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Abstract

Cells use a plethora of specialized enzymes to post-transcriptionally introduce chemical modifications into
transfer RNA (tRNA) molecules. These modifications contribute novel chemical properties to the affected
nucleotides and are crucial for the tRNA maturation process and for most other aspects of tRNA biology.
Whereas, some of the modifications are ubiquitous and the respective modifying enzymes are conserved
in all domains of life, other modifications are found only in specific organisms, in specific tRNAs or at
specific positions of tRNAs. Despite the fact, that evolution has shaped a tremendous variety of tRNA
modifications and the respective modification cascades, the clinical relevance of patient-derived muta-
tions has recently led to an increased interest in the set of human tRNA modifying enzymes. Over dec-
ades macromolecular crystallography has immensely contributed to understand the enzymatic function
of tRNA modifying enzymes at the molecular level. The advent of high resolution single-particle cryo-
EM has recently led to structures of several clinically relevant human tRNA modifying enzymes in complex
with tRNAs and a more fundamental understanding of the mechanistic consequences of specific disease-
related mutations. Here, we aim to provide a comprehensive summary of the currently available experi-
mentally determined structures of human tRNA modifying enzymes.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction incorporation of chemical modifications greatly
expands the d|ver3|ty of the available RNA

Ribonucleic acid (RNA) molecules are built up by building blocks."? The incorporation of chemical
four standard nucleotides, namely adenine (A), groups contributes additional biophysical properties
cytosine (C), guanine (G), and uracil (U) that are  to the individual RNA bases and affects the folding,
linked with a pentose sugar and phosphate stablhtg and formation of secondary structures in
groups. However, the  post-transcriptional RNAs.>* The regularly updated “Modomics” data-
base for RNA modification®® currently lists ~330
unique modified RNA nucleosides (including inter-
mediates) that naturally occur in all domains of life.

* This article is part of a special issue entitled: tRNA modifica- The database has been updated regularly since
tions (2025)’ published in Journal of Molecular Biology.
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2006 and more than 100 unique RNA modifications
can be found in tRNAs.”

These short noncoding RNAs are responsible for
translating genomic information into functional
polypeptides, also known as proteins or
enzymes.® tRNA can vary in their sequences, but
basically all functional tRNAs need to fold into the
same three-dimensional structure,”'° which is con-
served among almost all organisms."’ On average,
each tRNA molecule carries approximately 13 mod-
ified nucleotides® and the anticodon stem loop
(ASL) region represents a “modification hotspot”.'?
The recent advent of several high-throughput meth-
ods allows the quantitative assessment of intracel-
lular tRNA levels and the detection of individual
tRNA modifications.'®'® Most modifications in the
core regions of tRNAs affect their folding and stabil-
ity,'*" whereas modification around the anticodon
influence the dynamics of translational decoding®*~
27 and subsequently affect co-translational folding
dynamics,”®?°  proteome stability and cell
survival.®>

Interestingly, the expansion of tRNA gene copy
numbers and iso-acceptors are evolutionary traits
that separate the main kingdoms of life. These
trends also correlate well with an increase in
different tRNA modification enzymes, suggesting
ongoing co-evolutionary mechanisms, which
expand the decoding potential of the available
tRNA pool and constantly optimize translational
efficiency and accuracy via different tRNA
modification pathways.** The majority of enzymatic
cascades responsible for the human tRNA modifi-
cation have been identified and confirmed in the last
two decades.®® Of note, all tRNAs have a similar
domain architecture, folding pattern, molecular
mass and charge distribution.** This high similarity
between all cellular tRNA molecules represents a
challenge for tRNA-binding proteins to achieve
specificity and to find the correct set of target
tBRNAs. Hence, modifying enzymes do not only
need to evolve around the active site to provide
the correct chemical environment for catalysis, but
they also need to evolve to correctly recognize
and position tRNAs durin% the individual steps of
the modification reactions.”

Clinically-relevant mutations in cytoplasmic tRNA
genes are rare,®® but an increasing number of
patient-derived mutations has been identified in
genes coding for tRNA modifying enzymes. The
direct connection between tRNA biogenesis,
human health and the onset of severe diseases
has been summarized in several excellent
reviews.***%% To identify disease-relevant geno-
mic variants and to understand the mechanistic
consequences of patient-derived mutations, it is
beneficial to structurally and biochemically charac-
terize human tRNA modifying enzymes and to

reconstitute their modification cascades/reactions
in vitro.

Here we aim to summarize currently available
data of how to produce and purify the majority of
individual human tRNA modification enzymes and
complexes. We focus on those human tRNA
modifying enzymes for which experimentally
derived structural information has been publicly
deposited. However, we discuss the possibility of
using structures of homologues and de novo
structure predictions to get useful structural
insights for those human modifiers for which no
experimentally  determined  structures  are
available. The provided inventory should
encourage experts to access available structural
data and to use spatial information to discover
new tRNA biology. Foremost, this review
represents a complementary resource for clinical
researchers that would like to directly locate the
position of patient-derived variants and to derive a
structure—activity-relationship for those variants in
human tRNA modifying enzymes.

Available structures of individual
human tRNA modifying enzymes

In this section, we highlight the available
structures of individual human tRNA modifying
enzymes obtained in the absence of substrate
tRNAs (Figure 1 and Table 1).

Dihydrouridine synthase 2 (DUS2)

Human DUS2 is involved in the reduction of Usq to
form dihydrouridine (Ds) in multiple human tRNAs.
The crystal structures of the catalytic and tRNA-
binding domains have been solved separately.
Both protein constructs have been cloned into the
pEFX-04 vector and expressed in Escherichia coli
(E. coli) BL21 (DE3) Star Codon Plus cells. The
catalytic construct (residues 1-340) has been
purified by immobilized metal affinity
chromatography (IMAC) and size exclusion
chromatography. The crystal structure was solved
at a resolution of 1.9 A and shows the catalytic
TIM-barrel, the 5-helix bundle, the 3-stranded f-
sheet insertion, and a flavin mononucleotide
(FMN) cofactor bound in the active site in
proximity of the catalytic cysteine residue
(Cys116) (PDB ID 4XP7, Figure 1A).>° The sepa-
rately produced double stranded RNA binding
domain (dsRBD) fragment (residues A347-451)
also binds tRNAs by itself.*° The expressed human
protein is monomeric (~37 kDa) and has been
shown to be active in dihydrouridylation assays
in vitro.*" High levels of human DUS2 have been
linked to non-small cell lung cancer (NSCLC),
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Figure 1. A gallery of structures of the individual human tRNA modification enzymes. Structural models
determined by X-ray crystallography are shown in cartoon representation. Next to each model representative
examples of chemical modifications introduced into nucleobases are displayed and the modifications are marked in
red. The bound ions are depicted in blue (CI) for PUS10 and TRMT2A, yellow (Zn®**) for PUS10, ADAT2 and
ALKBHS, green (Mg?*) for TYWS5, light green (Mn2*) for ALKBH1 and ALKBH8. The other subunits of homodimers are
colored in light pink (ADAT2, TYW5, TRMT2A, TARBP1). (A) DUS2 (PDB ID 4XP7), (B) PUS1 (PDB ID 4I1QM), (C)
RPUSD1 (PDB ID 5VBB), (D) PUS4 (PDB ID 8JFX), (E) PUS7 (PDB ID 5KKP), (F) PUS10 (PDB ID 2V9K), (G)
ADAT2 (PDB ID 3DH1), (H) ALKBH1 (PDB ID 6 IE3), (I) ALKBH8 (PDB ID 3THP), (J) TYW5 (PDB ID 3AL5), (K)
TRDMT1 (PDB ID 1G55), (L) TRMT2A (PDB ID 7NTO), (M) TARBP1 (PDB ID 2HA8), (N) BCDIN3D (PDB ID 6L8U).

contributing to worse disease progression and
prognosis.

Pseudouridine Synthase 1 (PUS1)

Human PUS1 converts specific uridine residues
into pseudouridine (¥) in several non-coding
RNAS, inClUding tRNAs (at Uge, U27, Ugg, U30, U34,
or Ugy), as well as U2 spliceosomal RNA and

steroid receptor activator RNA. Pseudouridylation,
which does not require any cofactors, increases
stability of the tertiary structure of RNA to ensure
the accurate and efficient translation.*® The genetic
construct expressing residues 79-408 of PUS1 has
been cloned into the pET47 vector and expressed in
the BL21 (DES3) strain of E. coli. The recombinant
protein was purified by IMAC, human Rhinovirus
(HRV) 3C protease cleavage and size exclusion



Table 1 Summary of available structures of human tRNA modifying enzymes.

Enzyme Name tRNA Modification Structure PDB IDs Highest Expression host Construct
modification site determination available
technique resolution
(Al
DUS2 Uso D X-ray 4XP7, 4WFS 1.9 E. coli BL21 (DE3) Star 1-340
Codon Plus
PUS1 Use, Uz7, Ugg, v X-ray 41QM, 4ITS, 4J37 1.8 E. coli BL21(DES3) 79-408
U30| U34| U67
RPUSD1 U20b, U31, U32, v X-ray 5VBB 1.9 E. coli 1-261
€11-14, Uso, U7z
PUS4 Uss ¥ X-ray 8JFX 2.2 E. coli Rosetta (DE3) 58-318
PUS7 Ug, Uqz, Uss b d X-ray 5KKP 2.3 E. coli BL21(DE3)-V3R- 99-661
pRARE2
PUS10 Usa, Uss ¥ X-ray 2V9K 2.0 S. frugiperda 1-529
Sf-9 AB3-75
ADAT2 Azs | X-ray 3DH1 2.8 E. colBL21 1-191
(DES3)
ALKBH1 m>Caq hm?®C, f°C X-ray 6 IE3 2.0 E. coli BL21(DE3) 1-389
ALKBH8 cm®Us, mcm°C X-ray 3THP 3.2 E. coli B834(DES3) 25-354
TYW5 yW-725; OHyW-72 X-ray 3AL5 25 E. coli C41(DES3) 1-311
TRDMTA1 Cag m°C X-ray 1G55 1.8 E. coli McrBC-deficient 1-391
strain ER2488 A191-237
TRMT2A Usg m°U X-ray 7NTO, 7NTN 1.2 E. coli Rosetta 69-147
TARBP1 Gis Gm X-ray 2HA8 1.6 E. coliBL21 (DE3) Codon  1438-1621
Plus RIL
BCDIN3D G4 mpG X-ray 6L8U 2.9 E. coli BL21 (DE3) 14-284
A92-99
TGT (QTRT1/2) complex Gag Q cryo-EM 80OMR 3.3 E. coli BL21 (DE3) Full-length
PUS3 Usg, Usg v cryo-EM 9F9Q, 80KD, 9ENB, 9ENC, 9ENE, 2.7 S. frugiperda Mutant
9ENF Sf-9 R116A
TRMT10C-SDR5C1 complex  A/Gg m'A/G cryo-EM 8CBO, 7ONU, 9EYO0, 9EY1, 9EY2, 3.2 E. coli BL21 (DE3) TRMT10C
9GCH, 8CBK, 8CBL, 8CBM, 8RR3, Rosetta/pRARE2/pRIL/ 40-403
8RR4 KRX strains
ELP123 Elongator Usq cm®U cryo-EM 8PTX, 8PTY, 8PTZ, 8PUO 29 S. frugiperda Full-length
subcomplex superSf9-3
NSUNG6 (o7 m°C X-ray 5WWR, 5WWS, 5SWWT 3.1 E. coli Rosetta Full-length
TRMT6/TRMT61A complex Asg m'A X-ray 5CCB, 5CCX, 5CD1 2.0 E. coli BL21 (DE3) Full-length
METTL1-WDR4 complex Gys m’G cryo-EM 8EGO, 8D9K, 8D9IL, 8CTH, 8CTI 3.5 E. coli Rosetta Full-length
METTL6-SerRS complex Cs2 m°C cryo-EM 8P7B, 8P7C, 8P7D 2.4 T. ni Hi-5 Fusion
construct

‘e j@ ‘sjeyeq ‘d e ‘W ‘UsisiewiswuiweH 'y

The PDB IDs of the depicted models are highlighted in bold, followed by PDB IDs of alternative structures. Abbreviations: X-ray crystallography (X-ray), Cryogenic electron microscopy (cryo-
EM), Escherichia coli (E. coli), Spodoptera frugiperda (S. frugiperda), Trichoplusia ni (T. ni).
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chromatography purification steps. The crystal
structure of human PUS1 was determined at a res-
olution of 1.8 A. PUS1 is a monomeric protein
(~38 kDa) and exhibits a catalytic C-terminus and
a central antiparallel B-sheet flanked by helices
and loops (PDB ID 4IQM, Figure 1B).*® Mitochon-
drial myopathy and sideroblastic anemia (MLASA)
have been associated with human PUS1
dysfunction.***°

RNA Pseudouridylate Synthase
Domain-Containing 1 (RPUSD1)

Human RPUSD1 is a stand-alone enzyme that
potentially modifies U20b= U31, U32, €11-14, U50 and
U,s in tRNAs. The truncated construct of the
human enzyme (residues 1-261) can be produced
in E. coli. The obtained crystal structure at 1.9 A
resolution was determined by the Structural
Genomics Consortium (SGC) showing a monomer
(~30 kDa), with substantial similarity to the core
region of other human PUS enzymes (PDB ID
5VBB, Figure 1C). It has been speculated that
human RPUSD1 represents the homologue of
yeast Pus6 or Pus9-like modification enzymes, but
it has not been confirmed experimentally, yet.*®

Pseudouridine Synthase 4 (PUS4)

Pseudouridine synthase 4 (TRUB1) modifies
tRNA at position Uss alongside TRUB2 and
PUS10 enzymes, resulting in the formation of
Wgs.*” The PUS4 crystallization construct (residues
58-318) was produced in frame with a 6xHis tag in
the Rosetta (DES3) strain of E. coli. The monomeric
human PUS4 protein (~29 kDa) was purified by
IMAC and size exclusion chromatography and
was shown to be active towards Uss/Uss-
containing tRNAs. The crystal structure of PUS4
was determined at a resolution of 2.2 A, showing
the TruB domain, which contains an extended loop
region with the stable KRKK motif utilized for RNA
recognition (PDB ID 8JFX, Figure 1D).***° Human
PUS4 can suppress cellular proliferation rates by
selective regulation of microRNA (miRNA) let-7
maturation. In detail, PUS4 was shown to bind the
stem-loop structure of pri-miRNA (pri-let-7a1) inde-
pendently of its enzymatic activity and thereby pro-
mote post-transcriptional gene silencing and
suppress cell proliferation.*®

Pseudouridine Synthase 7 (PUS7)

Human PUS?7 is a TruD family member that can
convert Ug, U3 and Uss of human tRNAs into W.
PUS7 is important for development and brain
function,®® but its overexpression can promote the
development of colorectal cancer by stabilizing

Sirtuin 1 éSIRT1) and activating the Wnt/p3-catenin
pathway.”' The crystal structure of PUS7 has been
solved at 2.3 A resolution. The truncated expres-
sion construct (residues 99-661) has been cloned
into the pET28-MHL vector and was expressed in
the BL21 (DE3)-V3R-pRARE2 strain of E. coli.
The protein was purified by IMAC, size exclusion
chromatography and hydrophobic interaction chro-
matography. The structure of PUS7 shows a
helix-turn-helix motif in the insertion C domain at
its C-terminus, which likely contributes to tRNA
binding, a catalytic aspartic acid residue (Asp294)
and a so called R3H insertion (PDB ID 5KKP,
Figure 1E).>° The purified full length protein is
monomeric with a molecular mass of ~65 kDa.
N-terminal truncated PUS7 (A1-98) protein, miss-
ing the disordered N-terminus, binds tRNA and
has similar pseudouridylation activity as the full
length protein. Purified PUS7 modifies human
tRNA”2 or a short 18-nucleotide fragment of
tRNAS"™ jn vitro, while the PUS7 (A 1-98) D294A
mutant has no catalytic activity. Moreover, the
authors describe a model of PUS7 with the docked
tRNA substrate.”® Altered enzymatic activity of
PUS7 and impaired pseudouridylation lead to
plethora of neurodevelopmental disorders. Patients
with a severe global developmental delay, epilepsy
and progressive microcephaly have been linked to
genomic variants of PUS7 gene.”*°°

Pseudouridine Synthase 10 (PUS10)

Human PUS10 catalyzes the formation of
universally conserved Ws, and Wss in tRNA.>*
Moreover, PUS10 has been shown to be important
in TRAIL-induced apoptosis. The full length con-
struct was expressed in the insect cells and purified
by IMAC and size exclusion chromatography. Lim-
ited proteolysis of full length PUS10 with Staphylo-
coccus aureus V8 protease resulted in the
removal of a short loop region (i.e. residues 63 to
75), which enabled crystallization of PUS10
AB3-75.° The crystal structure has been deter-
mined at a resolution of 2 A. The structure of mono-
meric PUS10 (~61 kDa) shows a crescent-shaped
molecule with two domains — the universally con-
served catalytic PUS domain and a THUMP-
containing domain, which is unique to the PUS10
family (PDB ID 2V9K, Figure 1F). The N-terminal
RNA binding accessory domain (Met1-His285
AB3-75) contains four conserved cysteine residues,
which coordinate a zinc ion (Zn®*). The active site
resides in a deep pocket of a basic cleft, adjacent
to a flexible thumb and forefinger loops of the C-
terminal catalytic domain (Gly286—Asp528).
PUS10 with its tRNA substrate has been modelled
with the flipped out W55 protruding into the active
site of the enzgme, near the putative catalytic
Asp344 residue.”® PUS10 mutations are linked to
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autoimmune diseases (celiac disease, ulcerative
colitis) and intellectual disabilities in humans.*®°

Adenosine Deaminase Acting on tRNA
2 (ADAT2)

The adenosine-34-to-inosine deamination
complex is formed by ADAT2 and ADATS3. It acts
as a prerequisite for TRDMT1/DNMT2 recognition,
which is linked to plethora of human cancers.®’
ADAT2 presents the ASL and complements the
active site of ADAT3. The crystal structure of
human tRNA-specific adenosine-34 deaminase
subunit ADAT2 has been obtained at a resolution
of 2.8 A (PDB ID 3DH1, Figure 1G). The protein
construct (residues 1-191) was expressed in bacte-
ria, followed by IMAC, HRV-3C protease cleavage,
ion exchange and size exclusion chromatography
purification steps.®®© ADAT2 forms a homodimer
with a mass of ~86 kDa and binds Zn?* as a cofac-
tor. The activity of the ADAT2 alone was not tested,
but yeast and mouse ADAT complexes were shown
to be active in vitro.°® The ADAT2/ADAT3 complex
is key for proper cortical development. Thus, any
disturbances in its function cause neurodevelop-
mental disorders, including intellectual disability
and microcephaly.®'%2

AIkB Homolog 1 (ALKBH1)

ALKBH1 is an iron- (Fe?*) and o-ketoglutarate-
dependent dioxygenase. The human enzyme was
reported to repair DNA by demethylating the AP-
methyladenine (m®A) modification on DNA, but it
is also involved in the biogenesis of 5-hydroxyme
thyl-2-O-methylcytidine (hm°Cm) and 5-formyl-2-
O-methylcytidine (°Cm) at position 34 in the
anticodon of cytoplasmic and mitochondrial
tRNAs.®® A soluble construct (containing residues
1-389) can be expressed in the E. coli cells. The
human ALKBH1 protein was purified by IMAC, fol-
lowed by Tobacco Etch Virus (TEV) protease cleav-
age and size exclusion chromatography. The
purified protein is a monomer of ~44 kDa and the
crystal structure has been solved at 2 A resolution
(PDB ID 6IE3, Figure 1H). In comparison to other
AlkB domain containing proteins, the structure of
the Nucleotide Recognition Lid (NRL) of human
ALKBH1 has several unique structural features,
including a larger binding pocket over the central
catalytic core that coordinates a manganese ion
(Mn®*) and an a-ketoglutarate (a-KG). Human
ALKBH1 is active in demethylation assays in vitro.®*
ALKBH1 promotes tumorigenesis through depletion
of DNA methylation levels in the genome and is a
target for an anti-cancer drugs.®>®°

AlkB Homolog 8 (ALKBHS8)

Human ALKBH8 methylates 5-carboxymethyl-
uridine (cm°U) and 5-carboxylmethyl-2-thiouridine

(cm°s®U) at the wobble position in the ASL of
several tRNAs. Furthermore, it catalyzes the
hydroxylation of the methylated 5-
methoxycarbonylmethyluridine (mcm®Us,) to form
5-methoxycarbonyl-1-hydroxymethyluridine
(mchm®Us,) in tRNASY..S” This final step in a rather
complex tRNA modification cascade also requires
the small accessory protein TRM112.°% The crystal
structure of the ALKBH8 RNA Recognition Motif
(RRM) and AIkB domain was solved at a resolution
of 3.2 A. The crystallization construct (residues 25—
354) with a 6xHis tag and TEV protease cleavage
site was expressed in the B834 (DE3) strain of
E. coliand purified by IMAC and size exclusion chro-
matography. The crystal structure of monomeric
ALKBHS8 (~40 kDa; PDB ID 3THP, Figure 1I) shows
that both ALKBH8 domains are connected via a
structured loop and that the AIkB domain coordinates
Zn?*, Mn®* and o-KG.®° In the presence of TRM112,
ALKBHS is active in vitro as shown by methyltrans-
ferase (MTase) activity assays.® The human
ALKBHS is linked to bladder cancer as it promotes
cancer cell growth and progression.’®”’

tRNA wybutosine-synthesizing protein
5 (TYWS5)

TYWS5, the tRNA yW-synthesizing enzyme 5,
forms hydroxywybutosine (OHXW) on Gz; by
carbon hydroxylation, using Fe(*") ion and o-KG
as cofactors. The homodimeric TYW5 (~156 kDa)
was obtained after overexpression in the C41
(DE3) strain of E. coli. The recombinant protein
was purified by IMAC, hydrophobic interaction and
size exclusion chromatography steps. Expressing
residues 1-311 of the human protein allowed
crystallization and collection of diffraction data at
2.5 A resolution, which revealed a novel JmjC
(Jumonji C) domain fold (PDB ID 3ALS5,
Figure 1J).”* The active site is positioned in the cen-
ter of a B-jellyroll fold, a hallmark of the JmjC
domains and other Fe(**)/ a-KG-dependent oxyge-
nases. TYWS5 was crystallized with Mg?* and o-KG
or a nickel ion (Ni?*) as cofactors. The homodimer is
formed through a C-terminal helix bundle and pos-
sess hydroxylation activity in vitro.”? JmjC proteins
are implicated in breast cancer tumorigenesis, cir-
cadian rhythm regulation, embryological develop-
ment and osteoclastogenesis.””

tRNA Aspartic Acid Methyltransferase
1 (TRDMT1)

TRDMT1 (or DNMTZ2) catalyzes the formation of
5-methylcytosine at position 38 (m°Cgsg) in the
anticodon loop of tRNAs — similarly to DNA
cytosine-5-MTases.”® The human glutathione-S-
transferase (GST)-tagged protein lacking residues
191-237 (DNMT2A47) was expressed in the
McrBC-deficient ER2488 strain of E. coli and
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purified using a glutathione column, followed by
thrombin cleavage and ion exchange chromatogra-
phy (IEX) steps.”* Purified DNMT2A47 elutes as a
monomer with a mass of ~40 kDa that forms crys-
tals in presence of S-Adenosyl-L-homocysteine
(SAH) (PDB ID 1G55, Figure 1K), which diffracted
to a resolution of 1.8 A. The MTase activity was
absent in the DNMT2A47 variant and very low for
the purified full-length protein with DNA as a sub-
strate.”*”® However, TRDMT1 metha/lates the C5
atom of Cgg in tRNAGH: and tRNAZY: using Gas
as a discriminatory element. It further methylates
tRNAXAc and requires a priming Ag,-to-ls, modifica-
tion introduced by the ADAT2/ADAT3 complex.”®
The structure revealed sequence motifs that are con-
served among m>C MTases, including the consen-
sus S-Adenosyl-L-methionine (SAM)-binding motif
and a Pro-Cys dipeptide in the active site. DNMT2
has been reported to be related to human diseases,
such as intellectual disability, gastric cancer, male
infertility, and metabolic disorders.%"®

tRNA methyltransferase 2 homolog A
(TRMT2A)

TRMT2A catalyzes the m°U modification at
position 54 and its depletion reduces translation
fidelity.”” The human enzyme was obtained by
expressing the SUMO-tagged construct in the
Rosetta strain of E. coli. The recombinant protein
was purified by IMAC, HRV-3C protease cleavage
and size exclusion chromatography purification
steps.”” The expressed RNA binding domain
(RBD) of TRMT2A forms a homodimer (~10 kDa)
without any bound cofactors (PDB ID 7NTO, Fig-
ure 1L). The crystal structure was determined at
1.2 A resolution and revealed four anti-parallel p-
strands and two a-helices that are packed against
each other. The full-length protein, produced in
insect cells, did not crystallized, but had MTase
activity towards tRNA but not rRNA in
luminescence-based MTase assays. Moreover, a
TRMT2A—tRNAP" AlphaFold model was experi-
mentally validated by cross-linking mass spectrom-
etry analyses, using full length TRMT2A and in vitro
transcribed tRNA®™.”” TRMT2A is associated with
aggressive breast cancer with poor prognosis in
patients with HER2 overexpression that are at an
increased risk of tumor recurrence.”®

TAR (HIV-1) RNA binding protein 1
(TARBP1)

Regulation of the HIV-1 (human
immunodeficiency virus type-1) gene expression
requires two regulatory elements: the ftrans-
activator protein Tat and the transactivation-
responsive region (TAR) downstream of the HIV-1
transcriptional initiation site.”” TAR RNA forms a
stable loop that binds RNA-binding proteins, like

TARBP1, to regulate HIV replication. However,
TARBP1 is also known to methylate the 2'-O-
ribose moiety of G5 in some tRNAs. The expressed
domain of human TARBP1 (residues 1438-1621)
was cloned into the pET28a-LIC vector and
expressed in the BL21 (DE3) Codon Plus RIL strain
of E. colistrain.®° The recombinant protein was puri-
fied via IMAC, followed by size exclusion chro-
matography, His-tag removal by thrombin
cleavage and by IEX steps. The crystal structure
of the MTase domain of human TARBP1 has been
solved at a resolution of 1.6 A (PDB ID 2HAS,
Figure 1M). The MTase domain of TARBP1 forms
a homodimer (~41 kDa) with two monomers in
almost perpendicular arrangement. The catalytic
core domain consists of six parallel B-strands
packed between two layers of a-helices — forming
a typical Rossmann fold with the C-terminus con-
taining an unusual knot by threading the B6 strand
through the B4— B5 loop. TARBP1 binds SAH in
the pocket of two loops in the knotted region.®’ In
vitro and in vivo Gmig MTase activity has been
experimentally confirmed for tRNAS!g and tRNAS®"
uaa.22 TARBP1 overexpression in NSCLC is associ-
ated with lung cancer, but it has also been linked to
skin and liver cancer types and may be a prognostic
marker.%> %4

BCDIN3 domain containing RNA
methyltransferase (BCDIN3D)

The bicoid interacting 3 domain containing RNA
methyltransferase (BCDIN3D), is an evolutionarily
conserved member of the Bin3 methyltransferase
family. The human cytoplasmic tRNAMS-specific
5'-monomethylphosphate capping enzyme uses
SAM as a methyl group donor.?® A truncated con-
struct (residue 14-284 with a loop deletion A92—
99aa), was cloned into the pET-15b vector,
expressed in the BL21 (DE3) strain of E. coli and
purified by IMAC, heparin affinity and size exclusion
chromatography steps (PDB ID 6L8U, Figure 1N).%°
The crystal structure of this BCDIN3D construct
was solved at a resolution of 2.9 A. The human
BCDIN3D possess a classical Rossmann-fold, typ-
ical for MTases with the parallel B-sheet containing
a topological switch in the center. The core of the
structure is homologous to other human methyl-
transferases (MePCE, METTL16, NSUNS,
TRMT61A and DNMT1).% It consists of seven B-
strands (B1—p7) and six a-helices (a1—-a6), and the
B-strands form an extended B-sheet with the a-
helices sandwiching both sides of the p-sheet (like
MePCE, bound to SAH and RNAs). An in vitro
methylation assay confirmed that the crystallized
protein construct has 25% activity in comparison
to the purified full-length/wild type BCDIN3D pro-
tein. The protein crystallized as a ~25 kDa mono-
mer and a model with the docked tRNA has been
calculated.®> Of note, BCDIN3D overexpression is
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associated with a tumorigenic g)henotype and poor
prognosis in breast cancer.?”®

Structures of human tRNA modifying
enzymes in complex with tRNAs

In the second section, we would like to highlight
those human tRNA modifying enzymes that have
been structurally characterized in complex with
substrate tRNAs (Figure 2, Figure 3 and Table 1).
Not surprisingly single particle cryogenic electron
microscopy (cryo-EM) is the dominating method of
choice for the structure determination of these
complex and highly dynamic assemblies.

tRNA guanine transglycosylase (TGT)
complex

The human TGT complex is build up by two
subunits, namely queuine tRNA-ribosyltransferase
subunit 1 (QTRT1) and QTRT2. QTRT1 is the
catalytically active subunit and it forms a
heterodimer with QTRT2, which acts as an
accessory subunit.®**°" The QTRT1/QTRT2 com-
plex is responsible for the incorporation of queuine
into the wobble Eosition 34 of four tRNAs, namely
tRNASY, tRNAGS:, tRNAZSs and tRNAX(,, that
contain a GUN anticodon (where N can be any nucle-
obase).®?°? Queuosine (Qs4) modified tRNA*P and
tRNA"™Y" can further be glycosylated by QTMAN,
which adds mannose to Qa4 in tRNA”SP and forms
mannosyl-Q (manQz4) and QTGAL which attaches
galactose to Qgz, in tRNA™" forming galactosyl-Q
(galQs,).?” Eukaryotes cannot synthesize queuine
de novo and rely on salvaging it from diet and/or
the gut microbiome.”® QTRT1/QTRT2 binds queuine
and its target tRNA, followed by excising G4 and the
formation of a covalent intermediate between the cat-
alytic aspartate in QTRT1 and the abasic ribose. This
intermediate is resolved through the formation of an
N-glycosidic bond between queuine and the ribose
34 generating queuosine.’* The structure of the
human QTRT1/QTRT2 complex bound to Zn?*
in vitro-transcribed tRNA*? and 9-deazaguanine,
an inhibitory analog of guanine, which stabilizes the
intermediate state, was solved at an overall resolu-
tion of 2.9 A using cryo-EM (PDB ID 80MR; Fig-
ure 2A).°°> Human QTRT1, with an N-terminal 6xHis
tag and HRV-3C protease cleavage site, and
QTRT2 were cloned into a bacterial pCDF Duet1
co-expression vector and transformed into the
E. coli BL21 (DE3) strain. The expressed proteins
were subjected to IMAC purification, tag removal by
protease cleavage and size exclusion chromatogra-
phy.”> The QTRT1/QTRT2 complex was reconsti-
tuted with in vitro-transcribed tRNA”SP and an
excess of 9-deazaguanine. After an incubation of
20 h onice, the reconstituted complex was subjected
to an additional size exclusion chromatography step
before preparation of cryo-EM grids.”> The overall

structure of the QTRT1/QTRT2 complex resembles
a previously determined crystal structure of the com-
plex bound to an anticodon stem loop hairpin.®°
QTRT1 and QTRT2 both harbor a central (/o)g bar-
rel with insertions and a zinc binding domain, which
are characteristic for the TGT protein family.5%°
Both proteins dimerize mainly through their zinc bind-
ing domains.®? The tRNA lies on top of the complex,
with the elbow region pointing away from it. QTRT2
binds the tRNA core via three binding motifs, an
B3BE turn together with the N-terminal half of a4 helix
bind to the 3 strand of the acceptor stem and an
BEBF sheet interacts with the base of the D-arm.”®
The anticodon stem loop is distorted and bound in
the active site of QTRT1 in a similar manner to the
crystal structure.®?°° The abasic ribose 34 is in prox-
imity of the catalytic aspartate and 9-
deazaguanine.’® It was shown that patients with
ovarian and lung cancer had reduced Qa4-
modification levels and a poor survival prognosis.”
Other studies observed that higher expression of
QTRT1 is favorable prognostic marker for cervical
cancer, but an unfavorable one for renal cancer.
Loss of or hypomodification of Qz4 have been also
linked to reduced mRNA translation in mitochondria
during oxidative stress and dysregulation of aerobic
respiration, which can promote cancer
proliferation.”®¥”

Pseudouridine Synthase 3 (PUS3)

In humans, the pseudouridylation of tRNA at
positions 38 and 39 is facilitated by the
pseudouridine synthase 3 (PUS3).94%° The struc-
tures of mutant PUS3 variants in the apo (PDB ID
9F9Q) and tRNA-bound states (PDB ID 8OKD,
9ENC and 9ENB with tRNA®"; PDB ID 9ENE with
tRNA%Y; PDB ID 9ENF with pre-tRNA%9) were
solved by cryo—EM. PUS3 R116A bound to two
tRNAC" molecules was solved at an overall resolu-
tion of 2.7 A (PDB ID 9ENB, Figure 2B). For the
expression of full-length PUS3 (~55 kDa) in Sf9
insect cells, a pFastBac backbone was used, which
included an additional GST-tag at the N-terminus.
Purification was performed using affinity chro-
matography with a glutathione column, followed by
a final size exclusion chromatography polishing
step. The analytical gel filtration profiles for both
the wild type and catalytic mutants, namely R116A
and D118A, showed the formation of stable homod-
imers. PUS3 contains a conserved PUS domain,
which is flanked by eukaryotic-specific extensions
at the N- and C-terminus. Moreover, the solved
structure revealed a distinct interface for the PUS3
homodimer, exhibiting an antiparallel coiled coil
interaction to stabilize the PUS3 monomers via con-
served residues at the C-terminus (338-369) in
both, apo and tRNA bound structures. The tRNA
bound models revealed that both of the bound
tRNAs contact each of the PUS3 monomer — one
contact is made at the elbow region (D- and T-
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arm) and one at the ASL regions, which positioned
the modified Usg/Usg in close proximity of the PUS3
active site.’°® The modification plays a significant
role in tRNA stability and function. Mutations asso-
ciated with PUS3 have been extensively studied
and are implicated in the neurodevelopmental disor-
ders, like intellectual disability.'?":102:38:99

Mitochondrial TRMT10C/SDR5C1
complex

The human m'Ry (R = purine) tRNA
methyltransferase 10 (TRMT10) family consists of

A
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TRMT10C-SDR5C1-pre-tRNA"®

3 members, namely TRMT10A, TRMT10B and
TRMT10C."% All three enzymes are part of the
SPOUT MTase superfamily and utilize SAM as a
methyl-group donor.'® TRMT10A specifically
methylates N1 of G? in a subset of nucleo-
cytoplasmatic tRNAs, °>'% whereas TRMT10B
selectively methylates N1 of Ag of nuclear encoded
tRNASH:. %% 1% |t is currently not known whether
TRMT10A or TRMT10B act as a standalone MTase
or require a partner protein for their target specificity
in vivo.'®® Mitochondrial TRMT10C in complex with
four short-chain dehydrogenase/reductase 5C1
(SDR5C1) subunits serves as a tRNA-binding

ELP123-tRNA®"

Figure 2. Structures of human tRNA modifying protein complexes. Representative structures of human tRNA
modifiers in complex with their target tRNAs, solved by cryo-EM are shown. A clover leaf representation of the tRNA is
shown in the center, specific regions are colored as follows: acceptor arm (light green), D-arm (light blue), anticodon
arm (light pink), variable arm (grey), T-arm (yellow) and 3'CCA tail (light grey). The catalytic subunits are colored in
soft pink and the accessory subunits are colored in sky blue and yellow. All bound tRNAs are colored according to the
clover leaf model and modification sites are highlighted in cyan. Chemical structures of modified nucleosides are
displayed next to the complex and the modification is highlighted in red. (A) QTRT1-QTRT2-tRNA”? (PDB ID 8OMR),
(B) PUS3g116a-tRNASM (PDB ID 9ENB), (C) TRMT1049.405-SDR5C1-pre-tRNA"® (PDB ID 8CBO), (D) ELP123-

tRNAS" (PDB ID 8PTX).
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METTL1-WDR4-tRNAYs

METTL6-SerRS-tRNASe"

Figure 3. Models of cytosolic human tRNA methyltransferase complexes. Representative structural models of
tRNA bound methyltransferases solved by cryo-EM or crystallography are displayed. Bound tRNAs and modified
bases are colored as described in Figure 2. The color scheme for the protein complexes is soft pink for catalytic
subunits and sky blue for the partner subunit. In case of TRMT6-TMT61A and METTL6-SerRS one dimer is colored
as described previously and the second dimer is colored in a darker shade, to visualize the tRNA binding mode of the
hetero tetrameric protein complexes (see text). The chemical structure of the modified nucleoside and the position are
shown next to the model, the added methyl-moiety is highlighted in red. (A) NSUN6-tRNA®Y® (PDB ID 5WWR), (B)
TRMT6-TRMT61A-tRNA™S® (PDB ID 5CCB), (C) METTL1-WDR4-tRNA™S (PDB ID 8EGO), (D) METLL6-SerRS-

tRNAS®" (PDB ID 8P7B).

platform for the sequential mitochondrial tRNA (mt-
tRNA) maturation process, by 5'- and 3'-processing
of pre-tRNA by RNase P (PRORP) and RNase Z
(ELAC2) as well as the subsequent 3'-CCA addition
by TRNT1.'9"""% Of note, the crystal structure of
bacterially expressed TRNT1 by itself was deter-
mined at 1.9 A resolution. The structure reveals a
four-domain architecture (head, neck, body, tail) with
a cluster of conserved residues forming a positively
charged cleft between the first two domains.""" Stud-
ies have demonstrated that unlike the highly specific
TRMT10A and TRMT10B enzymes, TRMT10C
shows dual specificity and methg/lates N1 of position
9in 19 out of 22 mt-tRNAs. %% Methylation of this
position in tRNA blocks a potential Watson-Crick
pairing and Erevents a misfolding of tRNA, as shown
for mt-tRNA-YS, where the unmodified tRNA forms an
alternative, non-functional extended stem-loop struc-
ture.'"®""® Of note, TRMT10C requires the presence
of the partner protein SDRC51C for efficient tRNA
methylation activity.'®® Recently, several groups
have determined structures of the human mt-tRNA
maturation machinery using single particle cryo-EM
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(PDB IDs 70NU, 9EYO, 9GCH, 8CBK, 8CBL,
8CBM, 8RR3).'%% 19114 |n the appreciation of other
review articles, we focus here only on the MTase
subcomplex consisting of only TRMT10C and
SDRC51C (PDB ID 8CBO). All groups have followed
a similar expression and purification approach.
TRMT10C lacking the first 40 amino acids (contain-
ing the mitochondrial targeting sequence) was
cloned in-frame after a 6xHis tag and TEV protease
cleavage site in a bacterial expression vector. To
co-express the subcomplex, full length SDRC51C
was cloned after TRMT10C and spaced with a
ribosome-bindin% site to create a polycistronic trans-
lation cassette. 3198119115 The subcomplex was
expressed in E. coli BL21 (DE3) derived strains
(e.g. Rosetta) or carrying a plasmid with rare tRNAs
ge.g. pRARE2, pRIL) or in the E. coli KRX strain.'®®"
9" Proteins were purified by IMAC, IEX, heparin
chromatography, removal of the tag by TEV cleav-
age and size exclusion chromatography. Cryo-EM
sample preparation for the pre-tRNA bound
TRMT10C-SDRC51C complex, was achieved by
reconstitution of the co-purified subcomplex with
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in vitro transcribed pre-tRNA and the cofactors SAH
and nicotinamide adenine dinucleotide (NADH),
before vitrification.'°® The group solved the structure
of the pre-tRNA bound complex at an overall resolu-
tion of 3.2 A (PDB ID 8CBO, Figure 2C)."°® Four
SDRC51C subunits form a flat symmetric tetramer
that serves as a platform for up to two TRMT10C
copies. Both TRMT10C molecules are bound to
pre-tRNA and are located on opposing sides of the
tetramer, forming a hexameric protein complex of
~195 kDa.''® TRMT10C is comprised of an N-
terminal domain (NTD), an adaptor region and a
MTase domain. Whereas SDR5C1 consists only of
a dehydrogenase domain. TRMT10C binds at the
top of the SDR51C tetramer via its adaptor region
and the C-terminal part of its MTase domain.'%¢""°
tRNA binding by the subcomplex is achieved mainly
through TRMT10C and both domains are involved.
TRMT10C forms an extensive interaction with the
tRNA, the NTD binds to the tRNA on the opposite
side of the MTase domain and interacts with the vari-
able loop and the D- and T-arm. The adapter region
loops around the ASL and stabilizes it together with
SDR5C1. The MTase domain of TRMT10C forms
interactions with the D- and the anticodon-arms.
The acceptor stem of the pre-tRNA lies on top of
the MTase domain and is accessible to the tRNA
maturation machinery.’®®''° The SAM or SAH
bound active site of TRMT10C points towards the
substrate base, which is flipped in and the N1-Rq
position is in proximity of the bound cofactor.'% "¢
Defects in the mitochondrial MTase subcomplex
can lead to several mitochondrial dysfunctions, as it
can affect the mt-tRNA maturation machinery. Muta-
tions in TRMT10C and SDR5C1 are associated
among others with cardiomyopathy, intellectual dis-
abilities, neurodegeneration, microcephaly and lactic
acidosis.>” We recommend an excellent review that
summarizes the recent progress in understanding
the structure and function of the complex.’'®

ELP123 subcomplex of Elongator

Elongator is a highly conserved dodecameric
complex, consisting of two copies of each of the
six Elongator proteins (ELP1-ELP6) that form two
discrete subcomplexes, termed ELP123 and
ELP456, respectively."'”""® The ELP123 subcom-
plex is catalytic active and the hexameric ring-
shaped ELP456 subcomplex appears to fulfill only
a regulatory function."'?"?° Elongator introduces a
priming 5-carboxymethyl (cm®) group at wobble
uridines (Ua4) in the anticodon of 13 different cyto-
plasmatic tRNAs in humans."'”'?" The ELP3 sub-
unit catalyzes this reaction in a SAM and acetéll
coenzyme A (acetyl-CoA) dependent manner.'=*
This pivotal cm®Us, modification, serves as a start-
ing point for other enzymes that further modify the
cm®U to mem®U, mchm®U, 5-methoxycarbonylme
thyl-2-thiouridine (mcm?®s2U), 5-methoxycarbonyl
methyl-2'-O-methyluridine (mem®Um), 5-
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carbamoylmethyluridine (ncm®U) or
carbamoylmethyl-2'-O-methyluridine (ncm®-
Um).""""2" Our group recently solved the cryo-EM
structure of the human ELP123 subcomplex bound
to in vitro-transcribed tRNA®", acetyl-CoA and the
SAM cleavage products 5-deoxyadenosyl (5'-dA)
and methionine at an overall resolution of 2.9 A
(PDB ID 8PTX; Figure 2D).""” The codon optimized
open reading frames of ELP1, ELP2 and ELP3
(tagged with a C-terminal Twin-Strep sequence)
were clone into a pBlG1a vector using Gibson
assembly. The proteins were expressed in
superSf9-3 insect cells, purified via a streptavidin-
based column, followed by heparin chromatography
and size exclusion chromatography steps. The
ELP123 complex was incubated with in vitro tran-
scribed tRNA®" in presence of acetyl-CoA and
SAM, and vitrified."'” The human ELP123 subcom-
plex of ~610 kDa resembles the 2-lobed structure
of previously solved eukaryotic Elp123 complexes,
from yeast and mouse."'”'?° Each lobe consists
of one ELP1, ELP2 and ELP3 subunit bound to
one tRNA. ELP1 serves as a scaffold for the other
subunits, it dimerizes at its C-terminus and forms
an arch-like structure. The two N-terminal WD40
domains of ELP1 and both WD40 domains of
ELP2 clamp the ELP3 subunit between each
other.""” ELP3 possesses two functional domains,
an N-terminal radical SAM (rSAM) with an iron-
sulfur cluster and a C-terminal lysine acetyltrans-
ferase (KAT) domain."'” tRNA binding by the
ELP123 subcomplex is achieved through ELP1
and ELP3. ELP3 binds and distorts the ASL in its
central catalytic cleft, where Usz and Uz, are flipped
out of the anticodon loop. Us3 is pointing towards
the bound acetyl-CoA in the KAT domain and Uz,
is in proximity of the iron-sulfur cluster of the rSAM
domain. The non-conserved N-terminal extension
of ELP3, consisting of three helix bundle, contacts
the tRNA anticodon arm with the first two helices
and the third helix stabilizes the deformed anticodon
loop. ELP1 contacts the tRNA elbow region via a
stretch of basic residues in the C-terminal tetratri-
copeptide domain."'” It was shown that ELP3's
acetyl-CoA hydrolysis activity is only triggered in
presence of its target tRNAs, but not by previously
suspected histone peptides. Furthermore, Uass is
not only positioned in the center of ELP3, but it is
also essential for acetyl-CoA hydrolysis in vitro
and in vivo. However, the cm®Us, modification could
not be reconstituted in vitro, yet."'”'?° Several
human diseases are linked to mutations in the Elon-
gator complex, including neurodegenerative disor-
ders and different forms of cancer.'?®

Nucleolar S-phase Ubiquitin-like 6
(NSUNSG)

The human MTase NSUN6 catalyzes the m°C
modification in tRNAs at position 72 (C;»), which
is located at the 3’ end of the tRNA acceptor
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stem. NSUNBG facilitates the modification of specific
iso-acceptors, namely tRNA®YS and tRNAT™.">* The
crystal structure of apo (PDB ID 5WWQ) and
tRNA®Y* bound (PDB ID 5WWT) were solved at
2.8 A and 3.2 A respectively. In addition, two more
tRNASY® bound structures were solved in the pres-
ence of the methyl group donor SAM (PDB ID
5WWS) and its inhibiting analog, sinefungin (SFG;
PDB ID 5WWR; Figure 3A) at 3.3 A and 3.1 A
respectively.'>> A pET22b vector backbone con-
taining a 6xHis tag at the C-terminus was utilized
for the expression of NSUN6 (~52 kDa) in the
Rosetta strain of E. coli cells. Purification of the
expressed protein was achieved through IMAC, fol-
lowed by a final polishing step using size exclusion
chromatography.'#® Structurally, NSUN6 encom-
passes a non-conserved N-terminal extension com-
prising three alpha-helices and a ~60-residue
RRM. Its catalytic core features a canonical MTase
domain that is homologous to other members of the
RNA:m>C MTase family. The family shares a Ross-
mann fold, spanning approximately 250 residues,
along with a ~90-residue pseudouridine synthase
and archaeosine transglycosylase (PUA) domain
insertion connected by two linkers. The binding of
tRNA to NSUNG6 does not alter the arrangement of
the MTase and PUA domains, while engaging tRNA
primarily through its acceptor- and D-arms. How-
ever, the acceptor arm of tRNA undergoes signifi-
cant conformational changes upon binding. The
bases from U,4-U;¢ form a U-turn to expose the
base of C-, for its modification while simultaneously
engaging with the diverse domains of the NSUN6
protein. Interestingly, the structural integrity
remains largely unaffected by the presence of addi-
tional ligands, such as SAM and SFG in the pres-
ence of tRNA."*®> NSUN6 has been reported to
methylate Hippo/MST1 while activating YAP1 in
the downstream pathway, which constitutes a major
regulator for bone metastasis, making it as an
excellent therapeutic target against aggressive
tumors.'?> 127

TRMT6/TRMT61A complex

The cytosolic m'Asg methyltransferase complex
consists of the smaller catalytic subunit TRMT61A
and the larger RNA-binding module TRMT6. Both
subunits form a heterodimer which assemble
further into a hetero-tetramer.’”® TRMT6 and
TRMT61A share a similar structure with an N-
terminal B-sheet domain, which is connected via a
flexible linker region to a C-terminal domain with a
typical Rossmann-fold.'?® The complex needs to
recognize multiple substrates as it is responsible
for catalyzing the m'Asg modification in nearly all
human tRNAs, using SAM as a methyl donor.**'#°
The crystal structure of TRMT6-TRMT61A in com-
plex with in vitro transcribed tRNA"*® and SAH
was obtained at a 2.0 A resolution (PDB ID 5CCB;
Figure 3B)."*®* TRMT6 with a C-terminal HRV-3C
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protease cleavage site and a 6xHis tag was co-
overexpressed with TRMT61A in bacteria. Subse-
quently, the complex was purified via IMAC, fol-
lowed by tag cleavage with HRV-3C protease and
size exclusion chromatography.'“® Each heterodi-
mer, in the tetrameric complex, forms a L-shaped
positively charged surface that accommodates
one tRNA molecule. tRNA binding is achieved by
TRMT61A from the first heterodimer and TRMT6
from the second heterodimer and vice versa.'*®
The complex deforms the elbow region of the tRNA,
by opening the base pairing between Ggand Ggin
the D-loop and Usg and Csg in the T-loop, to expose
Ass.'?® This distortions position Asg in proximity of
the SAH-bound active site of TRMT61A. The anti-
codon arm is stabilized by loop regions in the CTD
of TRMT6 and the acceptor stem is bound by the
NTD of TRMT61A."?® In humans, higher expression
levels of TRMT6 and TRMT61A and elevated
m'Asg methylation activity are linked to urothelial
carcinoma of the bladder and hepatocellular
carcinomas. %% "%

Methyltransferase-like protein 1/WDR4
complex

The Methyltransferase-like protein 1 (METTL1) —
WD Repeat Domain 4 (WDR4) complex methylates
the N7 position of G4¢ in the variable loop of various
human tRNAs.>'®> METTL1 is the catalytical sub-
unit and consists of an N-terminal tail, followed by
the catalytic core domain with a Rossmann-like fold,
typical for class | MTases.'**"** WDR4 is the
accessory subunit that serves as a scaffold for
tRNA and METTL1 and consists of seven WD40
repeats that adopt a 7-bladed B-Eropeller structure
with a C-terminal helix.">*"3* m’G,g introduces a
positive charge in the variable loop that facilitates
the triple base pairing with C;3 and Gy, in the D-
loop, which increases the stability of the tertiary
tRNA structure.>* Two groups have independently
solved the tRNA-bound structure of the METTL1-
WDR4 complex in presence and absence of a
cofactor SAM or SAH by single particle cryo-
EM."3%73% Both groups obtained a higher resolved
structure when they incubated the protein complex
with tRNA and SAH. Ruiz-Arroyo et al. solved the
METTL1-WDR4 complex with in vitro-transcribed
tRNA™® at an overall resolution of 3.5 A (PDB ID
8EGO; Figure 3C) and Li et al. used fully modified
tRNAF" to solve the structure at 3.3 A resolution
(PDB ID 8CTH)."®%"3% Both groups followed a sim-
ilar cloning, expression and purification strategy.
They cloned both human genes into the bacterial
co-overexpression pETDuet vector and after
expression, purified the protein complex by IMAC,
followed by IEX and size exclusion chromatography
— of note, one group performed an additional hep-
arin chromatography step before size exclusion
chromatography step.'®*'** Complex reconstitu-
tion was achieved by incubation of the purified
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METTL1-WDR4 with tRNA and SAH. Subse-
quently, the ternary complex was applied directly
on grids, or it was re-purified by size exclusion chro-
matography before vitrification.'**'%* WDR4 faces
METTL1 with its WD40 domains 2 to 5, which are
highly conserved in eukaryotes.'®'** Both com-
plexes interact with the tRNA, WDR4 contacts the
T-arm of the tRNA with WD40 domains 3 and 4
and its C-terminal helix interact with the D-arm.
METTL1 recognizes the variable loop and binds
also with the elbow region.'**'** By comparing
the structure of METTL1-WDR4-tRNAYS to the
SAH-bound structure, the authors observed that
Gye flips out of the variable loop, which is promoted
by the N-terminal tail and is positioned closer into
the active site of METTL1 in proximity of SAH.'®*
Furthermore, both groups noticed that the unstruc-
tured N-terminal tail becomes ordered in presence
of the cofactor and tRNA. The N-terminus becomes
sandwiched between the catalytic loop of METTL1
and C-terminal helix of WDR4, it stabilizes the cat-
alytic loop, contacts the tRNA and coordinates the
C-terminal helix of WDR4, which strengthens tRNA
binding by both proteins.’**'3* In addition, both
groups proposed a model for the previously
described regulation of METTL1 through phospho-
rylation of serine 27 (Ser27). Phosphorylation of
Ser27 inactivates the methylation activity and both
groups suggest, that the negatively charged phos-
phate group would create a steric clash and charge
repulsion in the catalytic center.'* *> Mutations or
dysregulation of METTL1 and WDR4 have been
associated with cancer, developmental defects,
neurological and metabolic disorders in
humans.®®23

Methyltransferase-like protein 6/seryl-
tRNA synthase complex

Human METTL6 belongs to the METTL family
and is responsible for the m®Cs, methylation of
tRNAS®" in the cytosol, together with the seryl-
tRNA synthase (SerRS)."** "’ It was demonstrated
that METTL6 on its own can selectively methylate
in vitro transcribed tRNASE in a SAM-dependent
manner, but not tRNAZY,, which is targeted by MET-
TL2A/B."*%7'%9 The methylation activity of METTL6
increase by ~1000-fold upon addition of SerRS."*®
Throll et al. have recently solved the structure of a
SerRS-METTLS6 fusion construct bound to tRNAS®’
at an overall resolution of 2.4 A using single particle
cryo-EM (PDB ID 8P7B; Figure 3D)."*® The group
initially attempted to reconstitute the complex from
individual components but failed to obtain a complex
that remained stably associated during grid prepara-
tion."® Hence, they cloned the coding sequence of
METTLS, including an N-terminal linker, between
SerRS and the C-terminal HRV-3C protease cleav-
age site and EGFP tag. Subsequently, they
expressed the fusion construct in Trichoplusia ni Hi-
5 insect cells and purified it using an EGFP nanobody
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resin. They eluted the protein by HRV-3C protease
cleavage, subjected it to size exclusion chromatogra-
phy and collected complex containing fractions that
co-purified with tRNAS®" from the expression host.
The complex was diluted into a buffer containing
the MTase inhibitor sinefungin and applied on
grids."®® Structural analyses show that two SerRS
copies dimerize via their aminoacylation domain
(AD) and are bound with up to two tRNA molecules.
SerRS of one subunit recognizes the target tRNA via
the NTD stalk that binds in the cleft between T-arm
and the unique long variable loop of tRNAS®". The
3'end of the tRNA acceptor stem points towards
SerRS AD of the second subunit, but is not fully
bound in the active site.'*® Although METTL6 was
fused to the C-terminus of SerRS, not all classes of
SerRS showed a density for METTL6, suggesting
that the chosen linker in principle allows for the disso-
ciation of METTL6."*®* METTL6 forms a canonical
Rossmann-fold and consists of the catalytic MTase
core domain and m3C methyltransferase-specific
RNA-binding domain (m3C-RBD)."*%"%° The tripar-
tite m3C-RBD is spread around the core domain
and is formed by the N-terminal region, internal inser-
tion and a hairpin p-extensions, consisting of an anti-
parallel p6—B7 sheet.”*®'° Only two loops from
SerRS NTD form an interaction with two helices in
the N-terminal region of METTL6."*® METTLS6 binds
tRNAS®" through the positively charged m3C-RBD.
This leads to a structural rearrangement and causes
a rigidification of the disordered m*C-RDB region.'®
The anticodon arm of tRNAS®" is bend towards
METTL6 upon binding. Cas is flipped out from the
anticodon loop and is stabilized by m®C-RBD and
methyltransferase core domain and the modified
N3-Cs, atom is in close distance to the sulfur atom
of SAH."®® Furthermore, the authors observed that
the co-purified tRNAS®", carried an N6-isopentenyl
modification at position Az (i®As7), which was coordi-
nated by residues in the insertion and B-extensions
region of the m3C-RBD."*® It was shown that distur-
bances in METTL6 expression level affect transla-
tion, cell homeostasis, tumorigenesis and
development.'#!142

Structurally still uncharacterized
human tRNA modification enzymes

In summary, research groups have so far
experimentally determined structures of 22
different human tRNA modification enzymes,
including several clinically highly relevant proteins.
Despite the recent progress in the field, we are
still lacking experimental structures for the majority
of human tRNA modifying enzymes. Since the
advent of high confidence structural modeling,'**
determining structures of single proteins (or at least
protein domains), appears to become an expensive
academic exercise. It is not surprising that
AlphFold3'** is able to provide high-confidence
models for the core regions in most of the missing
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human tRNA enzymes. In particular, enzymes that
belong to protein families where the structure of
another member or a closely related eukaryotic/-
mammalian homologue is available. For this rea-
son, the missing structures of human
dihydrouridine  synthases (DUSHT, DUSS3,
DUS4L)'*> PUS7L'*® the tRNA-specific adenosine
deaminases (ADAT1, ADATS3), the isopentenyl-
transferase TRIT1,'*’ the acetyltransferase
NAT10,'*® the aminocarboxypropyltransferases
(DTWD1/ DTWD2)'*° and several MTases and
MTase-adaptor complexes (TRMTI1L, TRMTS5,
TRMT10B, TRMT13, THUMPD3/TRMT112,
TRM11/TRMT112, METTL2A/DALRDS3,
METTL2B/DALRD3, FTSJ1/THADA, FTSJ1/
WDR6, TRMT44, TRMO, NSUN2) can be predicted
with high confidence. In addition, the pathway com-
ponents that lead to the synthesis of wybutosine
have been characterized in archaea.'*° Even if little
is known about CDKAL and the most recently iden-
tified RNA glycosylases,?’ the three-dimensional
structures can be predicted. However, the identity
of the human enzymes that are responsible for the
following modifications m'A;4, m3Cso, ¥m/Gmsg,
mM'Wao, M°Cao, Wei1-14, UMeisaa and m°Ums,
remain unknown®*">" and therefore not even the
best prediction algorithm will be able to provide
detailed structural insights. Furthermore, we are still
missing the enzymes that are responsible for gener-
ating the ncm®Ug, downstream of Elongator'>? and
the enzyme that converts wybutosine into peroxy-
wybutosine (02yW3;7). Of note, it is not clear if these
modification reactions are catalysed by yet
unknown enzymes or whether known enzymes
are repurposed. Finally, we are lacking information
for the two larger modification complexes in
humans, namely the CTU1/CTU2 thiotransferase
complex and the KEOPS complex.

CTU1/CTU2 complex

The URM1/MOCS3 pathway is responsible for
catalyzing s®thiouridine formation on Us, in four
human tRNAs.'®® In detail, tRNAGS,, tRNAS,
tRNAS! and tRNAJY, that have undergone a pre-
ceding modification on the C5 position by the Elonga-
tor complex,'*? receive a sulfur (thiol) on their C2
position, resulting in a mem®s?U,, modified wobble
base. Six proteins responsible for 2-thiouridine forma-
tion in eukaryotes have been identified by different
groups.'®*7 %% In detail, the L-cysteine desulferase
and sulfur donor NFS1'°° initially activates and sup-
plies sulfur atoms to the cascade. The sulfur (persul-
fide) is then transferred either directly, or via MPST to
the rhodanese-like domain of MOCS3. Subsequently,
MOCSS activates URM1 and transfers the persulfide
group to the C-terminus of URM1. During the final
step of the cascade, sulfur is passed onto the wobble
base uridine via the tRNA binding CTU1/CTU2 thi-
oltransferase complex.'®” The primary sequences
of CTU1/CTUZ2 are evolutionary highly conserved.
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Both subunits share a common fold, which is highly
similar to TtuA, which is responsible for the ATP-
dependent 2-thiolation of Us, in some archaeal
tRNAs.">® The atomic structure of the TtuA homod-
imers has recently been studied intensively.'>% %3
Considering the stark differences between TtuA and
CTU1/CTU2, the current knowledge about thiolation
in humans (and other eukaryotes) remains rather
speculative. The malfunction of the human tRNA
thiolation pathway is associated with DREAM-PL
syndrome’®*~"% and specific pathogenic CTU2 vari-
ants are causally linked to the development of the
disease.

KEOPS complex

The cytoplasmatic human KEOPS complex
(Kinase, Endopeptidase and Other Proteins of
Small size) consists of five subunits, namely
OSGEP (Kael), TP53RK (Bud32), TPRKB
(Cgi121), LAGES3 (Pcc1) and GON7."°"7'%° The
KEOPS complex is responsible for installing a thre-
onylcarbamoyl moiety at the N6 position of Az
(t%As7) in ANN decoding tRNAs (where N can be
any nucleobase).'’® t°A;; is an essential and uni-
versally conserved tRNA modification.””" It pre-
vents a Watson-Crick pairing between Usz and
As7, thereby stabilizing the seven nucleotide anti-
codon loop formation and is required for transla-
tional fidelity and reading frame
maintenance.'’*'”® The catalytic subunit OSGEP
uses the precursor threonylcarbamoyl adenylate
(TC-AMP), which is synthesized by the similarly
conserved protein YRDC (Sua5), and transfers
the TC-group onto adenosine. However, in the cyto-
sol this reaction apparently also requires the fully
assembled KEOPS complex.'”" Based on compos-
ite models using the crystal structures of human
OSGEP-LAGE3-Gon7 (PDB ID 6GWJ) and
TP53RK-TPRKB (PDB ID 6WQX) it was proposed
that the complex has a linear overall organiza-
tion.'®®%9 OSGEP resides between LAGES3 and
the atypical kinase TP53RK, TPRKB interacts with
TP53RK and GON7 is bound to LAGE3 on the
opposite of OSGEP."'®"'®° |t was further demon-
strated that the KEOPS complex can form dimers
via a homodimerization interface in a LAGE3 (in
absence of GON7) and that this dimerization results
in a 2:2:2:2 stoichiometry of the complex.'®’
Recently, two groups could determine the cryo-
EM structures of the KEOPS complexes from
archaea and Arabidopsis thaliana (A.
thaliana)."”*'"> For archaeal KEOPS in its apo
and tRNA bound state, Chuquimarca et al. used a
Pcc1 mutant that cannot dimerize the KEOPS com-
plex but retains tRNA t®A modification activity and
omitted Gon7 in the reconstitution reaction.'”*
Zheng et al. reconstituted A. thaliana Kae1, Pcc1,
Bud32 and Cgi121 and solved the structure of the
dimeric KEOPS complex.'”® Mutations in the
KEOPS complex are linked to neurological disor-
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ders like microcephaly and Galloway-Mowat syn-
drome, nephrotic defects and cancer.*®"7®

Future Perspectives

Macromolecular crystallography has dominated
the field and delivered the vast majority of
structural information for human tRNA modifying
enzymes, namely for 16 out of 22 human
enzymes. For instance, all presented individual
structures of apo proteins have been determined
by crystallography, but only two of the tRNA-bound
structures (i.e. NSUN6 and TRM6/TRM61A
complex) were resolved by crystallography. Most
structures of human multi-subunit complexes and
tRNA-bound enzymes have been obtained by
single particle cryo-EM. This is caused by several
technical reasons. (i) Highly dynamic assemblies
are less likely to form crystal lattices. (ii) It is more
feasible to obtain smaller quantities of highly pure
samples for cryo-EM than large sample quantities
required for macromolecular crystallography or
nuclear magnetic resonance spectroscopy (NMR).
(i) The chances of obtaining well-diffracting
crystals for a biological macromolecule is increased
by focusing on defined structural domains and
truncating flexible regions and loops, which could
be involved in tRNA binding and subunit
interactions. (iv) The increasing availability of high-
end cryogenic electron microscopes around the
world has facilitated the access and collection of
large high-quality datasets. (v) Improvements in
data analyses tools for cryo-EM and the access to
high performance computational clusters has
enabled a larger community to determine high
resolution cryo-EM structures on a regular basis.

The method required strongly reduced quantities
of high quality tRNA preparations and also offers
the opportunity to isolate human enzymes (and
complexes) from native source (e.g. human cell
lines). In agreement, the samples for the most
recent cryo-EM structures have been mainly
produced by co-expression in insect cells using
sophisticated  co-expression  systems (e.g.
biGBac).'”” Of note, the subsequent purification
protocols are still similar, but to avoid dissociation
of the subunits or the bound tRNA molecules, harsh
buffer conditions and high salt concentrations are
mostly avoided. Finally, the use of mild cross-
linking reagents (often used to stabilize multi-
subunit protein complexes during vitrification) could
have detrimental consequences for tRNA binding
and are mostly avoided. Once the sample is puri-
fied, cryo-EM allows to use similar sample prepara-
tion conditions for similar samples, which facilitates
structure determination of the same human enzyme
with different tRNAs and with different ligands (e.g.
SAM, SAH). Hence, it becomes easier to solve a
cascade of structures of different reaction interme-
diates without the laborious (and mostly unsuccess-
ful), resource demanding search for crystallization
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conditions for each slightly altered sample of
interest.

Despite the improvement in predicting proteins,
protein comflexes and protein-DNA
complexes, ' **'** predicting the fold of RNA mole-
cules and the assembly of protein-(t)RNA com-
plexes still remains extremely challenging.'”® In
our own experience, the predicted position of the
tRNA molecules in the tRNA-bound complexes is
often modeled with low confidence and the obtained
models often orientate the modified nucleotide out-
side of the anticipated active site of the enzyme.
Furthermore, the list of the top-ranked models of
tRNA-bound complexes often contains models with
tRNA molecules bound in different locations or dif-
ferent orientations (confusing acceptor stem and
anticodon stem and loop), respectively. Hence, sin-
gle particle cryo-EM not only offers an excellent
opportunity to study highly dynamic tRNA modifying
enzymes and complexes, but it is still required to
obtain experimental structural information to infer
molecular details about those complexes.

We are excited about the new opportunities that
structural predictions and single particle cryo-EM
offer to the field of tRNA biology and we are
curious to see the next fascinating structures
awaiting to be released.
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