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Charging the code — tRNA modification complexes
Roscistaw Krutyhotowa'**, Karol Zakrzewski

Sebastian Glatt’

All types of cellular RNAs are post-transcriptionally modified,
constituting the so called ‘epitranscriptome’. In particular,
tRNAs and their anticodon stem loops represent major
modification hotspots. The attachment of small chemical
groups at the heart of the ribosomal decoding machinery can
directly affect translational rates, reading frame maintenance,
co-translational folding dynamics and overall proteome
stability. The variety of tRNA modification patterns is driven by
the activity of specialized tRNA modifiers and large
modification complexes. Notably, the absence or dysfunction
of these cellular machines is correlated with several human
pathophysiologies. In this review, we aim to highlight the most
recent scientific progress and summarize currently available
structural information of the most prominent eukaryotic tRNA
modifiers.
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Introduction

The ‘Modomics’ database for RNA modification [1] cur-
rently lists ~200 unique chemical modifications of RNA,
with around half of them being detected in tRNAs of all
known species [2—4]. Despite their strong sequence vari-
ation, all cellular tRNAs need to fold into almost identical
three-dimensional structures to fit the relatively narrow
tRNA binding sites of the ribosome during translation
elongation. The possibility of incorporating chemical
groups, which contribute additional biophysical proper-
ties to the individual RNA bases, vastly expands the range
of suitable sequences that can fold into the characteristic
L-shaped tRNA structure. In addition, the modification
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of RNA bases in and around the anticodon impacts on
their intrinsic geometry and canonical Watson—Crick base
pair interactions between codons and anticodons [5-7].
These alterations strongly influence the dynamics of
tRNA selection at the ribosomal A-site [8] and subse-
quently affect the local elongation speed, co-translational
folding dynamics [9], proteome stability and cell survival
[10]. tRNA modifications were initially thought to be
routinely and uniformly added to their respective tRNA
molecules. To date, it is becoming increasingly clear that
most of them are dynamically regulated in response to
environmental cues [11,12] and an intense cross talk
between various modifications and their pathways
emerges [13]. Here, we aim to provide a comprehensive
summary of the respective modification enzymes that
produce this plethora of posttranscriptional modifications
patterns. We summarize available structural and func-
tional knowledge concerning the most abundant families
of tRNA modification enzymes. Our focus lies on the
main modification cascades and known macromolecular
assemblies that target the ASL in eukaryotes (Figure 1).
These partially highly complex molecular machines are
not only important guardians of the proteome and regu-
latory factors of translational elongation, but are also
clinically very important. The pathophysiological conse-
quences and clinical implications of disease-causing
mutations in tRNA modifiers are very well covered by
recent expert reviews [14-17].

() RNA methyltransferases

Methylations affect multiple properties of tRNA mole-
cules, including folding dynamics, thermostability, mat-
uration as well as protection from cleavage or priming for
the synthesis of subsequent modifications [18,19].
Eukaryotic tRNA methyltransferases (TRMs) typically
utilize S-adenosyl methionine (SAM) as a methyl group
donor which results in formation of a §-adenosyl-L-
homocysteine and a methylated product [20]. In the
following section, we aim to highlight structurally char-
acterized TRMs and describe their selectivity for certain
tRNA species and specific base positions within the
respective ASLs (Figure 2).

In detail, Trm1, which conducts a double methylation of
the exocyclic nitrogen of G26, which promotes a proper
folding of multiple tRNA species by enforcing a water-
mediated interaction of m,*G,, with a nearby cytosine
[21,22). In yeast, Trm140 binds tRNA%" and tRNAT™
and catalyzes m°Cjs, in a i6A37-dependcnt manner [23].
In human, Trm140 functionally corresponds to the
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Figure 1
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tRNA modifications occurring within the tRNA anticodon region.

Overview of the tRNA anticodon loop in cartoon representation. Individual modifications are grouped, highlighted, and labeled. Respectively from
the left methylation (indigo), modification of position 34 (violet), 5-carboxymethyluridin (light green), pseudouridylation (rose), thiolation (yellow),
wybutosine (yW; blue) N6-isopentenyladenosine (iA) and N6-threonylcarbamoyladenosine (t°A) (red), adenine deamination (teal). Modifications
occurring within anticodon region are plotted and highlighted on a model tRNASY (PDB ID 2CV2).

Methyltransferase-like (Mettl) 2, 6 and 8 proteins [24,25].
Although Mettl2/6/8 are currently not structurally charac-
terized, structures of the Mettl3/Mettl14 complex that
provides N°-adenosine methylation [26-28] and the
methyltransferase domain of Mettl16 [29] provide new
insights into the METTL protein family. The known
structure of human Ftsj2, a homolog of yeast Trm7,
reveals a typical class I TRM fold [18]. In yeast, 2’-O
ribose methylation provided by Trm?7 is guided by its
interactions with Trm732 and T'rm734, which drive the
reactions at positions 32 and 34, respectively [30]. Trm4
catalyzes modifications at positions m°Cag and m>Cgo;
however, it is also capable of generating m°Csy and
m°Cyo [31]. Archaeal Trm4 was co-crystalized in the
presence of a naturally occurring inhibitor sinefungin
[32]. In human, Trm4 has two functional counterparts,
Nsun2 and Nsun3 catalyzing m®> modifications in the
nucleus and mitochondria, respectively. In addition to
its tRNA modification activity, Nsun2 was reported to
methylate miRNAs [33]. Methylation of the wobble
cytosine provided by Nsun3 is required for initiation of
5-formyleytidine (f°Csy) synthesis on tRNAM< [34]. The
first known structure of Nsun family member was solved

for Nsun6, which catalyzes the m5C72 modification [35°].
T'rmS5 is another multifunctional enzyme, capable of con-
ducting m' modification at G3; or I37. Interestingly, Trm5
also playsarole in some archaeal species during wybutosine
(yW37) synthesis. Trm5 was co-crystalized with tRNAP"®
and a SAM cleavage product [36°°]. Available structure
elucidates both the Trm5-tRNA interaction and the moon-
lightingactivity of T'rm5 inarchaea [36°°]. Another member
of the class Dnmt2, historically considered a DNA-specific
methyltransferase [37], provides a m’°C tRNA modification
at Csg and Cyp [38]. m>C5 was demonstrated to prevent the
generation of tRNA-derived fragments [39], which appear
due to the tRNA cleavage under stress conditions and may
act as regulatory RNAs [40]. Although available structures
do not provide an explicit explanation for tRNA recogni-
tion, the enzymatic activity of a fungal Dnmt2 was recently
found to be stimulated by the presence of queuosine [41°].

Pseudouridine synthases

Pseudouridylation is one of the most widely spread mod-
ification in all types of RNAs, including tRNAs, snRNAs,
rRNA, ncRNAs, and mRNAs, and occurs in each domain
of life [42]. This altered form of a uridine base arises
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Figure 2
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Structural overview of methyltransferases acting on the ASL of tRNA.

tRNA methyltransferases share a structurally similar TRM domain (dark blue) and an RNA recognition motif (RRM, orange). Ligands and relevant
active site residues are highlighted in yellow. Names, alternative names or names of close homologs are shown in parentheses. Trm1 from
Pyrococcus horikoshii co-crystalized with a SAM molecule (PDB ID 2EJT). Human MettI3-Mettl14 complex co-crystalized with SAM (PDB ID 5IL1).
Human Ftsj2, a Trm7 homolog, co-crystalized with SAM (PDB ID 2NYU). Trm4 from Methanocaldococcus jannaschii crystalized with an inhibitor
(PDB ID 3A4T). Trm9-Trm112 complex from Yarrowia lipolytica. Trm9 is shown in blue, Trm112 (grey) activates the catalytic subunit (PDB ID
5CM2). N-terminal part of a human Abh8, which consists an AlkB-like domain (green) and a Trm9-like domain missing from the structure (PDB ID
3THP). Trm5 from Pyrococcus abyssi co-crystalized with a SAM degradation product and a tRNAP"® (PDB ID 5WT3). Human Dnmt2 co-crystalized

with SAH (PDB ID 1G55).

through the substitution of the canonical carbon-nitrogen
glycosidic bond (C1-N1) with a carbon-carbon bond (C1-
C5) between the ribose and uracil. This simple isomeri-
zation reaction is conducted by stand-alone enzymes
called pseudouridine synthases (PUS). Interestingly, pro-
karyotic and eukaryotic members of the five PUS fami-
lies, namely TruA, TruB, TruD, RsuA, and RIuA, display
relatively low sequence identity, but show very similar
folds of the catalytic domain [43,44°°]. The conserved
core of PUS enzymes is created by a central eight-
stranded B-sheet and several surrounding helices, which
properly position the catalytically active aspartate residue
in proximity to the uridine base of the respective target

RNA. In the ASL of various eukaryotic tRNAs, several
pOSitiOﬂS, namely U27, L]Zg, U3(), []31, U32, []34, U35, 113(,,
Usg, and Usg, are specifically converted into pseudour-
idine. PUS enzymes are found in the nucleus, the cyto-
plasm, and mitochondria and for tRNA targets can be
divided into two major groups, namely modifiers of cyto-
plasmic or mitochondrial tRNAs.

In yeast, Pusl is the main player for cytoplasmic tRNA
ASL modifications, which displays broad specificity for
target uridines (Uz(,, U27, Uzg, U34, []35’ Ug(,) [45]. Pus?
shows specific activity at Uss and Pus8 appears as a highly
specific enzyme for Us, bases. Additionally, Pus3 and
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Pus6 modify Ujz; and Ujg;zg in both cytoplasmic and
mitochondrial tRNAs. The last two pseudouridine
synthases involved in anticodon modifications are Pus2
and Pus9, which are responsible for editing uridine in
mitochondrial tRNAs at Ujgp7 and Us, bases [42]. Strik-
ingly, Pus enzymes modify the anticodon bases in cyto-
plasmic tRNAs, whereas they don’t edit this important
decoding region in mitochondrial tRNAs. In humans,
TRUB2, RPUSD3, RPUSD4, and Pusl have been pre-
dicted to target mitochondrial tRNAs, but only Pus1 has
been experimentally confirmed to modify mitochondrial
tRNAs, at positions 27 and 28 [46]. The other three
human mitochondrial pseudouridine synthases are less
well characterized [47], but have been proposed to modify
positions 31 and 32 [48] or 39 in mt-tRNA"" [49]. Stand-
alone pseudouridine synthases have broad range of activ-
ity, lack of which leads to reduced growth in yeast
cells and major human diseases such as mitochondrial
myopathy, sideroblastic anemia (MLLASA), or intellectual
disabilities [50,51].

The KEOPS complex

T'he bases in position 37 are highly modified in eukaryotic
tRNAs. Besides previously described methylation, the
formation of N®isopentenyladenosine (i°A), N°-

Figure 3

threonylcarbamoyladenosine (t°A), wybutosine (yW) as
well as thiolation can be distinguished. The tRNA isopen-
tenyl transferases (IPTases) are responsible for i6A,
whereas yW is catalyzed by the concerted action of
Trm5 [36°°] and Tywl-4, which are able to conduct
SAM-dependent methyl-transfer reactions [52,53]. ©°A is
universal and present in nearly all tRNAs, which decode
‘ANN’ codons. In all kingdoms of life, the first step of the
biosynthesis of t°A leads to the production of threonyl-
carbamoyl adenylate (TC-AMP), which subsequently is
used to transfer a threonylcarbamoyl group to adenosine.
The enzymes Sua5 and YRDC are responsible for the
formation of TC-AMP in yeast and humans. These homo-
logs belong to the Sua5/T'saC family, function as indepen-
dent monomers and are localized both in the cytoplasm and
mitochondria [54,55°,56°°]. In eukaryotes, the product of
the first reaction step is processed by the cytoplasmic
KEOPS complex, containing five subunits called
OSGEP/Kael (catalytic core), PRPK/Bud32, TPRKB/
Cgil21, LAGE3/Pccl, and C140RF142/Gon7 [54,57].
Despite some structural knowledge of the Sua5/T'saC
family and the available structures of eukaryotic KEOPS
complex components from yeast, the precise overall assem-
bly of the complex, its mechanism of action as well as the
role of particular subunits in the modification process

Mod5 (Trit1)
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Structural overview for other tRNA modifiers.

Visual representation of protein structures including color illustration for tRNA binding domains (orange), enzymatic core (color corresponding to
respective type of modification). Names, alternative names or names of close homologs are shown in parentheses. Pseudouridine synthases Pus1
(PDB ID 41QM) and Pus7 (PDB ID 5KKP; both rose), wybutosine biosynthesis factor Tyw4 (PDB ID 2ZW9; blue), yeast isopentenyl transferases
Mod5 (PDB ID 3EPJ; red), archaeal Sua5 (PDB ID 6F89) and Cgi121/Bud32/Kae1 KEOPS components (PDB ID 3ENH; red), and the structure of

Adenine deaminases (ADARs) (PDB ID 2L3J; teal).
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142 Macromolecular assemblies

remain poorly understood. The hetero-dimerization of
certain KEOPS subunits and the presence of a metal cluster
in the active site of catalytic core formed by OSGEP/Kael
proteins were described [55°,56°°]. The functional roles of
other cascade components are still unknown, although

aspects of t°A biosynthesis remain elusive, recent studies
showed that bicarbonate represents a rate-limiting factor
for t°As; formation (Figure 3). Highlighting its importance,
mutations in t°A synthetase genes are correlated
with neurodegenerative diseases, renal tubulopathy and

dimerization of mitochondrial Qri7 seems to be important ~ Galloway-Mowat syndrome in humans (GAMOS)
for its functionality [56°°,58]. Despite the fact that detailed [59°°,60,61].
Figure 4
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Total hits: 9336
eukarya || 1034 PDB:47 ] a PDB: 54
archeae | 385 apo (13) ligand (30) tRNA (4) apo (18) ligand (27) tRNA (9)
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The Elongator complex and structural knowledge of tRNA modifiers in general.

(a) An integrative model of the recently characterized Elongator complex and its subunits is shown from the front and the top. The complex
harbors six pairs of proteins, namely Elp1(orange), Elp2 (yellow), Elp3 (catalytic subunit, pink) and Elp456 (green, blue and brown). Known
accessory proteins or downstream factors are shown below. Trm9-Trm112 methyltransferase (PDB ID 5CM2) in blue and grey, Kti11-Kti13 (PDB
ID 4XHL) in green and brown and Hrr25/Kti14 (PDB ID 5CYZ) in chocolate. Additional accessory proteins of unknown structure are listed (right).
(b) A comparison of available database records for tRNA modifiers, tRNA ligases and ribosomes. A SWISSPROT database was queried using GO
terms (tRNA modifiers — GO:6400 excluding GO:4812, tRNA ligases — GO:4812, ribosome — GO:0005840). Distribution of records across three
domains of life is shown on the left panel. Species-specific searches for Saccharomyces cerevisiae and Homo sapiens allowed to evaluate the
number of annotated proteins and the number of proteins with available structural information (right panel, upper bars). Their accession numbers
were used for a subsequent search in the PDB database to uncover the total number of known structures (right panel, lower bars). Every structure
was categorized into ligand-free structures (lightest shade), ligand-bound structures (medium shade) and (t)RNA bound structures (darkest shade).
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The Elongator complex

One of the chemically most complex modifications is
catalyzed by a similarly complicated relay system. In
eukaryotes, the highly conserved Elongator complex
[62] carboxymethylates (cm®) 11 out of 13 yeast tRNAs
carrying a Ujzy in the wobble position [63]. The core
Elongator complex harbors two copies of each of its six
subunits, Elp1-6 and displays an overall molecular weight
of more than 850 kDa [64]. Furthermore, the asymmetri-
cally shaped complex [62] is regulated by various tempo-
rarily associated regulatory factors, including Ktil1, Kti12,
Kti13, Kti14/Hrr4, Sit4, Sap185, Sap190, Cbrl, and Mcrl
[65]. In recent years, the crystal structures of the dimeric
Elp1 C-terminus [66], Elp2 [67°°,68], the enzymatically
active Elp3 subunit [69], the hetero-hexameric Elp456
subcomplex [64], and the temporarily associated regula-
tory factors Ktill, Kti13, and Kti14/Hrr25 [70,71] became
available (Figure 4a). In addition, the overall architecture
of the fully assembled Elongator complex has been
recently determined, using negative stain electron
microscopy in combination with an integrative modeling
approach based on the known high resolution crystal
structures and additional spatial restraints from cross
linking mass spectrometry [67°%,72].

The pivotal addition of cm® to Us4 can subsequently leads
to the synthesis of 5-methoxycarbonylmethyluridine
(mcmSU), 5-carbamoylmethyluridine (ncm’U), 5-meth-
oxy-carbonyl-methyl-2-thiouridine (mem’s?U), 5-methox-
ycarbonylmethyl-2'-O-methyluridine  (mem5Um),  or
5-(carboxyhydroxymethyl)uridine methyl ester (mchm’U)
by otherenzymatic cascades. These small additional groups
on the ‘Elongator’ modification at the fifth carbon (C5)
are attached by T'rm9 [73] and AbhS8 [74], both of which
require an obligatory activator T'rm112 (Figure 1) [74,75°,
76]. The identity of the protein that synthesizes ncm?,
either directly or by conversion of mem?, remains a mystery.
Last but not least, the additional thiolation on the second
carbon (C2) is catalyzed by the Urm1/Uba4 pathway [77],
which in eukaryotes includes Nfsl, Tum1, Urm1, Uba4,
Ncs2, and Ncs6 [78]. In summary, around 25 individual
proteins are involved in wobble uridine modifications,
which are highly conserved among eukaryotes and also
have related counterparts in bacteria and archaea. It remains
to be shown if some of these factors form dynamic inter-
mediates with the Elongator complex and how they influ-
ence each other.

Conclusion

In summary, tRNA modifiers represent a highly dynamic
network of a large number of macromolecular complexes
and individual proteins. Because of space restrictions, we
are not able to cover structural details regarding the
enzymes that conduct adenine deamination [79], queuo-
sine biosynthesis [80], wybutosine [53], thiolation [78],
and other more unique modifications, like 5-taurino-
methyluridine  [81] or  N4-acetylcytidine — [82].

Nevertheless, we aimed to numerically evaluate the
overall state of the field and compared the number of
known tRNA modifiers in publicly available databases
[83] to other well-established tRNA-dependent mecha-
nisms, like ribosomes and tRNA aminoacyl transferases,
also known as tRNA ligases (Figure 4b). We performed
species-specific queries to more precisely identify the
number of known structures of tRNA modifiers, tRNA
ligases and ribosomes. While the structures of most
ribosomal proteins and more than a half of all human
tRNA ligases have been determined, tRNA modifiers
seem to still offer many possibilities for exploratory
research projects. In particular, RNA-bound or tRNA-
bound structures amount to a relatively small fraction of
available records in the structural databases [84,85].
Undoubtedly, structural characterization of modifiers in
their tRNA-bound state most significantly improves our
understanding of their specificity and catalytic mecha-
nisms. We assume, that the ascent of cryo-EM will have a
similar impact on the tRNA modification field as it had for
the other fields [86].

Interestingly, expansion of tRNA gene copy numbers and
iso-acceptor tRNAs correlate well with an increase in
different tRNA modification enzymes [87]. This obser-
vation suggests co-evolutionary mechanisms, which
expand the decoding potential of the available tRNA
pool and constantly optimize translational efficiency
and accuracy via novel tRNA modification pathways
[87]. Last but not least, the assembly of large complexes
seems advantageous for some modifications, whereas
other pathways seem to rely on stand-alone enzymes.
It remains to be shown, if additional molecular assemblies
that spatially link different modification pathways will be
discovered and characterized.

Conflict of interest statement
Nothing declared.

Acknowledgements

We thank Monika Gaik, Ting Yu-Lin, and Mikotaj Sokotowski for critical
comments on the manuscript. This work was supported by the OPUS10
grant (UMO-2015/19/B/NZ1/00343; RK, KZ and SG) from the National
Science Centre and the First Team grant (First TEAM/2016-1/2; SG) from
the Foundation for Polish Science.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Boccaletto P, Machnicka MA, Purta E, Piatkowski P, Baginski B,
Wirecki TK, de Crécy-Lagard V, Ross R, Limbach PA, Kotter A
et al.: MODOMICS: a database of RNA modification pathways.
2017 update. Nucleic Acids Res 2018, 46:D303-D307.

2. Cantara WA, Crain PF, Rozenski J, McCloskey JA, Harris KA,
Zhang X, Vendeix FA, Fabris D, Agris PF: The RNA modification
database, RNAMDB: 2011 update. Nucleic Acids Res 2011, 39:
D195-D201.

www.sciencedirect.com

Current Opinion in Structural Biology 2019, 55:138-146


http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0005
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0005
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0005
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0005
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0010
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0010
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0010
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0010

144 Macromolecular assemblies

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Phizicky EM, Hopper AK: tRNA biology charges to the front.
Genes Dev 2010, 24:1832-1860.

Jackman JE, Alfonzo JD: Transfer RNA modifications: nature’s
combinatorial chemistry playground. Wiley Interdiscip Rev RNA
2013, 4:35-48.

Rezgui VA, Tyagi K, Ranjan N, Konevega AL, Mittelstaet J,
Rodnina MV, Peter M, Pedrioli PG: tRNA tKUUU, tQUUG, and
tEUUC wobble position modifications fine-tune protein
translation by promoting ribosome A-site binding. Proc Nat/
Acad Sci U S A 2013, 110:12289-12294.

Rozov A, Demeshkina N, Khusainov |, Westhof E, Yusupov M,
Yusupova G: Novel base-pairing interactions at the tRNA
wobble position crucial for accurate reading of the genetic
code. Nat Commun 2016, 7:10457.

Vendeix FA, Murphy FV 4th, Cantara WA, Leszczynska G,
Gustilo EM, Sproat B, Malkiewicz A, Agris PF: Human tRNA(Lys3)
(UUU) is pre-structured by natural modifications for cognate
and wobble codon binding through keto-enol tautomerism.
J Mol Biol 2012, 416:467-485.

Ranjan N, Rodnina MV: Thio-modification of tRNA at the wobble
position as regulator of the kinetics of decoding and
translocation on the ribosome. J Am Chem Soc 2017,
139:5857-5864.

Ranjan N, Rodnina MV: tRNA wobble modifications and protein
homeostasis. Translation 2016, 4:e1143076.

Nedialkova DD, Leidel SA: Optimization of codon translation
rates via tRNA modifications maintains proteome integrity.
Cell 2015, 161:1606-1618.

Alings F, Sarin LP, Fufezan C, Drexler HC, Leidel SA: An
evolutionary approach uncovers a diverse response of tRNA
2-thiolation to elevated temperatures in yeast. RNA 2015,
21:202-212.

Laxman S, Sutter BM, Wu X, Kumar S, Guo X, Trudgian DC,
Mirzaei H, Tu BP: Sulfur amino acids regulate translational
capacity and metabolic homeostasis through modulation of
tRNA thiolation. Cell 2013, 154:416-429.

Sokolowski M, Klassen R, Bruch A, Schaffrath R, Glatt S:
Cooperativity between different tRNA modifications and
their modification pathways. Biochim Biophys Acta 2018,
1861:409-418.

Dauden M, Jaciuk M, Muller CW, Glatt S: Structural asymmetry
in the eukaryotic Elongator complex. FEBS Lett 2018, 592:502-
515.

Kojic M, Wainwright B: The many faces of Elongator in
neurodevelopment and disease. Front Mol Neurosci 2016,
9:115.

Schaffrath R, Leidel SA: Wobble uridine modifications-a reason
to live, a reason to die? RNA Biol 2017, 14:1209-1222.

Torres AG, Batlle E, Ribas de Pouplana L: Role of tRNA
modifications in human diseases. Trends Mol Med 2014,
20:306-314.

Hori H: Methylated nucleosides in tRNA and tRNA
methyltransferases. Front Genet 2014, 5:144.

Fenwick MK, Ealick SE: Towards the structural characterization
of the human methyltransferome. Curr Opin Struct Biol 2018,
53:12-21.

Swinehart WE, Jackman JE: Diversity in mechanism and function
of tRNA methyltransferases. RNA Biol 2015, 12:398-411.

Steinberg S, Cedergren R: A correlation between N2-
dimethylguanosine presence and alternate tRNA conformers.
RNA 1995, 1:886-891.

lhsanawati, Nishimoto M, Higashijima K, Shirouzu M, Grosjean H,
Bessho Y, Yokoyama S: Crystal structure of tRNA N2,N2-
guanosine dimethyltransferase Trm1 from Pyrococcus
horikoshii. J Mol Biol 2008, 383:871-884.

Arimbasseri AG, Iben J, Wei F-Y, Rijal K, Tomizawa K,
Hafner M, Maraia RJ: Evolving specificity of tRNA 3-methyl-

cytidine-32 (m3C32) modification: a subset of tRNAsSer
requires N6-isopentenylation of A37. RNA 2016, 22:1400-
1410.

24. HanL, Marcus E, D’Silva S, Phizicky EM: S. cerevisiae Trm140
has two recognition modes for 3-methylcytidine
modification of the anticodon loop of tRNA substrates. RNA
2017, 23:406-419.

25. Xul,LiuX, ShengN, Oo KS, Liang J, Chionh YH, Xu J, Ye F, Gao Y-
G, Dedon PC et al.: Three distinct 3-methylcytidine (m3C)
methyltransferases modify tRNA and mRNA in mice and
humans. J Biol Chem 2017, 292:14695-14703.

26. Wang X, Feng J, Xue Y, Guan Z, Zhang D, Liu Z, Gong Z, Wang Q,
Huang J, Tang C et al.: Structural basis of N6-adenosine
methylation by the METTL3-METTL14 complex. Nature 2016,
534:575-578.

27. Wang P, Doxtader KA, Nam Y: Structural basis for cooperative
function of Mettl3 and Mettl14 methyltransferases. Mol Cell
2016, 63:306-317.

28. Sledz P, Jinek M: Structural insights into the molecular
mechanism of the m6A writer complex. eLife 2016, 5.

29. Ruszkowska A, Ruszkowski M, Dauter Z, Brown JA: Structural
insights into the RNA methyltransferase domain of METTL16.
Sci Rep 2018, 8:5311.

30. Guy MP, Podyma BM, Preston MA, Shaheen HH, Krivos KL,
Limbach PA, Hopper AK, Phizicky EM: Yeast Trm7 interacts with
distinct proteins for critical modifications of the tRNAPhe
anticodon loop. RNA 2012, 18:1921-1933.

31. Motorin Y, Grosjean H: Multisite-specific tRNA:m5C-
methyltransferase (Trm4) in yeast Saccharomyces cerevisiae:
identification of the gene and substrate specificity of the
enzyme. RNA 1999, 5:1105-1118.

32. Kuratani M, Hirano M, Goto-lto S, Itoh Y, Hikida Y, Nishimoto M,
Sekine S, ichi, Bessho Y, Ito T, Grosjean H et al.: Crystal structure
of Methanocaldococcus jannaschii Trm4 complexed with
sinefungin. J Mol Biol 2010, 401:323-333.

33. Yuan S, Tang H, Xing J, Fan X, Cai X, Li Q, Han P, Luo Y,
Zhang Z, Jiang B et al.: Methylation by NSun2 represses the
levels and function of microRNA 125b. Mol Cell Biol 2014,
34:3630-3641.

34. Nakano S, Suzuki T, Kawarada L, lwata H, Asano K, Suzuki T:
NSUN3 methylase initiates 5-formylcytidine biogenesis in
human mitochondrial tRNAMet. Nat Chem Biol 2016,
12:546-551.

35. Liu R-J, Long T, Li J, Li H, E-D Wang: Structural basis for

e  substrate binding and catalytic mechanism of a human RNA:
m5C methyltransferase NSun6. Nucleic Acids Res 2017,
45:6684-6697.

Authors solved the first known structure of a Nsun protein, identified the

RRM as well as the enzymatic core of Nsun6 and provided in-depth

analyses of conformational changes occurring upon tRNA binding.

36. Wang C, Jia Q, Zeng J, Chen R, Xie W: Structural insight into the
ee methyltransfer mechanism of the bifunctional Trm5. Sci Adv
2017, 3:e1700195.

The co-crystal structure of archaeal Trm5 with tRNAP"® elucidated its
mode of tRNA recognition and provided invaluable mechanistic details of
m' modification reaction occurring at position 37. Herein, authors also
dissected a secondary function of archaeal Trm5 and provide a structural
explanation for it.

37. Dong A, Yoder JA, Zhang X, Zhou L, Bestor TH, Cheng X:
Structure of human DNMT2, an enigmatic DNA
methyltransferase homolog that displays denaturant-
resistant binding to DNA. Nucleic Acids Res 2001, 29:439-448.

38. Goll MG, Kirpekar F, Maggert KA, Yoder JA, Hsieh C-L, Zhang X,
Golic KG, Jacobsen SE, Bestor TH: Methylation of tRNAAsp by
the DNA methyltransferase homolog Dnmt2. Science (80-)
2006, 311:395-398.

39. Schaefer M, Pollex T, Hanna K, Tuorto F, Meusburger M,
Helm M, Lyko F: RNA methylation by Dnmt2 protects transfer
RNAs against stress-induced cleavage. Genes Dev 2010,
24:1590-1595.

Current Opinion in Structural Biology 2019, 55:138-146

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0015
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0015
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0020
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0020
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0020
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0025
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0025
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0025
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0025
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0025
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0030
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0030
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0030
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0030
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0035
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0035
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0035
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0035
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0035
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0040
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0040
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0040
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0040
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0045
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0045
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0050
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0050
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0050
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0055
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0055
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0055
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0055
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0060
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0060
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0060
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0060
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0065
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0065
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0065
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0065
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0070
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0070
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0070
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0075
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0075
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0075
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0080
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0080
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0100
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0100
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0140
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0140
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0145
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0145
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0145
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0195

Structure and function of tRNA modification enzymes Krutyhotowa, Zakrzewski and Glatt 145

40. Haussecker D, Huang Y, Lau A, Parameswaran P, Fire AZ, Kay MA:
Human tRNA-derived small RNAs in the global regulation of
RNA silencing. RNA 2010, 16:673-695.

41. Johannsson S, Neumann P, Wulf A, Welp LM, Gerber H-D, Krull M,

. Diederichsen U, Urlaub H, Ficner R: Structural insights into the
stimulation of S. pombe Dnmt2 catalytic efficiency by the tRNA
nucleoside queuosine OPEN. Sci Rep 2018, 8:8880.

The authors solved the structure of the S. pombe Dnmt2 protein and

provided a biochemical evidence for stimulation of methyltransferase

activity by queuosine presence. Methylation provided by Dnmt2 enzyme
prevents generation of tRNA-derived fragments and may have multiple
consequences on cell viability.

42. Rintala-Dempsey AC, Kothe U: Eukaryotic stand-alone
pseudouridine synthases-RNA modifying enzymes and
emerging regulators of gene expression? RNA Biol 2017,
14:1185-1196.

43. Hamma T, Ferré-D’Amaré AR: Pseudouridine synthases. Chem
Biol 2006, 13:1125-1135.

44. Czudnochowski N et al.: In human pseudouridine synthase 1

ee (hPus1), a C-terminal helical insert blocks tRNA from binding
in the same orientation as in the Pus1 bacterial homologue
TruA, consistent with their different target selectivities. J Mol
Biol 2013, 23:3875-3887.

The authors present high resolution crystal structures of the catalytic core

domain of the human pseudouridine synthase 1 (Pus1) bound to a tRNA.

Their analyses and comparison with an already known structure of the

bacterial Pus1 homologue TruA show differences and common features

between these proteins.

45. Behm-Ansmant |, Massenet S, Immel F, Patton JR, Motorin Y,
Branlant C: A previously unidentified activity of yeast and
mouse RNA:pseudouridine synthases 1 (Pusip) on tRNAs.
RNA 2006, 12:1583-1593.

46. Patton JR, Bykhovskaya Y, Mengesha E, Bertolotto C, Fischel-
Ghodsian N: Mitochondrial myopathy and sideroblastic anemia
(MLASA). J Biol Chem 2005, 280:19823-19828.

47. Antonicka H, Choquet K, Lin Z, Gingras A, Kleinman CL,
Shoubridge EA: A pseudouridine synthase module is essential
for mitochondrial protein synthesis and cell viability. EMBO
Rep 2017, 18:28-38.

48. Suzuki T, Suzuki T: A complete landscape of post-
transcriptional modifications in mammalian mitochondrial
tRNAs. Nucleic Acids Res 2014, 42:7346-7357.

49. Zaganelli S, Rebelo-Guiomar P, Maundrell K, Rozanska A,
Pierredon S, Powell CA, Jourdain AA, Hulo N, Lightowlers RN,
Chrzanowska-Lightowlers ZM et al.: The pseudouridine
synthase RPUSDA4 Is an essential component of mitochondrial
RNA granules. J Biol Chem 2017, 292:4519-4532.

50. Markert ML, Devlin BH, Chinn I, Elizabeth A: HHS Public Access
2016, 44:61-70.

51. Mangum JE, Hardee JP, Fix DK, Puppa MJ, Elkes J, Altomare D,
Bykhovskaya Y, Campagna DR, Schmidt PJ, Sendamarai AK et al.:
Pseudouridine synthase 1 deficient mice, a model for
mitochondrial myopathy with sideroblastic anemia, exhibit
muscle morphology and physiology alterations. Sci Rep 2016,
6:1-15.

52. Noma A, Kirino Y, lkeuchi Y, Suzuki T: Biosynthesis of
wybutosine, a hyper-modified nucleoside in eukaryotic
phenylalanine tRNA. EMBO J 2006, 25:2142-2154.

53. Perche-Letuvée P, Molle T, Forouhar F, Mulliez E, Atta M:
Wybutosine biosynthesis: structural and mechanistic
overview. RNA Biol 2014, 11:1508-1518.

54. Pichard-Kostuch A, Zhang W, Liger D, Daugeron MC, Létoquart J,
De La Sierra-Gallay IL, Forterre P, Collinet B, Van Tilbeurgh H,
Basta T: Structure-function analysis of Sua5 protein reveals
novel functional motifs required for the biosynthesis of the
universal t6A tRNA modification. RNA 2018, 24:926-938.

55. Wan LCK, Pillon MC, Thevakumaran N, Sun Y, Chakrabartty A,

. Guarné A, Kurinov |, Durocher D, Sicheri F: Structural and
functional characterization of KEOPS dimerization by Pcc1
and its role in t6A biosynthesis. Nucleic Acids Res 2016,
44:6971-6980.

The authors show that, archaeal KEOPS components could form specific
dimers. They solved crystal structure dimer of Pcc1-Kae1 subunits and
performed additional experiments of dimer behavior in solution using
SAXS and SEC-MALS analysis.

56. Zhang W, Collinet B, Graille M, Daugeron MC, Lazar N, Libri D,

ee Durand D, Van Tilbeurgh H: Crystal structures of the Gon7/Pcc1
and Bud32/Cgi121 complexes provide a model for the
complete yeast KEOPS complex. Nucleic Acids Res 2015,
43:3358-3372.

The authors solved the structure of yeas KEOPS components and

describe them. Moreover, the linear hetero-pentameric structure of the

complete yeast KEOPS complex compatible with SAXS data was

proposed.

57. Wan LCK, Maisonneuve P, Szilard RK, Lambert JP, Ng TF,
Manczyk N, Huang H, Laister R, Caudy AA, Gingras AC et al.:
Proteomic analysis of the human KEOPS complex identifies
C140RF as a core subunit homologous to yeast Gon7. Nucleic
Acids Res 2017, 45:805-817.

58. Wan LCK, Mao DYL, Neculai D, Strecker J, Chiovitti D, Kurinov I,
Poda G, Thevakumaran N, Yuan F, Szilard RK et al.:
Reconstitution and characterization of eukaryotic N6-
threonylcarbamoylation of tRNA using a minimal enzyme
system. Nucleic Acids Res 2013, 41:6332-6346.

59. Lin H, Miyauchi K, Harada T, Okita R, Takeshita E, Komaki H,

ee Fujioka K, Yagasaki H, Goto YI, Yanaka K et al.: CO,-sensitive
tRNA modification associated with human mitochondrial
disease. Nat Commun 2018, 9:1875.

The authors characterized and described YRDC and OSGEPL1 proteins

as responsible for the formation of N°-threonylcarbamoyladenosine in

human mitochondrial tRNA. They also show that this process impacts on

protein synthesis and respiratory activities in mitochondria, and that it is

regulated by sensing intracellular COx/bicarbonate concentration.

60. Biphenyls CP: HHS Public Access 2015, 91:165-171.

61. Edvardson S, Prunetti L, Arraf A, Haas D, Bacusmo JM, Hu JF, Ta-
Shma A, Dedon PC, De Crécy-Lagard V, Elpeleg O: TRNA N6-
adenosine threonylcarbamoyltransferase defect due to KAE1/
TCS3 (OSGEP) mutation manifest by neurodegeneration and
renal tubulopathy. Eur J Hum Genet 2017, 25:545-551.

62. Dauden MI, Jaciuk M, Muller CW, Glatt S: Structural asymmetry
in the eukaryotic Elongator complex. FEBS Lett 2018, 592:502-
515.

63. Johansson MJO, Xu F, Bystrom AS: Elongator-a tRNA modifying
complex that promotes efficient translational decoding.
Biochim Biophys Acta Gene Regul Mech 2018, 1861:401-408.

64. Glatt S, Letoquart J, Faux C, Taylor NM, Seraphin B, Muller CW:
The Elongator subcomplex Elp456 is a hexameric RecA-like
ATPase. Nat Struct Mol Biol 2012, 19:314-320.

65. Johansson MJO, Xu F, Bystrom AS: Elongator—a tRNA
modifying complex that promotes efficient translational
decoding. Biochim Biophys Acta - Gene Regul Mech 2018,
1861:401-408.

66. XuH, Lin Z, Li F, Diao W, Dong C, Zhou H, Xie X, Wang Z, Shen Y,
Long J: Dimerization of elongator protein 1 is essential for
Elongator complex assembly. Proc Nat/ Acad Sci U S A 2015,
112:10697-10702.

67. Dauden M, Kosinski J, Kolaj-Robin O, Desfosses A, Ori A, Faux C,
ee Hoffmann NA, Onuma OF, Breunig KD, Beck M et al.: Architecture

of the yeast Elongator complex. EMBO Rep 2017, 18:264-279.
The authors utilized negative stain electron microscopy, cross-linking
mass spectrometry, and integrative modelling to resolve the pseudo-
atomic structures of the Elp123 subcomplex and the fully assembled
Elongator complex.

68. Dong C, Lin Z, Diao W, Li D, Chu X, Wang Z, Zhou H, Xie Z, Shen Y,
Long J: The elp2 subunit is essential for elongator complex
assembly and functional regulation. Structure 2015, 23:1078-1086.

69. GlattS, Zabel R, Kolaj-Robin O, Onuma OF, Baudin F, Graziadei A,
Taverniti V, Lin TY, Baymann F, Seraphin B et al.: Structural basis
for tRNA modification by Elp3 from Dehalococcoides
mccartyi. Nat Struct Mol Biol 2016, 23:794-802.

70. Glatt S, Zabel R, Vonkova I, Kumar A, Netz DJ, Pierik AJ, Rybin V,
Lill R, Gavin AC, Balbach J et al.: Structure of the Kti11/Kti13

www.sciencedirect.com

Current Opinion in Structural Biology 2019, 55:138-146


http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0215
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0215
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0220
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0220
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0220
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0220
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0220
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0225
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0225
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0225
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0225
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0230
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0230
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0230
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0235
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0235
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0235
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0235
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0240
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0240
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0240
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0245
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0245
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0245
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0245
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0245
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0250
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0255
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0260
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0260
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0260
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0265
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0265
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0265
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0270
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0270
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0270
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0270
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0270
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0275
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0275
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0275
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0275
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0275
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0280
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0280
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0280
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0280
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0280
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0285
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0285
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0285
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0285
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0285
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0290
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0290
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0290
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0290
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0290
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0295
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0295
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0295
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0295
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0300
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0305
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0305
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0305
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0305
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0305
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0310
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0310
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0310
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0315
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0315
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0315
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0320
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0320
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0320
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0325
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0325
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0325
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0325
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0330
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0330
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0330
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0330
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0335
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0335
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0335
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0340
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0340
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0340
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0345
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0345
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0345
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0345
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0350
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0350

146 Macromolecular assemblies

71.

72.

73.

74.

75.

heterodimer and its double role in modifications of tRNA and
eukaryotic elongation factor 2. Structure 2015, 23:149-160.

Ye Q, Ur SN, Su TY, Corbett KD: Structure of the
Saccharomyces cerevisiae Hrr25:Mam1 monopolin
subcomplex reveals a novel kinase regulator. EMBO J 2016,
35:2139-2151.

Setiaputra DT, Cheng DT, Lu S, Hansen JM, Dalwadi U, Lam CH,
To JL, Dong M, Yip CK: Molecular architecture of the yeast
Elongator complex reveals an unexpected asymmetric
subunit arrangement. EMBO Rep 2017, 18:280-291.

Chen C, Huang B, Anderson JT, Bystrom AS: Unexpected
accumulation of ncm®U and ncm®S? (U) in a trm9 mutant
suggests an additional step in the synthesis of mecm®U and
mcm®S2U. PLoS One 2011, 6:620783.

Fu D, Brophy JAN, Chan CTY, Atmore KA, Begley U, Paules RS,
Dedon PC, Begley TJ, Samson LD: Human AlkB homolog ABH8
Is a tRNA methyltransferase required for wobble uridine
modification and DNA damage survival. Mol Cell Biol 2010,
30:2449-2459.

Létoquart J, van Tran N, Caroline V, Aleksandrov A, Lazar N, van
Tilbeurgh H, Liger D, Graille M: Insights into molecular plasticity
in protein complexes from Trm9-Trm112 tRNA modifying
enzyme crystal structure. Nucleic Acids Res 2015, 43:10989-
11002.

The crystal structure of Yarrowia lipolytica Trm9-Trm112 complex pro-
vides atomic resolution insight into interaction occurring between a
methyltransferase Trm9 responsible for a final step of mcm>®U34 synth-
esis and its obligatory coactivator Trm112.

76.

77.

van Tran N, Muller L, Ross RL, Lestini R, Létoquart J, Ulryck N,
Limbach PA, de Crécy-Lagard V, Cianférani S, Graille M:
Evolutionary insights into Trm112-methyltransferase
holoenzymes involved in translation between archaea and
eukaryotes. Nucleic Acids Res 2018, 46:8483-8499.

Leidel S, Pedrioli PG, Bucher T, Brost R, Costanzo M, Schmidt A,
Aebersold R, Boone C, Hofmann K, Peter M: Ubiquitin-related
modifier Urm1 acts as a sulphur carrier in thiolation of
eukaryotic transfer RNA. Nature 2009, 458:228-232.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Cavuzic M, Liu Y: Biosynthesis of sulfur-containing tRNA
modifications: a comparison of bacterial, archaeal, and
eukaryotic pathways. Biomolecules 2017, 7.

Rafels-Ybern A, Torres AG, Grau-Bove X, Ruiz-Trillo |, Ribas De
Pouplana L: Codon adaptation to tRNAs with Inosine

modification at position 34 is widespread among Eukaryotes
and present in two Bacterial phyla. RNA Biol 2017, 15:500-507.

Ehrenhofer-Murray AE: Biomolecules cross-talk between
Dnmt2-dependent tRNA methylation and queuosine
modification. Biomolecules 2017, 7:14.

Kopajtich R, Nicholls TJ, Rorbach J, Metodiev MD, Freisinger P,
Mandel H, Vanlander A, Ghezzi D, Carrozzo R, Taylor RW et al.:
Mutations in GTPBP3 cause a mitochondrial translation defect
associated with hypertrophic cardiomyopathy, lactic acidosis,
and encephalopathy. Am J Hum Genet 2014, 95:708-720.

Taniguchi T, Miyauchi K, Sakaguchi Y, Yamashita S, Soma A,
Tomita K, Suzuki T: Acetate-dependent tRNA acetylation
required for decoding fidelity in protein synthesis. Nat Chem
Biol 2018, 14:1010-1020.

Bateman A, Martin MJ, O’Donovan C, Magrane M, Alpi E,
Antunes R, Bely B, Bingley M, Bonilla C, Britto R et al.: UniProt: the
universal protein knowledgebase. Nucleic Acids Res 2017, 45:
D158-D169.

Berman HM, Westbrook J, Feng Z, Gillland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE: The Protein Data Bank. Nucleic Acids
Res 2000, 28:235-242.

Lawson CL, Baker ML, Best C, Bi C, Dougherty M, Feng P, van
Ginkel G, Devkota B, Lagerstedt I, Ludtke SJ et al.: EMDataBank.
org: unified data resource for CryoEM. Nucleic Acids Res 2011,
39:D456-64.

Brown A, Shao S: Ribosomes and cryo-EM: a duet. Curr Opin
Struct Biol 2018, 52:1-7.

Novoa EM, Pavon-Eternod M, Pan T, Ribas de Pouplana L: A role
for tRNA modifications in genome structure and codon usage.
Cell 2012, 149:202-213.

Current Opinion in Structural Biology 2019, 55:138-146

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0350
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0350
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0355
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0355
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0355
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0355
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0360
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0360
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0360
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0360
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0365
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0365
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0365
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0365
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0370
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0370
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0370
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0370
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0370
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0375
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0375
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0375
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0375
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0375
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0380
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0380
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0380
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0380
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0380
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0385
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0385
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0385
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0385
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0390
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0390
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0390
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0395
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0395
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0395
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0395
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0400
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0400
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0400
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0405
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0405
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0405
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0405
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0405
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0410
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0410
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0410
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0410
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0415
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0415
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0415
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0415
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0420
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0420
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0420
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0425
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0425
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0425
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0425
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0430
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0430
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0435
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0435
http://refhub.elsevier.com/S0959-440X(18)30130-1/sbref0435

	Charging the code — tRNA modification complexes
	Introduction
	(t)RNA methyltransferases
	Pseudouridine synthases
	The KEOPS complex
	The Elongator complex
	Conclusion
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


