudS_vir from Esc heric hia phage
1H12 for further analysis (Figure 1 I). 

The stand-alone TudS gene product (Figure 1 B) served as
a positive control for this experiment, while the stand-alone
DUF1722 gene product (Figure 1 C) exhibited similar behav-
ior to the negative control (Figure 1 A). None of the tested
RudS variants supported the growth of the uracil-auxotroph
in the same manner as TudS. Similarly to RudS_KT (Fig-
ure 1 D), bacteria with RudS from other Pseudomonas species
(Figure 1 F,H) displayed a significant lag phase before initiat-
ing growth on 4-thiouracil, while viral-origin RudS showed
the shortest lag phase on 4-thiouracil (Figure 1 I). In con-
trast, the RudS_TT from Thermus thermophilus (Figure 1 G)
and RudS_ST from Salmonella enterica (Figure 1 E) were
unable to rescue the uracil auxotrophic strain on either 4-
or 2-thiouracil. None of the tested RudSes supported the
growth on 2-thiouracil. The growth curves suggested that thi-
olated uracils are not the primary substrates for RudS vari-
ants, as they did not exhibit significant activity towards these
compounds. 

Phylogenetic analysis indicates a link between ThiI 
and RudS 

Observation of either promiscuous or absent TudS-like activ-
ity in RudS suggested that TudS and RudS likely have dis-
tinct functions in vivo. However, the presence of the TudS
domain within RudS implies a potential role related to 4-
thiouridine desulfidation. This assumption is supported by the
fact that genes encoding the DUF1722 domains are conserved
in prokaryotes, as well as are the genes encoding ThiI, the
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Figure 1. Growth curves of uracil auxotrophic E. coli HMS174 �pyrF expressing TudS, RudS, and DUF1722 domain encoding genes in the presence of 
uracil (blue), 2-thiouracil (green) and 4-thiouracil (red). Dotted lines represent standard deviation. ( A ) Empty vector carrying bacteria (negative control). ( B ) 
TudS producing bacteria (positive control). ( C ) YbgA (stand-alone DUF1722 domain) producing bacteria. ( D ) RudS_KT producing bacteria. ( E ) RudS_ST 
producing bacteria. ( F ) RudS_PP producing bacteria. ( G ) RudS_TT producing bacteria. ( H ) RudS_PU producing bacteria. ( I ) RudS_vir producing bacteria. 
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enzyme responsible for s4U synthesis. PhyloCorrelate anal-
ysis ( 89 ) of bacterial and archaeal genes revealed a notable
pattern: most species with the DUF1722 domain gene also
encode the ThiI gene (94% of DUF1722 encoding species).
To further investigate this potential connection, we performed
a phylogenetic analysis and obtained the results shown in
Figure 2 . 

RudS homologous proteins (857) were identified among
884 reference genomes (843 Bacteria and 41 Archaea). ThiI
homologous proteins were found among 1866 genomes. In
637 genomes, both full RudS and ThiI proteins are present
(Figure 2 , Supplementary Figure S1 for convenience). Al-
though there are sporadic instances where ThiI is not present
in the same genome, there are also two distinct groups of
organisms that lack the ThiI homologue used in this anal-
ysis (Figure 2 , Groups A and B). Group B mostly consists
of thermophilic sulfate-reducing bacteria. Group A is very
diverse, encompassing different morphologies and metabolic
processes. We hypothesize that the organisms in these groups
might possess ThiI homologues that differ in architecture from
the E. coli homologue used to create this tree. Additionally, it
is possible that they may not have the s4U modification al-
together, but still retain the RudS enzyme. In conclusion, the
phylogenetic analysis of RudS homologues from bacteria and
archaea with known complete genomes confirmed that most 
organisms with a RudS gene also encode ThiI, reinforcing the 
link between these two enzymes. 

Heterologous overexpression of RudS genes 

results in decreased 4-thiouridine content of E. coli 
tRNA 

Given that 4-thiouridine, to the best of our knowledge, is 
conserved in tRNA, we decided to overexpress the RudS ho- 
mologs in E. coli , isolate bulk tRNA, and examine its 4- 
thiouridine content. 

Genes listed in Table 1 were overexpressed in E. coli 
BL21(DE3) cells, total tRNA was extracted from these cells,
and the level of s4U in it was quantified using HPLC-MS / MS.
A substantial decrease in s4U content, ranging from 4.7- to 26- 
fold, was observed in tRNA samples from cells overexpressing 
RudS encoding genes (Figure 3 A). Conversely, overexpression 

of stand-alone TudS or YbgA (stand-alone DUF1722 domain) 
encoding genes did not exhibit any statistically significant ef- 
fect on the s4U content of total tRNA compared to control 
samples (Figure 3 A). Additionally, we investigated RudS’s ef- 
fect on other sulfur-modified nucleosides found in tRNA. We 
were unable to detect 2-thiouridine in our samples, likely be- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Figure 2. Phylogenetic tree of 884 RudS homologues identified among complete reference genomes of 332 Archaea, 5042 Bacteria, and 47 viruses. The 
presence (green square) or absence of ThiI (red square) in the same genome is indicated. Group A and Group B mark organism groups that lack the E. 
coli ThiI homologue. 
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ause this modification is conserved in only a few species of E.
oli tRNA and is found in the Wobble position, where it is of-
en hypermodified ( 90 ). However, we detected 2-thiocytidine,
hich is commonly located at position 32, adjacent to the an-

icodon ( 91 ), but observed no significant changes in its levels
pon RudS induction ( Supplementary Figure S2 ). 
Among the six overexpressed RudS orthologs, the most

ignificant decrease in s4U content (26-fold, compared to
he negative control) was observed with RudS_KT from
seudomonas putida KT2440, followed by RudS_ST from
almonella enterica (18.3-fold), while RudS_PU from Pseu-
omonas sp. MIL9, overexpression resulted in the smallest
ecrease (4.7-fold). The variation in s4U content reduction
mong different RudS proteins raises the question of whether
his was due to differences in heterologous expression levels
r the specificity of RudS. To evaluate the levels of soluble
roteins produced in E. coli , His-tags were introduced to the
-termini of RudS proteins for detection with anti-His-Tag

ntibodies. 
Western blot analysis revealed that RudS_KT, while caus-

ng the most significant reduction in tRNA s4U content (Fig-
re 3 A), did not demonstrate the highest protein levels in
he cells ( Supplementary Figure S3 A). In contrast, RudS_TT
howed over 1.7-fold higher expression levels, but a lower
4U content reduction (8.7-fold, Figure 3 A). The lower desul-
dation activity of RudS_TT might be attributed to subop-
imal temperature conditions for a protein originating from
 thermophilic organism. It might also be due to inefficient
ubstrate recognition, as tRNAs in thermophilic microorgan-
sms often possess unique body modifications not found in
heir mesophilic counterparts ( 92 ). The detected soluble frac-
ions of RudS_ST and RudS_PP were lower in comparison
o RudS_KT ( Supplementary Figure S3 A), aligning with the
bserved reduction of s4U content (Figure 3 A). Despite the
ndetectable level of soluble protein, a reduction in tRNA
s4U content was observed with RudS_PU overexpression (Fig-
ure 3 A). RudS_vir, on the other hand, stood out with rela-
tively high protein levels ( Supplementary Figure S3 A), com-
parable to those of RudS_ST, yet its tRNA desulfidation ac-
tivity appeared to be lower (Figure 3 A). All tested RudS vari-
ants exhibited activity towards tRNA, indicating that RudS
enzymes function as tRNA de-modifying erasers, targeting the
4-thiouridine modification in tRNA molecules. 

The growth restoration of uracil auxotrophic cells (Fig-
ure 1 ) and characteristics of the TudS domain ( 40 ,58 ) suggest
that RudS converts the s4U modification to uridine in vivo .
To confirm this, we sequenced total tRNA extracted from
control and RudS_KT overexpressing cells using nanopore-
based nano-tRNAseq ( 70 ). Although this method could not
distinguish the modified s4U residue in control samples, the
sequencing results of RudS_KT-affected samples indicated the
presence of uridine at the 8(9)th position. Combining these
data with previous findings, we propose that RudS catalyzes
the conversion of tRNA s4U to uridine. 

An active [4Fe–4S] cluster is needed for in vivo 

tRNA desulfidation by RudS 

Previously we uncovered the mechanism of 4-thiouracil-
containing compound desulfidation by TudS ( 40 ,58 ). The key
component in this process is a [4Fe–4S] cluster harbored in the
enzyme’s active center, bound by three cysteine residues, with
the fourth iron atom engaging in substrate binding. Given that
the overexpression of YbgA (the E. coli stand-alone DUF1722
domain) had no impact on tRNA s4U content (Figure 3 A), we
hypothesized that the TudS domain in the RudS fusion pro-
teins should be responsible for the observed decrease of s4U
in tRNA samples. We identified conserved cysteine residues
(Figure 3 B) which are likely to be involved in [4Fe–4S] clus-
ter formation (Table 1 ), created single amino acid substitu-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Figure 3. RudS reduces the s4U content of tRNA in vivo. ( A ) s4U levels in E. coli total tRNA upon expression of RudS, TudS and DUF1722 encoding 
genes. **** P < 0.0 0 01, n.s.: P ≥ 0.05 compared to negative control (empty vector), one-way ANO V A with Dunnet’s post hoc test. ( B ) Sequence 
alignment of in v estigated R udS orthologs, TudS, and YbgA (stand-alone DUF1722 domain). Conserv ed cy steine residues in v olv ed in iron–sulfur cluster 
formation are highlighted in yellow. Conserved glutamic acid and serine residues catalyzing the 4-thiouridine desulfidation reaction are highlighted in 
green. Amino acids predicted in tRNA binding and / or catalysis are highlighted in cyan. ( C ) s4U levels in E. coli total tRNA upon expression of RudS_KT 
with single amino acid substitutions in conserved iron–sulfur cluster forming and catalytical residues. **** P < 0.0001, n.s.: P ≥ 0.05 compared to 
negative control (empty vector) or wild-type RudS_KT (WT), one-way ANO V A with Dunnet’s post hoc test. 
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tions of these cysteines in RudS homologues, and tested their
tRNA desulfidation activity. Western blot analyses of His-
tagged variants of mutant RudS proteins in the soluble frac-
tions of the bacterial lysates indicated that the amounts of
the mutant RudS protein variants are up to ∼4-fold lower
than those of the wild types ( Supplementary Figure S3 B).
The majority of mutant RudS protein variants showed a
loss of activity (Figure 3 C and Supplementary Figure S4 ),
failing to significantly reduce s4U levels in E. coli tRNA,
thus confirming our hypothesis. A single exception was the
RudS_TT C47A protein variant ( Supplementary Figure S4 ),
which reduced the tRNA s4U content to levels compara- 
ble with those of the wild type RudS_TT. This suggests 
that a protein lacking one of the three cysteines might still 
form an active Fe–S cluster using only two cysteine ligands,
a phenomenon previously reported in Bacteroides thetaio- 
taomicron fumarase. Despite lacking a typical third [4Fe–
4S] cluster-coordinating cysteine found in bacterial fumarases,
this enzyme remains active but is more prone to oxidative 
stress ( 93 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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n vitro activity of RudS enzyme 

ur previous studies showed that the iron-sulfur cluster in
udS is highly labile when exposed to oxygen, leading to
n inactive enzyme when purified aerobically ( 39 ). Neverthe-
ess, we produced N-terminally His-tagged RudS_KT in E.
oli and purified it ( Supplementary Figure S5 A) under aer-
bic conditions with minimal oxygen exposure, as detailed
n the methods section. On a molecular size exclusion chro-
atography column, RudS_KT eluted as a 37.1 ± 0.7 kDa
rotein (theoretical molar mass of ≈39 kDa), indicating a
onomeric architecture ( Supplementary Figure S5 B). The re-

ombinant protein exhibited a brown color typical for Fe–
 cluster-containing proteins. Iron content determination us-
ng ferene assay indicated the presence of 1.01 ± 0.13 Fe per
rotein monomer, suggesting the major population of protein
aving damaged Fe–S cluster assumably caused by the expo-
ure to oxygen. Despite the poor iron content, UV spectrum
f purified protein demonstrated spectrum characteristic for
4Fe–4S] clusters, which was partially bleached upon treat-
ent with dithionite ( Supplementary Figure S5 C). 
Despite indications of a damaged [4Fe–4S] cluster, purified

udS_KT remained soluble over extended periods of time.
o test direct tRNA binding, as is typical for tRNA modi-
ying enzymes, we conducted an electromobility shift assay
EMSA) with E. coli pseudouridine synthase (TruB) serving as
 positive shift control ( 94 ). EMSA revealed a concentration-
ependent protein band shift, confirming the RudS_KT–tRNA
omplex (Figure 4 A). 

To ensure that RudS_KT is directly responsible for the ob-
erved decrease in tRNA s4U content, we performed an in
itro tRNA desulfidation reaction using total E. coli tRNA.
ontrary to previous observations with TudS, the aerobi-
ally purified and desalted RudS_KT protein retained activity.
n approximately 13-fold molar excess of aerobically puri-
ed RudS_KT reduced the 4-thiouridine content in tRNA by
80% over 1 min and by ∼95% over 1 h (Figure 4 B). The
esulfidation of the substrate was incomplete, likely due to the
egradation of the remaining iron-sulfur clusters, although the
naccessibility of s4U due to non-physiological conditions or
ncorrect tRNA folding cannot be ruled out. 

Additionally, we tested whether alarmones guanosine pen-
aphosphate and tetraphosphate influence RudS in vitro. We
bserved no statistically significant changes in the RudS enzy-
atic activity when using a 1:10 concentration ratio of RudS

o (p)ppGpp ( Supplementary Figure S6 ). 

ocking studies reveal RudS amino acid residues 

nvolved in tRNA-binding 

ue to challenges in crystallizing the RudS_KT, we employed
olecular docking and MD simulations as an alternative ap-
roach to explore this proteins ability to desulfurize tRNAs.
he MD simulations were conducted as described in the Ma-

erials and Methods and in the SI. 
Figure 5 A shows the superposition of the top five mod-

ls generated by Alphafold2 and trRosetta ( 74 ,75 ), indicating
ubstantial similarity among them. Figure 5 B illustrates high
odeling confidence levels (plDDT > 90) reported by both
ethods. Figure 5 C presents a structural comparison with the

losest identified homologue (HHpred ( 95 ); PDBID:6z96), re-
ealing similarity in the organization of the TudS domain.
he active center with the iron-sulfur cluster has identical
mino acids, except Lys98 in TudS is replaced by Met108 in
RudS_KT, suggesting a similar catalytic mechanism for desul-
furation ( 58 ). 

The RudS_KT holoenzyme model was built using the best
Alphafold2 model and transferring the iron-sulfur cluster
from PDBID:6z96 ( 58 ). The DUF1722 domain of RudS_KT
consists of two compact groups of four alpha helices. No sig-
nificant structural matches were found for this segment using
the Dali structural homology search ( 96 ). 

Two independent 160 ns MD simulations of the holoen-
zyme were conducted using randomly selected frames from
the restraint relaxation MD simulation’s trajectory. During the
simulations, the DUF1722 domain was mobile relative to the
catalytic domain. Therefore, for RMSD and principal compo-
nent analysis, we focused on the compact part of the Ruds_KT
catalytic domain (amino acids 11–168). 

Figure 6 A shows RMSD changes with the first structure as a
reference. Both simulations exhibited a similar ∼1.7 Å RMSD
drift, indicating convergence of the catalytic domain structure.
PCA analysis (Figure 6 B and C) and visual inspection of the
superposition (Figure 6 D) support this conclusion. The lat-
ter also includes the closest known structure of a homologous
protein (TudS, PDBID: 6z96). The catalytic domain structure
remained consistent throughout the simulations. 

Key differences from TudS include an extended loop (amino
acids 116–135) and a mobile loop (amino acids 18–33), also
evident in the Alphafold2 and Rosetta models (Figure 5 ). We
hypothesize that the mobility of these loops makes the en-
zyme’s active center more open, allowing it to accommodate
large substrates like tRNAs, at the expense of smaller sub-
strates like thiouracil. 

We also conducted a series of molecular dynamics simula-
tions on a selected tRNA structure. A phenylalanine tRNA
from E. coli with a thiouridine modification at the 8th posi-
tion was chosen as the model substrate (PDBID: 6y3g) ( 81 ).
The thiouridine moiety was initially buried and inaccessible
for enzymatic attack. Since it was unlikely to flip out spon-
taneously during the MD simulation, we manually flipped
this residue out and performed 500 ns MD simulations with-
out any restraints, using the same methodology as for the
holoenzyme. 

The RMSD, PCA and structural comparison showed that
the ribose and phosphate backbone remained stable through-
out the simulation ( Supplementary Figure S7 ). The last frames
of these simulations were used to model the RudS–tRNA
complexes. 

Mutation analysis gives insight into the RudS–tRNA
binding mechanism 

The structures from previous MD simulations of the RudS
holoenzyme and the tRNA with the exposed thiouridine were
used for docking studies with HDOCK. Complexes were
ranked based on the distance between the iron in the iron-
sulfur cluster and the sulfur atom in the tRNA’s thiouridine.
The top 15 complexes are shown in Supplementary Figure S8 ,
but none had iron-sulfur distances relevant for catalysis. How-
ever, these structures provided a preliminary hypothesis on
how tRNA might bind to the holoenzyme. From these struc-
tures, we identified seven groups of amino acids (six groups
G1–G6 for amino acids in each loop interacting with tRNA
and a separate group CAT for catalytic amino acids) near the
tRNA that might play a role in catalysis or substrate binding
( Supplementary Table S4 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Figure 4. Purified recombinant RudS_KT interacts with tRNA in vitro . ( A ) Electrophoretic mobility shift assay. M – molecular marker, NC – tRNA control, 
PC – positive shift control (1:6 molar ratio, using E. coli TruB pseudouridine synthase); 0.5–10 μM or RudS_KT was added to binding mixture resulting in 
1:1–1:20 tRNA–RudS_KT molar ratios. Arrowhead A indicates unbound tRNA, B – tRNA-RudS_KT complex, C – tRNA-TruB complex, D – gel wells. ( B ) 
R ecombinant R udS_KT desulfidation activit y in vitro using E. coli tot al tRNA. **** P < 0.0 0 01, * P < 0.05, one-w a y ANO V A with Bonferroni’s post hoc 
test. 

Figure 5. Str uct ural comparison of R udS_KT models. ( A ) a superposition of Alphaf old2 and R osettaFold models colored b y secondary str uct ure (alpha 
helices of DUF1722 domain are cyan). ( B ) models colored by pLDDT. ( C ) str uct ural comparison of best Alphafold2 (teal) and trRosetta (salmon) models 
with closest homologue (PDBID:6z96) with str uct ure identified with HHpred (purple). Iron-sulfur cluster is represented with spheres. 
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The best HDOCK structure was subjected to constrained
MD simulations to position the thiouridine sulfur atom 2 Å
away from the iron ion in the iron-sulfur cluster (S / Fe re-
straint). This complex was then used as the starting structure
for two independent MD simulations. In the first simulation,
the S / Fe restraint and additional restraints on catalytic dis-
tances were applied (model 1), while in the second only S / Fe
restraint was maintained (details in Supporting Information ).
These simulations aimed to model the RudS-tRNA structure
with a catalytically relevant substrate binding mode and to
allow the complex to relax, better representing potential in-
duced fit changes in the protein and tRNA structures. 

We experimentally investigated these hypothesized cat-
alytic amino acids by mutating them into methionines (Table
2 ). Mutations of proposed catalytic amino acids essentially
abolished desulfidase activities (Figure 3 C, Supplementary 
Figure S4 ), while other mutations had varying effects 
( Supplementary Figure S9 ). Each group contained at least one 
amino acid affecting enzymatic activity. These experimental 
results were compared to MD simulations of two holoenzyme- 
tRNA complex models (model 1 and model 2) described in the 
Supporting Information . 

Figure 7 A illustrates the superposition of the catalytic do- 
mains (amino acids 11–168) from the models and the holoen- 
zyme, showing high similarity except for the previously dis- 
cussed mobile loops, which are less mobile in the enzyme–
substrate complex. Both models suggest that the DUF1722 

domain interacts with the anticodon arm and anticodon of the 
tRNA, while the catalytic domain interacts with the variable 
loop, acceptor stem, and D arm of the tRNA. The DUF1722 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Figure 6. Molecular dynamics simulation of RudS_KT holoenzyme. ( A ) cumulative RMSD plot of two 160 ns MD simulations with different starting 
conformations. ( B and C ) PCA of both simulations. ( D ) superposition of complexes colored according to the PCA, the TudS protein (PDBID:6z96) is in 
black. 
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omain’s mobility relative to the catalytic domain is evident in
oth models, likely accommodating various tRNA substrates
ith thiouridine modifications. 
For model 2 (with only S / Fe restraint), the RMSD of the

atalytic domain is stable during the last 100 ns of the 260 ns
imulation. The structure revisits catalytically relevant con-
ormations, where the Ser113 hydroxyl hydrogen and Glu51
idechain carboxy oxygen distances reach ∼2 Å throughout
he simulation. 

The amino acids Glu51, Ser111 and Ser113, previously
dentified as catalytic based on RudS homology with TudS,
roduced inactive enzymes when mutated to methionines (Fig-
re 3 C). The catalytic center geometries in model 1 and model
 are illustrated in Figure 8 . We identified an additional cat-
lytic amino acid, Arg60, which functions to orient Glu51
Figure 8 B) and provide a positive charge that could stabilize
ransitional states during proton removal from water and the
ucleophilic attack of thiouridine by the produced hydroxide

on. This arginine is fully conserved in the entire family of ho-
ologous proteins. Retrospective analysis revealed a homolo-

ous arginine serving the same purpose in the experimentally
etermined structure of TudS ( 60 ). Comparison of randomly
elected frames from model 2 and model 1 molecular dynam-
cs shows that the orientations of catalytic amino acids rela-
ive to the thiouridine moiety are very similar in both models
Figure 8 C). 
Both models feature an additional base involved in tRNA-
enzyme active site binding (Figure 9 A and B). In the experi-
mental tRNA structure, the base U45 (PDBID: 6y3g) is un-
paired and was initially dangling outside during tRNA sim-
ulations, whether the thiouridine side chain was paired in-
side or manually flipped outside. To our knowledge, a sim-
ilar flipped uridine is present in at least three other known
E. coli tRNA structures: valine tRNA (PDBID: 7eqj), initia-
tor formylmethionine tRNA (PDBID: 5l4o), and aspartate
tRNA (PDBID: 6ugg). This uridine participates in an extensive
network, forming a double hydrogen bond with Asn26. The
nearby Arg24 suggests the possibility of a cation- π stabilizing
interaction, being oriented by a hydrogen bond with the back-
bone carbonyl oxygen atom of Gly27. These structural obser-
vations are consistent in both models. Mutating these amino
acids to methionine results in diminished RudS_KT enzymatic
desulfidase activity ( Supplementary Figure S9 ). The somewhat
smaller-than-anticipated change in enzymatic activity can be
explained by methionine’s ability to form hydrogen bonds.
Additionally, mutating Tyr25 to methionine resulted in a mu-
tant protein functionally identical to the wild type. We con-
structed two additional mutants: Tyr25 to alanine, which had
decreased activity, and Tyr25 to phenylalanine, which had the
same activity as the wild type ( Supplementary Figure S9 ). 

The DUF1722 domain in RudS_KT interacts with both the
anticodon stem and the anticodon of tRNAs (Figure 10 A).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Table 2. Effect of mutagenesis of predicted RudS_KT amino acids in v olv ed in enzymatic catalysis and / or substrate binding for s4U content in total E. 
coli tRNA 

Mutant AVG stdev P -value Group Remarks 

WT 0 .04 0 – – Wild type RudS_KT 

E51M 1 .06 0.06 **** CAT Catalytic amino acid; conserved; removes proton from water molecule 
S111M 0 .98 0.13 **** CAT Catalytic amino acid; conserved; stabilizes Glu51 
S113M 0 .86 0.08 **** CAT Catalytic amino acid; stabilizes Glu51 
R24M 0 .14 0.02 ** G1 Interacts with Gly27 backbone carbonyl, Asn26 side chain carbonyl and 

nearby ribose ring oxygen. Pi-stacking interaction with U45 
Y25M 0 .07 0.03 n.s. G1 Shields active center from the tRNAs phosphates. Opportunistically forms 

hydrogen bond with ribose OH group 
Y25A 0 .17 0.01 **** G1 
Y25F 0 .04 0 n.s. G1 
N26M 0 .14 0.06 ** G1 Interacts with U45 forming hydrogen bond 
G27M 0 .16 0.01 *** G1 Part of flexible loop, forms hydrogen bond with Arg24 via backbone carbonyl 
H29M 0 .07 0 n.s. G1 No important interactions observed 
K30M 0 .05 0.01 n.s. G1 Occasionally interacts with tRNA phosphates and Asp33 
D33M 0 .04 0.01 n.s. G1 No important interactions observed (salt bridge with Arg36) 
R36M 0 .05 0.02 n.s. G1 No important interactions observed (salt bridge with Asp33) 
K37M 0 .06 0.03 n.s. G1 No important interactions observed 
R60M 0 .89 0.11 **** G2 Catalytic amino acid; stabilizes Glu51 
D61M 0 .05 0.03 n.s. G2 Occasionally interacts with bases in the tRNA 

R64M 0 .15 0.05 *** G2 Occasionally interacts with riboses in the tRNA 

K110M 0 .05 0.02 n.s. G3 Interacts with thiouridine base ribose and phosphate in tRNA 

E117M 0 .06 0.02 n.s. G3 Salt bridge with Arg155 
R118M 0 .09 0.01 n.s. G3 Interaction with tRNAs riboses 
K120M 0 .1 0.01 n.s. G3 Interaction with tRNAs phosphates 
Y122M 0 .1 0.01 n.s. G3 Orientation of Lys120 and Arg64 
H127M 0 .04 0.01 n.s. G3 No interaction 
H131M 0 .06 0.02 n.s. G3 No interaction 
K110M, 
K120M 

0 .28 0.05 **** G3 Synergistic effect, Lys110 partial compensation by Lys120 

E152M 0 .15 0.01 *** G4 Salt bridge with Arg155 
R155M 0 .24 0.02 **** G4 Salt bridge with Glu152, Van der Waals interaction with tRNA ribose 
H157M 0 .09 0 n.s. G4 Hydrogen bond with ribose ring oxygen 
N202M 0 .21 0 **** G5 Backbone stabilization via side chain in turn 
N203M 0 .36 0.06 **** G5 Backbone stabilization via side chain in turn 
Q205M 0 .04 0.01 n.s. G5 No interaction 
R240M 0 .06 0.02 n.s. G6 No interaction 
C241M 0 .16 0.04 **** G6 No interaction 
S243M 0 .47 0.06 **** G6 Interaction with anticodon base 
R244M 0 .53 0.07 **** G6 Interaction with phosphate in anticodon region 
T246M 0 .18 0.02 **** G6 Backbone interaction via side chain; interaction with Ser243 

AVG – relative s4U content, stdev – standard deviation. Statistical significance was calculated by applying one-way ANOVA with Dunnet’s post-hoc test. 
**** P < 0.0001, *** P < 0.001, ** P < 0.01, n.s.: P ≥ 0.05 compared to WT. 
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While the molecular dynamics simulations may not depict the
final binding state accurately, specific frames identified high-
light the significance of Ser243 and Arg244. Our hypothe-
sis suggests that these amino acids, potentially along with
other unidentified residues, interact with the anticodon bases
and the anticodon phosphate backbone (Figure 10 B,C, and
D). These interactions are mostly opportunistic, except for
Arg244, which predominantly interacts with tRNA backbone
phosphates. A summary of the rationale behind the enzymatic
activities of other mutants is outlined in Table 2 . These mod-
els serve as explanatory tools for most of the experimentally
observed desulfidase activities of the mutants, though they
should be regarded as hypotheses rather than definitive struc-
tural representations. 

Overexpression of RudS_KT in E. coli diminishes 

UVA-triggered growth delay 

To gain insight into the potential role of RudS proteins in bac-
terial physiology, we overexpressed RudS_KT in E. coli and
subjected the cells to UVA. Since 4-thiouridine is a known
effector of bacterial UVA response, causing a growth delay
and stringent response ( 97 ), we expected that the overexpres- 
sion of RudS_KT could help overcome the previously reported 

UVA-induced growth delay in E. coli ( 98 ). The bacteria were 
exposed to approximately 100 kJ / m 

2 UVA, and their growth 

was subsequently monitored. Control samples were kept in 

darkness. Both RudS_KT overexpressing and control samples 
kept in the dark (Figure 11 , open symbols) did not show any 
notable difference at the initial growth stage, indicating that 
recombinant protein did not have a significant impact ini- 
tially. However, differences began to appear after 3 h, with 

the growth of RudS_KT overexpressing bacteria (blue sym- 
bols) slowing down in comparison to empty vector-carrying 
bacteria (black symbols). UVA irradiation indeed slowed the 
growth of E. coli (Figure 11 , solid symbols), causing a ∼105 

min growth delay compared to non-irradiated empty vector- 
carrying cells. Remarkably, the overexpression of RudS_KT 

reduced this delay to approximately 60 minutes, indicating a 
positive effect on bacterial growth under these experimental 
conditions. The difference in the growth lag between irradi- 
ated RudS_KT overexpressing cells (blue symbols) and empty 
vector-carrying cells (black symbols) was approximately 
45 min. 
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Figure 7. ( A ) Superposition of model 1 (blue), model 2 (green) and homoenzyme (red) final models. ( B ) Model 2 RMSD of the catalytic domain. ( C ) 
model 2 PCA of catalytic domain. ( D ) Red and orange Ser113 hydroxy hydrogen – Glu51 sidechain carboxy oxygen distances, green and blue Ser1 1 1 
h y dro xy h y drogen – Glu51 sidechain carbo xy o xy gen distances. 
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iscussion 

hile the understanding of TudS desulfidases is evolving, the
unction and structure of the Domain of Unknown Function
722 have remained elusive until now. Previous studies from
ur group suggested that additional domains fused to TudS
ight influence its substrate preferences, potentially even ac-

ommodating intact tRNA molecules ( 39 , 40 , 58 ). This study
uccessfully demonstrates that the DUF1722 domain facili-
ates the targeted removal of s4U modification from tRNA
olecules by the RudS (TudS-DUF1722 fusion) proteins both

n vivo and in vitro . 

tructural insights and catalytic mechanism 

tructural examination of RudS_KT from Pseudomonas
utida KT2440 was conducted using molecular docking and
olecular dynamics simulations, with subsequent experimen-

al investigation connecting the proposed models and exper-
imentally observed desulfidase activities of mutants. The in-
vestigation of the hypothesized catalytic amino acids (Glu51,
Ser111, Ser113 and Arg60) and cysteines holding iron-sulfur
cluster (Cys17, Cys49 and Cys114) by mutational analysis es-
sentially abolished the RudS desulfidase activity, confirming
their critical role in catalysis. Additionally, the models identi-
fied other important residues (Asn26, Arg24, Tyr25, Ser243,
Arg244) for tRNA binding and catalysis, and their mutations
resulted in diminished RudS_KT enzymatic activities. The ef-
fects of single amino acid substitutions to methionine ( 61 )
were all in line with the models we propose, except in the
case of Tyr25, where two additional mutants were employed.
The Tyr25 mutation to methionine was functionally identical
to the WT enzyme, which is at odds with its position in the
modeled complex—Tyr25 provides shielding of the active cen-
ter from tRNA’s phosphates and their negative charge, which
would destabilize the transitional state and disrupt catalysis.
The RudS_KT Tyr25 to alanine mutant displayed decreased
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Figure 8. ( A ) o v erall superposition of model1 (blue, the S / Fe restraint and additional restraints on catalytic distances) and model 2 (pink, only the S / Fe 
restraint). ( B ) catalytic center with rele v ant distances indicated. ( C ) superposition of catalytic centers of model 1 and model 2. 

Figure 9. ( A and B ) U45 (pink) interactions with Arg24, Tyr25, Asn26 (cyan), and thiouridine (green). 
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enzymatic activity, while the Tyr25 to phenylalanine mutant

retained the same activity as WT. We propose that methionine
is large enough to provide substantial electrostatic shielding;
therefore, only the Tyr25 to alanine variant function was sig-
nificantly affected by the substitution. 

The proposed models of the RudS enzyme–tRNA substrate
complex suggest that the DUF1722 domain primarily inter-
acts with the anticodon arm and anticodon of the tRNA sub-
strate, while the catalytic TudS domain interacts with the vari-
able loop, acceptor stem, and D arm of the tRNA. Moreover,
the elongated loops encompassing amino acids 116–135 and
18–33, along with the mobility of the DUF1722 domain, likely
aid in the recognition and adaptation of a diverse array of tR- 
NAs containing the 4-thiouridine modification at position 8.
This functional specialization between the two domains likely 
enables the precise elimination of the s4U modification from 

the tRNA molecule by RudS. 

Evolutionary insights and functional implications 

The DUF1722 genes are predominantly reported in bacteria 
(94.2% of all sequences) with archaeal DUF1722 making up 

only 5.1%. 74.4% of DUF1722s are fused with the TudS gene 
and only 21.4% of known DUF1722 genes encode a stand- 
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Figure 10. ( A ) Overall str uct ure of the complex. Spheres represent 4-thiouridine and the iron-sulfur cluster. The DUF1722 domain is shown in dark 
green. The anticodon part of the tRNA is depicted with explicit pink ball-and-stick atom representations. ( B–D ) Various conformations of Ser243 and 
Arg244 interacting with tRNA and Thr246 (amino acids in cyan). 
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lone protein ( 86 ). Genes encoding RudS are often found in
ight-responsive operons ( Supplementary Figure S10 ), which
re responsible for UV-induced DNA damage repair (i.e.,
NA-photolyases) or light-induced oxidative stress response

i.e., carotenoid biosynthesis gene clusters) ( 99 ). Recent stud-
es in the genus Pseudomonas have revealed the role of light-
nducible transcriptional regulators in controlling the expres-
ion of light-responsive genes. These regulators belong to the

erR family and are adenosyl B12-dependent, making them
ensitive to light (class II LitR regulators). In the dark, LitR
egulators function as negative regulators, suppressing the
ranscription of light-inducible genes. However, when exposed
o 450 nm blue light, LitRs become deactivated. One of the
perons controlled by this mechanism encodes PhrB DNA
hotolyase, LitR, and RudS ( 100 ,101 ). 
At the same time, the tRNA s4U modification is known

o act as a photosensitive residue in tRNA, crosslinking with
eighboring cytidine in the 13th position upon exposure to
ear -UV radiation. Near -UV light triggers a bacterial growth
elay effect causing some tRNA species to become poor sub-
strates for aminoacylation resulting in accumulation of un-
charged tRNA and transient cessation of protein synthesis
( 30 ,102 ). The accumulation of ribosomes stalled with non-
aminoacylated tRNA is known to initiate a stringent response
( 103 ), which is the most likely mechanism causing alarmone
guanosine tetraphosphate (ppGpp) accumulation after cell ir-
radiation by UV-A ( 98 ,104 ). 

Paradoxically, E. coli �thiI mutants, incapable of s4U
tRNA modification biosynthesis, are less susceptible to the
combination of short wavelength UV and UVA, as s4U is the
primary target of latter irradiation. Subsequently, this elimi-
nates a damaging synergistic effect of UVA and UVB or UVC
irradiation observed in E. coli ( 105 ,106 ). The presence of
RudS gene in such cases could help overcome UVA-induced
deceleration of protein synthesis, thereby ensuring the func-
tionality of DNA damage repair machinery. On the other
hand, studies with Salmonella typhimurium revealed that 4-
thiouridine plays a crucial role in resistance to near-UV irradi-
ation, with mutants lacking 4-thiouridine and those deficient
in ppGpp synthesis being sensitive to near-UV-induced killing;

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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Figure 11. UVA-triggered growth delay reduction in E. coli BL21(DE3) overexpressing RudS_KT. Solid symbols represent the growth curves of 
UVA-irradiated bacteria o v ere xpressing R udS_KT (blue symbols) and carrying empty v ector (black symbols). Open symbols represent the gro wth curv es 
of RudS_KT overexpressing bacteria (blue symbols) and bacteria carrying the empty vector (black symbols) maintained in the dark within the same 
period. 
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it further suggested a model wherein ppGpp and ApppGpp
induce the synthesis of a set of then unidentified proteins es-
sential for resistance to near-UV irradiation in response to the
cross-linking of 4-thiouridine in tRNA ( 104 ). It is worth not-
ing that Salmonella typhimurium possesses a RudS encoding
gene (RudS_ST in this study, ORF319 previously) under the
control of a transcription regulator of MerR family ( 88 ,107 ),
while E. coli does not. 

The prevalence of DUF1722 genes in bacteria, often fused
with TudS, and their association with light-responsive genes,
suggest a light-induced mechanism for prokaryotic tRNA s4U
de-modification. This mechanism may play a role in regulating
alarmone levels during UV-induced tRNA cross-linking and
the stringent response, serving as a bacterial survival strategy
under UV stress. Although in vitro experiments showed no
changes in the enzymatic activity of RudS_KT in the presence
of the (p)ppGpp molecules, this does not rule out the possibil-
ity that the alarmones and RudS are part of the same regula-
tory mechanism within the cell, interacting through currently
unknown intermediary factors or pathways. 

This hypothesis is further supported by the case of Enter-
obacter cloacae , which demonstrated that pre-treating bac-
teria with sub-lethal doses of UVA radiation activates an
unidentified mechanism, leading to a reduction in the 4-
thiouridine content of tRNA that helps to evade the growth
delay caused by crosslinked tRNA during subsequent UVA ir-
radiation ( 108 ). In the genome sequence of E. cloacae (Gen-
Bank: CP135498.1), the RudS encoding gene (locus tag:
RRL13_00330) is in the immediate vicinity to the MerR fam-
ily transcriptional regulator (locus tag: RRL13_00340), sug-
gesting a light-inducible RudS gene expression, which might
explain the observed effect. Furthermore, a previous study by
the same authors revealed that after the exposure to UVA,
not only a growth delay was induced in both E. cloacae and
E. coli , but also a burst of ppGpp was observed ( 98 ). However,
the ppGpp amounts accumulated in E. coli were twice those 
reached in E. cloacae . Moreover, the time needed to restore 
ppGpp content to basal levels in E. cloacae was shorter than 

that required in E. coli . This period aligned with the time when 

growth resumed at its normal rate in both species. It should 

be pointed out that E. coli genome encodes a stand-alone 
DUF1722 domain YbgA, while E. cloacae encodes a RudS fu- 
sion protein. Both these species lack a stand-alone TudS. We 
speculate that E. cloacae , which possesses a RudS fusion pro- 
tein, was able to reduce the 4-thiouridine content of tRNA and 

mitigate the growth delay caused by cross-linked tRNA during 
UVA irradiation. In contrast, the E. coli , which lacks a stand- 
alone RudS and instead encodes a stand-alone DUF1722 do- 
main (YbgA), exhibited a more pronounced stringent response 
and delayed recovery after UVA exposure. As indicated by 
our observations, the temporary E. coli growth arrest fol- 
lowing UVA-stress can be substantially lessened in the pres- 
ence of RudS (Figure 11 ). These observations confirm that 
the function of RudS is different from that of a stand-alone 
DUF1722 and that of a stand-alone TudS. There is a possi- 
bility that during evolution, in certain species, the gene en- 
coding RudS may have undergone a split, resulting in sep- 
arate stand-alone TudS and stand-alone DUF1722 encoding 
genes. 

Moreover, nano-tRNAseq analysis of tRNA extracted from 

RudS_KT overexpressing E. coli cells revealed a significant 
decrease ( ∼2-fold) in the abundance of tRNA 

Ser(GTC) and 

tRNA 

Tyr(GTA) compared to control samples ( Supplementary 
Figure S11 ). These findings parallel previous observations ( 22 ) 
that the lack of s4U modification causes a degradosome- 
mediated degradation of tRNA 

Ser(TGA) and tRNA 

Tyr(GTA) in 

Vibrio cholerae during the stationary growth phase. Although 

the reduction we observed in E. coli is not as dramatic as 
in Vibrio cholerae , this co-occurrence suggests an underlying 
physiological mechanism that responds to s4U levels in tRNA.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae716#supplementary-data
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onclusions 

his study provides compelling evidence that RudS enzymes,
onsisting of a DUF1722 domain fused with the TudS desul-
dase, facilitate the targeted removal of the s4U modifica-
ion from tRNA molecules. We may speculate that certain
acterial species have evolved a light-inducible mechanism
or tRNA s4U de-modification, which likely plays a role in
egulating alarmone levels during a tRNA UV-crosslinking-
nduced stringent response-like state. By diminishing the avail-
ble pool of tRNA substrate, such an adaptive process might
itigate continuous cross-linking, thereby preventing transla-

ion derangement. Such strategic adjustment may serve as a
urvival mechanism for bacteria, particularly in the face of in-
ense UV radiation exposure, ensuring the seamless operation
f stress-response machinery. 
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