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ABSTRACT: Until recently, post-transcriptional modifications of RNA
were largely restricted to noncoding RNA species. However, this belief
seems to have quickly dissipated with the growing number of new
modifications found in mRNA that were originally thought to be
primarily tRNA-specific, such as dihydrouridine. Recently, transcriptomic
profiling, metabolic labeling, and proteomics have identified unexpected
dihydrouridylation of mRNAs, greatly expanding the catalog of novel
mRNA modifications. These data also implicated dihydrouridylation in
meiotic chromosome segregation, protein translation rates, and cell
proliferation. Dihydrouridylation of tRNAs and mRNAs are introduced
by flavin-dependent dihydrouridine synthases. In this review, we will
briefly outline the current knowledge on the distribution of
dihydrouridines in the transcriptome, their chemical labeling, and
highlight structural and mechanistic aspects regarding the dihydrouridine synthases enzyme family. A special emphasis on
important research directions to be addressed will also be discussed. This new entry of dihydrouridine into mRNA modifications has
definitely added a new layer of information that controls protein synthesis.

■ INTRODUCTION

Many canonical nucleotide residues found in RNA polymers
undergo extensive chemical modifications after the transcrip-
tional step catalyzed by a wide variety of enzymes called “RNA
modifying enzymes”.1 These post-transcriptional modifications
are part of the complex maturation processes that eventually
generate functional RNA molecules. Seventy years ago,
pseudouridine (Ψ), also called the “fifth nucleotide” of RNA,
was discovered.2 This modified base has since proven to be
one of the most abundant modifications in the transcriptome.
Today, more than 170 distinct chemical modifications have
been identified, and their number is still steadily climbing.
Modifications are widely distributed among different types of
RNA, including transfer RNA (tRNA), ribosomal RNA
(rRNA), long noncoding RNA (lncRNA), and messenger
RNA (mRNA).1 After having been the realm of specialists for
many years, enthusiasm for this field of research has been
rekindled as more RNA modifications are shown to have
essential biological roles, particularly in regulating gene
expression.3 The understanding that some of RNA modifica-
tions (at least m6A,4 and, probably m1A, m3C, m1G and
m2

2G
5,6,78) may be removed by carbon oxidation and thus

reversible and respond to environmental changes have revived
a renewed interest in the discovery of their biological
functions.9 Most of the modified bases identified to date

have been in tRNA and rRNA; however, rapid advances in the
field notably with new developments in the accurate detection
and quantification of these epitranscriptomic marks, combined
with the ability to detect low-content RNA modifications, have
expanded the list of such modifications in mRNA.10 Although,
detecting RNA modifications remains a challenging task, these
technical advances, particularly with the availability of much
more specific labeling, have allowed to establish the patterns of
distribution of these modifications at the level of the whole
transcriptome. On the other hand, many aspects of the
enzymology and structural biology of RNA-modifying
enzymes, which provide the molecular basis underlying the
biogenesis of these modifications, are still lagging far behind.
Because tRNAs are the most heavily modified RNA

molecules, their study has provided the core of our
understanding of the RNA modification machinery and
progressively revealed the functions of many RNA modifica-
tions in recent years.11−16 Most RNA modifications have a
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fairly simple chemical nature and often involve methylation,
isomerization, reduction, or deamination reactions. For
example, 5-methyluridine (m5U), pseudouridine (Ψ), 1-
methyladenosine (m1A), dihydrouridine (D), or 2′-O-methyl-
guanosine (Gm) (Figure 1) are often observed in loop regions
of tRNAs and rRNAs. Evolutionarily conserved enzymes
typically catalyze the biosynthesis of these classes of modified
nucleosides, whose position and identity are conserved in the
majority of these RNA species. Others may have a very
complex chemical nature, but they are usually found in the
anticodon loop of tRNAs. They facilitate or prevent
interactions with amino-acyl-tRNA synthetases and translation
factors, and they allow a precise decoding of mRNAs on the
ribosome via accurate codon/anticodon interactions.17 This
second category represents hypermodified bases, and their
biosynthesis often involves many enzymatic steps, sometimes
within protein complexes. In mRNA, only simple modifications
have been identified to date (Figure 1), and their functions are
slowly being deciphered. Modifications in mRNA (N6-
methyladenosine (m6A), 5-methylcytidine (m5C), pseudour-
idine (Ψ), inosine (I), N1-methyladenosine (m1A) and 7-
methylguanosine (m7G), N4-acetylcytidine (ac4C)) play
important structural roles and are involved in RNA stability
(directly or indirectly) and also found to regulate several
mRNA cell cycle processes like mRNA export, splicing and
translation.4,16,18−21 The role of m6A on RNA stability depends
on the m6A binding proteins. The general belief is that m6A on
mRNA promotes RNA degradation. However, when m6A is
recognized by IGF2BP proteins, the mRNA is stabilized.22

Recently, D, one of the most abundant modified bases in
tRNAs, that gave its name to tRNA’s D-loop structure, has just

entered the world of mRNA modifications with important
physiological roles in cell growth.23,24 In this review, we
attempt to summarize the current knowledge about the
distribution/frequencies of D modification in the tran-
scriptome, the chemical labeling tools used to detect D, and
the enzymology of D formation as well as the relevance of
these modifications in translation and cancer biology. In
addition to the already existing structural information on Dus
proteins, we also present the first accurate structural models of
human enzymes catalyzing RNA dihydrouridylation obtained
by AlphaFold. The accuracy of the 3D models can be found at
https://alphafold.ebi.ac.uk/. All these structural elements serve
as a solid basis to discuss some important aspects related to the
functional involvement of these proteins in epitranscriptomic
under normal and pathological cellular states.

■ STRUCTURAL VERSUS CHEMICAL PROPERTIES OF
DIHYDROURIDINE AND QUANTITATIVE
APPROACHES

D is one of the most conserved and abundant modified bases
in the transcriptome, second only after pseudouridine,
primarily due to its high presence in tRNAs. The D content
in tRNAs seems to correlate with the growth temperature,
since at high growth temperatures, D ring undergoes
hydrolysis.25 Thus, the highest tRNA D-content is observed
in psychrophilic organisms, where 40−70% more of D was
found, compared to mesophilic bacteria, while much lower D
content was found in hyperthermophiles.26−28 D is formed by
the reduction of the C5−C6 double bond of the pyrimidine
ring of uridine leading to a saturated base (Figure 1), a unique
feature found to date in nucleic acids. We will see below that

Figure 1. Chemical structure of some modified nucleosides found in different types of RNAs. The modification made to the canonical base or
ribose is indicated in red. The chemical structure of dihydrouridine (D) is boxed, and the atom numbering of the base is also indicated. The
acronym of the modifications is indicated under the corresponding modified nucleoside.
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this property, which distinguishes it from other modifications,
gives it unique physicochemical and structural properties,
which can be judiciously exploited for analytical purposes.
Initially discovered in tRNAs by Holley’s group in the mid-
1960s,29 this modified base was later observed in much lower
abundance in rRNAs and some long noncoding RNAs. Early
studies by Bonner had shown that D can also be found in
histone-associated RNAs in plants and mammals,30 albeit
without localization data. The very recent and independent
studies of Dai et al.23 and Finet et al.24 using two different
approaches came to the same conclusion, namely the presence
of D in mRNAs. We now know that it is more than likely that
the distribution of D in the transcriptome is broader than
expected.
Structural Properties of Dihydrouridine. The peculiar

structural properties of D nucleoside were defined early on
from the crystallographic structure of free D hemihydrate31

and the first structures of mature tRNAs isolated from
Saccharomyces cerevisiae32−35 (Figure 2), while NMR studies
on D-containing oligonucleotides have provided important
information regarding the dynamical attributes that this
modified base plays on RNA.36−38 These structures reveal
the lack of planarity of the D heterocycle and a shift of carbons
C5 and C6 to opposite sides of the plane formed by positions
N1, C2, N3 and C4, resulting in a half-chair conformation
(Figure 2, zoom on D sites). This has notable structural
consequences, among them D cannot participate in stacking
interactions with neighboring aromatic bases. Moreover, the
presence of a CH2 in place of a CH increases the electronic

volume of the base, thus promoting the inherently flexible C2′-
endo conformation of its ribose. To date, this modification is
the only one known to favor such a conformation, whereas
others RNA modifications such as 2′-O-ribose methylation,39

2-thiolation of ribothymidine,40 and pseudouridylation41 rather
favor the C3′-endo conformation observed in A-type RNA
helix, conferring stability to the RNA by reinforcing base
stacking.14 Thus, these structural properties of D, and in
particular the C2′-endo conformation of the sugar, locally
affect the RNA structure by introducing functionally important
local flexibility. This dynamic property will have different
consequences depending on whether the RNA has a particular
structure or not. Indeed, this increased local flexibility
mediated by D may facilitate formation of interactions between
neighboring tertiary bases in the critical tRNA elbow region. In
fact, this region, formed by the kissing between the D and
TΨC loops, involves several critical interactions that are highly
conserved in cytosolic tRNAs, including the Hoogsteen-reverse
base pair T54-A58, the interloop base pairs G18-Ψ55, G19-
C56, and the stack of four mutually interspersed purine bases,
A58-G18-A/G57-G19 (Figure 2). The decrease in melting
temperature of Escherichia coli tRNAs observed in the absence
of dihydrouridine42 could well be explained by the loss of
flexibility of the D-loop required to accommodate these
tertiary interactions essential for the maintenance of the tRNA
3D structure. In the course of their investigation on siRNA,
Sipa et al. evaluated the thermodynamic stability and gene
silencing activity of a series of nucleobase-modified RNA
duplexes containing modified bases nucleosides, including D.43

Figure 2. X-ray structures of three matured yeast tRNAs. The full-length tRNA structures Phe, Asp, and Met initiator are shown on the left side in
gray, cyan, and pink colored cartoons, respectively. The pdb codes used are 1EVV, 3TRA, and 1YFG for tRNAPhe, tRNAAsp, and tRNAMet

i,
respectively. On the right side, the D-residues found in each of the tRNAs are represented in stick in its corresponding color. Nucleotide involved in
tertiary interactions that are highly conserved in cytosolic tRNAs, including the Hoogsteen-reverse base pair T54-A58, the interloop base pairs G18-
Ψ55 and G19-C56, and the stack of four mutually interspersed purine bases A58-G18-A/G57-G19 are shown in tRNAPhe.
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Unlike tRNA, RNA duplexes lack tertiary structures and rather
show a decrease in melting temperature when a D unit is
present in their central part. Again, this effect can obviously be
attributed to the destabilizing effect of a D nucleobase on the
C3′-endo sugar conformation and its nonplanar nature that
disrupts stacking interactions with neighboring nucleobases.
These negative effects of D on duplex formation are likely the
driving force for the modified D arm to exclusively adopt the
hairpin conformation in solution. Moving in that direction,
Dyubankova et al. performed an NMR study to understand the
role of dihydrouridine modification on a 15-nucleotides long
D-arm of a Schizosaccharomyces pombe tRNAi

Met mimetic.
While the unmodified oligonucleotide adopts several un-
defined conformations that interchange rapidly in solution, the
presence of D triggers a hairpin folding with a stable stem and
a flexible loop region.37 Although the structural role of D in
mRNAs has not yet been investigated, based on the studies we
have cited above, it is likely that this base may also serve some
regions to adopt a hairpin structure or perhaps to prevent
alternative RNA structures in the cell.
Dihydrouridine Labeling and Detection. The study of

modifications and their biosynthesis requires the development
of tools allowing their accurate detection and quantification.
Initially, modified nucleosides including D were identified
solely on the basis of their chromatographic mobility involving
32P and/or 14C labeling, 2D electrophoresis combined with
thin-layer chromatography or anion exchange chromatography
and HPLC analysis.44 However, these methods suffer from low
specificity and reproducibility, and identification becomes
problematic as the number of modifications or the length of
the RNA chain increases. In contrast, analysis of oligonucleo-
side fragments by mass spectrometry generated by treatment of
the RNA polymer with RNase has proven to be a much better
technique for analysis of post-transcriptional modifications, as
almost all modifications produce a change in the mass of
canonical nucleosides.10,45−48 In the case of dihydrouridine an

m/z + 2 is expected as compared to an unmodified uridine. In
that respect, we have successfully applied such a methodology
to determine the specificity of not only Dus enzymes from E.
coli and that of Mycoplasma capricolum (see below) but also
other RNA-modifying enzymes including m5U methyltrans-
ferases49,50 and TrmI from Pyrococcus abyssi, which catalyzes
the sequential double methylation of A57-A58 to m1A57-
m1A58.51−53 However, although this technique allows accurate
identification of modifications, it does not have the ability to
map all D sites in the transcriptome of a given organism on a
large scale and in a single shot. Newer detection and
quantitative assessment methods that examine RNA mod-
ifications on a larger scale, such as in tissues or whole cells, are
sequencing methods that target a subset of RNA modifications
open to detection by reverse transcription (generally coupled
with selective chemical treatment), yet with many limitations.
Beyond its structural properties, the saturation of the C5−

C6 bond of D offers interesting consequences on its chemical
reactivity, which have been judiciously exploited for RNA
labeling and D-site mapping. Earlier works showed that under
moderate alkaline hydrolysis, the dihydrouracil undergoes a
ring opening via hydrolysis of the N3−C4 bond.54,55 This
reaction produces a β-ureidopropionic acid adduct, which is
thought to lose base-pairing ability and generates primer
extension arrest at D sites. Xing et al. successfully applied this
procedure to map dihydrouridine modification sites of several
cytoplasmic tRNAs from yeast with the 5′ end 32P radio-
labeled primer extension technique using a primer comple-
mentary to the 3′-end region of tRNAs.56 Alternatively, the
heterocyclic ring of D can also be subjected to reductive
cleavage by sodium borohydride (NaBH4) under alkaline
conditions, yielding in this case a 3-ureidopropanol bound to
the ribose C-1′ position57 (Figure 3). Interestingly, Zachau
and his co-workers and others demonstrated that several R-
NH2 compounds (e.g., amines, hydrazines, hydrazides) could,
in principle, be used to replace 3-ureidopropanol within

Figure 3. Strategy of chemical labeling of D sites with rhodamine. Reduction of D by NaBH4 in basic conditions leads to the opening of the
pyrimidine ring and to a labeling of the ribose by elimination of the ureidopropanal moiety. On the other hand, reduction under acidic conditions
produces the tetrahydrouridine which is directly labeled by replacement of its C4-hydroxyl group.
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tRNA,58−60 which opened up an efficient pathway for tRNA
labeling as well as applications for sequencing purposes (Figure
3). For instance, in studies of tRNA-ribosome interactions, this
approach has been used to label tRNA at the D-site by
fluorophores bearing a primary amino group such as proflavin
or rhodamine 110.61 Fluorescent-labeled tRNAs have been
used extensively to provide mechanistic insights into in vitro
protein synthesis and protein synthesis within intact cells.
A conceptually similar approach consisting in producing an

abasic site but this time for broad sequencing purposes and
detection of certain modifications including D in RNA
fragments from tRNAs or rRNAs has been recently
developed.62 This new approach, termed AlkAniline-Seq, can
map abasic sites and modified nucleotides in successive
treatments that combine: (i) alkaline hydrolysis of RNA at
high temperatures, (ii) extensive 5′- and 3′-dephosphorylation,
and (iii) aniline-dependent cleavage of the sugar moiety and
subsequent formation of RNA abasic sites. This methodology
enables simultaneous detection of 7-methylguanosine (m7G),
3-methylcytidine (m3C), and D in RNA at single nucleotide
resolution. It should be noted, however, that the AlkAniline-
Seq signal intensity is considerably lower for D than for m7G
and m3C, which is most likely due to the fact that reduction of
uridine at many potential D-sites is often partial.
In their quest to understand the mechanisms of fluorescent

labeling of D in tRNA, Kaur et al. showed that D is converted
to tetrahydrouridine in the presence of a large excess of NaBH4
under acidic conditions, and in a second step, its C4 hydroxyl
group is replaced by benzohydrazide via nucleophilic
substitution, ultimately producing a covalent adduct with the
base.63 Finet et al. have recently developed a Rho-seq
integrated pipeline, based on a concept similar to that

described by Kaur, but with a variation involving the
replacement of the hydrazide nucleophile with rhodamine
(Rho), for the purpose of transcription-wide mapping of D.24

This approach is expected to produce an irreversible RNA-
base-Rho adduct primarily at D sites, providing a specific
labeling for this modification (Figure 3). The presence of a
bulky rhodamine moiety produces a specific and clear stop
during reverse transcription at the predicted D-sites in tRNAs
validating the specificity of this experimental procedure.
Application of this Rho-seq to the E. coli, S. pombe, and
human transcriptome showed (i) the absence of D in E. coli
mRNAs while the expected D2449 in 23S rRNA as well as D in
tRNAs were detected, (ii) the absence of D in S. pombe yeast
rRNA as expected, (iii) established of D distribution in tRNAs
and, (iv) led to the discovery of D in mRNAs (see below).

■ DISTRIBUTION OF DIHYDROURIDINE IN THE
TRANSCRIPTOME

Location and Frequencies of Dihydrouridine Resi-
dues in Noncoding RNAs. The study of tRNAs has revealed
some interesting paradigm by which D influences the RNA
structure/function relationship, although this modification was
long neglected compared to other modifications such as
pseudouridine for example. D is often found in multiple
locations in bacterial and eukaryotic tRNAs, and its abundance
varies with both the organism and the type of tRNA.1 For
example, there are up to five positions where D can be found in
prokaryotes (Figure 4A), most frequently at positions 16, 17,
20, and 20a, all of which are located in the “D loop”, and at
position 47 in the variable loop (V loop); however, the latter
has so far been observed in only one Bacillus subtilis tRNA,

Figure 4. Distribution of D in the transcriptome. (A) Secondary tRNA structure showing the position of D residues observed in S. cerevisiae tRNAs.
The Dus enzymes responsible for biosynthesis are also shown next to the D residues in parentheses. (B) E. coli 23S rRNA sequence showing the
position of the unique dihydrouridine (D2449). The 23S subunit of bacterial rRNAs located at the peptidyltransferase center of the ribosome.
Uridine 2500 is an unmodified uridine in E. coli whereas in Clostridium sporogenes this uridine is modified to dihydrouridine, D2500. (C) Pie chart
showing the distribution of D in the S. pombe transcriptome within tRNAs and mRNAs. (D) Putative Dus-catalyzed dihydrouridylated mRNAs
carrying either 3 D-sites as ala1 and fhn1 or one as nda2. In the case of nda2, the sequence part of the mRNA shows the putative stem-loop
structure containing the D1133 catalyzed by the enzyme Dus3.
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tRNAMet
CAU. In eukaryotes, D is in general more abundant

than in prokaryotes, since D is observed in no less than six
different sites, five of which are in the D-loop (D16, D17, D20,
D20a, and D20b), and one is in the variable loop (D47)
(Figure 4A). This persistent presence of D at these positions in
so many different organisms reveals the evolutionary
importance of the modification and alteration sites. Beyond
these “D-canonical positions”, D can also locate at other
positions such as 14, 17a, and 21 in D loops and at position 48
in the variable arm, but all of these cases are exceptional (see
below). An accurate picture of D-distribution in tRNAs can be
obtained from S. cerevisiae since they have all been sequenced.
These can be viewed in MODOMICS (http://genesilico.pl/
modomics), a database of RNA modifications that provides
comprehensive information concerning the location of
modified residues in RNA sequences.1 Interestingly, all uridine
residues in yeast tRNAs at positions 16, 17, 20, 20a and 20b in
the D-loop can be converted to dihydrouridine, which may be
a consequence of the high solvent accessibility observed for all
dihydrouridine-modified positions as evidenced from the
crystal structures of three well-known yeast tRNAs, namely
tRNAPhe, tRNAAsp, and tRNAMet

i
32,33,35 (see Figure 2). To take

this analysis a step further, we examined the modification
pattern of D sites in all cytosolic tRNA sequences from single
cells of fungi and metazoa that are available in RNA databases,
i.e., 173 sequences from 22 species. The observation is again
consistent with the fact that uridines at positions 16, 17, 20,
20a, 20b, and 47 are predominantly modified to D (Table 1).

Dihydrouridine is also present in mitochondrial and plastid
tRNAs, but is less frequent there, leaving many uridines
unmodified (124 mt-tRNA sequences from 18 species, see
Table 1). A comprehensive analysis performed on the bovine
mt-tRNAs identified 15 types of modified nucleosides
distributed over 7.5% of all mt-tRNA bases.64 Although post-
transcriptional modifications in mt-tRNAs are less abundant
than in cytosolic tRNAs, their biogenesis requires a large panel
of specialized enzymes, some exclusively dedicated to function
in mitochondria.65 Among the D residues, those at positions
16 and 20 seem to be the most widespread modifications in

eukaryotic tRNAs, whether cytosolic or mitochondrial. Indeed,
a recent transcriptome-wide D mapping using the Rho-seq
method was able to confirm this in S. pombe.24 Among the 228
modified positions identified on 141 S. pombe tRNAs, 98.7% of
the identified D-sites were located within the D-loop, with the
most prevalent positions being the expected D16 and D20.
The tRNAs can often harbor doubly modified bases such as

m2
2G26, cmnm5s2U54, m1I, or even ms2i6A, for example, and

Table 1 shows that D is no exception to this rule. Starting with
a simple modification, additional modifications can quickly
lead to a hypermodified base. In search of new modifications,
Krog et al. identified, by MS analysis of Trypanosoma brucei
tRNALys

UUU digestion fragments, a new D-derivative, namely 3-
(3-amino-3-carboxypropyl)-5,6-dihydrouridine (acp3D) at po-
sition 4766 (Figure 1). Interestingly, a pattern, with
dihydrouridylation and/or acp3 modification of various tRNA
species seems to exist; however, how these modifications are
introduced remains unclear. The fact that we find uridines
bearing only an acp3 group such as acp3U47 may suggest that
the biosynthetic reaction-giving rise to acp3D takes place in a
particular order where reduction would occur as the last step
even if we cannot rule out that the reduction occurs first. In
fact, both types of scenarios can be encountered in the
biosynthesis of modified bases. For instance, a sequential
synthesis of ms2i6A37 is observed where the initial grafting of
an isopentenyl by MiaA is essential to allow the second enzyme
MiaB to introduce a thiomethyl group on the C2 of A37.67,68
Stepwise modification also extends to the case of m1I
biosynthesis. After the conversion of A37 to I37 by ADAT1,
SAM-dependent Trm5, also known for its ability to synthesize
m1G37, methylates directly the inosine N1 nitrogen.69−72 In
archaea, a SAM-dependent TrmI enzyme first methylates A57
before it becomes a substrate for deamination to inosine73 by a
yet unidentified deaminase. The C32 in the anticodon loop of
T. brucei tRNAThr is methylated to 3-methylcytosine (m3C) by
Trm140 as a prerequisite for C-to-U deamination by the
deaminase ADAT2/3.74 The introduction of stepwise mod-
ifications at positions 34 and 37 in the anticodon loop is
frequently observed and is attributed to the fact that the first
modification acts as an additional recognition determinant for
subsequent modifying enzymes.75 Cases where the order does
not matter are also found, such as in cmnm5s2U54 biosyn-
thesis, where the C2 thiolation can occur before or after C5−
U54 carboxyamino-methylation.76
D is not abundant in rRNA, however, unlike tRNAs, the

number of sequenced rRNAs remains low. D has so far only
been observed at a single location, 2449, in the central loop of
domain V in E. coli 23 S rRNA,77 two positions, 2449 and
2500, in 23S rRNA of C. sporogenes78 (Figure 4B), and one
position, 1211 or 1212, in 16S rRNA of Clostridium
acetobutylicum, but the exact location remains unclear.79 D
has not been detected in other bacterial rRNAs nor in any of
the eukaryotic rRNAs sequenced to date. Interestingly, in 23S
rRNA of C. sporogenes, D2449 was found to be methylated at
the C5 atom to give m5D2449.78 Again, it is not known if there
is a particular order in the m5D biosynthetic pathway. Is m5U
formed first and then reduced to m5D or is dihydrouridine
formed first and then its C5 is methylated? This last scenario is
unprecedented so far but deserves further investigation. The
enzyme(s) responsible for m5D biosynthesis remain presently
unknown.

Presence of Dihydrouridine in Eukaryotic mRNAs.
The first reports on chemical modifications in mRNAs date

Table 1. Dihydrouridine Modification Profile for tRNA
Sequences from Cytosol and Mitochondriaa

positions modifications frequency of occurrence

Cytosolic tRNAs
16 D/U 123/25
17 D/U 39/0
20 acp3U/D/U 4/118/11
20a acp3U/D/ψ/xU/U 6/64/2/2/2
20b acp3U/D/ψ/U 8/6/2
47 D/xU/U 83/1/16

Mitochondrial tRNAs
14 D/U 1/3
16 D/U 27/21
17 D/U 8/19
17a D/U 2/5
20 D/U 49/9
20a D/U 7/9
47 acp3U/D/U 3/3/24
48 D/U 1/59

ax before U means that the uridine is modified by an unidentified
chemical group.
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back to the 1970s, when development of poly(A) tail
purification techniques made possible preparation of suffi-
ciently enriched mRNAs, reducing eventual contamination by
other abundant RNA species such as tRNA or rRNA. These
studies revealed the presence of three in situ modifications,
namely m6A, m5C, and Gm (Figure 1).16 In recent years, many
other modifications have been added to the mRNA repertoire
such as pseudouridine,80,81 m1A,82 and ac4C83,84 (Figure 1).
Very recently, large transcriptome analysis discovered D in S.
pombe and human mRNAs; however, no trace of this
modification was detected in bacterial mRNAs.23,24 D is
distributed predominantly in the coding regions of conserved
genes, supporting a biologically relevant function of
dihydrouridylation, which may as well be a general feature of
eukaryotic mRNAs. The methodologies and strategies that led
to mapping the D sites in the transcriptomes have been
discussed in the preceding sections. Of the total D sites
detected (372 sites) in the S. pombe transcriptome, 38% and
61% are found in mRNA and tRNA, respectively (Figure 4C).
Of the 125 D-containing mRNAs in S. pombe, 87% have a
single putative D, whereas only two mRNAs (encoding
nonclassical export protein and alanine-tRNA ligase) carry at
least three distinct D sites (Figure 4D). In colon human cells
(HCT116), 112 D-sites within mRNAs were also identified.
The total D content in mRNAs, however, appears to be
relatively low compared with that observed for other
modifications. The exact numbers of modified residues vary
between studies. The numbers of reproducible peaks seem to
converge on approximately 13,000 sites in 5000−7000 mRNAs
for m6A.8586,87 Regarding pseudouridine, approximately 250−
300 sites have been mapped in yeast mRNA at single base
resolution;80,81 however, overlap between these sites is only
modest. In humans, the reported number of mRNA
pseudouridine sites varies widely from 96 in one study, 23−
353 in a second, 22 and up to 2084 in a third study.80,88 For
m1A, the first study identified 7154 peaks in 4151 coding
genes, while the other identified 887 peaks in 600 genes,89−92

while another study reported only a handful of sites.93 It is
therefore important to keep in mind that the number of
identified Ds in mRNAs can vary depending on the methods
used for mapping. Dihydrouridylated mRNAs are derived from
genes with conserved functions, as it was estimated that 73% of
these are conserved in vertebrates.24 Notably, several mRNAs
encoding cytoskeleton-related proteins have been identified as
D-containing transcripts. For instance, in S. pombe nda2 and
nda3 encoding the α- and β-tubulin are found to be a D-
containing mRNAs presenting a single D at position 1133 in
GDU valine codon and 586 in DCU serine codon, respectively
(Figure 4D).

■ DIHYDROURIDINE SYNTHASE ENZYMES:
STRUCTURE−FUNCTION RELATIONSHIP

A large family of enzymes called dihydrouridine synthases
(Dus) that uses flavin mononucleotide (FMN) as coenzyme
catalyzes the synthesis of dihydrouridine in tRNAs,94 mRNAs,
and bacterial YrlA lncRNA. Nicotinamide adenine dinucleotide
phosphate (NADPH) serves as a reducing agent for flavins.
This family of flavoenzymes is classified into three major
groups and eight subfamilies, all of which evolved by
independent duplications of an ancestral gene.95 The first
group found in prokaryotes includes three Dus (Dus A, B and
C), while the second is eukaryotic and contains four different
enzymes (Dus 1 to 4). Archaea has a single Dus, and it

characterizes the last group. The bacterial enzyme, DusB, is
considered as the oldest enzyme, while Dus3 could be the
ancestral eukaryotic enzyme, from which the other Dus were
derived by gene duplication starting with Dus2, then Dus1 and
finally Dus4.

Dihydrouridine Site Specificities. An experimental
evidence for the enzymatic introduction of D into RNAs
comes from the work of Grosjean’s lab which systematically
tested all enzymatic activities in cell-free yeast extract and
showed formation of 11 of the 14 naturally occurring
modifications present in mature yeast tRNAPhe

GAA, including
D17, on a radioactive tRNA transcript.96 It was shown that
D17 biosynthesis is insensitive to the presence of the intron
since the modification reaction proceeds with the same
efficiency in both the intron-free and intron-containing
tRNAPhe precursor. Five years later, the first genes encoding
yeast Dus were discovered by screening the genomic library of
S. cerevisiae GST-ORF proteins with pre-tRNAPhe substrate
whose dihydrouridylated form carries both D16 and D17 and
showed both in vivo and in vitro that Dus1 catalyzes D17
synthesis in several tRNAs.97 The complete characterization of
the site specificity of the four existing Dus in S. cerevisiae could
eventually be achieved by the same group using three
complementary techniques, namely (i) determination of the
molar ratio of dihydrouridine in purified tRNAs from different
dus mutants; (ii) microarray analysis of a large number of
tRNAs based on differential hybridization of uridine- and
dihydrouridine-containing tRNAs to complementary oligonu-
cleotides; and (iii) the primer extension analysis.56 These in
vivo studies established that Dus1, Dus2, Dus3, and Dus4 are
responsible for the synthesis of D16-D17, D20, D47, and
D20a-D20b, respectively (Figure 4A and Table 2). Further-

more, the Dus proteins faithfully retain their specificity in the
absence of the other Dus, indicating that they have
nonredundant activities. In parallel, Bishop et al. used
comparative genomics and computational methods to identify
members of the orthologous gene cluster, COG0042,
annotated in protein sequence databases as ‘predicted TIM-
barrel enzymes, possibly dehydrogenases, nifR3 family’ as
genes encoding dihydrouridine synthase and identified three

Table 2. Experimentally Established Specificities of
Dihydrouridine Synthases

enzymes organisms substrate(s) products in tRNA refs

DusA
E. coli tRNA D20, D20a 52, 98
T. thermophilus tRNA D20, D20a 101

DusB
E. coli tRNA D17 52
M. capricolum tRNA D17, D20, D20a 53

DusC E. coli tRNA D16 52, 99

Dus1
S. cerevisiae tRNA D16, D17 56, 97
S. pombe tRNA, mRNA D16, D17 24
H. sapiens tRNA, mRNA D16 24

Dus2
S. cerevisiae tRNA D20 56, 97
S. pombe tRNA, mRNA D20 24
H. sapiens tRNA D20 24, 103

Dus3
S. cerevisiae tRNA D47 56
S. pombe tRNA, mRNA D47 24
H. sapiens tRNA, mRNA D47 23, 24

Dus4
S. cerevisiae tRNA D20a, D20b 56
S. pombe tRNA, mRNA D20a, D20b 24
H. sapiens tRNA D20a 24
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members of the COG0042 family in E. coli, named DusA,
DusB, and DusC, which are responsible for introducing all D
content into tRNAs and that DusA is likely the D20-catalyzing
enzyme in tRNAfMet

2.
98 Recently, we and others have

contributed to unraveling the specificity of Dus enzymes
from several model organisms, including those in humans. In E.
coli, DusA, DusB and DusC catalyze the formation of D20-
D20a, D17, and D16, respectively.52,98,99 Thermus thermophilus
harbors a single Dus, which is a homologue of DusA and has
been shown to catalyze the formation of D20-D20a.100,101
DusA is also responsible for the biosynthesis of D76 in the
lncRNA YrlA of Salmonella typhimurium.102 Indeed, D is
observed at position 76 in YrlA from S. typhimurium, which is a
long noncoding RNA that attaches the Ro60 protein to the
polynucleotide phosphorylase, thus targeting this exoribonu-
clease for degradation of structured RNAs. In M. capricolum,
the single DusB introduces all D content present in tRNAs,
namely D17, D20, and D20a.53 In S. pombe and Homo sapiens,
the Dus enzymes share the same site specificities for tRNAs as
those of S. cerevisiae.23,24,103 However, it was shown that all
four Dus enzymes are involved in modifying both tRNA and
mRNA, and in the case of Dus3, mRNAs seem to be its
predominant target.23,24 It is plausible that Dus-catalyzed
mRNA dihydrouridylation is a conserved functional feature in
eukaryotes; however, no D residues were reported in S.
cerevisiae mRNA.84 The involvement of Dus in the synthesis of
D in both tRNA and mRNA is not unique, as it has now been
reported that most enzyme systems catalyzing mRNA marks
are those involved in the modification of other RNAs, mainly
tRNAs. The only known exception to date regards the
biosynthesis of m6A in mRNA that is catalyzed by the
dedicated METTL3/METTL4 complex.9 For example,
NSUN2, the human SAM-dependent tRNA methyltransferase
involved in the formation of m5C at positions 34, 48, 49, and
50 of tRNAs104−106 also mediates m5C synthesis in nearly 300

mRNAs.107 For comparison, the orthologous yeast enzyme
Trm4 catalyzes m5C formation at positions 34, 40, 48, or 49
depending on the tRNA.108 The S. cerevisiae several
pseudouridine synthases demonstrate multisite substrate
specificity, Pus1 modifies tRNAs at multiple locations109 as
well as U2 snRNA,110 Pus4 forms a universally conserved ψ55
in tRNAs,111 but was also reported to modify mRNAs,112,113
while Pus7 modifies U13 in several tRNAs, U35 in pre-
tRNATyr, U35 in the small nuclear RNA U2, U50 in 5S
rRNA,114,115 and several U residues in mRNA.116 In human
cells, the majority of cytoplasmic tRNAs carry the m1A58
modification catalyzed by the heterotetrameric TRMT61A/
TRMT6 enzyme complex, which is also responsible for the
m1A modification in mRNAs.93
Today, the enzymes responsible of D incorporation in

rRNAs remain to be identified since in the case of D2449
present at the peptidyl transferase site in E. coli 23S, the
deletion of the three bacterial Dus genes does not abolish its
formation,24 suggesting that another class of dihydrouridine
synthase specific to rRNAs must exist in this bacteria. Finally,
the enzymes that introduce D into mitochondrial tRNAs also
remain to be identified. However, it might be possible that the
cytosolic Dus are also responsible for the biosynthesis of the
corresponding D in mitochondria. This dual specificity is
common for other tRNA modification enzymes such as
pseudouridines synthases111,117 or m5U54 tRNA methyltrans-
ferases.118 The mammalian Dus2 was indeed detected in
mitochondria in a study aiming to create a mitochondrial
compendium of 1098 genes and their protein expression across
14 mouse tissues.119

Structural Analysis of Dihydrouridine Synthases. The
X-ray crystallographic structures of some Dus have defined a
canonical fold for this family of enzymes (Figure 5). To date,
the structures of the three bacterial Dus homologues, namely
DusA from T. thermophilus, DusB and DusC from E. coli were

Figure 5. Crystallographic structures of bacterial and human Dus. The TIM-barrel, HD, and dsRBD domains are colored in deep-teal, purple, and
olive, respectively. The prosthetic group, FMN, is in yellow stick. In pink is the inserted domain found in hDus2. Inset is the putative mouse Dus2
dsRBD whose structure was resolved by NMR and annotated in the PDB as dsRBD from hypothetical protein BAB26260. This solution structure
shows extensions in N-terminal (Nt) and C-terminal (Ct) regions. The pdb codes used are 3B0P, 6EI9, 4BFA, 4WFS, 4WFT, and 1WFN for T.
thermophilus DusA, E. coli DusB, E. coli DusC, the canonical domains of hDus2, the dsRBD of hDus2, and the dsRBD of BAB26260 protein,
respectively. Below the crystallographic structure of hDus2 is shown the diagram of the modular organization of this enzyme as well as the
delimitation of the respective domains.
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solved.52,99,100,120 However, the data are scarce for eukaryotic
enzymes since only the structures of the isolated domains of
human Dus2 (hDus2) recently solved by our group and that of
Antson are available (Figure 5), seriously impeding our
understanding on this subfamily of enzymes.103,121 All Dus
enzymes share a common catalytic N-terminal domain, which
adopts a TIM-barrel type fold. The latter carries an active site
circumscribed within a solvent-accessible crevice providing a
binding site for the FMN prosthetic group and uridine
substrate. The catalytic domain is followed by a domain
formed by four parallel helices organized in a bundle and
which constitutes the helical domain (HD). Beyond these
domains, the canonical fold can accommodate additional
domains that are added either on the N-terminal end or on the
C-terminal end or even both, but this concerns essentially
eukaryotic Dus.95,98,103 Obviously, this complex modularity
could serve new biological purposes that do not exist in
prokaryotic organisms, such as RNA substrate transport and
localization, or specialization in the recognition of various
RNA substrates, as is the case in yeast and human Dus
involved in tRNA and mRNA modification.
The structures of T. thermophilus DusA and E. coli DusC in

complex with tRNAs have elucidated the molecular basis of
tRNA substrate recognition by bacterial enzymes (Figure
6A,B).99,100 Here, the two canonical domains provide the
platform for RNA recognition and involve numerous ionic
interactions, including positively charged residues (i.e., Lys,
Arg) that interact specifically with bases, ribose and phosphate
constituting the substrate backbone. The recognition mode
actually differs depending on whether the enzyme is specific for
U16 or U20. While the structure of both proteins is globally
conserved, these enzymes access the target uridine by
positioning their substrate tRNAs differently on their
respective surfaces involving a 160° rotation from tRNA on
DusC to that of DusA (Figure 6A,B). DusA recognizes a more
important portion of the tRNA than DusC does, in particular
the anticodon stem that DusC does not bind. Both enzymes
recognize the elbow region, the D-stem-loop and the T-loop.
In the case of DusA, the D and T-loops are recognized only by
the TIM-barrel domain, while the D and anticodon stems are

recognized by the HD. In contrast, in the case of DusC, the D-
loop is recognized by both canonical domains, while the D-
stem is recognized only by the TIM-barrel domain and the HD
recognizes the T-loop. In these complexes, the Dus enzymes
appear to bind to tRNAs without disrupting the crucial
interactions that maintain their tertiary structure. Thus, the
tRNA elbow must be a quality control checkpoint that Dus
scrutinizes before dihydrouridylation. Finally, the two enzymes
flip their uridine substrate and stack it on the isoalloxazine to
proceed with its reduction (see the mechanism of Dus in the
next section).
We have recently shown that the recognition mechanism of

the tRNA substrate by Homo sapiens Dus2 (hDus2 or Dus2L)
is much more complex than that observed in bacterial enzymes
(Figure 6).122 Indeed, hDus2 has a structural insertion within
the TIM-barrel and an additional double-stranded RNA
binding domain (dsRBD) that is appended to the polypeptide
just after the HD, both playing a role in tRNA recognition
(Figures 5 and 6).103,122,123 The dsRBD is a double-stranded
RNA (dsRNA) recognition module and is mainly found in
proteins involved in mRNA transport, processing or edit-
ing.124−127 Our structures of the hDus2 dsRBD in complex
with a dsRNA (Figure 6C), as well as in-depth investigations
by site-directed mutagenesis, nuclear magnetic resonance
(NMR), and small-angle X-ray scattering (SAXS) of the
interaction of the dsRBD with human tRNALys

3 revealed how
this domain binds to tRNA. Indeed, this domain has a
particular mode of tRNA recognition involving, in addition to
the well-known canonical interactions between dsRBDs and
dsRNAs (ribose and phosphate recognition), specific inter-
actions with RNA, i.e., hydrogen bonds between some residues
of dsRBD and RNA bases. The model of the hDus2/tRNA
complex showed that in addition to engaging the TIM-barrel
and to a lesser extent the HD, the dsRBD provides an
important substrate recognition platform by binding to the
long double-stranded region formed by the junction between
the acceptor and T stems of tRNA (Figure 6D). Interestingly,
we can infer that mammalian Dus2 encompasses almost the
entire tRNA, where only the anticodon loop seems to be left
out. Although we have no experimental data at this stage, we

Figure 6. Molecular basis of tRNA substrate recognition by T. thermophilus DusA, E. coli DusC, and human Dus2. The protein/RNA complexes,
namely T. thermophilus DusA:tRNAphe (A), E. coli DusC:tRNAPhe (B), and hDus2 dsRBD:dsRNA (C) are crystallographic structures whose PDB
codes are 3B0V, 4YCO, and 5OC6, respectively. (D) Molecular model of the hDus2:tRNA complex generated as described in Bou-Nader et al.122
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believe that the dsRBD may also be important for mRNA with
dsRNAs structures recognition but this remains to be tested.
For instance, the dsRBDs of adenosine deaminase ADAR2,
which acts on mRNA to recode genomic information by the
site-selective deamination of adenosine, binds to a stem-loop
pre-mRNA encoding the R/G editing site of GluR-2 by
recognizing the shape and sequence of the dsRNA.128
3D Models of Human Dihydrouridine Synthases.

Recently, a revolution in the world of structural biology has
occurred with the arrival of artificial intelligence in the high
precision prediction of 3D protein models generated by
AlphaFold (https://alphafold.ebi.ac.uk/),129 opening a new
area in protein modeling.129−131 This accuracy applies not only
to the prediction of folding but also to the positioning of
residues within active sites for example. By applying
AlphaFold2, Tunyasuvunakool et al. markedly expand the
structural coverage of the proteome at a scale that covers
almost the entire human proteome (98.5% of human
proteins).132 They also provide some case studies to illustrate
how high-quality predictions could be used to generate
biological hypotheses. We have seized this unique opportunity
to obtain accurate 3D models of the four human Dus as shown
in Figure 7. The resulting models predict, as expected, the
conservation of the canonical domains in all four human Dus
with, however, some peculiarities that can be noted. For
example, the β-sheet inserted into the TIM-barrel of hDus2 is
absent in the other three enzymes, making it a unique feature
of this enzyme subfamily. While the TIM-barrel structure is
largely maintained in all four Dus, Dus3 has an HD that is
different from the others (see below for details). With the
exception of Dus4, which has no additional domain, all the
others have additional structural elements added to their
respective canonical structures. Dus1 has an extension of 154
residues on the C-ter side, part of which forms three
independent helices (368−380, 412−423, and 432−448),
while the remaining sequences are organized into loops and

unstructured regions. Regarding Dus2, the model is in perfect
agreement with our structures, wherein as indicated above, the
HD is followed by the dsRBD. The protein ends with a
predicted unfolded 50-amino acid extension, probably an
intrinsically disordered region as we recently showed whose
truncation does not abrogate tRNA dihydrouridylation.103 It
should be noted that a structural genomics group has
published in the PDB the solution structure of the isolated
dsRBD domain of mouse Dus2 under the code 1WHN and
annotated “Solution structure of the dsRBD from hypothetical
protein BAB26260”. In this NMR models, the long C-terminal
extension is disordered likely due to the lack of restraints, a
consequence of the intrinsic flexibility of this region (Figure 5).
Dus3 is the enzyme that is clearly distinguished from the three
others by the presence of several features that we list as
follows: (i) It is the Dus orthologue with the largest size, with a
polypeptide of 650 amino acids, i.e., twice as large as Dus4 for
example; and (ii) the enzyme has a much more complex
modularity with the addition of several structural elements that
are appended to the N-terminal side of the sequence, thereby
extending several regions of the canonical domains in the 3D
space. Specifically, residues 36−60 form a helix that flanks the
HD, extending that domain to the right, while residues 211−
236 adopt two helices that cover the TIM-barrel. An additional
zinc finger domain (ZnD) is inserted between these structural
elements and is positioned above the HD. A zinc finger is a
small protein structural motif that is characterized by the
coordination of one or more zinc ions (Zn2+) to stabilize the
fold. However, despite the wide variety of these motifs, the vast
majority typically functions as interaction modules that bind
DNA or RNA and structural variations serve primarily to alter
the binding specificity of a particular protein. In the case of
hDus3, the ZnD carries a C161-X8-C171-X5-C178-X5-H183
motif, with perfect preorganization of the Zn2+ binding site; as
if the cysteines and histidine ligands were preoriented to
readily coordinate the metal. (iii) Finally, the four helices of

Figure 7. 3D models of human Dus generated by AlphaFold. The architectural organization and the delimitation of the domains are indicated
under each corresponding Dus model.
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the HD no longer form the bundle that characterizes this
domain, while it is interspersed with an insertion of about 20
amino acids that form a large loop.
All these structural features of eukaryotic Dus raise an

important question: What exactly is the utility of having these
extensions knowing that, for instance, Dus4 can obviously
function only with the canonical architecture and counts
tRNAs and mRNAs as well among its known substrates? These
structural elements may play a functional role, such as
cooperative participation with the canonical domains in
substrate recognition, as we recently demonstrated for the
dsRBD of hDus2.103,122 In the case of the zinc finger of Dus3,
the region of this domain that faces the HD bears a positive
electrostatic surface, suggesting its likely involvement in RNA
binding. Thus, all these models offer interesting perspectives to
evaluate in the future the role of these extensions and domains
in the dihydrouridylation reactions of RNA substrates.

■ MOLECULAR MECHANISM OF DIHYDROURIDINE
BIOSYNTHESIS AND INHIBITION

Chemical Mechanism of the Dus-Catalyzed Dihy-
drouridylation. The chemical mechanism of Dus has been
primarily elucidated through the study of yeast Dus2,133

subsequently corroborated by crystallographic structures of
several Dus active sites, including those obtained in complex
with tRNA. Overall, the catalytic cycle of these enzymes is

composed, like for most flavoenzymes, of a first reductive step
that involves the reduction of FMN by the natural reductant
followed by a second step that involves the oxidation of the
reduced flavin by the second substrate (Figure 8A). The fast
kinetic stopped-flow approach by Rider et al. showed that
NADPH rapidly reduces FMN (2.5 s−1 at 4 °C) to give rise to
a flavin hydroquinone.133 We also showed, by monitoring the
oxidase activity of hDus2, DusB from E. coli and M. capricolum,
that these enzymes prefer NADPH to NADH. Although the
latter may be a potential reductant, kinetic evidence argues
against its utilization while strengthening general use of
NADPH as the physiological substrate by all Dus
enzymes.52,53,103 Only a structure in complex with NADPH
will eventually identify potential residues involved in the
physiological discrimination of the flavin reducing agent. The
reduction of FMN to hydroquinone by NADPH occurs via a
hydride-transfer reaction, and it was shown that Dus2 is
specific for the proR hydrogen of NADPH133 (Figure 8B). We
propose that the form of hydroquinone produced in this
reaction is FMNH− and not FMNH2 as previously
proposed.100,133 This is supported by the fact that all the
Dus structures and models strictly conserve a lysine residue
(K147, K155, K435, K158, K132, K139 in hDus1, hDus2,
hDus3, hDus4, T. thermophilus DusA, E. coli DusC,
respectively) in their active sites that faces the N1-isoalloxazine
and that is perfectly poised to stabilize the eventual negative

Figure 8. Chemical mechanism of D synthesis catalyzed by Dus. (A) General reaction scheme of the Dus catalytic cycle. (B) Proposed
stereochemical mechanism of flavin reduction of Dus by NADPH. (C) Sections of the active sites of human Dus obtained from AlphaFold protein
models. The FMN coenzyme is represented in yellow ball−sticks.
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charge built on this flavin nitrogen via hydrogen bonding
(Figures 8C and 9A). Confirmation of its importance in the
biosynthesis of D was evidenced by its replacement by an
alanine in E. coli DusA causing a collapse of D-level in a triple-
Dus E. coli strain complemented with dusA-K153A mutant
compared to the same strain complemented with a wild-type
dusA.134 Another strictly conserved active site residue, namely
a glutamine (Q79, Q87, Q365, Q87, Q63, Q68 in hDus1,
hDus2, hDus3, hDus4, T. thermophilus DusA, E. coli DusC,
respectively), engages two H-bond with C2O and N3H of
FMN, to assist in the stabilization of FMNH− (Figures 8C and
9A). Thus, this structural information implies that FMNH− is
likely to be the RNA reducing entity. The structures of
bacterial Dus in complex with tRNA and that of hDus2 also
reveal that there is not enough space to accommodate both
NADPH and the target uridine at the same time. Hence, after
the reduction of FMN by NADPH, the first product of the
reaction, namely NADP+, will have to leave the active site to
allow the accommodation of the second substrate, which is
consistent with a ping-pong-type enzymatic mechanism. In a
second step, FMNH− transfers its hydride to the pyrimidine
substrate uridine at C6 followed by a subsequent protonation

step at C5 breaking eventually the unsaturation character of
the base (Figure 9B).133 A conserved cysteine in Dus acts as a
general acid in the protonation step (C108, C116, C396,
C116, C93, and C98 in hDus1, hDus2, hDus3, hDus4, T.
thermophilus DusA, E. coli DusC, respectively) (Figures 8C and
9A,B). This redox mechanism is validated by the structures of
T. thermophilus DusA:tRNAphe and E. coli DusC:tRNAphe
complexes,99,100 where we clearly distinguish the substrate
uridines stacked against the si-face of the isoalloxazine with
their C5 pointing within 3.5 Å of the hydride donor, i.e., the
N5-FMN (Figure 9A). This productive orientation of uracil is
firmly maintained by two hydrogen bonds between, on the one
hand the C2O of the pyrimidine with the side chain of a
polar amino acid (R178 and Y176 for DusA and DusC,
respectively), and on the other hand between the C4O of
uracil and the side chain of an asparagine strictly conserved in
Dus (Figure 9A). It is worth mentioning that similar
mechanisms are also observed in dihydropyrimidine and
dihydroorotate dehydrogenases, both of which share a TIM-
barrel catalytic domain homologous to that of Dus
enzymes.98,135,136

Figure 9. Proposed chemical mechanism of D biosynthesis and activity-based inhibition of Dus. (A) Focus on the active site of T. thermophilus
DusA and E. coli DusC in complex with their respective tRNA substrates. The FMN is represented in yellow ball−sticks, while the uridines are in
white ball−sticks. (B) Postulated chemical mechanism of Dus enzymes. (C) Postulated chemical mechanism for the activity-based inhibition of
Dus via formation of a covalent Dus/RNA complex in the presence of fluorinated uridine.
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Dihydrouridylation and Modifications Interdepend-
ence. Remarkably, the study by Rider et al. showed that the
rate of U20 reduction by Dus2 is dependent on the presence of
other modifications.133 Indeed, U20 of yeast tRNALeu is
reduced 600 times faster when the substrate is matured, i.e., it
bears all its modifications. Similarly, we have shown that the
dihydrouridylation activity of hDus2 is more efficient on
modified bulk tRNAs than on naked transcripts.103 This
functional behavior does not seem to be a peculiarity of the
fungal and mammalian enzymes because T. thermophilus DusA
also behaves in the same way. These studies raise the
possibility of modification interdependencies that may trans-
late into a precise order in the biosynthesis of certain
modifications and D20 could be among those that appear
late in the maturation pathway. In this context, Barraud et al.
have ingeniously developed a recent methodology allowing
them to follow the maturation of labeled tRNAPhe in yeast cell
extracts using time-resolved NMR.137 Remarkably, they
observed that modifications are introduced in a predefined
sequential order and that this timing seems to be controlled by
interdependencies between modification elements. Among
these events, the introduction of D by Dus1 occurs after the
biosynthesis of Ψ55 and m5U54 in the T-arm. While D has a
beneficial effect on the biosynthesis of m1A58 in the T-arm, it
is shown to have a negative effect on the introduction of
m2G10 in the D-arm, revealing a complex connected circuit
that could be specific to each tRNA or even each isoacceptor.
It is important to mention that such hierarchical circuits not
only concern tRNA core modifications but also are quite
frequent for modifications affecting the anticodon loop region.
In these cases, the modification circuits can enhance the
specificity of the modification enzymes by using the first
modification in the circuit as an additional recognition identity
factor for the following modification.75 Nevertheless, beyond
this concept, the structures of Dus/tRNA complexes may
indeed provide convincing rationale for these phenomena at
least for D biosynthesis. As previously noted, dihydrouridyla-
tion appears to require the architectural integrity of the tRNA
elbow, so it is quite logical to expect that any modification that
stabilizes tRNA tertiary interactions would have a direct
positive impact on the efficiency of D biosynthesis.
Interestingly, Cavaille ́ et al. observed that D20 biosynthesis
in tRNA incubated in yeast cell-free extracts is completely
abolished in tRNA monomutants affecting substrate architec-
ture (G18C, G19C, C56G).138 Consistent with this analysis, D
is introduced after isomerization of U55 and methylation of
U54, both of which are known to stabilize the elbow structure.
It will therefore be interesting to validate this hypothesis by
determining the dihydrouridylation activity on tRNAs lacking
these two modifications.
Activity-Based Inhibition of Dihydrouridine Syn-

thases. Dai et al. recently developed a chemo-proteomic
strategy based on an RNA-mediated protein profiling approach
to map the in vivo interactions existing in human cells between
C5-pyrimidine-RNA methyltransferases and mRNAs by
directly feeding the living cells with 5-fluorocytidine (5FC)
or 5-fluorouridine (5FU), both analogues of C or U,
respectively.23 The principle is to use these fluorinated
nucleotides as baits, thanks to their potential incorporation
into RNA especially at the sites targeted by these enzymes, and
to generate dead-end enzyme/substrate covalent complexes
formed during catalysis. This strategy has been widely used in
vitro to trap covalent complexes between C5-pyrimidine-RNA

methyltransferases and miniRNAs containing fluorinated
substrate analogues with a fluorine atom at the C5 of the
target pyrimidines during reaction with the natural carbon
donor (S-adenosylmethionine for SAM-dependent m5C or
m5U methyltransferases and 5-methylenetetrahydrofolate for
folate-dependent m5U methyltransferases).139−142 The mech-
anistic principle was established a long time ago and consists of
an activity-based inhibition. Like all C5-pyrimidine methyl-
transferases, the catalytic mechanism requires, as a first step,
preactivation of the base by addition of a cysteine present in
the active site to the C6 carbon via a nucleophilic attack
(Michael addition type of reaction). This leads to a transient
enolate with an activated C5. The latter then attacks the
methyl donor, allowing the transfer of the methyl group onto
the RNA. Finally, labile H5 proton abstraction by a base
residue triggers β-elimination and dissociation of the RNA
from the protein. However, when F, Br, or I replaces the H5, as
the general base cannot abstract the halogen atom, the covalent
RNA-enzyme species is the final stable product. This method
has unexpectedly led to the capture of an mRNA-hDus3
covalent complex.23 This cross-linking was not observed when
the potential general acid in the dihydrouridylation mecha-
nism, namely C396, was replaced by an alanine suggesting that
in the presence of a 5-halodihydrouridine; this residue likely
becomes a reactive nucleophile. An activity-based mechanism
for this Dus-RNA trapping can be formulated as proposed in
Figure 9C, which is in theory a strategy applicable to all Dus:
(i) reduction of FMN to FMNH− by NADPH, (ii) hydride
transfer from FMNH- to C6 of 5FU, (iii) protonation of C5 by
the conserved cysteine and formation of 5-fluorodihydrour-
idine, and (iv) formation of the covalent bond between
cysteine and dihydrouridine by nucleophilic substitution of
fluorine leading to an RNA-Dus adduct.

■ DIHYDROURIDINE AND BIOLOGICAL
IMPLICATIONS

Biological D-Relevance in RNA Folding and Architec-
tural Stability. The relevance of D in the conformational
dynamics of RNAs was established early on by structural
approaches (see previous sections). On the other hand, this
function took on its full biological meaning when MacCloskey
analyzed the quantitative composition of post-transcriptional
modifications in tRNAs isolated from psychrophilic organisms
having the capacity to grow under extremely low temperatures
ranging from −5 to 12 °C.26,27 These organisms have
implemented evolutionary strategies to counteract the
restriction of molecular mobility and to maintain a form of
resilience in the face of low temperature by incorporating into
their biomolecule, biochemical components that have the
capacity to maintain molecular flexibility. Among these
compounds, the observed high incorporation of unsaturated
fatty acids in the lipid bilayers tends to fluidity the cell
membranes while the limitation of hydrophobic clusters or salt
bridges, known for their stabilizing effect on proteins. Similarly,
these organisms show much less post-transcriptional mod-
ifications in their tRNAs, although they retain some of them
such as pseudouridine, m5U, and m7G at normal levels. In
dramatic contrast, D levels are found to be between 40 and
70% higher than those found in mesophilic organisms, such as
E. coli. Thus, these biological data together with structural
information corroborate the role of D in promoting the local
fluctuation and mobility of nucleic acids.
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Depletion of D by deletion of dus genes does not cause
significant defects in growth phenotype of model organisms
such as eubacteria T. thermophilus,101 E. coli,98 or S. cerevisiae.56
Similarly, in the absence of identified enzyme-catalyzing rRNA
dihydrouridine synthesis, O’Connor et al. removed D2449 and
evaluated its effect on E. coli physiology and ribosome function
by direct mutation of U2449 to C2449. The results obtained in
this study pointed out that ribosomal D2449 is dispensable to
the cell.143 These results are not surprising by themselves
because many so-called “nonessential” modifications, which are
located mainly in the body of the RNA molecule, produce only
minor phenotypic impact following their removal. On the
contrary, this phenomenon makes sense given the fact that
these modifications are part of an interconnected network
where compensation phenomena, or functional redundancy,
may occur. The biological relay of these modifications becomes
relevant when this network is disturbed under particular
stressing events or beyond the simple loss of a single
modification. It is in this context that Phizicky uncovers the
importance of D in combination with m7G46 in yeast
tRNAVal

AAC.
144 Indeed, the double mutants dus/trm8 and

particularly dus3/trm8 produce severe growth defects.
Molecular analysis has revealed that this growth defect
coincides with a rapid decrease at the steady-state level of
the pool of this tRNA via its rapid intracellular degradation,
which approaches the degradation rates of mRNAs. Hence, by
maintaining the functional folding of RNAs in cooperation
with its relatives, D acts as a kind of quality control mark for
RNAs.
Dihydrouridine and Protein Translation. Finet et al.

recently showed that D has a critical role in the control of cell
cytoskeleton dynamics in S. pombe via its presence in a codon
of the nda2 and nda3 mRNAs encoding α- and β-tubulin,
respectively.24 The absence of D in these mRNAs, obtained
either by deletion of Dus3 or by replacement of D by C using
mutagenesis, leads to the same result, namely a cell growth
defect observed in the presence of the depolymerized tubulin
drug 2-(4-thiazolyl)benzimidazole. This growth defect appears
to be attributed to a meiosis problem caused by an excess of
tubulin. Here, the function of D is to slow down the translation
rate of the α- and β-tubulin genes to allow a controlled
accumulation of the α/β-tubulin pool compatible with
functional concentrations, preventing any imbalance of these
components, which is known to be detrimental to cell’s life.
Conversely, the absence of D provokes overexpression of these
cytoskeleton proteins, which ultimately leads to altered
chromosome segregation and reduced gamete viability. D in
the human transcriptome seems to have an opposite behavior
on translation since it has been shown that its absence
obtained via hDus3 deletion impairs translational efficiency,
leading to a strong decrease in cell viability.23 We speculate
that D could therefore be considered as a key mark in the
control of the translational homeostasis of certain genes.
Implication of Dihydrouridine and Dus Enzymes in

Cancers. Because of their importance in translation, defects in
post-transcriptional RNA modifications and in enzymes that
catalyze them are often associated with severe human
diseases.145−151 Situations where an over-representation of
certain modifications can also occur in some cancers; however,
the molecular mechanisms that link aberrant RNA modifica-
tions to human diseases are largely unknown. The case of
overexpression of modifying enzymes in some cancers can also
be observed.145 Both types of situations are observed in some

cancers for the case of dihydrouridine, i.e., (i) increased D
content, (ii) overexpression of Dus (see below), and (iii) Dus
activity (specific or not). However, the link between (i), (ii),
and (iii) has never been established, and therefore, it cannot be
concluded whether there is a correlation between over-
expression of the enzyme and increased tRNA dihydrour-
idylation activity.

Increase of D Levels. Kuchino and Borek reported in the
late 1970s excessively abnormal levels of D, together with m5C,
in tumor-specific phenylalanine tRNA isolated from Novikoff
hepatoma and Ehrlich ascites cancerous tissues.152 These
pathogenic tissues showed an increase in D content of up to
50% compared to healthy tissues. Most of the subsequent work
focused only on the observed increased methylation, yet the
increase in D levels raises interesting questions that are yet to
be addressed. Of note, human tRNAPhe

GmAA has three D
residues at positions 16, 17, and 47 on its sequence.1 Given
this information, one can ask whether U16, U17, and U47 are
fully modified in tRNAs from healthy cells, and if not, this
could possibly suggest that the increase in D content observed
in tumorigenic tissue is the result of complete dihydrour-
idylation of vacant D-sites, as it was known that D modification
is rarely stoichiometric.153

Dus Overexpression. By using screening for up-regulated
genes in cancer cells based on genetic information obtained on
cDNA microarrays, combined with high-throughput screening
of their effects on cell growth, Kato et al. found that hDus2 is
frequently overexpressed in clinical lung cancer samples and
nonsmall lung cancer cell lines and that the overexpressed
hDus2 is necessary for survival/growth of lung cancer cells.154

The contribution of hDus2 to lung carcinogenesis was revealed
using siRNA to suppress hDus2 expression, showing a reduced
dihydrouridylation of total RNA and a growth suppression of
these pathogenic cells. However, it is important to note that
this observation does not mean that Dus2 activity is per se
responsible for tumor activity since it is expected that the
decrease in hDus2 biosynthesis by siRNA would decrease its
physiological activity, i.e., D20 biosynthesis (see below).
Specific interaction of hDus2 with cellular partner has also
been documented. Using immunoprecipitations assays, a
multifunctional glutamyl-prolyl-tRNA synthetase, which cata-
lyzes the aminoacylation of glutamic acid and proline tRNA
species, has been found to interact with hDus2,154 but the
exact function of such an interaction is still obscure. Mittelstadt
et al. also reported the capacity of hDus2 to interact with other
cellular partner, namely protein kinase R (PKR) and interferon
(IFN)-inducible double-stranded RNA-dependent protein
kinase activator A (PACT), using yeast two-hybrid screen
and immunoprecipitation assays.155 The IFN-induced, dsRNA-
activated protein kinase PKR, a serine/threonine kinase, is a
major mediator of the antiproliferative and antiviral actions of
IFN.156−158 Although induced at the transcriptional level by
IFNs, PKR is present at a low, basal level in most cell types
until it binds to its activators, including the protein activator
PACT. Once activated, PKR phosphorylates eukaryotic
translation initiation factor 2 (eIF2α), leading to an inhibition
of protein synthesis. Binding of hDus2 to PKR resulted in an
inhibition of PKR activity both in vitro as well as in mammalian
cells. Moreover, overexpression of hDus2 seems to inhibit
stress-induced apoptosis, indicating that it acts as an important
negative regulator of PKR activity in cells.155 How hDus2
enhances the rate of translation is not clear, but inhibition of
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eIF2α phosphorylation brought about by activated PKR could
be a possibility for efficient translation.
Recent advances in transcriptome sequencing have facili-

tated identification of novel fusion transcripts in human gastric
cancer, including a Dus4-Bcap29 fusion transcript present in
most of the analyzed gastric cancer tissues,159 Bcap29 being a
B-cell receptor associated protein.160 Dus4-Bcap29 fusion
transcript exists also in a variety of normal tissues, notably in
noncancerous epithelial and fibroblast cell lines.161,162
Suppression of the highly expressed Dus4-Bcap29 transcript
without affecting expression of Dus4 stopped cell proliferation,
while a siRNA specifically targeting Dus4 did not. Induced
overexpression of this transcript in SNU-638 cell lines
promotes cell proliferation in a time-dependent manner,
suggesting that the Dus4-Bcap29 is tumorigenic in gastric
cancer.
Dihydrouridylation. As mentioned above, there has never

been a clear link between RNA dihydrouridylation activity and
the possibility of leading to tumor processes. However, we
would like to discuss this aspect, even if it is more speculation
than established evidence. Human Dus2 protein appears to
impact translation efficiency since the in vitro rabbit-
reticulocyte lysate system increased protein production in the
presence of hDus2, reminiscent of the recent results by Dai et
al. showing that hDus3 is important for translational
efficiency.22 This impact on translation has not been
rationalized. In that respect, an action on mRNA is not
excluded given the presence of D in mRNAs and their effect on
the regulation of certain genes, including those involved in the
cytoskeleton have been confirmed. Hence, the increase of
dihydrouridylation activity in the transcriptome could also
target mRNAs, providing additional tricks used by cancer cells
to stimulate protein translation and thereby their cellular
metabolism. Another reasonable explanation that we propose
here is that additional D sites could appear at noncanonical
positions due to, for example, nonspecific Dus activity. This
nonspecific activity could occur during protein overexpression
events, as is often the case in cancer cells (see below). On
closer inspection, the sequence of the Dus4 transcript includes
residues 1−237 of the protein, which corresponds to the
majority of the TIM-barrel deleted from its last β-strand based
on our hDus4 3D-model (Figure 7). In our opinion, this form
of Dus4 is certainly nonfunctional, especially in the absence of
its HD domain. We can therefore legitimately think that Dus4-
Bcpa29 is devoid of RNA dihydrouridylation function, thus
excluding in that specific case the involvement of Dus activity
in the tumorigenic process. However, the dihydrouridylation
activity of Dus in general and of Dus4 in particular could
obviously be relevant in other types of cancer, in particular in
lung cancer. Indeed, a recent study has proven the tumorigenic
role of hDus4 in lung cancers.163 Overall, special attention
should be given to a more detailed examination of the
relevance of D in cancer biology in the future.

■ CONCLUSION

This is the first comprehensive review devoted to dihydrour-
idine in the transcriptome in which we have addressed all
aspects related to its physicochemical and structural properties
and its distribution in the transcriptome as well as its
biosynthesis and functional and pathological implications.
Although, in our opinion, we are just beginning to glimpse its
potential biological role in protein translation, there are still
many unknowns that will need to be addressed in the future. It

is undeniable that this modified base carries a structural
attribute by preventing and/or promoting the formation of
certain RNA folds. The consequences are specific to the nature
of the substrate since D seems to stabilize tRNAs, whereas it
destabilizes dsRNAs. This point needs to be further
investigated, in particular by trying to apply it to specific
mRNA sequences that have been identified as carrying this
modification. Beyond its structuring role and its impact on
translation, it is quite legitimate to wonder whether D could
fulfill other potential functions as a local identity element for
yet-to-be-discovered cellular partners, as is already the case for
other types of modifications. But to better appreciate the
importance of this modified base, more precise mapping of D
in the transcriptome wide is required, which will require
breaking through common roadblocks imposed by large
sequencing techniques. Although the recent Rho-seq technique
is an obvious advance in the field, since it does not rely on the
generation of abasic sites but on a specific tagging of the D-
base, there is still room to improve this method. For example,
demethylation steps of the RNA sample by treatment with
AlkB demethylases could be introduced to remove m6A, m1A,
and m5C. Finally, we would like to emphasize that this review
has highlighted the extent of what remains to be accomplished
to fully understand the enzymology of D synthesis. Certainly,
the enzymes of Dus have been identified and their site
specificity determined, the full understanding of nucleotide
level determinants beyond elbow integrity for tRNA substrates
at least is yet to be determined, particularly for eukaryotic
enzymes that target both tRNAs and mRNAs. Besides, the fact
that mRNA-modifying enzymes usually also have tRNA as a
substrate, as is the case for Dus, seriously complicates the
interpretation of genetic targeting, encouraging us to elucidate
the molecular basis behind the substrate discrimination of
these enzymes. Likewise, the complex modularity of eukaryotic
Dus enzymes needs to be better characterized, and AlphaFold
can help us considerably in that endeavor. Have these
eukaryotic specific domains been acquired during evolution
for functional purposes of recognition, substrate discrim-
ination, transport, cellular localization, are questions begging
for answers. These points will certainly be substantial to
advance our understanding of the role of D and its enzymes in
carcinogenic mechanisms. Finally, the abundance of D in
tRNAs and more recently in mRNAs should not make us
forget rRNAs, certainly the least understood dihydrouridyla-
tion substrates. The fact that bona f ide Dus enzymes do not
appear to be involved in D biosynthesis in rRNAs suggests that
a fascinating new enzyme system for D biosynthesis exists in
nature and is just waiting to be brought to light.
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■ KEYWORDS

tRNA, tRNA is an adaptor molecule typically composed of
around 76 nucleotides that serves as a physical link between
mRNA and the amino acid sequence of proteins. The tRNA
performs this function by transporting an amino acid to the
ribosome where it pairs via its anticodon to the codon of an
mRNA; mRNA, messenger ribonucleic acid is a single-
stranded molecule of RNA that corresponds to the genetic
sequence of a gene and is read by the ribosome machinery
during the translation process; rRNA, ribosomal ribonucleic
acid is noncoding RNA found as the primary component of
ribosomes. rRNA allows tRNA and mRNA to process and
translate the latter into proteins; RNA modifications, chemi-
cally modified nucleotides found in mature RNA species. The
modifications are specifically catalyzed by enzymes after
transcription and are one of the maturation steps leading to

functional RNAs; epitranscriptome, all functionally relevant
biochemical modifications of the RNAs (the transcriptome)
within a cell; dihydrouridine, one of the most abundant
modifications of the transcriptome. This base is formed by the
reduction of uridine and is therefore nonaromatic; dihydrour-
idine synthases, a family of flavoenzymes using flavin as a
coenzyme and NADPH as a reductant to catalyze the
dihydrouridylation (dihydrouridine synthesis) of tRNAs and
mRNAs; flavin, flavin is a redox-active organic coenzyme
associated with various enzymes (flavoenzymes)
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Abstract: Dihydrouridine (D) is an abundant modified base found in the tRNAs of most living organ-
isms and was recently detected in eukaryotic mRNAs. This base confers significant conformational
plasticity to RNA molecules. The dihydrouridine biosynthetic reaction is catalyzed by a large family
of flavoenzymes, the dihydrouridine synthases (Dus). So far, only bacterial Dus enzymes and their
complexes with tRNAs have been structurally characterized. Understanding the structure-function
relationships of eukaryotic Dus proteins has been hampered by the paucity of structural data. Here,
we combined extensive phylogenetic analysis with high-precision 3D molecular modeling of more
than 30 Dus2 enzymes selected along the tree of life to determine the evolutionary molecular basis
of D biosynthesis by these enzymes. Dus2 is the eukaryotic enzyme responsible for the synthesis
of D20 in tRNAs and is involved in some human cancers and in the detoxification of β-amyloid
peptides in Alzheimer’s disease. In addition to the domains forming the canonical structure of all Dus,
i.e., the catalytic TIM-barrel domain and the helical domain, both participating in RNA recognition
in the bacterial Dus, a majority of Dus2 proteins harbor extensions at both ends. While these are
mainly unstructured extensions on the N-terminal side, the C-terminal side extensions can adopt
well-defined structures such as helices and beta-sheets or even form additional domains such as zinc
finger domains. 3D models of Dus2/tRNA complexes were also generated. This study suggests
that eukaryotic Dus2 proteins may have an advantage in tRNA recognition over their bacterial
counterparts due to their modularity.

Keywords: dihydrouridine; tRNA; dihydrouridine synthase; tRNA binding; phylogeny; AlphaFold;
structural-protein-evolution

1. Introduction

Dihydrouridine (D) is one of the most abundant post-transcriptional modified bases
in the transcriptome [1–3]. Present mainly in transfer RNA (tRNA) and occasionally in
bacterial ribosomal RNA (rRNA), D has recently entered the messenger RNA (mRNA)
world [1,2]. Indeed, this modification was recently detected in fission yeast mRNAs, includ-
ing those encoding cytoskeleton-related proteins (2), in Saccharomyces cerevisiae mRNAs [4],
but also in human mRNAs [5,6]. D is formed by the reduction of the C5 = C6 double bond
of uridine, resulting in a loss of aromaticity, a unique feature among base modifications
(Figure 1A). The lack of aromaticity leads to a pyrimidine that is unable to participate in
stacking interactions [7,8].
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Figure 1. Dihydrouridine biosynthesis and localization of D residues in the tRNA. (A) Reduction
reaction of uridine to dihydrouridine in tRNAs and mRNAs catalyzed by dihydrouridine synthases
(Dus). These proteins are flavoenzymes that use FMN as a redox coenzyme and NADPH as a
reductant source. (B) Cloverleaf secondary structure of the tRNAs shows the location of the D
residues as well as the Dus enzymes that introduce them into Escherichia coli, Mycoplasma capricolum,
and Saccharomyces cerevisiae.

The exact physiological role of D remains to be clearly defined, although some studies
suggest that it plays an important role in 3D RNA shaping by promoting local flexibility
and RNA backbone dynamics [9,10]. Consistent with this structural property, D is found
primarily in single-stranded loops and in regions of the RNA that require flexibility, such
as the tRNA elbow region, formed by the interaction between the D and TΨC loops and
involving important tertiary interactions necessary to maintain its particular L-shaped
structure [7,8]. Indeed, tRNAs lacking D in combination with other modifications have
been shown to undergo rapid degradation [11], probably due to a defect in conformational
flexibility. This could possibly explain how some cancer cells can prevent tRNA turnover
by significantly increasing their D level in tRNAs [12] and thus promote cell growth [13].
In mRNAs, the absence of D has been shown to strongly affect meiotic chromosome
segregation, leading to low gamete viability in yeast (2). In humans, D plays a role in the
efficiency of the translation via a mechanism of action that remains to be established [5]. A
relatively high level of D was observed in the tRNAs of cancer cells [12] and in those of
psychrophilic organisms, where a greater demand for molecular flexibility is required [14].

D is often present at multiple positions in bacterial and eukaryotic tRNAs, and its
abundance varies with both organism and tRNA type. In prokaryotes, D can be present
at five positions of the tRNA (Figure 1B), namely positions 16, 17, 20 and 20a, all located
in the D loop, but also at position 47 in the variable loop (V loop) [2], which has so
far only been observed in Bacillus subtilis tRNAMet(CAU). In eukaryotes, D is observed
in as many as six sites, including five in the D-loop (D16, D17, D20, D20a, and D20b)
and one in the variable loop (D47) [3] (Figure 1B), with D20 being the most frequent D-
modification in tRNAs [2]. D residues are introduced in tRNAs and mRNAs by a set of
conserved dihydrouridine synthases (Dus) that are members of the Cluster of Orthologous
Group family COG0042 [2,15–17]. These flavoenzymes catalyze an NADPH-dependent
reduction of specific uridines using the flavin mononucleotide (FMN) as a tRNA-reducing
coenzyme (Figure 1A) [2,15,16,18,19]. A phylogenetic study classified these enzymes into
eight subfamilies, namely DusA, DusB, DusC, Dus1, Dus2, Dus3, Dus4, and archaeal
Dus [20]. The first three enzymes are bacterial proteins, while Dus1 through Dus4 are found
in eukaryotes, the last one being the unique member of Dus observed in archaea. Since
DusB is present in almost all bacteria, a model where DusB is the bacterial ancestor, and
DusA and DusC are the products of DusB duplication events that occurred shortly after
the divergence of the major Proteobacteria groups was proposed [20]. In eukaryotes, Dus3
is considered the ancestral enzyme from which the other three are derived, starting with
Dus2, followed by Dus1, and finally Dus4.
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The tRNA-substrate specificity of Dus enzymes has been fully established in sev-
eral model organisms, including Mycoplasma capricolum [21], Escherichia coli [15,19], and
Thermus thermophilus [22,23] for prokaryotes, and S. cerevisiae [16,24], S. pombe [6], and
humans [5,6,25] for eukaryotes. These studies revealed that Dus can generally modify up
to three positions in a given tRNA substrate (Figure 1B). DusA, Dus1, and Dus4 are dual-site
enzymes catalyzing the formation of D20/D20a, D16/D17, and D20a/D20b, respectively.
In contrast, DusC, Dus2, and Dus3 can modify only one position and synthesize D17, D16,
D20, and D47, respectively. Concerning DusB, we have recently shown that this enzyme
can be either mono-site specific, such as the E. coli enzyme that catalyzes the synthesis of
D17 [19], or tri-site specific, catalyzing D17, D20, and D20a in M. capricolum [21]. From an
evolutionary standpoint, the mono-site specificity of a subset of Dus proteins could thus be
regarded as a functional feature that has evolved recently, at least in the prokaryotes.

To date, three-dimensional structures, obtained by X-ray crystallography, are available
in the PDB for T. thermophilus DusA [22], E. coli DusB [19], and E. coli DusC [26,27] (Table 1).
The crystallographic structures of T. thermophilus DusA in complex with tRNAPhe and
E. coli DusC in complex with tRNAPhe or tRNATrp were also solved [22,27]. These key data
elucidated the structural and molecular basis of dihydrouridine biosynthesis in bacteria.
In contrast, structural studies are limited for eukaryotic enzymes. The only data available
to date are the structures of isolated domains of human Dus2 (hDus2 or Dus2L) [25,28,29]
(Table 1). Beyond its physiological role, hDus2 seems to play a role in some cancers [13,30]
but also in Alzheimer’s disease [31]. This enzyme promotes cell growth through its ability
to interact with other enzymes, notably the aminoacyl tRNA synthetase complex EPRS [13]
and the protein kinase R [30], by a mechanism that remains to be established. In addition,
overexpression of hDus2 in tumorigenic cells appears to be associated with a poor prognosis
for lung cancer patients [13].

Table 1. X-ray structures of Dus available in the protein data bank.

Proteins Products Domain/Complex PDB Code Resolution

T. thermophilus DusA D20/D20a full length 3B0P 1.7

T. thermophilus DusA D20/D20a full length + RNA
fragment 3B0U 1.94

T. thermophilus DusA D20/D20a full length + tRNAPhe 3B0V 3.51
E. coli DusB D17 full length 6EI9 2.55
E. coli DusC D16 full length 3W9Z 2.1
E. coli DusC D16 full length 4BFA 1.65
E. coli DusC D16 full length + tRNATrp 4YCP 2.55
E. coli DusC D16 full length + tRNAPhe 4YCO 2.1

Homo sapiens Dus2 D20 TIM Barrel + HD 4XP7 1.9
Homo sapiens Dus2 D20 TIM Barrel + HD 4WFS 2.68
Homo sapiens Dus2 D20 dsRBD 4WFT 1.7
Homo sapiens Dus2 D20 dsRBD + dsRNA 5OC6 3.2

Overall, the structural analyses of all these structures allow for the definition of a
canonical Dus fold, which consists of: (i) a TIM-barrel domain on the N-terminal side
carrying the active site with the FMN located in the center of the barrel; (ii) a helical domain
(HD) formed by 4 helices in a bundle lying on the C-terminal side; and (iii) a linker, which
connects these two domains (Figure 2A,B).

In bacterial enzymes both the TIM-barrel and HD participate in tRNA binding [22,27].
In contrast, hDus2 was shown to carry an additional domain after the HD, namely a double-
strand binding domain (dsRBD) (Figure 2B) cooperating with the TIM-barrel for tRNA
recognition and binding [25]. This gain in architectural modularity is accompanied by a
loss of electropositivity on the HD surface of hDus2 compared to its bacterial counterparts,
which no longer fully participate in substrate binding [25,32]. The dsRBD of hDus2 is
unique among members of this family as it carries a new type of N-terminal extension
(NTE) [25,33]. This finding raised the possibility that this new prototype of dsRBD has
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evolved to specifically recognize the particular 3D-L-shaped structure of tRNAs. Indeed,
compelling structural evidence, namely the crystal structure of this dsRBD in complex with
a dsRNA, structural characterization of the dsRBD/tRNA complex by NMR, SAXS, and
extensive mutagenesis, provided evidence that this dsRBD is specialized to recognize a
tRNA substrate via its NTE [29]. The latter provides specific residues that, in combination
with those on the canonical dsRBD structure, expand the RNA-binding interface, allow-
ing the newly evolved domain to bind tRNA. These observations led us to hypothesize
that perhaps the modularity acquired by hDus2 may not be an isolated case within the
Dus2 family and that the tRNA recognition mechanism may have undergone various
evolutionary modifications.

Figure 2. Crystallographic structures of Dus. (A,B) crystal structures of T. thermophilus DusA
(PDB: 3B0V), human Dus2 without the dsRBD (PDB: 4XP7), and the dsRBD of hDus2 (PDB: 4WFT),
respectively. The TIM-barrel domain (TBD) appears in teal, while the helical domain (HD) is in blue,
the inserted beta-sheet in red, the connecting alpha-helix (c-αH) in green, and the dsRBD in purple.
The FMN coenzyme is denoted in yellow. Above each of the structures is a scheme of the modular
organization of Dus2, in which the delineation of each domain is shown.

Using phylogenetic analysis and accurate 3D protein structure prediction, we inves-
tigate here the structural evolution of eukaryotic Dus2 to identify novel modes of tRNA
binding along the evolutionary tree of life. We found that Dus2 exhibits significant struc-
tural variability beyond the level of their canonical domains. Dus2 enzymes can carry
structural extensions primarily on the C-terminal side that range from simple helix acquisi-
tion to the addition of a new domain. In addition to the dsRBD, we have identified five
new domains that may be present in Dus2, including zinc finger modules. More impor-
tantly, analyses of protein surface electrostatics and modeling of Dus2/tRNA complexes
suggest that some of these extensions are likely involved in RNA recognition. Our study
illustrates how nature opportunistically refines Dus structures by decorating the canonical
fold with new structural elements that function as effectors to generate new substrate
recognition units.

2. Materials and Methods

2.1. Phylogenetic Distributions across the Dus Superfamily

Using representative sequences of each Dus subfamily (i.e., Q9HGN6, Dus1 of Schizosac-
charomyces pombe; O74731, Dus2 of S. pombe; Q9UTH9, Dus3 of S. pombe; O74553, Dus4
of S. pombe; P32695, DusA of E. coli; P0ABT5, DusB of E. coli; P33371, DusC of E. coli;
Q57608, archaeal Dus of Methanocaldococcus jannaschii), OrthoInspector [34] were used to
extract sequences of Dus homologs. OrthoInspector maintains a benchmark set of genomes,
which it uses to consistently determine the absence or presence of orthologs, including
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both model and non-model organisms across archaea, bacteria, and eukaryota. This allows,
with each query, additional lists of organisms in which homologs of the query sequence
are “not present in”, as well. All lists resulting from these queries were concatenated, and
redundancies were removed. The sum of organisms from both list types, “present” and
“not present in” was used to derive the final list of organisms to use in these analyses
(Supplemental Table S1). To confirm subfamily membership of each sequence, an arbitrary
number of sequences per batch (50–100 sequences) were checked by performing sequence
alignments and generating sequence trees containing positive controls for each subfamily
(i.e., the controls used were equivalent to the Dus sequences used in retrieval queries)
(for an example of this approach, see the Supplemental example in Figure S1). The latter
was completed using ClustalO (EMBL-EBI; https://www.ebi.ac.uk/Tools/msa/clustalo/
accessed on 21 April 2022) for each checked subset [35]. The assignment of subfamily
membership for each sequence was determined according to their phylogenetic proximity
to the aforementioned control (i.e., query) sequences. After subgroup membership was
assigned, these were then used to determine the absence or presence (counts) per subgroup
and per organism. Taxonomic identifiers were mapped using the UniProt sequence entries.

2.2. Dus2 Fusion Analysis

Using the Dus2 sequence of S. pombe (O74731), the BLAST tool of OrthoMCL (release
6.10, accessed on 21 April 2022) [36] was used to gather an initial batch of Dus2 family
sequences of various architectures (orthologous group: OG6_102617; 527 sequences, total).
Sequences were then mapped to UniProt Accession Identifiers and taxonomic IDs using
the UniProt mapping tool [37], with the total number of sequences equaling 383. The CDD
batch search tool [38] was used to map recognizable domains across all sequences, assigning
either the highest fidelity specific hit fusion domain or CDD clan cd02801 (DUS_like_FMN).
Dus2 homolog sequences of closely related organisms were used to BLAST the genomes
suspected of gene losses/oversight (i.e., Dus2 homolog is missing; check via NCBI BLAST).
Dus2 family members and fusions exported from InterPro [39], distinct from the sequences
already curated, were then merged with the master list (total of 390 sequences) to give
Supplemental Table S2 after being verified for Dus2 subfamily membership, again using the
Dus homologs 1–4 of S. pombe as positive controls in an alignment and then a sequence tree
(example, Supplemental Figure S2). Lengths of Dus family domains were determined from
UniProt domain annotation and, if UniProt annotations were lacking, CDD Search. The
phylogenetic tree was generated using PhyloT (database 2022.1; https://phylot.biobyte.de,
accessed on 26 August 2022) and iToL [40]. Data (i.e., sequence lengths, domain fusions)
were mapped using the iToL tree editor (accessed 26 August 2022).

2.3. Dus2 Sequence Logos

JalView was used to perform the multiple sequence alignments (ClustalO program
within JalView) for the Dus2-specific set of homologs (see Dus2 Fusion Analysis methods
subsection) [41]. Sequence logos were made using WebLogo (https://weblogo.threeplusone.
com, accessed on 24 August 2022) [42].

2.4. AlphaFold Models

All AlphaFold models were generated using AlphaFold2, which is hosted through
ColabFold (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb accessed on 1 June 2022) [43]. Atomic coordinates for these files with a
pLDDT score less than 70 were not analyzed.

2.5. Cloning of dsRBD of Dus2 from Amphimedon Queenslandica

We obtained a commercially supplied synthetic plasmid of the dsRBD of Dus2 from
Amphimedon queenslandica (residues 266–371) (pEX- dsRBD_Aq ampicillin-resistant) from
Eurofins. We used this plasmid to amplify by PCR and clone into pET22b the gene
of A. queenslandica Dus2 dsRBD (dsRBDAq), which contains a sequence encoding for
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a 6-histidine tag placed at the C-terminal region of the protein. The PCR fragment
was amplified with these primers (Forward aagaaggagatatacatatgAAATCGAAAATG-
GATCCAGAAG; Rerverse gcggtcggcagcaggtattttcagtggtggtggtggtggtgTGAATTGCTG-
GCAGTTGAC) and purified with QIAquick PCR purification kit (Qiagen, Germantown,
MD USA), before cloning with SLIC cloning method into pET22b previously linearized
with PCR using these primers (Forward AAATACCTGCTGCCGACC; Reverse CATATG-
TATATCTCCTTCTTAAAGTTAAAC) and gel purified with QIAquick gel purification kit
(Qiagen). Chemically competent DH5α cells were transformed with the plasmid, and gene
integrity was verified by DNA sequencing (Eurofins).

2.6. Overexpression and Purification of dsRBDAq

Overexpression of dsRBDAq was achieved using a chemically competent BL21 (DE3)
E. coli strain (Novagen, Madison, IA USA) transformed with pET22b-dsRBDAq. 100 mL (LB
medium) of the overnight cultures were used to inoculate a larger scale cell culture (6 L) at
37 ◦C until the optical density at 600 nm reached 0.5. Protein synthesis was induced by the
addition of Isopropyl 1-thio-β-Dgalactopyranoside to a final concentration of 1 mM. Cells
were grown for an additional 16 h at 16 ◦C, collected by centrifugation (9000× g at 4 ◦C for
10 min), and stored at −80 ◦C until use. Cells were resuspended in 50 mM Tris-HCl pH 8,
500 mM NaCl, 10% glycerol, 5 mM imidazole, and 1% triton X-100 and discontinuously
sonicated for 15 min in a water-ice batch. Cellular extracts were centrifuged for 45 min at
193,000× g, which yielded a soluble fraction of dsRBDAq.

The resulting supernatant was loaded onto a Hitrap Excel column (5 mL, GE Health-
care) equilibrated with buffer, 50 mM Tris-HCl pH 8, 300 mM NaCl, 10% glycerol, and 5 mM
imidazole. Bound proteins were eluted with a gradient of imidazole (0–500 mM) in buffer:
50 mM Tris-HCl pH 8, 300 mM NaCl, 10% glycerol, and 500 mM imidazole; dsRBDAq was
eluted at 150 mM imidazole. SDS- PAGE allowed the identification of dsRBDAq, and the
purest protein was pooled and concentrated with Amicon Ultra 10K cut-off concentrators
(Millipore) until a volume of 5 mL was reached. 45 mg of protein was loaded onto a HiLoad
16/600 Superdex 75 pg equilibrated with 50 mM Tris-HCl, pH 8, 300 mM NaCl, and 5 mM
2-Mercaptoethanol. Protein concentrations were determined by a Bradford assay (Bio-Rad),
with BSA used as a standard. The elution volume of dsRBDAq was 78 mL. The pure and
monomeric protein fractions were pooled, concentrated to 11 mg/mL, frozen in liquid N2,
and then stored at −80 ◦C.

2.7. Crystallization, Data Collection, and Structure Determination

Crystals of dsRBDAq were grown by the hanging drop vapor diffusion method at
292 K by mixing the purified dsRBDAq (at 15 mg/mL in 50 mM Tris, pH 8, 300 mM NaCl,
and 5 mM β mercaptoethanol) with an equal amount (1 μL) of reservoir solution (0.1 M
Hepes sodium salt, pH 7.5, and 1.4 M tri-sodium citrate as precipitant) and seeds previously
prepared. After a few days, crystals appeared and were swept through a reservoir solution
complemented with 30% glycerol and immediately flash-frozen in liquid nitrogen. X-ray
diffraction data were collected at the synchrotron SOLEIL on the beamline Proxima 2
and were indexed, integrated, and scaled using the autoPROC pipeline [44] (ref). The
structure was solved by molecular replacement with phenix.phaser [45] using a search
model processed with sculptor [46] and based on 4wft. Phases and models were improved
with phenix.autobuild [47]. The final model and phases were obtained by alternating
manual building in Coot [48] and refinement in BUSTER (www.globalphasing.com/buster/
version v2.10.4 (8-JUN-2022)). Data collection and refinement statistics are shown in Table 2.



Biomolecules 2022, 12, 1760 7 of 25

Table 2. Data collection and refinement statistics of the dsRBD of A. queenslandica Dus2.

dsRBDaq

PDB code 8B02
Data collection

Wavelength (Å) 0.9801
Resolution range (Å) 42.37–1.68 (1.70–1.68)
Space group P21
Cell dimensions

a, b, c (Å) 29.077, 56.895, 63.587
α, β, γ (◦) 90.00, 93.05, 90.00

Multiplicity 2.9 (2.0)
Completeness (%) 97.9 (79.7)
Mean I/sigma(I) 7.8 (0.8)
Wilson B-factor (Å2) 24.07
R-meas 0.090 (1.245)
R-pim 0.051 (0.762)
CC1/2 0.997 (0.351)
Refinement
Reflections used in refinement 23356 (1170)
R-work / R-free (%) 20.35/22.78 (32.80/36.10)
Number of non-hydrogen atoms

macromolecules 1548
ligands 28
solvent 139

R.m.s. deviations
Bond lengths (Å) 0.009
Bond angles (◦) 1.02

Ramachandran plot (%)
favored 98.96
allowed 1.04
outliers 0.00

Average B-factor (Å2)
Overall 28.45
macromolecules 26.91
ligands 42.77
solvent 42.75

3. Results and Discussion

3.1. Phylogenetic Distribution of Dus2 and Domain Analyses

To understand the distribution and more readily interpret the plausible evolutionary
history of Dus2, a benchmark subset of 324 genomes were investigated for the absence
or presence of all Dus family subgroups, both derived from OrthoInspector (see meth-
ods and Supplemental Data Table S1). In batches of 50–100 sequences, homologs were
checked for subgroup membership through multiple sequence alignments and sequence
trees, including described control sequences (see methods for sequences; example of ap-
proach, Figure S1). Approximately 41% of organisms considered in this study were found
to possess at least one Dus2 family member, making it the third most common of all Dus
subfamilies. Similarly, 40% of taxonomic groups (see partitions and groups in Supple-
mental Data Table S1) were observed to have at least one organism possessing Dus2. As
anticipated, organisms found to be without a single Dus2 homolog included all archaeal
taxonomic groups (i.e., Asgard Group, DPANN, Euryarchaeota, TACK Group) and all
bacteria (i.e., FCB Group, Proteobacteria, PVC Group, Terrabacteria Group, Other Bacte-
ria) (Supplemental Data Table S1). Of organisms with Dus2 and another of a different Dus
family subgroup, they were more likely to also have a Dus3 homolog than any other Dus
subfamily member (Supplemental Data Table S1).

To better understand the within-family diversity of Dus2, domain architectures and
fusions were collected from various functional annotation databases. Using a Dus2 control
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sequence of S. pombe, a BLAST query of OrthoMCL was used to determine a precise Dus2
orthologous group (OG6_102617; 527 sequences). Subsequently, the InterPro and Pfam
databases were used to acquire any additional unique architectural variants of Dus2, all of
which were confirmed, individually, as proper subfamily members by using the four S. pombe
control sequences (Dus1–4) in alignments and sequence trees (Supplemental Figure S2).
Ultimately, these sequences were concatenated into a Dus2 master list of 390 sequences
(Supplemental Data Table S2). Using CDD batch search, all sequences were assigned a name
referring to the specific hit domains present. These fusion “names” were then used in the
binary determination of absence or presence for unique fusions per organism (Figure 3).

Figure 3. Phylogenetic tree of 280 Dus2 family members illustrating domain architecture diversity.
Moving from the inside of the figure to the outside: (1) Sequence lengths are denoted by the central
histogram; (2) Colored bars (one square per organism) indicate the presence of distinct fusion proteins
(note: given multiple squares for one organism, they indicate the instance of separately encoded
homologs); (3) Percent coverage of sequences for both the remaining lengths not identified as belonging
to any recognizable domain (inside) and the identified Dus domain (outside) are shown. A red asterisk
among the labels of the tree’s leaves denotes the zinc finger domain-containing homolog of Pythium
insidiosum that, in addition to ZnD_U1, also contains a separate ICL_KPHMT fusion domain.

The sequence lengths, domain lengths, and occurrence of N- and C-termini (binary)
were acquired (Supplemental Data Table S2). Across all Dus2 sequences, the average se-
quence size was found to be 379 amino acids in length, with a maximum length of 793 aa and
a minimum of 154 aa (Supplemental Data Table S2; Figure 3). In examining the diversity
within the Dus2 subfamily, six unique domains were found to be fused with Dus2 do-
mains (Figure 3): ZnF_U1 (smart00451, PSSMID 197732), ZnF_U1 + ICL_KPHMT (cd00377,
PSSMID 119340), DSRM_DUS2L (cd19871, PSSMID 380700), zf-NADH/PPase/NUDIX
(PF09297, PSSMID 401294), DSRM_DUS2L + [PQ-loop(x2)] + CTNS (PF04193, PSSMID
398045; smart00679, PSSMID 128923), and Pyridox_oxase_2 (PF12766; PSSMID 403846).
The first two are combined in labeling within Figure 3, as the second fusion of the two was
only found in a single sequence. Fusion domains, if present, were always found to occur
within the C-terminal region of each sequence. With such notable levels of diversity, it was
necessary to perform further structural analyses of Dus2 hybrid proteins.
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3.2. Structural Analysis of the Dus2 Canonical Domains

Of the 30 structural models of Dus2 calculated along the evolutionary tree from bikonts
to animals, all proteins analyzed retained the canonical folding, i.e., the TIM-barrel on the
N-terminal side followed by the HD domain (Figures 4 and S3). The per-residue confidence
score (pLDDT) values produced by AlphaFold2 for these two domains are very high,
generally above 90, indicating strong confidence in the structural patterns of these regions.
In addition to these domains, there are N-terminal and C-terminal extensions of proteins
that we will discuss in the following section (see below).

Figure 4. 3D structural models of various Dus2. (A) Models of Dus2 showing minimal modularity.
The TIM-barrel domain (TBD) appears in teal, while the inserted beta-sheet is in red, the helical domain
(HD) is in blue, the connective alpha-helix (c-αH) is in green, and the other structural extensions are in
pink. The FMN coenzyme is denoted in yellow. (B) Models of Dus2 showing complex modularity
with the addition of an extra domain. The same color codes for the canonical domains are followed
(TBD + inserted beta sheet + HD). Rossman, zinc finger, dsRBD, PyrOX_2, ICL_KPHMT, and CTNS
domains are in yellow, pink, purple, light green, orange, and olive, respectively. Above each of model
is represented the schematic modular organization of Dus2 and is indicated the boundary of each
domain. We have chosen not to show the delineation of the inserted beta-sheet in order to avoid figure
overload. However, this structural element is colored in red in each of the 3D models presented.
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3.2.1. Catalytic Domain (TIM-Barrel)

When the AlphaFold models are structurally aligned with the 4XP7 or 4WFS crys-
tallographic structures, the RMSD values are all less than one. For example, the RMSD
values obtained for Candida albicans Dus2 versus 4XP7, Cryptococcus neoformans, S. pombe, As-
pergillus awamori, Fusarium oxysporum, and S. cerevisiae are 0.886 (over 202 atoms), 0.855 (over
223 atoms), 0.801 (240 atoms), 0.783 (231 atoms), 0.713 (227 atoms), and 0.702 (202 atoms),
respectively (Figure S4). The N-terminal region of Dus2 consists of a conserved α11/β11
TIM-barrel fold, in which a central barrel composed of eight parallel beta strands is sur-
rounded by 11 alpha helices (Figures 2B and 4). This structural arrangement is partly
reminiscent of that found in flavoproteins such as dihydroorotate dehydrogenase and
domain IV of dihydropyrimidine dehydrogenase, enzymes catalyzing comparable reac-
tions [49]. As expected for α/β-barrel flavoenzymes, the central barrel offers a cavity for
the binding of the redox coenzyme, FMN. The TIM-barrel core diverges from the classi-
cal α8/β8 fold because three additional β-strands insert at the N-terminal region of the
TIM-barrel forming a new antiparallel β-sheet (β3-β5) (Figures 2B and 4), which seems
strictly conserved among the Dus2 family. For example, this β-sheet inserts between C46
and Y76 in S. cerevisiae, between S46 and H77 in C. albicans, and between T49 and H76 in
S. pombe. This structural element was first reported in hDus2 (Figure 2B) [25]. However, it
was thought to be a peculiarity of hDus2 because it was not present in the crystallographic
structures of DusA, DusB, and DusC (Figure 2A). Thus, we can clearly identify this β-sheet
as a distinguishing feature of the canonical Dus2 fold. Note that this distinctive additional
β sheet has not been predicted by the previous homology model of Dus2 [20].

3.2.2. Active Site

Since AlphaFold was recognized to predict all-atom accuracy of 1.5 Å rmsd95 compared
to experimentally determined structures meaning that it can also produce highly accurate
side chains [50], we decided to examine Dus2 active sites. The models produced were carried
out on the apoprotein, although Dus2 is a flavoenzyme that uses FMN as a prosthetic group.
In order to examine the active site in more detail, we superimposed the calculated models
on the 4XP7 or 4WFS crystallographic structure. It is interesting to note that, first of all, none
of the side chains of the models clash with the FMN present in the crystallographic structure
of hDus2. Moreover, most of the conserved residues adopt a conformation similar to those
observed in 4XP7. Thus, the analysis of the active sites does not seem to be biased by the fact
that one is examining an apoprotein model. The resulting structural superpositions for three
Dus2 are shown in Figure S5. As expected, the FMN cofactor lies inside a deep, positively
charged crevice, stabilizing the negative charge of the phosphate moiety of the cofactor. All
the constituting parts of the FMN, i.e., the isoalloxazine ring and the ribityl phosphate chain,
make extensive interactions with surrounding amino acid residues, ensuring a tight binding
and a proper orientation of the entire coenzyme. The strictly conserved Met (M19 in hDus2,
M13 in S. cerevisiae and C. albicans, and M15 in S. pombe) stacks against the re-face of the
isoalloxazine ring and is placed at ∼4 Ǻ from the FMN C8 carbon. The side chains of three
extremely conserved residues, a Q, N, and K (Q87/N113/K155 in hDus2, Q88/N114/K160
in S. cerevisiae, and Q87/N113/K159 in C. albicans and S. pombe, Supplemental Figure S6),
interact with the pyrimidine moiety of FMN. The specifically positively charged lysine
residue in this triad is likely to stabilize the negative density of FMNH- (Figure S7) obtained
upon flavin reduction by NADPH. A 13-amino-acid loop spanning residues 116 to 128 and
acting as a lid on the active site and inserted in the TIM-barrel between β6 and the small α5
helix is disordered in the crystal structures of hDus2. This loop contains the highly conserved
C116 for hDus2, which has been proposed to function as a proton exchange site [2,18,22].
The corresponding loop gets ordered in the presence of tRNA [22]. Interestingly, in all the
models, this active site loop appeared structured, forming a short eight-residue alpha-helix.
While this cysteine is oriented away from the active site in the crystallographic structures of
hDus2, in the models, this key residue (C116 in S. cerevisiae, S. pombe, and C117 in C. albicans)
faces the flavin by being positioned above the isoalloxazine.
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3.2.3. Helical Domain

The TIM-barrel is connected to the HD by a short linker whose length varies within the
Dus2 family. For example, this linker is composed of thirteen residues in S. cerevisiae (T257
to D268), H. meleagridis (S251 to K256), S. pombe (R256 to S262), six in H. sapiens (L253 to R258)
based on X-ray crystallography, and in S. parasitica (R246 to L251), whereas in C. sativa, it is
composed of five amino acids (S243-K247). The helical subdomain is formed by a bundle of
four helices, a feature that also appears to be conserved in bacterial Dus [19,22,26,27]. The
TIM-barrel and HD domains of all Dus2 share a predominantly hydrophobic interaction
surface but stabilized by additional electrostatic contacts, including hydrogen bonds and π-
cationic interactions as observed in the crystallographic structure of the canonical domains
of Dus2. The aromatic residues present in the interface may participate in the orientation of
the HD relative to the catalytic domain. The relative orientation of these two domains is
globally conserved among Dus2, as shown by the structural alignments between the 4XP7
and Dus2 models (Figure S4). However, this orientation differs from that of DusA, which is
the bacterial homolog that, like Dus2, catalyzes D20 formation (Figure 2A). The presence
of the additional β-sheet (β3-β5) that is inserted into the TIM-Barrel of Dus2, increases
the surface area of interaction between the TIM-Barrel and the HD compared to that of
bacterial Dus. On the basis of the crystallographic structures of hDus2, the increase in this
interface was estimated to be 15% of the surface area [25]. Although globally the HD is
well conserved in Dus2, we noted that the loop connecting helix 2 to helix 3 may exhibit
size variability. While this loop consists of 5 residues in humans (R290-E294), it extends to
11 residues in S. parastica, for example, making it 16 residues long (S284-D299).

3.3. Structural Extensions of Dus2

Beyond the canonical Dus architecture, many Dus2s carry N- and C-terminal extensions
or only an N-terminal or C-terminal extension (Figure 4). Some Dus2s such as H. meleagridis,
have no extensions, suggesting that there are Dus2s that can obviously function only with the
TIM-barrel and HD domains like in the bacterial Dus. In Dus2, extensions can be classified
into two types: (i) unstructured sequence additions; (ii) minimal order structural extensions
such as the addition of a helix, such as the connecting α-helix (c-αH) placed just after the HD
(see below) or other structural elements that do not constitute a protein domain.

3.3.1. Unstructured Extensions

Structureless extensions can be observed at both ends of the protein (Figure 4A,B). The
size of these extensions can vary from a few amino acids to much longer lengths, as is the
case, for example, with Dus2 from C. neoformans, which has an unstructured extension of
80 amino acids at the N-terminus (M1 to S81) but also another at the C-terminus of about
50 amino acids (R445 to S494) (Figure 4A). All the analyzed unstructured extensions showed
pLDDT values <50. The five models proposed by AlphaFold (ranked by score) for each of
the Dus2, present extensions that adopt several positions in space. The lack of structure
could be in agreement with a sampling of the conformations, as seen with the intrinsically
disordered proteins (IDP), or it could be that AlphaFold is not able to predict a structure
for these regions because it did not find interchain contacts due to its intrinsic limitation.
However, the first explanation appears to be the most convincing. This is supported by
structural evidence obtained from the C-terminal region of mouse Dus2. Indeed, a PDB of
the solution structure of the isolated dsRBD domain of mouse Dus2 under the code 1WHN
and annotated “Solution structure of the dsRBD from hypothetical protein BAB26260” is
available [2]. In this NMR models, the long C-terminal extension is disordered likely due
to the lack of restraints, a consequence of the intrinsic flexibility of this region. Hence,
low-confidence residues may be explained by some form of disorder, although one should
be cautious about it. Indeed, IDPs are common in the proteomes of eukaryotes, and a study
estimated that the percentage of disordered residues in the human proteome is between 37%
and 50%. These disorder predictions could also encompass both regions that are intrinsically
disordered and regions that are structured only in complexes with cellular partners [51].
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3.3.2. Structured Extensions and the Connecting α-Helix

Some structured extensions show good pLDDT scores. The HD is very often followed
by an additional long alpha helix, as in the case of 27 out of 30 generated models, including
S. cerevisiae for example, suggesting the important conservation of this specific structural
entity of Dus2 (Figure 4). Among the thirty Dus2 models generated, only H. meleagridis,
C. albicans, and S. pombe Dus2 lack this helix. This helix can be fragmented into two helices
as in Dus2 of F. oxysporum and A. awamori, for example. We propose here to name this
helix the connecting helix (c-αH), as it connects the additional domains (see below) to the
canonical domains. We and Antson’s group had observed the presence of this helix in
hDus2, which is absent in bacterial Dus, but it was not clear whether this was specific to
the human enzyme [25,28]. It can now be stated that c-αH is a characteristic feature of
Dus2 proteins. The overall good results of the S. cerevisiae model, including the c-αH, allow
us to analyze this extension in more detail. This helix begins with residue D336 and ends
with S370 (Figure 4A). Indeed, the prediction of the c-αH of about 30 residues is robust, as
shown by the scores (>90 between P337-N353, between 90 and 70 for residues from A354 to
Q364) (Figure S8). C-αH is attached to the HD by a linker of ten amino acids. In a sense, this
alpha helix extends the HD on the opposite side of the TIM-barrel. The orientation of c-αH
is maintained by ionic and hydrophobic interactions engaging its N-terminal region with
certain residues of helices-3 and -4 of the HD. C-αH is followed by fourteen unstructured
amino acids (S370-I384), with I384 being the last residue of the protein.

Beyond the c-αH, other structural extensions may exist. For instance, the extension
observed in C. albicans Dus2 is very unique because it includes several novel structural
elements and does not carry the c-αH (Figure 4A). First, the HD helix-4 is elongated by
thirteen residues (K320-Q331) projecting down the domain, in the opposite direction to
the c-αH observed in S. cerevisiae Dus2. This helix is attached to a beta-sheet formed by
2 strands by a linker. This beta-sheet is itself linked to a long alpha helix of 23 amino
acids. These novel structural features extend the TIM-barrel on the proximal side and
are stabilized by numerous interactions between the TIM-barrel and the HD domains.
As with S. cerevisiae Dus2, the structural extension ends with an unstructured region of
approximately fifty residues. Similarly, hDus2 ends with an unstructured region, which
appears to be often the case in Dus2 enzymes.

3.4. Modularity of Dus2

Beyond simple structural extensions, some Dus2 have an entire domain appended to
the canonical domain. Our phylogenetic analysis identified five domains present in Dus2
(Figure 3). However, we were able to identify an additional domain by modeling Dus2
with sizes larger than those of a protein containing only the canonical domains (between
300 and 320 amino acids), a domain that had not been picked up by phylogenetic analysis
alone (Figure 4B, case of S. pombe). All these domains are always added after the HD, and
more particularly after the c-αH when this helix is present. Although for the majority of
Dus only the addition of a single domain is observed, there are very few cases where we
find the grafting of two additional domains to the two existing canonical domains, as is the
case, for example, for P. insidiosum or Trichinella nelsoni (Figure 4B). These added domains
are generally attached to the rest of the protein by long, flexible linkers that provide these
modules with a large degree of freedom (Figure 5). This is perfectly illustrated on the
different models generated because, for a given Dus2, the positioning of these domains
is generally not conserved and thus orients differently from one model to the next due to
the absence of inter-domain contacts found by AlphaFold2 (Figure 5). Aside from the zinc
finger domain (ZnFD) and the double stranded RNA binding domain (dsRBD), which are
well known for their ability to bind dsRNAs, the involvement of the other domains in RNA
and nucleic acid metabolism in general has not been documented. It should be noted that
we were not able to obtain a reliable model of the nudix domain due to the very low scores.
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Figure 5. Modularity and domain orientation in Dus2. (A) Structural 3D model of A. queenslandica
Dus2. The canonical domains are in gray while the c-αH and the dsRBD are in red. The linker
attaching the c-αH to the dsRBD is indicated. (B) Structural superposition of the 5 A. queenslandica
Dus2 model generated by AlphaFold2. The TIM-barrel and the HD of each model are in gray while the
dsRBD are colored in a different color for each model. (C) Structural 3D model of M. pennsylcanicum
Dus2 showing to different view that differs by a rotation of 180◦ around the z-axis. The canonical
domains are in gray while the c-αH and PyrOx domains are in red. (D) Structural superposition of
models 1 and 2 of M. pennsylcanicum Dus2 generated by AlphaFold2. Model 1 is colored as indicated
in (C) while model 2 is in cyan. The double-headed arrow indicates the different orientation of the
PyrOx domain in the two models. (E) Structural 3D model of P. insidiosum Dus2. The canonical
domains are in gray while the c-αH, the ZnFD, and the ICL-KPHMT domains are in red. (F) Structural
superposition of models 1 and 2 of P. insidiosum Dus2 generated by AlphaFold2. Model 1 is colored
as indicated in (E) while model 2 is in cyan. The double-headed arrows indicate the difference in
orientation of the ZnFD and ICL-KPHMT domains in the two models. (G) Structural 3D model of
T. nelsoni Dus2. The canonical domains are in gray while the c-αH, the dsRBD, and the CTNS domains
are in red. (H) Structural superposition of models 1 and 2 of T. nelsoni Dus2 generated by AlphaFold2.
Model 1 is colored as indicated in (G) while model 2 is in cyan. The double-headed arrows indicate
the respective difference in orientation of the dsRBD and CTNS domains in the two models.
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3.4.1. Zinc-Finger Domain

The ZnFD follows the c-αH, the latter acting as a connector between the HD and the
ZnFD. The size of this domain is globally conserved; e.g., S. parasitica has a ZnFD of about
64 amino acids in length. In all cases, this domain serves as the C-terminal domain, except
in the case of P. insidiosum, where the ZnFD is followed by an additional ICL-KHMPT-like
domain (Figure 4B). The ZnFD of Dus2 consists of a 3–10 helix followed by a 2-stranded
beta-sheet that takes the form of a finger, and then comes a first helix (H1) with two turns,
a kink, and a second larger helix (H2) (for example, nine turns for the case of S. parasitica).
The positioning of this ZnFD relative to the rest of the protein can vary between Dus2
models. To illustrate this, we present the Dus2 of A. candida and S. parasitica. As shown in
Figure 6, the A. candida ZnFD is facing the c-αH extension (Figure 6A), whereas in the case
of S. parasitica, the ZnFD is positioned in front of the TIM barrel and the HD (Figure 6B).
It seems therefore difficult to determine the exact location of the domain, however it is
quite possible to imagine that this ZnFD may have a degree of freedom allowing it to move
and adapt its position in particular in the presence of the RNA substrate thanks to a long
linker of about 15 amino acids that attaches this domain to the HD. The ability to move is
a known property of ZnFDs. The ZnF motif of Dus2 is of the CX2CX12HX5H type, part
of the large family of C2H2 class zinc fingers, the most commonly used in transcription
factors with the ability to bind preferentially to double-stranded RNA (dsRNA) [52,53].

Figure 6. Cont.



Biomolecules 2022, 12, 1760 15 of 25

Figure 6. The Zinc finger domain in Dus2. (A) Structural 3D model of A. candida Dus2. The canonical
domains are in gray while the c-αH and the ZnFD are in green and red, respectively. (B) Structural
3D model of S. parasitica Dus2. (C,D) Zoom on the zinc finger motifs of A. candida and S. parasitica
Dus2, respectively. The signature of the motif is indicated in the red box. (E) Solution NMR structure
of a ZnFD of human JAZ protein (PDB: 2MKN). The zinc atom is represented as a ball colored in cyan.
The ZnF motif for this domain is indicated below the structure. (F) Structural superposition of 2MKD
(colored in purple) with the ZnFD of S. parasitica Dus2 (in red). The ZnF motif of S. parasitica Dus2
is shown below the figure of the structural alignment. (G) Structural superposition of 2MKN (PDB
code for the structure of JAZ ZnFD in complex with a dsRNA with the ZnFD of S. parasitica Dus2 (in
red). Two different views that differ by a rotation of 180◦ around the z-axis are shown. (H) Model of
the S. parastica Dus2/dsRNA complex. The ZnFD is represented in the electrostatic surface mode.

The two cysteines of the motif are present in the central beta-sheet while the two
histidines are found in each of the two helices, H1 and H2 (Figure 6C,D). Interestingly, the
ZnFD of Dus2 shares a similar structure to the zinc fingers of the human Just Another Zinc
finger (JAZ) protein [54] (Figure 6E). This four zinc finger protein is known to bind endoge-
nous and exogenous dsRNAs such as adenoviral VAI RNA [54]. Indeed, superimposing
the ZnFD of Dus2 S. parasitica on the NMR structure of JAZ ZnFD in the 2MKD PDB gives
a very low RMSD (~0.696 Å over 25 Cα) consistent with the structural conservation of this
domain in the 2 proteins (Figure 6F). Even more, the side chains of the ligands of the zinc
atom, namely C2H2, adopt perfectly identical orientations to those of JAZ, suggesting that
these residues are oriented in their functional form in the models generated by AlphaFold
(Figure 6F). Structural alignment of the ZnFD of Dus2 S. parasitica with the NMR structure
of the JAZ:dsRNA complex (PDB: 2MKN [54]) shows that the two proteins share the same
dsRNA recognition mode (Figure 6G). Indeed, dsRNA binding occurs mainly via H1, kink,
and H2. H1 and H2 recognize the minor grooves, while the kink and the N-terminus of
H2 recognize the major grooves. Interactions between dsRNA and the ZnFD domain of
Dus2 are largely driven by interactions of an electrostatic nature, as shown in Figure 5H.
Specifically, H1 and H2 have charged residues that will generate a highly positively charged
surface to accommodate phosphates on the RNA backbone. In JAZ, the dipole moment of
H2 also contributes to this interaction [54].

The portion of the tRNA that will be recognized by the Dus2 ZnFD remains undeter-
mined at this stage. However, it should be noted that the tRNA contains many double-
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stranded, structured regions. In addition, there are RNA modification enzymes that also
use ZnFDs as additional tRNA recognition modules. One example is Mod5, an isopentenyl
transferase that catalyzes the formation of i6A37 in S. cerevisae tRNAs, and that in addition
to its catalytic domain and insertion domain has a C2H2-type C-terminal ZnFD that recog-
nizes the tRNA anticodon stem as shown in the crystal structure of Mod5:tRNACys [55]
(Figure 7). Similar to JAZ, the ZnFD of Dus2 from S. parasitica overlaps with the ZnFD
of Mod5 except for the central beta-sheet. However, despite this discrepancy, the C2H2
residues of Dus2 and Mod5 overlap perfectly and adopt an identical orientation with
respect to the zinc atom. Furthermore, no clash was detected between the ZnFD of Dus2
and tRNA.

Figure 7. Structural comparison of the ZnFD of Dus2 and that of S. cerevisiae Mod5. ZnFD of
S. parasitica Dus2 (in red) is superimposed on the ZnFD of Mod5 (in deep teal color) in the crystal
structure of yeast Mod5/tRNACys (PDB: 3EPH). The below the figure is the schematic representation
of the domain modularity of Mod5. The catalytic, inserted, and ZnFD of Mod5 are in gray, blue, and
deep teal, respectively. A zoom of the superposition on the ZnF motif region is shown on the right.
The ZnF motif of Mod5 is indicated below the zoom in the deep teal colored box.

3.4.2. The Double-Stranded Binding Domain

The other domain acquired by more evolved Dus2 is the dsRBD (Figures 4B and 5A).
Initially observed in human Dus2, a phylogenetic analysis showed that the dsRBD is indeed
more widely distributed in nature than expected since it is present in Dus2 of animals [20].
However, where exactly this additional domain appeared in the phylogenetic tree of Dus2
remains enigmatic. By reanalyzing the sequences of eukaryotic Dus2, we found out that
the dsRBD does not seem to be restricted to animals but is also present in Choanoflagellates
and in Filasterea, all of which are part of the Filozoa clade. A more rigorous search of
the sequences allowed us to trace the phylogenetic tree and show that an Ichthyosporea,
S. arctica, and a Cristidiscoidea, F. alba also possess a Dus2 with a dsRBD. We produced seven
models of Dus2 carrying dsRBDs, two in animals (hDus2 and Dus2 from A. queenslandica),
two Choanoflagellates, one Filastera, one Ichthyosporea and one Fonticuli. Interestingly, the
genome of C. owczarzaki was found to have two paralog fusions: one containing the dsRBD
domain and the other containing the aforementioned zf-NADH/PPase/NUDIX (PF09297,
PSSMID 401294) domain. The former, typically around 68 amino acids, is well-known for its
functional versatility by means of a particular α1-β1β2β3-α2 canonical structure that allows
the recognition of a variety of simple RNA structures ranging from A-form RNA helices to
hairpins or tetraloops in shape-dependent manners [56–58], even though a sequence-specific
mode of recognition has been invoked for a few of them [59,60]. We showed that the dsRBD
of hDus2 has an additional extension at the N-terminal, named NTE, which is also involved
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in the binding of dsRNA and specifically the acceptor-TΨC stem region [29], which is the
longest dsRNA region of the tRNA.

The models obtained for the various full lengths of Dus2 show that the dsRBD is
attached to the HD indirectly via a c-αH like that identified in S. cerevisiae Dus2. However,
a notable difference lies in the fact that in dsRBDs-containing Dus2, c-αH protrudes outside
the plane formed by the HD domain so that it points towards the back of the protein. This
difference in orientation could be concomitant with the acquisition of the dRBD in order
to properly position the dsRBD. The orientation of the dsRBD relative to the rest of the
protein is not conserved within the five models proposed by AlphaFold2 (Figure 5B). We
had previously shown that in hDus2, the dsRBD is connected to c-αH by a flexible linker
whose role could be the adjustment of the dsRBD functional position in the presence of the
tRNA substrate [25].

A focus on specifically the dsRBD revealed that the overall structure is conserved
among all the models. To determine if the dsRBDs of animals at the bottom of the
evolutionary tree retain the same double-stranded RNA recognition mechanism com-
pared to the dsRBD of hDus2, we crystallized the dsRBD of Dus2 from A. queenslandica,
Monosiga brevicolis, and F. alba. Unfortunately, only A. quenslandica dsRBD led to diffracting
crystals that allowed structural resolution. Interestingly, the validity of these models is
supported by the superposition of the crystallographic structure of A. quenslandica dsRBD,
which we solved at 1.68 angstroms in this study, with the dsRBD coming from the model
(RMSD = 0.426 over 78 atoms) (Figure 8A). It is equally amazing to see that even the orienta-
tions of the side chains observed in the crystal structure are globally preserved in the model
(Figure 8A). To investigate if these newly identified dsRBDs present functional similarities
with those of hDus2, we structurally aligned them with the crystal structure 5OC6, which
is the crystal structure of hDus2′s dsRBD (construct T339-K451) in complex with an eleven
palindromic oligo-ribonucleotide that we have recently published (Figure 8B) [29]. Again,
no major structural clashes can be detected between the dsRNA and the bound dsRBD.
We showed that recognition of dsRNA is essentially achieved via three major canonical
regions, namely helix-α1, helix-α2, and the C-terminal part of the β1–β2 loop of the dsRBD.
These regions are all present in all dsRBDs analyzed here. In the case of hDus2, we showed
that three residues of helix-α1 (T369, E376, and R379) interact with ribose 2′-OH groups in
dsRNA’s minor groove, while K371 of helix-α1 together with K419, K420, and Q424 located
in the N-terminal extremity of helix α2 recognize exclusively the phosphodiester backbone
of the major groove. The C-terminal part of the β1–β2 loop binds to the minor groove
via R397, which makes hydrogen bonds with both the ribose and a nucleobase. These
interactions seem to be conserved in all dsRBDs. We noted that instead of M371 in the
human dsRBD at dsRNA recognition region 1, in some dsRBDs like those of S. rosetta (E426)
and F. alba (Q410), the hydrophobic residue is replaced by a hydrophilic residue capable of
interacting with the dsRNA, providing an additional anchoring point to the dsRNA. Al-
though the majority of dsRNA recognition is ensured by interactions involving the dsRBD
canonical fold, we showed that in hDus2, two positively charged arginines (R360/R361)
act synergistically to recognize the tRNA. These two positively charged residues are also
present in S. arctica (R426/K427) and S. rosetta. In contrast, only one of these positively
charged residues is observed in F. alba (R400) and A. queenslandica (K381). Collectively, all
dsRBDs of Dus2 analyzed so far likely carry a dsRNA binding capacity via the cooperative
action of both their canonical structure and NTE.
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Figure 8. Structural analysis of various Dus2 domains. (A) Stereoview of the structural superimposi-
tion of the crystal structure of the dsRBD of A. queenslandica Dus2 (colored in pink) with the dsRBD
obtained from the 3D model of A. queenslandica Dus2 (colored in red) generated by AlphaFold2. The
side chains are shown as lines. (B) Stereoview of the structural superimposition of the crystal structure
of the dsRBD of A. queenslandica Dus2 (colored in pink) with the crystal structure of the hDus2 dsRBD
(colored in deep teal) in complex with a dsRNA (PDB: 5OC6). The backbone of the dsRNA is orange,
while the nucleosides are deep teal. (C) Structural superimposition of the PyrOx domain of M. pennsyl-
vanicum from the Dus2 model with the X-ray structure of the dimer of E. coli pyridoxine 5′-phosphate
oxidase complexed with pyridoxal 5′-phosphate (PLP) and flavin mononucleotide (FMN) (PDB: 1G79).
The dimer of PyrOx generates two equivalent active sites, each containing a PLP and an FMN. PyrOx
of Dus2 and 1G79 are in red and purple, respectively. The FMN and PLP represented as sticks are
in yellow and purple, respectively. (D) Electrostatic surface of PyrOx domain of M. pennsylvanicum
Dus2. (E) Structural superimposition of the KPHMT domain of P. insidiosum from the Dus2 model
(in red) with the crystal structure of ketopantoate hydroxymethyltransferase complexed the product
ketopantoate (PDB: 1M3U, colored in violet). (F) Electrostatic surface of the KPHMT domain of
P. insidiosum from the Dus2 model. (G) Electrostatic surface of Dus2 model from T. nelsoni.
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3.4.3. Pyridoxamine 5′-Phosphate Oxidase Domain

This domain is typically that of an FMN flavoprotein that catalyzes the oxidation of
pyridoxamine-5-P (PMP) and pyridoxine-5-P (PNP) to pyridoxal-5-P (PLP). This type of
protein is involved in the last step of PLP cofactor anabolism. The structural alignment
of the PyrOx domain of Dus2 from P. pensylvanicum with 1G79, the E. coli PyrOx shows a
good conservation of the global folding (RMSD: 3.87 Å on 120 Cα), except for some loops
whose length is more important in Dus2; however, the core, i.e., the central beta-sheet as
well as the helices, are perfectly aligned (Figure 8C). The cleft that acts as an active site in
PyrOx containing FMN and PNP is also present in the PyrOx domain of Dus2, however a
difference distinguishes them. Although this cleft is large enough to accommodate both
FMN and PNP in the PyrOx of Dus2, its hydrophobic nature does not allow the binding
of FMN and PNP in Dus2 (Figure 8D). Indeed, the active site of the PyrOx is generally
positively charged, which allows the stabilization of the phosphate groups present on
the FMN coenzyme and PNP substrate. This polarity inversion raises serious questions
about the exact role of this domain in Dus2. A more detailed analysis of this domain in
Dus2 shows the existence of another large pocket above the hydrophobic crevice that is
positively charged (Figure 8D). It remains to be seen whether this could serve as an RNA
binding site, which would imply that the function of this domain has evolved to allow for
RNA recognition, which does not seem incongruous given that the phosphates play a key
role in enzyme/substrate recognition in RNA modifying enzymes. Although this remains
speculative, it is an interesting hypothesis to test experimentally.

3.4.4. A Newly Identified Rossman Fold Domain

We have been able to identify for the first time that all the Dus2 of Schizosaccharomyces
species, which are four in number (S. pombe, S. cryophilus, S. octoporus, and S. japonicus),
carry after their HD an additional domain of about 145 amino acids (Figures 3 and 4).
This domain is organized around a central β-sheet made up of four parallel β-strands
surrounded by six alpha-helices. A quick analysis by Dali suggests that this domain adopts
a Rossman fold type domain. Its functional role in RNA binding is unlikely since the
analysis of the electrostatic surface does not delineate positive patches that are expected to
be observed for RNA binding sites. At this stage, it is not possible to discard this possibility
or a potential other role, such as its implication in a regulatory process, but this would
require biochemical validation.

3.4.5. ICL_KPHMT and CTNS Domains

Members of the ICL/PEPM_KPHMT enzyme superfamily catalyze the formation
and cleavage of either P-C or C-C bonds. Typical members are phosphoenolpyruvate
mutase (PEPM), phosphonopyruvate hydrolase (PPH), carboxyPEP mutase (CPEP mutase),
oxaloacetate hydrolase (OAH), isocitrate lyase (ICL), 2-methylisocitrate lyase (MICL), and
ketopantoate hydroxymethyltransferase (KPHMT). In Dus2, this domain adopts a TIM-
barrel, with 8 alpha helices surrounding the central barrel (Figure 8E). This domain is
connected to the P. insidiosum ZnFD by a long linker of 34 amino acids (S401-I435). The
terminal beta-sheet of the barrel gives way to a helix of about 20 amino acids that is followed
by three other small helices, thus completing the sequence of the protein. On the basis of
the electrostatic surface, it is difficult to predict any role for this domain (Figure 8F).

In Trichinella nelsoni, the dsRBD of Dus2 is followed by a CTNS domain, a cystine/H+
symporter known as a mediator in the export of cystine, the oxidized dimer of cysteine,
from lysosomes. Importantly, no structure for such a domain has been reported in the
PDB database. In the case of T. nelsoni, the CTNS is connected to the dsRBD by a 27 amino
acid linker (N475-I501) (Figure 5G). Interestingly, the CTNS domain of Dus2 has a highly
hydrophobic central ring with a width of more than 25 Å that serves as an anchoring zone
across the membrane (Figure 8G). This means that Dus2 in these organisms is localized to
the cell membrane or to the membrane of a cell organelle. This is, to date, the first case of
an RNA-modifying enzyme that has a transmembrane domain. The canonical domains
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of these Dus2 as well as the dsRBD are probably cytosolic to allow modification of RNAs.
However, the precise localization of these Dus2 remains to be clarified. In humans, hDus2
has been localized in the endoplasmic reticulum [13].

3.5. The functional Role of Dus2 Extensions and the Evolution of tRNA Binding

To determine whether these extensions have functional relevance in D20 biosynthesis,
we conducted a comparative structural study of Dus/tRNA complexes from three different
organisms (Figures 9 and S9). The first one is T. thermophilus DusA, for which an X-ray
crystallographic structure of a DusA/tRNAPhe complex is available [22]. In this structure,
DusA captures the tRNA in a positively charged crevice, where the HD contributes by
providing most of the positive residues while others come from the catalytic domain
(Figures 9A and S9A,B).

Figure 9. Evolution of tRNA binding mode in Dus enzymes catalyzing D20 biosynthesis. (A) Crystal
structure of T. thermophilus DusA in complex with tRNA (PDB: 3B0V). (B,C) Structural models of
S. cerevisiae Dus2/tRNA and hDus2/tRNA complexes, respectively. The TIM-barrel domain (TBD)
appears in teal, while the helical domain (HD) is in blue, the inserted beta-sheet in red, the connecting
c-αH in green, and the dsRBD in purple. The FMN coenzyme is denoted in yellow. The electrostatic
surface of each Dus protein is shown below the protein or tRNA.

Interestingly, no major conformational changes are observed between the free and
bound states of either the protein or the tRNA substrate. Nonetheless, slight distortions
of U16, U17, and U20 are observed, as is a flipping of the latter base, which found itself
buried in the active site pocket stacked on the si-face of the isoalloxazine. DusA recognizes
almost the complete tRNA elbow region formed by the junction of the D- and T-loops,
stabilized by critical tertiary interactions, and the enzyme flips the target base without
unwinding this tRNA structure. The absence of a drastic conformational change during
catalysis in this family of enzymes is also supported by two DusC/tRNA structures [27].
These observations indicate that flipping of the target uridine to enter the active site can
occur without altering the tertiary structure of tRNA, and this could be the case for the
different types of tRNA substrates. Instead, these enzymes, as is the case for many tRNA-
modifying enzymes, make use of a complementary surface to charge and shape the tRNA
target region. In light of this information, we set out to model a S. severvisiae Dus2/tRNA
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complex. T. thermophilus tRNAPhe from the DusA/tRNA structure was chosen because it is
already in a productive conformation and ready for modification.

In order to generate this model, we aligned the DusA/tRNAPhe structure with the
S. cerevisiae Dus2 model. Remarkably, this alignment did not generate any major clashes;
however, some slight manual readjustments were necessary. At first glance, S. cerevisiae
Dus2 does not need to resort to some drastic conformational changes in its polypeptide
to accommodate the tRNA (Figures 9B and S9C,D). The TIM-barrel in cooperation with
the HD, which carries several positive patches in a large crevice formed by the junction
of the two domains, provides the tRNA binding site. Again, Dus2 embraces much of
the elbow, the D- and T-loops. Surprisingly, the c-αH, which carries positive charges for
more than half of its length, appears to be perfectly positioned to recognize an additional
tRNA region (Figures 9B and S9C,D), namely the back of the acceptor stem, whereas in
the DusA/tRNAPhe complex, this region is entirely free and solvent accessible. Thus, in
cooperation with the canonical domains, this extension acts as a new tRNA anchor, allowing
a broader recognition surface than that engaged by DusA. Finally, we examined Dus2 with
dsRBDs, taking the human enzyme as our preferred choice because we have previous
experimental data that allowed us to delineate the exact areas of interactions on both the
protein and tRNA [29]. By reproducing the same approach used for S. cerevisiae Dus2,
we were able to generate a structural model of full-length hDus2 in complex with tRNA
(Figures 9C and S9E,F). As for S. cerevisiae, a slight repositioning of the tRNA was required
to remove the few collisions observed between the protein and tRNA. Interestingly, the
resulting model is in close agreement with the previously proposed model using isolated
domains of hDus2, which was inferred from mutagenesis, crystallography, NMR, and
SAXS experiments [29]. The dsRBD recognizes a larger surface area of the tRNA acceptor
region. Through the acquisition of this additional domain, hDus2 recognizes almost the
entire tRNA molecule, except the anticodon region. Interestingly, c-αH no longer carries a
positive surface charge since it is not involved in tRNA binding (Figure S9F). In a way, it is
the dsRBD that compensates for this loss of charge compared to the yeast Dus2. Finally, it is
worth mentioning that we have not been able to produce reliable models of the Dus2/tRNA
complex with ZnFD-containing enzymes because this domain is not positioned in an
orientation that prevents it from colliding with tRNA. However, it can be assumed that, as
in all Dus, the canonical domains of these Dus2 should recognize the same tRNA regions
as their counterparts. Under these conditions, ZnFD could, as with c-αH and dsRBD,
recognize the acceptor stem and the T arm, both of which form the longest dsRNA region
of the tRNA.

4. Conclusions

Artificial intelligence via AlphaFold has revolutionized structural biology due to the
accuracy of the structural models generated by this methodology [50,51]. Combining this
approach with phylogenetic analysis has proven to be an interesting strategy to study
the evolutionary and functional features of enzyme systems. The application of this
methodology to Dus2 from different organisms along the evolutionary tree and the analysis
of the resulting structural models allowed us to unexpectedly discover that this enzyme
presents a great deal of structural diversity through the presence of various extensions
appended to the canonical fold that have an obvious functional relevance, at least for some
of them. Analyses of enzyme/tRNA models perfectly illustrate the impact of the structural
evolution of Dus on their tRNA recognition mode. What stands out from these models
is that over the course of evolution, recognition of a larger surface area of tRNA by the
Dus2 enzyme appears to have been deemed necessary for D20 biosynthesis. Although the
analyses of protein surface electrostatics and modeling of Dus2/tRNA complexes suggest
that some of these extensions are likely involved in RNA recognition, one can wonder the
reason for such extensions from the standpoint of evolution. Recent publications have
shown that eukaryotic Dus from S. cerevisiae, S. pombe, and humans can dihydrouridylate
other substrates than tRNA, such as mRNAs, and long non-coding RNAs [4–6]. In bacteria,
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there seems to be no D in mRNAs and therefore the bacterial Dus may probably have only
tRNA as a substrate. Thus, the need for D in other types of RNAs and consequently the
additional substrates recognized by Dus2 could partly explain the increased complexity of
the protein’s modularity compared to its bacterial counterpart. Another possibility could
be an evolutionary shift towards a gain in stability of the Dus/tRNA complex during
evolution, but this remains to be demonstrated experimentally.

In general, it is rare for tRNA-modifying enzymes catalyzing modifications targeting
areas other than the anticodon to use this recognition mode. In contrast, enzymes that
modify the anticodon use a tRNA recognition mechanism that involves large interaction
surfaces [61]. This mode of recognition is also shared by the amino-acyl tRNA synthetases,
which recognize almost the entire tRNA molecule. Moreover, this class of enzyme has seen
its modularity increase in complexity during evolution by the decoration of additional
domains, some for regulatory purposes [62]. More generally, there are many other examples
of enzymes that gain modularity during evolution, with human proteins remaining the
pinnacle of modularity complexity. However, in the case of tRNA-modifying enzymes
catalyzing modifications in the tRNA body, the evolution of the structural diversity of Dus2
remains a unique example to our knowledge.
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Abstract 
Dih y drouridine (D) is a common modified base found predominantly in transfer RNA (tRNA). Despite its pre v alence, the mechanisms underlying 
dih y drouridine biosynthesis, particularly in prokary otes, ha v e remained elusiv e. Here, w e conducted a comprehensive investigation into D biosyn- 
thesis in Bacillus subtilis through a combination of genetic, biochemical, and epitranscriptomic approaches. Our findings re v eal that B. subtilis 
relies on two FMN-dependent Dus-like flavoprotein homologs, namely DusB1 and DusB2, to introduce all D residues into its tRNAs. Notably, 
DusB1 exhibits multisite enzyme activity, enabling D formation at positions 17, 20, 20a and 47, while DusB2 specifically catalyzes D biosynthesis 
at positions 20 and 20a, sho w casing a functional redundancy among modification enzymes. Extensive tRNA-wide D-mapping demonstrates 
that this functional redundancy impacts the majority of tRNAs, with DusB2 displaying a higher dih y drouridylation efficiency compared to DusB1. 
Interestingly, w e f ound that Bs DusB2 can function lik e a Bs DusB1 when o v ere xpressed in viv o and under increasing enzyme concentration in 
vitro . Furthermore, we establish the importance of the D modification for B. subtilis growth at suboptimal temperatures. Our study expands the 
understanding of D modifications in prokaryotes, highlighting the significance of functional redundancy in this process and its impact on bacterial 
growth and adaptation. 

Gr aphical abstr act 

Introduction 

All RNA transcripts undergo a series of post-transcriptional 
processes tailored to optimize their functionality ( 1–3 ). These 

processes include the addition of various chemical groups ap- 
pended to the base and / or ribose moieties at conserved po- 
sitions within the RNA polymer, and catalyzed de novo by 
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specific enzymes ( 4 ). Over 170 chemical modifications have 
been documented thus far, with ongoing advancements in 
transcriptome analysis, particularly through high-throughput 
sequencing technologies combined with chemical labeling and 
mass spectrometry, continually unveiling novel modifications 
( 5 ). At the forefront of the most extensively modified RNA 

species lie tRNAs, small non-coding RNA molecules involved 
in decoding genetic information during translation ( 6 , 7 ). tR - 
NAs undergo complex modifications predominantly clustered 
at positions 34 and 37 within the anticodon loop. These mod- 
ifications are not only acknowledged for their indispensable 
role in ensuring the accuracy and efficiency of translation pro- 
cesses ( 8 ), but are also emerging as vital regulatory elements 
( 9 ,10 ). Equally significant, the chemical modifications located 
outside the anticodon and scattered throughout the polymer 
stabilize the peculiar and essential L-shaped tRNA structure 
formed by the kissing dihydrouridine (D) and ribothymidine 
(rT = m 

5 U at position 54) loops ( 11–13 ), both of which rep- 
resent conserved modified bases. 

Unlike all other modified bases, D is a non-aromatic base 
that cannot participate in stacking interactions or engage in 
base pairing via hydrogen bonding. Nevertheless, dihydrouri- 
dine fulfills a distinctive role by promoting the flexible C2’- 
endo conformation of the ribose ( 14 ). The exact function of D 

in RNA remains somewhat elusive, although several assump- 
tions have been proposed. It is widely accepted that because 
the D base is not aromatic and thus disinclined to stacking 
interactions, it confers a certain degree of flexibility around 
its position, thereby allowing favorable tertiary interactions 
in the tRNA elbow region ( 14 ,15 ). This notion of flexibil- 
ity finds support in studies showing that psychrophilic organ- 
isms, thriving in low-temperature environments, generally ex- 
hibit higher D content than thermophilic counterparts ( 16 ). 
In addition, higher D content may confer a growth advan- 
tage to cancer cells over healthy cells, perhaps by enhancing 
translational efficiency ( 17 ). However, the exact mechanisms 
underlying such effect remain unclear and require further 
exploration. 

D is commonly present at multiple canonical sites in tRNAs 
(D16–D17–D20–D20a–D20b–D47), for both bacteria and 
eukaryotes (Figure 1 ), with its abundance depending on the 
organism and tRNA type ( 4 ,30 ). Its biosynthesis is achieved 
through the reduction of the C5 = C6 uridine double bond, 
catalyzed by the dihydrouridine synthases (Dus), which be- 
long to the COG0042 (Cluster of Orthologous Group) fam- 
ily of flavoenzymes ( 18–23 ). All hitherto investigated Dus 
enzymes use NADPH as a hydride source to reduce flavin 
mononucleotide (FMN) to FMNH 

−, which then donates its 
hydride to the electrophilic C6 atom of the uridine substrate 
( 22 ,24 ). Initially regarded as a modified base commonly seen 
in tRNA, recent studies have reported D residues in mRNA 

and certain long non-coding RNAs in yeast and human cells 
( 23 ,25–27 ). Dus enzymes responsible for introducing D into 
tRNA also participate in mRNA dihydrouridylation, high- 
lighting their substrate promiscuity, a property shared with 
other RNA-modifying enzymes such as pseudouridine syn- 
thases, m 

1 A and m 

5 C methyltransferases ( 28 ,29 ). The site- 
specificities of the Dus enzymes have been established in 
various organisms including yeast ( Saccharomyces cerevisiae , 
Sc hizosacc haromyces pombe ), humans, Esc heric hia coli , Ther- 
mus thermophilus and recently in Mycoplasma capricolum 

( 18 , 26 , 30–33 ) (Figure 1 ). These enzymes have been catego- 

rized into eight subfamilies, including three bacterial Dus 
(DusA, DusB, DusC), four eukaryotic Dus (Dus1, Dus2, Dus3, 
Dus4), and an archaeal Dus ( 34 ). The distribution of Dus en- 
zymes is less uniform in prokaryotes and varies between or- 
ganisms. For instance, Gammaproteobacteria such as E. coli 
possess the three bacterial Dus enzymes, namely DusA, B and 
C, involved in D20-D20a, D17 and D16, modifications (Fig- 
ure 1 ), respectively ( 31 ). In contrast, T. thermophilus has only 
one Dus enzyme of the DusA type, which synthesizes the D20–
D20a modifications ( 32 ) (Figure 1 ). 

DusB emerged as the first Dus from the ancestral Dus, giv- 
ing rise subsequently to DusA and DusC through duplication 
events ( 34 ). Our recent phylogenetic analysis revealed that 
Gram-positive bacteria exclusively carry DusB homologs, cat- 
egorized into three subgroups: DusB1, DusB2 and DusB3 ( 33 ). 
While most of the examined genomes carry either a dusB1 or 
dusB2 gene, approximately 40% of these organisms contain 
both dusB1 and dusB2 genes, with dusB3 being restricted to 
a subset of Clostridia. Bacillus species generally retained both 
dusB1 and dusB2 (BSU00810 and BSU08030 annotated as 
dusB and dusC , respectively), while Mollicutes conserved only 
dusB1 and Staphylococcus species kept dusB2 . Both DusB 

subgroups likely originated from an ancestral DusB duplica- 
tion event, which probably occurred in the common ances- 
tor of the Firmicutes. In addition, the limited distribution of 
DusB3 suggests more recent origin. Biochemical characteriza- 
tion of DusB1 from M. capricolum (MCAP_0837) revealed 
its multisite specificity, catalyzing dihydrouridylation at U17, 
U20 and U20a positions, (Figure 1 ), consistent with sequenced 
tRNAs from this Mollicute species ( 33 ). The multi-site speci- 
ficity feature of Gram-positive Dus, likely shared by both 
DusB1 and DusB2, is also supported by the tRNA modifica- 
tion profiles of three other bacteria: Lactococcus lactis , Strep- 
tomyces griseus and S. aureus , all displaying D17, D20 and 
D20a modifications. 

All cases studied show that a given D residue is specifically 
synthesized by a single Dus. However, while several Dus have 
been reported to synthesize D at different positions, the re- 
dundancy of synthesis in terms of overlapping specificities has 
not yet been documented. In this investigation, we explore the 
contribution of Dus homologs, specifically DusB1 and DusB2, 
in D biosynthesis. Using B. subtilis as our model organism, we 
reveal a significant level of functional redundancy in D biosyn- 
thetic pathways catalyzed by both DusB homologs. 

Materials and methods 
Deletion of dusB1 and dusB2 of B. subtilis and 

complementation 

The B. subtilis strains used in this study were derived from 

strain W168, obtained from Chastanet’s lab (INRAE, Jouy 
en Josas, France), and listed in Supplementary Table S1 . All 
the primers used for mutant strain and plasmid construc- 
tions in this study are listed in Supplementary Table S2 . Mu- 
tant strains were obtained from Bacillus Genetic Stock Cen- 
ter. Double mutant �dusB1::kan , �dusB2::erm strain was 
generated by transforming single �dusB1::kan with the PCR 

product amplified from the single �dusB2::erm genome us- 
ing BSU08030-5pL / BSU08030-3pR ( 35 ). B. subtilis strains 
expressing SadusB2 (SACOL0067) under the control of Bs- 
dusB1 promoter ( �dusB1::SadusB2-kan , �dusB2::erm ) was 
obtained by transforming �dusB2::erm strain with a PCR 
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Figure 1. Location of D-sites in tRNA and the corresponding enzyme involved in site dihydrouridylation determined experimentally. Schematic 
representation of the secondary str uct ure of tRNA, showing the location of D residues and the corresponding Dus enzyme responsible for their 
synthesis in E. coli , T. thermophilus and M. capricolum for eubacteria and S. cerevisiae for eukaryotes. In the lower panel is shown the sequence of B. 
subtilis tRNAs used to analyze the D-sites in the MALDI-MS experiments. 

fragment containing (i) the 5 ′ BsdusB1 genomic sequence, 
(ii) SadusB2 CDS, (iii) a kanamycin resistance cassette and 
(iv) the 3 ′ BsdusB1 genomic sequence. The same strategy was 
used to express McdusB1 (MCAP_0837). All Bacillus trans- 
formations were performed following the protocol described 
by Koo et al. ( 35 ). Strain selections were done on LB-agar con- 
taining kanamycin (40 μg ml −1 ) and / or erythromycin (5 μg 
ml −1 ). All strains were verified by PCR and sequencing. E. coli 
strains and growth conditions are detailed in previous studies 
( 31 ,33 ). 

Cloning dus B1 and dus B2 from B. subtilis , dus B1 

from M. capricolum and dus B2 from S. aureus 
Plasmids containing dusB1 and dusB2 genes of B. subtilis 
(pEX- BsdusB 1 and pEX- BsdusB2 ) and dusB2 of S. aureus 
(pEX- SadusB2 ) were obtained from Eurofins. We used these 
plasmids to amplify by PCR dusB gene sequences using the 
primer pairs listed in Supplementary Table S2 . The dusB1 and 
dusB2 genes of B. subtilis were cloned as follow into pET15b 
with a sequence encoding for a 6-histidine tag and a thrombin 
protease site placed at the 5 ′ end of the genes. After amplifica- 
tion, PCR fragments purified with QIAquick PCR purification 
kit (Qiagen) were cloned into PCR-linearized pET15b plas- 
mid using the SLIC cloning method ( 36 ). Similarly, dusB1 and 
dusB2 genes of B. subtilis were cloned in pDG148 for overex- 
pression in B. subtilis strains ( 37 ). In the case of dusB2 from 

S. aureus ( SadusB2 ), the gene was cloned into the pET28a 
plasmid containing a sequence encoding for a 6-histidine tag 
placed at 5 ′ end of SadusB2 gene using the same strategy as de- 
scribed above. After cloning, dusB gene integrity was verified 
by DNA sequencing (Eurofins). 

RNA extraction and tRNA purification 

Bulk tRNA was extracted from B. subtilis W168, and its 
derivative �dusB1::kan and �dusB2::erm or double mutant 
�dusB1::kan, �dusB2::erm. Purification of specific tRNA has 
been previously described ( 31 ). Here, tRNA 

Arg 
ICG 

, tRNA 

Phe 
GAA 

and tRNA 

Met 
CAU , from B. subtilis strains was performed 

with 5 ′ biotinylated complementary oligonucleotide (5 ′ - 
biot-TGGCGCGCCCGA GGGGA GTCGAA CCCCTAA-3 ′ , 
5 ′ -biot-TGGTGGCTCGGGA CGGAATCGAA CCGCCGA-3 ′ 

and 5 ′ -biot-TGGTA GCGGCGGA GGGGATCGAA CCCCCG- 
3 ′ respectively) while tRNA 

Arg2 
ICG 

, tRNA 

Ile1 
GAU and tRNA 

Leu1 
CAG 

, from E. coli were purified as described previously ( 31 ). For 
AlkAniline-Seq and LC-MS experiments, total RNA was iso- 
lated using hot phenol or Trizol according to manufacturer’s 
instructions. 

Activity assay and dihydrouridine quantification 

In vitro activity was assayed for 1 h at 37 ◦C in 50 mM 

HEPES pH 7.5, 150 mM NaCl, 5 mM DTT, 10 mM MgCl 2 , 
100 μM FMN and 15% glycerol under air. Bulk tRNAs 
(25 μM) issued from the �dusB1::kan, �dusB2::erm strain 
were incubated with various concentration of protein rang- 
ing from 0.05 to 50 μM in a total volume of 100 μl and re- 
action was started upon addition of NADPH at a final con- 
centration of 2 mM. Quenching was performed by adding 
100 μl of acidic phenol (Sigma-Aldrich) followed by cen- 
trifugation at 16 000 ×g for 10 min. tRNAs in the aque- 
ous phase were ethanol precipitated and further purified us- 
ing a MicroSpin G-25 column (GE-healthcare). Dihydrouri- 
dine quantification was carried out by LC–MS spectrometry 
analysis. 
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Liquid chromatography–tandem mass 
spectrometry (LC–MS) 
1 μg of tRNA per sample was digested to nucleoside level us- 
ing 0.6 units (U) nuclease P1 from P. citrinum (Sigma-Aldrich), 
0.2 U snake venom phosphodiesterase from C. adaman- 
teus (Worthington), 2 U FastAP (Thermo Scientific), 10 U 

benzonase (Sigma-Aldrich) and 200 ng Pentostatin (Sigma- 
Aldrich) in 25 mM ammonium acetate buffer at pH 7.5 
(Sigma-Aldrich) overnight at 37 ◦C. LC–MS / MS analysis was 
performed using an Agilent 1260 series LC with a Synergi 
Fusion RP18 column (4 μM particle size, 80 Å pore size, 
250 × 2.0 mm; Phenomenex) and an Agilent 6460A Triple 
Quadrupole mass spectrometer equipped with an electrospray 
ion source (ESI). 5 mM ammonium acetate buffer at pH 5.3 
was used as solvent A and LC–MS grade acetonitrile (Hon- 
eywell) served as solvent B. The elution started with 100% 

solvent A with a flow rate of 0.35 mL / min, followed by a 
linear gradient to 8% solvent B at 10 min, raising to 40% sol- 
vent B after 20 min and subsequent three-minute restoration 
of the initial conditions. 100% solvent A was held for fur- 
ther 10 min before starting the next elution. During elution a 
diode array detector (DAD) recorded the UV signal at 254 nm 

to monitor the main nucleosides and the ESI parameters were 
set as follows: gas temperature 350 ◦C, gas flow 8 l min −1 , neb- 
ulizer pressure 50 psi, sheath gas temperature 350 ◦C, sheath 
gas flow 12 l min −1 and capillary voltage 3000 V. The mass 
spectrometer was run in the dynamic multiple reaction mon- 
itoring (dMRM) mode using Agilent MassHunter software. 
The quantitative analysis was performed as described in Kell- 
ner et al. ( 38 ) using internal calibration. For internal calibra- 
tion 300 ng of digested sample were spiked with 50 ng of 13C 

stable isotope-labelled nucleosides from E. coli and subjected 
to analysis. 

MALDI-TOF spectrometry analysis 
For mass spectrometry analysis, about 50 μg of tRNAs were 
digested with either 10 μg of RNAse A (Euromedex) or 
RNAseT1 (Sigma-Aldrich), which generates 3 ′ -phosphate nu- 
cleosides, in a final volume of 10 μl at 37 ◦C for 4 h. One mi- 
croliter of digest was mixed with 9 μl HPA (40 mg / ml in wa- 
ter: acetonitrile 50:50) and 1 μl of the mixture was spotted 
on the MALDI plate and air-dried (‘dried droplet’ method) 
as previously described ( 31 ). MALDI-TOF MS analyses were 
performed directly on the digestion products using an Ultra- 
fleXtreme spectrometer (Bruker Daltonique, France). Acquisi- 
tions were performed in positive ion mode. An identical strat- 
egy was applied for RNase T1 digests (cleavage after G gen- 
erating 3 ′ -phosphate nucleosides). 

Bioinformatic analyses 
The FASTA sequences of 203 proteins annotated in 
BV-BRC ( 39 ) as tRNA-dihydrouridine (20 / 20a) synthase 
(EC 1.3.1.91) (or DusA), tRNA-dihydrouridine ( 16 ) syn- 
thase (or DusC), tRNA-dihydrouridine synthase DusB (or 
DusB / DusB1) and tRNA-dihydrouridine synthase 2 (or 
DusB2) where extracted from 120 reference bacterial genomes 
using the BV-BRC filtering tools. A phylogenetic tree was gen- 
erated using the MAFFT version 7 ( 40 ) web-based pipeline 
( https:// mafft.cbrc.jp/ alignment/ server/ ) using the default pa- 
rameters with boostrap sampling size of 100. The final newick 
tree is given as Supplemental data 2 . The newick tree was then 
visualized and annotated in iTol ( 41 ). 

Results 
Contribution of Bs DusB1 and Bs DusB2 to tRNA 

dihydrouridylation in B. subtilis 
B. subtilis , complete modification profiles have been estab- 
lished for 24 tRNA sequences over a total of 35 different iso- 
acceptors, allowing us to compile a more or less accurate dis- 
tribution of the D sites present in this organism ( 4 ). The pre- 
dominant positions where D is found include the canonical 
positions 17, 20 and 20a, along with position 47 for a single 
tRNA, tRNA 

Met 
CAU . A quick survey shows that residues D20 

and D20a are the most frequent D residues, followed by D17 
and D47 ( Supplementary Table S3 ). Notably, D20 stands out 
as the most prevalent across all tRNA sequences from all or- 
ganisms ( 4 ). While the abundance of each specific tRNA still 
needs to be determined, it is reasonable to assume that D20 
and D20a account for most of the D content in B. subtilis 
tRNAs. 

The D content was determined using liquid 
chromatography–mass spectrometry (LC–MS) in tRNAs 
extracted from wild type B. subtilis W168 strain or from 

the isogenic single mutants ( �dusB1::kan and �dusB2::erm ) 
or double mutant (Figure 2 A). The double deletion led 
to a complete depletion of D content in bulk B. subtilis 
tRNA, indicating that one or both DusB enzymes cover 
all D biosynthesis in tRNA. However, intriguingly, in the 
�dusB1::kan strain, D content decreased by 34%, while in 
the �dusB2::erm strain, it only decreased by 18%. In other 
words, in the �dusB1::kan strain, Bs DusB2 was responsible 
for 66% of the D content, whereas Bs DusB1 synthesized 
82% of the D content in the �dusB2::erm strain (Figure 
2 B). These seemingly contradictory results may in fact be 
explained by an overlapping specificity shared by the two 
DusB enzymes. Complementation assays in the B. subtilis 
�dusB1 ::kan,�dusB2 ::erm strain showed that the expression 
of McdusB1 and SadusB2 from the dusB1 promoter restored 
76% and 22% of the D content of wild type tRNAs, respec- 
tively (Figure 2 B). This indicates that both genes encode for 
Dus enzymes, and that the M. capricolum enzyme is more ac- 
tive than the S. aureus enzyme in the B. subtilis heterologous 
system. 

Functional redundancy of the DusB enzymes in 

B. subtilis determined by MALDI-MS 

The in vivo specificity of Bs DusB1 and Bs DusB2 dihy- 
drouridylation sites was determined by comparing the D con- 
tent in the tRNAs of four B. subtilis strains, including the 
W168 (wild type) and the single or double deletion strains. 
The approach involved a three-step workflow: (i) purification 
of specific tRNA types from various B. subtilis cells, (ii) frag- 
mentation of the tRNA using RNAseA or RNAseT1 and (iii) 
analysis of the resulting fragments by MALDI-TOF. Deletion 
of dusB genes was expected to generate fragments contain- 
ing U residues at the positions targeted by the corresponding 
enzymes, resulting in a −2Da shift relative to fragments in tR- 
NAs extracted from wild type cells. We selected three tRNAs 
to cover all D sites, namely, tRNA 

Phe 
GAA for D17 and D20, 

tRNA 

Arg 
ICG 

for D20a and tRNA 

Met 
CAU for D20a and D47 (Fig- 

ure 1 ). The mass profiles of these tRNAs are depicted in Fig- 
ure 3 A–D and Supplementary Figure S1 . Analysis of tRNAs 
from the W168 strain confirmed the presence of all distinct D- 
containing fragments at the expected positions, validating the 
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Figure 2. Quantification of D-le v el in tRNA from B. subtilis . ( A ) Extracted ion chromatograms of dih y drouridine in tRNAs isolated from B. subtilis WT 
strain (W168 in light green), �dusB1::kan , �dusB2::erm double deletion strain (orange) and �dusB1::kan (blue) and �dusB2::erm single mutant strains 
(cy an). T he signals w ere normaliz ed to the respectiv e UV signal of A denosine. ( B ) D le v els determined in bulk tRNAs of B. subtilis WT strains (W168 in 
light green), �dusB1 (blue) and �dusB2 (cyan) single mutants, �dusB1 �dusB2 (orange) or double deletion complemented with either DusB1 of M. 
capricolum (magenta) or DusB2 from S. aureus (green). The strains were grown in LB media at 37 ◦C. Results are shown as average of three biological 
replicates in relation to the wild type strain W168. 

approach. Analysis of the D17 modification was made pos- 
sible by monitoring the m / z 978 fragment corresponding to 
the UD 17 G trinucleotide generated by digestion of tRNA 

Phe 
GAA 

by RNAseT1 (Figure 3 A). This fragment (its corresponding 
intensity showing background level) was absent in the dou- 
ble mutant strain while the intensity of the m / z 976 peak in- 
creased. Similar results were observed for tRNA 

Phe 
GAA from 

the �dusB1::kan strain. In contrast, the UD 17 G fragment was 
detected in the �dusB2::erm strain with intensity compara- 
ble to that of the W168 control. Therefore, these results sug- 
gested that Bs DusB1 was responsible for D17 biosynthesis. 
D20 was probed with two distinct fragments of D-containing 
tRNA 

Phe 
GAA from two different digestions. The first digestion, 

performed with RNAseA, yielded the GGD 20 trinucleotide 
( m / z 1017) (Figure 3 B). The second digestion, performed with 
RNAseT1, generated the trinucleotide D 20 AG ( m / z 1001). In 
both scenarios, these two fragments did not disappear in 
tRNA 

Phe 
GAA from the two dusB single deletion strains, although 

a more consequent decrease in intensity was observed in the 
case of �dusB2::erm . In contrast, in the case of the double mu- 
tant, the peak was no longer detectable. We concluded that 
D20 was inserted into tRNA 

Phe 
GAA using both Bs DusB1 and 

Bs DusB2, with a dihydrouridylation efficiency that appeared 
to be higher for Bs DusB2. D20a was detected in two differ- 
ent tRNAs: tRNA 

Arg 
ICG 

via the GGAD 20a ( m / z 1346) frag- 
ments obtained by RNAseA treatment and AD 20a AG gener- 
ated by RNAseT1 ( m / z 1346) ( Supplementary Figure S1 ), and 
tRNA 

Met 
CAU via the CD 20a AG fragment ( m / z 1306) obtained 

by RNAseT1 (Figure 3 C). In the case of D20a in tRNA 

Met 
CAU 

, both DusBs participated in its synthesis as neither mutant 
caused a substantial decrease in the intensity of the m / z 1306 
peak, and their profiles were quite similar to that of the wild 
type. However, for D20a in tRNA 

Arg 
ICG 

, only the deletion of 
BsdusB2 or the double mutant led to a significantly decreased 
peak at m / z 1346, accompanied by an increase in the peak at 
m / z 1344 corresponding to the non-dihydrouridylated frag- 
ment ( Supplementary Figure S1 ). These results suggest that 
the involvement of the two Bs DusB paralogs in D20a biosyn- 
thesis may depend on the tRNA substrate. Lastly, D47 was 

assayed by following the D 47 CG fragment ( m / z 977), de- 
rived from treatment of tRNA 

Met 
CAU with RNAseT1 (Figure 

3 D). This analysis was carried out following the same an- 
alytical grid as before. The tRNA 

Met 
CAU from wild type and 

�dusB2::erm B. subtilis strains retained the prominent peak 
at m / z 977. In contrast, in the case of the �dusB1::kan or the 
double mutant strains, the intensity of this peak drastically 
decreased concomitantly with the increase in the m / z 975 
peak, suggesting that Bs DusB1 was also responsible for D47 
biosynthesis. 

Dihydrouridylation redundancy targets several 
tRNAs as in vestig ated by deep-sequencing based 

AlkAnilineSeq method 

An analysis of B. subtilis Bs DusB in vivo specificities was per- 
formed using the AlkAnilineSeq method (see supplementary 
methods for details) ( 42 ). This method exploits the D- 
ring’s instability under alkaline conditions ( 20 ), leading to 
its cleavage and the formation of β-ureidopropionic acid. 
This instability results in aniline-driven RNA cleavage, gen- 
erating a 5 ′ -phosphate group (5 ′ -P) on the neighboring 
N + 1 residue, which serves as an input for highly selec- 
tive ligation of sequencing adapters. Alongside D-residue 
detection, AlkAnilineSeq also allows parallel detection of 
7-methylguanosine (m 

7 G), 3-methylcytidine (m 

3 C) and 5- 
hydroxycytidine (ho 5 C), which share some degree of fragility 
in their base rings and / or N-glycosidic bonds, present in these 
modified residues. Mapping was achieved for all D containing 
tRNAs from the four B. subtilis strains, including the W168 
strain, as well as the single and double dus deletion strains. It 
is important to emphasize that none of the D residues detected 
by this method was present at stoichiometric levels, suggesting 
partial dihydrouridylation of the target uridines. Importantly, 
the results obtained by AlkAnilineSeq were consistent with 
the MALDI-MS mapping experiments. For example, the dis- 
appearance of D17 in tRNA 

Ala 
GGC and tRNA 

Ala 
UGC of B. subtilis 

W168 was observed only in �dusB1::kan and double deletion 
strains, suggesting that Bs DusB1 was involved in the reduction 
of U17 in these tRNAs. In tRNA 

Arg 
ACG 

, the loss of both D17 
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Figure 3. MALDI-TOF analysis of position 17, 20, 20a and 47 in tRNAs from B. subtilis WT and Dus deletion mutants. ( A ) D17-containing MS relative 
isotope patterns of derived oligonucleotides after RNAse T1 treatment of tRNA Phe #AA isolated from wild type, �dusB1 �dusB2 , �dusB1 and �dusB2, 
respectively. ( B ) D20-containing MS relative isotope patterns of derived oligonucleotides after RNAse A treatment of tRNA Phe #AA isolated from wild type, 
�dusB1, �dusB2 and �dusB1 �dusB2 , respectively. ( C ) D20a-containing MS relative isotope patterns of derived oligonucleotides after RNAse T1 
treatment of tRNA Met 

CAU isolated from wild type, �dusB1, �dusB2 and �dusB1 �dusB2 , respectively. ( D ) D47-containing MS relative isotope patterns of 
derived oligonucleotides after RNAse T1 treatment of tRNA Met 

CAU isolated from wild type, �dusB1, �dusB2 and �dusB1 �dusB2 , respectively. Further 
details of the tRNA-derived oligonucleotide fragments and their sizes ( m / z ) used for the identification of DusB specificities are shown in 
supplementary figures . 

and D20a was seen in the double deletion strain, whereas in 
the �dusB1::kan strain, only the loss of D17 was observed 
( Supplementary Figure S2 ). In contrast, in the �dusB2::erm 

strain, the signal attributed to D20a declined when compared 
to the signal observed in �dusB1::kan , while D17 remained 
unchanged ( Supplementary Figure S2 ). This is consistent with 
the fact that Bs DusB1 was responsible for the formation of 
both D17 and D20a, whereas Bs DusB2 formed only D20a 
in this tRNA ( Supplementary Figure S2 ). Moreover, Bs DusB1 
was implicated in the biosynthesis of all three D17 / D20 / D20a 
residues in tRNA 

Asp 
GUC , whereas Bs DusB2 participated only 

in the latter two positions. In the case of tRNA 

Glu 
UUC , 

Bs DusB1 was only capable of forming D20, while Bs DusB2 
could form both D20 and D20a. These findings suggested 
that the two enzymatic dihydrouridylation activities did 
overlap. 

To gain a comprehensive view of both Bs Dus enzymes’ 
activity, we generated an activity profile heatmap, as pre- 
sented in Figure 4 . The heatmap clearly demonstrates that 

only the double mutant lacked all D residues in tRNAs, con- 
sistent with both LC–MS and MALDI-TOF data. This sup- 
ports the earlier observation that both Dus enzymes are es- 
sential for dihydrouridylation across the full range of tRNA 

substrates. Moreover, it is evident from the heatmap that 
only the Bs DusB1 enzyme was involved in the formation 
of D17, whereas both enzymes contributed to the forma- 
tion of D20 and D20a. Further analysis of the D signal 
intensities revealed that while most of the D20 and D20a 
residues were synthetized by both Bs DusB1 and Bs DusB2, 
a few dihydrouridylation events preferentially used Bs DusB2 
(such as for D20 in tRNA 

Gly 
UCC and tRNA 

Tyr 
GUA and 

for D20a in tRNA 

Ile 
CAU , tRNA 

Ser 
UGA , tRNA 

Arg 
CCG 

). We did 
not detect D-signal for three tRNA, namely tRNA 

Ile 
GAU 

, tRNA 

Pro 
UGG 

and tRNA 

Val 
UAC . Also the AlkAniline- 

Seq method did not detect the presence of D47, unlike 
the experiments performed by MALDI-MS on tRNA 

Met 
CAU 

. This discrepancy could be explained by interference 
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Figure 4. Heatmaps for the assessment of dihydrouridylation changes in individual modified sites in tRNAs from B. subtilis and its DusB mutants. The 
heatmap displa y s one specific D-modification’s stoichiometry across the dif ferent samples (in X-axis) and the dif ferent D-sites retained f or analy sis (in 
Y-axis). The stoichiometry is blue-coded and relies on through stop ratio of the AlkAnilineSeq detection method, which detects m 

7 G, m 

3 C and D. R1, R2 
and R3 represent the results for the three different replicas. 
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caused by m 

7 G46, which produces a strong AlkAnilineSeq 
signal. 

Bs DusB1 and Bs DusB2 are flavoproteins 
characterized by a distinct polarity of their active 

site 

The Bs DusB1 and Bs DusB2 proteins share a relatively low se- 
quence identity of 26% ( Supplementary Figure S3 ). To charac- 
terize these two proteins in vitro , the genes encoding Bs DusB1 
(BSU00810, Uniprot Id P37567) and Bs DusB2 (BSU08030, 
Uniprot Id O31546) were cloned into expression vectors, ex- 
pressed in E. coli , and subsequently purified to homogene- 
ity ( Supplementary Figure S4 ). To determine their oligomeric 
state in solution, gel filtration on a Superdex increase 75 
10 / 300 column was performed, revealing that both pro- 
teins exist as monomers with an estimated molecular weight 
(Mw) of approximately 40 kDa for Bs DusB1 (elution vol- 
ume ∼ 11.2 ml) and 39 kDa for Bs DusB2 (elution volume 
∼ 11.7 ml). Bs DusB proteins were found to be copurified 
with their flavin coenzyme, evident from the yellowish color 
of the protein samples and characteristic absorbance spec- 
tra (Figure 5 A). The latter featured two absorption bands 
typical for flavin: the S0-S2 bands exhibited a maximum at 
372 nm, while the S0–S1 band in Bs DusB1 and Bs DusB2 
showed a maximum at 450 and 458 nm, respectively. The 
difference in the wavelength maximum of the S0–S1 transi- 
tion between the two proteins suggests dissimilarity in the po- 
larity of their active sites. Upon the addition of sodium do- 
decyl sulfate (SDS), the proteins denatured, releasing flavin 
into the solution. The resulting flavin in solution displayed 
an absorption spectrum similar to that of free FMN, con- 
firming that both Bs DusB enzymes are flavoproteins with the 
FMN non-covalently bound to the apoprotein. FMN fluores- 
cence in both holoproteins was also monitored and showed 
a slight red shift in the maximum fluorescence emission band 
of Bs DusB2, at 530 nm, compared to that of Bs DusB1 ob- 
served at 527 nm, supporting the existence of distinct environ- 
ments for the two FMN coenzymes ( Supplementary Figure 
S5 ). This polarity contrast is substantiated by our analysis 
of the active sites in the holoprotein forms of Bs DusB1 and 
Bs DusB2 Alphafold models (see supplementary results and 
Figure 5 B). 

An unusual behavior of Dus pyrimidine 

discrimination and dihydrouridylation activity of 
tRNA 

Dus enzymes share a highly conserved catalytic mechanism 

that involves two redox reactions ( 22 ,24 ). NADPH reduces 
FMN to yield FMNH 

−, which is then oxidized to upon reduc- 
tion of uridine to dihydrouridine. We measured the NAD(P)H 

oxidase activity of the two Bs DusB enzymes independently by 
monitoring the consumption of NADH or NADPH under aer- 
obic conditions using absorbance spectrophotometry at 340 
nm and steady-state conditions. The data were analyzed us- 
ing the Michaelis–Menten formalism and the related kinetics 
parameters are presented in Table 1 . The results revealed that 
Bs DusB1 oxidized NADPH and NADH with identical cat- 
alytic constants ( k cat ∼ 0.013 s −1 ) and comparable K M 

val- 
ues, indicating that the enzyme did not discriminate between 
NADH or NADPH and could use both equally. This result was 
unexpected, because all previously studied Dus enzymes, both 

prokaryotic and eukaryotic, showed a preference for NADPH 

over NADH ( 30 , 33 , 43 ). In contrast, for Bs DusB2, NADPH 

was a better substrate than NADH due to a lower K M 

for 
NADPH (2 μM) than for NADH (22 μM) and ∼ a 3-fold 
higher catalytic constant for NADPH than for NADH. Over- 
all, NADPH exhibited a 5-fold higher catalytic efficiency than 
NADH. 

To examine the Bs DusB activity of B. subtilis , in vitro di- 
hydrouridylation assays were performed with bulk tRNAs 
from the double deletion strain, and the reaction products 
were traced using LC / MS. In the presence of 1 μM protein, 
Bs DusB2 was able to restore a 40% higher D level compared 
to Bs DusB1 after 1 hour, indicating that Bs DusB2 is the more 
active enzyme (Figure 5 C). 

Structural characterization of DusB enzymes and 

RNA binding 

The structural models of Bs DusB1, Bs DusB2, Ec DusB and 
Mc DusB1 were examined using models generated through Al- 
phafold Colab2 (Figure 5 D). The derived models exhibited 
per-residue confidence scores exceeding 90% across most of 
their respective regions, as illustrated in Supplementary Figure 
S6 A. As anticipated, these enzymes display a conserved canon- 
ical folding of the Dus family, i.e. (i) a catalytic domain adopt- 
ing a TIM-Barrel type structure (TBD) where the flavin coen- 
zyme binding site lies at the entrance of the barrel, (ii) a he- 
lical domain (HD) composed of a 4-helix bundle, and (iii) a 
short linker of about 10 amino acids connecting the two do- 
mains. Conducting a structural alignment and comparing the 
models revealed low RMSD values within the Bs DusB1 sub- 
family ( Supplementary Figure S6 ). This supports the notion 
that the models for Bs DusB1, Mc DusB1 and Ec DusB1 exhibit 
highly similar structures. A broad distribution of positive sur- 
face charges accessible to the solvent, most likely engaged in 
interactions with the tRNA substrates, can be distinguished 
(Figure 5 E). This distribution is arranged on both sides of a 
line of demarcation (LOD) that can be drawn from the left 
extremity of the TBD throughout the active site cavity, ending 
at the lower tip of the HD at the C-terminus. Several inter- 
esting points can be observed based on this spatial arrange- 
ment. Bs DusB1 has a continuous, positive electrostatic surface 
stretched on both sides of the LOD, whereas Bs DusB2 is dis- 
tinguished by a positive surface forming an elongated stripe 
parallel to the LOD and spanning almost on all its length, but 
primarily found on the proximal side of this line. In Ec DusB, 
a significant portion of the positive area forms an off-center 
globular area on the distal edge of the LOD, involving pre- 
dominantly the apical region of the TBD. Mc DusB1 shows a 
certain similarity to Bs DusB1 but with a distinctive feature, 
namely the presence of several rather isolated positive charge 
patches. Thus, each of the studied DusB seems to have its 
own tRNA binding pattern, likely adapted to its site speci- 
ficity. Likewise, each Dus will probably orientate the tRNA in 
a distinct way to allow the active site of the enzyme to gain 
access to the correct uridine substrate to be modified ( 21 ,44 ). 
To evaluate whether this difference in positive surface area af- 
fects the stability of the enzyme / tRNA complex, we examined 
the ability of Bs DusB1 and Bs Dus2 to bind to tRNA by specif- 
ically monitoring the impact of tRNA titration on flavin flu- 
orescence. Addition of tRNA resulted in an increase in FMN 

fluorescence of both Bs DusB describing a cooperative process 
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Figure 5. Str uct ural and functional characterization of B . subtilis DusB . ( A ) UV-visible absorption spectra of Bs DusB1 (blue) and Bs DusB2 (teal) 
holoproteins. ( B ) Comparative str uct ural models of the active sites of Bs DusB1, Bs DusB2 and DusB of E. coli ( Ec DusB). The active site view is centered 
on the o v erla y of a section encompassing the FMN isoalloxazine (yellow) of the respective active site of the three DusB ( Bs DusB1 in pink, Bs DusB2 in 
blue and Ec DusB in deep olive). Residues around the FMN are shown in stick in the respective color codes of the Dus. ( C ) In vitro dihydrouridylation 
activity test of recombinant Bs DusB at 1 μM of enzyme after 1 hour incubation at 37 ◦C. Dih y drouridine le v els w ere determined b y LC-MS / MS and 
normalized to the UV signal of adenosine. To compare the activity of Bs DusB, the activity of Bs DusB1 was set to 100%. Results are shown as average 
of biological duplicates. ( D ) Str uct ural models of the DusB holoenzymes from B. subtilis , E. coli and M. capricolum . Except for Ec DusB, which is a 
crystallographic str uct ure (PDB , 6EI9), the other three models are from Alphafold. TBD = TIM Barrel Domain, HD = Helical domain. The FMN is shown in 
y ello w stick. ( E ) Electrostatic surface of the Dus model. The dashed line represents the line of demarcation (LOD) mentioned in the text. ( F ) Isotherm of 
tRNA binding to Bs DusB. �F529nm is the change in FMN fluorescence at 529 nm resulting from tRNA titration to Bs DusB1 (blue) and Bs DusB2 (teal). 
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Table 1. Kinetic parameters for NAD(P)H oxidase activity of B. subtilis Dus 

NADH NADPH 

k cat 
(s −1 ) 

K M 

( μM) 
k cat / K M 

( μM 

−1 s −1 ) 
k cat 
(s −1 ) 

K M 

( μM) 
k cat / K M 

( μM 

−1 s −1 ) 

Bs DusB1 0.013 ± 0.0014 21 ± 4 6 × 10 −4 0.013 ± 0.002 18 ± 3 7 × 10 −4 

Bs DusB2 0.23 ± 22 ± 4 6 × 10 −2 0.7 ± 0.1 2.1 ± 0.2 0.3 

(Figure 5 F). Half-transition was observed at about 3 and 5 
μM for Bs DusB1 and Bs DusB2, respectively, showing no sig- 
nificant differences. 

RNA dihydrouridylation broadening specificity 

depends on enzyme concentration 

Our complementation results in the E. coli triple dus mu- 
tant strain ( �dusA ::kan, �dusB ::Ø, �dusC ::Ø) with Bs- 
dusB1 or BsdusB2 demonstrated that both enzymes could 
dihydrouridylate positions U17, 20 and 20b, acting as 
both Ec DusB and Ec DusA (see supplementary results & 

Supplementary Figure S7 ). While the outcomes for Bs DusB1 
were anticipated, the unexpected capability of Bs DusB2 to 
catalyze D17 formation in E. coli was intriguing. This find- 
ing suggested several possibilities in a heterologous context: 
(i) Bs DusB2 lost its substrate specificity due to the differences 
in tRNA nature (sequence and modification profile) between 
both organisms; (ii) a protein partner, RNA, or other com- 
pounds in B. subtilis controlled the site specificity; or (iii) 
the intracellular concentrations of Dus proteins differed be- 
tween E. coli and B. subtilis . Indeed, complementation assays 
in E. coli were performed with BsdusB1 or BsdusB2 under 
the control of an arabinose-inducible promoter with concen- 
tration of inducer adjusted to allow for the detection of dihy- 
drouridylation. In contrast, in B. subtilis both genes are ex- 
pressed from the chromosome by their own promoter. 

To further explore these possibilities, we assessed the ef- 
fect of increasing enzyme concentrations on Bs DusB’s di- 
hydrouridylation activity in vitro using tRNA from the B. 
subtilis double deletion strain as a substrate. Additionally, 
we performed the experiments in the presence of B. sub- 
tilis �dusB1::kan , �dusB2::erm cell extract to examine the 
existence of a potential partner for Bs DusB2 that might 
be essential for its site specificity. AlkAnilineSeq quantifica- 
tions showed that the level of D17 inserted by Bs DusB1 
and Bs DusB2 increased with enzyme concentration (Fig- 
ure 6 A), confirming that Bs DusB2 can synthetize D17 in 
vitro on tRNA from B. subtilis . AlkAnilineSeq also pro- 
vided insights into the dihydrouridylation efficiency for all 
D-sites (Figure 6 B). Dihydrouridylation efficiency seemed to 
depend on the nature of the tRNA and the modified posi- 
tion. As expected, Bs DusB1 formed D17 / D20 / D20a. Except 
for tRNA 

Lys 
UUU and tRNA 

Ala 
GGC , the dihydrouridylation effi- 

ciency was higher at positions 20 and 20a than at position 
17. Experiments conducted with crude B. subtilis extracts re- 
vealed that Bs DusB2 retained its ability to synthesize D17 
even at higher enzyme concentrations (data not shown), sug- 
gesting the absence of a cellular partner that regulates the 
specificity of this Dus enzyme. To validate these findings in 
vivo , both wild type and mutant strains were transformed 
with plasmids overexpressing either Bs DusB1 or Bs DusB2. 
AlkAnilineSeq profiles from these strains clearly demonstrated 
that overexpression of Bs DusB2 in dusB1-deficient strains or 

Bs DusB1 in dusB2-deficient strains was able to restore the 
dihydrouridylation profile for a significant subset of tRNAs 
( Supplementary Figure S8 ). Moreover, Bs DusB2 exhibited the 
capability to introduce D17 residues into several tRNAs, in- 
dicating its functional equivalence to Bs DusB1 upon overex- 
pression ( Supplementary Figure S8 ). Taken together, these re- 
sults demonstrate that specificity likely depends on both the 
nature of the tRNAs and the enzyme concentration. 

Effect of Bs DusB deletions on cell growth 

The optimal growth temperature of B. subtilis ranges from 35 
to 37 ◦C. The influence of the lack of Bs DusB and by extrap- 
olation of D on the growth of B. subtilis was investigated in 
LB medium at 23, 30 and 37 ◦C (Table 2 ). At the standard 
growth temperature of 37 ◦C, B. subtilis W168 exhibited a 
generation time of 21 minutes. However, in the case of the 
three strains with deletions in either one or both dus genes, 
there was a slight increase in generation time. The effect was 
slightly more visible when cells were grown at 30 ◦C, with the 
generation time rising from 31 min for the wild type to 39 
and 40 min for ΔdusB1 and ΔdusB2 , respectively. The effect 
was even more pronounced in the double mutant strain, where 
this doubling-time increased to 43 min. A more significant dif- 
ference in growth was observed when the temperature was 
lowered to 23 ◦C. Here, the generation time increased from 

49 minutes for W168 to 87 min for the three mutant strains. 
Thus, the absence of D does not seem to have too great of 
an impact on B. subtilis at physiological growth temperatures, 
but becomes significant at low temperature such as 23 ◦C. This 
observation aligns with the role of this modified base in pro- 
moting structural flexibility at the tRNA level, a feature that 
is more crucial at lower temperatures than at higher ones. 

Generation time is just one among several growth parame- 
ters for bacteria, serving as an indicator of potential fitness 
loss. Therefore, we conducted competition experiments be- 
tween mutants and the wild-type strain to evaluate the impact 
of tRNA dihydrouridylation loss on mutant fitness. Surpris- 
ingly, all mutant strains exhibited decreased fitness compared 
to the wild type, even at 37 ◦C, with the ΔdusB1 strain show- 
ing the lowest competitive index ( Supplementary Figure S9 ). 
However, observed differences in fitness among mutants were 
not statistically significant ( t -test, P > 0.03), suggesting a 
potential role of the redundancy in specificity of Bs DusB 

enzymes. 

Discussion 

We investigated the role of the two homologs, DusB1 and 
DusB2, in D base biosynthesis in B. subtilis tRNAs. Both 
Bs DusB enzymes are FMN-dependent flavoenzymes with a 
conserved canonical structure of bacterial Dus, retaining key 
catalytic residues (Figure 5 A,B). However, they differ in the 
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Figure 6. In vitro biosynthesis of D in B. subtilis tRNAs catalyzed by the recombinant Bs DusB1 and Bs DusB2 proteins. ( A ) Recombinant enzymes 
expressed in E. coli and purified were incubated with D-unmodified B. subtilis total RNA fraction extracted from �dusB1::kan , �dusB2::erm strain. 
Quantification of D17 le v el w as done using NormCount score of AlkAnilineSeq (the signal normaliz ed to median of back ground clea v ages in the 
surrounding 10 nucleotides). NormCount score (as well as other AlkAnilineSeq Scores) does not show linear dependence from D content, but provides 
good compromise between sensitivity and specificity of detection for low D levels in tRNA. Only 8 best modified tRNA sites are shown (out of 18 
altogether). Concentration of the recombinant Bs DusB1 and Bs DusB2 is expressed in μM. Identity of tRNA substrates analyzed is shown at the right. 
( B ) Modification efficiency of the D-sites measured at 25 μM of enzymes. Quantification of D le v el w as done using NormCount score of AlkAnilineSeq. 

polarity of their active sites and preference for the reducing 
agent, NAD(P)H (see supplementary discussion and Table 1 ). 
Most modification enzymes are highly site-specific and mod- 
ify only one position. However, a small number of enzymes 
exhibits promiscuous site specificity, targeting either adjacent 
bases, or multiple positions scattered along the nucleotide 
sequence of their RNA substrate, or even have both capa- 
bilities ( 45–52 ) (see also Supplementary Table S4 ). The Dus 
enzymes also display the two cases of targeting juxtaposed 
uridines as observed with bacterial DusA ( 31 ) and Bs DusB2 
for U20–U20a, and with eukaryotic Dus1 (U16–U17) and 
Dus4 (U20a–U20b)( 20 ). Gram 

+ Dus enzymes show a wider 
multisite specificity as seen with the Mc DusB1 that modi- 
fies the U17–U20–U20a triplet ( 33 ) and reinforced here with 
the discovery that Bs DusB1 modifies not only the same bases 
as Mc DusB1 but also the U47 (Figure 3 ). D47 is located in 
the variable loop which, in eukaryotes, is catalyzed by Dus3, 
an enzyme that differs from all Dus by its size and complex 
modularity ( 22 ). 

Remarkably, we uncovered an unprecedented property in 
modification enzymes namely, functional redundancy. This 
property remains very enigmatic since Bs DusB1 can intro- 

Table 2. Effect of dus deletion on the generation time of B. subtilis 

37 ◦C 30 ◦C 23 ◦C 

W168 21 ± 0.2 31 ± 0.8 49 ± 3 
�dusB1 �dusB2 25 ± 0.3 39 ± 2.2 87 ± 0.7 
�dusB1 26 ± 0.7 40 ± 4 87 ± 2 
�dusB2 26 ± 0.6 43 ± 1.5 87 ± 1.5 

*The generation times are expressed in minutes. 

duce almost the entire D content while Bs DusB2 provides a 
backup activity for positions 20–20a with an efficiency largely 
in favor of this enzyme. It is worth mentioning that this over- 
lap in activity concerns most tRNAs (Figure 4 ). Nevertheless, 
Bs DusB2 also have its proper tRNA substrates not shared by 
Bs DusB1 suggesting that this D20–D20a redundancy in di- 
hydrouridylation activity targets a specific set of tRNAs. Sur- 
prisingly, Bs DusB2 has also the ability to modify U17 only 
at a certain enzyme concentration, which could probably be 
consistent with a lower dihydrouridylation efficiency for this 
site (Figure 6 ). Of note, Dus enzymes involved exclusively in 
D20 (or D20–D20a) modification seem to be always more ac- 
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Figure 7. Phylogenetic analysis of DusB1, DusB2, DusC and DusA proteins in 120 reference and complete Bacteria. DusA proteins are in blue. DusC 
proteins are in green. DusB / DusB1 proteins are in black. DusB2 proteins are in red. The B V -BRC annotations seem to correctly group the proteins with 
one e x ception, the Caur_0210 protein annotated as DusB but clustering with the DusB2 proteins. T his section of the tree has ho w e v er v ery lo w 

bootstrap values as the thickness of the tree branches are reflective of the bootstrap percentage values. E. coli proteins are highlighted in yellow and B. 
subtilis proteins in purple. 

tive than those catalyzing other D ( 22 ) and this has indeed re- 
mained verified again with B. subtilis enzymes. A recent analy- 
sis of dihydrouridylation in the S. pombe transcriptome found 
instances where the dependence of several tRNA sites on Dus 
enzymes couldn’t be statistically determined ( 23 ). This sug- 
gests either the necessity of a D-site at a position for modifying 
another site or rare cases where multiple Dus enzymes target 
the same site. This could imply broader dihydrouridylation re- 
dundancy among Dus enzymes, requiring further clarification. 

The physiological significance of this redundancy in B. sub- 
tilis raises intriguing questions. In general, homolog-based 
functional redundancy can provide functional resilience or 
flexibility to cope with varying conditions or stresses ( 53–55 ). 
This could indeed apply to Bs DusB taking the advantage of 
having one enzyme more efficient than the other, especially 
when dealing with redox reactivity issues. It is tempting to 
propose that this backup functionality could be a more ef- 
ficient way to dihydrouridylate tRNAs under conditions or 
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events leading to significant tRNA damage requiring rapid 
maturation of newly transcribed pools of tRNAs to afford the 
cell to cope with abrupt environmental changes notably under 
limiting NADPH concentration for example. In such a sce- 
nario, up-regulation of Bs DusB2 could also be an additional 
mean by which the cell boosts tRNA-dihydrouridylation ac- 
tivity but also extends its site specificity to compensate for 
the low Bs DusB1 activity . Interestingly , such type of regula- 
tion has precedent as exemplified by the downregulation of the 
gene coding for the mesophilic Clostridium botulinum DusB 

homolog during a heat shock stress at 45 ◦C ( 56 ). In that spe- 
cific case, D has probably no utility at high temperatures, and 
thus this bacterium would naturally require less D and would 
therefore decrease the expression of its cognate enzyme. DusC 

is also differentially regulated in response to the growth tem- 
perature in the thermophilic B. manusensis ( 57 ). In B. sub- 
tilis , our studies revealed a visible impact of the absence of 
Bs DusB1 or Bs DusB2 on the growth phenotype of this organ- 
ism (Table 2 ), suggesting that loss of D can have significant 
effects on cell physiology. 

Another speculative yet intriguing possibility for this func- 
tional redundancy is related to the evolutionary process of 
these enzymes. Both Bs DusB1 and Bs DusB2 originated from 

a duplication event of an ancestral Dus enzyme likely multi- 
site specific. Bs DusB1 has retained the functional features of 
this ancestral enzyme, while Bs DusB2 might be undergoing 
a process of functional speciation. This could explain why 
Bs DusB2’s dihydrouridylation activity at position 17 is de- 
tectable only under high enzyme concentration (Figure 6 ). 
Comparative analysis of the presumed tRNA binding inter- 
faces on Bs DusB models suggests that the Bs DusB2 inter- 
face is clearly different from the others with nonetheless some 
positive charges that remain common to these enzyme sys- 
tems (Figure 5 D). This agrees with the fact that Bs DusB2 
may preferentially bind its tRNAs according to its own recog- 
nition mode. Previous phylogenetic analyses proposed that 
DusB / DusB1 was the common ancestor to all bacterial Dus 
proteins ( 34 ), a finding that we reproduce in a small-scale 
analysis with reference bacterial genomes (Figure 7 ). While 
the exact timing of the branching of the DusB2 subgroup from 

the DusB group remains uncertain, it is clearly distinct from 

both the DusA and DusC subgroups. Further comprehensive 
phylogenetic analyses would be needed to understand this 
evolutionary relationship. However, this data suggests that 
Bs DusB2 might be converging towards DusA-type activities, 
specifically modifying the 20 / 20a position, while potentially 
losing its capacity to modify the U17 positions like its DusB 

homologues. This suggests a possible transitional state in the 
evolution of Bs DusB2’s enzymatic specificity. 
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Significance

- 

- 

- 

- - 

- - 

- - 

- 

Exploring a unique class of flavoenzymes: Identification and  
biochemical characterization of ribosomal RNA  
dihydrouridine synthase

- - 

Dihydrouridine (D), a prevalent and evolutionarily conserved base in the transcriptome, 
primarily resides in tRNAs and, to a lesser extent, in mRNAs. Notably, this modification 
is found at position 2449 in the Escherichia coli 23S rRNA, strategically positioned near 
the ribosome’s peptidyl transferase site. Despite the prior identification, in E. coli genome, 
of three dihydrouridine synthases (DUS), a set of NADPH and FMN- dependent enzymes 
known for introducing D in tRNAs and mRNAs, characterization of the enzyme responsi-
ble for D2449 deposition has remained elusive. This study introduces a rapid method for 
detecting D in rRNA, involving reverse transcriptase- blockage at the rhodamine- labeled 
D2449 site, followed by PCR amplification (RhoRT- PCR). Through analysis of rRNA 
from diverse E. coli strains, harboring chromosomal or single- gene deletions, we pin-
point the yhiN gene as the ribosomal dihydrouridine synthase, now designated as RdsA. 
Biochemical characterizations uncovered RdsA as a unique class of flavoenzymes, depend-
ent on FAD and NADH, with a complex structural topology. In vitro assays demonstrated 
that RdsA dihydrouridylates a short rRNA transcript mimicking the local structure of the 
peptidyl transferase site. This suggests an early introduction of this modification before 
ribosome assembly. Phylogenetic studies unveiled the widespread distribution of the yhiN 
gene in the bacterial kingdom, emphasizing the conservation of rRNA dihydrouridylation. 
In a broader context, these findings underscore nature’s preference for utilizing reduced 
flavin in the reduction of uridines and their derivatives.

Posttranscriptional maturation processes shape RNA molecules into functional biomol-
ecules. Among these processes, the incorporation of chemical groups at the nucleoside 
level, primarily within the bases, is catalyzed by modification enzymes. Over 170 modi-
fications have been identified to date, with tRNAs and rRNAs being the most extensively 
modified RNA species (1). The chemical diversity of these modifications can significantly 
alter the physicochemical properties of nucleosides, exerting a profound impact on local 
and even global RNA structures. For the majority of modifications, the effect is stabilizing 
in nature (2, 3). For instance, the introduction of methyl groups tends to strengthen base 
stacking. One of the most abundant modifications across the transcriptome is dihydrou-
ridine (D) (4, 5) (Fig. 1A). This modified base is evolutionarily conserved and is predom-
inantly found in bacterial and eukaryotic tRNAs. Recently, D has also been detected in 
certain eukaryotic mRNAs (6–8) and long noncoding RNAs (6, 7, 9). In the case of 
rRNAs, sporadic observations of D have been reported, notably at position 2449 (D2449) 
in domain V of the 23S ribosomal RNA of Escherichia coli, in the peptidyl transferase 
center (PTC) (10, 11) (Fig. 1 B and C). D2449 has also been identified at positions 2449 
and 2500 in Clostridium sporogenes (with D2449 being partially methylated to m5D) (12) 
and at position 1211 or 1212 in the 16S rRNA of Clostridium acetobutylicum (13). 
Comprehensive studies to investigate the presence of dihydrouridine in the rRNAs of 
bacteria and eukaryotes remain to be made.

The study of D synthases involved in tRNA dihydrouridylation has revealed that the 
conversion of U to D is a redox- dependent reaction relying on NADPH as a reducing 
agent (4, 14–21) (Fig. 1A). Dus enzymes are flavoenzymes, utilizing FMN as a coenzyme 
for redox reactions. In the initial step, the flavin is reduced to an anionic hydroquinone 
(FMNH−), which then transfers a hydride to the C5–C6 double bond of uridine, 
forming an enolate intermediate (4, 22). This intermediate accepts a proton from the 
strictly conserved catalytic cysteine, leading to the breakdown of D’s aromaticity, D
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resulting in a nonplanar base and a more flexible ribose confor-
mation. The significance of D’s base flexibility is highlighted by 
the fact that psychrophilic organisms generally have more D in 
their tRNAs than thermophiles (23). Structurally, D destabilizes 
small stem loops, promoting the formation of larger loops (24). 
The presence of D2449 in the central large loop of domain V 
in E. coli’s 23S rRNA could potentially serve this purpose, 
although addressing this issue is challenging due to the uniden-
tified gene encoding ribosomal Dus. Beyond its presumed struc-
tural role, the biological significance of D remains obscure. 
Recent discoveries of D residues in yeast and human mRNAs, 
also introduced by tRNA dihydrouridine synthases, suggest 
potential roles in meiosis and translational efficiency through 
yet- to- be- determined molecular mechanisms (6, 8). These stud-
ies indicate that Dus enzymes are promiscuous, although, at 
least in the case of E. coli, they do not act on rRNA.

The E. coli rRNA encompasses 36 modifications, and to date, 
all modification enzymes for E. coli rRNA have been identified, 
except for the rRNA D synthase (1) (SI Appendix, Table S1). In this 
study, we identified this elusive enzyme, hereafter referred to as 
RdsA (Ribosomal Dihydrouridine Synthase A), responsible for the 
biosynthesis of D2449 in 23S rRNA. Biochemical characterizations 
of RdsA unveiled its identity as a flavin- dependent D synthase with 
redox activity reliant on FAD and NADH. The proposed chemical 
mechanism of dihydrouridylation, derived from our findings, out-
lines a likely hydride transfer mechanism, underscoring nature’s 
preference for utilizing flavin to reduce uridine or its derivatives. 
Moreover, our phylogenetic data demonstrate that the RdsA gene 
is widely distributed among bacteria, including many pathogens, 
while absent in eukaryotes. This observation suggests that ribosomal 
D may be pervasive in microbial rRNAs, rendering it a potential 
target for selective antibiotic intervention.

Results

-  To facilitate 
the swift detection of D2449, we have developed a methodology 
termed RhoRT- PCR. This innovative approach involves the 
blocking of reverse transcriptase (RT) through dihydrouridine 
labeling with rhodamine 110, following a well- established 
mechanism (SI Appendix, Fig. S1). Subsequently, this step was 
followed by PCR amplification of RT- products employing a primer 
pair to target a specific region (Fig. 2A). The primer pair 2F/3R 
was meticulously designed to amplify the region downstream of 
position 2449 in the 23S rRNA, yielding a 248 bp fragment. It 
functions as a positive control for RT activity. Conversely, the 
region encompassing position 2449 was amplified using primers 
1F/3R, generating a 429 bp product. Therefore, the absence of 
rhodamine labeling on D2449 or the lack of dihydrouridylation at 
position 2449 (indicative of U2449) should result in the presence 
of both 248 and 429 bp fragments, discernible on an agarose 
gel. In contrast, the presence of D2449 would result solely in 
the 248 bp band. The validity of this approach was tested using 
purified rRNA from wild- type strains of E. coli (known to contain 
D2449) and Bacillus subtilis (known to harbor a uridine at the 
corresponding rRNA position). As depicted in Fig. 2B, in the case 
of E. coli, the absence of Rho labeling showed the anticipated two 
fragments. However, prelabeling D2449 with Rho resulted in the 
disappearance of the 429 bp band, strongly indicating the presence 
of D2449. Conversely, in the case of B. subtilis, whether labeled 
or not, both bands persisted, suggesting the absence of D in this 
region of rRNA. Recently, it has been demonstrated that the three 
Dus enzymes in E. coli (DusA, B, and C) are not responsible for 
the synthesis of D2449 (7). To confirm this result, we applied our 
RhoRT- PCR method to purified rRNA from the E. coli triple 
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mutant strain ΔdusABC. As shown in SI Appendix, Fig. S2A, the 
result revealed a single band at 248 bp, clearly demonstrating the 
presence of D2449 in this mutant. This indicates that the classical 
Dus enzymes are not involved in the dihydrouridylation of E. 
coli 23S rRNA. Thus, the RhoRT- PCR technique emerges as an 
effective method for the precise detection of D2449.

 In the quest to pinpoint the gene responsible for 
 dihydrouridine synthesis in rRNA, we applied the RhoRT- PCR 
technique to rRNA extracted from the E. coli strain ME5125 
(25, 26). This strain is distinguished by 15 major deletions in its 
chromosomal DNA, making it an ideal candidate due to its abil-
ity to maintain the smallest genome among E. coli strains while 
retaining sufficient viability for rRNA isolation. As illustrated in 
Fig. 3A, the deletions exhibited both fragments, whether treated 
with rhodamine or not, strongly suggesting the probable absence 
of D. To substantiate these findings, we subjected BW25113 and 
ME5125 rRNA to MALDI mass spectrometry after RNAse T1 
treatment. The analysis revealed the 2448ADAACAGp2454 fragment 
with an m/z of 2293.3 in the case of BW25113, while in ME5125, 
the corresponding fragment displayed an m/z of 2291.3, indica-
tive of the non- dihydrouridylated fragment (Fig. 3B). Moreover, 
these results were validated by AlkAniline- Seq, underscoring the 
presence of D2449 in WT rRNA and its conspicuous absence in 
the ME5125 strain (Fig. 3C). Individual testing of the 15 deletion 
strains using RhoRT- PCR and AlkAniline- Seq showed that only 
the ME5079 strain, harboring a genomic deletion encompassing 
77 genes (SI Appendix, Fig. S3), lacked D2449 (Fig. 3 A and C).  
A similar approach was used for the analysis of 10 strains bearing 

single- gene knockouts that were annotated with unknown func-
tions but potentially linked to redox processes or ribosome 
 biogenesis (SI Appendix, Table S2 and Fig. S2). Comprehensive 
testing across all these strains unequivocally demonstrated that 
only the rRNA from the ΔyhiN strain lacked D2449 (Fig. 3C and 
SI Appendix, Fig. S2A). Notably, yhiN is annotated as a putative 
oxidoreductase with an FAD/NAD(P)H domain and operates 
outside an operon (SI Appendix, Table S2). However, it is situated 
in proximity to two rRNA methyltransferase genes, namely rsmJ 
and rlmJ, and a putative ribosome- associated ATPase gene (rbbA) 
(SI Appendix, Table S2 and Fig. S3).

 The E. coli 
yhiN gene encodes a 400- amino acid protein with a theoretical 
mass of 43.7 kDa (SI  Appendix, Fig.  S4). To elucidate the 
structural organization of YhiN, an AlphaFold model was 
generated (Fig. 4A). Remarkably, YhiN showcases a distinct fold 
compared to classical Dus proteins (4, 15–17, 19, 20). A PDB 
search revealed homology between YhiN and various flavoproteins, 
with crystallographic structures available for holoprotein forms 
(2GQF, 3V76, 4CNJ, 2I0Z), including Streptococcus oligofermentes 
L- aminoacetone oxidase. Structural alignments of the YhiN model 
with homologous structures revealed RMSD values below 2.3 Å 
(SI Appendix, Fig. S5), signifying significant structural conservation 
within this flavoprotein class. YhiN comprises three distinct 
domains with an intricately complex topology (Fig.  4A). The 
Rossmann fold domain (FBD), housing the flavin and putatively 
the catalytic site, accommodates the insertion of the other two 
domains between G190 and A337, resulting in the Nt and Ct 
ends being borne by this domain. The second domain (ins1D), 
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homologous to the Ct domain of E. coli EF- Tu, is interrupted 
at residue L257 by the insertion of the third domain (ins2D), 
exhibiting structural homology with the Helix- 2- turn- helix 
domain of the topoisomerase VI- B subunit of Sulfolobus shibatae. 
Ins2D spans L258 to L322, succeeded by a segment of ins1D and 
FBD. Structural alignment of YhiN with flavoprotein homologs 
facilitated the identification of the conserved FAD binding site 
(Fig.  4B and SI  Appendix, Fig.  S5). No clashes were observed 
between residues forming the FAD pocket and the coenzyme. 
The FAD assumes an elongated conformation upheld by a series 
of interactions, with the isoalloxazine, the redox center, situated 
within a solvent- accessible crevice. To assess the flavoprotein 
nature of E. coli YhiN (RdsA), recombinant protein production 
was undertaken. As depicted in Fig. 4 C and D, the UV/visible 
spectrum of freshly purified YhiN indicated the presence of 
oxidized flavin in 61% of holoprotein. The addition of SDS 
induced coenzyme release, yielding a UV/visible spectrum akin 
to free FAD. Additionally, mutating key residues in this identified 
FAD binding pocket led to a lower ratio of holoproteins ranging 

from 37%, when affecting residues interacting with the adenine 
moiety, to almost 0% when affecting residues in the vicinity of 
the ribityl (Fig. 4D). These findings conclusively establish YhiN 
as a noncovalently bound FAD flavoprotein characterized by a 
sophisticated structural topology.

 The conversion of uridine to 
dihydrouridine is a redox reaction requiring 2 electrons + 2H+ (or 
hydride + H+) (Fig. 1A) (4). In the case of classical Dus proteins, 
their RNA substrates are reduced by FMNH−, produced through 
the prior reduction of FMN by NADPH (4, 22). Initially, we 
investigated whether NADPH could serve as a reducer of flavin 
by monitoring the spectrophotometric NADPH oxidase activity at 
340 nm of recombinant YhiN. However, no NADPH consumption 
was observed. Conversely, we observed efficient NADH oxidation 
with a kcat of 0.027 ± 0.003 s−1 and a KM of 6.5 ± 1.5 μM (Fig. 4E). 
With a conclusive reducing source identified, our focus shifted to 
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detecting potential dihydrouridylation activity of rRNA by YhiN. 
In our initial endeavors, we aimed to reconstitute in vitro activity 
using rRNA isolated from an E. coli strain with the yhiN deletion. 
This involved coincubating the rRNA with recombinant YhiN and 
an excess of NADH. Subsequently, the generated rRNA product 

was enzymatically digested to its nucleoside level, and the presence 
of D was analyzed using LC/MS. Despite our concerted efforts, 
definitive detection of activity proved challenging, primarily due 
to notable contamination of D most probably originating from 
tRNA (SI  Appendix, Fig.  S6). To overcome this challenge, we 
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designed and produced an in  vitro transcribed 40- mer RNA 
(Mini- PTC- U), encompassing nucleotides 2438 to 2459 and 
mimicking stems and loops of E. coli’s 23S rRNA (Fig.  4F), 
serving as a refined substrate in subsequent activity assays. Our 
results unequivocally established that YhiN dihydrouridylates this 
mini- RNA, strategically mimicking a segment of the ribosomal 
peptidyl- transferase center (Fig. 4G). The D level increased with 
prolonged incubation time (Fig. 4G) and, after 24 h of incubation, 
0.04% of D per quantified adenosine was formed (%mod/A). 
As the synthetic RNA contains 10 adenosines, the number of 
D per molecule is then 0.4%. However, this artificial substrate 
might adopt alternative structures prone to dihydrouridylation 
of other uridines found in this Mini- PTC as a much lower, but 
detectable, activity was measured when changing the target uridine 
by a cytidine (Mini- PTC- C in Fig.  4 F and G). Nonetheless, 
these findings conclusively position YhiN as the dihydrouridine 
synthase for E. coli’s ribosome, catalyzing the reduction of U2449 
to D2449, leveraging FAD as a redox coenzyme and NADH as a 
source of reducing equivalents.

 The E. coli YhiN protein is a 
member of the COG2081 and PF03486 (HI0933- like protein) 
families. An initial analysis of the family in the EggNog database 
(http://eggnog6.embl.de/search/ogs/COG2081/) suggested that it 
was not isofunctional. Indeed, the 9,168 proteins listed in this family 
are from 6,723 species, hence 2,245 are paralogs (Dataset S1). The 
only two experimentally characterized protein in this family are 
3- dehydro- bile acid delta(4,6)- reductase (BaiN) from Clostridium 
scindens involved in bile degradation (27) and aminoacetone 
oxidase (AAO) from Streptococcus cristatus, involved in resistance 
to endogenous metabolites- generated ROS and mutagens (28, 29). 
Hence, the RdsA activity of YhiN must be shared by only a subset of 
the COG2081/PF03486 members. To identify the RdsA subgroup 
more precisely, we constructed a sequence similarity networks 
(SSN) of PF03486 with different alignment score thresholds (AST, 
see SI Appendix, Supplementary Materials and Methods). An AST of 
80 allowed the separation of the cluster containing YhiNEc from 
the cluster containing bonafide BaiN (indicated by a yellow line 
in Fig. 5A) and the cluster containing AAOSo (indicated by a green 
line in Fig. 5A). Here, we analyzed the rRNA of Vibrio cholerae 
species by AlkalinineSeq and showed that its 23S rRNA indeed 
harbors D2432 while carrying a RdsA (SI  Appendix, Fig.  S7). 
These bacteria do encode proteins highly similar to YhiNEc (cyan 
nodes in Fig. 5A), supporting their function as RdsA enzymes. In 
contrast, B. subtilis 168 rRNA does not show any D residues (1), 
but its genome does encode a PF03486 family protein (YtfP or 
BSU30060). This protein is not located in the same SSN cluster as 
YhiNEc (Fig. 5A) and the gene is in an operon with the opuD gene 
encoding the glycine betaine/arsenobetaine transporter (Fig. 5A 
and SI Appendix, Fig. S8A). Most Acinetobacter species encode two 
members of the PF03486 family (Dataset S2). These separate nicely 
into two groups in the SSN (Fig. 5A). Group 1 proteins (YhiN1) 
are part of the YhiNEc cluster and hence would be predicted to 
catalyze the formation of D in rRNA. Group 2 proteins (YhiN2) 
are part of separate cluster, but the corresponding genes are located 
downstream trmB genes encoding tRNA (guanine(46)- N(7))- 
methyltransferase) (Fig. 5B) still indicating a possible link to RNA 
modifications for this YhiN2 group. Other physical association 
with RNA modifications were observed: yhiN homolog are located 
next to dusA genes in organisms such as Synechococcus elongatus 
(yellow nodes in Fig.  5 and SI  Appendix, Fig.  S9), or to genes 
encoding ribosomal pseudouridine synthase RsuA- like proteins 
(orange nodes in Fig. 5 and SI Appendix, Fig. S8B). In summary, 

the COG2081/PF03486 family is clearly not isofunctional and, 
because gene neighborhood information does not give definitive 
functional clues, further experimental characterization of the 
proteins from the different subgroups is required to establish 
whether they harbor RdsA activity.

To survey the taxonomic distribution of the PF03486 proteins 
conservatively predicted to be isofunctional with YhiNEc, we further 
analyzed the proteins within the same cluster (boxed in Fig. 5A and 
Dataset S3) in an SSN with a more stringent alignment score thresh-
old (SI Appendix, Fig. S9) and constructed a phylogenetic tree of 
the same protein set (SI Appendix, Fig. S10). These analyses show that 
members of the YhiNEc subgroup are mostly found in bacteria with 
only two eukaryotic homologs from dinoflagellates (Uniprot IDs: 
A0A812V8P8 and A0A9P1GL58) and a small group found in 
Archaea (mainly Methanobacteriales and Methanomicrobiales, 
Dataset S3). The protein tree diverges from the species tree in several 
places (for example, the inclusion of Thermodesulfobacteriota in 
the middle of the gammaproteobacteria proteins) suggesting hori-
zontal gene transfer events. The gene neighborhood information 
does not link YhiN to translation or RNA modifications as genes 
encoding universal stress protein, transporters, and RNA helicase- like 
proteins are mostly found surrounding these sets of YhiN encoding 
genes (SI Appendix, Fig. S10).

Discussion

In the course of this investigation, we uncovered a unique dihyd-
rouridine synthase, referred to as RdsA, responsible for catalyzing 
the NADH and FAD- dependent reduction of U2449 in the 23S 
rRNA of E. coli. Traditional Dus enzymes, encompassing bacterial 
DusA, B, C, and eukaryotic Dus 1 to 4, also operate as flavoenzymes 
but rely on FMN and NADPH (4). This parallels their counter-
parts, dihydropyrimidine deshydrogenase (DHPD) (30), and 
dihydroorotate deshydrogenases (DODH) (31), which facilitate 
the reduction of uracil to dihydrouracil and orotate to dihydrooro-
tate (a uracil derivative), respectively. This implies that nature uti-
lizes reduced flavin for uridine reduction. However, in the tertiary 
structure generated by AlphaFold, RdsA distinguishes itself from 
these FMN- dependent flavoenzyme systems due to its predicted 
distinct structure, displaying a unique topology. Unlike Dus, 
DHPD, and DODH, where the catalytic site binding FMN is 
carried by a TIM BARREL, RdsA’s flavin is held by a Rossman fold 
domain (FBD) housing two additional inserted domains (ins1D 
and ins2D). Surface charge representation on the AlphaFold model 
unveils several patches of positive charges concentrated on the three 
domains, arranging around the active site pocket and likely defining 
the RNA binding site (SI Appendix, Fig. S11). This model, if proved 
to be correct, would suggest that FBD, ins1D, and ins2D probably 
play a role in substrate recognition. RNA modifications follow a 
nonrandom, stepwise progression at distinct stages during ribosome 
biogenesis. Despite the complexity of this process, our observation 
of dihydrouridylation activity on a mini- ARN containing a small 
PTC- like region by RdsA should imply a potential role for this 
enzyme in acting on a ribosome precursor.

Phylogenetic analysis reveals the widespread distribution of 
YhiN among bacteria, implying the presence of D in the rRNA 
of numerous bacterial species. Indeed, our analyses of V. cholerae 
rRNA demonstrate the presence of D2432 in this organism (cor-
responding to the D2449 in E. coli), and furthermore, this species 
harbors a gene encoding RdsA. Nevertheless, our study brings 
attention to a perplexing observation: the absence of YhiN in the 
genome of C. sporogenes, despite the detection of m5D2449 and 
D2500 in its 23S rRNA (12). This suggests the potential existence 
of another unidentified type of Dus. In contrast, B. subtilis harbors D
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a yhiN gene, yet its rRNA modification profile does not show any 
D residues (1), hinting at potential alternative biological functions 
for this flavoprotein. This proposition gains support from our 

findings, which reveal that RdsA belongs to a nonisofunctional 
superfamily. This is further underscored by the identification of a 
homologous gene to E. coli yhiN, operating as an aminoacetone 
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oxidase in Streptococcus oligofermentas (28), albeit with measured 
activities that are notably weak.

Our genetic studies show that a functional RdsA enzyme is not 
essential for E. coli survival, and this is in keeping with the major-
ity of rRNA modification enzymes. However, the biological role 
of ribosomal D remains elusive. Multiple studies have demon-
strated that the lack of rRNA modifications can result in changes 
of ribosomal active sites (32), leading to a reduction in translation 
speed, an increase in mRNA reading errors by the ribosome (33), 
reduced virulence in pathogenic bacterial species, and a disrupted 
response to metabolites and antibiotics (34, 35). Limited to 
microbes, including certain pathogens, our research lays the 
groundwork for exploring the impact of dihydrouridylation on 
bacterial ribosome maturation and the potential targeting of this 
process by inhibitors.

Materials and Methods

 All strains are listed 
in SI Appendix, Table S3. BW25113 were obtained from the Keio collection, and 
genomic deletion strains were obtained from NBRP (Japan). Cells were usually 
grown in LB medium at 37 °C. Oligonucleotides used for RhoRT- PCR and MALDI- 
TOF analysis are listed in SI Appendix, Table S4.

 The method for 
rhodamine- 110 labeling was derived from the one described in ref. 7. From the 
RNA stock, 50 μg was extracted, to which 16 μL of 1 M Tris HCl pH 7.5 and 40 
μL of 100 mg/mL NaBH4 diluted in 10 mM KOH were added, reaching a final 
volume of 400 μL. After 1 h of incubation at room temperature (open tubes in the 
dark), the reaction was neutralized by adding 80 μL of 6 M acetic acid. The treated 
RNAs were then precipitated with 0.3 M NaCl and two volumes of 100% ethanol. 
The rRNAs were subsequently resuspended in 550 μL of 0.1 M formate buffer pH 
3.15, containing 0.5 mM Rhodamine 110, and incubated at 37 °C for 1.5 h for 
fluorochrome conjugation. The reaction was stopped by adding 0.2 M Tris- HCl, 
pH 8.5, and the excess fluorochrome was removed by acidic phenol extraction 
(pH 4.3). Finally, the RNA was precipitated and resuspended in RNase- free H2O. 
Reverse transcription and PCR conditions are detailed in SI Appendix.

 Dihydrouridine 
quantification was done by tandem LC–MS as detailed in supplementary infor-
mation. Ribosomal modification profiles were analyzed by the AlkAniline- Seq 
method (36). This method exploits the instability of the D- ring under alkaline 
conditions leading to its cleavage and formation of β- ureidopropionic acid (21). 
This instability leads to aniline- driven RNA cleavage generating a 5′- phosphate 
group (5′- P) on the neighboring N + 1 residue, which serves as an input for 
highly selective ligation of sequencing adapters.

 E. coli yhiN gene was cloned in 
pET15b for production and purification in BL21- DE3 E. coli cells. The NADH 
oxidase activity was determined by following decrease of A340 under aerobic 
conditions and dihydrouridylation assays were performed by incubating the 
recombinant RdsA with the target RNA in a buffer containing 50 mM HEPES 
pH 7.5, 150 mM NaCl, 5 mM DTT, 10 mM MgCl2, 100 μM FAD, and 15% glyc-
erol. The detailed procedure for LC–MS analysis of the reaction is detailed in 
SI Appendix.

 For literature and sequence retrievals, the 
resources at NCBI (https://www.ncbi.nlm.nih.gov/) (37), UniProt (https://www.
uniprot.org) (38), EggNog (http://eggnog6.embl.de/) (39), and BV- BRC (https://
www.bv- brc.org) (40) were routinely used. PaperBlast was used to find published 
papers on members of the COG2018 family (papers.genomics.lbl.gov/) (38). The 
SubtiWiki/CoreWiki (http://corewiki.uni-goettingen.de/) (41), the String data-
base (https://string-db.org/) (42) and the EFI Gene Neighborhood webtool (43) 
were used to explore physical clustering. Protein sequences were aligned using 
MUSCLE v5.1 (44) and visualized using Weblogo3 (45). SSN and phylogenetic 
analysis are detailed in supplementary information.

 All study data are included in the 
article and/or supporting information. All NGS data associated to this manuscript 
are deposited and made publicly available in ENA (The European Bioinformatics 
Institute EMBL- EBI) under the accession number PRJEB77571 (46).
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