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ABSTRACT: Queuosine (Q) is a modification found at the
wobble position of tRNAs with GUN anticodons. Although Q is
present in most eukaryotes and bacteria, only bacteria can
synthesize Q de novo. Eukaryotes acquire queuine (q), the free
base of Q, from diet and/or microflora, making q an important but
under-recognized micronutrient for plants, animals, and fungi.
Eukaryotic type tRNA-guanine transglycosylases (eTGTs) are
composed of a catalytic subunit (QTRT1) and a homologous
accessory subunit (QTRTD1) forming a complex that catalyzes q
insertion into target tRNAs. Phylogenetic analysis of eTGT
subunits revealed a patchy distribution pattern in which gene
losses occurred independently in different clades. Searches for genes co-distributing with eTGT family members identified
DUF2419 as a potential Q salvage protein family. This prediction was experimentally validated in Schizosaccharomyces pombe by
confirming that Q was present by analyzing tRNAAsp with anticodon GUC purified from wild-type cells and by showing that Q
was absent from strains carrying deletions in the QTRT1 or DUF2419 encoding genes. DUF2419 proteins occur in most
Eukarya with a few possible cases of horizontal gene transfer to bacteria. The universality of the DUF2419 function was
confirmed by complementing the S. pombe mutant with the Zea mays (maize), human, and Sphaerobacter thermophilus
homologues. The enzymatic function of this family is yet to be determined, but structural similarity with DNA glycosidases
suggests a ribonucleoside hydrolase activity.

Q ueuosine (Q) and derivatives are modifications of the
wobble base (position 34) of tRNAs with GUN

anticodons that incorporate His, Tyr, Asp, or Asn amino
acids.1−3 Even if the Q modification is widely distributed in
Bacteria and Eukarya, its origin differs between these two
kingdoms;3 most bacteria synthesize Q de novo, whereas all
eukaryotes solely rely on salvage from the environment to
acquire this complex modification (Figure 1). Bacteria make Q
through the synthesis of the 7-aminomethyl-7-deazaguanine
base (preQ1) intermediate4 in five steps from GTP by enzymes
encoded by the folE, queD, queE, queC, and queF genes (Figure
1).3 PreQ1 is exchanged with guanine at position 34 of the
target tRNA by a bacterial type tRNA guanosine(34)
transglycosylase (EC 2.4.2.29) (bTGT).5,6 Two subsequent
enzymatic steps catalyzed by QueA (tRNA preQ1(34) S-
adenosylmethionine ribosyltransferase-isomerase; EC

2.4.99.17) and QueG (tRNA epoxyqueuosine(34) reductase)
produce the final Q nucleoside.7,8

Eukaryotes cannot synthesize Q de novo and rely on their diet
and/or microflora to obtain the Q precursor9−14 (Figure 1). In
contrast with the homodimeric bTGTs15 that cannot use the
queuine base (q) as substrate,16 the eukaryotic type trans-
glycosylases (eTGTs) catalyze the direct insertion of q in target
tRNAs9 (Figure 1). [Note that the standard nomenclature uses
“Q” to represent the ribonucleoside and “q” to represent the
corresponding base.] The eTGT enzyme is a heterodimer that
consists of a catalytic subunit (QTRT1) and a regulatory
subunit (QTRTD1), which is probably involved in tRNA
binding.17 Both subunits are homologous to bTGT, but
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QTRT1 is more similar to the bacterial enzyme family (40%
identity) than QTRTD1 (20% identity).18 The bTGT protein
and the eTGT protein complex are both irreversible enzymes
for their natural substrates.19 While it is well-established that
the q base is the preferred substrate for the eTGT complex,16

the chemical pathway for q salvage has yet to be elucidated. Q-
5′-phosphate, Q-3′-phosphate, and Q derived from Q-
containing-tRNA have all been postulated as intermediates in
the salvage pathway (Figure 1),20−22 implying the involvement
of unidentified but specific nucleosidases,13,20 but the evidence
is always indirect. Similarly, no information is available yet
concerning the genes encoding potential transporters and
phosphatases involved in Q synthesis from a precursor.
The degree of Q modification in Eukaryotes varies with the

isoaccepting tRNA, the tissue, and the developmental
stage,23−25 and the phenotypes caused by the absence of Q
in tRNA vary greatly with the organism. Some species such as
Saccharomyces cerevisiae and Candida albicans do not harbor Q
in tRNAs and thus do not salvage q.26,27 The absence of Q
leads to no obvious phenotypes in Clamydomonas reinhardtii13

or in Caenorhabditis elegans under different stress conditions,14

even though they incorporate it into tRNA when it is available.
By contrast, Q-deficient drosophila are more sensitive to

cadmium stresses,28 and Q levels in Dictyostelium discoideum
influence lactate dehydrogenase activity29 and also aggregation
behavior, the latter possibly through the regulation of cyclic-
AMP levels.30 The most dramatic phenotypes were observed in
mammals, in which the absence of both Q and tyrosine cause
severe symptoms ultimately leading to death,31 which
establishes the Q precursor q as a micronutrient32 or even a
vitamin24 for these organisms. Tyrosine is a nonessential amino
acid that can be synthesized from phenylalanine by phenyl-
alanine hydroxylase (PAH) that requires the biopterin cofactor
BH4.

33 It was recently shown that Q is required to protect BH4

from oxidation by an undetermined mechanism.34 Multiple
reports linking the Q modification to defense systems,
regulation of metabolism, cell proliferation and malignancy,
cell signaling, and cancer have been published recently.35 The
molecular mechanisms underlying these diverse phenotypes are
not yet understood; tRNAs lacking Q could be degraded,36

specific proteins could be mistranslated because Q has been
shown to influence codon-anticodon interaction,37 or eTGT
could have roles other than modification of tRNAs.34,38

In summary, both the salvage and function of Q in
eukaryotes remain elusive, and this hampers understanding of
the importance of this micronutrient in human physiology. We

Figure 1. Queuosine structure and salvage pathway. Queuosine (Q) is synthesized de novo in bacteria. In eukaryotes, the last step of Q salvage occurs
with the eukaryotic tRNA-guanine transglycosylase complex (eTGT) composed of QTRT1 and QTRTD1, responsible for the exchange of guanine
(g) from a tRNA containing guanosine at position 34 (tRNA(G34)) with queuine (q) to obtain a queuosine containing tRNA (tRNA(Q34)). Free
queuosine (Q), queuosine-5′-phosphate (Q-5′-P), and queuosine-3′-phosphate (Q-3′-P) have been identified as possible precusors for Q salvage but
the q conversion steps are unknown. Other abbreviations are GTP: guanosine-5′-triphosphate; DHNTP: 7,8-dihydroneopterin triphosphate; CPH4:
6-carboxy-5,6,7,8-tetrahydropterin; CDG: 7-carboxy-7-deazaguanine; preQ0: 7-cyano-7-deazaguanine; preQ1: 7-aminomethyl-7-deaza-guanine;
tRNA(preQ1−34): preQ1 at the position 34 of tRNA; tRNA(oQ34): epoxyqueosine at the position 34 of tRNA; FolE: GTP cyclohydrolase-1; QueD:
6-carboxytetrahydropterin synthase; QueE: 7-carboxy-7-deazaguanine synthase; QueC: 7-cyano-7-deazaguanine synthase; QueF: 7-cyano-7-
deazaguanine reductase; bTGT: bacterial type tRNA transglycosylase; QueA: tRNA (preQ1−34) S-adenosylmethionine ribosyltransferase-isomerase;
QueG: tRNA epoxyqueuosine (34) reductase.
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set out to identify the uncharacterized eukaryotic Q-salvage
genes using comparative genomic approaches that we had
previously used to identify the bacterial de novo Q synthesis
genes.39−41

■ RESULTS AND DISCUSSION
Phylogenetic Distribution of Known Queosine Me-

tabolism Genes in Eukaryotes. TGT is the only signature
enzyme family of the Q pathway. First, for the few eukaryotic
organisms that have had tRNAs sequenced, there is a strict
correspondence between the presence of a tgt gene (bTGT or
QTRT1, the catalytic subunit of the eTGT complex) in the
genome and the demonstrated presence of Q in tRNAs (Table
1). Furthermore, specific physiological scenarios can make all
other genes of the Q pathway dispensable.42,43 For example,
when preQ1 can be salvaged, then the bacterial queDCEF genes
become dispensable. When q can be salvaged, queA and queG
also become dispensable. Not all eukaryotes harbor Q in
tRNAs, and surprising differences are found between closely
related species. For example, Arabidopsis thaliana lacks Q,26,44

while it is found in Triticum spp. (wheat)12 (Table 1).
To analyze patterns of gene occurrence related to the Q

pathway, we chose a set of 103 nonredundant eukaryotic
genomes, 93 from OrthoMCL45 and an additional 10 from
organisms that have been demonstrated experimentally to
harbor Q (Table 1). These organisms show an irregular
phylogenetic distribution of the genes encoding the two
subunits of the eTGT complex, the catalytic subunit QTRT1
and the homologous accessory subunit QTRTD1 (Figure 2A).
Ninety-three genomes (90.3%) encode at least one QTRT1 or
QTRD1 homologue. However, 31 genomes (30.1%) encode
only QTRT1, while 4 genomes (3.9%) encode only QTRDT1
(Figure 2B). Interestingly, QTRT1/QTRD1 homologues are
found in most plants but are absent in the model plant
Arabidopsis thaliana. Further investigation of the Brassicacae
expressed sequence tag (EST) databases using tBLASTn
showed that none have homologues to QTRT1 or QTRDT1,
showing that Q is probably globally absent from this
phylogenetic order.
The biggest degree of variation in gene content was observed

in the Fungi, where no clear pattern of presence or absence of
these genes emerged; some ascomycetes such as Schizosacchar-
omyces pombe, Neurospora crassa, Yarrowia lipolytica, and
Aspergillus oryzae have QTRT1 and QTRTD1 homologues,
but others such as S. cerevisiae, Magnaporthe oryzae, and
Candida albicans do not. The genera Toxoplasma, Neospora, and
Plasmodium encode only QTRT1, whereas several species such
as Aspergillus nidulans (Emericella nidulans), Gallus gallus, and
Ornithorhynchus anatinus lack QTRT1, the supposed catalytic
subunit of eTGT (Figure 2A). Further work will be required to
determine whether the generally noncatalytic QTRTD1
subunit has acquired catalytic activity in these organisms or if
they lack Q altogether in their tRNA. Overall, the near
ubiquitous presence of TGT homologues along most branches
of the eukaryotic phylogenetic tree suggests the corresponding
gene was present in the last eukaryotic common ancestor
(LECA) and that the observed gene absences reflect gene
losses that occurred independently in different clades/species
during the diversification of Eukarya.
While a set of candidate Q salvage genes have previously

been identified by comparative genomic methods in Bacteria,
homologous proteins have not been identified in Eukarya.
These include transporters and members of a nucleoside

hydrolase family.46−48 Because the predicted Q salvage genes in
Bacteria are restricted to that domain of life, we hypothesized
that Q salvage enzymes in Eukarya are likely to be similarly
restricted and absent from Bacteria. Archaea are not known to
make or salvage Q. While they do encode TGT homologues in
their genomes, these enzymes insert 7-cyano-deazaguanine
(preQ0) at position 15 of tRNA before its transformation into
Archaeosine (G+).49 Therefore, we expected that the Q salvage
enzymes in Eukarya are also likely to be absent from Archaea,
although they could potentially encode related enzymes
involved in salvage of preQ0.

Identification of DUF2419 as a Candidate Q Salvage
Gene by Comparative Genomic Analysis. On the basis of
our analysis of the phylogenetic distribution of TGT subunits
(Figure 2A and Table 1), we derived a signature phyletic profile
for Q salvage genes. We postulated that eukaryotic Q salvage
genes should be present in D. discoideum, S. pombe, C. elegans,
Drosophila megalonaster, H. sapiens, and Rattus norvegicus but
absent from A. thaliana, S. cerevisiae, C. albicans, and the subsets
of Bacteria and Archaea present in the OrthoMCL databases.
Using this profile as input, we queried the OrthoMCL
platform45 (Supplementary Figure S1A), which identified 21
protein families matching this pattern (Supplementary Figure
S1B). As discussed above, QTRT1 and bTGTs are close
homologues (∼40% identity)18 and members of the same
orthologous group (OG5_126946), which contains sequences
from most bacterial genomes. As expected, this group was not
retrieved by our phyletic profile, because it excluded families
with bacterial members. In contrast, ortholog group
OG5_129559 corresponding to QTRTD1 was retrieved,
validating the phyletic profile used for the query (Supple-
mentary Figure S1C). Among the 20 other ortholog groups
retrieved, group OG5_130329, corresponding to the domain of
unknown function 2419 (DUF2419), had the closest match to
the phyletic profile of QTRTD1. The co-distribution of the two
families was not perfect, as shown Figure 2B, but it was
compelling enough to explore further.
According to Pfam, members of the DUF2419 family are

mainly found in eukaryotes (224 of 236 or 94.9% of organisms
encoding the domain), as expected for a eukaryotic enzyme
involved in Q salvage. The small subset of sequences found in
prokaryotes belong to organisms absent from the OrthoMCL
database, which would have eliminated the DUF2419 family
from the output of our phyletic query. Ten of the prokaryotic
homologues are found in Bacteria such as Sphaerobacter
thermophilus or Conexibacter woesei DSM 14684, while two
are found in the Archaea Aeropyrum pernix (NP_147511.1) and
Pyrolobus fumarii (YP_004781936.1). Consistent with these
archaeal DUF2419 proteins having a diverged enzymatic
function compared to the homologous nonarchaeal proteins,
their sequences form a distinct and strongly divergent clade in
DUF2419 (Supplementary Figure S2). Therefore, the archaeal
sequences were not included in our subsequent analyses.
We extended our initial analysis by performing an exhaustive

search for DUF2419 homologues in the nr database at the
NCBI. Among the 374 additional DUF2419 homologues
detected, 349 come from eukaryotic organisms, while 25 come
from bacterial organisms belonging to a small number of
diverse and unrelated taxa. In contrast, DUF2419 homologues
are found in all major phyla composing the Eukarya Domain. A
global phylogenetic analysis shows that the bacterial sequences
form two distinct clusters nested within the eukaryotic
sequences in DUF2419 (Supplementary Figure S3).
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In order to investigate the phylogeny of this family more

deeply, we performed a more detailed phylogenetic analysis of a

subset of 75 sequences representative of the taxonomic and

genetic diversity of DUF2419 homologues. The resulting

Bayesian and maximum likelihood trees recovered a mono-

phyletic structure for nearly all eukaryotic phyla (Figure 3),

suggesting that DUF2419 is ancient in this Domain of life and

may have been present in the LECA. The main exception

Figure 2. Taxonomic distribution of Q salvage genes. (A) Representative presence/absence pattern of TGT (including QTRT1, as they are in the
same orthologous group in orthoMCL), QTRTD1, and DUF2419. Redundancy in clade has been limited. (B) Diagram presenting the full results of
the distribution analysis from the data obtained at orthoMCL.org, enriched with NCBI Blast search for organism in which Q has been demonstrated
present. Note that these representations are not informative of the number of gene occurrences per genome.
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concerned Amoebozoa. In fact, while Centramoebida emerged
at their expected position with other Opisthokonta (i.e., Fungi,
Metazoa, and Ichthyosporea (posterior probability (PP = 1.0
and bootstrap value (BV) = 68%), Archamoebae and
Mycetozoa grouped with different lineages of Stramenopiles
(Figure 3). This grouping suggests that the former acquired
DUF2419 from the latter.
Relative to the bacterial sequences, our phylogenetic analysis

confirmed the presence of distinct clusters nested within
eukaryotic sequences (Figure 3). While cluster 1 was again
strongly recovered (PP = 1.0 and BV = 99%), cluster 2 was not
significantly supported (PP < 0.5 and BV < 50%), suggesting
that it could correspond in fact to two distinct clusters: cluster
2-a (PP = 0.87 and BV = 54%) and cluster 2-b (PP = 0.98 and
BV = 57%, respectively; Figure 3). The taxonomic distribution
of bacterial sequences within these clusters is totally at odds
with the current taxonomy of this Domain, suggesting that it
resulted from horizontal gene transfers among unrelated
bacterial lineages. This observation combined with the presence
of at least two (maybe three) distinct bacterial clusters strongly
suggests that bacterial DUF2419 genes were acquired from

distinct eukaryote donors via independent horizontal gene
transfers. All of the bacteria that harbor a DUF2419 member
also have a TGT homologue. One of these, C. woesei, lacks all
preQ1 synthesis genes as well as the queA and queG genes,
suggesting that, as in Eukaryotes, q is salvaged in this organism.
The substrate binding pockets of the different TGT families
have been well characterized,16 and as shown in Supplementary
Figure S4, many bacteria that have a DUF2419 have non-
canonical substrate binding residues, suggesting that in these
organisms bTGT could recognize q.
Domain analysis of members of the DUF2419 family

revealed that in Caenorhabditis briggsae the DUF2419
homologue is fused to domains related to PseudoUridine
synthase and Archaeosine transglycosylase (PUA) (Supple-
mentary Figure S5A, and accession number XP_002633628).50

PUA domains are tRNA binding domains found in RNA
modification enzymes.51,52 However, the sequence of this
fusion protein failed to yield any significant hits crossing the
DUF2419-PUA domain boundary when used to query a
database of expressed sequence tags (ESTs) from C. briggsae.
This observation suggests that the fusion protein sequence

Figure 3. Detailed Bayesian phylogeny of DUF2419 (75 sequences, 188 positions). The tree was inferred with MrBayes software. Bacterial
sequences are show in black, whereas eukaryotic sequences are shown in color according to their taxonomic affiliation. Supports at branches
correspond to posterior probabilities (PP) computed by MrBayes/bootstrap values (BV) computed with PhyML. For clarity, only PP > 0.5 and BV
> 50% are shown. The scale bar represents the estimated average number of substitutions per site. Red arrows show sequences that have been used
for experimental complementation in Schizosaccharomyces pombe.
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might represent a misannotation of two different genes
physically adjacent to one another on a chromosome. However,
functionally associated genes are known to cluster together on
the chromosomes of organisms of nematodes, this association
still reinforces the possibility of the DUF2419 family being
involved in RNA modification.53

Finally, to explore other types of functional associations, we
used the S. pombe DUF21419 gene (SPAC589.05c) as input in
the STRING database (Search Tool for the Retrieval of
Interacting Genes/Protein; http://string-db.org).54 The top
association detected was the fusion with the PUA domain
protein discussed above (Supplementary Figure S5B). All of the
additional associations revealed co-expression with proteins
involved in nucleoside/nucleotide metabolism.
The combination of phylogenetic distribution, domain fusion

analysis, and co-expression analysis strongly supported the

hypothesis that DUF2419 encodes an enzyme involved in Q
salvage. Therefore, we set out to test this hypothesis
experimentally.

S. pombe tRNAAsp
GUC Contains Q at Position 34. S.

pombe was used as a model organism in this study because it
grows easily and has the genes encoding the QTRT1,
QTRTD1, and DUF2419 proteins. Furthermore, a compre-
hensive collection of single-gene knockout mutants is available
for this organism.55 As for other Eukaryotes, the lack of de novo
Q biosynthesis genes in S. pombe implies that the presence of Q
is dependent on salvage pathways and that this nucleoside has
to be present in the growth media for incorporation into tRNA.
Bactopeptone has been shown to be a source for Q in

Chlorella pyrenoidosa and Chlamydomonas reinhardtii.13 To test
whether bactopeptone can also be a source for Q in S. pombe,
the WT strain was grown in a commercial YPD preparation

Figure 4. Results of LC−MS/MS analysis of S. pombe tRNA extracted from different strains. (A) Quantitation of queuosine (Q) content for different
strains used in purified tRNAAsp

GUC extracted from WT (left panel), duf 2419Δ (middle panel), and duf 2419Δ complemented with S. pombe
DUF2419 (right panel, duf 2419Δ + SpDUF2419). UV traces (top) at 254 nm and the extraction ion chromatograms (bottom) expected for Q ([M
+ H]+ m/z 410) are shown. (B) MS/MS fragmentation profile of m/z 410 confirming the identification of the nucleoside Q in the WT strain. The
blue area highlights the elution time for queuosine. (C) Complementation of the Q− phenotype analyzed by LC−MS/MS. The ratios of Q/m5C in
tRNAAsp

GUC purified from the S. pombe WT strain and the duf 2419Δ strain complemented with an empty vector (duf 2419Δ + Ø), S. pombe
DUF2419 (duf 2419Δ + SpDUF2419), human DUF2419 (duf 2419Δ + HsDUF2419), maize DUF2419 (duf 2419Δ + ZmDUF2419), or S.
thermophilus DUF2419 (duf 2419Δ + StDUF2419) are shown by the filled bars. To control for the amount of tRNA, the m5C content in the
complemented strains was compared to the m5C content in the WT control (white bars). The results of a typical experiment are presented.
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(BD Difco YPD: 1% yeast extract, 2% peptone, 2% dextrose) or
in a preparation of 0.5% yeast extract (Difco), 2% bactopeptone
(Difco), and 3% dextrose (Fluka). After purification of
tRNAAsp

GUC from bulk tRNA preparations, it was digested
and dephosphorylated to generate ribonucleosides for LC−
MS/MS analysis (Figure 4A,B). The 410 m/z ion that
corresponds to the protonated molecular weight ([M + H]+)
of Q was detected at 21.3 min in tRNA extracted from the WT
S. pombe strain grown with bactopeptone in the media, whereas
it is not detected from a similar tRNA preparation of WT S.
pombe strain grown in YPD (with a similar amount of tRNA for
both growth conditions, Supplementary Figure S6A). On the
basis of these mass spectrometric experiments, we concluded
that S. pombe is able to salvage Q from media containing
bactopeptone, similarly to what has been previously described
for C. pyrenoidosa and C. reinhardtii,13 while YPD does not
contain enough of the necessary precursor for Q salvage.
Therefore, in all subsequent experiments, we grew S. pombe
strains in 0.5% yeast extract, 2% bactopeptone, and 3%
dextrose.
The Q-containing purified tRNAAsp

GUC extracted from WT S.
pombe was digested with RNase T1 and analyzed by LC−MS/
MS to infer the sequence (Figure 5). The resulting digestion
products consisted of one sequence containing the anticodon
region with the sequence CCU[Q]UCA[m5C]Gp. The total
ion chromatogram (TIC) depicts total signal from the eluted
digestion products, while the extracted ion chromatogram
(XIC) for m/z 1002.5 depicts the elution time of this sequence
of interest (Figure 5). The mass spectra collected at this time
point reveal three digestion products that elute at a similar
time: CCU[Q]UCA[m5C]Gp (m/z 1504.25−2 and 1002.58−3),
AAUCCCGp, and UACACAAG>p (where >p indicates a cyclic
phosphate). Each ion was selected for tandem mass
spectrometry by collision-induced dissociation (CID), generat-
ing product ions that match the expected ions for these
sequences. This analysis provides information about the
location of modifications in the RNA sequence, but
modifications such as methylations can be found on multiple
locations of the base or the sugar. To precisely identify the
chemical structrure of the modifications, the isolated tRNAAsp

was also digested to nucleosides and analyzed by LC−UV−
MS/MS (Supplementary Figure S7). Six modifications were
observed from nucleoside digestions of this tRNA, including Q.
In this chromatographic analysis, Q was not resolved from
adenosine, as indicated by the XIC for the corresponding
molecular ion ([M + H]+ m/z 410) (Supplementary Figure
S7). Because representative nucleoside fragment ions for Q
were not observed in the mass spectrum, tandem mass
spectrometry was used to verify the identity. As previously
reported,56 the Q base fragments upon CID to produce an ion
lacking part of this modification (m/z 295.00) and a product
ion (m/z 163.08) that results in the breaking of the glycosidic
bond of the m/z 295.00 product (Supplementary Figure S7).
Figure 6 shows the final sequence of S. pombe tRNAAsp

QUC as
deduced from these detailed mass spectral analyses.
DUF2419 Family Is Involved in Q Salvage. To confirm

that S. pombe salvages Q in an eTGT-dependent manner, we
compared the Q content of tRNAAsp

GUC purified from WT S.
pombe cells versus qtrt1Δ (deletion in SPAC1687.19c)
derivatives. Whereas the amount of tRNA was similar in both
strains, the Q content of tRNAAsp

GUC from the qtrt1Δ strain
was below the detection limit of our experimental setup

(Supplementary Figure S6B), validating both the role of eTGT
in Q salvage in S. pombe and our experimental approach.
Having confirmed that S. pombe salvages Q, we set out to test

if DUF2419 was involved in this process. If DUF2419 is
involved in an early step of Q salvage, then tRNA purified from
a duf 2419Δ strain of S. pombe should lack the Q ribonucleo-
side. Figure 4A and Supplementary Figure S6B show that tRNA
extracted from the DUF2419 knockout strain lacked the 410
m/z ion, which corresponds to the protonated molecular
weight ([M + H]+) of Q detected mass spectrometrically at
20.3 min in the WT strain. This biochemical phenotype was
complemented by expressing the S. pombe duf 2419 gene in
trans (Figure 4A), indicating that Q salvage in S. pombe involves
DUF2419.
Having shown that the S. pombe DUF2419 protein is

involved in Q salvage, we tested whether the DUF2419 genes
from human, maize, and S. thermophilus complemented the Q−

phenotype of the duf 2419Δ S. pombe strain. Figure 4B and
Supplementary Figure S6 show successful complementation by
these DUF2149 genes, albeit with different degrees of
efficiency. Because the highly diverse members of the
DUF2419 family tested (indicated by red arrows in Figure 3)
all function in Q salvage, our complementation experiments

Figure 5. Schizosaccharomyces pombe tRNAAsp contains queuosine at
position 34. (A) LC−MS/MS was performed on T1 digested tRNA
producing a total ion chromatogram (TIC). (B) A digestion product
(m/z 1002.6) was found eluting at 39.0 min, as shown by the extracted
ion chromatogram (XIC). The MS spectra at this time point depicts a
signal from three oligonucleotides, CCU[Q]UCA[m5C]Gp (m/z
1504.25−2 and 1002.58−3), AAUCCCGp (m/z 1120.33−2 and
746.67−3), and UACACAAG>p (m/z 1288.25−2 and 858.42−3). (C)
Collision induced dissociation of m/z 1002.58 produces the nearly all
expected −c and −y ions for the sequence CCU[Q]UCA[m5C]Gp.
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suggests that this family is isofunctional at least in eukaryotes
and the few bacteria harboring this gene.
DUF2419 Has Homology to a DNA Glycosylase.

Possible biochemical activities for a Q salvage enzyme include
functioning as a nucleoside transporter, a phosphatase, or a
ribonucleoside hydrolase or playing some kind of accessory role
in eTGT-dependent base exchange. Because standard se-
quence-analysis methods fail to detect any transmembrane α-
helices in DUF2419,57,58 it is unlikely that it plays a direct role
in transmembrane transport. Also, purified eTGT has been
demonstrated to exchange guanine with q in target tRNAs in
vitro without any additional proteins.17 An accessory role is
therefore unlikely, although it cannot be rigorously excluded
because such a function could be required in vivo and not in
vitro.
A strong clue regarding the potential function of DUF2419

was provided by automated sequence profiling and structural
modeling methods implemented in the program PHYRE2.59

This program uses sequence profile−profile alignments to find
potentially homologous proteins with an experimentally
characterized structure and constructs 3-dimensional models
for each candidate using homology-modeling methods. Using
the DUF2419 sequence from Sphaerobacter thermophilus
(StDUF2419) as input, PHYRE2 identified 8-oxoguanine
(8OG) DNA glycosylase from Pyrobaculum aerophilum60

(PDB id: 1XQO) as the highest scoring hit, with a confidence
score of 94.4% for alignment of residues 199−252 and 274−
308 in the query domain (Supplementary Figure S8A), which
have 14% identity to the corresponding residues in the
structural template. This enzyme belongs to a family that
cleaves oxidized guanines in DNA.61 According to the SCOP
database,62 it has AgoG-like fold within the DNA glycosylase
fold superfamily.
The partial structural model for DUF2419 generated using

this template includes a set of strongly conserved residues in
DUF2419 (Supplementary Figure S8B) that align with residues
directly contacting the 8OG product in structure 1XQO. After
computational minimization of the homology model from
PHYRE2, structural superposition shows that residues D231,

K233, D298, and W302 in StDUF2419 correspond to active-
site residues D172, R174, D218, and W222 in 1XQO (Figure 7
and Supplementary Figure S8B). This analysis suggests that
these residues in DUF2419 are involved in recognition of a
guanine-like substrate. The homology model shows a steric
clash with the ribose group of 8OG by the side chains of
residues I203 and F229 in StDUF2419, which replace residues
F144 and P170 in 1XQO, suggesting a difference in the
stereochemistry of substrate binding in DUF2419. Intriguingly,
two invariant basic residues in DUF21419 (K199 and R200 in
StDUF2419) are located adjacent to this site in the homology
model, suggesting that its physiological substrate may contain a
phosphate group. Moreover, the N7 atom of 8OG is located in
a region where PHYRE2 was unable to build a homology
model for StDUF2419, suggesting a significant difference in the
chemical structure of its substrate in the vicinity of this atom,
which is the site of modification of the guanine base in
queuosine.
On the basis of these results from homology modeling, we

hypothesize that DUF2419 has ribonucleoside hydrolase
activity and interacts with queuosine-3′-phosphate as either a
substrate or a product (Figure 1).

Conclusion. The work reported in this paper represents
another successful example of combining integrative data
mining with experimental validation to discover the function
of previously uncharacterized or “unknown” proteins.43,63

Automated annotation based primarily on analysis of sequence
similarity failed to predict a function for the DUF2419 family.
Guided by biochemical insight, we used several comparative
genomics tools to propose that proteins in this family are
functionally involved in Q salvage. Subsequently, we analyzed a
series of S. pombe knockout strains and demonstrated that a
DUF2419 knockout strain does not incorporate Q into tRNA,
while complementation of the knockout with DUF2419
homologues from a variety of species restores Q incorporation.
Combining these experimental results with a state-of-the-art

Figure 6. Sequence of S. pombe tRNAAsp
GUC.

Figure 7. Homoloogy model for the structure of the active-site in the
DUF2419 protein from Sphaerobacter thermophilus (StDUF2419). The
stereo ribbon diagram shows superposition of the homology model
generated by PHYRE2 for StDUF2419 (the product of the Sthe_2331
gene, shown in cyan) with the template structure used to generate this
model, 8-oxoguanine (8OG) DNA glycosylase from Pyrobaculum
aerophilum (PDB 1XQO, shown in yellow). The 8OG molecule and
the residues that interact with it in this structure are shown in ball-and-
stick representation, along with the equivalent residues in the
homology model of StDUF2419. Carbon atoms from the proteins
are shown in the same color as the protein backbones, while carbon
atoms from 8OG are shown in purple. Oxygen and nitrogen atoms are
shown in red and blue, respectively. The 3′ hydroxyl group of 8OG is
labeled, while the magenta sphere indicates the location of the N7
atom of 8OG, which corresponds to the site of modification in
queuosine.
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homology modeling analysis led us to hypothesize that
DUF2419 proteins have a Q-related ribonucleoside hydrolase
activity. Biochemical and structural studies are currently
underway to test this hypothesis and provide direct evidence
whether Q, Q-5′P, or Q-3′-P are substrates.
DUF2419 is also an example of a protein family that is not

found in A. thaliana or S. cerevisiae but is found in other related
species such as Z. maize and in S. pombe, reinforcing the need
for using different models even from the same phylum. The
results reported in this paper open a new area of investigation
related to the pathway for Q salvage in plants and raise
questions concerning the ultimate source of Q for these
organisms. While it was demonstrated recently that Q synthesis
is required for effective nitrogen-fixing symbiosis of Sinorhi-
zobium meliloti with its host plant Medicago truncatula,64 Q
salvage could have additional roles in plant physiology.
Furthermore, our biochemical trans-complementation experi-
ment on human gene C9orf64, which encodes a protein
belonging to DUF2419,65−67 provides a functional annotation
for this human protein.

■ METHODS
Comparative Genomics. The known and published sequences of

the characterized bacterial TGT (E. coli TGT, AAA2466768), and
human QTRT1, and QTRTD1 (IPI00215974.2 and IPI00783033.2,
respectively17) were used as entry points for all database queries. The
BLAST tools69 and resources at NCBI (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov) were rou-
tinely used. Multiple sequence alignments were built using Multalin
(http://multalin.toulouse.inra.fr/multalin/)70 and clustal omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/).71 Protein domain or-
ganization analysis was performed using the Pfam database tools
(http://pfam.sanger.ac.uk)72 and CDD (Conserved Domain Database,
http://www.ncbi.nlm.nih.gov/cdd/).50 Phyletic profile searches were
performed on the OrthoMCL-DB platform (http://orthomcl.org/
orthomcl/home.do).45 Interactions between genes/proteins were
investigated using the STRING-DB (Search Tool for the Retrieval
of Interacting Genes/Proteins, http://string-db.org).54 Mapping of
gene distribution profile to taxonomic trees were generated using the
iTOL suite (Interactive Tree Of Life, http://itol.embl.de).73

Phyletic Analyses. The survey of the nr database at the NCBI by
BLASTP (Basic local alignment search tool for protein,69 default
parameter excepted the evalue max which was set at 10−10) using the
sequences of Schizosaccharomyces pombe 972h- (Q9HDZ9, Fungi),
Homo sapiens (Q5T6V5, Metazoa), Glycine max (NP_001242636,
Viridiplantae), Galdieria sulphuraria (XP_005706831, Red algae),
Naegleria gruberi (XP_002680366, Heterolobosea) and Conexibacter
woesei DSM 14684 (YP_003392877, Actinobacteria) as seed allowed
identifying 385 DUF2419 (25 bacterial and 260 eukaryotic
homologues, respectively). The use of other seeds did not allow
retrieving more sequences. The retrieved sequences were aligned using
MAFFT v.7 (Multiple sequence alignment based on fast Fourier
transform, using the default parameters).74 The resulting alignment
was visually inspected using ED, the alignment editor of the MUST
package (Management Utilities for Sequences and Trees).75 At this
step, 11 eukaryotic sequences were discarded because they
corresponded to isoforms resulting from alternative splicing or very
partial sequences. The 374 remaining sequences were aligned again
with MAFFT with the (-linsi option). The resulting alignment was
trimmed using BMGE (Block Mapping and Gathering with Entropy,
using the matrix of substitution: BLOSUM30).76 The maximum
likelihood (ML) phylogeny of these 374 sequences was inferred with
PhyML v.3.177 with the Le and Gascuel (LG) model,78 a gamma
distribution with four categories (Γ4) and an estimated alpha
parameter to take into account the heterogeneity of evolutionary
rates among sites, and the NNI+SPR strategy of topology exploration.
The branch robustness of the reconstructed tree was estimated with

the SH-like approach implemented in PhyML. A second phylogenetic
analysis restricted to 75 bacterial and eukaryote homologues
representative of the genetic and genomic diversity of these two
Domains was performed using the Bayesian approach implemented in
MrBayes v.3.2.79 MrBayes was run with a mixed substitution model
and a Γ4 distribution. Four chains were run in parallel for 1,000,000
generations. The first 2000 generations were discarded as burn-in. The
remaining trees were sampled every 100 generations to build
consensus trees and to compute the posterior probabilities. The ML
phylogeny was computed with PhyML with the same parameters than
used previously. The branch robustness of the ML tree was tested with
the nonparametric bootstrap procedure implemented in PhyML (100
replicates of the original data set).

Structure Analysis. Phyre259 (Protein Homology/analogy Rec-
ognition Engine V 2.0, http://www.sbg.bio.ic.ac.uk/phyre2/) was used
to search for for structural similarity. Visualization and comparison of
protein structures and manual docking of ligand were performed using
XtalView.80 CNS (Crystallography and NMR system)81 was used for
energetic minimization. PyMol82 was used to generate the molecular
graphics figure.

Strains, Media, and Growth Conditions. All S. pombe haploid
strains including wild-type (SP286; h+/, ade6-M216 ura4-D18 leu1-
32, reference BG_0000H8), qtrt1Δ:kanMX4 corresponding to the
deletion of the gene SPAC1687.19c (Bioneer reference BG_H0432)
and duf2419Δ:kanMX4 corresponding to the deletion of the gene
SPAC589.05c (Bioneer reference BG_H2044), respectively abbre-
viated qtrt1Δ and duf 2419Δ, were obtained from Bioneer. The cells
were grown on yeast extract peptone dextrose agar supplemented with
G418 disulfate salt (Sigma, 200 μg/mL) at 30 °C, and the genotypes
were checked by PCR (Supplementary Figure S9). For propagation,
strains were grown in liquid 1% yeast extract, 2% peptone, and 2%
dextrose at 30 °C. E. coli GC10 (Genesee Scientific Corporation) was
grown in Luria−Bertani medium (LB, Thermo Fisher Scientific Inc.)
at 37 °C, solidified when needed with 15 g/L of agar (Thermo Fisher
Scientific Inc.). Ampicillin (Amp, 100 μg/mL, Sigma) was added when
required.

Cloning and Plasmid Construction for Complementation.
The DNA encoding S. pombe DUF2419 (abbreviated SpDuf 2419,
SPAC589.05c) was synthesized (without optimization) with added
restrictions sites XhoI and BamHI at its 5′ and 3′ ends (GenScript
USA Inc.). The Zea mays DUF2419 (abbreviated ZmDuf 2419
GRMZM5G824534) coding sequence was amplified from the plasmid
ZM_BFb0154G03 obtained from the Arizona Genomics Institute with
addition of the restrictions sites XhoI and BamHI at its 5′ and 3′ ends.
Prof. Gaetano T. Montelione (Rutgers University, Piscataway, NJ,
USA) provided plasmids containing the synthesized H. sapiens
DUF2419 (abbreviated HsDuf 2419, UPF0553 protein C9orf64)
coding sequence and S. thermophilus DSM 20745 DUF2419
(abbreviated StDUF2419, hypothetical protein Sthe_2331) recoded
sequence (GenScript USA Inc.) that were amplified by PCR with the
addition of restrictions sites XhoI and BamHI at their 5′ and 3′ ends.
These four DNA fragments were cloned into the XhoI and BamHI of
S. pombe expression vector PJR1-3XU, provided by Dr. Juan C. Ribas
(Instituto de Biologiá Funcional y Genoḿica, Salamanca, Spain) under
the control of the nmt1 3X promoter and followed by the nmt1
terminator.83 The four fragments containing the promoter, coding
sequences, and terminator were subcloned into pJK148 provided by
Prof. Jill B. Keeney (Juniata College, Huntingdon, PA, USA), for
genomic integration into the leu1-32 locus of the duf2419Δ:kanMX4
ade6-M216 ura4-D18 leu1-32 strain, after linearization with the NruI
restriction enzyme.84 A corresponding negative control was created by
integrating into the leu1-32 the empty vector pJK148 (abbreviated
empty). The corresponding strains are duf2419Δ:kanMX4 leu1-
32:SpDuf 2419, duf2419Δ:kanMX4 leu1-32:ZmDuf 2419, duf2419Δ:-
kanMX4 leu1-32:HsDuf 2419, duf2419Δ:kanMX4 leu1-32:StDuf 2419,
and duf2419Δ:kanMX4 leu1-32:empty vector, abbreviated duf2419Δ
+ SpDUF2419, duf2419Δ + ZmDUF2419, duf2419Δ + HsDUF2419,
duf2419Δ + StDUF2419 and duf2419Δ + Ø respectively. Trans-
formations were realized using the Frozen-EZ yeast transformation II
kit (Zymo Research), following manufacturer recommendations.
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Transformants were selected on minimal SD Agar Base media
supplemented with DO Supplement -Leu (Clontech Laboratories)
and 5% Dextrose (Fluka). Clones were validated by PCR with primers
specific for pJK148 (Supplementary Figure S10). The plasmids
constructed, strains and primers used are listed in Supplementary
Table S1.
tRNA Extraction and Purification and Modified Nucleoside

Content Analysis. Bulk tRNA was prepared from fresh cells from
750 mL of cultures of the different S. pombe strains grown in YPD (1%
yeast extract, 2% peptone, 2% dextrose, BD Difco YPD) or 0.5% yeast
extract (Difco), 2% bactopeptone (Difco), and 3% dextrose (Fluka) at
30 °C, as described previously.85 tRNAAsp

GUC was extracted from bulk
tRNA using a biotinylated primer (5′biotin-GCAAGCGTGACAGGC-
TTG-3′, Integrated DNA Technologies) bound to a HiTrap
Streptavidin HP column (1 mL, GE Healthcare Life Sciences).85

Twenty-five micrograms of tRNAAsp
GUC was digested to nucleosides

that were then separated by LC−MS.85 To compare tRNA
concentrations, we compared the ratio of the levels of the modified
bases Q (410 m/z) and m5C (258 m/z) in each sample by integrating
the peak area from the extracted ion chromatograms. All tRNA
extractions and analysis for Q content were performed at least twice
independently.
LC−MS/MS for tRNA Sequence Analysis. Purified S. pombe

tRNAAsp
GUC was digested with RNase T1 (Worthington Biochemical)

at the rate of 50 U/μg in 20 mM ammonium acetate pH 6.5 (Sigma-
Aldrich) for 2 h at 37 °C. The sample was subsequently applied to a
Waters Xbridge C18 3.5 μm 1.0 mm × 50 mm column, and digestion
products were separated at 30 μL/min using 200 mM 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP, Sigma-Aldrich) and 8.15 mM triethyl-
amine (TEA, Sigma-Aldrich) for mobile phase A and 50% A and 50%
methanol (Burdick and Jackson) for mobile phase B. The column was
equilibrated with 5% A, followed by a gradient of 5% B 0 min, 5% B 5
min, 95% B 45 min, and held at 95% B for 5 min. The eluent was
directed into a Thermo Scientific LTQ-XL with a capillary
temperature of 275 °C and a spray voltage of 4.0 kV. The sheath
gas was set to 25 arbitrary units, auxiliary gas to 14, and sweep gas to
10. Tandem mass spectrometry at a collision energy of 42 (arbitrary
units) was used to obtain product ion (i.e., sequence) information on
the digestion products in data-dependent mode.
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D., and de Crećy-Lagard, V. (2008) Biosynthesis of 7-deazaguanosine-
modified tRNA nucleosides: a new role for GTP cyclohydrolase I. J.
Bacteriol. 190, 7876−7884.
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