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Abstract: The universal N6-threonylcarbamoyladenosine (t6A) modification occurs at position 37
of tRNAs that decipher codons starting with adenosine. Mechanistically, t6A stabilizes structural
configurations of the anticodon stem loop, promotes anticodon–codon pairing and safeguards the
translational fidelity. The biosynthesis of tRNA t6A is co-catalyzed by two universally conserved pro-
tein families of TsaC/Sua5 (COG0009) and TsaD/Kae1/Qri7 (COG0533). Enzymatically, TsaC/Sua5
protein utilizes the substrates of L-threonine, HCO3

−/CO2 and ATP to synthesize an intermediate
L-threonylcarbamoyladenylate, of which the threonylcarbamoyl-moiety is subsequently transferred
onto the A37 of substrate tRNAs by the TsaD–TsaB –TsaE complex in bacteria or by the KEOPS
complex in archaea and eukaryotic cytoplasm, whereas Qri7/OSGEPL1 protein functions on its own
in mitochondria. Depletion of tRNA t6A interferes with protein homeostasis and gravely affects
the life of unicellular organisms and the fitness of higher eukaryotes. Pathogenic mutations of
YRDC, OSGEPL1 and KEOPS are implicated in a number of human mitochondrial and neurological
diseases, including autosomal recessive Galloway–Mowat syndrome. The molecular mechanisms
underscoring both the biosynthesis and cellular roles of tRNA t6A are presently not well elucidated.
This review summarizes current mechanistic understandings of the catalysis, regulation and disease
implications of tRNA t6A-biosynthetic machineries of three kingdoms of life, with a special focus on
delineating the structure–function relationship from perspectives of conservation and diversity.

Keywords: tRNA modification; N6-threonylcarbamoyladenosine synthetases; TsaC/Sua5;
TsaD/Kae1/Qri7; KEOPS; TsaD–TsaB–TsaE; protein–protein interactions; tRNA binding; ATPase
activity; structure–function relationship; human disease

1. Introduction

The transfer RNAs (tRNAs), which cooperate with ribosomes to translate genetic
codes of the messenger RNA (mRNA), contain a large number of chemically distinct
post-transcriptional modifications (https://iimcb.genesilico.pl/modomics, accessed on
1 October 2020) [1–4]. These modifications at different positions are needed for maintaining
the chemical stability, stabilizing the tertiary structure, decoding ability and the decay
of tRNAs [5–10]. The wobble position 34 and position 37 (3′ adjacent to anticodon) are
two hotspots that install the largest diversity of chemical modifications [3,4,11–14]. The
N6-threonylcarbamoyladenosine (t6A), which denotes the incorporation of an L-threonine
via a ureido linkage at the N6 nitrogen of adenosine (Figure 1A,B) [15,16], is universally
found at position 37 of ANN-decoding (N being A, U, C and G) tRNAs from the three
domains of life (Table 1) [11,12,14,17,18]. Structurally, t6A extends its planar ring via in-
tramolecular hydrogen bonds and π–π stacking interaction with its 5′-adjacent base U36 and
prevents the intra-loop Watson–Crick pairing between U33 and A37 (Figure 1A) [14,19–21].
The t6A-stabilized conformation of anticodon stem loop (ASL) facilitates the entry of
amino-acylated tRNAs into the ribosomal A-site, wherein t6A principally promotes the
formation of a codon–anticodon duplex via forming extra hydrogen bonds and overcoming
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the low enthalpy of binding for U–A base pairs [5,22–25]. Thus, tRNA t6A modification
plays a crucial role in safeguarding the translational fidelity by means of enhancing the
correct recognition of the start codon (AUG) and preventing frameshift as well [7,26–28].
In addition, t6A promotes efficient aminoacylation of cognate tRNAs [17,27,29,30].

Figure 1. Structure, function and biosynthetic pathway of tRNA t6A. (A). The crystal structure
of t6A-ASL of E coli. tRNALys (UUU) paired with mRNA in ribosomes (omitted for clarity) [22].
(B). Chemical structures of t6A and t6A derivatives with modifications highlighted in red. t6A,
N6-threonylcarbamoyladenosine; ct6A, cyclic N6-threonylcarbamoyladenosine; ms2t6A, 2-methylthio-
N6-threonylcarbamoyladenosine; ms2ct6A, 2-methylthiocyclic N6-threonylcarbamoyladenosine;
m6t6A, N6-methyl-N6-threonylcarbamoyladenosine; ht6A, hydroxy-N6-threonylcarbamoyladenosine.
(C). Enzymatically validated and representative tRNA t6A-modifying enzymes in the three domains
of life and the enzymatic pathway of tRNA t6A biosynthesis. The catalytic members of TsaC/Sua5
and TsaD/Kae1/Qri7 families are colored in brown and red, respectively. Evolutionarily related
proteins are color-coded. (D). Crystal structures of E. coli TsaC [31], P. abyssi Sua5 [32] and S. tokudaii.
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Sua5 [33,34]. The YrdC domain and Sua5 domain are displayed in brown and light yellow, re-
spectively, and the connecting loop between the two domains is marked in blue. The bound lig-
and (L-threonine, HCO3

− and PPi in P. abyssi Sua5, AMPPNP, L-threonine, TC-AMP and Mg2+ in
S. tokodaii Sua5) are shown in detail and the KxR···SxN tetrad motifs are indicated. (E). Crystal
structures of TsaD/Kae1/Qri7 proteins from different species (E. coli [35,36], S. typhimurium [37],
T. maritima [38], M. jannaschii [39], P. abyssi [40], T. acidophilum [41], H. sapiens [42] and S. cerevisiae [43]).
The metal-binding motif (HxxH···D) and nucleotide-binding site are indicated in each structure.
KG4, carboxyadenosine. (F,G). Crystal structure, domain organization and enzymatic catalysis of
S. tenebrarius TobZ [34] (F) and E. coli HypF [44]. (G). TobZ comprises an N-terminal Kae1 domain
(red) and a C-terminal YrdC domain (brown); HypF comprises an N-terminal ACP domain (greenish),
a ZF domain (cyan), a YrdC domain (brown) and a C-terminal Kae1 domain (red). The chemical
transformation in the reactions catalyzed by the YrdC and Kae1 domains is shown in TobZ (F,G). The
reaction channels between the two domains are marked in light green. CP, carbamoyl phosphate; CA,
carbamoyladenylate. PDB codes are given in brackets.

In addition, tRNA t6A is the substrate of a variety of t6A hypermodifications
that include cyclic N6-threonylcarbamoyladenosine (ct6A) [45,46], hydroxy-N6-
threonylcarbamoyladenosine (ht6A) [28], 2-methylthio-N6-threonylcarbamoyladenosine
(ms2t6A) [47], N6-methyl-N6-threonylcarbamoyladenosine (m6t6A) [48] and
2-methylthiocyclic N6-threonylcarbamoyladenosine (ms2ct6A) (Figure 1B) [49]. Collectively,
t6A and t6A-derived nucleosides at position 37 of tRNAs contribute to the translational
efficiency and cellular proteostasis regulation [7,23,26,50]. The loss or hypomodification of
tRNA t6A leads to the death of unicellular organisms, the development of higher eukary-
otes [50,51] and a number of human diseases (Table 1) [52–55], including mitochondrial
respiration defects [29], neurological disorders [42,56] and diabetes [57,58].

Biosynthesis of tRNA t6A requires two universally conserved protein families of
TsaC/Sua5 (COG0009) [59] and TsaD/Kae1/Qri7 (COG0533) [60], which belong to the
minimal gene-sets and the last universal common ancestors (LUCA) [61–64]. Comparative
genomics and proteomic analyses have identified a complete ensemble of enzymes capable
of catalyzing tRNA t6A biosynthesis in the three domains of life (Table 1 and Figure 1C) [65].
As conventionally represented, tRNA t6A biosynthesis in bacteria requires TsaC (YrdC),
TsaD (YgjD), TsaB (YeaZ) and TsaE (YjeE) [66,67]; in archaea and eukaryotic cytosol, it
requires a Sua5/YRDC and KEOPS complex that contains Kae1, Bud32, Cgi121, Pcc1 and
Gon7 [68–72]; in eukaryotic mitochondria, it requires Sua5/YRDC and Qri7/OSGEPL1,
which are nuclear-encoded and imported into mitochondria [29,60,61,73,74]. The enzymatic
synthesis of tRNA t6A takes place in two steps (Figure 1C): in the first step, TsaC/Sua5
protein independently catalyzes the condensation of L-threonine, HCO3

−/CO2 and ATP to
form an intermediate Threonylcarbamoyl-adenylate (TC-AMP) and an inorganic pyrophos-
phate (PPi) [32,67,75,76]; in the second step, the TC-moiety is catalytically transferred onto
the N6 nitrogen of tRNA A37 by TsaD/Kae1/Qri7 protein with support of a varying num-
ber and types of accessory proteins in bacteria, archaea and eukaryotes [65,66,68–74]. The
molecular mechanisms of tRNA t6A-modifying enzymes vary among different biological
systems. This review work is focused on analyzing the structure–function relationship and
portrays an overview of conservation and diversification pertaining to molecular workings
of these tRNA t6A biosynthetic machineries in the three domains of life.
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Table 1. Summary of the biosynthetic enzymes of tRNA t6A and other related tRNA t6A hypomodi-
fied nucleosides found and validated in different organisms. Abbreviations: TsaDBE, TsaD–TsaB–TsaE;
YdiECB, YdiE (TsaD)-YdiC (TsaB)-YdiB (TsaE); CT, cytosol; MT, mitochondria; N.D., not determined.

Modified Organisms Enzymes Functions and Deficit-Associated Phenotypes Refs

t6A

Bacteria E. coli TsaC and TsaDBE
B. subtilisYwlCandYdiECB

tRNA t6A is required for recognizing the start
codon (AUG) and prevents frameshift in

translation; the depletion of tsaC and tsaD leads to
cell death.

[17,60,66,67]

Archaea P. abyssi/M. jannaschi/H. volcanii
Sua5 and KEOPS

H. volcanii Pcc1 (KEOPS subunit) is not essential to
cellular life; the deletion of pcc1 reduces the level of

t6A modification and leads to decreased
growth rate.

[39,71,77]

Eukarya

S. cerevisiae Sua5 and KEOPS(CT)
Deletion of sua5 and KEOPS (kae1, bud32, cgi121
and pcc1) abolishes the tRNA t6A formation and

leads to pleiotropic lethal phenotypes.
[41,65,68,70]

S. cerevisiae Sua5 and Qri7(MT)
Qri7 is essential for yeast life. Deletion of qri7 leads
to mitochondrial genome instability and abnormal

morphology.
[18,30,73,78]

H. sapiens YRDC and KEOPS(CT)

Deletion or mutations of YRDC and KEOPS
(OSGEP, TP53RK, TPRKB, LAGE3 and GON7) leads

to depletion of tRNA t6A and is implicated in
Galloway–Mowat syndrome.

[42,56,79,80]

H. sapiens YRDC and
OSGEPL1(MT)

Deletion of YRDC and OSGEPL1 causes
mitochondrial dysfunction (interferes with protein

synthesis and respiratory activities) and is
clinically associated with an onset of myoclonus

epilepsy with ragged-red fibers (MERRF).

[29,74]

ct6A

Bacteria E. coli TcdA/ B. subtilis YrvM Bacterial ct6A-tRNALys (UUU) is involved in
promoting decoding efficiency. [46,48]

Eukarya
S. cerevisiae TCD1 and TCD2 Yeast ct6A-tRNAs are required for yeast respiratory

growth under nonfermenting conditions. [46]

A. thaliana enzymes N.D. N.D. [49]

ms2t6A

Bacteria B. subtilis YqeV (MtaB) B. subtilis ms2t6A-tRNALys (UUU) is required for
the accurate translation of AAG codon. [58]

Eukarya

T. brucei MtaB Depletion of ms2t6A confers no significant growth. [49]
A. thaliana enzymes N.D. N.D. [49]

H. sapiens CDKAL1
ms2t6A-tRNALys (UUU) is required for the

accurate translation of AAA codon and its deficit is
associated with type 2 diabetes.

[58]

ms2ct6A

Bacteria B. subtilis YrvM and YqeV Depletion of ms2ct6A confers no significant growth
or temperature-sensitivity phenotypes. [49]

Eukarya T. brucei TcdA and MtaB
ms2ct6A-tRNA promotes decoding efficiency and
contributes to cell growth in inhibitory conditions

or under stress.
[49]

A. thaliana enzymes N.D. N.D. [49]

m6t6A

Bacteria E. coli TrmO
m6t6A enhances the decoding ability of tRNAThr

and discriminates tRNAsThr for ACY codons from
other isoacceptors.

[48]

Eukarya
R. norvegicus TrmO m6t6A-tRNASer (GCU) is responsible for the AGY

codons. [48]

H. sapiens TRMO N.D. [48]

ht6A Eukarya
Echinoderm mitochondria t6A

enzymes using the substrate of
Hydroxy-L-threonine

M. nudus mt-tRNALys (UUU) is employed to
decodes asparagine instead of lysine. [28]

2. The Biochemical and Structural Aspects of tRNA t6A Catalysis
2.1. Structure–Function Relationship of TsaC/Sua5 in TC-AMP Biosynthesis

Two homologs of TsaC/Sua5 family are found in almost all sequenced organisms
(Figure 1C) [59,81]. While TsaC and YRDC are single domain proteins comprising
~200 amino acids, Sua5 consists of an N-terminal YrdC/TsaC domain and an extra Sua5 do-
main (~100 amino acids), which are connected by a 40 amino acid-long segment (Figure 1D).
The phylogenetic distribution shows that, with few exceptions, the single-domain TsaC
and YRDC are present in bacteria and higher eukaryotes, while Sua5 is found in archaea
and yeast (Figure 1C) [81]. The lethal phenotype of E. coli tsaC deletion and loss of tRNA
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t6A could be rescued and restored by either B. subtilis ywlC (tsaC) or S. cerevisiae SUA5, and
vice versa [59,81,82], substantiating an independent catalytic role in TC-AMP synthesis.

E. coli TsaC folds into an α/β twisted open sheet structure with antiparallel adjacent
β-strands in the center and α-helices flanking on the exterior side, forming a baseball glove-
like structure. The structure of TsaC aligns well with the YrdC domain of Sua5, of which the
Sua5 domain adopts a Rossmann fold with an inner β-sheet composed of five β-strands and
framed by three α-helices [31–33,76]. The binding and coordination of TC-AMP substrates
(ATP, L-threonine and HCO3

−), TC-AMP and the byproduct PPi have been determined
in the catalytic centers of TsaC/Sua5 proteins (Figure 1D and Table 2) [32,33,75,76]. The
structure reveals that the interdomain segment wraps over the catalytic center and functions
as an essential gating loop to regulate the catalytic activity of Sua5 (Figure 1D) [31,32].
The structure–function analysis provides a mechanistic basis underscoring the chemical
transformations of L-threonine, HCO3

− and ATP en route to TC-AMP: 1) L-threonine is first
bound to react non-enzymatically with HCO3

− in the closed catalytic pocket, generating an
intermediate N-carboxy-L-threonine; 2) the subsequent opening of the gating loop permits
the entry of ATP for adenylation with N-carboxy-L-threonine, of which the carboxyl group
performs a nucleophilic attack, giving birth to TC-AMP and PPi [31,32,76].

Table 2. Summary of the binding between the t6A-modifying enzymes and ligands. Abbreviations: Ec,
Escherichia coli; St, Sulfolobus tokodaii; Tm, Thermotoga maritima; Hi, Haemophilus influenzae; Hs, H. sapiens;
FQ, fluorescence quenching; ITC, isothermal titration calorimetry; MST, microscale thermophoresis;
FRET, fluorescence resonance energy transfer; TsaBD, TsaD–TsaB; TsaDBE, TsaD–TsaB–TsaE; *, KM values.

Enzymes Ligands KD (µM) Methods Refs

EcTsaC
ATP 1.04 ± 0.67

FQ [83]L-Threonine 0.04 ± 0.10

StSua5

ATP 61.3 ± 3.0

ITC [33]
ADP 101.0 ± 3.3
AMP 1420 ± 170

L-Threonine 9.3 ± 0.3

HsYRDC
ATP 170 ± 220 *

Kinetic analysis [29]L-Threonine 190 ± 60 *
HCO3

− 13000 ± 3800 *

EcTsaD AMPCPP 1.62 ± 0.088 ITC [35]

EcTsaDB
AMPCPP 0.70 ± 0.011 ITC [35]

BK951 3.4 ± 0.6 MST [36]

EcTsaE
MANT-ADP 8 ± 0.9 FRET [84]

ADP 6.54 ± 0.053 ITC [35]
ATPγS 20.41 ± 1.32 ITC [35]

TmTsaDBE AMPPCP 6.1 ± 1.0 ITC [85]

TmTsaE AMPPCP 9.0 ± 1.3 ITC [85]

HiTsaE MANT-ADP 18 ± 0.4 FRET [84]

2.2. Structure–Function Relationship of TsaD/Kae1/Qri7 in t6A Biosynthesis

Though many essential cellular roles have been associated with TsaD/Kae1/Qri7
family proteins [60,78,81,86], the central and convergent one is the catalytic function in
tRNA t6A biosynthesis (Figure 1C). Crystal structures of TsaD/Kae1/OSGEP/Qri7 pro-
teins exhibit a typical “acetate and sugar kinase/heat shock protein 70/actin” (ASKHA)
superfamily characteristic of comprising two similar ancestral oligonucleotide-binding
(OB) domains on either side of a large cleft with a canonical ATP-binding site at the bottom
(Figure 1E), except for local variations incurred by insertion or deletion of connecting
loops [35,37,38,40–43,73,87–89]. The overall structural architecture and configuration of
the catalytic sites are conserved among TsaD/Kae1/OSGEP/Qri7 proteins. The binding
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and coordination of nucleotides (ATP, ADP and AMP) have been determined in crystal
structures (Figure 1E) and verified in biochemical assays (Table 2). In addition, different
divalent cations (Fe2+, Zn2+ and Mn2+) are bound in coordination with ATP or ADP in
the catalytic sites [35,37,38,40,41,73,87,90]. The metal ions are octahedrally coordinated by
a highly conserved HxxH···D motif and two water molecules and play a canonical role
in coordinating the γ- and β-phosphate of ATP and stabilizing the structural conforma-
tion of loops on the edge of the α-helices (Figure 1E) [35,37,40,41,91]. Biochemical assays
exhibited differentiated effects of metal ions on stimulating the t6A-catalytic activities of
TsaD/Kae1/Qri7 proteins, demonstrating that TsaD/Kae1/Qri7 proteins are versatile in
making the best use of these metal cations [65,74].

However, TsaD/Kae1/OSGEP/Qri7 does not necessarily consume ATP throughout
the chemical transformation in tRNA t6A catalysis. The ATP-binding site must be used
for binding TC-AMP or A37 of tRNA (Figure 1C). As expected, crystal structures revealed
that KG4 (analog of carboxy-AMP) and BK951 (analog of TC-AMP) are bound in the
same ATP-binding sites of TsaD [36,38]. In addition, the bound TC-AMP analogs adopt
a similar anti-conformation as that seen for ATP and ADP bound in catalytic sites of
TsaD/Kae1/Qri7 proteins (Figure 1E). Thus, the ATP-binding site is, in fact, used for
TC-AMP binding and is involved in catalyzing the transfer of TC-moiety. The structure
revealed that TC-moiety is bound to the active site Zn2+ atom via an oxygen atom from
both the phosphonate and the carboxylate moieties, as the binding of A37 of tRNA in
the catalytic sites of TsaD/Kae1/Qri7 proteins is presently unknown. Functional analysis
combined with the computational modeling of the A37 of tRNA suggested that TC-AMP
and A37 could concomitantly accommodate in a manner that TC-moiety is bound to the
metal ion and A37 is perpendicularly positioned to the TC-AMP plane. The catalysis
exploits a putative metal oxyanion hole, in which the incoming N6 of tRNA A37 performs
a nucleophilic attack at the carbamoyl bond of TC-AMP [36,38].

2.3. Evolutionary Implications of a Functional Cooperation between YrdC-like Domain and
Kae1-like Domain

Interestingly, a YrdC-like domain and a Kae1-like domain are consecutively fused and
functionally associated in S. tenebrarius TobZ [34] and E. coli HypF [44,92]. Crystal structures
exhibit that TobZ consists of a Kae1 domain at the N-terminus and a YrdC domain at the
C-terminus (Figure 1F) [34]. By contrast, HypF comprises an N-terminal acylphosphatase
(ACP) domain, a Zn finger-like (ZF) domain, a YrdC domain and a C-terminal Kae1 domain
(Figure 1G) [44,92]. The overall structures of both YrdC and Kae1 domains of TobZ and
HypF are well matched to TsaC (Figure 1D) and Kae1 (Figure 1E), respectively [34,92].
Furthermore, configurations of the catalytic centers are conserved, including catalytic
motifs in TsaC (KxR···SxN) and Kae1(HxxH···D) [31,34,40,92]. Although the organizing
order of Kae1 domain and YrdC domain in TobZ and HypF is reversed, they cooperate to
catalyze a two-step carbamoylation reaction: first, the YrdC domain catalyzes the formation
of an intermediate carbamoyladenylate (CA) using substrates of carbamoyl phosphate (CP)
and ATP; second, the Kae1 domains in TobZ and HypF catalyze the transfer of carbamoyl-
moiety from CA onto tobramycin via an O-carbamoylation (Figure 1F) [34] and Cystine 351
of HypE via an S-carbamoylation (Figure 1G) [44,92], respectively. These two evolutionarily
ancient carbamoylation reactions are analogous to the threonylcarbamoylation reaction in
tRNA t6A biosynthesis (Figure 1C). The two types of reaction involve a classic adenylation
transformation (R-COOH+ATP→ R-C=O-AMP+PPi). In TobZ and HypF, the YrdC domain
and Kae1 domain interact to create an electrostatic potential gradient channel for efficient
transfer of CA (Figure 1F,G) [34,44,92]. In contrast, TsaC/Sua5 proteins are capable of
catalyzing the formation of TC-AMP independent of the t6A-catalysis by TsaD/Kae1/Qri7,
and vice versa [67,73]. However, TC-AMP is a chemically unstable intermediate, and it
decomposes spontaneously into AMP and L-threonine isocyanate (L-Thr-NCO) in minutes
under physiological conditions [29,32,67,73]. Therefore, it is tempting to hypothesize that
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TsaC/Sua5 and TsaD/Kae1/Qri7 proteins could interact to facilitate an efficient delivery of
TC-AMP to the catalytic sites of TsaD/Kae1/Qri7 proteins.

3. The Diversification of tRNA t6A Biosynthetic Systems

Genetic and biochemical validations demonstrated that Qri7/OSGEPL1 forms a min-
imal tRNA t6A biosynthetic system in combination with Sua5/YRDC [73,74]. Whereas
bacterial TsaD requires TsaB and TsaE to perform t6A-catalysis [38,66,67], archaea and
eukaryote Kae1 catalyze the t6A biosynthesis in the form of a KEOPS complex [70–72,79]. It
appears that TsaD/Kae1/OSGEP proteins, in comparison to Qri7/OSGEPL1 proteins, have
evolved to adopt diversified and easy-to-tune mechanisms underlying the t6A-catalytic
activation in coping with the increasing biological complexity.

3.1. The Dynamic TsaD–TsaB–TsaE Complex in Bacteria

Proteomic analyses revealed that TsaD is involved in an essential protein–protein
interaction network with TsaB (a paralog of TsaD) and TsaE that is not evolutionarily
related to any other tRNA t6A-modifying enzymes (Figure 1C) [35,38,63,84,93,94]. While
neither E. coli TsaD–TsaB [35,65,66] nor B. subtilis TsaD–TsaB [67] exhibited any t6A-catalytic
activity, T. maritime TsaD–TsaB showed basal catalytic activity in tRNA t6A biosynthesis [38].
Consistent with the in vivo tRNA t6A formation analyses, the t6A-catalytic function of
TsaD–TsaB is fully activated by TsaE [35,38,65–67]. Genetic and biochemical analyses
demonstrated that neither the lethal phenotype or depletion of tRNA t6A caused by deletion
of E. coli tsaD could be complemented by B. subtilis ydiE (tsaD) or S. cerevisiae KAE1,
manifesting that highly specific interactions play a critical role in molecular recognitions of
TsaB and TsaE by TsaD [17,60,63,78,93].

TsaB is concomitantly present with TsaD in all bacterial genomes but has no close
orthologs in eukaryotes [81,93]. Structures reveal that TsaB also belongs to the ASKHA
superfamily and adopts a canonical two-lobed HSP70/actin-like fold, each of which com-
prises a five-stranded mixed β-sheet surrounded by three α-helices [95,96]. While the N-
lobe could be superimposed onto that of TsaD (Figure 2A), the truncated C-lobe is less
conserved than that of TsaD and does not form a similar OB fold in support of binding
nucleotides and metal ions [35,37,87]. TsaD interacts with TsaB via a conserved “helical
bundle” interacting interface that is created by two pairs of N-terminal α-helices of TsaD
and TsaB (Figure 2A) [35,37,87]. In addition, TsaD–TsaB dimer formation involves the
C-terminal tail of TsaB, which extends over the interacting interface onto TsaD (Figure 2A).
Furthermore, the hyperthermophilic T. maritime TsaD–TsaB dimer further oligomerizes into
a tetramer depicted as TsaD–TsaB–TsaB–TsaD, which is mediated by an extension of the
β-stranded sheet of the C-terminal domains of TsaB (Figure 2A) [85,87,97,98]. Structural
comparison revealed that a conserved motif GPGXXTGXR located on the “helical bun-
dle” region of TsaB is re-configured to create an atypical nucleotide-binding site, which is
occupied by an ADP or AMP in the structures of an E. coli TsaD–TsaB complex [35,36].
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Figure 2. Structural assembly of tRNA t6A-modifying enzymes in the three domains of life.
(A). Crystal structures of EcTsaD–TsaB [36], StTsaD–TsaB [37] and TmTsaD–TsaB–TsaE [87]. TsaD,
TsaB and TsaE are colored in red, pink and cyan, respectively. In EcTsaD–TsaB, an equivalent TsaB is
structurally aligned to TsaD. The conserved “helical bundle” at the interacting interface between TsaD
and TsaB is shown in the inserts. TsaB–TsaB interacting interface in TmTsaD–TsaB–TsaE are shown
in the insert. (B). Crystal structures of KEOPS subunits and subcomplexes from different species
(MjKae1–Bud32–Cgi121 [41], MjKae1–Bud32 [99], HsTP53RK–TPRKB [100], ScBud32–Cgi121 [101],
HsOSGEP–LAGE3–GON7 [42], MjKae1–Pf Pcc1 [39], TaKae1–Pf Pcc1 [41], MjCgi121–tRNALys [72],
MjCgi121 [41], ScCgi121 [101], HsTPRKB [41], ScPcc1–Gon7 [101], Pf Pcc1 [41] and PaPcc1–Pcc2. Kae1,
Bud32, Cgi121, Pcc1, Gon7 and their homologous proteins are shown in red, blue, yellow, purple
and green, respectively. The conserved helical bundles at the Kae1/OSGEP–Pcc1/LAGE3 binding
interface are shown in inserts. The tRNALys 3′ CCA-coordinating residues of MjCgi121 are shown in
detail. (C). Structural model of MjKEOPS in complex with tRNA was generated based on the crystal
structure of MjCgi121–tRNA [72]. The structural model of 8-subunit MjKEOPS or 5-subunit ScKEOPS
in complex with tRNA was built by structural alignment using MjKEOPS–tRNA as superposing
references; models of ScQri7 dimer or TsaD–TsaB–TsaE in complex with tRNA were built by structural
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alignment using Kae1-tRNA as reference coordinates. The conserved “helical bundle” at the ScQri7
dimerization interface is shown in the insert. As depicted in TsaD–TsaB–TsaE–tRNA model, bindings
of TsaE and tRNA are mutually exclusive. The ATP-binding residues at the TmTsaE–TsaD interface
are shown in detail. PDB codes are given in brackets. Abbreviations: Ec, E. coli; St, S. typhimurium;
Tm, T. maritima; Mj, M. jannaschii; Hs, H. sapiens; Sc, S. cerevisiae; Ta, T. acidophilum; Pf, P. furiosus;
Pa, P. abyssi.

TsaE folds into a structure comprising a seven-intertwining stranded mixed β-sheet
with three connecting α-helices on either side [85,87,102]. TsaE is structurally related
to the P-loop NTPase characterized by mono-nucleotide-binding fold that canonically
catalyzes hydrolysis of the β-γ phosphate ester bond of the nucleotide [103,104]. The
ATP-binding site is located at the C-edge of the parallel portion of the β-sheet and in-
volves two canonical Walker motifs (A/B) and two Switch (I/II) loops between the central
β-strand and the following α-helix [85,87,102]. The binding of ATP or ADP to TsaE has
been observed in crystal structures of TsaE [87,102] and characterized in in vitro analyses
(Table 2) [35,85]. In-solution small-angle X-ray scattering (SAXS), sedimentation velocity
and gel filtration analyses confirmed that TsaE exists in an equilibrium of monomers and
homodimers [35,84,103]. SAXS analysis showed that only the monomeric TsaE binds to the
TsaD–TsaB heterodimer but not TsaD–TsaD or TsaB–TsaB homodimers in the presence of
ATP [35,85]. The crystal structure of the T. maritime TsaD–TsaB–TsaE complex revealed that
TsaE is bound at the TsaD–TsaB interface (Figure 2A) and ATP is bound at the interface
of TsaE and TsaD with its γ-phosphate group being coordinated by side chains from both
subunits (Figure 2C) [85,87]. Functional analyses demonstrated that a dynamic assembly of
a TsaD–TsaB–TsaE complex is essential for tRNA t6A catalysis [35,85], during which TsaE
plays a role in promoting the catalytic turnover via “re-setting” the catalytic conformation
of TsaD [38].

3.2. The KEOPS Machinery in Archaea and Eukarya

Yeast Kae1 was previously identified to be part of the KEOPS complex (kinase, pu-
tative endopeptidase, and other proteins of small size) [68] or EKC (endopeptidase-like
kinase chromatin-associated) [69], which consists of Kae1, Bud32, Cgi121, Pcc1 and Gon7.
The evolutionarily conserved KEOPSs share a common core made up of Kae1, Bud32,
Cgi121 and Pcc1 (Figure 1C) [27,41,68,69], with exceptions that yeast and human KEOPS
contains an extra Gon7 and Drosophila KEOPS lacks Cgi121 [42,50,79,101]. KEOPS has
been associated with a number of fundamental cellular processes, including tRNA t6A
modification [27,39,65,70], telomere replication [41,55,67,68,105–108] and transcription ac-
tivation [26,69,108]. Dysfunction of KEOPS complex abolishes the tRNA t6A formation
in vivo [42,70,79], leads to shortened telomeres [41,109] and impairs protein synthesis in
archaea and eukaryotes [56,110]. In humans, mutations of KEOPS genes are implicated in
neurological disorders, including the Galloway–Mowat syndrome (GAMOS), which is char-
acterized by early-onset steroid-resistant nephrotic syndrome combined with mesangial
sclerosis microcephaly and brain anomalies [42,56,80,111].

Composite KEOPS models were built based on protein–protein interactions using
crystal structures of KEOPS subcomplexes (Figure 2B) [39,41,42,72,100,101]. In the archi-
tecture of KEOPS, Kae1/OSGEP binds to Bud32/TP53RK, which folds into a bi-lobal
configuration characteristic of eukaryotic protein kinase, including an ATPase-dependent
kinase Rio2 [101,112,113]. C-lobe of Bud32/TP53RK protrudes into the catalytic center
of Kae1/OSGEP [42,101]. On one end of Kae1/OSGEP–Bud32/TP53RK, the N-terminal
domain of Kae1/OSGEP forms a “helical bundle” interacting interface with Pcc1/LAGE3
(Figure 2B), which further binds to Gon7/GON7 via forming an extended antiparallel
β-sheet and contacts between α-helices; on the opposite end, the N-lobe of Bud32/TP53RK
makes extensive contacts with Cgi121/TPRKB, which folds into a globular structure con-
sisting of a four central antiparallel β-strands abutted by two α-helices on one side and
five or six α-helices on the other [41,100,101]. Yeast or human KEOPS forms a pentameric
complex that is linearly organized as Gon7–Pcc1–Kae1–Bud32–Cgi121 (Figures 2C and 3B)
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whereas archaean KEOPS forms a V-shaped dimer of a tetrameric Pcc1–Kae1–Bud32–Cgi121
complex via the dimerization of Pcc1 (Figure 2C) [39,41,71,101].

Figure 3. Expression patterns of human tRNA t6A-modifying enzymes and the pathogenic
mutations of human KEOPS. (A). Transcriptomic and proteomic profiles of YRDC, OSGEP,
TP53RK, TPRKB, LAGE3, GON7 and OSGEPL1 in different organs and tissues of humans
(Human Protein Atlas) [114,115]. Values were scaled and normalized to the highest that are coded
in orange and red, respectively. Blank circles denote not determined. (B). The structural model of
human KEOPS in complex with tRNA. The model was generated by aligning the crystal structure of
M. jannaschii Cgi121–tRNA (PDB: 7KJT) onto a composite structural model of human KEOPS
built using H. sapiens OSGEP–LAGE3–GON7 (PDB: 6GWJ) and H. sapiens TP53RK–TPRKB
(PDB: 6WQX). The represented mutations associated with Galloway–Mowat syndrome are projected
structures of osgep, tp53rk, tprkb, lage3 and gon7, which are colored in red, blue, yellow, purple and
green, respectively.

The structure–function relationship and molecular workings of KEOPS have been
described in detail in a recent review paper [116]. To put it simply, Kae1/OSGEP is the t6A
catalytic subunit but remains catalytically inactive. It performs t6A catalysis in the form
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of a KEOPS complex. Bud32/TP53RK lacks structural motifs for being an atypical kinase
but retains conserved elements required for ATP binding and hydrolysis. Bud32/TP53RK
contributes to promoting the t6A-catalytic activity of KEOPS at the cost of consuming
ATP and autophosphorylation that are positively regulated by Cgi121/TPRKB [88,89].
By doing so, Cgi121/TPRKB stimulates the t6A-catalytic activity of Kae1 in a positively
cooperative manner [71,100]. Pcc1/LAGE3 folds into a KH-like domain that is frequently
involved in RNA binding [41]. The fifth subunits Gon7 and GON7, which are found in
yeast and humans, are intrinsically disordered proteins but acquire partial structure in the
presence of Pcc1 and LAGE3, respectively [42,101]. The structured region of Gon7/GON7
folds into an antiparallel stranded β-sheet and two continuous α-helices. The connect-
ing region between the second β-strand and first α-helix is disordered in the structures
(Figure 2B) [42,101]. Gon7/GON7 interacts with Pcc1/LAGE3 via the same interacting
interface of Pcc1 homodimer and inhibits the dimerization of Pcc1/LAGE3 in yeast and
humans [42,101].

4. Molecular Interactions between tRNAs and tRNA t6A-Modifying Enzymes

Both in vivo and in vitro analyses on tRNA t6A formation demonstrated that not
only the frequencies of t6A modification vary among tRNAs of the same origin but the
t6A biosynthetic enzymes of different systems exhibit different catalytic activities on the
same tRNAs (Table 3) [27,29,65,74]. It is assumed that the frequency of t6A modification of
tRNAs is determined largely by the molecular interactions between substrate and enzymes.
However, very little is known about how tRNA t6A-modifying enzymes discriminate
ANN-decoding tRNAs from non-substrate tRNA and how the A37 of tRNA is docked into
the t6A-catalytic site.

Table 3. Summary of enzymatically validated tRNA t6A-modifying enzymes and tRNA substrates.
Abbreviations: Bs, Bacillus subtilis; Sc, Saccharomyces cerevisiae; Hs, Homo sapiens; Ec, Escherichia coli;
Pa, Pyrococcus abyssi; Mj, Methanocaldococcus jannaschii; Tm, Thermotoga maritima; Ce, Caenorhabditis
elegans; mt, mitochondrial; TsaBDE, TsaD–TsaB–TsaE.

Organisms Enzymes [Refs] t6A-Modified tRNAs

Bacteria

BsTsaC and BsTsaBDE [79] BstRNALys (UUU) and BstRNAThr (GGU)

ScSua5/PaSua5/EcTsaC
and

EcTsaBDE [17,18,27,29,66,72]

Hsmt-tRNAAsn (GUU), Hsmt-tRNAThr (UGU), Hsmt-tRNAIle

(GAU), Hsmt-tRNASer (AGY)(GCU), Hsmt-tRNALys (UUU)
EctRNAiMet (CAU), EctRNAIle (GAU), EctRNALys (UUU),

EctRNAAsn (GUU), MjtRNALys (UUU) and EctRNAThr (GGU)

TmTsaC and TmTsaBDE [38,85] EctRNAThr (CGU) and EctRNALys (UUU)

Archaea

ScSua5/PaSua5/EcTsaC
and PaKEOPS [65]

EctRNAAsn (GUU), EctRNAIle (GAU) EctRNAfMet (CAU),
EctRNALys (UUU), PatRNALys (UUU) and PatRNAIle (GAU)

MjSua5 and MjKEOPS [72] MjtRNAAsn (GUU), MjtRNAMet (CAU), SctRNAIle (AAU),
MjtRNALys (UUU) and MjtRNAThr (GGU)

Eukarya

ScSua5/PaSua5/EcTsaC/BsTsaC
and

ScKEOPS [18,27,65,74]

HstRNAAsn (GUU), HstRNASer (GCU), HstRNALys (CUU/UUU),
HstRNAiMet (CAU), HstRNAArg (CCU/UCU), HstRNAThr

(AGU/CGU/UGU), SctRNAiMet (CAU), Scmt-tRNAArg (UCU),
HstRNAIle (AAU/GAU/UAU), EctRNALys (UUU), EctRNAAsn

(GUU), EctRNAThr (AGU/CGU/UGU) and Hsmt-tRNAThr (UGU)

HsYRDC and CeKEOPS [27] HstRNAiMet (CAU) and HstRNAThr (UGU)

HsYRDC and HsKEOPS [27,72,79] HstRNAIle (UAU), HstRNAiMet (CAU), HstRNAThr (UGU),
HstRNAArg (UCU), HstRNALys (UUU) and Scmt-tRNAArg (UCU)

ScSua5/EcTsaC and ScQri7 [18,72,74] EctRNALys (UUU), MjtRNALys (UUU), SctRNAIle (AAU),
Hsmt-tRNAThr (UGU) and Scmt-tRNAArg (UCU)

HsYRDC and HsOSGEPL1 [29,74] Hsmt-tRNASer (AGY)(GCU), Hsmt-tRNALys (UUU), Hsmt-tRNAIle

(GAU), Hsmt-tRNAAsn (GUU) and Hsmt-tRNAThr (UGU)
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4.1. Sequence Motifs and Structural Determinants of t6A tRNA Substrate

Mature L-shaped ANN-decoding tRNAs of different origins could be t6A-modified by
enzymes of different organisms (Table 3) [27,72,74]. These sets of cross-validation assays re-
vealed a number of tRNA substrate properties pertaining to sequence and structural motifs:
(1) U36A37A38 motif is a universal determinant for all t6A-modifying enzymes [27,30,117];
(2) C32 is an essential determinant for KEOPSs [27]; (3) the C10U11 motif of the D-stem
is a determinant for archaean KEOPS [72]; (4) C33 is an anti-determinant for bacterial
TsaD–TsaB–TsaE and yeast KEOPS [27]; (5) the 3′ CCA addition contributes to efficient t6A
modification by KEOPS [72].

4.2. Structural Models of t6A-Modifying Enzymes in Complex with tRNA

Based on the only crystal structure of M. jannaschii Cgi121–tRNALys (UUU)
(Figure 2B) [72], composite structure models of four-subunit KEOPS–tRNA, eight-subunit
KEOPS–tRNA, five-subunit KEOPS–tRNA, TsaD–TsaB–tRNA and Qri7–Qri7–tRNA are
generated by means of structural alignment (Figures 2C and 3B). Except for the Archaean
KEOPS–tRNA model that has been validated by electron microscopy and mutagenesis
studies [72], other models have not been experimentally validated and may incur potential
inaccuracy. These models are used in this work to provide an architectural overview of
tRNA in complex with t6A-catalytic machineries of different biological systems.

All these models manifest that the binding of the tRNA A37 to the catalytic centers
of TsaD/Kae1/Qri7 proteins necessitates contributions of the conserved “helical bundle”
interacting interfaces of TsaD–TsaB, Kae1/OSGEP–Pcc1/LAGE3 and Qri7–Qri7 (Figure 2).
Mutations disrupting the interface abolished the t6A-catalytic activities of TsaD–TsaB–
TsaE [35], KEOPS [39] and Qri7 [73]. Judged from the structures and models (Figure 2), the
interface is not only essentially involved in the formation of the complexes built around
TsaD/Kae1/Qri7 but may play a contributing role in docking ASL of tRNAs into catalytic
centers of TsaD/Kae1/Qri7 proteins. Crystal structures E. coli TsaD–TsaB [35,36] and
T. maritima TsaD–TsaB–TsaE [38] revealed that the formation of the “helical bundle” inter-
faces creates an atypical ADP/AMP-binding site, which might bind adenines of substrate
tRNA. Mutational studies of S. cerevisiae Qri7 showed that only one molecule of tRNA is
sterically allowed to be lodged in Qri7–Qri7 dimer (Figure 2C) [73]. In contrast, OSGEPL1
(the human counterpart of Qri7) functions as a monomer and does not form such a signature
“helical bundle” interacting interface [74]. However, it was demonstrated that OSGEPL1
has evolved to make use of a post-translational modification mechanism (acylation of lysine
residues) in regulating the t6A-catalytic activation [74].

4.3. Binding of tRNAs to TsaC/Sua5

Interestingly, high affinity interactions between tRNA and E. coli TsaC have been
determined (Table 4) [31,59], though a direct binding of tRNAs to TsaC/Sua5 protein
is dispensable in the in vitro reconstitution of tRNA t6A (Figure 1C) [67,73]. It is still
not known whether such an intriguing binding phenomenon is involved in the E. coli
tRNA t6A modification in a cellular context. Mechanistically, E. coli TsaC folds into an
α/β twisted open-sheet structure with a large positively-charged surface surrounding the
catalytic center, which favors the binding of nucleic acids, preferably double-stranded RNA
(Figure 1D) [31]. Therefore, the binding of tRNA to E. coli TsaC is deemed promiscuous and
is not related to tRNA t6A. Alternatively, tRNA mediates a transient interaction between
TsaC and TsaD–TsaB in analogy to the interaction between YrdC domain and Kae1 domain
in TobZ and HypF (Figure 1F,G) [34,92]. By doing so, the two catalytic centers are brought
in proximity for efficient delivery of TC-AMP from TsaC to TsaD. More puzzlingly, the
activity of Sua5 in hydrolyzing ATP into AMP and PPi is potentiated by the addition of
tRNA [65], though no interaction between Sua5 and tRNA has been determined. Kinetic
analysis on tRNA t6A formation also suggested that a direct binding of TsaC to TsaD in
the presence of tRNA might have played a role in protecting the bound TC-AMP from
decomposing into AMP and L-Thr-NCO via shielding it from water [36].
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Table 4. Summary of KD values of the binding between tRNA t6A-modifying enzymes and tR-
NAs. Abbreviations: Ec, E. coli; Tm, T. maritima; Pa, P. abyssi; Mj, M. jannaschii; Sc, S. cerevisiae;
Hs, H. sapiens; mt, mitochondrial; FQ, fluorescence quenching; EMSA, electrophoretic mobility shift
assay; FP, fluorescence polarization; BLI, biolayer interferometry; TsaDB, TsaD–TsaB; TsaB2D2, TsaD–
TsaB-TsaB–TsaD; TsaB2D2E, TsaD–TsaB–TsaB–TsaD–TsaE; KEOPS, Cgi121–Bud32–Kae1–Pcc1; KBC,
Kae1–Bud32–Cgi121; BC, Bud32–Cgi121; * total tRNAs purified from E. coli.

Proteins tRNAs KD (µM) Methods Refs

EcTsaC

Modified EctRNAThr (CGU) 0.62 ± 0.13

FQ

[59]
EctRNAThr (CGU) 0.11 ± 0.05 [59]

EctRNAs * 0.68 ± 0.15 [31]
EcASLLys (UUU) 0.27 ± 0.20 [83]

EcTsaDB EctRNALys (UUU) 0.087 ± 0.011 FQ [36]

TmTsaB2D2 EctRNAThr (CGU) 1.3 ± 0.07
EMSA [85]

TmTsaB2D2E EctRNAThr (CGU) 0.8 ± 0.02

PaKEOPS

EctRNALys (UUU)

0.1~0.5

EMSA [65]
PaPcc1–Kae1 0.2~0.4

PaKae1–Bud32 ~2.0
PaCgi121 No binding

MjKEOPS

MjtRNALys (UUU)

0.263 ± 0.064

FP [72]
MjKBC 0.153 ± 0.068
MjBC 0.229 ± 0.027

MjCgi121 0.730 ± 0.060

HsKEOPS
MjtRNALys (UUU)

4.30 ± 0.64
FP [72]HsBC 0.45 ± 0.05

HsTPRKB 28.3 ± 10

ScQri7–Qri7 Hsmt-tRNAThr (CGU) 0.0269 ± 0.0012 BLI [30]

HsOSGEPL1 Hsmt-tRNAThr (UGU) 6.7 ± 0.1 BLI [74]

4.4. Interaction between tRNA and TsaD–TsaB–TsaE Complex

Structural characterization of the molecular interactions between tRNA and TsaD–
TsaB–TsaE is scarce, apart from a set of quantitative binding analysis (Table 4). In-solution
SAXS analysis confirmed that only one molecule of tRNA is bound to the dimer of the
TsaD–TsaB heterodimer, forming an unsymmetrical complex depicted as tRNA–TsaD–TsaB–
TsaB–TsaD [38]. The SAXS model of tRNA–TsaD–TsaB shows that tRNA occupies the
binding region of TsaE in TsaD–TsaB and is therefore bound to TsaD–TsaB in a mutually
exclusive manner to TsaE. Biochemical analysis confirmed that T. maritima TsaD–TsaB binds
to E. coli tRNAThr with a KD value of 1.3 µM and the presence of T. maritima TsaE prevents
the TsaD–TsaB complex from binding tRNA [85].

TsaE is an intrinsically weak ATPase whose activity is stimulated by a TsaD–TsaB
dimer [35,84,85,118]. TsaE-catalyzed ATP hydrolysis is required for additional enzymatic
turnover and occurs after the release of t6A-modified tRNA. Once the bound ATP is
hydrolyzed, the ADP-bound TsaE is dissociated from TsaD–TsaB [35], creating an access
and time window for binding of TC-AMP and tRNA in the active site of TsaD for the next
catalytic cycle [38,85]. However, the ATPase-null TsaE mutant (mutation in the Walker B
motif) is still capable of binding ATP and stimulating t6A catalytic activity of TsaD–TsaB
in a comparable level as wild type TsaE [35,38]. The binding affinity between TsaD–TsaB
and ATP-bound TsaE (KD = 0.34 µM) is tri-fold higher than that of TsaD–TsaB and tRNA
(KD = 1.3 µM) [38,79,85,91]. It is therefore hypothesized that TsaE-catalyzed ATP hydrolysis
plays a role in dissociating TsaE from TsaD–TsaB and in re-setting the active conformation
of TsaD–TsaB [38]. Structure and function analysis demonstrated that TsaE works as a
“molecular switch” triggered by ATP hydrolysis. However, the t6A-catalytic activity of
TsaD–TsaB could be prohibitively stalled by ADP-bound TsaE after the ATP hydrolysis,
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as TsaE exhibited higher affinity to ADP over ATP (Table 3) [35,102]. In in vitro tRNA
t6A formation assay, this mechanistic model might work as ATP is supplied in surplus.
However, how the inactive ADP-bound TsaE is changed into ATP-bound form to promote
the t6A-catalysis of TsaD–TsaB in a cellular context remains to be uncovered.

4.5. Interaction between tRNA and the KEOPS Complex

The structural models of KEOPS in complex with tRNA demonstrate that all the
subunits contribute to the binding of tRNA onto KEOPS (Figure 2C). The models show
that ASL of tRNA is lodged into the catalytic center of Kae1/OSGEP with support from
Pcc1/LAGE3 and Bud32/TP53RK, which mainly interact with ASL and D-stem of tRNA,
respectively. Cgi121/TPRKB could bind to tRNA via accommodating its 3′ CCA end.
EMSA assays quantitatively confirmed that P. abyssi Pcc1–Kae1 complex forms a bind-
ing core for tRNA. The KD value between tRNA and Pcc1–Kae1 was estimated to be
0.2–0.4 µM, which is comparable to that of the whole KEOPS complex [71]. Similar filter
binding experiments with M. jannaschii KEOPS proteins showed a strong binding between
Bud32–Cgi121 and tRNA, whose binding affinity is comparable to that of either the ternary
subcomplex of Kae1–Bud32–Cgi121 or the KEOPS complex [72]. The crystal structure of
M. jannaschii Cgi121–tRNA reveals that both the 3′ CCA end of tRNA and Cgi121 play
critical roles in forming a catalytic tRNA–KEOPS complex [72]. The binding surface and
3′ CCA-coordinating residues (Figure 2B) are conserved in S. cerevisiae Cgi121 and
H. sapiens TPRKB [41,72,100,101]. However, Cgi121 is dispensable in tRNA t6A biosynthesis
by P. abyssi KEOPS [71] or S. cerevisiae KEOPS [70]. In particular, Drosophila KEOPS does
not even contain a Cgi121 subunit [50]. In addition, S. cerevisiae KEOPS catalyzes the
formation of t6A using tRNAs devoid of 3′ CCA end [27]. These data suggest that an initial
recruitment of tRNA by Cgi121 is not strictly required for KEOPS.

Interestingly, an ATP hydrolysis by Bud32 is indispensably involved in t6A biosyn-
thesis by yeast and archaean KEOPS [70,71,80,100]. Mutation of the strictly conserved
aspartate acid residue (D127 of P. abyssi Bud32, D112 of M. jannaschii Bud32 and D161 of
S. cerevisiae Bud32) abolishes ATPase activity of Bud32 and tRNA t6A-catalytic activity of
KEOPS [70–72]. However, the transfer of the TC-moiety from TC-AMP onto A37 of tRNA
does not require ATP hydrolysis in terms of chemistry. It turns out that, in an analogy to
TsaE in the bacterial TsaD–TsaB–TsaE system, Bud32/TP53RK functions as a “molecular
switch” in activating the t6A-catalytic activity of KEOPS. Cooperatively, the ATPase activity
of Bud32 in KEOPS is strongly potentiated by binding of full-length tRNA but not tRNA
devoid of 3′ CCA end [71,72]. NTPases, including ATPases and GTPases, often undergo
conformational transitions between the NTP and NDP bound states, of which the slight
movement is driven by the energy-releasing hydrolysis of NTP into NDP and Pi [103,104].
In KEOPS machineries, ATP hydrolysis could exert a driving force on the conformational
dynamics of the two lobes of Bud32/TP53RK, which may influence its interactions with
the substrate tRNAs. Crystal structures and structural models of KEOPS reveal that the
C-terminal α-helix of Bud32/TP53RK near the active site of Kae1/OSGEP provides an
opportunity to couple the ATP hydrolysis by Bud32/TP53RK and tRNA binding by the
KEOPS complex (Figure 2B,C). Based on activity tests, it is therefore hypothesized that the
ATP hydrolysis by Bud32/TP53RK drives the dissociation of bound tRNA from KEOPS
via reducing its direct interaction between tRNA and itself, or/and promotes the release
of t6A-tRNA from catalytic centers of Kae1/OSGEP via dislodging the C-terminal tail of
Bud32/TP53RK (Figures 2C and 3B) [72,116].

5. Diseases Implications

Posttranscriptional modifications of tRNAs regulate the translational efficiency and
protein homeostasis [13,52–55,119]. The frequency of tRNA t6A modification varies among
different types of cells and is higher in tissues and organs that are less tolerated to the trans-
lational deficiency [29,42,46,49,55,56,58,74,80,120–122]. In general, tRNA t6A and its biosyn-
thetic enzymes (YRDC, KEOPS and OSGEPL1) are more abundant in energy-demanding mi-
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tochondria and highly proliferating cells in brain, kidney and liver
(Figure 3A) [29,42,56,58,110,114,115]. The depletion of tRNA t6A leads to cell death or
severe growing phenotypes via causing glitches of translation apparatus in the cytosol and
in mitochondria [26,59,60,110]. In clinical cases, deregulation of tRNA t6A-biosynthetic
machineries has been implicated in patients with mitochondrial diseases [29] and indi-
viduals with a range of congenital nephrotic syndromes [121,122], including GAMOS
(Table 5) [42,80,111,123,124].

Table 5. KEOPS-related mutations identified in individuals with GAMOS.

Proteins Mutations Effect Refs

OSGEP

Ile14Phe
Cys110Arg
Ile111Thr

May affect catalytic activity of OSGEP [56,124]

Lys78Glu Val107Met May interfere with protein folding [56]

Lys198Arg
Arg247Gln
Arg280His

May interfere with the interaction with TP53RK [42,124]

Arg325Gln May interfere with the interaction with the
tRNA substrate [56]

TP53RK

Gly42Asp May affect the ATPase activity of TP53RK [80]

Arg55Gly
Lys60Ser
Thr81Arg

May interfere with the interaction with TPRKB [56,80,100]

Lys65Met May interfere with the interaction with OSGEP [100,111]

Arg243Leu May affect the t6A-catalytic activity of OSGEP [100]

TPRKB Leu136Pro
Tyr149Cys May affect protein structural integrity [100]

LAGE3
Val106Phe May affect protein structural integrity [56]

Phe137Ser May interfere with the interaction with OSGEP [42]

GON7 Try7* Loss of GON7, affects KEOPS stability [42]

5.1. Mitochondrial Diseases Caused by tRNA t6A

In human mitochondria, tRNA t6A functions to monitor hypocarbia and regulate a
set of genes involved in the Warburg effect, which occurs in order to better metabolize
glucose anaerobically in highly proliferating cancer cells [13,29]. Knockout or knockdown
of OSGEPL1 and YRDC deprives five mitochondrial tRNAs (Ile, Lys, Asn, Ser and Thr) of
t6A modification, leading to respiratory defects in mitochondria [29,125]. Specifically, the
t6A modification frequency of mitochondrial tRNAs is down-regulated by low cellular con-
centration of CO2/HCO3

− in conditions of hypoxia [29]. The pathogenic mutations, A37G
in mitochondrial tRNALys and tRNAAsn, abolished t6A formation, caused codon-specific
dysfunction in mitochondrial translation, resulting in mitochondrial cytopathy and mito-
chondrial encephalopathy, respectively [29,30,53]. Mitochondrial tRNAThr isolated from a
myoclonic epilepsy with ragged red fibers (MERRF) patient contains significantly low levels
of t6A modification [29,55]. The mitochondrial tRNAThr from individuals with MERRF har-
bors pathogenic mutations on the U36A37A38 motif, which was mutated into U36A37G38
and resulted in deficiency of t6A modification [29]. By contrast, mitochondrial tRNAIle

from individuals with Leigh syndrome contains so-called “gain-of-function” mutations-
U36A37G38 to U36A37A38, which led to unwanted t6A-modification of tRNAIle [29]. In
addition, the mutation of CDKAL1 gene causes type 2 diabetes, for reasons that CDKAL1
dysfunction results in aberration of the ms2t6A modification of cytoplasmic tRNALys, which
leads to misreading of lysine codons in proinsulin [54,57,58,119].
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5.2. KEOPS Mutations and Neurological Disorders

KOEPS is universally expressed in the human body and plays an essential role in
maintaining the fitness of humans [114,115,126,127]. In particular, KOEPS-encoding genes
are highly expressed in pronephros and in neural tissue such as the developing brain, eye
and cranial cartilage (Figure 3A) [127]. In human podocytes, the knockdown of KEOPS
subunit genes led to the loss of tRNA t6A, interfered with protein biosynthesis and led to
activation of the unfolded protein response and endoplasmic reticulum stress [56]. In clini-
cal studies, recessive pathogenic mutations in KEOPS-encoding genes have been found in
sequence genomes of patients with GAMOS (Figure 3A and Table 5) [42,56,80,111,121,124].
Individuals with GAMOS also contain pathogenic missense variants of YRDC [42] and
WDR4-a tRNA 7-methylguanosine (m7G) synthetase [128,129]. These genotype-phenotype
analyses suggested that the loss of tRNA t6A modification, and probably other essential
tRNA modifications, is implicated in the pathogenesis of GAMOS via causing deregu-
lation of the translation processes. Except for a number of nonsense mutations leading
to translation termination, most GAMOS related missense mutations are projected onto
the crystal structures of GON7–LAGE3–OSGEP [42] and TP53RK–TPRKB [100], and the
structural model of the human KEOPS-tRNA complex. The exact positions and possible
effects of mutations on the structure and function of KEOPS are summarized in Table 5
and Figure 3B. While a number of mutations in OSGEP and TP53RK may interfere with
the t6A-catalytic activity of OSGEP and ATPase activity of TP53RK, others may affect the
assembly of a catalytically active KEOPS and possibly an expanded protein interaction
network involving KEOPS [56,79].

6. Conclusions and Future Perspectives

As one of the most chemically and biosynthetically complex modifications, tRNA
t6A plays an essential role in promoting translational efficiency and in regulating protein
homeostasis. Depletion of tRNA t6A leads to pleiotropic phenotypes in single cell organisms
and a variety of pathological consequences in higher eukaryotes. The biosynthesis of tRNA
t6A is catalyzed by two ancient protein families of TsaC/Sua5 and TsaD/Kae1/Qri7, which
belong to LUCA. Except for the prototypal mitochondrial system made up of TsaC/Sua5
and Qri7/OSGEPL1 proteins, TsaD/Kae1/OSGEP proteins require accessory proteins to
catalyze the biosynthesis of tRNA t6A. While a conservation in the chemical transformation
and catalytic pathway has been sustained in both TsaC/Sua5 protein and TsaD/Kae1/Qri7
proteins, the mechanisms in catalytic activation of TsaD/Kae1/Qri7 proteins have been
diversified over evolution. It is hypothesized that higher orders of assembly enable more
precise regulations of the catalytic machineries, which are definitely demanded to cope with
the increasing complexity of biological systems. In particular, the ATP hydrolysis-based
regulation of the TsaD–TsaB–TsaE and KEOPS complex allows more efficient catalysis and
well-tuned regulations in a spatiotemporal fashion. However, a number of fundamental
questions pertaining to the t6A catalysis, including the recognition of A37 and the catalytic
events, await elucidation.

The evolutionary relationship and cellular roles of the KEOPS complex are still
rather enigmatic. The composition of KEOPS in archaea and eukaryotes differs mainly
in Gon7/GON7, which are only found in yeast and humans. Yeast Gon7 and human
GON7 are intrinsically disordered proteins. They are not evolutionarily related but func-
tion as structural analogs in the KEOPS assembly. In addition, Drosophila KEOPS only
consists of Kae1, Bud32 and Pcc1. The absence of Cgi121 in Drosophila defies the molecular
working model in which Cgi121 plays an essential role in recruiting tRNA onto KEOPS.
Furthermore, it appears that KEOPS or its subunits may perform other functions inde-
pendent of that in catalyzing the tRNA t6A modification. Unlike yeast KEOPS, which is
imported into the nucleus and promotes telomere uncapping and elongation independent
of tRNA t6A modification, human KEOPS is localized in the cytoplasm and is not func-
tionally involved in telomere replication. Future work will be needed in investigating the
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seemingly diverse cellular roles of KEOPS and in dissecting the molecular pathways in
mammalian development.

Protein synthesis is the connecting knot that links the molecular roles tRNA t6A to
cellular life and pathological consequences. Deregulation in protein synthesis in both the
cytosol and mitochondria can cause a plethora of disastrous consequences, which are also
dependent on the codon usage and the tolerance of tRNA t6A depletion. However, it is
hard to dissect the molecular layers at which the dysfunction in tRNA t6A biosynthetic
machineries is causing problems and various pleiotropic phenotypes in bacteria, yeast
and higher eukaryotes. Pathogenic mutations of human YRDC and KEOPS are implicated
in the pathogenesis of the autosomal recessive GAMOS via interfering with the protein
synthesis in the absence of tRNA t6A. Nonetheless, a dysfunction in protein synthesis could
be attributed to the loss of other tRNA modifications (i.e., m7G) in patients with GAMOS.
In addition, depletion and hypomodification of tRNA t6A have occurred in individuals
with mitochondrial diseases such as MERRF. However, it is still challenging to convince
medical doctors of the validity or feasibility of KEOPS as a target for medical interference of
neurological disorders, which may involve mutations of other genes. Therefore, causative
roles of YRDC, OSGEPL1 and KEOPS in specific types of diseases or physiological disorders
await in-depth analyses. A t6A-based quantitative sequencing technique is desirable,
analyzing the frequency of tRAN t6A under physiological and pathological conditions.

Last but not least, one would have marveled at the achievement of elucidating the
tRNA t6A biosynthesis over the past five decades. In retrospect, a great number of talented
colleagues have contributed to experimental data aggregation and have offered insightful
ideas toward resolving the enzymatic pathways and molecular workings of tRNA t6A
modification in the three domains of life. In particular, several breakthroughs have played
key roles in advancing this line of research: (i) establishment of a biosynthetic relationship
between the universally distributed but function-unknown LUCA families (TsaC/Sua5 and
TsaD/Kae1) and the universally found tRNA t6A modification without known enzymes;
(ii) discovery and structural analyses of KEOPS/EKC; (iii) biochemical and biophysical
analyses on TsaD–TsaB–TsaE interaction network; (iv) clinical genotype and phenotype
analyses on mutations of YRDC and KEOPS in human diseases. In the future, we expect to
see more breakthroughs in the mechanistic understanding of the roles of tRNA t6A and its
biosynthetic enzymes.
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