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ABSTRACT
Dihydrouridine (D) is a tRNA-modified base conserved throughout all kingdoms of life and assuming an 
important structural role. The conserved dihydrouridine synthases (Dus) carries out D-synthesis. DusA, 
DusB and DusC are bacterial members, and their substrate specificity has been determined in Escherichia 
coli. DusA synthesizes D20/D20a while DusB and DusC are responsible for the synthesis of D17 and D16, 
respectively. Here, we characterize the function of the unique dus gene encoding a DusB detected in 
Mollicutes, which are bacteria that evolved from a common Firmicute ancestor via massive genome 
reduction. Using in vitro activity tests as well as in vivo E. coli complementation assays with the enzyme 
from Mycoplasma capricolum (DusBMCap), a model organism for the study of these parasitic bacteria, we 
show that, as expected for a DusB homolog, DusBMCap modifies U17 to D17 but also synthetizes D20/ 
D20a combining therefore both E. coli DusA and DusB activities. Hence, this is the first case of a Dus 
enzyme able to modify up to three different sites as well as the first example of a tRNA-modifying 
enzyme that can modify bases present on the two opposite sides of an RNA-loop structure. Comparative 
analysis of the distribution of DusB homologs in Firmicutes revealed the existence of three DusB 
subgroups namely DusB1, DusB2 and DusB3. The first two subgroups were likely present in the 
Firmicute ancestor, and Mollicutes have retained DusB1 and lost DusB2. Altogether, our results suggest 
that the multisite specificity of the M. capricolum DusB enzyme could be an ancestral property.
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Introduction

Dihydrouridine (D) is one of the most abundant post- 
transcriptional modified nucleosides of the transcriptome. It 
is found mainly in transfer RNA (tRNA) and occasionally in 
ribosomal RNAs (rRNA) [1]. D is produced via the reduction 
of uridine’s C5 = C6 double bond to give a non-aromatic base. 
This loss of aromaticity, which is a unique feature among 
nucleic acids, disrupts the base planarity and consequently 
prevents D from participating in stacking interactions [2]. 
The physiological role of D is yet to be fully understood, 
although several convergent observations suggest its impor-
tance for structuring RNAs. Indeed, and as shown by nuclear 
magnetic resonance spectroscopy, the presence of D promotes 
the local flexibility and dynamics of RNA backbone [3]. While 
unmodified oligonucleotide can adopt several undefined con-
formations that interconvert in solution, it was shown that the 
presence of D triggers the folding of oligonucleotides into 
a specific hairpin with a stable stem and flexible loop region 
[4]. This may explain why D occurs mainly in single stranded 
loops and in regions of RNA that need flexibility such as the 
sensitive elbow region of tRNA formed by the association of 
the D- and TpsiC-loops that involves important tertiary 

interactions required to maintain the peculiar L-shaped struc-
ture of tRNA [5]. Other evidence in favour of a structural role 
lies in the observation that the highest D-levels are found in 
tRNAs from psychrophilic bacteria while the lowest D-levels 
are found in tRNAs from thermophiles, suggesting that these 
psychrophilic bacteria make use of D as a strategy to adapt 
their nucleic acid molecules for low temperatures [6]. In 
addition, tRNAs lacking D along with other modifications 
are shown to undergo rapid degradation by specific RNAse 
[7], probably due to a defect in conformational flexibility. This 
could perhaps explain how cancer cells could prevent tRNA 
turnover by significantly increasing D-level in tRNAs [8,9] 
and consequently promote cellular growth, even if this 
hypothesis remains to be validated experimentally.

D modifications are not abundant in rRNAs. So far, D has 
been observed at a single location, 2449, in the central loop of 
domain V in Escherichia coli 23 S ribosomal RNA [10], and at 
two positions, 2449 and 2500, in 23S ribosomal RNA of 
Clostridium sporogenes [11]. In this last case, however, D2449 
was found to be methylated at the N5 atom to give m5D2449. 
In contrast, D is often found at multiple sites in tRNAs of 
bacteria and eukaryotes and its abundance varies both with 
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the organism and the type of tRNA [1]. For instance, there are 
up to five positions where D can be found in prokaryotes, 
most frequently at positions 16, 17, 20 and 20a, all localized in 
the ‘D-loop’, and at position 47 in the variable loop (V-loop) 
(Fig. 1A, left). Note that the D47 position has been so far 
observed only in one tRNA of Bacillus subtilis, the tRNAMet

CAU 
[12]. In eukaryotes, D is observed in no less than six sites, five 
of which are in the D-loop (D16, D17, D20, D20a and D20b) 
and one is in the variable loop (D47) (Fig. 1A, middle).

D residues are introduced in tRNAs by a set of conserved 
flavoenzymes, the dihydrouridine synthases (Dus), which are 
members of the Cluster of Orthologous Group family 
COG0042 annotated in protein sequence databases as ‘pre-
dicted TIM-barrel enzymes, possibly dehydrogenases, nifR3 
family’ [13,14]. Based on phylogenetic studies, this family of 
enzymes can be subdivided into eight subfamilies, namely 
DusA, DusB, DusC, Dus1, Dus2, Dus3, Dus4 and archaeal 
Dus [15]. The first three enzymes are found in bacteria while 
Dus1 to Dus4 are eukaryotic enzymes, the last one is the only 
Dus member observed in archaea. To date, three-dimensional 
structures, obtained by X-ray crystallography, are available for 
DusA from Thermus thermophilus [16], DusB [17] and DusC 
[18] from Escherichia coli and human Dus2 [19–21]. These 

structures have confirmed the common domain architecture 
of Dus enzymes consisting of an N-terminal domain adopting 
a TIM-BARREL fold wherein the binding site of the FMN 
redox coenzyme lies in its centre, and a C-terminal helical 
domain formed by 4-helix bundle, which is dedicated to tRNA 
recognition [16,18]. Apart from these two strictly conserved 
protein domains, there are additional domains that are exclu-
sively observed among certain members of eukaryotic Dus 
[15,22,23].

The substrate specificity of Dus has been so far studied in 
three model organisms: E. coli [13,17] and Thermus thermo-
philus for prokaryotes [16,24], and Saccharomyces cerevisiae 
for eukaryotes [14]. These studies reveal that Dus can usually 
modify one or two positions in a tRNA substrate (Fig. 1A). 
Indeed, DusA, Dus1 and Dus4 are dual-site enzymes catalys-
ing the formation of D20/D20a, D16/D17 and D20a/D20b, respec-
tively. In contrast, DusB, DusC, Dus2 and Dus3 can only 
modify a single position and synthesize D17, D16, D20 and 
D47, respectively. The phylogenetic distribution of Dus family 
subgroups is complex, particularly in bacteria. However, as 
DusB is present in almost all bacteria [15], a model where 
DusB is the bacterial ancestor, and DusA and DusC are the 
products of DusB duplication events that took place shortly 

Figure 1. Location of D-sites in tRNA, site specificity of the known Dus enzymes and predicted site specificity of DusB corresponding enzymes in 
Firmicutes. (A) Schematic representation of the secondary structure of tRNA, showing the location of D residues and the corresponding Dus enzyme responsible for 
their synthesis in E. coli, eukaryotes and Mollicutes. (B) The presence of three D modifications in each gram+ bacteria presented are obtained by analysis of the tRNA 
sequences from Modomics. The specificity of DusB1 of Mycoplama capricolum has been validated here, experimentally. In red is indicated the predicted site specificity 
of the DusB homologue found in Lactococcus lactis, Streptomyces griseus and Staphylococcus aureus.
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after the divergence of the main Proteobacteria groups has 
been proposed [15]. In eukaryotes, Dus3 has been proposed to 
be the ancestral enzyme from which the three others derived 
starting with Dus2, then Dus1 and lastly Dus4. From an 
evolutionary perspective, the dual-site specificity of Dus 
might thus be considered as a functional feature that evolved 
recently. Here we tested this hypothesis by experimentally 
characterizing the unique Dus family member found in 
Mollicutes, annotated as a DusB, using Mycoplasma caprico-
lum as a model organism.

Mollicutes are parasitic bacteria that have evolved from 
a common Firmicute ancestor via massive genome reduction. 
Quite remarkably, we show here that DusBMCap is the only 
enzyme responsible for the synthesis of D17, D20 and D20a in 
tRNAs, whereas a set of two enzymes (DusA and DusB) are 
usually required to introduce these three modifications in 
proteobacteria. Our results are consistent with the idea that 
multi-site specificity is probably not a recently emerged enzy-
matic property in RNA biology.

Materials and methods

Cloning of the putative DusBMCap

We obtained a commercially supplied synthetic plasmid of 
DusB from Mycoplasma capricolum (pEX-DusBMCap ampicil-
lin-resistant) from Eurofins (Fig. S1). We used this plasmid to 
amplify by PCR and clone into pET15b the gene of DusB 
Mycoplasma capricolum containing a sequence encoding for 
6-histidine tag placed at the N-terminal region of the protein. 
The PCR fragment was amplified with these primers (FW- 
ctggtgccgcgcggca gccatatgATGAAAATTGGCAATATCCAG; 
REV- 
gttagcagccggatcctcgagcatatgTTATTCTTCGCGATATTCTTT-
G) and purified with QIAquick PCR purification kit (Qiagen), 
before cloning with SLIC cloning method into pET15b pre-
viously linearized with NdeI 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).

Expression and purification of DusB from mycoplasma 
capricolum

Chemically competent E. coli BL21DE3 star cells transformed 
with pET15b-DusBMCap plasmid were grown in LB (Luria- 
Bertani) medium supplemented with ampicillin 
(100 µg mL−1) at 37°C, until the optical density at 600 nm 
reached 1.8. Protein synthesis was induced by addition of 
isopropyl-β-D-thiogalactoside to a final concentration of 
0.5 mM. Cells were grown overnight at 16°C, collected by 
centrifugation (6300g at 4°C for 15 min) and stored at −80°C 
until use. Cells were re-suspended in 50 mM Tris-HCl pH 8 
containing 500 mM NaCl, 5 mM β-mercapto-ethanol, 5 mM 
imidazole and discontinuously sonicated for 15 min in water 
ice batch. Cellular extracts were centrifuged for 1 h at 
148.000 g, which yielded a soluble fraction of DusBMCap. 
The soluble fraction was loaded on a HiTrap crude FF column 
(GE Heathcare) previously equilibrated with 50 mM Tris-HCl 

pH 8, 300 mM NaCl, 5 mM imidazole, 5 mM β-mercapto- 
ethanol (Buffer A). After extensive wash with 50 mM Tris- 
HCl pH 8, 300 mM NaCl, 30 mM imidazole, 5 mM β- 
mercapto-ethanol, the protein was eluted with linear gradient 
of buffer A supplemented with 500 mM imidazole. Fractions 
containing DusBMCap were pooled, concentrated by ultrafil-
tration and loaded on Superdex S200 16–600 equilibrated in 
50 mM Tris-HCl pH 8, 250 mM NaCl, 5 mM β-mercapto- 
ethanol. Only fractions corresponding to the monomer were 
combined and concentrated giving a pure and homogenous 
protein. Finally, protein was concentrated to 42 mg/ml, flash 
frozen in liquid nitrogen and stored at −80°C until use. 
Protein concentrations were determined by Bradford assay 
(Biorad) with BSA used as a standard.

NAD(P)H oxidase activity

The ability of DusBMCap to oxidize NADH and/or NADPH 
under steady state conditions was determined in the presence 
of air, as final electron acceptor, in 50 mM HEPES pH 7.5, 
100 mM KCl and 10% glycerol. Assays were performed using 
2 µM protein in the presence of various concentrations of 
NAD(P)H ranging from 50 to 500 µM. The amount of 
NAD(P)H oxidized was monitored by following the decrease 
of absorbance at 343 nm (ε343 = 6.21 mM−1 cm−1). The initial 
rate versus NAD(P)H concentration was analysed according 
to Michaelis-Menten formalism.

Activity assay and dihydrouridine quantification

In vitro activity was assayed for 1 hour at 30°C in 50 mM 
HEPES pH 7.5, 150 mM ammonium acetate, 1 mM dithio-
threitol, 2 mM MgCl2, 10% v/v glycerol under anaerobic 
conditions. Bulk tRNAs (100 µM) issued from a BW25113, 
ΔdusA::kan, ΔdusB::kan or ΔdusC::kan E. coli strain were 
incubated with 10 µM of protein in a total volume of 50 µL 
and reaction was started with addition of 1 mM NADPH. 
Quenching was performed by adding 50 µL of acidic phenol 
(Sigma Aldrich) followed by centrifugation at 13,000 rpm for 
10 minutes. tRNAs in the aqueous phase were ethanol pre-
cipitated and further purified using a MicroSpin G-25 column 
(GE-healthcare). Dihydrouridine quantification was carried 
out by means of a colorimetric method as followed. Briefly, 
samples were incubated at 40°C for 30 minutes after addition 
of 5 µL of 1 M KOH. The solutions were neutralized with 
25 µL of 96% H2SO4 followed by 25 µL of a 3% solution 
2,3-butanedione monoxime (Sigma Aldrich) and 25 µL of 
a saturated solution in N-Phenyl-p-phenylenediamine 
(Sigma Aldrich). Samples were then heated at 95°C for 
10 minutes and cooled to 55°C. Following addition of 50 µL 
of 1 mM FeCl3, a violet-red colouration appeared allowing 
quantification via absorption at 550 nm. Concentration of 
D in tRNA was determined by using a standard curve 
obtained with variable amounts of dihydrouracil.

MS analysis of purified E. coli tRNAs

Bulk tRNA was extracted from E. coli strains BW25113 (F−, ∆ 
(araD-araB)567, ∆lacZ4787::rrnB-3, λ−, rph-1, ∆(rhaD-rhaB) 
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568, hsdR514) and its derivative ΔdusA::kan, ΔdusB ΔdusC. 
This strain was obtained following a procedure described 
elsewhere [25]. Cells were transformed with empty pBAD24 
or a pBAD24 derivative (pBAD24::MCAP0837) containing 
the MCAP0837 (DusBMCap) cloned between the NcoI and 
HindIII sites and expressed under the control of an arabinose 
inducible promoter. Cells were grown in 500 ml of LB sup-
plemented with ampicillin (100 µg.mL−1) and arabinose 
(0.02%) to an OD600 of 0.8 and treated as previously described 
[21]. Purification of tRNAArg

ICG, tRNAIle
GAU and tRNALeu

CAG was 
made with 5ʹ biotinylated complementary oligonucleotide 
(TGGTGCATCCGGGAGGATTCGAACCTCCGACCG, 
TGGTAGGCCTGAGTGGACTTGAACCACCG and 
GGACTTGAACCCCCACGTCCGTAAGGACACTAACAC-
CTGAAGCTAGCG, respectively) coupled to Streptavidin 
Magnesphere Paramagnetic particles (Promega). Annealing 
of specific tRNA was made in 1xTMA buffer (Tris-HCl pH 
7.5 10 mM, EDTA 0.1 mM, tetramethylammonium chloride 
0.9 M) by heating the mixture at 95°C for 3 minutes and 60°C 
for 30 minutes. Paramagnetic particles were then washed 
three times with 1xTMA buffer and specific tRNA was recov-
ered by heating the final suspension at 95°C for 3 minutes. 
Specific tRNAs were desalted and concentrated four times to 
50 μl in Vivaspin 500 devices (Sartorius; 3,000 MWCO) using 
100 mM ammonium acetate (pH 5.3) as a final buffer.

For mass spectrometry analysis, about 50 μg of tRNAs were 
digested with 10 μg of RNAse A (Euromedex), which cleaves 
after C and U and generates 3′-phosphate nucleosides, in 
a final volume of 10 μl at 37°C for 4 h. One microlitre of 
digest was mixed with 9 μl HPA (40 mg/ml in water: acetoni-
trile 50:50) and 1 μl of the mixture was spotted on the MALDI 
plate and air-dried (‘dried droplet’ method) as described pre-
viously. MALDI-TOF MS analyses were performed directly on 
the digestion products using an UltrafleXtreme spectrometer 
(Bruker Daltonique, France). Acquisitions were performed in 
positive ion mode. An identical strategy was applied for 
RNase T1 digests (cleavage after G generating 3ʹ-phosphate 
nucleosides).

Bioinformatic analyses

The resources of Uniprot [26] and NCBI [27] were routi-
nely used to extract protein and gene sequences. Multiple 
sequence alignments were generated using Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Multiple tools 
from the PATRIC database [28] were used to extract and 
manipulate protein sequences. A set of 91 Firmicute gen-
omes containing reference and representative Firmicutes 
genomes with the addition of a few Mycoplasma genomes 
was selected for further analysis (see complete list Table 
S1). A taxonomic phylogenetic tree was generated using the 
PATRIC tree tool after adding seven non-Firmicutes gen-
omes serving as outgroup (Table S1). Proteomes from these 
98 organisms were searched using the PATRIC blast tool 
using default parameters and DusBMcap (MCAP_0837). This 
led to the identification of 143 DusB family proteins with 
235 of these in Firmicutes (Supplemental Data sequences) 
covered by three global PATRIC families: PGF_00912265 

corresponding to the DusB1/BSU00810 subgroup; 
PGF_03473104 corresponding to the DusB2/BSU08030 sub-
group; PGF_03696321 corresponding to the DusB3/ 
BT_3326 subgroup. A sequence similarity network (SSN) 
was generated with this set of DusB proteins from 
Firmicutes using Enzyme Function Initiative suite of webt-
ools [29,30]. SSNs were visualized using Cytoscape [31]. 
The parameters used for the generation of the Firmicutes 
DusB SSNs were as follows: the input method ‘FASTA’ 
(option C) with an alignment score threshold of 40. ITol 
was used to generated the phylogenetic distribution 
graph [32].

Results

Biochemical characterization DusBMCap confirms it is 
a flavoprotein

A gene sequence (NC_007633.1:c969041-968,067) from 
Mycoplasma capricolum subsp. capricolum ATCC 27,343 (Fig. 
S1), also known as MCAP_RS04190, MCAP_0837, is annotated 
as a putative tRNA dihydrouridine synthase DusB (NCBI 
Reference Sequence: WP_036431687.1) in NCBI. The corre-
sponding protein is composed of 324 amino-acids and presents 
45%, 37%, 27%, 24% and 19% of sequence identity with B. subtilis 
DusB1 (BSU00810), E. coli DusB (UniProtKB/Swiss-Prot: 
P0ABT5.1), E. coli DusC (UniProtKB/Swiss-Prot: P33371.1), 
B. subtilis DusB2 (BSU08030) and E. coli DusA (UniProtKB/ 
Swiss-Prot: P32695.4), respectively (see sequence alignment 
Fig S2).

To verify if this gene encodes for a dihydrouridine 
synthase, we cloned it into a pET15b plasmid, overexpressed 
in E. coli BL21DE3 star cells and subsequently purified the 
recombinant protein. The SDS-PAGE gel shows that the 
overexpressed recombinant DusBMCap is present in the solu-
ble fraction of E. coli and is readily purified to homogeneity 
(Fig. S3). Analytical gel filtration profile reveals that the 
protein elutes at an elution volume of 14.9 mL correspond-
ing to a molecular weight of 32 kDa based on the standards 
calibration curve (Fig. S4). This result indicates that 
DusBMCap forms a monomer in solution like all other Dus 
proteins studied to date. The purified protein harbours 
a yellowish colour due to the presence of the flavin prosthe-
tic group. Indeed, the absorbance spectrum of DusBMCap 
shows a typical spectrum of oxidized flavin as indicated by 
two major bands (Fig. 2A). The first absorption band is 
broad and localized between 370 and 378 nm while 
the second one is more structured with a peak at 454 nm 
characterized by an extinction coefficient of 11.3 mM−1 cm−1 

along with the presence of a hyper-structure around 480 nm 
suggesting that the flavin is well anchored to its apoprotein. 
This is further corroborated by the fact that the addition of 
0.1% SDS, an amount sufficient to denature proteins, causes 
significant changes in the absorbance spectrum, which is 
identical to that of the free FMN in solution, therefore 
suggesting that flavin is not covalently bound and readily 
dissociates from the holoprotein upon denaturation. Taken 
together, these results indicate that DusBMCap is 
a flavoprotein.
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Both NADH and NADPH reduced the DusBMCap bound 
flavin

As in most flavoenzymes, flavin is employed as a redox cata-
lyst. In the case of the enzymatic reaction catalysed by Dus 
enzymes, FMN is expected to be first reduced by NAD(P)H to 
the flavin hydroquinone, FMNH−, and then oxidized by the 
tRNA to produce D modification according to the following 
reactional equations: (E1) NAD(P)H + FMN ⇔ NAD(P)+ + 
FMNH− and (E2) FMNH− + U-tRNA + H+ ⇔ FMN + 
D-tRNA [33] (see Fig. S4 for details regarding the chemical 
mechanism). In order to determine if the flavin of DusBMCap 
is reducible, we first checked the effect of the artificial electron 
donor, dithionite, on the absorbance spectrum of the protein 
(Fig. S6, upper panel). Upon addition of one molar equiva-
lent of dithionite, the spectrum of oxidized FMN changed 
instantly with a complete disappearance of the band at 
454 nm, giving rise to a new spectrum characterized by 
a broad band between 310 and 350 nm typical of that of 
a flavin hydroquinone species. Hence, FMN of DusBMCap is 
redox responsive and is able to form the redox active 

intermediate, FMNH−. We then verified if NAD(P)H is able 
to reduce DusBMCap. The addition of one molar equivalent of 
NADH led to a slow decrease of the protein spectrum con-
sistent with a slow reduction of FMN (Fig. S6, middle panel). 
For instance, after 30-minute incubation time, only 9% of 
FMN was reduced. In drastic contrast, the reduction by 
NADPH was more efficient since 38% and 60% of the FMN- 
content were reduced in 10 and 30 minutes of reaction, 
respectively (Fig. S6, lower panel). On the other hand, 
when the concentration of NADH or NADPH was increased 
to 10 molar equivalents, then full FMN reduction was 
achieved in less than 10 minutes by the two reducing agents 
tested. These results clearly demonstrate that the two biologi-
cal cofactors, NADH and NADPH, can reduce the FMN of 
DusBMCap but NADPH is the most effective one.

Analysis of DusBMCap NAD(P)H oxidase activity confirms 
a preference for NADPH

Oxidation of NADH or NADPH by air under steady state 
conditions is used here to further investigate their reactivity 
with DusBMCap. Fig. 2B shows that DusBMCap is, as expected, 
able to catalyse NADPH oxidation. The determined kcat and 
KM for this reaction are 0.1 ± 0.01 s−1 and 620 ± 90 µM, 
respectively. Unfortunately, we were not able to obtain any 
accurate values for the NADH oxidation due to a very low 
activity. These results are consistent with the reduction 
experiments and confirmed that DusBMCap exhibits a clear 
preference for NADPH.

DusBMCap can catalyse the formation of dihydrouridine 
in tRNA in vitro

The ability of DusBMCap to catalyse the formation of D was 
then assayed in vitro using as substrate, E. coli bulk tRNAs 
prepared from mutant strains in which either dusA, dusB or 
dusC had been deleted (Fig. 3). The bulk tRNAs from wild 
type strain contains ~1.5 D per tRNA while this content is 0.6, 
0.9 and 1.3 in the single dusA, dusB and dusC mutants, 
respectively. Incubation of DusBMCap with this bulk tRNAs 
from the ΔdusA strain increased the D content to 1.3 while 
this content was 1.2 in the presence of bulk tRNAs from the 
ΔdusB strain. No visible variation of the D content was 
observed with bulk tRNAs from the ΔdusC strain. These 
results suggest that DusBMCap is able of catalysing D20 and/ 
or D20a and D17 but it is not able to synthetize D16.

E. coli complementation studies combined with mass 
spectrometry analysis of tRNAs confirm that DusBMCap 

can introduce D residues at positions 17, 20 and 20a

Genetic manipulations of Mollicutes are known to be intract-
able due to difficulties to culture these organisms, which 
renders impossible to determine the substrate site-specificity 
of DusBMCap in vivo. To circumvent this technical obstacle 
and determine the enzymatic property of DusBMCap, we opted 
for heterologous complementation assays of the triple E. coli 
dus mutants, ΔdusABC, with pBAD24::MCAP0837 expressing 
DusBMcap combined with analysis of tRNAs by MALDI-TOF 

Figure 2. Absorbance spectrum and NADPH oxidase activity of DusBMCap . 
(A) In solid line (▬) is the spectrum of oxidized DusBMcap alone while the 
spectrum in dashed line (–) is upon denaturing condition in the presence of 
0.1% SDS. Spectrum of a solution of free FMN is in dotted line (•••). (B) Steady 
state for the NADPH oxidase activity of DusBMcap. The open circles are the raw 
data while the solid line is the fit with a Michaelis Menten equation.
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after digestion with either RNAse T1 or A. Three tRNAs, 
namely tRNAArg

ICG, tRNAIle
GAU and tRNALeu

CAG, were chosen to 
identify the D sites modified by DusBMCap (Fig. 4 & Fig. S7).

D17 formation was assessed in tRNAArg
ICG and tRNALeu

CAG via 
analysis of the MS relative isotope patterns of derived oligo-
nucleotides after RNAse T1 treatment. Comparative analysis 
between the MS spectra of wild type and ΔdusABC tRNAs 
enabled us to identify four fragments that could be used as 
specific probes to unambiguously detect D17, namely tRNAArg

ICG 

RNAse T1 fragments CU17G (m/z 975.3) and CD17G (m/z 
977.3) (Fig. 5A &B) and tRNALeu

CAG RNAse T1 AAU16U17Gm 

G (m/z 1993.5) and AAU16D17GmG (m/z 1995.5) (Fig. 5D 
&E). While the intensity of peak m/z 975.3 (CU17G) is lower 
than that of m/z 977.3 (CD17G) in the wild type, the absence 
of D17 induce an inversion of intensity between those two 
peaks. In addition, the presence of D17 provokes the disap-
pearance of m/z 1993.5 (AAU16U17GmG) and an increase in 
intensity of m/z 1995.5 (AAU16D17GmG). For tRNAs isolated 
from the ΔdusABC E. coli strain (BW25113 ∆dusA::kan, 
∆dusB, ∆dusC) transformed with the pBAD24 derivative 
expressing DusBMCap (pBAD24::MCAP0837) the MS spectra 
show: (i) an increase of m/z 977.3 (tRNAArg

ICG, CD17G) com-
pared to the ΔdusABC mutant, even though an inversion 
with m/z 975.3 (tRNAArg

ICG, CU17G) was not reached; (ii) the 
absence of m/z 1993.5 (tRNALeu

CAG, AAU16U17GmG); and (iii) 
the presence of m/z 1995.5 (AAU16D17GmG) (Fig. 5C & F). 
Hence, these results indicate that, as expected, expression of 
the dusBMCap gene complements the deletion of the E. coli 
dusB gene albeit partially, probably because of the heterolo-
gous systems used in these experiments.

Using a similar approach, we then evaluated the ability of 
DusBMCap to insert D20 and D20a in tRNAArg

ICG and tRNAIle
GAU. 

The first tRNA allows the detection of D20a via its treatment 
with RNAse T1 while the second one allows detection of D20 

after treatment with RNAse A or the double modification D20 
D20a after treatment RNAse T1. Apparition of m/z 1017 
attributed to the RNAse A tRNAIle

GAU fragment GGD20 is 
a reliable indication for D20 formation (Fig. 6A & B) while 
the modification of position 20a can be observed by both the 
loss of RNAse T1 tRNAArg

ICG fragment AU20AG (m/z 1328) and 
the build-up of AD20AG (m/z 1330) (Fig. 6D & E). The dual 
D20D20a modification of tRNAIle

GAU, can be followed by the 
presence of RNAse T1 m/z 1309 (D20D20aAG) fragment and 
the loss of m/z 1305 (U20U20aAG) (Fig. 6G & H). Remarkably, 
even if these effects are not complete, the MS spectra clearly 
showed that DusBMCap can, like the E. coli DusA, modify both 
the positions 20 and 20a (Fig. 6C & F& I).

Analysis of the distribution of DusB family proteins in 
Firmicutes suggests the lost of an ancestral copy in 
Mollicutes

Previous analyses of the evolution of Dus enzymes in all 
kingdoms of life already established that DusB was certainly 
the ancestral bacterial enzyme and that Firmicutes lacked 
DusC and DusA homologs [15]. In addition, the same 
analysis detected two DusB duplications events in 
Firmicutes, one in B. subtilis and the other in Clostridium 
acetobutylicum without specifying if these were indepen-
dent. As M. capricolum had not been included in this 
2012 study and with so many additional genome sequences 
available, we decided to analyse the distribution of DusB 
family sequences in 95 Firmicutes as described in the 
methods section and summarized in Fig. 7. We recapitu-
lated the results from a previous study by identifying three 
DusB subgroups (Fig. 7A). The first two DusB1 and DusB2 

Figure 3. In vitro dihydrouridine synthase activity of DusBMCap. Average of 
D/tRNA value of E. coli bulk tRNA in the presence of DusBMCap + NADPH 
incubated for 1 h at 30°C under anaerobic conditions and determined by the 
colorimetric assay described in the material and methods. A standard curve 
obtained with variable amounts of dihydrouracil was used to determine the 
concentration of D in tRNA. The error bars are calculated from five different sets 
of experiments. The upper panel shows the D-content of bulk E. coli tRNAs from 
(I) wild-type strain, (ii) ΔdusA strain, (ii) ΔdusA in the presence of recombinant 
DusBMcap and NADPH. The middle panel shows the D-content of bulk E. coli 
tRNAs from (i) wild-type strain, (ii) ΔdusB strain, (ii) ΔdusB in the presence of 
recombinant DusBMcap and NADPH. The lower panel is the D-content in bulk 
E. coli tRNAs from (i) wild-type strain, (ii) ΔdusC strain, (ii) ΔdusC in the presence 
of recombinant DusBMcap and NADPH.
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Figure 4. Secondary cloverleaf structure and sequence of E. coli tRNAArg
ICG , tRNAIle

GAU and tRNALeu
CAG. The positions of each D in the D-loop region are labelled in red.

Figure 5. MALDI-TOF analysis of position 17 in tRNAs from E. coli ∆dusABC complemented with DusBMCap. (A), (B) and (C) are the MS relative isotope 
patterns of derived oligonucleotides after RNAse T1 treatment of tRNAArg

ICG isolated from wild type, ΔdusABC and ΔdusABC + pBAD24::MCAP0837, respectively. (D), (E) 
and (F) are the MS relative isotope patterns of derived oligonucleotides after RNAse T1 treatment of tRNALeu

CAG isolated from wild type, ΔdusABC and ΔdusABC + 
pBAD24::MCAP0837, respectively. Summary of the tRNA-derived oligonucleotide fragments and their sizes (m/z) used for the identification of MCAP_0837 specificity 
are shown in the small boxes and are further detailed in Table S2.
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correspond to the paralogs found in B. subtilis. Nearly half 
of the Firmicutes analysed (40/95 or 42%) harboured both 
a DusB1 and DusB2 homolog, while 27% (26/95) harboured 
only a DusB1 homolog and 30% (29/95) harboured only 
a DusB2 homolog. DusBMcap like all other Dus from 
Mycoplasma is part of the DusB1 subgroup. The duplica-
tion of DusB1 and DusB2 must have occurred before the 
Mycoplasma split as the most closely related Firmicute in 
the tree Erysipelothrix rhusiopathiae str. Fujisawa harbours 
only a DusB2 homolog suggesting the last common ances-
tor harboured both protein families and that DusB2 was 
lost in Mollicutes and DusB1 was lost in E. rhusiopathiae 
(Fig. 7B). The DusB1/DusB2 duplication must have 
occurred before the Firmicute radiation as DusB2 proteins 
are found in non-Firmicutes gram-positive such as 
Bacteroides. A third DusB subgroup, DusB3, is found 
mainly in Clostridia that also contains DusB1 homologs. 
This duplication could even have occurred before the 
Firmicute split as we identified a bacteroides, Paludibacter 
propionicigenes WB4, that containing members of the three 
subgroups (Fig. 7B), even if one cannot rule out horizontal 
gene transfer events at this stage without more extensive 
analyses. Finally, a recent duplication of DusB2 proteins 
occurred in a few sporadic genomes such as 
Staphylococcus aureus subsp. aureus COL that contains 
both a full length (SACOL0067) and a version truncated 
by half (SACOL0059).

Discussion

Our biochemical results clearly show that DusBMCap retains 
the general features of Dus family members. It is 
a flavoenzyme that uses FMN as coenzyme and employs 
NADPH as a reducing agent to catalyse the reduction of 
uridine. However, the M. capricolum Dus enzyme have 
a low affinity for NADPH, which would explain why the 
reduction of the flavin by NADPH via a hydride transfer is 
slow, in contrast to other Dus enzymes 20, [21,33]. For com-
parison, the KM of DusBMCap for NADPH is more than 15 
times greater than that for hDus2, the enzyme responsible for 
the synthesis of D20 in human.

Based on the in vitro activity tests in combination with E. coli 
complementation experiments, we have unambiguously estab-
lished that DusB of mycoplasma is the enzyme responsible for 
the synthesis of dihydrouridines found at three different posi-
tions in the D-loop of tRNAs, namely D17, D20 and D20a. The 
availability of the 29 tRNAs sequences from M. capricolum 
allowed us to analyse the dihydrouridine distribution profile 
in this organism (Table S3). Interestingly, D20 is the most 
abundant as it is observed in 17 tRNAs, followed by D17 
found in 13 tRNAs and finally by D20a present in 11 ARNts. 
tRNAs harbouring one unique D are the most prevalent with 17 
tRNAs (eigth tRNAs contain a D20, five a D17 and four a D20a). 
Less tRNAs have more than one D residue with three tRNAs 
having both D17D20, one both D17D20a, two both D20D20a while 

Figure 6. MALDI-TOF analysis of positions 20 and 20a in tRNAs from E. coli ∆dusABC complemented with DusBMCap.(A), (B) and (C) are the MS relative 
isotope patterns of derived oligonucleotides after RNAse A treatment of tRNAIle

GAU isolated from wild type, ΔdusABC and ΔdusABC + pBAD24::MCAP0837, respectively. 
(D), (E) and (F) are the MS relative isotope patterns of derived oligonucleotides after RNAse T1 treatment of tRNAArg

ICG isolated from wild type, ΔdusABC and ΔdusABC + 
pBAD24::MCAP0837, respectively. (G), (H) and (I) are the MS relative isotope patterns of derived oligonucleotides after RNAse T1 treatment of tRNAIle

GAU isolated from 
wild type, ΔdusABC and ΔdusABC + pBAD24::MCAP0837, respectively. Summary of the tRNA-derived oligonucleotide fragments and their sizes (m/z) used for the 
identification of MCAP_0837 specificity are shown in the small boxes and are further detailed in Table S2.
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four tRNAs harbour the three D17D20D20a modifications. This 
analysis suggests that the DusA-like activity (modification of 
position 20/20a) of DusBMCap must be greater than its DusB- 
like activity (modification of position 17). This is consistent 

with the observation that expressing the DusBMCap gene in the 
E. coli ΔdusABC strain led to a more efficient modification of 
position 20/20a than of the position 17. Although most tRNA 
modifying enzymes are mono-site specific, some are well known 

Figure 7. Analysis of DusB subgroups in Firmicutes. (A) Results from the sequence similarity network analysis of 143 DusB proteins from Firmicutes performed on 
the EFI website using an alignment score threshold of 40 and visualized with Cytoscape, the DusB1 proteins are in red, the DusB2 proteins in blue, the DusB3 
proteins in black, the M. capricolum DusB1 protein is in orange, the B. subtilis DusB1 and DusB2 proteins are in magenta; (B) Phylogenetic distribution analysis of the 
three DusB subgroups. Organisms discussed in the text are in red, the dotted line delineates the Firmicute radiation.
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for their ability to display multi-site specificity and can insert 
identical modifications at contiguous and/or non-contiguous 
sites. For instance, Aquifex aeolicus Trm1, catalyzes the 
dimethylation of G26 and G27 in tRNA to m2

2G26 and m2
2 

G27 [34]. In E. coli, the pseudouridine synthase TruA synthe-
sizes Ψ38, Ψ39 and Ψ40 in the anticodon stem loop of tRNAs 
[35]. The pseudouridine synthase Pus1p of Saccharomyces cer-
evisiae is able to modify positions U26, 27, 28, 34, 35, 36, 65 and 
67 [36] and m5C found at four positions (34, 40, 48 and 49) in 
yeast tRNAs are inserted by the same SAM-dependent methyl-
transferase, Trm4 [37]. Pyrococcus abyssi TrmI methylates two 
adjacent adenines into m1A57m1A58 located in the TpsiC loop of 
tRNA [38,39] while Archaeosine tRNA-guanine transglycosy-
lase from Thermoplasma acidophilum is responsible for the 
formation of both Archaeosine G(+)13 and G(+)15 modifica-
tions [40].

In the case of dihydrouridine synthases, DusA and Dus4 
have been shown to modify up to two positions in tRNAs; 
however, DusBMCap represents the first case of a Dus enzyme 
capable of modifying three different sites, namely U17, U20 and 
U20a. More importantly, this is the first reported tRNA- 
modifying enzyme able to target nucleobase substrates placed 
at two spatially opposite sides of an RNA-loop. This implies 
that DusBMCap carries the tRNA binding mode of both DusA 
and DusB. The crystallographic structures of T. thermophilus 
DusA and E. coli DusC in complex with a tRNA as well as 
a structural model of E. coli DusB/tRNA complex have shed 
light on the exquisite substrate specificity of these RNA- 
modifying enzymes [16–18]. These structures show that despite 
an overall conservation of the Dus fold (a N-terminal TIM- 
Barrel catalytic domain followed by a C-terminal helical 
domain, HD), the Dus enzymes gain access to their respective 
uridine substrates by using drastically distinct tRNA orienta-
tions. These orientations are allowed by well distinct electro-
static potential surfaces resulting from patches of solvent 
exposed lysine and arginine residues specific to each paralog. 
Dus enzymes that modify uridines at positions 16 and 20 bind 
their tRNA substrates in completely different orientations 
where the binding modes of the two Dus subfamilies differ by 
a major ( 160°) rotation of the whole tRNA molecule. As far as 
position 17 is concerned, we previously showed that DusC- 
oriented tRNA is well adapted to the positive patches on the 
surface of DusB that appears complementary in shape and in 
charge to the tRNA [17]. In the absence of a DusBMCap three- 
dimensional structure, the mechanism underlying its functional 
multisite specificity remains difficult to establish. However, by 
combining the analysis of the D distribution in M. capricolum 
tRNA sequences with the dihydrouridine synthase activity 
assays showing that the insertion of one modification is not 
required for the insertion of the other, we expect that the DusA- 
like and DusB-like activities are independent. Consequently, 
DusBMCap would probably bind the tRNAs in two completely 
different orientations to gain access to U17 and U20/U20a 
without any preferential order. Such a scenario is preferred 
over the single-orientation binding accompanied by the partial 
melting of the tRNA observed with the archaeosine tRNA- 
guanine transglycosylase [41], wherein the enzyme disrupts 
the L-shaped tertiary structure of tRNA into a lambda form to 
access to G15 in the D-loop. Hence, obtaining the crystal 

structure of DusBMCap would definitely clarify this interesting 
issue.

Our phylogenetic analysis of Dus family proteins in 
Firmicutes allowed the identification of three DusB sub-
groups, namely DusB1, DusB2 and DusB3 (Fig. 7A). The 
distribution of these proteins shows that if many of these 
organisms (~ 40%) harbour both DusB1 and DusB2, the 
majority encode only a DusB1 or DusB2 (Fig. 7B). This 
suggests that these two Dus were present in the common 
ancestor of Firmicutes and that they are the product of an 
ancestral DusB duplication event. For instance, most of the 
Bacillus has retained both DusB1 and DusB2 whereas 
Mollicutes have conserved DusB1 and lost DusB2. It should 
be noted that the low abundance of DusB3 found mainly in 
Clostridiae suggests that this Dus homolog could have 
appeared more recently. Conversely, most of the 
Staphylococcus has retained DusB2 and lost DusB1.

One of the remarkable questions this work raises is: why 
during evolution these three DusB orthologues emerged 
among Firmicutes and, hence what is their exact function? 
We have unambiguously established that unlike the protobac-
teria, Mollicutes only use DusB1 to introduce the total 
D content in their tRNAs, namely, D17, 20 and 20a (Fig. 
1B). Furthermore, the availability of the modification profiles 
for tRNAs in Modomics of two other gram-positive bacteria 
namely, Lactococcus lactis and Streptomyces griseus, showing 
the presence of D17, 20 and 20a as well as the fact that both 
organism present only a DusB1 also suggest that this DusB 
homologue introduces all D-residues in the tRNAs of these 
other Gram-positive bacteria (Fig. 1B). Therefore, this multi-
site-specificity is likely a general feature of DusB1.

Similarly, it can be hypothesized that DusB2 is probably 
like DusB1, a multisite specific enzyme, responsible for the 
synthesis of these three D in organisms harbouring these 
modifications and only a DusB2 homolog. This is the case 
of Staphylococcus aureus showing the presence of D17, D20 
and D20a in its tRNA [42] and, (ii) a DusB2 (Fig. 1B). This 
hypothesis will of course require experimental validation.

Eventually, it remains to be understood why some organ-
isms have kept two or even three of the DusB homologues 
and what their function is. The study of these Dus will be key 
for understanding the complex functional evolution of the 
Dus family and to propose a plausible evolutionary scenario 
of this family of enzymes. Nonetheless, DusB can be consid-
ered the oldest member of the Dus family because it is 
distributed throughout the whole bacteria taxa [15]. 
Although the specificity of DusB has been so far studied 
exclusively in E. coli, demonstrating its monospecific charac-
ter [17], here, the establishment that DusB1 from 
M. capricolum, a monophyletic class that is derived from 
Firmicutes, is multisite specific suggests that this enzymatic 
property is likely a vestige of ancestral RNA biology.
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