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ABSTRACT

NE-threonylcarbamoyladenosine (t°A) is a modified
nucleotide found in all transfer RNAs (tRNAs)
decoding codons starting with adenosine. Its
role is to facilitate codon-anticodon pairing and to
prevent frameshifting during protein synthesis.
Genetic studies demonstrated that two universal
proteins, Kae1/YgjD and Sua5/YrdC, are necessary
for t°A synthesis in Saccharomyces cerevisiae and
Escherichia coli. In Archaea and Eukarya, Kae1 is
part of a conserved protein complex named
kinase, endopeptidase and other proteins of small
size (KEOPS), together with three proteins that have
no bacterial homologues. Here, we reconstituted for
the first time an in vitro system for t°A modification
in Archaea and Eukarya, using purified KEOPS and
Sua5. We demonstrated binding of tRNAs to
archaeal KEOPS and detected two distinct adeno-
sine triphosphate (ATP)-dependent steps occurring
in the course of the synthesis. Our data, together
with recent reconstitution of an in vitro bacterial
system, indicated that t°A cannot be catalysed by
Suab5/YrdC and Kae1/YgjD alone but requires acces-
sory proteins that are not universal. Remarkably, we
observed interdomain complementation when bac-
terial, archaeal and eukaryotic proteins were
combined in vitro, suggesting a conserved catalytic
mechanism for the biosynthesis of t°A in nature.
These findings shed light on the reaction mechan-
ism of t®A synthesis and evolution of molecular

systems that promote translation fidelity in
present-day cells.

INTRODUCTION

All naturally occurring cellular RNA species carry
numerous modified nucleosides. Of 100 different
modified nucleosides reported to date, >80 are present
in mature transfer RNAs (tRNAs). Each tRNA
molecule has some subset of these modifications, altering
nucleoside identity at an average of 11 positions. Modified
nucleosides favour correct folding and stability of tRNA,
and some of them are important for the efficiency and
fidelity of translation (1-5). Notably, some tRNA pos-
itions are almost always modified. This is the case for
the nucleotide at the position 37, which is modified in
>70% of all tRNAs (6). In a vast majority of cases, the
modifications introduced at position 37 are the universal
N'-methyl-guanosine (m'G) and N°-threonylcarbamoy-
ladenosine (t°A), or their derivatives. t°A is found exclu-
sively at the position 37, 3’ adjacent to the third base of the
anticodon, in all tRNAs reading ANN codons (where N
corresponds to four canonical nucleotides A, C, G and T),
tRNA", tRNA™" {RNAM" {RNA"®, tRNA®" and
tRNA™® (Figure 1). The t°A modification facilitates
correct anticodon—codon pairing by enhanced base
stacking and by preventing intraloop base pairing of
Usz e Aj, resulting in enhanced translation fidelity (7,8).

t°A modification has been discovered, and its chemical
structure was elucidated >40 years ago (9). Initial studies
of t°A biosynthesis performed in vivo or with Escherichia
coli cellular extracts demonstrated that the reaction
required adenosine triphosphate (ATP), carbonate,
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Figure 1. t°A modification. On the left is a schematic representation of
an anticodon loop of tRNA carrying NNU anticodon and an mRNA
molecule carrying ANN codon. Adenosine at position 37 is indicated in
white circle. On the right is the chemical structure of t°A-modified
nucleoside. Chemical groups originating from threonine or carbonate
are indicated in grey and bold, respectively.

magnesium and threonine (10,11). However, the proteins
involved in the catalysis of this multistep reaction were not
identified until recently. The breakthrough came when de
Crecy-Lagard et al. made the link between the universality
of t°A and a previous comparative genomic analysis that
identified YrdC and YgjD and their archaeal and eukary-
otic homologues (Sua5 and Kael, respectively) as univer-
sal proteins of unknown function (12). In particular, they
noticed that proteins HypF and NodU/CmcH, which
catalyse chemical reactions similar to the ones expected
in t°A biosynthesis, are formed by the fusion of domains
homologous to YrdC and YgjD. Using genetic experi-
ments, they demonstrated that YrdC/Sua5 and YgjD/
Kael are responsible for the formation of t°A in vivo in
E. coli and Saccharomyces cerevisiae (13,14).

Earlier this year, Deutsch et al. (15) successfully
reconstituted the t°A synthesis reaction in vitro by
combining YrdC, YgjD and two additional E. coli
proteins, YeaZ and YjeE, in the presence of ATP, Mg”",
threonine and carbonate. Subsequently, the reconstitution
of a Bacillus subtilis system using purified YwIC (YrdC),
YdiB (YjeE), YdiC (YeaZ) and YdiE (YgjD) was reported
(16). Notably, YeaZ and YjeE have no detectable
orthologues in Archaea and Eukarya. YeaZ is a paralogue
of YgjD (thus homologous but distantly related to Kael),
whereas YjeE is specific to Bacteria. This suggested either
that SuaS and Kael are sufficient to perform the reaction
in these two domains of life or that the YeaZ and YjeE
functions are performed by functional analogues
evolutionarily unrelated to their bacterial counterparts.
Obvious candidate proteins to fulfil this role are the
partner proteins of Kael (the YgjD homologue) in the
KEOPS (kinase, endopeptidase, and other proteins of
small size) or EKC (endopeptidase-like and Kkinase
associated with transcribed chromatin) complex. In
addition to Kael, the KEOPS/EKC complex (thereafter
called KEOPS) contains three proteins conserved between

Archaea and Eukarya, the protein kinase Bud32, Cgil21
and Pccl (17,18). Genetic and transcriptomic studies in
S. cerevisiaze demonstrated that, in addition to Kael,
Bud32 and Pccl are required for the formation of t°A
modification (19,20). Recent genetic investigation of the
KEOPS complex in halophilic archaeon Haloferax
volcanii showed that Kael, Bud32 and Cgil21 are essen-
tial, whereas Pccl knockout strain presented a decreased
growth rate and reduced levels of t°A modification (21).
Furthermore, using a whole cell yeast extract for in vitro
t°A synthesis, Srinivasan ef al. (20) showed that, as in the
case of the bacterial system, the reaction requires Sua,
Kael, threonine, bicarbonate and ATP.

We have previously characterized the archaeal homo-
logues of Kael and Bud32, with the aim to get more
insight into functions that were probably already present
in the last universal common ancestor (LUCA; Kael/
YgjD) or in the last common ancestor of Archaea and
Eukarya (Bud32). We have shown that Kael is not an
O-sialoglycoprotein endopeptidase, as initially reported
(22), but rather a metalloprotein that binds ATP and
DNA in vitro, suggesting a role in some unknown univer-
sal function related to nucleic acid. In the course of our
work, we have purified the archacal KEOPS complex from
the hyperthermophilic archaeon Pyrococcus abyssi
(PaKEOPS, this work) and the S. cerevisiee KEOPS
complex (ScKEOPS) (23) for structural and functional
studies. Here, we report for the first time the in vitro for-
mation of t°As;-modified tRNA catalysed by the archaeal
and yeast complexes. We present in more detail the en-
zymatic properties of the more active PAKEOPS complex.
The efficiency of the reconstituted in vitro system indicates
that KEOPS and Sua5 are both necessary and sufficient
for the reaction. Notably, PaKEOPS, but not Sua$,
strongly binds tRNA in vitro, suggesting a role for
KEOPS as a tRNA-binding platform in the t°A modifica-
tion reaction. Finally, we identified two distinct
ATP-dependent catalytic steps associated with Sua5 and
KEOPS. Our data, together with results obtained with the
bacterial system (15), show that the universal proteins
Sua5/YrdC and Kael/YgiD cannot synthesize t°A by
themselves but require additional non-universal accessory
proteins. Using interdomain complementation experi-
ments, we demonstrated that the KEOPS complex and
bacterial proteins YeaZ, YgjD and YjeE are functional
analogues, suggesting mechanistic similarity of t°A syn-
thesis in the three domains of life. We discuss evolutionary
implications raised by these observations and alternative
models they suggested on the nature of LUCA.

MATERIALS AND METHODS
Cloning procedures

A polycistronic sequence containing the genes encoding
the PaKEOPS subunits PAB1159 (Kael), PAB1047
(Bud32), PABI1522 (Cgil21) and PAB3073 (Pccl) was
synthesized by GenScript and cloned into pET28(a)
plasmid (Novagen). PAB3073 (Pccl) was fused to a
hexa-histidine tag at its 3’-end. The gene PABI1159



(Kael) was cloned into the pET28(a) as previously
described (24).

The gene PAB1302 encoding PaSua5 was amplified by
polymerase chain reaction (PCR) using total genomic
DNA from the P. abyssi GES5 strain as template and
cloned into pET26b (Novagen). The ScSua5 gene was
amplified by PCR using genomic DNA from S. cerevisiae
S288C strain (ATCC). A hexa-histidine tag was added at
the 3’-end of the gene, which was subsequently cloned into
pET21d vector (Novagen).

E. coli genes ygjD and yeaZ were cloned in pET9a with
a histidine tag at their 3’-end; yrdC was cloned in pET26b
with a histidine tag at its 3’-end. yjeE gene was synthesized
(GenScript) and cloned in pET28a with a Strep-tag II on
its 3’-end.

Media were supplemented with 50 pg/ml kanamycin,
34 ng/ml chloramphenicol or 100 pg/ml ampicillin when
needed.

Recombinant protein expression and purification

Recombinant proteins were expressed in Rosetta2 (DE3)
pLysS E. coli strains (Novagen). Protein overexpression
was induced in Overnight Express Instant TB medium
(Novagen) supplemented with 10% glycerol.

Cells were collected by centrifugation, resuspended in
lysis buffer (LBf) and sonicated on ice. After centrifuga-
tion and in the case of archaeal protein purification, the
supernatant was heated at 65°C for 15min to precipitate
bacterial proteins. His-tagged proteins from the soluble
fraction were purified by gravity-flow chromatography
on an Ni-NTA resin column (Qiagen) according to the
manufacturer’s recommendations. Proteins carrying a
strep-tag II were purified on a Strep-tactin Sepharose
resin (IBA) following manufacturer advice. Fractions of
interest were pooled, concentrated and injected on a
Superdex 200 column (GE Healthcare) for KEOPS or
Superdex "75 column for Sua5 and bacterial proteins.
Fractions containing pure proteins were concentrated
and stored at —20°C in LBf without B-mercaptoethanol
and 10% glycerol.

tRNA expression plasmid construction

P. abyssi (Pa) and E. coli (Ec) tRNA gene sequences PaVal
(GACQ), PaLys (UUU), Palle (GAU), PaAsn (GUU),
PaMet (CAU), EcVal (GAC), EcLys (UUU), Eclle
(GAU) and EcAsn (GUU) were retrieved from the
Genomic tRNA Database (http://gtrnadb.ucsc.edu/)
(25). Two complementary oligonucleotides corresponding
to the forward and reverse sequence of tRNA genes were
synthesized (IDT), annealed and cloned in a pBlue-Script
vector yielding pB-tRNA, to allow their expression under
the control of TS5 promoter//ac operator sequence. All se-
quences are available on request.

tRNA production and purification

XL1 Blue E. coli cells (Agilent Technologies) were trans-
formed with pB-tRNA, and tRNAs were overexpressed in
Overnight Express Instant TB medium (Novagen). After
centrifugation, total RNAs were extracted with Trizol
(Sigma) using the manufacturer’s procedure.
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Run-off transcription of tRNA genes was per-
formed accordmg to Mougin et al. (26) Pa_tRNAM®
and Ec_tRNAAST genes were cloned in pB- -RNA and
amphﬁed by PCR using primers containing the sequence
of the T7 promoter upstream of the gene to be transcribed.
The transcription reaction was carried out in transcription
buffer supplemented with 200 nmol of each rNTP, 40 units
of RNasine (Thermo Scientific), 300 ng of PCR product
and 0.2uM of his-T7 RNA polymerase expressed and
purified according to Arnaud et al. (27). Reaction
occurred at 37°C for 4h. Template DNA was then
digested with DNase I (Thermo Scientific) for 30 min at
37°C.

For purification, RNAs were loaded on an 8 M urea,
12% polyacrylamide gel, and the dominant band corres-
ponding to overexpressed tRNA was cut out. tRNA was
eluted from gel in elution buffer, precipitated and resus-
pended in water. To favour correct folding of tRNAs,
the solution was heated at 70°C, cooled slowly to room
temperature and stored at —80°C.

In vitro assay for the synthesis of t°A-modified tRNA

The reaction was performed in a final volume of 50 ul
containing archaeal (1 uM or 5uM for complementation
experiments), yeast (5uM) or bacterlal (5uM) proteins,
tRNA (2uM) and 18.2uM '*C-L-threonine (0.05 pCi,
55 Ci/mol, Hartmann Analytic) in reaction buffer. After
30-min incubation at 50°C (or other incubation times
when indicated), macromolecules were precipitated by
the addition of 1ml of trichloroacetic acid 15% (TCA),
and incubated at 4°C for 1h. Precipitated material was
applied on pre-wet glass microfibre filters GF/F
(Whatmann) using vacuum apparatus (Millipore). Filters
were washed with 2ml of 5% TCA and 3ml of 95% EtOH
and dried. Radioactivity was recorded as average counts
per minute (CPM) for 2min, with a Packard liquid scin-
tillation analyser.

The amount of incorporated threonine was calculated
from a standard curve obtained with different concentra-
tions of '*C-L-threonine spotted on filters (1 pmol = 102.8
CPM).

Yield was calculated as [CPM (assay) —
ground)/102.8]/(pmol tRNA) x 100.

CPM (back-

2D thin layer chromatography for detection of
t°A-modified nucleosides

tRNAs obtained after in vitro t°A reaction were extracted
with phenol/chloroform and ethanol precipitated.
The tRNA pellet was dissolved in 10pul of 100 mM
ammonium acetate supplemented with 1ug of P;
nuclease from Penicillium citrinum (Sigma) and incubated
overnight at 37°C. Digested tRNAs (2 ul) were mixed with
20 pug of cold 5’P-mononucleosides pA, pU, pG and pC
and spotted on a CEL-300 cellulose plate (Merck). 5'P-
mononucleosides were separated using chromatographic
solvents A, B or C as previously described (28). First di-
mension chromatography was performed in solvent A,
and the second in solvent B or C. The positions of the
four major mononucleosides, pA, pG, pU and pC, were
revealed by UV shadowing. The position of t°A nucleoside
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carrying radiolabelled threonine was revealed by
phosphorimaging and compared with that of reference
maps obtained under identical experimental conditions.

ATP hydrolysis assay

ATP hydrolysis reactions were carried out in a final
volume of 25ul containing archaeal or yeast proteins
(2 uM, if not otherwise specified) in reaction buffer, sup-
plemented with 100uM of cold ATP and 1pCi of
o-’P-ATP  (PerkinElmer). When indicated, tRNA,
single- or double-strand random sequence RNA (1 uM)
and other amino acids (50 uM) were added to the reaction.
Reaction was performed at 50°C during 30 min, stopped
on ice, and 1 pl of the mix was spotted on a PEI cellulose
plate (Merck), pre-run in distilled water. Radioactive nu-
cleotides were separated by thin layer chromatography
(TLC) using 0.5M KH,POs;-, pH 3.5, as the solvent.
Plates were dried and revealed by phosphorimaging.

Electrophoretic mobility shift assay

The binding reactions were carried out in a final volume of
20 ul containing 0.05 pmol (10nM) of RNA probes and
purified PaKEOPS or PaSua5 (0.5nM to 50puM) in
binding buffer. Incubations were performed for 15min
at 4°C, the products were loaded onto a 10%
non-denaturing acrylamide gel and electrophoresis was
performed in 1 x TGE buffer at 4°C for 4h at 7.5 V/cm.
The RNA-protein complexes were visualized by autoradi-
ography and phosphorimaging.

RESULTS
P. abyssi KEOPS binds tightly to tRNAs

The whole PaKEOPS complex (Kael, Bud32, Cgil21 and
Pccl) was purified from an E. coli overproducing strain by
exploiting the polyhistidine tag of the Pccl subunit. The
complex eluted as a single peak with an apparent molecu-
lar mass of ~200 kDa after gel filtration (Supplementary
Figure S1A). The theoretical mass of PaKEOPS was
90.5kDa; therefore, the apparent molecular mass of this
peak could correspond to a dimer, in agreement with the
3D structural model proposed previously (29).
Interestingly, PaKEOPS co-purified with nucleic acids
that were resistant to DNasel digestion but sensitive to
RNaseA (not shown) and displayed a similar electrophor-
etic migration pattern as tRNAs isolated from E. coli
expression cells (Supplementary Figure S1B). These obser-
vations suggested that purified recombinant PaKEOPS
was bound to E. coli tRNAs. In contrast, recombinant
PaSua5 did not co-purify with nucleic acids.
Electrophoretic mobility shift assays of PaSua5 and
PaKEOPS in the presence of substrate, non-substrate
tRNA and random sequence 65mer RNA showed
binding of all RNAs only by PaKEOPS, whereas
PaSua5 did not bind tRNA even at a high protein to
tRNA molar ratio (Supplementary Figure S2). This sug-
gested that the discrimination between substrate and
non-substrate tRNAs occurs after the binding of tRNA
to the complex and that specific tRNA-like structural and

sequence features are not required for the binding of RNA
by KEOPS. Taken together, these observations suggested
that PaKEOPS might be mainly responsible for the
binding of tRNA substrates during t°A synthesis.

PaSua5 and PaKEOPS together catalyse the
biosynthesis of t°A

To determine whether PaSua5 and PaKEOPS were able to
catalyse the biosynthesis of t°A, we needed an appropriate
tRNA substrate lacking this modification. We initially
anticipated that additional modifications might also be
important for the formation of t°A because a previous
in vivo study using Xenopus oocytes showed that t°A and
several nucleotide modifications (D47, m5C48, m1AS5S8)
were formed almost simultaneously (30). To obtain
tRNA substrates that most closely satisfied these
criteria, we designed a recombinant strategy for tRNA
production in vivo using E. coli cells that overexpressed
various P. abyssi (Pa_tRNA) or E. coli (Ec_tRNA)
tRNA genes under the control of an inducible promoter.
Under these conditions, it is known that the resulting
overexpressed tRNA is often hypomodified, thus
generating a collection of so-called modivariants (RNA
molecules that differ only by their modified nucleoside
content) (31,32). Using this system, we typically
obtained a major band on denaturing acrylamide gel cor-
responding to overexpressed, possibly undermodified
tRNAs, species (Supplementary Figure S3A).

We incubated PaSua5 and PaKEOPS in presence of
ATP, Pa_tRNA™, carbonate and 4C-threonine, and
measured the incorporation of '*C-threonine into TCA-
precipitated material. We observed a significant increase
of radioactivity when both PaSua5 and PaKEOPS were
present in the reaction mixture (Figure 2A). In contrast,
no incorporation was observed with PaSua5 or PaAK EOPS
alone, indicating that both are necessary for the reaction
to take place. Notably, PaSua5 and PaKael together do
not catalyse the incorporation of threonine, indicating
that PaKael cannot substitute for PAKEOPS. Threonine
incorporation also required the addition of ATP and
tRNA but, surprisingly, not carbonate. We hypothesized
that carbonate was still present in the reaction mixtures
despite boiling and extensive degassing of reaction solu-
tions. For comparison, we performed the complete t°A
assay using E. coli proteins (as explained later). As
shown in Supplementary Figure S7C, added carbonate
had a stimulating effect on the E. coli system, indicating
that at least some of atmospheric carbonate was removed
from reaction solutions. Thus, it appears that archaeal
and also eukaryal systems (as explained later) function
at lower carbonate concentrations as compared with bac-
terial systems.

The optimal temperature for threonine incorporation
was 50°C with 65% of activity still retained at 73°C
(Supplementary Figure S3C). Because the optimal
growth temperature of P. abyssi GES is 96°C, it is likely
that the reaction is limited by thermal denaturation of
tRNA in non-physiological in vitro conditions.

Importantly, the threonine incorporation test was
negative for non-ANN decoding tRNAY? from E. coli


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1287/-/DC1

Nucleic Acids Research, 2013, Vol. 41, No.3 1957

>

5e

niniBi=l=ln

Incorporated threonine (pmol)

(9]

301

I__:l 30.8%
29.1%

Threonine  + + + + + + + + + + + 3
£
ATP  + + + + + + + - + + + = 25.2%
HCO3™  + + + + + + + + - + + % 2219 22.7% 23.4%
tRNA - - Palys Palys Palys Palys Palys Palys Palys EcoAsn EcoAsn 9 20+ B
PaKEOPS - + - + - Kael + + + - + £
]
PaSua5 - + - - + + + + + - + e
8
S
B g
o
o
£ 29
104 : 8.4%

Q© ‘2° & & )
L,(, V\\,_)\ V_‘:(\\

SN IR \b (p @ \@@ eV‘ &
<& &
(4
¢ AR

Figure 2. In vitro reconstitution of t°A-modified tRNAs. (A) Incorporation of radiolabelled threonine in tRNAs: reaction mixtures composed of the
reactants indicated under the graph were precipitated with TCA, and the amount of incorporated '*C-threonine was measured. The tRNA species
from P. abyssi (Pa) and E. coli (Ec) (purified from in vivo overexpression) are indicated. In one case, Kael was used instead of the whole KEOPS
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experlments (B) Detection of t*A-modified nucleotide using 2D TLC. Upper line shows chromatographic mobility in solvent system A + B, lower
line in solvent system A+ C. Left panels: abundant, non-modified nucleotides were detected by ultraviolet (UV) shadowing. Centre panel:
4C-threonine incorporated in modified nucleotides was detected by phosphorimaging, and the positions of unmodified nucleotides were
superimposed by aligning with the UV image (white circles). Right panel: reference maps [from (28)] showing the theoretical position of t°A
nucleoside in both solvent systems. (C) Incorporation of radiolabelled threonine using different tRNA species as substrates. Legend is the same
as in (A); tRNAs were overexpressed in vivo, or produced in vitro when stated. fMet, bacterial initiator N-formyl-methionine; AsnC37 is Asn tRNA
where A37 was mutated into a cytosine; Sc tRNAs are tRNAs purified from a Asua5 S. cerevisiae strain. The percentage indicated on top of each
bar is the yield of t°A-modified tRNA obtained for each reaction.

and P. abyssi, thus confirming that only ANN-decoding
tRNA molecules are valid substrates. Moreover,
Ec_tRNA™" failed to act as a substrate when adenosine

spot on the plate was reproducible and consistent with the
position of the t°A-modified nucleotide according to pre-
viously published reference maps (33) (Figure 2B).

at position 37 was replaced by cytosine, showing that t°A
is specifically added on the adenosine 37.

The incorporation of threonine into tRNAs was con-
firmed by purification of tRNAs after t°A reaction. As
expected, only tRNAs from the reaction containing
PaSua5 and PaKEOPS were radioactive (Supplementary
Figure S3B).

Finally, we performed 2D TLC to demonstrate that the
incorporation of threonine into tRNA corresponded to
t°A formation. For this, tRNAs were isolated from the
reaction mixture, hydrolysed to individual nucleotides
and separated by 2D TLC. The position of the radioactive

Next, it was important to verify that the in vitro assay
we established can generate a significant amount of
t°A-modified tRNA. Standard assay conditions yielded
25-32% of modified Pa_tRNA™* (i.e. mole t°As; per
mole of tRNA present in the incubation mixture). This
result indicated that the in vitro reaction could still be
optimized or that the enzymatic machinery may work
better in vivo under the physiological conditions of the
cell. To optimize the reaction, we added manganese
divalent ions, which were reported to be required for
optimal activity of Bud32 (34). Indeed, manganese had a
stimulating effect because we could increase the yield of
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the reaction to 50% for archaeal system and to 38%
for the S. cerevisiae system (as explained later)
(Supplementary Figure S5).

However, the yield reported is the lowest estimate for
our assay conditions because, as noted previously, it is
possible that a subpopulation of the in vivo produced
Pa_tRNAs™* already carried the t°A modification. The
yield could not be improved by adding a fresh aliquot of
PaSua5 and PaKEOPS or ATP into the reaction mixture
(not shown), which indicated that the amount of substrate
tRNA was the limiting factor.

To further characterize the range of substrate tRNAs
used by PaKEOPS and PaSuas, we also tested
overexpressed E. coli tRNAs, total tRNAs isolated from
a S. cerevisiae Sua5 deletion mutant (19) and in vitro
transcribed tRNAs. All of these acted as equivalent sub-
strates (Figure 2C), demonstrating that (i) universally
conserved structural and/or sequence features of tRNAs
decoding ANN codons are recognized by PaKEOPS and
PaSua5; and (ii) presence of modified nucleotides on
ANN-decoding tRNA is not required for the t°As; modi-
fication to take place.

Two distinct ATP-dependent reactions occur in the course
of t°A synthesis by PaSua5 and PaKEOPS

To investigate the ATP-dependent activation steps
undertaken by PaKEOPS and PaSual, we assayed the
ATPase activity using o-*P-ATP and TLC to visualize
the resulting products (Figure 3A).

When all the proteins and substrates were put together
in a reaction that leads to t°A synthesis and under
saturating concentration of ATP, we observed that both
AMP and ADP were produced. The production of AMP
occurred when PaSua5 was present in the reaction mixture
alone. This activity was significantly increased when threo-
nine and carbonate were added but did not require tRNA
(Figure 3A and Supplementary Figure S7A and S7B). In
contrast, PaSua$ activity was not stimulated by glycine,
phenylalanine and homoserine, an isomer of threonine
(Supplementary Figure S4B).

In contrast to PaSua$5, incubation of PaKEOPS alone
with ATP generated ADP (Figure 3A). This basal activity
is detected in the absence of tRNA; however, the addition
of substrate tRNA or non-substrate Ec_ (RNAAS (C37)
and Pa tRNAYY significantly increased this activity
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(Figure 3A and Supplementary Figure S4A). Notably,
such activation was not observed when tRNA was
replaced by random sequence 65mer DNA or RNA,
although this RNA was bound by KEOPS with an
affinity similar to that observed for tRNA (see
Supplementary Figures S2C and S4A).

The KEOPS-dependent ATP hydrolysis into ADP
seems to be required for t°A synthesis because the t°A
reaction was completely inhibited when ATP was
replaced by AMP-PNP, an ATP analogue that can be
hydrolysed into AMP (data not shown).

Taken together, our data indicate that two distinct
ATP-dependent reactions, one generating AMP and
another generating ADP, are catalysed by PaSua5 and
PaKEOPS, respectively, in the course of t°A synthesis.

In vitro synthesis of t°A by Sua5 and KEOPS from
S. cerevisiae

The S. cerevisiace  KEOPS (ScKEOPS) complex was
heterologously expressed and purified as previously
described (23). In contrast to PaKEOPS, ScCKEOPS was
not associated with tRNAs when purified from E. coli cells
(not shown). Consistent with observations made for
PaSua5, the purified recombinant yeast homologue
ScSuas did not co-purify with tRNA either.

To test whether ScSua5 and ScKEOPS could also
catalyse the biosynthesis of the t°A modification, we
used the same experimental approach as for P. abyssi
proteins except that the assay was performed at 30°C.
As for P. abyssi proteins, we observed the incorporation
of *C-threonine into TCA-precipitated material, and 2D
TLC analysis confirmed that t°A was formed (Figure 4B).
This reaction was ATP and tRNA dependent and required
the presence of ScSua5 and SCKEOPS. Similar as for the
P. abyssi system, the omission of carbonate did not have
an effect on the amount of incorporated threonine
(Supplementary Figure S7C). The amount of threonine
incorporation was similar for endogenous tRNAs and E.
coli tRNAs, indicating that, like P. abyssi proteins, the S.
cerevisiae proteins recognize features common to all
ANN-decoding tRNA molecules.

We next examined the ATPase activity of ScSua5 and
ScKEOPS using TLC (Figure 3B). We observed weak
ATPase activity of ScSuaS of which the product was
AMP. This activity was threonine dependent and carbon-
ate dependent (Supplementary Figure S7TA and S7B) but
did not require tRNA, and addition of tRNA did not have
a stimulating effect. Thus, the ScSua5 behaved in the same
manner as the PaSua5. In contrast, the behaviour of
ScKEOPS was different from that of PAKEOPS because
we observed the production of ADP and AMP in a
tRNA-independent manner. Note, however, that we
cannot exclude a contaminating ATPase activity from
the E. coli expression strain.

Interdomain exchange of t*A machinery components

The similar behaviour of archaeal, yeast and bacterial t°A
machineries suggested that the function of KEOPS/
YgjD-YjeE-YeaZ (hereafter called DEZ) and Sua5/YrdC
has been conserved throughout evolution. To test this
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Figure 4. In vitro synthesis of t°A modification using S. cerevisiae
KEOPS and Sua5 proteins. (A) Incorporation of radiolabelled threo-
nine in tRNAs: the amount of incorporated '*C-threonine was
measured as in Figure 2A. Total tRNAs were purified from a ASua$
strain; for comparison, in vitro transcribed E. coli tRNAM™S was used
when indicated. Error bars indicate standard deviation from the mean
obtained from three independent experiments. (B) Detection of
t®A-modified nucleotide using 2D TLC. The chromatography was
done as described in Figure 2B.

hypothesis, we purified bacterial proteins and set up a
functional in vitro system to perform complementation
assays. We combined Sua5/YrdC proteins and KEOPS/
DEZ complexes. TCL analysis confirmed that the mixed
systems produce t°A-modified tRNA (Supplementary
Figure S6). Remarkably, despite the non-optimal tem-
peratures used in the assays, the amount of t°A
produced by heterologous combinations was comparable
with the amount produced by the homologous systems
at the respective reaction temperatures (43°C for Pa and
Ec proteins, and 35°C for Sc proteins) (Figure 5). Lower
values were obtained in complementation with PaK EOPS,
owing to suboptimal temperatures because at 43°C and
35°C, PaKEOPS retains 40% and 25% of its activity
(Supplementary Figure S3C). Nevertheless, those values
were reproducible and are still fairly above the back-
ground signal. These results indicate that Sua5/YrdC
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Figure 5. Functional complementations assays between bacterial,
archaeal and eukaryotic proteins. Complementations were tested
using PaKEOPS, ScKEOPS or EcDEZ combined with PaSua$,
ScSua5 or EcYgjD. Incorporation of radiolabelled threonine was
measured as in Figure 2A. Activities of archaeal (A), bacterial (B)
and eukaryotic (E) complexes were measured at 43°C (A, B and A/
B) and 35°C (E, B/E and A/E). The dotted line indicates the back-
ground level, obtained without ATP.

and KEOPS/DEZ components can be exchanged, suggest-
ing that t°A-synthesizing machineries from the three
domains of life share a common catalytic mechanism.

DISCUSSION

Archaeal and eukaryal Sua5S and KEOPS together
catalyse the synthesis of t°A-modified tRNA

In the present study, we established an in vitro system for
enzymatic synthesis of a universal and essential t°A tRNA
modification by archaeal and eukaryotic KEOPS and
Sua5 proteins. This work thus provides for the first time
direct evidence for the biological function of KEOPS and
Sua5 in archaeal and eukaryotic cells and confirms the
results of previous genetic and transcriptome studies in
S. cerevisiae and H. volcanii (13,14,19,20,21). In the light
of these findings, it is possible that the pleiotropic pheno-
types described for yeast KEOPS and Sua5 deletion
mutants (17,18,35) are indirect effects owing to the trans-
lational defects occurring in cells lacking t°A modification.
This is well illustrated by a recent study that showed
that the diverse cellular dysfunctions linked to the devel-
opment of type 2 diabetes in mice can be attributed
to abnormal protein synthesis caused by the lack of
2-methylthio-N°-threonylcarbamoyladenosine  (ms*t®A)-
modified tRNA™ (36).

Purified proteins and a reconstituted in vitro system
allowed us to get the first insights onto the structural
and mechanistic features of the t°A modification process.
We made two important observations: firstly, PAKEOPS,
but not PaSua$5, binds tRNA tightly; and secondly, the
reaction requires the hydrolysis of ATP into AMP by
Sua5 and the hydrolysis of ATP into ADP by KEOPS.

The KEOPS complex is a tRNA binding platform

PaKEOPS binds tRNA of E. coli in vivo and in vitro, and
this binding is strong because it is preserved throughout
the purification process. It therefore seems plausible, sug-
gesting that the KEOPS complex is responsible for tRNA
binding in the course of the t°A synthesis. Interestingly,
PaKEOPS binds tRNA in a positive cooperative manner
(Supplementary Figure S2). It is unlikely that PaK EOPS
binds more than one molecule of tRNA simultaneously
because of the large size of tRNA. An alternative explan-
ation is that one tRNA molecule is bound by each sub-
unit of a PaKEOPS homodimer. We have previously
shown that Kael from P. abyssi binds DNA in vitro
(24). This suggested that Kael could have a general
affinity for nucleic acids. Indeed, we could show using
electrophoretic mobility shift assays that purified P.
abyssi Kael can bind ssRNA and tRNA, albeit with
lower affinity as compared with KEOPS (unpublished
data). This suggests that tRNA interacts with Kael in
the KEOPS/tRNA complex. However, because purified
Kael is not bound to E. coli tRNA, it is likely that
other proteins of the complex are also involved in tRNA
binding. Interestingly, the archaeal/eukaryal KEOPS and
bacterial t°A machinery can use as substrate tRNA from
the three domains of life. This again suggests that Kael is
directly involved in tRNA binding because it is the only
KEOPS protein with a bacterial homologue (YgjD). This
also indicates that universal structural and/or sequence
features of tRNA are recognized by all systems, suggesting
a similar mode of interaction between tRNA and the
proteins.

The catalytic mechanism for t°A synthesis seems to be
conserved in the three domains of life

It was suggested that t°A synthesis, which is a complex
modification, required at least two ATP-dependent activa-
tion steps (37). In agreement with this proposal, Deutsch
et al. reported that both AMP and ADP were produced
when all four proteins of the bacterial system were mixed
(15). They observed that YrdC alone hydrolysed ATP into
AMP in a threonine-dependent reaction, and that YgjD,
YjeE and YeaZ (DEZ) generated ADP. These results were
confirmed by a recent study that reconstituted in vitro the
t°A biosynthesis by B. subtilis proteins YwIC (YrdC),
YdiB (YjeE), YdiC (YeaZ) and YdiE (YgjD) (16). One
common point between the bacterial system and our
archaeal/eukaryal systems is the production of both
AMP and ADP in the reaction that generates
t°A-modified tRNA. The conservation of this feature
across the three domains of life corroborates the hypoth-
esis of at least two distinct ATP-dependent steps in the
course of t°A synthesis, suggesting a conserved catalytic
mechanism for the biosynthesis of t°A in nature, despite
the fact that some of the proteins are unrelated. The
second common point of all three systems is the carbonate
and threonine dependence of AMP generation by YrdC/
Sua5. This observation is in line with the universal char-
acter of these proteins and indicates that they perform the
same catalytic role in the three domains of life.
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Figure 6. Proposed reaction scheme for t°A synthesis. Different catalytic steps are catalysed by proteins indicated above arrows. Activation of
bicarbonate to carboxy-AMP [1]; condensation of carboxy-AMP with threonine to form carbamoylthreonine [2]; activation of carbamoylthreonine to
threonylcarbamoyladenylate [3]; transfer of threonylcarbamoyladenylate to Kael/YgjD active site where second condensation reaction occurs to form
toA-modified tRINA [4]. The participation of Sua5 in the last catalytic step is currently unclear. Further details are in the text.

The three systems diverge significantly in terms of
complexes involved in the ADP-generating reaction step.
In Bacteria, this reaction is catalysed by DEZ, whereas it
is catalysed by KEOPS in Archaea and Eukarya. Kael/
YgjD is the only common protein between these different
systems, suggesting that it might be responsible for this
activity.

Finally, using in vitro complementation experiments, we
have demonstrated that Sua5 can replace YrdC and vice
versa and that KEOPS is interchangeable with DEZ.
These data corroborate the notion of a common catalytic
mechanism for t°A synthesis catalysed by universal
proteins Sua5/YrdC and Kael/YgjD.

A putative mechanism for t°A synthesis

The threonine-dependent hydrolysis of ATP into AMP
by Sua5 and YrdC suggests the formation of an adenyl-
ate reaction intermediate, such as threonylcarbamoy-
ladenylate. The fact that we do not directly observe
threonylcarbamoyladenylate is probably because of its
unstable nature under acidic conditions used for TLC
analysis. This intermediate was isolated using HPLC
under neutral pH conditions with B. subtilis YwIC
(YrdC), which catalysed the conversion of L-threonine,
bicarbonate/CO, and ATP to give L-threonylcarbamoyl-
AMP intermediate and pyrophosphate as products (16).
Moreover, L-threonylcarbamoyl-AMP was found in the
3D crystal structure of Sua5 from Sulfolobus tokodaii,
and a recent study of TobZ protein also suggested a
putative model for t°A synthesis involving a threonylcar-
bamoyladenylate intermediate (38,39). This protein, which
synthesizes the antibiotic nebramycin, consists of two
domains homologous to YrdC and Kael fused into a
single polypeptide. In the proposed model for the
reaction catalysed by TobZ, the YrdC-like domain
catalyses the ATP-dependent formation of the carbamo-
yladenylate intermediate, followed by the transfer of the
carbamoyl moiety to tobramycin to form nebramycin with

concomitant release of AMP. This final step is performed
by the Kael-like domain of TobZ, which positions the
adenylate intermediate and the sugar substrate in the
correct orientation. By analogy, Parthier et al. (39) sug-
gested that Sua5 catalyses the formation of threonylcarba-
moyladenylate, which is then accommodated in the active
site of Kael, together with the anticodon loop of tRNA,
to form t6A-modified tRNA. Our results are compatible
with this model. However, Parthier et al. further suggested
that N-carbamoylthreonine, the precursor for the synthe-
sis of the threonylcarbamoyladenylate intermediate,
is generated from bicarbonate and threonine by an
unknown enzymatic activity. Our data prove that it is
not the case because SuaS and KEOPS are sufficient to
synthesize t°A. Moreover, the observation that ATPase
activity of PaSua5 [and of YrdC and YwIC in bacterial
systems (15,16)] is carbonate and threonine dependent
strongly suggests the involvement of Sua5/YrdC in the
early steps of the catalysis, leading to the formation of
threonylcarbamoyladenylate. In addition, our data imply
that KEOPS is involved in the last step of the catalysis,
which requires the presence of tRNA. This is supported
by the finding that the reaction of tRNA with
L-threonylcarbamoyl-AMP can be catalysed by the
B. subtilis YdiB (YjeE), YdiC (YeaZ) and YdiE (YgjD)
complex in the absence of YWIC (YrdC) (16). Based on
these data and previous studies, we propose a novel mech-
anism for the synthesis of t°A (Figure 6). In the first step,
bicarbonate is activated by Sua5/YrdC to carboxy-AMP
[1], which can then condense with the threonine to form
carbamoylthreonine [2]. Sua5/YrdC uses a second ATP to
activate this product and generates threonylcarbamoy-
ladenylate [3]. Finally, this intermediate is transferred to
Kael/YgjD active site where second condensation
reaction occurs to form t6A-modified tRNA. This
proposal is compatible with the data reported by
Lauhon (16), but it is in disagreement with the work of
El Yacoubi et al. (14), who proposed the activation of



1962 Nucleic Acids Research, 2013, Vol. 41, No. 3

bicarbonate to carboxyphosphate catalysed by Kael. We
do observe generation of ADP by KEOPS, and this
activity is mandatory. However, KEOPS activity is sens-
ible to neither carbonate nor threonine, suggesting
strongly that the complex, and thus Kael, is not
involved in early steps of catalysis. In favour of our
proposal, YrdC-homologous domain of TobZ protein
was shown to catalyse formation of carbamoyl-AMP, a
compound that is structurally reminiscent of
carboxy-AMP. Our model is compatible with the data
obtained for the bacterial t°A systems, and carboxy-
AMP was included in the proposed mechanism scheme
as an alternative to the formation of carboxyphosphate
(15). The present data do not allow assigning convincingly
the ADP-generating ATPase activity of KEOPS/DEZ to a
particular process. However, in archaeal system, we
observed that the active site responsible for ATP hydroly-
sis is not in a catalytically competent conformation until
tRNA is bound, indicating that a set of mutually induced
conformational changes occur between PaKEOPS
and tRNA.

Therefore, we propose that KEOPS and DEZ must
undergo conformational changes to attain a catalytically
relevant conformation and that ATP hydrolysis is needed
to compensate for the free energy cost of rearrangements.
Further experimental work is needed to verify this
hypothesis.

Possible role of archaeal Sua5 and KEOPS in the
synthesis of N°-hydroxynorvalylcarbamoyladenosine
(hn°A)

Two other modified adenosines occur at position 37 and
contain carbamoyl and amino acid moieties: N°-glycylcar-
bamoyladenosine gg"A) and N®-hydroxynorvalylcarba-
moyladenosine (hn°A) (3,40), but the enzymes catalysing
the synthesis of these modified nucleosides have not been
identified yet. g°A is present in certain cytoplasmic tRNAs
of eukaryotes, whereas hn®A is found in tRNAs of
Bacteria and Archaea (41). In agreement with this phylo-
genetic distribution, we found that PaSua5 hydrolyses
ATP to AMP in presence of hydroxynorvaline, but not
in presence of glycine (Supplementary Figure S4B). This
suggested that Sua5 proteins could be responsible for the
synthesis of the hydroxynorvalylcarbamoyladenylate and
that, together with KEOPS, they may be responsible for
the formation of hn°A4 in Archaea. Further experimental
work is needed to confirm this hypothesis, which if true,
would extend the role of archacal KEOPS and Suas
proteins to the synthesis of another tRNA modification.

Evolutionary implications

The present work and the previous work on bacterial
system (15) revealed that the universal proteins Sua5/
YrdC and Kael/YgiD alone are not sufficient to
perform t°A modification but require two sets of non-uni-
versal proteins, one specific to Bacteria (YeaZ, YjeE) and
the other common to Archaea and Eukarya (Bud32,
Cgil21 and Pccl). A similar situation is found in many
other fundamental molecular systems, e.g. translation ini-
tiation and transcription, in which a core of universally

conserved proteins is supplemented by factors specific for
Bacteria on one side and for Archaea/Eukarya on the
other. It is often argued that such a situation suggests a
simple LUCA [a progenote sensu (42) and subsequent in-
dependent refinement of molecular processes (i.e. transla-
tion)] in Bacteria and in Archaea/Eukarya. In case of t°A,
it seems unlikely that LUCA lacked this modification.
Indeed, several studies identified t°A as a part of a
minimal tRNA modifications set required for life (43—
45). Moreover, the genes responsible for the synthesis of
t°A are resistant to loss in insect symbionts and mollicutes
that have reduced genomes, suggesting that these genes
emerged early during cellular evolution, and once
acquired became essential for the cell (45,46). Finally, it
has been argued convincingly that t°A modification is ne-
cessary for the accurate reading of the three letters genetic
code (7,8,19). Because this code is universal, it was likely
present in LUCA, and its accuracy was probably already
optimal (47).

If t°A was already present in LUCA, one should
imagine evolutionary scenarios to explain how an ances-
tral tRNA modification mechanism evolved into two
distinct modern versions. The idea that these two
versions evolved from a common mechanism is supported
by the existence of two universal proteins in both versions,
by the universality of the two distinct ATP-dependent
steps and by the interdomain functional complementa-
tions. One possible scenario is that the core proteins
(Sua5/YrdC and Kael/YgjD) are the remnants of an
ancient synthetase operating in LUCA, which could
have performed the complete reaction without accessory
proteins. After the separation of the three domains, add-
itional proteins were added independently in Bacteria and
in ancestors of Archaea and Eukarya to improve speed
and accuracy of protein translation in increasingly
complex cells. In this scenario, we propose that these
proteins were selected to provide additional surfaces for
tRNA binding. This suggestion fits well with the observa-
tion that Kael alone binds tRNA less tightly as compared
with KEOPS (as explained previously). Alternatively,
LUCA might have possessed either DEZ or KEOPS to
work with the ancestor of Sua5/YrdC; later on, YeaZ
and YjeE were replaced by Bud32, Pccl and Cgil2l in
Archaca and Eukarya or vice versa, and KEOPS was
replaced by DEZ in Bacteria. Our complementation ex-
periments render this hypothesis plausible because we
show that both KEOPS and DEZ can complement
in vitro the Sua5/YrdC protein of the three different
domains, suggesting that such situation could have
happened in vivo in ancestors of modern organisms.

The study of t°A synthesis in mitochondria could con-
tribute to the comprehension of t°A machinery evolution.
Eukaryotic genomes encode mitochondrial homologue of
Kael called Qri7 in S. cerevisiae. Genetic data from two
independent studies indicated that S. cerevisiae Qri7 func-
tions in mitochondrial t°A synthesis. Interestingly, Sua$ is
required for both cytoplasmic and mitochondrial t°A syn-
thesis, indicating that it is imported into mitochondria
despite the lack of a recognizable import signal (14,20).
It remains to be investigated if Qri7 and Sua5 alone could
catalyse the formation of t6A-modified tRNA or if other
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proteins are required. In the case of the second hypothesis,
the proteins of KEOPS are the obvious candidates. The
first hypothesis, if true, would substantially argue in
favour of the scenario in which the two universal
proteins formed the ancient t°A synthetic machinery.

In conclusion, this study established an in vitro system
for the synthesis of essential t°A tRNA modification by
eukaryotic and archaeal t°A synthetases. Characterization
of these systems allowed us to propose a novel reaction
scheme for the synthesis of t°A. Our data suggest that the
catalytic mechanism for t°A synthesis is conserved in
nature. Our work paves the way for further mechanistic
and structural studies of these enzymatic complexes. The
full comprehension of how this ancient modification is
synthesized should result in better understanding of evo-
lutionary mechanisms that contributed to increased trans-
lation efficiency and fidelity in present day cells.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-7, Supplementary Methods.
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