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Abstract

The splicing of transfer RNA (tRNA) introns is a critical step of tRNA maturation, for intron 

containing tRNAs. In eukaryotes, tRNA splicing is a multi-step process that relies on several 

RNA processing enzymes to facilitate intron removal and exon ligation. Splicing is initiated by 

the tRNA splicing endonuclease (TSEN) complex which catalyzes the excision of the intron 

through its two nuclease subunits. Mutations in all four subunits of the TSEN complex are linked 

to a family of neurodegenerative and neurodevelopmental diseases known as pontocerebellar 

hypoplasia (PCH). Recent studies provide molecular insights into the structure, function, and 

regulation of the eukaryotic TSEN complex and are beginning to illuminate how mutations in 

the TSEN complex lead to neurodegenerative disease. Using new advancements in the prediction 

of protein structure, we created a 3D model of the human TSEN complex. We review functions 

of the TSEN complex beyond tRNA splicing by highlighting recently identified substrates of 

the eukaryotic TSEN complex and discuss mechanisms for the regulation of tRNA splicing, by 

enzymes that modify cleaved tRNA exons and introns. Finally, we review recent biochemical and 

animal models that have worked to address the mechanisms that drive PCH and synthesize these 

studies with previous studies to try to better understand PCH pathogenesis.
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An overview graphic of the TSEN complex’s role in RNA processing. The eukaryotic TSEN 

complex is comprised of two endonucleases, TSEN2 (orange) and TSEN34 (pink), and two 

structural proteins TSEN15 (blue) and TSEN54 (green). The figure highlights the TSEN 

complexes’ known role in cleaving introns from intron containing pre-tRNAs and also that is 

has a role in targeting other RNA substrates, which is discussed more within this review. This 

figure was created with BioRender.com.

1. OVERVIEW OF TRNA SPLICING IN EUKARYOTES

Transfer RNAs (tRNAs) are critical players in the central dogma of molecular biology 

(Crick, 1970). They function as molecular decoders by converting the genetic code stored 

within our genes into the amino acid building blocks of proteins (O’Donoghue et al., 2018). 

While historically tRNAs were thought to be static players in translation, more recent 

work has revealed many additional functions of tRNAs such as regulating the proteome in 

response to stress and modulating rates of translation (Berg & Brandl, 2021; Hinnebusch, 

2005; Phizicky & Hopper, 2010; Wilusz, 2015). In eukaryotes, tRNA biogenesis begins with 

transcription of the tRNA genes by RNA Pol III, which is highly regulated in response to 

nutrient availability and environmental stress (Willis & Moir, 2018). The initial pre-tRNA 

transcript then undergoes several processing and modification steps to generate the mature 

tRNA with the classic cloverleaf architecture including the acceptor stem, D-loop, Tψc-
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loop, variable arm, and anti-codon stem loop (Hopper & Nostramo, 2019; Huang & Hopper, 

2016; Kimura et al., 2020; Phizicky & Hopper, 2010). Across all walks of life, a sub-set 

of pre-tRNAs contain introns that must be removed to form the anti-codon stem loop. 

While tRNA introns themselves do not appear to be essential for life (Cherry & White, 

2018; Hayashi et al., 2019), they can control cellular growth and responses to physiological 

changes (Hayashi et al., 2019). The high inclusion of introns within tRNA genes of the same 

isoacceptors means that failure to remove tRNA introns would result in a loss of important 

tRNAs for translation. In humans, approximately 8% of tRNAs contain introns (Chan & 

Lowe, 2016) and the majority of those introns are clustered into similar isoacceptors such at 

Tyr-GTA, Leu-CAA, and Ile-TAT. The splicing of introns from tRNAs is a well conserved 

process from archaea to eukaryotes, yet there are notable differences in the RNA processing 

machinery required for splicing. Bacteria also contain intron containing pre-tRNAs, but they 

are self-spliced and do not require RNA processing machinery (reviewed in (Fujishima & 

Kanai, 2014).)

Splicing of tRNA introns in eukaryotes is a multi-step process that requires several RNA 

processing enzymes. The first step of the splicing reaction is excision of the intron, 

which is carried out by the heterotetrameric tRNA splicing endonuclease complex (TSEN) 

(Abelson et al., 1998; Hayne et al., 2020; Paushkin et al., 2004). The TSEN complex is 

comprised of the endonucleases TSEN2 and TSEN34 and two structural proteins, TSEN15 

and TSEN54, the latter of which is believed to be responsible for orienting the complex 

through a ruler-like mechanism (Reyes & Abelson, 1988). Recent reconstitution studies 

with the recombinant human TSEN complex have shown that this complex in humans, as 

with other eukaryotes, is sufficient for the cleavage step of splicing (Figure 1) (Hayne et 

al., 2020; Sekulovski et al., 2021). The TSEN2 subunit is responsible for cleaving the 5′ 
splice site while the TSEN34 subunit is responsible for cleaving the 3′ splice site. The 

cleavage reaction generates three products, the 5′-exon containing a 2′3′-cyclic phosphate, 

the 3′-exon containing a 5′-hydroxyl and the excised intron containing 5′-hydroxyl and 

2′3′-cyclic phosphate ends.

The next step of tRNA splicing is the ligation of the exon halves together to form the 

mature tRNA with an anti-codon loop. While the excision of the intron appears to be 

conserved across eukaryotes, the ligation pathways diverge from yeast and metazoans 

(Figure 1). In humans, the cleaved exons are directly re-sealed by the RTCB tRNA ligase 

complex which is a large multi-protein complex containing the ligase RTCB (sometimes 

referred to as HSPC117) along with several additional cofactors including archease, the 

DEAD-box helicase DDX1, ASW(C2orf49), FAM98B, and CGI-99 (Kroupova et al., 

2021; Popow et al., 2011; Popow et al., 2014). In addition to sealing the exons halves 

together, RTCB can also drive the circularization of tRNA introns (Schmidt et al., 2019). 

This direct ligation is referred to as the “direct ligation pathway” because RTCB directly 

ligates RNAs containing 5′-hydroxyl and 2′3′-cyclic phosphate ends. In contrast, yeast 

utilize a different three-step ligation process called the “heal and seal pathway”, which 

is driven by the trifunctional enzyme Trl1 (Figure 1) (Greer et al., 1983; Phizicky et al., 

1986). Trl1 contains three enzymatic domains including an RNA ligase, RNA kinase, and 

cyclic phosphodiesterase domain. During the healing stage, the cyclic phosphodiesterase 

opens the 2′3′-cyclic phosphate while the RNA kinase phosphorylates the 5′-hydroxyl. 
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The exon halves are then ligated together during the sealing step, by Trl1’s RNA ligase 

domain. Beyond tRNA splicing, RTCB and Trl1 have been shown to function in other RNA 

processing pathways such as mRNA splicing during the unfolded protein response (Cherry 

et al., 2019; Kosmaczewski et al., 2014; Peschek & Walter, 2019). While RTCB and Trl1 

have been shown to function in other RNA processing pathways, little is known about what 

role the TSEN complex plays in processing RNAs beyond intron containing pre-tRNAs. In 

addition to diverging ligation pathways, the spatial regulation of the TSEN complex differs 

from yeast and metazoans. The yeast TSEN complex localizes to the mitochondria while the 

human complex is found in the nucleus and this difference likely has a significant influence 

on substrates (Paushkin et al., 2004; Yoshihisa et al., 2007; Yoshihisa et al., 2003).

Mutations within all four subunits of the TSEN complex are associated with pontocerebellar 

hypoplasia (PCH), which is a family of rare neurodevelopmental and neurodegenerative 

diseases characterized by genotype and clinical phenotypes which include microcephaly, 

seizures, cognitive impairment, among others (van Dijk et al., 2018). Beyond the TSEN 

complex, PCH is also associated with mutations in several other RNA processing enzymes 

suggesting a strong link between defects in RNA processing and PCH. The underlying 

pathogenesis for PCH remains poorly understood but recent studies are beginning to 

illuminate the connections between altered RNA metabolism and PCH. In this review, we 

feature recent findings into the structure, function, and regulation of the eukaryotic TSEN 

complex. Progress in 3D structure prediction (Jumper et al., 2021; Tunyasuvunakool et al., 

2021) coupled with homology to the archaeal TSEN complex allowed us to build a 3D 

model for the human TSEN complex. We also explore the connections between the TSEN 

complex and PCH and highlight outstanding questions in tRNA splicing.

2. ARCHITECTURE OF THE EUKARYOTIC TSEN COMPLEX

Identification and Purification of the Eukaryotic TSEN Complex

TSEN2 was the first subunit of the TSEN complex to be identified in S. cerevisiae in 1988 

from genetic screens looking for genes defective in tRNA splicing (Winey & Culbertson, 

1988). The endogenous complex was initially isolated from S. cerevisiae and shown to 

contain at least three subunits with apparent molecular weights of 31, 42, and 51 kDa 

(Rauhut et al., 1990), but the identities of these proteins remained unknown at the time. 

Using FLAG-tagged TSEN2 as bait Trotta et al. were able to purify and identify the 

TSEN15, TSEN34, and TSEN54 subunits, who were named based on their molecular 

weights (Trotta et al., 1997). Comparison of the sequences of the TSEN2 and TSEN34 

subunits revealed that both genes share a region of ~130 amino acids with homology 

to previously identified archaeal tRNA splicing endonucleases (Trotta et al., 1997). This 

ground-breaking work revealed that eukaryotic TSEN complexes are heterotetramers 

composed of two nuclease subunits (TSEN2 and TSEN34) and two additional subunits 

(TSEN15 and TSEN54) (Figure 1). This subunit composition is very different from 

the archaeal TSEN complexes which are composed of homotetramers, homodimers, or 

heterodimers (for comprehensive reviews on the archaeal enzymes please see (Calvin & Li, 

2008; Hirata, 2019; Yoshihisa, 2014)), however one unifying feature is that both eukaryotic 

and archaeal TSENs have at least two individual endonuclease subunits to facilitate cleavage 
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of the 5′ and 3′ splice sites and two structural domains or subunits to support substrate 

recognition and complex stability.

The human TSEN subunits were identified based upon a combination of sequence 

similarity to the yeast subunits and affinity purification with individually tagged TSEN 

subunits transfected into HEK293 cells (Paushkin et al., 2004). SDS-PAGE analysis of 

the coimmunoprecipitations from HEK293 cells also revealed the presence of additional 

proteins that co-purify with the TSEN complex, one of which was identified as the 

polynucleotide kinase CLP1 (Paushkin et al., 2004). CLP1 participates in multiple RNA 

processing pathways and several putative roles for CLP1 in tRNA splicing have been 

proposed (reviewed in (Weitzer et al., 2015)). Recent reconstitution experiments from 

both E. coli and insect cell expression systems have shown that CLP1 is not essential to 

facilitate splicing (Hayne et al., 2020; Sekulovski et al., 2021) and likely plays an important 

regulatory role discussed later in this review. The four subunits of the TSEN complex 

have also been recently identified in Drosophila and knockdown of any individual subunit 

blocks tRNA splicing (Schmidt et al., 2019). Collectively this work established that the 

heterotetrameric architecture of the TSEN complex is well conserved across eukaryotes, 

the core TSEN subunits are sufficient for intron excision, and that the mammalian TSEN 

complex has additional binding partners that may be important for regulation of tRNA 

splicing in vivo and/or supporting the processing of other RNA substrates (Paushkin et al., 

2004).

Structure and Function of the TSEN Subunits

We currently lack high-resolution structures of the eukaryotic TSEN complex bound to a 

pre-tRNA which has hindered our understanding of how the TSEN complex recognizes and 

processes intron containing pre-tRNAs. Our current knowledge of the structure and function 

of each individual TSEN subunit comes from sequence and structural similarity to archaeal 

homologues, combined with biochemical and genetics experiments, and a partial structure 

of TSEN15 and the TSEN15:TSEN34 sub-complex. While structures for the rest of the 

TSEN complex and the TSEN complex bound to pre-tRNA are eagerly awaited, advances 

in protein structure prediction have begun to shed light on the architecture of the human 

complex (Table 1).

Archaeal building block: The four individual subunits of the eukaryotic complex are 

thought to have evolved from a common archaeal ancestor (reviewed in (Calvin & Li, 

2008; Hirata, 2019)). To date, four classes of archaeal TSEN complexes (also referred to 

as EndA) have been discovered and classified based upon the subunit composition (Table 

1). The α4 class is a homotetramer composed of four identical α-subunits. Each α-subunit 

is made up of two subdomains: an αN-terminal subdomain composed of 4 β-strands and 3 

α-helices followed by the αC-terminal subdomain composed of 5 β-strands and 2 α-helices 

(Figure 2A) (Li et al., 1998). The αC-subdomain also contains the well conserved tyrosine, 

histidine, and lysine residues that compose the catalytic triad in the active site that is 

responsible for facilitating the RNAse A-like transesterification reaction. Oligomerization of 

the α-subunit is supported by two key interaction interfaces including a β-β dimer interface 

formed by the final β-strand of two αC subdomains and a negatively charged loop (L10) 
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from αC that fits into a positively charged pocket between the αN and αC subdomains of 

another α-subunit (Figure 2B).

The other three classes of archaeal TSENs have modifications to the α-subunit building 

block but the overall structures and the interfaces between subunits are similar to one 

another (Hirata et al., 2012; Hirata et al., 2011; Kaneta et al., 2018; Kato-Murayama, 2005; 

Kim et al., 2007; Li & Abelson, 2000; Li et al., 1998; Mitchell et al., 2009; Okuda et al., 

2011; Xue et al., 2006; Yoshinari et al., 2009; Zhang & Li, 2004). For example, in the α′2 

class, two α-subunits are linked together to form a single chain (α′) that dimerizes. The 

(αβ)2 class is made-up of two α-subunits which function as the active endonucleases and 

two β-subunits, that are structurally very similar to the α-subunits but play a supportive 

structural role in the complex. The final class of archaeal TSEN is the ε2 class which is 

a homodimer. Each ε subunit contains a linked α- and β-subunit on a single chain that 

is a result of domain shuffling, with the nuclease α-subunit inserted between the βN and 

βC-subdomains of the structural β-subunit and connected by two linkers.

TSEN15: TSEN15, is the smallest subunit of the complex (Figure 3A) and the first 

eukaryotic TSEN subunit to have its structure determined. The NMR solution structure 

of TSEN15 revealed that TSEN15 has a disordered N-terminus followed by a small domain 

composed of a 6-stranded β-sheet and three α-helices, that is structurally similar to the 

αC-subdomain from the archaeal Methanocaldococcus jannashii (MJ) TSEN (Song & 

Markley, 2007), however TSEN15 lacks the αN-subdomain of the α-subunit building block. 

In solution, purified TSEN15 is a homodimer with the dimer interface supported by a 

β-strand swap (Song & Markley, 2007). Reconstitution experiments with the full TSEN 

complex suggest that the stoichiometry of TSEN54:TSEN2:TSEN34:TSEN15 is 1:1:1:1 

and contains only a single TSEN15 subunit (Hayne et al., 2020). This is further supported 

by a recent crystal structure of TSEN15 bound to a portion of TSEN34, which has a 1:1 

stoichiometry in solution (Sekulovski et al., 2021). The TSEN15-TSEN34 structure revealed 

an extensive hydrophobic interface between TSEN15 and TSEN34 that is mediated by the 

final C-terminal β-strand of each subunit (Sekulovski et al., 2021). This β-β interface is 

reminiscent to the interfaces between protomers of the archaeal TSENs (Hirata et al., 2012; 

Hirata et al., 2011; Kaneta et al., 2018; Kato-Murayama, 2005; Kim et al., 2007; Li & 

Abelson, 2000; Li et al., 1998; Mitchell et al., 2009; Okuda et al., 2011; Xue et al., 2006; 

Yoshinari et al., 2009; Zhang & Li, 2004) and supports the hypothesis that TSENs evolved 

from a common ancestor (Hirata, 2019).

TSEN34: TSEN34 is one of the two endoribonuclease subunits and is responsible for 

catalyzing the excision of the 3′ splice site. Human TSEN34 is composed of 310 residues 

(Figure 3B). Structural prediction suggests that TSEN34 has ordered domains at its N(34N)- 

and C(34C)-termini that are separated by a large disordered region that is predicted to 

contain a long α-helix (Tunyasuvunakool et al., 2021). Limited experimental structural 

information for TSEN34 comes from a crystal structure of a TSEN34 fragment (residues 

208–310) bound to N-terminal truncated TSEN15 (residues 23–170), described above. 

The fragment was selected by limited proteolysis of the full human TSEN complex 

(Sekulovski et al., 2021). This stable subcomplex is a dimer in solution but crystalized 
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as a heterotetramer as the result of a domain swap within TSEN34, presumably because of 

the absence of the 34N domain.

TSEN2: TSEN2 is responsible for catalyzing the excision of the 5′ splice site. Yeast 

two hybrid experiments revealed that TSEN2 forms a homodimer with TSEN54 (Trotta 

et al., 1997). Currently there are no structures available for any eukaryotic TSEN2. 

Secondary structure prediction along with the Alphafold model suggests that TSEN2 has 

three structured domains (Tunyasuvunakool et al., 2021). The first domain (2N) resembles 

the NTD of the archaeal α-building block with 4 β-strands and 3 α-helices, but it has a very 

large insertion between residues 70 and 300. Part of this insertion is predicted to fold into 

another small domain, which we have named the 2N′ domain (Figure 3C). Following the 

2N domain is the predicted 2C domain containing the catalytic residues. Alphafold predicts 

the 2C domain to be structurally similar to the C-terminal subdomain of the alpha building 

block.

TSEN54: TSEN54, is the largest subunit of the complex and earlier work suggests that it 

functions as a molecular ruler to help orient the pre-tRNA for cleavage (Reyes & Abelson, 

1988). Similar to TSEN34 and TSEN2, TSEN54 is predicted to have two structured domains 

(54N and 54C) (Figure 3D). The predicted 54N domain, which shares some structural 

homology to the αN building block, is preceded by a large (~80 amino acids) unstructured 

region. While the 54C domain is predicted to be structurally similar to the C-terminal 

subdomain of the α-building block, it contains a very large, disordered insertion following 

the first β-strand.

TSEN Tetramer Model: Using the archaeal structure from MJ-TSEN (PDB: 1A79) as a 

starting point we created a 3D model of the eukaryotic TSEN complex (Figure 4A). We 

docked the crystal structure of the TSEN15-TSEN34 subcomplex (PDB: 6Z9U) onto two 

α-subunits from MJ-TSEN. Next, we used the Alphafold model of TSEN34 – to model in 

the 34N domain missing from the crystal structure. Then, we took the Alphafold models of 

TSEN2 and TSEN54 and docked them onto the remaining two α-subunits from MJ-TSEN 

(Figure 4B). The TSEN2 and TSEN54 interface is predicted to be formed by the final 

C-terminal x-strand from each C-terminal subdomain. TSEN34, TSEN2, and TSEN54 have 

large regions predicted to be unstructured, therefore for clarity we removed the predicted 

disordered insertions from TSEN34, TSEN2, and TSEN54 to produce the final 3D model 

(Figure 4C). This model is structurally reminiscent of the MJ-TSEN complex, with the 

exception of the absence of the αN subdomain from TSEN15. Intriguingly, when the 

full-length TSEN2 alpha-fold model was superimposed on the MJ-TSEN complex, the extra 

2N′ is roughly positioned next to the 15C domain. This rough docking suggests that the 

additional domain from TSEN2 could have arisen from a domain shuffling as observed with 

the ε2 class from archaea. Taken together, our human TSEN 3D model suggests that the 

core architecture of the mammalian complex is very similar to the archaeal complexes, but 

this model awaits structural validation. Moreover, the structure and significance of the large 

insertions within TSEN2, TSEN34, and TSEN54 remains unknown. These regions likely 

play critical roles in eukaryotic specific features of the TSEN complex and could facilitate 

RNA substrate recruitment/binding or interaction with co-factors/binding partners.
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3. SUBSTRATES OF THE EUKARYOTIC TSEN COMPLEX

Universal Substrate and Mechanism of Cleavage

The universal substrate of all TSEN complexes is thought to be the bulge-helix-bulge (BHB) 

motif. This motif is composed of two three-nucleotide bulges separated by a helix containing 

four base pairs. The first base pair in the helix, known as the proximal base pair (previously 

referred to as the A-I base pair for anticodon-intron) is critical for cleavage (Baldi et al., 

1992; Fabbri et al., 1998; Schmidt et al., 2019; Schmidt & Matera, 2019) Cleavage occurs 1 

nucleotide from the 3′ and 5′ ends of the bulges. In most tRNAs, the intron containing the 

BHB motif is inserted in the same position within the pre-tRNA in the anti-codon stem loop 

between bases 37 and 38, however exceptions to this have been identified across archaea 

and in red algae (Kanai, 2015; Maruyama et al., 2010; Randau & Söll, 2008). Alterations 

to the x-subunit building block and composition of the TSEN subunits impacts substrate 

specificity (reviewed in (Hirata, 2019)). The α4 class has the strictest substrate specificity, 

while the human TSEN complex is predicted to be broader (reviewed in (Hirata, 2019)). 

A crystal structure of the α′2 class from Archaeoglobus fulgidus (AF) bound to a BHB 

motif revealed the molecular basis for recognition of the BHB motif (PDB:2GJW) (Figure 

5A) (Xue et al., 2006). The three residues from each bulge are flipped out from the typical 

stacking arrangement and positioned within each nuclease active site. The interactions 

between the α′2 AF-TSEN and the BHB motif are primarily through the RNA backbone 

and are not nucleotide specific. The orientation of the BHB motif in the crystal structure 

suggests that there is cooperativity between the two nuclease active sites because of the 

presence of cross-subunit stabilization of each bulge through a cation-π sandwich. However, 

experiments in S. cereviase showed that this interaction is only required for cleavage at the 

5′ splice site in eukaryotic TSEN complexes (Trotta et al., 2006).

The structure of the AF-TSEN complex bound to the BHB motif also revealed critical 

information about the mechanism of RNA cleavage. The active sites of archaeal and 

eukaryotic TSEN endonuclease subunits contain three well conserved catalytic residues 

including a histidine, tyrosine, and lysine. This active site arrangement is similar to RNase 

A and other endoribonucleases such as the viral uridine specific endoribonuclease which 

support a mechanism of transesterification (Cuchillo et al., 2011; Pillon et al., 2021), 

however one of the conserved histidine residues from RNase A is replaced by a tyrosine 

in each TSEN active site. The tyrosine in the AF-TSEN structure is positioned for in-

line attack on the 2′-hydroxyl, which activates the hydroxyl for nucleophilic attack on 

the phosphate and generates the 2′3′-cyclic phosphate. The histidine residue functions 

as a general-acid to donate a proton to the leaving group (the 5′-hydroxyl) while the 

lysine residue is thought to be important for stabilizing the transition state. The universal 

conservation of these residues supports the model that all TSEN nucleases cleave RNA 

through this conserved mechanism (reviewed in (Calvin & Li, 2008)). While the cleavage 

mechanism is thought to be conserved, alterations to TSEN subunit architecture give rise to 

altered substrate specificity and the cleavage of substrates with relaxed BHB motifs, such as 

the Bulge-Helix-Loop (BHL) (Figure 5B). This has been well-studied in the archaeal (αβ)2 

and ε2 classes which have specific loop insertions near the active sites that give rise to broad 

specificity (reviewed in (Hirata, 2019)).
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Eukaryotic pre-tRNAs

The well-established substrates of the eukaryotic TSEN complex are intron containing 

pre-tRNA. The number of intron containing tRNA genes varies widely across eukaryotes 

(reviewed in (Schmidt & Matera, 2019)). There is also variability in the size of the intron 

as they can range in size from around 14 nucleotides to over 100. There are 415 high-

confidence human tRNA genes, of which 28 are predicted to contain an intron (Chan & 

Lowe, 2016). Recent developments in high-throughput sequencing technologies have led to 

an explosion in our knowledge of mature and pre-tRNA transcript levels. A hydrolysis-based 

(Hydo)-tRNA sequencing method coupled with PAR-CLIP led to the validation of the 

expression of 26 of the predicted intron containing pre-tRNAs in HEK293 cells (Table 

2) (Gogakos et al., 2017). This method further highlighted the significance of the human 

TSEN complex as no intron-less isoleucine-TAT or leucine-CAA isodecoders were detected. 

Therefore, the human TSEN complex is essential for the maturation of isoleucine-TAT and 

leucine-CAA tRNAs. All of the 26 confirmed human intron containing pre-tRNAs have 

the intron inserted in the canonical position and RNA structure prediction suggest that all 

the introns fold into either a BHB or relaxed BHL motif (Table 2)(Figure 5B). Additional 

tRNA sequencing methods have also begun to reveal heterogeneity in the levels of tRNA 

isodecoders within different cells lines and tissues (Behrens et al., 2021; Pinkard et al., 

2020). Continued tRNA sequencing analysis will no doubt begin to reveal how expression 

levels of intron containing tRNA genes vary across different cells types and tissues.

How the TSEN complex recognizes intron containing pre-tRNA is still poorly understood. 

Lack of a structure of any TSEN complex bound to an intron containing pre-tRNA has 

hindered our understanding of how the TSEN complex engages the pre-tRNA, outside of the 

universal BHB region. Biochemical experiments have established several general principles 

concerning recognition of the pre-tRNA (Culbertson & Winey, 1989; Schmidt & Matera, 

2019; Trotta, 1999; Yoshihisa, 2014). The first is that, with the exception of the proximal 

base-pair, the sequence and size of the intron does not matter. Eukaryotic TSEN complexes 

do not have the strict specificity requirement of base-pairing interactions within the anti-

codon-intron helix of the BHB motif (Reyes & Abelson, 1988; Schmidt et al., 2019). The 

second is that mutations to distinct structural features of the mature tRNA lead to alterations 

in splicing. For example, mutation of bases that mediate tertiary interactions within the 

mature tRNA disrupt splicing (Greer et al., 1987; Reyes & Abelson, 1988). The third 

principle is that the length of the anticodon stem loop dictates the cleavage site. Insertion 

or deletion of bases within the anticodon stem loop alters the position of the cleavage 

site (Reyes & Abelson, 1988). Collectively these key observations led to establishment of 

the “Ruler Mechanism” whereby the TSEN complex uses structural features of the mature 

tRNA to position the intron within the active sites for cleavage. Modelling of a tRNA onto 

the AF- TSEN BHB co-crystal structure roughly positions the D-arm and acceptor stem 

of the tRNA near one of the structural subunits of AF-TSEN, suggesting that TSEN54 is 

likely mediating the ruler mechanism (Xue et al., 2006). We updated this tRNA docking 

model using the Alphafold model of the human TSEN complex. In this updated model the 

majority of the interfaces between the mature tRNA and the TSEN complex are mediated by 

TSEN54, however TSEN34 also lies near the predicted tRNA binding site, suggesting that 

both of these subunits contribute to recognition and binding of the pre-tRNA (Figure 5C).
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Another outstanding question about eukaryotic intron containing tRNA is, what is the 

biological significance of the intron (for a recent review on this topic please refer to 

(Schmidt & Matera, 2019)). Recent work in S. cerevisiae has shown that removal of all 

the introns is not lethal, however removal of specific introns does impact cell growth under 

certain conditions such as cold temperatures (Hayashi et al., 2019). This observation hints 

toward a potential role of introns in optimizing cell fitness following physiological stress.

Beyond pre-tRNAs: Additional Substrates of the Eukaryotic TSEN Complex—
While tRNA introns are not essential in yeast, all four members of the TSEN complex are 

essential. A genetic bypass system, in which all the intron containing tRNAs were removed 

revealed that each TSEN subunit is essential even in the absence of intron containing tRNAs 

(Cherry & White, 2018). This bypass system elegantly suggests that the TSEN complex 

must have additional essential substrates beyond the intron containing pre-tRNAs. The first 

non-tRNA TSEN substrate to be identified was the CBP1 mRNA (Tsuboi et al., 2015). 

Cbp1 (cytochrome b mRNA processing) is a non-essential protein that is imported into the 

mitochondria and suggested to play a role in regulating post-transcriptional processing and 

translation of cytochrome b. The yeast TSEN complex was shown to cleave a stem loop 

structure within CBP1 mRNA on the mitochondrial outer membrane both in vivo and in 
vitro. A recent bioinformatic approach termed comPARE (comparative parallel analysis of 

RNA ends) led to the identification of several additional yeast TSEN mRNA substrates 

(Hurtig et al., 2021). Interestingly all these new mRNA substrates encode for mitochondrial 

proteins, suggesting that the spatial regulation of the TSEN complex influences its 

substrates. The role of the TSEN complex in cleaving these additional mRNAs appears to 

be in mediating their decay via TED (tRNA endonuclease-initiated mRNA decay), whereby 

cleavage initiates subsequent exonuclease decay. Beyond mRNAs, connections have also 

been made between the yeast TSEN complex and pre-rRNA processing. Mutations in both 

TSEN34 and TSEN2 have been shown to lead to accumulation of pre-rRNAs (Dhungel & 

Hopper, 2012; Volta et al., 2005).

The spatial localization of the TSEN complex is not conserved across eukaryotes. The 

yeast complex localizes to the outer membrane of the mitochondria (Yoshihisa et al., 2003) 

while the human complex is localized to the nucleus (Paushkin et al., 2004). To date, no 

additional substrates have been identified for the human complex but given the difference 

in cellular localization between yeast and human, the non-tRNA substrates are not likely 

to be conserved. Adaptation of the comPARE methodology to mammalian cell lines along 

with 2′3′-cyclic phosphate and 5′-hydroxyl sequencing approaches will hopefully aid in the 

future determination of non-tRNA substrates of the human complex (Hurtig et al., 2021; 

Peach et al., 2015; Shigematsu et al., 2019).

4. REGULATORS OF TRNA SPLICING

The timely and accurate processing of intron containing tRNAs is important for maintaining 

cellular homeostasis. Several recent studies have provided new insights into ways that 

tRNA splicing may be regulated by factors that target the newly liberated ends of cleaved 

exons and introns: the 5′-hydroxyl polynucleotide kinase CLP1 and the recently discovered 

2′3′-cyclic phosphatase ANGEL2 (Pinto et al., 2020). The tRNA ligase RTCB ligates the 
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2′3′-cyclic phosphate and 5′-hydroxyl ends left by the TSEN complex (Figure 1) (Popow 

et al., 2011); however, CLP1 and ANGEL2 both have enzymatic activities that could target 

the cleavage ends left by the TSEN complex, this results in impaired ligation by RTCB and 

suggests multiple levels of cellular regulation of tRNA splicing.

We recently discovered that CLP1 regulates tRNA maturation, likely through its catalytic 

activity (Hayne et al., 2020). CLP1 was previously known to interact with the TSEN 

complex (Paushkin et al., 2004), but its role in tRNA splicing, whether supportive or 

catalytic, remained unclear. While CLP1 has also been known to play a non-catalytic role 

in the mRNA pre-adenylation complex (de Vries et al., 2000), mouse models of kinase-

dead CLP1 exhibit PCH (Hanada et al., 2013; Szoták-Ajtay et al., 2020), this suggests 

that CLP1’s kinase activity is essential for its proper function. CLP1 is a 5′-hydroxyl 

polynucleotide kinase, that phosphorylates 5′-hydroxyls on ss- and ds-RNA substrates 

with broad specificity (Dikfidan et al., 2014). It has also been demonstrated that Human 

CLP1 can phosphorylate the available 5′-hydroxyls on both the cleaved 3′-exon and intron 

(Weitzer & Martinez, 2007) (Figure 6A). CLP1 phosphorylation of the TSEN cleavage 

products presumably triggers kinase mediated decay by a 5′-3′-exonuclease (Cherry et al., 

2019), such as XRN1 and XRN2, and also blocks RTCB ligation, preventing mature tRNA 

formation and blocking formation of tRNA intron circles (tricRNAs) (Figure 6A). The idea 

that CLP1 is required to help promote degradation of introns is supported by a recent CLP1 

R140H PCH mouse model that revealed CLP1 R140H mice had an increase in both linear 

and circularized tRNA introns (Monaghan et al., 2021). This study further supports that 

CLP1 may drive kinase mediated exonuclease degradation, similar to intron degradation in 

yeast (Wu & Hopper, 2014). Thus, through its dual role in blocking ligation and targeting 

substrates for degradation, CLP1 may be a powerful negative regulator of tRNA splicing.

Similar to CLP1, a recent study by Pinto et al showed that ANGEL2 may also function 

as a negative regulator of tRNA maturation through a mechanism that targets the 2′3′-

cyclic phosphate ends left by the TSEN complex (Pinto et al., 2020). Through a two-step 

mechanism, ANGEL2 opens the cyclic phosphate, breaks the 3′-bond to the phosphate 

before removing the phosphate altogether leaving hydroxyls in the 2′ and 3′ positions (Pinto 

et al., 2020) (Figure 6B). The authors discovered that ANGEL2 cell lysates accumulated 

cleaved tRNA splicing intermediates. Like CLP1, ANGEL2 may serve to regulate the 

re-ligation of splicing intermediates, while targeting the opposite ends from CLP1. In 

support of this hypothesis, it was found that in cellular extracts in which an N-terminal 

truncated version of ANGEL2 was overexpressed, catalytically active, but not catalytic 

deficient ANGEL2, resulted in accumulation of unligated introns and dephosphorylated 

5′-exons, while having no impact on pre-tRNA cleavage (Pinto et al., 2020). The chemistry 

of ANGEL2 would result in hydroxyls on both the cleaved 3′ and 5′ exons, preventing their 

ligation. The fate of these unligated tRNA fragments in vivo remains unknown, although 

it was previously shown that the unphosphorylated product, in addition to oxidative stress, 

results in cellular death (Schaffer et al., 2014). Furthermore, the authors found that ANGEL2 

also potentially serves a role in tRNA maturation through mediating CCA addition on the 

3′-termini of pre-tRNAs (Pinto et al., 2020), signifying that ANGEL2 could play a dual role 

in regulating tRNA maturation.
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While CLP1 and ANGEL2 seem to be able to regulate tRNA splicing and maturation, a 

major outstanding question remains: is there a rescue mechanism to rescue the intermediate 

RNA species? As mentioned above, the tRNA ligation pathway differs in yeast and humans 

but we cannot rule out the possibility of the existence of an alternative yeast like ligation 

pathway in metazoans. If CLP1 and ANGEL2 both acted on the same tRNA intermediates, 

they would result in products that could be ligated through a yeast-like ligation pathway. 

Previous studies suggest that CLP1 (Ramirez et al., 2008) and CNPase (Schwer et al., 

2008) could account for the first two steps of a yeast-like ligation pathways in humans. 

Yeast like ligase activity has been detected in HeLa cells (Zillmann et al., 1991), but the 

identification of this ligase remains elusive. Furthermore, the role these regulators play in 

the splicing of other RNA species in vivo needs to be explored further. ANGEL2 has been 

implicated in processing of the unfolded protein response mRNA XBP1, which is cleaved by 

inositol-requiring enzyme 1 (IRE1), an endonuclease that also leaves 2′3′-cyclic phosphate 

and 5′-hydroxyl ends (Pinto et al., 2020). Moreover, given that the specificity of ANGEL2 

and CLP1 is broad, these two RNA processing enzymes could play regulatory roles in many 

additional RNA processing pathways.

One important aspect related to the function and regulation of all of these enzymes appears 

to be their spatial regulation; from the substrate specificity of the TSEN complex on the 

mitochondria, to the direct interaction between CLP1 and TSEN that’s disrupted by the 

known CLP1 PCH mutation R140H, it’s clear that spatial regulation is critical for proper 

tRNA splicing and regulation by these enzymes. At this time, it is not clear if ANGEL2 and 

TSEN directly interact, which may impact the role of ANGEL2’s in splicing in vivo.

5. TRNA SPLICING DEFECTS AND HUMAN DISEASE

Mutations in the TSEN complex and CLP1 are the most common proteins with mutations 

linked to PCH, an autosomal recessive disease (van Dijk et al., 2018). All five of these 

proteins are essential for life (Cherry & White, 2018; Hanada et al., 2013; Schaffer et al., 

2014) and it remains unclear if these proteins cause disease through a shared or divergent 

mechanism. It may be that PCH mutations cause rather weak defects in complex assembly, 

function, or regulation; therefore, allowing the complex to still perform some of its essential 

function, but in a reduced capacity that still permits life.

CLP1

A single mutation in CLP1, R140H, is linked to PCH and causes the unique PCH10 

subtype (Figure 7A, B) (Karaca et al., 2014; Schaffer et al., 2014). CLP1 is composed of 

three conserved domains including a central kinase domain flanked by N- and C-terminal 

domains (Saito et al., 2019). R140 lies within the kinase domain and is thought to coordinate 

intra-domain stability. Mutation of R140 to a histidine (R140H) disrupts a bond to the NTD, 

leading to impairment in both CLP1’s kinase activity and protein:protein interactions. This 

mutation does not impact CLP1’s overall protein stability (Karaca et al., 2014; Schaffer et 

al., 2014). In vitro, R140H, has impaired kinase function and association with the TSEN 

complex, in addition, R140H reduces CLP1’s nuclear localization in cells (Hanada et al., 

2013; Karaca et al., 2014; Schaffer et al., 2014). CLP1 is a multifunctional enzyme. In 
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addition to regulating tRNA splicing, CLP1 is also linked to pre-mRNA 3′ end processing 

as a structural subunit of cleavage factor II that bridges the cleavage factor complex to rest 

of the cleavage and polyadenylation complex (de Vries et al., 2000). It remains difficult to 

assess if PCH is linked to CLP1’s mRNA or tRNA processing function as a kinase dead 

version of CLP1 (K127A) and the R140H mutation both impact the protein’s ability to 

associate with the TSEN complex and both have impaired kinase function. While CLP1’s 

role in mRNA processing is not believed to be related to its kinase activity, it remains 

unclear if the R140H mutation interferes with CLP1’s ability to act as a bridge for the 

mRNA processing machinery. If this mutation does impact mRNA maturation, it may be that 

PCH10 is caused by defects in both mRNA and tRNA processing. In support of this, a recent 

R140H mouse model found defects in both mRNA and tRNA processing and suggests that 

PCH disease pathogenesis arises because of defects in 3’ mRNA processing (Monaghan et 

al., 2021).

Several studies have sought to uncover the mechanism by which CLP1 causes disease by 

evaluating changes in RNA processing in PCH patient fibroblasts, K127A and R140H 

mouse models, and in vitro and cell-based assays. These studies mostly focused on 

evaluating levels of pre-tRNAs, tRNA fragments (including introns) and mature tRNAs. In a 

Drosophila cellular system, knockdown of the CLP1 homolog, cbc, showed that CLP1 may 

be able to regulate mature tRNA levels, but in vivo models generally have been unable to 

detect significant differences in mature tRNA levels in either PCH mouse models or patient 

samples, suggesting that PCH10 is not caused by a deficiency in available tRNAs (Hanada et 

al., 2013; Karaca et al., 2014; Monaghan et al., 2021). Results from studies looking at tRNA 

products appear to vary with regard to tissue specificity, further complicating interpretations.

One school of thought is that tRNA fragments may play a role in neuron death through p53-

mediated cell death. Early studies showed an accumulation of a tRNA 5′-Tyr exon fragment 

(5′-tRFs) with an intact 5′-leader in K127A MEFs and these fragments were recently shown 

to play a role in p53-mediated cell death (Inoue et al., 2020). These 5′-tRFs were also found 

to accumulate in two recent R140H mouse models (Monaghan et al., 2021; Morisaki et al., 

2021), along with Ile-introns. One study concluded that the 5′ fragments accumulated more 

in the spinal cord than the cerebellum, questioning if these fragments are relevant to the 

development of PCH (Monaghan et al., 2021). Along similar lines to the 5′-tRFs, a previous 

study also observed Ile–intron accumulation and found that unphosphorylated 3′-exons (a 

presumable CLP1 substate) were cytotoxic, especially when paired with oxidative stress 

(H2O2). The same study also found that knockdown of p53 rescued the embryonic lethality 

of K127A on a mouse background for which it was previously lethal, further supporting a 

role for p53 in PCH (Schaffer et al., 2014).

Presumably, PCH may not just be linked to the accumulation of one tRNA fragment. 

Another possibility is that introns accumulate and cause cellular death through a similar 

mechanism to the 5′-tRFs. The role of mammalian tRNA introns in cellular regulation 

remains a mystery, but it seems very plausible that they may play a role in cellular regulation 

just as yeast introns have been shown to do (Hayashi et al., 2019). Cell based assays revealed 

an accumulation of circular introns upon CLP1 depletion, and a recent R140H mouse model 

found accumulation of two intron species, assumed to correspond to linear and circular 
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introns (Hayne et al., 2020; Monaghan et al., 2021). A major challenge to detecting introns, 

particularly in patient samples, is the small size of human tRNA introns (Table 2). These 

recent studies support early work that found intron accumulations, and highlight the dual 

role CLP1 may play, both in driving kinase-mediated cell death and in turn preventing 

the production and accumulation of the stable circular tRNA introns. Furthermore, while a 

recent study by Inoue et al. did not find that linear ILE-introns sensitizes cells to death, it 

remains unclear if other introns may impede cellular growth and homeostasis, and further if 

circular tRNA introns are cytotoxic (Inoue et al., 2020).

Finally, differences in pre-tRNA levels vary between studies and model systems. Patient 

fibroblasts revealed no difference in pre-tRNA levels while accumulations of pre-tRNAs 

were observed following the loss of wild-type CLP1 in fibroblasts reverted to induced 

neurons, the Drosophila cell system, and a new R140H mouse model of PCH all finding to 

an accumulation pre-tRNAs (Hayne et al., 2020; Karaca et al., 2014; Monaghan et al., 2021; 

Schaffer et al., 2014). Nevertheless, the accumulated pre-tRNAs are not believed to be toxic 

(Schaffer et al., 2014). These findings, in light of additional work revealing CLP1 does not 

impact tRNA cleavage by the TSEN complex, suggest that the increase in pre-tRNA levels 

could be linked to CLP1’s role in mRNA processing, which is further supported by the 

finding that R140H mice have changes in the polyA site selection (Monaghan et al., 2021).

TSEN

TSEN mutations are linked to unique PCH subtypes depending on the individual TSEN 

subunits (Figure 7B). TSEN54 causes a spectrum of disease that spans PCH 2A, PCH 4, 

and PCH 5, with PCH 4 and 5 being the most severe (van Dijk et al., 2018). Similar 

to CLP1, it is not fully understood why each of the mutations in the individual TSEN 

subunits cause disease or how that dysfunction leads to PCH. A recent crystal structure 

of stable fragments of TSEN34 bound to TSEN15 revealed that the TSEN15 H116Y PCH 

mutation lies at the interface of the TSEN34 and TSEN15 subunits (Sekulovski et al., 2021); 

however, the structural basis for the remaining PCH mutants remains unclear. To begin to 

understand how the additional PCH mutations impact the TSEN complex, we mapped the 

known PCH mutations onto our 3D Alphafold model (Figure 7C) and found that similar 

to CLP1, the mutations do not appear near the active sites. Instead, we observed that the 

mutations are generally found on the exterior interfaces of each of the subunits. In some 

cases, the mutations may interfere with intra and inter-subunit architecture and binding. In 

the case of the most common disease mutant, TSEN54 A307S, the mutation appears in 

a disordered region, which may be important for binding regulatory factors or recruiting 

substrates. Mutations on the exterior regions of the TSEN complex proteins suggest that 

mutations are unlikely to just impact the folding and stability of the individual proteins, but 

may also impact TSEN complex assembly or protein:protein interactions, such as CLP1, in 
vivo. Additional interaction partners of the TSEN complex have yet to be discovered for 

metazons, but interacting partners that impact TSEN spatial or enzymatic regulation could 

also lead to PCH in a similar manner to how CLP1 R140H seems to disrupt CLP1’s spatial 

localization.
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In support of the hypothesis that mutations hinder complex assembly, previous studies 

have shown that when only the TSEN subunit of interest is overexpressed, the mutants 

are typically deficient in forming an entire complex. We and others have found that 

overexpression of all four subunits concurrently is required for efficient reconstitution of 

the TSEN complex in vitro (Hayne et al., 2020; Sekulovski et al., 2021). Sekulovski et al. 

recently showed that immunoprecipitations of the full TSEN complex does not result in 

obvious differences in complex formation or in vitro cleavage activity for several of the PCH 

mutations (Sekulovski et al., 2021). However, they found that the PCH mutations did impact 

the thermal stability of the complex in vitro (Sekulovski et al., 2021). Interestingly, while the 

authors observed no change in the catalytic activity of the purified complex, they did observe 

splicing defects when assaying cell extracts from patient fibroblasts. Furthermore, unlike 

CLP1 patient samples, TSEN54 PCH patient fibroblasts did not accumulate Ile-introns 

(as excepted for a cleavage defect) and had an expected increase in those pre-tRNAs, 

yet interestingly there was no detectable difference in mature tRNAs. Much is yet to be 

understood about how mutations alter TSEN complex function as it relates to pre-tRNAs 

and other yet to be discovered substrates. Even more of a mystery, how those dysregulated 

RNAs may impact cell survival. In light of previous data suggesting that pre-tRNAs were 

not cytotoxic and that the TSEN patient fibroblasts had no lack of mature tRNAs, it may 

be, that similar to CLP1, the TSEN complex dysregulates other RNA substrates that underlie 

disease progression.

PCH: a rare disease caused by a shared mechanism or a family of unrelated, yet similar 
diseases

PCH is a rare autosomal recessive disease primarily caused by mutations in RNA processing 

factors. In addition to the many fly model organisms mentioned above, several new fly 

PCH models have recently been developed (Morton et al., 2020; Schmidt et al., 2021; 

Slavotinek et al., 2020), which may be useful tools to better characterize and understand 

PCH. PCH appears to primarily be caused by dysfunction in RNA processing machinery, 

with a couple of exceptions. There appears to be two pathways that PCH-linked factors 

target: several proteins have direct roles in tRNA maturation factors (such as TSEN, CLP1, 

RARS2, and SEPSECS) and other factors are linked to mRNA processing, such as two 

Exosome subunits and CLP1 (van Dijk et al., 2018). While no non-tRNA substrates have 

been identified for the TSEN complex in humans, several newly identified substrates of 

the yeast complex implicate TSEN in eukaryotic mRNA processing, further suggesting a 

possible overlap in substrates. It may be that there is an underlying shared substrate and that 

non-RNA processing factors linked to PCH disrupt the target of the substate at another point, 

or perhaps all the proteins share a similar mechanism by which they cause disease. A major 

theme seems to be p53-mediated cell death. Indeed, in addition to the links to p53-mediated 

death through CLP1, there appear to be links between p53 and mutations in two other 

PCH-linked proteins Target of Egr1 1 (TOE1) and the Exosome (Hanada et al., 2013; Inoue 

et al., 2020; Müller et al., 2020; Sperandio et al., 2009). In contrast to these previous 

reports, a recent study by Monaghan et al 2021, suggests p53 may not be responsible for 

CLP1-linked PCH (Monaghan et al., 2021). There is still much to be discovered about the 

cellular changes behind PCH.
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In addition, the full role these proteins play in the development of PCH and other diseases 

is an outstanding question. ANGEL2 is not yet known to have any links to disease, and is 

not essential for life, but it may play a role in stress responses and play a role in disease 

progression when dysregulated. Along these lines, mutations in TSEN54 have also been 

linked to late-onset ataxia (Qian et al., 2014) and leukodystrophy in canines (Störk et 

al., 2019), further supporting that these proteins may have uncharacterized roles in other 

neurological diseases. More recently, a spliced variant of TSEN2 was recently identified 

to cause a PCH like phenotype with additional vascular and renal issues, which has been 

termed TSEN2 Related Atypical hemolytic uremic syndrome, Craniofacial malformations, 

Kidney failure (TRACK)(Canpolat et al., 2021). RNA sequencing revealed these patients 

had abnormal tRNA transcripts, and the phenotype was found to be similar in zebrafish 

model of the TSEN2 defect (Canpolat et al., 2021).

The role of the TSEN proteins in these diseases may be directly linked to splicing 

defects, or they may be linked to other shared roles for tRNA fragments in other diseases, 

such as Alzheimer’s, diabetes, and aging (Li et al., 2021; Wu et al., 2021; Z. Zhou 

et al., 2021). It remains unclear why these diseases are tissue specific, but this draws 

parallels to other tissue-specific diseases associated with RNA processing factors such as 

ribosomopathies, which arise from mutations or altered expression of proteins involved in 

ribosome maturation (reviewed in (Farley-Barnes et al., 2019; McCann & Baserga, 2013)). 

One hypothesis is that neurons are particularly sensitive to the accumulation of RNAs that 

results from disruption of these pathways. It remains to be understood if the proteins linked 

to PCH share a common substrate, cellular pathway targeting neuronal death, or are linked 

in some other manner.

6. CONCLUSION & OPEN QUESTIONS IN TRNA SPLICING

Major discoveries in the last decade have reinvigorated the characterization of human tRNA 

splicing with studies linking new mutations to PCH and refined characterization of the 

TSEN complex in vitro. However, there remain several major questions about the role of 

these proteins in both healthy and disease states. The recent discoveries that CLP1 and 

ANGEL2 can regulate tRNA splicing raises the question of if other factors may also be 

involved in splicing and if a yeast-like ligation pathway may exist in humans, serving as 

a rescue mechanism. Furthermore, it remains a mystery what other substrates the TSEN 

complex and CLP1 may target and if these unknown targets underlie PCH. Recent work 

in yeast has identified several mitochondrial mRNA targets of the TSEN complex and 

discovery of non-tRNA substrates of the mammalian TSEN complex are eagerly awaited. 

Beyond facilitating tRNA splicing the TSEN complex has also been shown to be a useful 

tool for the generation of circular RNAs (Litke & Jaffrey, 2019; Noto et al., 2017; Schmidt 

et al., 2016), suggesting that the TSEN complex could be repurposed to process other RNAs.

Removal of the intron is just one of many tRNA processing events and it remains unclear 

if tRNA splicing is coordinated with tRNA transcription, processing, and/or modification 

(reviewed in (Jarrous et al., 2021). Following transcription by RNA Pol III nascent intron 

containing pre-tRNAs are processed by three nucleases including the TSEN complex, 

RNase P and RNase Z and there is growing evidence that suggests co-transcriptional tRNA 
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processing is occurring (reviewed in (Jarrous et al., 2021)). tRNAs are the most heavily 

post-transcriptional modified RNAs inside the cell and dysregulation of these modifications 

has been linked to neurological disease (reviewed in (Das et al., 2021; Suzuki, 2021)). tRNA 

modifications impact the fidelity of translation and many of these modifications surround 

the anti-codon stem loop (Manickam et al., 2015; J. B. Zhou et al., 2021). Recent work 

revealed that a pseudoU modification in yeast tRNA-Ile is intron dependent, supporting a 

role for introns in mediating RNA modifications (Hayashi et al., 2019).The cellular function 

of eukaryotic introns remains poorly understood but new links to RNA modification, cell 

fitness, and stress response coupled with their presence across eukaryotes suggests that 

they have been retained to fulfil important but still undiscovered cellular roles. Finally, 

while excision of the intron by the TSEN complex is well conserved across archaea 

and eukaryotes, we still do not fully understand how this complex recognizes pre-tRNAs 

substrates or how CLP1 and ANGEL2 are regulated to ensure cellular proper regulation of 

tRNA splicing products.
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Figure 1: tRNA splicing pathway. A cartoon of the tRNA splicing pathway.
An intron-containing pre-tRNA is labelled showing the exons (teal) and intron (red). The 

endonuclease TSEN2 (orange) cuts at the 5′ splice site junction with the intron while the 

endonuclease TSEN34 (pink) cuts the 3′ exon/intron junction. The cleavage is conducted 

by the TSEN complex TSEN54 (green), TSEN2 (orange), TSEN34 (pink), TSEN15 (blue), 

resulting in an excised intron (red) and the exons (teal). The newly cleaved ends are a 

5′-exon containing a 2′3′-cyclic phosphate, the 3′-exon containing a 5′-hydroxyl and the 

excised intron containing 5′-hydroxyl and 2′3′-cyclic phosphate ends. Finally, ligation 

proceeds the cleavage. In metazoans, the tRNA Ligase RTCB is the ligase while in yeast, 

Trl1 performs the ligation. Both ligation pathways lead to mature tRNA and linear and 

circular intron products. This figure was created with BioRender.com.

Hayne et al. Page 25

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


Figure 2: The archaeal conserved α-subunit as a building block for a complex.
A) A stick cartoon showing the archaeal α-domains, labelled with the L10 loop, B9 β-sheet, 

and the active site residues (designated by*). The archaeal building block is a subunit 

comprised of an αN-terminal subdomain composed of 4 β-strands and 3 α-helices, followed 

by the αC-terminal subdomain composed of 5 β-strands and 2 α-helices. The active site 

is within the αC-terminal subdomain and is made up of Y115, H125, and K156. (PDB: 

1A79). B) An α4 (PDB: 1A79) archaeal tRNA splicing complex, which is comprised of 4 α-

subunits. The 4 β9-strands (blue), each from conserved inter-subunit interactions, supported 

by the two interior L10 loops (green). Two other L10 loops (also green) are exterior. Finally, 

the two interior active sites that would engage an RNA substrate are shown in orange with 

sticks and dots.

Hayne et al. Page 26

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Structures and predicted structures of the TSEN proteins.
Depiction of each of the TSEN proteins showing known or predicted structures for each 

protein, paired with a bar cartoon of the protein. The cartoons show the conserved 

archaeal building block αN and αC - terminal subdomains and active site residues of the 

endonucleases are designated by “*”.

A) NMR structure of the TSEN15 (PDB:2GW6). B) Alphafold predicted structure for 

TSEN34. C) Alphafold predicted structure for TSEN2. D) Alphafold predicted structure for 

TSEN54.
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Figure 4: Alphafold modeled human TSEN tetramer.
A) The archaeal tRNA splicing complex (PDB:1A79) that was used as the docking interface 

of the model, with two domains highlighted as nuclease domains (pink and orange), with 

the active sites shown as spheres and boxed, and the structural domains (green and blue). B) 

Alphafold models of the TSEN proteins docked onto the previous archaeal tRNA splicing 

complex. Boxed and labelled is a 2N′ region of the TSEN2 prediction that appears to 

supplement for part of TSEN15. C) The Alphafold model from part B, with the disordered 

regions and 2N′ truncated.
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Figure 5. Substrate Recognition by tRNA splicing complexes.
A) The archaeal tRNA splicing complex (PDB:2GJW) bound to a BHB RNA. B) A 

depiction of the bulge-helix bulge (BHB-type) and bulge-helix-loop (BHL-type) tRNA 

intron substrate for splicing with the intron (red filled circles) and exon (blue filled circles) 

shown as well as the anticodon (unfilled circles) and the proximal base pair (boxed). C) The 

Alphafold model with a tRNA (PDB:4tra) docked onto the complex similar to the BHB with 

the tRNA arms oriented in the region of TSEN54.
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Figure 6: Regulation of tRNA splicing.
A) A cartoon of how CLP1 may modify splicing intermediates in which CLP1, a 5′-

hydroxyl polynucleotide kinase, results in phosphorylation of the 5′-hydroxyl on the 3′-

exon and the intron. The phosphorylated products are then unable to be ligated by the tRNA 

ligase RTCB, preventing the formation of mature tRNA and tricRNAs. At the bottom, it is 

shown that the phosphorylated intron may be targeted for kinase mediate intron degradation 

by a 5′-3′-exonuclease. B) A cartoon of how ANGEL2 may modify splicing intermediates. 

ANGEL2, as a 2′,3′-cyclic phosphatase, is believed to open the 2′,3′-cyclic phosphate on 

the 5′-exon and the intron, resulting in 2′ and 3′-hydroxyls and liberating a phosphate. 

These hydroxyl ends prevent the ligation of the splicing intermediates by the tRNA ligase 

RTCB, and thus preventing the formation of mature tRNA and tricRNAs. This figure was 

created with BioRender.com.
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Figure 7. PCH mutations in CLP1 and the TSEN complex.
A) A table of PCH mutations in CLP1 and the TSEN proteins that have been characterized 

in the literature. B) CLP1 structure (PDB:4OHV) with the R140H PCH mutant in grey 

spheres and the active site boxed. C) The Alphafold TSEN complex model with disordered 

regions removed and with PCH mutations shown as yellow spheres and labelled. TSEN54’s 

mutation A307S was not in the regions shown.
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Table 1:

Available TSEN Structures

PDB_ID(s) Reference(s)

α4 1A79 (Methanocaldococcus jannashii) (Li et al., 1998)

αβ2 1RLV (Archaeoglobus fulgidus) 

2GJW (RNA bound, Archaeoglobus fulgidus) 

1R11, 1R0V (truncation, Archaeoglobus fulgidus) 

2OHC, 2OHE (Thermoplasma acidophilum)

(Li & Abelson, 2000)

(Xue et al., 2006)

(Zhang & Li, 2004)

(Kim et al., 2007)

(αβ)2 3P1Z, 3P1Y, 3AJV (Aeropyrum pernix) 

3IEY, 3IF0 (Nanoarchaeum equitans) 

2ZYZ (Pyrobaculum aerophilum) 

5X89 (Methanopyrus kandleri)

(Hirata et al., 2011);(Okuda et al., 2011)

(Mitchell et al., 2009)

(Yoshinari et al., 2009)

(Kaneta et al., 2018)

ε2 4FZ2 (Candidatus Micrarchaeum acidiphilum ARMAN-2) (Hirata et al., 2012)

TSEN15 

TSEN34 

TSEN2 

TSEN54

2GW6 (homo sapiens, TSEN15) 

6Z9U (truncation, homo sapiens TSEN15/TSEN34) 

N/A

N/A

(Song & Markley, 2007)

(Sekulovski et al., 2021)
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Table 2:
High confidence human intron containing pre-tRNAs.

Human tRNA genes with confirmed expression. The intron sequence is shown in red lowercase (Gogakos et 

al., 2017).

tRNA 
Gene Sequence

tRNA-
Arg-
TCT-2-1

GGCTCTGTGGCGCAATGGAtAGCGCATTGGACTTCTAgtgacgaatagagcaATTCAAAGGtTGTGGGTTCGAATCCCACCAGAGTCG

tRNA-
Arg-
TCT-1-1

GGCTCCGTGGCGCAATGGAtAGCGCATTGGACTTCTAgaggctgaaggcATTCAAAGGtTCCGGGTTCGAGTCCCGGCGGAGTCG

tRNA-
Arg-
TCT-3-2

GGCTCTGTGGCGCAATGGAtAGCGCATTGGACTTCTAgatagttagagaaATTCAAAGGtTGTGGGTTCGAGTCCCACCAGAGTCG

tRNA-
Arg-
TCT-3-1

GCTCTGTGGCGCAATGGAtAGCGCATTGGACTTCTAgctgagcctagtgtggtcATTCAAAGGtTGTGGGTTCGAGTCCCACCAGAGTCG

tRNA-
Ile-
TAT-1-1

GCTCCAGTGGCGCAATCGGTtAGCGCGCGGTACTTATAtgacagtgcgagcggagcaATGCCGAGGtTGTGAGTTCGATCCTCACCTGGAGCA

tRNA-
Ile-
TAT-2-3

GCTCCAGTGGCGCAATCGGTtAGCGCGCGGTACTTATAcaacagtatatgtgcgggtgATGCCGAGGtTGTGAGTTCGAGCCTCACCTGGAGCA

tRNA-
Ile-
TAT-2-1

GCTCCAGTGGCGCAATCGGTtAGCGCGCGGTACTTATAcagcagtacatgcagagcaATGCCGAGGtTGTGAGTTCGAGCCTCACCTGGAGCA

tRNA-
Ile-
TET-2-2

GCTCCAGTGGCGCAATCGGTtAGCGCGCGGTACTTATAtggcagtatgtgtgcgagtgATGCCGAGGtTGTGAGTTCGAGCCTCACCTGGAGCA

tRNA-
Ile-
TAT-3-1

GCTCCAGTGGCGCAATCGGTtAGCGCGCGGTACTTATAagacagtgcacctgtgagcaATGCCGAGGtTGTGAGTTCAAGCCTCACCTGGAGCA

tRNA-
Leu-
CAA-1-2

GTCAGGATGGCCGAGTGGTctAAGGCGCCAGACTCAAGcttggcttcctcgtgttgaggaTTCTGGTCTCCAATGGAGGCGTGGGTTCGAATCCCACTTCTGACA

tRNA-
Leu-
CAA-2-1

GTCAGGATGGCCGAGTGGTctAAGGCGCCAGACTCAAGcttactgcttcctgtgttcgggtcTTCTGGTCTCCGTATGGAGCGTGGGTTCGAATCCCACTTCTGACA

tRNA-
Leu-
CAA-1-1

GTCAGGATGGCCGAGTGGTctAAGGCGCCAGACTCAAGctaagcttcctccgcggtggggaTTCTGGTCTCCAATGGAGGCGTGGGTTCGAATCCCACTTCTGACA

tRNA-
Leu-
CAA-3-1

GTCAGGATGGCCGAGTGGTctAAGGCGCCAGACTCAAGttgctacttcccaggtttggggcTTCTGGTCTCCGCATGGAGGCGTGGGTTCGAATCCCACTTCTGACA

tRNA-
Leu-
CAA-4-1

GTCAGGATGGCCGAGTGGTctAAGGCGCCAGACTCAAGgtaagcaccttgcctgcgggctTTCTGGTCTCCGGATGGAGGCGTGGGTTCGAATCCCACTTCTGACA

tRNA-
Tyr-
GTA-3-1

CCTTCGATAGCTCAGTTGGTAGAGCGGAGGACTGTAGgctcattaagcaaggtATCCTTAGGtCGCTGGTTCGAATCCGGCTCGGAGGA

tRNA-
Tyr-
GTA-1-1

CTTCGATAGCTCAGTTGGTAGAGCGGAGGACTGTAGttggctgtgtccttagacATCCTTAGGtCGCTGGTTCGAATCCGGCTCGAAGGA
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tRNA 
Gene Sequence

tRNA-
Tyr-
GTA-2-1

CCTTCGATAGCTCAGTTGGTAGAGCGGAGGACTGTAGtggatagggcgtggcaATCCTTAGGtCGCTGGTTCGATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-4-1

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGattgtatagacatttgcggacATCCTTAGGTCGCTGGTTCGATTCCAGCTCGAAGGA

tRNA-
Tyr-
GTA-5-5

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGtacttaatgtgtggtcATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-5-3

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGcctgtagaaacatttgtggacATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-5-4

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGattgtacagacatttgcggacATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-6-1

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGgggtttgaatgtggtcATCCTTAGGTCGCTGGTTCGAATCCGGCTCGGAGGA

tRNA-
Tyr-
GTA-5-1

CTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGctacttcctcagcaggagacATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-8-1

CTTTCGATAGCTCAGTTGGTAGAGCGGAGGACTGTAGgttcattaaactaaggcATCCTTAGGTCGCTGGTTCGAATCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-7-1

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGactgcggaaacgtttgtggacATCCTTAGGtCGCTGGTTCAATTCCGGCTCGAAGGA

tRNA-
Tyr-
GTA-5-2

CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGgcgcgcgcccgtggccATCCTTAGGtCGCTGGTTCGATTCCGGCTCGAAGGA
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