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Abstract: Transfer RNAs (tRNAs) are central players in translation, functioning as adapter molecules
between the informational level of nucleic acids and the functional level of proteins. They show a
highly conserved secondary and tertiary structure and the highest density of post-transcriptional
modifications among all RNAs. These modifications concentrate in two hotspots—the anticodon
loop and the tRNA core region, where the D- and T-loop interact with each other, stabilizing the
overall structure of the molecule. These modifications can cause large rearrangements as well
as local fine-tuning in the 3D structure of a tRNA. The highly conserved tRNA shape is crucial
for the interaction with a variety of proteins and other RNA molecules, but also needs a certain
flexibility for a correct interplay. In this context, it was shown that tRNA modifications are important
for temperature adaptation in thermophilic as well as psychrophilic organisms, as they modulate
rigidity and flexibility of the transcripts, respectively. Here, we give an overview on the impact of
modifications on tRNA structure and their importance in thermal adaptation.
Keywords: post-transcriptional modifications; pseudouridine; dihydrouridine; dimethylguanosine;
methyladenosine; archaeosine; lysidine; methylguanosine; tRNA; tRNA structure

1. Introduction
The life of a transfer RNA (tRNA) molecule starts with a series of important maturation steps
that can vary in their sequential order from case to case. Leader and trailer sequences are removed
by a set of endo- and exonucleases, and in several tRNA precursors, splicing reactions excise intronic
sequences [1–3]. Furthermore, in many organisms the sequence CCA, that represents the site of
aminoacylation, is not encoded, but has to be added post-transcriptionally by CCA-adding enzymes [4].
While all primary tRNA transcripts are composed of the four standard RNA bases A, C, G and
U, many of these nucleotides are modified, altering their properties in very different ways [5].
Currently, 93 post-transcriptional modifications are known, and the variety of their functions is
at least similarly diverse and not fully understood. The complexity of such modifications ranges from
simple methylations at the bases or the ribose to rather complex and large base hypermodifications,
whose synthesis often requires a whole cascade of enzymatic reactions. Modifications can alter a
tRNA’s shape in subtle ways, but can also lead to massive structural rearrangements. In addition,
they ensure efficient translation by maintaining the anticodon loop structure and promoting correct
codon-anticodon interactions, especially at wobble positions.
After maturation, tRNAs have multiple interaction partners in their life cycle, ranging from
aminoacyl-tRNA-synthetases to translation factors, ribosomes and mRNAs. Apart from synthetases,
these interaction partners do not specifically act on one individual tRNA transcript or isoacceptor, but
on all tRNAs, like the above mentioned CCA-adding enzyme [4]. Despite a high sequence variation, a
cell’s tRNAs show a well-conserved cloverleaf-like secondary structure that was originally discovered
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in 1965 [6,7]. The cloverleaf consists of five parts (Figure 1A): the acceptor stem, containing the tRNA’s
50 - and 30 -ends, the D-arm, the anticodon arm, the variable loop and the TΨC-arm (T-arm). At the
30 -terminus, the tRNA carries the CCA-sequence, required for aminoacylation, tRNA positioning in the
ribosome and translation termination [8–10]. In a conserved network of tertiary interactions, mostly
between D- and T-loop, tRNAs fold into an L-shaped three-dimensional structure [11–13], which was
first solved by Kim et al. in 1974 (Figure 1B) [14]. Furthermore, the tRNA elbow region, which is a
remarkable part of the tertiary structure, has a hydrophobic character due to the surface-exposed base
pair G19-C56. This special feature was shown to be important for the interaction with other RNAs
and proteins, like RNase P, T-box RNAs or some aminoacyl-tRNA synthetases [15]. Anticodon and the
amino acid-accepting CCA-end take the longest possible distance from each other. This conserved
structure of a tRNA is essential for its recognition by other RNAs and proteins and, consequently, for its
functionality. For example, the CCA-adding enzyme uses the acceptor domain for substrate recognition,
whereas aminoacyl-tRNA-synthetases use several recognition elements like anticodon, acceptor stem
or the discriminator position. This nucleotide is located immediately upstream of the CCA triplet
and is not involved in base-pairing (except in tRNAHis , where it pairs with an extra nucleotide at the
50 -end). While interacting with other molecules, like T-box elements or aminoacyl-tRNA synthetases,
the tRNA slightly adapts its structure, reflecting the need for a certain flexibility (reviewed in [7,16]).
Surprisingly, not all tRNAs fold into the canonical cloverleaf structure. Especially many
mitochondrial tRNAs are reduced in length and sometimes completely lack the D- or T-arm (Figure 1C).
In mitochondria of nematodes, this situation is carried to an extreme, as tRNAs lacking one or even
both arms seem to be the rule (Figure 1D) [17,18]. As a result, the tertiary interaction network between
D- and T-loop cannot form or is strongly reduced, as it was shown for tRNAPhe from Bos taurus [19].
Similar results were obtained for human mitochondrial (mt)-tRNAAsp [20]. Yet, these bizarre tRNAs
are efficiently and correctly processed by the CCA-adding enzyme in vitro as well as in vivo [21,22].
Studies on engineered tRNAAsp from yeast, mimicking a mt-tRNA by lacking both D- and T-arm,
indicate that such a truncated tRNA can be aminoacylated [23]. As the tertiary interactions between the
bases of D- and T-loop seem to be essential for a stable fold, it is still not clear how these dramatically
reduced tRNAs adapt their functional 3D structure. However, there is experimental evidence that
several post-transcriptional base modifications play an important role in the formation of a functional
L-shaped
tertiary structure of such bizarre tRNAs [24].
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Figure 1. Variability of transfer RNA (tRNA) structures. (A) The canonical cloverleaf secondary
Figure 1. Variability of transfer RNA (tRNA) structures. (A) The canonical cloverleaf secondary
structure of cytosolic tRNAPhe
from S. cerevisiae is shown with acceptor stem (blue), D‐arm (green),
structure of cytosolic tRNAPhe from S. cerevisiae is shown with acceptor stem (blue), D-arm (green),
anticodon arm (red), variable loop (purple) and TΨC‐arm (yellow). The anticodon is labeled in grey,
anticodon arm (red), variable loop (purple) and TΨC-arm (yellow). The anticodon is labeled in grey, the
the discriminator base in orange and post‐transcriptional modifications in red. Grey dashed lines
discriminator base in orange and post-transcriptional modifications in red. Grey dashed lines indicate
indicate tertiary interactions based on structural data [11]. Base numbering corresponds to Sprinzl et
tertiary interactions based on structural data [11]. Base numbering corresponds to Sprinzl et al. [25]
al. [25] and length of the RNA is indicated in parenthesis; (B) The L‐shaped tertiary structure of the
and length of the
RNA is indicated in parenthesis; (B) The L-shaped tertiary structure of the cytosolic
cytosolic
tRNAPhe from S. cerevisiae. Protein Data Bank entry (PDB): 1EHZ [11]. The acceptor domain
tRNAPhe from S. cerevisiae. Protein Data Bank entry (PDB): 1EHZ [11]. The acceptor domain is
is composed of stacked T‐arm and acceptor stem, whereas D‐ and anticodon arm form the anticodon
composed of stacked T-arm and acceptor stem, whereas D- and anticodon arm form the anticodon
domain. The region where both domains come together and interact with each other via tertiary base
domain. The region where both domains come together and interact with each other via tertiary base
Ser1, which
pairing is also called elbow region; (C) Secondary structure of human mitochondrial tRNASer1
pairing is also called elbow region; (C) Secondary structure of human mitochondrial tRNA
, which
Arg
lacks the whole D‐arm [26]; (D) Secondary structure of the mitochondrial tRNAArg from the nematode
lacks the whole D-arm [26]; (D) Secondary structure of the mitochondrial tRNA
from the nematode
Romanomermis culicivorax, which lacks both D‐ and T‐arm. Instead, we find a so‐called replacement
Romanomermis culicivorax, which lacks both D- and T-arm. Instead, we find a so-called replacement
loop. It represents the shortest tRNA found in vivo [21].
loop. It represents the shortest tRNA found in vivo [21].
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or T), which incidentally also gave rise to the “TΨC”-arm nomenclature. In thermophiles however,
the additional C2 thiolation in the pyrimidine ring (m5 s2 U or s2 T) can vary from 0 to 100%, depending
on the growth temperature [28,29].
Of the 112 modifications found across all types of RNAs, 93 different modifications are present
in tRNAs [5]. However, the tRNA modifications differ among the three domains of life in terms of
density as well as composition. In general, eukaryotic tRNAs are more heavily modified than their
bacterial homologs, while parasitic and plastid tRNAs show the lowest density of modifications [27,30].
Simple modifications like pseudouridine (Ψ) or 1-methyl adenosine (m1 A) are found in all domains.
Most hypermodifications however, are specific to one domain and represent markers of evolution [5,7].
For example, the 7-deaza-guanosine derivative archaeosine is only found at position 15 in archaeal
tRNAs, but not in that of other domains [31]. Generally, more than half of the modifications found in
tRNAs are domain specific, only one fifth is spread across all domains and another fifth is found in
the overlapping regions of two domains (Figure 2). Doubly modified nucleosides of the type xNm,
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also shows the atom numbering in the purine and pyrimidine rings as well as in the ribose. An
and also shows the atom numbering in the purine and pyrimidine rings as well as in the ribose.
An abbreviation in front of the base letter describes a base modification, whereas letters after
the base stand for ribose alterations. Superscripted numbers specify the position at the base
and subscripted numbers indicate the frequency of identical modification at the same position.
Abbreviations are as follows: ac—acetyl, acp—aminocarboxypropyl, chm—carboxyhydroxymethyl,
cmo—oxyacetic acid, cmnm—carboxymethylaminomethyl, f—formyl, g—glycinyl, gal—galactosyl,
hn—hydroxynorvalylcarbamoyl, ho—hydroxy, i—isopentenyl, inm—isopentenylaminomethyl,
io—cis-hydroxyisopentenyl, m—methyl, man—mannosyl, mchm—carboxyhydroxymethyl methyl
ester, mcm—methoxycarbonylmethyl, mcmo—oxyacetic acid methyl ester, mnm—methylaminomethyl,
mo—methoxy, ncm—carbamoylmethyl, nm—aminomethyl, r(p) —5-O-phosphono-b-D-ribofuranosyl,
s—thio, se—seleno, t—threonylcarbamoyl, tm—taurinomethyl. The Venn diagram summarizes data
collected from the RNA modification database and contains the 93 post-transcriptional modifications
that are found in tRNAs [5]. Some examples mentioned throughout the text are shown with their
chemical structure.
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are mainly found in the anticodon loop, where they preserve its structure as a prerequisite for efficient
hypermodifications, are mainly found in the anticodon loop, where they preserve its structure as a
translation (Figure 3A).
prerequisite for efficient translation (Figure 3A).

Figure 3. Post‐transcriptional modifications in tRNA. (A) The colored tRNA structure shows the
Figure 3. Post-transcriptional modifications in tRNA. (A) The colored tRNA structure shows the
modification frequency of each base. The modification data were taken from the tRNAmodviz
modification frequency of each base. The modification data were taken from the tRNAmodviz
database [27] and plotted on the crystal structure of tRNAPhe from S. cerevisiae [11]. Blue colored bases
database [27] and plotted on the crystal structure of tRNAPhe from S. cerevisiae [11]. Blue colored bases
are rarely modified; red colored bases are modification hotspots. tRNAs possess two regions with
are rarely modified; red colored bases are modification hotspots. tRNAs possess two regions with high
high modification levels—the anticodon loop (especially positions 34 and 37) and the core or elbow
modification levels—the anticodon loop (especially positions 34 and 37) and the core or elbow region,
region, where D‐ and T‐loop bases interact with each other and stabilize the tertiary fold. For some
where D- and T-loop bases interact with each other and stabilize the tertiary fold. For some important
positions, the chemical structure of the most frequent modification at this position is shown; (B) Three
dimensional structure of pseudouridine at position 55 of tRNAPhe from S. cerevisiae. The additional
H-bond donor at N1 interacts with the 50 -adjacent phosphates via a coordinated water molecule.
The hydrogen bound to N1 was not resolved in the crystal structure. The ribose shows a stabilizing
C30 -endo conformation. PDB: 1EHZ [11]; (C) Three dimensional structure of D16 in the D-arm of
tRNAi Met from Schizosaccharomyces pombe. The C5-C6 bond of dihydrouridine is reduced, which leads
to a non-planar structure of the base. The ribose takes the less stable C20 -endo conformation. PDB:
2MN0 [41].

The impact of modifications on a tRNA’s structure can be investigated by comparative studies
of the native, modified tRNAs and in vitro synthesized non-modified tRNAs obtained by T7
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RNA polymerase-driven transcription [42]. Interestingly, most in vitro transcripts are functional
in aminoacylation (references in [43]) or CCA-incorporation assays [44–46]. This highlights that most
modifications are not strictly required for a functional tRNA and that unmodified tRNAs can also
adopt a biologically active structure. Yet, one has to keep in mind that modifications are not the only
factor that has an impact on the 3D structure of an RNA. Especially bivalent metal ions such as Mg2+
are equally important and can promote a native fold in unmodified run-off transcripts or increase the
melting temperature of native tRNAs [47–49]. Hence, the conditions for in vitro structure analyses
have to be selected carefully.
Based on the impact on the tRNA structure, the effects of modifications range from the
reorganization of base pairs, or even complete structural domains to equally important fine-tuning of
restricted local elements, like base stacking or loop flexibility.
2.1. Global Structural Effects (Domain Rearrangements)
Put simply, RNA is composed of a small number of individual building blocks (nucleotides A,
C, G and U), allowing the formation of many different base pairs that can lead to alternative
secondary and tertiary structures. As a consequence, an RNA will not always fold into its biologically
active conformation if other, alternative structures show a similar level of free energy. This “RNA
folding problem” [50] even worsens if the RNAs show a pronounced nucleotide bias as observed for
thermophilic organisms (GC-rich) and some mitochondrial genomes (AT-rich).
For several non-modified mitochondrial tRNA transcripts, such misfoldings are described, and
modifications are required to force the tRNA into its cloverleaf structure. A prominent example for
the impact of such a simple base modification on a tRNA’s global structure is human mitochondrial
tRNALys (Figure 4A). The unmodified in vitro transcript forms an extended rod-like structure that has
no similarity to the cloverleaf form of a tRNA. The introduction of a single methyl group at the adenine
base at position 9 (m1 A9), however, leads to the disruption of a Watson/Crick base pair with U64 and
forces the folding into the canonical secondary structure [51,52]. This shows that one single methylation
can lead to a dramatic change of the overall structure of the molecule. The structure-determining effect
of the disruption of the A9-U64 base pair in the tRNA is further supported by the fact that replacing
A9 by C or U64 by A or C, all disrupting the original base pair, lead to the formation of a functional
cloverleaf structure. This indicates that the function of m1 A9 is to avoid the base pairing that induces
RNA misfolding [51].
Besides these massive structural rearrangements, m1 A9 can also induce more subtle changes in a
tRNA structure. In the nematode Ascaris suum, twenty of the twenty-two mitochondrial tRNAs lack
the entire T-arm. All these twenty tRNAs carry the m1 A modification at position 9, which is important
for efficient aminoacylation and interaction with mitochondrial EF-Tu [26,53]. Structural investigations
of mitochondrial tRNAMet and tRNAPhe show that this modification leads to a different folding pattern
in the D-arm and the loop region that replaces the T-arm. These subtle rearrangements seem to affect
the distance between CCA-end and anticodon, which in turn affects the binding efficiency of the
corresponding aminoacyl tRNA synthetase or EF-Tu [26]. Hence, there is evidence that local, minor
refoldings, which can affect the overall shape of the tRNA, represent an important prerequisite for
tRNA functionality.
Another example where the introduction of modifications leads to a global structural
rearrangement is the human mitochondrial tRNAAsp . For the in vitro transcript, an equilibrium
of three different conformations was observed, where, besides the biologically active cloverleaf,
two alternative structures exist: an extended hairpin and a cloverleaf-like form with bulged D-arm
(Figure 4B) [23]. The mature in vivo tRNA carries four modifications, m1 A9, m2 G10, Ψ27, and Q34 and
folds into the functional cloverleaf structure. As some of these modifications are only present partially,
it is not yet certain which of them is responsible for the structural rearrangement. However, as Q34 is
located in the anticodon loop, it can probably be excluded from contributing to the cloverleaf structure.
Similarly, m2 G10 is also unlikely to be involved, as the methylation does not alter the Watson/Crick
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base pairing properties of G10. Ψ27, though, is known to contribute the structural stability of bovine
mitochondrial tRNAMet [54]. Hence, it is possibly also involved in stabilizing the cloverleaf of the
mitochondrial tRNAAsp . As shown in mt tRNALys , m1 A9 has a changed Watson/Crick edge and
cannot base pair with U, and it is very likely that the introduction of this single methyl group strongly
contributes to the formation of the cloverleaf structure in the native tRNA. m1 A9 is a characteristic
modification of mitochondrial tRNAs and is rarely found in other tRNAs [18,23,27].
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Figure 4. Modifications direct a tRNA secondary structure. (A) The in vitro transcript of human
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of human
an extended
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duestructure.
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modifications.
The introduction
of
tRNA
Lys
tRNA
shows an extended
hairpin structure due to missing modifications. The introduction of
1
1
N ‐methyladenosine (m A) at position 9 interrupts a base pair with U64 and forces the canonical
N1 -methyladenosine (m1 A) at position 9 interrupts a base pair with U64 and forces the canonical folding
folding of the tRNA. U64 now pairs with A50 [51,52]; (B) The unmodified transcript of human
of the tRNA. U64 now pairs with A50 [51,52]; (B) The unmodified transcript of human mitochondrial
mitochondrial tRNAAsp shows an equilibrium between various secondary structures. It is suggested
tRNAAsp shows an equilibrium between various
secondary structures. It is suggested that the natural
that the natural occurring
modification m1A9, m2G10 and Ψ27 are important for correct folding.
occurring modification m1 A9, m2 G10 and Ψ27 are important for correct folding. Queuosine at position
34 in the anticodon loop does likely not contribute to the secondary structure [55]. (A,B) adapted with
permission from Motorin and Helm [40]. Copyright (2010) American Chemical Society; (C) The two
methyl groups of m2 2 G at the exocyclic N2 of guanosine create a steric hindrance and preclude base
pairing with cytosine. However, the methylations do not alter the base pairing with A or U as the
amino group at N2 is not involved in this interplay. An interaction of m2 2 G with C is possible via a
bridging water which leads to a greater distance between the two bases [56]; (D) Various examples
show the impact of m2 2 G for a correct tRNA folding. In Pyrococcus abyssi tRNAPro contains m2 2 G at
position 10, which wobble pairs with U25. A lack of this modification can lead to dramatic misfolding
of the D-arm due to an extended D-stem [57]. tRNAAsp of the same organism also contains m2 2 G10.
However, this modification prevents a wrong base pairing with C27, which would lead to an enlarged
D-loop [57]. In tRNALys of Haloferax volcanii, m2 2 G can also direct the folding of the anticodon stem by
interrupting C25-G45 and G26-C44 base pair which leads to an elongated anticodon and shortened
D-stem [56]. A similar example is human cytosolic tRNAAsn . Here, m2 2 G is found at position 26 and
prohibits base pairing with C11 [56].

As mitochondrial tRNAs are A- and U-rich sequences, they can fold into many alternative—often
nonfunctional—structures [18,58]. The introduction of this methyl group might represent a general
strategy for such AU-rich tRNAs to avoid certain misfolded states, increasing the probability to adopt
the canonical cloverleaf structure that represents a functional tRNA [51].
In thermophilic organisms, a bias towards GC-rich sequences is frequently observed, and the
corresponding tRNAs are GC-rich as well [18,59–62]. This introduces a folding problem similar to
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the one observed for AU-rich sequences. G residues can also find many alternative base-pairing
partners, which can lead to many different structures besides the cloverleaf. It is discussed that
N2 ,N2 -dimethylguanosine (m2 2 G) plays a similar structure-determining role in tRNAs of thermophilic
archaea as m1 A9 in mitochondrial tRNAs described above [57]. The m2 2 G modification eliminates a
hydrogen-bond donor in the Watson/Crick edge, reducing the base-pairing properties of the modified
G residue to G-U wobble and additional non-Watson/Crick base pairings like G-A interactions,
while G-C pairing is no longer possible (Figure 4C). However, an alternative G-C base pair can be
formed, where cytosine presents a different steric orientation and a water molecule is coordinated
in the increased the space between the nucleobases (Figure 4C) [56]. In Pyrococcus abyssi tRNAPro
contains m2 2 G at position 10 that is necessary to form a wobble interaction with U25. Without
this modification the stem of the D-arm is extended leading to dramatic misfolding of the D-arm.
In a second example, the m2 2 G modification at position 10 of tRNAAsp prevents base pairing with
C27, which would result in an enlarged D-loop (Figure 4C) [57]. In tRNAPro of Haloferax volcanii,
m2 2 G at position 10 prevents the formation of G10-C23 or G10-C24 base pairs that would lead to a
misfolded D-arm. Analogously, m2 2 G26 in tRNALys of the same organism supports correct folding
of the anticodon stem (Figure 4D) [56]. In thermophilic bacteria like Aquifex aeolicus, m2 2 G might
also contribute to the stability of certain tRNAs. In tRNACys of this organism, it is conceivable that
the unpaired m2 2 G26 stabilizes the tRNA structure. Interestingly, the neighboring and originally
base-paired G27 is also modified to m2 2 G. While at a first glance the resulting disruption of G27-C43
seems to destabilize the tRNA, the two methyl groups might form hydrophobic interactions with
the neighboring G26 and C28 that lead to a greater contribution in structural stabilization than the
hydrogen bonds of the G27-C43 base pair [63]. Interestingly, the prevention of tRNA misfolding by
m2 2 G is not restricted to thermophiles, but is also observed in human cytosolic tRNAAsn , where m2 2 G
is located at position 26, disrupting the formation of C11-G26 (Figure 4D). Instead, the modification
results in a G26-A44 base pair at the top of the anticodon stem, forcing the transcript into the correct
structure [56]. m2 2 G modifications with probably similar structural effects are described for tRNATyr
in several mammals [64,65]. These examples illustrate how N2 ,N2 -dimethylguanosine represents a
general tool to restrict the folding space of certain tRNAs, in which inactive, alternative structures
are possible.
2.2. Local Structural Effects
Besides such major rearrangements of the tRNA structure, modifications also trigger local changes
in the molecule’s shape that are nevertheless equally important. In the anticodon loop, positions 34 and
37 are frequently modified and show a high abundance of complex hypermodifications. Their function
has been investigated extensively and was greatly reviewed [34,66]. In principle, modifications in the
anticodon loop fulfil two different functions: they modulate interaction possibilities between codon
and anticodon and they fine-tune the tRNA structure. Specifically, base modifications at position 34,
which is the first base of the anticodon, contribute to the wobble interaction with the third position
of the corresponding codon in the mRNA (Figure 5A,B). A prominent example is tRNAIle carrying
the anticodon UAU. In principle, this anticodon can read codons AUA (for isoleucine) and AUG (for
methionine). Yet, it was shown in some instances that tRNAIle with unmodified UAU anticodon exists
but has a strong preference for its cognate AUA codon, while it rarely misreads AUG [67,68]. In most
organisms, however, tRNAIle carries the anticodon CUA. To avoid misreading of the methionine
codon by this tRNA, C34 is modified to lysidine (k2 C34, chemical structure shown in Figure 2), which
restricts codon recognition to only AUA and thereby changes the amino acid identity of the tRNA
from methionine to isoleucine [69,70]. In the archaeal species Haloarcula marismortui, Methanococcus
maripaludis and Sulfolobus solfataricus, this tRNAIle carries a different modification at C34, fulfilling the
same purpose of restricting the interaction to AUA codons. Here, the original cytosine is modified
at the C2-oxo position, which is replaced by agmatine (decarboxy-arginine), resulting in agmatidine
(C+ or agm2 C) (see Figure 2) [71,72]. A complementary modification is that of N4 -acetylcytosine
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(ac4 C34, chemical structure shown in Figure 2) in elongator-tRNAMet of E. coli, which prevents the
recognition of the AUA isoleucine codon [73]. In non-plant mitochondria, however, both AUG and
AUA codons are read as methionine [74]. Hence, mitochondrial tRNAMet (carrying the anticodon
CAU) has to recognize both codon forms. This is achieved by the introduction of 5-formylcytidine
(f5 C, see Figure 2) at position 34, a modification that pairs with both A and U residues at the
corresponding codon position 3 [75].
In addition to these rather rare C-derived modifications, the majority of the manifold U34
modifications direct the wobble interactions of certain tRNAs by discriminating against closely related
codons and simultaneously allowing the interaction with more than one codon for the same amino
acid (2-fold and 4-fold degenerate boxes, Figure 5B). In bacteria and eukaryotes, xnm5 U/xmo5 U
or xcm5 U derivatives are found at this position, respectively. Interestingly, the wobble interaction
between a U34 containing tRNA and a codon ending in G is weak. Therefore, in most cases, U34 has to
be modified at position C5 of the uracil ring for efficient decoding of both purine-ending codons [76].
Additionally, the sulfur-containing 2-thiouridine (s2 U34) and its derivatives preferentially base-pair
with A at the third codon position, forming two hydrogen bonds. An interaction with G, which is
usually possible for U, is less efficiently formed [77,78]. A study of different yeast strains cultured at
elevated growth temperatures revealed divergent modification patterns at this tRNA position. Some
typical laboratory strains lost the s2 U34 modification at higher temperatures, whereas thiolation levels
in closely related strains remained unchanged or even increased under the same conditions [79].
This example shows that one has to be careful with generalizations of conclusions drawn from the
investigation of one model organism or strain. A different example of a modified uridine at position 34
is uridine 5-oxyacetic acid (cmo5 U34) and additional 5-oxy derivatives (mo5 U34, mcmo5 U34) which
can expand the repertoire of recognized nucleobases. Anticodons with such a modification can read
not only codons ending with A or G, but also with U and sometimes even C, enabling the recognition
of up to four codons, as in the case of tRNAPro in Salmonella enterica [80]. In certain cases, even an
unmodified U34 is able to decode all four codons, as shown for Mycoplasma capricolum, where six of
the eight four-fold degenerated codons are read by only one tRNA [81,82]. For a detailed description
of the role of modified U34 in codon recognition, an excellent survey by Takai and Yokoyama is
recommended [83].
The second function of modifications in the anticodon loop is a structural one. Here, modified
bases reinforce a defined loop structure, a so-called U-turn. For efficient translation, the anticodon
loops of all tRNAs have to adopt a highly similar conformation that promotes a stable codon-anticodon
interaction in the ribosomal A-site. The canonical anticodon loop structure consists of seven unpaired
nucleotide residues (Figure 5C). In a non-modified tRNA transcript, this loop is rather flexible and
collapses into a structure with additional base pairs. In the in vitro transcribed E. coli tRNAPhe , this
collapse results in the base pairs U32-A38 and U33-A37. As a consequence, the residual minimized
anticodon loop consists of the three anticodon bases. This conformation is highly different from the
canonical U-turn structure of a functional anticodon loop and thus results in reduced translation
efficiency and fidelity [84–86]. In native tRNA molecules, this collapse is avoided by modifications
of the highly conserved purine residue at position 37 (Figure 5C), which eliminates these unwanted
base pairs and opens the loop into the correct structure [34,87,88]. Similar results were obtained
for Bacillus subtilis tRNATyr (Figure 5D). The introduction of i6 A37 and Ψ39 led to the re-opening
of the anticodon loop as investigated for tRNAPhe . However, the typical U-turn was not detected.
The authors suggest that the missing queuosine at position 34 is responsible for its formation [89].
Purine 37 is frequently hypermodified, like wybutosine (yW), threonylcarbamoyladenosine (t6 A)
or 2-methylthio-N6 -isopentenyladenosine (ms2 i6 A) and others [27,30,84,88]. Besides keeping the
anticodon loop in a seven-nucleotide-organization, another function of the modified bases at position
37 (and also 34) is an improved stacking with neighboring residues due to an increased hydrophobic
character of the modified bases [90]. These stabilizing interactions reduce the structural flexibility of
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Figure 5. Modifications in decoding and anticodon loop structure. (A) The interaction of the anticodon
bases (34–36) of a tRNA with the corresponding bases of the mRNA codons (3, 2, 1). A wobble
interaction is possible between codon base 3 and anticodon base 34. The latter is frequently modified
and directs the wobble interactions with the third codon base; (B) The standard genetic code is
illustrated as a simple decoding table, 2-fold degenerate codon boxes are colored yellow, 4-fold
degenerate boxes are blue. Start and stop codons are colored green and red, respectively; (C) Stereo
image of the well-structured anticodon loop of tRNALys from E. coli. Modifications mnm5 s2 U34
and t6 A37 prevent wrong base pairing inside the 7-nucleotide loop and promote the formation of
the conserved U-turn motif. The stacked anticodon bases are located on the same side of the loop.
PDB: 1FL8 [91]; (D) Stereo image of a collapsed and unmodified anticodon loop of tRNATyr from
Bacillus subtilis. Here, bases 32 and 38 as well as 33 and 37 interact with each other and the U-turn motif
is missing. The anticodon bases are not ordered and on opposite sides of the loop. PDB: 2LAC [89].
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In addition to such a direct impact on the overall structure of a tRNA or its domains, modified
nucleosides can also have indirect effects on the tRNA shape. It is well known that the compact
L- form of a tRNA is dependent on the presence of bound Mg2+ ions that act as counter ions to shield
the repelling negative charges of the phosphodiester backbone in interacting RNA domains [90,92].
Certain modifications can promote Mg2+ binding to other positions in the tRNA, resulting in strongly
increased binding constants compared to the unmodified transcript [47,93]. A prominent example
is 5-methylcytosine at position 40 (m5 C40) in tRNAPhe of S. cerevisiae. Residue 40 is located in
the anticodon stem, two positions downstream of the anticodon loop. The Agris lab showed that
this modification reinforces Mg2+ binding in the upper part of the anticodon loop, distant from
m5 C40 [94,95]. A similar observation was made for E. coli tRNAVal , where modifications were shown
to strengthen the Mg2+ binding sites of the tRNA [93]. Furthermore, a strong metal binding site in
cytosolic tRNAs was identified at position G15 in the D-loop [96], where a hydrated Mg2+ stabilizes
a reverse Watson-Crick base pair G15-C48 (the Levitt base pair [97]) between D-loop and variable
loop [98]. In archaea, a comparable stabilization of the Levitt base pair is achieved by a modification of
G15, leading to archaeosine (G+; 7-formamidino-7-deazaguanosine, see Figure 2) [98,99]. While this
archaea-specific modification interferes with Mg2+ binding, the positively charged formamidine group
at the C7 atom fulfils the same function as the coordinated Mg2+ and stabilizes the tRNA structure in a
similar way [98]. It seems that the combination of Mg2+ interaction and base modification contributes
to the structural modulation of the tRNA and/or its individual domains [95].
tRNA modifications also affect the helix type that is formed as well as the overall rigidity and
stability of the tRNA. While we have seen that methylations (m1 A, m2 2 G) can influence the base
pairing properties, they can also modulate the strength of individual hydrogen bonds in a base pair.
One example is N7 -methylguanosine (m7 G), where the methyl group introduces a transient positive
charge to the imidazole ring system, due to a temporary full protonation of the nucleoside [100]. This
positive charge affects the non-Watson/Crick hydrogen bond between m7 G at position 46 and G22
in the base triple C13—G22—m7 G46 in yeast tRNAPhe . Similarly, m1 A58, also fully protonated and
positively charged, forms non-Watson/Crick hydrogen bonds with T54. As the purine ring of both
methylated bases is located on the surface of the tRNA, it is discussed that these positively charged
patches are involved in the specific recognition of the tRNA by proteins [100].
Furthermore, modifications can enhance the hydrophobic character of a base [90]. This leads
to improved stacking in the helical environment, and, consequently, to the stabilization of the local
structure in the tRNA. In a similar way, the enhanced stacking interactions of alkylated bases in
the anticodon loop, even outside of the anticodon itself (position 37) contribute to codon-anticodon
base pairing during translation [33,101,102]. Interestingly, pseudouridine Ψ, isosteric to its precursor
uridine with an unchanged Watson/Crick edge, also has increased base stacking properties due to an
elevated hydrophobic character [103]. A second way how Ψ can contribute to the stabilization of the
tRNA structure is the formation of H-bonds with its additional H-bond donor N1 that is not present in
U (see also the section on thermophilic adaptation, see Figure 3B for a three-dimensional structure of
Ψ). However, when N1 is artificially methylated (m1 Ψ) in order to inhibit H-bond formation in the
anticodon loop of yeast tRNAPhe , the resulting base has the same stabilizing effect as the original Ψ—a
clear indication that the improved stability results from the stacking properties of Ψ [104]. Yet, N1
as an H-bond donor represents an important feature of Ψ and contributes in several instances to the
stability of the local tRNA structure. Representing one of the most abundant base modifications, the
structure-stabilizing Ψ is found at a variety of different positions in tRNA transcripts [27,105]. In the
TΨC-loop, where this name giving modification is particularly frequent, it forms a tertiary base pair
with G18 in the D-loop [14]. In all three kingdoms, further pseudouridine positions are distributed
over the whole tRNA structure, where they might also contribute to the stabilization of the correct
shape [18,105–108]. A very interesting and highly abundant Ψ site is position 13, located at the distal
end of the D-stem. Together with position 22, position 13 forms the terminal base pair of this stem.
Here, Ψ seems to fulfil two functions. As a general effect of this rigid modification, the local structure
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of this tRNA domain is stabilized [109,110]. Furthermore, Ψ forms base pairs with all four canonical A,
U, G and C bases that are more stable than those with the unmodified U [111–113]. Especially when
U22 or G22 is present, Ψ13 is found in 96% or 75% of analyzed tRNA sequences, respectively [109].
With A22, however, no such preference for Ψ13 is observed, as an unmodified U13 obviously forms
a base pair with sufficient stability. These facts indicate that the main function of Ψ13 is probably to
stabilize the end of the D-stem, regardless the nature of the interacting position 22.
For several of these positions, molecular dynamics (MD) simulations of the yeast tRNAAsp
anticodon arm and structural analyses of E. coli tRNAGln have shown that N1 interacts with the
neighboring upstream nucleotide by hydrogen bonding with a bridging water molecule that forms
additional H-bonds to the adjacent phosphate groups [108,114]. This link between the tRNA backbone
and Ψ stiffens this region and increases the rigidity of the local tRNA structure. Recent thermodynamic
analyses of RNA duplexes with defined Ψ positions confirmed an enhanced structural stability
compared to hairpins lacking this modification [112,113]. In addition, pseudouridine exhibits a
third stabilizing effect that is mediated by its propensity to keep the ribose moiety in a C3’-endo
conformation (Figure 3B) [103,115,116]. Accordingly, Ψ reinforces the more stable A-helical form in the
tRNA domains.
A similar structural reinforcement that affects the sugar pucker in tRNA is mediated by modifying
the ribose itself. The introduction of a methyl group at the 20 OH of the ribose promotes a C30 -endo
conformation, because in a C20 -endo pucker, the large methyl group leads to a steric clash with the
30 -phosphate and the base, especially pyrimidines [115,117]. Hence, 20 O-methylated residues adopt
a C30 -endo conformation and, consequently, an A-helix is preferred. In the case of Gm18 (found in
eukaryotes and bacteria), for instance, the C30 -endo-mediated local rigidity may affect the stability
of the D-arm [117,118]. Furthermore, as Gm18 interacts with Ψ55, it also stabilizes the L-shape of
the tRNA [14]. In archaea, C56, located in the TΨC loop, is methylated to Cm56 [119]. This position
interacts with G19 in the D-loop, and the rigid Cm56 might also contribute to the stability of these
tertiary interactions in the tRNA’s 3D structure. Such ribose methylations are not restricted to tRNAs,
but are found in many different types of RNA, predominantly in thermophilic organisms [120,121].
In general, all modifications that stabilize the tRNA structure also represent an adjustment to thermal
changes as outlined in more detail in the next section. Besides such structural effects, 20 O-methylations
contribute to a general stability of (t)RNA against hydrolytic damage, as an in-line nucleophilic
attack of the 20 OH group [122], leading to backbone breakage, is no longer possible. In tRNA, this
ribose modification is frequently found at positions 4, 6, 18, 32, 34, 39, 44, 54 and 56 [117,123,124].
Interestingly, positions 32, 34 and 54 can also carry 2-thiolated uridines or cytosines [117]. In the
archaeon Pyrobaculum aerophilum, position U8 is also predicted to be modified to Um8 [125,126].
As U8 also represent a conserved site for thiolation to s4 U as a UV protective [127], it is possible
that in this case, position 8 is also further modified to s4 Um8. While thiolation can change the base
pairing properties, as described above for 2-thiouridine (s2 U34), the second effect of 2-thiolation is a
conformational one, comparable to the ribose methylation. The steric clash of the bulky 2-thiocarbonyl
group with the 20 OH of the ribose stabilizes the C30 -endo form of the sugar pucker [128,129]. Hence,
this ribose conformation can be promoted by modifications of both parts, base or sugar, that lead to a
steric hindrance in a C20 -endo conformation.
However, not all modifications stabilize a tRNA structure and increase its rigidity. A whole
plethora of experiments show that tRNAs have to exhibit a certain flexibility for proper function in
maturation, aminoacylation, translation as well as regulation of gene expression [130–137]. While the
stability and (non-)isostericity of individual base pairs (e.g., GC versus GU) can increase the local
flexibility in a tRNA domain [137], there are also modifications that contribute to the conformational
elasticity of these molecules. Dihydrouridine (D, see Figure 3C for a three dimensional structure)
is the name-giving modification that is frequently found in the D-loop, predominantly at positions
16, 17, 20, 20a and 20b, and additionally at position 47 in the variable loop [18,27,99,138–143]. It is
formed by a reduction of the double bond between positions C5 and C6 in the pyrimidine ring of

Biomolecules 2017, 7, 35

14 of 29

uridine [144]. Due to the saturation of the C5–C6 bond, D is the only described non-aromatic base found
in nucleic acids [90]. The base is no longer planar, but puckered, and positions C5 and C6 are displaced
on opposite sides of the plane consisting of positions N1, C2, N3 and C4, resulting in a half-chair
conformation [145,146]. The saturated non-planar shape of D has two structural consequences. First, D
is unable to stack with neighboring aromatic bases. Second, at position C6, D carries a methylene group
with a larger volume compared to the corresponding position in uracil. Due to this methylene group,
D is sterically restricted and prefers a C20 -endo conformation of its ribose [147,148]. This sugar pucker
is also relayed to the neighboring base located upstream, increasing the local structural rearrangement
induced by this modification [149]. Hence, the combined influence of dihydrouridine (destacking
of bases, preference of C20 -endo conformation, induction of C20 -endo pucker in the 50 -neighboring
nucleotide) introduces local and functionally important flexibility in the tRNA molecule. Nevertheless,
D can also induce stability in a neighboring helical region, as shown in the D-arm of Schizosaccharomyces
pombe tRNAi Met , where D enhances the flexibility of the D-loop, while it simultaneously forces the
D-stem to adopt a rather stable conformation [41]. Yet, it came as a surprise that the lack of D20a in
the E. coli tRNASer lowered the melting temperature, indicating that the presence of this modification
contributes to tRNA stability [99]. It is discussed that the D-mediated locally increased flexibility may
facilitate the formation of the stabilizing neighboring tertiary base interactions in the elbow region
of the tRNA. In the same series of experiments, it was shown that these tertiary interactions are then
further stabilized by the modification of the involved bases like the above mentioned s4 U8 that pairs
with A14 in the D-loop (Figure 1) [99].
Taken together, post-transcriptional modifications are essential in modulating the structure of a
tRNA. Besides large rearrangements that force the transcript into its canonical cloverleaf shape,
modifications are involved in structural fine-tuning of different positions of individual tRNAs.
In addition, the rigidity and flexibility of the whole transcript or individual domains is regulated
by modified nucleosides. As the structural rigidity of a biomolecule is an important hallmark in
thermal adaptation, these modifications contribute to tRNA functionality in thermo- and psychrophilic
organisms. In the following section, such thermal adaptations due to tRNA modifications will
be discussed.
3. Modifications and Temperature Adaptation
In the biological habitats on Earth, the environmental temperature ranges from below 5 ◦ C to
above 100 ◦ C. While the moderate habitats are populated by mesophilic organisms, we find specifically
adapted species thriving in cold and hot environments. As temperature is an important parameter
in terms of reactivity and stability, many adaptations of biomolecules in psychro- and thermophilic
organisms are known. Interestingly, many of these strategies for cold or heat adaptation are not specific
for a certain type of biomolecule (e.g., proteins), but can be found in other cellular components, like
(t)RNA as well.
3.1. Thermophilic Adaptation
To render proteins functional at high temperatures, a series of adaptations, individual or in
combination, are possible. In general, the rigidity of the molecule is increased in order to prevent
thermal denaturation. Here, an increased number of salt bridges, disulfide bridges and hydrophobic
interactions is frequently observed. In addition, chaperones help proteins to keep their active functional
conformation. Finally, glycosylation can help to stabilize proteins at elevated temperatures [150].
In principle, very similar strategies are employed by thermophilic organisms to increase the stability
of their nucleic acids (reviewed in [151]).
tRNA molecules—and other nucleic acids—exposed to heat are confronted with two phenomena
that affect their functionality: The first is thermal denaturation, where the essential 3D and 2D structure
is destroyed, as the transcript melts down into its unfolded—and nonfunctional—state. The second
phenomenon is thermal degradation, leading to irreversible Mg2+ -induced hydrolytic cleavage of
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phosphodiester bonds [152]. Other damages like depurination at dihydrouridine positions can occur
as well [153]. Hence, organisms thriving at high temperatures have an urgent need for thermal
stabilization of their tRNAs. One predominant temperature-dependent adaptation is the increase of
the GC-content especially in the stems of the cloverleaf structure [60,61]. Oshima reported that an
increase of 5% in the GC-content raises the melting temperature of a tRNA by 1.5 ◦ C [62]. However, as
mentioned above, a high GC-content is bought at the expense of increased possibilities for misfolding
of the tRNA.
A high level of GC alone does not explain the observed thermal stability of tRNA. In the
hyperthermophile Pyrococcus furiosus, it was shown that tRNA has a melting temperature
that was about 20◦ C higher than what was calculated solely from the GC-content. This
indicated that additional stabilizing factors must be involved [121], which render these tRNAs
thermostable.
Besides modifications, polyamines and RNA chaperones have been found
to be important for tRNA stabilization. Many thermophilic organisms produce long and
branched, positively charged polyamines like 4,4-bis(3-aminopropyl)-1,8-diamino-4-azaoctane,
4-(3-aminopropyl)-1,7-diamino-4-azaheptane or N4 -bis(aminopropyl)spermidine that interact with
negatively charged nucleic acids and also stabilize tRNA structures [154–157]. Furthermore, the
interaction with proteins also contributes to tRNA stability. In Aquifex aeolicus, a small protein was
identified that seems to stabilize the tRNA’s L-shape at high temperatures [158], and even tRNA
modification enzymes per se help the tRNA to adopt and maintain its functional structure [159,160].
A third strategy to protect tRNAs from denaturation and degradation is the introduction of certain
modifications. Accordingly, tRNAs from thermophiles show a larger abundance and diversity of
modifications than their mesophilic or psychrophilic counterparts [121,161–163]. As indicated above,
thiolations, methylations and even double methylations introduce structural rigidity and, consequently,
thermal stability of tRNAs. 20 O-methylations are highly effective in blocking temperature-induced
hydrolytic damage of the tRNA backbone, as a nucleophilic attack of the 20 OH on the neighboring
phosphodiester bond is prevented. Especially in archaea, this 20 O-methylation is frequently found in
combination with a methylated base, resulting in doubly modified nucleosides like m2 Gm, m2 2 Gm,
ac4 Cm and others [121,164–166]. Besides increasing the local rigidity, ac4 Cm promotes the C30 -endo
conformation of the adjacent ribose [166]. Hence, the corresponding position in the tRNA is not
only protected from hydrolysis, but contributes to the formation of a stable A-helix. As mentioned
above, pseudouridine (Ψ) stabilizes the tRNA structure by improved stacking properties, the presence
of an additional H-bond donor and the preference of the C30 -endo sugar pucker. The latter is also
passed on the neighboring nucleotides, which then favor this stable ribose conformation as well [103].
Consequently, Ψ is a tRNA modification that contributes to higher thermostability as shown for the
anticodon stem-loop of tRNALys . In this example, the modification of U39 to Ψ39 leads to a 5 ◦ C higher
melting temperature due to improved base stacking and a strengthening of the base pair with A31 that
closes the helix [167]. A TruB defective E. coli strain, which lacks the well conserved Ψ55 in the T-loop,
showed less tolerance to thermal stress, indicating that this modification is involved in tRNA stability
at high temperatures [168].
To keep the tRNA in its L-shape, important thermo-stabilizing modifications are found in
the elbow region of the tRNA, where tertiary interactions between D- and T-loop are essential.
As mentioned previously, U54 is usually fully methylated at position C5, resulting in T54
(ribothymidine or m5 U). In many thermophiles, this base is further modified by the introduction
of a thiocarbonyl group at position 2, leading to 2-thioribothymidine (s2 T54). This modification
increases the melting temperature of a tRNA by 3 ◦ C [169,170] by promoting C30 -endo sugar puckering
as well as a tertiary interaction with A58, where a reverse-Hoogsteen base-pairing occurs. Interestingly,
in most archaea, T54 is replaced by Ψ54 or m1 Ψ54 [171,172]. As these modifications have base
pairing properties and structural shapes highly similar to uracil or ribothymidine [173], it is likely
that they fulfil a similar structural function in stabilizing the shape of the TΨC loop and its tertiary
interaction with the D-loop. As T54, Ψ or m1 Ψ can form the described reverse Hoogsteen pair
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with A58 [174,175]. Furthermore, this base pair is sandwiched between the neighboring base pairs
Ψ55-G18 and G53-C61, and it is very likely that Ψ54 or m1 Ψ54 further increase the thermal stability
of the elbow region due to their enhanced stacking properties described above [174]. The interaction
partner A58 is often modified to N1 -methyladenosine (m1 A58), especially in thermophiles. While this
modification per se does not contribute to thermostability, it is a prerequisite for the introduction of
s2 T54, as it represents an essential recognition element for the modifying enzyme s2 T-thiolase [176].
The dependence of one modification on another adds an additional layer of complexity to the
identification of modified, thermostabilizing nucleosides. When the methylation of A58 is blocked in a
corresponding knock-out strain of Thermus thermophilus, the strain becomes thermosensitive, because
s2 T54 cannot be formed [177]. A second example in T. thermophilus is N7 -methylguanine at position
46 (m7 G46). A knock-out strain lacking this modification has severe growth defects at 80 ◦ C, and
several tRNAs had a decreased melting temperature and half-life, due to hypomodification at several
positions [178]. This indicates m7 G46 is a prerequisite for efficient modification of further positions that
are then required for stabilization. In addition, recent experiments indicate that polyamines not only
stabilize the tRNA structure as described, but are also important for the introduction of modifications,
as they can enhance the activity of the corresponding enzymes [179]. Hence, the distinct identification
of an individual modification that contributes to thermal stability is not an easy task, as additional
features like modification networks, substrate recognition, and enhancement of enzyme activity have
to be considered.
3.2. Psychrophilic Adaptation
Besides high temperature environments, cold habitats are equally challenging for biological
systems, as low temperatures negatively influence membrane fluidity, water viscosity, solute diffusion
rates, enzyme kinetics and macromolecular interactions [180,181]. Hence, to remain functional,
adaptations of biomolecules are likewise required. As the majority of biological habitats are temporarily
or permanently exposed to temperatures below 5 ◦ C, the need for psychrophilic adaptation should not
be underestimated [180,182,183]. For cold-adapted proteins, an increased structural flexibility seems
to represent a major way to render these macromolecules functional [184–186]. Yet, such an increase in
flexibility can be difficult to determine, as it can be restricted to local regions of the macromolecule,
for instance the catalytic core of an enzyme [185].
The adaptation of RNA to low temperatures is still poorly understood. In contrast to mesophilic
or thermophilic organisms, the genome of psychrophilic organisms carries an increased amount of
tRNA genes [180]. This could be a possible compensation of the decelerated transcription rate due
to low temperature [60]. Furthermore, one might expect that psychrophilic tRNAs have a decreased
amount of GC-residues to increase flexibility. Indeed, in the antarctic shrimp Euphausia sperba, a loss of
contiguous G-C pairs and a replacement by G-U in the T-arm were reported, resulting in a reduced
thermal stability and cold adaptation [187]. However, in several other psychrophiles, a GC-content
of 54%–59% is described, which is comparable to that of mesophilic tRNAs [60,161]. While proteins
consist of 20 different amino acids, (t)RNA contains only four building blocks, reducing the potential
for adaptation by sequence diversity. Hence, post-transcriptional modification plays an important role.
As discussed above, most modifications lead to an increased molecular stability, while only a small
minority increases the flexibility of a tRNA. Here, the non-aromatic dihydrouridine is of particular
importance. It is the only tRNA modification that is unable to stack with other bases and supports the
C20 -endo sugar pucker. As a consequence, dihydrouridine-containing regions are more flexible and
have a wider range of glycosyl-torsion angles [149,188]. Dalluge et al. could show that the equilibrium
between C20 and C30 -endo conformation of dihydrouridine and the 50 -adjacent ribose is strongly
temperature dependent and shifts towards C20 -endo at lower temperatures [149]. Consequently, the
tRNA retains its local flexibility in the cold. Such a locally restricted flexibility was demonstrated by
melting experiments, where psychrophilic tRNAs revealed a melting temperature similar to that of
mesophilic tRNAs [161]. Hence, similar to proteins, an increased local flexibility in tRNAs represents
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an important adaptation to a cold environment. Many psychrophilic organisms show an increased
dihydrouridine content in tRNAs, while mesophilic and thermophilic organisms have only very low
amounts of this modification in their tRNAs to adapt to high temperatures [120,161,163].
As many microorganisms have to deal with a broad temperature range in their habitats, it is
often difficult to identify simple cold or heat adapted tRNAs. In a knock-out strain of the thermophile
T. thermophilus, the lack of a stabilizing Ψ55 modification leads to a growth retardation at lower
temperatures (50 ◦ C), while growth at high temperatures is not affected [189]. Obviously, this strain
has lost its low-temperature adaptation. Nucleoside analysis of the corresponding tRNAs revealed
an abnormally high content of m1 A, Gm, m1 G and s2 T in the mutant. Furthermore, tRNAs from
the mutant strain isolated at 50 ◦ C showed an 8 ◦ C higher melting temperature compared to wild
type tRNAs. At 70 ◦ C, however, mutant and wild type tRNAs had similar melting temperatures.
These results indicate that nucleoside modifications are introduced in a network-like manner, where
Ψ55 modification represents a control mechanism for thermal adaptation of tRNA functionality. For
adaptation to low temperatures, the presence of Ψ55 restricts the incorporation of modifications
conferring thermostability, while its absence enhances the addition of such modifications, increasing
thermal stability. Further, a recent report indicates that the neighboring modification m5 U54 supports
Ψ55 in preventing excess of the thermostabilizing modified nucleosides, adding another layer of
complexity to this modification network [190]. Hence, as a modification originally identified to stabilize
a tRNA structure, Ψ55 can also contribute to its flexibility and functionality at low temperatures. The
fact that organisms can modulate nature and amount of tRNA modifications as an adaptation to
changing environmental temperatures demonstrates the complexity of modification networks and
difficult interpretation of modification patterns.
4. Regulation of Modifications
While the number of modified nucleosides in tRNA and other RNA species is steadily increasing,
the introduction of such post-transcriptional modifications, a very complex enzymatic process, is
still not fully understood. MODOMICS, a database for RNA modification pathways, currently
contains 144 different RNA modifications and collects data on their synthesis [106]. About 1%
of the genes in E. coli code for modification enzymes and similar estimates were made for yeast.
In Mycoplasma capricolum even 4% of the genome correspond to modification enzymes, reflecting the
significance of post-transcriptional modifications [191,192]. Recently, efforts were made to predict the
modification pattern of tRNAs based on the presence of genes coding for modification enzymes in
the organism’s genome [193]. Some enzymes like yeast pseudouridine synthases 3 and 4 (Pus3 and
Pus4) are region-specific and introduce a Ψ at position 38/39 and 55 of tRNAs, respectively [194,195].
In contrast, Pus1 is a multi-specific enzyme and pseudouridinylates various positions in the anticodon
arm and T-arm [196]. Such substrate variety impedes a precise prediction of modification sites and,
moreover, some positions are not necessarily modified although the corresponding enzymes are
genomically encoded. As already discussed, some modifications can represent a prerequisite for
the introduction of further modifications, but these interplays are also not sufficiently understood,
which hampers a prediction even further. Early experiments revealed that some modifications are
introduced at the level of primary transcript, whereas others are incorporated into the mature tRNA.
This reflects the different capabilities of modification enzymes to recognize tRNAs. Indeed, in 1996
Grosjean et al. established the classification of tRNA-modifying enzymes in two groups according
to their sensitivities to structural perturbations. Enzymes which only need a local structural element,
like the acceptor domain, for productive recognition are assigned to group I. The interruption of
tertiary interactions can favor an efficient reaction for these enzymes [197,198]. Group II includes
enzymes that are sensitive to perturbations in the tRNA structure. This group is further separated
into enzymes requiring an intact L-shaped tRNA (group IIa) and enzymes tolerating certain structural
deviations (group IIb) [199]. Using microinjection of yeast tRNATyr precursors into Xenopus oocytes,
it was revealed that the modifications m5 C49, T54, Ψ55 and m1 A58 were incorporated to substrates
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containing intron and 50 -leader sequence before any modification in the D-arm occurred [200].
The anticodon loop was modified only after intron removal. These findings suggest that there might be
a general order of modification events. First, modifications occur in the sufficiently structured T-arm
which then promotes proper folding of the D-arm and enables subsequent modification.
The chemical modification of tRNAs has been proven to be quite dynamic, and not as static as
has been historically assumed. Instead, the dynamic addition or removal of modifications has been
increasingly suggested to serve as signal for the regulation of biological processes [201]. For example,
highly sensitive mass spectrometry measurements revealed that a set of tRNA modifications changed
upon exposure to different toxins [202], and under oxidative stress or in response to growth arrest
conditions, such as nutrient depletion, 5-methylcytosine levels were shown to increase in certain yeast
tRNAs [203,204]. This illustrates how the investigation of modification patterns and dynamics opens
up a new frontier in tRNA research with an additional level of complexity.
Additionally, modifications have been described in recently found non-coding RNAs termed
tRNA-derived fragments (tRFs) which represent tRNA cleavage products formed under stress
conditions [205]. These fragments are thought to play a role in regulation of various cellular functions
and also in cancer [206]. Evidence suggests that tRNA modifications can regulate the formation of
tRFs. For example, m5 C38 in tRNAAsp(GTC) , tRNAGly(GCC) and tRNAVal(AAC) reduces cleavage during
heat shock response in Drosophila [207,208].
Lastly, orthogonal tRNAs, heavily used in the field of genetic recoding, have recently been
shown to serve as targets for modification enzymes [209]. These tRNAs in combination with an
orthogonal aminoacyl tRNA synthetase are introduced into organisms to expand their genetic code
so that additional, non-canonical amino acids (ncAA) can be incorporated into cellular proteins.
By including an ncAA, the repertoire of chemical functionalities is expanded and thus the activities
and properties of proteins synthesized by the cell’s translation machinery can be altered. It was shown
that the orthogonal tRNAoptAUG is a substrate for TadA, an A to I editing deaminase in E. coli that
is usually involved in essential maturation steps of endogenous tRNAs [209]. Reverse transcription,
amplification and sequencing experiments demonstrated that the adenosine at position 34 of the
orthogonal tRNA was modified to inosine. As a result, the codon recognition properties of the tRNA
were drastically altered, and the tRNAoptAUG failed to discriminate between the two histidine codons
CAU and CAC.
These examples show that post-transcriptional modifications are ubiquitous and found in all tRNA
transcripts—natural ones, orthogonal transcripts, and tRNA fragments thereof. Moreover, it is evident
that modifications are closely tied to tRNA functions and can enable precise fine-tuning and necessary
adaptations to environmental stresses. In some cases, tRNA modifications and their functions are well
known, but for the majority of instances their impact on biology has to be investigated in more detail.
5. Conclusions
Although RNA only consists of four elemental units, its structures and functions are manifold
and further improved and expanded by the introduction of post-transcriptional modifications. Such
nucleoside alterations are not restricted to tRNA, but found in many different transcripts, where
they affect cellular processes like splicing, translation and RNA degradation. Continuous progress
in sequencing technology will allow us to advance the investigation of modifications, resulting in
the detection of further modifications in all kinds of transcripts. In case of tRNA, modifications
ensure correct folding, efficient translation, and can serve as identity elements for recognition by
aminoacyl-tRNA synthetases. Moreover, modifications can adapt tRNAs to different environmental
conditions such as temperature. Furthermore, modified bases can also be of great importance for
applications in synthetic biology to fine-tune the structure of aptamers and riboswitches or for the
improvement of orthogonal suppressor tRNA systems in the introduction of non-natural amino acids
into proteins. While our knowledge about the precise function of most modifications improved
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dramatically over the last decades, further research is required to understand the structural and
regulatory impact of these fascinating nucleoside varieties.
Acknowledgments: This work was supported by the Deutsche Forschungsgemeinschaft DFG (grant #
MO634/13-1 and LU1889/2-1). We acknowledge support from the Deutsche Forschungsgemeinschaft and
Leipzig University within the program of Open Access Publishing.
Author Contributions: Christian Lorenz, Christina E. Lünse and Mario Mörl contributed equally to design,
writing and editing of the manuscript.
Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.

13.

14.

15.
16.
17.

Hopper, A.K. Transfer RNA post-transcriptional processing, turnover, and subcellular dynamics in the yeast
Saccharomyces cerevisiae. Genetics 2013, 194, 43–67. [CrossRef] [PubMed]
Reinhold-Hurek, B.; Shub, D.A. Self-splicing introns in tRNA genes of widely divergent bacteria. Nature
1992, 357, 173–176. [CrossRef] [PubMed]
Yoshihisa, T. Handling tRNA introns, archaeal way and eukaryotic way. Front. Genet. 2014, 5, 213. [CrossRef]
[PubMed]
Betat, H.; Rammelt, C.; Mörl, M. tRNA nucleotidyltransferases: Ancient catalysts with an unusual mechanism
of polymerization. Cell. Mol. Life Sci. 2010, 67, 1447–1463. [CrossRef] [PubMed]
Cantara, W.A.; Crain, P.F.; Rozenski, J.; McCloskey, J.A.; Harris, K.A.; Zhang, X.; Vendeix, F.A.P.; Fabris, D.;
Agris, P.F. The RNA Modification Database, RNAMDB: 2011 update. Nucleic Acids Res. 2011, 39, D195–D201.
[CrossRef] [PubMed]
Holley, R.W.; Apgar, J.; Everett, G.A.; Madison, J.T.; Marquisee, M.; Merrill, S.H.; Penswick, J.R.; Zamir, A.
Structure of a Ribonucleic Acid. Science 1965, 147, 1462–1465. [CrossRef] [PubMed]
Giegé, R.; Jühling, F.; Pütz, J.; Stadler, P.F.; Sauter, C.; Florentz, C. Structure of transfer RNAs: Similarity and
variability. Wiley Interdiscip. Rev. RNA 2012, 3, 37–61. [CrossRef] [PubMed]
Sprinzl, M.; Cramer, F. The -C-C-A end of tRNA and its role in protein biosynthesis. Prog. Nucleic Acid Res.
Mol. Biol. 1979, 22, 1–69. [PubMed]
Green, R.; Noller, H.F. Ribosomes and translation. Annu. Rev. Biochem. 1997, 66, 679–716. [CrossRef]
[PubMed]
Simonovic, M.; Steitz, T.A. Peptidyl-CCA deacylation on the ribosome promoted by induced fit and the
O30 -hydroxyl group of A76 of the unacylated A-site tRNA. RNA 2008, 14, 2372–2378. [CrossRef] [PubMed]
Shi, H.; Moore, P.B. The crystal structure of yeast phenylalanine tRNA at 1.93 A resolution: A classic structure
revisited. RNA 2000, 6, 1091–1105. [CrossRef] [PubMed]
Barraud, P.; Schmitt, E.; Mechulam, Y.; Dardel, F.; Tisné, C. A unique conformation of the anticodon
stem-loop is associated with the capacity of tRNAfMet to initiate protein synthesis. Nucleic Acids Res. 2008,
36, 4894–4901. [CrossRef] [PubMed]
Bénas, P.; Bec, G.; Keith, G.; Marquet, R.; Ehresmann, C.; Ehresmann, B.; Dumas, P. The crystal structure of
HIV reverse-transcription primer tRNA(Lys,3) shows a canonical anticodon loop. RNA 2000, 6, 1347–1355.
[CrossRef] [PubMed]
Kim, S.H.; Suddath, F.L.; Quigley, G.J.; McPherson, A.; Sussman, J.L.; Wang, A.H.; Seeman, N.C.; Rich, A.
Three-dimensional tertiary structure of yeast phenylalanine transfer RNA. Science 1974, 185, 435–440.
[CrossRef] [PubMed]
Zhang, J.; Ferré-D’Amaré, A.R. The tRNA Elbow in Structure, Recognition and Evolution. Life 2016, 6, 3.
[CrossRef] [PubMed]
Kuhn, C.-D. RNA versatility governs tRNA function: Why tRNA flexibility is essential beyond the translation
cycle. BioEssays 2016, 38, 465–473. [CrossRef] [PubMed]
Wolstenholme, D.R.; Macfarlane, J.L.; Okimoto, R.; Clary, D.O.; Wahleithner, J.A. Bizarre tRNAs inferred
from DNA sequences of mitochondrial genomes of nematode worms. Proc. Natl. Acad. Sci. USA 1987, 84,
1324–1328. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

18.
19.

20.

21.
22.
23.
24.

25.
26.
27.
28.

29.
30.

31.

32.
33.

34.
35.
36.
37.
38.
39.

20 of 29

Jühling, F.; Pütz, J.; Florentz, C.; Stadler, P.F. Armless mitochondrial tRNAs in enoplea (nematoda). RNA Biol.
2012, 9, 1161–1166. [CrossRef] [PubMed]
Wakita, K.; Watanabe, Y.-I.; Yokogawa, T.; Kumazawa, Y.; Nakamura, S.; Ueda, T.; Watanabe, K.; Nishikawa, K.
Higher-order structure of bovine mitochondrial tRNA(Phe) lacking the ’conserved’ GG and T psi CG
sequences as inferred by enzymatic and chemical probing. Nucleic Acids Res. 1994, 22, 347–353. [CrossRef]
[PubMed]
Messmer, M.; Pütz, J.; Suzuki, T.; Suzuki, T.; Sauter, C.; Sissler, M.; Florentz, C. Tertiary network in mammalian
mitochondrial tRNAAsp revealed by solution probing and phylogeny. Nucleic Acids Res. 2009, 37, 6881–6895.
[CrossRef] [PubMed]
Wende, S.; Platzer, E.G.; Jühling, F.; Pütz, J.; Florentz, C.; Stadler, P.F.; Mörl, M. Biological evidence for the
world’s smallest tRNAs. Biochimie 2014, 100, 151–158. [CrossRef] [PubMed]
Tomari, Y.; Suzuki, T.; Ueda, T. tRNA recognition by CCA-adding enzyme. Nucleic Acids Res. Suppl. 2002, 2,
77–78. [CrossRef]
Wolfson, A.D.; Khvorova, A.M.; Sauter, C.; Florentz, C.; Giegé, R. Mimics of yeast tRNA Asp and their
recognition by aspartyl-tRNA synthetase. Biochemistry 1999, 38, 11926–11932. [CrossRef] [PubMed]
Sakurai, M.; Ohtsuki, T.; Watanabe, K. Modification at position 9 with 1-methyladenosine is crucial for
structure and function of nematode mitochondrial tRNAs lacking the entire T-arm. Nucleic Acids Res. 2005,
33, 1653–1661. [CrossRef] [PubMed]
Sprinzl, M. Compilation of tRNA sequences and sequences of tRNA genes. Nucleic Acids Res. 1998, 26,
148–153. [CrossRef] [PubMed]
Jühling, F.; Mörl, M.; Hartmann, R.K.; Sprinzl, M.; Stadler, P.F.; Pütz, J. tRNAdb 2009: Compilation of tRNA
sequences and tRNA genes. Nucleic Acids Res. 2009, 37, D159–D162. [CrossRef] [PubMed]
Machnicka, M.A.; Olchowik, A.; Grosjean, H.; Bujnicki, J.M. Distribution and frequencies of
post-transcriptional modifications in tRNAs. RNA Biol. 2014, 11, 1619–1629. [CrossRef] [PubMed]
Watanabe, K.; Oshima, T.; Saneyoshi, M.; Nishimura, S. Replacement of ribothymidine by
5-methyl-2-thiouridine in sequence GT psi C in tRNA of an extreme thermophile. FEBS Lett. 1974, 43,
59–63. [CrossRef]
Watanabe, K.; Shinma, M.; Oshima, T.; Nishimura, S. Heat-induced stability of tRNA from an extreme
thermophile, Thermus thermophilus. Biochem. Biophys. Res. Commun. 1976, 72, 1137–1144. [CrossRef]
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: Austin, TX, USA, 2009; pp. 1–18.
Watanabe, M.; Matsuo, M.; Tanaka, S.; Akimoto, H.; Asahi, S.; Nishimura, S.; Katze, J.R.; Hashizume, T.;
Crain, P.F.; McCloskey, J.A.; et al. Biosynthesis of archaeosine, a novel derivative of 7-deazaguanosine
specific to archaeal tRNA, proceeds via a pathway involving base replacement on the tRNA polynucleotide
chain. J. Biol. Chem. 1997, 272, 20146–20151. [CrossRef] [PubMed]
Noma, A.; Kirino, Y.; Ikeuchi, Y.; Suzuki, T. Biosynthesis of wybutosine, a hyper-modified nucleoside in
eukaryotic phenylalanine tRNA. EMBO J. 2006, 25, 2142–2154. [CrossRef] [PubMed]
Konevega, A.L.; Soboleva, N.G.; Makhno, V.I.; Semenkov, Y.P.; Wintermeyer, W.; Rodnina, M.V.; Katunin, V.I.
Purine bases at position 37 of tRNA stabilize codon-anticodon interaction in the ribosomal A site by stacking
and Mg2+ -dependent interactions. RNA 2004, 10, 90–101. [CrossRef] [PubMed]
Agris, P.F. Bringing order to translation: The contributions of transfer RNA anticodon-domain modifications.
EMBO Rep. 2008, 9, 629–635. [CrossRef] [PubMed]
Gustilo, E.M.; Vendeix, F.A.P.; Agris, P.F. tRNA’s modifications bring order to gene expression. Curr. Opin.
Microbiol. 2008, 11, 134–140. [CrossRef] [PubMed]
Novoa, E.M.; Ribas de Pouplana, L. Speeding with control: Codon usage, tRNAs, and ribosomes. Trends
Genet. 2012, 28, 574–581. [CrossRef] [PubMed]
El Yacoubi, B.; Bailly, M.; de Crécy-Lagard, V. Biosynthesis and function of posttranscriptional modifications
of transfer RNAs. Ann. Rev. Genet. 2012, 46, 69–95. [CrossRef] [PubMed]
Jackman, J.E.; Alfonzo, J.D. Transfer RNA modifications: Nature’s combinatorial chemistry playground.
Wiley Interdiscip. Rev. RNA 2013, 4, 35–48. [CrossRef] [PubMed]
Helm, M. Post-transcriptional nucleotide modification and alternative folding of RNA. Nucleic Acids Res.
2006, 34, 721–733. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

40.
41.

42.

43.
44.

45.

46.
47.
48.
49.
50.
51.

52.

53.

54.

55.

56.
57.

58.
59.

21 of 29

Motorin, Y.; Helm, M. tRNA stabilization by modified nucleotides. Biochemistry 2010, 49, 4934–4944.
[CrossRef] [PubMed]
Dyubankova, N.; Sochacka, E.; Kraszewska, K.; Nawrot, B.; Herdewijn, P.; Lescrinier, E. Contribution of
dihydrouridine in folding of the D-arm in tRNA. Org. Biomol. Chem. 2015, 13, 4960–4966. [CrossRef]
[PubMed]
Sampson, J.R.; Uhlenbeck, O.C. Biochemical and physical characterization of an unmodified yeast
phenylalanine transfer RNA transcribed in vitro. Proc. Natl. Acad. Sci. USA 1988, 85, 1033–1037. [CrossRef]
[PubMed]
Giegé, R.; Sissler, M.; Florentz, C. Universal rules and idiosyncratic features in tRNA identity. Nucleic Acids
Res. 1998, 26, 5017–5035. [CrossRef] [PubMed]
Cho, H.D.; Weiner, A.M. A single catalytically active subunit in the multimeric Sulfolobus shibatae
CCA-adding enzyme can carry out all three steps of CCA addition. J. Biol. Chem. 2004, 279, 40130–40136.
[CrossRef] [PubMed]
Lizano, E.; Scheibe, M.; Rammelt, C.; Betat, H.; Mörl, M. A comparative analysis of CCA-adding enzymes
from human and E. coli: Differences in CCA addition and tRNA 30 -end repair. Biochimie 2008, 90, 762–772.
[CrossRef] [PubMed]
Wende, S.; Bonin, S.; Götze, O.; Betat, H.; Mörl, M. The identity of the discriminator base has an impact on
CCA addition. Nucleic Acids Res. 2015, 43, 5617–5629. [CrossRef] [PubMed]
Serebrov, V. Mg2+ binding and structural stability of mature and in vitro synthesized unmodified Escherichia
coli tRNAPhe. Nucleic Acids Res. 1998, 26, 2723–2728. [CrossRef] [PubMed]
Maglott, E.J.; Deo, S.S.; Przykorska, A.; Glick, G.D. Conformational transitions of an unmodified tRNA:
Implications for RNA folding. Biochemistry 1998, 37, 16349–16359. [CrossRef] [PubMed]
Hall, K.B.; Sampson, J.R.; Uhlenbeck, O.C.; Redfield, A.G. Structure of an unmodified tRNA molecule.
Biochemistry 1989, 28, 5794–5801. [CrossRef] [PubMed]
Herschlag, D. RNA Chaperones and the RNA Folding Problem. J. Biol. Chem. 1995, 270, 20871–20874.
[CrossRef] [PubMed]
Helm, M.; Brulé, H.; Degoul, F.; Cepanec, C.; Leroux, J.P.; Giegé, R.; Florentz, C. The presence of modified
nucleotides is required for cloverleaf folding of a human mitochondrial tRNA. Nucleic Acids Res. 1998, 26,
1636–1643. [CrossRef] [PubMed]
Helm, M.; Giegé, R.; Florentz, C. A Watson-Crick base-pair-disrupting methyl group (m1A9) is sufficient
for cloverleaf folding of human mitochondrial tRNALys. Biochemistry 1999, 38, 13338–13346. [CrossRef]
[PubMed]
Sakurai, M.; Watanabe, Y.-I.; Watanabe, K.; Ohtsuki, T. A protein extension to shorten RNA: Elongated
elongation factor-Tu recognizes the D-arm of T-armless tRNAs in nematode mitochondria. Biochem. J. 2006,
399, 249–256. [CrossRef] [PubMed]
Jones, C.I.; Spencer, A.C.; Hsu, J.L.; Spremulli, L.L.; Martinis, S.A.; DeRider, M.; Agris, P.F. A counterintuitive
Mg2+ -dependent and modification-assisted functional folding of mitochondrial tRNAs. J. Mol. Biol. 2006,
362, 771–786. [CrossRef] [PubMed]
Messmer, M.; Gaudry, A.; Sissler, M.; Florentz, C. Pathology-related mutation A7526G (A9G) helps in the
understanding of the 3D structural core of human mitochondrial tRNA(Asp). RNA 2009, 15, 1462–1468.
[CrossRef] [PubMed]
Steinberg, S.V.; Cedergren, R. A correlation between N2 -dimethylguanosine presence and alternate tRNA
conformers. RNA 1995, 1, 886–891. [PubMed]
Urbonavicius, J.; Armengaud, J.; Grosjean, H. Identity elements required for enzymatic formation of
N2 ,N2 -dimethylguanosine from N2 -monomethylated derivative and its possible role in avoiding alternative
conformations in archaeal tRNA. J. Mol. Biol. 2006, 357, 387–399. [CrossRef] [PubMed]
Schuster, P.; Fontana, W.; Stadler, P.F.; Hofacker, I.L. From sequences to shapes and back: A case study in
RNA secondary structures. Proc. Biol. Sci. 1994, 255, 279–284. [CrossRef] [PubMed]
Marck, C.; Grosjean, H. tRNomics: Analysis of tRNA genes from 50 genomes of Eukarya, Archaea,
and Bacteria reveals anticodon-sparing strategies and domain-specific features. RNA 2002, 8, 1189–1232.
[CrossRef] [PubMed]

Biomolecules 2017, 7, 35

60.

61.
62.

63.

64.
65.
66.
67.

68.

69.

70.

71.

72.

73.
74.
75.

76.
77.

78.

22 of 29

Dutta, A.; Chaudhuri, K. Analysis of tRNA composition and folding in psychrophilic, mesophilic and
thermophilic genomes: Indications for thermal adaptation. FEMS Microbiol. Lett. 2010, 305, 100–108.
[CrossRef] [PubMed]
Galtier, N.; Lobry, J.R. Relationships between genomic G+C content, RNA secondary structures, and optimal
growth temperature in prokaryotes. J. Mol. Evol. 1997, 44, 632–636. [CrossRef] [PubMed]
Oshima, T.; Sakaki, Y.; Wakayama, N.; Watanabe, K.; Ohashi, Z. Biochemical studies on an extreme
thermophile Thermus thermophilus: Thermal stabilities of cell constituents and a bacteriophage. Exp. Suppl.
1976, 26, 317–331.
Awai, T.; Kimura, S.; Tomikawa, C.; Ochi, A.; Bessho, Y.; Yokoyama, S.; Ohno, S.; Nishikawa, K.; Yokogawa, T.;
Suzuki, T.; et al. Aquifex aeolicus tRNA (N2 ,N2 -guanine)-dimethyltransferase (Trm1) catalyzes transfer of
methyl groups not only to guanine 26 but also to guanine 27 in tRNA. J. Biol. Chem. 2009, 284, 20467–20478.
[CrossRef] [PubMed]
Johnson, G.D.; Pirtle, I.L.; Pirtle, R.M. The nucleotide sequence of tyrosine tRNAQ* psi A from bovine liver.
Arch. Biochem. Biophys. 1985, 236, 448–453. [CrossRef]
Van Tol, H.; Stange, N.; Gross, H.J.; Beier, H. A human and a plant intron-containing tRNATyr gene are both
transcribed in a HeLa cell extract but spliced along different pathways. EMBO J. 1987, 6, 35–41. [PubMed]
Grosjean, H.; de Crécy-Lagard, V.; Marck, C. Deciphering synonymous codons in the three domains of life:
Co-evolution with specific tRNA modification enzymes. FEBS Lett. 2010, 584, 252–264. [CrossRef] [PubMed]
Köhrer, C.; Mandal, D.; Gaston, K.W.; Grosjean, H.; Limbach, P.A.; RajBhandary, U.L. Life without
tRNAIle-lysidine synthetase: Translation of the isoleucine codon AUA in Bacillus subtilis lacking the
canonical tRNA2Ile. Nucleic Acids Res. 2014, 42, 1904–1915. [CrossRef] [PubMed]
Taniguchi, T.; Miyauchi, K.; Nakane, D.; Miyata, M.; Muto, A.; Nishimura, S.; Suzuki, T. Decoding system for
the AUA codon by tRNAIle with the UAU anticodon in Mycoplasma mobile. Nucleic Acids Res. 2013, 41,
2621–2631. [CrossRef] [PubMed]
Muramatsu, T.; Nishikawa, K.; Nemoto, F.; Kuchino, Y.; Nishimura, S.; Miyazawa, T.; Yokoyama, S.
Codon and amino-acid specificities of a transfer RNA are both converted by a single post-transcriptional
modification. Nature 1988, 336, 179–181. [CrossRef] [PubMed]
Muramatsu, T.; Yokoyama, S.; Horie, N.; Matsuda, A.; Ueda, T.; Yamaizumi, Z.; Kuchino, Y.; Nishimura, S.;
Miyazawa, T. A novel lysine-substituted nucleoside in the first position of the anticodon of minor isoleucine
tRNA from Escherichia coli. J. Biol. Chem. 1988, 263, 9261–9267. [PubMed]
Ikeuchi, Y.; Kimura, S.; Numata, T.; Nakamura, D.; Yokogawa, T.; Ogata, T.; Wada, T.; Suzuki, T.; Suzuki, T.
Agmatine-conjugated cytidine in a tRNA anticodon is essential for AUA decoding in archaea. Nat. Chem.
Biol. 2010, 6, 277–282. [CrossRef] [PubMed]
Mandal, D.; Köhrer, C.; Su, D.; Russell, S.P.; Krivos, K.; Castleberry, C.M.; Blum, P.; Limbach, P.A.; Söll, D.;
RajBhandary, U.L. Agmatidine, a modified cytidine in the anticodon of archaeal tRNA(Ile), base pairs with
adenosine but not with guanosine. Proc. Natl. Acad. Sci. USA 2010, 107, 2872–2877. [CrossRef] [PubMed]
Stern, L.; Schulman, L.H. The role of the minor base N4 -acetylcytidine in the function of the Escherichia coli
noninitiator methionine transfer RNA. J. Biol. Chem. 1978, 253, 6132–6139. [PubMed]
Jukes, T.H.; Osawa, S. The genetic code in mitochondria and chloroplasts. Experientia 1990, 46, 1117–1126.
[CrossRef] [PubMed]
Takemoto, C.; Spremulli, L.L.; Benkowski, L.A.; Ueda, T.; Yokogawa, T.; Watanabe, K. Unconventional
decoding of the AUA codon as methionine by mitochondrial tRNAMet with the anticodon f5CAU as
revealed with a mitochondrial in vitro translation system. Nucleic Acids Res. 2009, 37, 1616–1627. [CrossRef]
[PubMed]
Näsvall, S.J.; Chen, P.; Björk, G.R. The wobble hypothesis revisited: Uridine-5-oxyacetic acid is critical for
reading of G-ending codons. RNA 2007, 13, 2151–2164. [CrossRef] [PubMed]
Yokoyama, S.; Watanabe, T.; Murao, K.; Ishikura, H.; Yamaizumi, Z.; Nishimura, S.; Miyazawa, T. Molecular
mechanism of codon recognition by tRNA species with modified uridine in the first position of the anticodon.
Proc. Natl. Acad. Sci. USA 1985, 82, 4905–4909. [CrossRef] [PubMed]
Lustig, F.; Elias, P.; Axberg, T.; Samuelsson, T.; Tittawella, I.; Lagerkvist, U. Codon reading and translational
error. Reading of the glutamine and lysine codons during protein synthesis in vitro. J. Biol. Chem. 1981, 256,
2635–2643. [PubMed]

Biomolecules 2017, 7, 35

79.

80.

81.

82.

83.
84.
85.

86.

87.

88.
89.
90.
91.
92.

93.
94.

95.

96.
97.
98.
99.

23 of 29

Alings, F.; Sarin, L.P.; Fufezan, C.; Drexler, H.C.A.; Leidel, S.A. An evolutionary approach uncovers a
diverse response of tRNA 2-thiolation to elevated temperatures in yeast. RNA 2015, 21, 202–212. [CrossRef]
[PubMed]
Näsvall, S.J.; Chen, P.; Björk, G.R. The modified wobble nucleoside uridine-5-oxyacetic acid in
tRNAPro(cmo5UGG) promotes reading of all four proline codons in vivo. RNA 2004, 10, 1662–1673.
[CrossRef] [PubMed]
Andachi, Y.; Yamao, F.; Muto, A.; Osawa, S. Codon recognition patterns as deduced from sequences of the
complete set of transfer RNA species in Mycoplasma capricolum: Resemblance to mitochondria. J. Mol. Biol.
1989, 209, 37–54. [CrossRef]
Inagaki, Y.; Kojima, A.; Bessho, Y.; Hori, H.; Ohama, T.; Osawa, S. Translation of synonymous codons in
family boxes by Mycoplasma capricolum tRNAs with unmodified uridine or adenosine at the first anticodon
position. J. Mol. Biol. 1995, 251, 486–492. [CrossRef] [PubMed]
Takai, K.; Yokoyama, S. Roles of 5-substituents of tRNA wobble uridines in the recognition of purine-ending
codons. Nucleic Acids Res. 2003, 31, 6383–6391. [CrossRef] [PubMed]
Björk, G.R.; Ericson, J.U.; Gustafsson, C.E.; Hagervall, T.G.; Jönsson, Y.H.; Wikström, P.M. Transfer RNA
modification. Ann. Rev. Biochem. 1987, 56, 263–287. [CrossRef] [PubMed]
Cabello-Villegas, J.; Tworowska, I.; Nikonowicz, E.P. Metal ion stabilization of the U-turn of the A37
N6-dimethylallyl-modified anticodon stem-loop of Escherichia coli tRNAPhe. Biochemistry 2004, 43, 55–66.
[CrossRef] [PubMed]
Cabello-Villegas, J.; Winkler, M.E.; Nikonowicz, E.P. Solution Conformations of Unmodified and
A37N6-dimethylallyl Modified Anticodon Stem-loops of Escherichia coli tRNAPhe. J. Mol. Biol. 2002,
319, 1015–1034. [CrossRef]
Dao, V.; Guenther, R.; Malkiewicz, A.; Nawrot, B.; Sochacka, E.; Kraszewski, A.; Jankowska, J.; Everett, K.;
Agris, P.F. Ribosome binding of DNA analogs of tRNA requires base modifications and supports the
“extended anticodon“. Proc. Natl. Acad. Sci. USA 1994, 91, 2125–2129. [CrossRef] [PubMed]
Kierzek, E. The thermodynamic stability of RNA duplexes and hairpins containing N6-alkyladenosines and
2-methylthio-N6-alkyladenosines. Nucleic Acids Res. 2003, 31, 4472–4480. [CrossRef] [PubMed]
Denmon, A.P.; Wang, J.; Nikonowicz, E.P. Conformation effects of base modification on the anticodon
stem-loop of Bacillus subtilis tRNA(Tyr). J. Mol. Biol. 2011, 412, 285–303. [CrossRef] [PubMed]
Agris, P.F. The importance of being modified: Roles of modified nucleosides and Mg2+ in RNA structure
and function. Prog. Nucleic Acid Res. Mol. Biol. 1996, 53, 79–129. [PubMed]
Sundaram, M.; Durant, P.C.; Davis, D.R. Hypermodified nucleosides in the anticodon of tRNA Lys stabilize
a canonical U-turn structure. Biochemistry 2000, 39, 12575–12584. [CrossRef] [PubMed]
Jones, C.N.; Jones, C.I.; Graham, W.D.; Agris, P.F.; Spremulli, L.L. A disease-causing point mutation in
human mitochondrial tRNAMet results in tRNA misfolding leading to defects in translational initiation and
elongation. J. Biol. Chem. 2008, 283, 34445–34456. [CrossRef] [PubMed]
Yue, D.; Kintanar, A.; Horowitz, J. Nucleoside Modifications Stabilize Mg2+ Binding in Escherichia coli
tRNAVal: An Imino Proton NMR Investigation. Biochemistry 1994, 33, 8905–8911. [CrossRef] [PubMed]
Chen, Y.; Sierzputowska-Gracz, H.; Guenther, R.; Everett, K.; Agris, P.F. 5-Methylcytidine is required
for cooperative binding of Mg2+ and a conformational transition at the anticodon stem-loop of yeast
phenylalanine tRNA. Biochemistry 1993, 32, 10249–10253. [CrossRef] [PubMed]
Dao, V.; Guenther, R.; Agris, P.F. The role of 5-methylcytidine in the anticodon arm of yeast tRNA(Phe):
Site-specific Mg2+ binding and coupled conformational transition in DNA analogs. Biochemistry 1992, 31,
11012–11019. [CrossRef] [PubMed]
Robertus, J.D.; Ladner, J.E.; Finch, J.T.; Rhodes, D.; Brown, R.S.; Clark, B.F.; Klug, A. Structure of yeast
phenylalanine tRNA at 3 A resolution. Nature 1974, 250, 546–551. [CrossRef] [PubMed]
Levitt, M. Detailed molecular model for transfer ribonucleic acid. Nature 1969, 224, 759–763. [CrossRef]
[PubMed]
Oliva, R.; Tramontano, A.; Cavallo, L. Mg2+ binding and archaeosine modification stabilize the G15 C48
Levitt base pair in tRNAs. RNA 2007, 13, 1427–1436. [CrossRef] [PubMed]
Nomura, Y.; Ohno, S.; Nishikawa, K.; Yokogawa, T. Correlation between the stability of tRNA tertiary
structure and the catalytic efficiency of a tRNA-modifying enzyme, archaeal tRNA-guanine transglycosylase.
Genes Cells 2016, 21, 41–52. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

24 of 29

100. Agris, P.F.; Sierzputowska-Gracz, H.; Smith, C. Transfer RNA contains sites of localized positive charge:
Carbon NMR studies of [13 C]methyl-enriched Escherichia coli and yeast tRNAPhe . Biochemistry 1986, 25,
5126–5131. [CrossRef] [PubMed]
101. Grosjean, H.; Fiers, W. Preferential codon usage in prokaryotic genes: The optimal codon-anticodon
interaction energy and the selective codon usage in efficiently expressed genes. Gene 1982, 18, 199–209.
[CrossRef]
102. Labuda, D.; Striker, G.; Grosjean, H.; Porschke, D. Mechanism of codon recognition by transfer RNA studied
with oligonucleotides larger than triplets. Nucleic Acids Res. 1985, 13, 3667–3683. [CrossRef] [PubMed]
103. Davis, D.R. Stabilization of RNA stacking by pseudouridine. Nucleic Acids Res. 1995, 23, 5020–5026.
[CrossRef] [PubMed]
104. Yarian, C.S.; Basti, M.M.; Cain, R.J.; Ansari, G.; Guenther, R.; Sochacka, E.; Czerwinska, G.; Malkiewicz, A.;
Agris, P.F. Structural and functional roles of the N1- and N3-protons of Ψ at tRNA’s position 39. Nucleic Acids
Res. 1999, 27, 3543–3549. [CrossRef] [PubMed]
105. Charette, M.; Gray, M.W. Pseudouridine in RNA: What, where, how, and why. IUBMB Life 2000, 49, 341–351.
[PubMed]
106. Machnicka, M.A.; Milanowska, K.; Osman Oglou, O.; Purta, E.; Kurkowska, M.; Olchowik, A.;
Januszewski, W.; Kalinowski, S.; Dunin-Horkawicz, S.; Rother, K.M.; et al. MODOMICS: A database
of RNA modification pathways—2013 update. Nucleic Acids Res. 2013, 41, D262–D267. [CrossRef] [PubMed]
107. Spenkuch, F.; Motorin, Y.; Helm, M. Pseudouridine: Still mysterious, but never a fake (uridine)! RNA Biol.
2014, 11, 1540–1554. [CrossRef] [PubMed]
108. Westhof, E.; Auffinger, P. Effects of Pseudouridylation on tRNA Hydration and Dynamics: A Theoretical
Approach. In Modification and Editing of RNA; Grosjean, H., Benne, R., Eds.; American Society of Microbiology:
Washington, DC, USA, 1998; pp. 103–112.
109. Kaya, Y.; Ofengand, J. A novel unanticipated type of pseudouridine synthase with homologs in bacteria,
archaea, and eukarya. RNA 2003, 9, 711–721. [CrossRef] [PubMed]
110. Urban, A.; Behm-Ansmant, I.; Branlant, C.; Motorin, Y. RNA sequence and two-dimensional structure
features required for efficient substrate modification by the Saccharomyces cerevisiae RNA:Ψ-synthase Pus7p.
J. Biol. Chem. 2009, 284, 5845–5858. [CrossRef] [PubMed]
111. Chawla, M.; Oliva, R.; Bujnicki, J.M.; Cavallo, L. An atlas of RNA base pairs involving modified nucleobases
with optimal geometries and accurate energies. Nucleic Acids Res. 2015, 43, 6714–6729. [CrossRef] [PubMed]
112. Hudson, G.A.; Bloomingdale, R.J.; Znosko, B.M. Thermodynamic contribution and nearest-neighbor
parameters of pseudouridine-adenosine base pairs in oligoribonucleotides. RNA 2013, 19, 1474–1482.
[CrossRef] [PubMed]
113. Kierzek, E.; Malgowska, M.; Lisowiec, J.; Turner, D.H.; Gdaniec, Z.; Kierzek, R. The contribution of
pseudouridine to stabilities and structure of RNAs. Nucleic Acids Res. 2014, 42, 3492–3501. [CrossRef]
[PubMed]
114. Arnez, J.G.; Steitz, T.A. Crystal structure of unmodified tRNA(Gln) complexed with glutaminyl-tRNA
synthetase and ATP suggests a possible role for pseudo-uridines in stabilization of RNA structure.
Biochemistry 1994, 33, 7560–7567. [CrossRef] [PubMed]
115. Davis, D.R. Biophysical and Conformational Properties of Modified Nucleosides in RNA (Nuclear Magnetic
Resonance Studies). In Modification and Editing of RNA; Grosjean, H., Benne, R., Eds.; American Society of
Microbiology: Washington, DC, USA, 1998; pp. 85–102.
116. Zhang, X.; Walker, R.C.; Phizicky, E.M.; Mathews, D.H. Influence of Sequence and Covalent Modifications
on Yeast tRNA Dynamics. J. Chem. Theory Comput. 2014, 10, 3473–3483. [CrossRef] [PubMed]
117. Kawai, G.; Yamamoto, Y.; Kamimura, T.; Masegi, T.; Sekine, M.; Hata, T.; Iimori, T.; Watanabe, T.;
Miyazawa, T.; Yokoyama, S. Conformational rigidity of specific pyrimidine residues in tRNA arises from
posttranscriptional modifications that enhance steric interaction between the base and the 20 -hydroxyl group.
Biochemistry 1992, 31, 1040–1046. [CrossRef] [PubMed]
118. Hori, H.; Suzuki, T.; Sugawara, K.; Inoue, Y.; Shibata, T.; Kuramitsu, S.; Yokoyama, S.; Oshima, T.;
Watanabe, K. Identification and characterization of tRNA (Gm18) methyltransferase from Thermus
thermophilus HB8: Domain structure and conserved amino acid sequence motifs. Genes Cells 2002, 7,
259–272. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

25 of 29

119. Auffinger, P.; Westhof, E. Location and distribution of modified nucleotides in tRNA. In Modification and
Editing of RNA; Grosjean, H., Benne, R., Eds.; American Society of Microbiology: Washington, DC, USA,
1998; pp. 569–576.
120. Edmonds, C.G.; Crain, P.F.; Gupta, R.; Hashizume, T.; Hocart, C.H.; Kowalak, J.A.; Pomerantz, S.C.;
Stetter, K.O.; McCloskey, J.A. Posttranscriptional modification of tRNA in thermophilic archaea
(Archaebacteria). J. Bacteriol. 1991, 173, 3138–3148. [CrossRef] [PubMed]
121. Kowalak, J.A.; Dalluge, J.J.; McCloskey, J.A.; Stetter, K.O. The role of posttranscriptional modification
in stabilization of transfer RNA from hyperthermophiles. Biochemistry 1994, 33, 7869–7876. [CrossRef]
[PubMed]
122. Soukup, G.A.; Breaker, R.R. Relationship between internucleotide linkage geometry and the stability of RNA.
RNA 1999, 5, 1308–1325. [CrossRef] [PubMed]
123. Hori, H. Methylated nucleosides in tRNA and tRNA methyltransferases. Front. Genet. 2014, 5, 144. [CrossRef]
[PubMed]
124. Kotelawala, L.; Grayhack, E.J.; Phizicky, E.M. Identification of yeast tRNA Um(44) 20 -O-methyltransferase
(Trm44) and demonstration of a Trm44 role in sustaining levels of specific tRNA(Ser) species. RNA 2008, 14,
158–169. [CrossRef] [PubMed]
125. Renalier, M.-H.; Joseph, N.; Gaspin, C.; Thebault, P.; Mougin, A. The Cm56 tRNA modification in archaea is
catalyzed either by a specific 20 -O-methylase, or a C/D sRNP. RNA 2005, 11, 1051–1063. [CrossRef] [PubMed]
126. Clouet-d’Orval, B.; Gaspin, C.; Mougin, A. Two different mechanisms for tRNA ribose methylation in
Archaea: A short survey. Biochimie 2005, 87, 889–895. [CrossRef] [PubMed]
127. Kramer, G.F.; Baker, J.C.; Ames, B.N. Near-UV stress in Salmonella typhimurium: 4-thiouridine in tRNA,
ppGpp, and ApppGpp as components of an adaptive response. J. Bacteriol. 1988, 170, 2344–2351. [CrossRef]
[PubMed]
128. Yokoyama, S.; Watanabe, K.; Miyazawa, T. Dynamic structures and functions of transfer ribonucleic acids
from extreme thermophiles. Adv. Biophys. 1987, 23, 115–147. [CrossRef]
129. Shigi, N.; Suzuki, T.; Tamakoshi, M.; Oshima, T.; Watanabe, K. Conserved bases in the TPsi C loop of
tRNA are determinants for thermophile-specific 2-thiouridylation at position 54. J. Biol. Chem. 2002, 277,
39128–39135. [CrossRef] [PubMed]
130. Kuhn, C.-D.; Wilusz, J.E.; Zheng, Y.; Beal, P.A.; Joshua-Tor, L. On-enzyme refolding permits small RNA and
tRNA surveillance by the CCA-adding enzyme. Cell 2015, 160, 644–658. [CrossRef] [PubMed]
131. Zhou, J.; Lancaster, L.; Donohue, J.P.; Noller, H.F. How the ribosome hands the A-site tRNA to the P site
during EF-G-catalyzed translocation. RNA Biol. 2014, 345, 1188–1191. [CrossRef] [PubMed]
132. Agirrezabala, X.; Fernández, I.S.; Kelley, A.C.; Cartón, D.G.; Ramakrishnan, V.; Valle, M. The ribosome
triggers the stringent response by RelA via a highly distorted tRNA. EMBO Rep. 2013, 14, 811–816. [CrossRef]
[PubMed]
133. Dunkle, J.A.; Wang, L.; Feldman, M.B.; Pulk, A.; Chen, V.B.; Kapral, G.J.; Noeske, J.; Richardson, J.S.;
Blanchard, S.C.; Cate, J.H.D. Structures of the bacterial ribosome in classical and hybrid states of tRNA
binding. RNA Biol. 2011, 332, 981–984. [CrossRef] [PubMed]
134. Schmeing, T.M.; Voorhees, R.M.; Kelley, A.C.; Gao, Y.-G.; Murphy, F.V.I.V.; Weir, J.R.; Ramakrishnan, V.
The crystal structure of the ribosome bound to EF-Tu and aminoacyl-tRNA. RNA Biol. 2009, 326, 688–694.
[CrossRef] [PubMed]
135. Zhang, J.; Ferré-D’Amaré, A.R. Co-crystal structure of a T-box riboswitch stem I domain in complex with its
cognate tRNA. Nature 2013, 500, 363–366. [CrossRef] [PubMed]
136. Chang, A.T.; Nikonowicz, E.P. Solution NMR determination of hydrogen bonding and base pairing between
the glyQS T box riboswitch Specifier domain and the anticodon loop of tRNA(Gly). FEBS Lett. 2013, 587,
3495–3499. [CrossRef] [PubMed]
137. Naganuma, M.; Sekine, S.-I.; Chong, Y.E.; Guo, M.; Yang, X.-L.; Gamper, H.; Hou, Y.-M.; Schimmel, P.;
Yokoyama, S. The selective tRNA aminoacylation mechanism based on a single G*U pair. Nature 2014, 510,
507–511. [CrossRef] [PubMed]
138. Bishop, A.C.; Xu, J.; Johnson, R.C.; Schimmel, P.; de Crécy-Lagard, V. Identification of the
tRNA-dihydrouridine synthase family. J. Biol. Chem. 2002, 277, 25090–25095. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

26 of 29

139. Byrne, R.T.; Jenkins, H.T.; Peters, D.T.; Whelan, F.; Stowell, J.; Aziz, N.; Kasatsky, P.; Rodnina, M.V.;
Koonin, E.V.; Konevega, A.L.; et al. Major reorientation of tRNA substrates defines specificity of
dihydrouridine synthases. Proc. Natl. Acad. Sci. USA 2015, 112, 6033–6037. [CrossRef] [PubMed]
140. Kasprzak, J.M.; Czerwoniec, A.; Bujnicki, J.M. Molecular evolution of dihydrouridine synthases.
BMC Bioinform. 2012, 13, 153. [CrossRef] [PubMed]
141. Kusuba, H.; Yoshida, T.; Iwasaki, E.; Awai, T.; Kazayama, A.; Hirata, A.; Tomikawa, C.; Yamagami, R.;
Hori, H. In vitro dihydrouridine formation by tRNA dihydrouridine synthase from Thermus thermophilus, an
extreme-thermophilic eubacterium. J. Biochem. 2015, 158, 513–521. [PubMed]
142. Xing, F.; Hiley, S.L.; Hughes, T.R.; Phizicky, E.M. The specificities of four yeast dihydrouridine synthases for
cytoplasmic tRNAs. J. Biol. Chem. 2004, 279, 17850–17860. [CrossRef] [PubMed]
143. Xing, F.; Martzen, M.R.; Phizicky, E.M. A conserved family of Saccharomyces cerevisiae synthases effects
dihydrouridine modification of tRNA. RNA 2002, 8, 370–381. [CrossRef] [PubMed]
144. Yu, F.; Tanaka, Y.; Yamashita, K.; Suzuki, T.; Nakamura, A.; Hirano, N.; Suzuki, T.; Yao, M.; Tanaka, I.
Molecular basis of dihydrouridine formation on tRNA. Proc. Natl. Acad. Sci. USA 2011, 108, 19593–19598.
[CrossRef] [PubMed]
145. Rohrer, D.C.; Sundaralingam, M. Stereochemistry of nucleic acids and their constituents. VI. The crystal
structure and conformation of dihydrouracil: A minor base of transfer-ribonucleic acid. Acta Crystallogr. B
Struct. Sci. 1970, 26, 546–553. [CrossRef]
146. Suck, D.; Saenger, W.; Zechmeister, K. Conformation of the tRNA minor constituent dihydrouridine.
FEBS Lett. 1971, 12, 257–259. [CrossRef]
147. Emerson, J.; Sundaralingam, M. Structure of the potassium salt of the modified nucleotide dihydrouridine
30 -monophosphate hemihydrate: Correlation between the base pucker and sugar pucker and models for
metal interactions with ribonucleic acid loops. Acta Crystallogr. B Struct. Sci. 1980, 36, 537–543. [CrossRef]
148. Stuart, J.W.; Basti, M.M.; Smith, W.S.; Forrest, B.; Guenther, R.; Sierzputowska-Gracz, H.; Nawrot, B.;
Malkiewicz, A.; Agris, P.F. Structure of the Trinucleotide D-acp 3 U-A with Coordinated Mg2+ Demonstrates
that Modified Nucleosides Contribute to Regional Conformations of RNA. Nucleosides Nucleotides 1996, 15,
1009–1028. [CrossRef]
149. Dalluge, J.J.; Hashizume, T.; Sopchik, A.E.; McCloskey, J.A.; Davis, D.R. Conformational flexibility in RNA:
The role of dihydrouridine. Nucleic Acids Res. 1996, 24, 1073–1079. [CrossRef] [PubMed]
150. Meldgaard, M.; Svendsen, I. Different effects of N-glycosylation on the thermostability of highly homologous
bacterial (1,3–1,4)-β-glucanases secreted from yeast. Microbiology 1994, 140, 159–166. [CrossRef] [PubMed]
151. Grosjean, H.; Oshima, T. How Nucleic Acids Cope with High Temperature. In Physiology and Biochemistry of
Extremophiles; Gerday, C., Glansdorff, N., Eds.; ASM Press: Washington, DC, USA, 2007; pp. 39–56.
152. Lindahl, T. Irreversible heat inactivation of transfer ribonucleic acids. J. Biol. Chem. 1967, 242, 1970–1973.
[PubMed]
153. House, C.H.; Miller, S.L. Hydrolysis of dihydrouridine and related compounds. Biochemistry 1996, 35,
315–320. [CrossRef] [PubMed]
154. Hamana, K.; Niitsu, M.; Matsuzaki, S.; Samejima, K.; Igarashi, Y.; Kodama, T. Novel linear and branched
polyamines in the extremely thermophilic eubacteria Thermoleophilum, Bacillus and Hydrogenobacter. Biochem. J.
1992, 284, 741–747. [CrossRef] [PubMed]
155. Hamana, K.; Niitsu, M.; Samejima, K.; Itoh, T. Polyamines of the thermophilic eubacteria belonging to the
genera Thermosipho, Thermaerobacter and Caldicellulosiruptor. Microbios 2001, 104, 177–185. [PubMed]
156. Hamana, K.; Niitsu, M.; Samejima, K.; Matsuzaki, S. Polyamine distributions in thermophilic eubacteria
belonging to Thermus and Acidothermus. J. Biochem. 1991, 109, 444–449. [CrossRef] [PubMed]
157. Lightfoot, H.L.; Hall, J. Endogenous polyamine function—The RNA perspective. Nucleic Acids Res. 2014, 42,
11275–11290. [CrossRef] [PubMed]
158. Morales, A.J.; Swairjo, M.A.; Schimmel, P. Structure-specific tRNA-binding protein from the extreme
thermophile Aquifex aeolicus. EMBO J. 1999, 18, 3475–3483. [CrossRef] [PubMed]
159. Gutgsell, N.; Englund, N.; Niu, L.; Kaya, Y.; Lane, B.G.; Ofengand, J. Deletion of the Escherichia coli
pseudouridine synthase gene truB blocks formation of pseudouridine 55 in tRNA in vivo, does not affect
exponential growth, but confers a strong selective disadvantage in competition with wild-type cells. RNA
2000, 6, 1870–1881. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

27 of 29

160. Keffer-Wilkes, L.C.; Veerareddygari, G.R.; Kothe, U. RNA modification enzyme TruB is a tRNA chaperone.
Proc. Natl. Acad. Sci. USA 2016, 113, 14306–14311. [CrossRef] [PubMed]
161. Dalluge, J.J.; Hamamoto, T.; Horikoshi, K.; Morita, R.Y.; Stetter, K.O.; McCloskey, J.A. Posttranscriptional
modification of tRNA in psychrophilic bacteria. J. Bacteriol. 1997, 179, 1918–1923. [CrossRef] [PubMed]
162. McCloskey, J.A.; Liu, X.-H.; Crain, P.F.; Bruenger, E.; Guymon, R.; Hashizume, T.; Stetter, K.O.
Posttranscriptional modification of transfer RNA in the submarine hyperthermophile Pyrolobus fumarii.
Nucleic Acids Symp. Ser. 2000, 44, 267–268. [CrossRef]
163. Noon, K.R.; Guymon, R.; Crain, P.F.; McCloskey, J.A.; Thomm, M.; Lim, J.; Cavicchioli, R. Influence of
temperature on tRNA modification in archaea: Methanococcoides burtonii (optimum growth temperature
[Topt ], 23 ◦ C) and Stetteria hydrogenophila (Topt , 95 ◦ C). J. Bacteriol. 2003, 185, 5483–5490. [CrossRef] [PubMed]
164. Kumagai, I.; Watanabe, K.; Oshima, T. Thermally induced biosynthesis of 20 -O-methylguanosine in tRNA
from an extreme thermophile, Thermus thermophilus HB27. Proc. Natl. Acad. Sci. USA 1980, 77, 1922–1926.
[CrossRef] [PubMed]
165. McCloskey, J.A.; Graham, D.E.; Zhou, S.; Crain, P.F.; Ibba, M.; Konisky, J.; Söll, D.; Olsen, G.J.
Post-transcriptional modification in archaeal tRNAs: Identities and phylogenetic relations of nucleotides
from mesophilic and hyperthermophilic Methanococcales. Nucleic Acids Res. 2001, 29, 4699–4706. [CrossRef]
[PubMed]
166. Kawai, G.; Hashizume, T.; Miyazawa, T.; McCloskey, J.A.; Yokoyama, S. Conformational characteristics of
4-acetylcytidine found in tRNA. Nucleic Acids Symp. Ser. 1989, 21, 61–62.
167. Durant, P.C.; Davis, D.R. Stabilization of the anticodon stem-loop of tRNALys,3 by an A+-C base-pair and
by pseudouridine. J. Mol. Biol. 1999, 285, 115–131. [CrossRef] [PubMed]
168. Kinghorn, S.M.; O’Byrne, C.P.; Booth, I.R.; Stansfield, I. Physiological analysis of the role of truB in Escherichia
coli: A role for tRNA modification in extreme temperature resistance. Microbiology 2002, 148, 3511–3520.
[CrossRef] [PubMed]
169. Watanabe, K.; Yokoyama, S.; Hansske, F.; Kasai, H.; Miyazawa, T. CD and NMR studies on the conformational
thermostability of 2-thioribothymidine found in the TΨC loop of thermophile tRNA. Biochem. Biophys. Res.
Commun. 1979, 91, 671–677. [CrossRef]
170. Horie, N.; Hara-Yokoyama, M.; Yokoyama, S.; Watanabe, K.; Kuchino, Y.; Nishimura, S.; Miyazawa, T.
Two tRNAIle1 species from an extreme thermophile, Thermus thermophilus HB8: Effect of 2-thiolation of
ribothymidine on the thermostability of tRNA. Biochemistry 1985, 24, 5711–5715. [CrossRef] [PubMed]
171. Grosjean, H.; Gaspin, C.; Marck, C.; Decatur, W.A.; de Crecy-Lagard, V. RNomics and Modomics in the
halophilic archaea Haloferax volcanii: Identification of RNA modification genes. BMC Genom. 2008, 9, 470.
[CrossRef] [PubMed]
172. Gupta, R. Halobacterium volcanii tRNAs. Identification of 41 tRNAs covering all amino acids, and the
sequences of 33 class I tRNAs. J. Biol. Chem. 1984, 259, 9461–9471. [PubMed]
173. Pang, H.; Ihara, M.; Kuchino, Y.; Nishimura, S.; Gupta, R.; Woese, C.R.; McCloskey, J.A. Structure of a
modified nucleoside in archaebacterial tRNA which replaces ribosylthymine. 1-Methylpseudouridine.
J. Biol. Chem. 1982, 257, 3589–3592. [PubMed]
174. Davanloo, P.; Sprinzl, M.; Watanabe, K.; Albani, M.; Kersten, H. Role of ribothymidine in the thermal
stability of transfer RNA as monitored by proton magnetic resonance. Nucleic Acids Res. 1979, 6, 1571–1581.
[CrossRef] [PubMed]
175. Romby, P.; Carbon, P.; Westhof, E.; Ehresmann, C.; Ebel, J.P.; Ehresmann, B.; Giege, R. Importance of
conserved residues for the conformation of the T-loop in tRNAs. J. Biomol. Struct. Dyn. 1987, 5, 669–687.
[CrossRef] [PubMed]
176. Shigi, N.; Suzuki, T.; Terada, T.; Shirouzu, M.; Yokoyama, S.; Watanabe, K. Temperature-dependent
biosynthesis of 2-thioribothymidine of Thermus thermophilus tRNA. J. Biol. Chem. 2006, 281, 2104–2113.
[CrossRef] [PubMed]
177. Droogmans, L.; Roovers, M.; Bujnicki, J.M.; Tricot, C.; Hartsch, T.; Stalon, V.; Grosjean, H. Cloning and
characterization of tRNA (m1A58) methyltransferase (TrmI) from Thermus thermophilus HB27, a protein
required for cell growth at extreme temperatures. Nucleic Acids Res. 2003, 31, 2148–2156. [CrossRef] [PubMed]
178. Tomikawa, C.; Yokogawa, T.; Kanai, T.; Hori, H. N7-Methylguanine at position 46 (m7G46) in tRNA from
Thermus thermophilus is required for cell viability at high temperatures through a tRNA modification network.
Nucleic Acids Res. 2010, 38, 942–957. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

28 of 29

179. Hori, H.; Terui, Y.; Nakamoto, C.; Iwashita, C.; Ochi, A.; Watanabe, K.; Oshima, T. Effects of polyamines
from Thermus thermophilus, an extreme-thermophilic eubacterium, on tRNA methylation by tRNA (Gm18)
methyltransferase (TrmH). J. Biochem. 2016, 159, 509–517. [CrossRef] [PubMed]
180. De Maayer, P.; Anderson, D.; Cary, C.; Cowan, D.A. Some like it cold: Understanding the survival strategies
of psychrophiles. EMBO Rep. 2014, 15, 508–517. [CrossRef] [PubMed]
181. Rodrigues, D.F.; Tiedje, J.M. Coping with our cold planet. Appl. Environ. Microb. 2008, 74, 1677–1686.
[CrossRef] [PubMed]
182. Feller, G.; Gerday, C. Psychrophilic enzymes: Hot topics in cold adaptation. Nat. Rev. Microbiol. 2003, 1,
200–208. [CrossRef] [PubMed]
183. Siddiqui, K.S.; Williams, T.J.; Wilkins, D.; Yau, S.; Allen, M.A.; Brown, M.V.; Lauro, F.M.; Cavicchioli, R.
Psychrophiles. Annu. Rev. Earth Planet. Sci. 2013, 41, 87–115. [CrossRef]
184. Feller, G. Life at low temperatures: Is disorder the driving force? Extremophiles 2007, 11, 211–216. [CrossRef]
[PubMed]
185. Merlino, A.; Russo Krauss, I.; Castellano, I.; de Vendittis, E.; Rossi, B.; Conte, M.; Vergara, A.; Sica, F.
Structure and flexibility in cold-adapted iron superoxide dismutases: The case of the enzyme isolated from
Pseudoalteromonas haloplanktis. J. Struct. Biol. 2010, 172, 343–352. [CrossRef] [PubMed]
186. Georlette, D.; Blaise, V.; Collins, T.; D’Amico, S.; Gratia, E.; Hoyoux, A.; Marx, J.-C.; Sonan, G.; Feller, G.;
Gerday, C. Some like it cold: Biocatalysis at low temperatures. FEMS Microbiol. Rev. 2004, 28, 25–42.
[CrossRef] [PubMed]
187. Watanabe, K.; Asai, K.; Oshima, T.; Kuchino, Y. Chemical structure and thermal properties of initiator tRNA
from Euphausia sperba in comparison with those of other eucaryotic initiator tRNAs. J. Biochem. 1981, 90,
1259–1266. [CrossRef] [PubMed]
188. Yokoyama, S.; Inagaki, F.; Miyazawa, T. Advanced nuclear magnetic resonance lanthanide probe analyses
of short-range conformational interrelations controlling ribonucleic acid structures. Biochemistry 1981, 20,
2981–2988. [CrossRef] [PubMed]
189. Ishida, K.; Kunibayashi, T.; Tomikawa, C.; Ochi, A.; Kanai, T.; Hirata, A.; Iwashita, C.; Hori, H. Pseudouridine
at position 55 in tRNA controls the contents of other modified nucleotides for low-temperature adaptation
in the extreme-thermophilic eubacterium Thermus thermophilus. Nucleic Acids Res. 2011, 39, 2304–2318.
[CrossRef] [PubMed]
190. Yamagami, R.; Tomikawa, C.; Shigi, N.; Kazayama, A.; Asai, S.-I.; Takuma, H.; Hirata, A.; Fourmy, D.;
Asahara, H.; Watanabe, K.; et al. Folate-/FAD-dependent tRNA methyltransferase from Thermus thermophilus
regulates other modifications in tRNA at low temperatures. Genes Cells 2016, 21, 740–754. [CrossRef]
[PubMed]
191. Hopper, A.K.; Phizicky, E.M. tRNA transfers to the limelight. Genes Dev. 2003, 17, 162–180. [CrossRef]
[PubMed]
192. de Crécy-Lagard, V.; Marck, C.; Brochier-Armanet, C.; Grosjean, H. Comparative RNomics and modomics
in Mollicutes: Prediction of gene function and evolutionary implications. IUBMB Life 2007, 59, 634–658.
[CrossRef] [PubMed]
193. Machnicka, M.A.; Dunin-Horkawicz, S.; de Crécy-Lagard, V.; Bujnicki, J.M. tRNAmodpred: A computational
method for predicting posttranscriptional modifications in tRNAs. Methods 2016, 107, 34–41. [CrossRef]
[PubMed]
194. Lecointe, F.; Simos, G.; Sauer, A.; Hurt, E.C.; Motorin, Y.; Grosjean, H. Characterization of Yeast Protein Deg1
as Pseudouridine Synthase (Pus3) Catalyzing the Formation of 38 and 39 in tRNA Anticodon Loop. J. Biol.
Chem. 1998, 273, 1316–1323. [CrossRef] [PubMed]
195. Becker, H.D.; Motorin, Y.; Planta, R.J.; Grosjean, H. The yeast gene YNL292w encodes a pseudouridine
synthase (Pus4) catalyzing the formation of psi55 in both mitochondrial and cytoplasmic tRNAs. Nucleic
Acids Res. 1997, 25, 4493–4499. [CrossRef] [PubMed]
196. Motorin, Y.; Keith, G.; Simon, C.; Foiret, D.; Simos, G.; Hurt, E.C.; Grosjean, H. The yeast tRNA:pseudouridine
synthase Pus1p displays a multisite substrate specificity. RNA 1998, 4, 856–869. [CrossRef] [PubMed]
197. Wildenauer, D.; Gross, H.J.; Riesner, D. Enzymatic methylations: III. Cadaverine-induced conformational
changes of E. coli tRNA fMet as evidenced by the availability of a specific adenosine and a specific cytidine
residue for methylation. Nucleic Acids Res. 1974, 1, 1165–1182. [CrossRef] [PubMed]

Biomolecules 2017, 7, 35

29 of 29

198. Nishikura, K.; Kurjan, J.; Hall, B.D.; de Robertis, E.M. Genetic analysis of the processing of a spliced tRNA.
EMBO J. 1982, 1, 263–268. [PubMed]
199. 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. [CrossRef] [PubMed]
200. 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. [CrossRef]
201. Wang, X.; He, C. Dynamic RNA modifications in posttranscriptional regulation. Mol. Cell 2014, 56, 5–12.
[CrossRef] [PubMed]
202. Chan, C.T.Y.; Dyavaiah, M.; DeMott, M.S.; Taghizadeh, K.; Dedon, P.C.; Begley, T.J. A quantitative systems
approach reveals dynamic control of tRNA modifications during cellular stress. PLoS Genet. 2010, 6, e1001247.
[CrossRef] [PubMed]
203. Chan, C.T.Y.; Pang, Y.L.J.; Deng, W.; Babu, I.R.; Dyavaiah, M.; Begley, T.J.; Dedon, P.C. Reprogramming
of tRNA modifications controls the oxidative stress response by codon-biased translation of proteins.
Nat. Commun. 2012, 3, 937. [CrossRef] [PubMed]
204. Preston, M.A.; D’Silva, S.; Kon, Y.; Phizicky, E.M. tRNAHis 5-methylcytidine levels increase in response to
several growth arrest conditions in Saccharomyces cerevisiae. RNA 2013, 19, 243–256. [CrossRef] [PubMed]
205. Lee, Y.S.; Shibata, Y.; Malhotra, A.; Dutta, A. A novel class of small RNAs: tRNA-derived RNA fragments
(tRFs). Genes Dev. 2009, 23, 2639–2649. [CrossRef] [PubMed]
206. Anderson, P.; Ivanov, P. tRNA fragments in human health and disease. FEBS Lett. 2014, 588, 4297–4304.
[CrossRef] [PubMed]
207. Schaefer, M.; Pollex, T.; Hanna, K.; Tuorto, F.; Meusburger, M.; Helm, M.; Lyko, F. RNA methylation by
Dnmt2 protects transfer RNAs against stress-induced cleavage. Genes Dev. 2010, 24, 1590–1595. [CrossRef]
[PubMed]
208. Durdevic, Z.; Schaefer, M. tRNA modifications: Necessary for correct tRNA-derived fragments during the
recovery from stress? BioEssays 2013, 35, 323–327. [CrossRef] [PubMed]
209. Biddle, W.; Schmitt, M.A.; Fisk, J.D. Modification of orthogonal tRNAs: Unexpected consequences for sense
codon reassignment. Nucleic Acids Res. 2016, 44, 10042–10050. [CrossRef] [PubMed]
© 2017 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

