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Abstract: Micronutrients from the diet and gut microbiota are essential to human health
and wellbeing. Arguably, among the most intriguing and enigmatic of these micronutrients
IS queuine, an elaborate 7-deazaguanine derivative made exclusively by eubacteria and
salvaged by animal, plant and fungal species. In eubacteria and eukaryotes, queuine is found
as the sugar nucleotide queuosine within the anticodon loop of transfer RNA isoacceptors
for the amino acids tyrosine, asparagine, aspartic acid and histidine. The physiological
requirement for the ancient queuine molecule and queuosine modified transfer RNA has been
the subject of varied scientific interrogations for over four decades, establishing relationships
to development, proliferation, metabolism, cancer, and tyrosine biosynthesis in eukaryotes and
to invasion and proliferation in pathogenic bacteria, in addition to ribosomal frameshifting
in viruses. These varied effects may be rationalized by an important, if ill-defined, contribution
to protein translation or may manifest from other presently unidentified mechanisms. This
article will examine the current understanding of queuine uptake, tRNA incorporation and
salvage by eukaryotic organisms and consider some of the physiological consequence arising
from deficiency in this elusive and lesser-recognized micronutrient.
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1. Queuosine and Its Derivatives

A striking feature of transfer RNA (tRNA) from all organisms is the variety of post-translational
modifications that decorate the mature tRNA molecule. These changes can be found at multiple positions on
the purine and pyrimidine bases and the 2’-hydroxyl group of the ribose sugar [1]. Currently, 105 different
tRNA modifications are described in the RNA modification database, 99 of which are found in
eukaryotes [2]. The modifications bring a wealth of structural and functional diversity to the tRNA
molecule and range from simple methylation to more dramatic base changes, such as the isopentenylation
of adenosine, or the formation of wybutosine and queuosine. Modifications positioned outside the
anticodon loop are generally thought to maintain structural integrity and to act as identity determinants
for tRNA interacting proteins, whereas those within or proximal to the anticodon loop contribute to the
fidelity and efficiency of protein synthesis [3,4].

Queuosine is among the most elaborate of the known RNA maodifications. It was first identified in
hydroxylate extracts of tyrosyl tRNA from E. coli [5-7] and was given the single letter abbreviation of Q,
from which the now common name of queuosine- or Q-nucleoside derives. Direct tRNA sequencing
methods determined that the queuosine modification is uniquely found in the wobble position of
eukaryotic and eubacterial tRNA that contain a GssUssNss anticodon sequence (tRNAcun; where
N = any base), and thus specific to tRNA acceptors for the amino acids tyrosine, asparagine, aspartic
acid and histidine (Figure 1A) [8,9] and which decode the dual synonymous codons NAU and NAC. In
addition to cytosolic tRNA, the Q modification has also been detected in aspartyl tRNA from the
mitochondria of rat and opossum liver by means of the 3?P-postlabelling technique [10,11]. A related
molecule to Q, known as archaeosine, is found at position 15 of the dihydrouridine loop (D-loop) of
archael tRNA (readers with an interest in this area are directed to relevant publications [12-14]).

Structurally, queuosine comprises a 7-deazaguanosine core (Figure 1B), wherein the purine nitrogen
at position seven is replaced by a carbon (in blue), and to which an amino-methyl side chain (green) and
cyclopentanediol moiety are appended (orange). In mammals, the hydroxyl group at the C4” position of
the cyclopentanediol ring can be further modified by sugar molecules (Figure 1C); galactose in the case
of tyrosyl tRNA and mannose in aspartyl tRNA [15,16]. In contrast to eukaryotes, eubacterial species
do not produce sugar-modified queuosine. However the cyclopentene hydroxyl groups of aspartyl tRNA
can be modified by the addition of a glutamic acid residue at the C4"” or C5” position [17,18].

A combination of biochemical and genetic research has, over many years, led to the successful
identification of the bacterial enzymes responsible for queuosine biosynthesis [19,20]. The process occurs in
two principle phases (Figure 2). Within the cytosol, guanosine triphosphate nucleoside (GTP) is converted
to the precursor base 7-aminomethyl-7-deazaguanine (preQ1) via five enzymatic steps (in blue). This is
followed by a transglycosylation reaction (in red) that results in the insertion of preQz into the wobble position
of tRNAGun isoacceptors concomitant with the displacement of the guanine base. The reaction occurs via
breakage of the N-C glycosyl bond in a non-energy dependent mechanism that is unique to the tRNA
guanine transglycosylase (TGT) enzyme. As such, the transglycosylation reaction represents a signature
activity of queuosine formation in all species [19,21]. Two further enzymatic steps function to remodel
the preQz nucleotide in situ within the context of the tRNA molecule to give the final queuosine product
(in green).
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Figure 1. Chemical structure of queuosine and derivatives. (A) The GssUssNss anticodon
sequence of tRNA isoacceptors for amino acids tyrosine, asparagine, aspartic acid and histidine
will base pair with a N1A2C/U3z codon of messenger RNA (mMRNA). G = guanine, U = uridine,
A =adenine, N =any base; (B) The International Union of Pure and Applied Chemistry (IUPAC)
designation for queuosine: 7-(3,4-trans-4,5-cis-dihydroxy-1-cyclopenten-3-ylaminomethyl)-
7-deazaguanosine. Classical nucleic acid numbering is shown. The relative stereochemistries
of the cyclopentene substituents have been determined as 3,4-trans and 4,5-cis on the basis of
NMR comparisons with synthetic models [22]; (C) In mammals, the C4” hydroxyl of the
cyclopentanediol ring of queuosine can be modified with galactose in the case of tyrosyl
tRNA and mannose in the case of aspartyl tRNA, by yet unknown enzymes. In eubacteria,
the C4” or the C5” hydroxyl can be modified by the addition of a glutamic acid residue to its
non-cognate aspartyl tRNA by a paralog of glutamyl-tRNA synthetase, glutamyl-Q
tRNA(Asp) synthetase (YadB).
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Figure 2. De novo biosynthesis of queuosine by eubacteria. Queuosine biosynthesis occurs
exclusively in eubacteria via initial hydrolysis of the ribose of a guanosine triphosphate
nucleoside (GTP) precursor and breakage of the imidazole ring by GTP cyclohydrolase to yield
7,8-dihydroneopterin-3'-triphosphate. In the next two steps triphosphate and acetaldehyde are
removed from the pteridine molecule followed by disruption of the pyrazine ring and loss of
an amino group to yield 7-carboxy-7-deazaguanine. The fourth and fifth steps in the
synthesis are ATP-dependent and NADPH-dependent, respectively, with an aminomethyl
group replacing the carboxyl group at position 7 of the 7-deazaguanine molecule to yield the
precursor base 7-aminomethyl-7-deazaguanine (PreQi). Eubacterial tRNA guanine
transglycosylase then removes guanine from the C1-ribose at the wobble position of the
anticodon without cleaving the sugar backbone before inserting PreQ: in a base-for-base
exchange reaction. The final two modification steps occur within the context of the
tRNA molecule. Firstly, S-adenosylmethionine: tRNA ribosyltransferase-isomerase transfers
the ribose moiety from S-adenosylmethionine to the 7-aminomethyl group of PreQi-tRNA.
Finally, the oxygen at the C1” and C2" of the cyclopentene ring of poxyqueuosine-tRNA is
removed in a vitamin B12-dependant reaction to yield queuosine-modified tRNA. Enzyme
names are shown in black and below current gene names together with the classical
nomenclature from Z. mobilis and E. coli.
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2. Natural Sources of Queuosine

The occurrence of queuosine modified tRNA (Q-tRNA) is widespread across the animal and
plant kingdoms, yet eukaryotes are unable to synthesize Q-nucleoside or any of its precursor forms. Instead,
they salvage the nucleobase of queuosine, referred to as queuine or Q-base. In the case of metazoans the
source of queuine is dietary, whether from the gut microflora or from ingested food [9,23,24]. Evidence to
support the eubacterial origin of eukaryotic queuosine has been obtained from a number of model organisms.
Q-containing tRNA may be fully depleted in Drosophila melanogaster, Caenorhabditis elegans,
Dictyostelium discoideum and the eukaryotic algae Chlorella pyrenoidosa and Chlamydomonas
reinhardtii by exclusively maintaining these organisms on a queuine and queuosine-deficient food
source [25-28]. Likewise, mice can be made Q-tRNA deficient by maintaining the animals under
germ-free (axenic) conditions and providing a diet lacking any source of queuine or Q-modified tRNA
for a period of one year [23].

Attempts have been made to quantify queuine from a number of plant and animal sources (Table 1).
These studies have principally relied on the ability of extracts to restore Q-modified tRNA in L-M
(mouse fibroblast) cells that have been grown in serum free, and hence queuine-free, conditions [29].
Common foodstuffs, such as yoghurt and milk, contain appreciable amounts of queuine and are likely
to be sufficient to meet physiological requirements. In the case of mammalian cells in culture, animal
serum proves to be a reliable source, with the exception of horse serum, which due to its low abundance
of queuine has been used extensively in research studies to deplete Q-containing tRNA in cells [29-31].

Table 1. Queuine levels in foodstuff and biological material.

Source Amount
Yoghurt 4-6ngg !B
Tomato 21ngg ' B2
Coconut water 87-530 ng mL ' B2
Wheat germ 190 ng g ! B2
Human milk 1ngmL"' &2
Bovine milk (whole and skim) 16-17 ng mL " B
Bovine milk (evaporated skim, canned) 12 ng mL ' B3
Goat milk (fresh) 3ngmL ! [
Goat milk (evaporated, canned) 1 ng mL ! B
Human amniotic fluid 2-84 ng mL " B3
Human serum (circulating queuine) 1-10 nanomolar (nM) 1%
Fetal bovine serum 33-54 ng mL ™' B2
Bovine amniotic fluid 2300-3600 ng mL ! (21
Horse serum 10 nM B
Bovine pineal body 300 ng g ' [
Bovine seminal vesicle (adult) 110ng g ' B
Bovine testicle (adult) 58 ng g~ [
Drosophila melanogaster 0to0 1100 ng g ' B

Studies on eubacterial TGT have shown the hydrolysis products of Q-modified tRNA—whether
Q-nucleoside, Q-nucleotide or queuine base—are not substrates for the enzyme and therefore presumably,
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these degradation products will be lost to the gut microenvironment and salvaged by the eukaryotic host
as part of the normal turnover process of the microbiome. The proportion of queuine absorbed from the
human microbiota has not been determined, but it could be significant given the number of
microorganisms in the human gastro-intestinal tract (typically 10'-10%2 microbes mL™" of
luminal content; [34]). Furthermore, the relative contribution of the microbiota to queuine supply could
be increased in situations where dietary supply is restricted such as during disease and starvation or
where a limited variety of food-types are ingested, as in the case of unweaned infants.

Recent efforts have revealed the essential nature of the microbiome to human health and in
this context, it is interesting to consider the possibility that the queuosine modification may function to
affect the population dynamics of microbial species in the gut. In silico studies have predicted that some
eubacterial species have lost the genes required for the cytosolic biosynthetic steps (i.e., preQo and
preQ1 production) but have retained a functional TGT salvage pathway [19]. Such a scenario is suggestive
of a symbiotic or parasitic relationship where biosynthetic intermediates are salvaged from a neighboring
species to enhance survival. In this regard, a mutant E. coli for the TGT enzyme [35], and an E. coli B-strain
(B105) naturally deficient in queuosine due to a block in preQ1 or preQo synthesis [36] have both been
shown to be rapidly out-competed by queuosine positive strains in mixed culture experiments.
Interestingly, pulse-labeling studies with radiolabelled leucine revealed that the mutant Q-deficient TGT
strain has a 40% faster rate of protein synthesis than its wild-type isogenic control [35]. Conceivably,
due to its positive impact on fitness, the queuosine modification could have a role in quorum sensing
and help coordinate biosynthetic processes or population dynamics across the gut microbiome.

3. Queuine Uptake and Its Regulation

In humans, it is estimated that normal circulating levels of queuine are in the range of
1-10 nanomolar (nM) [30,37]. Studies conducted on fibroblasts and mammalian cell lines indicate that
once in the circulatory system, specific cellular uptake mechanisms operate to move queuine from the
extracellular space into the cytosol (Figure 3, Step A) [38—42]. To date, queuine transport has been most
extensively studied using human foreskin fibroblasts (HFF) and by exploiting a tritiated derivative of
queuine referred to as rQTs [43]. The rQTs derivative displays a similar transporter affinity to its natural
counterpart but only 0.1%—-0.02% the efficiency for tRNA incorporation ensuring its suitability for such
uptake studies [44]. Data from HFF cultures revealed the presence of a biphasic uptake mechanism; a
component with a lower Km of 30 nM showing rapid saturation within 2—4 min (13.5 pmol (10° cells h)™)
and a second transporter component having a higher Km of 350 nM and displaying a slower, linear uptake
(2.3 pmol (108 cells h)™) that reached equilibrium after 3—4 h [39]. It has been highlighted previously
that in comparison to other transport systems for amino acids, nucleosides, and nucleobases, the uptake
of queuine is slow [45]. However, the transport mechanism appears to offer significant specificity since
various purines, purine-derivatives and base analogues are incapable of affecting queuine transport in
competitive uptake experiments [39].
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Figure 3. Queuine uptake, incorporation and salvage in the eukaryotic cell. (A) Transport of
queuine into the cell occurs through a rapidly saturating low Km component and a
slower-uptake high Km component; (B) the queuine-insertase enzyme modifies both cytosol
and mitochondrial tRNA. Cytosolic tRNA is transcribed in the nucleus by RNA polymerase 111,
whereas mitochondrial tRNA is transcribed in the mitochondria by mitochondrial-directed
RNA polymerase, before processing to the mature tRNA molecule; (C) Queuine
tRNA-ribosyltransferase 1 (QTRT1) and queuine-tRNA ribosyltransferase domain containing 1
(QTRTDL1) subunits of the queuine-insertase complex are cytosolic proteins that appear to
co-localize to the mitochondrial membrane where queuine base is incorporated into cytosolic
tyrosyl, asparaginyl, aspartyl and histidyl tRNA and mitochondrial aspartyl tRNA.
(D) Cytosolic aspartyl and tyrosyl Q-modified tRNA can be further modified by the addition
of mannose and galactose sugars, respectively. (E) Salvage of the queuine base from tRNA
turnover could occur from gueuosine nucleoside, queuosine-5’-monophosphate (5’-QMP) or
queuosine-3'-monophosphate (3'-QMP). Correct functioning of uptake, incorporation and
salvage of queuine base is essential to maintaining appropriate cellular Q-modified
tRNA levels. (F) tRNAGun recognize the dual synonymous codons ending in either a C or
U which pairs to the wobble base.

A limited number of reports have indicated that mitogenic signaling pathways may regulate
queuine transport. Exposing HFF cultures to chronic levels of the protein kinase C modulator phorbol-12,
13-didecanoate (PDD; 100 nM) was found to decrease Q-modified tRNA [38] concomitant with an
increase in the culture saturation density (i.e., final density to which a given cell type will grow) to
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several times that of control [46]. Significantly, the addition of purified queuine (at a concentration of
50 nM) acted to limit the increase in population density caused by chronic PDD exposure and this was
concomitant with tRNA being maintained in a queuosine-modified state [38]. The data imply that free
queuine base or Q-modified tRNA may be relevant to modulating cell proliferation or culture density [42].
Later studies established that in early passage HFF cultures, PDD and teleocidin (a structurally unrelated
stimulator of protein kinase C) were both capable of inducing the inhibition of the high affinity (low Km)
queuine uptake component [45].

Notably, although PDD exposure could induce a large increase in HFF cell number the effect was
only transient and not observed in later-passage cultures (5-10 passages; 10-20 population doublings).
This was mirrored by an inability of PDD to inhibit rQTs uptake in these later passage cultures [38,39].
Helping to elucidate this difference was the subsequent observation that the media from early passage
HFF cultures (but not later cultures) contains a heat-labile, protease-sensitive factor of 10-30 kDa that
is responsible for inhibiting queuine uptake [45]. Clues to its identity came from the observation that
polyinosinic-polycytidylic acid (poly-1C)—an inducer of interferon synthesis—partially restores the
PDD inhibition of queuine uptake in late passage cultures [45]. This led to the demonstration that a-,
B-, and y-interferons are capable of reducing rQTs uptake to a baseline level, approximately
40%-50% that of control cells, with B-interferon proving the most effective [47]. The effects of
interferons on uptake were shown to be time and concentration dependent, requiring a pre-incubation
period of 24-48 h to elicit a maximal response [47]. Currently, it is not known how extensive the
interferon regulation of queuine uptake may be but PDD failed to inhibit rQTs uptake in a number of
transformed cell lines including HxGCs (colon carcinoma), CCRF-CEM (T-cell leukemia), HL-60
(promyelocytic leukemia), and Vero (monkey) cells despite the presence of the low Km transporter
activity [45]. Similarly, unpublished data indicate that conditioned medium from PDD treated early
passage HF cells was incapable of inhibiting queuine uptake in L-M, Vero, HelLa, HXGCs,
CCRF-CEM or HL-60 cell lines [45].

Contrary to the effects seen in early passage fibroblasts, rQTs transport is stimulated by PDD in
later-passage fibroblast cultures [45]. This result, and those of subsequent studies, led to a revision of the
effects of protein kinase C (PKC) from being an inhibitor to instead being a stimulator for both queuine
uptake and incorporation into tRNA. Reconciling these disparate effects is the observation that lower doses
and shorter exposure times to PKC activators (determined using 12-O-tetradecanoylphorbol-13-acetate;
TPA) leads to increased rQTs uptake, whereas chronic long-term exposure has the effect of inhibiting
uptake [42]. Likewise, the protein phosphatase inhibitors, okadaic acid and calyculin A, both stimulate
rQTs uptake but a cautionary avoidance of excess concentrations and exposure times is necessary [42]. These
later studies additionally demonstrated the capability of a wide range of PKC activators to enhance rQTzs
uptake into primary fibroblasts, including diolein, dicapryyloyl glycerol, phosphatidylserine, and calcium
ionophore A23187 [41]. Conversely, inhibitors of PKC activity demonstrated concentration dependent
inhibition of rQTs uptake including H-7 (1-(5-isoquinoline sulfonyl)-2-methylpiperazine dihydrochloride),
staurosporine, and sphingosine [41,42]. Apart from the aforementioned non-physiological stimulants, a
number of growth factors have been shown to positively affect queuine transport across the cell membrane
both alone and in combination with PKC activation. For example, in cultured fibroblasts, the uptake of rQTs
was increased by the addition of platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and
fibroblast growth factor (FGF) to levels approximately 40% above control and the effects of EGF and
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transforming growth factor B (TGF-B) were found to be additive in combination with PDD [41]. It is
important to highlight that, although a major portion of queuine transport appears to be subject to regulation
by PKC and mitogenic stimulation, there exists a rather substantial basal rate of uptake, which operates
independent of exogenous signaling. Further clarification of the queuine uptake mechanism, its specificity,
distribution and regulation awaits identification and characterization of the transporter components.

4. Queuine Incorporation into Transfer RNA

Efforts to evaluate the Q-content of tRNA in mammalian tissue have taken advantage of the
irreversible nature of the queuosine N-glycosidic bond to the tRNA sugar-ribose backbone. The
discrimination of Gss- and Qas-containing tRNAcun is made by the exclusive incorporation of
3H-guanine by the E. coli enzyme into Gas-tRNAcun [48]. By this means, the tRNA of normal adult tissues
was found to be highly Q-modified (low H-guanine incorporation). By contrast, rat pups, fetal liver, and
regenerating rat liver were found to contain significant amounts of G-containing tRNA [48,49], hinting at a
role for Q-modification in growth and differentiation. A quantitative approach to evaluating Q-tRNA levels
provided similar data. Analysis of liver samples form adult rat, beef, sheep and rabbit via reverse-phase high
performance liquid chromatography all revealed consistently high levels of queuosine (103-127 picomoles
of nucleoside per 255 nm absorbance unit; pmol AU™!), mannosyl-queuosine (79-104 pmol AU™), and
galactosyl-queuosine (30-45 pmol AU™") across adult species [50]. In agreement with earlier reports, the
amounts of Q-derivatives in the tRNA of newborn rat liver (1-10 days postpartum) were reduced relative to
adult rat: 55% for Q-tRNA, 77% for mannosyl-Q-tRNA, and 46% for galactosyl-Q-tRNA [50]. The fact that
newborn and young animals are under-modified with respect to queuosine may be due to the extremely
low diversity and number of bacteria present in utero, both within the amniotic fluid and the gut of these
animals [51], in addition to the highly active cell proliferation and cell differentiation typified by fetal
development [50]. Countering this conjecture is the observation that bovine amniotic fluid contains high
levels of queuine (2300-3600 ng mL ") and detectable amounts of queuine base have been found in amniotic
fluid from normal human pregnancies (16 to 28 weeks gestation) ranging in concentration from 2 to
84 ng mL~! [32]. Given these observations, it is possible that the queuine transglycosylase activity is absent
or poorly expressed in early development or that mechanisms exist to limit queuine uptake or its tRNA
incorporation in utero.

The original attempts to identify the eukaryotic tRNA transglycosylase enzyme relied upon
purification from a number of plant and animal sources. The eukaryotic activity is distinguishable from
its eubacterial counterpart by the ability to incorporate queuine into tRNA, and is subsequently referred
to here as the queuine-insertase enzyme; a term taken from earlier literature [52]. In contrast to the
eubacterial TGT enzyme, which is a single protein species, the catalytically active eukaryotic enzyme
was purified as a heterodimeric molecule from rabbit erythrocytes [53], bovine liver [54] and rat
liver [55] and as a homodimer from wheat germ [56]. The marked differences in the eukaryotic and
bacterial enzymes led to the suggestion they may have arisen independently through convergent
evolution [57]. However, subsequent to these studies, a cDNA clone encoding a putative catalytic
subunit with significant sequence identity to the eubacterial TGT enzyme was shown to re-constitute
queuine-insertase activity in GCs/cl cells [58]; a cell line naturally deficient in Q-containing tRNA [59].
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This work suggested that in eukaryotes, one of the queuine-insertase component subunits is a homologue
of the eubacterial TGT enzyme.

Our own analysis of mouse cDNA and protein databases revealed the existence of two eubacterial
TGT related proteins [60]. The first, showing high identity to the human cDNA described above [58],
bears the official name queuine tRNA-ribosyltransferase 1 (QTRT1) and is also referred to as the
eukaryotic catalytic TGT subunit to denote its equivalence to the eubacterial enzyme. The second protein
was more distantly related to eubacterial TGT and is officially annotated as queuine-tRNA ribosyltransferase
domain containing 1 (QTRTD1) (Figure 4A). Protein sequence comparisons of QTRT1 and QTRTD1
against eubacterial TGT indicate a probable conservation of secondary structure elements and a strong
likelihood they both adopt an irregular (B/a)s triosephosphateisomerase (TIM) barrel structure as
previously shown for the Z. mobilis TGT enzyme [61,62]. Individually, QTRT1 and QTRTD1 are
enzymatically inactive but have comparable guanine transglycosylase activity to the E. coli enzyme
when mixed in a 1:1 ratio [60]. Studies on the human equivalents of these proteins verified the catalytic
requirement for the QTRT1: QTRTDL1 heterodimer [63]. Determination of the kinetic constants for
tRNA and base revealed a slow turnover rate and Km values of 0.34 micromolar (uM) and 0.26 uM for
tyrosyl tRNA and queuine, respectively [63,64]. It has been pointed out that the catalytic efficiency of
the eukaryotic enzyme is surprisingly sluggish, given the low nanomolar concentrations of queuine
normally found in human serum and milk, but this may be offset by the irreversibility of queuine
incorporation into tRNA [64].

The QTRT1 catalytic subunit of the eukaryotic enzyme shows a marked conservation of residues with
respect to the bacterial TGT enzyme, in particular (numbered according to the Z. mobilis TGT) the active
site nucleophile Asp280, the general acid/base Asp102, residues linked to tRNA and base recognition
and amino acids in the C-terminus involved in zinc-binding (Figure 4B) [60]. Apart from the
zinc-coordinating residues, the QTRTD1 subunit differs significantly in sequence from QTRT1 and the
bacterial TGT, including a conserved substitution of the active site Asp280 to a glutamic acid. It has
been shown in bacteria that the base-for-base exchange reaction occurs through a ping-pong kinetic
mechanism and that a covalent intermediate is formed between the tRNA and the Asp280 nucleophile
of the enzyme [62,65,66]. Site-direct mutagenesis of the QTRT1 subunit has verified the critical role
played by Asp280 in eukaryotes since a QTRT1 mutant renders the queuine-insertase heterodimer
devoid of catalytic activity [63]. As explained previously, the eukaryotic enzyme differs from the
eubacterial TGT in its ability to utilize queuine as a substrate [21,64].

An explanation for this difference comes from molecular modeling of the C. elegans QTRT1 against
the Z. mobilis TGT structure [67], from kinetic and crystallographic analysis of Z. mobilis variants [68]
and mutational and kinetic evaluation of the human QTRT1 and E.coli TGT enzymes [64]. These studies
have determined that in eukaryotes the replacement of Val233 with glycine causes an enlargement of the
binging pocket to accommodate the cyclopentanediol moiety of the queuine base whereas the Cys158 to
valine change acts to assist in the recognition of cognate substrate (i.e., queuine relative to preQ1) [67-69].
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Figure 4. Sequence comparison of Queuine tRNA-ribosyltransferase 1 (QTRT1),
queuine-tRNA ribosyltransferase domain containing 1 (QTRTD1) and eubacterial tRNA
guanine transglycosylase (TGT). (A) Phylogenetic tree showing the relationship of eubacterial
TGT (green shading) to eukaryotic QTRTL1 (purple shading) and QTRTD1 (blue shading).
Unrooted phylogenetic tree generated by comparing the protein sequences of the listed
species using Genedoc. (B) Significant residues and their corresponding positions within
human QTRT1 (hQTRT1), human QTRTD1 (hQTRTD1), Z. mobilis TGT (zmTGT) and E.
coli TGT (ecTGT). Conserved residues are shown in black. The numbering refers to the Z.
mobilis TGT sequence as described previously [61]. Shown are residues involved in dimer
formation in the N-terminus (orange) and the C-terminus (red), residues involved in catalysis:
active site residues (light blue), base recognition residues (yellow), tRNA recognition residues
(green) and the highly conserved residues involved in zinc binding (purple).

As no crystallographic data yet exists for the eukaryotic enzyme an explanation of how the individual
queuine-insertase subunits function relies on parallels being drawn from eubacterial data. Structural analysis
of the Z. mobilis TGT has shown dimerization in the unbound and substrate-bound (preQ:) state [69,70]. The
eukaryotic QTRT1 shows a conservation of dimer forming residues in its N-terminal region and the QTRTD1
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subunit shows an almost complete conservation of residues known to form the eubacterial dimer-interphase
within its C-terminal zinc-binding domain suggesting a comparable mode of interaction [60]. Further data
from Z. mobilis TGT using noncovalent mass spectrometry has evidenced the formation of a 2:1 complex
with tRNA [71]. It is striking that, despite the presence of two active sites, the Z. mobilis dimer can only
accommodate one tRNA substrate at a time, arising from steric restrictions imposed by the close packing
of the complex [62,71]. Extrapolating from these observations, the QTRTD1 subunit may function as a
platform to correctly orientate the tRNA substrate for base-exchange during the QTRT1 mediated
catalytic step. It has been suggested that QTRTD1 may also function as a salvage enzyme for queuine
by liberating the base from queuosine monophosphate after tRNA turnover [63,72].

An interesting offshoot from the purification studies of the eukaryotic queuine-insertase was the
recovery of a number of amino acid sequences with no homology to the catalytically relevant QTRT1 and
QTRTD1 subunits. The identity of the proteins from bovine liver [54] were not assigned at publication but
our analysis showed that the peptides from the larger 65 kDa subunit are identical to asparaginyl tRNA
synthetase and those of the smaller 32 kDa subunit correspond to 2,4-dienoyl CoA reductase. A highly pure
preparation from rabbit reticulocytes gave peptides with homology to immunophilin p59, human
elongation factor 2 and a deubiquitinating enzyme, USP14 [73]. The identification of USP14 with the
larger 65 kDa regulatory subunit has in some cases led to its assignment as a critical queuine-insertase
component [74,75] and as being synonymous with QTRT1 by commercial suppliers of antibodies and
cDNA clones. Later work ruled out USP14 as a catalytically relevant queuine-insertase component and
demonstrated that no physical association occurs with the QTRT1:QTRTD1 subunits [63]. Although the
queuine-insertase complex can modify tRNA independent of accessory factors, the co-isolation of the
above proteins from purified preparations may indicate that in eukaryotes the transglycosylase activity
is embedded in a multi-subunit complex.

Emanating from the PKC studies on queuine uptake, further work revealed that PKC activation might
regulate queuine-incorporation into tRNA in vivo and be capable of directly phosphorylating and
regulating the purified enzyme in vitro. Queuine-insertase extracted from rat liver was found to be highly
labile under a variety of storage conditions [76]. A suspected requirement for phosphorylation, led to the
inclusion of phosphatase inhibitors (sodium fluoride and sodium pyrophosphate) in the isolation buffers,
resulting in a dramatic improvement in the recovery of activity during isolation. Likewise, the addition
of rat brain PKC together with activatory cofactors (diolein and phosphatidylserine) caused a marked
reactivation of queuine-insertase, an effect that was fully reversible by including the PKC inhibitors H-7,
staurosporine and sphingosine [76]. That phosphorylation is a major regulator of the enzyme does not
reconcile with the fact that active recombinant mouse and human preparations can be isolated from
E. coli [60,63]. Furthermore, unpublished data from the Garcia laboratory indicates the human
queuine-insertase is unaffected by PKC or alkaline phosphatase treatment [63]. Therefore, the
phosphorylation effect may relate to associated proteins rather than the core catalytic components. It had
been previously proposed that unphosphorylated queuine-insertase exists in a ~104 kDa low-activity
dimeric state of two subunits (60 kDa and 34.5 kDa) and that phosphorylation causes the dissociation
and release of a highly active catalytic subunit [76]. In these studies, autoradiographic analysis of
PKC-treated protein preparations revealed a predominant 60 kDa protein. Conceivably, USP14 or
another associated protein could regulate the transglycosylase activity in a PKC-dependent manner.



Nutrients 2015, 7 2909

In cells in culture, both PKC activators (TPA, PDD) and phosphatase inhibitors (okadaic acid,
calyculin A) were found to increase the incorporation of rQTs into TCA-precipitated material (tRNA) to
levels between 140% and 150% that of untreated control [42]. On the other hand, it was observed that
inhibitors of PKC (including sphingosine, staurosporine and H7) decreased incorporation rates of rQTzs
to levels 40%-50% above baseline [42]. The work suggests that intracellular growth signals are relevant
not only to queuine uptake but to tRNA incorporation also. However, it is also apparent from the data
that a very significant basal activity of Q-incorporation exists in these cells even in the absence of any
further exogenous stimuli.

An unusual effect of PKC-signaling on Q-incorporation has been reported in HeLaS3 cells when
grown in horse serum (a serum naturally low in queuine) under low oxygen conditions [77,78]. Cells
depleted of queuine by growth in horse serum for 48 h can fully restore Q-modified tRNA if replenished
with queuine whether maintained under aerobic or hypoxic conditions. However, if the cells are cultured
for an additional 48 h, to deplete serum factors, before replenishment with queuine, hypoxic conditions
completely prohibit Q-modification of tRNA, despite the intracellular accumulation of free queuine base.
It would appear therefore that a depletion of growth factor signals in combination with hypoxia leads to
the inactivation of the queuine-insertase enzyme. The addition of TPA to these hypoxic, queuine-depleted
HeLa cultures completely restored Q-modification activity even in the presence of cycloheximide (a
protein synthesis inhibitor) and a-amanitin (an RNA polymerase inhibitor) [78]. Similarly, EGF could
also restore Q-incorporation and this effect was additive with PDGF, despite PDGF being incapable of
restoring modification by itself. The indication that hypoxia negatively affects the Q-modification of
tRNA correlates with previous observations that the queuine-insertase enzyme needs oxygen for
maximal activity [79]. Whether this effect of hypoxia, like that of phosphorylation, is acting directly or
indirectly on the QTRT1:QTRTD1 complex remains to be determined.

5. Cytosolic and Mitochondrial tRNA Modification

The original studies describing the eukaryotic queuine-insertase activity date back to 1962: a time
when the mechanistic details of translation were still being elucidated. Incubation of intact rabbit
reticulocytes with *4C labeled guanine led to its incorporation into 45 RNA but not into ribosomal RNA
or messenger RNA [80]. Subsequent research by Farkas and colleagues established that the guanine
incorporated by rabbit reticulocytes is limited to a specific set of tRNA [81,82], which were later defined
by the Nishimura laboratory as the isoacceptors for tyrosine, asparagine, aspartic acid and histidine [83].
In the case of eubacteria, the minimal RNA recognition motif for the TGT enzyme is a 7-base loop
containing a Us3G3aUss sequence [84], although the specificity determinants for the eubacterial enzyme
appear relatively modest. Substrates have been shown to include a non-physiological tRNA dimer [85],
the T-arm of an in vitro-transcribed yeast phenylalanyl tRNA [86], and a uracil containing DNA stem
loop [87]. Other more physiological, but non-tRNA substrates, have also been described for the
E. coli enzyme. The VacC chromosomal locus of Shigella flexneri was shown to be homologous to TGT
and mutants lacking this region display a dramatic reduction in virulence due to an attenuation in the
translation of the virF message [88]. Using the E. coli TGT enzyme and a tritiated preQ: substrate, it
was shown that the Virulence regulon transcriptional activator (virF) mRNA can be modified in vitro at
a single base [89]. Other studies exploited tritiated preQ1 to show labeling of a number of non-tRNA
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species in E. coli, which was confirmed by in vitro reactions, although the identity of these RNA species
was not determined [90]. Earlier studies ruled out DNA (from salmon) and ribosomal RNA (bovine and
rat liver) from eukaryotic sources as being substrates for the E. coli enzyme [48]. With respect to RNA
recognition in eukaryotes, in vivo microinjection studies of tRNA into Xenopus laevis oocytes showed that,
like the eubacterial enzyme, a Us3Gs4Uss sequence in a 7-base loop is essential for enzymatic activity [91].
However, unlike eubacterial enzymes it also appears that eukaryotes require an intact tRNA molecule for
efficient transglycosylation [92]. There have been no reports of RNA substrates for the queuine-insertase
enzyme beyond the canonical cytosolic and mitochondrial tRNAGun isotypes.

In eukaryotes, cytosolic tRNA is made by RNA polymerase 11 as a primary transcript requiring a
number of post-transcriptional processing events, including the removal of the 5 leader and
3' trailer sequences, splicing to remove introns, the inclusion of the 3’ terminal CCA nucleotides and the
addition of modifications (Figure 3, Step B). Enzymes involved in modifying tRNA may be exclusively
located in the nucleus, cytoplasm or mitochondria but examples exist where isoenzymes from the same
nuclear encoded gene partition to more than one subcellular compartment [93]. An investigation of
queuine-insertase distribution in Cos7 (monkey kidney) cells show that the QTRT1 and QTRTD1
subunits are excluded from the nucleus and confocal studies revealed that both subunits co-localize to
the mitochondrial membrane (Figure 3, Step C) [60]. The fact that queuine-insertase is not found in the
nucleus agrees with oocyte microinjection studies in Xenopus laevis wherein cytoplasmic delivery of
yeast aspartyl tRNA results in efficient modification with queuine [91,94] whereas nuclear delivery of
tyrosyl tRNA led to modest modification levels (~20%) [95]. Notably, in contrast to the confocal data,
subcellular fractionation resulted in the QTRT1 catalytic subunit distributing exclusively to the cytosolic
fraction. Presumably therefore, the association of QTRT1 to the mitochondria is non-permanent and
occurs through direct or indirect binding to QTRTD1 or other associated proteins.

Mitochondria are now understood to influence many diverse and critical cellular processes and
their dysfunction is associated with several diseases in humans [96—99]. Variation occurs across the
eukaryotic kingdom, however in humans and other eutherian mammals, the mitochondrial genome
encodes a complete set of 22 tRNA species (mt-tRNA). The mt-tRNA can be distinguished from
cytoplasmic tRNA through unique sequence and structural features. They perform an essential function
in the translation of thirteen subunits of the electron transport chain all of which are vital to meeting the
energy requirements of the cell for growth, differentiation, and development (for review see [100]).
Therefore, the fact that mt-aspartyl tRNA is a substrate for Q-modification [10,11] suggests queuine
could influence a myriad of physiological processes. How Q modification of mt-aspartyl tRNA occurs is
presently not understood. It is feasible that a small amount of the queuine-insertase complex exists within the
mitochondrial matrix, which is too low in abundance to be detected by Western blot [60]. Alternatively,
Q-modification may require mt-aspartyl tRNA to gain access to the outer cytosolic membrane. In this regard,
there have been some reports of mitochondrial-encoded tRNA being exported to the cytoplasm in
humans [101] and both in vitro transcribed glutamyl tRNA and derivatives of lysyl tRNA from S.
cerevisiae can be imported into the matrix of isolated human mitochondria [102,103].

As described previously, cytosolic Q-modified aspartyl and tyrosyl tRNA are substrates for mannose
and galactose modification at the C4"-position of the cyclopentanediol moiety (Figure 3, Step D) [15,16].
It has proven possible to purify these sugar-containing tRNA species by chromatography on
lectin-affinity columns that have specificity for the respective sugar [16,50]. Microinjection studies of
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chimeric tRNA molecules into the oocytes of Xenopus laevis indicate a cytosolic location for the
glycosyltransferase enzyme and have revealed the enzyme shows sensitivity to the anticodon nucleotides
at positions 36-38 [91]. The enzyme responsible for modifying aspartyl Q-tRNA has been partially
purified from the soluble fraction of rat liver and shown to accept GDP-a-mannose in the transferase
reaction [104]. It is thought that the mt-aspartyl tRNA is not mannosylated, which may be due to the
mannosy|-transferase enzyme or its sugar substrate being excluded from the mitochondrial compartment
or could possibly result from the mt-aspartyl tRNA being unsuitable to function as a substrate due to
incompatible structural features.

6. Queuine Salvage

Given the unique dietary dependence that eukaryotes have for queuosine, it is perhaps not surprising
that there exists a salvage mechanism to maintain queuosine above critical levels. Efficient salvage
ensures that the Q-modification of tRNA could persist under limited queuine supply and decreases the
net requirement from the gut. In mice that have been maintained on a queuine and Q-tRNA deficient
diet for four weeks the levels of Q-modified histidyl tRNA and asparaginyl tRNA were only depleted to
one-sixth that of normal levels and no decrease was observed in the queuosine content of aspartyl tRNA
or tyrosyl tRNA [23,105]. As observed in these studies, a distinct hierarchy for queuine incorporation
into tRNAGun species is apparent, with aspartyl tRNA taking precedence over other Q-tRNA isotypes.
For example, when fully Q-deficient mice (germ free and fed a defined diet for one year) were administered
queuine at a concentration of 0.75 g per gram body weight, this resulted in Q-modification of aspartyl tRNA
to 96% but only a 35% modification of histidyl tRNA [23]. Similar results have been seen in cells in culture.
Rat liver epithelial cells grown in horse-serum containing medium (low queuine) show a reduction of
mannosyl Q-tRNA to 57% normal levels but a drop in galactose Q-tRNA and Q-tRNA to 16% and 9%,
respectively [50]. The Farkas group previously suggested that the sugar modification may account for the
stability of Q-modification in the case of aspartyl tRNA [105] and speculated that queuine-insertase may
display a higher affinity for aspartyl tRNA relative to the other Q-tRNA isoacceptors [23]. In contrast to the
effect of PKC on queuine uptake and incorporation the salvage pathway in eukaryotes does not appear to be
affected by phosphorylation [76,106].

As mentioned previously, queuine base is the substrate of the queuine-insertase enzyme and therefore,
by necessity, salvage must entail the removal of queuine from a nucleoside or nucleotide intermediate
following tRNA turnover in the cell (Figure 3, Step E). The eukaryotic queuosine salvage mechanism
has been most extensively studied in Vero (African green monkey kidney) cells [43,107]. Pulse labeling
Vero cells with tritiated queuine determined the half-life of queuosine in tRNA to be 52 days, indicating
the existence of an efficient salvage mechanism and negligible intracellular catabolism [107]. Exogenously
supplied Q-nucleoside can function as a substrate for Q-tRNA formation in intact Vero cells [107].
However, crude cell extracts are unable to convert Q-nucleoside to queuine base, or perform the reverse
conversion [43], leading the Katze group to hypothesize the existence of a phosphorylated
salvage intermediate. Glindiiz and Katze exploited the fact that L-M cells are unable to salvage queuosine
from degraded tRNA and instead accumulate a large fraction of 5’-QMP intracellularly, which could be
isolated for in vitro analysis. Vero cell extracts were found to successfully convert the purified 5’-QMP
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to queuine base, whereas neither 3'-QMP nor mannosyl 5-QMP were accepted as substrates for
salvage [107].

In contrast to the limited activities seen in the cellular extracts, mechanisms must exist in vivo to
interconvert the various forms of queuosine since exogenously supplied Q-nucleoside can function as a
substrate for Q-tRNA formation in Vero cells [107]. This would require the existence of a kinase to
convert the nucleoside to 5-QMP. Indeed, Gundlz and Katze claim to observe such an activity in
both L-M and Vero cell extracts [43]. In addition, Vero cell extracts were shown to have the ability to
hydrolyse the L-M cell derived 5-QMP to Q-nucleoside and sugar-modified Q-nucleoside, the
production of which is speculated to rely on a membrane bound 5’-nucleotidase. Furthermore, although
mannosyl 5’-QMP is not a direct substrate for salvage activity in Vero cells, Glndiiz and Katze argue
that the sugar residues (mannose and galactose) must be removable in vivo since L-M cells contain
relatively small amounts of free sugar-modified queuosine (5%) in comparison to the proportion found
in tRNA (approx. 50%) [24,43].

Salvage was also investigated in partially purified extracts from the eukaryotic algae, Chlorella
pyrenoidosa and Chlamydomonas reinhardtii yielding somewhat different results [26]. Candidate
substrates were added to cell free extracts and products resolved by HPLC. In this case it was observed
that queuine was derived from queuosine nucleoside and not 5'-QMP revealing an alternative salvage
mechanism in these algae. A search of genes that co-distribute with eukaryotic QTRT1 and QTRTD1
recently identified a potential Q salvage protein, DUF2419 [108]. Evidence for the importance of this
protein is provided by the fact Q-modified tRNA is absent from Schizosaccharomyces pombe carrying
a deletion in the DUF2419 gene and maintained on a bactopeptone containing medium; a known source
of queuosine intermediates [26]. DUF2419 is functionally conserved across diverse species and homologues
from Zea mays, human and Sphaerobacter thermophiles were found to complement the gene defect in
mutant yeast. Structural modeling determined that DUF2419 bears homology to a DNA glycosylase
from the hyperthermophilic bacterium Pyrobaculum aerophilum and this together with the spatial
location of two invariant basic residues (suitably positioned to interact with a phosphate group) are
suggestive that the protein may be a ribonucleoside hydrolase that interacts with 3’-QMP as a substrate
or product [108]. Together, the results of these studies indicate that Q-salvage mechanisms may differ
across species or alternatively that experimental design has biased the identification of one principle
salvage mechanism over another.

7. Queuine and Queuosine in Metabolism, Development and Aging

As mentioned above, the studies of Farkas in germfree mice definitively shows that vertebrate species
are nonautotrophic for queuosine biosynthesis and under laboratory conditions the animals have no overt
pathologies [23,105,109]. However, withdrawal of tyrosine from the diet resulted in dramatic symptoms in
these animals that included squinting, stiffness, lethargy, convulsion and invariably death after only
18 days [110]. The re-administration of chemically synthesized queuine or tyrosine completely prevented
the symptoms. The data indicate that depriving animals of queuine is lethal in combination with tyrosine
despite the fact that tyrosine is a nonessential amino acid in higher eukaryotes and can be synthesized from
phenylalanine through the activity of the enzyme phenylalanine hydroxylase (PAH) [111]. However, the
levels of PAH or its cofactor tetrahydrobiopterin (BH4) were not examined in these germfree animals.
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Genetrap knockout mice for the catalytic QTRT1 subunit (Qtrt1®!) are deficient in Q-tRNA and,
similar to the germfree mice of the Farkas studies, appear healthy and viable. There were no notable
reductions in litter size, fecundity, or lifespan [112]. Surprisingly, their maintenance on a tyrosine free
chow diet for two months did not lead to any obvious symptoms of ill health. However, both Qtrt1®t
mice and queuine deprived HepG2 (human hepatoma) cells were found to have a reduced capacity to
convert phenylalanine to tyrosine. This effect was not related to a reduction in PAH protein or activity
as a consequence of attenuated translation. Rather, Qtrt1®t animals showed a significant decrease in
plasma BH4 concomitant with an increase in plasma and urine levels of the oxidized biopterin,
dihydrobiopterin (BH2); a known competitive inhibitor of PAH. If changes in BH4 were to occur in
the germfree, Q-deficient mice it may partially account for the severe neuropathological symptoms
displayed by these animals following tyrosine withdrawal since the BH4 cofactor is critically required
for the supply of not only tyrosine but also the neurotransmitters dopamine, epinephrine, norepinephrine,
serotonin and nitric oxide.

The underlying cause of BH2 accumulation in Qtrt1® mice is uncertain but may relate to general
metabolic changes promoted by queuine deficiency [77,79,113,114]. It is interesting that queuine
deprived mice and Qtrt1®t animals differ in their sensitivity to tyrosine deprivation, highlighting the
non-equivalence of the two experimental systems. Indeed, in comparison to germfree mice, which were
fed a chemically defined diet, the Qtrt1%t animals could be expected to have both normal gut flora and
queuine levels, and additional nutrients provided by the chow diet. Dissecting the exact relationship
between tyrosine production, tetrahydrobiopterin and queuine will require further in depth evaluation of
the respective animal models. Such investigations would not only shed light on the physiological
function of queuine and Q-tRNA but may uncover unanticipated lines of communication along the
gut-brain axis.

The relationship between pteridines (the chemical class to which BH4 belongs) and queuine has been
recognized for some time. Obvious structural similarities exist as both are derived from GTP nucleotide.
Earlier literature described extracts from the Drosophila melanogaster mutants ‘brown’ and ‘sepia’ that
can inhibit the queuine-incorporation activity of L-M cells [115]. The sepia mutants show abnormal
accumulation of sepiaterin, biopterin and pterin, and the latter two molecules were found to directly
inhibit L-M cell Q-incorporation into tRNA whereas all three pteridines were found to inhibit
queuine-insertase from rabbit erythrocytes, with pterin showing the greatest effect (a Ki of 9 nM with guanine
as substrate) [115]. Conformation of this original data was provided by studies using queuine-insertase
activity purified from rabbit reticulocytes demonstrating that pterin, sepiapterin, biopterin and
tetrahydrobiopterin were all capable of inhibiting guanine incorporation into tRNA [44]. In culture, pterin
was found to inhibit the formation of aspartyl Q-tRNA in mouse fibroblasts (Ki ~1 uM) [44]. More recently
the inhibition of human queuine-insertase by biopterin was evaluated, yielding a Ki of 8.9 uM [116].
Being an order of magnitude above the Km value for queuine (260 nM), this data would suggest that biopterin
IS not a particularly potent inhibitor of the enzyme [116].

Further studies in murine erythroleukemia (MEL) cells have provided evidence for a relationship between
queuine and tetrahydrobioptein in vivo. In these cells, induction of erythroid differentiation by DMSO leads
to a rapid but transient three-fold induction of tetrahydrobiotperin levels (to a maximum of 40-50 uM), which
precedes an approximate six-fold increase in unmodified tRNAGun by 24 h [117]. The rise in unmodified
tRNA was only transient and found to return to almost full Q-modification post-differentiation. Interestingly,
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administration of N-acetylserotonin, a recognized inhibitor of tetrahydrobiopterin synthesis, eliminated the
transient elevation of tetrahydrobiopterin in MEL cells and significantly decreased and delayed the
accumulation of unmodified tRNAcun and the cellular differentiation process. The authors demonstrate a
50% inhibition of the rabbit erythrocyte queuine-insertase activity at physiological BH4 concentrations,
as was observed during MEL differentiation. However, inhibition of queuine-insertase alone is unlikely to
account for the marked drop in the Q-modification of tRNAGun, especially given the long half-life of tRNA
(in the order of days) and of Q-modified tRNA (at 52 days; [107]). Most likely, a combination of
queuine-insertase inhibition by tetrahydrobiopterin and enhanced proliferation or a large induction of
nascent tRNA synthesis by RNA polymerase I11 accounts for the change.

As described previously, data indicate that the tRNA of pre-natal mice [118] and young rats have low
levels of Q-modified tRNA that increase with age [48] suggestive of a role for queuosine in development
and differentiation. Induced differentiation of leukemic cells in culture leads to increased Q-modification of
tRNAGun species [119-121]. Further studies in invertebrate species have examined changes in Q-tRNA
during development and ageing. In the slime mold, Dictyostelium discoideum, queuosine was found to
influence lactate dehydrogenase activity [122] and the generation of fungal-like aggregates possibly
through regulation of cyclic AMP levels [122]. In Drosophila melanogaster the amount of
Qas- relative to Gas-tRNA was found to dramatically change during metamorphosis [123]. Larval stages
show a steady decline in tRNA Q-modification, reaching near full depletion before subsequently
recovering as they develop into adult flies [123]. Although these changes in Q-tRNA would appear to
correlate with defined morphological processes during the fly life cycle it is also possible that the
changes simply reflect alterations in the diet and environment as the flies mature [109,124,125].
Countering these observations in Drosophila melanogaster, the tRNA of Musca domestica (housefly)
exclusively contains Qss-tRNA in the larvae and adult stage, whereas in Lucilia sericata (green bottle fly) a
significant proportion of Gss-tRNA is found in larvae [126]. Thus, a common regulatory function for
Qs4 anticodon modification in fly development could not be concluded from these studies. However,
more recent genomic analysis of the drosophilid lineage may provide a rational for the observed
differences (see below).

8. Queuine and Queuosine in Cancer

Decreased Q-modification of tRNAcun has been demonstrated for a large number of neoplastic
tissues and cancer cell lines, most exploiting the ability of E. coli TGT to insert radiolabelled guanine
into unmodified tRNAGun as described earlier [127]. This has been specifically shown for human
colon [59], ovarian [128], brain [129] and lung [130] tumors and in leukemia and lymphomas [131]. It
should be noted that the Q-hypomodification is not a universal phenomenon of cancer. Some studies
have shown fully Q-modified tRNA in patient neoplastic samples [59,131,132]. Nevertheless, where
hypomodification does occur, it appears to correlate strongly with the tumor grade [59,128-131]. Indeed,
separate studies on ovarian and lung cancer showed that patients with low Q-tRNA content have poor
long-term survival [128,130]. Whether the loss of the Q-modification in tRNA has a driving influence
in neoplasia is unknown, but it would appear unlikely, as neither the queuine deficient germfree mice
nor Qtrt1®t animals, displayed any increase in tumor formation [110,112].
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The capabilities, if any, that queuosine hypomodification may bestow to a cancer cell, are still
poorly understood, and conflicting data exist. In mammalian cells, queuine treatment is reported to
modulate tolerance to hypoxia [77], influence proliferation [133,134] and the expression of lactate
dehydrogenase [113]. There is a question as to whether the results seen in most of these studies are due to
free queuine base or Q-modified tRNA. In HeLa cells cultured in medium containing 10% horse serum,
queuine treatment increased cell density under aerobic conditions but decreased cell density under
hypoxic conditions [135]. From this work it is suggested that queuine is a stimulant for proliferation in
an aerobic environment, but inhibitory when conditions are hypoxic. Later, a study from the same group
on the proliferation of non-transformed, transformed and tumor-derived cell lines concluded that queuine
can stimulate or inhibit growth, depending on the cell line investigated [134]. In HelLa cells, Kersten’s
group could show that under aerobic conditions in the presence of queuine, mitochondrial electron flow
was enhanced 1.4-fold, as determined by 3-(4,5-Dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide
(MTT) assay [77], indicating queuine or Q-modified tRNA may enhance oxidative phosphorylation. Our
own unpublished observations failed to see any effect of queuine addition on the proliferation of HelLa,
HelLaS3, HepG2, and H4IIE cells grown in commercial serum-free mediums. Furthermore, detailed
analysis of the human breast adenocarcinoma cell line MDA-MB-231 grown in a chemically-defined,
serum-free medium failed to show any effect of queuine on proliferation (shown by tritiated thymidine
incorporation) or metabolism (determined by oxygen consumption and extracellular acidification of the
medium) despite being incorporated into tRNA (Figure 5).
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Figure 5. Proliferation and metabolism of queuine deficient human breast adenocarcinoma cell
line, MDA-MB-231. (A) Growth of MDA-MB-231 cells in Leibovitz L15 medium
(10% FBS) is indistinguishable from that in serum-free, growth factor-free medium
(SGF medium). (B) Cells passaged every three days (P1, P2, etc.) on 96-well plates subject
to FluoReporter® Blue Quantitation assay. Data are means + SD (n = 8). (C) Incorporation
of [*H]-queuine into MDA-MB-231 tRNA (acid-precipitable fraction) increases with
concentration. Data are means = SD (n = 4). (D) Incorporation of [*H]-queuine into
MDA-MB-231 tRNA (acid-precipitable fraction) increases with time. Data are means + SD
(n = 4). (E) Incorporation of [°*H] thymidine (0.4 uCi mL™") into MDA-MB-231 DNA is
unaffected by treatment with 300 nM queuine over 72 h. (F) Oxygen consumption rate (OCR)
of MDA-MB-231 cells in response to metabolic modulators is unaffected by treatment with
300 nM queuine over 72 h. Metabolic modulators are: injection 1: 0.5 ug mL™! oligomycin
(ATP synthase inhibitor), injection 2:300 nM Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) (electron transport chain uncoupling agent), injection 3:1 uM
rotenone (electron transport chain complex I inhibitor) and 10 uM (electron transport chain
complex Il inhibitor). Data are means £ SD (n = 4). (G) Extracellular acidification rate
(ECAR) of MDA-MB-231 cells in response to metabolic modulators is unaffected by treatment
with 300 nM queuine over 72 h. Metabolic modulators are: injection 1:2.5 mM glucose (first
substrate of glycolysis), injection 2: 0.5 pg mL™! oligomycin (ATP synthase inhibitor), injection
3:25 mM 2-deoxy-D-glucose (inhibits glycolysis). Data are means + SD (n = 4).

The proto-oncogenes c-myc and c-fos are well established as drivers of increased cell proliferation in
neoplastic tissues. The Kersten group observed that in HeLa cells, treatment with queuine caused levels of
c-fos mMRNA to be reduced while c-myc mRNA levels were elevated [133]. The group argue that the reduced
levels of c-fos mMRNA are due to increased translation of the protein and therefore destabilization of the
mRNA. This study also reports increased levels of protein phosphorylation upon queuine treatment [133].
Friend murine erythroleukemia 745A and M18 cells and human K562 erythroleukemia cells have also been
shown to be deficient in queuosine-modified tRNA when in an undifferentiated state [117,119-121].
Interestingly, forced differentiation of K562 cells by araC, sodium butyrate, hemin, and azaC led to a
restoration in Q-modification of their tRNA [121]. However, differentiation of murine erythroleukemic
cells into mature erythroid cells was not induced by the addition of queuine to the tissue culture medium
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(M. Terade and S. Nishimura, unpublished results; [9]), suggesting that the Q-modification is a result
of differentiation, not a causative factor. Q-hypomodification of tRNA could also be induced by
transfection of the C3H10T1/2 murine fibroblasts with the Ras oncogene [136].

A number of possible causes for Q-tRNA deficiency in cancer have been proposed including an
increased demand for queuine base due to hyperproliferation and rapid tRNA turnover, decreased uptake
of queuine due to inhibition of transporters or low bioavailability, defective or absent queuine-insertase
activity possibly due to inhibitory biomolecules produced in cancerous cells and tissues, or decreased
salvage activity [106]. Limited bioavailability of queuine in rapidly dividing reticulocytes has previously
been shown to deplete the levels of queuosine-containing tRNA [137]. Similarly, tRNA in regenerating
adult rat liver is hypomodified with queuosine when compared to normal adult rat liver [127,138]. On
the other hand, low bioavailability does not provide a full explanation for the loss of the modification,
especially in the case of circulatory cancers, leukemia and lymphomas, which would be exposed to normal
blood serum levels of queuine. An increased turnover of tRNA in cancerous cells [139], coupled to
increased proliferation, could be responsible for the Q-hypomodification in some cancers. In the HXGCs
colon adenocarcinoma-derived cell line a complete deficiency of Q-modification was observed compared
to HFF cultures and this was attributed to a defective queuine-insertase activity [59]. Treatment of these
cells with 5-azacytidine, a DNA methyltransferase inhibitor, increased the incorporation of rQTs into
tRNA (0.42 pmol (10° cells)™), albeit at levels five-fold less than that of HFF cultures (2.4 pmol
(10° cells) ') [106], leading the authors to conclude that HXGCs cells have a transcriptional defect in the
queuine-incorporating enzyme. In MCF7 breast adenocarcinoma cells, which display a Q-deficiency of
50%—-60%, the lack of salvage capabilities following turnover of Q-modified tRNA was said to account
for the effect [106]. The loss of Q-modified tRNA may also be due to the production of substances in
cancerous cells that interfere with the queuine modification system. Pteridine metabolism is altered in
neoplastic tissue [140] leading to increased levels of biopterin, neopterin and pterin. Another possible
inhibitor of the queuine-insertase enzyme, 7-methylguanine has also been reported to increase in cancer
due to higher tRNA turnover [10].

The possibility that the queuosine hypomodification of cancerous tissue relates to enhanced
propagation or survival has been addressed by cancer models in animals and cells in culture. In mice
administered Ehrlich ascites, the tRNA from tumor-bearing liver samples was found to be
Q-deficient and administration of queuine base from bovine amniotic fluid restored the modification in
tRNA resulting in an apparent decrease in tumor mass [141]. In mice transplanted with Dalton’s
lymphoma ascites cells, administration of synthetic queuine base rescued the Q-modification of
cancerous liver tRNA [142] and upon removal of ascites cells from mice, the cell viability seemed to
be reduced, as determined by trypan blue staining and cell counting [143]. In contrast to these studies,
large amounts of synthetic queuine given by intraperitoneal injection to mice harboring L1210 or
S-180 tumors gave no inhibition of tumor growth despite the tumor tRNAGun being completely restored
to Q-containing species ( [9]; unpublished results). It seems unlikely that Q-deficient tRNA is necessary
for the neoplastic state. Assessment of the tRNAcun by RPC-5 chromatography from several Balb/c
mouse plasmacytomas showed large variability in the levels of Q-modification even though the
plasmacytomas had similar growth rates and size at harvest [144]. The large differences among such a similar
group of tumors would argue that the alteration in Q levels is secondary to the neoplastic process.



Nutrients 2015, 7 2918

9. Queuosine in Translation

Potentially, Q-modification of tRNA could influence translation at a number of stages (Figure 3,
Step F). Studies indicate that the presence of queuosine can affect the efficiency of tRNA
aminoacylation. Using rabbit liver aminoacyl tRNA synthetase and unfractionated tRNA preparations
from L-M cells it was found that Q-modified aspartyl tRNA had a 30% higher Vmax and 55% lower Km
for amino acid charging relative to G-containing aspartyl tRNA [132]. Similarly, the presence of Qs4 in
tyrosyl tRNA from E.coli results in a slight decrease in Km (0.47 uM) relative to Gas (0.6 uM) [35]. The
extent to which Qz4 may influence the rate of amino acid charging across all tRNAGun species and how
this may impact protein translation are presently unknown.

At the level of ribosomal translation, the tRNAGun isoacceptors are specific for dual redundant codons
that vary solely by having either U or C in the third position (i.e., NAC and NAU codons, where N is
any base). Therefore, it has long been assumed that the wobble Qszs can exert some influence on
codon-anticodon recognition. The crystal structure of the 5-QMP molecule show the cyclopentanediol
moiety is positioned such that it would not obstruct Watson-Crick base pairing [145]. Instead, results of
in silico modeling of aspartyl tRNA suggest Qs4 acts to restrict the conformational flexibility of the
anticodon loop through intramolecular hydrogen bonding [106]. The results of experimental studies in
eukaryotes indicate the effects of Q-modification may be subtle. Indeed, no essential difference was
observed in the rate or the extent of protein synthesis between Q-containing and Q-lacking tRNA isolated
from Drosophila when protein synthesis was carried out in a cell-free, tRNA dependent, MRNA dependent
system [125]. Furthermore, Smith and colleagues determined that both Qzs and Gsa histidyl tRNA were
capable of distributing labeled histidine equally among all histidine specifying codons in hemoglobin, even
in direct competition experiments [146]. Such data indicate that no dramatic differences exist in the ability
of Gss and Qss modified tRNA to read NAC and NAU codons. The microinjection of histidyl tRNA
isoacceptors from Drosophila into Xenopus oocytes did, however, yield some notable effects, with Gss
displaying a clear preference for C- over U-ending codons that contrasts to the results of Qs histidyl tRNA,
which exhibits only a slight preference for Q:U pairing over Q:C [147]. A similar conclusion for the effects
of Gas and Qs4 were reached in modeling studies of aspartyl tRNA [106].

Redundancy in the genetic code provides scope for the fine-tuning of protein production [148].
Although the impact of Q-modification on codon preference may be modest, across an entire genome
the cumulative effect could result in pronounced changes. Data from multiple species have found that
the choice of synonymous codons can impact fitness, differing in the speed and accuracy with which
they are read as a consequence of tRNA abundance and modification. In this regard, it is interesting that
a dramatic shift in codon preference has been identified across the drosophilid lineage and in particular
for the amino acids tyrosine, histidine, asparagine and aspartic acid [149-152]. For example,
D. melanogaster show a preference for NAC codons whereas D. virilis has a preference for NAU
codons [153]. This has allowed an interrogation of Q function at the genomic level. Zaborske and
colleagues observed that in adult flies, the level of Q-modification provides an accuracy driven selective
advantage of C- over U-ending codons. They propose a “kinetic competition model”, wherein the
presence of Qsz4 leads to more accurate translation of the C-ending codon as a result of increased
binding affinity. This acts to overpower competition from near- and non-cognate tRNA. In the absence
of Qs4, a U-ending codon is more accurate than a C-ending codon since the competition from the wrong
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tRNA is weaker. In this way, Q-modification acts to reverse the relative codon accuracy within the duel
synonymous codon family [153]. If, as they argue, Q-modification is limited by the availability of queuine,
one is drawn to the conclusion that this microbial derived micronutrient acts to influence translational fidelity
and ultimately the evolutionary fate of the genome of this organism [153].

10. Perspective

It is an intriguing thought that queuosine, being so widely distributed across eukaryotic plant and
animal species, ultimately (and exclusively) should depend on eubacteria for its production. This
perplexing fact, together with queuosine’s central location in anticodon-codon recognition has
undoubtedly helped spur enthusiasm for study in this area over many decades. Great advances have
been made, especially in recent years where a comprehensive understanding of the queuosine
biosynthetic process has been reached, coupled to detailed kinetic and crystallographic analysis of some
of the respective enzymes [3,13]. Although falling outside the scope of this review, other fascinating
aspects of the eubacterial queuosine system have been uncovered, including the preQ: controlled
riboswitches [154,155], and a requirement for the Q biosynthetic pathway for symbiotic colonization of
nitrogen-fixing nodules in legumous plants [156].

With regard to the mammalian system, a great deal remains to be understood including the
mechanistic processes of queuine acquisition and retention and the cause and consequences of queuosine
deficiency under physiological and pathological conditions, such as occurs in early development
and cancer. Q modification of tRNA is an ancient process and a compilation of genes essential to the
last universal common ancestor have identified the tRNA ribosyltransferase enzyme among the minimal
gene set [157]. The results of recent genomic analysis in the Drosophila lineage offers tantalizing
indications for a role of queuosine in accuracy driven codon preference and in the evolution of the
genome of this organism [153]. How such observations translate to other species is an open question.
Given its extensive presence throughout the biosphere it is perhaps not surprising that queuosine should
leave evolutionary fingerprints that evidence a role in numerous physiological processes. By definition,
a micronutrient is a substance required for the normal growth and development of a living organism.
Although queuine deficiency in a number of eukaryotic species did not reveal overt ill effects, it is likely
that subtle yet essential roles for this elusive micronutrient are only awaiting discovery.

Acknowledgments

VPK is grateful to Science Foundation Ireland (07/RFP/BIMF3 and 05/IN3/B761) for funding various
aspects of the work and CF acknowledges support from the Irish Cancer Society (ICS/CRS11FER) for
a PhD Scholarship.

Author Contributions

Claire Fergus and Vincent P. Kelly conducted the literature search and wrote the review. All authors
assisted in the design of the review, commented, edited and approved the paper and are responsible for
the final version of the paper.



Nutrients 2015, 7 2920

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Grosjean, H. Nucleic acids are not boring long polymers of only four types of nucleotides: A
guided tour. In DNA and RNA Modification Enzymes: Structure, Mechanism, Function and
Evolution; Grosjean, H., Ed.; Landes Bioscience: Austen, TX, USA, 2009; pp. 1-18.

2.  The RNA Modification Database. Available online: http://mods.rna.albany.edu/home (accessed on
9 April 2015).

3. Iwata-Reuyl, D. Biosynthesis of the 7-deazaguanosine hypermodified nucleosides of transfer RNA.
Bioorg. Chem. 2003, 31, 24-43.

4.  Agris, P.F. Decoding the genome: A modified view. Nucleic Acids Res. 2004, 32, 223-238.

5.  RajBhandary, U.L.; Ghosh, H.P. Studies on polynucleotides. XCI. Yeast methionine transfer
ribonucleic acid: Purification, properties, and terminal nucleotide sequences. J. Biol. Chem. 1969,
244, 1104-1113.

6. Goodman, H.M.; Abelson, J.; Landy, A.; Brenner, S.; Smith, J.D. Amber suppression: A nucleotide
change in the anticodon of a tyrosine transfer RNA. Nature 1968, 217, 1019-1024.

7.  Doctor, B.P.; Loebel, J.E.; Sodd, M.A.; Winter, D.B. Nucleotide sequence of E. coli tyrosine
transfer ribonucleic acid. Science 1969, 163, 693-695.

8.  Harada, F.; Nishimura, S. Possible anticodon sequences of tRNA His, tRNA Asn, and tRNA Asp
from E. coli Universal presence of nucleoside Q in the first position of the anticodons of these
transfer ribonucleic acids. Biochemistry 1972, 11, 301-308.

9.  Nishimura, S. Structure, biosynthesis, and function of queuosine in transfer RNA. Prog. Nucleic
Acid Res. Mol. Biol. 1983, 28, 49-73.

10. Randerath, E.; Agrawal, H.P.; Randerath, K. Specific lack of the hypermodified nucleoside,
queuosine, in hepatoma mitochondrial aspartate transfer RNA and its possible biological
significance. Cancer Res. 1984, 44, 1167-1171.

11. Morl, M.; Doérner, M.; P&ébo, S. C to U editing and modifications during the maturation of the
mitochondrial tRNA Asp) in marsupials. Nucleic Acids Res. 1995, 23, 3380-3384.

12. Ishitani, R.; Nureki, O.; Nameki, N.; Okada, N.; Nishimura, S.; Yokoyama, S. Alternative tertiary
structure of tRNA for recognition by a posttranscriptional modification enzyme. Cell 2003, 113,
383-394.

13. Stengl, B.; Meyer, E.A.; Heine, A.; Brenk, R.; Diederich, F.; Klebe, G. Crystal structures of
tRNA-guanine transglycosylase (TGT) in complex with novel and potent inhibitors unravel
pronounced induced-fit adaptations and suggest dimer formation upon substrate binding. J. Mol.
Biol. 2007, 370, 492-511.

14. Phillips, G.; de Crécy-Lagard, V. Biosynthesis and function of tRNA modifications in Archaea.
Curr. Opin. Microbiol. 2011, 14, 335-341.



Nutrients 2015, 7 2921

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kasai, H.; Nakanishi, K.; Macfarlane, R.D.; Torgerson, D.F.Z.; Ohashi, J.A.; McCloskey, H.J.;
Gross, S. The structure of Q-nucleoside isolated from rabbit liver transfer ribonucleic acid. J. Am.
Chem. Soc. 1976, 98, 5044-5046.

Okada, N.; Shindo-Okada, N.; Nishimura, S. Isolation of mammalian tRNAAsp and tRNATyr by
lectin-Sepharose affinity column chromatography. Nucleic Acids Res. 1977, 4, 415-423.

Salazar, J.C.; Ambrogelly, A.; Crain, P.F.; McCloskey, J.A.; S6ll, D. A truncated aminoacyl-tRNA
synthetase modifies RNA. Proc. Natl. Acad. Sci. USA 2004, 101, 7536-7541.

Blaise, M.; Olieric, V.; Sauter, C.; Lorber, B.; Roy, B.; Karmakar, S.; Banerjee, R.; Becker, H.D.;
Kern, D. Crystal structure of glutamyl-queuosine tRNAAsp synthetase complexed with L-glutamate:
structural elements mediating tRNA-independent activation of glutamate and glutamylation of
tRNAAsp anticodon. J. Mol. Biol. 2008, 381, 1224-1237.

Iwata-Reuyl, D.; de Crécy-Lagard, V. Enzymatic Formation of the 7-Deazaguanosine Hypermodified
Nucleosides of tRNA. In DNA and RNA Modification Enzymes: Structure, Mechanism, Function
and Evolution; Henri, G., Ed.; Landes Bioscience: Austen, Texas, USA, 2009; pp. 377-391.

El Yacoubi, B.; Bailly, M.; de Crécy-Lagard, V. Biosynthesis and function of posttranscriptional
modifications of transfer RNAs. Annu. Rev. Genet. 2012, 46, 69-95.

Okada, N.; Nishimura, S. Isolation and characterization of a guanine insertion enzyme, a specific
tRNA transglycosylase, from E. coli. J. Biol. Chem. 1979, 254, 3061-3066.

Ohgi, T.; Goto, T.; Kasai, H.; Nishimura, S. Stereochemistry of the cyclopentene side chain in the
nucleoside Q obtained from E. coli tRNA. Tetrahedron Lett. 1976, 17, 367-370.

Reyniers, J.P.; Pleasants, J.R.; Wostmann, B.S.; Katze, J.R.; Farkas, W.R. Administration of
exogenous queuine is essential for the biosynthesis of the queuosine-containing transfer RNAs in
the mouse. J. Biol. Chem. 1981, 256, 11591-11594.

Katze, J.R.; Glndiz, U.; Smith, D.L.; Cheng, C.S.; McCloskey, J.A. Evidence that the nucleic acid
base queuine is incorporated intact into tRNA by animal cells. Biochemistry 1984, 23, 1171-1176.
Ott, G.; Kersten, H.; Nishimura, S. Dictyostelium discoideum: A useful model system to evaluate
the function of queuine and of the Q-family of tRNAs. FEBS Lett. 1982, 146, 311-314.

Kirtland, G.M.; Morris, T.D.; Moore, P.H.; O’Brian, J.J.; Edmonds, C.G.; McCloskey, J.A,;
Katze, J.R. Novel salvage of queuine from queuosine and absence of queuine synthesis in Chlorella
pyrenoidosa and Chlamydomonas reinhardtii. J. Bacteriol. 1988, 170, 5633-5641.

Siard, T.J.; Jacobson, K.B.; Farkas, W.R. Queuine metabolism and cadmium toxicity in
Drosophila melanogaster. Biofactors 1991, 3, 41-47.

Gaur, R.; Bjork, G.R.; Tuck, S.; Varshney, U. Diet-dependent depletion of queuosine in tRNAs in
Caenorhabditis elegans does not lead to a developmental block. J. Biosci. 2007, 32, 747-754.
Katze, J.R.; Farkas, W.R. A factor in serum and amniotic fluid is a substrate for the tRNA-modifying
enzyme tRNA-guanine transferase. Proc. Nat. Acad. Sci. USA 1979, 76, 3271-3275.

Katze, J.R. Queuosine metabolism: possible relation to B-cell activation by C8 derivatives of
guanosine. Proc. Soc. Exp. Biol. Med. 1985, 179, 492-496.

Kersten, H.; Kersten, W. Part B: Biological Roles and Function of Modification. In Chromatography
and Modification of Nucleosides; Gehrke, C.W.; Kuo, K.C.T., Eds.; Elsevier: Amsterdam, The
Netherlands, 1990; pp. B69-B108.


http://pubs.acs.org/action/doSearch?ContribStored=Gross%2C+H.+J.
http://pubs.acs.org/action/doSearch?ContribStored=Gross%2C+H.+J.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kirtland%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=3142853
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morris%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=3142853
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moore%20PH%5BAuthor%5D&cauthor=true&cauthor_uid=3142853
http://www.ncbi.nlm.nih.gov/pubmed/?term=O'Brian%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=3142853
http://www.ncbi.nlm.nih.gov/pubmed/?term=Edmonds%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=3142853
http://www.ncbi.nlm.nih.gov/pubmed/?term=Katze%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=3142853

Nutrients 2015, 7 2922

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Katze, J.R.; Basile, B.; McCloskey, J.A. Queuine, a modified base incorporated post-transcriptionally
into eukaryotic transfer RNA: Wide distribution in nature. Science 1982, 216, 55-56.

Brooks, A.F. Synthesis of Tritium Labeled Queuine, PreQl and Related Azide Probes Toward
Examining the Prevalence of Queuine. Ph.D. Thesis, University of Michigan, Michigan, MI, USA,
June 2012.

Palmer, M.T.; Kirkman, R.; Kosloff, B.R.; Eipers, P.G.; Morrow, C.D. tRNA isoacceptor preference
prior to retrovirus Gag-Pol junction links primer selection and viral translation. J. Virol. 2007, 81,
4397-4404.

Noguchi, S.; Nishimura, Y.; Hirota, Y.; Nishimura, S. Isolation and characterization of an
Escherichia coli mutant lacking tRNA-guanine transglycosylase. Function and biosynthesis of
queuosine in tRNA. J. Biol. Chem. 1982, 257, 6544—-6550.

Dineshkumar, T.K.; Thanedar, S.; Subbulakshmi, C.; Varshney, U. An unexpected absence of
queuosine modification in the tRNAs of an E. coli B strain. Microbiology 2002, 148, 3779-3787.
Katze, J.R.; Beck, W.T.; Cheng, C.S.; McCloskey, J.A. Why is tumor tRNA hypomodified with
respect to Q nucleoside? Recent Results Cancer Res. 1983, 84, 140-159.

Elliott, M.S.; Katze, J.R.; Trewyn, R.W. Relationship between a tumor promoter-induced decrease
in queuine modification of transfer RNA in normal human cells and the expression of an altered
cell phenotype. Cancer Res. 1984, 44, 3215-3219.

Elliott, M.S.; Trewyn, R.W.; Katze, J.R. Inhibition of queuine uptake in cultured human fibroblasts
by phorbol-12,13-didecanoate. Cancer Res. 1985, 45, 1079-1085.

Morris, R.C.; Galicia, M.C.; Clase, K.L.; Elliott, M.S. Determination of queuosine modification
system deficiencies in cultured human cells. Mol. Genet. Metab. 1999, 68, 56-67.

Elliott, M.S.; Crane, D.L. Protein kinase C modulation of queuine uptake in cultured human
fibroblasts. Biochem. Biophys. Res. Commun. 1990, 171, 393-400.

Morris, R.C.; Brooks, B.J.; Hart, K.L.; Elliott, M.S. Modulation of queuine uptake and incorporation
into tRNA by protein kinase C and protein phosphatase. Biochim. Biophys. Acta 1996, 1311,
124-132.

Gundlz, U.; Katze, J.R. Queuine salvage in mammalian cells. Evidence that queuine is generated
from queuosine 5’-phosphate. J. Biol. Chem. 1984, 259, 1110-1113.

Farkas, W.R.; Jacobson, K.B.; Katze, J.R. Substrate and inhibitor specificity of tRNA-guanine
ribosyltransferase. Biochim. Biophys. Acta 1984, 781, 64-75.

Elliott, M.S.; Katze, J.R. Inhibition of queuine uptake in diploid human fibroblasts by
phorbol-12,13-didecanoate. Requirement for a factor derived from early passage cells. J. Biol.
Chem. 1986, 261, 13019-13025.

Trewyn, R.W.; Gatz, H.B. Altered growth properties of normal human cells induced by phorbol
12,13-didecanoate. In Vitro 1984, 20, 409-415.

Elliott, M.S.; Crane, D.L. Interferon induced inhibition of queuine uptake in cultured human
fibroblasts. Biochem. Biophys. Res. Commun. 1990, 171, 384-392.

Singhal, R.P.; Kopper, R.A.; Nishimura, S.; Shindo-Okada, N. Modification of guanine to queuine
in transfer RNAs during development and aging. Biochem. Biophys. Res. Commun. 1981, 99,
120-126.



Nutrients 2015, 7 2923

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Landin, R.M.; Boisnard, M.; Petrissant, G. Correlation between the presence of tRNA His GUG
and the erythropoietic function in foetal sheep liver. Nucleic Acids Res. 1979, 7, 1635-1648.
Costa, A.; Pais de Barros, J.P.; Keith, G.; Baranowski, W.; Desgres, J. Determination of queuosine
derivatives by reverse-phase liquid chromatography for the hypomodification study of Q-bearing
tRNAs from various mammal liver cells. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2004,
801, 237-247.

Jiménez, E.; Marin, M.L.; Martin, R.; Odriozola, J.M.; Olivares, M.; Xaus, J.; Fernandez, L.;
Rodriguez, J.M. Is meconium from healthy newborns actually sterile? Res. Microbiol. 2008, 159,
187-193.

Carbon, P.; Haumont, E.; Fournier, M.; de Henau, S.; Grosjean, H. Site-directed in vitro
replacement of nucleosides in the anticodon loop of tRNA: application to the study of structural
requirements for queuine insertase activity. EMBO J. 1983, 2, 1093-1097.

Howes, N.K.; Farkas, W.R. Studies with a homogeneous enzyme from rabbit erythrocytes
catalyzing the insertion of guanine into tRNA. J. Biol. Chem. 1978, 253, 9082-9087.

Slany, R.K.; Mdiller, S.O. tRNA-guanine transglycosylase from bovine liver. Purification of the
enzyme to homogeneity and biochemical characterization. Eur. J. Biochem. 1995, 230, 221-228.
Shindo-Okada, N.; Okada, N.; Ohgi, T.; Goto, T.; Nishimura, S. Transfer ribonucleic acid guanine
transglycosylase isolated from rat liver. Biochemistry 1980, 19, 395-400.

Walden, T.L.; Howes, N.; Farkas, W.R. Purification and properties of guanine, queuine-tRNA
transglycosylase from wheat germ. J. Biol. Chem. 1982, 257, 13218-13222.

Morris, R.C.; Elliott, M.S. Queuosine modification of tRNA: A case for convergent evolution.
Mol. Genet. Metab. 2001, 74, 147-159.

Deshpande, K.L.; Katze, J.R. Characterization of cDNA encoding the human tRNA-guanine
transglycosylase (TGT) catalytic subunit. Gene 2001, 265, 205-212.

Gundiz, U.; Elliott, M.S.; Seubert, P.H.; Houghton, J.A.; Houghton, P.J.; Trewyn, RW.;
Katze, J.R. Absence of tRNA-guanine transglycosylase in a human colon adenocarcinoma cell line.
Biochim. Biophys. Acta 1992, 1139, 229-238.

Boland, C.; Hayes, P.; Santa-Maria, I.; Nishimura, S.; Kelly, V.P. Queuosine formation in
eukaryotic tRNA occurs via a mitochondria-localized heteromeric transglycosylase. J. Biol. Chem.
2009, 284, 18218-18227.

Romier, C.; Reuter, K.; Suck, D.; Ficner, R. Mutagenesis and crystallographic studies of
Zymomonas mobilis tRNA-guanine transglycosylase reveal aspartate 102 as the active site
nucleophile. Biochemistry 1996, 35, 15734-15739.

Xie, W.; Liu, X.; Huang, R.H. Chemical trapping and crystal structure of a catalytic tRNA guanine
transglycosylase covalent intermediate. Nat. Struct. Biol. 2003, 10, 781-788.

Chen, Y.C.; Kelly, V.P.; Stachura, S.V.; Garcia, G.A. Characterization of the human
tRNA-guanine transglycosylase: Confirmation of the heterodimeric subunit structure. RNA 2010,
16, 958-968.

Chen, Y.C.; Brooks, A.F.; Goodenough-Lashua, D.M.; Kittendorf, J.D.; Showalter, H.D.;
Garcia, G.A. Evolution of eukaryal tRNA-guanine transglycosylase: Insight gained from the
heterocyclic substrate recognition by the wild-type and mutant human and E. coli tRNA-guanine
transglycosylases. Nucleic Acids Res. 2011, 39, 2834-2844.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Jim%C3%A9nez%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mar%C3%ADn%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mart%C3%ADn%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Odriozola%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Olivares%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xaus%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18281199
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rodr%C3%ADguez%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=18281199

Nutrients 2015, 7 2924

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Kittendorf, J.D.; Sgraja, T.; Reuter, K.; Klebe, G.; Garcia, G.A. An essential role for aspartate 264
in catalysis by tRNA-guanine transglycosylase from E. coli. J. Biol. Chem. 2003, 278,
42369-42376.

Garcia, G.A.; Chervin, S.M.; Kittendorf, J.D. ldentification of the rate-determining step of
tRNA-guanine transglycosylase from E. coli. Biochemistry 2009, 48, 11243-11251.

Romier, C.; Meyer, J.E.; Suck, D. Slight sequence variations of a common fold explain the
substrate specificities of tRNA-guanine transglycosylases from the three kingdoms. FEBS Lett.
1997, 416, 93-98.

Biela, I.; Tidten-Luksch, N.; Immekus, F.; Glinca, S.; Nguyen, T.X.; Gerber, H.D.; Heine, A,
Klebe, G.; Reuter, K. Investigation of specificity determinants in bacterial tRNA-guanine
transglycosylase reveals queuine, the substrate of its eukaryotic counterpart, as inhibitor.
PLoS ONE 2013, 8, e64240.

Brenk, R.; Stubbs, M.T.; Heine, A.; Reuter, K.; Klebe, G. Flexible adaptations in the structure of
the tRNA-modifying enzyme tRNA-guanine transglycosylase and their implications for substrate
selectivity, reaction mechanism and structure-based drug design. Chembiochem 2003, 4,
1066-1077.

Stengl, B.; Reuter, K.; Klebe, G. Mechanism and substrate specificity of tRNA-guanine
transglycosylases (TGTs): tRNA-modifying enzymes from the three different kingdoms of life
share a common catalytic mechanism. Chembiochem 2005, 6, 1926-19309.

Ritschel, T.; Atmanene, C.; Reuter, K.; van Dorsselaer, A.; Sanglier-Cianferani, S.; Klebe, G.
An integrative approach combining noncovalent mass spectrometry, enzyme kinetics and X-ray
crystallography to decipher Tgt protein-protein and protein-RNA interaction. J. Mol. Biol. 20009,
393, 833-847.

Vandenbergh, D.J.; Grant, M.D.; Severns, V. A simple tandem repeat polymorphism is present in
the eighth intron of FLJ12960, a possible queuine salvage enzyme gene. Mol. Cell. Probes 2003,
17, 319-320.

Deshpande, K.L.; Seubert, P.H.; Tillman, D.M.; Farkas, W.R.; Katze, J.R. Cloning and
characterization of cDNA encoding the rabbit tRNA-guanine transglycosylase 60-kilodalton
subunit. Arch. Biochem. Biophys. 1996, 326, 1-7.

Ishiwata, S.; Ozawa, Y.; Katayama, J.; Kaneko, S.; Shindo, H.; Tomioka, Y.; Ishiwata, T.;
Asano, G.; lkegawa, S.; Mizugaki, M. Elevated expression level of 60-kDa subunit of
tRNA-guanine transglycosylase in colon cancer. Cancer Lett. 2004, 212, 113-119.

Shinji, S.; Naito, Z.; Ishiwata, S.; Ishiwata, T.; Tanaka, N.; Furukawa, K.; Suzuki, H.; Seya, T.;
Matsuda, A.; Katsuta, M.; et al. Ubiquitin-specific protease 14 expression in colorectal cancer is
associated with liver and lymph node metastases. Oncol. Rep. 2006, 15, 539-543.

Morris, R.C.; Brooks, B.J.; Eriotou, P.; Kelly, D.F.; Sagar, S.; Hart, K.L.; Elliott, M.S. Activation
of transfer RNA-guanine ribosyltransferase by protein kinase C. Nucleic Acids Res. 1995, 23,
2492-2498.

Reisser, T.; Langgut, W.; Kersten, H. The nutrient factor queuine protects HeLa cells from hypoxic
stress and improves metabolic adaptation to oxygen availability. Eur. J. Biochem. 1994, 221,
979-986.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Biela%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tidten-Luksch%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Immekus%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Glinca%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen%20TX%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gerber%20HD%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Heine%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Klebe%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Reuter%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23704982
http://www.ncbi.nlm.nih.gov/pubmed/?term=biela+2013+trna
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ishiwata%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ozawa%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Katayama%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaneko%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shindo%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tomioka%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ishiwata%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Asano%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ikegawa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15246567
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizugaki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15246567

Nutrients 2015, 7 2925

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Langgut, W.; Reisser, T. Involvement of protein kinase C in the control of tRNA modification with
queuine in HeLa cells. Nucleic Acids Res. 1995, 23, 2488-2491.

Szabo, L.; Nishimura, S.; Farkas, W.R. Possible involvement of queuine in oxidative metabolism.
Biofactors 1988, 1, 241-244.

Marks, P.A.; Burka, E.R.; Schlessinger, D. Protein synthesis in erythroid cells, i. reticulocyte
ribosomes active in stimulating amino acid incorporation. Proc. Natl. Acad. Sci. USA 1962, 48,
2163-2171.

Hankins, W.D.; Farkas, W.R. Guanylation of transfer RNA by rabbit reticulocytes.
Biochim. Biophys. Acta 1970, 213, 77-89.

Farkas, W.R.; Singh, R.D. Guanylation of transfer ribonucleic acid by a cell-free lysate of rabbit
reticulocytes. J. Biol. Chem. 1973, 248, 7780-7785.

Okada, N.; Harada, F.; Nishimura, S. Specific replacement of Q base in the anticodon of tRNA by
guanine catalyzed by a cell-free extract of rabbit reticulocytes. Nucleic Acids Res. 1976, 3,
2593-2603.

Kung, F.L.; Garcia, G.A. tRNA-guanine transglycosylase from E. coli: Recognition of full-length
‘gueuine-cognate’ tRNAs. FEBS Lett. 1998, 431, 427-432.

Curnow, A.W.; Garcia, G.A. tRNA-guanine transglycosylase from E. coli: Recognition of dimeric,
unmodified tRNA (Tyr). Biochimie 1994, 76, 1183-1191.

Kung, F.L.; Nonekowski, S.; Garcia, G.A. tRNA-guanine transglycosylase from E. coli:
Recognition of noncognate-cognate chimeric tRNA and discovery of a novel recognition site
within the TpsiC arm of tRNA (Phe). RNA 2000, 6, 233-244.

Nonekowski, S.T.; Kung, F.L.; Garcia, G.A. The Escherichia coli tRNA-guanine transglycosylase
can recognize and modify DNA. J. Biol. Chem. 2002, 277, 7178-7182.

Durand, J.M.; Okada, N.; Tobe, T.; Watarai, M.; Fukuda, I.; Suzuki, T.; Nakata, N.; Komatsu, K;
Yoshikawa, M.; Sasakawa, C. VacC, a virulence-associated chromosomal locus of Shigella
flexneri, is homologous to tgt, a gene encoding tRNA-guanine transglycosylase (Tgt) of E. coli
K-12. J. Bacteriol. 1994, 176, 4627-4634.

Hurt, J.K.; Olgen, S.; Garcia, G.A. Site-specific modification of Shigella flexneri virF mRNA by
tRNA-guanine transglycosylase in vitro. Nucleic Acids Res. 2007, 35, 4905-4913.

Brooks, A.F.; Vélez-Martinez, C.S.; Showalter, H.D.; Garcia, G.A. Investigating the prevalence of
queuine in E. coli RNA via incorporation of the tritium-labeled precursor, preQ(1). Biochem.
Biophys. Res. Commun. 2012, 425, 83-88.

Haumont, E.; Droogmans, L.; Grosjean, H. Enzymatic formation of queuosine and of glycosyl
queuosine in yeast tRNAs microinjected into Xenopus laevis oocytes. The effect of the anticodon
loop sequence. Eur. J. Biochem. 1987, 168, 219-225.

Grosjean, H.; Edqvist, J.; Straby, K.B.; Giegé, R. Enzymatic formation of modified nucleosides in
tRNA: Dependence on tRNA architecture. J. Mol. Biol. 1996, 255, 67-85.

Phizicky, E.M.; Hopper, A.K. tRNA biology charges to the front. Genes Dev. 2010, 24,
1832-1860.

Carbon, P.; Haumont, E.; de Henau, S.; Keith, G.; Grosjean, H. Enzymatic replacement in vitro of
the first anticodon base of yeast tRNAAsp: Application to the study of tRNA maturation in vivo,
after microinjection into frog oocytes. Nucleic Acids Res. 1982, 10, 3715-3732.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Marks%20PA%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Burka%20ER%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schlessinger%20D%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kung%20FL%5BAuthor%5D&cauthor=true&cauthor_uid=9714557
http://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=9714557
http://www.ncbi.nlm.nih.gov/pubmed/?term=Okada%20N%5BAuthor%5D&cauthor=true&cauthor_uid=8045893
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sasakawa%20C%5BAuthor%5D&cauthor=true&cauthor_uid=8045893
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hurt%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=17626052
http://www.ncbi.nlm.nih.gov/pubmed/?term=Olgen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17626052
http://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=17626052
http://www.ncbi.nlm.nih.gov/pubmed/20810645

Nutrients 2015, 7 2926

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Nishikura, K.; de Robertis, E.M. RNA processing in microinjected Xenopus oocytes. Sequential
addition of base modifications in the spliced transfer RNA. J. Mol. Biol. 1981, 145, 405-420.
Krysko, D.V.; Agostinis, P.; Krysko, O.; Garg, A.D.; Bachert, C.; Lambrecht, B.N.; Vandenabeele,
P. Emerging role of damage-associated molecular patterns derived from mitochondria in
inflammation. Trends Immunol. 2011, 32, 157-164.

Green, D.R.; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-inflammation-cell death
axis in organismal aging. Science 2011, 333, 1109-1112.

Vafai, S.B.; Mootha, V.K. Mitochondrial disorders as windows into an ancient organelle. Nature
2012, 491, 374-383.

Itoh, K.; Nakamura, K.; lijima, M.; Sesaki, H. Mitochondrial dynamics in neurodegeneration.
Trends Cell. Biol. 2013, 23, 64-71.

Suzuki, T.; Nagao, A.; Suzuki, T. Human mitochondrial tRNAs: Biogenesis, function, structural
aspects, and diseases. Annu. Rev. Genet. 2011, 45, 299-329.

Maniataki, E.; Mourelatos, Z. Human mitochondrial tRNAMet is exported to the cytoplasm and
associates with the Argonaute 2 protein. RNA 2005, 11, 849-852.

Kolesnikova, O.A.; Entelis, N.S.; Mireau, H.; Fox, T.D.; Martin, R.P.; Tarassov, I.A.
Suppression of mutations in mitochondrial DNA by tRNAs imported from the cytoplasm. Science
2000, 289, 1931-1933.

Rubio, M.A.; Rinehart, J.J.; Krett, B.; Duvezin-Caubet, S.; Reichert, A.S.; S6ll, D.; Alfonzo, J.D.
Mammalian mitochondria have the innate ability to import tRNAs by a mechanism distinct from
protein import. Proc. Natl. Acad. Sci. USA 2008, 105, 9186-9191.

Okada, N.; Nishimura, S. Enzymatic synthesis of Q nucleoside containing mannose in the
anticodon of tRNA: Isolation of a novel mannosyltransferase from a cell-free extract of rat liver.
Nucleic Acids Res. 1977, 4, 2931-2938.

Farkas, W.R. Effect of diet on the queuosine family of tRNAs of germ-free mice. J. Biol. Chem.
1980, 255, 6832-6835.

Morris, R.C.; Brown, K.G.; Elliott, M.S. The effect of queuosine on tRNA structure and function.
J. Biomol. Struct. Dyn. 1999, 16, 757-774.

Gundulz, U.; Katze, J.R. Salvage of the nucleic acid base queuine from queuine-containing tRNA
by animal cells. Biochem. Biophys. Res. Commun. 1982, 109, 159-167.

Zallot, R.; Brochier-Armanet, C.; Gaston, K.W.; Forouhar, F.; Limbach, P.A.; Hunt, J.F.;
de Crécy-Lagard, V. Plant, animal, and fungal micronutrient queuosine is salvaged by members of
the DUF2419 protein family. ACS Chem. Biol. 2014, 9, 1812-1825.

Farkas, W.R. Queuine, the Q-containing tRNAs and the enzymes responsible for their formation.
Nucleosides Nucleotides 1983, 2, 1-20.

Marks, T.; Farkas, W.R. Effects of a diet deficient in tyrosine and queuine on germfree mice.
Biochem. Biophys. Res. Commun. 1997, 230, 233-237.

Shiman, R.; Gray, D.W. Formation and fate of tyrosine. Intracellular partitioning of newly
synthesized tyrosine in mammalian liver. J. Biol. Chem. 1998, 273, 34760-347609.

Rakovich, T.; Boland, C.; Bernstein, I.; Chikwana, V.M.; Iwata-Reuyl, D.; Kelly, V.P. Queuosine
deficiency in eukaryotes compromises tyrosine production through increased tetrahydrobiopterin
oxidation. J. Biol. Chem. 2011, 286, 19354-19363.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Maniataki%20E%5BAuthor%5D&cauthor=true&cauthor_uid=15872185
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mourelatos%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=15872185
http://www.ncbi.nlm.nih.gov/pubmed/?term=maniataki+mourelatos+2005+trna
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kolesnikova%20OA%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=Entelis%20NS%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mireau%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fox%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martin%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tarassov%20IA%5BAuthor%5D&cauthor=true&cauthor_uid=10988073
http://www.ncbi.nlm.nih.gov/pubmed/?term=kolesnikova+2000+trna
http://www.ncbi.nlm.nih.gov/pubmed/?term=Okada%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20603
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nishimura%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20603
http://www.ncbi.nlm.nih.gov/pubmed/?term=okada+gdp+mannose+transferase+rat+liver
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zallot%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brochier-Armanet%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gaston%20KW%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Forouhar%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Limbach%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hunt%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Cr%C3%A9cy-Lagard%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24911101
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marks%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9016755
http://www.ncbi.nlm.nih.gov/pubmed/?term=Farkas%20WR%5BAuthor%5D&cauthor=true&cauthor_uid=9016755
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shiman%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9857000
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gray%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=9857000
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rakovich%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21487017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boland%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21487017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bernstein%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21487017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chikwana%20VM%5BAuthor%5D&cauthor=true&cauthor_uid=21487017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Iwata-Reuyl%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21487017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kelly%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=21487017

Nutrients 2015, 7 2927

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Pathak, C.; Vinayak, M. Modulation of lactate dehydrogenase isozymes by modified base queuine.
Mol. Biol. Rep. 2005, 32, 191-196.

Mahr, U.; B6hm, P.; Kersten, H. Possible involvement of queuine in control mechanisms of protein
synthesis and protein phosphorylation in eukaryotes. Biofactors 1990, 2, 185-192.

Jacobson, K.B.; Farkas, W.R.; Katze, J.R. Presence of queuine in Drosophila melanogaster:
correlation of free pool with queuosine content of tRNA and effect of mutations in pteridine
metabolism. Nucleic Acids Res. 1981, 9, 2351-2366.

Eric Thomas, C.; Chen, Y.C.; Garcia, G.A. Differential heterocyclic substrate recognition by, and
pteridine inhibition of E. coli and human tRNA-guanine transglycosylases. Biochem. Biophys. Res.
Commun. 2011, 410, 34-39.

Parniak, M.A.; Andrejchyshyn, S.; Marx, S.; Kleiman, L. Alterations in cell tetrahydrobiopterin
levels may regulate queuine hypomodification of tRNA during differentiation of murine
erythroleukemia cells. Exp. Cell. Res. 1991, 195, 114-118.

Frazer, J.M.; Yang, W.K. Isoaccepting transfer ribonucleic acids in liver and brain of young and
old BC3F 1 mice. Arch. Biochem. Biophys. 1972, 153, 610-618.

Shindo-Okada, N.; Terada, M.; Nishimura, S. Changes in amount of hypo-modified tRNA having
guanine in place of queuine during erythroid differentiation of murine erythroleukemia cells.
Eur. J. Biochem. 1981, 115, 423-428.

Lin, V.K.; Farkas, W.R.; Agris, P.F. Specific changes in Q-ribonucleoside containing transfer
RNA species during Friend leukemia cell erythroid differentiation. Nucleic Acids Res. 1980, 8,
3481-3489.

Chen, Y.L.; Wu, R.T. Altered queuine modification of transfer RNA involved in the differentiation
of human K562 erythroleukemia cells in the presence of distinct differentiation inducers.
Cancer Res. 1994, 54, 2192-2198.

Schachner, E.; Aschhoff, H.J.; Kersten, H. Specific changes in lactate levels, lactate dehydrogenase
patterns and cytochrome b559 in Dictyostelium discoideum caused by queuine. Eur. J. Biochem.
1984, 139, 481-487.

White, B.N.; Tener, G.M. Activity of a transfer RNA modifying enzyme during the development
of Drosophila and its relationship to the su(s) locus. J. Mol. Biol. 1973, 74, 635-651.

Wosnick, M.A.; White, B.N. A doubtful relationship between tyrosine tRNA and suppression of
the vermilion mutant in Drosophila. Nucleic Acids Res. 1977, 4, 3919-3930.

Owenby, R.K.; Stulberg, M.P.; Jacobson, K.B. Alteration of the Q family of transfer RNAs in adult
Drosophila melanogaster as a function of age, nutrition, and genotype. Mech. Ageing Dev. 1979,
11, 91-103.

White, B.N.; Lassam, N.J. An analysis of Q and Q* containing tRNAs during the development of
Lucilia sericata, Musca domestica and Tenebrio molitor. Insect Biochem. 1979, 9, 375-378.
Okada, N.; Shindo-Okada, N.; Sato, S.; Itoh, Y.H.; Oda, K.; Nishimura, S. Detection of unique
tRNA species in tumor tissues by Escherichia coli guanine insertion enzyme. Proc. Natl. Acad. Sci.
USA 1978, 75, 4247-4251.

Baranowski, W.; Dirheimer, G.; Jakowicki, J.A.; Keith, G. Deficiency of queuine, a highly
modified purine base, in transfer RNAs from primary and metastatic ovarian malignant tumors in
women. Cancer Res. 1994, 54, 4468-4471.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Pathak%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16172920
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vinayak%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16172920
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mahr%20U%5BAuthor%5D&cauthor=true&cauthor_uid=2378671
http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6hm%20P%5BAuthor%5D&cauthor=true&cauthor_uid=2378671
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kersten%20H%5BAuthor%5D&cauthor=true&cauthor_uid=2378671
http://www.ncbi.nlm.nih.gov/pubmed/?term=Parniak%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=2055260
http://www.ncbi.nlm.nih.gov/pubmed/?term=Andrejchyshyn%20S%5BAuthor%5D&cauthor=true&cauthor_uid=2055260
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marx%20S%5BAuthor%5D&cauthor=true&cauthor_uid=2055260
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kleiman%20L%5BAuthor%5D&cauthor=true&cauthor_uid=2055260
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schachner%20E%5BAuthor%5D&cauthor=true&cauthor_uid=6698026
http://www.ncbi.nlm.nih.gov/pubmed/?term=Aschhoff%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=6698026
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kersten%20H%5BAuthor%5D&cauthor=true&cauthor_uid=6698026
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=360213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baranowski%20W%5BAuthor%5D&cauthor=true&cauthor_uid=8044797
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dirheimer%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8044797
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jakowicki%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=8044797
http://www.ncbi.nlm.nih.gov/pubmed/?term=Keith%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8044797

Nutrients 2015, 7 2928

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Aytag, U.; Gundiz, U. Q-modification of tRNAs in human brain tumors. Cancer Biochem. Biophys.
1994, 14, 93-98.

Huang, B.S.; Wu, R.T.; Chien, K.Y. Relationship of the queuine content of transfer ribonucleic
acids to histopathological grading and survival in human lung cancer. Cancer Res. 1992, 52,
4696-4700.

Emmerich, B.; Zubrod, E.; Weber, H.; Maubach, P.A.; Kersten, H.; Kersten, W. Relationship of
queuine-lacking transfer RNA to the grade of malignancy in human leukemias and lymphomas.
Cancer Res. 1985, 45, 4308-4314.

Singhal, R.P.; Vakharia, V.N. The role of queuine in the aminoacylation of mammalian aspartate
transfer RNAs. Nucleic Acids Res. 1983, 11, 4257-4272.

Langgut, W.; Kersten, H. The deazaguanine-derivative, queuine, affects cell proliferation, protein
phosphorylation and the expression of the proto oncogenes c-fos and c-myc in HeLa cells. FEBS
1990, 265, 33-36.

Langgut, W.; Reisser, T.; Nishimura, S.; Kersten, H. Modulation of mammalian cell proliferation
by a modified tRNA base of bacterial origin. FEBS 1993, 336, 137-142.

Langgut, W.; Reisser, T.; Kersten, H. Queuine modulates growth of HelLa cells depending on
oxygen availability. Biofactors 1990, 2, 245-249.

Morgan, C.J.; Merrill, F.L.; Trewyn, R.W. Defective transfer RNA-queuine modification in
C3H10T1/2 murine fibroblasts transfected with oncogenic ras. Cancer Res. 1996, 56, 594-598.
Dubrul, E.F.; Farkas, W.R. Partial purification and properties of the reticulocyte guanylating
enzyme. Biochim. Biophys. Acta 1976, 442, 379-390.

Jackson, C.D.; Irving, C.C.; Sells, B.H. Changes in rat liver transfer RNA following growth
hormone administration and in regenerating liver. Biochim. Biophys. Acta 1970, 217, 64-71.
Borek, E.; Baliga, B.S.; Gehrke, C.W.; Kuo, C.W.; Belman, S.; Troll, W.; Waalkes, T.P. High
turnover rate of transfer RNA in tumor tissue. Cancer Res. 1977, 37, 3362-3366.

Rokos, H.; Rokos, K.; Frisius, H.; Kirstaedter, H.J. Altered urinary excretion of pteridines in
neoplastic disease. Determination of biopterin, neopterin, xanthopterin, and pterin. Clin. Chim.
Acta 1980, 105, 275-286.

Katze, J.R.; Beck, W.T. Administration of queuine to mice relieves modified nucleoside queuosine
deficiency in Ehrlich ascites tumor tRNA. Biochem. Biophys. Res. Commun. 1980, 96, 313-3109.
Pathak, C.; Jaiswal, Y.K.; Vinayak, M. Hypomodification of transfer RNA in cancer with respect
to queuosine. RNA Biol. 2005, 2, 143-148.

Pathak, C.; Jaiswal, Y.K.; Vinayak, M. Possible involvement of queuine inregulation of cell
proliferation. BioFactors 2007, 29, 159-173.

Marini, M.; Mushinski, J.F. Transfer ribonucleic acids from eleven immunoglobulin-secreting
mouse plasmacytomas. Constant and variable chromatographic profiles compared with the
myeloma protein sequences. Biochim. Biophys. Acta 1979, 562, 252-270.

Yokoyama, S.; Miyazawa, T.; litaka, Y.; Yamaizumi, Z.; Kasai, H.; Nishimura, S. Three-dimensional
structure of hyper-modified nucleoside Q located in the wobbling position of tRNA. Nature 1979,
282, 107-109.

McNamara, A.L.; Smith, D.W. The function of the histidine tRNA isoaccepting species in
hemoglobin synthesis. J. Biol. Chem. 1978, 253, 5964-5970.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=1511436
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=1511436
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chien%20KY%5BAuthor%5D&cauthor=true&cauthor_uid=1511436
http://www.ncbi.nlm.nih.gov/pubmed/?term=Emmerich%20B%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zubrod%20E%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weber%20H%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maubach%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kersten%20H%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kersten%20W%5BAuthor%5D&cauthor=true&cauthor_uid=4028017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jackson%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=5505336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Irving%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=5505336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sells%20BH%5BAuthor%5D&cauthor=true&cauthor_uid=5505336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Borek%20E%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baliga%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gehrke%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kuo%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Belman%20S%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Troll%20W%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Waalkes%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=884680
http://www.ncbi.nlm.nih.gov/pubmed/?term=Katze%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=6776952
http://www.ncbi.nlm.nih.gov/pubmed/?term=Beck%20WT%5BAuthor%5D&cauthor=true&cauthor_uid=6776952
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pathak%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jaiswal%20YK%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vinayak%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pathak%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jaiswal%20YK%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vinayak%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17114931
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marini%20M%5BAuthor%5D&cauthor=true&cauthor_uid=255344
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mushinski%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=255344
http://www.ncbi.nlm.nih.gov/pubmed/?term=McNamara%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=249313
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=249313

Nutrients 2015, 7 2929

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Meier, F.; Suter, B.; Grosjean, H.; Keith, G.; Kubli, E. Queuosine modification of the wobble base
in tRNAHis infuences “in vivo’ decoding properties. EMBO J. 1985, 4, 823-827.

Novoa, E.M.; Ribas de Pouplana, L. Speeding with control: Codon usage, tRNAs, and ribosomes.
Trends Genet. 2012, 28, 574-581.

Anderson, C.L.; Carew, E.A.; Powell, J.R. Evolution of the Adh locus in the Drosophila willistoni
group: The loss of an intron, and shift in codon usage. Mol. Biol. Evol. 1993, 10, 605-618.
Powell, J.R.; Sezzi, E.; Moriyama, E.N.; Gleason, J.M.; Caccone, A. Analysis of a shift in codon
usage in Drosophila. J. Mol. Evol. 2003, 57, S214-S225.

Vicario, S.; Moriyama, E.N.; Powell, J.R. Codon usage in twelve species of Drosophila. BMC Evol.
Biol. 2007, 7, 226.

Moriyama, E.N.; Powell, J.R. Synonymous substitution rates in Drosophila: Mitochondrial versus
nuclear genes. J. Mol. Evol. 1997, 45, 378-391.

Zaborske, J.M.; DuMont, V.L.; Wallace, E.W.; Pan, T.; Aquadro, C.F.; Drummond, D.A. A
nutrient-driven tRNA modification alters translational fidelity and genome-wide protein coding
across an animal genus. PLoS Biol. 2014, 12, e1002015.

Roth, A.; Winkler, W.C.; Regulski, E.E.; Lee, B.W.; Lim, J.; Jona, |.; Barrick, J.E.; Ritwik, A,;
Kim, J.N.; Welz, R.; et al. A riboswitch selective for the queuosine precursor preQ1 contains an
unusually small aptamer domain. Nat. Struct. Mol. Biol. 2007, 14, 308-317.

McCown, P.J.; Liang, J.J.; Weinberg, Z.; Breaker, R.R. Structural, functional, and taxonomic
diversity of three preQ1 riboswitch classes. Chem. Biol. 2014, 21, 880-889.

Marchetti, M.; Capela, D.; Poincloux, R.; Benmeradi, N.; Auriac, M.C.; Le Ru, A,
Maridonneau-Parini, I.; Batut, J.; Masson-Boivin, C. Queuosine biosynthesis is required for
sinorhizobium meliloti-induced cytoskeletal modifications on HelLa Cells and symbiosis with
Medicago truncatula. PLoS ONE 2013, 8, e56043.

Ouzounis, C.A.; Kunin, V.; Darzentas, N.; Goldovsky, L. A minimal estimate for the gene content
of the last universal common ancestor—exobiology from a terrestrial perspective. Res. Microbiol.
2006, 157, 57-68.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/?term=Novoa%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=22921354
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ribas%20de%20Pouplana%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22921354
http://www.ncbi.nlm.nih.gov/pubmed/?term=Anderson%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=8336545
http://www.ncbi.nlm.nih.gov/pubmed/?term=Carew%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=8336545
http://www.ncbi.nlm.nih.gov/pubmed/?term=Powell%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=8336545
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vicario%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18005411
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moriyama%20EN%5BAuthor%5D&cauthor=true&cauthor_uid=18005411
http://www.ncbi.nlm.nih.gov/pubmed/?term=Powell%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=18005411
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moriyama%20EN%5BAuthor%5D&cauthor=true&cauthor_uid=9321417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Powell%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=9321417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ouzounis%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=16431085
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kunin%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16431085
http://www.ncbi.nlm.nih.gov/pubmed/?term=Darzentas%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16431085
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goldovsky%20L%5BAuthor%5D&cauthor=true&cauthor_uid=16431085

	1. Queuosine and Its Derivatives
	2. Natural Sources of Queuosine
	3. Queuine Uptake and Its Regulation
	4. Queuine Incorporation into Transfer RNA
	5. Cytosolic and Mitochondrial tRNA Modification
	6. Queuine Salvage
	7. Queuine and Queuosine in Metabolism, Development and Aging
	8. Queuine and Queuosine in Cancer
	9. Queuosine in Translation
	10. Perspective
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	References

