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ABSTRACT

N6-Threonylcarbamoyladenosine (tA) is a universal
and pivotal tRNA modification. KEOPS in eukary-
otes participates in its biogenesis, whose mutations
are connected with Galloway-Mowat syndrome. How-
ever, the tRNA substrate selection mechanism by
KEOPS and t®A modification function in mammalian
cells remain unclear. Here, we confirmed that all
ANN-decoding human cytoplasmic tRNAs harbor a
t°A moiety. Using t® A modification systems from var-
ious eukaryotes, we proposed the possible coevolu-
tion of position 33 of initiator tRNAM®t and modifica-
tion enzymes. The role of the universal CCA end in
t5A biogenesis varied among species. However, all
KEOPSs critically depended on C32 and two base
pairs in the D-stem. Knockdown of the catalytic sub-
unit OSGEP in HEK293T cells had no effect on the
steady-state abundance of cytoplasmic tRNAs but
selectively inhibited tRNA'"® aminoacylation. Com-
bined with in vitro aminoacylation assays, we re-
vealed that t®A functions as a tRNA'® isoacceptor-
specific positive determinant for human cytoplasmic
isoleucyl-tRNA synthetase (IARS1). t®A deficiency
had divergent effects on decoding efficiency at ANN
codons and promoted +1 frameshifting. Altogether,
our results shed light on the tRNA recognition mech-
anism, revealing both commonality and diversity in
substrate recognition by eukaryotic KEOPSs, and
elucidated the critical role of t®A in tRNA'® aminoa-
cylation and codon decoding in human cells.

INTRODUCTION

tRNAs are the most heavily modified RNA species in the
cell, considering localizations of modified positions and
modification diversity. tRNA modification plays critical
functions in genome decoding by either guaranteeing the
unique structure and stability of tRNA architectures or reg-
ulating translation fidelity and efficiency during ribosomal
decoding (1,2).

Among all positions of a given tRNA molecule, those
in the anticodon loop, in particular positions 34 and 37,
are the most extensively modified due to their critical
roles in codon-anticodon base pairing strength and ac-
curacy (3,4). N-Threonylcarbamoyladenosine (t°A) is a
modified nucleotide found exclusively at position 37 ad-
jacent to the anticodon in ANN-decoding tRNAs across
all three domains of life (5,6). Enzymes for t®A biogene-
sis have been studied in bacteria, archaea, and eukaryotes
and in organelles. t®A modification occurs in two consec-
utive steps: YRDC/Sua5 family proteins catalyze the for-
mation of the L-threonylcarbamoyladenylate intermediate
(TC-AMP) from threonine, bicarbonate and ATP (7), and
subsequently, TsaD/Kael/Qri7 family proteins transfer the
L-threonylcarbamoyl moiety of the TC-AMP intermedi-
ate to A37 (8-13). Despite the conservation of catalytic
subunits, the components of t°A modification machinery,
specifically that performing the second step, differ signifi-
cantly among various species/organelles. In bacteria, TsaC
(in the YRDC/Sua$ family), TsaD, TsaB and TsaE jointly
mediate t°A biogenesis (10), while in archaea and eukary-
otic cytoplasm, YRDC/Sua5 and a four- or five-subunit
KEOPS (Kinase, Endopeptidase, and Other Proteins of
Small size) complex cooperatively generate t°A (11,12,14).
Eukaryotic mitochondria seemingly use the minimalistic
enzymes Sua5 and Qri7 in yeast or YRDC and OSGEPLI1
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in mammals (15-17) (Supplementary Table S1). In the
KEOPS complex, Gon7 (GON7), Pccl (LAGE3), Kael
(OSGEP), Bud32 (TP53RK) and Cgil21 (TPRKB) are ar-
ranged linearly (14,18). In addition to the catalytic subunit
Kael (OSGEP), Bud32 (TP53RK) is an ATPase that cat-
alyzes the hydrolysis of ATP to ADP and Pi (19); how-
ever, the exact role of this subunit in t°A biogenesis re-
mains unclear. Furthermore, the function of both Gon7
(GON?7) and Pccl (LAGE3) remains unknown (5). TsaC
has been reported to interact with the TsaD-TsaB-TsaE
complex (10); however, Sua5/YRDC seems to be indepen-
dent of the KEOPS complex in the cytoplasm or of OS-
GEPLI in mitochondria (15,19).

Substrate selection and binding during the second step
have long been unknown. Only recently the binding mode of
TC-AMP analog by bacterial TsaD-TsaB has been clarified
(20). However, only limited reports have described tRNA
recognition by t°A modification enzymes, in part owing
to difficulties in reconstituting t®A modification activity in
vitro in earlier studies. Based on a Xenopus laevis oocyte in
vivo modification system, only U36 was absolutely required
for effective t°A modification (21). Our two recent works
have revealed that (C/A>U>G)32-N33-(U/G>A)34-N35-
U36-A37-A38 was the nucleotide sequence requirements
in the anticodon loop for human mitochondrial tRNAT"
to be efficiently modified by Sua5-Qri7 (22) or YRDC-
OSGEPLI, and Lys** in OSGEPLI seems to be a critical
tRNA-binding element (15). Our initial finding of A38 be-
ing a critical element has been confirmed by others (17). Us-
ing the archaeal KEOPS complex as a model, it has been
recently found that Cgil21 in an archacal KEOPS complex
(human TPRKB homolog) binds the CCA terminus of sub-
strate tRNAs and that this interaction is essential for t°A
biogenesis by the archacal KEOPS complex (18).

t°A modification in bacteria and yeast stabilizes the an-
ticodon loop architecture by preventing intraloop inter-
actions, facilitates codon-anticodon pairing by mediating
base-stacking interactions at the ribosomal decoding site to
prevent +1 frameshifting and promotes downstream mod-
ification at other sites (6,23). In addition, reduced tRNA®
aminoacylation levels by isoleucyl-tRNA synthetase (Il-
eRS) have been observed in Escherichia coli cells lacking
the TsaC or TsaD gene (24). However, yeast 1leRS does
not use the t°A moiety as a positive determinant in tRNA
charging (12,24). These observations likely explain why the
t°A modification apparatus is essential in some bacteria but
not in yeast. In mammalian cells, knockdown of OSGEP
or TP53RK leads to impaired protein synthesis, endoplas-
mic reticulum stress, signaling in response to DNA damage,
and apoptosis (25). Owing to the pivotal role of t*A modi-
fication in mRNA translation and protein homeostasis, it is
not surprising that deletions or mutations in t®A modifica-
tion enzymes in yeast or in humans lead to cellular dysfunc-
tions and disorders in humans (25,26). Yeast cells in which
the Sua5 gene is deleted exhibit delayed growth and sensi-
tivity to various stresses, including heat, ethanol and salt
(27). Deletion of the Kael gene in yeast also causes severe
growth retardation (16). Several independent studies have
shown that genetic mutations in each gene of the human t°A
biogenesis pathway (YRDC, OSGEP, TP53RK, TPRKB,
GON7 and LAGE3) cause severe effects associated with

Galloway—-Mowat syndrome (GAMOS), characterized by
the combination of early onset nephrotic syndrome and mi-
crocephaly with brain anomalies (25,28). Effects of OSGEP
mutations on other phenotypes, such as neurodegeneration,
have also been observed (29). Despite obvious advances in
the mechanism and significance of t°A in bacteria, yeast
and archaea, however, in mammalian cells, the basic under-
standing of the molecular mechanism of t®A biogenesis, in-
cluding tRNA selection and recognition by the eukaryotic
cytoplasmic KEOPS complex, the potential contribution of
t°A modification to tRNA abundance and the aminoacyla-
tion level of ANN-decoding tRNAs, codon-anticodon de-
coding, and +1 frameshifting restriction, has thus far been
very limited.

In the present work, using several KEOPS complexes and
bacterial, yeast and human tRNAs, we clarified how eu-
karyotic KEOPS complexes select tRNA substrates, high-
lighting the critical role of the anticodon loop and two base
pairs in the D-stem in determining the t°A modification
level. Furthermore, we revealed the important or determi-
native role of t°A modification in tRNA aminoacylation
and in preventing +1 frameshifting. Our results help to un-
derstand the basic knowledge of the t® A modification mech-
anism and function in human cells.

MATERIALS AND METHODS
Materials

Anti-FLAG (F7425) and horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from
Merck (Darmstadt, Germany). Anti-GAPDH (60004-1-1g)
and anti-OSGEP (15033-1-AP) antibodies were purchased
from Proteintech (Wuhan, China). Anti-TP53RK (A14952)
antibody was purchased from ABclonal Technology Co.,
Ltd. (Wuhan, China). ['*C]Thr was obtained from Amer-
ican Radiolabeled Chemicals, Inc. (St. Louis, MO, USA),
and [*H]lle was obtained from PerkinElmer, Inc. (Hop-
kinton, MA, USA). KOD-plus mutagenesis kits were ob-
tained from TOYOBO (Osaka, Japan). Lipofectamine 2000
transfection reagent, puromycin and SuperSignal West were
obtained from Thermo Scientific (Waltham, MA, USA).
Anti-digoxigenin-AP (11093274910), 10% blocking reagent
(11096176001) and CDP-Star were purchased from Roche
(Basel, Switzerland). 50x Denhardt solution (B548209-
0050), 20x saline sodium citrate (SSC) (B548109) and
fish sperm DNA (B548210) were purchased from San-
gon Biotech Co., Ltd. (Shanghai, China). Primer synthe-
sis, biotin- or digoxin-DNA probe synthesis and DNA se-
quencing were performed by Tsingke Biotechnology Co.,
Ltd. (Beijing, China) and Biosune (Shanghai, China).

Plasmid construction, mutagenesis and gene expression

Genes encoding human KEOPS (hKEOPS) subunits
OSGEP (UniProt No. Q9NPF4), TP53RK (UniProt
No. Q96S44), TPRKB (UniProt No. Q9Y3C4), LAGE3
(UniProt No. Q14657) and GON7 (UniProt No. Q9BXV9)
were amplified from cDNA obtained by reverse transcrip-
tion of total RNA from human HEK293T cells. Riboso-
mal recognition sites (RBSs) were inserted between two ad-
jacent coding genes into a pJ241 vector (30) with a Hisg-



tag at its C-terminus via a Seamless Cloning Kit (Bey-
otime, Shanghai, China). The resulting polycistronic plas-
mid pJ241-hKEOPS expressed five recombinant proteins,
OSGEP, TP53RK, TPRKB, LAGE3 and GON7-Hisg, un-
der the control of the T7 promoter. Escherichia coli codon-
optimized DNA encoding Caenorhabditis elegans PCCI
(F59A2.5), KAE1 (Y71H2AM.1) plus a Hisg-tag at the C-
terminus, BUD32 (F52C12.6), CGI121 (W03F8.4) (GON7
homolog in C. elegans not yet identified) and a riboso-
mal binding site sequence between two adjacent genes was
chemically synthesized and inserted into a pET24a vector
between Ndel and Xhol sites. The resulting polycistronic
plasmid pET24a-CeKEOPS (C. elegans KEOPS) expressed
four recombinant proteins, PCC1, KAE1-Hisg, BUD32 and
CGI121, under the control of the T7 promoter (8). The
plasmid encoding Saccharomyces cerevisiae (Sc) KEOPS
(pJ241-ScKEOPS) expressed five recombinant proteins,
KAEL, BUD32, CGI121, PCC1 and GON7-Hisg, under the
control of the T7 promoter (30). Human YRDC (hYRDC)
and yeast Sua5 expression plasmids were constructed as
reported previously (15,22). The construction of expres-
sion plasmids for E. coli TsaC (UniProt No. P45748), TsaD
(UniProt No. P05852) and TsaB (UniProt No. P76256) was
as described in a previous report (31). The gene encoding
E. coli TsaE (UniProt No. POAF67) was subcloned from
pET28a-yjeE into a pET21a vector via Ndel and Xhol,
yielding a pET2la-TsaE expression plasmid in which a
Hisg tag is introduced at the C-terminus (31). The gene en-
coding truncated human cytoplasmic isoleucyl-tRNA syn-
thetase (hIleRS) (Met!-Ser'?”?) (UniProt No. P41252) was
obtained by amplifying the cDNA obtained by reverse
transcription of the total RNA of human HEK293T cells
and inserted into a pJ241 vector with a Hise-tag at its C-
terminus by a Seamless Cloning Kit (Beyotime, Shanghai,
China). The OSGEP gene was inserted between the EcoRI
and HindlIII sites of pCMV-3Tag-3A and the HindIII and
EcoRIsites of pPEGFP-N2. Similarly, TP53RK was inserted
between the HindIII and Xhol sites of pCMV-3Tag-3A and
the HindIII and BamHI sites of pEGFP-N2 and TPRKB
was inserted between the Xhol and HindIII sites of pPEGFP-
N2. GON7 was inserted between the HindIII and BamHI
sites of pEGFP-N2, and LAGE3 was inserted between the
HindIII and EcoRI sites of pEGFP-N2.

All the primers used for cloning were listed in Supple-
mentary Table S2. Gene mutations were obtained through
KOD-plus mutagenesis kits (TOYOBO, Osaka, Japan) ac-
cording to the manufacturer’s instructions.

Gene expression vectors were expressed in E. coli BL21
(DES3) cells. The genes encoding hYRDC and Sua5 were
expressed as described in a previous report (15). The over-
expression of the hKEOPS complex and ScKEOPS was
carried out when the initial cell culture reached an ab-
sorbance at 600 nm (Agp) of 0.6-0.8, isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added at a final concen-
tration of 0.5 mM, and the cells were induced overnight at
16°C. CeKEOPS gene expression was induced with 200 puM
IPTG, and transformants were cultured for 3-5 h at 37°C.
Expression of the hlleRS (Met!-Ser!'’’3) gene was induced
with 50 pM IPTG overnight at 18°C. Protein purification
was initially performed according to a previously described
method (32). After initial purification via Ni-NTA affinity
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chromatography, hKEOPS, hYRDC and CeKEOPS were
further purified by gel filtration on a Superdex S200 col-
umn with 50 mM Tris-HCI (pH 7.5) and 150 mM NacCl
at the rate of 0.5 ml/min. ScCKEOPS and hlleRS (Met!-
Ser!'%73) were further purified via ion exchange chromatog-
raphy (Mono Q column), which was first pre-equilibrated
with buffer A (containing 25 mM Tris—-HCI (pH 7.8), 50
mM NaCl and 1 mM DTT). The proteins were eluted by a
linear gradient from buffer A to buffer B (containing 25 mM
Tris—HCI (pH 7.8), 1 M NaCl and 1 mM DTT) at the rate
of 1.0 ml/min. Fractions containing ScK EOPS and hlleRS
protein were concentrated in 30 kDa molecular mass cut-
off Amicon. The protein concentration was determined via
a Protein Quantification Kit (Beyotime) according to the
manufacturer’s instructions.

tRNA gene cloning and transcription

Genes encoding human cytoplasmic (hc) tRNAT"(AGU,
CGU, UGU), tRNAS(GCU), tRNAAE(CCU, UCU),
tRNAAY(GUU), tRNAMe(e)  initiator ~tRNAMet
(tRNAMet(j)), tRNALS(UUU), tRNALYS(CUU),
tRNA(AAU), tRNA"(UAU), tRNA®(GAU), E. coli
(Ec) tRNAMe(1) and S. cerevisiae (Sc) tRNAM®(i) were in-
corporated into a pTrc99b plasmid. tRNA transcripts were
obtained by in vitro T7 RNA polymerase transcription as
described previously (33,34). The primers used for template
preparation were listed in Supplementary Table S2.

Determination of in vitro t°A modification and aminoacyla-
tion activities

The t°A modification reaction was performed at 37°C in
a 40 wl reaction mixture containing 50 mM Tris—HCI
(pH 8.0), 200 mM NaCl, 15 mM MgCl,, 5 mM MnCl,,
50 mM NaHCO;, 5 mM DTT, 4 mM ATP, 100 uM
['*C]Thr, 10 pM transcribed hctRNAs (or its variants) and
2 pM Sua5 and ScKEOPS or hYRDC and hKEOPS or
hYRDC and CeKEOPS. The aminoacylation reaction was
performed at 37°C in a 40 pl reaction mixture containing
60 mM Tris—HCI (pH 7.5), 50 mM NacCl, 10 mM MgCl,,
5 mM DTT, 4 mM ATP, 20 uM [*H]lle, and 5 pM t°A
unmodified or modified hctRNA™ (AAU) or hctRNA!®
(UAU) or hctRNAM (GAU) transcript and 1 wM hlIleRS
(Met!-Ser!?73). Aliquots (9 wl) of the reaction solution were
added to filter pads at various time points and quenched
with cold 5% TCA. The pads were washed three times for
15 min each with cold 5% TCA and then three times for 10
min each with 100% ethanol. Finally, the pads were dried
under a heat lamp, and the radioactivity of the precipitates
was quantified using a scintillation counter (Beckman Coul-
ter, Atlanta, GA, USA).

Melting temperature (7},) assays of tRNAs

The specific tRNA was dissolved in a buffer containing 50
mM sodium phosphate buffer (pH 7.0), 10 uM EDTA and
100 mM NaCl. The initial absorbance of the tRNA at 260
nm was diluted to between 0.2 and 0.3. The melting tem-
perature curve was determined at 260 nm using an Agilent
Cary 100 spectrophotometer at a heating rate of 1°C per
minute from 25°C to 95°C.
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Cell culture, transfection, nucleocytoplasmic separation and
immunofluorescence assays

HEK?293T cells were cultured in Dulbecco’s modified Ea-
gle’s media supplemented with 10% fetal bovine serum in a
37°C incubator with 5% CO,. Transfection was performed
using Lipofectamine 2000 transfection reagent. At 24 h af-
ter transfection, the cells were harvested and washed with
ice-cold phosphate-buffered saline (PBS) three times. Nu-
cleocytoplasmic separation was performed by a Nuclear
and Cytoplasmic Protein Extraction Kit (P0027, Beyotime)
according to the manufacturer’s protocol. For immunoflu-
orescence assays, the cells were fixed in 4% paraformalde-
hyde for 30 min and then permeated in 0.2% Triton X-100
for 10 min at RT. After washing with PBS, the fixed cells
were blocked in PBS containing 4% BSA and then incu-
bated with rabbit anti-OSGEP or anti-TP53RK antibod-
ies at a 1:200 dilution overnight at 4°C. The cells were then
immunolabeled with Alexa Fluor 488-conjugated goat anti-
rabbit IgG in PBS at a 1:1000 dilution for 2 h and the nu-
clear counterstain DAPI for 5 min at RT. Fluorescent im-
ages were taken and analyzed using a Leica TCS SP§ STED
confocal microscope (Leica).

Construction of OSGEP knockdown (KD) cell lines

shRNA sequences (Supplementary Table S3) were in-
serted into the lentiviral vector pLKO.1 between Agel and
EcoRI sites. The lentiviral vectors were cotransfected with
the packaging vector pPCMVDRS.9 and enveloped vector
pCMV-VSVG into HEK293T cells using Lipofectamine
2000 reagent for lentivirus production. After 48 h, viruses
were collected for 48 h of infection of HEK293T cells. Sta-
bly infected cells were selected via puromycin (2.5 g/ml)
for 48 h. Finally, the surviving cells were identified by west-
ern blotting using anti-OSGEP antibody.

Dual-luciferase reporter assays

6x ANN codons were inserted into a pmirGLO plasmid af-
ter the firefly luciferase (F-luc) gene ATG start codon. For
the frameshifting assay, a specific nucleotide (see the RE-
SULTS section) was inserted at a specific codon of the F-
luc gene. Subsequently, the plasmids were transfected into
WT and OSGEP KD cells in a 24-well plate using Lipo-
fectamine 2000. After cultivating 24 h, the cells were har-
vested and assayed by a Dual-Glo Luciferase Assay System
(Promega). Renilla luciferase (R-luc) was used to normal-
ize F-Luc activity to evaluate the translation efficiency of
the reporter.

tRNA isolation and ultra-performance liquid
chromatography—mass spectrometry/mass spectrometry
(UPLC-MS/MS) analysis

Total RNA was extracted from WT and KD cells us-
ing TRIzol reagent. The fourteen endogenous ANN-
decoding tRNAs and two other tRNAs (tRNALY(CAA)
and tRNAS(CGA)) were isolated from total RNAs us-
ing tRNA fishing by their own solid-phage complementary
biotinylated DNA probes (Supplementary Table S4) using

streptavidin agarose resin (20361, Thermo Scientific). The
biotinylated DNA probes were designed to complement the
5" or 3’ sequences of the tRNAs. In brief, the specific biotiny-
lated DNA probes were incubated with total RNA at 65°C
for approximately 1.5 h in annealing buffer (1.2 M NaCl,
30 mM HEPES-KOH (pH 7.5), 15 mM EDTA, 0.5 mM
DTT). Streptavidin agarose beads were then added to the
mixture, which was subsequently incubated for 30 min at
65°C. After binding, the agarose beads were washed three
times with washing buffer (0.1 M NaCl, 2.5 mM HEPES-
KOH (pH 7.5), 1.25mM EDTA, 0.5 mM DTT). tRNAs on
the agarose beads were extracted using TRIzol reagent and
precipitated by ethanol. Purified tRNAs were identified via
8 M urea polyacrylamide gel electrophoresis.

Before subjected to UPLC-MS/MS, 500 ng of tRNA
transcripts or specific endogenous tRNAs were digested
with 1 plof nuclease P1, 0.2 ul of benzonase, 0.5 w1 of phos-
phodiesterase I, and 0.5 pl of bacterial alkaline phosphatase
in a 20 pl solution including 4 mM NH4OAc (pH 5.2) at
37°C overnight. After complete hydrolysis, 1 wl of the solu-
tion of products was subjected to UPLC-MS/MS.

Western blotting

Cells were lysed using RIPA (Radio Immunoprecipitation
Assay) buffer (50 mM Tris—HCI (pH 7.5), 150 mM NacCl,
0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS)
and proteins separated on a 10% separating gel via SDS-
PAGE. Western blotting was performed as described in a
previous report (35).

Northern blotting

For tRNA abundance determination, 3 pg of total RNA
was loaded on a 10% polyacrylamide-8 M urea gel in
Tris-borate EDTA (TBE) buffer at RT under 150 V for
1.5 h. For the aminoacylation assays, 5 pg of total RNA
dissolved in 0.1 M NaAc (pH 5.2) was electrophoresed
through an acidic (0.1 M NaAc (pH 5.2)) 10% polyacry-
lamide 8 M urea gel at 4°C under 18 W for 16 h. The RNAs
were then transferred onto a positively charged nylon mem-
brane (Merck) at 4°C under 250 mA for 40 min. After UV
crosslinking (8000 x 100 J/cm?), the membrane was pre-
blocked with prehybridization solution (4 x SSC (contain-
ing 0.6 M NaCl and 0.06 M Na-Citrate), 20 mMNa, HPOy,
7% SDS, 1.5x Denhardt solution, 0.4 mg/l fish sperm
DNA) at 55°C for 1 h. The membrane was subsequently
hybridized with digoxin (DIG)-labeled probes (Supplemen-
tary Table S4) for specific tRNAs and 5S rRNA at 55°C
overnight. The membrane was then washed with 2 x SSC
buffer (containing 0.1% SDS) followed by washing buffer
(0.1 M maleic acid and 0.15 M NaCl (pH 7.5)) twice for
5 min and then blocked with 1x blocking reagent (0.1 M
maleic acid, 0.15 M NaCl, 1% blocking reagent (pH 7.5))
for 30 min at RT. Then, the membrane was incubated with
anti-digoxigenin-AP buffer (1x blocking reagent, 1:10 000
anti-digoxigenin-AP) for 1 h and washed twice every 10
min. Finally, the membrane was treated with CDP-Star and
imaged via an Amersham Imager 680 system (GE, CA,
USA).



RESULTS

All ANN-decoding tRNAs in human cells contain t°A modi-
fication

The human genome encodes >400 high-confidence tRNA
genes (2); however, the modification atlas of full sets
of human cytoplasmic tRNAs has not been fully estab-
lished. In the human cytoplasm, ANN codons encode
seven amino acids: Arg, Asn, Ile, Lys, Met, Ser and
Thr. Accordingly, fourteen ANN-decoding tRNA isoac-
ceptors, i.e., tRNAT"(AGU, CGU, UGU), tRNA*(AAU,
UAU, GAU), tRNAS"(GCU), tRNADS(CUU, UUU),
tRNAA(CCU, UCU), initiator tRNAMet (tRNAMeY(1)),
elongator tRNAMet (tRNAMet(e)) and tRNAA(GUU),
were found to be potential modification substrates for the
hKEOPS. Thus far, some ANN-decoding tRNAs such as
tRNAMe(i) (36), tRNAM®!(e) (37) and tRNAYS(UUU) (38)
have been experimentally demonstrated to contain t° A moi-
eties. To understand whether all the above tRNA isoac-
ceptors harbor t°®A modifications, we purified all these
tRNA species from HEK293T cells via tRNA fishing in
conjunction with a solid-phase complementary biotiny-
lated DNA probe (Supplementary Figure S1A and B; Sup-
plementary Table S4). UPLC-MS/MS confirmed that all
fourteen ANN-decoding tRNAs harbored t°A modifica-
tions (Supplementary Figure S1C). Because the non-ANN-
decoding tRNA samples, including tRNAY(CAA) and
tRNAS(CGA), showed little evidence of t°A (Supplemen-
tary Figure S1C), suggesting that samples were not cross-
contaminated with other tRINA species. Thus, the above re-
sults showed that the hK EOPS was able to introduce t°A
modifications to all ANN-decoding tRNAs.

C33 acts as an anti-determinant in t° A biogenesis by the yeast
modifying machinery but not the human or nematode

To understand the molecular mechanism of t°A biogene-
sis by the hKEOPS complex, we cloned the open reading
frames (ORFs) of all five human genes (OSGEP, TP53RK,
TPRKB, LAGE3, GON?7) into the bacterial expression vec-
tor pJ241 (pJ241-hKEOPS), with each ORF having an
independent ribosome-binding site (RBS) and start and
stop codons, in a polycistronic gene organization, as was
done for expression vector construction with respect to
ScKEOPS (30). Because all human ANN-decoding tRNAs
harbored t°A modifications in vivo, we also constructed all
the necessary tRNA clones and obtained all fourteen tRNA
transcripts via T7 in vitro transcription.

We overexpressed pJ241-hKEOPS in bacteria; however,
in our system, the integrity of the hK EOPS complex was al-
ways disrupted (disassociation of GON7) during the subse-
quent purification step (size exclusion or ion exchange chro-
matography) following His-tag affinity chromatography
(Supplementary Figure S2A). In contrast, the ScCKEOPS
complex was well expressed and purified with an intact com-
position with all subunits, as shown in a previous report
(Supplementary Figure S2B) (30). Indeed, the t°A synthesis
activity of the purified stoichiometrically inhomogenecous
hKEOPS was much lower than that of ScKEOPS under the
same conditions (Supplementary Figure S2C). Based on the
homogeneity, purity and activity, we preferentially used the
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ScKEOPS complex as a eukaryotic KEOPS model to mod-
ify human cytoplasmic tRNAs to understand tRNA recog-
nition and selection mechanism. We understand some limi-
tations of modifying human tRNAs using a yeast complex;
therefore, for modifying some key tRNA mutants, hKEOPS
was also used for comparison. Furthermore, KEOPS from
another multicellular organism, C. elegans (CeKEOPS),
was also cloned and purified (Supplementary Figure S2D).
Fortunately, such a combination in determining the activity
(modification of the same set of human tRNAs by differ-
ent KEOPS complexes) provided some unexpected insights,
which revealed both similarity and some undetected strik-
ing differences between KEOPS complexes from yeasts, hu-
mans and nematodes (see below).

We found that all fourteen human tRNAs (except
tRNAMe(i)) were effectively modified by ScKEOPS, de-
spite varying modification levels (Supplementary Figure
S3). tRNAT"(UGU), tRNAMS(CUU), tRNAAE(UCU)
and tRNAS(GCU) were among the best substrates (Sup-
plementary Table S5). The inability (or inefficiency) of
tRNAMe!(1) modification by ScKEOPS was unanticipated
and puzzling because it readily harbored a t°A modifica-
tion based on our UPLC-MS/MS data (albeit with the low-
est detection scale among fourteen ANN-decoding tRNAs)
(Supplementary Figure S1C) and previous data obtained by
others (36).

We then compared the tRNAMe!(i) sequence with thir-
teen other tRNA sequences, especially the anticodon se-
quence, which is in proximity to the modification site A37.
Indeed, we noticed that only tRNAMe(i) contains C33,
which is otherwise U33 in other tRNAs (Figure 1A), sug-
gesting that C33 is a potential anti-determinant for t°A
modification by ScKEOPS. To explore this possibility, C33
of tRNAMe!(1) was mutated to U33. The modification assay
indeed showed robust modification of tRNAM®(1)-C33U by
ScKEOPS (Figure 1B). Therefore, these data suggested that
C33 prevents tRNAMeL(i) from being efficiently modified by
ScKEOPS.

Considering that tRNAMe'(i) harbors t°A modifica-
tion in vivo, it also implies that C33 is no longer an
anti-determinant for hKEOPS. To answer this question,
both tRNAMet(i) and tRNAM®'(i)-C33U were modified by
hKEOPS. In contrast to ScKEOPS, hKEOPS introduced
t°A modifications to both tRNAs with similar efficiency
(Figure 1C). Moreover, comparable t°A modifications of
tRNAMet(i) and tRNAMe(i)-C33U were observed using
CeKEOPS, with a higher efficiency (Figure 1D).

Above all, these data suggested that C33 functions as an
anti-determinant in t®A biogenesis by the yeast modifying
machinery but not the human or nematode.

Possible coevolution of position 33 of tRNAM¢!(i) and the t°A
modification machinery

We further checked position 33 of tRNAMe(i) from other
species in addition to humans, including representative
model species. Interestingly, those from either prokary-
otes (e.g. E. coli, Staphylococcus aureus, Aquifex aeoli-
cus, Bacillus subtilis) or single-cellular organisms (e.g. S.
cerevisiae, Schizosaccharomyces pombe, Candida glabrata)
contain U33, while those from multicellular organisms
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(e.g. humans, mice, C. elegans, Drosophila melanogaster
and even Arabidopsis thaliana) all contain C33 (Figure 2A)
(39). Considering that the hKEOPS and CeKEOPS com-
plexes but not the ScCKEOPS complex could modify hu-
man tRNAMe(i) with C33, these observations raise the
question of whether the t°A modification apparatus from
species with U33-containing tRNAMe(i) uses C33 as an
anti-determinant.

To explore this possibility, we cloned four genes (en-
coding TsaC, TsaB, TsaD and TsaE) of E. coli t*A mod-
ification enzymes and purified individual subunit from E.
coli expression system (Supplementary Figure S4). Using
E. coli tRNAMe(i) (EctRNAMe(1)), t°A modification ac-
tivity was reconstituted using four E. coli proteins (des-
ignated EcTsaBCDE). We found that after mutation of
U33 to C33 in EctRNAMe(j), EcTsaBCDE was indeed
unable to modify EctRNAMe(i)-U33C (Figure 2B). Fur-
thermore, we also transcribed S. cerevisiae tRNAMe()
(SctRNAMet(1)) and the SctRNAM®(1)-U33C mutant. Con-
sistently, the ScKEOPS complex modified SctRNAMet(j)
with a t® A moiety but not SctRNAM®(1)-U33C (Figure 2C).

In combination with modification capacities of U33-
and C33-containing homogeneous and/or heteroge-
neous tRNAMe(i) by four t°A modification complexes
(EcTsaBCDE, ScKEOPS, hKEOPS and CeKEOPS), we
proposed that coevolution of position 33 of tRNAMet(j)
and t°A modification apparatuses likely occurred; that
is, bacteria and yeast (with U33-containing tRNAMe(i))
t°A modification enzymes employed C33 as an anti-

determinant, while those from higher eukaryotes (with
C33-containing tRNAMe(i)), including humans and
nematodes, displayed a relaxed specificity for position 33.

C32 is absolutely required for t°A modification by various
KEOPS complexes

Subsequently, we compared all fourteen ANN-decoding
tRNAs in the context of their cloverleaf structure. The con-
sensus positions were mainly located in four regions: the an-
ticodon loop, D-arm, T{sC-arm and CCA terminus (Figure
3A).

We initially targeted the anticodon loop considering its
proximity to the modification site A37. tRNAT"(UGU)
was one of the best substrates for ScKEOPS (Supple-
mentary Figure S3; Supplementary Table S5). In addition,
tRNATI"(UGU) harbors no other modification in the anti-
codon loop besides t®A37 and m3C32, which requires t°A37
as a prerequisite (33,40); however, in the anticodon loop,
tRNAT"(AGU) contains 134 (41), and tRNAWS(UUU)
contains mem’s>U34 (42). Therefore, tRNAT™ (UGU) was
selected for studying the recognition mechanism at the an-
ticodon loop. Previously, U36 was shown to be a determi-
nant for t®A modification in Xenopus laevis oocytes (21).
Its importance in modification was further confirmed us-
ing the human mitochondrial t°A modification enzyme
OSGEPLI (15). Thus, U36 and modification site A37 were
not included in the present assays. For other positions in
the anticodon loop, each was mutated to the other three
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nucleotides. We found that ScKEOPS was unable to mod-
ify all C32 mutants of tRNA™" (UGU) (Figure 3B). Con-
sistent with the failure to modify tRNAMe'(i) with C33,
tRNAT(UGU)-U33A, -U33C and -U33G were not modi-
fied by ScKEOPS (Figure 3C). However, mutations at posi-
tions U34 and G35 had little effect on t°A biogenesis (Fig-
ure 3D, E). Last, ScKEOPS was unable to introduce t°A37
in all mutants at A38 (tRNAT"(UGU)-A38C, -A38G and
-A38U) (Figure 3F). Therefore, these results clearly showed
that C32, U33 and A38 constitute essential determinants
for t®A37 biogenesis catalyzed by ScKEOPS.

To reveal potential conservation across species, we also
performed modifications of all the mutants by CeKEOPS.
Failure to modify all the mutants of C32 and A38 by
CeKEOPS was consistently observed (Figure 3G, H).
Furthermore, the modification levels of all the mutants
of U34 and G35 were comparable to that of wild-
type tRNAT"(UGU) by CeKEOPS (Supplementary Fig-
ure SSA, B). In sharp contrast, tRNAT'"(UGU)-U33A, -
U33C and -U33G were readily modified by CeKEOPS de-
spite variable efficiencies, suggesting that position 33 isnot a
critical base for CeKEOPS (Figure 31). We also determined
the modification of tRNAT'"(UGU)-U33A, -U33C and -
U33G by hKEOPS. Again, all the U33 mutants were mod-
ified by hKEOPS with variable efficiency (Figure 3J), sug-
gesting that mutations at position 33 have little effect on the
recognition and catalytic activity of hKEOPS.

Altogether, these results showed that ScCKEOPS has a
stricter substrate recognition mechanism at the anticodon

loop region, requiring both the presence of C32 and U33,
than do the CeKEOPS and hKEOPS complexes (in which
U33 is nonessential), highlighting the critical role of C32 in
t°A37 biogenesis across all eukaryotic KEOPS complexes.

Different requirements of the CCA end in t®A37 biogenesis
among KEOPS complexes

All tRNAs have a CCA end for amino acid attachment.
A recent report revealed that the CCA end is essential for
t°A modification by the archaeal Methanocaldococcus jan-
naschii KEOPS complex for binding to the Cgil2l sub-
unit (18). However, yeast genetic data from a Cgil21 gene
knockout strain showed that tRNA"(AAU) readily har-
bors t°A37 (12). In addition, Pyrococcus abyssi Pccl, Kael
and Bud32 form a minimal functional unit that can gen-
erate t°A modification (19). These seemingly contradictory
observations suggest possible divergence in the role of the
CCA end in t°A modification. To precisely understand the
role of the CCA end in t°A modification by eukaryotic
KEOPS complexes, we transcribed a CCA end-truncated
tRNAT™(UGU) mutant (tRNA™"(UGU)-ACCA). Modi-
fication by ScKEOPS showed that tRNAT"(UGU)-ACCA
could be t°A modified; however, the efficiency decreased to
approximately 30% of that of wild-type tRNAT"(UGU)
(Figure 4A), suggesting that the CCA end is important
but not essential for t°A modification. However, CeKEOPS
was completely inactive in catalyzing t®A modification
at tRNAT(UGU)-ACCA (Figure 4B). Furthermore, we
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found that tRNAT™"(UGU)-ACCA was similarly hypo-
modified by hKEOPS (Figure 4C), suggesting consistency
between hKEOPS and CeKEOPS.

Because the CCA end is bound by Cgil21 subunit in the
archacal KEOPS complex, to further investigate the role
of Cgil21 in modification, a CGI121-deleted CeKEOPS
complex (CeKEOPS-ACGI121) was purified (Supplemen-
tary Figure S2E). In line with the lack of t°A modifi-
cation of tRNA™ (UGU)-ACCA, biogenesis of t°A by
CeKEOPS-ACGI121 with wild-type tRNAT'(UGU) was
not observed (Figure 4C), suggesting a crucial role of the in-
teraction between CGI121 and the CCA end in CeKEOPS.

Taken together, the above data clearly showed that
the CCA end is an important but not critical motif in
ScKEOPS; however, the CCA determines the t°A modifi-
cation capacity of both the CeKEOPS and hKEOPS com-
plexes, highlighting the evolutionary divergence of the CCA
end in t°A modification among different KEOPS com-
plexes.

10-25 and 11-24 base pairs are critical elements determining
t’A modification levels across KEOPS complexes

In addition to the anticodon loop and CCA end, the con-
sensus sequences among all fourteen ANN-decoding tR-

NAs were concentrated in the D-arm and TysC-arm (Fig-
ure 3A). Among these sites, U8 and A14 form base pairs
to maintain a proper L-shaped tRNA scaffold in nearly all
tRNAs. A58 functions a similar role by pairing with T54 to
maintain the TYC-loop conformation (43). Therefore, the
above three structural determinant sites were not included
in the subsequent activity determination. The remaining el-
ements include base pairs G18-U55, G19-C56, G10-C25
(only U25 in tRNAMel(1)), C11-G24, G53-C61, A21 and
G45 (Figure 3A).

For the G18-U55 and G19-C56 base pairs, we induced
single-point mutations, G18C, G19C, U55G and C56G,
to disrupt the interdomain interaction between the D-loop
and TyC-loop (Figure 3A). Furthermore, G18-US55 or
G16-C56 was switched to C18-G55 or C16-G56, respec-
tively, to maintain the interaction. We found that modifica-
tion of all these mutants by ScCKEOPS was only slightly (ap-
proximately <2-fold) decreased when compared with that
of wild-type tRNAT"(UGU) (Supplementary Figure S6A),
suggesting that an L-shaped tRNA tertiary structure was
not required for efficient t°A biogenesis. For the G53-C61
in the Ty C-stem, we changed it to C53-G61 or A53-U61.
We also constructed A21C or G45A mutant (Figure 3A).
Similarly, ScKEOPS introduced t°A modifications in these
mutants with comparable efficiency (Supplementary Figure
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S6B). Thus, G53-C61, A21 and G45 seem not to be critical
elements in determining t®A modification levels.

For the remaining G10-C25 and C11-G24 base pairs,
we constructed C10-G25, A10-U25, G11-C24 and All-
U24 mutants. Remarkably, SCKEOPS was unable to intro-
duce t°A modifications in the A10-U25, G11-C24, All1-
U24 mutants; and the modification efficiency of C10-G25
was significantly decreased (by approximately one order
of magnitude) (Figure 5A), suggesting that the G10-C25
and C11-G24 base pairs in the D-stem are crucial mo-
tifs for t°A modification. To confirm these results, C10—
G25, A10-U25, G11-C24 and A11-U24 mutants were
tested with hKEOPS. We found that hKEOPS was to-
tally unable to introduce t®A modifications to all these
mutants (Figure 5B), suggesting critical role of the G10-
C25 and C11-G24 base pairs in t°A biogenesis. Consis-
tently, CeKEOPS modified A10-U25, G11-C24, A11-U24
mutants with a very reduced efficiency but that of C10-
G25 was only slightly decreased (Figure 5C). To explore
whether C10-G25, A10-U25, G11-C24 and A11-U24 mu-
tations induced potential structural folding defects, we com-
pared the Ty, values of wild-type tRNAT"(UGU) and the
four mutants (Supplementary Table S6). A10-U25 mu-
tant displayed a slight decrease in 7y, possible due to
the weak interaction of A-U when compared with that of
G10-C25 in wild-type tRNA. T}, value of G11-C24 was
even higher than wild-type tRNA, suggesting more com-
pact folding. Overall, no significant decrease in 7y, val-
ues suggested little possibility of defective folding of these
mutants.

In summary, these results clearly showed that the two
base pairs (G10-C25 and C11-G24) in the D-stem, espe-
cially the C11-G24 pair, were among the key determinants
for t®A modification by various eukaryotic KEOPS com-
plexes.

t°A is biosynthesized on mature tRNAs in cytoplasm

Notably, in human cells, two of the 14 ANN-decoding
tRNAs (tRNA"(UAU) and tRNAA(UCU)) contain in-
trons (39). The above data clearly showed that t°A mod-
ification enzymes require a well-organized tRNA anti-
codon loop for catalysis. Thus, we proposed that t°A
modification likely occurs after the removal of introns.
To explore this proposal, we transcribed tRNA*(UAU)
and tRNAAE(UCU) precursors (based on sequences of
tRNA(UAU)-3-1 and tRNAAE(UCU)-3-1). Modifica-
tion analyses using hKEOPS showed that t°A was only
introduced to mature tRNA¢(UAU) and tRNAA(UCU)
but not their precursors (Figure 6A). We further performed
similar t°A modifications using ScKEOPS with the same
results (Figure 6B). Taken together, these data showed that
t°A is biosynthesized on mature tRNAs.

Due to mature human tRNAs are mainly localized in
the cytoplasm under physiological conditions (38) (note
that yeast intron-containing pre-tRNAs are also local-
ized in the cytoplasm for splicing by the mitochondrial
surface-localized tRNA splicing endonuclease) (44), the
data suggested that t°A modification occurs in the cyto-
plasm. To further explore the localization of t°A biogene-

sis, we separated the cytoplasmic and nuclear fractions of
HEK293T cells. Western blot analyses involving OSGEP
and TP53RK antibodies showed that most endogenous OS-
GEP and TP53RK proteins were localized in the cyto-
plasm (Figure 6C). Similar cytoplasmic distribution results
were obtained by western blot analyses with cytoplasmic
and nuclear fractions of cells overexpressing either FLAG-
tagged OSGEP (OSGEP-FLAG) (Figure 6D) or TP53RK
(TP5S3RK-FLAG) (Figure 6E). Cytoplasmic localization of
both endogenous OSGEP and TP53RK was also confirmed
by immunofluorescence analysis in which anti-OSGEP or
anti-TP53RK antibodies were used (Figure 6F). More-
over, each component of the hKEOPS was fused with a
C-terminal EGFP and overexpressed in HEK293T cells.
Fluorescence determination showed that OSGEP-EGFP,
TPRKB-EGFP and LAGE3-EGFP were almost localized
in the cytoplasm, while GON7-EGFP and TP53RK-EGFP
were distributed in both the cytoplasm and the nucleus
(Figure 6G).

Altogether, these data showed that the hKEOPS com-
plex is mainly localized in the cytoplasm and introduces t°A
modification to mature tRNA species.

t°A is a critical positive determinant in aminoacylation of
tRNA"(AAU) and tRNA"(GAU) but not tRNA""¢(UAU)
isoacceptors by human cytoplasmic IleRS

To understand the in vivo function of cytoplasmic tSA
modification, we initially tried to delete the OSGEP gene
in HEK293T cells by using CRISPR /Cas9-mediated gene
editing. However, despite extensive efforts, we failed to ob-
tain a null allele of OSGEP, suggesting that t°A modi-
fication is essential to cell viability. We then constructed
two HEK293T cell lines stably overexpressing two inde-
pendent shRNAs targeting the OSGEP gene. The protein
level of OSGEP was obviously downregulated by individ-
ual shRNAs, as evidenced via western blot analysis us-
ing anti-OSGEP antibody (Figure 7A). To confirm a de-
crease in t°A content in tRNAs due to OSGEP knock-
down, tRNAMS(UUU) was purified from WT and the two
knockdown (KD) cells (shRNA1 and shRNA2) and then
hydrolyzed to mononucleosides for UPLC-MS/MS anal-
ysis. Clearly, the t°A content of tRNA®S(UUU) in KD
cells was significantly lower than that in WT cells (Fig-
ure 7B), demonstrating a reduction in t°A modification
levels.

We initially explored the effects of t° A biogenesis impair-
ment on steady-state tRNA levels for all ANN-decoding
tRNAs via northern blots. The results clearly showed that
the amounts of all ANN-decoding tRNAs were compara-
ble between WT and shRNAT cells (Supplementary Figure
S7A). Furthermore, aminoacylation assays via acid north-
ern blot analysis, in which condition the amino acid moiety
remained uncleaved on tRNAs, revealed that charging lev-
els for most tRNAs were not influenced in shRNAT cells
(Supplementary Figure S7B). However, the aminoacyla-
tion levels of two tRNA!" isoacceptors (tRNA*(AAU) and
tRNA*(GAU)) were obviously and significantly downreg-
ulated in repeated analyses (Figure 7C). Unexpectedly, al-
terations in the charging of tRNA® (UAU) were not ob-
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served (Figure 7C). Taken together, these data suggested
that t° A modification has little effect on determining tRNA
charging levels of most ANN-decoding tRNAs but func-
tions as a key element in charging tRNA® (AAU) and
tRNA (GAU) isoacceptors in vivo.

To further explore whether t°A biogenesis determines
tRNA® aminoacylation, we transcribed human cytoplas-
mic tRNA®(AAU), tRNA(GAU) and tRNA"(UAU).
t®A-modified transcripts were then obtained by incubat-
ing transcribed tRNAs with Sua5-ScKEOPS in vitro. The
modified tRNA"(UAU) product was then subjected to
hydrolysis to mononucleosides and subsequently analyzed
via UPLC-MS/MS, confirming that the tRNA transcript
was successfully loaded with the t°A moiety (Figure 7D).
Full-length human cytoplasmic isoleucyl-tRNA synthetase
(hIleRS, encoded by I4RSI) forms a protein aggregate
due to the presence of a C-terminal appended domain
containing two repeats, which is not essential for tRNA®
aminoacylation (45) and probably mediates hIleRS into the
cytoplasmic multiple tRNA synthetase complex (46). We
overexpressed a gene encoding a truncated hlleRS (Met!-
Ser!%73) devoid of the C-terminal domain (Supplementary
Figure S8). In vitro aminoacylation assays clearly showed
that hIleRS was completely incapable of catalyzing aminoa-
cylation of tRNA!®(AAU) and tRNA"*(GAU) transcrip-
tion; however, charging of the tRNA'¢(UAU) transcript
was robust and obvious. In contrast, t°A modification
readily afforded aminoacylation of tRNA!®(AAU) and
tRNA"*(GAU) by hlleRS (Figure 7E, F); however, aminoa-
cylation of tRNA*(UAU) was obviously inhibited by the
presence of a t°A moiety by ~2-fold (Figure 7G). These in
vitro data were consistent with those obtained from the acid
northern blot analyses.

Taken together, these data showed that knockdown of
OSGEP led to an obvious decrease in t°A modification
levels in human tRNAs. t°A modification defects have no
role in determining ANN-decoding tRNA abundance or
the tRNA charging level of most tRNAs, excluding two
tRNA'® isoacceptors. t°A modification is a critical deter-
minant for tRNA" isoacceptor-specific aminoacylation by
hlleRS.

Role of t°A modification in the strength of codon-anticodon
pairing and prevention of +1 frameshifting

We subsequently explored any potential contribution of t°A
modification to codon decoding. We reasoned that if t°A
modification is able to control Al (of codon) and U36 base
pairing in human cells, t°A deficiency would cause alter-
ation in codon-anticodon base pairing strength and subse-
quent decoding efficiency. To this end, we designed a dual-
luciferase reporter system in which 6x ANN codons were
inserted downstream of the F-luc gene ATG start codon in a
pmirGLO plasmid, which simultaneously contained a sep-
arate R-luc gene as a control (Figure 8A). By determining
and comparing the fluorescence densities of F-luc and R-
luc in WT and OSGEP KD cells, we quantified the decod-
ing efficiency of each codon by a t°A-harboring tRNA. We
initially observed no alteration in translational efficiency
of 6x TCT (Ser), which is decoded by non-t®A-modified
tRNAS(AGA), between WT and KD cells. Then, the re-
sults showed that the translational efficiency of 6x AGG or
AGA (Arg), 6x AAA or AAG (Lys), 6x AGC (Ser), 6x
ATG (Met) and 6x ACT or ACA (Thr) in KD cells was
significantly higher than that in the WT cells. However, the
decoding efficiency of 6 x ACG (Thr) and 6x ATT or ATC
(Ile) codons in the KD cells was comparable to that in the
WT cells. Note that the charging level of all tRNAs except
tRNA*(AAU) (decoding ATT codon) and tRNA'*(GAU)
(decoding ATC codon) remained unchanged in the KD
cells. The decoding rate of 6x ATA (lIle) codons in KD
cells decoded by tRNA*(UAU) with unaltered aminoacy-
lation levels was lower than that in the WT cells (Figure
8B). Thus, these data showed that t®A modification con-
tributes distinctly to decoding efficiency at different codons.
For most ANN codons, t°A modifications of tRNA seemed
to restrict their decoding efficiency; however, t°A modifica-
tion of tRNA¢(UAU) probably stimulated its capacity to
decode ATA codons. These codon-specific differential ef-
fects of t°A modification on tRNA decoding capacities are
similar to observations in yeast cells (27).

Furthermore, we designed a reporter based on the above-
described dual-luciferase system to assess whether t°A mod-
ification at a given tRNA is able to prevent +1 frameshift-
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ing. We initially selected tRNAMS(UUU), tRNA*(AAU)
and tRNAA"(GUU) because the codon-anticodon U-A
base pairings may be more prone to +1 frameshifting due to
their weak interaction strength. To measure +1 frameshift-
ing at the ATT codon decoded by tRNA(AAU), an “A”
nucleotide was inserted upstream of the ATT codon at po-
sition 7 of the Ile codon of F-luc (AATT-F-Luc) (Figure
8C). No F-luc was detected without +1 frameshifting due
to premature translational termination; however, the occur-
rence of +1 frameshifting at this codon increased the F-luc
activity in KD cells (the primary sequence of F-luc was un-
altered). We detected slight expression of AATT-F-Luc in
WT HEK293T cells, indicating that natural +1 frameshift-

ing occurs at the ATT codon in human cells. Strikingly,
F-luc activity was significantly elevated in KD cells com-
pared with WT cells (by ~2-3-fold) (Figure 8C), suggest-
ing that a deficiency in t°A among tRNA(AAU) pro-
motes +1 frameshifting at the AUU codon. Notably, com-
parable increases in +1 frameshifting due to Sua$ deletion
has also been observed in yeast (26). Similar designs were
applied to the AAA codon (decoded by tRNAW(UUU))
and AAC codon (decoded by tRNAA(GUU)) (Supple-
mentary Figure S9); however, no expression of F-luc was
observed in either WT or KD cells, indicating that t°A defi-
ciency in tRNAMS(UUU) and tRNAA(GUU) triggers no
+1 frameshifting at AAA or AAC codons.
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DISCUSSION

C32 and the D-stem are essential elements in t°A biogenesis
by various KEOPSs

In this work, we studied in detail how representative
KEOPS complexes from yeast, humans and nematodes ac-
curately select tRNA substrates. We found that all three
KEOPS complexes are critically dependent on common
elements embedded in the anticodon loop and the D-
stem. In particular, in addition to previously identified
U36 and A38, C32 is a critical determinant for KEOPS
complexes (21). An earlier study using the Xenopus lae-
vis oocyte t°A modification system failed to determine the
critical importance of C32, likely because double muta-
tions of C32 and A38 were introduced; thus, the contri-
bution of C32 was not definitively determined. However,
C32 of human mitochondrial tRNATP is not an essential
element in mitochondrial t°A formation by hYRDC and
OSGEPLI (15), suggesting that divergence in the recogni-
tion of position 32 has occurred between cytoplasmic and
mitochondrial t°A modification enzymes. It is also notable

that in some archaea, such as Methanococcus jannaschii, the
tRNATM"(GGU) isoacceptor, which is absent in eukaryotic
genomes, contains a U32 and t®A-analogous hn®A modi-
fication (N°-hydroxynorvalylcarbamoyl adenosine) derived
from hydroxy norvaline instead of threonine, although most
t®A- or hn®A-containing tRNAs in M. jannaschii contain
C32 (47,48). In fact, U32 is widespread in various archaeal
tRNAT"(GGU) isoacceptors (49), probably because po-
sition 32 is more flexible in archaea than in eukaryotes
because of the lack of m*C32 modification in the former
(1,33,47). Moreover, hn°A is found in some thermophilic
bacteria (48). It has been suggested that hn°A is likely syn-
thesized by archaeal Sua5 and KEOPS, because archaeal
Sua5 was proven to be active in hydrolyzing ATP to AMP
in the presence of hydroxy norvaline (50). Indeed, a recent
report also confirmed that bacterial TsaC is able to exhibit
relaxed substrate specificity to produce a variety of TC-
AMP analogs (51). These observations suggested that the
archaeal KEOPS is likely not reliant on C32 as a key deter-
minant for t°A or hn®A biogenesis and that dependence on
C32 was likely a later event that occurred during KEOPS



evolution. The C32-binding site of the KEOPS is unclear.
According to a recent KEOPS-tRNA interaction model,
LAGE3 and OSGEP (human Pccl and Kael, respectively)
constitute the binding surface for the tRNA anticodon loop
(18). Pccl and Kael have been consistently proposed to be
tRNA-binding sites (19). While A37-containing one site of
the loop extends into the active site of OSGEP, another site
with C32 is probably bound by LAGE3. Indeed, mutation
of a potential tRNA-binding residue (Arg®® in the Pccl sub-
unit of the archaeal KEOPS) abolishes the t°A modification
activity of archaeal KEOPS (18). Gon7 subunit interacts
with Pccl in an opposite side and is spatially far from tRINA
anticodon loop (5); it is unlikely to be C32 binding partner.
Nonetheless, the interaction between the tRNA anticodon
loop and KEOPS need to be further explored in detail.

In addition, we identified here that two base pairs in the
D-stem, G10-C25 and C11-G24, constitute the key ele-
ments determining efficient t°A biogenesis. Only G10-U25
is present in the human tRNAMe!(i) isoacceptor, which is a
comparably good substrate of KEOPS. Similarly, a previous
report revealed the critical role of a conserved °CU!! motif
in the D-arm of archaeal tRNAs in both t®A modification
and stimulation of the ATPase of archaeal Bud32 (18). This
evidence highlights the conserved feature of the critical role
of the D-arm in both eukaryotic and archacal KEOPS com-
plexes. The G10-C25 and C11-G24 motifs probably inter-
act with OSGEP and/or TP53RK according to the archaeal
KEOPS-tRNA interaction model (5,18).

Requirement of CCA end is divergent among various
KEOPSs

A previous report has shown that tRNA" from yeast cells
deprived of Cgil21 harbors an abundance of t°A modifi-
cation, implying that the CCA end of yeast tRNA is not a
determinant (12). Indeed, we found that ScKEOPS is able
to introduce t°A modification with CCA-truncated tRNA
in vitro. However, both the hKEOPS and CeKEOPS com-
plexes are completely incapable of catalyzing t°A biogen-
esis in the absence of the CCA end. Our data are consis-
tent with the recent findings that CCA-truncated tRNA is
a poor binding substrate of hKEOPS (18). Taken together,
these data suggested that hHKEOPS and CeKEOPS more re-
semble archaeal KEOPS in terms of the requirement for the
CCA end than ScKEOPS.

Possible coevolution of position 33 of tRNAs and the t°A
modification machinery

One of the unexpected findings is the sharp difference in the
role of position 33 between the different t®A machineries.
Both the hKEOPS and CeKEOPS complexes have relaxed
requirements for position 33. Similar results were observed
with OSGEPLI1 (15). However, C33 is obviously an anti-
determinant of both EcTsaBCDE and yeast Sua5-KEOPS.
Only a single mutation of C33 to U33 makes human
tRNAMe(i) a well-qualified substrate for yeast t°A modi-
fication machinery. Interestingly, nearly all ANN-decoding
tRNAs contain U33; however, tRNAMe(i) from multicel-
lular organisms is an exception by later evolving a C33,
possibly to finetune initiation efficiency; but the exact evo-
lutionary advantage needs to be further studied. On the
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other hand, accompanying a relaxed requirement at posi-
tion 33 due to evolution of U33 to C33 in tRNAMe(i), the
CCA end seems to play a critical role in modification by
KEOPS complexes from higher eukaryotes (humans and
nematodes). Based on the above observations and analy-
ses, we proposed a hierarchal evolutionary scenario that oc-
curred from bacteria and single-cellular lower eukaryotes
to higher eukaryotes. In bacteria with all U33-containing
ANN-decoding tRNAs, U33is one of the key determinants;
in accordance with the fact that there is no Cgil21 counter-
part in EcTsaBCDE, the CCA end has little effect on t°A
biogenesis; in yeast with all U33-containing ANN-decoding
tRNAs, ScKEOPS still depends on U33 as a determinant,
while the CCA end contributes to t°A formation by bind-
ing Cgil21, as evidenced by the lower modification of the
CCA end-truncated tRNA mutant; in higher eukaryotes
with both U33- and C33-containing tRNAs, the require-
ment of position 33 is negated, but CCA end functions as a
determinant.

t°A is a critical positive determinant in aminoacylation of
tRNA"(AAU) and tRNA"¢(GAU)

We determined that all cytosolic ANN-decoding tRNAs in
human cells harbor a t°A moiety. Indeed, all these tRNAs
contain all necessary determining elements (G10-C25, C11-
G24, C32, U36, A37, A38, the CCA end), as revealed in
this study and others, except G10-U25 in tRNAMe(i). Our
data also clearly demonstrated that t°A modification con-
tributes little to human tRNA abundance. However, the ef-
fect on aminoacylation levels varied and was tRNA isoac-
ceptor specific. The charging levels of most ANN-decoding
tRNAs were not altered upon knockdown of OSGEP and
upon a decrease in t° A abundance; however, tRNA*(AAU)
and tRNA"®(GAU), but not tRNA!¢(UAU) displayed ob-
viously reduced tRNNA aminoacylation levels in vivo due
to OSGEP knockdown. Furthermore, the in vitro data
clearly indicated that t°A is a critical determinant in
the aminoacylation of tRNA®(AAU) and tRNA"*(GAU)
by hlleRS. Interestingly, the tRNA!*(UAU) transcript is
strongly charged in the absence of t®A modification. t°A in
bacterial tRNA! has proven to be a strong positive deter-
minant for aminoacylation by bacterial IleRS (24). How-
ever, in a bacterial IleRS-tRNA'® cocrystal structure (PDB
No. 1QU3) (52), A37 was shown to be distant from the
anticodon-binding domain of TleRS and did not interact di-
rectly with the enzyme. Thus, the rationale of the key role
of t°A modification in aminoacylation is unclear. Yeast Il-
eRS seems to be insensitive to t®A modification when to-
tal yeast tRNAs are used as substrates (24). Consistently,
yeast cells devoid of t°A modification (in which the individ-
ual genes encoding components of KEOPS were removed),
are still viable despite a reduced growth rate of the cells (12).
The pivotal role of t°A modification of tRNA'(AAU) and
tRNA*(GAU) in aminoacylation likely explains why the
OSGEP gene cannot be deleted via CRISPR/Cas9 gene
editing due to uncharged tRNA™ and abolished mRNA
translation after deletion. However, the molecular basis for
the tRNA!" isoacceptor-specific requirement of t° A biogen-
esis in tRNA charging by hlleRS needs to be further ex-
plored.
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t°A modification finetunes translational elongation in human
cells

Using a luciferase-based reporter system, we also explored
the potential role of t®A modification in translation elon-
gation. Interestingly, we found that, for most ANN codes,
decreased t° A modification seems to stimulate translational
elongation speed, as evidenced by the increased firefly lu-
ciferase signal. In contrast, for the Ile ATA codon, reduced
amounts of firefly luciferase were observed, suggesting that
the translational elongation speed at the ATA codon was
downregulated due to impaired t°A modification. Overall,
impaired t®A modification levels due to OSGEP knock-
down led to various effects on translational efficiency at
ANN codons. Various effects on the decoding of different
codons by t°A were also observed in yeast in which the elon-
gation rate at codons decoded by highly abundant tRNAs
and 134:C3 pairs was suppressed, while that by rare tRNAs
and G34:U3 pairs increased in response to t°A modification
27).
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