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Abstract: Transfer RNAs (tRNAs) are highly structured
non-coding RNAs which play key roles in translation and
cellular homeostasis. tRNAs are initially transcribed as
precursor molecules and mature by tightly controlled,
multistep processes that involve the removal of flanking
and intervening sequences, over 100 base modifications,
addition of non-templated nucleotides and aminoacylation.
These molecular events are intertwined with the nucleocy-
toplasmic shuttling of tRNAs to make them available at
translating ribosomes. Defects in tRNA processing are linked
to the development of neurodegenerative disorders. Here,
we summarize structural aspects of tRNA processing steps
with a special emphasis on intron-containing tRNA splicing
involving tRNA splicing endonuclease and ligase. Their role
in neurological pathologies will be discussed. Identification
of novel RNA substrates of the tRNA splicing machinery has
uncovered functions unrelated to tRNA processing. Future
structural and biochemical studies will unravel their
mechanistic underpinnings and deepen our understanding
of neurological diseases.

Keywords: end maturation; endonuclease; neurodegener-
ative disorders; RNA processing; structural biology; tRNA
splicing.

Introduction

All organisms of the three domains of life ubiquitously
produce and utilize tRNAs. Their central role as supplier of
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amino acids for protein synthesis is well-established. By
numbers, tRNAs are the most abundant RNA species in
cells with approximately 3-10 x 10’ molecules per cell,
whereas they are second behind ribosomal RNAs consid-
ering their total mass (Palazzo and Lee 2015). Mature tRNAs
can vary greatly in sequence length, ranging from 76 to 93
nucleotides, and comprise a multitude of base modifica-
tions: some almost universal and others specific for a
subspecies of tRNAs. These modifications tremendously
diversify the tRNA pool (Schimmel 2018). Due to the
constantly increasing number of more than 100 enzy-
matic pathways, we do not discuss tRNA modifying en-
zymes but recommend the following excellent reviews
(Han and Phizicky 2018; Krutyholowa et al. 2019; Suzuki
2021).

Although the first high-resolution tRNA structure was
already solved in 1973 (Kim et al. 1973), protein structures
of the tRNA processing pathway have been solved much
later and are still being investigated. In eukaryotes, tRNAs
are transcribed by RNA polymerase III as precursor mole-
cules (pre-tRNAs) with a subset of about 6% of all tRNAs
carrying introns (Chan and Lowe 2016). For their matura-
tion, pre-tRNAs undergo several processing steps and
modifications. Typically, the canonical cascade of pro-
cessing is described as removal of 5’ leader and 3’ trailer
sequences by RNase P and RNase Z, respectively, addition
of the terminal CCA trinucleotide by ATP(CTP):tRNA
nucleotidyltransferase, nuclear export by exportin-t and
splicing of intron-containing tRNAs by tRNA splicing
endonuclease (TSEN) and tRNA ligase. Interestingly, the
order of events does not seem to be as strict as described
here. For example, there is contradicting evidence that
removal of 5’ trailer sequences does not necessarily pre-
cede cleavage of the 3’ extension and even occurs in a
reverse order for some tRNA species (O’Connor and Peebles
1991; Kufel and Tollervey 2003; Maraia and Lamichhane
2011). An even broader ambiguity is observed for tRNA
modifying enzymes concerning their spatio-temporal or-
ganization of activity (Chatterjee et al. 2018; Kramer and
Hopper 2013; Nostramo and Hopper 2020). Here, we focus
on several nuclear and cytosolic processing steps of pre-
tRNAs, discussing structural aspects of tRNA recognition,
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binding, and catalysis during end maturation, nuclear
export, and splicing. When appropriate we refer the reader
to detailed reviews for in-depth information.

Structure of transfer RNAs

The overall three-dimensional fold of tRNA precursors is
key for their interaction with modifying enzymes. Despite
their diversity, tRNAs universally adopt their characteristic
L-shaped structure (Figure 1). The complicated folding
process can be comprehended by looking at the underlying
secondary structures. Formed by designated base pairs,
four stem-loop structures constitute the tRNA cloverleaf
(Figure 1A). Starting at the 5’ terminus, the tRNA consists of
the acceptor stem, the D-arm, the anticodon arm, a variable
loop, and the TYC arm. The acceptor stem unites the 5’
terminus and single-stranded 3’ terminus consisting of
discriminator base and a CCA triplet, key residues for
aminoacylation. Owing its name to the conserved dihy-
drouridine base (D), the D arm forms the L-fold of tRNAs
together with the T¥YC arm. The anticodon stem carries the
anticodon loop for base pairing with mRNA codons and
translation specificity. The variable arm mainly contributes
to the length variety of mature tRNAs which span from 76 to
93 nucleotides. Therefore, the standard numbering of tRNA
residues omits variable nucleotides and always ends with
the CCA triplet as nucleotides 74 to 76. Lastly, the T¥C-arm,
named after the conserved bases thymidine (T), pseu-
douridine (¥), and cytidine (C), facilitates interactions
with the ribosome. To form the L-shaped structure, the
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Figure 1: Structure of transfer RNAs.
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5 bp T¥YC-stem stacks coaxially onto the 7 bp acceptor
stem resulting in the 12 bp minihelix on top of the tRNA
(Figure 1B). D-stem and anticodon stem similarly stack
onto each other to form a 9 to 10 bp stem helix which
merges into the anticodon loop. These two helices connect
perpendicularly by tertiary base pairing and stacking be-
tween the D- and T¥YC-loop at the so-called elbow, forming
the L-fold (Figure 1C). An intricate network of interactions
stabilizes the L-shape. A G":C°® Watson—Crick base pair
defines the outermost part of the elbow where one side is
facing the solvent. Additionally, G'® and the conserved ¥*°
form a single hydrogen bond while G*® also intercalates
between nucleotides 57 and 58. Consequently, the bases
GY, C*, G, G*®, ¥*°, and A*® perform continuous stacking
interactions intertwining the D- and TWC-loop. Note-
worthy, the identity of the mentioned nucleotides is not
absolute for every tRNA, but we refer to the most common
for the sake of simplicity. The solvent exposed G':C* base
pair is a hot spot of tRNA binding for numerous proteins
and RNAs as we will also emphasize in this review. A likely
explanation for attractiveness of this base pair is the ease of
probing the mature tRNA fold, a key requirement for the
fidelity of several processing steps, nuclear export, and
aminoacylation (Rich and RajBhandary 1976; Zhang and
Ferre-D’Amare 2016).

5’ end processing of transfer RNAs

Cleavage of the tRNA 5’ leader sequence is a universally
performed task of the ancient endoribonuclease complex

Elbow
region

Anticodon / D stem

(A) Cloverleaf structure showing secondary (black lines) and tertiary (orange dashed lines) interactions. The tRNA is subdivided into acceptor
stem, D arm, anticodon arm, variable loop and TWC arm. The G*:C*® and G!**:W* base pairs bridge the D-loop and TWC loop to form the

L-shaped tRNA fold. Further tertiary interactions between D arm and variable loop stabilize the 3D structure. (B) Intermediate fold. TWC stem
and acceptor stem as well as D stem and anticodon stem coaxially stack onto each other forming a 12 bp and 9-10 bp helix, respectively. (C)
Three-dimensional (3D) structure of yeast tRNA™ (PDB ID 1EHZ). Base pairing and stacking interactions from (A) and (B) form the characteristic
L-shape of tRNA. The main tRNA interaction sites for proteins and other RNAs are exposed at the three outermost positions: CCA triplet, elbow

region, and anticodon triplet.
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Figure 2: Recognition of precursor tRNA by 5’ processing RNase P.
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(A) RNase P produces the mature 5’ terminus by endonucleolytic cleavage of the pre-tRNA 5’ leader. (B) Overview of human RNase P-tRNA
complex. RNase P protein subunits build a right-hand-like structure to wrap around the catalytic H1 RNA and the tRNA substrate. The tRNATWC/
acceptor minihelix is bound by a double anchor mechanism via interactions of H1 RNA with the elbow region and Pop1 with the termini. Only
the conserved length of 12 bp allows the minihelix to bind between the anchors. An interface of Rpp29 and Rpp30 binds the D/anticodon stem.
(C) Zoom-in on termini (1) and elbow (2). A loop of Pop1 mainly interacts with the terminal G:C’? base pair by hydrophobic residues. Asn'?® and
GIn*2 are proximal to C’2 and G* for a potential stacking interaction, respectively. The U*:C*® base pair in the elbow region stacks onto the H1
nucleobases C**2 and G**“ (PDB ID 6AHU). (D) Overview of human mitochondrial (mt) RNase P-tRNA complex. Similar to the RNase P ribozyme,
mtRNase Pwraps around the acceptor stem using the PRORP subunit. Additionally, the TRMT10C-SDR5C1 subcomplex binds the anticodon arm
including a specific interaction with nucleotide 33 and putatively senses or stabilizes the distorted tRNA conformation (PDB ID 7ONU).

RNase P (Ellis and Brown 2009) (Figure 2). Alongside the
ribosome, RNase P arose before divergence of the last
universal common ancestor into today’s three domains of
life (Gray and Gopalan 2020). The key component of RNase
P is the catalytic RNA (Ellis and Brown 2009; Guerrier-
Takada et al. 1983). However, comparison between Bacte-
ria, Archaea, and Eukarya, revealed a structural and
functional substitution of parts of the RNA by proteins with
increasing complexity of the organism (Esakova and Kra-
silnikov 2010). Noteworthy, protein-only forms of RNase P
were identified in mitochondria of metazoans and exten-
sively characterized (Figure 2D) (Bhatta et al. 2021;

Holzmann et al. 2008; Lechner et al. 2015). Additional
functions of RNase P were widely reported, including
processing of the 4.5S RNA of the signal recognition par-
ticle, transfer-messenger (tm) RNA in Escherichia coli, and
maturation of small nucleolar RNAs in yeast (Coughlin
et al. 2008; Guerrier-Takada and Altman 1984; Komine
et al. 1994). In this review, we mainly describe human
nuclear RNase P and recommend these reviews for further
reading (Ellis and Brown 2009; Esakova and Krasilnikov
2010; Gray and Gopalan 2020; Schencking et al. 2020).
Human RNase P is a large RNP consisting of 10 protein
subunits and one catalytic RNA (Wu et al. 2018) (Figure 2B).
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The RNA component (H1 RNA) contains a catalytic (C) and
specificity (S) domain, which form a helical core with
long-range RNA-RNA interactions maintaining the tertiary
structure. Main interactions with the substrate are driven
by five universally conserved regions, CR-I to CR-V, which
cluster into two structural modules. CR-I/CR-IV/CR-V is the
key component for catalysis whereas CR-II/CR-IIl mediates
substrate recognition. Human RNase P adopts an elon-
gated conformation by a network of protein—protein and
protein-RNA interactions. The protein subunits are con-
nected in a chain-like fashion to form a right-hand-shaped
clamp with finger, palm and wrist modules. The protein
clamp wraps around the H1 RNA and buries a large surface
area of 13,960 A% The catalytic C domain of the RNA binds
between the palm and finger modules while the S domain
packs against the wrist. The H1 RNA thereby acts as a
scaffold which interacts with all protein subunits allowing
to organize and stabilize the extended conformation of the
whole complex (Figure 2B).

In the human RNase P-tRNA complex, the acceptor
stem and TWC arm of tRNA bind in an open pocket be-
tween C domain and CR-II/CR-III module in the S domain
(Figure 2B). The tRNA anticodon stem interacts with a
complementary surface formed by the palm and wrist
modules of the protein clamp. The elbow of the tRNA is
recognized by stacking of a cytosine and guanine in the
CR-II/CR-III module with the UY:C*® base pair, which
connects the D and T¥C loop of the tRNA (Figure 2C). In
proximity to the termini, a coiled loop in the protein
subunit Pop1 protrudes into the tRNA acceptor stem and
directly interacts with the G':C’? base pair (Figure 2C).
Hence, Popl aids in positioning the 5 cleavage site of
tRNA in the catalytic centre of H1 RNA. Both interaction
sites do not recognize specific sequences but rather act as
anchors which measure the conserved distance of 12 bp
between T¥YC loop and cleavage site (5 bp T¥C stem + 7 bp
acceptor stem). This implies a general mechanism of
binding for RNase P by utilizing conserved structural
features of tRNAs which would also allow for excluding
erroneously folded molecules. Interestingly, the human
mtRNase P-tRNA complex revealed different interactions
for substrate recognition (Figure 2D). Mitochondrial tRNA
typically lacks the elbow region due to high variability in
the T and D loops and therefore the PRORP subunit only
interacts with the T loop backbone. Instead, subunits
TRMT10C and SDR5C1 recognize key features of mito-
chondrial tRNAs including charge, the distorted confor-
mation, and nucleobase 33 of the anticodon loop (Bhatta
et al. 2021).

In nuclear RNase P, the 5’ leader cleavage reaction is
dependent on divalent metal ions (likely Mg") (Kirsebom
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and Trobro 2009). Unfortunately, the resolution of the
human RNase P-tRNA complex does not allow identifica-
tion of ions in the catalytic centre. Although the authors
performed a sophisticated approach to capture the RNase
P-tRNA complex under turnover conditions, the cryo-EM
structure was solved in a post cleavage state missing a 5’
leader sequence (Wu et al. 2018). However, as comparative
analysis of human and Thermotoga maritima RNase
P-tRNA complexes revealed near identical configuration of
the active sites, it was hypothesized that the cleavage
mechanism is conserved from bacteria to humans (Reiter
et al. 2010). The crystal structure of T. maritima RNase P
features two putative catalytic magnesium ions (M1 and
M2). In the derived transition state model, the M1 metal is
proposed to coordinate the scissile phosphate oxygens of
the tRNA. Thereby, a hydroxyl ion can perform an Sy2-type
nucleophilic attack. Subsequently, the M2 metal stabilizes
the transition state and mediates proton transfer to the 3
scissile oxygen. In the future, it will be interesting to
investigate human RNase P in complex with tRNA to verify
the proposed catalytic mechanism by using catalytically
inactive H1 RNA or non-cleavable tRNA.

3’ end processing of transfer RNAs

The 3’ trailer of most precursor tRNAs is removed by the
conserved endoribonuclease RNase Z (Schiffer et al. 2002)
(Figure 3A). However, 3’ trimming by exonucleases is also
described for many cases (Copela et al. 2008; Ozanick et al.
2009; Wellner et al. 2018b). Different tRNA 3’ processing
pathways and their biological relevance are discussed in
these thorough reviews (Maraia and Lamichhane 2011;
Wellner et al. 2018a). RNase Z is encoded in the genomes of
most eukaryotes and archaea, and many bacteria. In eu-
karyotes, two forms of RNase Z can be found, a long RNase
7" and a short RNase 7%, while in prokaryotes only the short
form exists. It is proposed that RNase Z" arose from gene
duplication events of an ancestral RNase Z° gene due to the
structural similarity of the N- and C-terminal domains
(Tavtigian et al. 2001). Due to the lack of eukaryotic RNase Z
structures with substrate, we review the structure of the
Bacillus subtilis homologue RNase Z° in complex with tRNA
and draw conclusions for the human RNase Z* (ELAC2)
(Li de la Sierra-Gallay et al. 2006).

The RNase Z° enzyme is assembled as a homodimer of
its B-lactamase domains, each with a flexible tRNA binding
arm. Belonging to the family of metallo-B-lactamases,
RNase Z utilizes the conserved S/THxHxDH motif (where x
is any amino acid) to coordinate two zinc metal ions for
enzyme catalysis (Ishii et al. 2005; Li de la Sierra-Gallay
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Figure 3: Recognition of precursor tRNA by 3’ processing RNase Z.
(A) The 3 trailer is removed by endonucleolytic cleavage via RNase Z.
(B) Overview structure of the RNase Z dimer in complex with tRNA.
The two tRNAs are bound symmetrically by the dimer. One of the
subunits is primarily responsible for binding while the other
performs the cleavage of the trailer sequence. The upper close-up
panel shows the interaction between the flexible tRNA binding arm
of subunit B and the tRNA elbow. The proximal lysines interact with
the tRNA backbone phosphate while the GIn'”® could hydrogen bond
with G¥. The lower panel features the tRNA interactions of the other
subunit close to the catalytic site of subunit A. Arg?” is proposed to
sense the presence of tRNA by acting as a bridge between substrate
and protein. The close-by GIn?”* is a good candidate for interaction
with G by stacking or hydrogen bonding. As one of the catalytic
residues His®*” hydrogen bonds with the ribose of U7 to coordinate
the nucleoside in the active centre. One of the catalytic Zn?" ions is
resolved, being coordinated by His®® (PDB ID 2FK6).

etal. 2005; Schilling et al. 2005). As a dimer, RNase Z° binds
two tRNAs at the same time in a symmetric manner
(Figure 3B). The T¥C arm and acceptor stem of the tRNA
nestle to a basic patch on the dimer surface. Noteworthy,
tRNA is primarily recognized by two lysine/arginine-rich
motifs on the surface of one subunit but is cleaved by the
adjacent other. Reminiscent of the RNase P double anchor,
the flexible arm of one subunit interacts with the G"*:C*®
base pair and the helix a7 of the other subunit with the
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G':C"base pair and discriminator base U” (Figure 3B). The
protein interacts with the conserved guanosines 1 and 19 by
hydrogen bonding which underpins the importance of
mature tRNA fold for recognition. As the complex was
captured in a post-processing state, there is no density for
the 3’ trailer. However, the narrowing of the protein channel
at the termini implies that only a single-stranded 3’ exten-
sion can protrude into the active centre. This arrangement
possibly explains why tRNAs with long 5’ extensions are
poor substrates for RNase Z processing (Pellegrini et al.
2003).

To describe the interaction between human ELAC2 and
tRNA, the Condon lab modelled the predicted structure of
ELAC2 on the bacterial dimer (Redko et al. 2007). Although
the N-terminal domain of ELAC2 seems to contain a flexible
arm for tRNA interaction, it lacks key histidine residues for
zinc-coordination at the catalytic site. Contrastingly, the
C-terminal domain has a complete active site but instead
lacks a tRNA binding arm. Therefore, this model proposes
that eukaryotic RNase Z" only binds one tRNA for pro-
cessing which agrees with previous predictions (Redko
et al. 2007).

Since the B. subtilis structure of RNase Z shows a post-
processing state, the catalysis mechanism was derived
from a crystal structure of human glyoxolase II which also
belongs to the metallo-B-lactamases and has a virtually
identical active site (Cameron et al. 1999a,b). The two Zn**
ions are coordinated by five histidines, two aspartates, a
water molecule, and a phosphate group (Li de la Sierra-
Gallay et al. 2005). By deprotonation of a water molecule by
an aspartate, the resulting hydroxide performs a nucleo-
philic attack on the phosphate between nucleotide 73 and
74, which is polarized by the two Zn?* ions. After cleavage
of the phosphodiester, the 3’ oxygen of the discriminator
nucleotide receives a proton from another water molecule
for stabilization. Hence, the tRNA is processed to its mature
3’ terminus and fit for addition of the CCA triplet. Due to the
lack of structures for eukaryotic RNase Z enzymes, future
studies will clarify if the same structural features and
mechanism exist.

CCA addition

A ubiquitously conserved characteristic of tRNAs from all
three domains of life is the 3’ terminal CCA sequence
(Figure 4A). This sequence is fundamental for charging of
tRNAs with their respective amino acids (Sprinzl and
Cramer 1979; Tamura and Hasegawa 1997). Furthermore,
the CCA triplet has been shown to aid the positioning of its
attached amino acid in the ribosomal A-site and the
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catalysis of peptide bond formation (Green and Noller 1997;
Kim and Green 1999; Liu et al. 1998; Nissen et al. 2000;
Weinger et al. 2004; Wellner et al. 2018a). Consequently,
the 3’-CCA end is a key recognition motif for nuclear tRNA
export and cells thoroughly monitor the integrity of tRNA
3’ termini (Arts et al. 1998; Kutay et al. 1998; Lipowsky
etal. 1999). The addition of CCA is catalysed by a template-
independent RNA polymerase, ATP(CTP):tRNA nucleoti-
dyltransferase, CCA-adding enzyme or CCase. Besides their
transferase function, CCases have been shown to repair
and maintain the 3’-CCA ends but can also tag erroneous
tRNAs for degradation by addition of a second CCA triplet
(Wellner et al. 2018a; Wilusz et al. 2011). Here we focus on
the structural aspects of the CCA addition and refer to these
thorough reviews on CCase in tRNA quality control (Lizano
et al. 2008; Wellner et al. 2018a).

CCA-adding enzymes are classified into archaeal
class I and eubacterial and eukaryotic class II families.
Noteworthy, some eubacteria like Aquifex aeolicus syn-
thesize the 3’-CCA end by utilizing two distinct but
closely related CC-adding and A-adding enzymes in
concert. Although a crystal structure for human CCase is
available, it was not solved in complex with a tRNA
(Augustin et al. 2003). Due to the availability of the
CC-adding class II enzyme from A. aeolicus in complex
with immature tRNA, binding of and CCA synthesis to
tRNA will be discussed based on the results of the eu-
bacterial enzyme (Yamashita et al. 2014).
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The enzyme adopts a seahorse-like structure which is
accordingly subdivided into a head, neck, body, and tail
domain from the N- to the C-terminus (Figure 4B). The helix
23 stacks onto the G':C*® base pair whereas the body and
neck domains of the protein bind the acceptor stem. Head
and neck domain form a cleft to encase the 3’ part of the
tRNA. Nucleotides G, C’* and A” form a hydrogen bond
network with a glutamate and two arginine residues in
proximity. The 5’ terminus of the tRNA is bound by a loop
between helices a17 and a18 by hydrogen bonding between
the phosphate backbone and main chain NH groups of the
polypeptide. The terminal G':C’? base pair stacks onto two
phenylalanines of the B4 sheet in the head domain. The 3’
terminal discriminator base A” is oriented within the active
site and gets only stabilized by stacking interactions with
an incoming CTP.

As sequential structures of class Il CCA-adding enzyme
in complex with tRNA are so far missing for the individual
nucleotide addition steps, the mechanism remains partly
elusive. However, the crystal structures of CC-adding
enzyme from A. aeolicus with tRNA resolved most parts
of the two cytosine addition steps (Yamashita et al. 2014).
As this goes beyond the scope of this review, we will
summarize only the most important aspects of the mech-
anism. Please refer to this review for in detail reading
(Tomita and Yamashita 2014). For the addition of the first C,
the discriminator nucleoside enters the active site. The
incoming CTP and A” interact via base stacking whereas

Figure 4: Structure of CC-adding enzyme in complex with tRNA.

(A) For maturation, a CCA triplet is added at the tRNA 3’ terminus in a one-step or two-step reaction. (B) Overview of tRNA binding by CC-adding
enzyme. Main interactions focus on the tRNA termini and elbow region. In the left panel, the extensive interaction network between the 5’ and
3’ termini and the protein is shown in detail. The peptide backbone of Asp>®* and Gly>** hydrogen bonds with the phosphate backbone of A®
and C*%, respectively. Glu?** and Arg??* form hydrogen bonds with the G’ ribose and C’? phosphate, each. The G::C’> base pair stacks onto Phe®
and Phe®. While the phosphate of A” forms a hydrogen bond with Arg™, the nucleobase remains rather flexible until a CTP binds in the active

pocket. The three catalytic aspartates Asp®, Asp®, and Asp™?, are centred around this phosphate for nucleotide addition. The C-terminal tail

helix of the CC-adding enzyme stacks onto the G':C*® base pair in a not fully resolved manner (PDB ID 3WFQ).
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the CTP triphosphate and A73 ribose 3’'-~OH group are close
to three catalytic aspartates and a Mg?'. Another putative
magnesium ion would be coordinated to one of the cata-
Iytic aspartates, and could act as a general base to activate
the tRNA 3’ OH for the nucleotidyltransfer reaction. Hence,
a nucleophilic attack from the 3’ OH to the a-phosphate of
the incoming CTP would transfer the nucleotide while py-
rophosphate is released. This pyrophosphate release trig-
gers the translocation of the tRNA which rotates by
approximately 25°. Controversially, the authors later pub-
lished a structure of T. maritima CCA-adding enzyme with
CCA-containing tRNA, rather suggesting a rearrangement
of the 3’ end and active pocket than rotation and trans-
location of the tRNA (Yamashita and Tomita 2016).
Notwithstanding, the newly added C™* is placed in the
active centre of the enzyme and the second cytosine
addition proceeds by the same mechanism. Although it is
thought that the CCA addition is catalysed by a similar
mechanism, high resolution structures of class II
CCA-adding enzymes in complex with tRNAs at different
addition steps will be needed to elucidate the complete
process. In this perspective, the T. maritima structure of
CCA-adding enzyme in complex with CCA-containing tRNA
already revealed a release or 3’ mature tRNA recognition
state after the transferase reaction (Yamashita and Tomita
2016). Here, the tRNA is only rotated into the release state
after CCA addition while mature CCA-tRNA would
accordingly bind in this tilted state, preventing the 3’ end
from entering the catalytic site. The ambiguities between
the rotation and translocation model for A. aeolicus
CC-adding enzyme and the rigid model for T. maritima
CCA-adding enzyme underpin the necessity for further
experiments.

Nuclear export of transfer RNAs

tRNAs need to be transported across the nuclear envelope
in an energy consuming fashion to fulfil their role as key
molecules during protein synthesis. This translocation is
mainly mediated by a nucleo-cytoplasmic transport factor
of the karyopherin-f family, exportin-t (Chatterjee et al.
2018; Hopper and Nostramo 2019). Interestingly, other
transport factors have also been implicated in nuclear (re-)
export of tRNA (Calado et al. 2002; Wu et al. 2015).
Exportin-t driven tRNA export is regulated by the small
GTPase Ran. The GTP-bound form of Ran (RanGTP) resides
predominantly in the nucleus, while the GDP-bound form
is found in the cytosol. Only in the presence of RanGTP,
exportin-t binds mature tRNA. The ternary tRNA-exportin-
t-RanGTP complex translocates through the nuclear pore
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complex (NPC) and disassembles in the cytosol by hydro-
lysis of Ran-bound GTP. A crystal structure of the exportin-t
homologue Xpot from Schizosaccharomyces pombe was
solved in complex with minimal binding portions of
tRNA™ and RanGTP from Saccharomyces cerevisiae (Cook
et al. 2009) (Figure 5). Xpot consists of 19 tandem HEAT
repeats forming a large superhelix. HEAT repeats comprise
a pair of a helices connected by a short loop. Due to the
typical ~15° clockwise rotation between consecutive re-
peats, an arched superhelix is formed. Xpot features two
such arches defined as N-terminal (repeats 1-9) and
C-terminal (repeats 10—19). RanGTP mainly interacts with
Xpot via HEATSs 1 to 4 and HEAT9 in the N-terminal arch,
while it also interacts with HEATs 13 and 17 of the
C-terminal arch.

Xpot binds tRNA by wrapping around the acceptor arm
and making contacts at the T¥C and D loop (elbow)
(Figure 5, upper panels). Please note that the anticodon

Figure 5: Structure of exportin-t with tRNA.

S. pombe exportin-t homologue Xpot forms a large superhelix due to
its HEAT repeats, wrapping around the tRNA substrate. RanGTP
triggers tRNA binding by conformational changes of Xpot, while it
features only minor interactions with the tRNA acceptor stem.
Essential stacking interactions of Xpot residues His’®® and GIn’
with the G?:C*® base pair putatively probe tRNAs for their correct
mature fold (lower left panel). At the termini, especially the CCA
triplet binds to several conserved basic residues via ionic
interactions with the phosphate backbone (lower right panel). Here,
Lys*®° specifically interacts with the C’ base and C’* sugar. Asn'’*
and Asp'¢ hydrogen bond with the phosphate between A’ and C”*
and the A’ ribose, respectively. Additionally, Asp*’® possibly
restricts the length of the 3’ terminus by preventing binding of
additional phosphate groups (PDB ID 31CQ).
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arm of this minimal tRNA was mutated to a short tetraloop
as it was considered dispensable for exportin-t interaction
(Arts et al. 1998). Accordingly, only partial density can be
observed for the tetraloop as it points away from the pro-
tein complex. The acceptor arm lies in a basic cleft formed
by HEATSs 8 to 18 and a small positively charged part of Ran
which is driven by ionic interactions with the RNA phos-
phate backbone. The elbow of the tRNA binds the
C-terminal arch of Xpot. Similar to the previously discussed
proteins, a stacking interaction of the conserved G?:C*
base pair (numbering according to untruncated tRNA)
with a histidine and glutamine is one of the key
interactions between tRNA and Xpot (Figure 5, lower left
panel). In fact, nuclear export is inhibited upon disrup-
tion of this base pair, indicating a tRNA folding surveil-
lance step before export (Arts et al. 1998; Lipowsky et al.
1999). The RNA 5’-terminus protrudes between HEATS 6 to
8 and a positively charged patch of Ran. Interestingly, the
structure reveals that uncleaved 5’-leaders would not fit
into this tight pocket and thereby impairs export of
unprocessed tRNAs. The 3’-CCA end is buried in a groove
between HEATs 4 and 7 of Xpot (Figure 5, lower right
panel). The interactions are mainly driven by contacts
between conserved basic residues and the phosphate
backbone of the CCA triplet. However, the amino acids
also form hydrogen bonds with the sugars of the two
cytosines. Another highly conserved aspartate is close to
the 3’-OH of the terminal adenosine likely restricting the
length of the 3’-terminus by repelling phosphate groups of
additional nucleotides. As the last instance before tRNAs
reach the cytosol, the export seems to be an especially
tightly regulated quality control step for the cell.

Transfer RNA splicing

Organisms of all three domains of life produce intron-
containing precursor tRNAs (pre-tRNAs). However, the
frequency of introns in tRNA genes varies greatly among
organisms (Chan and Lowe 2016; Schmidt and Matera
2020). While humans and other vertebrates encode ~5-7%
of tRNAs with introns, in baker’s yeast and fission yeast
over 20% of tRNAs are encoded with introns. Archaea are
especially diverse ranging from ~6% in Haloferax volcanii
to more than 50% in Pyrobaculum aerophilum. The
removal of introns is essential for tRNAs to perform their
key role in protein synthesis. This is particularly impor-
tant for higher eukaryotes, as for example in humans
some of the isodecoder families (tRNAs differing in
sequence but share the same anticodon), like tRNA™ 1A
and tRNA";,, only exist as intron-containing
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precursors. Interestingly, bacteria encode self-splicing
type I introns (Haugen et al. 2005; Reinhold-Hurek and
Shub 1992) while Eukarya and Archaea rely on the coor-
dinated activity of endonucleases, for intron cleavage,
and ligases to join tRNA exon halves (Abelson et al. 1998).

Archaeal and eukaryotic endonucleases utilize
somewhat different approaches for intron recognition. In
Archaea, specific structural features at the exon—intron
boundaries are recognized, whereas eukaryotic splicing
endonucleases are proposed to use a molecular ruler
mechanism (Schmidt and Matera 2020). This is likely due
to the intron position in pre-tRNA. Although the canonical
position in both, Eukarya and Archaea, is one nucleotide
downstream of the anticodon (between nucleotides 37
and 38) (Figure 6A), introns can be found at virtually any
position in archaeal tRNAs (Chan and Lowe 2016; Marck
and Grosjean 2003; Sugahara et al. 2009). Noncanonical
introns are also found in eukaryotes but seem to be
restricted to tRNA pseudogenes (Chan and Lowe 2016).
Archaeal tRNA introns form the bulge-helix-bulge (BHB)
motif (Figure 6B), a structure consisting of a central four
base pair helix flanked at each 3’ side by a single-stranded
three-base bulge (Marck and Grosjean 2003). At the ca-
nonical position, the BHB motif positions the endonu-
clease cleavage sites within the bulges. Noteworthily,
eukaryotic splicing endonucleases also recognize and
cleave tRNA with the archaeal BHB motif (Di Segni et al.
2005; Fabbri et al. 1998). Yet, eukaryotes encode pre-
tRNAs with BHB-like motifs having more variations in the
central helix (Chan and Lowe 2016). Common features of
the archaeal BHB motif are the positions of the cleavage
sites in the single-stranded bulges. In contrast to Archaea,
only a conserved interaction between a pyrimidine
located six nucleotides upstream of the 5’ splice site with a
purine three nucleotides upstream of the 3’ splice site
seems to be important for efficient pre-tRNA cleavage
(Baldi et al. 1992; Fabbri et al. 1998). As this represents an
interaction between an anticodon base and an intron
base, it was termed A-I base pair (Figure 6A). Recently, the
importance of the A-I base pair was corroborated by
biochemical studies with Drosophila melanogaster and
human tRNA splicing endonuclease (TSEN) complex
(Schmidt et al. 2019; Sekulovski et al. 2021).

All splicing endonucleases comprise two structural
and two catalytic units which can appear in vastly different
architectures. Archaeal splicing endonucleases can be
classified into four types, a4, o5, (aB),, and €, according to
their subunit assembly. In contrast, eukaryotic splicing
endonucleases have a heterotetrameric offyd architecture.
Recently, in vitro analyses of the human TSEN complex
corroborated the proposed subunit organizations of
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Figure 6: Structural basis of pre-tRNA splicing.

(A) Cloverleaf structure of an intron-containing pre-tRNA. In
eukaryotes, pre-tRNAs form relaxed bulge—helix—bulge (BHB) motifs
at the exon—-intron boundaries. While the 3’ splice site usually
retains the bulge, the 5’ splice site is more diverse in appearance.
However, eukaryotic pre-tRNAs form a conserved interaction
between a nucleotide from the anticodon stem (-6 from 5’ cleavage
site) and a nucleotide in the intron (-3 from 3’ cleavage site), the so-
called anticodon-intron or A-l base pair. (B) Classical BHB motif as
found in Archaea. A central four base pair helix is flanked at the 3’
sites by three nucleotide bulges, with the cleavage sites residing
between the second and third bulge nucleotide. (C) Structure of

A. fulgidus splicing endonuclease dimer in complex with artificial
BHB RNA substrate. The RNA binds symmetrically to the dimer
interface. (D) Superposition of the human TSEN15-34 heterodimer
with A. fulgidus splicing endonuclease. The B-B intersubunit
interaction is conserved between archaeal and human complex.
Although missing an interaction partner, the acidic L10 loop of
TSEN15 is clearly visible, facing the subunit residing on the other
splice site. (E) Interaction network of 5 splice site. The catalytic
His®*’ stacks onto bulge base A™ which in effect hydrogen bonds
with the minor groove of the G>:C*? base pair. This positions the
scissile phosphate between U™ and A in the centre of the catalytic
triad Tyr?*®, His*’, and Lys®". (F) 5’ splice site cation-m-sandwich.
Arg?® and Arg>®? of subunit A act as a molecular tweezer on the
nucleobase A®, pinching out the nucleotide via stacking and hence
positioning the bulge for cleavage at subunit B (PDB ID 2GJW, 6Z9U).
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TSEN15 and TSEN54 as structural subunits and TSEN2 and
TSEN34 as the 5’ and 3’ cleaving subunits, respectively
(Hayne et al. 2020; Sekulovski et al. 2021). The crystal
structure of homotetrameric Methanocaldococcus janna-
schii a,-type endonuclease revealed two main intersubunit
contacts: a pair of hydrophobic antiparallel § strands of
two neighbouring a subunits and ionic interactions be-
tween an acidic L10 loop of one subunit with a basic pocket
of an opposing o subunit. These structural elements are
conserved in all four types of archaeal endonucleases and
were also proposed for eukaryotic endonucleases. Indeed,
we could recently verify the conserved architecture for
human TSEN by obtaining a crystal structure for a TSEN15-
34 subcomplex (Sekulovski et al. 2021) (Figure 6D).

A crystal structure of an o’,-type endonuclease from
Archaeoglobus fulgidus in complex with a synthetic BHB
RNA oligonucleotide describes binding and cleavage
mechanism of intron-containing pre-tRNA (Xue et al. 2006)
(Figure 6C). The endonuclease binds the RNA symmetri-
cally at the central surface between its two subunits
interacting via three arginines and a histidine with the
bulge nucleotides in a sequence-independent fashion. The
key feature is the so-called cross-subunit cation-n-sand-
wich. At both cleavage sites, the nucleobase of the first
bulge nucleotide is pinched by an arginine tweezer of the
subunit in trans interacting via the m-stacking effect
(Figure 6F). Interestingly, although this motif is also
conserved in eukaryotes, alanine substitutions only affect
5’ cleavage (Trotta et al. 2006). In the archaeal complex, the
catalytic histidine residue stacks with the adenine base of
the third bulge nucleotide to position it in an extensive
hydrogen network with the 3’ terminal base pair of the
central BHB helix. This drastically changes the geometry of
the scissile phosphate at both cleavage sites facilitating an
Sn2-type in-line attack of the 2’ oxygen. At the active site,
the universally conserved residues tyrosine, histidine, and
lysine catalyse the RNase A-like mechanism of cleavage
(Figure 6E). Tyr**® deprotonates the nucleophilic 2’ oxygen,
His®’ protonates the leaving 5’ oxygen, and Lys*®’ stabilizes
the transition state.

The pioneering work on A. fulgidus splicing endonu-
clease provides insights into BHB motif interactions and
cleavage mechanism for eukaryotic endonucleases but
cannot explain how cleavage sites are recognized in more
relaxed BHB motifs. Intron-containing yeast pre-tRNAs
were shown to retain their tertiary structure in the T¥C-
arm, D-arm, and acceptor stem (Lee and Knapp 1985;
Swerdlow and Guthrie 1984). Together with the notion that
eukaryotic tRNA introns are invariably inserted at the ca-
nonical position, it was proposed that, in eukaryotes, en-
donucleases recognize the mature body and position their
catalytic subunits at the cleavage sites by a molecular ruler
mechanism (Greer et al. 1987; Reyes and Abelson 1988).
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Pre-tRNA intron cleavage produces a 5’ exon with a 2/-
3’ cyclic phosphate, a 3’ exon with a 5’ hydroxyl, and an
intron with a 5" hydroxyl and a 2’3’ cyclic phosphate. The
exon halves need to be religated for the maturation of the
tRNA (Schmidt et al. 2019; Schmidt and Matera 2020).
While yeast and plants utilize an additional phosphoryla-
tion of the 3’ exon, the 5 phosphate ligation pathway,
metazoans and Archaea make direct use of the 2’3’ cyclic
phosphate of the 5’ exon, called 3’ phosphate ligation
pathway. Noteworthy, most of the enzymes for the 5
phosphate ligation pathway are also present in vertebrates,
but a corresponding ligase has so far not been identified
(Kurihara et al. 1987; Kurihara et al. 1988; Spinelli et al.
1998; Vogel and Thompson 1987; Weitzer and Martinez
2007). Strikingly, the human TSEN complex associates
with the RNA kinase CLP1 which was assigned to the
putative 5’ phosphate ligation pathway (Paushkin et al.
2004; Weitzer and Martinez 2007). Here, we focus on the 3/
phosphate ligation pathway and refer to these excellent
reviews for a complete overview on tRNA ligation (Popow
et al. 2012; Yoshihisa 2014). The RtcB homologue HSPC117,
a 3’ phosphate ligase, has been identified as the key
enzyme in humans (Popow et al. 2011). First, the 2’-3 cyclic
phosphate is opened by a not yet identified cyclic phos-
phodiesterase, resulting in a 3’ phosphorylated 5’ exon.
HSPC117 needs to be activated by the small protein
“Archease” via enhancement of a GMP transfer from GTP to
the HSPC117 active site. Afterwards, HSPC117 acts together
with the RNA helicase DDX1 to transfer the GMP moiety to
the 3’ phosphate of the 5 exon. This enables HSPC117 to
perform the ligation reaction to the 3’-5’ phosphodiester
yielding the mature tRNA molecule. Albeit the architecture
of the tRNA ligase complex has been described recently
(Kroupova et al. 2021), no high-resolution structures of
HSPC117 or other RtcB homologues in complex with tRNA
exons are available. However, structural analyses of the
Pyrococcus horikoshii RtcB revealed key residues for Mn?**
coordination, GMP transfer and putative RNA interaction
(Banerjee et al. 2021; Englert et al. 2012). A central cysteine
binds both manganese ions and is believed to confer the
reported oxidation sensitivity of the human tRNA ligase
complex (Asanovic et al. 2021; Banerjee et al. 2021). The
GMP moiety is first transferred to a conserved histidine
residue which guanylylates the 5’ exon in a Mn**-depen-
dent manner. This activation step is not fully understood as
RtcB has been shown to ligate RNA with both, 3’ phos-
phates and 2’-3’ cyclic phosphates, with 5 hydroxyl RNA
(Popow et al. 2011; Tanaka et al. 2011). Interestingly, bac-
terial RtcB catalyses the cleavage of the 2’3’ cyclic phos-
phate to a 3’ phosphate before the actual ligation reaction
(Tanaka et al. 2011). This implies a similar mechanism for
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the human tRNA ligase complex and would reveal the
identity of the missing cyclic phosphodiesterase. In future
studies, high-resolution structures of the human tRNA
ligase complex bound to tRNA exons will certainly clarify
these ambiguities.

Transfer RNA processing and
neurodevelopmental diseases

The processing of tRNA is a diverse cascade of reactions at
multiple intracellular locations (Figure 7). Consequently,
a plethora of possibilities exists for mutations to occur
within tRNAs or tRNA processing and modifying enzymes.
It comes with a surprise that most occurring mutations
cause severe neurological disorders affecting particular
brain regions while other tissues seem largely unaffected,
a phenomenon coined selective vulnerability (Fu et al. 2018;
Schaffer et al. 2019). tRNA associated neurological pathol-
ogies can be broadly divided in five categories: mitochondrial
encephalomyopathies, Charcot—Marie-Tooth disease, leu-
kodystrophy, pontocerebellar hypoplasia, and intellectual
disability syndromes (Schaffer et al. 2019). The symptoms are
as diverse as the underlying diseases including for example
myopathy, progressive microcephaly, dyskinesia, and
mental retardation. Why do tRNA associated mutations focus
on selective tissue although tRNA is ubiquitously expressed?
What are the molecular mechanisms leading to these pa-
thologies, specifically in neurons? The ongoing list of publi-
cations connecting tRNA with neurodevelopmental diseases
sparked these interesting and yet complex questions (Kirch-
ner and Ignatova 2015; Schaffer et al. 2019). We discuss
possible answers using the example of pontocerebellar hy-
poplasia and draw parallels to other neurological diseases.
Mutations in any subunit of human TSEN and CLP1 have
been identified to cause pontocerebellar hypoplasia (PCH)
(Budde et al. 2008; Bierhals et al. 2013; Breuss et al. 2016;
Kasher et al. 2011; Karaca et al. 2014; Schaffer et al. 2014). We
could show that the most common mutation affecting the
TSEN54 subunit reduces complex stability and pre-tRNA
splicing in PCH patient-derived fibroblasts (Sekulovski et al.
2021). Similarly, we observed higher temperature sensitivity
for all mutant TSEN complexes in vitro. However, overall pre-
tRNA levels were only mildly increased in patient cells. While
this might have minimal effects in other tissue, neurons could
be more susceptible to small alterations of tRNA equilibria. As
cells with high demand for rapid protein biosynthesis, neu-
rons could suffer from even slightly disbalanced levels of
tRNAs. Supporting this theory, recent studies with Charcot—
Marie-Tooth mouse models reported reduced levels of
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After transcription by RNA polymerase Ill (Pol IIl), precursor tRNAs undergo several essential processing steps for maturation. Note that the order
of these events as depicted in the figure is not entirely fixed and varies among transcripts and organisms. For higher eukaryotes, 5’ and 3’ end
maturation, CCA addition, and intron splicing likely occur in the nucleus. Exportin-t thoroughly probes mature tRNA before export to the cytosol
where aminoacylation and nucleobase modifications are performed. Here, tRNAs can fulfil their canonical role as key players in protein synthesis
by delivering amino acids to translating ribosomes. More recently, tRNAs were also connected to other cellular processes regulating stress
response and neuroprotection (see text). Aberrations in tRNA transcription and processing are tightly connected with a list of neurological
diseases including leukodystrophy (Online Mendelian Inheritance in Man [OMIM]: 607694, 614381), pontocerebellar hypoplasia (OMIM: 615803,
612389, 612390, 617026, 225753), combined oxidative phosphorylation deficiency (OMIM: 615440), sideroblastic anaemia (OMIM: 616084),
Charcot—Marie-Tooth disease (OMIM: 613287, 616280, 616625, 608323, 613641, 601472), and Galloway—-Mowat syndrome (OMIM: 617729).

tRNA®Y leading to ribosome stalling and triggering of the
integrated stress response in motor neurons (Spaulding
et al. 2021; Zuko et al. 2021).

Alternatively, splicing of neuron-specific pre-tRNAs
could be aberrant. Expression profiles of tRNA isodecoder
families can vary tremendously among different tissues
and during development and were shown to be altered in
certain diseases (Dittmar et al. 2006; Gingold et al. 2014;
Goodarzi et al. 2016; Schmitt et al. 2014). Correspondingly,
a mouse study demonstrated how a mutated central ner-
vous system-specific tRNA gene caused ribosome stalling
and consecutive neurodegeneration (Ishimura et al. 2014).

Another interesting explanation for neurodegeneration
is the occurrence of erroneous tRNA-derived fragments, a
class of non-coding RNAs regulating translation, gene

expression, silencing, and neuroprotection (Anderson and
Ivanov 2014; Thompson and Parker 2009). Both, a loss-of-
function or gain-of-function mechanism could be feasible.
Indeed, recent results indicate that 5’ fragments derived
from pre-tRNA™" cause neuronal cell death and micro-
cephaly in a p53-dependent manner (Inoue et al. 2020).
Similarly, a loss or gain of function for TSEN (and other
processing enzymes) could potentially produce yet un-
known neurotoxic RNAs or deplete neuroprotective RNAs by
processing of non-canonical targets. In yeast, TSEN has
already been associated with mRNA decay and non-
canonical mRNA splicing, opening new pathways to be
explored in humans (Cherry et al. 2018; Dhungel and Hopper
2012; Hurtig et al. 2021; Tsuboi et al. 2015).
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Closing remarks

Despite great biological and medical advances in analysing
and treating neurological diseases, their majority poses a
mystery for science and even a threat for some. With
emphasis on PCH, we presented putative mechanisms for
disease development and how erroneous (pre-)tRNA pro-
cessing can cause neurodegeneration. Improving the un-
derstanding of one neurological disease could unravel
general pathological principles. For PCH, the structural
basis to understand most of the TSEN/CLP1 mutations is
still missing. Not only would a high-resolution structure of
TSEN/CLP1 with substrate pre-tRNA improve our under-
standing of PCH-causing mutations, but it would also
present a great opportunity for drug design and treatment
rationales. Similarly, structural information about other
mutations causing neurological disorders will clearly
advance the field. Although we presented different theories
about the onset of neurodegeneration, it should be noted
that several mechanisms could act in parallel or depend on
aspecific type of disease emerging only in specific cell types.
Future studies will unravel the putatively diverse pathways
causing neurodevelopmental diseases and enable develop-
ment of entirely novel therapeutic approaches.
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