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ABSTRACT: The reduction of epoxyqueuosine (oQ) is the last step in
the synthesis of the tRNA modification queuosine (Q). While the
epoxyqueuosine reductase (EC 1.17.99.6) enzymatic activity was first
described 30 years ago, the encoding gene queG was only identified in
Escherichia coli in 2011. Interestingly, queG is absent from a large number
of sequenced genomes that harbor Q synthesis or salvage genes,
suggesting the existence of an alternative epoxyqueuosine reductase in
these organisms. By analyzing phylogenetic distributions, physical gene
clustering, and fusions, members of the Domain of Unknown Function
208 (DUF208) family were predicted to encode for an alternative
epoxyqueuosine reductase. This prediction was validated with genetic
methods. The Q modification is present in Lactobacillus salivarius, an
organism missing queG but harboring the duf 208 gene. Acinetobacter baylyi
ADP1 is one of the few organisms that harbor both QueG and DUF208,
and deletion of both corresponding genes was required to observe the absence of Q and the accumulation of oQ in tRNA.
Finally, the conversion oQ to Q was restored in an E. coli queG mutant by complementation with plasmids harboring duf 208
genes from different bacteria. Members of the DUF208 family are not homologous to QueG enzymes, and thus, duf 208 is a non-
orthologous replacement of queG. We propose to name DUF208 encoding genes as queH. While QueH contains conserved
cysteines that could be involved in the coordination of a Fe/S center in a similar fashion to what has been identified in QueG, no
cobalamin was identified associated with recombinant QueH protein.

Q ueuosine (Q) is a complex modification of the base
guanosine at the first position of tRNAs with the GUN

anticodon (His, Tyr, Asn, and Asp). Q was discovered in the
late 1960s,1−3 and its structure was established eight years
later.4 The role of Q remained elusive for years, and there has
been a renewed interest in this molecule, particularly as it
appears to be a key micronutrient in humans.5−8

Q is found in eubacteria and eukaryotes, but only eubacteria
are able to synthesize it.9 However, not all bacteria are capable
of Q de novo synthesis, and several rely on salvage of Q
precursor(s) for the presence of Q in their tRNA.10 Whether
salvage or biosynthesis occurs, the tRNA-guanine(34) trans-
glycosylase (EC 2.4.2.29), TGT, is the key enzyme in the
pathway, as it is responsible for the exchange of guanine at
position 34 of target tRNAs, with the precursor base preQ1.

11

Two additional steps are required to finalize the synthesis
(Figure 1A). In the penultimate step, epoxyqueuosine (oQ) is
synthesized by the S-adenosylmethionine ribosyltransferase-
isomerase enzyme QueA (EC 2.4.99.17).12 The last step of the
pathway is the conversion of oQ to Q. oQ was identified as an
intermediate in the Q pathway in 1987.13 It was shown a year

later, that the oQ reduction was performed by a cobalamine-
dependent epoxyqueuosine reductase (EC 1.17.99.6) in
Escherichia coli, at the time named QueB.9 It then took 25
years for the epoxyqueuosine reductase activity to be assigned
to the yjeS gene, as a result of a systematic screen of the E. coli
Keio collection, and the enzyme was renamed QueG.14 The
QueG protein is homologous to B12-dependent iron−sulfur
proteins involved in halorespiration.14 In vitro activity was
demonstrated with the Bacillus subtilis orthologous enzyme,14

and other studies confirmed the Fe/S cluster role and the
cobalamin requirement including for the orthologous enzyme
from Streptococcus thermophilus.15−17

In this study, we show that not all organisms that harbor tgt
and queA genes also harbor queG homologues and identify,
using comparative genomics approaches combined with genetic
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experiments, a non-orthologous family, DUF208, that replaces
QueG in a large number of sequenced bacteria.

■ RESULTS AND DISCUSSION

Comparative Genomics Identify DUF208 As a
Possible oQ Reductase. Phylogenetic distribution of the
three genes that encode the final steps of the Q biosynthesis
pathway in eubacteria (tgt, queA, and queG) was analyzed in
1792 eubacterial genomes using the Microbes Online
“Phylogenetic Profile for Cart” tool.18 A total of 71% (1273)
of the genomes analyzed harbor tgt and queA homologues.
However, a queG ortholog can be identified in only 55% (694)
of these genomes (Figure 1B and Supporting Information File
1). Because of the limited experimental data on Q presence in
bacterial tRNAs from different sources,19 it is not known if the
bacteria that lack queG but harbor tgt and queA harbor Q or oQ
in tRNA. The only published case of an organism that lacks
queG and has lost the capacity to convert oQ to Q is E. coli B,20

but this looks like a localized gene loss event. Therefore, we

postulated the existence of a gene that could encode an
alternative epoxyqueuosine reductase among organisms lacking
queG.
Because genes in a given pathway tend to physically cluster in

bacterial genomes,21 we investigated the gene neighborhoods of
tgt and queA in organisms lacking queG. Using the SEED
database and its tools,22 we found that genes belonging to the
family of Domain of Unknown Function 208 (DUF208) (also
identified as members of COG1636 or Pfam02677 families)
consistently clustered with genes involved in Q synthesis and
salvage (Figure 1C). In addition, using the Pfam domain
a rch i t ec tu re too l (h t tp ://p fam.x f am.org/ fami l y/
PF02677#tabview=tab1),23 fusions between the DUF208 and
QueA encoding genes were identified in an Eggerthella species
(see Uniprot ID R7BMR5 as an example), reinforcing the link
between DUF208 and the Q biosynthesis pathway.
To analyze the phylogenetic distribution of TGT, QueA,

DUF208, and QueG families in eubacterial genomes, the
“Phylogenetic Profile for Cart” from the Microbes online

Figure 1. DUF208 is identified as a possible replacement for QueG by comparative genomics. (A) The three last steps of the Queuosine biosynthesis
pathway. (B) Venn diagram showing the distribution of the genes encoding TGT, QueA, and QueG. Only 55% of the genomes that have TGT and
QueA have QueG. We hypothesized the existence of an unknown enzyme that could replace QueG. (C) DUF208 is often found clustered with
genes involved in Q synthesis or salvage, including QueC, QueF, and COG1738 in genomes that do not have QueG. It is not known whether the
haloacid dehydrogenase (HAD) is related to Q. (D) Phylogenetic distribution of TGT, QueA, QueG, and DUF208 show an inverted distribution
pattern between QueG and DUF208, among various bacterial clades. Gray boxes highlight inversions among related organisms within a clade.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.6b01100
ACS Chem. Biol. 2017, 12, 844−851

845

http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b01100/suppl_file/cb6b01100_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b01100/suppl_file/cb6b01100_si_002.xlsx
http://pfam.xfam.org/family/PF02677#tabview=tab1
http://pfam.xfam.org/family/PF02677#tabview=tab1
http://dx.doi.org/10.1021/acschembio.6b01100


database18 was used (with DUF208 from Streptococcus mitis B6
as an entry point). Interestingly, DUF208 and QueG showed
an inverted distribution pattern (Figure 1D and Supporting
Information File S1). Several cases of closely related organisms
within a given clade where one had QueG and the DUF208
could be identified (for example, among Burkholderiales,
Spirochateataceae, and Lactobacillus). A few organisms were
also found to harbor both gene families (Acinetobacter,
Staphylococcus, and Xanthomonas, for example, as seen in
Figure 1D and Supporting Information File S1).
Queuosine Is Detected in L. salivarius, an Organism

Lacking QueG. As mentioned above, the genus Lactobacillus
is interesting as some species harbor QueG homologues and
some do not. For example, while a QueG ortholog is encoded
by the Lactobacillus casei ATCC 334 genome (YP_807405), it
is absent in Lactobacillus salivarius sp. salivarius ATCC 11741
that harbors a DUF208 family protein (WP_035149309; Figure
1D). If our hypothesis is correct, both strains should harbor Q
in their tRNAs. Both these organisms rely on salvage as they
lack the Q precursor genes but have tgt and queA.10 The cells
were hence grown in a rich media, MRS, typically used for
Lactobacillus growth.
As expected, Q was detected in a tRNA extracted from the

positive control, L. casei, confirming the MRS medium contains
a source of Q precursor (Figure 2). Q was also detected in

tRNA extracted from L. salivarius that lacks a QueG
homologue. This is the first time to our knowledge that Q is
experimentally detected in an organism lacking QueG, and
thus, another protein family must be performing the same
reaction in this organism. The comparative genomic evidence
presented above, combined with the presence of a duf 208 gene
in L. salivarius, led us to propose that the DUF208 family fills
that role, and we set out to test this hypothesis experimentally
in two different genetic systems.
DUF208 Is Needed for Epoxyqueuosine Reduction in

Acinetobacter baylyi ADP1 ΔqueG. Because genetic
manipulation of L. salivarius is far from straightforward, we
decided to use another more genetically tractable model to test
the hypothesis that DUF208 is the locally missing epoxy-Q
reductase in many bacteria. A. baylyi is among the organisms
that harbor both QueG and DUF208 encoding genes. It is very

easy to manipulate,24 and a mutant collection is available.25 As
shown in Figure 3, Q was detected in tRNA extracted from the
WT strain as well as from the single deletion strains (Δduf 208
or ΔqueG). Accumulation of oQ was observed only in the
Δduf 208 ΔqueG strain, with the concomitant disappearance of
Q. These results demonstrate that at least in A. baylyi, duf 208
encodes a protein involved in the formation of Q from oQ even
in the absence of QueG. This role, however, could be indirect.

In Vivo Functional Complementation of ΔQueG
Escherichia coli by DUF208. To show that the DUF208
proteins are directly involved in the oQ to Q conversion, we
turned to a heterologous complementation test. Escherichia coli
BW25113 (WT strain of the Keio collection) encodes a QueG
protein14 but does not encode a DUF208 protein (Figure 1C).
A functional complementation assay for the oQ reductase
activity was hence developed in an E. coli strain carrying a
deletion of the queG gene. As expected, tRNA extracted from
the E. coli ΔqueG only harbors oQ (Figure 4). Expression of the
native E. coli queG gene, in trans, restored the Q+ phenotype
(Figure 4). It was then tested whether expressing duf 208 genes
from different species would restore the oQ to Q conversion,
absent in the ΔqueG strain. As seen in Figure 4,
complementation was observed with plasmids expressing
duf 208 genes from very phylogenetically distant organisms
including Bordetella pertussis, Dehalococcoides ethenogenes 195,
Haemophilus somnus 129PT, Staphylococcus aureus subsp. aureus
Mu50, Staphylococcus epidermidis ATCC 12228, Streptococcus
pyogenes, Thermotoga maritima, and Helicobacter pylori 26695.
The complementation efficiency did vary with the clone tested,
as various levels of remaining oQ were seen in a few cases.
These experiments, in combination with the A. baylyi ADP1
mutant analyses described above, clearly establish that duf 208
genes can functionally replace queG in vivo.

Bioinformatics Analysis of the DUF208 Family. The
combination of comparative genomic and genetic evidence
presented above strongly suggest that members of the DUF208
family functionally replace QueG in many bacteria. Previous
literature on this family is very limited. DUF208 encoding
genes had been reported to be found often physically clustered
with either yebC or ruvABC genes involved in Holliday junction
resolution, and a possible role of this family in Holliday
junction resolution was proposed.26 The T. maritima DUF208
protein (TM0731) was found to be insoluble when expressed
in E. coli in studies aimed at understanding misfolded
proteins.27,28

DUF208 proteins are not homologous to QueG proteins. A
priori, no specific determinant for tRNA binding can be
identified in DUF208 sequences. In the COG database,
DUF208 (identified as COG1636) is annotated as “Predicted
ATPase, Adenine nucleotide alpha hydrolases (AANH) super-
family [General function prediction only]” (http://www.ncbi.
nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=COG1636). Other
members of the AANH superfamily are involved in tRNA
modification. It is the case for MnmA,29 involved in the
formation of 5-methylaminomethyl-2-thiouridine (mnm5s2U), a
modification at the wobble position of tRNAs; QueC, an
enzyme of the Q biosynthesis pathway;30 and ThiI, an enzyme
involved in the formation of 4-thiouridine (s4U).31 See http://
www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl00292
for the complete list. Hence, even if DUF208 is not similar to
QueG, and does not harbor any known tRNA binding domain,
a role in tRNA modification is clearly possible.

Figure 2. Queuosine (Q) detection by LC-MS in hydrolyzed bulk
tRNA from L. salivarius and L. casei. The typical extracted ion
chromatogram (XIC) at m/z 410 for [M+H]+ for Q is detected in
both organisms when only L. casei harbors a queG gene. The results of
a typical experiment are presented.
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The sequence alignment also shows the conservation of six
cysteine residues among various representative DUF208
proteins (Supporting Information Figure S2). This arrange-
ment of conservation of cysteine residues is commonly
associated with chelation of Fe/S clusters and redox capacity,
as with QueG, and could provide for the two electron reduction
of oQ to Q.14,15 Cysteines could also be involved in other metal
coordination,32 as seen with the zinc containing QueC,33 where
the metal is proposed to play a structural (rather than catalytic)
role.34 Vitamin K epoxide reductases (VKORs) are integral
membrane proteins that catalyze a similar reaction with the
involvement of several cysteine residues and reducing
equivalent from a thioredoxin-like domain, which is involved
in the reduction of epoxides.35

No structural data are available for any member of the
DUF208 family, but to try and predict further the role of the
conserved cysteines, models were generated using Robetta36

and I-TASSER.37 Both programs converged to a model where
the six conserved cysteines were clustered in groups of four and
two (Supporting Information Figure S3). This is consistent
with a 4(γ-Cys)4Fe4S cluster and a pair of cysteines
functioning in a mechanism similar to VKORs (Figure 5).
Whether DUF208 proteins require a redox partner like VKORs
remains uncertain.
Cobalamin Seems Not to Be Associated with DUF208

Proteins. In order to validate the oQ reductase activity of
DUF208 proteins in vitro, we screened for overexpression and
purification of candidate DUF208 proteins in E. coli, in diverse
conditions and strains. Initial trials were unsuccessful, with
insolubility issues arising, in accordance with previous reports
on TmDUF208 (identified TM0731) cloned into pMH1.27,28

However, recloning DUF208 encoding genes in pET28b to
obtain C-terminal hexahistidine tag protein fusions reduced
insolubility and allowed SpDUF208 and TmDUF208 to be
partially in the soluble fraction.
Recombinant histidine-tagged proteins were partially purified

using immobilized Ni2+ affinity chromatography followed by an

anion exchange and size exclusion chromatography. Only small
protein quantities could be obtained from large initial cultures,
and the partially purified proteins (Supporting Information
Figure S4) were shown to precipitate shortly after being
concentrated. In all cases, eluted proteins showed a yellow-
brown color, typical of iron−sulfur cluster containing proteins.
Because QueG is known to require cobalamin for its

activity,15,16 we wanted to test whether DUF208 proteins are
also found associated with cobalamin. An approach previously
used for QueG,16 that required a small amount of protein, was
used: purified proteins DUF208 from T. maritima
(TmDUF208) or S. pyogenes (SpDUF208) were precipitated
in the presence of potassium cyanide. No compound harboring
spectral properties similar to hydroxocobalamin, used as a
positive control, was identified in the supernatant (Supporting
Information Figure S5). We were not able to detect cobalamin
associated with these DUF208 proteins.

■ CONCLUSIONS

A combination of comparative genomics and genetic analyses
shows that members of the DUF208 family replace QueG as
the missing epoxyqueuosine reductase. Because DUF208s are
not similar in sequence, this is a clear case of non-orthologous
replacement of QueG, and we propose to rename this family
QueH. This finding greatly reduces the number of genomes
that are missing the enzyme catalyzing the last step from 45%
to 19% in the set of genomes analyzed (Supporting Information
Figure S1). This work also reinforces the powers of using
comparative genomic based associations to predict the function
of unknowns.38,39

Unfortunately, our attempts to confirm the epoxyqueuosine
reductase activity of QueH proteins in vitro have failed, and
strategies that use anaerobic conditions that might help with
solubility and activity are ongoing.
The absence of cobalamin associated with DUF208 suggests

a reaction mechanism unique from QueG. We propose a
mechanism where two cysteines acts in a similar way to

Figure 3. Epoxyqueuosine (oQ) and Queuosine (Q) detection by LC-MS in hydrolyzed bulk tRNA from Acinetobacter baylyi and derivatives. The
typical XICs at m/z 426 for oQ and m/z 410 for Q were monitored in the WT, Δduf 208, ΔqueG, and Δduf 208 ΔqueG strains. The results of a
typical experiment are presented.
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VKORs, and the reducing equivalents are transferred from an
iron/sulfur cluster (Figure 5). The fact that QueG is cobalamin-

dependent, whereas QueH apparently is not, may explain the
inverted distribution pattern and the fact that some organisms
have both. It is not the first time that non-orthologous enzymes
with different requirements for cobalamin have been identified
in bacteria. The best known examples are the two methionine
synthase families: the cobalamin-dependent MetH and the
cobalamin-independent MetE. Their presence/absence is
correlated with the B12 synthesis or salvage capabilities of a
given organism.40

■ MATERIALS AND METHODS
Comparative Genomics. The BLAST tools41 and resources at

NCBI (http://www.ncbi.nlm.nih.gov) were routinely used. Multiple
sequence alignments were built using Clustal Omega42 or Multalin.43

Protein domain analysis was performed using the Pfam database tools
(http://pfam.xfam.org).44 Analysis of the phylogenetic distribution
and physical clustering was performed in the SEED22 and Microbes
online (http://www.microbesonline.org/)18 databases. Physical clus-
tering was analyzed with the SEED subsystem coloring tool or the
Seedviewer Compare region tool22 as well as on the Microbesonline
tree based genome browser.18 Mapping of gene distribution profile to
taxonomic trees was generated using the iTOL suite (http://itol.embl.
de).45

Strains and Growth Conditions. Lactobacillus salivarius sp.
salivarius ATCC 11741 was obtained from ATCC. Lactobacillus casei
ATCC 334 was kindly provided by Dr. Graciela Lorca (University of
Florida). Lactobacillus strains were grown in de Man, Rogosa, and
Sharpe (MRS) broth (Thermo Scientific Remel) at 37 °C in still-
standing closed 15 mL conical tubes.

E. coli strains were grown in Luria−Bertani medium (LB) at 37 °C.
Media were solidified with 15 g/L of agar. Kanamycin (Kan, 50 μg/
mL), ampicillin (Amp, 100 μg/mL), spectinomycin (Sp, 50 μg/mL),
and chloramphenicol (Cm, 25 μg/mL) were added as required. E. coli
strain ΔqueG::KanR (JW4124, abbreviated ΔqueG) and the corre-
sponding wild type strain BW25113 were from the KEIO collection.46

These strains were verified by PCR (primers listed in Table S1). A
ΔqueG strain that had lost Kan resistance was used for in vivo
complementation. Briefly, the ΔqueG strain was first transformed with
pCP20 to eliminate the KanR cassette by Flp recombinase.47

Transformants were selected on LB plus Amp at 30 °C, restreaked
twice on LB, grown at 42 °C, and then checked for the absence of Kan
and Amp resistance.

Acinetobacter baylyi ADP1 strains WT and Δduf 208::KanR/tdk
(abbreviated Δduf 208; gene ACIAD2098) were kindly provided by
Dr. Veŕonique de Berardinis (GENOSCOPE, Institut de Genomique,
CEA).25 The single mutant ΔqueG::TetR/tdk (abbreviated ΔqueG;
gene ACIAD2043) and the double mutant Δduf 208::KanR/tdk
ΔqueG::TetR/tdk (abbreviated Δduf 208 ΔqueG) were constructed
in the WT strain and in the Δduf 208::KanR/tdk strain following
established protocols, by PCR amplification of the TetR/tdk cassette
from ΔilvC::TetR/tdk24 and overlapping fragment of genomic DNA at

Figure 4. Queuosine (Q) and Epoxyqueuosine (oQ) detection by LC-
MS in digested tRNA from Escherichia coli WT, ΔqueG, or ΔqueG
transformed with pBAD24 or pBAD24 carrying duf 208 genes from
various bacteria. The typical XICs at m/z 426 for oQ and m/z 410 for
Q were monitored. The WT strain accumulates Q, whereas oQ only
can be detected in the ΔqueG (abbreviated Δ) and ΔqueG carrying the
empty vector pBAD24 (abbreviated Δ + (v)). All the genes duf 208
from B. pertussis, D. ethenogenes, H. somnus, S. aureus, S. epidermidis, S.
pyogenes, T. maritima, and H. pylori allows the restoration of the
presence of Q into the ΔqueG strain when present on a pBAD24
plasmid.

Figure 5. Proposed reaction mechanism for the reduction of
epoxyqueuosine to queuosine by QueH, in a cobalamin independent
manner, based on the VKORs proposed mechanism. For clarity, only
the cyclopentane moiety is shown, and the rest of the epoxyqueuosine,
queuosine, and the intermediate molecules are abbreviated “R.”
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the 5′ and 3′ of the queG (ACIAD2043) gene, followed by sawing,
transformation, and selection on LB containing tetracycline (Tet-20
μg/mL).24 All strains were verified by PCR and growth phenotype on
LB with appropriate antibiotics. For tRNA preparation, strains were
grown overnight at 30 °C. Primers used for amplifications are listed in
Supporting Information Table S1.
Complementation Vectors. E. coli queG (EcQueG) was

amplified from genomic DNA. Primers used for amplifications are
listed in Table S1. EcQueG was cloned into the NcoI and HindIII
restriction sites of pBAD2448 and used as a positive control for
functional complementation assays. All the other complementation
plasmids were obtained from DNASU Plasmid Repository at the The
Biodesign Institute from Arizona State University (https://dnasu.org/
DNASU/Home.do). They consisted of BpCD00282666 containing
NP_880031 from Bordetella pertussis and abbreviated BpDUF208,
HsCD00091938 containing NC_008309 from Haemophilus somnus
129PT and abbreviated HsDUF208, TmCD00090076 containing
NP_228540 from Thermotoga maritima and abbreviated TmDUF208,
DeCD00093123 containing YP_181349 from Dehalococcoides etheno-
genes 195 and abbreviated DeDUF208, HpCD00396352 containing
NP_206900 from Helicobacter pylori 26695 and abbreviated
HpDUF208, SpCD00283267 containing NP_268593 from Strepto-
coccus pyogenes and abbreviated SpDUF208, SeCD00085816 contain-
ing NP_765690 from Staphylococcus epidermidis ATCC 12228 and
abbreviated SeDUF208, and SaCD00282781 containing NP_647328
from Staphylococcus aureus subsp. aureus Mu50 and abbreviated
SaDUF208. The DUF208 genes encoded on these plasmids were all
verified by sequencing.
Functional Complementation Experiments. The E. coli ΔqueG

deletant strain was transformed with pBAD24 alone (negative control)
or with pBAD24 containing EcQueG (positive control), BpDUF208,
HsDUF208, TmDUF208, DeDUF208, HpDUF208, SpDUF208,
SeDUF208, or SaDUF208. Complementation tests were made by
growing selected transformants in LB broth containing the appropriate
antibiotic for plasmid selection and 0.2% arabinose at 37 °C until
OD600 nm reached 0.6.
Preparation of tRNA Enriched Fractions. Cells from a 10 mL

culture of E. coli, A. baylyi, and Lactobacillus species were harvested by
centrifugation for 10 min at 3700g at 4 °C. Pellets were resuspended in
1 mL of Trizol (Life Technologies) and kept on a rocking shaker at
moderate speed for 2 to 4 h before further processing. Small RNA
were extracted using a Purelink miRNA Isolation kit (Invitrogen)
according to the manufacturer’s protocol. The purified RNA were
eluted in 50 μL of RNase free water. This extraction method was
proven efficient for the purification of tRNA enriched fractions,49

elsewhere referenced in this manuscript as tRNAs.
Enzymatic Digestion and LC-MS Analysis of RNA Hydro-

lysates. Purified tRNAs were denatured by heating for 3 min at 100
°C and then rapidly chilled. The purified tRNAs were buffered by
adding a 1/10 volume of 0.1 M ammonium acetate. Next, 0.02U
(units) of nuclease P1 was added for every microgram of tRNAs, and
the mixture was incubated at 45 °C for 2 h. After incubation, a 1/10
volume of 1 M ammonium carbonate was added. Then, 1.2 × 10−4 U
of snake venom phosphodiesterase (Phosphodiesterase I) and 0.03 U
of bacterial alkaline phosphatase were added per microgram of tRNA.
The solution was incubated at 37 °C for 2 h. Enzymes were separated
from nucleosides with a 3 kDa filter (micropore) and lyophilized for
storage at −80 °C.50

Lyophilized nucleosides samples were reconstituted in 5 mM
ammonium acetate at pH 5.3. Two liquid chromatography systems
were used for their separation. Retention times of oQ and Q vary
between these systems. Nucleosides were separated with a Thermo
Finnigan Surveyor HPLC system equipped with a Phenomenex
Hydro-RP (100 × 250) 3 μm column and a gradient system composed
with 5 mM ammonium acetate at pH 5.3 (mobile phase A) and 40%
aqueous ACN (mobile phase B) at a flow rate of 100 μL per min. The
gradient consisted of 1% B at t0 and increasing at the following points:
5% at 5 min, 2% at 9 min, 3% at 11 min, 5% at 13 min, 25% at 32 min,
50% at 38 min, 75% at 43 min, 75% at 45 min, 99% at 50 min, 99% at
55 min, and 1% at 60 min. Nucleosides were also separated with a

Waters nanoAcquity UPLC system equipped with a Waters HSS T3 (1
× 100 mm) 1.8 μm column and a gradient system composed of 5 mM
ammonium acetate at pH 5.3 (mobile phase A) and 30% aqueous
ACN (mobile phase B) at a flow rate of 30 μL per minute. The
gradient consisted of 1% B at t0 and increasing at the following points,
1% B at 5 min, 7% B at 2 min, 10% B at 5 min, 25% B at 25 min, 50%
B at 30 min, and 75% B at 35 min, with a hold for 2 min, and then 99%
B at 40 min, with a hold for 5 min and then 1% B at 46 min.

For the detection of nucleosides, a Thermo LTQ-XL ion trap mass
spectrometer equipped with an ion max electrospray source was used
for the LC-MS identification of nucleosides. Mass spectra were
recorded in positive polarity over an m/z range of 105−1200. The
capillary temperature was set to 275 °C, spray voltage to 3.5 kV, tube
lens to 150 V, and 30, 15, and 10 arbitrary flow units of sheath,
auxiliary, and sweep gas, respectively. Extracted ion chromatograms for
m/z 410 and m/z 426 were generated using Thermo Xcalibur 3.0
software.

Cloning, Expression, and Purification of DUF208 Enzyme. All
the vectors obtained from the Biodesign Institute from Arizona State
University (https://dnasu.org/DNASU/Home.do) were transformed
into BL21-CodonPlus (DE3)-RIPL (Agilent), Rosetta 2(DE3) pLysS
(EMD Millipore), and OverExpress C41(DE3) (Sigma) E. coli
expression strains, and various conditions for protein expression
were tested. Bacteria were lysed using a French press apparatus.
Lysates were cleared by centrifugation for 20 min at 4 °C at 16 000g,
and the soluble fractions were loaded and run on SDS-PAGE gels.
Whereas candidate proteins can be visualized as overexpressed, no
combination of strain, plasmid, and conditions was identified giving
satisfactory soluble expression. It was decided to reclone the genes
encoding the diverse DUF208 obtained (listed in the above section
Complementation Vectors) in pET28b in fusion with a C-terminal
hexahistidine tag. Primers used for amplifications are listed in Table
S1. All plasmids were sequence validated, transformed into E. coli
expression strains, and screened for protein expression and solubility.

DUF208 from S. pyogenes, T. maritima, S. epidermidis, and S. aureus
cloned into pET28b were identified as partly soluble when grown at 37
°C until optical density reached 0.4−0.5 and then cooled down to 18
°C, induced with 250 μM IPTG at optical density 0.7−0.8 for
overnight induction. The overnight culture (1 L) was spun down and
resuspended in 35 mL of lysis buffer (20 mM Tris at pH 7.5, 500 mM
NaCl, 1 mM βME) and lysed with a microfluidizer at 14 000 psi
through a nitrogen-pressure microfluidizer cell (M-110L Pneumatic).
The lysate was cleared by centrifugation with 14 000 rpm at 4 °C for
30 min. The supernatant was incubated with 0.3 mL of Ni-NTA resin
for 45 min at 4 °C. The resin was washed with 15 mL of 20 mM Tris
at pH 7.5 and 500 mM NaCl and then twice with 15 mL of 20 mM
Tris at pH 7.5, 500 mM NaCl, and 25 mM imidazole. The protein was
eluted from the resin by three 5 mL elution buffer washes consisting of
20 mM Tris at pH 7.5, 500 mM NaCl, and 250 mM imidazole. The
elution fractions were pooled and dialyzed against 1 L of 20 mM Tris
at pH 7.5 and 100 mM NaCl. Further purification was performed with
a HiTrap-Q (GE Biosciences) ion exchange column and HiLoad 16/
60 SuperDex 200 (GE Bioscience) gel filtration column. For ion
exchange, the gradient was 0−80% buffer B over 30 min, at a flow rate
of 2 mL per minute (buffer A: 50 mM Tris-HCl at pH 7.5, 1 mM
βME; buffer B: 1 M NaCl, 20 mM Tris-HCl at pH 7.5, 1 mM βME).
The buffer used for gel filtration was 20 mM Tris-HCl, 100 mM NaCl
at pH 7.5, and 1 mM βME.

The presence of cobalamin associated with purified proteins was
tested following the method previously described16 with an Agilent
8453 UV−vis spectrophotometer.

Modeling of S. aureus DUF208. The protein sequence of S.
aureus DUF208 (NP_647328) was used to generate de novo models
using Robetta36 and I-TASSER,37 using default parameters.
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