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ABSTRACT

tRNAs undergo an extensive maturation process including posttranscriptional modifications that influence secondary and
tertiary interactions. Precursor and mature tRNAs lacking key modifications are often recognized as aberrant and subse-
quently targeted for decay, illustrating the importance of modifications in promoting structural integrity. tRNAs also rely
on tRNA chaperones to promote the folding of misfolded substrates into functional conformations. The best characterized
tRNA chaperone is the La protein, which interacts with nascent RNA polymerase III transcripts to promote folding and of-
fers protection from exonucleases. More recently, certain tRNA modification enzymes have also been demonstrated to
possess tRNA folding activity distinct from their catalytic activity, suggesting that they may act as tRNA chaperones. In
this review, we will discuss pioneering studies relating posttranscriptional modification to tRNA stability and decay path-
ways, present recent advances into themechanism by which the RNA chaperone La assists pre-tRNAmaturation, and sum-
marize emerging research directions aimed at characterizing modification enzymes as tRNA chaperones. Together, these
findings shed light on the importance of tRNA folding and how tRNA chaperones, in particular, increase the fraction of
nascent pre-tRNAs that adopt a folded, functional conformation.
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tRNA PROCESSING AND MATURATION
IS COMPLEX AND MULTISTEPPED

Before assuming a role in translation, tRNAs undergo an
extensive maturation process to produce a folded, func-
tional tRNA. Precursor tRNAs (pre-tRNAs) are subject to
numerous processing activities including endo- and exo-
nucleolytic digestion to yield the mature 5′ and 3′ ends,
post-transcriptional modification, and CCA addition (for
reviews, see Hopper and Phizicky 2003; Phizicky and
Hopper 2010). While tRNA processing is largely coordinat-
ed, a major challenge involves folding into the correct
structure. The RNA folding problem consists of a kinetic
problem, where RNAs exhibit a tendency to become kinet-
ically trapped in alternate, aberrant conformations, and a
thermodynamic problem, where the correct tertiary struc-
ture may not be energetically favored over competing
structures (Herschlag 1995). Structured noncoding RNAs
(ncRNAs), including tRNA, have difficulty assuming the
correct tertiary structure, as tertiary interactions are less
enthalpically stable than Watson–Crick interactions and

occur at a slower rate (Zarrinkar et al. 1996; Sclavi et al.
1998; Woodson 2010). Moreover, biophysical investiga-
tions of tRNA folding demonstrated the occurrence of ki-
netically trapped folding intermediates similar to the
folding of larger RNAs (Serebrov et al. 2001). Early studies
in tRNA structure illustrated the importance of correct struc-
ture for functionality, showing that although two alternate
conformations of tryptophanyl tRNA were isolated from E.
coli, only one conformation was efficiently aminoacylated
(Gartland and Sueoka 1966). Understanding how tRNAs as-
sume the correct, “active” conformation has been the sub-
ject of ongoing research for more than 50 yr and is often
addressed either by studies on tRNAmodification enzymes
or by investigations of tRNA chaperones.

POSTTRANSCRIPTIONAL MODIFICATIONS
INFLUENCE tRNA STABILITY BY PROMOTING
BASE-PAIRING AND TERTIARY INTERACTIONS

tRNAs are among the most highly modified RNA species,
with an average of 13 posttranscriptional modifications on
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nuclear-encoded tRNAs (Fig. 1; Pan 2018). A number of
studies have focused on modifications in the anticodon
stem–loop (ASL), which primarily affect translational fideli-
ty bymaintaining the correct open reading frame and influ-
encing codon–anticodon base-pairing (for review, see
Tuorto and Lyko 2016), although modifications outside
the ASL (henceforth referred to as body modifications)
have similarly important functions in influencing tRNA
structure. Early studies comparing the structures of modi-
fied and unmodified tRNAs provided the framework for a
model stating that modifications promote native structure
by influencing base-pairing and tertiary interactions, lead-
ing to the formation of the canonical cloverleaf secondary
and L-shaped tertiary structures. Enzymatic and chemical
probing of cellular and in vitro-transcribed human mito-
chondrial tRNA LysUUU revealed that the native tRNA folds
into the expected cloverleaf structure, while unmodified
tRNA assumes an alternate structure characterized by an
elongated, bulged hairpin in place of the anticodon
stem. Aberrant hairpin formation was traced to the ab-
sence ofm1A9modification, the presence of which inhibits
base-pairing with U64 to promote structural rearrange-
ment and formation of the canonical anticodon stem

(Helm et al. 1998). Synthesis of tRNA LysUUU containing
m1A9 confirmed that the single modification alone was
sufficient for cloverleaf folding, prompting the idea that
tRNA modifications have a role in influencing tRNA struc-
ture and folding (Helm et al. 1999). It is worth noting that
mitochondrial tRNAs, including tRNA LysUUU, often differ
in structure from canonical cytoplasmic tRNAs and as
such, conclusions drawn from these studies should be in-
terpreted with this caveat in mind. The importance of
body modifications can also be inferred from the numer-
ous human diseases characterized by mutations to tRNA
modification enzymes (for review, see Pereira et al.
2018). Well-studied examples include mutations to the
tRNA methyltransferase Trmt1 or the pseudouridine syn-
thase Pus3 that result in intellectual disabilities, as well as
the decreased expression of the mitochondrial tRNA
methyltransferase Trmt61b associated with Alzheimer’s
disease (Sekar et al. 2015; Shaheen et al. 2016; Dewe
et al. 2017; Zhang et al. 2020).

Continued advances in structural and computational
biology have provided further insight into the role of addi-
tional tRNA modifications in structural stability. D-loop
structure is influenced by the presence of dihydrouridine,
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FIGURE 1. (A) Schematic of eukaryotic and bacterial tRNA modifications discussed and the respective enzymes responsible for each modifica-
tion. Modified nucleotides are indicated in red. (B) Three-dimensional tRNA structure highlighting tertiary base pairs and interaction sites of tRNA
chaperones. The different tRNA arms are color-coded with the acceptor arm in light green, the D arm in cyan, the acceptor arm in blue, the var-
iable arm in purple, and the T arm in light blue (structure 4TRA from Westhof et al. 1988), visualized in PyMOL (The PyMOL Molecular Graphics
System, Version 1.8, Schrödinger, LLC). Critical tertiary interactions involving modified nucleotides connecting different tRNA arms are highlight-
ed in red: m2G26—A44 (hinge region), G22—m7G46, G18—Ψ55, and G19—C56. The tertiary interaction of m5U54 and m1A58 in the T-loop is
depicted in blue. La (orange) binds to the 3′ polyuridylate-containing trailer. TrmA and TruB (pink) both interact with the T arm causing the dis-
ruption of tertiary base pairs to the D arm. (C ) The influence of m2

2G26 modification on base-pairing and anticodon length (Steinberg and
Cedergren 1995). m2

2G26 modification is indicated in green and noncanonical base pairs resulting from unmodified G26 are indicated in red.
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which promotes the formation of a hairpin with a stable
stem and flexible loop (Dyubankova et al. 2015). The loss
of the C5–C6 double bond in dihydrouridine decreases
stacking interactions, resulting in increased flexibility that
promotes conformational dynamics (Sundaralingam et al.
1971; Suck and Saenger 1973). Nuclear magnetic reso-
nance (NMR) studies revealed that dihydrouridine also de-
stabilizes the C3′-endo conformation, compared to the
rapid equilibrium between C2′- and C3′-endo conforma-
tions observed for uridine, thus facilitating tertiary interac-
tions that contribute to three-dimensional tRNA folding
(Dalluge et al. 1996). Studies conducted in budding yeast
identified Dus1 and Dus2 as the enzymes responsible for
modifying uridine to dihydrouridine on pre-tRNAs in vivo
and in vitro (Xing et al. 2002). Importantly, mutations to
Dus2, which modifies U20, result in reduced levels of a
mutant allele of tRNA SerCGA, suggesting a role for dihy-
drouridine in modulating tRNA stability (Xu et al. 2018).
N4-acetylcytidine at C12 of leucine and serine tRNAs is an-
other highly conserved modification found in the D-loop
(Sprinzl et al. 1998). Similar to dihydrouridine, D-loop acet-
ylation promotes tRNA stability, with deletion of the bud-
ding yeast tRNA acetyltransferase Tan1 also leading to a
decrease in the steady state levels of mature tRNA
SerCGA (Johansson and Byström 2004).
Analogous to D-loop modifications, modification of T-

loop nucleotides has also been demonstrated to con-
tribute to stability. The formation of pseudouridine (Ψ) at
position 55 favors the C3′-endo pucker conformation, re-
sulting in increased base-stacking ability, thereby promot-
ing tRNA stabilization (Davis 1995; Durant and Davis 1999;
Newby and Greenbaum 2001, 2002; Xu et al. 2016). Adja-
cent to Ψ55, there is a methyluridine, m5U54, in all tRNAs
which increases the thermal stability of tRNA (Sengupta
et al. 2000). Another well-characterized T-loop modi-
fication is m1A58, which is catalyzed by the Trm6–Trm61
complex in budding yeast and is required for stability of
tRNAi MetCAU. Importantly, the growth defect observed
for Trm6 mutants grown at elevated temperatures can be
suppressed by overexpression of tRNAi MetCAU or the
RNA chaperone La, suggesting the lack of modification
may result in tRNA misfolding and degradation (discussed
in more detail below) (Anderson et al. 1998). 2′-O-methyl-
ation at U44 by Trm44, which is conserved amongmetazo-
ans and fungi, is also required for growth at elevated
temperatures in budding yeast strains lacking Tan1, due
to reduced levels of tRNA SerCGA/UGA (Kotelawala et al.
2008). The finding that modifications influence base-pair-
ing has been further characterized with computational
studies revealing that modified base pairs within the
T-loop, including the 54:58 pair, stabilize the T-loop by in-
creasing the interaction energy of the base pair. The mod-
ified 54:58 base pair also serves to promote tertiary
interactions between the D- and T-loops by enhancing
the interaction involving the 18:55 and 19:56 base pairs

stacking on top of the 54:58 base pair (Fig. 1B; Seelam
et al. 2017).
Another important tRNA structural determinant relies on

the clustering of stabilizing modifications at the junctures
between stems, including positions 9 and 10 at the inter-
face of the D-stem and acceptor stem and position 26 at
the junction of the D-stem and anticodon stem. In particu-
lar, position 26 as well as positions 44 and 45 at the junc-
tion of the anticodon and variable arms are known as the
important hinge region in tRNA, enabling distortion of
the tRNA during interactions with the ribosome (Fig. 1B;
Valle et al. 2003). Methylated guanosines at positions 10
and 26 are conserved in eukaryotes and archaea and the
presence of methyl groups on the Watson–Crick face pre-
vent canonical base-pairing, leading to increased flexibility
and conformational dynamics (Seelam et al. 2017).
Consistent with the need for flexibility at junctions, analysis
of the tRNA sequence database (Jühling et al. 2009) iden-
tified a frequency of methylated base pairs at positions
10:25, 26:44, and 49:65 (Seelam et al. 2017). Further, al-
though 5-methylcytosine at positions 48 and 49 at the
junction of the variable loop and T-stem is not located
on theWatson–Crick face and therefore does not influence
base-pairing, the modification nevertheless promotes
tRNA stability, further corroborating the importance of
junction modifications (Tuorto et al. 2012).
A number of studies have shown that stability of the

hinge region is influenced by the presence of m2
2G26.

Dimethylation of G26 is critical in maintaining the correct
balance between hinge flexibility and rigidity by adjusting
the angle of the D-stem (Edqvist et al. 1995). The impor-
tance of G26 dimethylation in preventing base-pairing
with cytidine at position 11 or 44 that would result in alter-
native tertiary structures is widely conserved. Sequence
analysis of nuclear-encoded tRNAs revealed a correlation
between the ability to fold into alternate conformers—
including noncanonical 5 bp or 7 bp anticodon stems—
and the presence of a dimethylguanosine, suggesting
that the modification has a role in preventing alternate
folds (Fig. 1C; Steinberg and Cedergren 1995; Vakilor-
oayaei et al. 2017). tRNAs lacking G26 dimethylation
also show structural rearrangement of the tRNA core due
to a lack of base-stacking and the resulting loss of tertiary
interactions (Sonawane et al. 2016). Further support linking
G26 dimethylation to hinge region stability comes from
chemical probing experiments demonstrating differences
in sensitivity between G26-modified and unmodified
tRNA SerUGA, particularly in the A-U rich anticodon stem
and nucleotides in the hinge region. The increased acces-
sibility of the hinge region to chemical probing in the ab-
sence of G26 dimethylation suggests that in addition to
its previously described function in preventing base-
pairing with C44, the modification also has a role in in-
creasing the stability of the hinge region (Vakiloroayaei
et al. 2017).
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Evidence that m2
2G is important for structure and func-

tion in vivo comes from studies using the fission yeast
Schizosaccharomyces pombe. Deletion of Trm1, the
tRNA methyltransferase that catalyzes m2

2G modification,
results in impaired function of a suppressor tRNA mutant
derived from tRNA SerUGA. Since suppressor tRNA con-
structs contain destabilizing mutations that lead to tRNA
misfolding, it was suggested that Trm1-catalyzed modifi-
cation promotes tRNA function by reinforcing the native
fold (Arimbasseri et al. 2015; Vakiloroayaei et al. 2017). It
is worth noting that Trm1 is not required for functionality
of the ochre suppressor tRNA SUP4 in budding yeast, al-
though Trm1 deletion in combination with the deletion
of anticodon modification enzymes impairs suppressor
tRNA activity (Klassen and Schaffrath 2018). The role of
m2

2G26 in promoting tRNA functionality likely arises
from the additional structural stability imparted by the
modification. As it can be challenging to measure tRNA
folding in vivo, aminoacylation is often used as an indirect
readout of proper tRNA folding. Fission yeast lacking Trm1
and Sla1, the yeast homolog of the tRNA chaperone La,
show decreased aminoacylation efficiency of tRNA
SerCGA/UGA, indicative of tRNA misfolding (Vakiloroayaei
et al. 2017). Collectively, the data suggest that modifica-
tions that influence structural stability of the hinge region
also modulate tRNA function by reinforcing native struc-
ture and promoting aminoacylation.

FUNCTIONAL LINKS BETWEEN tRNA
MODIFICATION AND QUALITY CONTROL
PATHWAYS

Another indication that posttranscriptional modifications
are important structural determinants for tRNA function
comes from extensive findings that hypomodified tRNAs
are targeted for decay. Several tRNA quality control path-
ways that monitor tRNA structure and degrade aberrant
tRNAs have been discovered, including the nuclear sur-
veillance pathway. The nuclear surveillance pathway,
best characterized in budding yeast, involves the targeting
and degradation of aberrant precursor transcripts, includ-
ing pre-tRNA (Mitchell et al. 1997; LaCava et al. 2005). Nu-
clear surveillance is largely mediated by the TRAMP
complex (Trf4/Air2/Mtr4), which consists of the poly(A) po-
lymerase Trf4 or the closely related Trf5, the zinc knuckle
protein Air2 or its homolog Air1, and the RNA helicase
Mtr4 (LaCava et al. 2005). TRAMP facilitates recognition
and polyadenylation of aberrant tRNAs, followed by
3′ → 5′ exonucleolytic degradation by the nuclear exosome
(LaCava et al. 2005; Wyers et al. 2005; Hamill et al. 2010).

Initial studies on the structure of tRNAi MetCAU demon-
strated that the loss of m1A58 modification results in in-
creased susceptibility to nuclear surveillance due to
weakened tertiary structure relative to its fully modified
counterpart (Anderson et al. 1998). m1A58 modification,

catalyzed by the Trm6–Trm61 heterodimer, is also critical
for maintaining steady-state tRNA levels. A Trm6 mutant
exhibited impaired growth at high temperature that
can be linked to degradation of the hypomodified
pre-tRNAi MetCAU, although this growth defect can be
suppressed by overexpression of the RNA chaperone La
(Anderson et al. 1998; Kadaba et al. 2004). Hypomodified
pre-tRNAi MetCAU was also found to be polyadenylated by
the noncanonical poly(A) polymerase Trf4 prior to decay
(Kadaba et al. 2004). Certain tRNAs are less sensitive to a
loss of m1A58 modification, with steady-state levels of
tRNA LeuCAA remaining unchanged in the absence of a
functional Trm6–Trm61 dimer. It has been proposed that
differences in susceptibility to nuclear surveillance arise
from structural differences among individual tRNAs, as
well as different requirements for stabilizing modifications
(Kadaba et al. 2004). Exosome-mediated decay occurs at
an early point in tRNA biogenesis, as polyadenylated sub-
strates still possess a 5′ leader and 3′ trailer. While the
mechanism by which hypomodified tRNAs are recognized
by TRAMP still remains unclear, the disrupted interaction
between nucleotides 54 and 58 resulting from a lack of
m1Amodification may lead to an alternate structure recog-
nized as aberrant by the nuclear surveillance machinery
(Kadaba et al. 2006). Building on the idea that structurally
defective tRNAs are targeted for decay by the nuclear sur-
veillance machinery, additional studies in fission yeast re-
vealed that the RNA chaperone La binds to the 3′ end of
pre-tRNAs to protect against degradation by the exosome
exonuclease Rrp6 (Huang et al. 2006). Similar polyadeny-
lation-dependent tRNA decay pathways exist in bacteria,
with thermodynamically unstable mutant tRNAs getting
polyadenylated by the poly(A) polymerase PAP and de-
graded by PNPase (Li et al. 2002).

The budding yeast rapid tRNA decay (RTD) pathway re-
lies on a different set of exonucleases to target structurally
unstable mature tRNAs in the cytoplasm. While RTD also
targets hypomodified tRNAs, it occurs on a much different
time scale that resembles mRNA degradation kinetics
(Grigull et al. 2004; Alexandrov et al. 2006). Deletion of
Trm8 or Trm82, which form a complex that catalyzes
m7G46 modification, in combination with the deletion of
any one of seven nonessential body modification enzymes
results in a temperature-sensitive growth defect accompa-
nied by the rapid deacylation and decay of tRNA ValAAC

(Alexandrov et al. 2006). Similar rapid degradation of
tRNA SerCGA/UGA was observed in strains lacking Trm44
and Tan1, which are responsible for Um44 and ac4C12, re-
spectively. RTD involves the exonucleases Rat1 and Xrn1,
which degrademature tRNA from the 5′ end, enabling deg-
radation of aminoacylated and deacylated tRNAs
(Chernyakov et al. 2008). The phosphatase Met22 is also in-
directly involved in modulating RTD, since Met22 catalyzes
the removal of the 3′ phosphate of the Rat1 and Xrn1 inhib-
itor pAP (Dichtl 1997; Chernyakov et al. 2008). The RTD
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pathway primarily acts on substrates with weakened accep-
tor and T-stems, which increases accessibility to the 5′ end.
It is therefore likely that hypomodified tRNAs are targeted
by the RTD pathway because the lack of modifications in-
cluding m7G46, Um44, and ac4C12 weaken tertiary interac-
tions, thereby increasing accessibility of the acceptor stem
for the degradation machinery (Chernyakov et al. 2008;
Whipple et al. 2011). RTD also plays a role in tempera-
ture-dependent tRNA quality control, with higher tempera-
tures resulting in weaker tRNA stability and increased
accessibility of the 5′ end to Rat1 and Xrn1 (Payea et al.
2018). An additional Met22-dependent decay pathway
has recently been revealed to act on intron-containing
pre-tRNAs containing disrupted exon–intron structures.
While the mechanism by which this decay pathway occurs
remains ambiguous, it has been proposed that it may in-
volve tRNA splicing machinery (Payea et al. 2020).
Another mechanism budding yeast use to ensure that

cytoplasmic tRNAs are structurally stable and correctly
end-processed is the retrograde tRNA transport pathway.
Reimport of mature cytoplasmic tRNAs into the nucleus
is Ran-dependent and utilizes the importin-beta family
member Mtr10 (Shaheen and Hopper 2005; Takano
et al. 2005). These initial studies prompted the hypotheses
that the nucleus could act as a reservoir for mature tRNAs
under certain cellular stresses or that nuclear import serves
as a proof-readingmechanism following cytoplasmic tRNA
maturation steps including splicing (Shaheen and Hopper
2005). These two possibilities are likely not mutually exclu-
sive, as the findings that glucose and amino acid starvation
trigger nuclear accumulation provided evidence support-
ing the first hypothesis (Whitney et al. 2007), whilemore re-
cent studies demonstrated a role for nuclear reimport in
tRNA quality control (Kramer and Hopper 2013). Leader-
and trailer-containing tRNA IleUAU that has already under-
gone cytoplasmic splicing and m2

2G26-hypomodified
tRNA LysUUU and TyrGUA accumulated in budding yeast
cells with impaired retrograde tRNA import, suggesting
that incorrectly end-processed and hypomodified tRNAs
are normally reimported to the nucleus although it remains
unclear whether reimported tRNAs are subject to repair or
degradation (Kramer and Hopper 2013). The retrograde
tRNA transport pathway is likely evolutionarily conserved,
with similar pathways described in various mammalian sys-
tems (Shaheen et al. 2007; Barhoom et al. 2011; Miyagawa
et al. 2012; Watanabe et al. 2013). In particular, oxidative
stress triggers nuclear import of select cytoplasmic tRNAs
in several human cell lines, including tRNAs with truncated
3′ ends (Schwenzer et al. 2019). Nuclear reimport during
nutrient starvation in budding yeast also involves the
Hsp70 chaperone Ssa2p (Takano et al. 2015; Nostramo
and Hopper 2020). Ssa2p was demonstrated to act as a
tRNA-binding protein in vivo and in vitro and further, ex-
hibits increased affinity for tRNAs with destabilized accep-
tor stems, prompting the idea that it may function in quality

control pathways through the recognition of aberrant cyto-
plasmic tRNAs (Takano et al. 2015).
Nuclear export has similarly been proposed to act as an

additional tRNA quality control step to monitor tRNA ends
(Lund and Dahlberg 1998; Cook et al. 2009; Kramer and
Hopper 2013). Consistent with the idea that end process-
ing, including aminoacylation, affects tRNA export, bud-
ding yeast strains with mutated tRNA aminoacyl
synthases showed defects in tRNA export (Sarkar et al.
1999). Nuclear export proteins also discriminate natively
folded from misfolded tRNAs, with the vertebrate homo-
log exportin-t recognizing tertiary interactions including
interactions between the TΨC-loop and D-loop (Arts
et al. 1998). The fission yeast nuclear export protein Los1
binds to the 5′ and 3′ ends of tRNAs during nuclear export,
which allows for discrimination between correctly and in-
correctly end-processed tRNAs, the former of which is
characterized by a single-stranded 3′ CCA tail accommo-
dated by conserved positive residues (Lys177, Arg181,
and Lys259 in the fission yeast Los1) (Cook et al. 2009).
The wealth of studies characterizing tRNA quality con-

trol pathways suggest a tendency for hypomodified tRNAs
to be highly susceptible to decay although it is not neces-
sarily the loss of modification that results in targeting for
decay, but rather the structural instability occurring in the
absence of modification. The exact mechanism by which
aberrant pre-tRNAs are targeted by the nuclear surveil-
lance pathway remains under debate, but several groups
have posited that the alternate structures assumed by
hypomodified pre-tRNAs lead to slower maturation, ami-
noacylation, and assembly into ribonucleoprotein (RNP)
complexes, resulting in exposure of the 3′ end to polyade-
nylation and decay (Li et al. 2002; Houseley et al. 2006;
Reinisch and Wolin 2007). There is a more straightforward
explanation for RTD targeting, where a lack of key modifi-
cations destabilizes the acceptor stem to make it more ac-
cessible to 5′ → 3′ exonucleases (Alexandrov et al. 2006;
Chernyakov et al. 2008; Whipple et al. 2011). The RTD
pathway may also function redundantly with retrograde
tRNA transport, as budding yeast require at least one of
the two pathways for viability (Kramer and Hopper 2013).
Recognition and elimination of hypomodified tRNAs by
quality control pathways is of great import, since hypomo-
dified tRNAs—but not truncated or improperly end-pro-
cessed tRNAs—may still be accommodated by the
ribosome and therefore able to participate in translation,
where their compromised stability can lead to deleterious
effects such as impaired translation of certain codons
(Urbonavičius et al. 2002).

tRNA FOLDING IS PROMOTED BY RNA
CHAPERONES

RNA chaperones are a class of RNA binding proteins that
prevent or resolve misfolds and nonfunctional, inhibitory
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structures without external energy input (Herschlag 1995;
Rajkowitsch et al. 2007). A kinetic partitioningmodel posits
that only a small fraction of nascent RNA directly folds into
a native conformation, and RNA chaperones can assist the
remaining RNAs that are kinetically trapped in intermedi-
ate or misfolded conformations (Pan et al. 2000;
Rajkowitsch et al. 2007; Woodson 2010). RNA chaperones
have been reported to destabilize base pairs to unwind
misfolded structures, thereby giving RNAs additional
chances to fold into native structures, although the mech-
anisms used by RNA chaperones remain poorly under-
stood. In the absence of ATP hydrolysis to provide the
energy necessary to disrupt base pairs, RNA chaperones
have been hypothesized to make use of the thermody-
namic differences between native and intermediate fold-
ing states to promote RNA folding (Woodson 2010). The
effectiveness of RNA chaperone activity is largely depen-
dent on transient substrate binding and rapid dissociation,
allowing unfolded RNA structures the chance to refold into
native conformations. Strong binding has been hypothe-
sized to result in the stabilization of alternate structures,
as has been demonstrated by the bacterial RNA-binding
protein StpA, which exhibits increased chaperone activity
when binding is partially impaired (Mayer et al. 2007;
Rajkowitsch et al. 2007; Woodson 2010). Basic patches
and disordered regions are common features of proteins
that display RNA chaperone activity. Basic regions buffer
the electrostatic interactions between RNA and the sur-
rounding divalent cations, allowing for the disruption of
aberrant tertiary structures (Woodson 2010). The role of
disordered regions in RNA chaperone activity is less trans-
parent, but it has been suggested that disordered regions

may become structured upon substrate binding, with the
binding event acting as an entropy transfer to facilitate
the local unwinding of misfolded RNA structures (Tompa
and Csermely 2004).

While RNA chaperones have been extensively studied in
the context of bacterial small RNAs (for review, see
Santiago-Frangos and Woodson 2018), virus-encoded nu-
cleocapsid proteins, and ribosomal proteins (for review,
see Semrad 2011), few proteins have been described to
possess tRNA-specific chaperone activity. Here, we will
describe the best-characterized examples of tRNA chaper-
ones, namely the RNA-binding protein La as well as the
bacterial tRNA modification enzymes TrmA and TruB
which are responsible for formation of m5U54 and Ψ55 in
the T-loop, respectively (Table 1; Fig. 1B).

The most extensively characterized tRNA chaperone is
the La protein, an RNA binding protein which associates
with nascent RNAPIII transcripts, including pre-tRNA,
through the ubiquitous 3′ polyuridylate-containing trailer
that corresponds to the RNAPIII termination sequence
(Rinke and Steitz 1982; Reddy et al. 1983; Mathews and
Francoeur 1984; Stefano 1984). While La is essential in
higher eukaryotes, its dispensability in budding and fission
yeast enabledmechanistic studies into the function of La in
pre-tRNA stability and maturation (Yoo and Wolin 1994;
Van Horn et al. 1997). As 3′ end binders, the budding
and fission yeast La proteins (Lhp1 and Sla1, respectively)
influence the order of tRNA end processing. In the La-de-
pendent pathway, La binding to the 3′ trailer blocks 3′ → 5′

exonucleases, resulting in 5′ endonucleolytic cleavage of
the leader by RNase P followed by endonucleolytic cleav-
age of the 3′ trailer by RNase Z and the subsequent

TABLE 1. Proteins proposed to act as tRNA chaperones

Protein Description In vitro evidence In vivo evidence

La Eukaryotic RNA binding
protein

Strand annealing and dissociation assays
(Belisova et al. 2005; Naeeni et al. 2012)

Stabilizing mutant misfolded tRNAs (Yoo and Wolin
1997), tRNA-mediated suppression (Huang et al.
2006; Bayfield and Maraia 2009; Vakiloroayaei
et al. 2017; Porat and Bayfield 2020), tRNA
chemical probing (Chakshusmathi et al. 2003),
temperature-sensitive growth rescue (Anderson
et al. 1998; Copela et al. 2006; Vakiloroayaei et al.
2017), preventing pre-miRNA-like folding (Hasler
et al. 2016)

TruB E. coli tRNA Ψ55
pseudouridine
synthetase

Crystal structure (Hoang and Ferré-
D’Amaré 2001; Pan et al. 2003), tRNA
charging assays (Keffer-Wilkes et al.
2016)

Co-culture competition growth assays (Gutgsell et al.
2000; Keffer-Wilkes et al. 2016)

TrmA E. coli tRNA m5U54
methyltransferase

Crystal structure (Alian et al. 2008), tRNA
charging assays (Keffer-Wilkes et al.
2020)

Co-culture competition growth assays (Persson et al.
1992; Keffer-Wilkes et al. 2020)

Trm2 S. cerevisiae m5U54
tRNA
methyltransferase

N/A Temperature-sensitive growth rescue (Johansson and
Byström 2002)
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dissociation of La. In contrast, 3′ exonucleolytic nibbling
of the 3′ trailer to yield the mature 3′ end occurs before
5′ cleavage when La is absent (Van Horn et al. 1997; Yoo
and Wolin 1997; Copela et al. 2008). The role of La in
3′ end protection also functions to protect pre-tRNAs
from the nuclear surveillance pathway. Polyuridylate trailer
binding by La shields the 3′ end from TRAMP-mediated
polyadenylation and subsequent exosome-mediated de-
cay, thereby preventing both native, and to some extent
misfolded, tRNAs from decay (Huang et al. 2006). 3′ end
processing in budding yeast involves the interplay be-
tween the La protein and exo- and endonucleases
(Skowronek et al. 2014). tRNAs with shorter 3′ trailers are
preferentially processed by exonucleases like Rex1 to gen-
erate the mature 3′ end, while the endonuclease Trz1 acts
on pre-tRNAs with longer trailers (Skowronek et al. 2014).
The balance between endmaturation and decay is also de-
pendent on the competition between Rex1 and La for
3′ end binding, with Rex1 binding leading to the genera-
tion of TRAMP substrates by 3′ trimming and La binding re-
sulting in pre-tRNA stabilization and protection from
TRAMP-mediated degradation (Copela et al. 2008).
Numerous structural studies led to insights into the poly-

uridylate bindingmode of La and how it contributes to pre-
tRNA binding and maturation (for review, see Bayfield
et al. 2019). The crystal structure of the amino-terminal
domain of the human La protein, consisting of the La motif

and an RNA recognition motif (RRM1), revealed that three
terminal uridylates are sequestered in the basic- and aro-
matic-rich cleft between the La motif and RRM1 (Fig. 2A,
C; Teplova et al. 2006; Kotik-Kogan et al. 2008). While ear-
lier structural studies proposed that the four-stranded
β-sheet in RRM1 participates in polyuridylate binding
(Alfano et al. 2004), the crystal structure demonstrated
that using the edge of RRM1 for binding the penultimate
uridylate leaves an exposed face of the β-sheet available
for additional RNA contacts (Teplova et al. 2006). In agree-
ment with this additional proposed binding site on the
face of the RRM1 β-sheet, it was found that La has a higher
affinity for pre-tRNA than end-processed tRNA and a
dissociated polyuridylate-containing trailer, which can be
attributed to the additive effects upon pre-tRNA engage-
ment with the polyuridylate binding site and the RRM1 β-
sheet binding site. Additional support for an alternate
RRM1 binding site comes from the findings that intact
pre-tRNAs bind La through contacts to the La motif and
RRM1, with both binding sites together having greater af-
finity than either site alone. Upon trailer cleavage, the end-
processed tRNA and trailer each occupy only one binding
site and the resulting decreased affinity causes dissocia-
tion of both products (Bayfield and Maraia 2009). The im-
portance of the RRM1 in pre-tRNA binding in vivo and in
vitro has led to a model suggesting that polyuridylate
binding by the La motif contributes to binding specificity

A C

B

FIGURE 2. Regions in the RNA recognition motif (RRM1) of the La protein play a role in La’s RNA chaperone activity. (A) Schematic of the human
and fission yeast La proteins. (NRE) Nuclear retention element. (SBM) Short basic motif. (NLS) Nuclear localization sequence. Schematics were
generated with Ren et al. (2009). (B) Multiple sequence alignment (Madeira et al. 2019) of the conserved RNP1 and RNP2 sequences in the
RRM1 of the human and fission yeast La proteins (Bayfield and Maraia 2009). (C ) Ribbon representation of the high-resolution structure of the
La motif and RRM1 of the human La protein in complex with a polyuridylate RNA oligomer (orange) (structure 2VOO from Kotik-Kogan et al.
2008), visualized in PyMOL (The PyMOL Molecular Graphics System, Version 1.8, Schrödinger, LLC). α-helices are pictured in cyan, β-sheets
in pink. Regions important for RNA chaperone activity are highlighted: RNP1 and RNP2 (blue) and loop-3 (green).
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by directing La to RNAPIII transcripts including pre-tRNA,
while the RRM1 further increases pre-tRNA binding affinity
through contacts to the pre-tRNA body (Horke et al.
2004a,b).

Consistent with the engagement of different pre-tRNA
elements—the polyuridylate trailer and pre-tRNA body—
the two separate RNA binding surfaces on the La protein
mediate distinct activities in pre-tRNA processing. PAR-
CLIP analysis mapped La binding to the pre-tRNA trailer
as well as the 5′ end of the D-arm, although the precise
binding location on La or the full extent of La contacts to
the tRNA body remains unknown (Gogakos et al. 2017).
Having established La’s role in 3′ end protection through
trailer binding, several studies were undertaken to under-
stand how the RRM1 β-sheet surface participates in tRNA
maturation. La proteins from various species have con-
served basic and aromatic patches in the RRM1, referred
to as RNP1 and RNP2 (Fig. 2A,B). Mutation of conserved
aromatic residues from these patches—Y114 and F155 in
human La, which project from the β-sheet of RRM1—had
no effect on uridylate binding or 3′ end protection but
were required for tRNA functionality in a tRNA-mediated
suppression assay that relies on correctly folded tRNAs
for activity, indicating that the β-sheet binding surface
plays a role in tRNA folding (Huang et al. 2006). This activ-
ity was further mapped to include basic residues in loop-3
of the RRM1 (Fig. 2), with mutations to loop-3 impairing
tRNA-mediated suppression activity as well as RNA folding
in an in vitro cis-splicing assay (Bayfield and Maraia 2009).
Similar to other tested RNA chaperones, La is capable of
annealing and dissociating RNA duplexes (Belisova et al.
2005; Naeeni et al. 2012), and mutants incapable of strand
annealing and dissociation were also inactive in tRNA-me-
diated suppression, suggesting that La promotes tRNA
functionality, at least in part, by using its RNA chaperone
activity to assist pre-tRNA folding (Naeeni et al. 2012).
Other regions of La, including its unstructured carboxy-ter-
minal domain, have also been implicated in tRNA chaper-
one activity (Jacks et al. 2003; Kucera et al. 2011; Naeeni
et al. 2012; Brown et al. 2016). In budding yeast, binding
of the carboxy-terminal domain of La to the tRNA antico-
don stem–loop is associated with promoting anticodon
stem–loop structure (Kucera et al. 2011). Importantly,
La’s function as an RNA chaperone in promoting pre-
tRNA folding and maturation is conserved among La ho-
mologs from various species (Bayfield and Maraia 2009;
Naeeni et al. 2012; Porat and Bayfield 2020).

Further links can be drawn between La and tRNA mod-
ification enzymes with respect to pre-tRNA maturation
and stability. Studies in budding yeast revealed that La
functions redundantly with tRNA-stabilizing modification
enzymes and proteins that bind tRNA during tRNA bio-
genesis and maturation. Genetic screens identified a tem-
perature-dependent requirement for La in budding yeast
strains with a mutation in tRNA ArgCCG that weakens the

anticodon stem (Copela et al. 2006). It is interesting to
note that tRNA ArgCCG mutations that lead to a require-
ment for La have greater effects at low temperatures,
which may reflect the propensity for pre-tRNAs to become
kinetically trapped in alternate conformations (Chakshus-
mathi et al. 2003). This, coupled with previous work dem-
onstrating that tRNAs with weak anticodon stems have a
propensity for misfolding, suggests that La binding to
tRNA results in stabilization of the anticodon stem to pro-
mote native fold (Chakshusmathi et al. 2003; Copela et al.
2006). Another indication that La has a role in promoting
pre-tRNA stability is the requirement for the stabilizing
modification enzymes Pus3 and Pus4 in La knockout strains
with a mutant allele of tRNA ArgCCG (Copela et al. 2006).
Similarly, deletion of La and them2

2G26methyltransferase
Trm1 is synthetic lethal in budding and fission yeast grown
at high temperatures where tRNAs are more likely to mis-
fold, suggesting that both proteins function redundantly
to prevent pre-tRNA from adopting alternate, aberrant
conformations that may lead to decay (Copela et al.
2006; Vakiloroayaei et al. 2017). The synthetic lethal phe-
notype can be rescued with reexpression of either human
or fission yeast La, although rescue is dependent on an in-
tact RRM1 β-sheet surface, illustrating the importance of
La’s chaperone activity. Based on the additional findings
that La and Trm1 cooperate for the accumulation of a se-
lect set of G26-containing tRNAs in fission yeast, it is curi-
ous that deletion of the nuclear exosome exonuclease
Rrp6 does not rescue the synthetic lethality phenotype
by preventing pre-tRNA degradation, but rather exacer-
bates the synthetic lethal phenotype. Such a result
prompts the idea that Rrp6 deletion could result in a dom-
inant-negative phenotype, where aberrant pre-tRNAs that
would normally be stabilized by La and Trm1 or degraded
by the nuclear surveillance pathway persist and interfere
with cellular functions (Fig. 3; Vakiloroayaei et al. 2017).
It remains to be seen how aberrant pre-tRNAs affect cellu-
lar function, as well as how other tRNA modification en-
zymes cooperate with La to promote pre-tRNA stability.
The data converge on a model where La, tRNA modifica-
tion enzymes, and tRNA binding proteins contribute to
pre-tRNA structural stability, resulting in efficient tRNA
biogenesis (Copela et al. 2006; Vakiloroayaei et al. 2017).

Beyond the well-established role for La in promoting
pre-tRNA folding, maturation, and functionality, an intrigu-
ing study demonstrated that La-mediated tRNA chaper-
one activity also influences miRNA biogenesis. La
depletion in human cell lines results in tRNA fragments be-
ing loaded into Ago2 (Hasler et al. 2016). La knockdown
also leads to an increase in miR-1983, which is derived
from the 3′ end of pre-tRNA IleUAU. In the absence of La
binding, the complementary 5′ and 3′ ends of pre-tRNA
IleUAU form an alternate hairpin structure that is recognized
as a miRNA precursor by the nuclear export protein Xpo5.
In the event of La binding to pre-tRNA IleUAU, La’s tRNA
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chaperone activity promotes the native tRNA fold over the
alternate hairpin conformation. In this sense, La’s function
as a tRNA chaperone enables it to decrease tRNA frag-
ment entry into the miRNA biogenesis pathway, prevent-
ing RISC loading with aberrant small RNAs that may
exert negative effects downstream (Hasler et al. 2016).
A long-outstanding question concerning the La protein

and other tRNA chaperones revolves around the mecha-
nism of substrate selection, and whether tRNA chaperones
preferentially bind misfolded over native substrates to as-
sist their folding. La and the bacterial pseudouridine syn-
thase TruB, which also functions as a tRNA chaperone,
indiscriminately bind folded and misfolded tRNAs, sug-
gesting a general mechanism regarding substrate selec-
tion by tRNA chaperones (Keffer-Wilkes et al. 2016;
Vakiloroayaei et al. 2017). Both studies proposed that
chaperones are recruited to tRNA by features relating to
their processing state rather than fold. For La, recognition
of the polyuridylate-containing trailer on nascent pre-
tRNAs enables binding and subsequent chaperone activi-
ty. The time between La binding to the pre-tRNA trailer

and dissociation following trailer
cleavage allows tRNAs to acquire the
proper fold through a combination
of La-mediated RNA chaperone activ-
ity and post-transcriptional modifica-
tions that stabilize structure (Fig. 3;
Vakiloroayaei et al. 2017). Similarly,
the bacterial pseudouridine synthase
TruB preferentially binds and modi-
fies unmodified tRNA, which corre-
sponds to a relatively early step in
tRNA biogenesis and exhibits similar
binding affinity for folded and mis-
folded substrates (Keffer-Wilkes et al.
2016; Schultz and Kothe 2020). The
bacterial tRNA methyltransferase
TrmA also exhibits preferences relat-
ing to processing state, binding
TruB-modified tRNAs with higher af-
finity than unmodified tRNAs (Schultz
and Kothe 2020). Together, data
from these three tRNA chaperones
suggest a general model wherein
tRNA chaperones can sample all
tRNAs at a certain point in the matura-
tion pathway. Under conditions where
RNA chaperone levels are limiting rel-
ative to the level of pre-tRNA sub-
strates (as has been hypothesized for
La [Huang et al. 2005]), this suggests
that binding of all tRNAs (misfolded
or not) by chaperones may limit chap-
erone folding efficiency, in which a
pool of misfolded tRNAs might not

have access to chaperone activity as a result of competition
with folded substrates (Vakiloroayaei et al. 2017). It is
tempting to speculate that this indiscriminatory mecha-
nism of substrate recognition may have evolved as a result
of the difficulty or ambiguity of recognizingmisfolds due to
the relative homogeneity of nucleotides compared to ami-
no acids (Herschlag 1995; Rajkowitsch et al. 2007; Wood-
son 2010; Vakiloroayaei et al. 2017). It is not yet known
whether this is a common mechanism of all tRNA chaper-
ones, and it is therefore anticipated that additional struc-
tural studies on the binding mechanisms of other known
and speculated tRNA chaperones will provide a more
complete picture.

EARLY WORK POSTULATING tRNA AND rRNA
MODIFICATION ENZYMES AS RNA CHAPERONES

Unlike the Laprotein, tRNAmodification enzymes often are
not end-binding proteins and as such, would not be ex-
pected to offer protection from exonucleolytic degrada-
tion. Nevertheless, the increase in tRNA degradation

FIGURE 3. La (Sla1) and Trm1 cooperate to promote tRNA folding, accumulation, and func-
tionality in fission yeast. Sla1 is represented by the amino-terminal domain of the human La
protein (structure 2VOO from Kotik-Kogan et al. 2008). A combination of La-mediated tRNA
chaperone activity and Trm1 modification ensures proper tRNA folding such that pre-tRNAs
accumulate and undergo aminoacylation (top), while misfolded pre-tRNAs are often degraded
by the nuclear surveillancemachinery in the absence of La and Trm1 (bottom). Somemisfolded
or unmodified pre-tRNAs may escape nuclear surveillance and are exported to the cytoplasm,
where they may get aminoacylated and function in translation (bottom).
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observed in yeast and bacteria lacking particular modifica-
tion enzymes suggests that these enzymes impart structural
stability on their substrates, either through themodification
itself or an alternate, catalysis-independent function. The
finding that catalytically inactive TruB and TrmA variants
rescue growth defects in the respective knockout bacterial
strains were among the first indications that tRNAmodifica-
tion enzymes may have additional functions as tRNA chap-
erones (Persson et al. 1992; Gutgsell et al. 2000). Similar to
its prokaryotic homolog TrmA, the eukaryotic homolog
Trm2 has also been suggested to promote tRNA folding
and thus act as a bona fide tRNA chaperone (Johansson
and Byström 2002). Although TRM2 is a nonessential
gene in budding yeast, Trm2 knockout combined with a
mutant allele of tRNA SerCGA results in a temperature-sen-
sitive growth defect that correlates with reduced tRNA
SerCGA steady state levels. The stability of certain mutant
tRNA SerCGA alleles, including the T51C mutation in the
TΨC-loop, can be restored with a catalytically inactive
Trm2 mutant, although the partial rescue of the tempera-
ture-sensitive growth defect suggests that while Trm2
may have a role in tRNAmaturation independent of cataly-
sis, the modification itself is nevertheless important for
tRNA functionality (Johansson and Byström 2002).
Further support for this hypothesis came from numerous
structural studies revealing that the catalytic mechanisms
of tRNA modification enzymes often involve enzyme-me-
diated tRNA unfolding and structural rearrangement
(Hoang and Ferré-D’Amaré 2001; Hoang et al. 2006;
Alian et al. 2008; Finer-Moore et al. 2015). Together, these
ideas lead to a relatively new model linking modification
and folding in the tRNA processing pathway.

Similar models for RNA modification enzymes acting as
RNA chaperones have come from the study of rRNA mod-
ification enzymes (Grosjean 2005; Lafontaine and Tollervey
2014). The budding yeast rRNA methyltransferase Dim1
was among the first rRNAmodification enzymes suggested
to have alternate functions unrelated tomodification.Dim1
depletion inhibits pre-rRNA cleavage to generate 20S pre-
rRNA, although replacement of the modifiable adenosines
(A1779andA1780)with unmodifiableguanosines results in
normal pre-rRNA processing (Lafontaine et al. 1995).
Further support for the idea that Dim1 possesses an alter-
nate function comes from the finding that yeast strains
bearing a catalytically inactiveDim1mutant grow normally,
indicating that Dim1, rather than methylation, is required
for pre-rRNA processing (Lafontaine et al. 1998). Similar
findings have been reported for RluD, a bacterial pseu-
douridine synthase responsible for modifying 3 nt in helix
69 in 23S rRNA, which makes contacts to the A and P site
tRNA, and which are required for effective translation ter-
mination (Ejby et al. 2007). In an E. coli K-12 strain, disrup-
tion of the RluD gene results in a growth defect which is
caused by the interplay with a defective release factor 2
(RF2) carrying an A246T substitution found in all K-12

strains; notably, deletion of RluD has no significant pheno-
type in strains carrying a wild-type RF2 gene. Interestingly
however, the growth defect in E. coli K-12 strains lacking
RluDcanbe rescuedbyexpressionof a catalytically inactive
RluD mutant suggesting that RluD may fold helix 69 in 23S
rRNA independent of modifying it, thereby enabling a nor-
mal interaction with RF2 A246T. Thus, RluD may act as an
RNA chaperone similarly as had been previously reported
for the related tRNA pseudouridine synthase TruB
(Gutgsell et al. 2001; O’Connor and Gregory 2011).

Despite the wealth of speculation into alternative func-
tions for rRNA modification enzymes, it was only recently
that certain modification enzymes were demonstrated to
possess genuine RNA chaperone activity (Keshav et al.
2020). The bacterial methyltransferase RsmC, which cata-
lyzes the formation of m2G at nucleotide 1207 in 16S
rRNA, was found to have a role in rRNA folding, particularly
relating to formation of helix 34. In accordance with the
need to anneal both strands of helix 34 (the 5h34 strand,
comprising nucleotides 1047–1065, and the 3h34 strand,
which includes nucleotides 1191–1210), RsmC was shown
to slightly enhances duplex formation in vitro. Additional
experiments using single-molecule FRET showed that
RsmC is also capable of denaturing a hairpin in the 3h34
strand, leading to the model that RsmC may use its RNA
chaperone activity to decrease the transition state energy
between the hairpin and denatured states of the 3h34
strand, thereby smoothing the RNA folding landscape of
rRNA maturation and ribosome assembly (Keshav et al.
2020).

tRNAMODIFICATION ENZYMES CAN ACT AS tRNA
CHAPERONES

Evidence that tRNA modification enzymes also function as
genuine RNA chaperones has very recently come to the
forefront. Pseudouridine synthases typically use a base-
flipping mechanism to access their target nucleotides for
modification. Since these enzymes rely on local structural
rearrangement, it is tempting to speculate that these en-
zymes might also act as tRNA chaperones to assist tRNA
folding. TruB, the bacterial pseudouridine synthase re-
sponsible for Ψ55 modification, recognizes the preorgan-
ized and folded T stem–loop, with nucleotides 55–57
projecting into the active site cleft (Becker et al. 1997;
Gu et al. 1998; Hoang and Ferré-D’Amaré 2001; Pan
et al. 2003). Insertion of the histidine imidazole group
(H43) into the T-loop forces U55 to flip out to avoid steric
clashes with side chains carboxy-terminal to the inserted
histidine. Due to the resulting disrupted tertiary interac-
tions between the T- and D-loops (Fig. 1B), the bases of
nucleotides 56 and 57 also flip out together with U55, po-
sitioning all three bases in the active site of the enzyme
(Hoang and Ferré-D’Amaré 2001). The lost tertiary interac-
tions of U55 and C56 with G18 and G19 in the D-loop are
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compensated by protein–RNA contacts between TruB and
the bases of nucleotides 56 and 57 (Pan et al. 2003). It has
thus been hypothesized that TruB’s ability to disrupt tertia-
ry structuremay allow it to act as an RNA chaperone by giv-
ing misfolded substrates another chance to form correct
tertiary interactions (Hoang and Ferré-D’Amaré 2001). A
similar base-flipping mechanism has been described for
the pseudouridine synthase TruA, which modifies U38,
U39, and U40 in the anticodon stem. Instead of side chain
insertion like TruB, a conserved arginine residue in TruA
(R62) stabilizes the flipped out nucleotide through stacking
interactions (Hur and Stroud 2007). An equivalent arginine
is involved in the base-flipping mechanism observed for
the pseudouridine synthases RluA, which modifies U746
in 23S rRNA and U32 in tRNA, and RsuA, which modifies
U516 in 16S rRNA (Hoang et al. 2006).
While the catalytic mechanisms differ between pseu-

douridine synthases and methyltransferases, bacterial
and eukaryotic tRNAmethyltransferases also use base-flip-
ping to access target nucleotides. tRNAmethylation by the
bacterial methyltransferase TrmA, which is responsible for
m5U54 modification, requires rearrangement and refold-
ing of the T-arm to position U54 in the active site of the en-
zyme. Structural rearrangement also entails breaking
canonical base-stacking interactions involving A58 such
that A58 occupies the newly vacated space left by U54
and becomes part of alternate base-stacking interactions.
Biochemical data suggest that additional interactions of
phenylalanine 106 and histidine 125 with the D-loop fur-
ther contribute to the disruption of tertiary base pairs in
tRNA upon binding to TrmA (Keffer-Wilkes et al. 2020).
Catalysis of m1A58 formation in tRNA LysUUU by the human
Trm6–Trm61 heterodimer also involves disruption of hinge
region interactions to access A58. Rearrangement of theD-
loop by breaking base-pairing interactions between G18
and G19 with U55 and C56, coupled with rearrangement
of nucleotides 55–60 in the T-loop, position A58 in the ac-
tive site of the catalytic subunit Trm61 (Fig. 1B). Much like
TruA, hydrogen bond interactions between rearranged nu-
cleotides and the protein compensate for disrupted base-
pairing between the D- and T-loops (Finer-Moore et al.
2015).
The extensive findings that tRNA modification enzymes

often refold their substrates, as well as studies suggesting
a fitness advantage conferred by catalytically inactive mu-
tants converge upon a model wherein tRNA modification
enzymes have dual functions in catalysis and tRNA folding.
Several elegant studies have expanded upon so-called
classical RNA chaperones, characterizing prokaryotic and
eukaryotic tRNA modification enzymes as a novel class of
tRNA-specific chaperones. Alternate functions of TruB
were explored, revealing that a catalytically inactive TruB
variant is capable of folding tRNA in vitro (Keffer-Wilkes
et al. 2016). In vitro folding activity correlated with the de-
gree of growth rescue in co-culture competition assays;

consequently, amino acid residue substitutions abolishing
tRNA binding led to decreased folding activity and bacte-
rial fitness, supporting the idea that binding and chaperone
activity, rather than modification, is crucial for fitness
(Keffer-Wilkes et al. 2016). Rapid-kinetic stopped-flow ex-
periments using tRNA fluorescently labeled at nucleotide
57 revealed that following TruB binding, the tRNA elbow
region is quickly and repeatedly unfolded and refolded be-
fore pseudouridylation, thereby revealing the molecular
mechanism of TruB’s tRNA chaperone activity (Hoang
and Ferré-D’Amaré 2001; Keffer-Wilkes et al. 2016). The
authors also demonstrated that TruB exhibits specific and
high affinity for tRNAs, rather than single-stranded or struc-
turedRNAsubstrates, prompting its classification as a tRNA
chaperone. It has been suggested that TruB’s slow catalytic
ratemay have evolved as amechanism to allow formultiple
rounds of tRNA unfolding and refolding by TruB to assist
tRNA folding into native conformations (Wright et al.
2011; Keffer-Wilkes et al. 2016). Intriguingly, a catalytically
inactive mutant of Pus4, the budding yeast homolog of
TruB, has a role in inhibiting RNA viruses, and while the
mechanism remains unknown, the finding is suggestive of
an evolutionarily conserved dual function for TruB (Zhu
et al. 2007). Consistent with this, manyof the residues iden-
tified by structural and biochemical studies as required for
tRNA binding (Hoang et al. 2006; Keffer-Wilkes et al. 2016)
are conserved among TruB homologs (Fig. 4A). More re-
cently, a catalytic mutant of the human pseudouridine syn-
thase PUS10, which modifies tRNA at positions 54 and 55,
was found to have a role in promoting miRNA biogenesis
that is thought to be related to miRNA folding, further sup-
porting the idea of catalytic-independent functions of
tRNA modification enzymes (Song et al. 2020).
Additional studies on tRNA methyltransferases raised

the possibility that tRNAmodification enzymes functioning
as tRNA chaperones may be the rule, rather than the ex-
ception. Expanding on initial studies demonstrating that
the bacterial methyltransferase TrmA is essential for viabil-
ity but its catalytic activity is not (Persson et al. 1992), phe-
nylalanine and histidine residues (F106 and H125) were
identified as critical for tRNA binding (Keffer-Wilkes et al.
2020). Much like TruB, wild-type and catalytically inactive
TrmA possess in vitro tRNA folding activity, with substitu-
tions of H125 and F106 showing reduced to no folding ac-
tivity, respectively. Confirming the importance of tRNA
binding in vivo, TrmA knockout strains and knockout
strains expressing tRNA binding or catalytic mutants
were equally outcompeted by wild-type strains in co-cul-
ture competition assays. The implication that an aromatic
residue, in particular, is required for tRNA binding and
by extension, tRNA chaperone activity, is supported by
the high degree of conservation of F106 as an aromatic
residue among bacterial and eukaryotic TrmA homologs
(Fig. 4B). Integrating previous structural data on TrmA,
the authors proposed a model in which F106 and H125
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act as wedges to disrupt tertiary interactions in the elbow
region through steric clashes with G18 at the interface of
the D and T arms, thereby providing tRNA with a second
chance at forming correct tertiary interactions (Fig. 1B;
Alian et al. 2008; Keffer-Wilkes et al. 2020).

FUTURE PERSPECTIVES AND OUTLOOK

Together, these findings call into question whether RNA
chaperone activity could be a more general feature of
RNAmodification enzymes. This dual activitymay be espe-
cially critical for structured noncoding RNA like tRNAs,
where aminoacylation and subsequent function in transla-
tion is fundamentally linked to the ability to assume native
conformations (Bhaskaran et al. 2012). While certain tRNA
modification enzymes have been demonstrated to pro-
mote tRNA folding through a combination of modification
and RNA chaperone activity (Fig. 1B), questions have been
raised about the relative importance of modifications
themselves. It has been proposed that certain modifica-
tions may not be very beneficial, but instead serve as a sig-

nal for the enzyme to dissociate (Gutgsell et al. 2001;
Keffer-Wilkes et al. 2016). In these cases, tRNAwould ben-
efit more from RNA chaperone activity than modification.
It is also possible that different tRNA species use these
dual functions to different extents. Some tRNAs may re-
quire one activity over the other, resulting in distinct pools
of substrates: a set of modified substrates, and unmodified
tRNAs that still bind to the tRNAmodifying enzyme, but for
the purpose of chaperone activity. Continuing to explore
the molecular mechanisms of tRNA chaperone activity
and testing additional tRNA modification enzymes for
chaperone activity are therefore areas of immediate inter-
est. Structural analysis of tRNA modification enzymes will
be instrumental in identifying catalytic residues, residues
that contact tRNA, and possible conformational changes
induced in the tRNA by themodification enzyme, enabling
genetic and biochemical studies to interrogate potential
chaperone activity. Moreover, future research should be
aimed at assessing the relative contributions of modifica-
tions and RNA chaperone activity on tRNA folding. While
several recent studies have addressed this question, it

A

B

FIGURE 4. Select tRNA-binding residues are conserved among TruB and TrmA homologs. (A) Sequence alignment (Madeira et al. 2019) and
ribbon representation of the high-resolution structure of the bacterial pseudouridine synthase TruB in complex with a T stem–loop RNA (orange)
(structure 1K8W from Hoang and Ferré-D’Amaré 2001) and visualized in PyMOL (The PyMOL Molecular Graphics System, Version 1.8,
Schrödinger, LLC). α-helices are pictured in cyan, β-sheets in pink. Experimentally identified tRNA binding regions (Hoang and Ferré-D’Amaré
2001; Keffer-Wilkes et al. 2016) are indicated in blue. (B) Sequence alignment (Madeira et al. 2019) and ribbon representation of the high-reso-
lution structure of the bacterial methyltransferase TrmA in complex with a T stem–loop RNA (orange) (structure 3BT7 from Alian et al. 2008 and
visualized in PyMOL [The PyMOL Molecular Graphics System, Version 1.8, Schrödinger, LLC]). α-helices are pictured in cyan, β-sheets in pink.
Experimentally identified tRNA binding regions (Keffer-Wilkes et al. 2020) are indicated in blue.
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remains difficult to uncouple the two activities, as modifi-
cation is often critical for fitness (Keffer-Wilkes et al.
2020). The development of reporter assays to directly as-
sess tRNA chaperone activity (Porat and Bayfield 2020)
(also see Heise 2020) will lead to significant contributions
in understanding tRNA chaperones.
Another question of recent interest involves tRNA mod-

ification circuits, i.e., the preferential introduction of modi-
fications in a certain order, and how modification circuits
impact tRNA structural stability (anticodonmodification cir-
cuits reviewed in Han and Phizicky 2018). Yeast and bacte-
rial tRNA body modifications, particularly in the elbow
region, are installed in a preferential order. Pseudouridyla-
tion of nucleotide 55 typically occurs on nascent, unmodi-
fied tRNA and once tRNA is modified, Ψ55 promotes
subsequent modifications, including methylation at nucle-
otide 54 (Barraud et al. 2019; Schultz and Kothe 2020).
Modification circuits have also been demonstrated for ver-
tebrate tRNAs, with TΨC-loopmodifications installed early
in tRNA biogenesis, followed by leader and trailer process-
ing, additional body and anticodon modifications, and in-
tron removal (Melton et al. 1980; Nishikura and De
Robertis 1981). Such findings may reflect the structural
changes arising frommodification or potential tRNA chap-
erone activity, with certain later-acting modification en-
zymes requiring specific conformations that may be
facilitated by earlier-acting modification enzymes at differ-
ent points in the tRNA maturation pathway. Sure enough,
Ψ55 modification by TruB on the bacterial tRNA PheGAA

was found to stabilize base-stacking interactions in the el-
bow region, thereby increasing the affinity of tRNA for
the methyltransferase TrmA, which modifies nucleotide
54 (Alian et al. 2008; Schultz andKothe 2020). Interestingly,
the strength and dependence on modification circuits var-
ies depending on the tRNA, with the yeast tRNA PheGAA

showing greater perturbations in modification in Pus4
and Trm2 knockout strains than total cellular tRNA, sug-
gesting its increased sensitivity to modification circuits
(Barraud et al. 2019). The order of installation of tRNAmod-
ifications also likely relies on the subcellular localization of
tRNA modification enzymes. Understanding how tRNA
modification enzymes act as tRNA chaperones may offer
further insight into the mechanisms by which specific
tRNA conformations shape body modification circuits.
The role of RNA chaperones in promoting native tRNA

folding is an important aspect of tRNA structure and func-
tionality and as such, often interfaces with tRNA decay
pathways. As the tRNA chaperone La has been demon-
strated to rescue misfolded pre-tRNAs from nuclear sur-
veillance (Calvo et al. 1999; Huang et al. 2006;
Vakiloroayaei et al. 2017), it is anticipated that tRNA mod-
ification enzymes that also function as tRNA chaperones
may have similar roles in preventing tRNA decay. Consis-
tent with this idea, current models state that binding of
the La protein and the modification enzymes Trm1,

Trm2, Trm3, and Pus4 to mutant or misfolded tRNAs pro-
motes native fold over alternate conformations, with mod-
ification enzymes proposed to assume a chaperone-like
function distinct from their catalytic activity (Johansson
and Byström 2002; Copela et al. 2006). It is interesting to
note that tRNA modification enzymes homologous to
those that are genetically linked to the RNA chaperone
La have been demonstrated or are anticipated to display
RNA chaperone activity (Johansson and Byström 2002;
Copela et al. 2006; Zhu et al. 2007). One might therefore
draw the conclusion that both tRNA stabilization and tRNA
chaperone functions are redundant between La and select
tRNA modification enzymes. Although the study of RNA
chaperones is not new, the finding that tRNA modification
enzymes can also function as tRNA chaperones signals a
paradigm shift regarding the role of these enzymes in
tRNA maturation. Still, chaperone activity is but one facet
of tRNA structural stability, with modifications themselves
also playing an important role in influencing secondary
and tertiary structure. The newfound link between tRNA
folding and modification, and how they interface with
tRNA quality control pathways, underscores the impor-
tance of optimizing structure and stability of tRNAs to en-
sure their functionality.
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